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Abstract

Iron-sulfur clusters are ubiquitous and ancient prosthetic groups that are present in all kingdoms of life. In the 1960s, they
were recognized to play a role in electron-transfer reactions, but since then several other functions were identified, which can
be attributed to their flexible coordination and redox properties. In here, the canonical iron-sulfur clusters, as well as the ones
with other coordinating ligands will be described. The chapter has also been updated to account for the advances in the
knowledge of complex iron-sulfur clusters of nitrogenase and hydrogenases.

In addition, the role of iron-sulfur clusters in metabolic regulation, as sensors of gases (nitric oxide, oxygen), iron and
cellular content of iron-sulfur clusters, cellular redox status, and redox cycling compounds, as well as their role in DNA
processing enzymes, and their involvement in catalysis of a wide range of reactions will be described.

Iron-sulfur clusters also participate in their biosynthetic and repair pathways. The knowledge in this field as evolved
tremendously in recent years, which would require a complete chapter devoted to it by itself, reason why the authors have
decided not to include this subject in this chapter.

The chapter is an update of the one published in the previous edition, focusing on the recent advances mostly on the iron-
sulfur clusters involved in new catalytic functions, sensor mechanisms and DNA processing.
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2.06.1 Introduction

Iron-sulfur clusters are ubiquitous and evolutionary ancient prosthetic groups that are required by all living organisms.' ™ Their
primary role is electron transfer as they can delocalize electron density over both Fe and S atoms.”® Iron-sulfur clusters are the
redox-active centers found in ferredoxins, one of the largest classes of electron shuttles in biology, and they are the major compo-
nents of the photosynthetic and respiratory electron transfer chains as electron wires, defining the electron transfer pathways in
many soluble redox enzymes and membrane-bound complexes.” Besides this major function, iron-sulfur proteins have a wider
role in nature, which includes catalysis of gases, non-redox catalysis (making use of its strong Lewis acid properties to polarize
substrate bonds), radical chemistry (in radical-SAM dependent enzymes), regulation of transcription, and nucleic acid
metabolism.”

Examples of iron-sulfur proteins involved in direct catalysis, regulation, and DNA processing will be described in Section 2.06.3,
2.06.4 and 2.06.5 of this Chapter, while Section 2.06.2 will focus mainly on the structure and properties of the basic iron-sulfur
clusters, unique iron-sulfur clusters and of the organometallic and mixed-metal clusters. These examples show that the field of the
iron-sulfur clusters has increased with clusters coordinated by different atoms, from the canonic ligands provided by the sulfur
atoms of cysteines, such as nitrogen or oxygen atoms from residue sidechains. In this section is also described the structure of clus-
ters with a higher number of iron atoms (up to 8), that are involved in the catalysis of gases (nitric oxide, nitrogen, hydrogen, and
carbon monoxide), as well as sulfite. Some of these complex clusters contain iron and sulfur and other metals, and/or organic
molecules.

The authors would like to make a remark that this chapter is a revised and updated version of one published in 2013, but the
biosynthesis of iron-sulfur clusters and complex clusters will not be addressed, since in 2020-2021 a series of comprehensive
reviews have been published (on their maturation in plants,'® prokaryotes and eukaryotes, including mammals''~'”). The main
changes in this chapter are related with the recent discoveries on nitrogenase active site, hydrogenases, other catalytic activities,
and enzymes involved in nucleic acid metabolism, including transcription regulators.

2.06.2 Type of centers and variability of coordination
2.06.2.1 Basic structures and cluster coordination modes

Iron-sulfur clusters were first detected as electron paramagnetic resonance signatures in mitochondrial membrane proteins,'® and
afterwards in small proteins, such as ferredoxins.'”?° In few years, many other small iron-sulfur proteins were found and
characterized.”’

During the last decades, several studies implementing X-ray crystallography, mass-spectrometry, chemical synthesis of structural
analogs, and several spectroscopic techniques revealed the structural components and the chemical and magnetic properties of the
different iron-sulfur clusters.””~*> The four basic or canonical structures of iron-sulfur clusters can be distinguished by the number of
iron and inorganic sulfur atoms as: [1Fe], [2Fe-2S], [3Fe-4S] and [4Fe-4S], which are represented in Fig. 1. In addition, there are
larger and complex clusters containing up to eight iron atoms’®?’ or containing other metals (e.g., nickel and molybdenum)
besides iron, that will be discussed in Section 2.06.2.2.7%%®

Relative to the atoms (and residues) that coordinate the iron-sulfur clusters, there is a clear preference for thiolate ligation, with
cysteinyl sulfhydryl side chains being the most frequently observed ligands.”> However, different coordination has been identified
and it is in many cases related with the role played by the iron-sulfur cluster in the protein function. The imidazole of histidine and,
to a lesser extent, oxygen from aspartate, glutamate, glutamine, or nitrogen from arginine have been observed as ligands (Table 1).
The oxygen atom from serine side-chains can also coordinate iron-sulfur cluster in variant proteins, and coordinating cysteines have
been substituted by other residues as a mean to study the spectroscopic properties of the iron-sulfur cluster, though in many cases
resulted in apo-proteins.”® In most cases there is two different type of ligands (Table 1), but there is already one report of three
different types of ligands coordinating a [2Fe-2S] cluster in RsrR, a redox-sensitive response regulator (see Fig. 4C and Section
2.06.4.2.1.4 and Fi). Thus, it is plausible to hypothesize that different coordination will be identified in the future. This fact
increases the difficulty for searching novel iron-sulfur clusters in the genome: (i) diverse and non-canonical coordination motifs
are being described, and (ii) other conserved residues, besides cysteines (distantly located in the polypeptide or in different
subunits) can coordinate these clusters.

As it will be discussed in the following sections, iron-sulfur clusters can also be coordinated by non-protein ligands, such as water
molecules, substrates (e.g., aconitase) or S-adenosylmethionine (in radical SAM enzymes).

As mentioned, iron-sulfur proteins are widespread in the three kingdoms of life and are essential for life. Their prevalence is
higher in anaerobic prokaryotic organisms, and in the majority of these organisms they account for around 5% of the genome.””
Their occurrence decreases to around 2.5% in facultative-anaerobic prokaryotes, and to around 2% in aerobic prokaryotes. In
prokaryotes, the most common iron-sulfur clusters bound to proteins are [2Fe-2S] and [4Fe-4S] clusters, with a higher prevalence
of [4Fe-4S] clusters. However, the relative abundance of each is dependents on the organism.”*>*

The genome of eukaryotes encodes a much lower number of iron-sulfur proteins (around 0.4%), with most of these having
a universal common ancestor. Another difference is the relative fraction of each type of iron-sulfur cluster, as in these organisms
the number of [4Fe-4S] and [2Fe-2S] clusters is similar and they are mainly bound to proteins located in the mitochondria, cytosol,
and nucleus.’?
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Fig. 1 Structure of the basic iron-sulfur clusters. (A) [1Fe] rubredoxin (PDB ID 7RXN), (B) [2Fe-2S] cluster (PDB ID 1M2A), (C) [3Fe-4S] cluster

(PDB ID 6FD1) and (D) [4Fe-4S] cluster (PDB ID 1E2U). The carbon, iron and sulfur atoms are represented as gray, orange, and yellow spheres,
respectively. The image was created in Discovery Studio Visualizer (BIOVIA).

2.06.2.1.1 [1Fe] cluster

The [1Fe] cluster can be found in small proteins, named rubredoxins (with approximately 55 residues). This center is unique among
iron-sulfur clusters, as it does not bind inorganic sulfur. Rubredoxins have a single iron atom tetrahedrally coordinated by four thi-
olate ligands (Fig. 1A) provided by two Cys-X,-Cys segments located in two symmetrically related loops. The reduction potential of
the [1Fe]>*/2 " couple in rubredoxins is within the — 100 to 4200 mV range (Fig. 2),°°® and its spectroscopic properties showed
that the metal center in the native state is a high-spin Fe> (S = 5/2) and in the reduced state is a high-spin Fe* " with an integer spin
state (S=2).°”°° The absorption spectrum of oxidized rubredoxin is characterized by two absorption bands with a maximum absor-
bance at 350 nm, 380 nm, and 490 nm, with a shoulder at 570 nm, corresponding to a ligand to metal charge transfer (LMCT) of
the sigma orbital. The electron paramagnetic resonance (EPR) spectrum, typical of a high-spin Fe>* center with a large zero-field
splitting and high rhombic distortion (E/D = 1/3, D > 0), has a resonance at g ~ 9.5 (from the lowest Kramers doublet) and
a narrow intense signal at 4.3 (from the middle Kramers doublet).®’

These proteins are electron shuttles in several metabolic pathways, such as hydrocarbon oxidation, and protection against reac-
tive oxygen species (superoxide and hydrogen peroxide, as electron donors of superoxide reductase and rubrerythrin).?>7/6%¢3
These proteins have also been identified in plastids and play a role in electron transfer under certain environmental conditions.

Another small protein that also contains a rubredoxin-type center is the Desulfovibrio gigas desulforedoxin.”®®*~°® This protein is
a homodimer with each monomer presenting a shortened rubredoxin-like fold with one Cys-X;-Cys and one Cys-Cys ligand loop.
However, this protein is spectroscopically different from rubredoxin, which has been attributed to the distorted tetrahedral geom-
etry of its iron-center due to the presence of two adjacent cysteines.®”

An interesting property of these small proteins containing the simple [1Fe] center is the possibility of replacing the iron atom by
other metals. In the case of rubredoxin its iron atom has been substituted by cobalt, copper, nickel, molybdenum and zinc, 010874
while desulforedoxin iron atom has been replaced by In**, Ga**, Cd** and Hg*".”” The metal-substituted rubredoxins and desul-
foredoxins have been investigated by visible, EPR and NMR spectroscopy.®*®””°

A longer rubredoxin has been identified in the aerobe Pseudomonas oleovorans and in Pseudomonas putida. These 170 residue-long
proteins contain two rubredoxin-like domains connected by a linker of 70 residues.”””®

The rubredoxin-like center (either the “canonical” or the distorted-type center) has been identified in other proteins, that also
bind other metal or non-metal co-factors. Superoxide reductase (named desulfoferrodoxin when was first isolated’”) contains
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Table 1 Examples of proteins containing [1Fe], [2Fe-2S], [3Fe-4S] or [4Fe-
48S] clusters and their coordinating residues, with the unusual
ligands highlighted in bold.

Protein Iron-sulfur coordinating residues®  References

[1Fe]

Rubredoxin Cys6 Cys9 Cys39 Cys42 29

Desulforedoxin Cys9 Cys12 Cys28 Cys29 30

Desulfoferrodoxin Cys9 Cys12 Cys28 Cys29 31

NarE His46 His57 Cys67 Cys128 32

[2Fe-2S]

Plant-and vertebrate-type Cys41 Cys46 Cys49 Cys79 33
ferredoxin

Aldehyde oxidoreductase Cys40 Cys45 Cys48 Cys60 34

Cys100 Cys103 Cys137 Cys139

Ferrochelatase” Cys196 Cys403Cys406 Cys411 35

Biotin synthase Cys97 Cys128 Cys188 Arg290(N") 36

Rieske-type protein Cys140 His142(N°) Cys170 37

His173(N%)

mitoNEET? Cys72 Cys74 Cys83 His87(N* 38

RsrR Glu8(0%) His12(Nc) Cys90 Cys110 39

[3Fe-4S]

3Fe Ferredoxin Cys8 Cys14 Cys50 40

7Fe Ferredoxin Cys8 Cys16 Cys49 4

Aconitase Cys358 Cys421 Cys424 42

[NiFe]-Hydrogenase® Cys228 Cys246 Cys249 43

[4Fe-4S]

4Fe Ferredoxin Cys8 Cys11 Cys14 Cys50 44

4Fe Ferredoxin (Pyrococcus Cys12 Asp15(0°) Cys18 Cys57 45
furiosus)

8Fe Ferredoxin (2 x [4Fe-4S]) Cys8 Cys11 Cys14 Cys47 46

Cys18 Cys37 Cys40 Cys43

HiPIP Cys41 Cys46 Cys61 Cys75 47

Hybrid cluster protein? Cys3 Cys6 Cys15 Cys21 48

[NiFe]-Hydrogenase® His185(N°) Cys188 Cys213 Cys219 43

[FeFe]-Hydrogenase® His94(N%) Cys98 Cys101 Cys107 49

Dihydropyrimidine Cys91 Cys130 Cys136 GIn156(0° 50
dehydrogenase”

IspG Cys265 Cys 268 Cys 300 51

Glu307(0?

#The residue numbering in the ligation mode is related with the protein in the reference. Proteins
from other sources can present different coordination motifs.

®These proteins have only been identified in eukaryotes.

“This protein contains two additional [4Fe-4S] clusters, one of them is represent in this table and
presents an unusual coordination motif.

“This protein also contains an unusual iron-sulfur cluster.

®These proteins contain more than one [4Fe-43] cluster, but in here it is only represented the one
with the unusual coordination mode. HiPIP - high potential iron protein.

a distorted rubredoxin-type center (as the one found in desulforedoxin).?' In addition to this center, it contains a single non-heme
iron center, the active center, that is coordinated by four histidine residues and one cysteine ligand in a square pyramidal
geometry.m's"

Rubrerythrin, similarly to superoxide reductase, is a non-heme iron enzyme, involved in reduction of hydrogen peroxide. This
enzyme is a dimer with each monomer being a four-helix bundle, with a diiron-oxo center in the middle, and a rubredoxin-like
center in the C-terminus.”’

A rubredoxin-type center has also been identified as an additional domain in some classes of flavodiiron proteins.®” These
enzymes, constituted by a two-domain core harboring a diiron center and a FMN (flavodoxin domain), are proposed to have
oxygen, nitric oxide, and hydrogen peroxide reductase activities.****

2.06.2.1.2 [2Fe-2S] cluster

The proteins belonging to this class constitute a large family with several subgroups.®> The plant-type ferredoxins, that coordinate
a [2Fe-2§] cluster (Fig. 1B), are electron carriers between photosystem I and several enzymes. The vertebrate (e.g., adrenodoxin) and
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nrer [
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Fig. 2 Reduction potentials observed for the different type of iron-sulfur clusters. The shaded region indicates the potential range observed for
those clusters in pH dependence experiments. Adapted from Bak, D. W.; Elliott, S. J., Alternative FeS Cluster Ligands: Tuning Redox Potentials and
Chemistry. Curr. Opin. Chem. Biol. 2014, 19, 50-58.

bacterial (e.g., putidaredoxin) ferredoxins transfer electrons to hydroxylating enzymes, which are usually P450 cytochromes.*
Another group include the [2Fe-2S] ferredoxins involved in the biosynthesis of iron-sulfur clusters (ISC machinery),”®” and the
XylT-type [2Fe-28] ferredoxin implicated in the activation of some oxygenases.*® Other [2Fe-2S] ferredoxins have been isolated
from hyperthermophile Aquifex aeolicus®> and halobacteria.’”

The biotin synthase (SAM enzyme) also contains a [2Fe-2S] cluster that is involved in sulfur donation for the conversion of
dethiobiotin to biotin during a single catalytic turnover (this enzyme and the role of the iron-sulfur cluster will be further discussed
in Section 2.06.3.1.1.2). In this protein the binding motif of the [2Fe-2S] cluster is atypical, as it includes a nitrogen atom from an
arginine side chain (Table 1 and Fig. 4D).>*""?

Another curious example of [2Fe-2S] proteins is the mammalian ferrochelatase,”” the terminal enzyme of heme biosynthesis.
The observation that the cluster is vital for activity and it is readily degraded by NO but it is not present in most of the equivalent
bacterial enzymes, has led to the suggestion that it is part of a defense mechanism that prevents the infecting organism from using
the heme synthesized by the host.””

The plant and vertebrate [2Fe-2S] ferredoxins are globular proteins (of approximately 100 residues), with the cluster located near
the surface, but protected by a long loop that has three of the four coordinating cysteine residues.*>*%%%?%9* The opposite side of
the protein consists of a four-stranded B-sheet covered by an a-helix, that together form a ubiquitin-like fold known as the p-grasp.’”

The [2Fe-2S] cluster can exist in two oxidation states that differ by a single electron, [2Fe-2S]** and [2Fe-2S]'". The reduction
potential of this redox pair ranges from - 420 to - 250 mV (Fig. 2), revealing the high reducing nature of these clusters.' In the two
oxidation states of the [2Fe-2S] cluster, the formal oxidation state of the two iron atoms are localized, being Fe**-Fe** and Fe?*-
Fe’", as represented in Fig. 3A.

In the all-ferric state, [2Fe-2S]*", the two Fe>™ are antiferromagnetically coupled, since the spins of the five d electrons on the two
iron atoms are oppositely aligned, so that their pairing produces an effective S = 0, diamagnetic ground state (EPR silent). In the
reduced form, [2Fe-2S]'", the iron atoms have localized valences (S = 5/2 (Fe**) and S = 2 (Fe?")) and are antiferromagnetically
coupled, leaving one net unpaired spin (with a S = 1/2 ground state). The EPR signal has g values around 1.88, 1.94 and 2.04.

These proteins have a characteristic dark-brown color and an absorption spectrum with maxima at around 330 nm, 420 nm,
460 nm, with a shoulder at 560 nm, corresponding to metal to ligand charge transfer bands.”’® The circular dichroism (CD) spec-
trum of the oxidized state of [2Fe-2S] proteins presents positive bands at 420 nm and 460 nm, while in the reduced state there are
negative bands at 440 nm and 510 nm.”®°” The resonance Raman spectra of these proteins have a few vibration modes in the low
frequency region (in both oxidized and reduced state).”””®

2.06.2.1.2.1 Rieske proteins
The Rieske proteins are considered a subclass of the [2Fe-2S] proteins. The Rieske clusters were first discovered and characterized as
subunits of respiratory and photosynthetic complexes, as well as in small electron transfer proteins, such as ferredoxins.’”'°° These
proteins contain a [2Fe-2S] center that is coordinated by nitrogen atoms from the imidazole moiety of two histidine sidechains
(Fig. 4A), instead of the usual four cysteinyl sulfhydryl.

The basic structural framework of Rieske proteins (with approximately 120 residues) consists of three stacked B-sheets, of which
the upper one includes the two ligand loops holding the [2Fe-2S] cluster.””'°! These two loops contain one cysteine and one histi-
dine ligand each and are interconnected by a disulfide bond, which contributes significantly to the stability of the protein. The iron

Comprehensive Inorganic Chemistry III, Third Edition, 2023, 105-173



110 Iron-sulfur clusters — functions of an ancient metal site
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N o [ ;€ !
2Fe%* and 2Fe2%* 4Fe2-5+b 2Fe?5* and 2Fe2+b
S=1/2 S=0 S=1/2

Fig. 3 The most usual oxidation states and respective spin states of the canonical iron-sulfur clusters: (A) [2Fe-2S] cluster, (B) [3Fe-4S] cluster,
and (C) [4Fe-4S] cluster. In (C) the usual redox pair is highlighted by a dotted brown line and the redox pair of HiPIP is highlighted by a dotted red
line. Legend: a — iron atoms with localized valences and b — iron atoms with delocalized valences with a formal charge of 2.5+.

(A) (B)

©

Fig. 4 Structure of the [2Fe-2S] clusters with non-canonical coordination. (A) Rieske center (PDB ID 3h1J), (B) mitoNEET center (PDB ID 3EWO0),
(C) [2Fe-2S] cluster in RsrR (PDB ID 6HSE) and (D) [2Fe-2S] cluster in biotin synthase (PDB ID 1R30). The carbon, iron, nitrogen, oxygen, and
sulfur atoms are represented as gray, orange, blue, red, and yellow, respectively. The image was created in Discovery Studio Visualizer (BIOVIA).

atom closer to the surface has two solvent-exposed histidine ligands and the other iron is bound to two buried cysteine
residues.”” %!

The oxidation states of [2Fe—2S]-Rieske cluster are the same as the ones of [2Fe-2S] plant-type ferredoxins, [2Fe-28]>*/1+
(Fig. 3A), but the histidine coordination causes an increase in the reduction potential. Therefore, many Rieske proteins present posi-
tive reduction potentials (— 100 to +400 mV)'% (Fig. 2). Moreover, as this cluster is coordinated by histidine sidechains, the reduc-
tion potential is pH dependent above pH 8. The pH profile has a slope of — 120 mV/pH and is explained by two pKa values in the
oxidized state (at 7.8 and 9.6) and one in the reduced state (at 12.5)."%*"'°* This pH dependence was also observed in the visible and
CD spectra.'”?
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The visible spectrum of Rieske proteins has absorption maxima at 325 nm and 460 nm with a shoulder at 560-580 nm. The CD
spectra is quite unique, with two positive bands (310 nm and 350 nm) and a negative band at 375-380 nm, in the oxidized state,
whist in the reduced state it has a positive band at 314 nm and a negative band at 385 nm and 500 nm.'°” The EPR spectrum has
a rhombic signal, but it varies significantly between proteins with g, of 1.72-1.834, g, of 1.888-1.92 and g; of 2.008-2.042."° Elec-
tron nuclear double resonance (ENDOR), electron spin echo envelope modulation and hyperfine sublevel correlation (HYSCORE)
experiments have also been used to characterize this cluster and to confirm the histidine coordination.'?>'%¢

Both oxidation states of Rieske proteins have been characterized by resonance Raman. The spectra show only small differences
with shifts in the vibration modes, and when compared with the resonance Raman spectra of other [2Fe-2S] proteins, the spectra
presents additional vibration modes corresponding to the histidine ligands (260-261 cm™ ' Fe-His bending mode, weak peak at
266-270 cm~ ! Fe**-His stretching mode).'®”'°® These spectra have also more bands in the 250-450 cm™ ! regions as these clusters
are less symmetric then the [2Fe-2S] clusters. The resonance Raman spectra also show a pH dependence but only at values above the
pKa of the second histidine, which warrants a rapid proton-coupled electron transfer at physiological pH.'®

2.06.2.1.2.2 NEET proteins

The mitoNEET (cisd1), NAF-1/Minerl (cisd2) and MiNT/Miner2 (cisd3) belong to the NEET family of iron-sulfur cluster binding
proteins that are involved in iron homeostasis and response to reactive oxygen species (ROS) in eukaryotes.'°”~''" In humans, these
proteins have also been associated with the proliferation of cancer cells.''" These proteins have in common a CDGSH domain, and
a C-terminal sequence Asn-Glu-Glu-Thr (that gave their name NEET) and bind a [2Fe-2S] cluster coordinated by 3 cysteines and
a histidine residue (Table 1 and Fig. 4B), that is redox active and labile.

MitoNEET and NAF-1 are homodimers found in the outer membrane of the mitochondria, and NAF-1 has also been found in
the endoplasmic reticulum, while MiNT is co-localized with the mitochondria. MitoNEET and NAF-1 are bound to the membrane
by one N-terminal transmembrane helix and have a common fold."'?

The CDGSH domain was also found in both bacteria and archaea, but in this case the proteins are monomeric and present two of
these domains. The plant homolog (At-NEET) has also a N-terminal transmembrane domain and a single CDGSH domain. The
NEET-fold is composed by a cluster binding domain and B-cap domain. The CDGSH domain comprises the cluster binding domain
that harbors the [2Fe-2S] cluster. The coordinating histidine is solvent accessible, which has been proposed to confer lability to this
iron-sulfur cluster.

These proteins present an absorption spectrum with absorption bands with maxima at 340 nm (8.5 mM~' cm™ '), 460 nm
(5mM~"cm™') and a less intense band at 530 nm (4 mM~'cm™'),"”'"? in the oxidized state, while in the dithionite-
reduced spectrum these bands lose intensity. This cluster was shown to be redox active as upon exposure to molecular oxygen,
the absorption bands recover the initial intensity. MitoNEET [2Fe-2S] cluster is EPR silent in the oxidized state, while in the reduced
state its EPR spectrum, acquired in Ka-band at a microwave frequency of 31 GHz, has a rhombic signal with g values of 2.007, 2.937
and 1.897.'"* The X-band EPR spectrum showed splitting in g and g, which was explained by a magnetic-dipolar interaction
between the two iron-sulfur clusters in the homodimer.''* This interaction was not observed in the first preparations and EPR
studies of this protein because the samples were not fully reduced.'®’

The resonance Raman spectrum shows a pH dependence between 6.2 and 8.0, consistent with protonation of the coordinating
histidine, and it is characterized by intense vibrational modes at 330 cm™"', 347 cm™ "', 394 cm™ !, and less intense modes at
267 cm™ ', 284 cm™ ", and 293 cm™ ! (associated with the coordinating histidine), that are sensitive to pH and phosphate
binding.'"”

The reduction potential of mitoNEET was estimated to be 0 mV, at pH 7.0 (Fig. 2) and has a pH dependence with a slope
of —40 mV/pH. Different models were used to adjust the data, but in all these models the pKa of the coordinating histidine was
determined to be around 7."'"''%

Proteins involved in iron metabolism and biogenesis of iron-sulfur clusters (cluster transfer and repair) have iron-sulfur clusters
coordinated by histidine residues.’? One of these is the heterodimeric complex Grx3/4-Bol2, that binds a [2Fe-2S] cluster. The Grx
homodimer coordinate a bridging [2Fe-2S]| cluster through a cysteine residue in each monomer (found in the conserved CGFS
sequence motif) and two glutathione molecules. Upon formation of the heterocomplex Grx3/4-Bol2, the [2Fe-2S] cluster locates
in the interface between the two proteins and is coordinated by one histidine and one cysteine from Bol2 (previously known as
Fra2) and two cysteines from Grx.'"”

116,117

2.06.2.1.3 [3Fe-4S] cluster

The existence of a [3Fe-4S] cluster (Fig. 1C) was first recognized in ferredoxin I from the anaerobic nitrogen fixing bacterium Azoto-
bacter vinelandii, which is a seven iron (7Fe) ferredoxin that contains, besides the [3Fe-4S] cluster, a [4Fe-4S] cluster.'”® In parallel
with this discovery, two other proteins played an important role in the identification and understanding of the nature of the [3Fe-
48] cluster: D. gigas ferredoxin II and aconitase (see Section 2.06.3.2.1). Several spectroscopic studies on these proteins clearly
showed that they should contain a cubic [3Fe-4S] cluster'?'~'?® (Fig. 1C).

However, the first structure determined for A. vinelandii ferredoxin I erroneously modeled this center as being an almost planar
cyclic [3Fe-3S] core.'?” The controversy around the existence of a [3Fe-4S] cluster was later resolved with the reevaluation of A. vine-
landii ferredoxin I crystal structure'”® and the determination of the crystal structure of D. gigas ferredoxin II at 1.7 A resolution.'”’

