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Supplementary Table 1. Oligonucleotide primers used in this study. Nucleotide sequences are given
in the 5’ to 3° direction. f, forward primer; r, reverse primer; capital letters, mutagenized codon;
capitalized and italicized, restriction enzyme recognition site. Mt, Methanothermobacter sp. CaT2; Azo,

Azospirillum sp. B510.

Primer name

Oligonucleotide sequence

MtThiS_BamHI

ataGGATCCatggtgatagggatgaagtttac

MtThiS_Hindlll

aaaAAGCttaaccgccgtagataacc

His-MtTfuA_Sall_f

aaaGTCGACatgcatggtaagaaaataatcatc

His-MtTfuA_Notl_r

ataGCGGCCGCctattctgtatatgcaagtctce

MtTfuA_Hindlll_f

aaAAGCTTaatgcatggtaagaaaataatcatcttcacg

MtTfuA_Notl_r

aaaGCGGCCGCctattectgtatatgcaagtctctttatatgacgg

MtYcaO_Hindlll_f

aaAAGCTTaatgttccgggatattcctgtcag

MtYcaO_Notl_r

aaaGCGGCCGCtcagatggaggacctgatgeg

MtThiF_Hindlll_f

aaAAGCTTaatgcctgagagatatgagggtatg

MtThiF_Notl_r

aaaGCGGCCGCtcaggatagttcaacaattttaaatggttcge

AzoTfuA_BamHI_f

aaaGGATCCaatgaagatctgtgttttccttggtcce

AzoTfuA_Notl_r

aaaGCGGCCGCtcacgectgcecatectectette

AzoYcaO_Ndel_f

ttaCATATGatgcgagcttcgacaaatc

AzoYcaO_Kpnl_r

attGGTACCtcacgccacgcctgece

MtThiS_E47Q/E51D_f

aaaagaacggcCAGatagtcataGATgaagaggagatcttcgatggceg

MtThiS_E47Q/E51D_r

atctcctcttcATCtatgactatCTGgeccgttctttttcacgacaaccyg

MtTfuA_R85A_f

tgggggccctgGCAgecctcagagctcagtgaccttgg

MtTfuA_R85A r

agctctgaggcTGCcagggcccecccatgctggecce

MtTfuA_D51A f

taggcataataGCCggtgttttccaccagagccctgetg

MtTfuA_D51A r

tggaaaacaccGGCtattatgcctattatgtcagggttctectte

MtTfuA_D112A_f

aaatcgaatcgGCTgatgacgttgcagttgcctttaacce

MtTfuA_D112A r

gcaacgtcatcAGCcgattcgatttcaccctcaaggtatgatc

MtTfuA_K198M_f

gcagggaccttATGagggaggacgcactggaggtcatc

MtTfuA_K198M_r

gcgtcctcececctCATaaggtccctgeecctectgattcaagg

MtTfuA_D201N_f

ttaaaagggagAACgcactggaggtcatccgtcatataaag

MtTfuA_D201N_r

acctccagtgcGTTctcecttttaaggtcecctgeecte

MtTfuA_Y104A f

tcttcagatcaGCActtgagggtgaaatcgaatcggatgatg

MtTfuA_Y104A r

tcaccctcaagTGCtgatctgaagatgcggccaacacc

MtTfuA_S80A _f

ttggaggggccGCCatgggggccctgagggecctcagagce

MtTfuA_SS80A _r

agggcccccatGGCggcecccecctceccaaccaccttcacacccectce

MtTfuA_S80C._f

ttggaggggccTGCatgggggccctgagggcctcagag

MtTfuA_S80C_r

agggcccccatGCAggcccecctceccaaccaccttcacacccectce

MtTfuA_S80T _f

ttggaggggccACCatgggggccctgagggcctcagag

MtTfuA_S80T r

agggcccccatGGTggcccecctceccaaccaccttcacacccecte

MtTfuA_E64A_f

ggtcacagggcgatcattgatgccatcagg
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MtTfuA_E64A _r

