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ABSTRACT

Sulfuration of uridine 8, in bacterial and archaeal
tRNAs, is catalyzed by enzymes formerly known as
Thil, but renamed here Ttul. Two different classes of
Ttul proteins, which possess a PP-loop-containing
pyrophosphatase domain that includes a conserved
cysteine important for catalysis, have been identi-
fied. The first class, as exemplified by the prototypic
Escherichia coli enzyme, possesses an additional C-
terminal rhodanese domain harboring a second cys-
teine, which serves to form a catalytic persulfide.
Among the second class of Ttul proteins that do not
possess the rhodanese domain, some archaeal pro-
teins display a conserved CXXC + C motif. We report
here spectroscopic and enzymatic studies showing
that Ttul from Methanococcus maripaludis and Pyro-
coccus furiosus can assemble a [4Fe—4S] cluster that
is essential for tRNA sulfuration activity. Moreover,
structural modeling studies, together with previously
reported mutagenesis experiments of M. maripaludis
Ttul, indicate that the [4Fe—4S] cluster is coordinated
by the three cysteines of the CXXC + C motif. Alto-
gether, our results raise a novel mechanism for U8-
tRNA sulfuration, in which the cluster is proposed to
catalyze the transfer of sulfur atoms to the activated
tRNA substrate.

INTRODUCTION

s*U is found at position 8 in the loop region connecting
the acceptor stem and the D-stem of bacterial and archaeal
tRNAs (1,2). s*U is a sensor for near-UV exposure and
it mediates cellular responses to UV stress (3,4). The Thil
name was given to the enzyme catalyzing sulfuration (thi-
olation) of U8-tRNA because the corresponding gene was
initially identified as being involved in thiamin biosynthe-
sis in Escherichia coli (5). It is now recognized that US§-
tRNA sulfurases should not be called Thil proteins (6) be-
cause most thil genes play no role in the thiamine pathway
(7,8). Indeed, only the rhodanese-like domain (RHD) of
Thil is required for sulfuration in the synthesis of thiamine
(9) and this domain is rarely present in enzymes that cat-
alyze the biosynthesis of s*U8-tRNA (Supplementary Fig-
ure S1). To avoid confusion, we rename here this enzyme
Ttul for tRNA thiouridine I.

Most eukaryotes lack Ttul proteins, as exemplified by the
fact that the gene was found in only two protists out of 60
eukaryotic organisms tested (2). Interestingly, s*U has also
been found at position 9, in addition to position 8, in some
archaeal tRNAs, such as Thermoplasma acidophilum (10). It
is likely that a multi-site specific Ttul protein is involved in
sulfuration at both positions 8§ and 9 when these two neigh-
boring positions are modified in tRNAs.

Two main classes of Ttul proteins have been identified.
Ttul from y-proteobacteria and from archaea of the genus
Thermoplasma possess a C-terminal RHD (11,12), whereas
other Ttul proteins do not possess this RHD extension (2)
(Supplementary Figure S1). Yet, all Ttul enzymes contain a
characteristic N-terminal ferredoxin-like domain (NFLD),
present in functionally diverse groups of evolutionnarily-
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related proteins, followed by a so-called THUMP domain
and a PP-loop-containing pyrophosphatase domain (cat-
alytic domain). The THUMP domain is known to specif-
ically interact with tRNAs that are modified at position 6,
8 or 10, since it is found in tRNA-guanine(6)-N2 methyl-
transferase (13), tRNA-guanine(10)-N2,N2 methyltrans-
ferase (14) and tRNA-cytidine(8) deaminase (15). The PP-
loop motif of Ttul enzymes binds ATP, which allows the
formation of an adenylated tRNA intermediate (Supple-
mentary Figure S2A) (16).

In the case of E. coli Ttul (EcTtul), it has been shown
that Cys456 from the RHD can accept sulfur as a persul-
fide from the cysteine desulfurase IscS (11) and that a sec-
ond cysteine, Cys344 belonging to the catalytic domain, is
involved in the reaction (17). Two possible mechanisms, in-
volving these two cysteines as catalytic residues, have been
proposed. In both cases, the first step consists in the acti-
vation of C4 of U8 by adenylation using ATP (Supplemen-
tary Figure S2A). Then, in the first scenario (Supplemen-
tary Figure S2B), a persulfide, formed on Cys456 of the
RHD, directly attacks the activated uridine residue, releas-
ing AMP. Next, Cys344 attacks and cleaves the disulfide
bond linking the enzyme to the tRNA, leaving a thiouri-
dine on the tRNA and a disulfide bond between Cys344 and
Cys456 (17). In the second scenario (Supplementary Figure
S2C), Cys344 attacks the persulfide group on Cy456 to form
a disulfide bond, thus releasing a hydrogenosulfide. The lat-
ter is a nucleophile that can attack the activated uridine, re-
leasing AMP and thiouridine. In both mechanisms, the pro-
tein ends up with a Cys456—Cys344 disulfide bond and re-
cycling the catalytic cysteines for the next catalytic cycle re-
quests the reduction of that disulfide bond. This step would
explain why Ttul cannot achieve more than one turnover
in the absence of reductants (17,18). In in vitro activity as-
says, catalytic turnover is achieved thanks to dithiothreitol
(DTT), as the reductant.

