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Abstract: The earliest forms of life (i.e., Archaea, Bacteria, and Eukarya) appeared on our planet
about ten billion years after its formation. Although Archaea do not seem to possess the multipro-
tein machinery constituted by the NIF (Nitrogen Fixation), ISC (Iron Sulfur Cluster), SUF (sulfur
mobilization) enzymes, typical of Bacteria and Eukarya, some of them are able to encode Fe-S pro-
teins. Here we discussed the multiple enzymatic reactions triggered by the up-to-date structurally
characterized members of the archaeal family that require the crucial presence of structurally char-
acterized [2Fe-2S] assemblies, focusing on their biological functions and, when available, on their
electrochemical behavior.
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1. Introduction

The Earth is 4.6 billion years old and microbial life is thought to have first appeared
between 3.8 and 3.9 billion years ago; in fact, 80% of Earth’s history was exclusively
microbial life, which is still the dominant life form on Earth. It has been estimated that
the total number of microbial cells on Earth is of the order of 2.5 x 103 cells [1], which,
considering the typical carbon content per cell, leads to about 550 gigatons of carbon (Gt C)
of biomass distributed among all of the kingdoms of life. In particular, plants contribute
about 450 Gt C (i.e., the dominant kingdom), animals about 2 Gt C, Bacteria about 70 Gt C,
and Archaea about 7 Gt C [2].

In this connection, based on molecular phylogenetics, Woese created the well-known
ribosomal “Tree of Life” [3-8] (Figure 1).
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Figure 1. The universal phylogenetic tree in rooted form, showing the three domains of the Tree of
Life. Adapted from [5].
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Archaea and Bacteria constitute the so-called “prokaryotes”, i.e., single-celled organ-
isms that do not have a nucleus separating their genetic material from the rest of the cell.
Almost all prokaryotes have a cell wall, i.e., a protective structure that allows them to sur-
vive in extreme conditions, which is located outside of their plasma membrane. However,
there are differences between Bacteria and Archaea. Although both Bacteria and Archaea
have cell membranes containing a hydrophobic portion, in the case of Bacteria, the cell
membrane is composed of peptidoglycan, a complex of protein and sugars, whereas in
the case of Archaea, it is composed of polysaccharides. In contrast, Eukarya includes both
unicellular and multicellular organisms that possess nuclei to enclose their DNA apart
from the rest of the cell [9].

In connection with the subject matter of the present review, it is useful to premise
some aspects of Fe-S clusters in biology. For example, Figure 2 schematically illustrates the
structures of the most common biological iron-sulfur (Fe-S) clusters.
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Figure 2. The canonical forms of biological Fe-S clusters. Reprinted from [10].

In general, Fe-S clusters act as redox-active cofactors of specific enzymatic reactions
carried out by many proteins [11-21]. In this picture, after having reviewed the structure
and electrochemistry of Fe-S clusters of different nuclearity [10,22-31], we now devote
our attention to the fundamental role of [2Fe-25] centers in activating a wide spectrum of
enzymatic reactions. In addition we have reported about the role of prebiotic iron-sulfur
peptide catalysts in triggering pH gradients exploited by all known living organisms [32].

As in our previous papers, this discussion was exclusively limited to those proteins
whose molecular structure has been ascertained by X-ray crystallography, NMR spec-
troscopy, or cryo-electron microscopy. (Unless otherwise specified, all images pertinent to
the molecular architecture of the different species have been obtained by the NGL Viewer.)

Since we have already dealt with structure and electrochemistry of metalloproteins
hosting “classical” ([Fe2$2](SY cys)4) and Rieske-type [Fe;S](Cys)a(His), ferredoxins [23]
as well as “non-classical” [Fe;S;](Cys)s(X) (X = Asp, Arg, His) [24] ferredoxins, we did not
consider them herein.

2. Archaeal Enzymatic Reactions
2.1. Archaeoglobus fulgidus

Archaeoglobus fulgidus is a member of the sulphate reducers Archaeoglobales that
grow organoheterotrophically between 60 °C and 95 °C, with optimum growth at 83 °C
using a variety of carbon and energy sources as well as lithoautotrophically on hydrogen,
thiosulphate, and carbon dioxide [33,34]. It is involved in the two [2Fe-2S]-containing
biological functions “Copper chaperone CopZ” and “Cysteine desulfurase”.
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2.1.1. Copper Chaperone CopZ

Copper is an absolutely required metal by living systems, but it is potentially toxic to
cells; therefore, the intracellular movement of this metal inside copper-dependent proteins is
fundamental to normal cellular metabolism. As a matter of fact, copper ions act as cofactors
in many enzymes (namely: Cu, Zn superoxide dismutase, cytochrome ¢ oxidase, amino
oxidase, galactose oxidase, dopamine (3-hydroxylase, peptidylglycine a-hydroxylating
monooxygenase, tyrosinase, lysyl oxidase, galactose oxidase, methane monooxygenase,
catechol oxidase, ceruloplasmin and laccase) [35].

In this picture, copper chaperones are deputed to avoid the presence of free Cu* levels
in cells by performing the dual functions of trafficking (i.e., binding and delivering copper
ions to intracellular compartments and inserting them into the active sites of specific copper
dependent enzymes) and preventing the toxic effects of over-exposure to copper ions in
transit. In fact, the Cu(Il)/Cu(I) redox cycling is a fundamental requirement for single
electron transfer reactions in copper-containing enzymes and proteins, but such a redox
cycle contributes to the formation of hydroxyl radicals and subsequent oxidative damage
to cellular components (DNA, proteins, lipids, and so on) in that copper ions can initiate
hydroxyl radical formation in solution when exposed to superoxide anion and hydrogen
peroxide in a Fenton-like reaction (the “Fenton” reaction deals with the biological damage
caused by hydrogen peroxide and iron ions [36,37]) [38—41].