atcaatgatcgccctgtgaccaacagcagg

MtTfuA_MB81A_f

ggggccagcgcgggggccctgagggec

MtTfuA_MB81A r

cagggcccccgcegcetggeccctecaaccac

MtTfuA_L84A_f

atgggggccgcgagggcctcagagctcag

MtTfuA_L84A r

tgaggccctcecgeggeccccatgetgge

MtTfuA_V115A f

gatgatgacgcggcagttgcctttaaccctyg

MtTfuA_V115A r

ggcaactgccgcgtcatcatccgattcgattte

MtTfuA_R167A_f

taccccctcecgcgaattacaggaggatcecctce

MtTfuA_R167A_r

cctgtaattcgcgagggggtagaagaggttc

MtTfuA_F54A f

gacggtgttGCGcaccagagccctgectgttggtcac

MtTfuA_F54A r

ggctctggtgCGCaacaccgtctattatgcctattatg

MtTfuA_D201A_f

cttaaaagggagGCGgcactggaggtcatccgtcatataaag

MtTfuA_D201A_r

cctccagtgeCGCctcececttttaaggtcecctgeecctetg

MtTfuA_E88Q_f

agggcctcaCAGctcagtgaccttggaatg

MtTfuA_E88Q r

gtcactgagCTGtgaggccctcagggc

MtTfuA_E88D_f

agggcctcaGATctcagtgaccttggaatg

MtTfuA_E88D_r

gtcactgagATCtgaggccctcagggc

MtTfuA_H62A_f

gctgttggtGCAagggagatcattgatgcc

MtTfuA_H62A r

gatctccctTGCaccaacagcagggctc

MtTfuA_D198A_f

gagggcaggGCActtaaaagggaggac

MtTfuA_D198A r

ccttttaagTGCcctgccctctgatte

MtTfuA_R201A_f

gaccttaaaGCAgaggacgcactggag

MtTfuA_R201A _r

tgcgtcctcTGCtttaaggtccctgece

MtYcaO_C12A f

ggtacattggaGCCacccacagggccgtgaggcc

MtYcaO_C12A_r

gccctgtgggtGGCtccaatgtacctgacaggaatatcccg

MtYcaO_C107A_f

agccagaggacGCTgacggccttgaccctgagtcactg

MtYcaO_C107A r

tcaaggccgtcAGCgtcecctcectggectgtgectgtgaatgttte

MtYcaO_C158A_f

ctccggaaggcGCCatgagtctgttccgatcaaacacc

MtYcaO_C158A_r

aacagactcatGGCgccttccggagggttgtatgg

MtYcaO_C207A f

tggaggttgacGCCtcagggacggataatgatataatatc

MtYcaO_C207A r

tccgtcecctgaGGCgtcaacctceccactttgggac

MtYcaO E185A f

acgggctgatgGCGgtgattgaaagggatgcctggagce

MtYcaO E185A r

ctttcaatcacCGCcatcagcccgtggaatatggcece
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Supplementary Table 2. Data collection, phasing and refinement statistics

SeMet

Native

Data collection

Space group

Unit cell dimensions (A/°)
Resolution (A)

P2,212;
46.3,77.8,129.9
50.0 - 1.70 (1.73 - 1.70)

Cc2
103.5, 36.8, 59.6 / 121.7
50.9 - 1.65 (1.66 - 1.65)

Total reflections 433,274 172,632
Unique reflections 48,427 23,292
Rsym (%) * 0.050 (0.740) 0.055 (0.868)
/ot 28.2 (2.0) 21.4 (2.2)
Completeness (%) * 98.7 (88.5) 99.8 (95.9)
Redundancy 9.0(7.1) 7.4 (7.4)
CC (1/2) 0.997 (0.839) 0.999 (0.787)
Figure of merit 0.322

Refinement

Resolution (A) 25.0 - 1.65
No. reflections 22,284
Rwork / Riree® 16.8/19.5
Number of atoms

Protein 1,681
Solvent 254
B-factors

Protein 23.3
Solvent 34.5
Ramachandran statistics

Favored/Allowed 97.67/2.33
Outliers 0
R.m.s deviations

Bond lengths (A) 0.746
Bond angles (°) 0.006

1. Highest resolution shell is shown in parenthesis.

2. R-factor = Z(|Fons|-K|Fcaic|)/Z |Fons|and R-free is the R value for a test set of reflections consisting of a

random 5% of the diffraction data not used in refinement.
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Supplementary Figure 1. SDS-PAGE analysis of the proteins used in the study. Protein purity was
assessed visually using Coomassie staining. Abbreviations: Mt, Methanothermobacter sp. CaT2; Mc,
Methanothermococcus thermolithotrophicus; Ma, Methanosarcina acetivorans; MBP, maltose-binding
protein. Each protein was purified in at least two independent experiments and similar purity was
observed. Boxed area denotes proteins used in this study.

