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1-Materials and Methods

1.1 Chemicals. All the materials necessary for the experimentsmelg, dimercaptobenzene (DMB),
mercaptobenzene (MB), 4-hydroxyphthalic acid (4H#gaminophthalic acid (4AP), 3-hydroxyphthalic acid
(3HP), phthalic acid (PA), quinolinic acid (QA), Ny, Citrate, NADP, isocitrate dehydrogenase, fumarate, L-
aspartate and DHAP were purchased from Sigma-Alddemercaptophthalic acid (4MP) was purchased from
ChemSpace society (Latvia) and 4,5 dithiohydroxlgpht acid was purchased from OriBasePharma (Mdiiepe
France) company as mentioned in referenée? h-mercaptopyridine- 2, 3-dicarboxylic acid (5MPD@®pas
synthetized in our laboratory as already describ&ethloropyridine-2,3-dicarboxylic acid dimethylteswas
obtained using reported procedufés.

1.2 Synthesis of 6MPDC and 5MPzDC

1.2. a) 6-mercaptopyridine- 2, 3-dicarboxylic acif6MPDC)

N COOMe
COOMe
| = TEA, 4-methoxy-a-toluenethiol /(I
/@As N~ >COOMe
MeO

P>
Cl N COOMe MeOH, reflux, 3 days
1

6- ((4- methoxybenzyl)thio) pyridine- 2, 3- dicarbaylic acid dimethyl ester (1).To a solution of triethylamine
(4.122 mL, 29.6 mmol) in methanol (90 mL) previouslgoxygenated by argon bubbling for 10 min,
methoxytoluenethiol (4.12 mL, 29.6 mmol) and 6-ochpyridine- 2, 3- dicarboxylic acid dimethyl es{8r40 g,
14.8 mmol) were added. The resulting mixture wélsixed for three days, diluted with water and estea with
EtOAc (x3). The organic layers were combined, weshith brine, dried over MgS{and concentrateith vacuo.
Purification of the residue by column chromatografth% MeOH/CHCI,) gave the tittle compound as a white-
yellow powder in 53% yield (7.78 g).

RMN H (300 MHz, CDC}): 6 8.00 (d,J = 8.4 Hz, 1H), 7.34 (d] = 8.7 Hz, 2H), 7.25 (d] = 8.4 Hz, 1H), 6.84
(d,J=8.7 Hz, 2H), 4.44 (s, 2H), 4.03 (s, 3H), 3.913(4), 3.80 (s, 3H). RMNEC (75 MHz, CDC}): § 167.1 (C),
165.1 (C), 164.2 (C), 158.9 (C), 152.0 (C), 13T8i), 130.3 (2 CH), 129.0 (C), 122.3 (CH), 119.8,(T14.0 (2
CH), 55.3 (CH), 52.9 (CH), 52.6 (CH), 34.1 (CH). MS (m/z, ESI) Calcd. for [G/H17NOsS+H]*: 348.1; Found:

348.0.
N COOMe NaOH 5M, Et,O N COOH
B »
/@As N~ >COOMe reflux, 24 h /@As N” >COOH
MeO MeO

1 2

6- ((4- methoxybenzyl)thio) pyridine- 2,3 -dicarboylic acid (2).To a solution ofl. (2.56 g, 7.37 mmol) in ED

(14 mL), an aqueous solution of 5 M NaOH (14 mLpwaded. The mixture was refluxed for 24 h therezbto
room temperature. After acidification of the sabatito pH 2.0 by dropwise addition of concentratedl,Hhe
product was extracted with EtOAc (x3). The combioegianic layers were dried over #$&, and concentrated
in vacuo. The resulting residue was washed several tim#s agietone to afford the tittle compound as a white
solid in 94 % yield (2.21 g).

RMN !H (300MHz, acetone-d6) 8.12 (d,J = 8.5 Hz, 1H), 7.46 (d] = 8.5 Hz, 1H), 7.41 (d] = 8.5 Hz, 2H),
6.86 (d,J = 8.5 Hz, 2H), 4.47 (s, 2H), 3.77 (s, 3H). RMAC (75 MHz, acetone-d6} 166.7 (C), 165.2 (C), 163.2
(C), 159.1 (C), 152.6 (C), 137.8 (CH), 130.3 (2 CEP9.3 (C), 122.1 (CH), 120.5 (C), 113.8 (2 CH),66(OCH),



33.3 (CH). MS (m/z), ESI)Calcd. for [GsH13NOsS-H']: 318.0; Found: 317.9, Calcd. forfEl13NOsS-H"-CO;]
: 274.1; Found: 273.9, Calcd. forEl13NOsS-H-2CO,] : 230.1; Found: 229.9.

