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Table S1: Determination of the cofactors bound in FDH"" and variants

Iron® Molybdenum Relative Mo : MGD Ratio”
FDH Variant

% % 1:

WT 52.0+0.8 39.0£1.0 2
C386S 50.3+£ 0.6 10.7 £ 2.8 20+0.2
H387M 499+15 32.8+3.0 1.6+0.1
H387R 48.6 £ 0.6 27.0+ 3.6 0.2+0.1
H387K 498+ 0.6 16.2+ 3.9 0.7 £ 0.1
H387F 50.2+1.0 102+ 2.8 0.8+0.8
R587T 504+1.0 24.3+3.3 20+041
R587K 484 +0.8 39.7+£2.0 2.1+0.1
R597" 49.1+0.8 11.9+3.8 0.2+0.0
H387M/R587T 49.0+1.9 19.8+2.3 1.6+0.1
R587T/R597" 50.5+0.5 14.0+ 3.8 0.2+0.0

deMoco® 50.4 £ 0.7 0.7+25 -

desulfo’ 496 +2.3 23.8+25 n.d.

“Calculated to the full set of seven FeS clusters (24 iron in total). "Results obtained for FDH" ' were
set to a 1:2 ratio. “FDH lacking the bis-MGD cofactor. ‘FDH expressed in the absence of FdsC (bis-
MGD contains a Mo-oxo ligand instead of Mo=S) (1,2). n.d. — not determined



Table S2: EXAFS simulation parameters®

Mo=0,-0 | Mo=S,-SH | Mo-S | Mo-X
Sa'::?;:eb N [per Mo] / R [A] / 20 2 x10° [A?] Rr [%]
wr | 0.6(2)/1.69/3* | 0.4(1)/218/ | ,. 0.4(2)/ 2.65 / 5*

FDH 0.7(2)/1.76 / 3* 5* 471240718 | 4305)/093/5% | 38

FDHWT | 0-5(2)/1.68 /3"

intrate | 0-6(2)/1.76/3* | 0.5(1)/2.22/5% | 4*/2.38/14 | 0.5(2)/2.85/5* | 46
0.4(1)/2.28 / 5*
0.8(2)/ 1.68 / 3*

FDH® ™ | 0.7(2)/1.78/3* | 0.1(1)/2.15/5* | 4*/2.33/23 | 0.7(2)/ 2.86 / 5* 8.2
0.4(1)/2.08 / 5*

FDHdesquo 05(2)/ 1.67 /3"

initrate | 0-8(2)/1.77/3* 1 0.4(1)/2.47 /5% | 4*/232/22 | 0.7(2)/2.94/5* | 109
0.5(1)/ 2.26 / 5*

°N, coordination number per Mo ion; R, interatomic distance; 20°, Debye-Waller parameter; R, fit
error sum. Parameters that were fixed to physically reasonable values in the EXAFS simulations;
errors (in parenthesis) for coordination numbers represent parameter ranges for slight variations of
the fit approach (1). Species X may correspond to N, O, or S atoms. °FD

Hdesul 0

the absence of FdsC (bis-MGD contains a Mo=0/-OH ligand instead of Mo=S) (1,2).

= FDH expressed in




BeFdsh 240 VEESVERIGTPEREVVTTCAYCGVGECSFEAHMLGDOLVEMVPWEGGAANRGHSCVEGRFR 2909

EcFdhF ]l === MEEVWTVCPYCASGCEINLVVDHGE IVRAEAADG-KTHQGTLOLEGYYG 48
Calaph 30 ANFVTDEEVITELEWESEAPCRFCGETGECGEVTVAVEDREVVATQGDEQAEVHEGLHCVEGYFL &Y
CysIBAHiIsIET

A
ReFdah 342 GVITSSRCT-HEETYLVOELARAVEGTHNTDTCARVCHSPTGYGLEQTFGTSAGTQDEDS 409
EcFdhF 95 QTTGESRGTGHNETHYVMOEFARAVIGTHMVDCCARVUHGPSVACGLHOSVGHGAMSHATHE 163
CnMaph 137 ACEAPAOWT-VWEGYARARLYEAGFRENMIDPHARHCMRASARACFMRETFGMDEPMECYDD 204

