
HAL Id: hal-04679950
https://hal.sorbonne-universite.fr/hal-04679950v1

Submitted on 28 Aug 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

[4Fe-4S]-dependent enzymes in non-redox tRNA
thiolation

Sylvain Gervason, Sambuddha Sen, Marc Fontecave, Béatrice
Golinelli-Pimpaneau

To cite this version:
Sylvain Gervason, Sambuddha Sen, Marc Fontecave, Béatrice Golinelli-Pimpaneau. [4Fe-4S]-
dependent enzymes in non-redox tRNA thiolation. Biochimica et Biophysica Acta - Molecular Cell
Research, 2024, 1871 (7), pp.119807. �10.1016/j.bbamcr.2024.119807�. �hal-04679950�

https://hal.sorbonne-universite.fr/hal-04679950v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


Review
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A B S T R A C T

Post-transcriptional modification of nucleosides in transfer RNAs (tRNAs) is an important process for accurate
and efficient translation of the genetic information during protein synthesis in all domains of life. In particular,
specific enzymes catalyze the biosynthesis of sulfur-containing nucleosides, such as the derivatives of 2-thiour-
idine (s2U), 4-thiouridine (s4U), 2-thiocytidine (s2C), and 2-methylthioadenosine (ms2A), within tRNAs. Whereas
the mechanism that has prevailed for decades involved persulfide chemistry, more and more tRNA thiolation
enzymes have now been shown to contain a [4Fe-4S] cluster. This review summarizes the information over the
last ten years concerning the biochemical, spectroscopic and structural characterization of [4Fe-4S]-dependent
non-redox tRNA thiolation enzymes.

1. Introduction

1.1. Modified nucleosides within RNA

Precise decoding of the genetic code is a fundamental process in all
living organisms. Transfer RNAs (tRNAs) play a critical role in protein
synthesis by translating codons on messenger RNAs (mRNAs) into the
corresponding amino acids in the ribosome. All cellular RNAs feature
post-transcriptional chemical modifications, which are evolutionarily
well conserved [1]. MODOMICS is a database of RNA modifications that
provides comprehensive information about RNA modifying enzymes, as
well as the chemical structures of modified ribonucleosides, their
biosynthetic pathways and the location of modified residues in RNA
sequences [1]. Chemical modifications within tRNA are the most
numerous and diverse [2]. They stabilize its tertiary structure, introduce
recognition determinants and anti-determinants towards RNA-
interacting macromolecules and fine-tune the decoding process at the
level of both efficiency and fidelity [3–7].

Recently, the dynamic control of post-transcriptional RNA modifi-
cations has emerged as a new level of gene expression regulation [8–14].
For example, N6-methyladenosine, the most abundant mRNA internal
modification in eukaryotes, has a crucial function in regulating RNA
metabolism including export, stability, translation, and decay [15].
Moreover, under stress conditions, tRNA modification reprogramming
greatly contributes to cell survival by orchestrating the synthesis of
specific proteins vital to stress response [16–20]. Finally, many human

pathologies are linked to defects in tRNA modification pathways
[20–24].

1.2. Thionucleosides within tRNA

Until now, thionucleosides have been identified only in tRNA [1], at
position 8 and 9 in the tRNA core, positions 32, 34 and 37 around the
anticodon and position 54 in the T-loop (Fig. 1). Important for con-
trolling the response to cellular stress, tRNA thiolation is negatively
regulated in lower eukaryotes under stress, thereby promoting cell
survival [25,26]. Although these thionucleosides exhibit diverse cellular
functions, they share common biosynthetic strategies [27,28].

The sulfur insertion step is catalyzed by specific thiolation enzymes
called TtuI (formerly known as ThiI) for position 8, TtcA for position 32,
MnmA in bacteria and Ncs6/CTU1/NcsA in eukaryotes and archaea for
position 34, MiaB/MtaB for position 37, TtuA for position 54 (Fig. 1)
[29–32].

Sulfur insertion reactions in tRNA can be divided into two classes.
One class consists of the insertion of a sulfur atom within an inert C–H
bond, such as the reaction catalyzed bymethylthiotransferases MiaB and
MtaB [33,34]. This high energy-demanding reaction is catalyzed by S-
adenosyl-L-methionine (SAM)-radical enzymes. All SAM-radical en-
zymes catalyzing thiolation reactions contain two iron-sulfur clusters:
one [4Fe-4S] cluster is involved in SAM reduction and cleavage, whereas
the additional cluster, [2Fe-2S] or [4Fe-4S], is proposed either to
function as a source of sulfur atom [35,36] or to activate and transfer an
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exogenous hydrogenosulfide ligand for the thiolation step [37–39]. This
mechanistic duality remains a matter of intense debate. The second class
of reactions consists of the substitution of an oxygen atom by a sulfur
atom, which is a non-redox reaction, in contrast to the first type of re-
actions. This reviewwill focus on tRNA thiolases that catalyze non-redox
thiolations since the mechanisms of SAM-radical tRNA thiolation en-
zymes have already been extensively covered [36,37,40]. We discuss
here about more and more of these enzymes being reported to use a
[4Fe-4S] cluster. We illustrate their biochemical and spectroscopic
properties gathered over the last ten years with their crystal structures or
models calculated with AlphaFold, an artificial intelligence program
that has revolutionized the field of structural biology in 2021 by the
accuracy of its prediction of proteins three-dimensional models [41].

1.3. [Fe-S] dependent and independent pathways for nonredox tRNA
thiolations

In the bacterium Salmonella enterica serovar Typhimurium, mutation
in the iscU, hscA, or fdx genes involved in the iron-sulfur cluster (ISC)
biosynthesis machinery [42] reduced the synthesis of s2C 2-fold and that
of ms2io6A 10-fold but not that of s4U or (c)mnm5s2U, as shown by High
Performance Liquid Chromatography (HPLC)-coupled mass spectrom-
etry (MS) analysis of modified nucleosides after hydrolysis of bulk tRNA
from the mutated strains [43]. This led to the suggestion that two

principal distinct routes for thiolation of tRNA exist: [Fe-S]-independent
enzymes for s4U and (c)mnm5s2U formation and [Fe-S] enzymes for the
synthesis of s2C and ms2io6A. Later, after the sulfur mobilization system
SUFwas discovered as a new [Fe-S] cluster biosynthesis machinery [44],
it was shown that, in Escherichia coli, the amounts of mnm5s2U or s4U
tRNA modifications remained unaffected in the ΔiscU or Δfdx strains,
independently of the expression of the suf operon [45]. This experiment
reinforced the hypothesis that the s2U biosynthetic pathway was [Fe-S]-
independent in bacteria. In contrast, ms2i6A37 and s2C32 were recov-
ered when the suf operon was overexpressed in the iscU or iscS deficient
strains, indicating that the SUF system could provide [Fe-S] clusters
necessary for these thiomodifications [45].

The question as to whether the biosynthesis of [Fe-S] clusters is a
prerequisite for the 2-thio modification of uridine in tRNAs in both
subcellular compartments of yeast cells was raised in 2007 [46]. The
three components of the cytosolic iron-sulfur cluster protein assembly
(CIA), Cfd1, Nbp35, and Cia1 [47], were required for 2-thio modifica-
tion of cytosolic tRNAs, but not of mitochondrial tRNAs. Moreover, the
mitochondrial scaffold proteins Isu1 and Isu2 from the ISC system were
required for the 2-thio modification of cytosolic tRNAs but not of
mitochondrial tRNAs. It was therefore concluded that the 2-thio modi-
fication of cytosolic tRNAs, which required both CIA and ISC machin-
eries, is dependent on an [Fe-S] protein, whereas that of mitochondrial
tRNAs is [Fe-S] cluster independent. It was shown later that
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Fig. 1. Position of thiolated nucleosides within tRNA. The name of enzymes catalyzing the specific insertion of sulfur within tRNA is indicated and the thiolated
nucleoside is framed: s2C, 2-thiocytidine; s4U, 4-thiouridine; m5s2U, 5-methyl-2-thiouridine; ms2A, 2-methylthioadenosine. Thiolation of U34 is catalyzed by MnmA
in bacteria and mitochondria, a single protein NcsA in archaea or a complex of two proteins in the cytosol of eukaryotes (called Ncs6p/Ncs2p in yeast and CTU1/
CTU2 in humans).
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mitochondria play a direct and essential role in cytosolic tRNA thio-
lation by generating low molecular mass sulfur-containing intermediate
species and exporting them to the cytosol, where they were used for
tRNA thiolation [48].

1.4. Sulfur transfer pathways from cysteine to the thiolated nucleosides

In all three kingdoms of life, the sulfur atoms that are incorporated
into molecules to form iron-sulfur clusters, thiamine, molybdenum
cofactor, biotin, or thionucleosides [49–52] mainly originate from the
amino acid L-cysteine [53]. In most organisms [54], a pyridoxal-5′-
phosphate (PLP)-dependent cysteine desulfurase first mobilizes sulfur
via formation of a persulfide (-SSH) on its catalytic cysteine residue by
desulfurization of L-cysteine into L-alanine [55,56]. The cysteine
desulfurase is called IscS in E. coli and S. enterica serovar Typhimurium
[49,50,57,58], Nfs1 in eukaryotes [59], NifZ or YrvO in Bacillus subtilis
[60,61]. Mitochondrial Nfs1 was shown to be required for 2-thio
modification of tRNAs, both in the mitochondria and the cytosol [46].

The terminal sulfur of the persulfide is then presumed to be used
directly by the tRNA thiolation enzyme (MnmA from B. subtilis
(BsMnmA) [61]), E. coli TtuI (EcTtuI) [57] and possibly TtuI from
B. subtilis (BsTtuI) [60]) or be transferred via sulfur-carrier proteins
through transpersulfuration reactions that generate a persulfide in the
last sulfur acceptor (Fig. 3) [28]. Thus, the activity of tRNA thiolation
enzymes has usually been studied using radiolabeled cysteine and
cysteine desulfurase and by monitoring of incorporation of radioactive
sulfur into the enzyme and the tRNA [62]. It is important to note here
that the initial step of sulfur transfer catalyzed by cysteine desulfurases
is not universal as bacteria mollicules and some archaea lack a cysteine
desulfurase [54,63].

A reverse genetic approach combined with mass spectrometry was
used to identify the sulfur-transfer system for 2-thiouridine formation in
tRNAs in E. coli [64] and S. cerevisiae [65]. 2-thiouridine formation
catalyzed by E. coli MnmA (EcMnmA) proceeds through a complex
cascade of sulfur carrier proteins known as the Tus pathway [64], which
is restricted to certain bacterial species, such as γ-proteobacteria
(Fig. 3A) [54]. Five proteins (TusA, the TusBCD complex [66] and TusE)
are used to relay sulfur from the IscS-bound persulfide and generate a
persulfide on TusE that serves as the sulfur source for tRNA thiolation
[64].

Another chemical mechanism generates a thiocarboxylate at the C-
terminal glycine of a carrier protein as the last sulfur donor for tRNA
thiolation. This thiocarboxylate-mediated sulfur-relay pathway is
responsible for U54-tRNA thiolation in Thermus thermophilus (Fig. 3B)
and for U34-tRNA thiolation in archaea [67] and eukaryotes [65,68,69].

