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Supplementary Figure S1. Sequence alignment of tRNA-thiolation enzymes.
The secondary structures of 7thTtuA (PDB ID: 5B4F) are shown at the top. Completely
conserved residues are highlighted in red and highly conserved residues are highlighted
in yellow, respectively. Key residues in the ATP-binding motif (PP-loop, a green line);
the three cysteine residues bound to the Fe—S cluster (red asterisks); the cysteine or

histidine residues involved in the tRNA-binding motif (Zn finger, blue asterisks); and key
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residues of TthTtuA identified in previous studies [1,2] (magenta triangles). The
alignment was performed using Clustal Omega [3] and ESPrint 3.0 [4] was used for
illustration. Note that V345 of TmaThil aligns with C222 of TthTtuA because their
sequence identity is only 13.9%; however, C344 is the catalytic residue of 7maThil [5].

The abbreviations of protein names are the same as that in Table S2.
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Supplementary Figure S2. Scheme of thiolated tRNA biosynthesis catalyzed by
tRNA-thiolation enzymes.

TtuA [6,7], TtcA [8], and Ncs6 [9,10] (TtuA/Ncs6 family members) catalyze the
formation  of  5-methyl-2-thiouridine  (a), 2-thiocytidine (b), and 5-
methoxycarbonylmethyl-2-thiouridine (¢), respectively. Although MnmA [11] and Thil
[12] do not belong to the TtuA/Ncs6 family, Fe—S clusters are essential for bacterial
MnmA and Methanococcus Thil to catalyze the formation of 2-thiouridine (d) and 4-
thiouridine (e), respectively. For clarity, the modifications sites of tRNA-thiolation in 3D
(PDB code: 1EHZ) (g) and 2D (f) structures are shown. Note that some thiolations cannot

occur simultaneously.
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Supplementary Figure S3. Redox states of TtuA and their detectability with
EPR. Reconstructed TtuA is +2 charged with spin quantum number S = 0 and EPR-
silent. Reduction wusing dithionite (DT) makes [4Fe—4S]-TtuA EPR-active.

Oxidation with K3[Fe(CN)g] enables EPR detection of [3Fe—4S]-TtuA.
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Supplementary Figure S4. EPR spectroscopic characterization of TtuA with excess DT.
EPR spectra of [4Fe—4S]-TtuA before DT reduction (brown) and reduced by DT and
incubated for 10 min (red) and 30 min (blue). [4Fe—4S]'" was detected in the presence of

DT at 12 K.
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Supplementary Figure S5. [3Fe-4S]'" EPR spectra of [3Fe—4S]-TtuA with
excess Ks[Fe(CN)s].

(a) [4Fe-4S]-TtuA was oxidized to [3Fe-4S]-TtuA with excess K3[Fe(CN)s] (no
desalination) and incubated for 5 min (red), 1 h (blue), and 24 h (gray). The sample before
oxidization ([4Fe—4S]-TtuA) was used as a reference (black). [3Fe—4S]'" was detected in
the absence of DT at 40 K. (b) Double integration of (a). The EPR signal intensity ratio

is shown in parentheses, where the EPR signal intensity at 5 min after oxidation is 100%.
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Supplementary Figure S6. Activity assay of [3Fe—4S]-TtuA and [4Fe—4S]-TtuA in
the presence of K3[Fe(CN)s].
The tRNA thiolation activity of TtuA before oxidation ([4Fe—4S]-TtuA) was normalized

to 100%. All data are presented in the right panel with standard deviation values (N = 3).
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Supplementary Figure S7. Structural alignment of the [4Fe—4S]-TtuA-TtuB complex
and the apo—TtuA-TtuB complex.

TtuA and TtuB of the [4Fe—4S]-TtuA-TtuB complex (PDB ID: 5ZTB) are colored in blue
and green, respectively [1]. TtuA and TtuB of the apo-TtuA-TtuB complex (PDB ID:
S5GHA) are colored in cyan and red, respectively [7]. The Ca root-mean-square deviation
(RMSD) value is 0.483 A, which is calculated by “align” command of PyMOL verl.7.

