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Abstract: Iron-sulfur (Fe-S) clusters are essential protein cofactors. In enzymes, they are present either
in the rhombic [2Fe-2S] or the cubic [4Fe-4S] form, where they are involved in catalysis and electron
transfer and in the biosynthesis of metal-containing prosthetic groups like the molybdenum cofactor
(Moco). Here, we give an overview of the assembly of Fe-S clusters in bacteria and humans and present
their connection to the Moco biosynthesis pathway. In all organisms, Fe-S cluster assembly starts with
the abstraction of sulfur from L-cysteine and its transfer to a scaffold protein. After formation, Fe-S
clusters are transferred to carrier proteins that insert them into recipient apo-proteins. In eukaryotes
like humans and plants, Fe-S cluster assembly takes place both in mitochondria and in the cytosol.
Both Moco biosynthesis and Fe-S cluster assembly are highly conserved among all kingdoms of life.
Moco is a tricyclic pterin compound with molybdenum coordinated through its unique dithiolene
group. Moco biosynthesis begins in the mitochondria in a Fe-S cluster dependent step involving
radical/S-adenosylmethionine (SAM) chemistry. An intermediate is transferred to the cytosol where
the dithiolene group is formed, to which molybdenum is finally added. Further connections between
Fe-S cluster assembly and Moco biosynthesis are discussed in detail.

Keywords: Moco biosynthesis; Fe-S cluster assembly; L-cysteine desulfurase; ISC; SUF; NIF; iron;
molybdenum; sulfur

1. Introduction

As one of the most abundant metals on earth, iron naturally is one of the prevalent metal ions in
biological systems [1]. Iron is a major constituent of iron-sulfur (Fe-S) clusters and plays an important
role in life on earth. Fe-S centers are essential protein cofactors in all forms of life [2]. They are
involved in many key biological pathways including the metabolism of carbon, nitrogen and sulfur,
photosynthesis, respiration, biosynthesis of antibiotics, protein translation, replication and DNA repair,
gene regulation, protection from oxidizing agents, and neurotransmission. In particular, Fe-S centers
are not only involved as enzyme cofactors in catalysis and electron transfer, but they have been revealed
to be essential for the assembly of other metal-containing cofactors.

The most common clusters are [2Fe-25], [3Fe-4S], and [4Fe-4S], and they are the most versatile
and presumably oldest cofactors of proteins in the cell (Figure 1). Their synthesis and insertion into
apo-proteins require the function of complex cellular machinery [2—4]. In addition to the roles named
above, Fe-S cluster-containing proteins play critical roles in the assembly of other metal-containing
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enzymes or metal-containing cofactors such as the molybdenum cofactor (Moco). In this case, Fe-S
cluster assembly has to precede the biosynthesis of this metal-dependent molecule.
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Figure 1. Three common types of Fe-S clusters. Shown are the structures of a rhombic [2Fe-2S] and a
cubane [4Fe-4S] cluster. The [3Fe-45] cluster can be generated by the loss of iron from a [4Fe-4S] cluster.
Sulfur is symbolized in yellow and iron is represented in red.

Fe-S clusters were first discovered in the early 1960s by H. Beinert, R.H. Sands, and others,
in photosynthetic organisms [5], nitrogen-fixing bacteria [6], and sub-mitochondrial fractions of
mammalian origin [7]. To date, numerous different types of proteins or enzymes containing diverse
Fe-S clusters have been identified [2]. Fe-S containing proteins are ubiquitous and unarguably constitute
the oldest but the structurally-heterogeneous class of proteins in biology. Fe-S enzymes are quite
diverse in function and many of them catalyze key redox reactions in central metabolism under both
aerobic and anaerobic conditions. Fe-S clusters can form spontaneously in solution from Fe?*/Fe®*,
R-S~, S2; or from Fe?*, R-SH, and sulfur [8], and it has been suggested that the first biologically
meaningful reactions were catalyzed by Fe-S clusters [9]. Presumably, the first Fe-S proteins arose from
the incorporation of preformed inorganic Fe-S clusters into polypeptides. In the world as we currently
know it, the process of Fe-S cluster biosynthesis in living organisms turns out to be highly regulated
and is catalyzed by numerous biogenesis factors that are remarkably conserved among prokaryotes
and eukaryotes [4,10].

The complexity of Fe-S cluster biosynthesis became evident in 1998, when a complex gene cluster
was discovered in bacteria that codes for proteins that are involved in their controlled assembly [11].
In eukaryotes, the mitochondria were identified as the primary compartment for Fe-S cluster assembly
and were found to contain a very similar system as found in prokaryotes [12]. Since the late 1990s,
the proteins involved in Fe-S cluster biosynthesis have been studied and characterized extensively.
While these studies provided a general outline of in vitro and in vivo Fe-S cluster assembly, a number
of major questions remain to be answered. Remaining gaps in our knowledge are: how Fe-S clusters
are transferred to their target proteins, how specificity in this process is achieved and, in particular,
how the iron for cluster assembly is provided in the cell.

Among the most recent additions to the field of Fe-S dependent enzymes was the discovery of
the superfamily of radical/S-adenosylmethionine (radical/SAM) enzymes in 2001 [13]. These enzymes
utilize a [4Fe-4S] cluster and SAM to initiate a diverse set of radical reactions, in most cases via the
generation of a 5'-deoxyadenosyl radical intermediate. While this superfamily has been already
identified in 2001 by studies that were mainly based on bioinformatics, the discovery of new Fe-S
containing enzymes that employ SAM to initiate radical reactions still continues. Especially in recent
years, it has become obvious that most reaction pathways for the synthesis of complex metal-containing
cofactors have recruited radical/SAM chemistry [14]. One example has been the identification of
the mechanism of the radical/SAM enzyme MoaA, a GTP 3’,8-cyclase in the biosynthesis of Moco
of the diverse class of molybdoenzymes [15,16]. The number of known radical/SAM-dependent
enzymes grew exponentially during the last years, with an initial identification of 600 members of the
superfamily by Sofia et al. in 2001 that until today has increased to more than 113,000 members [14].
These enzymes are found across species and catalyze a diverse set of reactions, the vast majority of
which have yet to be characterized. Due to their functional diversity, most cellular processes depend
on this superfamily of [4Fe-4S]-containing enzymes.
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2. The Assembly of Fe-S Clusters in Bacteria