In T. thermophilus, s2U54-tRNA biosynthesis involves a sulfur-
transfer chain consisting of the tRNA thiolase TtuA and the proteins
TtuB, TtuC and TtuD, with the thiocarboxylate formed on the C-terminal
glycine of TtuB being used as the last sulfur donor to TtuA (Fig. 3B)
[70–74]. The ttuA, ttuB and ttuC genes are organized as an operon but
not the ttuD gene. It was proposed that the C-terminal carboxylate on
TtuB is activated by the TtuC ATPase, resulting in the formation of an
acyl-adenylated TtuB-CO-OAMP intermediate, and that the thio-
carboxylation of the latter is performed by sulfur transfer from the
persulfide formed on TtuC [71]. The sulfur atom received by TtuC comes
from the persulfide formed on the catalytic cysteine of one rhodanese
homology domain (RHD) of TtuD [73], itself generated by transfer of a
sulfur atom from cysteine by a cysteine desulfurase IscS or SufS. As the
final enzyme of this pathway, TtuA catalyzes the transfer of the sulfur
atom from TtuB-CO-SH to the tRNA [74,75]. Several organisms like
Thermotoga maritima do not possess the ttu genes (C. Brochier, personal
communication) so they likely use another sulfur-carrier pathway to
form the thiocarboxylate species or inorganic sulfide as the thiolating
agent for s2U54-tRNA formation.

An equivalent ubiquitination-related pathway is involved in sulfur
transfer from cysteine for s2U34-tRNA thiolation in eukaryotes (yeast

[65,69,76–79], nematode [80], plant [81] and human [68,82]), and in
archaea [67,83]. The thiocarboxylate that serves as a sulfur source for
U34-tRNA thiolation is formed on the C-terminus of the ubiquitin-like
protein Urm1 in eukaryotes and archaea (TtuB homologue) through
adenylation and sulfur transfer from the E1-ubiquitin activating-like
enzyme, called Uba4 in eukaryotes and UbaA in archaea (TtuC homo-
logue). It has been suggested that the prokaryotic sulfur relay enzymes
are at the origin of the ubiquitination system that controls a wide range
of physiological processes in eukaryotic cells [84].

1.5. Non-redox tRNA thiolation: activation of target position by ATP

TtuI, TtcA, MnmA, Ncs6/CTU1/NcsA and TtuA enzymes catalyze the
non-redox substitution of an oxygen atom for a sulfur atom (Fig. 1). All
these proteins belong to PP-loop ATP pyrophosphatase (PPase) family
[85] possessing a PP(pyrophosphate)-loop motif (SGGKDS) that binds
ATP (Fig. 2). ATP binding activates the target nucleoside by formation of
an adenylated intermediate (Fig. 4A) so that sulfur insertion takes places
specifically at the target position. The introduction of a good leaving
group facilitates the subsequent nucleophilic attack of the sulfur donor
on the O-adenylated intermediate, after which AMP is released [86,87].
The existence of the adenylated intermediate (Fig. 4A) was revealed
when the reaction catalyzed by EcTtuI was performed in the presence of
α-[32P]-labeled ATP [87]. The incorporation of radioactivity into tRNA
was followed on an electrophoresis gel, and a band with decreased
mobility appeared, corresponding to the radiolabeled adenylated in-
termediate. The nature of this intermediate was confirmed by adding
increasing concentrations of unlabeled ATP, which decreased the
amount of radiolabeled adenylated tRNA, and by the identification of
the intermediate by HPLC/MS. Notably, the adenylated RNA interme-
diate has been trapped and visualized in the crystal structure of
EcMnmA in complex with tRNA [86]. Interestingly, the cysteine desul-
furase YrvO was able to transfer [35S]-sulfur from [35S]-L-cysteine to
BsMnmA only in the presence of ATP, suggesting that BsMnmA un-
dergoes a conformational change upon nucleotide binding to accept the
sulfur atom [61].

1.6. Persulfide-based mechanism

We renamed ThiI proteins that thiolate U8-tRNA (Fig. 1) as TtuI
proteins [88,89] because most of these enzymes do not possess the RHD
needed for thiamin synthesis. For convenience, we still call the gene
encoding EcTtuI as thiI because EcTtuI possesses the RHD and is
involved in thiamin synthesis. TtuI proteins modify uridine at position 8
in all bacterial and archaeal tRNAs, with s4U being present in 70 % of
tRNAs [90,91]. In addition, s4U is found at position 9 in tRNAs from
some species [1,92]. The target base is buried inside the core of the tRNA
structure, which means that a major conformational change of tRNA is
needed to make U8 accessible to the enzyme. The product of the TtuI
reaction, 4-thiouridine, is a sensor of near UV light: upon irradiation,
s4U8 cross-links with the nearby cytidine at position 13, causing
conformational changes that prevent aminoacylation of tRNAs, resulting
in accumulation of uncharged tRNAs that triggers stringent responses
[2,93].

TtuI proteins are organized into several domains: a N-terminal
ferredoxin-like domain (NFLD), an RNA binding domain called THUMP
(for THioUridine synthases, RNAMethyltransferases and Pseudo-uridine
synthases domain), and a catalytic PPase domain (Fig. 2). TtuI proteins
from γ-proteobacteria, such as E. coli, and from several archaea contain
an additional C-terminal RHD, known to function as a versatile sulfur-
carrier [94]. Rhodanese modules possessing a six-amino-acids active-
site loop, with a catalytic cysteine at the first position, as in EcTtuI, are
known to interact with substrates containing reactive sulfur atoms [95].

Mutagenesis experiments in EcTtuI have shown that two conserved
cysteines are crucial for activity: Cys344 from the catalytic domain and
Cys456 from the RHD. When Cys456 was mutated into alanine, the
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sulfur transfer assay with the [35S]-cysteine/IscS system did not lead to
incorporation of radioactivity into the tRNA product, suggesting that a
persulfide is formed on Cys456 during catalysis in the wild-type protein
[57,62,96]. Two mechanisms of sulfur transfer for the EcTtuI-catalyzed
reaction have been proposed: either the persulfide of Cys456-SSH per-
forms a direct nucleophilic attack on the adenylated intermediate, with
Cys344 serving to resolve the disulfide bond formed between the
enzyme and the tRNA, or hydrogen sulfide, released from Cys456-SSH
with the assistance of Cys344, acts as the nucleophilic species (see
Fig. 2 in [97]). Turnover implies that this disulfide is reduced to
regenerate the active cysteine residues.

The AlphaFold2 model of EcTtuI shows that the SH group of Cys344
does not point towards the RHD and that the Cα atoms of Cys344 and
Cys456 are 15 Å away (see below, Fig. 10A). Although the two cysteines
are far from each other in this model, they could form a transient di-
sulfide bond during catalysis since Cys456 is located on a long flexible
loop, whose mobility could bring Cys456 closer to Cys344. For
simplicity, we call the mechanism that involves two catalytic cysteines,
with one of them carrying the persulfide used as a sulfur source for tRNA
thiolation, a ‘persulfide-based’ mechanism.

Two other classes of TtuI proteins, without a RHD, have been iden-
tified. One class, represented by TtuI from Bacillus anthrasis and Ther-
motoga maritima, contains only one conserved cysteine at the active site
(Cys344). Although the crystal structure of both proteins is known
[98,99], it is not yet understood how such TtuI enzymes catalyze their
reactions. It has been suggested that they may function as a complex
with a stand-alone rhodanese protein encoded by a separate gene
[97,98]. The third class, which uses an iron‑sulfur cluster for catalysis,
was discovered only recently [89,100] and will be the subject of Section
2.5.

In bacteria, uridine 34 in the anticodon loop of tRNAs (Fig. 1) is
modified into 5-methylaminomethyl-2-thiouridine (mnm5s2U) and 5-
carboxymethylaminomethyl-2-thiouridine (cmnm5s2U) by MnmA pro-
teins [101]. Mutations in the mnmA gene resulted in severe growth
reduction in E. coli [58,101] and S. enterica serovar Typhimurium
[49,102], and in non-viability in B. subtilis [103].

Since L-cysteine desulfurase IscS is required for the biosynthesis of
s2U34-tRNA in E. coli and S. enterica serovar Typhimurium [49,50], the
transfer of sulfur from [35S]-L-cysteine to unmodified tRNA by the tRNA
thiolase was routinely used as a measure of catalytic activity by quan-
tifying the radioactivity in the [35S]-tRNA product bound to DEAE-
cellulose filter disks, after incubation in the presence of Mg-ATP, PLP,
IscS and dithiothreitol (DTT) as a reductant [58,64]. The first attempts
to reconstitute the biosynthesis of s2U-tRNA in vitro with this simple

system showed very low activity, with large amounts of EcMnmA being
required to observe s2U formation (MnmA:tRNA ratio of 1:1) [58]. Later,
genetic analysis showed that the EcMnmA biosynthetic pathway not
only involves IscS but a more complex cascade of sulfur carrier proteins
consisting of TusA, the TusBCD complex and TusE (Fig. 3A) [64]. With
all the relay proteins, the sulfur transfer from cysteine to the tRNA was
increased 200 fold, but with a noncatalytic amount of enzyme
(EcMnmA:tRNA ratio of 2.1:1 [64] or 4:1 [86]). It was proposed that, at
the end of the sulfur transfer pathway, a persulfide on the TusE catalytic
cysteine would provide sulfur to a catalytic cysteine of EcMnmA,
forming a persulfide that could act as the sulfur source for tRNA thio-
lation [64]. However, using [35S]-L-cysteine and all the relay proteins,
EcMnmAwas either not labeled [64] or poorly labeled [86], as shown by
the analysis on non-reducing SDS-PAGE gels, so it was not clear if the
sulfur provided by TusE in the form of a persulfide is accepted directly
by EcMnmA.

The mechanism following the formation of a persulfide on TusE
proposed by Numata et al. for EcMnmA (see Fig. 5 in [86]) was based on
the proximity of three conserved residues (Asp99, Cys101 and Cys199)
to the target U34-tRNA, as observed in the crystal structures of EcMnmA
in complex with tRNA, and on the inability of the D99A, C102S and
C199Amutants to transfer sulfur from [35S]-L-cysteine to the tRNA [86].
It involved an adenylated intermediate, as for TtuI (Fig. 4A), in agree-
ment with the trapping of the adenylated intermediate state in the
crystals [86]. The formation of a persulfide on Cys199 would enable
Cys199-SSH to act as a nucleophile to attack the C2 position of the
adenylated intermediate, followed by the cleavage of the disulfide bond
between the enzyme and tRNA by Cys102, with Asp99 acting as a base/
acid catalyst to deprotonate/protonate the N3 atom of U34 [86]. This
‘persulfide-based mechanism’ was analogous to that previously pro-
posed for EcTtuI [97].

2. A new expanding class of tRNA thiolation enzymes operating
with a [4Fe-4S] cluster

2.1. C32-tRNA thiolase TtcA: the first biochemically characterized [4Fe-
4S]-dependent tRNA thiolation enzyme

As discussed in Section 1.3, genetic studies showed in 2004 that
TtcA, which catalyzes thiolation of cytidine 32, near the anticodon loop
(Fig. 1), in four tRNAs (tRNAArgICG tRNAArgCCG, tRNAArgmnm5UCU, and tRNASerGCU),
- or proteins upstream or/and downstream of TtcA in the s2C-tRNA
synthetic pathway - contains an [Fe-S] cluster [43]. The ttcA gene was
identified by analyzing E. coli and S. enterica serovar Typhimurium strains

Type II (NcsA)
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Type III (MnmA)

SGGKDS

SGGKDS    CC
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Fig. 2. Conservation of the CXXC + C motif and comparison of the domain organization in [4Fe-4S]-dependent non-redox tRNA thiolases. CTD, C-terminal domain of
MnmA proteins; NFLD, N-terminal ferredoxin-like domain; THUMP, THioUridine synthases, RNA Methyltransferases and Pseudo-uridine synthases; PPase,
pyrophosphatase.
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deficient in s2C-tRNAs, leading to the discovery of a new class of thio-
lation enzymes called the TtcA/TtuA family [104]. The sequence of this
class of proteins is characterized by the presence of the PP-loop motif, as
well as a conserved CXXC motif in the central region (Fig. 2). The TtcA
subclass, present in almost all bacteria, possesses an additional CXXC
motif in the PPase domain, whereas the TtuA subclass, which includes
almost all family members from eukaryotes and archaea, contains two
additional CXXC motifs at the N- and C-termini.