X CO0H 1) TFA, Hg(OAc), X COOH
/EI aniSOIe’ RS /(I
s —_— —
/@As N~ >COOH HS” >N~ “COOH
2) NaBH,
MeO MeoH, RT, 72h

2 6MPDC

6-mercaptopyridine- 2, 3-dicarboxylic acid (6MPDC). A mixture of2 (2.00 g, 6.33 mmol) and anisole (40 mL)
was cooled to -5°C in a water-ice-NaCl bath. Taflobacetic acid (200 mL) and mercury (1) acetat®1y, 6.52
mmol) were added. The reaction mixture was stifoed h at -5 °C and then concentrated under redipoessure
to afford an orange oil. The product was precipilas a white solid by addition of a 1:1 wateiCEmixture to
the residue. After filtration and drying under vaoy the resulting solid was allowed to react witdiam
borohydride (0.48 g, 12.66 mmol) in MeOH (150 m&j) 72 h. Next, the resulting mixture was coole@tG and
cautiously quenched by slow addition of concentt&i€l to pH= 2-3. After dilution with water, thequuct was
extracted with EtOAc (x3). The organics were coreldindried over N&Qs, and concentrated to the fifth. The
titte compound 6MPDC was obtained by precipitatiorm large volume of hexane in 20% vyield (250 m@g,71
mmol).

RMN H (300MHz, acetone-d6% 7.89 (dd,J = 8.5, 4.5 Hz, 1H), 7.41 (dd,= 8.5, 4.5 Hz, 1H); RMNC (75
MHz, acetone-d6)5 170.9 (C), 165.2 (C), 165.1 (C), 149.5 (C), 13&H), 126.5 (CH), 119.5 (C). MS (m/z,
ESI): Calcd. for [GHsNOS-HT: 198.0; Found: 197.9. HRMS (m/z, ESDalcd. for [GHsNO4S-H]: 197.98665;
Found:197.98689

1.2.b) Synthesis of 5-mercaptopyrazine 2,3-dicarbglc acid (5SMPzDC)

1) KMI’]O4, HQO,

CI\[N Ij o CI\[NICOOMe
N/ 2) HQSO4, MeOH N/
3

50°C.2h COOMe

5-chloropyrazine- 2, 3- dicarboxylic acid dimethylester (3).5-chloropyrazine -2, 3- dicarboxylic acid was
obtained from 2-chloroquinoxaline using reportedgadure in similar yiel8.A solution of KMnQ (24.00 g,
151.9 mmol) in HO (250 mL) was added dropwise within 2 h to a efig solution of 2-chloroquinoxaline (5.00
g, 30.4 mmol) in KO (250 mL). Next, the mixture was refluxed for atd#ional hour and cooled to 60 °C to
filtrate off the MnQ over Celite, which was rinsed with hot water (8xmL). The filtrate was concentrated to
about 80 mL and acidified with concentrated HCpté 0, and the solvent was then evaporated. Theecbud
chloropyrazine -2, 3- dicarboxylic acid was engagethe next step without further purificati®Concentrated
H2SQy (1.00 mL, 18.7 mmol) was added dropwise withinibutes to a solution of the residue in MeOH (13 mL)
cooled to 0 °C. The resulting mixture was heatesi0atC for 2 h and stirred at room temperatureafiditional 3

h. After concentration under reduced pressurerdbelting residue was basified with saturated age&aHCQ
solution to pH= 8 and extracted with EtOAc (x3). The combined aigdractions were dried over anhydrous
NaSQy, concentratech vacuo and the residue purified by silica gel column chadography (2% MeOH/CiEIy)
affording the desired compound as a brown solig5% yield over two steps (2.449).

RMN H (300 MHz, CDC¥): 6 8.77 (1H), 4.05 (s, 6H).RMKC (75MHz, CDC}): § 163.8 (C), 163.6 (C), 150.5
(C), 145.6 (CH), 145.0 (C), 141.9 (C), 53.7 (§Hb3.6 (CH). MS (m/z, ESI):Calcd. for [GH4CIN2Os+H*]*:
200.0; Found: 198.9; Calcd. for &,CIN,O4+H*T*: 231.0 ; Found: 230.9
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5-((4-methoxybenzyl)thio)pyrazine-2,3-dicarboxylicacid dimethyl ester (4).A solution of3 (2.28 g, 9.92
mmol) in MeOH (70 mL) was deoxygenated by argontbuly for 10 min. Next, triethylamine (1.38 mL, 2.9
mmol) and 4-methoxy-toluenethiol (1.38 mL, 9.92 mmol) were added amal resulting solution was heated at
50 °C for 30 min under inert atmosphere. After titio with water, the product was extracted with Bt(x3).
The organics were combined, dried over anhydrousS@aand the solvent was evaporated under reduced
pressure. The obtained residue was purified byasdiel column chromatography (5 % MeOHACH) to afford
the tittle compound as a yellow oil in 97 % yieRI35 g).

RMN H (300 MHz, CDC¥): 6 8.49 (s, 1H), 7.32 (d = 8.0 Hz, 2H), 6.83 (d] = 8.0 Hz, 2H), 4.04 (s, 3H), 3.98
(s, 3H), 3.78 (s, 3H). RMIC (75 MHz, CDC}): § 165.5 (C), 164.4 (C), 160.5 (C), 159.2 (C), 14E% 143.4
(CH), 136.4 (C), 130.4 (2 CH), 127.9 (C), 114.1242), 55.2 (CH), 53.2 (CH), 53.2 (CH}), 33.9 (CH). MS (m/z,
ESI): Calcd. for [GeH16N20sS+H*: 349.1; Found: 348.9

MeO MeO
\©\/S N._COOMe NaOH 5M, Et,0, \©\/S N -COOH
Y - Y
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~
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5-((4 methoxybenzyl)thio)pyrazine-2,3-dicarboxyliacid (5).A 5 M aqueous solution of NaOH (3.15 mL) was
added to a solution @f (0.575 g, 1.65 mmol) in ED (3 mL). The mixture was refluxed for 24 h theid#ied to
pH 2 by dropwise addition of concentrated HCI. Neke solution was extracted with EtOAc (x3) and th
combined organic layers were dried over anhydroas&s® and concentrateth vacuo. From the residue, the
product was extracted with acetone and the reguftotution dried over anhydrous #&x, then concentrated
under vacuum to give the tittle compound as a daakge oil in 85 % vyield (0.448 g).