Three main Fe-S cluster assembly pathways have been identified to date, namely the NIF (nitrogen
fixation) system, the SUF (sulfur formation) system, and the ISC (iron sulfur cluster) system (reviewed
in Reference [4]) (Figure 2). The three systems have different phylogenetic distributions throughout the
three kingdoms of life. For example, in cyanobacteria, the SUF pathway is the major system for Fe-S
cluster assembly, while in Escherichia coli the ISC has the predominant role, while the SUF pathway
is more important under stress conditions [17]. Furthermore, in gram-positive pathogens such as
Mycobacteria or Clostridia, as well as some Archaea, the SUF pathway is essential. In other bacteria like
the plant-pathogenic bacterium Dickeya dandatii, all three ISC, SUF, and NIF systems are present [18].
In eukaryotes, the Fe-S cluster assembly pathway is further complicated by a different localization to
specific organelles [19]. Homologues of the ISC pathway are present predominantly in mitochondria,
while SUF homologues are restricted to the chloroplasts of some photosynthetic organisms (Figure 2).
In addition, a cytosolic iron sulfur cluster (CIA) machinery is present that appears to be distinct from
the SUF and ISC pathway.

bacteria ® 8 ® B
ISC SUF isc (@
® B
E. coli A. vinelandii ISC @
SUF
® ISC SUF g D. dandatii
o @
Pseudomonads Cyanobacteria
eukaryotes
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Figure 2. Possible links of Fe-S cluster assembly systems in prokaryotes and eukaryotes. Bacterial
organisms harbor different complements of the NIF (nitrogen fixation), ISC (iron-sulfur cluster),
and SUF (sulfur mobilization) systems. The NIF system is specialized for the assembly of nitrogenase
in azototrophic bacteria. In bacteria like E. coli, both the ISC and SUF systems are present,
while Pseudomonads contain only the ISC system and Cyanobacteria contain only the SUF system, and in
Dickeya dandatii all three systems are present. The ISC assembly machinery of mitochondria is likely
inherited from an ancestor of x-proteobacteria, the evolutionary origin of these organelles. The SUF
machinery of plastids in higher plants has been likely inherited by endosymbiosis of a photosynthetic
bacterium. The cytosolic iron-sulfur protein assembly (CIA) machinery for the maturation of cytosolic
and nuclear Fe-S proteins depends on the mitochondrial ISC assembly machinery. These three systems
are highly conserved in eukaryotes from humans to yeast and plants.

Fe-S clusters are mainly bound to proteins by cysteine or histidine residues either in the rhombic
[2Fe-2S] or the cubic [4Fe-4S] forms (Figure 1) [20]. In model organisms, like E. coli, the Fe-S cluster
assembly pathways have been well studied. E. coli possesses two systems for Fe-S cluster assembly;,
which share the same basic principles in cluster assembly. While the ISC machinery is transcribed
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by the iscRSUA-hscBA-fdx-iscX operon, the SUF machinery is organized in the sufABCDSE operon
(Figure 3) [21-23]. As a starting point, the L-cysteine desulfurases IscS or SufS convert L-cysteine to
L-alanine and provide the sulfur in the form of a protein-bound persulfide [23]. IscS was shown to
act as housekeeping r-cysteine desulfurase [11], while SufS acts under conditions of iron-limitation
and oxidative stress [24]. For house-keeping Fe-S cluster assembly, IscS interacts with IscU, thereby
making IscU accessible to receive the persulfide sulfur from IscS. In this step, IscU serves as a scaffold
protein for the initial assembly of [2Fe-2S] clusters and [4Fe-4S] clusters (Figure 3) [25,26]. The iron
source for nascent Fe-S cluster formation has not been identified yet; however, several proteins
have been discussed as candidates [27]. IscS and IscU proteins form a heterotetrameric complex
together with Cyay, the bacterial homologue to frataxin (see below) [26,28]. During this step of the
assembly of Fe-S clusters electrons are required for persulfide reduction. These electrons are most
likely provided by ferredoxin (Fdx) [29-31]. Initially, one [2Fe-25] cluster is formed per IscU monomer
inducing a conformational change within the IscU protein that decreases the stability of the IscS-IscU
interaction [23]. This step is expected to further enable the reductive coupling of two [2Fe-2S] clusters
to form one single [4Fe-4S] cluster on IscU.
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Figure 3. A model for the assembly of Fe-S clusters in E. coli by the ISC and SUF machinery. For each
system, the proteins involved in each step are indicated in addition to their operon organization.
The building of the Fe-S clusters in both systems is facilitated by the scaffold proteins IscU or SufB.
After the formation of [2Fe-2S] or [4Fe-4S] clusters on IscU, their release is catalyzed with the help of
the HscBA co/chaperones in the ISC system. This step in particular still needs to be clarified in the SUF
machinery. After formation, the clusters are transferred by the A-type carrier proteins IscA and SufA to
target proteins. Both systems are tightly regulated by IscR at the level of Fe-S cluster availability. Under
normal conditions, the IscR regulator exists in an [2Fe-25] cluster bound form and represses its own
expression to control Fe-S cluster formation and the Fe-S state of the cell. Under iron limitation, the IscR
regulator is accumulated and converted to its apo-form that activates the suf operon. The model shows
a simplified version of the regulation of both systems, not depicting the regulation by small RNAs
or oxygen.
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For the release of Fe-S clusters from IscU, HscA, and HscB are involved in an ATP-dependent
manner, two members of the DnaK/Dna]J chaperones/co-chaperone family [32]. HscA recognizes
a specific motif on IscU, and their interaction is additionally regulated by the co-chaperone, HscB.
The mechanism by which the chaperone facilitates cluster release from IscU has been proposed to
involve two conformational states of IscU with different affinities to the bound Fe-S clusters [33].
The chaperones thereby favor the low-affinity IscU state and facilitate the release of the Fe-S cluster
from IscU.