The two C-terminal residues of TtuB are disordered when [4Fe—4S] is absent.
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Supplementary Figure S8. EPR spectra comparation of TtuA with/without TtuB—
COSH. (a) Raw data (left) and normalized data (right) of [3Fe—4S]-TtuA in the
absence (blue) and presence (orange) of the sulfur donor TtuB—COSH. (b) Raw
data (left) and normalized data (right) of [4Fe—4S]-TtuA in the absence (blue) and
presence (orange) of the sulfur donor TtuB—COSH [1]. These normalized data are the

same as in Figure 3.
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Enzymes

Organisms

Key residues

TtuA T. thermophilus | 855 G56 G57 K58 D59 S60 ... C130* ... C133* ... K137 ... D161 ... C222*
TtuA A. aeolicus S56 G57 G58 K59 D60 S61 ... C130* ... C133* ... K137 ... D161 ... C222*
TtuA T. maritima S55 G56 G57 K58 D59 S60 ... C131* ... C134* ... R138 ... D162 ... C224*
TtuA P. horikoshii S55 G56 G57 K58 D59 S60 ... C128* ... C131* ... K135 ... D159 ... C220*
TtuA M. jannaschii S59 G60 G61 K62 D63 G64 ... C130* ... C133* ... K137 ... D161 ... C222*
TtcA E. coli S47 G48 G49 K50 DS1 s62 ... C122* ... C125* ... R129 ... D153 ... C213*
TtcA P. putida S40 G41 G42 K43 D44 S45 ... C115* ... C118* ... R122 ... D146 ... C206*
TtcA S. oneidensis | S45 S46 G47 K48 D49 S50 ... C120* ... C123* ... R127 ... D151 ... C211*
TtcA S. typhimurium | S47 G48 G49 K50 D51 S52 ... C122* ... C125* ... R129 ... D153 ... C213*
Ncs6 (Ctu1)  |H. sapiens S59 G60 G61 K62 D63 S64 ... C144* ... C147* ... R151 ... D175 ... C237*
Ncs6 (Ncs6p) |S. cerevisiae S75 G76 G77 K78 D79 S80 ... C157* ... C160* ... R164 ... D188 ... C250*
Ncs6 (Ncs6p) |S. pombe S59 G60 G61 K62 D63 S64 ... C142* ... C145* ... R149 ... D173 ... C235*
Ncs6 (NcsA) |M. maripaludis | S57 G58 G59 K60 D61 S62 ... C142* ... C145* ... R149 ... D173 ... C233*
Ncs6 (NcsA)  [H. volcanii S61 G62 G63 K64 D65 Se66 ... C143* ... C146* ... R150 ... D174 ... C242*
MnmA E. coli S13 G14 G15 V16 D17 S18 ... D99* ... C102* ... 1106 ... R132 ... C199*
MnmA B. subtilis S15 G16 G17 V18 D19 S20 ... D101* ... C104* ... 1108 ... V133 ... C200*
MnmA T. thermophilus | S9 G10 G11 V12 D13 814 ... C105* ... C108* ... V112 ... K137 ... C200*
Thil M. maripaludis [S189 D190 G191 1192 D193 $194 ... C265* ... C268* ... M272 ... Q296 ... C348*
Thil T. maritima S182 G183 G184 1185 D186 S187 ... L260 ... Y263 ... M267 ... Q291 ... C344

Supplementary Figure S9. Sequence alignment of key residues of TtuA for
tRNA-thiolation.

