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ABSTRACT

The oxidoreductase YdhV in Escherichia coli has been predicted to belong to the family of
molybdenum/tungsten cofactor (Moco/Wco) containing enzymes. In this study, we
characterized the YdhV protein in detail, which shares amino acid sequence homologies to a
tungsten-containing benzoyl-CoA reductase binding the bis-W-MPT (for metal-binding pterin)
cofactor. Our studies showed that YdhV has a preference for molybdenum over tungsten as
metal to be inserted into the MPT backbone. The cofactor was identified to be of a bis-Mo-
MPT type, which represents a novel form of Moco that has not been found earlier in any
molybdoenzyme. In-depth characterization of YdhV by X-ray absorption and EPR
spectroscopy revealed that the bis-Mo-MPT cofactor in YdhV is redox active, while a bis-W-
MPT cofactor is redox inactive. The bis-Mo-MPT and bis-W-MPT cofactors include metal
sites with the metal centers binding the four sulfurs from the two dithiolene groups in addition
to a cysteine and likely a sulfido ligand. The unexpected presence of a bis-Mo-MPT cofactor
opens an additional route for cofactor biosynthesis in E. coli and expands the canon of the

structurally highly versatile molybdenum and tungsten cofactors.



INTRODUCTION

Molybdenum and tungsten are important trace elements that are essential in many biological
systems.! Both transition metals share comparable physicochemical properties that are utilized
by numerous enzymes for catalytic reactions involving metal redox changes and group transfer
reactions in concert with intramolecular electron and proton transfer.

The prototypical Mo or W cofactors include an unusual tricyclic pyranopterin moiety referred
to as metal-binding pterin (MPT).2 After metal insertion, the MPT moiety is further modified,
resulting in the diverse molybdenum (Moco) or tungsten (Wco) cofactor types. Moco or Wco
containing enzymes are divided into three families according to the metal coordination
environment in the cofactors as well as distinct active site structures and reaction types (Figure
1), namely the xanthine oxidase (XO), the sulfite oxidase (SO), and the dimethyl sulfoxide
(DMSO) reductase families.® The XO family is characterized by a (MPT)Mo/W(OSO") core in
the oxidized state, with one MPT ligand bound to the metal. The sulfido-group (i.e. Mo=S) is
cyanide labile.* In enzymes of the XO family in prokaryotes, the cofactor can be modified by
attachment of a CMP nucleotide to the phosphate group of Mo-MPT, forming the metal-

binding-pterin cytosine dinucleotide (MCD) cofactor (Figure 1).56
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Figure 1: The three families of molybdoenzymes in E. coli.

The metal-free form of the cofactor is denoted metal-binding pterin (MPT), a 5,6,7,8-
tetrahydropyranopterin. MPT is converted to Mo-MPT by insertion of the molybdenum atom.
Mo-MPT (shown in the tri-oxo structure’) can be further modified and three different
molybdenum-containing enzyme families are classified according to their coordination at the
molybdenum atom: the XO, SO, and DMSO reductase families. The SO family is characterized
by a MPT-MoV'0.Cys ligand sphere and this cofactor is present in the E. coli MsrP protein.
The XO family contains a MPT-MoY'OS(OH) core. Here, the MPT core can be modified by
an additional CMP nucleotide at the phosphate group, forming MCD. The representative
protein of this family in E. coli is the PaoABC protein. The DMSO reductase family contains
a MGD2-MoV'XY core with X being either a sulfur or an oxygen ligand and Y either being a
hydroxo or amino acid ligand (Ser, Cys, Sec, and Asp ligands have been identified thus far).
The well-characterized representative of this family in E. coli is the TorA protein, that solely
contains bis-MGD with a sulfido ligand and a serine ligand from the protein backbone.

CMP attachment to Mo-MPT s catalyzed by the MocA protein in Escherichia coli.2 Enzymes

of the SO family show a (MPT)Mo(O) core in the oxidized state and usually an additional



cysteine ligand at the metal. The DMSO reductase family is exclusively present in bacteria and
archaea and all members bind two pterin ligands at the metal in a (MPT).Mo/W(XY) core. The
ligand X can be a sulfido or oxo group. The Y ligand is typically an amino acid residue such
as serine, cysteine, selenocysteine, or aspartate, but can be also a coordinated water species. In
DMSO reductase family enzymes, further MPT modification occurs by addition of a GMP
mononucleotide to the phosphate group, resulting in two MPT guanine dinucleotide (MGD)
moieties at the bis-MGD cofactor.m °1? During bis-MGD synthesis, binding of two MPT
molecules to one metal ion precedes addition of the GMP nucleotides. The step of bis-MPT
formation and GMP addition is catalyzed by the MobA protein. For bis-MPT formation, metal
ligation to MPT is obligatory*3, but no further proteins are involved in the reaction. In the next
step, a GMP molecule is added to each MPT bound to MobA and the resulting bis-MGD
cofactor is inserted into the target enzymes by bis-MGD binding chaperones.” 41> Tungsten-
containing enzymes grouped into the DMSO reductase family, like the aldehyde-ferredoxin
oxidoreductase AOR from Pyrococcus furiosus or the benzoyl-CoA reductase BamBC from
Geobacter metallireducens,® " were shown to bind a bis-W-MPT cofactor without guanine
nucleotides attached to the terminal phosphate group of MPT. The synthesis of this cofactor is
unexplored in these organisms.

In E. coli, numerous MPT-containing enzymes were identified, which all bind
molybdenum at their active site.>*® A well-characterized typical member of the XO family is
the periplasmic aldehyde oxidoreductase PaoABC, binding the sulfido-containing MCD
cofactor.> 1819 The periplasmic methionine sulfoxide reductase (MsrP) is a typical member of
the SO family that binds the Mo-MPT cofactor.> 2° However, the majority of molybdoenzymes
in E. coli belong to the DMSO reductase family, binding the bis-MGD cofactor.® Different
ligands at the Mo-atom of members of this family were identified, including a recently

characterized sulfido-ligand of E. coli TMAO reductase that is present at the Mo atom in



addition to a serine ligand.?! This sulfido-ligand was first identified to be essential for the
activity of formate dehydrogenases and periplasmic nitrate reductases that bind a protein-
derived cysteine ligand instead.?? 23 It has been suggested that the sulfido-group is sensitive to
oxidative treatment, therefore this ligand might be present in more molybdoenzymes than
originally expected.?