In comparison, the SUF system has also been well characterized from studies in bacteria [4,24,34-37].
Here, SufS forms a complex with SufE, which together mobilize the sulfur for cluster assembly. In the
SUF machinery, SufB is the Fe-S scaffold protein that acts in conjunction with SufC (and in some cases
additionally with SufD) [38]. After Fe-S cluster formation, SufA then transfers the Fe-S clusters to
target apo-proteins [39] (Figure 3).

Numerous Fe-S carriers have been identified in both prokaryotes and eukaryotes [4]. These include
as main carriers the so-called A-type carriers (ATC) IscA, SufA, and ErpA (Figure 4) [40,41].
Other carriers include the highly-conserved NFU-type proteins [42], the monothiol glutaredoxins
(Grx 5 in yeast and GrxD in E. coli) [43,44], or the P-loop NTPases, (Ind1 in mitochondria, ApbC in
Salmonella) [45,46].

Previous phylogenetic studies had classified ErpA and IscA into two different families; while ErpA
belongs to family ATC-I, IscA was grouped into family ATC-II [40]. While ATC-I family members
interact with the apo-target proteins, the ATC-II family members are predicted to interact with the
scaffold proteins instead. However, the ATC proteins were also shown to replace each other in
their roles.

The expression of the SUF and ISC system has been revealed to be tightly regulated in
E. coli. While the ISC system is the house-keeping Fe-S cluster assembly system, the SUF system
instead is mainly synthesized under iron-limiting conditions [24]. One of the main regulators that
regulate the expression of either the ISC system or the SUF system is the IscR protein [4]. IscR is
a transcriptional regulator that exists in the apo-form and in a [2Fe-2S] cluster bound form in the
cell [47]. In its [2Fe-2S] cluster bound form, IscR represses its own expression in addition to that of
iscRSUA-hscBA-fdx-iscX. In contrast, in its apo-form, IscR activates the expression of the SUF system
(Figure 3) [4]. This mechanism allows IscR to fine-tune Fe-S cluster synthesis in response to the presence
of synthesized Fe-S clusters and iron availability in the cell.
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Figure 4. Moco biosynthesis and the link to Fe-S cluster assembly in E. coli. In Moco biosynthesis,
Mo-MPT is formed from 5 GTP with cPMP and MPT as stable intermediates. For enzymes of the
MPT unit in the bis-Mo-MPT intermediate. For enzymes like PaoABC, Mo-MPT is further modified by
the addition of CMP to form the MCD form of the cofactor. Molybdoenzymes, in general, are complex
of the dithiolene group in Moco is mobilized by IscS with the additional involvement of the TusA
protein. CyaY interacts with the IscS-IscU complex and forms a central heterotetramer. Fe-S clusters
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DMSO reductase family like TorCA or NarGHI, bis-MGD is formed by the addition of GMP to each
enzymes, containing additional cofactors like FAD, Fe-S clusters, or hemes. The sulfur for the synthesis
assemble on the scaffold protein IscU, which receives the sulfur from the r-cysteine desulfurase IscS.

Assembly and release of the clusters is catalyzed by the chaperones HscAB. Ferredoxin is delivering
the electrons. The carrier proteins IscA and ErpA deliver the matured Fe-S clusters to recipient protein
among which is MoaA in Moco biosynthesis.

3. A General Scheme for the Biosynthesis of the Molybdenum Cofactor

The biosynthesis of the molybdenum cofactor (Moco) is highly conserved among all kingdoms of
life. The chemical nature of Moco was first determined by Rajagopalan and coworkers in 1982 [48].
The pathway for the biosynthesis can generally be divided into three steps, with the characteristic
of each step being the formation of a stable intermediate (Figure 4) [49-52]. The first step represents
the synthesis of cyclic pyranopterin monophosphate (cPMP) from 5-GTP [53], the second step the
introduction of two sulfur atoms into cPMP forming molybdopterin (MPT) by [54], and the third step is
the insertion of molybdate into MPT, resulting in the formation of the so-called Mo-MPT cofactor [55].
In prokaryotes, Mo-MPT is further modified by the attachment of GMP or CMP to the phosphate group
of MPT, forming the two dinucleotide variants of Moco, MPT-guanine dinucleotide (MGD), [56] and
MPT-cytosine dinucleotide (MCD) [57,58] (Figure 4). The characteristics of different forms of Moco are
represented further by different ligands at the molybdenum atom. This resulted in the categorization
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of molybdoenzymes into three families (Figure 5): the xanthine oxidase (XO) family, the sulfite oxidase
(SO) family, and the dimethyl sulfoxide (DMSO) reductase family. Enzymes of the DMSO reductase
family generally contain two MPT moieties ligated to the molybdenum atom and are present only in
prokaryotes [50]. Here, we will briefly summarize the biosynthesis of Moco.
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Figure 5. The three families of molybdoenzymes in pro- and eukaryotes. Moco exists in different
variants and is divided into three enzyme families. The basic form of Moco is Mo-MPT that coordinates
the molybdenum atom in a tri-oxo form. The SO family is present both in pro-and eukaryotes and is
characterized by a molybdenum ligation with one oxo-, one hydroxide- and one cysteine ligand from
the protein backbone. The XO family is also present in both pro- and eukaryotes and is characterized
by an equatorial sulfido-ligand, an apical oxo ligand, and one hydroxide or O ligand. The XO family
contains the sulfurated form of Mo-MPT. In E. coli, an additional nucleotide is present in this family,
forming the molybdopterin cytosine dinucleotide cofactor (MCD). The DMSO reductase family contains
two MPTs (bis-Mo-MPT) or two MGDs (bis-MGD) ligated to one molybdenum atom with additional
ligands being an O/S and a sixth ligand which can be a serine, a cysteine, a selenocysteine, an aspartate
or a hydroxide ligand.

In the first step of Moco biosynthesis, 5-GTP is converted to cPMP (Figure 4) [53]. c¢PMP is a
6-alkyl pterin with a cyclic phosphate group at the C2’ and C4’ atoms [59]. This reaction is catalyzed
by two enzymes, MoaA and MoaC [53,60] (Figure 4). While the individual catalytic functions of
MoaA and MoaC have long been unknown, recent studies showed that MoaA catalyzes the conversion
of GTP to (8S)-3’,8-cyclo-7,8-dihydroguanosine 5’triphosphate (3',8-cH,GTP), and MoaC catalyzes
the conversion of 3’,8-cH,GTP to cPMP [15]. Details of the recent updates and the details of MoaA
mechanism, where [4Fe-45] clusters play central roles, will be discussed in the next chapter.