Key residues in TthTtuA have been identified in other studies [1,2]. The residues are
strongly conserved between the TtuA/Ncs6 family members (TtuA, TtcA, and Ncs6).
Residues with asterisks are coordinated to Fe—S clusters. The abbreviations of source
organisms are the same as that in Table S2. Note that only the PP-loop of MmaThil is not
completely conserved (G190D) and EcoMnmA/BsuMnmA uses D99/D101 instead of
cysteines to bind [4Fe—4S]. V345 of TmaThil aligns with C222 of 7thTtuA in Figure S1,

but C344 in this figure because C344 is one of the catalytic residues of TmaThil [5].
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Supplementary Figure S10. Structural alignment of tRNA-thiolation enzymes.

Superposition of 7thTtuA (PDB ID: 5B4F) with the (a) EcoTtcA predicted model, (b)
MmaNcs6 (PDB ID: 6SCY), (¢) EcoMnmA (PDB ID: 2DEU), and (d) MmaThil (Fe-S
cluster type) predicted model. The models in (a) and (d) were predicted using the local
version of AlphaFold ver2.0 (AF2) [13] with default parameters. We used the models with
the highest reliability based on the predicted local-distance difference test (pLDDT) score
between the five predicted structures for each enzyme. TtuA family members TtcA and
Ncs6 were superimposed with TtuA using the “align” command, whereas MnmA and
PPase domain of MmaThil (G182-H354) were superimposed with TtuA using the “super”

command of PyMOL verl.7.
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1. Oxidation by K;[Fe(CN)g] at 25°C
for 10 min in the anaerobic chamber

'Y
y

0.5 mM [4Fe—4S]-TtuA

(2. Desalination of K;[Fe(CN),] and free Fe)

0.5 mM [3Fe—4S]-TtuA
]

[ [ |
400 pL

200 L 400 pL 400 pL 400 pL 400 pL 400 pL 400 L 400 pL
+ + + Jv Jr Jr + Jr Jr
@ @ @ @
t=0min 5 min 10 min 20 min 30 min 2h 12 h 24 h
+ DT/- DT for [} i ] ] ]
EPR spectroscopy 1’ r’ r’ r’ I' r’ 1'
(10 min, 25°C). v v v v v v v
Sample No. 0 1. 2 3 4 13 14 15 16

Supplementary Figure S11. Anaerobic preparation of EPR and assay samples in

time-course.

Even-numbered EPR samples contain DT for evaluating [4Fe—4S]-TtuA (blue solid

arrows). Odd-numbered EPR samples do not contain DT for evaluating [3Fe—4S]-TtuA

(purple dashed arrows). For EPR spectroscopy, desalination is an optional step. For the

activity assay, all samples were incubated at 60°C (not 25°C) for 10 min immediately

after the preparation of oxidized TtuA ([3Fe—4S]-TtuA). The colors of EPR samples

(sample volume is 200 pL) are the same as in Figure 1d.
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(6) Sample Name.
@—> Before oxidation-1

® @—> Before oxidation-2
0 - ® ®—> Before oxidation-3
t tRNA thiolation t + 10 (min)
at 60°C
(1) 2 4) (5 (6)
o
[ ] o [ ] [ ] [ ]
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-10 0 1 5 tRNA thiolation 15 (min)
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(5) (6)
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® 24 h1
& ® 24 h-2
Incubation at 25°C for 24 h e o 24 h-3
1440 tRNA thiolation 1450 (min)
at 60°C

Supplementary Figure S12. Schematic showing the time scale of sample preparation

for the activity assay.

(1) Addition of K3[Fe(CN)s] to [4Fe—4S]-TtuA for preparing oxidized TtuA ([3Fe—4S]-

TtuA). Oxidation time was 10 min at 25°C. (2) Centrifugation to remove precipitation.

(3) Sample loading to desalination column to remove K3[Fe(CN)s] and free Fe. (4)

Mixture of desalted sample. (5) Addition of TtuA to premix reaction solution and

incubation at 60°C for 10 min. (6) Anaerobic termination of tRNA-thiolation by adding

120 pL of the stop buffer. The color code of each sample is the same as in Figure 2.
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Supplementary Table S1. Characterization of reported tRNA-thiolation enzymes

with Fe-S clusters.