The presence of a [3Fe-4S] cluster was later identified in other ferredoxins and in several enzymes, such as succinate dehydro-
genase,'?” fumarate reductase,'*' nitrate reductase,'*” glutamate synthase,'*> and [NiFe] hydrogenases."**

Comprehensive Inorganic Chemistry III, Third Edition, 2023, 105-173



112 Iron-sulfur clusters — functions of an ancient metal site

The magnetic and electronic properties of the [3Fe-4S] cluster, in the + 1 and 0 oxidation states, have been extensively explored
by several spectroscopic (e.g., EPR and Mdossbauer,'”"'?* magnetic circular dichroism (MCD),"*® extended X-ray absorption fine
structure (EXAFS),"*” resonance Raman’®) and electrochemical*® techniques. In the oxidized state, [3Fe-4S]'", the cluster presents
three high-spin ferric atoms (Fig. 3B), which are spin coupled to form an S = 1/2 state and exhibits an almost isotropic EPR signal
centered around g = 2.02. Reduction of the cluster by one electron yields a [3Fe-4S]|° with an integer spin (S=2), but the M&ssbauer
spectrum revealed the presence of two quadrupole doublets with an intensity ratio of 2:1. This suggested that the reduced state
involved a coupled, delocalized Fe?"-Fe*" unit responsible for the outer doublet, with a single Fe*™ unit responsible for the inner
doublet with half the intensity. In the couple Fe?*-Fe**, the two iron atoms are formally in a Fe? *oxidation state (Fig. 2B).

The reduction potential of the redox pair [3Fe-4S]'*/[3Fe-4S]° depends on the protein, varying between —460 and — 70 mV"*’
(Fig. 2). Using electrochemical techniques, it was observed that the [3Fe-4S]° cluster of D. gigas ferredoxin II can accept two addi-
tional electrons attaining a [3Fe-4S]?~ oxidation state (Fig. 3B). This state is only possible to attain at very low reduction potentials
(ca. -690 mV), at an electrode surface, and it was proposed that the three iron atoms are unusually in the ferrous state.'*® This all-
ferrous state was also observed for the Pyrococcus furiosus ferredoxin'*® and for the [3Fe-4S] cluster of the Desulfovibrio africanus 7Fe
ferredoxin I11."*°

The [3Fe-4S] cluster is coordinated by two cysteines in a Cys-X,-Y-X,-Cys motif with a more remote -CysPro- providing the third
cysteine ligand'” (Table 1). In P. furiosus ferredoxin, Y is an aspartate, which coordinates the fourth iron atom.*”"*%'*! In fact, this
ferredoxin is isolated with a [4Fe-4S] cluster that can be converted to a [3Fe-4S] cluster. On the contrary, Desulfovibrio alaskensis G20
7Fe ferredoxin is isolated with a [3Fe-4S] that can be converted to a [4Fe-4S] center.'*

Another [3Fe-4S] cluster protein that has been extensively characterized is D. gigas ferredoxin I which has a cysteine as the
Y residue, coordinating the labile Fe atom in the [4Fe-4S] cluster of these ferredoxins.'*"'** D. gigas ferredoxin II can also be isolated
with a [4Fe-4S] cluster, and it was designated as ferredoxin 1.>*'*> The two ferredoxins differ in their reduction potentials and
appear to have different metabolic functions in this bacterium.'*> Moreover, the two clusters proved to be interconvertible, as
when ferredoxin I is oxidized it leads to ferredoxin II, and the treatment of ferredoxin II with iron salts in a reducing environment
leads to ferredoxin I (see Section 2.06.2.1.5).

Although [3Fe-4S] clusters have been identified in some proteins, these clusters are rare when compared with the ubiquitous
[2Fe-2S] and [4Fe-4S] clusters that are present in the three kingdoms of life.'>” However, in contrast with the [2Fe-2S] and [4Fe-
48] clusters, all the available evidence indicates that biologically relevant [3Fe-4S] clusters are coordinated exclusively by cysteine
residues (Table 1).

129,143
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2.06.2.1.4 [4Fe-4S] cluster

Historically, within this group a strong distinction has been made between ferredoxins with a negative reduction potential (—700
to — 150 mV),”* and the ones with a positive reduction potential (+100 to +450 mV) (Fig. 2), which are named High Potential
Iron Proteins (HiPIPs).'*® The HiPIPs have been isolated mostly, but not exclusively from photosynthetic bacteria,''* although their
physiological role has only been well-established in photosynthetic pathways.'*”'*®

The [4Fe-4S] clusters are found in numerous microbial, plant, and mammalian redox enzymes, including nitrate reductase, '
sulfite reductase,'*’ trimethylamine dehydrogenase'’° and hydrogenases.'”"

The first suggestion for the presence of a [4Fe-4S] cluster (Fig. 1D) in a protein occurred in 1968, when a 4 A resolution crystal-
lographic study indicated the presence of a potentially tetrahedral [4Fe-4S] cluster in the HiPIP from Allochromatium vinosum (for-
mely Chromatium vinosum).">” This fact was only clearly established in 1972, with the high-resolution structure of both A. vinosum
HiPIPs.'>* Moreover, the structures of both oxidized and reduced HiPIP have been determined, revealing that the [4Fe-4S] cluster
remained intact during the redox interconversion.'”* Later, other [4Fe-48S] clusters were identified in several crystallographic studies,
such as in A. vinelandii ferredoxin I (that also harbors a [3Fe-4S] cluster'®), and in the active form of aconitase.”

The [4Fe-4S] clusters are usually bound to the polypeptide chain by four cysteine residues, as shown in Table 1. The protein
ligands of these clusters are arranged in a particular motif, since three of the iron atoms are bound to almost adjacent cysteines
(Cys-X,-Cys-X,-Cys), while the fourth iron atom is bound to a cysteine from a distant portion of the polypeptide chain.* The
binding of a given cluster by cysteine residues from different segments of the polypeptide chain apparently helps stabilizing the
tertiary structure of the protein.'® Besides cysteines, the [4Fe-4S] cluster can be coordinated by other residues, as shown in Table 1
(e.g., [NiFe]"® and [FeFe] hydrogenases,”’ dihydropyrimidine dehydrogenase,’” only found in eukaryotes, and IspG>").

The thiocubane unit can exist in at least three stable oxidation states (Fig. 2C). This so-called three-state model''*"'>” contrasts
significantly with the previously described clusters, in which only two stable oxidation states are observed. It is important to point
out that, in strong contrast with the [2Fe-2S] clusters, and similarly to [3Fe-4S]°, the valence electrons are delocalized in the [4Fe-4S]
clusters (Fig. 3C). The three oxidation states that can be attained are: [4Fe-4S]*", [4Fe-4S]*" and [4Fe-4S]'", corresponding to
[2Fe**-2Fe*> ], [4Fe*> ] and [2Fe?" *-2Fe*"] valence-state combinations, respectively.

The [4Fe-4S]**/[4Fe-4S]*" pair is the high-potential redox couple characteristic of HiPIPs, while the [4Fe-4S]*"/[4Fe-4S]'" pair
is responsible for the low-potential process characteristic of the classic ferredoxins. Under physiological conditions, only one of
these redox couples appears to be accessible and functional.'*?

The absorption spectrum of [4Fe-4S]-ferredoxin type proteins has a characteristic broad absorption band with a maximum at
around 400 nm in the oxidized state, while the HiPIP absorption spectrum has a broad band centered at 388 nm. Both the
[4Fe-4S]*>" and the [4Fe-4S]'" oxidation states of the cluster are paramagnetic and display characteristic EPR spectra. The [4Fe-
48]'* cluster in reduced ferredoxins displays a rhombic EPR signal with g values of 1.88, 1.92, and 2.06. The oxidized form
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([4Fe-4S]*" state) of low-potential ferredoxins is EPR-silent and attempts to achieve a higher oxidation state, [4Fe-4S]"?, led to irre-
versible cluster decomposition, probably through a [3Fe-4S] intermediate. The [4Fe-4S]™"> signal is usually referred to as the HiPIP
signal and shows distinct g values at 2.00-2.04 (g ) and 2.08-2.14 (gj)). This signal is present in oxidized HiPIP but absent in
reduced HiPIP.'*®"'®! Reduction of HiPIP to the [4Fe-4S]'" oxidation state, occurs in aqueous/DMSO solution but under partially
denaturing conditions."*”

EPR can also be used to distinguish a [2Fe-2S] cluster from a [4Fe-4S] cluster by performing a temperature dependence of the
signal, as they differ in the relaxation time, which usually follows the order [2Fe-2S] < [3Fe4S] < [4Fe-4S]*" < [4Fe-48]'™.'¢?
Nevertheless, enhanced relaxation times can occur due to spin-spin interactions between clusters.

The resonance Raman of [4Fe-4S]-ferredoxin type proteins have a predominant feature at 336 cm™ ! assigned to vibration modes
of the Fe-Spyidging due to the total symmetry of the cubane structure.’® The CD spectra of HiPIP in the reduced and oxidized state are
similar with a positive peak at 450 nm and two negative peaks at 350 nm and 390 nm. Nevertheless, some HiPIPs present quite
distinct features.'®’

2.06.2.1.5 Linear clusters and cluster interconversions

Proteins containing [3Fe-4S] clusters proved to be particularly useful to study cluster conversions and to understand and identify the
iron-sulfur cluster present in aconitase (see Section 2.06.3.2.1). The interconversion of [3Fe-4S] into [4Fe-4S] was shown to occur
when the coordinating ligand of the fourth iron atom is not a cysteinyl ligand,'**'??''*° as is the case of D. desulfuricans 7Fe ferre-
doxin and P. furiosus ferredoxin (being an oxygen from an aspartate,>'*°~'*? as mentioned before). Cluster interconversion have
also been observed in transcription regulators upon reaction with molecular oxygen (see Section 2.06.4).

The pathways of cluster interconversions were extensively probed and enabled the specific isotopic labeling of iron-sulfur clus-
ters'?* (Fig. 5). The in vitro interconversions studies were performed under non-physiological and near physiological conditions
using D. gigas cell extracts.'®’

Further insights into the electronic, magnetic, and redox properties of the iron-sulfur clusters, as well as information on the site-
specific properties of the cubane clusters, was achieved based on the preparation of the so-called heterometallic cubane clusters
[MFesS4] by incorporation of a heterometal, M, in the vacant coordination site of a [3Fe-4S] cluster. This pioneer work of Munck,
Moura, and co-workers led to the synthesis of heterometallic [CoFe3S,], [ZnFe3Sy], [CdFesS,], [NiFesS,], [CuFesS,], and [CrFesS,]
clusters, using D. gigas and P. furiosus ferredoxins as templates.**'°>~'°® These interconversion studies gathered important informa-
tion on spin states, localized and delocalized valences, as well as reduction potentials. This same experimental procedure continues

(A)

(B)

Fig. 5 Iron-sulfur cluster interconversion pathways and isotopic labelling. In panel (A) is shown the possible interconversions starting with
ferredoxin 1, and in panel (B) the possible interconversions starting with apo ferredoxin Il reconstituted with >Fe. Interconversion pathway after
incubation with (i) 3Fe?* or (i) 58Fe*, in the presence of sodium dithionite, dithiothreitol and sulfide (S*), or (iii) upon oxidation with ferricyanide.
%6Fe and %"Fe are represented by orange and black circles, respectively.
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to be used to study more complex systems, either introducing other metals or >”Fe for Mossbauer experiments (see Section 2.06.3
and 2.06.4).'¢717°

The [3Fe-3S] intermediate cluster with a planar hexagonal structure has been proposed to be the intermediate in cluster inter-
conversion and degradation mechanism of the transcription regulator RirA (an iron sensor) and in FNR (an oxygen sensor)
upon exposure to molecular oxygen (see Section 2.06.4).

A “linear” [3Fe-4S] cluster has been identified in the first spectroscopic studies of aconitase'>>'”"! (Fig. 6). Although its physi-
ological relevance is unclear, this cluster will be mentioned here due to its importance in cluster interconversion, protein-cluster
interactions, and synthesis of heterometallic clusters. The [3Fe-4S] linear cluster was observed after subjecting aconitase to alkaline
conditions, and its structure was confirmed by comparing the visible, EPR, Mdssbauer and MCD data with the one obtained for
a mimetic [3Fe-4S] linear cluster.'””"'”* Besides its linear structure, this cluster differs from the native one as it is coordinated by
four cysteines, instead of three: Cys421 and Cys424 that also coordinate the native cluster, and two adjacent cysteine residues,
Cys250 and Cys257, in substitution of Cys358'>” (Fig. 6).

The presence of similar linear clusters have been proposed to occur as intermediate species during the unfolding of ferre-
doxins,'””'”¢ although there are some evidences that in this case there is formation of iron sulfide species rather than a stable linear
cluster.'””

A biologic linear [Fe-2S],, has been observed in IssA, an iron-sulfur storage protein from P. furiosus. This protein forms nanopar-
ticles (~300 nm, comprised of 20 nm spheres) inside the cell when this bacterium is grown in the presence of S°. The thioferrate-
type linear structure of this cluster has been assigned through Fe and S and K-edge X-ray absorption spectroscopy (XAS) and EXAFS,
and EPR. P. furiosus IssA has 179 amino acids, with a N-terminal globular domain of 109 residues (IPR003731) and a cationic
glycine-rich tail region in the C-terminus.'”® The globular domain binds iron and sulfur spontaneously forming the linear cluster,
and oligomerizes, while the tail is proposed to stabilize the structure through electrostatic interactions. In vitro studies showed that
holo-IssA can reconstitute the [4Fe-4S] cluster of P. furiosus apo-ferredoxin.'”® Although IssA physiological function remains
unknown it is phylogenetically distant from NIF-related families (involved in the biosynthesis of nitrogenase cluster).'”®

Moreover, linear clusters with a similar structure but containing no iron (D. gigas Orange protein with Mo-Cu-Mo coordinated
by sulfide'””) or containing other metals in addition to iron (Mo or Cu, in the Blue protein from D. alaskensis or Desulfovibrio amino-
philus, respectively' %> '®') have been identified as being non-covalently bound to the polypeptide chain. In fact, the visible spectra of
these Blue proteins have a similar signature to the one of aconitase at high pH,'”” indicating the presence of a [Fe-S] moiety.

2.06.2.2 Complex iron-sulfur clusters

Besides the classic iron-sulfur clusters already discussed, unique, larger, and more complex iron-sulfur clusters are present in a few
proteins and enzymes. Among these are the hybrid cluster of hybrid cluster protein, the active site of sulfite reductases, the [8Fe-7S]
(P-clusters) and [Mo-7Fe-9S] (FeMo-cofactor) clusters of nitrogenase, the unique organometallic site (H-cluster) of [FeFe] hydrog-
enases and the mixed-metal clusters of [NiFe] hydrogenase and carbon monoxide dehydrogenase/acetylCo-A synthase.

Two other complex iron-sulfur clusters have been identified: a [8Fe-9S] cluster in the active site of a ATP-dependent reductase
from Carboxydothermus hydrogenoformans'®*and a noncubane [4Fe-4S] cluster in the heterodisulfide reductase from methanogenic
archaea.'®

CyS421_S\ /? Fe + e’ CyS421_S\ /?—/Fe
Fe—=S \ - Fe=8 l
\\‘lt"Fel S ~——— S\\\ll‘ Fel S
sVl 1/ 'zl /s 7
C S Fe+e Cysssg S—Fe
YS3s8
S——Cys424 S——Cyss2
pH > 9.5
Fe +e”

_ S S—Cyszs
Cysao1 S\ /\ /S\ /
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Fig. 6 Proposed mechanism for the interconversion of the cubane cluster into a “linear” cluster in aconitase.
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2.06.2.2.1 Unique clusters
The relevant features of unique iron-sulfur clusters will be discussed in this section. The structures of these clusters are shown in
Fig. 7.

2.06.2.2.1.1 Hybrid cluster protein
In 1989, an unusual iron-sulfur protein was isolated from Desulfovibrio vulgaris Hildenborough.'®* The preliminary characterization
of this protein showed that it was constituted by six iron atoms and six inorganic sulfur atoms per protein. Upon reduction with
sodium dithionite, the protein showed an EPR signal (S = 1/2) distinct from the canonical [2Fe-2S] and [4Fe-4S] clusters, but
similar to synthetic compounds containing a [6Fe-6S]*" cluster and known as the prismane center.'®* Based on these observations,
this unusual iron-sulfur protein was considered to contain a [6Fe-6S] cluster and was named as prismane protein. Not very long after
this first discovery, in 1992, another iron-sulfur protein with similar features was isolated from Desulfovibrio desulfuricans ATCC
27774.'% A detailed spectroscopic study of this protein, which included EPR and Mossbauer spectroscopies, led to the conclusion
that the protein contained not one [6Fe-6S] prismane cluster, but two distinct multinuclear iron-sulfur clusters.

In 1998, the three-dimensional structure of the D. vulgaris Hildenborough protein was determined at 1.72 A resolution'*® and it
was undoubtedly proven that the protein contains two distinct clusters, as previously predicted from the Mdssbauer studies on the
D. desulfuricans 27774 protein. However, the nuclearity of the clusters was incorrect and the protein was not constituted by [6Fe-6S]

(A

Fe6

, Ser188

Fig. 7 Structures of the unique iron-sulfur clusters described in this chapter. (A) Hybrid cluster (PDB ID 7DE4), (B) sulfite reductase active site
(PDB ID 1AOP), (C) P-cluster (P") in the reduced state (PDB ID 3MIN) and (D) P-cluster (P°¥) in the oxidized state (PDB ID 2MIN) of nitrogenase.
The carbon, iron, molybdenum, nitrogen, oxygen, and sulfur are represented in gray, orange, purple, blue, red, and yellow, respectively. The images
were created in Discovery Studio Visualizer (BIOVIA).
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cluster but by two tetranuclear clusters, a cubane-type [4Fe-4S] cluster (cluster 1) and a cluster with a novel and unique structure
(hybrid cluster), [4Fe-2S-30]. The name prismane protein was abandoned since it became clear that the protein does not contain
the initially postulated [6Fe-6S] cluster. The name fuscoredoxin was given to the protein by Moura et al."®” due to its brown color
and because the protein could stabilize the iron-sulfur cluster in various oxidation states. Nevertheless, it was afterwards decided to
name this protein as hybrid cluster protein (Hcp).'%” %%

Phylogenetic analysis of these proteins revealed three different families that differ in the sequence motif that binds the cubane
cluster located in the N-terminus. Family 1 and 3, found in D. vulgaris Hildenborough and D. desulfuricans 27774, in methanogens
and in (hyper)thermophilic bacteria and archaea, has the sequence motif Cys-X,-Cys-X7_g-Cys-X5-Cys. Family 2, found in faculta-
tive anaerobic Gram-negative bacteria (e.g., Escherichia coli and Salmonella enterica), has the sequence motif Cys-X,-Cys-X;1-Cys-X¢-
Cys. Family 3 differs from Family 1 due to 100-residues deletion between the N- and C-terminal domains.

In Family 1 and 3, the cubane cluster is a conventional [4Fe-4S] cluster bound to the protein by the unusual sequence motif of
the four cysteine residues.'®® In Family 2, this sequence motif was initially proposed to bind a [2Fe-2S] cluster,'®’ but was then
shown to also bind a [4Fe-4S] cluster.'”®

The hybrid cluster, [4Fe-2S-30], is unique among the iron-sulfur clusters for which structures are available, in that it has both
sulfur and oxygen bridges (Fig. 7A).'®%'?%'?! The local environments of the metal atoms can be described as tetrahedral for Fe5 and
Fe6, and trigonal bipyramidal for Fe7 and Fe8. Fe5 is coordinated by one protein ligand Cys433, two bridging S atoms (S5 and S6)
and an oxygen, O10. Fe6 is also coordinated by one protein ligand, Cys317, which adopts a cis-peptide conformation, and two
bridging S atoms (S5 and S6). Thus, this part of the cluster resembles either a [2Fe-2S] moiety or one face of a cubane cluster.
However, Fe6 is also coordinated by an oxygen atom (O8), which bridges F6 and Fe8 to give a tetrahedral environment to Fe6.
Fe7 is bound to three protein ligands, His249, Glu273 and Cys458, and to two oxygen atoms, O9 and O10, which bridges Fe8
and Fe5, respectively. Fe8 is coordinated by one protein ligand, Glu492, two bridging oxygen atoms (O8 and 0O9), a bridging sulfur,
S6 (bridges Fe5 and Fe6) and a sulfur atom S7. S7 forms a persulfide with S, of Cys405, producing a thiocysteine moiety. Thus, Fe8
has a distorted trigonal bipyramidal geometry'®® (the residue numbering used are according with E. coli Hcp). The thiocysteine is
a distinctive iron ligand that has also been observed in catalytic intermediates in sulfur transfer reactions.””

In 2002, Macedo et al. determined the X-ray structure of D. desulfuricans 27774 and D. vulgaris Hildenborough Hcp at 1.25 A,'”!
showing that the structures of both proteins are essentially the same, comprising three domains and two iron-sulfur clusters. In that
work, it was demonstrated that although the two Hcps were purified under different conditions, D. desulfuricans 27774 Hcp in the
absence of oxygen and D. vulgaris Hildenborough Hcp in the presence of oxygen, the nature and the oxidation state of the hybrid
cluster remained the same, thus being independent of the presence of oxygen. In the following year, these two Hcps were crystallized
in the reduced state.”® The overall structure of the backbone did not differ from the as-isolated form (either under oxic or anoxic
conditions), but structural changes in the hybrid cluster were observed, especially in the iron atom bonded to the persulfide. These
changes were proposed to reflect the function of this protein, possibly as a reductase, though the nature of the substrate was
unknown.*®

In fact, to support this hypothesis there is a putative electron transfer pathway, composed by aromatic residues that bridge the
hybrid cluster, the [4Fe-4S] cluster 1 and the protein surface. The distance between the two clusters is around 11 A, which is
amenable for electron transfer.”® A similar hypothesis has been proposed based on the E. coli Hep structure,'”® though in this
case the redox partner is Her (vide infra).

[4Fe-4S] cluster 1 is a one-electron accepting [4Fe-4S]** cubane that in the reduced state [4Fe-4S]'" presents an unusual
magnetism of a spin-admixed system (S = 3/2). The hybrid cluster can be stabilized in four distinct oxidation states, ranging
from the most oxidized state (+6), containing four Fe*>", to the fully reduced state (+3), with three Fe’* and one Fe**. Upon
successive one-electron reduction and starting from the fully oxidized protein, four oxidation states were observed with spins
states of S=0 (+6), S=9/2 and 1/2 (+5), S=0 and 4 (+4) and finally a spin state of S = 1/2 for the fully reduced state
(+3).18§,187,1‘)'§

For three decades the physiological function of Hcp remained unknown, and initially it was wrongly proposed to be a hydrox-
ylamine oxidoreductase, converting hydroxylamine to ammonia.'”*'”” However, as mentioned, Hcps are present in several anaer-
obic and facultative bacteria, as well as in anaerobic archaea. In E. coli and Morganella morganii, hcp was shown to be expressed
mainly under anaerobic conditions in the presence of either nitrate or nitrite."®* In fact, hcp is under the transcription regulation
of NsrR.'”® Moreover, in D. gigas a mutant strain that cannot produce Hcp was shown to be sensitive to nitrosative stress.'”” In
E. coli, Hep is encoded by the operon, hep-her, with the second gene coding for a NADH-dependent reductase (Hcr). These two
proteins form a complex and together can reduce NO. This led to the hypothesis that Hcp is a high affinity NO reductase, being
able to detoxify low concentrations of NO that accumulates in the bacterial cytoplasm during anaerobic growth.'”® D. vulgaris Hil-
denborough Hcp was also shown to be a NO reductase and its catalytic mechanism was studied by EPR, showing the presence of
a dinitrosyl Fe intermediate and that N,O binds Hcp in the reduced state.'”’

2.06.2.2.1.2 Sulfite reductase

The reduction of sulfite is a vital reaction both in assimilatory pathways, which leads to the incorporation of sulfur into amino acids
and other metabolites, or in dissimilatory pathways that are used by anaerobic microorganisms that respire sulfur compounds.”*’
Both assimilatory and dissimilatory sulfite reductases (SiRs) contain in the active site a unique combination of co-factors that
includes a reduced porphyrin, designated by siroheme, which is coupled through a thiolate to a [4Fe-4S] cluster (see Fig. 7B).2%!%2
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The assimilatory sulfite reductases (aSiRs) have been extensively investigated and served as a model for this family of proteins
since they are structurally well characterized.””" These proteins are monomeric and share low sequence similarity to dissimilatory
sulfite reductases (dSiRs). One of the most extensively studied dSiRs is the protein also known as desulfoviridin from Desulfovibrio
genus.”*?7?%° dSiRs are large oligomeric proteins with a molecular weight in the order of 200 kDa and composed by two different
types of subunits in a ;B arrangement. This protein, DsrAB, forms a stable complex with DsrC, which is also essential for its
activity. It is proposed that DsrAB catalyzes, not the 6-electron but the 4-electron reduction of sulfite, forming a S° intermediate.
DrsC is the acceptor of this intermediate, forming a persulfide in one of its cysteine residues. After dissociation from DsrAB,
DrsC is reduced by a membrane-bound protein complex (DstMKJOP).?%¢2°7

The SiRs enzymes present unusual magnetic and electronic properties, which result from the close association of the paramag-
netic siroheme and nominally diamagnetic [4Fe-4S] cluster. Most probably, this direct association of an iron-sulfur cluster to a siro-
heme has been conserved to provide efficient delivery of multiple electrons to a substrate bound to the other side of the siroheme in
a controlled and specific manner,?%298-210

The isolated SiRs have a high-spin ferric (S = 5/2) siroheme and a diamagnetic [4Fe-4S] cluster with a + 2 charge, with exception
of the so-called low molecular weight SiRs (alSiR), which are found in D. vulgaris Hildenborough, Methanosarcina barkeri and Desul-
furomonas acetoxidans, that have a low-spin ferric (S = 1/2) siroheme.?%*?!