It is noted that the copper toxicity is also bound to its capacity to damage proteins
containing Fe-S clusters by displacing the pertinent iron atoms followed by its coordination
to the decomplexed sulfur ligands [42].

P-type ATPases are ion pumps that carry out many fundamental processes in biology
and medicine, particularly the removal of toxic ions from cells, making use of the energy
stored in ATP to transport specific ions across the cell membrane against a concentration
gradient. Taking into account that P-ATPases are divided into five main classes, P1, P2, P3,
P4, and P5, which, in turn, are subdivided in subfamilies (P1A, P1B, and so on [43-45]), in
Cu*-ATPases, metal binding to transmembrane metal-binding sites (TM-MBS) is required
for enzyme phosphorylation and subsequent transport provided that Cu* is bound to a
chaperone protein [46]. In fact, Cu™ chaperones transfer Cu* ions to regulatory cytoplasmic
metal-binding domains (MBDs) present in Cu*-ATPases.

A relatively high number of copper chaperones exist, but the simplest example of
chaperoned copper delivery is represented by the copper efflux chaperone CopZ and the
copper-transporting ATPase CopA [47,48].

Archaeoglobus fulgidus encodes a putative CopZ copper chaperone that contains an
unusual cysteine-rich N-terminal domain of 130 amino acids in addition to a C-terminal
copper-binding domain with a conserved CXXC motif. The N-terminal domain (CopZ-
NT) crystallizes as a monomer that contains a classical ferredoxin-like [2Fe-25] cluster
(Figure 3) [49].
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Figure 3. The molecular structure of Archaeoglobus fulgidus CopZ-NT, together with the composition
of its [2Fe-25] cluster. Adapted from [49]; [PDB 2HU9].
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Attempts to explain the complex mechanism of the delivery of Cu* by the Cu* chaper-
one CopZ to the corresponding Cu*-ATPase CopA (which is a member of the P1B subgroup
of P-type ATPases) have been carried out [36,48,49]. In short, it has been proposed that
reduced CopZ-N can reduce, eventually exploiting the redox activity of the vicinal [2Fe-2S]
cluster, Cu(Il) to Cu(I), which is then transferred to the CopZ C-terminal domain (CopZ-C)
and then delivered to CopA that effluxes it from the cell.

At the moment, no redox data are available for the [2Fe-2S] transition, but aiming
to support such a mechanism, the fact that the [2Fe-2S]%* is reduced by dithionite [50]
seems to suggest a potential value lower (i.e., less negative) than —0.5 V (vs. NHE))
for such an electron transfer (in fact, taking into account that the reduction potential of
dithionite is conditioned either by pH and dithionite itself, a value less negative than
—0.5 V vs. NHE is commonly estimated in the pH range from 7 to 9 [51]); thus, given such
a physiological value, it sounds plausible that Cu(II) might be reduced to Cu(I) through the
[2Fe-2S]*/2* oxidation.

2+/+

2.1.2. Cysteine Desulfurase

It is known that Fe-S clusters are ubiquitous cofactors crucial for the existence of life
on Earth. Their synthesis in vitro looks like to be a relatively simple task by using free iron
ions, sulfides, and suitable ligands under proper conditions and then transferring them to a
proper protein without enzymatic assistance [52], but their in vivo biogenesis appears rather
intricate. Plausible hypotheses about how such cofactors could be transferred within the
cellular environment began to take hold in the 1990s (a few recent citations include [53-71]).
It is, however, difficult to give a mechanism for Fe-S biosynthesis valid for the three domains,
i.e., Archaea, Bacteria, and Eukarya. In Bacteria, three distinct distinct machineries catalyze
the biosynthesis of [Fe-S] clusters and their transfer to target proteins: (i) the NIF (Nitrogen
Fixation) system; (ii) the ISC (Iron Sulfur Cluster) system; and (iii) the sulfur mobilization
SUF system [72,73]. In general, the biosynthetic pathway is constituted by two basic
processes: “assembly” and “transfer”. In the “assembly” stage, a scaffold protein (SufB)
receives sulfur and iron from unknown donors and builds Fe-S clusters; in the “transfer”
stage, an ATPase (SufC) facilitates the release of Fe-S clusters from the scaffold SufB, and
then the Fe-S clusters are transported to target apoproteins via different carrier proteins [70].
This means that the biosynthetic pathways in Bacteria and Eukarya are quite proven (see, for
instance, [63,69,70,74-76]). In contrast, the Fe-S biogenesis in Archaea is not yet accurately
known [76-78], even if a few SUF systems are there distributed [79-81]. Premised that
L-Cysteine desulfurase IscS and scaffold IscU proteins are universally involved in Fe/S
cluster synthesis, in Archaea, the cysteine desulfurase provides one ligand for the binding
of an Fe-S cluster. One of the central components in the case of the ISC system is IscS, a
pyridoxal-5'-phosphate (PLP)-dependent desulfurase that uses L-cysteine as a substrate to
generate a persulfide on its active site cysteine. The activated sulfane sulfur is subsequently
reductively delivered to the second central component of ISC, the scaffold protein IscU,
where [Fe-S] clusters are assembled [72]. In particular, the Archaeoglobus fulgidus genome
encodes proteins having a high degree of primary structure similarity to IscS and IscU from
other organisms. However, its IscS is unusual because it lacks the active site lysine residue
that normally forms an internal Schiff base with pyridoxal-phosphate (PLP) and serves as
a base during catalysis [73]. It must be also taken into account that in Archaea, cysteine
is not the sulfur source for iron-sulfur clusters; in fact, the sulfur does not originate from
cysteine, but it is derived from sulfide, which is abundant in the anaerobic environment
where the organism was isolated [80].

In this context, Figure 4 shows the different components still lacking for a sufficiently
complete description of the Archaeal biosynthetic pathway [81].

