Volume 7
Number 5
May 2026
Pages 753-924

R
Chemical Biology

rsc.li/rsc-chembio

ISSN 2633-0679

\ ROYAL SOCIETY REVIEW ARTICLE

Sarah M. Spigelmyer and Patricia C. Dos Santos
O F CH EMIST RY Intricacies in iron-sulfur cluster function and biogenesis:

“ functional versatility, sulfur sources, and enzyme specificity



Open Access Article. Published on 02 April 2026. Downloaded on 6/14/2026 1:38:09 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

™
ROYAL SOCIETY
RSC . . PPN OF CHEMISTRY
Chemical Biology

REVl EW View Article Online

View Journal | View Issue

W) Cheok for updates Intricacies in iron—sulfur cluster function
and biogenesis: functional versatility, sulfur

Cite this: RSC Chem. Biol., 2026, npn =

7,763 sources, and enzyme specificity

Sarah M. Spigelmyer and Patricia C. Dos Santos (2 *

Iron—sulfur (Fe-S) clusters are ancient inorganic cofactors ubiquitous across all domains of life. These
cofactors associate with proteins through constitutive or transient coordination, expanding their chemis-
tries and versatility in biological processes. Thus, Fe—-S proteins participate in intricate and multifaceted
chemistries critical to life on Earth. The biosynthesis of these cofactors has evolved to require complex
machinery to catalyze cluster formation and subsequent transfer to target apo-proteins. Five Fe-S
cluster biogenesis systems have been identified in prokaryotes, with varying degrees of complexity,
including: iron—sulfur cluster (ISC), nitrogen fixation (NIF), sulfur mobilization (SUF), minimal iron—sulfur
system (MIS), and SUF-like minimal system (SMS). Sulfur mobilization in the biosynthesis of Fe-S clusters
is initiated, in most cases, by cysteine sulfurtransferases, also known as cysteine desulfurases. These
enzymes use the amino acid cysteine as a sulfur source and require specific interactions with a sulfur

Received 23rd December 2025, acceptor to promote sulfur transfer. Physical interactions and coordination among biosynthetic compo-
Accepted Ist April 2026 nents restrict their functions and guarantee the trafficking of reactive intermediates to proper destina-
DOI: 10.1039/d5cb00330j tions. As recently reported, the occurrence of alternate biosynthetic schemes using sulfide as the sulfur

source bypasses the requirement for sulfurtransferases and provides alternate evolutionary strategies to
rsc.li/rsc-chembio construct Fe-S clusters.

1. Introduction to Fe-=S clusters and tyrosine, and methionine, as well as non-protein ligands
their functions in biological SyStemS including glutathione and water.®”® Along with cluster ligands,

the protein environment surrounding these cofactors modu-
lates their electron potentials and reactivities, thereby expand-
ing the functions of their associated proteins. Despite their
diverse functionalities, Fe-S clusters can be classified into two
distinct groups: constitutive clusters, considered integral com-
ponents of Fe-S proteins, and transient clusters, which
undergo transformation as an intrinsic feature of their function

Iron-sulfur (Fe-S) clusters are ancient inorganic compounds
that are prevalent in all forms of life. These clusters were
originally recognized for their roles in electron transport, which
are essential for processes such as cellular respiration.” How-
ever, they are more versatile in biological systems, as they
partake in critical roles in nitrogen fixation, radical biochem- )
istry, genome maintenance, and photosynthesis.” As a result, (Fig. 1).
the presence of Fe-S clusters is fundamentally associated with
life on Earth. Fe-S clusters can present themselves in multiple
configurations and oxidation states. The most common

1.1 Constitutive Fe-S clusters

Constitutive Fe-S clusters have long been studied in their role
in catalysis and electron transport. Fe-S clusters of this type
have well-characterized roles in single-electron transfer reac-
tions. In this capacity, efficient electron transfer results in
redox cycling of the cluster, either localized to one Fe atom
by cycling from ferric iron (Fe*") to ferrous iron (Fe**) or in a
delocalized fashion where additional electrons are not residing
solely on a single Fe of the cluster.® Sequential steps of electron
transfer in the electron transport chain (ETC) provide an
excellent example of how the unique redox properties of
Department of Chemistry, Wake Forest University, Winston-Salem, NC 27106, USA. metallocenters drive electron transfer across multiple sites.”
E-mail: dossanpc@wfu.edu Mitochondrial complex I and bacterial NADH dehydrogenase,

of these configurations include planar [2Fe-2S], cuboidal
[3Fe-4S], and cubic [4Fe-4S] (Fig. 1). The ability of these
clusters to adopt different oxidation states enables efficient
electron transport, as these cofactors can participate in single-
or sequential multiple-electron transfer events.>” Fe-S clusters
are mainly coordinated by cysteine thiol ligands; however,
alternate coordination has also been observed, including
histidine, aspartate, arginine, threonine, glutamate, serine,
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Fig. 1 Functional versatility of Fe—S clusters in biology. Fe—S clusters can be classified as constitutive or transient. Constitutive clusters participate in
Lewis acid catalysis, electron transport, protein stability, and radical SAM chemistry, while transient clusters participate in sulfur donation, Fe and S
storage, catalytic cycling, and sensing. The figure illustrates a few examples. Lewis acid catalyst: TtuA (PDB: 5B4E), an enzyme that catalyzes non-redox
thiolation reactions, coordinates a fifth sulfur atom on its [4Fe—4S] cluster, which is provided by TtuB. In the presence of ATP, TtuA—-[4Fe-5S] can
substitute the oxygen atom for a sulfur atom to generate m®s2U on position 54 of tRNA. Electron transport: in E. coli SQR complex Il (PDB: INEK) of the
electron transport chain (ETC), electrons are transferred from the flavoprotein domain (blue) to the transmembrane domain (pink and purple) through the
iron—sulfur subunit (orange). Electrons are delivered from succinate to a flavin adenine dinucleotide (FAD), and a linear transport of electrons goes
through [2Fe-2S], [4Fe-4S], and [3Fe—-4S] subsequently to be delivered to ubiquinone (UQ). Protein stability: B. subtilis AddAB helicase-nuclease (PDB:
3U44) contains a [4Fe—4S] cluster that is coordinated by four cysteines and is utilized to stabilize the nuclease domain (pink). Radical SAM chemistry: a
reduced [4Fe—4S] cluster donates an electron to cleave S-adenosylmethionine (SAM), producing methionine and 5’-deoxyadenosyl (5’-dAdo) radical for
radical chemistry. Sulfur donation: lipoyl synthase (LipA-PDB: 4UOP) has two [4Fe-4S] clusters. One constitutive cluster is utilized for radical SAM
chemistry, while the other transient cluster is utilized for sulfur donation to an octanoyl chain attached to a lipoyl carrier protein (LCP). This cluster is
regenerated by an iron—sulfur carrier protein (NfuA). Storage: Pyrococcus furiosus IssA stores a series of Fe and S as thioferrates. Previous reports have
shown that PflssA can reconstitute a [4Fe—4S] cluster on ferredoxin (Fdx) in the presence of DTT. The ferredoxin crystal structure utilized in this image,
depicts a [3Fe—4S] cluster (PDB: 1SIZ). Catalytic cycling: NifQ (AlphaFold model) seemingly cycles through transient [4Fe—4S], [Mo—-3Fe-4S], and [3Fe—
4S] clusters during maturation of the FeMo cofactor in nitrogenase. Sensing: E. coli IscR (PDB: 4CHU) modulates expression of Fe—S cluster biogenesis
systems, ISC and SUF, in response to Fe—=S cluster demand in the cell. Holo-IscR represses transcription of the iscRSUA-hscBA-fdx-iscX operon, whereas
apo-IscR serves as an activator of the sufABDCSE operon.

for instance, can have as many as nine distinct Fe-S clusters
positioned across different subunits of this complex with
differing nuclearity, ligands, and protein environment, promoting
long-distance electron tunnelling."®™® Complex II employs three
types of cofactors, including [2Fe-2S], [3Fe-4S], and [4Fe-4S] clusters
to mediate electron transfer from the flavin cofactor to ubiquinone
(UQ) during aerobic metabolism, while having the capacity to
operate in the reverse direction under anaerobic conditions."*'>
The single [2Fe-2S] cluster in complex III is a Rieske type with two
His and two Cys ligands."® This configuration enables bifurcation of
electron transfer from UQ to the high-redox-potential Rieske cluster
and the low-redox-potential cytochrome heme.’