Bulk tRNA was analyzed from E. coli ttcA mutant strains encoding a
double mutant protein, in which both cysteines in the central CXXC
motif were mutated to alanine, and two single mutants, in which each
cysteine was mutated to serine [104]. The absence of the s2C-tRNA
modification in all three strains led to the conclusion that the two cys-
teines in the central CXXCmotif are required for s2C formation in tRNAs.
Lack of s2C-tRNA did not affect the steady-state growth rate, nor did it
show any growth disadvantage in a mixed-population experiment with
the mutant and wild-type strains. However, several specific steps in the
translational decoding process were affected by the absence of s2C32-
tRNA.

The first biochemical characterization of a TtcA enzyme was per-
formed in 2014 [105]. After overexpression in E. coli, aerobically-
purified EcTtcA was characterized as a dimer of about 70 kDa under
reducing conditions in solution, as determined by Size Exclusion

Chromatography Multi-Anomalous Light Scattering (SEC-MALS) anal-
ysis. It had a reddish color and a UV visible spectrum displaying
absorbance bands at 322, 415 and 460 nm, characteristic of a [2Fe-2S]2+

cluster [106]. The Fe content was measured by the Fish method, which
uses acid-permanganate to release the complexed iron in solution [107]
and the S content by the Beinert method, which consists in denaturing
the protein with zinc acetate and sodium hydroxide, adding N-N-
dimethyl-p-phenylenediamine and ferric iron chloride, and following
the formation of methylene blue by spectrophotometry [108].

The low Fe and S content in the aerobically-purified protein
(respectively 0.16 and 0.21) was increased only by a factor of 1.8 when
the protein was purified anaerobically, which is likely due to the limited
levels of the iron-sulfur biogenesis machinery in the TtcA overexpression
system. Further analysis of the 57Fe-labeled protein, obtained after
anaerobic growth in the presence of 57Fe, by Mössbauer spectroscopy
[109], indicated a content of 0.25 equivalent of [2Fe-2S]2+ cluster per
monomer. This S= 0 state of the cluster was confirmed by the absence of
signal in electron paramagnetic (EPR) spectroscopy. For increasing the
content of [Fe-S] clusters in TtcA, the protein was first treated with
EDTA and dithionite to remove the residual cluster, thus obtaining the
apo-protein, then treated with a 6-molar excess of ferrous ion and
cysteine under reducing conditions (5 mM DTT) in the presence of a
cysteine desulfurase, to reconstitute the cluster. The holo-protein thus

Fig. 3. Sulfur transfer pathways from cysteine to the thiolated nucleosides. A Sulfur transfer pathway for s2C32-tRNA biosynthesis by EcTtcA and s2U34 biosynthesis
by MnmA from two bacteria, E. coli and B. subtilis. The [4Fe-4S] cluster is shown as orange and yellow spheres. In E. coli, the L-cysteine desulfurase activity of IscS is
stimulated by the interaction with TusA. The persulfide sulfur of IscS-SSH is attached to TusA, then transferred to TusD within the TusBCD complex. After transfer of
the sulfur atom on TusD to TusE, TusE interacts with the MnmA-tRNA complex so that the persulfide sulfur from TusE is used by EcMnmA to thiolate U34-tRNA after
its activation by ATP. B Sulfur transfer pathway for s2U54-tRNA biosynthesis by TmTtuA. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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formed had a content of 3.9 Fe and 4 S per monomer. It displayed a
UV–visible spectrum with a broad absorption band at around 410 nm
and an Electron Paramagnetic Resonance (EPR) spectrum [110] after
dithionite reduction (Table 1), both characteristic of a [4Fe-4S] cluster
[106]. The Mössbauer spectrum of holo-EcTtcA reconstituted with 57Fe
displayed two isomers (Table 2) characteristic of a [4Fe-4S]2+ cluster
with two valence-delocalized [Fe2S2]+ [106,109]. The [4Fe-4S] cluster
was highly sensitive to oxygen since the absorbance at 410 nm decreased
within 15 min upon air-exposure.

The C32-tRNA thiolation activity of EcTtcA was then investigated by
analyzing the hydrolysates of the tRNA product by HPLC after incuba-
tion of apo- or holo-enzyme with bulk tRNA isolated from a ΔttcA E. coli
strain using cysteine and IscS as the sulfur source. The [4Fe-4S] cluster,
ATP and DTT were required for activity [105]. The importance of each

of the conserved cysteines of EcTtcA for in vivo activity was examined by
complementing the ΔttcA strain by plasmids encoding the gene con-
taining the corresponding cysteine-to-alanine mutation, followed by
analysis of the nucleoside modifications present in bulk tRNA from each
strain. The C32-tRNA thiolation activity was not restored by the mutated
ttcA genes lacking the cysteines in the first CXXC motif (Cys122 and
Cys125), and the last cysteine in the second CXXC motif (Cys213),
whereas the C210A-ttcAmutant corresponding to the first cysteine in the
second CXXCmotif retained 50 % activity. Moreover, the C122A, C125A
and C213A mutants were purified aerobically and shown to contain
much less iron-sulfur cluster than the wild-type enzyme but the purifi-
cation and characterization of the C210A mutant was not reported.
Altogether, it was concluded that Cys122, Cys125 and Cys213 are the
ligands of the [4Fe-4S] cluster [105].

Fig. 4. Proposed mechanism for [4Fe-4S]-dependent tRNA thiolation enzymes. A Activation of the target nucleoside with ATP to form an adenylated intermediate.
The mechanism is shown for TtuI that targets the C4 position of U8 in tRNA. B Proposed mechanism after adenylation of the target base, involving the attack of a
[4Fe-5S] cluster intermediate on the adenylated intermediate. The mechanism is shown for TtcA that targets the C2 position of C32 in tRNA. ‘Ad’ stands for
‘adenylate’. After adenylation of C32-tRNA at C2 by ATP and formation of a [4Fe-5S] cluster intermediate, the SH group coordinated by the [4Fe-4S] cluster would
perform a nucleophilic substitution of the O-adenosyl monophosphate group at the target nucleoside to generate the thiolated product s2C32-tRNA and release AMP.

Table 1
EPR parameters of [4Fe-4S]-dependent tRNA thiolation enzymes after cluster reconstitution and reduction with dithionite.

Type of cluster gx gy gz Temperature (K) Reference

EcTtcA Axial 1.9 2.04 10 [105]
TmTtuA Rhombic 1.890 1.935 2.040 20 [116]
TtTtuA Rhombic 1.861 1.938 2.064 10 [74]
TtTtuA + TtuB(COSH)

Conformer 1
Conformer 2

Axial
Axial

1.900
1.900

1.943
1.943

2.074
2.035

29
[75]

MmNcsA Rhombic
Rhombic

1.890
1.919

1.918
1.944

2.033
2.061

20 [124]
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The first step of the proposed mechanism for C32-tRNA thiolation by
TtcA [105] is the formation of an adenylated intermediate, as in the case
of U8-tRNA thiolation by TtuI (Fig. 4A), in agreement with the presence
of a PP-loop motif within the sequence and the necessity to add ATP for
catalysis in vitro. With the hypothesis that the [4Fe-4S] cluster is bound
to three cysteine ligands only, the next step of catalysis could involve the
transfer of the persulfide sulfur atom of IscS-SSH to the free coordination
site of the [4Fe-4S] cluster to form a [4Fe-5S] intermediate (Fig. 5A),
perhaps through the formation of a putative cluster-bound IscS-SSH
intermediate (Fig. 5B). The release of hydrogenosulfide, potentially via a
nucleophilic attack of a water molecule or a cysteine residue on the
disulfide bond necessitates a reductant, which could be cysteine itself,
but this step remains misunderstood. As the final step, the terminal
sulfur attached to the [Fe-S] cluster was proposed to act as a nucleophile
to attack the adenylated target cytidine, releasing AMP and liberating
the s2C32-tRNA product (Fig. 4B). In the in vitro assay, DTT can reduce
the persulfide of IscS, generating free sulfide in the medium that can
react with the tRNA. Thus, the requirement of DTT for activity suggests
that HS− was the sulfur source for the in vitro reaction and that cysteine
together with IscS could not serve as the sulfur donor to EcTtcA
(Fig. 4B).

The physiological functions of TtcA from Pseudomonas aeruginosa
(PaTtcA), one of the most opportunistic human pathogens, was exam-
ined in 2018 [111]. PaTtcA was expressed in E. coli under oxygen-
limited conditions. After purification, the UV visible spectrum of

PaTtcA revealed a broad absorption band at 420 nm, indicating the
presence of a [4Fe-4S] cluster. The absorbance at 420 nm decreased
gradually upon exposure to 5–50 mM H2O2, suggesting loss of an
exposed Fe2+ atom and oxidation of the cluster into the [3Fe-4S]+ state.

The P. aeruginosa ΔttcA strain was hypersensitive to oxidative stress.
Indeed, it exhibited a 50-fold lower resistance to H2O2 treatment and its
survival rate against sodium hypochorite (NaOCl) was 8-fold lower than
that of the wild-type strain. Complementation of the ΔttcA strain with
the site-directed ttcA cassettes, in which each of the four conserved
cysteines belonging to the two CXXC motifs (Cys115, Cys118, Cys203
and Cys206) was mutated to serine, did not remove the oxidant sensi-
tivity phenotypes, in contrast to the native ttcA cassette. It was thus
concluded that all four cysteines were required to get a fully functional
TtcA that plays a role in the H2O2-mediated stress response.

The catalase activity, which is linked to cellular detoxification
against H2O2 in several pathogenic bacteria and depends on KatA and
KatB enzymes in P. aeruginosa, was about 40 % lower in the ΔttcA strain
than in the wild-type strain [111]. The KatA activity was decreased in
the ΔttcA strain and restored by complementation with the native ttcA
cassette, whereas the KatB activity levels were slightly increased in the
ΔttcA strain. Yet, expression of katA was approximately three-fold
higher in the ΔttcA strain. These results suggested that TtcA contrib-
utes to the response against H2O2 toxicity by regulating KatA activity at
the post-transcriptional level.

Since a fully functional KatA enzyme was shown to be required for

Table 2
Mössbauer parameters of [4Fe-4S]-dependent tRNA thiolation enzymes after cluster reconstitution.