For example, in Bacteria and Eukarya, the alternative ApbC (pyrimidine biosynthetic
protein C) binds and rapidly transfers [Fe-S] clusters to an apoprotein [81-83].
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Figure 4. A model of Fe-S cluster biogenesis in Archaea. Adapted from [81].

In this picture, Archaeoglobus fulgidus is able to express two different complexes that
should be potentially expected to exhibit desulfurase activity. The first complex is constituted
by the anaerobically purified dithiothreitol (DTT)-treated o3 heterodimer (IscU-IscS),,
which hosts a classical [Fe;S,(Cys)4] active site, in which Cys33, Cys58, and Cys102 belong
to the IscU system, whereas Cys321 comes from the IscS system (Figure 5) [84].
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Figure 5. Crystal structure of the active site of the heterotetrameric holo complex (IscS-IscU), protein
of Archaeoglobus fulgidus and the pertinent Fe-S cluster (there are two slightly different isoforms of
the [2Fe-2S] clusters). EPE = 4-(2-hydroxyethyl)-1- piperazine ethanesulfonic acid; GOL = glycerol;
PLP = pyridoxal-5'-phosphate. The location of the Fe-S clusters location is evidenced by colored
disks. Adapted from [84]; [PDB 4EB5].

The redox potential of the [2Fe-2S]**/* transition of the two clusters is not available.

Since it is known that the replacement of Asp for Ala in IscU systems stabilizes the
[Fe;Sy] rhomb [85], the Asp35 residue has been replaced by Ala affording the (IscS-IscU D354),
complex [84]. Such a mutation, however, causes the loss of its cysteine desulfurase activity.
In fact, while in (IscS-IscU),, the Schiff base-forming Lys residue is associated with the
pyridoxal-5'-phosphate (PLP) enzyme, and in the new complex the Asp35Ala mutation
makes the Schiff base-forming Ala residue associate with pyridoxamine-5-phosphate
(PMP), which is not catalytically active in cysteine desulfurase [86,87]. Such a second
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complex is constituted by the air-exposed ;3 heterotrimer ([FesSy]-IscS-IscUP3%4), shown
in Figure 6 [84].
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Figure 6. The molecular geometry of the air-exposed heterotrimeric form of Archaeoglobus fulgidus
([FeS,]-IscS-IscUD354), complex. The iron sulfur cluster hosts an unusual active site in which the
release of a sulfide atom from the [2Fe-2S] rhomb occurs. About the terms PLP, EPE, and GOL, see
Figure 5. Adapted from [84]; [PDB 4EB7].

As seen, the [2Fe-25] cluster has a markedly unusual geometry.

Additionally, in this case, no redox data are available for such a Fe-S center.

In confirmation of the stabilization of the [Fe,S;] cluster played by the Asp35Ala
mutation, the mutation Asp199Lys in Archaeoglobus fulgidus, lacking the presence of Ala,
does not allow such a mutation to contain any [Fe;S;] cluster [86,87].

As above mentioned, the NIF (Nitrogen Fixation), ISC (Iron Sulfur Cluster), and SUF
(Sulfur Formation) systems catalyze the biosynthesis of [Fe-S] clusters and their transfer to
target proteins [69]. In particular, the ISC machinery is the only essential function of mito-
chondria actually identified and is required not only for the maturation of mitochondrial
Fe-S proteins but also for the formation of Fe-S clusters in other cell compartments [88]. Ar-
chaea must have a mechanism to assemble Fe-S clusters, but many members lack homologs
of the known bacterial and eukaryotic Nif or Isc systems, suggesting that an alternative
system is present (e.g., “the evolution of SUF operons in Archaea and Bacteria” in [70];
“the taxonomic distribution of the ABC ATPase of SufB and SufD in Archaea and Bacteria”
in [80]; “the archaeal basal machinery of transcriptional repression” in [89]; “the archaeal
phylogeny” in [90]; “the archaeal DNA replication machinery” in [91,92]; “the unique
archaeal cell division machinery” in [93]; “the SUF machinery is the only Fe-S cluster
biosynthesis system conserved in some aerobic and hyperthermoacidophilic Archaea”
in [94]; “the core machineries that copy DNA are conserved in all three domains of life”
in [95]; “nanobiomotors of archaeal DNA repair machineries” in [96]; “RNA processing
machineries in Archaea” in [97]).

It is therefore useful to look at the ISC machineries of Bacteria, Eukarya, and in part of
Archaea.

Figure 7 illustrates the pathway of the eukaryotic ISC machinery [98].
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Figure 7. Hypothetical mechanism of [2Fe-2S] cluster synthesis by and structure of the eukaryotic
core ISC complex. Adapted from [98].

De novo [2Fe-2S] cluster synthesis on the mitochondrial scaffold protein ISCU2 depends
on six additional ISC proteins: the desulfurase complex NFS1 (a protein that catalyzes the
removal of elemental sulfur from cysteine to produce alanine, thus supplying the inorganic
sulfur for iron-sulfur Fe-S clusters), ISD11 (the cysteine desulfurase activator (YER048W-A))
with dynamically associating ACP1 (the enzyme acid phosphatase 1 removes phosphate
from other molecules during digestion and catalyzes the conversion of orthophosphoric
monoester and HyO to alcohol and phosphoric acid), frataxin (FXN), ferredoxin (FDX2),
and its reductase (FDXR). The synthesis pathway can be divided into five subreactions.
(1) The NFS1 generates a persulfide (—SSH) on its conserved active-site cysteine residue
by converting free cysteine to alanine, a reaction assisted by FXN. (2) The persulfide is
then transferred on the flexible Cys loop from the catalytic site of NFS1 close to PLP to
the surface of NFS1, a reaction assisted by FXN. (3) After iron binding to ISCU2, the
NFS1-linked persulfide sulfur is transferred to one of the conserved Cys residues of the
scaffold. (4) The transient binding of reduced FDX2 (FDX2red) to NFS1-ISCU2 promotes
reduction (e™) of the persulfide sulfur on ISCU2 and generates sulfide ($%7) present in Fe-S
clusters (5). How a potential Fe-S intermediate protein is formed and further converted to a
[2Fe-25] cluster is unknown. At any rate, the oxidized FDX2 (FDX2o0x) leaves the complex
and is reduced by its reductase FDXR and NADPH to FDX2red. The final product of the
reaction cycle may be a dimer of ISCU2 with a bridging [2Fe-25] cluster, as revealed by
biochemical reconstitution [93].