RMN !H (300 MHz, acetone-d6}: 8.68 (s, 1H), 7.46 (d} = 7.2 Hz, 2H), 6.89 (d] = 7.2 Hz, 2H), 4.54 (s, 2H),
3.79 (s, 3H). RMN?3C (75 MHz, acetone-d6} 165.1 (C), 164.5 (C), 159.6 (C), 159.3 (C), 1488 143.2 (CH),
137.8 (C), 130.5 (2 CH), 128.6 (C), 113.9 (2 CH}.6(CH), 33.1 (CH). MS (m/z, ESI) Calcd. for
[C14H12N205S-H+]'Z 319.0; found: 318.9.

MeO 1) TFA, Hg(OAc)
1 2
\©\/S N COOH anisole, -5 °C, 1 h HS N\ COGH
N
X - LKL
/
N

2) NaBH,4, MeOH COOH
COOCH )requx 742 h
5 ’ S5MPzDC
3) H,S,
acetone, 2h

5- mercaptopyrazine-2,3-dicarboxylic acid (SMPzDC). Trifluoroacetic acid (90 mL) and mercury (Il) adeta
(0.535 g, 1.68 mmol) were added to a mixtur® ¢0.448 g, 1.4 mmol) and anisole (9 mL) cooled G5 The
reaction mixture was stirred for 1 h at -5 °C. Thigture was concentrated under vacuum to affordrange oil.
Addition of a 1:1 mixture of water-ether (150 mlgsulted in the precipitation of a fraction of theguct. The
precipitated solid and the water phase were cordkane the resulting suspension was concentrateacumo. The
recovered solid was allowed to react with Nag81106 g, 2.8 mmol) in refluxing MeOH (80 mL) fé2 h. After
cooling to 0 °C, the resulting mixture was hydra@gzby slow addition of concentrated HCI to4pB-3 then
concentratedn vacuo. The resulting residue was taken up in water &edproduct extracted with EtOAc (x4).
The combined organics layers were concentrateldetdifth and the desired product was precipitatgaddition



of the concentrated solution into a large voluméexane. The resulting residue was solubilizeccet@ane and
H>S was bubbled at room temperature for 2 hours.rAiteation through Celite, the filtrate was comteated
under vacuum to give the desired compound in 55¢} ¥0.155 g). Due to a slow degradation of thedpict, it
has to be stored at -80 °C.

RMN IH (300 MHz, acetone-d®:8.74 (s, 1H) RMN3C (75 MHz, acetone-d6, (ppm): 176.4 (2C), 164.2 (C),
161.5 (C), 157.3 (CH), 136.7 (C). HRMS (m/z, E&llcd. for [GH4N204S-H]: 198.98190, Found:98.98218

1.3 Preparation of Escherichia coli [4Fe-4S] NadA.The Escherichia coli [4Fe-4S] NadA ([4Fe-4SkcNadA)
protein was expressed and purified on Ni-NTA affiniolumn as already describédFe-labelled [4Fe-4S]-
EcNadA was prepared as previously repofferotein concentration was determined by the metfidgtadford
using bovine serum albumin as standard. It is kndhat in the case of wild-typ&cNadA this method
overestimates protein concentration (as deterniiyetthe quantitative amino-acid analysis of purifestzyme),
therefore a corrective factor of 2.45 was applitein-bound iron concentration was determineceuneducing
conditions with bathophenanthroline disulfonatemficid denaturation of the prot&imnd the concentration of
labile sulfide was measured by the method of Béfier

1.4 Preparation of Thermotoga maritima [4Fe-4S] NadA*Y21F.We callTmNadA* the TmNadA variant that
carries the K219R mutatiohThis mutation allows crystallization of the prateiithout affecting its biochemical
and spectroscopic properties oritsivo andin vitro activity.!* The Y21F variant was generated usiimNadA*
as templaté?® Expression and purification of tHenNadA*Y21F variant, as well as introduction of thFp-4S]
cluster, were performed as already descriefriefly, purified TmNadA*Y21F (150 pM) was incubated
anaerobically with 5 mM DTT for 15 min. Next, 6 raokequivalents of L-cysteine along with catalyticcaunt of
IscS cysteine desulfurase (1.5 pM) and 6 molanedgmts of ferrous iron ((NPFe(SQ)2) were added. After a
5 h incubation the enzyme was heated for 30 mi65a€ in the presence of 50 mM DTT. Monomeric [4FS3-
TmNadA was obtained after chromatography through pe&lex-75 column and concentrated to 65 mg/ml for
crystallization trials. After reconstitution, ai@bf 3.02 iron and 2.8 sulfur atoms penNadA*Y21F monomer
was measured.