For the E. coli SiR each co-factor can be reduced by one electron: the siroheme to a ferrous state (S=2), and the iron-sulfur cluster
to a + 1 state (S = 1/2). These two co-factors can undergo electron-exchange interactions conferring paramagnetic properties to all
the irons in the assembly, even when the [4Fe-4S] cluster is oxidized and nominally diamagnetic.”'%?'??'3 The electron coupling
between the two prosthetic groups was extensively characterized for this enzyme using several spectroscopic techniques (e.g. MOss-
bauer,’°” EPR,”°” 5“Fe ENDOR’'?), leading to the hypothesis that a ligand should be shared between the two cofactors. This
assumption was confirmed when the structure of the enzyme was solved by X-ray crystallography, which proved that a cysteine
residue bridges the two redox centers.”®"

The electron-coupling was also observed in the dSiRs and alSiRs, although the electronic and structural properties of the coupled
siroheme-[4Fe-4S] unit are not identical and differ from the ones of E. coli SiR. It seems that the different spectral and redox prop-
erties of this class of enzymes are induced by variations in the protein environment surrounding each coupled center.’?*?!"?15216
Novel structural insights have been given for dSiRs with the studies on D. vulgaris Hildenborough dSiR, Desulfomicrobium norvegicum
SiR,?9%217218 D gigas SiR in two active forms®'” and A. vinosum SiR.**°

2.06.2.2.1.3 Nitrogenase (FeMo-cofactor and P-cluster)

Nitrogenase is a two metalloprotein component system that catalyzes the reduction of dinitrogen to ammonia coupled to the
hydrolysis of ATP.>*'~?** The two protein components are the Fe-protein, a homodimer containing a [4Fe-4S] cluster and the
MFe protein, an heterotetramer that contains the P-cluster and the active site, the FeM cofactor (FeMco). The active site can be het-
erometallic (M = Mo, V) or be homometallic (M = Fe) as in the iron-only nitrogenase.””>*?° Even though several mechanistic
aspects of the catalysis need to be clarified it is a consensus that the process involves association and dissociation between the
Fe-protein and the MFe protein and four electrons resulting from four bridging hydrides are essential for reductive hydrogen elim-
ination with concomitant activation and reduction of the N=N triple bond.??*??72?%

The MoFe protein is the most extensively studied nitrogenase containing the catalytic FeMoco, a [1Mo-7Fe-9S-1C|-homocitrate
cluster.””” However, several diazotrophs under Mo scarcity conditions can activate a different set of genes encoding a vanadium-
containing protein with a similar FeV cofactor (FeVco) that has important structural and functional differences.”*° So far, there
are no X-ray structural data for the iron-only nitrogenases, but the FeFe cofactor is thought to be a [8Fe-9S-1C] cluster.”*"**?

The Fe-protein has two identical subunits that symmetrically coordinates a single [4Fe-4S] cluster. The dimer has a o/f fold that
is common in nucleotide binding proteins. The residues Cys97 and Cys132 (in Azotobacter vinelandii residue numbering) from both
subunits coordinate the [4Fe-4S] cluster, and in the interface between the subunits are located several nucleotide binding
motifs.”**?** Near the N-terminal of the Fe-protein is located a Walker A motif where the ATP or ADP binds, as this protein is
a P-loop containing ATPase. The [4Fe-4S] cluster can have three oxidation states of 42 (oxidized state), + 1 (reduced with dithion-
ite) or 0 (reduced with Ti(IIT)).””>**° In nitrogenase the Fe-protein functions as a reductase that receives electrons, binds, and hydro-
lyses ATP, transferring an electron to the catalytic protein namely to the P-cluster. The P-cluster is an [8Fe-7S] cluster in the MFe
protein that subsequently transfers this electron to the active site of the enzyme, the FeMco where the substrate is reduced. The cata-
lytic versatility associated with nitrogenase that allows the reduction of different substrates (such as, C;H,, CN~ or CO), and not
only N, or Hj is associated with the ability to shuttle electrons throughout the enzyme cofactors.”*"**”** The MoFe protein is
a dyB, heterotetramer, where the o and B subunits exhibit a similar polypeptide fold consisting of three domains of the a/
B-type, with some extra helices.”*”"**° This protein contains two copies of two different types of unique metalloclusters: the FeMco
and the P-cluster.

The P-clusters are [8Fe-7S] clusters (Figs. 7C and D) that are proposed to be involved in electron transfer between the Fe-protein
and the substrate reduction site of the FeMoco.?*"*** The P-cluster has a unique overall architecture, constructed from two linked
[4Fe-4S] subclusters that share a pg-sulfide at one corner, and it is the only known naturally occurring iron-sulfur cluster that
contains serinate-O (B-Ser188) and amide-N («-Cys88) ligands coordinating an iron atom, in addition to the typical cysteinyl-S
ligands.”**>** The P-cluster is obtained after the purification process of the MFe protein in all ferrous state, as determined by Moss-
bauer spectroscopy’***® with the 8 irons in the 42 oxidation state (dithionite is used in the purification) and this form of P-cluster,
a [8Fe-7S]*", is called the PN-state. X-ray crystallographic data of two different oxidation states of the MoFe protein, the PN-state and
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PO%_state, revealed that the P-cluster can undergo structural rearrangements.”**?*” The P-cluster in the

POX.

the two electrons oxidized
PN.state is highly symmetric and can be described as two [4Fe-4$] linked by a sulfur that is hexacoordinated, whereas in the
state the symmetry is lost. In the P°*-state (see Fig. 7D), the [4Fe-4S] moieties are distorted, become more open and the Fe5 and Fe6
move away from the central sulfur and coordinate a backbone amide-N (2-Cys88) and a serinate-O (B-Ser188), respectively. In
some nitrogenases, like the one isolated from Gluconacetobacter diazotrophicus, instead of Fe6 is Fe8 that is moved and becomes coor-
dinated by a O from a tyrosine (Tyr 98).>*® The coordinating Cys88 and Ser188 become deprotonated, and this may stabilize the
P*_cluster lowering the reduction potential of the P-cluster and enabling conformational changes that could facilitate the electron
transfer to the FeMco.”*’

The conformational changes observed in the P-cluster in different oxidation states are observed for either Mo or V nitroge-
nases.”’”?*° Going from the PN- to the P°*-states, two electrons are transferred, though the catalytic mechanism involving N, reduc-
tion is usually identified by a one-electron transfer steps. It is known that the treatment of the MoFe protein with small electron
transfer molecules can induce different oxidation states in the P-cluster. In the PN-state, all the Fe atoms are in the ferrous oxidation
state.”*”?*° Using mediators, -state can be sequentially oxidized by three electrons, attaining the P'*, P** (P9,
and P*>* oxidation states. The P> */?*+ redox couple is not reversible in vitro, and thus, it is concluded that this couple does not func-
tion in vivo. This suggests a model where the P! */N and P?*/'* couples could be involved in P-cluster electron transfer, presenting
the possibility of transferring one or two electrons from the P-cluster to the FeMoco during catalysis. The reduction potential of the
couple P? */1 * is associated with aproton transfer and changes from - 224 mV vs. SHE at pH 6 to - 340 mV vs. SHE at pH=8.5,
whereas the reduction potential of the couple P* */N is - 290 mV vs. SHE and is pH independent. — 2> These reduction potentials
are similar to the reduction potential of the [4Fe-4S] cluster in the Fe protein (—420 mV vs. SHE, when MgATP is bound to the Fe-
protein).”>*

The PN-state of the P-cluster is EPR silent, while the P'* and P> states are paramagnetic; the P+ state is a mixed spin system with
a spin sate of S = 1/2 and S = 5/2, and the P?" state is an S > 3 system with a EPR signal in the perpendicular mode.””> Although
being EPR active, the P'* and P?" states have been difficult to detect during nitrogenase turnover, and there is little information
about the oxidation states that the P-cluster attains during turnover.””°

In the P state, the Fe5 remains in the same position as in PN-state but the Fe6 is coordinated by Ser188, this implies P'* can be
an intermediate and the P-cluster can accept or donate one or two electrons, as the Fe protein [4Fe-4S] cluster. The transfer of two
electrons could represent a 50% ATP saving for the enzyme.

The active site of nitrogenases, the FeMco cluster, is a bridged double [4Fe-4S] cubane cluster with a metal M at an apical posi-
tion. The metal can be Mo, V or Fe and so far, X-ray crystallographic data is available only for the heterometallic nitrogenases, as
mentioned. Mo>* and the V™ are coordinated by 3 sulfide ligands from one of the cubane clusters.”*”**° The FeMco cluster is
bound to the polypeptide chain by a histidine residue that also coordinates the metal and a Cys residue that coordinates the
Fel in the opposite side of the FeMco cluster (Fig. 8A). An homocitrate molecule coordinates bidently the Mo/V atom that are octa-
hedrally coordinated. In both nitrogenases a central ligand (a C*~) from a S-adenosyl methionine binds the two cubane clusters and
it is hexacoordinated by 6 iron atoms (Fe2, Fe3 and F4 from one cubane cluster and Fe6, Fe7 and Fe5 from the other cubane).”*° The
main difference observed between the active site of both Mo and V nitrogenases besides the replacement of Mo by V is the nature of
an additional ligand bridging the two cubane clusters, between the Fe5 and the Fe4 (Fig. 8B). The FeMoco cluster has a sulfide
binding these two irons, whereas in the FeVco cluster this ligand is a carbonate (CO3”").”** The difference in size between these
two ligands is responsible for higher distances between the two irons in the FeV protein and a general distortion observed in all
different metal-metal bonds between the two cofactors.”’*?*° The different metals in the active site have a major impact in the
reduction of N, to ammonia.

The catalytic efficiency of the three types of nitrogenases is associated with differences observed for the rate constant concerning
the ratio N reduction/H, formation being the Mo nitrogenase the most efficient and the Fe nitrogenase the least.””” The binding of
the substrate in still a matter of discussion. The FeMco cluster has no available coordination sites but the sulfide S2B that coordi-
nates the Fe2 and Fe6, have a His and a Gln residues in the vicinity, and can be replaced by CO in both the VFe protein and the MoFe
protein (Fig. 8C).**%?*%2°? The His residue can form a hydrogen bond with 2B sulfide, connecting the active site with the protein
surface by accessing to a hydrogen-bonding pathway that is probably involved in proton transfer during catalysis. In the resting state
the side chain of the conserved Gln in the vicinity of the FeMco is directed away from the cluster. However, for the VFe protein in
a turnover state GIn176 can rotate toward the cluster with the amide oxygen from this residue forming two hydrogen bonds, one
with His180 at a 2.84 A and a second hydrogen bond with a bridging ligand (N/O).

Recently a crystal structure of a Mo-nitrogenase obtained in the presence of N, (turnover conditions) suggested a displacement of
the belt-sulfur sites corresponding to S2B, S3A and S5B by N, *°° however this is still a matter of controversy.”®">%

246,251,252 the PN

2.06.2.2.2 Organometallic and mixed-metal clusters
In this section, the properties of the fascinating and unusual organometallic and mixed-metal clusters will be described. The struc-
ture of these clusters is presented in Fig. 9.

2.06.2.2.2.1 Hydrogenases

Hydrogenases are a family of enzymes that catalyze the reversible two electron oxidation of hydrogen: H, < 2H* + 2 ¢~, and many
microorganisms use hydrogenase to metabolize H,. They are a heterogeneous group of enzymes that differ in size, subunit compo-
sition, metal content and cellular location. However, based on their metal content, two main groups can be distinguished: the [FeFe]

Comprehensive Inorganic Chemistry III, Third Edition, 2023, 105-173



Iron-sulfur clusters — functions of an ancient metal site 119

(A) (B) ©)

¥ cys275 & cysa257
His180 ‘

28CL

GIn191 GIn176 GIn176

His442 His423 His423

homocitrate homocitrate homocitrate

Fig. 8 The catalytic FeMco of nitrogenase [M:7Fe:9/8S:C] is a complex iron-sulfur cluster bound to an apical metal (M = Mo, V, Fe) coordinated to
a homocitrate molecule. In panel (A) is shown the FeMoco (PDB ID 3U7Q), in panel (B) the FeVco (PDB ID 5N6Y) and in panel (C) the FeVco with
bound CO in the position of S2B (PDB ID 7ADR). The iron, sulfur, molybdenum, and vanadium atoms are represented in orange, yellow, purple, and
green, respectively. The carbon, oxygen and nitrogen atoms are represented in gray, red and blue, respectively. Images were created with the
program Discovery Studio Visualizer (BIOVIA).

hydrogenases, which contain only Fe, and the [NiFe| hydrogenases, which contain both Ni and Fe in the active site. The [FeFe]
hydrogenases catalyze the reduction of proton as terminal electron acceptor to yield H, and thus mainly function in H, production,
while the [NiFe] hydrogenases most often catalyze the forward reaction in which H, is consumed.'”"?%*~?°° Hydrogenases have
been the subject of great attention and research, which is mainly related with the potential application of these enzymes in green
hydrogen production, a future important alternative energy source.”°” However, one of the major drawbacks is their sensitivity
toward oxygen. All hydrogenases are oxygen sensitive but the [FeFe] hydrogenases are more sensitive toward oxygen than the
[NiFe] hydrogenases that can be aerobically purified because the oxygen inhibition is reversible.”°®?” Some membrane-bound
[NiFe| hydrogenases found in aerobic bacteria can even oxidize H, and promote hydrogen cycling in the presence of oxygen.
The majority of the [FeFe| hydrogenases are irreversibly inactivated by oxygen and even though some exceptions are found in
nature, so far only a particular type of [NiFe] hydrogenase can oxidize hydrogen.””°~>"?

2.06.2.2.2.1.1 [FeFe] hydrogenases

Several [FeFe] hydrogenases isolated from anaerobic bacteria, such as D. vulgaris and D. desulfuricans, Megasphaera elsdenii and Clos-
tridium pasteurianum (which contains two different hydrogenases, Cpl and CpllI) have been well characterized using several spectro-
scopic techniques.'”"*”*~?%? Despite some similarities among the various [FeFe] hydrogenases, variations in the metal content exist
that translate into differences in their iron-sulfur cluster content. However, all of them have in common the presence of iron-sulfur
clusters (termed F clusters), the H-cluster (the catalytic site), and carbon monoxide (CO) as a potent inhibitor. The F clusters usually
are [4Fe-4S] cubane-type clusters with exception of C. pasteurianum Cpl that also contains a [2Fe-2S] cluster.

The structures of two [FeFe] hydrogenases have been solved by X-ray crystallography: the periplasmic [FeFe] hydrogenase from
D. desulfuricans®®® and the cytoplasmic [FeFe] hydrogenase from C. pasteurianum (Cpl).*”?**?%* The structures of these enzymes
clearly revealed the presence of an unusual active site, the so-called H-cluster, which is constituted by a [2Fe]}; subcluster linked
to the [4Fe-4S] subcluster via a cysteine thiol group (see Fig. 9A). The binuclear cluster is formed by two iron atoms, the proximal
Fe (Fep), which is the one near the [4Fe-4S] cluster, and the distal Fe (Feq) (Fig. 9A), each coordinated by two diatomic, non-protein
ligands, CO and CN™. This site also carries a bridging CO and an azapropane-1,3-dithiolate (ADT) bridge between the two Fe
atoms. In result, the Fe,, is hexacoordinated whereas the Feq is pentacoordinated and therefore the Feq was identified as the substrate
binding site where the catalysis occurs. This was later corroborated by a structure obtained with a CO coordinated to the Fey.”%° %7
The distal Fe can either bind CO inhibiting hydrogenase activity or a hydride or a hydrogen, as part of the catalytic cycle. The conju-
gation between the ADT nitrogen, acting as a base, and the low valent Fe4q provides the conditions for heterolytic splitting of
hydrogen.?®®?%° Furthermore, the CN~ ligands can provide H-bonding with a serine and a lysine present in the cluster surroundings
that helps stabilizing the [2Fe]y; cluster that is bound to the [4Fe4S]y cluster by a thiol group from a cysteine residue.

Several oxidation states of the H-cluster have already been identified and characterized spectroscopically. The active oxidized
state (Hoy) is characterized by a mixed valence (Fe'"-Fe?") configuration of the bi-nuclear cluster. These iron atoms are in a low
spin state and present an S = 1/2 EPR signal. Reduction of the H-cluster in the Hoy state leads to the active reduced state (Hyeq),
which is EPR silent and has both iron atoms of the [2Fe] subcluster most probably in the Fe'*-Fe'" formal oxidation state.'”!
The CO-inhibited state is EPR active due to a Fe' "-Fe?" mixed valence state of the bi-nuclear cluster, similar to Hoyx >°°~** According
to Mossbauer studies, large *“Fe hyperfine coupling are observed between [4Fe4S|y and [2Fe]y clusters, suggesting a strong

Comprehensive Inorganic Chemistry III, Third Edition, 2023, 105-173



120 Iron-sulfur clusters — functions of an ancient metal site

(A) ®) c
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Fig. 9 Structures of the organometallic and mixed-metal clusters described in this chapter. (A) H-cluster of [FeFe] hydrogenase (PDB ID 1HFE), (B)
NiFe active site of [NiFe] hydrogenase in the oxidized form (PDB ID 1FRV), (C) NiFe active site of [NiFeSe] hydrogenase (PDB ID 5JT1), (D) C-cluster
(PDB ID 6B6X) and (E) A-cluster (PDB ID 10A0) of CO dehydrogenase/acetyl Co-A synthase. The iron, sulfur, selenium, and nickel atoms are
represented in orange, vellow, pink and green, respectively. The carbon, oxygen and nitrogen atoms are represented in gray, red and blue,
respectively. The X identifies the position of a third bridging ligand that can be an oxygenated species in inactive states of the enzyme (Ni-A or Ni-B)
or a hydride in active forms (Ni-C and Ni-R). Images were created with the program Discovery Studio Visualizer (BIOVIA).

exchange coupling between them.”! "H NMR spectroscopy was used to identify paramagnetically shifted 'H resonances from Chla-
mydomonas reinhardtii hydrogenase.””” A signal similar to bacterial ferredoxins was observed for the unmaturated enzyme contain-
ing only the [4Fe-4S]y;. In the maturated protein in the Hyy and Hox-CO states, shifted 'H resonances were identified originated from
the methylene protons of the ADT bridging ligand of the [2Fe]y subsite.”””

Furthermore, in the Hyy state the spin density is shifted toward de distal Fe whereas for Hox-CO states the spin density is more
evenly distributed between the two Fe atoms indicating that upon the substrate binding electron density can be modulated between
the two subsites.””*?”¢

In the H-cluster the single reduced state can occur with or without protonation of the nitrogen of the ADT ligand depending on
the pH. At low pH values, the protonation occurs, and the CO bridging ligand is absent whereas at high pH values the protonation is
not observed and the CO bridge is kept.

The protonation converts NH into NH; causing electronic rearrangement moving the reducing equivalent from the [4Fe4S]y to
the [2Fe]y subsite and this step is extremely important in catalysis. The reduction potentials associated with the first and second
reduction steps are similar to the H*/H, potential and the transition between the Hyq state and the HyqH " state has a pKa close
to 7.”°7 The two electrons and the one proton can probably combine and generate a hydride in the Feq and further protonation will
generate Hj. However, states like HpyqH + and Hox-H; were not yet observed maybe due to its highly transient nature.

2.06.2.2.2.1.2 [NiFe]| hydrogenases

|NiFe] hydrogenases can be divided into two major groups according to its sensitivity toward oxygen, the standard O,-sensitive and
the O,-tolerant [NiFe] hydrogenases. X-ray crystallographic structures of [NiFe] hydrogenases belonging to the O,-sensitive group
are available from D. gigas,"**°® Desulfovibrio vulgaris Miyazaki F,>*°°" D. desulfuricans,’®> Desulfovibrio fructosovorans®* and Desul-
fomicrobium baculatum,”®* closely related sulfate reducing bacteria. All these hydrogenases have a small (= 30 kDa) and a large
subunit (= 60 kDa). The small subunit contains the three iron-sulfur clusters (two [4Fe-4S] clusters and one [3Fe-4S] cluster)
that are involved in the electron transport to/from the active site ([ NiFe] cluster). In the catalytically active hydrogenases, a proximal

Comprehensive Inorganic Chemistry III, Third Edition, 2023, 105-173



Iron-sulfur clusters — functions of an ancient metal site 121

[4Fe-4S],” +/* cluster is located near the [NiFe] cluster, flanked by a medial [3Fe-4S] /% cluster. Near the protein surface, a distal
[4Fe-4S]q" %+ completes the biological electron transfer pathway in these type of enzymes.**® The reduction potential estimated for
these clusters in D. gigas hydrogenase was - 315 mV for the [4Fe-4S],, —80 mV for the [3Fe-4S]y, and —445 mV for the [4Fe-45]4.°°
Upon reduction, the [4Fe-4S]," magnetically interacts with the [NiFe] active site' °! and the [4Fe-4S]p2 +/* controls the electron flow
from the buried [NiFe] active site present in the large subunit to the hydrogenase surface in the small subunit, controlling the elec-
trons flow with the redox partner in the enzyme surface.*®”

The large subunit contains the [NiFe] active site (see Fig. 9B), and the geometry of this site is highly conserved throughout all
[NiFe] hydrogenases.*”® The nickel and iron atoms are separated by a distance of about 2.5-2.9 A’** and are bridged by the thiol
groups of two cysteines. The nickel atom is coordinated by two additional thiol groups from cysteines bound in a terminal position.
The iron atom carries three inorganic diatomic ligands that have been identified by infrared (IR) spectroscopy as two CN ™ and one
CO.?°?7?!! The oxidized inactive state in general is a mixture of the so-called “unready” or Ni-A and “ready”-Ni-B states that corre-
spond to a slow or fast catalytic activation state respectively. In these states additional electron density is detectable between nickel
and iron, which seems to arise from a third oxygenated bridging ligand.?””*'? Both oxidized states, are paramagnetic and charac-
terized by different g values. The bridging ligand in the Ni-B state is an OH™ and probably the same bridging ligand is present in the
Ni-A state. The differences observed in the hyperfine coupling constants between the two states may be due to rotation of Cys549
about C,~Cg-S,~Ni dihedral angle. Cys546 rotation can also account for differences observed in the intermediate g value.”' '~ °
In the active state of the enzyme (Ni-C/Ni-R) the bridging ligand is a hydride (H™).?'® In all states of standard hydrogenases, the
nickel atom has an open coordination site, which defines an axial direction, and it is therefore believed that the Ni represents the
primary hydrogen binding site. This is supported by the fact that the inhibitor CO binds at this position and that the H; transfer
channel ends near the Ni.*°**%° It has been shown by X-ray crystallography of single crystals treated with CO,*°° that the CO binds
at the sixth free-coordination site of the nickel atom (see Fig. 9B). The Ni-CO state is paramagnetic and photosensitive. Upon illu-
mination at low temperatures, the CO molecule photodissociates, resulting in the Ni-L state, the same state formed from Ni-C.*'”
The H, molecule can access the buried [NiFe| active site through four hydrophobic tunnels that combine into one, leading to the Ni
atom.

In the process of enzyme “activation” and during the catalytic cycle, the [NiFe] hydrogenase passes through several intermediate
states (Fig. 10) observed and characterized by EPR spectroscopy, which showed that the enzyme cycles between EPR silent and EPR-
detectable (paramagnetic) nickel-centered states. The oxidized inactive states Ni-A, Ni-B, mentioned above, and the active Ni-C state
are all paramagnetic and EPR active, Ni-L is light-induced and EPR active, Ni-SI is EPR silent, and Ni-R is reduced, and EPR-silent.”'®
A full characterization has become possible by Fourier-transform infrared (FTIR) spectroscopy by which the IR vibrations of the
CN™ and CO ligands at the iron are monitored. In the IR experiments, both the paramagnetic and EPR-silent states are detected.’'®

Upon one-electron reduction of Ni-A and Ni-B, the EPR-silent states Ni-SU (silent unready) and Ni-SIr (silent ready) are formed.
The Ni*" is reduced to Ni*" in both EPR silent states and the oxygenated species is still present as a bridging ligand. Under reducing
conditions at temperatures >30 °C, the Ni-SIr is converted into another EPR-silent state, Ni-Sla (silent active). This step leads to
removal of the OH™ binding ligand and the Ni*" is then tetracoordinated leaving a vacant coordination position. The Ni-Sia
can be further hydrogen reduced and generate the fully reduced state Ni-R. In this state a hydride is present between Ni** (Ni-
H™ —1.58 A) and Fe?" (Fe-H™ —1.78 A), and the Cys546 that coordinates the Ni atom becomes protonated. Alternatively, the
conserved Argd79 in D. wvulgaris Miyazaki F [NiFe|] hydrogenase was proposed as proton acceptor. One-electron oxidation of

Inactive
Ox
Ni-A Ni-B
lT_278 mV H_151 mvV. Active
Ni-SU Ni-SIr =——— Ni-Sla——— Ni-SCO
lT 375 mV
Ni-CO Ni-L = Ni-C
” -436 mV
Ni-R
Red

Fig. 10 Scheme of the oxidation states of [Ni-Fe] hydrogenase. The EPR-detectable states and the EPR-silent states are shown in red and blue,
respectively. The states involved in the catalytic cycle of the enzyme are represented in the yellow box. The nomenclature of the states is the
following Ni-A (unready state), Ni-B (ready state), Ni-SU (EPR-silent unready state), Ni-Slr (EPR-silent ready state), Ni-Sla (EPR-silent active state),
Ni-SCO (EPR-silent €O inhibited state), Ni-C (EPR-detectable reduced state), Ni-L (Light induced state), Ni-CO (EPR-detectable CO inhibited state), and
Ni-R (EPR-silent reduced state). The reduction potential of the redox couples is given for pH 7.4, except for the Ni-A/Ni-SU pair, that is given for pH
8.2. Adapted from Pandelia, M. E.; Ogata, H.; Currell, L. J.; Flores, M.; Lubitz, W. Inhibition of the [NiFe] Hydrogenase from Desulfovibrio vulgaris
Miyazaki F by Carbon Monoxide: An FTIR and EPR Spectroscopic Study. Biochim. Biophys. Acta 2010, 1797(2), 304-313.
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Ni-R leading to the oxidation of Ni** to Ni** generates the Ni-C EPR active state. In this state the hydride remains a bridging ligand
between the Ni and Fe atoms and the terminal Cys546 coordinating the Ni is no longer protonated (Cys546-S™).

The Ni-C state is light-sensitive. Upon illumination with white light, the characteristic EPR signal disappears, and a new signal
named Ni-L emerge. In Ni-L, the light irradiation reduces Ni* > to Ni'* and the hydride is transformed in H*. The proton formed is
transferred to Cys546. Ni-L can be oxidized and generates Ni-Sia oxidizing the Ni'" to Ni*" and releasing a H*. The [4Fe-4S]p
cluster needs to be oxidized and ready to receive an electron to enable the conversion of Ni-L state in Ni-Sia. At least two subforms
have been identified with different g values, Ni-L1 and Ni-L2, depending on the temperature and the duration of light exposure and
pH conditions.

Throughout the catalytic cycle the Fe*>" does not change its oxidation state and maintains the coordination to two CN~ and one
CO ligands keeping the organometallic nature of the [NiFe] active site of hydrogenases.