The so far uncharacterized proteins encoded by the ydhYVWXUT operon in E. coli®*
were also grouped in the DMSO reductase family of molybdenum/tungsten enzymes.> The
ydhYVWXUT operon encoding a predicted oxidoreductase in E. coli was first described by
Partridge et al. in 2008.2* These studies showed that the ydhYVWXUT genes are transcribed
from an FNR-dependent promoter under anaerobic conditions. YdhV has been predicted to
bind a MPT cofactor based on about 45% amino acid sequence homology to P. furiosus AOR
and G. metallireducens BamBC.!¢ 1": 25 An YdhV mutant was reported to be impaired in
anaerobic utilization of certain sulfur sources (e.g. L-cysteine, D-cysteine, L-cysteic acid,
hypotaurine, butane sulphonic acid).?* No further characterization of this enzyme was available
so far.

In this study, we characterized the purified cofactor-binding protein YdhV from E. coli
in detail. The cofactor in the native enzyme was identified to be of the bis-Mo-MPT type and
also the respective bis-W-MPT form can be assembled in the enzyme. bis-Mo-MPT represents
a novel form of Moco that has not been observed in any molybdoenzyme before. The bis-

Mo/W-MPT cofactors in YdhV likely contain a sulfido and a cysteine ligand at the metal.



MATERIALS AND METHODS

Bacterial strains, plasmids, media and growth conditions

Escherichia coli BW25113 4mobA and 4mocA cells were obtained from the Keio collection.?
The AmobA/AmocA strain was constructed by introducing the mocA gene deletion into the
AmobA strain using P1 transduction.? Successful deletion of mobA and mocA was checked by
PCR amplification and enzyme activities of proteins expressed in these strains. For the
expression of proteins, cells were generally grown, unless otherwise indicated, at 30 °C under
aerobic conditions in LB medium containing 1 mM molybdate, 20 uM isopropyl B-D-1-

thiogalactopyranoside (IPTG) and 150 pg/mL ampicillin for 24 h.

Expression and purification of recombinant proteins

The gene encoding ydhV was amplified from the E. coli K12 genome.?” The published gene
sequence was used to design primers that permitted cloning into the Sacl and Hindlll sites of
the expression vector pTrcHis.?® The resulting plasmid, designated pSR153, contains the ydhV
gene with a Hise-tag fused to the N-terminus of YdhV. For heterologous expression in E. coli,
pSR153 was transformed into BW25113 cells. Additionally, two primer pairs were designed
to clone the ydhY gene into the MCS-1 (multiple cloning side) and the ydhWXUT genes into
MCS-2 of pACYCDuet™-1 (Novagen), resulting in plasmid pSR242. The expression of E.
coli TMAO reductase (TorA) from plasmid pJF119EH?°, MsrP from plasmid pSR8%*° and
PaoABC from plasmid pMN11'® was performed according to the respective published
procedures.

The E. coli K-12 strain BW25113 was employed for the expression of all proteins described
herein, including those containing a deletion of the mobA, mocA and moaA genes. Expression
pre-cultures were prepared in LB-medium containing 1 mM Na:MoOs, 20 uM IPTG and 150

pug/mL ampicillin. Expression cultures were started with 2 mL/L of an overnight culture and



incubated at 30 °C and 130 rpm for 24 h. YdhV additionally was expressed with different
Na;WO4% (0 - 100 uM) or Na2MoO4? concentrations (0 - 100 uM) in presence of either 10
uM NazMoO4% or 10 uM Na,WO4?*, respectively. Anaerobic expression of YdhV was
performed similarly to aerobic expression, only in that the cultures incubated statically in
closed flasks at 30 °C for 24 h.

Purification was performed either aerobically at 4 °C or anaerobically in a Coy chamber (O, <
10 ppm). The cells were harvested by centrifugation and the cell pellets were resuspended in
phosphate buffer (50 mM NaH2PO4, 300 mM NacCl, pH 8.0). 20 mL of cell pellet were lysed
by sonification in a 50 mL Falcon tube for 6 min in an icebath. The cleared lysate was applied
to 0.7 mL nickel-nitrilotriacetate (Ni-NTA) resin per liter of culture. The column was washed
with 20 column volumes of phosphate buffer each, first with one containing 10 mM imidazole
and then with one containing 20 mM imidazole. Proteins were eluted with phosphate buffer
containing 250 mM imidazole. Subsequently buffer exchange was performed by using
Sephadex G25 desalting columns with the following protein-specific buffers: MsrP, 50 mM
NaH2PO4, 300 mM NacCl, pH 8.0; PaoABC, 50 mM Tris-HCI, pH 7.5; YdhV and TorA, 100
mM Tris-HCI, pH 7.2.

YdhV samples for X-ray absorption spectroscopy were prepared in a similar fashion as
described above. Mo-containing YdhV was expressed aerobically, whereas W-containing
YdhV was expressed anaerobically. Slight modifications to the expression and purification
procedures were applied. Briefly, expression cultures were supplemented with either MoO4?-
or WO4?~ concentrations of 1 mM or 10 uM and 1 mM, respectively. YdhV was purified as
described above, however for Br- containing samples, the 300 mM NaCl present in the
imidazole buffers was replaced by 300 mM NaBr, and samples underwent buffer exchange into
100 mM Tris-HBr, pH 7.2. For chloride-free samples, YdhV purified with chloride underwent

buffer exchange into 100 mM Tris-acetate, pH 7.2.



Activity assays

The activity of PaoABC was determined spectrophotometrically by monitoring the reduction
of 1 mM ferricyanide at 420 nm using a UV-visible spectrophotometer in a 1 mL cuvette as
described previously.'® The substrate vanillin was used in 100 mM Tris pH 6.8 with protein
concentration of 5-20 uM.

The activity of TorA and MsrP using an enzyme concentration of 5-20 uM was measured in 1
mL cuvettes at 600 nm containing 4 uL of 100 mM benzyl viologen, 5 uL of 1.5 M TMAO,
and sodium dithionite as described previously.?®-3! The activity of TorA was measured in 100
mM KH2PO4 (pH 6.5) and the activity of MsrP was measured in citrate phosphate buffer (pH
5).