S5



Supplementary Figure 2. Reaction scheme of ThiS-COSH reacting with lissamine rhodamine
sulfonyl azide (LRSA)!. This reaction was used to quantify ThiS-COSH consumption during
thioamidation reactions.
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877.53
B876.53

Formula: C,HN,,0,"°0
Cal. mass: 878.5344 Da
Obsv. mass: 878.5334 Da

Error: 1.14 ppm

872 876 880 884 888
b m/z

lon Calculated| Observed | Error
mass (Da)| mass (Da) | (ppm)

b3 369.2609 | 369.2604 1.35

b4 468.3293 | 468.3284 1.92

b5 581.4134 | 581.4124 172

b6 7444767 | 744.4753 1.88

b7 801.4982 | 801.4966 2.00

y3 298.1283 | 298.1279 1.34

y4 411.2124 | 411.2122 0.49

y5 510.2808 | 510.2797 2.16

y6 666.3819 | 666.3810 1.35

y7 779.4660 | 779.4644 2.05

200

b3 b4 b5 b6 b7

0000000 O

y7 y6 y5 y4 y3

y3

300

b3

y4

500

b5

y6

b6
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700

Supplementary Figure 3. High-resolution and tandem MS of the MtThiS-COOH C-terminal
fragment. (a) The C-terminal GluC peptide fragment of MtThiS containing a [*®0] label observed in
HRMS. (b) m/z 878.53 was subjected to CID with assigned ions indicated in tabular form. (c) MS/MS
spectrum showing the +2 Da mass change observed for all y-ions but not observed for any b-ion,

localizing the mass increase to the C-terminus.
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a MIThiS sgsMVIGMKETVITDDGKKILESGAP---RRIKDVLGEL--EIPIETVVVKKNGE-———————————— IVIEEEEIF--——-—-———— DGDIIEVIRVIYGG

MaThiS sgs-MAEVEVKLFANLREAAGTPELPLSGEKVIDVLLSLTDKYPALKYVIFEKGDEKSEILILCGSINILINGNNIRHLEGLETLLKDSDEIGILPPVSGG
. . % . . * A ko ek I R ok ke .ok

b 10749 Da d GGRLGFYGYDLQD

10733 Da [M+H]" = 1461 Da
\

(1) MaThiS-COSH [M+Na]* = 1493 Da

10600 10700 'm/' " 10800 40900 (1) MivcaO + MTiuA i),
4

A ll

c 8017 Da [M+16+H]" = 1477 Da

[M+16+Na]" = 1499 Da
I
T T T T T T T T T T T T T T T T T T T
7900 8000 8100 1440 1460 1480 1500
m/z m/z

(2) MiThiS-COSH (2) + MtYcaO + MITfuA

Supplementary Figure 4. MaThiS-COSH is not a sulfur donor for thioamidation catalyzed by the
Mt enzymes. (a) Sequence alignment of MtThiS (WP_048176273.1) and MaThiS (WP_011023978.1).
The N-terminal SGS is derived from the cloning vector. (b) MALDI-TOF mass spectrum of MaThiS-
COSH (m/z 10,749 Da) and MaThiS-COOH (m/z 10,733 Da). (c) MALDI-TOF mass spectrum of
MtThiS-COSH (m/z 8,017 Da). m/z 7,930 represents MtThiS-COSH with the N-terminal Ser (from
cloning) proteolytically removed. Asterisks indicate laser-induced deamination. (d) Top, MALDI-TOF
mass spectrum of the McrA peptide after reaction with MtYcaO, MtTfuA, and non-cognate MaThiS-
COSH, yielding essentially no product. Bottom, an identical reaction using cognate MtThiS-COSH,
yielding fully thioamidated McrA peptide.
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a MIThiS sgsMVIGMKFTVITDDGKKILESGAPRRIKDVLGELEIPIETVVVKKNGEIVIEEEEIFDGDIIEVIRVIYGG
McThiS sgsMVIGMKEFTVITDDGKKILESGAPRRIKDVLGELEIPIETVVVKKNGQIVIDEEEIFDGDIIEVIRVIYGG