In the second step of Moco biosynthesis, two sulfur atoms are inserted into cPMP, and MPT is
formed as a stable intermediate [54,61-65]. This reaction is catalyzed by MPT synthase, composed
of two MoaD and two MoaE subunits (Figure 4) [66]. The sulfur atoms required for this reaction
are present at the C-terminus of MoaD in form of a thiocarboxylate group [67,68]. Studies on the
reaction mechanism showed that the first sulfur is added at the C2’ position of cPMP in a reaction
that is coupled to the hydrolysis of the cPMP cyclic phosphate group [65]. The second sulfur is then
transferred to the C1’ of the hemisulfurated intermediate and MPT is formed as the product.



Inorganics 2020, 8, 43 8 of 23

In the third step of Moco biosynthesis, molybdate is inserted to the dithiolene sulfurs of MPT
and Mo-MPT is formed, one of the forms of Moco. The specific insertion of molybdenum into MPT
is catalyzed by the joined action of MoeA and MogA (Figure 4) [69,70]. MogA thereby hydrolyzes
ATP and forms the activated MPT-AMP intermediate [71]. This intermediate is then transferred to
MoeA, which mediates molybdenum ligation at low concentrations of MoO,4%~ [70]. Mo-MPT can be
further modified by nucleotide addition in the next step of Moco biosynthesis, which is present only in
prokaryotes (Figure 5) [72]. Alternatively, the Mo-MPT cofactor can be directly inserted into enzymes
of the SO family. In this family, the molybdenum atom of Mo-MPT is coordinated by a cysteine from
the polypeptide backbone of the protein, representing the cofactor in its MPT-Mo"!O, form [50].

The proteins of the DMSO reductase family in bacteria contain the bis-MGD cofactor (Figure 5) [50].
The synthesis of the bis-MGD was shown to occur in a two-step reaction catalysed by MobA using
Mo-MPT and Mg-GTP as substrates [72]. In the first reaction, the bis-Mo-MPT intermediate is formed
on MobA from two Mo-MPT molecules [73]. In the second reaction, two GMP moieties from GTP are
added to the C4’ phosphate of bis-Mo-MPT, forming the bis-MGD cofactor [74,75]. After the formation
of bis-MGD, the cofactor can be released from MobA and inserted into target enzymes. However, it is
expected that bis-sMGD does not exist in a free form in the cell. Formed bis-MGD is rather expected to
be immediately recruited by Moco-binding chaperones that protect the cofactor from oxidation and
specifically interact with their target apo-molybdoenzymes for bis-MGD insertion. After insertion,
bis-MGD is generally ligated by a serine, a cysteine, a selenocysteine, or an aspartate from the protein
backbone. The other ligand in enzymes of the DMSO reductase family that bind the bis-MGD cofactor
is an oxo- or sulfido atom.

The addition of CMP results in the formation of the MPT-cytosine dinucleotide (MCD) cofactor [58],
a cofactor that is present in the xanthine oxidase family of molybdoenzymes in bacteria (Figure 5).
The formation of MCD is catalyzed by MocA (Moco cytidylyltransferase). After the formation of MCD
and the bis-MGD cofactor, a further modification at the molybdenum atom can occur by the addition
of a terminal sulfido-ligand [76]. The sulfido-ligand at the equatorial position of the molybdenum
atom is a characteristic feature of enzymes in the xanthine oxidase family. In eukaryotes, enzymes of
this family do not harbor the additional CMP modification of the cofactor (Figure 5).

4. Linking Moco Biosynthesis and Fe-S Cluster Assembly in Bacteria

More than 60 different Moco-containing molybdoenzymes have been identified to date [77].
In recent years it has become evident that the biosynthesis of Moco and the assembly of Fe-S clusters are
directly connected to each other. Moco biosynthesis directly depends on the presence of Fe-S clusters or
components of the Fe-S cluster assembly machinery on several levels (Figure 4). Many molybdoenzymes
bind Fe-S clusters as additional cofactors that are involved in intramolecular electron transfer reactions.
In Moco biosynthesis, the MoaA protein harbors two [4Fe-45] clusters and thus directly depends
on Fe-S cluster assembly. In addition, the L-cysteine desulfurase IscS is shared between Fe-S cluster
assembly and Moco biosynthesis since it also mobilizes the sulfur for the synthesis of the dithiolene
group present in Moco. Further, the expression of most molybdoenzymes and proteins involved in
Moco biosynthesis in bacteria is regulated by the transcriptional regulator for fumarate and nitrate
reduction, FNR [78,79]. The activity of FNR itself is directly dependent on the availability of Fe-S
clusters under anaerobic conditions; consequently, Moco is not synthesized and molybdoenzymes are
not expressed when Fe-S clusters are not assembled (Figure 4).

4.1. The Involvement of Radical SAM Chemistry for Moco Biosynthesis

The first step of Moco biosynthesis, the conversion of GTP into cPMP, directly depends on the
assembly of [4Fe-45] clusters, which proceeds through a complex rearrangement reaction, where C8 of
guanine is being inserted between C2’ and C3’ of ribose [60]. During this reaction, MoaA plays a key
role. MoaA is the only protein that binds Fe-S clusters in the pathway of Moco biosynthesis and was
grouped into the superfamily of radical/SAM enzymes. In general, the mechanism of radical SAM
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chemistry involves the [4Fe-4S]%* cluster bound to the C-X3-C-X,-C motif located at the N-terminus of
radical SAM superfamily enzymes (Figure 6).
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Figure 6. A general scheme for the mechanism of radical-SAM enzymes. The [4Fe-45] that is bound to
the conserved C-X3-C-X,-C motif provides the electron required for the reductive cleavage of SAM.
In this reaction, methionine and the adenosyl radical (dAdo-) is generated. The formed dAdo- then
abstracts a hydrogen atom from the substrate (SH), and a substrate radical (S-) and dAdoH are formed.