To attempt identification of the substrate of YdhV, several substrates under different conditions
were tested, i.e. in the context of the broad scope of reactions that so far characterized
molybdoenzymes are able to perform. Briefly, the oxidation and reduction of formaldehyde,
acetaldehyde, crotonaldehyde, butyraldehyde, hexanal, glyceraldehyde, benzaldehyde,
glutaraldehyde and benzoyl-CoA in the presence of benzyl viologen and/or methyl viologen
was tested at pH 5.0, 7.2 and 9.0. YdhV electron acceptor/donor activity was assessed using
ferricyanide/ferrocyanide, methylene blue and DCPIP. In addition, redox reactions coupled to
methyl viologen regeneration, as described above for TorA and MsrP, were adapted to YdhV
with the following potential substrates: cystine, cysteine, methionine sulfoxide, sulfate,
methionine, sodium dithionite, dithiothreitol (DTT), Na.S, DMSO, TMAO, xanthine, vanillin,
sodium nitrate, sodium chlorate, sodium perchlorate, O,, sodium molybdate, FeCls, glucose
and sucrose.

We further tried activity assays of YdhV co-expressed with the ydhYWXUT operon after
aerobic or anaerobic expression. Redox cycling or the anaerobic reconstitution of the Fe-S

cluster in YdhV were carried out in addition.



Quantification of metal and Moco saturations

Metal contents of proteins were determined for protein concentrations of about 10-1000 uM.
The quantifications of Mo, W, Fe, or P were performed using inductively coupled plasma
optical emission spectroscopy (ICP-OES) on a PerkinElmer Life Sciences Optima 2100DV
instrument or total reflection X-ray fluorescence (TXRF) analysis on a PicoFox spectrometer
(Bruker) as described previously.32 32

MPT contents were determined fluorometrically after conversion of the molecule to FormA,
as described previously.®* While an incubation for 30 min at 95°C in the presence of acidic
iodine oxidizes all released Moco derivates to the fluorescent FormA, an overnight incubation
at room temperature results in FormA-NMP derivates with the nucleotide retained. 0.5-30 uM
of proteins were used for the oxidation by acidic 12/KI. FormA and Form-A-GMP or FormA-
CMP were separated by a C18 reversed-phase high pressure liquid chromatography column
(4.6 x 250 mm Hypersil ODS, 5 um particle size) according to the method described
previously.3* The fluorescence of FormA, FormA-CMP and FormA-GMP was quantified by

an Agilent 1260-series detector using excitation at 383 nm and emission detection at 450 nm.

ICP-MS

Aliquots of 100 pL of 16.4 uM YdhV were digested using 1 mL HNOs and 900 pL of H20
(containing 5 pg/L Rh as internal standard) in a MARS 6 closed vessel microwave system
(CEM) at 200 °C for 20 min. The digestion solution was transferred to a sample vial and diluted
1:10 at least. Blank digestions were processed in the same way.

The concentrations of Mo and P were simultaneously quantified by ICP-MS (Agilent 8800
ICP-QQQ) in the MS/MS mode using oxygen as reaction gas. The nebulizer gas flow and

parameters of lenses, Q1, collision cell and Q2 were tuned daily for maximum sensitivity
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(oxide ratio <1.0% (140Cel60+/140Ce+), double charged ratio <1.5% (140Ce++/140Ce+),
background counts <0.1 cps). For quantification an element mix (100 mg/L, Merck - XVI) was

diluted in 5% HNO3 as an external calibration standard.

X-ray absorption spectroscopy

Protein samples for XAS were prepared by concentrating YdhV (Merck Amicon Ultra-0.5
Centrifugal Filter Units,10 kDa cutoff) in the absence (YdhV®) or presence (YdhV'?) of a 10-
fold excess of sodium dithionite, resulting in YdhV in the as-isolated (oxidized) or reduced
states, respectively. Samples were loaded into acrylic-glass sample holders (50 uL), sealed
with Kapton tape, and were flash-frozen and stored in liquid nitrogen until use. To follow redox
changes of YdhV, the prepared XAS samples were subjected to additional treatments at the
beamline. Following XAS (Mo) data collection for YdhVv', the sample was thawed and
exposed to air for 10 min reoxidiation before freezing again in liquid nitrogen (YdhV™).
Likewise, following XAS (Mo) data collection for YdhV™, the sample was thawed and
incubated with a 10-fold excess of sodium dithionite for 10 min reduction before freezing again
(Ydhyrered),

Mo K-edge®> XAS was carried out at the Samba beamline at Soleil synchrotron (Paris, France)
using a standard set-up (double-crystal Si[220] monochromator, 36 element energy-resolving
Ge detector for fluorescence data collection) as previously described.” 2 3¢ Fe K-edge and W
Ls-edge XAS was carried out at beamline KMC-3 at BESSY-II (Helmholtz Center Berlin,
Germany) using a standard set-up (double-crystal Si[111] monochromator, 13-element energy-
resolving Ge detector). Samples were held in a liquid-helium cryostat at 20 K. The
monochromator energy axes were calibrated using Mo, Fe, or W metal foils (reference
energies: Mo, 20003.9 eV; Fe, 7112.0 eV; W, 10206.8 eV). Up to 10 XAS scans (~30 min

duration, one scan per sample spot) were averaged for signal-to-noise ratio improvement.

11



XANES and EXAFS spectra were derived as described earlier.3335-37 EXAFS simulations were
performed with in-house software®” and phase functions calculated by FEFF9 (S¢> = 1.0, Mo
and W, or 0.85, Fe).3®® EXAFS Fourier transforms (FTs) were calculated for k-ranges of 1.6-

14.0 At (Mo and W) or 1.6-12.0 A (Fe) (10 % cos windows).

EPR spectroscopy

EPR samples were prepared either aerobically in an ice bath or anaerobically in a Coy Chamber
at Oz levels < 10 ppm at 4 °C in a thermoblock, in 100 mM Tris-HCI, pH 7.2. Typical EPR
sample preparation methods involved addition of 20 uL of freshly-prepared sodium dithionite
or potassium ferricyanide (10 mM final concentration) to 180 pL of as-isolated YdhV residing
in a quartz EPR capillary (3.9 mm O.D.), followed by brief mixing and immediate freezing (5-
10 seconds aerobically, 15-20 seconds anaerobically) in a liquid N2-cooled ethanol bath before
final freezing in liquid N2. Anaerobic samples were additionally gas-tight sealed prior to
freezing outside of the chamber. EPR sample anaerobicity is noted in Table S1.