Type of cluster δ (mm s− 1) ΔEQ (mm s− 1) Γ (mm s− 1) Temperature (K) B (T) Reference

EcTtcA Diamagnetic 0.47
0.46

1.04
1.34

4.2 0.5 [105]

MmTtuI Diamagnetic 0.45 1.19 0.37 77.0 0 [89]
0.45 1.19 0.55 4.2 0.1 [89]
0.45 1.19 0.49 4.2 5 [89]

Fig. 5. Potential sulfur intermediates formed during [4Fe-4S]-dependent tRNA sulfuration reactions. A [4Fe-5S] intermediate is likely formed during the reaction
catalyzed by non-redox [4Fe-4S]-dependent tRNA thiolaton enzymes. X = Cys or Asp. B Postulated persulfide intermediate formed through bond formation between
the non protein-bonded Fe atom of the [4Fe-4S] cluster and the persulfide attached to cysteine desulfurase (BsMnmA, TtMnmA). The putative attack of the inter-
mediate by a water molecule (top) or a cysteine from the protein (bottom) could release the [4Fe-5S] intermediate. C Thiocarboxylate intermediate formed during the
biosynthesis of s2U54-tRNA catalyzed by TtTtuA and proposed mechanism for generation of the [4Fe-5S] intermediate and release of TtTtuB-COOH after water-
mediated nucleophilic attack of the thioester function by Lys137 [75].
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bacterial virulence [112], the contribution of ttcA to the bacterial
pathogenicity of P. aeruginosa was evaluated using Drosophila mela-
nogaster as a pathogen-host model [111]. Feeding the flies with ΔttcA
cultures resulted in a 2.1-fold increase in fly survival after 24 h,
compared with feeding with the wild-type strain cultures. Thus, the ttcA
deletion attenuated the virulence of P. aeruginosa in this model, which
likely resulted from reduced ability of the ΔttcA strain to cope with
exposure to H2O2 during host interactions. The four conserved cysteines
of the two CXXC motifs were required for PaTtcA to be fully functional
for bacterial pathogenicity. Indeed, feeding the flies with cultures of the
ΔttcA strain complemented with the ttcA cassettes containing the mu-
tation of each cysteine to serine, did not restore fly survival to the level
of the wild-type strain cultures. This suggested that the cluster of PaTtcA
is required for successful bacterial infection of the host.

To study adaptation of P. aeruginosa towards oxidative stress, the
expression patterns of various genes were analyzed using real time
reverse transcription polymerase chain reaction upon exposure to
different oxidants [111]. H2O2 and NaOCl increased ttcA expression by
13-fold and 2.5-fold, respectively, in agreement with PaTtcA contrib-
uting to protection against oxidative stress. The oxyR regulon, which
encodes OxyR, the global transcriptional regulator responding to H2O2,
as well as katA and katB were induced upon H2O2 exposure. Moreover,
expression of ttcA was 15-fold higher in the ΔoxyR strain than in the
wild-type strain, independent on the presence of oxidants. Altogether
the transcriptional analysis suggested that ttcA expression could be
regulated by OxyR. Accordingly, electrophoresis mobility shift assays
showed that purified OxyR specifically binds to the putative ttcA pro-
moter in the presence of DTT, supporting the hypothesis that OxyR could
act as a transcriptional repressor of ttcA expression in the absence of
oxidants. A model of regulation of ttcA expression by OxyR was pro-
posed, in which OxyR upregulates katA and derepresses ttcA expression
to increase catalase activities in response to H2O2 generated by the host
defense mechanisms.

The fact that the four conserved cysteines of the two CXXC motifs of
PaTtcA appear to be involved in hydrogen-peroxide mediated stress
protection and pathogenicity [111], while only three of them were ex-
pected to coordinate the [4Fe-4S] cluster, and were reported to be
essential for C32-tRNA thiolation activity of EcTtcA [105], raises the
question of the function of the fourth cysteine. In the absence of a crystal
structure of a TtcA enzyme till date, the AlphaFold2 model can be used
to examine the position and geometry of the four conserved cysteines
(Fig. 6A), and the superposition of this model with the crystal structure
of Pyrococcus horikoshii TtuA (PhTtuA) from the same family (whose
crystal structure has been determined in the holo-form; see Section 2.2)
used to predict a potential binding mode of the [4Fe-4S] cluster
(Fig. 6B). Intriguingly, whereas Cys122 and Cys125 of EcTtcA occupy a
position very similar to that of two of the cysteines that coordinate the
cluster in PhTtuA (Fig. 6B), it is not easy to predict which of the two
other cysteines (Cys210 or Cys213) would be the third ligand, or if both
would bind the cluster, which is possible since they belong to a flexible
loop and none of them overlap with the third residue coordinating the
cluster of PhTtuA. The function of the fourth conserved cysteine thus
remains unexplained but it can be hypothesized that it could act as a
base to assist departure of AMP (Fig. 4B) or be involved in the release of
HS− (Fig. 5B).

2.2. TtuA, the first structurally characterized [4Fe-4S]-dependent tRNA
thiolation enzyme

The TtuA subfamily differs from the TtcA subfamily by the presence
of two Zn finger domains at the N- and C-termini (Fig. 2), whose function
has not yet been elucidated. The thiolation of U54 in the T-loop of
tRNAs, catalyzed by TtuA enzymes (Fig. 1), stabilizes the ternary
structure of tRNA in thermophilic bacteria and archaea for growth at
high temperature [70,113]. Since we recently summarized the results
about TtuA enzymes in a review [114], we will only briefly recall the

most relevant information here. First, an in vivo study using comple-
mentation assays of a ΔttuA strain in the bacterium T. thermophilus and
analysis of the modified nucleosides in bulk tRNA has shown that the
mutation of the three cysteine residues of the CXXC + C motif (Cys130,
Cys133, Cys222), aspartate of the SGGKDS motif that binds ATP, and
Asp161 from the catalytic domain, significantly impaired the tRNA
thiolation activity [115]. Later, the TtuA proteins from T. thermophilus
(TtTtuA), P. horikoshii (PhTtuA) and T. maritima (TmTtuA) were over-
expressed in E. coli and cluster reconstitution assays showed that they
were able to bind a [Fe-S] cluster [74,116]. Moreover, characterization
of the TtuA enzymes by EPR spectroscopy (Table 1) coupled with
biochemical analyses showed that the cluster, in the [4Fe-4S] state, was
essential for thiolation of U54-tRNA [74,116]. TtuA enzymes did not
thiolate U54-tRNA in the absence of a sulfur source since either Na2S
[74,116] or TtuB-COSH (Fig. 3B) [74] was required for catalysis. This
indicated that the sulfur atom incorporated into the nucleoside does not
come from the [4Fe-4S] cluster itself. Moreover, the reaction was

A

B

Fig. 6. AlphaFold models of EcTtcA and PaTtcA. A The EcTtcA and PaTtcA
dimers. The AlphaFold2 models of the dimers of EcTtcA (monomers A and B in
blue and cyan, respectively) and PaTtcA (monomers A and B in magenta and
pink, respectivley) were superposed on molecules A (rmsd of 0.58 Å for 2707
Cαs). The four conserved cysteines in EcTtcA are labeled (note that Cys210 and
Cys213 were wrongly numbered as Cys219 and Cys222, respectively, in [105]).
B Zoom of the active sites of the AlphaFold2 models of EcTtcA and PaTtcA
superposed to the crystal structure of holo-PhTtuA (PDB code 5MKQ). PhTtuA
was superposed on one monomer of EcTtcA with an rmsd of 1.965 over 2707 Cα
atoms. The cysteines coordinating the cluster in PhTtuA and the four conserved
cysteines in EcTtcA are shown as sticks and labeled. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)
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independent of the oxidation state of the cluster, indicating that the iron-
sulfur cluster does not play any redox role in catalysis [74,116].

Several crystal structures of holo-TtuA enzymes were obtained
(Table 3, Fig. 7A and B): protein alone [74,116], in complex with an ATP
analog [74], the AMP product [116] or TtTtuA in complex with ATP and
TtTtuB [75], which supplies the sulfur atom to TtuA (Fig. 3B). These
structures have revealed that the [4Fe-4S] cluster is coordinated only by
the three cysteines of the CXXC + C motif (Fig. 2), and that the cluster is
located inside the catalytic pocket, near the ATP binding site. In the
crystal structure of PhTtuA, the presence of an extra electron density on
the fourth iron atom, not bound to the protein, was attributed to a labile
hydrosulfide ion coming from the cluster reconstitution assay [116].
This indicated the propensity of the non-liganded iron of the cluster to
bind the sulfur atom needed for the thiolation reaction, supporting a
catalytic mechanism, in which the [4Fe-4S] cluster acts as a Lewis acid
to form a [4Fe-5S] intermediate, as proposed for EcTtcA (Fig. 4B). In the
three-dimensional model of PhTtuA in complex with tRNA [116],
Asp159 (the equivalent to Asp161 in TtTtuA) interacts with the flipped
target base, suggesting that this residue plays a crucial role in the spe-
cific recognition of U54.

The crystal structure of holo-TtTtuA in complex with the sulfur-
carrier protein TtTtuB (Fig. 3B) shows that the two oxygens of the C-
terminal carboxylate of TtTtuB bind the fourth nonprotein bound Fe
atom of the [4Fe-4S] cluster of TtTtuA (Fig. 7B) [75]. Since the
carboxylate mimics the thiocarboxylate that serves as the sulfur donor
for the TtuA-catalyzed reaction (Fig. 3B), the structure of the TtTtuA/
TtTuB complex suggests that sulfur transfer from TtTuB to TtTuA pro-
ceeds via direct coordination of the C-terminal thiocarboxylate of TtTtuB
to the [4Fe-4S] cluster. The active site of TtTtuA is covered by the
Cys222-containing loop upon TtTtuB binding, enabling connection of
the active site of TtTtuA to the exterior through two tunnels [74]. The C-
terminal loop of TtTtuB is inserted within one of these tunnels, whereas
the second tunnel is linked to the positively charged surface that likely
serves to bind tRNA. Hence, TtTtuB and the tRNA could simultaneously
access the active site. Comparison of the EPR spectrum of holo-TtTtuA
alone and holo-TtTtuA in the presence of TtuB-COSH, after reduction
by dithionite, was consistent with the COSH group being bound to the
cluster (Table 1) [75]. Desulfuration of TtuB-COSH necessitated tRNA
adenylation by ATP, with Lys137 playing an essential role for this sulfur
mobilization, as shown by mutagenesis. Lys137 is bound to a water
molecule that, together with the carboxylate group of TtTtuB, binds to
the fourth iron atom of the cluster (Fig. 7B). It is anticipated that Lys137
would deprotonate the water molecule; the hydroxide ion thus gener-
ated would act as a nucleophile to attack the carbon of the thiocarboxyl
group of TtuB-COSH, releasing TtuB-COOH and generating a [4Fe-5S]
intermediate (Fig. 5C) [75]. Thus, the proposed mechanism involves
the formation of a [4Fe-5S]-TtuB intermediate and then that of a [4Fe-
5S] intermediate that provides the sulfur atom for the reaction [75].
In organisms devoid of TtuB-like proteins such as T. maritima, it is very
likely that the [4Fe-5S] intermediate is directly formed by the attack of a
hydrogenosulfide ion coming from the cellular environment, as pro-
posed for TtcA (Fig. 4B).

Recently, the structure of the cluster of TtTtuA was analyzed by EPR
spectroscopy and the enzymatic activity followed over 24 h after

oxidation of [4Fe–4S]-TtTtuA into [3Fe–4S]-TtTtuA by ferricyanide
under strict anaerobic conditions [117]. [3Fe-4S]-TtuA was formed
immediately but it spontaneously transformed back into [4Fe–4S]-TtuA
without an additional free Fe source in the solution to reach 50 % [4Fe-
4S]-TtuA within 1 h and 77 % [4Fe-4S]-TtuA within 12 h. Just after
oxidation of the [4Fe-4S]-TtuA into [3Fe–4S]-TtuA, the metalloenzyme
was inactive but its activity was recovered to 48 % after 1 h, and 74 %
within 24 h, corresponding to an increase of [4Fe–4S]-TtuA in the so-
lution. These studies unambiguously confirmed that only the [4Fe-4S]
state of the cluster is catalytically active and showed that the inactive
[3Fe-4S]-TtuA state was highly unstable.