Constitutive Fe-S clusters display expanded chemical func-
tionalities assisting chemical transformations, promoting
Lewis acid catalysis, initiating radical-induced chemistry, and
being directly involved in substrate binding and activation."”*°
Additionally, these Fe-S clusters have been reported to play
a structural role, impacting the folding and stability of
their associated partners, as in the cases of DNA primase,”®
helicase,?! and helicase-nuclease enzymes.>

764 | RSC Chem. Biol., 2026, 7, 763-782

Diversification of the Fe-S clusters and expansion of the
chemistries promoted by these cofactors is also observed
through the incorporation of heterometals. Well-studied exam-
ples include nickel in NiFe hydrogenases and carbon monoxide
dehydrogenases, molybdenum in Mo-dependent nitrogenase,
and vanadium in V-dependent nitrogenase.”* > These hetero-
metallic Fe-S cofactors are involved in substrate binding and
redox chemistry at the active site of their associated enzymes,
and their synthesis and enzyme activation have been inten-
sively explored in the literature.

Enzymes coordinating [4Fe-4S] clusters with three protein
ligands provide a labile Fe site within the cluster, which serves
as a site for substrate-activation and catalysis. Fe-S dehydra-
tases, such as aconitase, nicotinic acid synthase, and dihydrox-
yacid dehydratases, utilize a [4Fe-4S] cluster coordinated to
three cysteines, leaving an uncoordinated Fe site to serve
as a Lewis acid.” Enzymes displaying a three-Cys coordinated
cluster have also been described as participants in non-redox
thiolation reactions, including TtcA, Ttul, TtuA, NcsA, and C-type
MnmaA.>® These proteins are involved in post-transcriptional

© 2026 The Author(s). Published by the Royal Society of Chemistry
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thio-modification of tRNA, catalyzing the substitution of an
oxygen atom with a sulfur atom, to generate thionucleosides.
They belong to the PP-loop ATP pyrophosphatase family with
a characteristic SGGKDS motif, involved in ATP binding and
tRNA adenylation, adding a suitable leaving group for inser-
tion of sulfur to the correct position, while the Fe-S cluster is
proposed to engage in sulfur insertion.”””® In TtuA, for example,
the cluster serves as a Lewis acid, forming a transient coordina-
tion to a fifth sulfur, resulting in a [4Fe-5S] cluster reaction
intermediate.”®>° TtuA can undergo multiple turnovers while
retaining its [4Fe-4S] cluster. However, other examples exhibit
rapid cluster degradation,””® making it challenging to mechan-
istically assign their reaction paths and associated intermediates.

More recently, additional tRNA thiolating enzymes have
been identified that coordinate Fe-S clusters and play roles
similar to those of Lewis acid catalysts.>® The presence of Fe-S
clusters associated with these enzymes was previously over-
looked, and their associated reactions were initially thought to
be performed by a persulfide attached to a catalytic cysteine.
Unexpectedly, the E. coli D-type MnmaA is capable of coordinat-
ing an Fe-S cluster, with an unusual (2Cys, 1Asp) coordination
motif that departs from the previously studied Lewis-acid
cluster catalysts with three Cys ligands.>’ D-type MnmA is
present in many bacterial species and is essential in some
organisms, such as the model Gram-positive bacterium B.
subtilis.>* Although the capacity to coordinate an Fe-S cluster
has been demonstrated by several groups,®*** their clusters are
highly labile, making it difficult to investigate their biochem-
ical functions. Nevertheless, the identification of new sequence
motifs capable of coordinating Fe-S clusters hints at a poten-
tial for an even larger Fe-S proteome with broader roles in
metabolism.

The diverse chemistries promoted by Fe-S proteins are best
exemplified by the radical SAM enzyme superfamily.'®
Enzymes of this group operate through activation of S-adeno-
sylmethionine (SAM) by its characteristic [4Fe-4S] cluster in the
reduced state (Fig. 1). This reaction generates a 5’-deoxya-
denosyl radical, which, in most cases, promotes substrate
activation via hydrogen-atom abstraction.*® The reactions cat-
alyzed by these enzymes exhibit a mechanistic complexity that
is difficult to predict from their protein sequences. The radical
SAM enzyme superfamily comprises more than 700 000 unique
sequences, and a few of its characterized members exemplify
diverse chemical transformations.?” A few examples include S-
C and C-C bond formation, formylation, dehydration, and
complex rearrangements. The inventory of reactions promoted
by these enzymes continues to expand rapidly, making the
synthesis and functions of Fe-S clusters a relevant aspect of
metabolism, from their emergence and evolution in the early
history of life on Earth to their application in the design of
novel catalysts.

1.2 Transient clusters

Transient cluster are defined as cofactors that are either con-
sumed in reactions performed by their associated enzymes or
undergo transformation or degradation as a signalling

© 2026 The Author(s). Published by the Royal Society of Chemistry
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mechanism (Fig. 1). Exposure to oxygen can lead to cluster
degradation, which in turn can alter protein stability and
activity. Thus, the intrinsic labile nature of Fe-S clusters
enables sensing of environmental changes.?®*° Several tran-
scriptional factors utilize Fe-S as a signalling molecule to
modulate transcription in response to changes in the status
of Fe-S clusters (IscR and SufR), reactive nitrogen species
(NsrR, SoxR), iron (RirA), and oxygen (FNR).*°"*® These con-
ditions elicit modifications or degradation of the cluster,
resulting in conformational changes that impact DNA-
binding affinities of these regulatory proteins. Another exam-
ple of Fe-S proteins reporting cellular status is cytosolic
aconitase.”” When iron levels are low, cytosolic aconitase
loses its Fe-S cluster, triggering a signalling response to
promote the incorporation of iron.*® Thus, the presence of
Fe-S in these regulatory capacities is viewed as transient, as
environmental factors can react with the cluster to elicit a
biological response.

Fe-S clusters that undergo self-destruction during a reaction
cycle serve a sacrificial role in supplying Fe or S. In reported
species of archaea, specialized proteins serve as storage entities
for Fe and S. This proposed function was coined nearly 30 years
ago by Beinert.*® Recent support for this role has been provided
by the discovery of IssA, a protein that forms polymeric nano-
particles capable of coordinating linear FeS structures, denoted
as thioferrates (Fig. 1). In Pyrococcus furiosus, these Fe-S units
can be mobilized for the maturation of Fe-S proteins, such as
ferredoxin.>>>" IssA orthologs are found in several archaeal
species, indicating that utilization of transient Fe-S cluster-like
structures as a storage and source of Fe, S, and perhaps Fe-S
clusters can be spread across domains of life.>

Additional enzymes that promote thiolation reactions utilize
their own Fe-S clusters as a source of sulfur in a sacrificial
manner. Operating in this capacity, biotin synthase (BioB) and
lipoyl synthase (LipA) coordinate two types of clusters: a con-
stitutive cluster that promotes radical SAM chemistry and a
transient cluster that serves as the sulfur source.’*>* In the case
of lipoyl synthase, the reaction causes cluster destruction, and
its reconstruction involves a partnership with the cluster carrier
protein NfuA, leading to enzyme reactivation.”> Enzymes pro-
moting methylthiolation, like MiaB, MtbA, and RimO, also
contain two types of clusters: a constitutive (radical SAM) and
a transient (auxiliary). Efforts to elucidate the purpose of the
auxiliary cluster in this class of enzymes suggested that the
auxiliary cluster’s role was to aid in binding, coordination,
and activation of exogenous sulfur, proposed to be hydrogen
sulfide from endogenous polysulfides and persulfides, to the
unclaimed coordination site.’®">® However, biochemical and
structural analyses of these enzymes also provide evidence that
a transient cluster is to be modified by methylation in the
initial step of the reaction, and that it is later used for
thiomethylation and the formation of a proposed damaged
[3Fe-3S]"" cluster.>®*° It is possible that different members of
this enzyme family have evolved distinct roles for their auxiliary
clusters, based on the protein environment surrounding each
cluster and its location relative to the radical SAM cluster.