CW X-band EPR spectra were obtained using a laboratory-built spectrometer (microwave
bridge, ER041MR, Bruker; lock-in amplifier, SR810, Stanford Research Systems; microwave
counter, 53181A, Agilent Technologies) equipped with a Bruker SHQ resonator. An ESR 910
helium flow cryostat with an ITC503 temperature controller (Oxford Instruments) was used
for temperature control. A Cu(ll)/EDTA standard was used as a reference for spin quantitation
of YdhV samples. Spin quantitation was performed using the utility ‘spincounting’
(http://Icts.github.io/spincounting/) in Matlab (Mathworks). Spectral simulations were
performed using EasySpin in Matlab.3® Field corrections were applied as needed through
measuring a reference N@Ceso Sample at ambient temperature to give the expected spin
Hamiltonian parameters as reported elsewhere.*® Typical parameters for EPR data acquisition

were (unless otherwise noted): temperature, 80 K; modulation amplitude, 5 G; microwave
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power, 4.0 mW; microwave frequency, 9.38 GHz. Microwave power saturation data were fitted

as a double logarithmic plot using OriginPro (version 9.1.0) to the equation:

where S is the signal intensity, K is a proportionality constant, P is the microwave power, P

is the microwave power at half-saturation, and b is the inhomogeneity parameter.*

RESULTS

YdhV protein expression and purification

For characterization of the YdhV protein, a homologous expression system was established in
E. coli. For separate YdhV expression, the coding sequence was amplified from E. coli K12
total DNA and cloned into the vector pTrcHis, which results in an N-terminal fusion of the
protein with a Hise-tag. Additionally, the other genes of the operon were cloned into the
pACYC-duetl vector, ydhY into MCS1 and ydhWXUT into MCS2, which enabled
coexpression with YdhV. Both vectors or vector pTrcHis-YdhV alone were transformed into
BW25113 cells and expressed as described in Materials and Methods. In both cases, Ni-NTA
chromatography yielded only the YdhV protein and no further proteins (data not shown), so
that for all further characterizations the pTrcHis-YdhV construct was used for protein
expression. YdhV was expressed with a yield of 17 mg protein per liter of E. coli culture and
was purified by Ni-NTA chromatography and size exclusion chromatography, resulting in a
monomeric protein with a molecular mass closely resembling the calculated value of 77.8 kDa
(Figures 2A and B). The optical absorption spectrum shows the characteristic features for an
enzyme containing a molybdenum cofactor#?, which was reducible by the addition of sodium
dithionite (Figure 2C). Characteristic features corresponding to the [4Fe-4S] cluster predicted

to be bound to the protein were not clearly discernable in the absorption spectrum (Figure 2C).
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Unfortunately, so far we were unable to establish an activity assay for YdhV, since no activity
could be detected with any of the numerous substrates that were tested (see Materials and

Methods for details).

Figure 2: Purification of YdhV

(A) Size exclusion chromatography of YdhV. YdhV was analyzed by analytical size exclusion
chromatography in 100 mM Tris and 200 mM NaCl (pH 7.2) using a Superdex 200 column.
Inset: Relation of molecular weight and elution volume for standard proteins. Size exclusion
chromatography markers (Bio-Rad): c-globulin (158 kDa), ovalbumin (44 kDa), myoglobin
(17 kDa), and vitamin B12 (1.3 kDa). (B) 10% SDS polyacrylamide gel of YdhV after Ni-
NTA chromatography. The bands marked by arrows were assigned to degradation products of
YdhV by MALDI-TOF mass spectrometry. (C) UV-visible absorption spectra of 6.5 uM YdhV
in 100 mM Tris/HCI pH 7.2 (as-purified YdhV, black line, and reduced YdhV with 10-fold
excess of sodium dithionite, red line.) The inset shows the overall spectrum of the as-purified
protein.

Identification of the type of Moco present in YdhV

To analyze the type of Moco present in YdhV, we expressed the enzyme in different E.
coli mutant strains. So far, only molybdoenzymes have been identified in E. coli and tungsten-
containing enzymes were not expected to be produced. YdhV was expressed in the presence of
1 mM molybdate and the molybdenum and iron contents in the enzyme were determined. To
identify whether YdhV binds a bis-MGD cofactor with additional guanine nucleotides as
present in TMAO reductase (TorA), a MCD cofactor with a cytosine nucleotide as in PaoABC,
or a Mo-MPT cofactor identified in MsrP, we quantified the metal, Moco and nucleotide

content (as FormA-NMP) of YdhV in comparison to the mentioned enzymes serving as
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controls (Table 1). The proteins were expressed in the BW25113 wild-type E. coli strain,
AmobA and 4mocA deletion strains impaired in bis-MGD or MCD biosynthesis, and in a

AmobA/AmocA double-deletion strain, respectively.

Table 1: Relative activity and metal/Moco loading of TorA, PaoABC, MsrP and YdhV.

FormA- Relative
TorA? MoP FeP FormA®° NMP¢ activity*
BW25113 1.00 =+ 0.03 n.d. 1.00+0.11 1.00=*x0.07 1.00=x=0.04
AmobA 0.60 = 0.04 n.d. 0.08 = 0.01 n.d. n.d.
AmocA 1.05 + 0.02 n.d. 1.06 0.08 1.00*x0.21 1.18 =0.06
AmobAAmocA 0.65 = 0.03 n.d. 0.07 = 0.01 n.d. n.d.
FormA- Relative
PaoABC? MoP FeP FormA®° NMP¢ activity*
BW25113 1.00+0.03 1.00x0.06 1.00x0.07 1.00=x0.26 1.00=+*0.07
AmobA 0.55+0.04 0.99+0.04 056+0.17 0.35+0.16 0.47 =£0.12
AmocA 0.33+0.04 1.01+0.04 0.40+%0.20 n.d. n.d.
AmobAAmocA 0.42 £ 0.03 0.97 £0.03 0.27 £0.16 n.d. n.d.
FormA- Relative
MsrP?2 MoP FeP FormA®° NMP¢ activity*
BW25113 1.00 = 0.02 n.d. 1.00 +£0.13 n.d. 1.00 = 0.07
AmobA 0.87 = 0.03 n.d. 1.02 + 0.07 n.d. 0.88 = 0.04
AmocA 0.91 = 0.02 n.d. 0.91 £0.13 n.d. 1.19 + 0.05
AmobAAmocA 0.98 = 0.01 n.d. 1.51 +£0.01 n.d. 1.34 £ 0.07
FormA- Relative
Ydhv?2 MoP FeP FormA®° NMP¢ activity*
BW25113 1.00+0.02 1.00*x0.03 1.00 = 0.09 n.d. n.d.
AmobA 0.71 £0.15 0.85*0.04 2.23+0.27 n.d. n.d.
AmocA 0.75+0.02 0.88+0.04 0.84 +0.07 n.d. n.d.
AmobAAmocA 0.63 +0.02 0.84+0.03 2.12 +0.23 n.d. n.d.