Several enzymes that do not possess the RHD extension
have been studied biochemically or structurally (7,19-21).
In particular, the crystal structure of Bacillus anthrasis Ttul
(BaTtul) has been solved in complex with AMP (19) and
that of Thermotoga maritima (TmTtul) in complex with a
mini-RNA, in the presence or absence of ATP (20). These
enzymes lack the RHD but possess a cysteine in the catalytic
domain, at a position equivalent to Cys344 in E. coli (Sup-
plementary Figure S1). This cysteine in TmTtul (numbered
Cys344) has been shown to be important for catalytic ac-
tivity (20). In addition, the crystal structure of a truncated
form of a Ttul protein from Pyrococcus horikoshii has been
solved (22). Yet, despite these structural studies, the mech-
anism of enzymes that do not possess an RHD remains un-
clear because they do not possess a second cysteine, equiv-
alent to E. coli Cys456, that would play a similar role as a
persulfide transfer site. Furthermore, no other residue has
been shown to be involved in catalysis.

Interestingly, Ttul from various archaea, such as P. fu-
riosus (PfTtul) and methanogenic species, have three con-
served cysteines located in the catalytic domain (Sup-
plementary Figure S1). These cysteines in Ttul from
Methanococcus maripaludis (MmTtul), numbered Cys265,
Cys268 and Cys348, have previously been mutated (21).
Although the tRNAs from M. maripaludis cells express-

ing the C348A variant possessed only moderate decrease
in s*U level, the decrease was dramatic for cells expressing
the C265A or the C268A variant (21). Moreover, in con-
trast to the wild-type enzyme, none of the three purified mu-
tants was able to transfer sulfur to in vitro transcribed M.
Jjannaschii tRNA®Y, using Na,S$ as a sulfur donor, indicat-
ing that the three cysteines were required for in vitro s*U-
tRNA formation (21). Subsequent electron paramagnetic
resonance (EPR) and Mdssbauer spectroscopic studies have
indicated the presence of a [3Fe—4S]* cluster in MmTtul
(8). The cluster, most likely coordinated by the conserved
cysteines Cys265, Cys268 and Cys348, was proposed to be
competent in catalyzing s*U formation in vitro (8).

Intrigued by the unlikely hypothesis of a [3Fe-4S]* clus-
ter being catalytically active (23) and inspired by previous
investigations from ours and other researchers on other
tRNA sulfurases that share the same PP-loop ATP py-
rophosphatase catalytic domain with Ttul proteins (24),
such as tRNA-5-uridine(54)-C2 sulfur transferase TtuA
(25-29) and tRNA-5-uridine(34)-C2 sulfur transferases
NcsA (Bimai et al., submitted manuscript) and MnmA
(30,31), which have been shown to depend on a [4Fe—4S]
cluster for activity, we have revisited the mechanism of
MmTtul. To this goal, we have purified untagged versions
of MmTtul and PfTtul, and reconstituted their cluster in
vitro under strict anaerobic conditions. We present here
spectroscopic analysis and catalytic activity tests that un-
ambiguously show that a [4Fe—4S]>* cluster can be assem-
bled in MmTtul and PfTtul and that it is essential for ac-
tivity. Moreover, we take advantage of the recently released
AlphaFold (32) and RoseTTAFold (33) deep learning algo-
rithms to analyze the structural models of MmTtul in light
of our experimental data.

MATERIALS AND METHODS
Genes cloning

The mmp1354 gene encoding MmTtul
(NCBI WP_011171298.1) and the pfi288 gene encod-
ing PfTtul (NCBI WP_011012432.1) were synthesized
by Eurofins with codon optimization for expression in
E. coli and sub-cloned into the pBG102 plasmid (pET27
derivative) between the BamHI and EcoRI restriction
sites to produce a 6His-SUMO-Ttul protein construct, the
6His-SUMO tag of which can be cleaved by the human
rhinovirus (HRV) 3C protease.

Overexpression of MmTtul and PfTtul

The plasmids containing the gene encoding the Ttul pro-
teins were transformed in E. coli BL21(DE3) competent
cells. One colony was used to inoculate 200 ml of Luria
Broth (LB) medium supplemented with kanamycin (50 mg.
171). 40 ml of this preculture grown overnight at 37°C was
used to inoculate 4 liters of LB medium supplemented
with the same antibiotic. Cultures were grown at 37°C to
an ODgyy of 1-1.2, and expression was induced by addi-
tion of isopropyl-y-D-thiogalactopyranoside (IPTG) to a
final concentration of 0.5 mM. After overnight incubation
at 25°C, cells were collected by centrifugation and stored
at — 20°C.
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Purification of MmTtul and PfTtul