The different EPR active and EPR-silent oxidation states of D. vulgaris Miyazaki F [NiFe] hydrogenase are depicted in Fig. 10, as
well as the reduction potentials determined through spectroelectrochemical titrations for the various steps.”''*'? Similar titrations
have been performed for D. gigas,”*° D. fructosovorans®>' and also for *'® [NiFe] hydrogenases. Each electron transfer is accompanied
by a proton-transfer step. The two EPR-silent states Ni-SIr and Ni-Sla are in an acid-base equilibrium.?!'"*2°

Biohydrogen has gain importance in the discussion of future alternative energy sources to fossil fuel due to the harmless final
product, water.’*” An effort has been made to produce H,/O, biofuel cells and artificial hybrid solar fuels combining hydrogenase
and dot-in-rod components.’*®*?*~32° One major drawback to further developments in this field is the O-sensitivity of the stan-
dard hydrogenases. Special attention is being given now to hydrogenases that are O,-tolerant and can retain catalytic activity
(hydrogen oxidation) for considerable periods of time in oxygenic environments. O,-tolerant hydrogenases have been purified
from different microorganisms. Some examples are the membrane-bound hydrogenases form Hydrogenovibrio marinus, E. coli
(EcHyd-1), A. aeolicus and Ralstonia eutropha.””*>">>?” These O,-tollerant hydrogenases upon reaction with oxygen form only
the Ni-B inactive “ready” state.”’” X-Ray crystallographic structures revealed that the [4Fe-3S]p cluster is quite unique since it is coor-
dinated by 6 cysteine residues instead of the 4 cysteine residues that coordinate the [4Fe-4S]p cluster of the O;-sensitive enzymes
(Fig. 11).>?” The structure of the proximal [4Fe-3S]p™/*4/*3 cluster enables two consecutive electron transfers with close reduction
potentials, being the second electron transfer associated with a proton coupled reaction (+230 mV and +30 mV for EcHyd-17?%).
The [3Fe-4S]m’ */° and the proximal [4Fe-3S]p exhibit higher reduction potentials compared with the ones from the O,-sensitive
hydrogenases. The [3Fe-4S]m can transfer one electron (+190 mV for EcHyd-1°?%) and the [NiFe] active site can oxidize Ni** to
Ni*" supplying another electron. In the O,-tolerant hydrogenases redox structural changes occur at the [4Fe-3S]p. For
R. eutropha hydrogenase upon oxidation, the Fe4 position is shifted toward the amide of Cys20 in a similar manner to the Fe6
of the P-cluster of nitrogenase (Fig. 11).>”°

The Fe4 forms a covalent bond with the deprotonated amide nitrogen from Cys20 stabilizing the super oxidized state (Fig. 11).
These results were also observed for super oxidized H. marinus and EcHyd-1 hydrogenases.””'*?” Resonance Raman and pulsed EPR
spectroscopy detected a OH™ ligand at Fel.””°

[NiFeSe] hydrogenases are enzymes that belong to the group of [NiFe| hydrogenases but whereas a selenocysteine replaces one
cysteine that coordinates the Ni in the NiFe active site. In this type of enzymes, the Ni is coordinated by three sulfur atoms from three
cysteine residues and one Se atom from a selenocysteine®*”>° (Fig. 9C). The [NiFe] and [NiFeSe] enzymes are structurally similar
with identical subunits, with the active site buried in the large subunit. The electron transfer in [NiFeSe] enzymes is also performed
by a set of three iron-sulfur clusters present in the small subunit connecting the active site to the surface, however, the medial cluster
is a [4Fe4S] cluster instead of the [3Fe4S] cluster present in [NiFe] hydrogenases.’** 277332

The [NiFeSe| hydrogenases have high catalytic activity directed toward H, production and is less sensitive to oxygen
showing lower reactivation times after oxygen exposure.’*® As-purified [NiFeSe] hydrogenases are EPR silent.’*”~**? The aerobically
purified enzymes do not form the inactive states Ni-A and Ni-B observed in [NiFe] hydrogenases characterized by the presence of
a bridging oxygenated species between Ni and Fe (Fig. 9B). The oxygen inhibition occurs through different pathways. Computa-
tional studies suggest that the oxygen permeation pathways in [NiFe] and [NiFeSe] hydrogenases are different even though

333-336

Cys149 Cys149
His229 His229
oxidation
Cys120
reduction
Cys17 Cys17
Cys115 Cys115

Fig. 11 The redox dependent conformational changes occurring at the [4Fe-3S]p cluster of R. eutropha O,-tolerant [NiFe] hydrogenase (PDB ID
41UD). The iron and sulfur atoms are represented in orange, yellow and green, respectively. The carbon, oxygen and nitrogen atoms are represented
in gray, red, and blue, respectively. Images were created with the program Discovery Studio Visualizer (BIOVIA).
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some of the resides are conserved, with the latter having a lower oxygen permeation efficiency.’* The lower oxygen permeation
along with the selenocysteine properties in the active site, different structural features like the “cage effect” surrounding the active
site corroborated by the high H*/D™ exchange activity’*' or differences in proton transfer,’*? contributes to the unique catalytic
properties of [NiFeSe] hydrogenases and their associated oxygen tolerance.

2.06.2.2.2.2 Carbon monoxide dehydrogenases/acetyl-CoA synthases

Carbon monoxide dehydrogenases/acetyl-CoA synthases (CODH/ACSs) are believed to be ancient enzymes, perhaps responsible
for the ability of early organisms to live in the CO,-rich atmospheres that existed at the origin of life.>** These enzymes can be
divided in two major groups: (i) the monofunctional enzymes, carbon monoxide dehydrogenases (CODHs), which catalyze the
reversible oxidation of CO to CO; and (ii) the bifunctional enzymes, which in the direction of CO; reduction couple the synthesis
of acetyl-CoA. This second group of enzymes is known as the carbon monoxide dehydrogenases/acetyl-CoA synthases, CODH/ACS
complex, found in anaerobic bacteria, or as the acetyl-CoA decarbonylases/synthases, ACDS, a multienzyme complex found in
archaea.”**>*” Nevertheless, based on subunit composition Lindahl et al. have grouped these enzymes into five classes.>*®

These enzymes participate in one of the known six carbon fixation pathways, the Wood-Ljungdahl pathway, which is used for
energy conservation and carbon fixation in bacteria and archaea. The first produce acetate as the end-product, while the second
produce methane.**’

The monofunctional CODH enzymes have been isolated from anaerobic CO-utilizing bacteria, such as C. hydrogenoformans and
Rhodospirillum rubrum. These enzymes are homodimers, and its X-ray structure shows the presence of three domains (a helical
domain at the N-terminus, and two o/B Rossmann-like domains). The homodimer binds five metal clusters: each monomer binds
one [4Fe-4S] cluster (named B-cluster) and one highly unusual [Ni-4Fe-4S] cluster (named C-cluster), which is the catalytic site
(Fig. 9D), and there is another [4Fe-4S] cluster bound between the subunits (named D-cluster).>**?>°° In the D. vulgaris CODH,
the D-cluster is a [2Fe-2S] cluster, which is proposed to be responsible for the enzyme tolerance to oxidative damage by
Oxygen.“l’“z

The C-cluster is a [Ni-3Fe-4S] cubane bound to a mononuclear iron atom through one of the sulfur atoms of the cubane, (named

the FCII) (Fig. 9D). Each metal of the [Ni-3Fe-4S] is coordinated by a cysteine residue (Fig. 9D), while the iron atom, FCIJ, is coor-
dinated by a histidine and a cysteine residue, plus an inorganic sulfur in an approximately trigonal planar geometry.>*#3>2-3>%

The B-cluster has reduction potentials between —390 and —440 mV, and g values of 2.04, 1.94 and 1.90,’"> and together with
the D-cluster form an electron transfer pathway, connecting the C-cluster to the protein surface. The D-cluster, located near the
protein surface, has a very negative reduction potential (below — 530 mV). This cluster might play a role in holding the two subunits
together,””® and in exchanging electrons with a redox partner, such as ferredoxin.’”” As mentioned, the D-cluster is usually a [4Fe-
48] cluster bound to the polypeptide chain through the sequence motif Cys-X;-Cys in each subunit, with exception of the D. vulgaris
CODH, in which the [2Fe-2S] D-cluster is bound to a Cys-X,-Cys motif.*>?

The bifunctional CODH/ACS enzymes have been identified in acetogenic bacteria and methanogenic archaea, such as Moorella
thermoacetica (previously known as Clostridium thermoaceticum) and M. barkeri. These enzymes are tetramers with the subunits
arranged as a,B,. The X-ray structures of M. thermoacetica CODH/ACS complex®”® and of C. hydrogenoformans ACS subunit®>’
revealed that the ACS a-subunits are located toward the outside, while the CODH B-subunits form a central core. The ACS subunit
has three structural domains: (i) the N-terminal domain that interacts with the CODH subunit, (ii) the middle domain, and (iii) the
C-terminal domain that binds the catalytic site (named A-cluster) (Fig. 9E). The CODH subunit binds similar metal clusters to the
ones described above for the monofunctional CODH. The three-domain ACS subunit can adopt different conformations, depend-
ing on the reaction catalyzed: (i) for the carbonylation, the CO reduced from CO; in the C-cluster of CODH travels through the
hydrophobic channels, in a diffusion controlled manner, to the A-cluster in ACS, to be assembled with coenzyme (CoA) and
a methyl group to form acetyl-CoA, while (ii) for the methylation, the ACS is in an open state, so that a corrinoid iron-sulfur protein
can bind, delivering the methyl group.*®°

The A-cluster, [2Ni-4Fe-4S], is constituted by a [4Fe-4S] cluster bridged by a cysteine side chain to a proximal nickel atom (Nip),
and this proximal metal site is in turn bridged by two cysteine side chains to the distal nickel atom (Nig), which is in a square-planar
thiolato- and carboxamido-type N,S; coordination environment.>*®3>3 The overall architecture of the A-cluster is similar to the H-
cluster of the [FeFe]-hydrogenases, since both contain a [4Fe-4S] cluster bridged to a binuclear site.’°' Thus, the A-cluster is also
a unique and one of the most complex cofactors found in biological systems. The proximal nickel atom (Ni) in the A-cluster
can be substituted by Cu or Zn, and thus this binuclear part of the A-cluster can be found as Cu-Ni or as Zn-Ni, besides the phys-
iologically relevant Ni-Ni.?>®3°?262363 X_ray structures are available for these different clusters, but as the physiologically relevant
form of the A-cluster is the one containing Ni-Nji, only this cluster is depicted in Fig. 9E. The structure of A-cluster with bound CO
has been solved, which provided further insights into the catalytic mechanism of this enzyme.*“°

Similarly to iron-sulfur clusters, hydrogenase and nitrogenase, the unique C- and A-clusters have specific biosynthetic pathways
that involve dedicated chaperones and proteins. A description of this molecular systems is outside of the scope of this chapter, but
more information can be found in.***>

2.06.2.2.2.2.1 Redox and spectroscopic properties of the C-cluster

The C-cluster can be in four oxidation states, named Cqy, Cred1, Cred2 and Cine. The inactive Coy state is diamagnetic, but at potentials
below — 200 mYV, it is reduced by one electron to the Ceq; state, with a S = 1/2, exhibiting an EPR signal with a g,, of 1.82 (g values
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of2.01,1.81and 1 .65).3“”3 7 Mossbauer studies revealed that Creq; contains four iron atoms, two of which are designated FCII and
FCIII (the other two iron atoms could not be individually characterized). FCIII is a high-spin Fe?* that, along with the uncharac-
terized iron atoms, probably constitutes the [3Fe-4S] subsite. FCII is a high-spin five- or six-coordinated Fe>" and it is almost
certainly the iron of the [Ni-S-Fe] subsite. ENDOR studies by Hoffman and co-workers indicated that a histidine residue coordinates
the FCII site,’® and that cyanide, a potent tight-binding inhibitor of CO/COj catalysis, binds to FCII in the C,eq; state and displaces
a strongly coupled OH™ group.?*”3¢%36?

The C-cluster exhibits two additional oxidation states named Cyeqs and Cin,*°®?7% 72 The two-electron reduced Ciy is EPR silent,
while Cpeq; is a three-electron reduced form, that binds CO (Cred1/Cred2 has a reduction potential of approximately —530 mV). Credz
hasa S = 1/2 spin state and exhibits an EPR signal similarly to that of C.4; but with a g,y around 1.86 (g values 0of 1.97, 1.87 and 1.75).
The Cieq1-t0-Creqn conversion is substrate-dependent and occurs under argon atmosphere, presenting a reduction potential close to the
CO/CO;, couple (—558 mV).

The spectroscopic properties of Cr4, have been difficult to study since B-clusters (and probably D-clusters) are paramagnetic
under conditions where Creqs is produced.’®” However, it is clear, that FCII is present in Creqs spectra, and that the strongly coupled
OH™, evident in the ENDOR studies of Cq; is absent.>*®>°? Although the electronic structure of Cpeq; and Creqs is not known, the
unpaired electron spin density is proposed to be localized on the iron atom, to account for the large *’Fe and small °*Ni hyperfine
coupling.s(’("373

The catalytic mechanism at the C-cluster has been the subject of several studies, with one of the most difficult aspects
of the cycle, being the location of the two electrons in the most reduced state of the cluster (Creqz). Three hypotheses are currently
accepted: (i) dative Ni-Fe bond, (ii) Ni° atom, and (iii) hydride-bond Ni** 348376377

Further insights into the structure and catalytic mechanism of the C-cluster have been obtained through inhibition studies, using
cyanide and molecular oxygen.’”® %" These studies revealed that these enzymes have different susceptibilities to oxygen, and that
the C-cluster can adopt different conformations.””'**

366,

28,368,374,375

32378381 The structure of the oxidized form of D. vulgaris CODH C-cluster
showed that the FCII and the Ni atom, as well as some of the residue sidechains in the cluster binding site are shifted from the
canonical position. This rearrangement, in which those two metal exchange positions,””” can confer plasticity to the cluster to avoid
oxygen damage, and be critical for cluster assembly (Ni incorporation) and show that the metals in these complex clusters are
mobile.

2.06.2.2.2.2.2 Redox and spectroscopic properties of the A-cluster

The A-cluster can be stabilized in two oxidation states, the Ay state with a S = 0 spin state and the A.q.co state with a S = 1/2.
Conversion of the Ay t0 Areq.co involves one-electron reduction and CO binding. The A.q.co state exhibits the so-called NiFeC
EPR signal, (with g values of 2.074 and 2.028) since the incorporation of ®!Ni (I = 3/2), *Fe (I =1/2), and *CO (I=1/2) in
the cluster, the hyperfine-lines broadens the signal. These studies conducted by Ragsdale, Wood, and Ljungdahl provided the first
evidence for a [NiFeS] cluster in Biology.?*>?%?

The basic structure of the A-cluster was determined using EPR, ENDOR and Mdssbauer spectroscopies, model compounds and
XAS,?#73733827384 with the strongest evidence being revealed when methods were developed to isolate the o-subunits from
M. thermoacetica CODH/ACS.>*>*%¢ This procedure enabled the evaluation of the spectroscopic properties of the A-cluster without
interference from the other clusters in the B-subunit. The Mdssbauer and UV-visible spectroscopic studies demonstrated that the
nickel atom in the Ay state presents a + 2 oxidation state, while in the Apg4.co state it is in the reduced +1 oxidation state.
Thus, Aoy corresponds to [4Fe-4S]**-X-Ni*", and Aeq.co corresponds to [4Fe-4S[**-X-Ni'*t-C0O.?5738¢

The intensity of the NiFeC signal was also determined and only = 0.3 spin/a-subunit was obtained, which is significantly lower
than the expected value of 1. This was explained based on the lability of the nickel atom at the Nij, site, which can be removed using
1,10-phenanthroline.*®” This procedure eliminates acetyl-CoA synthase activity and the ability to generate the Areq.co state and the
NiFeC signal. The Ni reincorporation reactivates the enzyme and restores its ability to generate this state and signal. The amount of
nickel removed and replaced (= 0.3 Ni/a) suggested that only = 30% of the A-cluster has labile nickel atoms and are catalytically
active, exhibiting the NiFeC EPR signal.”®*>**” The remaining A-cluster has nonlabile Ni atoms and do not exhibit the NiFeC signal,
thus being inactive.

2.06.3 Direct catalysis at iron-sulfur clusters

The focus of this chapter will be the catalysis mediated by iron-sulfur clusters, which include the expanding group of iron-sulfur
cluster-mediated radical catalysis, new and old dehydratases, and isomerase activities, and ADP-ribosyltransferases.

Most of these enzymes have a [4Fe-4S] cluster in its active site, which is usually bound by three cysteinyl ligands, in opposition to
the cubane-type [4Fe-4S] cluster involved in electron transfer that is coordinated by four cysteine residues. The unique fourth iron
atom, with an empty or weak coordination, found in catalytic iron-sulfur clusters, is usually the binding site for different substrates
and/or involved in the binding of intermediate species.*®® A similar feature is also observed in copper or heme binding enzymes.**’

Moreover, the catalytic properties of the iron-sulfur clusters are related to their capacity to shift electrons within the cluster and its
ligands, leading to the polarization of attached or nearby groups or molecules.
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2.06.3.1 Radical-SAM enzymes

The first enzyme shown to be S-adenosylmethionine-dependent was the pyruvate formate-lyase activating enzyme, in 1965 by
Knappe and co-workers.’”® Five years later, Barker and co-workers reported the isolation and characterization of 2,3-
aminomutase from Clostridium subterminale SB4.%”" These researchers found that the activity of these enzymes was dependent on
S-adenosylmethionine (SAM) and Fe?. In recent years, the number of enzymes belonging to this family has increased from
650, in the years 2000’s identified by primary sequence alignments in all kingdoms of life,*”?*°* to over 100,000 using metage-
nomic data.’”* More than 50 different reactions have been recognized to be catalyzed by these enzymes,’”*?° which usually
involve difficult chemistries. Some examples are sulfur insertion, glycyl radical formation, the cleavage of non-activated C—H
and C—C bonds, dehydration of 2-hydroxyacyl-CoA, the reduction of aromatic compounds, unusual methylation, methylthiola-
tion, isomerization and ring formation. Thus, these enzymes catalyze different steps in several pathways,’’” such as nucleic acid
modification,’”®*°” antibiotic and herbicide biosynthesis,>”**°” synthesis of organic cofactors (e.g., biotin*’° and menaquinone
(vitamin K)?°7), and the biosynthesis of the complex iron-sulfur clusters of nitrogenase (FeMoco),”®' ~*°° and [FeFe] hydrogenase
(H-cluster)."®* Some of these enzymes are listed in Table 2 and some of the most studied SAM-dependent enzymes will be briefly
described here. A comprehensive list of these enzymes and the reaction they catalyze can be found in.>**??>42¢

The radical-SAM superfamily of proteins has a conserved cysteine motif, usually at the N-terminus with a consensus Cys-X3-Cys-
X,-Cys motif®”? that coordinates the [4Fe-4S] cluster, leaving one iron atom with an incomplete coordination, and the possibility to
be coordinated by the amino and carboxylate groups of S-adenosylmethionine. This bidentate ligation of this unique iron was first
proposed based on spectroscopic studies*”’~**? and confirmed afterwards when the X-ray structure of biotin synthase was solved.’®
This bidentate ligation is proposed to be pivotal for proper positioning for radical generation.**'*** The mentioned consensus
sequence motif is present in 90% of the primary sequences, but variations in the spacing between cysteine 1 and 2 or 2 and 3
have been observed, with the number of residues varying between 3 and 22.

Adjacent to the third cysteine, there is also a conserved aromatic residue (His, Phe, Tyr or Trp), which protects the iron-sulfur
cluster from the solvent and thus lowers its reduction potential.>’**** Sequence alignments also revealed the presence of
a “glycine-rich region” or a “GGE motif” (Gly-X-Ile-X-Gly-X,-Glu) that binds the amino group of adenosylmethionine through
H-bonds,*”***> and positions it in the correct orientation to coordinate the unique iron of the iron-sulfur cluster.

The active site [4Fe-4S] cluster is oxygen sensitive and can rapidly degrade to a [3Fe-4S] cluster (or be destroyed) during isolation
and characterization when oxic conditions are used, which made the initial studies on these enzymes difficult. Nevertheless, the
structure of several radical-SAM enzymes has been determined. These structures share a common core fold composed by eight
or six B,a-pair motifs arranged in a triose phosphate isomerase (TIM) barrel-fold, that is not completely closed in most of the known
structures.>®*3343¢437 This TIM-fold has also been found in domains of multidomain proteins, such as viperin.**®

The exposed face of the B-sheet harbors the active site residues that bind the essential oxygen-sensitive [4Fe-4S] cluster and the
adenosylmethionine. In most of the radical-SAM enzymes, the active site [4Fe-4S] cluster is buried at 7-10 A from the surface,***
but being somewhat solvent accessible and in an amenable distance to receive electrons from redox partners. Some of these enzymes
have other redox active centers, mainly [4Fe-4S] and [2Fe-2S] clusters,**® but cobalamin has also been observed in other structural
domains.**’

The catalytic mechanism of most of these enzymes shares a common step in which SAM is reductively cleaved by a reduced [4Fe-
48]'* cluster (Fig. 12), giving rise to methionine and to a highly oxidizing and unstable radical, the 5’-deoxyadenosyl radical, which
is then used to initiate each specific reaction.

The detailed mechanism for the formation of this radical has been a matter of debate for many years, with several spectroscopic
and computational studies performed on both enzymes and model compounds. In one of the proposed mechanisms, it is the
unique iron of the [4Fe-4S]'" cluster that mediates the electron transfer to the sulfonium of adenosylmethionine*"***%%° and
the formation of the iron-sulfur bond reduces the activation energy for the homolytic cleavage of C-S bond (Fig. 12A). This proposal
is based on the binding geometry of the S-adenosylmethionine, which positions its sulfur in a closer distance to the Fe (3.4 A) than
the sulfur (3.8 A) of the iron-sulfur cluster.

Based on ENDOR and Méssbauer experiments another mechanism has been proposed, in which the [4Fe-4S]'" will function as
an electron donor, with an electron being transferred from a sulfide (from the iron-sulfur cluster) to the sulfonium
(Fig. 12B).*27431:432441 Recent quantum mechanical/molecular mechanical (QM/MM) computations on the mechanisms of biotin
synthase supports this later proposal, which is now considered to be the accepted mechanism for radical SAM cleavage.**'***

The first step of this mechanism is the one-electron reduction of the [4Fe-4S]*" cluster to [4Fe-4S]'*, by a reducing agent. For
some of the enzymes their physiological reducing agent has been identified to be single electron donors, such as NADPH,*** fla-
vodoxin****** or flavodoxin reductase.”*> However, for many enzymes the reductant has still not been established, though in
in vitro assays, sodium dithionite or photoreduced 5-deazariboflavin are the electron donors usually used.**® Protein film voltam-
metry has also been applied to the characterization of some of these enzymes, which avoids the use of electron donors, and enables
the determination of the reduction potential of the active site and of the additional redox centers, as well as its pH dependence
under turnover and non-turnover conditions."*”

Most of the studied radical-SAM dependent enzymes have in common the formation of a radical, 5’-deoxyadenosyl radical, that
is used for stereospecific hydrogen abstraction and formation of a carbon radical (Fig. 13A), as mentioned before. However, these
enzymes differ on how the radical is used in the reaction cycle. Another group of SAM-dependent enzymes catalyze the adenosy-
lation of substrates by adding the generated 5'-deoxyadenosyl radical to a sp2 carbon (Fig. 13B). These enzymes are involved in
natural product biosynthetic pathways and are attracting attention due to its potential in biocatalysis and bioengineering applica-
tions.**® Examples of these enzymes are adenosylhopane synthase (HpnH) and aminofutalosine synthase (MqnE). Adenosylho-
pane synthase is an enzyme involved in the biosynthesis of a bacteriohopanepolyol, aminobacteriohopanetriol, by Streptomyces
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Table 2 Some examples of radical SAM-dependent enzymes.
References
Radical SAM Mutases
LAM Lysine 2,3-aminomutase B-Lysine antibiotics, lysine metabolism 405
PylB Lysine Mutase Pyrrolysine Biosynthesis 406
Radical SAM Chemistry to Cleave C-X (X=C,N,P) Bonds
SplB Spore photoproduct lyase initiates DNA repair 407
Sulfur Insertion
LipA Lipoyl synthase Sulfur Insertion/Lipoic acid biosynthesis 408
BioB Biotin synthase Sulfur Insertion/Biotin biosynthesis 36
Modified Tetrapyrroles Synthesis
HemN Coproporphyrinogen 1l oxidase Heme biosynthesis 409
Glycyl Radical Enzyme Activation
PFL-AE Pyruvate formate-lyase activating enzyme Glycy! radicalization in pyruvate metabolism 410
ARN-AE Anaerobic ribonucleotide reductase activating enzyme Glycyl radicalization in dNTP synthesis 411
GD-AE Glycerol dehydratase activating enzyme Glycy! radicalization of glycerol dehydratase 412
BSS-AE Benzylsuccinate synthase activating enzyme Glycy! radicalization in toluene metabolism 413
HPD-AE 4-Hydroxyphenylacetate decarboxylase activating enzyme Formation of p-cresol 414
FGS Formyl glycine synthase 415
Methylation and Methylthiolation
MiaB Methylthiolation of tRNA Sulfur Insertion/Thiomethylation of isopentenyl adenosine 416
in tRNA
RimO Methylthiolation of ribosomal protein §12 Methylthiolation of residue D88 of S12 417
RImN rRNR methyltransferase Methylation of position 2 of adenosine2503 in 23S 418
ribosomal RNA
Cfr rRNR methyltransferase Methylation of position 8 of adenosine2503 in 23S 418
ribosomal RNA
Complex Rearrangements and Cyclizations
ThiC Hydroxymethylpyrimidine phosphate synthase Thiamine pyrimidine biosynthesis 419
MoaA Molybdopterin biosynthesis protein A Molybdenum cofactor (Moco) biosynthesis 420
Complex Metal Cluster Biosynthesis
HydE [FeFe] Hydrogenase maturase protein [FeFe] hydrogenase cluster biosynthesis 421
NifB FeMoco maturase protein Biosynthesis of the FeMoco of nitrogenase 403,422
Dehydration
BtrN Biosynthesis of 2-deoxystreptamine Conversion of 2-deoxy-scyllo-inosamine into 3-amino- 423
2,3-dideoxy- scyllo-inosose
Viperin Viperin - antiviral activity — 3'-deoxy-3’,4’-didehydro-CTP Conversion of cytidine triphosphate (CTP) to 3'-deoxy- 424
(ddhCTP) synthase 3',4'-didehydro-CTP (ddhCTP)
Other chemistries outside SAM superfamily
Dph2 Diphthamide biosynthesis protein 2 diphthamide biosynthesis 425

coelicolor, while aminofutalosine synthase is involved in an alternative pathway of menaquinone biosynthesis, which has been iden-
tified in some human pathogens, such as Campylobacter jejuni and Helicobacter pylori.

2.06.3.1.1 Examples of radical-SAM enzymes
2.06.3.1.1.1 Radical SAM mutases - lysine 2,3-aminomutase

In some enzymes that catalyze isomerizations, such as lysine 2,3-aminomutase (LAM),

405

spore photoproduct lyase,*®” SAM is used

as a reversible source of the 5'-deoxyadenosyl radical, and thus it functions as a coenzyme. Then the 5’-deoxyadenosyl radical medi-
ates hydrogen transfer from the substrate and is regenerated to SAM after each catalytic cycle.