Table 3
Crystal structures of [4Fe-4S]-dependent tRNA thiolation enzymes in the holo form.

Origin Enzyme Resolution (Å) Space group N* PDB code Reference

P. horikoshii [4Fe4S]-TtuA 2.5 P 43 21 2 1 5MKP [116]
P. horikoshii [4Fe4S]-TtuA (iron edge) 2.9 P 21 21 21 2 5MKQ [116]
P. horikoshii [2Fe-2S]-TtuA + AMP 2.65 P 21 21 21 2 5MKO [116]
T. thermophilus [4Fe-4S]-TtuA + AMPPNP 2.75 P 61 2 2 1 5B4E [74]
T. thermophilus [4Fe-4S]-TtuA 2.7 P 61 2 2 1 5B4F [74]
T. thermophilus [4Fe-4S]-TtuA/TtuB + ATP 2.2 C 1 2 1 3 5ZTB [75]
M. maripaludis [4Fe-4S]-NcsA 2.8 P212121 2 6SCY [124]

* N is the number of molecules in the asymmetric unit.

Fig. 7. Crystal structures of several members of the TtuA/NcsA family. A
Comparison of the crystal structures of the dimers of MmNcsA and PhTtuA. The
Zn ions are shown as spheres, colored like the chain to which it belongs. B The
TtTtuA/TtTtuB complex. The C-terminal carboxylate of TtTtuB (shown as or-
ange sticks) directly binds the [4Fe-4S] cluster of TtTtuA. C Catalytic site of
MmNcsA showing electron density on the fourth Fe atom that can be attributed
to a small anionic ligand.
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2.3. Thiolation of U34 in tRNA by NcsA/Ncs6/CTU1-type enzymes is
dependent on a [4Fe-4S]-cluster, not a [3Fe-4S] cluster

Uridines at position 34 of tRNAGlu, tRNAGln and tRNALys are uni-
versally converted to 5-methyl-2-thiouridine derivatives in all domains
of life [118,119] (Fig. 1). U34 modifications contribute to pre-
structuring the anticodon loop of tRNA for optimal translation [120].
Two different kinds of enzymes, both in terms of sequence and structure,
are responsible for thiolation of U34-tRNA: MnmA-type enzymes in
bacteria [101] and mitochondria [121], and NcsA/Ncs6/CTU1-type
enzymes in archaea [54] and the eukaryotic cytosol [118,119,122]
(Fig. 2). Genomic analysis has shown that MnmA-type and NcsA/Ncs6/
CTU1-type proteins tend not to co-occur [54].

NcsA/Ncs6/CTU1-type enzymes belong to the subfamily of TtuA
enzymes (Fig. 2) [104]. They are single proteins in archaea, named NcsA
[67,123,124], whereas they are part of a heterodimeric complex in the
eukaryotic cytosol, called Ncs6p/Ncs2p in yeast [65,77,125], ROL5/
CTU2 in plants [126,127], CTU1/CTU2 (Cytoplasmic ThioUridylases) in
higher eukaryotes [65,68,126,128]. The NcsA/Ncs6/CTU1-type en-
zymes have important cellular functions. For example, archaeal NcsA
was shown to be necessary for growth at elevated temperature in Hal-
oferax volcanii [67], and the CTU1/CTU2 complex to maintain genome
integrity in Schizosaccharomyces pombe [128]. U34-tRNA thiolase ac-
tivity has also been shown to be upregulated in breast cancers [129],
promoting the survival and treatment resistance of melanoma cells due
to codon-biased translation of metabolic proteins [130].

As early as in 2007, it was known that thiomodification of yeast
cytosolic tRNA is an iron-sulfur protein-dependent pathway (Section
1.3) [46]. Several archaeal and eukaryotic U34-tRNA thiolases have
only been studied in vivo, i. e. under conditions that cannot highlight the
involvement of a [Fe-S] cluster, whereas others that were studied in vitro
showed inefficient 2-thiouridine formation, indicating lack of an
important component, presumably a [4Fe-4S] cluster, as discussed
below.

Although S. cerevisiae Ncs6p and Ncs2p could not be expressed in
soluble form, some 2-thiouridine formation was partially reconstituted
in vitro using a pulled down fraction of tandem affinity purification
(TAP)-tagged Ncs6p containing Ncs2p, in the presence of cysteine/
cysteine desulfurase Nfs1p, the sulfurtransferases Tum1p, Urm1p and
Uba4p together with ATP and tRNALys [65]. Moreover, the partially
purified CTU1-CTU2 complex from C. elegans was shown to be sufficient
for tRNA thiolation in vitro, as shown by electrophoresis on a gel con-
taining [(N-acryloylamino)phenyl] mercuric chloride (APM), a com-
pound that slows down migration of sulfurated compounds [131], but
the efficiency of thiolation was very low [128]. It is likely that the low in
vitro activity of the eukaryotic U34-tRNA thiolase complexes is due to
low cluster amounts in the aerobically purified Ncs6p/CTU1 enzymes.

The most studied NcsA/Ncs6/CTU1-type protein is that from the
archaeum Methanococcus maripaludis (MmNcsA). MmNcsA was overex-
pressed in E. coli and the anaerobically purified enzyme was shown to be
able to incorporate radioactivity from [35S]-Cysteine in the presence of
IscS [123]. Hence, it was first suggested that MmNcsA could participate
in sulfur transfer using a persulfide mechanism. Moreover, since the
radiolabeling of the mutants, in which each cysteine of the CXXC + C
motif was substituted to serine, was greatly reduced, it was suggested
that these cysteines are essential for the generation or stabilization of a
persulfide in vitro [123]. Later, the same group showed that, in fact,
MmNcsA contained a [3Fe-4S] cluster, so did the maltose-binding pro-
tein-tagged human CTU1, as shown by UV–visible and EPR or
Mössbauer spectroscopy [100]. However, it was not reported whether
the [3Fe-4S] cluster was the catalytically active state for U34-tRNA
thiolation by these enzymes [100] or instead was arising from air-
degradation of a catalytically active [4Fe-4S] cluster [132].

We recently expressed MmNcsA in E. coli, purified the protein
aerobically, and performed a cluster reconstitution assay under strict
anaerobic conditions. After cluster reconstitution and purification, holo-

MmNcsA contained a [4Fe-4S] cluster, with a content of 3.1 Fe and 4.8 S
per monomer, and no [3Fe-4S] cluster, as indicated by the UV–visible
and EPR spectra (Table 1). Moreover, the [4Fe-4S] cluster together with
ATP andMg2+were essential for U34-tRNA thiolation byMmNcsA using
sodium sulfide as a source of sulfur [124]. The crystal structure of holo-
MmNcsA, solved at 2.8 Å resolution, showed that it is organized as a
dimer and that it displays the same fold as TtuA proteins (Table 3,
Fig. 7A) [124]. The [4Fe-4S] cluster was coordinated only by the three
conserved cysteines and an extra electron density was present on the
fourth non-liganded iron atom, which indicated the propensity of the
cluster to bind a fourth exogenous ligand (Fig. 7C). The crystal structure,
sulfur content and catalytic activity of MmNcsA were in agreement with
a mechanism, where the [4Fe-4S] cluster functions as a Lewis acid to
bind a hydrogenosulfide ligand, as depicted for EcTtcA in Fig. 4B.

A model of tRNA bound to MmNcsA can be proposed based on the
crystal structure of tRNA-bound lysidine synthetase TilS from Geo-
bacilllus kaustophilus [133], which is the closest structural homologue to
MmNcsA besides TtuA (Fig. 8). TilS modifies cytidine 34 in tRNAs by
adding a lysyl group and is, surprisingly, more similar to MmNcsA than
EcMnmA. Superposing the catalytic cores of MmNcsA and TilS that
target the same position 34 in tRNAs shows how the two zinc-finger
domains of MmNcsA could interact with the D- and T-loops of tRNA
(Fig. 8A). In the superposition, the anticodon stem-loop of the tRNA
bound to TilS is positioned in the cavity created by the assembly of two
MmNcsA monomers without creating any clashes and the flipped C34
target base nicely fits into the MmNcsA active site pocket. Replacing C34
with U34 and superposing TilS from Aquifex aeolicus in complex with
ATP (PDB code 2E89) to MmNcsA enables to build a simple model of
MmNcsA complexed with U34-adenylated tRNA. In this model, the
position of the two tRNA molecules relative to the NcsA dimer is in
agreement with the complementary electrostatic surface between the
highly positively charged putative tRNA binding sites and the negatively
charged tRNA substrates (Fig. 8B). Further minimization of the geom-
etry of the MmNcsA/tRNA model with PHENIX [134] unveils the po-
tential interactions of the flipped U34 base with MmNcsA (Fig. 8C),
which allows us to speculate about the role that several conserved res-
idues could play in catalysis. The U34 flipped base is most likely stabi-
lized by an edge-to-face stacking interaction with His169. Our model
also highlights a potential crucial role for Asp173 in orienting the target
uridine base by hydrogen binding to the U34 O4 carbonyl atom.

In eukaryotes, the formation of s2U34-tRNA is performed by the
CTU1/CTU2 (or Ncs6p/Ncs2p) complex [127,128]. Anoxically purified
recombinant human CTU1 was previously shown to contain a [Fe-S]
cluster [100]. Previous attempts to express the human or yeast com-
plex for in vitro characterization have been unsuccessful until now
[65,69,82]. Hence, in order to get structural insights into these com-
plexes, we compared the AlphaFold2 model of the human CTU1/CTU2
heterodimer with the crystal structure of the MmNcsA homodimer
[124]. Not only did CTU1 adopt a fold very similar to that of MmNcsA,
but the CTU1/CTU2 complex also formed a heterodimer very close to
the MmNcsA homodimer, suggesting that the dimerization mode has
been conserved through evolution. Moreover, given the very close su-
perposition of the catalytic site residues of MmNcsA and CTU1,
including the cysteines that coordinate the [4Fe-4S] cluster in MmNcsA,
we proposed that eukaryotes use the same mechanism for U34-tRNA
thiolation as in M. maripaludis, mediated by a [4Fe-4S]-dependent
enzyme. Sequence comparison indicates that the CTU2/Ncs2p protein
partners possess none or only one of the cysteines likely involved in
cluster coordination in CTU1/Ncs6p, and most often do not display the
terminal zinc finger-binding motifs [124]. Hence, it has been proposed
that CTU2/Ncs2p proteins do not have any catalytic activity but provide
specificity for tRNA [69]. Moreover, the close sequence identity of the
CTU2/Ncs2p proteins to their CTU1/Ncs6p enzymatic partners suggest
that the two subunits are evolutionary related. Accordingly, the
AlphaFold2 models of CTU1 and CTU2 were very close to each other,
confirming that the human U34-tRNA thiolase complex originates from
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gene duplication [124]. It is likely that the eukaryotic complex evolved
from a homodimeric archaeal enzyme, with the catalytic subunit CTU1
being conserved, whereas the second subunit CTU2 diverged.

2.4. Thiolation of U34 by bacterial MnmA enzymes: from a ‘persulfide-
based’ to a [4Fe-4S]-dependent mechanism?

Sequence comparisons led Shigi et al. to divide MnmA proteins into
two subfamilies [135]: D-type enzymes like EcMnmA, containing a
DXXC + C motif, and C-type enzymes like MnmA from T. thermophilus
(TtMnmA) containing a CXXC + C motif (Fig. 2) [135].