Cells were resuspended in 60 ml of 50 mM Tris—HCI pH
7.5, 500 mM NaCl, containing RNase A (2 pg.ml™"), ben-
zonase (100 U, Sigma Aldrich) and lysozyme (0.3 mg.ml~"),
and disrupted by sonication. Cells debris were removed by
centrifugation at 210 000 g for one hour at 4°C. The super-
natants were then loaded on an immobilized metal affin-
ity Ni-NTA column (HisTrap 5 ml, Cytiva) equilibrated in
25 mM HEPES pH 7.5, 500 mM NacCl, and eluted with
500 mM imidazole. The proteins were collected, dialyzed
overnight against 5 1 of 50 mM Tris—-HCI pH 7.5 contain-
ing 150 mM NaCl (PfTtul) or 200 mM NaCl (MmTtul), in
the presence of the HRV 3C protease (25 g per mg Ttul
protein), and centrifugated at 4°C for 10 min. MmTtul was
then concentrated to ~6 mg.ml~! and loaded at 1 ml.min~!
in 25 mM HEPES pH 7.5, 200 mM NaCl, onto a Superdex
7526/60 gel filtration column (Cytiva) using an AKTA sys-
tem, whereas PfTtul was loaded at 1 ml.min™' onto a Mono
S 5/50 cation exchange column (Cytiva), and eluted with a
linear gradient of 0-0.5 M NaCl in 25 mM HEPES pH 7.5
for 20 min. The as-purified proteins were concentrated to 10
mg.ml~! with an Amicon Ultra filter device (30 kDa cutoff,
Millipore), frozen in liquid nitrogen and stored at -80°C.
The GST-HRV 3C-protease (a gift from S. Mouilleron)
was expressed using pGEX-2T recombinant plasmids. After
induction at 25°C with 0.1 mM IPTG for 20 h, the protein
was purified using glutathione—Sepharose chromatography.

SEC-MALS

Size exclusion chromatography coupled with multi-angle
light scattering (SEC-MALS) experiments were performed
using an HPLC-MALS system (Shimadzu) equipped with
light scattering detector (mini DAWN TREOS, Wyatt Tech-
nology), refractive index detector (Optilab T-rEX, Wyatt
Technology) and UV detector (SPD-20A, Shimadzu). As-
purified MmTtul (100 pl at 2 mg.ml~") was injected on a
Superdex 200 Increase 10/300 GL column (Cytiva) equi-
librated in 50 mM HEPES pH 7.5, 200 mM NaCl, at a
flow rate of 0.5 ml.min~!. Molar masses of proteins were
calculated with the ASTRA 6.1 software (Wyatt Technol-
ogy) using a refractive index increment (dn/dc) value of
0.183 ml.g!.

[Fe-S] cluster reconstitution and purification of holo-Ttul
proteins

The reconstitution of the [4Fe-4S] cluster and purifica-
tion of holo-Ttul proteins were performed in a glove box
containing <0.5 ppm O,. After incubation of 100 uM as-
purified Ttul with 5 mM dithiothreitol for 15 min, a 5-fold
molar excess of ferrous ammonium sulfate and L-cysteine as
well as 2 uM E. coli cysteine desulfurase CsdA were added,
and incubation was extended overnight. After centrifuga-
tion for 20 min at 12 300 g, holo-Ttul was loaded onto a
Superdex 200 Increase 10/300 GL gel filtration column (Cy-
tiva) equilibrated in 25 mM HEPES pH 7.5, 200 mM NaCl,
5mM DTT. The peak containing holo-Ttul was then con-
centrated to 10-20 mg.ml~! on a Vivaspin concentrator (30
kDa cutoff).
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Quantification methods

The Bradford assay was used to quantify the protein (34).
The Fish and Beinert methods were routinely used after
cluster reconstitution to quantify iron and sulfide, respec-
tively (35,36).

Preparation of bulk tRNA and in vitro transcribed Mm-
tRNALySUUU

Bulk tRNA from Athil E. coli cells was purified as re-
ported (37). The M. maripaludis tRNA™Syyy substrate
(Mm-tRNAMSyy) was synthesized in vitro by T7-RNA
polymerase transcription as described (38). Before use, the
tRNA transcript was refolded by heating at 65°C for 15 min,
at 45°C for 15 min, then cooling slowly to 4°C.

In vitro enzyme assay

1 or 10 wM holo-Ttul and 15-20 wM in vitro transcribed
Mm-tRNAMSuy or 10 wM bulk tRNA from Athil E. coli
was incubated at 37°C in 100 w1 of 25 mM HEPES pH 7.5,
200 mM NacCl in the presence or absence of 1 mM ATP,
2.5 mM MgCl, and 1 mM Na,S under anaerobic condi-
tions for 1 hour. The reaction was stopped by adding 1 pl
3M formic acid loading dye. The sulfurated and unmodified
tRNAs were separated on a 12% urea Polyacrylamide gel
electrophoresis (PAGE) gel supplemented with 15 pg.ml™!
APM ([(N-acryloylamino)phenyl] mercuric chloride) (39)
then visualized by staining with 0.1% [w/v] toluidine in 40%
[v/v] methanol and 1% [v/v] acetic acid.