1.5 Preparation ofEscherichia coli [4Fe-4S] Aconitase BThe plasmid pG5783 encoding aconitase B (AcnB)
was a gift from J.R. Guest (Norwich, UK) and Acn@ification was performed as previously describedfter
purification ECAcnB contains 0.1-0.2 iron and sulfide per mononhisrapo-form was obtained by treating the
protein with 10 mM EDTA and 10 mM DTT at 4°C oveght and desalting using a Desalting column (Phaiajac
[4Fe-4S]EcAcnB was obtained by incubating the protein foradfaerobically with a 5 molar excess of ferrous
iron and sodium sulfide in the presence of 5 mM DAfter desalting, [4Fe-43kcAcnB containing 3.2-3.5 iron
and sulfide per monomer was concentrated and stairé3D°C before use.

1.6 Mossbauer spectroscopy 6fFe-labeled [4Fe-4SEcNadA with inhibitors (6MPDC, 5SMPzDC, 5MPDC
and 4MP). >Fe-labeled [4Fe-4SkcNadA (175 uM; 3-3.7 iron/protein) was incubatedniif. in the glove box
with 5-5.7 equiv. of 6MPDC, 5MPzDC, 5MPDC and 4MRnsferred to a Mossbauer sample holder, frozen in
cooled 2-methyl-butane inside the glove box andt kepliquid nitrogen until the measurement. A caohtr
experiment was performed without inhibitor. Mosstragpectra were recorded at 4.2 K, either on afield-
Mossbauer spectrometer equipped with a Janis S\OTedfbstat, or on a strong-field Mossbauer speattem
equipped with an Oxford Instruments Spectromag 4€@0stat containing an 8T split-pair superconcgti
magnet. Both spectrometers were operated in aaurstceleration mode in transmission geometry.iddrmer
shifts are referenced against that of a metaltin fioil at room-temperature. The spectra were aaywith the
program WMOSS (WEB Research, Edina, MN, U.S.A)).

Owing to the similarity of the spectra of [4Fe-43NadA alone and in presence of inhibitors develophrejr
reliable simulation was not straightforward. Indegdalance had to be found between freeing alinpaters with
the likely risk of overparametrization and using fewer possible number of parameters with theafdhiding
differences between the Fe sites. Therefore, weased gradually the number of parameters frearpand the
four iron cluster was successively consideredipthd sum of two dimers (delocalized pairs) witfiedent values
of IS and QS parameters, (ii) the sum of a grouthide identical Fe (with values of the IS and @8ameters
fixed at the values obtained by simulation of [4/J-EcNadA) and an independent Fe site with singulareslu
of IS and QS parameters (Figure S6 and Table EHP}hé sum of a dimer (delocalized pair, with was of the IS
and QS parameters fixed at the values obtainednylation of [4Fe-4SEcNadA) and two distinct monomer
sites with distinct values of IS and QS paramefeigure S7 and Table S3), (iv) the sum of a dindetdcalized
pair, with values of the IS and QS parameters abbto vary) and two distinct monomer sites withidit values
of the IS and QS parameters. The significance @fviilues of IS and QS parameters was assessedthitoz
change in the least-squares resigddy varying the parameter around its “best-fit @dlaver ranges of 0.2 mm



st for IS and 0.4 mmsfor QS. An analysis based on a ca 10 % allowethtian of x? indicated that 1S values
are estimated with a precision of + 0.04 nnasd QS values with a precision of + 0.07 min(Bigure S8).
Simulation (i) with too few variable parameterdddito reveal any difference between the sampliesul&tion
(iv) with too many variable parameters led to guoestble assignments of the various lines to Fe.sgamulations
(ii) and (iii) proved very consistent with each etheading to congruent conclusions. We prefer Etman (iii)
because it appears to us physically more meaningful

1.7 UV-visible absorption spectroscopy of [4Fe-4&eNadA with inhibitors (6MPDC and 4MP). [4Fe-4S]-
EcNadA containing®Fe (11-21 pM or 300 uM; 2.9-3.2 iron/protein) wasd for UV-visible analyses. [4Fe-4S]-
EcNadA was incubated inside the glove box with 5 egor 10 equiv. of 6MPDC and 4MP and the reaction
monitored after 15 min. incubation using a Uvikoh gBio-Tek Instrument) spectrophotometer operaim@
dual beam mode. To analyze the interaction of [A&gEcNadA with 4AMP and 6MPDC, the data were treated as
absorbance vs energy and the absorption maxima suergated with a Gaussian function to obtain ecigee
estimation of the absorption maximum.

In order to analyze the interaction of [4Fe-£E8NadA with 4MP, the data were treated as absorbesemergy
and the absorption maxima were simulated with as&ian function to obtain a precise estimation efadbsorption
maximum. The values of the maxima are gatheredalsler'S4. A similar treatment was applied with 6MPRE
failed to evidence significant differences.