Figure 8 depicts the pathway of the bacterial ISC machinery [74].

ATP

IscS

=3 Late-acting
HscA components

) - [i"} ';IscA. C ‘g
»( ) — |Grx4 —_— s
= £ 4

NADPH

Figure 8. Main components of the bacterial ISC machinery. Adapted from [74].

As illustrated, the bacterial ISC machinery encompasses proteins encoded by the
ISC operon: IscU (the scaffold protein), IscS (the L-cysteine desulfurase), IscX (a puta-
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tive regulator of the activity of IscS and IscR (a transcriptional regulator of the whole
operon), Fdx (ferredoxin), and HscA (a specialized Hsp70 chaperone. HscA, as other Hsp70
(70-kilodalton shock proteins), has general chaperone-like activities (prevention of aggrega-
tion and protein folding assistance). HscB stimulates the ATPase activity. IscA has also been
proposed as a scaffold for the iron-sulfur cluster assembly, CyaY (frataxin) and Fenr (ferre-
doxin reductase). Grx4 may function as a relay to late-acting components, among which are
the IscA proteins that have specialized functions in the assembly of [4Fe4S] clusters and/or
insertion of [2Fe-2S] and [4Fe-4S] clusters into recipients” enzymes. Recently, it has been
demonstrated that the mitochondrial [4Fe-4S] protein assembly involves reductive [2Fe-25]
cluster fusion on the A-type (ISCA1-ISCA2) by electron flow from ferredoxin FDX2 [99].

In addition, in order to account for the maturation of housekeeping Fe-S proteins (to
become the holo form), Bacteria use one or both the ISC and SUF machineries in parallel
(Figure 9) [100].

ISC machinery

5 Sufc SUF machinery

'-“ 1 :-Fez‘

Bacterial
Fe-S proteins

Figure 9. Bacteria in the Fe-S protein biogenesis can exploit the ISC and SUF machineries. Adapted
from [100].

The ISC machinery (left part, light blue in color) consists of the cysteine desulfurase
IscS (1) which liberates the yellow circled sulfur from cysteine, generating an IscS-bound
persulphide (—SSH) on a conserved cysteine residue. A transient Fe-S cluster is formed on
the scaffold proteins IscU and/or IscA. The synthesis of de novo Fe-S cluster (2) involves
the transfer of iron (red circle) from the iron-binding protein CyaY (frataxin) and other
yet-unknown factors. The ferredoxin (Fdx) plausibly serves to reduce the sulfur in cysteine
to sulfide (3). The transiently bound Fe-S cluster is then transferred from the IscU/IscA
scaffolds (4) to apoproteins (Apo) for coordination with specific residues (usually cysteine
or histidine). Transfer from IscU is provided by the dedicated chaperone systems HscA
and HscB (5).

The ISC machinery is operative under normal conditions, whereas the SUF machinery
(green colored, right part) is active under oxidative-stress and iron-limiting conditions.
In this case, biogenesis is initiated by the cysteine desulfurase SufS (1), which functions
comparably to IscS except that the sulfur is first transferred to a conserved cysteine residue
of SufE (1) and bound as a persulfide. Putative iron and electron donors in this system
are still unknown (2, 3). Three components might be scaffolds for de novo Fe-S cluster
assembly: SufU and SufA (4), which show similarities to IscU and IscA, respectively, and
SufB (4), which forms a stable complex with SufB-SufC (5). SufrC is an ATPase and may
facilitate Fe-S cluster dissociation from SufB and subsequent transfer to apoproteins.

Among the above-cited archaeal machineries, Figure 10 illustrates the role played by
the SufBC2D complex in the archaeal Fe-S biosynthesis [16,80].
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Figure 10. The proposed mechanism played by the SufBC2D complex in archaeal Fe-S biogenesis.
Adapted from [80].

2.2. Methanothrix thermoacetophila

The Z-517 strain of Methanothrix thermoacetophila is an anaerobic, thermophilic ar-
chaeon originally isolated from mud of thermal Khlorid Lake in Kamchatka [101]. In reality,
such an archeon as isolated from anaerobic digester sludge is also known as Methanosaeta
thermophila with references to strains DSM 6194 /JCM 14653 /NBRC 101360/PT [102-104].

The IscU System

In Section 2.1.2, speaking about cysteine desulfurase, we already discussed the IscU
system in Fe-S biogenesis.

The IscU wild type from Methanothrix thermoacetophila (Mt IscU WT) crystallizes as a
homodimer (Figure 11) [105].

(’ [Fe,S;)(Cys)s(Asp)

Cys107

Figure 11. Overall structure of the dimeric Mt IscU WT, together with a few structural details of the
pertinent [2Fe-2S] cluster. Adapted from [105]; [PDB 7C8M].
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EPR spectroscopic analysis proves that in solution two adjacent [2Fe-2S] clusters in
the wild-type dimer are converted to a [4Fe-45] cluster via reductive coupling [105].

Additionally available are the crystal structures of the variants Mt IscU H106A
[105; PDB 7C8N] and Mt IscU H106C [106; PDB 7CNV], as well as that of the double-
variant Mt IscU D40A /H106A [105; PDB 7C80O].