ArgSET '
RcFdsh 554 EQGETT?I&IHHLhHHTGHIGREEUE?NPLLEQHHVQESU—DHGEFPEEFPGTRH?EDD& ELS

EcFdhf 303 YOEVETVRSLTSLAMLTGHNLGEPHAGVHNPVRGONNVOGAC-DMEALPDTYPGYOYVEDPS 361
CnMaph 381 TRGTWANMMVYNLHLLTGEIATPEHSPFSLTGOPEACCTAREVETEFSHRLPADMVVTHEE 440

Figure S1: Amino acid alignment of the active site of FDH and periplasmic
nitrate reductase

Shown is an amino acid sequence alignment of FDH alpha subunits from
Escherichia coli (FdhF, blue) and Rhodobacter capsulatus (FdsA, black) and
periplasmic nitrate reductase from Cupriavidus necator (NapA, red). The active site
residues conserved in FDH (U = selenocysteine) are marked with an arrow (label

show FdsA residue numbering) in addition to the Arg only present in periplasmic NR.
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Figure S2: Qualitative analysis of purified FDH"" and variants by SDS-PAGE
15% SDS-polyacrylamide gel after Coomassie staining loaded with 8.6 pg of purified
FDH"T and variants. M = Marker (molecular weights are indicated in kDa). Lanes 1-
12 represent: 1 = FDH""; and the variants 2 = FDH®*; 3 = FDH***** (not
considered in this study); 4 = FDH®%°S; 5 = FDH"3®™. 6 = FDH"®'F; 7 = FDH™7K; 8
FDH"®R: 9 = FDH®®%, 10 = FDH®™®*T and the double variants 11 =
FDHMEMRSEIT gnd 12 = FDHR®TRS™ Al variants were purified as (aBy)2
heterodimers with a yield of 2-4 mg/L of culture (0.8 mg/L for FDH™* and

FDHR®E7TRS947) and a purity of ~90%.
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Figure S3: Homology model of the oxidized FDH""

Equilibrated structural models of the oxidized R. capsulatus FDH after 50 ns all-atom
MD simulations. (A) Homology structure of the catalytic FdsA subunit showing the
bis-MGD (sticks) and the four Fe;S; clusters in addition to the Fe,S, cluster
(spheres). (B) Model of the active site (stick representation) showing the bis-MGD
center and the conserved active site residues Cys386, His387 and Arg587. For

model building details see SI methods (below).



Figure S4: Active site structures of the oxidized FDH"" and FDH"**" variants
derived by molecular dynamics simulations

Panels show the 3D structures of the active site pockets of the oxidized FDH"" and
three H387 variants derived by MD simulations. The protein backbone and the active
site are plotted as gray cartoon representation and sticks model, respectively.
Additionally, residue 387 is highlighted in ten snapshots taken in 1 ns steps during

the last 10 ns of the corresponding simulation.
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Figure S5: Time-dependent FDH inactivation by iodoacetamide (IAA)

Relative activities of the FDH"" (circles) and FDH™®*™™ (squares) after incubation at
RT in 100 mM CHES (8.5) containing 10 mM nitrate and 10 mM |AA. As a negative
control, the FDH"" enzyme (triangles) was incubated with 10 mM IAA in absence of
nitrate. All obtained activities were related to control samples incubated in absence
of IAA.
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Figure S6: XAS characterization of FDH samples.
(A) XANES spectra and magnified pre-edge features in the inset (K-edge energies in
eV are given in parenthesis in the sample annotation). The XANES spectra revealed

HWT, which was typical for Mo"! in a coordination environment

an edge energy for FD
dominated by sulfur ligands (1,3). For FDH"VT""@® a1 edge downshift by ~0.7 eV
indicated overall more reduced Mo (i.e. the formation of ~35 % Mo" or of ~70 % Mo"
in the sample (1)). The edge energy of FDH® was similar to the one of FDH"'

and a smaller (~0.3 eV) edge downshift was observed in FDHdesulornitrate - g



relatively small pre-edge feature in FDH"', the amplitude of which being mainly
proportional to the number of short Mo=0 bonds at Mo (1,3), was further decreased
in FDHWT*"" nossibly due to the loss or protonation of Mo=0 ligands. The larger
pre-edge features in FDH%SU™ gnd FDHIesufornirate s suggested increased
numbers of Mo=0 bonds.