b GGRLGFYGYDLQD Cc
[M+16+H]" = 1477 Da

McThiS-COSH
+ MfYcaO
+ MITfuA (1)

McThiS-COSH

™ + METTUA (2)

876 Da 878 Da

lllh.

892 Da

[

[M+H]" = 1461 Da

[M+Na]* = 1493 Da

(1) - TfuA K i

L

(2) - TfuA

1460 1480

m/z

— T
870

U,

m/z

890

—T
900

Supplementary Figure 5. McThiS-COSH as the substrate for MtTfuA-catalyzed hydrolysis and
thioamidation. (a) Sequence alignment of MtThiS (WP_048176273.1) and McThiS (AAB86213.1) with
the two non-identical residues in bold. The N-terminal SGS is derived from the cloning vector. (b) Top,
MALDI-TOF mass spectrum of the McrA peptide reacted with MtYcaO, MtTfuA, and McThiS-COSH
showing the thioamidated product (m/z 1,477 Da). Bottom, control with TfuA omitted. (c) Top, MALDI-
TOF mass spectrum of the C-terminal GIuC peptide fragment of McThiS-COSH (m/z 892 Da). Upon
treatment with TfuA in [*®0]-H.O, McThiS-COSH undergoes hydrolysis to McThiS-COOH with

incorporation of [**0] (m/z 878 Da). Bottom, control with TfuA omitted.
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12+ ..
5+
11+
2900 2950 3000 3050 3100 3150 3200 3250 3300
m/z
b Q
calc. 26,893.29
obsv. 26,893.06 Da
- error 8.55 ppm
calc. 16,036.69 Da
’ calc. 34,911.70 Da
obsv. 16,036.37 Da obsv. 34,911.68 Da
error 19.95 ppm error 0.57 ppm
., | “
8 13 18 23 28 33 38
mass (kDa)

¢ Mass (Da) | Relative Abundance | Fractional Abundance | Number of Charge States | Charge State Distribution

26893.06 100.0 26.9 8 6-13

26914.52 43.2 11.6 7 6-12

24809.04 26.4 71 6 5-10

26936.30 26.3 7.1 7 6-12

27071.14 21.3 57 8 6-13

16036.37 18.5 50 4 4-7

34911.68 17.7 48 9 7-15

27093.55 16.4 4.4 7 6-12

27152.70 13.9 37 6 6-11

26957.75 13.3 36 7 6-12

Supplementary Figure 6. Native mass spectra of MtTfuA and MtThiS-COSH. (a) The native mass
spectrum acquired using a ThermoFisher Q Exactive Ultra High Mass Range (UHMR) mass spectrometer
showing the MtTfuA monomer (blue), homodimeric MtThiS-COSH (red), and MtTfuA:MtThiS-COSH
heterodimer (purple) at various charge states. (b) Deconvoluted mass spectrum from data in panel a using
BioPharma Finder v3.1. The experimental and calculated masses for MtTfuA (His-tagged and N-terminal
Met removed), MtThiS-COSH homodimer, and MtTfuA:MtThiS-COSH heterodimer are indicated. (c)
Mass table of the top ten species by relative abundance.
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a b i

300 300+
T
= 10 pM METfuA
& 200+ 200+ Kp = 1.37 + 0.08 uM
™
N
kS o no MITfUA
g Ko = 1.40 £ 0.08 uM

100 100+

g o
o = H
g o = ° = "
T T T T T T
0.1 1 10 0.1 1 10

METFuA (uM) MjYcaO (uM)

Supplementary Figure 7. MtTfuA does not bind the McrA peptide or change its binding to MjYcaO.
(a) Fluorescence polarization (FP) titration of TfuA with FITC-labeled McrA peptide (GG-
RLGFYGYDLQD). No significant polarization was observed. Polarization values are reported as mean
values £ SD (n = 3 independent experiments). (b) FP titration of the same peptide with MjYcaO in the
presence (filled squares) and absence (open squares) of MtTfuA. Polarization values are reported as mean
values = SD (n = 3 independent experiments) and analyzed through non-linear regression (dose-response
model). The resultant estimates for Kp £ SE are reported.