RSC Chem. Biol., 2026, 7, 763-782 | 765
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To support these distinct functions, a new type of BioB has
recently been reported that does not use a transient cluster
but instead a [4Fe-5S] cluster intermediate to catalyze sulfur
insertion in the final step of biotin synthesis.®°

Lastly, transient clusters are also observed in cofactors that
undergo transformation as a step in their catalytic cycle. One
example is the molybdenum chaperone NifQ, which facilitates
molybdenum delivery during the biosynthesis of the nitrogen-
ase FeMo cofactor. Maturation of its cofactor is proposed to
involve transfer of a [4Fe-4S] cluster from NifU directly to
NifQ.%" Isolation of NifQ from its native organism, Azotobacter
vinelandii, results in a mixture of species containing [Mo-3Fe-
4S] and [3Fe-4S] clusters. Although the process is not fully
understood, the active form of NifQ capable of participating in
FeMo cofactor synthesis is a [Mo-3Fe-4S] cluster. Transfer of
the Mo from this heterometallic cluster is only achieved in the
presence of NifEN and NifH.®> Presumably, NifQ cycles through
coordination of transient clusters [4Fe-4S] to [Mo-3Fe-4S] and
[3Fe-4S] (Fig. 1).

Fe-S clusters, adopting permanent or transient roles as
cofactors, are found in many aspects of metabolism. The few
examples described in Fig. 1 illustrate their diverse function-
alities and mechanisms for participating in biochemical pro-
cesses. Thus, the assembly of these inorganic entities in
biological systems is an area of investigation as interesting
as the chemistries they promote. Biochemical pathways invol-
ving the assembly of Fe-S clusters are tightly regulated and
essential for supplying reactive Fe and S sources, as well as for
transporting reaction intermediates susceptible to damage by
oxygen and other reactive species commonly found in cellular
environments.

View Article Online
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2. Formation of Fe—S clusters in
biological systems

The biosynthesis of Fe-S clusters is not a spontaneous process
and requires complex protein machineries. This biosynthetic
process can be broken down into three general steps: mobiliza-
tion of sulfur, cluster assembly on a scaffold protein, and
cluster transfer to a recipient target. In most species, sulfur
mobilization is characterized by the sulfur-activation step,
catalyzed by cysteine sulfurtransferase, also known as cysteine
desulfurase.®® In vitro, the activity of these enzymes is typically
assessed by measuring desulfurization, which yields sulfide,
and this activity provides the rationale for their historical
designation as desulfurases (Fig. 2A).°"*® In vivo, these enzymes
transfer sulfur, directly or indirectly, to scaffold proteins for the
assembly of Fe-S clusters.®® From this biological functional
perspective, these enzymes are classified as L-cysteine:acceptor
sulfurtransferases (EC 2.8.1.7) (Fig. 2B). The scaffold protein
requires an iron source and an electron input during cluster
assembly to form S° to $*7.°® The final main step is the transfer
of pre-formed clusters to recipient targets, a process that
involves Fe-S carriers (Fig. 2C). While individual pathway
components are distinct, the general principles of the biologi-
cal synthesis of Fe-S clusters are synonymous and include a
sulfur donor, an iron donor, an electron donor, and the
construction of the cluster onto a protein. The differences
among these systems are the manner in which sulfur is
mobilized through these pathways, the type of sulfur donor,
and the presence or absence of a carrier protein.

Several systems have been employed to generate Fe-S
clusters in nature. To date, five systems have been described

(A) Desulfurase Reaction (B) Sulfurtransferase Reaction
Cysteine — SH Cysteine —S-SH Cysteine — SH Cysteine —S-SH
Desulfurase ﬁ’/ Desulfurase Desulfurase 7 \ Desulfurase
o ) Reduc ? o
| educing
HS/YLO YJ\O Conditions Hsﬂ/J\O \‘/\O
*NH3 *NH3 *NH3 *NH3
L-cysteine L-alanine
sz
HS-S
C ~
© Carrier @ Sulfur
Protein Transferase
Apo-Target Scaffold
/\ Protein Protein /\
Scaffold or or Cysteine —S-SH
Protein Feand e Desulfurase
\\/ Holo-Target \/
Protein Scaifold

Protein

Fig. 2 Reactions involving sulfur mobilization, Fe—S cluster assembly, and Fe-S cluster transfer. (A) The desulfurase reaction is the abstraction of sulfur
from L-cysteine by a cysteine desulfurase through a PLP-dependent mechanism that results in the formation of a persulfide enzyme intermediate and the
formation of L-alanine. In vitro, enzyme activity is measured in the presence of an artificial reducing agent, such as DTT, which reduces the persulfide
intermediate and releases sulfide. (B) The sulfurtransferase reaction is proposed to be the in vivo reaction leading to the formation of Fe—S clusters. The
transfer of the persulfide from the cysteine desulfurase occurs, directly or indirectly, to the scaffold protein for Fe—S cluster synthesis in the presence of
Fe and electrons. A sulfurtransferase protein is utilized in some systems for facilitated sulfur transfer between the cysteine desulfurase and scaffold
protein. (C) Transient clusters from the scaffold are transferred directly or indirectly to apo-protein targets. In some cases, a carrier protein can be used to
facilitate the transfer of these clusters to the target protein. The Fe—S clusters that are assembled and transferred can be [4Fe—4S] or [2Fe—-2S] clusters,
depending on the cluster biogenesis system.
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Fig. 3 Prokaryotic iron—sulfur cluster biogenesis systems. The five identified Fe—S biogenesis systems are the iron-sulfur cluster (ISC), sulfur
mobilization (SUF), nitrogen fixation (NIF), minimal iron—sulfur system (MIS), and SUF-like minimal system (SMS). The ISC system is the only system
that uses a chaperone protein and the SUF system is currently the only system to contain an intermediate sulfurtransferase. The highlighted boxes in the
NIF system and SMS system represent where clusters have been identified to bind. The MIS and SMS systems are truncated biogenesis systems, and both
can utilize sulfide as a sulfur source. The SMS system is the only system that seems to lack a cysteine sulfurtransferase. It is unclear if the SMS system
contains an intermediate sulfurtransferase. It is also unclear what electron donors are utilized in the MIS and SMS systems.

for the assembly of Fe-S cluster proteins in prokaryotes: iron—
sulfur cluster (ISC), sulfur mobilization (SUF), nitrogen fixation
(NIF), minimal iron-sulfur system (MIS), and SUF-like minimal
system (SMS) (Fig. 3).” No sulfurtransferase has yet been
identified for the SMS system, raising questions about the
source of sulfur in species where such cysteine desulfurases
are absent and about how this simple system functions. Differ-
ences in biosynthetic components that perform equivalent
functions, such as IscS, SufS, and NifS, and, in some cases,
the absence of key components, such as a cysteine desulfurase
or a carrier protein, raise questions about the mechanistic
details of these pathways and the evolutionary factors under-
lying these differences. Analysis of over 10000 prokaryotic
species shows that most genomes encode a single Fe-S cluster
biogenesis system; however, some employ two or even three
systems to meet the demand for Fe-S clusters under specific
environmental and nutritional conditions.®” For instance,
the SUF system shows a dominant presence across more than
6000 genomes analyzed, and of those, only 5% contain copies
of the ISC or NIF systems. Eukaryotic pathways, although not
covered in this review, have been recently described in the
literature.®®”! While orthologues of ISC, SUF, and NIF enzymes
are found in eukaryotes, these systems often require additional
components, and individual steps may be confined to specific
organelles. Nevertheless, despite differences, they share the
general paradigm that Fe-S cluster synthesis in biological
systems is a protein-assisted process in which reactive inter-
mediates are protein-bound, thereby protecting them from
damage and inadvertent degradation.

2.1 Synthesis of Fe-S clusters by the ISC system

The ISC system is the most well-studied Fe-S cluster biogenesis
system and is initiated by the cysteine sulfurtransferase enzyme
IscS. This enzyme uses pyridoxal-5'-phosphate to bind the
substrate amino acid r-cysteine to enable cleavage of the C-S

© 2026 The Author(s). Published by the Royal Society of Chemistry

bond via the formation of an enzyme persulfide intermediate
(IscS-SH).”* A strictly conserved Cys residue located in a flexible
loop is involved in persulfide formation and transfer to the
acceptor protein IscU. During catalysis, this Cys is proposed to
swing into the active site for nucleophilic attack onto the Cys
substrate thiol bound to the PLP cofactor. Following persulfide
formation, the catalytic Cys residue moves away to interact with
the S-acceptor protein. The characteristic loop structure is a
defining element of class I cysteine sulfurtransferase, which
was believed to be an element enabling facile transfer of the
sulfur to the acceptor protein IscU for the synthesis of Fe-S
clusters as well as other sulfur acceptors, including TusA in the
synthesis of s>U tRNA and Mo-cofactor, Thil in the synthesis of
s*U and thiamine, FhdD in formate dehydrogenase maturation,
and RhdA in cysteine redox regulation.”*”® The versatility of
IscS in interacting with multiple acceptors was attributed to the
flexibility of its active site Cys loop. However, structural and
biochemical analyses of protein complexes with IscS revealed
distinct interaction sites with S-acceptor partners, indicating
the presence of specific sequence elements within the enzyme
and its partners that serve as recognition points for sulfur
transfer.”>””