¥The enzymes were expressed in E. coli BW25113 and AmobA, AmocA or AmobA/mocA deletion strains
for comparison.

Metal contents (metal/enzyme) were determined by ICP-OES and normalized to the values for
enzymes purified from the BW25113 wild-type strain set to 1.

“The Moco content of the enzymes was quantified after conversion of MPT or MPT-NMP to FormA or
FormA-NMP and normalized to the values for enzymes purified from the BW25113 wild-type strain
set to 1.

YEnzyme activities were determined with various substrates in units/mg and normalized to the values
for enzymes purified from the BW25113 wild-type strain set to 1.

n.d. = not detectable.

Data represent the mean values from at least three independent measurements (+ standard deviations).

The controls showed the expected behavior, with TorA being inactive in the AmobA and

AmobA/4mocA strains impaired in bis-MGD synthesis (no FormA or FormA-GMP detectable),
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while a mocA deletion had no effect on TorA. PaoABC was inactive in the AmocA and
AmobAAmocA strains (no FormA-CMP detectable). For MsrP no impairment in activity was
detected in all mutant strains and the data were comparable to wild-type levels. For YdhV, we
also did not detect the presence of FormA-NMP in any of the analysed strains. The
molybdenum and iron contents of YdhV expressed in the deletion strains were 80-100% of the
wild-type strain. While the FormA levels in the 4mocA strain were comparable to the wild-
type strain, an up to two-fold higher FormA content was detected in AmobA and AmobA/AmocA
mutant strains. This shows that the Moco, which is assembled and inserted in YdhV, does not
depend on the activity of MobA or MocA. The absence of FormA-NMP indicates that likely
no nucleotide is attached to the Moco of YdhV and consequently a Mo-MPT cofactor has to
be bound to the enzyme.

After identification of a nucleotide-free Moco form in YdhV, we studied whether Mo-
MPT, as present in MsrP, or a bis-MPT cofactor form containing two MPT moieties, as present
in the homologous tungsten-containing enzymes AOR and BamBC, is bound to YdhV. In the
past, we have identified a bis-Mo-MPT cofactor in MobA, e.g., by determination of the
molybdenum to phosphorous ratio in the protein. The expected P:Mo ratios for the bis-MPT
and MPT cofactors are 2:1 and 1:1, respectively.” For comparison, here we applied two
different methods to determine the P:Mo ratio in YdhV (Table 2). Quantification by ICP-MS
revealed a P:Mo ratio close to 2:1. This ratio was confirmed by P quantification using TXRF
(Table S2) in relation to the Mo content from ICP-OES, which gave a ratio of about 2.2:1.
Based on these results a bis-Mo-MPT cofactor is most likely present in YdhV.

Table 2: Phosphorus to molybdenum ratio in YdhV.

Sample P [per protein] : Mo [per protein]
YdhVv? 2.07 (£ 0.58)> : 1(x0.03)
YdhVv? 2.17 (£ 0.22)° : 1(x0.07)¢
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#1.64 uM YdhV was used for ICP-MS and 3.175 mM YdhV for TXRF and 50 uM YdhV for ICP-OES
analyses. The molybdenum saturation in the proteins was normalized to 1.

®Mo and P were determined by ICP-MS

°P contents were determined by TXRF (Table S2).’

Mo was quantified by ICP-OES.’

Specificity of YdhV towards molybdenum or tungsten

Since a bis- MPT cofactor was so far identified only in enzymes that contain a tungsten ion,
the ability of YdhV in E. coli to bind tungsten versus molybdenum was assessed. Competitive
Mo vs. W binding to YdhV was studied by expression of YdhV in the presence of 10 uM
molybdate and increasing tungstate concentrations or vice versa. After purification of YdhV,
the Mo and W contents in the enzyme were quantified (Figure 3). With 10 uM molybdate,
YdhV showed ~20 % Mo loading. The molybdenum saturation of YdhV increased up to 65 %
when 100 puM tungstate were additionally present in the medium during expression, likely
based on a better uptake of molybdate into the cells (Figure 3A). In contrast, the tungsten
loading was rather small (~10 %) after expression with 10 uM molybdate and 100 uM
tungstate, whereas with 10 uM tungstate in the absence of molybdate, the tungsten levels
reached 20% (Figure 3B). However, with increasing molybdate concentrations during
expression, the tungsten content decreased, meaning that W binding to the enzyme was
outcompeted by Mo binding due to an apparently higher specificity for Mo insertion (Figure

3B). These findings show that when Mo is available even at low concentrations, the bis-Mo-

MPT cofactor is preferentially inserted into YdhV.
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Figure 3: Competition of molybdenum versus tungsten insertion into YdhV. Expression of
YdhV in the presence of 10 uM Mo in LB with increasing W concentrations (A). Expression
of YdhV in the presence of 10 uM W in LB with increasing Mo concentrations (B).

Mo site structure in YdhV from XAS

XAS was employed to characterize the metal site structure in YdhV expressed with
molybdenum. Figure 4 shows XAS spectra at the Mo K-edge. We compared the as-isolated
(oxidized) enzyme purified under aerobic conditions (YdhV®) to the dithionite-reduced
enzyme (YdhV™d). The XANES of YdhV°< showed a resolved pre-edge feature due to resonant
1s—4d electron excitation, which almost disappeared in YdhV™® (Figure 4A). In addition,
YdhV°* showed a considerably higher K-edge energy (~0.5 eV at edge half-height), which
indicates significantly more oxidized Mo compared to YdhV™. The K-edge energy of YdhV®*
(~20012.8 eV) and the relatively small pre-edge feature are in good agreement with

predominantly sulfur-coordinated Mo(VI).” 3% 3 The edge energy downshift due to Mo
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reduction presumably is superimposed by a counter-directed edge shift due to coordination
changes at Mo, as indicated by the pre- and main-edge shape changes and the EXAFS analysis
below, meaning that the metal was reduced at least to the Mo(V) if not to the Mo(VI) level in
YdhV'd, Redox cycling of YdhV (air re-oxidation of YdhV™ leading to YdhV"> and NaDT
re-reduction of YdhV"®, leading to YdhV'e®) caused respective increase and decrease of the
pre-edge feature and similar K-edge energy changes in YdhV" or YdhV""d, emphasizing the