LAM isolated from C. subterminale SB4, catalyzes the interconversion of i-lysine and 1-B-lysine (Fig. 14) and was the first enzyme
to be characterized as a radical-SAM dependent enzyme.>”" It was shown that LAM binds an iron-sulfur cluster and requires pyri-

449,450

doxal-5"-phosphate and SAM for full activity.

Several spectroscopic and kinetic studies were used to elucidate LAM kinetic mechanism.*”' This mechanism is initiated by the

formation of the 5’-deoxyadenosyl radical, which is then used to cleave the C-H bond at C-3 of the lysine bound to the pyridoxal-5’-
phosphate through an imine linkage, by abstracting a hydrogen atom. The intermediate that is formed, with a carbon radical,
undertakes two rearrangement steps with migration of the nitrogen to C-3, and in the last step the 5’-deoxyadenosyl radical is
regenerated.*”?~*>* ENDOR has been used to elucidate the mechanism of this enzyme, in which the 5'-deoxyadenosyl radical is
never in the free state.””®
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Fig. 12 The binding mode of S-adenosyl-L-methionine to the iron-sulfur cluster and the two proposed mechanisms for the formation of the 5'-
deoxyadenosyl radical through the homolytic cleavage to the C5™-S bond of adenosylmethionine. In (A) the formation of the radical is driven by the
formation of the bond between the sulfonium ion and the unique iron, while in (B) there is an electron transfer mediated by the interaction of the
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Fig. 13 Generic reactions catalyzed by radical SAM-dependent enzymes. In panel (A) is shown the hydrogen abstraction mediated by 5'-
deoxyadenosy! radical (the canonical reaction). In panel (B) is shown the 5’-deoxyadenosy! radical addition that results in the adenosylation of

a substrate.

2.06.3.1.1.2 Catalysis of

sulfur insertion - biotin synthase

Biotin synthase catalyzes the sulfur insertion in dethiobiotin to form biotin, through the formation of two C-S bonds in non-
activated carbons (C6 and C9). In each catalytic cycle, the enzyme requires two molecules of SAM*®*%°4¢ (Fig, 15).

This enzyme, like lysine aminomutase, has also been extensively studied, but some questions remain. For many years, it had
been debated what was the source for the sulfur, though now it is generally accepted that it is the [2Fe-2S] center present in the
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Fig. 14 Reaction catalyzed by lysine 2,3-aminomutase.

enzyme. The clarification of the mechanism of biotin synthase was based on experiments that used®’S isotopic labeling,*”” the
observation that the [2Fe-2S] cluster disassembles at each turnover of the enzyme,’*“>*“°® and that this cluster and dethiobiotin
are in close proximity.’® However, the mechanism and intermediates that are formed are still a matter of debate and of extensive
study, as it is proven by the several publications on the subject.****>?%°

Since the [2Fe-2S] cluster is destroyed after each turnover cycle, it has been questioned whether this enzyme could be a suicidal
enzyme. However, it was later shown that in vivo the enzyme can perform several turnovers, and thus the [2Fe-2S] cluster must be
regenerated after each catalytic cycle.*®"

Lipoyl synthase, like biotin synthase, also requires two equivalents of the 5'-deoxyadenosyl radical (thus two SAM molecules) to
activate chemically unreactive C-H bonds of octanoyl group and inserts one mole of sulfur.?®40%45¢462

2.06.3.1.1.3 Glycyl radical enzyme activation - pyruvate formate-lyase activating enzyme

In this family of SAM-dependent enzymes the substrate is another enzyme, that requires the generation of an active site
radical.*'”*'"*!3 In this case, stoichiometric SAM is used as an oxidizing substrate to stereospecificaly abstract a proton from
a conserved active site-glycine residue, forming a stable glycyl radical, and releasing methionine and 5’-deoxyadenosyl radical, as
by-products. This glycyl radical is transferred to a cysteine and the cysteinyl radical is then used to activate the enzyme substrate
(Fig. 16). The rational for using a cysteinyl radical in the catalysis is the formation of a weak S-H bond that will then donate H*
to the product.

Pyruvate formate-lyase activating enzyme has been highly studied, and several spectroscopic techniques have been applied to
clarify its catalytic mechanism.*?!#3##%3-%%5 This enzyme catalyzes the formation of a glycyl radical in the partner protein, the pyru-
vate formate-lyase, through the abstraction of the pro-S hydrogen from Gly734 in a SAM dependent reaction,*°® which also requires
the presence of reduced flavodoxin (or other artificial one-electron donors)*®” (Fig. 17).

The pyruvate formate-lyase activating enzyme presents an oxygen sensitive [4Fe-4S] cluster per monomer, that is active in the
reduced [4Fe-4S]'" form in the presence of SAM.*°*~*”° However, even when the enzyme was purified under anaerobic conditions,
which increased the content in [4Fe-4S] cluster, Mossbauer data revealed the presence of iron mainly as [3Fe-4S]'*, with minor
amounts of [2Fe-28]> and [4Fe-4S]>" clusters, in the as-isolated form, which converted to [4Fe-4S]>*/1*, when reduced with
sodium dithionite.”®>*”" Further in vivo M6ssbauer studies of this enzyme showed the presence of a cluster interconversion process
in response to higher oxygen levels, which has been proposed to be a process to control the pyruvate formate-lyase activity."
Although, a similar activity control by cluster interconversion has been observed in aconitase/IRP1 (vide infra), in the case of pyru-
vate formate-lyase activating enzyme, the cluster is proposed to interconvert between [2Fe-2S]*" and [4Fe-4S]**.""? These in vivo
studies also established that this [4Fe-4S]*" was valence-localized, an unusual feature, while the one in the as-isolated enzyme
is valence delocalized, possibly indicating the loss of a ligand during protein purification.””* The identity of this small molecule
is still unknown, but Broderick and co-workers showed that addition of adenosyl-based molecules causes valence localization of
[4Fe-48)*+.472
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Fig. 15 Reaction catalyzed by biotin synthase. Adapted from Taylor, A. M.; Stoll, S.; Britt, R. D.; Jarrett, J. T., Reduction of the [2Fe-2S] Cluster
Accompanies Formation of the Intermediate 9-Mercaptodethiobiotin in Escherichia coli Biotin Synthase. Biochemistry 2011, 50(37), 7953-7963.
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Fig. 16 Generic mechanism of the catalytic cycle of glycyl radical enzymes. Adapted from Selmer, T.; Pierik, A. J.; Heider, J., New Glycyl Radical
Enzymes Catalysing Key Metabolic Steps in Anaerobic Bacteria. Biol. Chem. 2005, 386(10), 981-988.

SAM+e  Met + DOA
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Fig. 17 Reaction catalyzed by pyruvate formate-lyase activating enzyme (PFL-AE), that through the formation of 5’-deoxyadenosyl radical (DOA)
produces the glycyl radical at Gly734 activating PFL. a — active, i — inactive.

Moreover, an important question remains to be answered relative to the mechanism and conformational changes that are
required in the complex of the two proteins for the direct and stereospecific abstraction of the hydrogen from the specific glycyl
residue. Nevertheless, some insights have been obtained through structural studies on the pyruvate formate-lyase activating enzyme
complexed with a 7-mer peptide with the sequence surrounding Gly734,*”? which pointed out for the occurrence of a conforma-
tional change in the structure of the protein. In fact, other structural studies indicated that Gly734, buried at 8 A from the surface in
the active pyruvate formate-lyase, is more solvent exposed in an open conformation of the inactive enzyme, probably to enable
hydrogen abstraction by the activating enzyme.*”*

A monovalent cation was identified in the X-ray structure of the protein, being coordinated by a backbone carbonyl, the side-
chain of two conserved aspartate residues, and an oxygen of SAM'’s carboxylate. The role and identity of this cation is still under
investigation, though an increase in enzymatic activity of the pyruvate formate-lyase activating enzyme was attained in the presence
of Kt 475

2.06.3.1.1.4 Catalysis of methylations by RImN and Cfr
RImN and Cfr are methyltransferases (recently proposed to be methyl synthases) involved in the methylation of a specific adenosine
nucleotide (adenosine2503) in the peptidyl transferase center of the ribosome.””®*’” This methylation is a post-transcriptional
modification of 23S rRNA nucleotides and functions as a mechanism to modulate the ribosome’s function and confer bacterial
resistance to ribosome-targeting antibiotics.”””*"®

These enzymes are radical SAM enzymes containing an iron-sulfur cluster bound to the usual motif Cys-X3-Cys-X,-Cys,*”” and
use S-adenosylmethionine as the source of 5’-deoxyadenosyl radical and methyl donor to the aromatic carbon atoms to form the
2,8-dimethylated product.”*” The proposed mechanism includes the formation of a 5’-deoxyadenosyl radical that abstracts
hydrogen from a second S-adenosylmethionine molecule to form a SAM-derived radical cation, which is then added to the
substrate.*®' The reactions catalyzed by these enzymes proceed through a ping-pong mechanism that involves the transient meth-
ylation of a conserved cysteine residue that is then transferred to a electrophilic sp2-hybridized carbon of adenosine (Fig. 18), and
provide evidences for these enzymes to be renamed as methyl synthases.*'®“%? Thus, these enzymes use SAM to methylate an elec-
trophilic rather than the usual nucleophilic carbon center.*%?

2.06.3.1.1.5 Dehydration — synthesis of ribonucleotide - viperin

Viperin is a protein discovered, in 1997, to respond to viral infections via the immune response pathway.*®* This 42 kDa protein has
three domains: a N-terminal amphipathic alfa-helix domain, a radical SAM central domain (homologous to MoaA/NifB) and
a C-terminal domain of still undefined function, with the N- and C-terminus being essential for antiviral activity.’”**** The radical
SAM containing domain was identified by the presence of conserved motifs common to other radical SAM enzymes: the Cys-X3-Cys-
X,-Cys sequence motif that binds the [4Fe-4S] cluster and the “GGE motif”, that it is responsible for the enzymatic activity.
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Fig. 18 Proposed mechanism of the S-adenosylmethionine activation by Cfr and RImN. SAM — S-adenosylmethionine, SAH — S-
adenosylhomocysteine, DOA — 5'-deoxyadenosyl radical. Adapted from Grove, T. L.; Radle, M. I.; Krebs, C.; Booker, S. J., Cfr and RImN Contain
a Single [4Fe-4S] cluster, which Directs Two Distinct Reactivities for S-Adenosylmethionine: Methyl Transfer by SN2 Displacement and Radical
Generation. J. Am. Chem. Soc. 2011, 133(49), 19586-19589.

Viperin is encoded in the genome of both vertebrates and invertebrates, and the crystal structure of the mouse viperin has been
solved by X-ray crystallography, showing to adopt a TIM-barrel fold and to bind an iron-sulfur cluster, a SAM, and a CTP mole-
cule.??0485-487 The enzymatic activity of viperin was demonstrated to be the conversion of cytidine triphosphate to 3'deoxy-
3’,4'-didehydro-CTP (Fig. 19).">**%%*58 This ribonucleotide when incorporated by RNA-dependent RNA polymerase of some virus
leads to premature termination of the RNA synthesis.*®’

2.06.3.1.1.6  Atypical SAM-dependent enzymes
® Noncanonical radical SAM enzyme - Diphthamide biosynthesis protein 2

A different mechanism of SAM cleavage was observed in diphthamide biosynthesis protein 2 (Dph2), which instead of the 5’-deox-
yadenosyl radical generates a 3-amino-3-carboxypropyl radical.”*” In addition, this radical also undergoes a different chemistry, an
addition and not the classical hydrogen abstraction.

Dph2 is responsible for the catalysis of the first step of diphthamide biosynthesis, a rare amino acid.*”**’" Diphthamide modi-
fication is a post-translational modification of a histidine residue in the translation elongation factor 2 (EF-2) of eukaryotes and
archaea, which is essential for ribosomal protein synthesis.’”**”> This modified histidine is the target of a toxin secreted by Cory-
nebacterium diphtheriae, the diphtheria toxin, which catalysis the ADP-ribosylation of that histidine.*”*

Biophysical and structural studies on this enzyme have shown that it is a homodimer in archaea (e.g., Pyrococcus horikoshii Dph2),
with the [4Fe-48S] cluster being coordinated by three cysteines Cys59-X,-Cys163-X,-Cys287, which are located in the three different
domains and not arranged in the conserved motif found in most radical SAM-dependent enzymes.**” In eukaryotes, the enzyme
that catalyzes the same reaction is heterodimeric formed by Dph1 and Dph2.*”®

As mentioned, the catalytic mechanism of Dph2 does not involve the formation of the canonical 5'-deoxyadenosyl radical.
Instead, it was observed the formation of a 3-amino-3carboxipropyl radical due to the reductive cleavage of the C, pe-S bond of
SAM.*?>*°¢ This radical also undergoes a different chemistry, instead of hydrogen abstraction in the case of the 5'-deoxyadenosyl
radical, the radical generated in Dph2 carries out an addition: the generated 3-amino-3-carboxipropyl (ACP) radical is proposed to
be added to the imidazole ring of histidine for the formation of the diphthamide modification.*”® This C-C coupling forms an ACP-
histidine radical intermediate (an organic radical), that can be protonated, releasing the modified EF2*°” (Fig. 20).
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Fig. 19 Reaction catalyzed by viperin, as an antiviral ribonucleoside synthase. Adapted from Gizzi, A. S.; Grove, T. L.; Arnold, J. J.; Jose, J.; Jangra,
R. K.; Garforth, S. J.; Du, Q.; Cahill, S. M.; Dulyaninova, N. G.; Love, J. D.; Chandran, K.; Bresnick, A. R.; Cameron, C. E.; Almo, S. C., A Naturally
Occurring Antiviral Ribonucleotide Encoded by the Human Genome. Nature 2018, 558(7711), 610-614.
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This complex catalytic mechanism has been elucidated by combining rapid-freezing EPR and ENDOR with crystallographic
studies using isotopically labelled SAM. This approach enabled the captured of an organometallic intermediate formed between
ACP radical and the [4Fe-4S] cluster, with an iron-carbon bond, as depicted in Fig. 20.

The electronic structure of the [4Fe-4S] cluster was shown by classical molecular dynamics and quantum mechanics/molecular
mechanics to control the reductive cleavage of SAM’s Cy,pier-S bond, through a spin-regulated electron transfer mechanism.*”®

® Adenosylation

There is a group of enzymes that catalyze the radical SAM-dependent adenosylation (Fig. 13B) in biosynthetic pathways of natural
products.**® These enzymes have also been exploited to catalyze unnatural transformation using synthetic substrates, opening their
applications to biotechnology and bioengineering. These applications include the production of nucleoside-containing compounds
by modifying different olefins. Examples of these enzymes are adenosylhopane synthase and aminofutalosine synthase.*”?=>"

o Aminofutalosine synthase MgnE

The synthesis of menaquinone (vitamin K2) in some pathogenic microorganisms follows an alternative pathway with aminofuta-
losine as an intermediate. The enzyme responsible for its synthesis, aminofutalosine synthase (MqnE), was reported to bind an iron-
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Fig. 20 Proposed catalytic mechanism of Dph2 with the formation of the 3-amino-3-carboxypropyl radical intermediate, followed by the formation
of a 3-amino-3-carboxypropyl-histidine radical intermediate in the second step. Adapted from Zhu, X.; Dzikovski, B.; Su, X.; Torelli, A. T.; Zhang, Y.;
Ealick, S. E.; Freed, J. H.; Lin, H. Mechanistic Understanding of Pyrococcus horikoshii Dph2, a [4Fe-4S] Enzyme Required for Diphthamide Biosynthesis.
Mol. Biosyst. 2011, 7(1), 74-81; Feng, J.; Shaik, S.; Wang, B., Spin-Regulated Electron Transfer and Exchange-Enhanced Reactivity in Fe4s4-Mediated
Redox Reaction of the Dph2 Enzyme During the Biosynthesis of Diphthamide. Angew. Chem. Int. Ed. Engl. 2021, 60(37), 20430-20436.
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sulfur cluster in 2013.°°? In the following years, the intermediates have been identified,”°>~>°> and as this enzyme is essential for

some pathogenic bacteria it has been considered to be a target for the development of antibiotics.”’° In 2019, a compound, in which
the bridging oxygen of 3-[(1-carboxyvinyl)oxy|-benzoic acid was substituted by a methylene group, was identified to be a potent
inhibitor of H. pylori MgnE and also to present antimicrobial activity similar to amoxicillin and clarithromycin. This proved that this
pathway and in particular this enzyme are promising targets for the development of new antibiotics against certain pathogenic
bacteria, such as H. pylori, Chlamydia strains, C. jejuni, and Spirochaetes.

2.06.3.2 Iron-sulfur (de)hydratases

Iron-sulfur (de)hydratases are another group of non-redox enzymes that contain an iron-sulfur cluster in the active site and catalyze
the removal of a water molecule from a carbon-carbon bond by converting an alcohol into a vinyl group.

These enzymes can be divided into two families that differ in the type of iron-sulfur cluster present in the active site. In one family
there is a [4Fe-4S] cluster with a unique iron that is not coordinated by a cysteine side chain and define the substrate binding site.
Examples of enzymes that belong to this family are L-serine dehydratase,”®” fumarase,”*®”°” aconitase, a family of enzymes involved
in the prokaryotic biosynthetic pathway of non-mevalonate isoprenoid (IspG and IspH), and others, such as quinolate syn-
thase.”'°~>'* For most of these enzymes there has been extensive studies to elucidate their structure,”'*”'® spectroscopic features
(EPR, HYSCORE, Mdssbauer), catalytic mechanism, and to identify intermediate species‘”s’5 17519 and inhibitors (some with
potential antibacterial properties).®?%>*!

In the other family of enzymes, their active site has a [2Fe-2S] cluster, though they share the feature of having one of the iron
atoms with an empty coordination site that is involved in the catalytic cycle, and transiently binds a hydroxyl group during catal-
ysis.””” These enzymes have been identified as belonging to a different class of aconitase enzymes and are involved in the metab-
olism and biosynthetic pathway of carbohydrates,””**>* such as pentonate dehydratases.

2.06.3.2.1 Aconitase

Aconitase is an isomerase that catalysis the reversible and stereospecific dehydration/rehydration of citrate to isocitrate via cis-
aconitate in the Krebs cycle 172,525 This is a non-redox process, and for some time it was thought that this enzyme contalned asimple
iron center (with one Fe?"), proposed to be involved in the Lewis-acid function of facilitating the hydrolytic reaction.”

Aconitase was the first enzyme’*“°?” for which a catalytic function of an iron-sulfur cluster was identified. In addition, it has
been a model system to study the role of the iron-sulfur cluster in non-redox reactions,’*” and the subject of extensive studies using
different spectroscopic and biophysical methods, to elucidate its structure and catalytic cycle.

The aconitase family is composed by the true aconitases, which catalyze the isomerization of citrate to isocitrate, while there are
three other groups that are involved in the isomerization of isopropylmalate in the leucine biosynthetic pathway, homocitrate in the
lysine and coenzyme B biosynthetic pathways,”** >*' and methylcitrate dehydratase in the catabolism of propionate.”

In multicellular eukaryotes there are two aconitases, one in the cytoplasm (c_aconitase) and another in the mitochondria
(m_aconitase), that share 30% sequence identity, but the iron-sulfur cluster sequence binding motif and other important residues
in the active site are conserved.'”>”3*°3> The m_aconitase is one of the enzymes of the Krebs cycle, while c_aconitase is a bifunc-
tional enzyme as in its apo-form it is the iron responsive proteinl (IRP1), a post-transcriptional regulator of the iron metabo-
lism>?°>37 (see Section 2.06.4.1).

The [4Fe-4S] cluster of aconitase active site shares, with the iron-sulfur enzymes described so far, the feature of having one of the
iron atoms (Fe, or the so-called unique iron) not coordinated by a cysteine residue but interacting with the carboxyl and hydroxyl
oxygen atoms of the substrate and solvent species (Fig. 19). In the first studies on aconitase it was reported the isolation of the
enzyme in an inactive form, binding a [3Fe-4S] cluster, that could be activated by restoring the [4Fe-4S] cluster by addition of
a reducing agent and Fe" (see Section 2.06.2.1.5 and Fig. 6)."*'7*26>38-50 This has been named the “iron-sulfur cluster switch”
(Fig. 21), a cluster assembly/disassembly mechanism that is also responsible for the regulation of the bifunctional activity of c_aco-
nitase/IRP1.

The active site of aconitase encompasses 21 residues with different roles: coordination of the iron-sulfur cluster (cysteines), H-
bonding the substrate carbonyl moieties, the cysteine, inorganic sulfur atoms, and bound water molecules (that are also involved in
the reaction).”***° These residues are also responsible for the stabilization of intermediates and are involved in the steps of dehy-
dration (the nucleophilic attack performed by Ser642 is represented as: B in Fig. 22) and rehydration.”” In addition, these residues
dictate the global positive charge of aconitase active site and contribute to its ability to bind anionic substrates. This positive charge
is attributed to the presence of four arginine residues and due to the three-active site histidine residues being paired with aspartate or
glutamate residues.'”?

The fourth iron (Fe,), occupying the empty corner of the inactive [3Fe-4S] cluster (Fig. 21A), has a tetrahedral geometry, and is
proposed to bind a hydroxyl group. This oxygen ligand has been observed in the X-ray structure of reconstituted aconitase’*>*°
(Fig. 21B) and identified by ENDOR experiments.”'

The [4Fe-4S] cluster of aconitase has been characterized in different oxidation states and bound to the substrate and inhibitors by
X-ray crystallography (Fig. 21C) and spectroscopic techniques, such as EPR, ENDOR, MCD and Massbauer,”***°~>*> which in
combination with kinetic studies and isotopic labeling experiments®*®>*” enabled the proposal of the catalytic mechanism pre-
sented in Fig. 22.
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Fig. 21 Active site of aconitase in the inactive (A) and active (B) and bound to its substrate citrate (C). The atoms are colored according to element:
carbon in gray, iron in orange, oxygen in red and sulfur in yellow. Figures A, B and C were prepared in Discovery Studio Visualizer (BIOVIA) using
the coordinates from PDB ID 5ACN, 6ACN and 1C96, respectively.
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Fig. 22 Proposed catalytic mechanism of aconitase. In the “flip” step the cis-aconitate is released (displaced), and re-binds to the iron-sulfur cluster
in an alternate mode. Adapted from Lauble, H.; Kennedy, M. C.; Beinert, H.; Stout, C. D., Crystal Structures of Aconitase with Trans-Aconitate and
Nitrocitrate Bound. J. Mol. Biol. 1994, 237(4), 437-451.

This mechanism explains the stereospecificity of the reactions and the requirements for the trans eliminations/addition of
a hydroxyl group and a proton at the first and third steps after the binding of citrate. During the catalytic cycle, the unique iron
(Fe,) is penta-coordinated after the release of and prior to the re-binding of a water molecule, that originates from and is incorpo-
rated into the substrate hydroxyl group, respectively (step two and four).'””

2.06.3.2.2 IspG and IspH involved in isoprenoid biosynthesis

IspG (4-hydroxy-3-methylbut-2-enyl diphosphate synthase also designated as GcpE) and IspH (4-hydroxy-3-methylbut-2-enyl
diphosphate reductase also designated as LytB) are iron-sulfur enzymes that catalyze the reaction of reductive dehydration in
non-mevalonate isoprenoid prokaryotic biosynthetic pathway, also named methylerythritol phosphate pathway.”*® IspG catalyzes
the reductive dehydroxylation opening of the eight-member ring of methylerythritol cyclic diphosphate, yielding 4-hydroxy-3-
methylbut-2-enyl diphosphate, then the hydroxy group of this compound is reductively removed by IspH, to form isopentenyl
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548

diphosphate and dimethylallyl diphosphate
and parasites, and since it is absent in humans, it is an excellent target for drug design.

IspG is a functional homodimer with the two subunits arranged in a “head-to-tail configuration. Each subunit has two domains:
the N-terminal domain is a (Bo)g TIM barrel, while the C-terminal domain is a five-stranded B-sheet flanked by helices on both
sides, which harbors the iron-sulfur cluster’'*>" (Fig. 24A). This [4Fe-4S] cluster is located in between the two subunits, in an inter-
face with the C-terminal domain of the other subunit. It is coordinated by three cysteine residues found in the consensus sequence
motif Cys-X-Cys-Cys-Xs5-Gly-Glu, and in the absence of substrate it is also coordinated by a glutamate (Fig. 24B). This glutamate
(Glu307 in A. aeolicus) does not directly participate in the activation of the substrate (neither as proton donor nor nucleophile),
but it has been suggested to have three important roles: (i) stabilization of the [4Fe-4S] cluster against loss of the fourth unique
iron atom, (ii) binding of the substrate and, (iii) tuning the reduction potential of the [4Fe-4$S] cluster.”””>>* In addition, the active
site cavity has several positively charged residues (four arginine residues and one lysine) that interacts with the diphosphate
moiety.””*

The unique iron atom of the [4Fe-4S] cluster participate in the catalysis by forming an iron-oxo intermediate complex, which
implies an induced-fit mechanism with structural rearrangements between the N- and C-terminal domains.’""*”**>> The X-ray struc-
ture of IspG solved in the presence of substrate revealed that for substrate binding and product release, a conformational change
must occur from the “closed form” to an “open form”, corresponding to a 64° rotation of the C-terminal domain. The “closed
form” of IspG corresponds to the catalytically competent conformation of the active site.”">>*3>¢

The catalytic mechanism of IspG has been studied for several years,”>!>°*>7%237=5? combining isotope labeling experiments,
modeling studies, structural and spectroscopic data from EPR, ENDOR, and HYSCORE. Although there is still some debate about
the identity and lifetime of the intermediate species identified so far.””>°° The first step is the replacement of Glu307 carboxylate
group coordinating the fourth iron atom by the substrate. This leads to the conformational change mentioned above that brings
another glutamate sidechain close to the substrate C3 hydroxyl group to abstract a proton.”'*>®>°%>! Thys, the ionized substrate
interacts with the [4Fe-4S] cluster forming an alkoxide complex. Then, there is the formation of a series of intermediates,””” in which
the C2 alternates between a carbocation and a radical state assisted by electron transfer from the [4Fe-4S]?*/>* cluster. In the next
step, there is another electron transfer event to form a stable intermediate, a monocarbanionic species bound to [4Fe-4S]*". The last
two steps include two proton transfer, and release of a water molecule. The residue Glu232 is proposed to donate the proton, facil-
itating the release of the Fe-bound oxygen, and in connecting the active site to a proton channel that is involved in the delivery of the
second proton, necessary for the release of the water molecule.”””