In Fe-S cluster synthesis, IscS interacts with IscU during
sulfur transfer. The mechanistic steps leading to the synthesis
of the [2Fe-2S] cluster by the E. coli ISC system have been
explored extensively in vitro. IscU can bind zinc with high
affinity (Kq 10~ '* M), stabilizing a structured conformation of
the protein.”® In fact, zinc overload affects Fe-S metabolism.”®
Zinc loss leads to a disordered conformation and is promoted
by IscS during sulfur transfer.®%> Mechanistic studies have
championed models for the early stages of the cluster assembly
by aiming to define the order of binding events, as the “iron-
first” or “sulfur-first” models. However, the interplay between
zinc binding to IscU, its effect on IscU structure, IscS complex
formation, and impact on Fe and S transfer adds layers of

RSC Chem. Biol., 2026, 7, 763-782 | 767


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cb00330j

Open Access Article. Published on 02 April 2026. Downloaded on 6/14/2026 1:38:09 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

complexity to dissecting these pathways through the lens of
physiologically relevant conditions.

In vitro experiments have shown that either Fe**- or S°-
bound IscU can initiate cluster assembly, depending on the
reaction conditions. Experimental evidence supports either
path, since persulfides can be observed on IscU in the absence
of iron, and an Fe*'-bound IscU can also initiate cluster
assembly.® 1t is still not clear if Zn-bound IscU is a physio-
logically relevant form of the scaffold, since zinc is found at
millimolar intracellular concentrations while cytoplasmic con-
centration of its free form is significantly lower (107'° M).%
Zn-bound IscU is not capable of binding iron, as both metals
are known to bind to the same site, but is capable of sulfur
transfer, providing support for a sulfur-first mechanism.**%*
However, in vitro experiments probing the formation of Fe-S
clusters starting from an apo-IscU are significantly more
effective.®>**® Thus, mechanistic models supporting an Fe-
first model have considered an apo-form of IscU as the starting
point for cluster assembly.*®

Zn-free IscU also binds iron with significant affinity (K4 of
10~° M),% enabling a concerted formation of a [2Fe-2S] cluster.
The exact sequence of events in vivo is not known because the
metalation state of IscU and the identity of the Fe donor remain
elusive. In vitro, detection of reaction intermediates varies with
reaction conditions. In cluster assembly reactions using an
excess of iron, the formation of a [2Fe-2S] cluster is proposed
to occur directly within a monomer.*® However, in experiments
using a stoichiometric Fe-to-IscU ratio, the [1Fe-1S]-IscU inter-
mediate dissociates from IscS, forming [2Fe-2S]-IscU,, which
eventually dissociates, resulting in cluster coordination within
a monomer of IscU.*® The physiological reductant for this
reaction is provided by the [2Fe-2S] ferredoxin (Fdx) using
NADPH-dependent ferredoxin reductase (FdxR) reaction.

IscU, in its role as the Fe-S cluster scaffold, interacts with
multiple partners to enable cluster synthesis and transfer.
Structures of the IscS,IscU, complexes show that each IscU
monomer engages with a functional active site monomer of
IscS dimer (Fig. 4). The catalytic cysteine residue of IscS,
positioned in a flexible loop, is not always resolved in structural
models. However, its modeled location in the complex is at a
possible distance from the IscU active-site cluster ligand Cys
residues. The structure of the Archaeoglobus fulgidus cluster-
bound [IscS-IscU D35A], complex shows that the coordination
of the [2Fe-2S] cluster is provided by the three conserved
cysteines of IscU and the Cys active site of IscS.®” While the
role of the conserved Asp residue is not fully understood,
substitution of this residue (D39 in E. coli IscU) with an alanine
increases the stability of the Fe-S cluster.®*°! The structure of
the IscU dimer from the thermophilic archaeon Methanothrix
thermoacetophila shows that the Asp residue acts as a ligand to
the [2Fe-2S] clusters coordinated at each monomer.®> Another
residue involved in coordination is His (H105 in E. coli IscU).
In the Aquifex aeolicus IscU, this His residue serves as the fourth
ligand for the Fe-S cluster. Collectively, these structures indi-
cate that while the three Cys residues appear to be invariant
ligands, the fourth ligand varies between species or captures
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Fig. 4 E. coli IscS,lscU, complex (PDB: 3LVL). IscS (orange and orange
red) is a homodimeric cysteine sulfurtransferase that can form a complex
with two IscU subunits (magenta). The catalytic cysteine (C328 in IscS) is
located in the flexible active-site loop, which is not resolved in this
structure (A327-L333). An Fe-S cluster can coordinate with C37, C63,
and C106 in IscU. It is unclear if the fourth ligand is D39 or H105 and what
precise role these residues play in the assembly and transfer of clusters.
Other essential residues that are important for function, but that are not
involved in cluster coordination, are N-terminal IscU Y3 and IscS E311.
Additionally, the LPPVK motif (99-103) is important for cluster transfer to
chaperone proteins.

distinct stages of the assembly step. It is possible that these
essential residues perform multiple functions during the
assembly step, but also aid the cluster release mechanism
by a “tug of war” mechanism previously described in the
literature.>>**

In addition to residues involved in cluster coordination, the
IscU surface contains critical residues for function. Essential
non-cluster-coordinating residues provide contact points with
IscS, orienting the protein in the correct position for sulfur
transfer and subsequent interaction with biosynthetic partners,
such as the chaperone HscA. Residues within the LPPVK motif
(99-103 in E. coli IscU) enable interaction with the chaperone
and co-chaperone HscA and HscB during cluster transfer of
[2Fe-2S] clusters, where IscU shifts from an ordered to a
disordered state, enabling release of the cluster to target
proteins.®>®® The Tyr3 residue at the N-terminus of IscU in
E. coli (Fig. 4) is essential for IscS sulfurtransferase activity by
interacting with IscS at E311 via hydrogen bonding. In vitro
experiments measuring the rate [2Fe-2S] cluster formation on
E. coli IscU Y3A variant showed only slight defects,®® suggesting
that the in vitro assay does not replicate the in vivo process or
that the critical role of this residue lies at other steps of in vivo
Fe-S assembly. Notably, in M. thermoacetophila holo IscU dimer
structure, the equivalent residue Tyr7 forms a pi-stacking
interaction with a conserved Phe residue (F61 in M. thermo-
acetophila) of the adjacent monomer.”” The engagement of
conserved residues at the dimer interface (namely, Y7 with
F61 and D40 with K104), positions the two clusters in
the correct orientation for fusion. Thus, the dimerization of
[2Fe-2S] IscU is proposed to be a step leading to the formation
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[4Fe-4S] clusters. This model is supported by the essentiality of
equivalent residues in E. coli IscU (Y3, D39, K103)°” and earlier
studies describing the reductive coupling of 2 x [2Fe-2S] on
IscU dimer promoted by ferredoxin.’® Collectively, the working
model describes the sequential formation of a [1Fe-1S] to
[2Fe-2S] IscU, which is followed by the synthesis of [4Fe-4S]
on an IscU dimer.

The bacterial ISC system also includes accessory proteins
that support Fe-S cluster biogenesis, including IscA, IscX, CyaY.
While IscS, IscU, Fdx, HscA, and HscB have defined and
essential roles in Fe-S cluster formation as described above,
genetic analysis of the studied E. coli and A. vinelandii models
showed that inactivation of accessory proteins does not com-
pletely inactivate the ISC pathway.”® The recruitment of acces-
sory proteins or even their presence varies across species.®”"*%°
IscA, an A-type carrier (ATC), has been proposed to support
cluster trafficking, and its apparent dispensability is explained
by the presence of paralogous sequences, ErpA and SufA, that
provide functional cross-talk.'"'%* The functions of CyaY, a
frataxin ortholog, and IscX remain not completely defined.
Both proteins interact with IscS through a shared binding
interface and modulate the interaction of IscS with IscU.”
Thus, CyaY and IscX emerge as regulators of sulfur transfer
and Fe-S cluster formation under distinct iron concen-
trations.'® Interactions among other components of the ISC
pathway provide excellent examples of the requirement for
protein—protein interactions and how these interactions pro-
vide a point for regulating function.