The cluster is reduced by one electron to the catalytically-active state and coordinates the
substrate 5’S-adenosyl-methionine (SAM). In the reduced [4Fe-4S]* state, the cluster transfers
an electron to the sulfonium sulfur of SAM, thereby promoting homolytic S-C bond cleavage to
generate the 5’-deoxyadenosyl radical intermediate (dAdo-) and methionine. The dAdo- intermediate
then abstracts a hydrogen atom from the substrate. The 5’-deoxyadenosine (dAdoH) is formed,
and the resulting product radical intermediate may either be the end product or can undergo further
transformations (Figure 6).

In the first step of Moco biosynthesis, MoaA and MoaC catalyze the conversion of 5 GTP into
cyclic pyranopterin monophosphate (cPMP). MoaA is a member of the radical SAM superfamily and
binds the characteristic [4Fe-4S] cluster at the N-terminus and an additional [4Fe-4S] at the C-terminus.
For Fe-S cluster insertion into MoaA, recent studies showed that both ErpA and IscA can provide Fe-S
clusters to MoaA. Since AerpA/AiscA double mutant strains were revealed to be completely devoid of
Moco, it was concluded that SufA is unable to substitute the roles of both A-type carrier proteins for
Moco biosynthesis (unpublished results).

The mechanism of cPMP formation was first investigated using isotope labeling experiments,
which indicated that the C-8 atom of the guanine base of GTP is inserted between the C2’ and C3’
atoms of the ribose moiety.

Recent studies showed that MoaA catalyzes the conversion of GTIP into a 3’,8-cyclo-7,8-
dihydroguanosine 5’-triphosphate (3’,8-cH,GTP) intermediate (Figure 7). The conversion of GTP into
3’,8-cHp,GTP by MoaA proceeds through a radical formation at C3’ by the abstraction of the H-3" atom
of GTP by 5’-dAdo- [15,80]. The free radical generated at the C3’ of the ribose has been revealed by
isotope labeling studies [15,80], where a deuterium atom at the 3’-position was shown to be transferred
to dAdoH. The resulting C3’ centered radical attacks C8 to form the aminyl radical intermediate,
which is then reduced by transfer of an electron and a proton to form 3’,8-cH,GTP. Therefore, MoaA
catalyzes the C—C bond formation between the GTP C3’ and the C8 of the guanine, resulting in the
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3’,8-cH,GTP intermediate as the end product of the MoaA catalyzed reaction. The conversion of
3’,8-cHpGTP to cPMP is catalyzed by MoaC in the next step of the reaction [15]. It has been proposed
that two loops in MoaC provide conformational flexibility of the enzyme that facilitates a general
acid/base-catalyzed mechanism for the formation of the pyranopterin structure that is coupled to the
cyclic phosphate ring formation (Figure 7). This step catalyzed by MoaC involves the irreversible
cleavage of the pyrophosphate group that has been proposed to provide the thermodynamic driving
force for the overall reaction.

o
</ | NH YNHZ

P /]

N” NH N XN
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’ "T’ ~- ~r Ny MoaA ppp~ ol MoaC "‘°
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H" OH oOH HO
OH
5GTP 3’,8-cH,GTP cPMP

Figure 7. The conversion of 5 GTP to cPMP involving the functions of MoaA and MoaC. The colors
on 5'GTP and cPMP indicate the source of the carbon and nitrogen atoms in cPMP as determined by
isotope labeling studies. The reaction involves the formation of 3/,8-cH2GTP as the product of MoaA
and the substrate for MoaC.

4.2. Sulfur Mobilization Involves Sharing of Protein Functions in Prokaryotes

In the next step of Moco biosynthesis, cPMP is converted to MPT in a reaction catalyzed by MPT
synthase [54,61-64]. In this reaction, two sulfur atoms are inserted into the C2’ position of cPMP
and the C1’ position of the formed hemisulfurated intermediate [65]. In bacteria, MPT synthase is
composed as a (xf3), heterotetramer of two central MoaE subunits, each binding one MoaD subunit
(Figure 4) [66]. The sulfur atoms required for this reaction are bound as thiocarboxylate groups at the
C-terminus of each MoaD subunit [67,68]. After the sulfur transfer reaction, the thiocarboxylate group is
regenerated on each MoaD subunit. This reaction is catalyzed by MoeB under ATP consumption [81,82].
In the course of the reaction, MoaD dissociates from MoaE and reassociates with MoeB in a («f3),
heterotetramer. In the first step, an acyl-adenylate group is formed at the C-terminus of MoaD [81,83,84].
In a second step, sulfur is directly transferred from a sulfur transferase to the activated MoaD-AMP
C-terminus, and the MoaD thiocarboxylate (MoaD-COSH) is rebuilt. MoaD-COSH then dissociates
from the (MoeB-MoaD), complex and MoaD reassociates with MoaE [84,85]. The proteins IscS and
TusA are proposed to be involved in the sulfur transfer reaction for the formation of the MoaD
thiocarboxylate group in E. coli (Figure 4) [86,87]. It has been proposed that IscS first forms a persulfide
group on TusA that is then reductively cleaved and transferred to MoaD by attacking the MoaD-AMP
bond [88,89].

After MPT formation, the dithiolene group of MPT serves as the backbone for molybdenum
ligation. This step is catalyzed by MogA and MoeA under ATP consumption by the formation
of an MPT-AMP intermediate catalyzed by MogA. After molybdate insertion into MPT-AMP in a
MoeA-dependent reaction, the resulting tri-oxo Mo-MPT is either inserted into enzymes of the SO
family or is further modified by nucleotide (GMP or CMP) addition, forming the MCD or bis-MGD
cofactors, respectively.