2.4.1. TtMnmA
Sequence comparison of TtMnmA with TtuA enzymes shows align-

ment of the CXXC+ C motif (Fig. 2) [135], the cysteines of which bind a
[4Fe-4S] cluster in TtuA (Fig. 7B) [74,116]. In addition, two consecutive
cysteines (at positions 55 and 56 in TtMnmA) were found to be
conserved in C-type MnmA proteins. In 2020, Shigi et al. reported that,
after aerobic purification, a [4Fe-4S] cluster could be reconstituted
under anaerobic conditions within TtMnmA, as verified by UV–visible

and EPR spectroscopies (Table 1) [135]. Moreover, the cluster was
found to be necessary for thiolation of U34 in in vitro transcribed
tRNAGln and tRNALys, in the presence of ATP, and with inorganic sulfide
as the sulfur source. Interestingly, this result also indicated that prior
modification at C5 of U34-tRNA was not required for 2-thiolation. In
addition to inorganic sulfide, cysteine desulfurases IscS and SufS could
also provide sulfur from [35S]-cysteine for incorporation into tRNA by
holo-TtMnmA in the absence of a reductant, with formation of 0.14 and
0.33 pmole s2U/pmole MnmA per min, respectively, compared to 0.57
pmole s2U/pmole MnmA per min with Na2S as a sulfur source [135].
This result supports the binding of the IscS-SSH persulfide on the
nonprotein bonded Fe atom of the [4Fe-4S] cluster of TtMnmA as
described in Fig. 5B.

All conserved cysteines of TtMnmA, including those from the CXXC
+ C motif (Cys105, Cys108, Cys200), were mutated to alanine. The
cluster was reconstituted in the mutants, and their Fe content, [Fe-S]
cluster stability and thiolation activity were measured in vitro. The sin-
gle mutations of Cys55 and Cys56, as well as the double mutation did not
alter cluster binding, and the 2-thiolation activities of the C55A and
C55A/C56A mutants were similar to that of the wild-type protein, while

Fig. 8. Model of U34-adenylated tRNA bound to holo-MmNcsA. Superposition of tRNA-bound TilS (PDB code 3A2K) and holo-MmNcsA (PDB code 6SCY). Residues
20–42 of TilS and 51–72 of MmNcsA, corresponding to the ATPase domain (shown as ribbon), were superimposed (rmsd of 0.81 Å for 16 atoms). TilS is shown in
yellow with bound tRNA in tan and the flipped C34 nucleotide is shown as green and cyan stick representations. The Zn ions and the iron sulfur clusters as shown as
spheres. B Same view with MmNcsA shown as its electrostatic surface (negative charge in red, positive charge in blue). C Zoom of the potential interactions between
the target U34 and the catalytic amino acids of MmNcsA in the model of the MmNcsA/U34-adenylated-tRNA complex. Hydrogen bonding interactions are shown as
thin black lines. The position of Asp173 is tightly maintained by hydrogen bonds between its two carboxylate oxygen atoms and the Asn170 ND1 or Arg241 NH1
atoms. The 2’OH ribose group of U34 is most probably recognized by Arg149. Furthermore, Arg205 is correctly positioned to interact with the phosphate group
linking U34 and the following nucleotide and Met139 could be involved in a stacking interaction with the base preceding U34. Finally, the 2′OH ribose group of the
O-adenylated moiety attached to U34 is most probably recognized by the Ser62 OG atom whereas the NH2 group at C6 of the adenosine base is hydrogen bonded to
the Glu88 OD2 atom and to the main chain carbonyl oxygen atom of Val86. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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the activity of the C56A mutant being increased by a factor of 1.7. It was
thus concluded that both Cys55 and Cys56 were not necessary for 2-thi-
olation. Furthermore, the C105A, C108A and C200A single mutations
decreased the catalytic activity, with the triple mutation completely
abolishing it. Each single mutant had a Fe content of around 3.7, similar
to that of the wild-type enzyme, while the C105A/C108A/C200A triple
mutant contained ~2 mol Fe/mol TtMnmA. The stability of the [Fe-S]
cluster was reduced in the mutants, and the UV–visible spectra of the
C105A and C108A mutants exhibited a broad shoulder at around 600
nm, in addition to the peak at around 410 nm observed in wild-type
TtMnmA, suggesting subtle differences in [Fe–S] clusters between the
mutants and the wild-type enzyme. Despite the high amount of [Fe-S]
cluster in the triple mutant, which is likely due to Fe binding to the
histidine tag, it was proposed from these experiments that Cys105,
Cys108 and Cys200 are the ligands of the [4Fe-4S] cluster. It was also
shown that mutation of Asp13, which belongs to the PP-loop (SGGVDS)
motif, completely abolished the 2-thiolation activity. The equivalent
residue binds the ATP phosphate group via a magnesium ion in other
ATP-pyrophosphatases [136].

2.4.2. EcMnmA
The originally proposed mechanism for EcMnmA involved the for-

mation of a persulfide on catalytic Cys199 [86], by analogy with the
catalytic mechanism proposed for EcTtuI [97]. An important difference
between these two proteins is that EcTtuI contains a RHD that is prone to
accept sulfur from a partner protein in the form of a persulfide (see
Section 1.6), but EcMnmA does not. We recently reported the crystal
structure of [4Fe-4S]-dependent MmNcsA, which catalyzes the same
U34-tRNA thiolation reaction as MnmA in archaea (Section 2.3) [124].
Strikingly, the superposition of the catalytic sites of the MmNcsA and
EcMnmA crystal structures showed that the three catalytic residues in
EcMnmA (Asp99, Cys102 and Cys199) were positioned similarly as the
three cysteines that coordinate the [4Fe-4S] cluster in MmNcsA, indi-
cating a geometry compatible with iron-sulfur cluster binding (Fig. 9A).
This led us to investigate whether EcMnmA could also be a [4Fe-4S]-
dependent enzyme like MmNcsA. We overexpressed EcMnmA and pu-
rified the enzyme aerobically [137]. The faint brownish color and the
weak absorption at 410 nm after nickel affinity chromatography, which
vanished within minutes, suggested the presence of a very air-sensitive

Fig. 9. Crystal structure of EcMnmA and AlphaFold models of MnmA orthologues.
A Superposition of the catalytic domains of EcMnmA (PDB code 2DEU, protein in orange, tRNA in yellow) and MmNcsA (PDB code 6SCY in magenta) using the SSM
option in the superpose program of CCP4 (rmsd of 2.37 Å for 123 Cα atoms). The catalytic residues of EcMnmA (Asp99, Cys102 and Cys199) occupy positions
equivalent to those of Cys142, Cys145, and Cys233 that bind the [4Fe-4S] cluster in MmNcsA. B Overview of the MnmA structures/model showing the MnmA:tRNA
interface and the U34-containing loop of tRNA. EcMnmA in complex with adenylated tRNA (PDB code 2DEU, protein in orange, tRNA in yellow) was superimposed
onto the AlphaFold2 model of TmMnmA (UNIPROT Q72GX1, in green) with an rmsd of 1.40 Å for 1635 Cαs, and onto SpMnmA in complex with SAM (PDB code
2HMA, in cyan) with an rmsd of 1.01 Å for 1991 Cαs. C Zoom of the active sites. The conserved cysteines/aspartate at position 99, 102 and 100 (EcMnmA numbering)
are shown as sticks and labels are indicated in black for EcMnmA and in green for TtMnmA. D AlphaFold model of the YrvO/BsMnmA complex. BsMnmA from the
AlphaFold2 model of the YrvO/BsMnmA complex (YrvO in red and BsMnmA in pink) was superimposed onto EcMnmA from the crystal structure in complex with the
adenylated tRNA complex (PDB code 2DEU, protein in orange, tRNA and flipped adenylated U34 in wheat) with an rmsd of 0.79 Å of for 295 Cαs. E Zoom of the
interacting regions of YrvO and BsMnmA in the AlphaFold2 model of the complex. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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[Fe-S] cluster. Indeed, anaerobic cluster reconstitution assays showed
that EcMnmA was able to bind a [4Fe-4S] cluster, as shown by UV–vi-
sible and EPR spectroscopy (Table 1). While the aerobically-purified
protein had the tendency to form a dimer, holo-MnmA was present
uniquely as a monomer. Thus, the oligomeric states of apo- and holo-
EcMnmA indicated that the cluster does not induce dimerization and
suggested that one accessible cysteine can participate in intermolecular
disulfide bridge formation in the apo-form. The thiolation activity of
EcMnmA was tested using inorganic sulfide as a source of sulfur and an
E. coli tRNAGluUUU transcript. After reaction, the tRNA was hydrolyzed into
nucleosides and s2U was quantified by HPLC/MS. The [4Fe-4S] cluster,
Mg-ATP and inorganic sulfide, were required for tRNA thiolation by
EcMnmA [137].

The E. coli ΔmnmA strain grew slower than the wild-type strain in the
presence of a mild acid stress (i.e. growth medium at pH 4.5) and
exhibited hypersensitivity to H2O2, as monitored by growth in liquid
culture [137]. In contrast to the wild-typemnmA gene, the D99A-mnmA,
C102A-mnmA and C199A-mnmA mutants could not restore U34 thio-
lation in in vivo complementation experiments of the ΔmnmA strain. In
addition, the double D99A/C102A and the triple D99A/C102A/C199A
mutants had a much lower [Fe-S] content than the wild-type enzyme.
We thus proposed that Asp99, Cys102 and Cys199 are the ligands of the
cluster. Accordingly, the superposition of the AlphaFold2 model of
TtMnmA with the crystal structure of EcMnmA in complex with ade-
nylated tRNA (Fig. 9B) shows that the three cysteines that very likely
bind the [4Fe-4S] cluster in TtMnmA are positioned very close to the
three residues proposed to be the catalytic residues in EcMnmA, at
proximity of the target U34 flipped base [86] (Fig. 9C). The fact that
EcMnmA uses an aspartate as the third ligand of the cluster, instead of a
cysteine, renders the cluster more labile (our unpublished observation).
In fact, it is thought that non-cysteine ligation is important for control-
ling the chemical properties of iron-sulfur clusters as well as their
physiological stability [138]. This led us to propose a new [4Fe-4S]-
dependent mechanism for EcMnmA, analogous to that drawn for TtcA
in Fig. 4B. Moreover, we can speculate that the persulfide sulfur on the
last sulfur donor of the sulfur-transfer relay, TusE-SSH, would be
transferred to the [4Fe-4S] cluster during the EcMnmA-catalyzed reac-
tion (Fig. 3A). However, the mechanism of liberation of the sulfur atom
from the persulfide is not known.

There are several reasons why the [Fe-S] cluster was missed in pre-
vious studies of EcMnmA. First, the protein was purified aerobically, i. e.
in conditions where degradation of the cluster occurs rapidly. Second,
the use of a strain overexpressing EcMnmA may have prevented the
assembly of iron-sulfur clusters in significant amount. Finally, the [4Fe-
4S] cluster bound by two cysteines and one aspartate is much less stable
than that bound by three cysteines. We think that it is likely that some
residual cluster was present in the aerobically purified EcMnmA in
previous studies, which would account for the low reported catalytic
activity [58,64]. It should be stressed that the fact that EcMnmA is a
[4Fe-4S]-dependent enzyme remains in full agreement with the reported
crystal structures of the EcMnmA/tRNA complexes, in which Asp99,
Cys102 and Cys199 have the right geometry to bind a [Fe-S] cluster, and
with the loss of catalytic activity when these residues were mutated
[86].