1.81n vitro Aconitase activity.ECAcnB activity was assayed anaerobically accordintpé procedure described
by Gardner and Fridovitch.Briefly, [4Fe-4S]EcAcnB (0.2 nmol) was incubated anaerobically for &#,nm a
total volume of 100 ul of 50 mM Tris-HCI pH 7.5 lferf, with increasing equivalents of 4-MPA, 6-MPD&,
MPZDC and 5-MPDC followed by addition of 25 mM aite, 0.3 mM MnGCl 0.5 mM NADP and 2.8 uM
isocitrate dehydrogenase. TBeAcnB activity was assayed by monitoring the formatof NADPH at 340 nm,
which is directly proportional to the formationisbcitrate. A positive control, without inhibitoryiolecules was
also performed and corresponds to the maximaliact¥ EcAcnB (100%).

1.91n vitro Quinolinate synthase activity.[4Fe-4S]EcNadA enzymatic activity was assayed under anaerobic
conditions as already described with minor chafidgésefly, EcNadA activity inside a glove box at 37°C, was
followed by the time-dependent formation of quinadiacid (QA) measured directly by HPLC. The agsaxture

in 100 pl of 50 mM Na-HEPES, 100 mM KCI, pH 7.5 teufcontained 2 mM DHAP, 33 mM L-aspartate, 25 mM
fumarate, 10 pM ofEcNadB and 10 pM of [4Fe-4HeNadA. In the case of inhibition assays, different
concentrations of inhibitory molecules were predipated with the holo-enzyme for 5 min. followeddudition

of DHAP, L-aspartate and fumarate. After a furthenin. preincubation of this assay mixture at 3th€,reaction
was initiated by the addition of 10 uM FAD-contaigiEcNadB. The reaction was quenched after 20 min by
addition of 5 ul 2N HSQu. Precipitated proteins were removed by centrifiegaat 15,000 rpm for 15 min. Fifty
microliters of the supernatant were injected onfosoh TSK Gel ODS-120T (4.6 mm x 15 cm) columnrzated

to a HP-1100 HPLC system. The QA was eluted witl3% TFA, pH 2.4 buffer at a flow rate of 0.5 mI/m®A
was detected by its absorbance at 260 nm and wtesledith a retention time of 9.1 min. After 20 nalution

the column was regenerated by applying a lineadigna from 0% to 100% of acetonitrile in 0.03% TBAO.5
ml/min for 10 min and re-equilibrated before injentof the next sample. QA was quantified usingeandard
curve of authentic quinolinic acid (0 to 40 nmdip0% activity = 0.06 pmol/min/mg.

1.10 Crystallization. All experiments were performed under anaerobic tmm$ with the TmNadA*Y21F
variant, starting from a stock solution with a giatconcentration of 65 mg/mL in 50 mM KCI and 1M Tris
HCI buffer at pH 8.0. The three ligand complexesengrepared as follows.

4MP (4-mercaptopyridine-2,3-dicarboxylic acid) compex. The protein stock solution was diluted insidécve
box to 20 mg/mL in 50 mM KCl and 125 mM Tris HCl@t 7.2. A volume of 50 uL of this solution wasuhated
overnight at 20°C with 0.8 pL of 75 mM 4MP in 25 niMis HCI at pH 8.0, affording a 1:2 protein-todigd
ratio. Hanging drops were prepared by mixing onefithe complex solution with the same volume céservoir
solution consisting of 26% PEG3350, 100 mM NaCIp 260M NaHPQ, and 100 mM MES at pH 6.7 and
equilibrated against 1 mL of the latter by vapdfusion. A plate-shaped brown crystal grew afteeéhweeks in
one of these drops. This crystal was transferrea ¢oyo-protectant solution prepared with 40% PESE3300
mM HEPES pH 7.0, 200 mM NIHPCQ: and 100 mM NacCl, flash-cooled anaerobically udiqgid propane and
immediately stored in liquid nitrogen, as previgudéscribed®

6MPDC (6-mercaptopyridine-2,3-dicarboxylic acid) canplex. The protein stock solution was diluted inside a
glove box to 20 mg/mL by Microcon-10 kDa dialysisli0 mM Tris HCI pH 8.0. Next, 45 uL of this solutiwas



incubated overnight at 20°C with 1.3 pL of 50 mM BDBIC in 10 mM KCI| and 50 mM HEPES pH 7.1, giving a
1: 2.6 protein-to-ligand ratio. One uL of the compsolution was mixed with 1 pL of a solution oPR®EG3350,
1% dioxane, 200 mM N&lPQy and 100 mM HEPES at pH 7.3 and the resulting mandrop was equilibrated
with 1 mL of the latter reservoir solution. Browlafe-shaped crystals obtained after 2 days wensfeared to a
cryo-protectant solution of 34% PEG3350, 1% diox&®® mM NaHPQ, and 100 mM HEPES at pH 7.5, flash-
cooled and stored as described above for the 4Mplex.