4.3. The Insertion of Different Cofactors into Molybdoenzymes in Bacteria

Molybdoenzymes are generally composed of different subunits harboring additional prosthetic
groups, such as cytochromes, the Fe-S cluster, or FAD/FMN that are involved in intramolecular electron
transfer reactions (Figure 4) [50]. The molybdenum atom thereby exists in the oxidation states VI, V,
or IV under physiological conditions and acts as a transducer between 2 electron transfer and 1 electron
transfer processes often coupled to proton transfer.
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In general, Moco is deeply buried within the enzyme that is accessible via a substrate-binding
funnel leading to the molybdenum atom [90]. It has been suggested that Moco insertion is
accomplished by molecular chaperones that induce the final folding of the enzymes after Moco
insertion [91]. The insertion of the different forms of Moco has been best studied in bacteria. In E. coli,
many molybdoenzymes are located in the periplasm and require the Tat system for their translocation.
The transport of enzymes occurs in the folded state after the insertion of the Moco and Fe-S clusters or
other cofactors. This translocation presents a “quality control” step accomplished by the chaperones
as Moco insertases and ensures that only the matured enzymes that contain Moco are translocated.
After subunit assembly, Moco is inserted, final folding of the enzyme is accomplished, the enzyme is
directed to the Tat-translocon and finally exported to the periplasm.

For Fe-S cluster insertion into enzymes, several A-type carriers have been identified that facilitate
this process [40]. These proteins, which are SufA, IscA, or ErpA in E. coli, carry and insert the Fe-S
clusters to designated target proteins. Previous reports suggested that ErpA is essential for the
formation of an active formate-nitrate reductase complex in E. coli [92]. It was shown that E. coli erpA
mutant strains were devoid of formate dehydrogenase and nitrate reductase activities. In these studies,
IscA was able to partially complement the erpA mutant, showing that these proteins might have
overlapping roles, but ErpA seems to be the more specific enzyme for nitrate reductase and formate
reductase maturation [92]. However, the overlapping effects of Fe-S cluster assembly and biosynthesis
and insertion of Moco were not accounted for in this study. Since MoaA contains Fe-S clusters, the effect
of the erpA mutant might have already been a decrease in MoaA activity, leading to a lack of Moco in
the cell. Recent studies revealed that NarG is not expressed in erpA mutant strains and that inactive
FNR precludes the expression of the narGHJI operon (unpublished results). Additionally, it was shown
that ErpA and IscA are involved in Fe-S cluster insertion into MoaA (unpublished results), so that the
inactivity of nitrate reductase and formate dehydrogenase in erpA mutant strains is likely rather based
on the lack of Moco. It still remains possible that, in addition, ErpA and IscA are involved in Fe-S cluster
insertion into these molybdoenzymes. However, based on the lack of expression of the FNR-regulated
operons, the involvement of these proteins cannot be analyzed. Thus, it is difficult to dissect the
combined effects of Moco biosynthesis and Fe-S cluster insertion for molybdoenzyme maturation.

5. Compartmentalization of Fe-S Cluster and Moco Biosynthesis in Eukaryotes: The Role
of Mitochondria

5.1. Mitochondrial Fe-S Cluster Biosynthesis in Eukaryotes

In eukaryotes, the main Fe-S cluster assembly is localized in the mitochondria, which were derived
from bacteria by endosymbiosis. The key component for Fe-S cluster biosynthesis in mitochondria is
the L-cysteine desulfurase NFS1, which forms the central dimer (Figure 8).

The enzyme serves as the general sulfur donor for cellular Fe-S cluster synthesis, also for cytosolic
Fe-S clusters. At the NFS1 dimer interface, a dimer of ISD11 is bound that stabilizes NFS1 [93-95].
While ISD11 is conserved in eukaryotes [96], a prokaryotic homolog of ISD11 is not known [93].
ISD11 belongs to the large family of LYRM proteins that fold into a triple-helical bundle [97]. ISD11
contributes to the interaction with the acyl carrier protein ACP1 [93]. While ACP1 is not needed for
efficient synthesis of the [2Fe-2S] cluster on ISCU2, the ISD11-ACP1 sub-complex was proposed to
regulate Fe-S cluster assembly by linking the energy load of the cells to the Fe-S cluster assembly
complex [98]. Each monomer of the NFS1 dimer binds frataxin (FXN), ISCU2, and FDX2 at the two
opposite ends. For the conversion of the persulfide sulfur (S°) to sulfide (S*7), electrons are required,
which are provided by FDX2 [99-102]. First, a [2Fe-25] cluster is formed on ISCU2, by combining Fe?*
entry from a still unresolved iron donor and S?~ provided by NFS1. The role of FXN in this process is
still under debate.

The next step in mitochondrial Fe-S protein biogenesis involves the dissociation of the [2Fe-2S]
cluster from ISCU2, its trafficking to the monothiol glutaredoxin GLRXS5 as an intermediate Fe-S cluster
binding partner, and the specific insertion into target proteins (Figure 8) [103-105]. This reaction
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requires the roles of the dedicated chaperone system of the Hsp40-Hsp70 (DnaJ-DnaK) class [106,107].
For cluster transfer, the Dna] co-chaperone HSC20 binds to a hydrophobic motif in ISCU2 [97,108,109].
The HSC20-ISCU2 complex then recruits the Hsp70 chaperone HSPAO. In the next step, the cluster
is transferred to GLRX5. For [2Fe-2S] cluster transfer to target proteins, no further proteins are
required [110]. However, since GLRX5 is not essential, the protein function can be bypassed by direct
transfer of [2Fe-2S] from ISCU2.

Fe-S cluster
assembly

I..’ .‘..‘

Moco biosynthesis ‘

52A

Figure 8. The different compartments for the biosynthesis of Moco in humans and the link to Fe-S
cluster assembly in mitochondria. The first step of Moco biosynthesis, the conversion of 5’GTP to cPMP
catalyzed by MOCS1A and MOCSIB, is localized in mitochondria. This is also the main compartment
for Fe-S cluster biosynthesis in eukaryotes. Fe-S clusters assemble on the scaffold protein ISCU2, which
receives the sulfur from the r-cysteine desulfurase complex NFS1/ISD11. Frataxin (FDN) interacts
with the NFS1/Isd11-ISCU2 complex to form the quaternary complex. Ferredoxin (FDX2) delivers
the electrons for the process. Assembly and release of the clusters from ISCU2 are facilitated by the
chaperones HSC20/HSPA9. The carrier proteins GLRX5, ISCA2, and/or IBA57 deliver the Fe-S clusters
to target proteins, like MOCS1A in Moco biosynthesis. Synthesized cPMP by MOCS1A/B needs to
be transferred to the cytosol, where all further modification steps of Moco are catalyzed. These steps
involve the conversion of cPMP to MPT by MOCS2A/MOCS2B (which are activated by MOCS3),
the insertion of molybdate by GEPHYRIN (GEPH), and the insertion of Mo-MPT either to the mARC
protein (localized at the outer mitochondrial membrane) or to sulfite oxidase (before its translocation
to the mitochondrial intermembrane space). For aldehyde oxidase and xanthine dehydrogenase,
the formation of the equatorial sulfido-ligand is transferred by HMCS. Dual localization of NFS1 both
in mitochondria and the cytosol is predicted. Cytosolic NFS1 acts as a sulfur donor for MOCS3.