S11



2004

150

100+

Polarization (mP)

50 1

0 METfuA
Kp= 2.6 £ 0.3 pM

m M(TfuA and MtThiS
Kp= 1.9+0.2 yM

MtYcaO (uM)

10

Supplementary Figure 8. MtThiS does not alter the MtYcaO-McrA peptide binding. Fluorescence
polarization (FP) titration of MtYcaO with FITC-labeled McrA peptide (GG-RLGFYGYDLQD) in the
presence of MtTfuA (10 uM, open squares) or MtTfuA and MtThiS (10 uM each, filled squares).
Polarization values are reported as mean values £ SD (n = 3 independent experiments) and analyzed
through non-linear regression (dose-response model). The resultant estimates for Kp + SE are reported.
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Supplementary Figure 9. Quantification of sulfide released from ThiS-COSH hydrolysis.
Fluorescence quantification of sulfide production as a result of MtThiS-COSH (150 uM) hydrolysis after
a 2 h reaction in the presence of different components (10 uM MtTfuA, MtYcaO, and 50 uM McrA
peptide). ATP was omitted to prevent thioamidation of the peptide substrate. Individual data points (n = 3
independent experiments) and the mean values (lines) are presented.
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Methanococcus maripaludis ~ ------ MKIAIFSKLTIKEDEIRKKLENFDVDIFPPIKRG 34
Candidatus Methanomassiliicoccus intestinalis - —-——— MTTFVYVGPSMPHEDACKI---LNAEYLPPVKRG 30
Methanosphaerula palustris ~— ----- MHDIIVFLGPSLDLTTARAI---LDAEYRPPARRG 32
Methanothermobacter sp. CaT =~ ---MHGKKIIIFTGPSLSHTEASSI---LEAEYRPPVRRG 34
Methanosarcina acetivorans ~ MEKKMKARAVIFTGNSISHEDAKKI---LRANYQPPVRRE 37
.. .. . * * . %
Methanococcus maripaludis  pr,TSEKTFDYDIIGIIDGCFLOSTAVAHREILKVIENNIT 74
Candidatus Methanomassiliicoccus intestinalis ~ pr,ONI-PDDVDTVVIIDGVLLNDAAVGHREILSLLKSGIN 70
Methanosphaerula palustris  p1,,QAAKEGAKTIVLIDGVFFQDCSVGHREVLAATKLGTT 72
Methanothermobacter sp. CaT  DIQFEAMKENPDIIGIIDGVFHQSPAVGHREIIDAIRRGVK 74
Methanosarcina acetivorans  QLEKFVQQGYKVIGIIDGIFFDRAAVGHREILSALNAGVK 77
.. :*** . . :*.***:: s,
Methanococcus maripaludis  vFGAGSMGATLRASELDTCGMIGVGSVYNLYKNGI ITDDDE 114
Candidatus Methanomassiliicoccus intestinalis  v1GGGSMGALRAAELGSFGMKGLGRI YEEYKSGRVDGDDE 110
Methanosphaerula palustris  v1GASSMGALRASELDTFGMIGIGEVYRLYRDGIVVSDDE 112
Methanothermobacter sp. CaT ~ vvGGASMGALRASELSDLGMVGVGRIFRSYLEGEIESDDD 114
Methanosarcina acetivorans  vvGGASMGALRASELDTHGMVGVGKVYEWYRDGVIESDDE 117
*.*..*******:**. * % *:* [ * .* H .**:
Methanococcus maripaludis ~ VAVTFDD-NLNQITFSMISFREMINNALNEKIIDENDLKR 152
Candidatus Methanomassiliicoccus intestinalis ~ vvILAYDPFSLAPLSEPLINFRLNLYEAVNNDVISKNVADE 150
Methanosphaerula palustris ~ VALIYDPETYLHLSEPLVNIRHNLDLAVKAGILLPEAAAA 152
Methanothermobacter sp. CaT ~ VAVAFNPETLEPLSDSLVSIEFNLKRALRRGVIREDDFRK 154
Methanosarcina acetivorans ~ VAVSTNPDTFEPISVPLVNIRETLKAALDTGLVSEKEHNA 157
* . . .. .. . . * . ..
Methanococcus maripaludis  L.ITSGKELYYPLRTFENVIEKSGISG---—— EKREVLEKF 194
Candidatus Methanomassiliicoccus intestinalis  IISALKKVYYPHRTDKKFTEIVSL--FLNEPECGSFLTYW 194
Methanosphaerula palustris ~ ILACGRGMYFPDRTYASIIAGSGE-———-——- SGEAFLSFV 191
Methanothermobacter sp. CaT ~ LMNTARNLFYPLRNYRRILHESGI----PDDVKESLRSFL 186
Methanosarcina acetivorans  LLDLAINTYYPDRSYLGLTKEGGKKGLIPKEKGKQLLDEC 197
o . e ek K
Methanococcus maripaludis 1 xNQPDTKRNDAFEMLEET TKYTEKQ 214
Candidatus Methanomassiliicoccus intestinalis ~ NyNFKDYKNLDAKI ILESLKK=———— 209
Methanosphaerula palustris  okNGEDQKRLDAIEALTTLSIQS-—- 208
Methanothermobacter sp. CaT ~ ESEGRDLKREDALEVIRHIKRLAYTE 216
Methanosarcina acetivorans [, NSEVDIKRQDAVLVLETVKKLIEEA 223