reversibility of the redox events at the Mo center.
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Figure 4. XAS analysis of YdhV. (A) Mo K-edge spectra (XANES) of (top) as-isolated,
oxidized (ox) or sodium-dithionite reduced (red) enzyme in Cl-containing buffer, (middle) of
the latter enzyme samples as well as of enzyme after re-oxidation (reox) followed by re-
reduction (rered) in Cl-containing buffer, and (bottom) of oxidized or reduced enzyme in Br--
containing buffer. The inset shows the isolated pre-edge features (asterisk) after removal of the
main edge rise. (B) Experimental Fourier-transforms (FTs) of EXAFS spectra in the inset of
proteins as in (A) and of oxidized YdhV in Cl-free buffer (inset: black lines, experimental
data; colored lines, simulations with parameters in Table 3). Arrows emphasize spectral
alterations due to the redox or anion changes.

EXAFS analysis was performed to determine the coordination of the Mo ion in the

YdhV preparations. The Fourier transform (FT) of the EXAFS spectrum of YdhV® revealed
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at least three peak features, suggesting a complex Mo ligation pattern. For YdhVv'e,
pronounced spectral changes occurred, such as vanishing of the lowest-distance FT peak due
to Mo=0 bonds and increasing of the two higher-distance FT peaks, which indicates significant
coordination changes at the metal. The relative FT amplitude patterns and changes were well
reproduced in the redox-cycled YdhV. EXAFS simulations provided coordination numbers and

interatomic distances in the first and second Mo ligation spheres (Table 3).

Table 3: Mo EXAFS fit parameters of YdhV.2

YdhV Mo=0,-OH, | Mo=S-SH | Mo-Swericys | Mo-—-ClBr | Re
preparation N [per Mo] / R [A] / 262 x103 [A?] [%]
ox +Cl gﬂﬁggg 0.3*/2.17/2" ‘ég#//éz‘éllél 0.5/2.88/2" | 12.4
red +Cl 82%%;2;3 0.44/2.35/ 2" ‘ég#’/igllf 12/286/2° | 9.8
rered +Cl 82%%12;3 0.44/2.29/ 2" ‘ég#//ézgllég 10/287/2° 112
reox +Cl 82%128;3 0.3*/2.18/ 2" ‘8%#’/333’/27 0.9/2.87/2" | 9.6
ox -Cl 82%12?;3 0.4#/2.1712" ‘8%#’/332’/26 0.2/2.84/2" | 115
ox +Br 82%1?3;3 0.2¢/2.1712" ‘ég#//ézi//ég 0.3/2.69/2" | 12.6
red +Br 8;‘%%18;3 0.34/2.27/ 2" ‘ég#//éigllég 0.7/267/2" | 134

aN, coordination number; R, interatomic distance; 262, Debye-Waller factor; R, fit error sum
(deviation between Fourier back-transform in a 1-3 A reduced distance window and simulation
curve). Fit restraints: “fixed parameter, “N-values coupled to yield a sum of 2. Parameters
correspond to EXAFS simulation curves in the inset of Figure 4B.

First, we searched for a consistent simulation approach that described all spectra well
and limited the number of free parameters to gain statistical significance. Unrestraint fits of all
spectra provided Mo-S coordination numbers (N) in the range of 3.5-4.1 (not shown). Taking
this result and a bis-Mo-MPT structure into account, the N-value of the Mo-Smet shell was

restraint to 4. A presumably related cofactor structure in W-containing benzoyl-CoA reductase

(BamBC) shows a cysteine bound at the metal, which is also present in the YdhV sequence
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(Figure S1A), and an oxo ligand (Mo=0). In other DMSO-reductase family enzymes, a sulfido
ligand (Mo=S) at the metal was found.?!: 22:36. 4345 Accordingly, Mo=0/S distances as well as
Mo-Scys and alternative water or oxygen species were included in the simulations. YdhV
prepared in a Br instead of Cl- containing buffer revealed pronounced EXAFS spectral
changes, in particular increased highest-distance FT peaks (Figure 4), so that a halide in the
second Mo coordination sphere was further included. We note that S and Cl- cannot be
discriminated in EXAFS simulations due to their comparable atomic weight, but the heavier
backscatterer Br- is well discernable from lighter CI- species. Table 3 summarizes the
simulation results, which show good fit qualities for all spectra as judged by a mean error sum
(Rr) around 10 %.

YdhV* revealed ~0.7 Mo=0 (~1.7 A) and ~0.3 Mo=S (~2.2 A) interactions with
typical bond lengths, close to 0.5 Mo-OH (~1.8 A) and Mo-Scys (~2.6 A) bonds, and <0.5 CI-
in the 2" coordination sphere (~2.9 A), besides of the 4 Mo-Swer (~2.35 A) bonds (Table 3).
In YdhV"ed, the number of Mo=0 bonds decreased in favor of longer Mo-OH, (~2.2 A) bonds,
short Mo=S bonds were replaced by longer Mo-S bonds (~2.3 A), the number of Mo-Scys bonds
was diminished, and close to 1 CI- was detectable. YdhV™ and YdhV™" revealed similar,
but less pronounced coordination number and bond lengths changes, including gain of longer
Mo-S/O bonds at the expense of shorter Mo=0/S bonds and of the CI- coordination number in
the more reduced enzyme (Table 3). YdhV®* prepared in the absence of halides showed a
diminished CI- coordination number and an otherwise similar Mo coordination (Table 3).
TXRF on YdhV prepared with Br- instead of CI- revealed ~0.5 Br- per protein (Figure S2, Table
S2). The EXAFS simulations of the spectra of oxidized or reduced YdhV prepared with Br-
showed similar first-sphere coordination and ligation changes as the CI- containing proteins,
including higher numbers of Mo=S and Mo-Scys bonds in the more oxidized enzyme (Table

3). However, about 0.3 or 0.7 Br ions at closer distance to Mo (~2.7 A) vs. CI- were discernable
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in the oxidized or reduced proteins, in agreement with (partial) replacement of CI- by Br in the
second Mo coordination sphere.