The assembly and insertion of [4Fe-4S] clusters additionally require the A-type ISC proteins
ISCA1-ISCA2 and IBA57 (Figure 8) [111-114]. How these proteins mechanistically assist the fusion of
the [2Fe-2S] into a [4Fe-4S] cluster is a complex process involving the transfer of [2Fe-2S] clusters from
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GLRXS5 to ISCA1-ISCA2 and the assembly of a [4Fe-45] cluster on the ISCA1-ISCA2 complex [115-117].
IBA57 is not required in this step. IBA57 was shown to form a [2Fe-25] cluster-mediated complex
specifically with ISCA2, involving GLRX5 [111,118,119]. Mitochondrial [4Fe-45] cluster biosynthesis
is a dynamic system, also involving Nful, Ind1 and BolA3 in some cases (recently reviewed in
Reference [120]). The Fe-S cluster insertion for the human MoaA homologue MOCS1A (see below) has
not been investigated so far.

5.2. Cytosolic Fe-S Cluster Assembly: The CIA Machinery

For cytosolic Fe-S cluster assembly, the mitochondrial ISC system has been proposed to be
essential [121,122]. Studies by several groups have shown that the mitochondrial ISC machinery
generates a sulfur-containing factor “X-S” that is exported to the cytosol via the mitochondrial
ABC transporter ABCB7 and is used for cytosolic Fe-S cluster assembly by the CIA machinery
(Figure 9) [12,123-125]. However, models also exist that propose that cytosolic versions of NFS1, ISCU,
and FDN are involved in cytosolic Fe-S cluster formation [120]. The CIA machinery is composed of
up to 13 known proteins that assemble both cytosolic and nuclear Fe-S proteins. Initially, a [4Fe-4S]
cluster is assembled on the CIA scaffold complex formed between CFD1-NBP35 (Figure 9) [125,126].
The initial cluster synthesis on CFD1-NBP35 further requires the electron transfer chain composed
of the flavin-dependent oxidoreductase NDOR1 and CIAPIN1, however, the precise role of the
electron-transfer for cluster synthesis is not completely understood yet [127,128]. The insertion of the
two Fe-S clusters of CIAPIN1 additionally requires the cytosolic monothiol glutaredoxin reductase
GLRX3 [129-131]. GLRX3 binds a bridging [2Fe-25] cluster with BOLA2 which is further transferred to
CIAPINT1 (Figure 9) [130,132]. CIAPIN1 can coordinate a pair of [2Fe-2S] clusters or a [2Fe-25] cluster
and a [4Fe-45] cluster [115,128,133,134]. While the BOLA2-GLRX3 complex is able to transfer [2Fe-2S]
clusters to CIAPINI, the formation of the [4Fe-4S] cluster in CIAPINT is still fully undefined.
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Figure 9. Model of the cytosolic Fe-S cluster assembly (CIA) in humans. Assembly of cytosolic

cytosol

Fe-S clusters starts in mitochondria with components of the early ISC machinery synthesizing a
sulfur-containing precursor (X-S) that is subsequently exported to the cytosol by the ABC transporter
ABCB?7. The CIA machinery involves [4Fe-4S] cluster assembly by the CFD1-NBP35 complex serving
as a cluster scaffold. This reaction requires electron input from the flavin-oxidoreductase NDOR1 and
the Fe-S protein CIAPIN1. The complex of GLRX3-BOLA2 facilitates [2Fe-25] cluster insertion into
CIAPIN1. In the next step, the CFD1-NBP35-bound [4Fe-4S] cluster is released and transferred to
the majority of target Fe-S apoproteins with the help of CIAO3. Fe-S cluster targeting to individual
apoproteins is achieved by CIAO1, CIAO2B, and MMS19.

The next step of cytosolic Fe-S assembly involves the trafficking of the [4Fe-45] cluster from the
CFD1-NBP35 complex to CIAO3 and then to the CIA targeting complex (CTC) which is composed of
CIAO1, CIAO2B, and MMS19 [135,136]. From this complex, which can be formed with different protein
components, the cluster is transferred directly to target proteins (Figure 9). The specific interaction
with the target proteins is mediated by the CTC proteins.
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5.3. The Formation of cPMP Is Localized in Mitochondria

The conversion of 5’ GTP to cPMP is localized in mitochondria in humans in a reaction that is
catalyzed by MOCS1A and MOCSI1B [137]. As explained above, this compartment is also the main
compartment for the synthesis of Fe-S clusters (Figure 8). Since MOCS1A requires two [4Fe-4S] clusters
for activity, it remains speculative that linking that first step of Moco biosynthesis to mitochondrial
Fe-S cluster assembly provided a mechanistic advantage [138]. Since MOCS1A and MOCSIB are
highly homologous to their bacterial counterparts, MoaA and MoaC, respectively, the conversion of
5GTP to cPMP is catalyzed by the same mechanism and is therefore not described in detail again
(Figure 7). After cPMP formation, the molecule has to be transported to the cytosol, where all further
steps of Moco biosynthesis are catalyzed. For plants, it has been suggested that the export of cPMP
involves the transporter protein Atm3 [139]. The human counterpart to Atm3 is ABCB7 (Figure 9).
Surprisingly, Atm3, like ABCBY has initially been suggested to transport the “X-5” species essential
for cytosolic Fe-S cluster assembly. The precise role of Atm3 is consequently still unknown and the
defects in molybdoenzyme activities in Atm3 mutants might also be explained by an overlapping
defect in Fe-S cluster assembly. Future studies are necessary to further explore the export of cPMP
from mitochondria to the cytosol.