Enzyme | Cofactor Species Modification Position
Thermophilic bacterium 5-methyl-2-thiouridine 54
TtuA [4Fe—4S]
and thermophilic archaeon (m’s?U) (T-loop)
2-thiocytidine 32
TtcA [4Fe—4S] Bacterium
(s’C) (Anticodon)
[4Fe—4S] or 5-methoxycarbonylmethyl- 34
Ncs6 Archaeon and eukaryote
[3Fe—4S] 2-thiouridine (mcm?’s?U34) (Anticodon)
2-thiouridine 34
MnmA [4Fe—4S] Bacterium
(s?U) (Anticodon)
[4Fe—4S] or 4-thiouridine 8
Thil Bacterium and archaeon
[3Fe—4S] (s*U) (D-arm)

m’s?U: 5-methyl-2-thiouridine

s2C: 2-thiocytidine

mcm’s?U: 5-methoxycarbonylmethyl-2-thiouridine

s*U: 2-thiouridine

s*U: 4-thiouridine

TtuA: 2-thiouridine synthetase

TtcA: 2-thiocytidine synthetase

Ncs6: 2-thiouridine synthetase

MnmA: 2-thiouridine synthetase

Thil: 4-thiouridine synthetase

15



Supplementary Table S2. Sequence identity of tRNA-thiolation enzymes.