In contrast with Mt IscU WT, the Mt IscU H106A variant prevents the 2[2Fe-25] /[4Fe-4S]
conversion, suggesting that the H106 fragment provides a key feature of such a conver-
sion [105].

However, the molecular structure of the variant Mt IscU H106C, illustrated in Figure 12,
deserves some attention [106].
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Figure 12. Overall structure of the dimeric Mt IscU H106C (a), and a cartoon representation of the
pertinent iron-sulfur clusters (b). Adapted from [106]; [PDB 7CNYV, to be published].

We naively think that, while in the case of H106A, the replacement of the positively
charged and polar hydrophilic His106 for the non-polar hydrophobic Ala, compensat-
ing each other, leaves the surficial water affinity unchanged, in the case of H106C, the
replacement of the positively charged and polar hydrophilic His106 for the uncharged and
non-polar hydrophilic Cys mutates the surficial water affinity insertion, causing, at least in
part, the unusual structural complexity of the outlined Fe-S clusters.

2.3. Pyrobaculum calidifontis

Pyrobaculum calidifontis is a facultatively aerobic, heterotrophic, hyperthermophilic
archaeon isolated from a terrestrial hot spring in the Philippines that grows optimally from
90 °C to 95 °C and pH 7.0 in atmospheric air [107]. It is involved in two [2Fe-25]-containing
biological functions: “CRISPR-associated exonuclease Cas4” and “Zinc finger, CDGSH-type
domain proteins”, respectively.

2.3.1. CRISPR-Associated Exonuclease Cas4

The Clustered Regularly Interspaced Short Palindromic Repeats-Cas (i.e., CRISPR-
associated) system is an adaptive-immunity prokaryotic defense apparatus with a mul-
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titude of unknown genes comprising up to 45 novel protein families. This immunity
system is based on the incorporation of short DNA sequences (30-50 nucleotides) from
viral genomes or plasmids into the host chromosome, which are then transcribed into guide
RNAs (CRISPR RNAs or crRNAs) and direct Cas proteins to specifically degrade DNAs or
RNAs containing the complementary sequences. CRISPR immunity has been categorized
into three stages: “adaptation”, “expression”, and “interference”. During the adaptation
stage, new spacer sequences are incorporated into the CRISPR locus. During the expression
stage, the CRISPR locus is transcribed to generate, or mature, the CRISPR RNA (crR-NA).
Finally, in the interference stage, the crRNA bound to Cas proteins is employed as the guide
to recognize the protospacer or a closely similar sequence in an invading ge-nome of a virus
or plasmid that is then cleaved and inactivated by Cas nuclease(s). All CRISPR-Cas systems
are divided into two distinct classes on the basis of the design principles of the effector
modules: Class 1 systems have multi-subunit effector complexes com-prising several Cas
proteins; Class 2 systems have the effector as a single, large, mul-tidomain protein. In turn,
Class 1 is divided into types I, III, and IV, whereas class 2 is divided into types 1I, V, and
VI. Each type is further classified into multiple subtypes that are distinguished by subtle
differences in locus organization, leading to 13 families of core Cas proteins: Casl and
Cas2, which form the adaptation complex that is universal to all autonomous CRISPR-Cas
systems; Cas3, which is a helicase that typically contains a nuclease domain and is involved
in target cleavage in type I systems; Cas4, which is an endonuclease required for adap-
tation in many CRISPR-Cas variants; Cas5, Cas6, and Cas7, which are distantly related
members of the so-called RAMP domain superfamily; Cas8, which is an enzymatically
inactive large subunit of type I effector complexes; Cas9, which is a type II effector nuclease
and contributes to spacer acquisition; Cas10, which is a large subunit of type III effector
complexes and contains a Palm domain homologous to those of DNA polymerases and
nucleotide cyclases; Casll, which is a small subunit of the type I and type III effector
complexes; Cas12, which is an effector endonuclease of type V; and Cas13, which is an
effector RNase of type VI [108-112]. CRISPR-Cas systems provide microorganisms with
adaptive immunity by employing short sequences, termed spacers, that guide Cas proteins
to cleave foreign DNA [113,114].

As shown in Figure 13, Pyrobaculum calidifontis Cas4 hosts a classical [FepS;(Cys)4]
cluster [115].

&% [Fe:S:])(Cys)y
[ =] Mg 2+

B \ S0
- \ r Ay o S

Figure 13. Crystal structure of the monomeric CRISPR-associated Cas4 protein Pcal_0546 from
Pyrobaculum calidifontis. Adapted from [115]; [PDB 4R5Q)].

To our knowledge, no redox data are available about the redox properties of the
[2Fe-2S] center. Nevertheless, the role of such cluster in the kinetics of CRISPR-associated
Cas4 protein is not yet understood. What is known is that, as far as the nuclease activity
of the protein is concerned (i.e., catalysis of the hydrolysis of ester linkages within nucleic
acids), the [2Fe-2S] center does not seem to be determinant given that its disruption (by
alanine replacement of the coordinating Cys residues) has no negative effect [115].



Inorganics 2022, 10, 14

12 of 24

2.3.2. Zinc Finger, CDGSH-Type Domain Proteins

The CDGSH (C-D-G-(S/A/T)-H) domains (CISDs) are classified into seven major
types [116,117]. Such domains are found in proteins from a wide range of organisms
(with the exception of fungi) and its peculiar feature is the conserved aminoacid sequence
[C-X-C-X2-(S/T)-X3-P-X-C-D-G-(S/A/T)-H] (the Ser residue can be replaced by Ala or
Thr). Such a typical domain binds a redox-active pH-labile [2Fe-2S] cluster.

Pyrobaculum calidifontis contains a type 3 CISD that crystallizes in a homodimeric form
hosting a non-classical [Fe;S,](Cys)3(His) ferredoxin (Figure 14).