5MPDC (5-mercaptopyridine-2,3-dicarboxylic acid) canplex. The protein solution was first diluted inside a
glove box to 32.5 mg/mL by Microcon-10 kDa dialysis10 mM Tris HCI pH 8.0. 50 pL of this solutioras/
incubated overnight at 20°C with 22 pL of 7.5 mMBBIC in 25 mM Tris HCI pH 8.0 and 9.5 pL of 50 mM KC
and 10 mM Tris HCI pH 8.0, to give a 1:3.5 prot#rligand ration. One pL of the complex solutionswaext
mixed with 1 pL of a reservoir solution of 24% PE58, 2% dioxane, 200 mM NdPO; and 100 mM MES pH
6.7. The resulting hanging drop was equilibratedhie vapor phase with 1 mL of the reservoir solutamd
crystalline brown plates were obtained after 5 day®se were transferred to a cryo-protectant isoludf 33%
PEG3350, 2% dioxane, 200 mM MO, and 100 mM HEPES at pH 6.7 and flash-cooled ar@dtas described
above for themNadA complexes with 4MP and 6MPDC.

1.11 X-Ray Structure Determination.X-ray diffraction data were collected under cryoig€r100 K) conditions
at beam lines ID29 and ID30B of the European Syotcbn Radiation Facility in Grenoble, France (TaBIE),
using the prograrvMiXCuBe.!” After indexation, integration and initial scalimgth the XDS packag#’, the data
were submitted to a final scaling and merging stitp AIMLESS" of theCCP4 package® Structures were solved
by molecular replacement witPHASER?! using theTmNadA*Y21F-XY complexX (pdb code 6F48) as starting
model. Manual model corrections were performed @O T2?2REFMAC5? was used to refine individual atomic
positions and isotropic temperature factors aloity WS parameters of the three NadA domains amdlitster
binding region for the 6MPDC and 5SMPDC complexehemeas the same program was used to refine atomic
positions and anisotropic temperature factorsHeraMP complex. Dictionary files needed for thermement of
the three ligands were built as described prevjofst reaction intermediate \A. Refinement statistics are
included in Table S1. All the programs mentionedwat) excepMXCuBe, were provided by SBGritb.

1.12 Molecular docking of 5SMPzDC .The calculation was performed with the Schrodirgete?® using the X-
ray model of the 6MPDC-containifgnNadA*Y21F variant (Table S1). Hydrogen atoms wetdexd to the model
and protonation states were assigned using thdastprotein preparation protocol of the Schrodirgygte. We
used the protonated form of Glu195 because we quelyi found it to be the most likely state of thesidue?
Next, water molecules present in the X-ray modelewemoved and the positions of the built hydrogeyms
were optimized. A receptor docking grid was defibgdhe 6 MPDC ligand position. 6MPDC and 5MPzDC aver
prepared using the Ligprep program and then dookéty the Glide prograthwith both the standard (SP) and
the extra precision (XP) docking procedures. Thayxposition of 6MPDC was reproduced with the Sétpdure
(the pose was ranked'4ccording to the docking score) but that was hetdase with the XP procedure. When
we superimposed the ligand-fréeNadA**® (PDB code 4P3X) with the 6MPDC-containifigNadA*Y21F, the
rmsd is 0.38 A on all the protein atoms. Furthemeve noticed that two water molecules (labelecdd 95 in
our 6MPDC-NadA model) were also present in theniyfree active site. A new docking grid was gerextat
keeping these two water molecules in the target $the pose with the best docking score (usingeettie SP or
XP protocols) corresponded to the conformationMP®C found in the X-ray structure. Accordingly, decided
to use this grid to also dock the 5MPzDC molectilee docked poses indicate that there is a simitaditg to
the [4Fe-4S] cluster via the 5MPzDC thiolate. Thegwith the highest docking score suggests tishbild bind
NadA as 6MPDC does (Figure S5). Figure S5 was peepaith Maestro from Schrodingét.



2- Figures S1-S9
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Fig. S1.Mechanism of QA synthesis by NadA based on prevabudies® 24 27



100 ? ® s P
80 -

60 -

40 1

NadA activity (%)

20 A

0 2000 4000 6000
PA (M)

100
80
60

40 *

20

NadA activity (%)

0 200 400 600 800 1000 1200 1400
4HP (UM)

100

lé ¢ é ¢
80 A
60 A

40 -

NadA activity (%)

20 A

0 1000 2000 3000 4000 5000

3HP (UM)
100 %

80
60-{
40

20 A

NadA activity (%)

0 200 400 600 800 1000
DMB (UM)

100
80
60

40 1% 4

20

NadA activity (%)

0 200
100 ¢

.é *
80 -
60 -

40

NadA activity (%)

20

400 600 800 1000
AMP (uM)

100 %

60 A

40 A

NadA activity (%)

20 A

2000 4000 6000
4AP (M)

2000 4000 6000
MB (M)

Fig. S2.NadA activity in the presence of PA, 4MP, 4HP, 48PIP, MB and DMB. [4Fe-4FkcNadA (10 uM)
was incubated 5 min. anaerobically with variousiesjents of DTHPA derivatives in 50 mM Na-HEPESQ10
mM KCI, pH 7.5. The premix (2 mM DHAP, 33 mM L-astate, 25 mM fumarate) was added and after 5 min.
incubation at 37°C the reaction was started bytandof ECNadB (10 uM). After 20 min. the reaction was stappe

and analyzed by HPLC.
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Fig. S3. NadA activity in the presence of 6MPDC, 5MPzDC &iPDC. [4Fe-4SEcNadA (10 uM) was
incubated 5 min. anaerobically with various equewas of 6MPDC, 5MPzDC and 5MPDC in 50 mM Na-HEPES,
100 mM KCI, pH 7.5. The premix (2 mM DHAP, 33 mMadspartate, 25 mM fumarate) was added and after 5
min. incubation at 37°C the reaction was starteaddition ofEcNadB (10 uM). After 20 min. the reaction was
stopped and analyzed by HPLC.