\Uae |Tma |Pho |Mja |Eco |Ppu |Son |Sty |Hsa |Sce |Spo |Mma |Hvo |Eco \Bsu Tth \Mma |Tma
TtuA [TtuA [TtuA [TtuA [TtcA |TtcA [TtcA [TtcA [Ncs6 [Ncs6 [Ncs6 [Nes6 [Nes6 MnmA MnmA MnmA [Thil  [Thil
Tth 45.5137.0|39.6 [33.5(17.4|185|17.4|16.6 |27.1|23.6|22.6[23.4|23.8| 13.2 11.3 15.6 | 12.8|13.9
TtuA  [(74.0)[(71.6)[(72.9)|(67.7)|(52.6)((48.0)|(50.0)|(52.6)|(52.9)|(56.1)[(59.8)|(57.8)|(54.7)| (44.6) | (40.2) | (40.9) [(47.3)|(46.2)
Uae 4731443 |39.1 192|204 |17.2|183|22.5(23.4|22.6(269|29.0| 12.1 11.3 13.1 | 12.8 | 14.8
TtuA (76.1)|(75.5)[(71.7)[(52.9)|(54.9)|(50.6)|(52.3)[(49.3)[(51.3)|(54.8)[(60.9)[ (63.3 | (41.2) | (42.1) | (39.1) |(44.7)|(45.7)
Tma 41.1 413 |18.0|17.7|16.8 | 18.1 20.7|23.4|22.7|26.0|30.3| 10.5 10.2 11.8 | 14.8 143
TtuA (76.1)|(74.8)[(50.2)[(51.5)|(51.1)|(51.5)|(50.3)[(53.8)[(59.1)|(60.2)[(59.6)| (30.9) | (39.1) | (40.6) |(46.2)|(42.5)
\Pho 50.6 [ 17.5]18.0 | 16.7 | 183 | 25.1 [ 27.3|25.7 (30.2 |27.5| 124 13.2 12.5 | 12.8 134
TtuA (80.6((51.4)[(49.8)|(51.1)|(51.9)|(52.3)[(55.2)|(58.8)|(62.2)[(59.7)| (41.2) | (44.0) | (40.9) |(43.6)|(43.8)
\Mja 18911991192 184 |21.7|23.4|24.1|27.1|26.7| 12.8 12.3 11.7 | 15.6 | 12.6
Ttud (50.9)[(51.3)[(51.4)(50.5)|(50.6)[(55.4)|(60.7)|(62.5)[(61.5)] (42.9) | (43.2) | (42.0) |(45.1)|(45.9)
\Eco 59.5160.8 945 (17.7|169|17.7]19.8|204 | 10.8 13.6 | 105 |[12.5]13.6
TtcA (78.5((85.7)|(99.7)((47.6)|(54.7)|(52.7)|(53.0)|(51.4)| (41.5) | (44.1) | (38.1) |(47.4)|(44.2)
\Ppu 63.81592|199 (172|178 |21.1 |21.6| 12.0 | 14.0 | 145 |12.7|125
TtcA (80.7)(78.8)((49.0)(49.2)|(49.9)[(53.8)|(54.6)| (39.7) | (39.4) | (41.1) |(40.9)|(42.5)
Son 61.5|19.1|18.7|18.2|185(209| 11.7 12.7 140 | 125123
TtcA (85.0)/(49.0)[(52.4)[(52.4)[(50.5)[(51.6)| (42.6) | (42.6) | (44.7) |(45.7)|(40.8)
Sty 18.8 189 |17.7(20.1 204 | 12.7 | 13.6 | 10.8 | 125|159
TtcA (48.7)|(53.9)[(51.5)[(52.1)|(49.0)| (45.4) | (43.3) | (38.8) [(44.8)|(44.3)
\Hsa 43.6 1429|269 [295| 11.8 133 150 |11.6|11.4
Ncs6 (72.2)|(74.2)|(58.2)|(56.8)| (44.0) | (44.7) | (41.0) |(39.3)|(43.2)
Sce 58.3(25.6(293| 11.6 12.6 12.8 | 11.3 129
Ncs6 (80.0)|(59.2)[(57.8)| (44.2) | (42.4) | (42.4) |(47.71)|(50.1)
Spo 28.0 1283 | 10.2 8.3 103 | 13.0|12.2
INcs6 (62.8)|(59.1) (44.7) | (44.8) | (44.1) |(44.4)|(50.1)
\Mma 33.7| 11.7 | 10.7 | 127 | 143 |12.1
Ncs6 (68.1)] (39.6) | (42.9) | (44.1) |(43.9)|(45.5)
Hvo 133 13.5 12.8 | 12.0|11.0
Ncs6 (46.2) | (44.3) | (42.7) |(42.1)|(44.49)
\Eco 543 | 37.7 | 102|124
MnmA (79.5) | (65.4) |(43.0)[(44.7)
\Bsu 36.6 | 113123
MnmA (66.5) [(45.5)|(46.9)
Tth 9.3 122
MnmA (43.8)|(42.5)
\Mma 31.9
Thil (66.1)
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The upper value indicates identity (%) and the lower value indicates similarity (%) of the
amino acid sequence evaluated using ClastalW [14]. Identity values >40%; >30% but
<40%; and >20% but <30% are highlighted in red, yellow, and green, respectively. TtuA
from Thermus thermophilus HB27 (TthTtuA), Aquifex aeolicus VF5 (AaeTtuA),
Thermotoga maritima MSBS8 (TmaTtuA), Pyrococcus horikoshii OT-3 (PhoTtuA), and
Methanocaldococcus jannaschii ATCC 43067 (MjaTtuA) [6,7]. TtcA from Escherichia
coli K12 (EcoTtcA), Pseudomonas putida W619 (PpuTtcA), Shewanella oneidensis MR-
1 (SonTtcA), and Salmonella typhimurium LT2 (StyTtcA) [8]. Ncs6 from Homo sapiens
(HsaNcs6), Saccharomyces cerevisiae ATCC 204508 (SceNcs6), Schizosaccharomyces
pombe 972 strain (SpoNcs6), Methanococcus maripaludis S2 (MmaNcs6), and Haloferax
volcanii ATCC 29605 (HvoNcs6) [9,10]. MnmA from E. coli K12 (EcoMnmA), Bacillus
subtilis 168 (BsuMnmA), and 7. thermophilus HB27 (TthMnmA) [11]. Thil from T.
maritima MSB8 (TmaThil) and M. maripaludis S2 (MmaThil) [9,12]. All amino acid

sequences were obtained from UniProt[15].
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