A bis-Mo-MPT cofactor in YdhV is further supported by the Mo-Swet bond numbers
and the bond lengths range similar to the highly distorted cofactors in (W) BamBC and AOX
crystal structures.!®: 46 The YdhV preparations likely contain a mixture of Mo site
configurations due to varying amounts of oxidized or reduced and of native or modified
cofactors. Detection of minor, but reproducible Mo=S bond numbers in oxidized YdhV
suggests that a sulfido ligand is present in the native YdhV. The sulfido group is largely
replaced by an oxo group in aerobically prepared protein, which further may show cysteine to
hydroxo ligand exchange. The sulfido vs. oxo exchange resembles the situation for another
DMSOR family enzyme, formate dehydrogenase.¢ A cysteine ligand seems to be bound to Mo
in oxidized YdhV, which may be detached from the metal and replaced, for example, by a
water or another amino acid species (Ox) in reduced enzyme. Mo site reduction further causes
elongation of sulfur and oxygen bonds, which can be explained by ligand protonation to yield
Mo-OH (1.9 A 35) or Mo-SH (~2.4 A*"-48) instead of Mo=0 or Mo=S bonds. In addition, Mo
site reduction seems to cause appearance of a halide ion in the 2" coordination sphere related
to cysteine detachment, oxygen species binding, and ligand protonation, which may provide
hydrogen-bonding interactions to the halide. Notably, a halide near Mo may be incorporated
only in the absence of a substrate. In summary, our results suggest that native, oxidized YdhV
contains a S=Mo(Scys)(Smer)a site with MoV!, which is converted to a HS-Mo(Ox)(Swmer)a site
presumably with Mo'V in reduced enzyme (Figure 5). In modified YdhV, a O=Mo(OH)(Swmpt)4
site in oxidized enzyme seems to be converted to a HO-Mo(OH:)(Swmet)4 site in reduced

enzyme.
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Figure 5: EXAFS-derived molybdenum site structures in YdhV. Schematic drawings
tentatively adopt an overall cofactor geometry as in crystal structures of bis-W-MPT-Mg
cofactors in BamBC and AOX. Selected (rounded) interatomic distances (in A) from XAS are
indicated. The Mo site in native, oxidized YdhV is proposed to bind sulfido and cysteine
(Cys336 in E. coli YdhV) ligands. Sulfur protonation, oxygen against cysteine replacement,
and remote halide (CI- or Br’) binding (at an unknown position around the metal) occur upon
enzyme reduction; the oxygen species (Ox) may stem from water (H20) or an amino acid
residue (e.g. Thr458 in E. coli YdhV). Oxidative modification (i.e. after aerobic enzyme
purification) leads to sulfido to oxo and cysteine to hydroxo group exchange at Mo and to
further oxygen protonation and/or Oy as well as halide binding in reduced vs. oxidized enzyme.
XAS on tungsten-substituted YdhV

XAS spectra of tungsten-substituted, anaerobically purified YdhV at the W Ls-edge are shown
in Figure 6. The W XANES depended strongly on the W concentration during protein
expression. A ~1 eV lower edge energy for YdhV expressed with 10 uM W vs. 1 mM W and
edge shape changes suggested pronounced coordination changes at the metal. The edge shape
for YdhV expressed with 1 mM W indeed was more similar to tungstate in solution (Figure
6A, see below). The EXAFS spectrum of YdhV expressed with 10 uM W revealed a major FT
peak due to W-S bonds and minor W=0O contributions (Figure 6B). Simulation of the EXAFS
spectrum using a similar approach as for the Mo data revealed ~0.5 W=S (~2.2 A), 4 Mo-Swet
(~2.4 A) and close to 1 Mo-Scys (~2.5 A) bonds, besides of W=0/-OH bonds. CI" in the second
coordination sphere was barely detectable (Table S3). A more homogenous metal ligation in
W vs. Mo YdhV was supported by the smaller Debye-Waller factor (26?) of the W-Swer Vs.
Mo-Sver bonds. Notably, the W EXAFS of YdhV was reproducible in several protein

preparations, for cell growth in media with varying tungstate concentrations <250 uM, or
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increased salt content in the purification buffer (data not shown). These results suggest that
native YdhV both in the W and Mo forms shows a fully sulfurated metal site. Oxidative
modification was less pronounced for bis-W-MPT samples, facilitating more clear detection of
sulfido and cysteine ligands at the tungsten center.

Interestingly, the EXAFS spectrum of YdhV at pH 7.2 expressed with 1 mM W closely
resembled the spectrum of tungstate in aqueous solution at pH 4.0 (Figure 6B). EXAFS
analysis of Na,WO4 solutions showed 4 W=0 bonds at pH 10.6, protonation of one ligand at
pH 7.1, but spontaneous tungsten oxide (polytungstate) formation, as evident from W-W and
long W-O distances in the EXAFS, only at pH 4.0 (Table S3). For YdhV with 1 mM W, no
tungsten-sulfur bonds were detectable, which showed the absence of MPT ligands at the metal,
but comparable W=0/-OH, and W-W distances as for polytungstate were indicated by the
EXAFS simulation. These findings implied that polytungstate formation occurs in the YdhV
protein even at neutral pH. Presumably, in the presence of super-stoichiometric W
concentrations during protein expression, the cofactor binding site is occupied by several

tungstate molecules, which promotes tungsten-oxide formation in YdhV.
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Figure 6: W XAS of YdhV. (A) W Ls-edge spectra of YdhV (pH 7.2) expressed with 10 uM
or 1 mM tungsten (anaerobic purification) compared to spectra of aqueous Na;WO; solutions
at indicated pH values. (B) Fourier-transforms (FT) of EXAFS spectra in the inset of samples
as in (A) (black lines, experimental data; blue lines, fits with parameters in Table S3; dominant
contributions of interatomic distances to the FT peaks are marked).