tRNA digestion and analysis of modified nucleosides

20 wM tRNA was digested overnight in 100 wl of 25 mM
HEPES pH 7.5, 200 mM NaCl, 0.1 mM ZnSO4 at 37°C
by nuclease P1 (2 units, Sigma) followed by the addition
of alkaline phosphatase for 2h at 37°C (2 units, Sigma).
HPLC-tandem mass spectrometry analyses were performed
with an ExionLC chromatographic system coupled with a
QTRAP6500 + mass spectrometer (AB SCIEX INSTRU-
MENTS) equipped with a Turbo Spray IonDrive source
used in the positive ionization mode. HPLC separation was
carried out with a 2 x 150 mm, 2.7 pm Poroshell HPH-C18
column (Agilent, France) at 0.4 ml.min~! and 35°C. A lin-
ear gradient of 0-15% acetonitrile in 0.1% formic acid over
7 min was used as the mobile phase. Mass spectrometry de-
tection was carried out in the multiple reactions monitoring
mode to obtain high sensitivity and specificity. The transi-
tions used to quantify s*U were 261—129 and 261—112,
corresponding to the loss of ribose. Under the HPLC con-
ditions used, s>U and s*U are well separated, with s?U elut-
ing faster (4.3 min) than s*U (4.6 min). Quantification was
performed by external calibration.

Characterization of the [4Fe—4S] cluster by UV-Visible and
Moéssbauer spectroscopies

UV-visible absorption spectra were recorded in quartz cu-
vettes (1 cm path length) under anaerobic conditions in
a glove box on a XL-100 UVIKON spectrophotometer
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equipped with optical fibers. The 3’ Fe metal used for Fe la-
beling for Mossbauer spectroscopy was rinsed twice with
trichloromethane, then solubilized in the glovebox with 1.5
molar equivalent H;SO4 by heating at 60°C for 24 h then
78°C for 1 h, under agitation. After centrifugation to re-
move undissolved particles, the Fe concentration was de-
termined with a calibration curve and the Fish method
(35). For Mossbauer spectroscopy, holo-MmTtul was pre-
pared as above, with 3’ Fe ferrous sulfate being used during
the cluster reconstitution step. After freezing, the samples
were stored in liquid nitrogen. Mdssbauer spectra of holo-
MmTtul (0.488 mM in 25 mM HEPES pH 7.5, 200 mM
NaCl, 5mM DTT) were recorded in the constant accelera-
tion mode with a WissEL GmbH conventional spectrome-
ter with a multi-channel analyzer in the time-scale mode.
Experiments at 77 K were conducted with an LN, bath
cryostat (Oxford Instruments). The same type of spectrom-
eter was used in the measurement of high-field, low tem-
perature spectra combined with a helium closed-cycle cryo-
stat equipped with a superconducting magnet (CRYO In-
dustries of America Inc.) operating with the applied field
parallel to the y-rays. Isomer shifts § are given relative to
a-iron at room temperature. After transfer of the data from
the multi-channel analyzer to a PC, the public domain pro-
gram Vinda (40) running on an Excel 2003 platform was
used to analyze the data. For the simulation of magnetically
split spectra, the spin Hamiltonian formalism (41) was uti-
lized. Otherwise, spectra were analyzed by least-squared fits
using Lorentzian line shapes.

3D-structure prediction

The AlphaFold models were calculated with the Google
Colab platform and AlphaFold2_advanced option
https://colab.research.google.com/github/sokrypton/
ColabFold/blob/main/beta/AlphaFold2_advanced.
ipynb#scrollTo=ITcPnLkLuDDE that does not use
templates (homologous structures), and refined us-
ing the Amber-relax option to enhance the accuracy
of the side chains geometry. The default mode of
sampling options was used: num_models = 5, ptm
option, num_ensemble = 1, max_cycles = 3, tol = 0,
num_samples = 1. The models were ranked according to
their predicted local-distance difference test (pLDDT)
confidence values (between 0 and 100, from low to high
confidence). For dimer prediction, a 1:1 value was input as
the homo-oligomer assembly option. The RoseTTAFold
models were calculated using the RoseTTAFold option
and providing the amino acid sequence to the server
https://robetta.bakerlab.org/submit.php.

RESULTS

Purification and characterization of MmTtul and PfTtul

MmTtul, with a N-terminal 6His-SUMO tag, was puri-
fied under aerobic conditions by nickel affinity chromatog-
raphy. The tag was then removed using the HRV 3C pro-
tease and the protein was further purified by size-exclusion
chromatography (Supplementary Figure S3A and B). SEC-
MALS analysis of as-purified MmTtul indicated that it is a

holo-MmTtul

08;
AR T [P as-purified MmTtul

0.6
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Wavelength (nm)
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rel. Transmission
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Figure 1. Spectroscopic characterization of MmTtul. (A) UV-visible spec-
trum of 20 wM as-purified MmTtul (dotted line) and holo-MmTtul (solid
line) in 25 mM HEPES pH 7.5, 200 mM NacCl. (B) Mgssbauer spectrum
at 77 K and Bexy = 0 T of holo-MmTtul (488 wM) after reconstitution of
the cluster with >’ Fe. The red solid line is a simulation with the parameters
given in Supplementary Table S1.