5.4. Moco Is Formed in the Cytosol

After its transport to the cytosol, cPMP is converted to MPT in the reaction catalyzed by MPT
synthase. In humans, MPT synthase is formed by MOCS2A and MOCS2B, the homologues of MoaD
and MoeB, respectively (Figure 10). Both the human and bacterial MPT synthases catalyze a similar
reaction that is explained in detail for the bacterial counterparts above (Figure 4) [68].
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Figure 10. Regeneration of the thiocarboxylate group on MOCS2A. Conversion of cPMP to MPT
requires the transfer of two sulfur, a reaction catalyzed by MPT synthase. The formation of the MOCS2A
thiocarboxylate group is catalyzed after the formation of the (MOCS2A/MOCS3), complex in humans.
First, MOCS2A-AMP is formed under ATP consumption. MOCS3 receives the sulfur from NFS1, and a
persulfide group is formed at the C-terminal domain of MOCS3. This sulfur is then transferred to
MOCS2A with the formation of a perthiocarboxylate group as the intermediate. After reductive cleavage,
the thiocarboxylate group on MOCS2A is formed and MOCS2A-SH reassociates with MOCS2B.
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After the MPT synthase reaction, the C-terminal carboxylate group on MOCS2A is regenerated by
MOCS3 (Figure 10) [140]. MOCS3 contains an N-terminal domain that is homologous to the E. coli
MoeB protein and a C-terminal domain that shares homologies to sulfur transferases (rhodaneses).
First, the N-terminal domain of MOCS3 activates the C-terminus of MOCS2A under ATP consumption
(Figure 10). In the second part of the reaction, sulfur is transferred from the C-terminal rhodanese-like
domain of MOSC3 to the formed MOCS2A-AMP [141,142]. This reaction differs from the reaction
described for the E. coli proteins, since the MOCS3 protein itself catalyzes both the adenylation and
the sulfur transfer reaction. The persulfide group on MOCS3 has been suggested to be formed by
the 1-cysteine desulfurase NFS1 in the cytosol [143,144]. It has been proposed that small amounts
of NFS1 in the cytosol are sufficient for supplying the sulfur for MPT formation [143]. Since for the
CIA machinery cytosolic NFS1 might not be required, it remains possible that the role of NFS1 in the
cytosol is restricted to Moco biosynthesis. Further studies are necessary to confirm this.

After the MPT formation, molybdate ion is ligated to the dithiolene group of MPT. GEPHYRIN is
the homolog of the bacterial MogA and MoeA proteins (Figure 8) [145]. GEPHYRIN is a two-domain
protein with one domain being homologous to MogA and the other domain being homologous to
MoeA [146].

The chemistry of molybdenum insertion has been studied in detail for the plant counterpart of
GEPHYRIN, named CNX1. The AMP-part of MPT-AMP functions as an anchor on the E-domain while
the dithiolene moiety of MPT-AMP points to a separate pocket on the E-domain where molybdate is
bound and waits to be inserted. Finally, the pyrophosphate bond between AMP and MPT is hydrolyzed
and the newly-formed Moco is released [147].

After the completion of Moco, the cofactor can be directly inserted into the molybdoenzymes
sulfite oxidase or mARC which belong to the SO family of molybdoenzymes (Figure 8) [148]. For the
two enzymes of the XO family, xanthine dehydrogenase and aldehyde oxidase, Moco is further
modified by the formation of an equatorial sulfido-group [149,150]. This reaction is catalyzed by
a Moco sulfurase, named HMCS (human molybdenum cofactor sulfurase) before the insertion of
the cofactor into molybdoenzymes (Figure 8). HMCS is a homodimeric two-domain protein with
an N-terminal domain sharing homologies to the bacterial 1-cysteine desulfurases IscS [151] and a
C-terminal domain that binds Moco. The Moco-sulfido group is directly formed on Mo-MPT bound
to the C-terminal domain by transfer of a persulfide group from the N-terminal domain [152,153].
After sulfuration, Moco is then inserted into the target enzymes xanthine dehydrogenase and aldehyde
oxidase (Figure 8) [152,153]. So far, it is not known which enzymes of the CIA machinery insert the
two [2Fe-25] clusters into xanthine dehydrogenase or aldehyde oxidase.

6. Conclusions

In this review, we highlighted the link between the biosynthesis and maturation of
molybdoenzymes and the biosynthesis and distribution of Fe-S clusters. Several levels of this
link were identified: (a) the synthesis of the first intermediate in Moco biosynthesis requires a
radical/SAM-dependent protein; (b) the sulfurtransferase for the dithiolene group in Moco is shared
with the synthesis of Fe-S clusters; (c) the modification of the active site with a sulfur atom additionally
involves an L-cysteine desulfurase, and (d) most molybdoenzymes require Fe-S clusters as additional
redox-active cofactors. While the general pathways of the biosynthesis/assembly of Moco and Fe-S
clusters have been studied in detail, numerous open questions still remain. One of the most intriguing
questions in Fe-S cluster assembly is the source of the iron atom in the cluster. In particular, iron has to
be provided in the correct oxidation state for biological processes. Further, after the biosynthesis of
the complex cofactors like Fe-S clusters and Moco, intricate mechanisms have to control distribution,
trafficking, and insertion of these cofactors into their specific target proteins. The transfer mechanisms
involve cofactor-binding chaperones, as most of these prosthetic groups are extremely fragile and
oxygen-sensitive. The specificity of the cluster transfer process into target proteins, their recognition,
and the hierarchy in which metal-center insertion for Fe-S clusters and Moco occurs, is still largely
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unresolved. Also, the compound “X-S” that is delivered by the mitochondrial Fe-S cluster machinery
to the CIA machinery is still unknown.

For humans, the molybdoenzyme sulfite oxidase is most crucial for survival and it is located in
the mitochondrial intermembrane space. A lack of sulfite oxidase activity usually results in death in
early childhood. The dependency on Fe-S clusters for the biosynthesis of Moco directly links Fe-S
cluster related diseases to the severe outcome of sulfite oxidase deficiency. The link of Fe-S cluster
related diseases to Moco deficiency needs to be investigated in future studies.
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