The [4Fe-4S]-dependent in vitro thiolation activity of EcMnmA raises
the question of which [Fe-S] machinery is responsible for cluster
biogenesis of EcMnmA. In E. coli, the ISC and SUF machineries respon-
sible for the assembly of [Fe–S] clusters are encoded by the iscRSUA-
hscBA-fdx-iscX and sufABCDSE operons, respectively [42]. Deletion of
both pathways results in the absence of the biosynthetic apparatus for
[Fe-S] cluster biogenesis. Modification of the [Fe-S]-dependent iso-
prenoid biosynthetic pathway, which supplies essential isopentenyl
diphosphate, to an alternative mevalonate-dependent pathway, can
offset the indispensability of the [Fe-S] cluster biosynthetic systems so
that the resulting ΔiscUA ΔsufABCDSE strain can grow, albeit very
slowly [139,140]. To know if cluster assembly in EcMnmA is necessary

for s2U-tRNA biosynthesis, we quantified the s2U modification in bulk
tRNA from the ΔiscUA ΔsufABCDSE strain [137]. The mnm5s2U/
cmnm5s2U content was similar in the mutant and wild-type strains, in
agreement with previous genetic studies (see Section 1.3).

Several hypotheses, which are currently under investigation, could
explain this result: (i) EcMnmA could be matured by one of the several
“isolated” [Fe-S] biogenesis factors [141], i.e. not part of the ISC or SUF
machinery, (ii) EcMnmA could be maturated by a completely new
pathway yet to be discovered, or (iii) a [Fe-S]-independent pathway,
involving EcMnmA or another enzyme, could overcome the absence of
[Fe-S] clusters in the ΔiscUA ΔsufABCDSE strain.

It was recently confirmed by another group that EcMnmA can bind a
[Fe-S] cluster [142] but the [4Fe-4S] cluster was not fully reconstituted
after aerobic or anaerobic protein purification, as shown by the Fe
contents (2.5 and 2.8 Fe per MnmA monomer, respectively) and the
UV–visible spectra. The authors claimed that the cluster inhibited the
thiolation activity of EcMnmA in vitro,when cysteine, IscS and DTT were
used as a source of sulfide. Yet, the quantity of mnm5s2U product that
was measured by HPLC/MS analysis after digestion of the tRNA product
was very low in all enzyme preparations tested so that we think that this
experiment is not sufficient to conclude about the role of the cluster in
the enzymatic thiolation activity.

2.4.3. BsMnmA
MnmA from the Gram positive bacterium B. subtilis (BsMnmA) be-

longs to the D-type subfamily (Fig. 2) and shares 57 % sequence identity
with EcMnmA, with the residues that bind the cluster in EcMnmA being
conserved (Asp101, Cys104, Cys200 in BsMnmA). There is also one
cysteine, away from the active site (Cys51 in BsMnmA), which is
completely conserved in MnmA proteins, suggesting an important
function for that residue [135]. In contrast to E. coli, there are no tus
genes in B. subtilis and the s2U34 modification in B. subtilis involves an
abbreviated pathway requiring only two proteins, BsMnmA and the
cysteine desulfurase YrvO (Fig. 3A). Indeed, YrvO was shown to transfer
sulfur atom from L-cysteine to MnmA, without the involvement of in-
termediate sulfur carrier proteins [61]. MnmA and YrvO belong to the
genes found to be essential for survival in B. subtilis [103], and attempts
to inactivatemnmA and yrvO genes failed. The ΔiscS or ΔmnmA strains of
E. coli could only be complemented with B. subtilis yrvO andmnmA genes
together, showing that the partnership between the desulfurase and
tRNA thiolation enzyme is highly specific [61]. Aerobically purified
BsMnmA showed in vitro thiolation activity when bulk tRNA isolated
from an E. coli ΔmnmA strain was used as a substrate, with the sulfur
source coming from sodium sulfide or being generated in situ from the
YrvO/cysteine system [61]. Quantification of modified nucleosides
indicated a large increase of s2U but almost no change of mnm5s2U,
compared to the control, indicating that thiolation at C2 precedes
modification at C5. However, the assays used far from catalytic amount
of enzyme (MnmA:tRNA ratio of 6) and the catalytic efficiency was very
low.

Co-expression of BsMnmA mutants, in which one of the conserved
cysteines (Cys51, Cys104 or Cys200) was changed to alanine, along with
a plasmid coding for yrvO, into the E. coli ΔmnmA strain, showed that the
C51A, C104A and C200Amutants could not synthesize s2U-tRNA in vivo.
Cys104 and Cys200 residues are located close to the active site. The
corresponding residues in EcMnmA (Cys102 and Cys199), which had
been proposed to play catalytic roles [86], have later been shown to
coordinate a [Fe-S] cluster [137], supporting the hypothesis that Cys104
and Cys200 could bind a [4Fe-4S] cluster in BsMnmA.

The role of the other conserved cysteine essential for in vivo thio-
lation activity, Cys51, is less clear. One hypothesis is that Cys51 of
BsMnmA is important for sulfur transfer between YrvO and BsMnmA.
Indeed, persulfide transfer assays with as-purified BsMnmA variants in
the presence of [35S]-cysteine, YrvO and ATP showed that the C51A
mutant lost its capacity to accept a persulfide from YrvO-SSH [61].
Notably, it was mentioned that, when sulfide was used as a sulfur source
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in vitro, the C51A mutant of BsMnmA [61], as well as the equivalent
C55A mutant of TtMnmA [135] were fully active for tRNA thiolation.
This indicates that Cys51 would not be needed when sulfide or hydro-
sulfide could directly act as a nucleophile to attack the adenylated
intermediate.

The AlphaFold2 model of the BsMnmA/YrvO complex (pTM score of
0.82, pLDDT of 92.9) (Fig. 9D) shows that Cys325 of YrvO, which is
presumed to be the catalytic cysteine carrying the persulfide, is very far
away (20 Å) from Cys200 of BsMnmA. Furthermore, Cys51 of BsMnmA
belongs to an α-helix and is located halfway between Cys325 of YrvO
and Cys200 of BsMnmA, its Cα being 18.2 Å away from the Cα of Cys325
and 14 Å away from the Cα of Cys200. Whether the very long flexible
loops to which Cys200 of BsMnmA and Cys325 of YrvO belong, near the
interface of the BsMnmA/YrvO complex, could adopt appropriate con-
formations for sulfur transfer via Cys51 (Fig. 9E) remains to be estab-
lished. It is interesting to note that it has previously been shown that the
loop containing the catalytic cysteine of cysteine desulfurase NFS1 can
move over a distance of 27 Å to reach the cysteines-containing site of the
scaffold protein IscU during iron‑sulfur cluster assembly [143]. Alto-
gether further experiments are needed to clarify the sulfur transfer
mechanism. Remarkably, superposition of the AlphaFold2 model of
BsMnmA in complex with YrvO with the tRNA-bound EcMnmA crystal
structure (Fig. 9D) indicates that tRNA could bind to the BsMnmA/YrvO
complex, suggesting the existence of a ternary complex in B. subtilis.

Interestingly, it was recently reported that the levels of s2U tRNA
modification in B. subtilis are responsive to sulfur availability in the
growth medium [144]. A decrease in sulfur content of the growth media
resulted in a delayed growth phenotype accompanied by reduced levels
of the YrvO and BsMnmA enzymes, while the levels of intracellular
cysteine remained unchanged. This regulation was not at the tran-
scriptional level as the levels of yrvO and mnmA transcripts remained
unchanged. In contrast, the levels of s4U and other desulfurases (NifS,
NifZ and SufS) were not dependent on the sulfur content of growth
media. The authors proposed that s2U in tRNA serves as a marker for
sulfur availability in B. subtilis.

2.4.4. SpMnmA
MnmA from Streptococcus pneumoniae (SpMnmA) is also a D-type

MnmA protein from another Gram positive bacterium, which shares
68.5 % sequence identity with BsMnmA. The crystal structure of
SpMnmA has been deposited in the PDB (PDB code 2HMA) but the
related work remains unpublished. The electron density observed at the
active was attributed to a SAM molecule. However, according to our
analysis, it is better fitted by a degradation product of SAM, 5’deoxy-
5’methyl-thioadenosine [145]. This molecule is an analog of AMP, with
the methylthio group replacing the phosphate group of AMP, which is in
better agreement with an ATP-dependent mechanism than the
involvement of SAM. The superposition of the SpMnmA crystal structure
with the TtMnmA AlphaFold2 model (Fig. 9B and C) suggests that
SpMnmA could be able to bind a [4Fe-4S] cluster, like EcMnmA.

2.5. [4Fe-4S]-dependent archaeal U8-tRNA thiolase TtuI

In contrast to EcTtuI (Fig. 10A), TtuI proteins from various archaea,
such as methanogenic and Pyrococcales species, do not contain a C-
terminal RHD but display a conserved CXXC + C motif (Fig. 2). In 2012,
TtuI from M. maripaludis (MmTtuI), was produced as a recombinant
protein in E. coli, purified anaerobically and characterized [91]. Inter-
estingly, the mmp1354 gene encoding MmTtuI was able to complement
an E. coli ΔthiI strain since it restored s4U biosynthesis, as revealed by
reverse phase HPLC analysis of the nucleosides derived from total tRNA
digestion. To know if the cysteine residues from the conserved motif
(Cys265, Cys268 and Cys348) were necessary for in vivo s4U formation
in M. maripaludis, each of them was mutated to alanine and comple-
mentation of the E. coli ΔthiI strain by the mutated gene was examined.
The s4U-tRNA content was 62 % of that of the wild-type in cells

expressing the C348A variant, and less than 11 % in cells expressing the
C265A or C268A variant [91]. Thus, these results indicated that Cys265
and Cys268 have major contributions to s4U biosynthesis in vivo.
Anaerobically purifiedMmTtuI was able to catalyze s4U-tRNA formation
in vitro, under anaerobic conditions, using a M. jannaschii tRNACys

transcript as a substrate, ATP, and Na2S as a sulfur source, as shown by
electrophoresis on an APM-containing SDS-PAGE gel but the catalytic
activity was not quantified [91]. Mutation of each of the three conserved
cysteines to alanine abolished tRNA thiolation in vitro.

Although spectroscopic features indicative of [Fe-S] clusters were
not noticed in this first report, the MmTtuI protein that was later pro-
duced and purified under anoxic conditions by the same group was
brownish in color and contained 2.8 Fe atom per monomer of MmTtuI
[100]. The UV visible, EPR and Mössbauer spectra indicated the pres-
ence of a [3Fe-4S]+ cluster. In contrast to the wild-type enzyme, each of
the Cys265A, Cys268A and Cys348A mutants contained no detectable
iron atoms. The anoxically-purified holo-protein was able to thiolate

A

B

Fig. 10. AlphaFold models of EcTtuI and [4Fe-4S]-dependent MmTtuI. A Su-
perposition of the AlphaFold2 models of the dimers of EcTtuI (monomers in
orange and red) and MmTtuI (monomers in cyan and green) with an rmsd of
1.37 Å over 260 Cαs. The two catalytic cysteines of EcTtuI are labeled (Cys344
and Cys456 from the RHD) and the cysteines that likely coordinate the [4Fe-4S]
of MmTtuI are shown in stick representation. B Superposition of the active sites
of TmTtuI in complex with ATP (PDB code 4KR7, ATP in blue stick represen-
tation), MmTtuI (in cyan), EcTtuI (in orange) and MmNcsA with its [4Fe-4S]
cluster (PDB code 6SCY, in magenta). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of
this article.)
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M. jannaschii tRNA as a substrate, in the presence of ATP, with Na2S as
the sulfur source, as monitored on an APM-retardation gel. The addition
of EDTA inactivated the enzyme, indicating that the cluster was neces-
sary for the thiolation activity.