dimer in solution (measured molar mass of 89 =+ 0.6 kDa;
theoretical molar mass of one monomer: 43.7 kDa) (Sup-
plementary Figure S3C). Careful examination of the UV-
visible spectrum of the as-purified MmTtul protein showed
very weak absorption bands, at 320 and 400 nm, character-
istic for an [Fe-S] cluster (Figure 1A). This was consistent
with the presence of very small amounts of iron and sul-
fur, 0.03 £ 0.2 mol Fe and 0.05 + 0.2 mol S per monomer,
as quantified using the Beinert and Fish methods (35,36).
PfTtul was also purified under aerobic conditions with a N-
terminal 6His-SUMO tag (Supplementary Figure S4A), as
described for MmTtul. In that case again, the UV-visible
spectrum of the as-purified PfTtul protein displayed only
very weak absorption bands at 320 and 400 nm, indicating
a very low amount of [Fe—S] cluster (Supplementary Figure
S4B).

€20z AeN Gz uo Josn aunuezAg anbayioliqig Aq 1981 €69/6962 1/2Z/0G/2101ME/1eU/W0D dNO"OILSPEDE//:SANY WO} POPEOJUMO(


https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/beta/AlphaFold2_advanced.ipynb#scrollTo=ITcPnLkLuDDE
https://robetta.bakerlab.org/submit.php

A [4Fe—4S] cluster can be assembled in MmTtul anf PfTtul

A cluster was reconstituted anaerobically by treating the
apo-proteins with a S5-molar excess of ferrous iron in
the presence of L-cysteine, cysteine desulfurase CsdA and
dithiothreitol (DTT) in a glove box containing <0.5 ppm
O;. The protein was then purified on a Superdex 200 gel fil-
tration column (Supplementary Figures S3B, D and S4C,
D), also under anaerobic conditions, leading to a homoge-
nous brownish protein, containing an [Fe-S] cluster that
was subsequently called holo-Ttul. Quantification of the
protein-bound iron and sulfur content gave 3.0 £ 0.2 Fe and
3.14+0.2S,and 3.2 £ 0.2 Fe and 3.0 + 0.2 S per monomer
of holo-MmTtul and holo-PfTtul, respectively, consistent
with the presence of one [Fe-S] cluster per monomer. Holo-
MmTtul was obtained as a homogeneous protein in high
quantity, whereas much lower amounts of holo-PfTtul
could be obtained since the protein had the tendency to ag-
gregate.

The UV-visible spectra of purified holo-Ttul proteins dis-
played a broad absorption band at around 400 nm that is
characteristic for the presence of a [4Fe—4S] cluster (Fig-
ure 1A and Supplementary Figure S4B). From the UV-
visible spectrum and Fe/S quantification, a [2Fe-2S] clus-
ter could be excluded. Furthermore, the EPR spectrum of
holo-MmTtul after cluster reconstitution did not show any
signal, thus excluding the presence of an EPR active S=1/2
[3Fe-4S]" species. This result is thus consistent with a S =0
[4Fe-4S]** cluster. The cluster could not be reduced with
an excess of dithionite (up to 5 mM, Supplementary Fig-
ure S3E), even in the presence of methyl viologen as a re-
dox mediator, or with sodium cyanoborohydride (10 mM),
indicating a very low redox potential or inaccessibility of
the cluster. To further characterize the chemical state of the
cluster by Mossbauer spectroscopy, we used holo-MmTtul,
which could be obtained in high quantity (350 wl at 488
pM), in contrast to holo-PfTtul. Mdssbauer spectroscopy
of holo-MmTtul provides a further confirmation for the
presence of a diamagnetic [4Fe—4S]** cluster (Figure 1B).
The Mossbauer spectrum of Ttul obtained at 7= 77 K
shows only one component, exhibiting a doublet with an
isomer shift of § = 0.45 mms~! and a quadrupole splitting
of AEq = 1.19 mms~!. The observed § = 0.45 mms~! is
typical for mixed valence Fe(II)Fe(III) pairs with a delo-
calized electron occurring in diamagnetic [4Fe—4S]>* clus-
ters. In fact, a Mossbauer spectrum recorded at 77 = 4.2
K and an external field of Be = 5.0 T confirms the pres-
ence of a diamagnetic [4Fe—4S]*" cluster and could be sim-
ulated using the spin Hamiltonian formalism (41) (S = 0,
§=045mms™!, AEg = .19 mms™!, I' = 0.49 mms~!,
= 0.7) (Supplementary Figure S5 and Table S1) (42). The
Maossbauer spectroscopy analysis confirmed the absence of
other clusters such as [2Fe-2S]** and [3Fe—4S] * clusters.

The [4Fe—4S] cluster is needed for the US-tRNA sulfuration
activity

In order to use control samples of MmTtul and PfTtul de-
void of any Fe and S atoms for the activity assays, the as-
purified proteins were treated with dithionite and EDTA
and then filtrated, as described (25), to remove any trace

Nucleic Acids Research, 2022, Vol. 50, No. 22 12973
A 1 2 3 4 5 6

15,!10

<«<— Thiolated tRNAYs

<+ tRNAYs

B 250 . | ]

200 - .