Glu195

\ Met83 \ Met83

Fig. S4.Structure ofmNadA* in complex with 6MPDC and 5MPDC. Stereo imafa superposition of 6MPDC
(white carbons) and 5MPDC (grey carbons) compléxes approximately perpendicular view relativé-tgure
1 of the main text. Residues with significantlyfdient conformations are highlighted. Only the [/ fragment
is shown in the NadA-5MPDC complex.

10



Thr210
Ser36 \ )

His193

Glu195

[4Fe4S]

Fig. S5 Docking of 5MPzDC infmNadA*Y21F. The 5MPzDC molecule dockedimNadA*Y21F (best pose,
carbon atoms in green) is compared to the confoomaf 6MPDC in the X-ray structure (carbon atorepidted
in dark grey).

11



Transmission
Transmission

473 2 4 o0 12 3 4 4 3 2 A4 0 12 3 4
Velocity(mm.s™)

Transmission
Transmission

43T 0 1 s a
Velocity(mm.s™)

Transmission
Transmission

4 3 2 - 0 1, 2 3 4 4 3 2 A 0 1, 2 3 4
Velocity(mm.s™) Velocity(mm.s™)

Fig. S6.Mossbauer spectra &t coli >’Fe-labeled [4Fe-43kcNadA (1) with 5-6 equiv. of DTHPAZ), 6MPDC
(3); 5MPzDC é); 5SMPDC 6) and 4MP 6). TheMossbauer spectra were taken at 4.2 K with an eatenagnetic
field of 0.06 T applied parallel tprays. Vertical bars: experimental points; soliglisimulations including black:
overall simulation, blue: delocalized pair and cy4fe?™ site of the localized pair and green! E®ntaminant.
Simulations were performed according to model(§@e paragraph 1.6) with the parameters listechblerS2.
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Fig. S7.

Mossbauer spectra @&. coli 5'Fe-labelled [4Fe-4S]-NadAl) with 5-6 equiv. of DTHPA %), 6MPDC @3);
5MPzDC #@); 5SMPDC 6) and 4MP 6). TheMossbauer spectra were taken at 4.2 K with an eatenagnetic
field of 0.06 T applied parallel tprays. Vertical bars: experimental points; soligélisimulations including black:
overall simulation, blue: delocalized pair, cyaRe’*" site and purple: "F&" site of the localized pair and green:
Fe' contaminant. Simulations were performed accordingiodel (iii) (see paragraph 1.6) with the pararset
listed in Table S3.
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Analysis of Mossbauer parameters Isomer Shiftl@dfs) and Quadrupole Splitting (QS, right) dedudexin the

simulation of the spectrum GfFe-labelled [4Fe-4SEcNadA with 5.7 equiv. of SMPDC. The analysed data

correspond to experimental and simulated speatra ffig. S6 and Table S2.
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Fig. SQ UV-visible spectra of [4Fe-4FeNadA complexed with 6MPDC and 4MP. (A): [4Fe-43NadA (300
pHM) UV-visible spectra before (green dotted linayl after addition and 15 min. incubation with 1Qieq of
6MPDC (blue dashed line) and 4MP (red line). (BEus of the 400-700 nm region of spectra presentéd);

(C): Gaussian simulations of 4MP (red line) and @&@P(blue line).
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Fig. S1Q Inhibition of [4Fe-4S]ECAcnB activity by DTHPA. [4Fe-4SEcAcnB (3 uM) without (black bars) or

with 3 uM [4Fe-4S]JEcNadA (grey bars) was incubated 15 min. with DTHRA2Q equiv.) and its activity
measured @3).
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Fig. S11. UV-visible spectra ofEcNadA and EcAcnB with 6MPDC and 4MP. Panels (A-C) depict the
respective UV-visible spectra of AggcAcnB (A), [4Fe-4S]EcAcnB (B) and [4Fe-4SEcNadA (C) in the
absence (dotted line) and presence of 5 equiv.MP 4solid line). Insets show the comparison betwten
spectrum of 4MP (5 equiv.) (dotted line) and thetsaction of the "(protein+4MP) - protein" (soliti¢) spectra.
Panel(D) represents the UV-visible spectra of 6MPDC albn¢, [4Fe-4S]EcNadA (—), [4Fe-4S]EcAcnB (- -

) and ApoAcnB {) in the presence of 6MPDC. A similar treatmenthaf data obtained with 6MPDC failed to
reveal a specific interaction with the Fe-S cluster
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3- Tables S1-S4

Table S1.X-ray data and refinement statistics TonNadA*-Y21F crystals.