&% [FezS;)(Cys);His
Cys27

0 CysZS

Cys36 1

Figure 14. The molecular structure of Pyrobaculum calidifontis type 3 CISD together with that of the
hosted [2Fe-2S] clusters. Adapted from [116]; [PDB 3TBO].

msw

No redox data are available for such a Fe-S cluster.

2.4. Pyrococcus horikoshii

Pyrococcus horikoshii is an anaerobic archaebacterium isolated in 1992 from a hydrother-
mal vent at a depth of 1395 m in the Okinawa Trough in the Pacific Ocean that grows at
temperatures ranging from 85 °C to 105 °C and optimally at 98 °C [118,119]. It is able
to express a [2Fe-2S] center that plausibly arises from degradation of the [4Fe-45] cluster
catalytically active in “tRNA-5-methyluridine(54) 2-sulfurtransferase”.

tRNA-5-methyluridine(54) 2-sulfurtransferase

The biosynthesis of transfer RNA (tRNA) sulfur modifications involves unique sulfur
trafficking systems that are closely related to cellular sulfur metabolism and “modification
enzymes” that incorporate sulfur atoms into tRNA. tRNA is an essential adaptor molecule
that bridges genomic information from mRNAs to amino acid sequences in proteins [120].

The enzyme tRNA-5-methyluridine(54) 2-sulfurtransferase catalyzes the ATP-dependent
2-thiolation of 5-methyluridine residue at position 54 in the T loop of tRNAs, leading to
5-methyl-2-thiouridine (m5s2U or s2T) (Figure 15) [121].

i e 54
o-methyliindine 5-methyl-2-thiouridine™
in tRNA ATP in tRNA AMP diphosphate
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o
| NH, |
5 |
HsC - H3C
I /g NE N
. S

N,/
ls, |
N N 0
WOH #OH =
Q i + Q +HS™ = + o= P o ar

0 OH OH OH “"oH

L 10 % . Ho.l.o.l ol o
) e AT

NH,

o=
|
b1 B ‘ T -
f (1 H
(o} 0 O O o
5-methyluridine 5-methyl-2-thiouridine
5'-phosphate residue 5'-phosphate residue

Figure 15. The reaction catalyzed by tRNA-5-methyluridine(54) 2-sulfurtransferase. Adapted
from [121,122].
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The simple nonredox substitution of the C2-uridine carbonyl oxygen by sulfur is
catalyzed by tRNA thiouridine synthetases, called TtuA. Spectroscopic, enzymatic, and
structural studies indicate that TtuA, a representative member of a tRNA modification
enzyme superfamily, carries a catalytically essential [4Fe-4S] cluster and requires ATP
for activity.

Figure 16 illustrates the crystal structures of the [4Fe-45] cluster (a) as well as that of
the degraded [2Fe-25] cluster (b) [122].

& @ [4Fe-4S)

o Zn?*

Cys128
Cys220

€Y [FesS;](Cys)s
e Zn% Cys220

A,z.sA‘QY
24 g Cys128
’ L2k
(b} ”/G;sm

Figure 16. Molecular architectures of the homodimers of Pyrococcus horikoshii TtuA together with
the geometries of the Fe-S clusters expressed by: (a) the catalytically active species (adapted from
[124; PDB 5MKQ)); (b) its degraded form (adapted from [122]; [PDB 5MKO]).
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As shown, the [2Fe-2S5] cluster of the degraded form crystallizes in two slightly differ-
ent isoforms, neither of which have been electrochemically investigated. It is noted that
the three cysteine ligands present in the active [4Fe-4S] cluster reorganize maintaining the
same coordination in the degraded [2Fe-2S] cluster. It has also been found that the fourth
uncoordinated Fe of the [4Fe-4S] site may bind a small ligand, such as exogenous sulfide,
thus acting eventually as a sulfur carrier [122]; [PDB 5SMKP].

No redox potential values are available for both the Fe-S clusters.

2.5. Sulfolobus acidocaldarius

The bacterium Sulfolobus acidocaldarius was first isolated from a variety of thermal acid
environments by enrichment at elevated temperatures (from 45 °C to 70 °C) and low pH
(from 2.0 to 6.0) [123,124]. In contrast, at ambient conditions, it maintains an intracellular
pH of about 5.8-6.5; thus, thanks to a respiration-driven proton extrusion process [125], a
dramatic pH gradient occurs [126].

The Respiratory System

Since 1985, the respiratory properties of Sulfolobus acidocaldarius seemed to depend
energetically on respiration-coupled phosphorylation in that its ATP content strictly de-
pended on respiratory activity. Its membrane is capable of proton pumping and presum-
ably contains a branched electron transport system based on different cytochromes and
the presence of a terminal oxidases directly related to the redox aptitude of Caldariella
quinone [127]. Hereafter, as below-discussed, the crucial respiration features were better
and better defined.

Sulfolobus acidocaldarius is able to express two alternative cytochrome oxidase complexes:

1.  The SoxABCD complex (that acts as a proton pump in reconstituted in vitro sys-
tem [128] as well as in vivo [129]) with its subunits SoxA (no prostethic group),
SoxB, and SoxC (both having the prostethic group cytochrome Ag (the pedice S
means Sulfolobus) [130,131]), and SoxD (we do not deal with SoxABCD as it does not
contain any Fe-S cluster; for more details about such a cytochrome oxygenase, see
reference [131]).