Intrigued by these contradictory results about MmTtuI and the un-
likely possibility that a [3Fe-4S] cluster could act as a catalytic species,
since it is usually a degradation product of a [4Fe-4S] cluster and not
known to have catalytic properties [146], we recently produced and
purified aerobically untagged MmTtuI, as well as Pyrococcus furiosus
TtuI (PfTtuI), and performed cluster reconstitution under strict anaer-
obic conditions [89]. The holo-TtuI proteins contained ~3.1 Fe and
~3.1 S atoms per monomer and exhibited a UV–visible spectrum char-
acteristic of a [4Fe-4S] cluster. Further characterization of MmTtuI by
SEC-MALS, Mössbauer spectroscopy (Table 2) and biochemistry indi-
cated that holo-MmTtuI is a dimer in solution and that the [4Fe-4S]
cluster is essential for tRNA sulfuration using inorganic sulfide as a
sulfur source [89]. In the absence of crystals, the superposition of the
AlphaFold2 model of apo-MmTtuI (Fig. 10A) and the crystal structures
of holo-PhTtuA [89] or holo-MmNcsA [124] (Fig. 10B) indicated that
the [4Fe-4S] cluster is very likely coordinated by the three cysteines of
the CXXC + C motif, in agreement with the mutagenesis results [100].
Therefore, it appears that it is the [4Fe-4S] state of the cluster, not the
[3Fe-4S] state that is the active species for tRNA thiolation by TtuI en-
zymes [89]. As studied in depth in the case of TtTtuA [117], it is likely
that the active [4Fe-4S] cluster is rapidly transformed into the inactive
[3Fe-4S] cluster in oxidizing conditions, and its transformation back into
the [4Fe-4S] state could account for the residual tRNA thiolation
activity.

3. Conclusion

tRNA thiolation enzymes requiring a [Fe-S] cluster for catalysis are a
recent discovery. The cluster was missed in early studies [86,91,115]
because the cluster is labile under aerobic conditions. Thus, the activity
of the tRNA thiolation enzyme purified under aerobic conditions was
quantified with an enzyme/tRNA ratio far from catalytic conditions,
usually by measuring the sulfur transfer from [35S]-cysteine to the tRNA.
It should be remembered that sulfur transfer from cysteine to the thio-
lation enzyme cannot be seen as a proof of a ‘persulfide-based’ mecha-
nism. Indeed, cysteines that are able to bind a cluster [89,100,124] have
also been shown to accept a sulfur atom from a persulfide [91,123].
Accordingly, formation of a persulfide on a cysteine that coordinates a
[Fe-S] cluster is one of the steps towards [4Fe-4S] biogenesis [147,148].

Given that the reaction is a thiolation and that a [4Fe-4S] cluster is
involved in catalysis, a fundamental question is raised: does the sulfur
that is transferred to the target nucleoside come from the cluster or from
an external source? Indeed, in some redox enzymes such as one class of
biotin synthases or lipoate synthase, the sulfur atoms of the cluster itself
are mobilized, implying destruction and reformation of the metal
cofactor [149]. Because sulfur from the cluster can exchange with sul-
fide present in bulk medium, it is very difficult to know if the cluster acts
as substrate or a cofactor, which explains why this issue remains a
matter of intense debate in the [Fe-S]-dependent enzymology commu-
nity. For many [4Fe-4S]-dependent tRNA thiolation enzymes, it has
been shown that the enzyme catalyzes several catalytic cycles
[74,116,124] and that the cluster does not degrade during reaction time,
as followed by UV–visible spectroscopy [124], excluding the possibility
of the sulfur atom being provided by the cluster.

Altogether, the results gathered over the last ten years on [4Fe-4S]-
dependent tRNA thiolation enzymes support a novel catalytic mecha-
nism, in which the cluster, bound by three amino acids only, acts as a
Lewis acid to bind the sulfur donor and catalyze its transfer to the
adenylated tRNA substrate although the details of how sulfur insertion
occurs within tRNA are still unknown. The function of a [4Fe-4S] cluster
acting as a Lewis acid has previously been proposed in desulfuration
reactions [150–152] and dehydration reactions [146,153], the case of

aconitase being well documented [154]. In the case of tRNA thiolation
enzymes, the crystal structures of the holo-form of two different TtuA
enzymes and MmNcsA showed that the [4Fe-4S] cluster is bound by
three cysteines only [74,75,124], with the fourth nonprotein bonded Fe
atom being able to bind a small anionic ligand or the terminal carbox-
ylate group of the TtuB sulfur donor, thought to mimic the thiocarbox-
ylate used as a sulfur source for the TtuA-catalyzed reaction
[74,75,124]. These crystal structures provided strong evidence for the
existence of a [4Fe-5S] intermediate although direct proof for a role of
this intermediate in catalysis is still lacking. Interestingly, two other
[4Fe-4S]-dependent sulfuration enzymes were recently proposed to use
a [4Fe-5S] cluster as a sulfur source: two sulfur insertases LarE that
incorporate sulfur atoms into the precursor of the lactate racemase
cofactor [155,156] and a novel type of biotin synthase named Type II
BioB that uses an auxiliary [4Fe-4S] cluster instead of the usual [2Fe-2S]
cluster [39]. Indeed, the crystal structure of holo-LarE showed that the
[4Fe-4S] cluster of LarE was bound to a chloride ion, presumed to mimic
a hydrogenosulfide ligand [156], in agreement with native mass spec-
trometry, which showed that LarE coordinates sulfide at the nonligated
iron atom of the [4Fe-4S] cluster, forming a [4Fe-5S] species [155]. In
the case of Type II biotin synthase, it was shown by X-ray crystallog-
raphy that the fifth sulfur atom of a [4Fe-5S] cluster was uniquely
positioned for sulfur insertion [39].

Intriguingly, EcMnmA was able to bind a [4Fe-4S] cluster, coordi-
nated by two cysteines and one aspartate [137]. Although it was shown
in vitro that the cluster is essential for tRNA thiolation using sulfide as a
sulfur source, further investigations are required to clarify the cellular
functional importance of replacing a cysteine ligand by an aspartate to
coordinate the cluster.

Although several crystal structures of tRNA thiolation enzymes have
been obtained over the past ten years, only in the case of TtuA and NcsA,
the crystal structure of the holo-form is available [74,75,124] (Table 3).
More crystal structures of holo-proteins are needed, in particular that of
D-type holo-MnmA proteins, which have the peculiarity of using an
aspartate as one of the [4Fe-4S] cluster ligands. Moreover, although
AlphaFold3 that can predict RNA/protein complexes was released
recently, its success is only ~40 % for such complexes at present [157],
and there is only one known crystal structure of a tRNA thiolation
enzyme in complex with tRNA (EcMnmA), albeit in the apo-form [86].
Future research in the field should focus on obtaining more structures of
tRNA/enzyme complexes, which are crucial to understand the specific
recognition of the target base. This will also help to improve the
AlphaFold predictions. Considering the difficulty in obtaining diffract-
ing crystals of tRNA/protein complexes, the technique that seems to be
the most promising to date is cryo-electron microscopy, as evidenced by
the recent successful structure determination of several tRNA modifi-
cation enzymes in complex with tRNA [158–160].
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proteins, Biochim. Biophys. Acta 2015 (1853) 1395–1405.

[110] W.R. Hagen, EPR spectroscopy of complex biological iron–sulfur systems, J. Biol.
Inorg. Chem. 23 (2018) 623–634.

[111] A. Romsang, J. Duang-Nkern, K. Khemsom, L. Wongsaroj, K. Saninjuk,
M. Fuangthong, P. Vattanaviboon, S. Mongkolsuk, Pseudomonas aeruginosa ttcA
encoding tRNA-thiolating protein requires an iron-sulfur cluster to participate in
hydrogen peroxide-mediated stress protection and pathogenicity, Sci. Rep. 8
(2018) 11882.

[112] S.H. Kim, B.Y. Lee, G.W. Lau, Y.H.J. Cho, IscR modulates catalase A (KatA)
activity, peroxide resistance and full virulence of Pseudomonas aeruginosa PA14,
Microbiol. Biotechnol. 19 (2009) 1520–1526.

[113] K. Watanabe, M. Shinma, T. Oshima, S. Nishimura, Heat-induced stability of
tRNA from an extreme thermophile, Thermus thermophilus, Biochem. Biophys. Res.
Commun. 72 (1976) 1137–1144.

[114] J. Zhou, O. Bimai, S. Arragain, L. Pecqueur, B. Golinelli-Pimpaneau, TtuA and
TudS, two [4Fe-4S]-dependent enzymes catalyzing non-redox sulfuration or
desulfuration reactions, in: S.E. Wiley (Ed.), Encyclopedia of Inorganic and
Bioinorganic Chemistry, Wiley, Chichester, UK, 2022, pp. 1–16.

[115] H. Nakagawa, M. Kuratani, S. Goto-Ito, T. Ito, K. Katsura, T. Terada, M. Shirouzu,
S. Sekine, N. Shigi, S. Yokoyama, Crystallographic and mutational studies on the
tRNA thiouridine synthetase TtuA, Proteins 81 (2013) 1232–1244.

[116] S. Arragain, O. Bimai, P. Legrand, S. Caillat, J.L. Ravanat, N. Touati, L. Binet,
M. Atta, M. Fontecave, B. Golinelli-Pimpaneau, Nonredox thiolation in tRNA
occurring via sulfur activation by a [4Fe-4S] cluster, Proc. Natl. Acad. Sci. U. S. A.
114 (2017) 7355–7360.

[117] M. Ishizaka, M. Chen, S. Narai, Y. Tanaka, T. Ose, M. Horitani, M. Yao, Quick and
spontaneous transformation between [3Fe-4S] and [4Fe-4S] iron-sulfur clusters in
the tRNA-thiolation enzyme TtuA, Int. J. Mol. Sci. 24 (2023) 833.

[118] N. Ranjan, M.V. Rodnina, tRNA wobble modifications and protein homeostasis,
Translation (Austin) 4 (2016) e1143076.

[119] R. Schaffrath, S.A. Leidel, Wobble uridine modifications-a reason to live, a reason
to die?!, RNA Biol. 14 (2017) 1209–1222.

[120] P.F. Agris, E.R. Eruysal, A. Narendran, V.Y.P. Vare, S. Vangaveti, S.
V. Ranganathan, Celebrating wobble decoding: half a century and still much is
new, RNA Biol. 15 (2018) 537–553.

[121] N. Umeda, T. Suzuki, M. Yukawa, Y. Ohya, H. Shindo, K. Watanabe, T. Suzuki,
Mitochondria-specific RNA-modifying enzymes responsible for the biosynthesis of
the wobble base in mitochondrial tRNAs. Implications for the molecular patho-
genesis of human mitochondrial diseases, J. Biol. Chem. 280 (2005) 1613–1624.

[122] Y. Nakai, M. Nakai, T. Yano, Sulfur modifications of the wobble U34 in tRNAs and
their intracellular localization in eukaryotic cells, Biomolecules 7 (2017) 17.
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