2.2 Synthesis of Fe-S clusters by the SUF system

The SUF system is the most widespread system in bacteria.®”
It is characterized by the presence of a two-component sulfur-
mobilizing enzyme complex, SufSE or SufSU, and a three-
component scaffold complex, SufBCD. The SUF system was
first identified in E. coli through a genetic screen of pseudo-
revertants of isc-null strains.'®* Mapping of suppressor muta-
tions identified the sufABDCSE gene region, where mutations
increased suf expression and, consequently, rescued the defects
associated with inactivation of the isc genes. The SUF system
operates in a supporting role for the ISC system, supplying Fe-S
clusters under conditions that are detrimental to cluster synth-
esis in this organism. However, this duplication is one of a few
exceptions, as analysis of sequenced genomes has shown that, in
most cases, prokaryotes have evolved to contain either the ISC or
SUF system.”” For instance, the SUF system is the main Fe-S
cluster biosynthetic system and is essential for survival in Bacillus
subtilis,"” Staphylococcus aureus,'®® and Mycobacterium tuberculo-
sis.'®” Therefore, the duplication of pathways first described in
E. coli is considered an outlier among prokaryotic species.

SufS initiates sulfur mobilization from Cys with a catalytic
capacity equivalent to that of IscS. This enzyme also utilizes the
PLP cofactor to promote the activation of the Cys substrate and
the formation of a persulfide enzyme intermediate at a Cys
residue.”” The active-site cysteine residue is located within a
short, structured loop. Kinetic and structural characterization
of the E. coli SufS-SufE reaction reveals that a structural
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Fig. 5 SufS structures in complex with their dedicated sulfur acceptors (A)
B. subtilis SufS (green) homodimer forms a complex with SufU (blue), (PDB:
5XT5). (B) E. coli SufS (blue) homodimer forms a complex with Suft (green)
(PDB: 8VBS). In both models, yellow spheres highlight the PLP cofactor in
each monomer. Each monomer also has a characteristic B-latch (dark and
light orange) from one SufS monomer that protects the active site cysteine
of the opposing SufS monomer. During catalysis, the B-latch undergoes
conformational changes that bring SufS into close proximity to its respec-
tive sulfur acceptors, thereby facilitating sulfur transfer. (C) Overlay of
BsSufU (blue) and EcSufE (green) to highlight structural similarities despite
sequence differences. Residues involved in persulfide sulfur transfer SufU
C41 (blue) and Suft C51A (green) are in the same relative positions in these
structures. Although residues Leul15-Ser120 are not resolved in the SufSE
crystal structure, it is anticipated that SufE R119 (magenta region) is located
at an equivalent position as SufU R125 (blue residue).

element within SufS, designated the B-latch, impacts the reac-
tivity of the enzyme.'°®'°° A hairpin within the B-latch from one
subunit of the SufS dimer shields the active site Cys carrying
the persulfide within the other subunit of SufS (Fig. 5). This
structural motif prevents reaction with non-targets while facili-
tating complex formation with the physiological sulfur acceptor
SufE and orienting the persulfide in the correct position for
sulfur transfer. Together, the short active-site loop and the f-
latch are characteristic of class II cysteine sulfurtransferases
and are important elements that influence the selectivity of these
enzymes and their dependencies on sulfur acceptor partners.
The reactivity of SufS and other class II sulfurtransferases is
largely dependent on the engagement of a dedicated sulfur
acceptor serving as an intermediate sulfurtransferase. Two
types of sulfur acceptors have been described for SufS: SufE
and SufU. Although these proteins lack amino acid sequence
similarity, they share a similar architecture and perform
equivalent functions in mediating sulfur-transfer reactions
(Fig. 5). Sequence similarities between IscU and SufU and the
ability of the SufSU reactions to accumulate Fe-S species in
solution led to the initial proposal that SufU served as a scaf-
fold protein.'*®*'! Subsequent biochemical and spectroscopic
investigation of B. subtilis SufU, however, provided evidence
that a restricted role of SufU is a zinc-dependent sulfurtransfer-
ase like SufE."** This function was later supported by genetic
complementation approaches in B. subtilis'®> and analysis of
sulfur transfer and Fe-S cluster assembly reactions involving
SufS and SufU from M. tuberculosis and S. aureus.'>™'*
Genomic analysis shows that SufE and SufU are nearly
mutually exclusive; that is, they rarely occur in the same
species."'®'"” The distribution of SUF-containing species that
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contain SufE is equivalent in numbers to those utilizing SufU.
It is not clear what evolutionary factors impacted their distribu-
tion. From a sequence evolutionary perspective, SufU appears
to have originated from a MisU ancestor sequence initially
performing roles as a scaffold. However, the recruitment of a
SufBCD scaffold and the tight binding of zinc to SufU can be
considered factors that allowed this protein to specialize as a
dedicated sulfurtransferase, in an equivalent capacity to that of
SufE. In gammaproteobacteria, the presence of a sufE within
the suf operon is often associated with the occurrence of
another biosynthetic system in these genomes (87% of
species),""® suggesting that the recruitment of SufE may have
been justified in species where the SUF system operates in a
specialized capacity, as in the case of E. coli. Moreover, these
sulfur acceptors exhibit select reactivity towards their cognate
SufS sulfurtransferases. For example, no functional cross-talk
was observed between E. coli SufS and B. subtilis SufU and vice
versa.'®® However, functional sulfur-mobilizing complex E. coli
SufSE could replace B. subtilis SufSU. Despite the high degree of
sequence similarity between two SufS sequences, it is clear that
these enzymes and respective sulfur acceptors display species-
specific sequence elements restricting their functions.

In E. coli, SufE promotes protected sulfur transfer reactions
from SufS to SufB via the conserved Cys51."*'* The presence
of SufE in reaction assays increases SufS turnover rate by up to
100-fold."* The persulfide formed within SufS is protected
from the action of reactive oxygen species, like H,0,, as well
as reductants, such as DTT and TCEP. The binding of SufE
induces conformational changes in SufS, enabling subsequent
sulfur transfer. The presence of a persulfide within SufS or SufE
enhances the binding affinity for the complex about 10-fold,
indicating that SufS B-latch movement promotes the formation
of a high-affinity closed complex (Fig. 5B)."*° Sequential struc-
tural changes within SufS link the chemical steps in persulfide
formation to protected sulfur transfer to SufE. The sulfuration
state of SufE and subsequent persulfide transfer to SufB also
affect the rate of sulfur transfer.''>'>' The recent E. coli SufSE
complex structure, while it does not show the B-latch in open
conformation, provides insight into structural elements
involved in binding and dissociation (Fig. 5).'° The conserved
residue R119 of SufE is proposed to be involved in complex
dissociation with SufS. A SufE R119A variant is still able to
interact with SufS and serve as a sulfur acceptor, but does not
elicit activity enhancement of SufS in vitro and is not a func-
tional sulfur intermediate in cluster biogenesis in vivo.

Protein interactions between SufE and SufB are also critical
for sulfur transfer.'*> However, they appear not to be fully
specific; E. coli SufE is capable of sulfur transfer to B. subtilis
SufB, as evidenced by complementation studies of B. subtilis
and E. coli SufB in both species.’® The SufB forms dynamic
complexes with SufC and SufD proteins, and this interaction is
critical for its function in cluster assembly in vivo. The different
conformations of the three-component complex have been
reported and include SufBC,D, SufB,C,, SufD,C,."****> While
SufB and SufD share a high degree of sequence and structural
similarity, in E. coli these proteins have diverged to perform

770 | RSC Chem. Biol., 2026, 7, 763-782

View Article Online

RSC Chemical Biology

distinct functions. Fe-S clusters are assembled within SufB and
SufD interface,'® while SufD is proposed to serve as an inter-
mediate site for iron delivery.'>” FADH, associates with the
SufBC,D complex and is proposed to serve as the source of
electrons in cluster assembly."®® SufC displays characteristic
Walker A and Walker B ATPase motifs, but its structure
includes a structural and regulatory element, the Q-loop, that
positions the catalytic Glu171 residue away from the active site,
resulting in low ATPase activity.'”” Complex formation with
SufBD proteins induces a conformational change in the Q loop,
reorienting Glu171 toward the active site and thereby enhan-
cing ATPase activity. The ATPase activity of the SufBC,D
complex, however, is modulated through interactions with
SufE."*® Computational models provided insight that residues
Lys9 and Arg16 could interact with a patch of negative residues
(D116, D119, D122) within SufC, providing the molecular basis
of a non-competitive inhibitory effect of SufE on the ATPase
activity of SufC. In fact, Ala substitution of K9 and R16 of SufE
alleviates the inhibition of ATPase activity.'*® Interestingly,
these residues are also important for sulfur transfer, suggesting
a coordinated sequence of events involving sulfur transfer and
ATP hydrolysis during Fe-S cluster assembly by the E. coli SUF
system.