Complex 4AMP 6MPDC 5MPDC
pH 6.7 pH 7.3 pH 6.7
Data collection:
ESRF beamline ID29 ID30B ID30B?
Wavelength (A) 1.07438 0.97625 1.00394
Space group R2 P2 P2
Cell: a, b, ¢ (A) 55.7, 48.4, 60.6 55.5,48.7,60.6  54.9, 48.5, 60.5
Cell: B () 107.66 107.0 107.1
Resolution (A) 46.8-1.60 46.5-1.90 37.2-2.10
high resolution shef: (1.66-1.60) (1.97-1.90) (2.17-2.10)
anisotropy along, b andc (A) 1.601.601.76 1.901.901.96 2.102.102.19
Measured reflections 176966 (18269) 141788 (12532) 50636 (4842)
Unique reflections 40160 (3936) 24522 (2390) 17Q8r0)
Redundancy 4.4 (4.6) 5.8 (5.2) 3.0 (2.9)
Completeness (%) 98.7 (99.5) 99.7 (99.7) 95.3 §96.7
Rmerge (%) 7.6 (129.8) 10.9 (100.4) 11.7 (78.8)
CCu2 0.997 (0.314) 0.995 (0.573) 0.982 (0.536)
<l/o> 8.7 (1.0) 9.0 (1.5) 8.5(1.4)
Refinement:
Resolution (A) 46.8-1.64 46.5-1.90 37.2-2.10
Used reflections 35414 23281 16177
Ruwork (%0) 15.6 17.0 19.8
Reflections for Ree 1845 1227 830
Riree (%0) 20.6 20.0 23.9
Number of atom§ 2717 2759 2543
Average B-factor (A 32.4 34.9 43.7
R.m.s. deviations
Bond lengths (A) 0.007 0.012 0.010
Bond angles (°) 1.4 15 15

a Diffraction data from two isomorphous crystals wenerged;? the high resolution shell statistics are given in
parentheses for all daté;treating Friedel pairs as different reflectiofidncluding multiple conformations.
Coordinates and structure factors have been degasitthe Protein Data Bank with deposition cod@Kg4MP
complex), 610P (6MPDC complex) and 610R (5MPDC ctewjp
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Table S2.Mossbauer parameters YFe-labeled [4Fe-4SkcNadA (1) with 5-6 equiv. of DTHPAZ), 6MPDC
(3); 5SMPzDC @); 5SMPDC 6) and 4MP 6). Assignments: blue: delocalized pair; cyan:>*Fsite of the localized
pair and green: Fecontaminant.

Sample Molecule Species o(mm.s)  AEq(mm.s!)  I'(mm.s?) Area (%)

0.45 116 0.41 75

1 [AFe-4S]-NadA 4Fe-4S o o g o
0.45 116 0.41 75

2 DTHPA AFe-4S 0.65 2.01 0.39 25
0.45 116 0.41 68

3 6MPDC 4Fe-4S 0.40 1.06 0.26 23
Fe! 1.41 2.77 0.38 9

0.45 1.16 0.41 64

4 smpzpc  AFe4S 0.42 0.72 0.28 21
Fe! 1.16 2.86 0.63 15

0.45 1.16 0.41 70

5 5MPDC aFe-4S 0.44 0.76 0.30 23
= 1.23 3.12 0.38 6

0.45 116 0.41 75

6 AMP 4Fe-4S 0.49 1.25 0.44 25

Table S3.Mossbauer parameters YFe-labeled [4Fe-43kcNadA (1) with 5-6 equiv. of DTHPAZ), 6MPDC
(3); 5SMPzDC #@); 5MPDC 6) and 4MP 6). Assignments: blue: delocalized pair, cyan:*Faite and purple:
"Fe?*" site of the localized pair and green!' E®ntaminant.

Sample Molecule Species d(mmsl)  AEqg(mm.s’)  I'(mm.s?) Area (%)
0.45 1.16 0.33 50
1 [AFe-4S]-NadA 4Fe-4S 0.29 1.10 0.33 25
0.61 1.14 0.33 25
0.45 1.16 0.37 50
2 DTHPA 4Fe-4S 0.35 1.51 0.37 25
0.79 1.74 0.37 25
0.45 1.16 0.32 45
4Fe-4S 0.32 1.06 0.32 22
3 eMPDC 0.50 0.94 0.32 22
Fé' 1.31 2.94 0.38 11
0.45 1.16 0.43 44
4Fe-4S 0.36 0.92 0.43 22
4 >MPzDC 0.43 0.77 0.43 22
Fé' 1.23 2.74 0.48 13
0.45 1.16 0.41 46
4Fe-4S 0.37 0.99 0.41 23
S SMPDC 0.46 0.80 0.41 23
Fé! 1.30 3.06 0.80 8
0.45 1.16 0.38 50
6 4MP 4Fe-4S 0.34 1.14 0.38 25
0.60 1.21 0.38 25
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Table S4 Energies* of the absorption maxima of solutiohdMP in absence and in presence of proteins.

AMP AMP + protein Energy differenc
[4Fe-4S]EcAcnB 34.482 34.434 0.048
Apo-EcAcnB 34.367 34.326 0.041
[4Fe-4S]EcNadA 34.405 34.010 0.395

* Energies are given in kilokaysers; 1 kK = 1 000

D
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