* K * K . .

Supplementary Figure 10. Sequence alignment of diversity-maximized methanogenic TfuA
proteins. TfuA protein sequences from Methanothermobacter sp. CaT2 (WP_048175617.1),
Methanococcus  maripaludis (AVB77113.1), Candidatus Methanomassiliicoccus intestinalis
(WP_020449400.1), Methanosphaerula palustris (ACL16548.1), Methanosarcina acetivorans
(WP_011020222.1) are aligned with Clustal Omega®. Residues highlighted in red were substituted for
various aspects of the current study.
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Streptomyces sp. S-4
Streptomyces varsoviensis
Streptomyces tateyamensis
Methanothermobacter sp. CaT
Methanosarcina acetivorans

Streptomyces sp. S-4
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Supplementary Figure 11. Sequence alignment for TfuA proteins that have been linked to peptide
thioamidation. TfuA protein sequences from Methanothermobacter sp. CaT2, M. acetivorans,

Streptomyces varsoviensis (WP_063763981.1,

thiovarsolin), S.

tateyamensis  (WP_110669062.1,

thiopeptin), and Streptomyces sp. NRRL S-4 (WP_051834498.1, thiostreptamide) are aligned with Clustal
Omega®. Residues highlighted in red were substituted for various aspects of the current study.
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https://www.ncbi.nlm.nih.gov/protein/WP_051834498.1

Patatin A
(PF01734) | A |

TfuA A
(PFO7812)
l=
YyYG
=

Supplementary Figure 12. Sequence logos of TfuA and patatin active sites. Sequence logos were
generated for the Patatin and the TfuA protein families using WebLogo®. The Gly-(Xaa)1.,-Ser-Xaa-Gly
motifs from both families contain the active site Ser and are aligned in the HHpred analysis of TfuA*.
Basic and uncharged polar residues are colored blue and orange, respectively.
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Supplementary Figure 13. MtTfuA-catalyzed MtThiS-COSH hydrolysis is unaffected by EDTA.
Top, MALDI-TOF mass spectrum of the C-terminal GIuC peptide fragment of MtThiS-COSH (m/z 892
Da). Upon treatment with MtTfuA in [**0]-H,0, MtThiS-COSH undergoes hydrolysis to MtThiS-COOH
with incorporation of [*®0] (m/z 878 Da). Bottom, identical experiment with 10 mM EDTA added.
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Supplementary Figure 14. MALDI-TOF-MS analysis of McrA peptide thioamidation using MtTfuA