A second type of SufS sulfur acceptor is provided by the zinc-
dependent SufU (Fig. 5A). The role of SufU is equivalent to that
of SufE in mediating sulfur transfer from SufS to SufB in several
species, including the studied B. subtilis,"*° Staphylococcus
aureus,"™* Mycobacterium tuberculosis,""* and Enterococcus fae-
calis."*' SufU shares sequence and structural similarity to IscU,
where conserved Cys and Asp residues coordinate a tightly-
bound zinc (K, = 10"7), therefore restricting the function of
SufU as a dedicated sulfurtransferase of SufS."**'** The mecha-
nism for sulfur transfer is initiated by direct interaction
between SufS and SufU, in which a conserved His residue of
SufS (B. subtilis H342) transiently coordinates the zinc, displa-
cing SufU Cys41 to allow for nucleophilic attack on the SufS
Cys361 persulfide (Fig. 6)."*° The ligand switch serves as a
mechanistic feature to enhance the reactivity of Cys41 during
sulfur transfer."** Kinetic analysis supports this model, as the
rate-limiting step of this reaction is determined by the avail-
ability of the deprotonated form of SufU, which controls the
second half of the sulfurtransferase reaction.'*?

Recent structural analysis of B. subtilis SufU in its persulfu-
rated form shows the engagement of Arg125 in stabilizing the
persulfide sulfur, while the C41 bridging sulfur is bound to the
zinc cofactor (Fig. 6)."** Arg125 is conserved across SufU
sequences, and substitution to Ala or Lys impairs the ability
of SufU to serve as a substrate of SufS. Together, the structures
of SufU before reaction with SufS, the SufSU complex, and
persulfurated SufU provide snapshots of the sulfur-transfer
process and the involvement of several residues, guiding coor-
dinated conformational changes and reactivity of both sulfur
donors and acceptors (Fig. 6). Despite sequence differences,
structural alignment of B. subtilis SufU and E. coli SufE reveals
similar architectures and equivalent positions for Cys resi-
dues 41 and 51, respectively, involved in persulfide formation
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Fig. 6 B. subtilis SufS—SufU ligand swapping mechanism. (left) SufU Zn?*
ion cofactor is coordinated by C41, C66, C128, and D43 (PDB: 6JZV). Prior
to complex formation, SufU R125 is 5.8 A away from C41. (center) The
complex formation of SufS and SufU (PDB: 5XT5) initiates the swapping
mechanism. The SufS H342 becomes a ligand of the Zn cofactor, displa-
cing SufU C41 for the nucleophilic attack onto the persulfide sulfur on SufS
C361. This interaction is also stabilized by a salt bridge between SufU R125
and SufS D343. (right) Upon sulfur transfer, the persulfurated form of SufU
(PDB: 6JZW) has the zinc ion coordinated by the C41-SH residue. In this
form, SufU R125 is 3.2 A from the persulfide, suggesting the involvement of
this residue in the stabilization of this intermediate.

(Fig. 5)."*""* Interestingly, SufE R119 is also located in an
equivalent position as SufU R125 (Fig. 5C). It is possible that
these residues perform equivalent functions in stabilizing
the persulfide bond and orienting the persulfide sulfur for
subsequent transfer to SufB.

Distinct catalytic activities have been reported for SufSU
reactions from different species. The catalytic turnover of SufS
sulfurtransferase reaction in the presence of the sulfur acceptor
is faster than the cysteine desulfurase reaction. That is, the
half-reaction cycle leading to the formation of persulfide and
reduction is very slow (0.2-0.4 min~"),"*° likely due to the beta-
latch structure protecting the active site from direct reduction
of the persulfide by an artificial reductant like DTT. The rate of
the complete sulfurtransferase reaction in the presence of SufU
ranges from 1.5 to 45 min " across species.''>'*13%135 while
reaction conditions such as pH and the SufS-to-SufU ratio affect
the overall reaction rate, the low activity of the Mycoplasma
penetrans SufS sulfurtransferase reaction has been attributed to
the substitution of the conserved His residue (342 in B. subtilis),
which is involved in transient zinc coordination.'® In B. subtilis,
SufS H342 is essential for the sulfurtransferase activity;">> how-
ever, in M. penetrans, SufS GIn342 occupies this position (Fig. 7).
Mutagenesis studies have shown that amino acid substitutions at
this position yield varying degrees of activity. Variants containing
residues that eliminate zinc binding (Ala, Tyr, Ser) showed no
activity enhancement in the presence of SufU, whereas substitu-
tion with His, Glu, or Cys showed improved activity."*>

It is unclear why most Mycoplasma species retain an appar-
ently suboptimal residue, causing reduced efficiency of sulfur-
transferase activity. It is worth noting that Mycoplasma species
have reduced genomes and are missing components in multi-
ple pathways. While the presence of SufS is consistent across
species within this group, other SUF components are not always
present.'*® The lack of a complete SUF pathway, along with the
absence of genes encoding several Fe-S enzymes, supports the
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Fig. 7 SufSU complexes in different species. Heterodimer complexes and
zinc ligand site of B. subtilis SufS—SufU (top, blue and green — PDB: 5XT5)
and M. penetrans SufS—SufU (bottom, purple — AlphaFold model). Both
models have equivalent positions for Zn?* coordination by two cysteines
and an aspartate. Additionally, they have equivalent positions for the
catalytic cysteine as well as the salt bridge residues, arginine and aspartate.
Variation in these structures is seen in residues at position 342. B. subtilis
SufS contains a His342, while M. penetrans contains a Gln342.

hypothesis that some organisms have transitioned to a meta-
bolism that is independent of Fe-S clusters."®” For example, the
genomes of M. genitalium and M. pneumoniae contain SufSU
copies, but lack genes coding for SufB, SufC, and SufD, as well
as known Fe-S proteins.” In M. pneumoniae, SufS (HapE)
function is associated with haemolytic activity, likely due to
its sulfide-release activity.">” Although these investigations
have not probed the function of its counterpart SufU, species
with condensed genomes have retained only a SufSU copy, with
no other cysteine sulfurtransferase gene, suggesting their invol-
vement in sulfur transfer reactions beyond Fe-S cluster biogen-
esis. The unique features of distinct SUF pathways, including
mechanistic differences between the SufE and SufU compo-
nents, not only explain their lack of functional cross-talk but
also provide a point for exploration in the development of
targeted inhibitors specific to subgroups of microbes.

2.3 Synthesis of Fe-S clusters by the NIF system

The NifU-NifS pair constitutes a two-component Fe-S cluster
biosynthetic system first described in nitrogen-fixing orga-
nisms."*® NifS is the cysteine sulfurtransferase with sequence
and mechanistic similarity to IscS and other class I cysteine
desulfurases.®® NifU serves as a platform for the synthesis of
[2Fe-2S] and [4Fe-4S] clusters.*® NifU is a modular protein
containing three functional domains (Fig. 8)."*° The N-terminal
module is similar to IscU and is proposed to serve as the
starting point for Fe-S cluster synthesis. The central module
contains a [2Fe-2S] ferredoxin-like permanent cluster with
proposed function in mediating electron transfer during cluster
biogenesis. Lastly, the C-terminal region shares sequence simi-
larity with Nfu cluster carrier proteins, thereby facilitating the
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Fig. 8 Modular composition of NifU. Three functional domains of NifU
sequences are represented in the AlphaFold model of A. vinelandii NifU.
The N-terminal domain (pink) is similar to IscU and can coordinate [2Fe—2S]
or [4Fe—4S] transient clusters. The central domain (purple) has a permanent
ferredoxin-like [2Fe-2S] cluster that is proposed to donate electrons.
The C-terminal domain (blue) has similarity to Nfu, a cluster carrier protein.
All Fe-S cluster structures were modeled after the AlphaFold structure to
illustrate the location of transient and permanent clusters.

delivery of newly formed clusters to target acceptors. Therefore,
NifU combines three previously described functions in cluster
synthesis: cluster scaffold, electron donor, and cluster carrier,
all within a single polypeptide.