As mentioned, IspH catalyzes the reductive dehydration of 4-hydroxy-3-methylbut-2-enyl diphosphate (HMBPP) to form a 5:1
mixture of isopentenyl diphosphate and dimethylallyl diphosphate (Fig. 23), isoprenoid building blocks.’®* IspH is a monomeric
enzyme composed of three domains with similar fold, that are related between each other by a pseudo-C; symmetry in a trefoil-like
protein structure’®*~>°> (Fig. 25A).

The iron-sulfur cluster is in a hydrophobic pocket in the center of the three domains and is coordinated by three cysteine resi-
dues®®*°% (Fig. 25B). The iron-sulfur cluster present in the first crystallographic structures was a [3Fe-4S] cluster, which was later
proven to be an artifact caused by iron loss during crystallization. The active site is in fact a [4Fe-4S] cluster, as observed in the X-ray
structure analysis of the enzyme with bound substrate®®® (Fig. 24B), corroborating the kinetic, spectroscopic (Méssbauer and EPR)
and other biochemical studies.’®*>¢¢~>¢%

Similarly to IspG, the catalytic mechanism of IspH has been a matter of discussion,””' but spectroscopic data on the wild-type
and key mutants, along with crystallographic data and QM/MM studies elucidated the catalytic mechanism of this enzyme, as a bio-
organometallic mechanism,’%?%%%%570 a5 there was no evidence for the involvement of a radical species.””" The active oxidation
state is the [4Fe-4S]'", which facilitates the rotation of the 4-OH group of HMBPP away from the iron-sulfur cluster, giving rise to
a w-complex intermediate with the C2=C3 double bond. The 4-OH group interacts with Glu126, which is then protonated, medi-
ated by a conserved water molecule, to remove the 4-OH as a water molecule, and forming a n'-allyl complex (with C2-C3 atoms).

Next, the iron-sulfur cluster is reduced by a second electron and there is the formation of another intermediate species containing
a metal-carbon bond, with similar structure to nitrogenase bound to allyl alcohol complex, a n’-allyl complex.””" The following
step comprises another protonation, which occurs at C2 or C3, giving rise to isopentenyl diphosphate and dimethylallyl diphos-
phate, respectively. The residues His124 and Glu126 are proposed to be involved in this last protonation step.”®*”°

(Fig. 23). This biosynthetic pathway plays an important role in pathogenic bacteria

549-551

2.06.3.2.3 Pentonate dehydratases

Pentonate dehydratases are a family of enzymes with biotechnology value for the bioconversion of biomass into different organic
compounds (e.g., p-pantothenic acid), and production of biofuels (e.g., ethanol and isobutanol).””>™”> These enzymes are
involved in the non-phosphorylative oxidation pathways of pentose sugars, such as the catalysis of dehydration of p-xylonate,
by p-xylonate dehydratase, and L-arabinonate, by 1-arabinonate dehydratase.’”“>"”

These enzymes contrary to the ones described before have a [2Fe-2S] cluster in its active site, that is stable under oxic
conditions. Similarly to the other iron-sulfur enzymes, visible and EPR spectroscopies have been employed in their characterization.
Moreover, X-ray structure of several enzymes show the presence of a [2Fe-2S] cluster,”***"?*%° with a unique iron atom that is coor-
dinated by one cysteine sidechain, instead of two, and having a close by Mg”". The unique iron atom has a vacant coordination
position to which the intermediate hydroxyl can bind (Fig. 26) and will also function as strong Lewis” acid facilitating the loss
of the substrate hydroxyl group. The Mg>" is proposed to be important in the stabilization of the carbanion that is transiently
formed, and in reducing the electronegativity of the C2 oxygen, which weakens the C—O bond at C3.°%°

[523,578]
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Fig. 23 The canonical non-mevalonate isoprenoid prokaryotic biosynthetic pathway. Adapted from Grawert, T.; Groll, M.; Rohdich, F.; Bacher, A.;
Eisenreich, W. Biochemistry of the Non-Mevalonate Isoprenoid Pathway. Cell. Mol. Life Sci. 2011, 68(23), 3797-3814; Perez-Gil, J.; Rodriguez-
Concepcion, M. Metabolic Plasticity for Isoprenoid Biosynthesis in Bacteria. Biochem. J. 2013, 452(1), 19-25; Rohdich, F.; Zepeck, F.; Adam, P.;
Hecht, S.; Kaiser, J.; Laupitz, R.; Grawert, T.; Amslinger, S.; Eisenreich, W.; Bacher, A.; Arigoni, D. The Deoxyxylulose Phosphate Pathway of Isoprenoid
Biosynthesis: Studies on the Mechanisms of the Reactions Catalyzed by IspG and IspH Protein. Proc. Natl. Acad. Sci. USA 2003, 100(4), 1586—1591.
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Fig. 24 (A) Structure of IspG dimer, with one monomer colored by secondary structure and the other gray. (B) Structure of the iron-sulfur cluster
of IspG. In Panel B the atoms are colored according to element: carbon, iron, oxygen, and sulfur in gray, orange, red and yellow, respectively. Panel
A and B were prepared in Discovery Studio Visualizer (BIOVIA) using the coordinates from PDB ID 3NOY.

Fig. 25 The active site of IspH. (A) Structure of IspH monomer colored by secondary structure, and (B) structure of the iron-sulfur cluster of IspH
bound to substrate HMIBPP. The atoms are colored according to element: carbon, iron, oxygen, phosphorus, and sulfur in gray, orange, red, green,
and yellow, respectively. Panel A and B were generated with the program Discovery Studio Visualizer (BIOVIA), using the coordinates from PDB ID

3KES.

These enzymes are tetramers (dimer of dimers) in solution, with each subunit having two domains with a unique complex
fold: the N-terminal domain has a o/p structure, and the C-terminal domain a central mixed eight-stranded B-barrel. The
cysteine residues that coordinate the [2Fe-2S] cluster are in the N-terminal domain, with the cluster located in a pocket between
the two domains, and partially in the interface between the monomers.’”*°%° The Mg”" binding site is also located in the
N-terminal domain.

2.06.3.3 ADP-ribosyltransferases (unusual iron-sulfur cluster)

The ADP-ribosyltransferases catalyze the ADP-ribosylation, in which an ADP-ribose moiety is transferred from B-nicotinamide
adenine nucleotide (NAD™) to an arginine in the target proteins, releasing nicotinamide.”®'”®? These enzymes constitute a group
of exotoxins produced by several bacterial pathogens and viruses that are responsible for diseases, such as gonorrhea, meningitis,
whooping cough, cholera, and diphtheria.”®’

It is known that this type of exotoxins interferes with signal transduction, protein synthesis or modify cytoskeleton functions, by
ADP-ribosylation of host proteins, such as GDP-binding proteins, elongation factor-2, or actin, respectively,5 82 as well as antimi-
crobial peptides.”®* Other targets besides proteins have been identified, such as DNA and antibiotics.”®*%%25¢

NarE from Neisseria meningitidis is a dual enzyme as it has ADP-ribosyl transferase and NAD "-glycohydrolase activities,”®” modu-
lated by the presence of its substrate, which include actin and other cytoskeleton-related proteins.’***%° NarE toxin binds an iron
center,”®”*? with the iron atom coordinated by two cysteine and two histidine side-chains (Cys67, Cys128, His46 and His57), in
an atypical rubredoxin-type center.>” The EPR spectrum of this protein has the features of a high-spin ferric iron (with g values of 4.4,
4.3 and 4.2) and a maximum absorption band at 420 nm in the visible spectrum.’**%°
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Fig. 26 Reaction mechanism of p-xylonate dehydrogenase. In the last step, the enol intermediate is tautomerized to the ceto form. Adapted from
Rahman, M. M.; Andberg, M.; Koivula, A.; Rouvinen, J.; Hakulinen, N. The Crystal Structure of D-Xylonate Dehydratase Reveals Functional Features of
Enzymes from the Ilv/ED Dehydratase Family. Sci. Rep. 2018, 8(1), 865; Rahman, M. M.; Andberg, M.; Thangaraj, S. K.; Parkkinen, T.; Penttila, M.;
Janis, J.; Koivula, A.; Rouvinen, J.; Hakulinen, N. The crystal structure of a bacterial I-arabinonate dehydratase contains a [2Fe-2S] cluster. ACS Chem.
Biol. 2017, 12(7), 1919-1927.

The NarE structure in the apo-form, determined by solution state biomolecular NMR, is similar to other enzymes of this family.
The NAD™ binding site was modeled using chemical shift perturbation data and a docking software HADDOCK.?**”! The atypical
iron-sulfur cluster was shown initially to be essential for the catalytic activity of the enzyme as ADP-ribosyltransferase but not for its
glycohydrolase activity.””° The oxidation state of the iron atom modulates the activity of the enzyme: ADP-ribosyl transferase is
stimulated by the ferric state, while NAD-glycohydrolase activity is activated by the ferrous state.’”>

The catalytic mechanism of NarE has not yet been proposed, though NMR data supports the hypothesis that iron coordination is
required for the recognition and binding of the target protein.”” However, the coordination of this center, with two cysteine and two
histidine sidechains, is more characteristic of a zinc-binding site and therefore, the in vitro role of zinc, iron and of Mg?* ions (the
latest required to activate other bacterial enzymes of this family) in the activity of this enzyme has been assessed, but no effect was
observed.””?

2.06.3.4 Other enzymatic activities

Besides the catalytic activities reported before, iron-sulfur cluster can also catalyze other reactions, such as the reductive cleavage of
a disulfide substrate, by disulfide reductases,””>~>°> or the o, B-elimination reaction adjacent to a carboxylate group, by the L-cysteine
desulfidase.””®

The membrane bound elemental sulfur reducing reductase, MBS, is an early ancestor of complex I. The cryo-EM structure of MBS
shows the presence of 26 protein subunits, with the monomer consisting of a peripheral cytoplasmic arm anchored (Mbs], K, L and
N) to the membrane by MbsM. There are three [4Fe-4S] clusters (two in MbsN and one in MbsJ), that form an electron transfer
pathway from ferredoxin to polysulfide. The proximal iron-sulfur cluster located in Mbs] is coordinated by only 3 cysteines, instead
of the usual four, creating a catalytic site,””” where polysulfide reduction can occur. In fact, the role of the unique iron in catalysis
was provided using cluster interconversion to generate a [3Fe-4S] cluster'*’ (Section 2.06.2.1.5), that lost catalytic activity. EPR
spectroscopy was also employed to show the involvement of this center in catalysis,””” and a novel mechanism for sulfur reduction
was proposed without the formation of H,S since tri- and disulfides are kept stable in the hydrophobic pocket.

The r-cysteine desulfidase catalyzes the decomposition of L-cysteine to hydrogen sulfide, ammonia, and pyruvate, and up-to-now
has only been isolated from Methanocaldococcus jannaschii,”® and its gene expression and organization has been characterized in
Yersinia ruckeri,”” S. enterica and E. coli.””® In common with other enzymes containing an iron-sulfur cluster in the active site, these
enzymes present a [4Fe-4S] cluster that can exist in an active and inactive form, due the loss of the unique iron atom that is not
coordinated by any residue and is the substrate binding site.

Contrary to the disulfidase, disulfide reductases have been more extensively characterized using spectroscopic and other
biophysical techniques. This family of enzymes comprise the ferredoxin:thioredoxin reductase (FTR) and the heterodisulfide reduc-
tase (HTR) isolated from methanogenic archaea. The former catalyzes the reaction of an active site disulfide, while the second
subfamily catalyzes the reduction of the heterodisulfide of the methanogenic thiol-coenzyme and coenzyme B. These enzymes differ
from all the other presented here since each of the iron atoms of its active site [4Fe-4S] cluster is coordinated by a cysteine residue.
However, the iron-sulfur cluster interacts directly with either the substrate (HTR) or with an active site disulfide (FTR), delivering
one of the two electrons required to complete the reaction.””>>* For this reason, these enzymes are not further discussed, though
further information can be found from the cited literature.
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2.06.4 Iron-sulfur clusters involved in metabolic regulation

Iron-sulfur proteins with a role as sensors and regulators are widespread in both prokaryotic and eukaryotic organisms. Their func-
tion includes iron sensing and homeostasis (e.g., IRP1, IscR, RirA), sensing gases, such as oxygen (FNR) and nitric oxide (e.g., WhiB,
NsrR), or responding to oxidative stress conditions (e.g., SoxR).

The environmental stimulus is sensed by these proteins through disassembly and assembly of their iron-sulfur cluster, modifi-
cation of the cluster or change in its oxidation state, with most of the proteins studied up-to-now falling into the first categories.

Moreover, these proteins differ in the way they transmit the information, some are simultaneously transcription regulators that
bind to regulatory DNA sequences, activating the transcription, while in others the information is transmitted to an effector protein
through phosphorylation, and it is this protein that either binds to DNA or activates a cascade.

Here, these regulatory proteins are divided according to their action as post-transcriptional or transcriptional regulators.

2.06.4.1 Post-transcriptional regulation of iron homeostasis

All living organisms present molecular systems that are involved in different metal homeostasis,””” and are responsible for main-
taining a tight control of the intracellular levels of metals, their storage, and their distribution between tissue (in the case of eukary-
otes). In the case of iron, the presence of these homeostasis systems is essential since in one hand there are many different enzymes
and proteins that require iron or iron-containing cofactors for their function (e.g., hemoglobin, cytochrome ¢, cytochrome ¢
oxidase) and, on the other hand, free iron can originate, through Fenton chemistry, reactive oxygen species that can lead to cell
damage and death.®“°

In mammalian, iron homeostasis is controlled at the post-transcriptional level by IRP1 and IRP2, iron regulatory proteins. IRP1
and IRP2 bind to iron responsive elements (IRE) in the UTRs (untranslated regions) of mRNA encoding proteins involved in iron
use, storage, export, and uptake.®®!°°? These two proteins sense not only the intracellular iron levels, but also respond to nitric oxide
and reactive oxygen species,*>°** providing a link between the iron metabolism and oxidative stress.®*

IRP1 is also known as cytoplasmic apo-aconitase (or apo c-aconitase)'’?”*° and is an example of a bifunctional protein (also
known as moonlighting protein®’®) as mentioned before (Section 2.06.3.2.1). In fact, IRP1 can catalyze the conversion of citrate to
isocitrate when an [4Fe-4S] cluster is bound to its polypeptide chain (see Section 2.06.3.2.1). However, when there is a change in
the intracellular level of iron, and there is the need for iron uptake, the iron-sulfur cluster present in IRP1 disassembles (Fig. 27A),
and this protein is then able to bind to IREs in the 5'UTR of mRNAs of heavy- and light-ferritin polypeptide, and ferroportin, inhib-
iting ribosome binding and the translation of these mRNAs (Fig. 27B). At the same time, IRP1 inhibits nucleolytic degradation of
mRNA coding for the transferrin receptor 1 by stabilizing this mRNA through the binding to its IRE in the 3'UTR"’ (Fig. 27B).

The regulation of c_aconitase/IRP1 dual function is a complex mechanism that is still not completely understood but seems to
be related with the level of iron and synthesis of iron-sulfur clusters in the mitochondria.®®®“% For activity, IRP1 requires not just
the complete removal of iron-sulfur cluster, but also the concomitant reduction of coordinating cysteine residues.”®” However, the
disassembly of the [4Fe-4S] cluster is not kinetically favorable, simply as a response to low intracellular levels of iron'’? and it has
been shown that it can be triggered by reactive oxygen species®'®°'"! and reactive nitrogen species.®®>°'? In the presence of reactive
oxygen species, it was observed the release of the unique iron, Fe,, and formation of an intermediate [3Fe-4S]' " cluster,®'*®'* while
in the presence of NO/peroxynitrite the complete disassembly of the cluster is observed with no stable intermediate species being
detected.®'*'> The Fe, atom is the most solvent exposed iron atom and the one that is not coordinated by any cysteinyl residue
(named also unique iron atom) (see Section 2.06.3.2.1).

The interconversion of [4Fe-4S] cluster in aconitase to [3Fe-4S] was observed in vivo by whole cell EPR, and it was also demon-
strated that phosphorylation can control the response of IRP1 to iron levels by affecting the iron-sulfur cluster stability and turnover
of the conversion.®'* Moreover, phosphorylation of Ser138 allows the [4Fe-4S]*" cluster to cycle to [3Fe-4S]° and thus it seems that
regulation of the cluster disassembling can be initiated solely due to iron availability.®'®°'”

The structure of IRP1 bound to the IRE of ferritin has been determined.®'® The comparison between this structure and the one of
aconitase elucidated the extensive conformational changes that need to occur for IRE recognition and binding (Fig. 28). These
conformational changes occur mainly in domain 3 and 4, with its rotation and translation relative to the core domains (domain
1 and 2). These motions separate these two domains, creating a space where the IRE-stem loop will be accommodated. Moreover,
the shifts that occur in domain 3 are also accompanied by a conformational change of two other regions in the interface of domains
2 and 3, residues 436 to 442 and 534 to 544, that play an important dual structural-functional role as forming the ligand-binding
environment for the [4Fe-4S] cluster (Fig. 28A) or being involved in the interaction with A'> and G'® bases of the IRE-stem loop®'®
(Fig. 28B). Therefore, as shown in Fig. 28, IRP1 adopts an extended L-shaped conformation that embraces the IRE stem-loop.

Contrary to IRP1, IRP2 does not assemble an iron-sulfur cluster and thus it is not a bifunctional protein, but its activity is also
dependent on the presence of an iron-sulfur cluster (vide infra). In addition, IRP2 shares 65% of sequence identity with IRP1,°'”¢%°
and like IRP1 also functions as a post-transcriptional regulator of genes involved in iron metabolism (Fig. 27B). The activity of IRP2
is dependent on another protein, FBXL5,°*"°*? that binds an [2Fe-2S] cluster in its C-terminal domain,®** and has a N-terminal
hemerythrin-like domain.®?*~°?° The UV-visible spectrum of this protein has absorption bands with maxima at 330 nm and
425 nm, and it is EPR silent in the as-isolated and oxidized state, while in the reduced state presents a signal with g values of
2.042, 1.918 and 1.889 (with an average g-value of 1.950), which are consistent with the presence of a [2Fe-2S]'" cluster coordi-
nated by 4-cysteine residues.®”’
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Fig. 27 Schematic representation of the mode of action of IRP1 and IRP2 as post-transcriptional regulators. In panel A is represented the
interconversion of aconitase-IRP1 that occurs depending on the cellular iron level, due to oxidative disruption by superoxide anion, peroxynitrite and
carbonate radical. In panel B is represented the function of IRP1 and IRP2 in translation activation and repression during normal and low iron levels,
respectively.
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Fig. 28 Conformational changes observed in cytosolic IRP1 (or holo ¢_aconitase) upon iron-sulfur cluster disassembly. In panel A is represented
the structure of the inactive human holo-cytosolic IRP1, and in panel B the structure of IRP1 (apo c_aconitase) bound to ferritin IRE mRNA. Panel A
and B were prepared using the coordinates 2B3Y and 3SNP, respectively. Protein structure is colored according to secondary structure, iron-sulfur
cluster is represented as sticks and RNA is colored green. Images in Panel A and B were created with the program Discovery Studio Visualizer
(BIOVIA).
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The cryoelectron microscopy structure of IRP2 in complex with FBXL5 was determined and shows that IRP2 adopts a L-shape
open conformation, like apo-IRP1, and FBXL5 binds in the middle through its C-terminal domain, %> with the iron-sulfur cluster
being close but not in the immediate interface. The binding of FBXL5 with its iron-sulfur cluster in the oxidized state, [2Fe-2S]*", is
required to displace IRP2 from the IRE-stem loop, and it is also critical for ubiquitin ligase binding.°>® Therefore, the presence of this
cluster explains how IRP2 activity is dependent on iron (through its N-terminal hemerythrin-like domain that binds a diiron center,
changing its structure®?'°>*=°?¢) and oxygen, as in the presence of high levels of iron and oxygen there is formation of an oxidized
[2Fe-2S]** cluster in FBXLS5, that then binds to IRP2, displacing it from its IRE. In the following steps, FBXL5 recruits IRP2 for poly-
ubiquitination and degradation (Fig. 27B).

The biological relevance of having two IRP proteins is still not completely understood, but it might be related with cell speci-
ﬁcity(’27 and the signals that are sensed, since they are active under different conditions. In fact, these two proteins were shown
to be reductant as mice without both alleles of Irpl and Irp2 are not viable,°® while mice lacking either Irp1 or Irp2 are viable
and fertile.®>> Moreover, IRP2 has been associated with erythropoietic homeostasis and nervous system, while IPR1 is essential
for controlling the equilibrium between iron homeostasis and erythropoiesis, with an important role in the cardiovascular and
pulmonary systems.®*" %!

Therefore, further studies are required to completely understand the role of the IRP1/IRP2 system in human health and disease.

2.06.4.2 Transcription regulators

Several transcription regulators have been shown to bind iron-sulfur clusters, either [2Fe-2S] or [4Fe-4S] type clusters. These tran-
scription regulators are usually composed of two domains, one that is the regulatory domain and usually contains the iron-sulfur
cluster and the other that binds to specific DNA sequences (Fig. 29). Primary sequence alignment enabled the grouping of these
transcription regulators into two main families, the Rrf2 family and the CRP-family.

A third family includes different transcription regulators that have a domain that also binds an iron-sulfur cluster, but either their
domain organization or mode of action differs from the ones in the other two families. In this latter family are also included PAS
domains of sensor kinases of two-component systems (NreB) and of a 6>*-dependent activator (OrpR), that bind an iron-sulfur
cluster.

GAF domains have also been shown to bind [2Fe-2S] cluster, as in the case of Staphylococcus aureus AirS-AirR, a two-component
system involved in sensing O, and oxidative stress (similarly to the NreBC system).°>> Moreover, like RirA, Aftl and Aft2 are
involved in the regulation of iron uptake through its [2Fe-2S] cluster in Saccharomyces cerevisiae.®>>°>* For a more complete list
of iron-sulfur protein involved in the regulation of gene expression see Mettert & Kiley.®*”

These transcription regulators make use of the versatile properties of their iron-sulfur clusters, such as the ability to delocalize
electrons over the Fe and S atoms of the cluster, to change oxidation state (by reacting with oxygen, reactive oxygen species and
redox-cycling compounds), and to be vulnerable to modification by molecular oxygen and NO. In addition, the presence or absence
of the iron-sulfur cluster can be used to sense the iron or even the iron-sulfur cluster cellular level. The sensing mode involves, in
many cases, cluster interconversion that leads to conformational changes in the protein and modulates its DNA affinity. This
enables these transcription regulators to respond to different stimuli, such as reactive oxygen species, cellular redox potential, nitric
oxide, and iron availability, and control transcription of different metabolic pathways.

2.06.4.2.1 Rrf2 family

The Rif2 family of transcription factors is widespread but still poorly characterized. Four members of this family that bind an iron-
sulfur cluster will be described here: IscR, RirA, NsrR and RsrR. IscR senses the iron-sulfur cluster level in the cell and regulates the
biogenesis of iron-sulfur clusters, while RirA responds to the level of iron and controls iron uptake and storage systems (Fig. 30).
NstR senses a gas, nitric oxide, and regulates the nitric oxide stress response or reactive nitrogen species stress in many prokaryotes,
while RstR senses the cellular redox status.

The analysis of the primary sequence of Rrf2 family of transcription regulators shows that there is a winged helix-turn-helix
(WHTH) at the N-terminus domain, and a cysteine rich region at the C-terminus located in an insertion segment absent in the
proteins that do not bind an iron-sulfur cluster, as in CymR®*® (Fig. 31).

The analysis of the structures of apo-IscR, holo-NstR and holo-RstR, and that of CymR (a non-iron-sulfur cluster binding
protein) show that they share a common fold composed mainly by a-helixes and two anti-parallel B-strands, organized in two
domains. The wHTH DNA-binding domain, and the dimerization helix are connected through a loop that contains the two/three
conserved cysteines.

The location of these cysteine residues places the iron-sulfur cluster close to the wHTH motif of an opposing monomer, and thus
its presence/absence can modulate the DNA binding properties of the transcription factor.

The fourth ligand of the iron-sulfur cluster in these proteins has been confirmed with the characterization of variants of
conserved residues or by the comparative analysis of their holo-structures (see Section 2.06.4.2.1.1 to 2.06.4.2.1.4). The nature
of the fourth ligand varies between the Rrf2 family members, which can determine the properties of the iron-sulfur cluster and
play a role in regulating its function.
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Fig. 29 Schematic representation of the different families of transcription regulators that contain an iron-sulfur cluster. HTH — helix turn helix
domain. AAA™ — ATPase associated activity. The domains are not represented to scale. FNRgs is the FNR homolog found in Bacillus subtilis.
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Fig. 30 Schematic representation of the role of iron-sulfur cluster containing transcription regulators in iron homeostasis.

2.06.4.2.1.1 IscR, iron-sulfur cluster biogenesis regulator

The gene encoding IscR is located immediately upstream of the iron-sulfur cluster biosynthesis system (Isc), isc operon, iscRSUA-
hscBA-fdx.°>” The expression of this operon and of sufABCDSE, also involved in iron-sulfur cluster biosynthesis, is induced by
oxidants. In fact, under oxidative stress conditions the cell has an increased demand for the maintenance and assembly of iron-
sulfur clusters,®>® which are in many cases oxygen-sensitive.

Under anaerobic conditions, IscR is a feedback repressor of the iscRSUA operon as a [2Fe-2S]'™ cluster containing protein,®*”
while under oxidative stress conditions and iron limitation, apo-IscR is a transcriptional activator of the suf operon and de-
represses the isc operon.®® This mechanism enables IscR to regulate the function of Isc and Suf systems and coordinate the
consumption of iron and cysteine between these two systems.®*”

IscR binds an [2Fe-2S] cluster and its presence changes IscR DNA binding specificity. The holo-IscR binds a type I sequence motif
with high affinity,**° while both the apo and holo-IscR bind to a type Il sequence motif. As mentioned, the regulatory mechanism of
IscR depends on the presence of a [2Fe-2S] cluster, as it is proposed that the conformational change that occurs upon loss of the
[2Fe-2S] cluster, induces unfavorable interactions of the protein with the type-I motif.°*' The position of these motifs in relation
to the promoter dictates whether IscR will function as an activator or a repressor.