variants. MALDI-TOF mass spectra of the McrA peptide (40 uM) after reaction with MtYcaO (2 uM),
MtThiS-COSH (50 uM), and MtTfuA (2 uM) variants under identical conditions for 1 h.
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Supplementary Figure 15. MALDI-TOF-MS analysis of MtThiS-COSH hydrolysis using MtTfuA
variants. MALDI-TOF mass spectra of the C-terminal GIuC peptide fragment of MtThiS (45 uM,
carboxylate, m/z 876 Da; [**0]-carboxylate, m/z 878 Da; thiocarboxylate, m/z 892 Da) after reaction with
MtTfuA variants (5 uM) under identical conditions. Control reactions with wild-type MtTfuA (orange, 5
uM) and no TfuA (blue) are highlighted. Three MtTfuA variants gave background-levels of MtThiS-
COSH hydrolysis (S83A, V118A, and K205M, red).

S19



% ThiS-COSH, TfuA
x ThiS-COSH, TfuA, YcaO, McrA peptide
sulfide (uM)

0 40 80 120 160 200
WT i ¥
S16A I K
D54A i &
F57A g
HB5A i ¥
E67A I F
S83A ;
M84A i ¥
L87A ;‘:
R88A {i
E91D i x
E91Q {{
Y107A i S
D115A ¥ e
V118A i ¥
R170A i i
D203A t &
K205M ”t
R206A i K
D208N I F

Supplementary Figure 16. Sulfide release from MtThiS-COSH hydrolysis using MtTfuA variants.
Endpoint fluorescence quantification of sulfide produced from MtThiS-COSH (150 uM) hydrolysis upon
reaction with the MtTfuA variant alone (10 uM), and MtTfuA variant (10 uM), MtYcaO (10 uM), and
McrA peptide (50 uM). ATP was absent in all reactions. Individual data points (n = 3 independent
experiments) and the mean values (lines) are presented.

S20



= =
N 15}
=} =3

Polarization (mP)
0
(=]

40

IX] @
=1 <

Polarization (mP)

@
=1

40

160

Polarization {mP
B

@
S

40

- -
] @
=1 =1

Polarization (mP)
@
o

40

- =
X @
=1 =1

Polarization (mP)
5

@
=1

-
o
=1

2
=]

40

EC,,=1.9+0.1p M & EC,=54%2.1uM = T EC, =38+ 13 uM
X%, =027 £ ? =235 E £ X2 =5.08 .
§ 1204 5120 . 5120
S gp © . 8
2 80 3 80 Y i 3 80
=5 s Lt i
i i i ‘ 40 - ¥ 40 40
0.1 1 10 100 1 10 100 1 10 100 1 10 100
TIUA-WT (uM) TfuA-S16A (M) TfuA-D54A (uM) TfuA-F57A (uM)
ELE‘mD’ EC,,=4.9£0.7 uM %160 EC.,=4.1%0.3 uM aE‘160 EC,=3.2£0.6 uM
= X =0.25 < X2 =0.34 = X2 =1.98
[ = = =
S 1201 S 120 2120
[ @ [v]
N N N
8 kG k]
i 9 80 S 0 5 &0 i
i g g it
i1 ‘ . 40 40 ‘ i ‘ 40 ‘ ‘
1 10 100 1 10 100 1 10 100 1 1 10 100
TfuA-HB5A (UM) TRUA-EB4A (uM) TfuA-S83A (UM) TUA-M84A (UM)
e EWU %160 EC,,=2.1£0.3 M
E z = X%, =0.26
¥ 6120 2120 2120
= @ I
. 8 o N
i = 5 S S 50
i 5
} ¥ i c S * & e« . . &
i d s 1x P Tig"s
40 40 40
1 10 100 1 10 100 1 10 100 1 10 100
TfUA-L87A (UM) TuA-R88A (M) TIUA-E91Q (uM) TfuA-E91D (uM)
—~. 160 —~. 180 —. 1604
o o o
£ E E
§120 b5 120 5 1201
B i ® P 8
L g i = P T~ i
. SR R L TR
[ " i " ¥
TR BRI RN f
40 401 404
1 10 100 1 10 100 1 10 100 1 10 100
TRUA-Y107A (uM) TUA-D115A (M) TRUA-V118A (M) TuA-R170A (uM)
EC,=29%1.2 M 10 EC,=11£0.3uM _160] ECL=31+05uM _ 50| ECx=3903uM { -
= = o 2 - o 2 =
X, =119 E X2, =150 € X2 =3.19 3 X =0.44 %/
5 120 5120 5120 .]./l
.E L Li s R 8 ?
3 a0 e b S 50 5 %0 s
o L a o %’
¥ f7 i i .
‘ i 40 : ‘ . i 40+ i ‘ i 40
1 1 10 100 1 10 100 1 1 10 100 0.1 1 10 100
TfuA-D203A (uM) THuA-KZ05M (uM) TuA-R206A (uM) TfuA-D208N (uM)