Structural similarities between NifUS and IscSU pairs, and
computational models, predict that the N-terminal domain of
NifU directly interacts with NifS for cluster assembly, using a
binding mode similar to that of IscU to IscS (Fig. 9).”” It is
anticipated that Fe-S cluster assembly initiates on the
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Fig. 9 Structural similarities between NifUS and IscSU. The heterodimeric
complex between AvNifU-NifS (top — AlphaFold Model) and EclscS-IscU
(bottom — PDB: 3LVL) is proposed to adopt a similar architecture. NifU
residues critical for function and proposed to be involved in initial cluster
formation and complex formation with NifS are conserved in IscU and
include: Cys35, Cys62, Cys106, Asp37, His105, and Tyr4. Variation among
these complexes arises from the additional central and C-terminal
domains of NifU, which are proposed to play roles equivalent to those
of ferredoxin (Fdx) and NfuA cluster carrier.
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N-terminal domain of NifU, using an equivalent mechanism
to that employed by the IscSU pair. Residues involved in cluster
coordination and shown to affect cluster synthesis on IscU are
also conserved in NifU, including Cys35, Cys62, and Cys106, as
well as Asp37 and His105. Structural models also predict that
each of the three domains folds independently, supporting the
proposal of three functions (Fig. 8). The sequence of the central
domain is unique to NifU and can be used as a diagnostic for
identifying the presence of the NifUS system across diverse
species.’*® The [2Fe-2S] central cluster has redox properties
similar to ferredoxin-like [2Fe-2S] clusters,'*' supporting the
idea that the central domain performs functions equivalent to
those of ferredoxin in the ISC system. Lastly, the C-terminal Nfu
domains are connected to the protein through a variable linker.
The sequence and length of this linker vary among species, and
it is thought to grant flexibility of this domain for intra- and
intermolecular interactions during cluster transfer."*®

The NIF system was first characterized in the diazotroph A.
vinelandii in functional studies of genes involved in nitrogen
fixation.'** Subsequent characterization established that NifUS
are involved in the synthesis of the three nitrogenase metallo-
cofactors, the [4Fe-4S] cluster of Fe-protein (NifH), the
P-cluster, and the FeMo cofactor of MoFe protein (NifDK).>*
Recent studies have also established that NifU provides clusters
for NifQ maturation and participates in Mo delivery for FeMo
cofactor assembly.®" While a direct transfer of [4Fe-4S] cluster
is sufficient for the maturation of NifH and NifQ, the synthesis
of P-cluster and FeMo cofactor involves additional biosynthetic
components for the conversion of [4Fe-4S] units into more
elaborate metallic structures. NifUS are also recruited for the
maturation of alternative Anf- and Vnf-nitrogenases in that
organism.'*®* The maturation of these enzymes, however, has
not been fully elucidated. It is presumed that NifUS are
required for the synthesis of their active sites, FeV and FeFe
cofactor, since they share a biosynthetic precursor NifB-co,***
which is known to receive [4Fe-4S] clusters from NifUS. Geno-
mic studies showed that NifUS are predominantly present in
aerobic diazotrophs, and their presence is rationalized by the
increased demand for cluster synthesis and repair under con-
ditions detrimental to Fe-S clusters.

The occurrence of NifUS sequences is not limited to diazo-
trophs or aerobic organisms. The presence of three-domain
NifU-like sequences has been investigated in Helicobacter pylori
and is also shown to coordinate the central cluster in its as-
isolated form."*®> Complementation experiments showed that
H. pylori NifUS is able to replace E. coli ISC and SUF systems,
demonstrating that this system can provide Fe-S clusters for
housekeeping functions.'*® The NifUS system has also been
reported in eukaryotes, Entamoeba histolytica and Mastiga-
moeba malamutei.**”"**® These organisms lack a standard ISC
described in eukaryotes, and their mitochondria also lack the
characteristic respiratory functions. Instead, these atypical
organelles, defined as mitosomes, retain Fe-S cluster biosyn-
thetic functions carried out by NifUS and specialized functions,
such as those of the hydrogenosome, to support their anae-
robic metabolism. The absence of genomic nitrogen-fixing
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neighborhood context led to the distinct classification of these
NifU-like sequences as MisU, which also includes single-
domain IscU-like sequences.®”” However, biochemical data
and the presence of three-domain NifU, with the characteristic
central-domain sequence, are distinct from those of IscU
sequences in both sequence and function. Notably, the diverse
distribution of NifU and NifU-like sequences across taxonomic
groups is also supported by analyses of sequenced genomes
that cannot distinguish diazotrophs from non-diazotroph spe-
cies in distinct branches."*® Overall, these sequences show
strong genomic synteny for the occurrence of nifU and nifS
genes, and the NifU sequences in nearly all cases contain
conserved cluster ligand residues within its three domains.
The NIF system offers an excellent model for studying the
synthesis of Fe-S clusters because it is a two-component system
yet harbors the functionality provided by multiple peptides in
the ISC system. The three domains within NifU may be viewed
as an optimized strategy for synthesizing initial building blocks
that can undergo reductive couplings and subsequent transfer
to acceptor targets.

2.4 Synthesis of Fe-S clusters by abbreviated systems: SMS
and MIS

The SMS and MIS systems are recently classified truncated Fe-S
biogenesis systems that have existed since the Last Universal
Common Ancestor (LUCA).®*®” These systems are the least
studied and research on the role of each component and the
requirement for additional factors were unknown until
recently. These systems lack several key components and asso-
ciated functionalities that are present in the ISC, SUF, and NIF
systems (Fig. 3). While the SMS and MIS systems remained in
archaea, their diversification appeared in bacteria. The origin
of the SUF system is likely the SMS system, whereas the origins
of the ISC and NIF systems are likely the MIS system. Many
evolutionary events have been hypothesized to have contribu-
ted to the development of these systems, including gene
duplication, horizontal gene transfer, and diversification in
response to environmental factors and the demand for multiple
stable Fe-S clusters.®® For example, there is a clear divergence
between SUF and SMS systems based on the presence of
oxygen. The SUF system is primarily found in bacteria and
certain groups of aerobic archaea, whereas the SMS system is
primarily found in archaea and in select groups of anaerobic
bacteria.

The SMS system contains only the scaffold SmsCB. These
proteins are homologous to the SUF scaffold proteins SufC and
SufB. Recent characterization of this system across different
organisms indicates that, in general, SmsC exhibits AAA+
ATPase activity that is enhanced by SmsB, in a manner similar
to that described for the SUF system.®”'*°"'*' The SmsC,B,
complex in Methanosarcina acetivorans, Methanocaldococcus
Jannaschii, and Methanococcus maripaludis was validated to
function as an Fe-S cluster assembly scaffold and capable
of transferring these clusters to apo-proteins.®”'*° Sequence
comparison between SufB and SmsB shows conservation of
Cys residues implicated in cluster binding in SufB, but these
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Fig. 10 M. jannaschii SmsC,B, complex (PDB: 9H78). The M. jannaschii
SMS scaffold protein is a heterotetramer that contains a single [4Fe—4S]
cluster at the C-terminal region (CTR) of a single SmsC monomer.

residues do not affect cluster binding in the SmsB,C, complex
in Methanothermococcus thermolithotrophicus, suggesting that
some species use an alternate site for cluster ligation."*°

A subset of SmsC sequences contains a C-terminal region
(CTR) to coordinate a Fe-S cluster. Intriguingly, the structure of
M. jannaschii SufB,C, shows the presence of a single [4Fe-4S]
cluster, coordinated by three cysteine residues, on a single
SmsC subunit within the CTR (Fig. 10). This region is disor-
dered in the apo-SmsC structure and becomes structurally
defined upon cluster formation."*® This type of cluster coordi-
nation was also validated through a mutagenesis approach in
M. thermolithotrophicus."” These two species, along with a
number of species that contain the SMS system, exhibit
sequence variation within the CTR of SmsC, but retain suitable
cluster ligand residues.'”® The occurrence of Cys residues
within CTRs in SmsC provides novel sites for transient clusters
coordination and leaves the role of SmsB in this species
unresolved. The ability of SmsC to bind Fe-S clusters was
unexpected and demonstrates a stark mechanistic difference
from the SufBCD scaffold, which uses SufB as the cluster-
binding site.’*® In M. jannaschii SmsC, the binding of the Fe-
S cluster and ATP was proposed to be mutually exclusive, based
on experiments performed with non-hydrolyzable ATP."** How-
ever, the ATPase activity of M. thermolithotrophicus SmsC was
unaffected by the presence of the cluster.">® Therefore, it
remains to be determined which steps in cluster synthesis
require ATPase activity. It is worth noting that the occurrence
of CTR is not universal to all SmsC sequences. For example,
CTR is absent in Thermococcus kodakarensis SmsC, and the
SmsC,B, complex from this organism has been shown to be
competent in Fe-S cluster assembly and in the maturation of
the Fe-S target protein LipS.'*" It is possible that the current
definition of SMS systems encompasses all truncated Suf-like
systems, with members at distinct evolutionary stages and
performing varying functions that remain to be characterized.