2. The SoxM complex constitutes a unique respiratory supercomplex combining features
of a cytochrome bc; complex (subunits SoxF, SoxG, and SoxE) and cytochrome ¢
oxidase (subunits SoxM, SoxH, and SoxL). In fact, SoxM hosts two cytochrome-b
types, namely b and b3, that constitute a quinol bb; oxidase [132]), where cytochrome
b encodes a Cuy, site located in the subunit II (SoxH) typical of cytochrome c oxidase
that constitutes the primary electron acceptor (it is probably linked to two histidines, a
cysteine and a methionine of cupredoxin [133]) and the cytochrome b3 that is coupled
to a Cugp center that catalyzes the dioxygen reduction to two water molecules, thus
completing the cellular respiration process [134]; in fact, SoxH bears a prostethic
group Cup that resides in subunit II of cytochrome ¢ oxidase and hosts two heme As.
SoxF hosts a iron-sulfur protein II. SoxE bears the blue copper centre sulfocyanin, and
finally SoxI hosts an iron-sulfur protein I

There are few examples that illustrate the components and their main electron-
transport functions of the SoxM oxidase [134-137] (Figure 17).
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Figure 17. A representative model of the terminal oxidase supercomplex SoxM in the cell membrane
of Sulfolobus acidocaldarius. SoxI (wWhose structure and function is unknown) is omitted. For a schematic
structure of cytochrome Ag (also known as heme a5s;), see [126]. The main electron transport chain
of SoxM is triggered by the Caldariella quinoidal system through its reversible one-electron passages
H;Qcal/HQcal/Qcal (here represented as double headed arrows) that can act either as electron donor
or electron acceptor depending upon the different phases of respiration. Adapted from [135].

SoxF crystallizes as a monomer and hosts a [2Fe-2S] center that constitutes the first
example of a Rieske-type cluster in Archaea (Figure 18) [135].

«¥ [FezS:z](Cys)z(His)z
o Mgzz*

Figure 18. The molecular architecture of the component SoxF of the Sulfolobus acidocaldarius and the
pertinent iron-sulfur protein II of SoxM oxidase. Adapted from [135]; [PDB 1JM1].

The redox properties of most components of Sulfolobus acidocaldarius SoxM oxidase are
compiled in Table 1.
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Table 1. Formal electrode potentials E°” (V vs. NHE) for the components of Sulfolobus acidocaldarius
SoxM oxidase.

E°’ pH E°’ pH E°’ pH Reference

[2Fe-2S]1%*/* (SoxF) +039 67 +033 74  +027 82 [138,139] 2
- - +038 75 - - [140] 4
Cu?*/* (SoxE) +030 8.0 - - - - [137]of
CupZt/* (SoxH) +024 64 - - - - [141] %8
Cupg?*/* +037 74 - - - - [142]

Fe3*/2+ (heme Ag); +0.03 45 - - - - [134,135] 2

Fe3*/2* (heme Ag), +0.10 45 - - - - [134,135] 2
Fe3*/2* (Cyt b) +020 65 - - - - [134]P
Fe3*/2* (Cyt bs) +035 65 - - - - [134] P

Qeal & HpQuy (£2e7) 4011 65 - - - - [143,144] f

2 Potentiometric titration monitored by EPR spectroscopy. P From Sulfolobus acidocaldarius membranes. © The
A2-33 truncated form. ¢ Recombinant form exploiting the A2-46 deletion that removes the hydrophobic domain
creating a complete hydrophilic N-terminus. ¢ Redox titration monitored by CD potentiometry. f Redox titration
monitored by UV/Vis or EPR spectroscopy. & Recombinant form truncated to remove the short membrane anchor
56-20 in order to obtain a water-soluble gene product.

It is noted that the redox potential of the Rieske-type cluster in the pH range from
6.7 to 8.2 varies by about 80 mV /pH [138], which, being higher than 60 mV/pH for a
one-proton release, suggests the existence of a second two-proton ionization that on the
other hand was confirmed by EPR investigation in the pH range from 5.4 to 9.5 that at high
pHs afforded a pH dependence of 120 mV /pH [139].

2.6. Sulfurisphaera tokodaii

The thermoacidophilic archaeon Sulfurisphaera tokodaii (also known as Sulfolobus tokodaii)
was isolated from an acidic spa in Beppu Hot Springs (Kyushu, Japan) in the early 1980s.
It is an obligate aerobe that grows optimally at pH 2-3 and at 75-80°C, preferably under
chemoheterotrophic growth conditions [145].

There are numerous crystal structures of molecular fragments bound to Sulfurisphaera tokodai,
but most of them do not contain [2Fe-25] centers. Only the glyceraldehyde oxydoreductase
(GAOKX) hosted by Sulfurisphaera tokodaii strain 7 binds [2Fe-2S] centers [146] (Figure 19).
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Figure 19. The overall molecular structure of the glyceraldehyde oxidoreductase (GAOR) hosted
by Sulfurisphaera tokodaii together with the crystal structures of the two slightly different [2Fe-25]
isoforms. Adapted from [146]; [PDB 4ZOH].
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The redox potentials of the two [2Fe-2S] units are not available. It must be taken
into account that the activity of Sulfurisphaera tokodaii is part of the glycolysis process
that converts glucose to pyruvate [146,147]. In reality, such a conversion can occur ac-
cording to two pathways [148]: (i) the Archaeal Embden-Meyerhoff pathway; and (ii) the
Archaeal Entner-Doudoroff pathway. It has been assumed that in the case of GAOX from
Sulfurisphaera tokodaii the conversion of glucose-to-pyruvate follows the Entner-Doudoroff
pathway illustrated in Figure 20 [146].