Supplementary Figure 17. Fluorescence polarization analysis of MtTfuA variants. FP titrations of
MtTfuA variants using FITC-labeled McrA peptide (GG-RLGFYGYDLQD) and 1.5 uM MtYcaO.
Polarization values are presented as the mean values = SD (n = 3 independent experiments) and fitted into
a dose-response model via non-linear regression analysis. The resultant estimates for ECso + SE and
reduced chi-square values are reported.
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Supplementary Figure 18. MALDI-TOF-MS analysis of reactions using MtTfuA-S83A variant. Top,
MALDI-TOF mass spectrum of the McrA peptide after reaction with MtYcaO, MtTfuA, and MtThiS-
COSH showing thioamidated product (m/z 1,477 Da). Identical reactions with TfuA omitted (blue) or
substituted by TfuA-S83A (black) at 1 h and 18 h are shown. Reactions containing all components were
completed within 1 h, whereas reactions lacking TfuA remained incomplete even after 18 h. Reactions
containing the TfuA-S83A were severely inhibited, likely from binding to ThiS-COSH and hindering
hydrolysis.
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Supplementary Figure 19. McThiS H,*N-HMQC spectra upon MtTfuA-S83A variant titration. (a)
An overlay of McThiS *H,"®*N-HMQC spectra in the presence (red) and absence (black) of MtTfuA-S83A
(2 equiv.). Residues with significant chemical shift perturbations are labeled. (b) Chemical shift
perturbation for each residue. Residues with the largest chemical shift perturbation upon titration
with MtTfuA-S83A are highlighted in orange. Asterisks, Pro residues. MtTfuA-S83A binds to
McThiS in a manner similar to wild type MtTfuA.
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Supplementary Figure 20. McThiS *H,"®*N-HMQC spectra upon MtTfuA-V118A variant titration.
(a) An overlay of McThiS *H,”®>N-HMQC spectra in the presence (red) and absence (black) of MtTfuA-
V118A (6 equiv.). (b) Chemical shift perturbation for each residue. Asterisks, Pro residues. MtTfuA-

V118A does not bind to ThiS in a wild type-like manner.
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Supplementary Figure 21. Sequence alignment of representative TfuA-dependent methanogenic
YcaO proteins. YcaO protein sequences from Methanothermobacter sp. CaT2 (WP_048175616.1), M.
maripaludis (AVB77164.1), Candidatus M. intestinalis (WP_020449401.1), M. palustris (ACL16549.1),
M. acetivorans (WP_011020223.1) are aligned with Clustal Omega?. Residues highlighted in red were
substituted in the current study.
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Supplementary Figure 22. MALDI-TOF-MS analysis of McrA peptide thioamidation using
MtYcaO variants. MALDI-TOF mass spectra of the McrA peptide after reaction with MtTfuA, MtThiS-
COSH, and MtYcaO variants under identical conditions for 1 h. MtYcaO Cys variants showed wild-type-
like activity. As a control, the presumed ATP-binding deficient MtYcaO variant (E158A) exhibited
abolished activity.
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Supplementary Figure 23. Alternative sulfur transfer mechanism. ThiS-COSH attacks activated
McrA peptide to form a thioester-hemiorthoamide intermediate. Subsequent hydrolysis aided by TfuA
leads to the formation of thioamide and release of ThiS-COOH.
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