Additional distinctive features of the SMS system include the
absence of a cysteine desulfurase, a chaperone, or a cluster
carrier protein within the genomic region (Fig. 3). Some SMS-
containing species, such as T. kodakarensis, possess a sufS-like
gene, which is dispensable in the presence of elemental
sulfur.’® Several other species completely lack a cysteine
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sulfurtransferase gene.®® This observation was initially intri-
guing because this enzyme is required for the first step of sulfur
mobilization in all other studied Fe-S biogenesis systems,
raising questions about how sulfur incorporation occurs in
organisms that lack this catalytic function. While the involve-
ment of an alternative sulfurtransferase in these systems can-
not be ruled out at this point, current evidence supports the
idea that sulfide is directly added to the scaffold during Fe-S
cluster synthesis. The SMS system is primarily found in
archaeal species, including methanogens and hyperthermo-
philes. These organisms thrive in hot, anaerobic environments
such as hydrothermal vents and volcanic marine sediments,
where inorganic sulfur is plentiful.’>" Earlier studies excluded
cysteine as the sulfur source for Fe-S cluster biogenesis in M.
maripaludis,">* supporting a model in which sulfide is directly
used to assemble Fe-S clusters on the SMS scaffold proteins.
Recently, additional support for this model was provided by
interspecies complementation experiments showing that
M. jannaschii smsBC can rescue the lethal phenotype caused
by inactivation of the E. coli ISC and SUF systems when the
growth medium is supplemented with sulfide, but not
cysteine.'*® Although it remains to be fully characterized, it is
likely that the synthesis of the Fe-S cluster directly from sulfide
involves a distinct mechanism, as it probably eliminates the
need for reduction of a persulfide intermediate, like in other
systems.

The MIS system is the least studied iron-sulfur cluster
biogenesis system. This system contains a cysteine desulfurase
(MisS) and scaffold pair (MisU) that are homologous to IscS and
IscU.*” This system does not contain additional components
such as a carrier protein or chaperones and has previously been
mischaracterized as belonging to other biogenesis systems.'>*
Phylogenetic classification of MIS proposed by Garcia et al.
defined NifUS-like proteins from non-diazotrophs as MisSU.
This assignment was supported by clustering NifS coding
sequences from nitrogen-fixation (nif) genomic regions into a
distinct branch relative to MisS sequences from non-diazo-
trophs.®” Using this classification, assigned MisU sequences
included IscU-like sequences and three-domain NifU-like
sequences, which are known to be distinct in sequence and
number of cluster coordination sites. From a catalytic mecha-
nistic perspective, it is likely that these tentatively assigned
three-domain MisU sequences operate as NifU-like, displaying
chemical reactivity similar to that reported for NifU and were
discussed in this review as NifU-like scaffolds. Likewise, the
assembly of Fe-S clusters by IscU-like MisU sequences is
proposed to follow steps analogous to those described for IscU.
However, the self-contained functionality of MIS sequences
displaying IscU-like sequences remains to be validated.

A number of archaeal species contain both SMS and MIS
systems. M. acetivorans, for example, contains two copies of
SMS and three copies of MIS. While both copies of SMS,
SmsC1B1 and SmsC2B2, are competent for cluster assembly,
a strain carrying inactivation of both copies remains viable.'
Likewise, inactivation of MisU2 also did not affect Fe-S cluster
content in that organism."* It is possible that the occurrence of
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multiple copies provides functional cross-talk among the var-
ious SMS and MIS systems in this organism and enables the
organism to adapt its metabolism based on sulfur source.
There is a clear separation between methanogens that contain
both systems and those that have only the SMS system, with
respect to their ability to utilize sulfide and cysteine as sources
of Fe-S cluster formation. These minimal systems in archaea
provide more insight into the origins and evolution of the
present-day Fe-S biogenesis systems. This new and exciting
area of exploration provides an opportunity to uncover mecha-
nistic details of Fe-S cluster synthesis by these condensed
systems and may reveal the involvement of novel factors
supporting sulfur and iron acquisition, cluster assembly,
and protein maturation as organisms containing these path-
ways are subjected to distinct environmental and metabolic
challenges.

3. Concluding remarks

Fe-S clusters are ancient inorganic cofactors with a diverse set
of functionalities. These ubiquitous cofactors require distinct
pathways for the incorporation of sulfur, iron, electrons, and
the formation of the clusters. The sulfur source has recently
been a point of interest since the identification of minimal
iron-sulfur systems that dispense the requirement of a cysteine
sulfurtransferase. Sulfur has been an essential element since
the beginning of time, when it was abundant alongside iron,
resulting in mineral species such as pyrite (FeS,), mackinawite
(FeS), and other metal sulfides. The iron-sulfur world hypoth-
esis theorized that iron-sulfur species from hydrothermal
systems served as catalysts in essential metabolic processes.'®
It was previously postulated that iron and sulfur spontaneously
formed Fe-S clusters in the anaerobic, high-temperature, and
high-pressure environments accessible in early life. However, the
presence of the Fe-S cluster biogenesis protein machinery, the
MIS and SMS systems, in the Last Universal Common Ancestor
(LUCA) challenges this hypothesis. Exogenous sulfur likely served
as the sulfur source, and cluster formation was facilitated by
protein machinery rather than occurring spontaneously.®” The
recruitment of protein components for Fe-S cluster formation in
biological systems has evolved from truncated systems that use
elemental sulfur to intricate ones described here that utilize 1-
cysteine.

While most Fe-S cluster biosynthetic systems follow similar
general steps for sulfur mobilization, cluster assembly, and
transfer to target proteins, their functional and biochemical
characterization reveal key differences. The rise of different
cysteine desulfurases, likely from the MisS, allowed for
L-cysteine to serve as a sulfur donor for the biosynthesis of
these clusters in present-day systems and in the biosynthesis of
other sulfur-containing cofactors. Thus, cysteine sulfurtrans-
ferases, in the present, perform versatile roles in sulfur meta-
bolism. In some organisms, such as B. subtilis, gene duplication
has enabled these enzymes to perform dedicated roles
as cysteine sulfurtransferases as described for SufS-SufU,

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cb00330j

Open Access Article. Published on 02 April 2026. Downloaded on 6/14/2026 1:38:09 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Chemical Biology

NifZ-Thil, YrvO-MnmA, and NifS-NadA sulfur donor-acceptor
pairs.*>®®112157 gpecific protein-protein interactions between
these enzymes and their dedicated sulfur acceptors restrict
their reactivities and, consequently, biological functions.®®
For instance, the BsNifS enzyme is directly involved in sulfur
transfer to the final Fe-S target quinolinate synthase NadaA,
presumably via in situ assembly of the [4Fe-4S] on that
enzyme."” A distinct evolutionary strategy was observed in
E. coli that utilizes a main cysteine sulfurtransferase to interact
with multiple partners, as described for IscS and its sulfur
acceptors IscU, TusA, and Thil.”>”’ EclscS was previously
coined as a promiscuous enzyme.”>"*® Recent literature has
challenged this paradigm by uncovering that specific sequence
elements in these protein-protein interactions are essential for
enzyme reactivity and function.

The versatile chemistries promoted by Fe-S proteins and
their involvement in life-sustaining reactions justify the persis-
tence of these fragile cofactors in the current oxygenated world.
The occurrence and inventory of chemical functionalities asso-
ciated with this class of proteins continues to expand. The
recent discovery of novel cluster coordination motifs and
improved computational models for structural predictions have
directed research for reassignment of previously overlooked Fe—
S sites. Furthermore, improved methodology for isolating these
proteins under conditions that preserve Fe-S clusters in their
intact and active forms has enabled validation of new in silico
assignments. Fe-S clusters are embedded in the biochemistry
of life. The involvement of Fe-S proteins in a multitude of
biochemical processes opens the door to the application of
their functionalities in biotechnology. Additionally, the speci-
ficity of their biosynthetic enzymes across microbial groups,
along with their essentiality, suggests therapeutic potential for
treating infectious agents.
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