The anaerobically isolated E. coli IscR binds a [2Fe-2S] cluster. The EPR signal of the [2Fe-2S]'" state has g values at 1.99, 1.94 and
1.88,%°7 which suggested a full cysteinyl coordination of the cluster. This iron-sulfur cluster has a low relaxation rate and can be
reversibly oxidized to [2Fe-2S]*", without significant loss of the cluster.”’” In the case of IscR from Acidithiobacillus ferrooxidans,

its visible spectrum presents maximum absorption bands at 315 nm and 410 nm, and an EPR signal with a g,, value at 2.013.°*’
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IscR Ecolil MRLTSKGRYA VTAMLDVALN SEAGPVPLAD ISERQGISLS YLEQLFSRLR KNGLVSSVRG
IscR Psa MRLTTKGRYA VTAMLDLALH AQQGPVSLAD ISERQGISLS YLEQLFAKLR RGNLVTSVRG
IscR Ac MKLTTKGRYA VTAMLDLALN QRGGVVTVAD ISQRQQISVA YLEQLFGRLR RFGLVESVRG
RsrR Sv MKLSGGVIWA LICCVVLTA— —ASRPVPAAR LAELHDVSPS YLAKQMQALS RAGLVRSVQG
RsrR Mc MKMSGGVIWA LICCVVLTV— —-SSRPVPAAR LAELHDVSSS YLAKQLQSLA RAGLIHSVQG
RirA Sinor MRLTKQTNYA VRMLMYCAA- NGEKLSRIPE IARAYGVSEL FLFKILQPLT RAGLVETVRG
RirA Rhiz MRLTKQTNYA VRMLMYCAA- NDGHLSRIPE IARAYGVSEL FLFKILQPLN KAGLVETVRG
NsrR Ecolil MQLTSFTIYG LRALIYMASL PEGRMTSISE VTDVYGVSRN HMVKIINQLS RAGYVTAVRG
NsrR Nm MYLTQHTIYG LRVLIYTAI- NDDALVNIST IAVTYGISKS HLMKVVTALV KGGFLHSVRG
* .. . . . . .. IS . * . Sk
IscR Ecolil PGGGYLLGKD ASSIAVGEVI SAVDESVDAT RCQGKGG--- —-—-—-—-- C-QGG DKCLTIALWR
IscR Psa PGGGYQLSRH MSGIHVAQVI DAVNESVDAT RCQGQGD--- —-—---- C-HSG DTCLTIHLWC
IscR Ac PGGGYRLAMP DSEIPLTRIV EAVNESISTT QCGGDPH--- —---LCCKGDG QQCLTIDLWE
RsrR Sv KTGGYVLTRP AVEITLLDVV QAVDGPDPAF VCTEIRQRGP LATPPEKCTK -ACPIARAMG
RsrR Mc KSGGYALTRA PESITLLDVV RAVDGPGPAF VCTEIRQRGP LATPANACTR -ACPVARAMW
RirA Sinor RNGGVRLPRP ASEITLFDVV KVTEDSFAMA ECFEA-G--E ---IDCPLVD -SCGLNAALR
RirA Rhiz RNGGVRLGKP AADITLFDVV RVTEDSFAMA ECFEDDG--V ---VECPLVD -SCGLNSALR
NsrR Ecolil KNGGIRLGKP ASAIRIGDVV RELEP-LSLV NCSSE----- —-—-——-FCHITP -ACRLKQALS
NsrR Nm KGGGLRLAAP PDRINIGSVV RHLEP-MQLV ECMGE----N ---NECLITP -SCRLTGIL
*k K x . . . * x . .
IscR Ecoli DLSDRLTGFL NNITLGELVN NQEVLDVSGR QHTHDA---- PRTRTQDAID VKLRA
IscR Psa DLSLQIHEFL SGISLADLVS RQEVQEVALR QDERRCSGKT PRLDKIEASA ID---
IscR Ac ELGNRIAEFL GGITLGQLVQ KQLHKELMQA AP-IAMTDKT PLRETHDTA- -----
RsrR Sv AAEAAWRASL ASTTIADLVA TVDDES---- —--- GPDALPG VGAWLIEGLG -----
RsrR Mc TAEEAWREAL AAVTIADLAR DVGTDS---- ---GPEALPA VRTWLTGASD H----
RirA Sinor KALNAFFEVL QGYTIDDLVK AR-PQINFLL GLEEPVRPQT SAA---—-—-—-— ————-—
RirA Rhiz KALNAFFAVL SEYSIDDLVK AR-PQINFLL GITGEQPYRK PAIVAPAA-- —-—-——--—
NsrR Ecolil KAVQSFLTEL DNYTLADLVE ENQPLYKLLL VE--—------ —————————= —————
NsrR Nm GAMKSFFTYL DGFTLQDLLN --KPTYDLLY EPRIPIAVQ- —-—-—-—-—————— ————-—

* .. . %

Fig. 31 Primary sequence alignment of the transcription regulators belonging to the Rrf2 family that bind an iron-sulfur cluster, IscR, NsrR and
RirA. Legend: Ecoli — E. coli, Psa — Pseudomonas aeruginosa, Ac - Acidothiobacillus ferrooxidans, Sv — Streptomyces venezuelae, Mc — Micromonospora
coriariae, Sinor — Sinorhizobium, Rhiz — Rhizobium, Nm — Neisseria meningitidis. Asterisks, colons or stops below the sequence indicate identity, high
conservation, or conservation of the amino acids, respectively. Conserved cysteines are highlighted in yellow, the third and/or fourth ligand is in pink,
and putative fourth ligand of [4Fe-4S] RirA is in gray.

The primary sequence analysis of IscR revealed the presence of only 3 conserved cysteine residues (Fig. 31), indicating that the
|2Fe-28] cluster could not have only cysteinyl coordination. The fourth ligand of the iron-sulfur cluster was then identified by site-
directed mutagenesis as being His107,°*’ also a conserved residue (Fig. 31).

The mechanism of assembly and disassembly of the [2Fe-2S] cluster into IscR has not been deeply investigated, though is it
proposed that the cluster is sensitive to oxygen, enabling IscR to oscillate between the holo and apo-forms.®*>* Moreover, while
the M&ssbauer analysis showed that in whole cells over-expressing IscR its iron-sulfur cluster is in the [2Fe-2S]'" oxidation state,®*
this does not influence its DNA binding affinity.®*®

The structure of apo-IscR shows that it binds to DNA as a dimer with a long helix forming the dimer interface and the two wHTH
are in two opposite sides of the dimer.®*! The position of two wHTH enables this transcription regulator to bind 23-27 DNA
consensus motifs.

The position of the proposed fourth ligand is located at the surface of the monomer, an indication that IscR iron-sulfur cluster
can be solvent-exposed, and thus prone to the action of reactive oxygen or nitrogen species. As mentioned, the conformational
changes that occur in the iron-sulfur cluster bound form, even if small and local, modulate the DNA consensus motifs that IscR
recognizes.

2.06.4.2.1.2 Rhizobial iron regulator A (RirA)
Another transcription regulator that binds an iron-sulfur cluster is RirA, a rhizobial iron regulator A, that was initially just identified
to be an iron-responsive regulator in Rhizobium leguminosarum.®**

RirA and its homologs have been found in all members of the a-proteobacteria of the genus Rhizobiaceae. Similarly to the well-
studied E. coli Fur (ferric uptake regulator), RirA is proposed to be a global iron-responsive transcription regulator involved in the
regulation of iron uptake and metabolism in Rhizobium®** and Sinorhizobium.®*> Proteomic and transcriptomic studies have shown
that, in Fe-replete growth conditions, RirA represses the expression of several genes involved in the synthesis and uptake of
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siderophores, uptake of heme, synthesis of iron-sulfur clusters and of genes that code for proteins that probably participate in Fe**
transport®*® (Fig. 30).

RirA is proposed to bind an iron-sulfur cluster in analogy to another Rif2-type proteins (see Sections 2.06.4.2.1.1 to
2.06.4.2.1.4),°*” and due to the presence of a triad of conserved cysteines in its C-terminal region,®** which are essential for its func-
tion®*® (Fig. 29).

In fact, bioinformatic analysis of several genomes of a.-proteobacteria, identified a palindromic motif with the consensus 5'-TGA-
(N)-TCA-3’, as being the RirA-box (IRO-box).***

The heterologously produced RirA after in vitro cluster reconstitution was shown to bind an [4Fe-4S] cluster, having a visible
spectrum with a broad absorption band with a maximum below 400 nm.®*? The presence of an [4Fe-4S] cluster was supported
by its CD spectrum and by its mass spectrum.®*? RirA is a dimer in solution and binds DNA with a high affinity in the holo-
form. In the presence of low concentrations of iron (mimicked by the presence of EDTA), it is observed a red shift in the absorption
bands of [4Fe-4S] RirA, consistent with the formation of a [2Fe-2S] cluster, and then there is a decay in intensity of these bands
corresponding to the loss of cluster and formation of apo-RirA. These forms of RirA have decreased DNA binding affinity®*’
when compared with [4Fe-4S]| RirA.

The mechanism of decomposition of the [4Fe-4S] cluster to a [2Fe-2S] cluster has been studied by CD, EPR and time-resolved
mass spectrometry, and two intermediate species were identified: a [3Fe-4S]° and a [3Fe-3S] cluster.®*”®*° The first step of this
process is the loss of iron with a dissociation constant of around 3 uM, while the following steps in cluster conversion are O,-depen-
dent, with formation of a [3Fe-4S]'" cluster.”” The dissociation constant for the release of the first Fe atom is within the physio-
logical range, which is consistent with this protein being an iron-dependent transcription regulator.®”’

The coordinating residues of the intermediate [2Fe-2S] cluster are proposed to be the ones that coordinate the [4Fe-4S] cluster,
with one of the coordinating residues not yet identified (in either case). The analysis of the sequence alignment shown in Fig. 31
indicates that GIn6, Asn8, Argl2 (opposing subunit) and Asn109 are conserved and in proximity of the iron-sulfur cluster in the
model structure generated using SwissModel (Fig. 32). However, it is also possible that the fourth ligand is a oxygen fom a non-
protein molecule (N. E. LeBrun personnal communication).

2.06.4.2.1.3 Nitrite-sensitive transcription repressor (NsrR)

NsIR, a nitrite-sensitive transcription repressor, is also part of the Rrf2 family. NsiR regulates several genes, and it has been
suggested to be a global transcriptional regulator of the bacterial NO stress response.®”> One of these genes encodes the hybrid
cluster protein, Hep, indicating that this protein might be part of a defense mechanism against reactive nitrogen species,'”® as it
is a NO reductase'’® (see Section 2.06.2.2.1.1). Another gene that is under the control of NsrR is hmp, which encodes a flavohemo-
globin that converts NO to nitrous oxide (N,O) or to nitrate (NO3~).%>*7¢%¢

NsrR has been isolated from either Gram-positive (such as, Bacillus subtilis,””" and S. coelicolor °%) or Gram-negative (such as,
E. coli,®>® S. enterica,*®° Neisseria meningitides,°°" Neisseria gonorrhoeae,°®> and Nitrosomonas spp.°®”) bacteria.

Like other members of the Rrf2 family of transcription regulators, NsrR presents three conserved cysteines (Fig. 31), that are
proposed to coordinate an iron-sulfur cluster,®”® that is NO-sensitive and essential for its DNA binding properties.

The iron-sulfur cluster present in S. coelicolor NstR was initially identified to be a [2Fe-2S] cluster by different spectroscopic tech-
niques, such as CD, UV-visible and EPR.®*® The CD spectrum of NsrR is similar to the one of other proteins containing a [2Fe-2S]*"-
Rieske type cluster, such as BphF664 (with three positive features, with Ay at 324 nm, 445 nm and 490 nm, and two negative
features, with Apqy at 375 nm and 550 nm).*® The visible spectrum has absorption bands with maxima at 325 nm and 420 nm
and shoulders at 460 nm and 550 nm, while being EPR silent is consistent with the presence of an oxidized [2Fe-2S]*" cluster.>®

196,652

657 658

Fig. 32 Model structure of Sinorhizobium meliloti SM11 RirA obtained with SwissModel and the coordinates of NsrR (PDB ID 5N07), which has
37% primary sequence identity with RirA. The iron and sulfur atoms are represented by orange and yellow spheres, respectively. The putative fourth
coordinating residues are represented as sticks colored by element. One of the monomers of RirA is colored in gray and the other by secondary
structure. The model was generated in SwissModel, and image prepared in Discovery Studio Visualizer (BIOVIA).
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A similar cluster was proposed to be present in N. gonorrhoeae NstR, though the evidence was only the 145 Da difference between the
expected mass of the apo-NsrR and the isolated NsrR.°*?

However, the iron-sulfur center present in B. subtilis NstR was proposed to be a [4Fe-4S] cluster, based on its UV-visible
(maximum absorption band at 412 nm) and resonance Raman spectra.®”” As in other NstR proteins, B. subtilis NstR [4Fe-4S] cluster
is NO-sensitive and required to bind the specific DNA sequence.®®”

The initial discrepancy in the type of iron-sulfur cluster bound to NsrR was clarified by the isolation of S. coelicolor NsrR under
anaerobic conditions in the absence of low molecular weight thiols and lead to the identification of a bound [4Fe-4S] cluster.’® In
fact, it was shown that these compounds (such as DTT, usually added to the purification and storage buffers of oxygen sensitive
proteins) modified the NsrR iron-sulfur cluster,®>”°°° that decomposes to a [2Fe-2S] cluster. On the contrary, physiological thiols,
such as cysteine and mycothiol did not induce this decomposition.®®°

The [4Fe-4S] cluster is coordinated by three conserved cysteine residues (Fig. 31) and by an oxygen ligand, as suggested by its
resonance Raman,®®® and later confirmed by its X-ray structure.’®” The structure of holo-NsrR identified Asp8, of the opposite
monomer, as the fourth coordinating residue. This was the first report of such asymmetrically coordinated iron-sulfur cluster.®®’

The active form of NsiR is a dimer containing a [4Fe-4S]** cluster and its nitrosylated form loses the ability to bind the DNA
consensus regions. The mechanism by which NsrR is proposed to sense nitric oxide encompasses the nitrosylation of the iron-
sulfur cluster, with formation of cysteine thiolate-bound dinitrosyl iron complex species, that loses the ability to bind to
DNA.%**%%8 Earlier studies detected the formation of tetrahedral [Fe'(NO),(SR),]~, with SR™ being cysteinate ligands provided
by the protein,®”® using EPR spectroscopy, as this cluster has a distinctive signal at g = 2.03.°°® Afterwards, with the improvement
in protein production and sample handling, as well as novel techniques developed for iron proteins, such as nuclear resonance
vibrational spectroscopy, complemented by liquid chromatography electrospray ionization mass spectrometry, enabled the iden-
tification of the nitrosylation products that are formed during this complex process.®”® In the case of NstR there is formation of
Roussin’s Red Ester, [Fe;(NO)4(SR)], and a persulfide form [Fe,(NO)4(S-Cys)(Cys)].**" "

2.06.4.2.1.4 Redox-sensitive response regulator (RsrR)

Streptomyces venezuelae genome encodes a Rrf2 family transcription regulator that responds to the redox status of the cell and was
named redox-sensitive response regulator (RsrR). RstR regulates the cellular concentrations of NADH and NAD(P)H by controlling
the expression of the gene sven6562 (a putative NAD(P)* binding repressor belonging to the NmrA family (nitrogen metabolite
repression)), and genes evolved in glutamine and glutamate metabolism. RstR binds to a binding motif organized in a 11-3-11
base pairs inverted repeated sequence.®’?

This dimeric protein binds a [2Fe-2S] cluster that can oscillate between the [2Fe-2S]** and [2Fe-2S]'" oxidation state. This redox
process controls RstR DNA binding activity, with the RsrR-|2Fe-2S]** oxidation state having higher affinity than the RsrR-[2Fe-2S]' "
oxidation state.®””

The visible and CD spectra of RstR have the features of a [2Fe-2S] cluster with absorbance bands with a maximum at 460 nm, in
the oxidized state, and at 540 nm in the reduced state, with this form being EPR active with g values of 1.997, 1.919 and 1.867.°"?

The structure of [2Fe-2S] RstR was determined in different oxidation states.?” The protein backbone adopts the already described
conserved fold of Rif2 family but revealed that the iron-sulfur cluster has a unique coordination being bound by two cysteines,
Cys90 and Cys110, located in the C-terminal domain and two other residues in the N-terminal domain of the other subunit,
Glu8 and His12 (Fig. 4C). This was the first report of an iron-sulfur cluster coordinated by a glutamate sidechain and having three
different types of residues as ligands.>”

Additionally, these structures revealed the role of Trp9 in the sensing process, in which a change in the oxidation state of the iron-
sulfur cluster translates into a conformational change of the DNA binding domain, and alteration in the DNA binding affinity of this
transcription regulator.’”

The presence of the sequence motif EWXXH is observed in other proteins of the Rrf2 family, which could indicate that this type
of cluster is more widely present in nature than initially though, and that the role of Trp9 is not unique to RsrR.

2.06.4.2.2 CRP-family

2.06.4.2.2.1 Fumarate and nitrate reductase (FNR)

FNR, a member of the CRP (cAMP receptor) family, is a global transcriptional regulator that senses O, levels via an iron-sulfur
cluster bound to the N-terminal domain of the protein, and that binds to the DNA through its helix-turn-helix motif at the
C-terminal domain®”>°"* (Fig. 33).

The FNR isolated from E. coli has been extensively characterized both at the molecular and structural level. FNR is involved in the
transcriptional regulation of more than 100 genes, activating genes encoding proteins involved in anaerobic metabolism, such as
nar operon (nitrate reductase), dms operon (dimethyl sulfoxide reductase) and frd operon (fumarate reductase) and repressing the
ones involved in aerobic metabolism.®””%7°

The primary sequence of FNR shows that there are four conserved cysteine residues in the motif Cys-X,-Cys-X5-Cys, with the
fourth cysteine ligand located around 90 residues toward the C-terminus (Cys20, Cys23, Cys29, and Cys122).°”” These cysteine
residues bind a [4Fe-4S]** cluster per monomer, required for FNR to bind specific DNA consensus sequence, the FNR-box,
TTGAT-N,-ATCAA.®"®

The mechanism of regulation has been extensively characterized using spectroscopic techniques and time resolved electrospray
ionization mass spectrometry enabling the identification of several intermediate species in what was thought to be a simple cluster
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conversion from a [4Fe-4S] to [2Fe-2S] cluster.”” Some of these studies employed a variant of E. coli FNR, FNR S24F, for which the
initial reactions of the [4Fe-4S] to [2Fe-2S] cluster conversion was determined to be 4 times slower.®° These experiments allowed
not only the identification of intermediate species in the cluster conversion but also changes in the protein oligomerization state
that occur during this process.

The FNR'’s [4Fe-4S]*" cluster (S=0), when exposed to oxygen, is converted to [2Fe-2S]*", with a [3Fe-4S]'" (S = 1/2),07%¢81-683
and a [3Fe-3$] clusters as intermediate species,*®* and release of two Fe atoms. In fact, the primary target of O has been proposed to
be Cys23 or the Fe bound to this cysteine,°*® with the loss of one Fe?™, but without formation of any oxygen adduct species,*®*°%* as
initially proposed. The exact mechanism for this initial step is still not completely understood and could include an [3Fe-4S]° cluster
in equilibrium with free iron (Fe*"), that is oxidized to [3Fe-4S]° by O, °°® Then, there is formation of the [3Fe-3S] intermediate
species through the loss of sulfide.®®* The decay of this intermediate to the [2Fe-2S] cluster is slow and is the rate-limiting step of the
[3Fe-4S] to the [2Fe-2S] conversion.®®”°®* Single and double persulfide intermediate species have been identified by mass spec-
trometry and resonance Raman, with a [2Fe-3S] species proposed to be generated by the decomposition of the [3Fe-3S], and
[2Fe-4S] from [3Fe-4S|. Thus, this process is not due to the incorporation of S° but an oxidative process with loss of an iron
atom, that can then decay into a persulfide apo-form.®**°*° The formation of these persulfide species can be a way to easily revert
the O,-inactived FNR to an active form without the intervention of the iron-sulfur biogenesis system.®*

Further exposure to oxygen leads to the complete disassembly of the [2Fe-2S] cluster or persulfide versions. This conversion of
holo-FNR to apo-FNR has been confirmed to occur also in vivo, with all the cysteine residues in the apo-FNR kept in the thiol
state,°®® which, as mentioned, facilitates the re-assembly of the [4Fe-4S]** cluster upon decrease of O, availability.

Besides the modifications that occur at the level of the iron-sulfur cluster, it was also observed that FNR is only a dimer when
binding the [4Fe-4S]*" cluster, and that the other FNR forms are monomeric and do not efficiently bind to the FNR-box®”” 57688
(Fig. 33). This change in the oligomerization state of FNR might be due to conformational changes that occur at the dimer interface,
driven by alterations in the iron-sulfur cluster binding site.*®”®*°

The dimerization interface is proposed to be mediated by the formation of a coiled-coil of an a-helix in between the DNA-
binding and iron-sulfur domains, which contains mainly hydrophobic residues.®®® The analysis of the two FNR structures identified
a negatively charged residue in this helix, Asp154, that is in a region that cannot stabilize this charged residue. These factors have
been proposed to mediate the charge repulsion monomerization of the FNR under aerobic conditions.®”° In addition, Ile151 is
involved in coiled-coil interactions that stabilize the dimer in the absence of O,, and there is a salt bridge between Arg140 and
Asp130 in opposing monomers that also contributes to this stabilization. The disruption of these interactions upon exposure to
O, will lead to the opening of the coiled-coil and dislocation of the equilibrium toward the monomer.*”" %2

FNR plays a secondary role by sensing and responding to NO.°”*°?3 The iron-sulfur cluster present in FNR becomes nitrosylated
upon exposure to NO, forming a dinitrosyl-iron-cysteine complex, which abolishes its capacity to recognize and bind to the specific
DNA promoter sequences.®’® The physiological significance of the reaction of NO with FNR has been questioned. However, it has
been shown that when E. coli cells are exposed to NO there are several FNR-repressed genes that become activated.®”*°”>

Orthologs of FNR have been isolated from other organisms, such as Aliivibrio fischeri,®”' Paracoccus denitrificans (FnrP),
N. meningitidis,*”” A. vinelandii (CydR),*”®°°° B. subtilis (FNRg.),”°° which also bind an oxygen-sensitive iron-sulfur cluster, but
the mechanism of disassembly is still unknown. Furthermore, the type of iron-sulfur cluster that is bound to these proteins might
be different, since the iron-sulfur cluster binding motif of E. coli FNR is not conserved in these organisms. In fact, in the case of
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Fig. 33 Schematic representation of the mode of action of FNR transcription regulator. Adapted from Green, J.; Paget, M. S., Bacterial Redox
Sensors. Nat. Rev. Microbiol. 2004, 2(12), 954-966.

Comprehensive Inorganic Chemistry III, Third Edition, 2023, 105-173



146 Iron-sulfur clusters — functions of an ancient metal site

B. subtilis FNRg,, it was identified that there are three conserved cysteines in the C-terminal and the fourth ligand of the [4Fe-4S]*"
cluster is an aspartate residue, Asp141.”°° This cluster was characterized using UV-visible (Apa at ~420 nm and a shoulder at
320 nm) and Méssbauer (AEq = 0.92 mm/s and 3 = 0.42 mm/s) spectroscopies,”’*”°" and its monomer dimer equilibrium was
shown not to be dependent on the presence of the iron-sulfur cluster, in contrast to FNR.”""

2.06.4.2.2.2 Anaerobic regulation of arginine deiminase and nitrate reduction (ANR)

ANR (anaerobic regulation of arginine deiminase and nitrate reduction) is a FNR/CRP-like transcription activation homologous to
FNR that has been identified in Pseudomonas aeruginosa.”®>”°* In Pseudomonas spp., ANR, involved in the switch between the aerobic
and anaerobic way of life, is an oxygen-sensing transcription regulator.”’*”°> The initial studies showed that ANR regulates nitrate
transport and reduction, narK;K,GHJI, and two other transcription regulators NarXL and Dnr.”°*”%” However, a more global anal-
ysis indicates that ANR is a global anaerobic regulator, controlling the expression of around 250 genes, involved in central metab-
olism and aerobic electron transport chain.”®

The primary sequence of ANR presents conservation of the four cysteine residues proposed to bind a [4Fe-4S]** cluster and it has
been shown that ANR can functionally complement an E. coli fnr knock-out variant.””? ANR, akin to FNR, is composed of two
domains, with the helix-turn-helix found at the C-terminus, and the iron-sulfur cluster in the consensus motif Cys-X;,-Cys-Xs-
Cys in the N-terminus domain.

The type of iron-sulfur cluster was shown by Mdssbauer spectroscopy (AEq = 1.2 mm/s and 8 = 0.43 mm/s) and visible (Amax at
~420 nm and a shoulder at 320 nm) spectroscopies’ "’ to be a [4Fe-4S]*" cluster, similarly to the one present in FNR.”°” This [4Fe-
4S)** cluster is converted to a [2Fe-2S]*" cluster upon exposure to oxygen or NO, and as a consequence ANR loses its ability to bind
to its DNA binding consensus sequence,”’ in a mechanism akin to the one described in Section 2.06.4.2.2.1 for ENR.

In P. putida there are two other proteins with high sequence homology to ANR, that also bind [4Fe-4S] clusters, judging by its
UV-visible and CD spectra, but differ in their O,-sensitivity.”"’

2.06.4.2.3 Other transcription regulators

2.06.4.2.3.1 Superoxide response regulator (SoxR)

In E. coli and other enteric bacteria, SOxRS are two separate transcription activators that participate in a two-step activation process in
response to redox-cycling compounds. SoxR (superoxide response regulator) enhances to 100-times the transcription of the gene
s0xS,”1171? and it is SoxS, a member of the AraC family, that will control the expression of around 100 genes, such as the ones
encoding for aconitase, manganese-containing superoxide dismutase, endonuclease IV, and Fur, that are involved in repair or avoid-
ing the oxidative stress damage.”'>”'*

However, in other bacteria, such as Pseudomonas spp., SoxR is itself responsible for the transcriptional activation of genes, such as
the ones encoding a putative flavin-dependent monooxygenase, and two multidrug efflux pumps, in response to the presence of
phenazines, endogenous redox-active pigments, in a superoxide-independent manner.”'*”'® These genes have been suggested to
be involved in phenazine transport and detoxification.”'°~"'® Moreover, in P. aeruginosa and S. coelicolor, SoxR was shown to regu-
late genes that are involved in the production and transport of endogenously produced redox-active antibiotics.”*"%°

Although SoxR from different bacteria respond to different signals and is possibly involved in different regulatory networks, its
mode of action is proposed to be similar. In fact, expression of P. putida soxR in E. coli complements a soxR deletion mutant.”?""?