(B) Fourier-transforms of EXAFS spectra in the inset (black lines, experimental data;
colored lines, simulations with parameters in Table S2; spectra were vertically shifted
for comparison). FDH"" revealed ~1.3 Mo=0/-O and ~0.5 Mo=S bonds per Mo ion,
besides of the longer Mo-Syterin bonds of the bis-MGD cofactor, ~0.5 putative longer
Mo-S bonds, and few Mo-X (X = C,N,0,S) distances around 2.8 A. These results
were similar to our previous findings for FDH"T at comparably low pH values (1).
The short Mo=0/-O bonds likely belong mostly to Mo centers, in which only one
pterin ligand is coordinated to the metal so that inactive (Spterin)zMoV'(=O)2(-O) sites
are formed. The present EXAFS fit results and our previous studies (1) therefore
suggest that the active bis-MGD centers in FDH"" likely show one sulfido ligand
(~2.18 A Mo=S bond) and the sulfur group of Cys386 (~2.6 A) bound to the Mo ion in
a (Spterin)aMo"(=S)(-Scysass) geometry. In FDHVT™@ 5 short Mo-sulfur bond
apparently was retained, but ~0.04 A longer than in FDH"". In addition, a new Mo-O
distance (~2.3 A) was detected. The long Mo-S distance found in FDH"" seemingly
was absent and a slight increase of the number of long Mo-X distances was
observed (Table S2). These structural features were similar to the ones observed
previously for FDH"T in the presence of formate (1). For FDH™ the Fourier-
transformed (FT) spectrum showed a shift of the main Mo-S distances to shorter
values and increased amplitudes on the high-distance side of the main FT peak. The
number of short Mo=0O/-O bonds was slightly larger compared to FDH"T, in
agreement with the increased pre-edge in the XANES. The EXAFS fit revealed
~0.05 A shorter Mo-Spein bonds and an about doubled number of long Mo-X
distances in FDH®*"" compared to FDH"". A short Mo=S bond, and a Mo-S bond
~2.6 A were barely detectable, but an additional longer Mo-O bond (~2.1 A) was
found instead. For FDH"T""® overall similar structural features were determined
(Table S2). However, the ~0.2 A longer additional Mo-O bond and elongated Mo-X

distances suggested a moderate geometry change in the presence of nitrate.



S| Methods

Metal and cofactor analysis

The saturation of Mo and Fe was determined by ICP-OES as described in (2). The
relative MGD saturation of R. capsulatus FDH samples was determined via HPLC as
previously described and the results obtained for the FDH"" were set to a 1:2 ratio
for Mo:MGD (2,4). All Measurements were performed as triplicates of triplicates from

three independent purification batches.

Model building

The oxidized structure of R. capsulatus FDH a-subunit (FdsA) was constructed by
homology modeling using the Modeller 9.14 software (5). The model was generated
on the basis of three templates. The oxidized FDH structure of E. coli (PDB entry:
1FDO) (6) served as templates for the C-terminal region containing the active site
and the proximal FesS, cluster. The N-terminal FeS cluster chain was modelled by
homology to the Fe-only hydrogenase of Clostridium pasteurianum (PDB entry:
1FEH) (7) and the NADH-dehydrogenase of Thermus thermophilus (PDB entry:
2FUG) (8). During the modeling all bonds between cofactors and the protein matrix
were restrained to the template lengths to allow a natural embedding of the cofactors
in the protein environment. The selenocysteine at the active site was mutated to
cysteine and the unknown ligand at the Mo center was regarded as sulfur in
agreement with recent calculations (9) and experimental findings (1).

The protein was handled with the CHARMM 27 force field (10) and protonated
according to pH 7.0. Due to the lack of bonding parameters, the active site was
treated as spatial fixed with the partial charges derived by DFT calculations as
described earlier (11) extended by an effective core potential (ECP). The FesS4
clusters were simulated with the parameter set published by Smith et al. (12) and the
Fe,S; cluster was treated as rigid body by freezing all internal motions in the cofactor
and partial charged derived by DFT calculations described by Rippers et al. (11). The
model was solvated in a ~100x120x170 A® large cubic TIP3P water box (13) under
an ionic strength of 20 mM mimicked by Na*CI".



All-atom molecular dynamics simulations

All simulations were carried out with NAMD 2.9 (14) using the CHARMM force field
as described above. In order to prepare the model for the 50 ns long all-atom
molecular dynamics simulations, energy minimization, heating to 300 K and a short
solvent equilibration of 100 ps were performed. During these steps position restraints
on all heavy atoms of the protein and its cofactors were stepwise released, if not
stated differently. The 50 ns long MD simulation was performed in a NPT ensemble
(constant number of particles, pressure and temperature) controlling pressure (1
atm) and temperature (300 K) by Langevin piston dynamics (15). The integration
time step of 2 fs was realized by the SHAKE algorithm (16) freezing all bonds,
involving hydrogen atoms. Short-ranged electrostatic and van-der-Waals interactions
were cut after 12 A. The long-ranged electrostatics of the periodic systems was

calculated with the particle mesh Ewald summation (17).