150 - ]

100 | ]
50 j ]

1 2 3 4 5 6 7

4
pmoles s U

Figure 2. In vitro tRNA sulfuration activity tests of MmTtul under anaer-
obic conditions. (A) The formation of thiolated tRNA was monitored
on an APM-retardation gel. 10 wuM holo-MmTtul was incubated with
tRNAMSyyy, MgCly, NasS and ATP for 1 h (2). Control reactions:
tRNAMSyyy alone (1), no Na,S (3), no ATP (4), no MgCl, (5), apo-
MmTtul (10 pM) instead of holo-MmTtul (6). (B) Quantification of s*U
tRNA sulfuration activity by HPLC-MS/MS. The formation of the s*U
product was monitored by HPLC-coupled MS/MS after tRNA digestion
and quantified using a s*U standard. The data shown are the mean values
based on three different experiments. holo-MmTtul (1 uM (1) or 10 uM
(2)) was incubated with tRNAMS yyy, MgCly, Na;S and ATP. Control re-
actions: no Na;S (3), no ATP (4) or no MgCl, (5), apo-MmTtul (1 pM
(6) or 10 uM (7)) instead of holo-MmTtul.

of inorganic contaminants and yield the so-called apo-
proteins. The sulfuration activity of either apo- or holo-
Ttul proteins was tested using in vitro transcribed M. mari-
paludis tRNAYS yyy or bulk tRNA from the E. coli Athil
strain as a substrate, in the presence of inorganic sulfide
as the sulfur donor, ATP and Mg>* under strict anaer-
obic conditions. After 1 hour incubation, tRNA sulfura-
tion was monitored using a denaturing urea PAGE gel con-
taining APM (39), which specifically retards migration of
sulfur-containing molecules and thus separates sulfurated
tRNAs from unmodified tRNAs (Figure 2A and Supple-
mentary Figure S4E). A band corresponding to the sul-
furated tRNA was observed on the gel only when holo-
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MmTtul was incubated with tRNA and all other compo-
nents (Na,S, ATP, Mg?*) of the assay mixture. Moreover,
no such band was obtained when the apo-Ttul proteins
were used instead of the holo-Ttul proteins. These exper-
iments thus showed that the cluster, inorganic sulfide, ATP
and Mg** were all required for the tRNA sulfuration activ-
ity of MmTtul. For the identification of the modified nu-
cleoside (s*U) and quantification, the tRNA products af-
ter MmTtul treatment were digested into nucleosides that
were analyzed by HPLC MS/MS using s*U as a standard
(Supplementary Figure S6). Whereas the controls contain-
ing no enzyme, no ATP, no Na,$, no Mg?* or apo-MmTtul
showed no formation of modified nucleosides, the presence
of s*U was observed exclusively when holo-MmTtul was in-
cubated in the presence of all reactants, with the amount
of s*U increasing with increased concentration of holo-
MmTtul (Figure 2B). Altogether, our activity tests clearly
showed that the [4Fe—4S] cluster is necessary for MmTtul
to function as a U§-tRNA sulfurase.

In the AlphaFold and RoseTTAFold models of MmTtul,
Cys265, Cys268 and Cys348 are correctly positioned to bind
a [4Fe—4S] cluster

We obtained small crystals of holo-MmTtul but their size
was not sufficient to yield exploitable crystallographic data.
Therefore, in the absence of a crystal structure of MmT-
tul, we calculated 3D models using the AlphaFold (32) and
RoseTTAFold (33) algorithms, which have recently been
shown to predict very precisely not only the fold of a pro-
tein from its amino acid sequence, but also the amino acid
side chains position when the backbone position is accu-
rate. The models of the MmTtul monomer are predicted
with a high confidence (pLDDT of 95.6 and confidence
value of 0.86, for the AlphaFold and RoseTTAFold mod-
els, respectively) and exhibit an elongated fold, organized
into two main structural domains: the N-terminal domain
and the C-terminal catalytic domain that contains the ATP
binding site (Figure 3A). The AlphaFold and RoseTTAFold
models of the MmTtul monomer are highly similar, with
a root mean square deviation (rmsd) of 1.12 A over 336
aligned Cas, except for the last C-terminal helix (residues
376-382) that shows completely different orientations in the
two models. The three conserved cysteines are located near
each other in both AlphaFold and RoseTTaFold models
(Figure 3B). However, while Cys265 and Cys268 from one
model overlap well with the same residues in the second
model, the positions of the sulfur atom of Cys348, which
belongs to a flexible loop, are 3.7 A apart in the two mod-
els. Such a modeling uncertainty was previously noted for
other cysteines from flexible loops that coordinate a [4Fe—
48] cluster in other [Fe-S]-binding proteins (43). The posi-
tioning of Cys265, Cys268 and Cys348, in the heart of the
active site and close to each other, together with previously
reported site-directed mutagenesis experiments that showed
the importance of these cysteines for s*U formation (21), is
highly in favor with these three cysteines being the ligands
of the [4Fe—4S5] cluster in holo-MmTtul.