SoxR, a transcription regulator of the Mer-family, is a homodimer of 17 kDa that binds a [2Fe-2S]'" cluster per monomer in the
consensus sequence Cys-X,-Cys-X-Cys-X5-Cys near the C-terminus.”?” The presence of this iron-sulfur cluster does not change the
affinity of SoxR to the target promoter region, though its transcriptional activity is completely dependent on the oxidation state of
the [2Fe-2S] cluster.”'""?*72° In fact, the iron-sulfur cluster present in SoxR needs to be oxidized to [2Fe-2S]*", for SoxR to function
as a transcription activator,”'" and its affinity is 4-fold higher than when its iron-sulfur cluster is in the reduced state, [2Fe-2S]' *-72¢

Although, an increase in almost 500 mV in the iron-sulfur cluster reduction potential upon DNA binding (from —285 + 10 mV
(pH 7.6)”"" to +200 mV’?7) was initially reported, latter a different result was obtained. In fact, using electron transfer mediators
and a different experimental approach, it was shown that there is a much smaller impact on the reduction potential upon DNA
binding, and that this change corresponds to a negative shift, from —293 mV to —320 mV (pH 7.6).””° This smaller difference
can be attributed to the small conformational change observed in the structure of the protein in the two oxidation states.”*®

Although, many advances of the SoxR activation mechanism have been made it is still poorly understood (Fig. 34). Previous
studies pointed out that in E. coli, SoxR was activated in response to superoxide anion, that would be generated when the cells
were exposed to redox-cycling agents, such as methyl viologen, quinone or phenazine.”?””*° However, the direct reaction of this
anion with SoxR had not been shown. In 2011, Gu and Imlay731 demonstrated that SoxR does not respond to superoxide anion,
but that redox-cycling drugs trigger its activation, by directly oxidizing its [2Fe-2S]'" cluster. Therefore, SoxRS is proposed to be
responsible for the response against these compounds, which are produced by several bacteria and plants to inhibit the growth
of competitors.”*>”** However, in vivo SoxR is maintained in the reduced state by SoxR reductases (Rsx/Rse system)’>*"?” that
use NADPH as electron donor, thus SoxRS system could be triggered by an imbalance in the NADPH/NADP™ cellular content,
reflecting a change in the redox state of the cell.”*°

The promoter region under the control of SoxR has a long 19 or 20 bp spacer between the —35 and — 10 operator elements that
need to be untwisted for transcription activation. This process is accomplished by the conformational change that occurs in SoxR
upon the one-electron oxidation of the [2Fe-2S]'™ cluster to [2Fe-2S]*", conformational change that is also transmitted to the target
promoter region.””®”?” The extent of the proposed conformational change was determined by comparing the free and DNA-bound
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SoxR structures.”*® SoxR is composed by a DNA-binding domain, a dimerization helix, and an iron-sulfur cluster-binding domain at
the C-terminus.”*® The dimerization helix forms an anti-parallel coiled-coil that stabilizes the dimer, and the [2Fe-2S] cluster is
solvent exposed (with S2 and two Fe atoms being completely exposed) and located in an asymmetric environment that is stabilized
by interactions with the other subunit.”*® It was proposed that the existence of a single glycine residue, Gly123, in between the two
internal cysteine residues is required to induce the SoxR conformational changes coupled with the DNA distortion.””®”*® Other
residues, such as lysines (namely Lys89 and Lys92) have been shown to be important in the reaction with superoxide anion
in vitro and affect the transcription activity in vivo.”>’

However, how the oxidation state of the [2Fe-2S] cluster influences the conformation of SoxR remains unknown, though it has
been proposed that a change in the oxidation state can change the hydrogen bonding network in the protein.”*’

The presence of the solvent exposed iron-sulfur cluster might facilitate its oxidation and can also explain its nitrosylation by
NO.”#%7*1 The nitrosylation of the SoxR [2Fe-2S] cluster has been shown to form a dinitro iron complex by EPR both in vitro
and in vivo.”**”*> Complementary studies using CD and pulse radiolysis enabled the identification of rate limiting steps and other
intermediate species.”*>”*? The dinitro iron complex-SoxR was shown to have a similar DNA affinity as SoxR [2Fe-2S]**, and thus
to activate gene transcription.”*” However, since there are other transcription regulators that specifically respond to NO (with higher
affinity for NO and activate several NO scavenging system) (such as NstR, see Section 2.06.4.2.1.3), the question remains as
whether NO reaction is physiologically relevant for the SoxR system.”**

2.06.4.2.3.2 WhiB-family of transcription factors regulators

WhiB-like proteins, identified in several Actinomycetales, such as Streptomyces spp., Corynebacterium glutamicum, and pathogenic
bacteria, such as Mycobacterium tuberculosis and Corynebcterium diphtheria, are proposed to play critical roles in the biology of these
bacteria, including morphological differentiation, virulence, and antibiotic resistance.”*>”*® WhiB-like proteins have also been
identified in the genome of several mycobacteriophages, and these also bind an iron-sulfur cluster that regulates their DNA-
binding activity.”*’

The WhiB-like family of proteins is involved in different functions in Streptomyces, such as slow-down of biomass accumulation
and changes that precede sporulation (WhiA), multi-drug resistance (WhiC), septation during sporulation (WhiB), and in later
stages of sporulation (WhiD).”*®7%? Moreover, in M. tuberculosis, proteins of this family (WhiB1 to WhiB7) have been shown to
be involved in diverse functions, such as antibiotic tolerance and enabling this bacterium to survive for longer periods within its
host, maintaining redox homeostasis’*° and virulence.””””>' For instance, WhiB1 was shown to be encoded by an essential
gene, whiB1, and bind to specific DNA sequences’>? and WhiB3 is essential for optimal growth on tricarboxylic acid cycle interme-
diates during infection””’ (further information on WhiB-like protein classes can be found in®”>7*%).

The analysis of the primary sequence of several members of the WhiB-family revealed that these proteins can be grouped into five
classes, and the presence of (i) four conserved cysteine residues arranged in the motif Cys-X,-Cys-X,-Cys-X5-Cys, (ii) a motif named
B-turn, G[I/V/LIW|G/A]G, after the last conserved cysteine, and (iii) a patch of positively charged residues (with Lys/Arg) at the C-
terminus.”*®”>* The four cysteine residues are proposed to coordinate an iron-sulfur cluster,””” essential for the function of these
proteins, that can sense O, and NO. The B-turn has been proposed to be important for protein interactions, as these proteins do not
present the usual DNA-binding domain. The exception is the class that includes Whib7/WbIC, as these have a AT-hook that is
known to bind AT-rich sequences in the minor groove,”*” though as mentioned all these proteins have a positively charged patch
at the C-terminus. The mode of action of WhiB-like proteins is not completely known, and vary between the different classes, but it
seems to involve the coordinated action of accessory proteins to provide DNA binding specificity.”*®

The type of iron-sulfur center bound to WhiB-like proteins was identified by its characteristic spectroscopic features: a broad
absorption band with a maximum around 400 nm and positive features at 429 nm and 512 nm in its CD spectrum.’>>7>¢~7>%

WhiD from S. coelicolor, isolated under anoxic conditions, binds an oxygen-sensitive [4Fe-4S]*" cluster that has a very low reduc-
tion potential (< —460 mV at pH 8.0),”°” and is essential for its function as transcription regulator.””*

In some of these proteins, the [4Fe-4S]*" cluster reacts with O, and completely disassembles from the protein in a slow process,
with the conversion of [4Fe-4S]** to a [3Fe-4S]' " intermediate, which then decays to the EPR silent [2Fe-2S]** intermediate species

before complete cluster disassembly.”>*7>*7% On the contrary, the reaction with NO is more universal in these proteins and their

SoxR SoxR
Inactive Active

[2Fe-2S]"* [2Fe-2S]**

Fig. 34 Schematic representation of the mode of action of SoxR transcription regulator. Adapted from Green, J.; Paget, M. S., Bacterial Redox
Sensors. Nat. Rev. Microbiol. 2004, 2(12), 954-966.
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nitrosylation mechanism seems to be similar. The [4Fe-4S]*" cluster reacts very rapidly with NO in a multiphasic reaction, with
stepwise formation of [4Fe-4S](NO), and [4Fe-4S](NO),. In the presence of higher concentrations of NO there is formation of
[4Fe-4S](NO)4 and of novel nitrosylated cluster [Fe3S3(NO);].”>*7%7

The nitrosylation of the iron-sulfur cluster activates the protein, enabling it to bind to specific DNA regulatory sequences.
This activation might involve a conformational change, driven by the rearrangement of the iron positions relative to the cysteine
thiols due to the formation of the nitrosylated species.””®”>” The structure of WhiB1 and WhiB7 has been determined by solution
NMR and X-ray crystallography,”>”7>®7°? showing that it is constituted by a 4-helix bundle, with the [4Fe-4S] cluster held by three
a-helices. Their mechanism of interaction with sigma factor * has been proposed based on these structures,”*””>%7°° and it was
also shown that nitrosylation of the iron-sulfur cluster abolish this interaction, allowing the protein to interact with the DNA. In the
case of WhiB7, its AT-hook was also proposed to be important for the binding to the —35 element.

In conclusion, the WhiB-like proteins are proposed to be intracellular redox sensors that sense the physiological relevant host
signaling molecules O, and NO, and integrate these signals with core intermediary metabolism, essential for survival.”®' Neverthe-
less, their mechanism of action still needs to be completely understood, as well as the role played by the iron-sulfur cluster in their
diverse functions.

752,755

2.06.4.2.3.3 Sensing oxygen by NreBC two component system

NreB (nitrogen regulation), isolated from Staphylococcus carnosus and found in other Staphylococcus species,””~ is encoded by the
operon nreABC, a novel two-component system, which controls the dissimilatory nitrate/nitrite reduction and simultaneously
responds to oxygen and nitrate.”®* "%’

In the regulatory model, the oxygen-sensor NreB phosphorylates NreC that is the transcription regulator and binds to the
promoter regions of the narGHJI and nirRBD operons to activate their expression. NreA is a nitrate-sensing protein’®*”®° that
controls the autophosphorylation activity of NreB, as in the absence of nitrate converts NreB from a kinase to a phospha-
tase.766—768

NreB is a sensory histidine kinase of 347 residues with a N-terminal PAS domain with four conserved cysteine residues arranged
in the Cys-X,-Cys-X;;-Cys-X,-Cys motif,”®® that binds an iron-sulfur cluster identified as a [4Fe-4S]*" cluster, using spectroscopic
techniques. This iron-sulfur cluster is oxygen-sensitive and completely disassembles when exposed to oxygen. A diamagnetic [2Fe-
2S]*" cluster is proposed to be an intermediate species in this process.”®”””° The presence of the oxygen-sensitive iron-sulfur cluster
is required for the kinase activity of NreB but does not seem to be essential for its dimerization.”®’

762

2.06.4.2.3.4 SufR transcription repressor

The Suf system is involved in the biosynthesis of iron-sulfur clusters in many organisms (prokaryotes and plastids), in response to
iron starvation and oxidative stress. Some organisms have both Isc and Suf system while others only have the Suf system. The gene
composition and organization of the Suf system differ between species.””" In Actinobacteria and Cyanobacteria these genes are
under the regulation of SufR.

SufR is a transcription regulator that belongs to the ArsR-family, with a HTH DNA binding domain at the N-terminus and binds
a [4Fe-4S] cluster through three conserved cysteines located in the C-terminus (the fourth ligand has not yet been identified)””?
(Fig. 29). This protein is a repressor of the suf operon by binding to the palindromic sequence CAAC-N4-GTTG present in the
promoter region of sufRBDCSU, which is involved in the biosynthesis of iron-sulfur clusters in Gram-positive bacteria.””>”"?

In the presence of O,, the absorption band with a maximum at 413 nm decreases rapidly in intensity, without passing through
an intermediate species. This might be an indication that this protein is extremely sensitive to O,, and its iron-sulfur cluster decom-
poses rapidly without formation of a [2Fe-2S] stable intermediate. The loss of [4Fe-4S] cluster abolishes DNA binding.””?

The M. tuberculosis SufR is a dimer in solution. Its [4Fe-4S] cluster responds to NO, and upon nitrosylation, the suf operon tran-
scription is activated. SufR [4Fe-4S] cluster was spectroscopically characterized by UV-visible (Amax at 413 nm) and CD (positive
peaks at 330 nm and 420 nm) spectroscopy,’’> while its reaction with O, H,0, and NO was followed by UV-visible and EPR spec-
troscopies. The presence of NO was proposed to lead to the formation of a dinitrosyl-iron dithiol complex.””?

2.06.4.2.3.5 OrpR o°*-dependent activator

OrpR is a 6°*-dependent activator found in D. vulgaris Hildenborough and D. alaskensis G20.””*77> The analysis of its primary
sequence showed that it is composed by three domains: a N-terminus PAS domain, a central AAA+ domain (that can hydrolyze
ATP) and a C-terminus DNA binding domain.

The PAS domain binds an oxygen-sensitive [4Fe-4S]*" cluster, that was identified by EPR and visible spectroscopy.’”®
This iron-sulfur cluster is coordinated by three conserved cysteines present in a C-Xg-C-X3-C motif, and the fourth ligand
is proposed to be an aspartate. The mechanism of action has not yet been completely unraveled, but it is proposed to be
a redox sensor. In fact, in the presence of O, the cluster completely disassembles, but in the presence of mild oxidative
conditions it is converted to a [3Fe-4S]'" cluster, that has the same affinity to the specific palindromic DNA sequence as
the [4Fe-4S]*" OrpR.”"¢

OrpR activates the transcription of two divergent operons in D. vulgaris Hildenborough that encodes the Orange Protein (Orp)
complex.””” This protein complex was identified by pool-down assays and is composed by a core group of three proteins, Orp and
two-ATPases proposed to bind iron-sulfur clusters.””> Besides these, two other proteins encoded by these operons are proposed to
be iron-sulfur proteins.””*””” The Orp is a 12 kDa protein that has been isolated from D. gigas and D. alaskensis G20 and binds non-

Comprehensive Inorganic Chemistry III, Third Edition, 2023, 105-173



Iron-sulfur clusters — functions of an ancient metal site 149

covalently a Mo-Cu-Mo linear cluster bridged by sulfur atoms’”®””? (Section 2.06.2.1.5). The heterologously produced apo-Orp

can be reconstituted in vitro.””®~"®! However, the physiological function of this non-redox heterometallic cluster remains unknown,
as well as what is the function of the Orp complex.

2.06.5 The role of iron-sulfur clusters in DNA processing enzymes

DNA is subjected to modifications due to oxidative stress, radiation, and chemical modification, such as alkylation, and to misin-
corporation of nucleotides. Therefore, the action of molecular repair systems is essential to correct these DNA damages and
mismatches that would change the genomic code and lead to mutagenic effects that can be the cause of diseases, such as cancer.

Although, the presence of iron-sulfur clusters in DNA and RNA processing enzymes can be counterintuitive, as iron can generate
hydroxyl radicals via Fenton reactions that damage DNA,”®? these clusters has been identified in several enzymes, such as Rad3
family helicases,”®’~"®® AddAB helicase-nuclease,”®” archaea RNA polymerases,””°~"?> DNA polymerase,””> DNA primase’”*~"*°
and elongator domains.””” In fact, iron-sulfur clusters are present in all replicative DNA polymerases and helicase-nuclease
Dna2.7‘),3,7‘)8

In common, these enzymes bind a [4Fe-4S] cluster through four cysteine residues organized in a sequence motif, which is unique
for each enzyme family and different from the canonical motifs described so far (see Table 1 in Ref. 799). The iron-sulfur cluster is
a [4Fe—4S]2+ identified by visible, EPR and Mdssbauer spectroscopies, and in a few cases by CD, resonance Raman,%°%8°! FTIR®"2
and surface enhanced IR.®°

Another peculiarity is that the presence of the iron-sulfur cluster is not restricted to prokaryotic DNA processing enzymes, but it is
present in bacteria, archaea, and eukaryotic enzymes, and in some cases, it is present in novel iron-sulfur cluster domains.”’° In fact,
there are several human diseases that are related with iron-sulfur proteins involved in DNA and RNA metabolism.’

As mentioned in Section 2.06.3 and 2.06.4, iron-sulfur clusters can be employed in radical SAM chemistry (methylthiolate
tRNA, e.g., MiaB), or as sensors in transcription factors. Nevertheless, in other DNA/RNA processing enzymes the role of the
iron-sulfur cluster is still unclear. One exception are glycosylases, in which iron-sulfur clusters have been proposed to be involved
in DNA damage recognition (vide infra), via DNA-mediated charge transport. A similar mechanism might be important in other
DNA-processing enzymes, thus the question “why this mechanism in not ubiquitous or conserved even in an enzyme family”
remains to be answered.***

A detailed characterization of the iron-sulfur cluster in this group of proteins is required to determine its contribution to their
function. In most cases, there is no detailed spectroscopic characterization, the reduction potential (in the presence and absence of
nucleic acid) and the contribution of the iron-sulfur cluster to the protein function in vivo is unknown. However, the presence of this
prosthetic group has been used as an endogenous quencher of fluorescence to study the protein-DNA interaction in Rad3 family
helicases.”®”

Moreover, the location of the iron-sulfur cluster in the three-dimensional structure of these proteins has shed some light into
their function, that can go beyond the simple structural role. In some of these proteins, as is the case of Dna2 helicase-nuclease
and XPD helicase, the iron-sulfur cluster is in the catalytic domain, while in others, as glycosylases, the iron-sulfur cluster is in
a distant domain.®°>*°° Such locations might correspond to a difference in the role played by this cofactor: (i) sense double helix
disruption, or (ii) modulate DNA affinity and processivity.

Here, only the DNA repair glycosylases will be described since the contribution of the iron-sulfur cluster for their function is
better understood.

2.06.5.1 DNA repair glycosylases

Base excision repair (BER) glycosylases are responsible for identifying in the genome chemically modified bases and mismatches,
and catalyze their removal, constituting one of the most common mechanisms of DNA repair.®°” In the first step, BER glycosylases
need to locate the modified base and then flip it into their catalytic site and catalyze the break of the N-glycosidic bond between the
damaged base and the sugar-phosphate backbone.®"”

These enzymes are divided into six superfamilies, and up-to-now in two of these some were found to bind iron-sulfur
clusters: (i) the helix-hairpin-helix superfamily, containing E. coli endonuclease III (EndolIl) and MutY (including the mammalian
homologs hNTH1, MUTYH) and (ii) the uracil DNA glycosylase superfamily (Table 3).

In Endolll and MutY the unique cysteine binding motif Cys-X¢-Cys-X,-Cys-Xs5-Cys coordinates the iron-sulfur cluster, that is
located near the surface at the C-terminus domain, in a loop that has been named as the [4Fe-4S]*" cluster loop (FCL)
domain.®'*>®'° The comparison between the structure of the free and DNA-bound Endolll, shows that the overall structure is
very similar, and that there is a loop projecting from the cluster with several positively charged residues, which directly interacts
with the DNA phosphate backbone,®'°~®'® which led to the hypothesis that iron-sulfur cluster had a structural role important
for DNA binding.

In the case of EndollI the iron-sulfur cluster was identified to be a [4Fe-4S]*" by EPR and Méssbauer spectroscopies,®'” and it was
shown that it could not be easily oxidized nor reduced. Further characterization by resonance Raman showed that the presence of
oligonucleotides containing a reduced apyrimidinic site or thymine glycol (an inhibitor) resulted in small shifts in the stretching
modes assigned to Fe-S(Cys), which also contributed to the assignment of a structural role to this cluster.’’° However, later it

808,809
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was shown that in MutY, the presence of the iron-sulfur cluster was not required for protein folding and stability, though essential
for DNA-binding and activity.®'*#2°

The identification of a redox active iron-sulfur cluster and its importance in the function of these proteins was only demonstrated
using electrochemistry. Different electrochemical methods were applied to Endolll and MutY, showing that the reduction potential
of the iron-sulfur cluster in the presence of DNA has a positive value (around 130 mV, depending on the electrode surface) (Fig. 2),
consistent with the observation of a [4Fe-4S]> /3" redox pair,®!"#21822:524 35 observed in HiPIP iron-sulfur proteins (see Section
2.06.2.1.4). Binding of EndollI to DNA has an impact of - 50 mV in its reduction potential.*** This negative shift indicates that the
enzyme binds more tightly to DNA when its [4Fe-4S] cluster is in the [4Fe-4S]*" state (Kp of 11 nM) than in the reduced [4Fe-4S]*"
state (Kp of 6 uM),*?”%2° as no conformational change was observed between the DNA free and bound forms.

A value of 80 mV has been determined for the reduction potential of other repair and replication proteins using DNA modified
electrodes (either DNA films on gold surfaces or DNA duplexes on highly oriented pyrolytic graphite),®''%?”~3? a value that falls
within the physiological range. These studies also pointed toward a DNA-mediated charge transport between the electrode and the
iron-sulfur cluster.

Micro-FTIR microscopy has been used to study the interaction between Endolll and DNA. The change in the vibration modes,
assigned to the iron-sulfur cluster, indicated an increase in the bond lengths, that makes the cluster more stable, and prepares it to
a higher oxidation state, [4Fe-4S]*>", without much energy change, which is required for the damage detection in the DNA®*? (vide
infra).

In the family-4 uracil-DNA glycosylases (4 UDGs) from thermophilic organisms, the cysteine binding motif that coordinates the
iron-sulfur cluster is Cys-X,-Cys-Xp-Cys-X(14-17)-Cys, in which n can range from 70 to 100 residues.®’°

The X-ray structure of Thermus thermophilus 4 UDG shows that the [4Fe-4S]** has a distorted cuboidal structure, located 10 A
from its active site.®'? In the absence of further experimental data, a structural role was also initially attributed to this iron-sulfur
cluster. However, it is clear from the available crystal structures that the distance between the iron-sulfur cluster and the DNA is
comparable in all these glycosylases and thus its contribution to the enzyme function must be similar.®’? The impact of DNA
binding in the reduction potential of these proteins is in the same range as the one reported for EndolII.*"!

Therefore, the function of the iron-sulfur cluster in the glycosylases might not be structural, and it has been proposed that the
[4Fe-4S]*" cluster is responsible for the detection of DNA lesions through DNA-mediated charge transport.®** The base-pair 7-stack
of duplex DNA can mediate charge transport over 200 A distances, which is disrupted when the DNA is damaged.®***** Thus, this
could be the mechanism used by this type of glycosylases to sense these disruptions and repair the DNA damage.

The proposed mechanism for the action of the iron-sulfur glycosylases is the one in which in the DNA unbound form, the [4Fe-
48] cluster is in the 2+ oxidation state, and in the presence of DNA there is a shift in ~50 mV in the reduction potential that
increases the glycosylase DNA binding affinity (Fig. 35A, (Step1)). The protein is activated toward oxidation, and this electron is
going to reduce a distally bound protein in a DNA-mediated charge transport reaction (Fig. 35A, (Step2)). This protein loses affinity
for the DNA and is released (Fig. 35A, (Step3)). However, in the presence of a lesion, this charge transport mechanism cannot occur,
and the glycosylase stays bound to the DNA and repairs it®'"***®?* (Fig. 35B).

Moreover, since guanine radicals are the first products of oxidative DNA damage inside the cell, and it has been shown that they
can also oxidize the iron-sulfur of MutY glycosylase, these base radicals may provide the in vivo driving force for iron-sulfur glyco-
sylates to initiate DNA-mediated signaling.®*”

In the case of the 4UDGs family, it has been observed that the presence of the iron-sulfur cluster is not conserved in all the
proteins but seems to be ubiquitous for the ones isolated from thermophilic bacteria.®**®'? Therefore, this cluster might provide
a faster detection of the DNA damage since these organisms need to deal with a higher rate of temperature-induced DNA damage.®°

This mechanism might be common to other DNA processing enzymes,®*®®?? in which a change in the oxidation state of its [4Fe-
48] cluster increases the enzyme DNA binding affinity and modulates its activity.

Table 3 Some DNA glycosylases that bind [4Fe-4S] clusters.

Enzyme Name Substrate References
MutY/MUTYH 0G:A 810
Nth (Endolll)/hNTH1 Oxidized pyrimidines; T-T 811
Thermophilic family-4 UDGs U:A/G 812
Methanibacterium thermoautotrophicum TDG ~ T.G 813
rpS3 (UV-endonuclease) T-T, C:0G 814

The excised base is highlighted in bold.
0G:A - 7,8-dihydro-8-ox0-2'-deoxyguanosine-2’-deoxyadenosine; TDG — thymine DNA glycosylase;
pS3 — human ribosomal protein S3.
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2.06.6 Conclusions

Iron-sulfur clusters are ancient metal centers participating in a wide range of biological functions. The tetrahedral Fe(S), unit,
formed by iron and sulfur, is used as a basic and versatile building block of proteins’ metal centers and enzymes’ active sites.
Iron-sulfur clusters are optimized devices for electron transfer due to the multiple oxidation and spin states attainable, the possi-
bility of magnetic coupling, as well as the ability to stabilize localized and delocalized charges. In addition, the modulation of
the cluster properties by varying the coordination (not exclusively made of sulfur atoms), inserting other metal atoms (such as,
nickel and molybdenum) and having flexible coordination spheres, opens their biological relevance to non-redox catalysis and
radical chemistry, gene regulation and nucleic acid metabolism.

The ability found in certain iron-sulfur proteins for sulfur transfer and ligand swapping has been exploited in the biosynthesis of
iron-sulfur containing proteins. In fact, the complexity involved in iron-sulfur cluster assembly, not described in here, contrasts with
the self-assembly chemistry most often observed when apo-forms are reconstituted by addition of iron and inorganic sulfur under
reducing conditions.

It is worth mentioning that all the chemical and biochemical processes observed in this field were inspiring topics for the gener-
ation of biocatalysts mimicking enzyme active sites’> and possible roles in biotechnological oriented processes. Medical aspects
related with iron-sulfur cluster containing proteins are out of the scope of this review but represent an emergent and important
field,**°~**! for which it will be necessary to develop appropriate strategies.

It is remarkable the speed of expansion of the field and the new directions to which our understanding of the role of iron-sulfur
clusters is moving. In this review we intended to provide an update on our previous work on the same subject, highlighting the main
discoveries in the field of iron-sulfur cluster containing proteins in the last 8 years, such as the identity of the X atom in the nitro-
genase cofactor, the identification of Fe-hydrogenases that are oxygen-tolerant, the increasing number of radical SAM enzymes, the
sensor mechanism in many transcription regulators, and the role played by iron-sulfur cluster in DNA processing enzymes.

(A) B P
5/ & &) &

®) ¢ Step3

Fig. 35 Schematic representation of the mechanism of action of iron-sulfur glycosylases in the absence (A) and in the presence (B) of a DNA
lesion. Adapted from Boal, A. K.; Yavin, E.; Barton, J. K., DNA Repair Glycosylases with a [4Fe-4S] Cluster: A Redox Cofactor for DNA-Mediated
Charge Transport? J. Inorg. Biochem. 2007, 101(11-12), 1913-1921; Barton, J. K.; Silva, R. M. B.; O’Brien, E., Redox Chemistry in the Genome:
Emergence of the [4Fe4S] Cofactor in Repair and Replication. Annu. Rev. Biochem. 2019, 88, 163—190.
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