Modeling of FdsA-His386 Variants

The equilibrated structure of oxidized R. capsulatus FDH served as starting point for
incorporating three variants into the structure. Thereby, His387 was exchanged by
methionine (H387M), arginine (H387R) and phenylalanine (H387F). Subsequently,
these variants were equilibrated for 20 ns following the same protocol as described
for the FDH"T.

LC-MS/MS analyses

For detection of carboxamidomethylated Cys386 residue by MS, 10 uM FDH"" or
the FDH™®M variant was incubated with 10 mM of nitrate and IAA in 100 mM
Tris/HCI (9.0) for two hours at RT. After a desalting step (to get rid off remaining 1AA)
samples were separated by SDS-PAGE using a 15% polyacrylamide gel followed by
coomassie staining. Gel pieces containing the FdsA subunit were dried using a
vacuum centrifuge. After reduction using 50 yL of 50 mM TCEP for 1 h at 60 °C,
samples were alkylated with 30 yL of 200 mM MMTS for 10 min at RT, and digested
in-gel with trypsin overnight at 37 °C (Promega, USA). Obtained peptides were
extracted and purified with reversed-phase C18 ZipTips (Millipore, USA).



LC-MS/MS analyses of desalted peptides were performed on a Dionex UltiMate
3000 n-RSLC system connected to an Orbitrap Fusion™ Tribrid™ mass
spectrometer (Thermo Scientific). Peptides were loaded onto a C4g pre-column (3
Mm RP18 beads, Acclaim, 75 ym x 20 mm), washed for 3 min at a flow rate of 6
ML/min and separated on a Cqganalytical column (3-um, Acclaim PepMap RSLC, 75
gm x 50 cm, Dionex) at a flow rate of 200 nl/min via a linear 60 min gradient from
97% buffer A (buffer A = 0.1% formic acid in water) to 25% B (buffer B = 0.1% formic
acid in 80% acetonitrile), followed by a 15 min gradient from 25% buffer B to 62%
buffer B. The effluent was electro-sprayed by a stainless steel emitter (Thermo
Scientific). The mass spectrometer was controlled and operated in the data-
dependent mode using the Xcalibur software allowing the automatic selection of 2-4
fold charged peptides and their subsequent fragmentation (top speed mode) using
the ion routing multipole with nitrogen as collision gas (HCD) and orbitrap detection
(resolution 15K). Every 3 seconds a MS survey scan was performed (resolution
120K). The maximum collection time for peptides was set to 200 ms. Dynamic
exclusion was set to 6 sec. MS/MS raw data files were processed via the Proteome
Discoverer program Version 1.4 (Thermo Scientific, Dreieich, Germany) on a Mascot
server (V. 2.3.02, Matrix Science) using the NCBI “bacteria” database. The following
search parameters were used: enzyme, trypsin; maximum missed cleavages: 1,
variable modifications: MMTS (C) and CAM (C); peptide tolerance, 10 ppm; MS/MS
tolerance, 0.03 Da. For relative quantification of peptides of interest, ion traces of the

respective molecular ions with a mass tolerance of 10 ppm were used.

X-ray absorption spectroscopy on FDH proteins

XAS at the Mo K-edge was performed at the synchrotron SOLEIL (Paris, France) at
the SAMBA bending-magnet beamline (storage ring operated in top-up mode, 430
mA) as previously described (1), using a double-crystal (Si220) monochromator for
excitation energy scanning, an energy-resolving 36-elements Ge detector for X-ray
fluorescence data collection, and samples held in a liquid-helium cryostat at 20 K. k*-
weighted EXAFS spectra were simulated (S> = 1.0) by a least-squares fitting
procedure using phase functions calculated with FEFF7 (18,19) and Fourier-

transforms (FTs) were calculated using the in-house software SimX (20) (k-range of



1.8-14.0 A", cos? windows extending over 10 % at both k-range ends). K-edge
energies were determined at the 50 % level of XANES spectra. The EXAFS spectra
(Fig. S6B) were analyzed using the previously developed refinement procedure for

the fit approach (1). The best fit results are summarized in Table S2.
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