Moreover, the binding mode of the [4Fe—4S] cluster to
MmTtul can be inferred from the superposition of the
MmTtul models with the crystal structure of the [4Fe—

4S]-dependent U54-tR NA sulfurtransferase TtuA from Py-
rococcus horikoshii (holo-PhTtuA) (25). Indeed, despite
the low sequence identity (14.8%) between MmTtul and
PhTtuA, their catalytic domains are structurally similar
(rmsd = 3.9 A, Z-score of 12.3 for 157 aligned Cas, as cal-
culated with DALI) (44), reflecting their belonging to the
N-type ATPase family. The superposition of the catalytic
domains of the two enzymes indeed places the [4Fe-4S]
cluster of holo-PhTtuA close enough to the three cysteines
of MmTtul to validate a [4Fe-4S] cluster at this position
in holo-MmTtul (Figure 3C). Indeed, the sulfur atoms of
Cys265, Cys268 and Cys348 of MmTtul are located 3.5—
6.4 A,3.4-37A and 1.8-4.0 A away from the iron atoms
of the [4Fe—4S] cluster in the superimposed holo-PhTtuA
structure, respectively, indicating that only small conforma-
tional changes in the active site loops and cysteine residues
of MmTtul are needed to accommodate the correct geom-
etry required to bind the [4Fe—4S] cluster.

Comparison of the MmTtul models with the BaTtul and
TmTtul crystal structures

The crystal structures of two Ttul enzymes that do not pos-
sess the C-terminal RHD have been solved previously: BaT-
tul in complex with AMP (19) and TmTtul in complex with
a mini-RNA, in the presence or absence of ATP (20). It
should be noted that the TmTtul/mini-RNA/ATP com-
plex represents an initial inactive state, the U8 target uri-
dine being not flipped out and thus not oriented towards
the enzyme active site. Nevertheless, to validate the MmT-
tul models, it is interesting to compare them to the BaT-
tul and TmTtul crystal structures. Both the MmTtul dimer,
which was predicted with a high confidence with AlphaFold
(pLDDT of 94.1), and the MmTtul monomer modeled by
AlphaFold or RoseTTaFold can be superimposed closely
to the dimer or monomer of TmTtul and BaTtul (Figure
3D and Supplementary Figure S7A), in agreement with the
high amino acid sequence identity (30.5% between MmT-
tul and TmTtul, and 30.8% between MmTtul and BaTtul;
Supplementary Figure S1). In addition, the superposition
of the active sites of the MmTtul models with those of the
two molecules of the TmTtul/ATP crystal structure (Figure
3E and F) and that of the BaTtul/AMP crystal structure
(Supplementary Figure S7B), shows that the three cysteines
of MmTtul are located near the AMP/ATP cofactors found
in the TmTtul and BaTtul structures, suggesting a similar
ATP binding mode in MmTtul. Mutation of Cys344 to ser-
ine in TmTtul has been shown to lead to a complete loss
of activity, indicating that Cys344 is a catalytically essen-
tial residue (20). In the TmTtul crystal structure, Cys344
belongs to a long flexible loop that exhibits two different
conformations in the two molecules in the asymmetric unit
(Figure 3E and F), whereas Cys344 and Cys345 of BaTtul,
also belonging to a flexible loop, were not observed in the
electron density of the BaTtul crystal. Interestingly, the su-
perposed structures show that, whereas Cys344 in molecule
A of TmTtul is quite distant from the cysteines of MmT-
tul, in molecule B it occupies a position very close to that of
Cys348 in the MmTtul models (the sulfur atom of Cys344
being distant of 1.8 and 2.1 A of the sulfur atoms of Cys348
in the AlphaFold and RoseTTAFold models, respectively).
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Figure 3. Best models of MmTtul. (A) Superposition of the AlphaFold model, colored according to the pLDDT values, from red (pLDDT value of 37.0)
to blue (pLDDT value of 98.8) and RoseTTAFold (in orange) model of the monomer of MmTtul. (B) Superposition of the conserved cysteines of MmTtul
in the AlphaFold model (in yellow) and Rose TTAFold model (in red). The pLDDT values of Cys265, Cys268 and Cys348 in the AlphaFold model are 95.8,
95.9 and 89.4, respectively. (C) Superposition of the active sites of the MmTtul AlphaFold model and holo-PhTtuA crystal structure (PDB code SMKP,
in cyan). Holo-PhTtuA was superimposed onto the MmTtul model with the SUPER option in PYMOL, with an rmsd of 3.4 A for 98 aligned Ca atoms.
The cluster in holo-PhTtuA is shown in stick representation. (D) Superposition of the dimer of MmTtul calculated with AlphaFold with that of the crystal
structure of TmTtul (in green and forest green for each monomer). ATP bound to TmTtul is shown in stick representation. (E, F) Superposition of the
active sites of the MmTtul AlphaFold model and TmTtul crystal structure (E: molecule A of TmTtul; F, molecule B of TmTtul). The MmTtul model is
superimposed on molecules A and B of the TmTtul crystal structures with an rmsd of 1.37 A for 281 aligned Ca atoms and an rmsd of 1.48 A for 285
aligned Ca atoms, respectively. ATP and Cys344 in the TmTtul structure are shown in stick representation.
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Figure 4. Mechanism proposed for the MmTtul-catalyzed reaction. Ad stands for ‘adenylate’. After adenylation at O4 by ATP and formation of a [4Fe—5S]
cluster intermediate, nucleophilic substitution of O-adenosyl monophosphate by the SH group coordinated by the [4Fe-4S] cluster would generate the final

s*U8-tRNA product.