Glucose
1 glucose dehydrogenases
Gluconolactone
gluconolacionase
Gluconate
l gluconate dehydrogenase
KDG ——————————*GA
ruvate
2-keto-I-deoxygluconate kinase L Py GAOR
KDPG Glycerate

2-keto-3-deoxygluconate akiolase I“Mvale
GAP
ghyceraidehy -phosphate dehydrogenase ‘ "
o
.
BRG | 8
dehydrogenase

ating
de-3-phosphate | Qlycerate kinase

spED branch
youesq g3du

phosphoglycerate kinase }
.
PG
J phosphoglycerate mutase
2PG
enolasa
.
PEP
pyruvate kinase

'
Pyruvate

Figure 20. The Entner-Doudoroff (ED) glycolytic pathway from Sulfurisphaera tokodaii.
spED = semiphosphorylative ED; npED = nonphosphorylative ED; KDG = 2-keto -3-deoxygluconate;
GA = glyceraldehyde; KDGP = 2-keto-3-deoxy-6-phosphogluconate; GAP = glyceraldehyde-
3-phosphate; BPG = 1,3 BPG = 1,3-biphosphoglycerate; 3PG = 3-phosphoglycerate;
2PG = 2-phosphoglycerate; PEP = phosphoenolpyruvate; GAOR = glyceraldehyde oxidore-
ductase. Adapted from [146].

The three GAOR isoenzymes, namely GAOR1, GAOR2, and GAOR3, from
Sulfurisphaera tokodaii, have been crystallographic characterized [146]. All of them belong to
the xanthine oxidoreductase superfamily and are composed of a molybdo-pyranopterin sub-
unit (L), a flavin subunit (M), and an iron-sulfur subunit (S), forming a LMS hetero-trimer
unit. In reality, the hypothesis that in Archaea the related enzyme GAPOR (i.e., glyceraldehyde-
3-phosphate ferredoxin oxidoreductase) might contain a molybdopterin cofactor has been
proposed [148]. Even if, at the moment, such molecular structures have not been deposited
in the Protein Data Bank, Figure 21 representatively shows the molecular architecture
of GAOR?2 [146].

Figure 21. The overall structure of GAOR?2 from Sulfurisphaera tokodaii together with the pertinent
core cofactors. FAD = flavin adenine dinucleotide; MoPCD = Mo-pyranopterin cytosine dinucleotide.
Reprinted from [146].
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To our knowledge, no redox data are available for the [2Fe-2S]%*/* transition of
Sulfurisphaera tokodaii glyceraldehyde oxidoreductase. In this connection, however, though
it is not taken for granted that the comparison might be acceptable, we note that the
glucose degradation from the molybdenum containing aldehyde oxidoreductase from
Sulfolobus acidocaldarius (wWhose crystal structure is not available) hosts two [2Fe-25] clusters,
whose redox potentials are compiled in Table 2, together with those of other domains.

Table 2. Redox potentials (V, vs. NHE) of the ([Fe;S;)](Cys)s) clusters hosted by aldehyde oxidore-
ductases from different domains.

E°’ [2Fe-2S]; E°’ [2Fe-2S]y; pH  References

Archaea

Sulfolobus acidocaldarius @ —0.30" —0.20P 7.5 [149]
Bacteria

Desulfovibrio gigas “4 [150,151] —0.28 be —0.29 bf 7.6 [152]

Desulfovibrio alaskensis & [153] —0.28b —0.32P 9.0 [154]
Eukarya

Mus Musculus (house mouse) h [155,156] ~0.0 b4 ~—0.1Vvbd 74 [157]

2 The pertinent crystal structure is not known. P Determined by redox potentiometry monitored by EPR
spectroscopy. © Desulfovibrio gigas belongs to the group of sulfate-reducing Bacteria, i.e., a member of the
xanthine oxidase family, and was isolated from a sample of water from the Etang de Berre near Marseilles,
France [150]. Its crystal structure is available [151]. d Wild-type. € [2Fe-2S]; = [Fe;S;](Cys)4 proximal to the Mo
center. f [2Fe-2S]; = [Fe;S,1(Cys)4 distal to the Mo centre. & A sulfate-reducing bacterium recovered from a soured
oil well in Purdue Bay, Alaska [153]. h s crystal structure is available [155,156].

It is evident that the archaeal iron-sulfur cluster aldehyde oxidoreductase displays a
redox potential higher (more positive) than those of the other domains.

3. Conclusions and Perspectives

We discussed the known multiple enzymatic reactions triggered by Archaea. Among
the pertinent subjects, we emphasized several machineries that catalyze the iron-sulfur
biosynthesis (in particular the [2Fe-2S]) clusters). Moreover, we provided evidence for the
eukaryotic core ISC complex machinery, the bacterial ISC machinery, the fact that one or
both the bacterial ISC and SUF machineries can proceed in parallel, and the role played by
the SufBC2D complex in the archaeal machinery. The pertinent molecular structures (and
when available their electron-transfer capacity) were reviewed.

Nevertheless, in many of the cases dealt with while their molecular structures are
available, their redox properties were investigated only in minor part. Looking ahead, we
believe that either the resolution of such a lack as well as the expansion of the range of
structurally and electrochemically characterized Archaea in order to enrich the knowledge
of their biophysical functions would constitute significant advances.

In this connection, for example, Table 3 illustrates the electrochemical behavior of not
yet structurally characterized archaeal derivatives.

Table 3. Redox potentials (E°” in V vs. NHE) of the [2Fe-2S]2*/* transition in the archaeal Rieske-type
Ferredoxins (ARF).

E°’ pH E°’ pH Reference
Sulredoxin from Sulfololobus tokodaii sp. (Strain 7) 2 +0.39 5.5 +0.20 9.0 [158,159] P
E°’ pH
Sulfolobus solfataricus (strain P-1) € ~—0.1 7.0 [160,161] P
E°’ pH
Acidianus ambivalens ferredoxin 2 (REd2) ¢ >0.0 7.0 [162]4
Acidianus ambivalens subtype ferredoxin (RFd) € +0.17 7.1 +0.17 7.8 [163]

2 Measured by potentiometric titration monitored by UV /vis spectroscopy. ® Potentiometric titration. ¢ Preliminar-
ily crystallized but structurally still unresolved [161]. d Measured by potentiometric titration monitored by visible
CD spectroscopy. © Structurally unresolved. f Measured by potentiometric titration monitored by EPR spectroscopy.
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