DISCUSSION

We report here that as-purified MmTtul and PfTtul can be
reconstituted under anaerobic conditions with a [4Fe-4S]
cluster, which was shown to be crucial for the U8-tRNA sul-
furation activity. The fact that Liu et al. previously observed
US8-sulfuration activity (although not quantified) of [3Fe—
4S]-cluster containing MmTtul (8) is puzzling given that
nonredox [Fe-S]-catalyzed reactions usually depend on a
[4Fe—4S] cluster, the active state of the cluster (23), with the
[3Fe-4S] species being an oxidation product of the former
species (45). One possible explanation could be the presence
of a small amount of catalytically active [4Fe-4S] cluster
in the preparation, however in too low quantity to be de-
tectable by spectroscopy. Another possibility is that some
[4Fe—4S] cluster could form during catalysis, via reductive
conversion of the [3Fe-4S] species in the presence of iron
traces under the highly reducing conditions in the catalytic
assay (8).

The AlphaFold and RoseTTAFold models of MmTtul
show that the three conserved cysteines, Cys265, Cys268
and Cys348, are correctly positioned to bind a [4Fe-4S]
cluster. This prediction agrees with Cys265 and Cys268
being crucial for in vivo s*U tRNA sulfurase activity, as
shown by their mutation to alanine leading to a dramatic
decrease of s*U levels in tRNAs (21). Yet, the C348A mu-
tant showed only a modest decrease of s*U, with 62% that of
the wild-type level, but this result is not against Cys348 be-
ing a cluster ligand, as shown for other [4Fe-4S]-dependent
enzymes, for which the mutation of only one coordinat-
ing cysteine was not sufficient to completely abolish clus-
ter binding (30). The subsequent prediction from the 3D
models is that the [4Fe—4S] cluster in holo-MmTtul would
be bound by these three cysteines only, without the need

of a fourth amino acid ligand. Altogether, our experimen-
tal data and the 3D models lead us to propose a mecha-
nism for the MmTtul-catalyzed reaction, based on that of
[4Fe-4S]-dependent tRNA-sulfurtransferases such as TtuA
(25-29), in which the fourth non-protein bonded Fe atom
of the cluster (unique Fe atom) is used to bind and activate
the sulfur atom of the donor in the form of a hydrogeno-
sulfide ligand (Figure 4). This would lead to the formation
of [4Fe-5S] cluster intermediate, the existence of which was
revealed in the case of TtuA and NcsA enzymes by the
propensity of the unique Fe atom of the cluster to bind a
small molecule (25, PDB code 6SCY), and demonstrated in
the case of thiouracil desulfidase TudS (46), which catalyzes
a[4Fe-4S]-dependent desulfuration reaction, the inverse re-
action to that catalyzed by Ttul enzymes. After activation
of the target U8 by adenylation by ATP to form an adeny-
lated intermediate, attack of the hydrogenosulfide bound to
the [4Fe—4S] cluster onto the C4 position would result into
nucleophilic substitution, release of AMP and formation of
the thiouridine product. The activation of the target uridine
of Ttul by adenylation of its C4 position by ATP (16) dif-
fers from the substrate activation mechanism in nonredox
[4Fe-4S]-dependent dehydratases, such as aconitase (47), in
which the unique Fe atom of the cluster directly binds the
hydroxyl group of the substrate to initiate the dehydration
reaction.

CONCLUSION

Our work confirms the existence of a new class of Ttul
proteins that operate with a [Fe-S] cluster (8). However,
our biochemical and spectroscopic results indicate that the
catalytic state of the cluster is a [4Fe-4S]** and not a
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[3Fe—4S]* species, as stated previously (8). Given precedent
studies on similar [4Fe-4S]-dependent tRNA sulfurases
(25,26,28,30,31), we propose a mechanism for MmTtul, in
which the fourth, nonprotein-bonded iron of the cluster
binds and activates a hydrogenosulfide substrate to catalyze
the nonredox substitution of an oxygen atom for a sulfur
atom (Figure 4). It remains to be seen whether two or three
classes of Ttul proteins exist. In addition to proteins like
EcTtul that possess an RHD, in which a catalytic cysteine
is thought to receive a sulfur atom and form a persulfide, the
sulfur of which is transferred to U8, and those like MmT-
tul, which possess a conserved CXXC + C motif and bind a
[4Fe—-4S] cluster that is used as a cofactor, the enzymes that
function neither with an RHD nor a CXXC + C motif need
further investigation.
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