EPR characterization of YdhV
To characterize the YdhV protein further, paramagnetic cofactor species were studied

by EPR spectroscopy. EPR spectra of Mo(V) in bis-Mo-MPT loaded YdhV are shown in
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Figure 7A. As-isolated and dithionite-reduced YdhV showed an isotropic signal representing
less than 0.05 spins/YdhV. This signal was more prominent for purified YdhV expressed in
the 4moaA deletion strain (apo-YdhV) in the presence of molybdate, accounting for about 0.1
spins/YdhV or 0.08 spins/Mo in the as-isolated state (Figure S3A; Table S1). Since binding of
a bis-Mo-MPT can be excluded in the apo-YdhV variant, the isotropic signal is reminiscent to
paramagnetic polymolybdate species reported for the tungstate transporter WtpA.*® Therefore,
the isotropic signal represents Mo(V) bound to YdhV in a non-bis-Mo-MPT form (Figure
S3A). Spin quantification of the isotropic signal in the as-isolated, bis-Mo-MPT loaded YdhV
revealed approximately 56 uM Mo(V), corresponding to ~15% of the total molybdenum
(Figure 7A, Table S1). Interestingly, upon oxidative treatment with ferricyanide, a more
prominent and different signal could be detected, representing a spin concentration of ~0.08
spins/YdhV at 80 K and of ~0.20 spins/YdhV at 150 K (Figure 7A, Table S1; Figure S4). We

assign this signal to Mo(V) in the bis-Mo-MPT cofactor (see below).

Figure 7: X-band EPR spectra of YdhV. Anaerobically expressed and purified YdhV was
employed. (A) YdhV expressed in the presence of 1 mM Na:MoOs, (B) YdhV expressed in
the presence of 10 uM Na,WOa. Spectral simulation of Mo(V) detected in ferricyanide-
oxidized YdhV. The black spectra depict YdhV as-isolated (top), after treatment with 10 mM
sodium dithionite (middle), and after treatment with KzFe(CN)s (bottom); the red spectrum in
panel A represents a spectral simulation of the ferricyanide-oxidized spectrum. Features
present in the baseline are enlarged as noted (thin lines). Spectra were recorded at 80 K (4 mW
microwave power, 5 G modulation amplitude, 100 kHz modulation frequency). Spectra in
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panel A represent a YdhV concentration of 202 uM; spectra in panel B were scaled to
comparable amplitudes for comparison. For associated concentrations of Mo and Fe, see Table
Sl:

By contrast, in EPR spectra of bis-W-MPT loaded YdhV no W(V) was detected (Figure 7B).
These results possibly reflect a less redox-active bis-W-MPT as opposed to a more redox-active
bis-Mo-MPT cofactor.

A spectral simulation of the Mo(V) signal in ferricyanide-treated YdhV is shown in
Figure 7A (see also Figure S4). The simulation parameters (g = 2.0082, 1.9957, 1.9724; gav =
1.9915) yielded a tensor reminiscent in anisotropy and rhombicity to parameters reported for
the glycerol-inhibited and “high-g unsplit” Mo(V) states detected in R. sphaeroides DMSO
reductase (Table S4).%%5 Inclusion of a Mo(V) component due to unspecific molybdenum was
not necessary to achieve a good simulation and resolved *H hyperfine couplings were not
observed.3>3" Inclusion of chloride hyperfine coupling also did not improve the simulation. The
99"Mo hyperfine tensor (AM° = [75.7, 152.5, 6.1] MHz) exhibits rhombic character. Rhombic
9%97Mo hyperfine tensors typically show a lowered point group symmetry due to trigonal-
prismatic metal coordination through distortion of the Mo-Suer from a formally trigonal-
prismatic metal coordination geometry.®! In turn, the simulated hyperfine parameters for the
Mo(V) bis-Mo-MPT center are reflective of a low-symmetry structure.

The power saturation behavior of the Mo(V) species was studied (Figure 8A). The
Mo(V) signal (at 12 K) of ferricyanide-treated YdhV exhibited a half-saturation power (P1/2)
of 90 mW, meaning that the signal was very difficult to saturate. While an interacting Fe-S
cluster can be ruled out as a reason for relaxation enhancement of the Mo(V) signal since the
cluster in YdhV (see below) was oxidized, apparent coupling to ferricyanide ions may cause
the large P1 (Figure S5, panel A). Indeed, removal of ferricyanide from the YdhV sample
resulted in a dramatically slowed relaxation of the Mo(V) signal at 12 K without significant

change in shape of signal, which now showed an about 135-fold smaller P1,> value (670 pW).
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The latter value is similar to the Mo(V) signal of E. coli DMSO reductase in the presence of
an oxidized [4Fe-4S] cluster.>? These observations are consistent with the binding of
ferricyanide ions in proximity to molybdenum in YdhV, resulting in an apparent Fe(l11)-Mo(V)

electron spin-spin interaction.

Figure 8: Relaxation behavior of paramagnetic species in YdhV. Panel A depicts the power
saturation properties of Mo(V)-associated (squares) and Fe-S cluster-associated (circles) EPR
signals recorded at 12 K (10 G modulation amplitude, 100 kHz modulation frequency). Solid
squares represent the intensity of the bis-Mo-MPT Mo(V) signals (Figure 7, panel A) recorded
in the presence (black squares) or absence (red squares) of KsFe(CN)s (measured at 334.5 mT).
Open squares represent the intensity of the signal of unspecific Mo(V) in apo-YdhV expressed
in the presence of molybdate (measured at 335.0 mT; Figure S3, panel A). Solid circles
represent the intensity of the EPR signal at 12 K attributable to an Fe-S cluster in YdhV
(measured at 336.0 mT; Figure S3, panel B). Panel B shows EPR signals at two temperatures
of apo-YdhV aerobically expressed without Na2MoOs and reduced with 10 mM sodium
dithionite (see also Figure S3, panel B) (4 mW microwave power, 10 G modulation amplitude,
100 kHz modulation frequency). Shown spectra are baseline-corrected. For concentrations of
Mo and Fe in the EPR samples, see Table S1.

Fe XAS analysis
In addition to molybdenum, YdhV was found to also bind about 2-3 Fe ions per protein
(Table S1). Sequence alignment revealed a 46% amino acid sequence homology of YdhV with

the benzoyl-CoA reductase BamBC from G. metallireducens (Figure S1A) particularly in that

the YdhV residues Cys307, Cys310, Cys314, and Cys558 are similar to those shown to
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coordinate a [4Fe-4S] cluster in proximity to the bis-W-MPT-Mg cofactor in the crystal
structure of BamBC (Figure S1B).” To identify the Fe-S cluster type of YdhV, XAS data at
the Fe K-edge were collected (Figure 9). The XANES spectrum shows the typical shape of
predominately sulfur-coordinated, tetrahedral iron.>® % The EXAFS Fourier-transform
displays two main peak features mainly due to Fe-S and Fe-Fe distances. Simulation of the
EXAFS spectrum revealed less than 4 Fe-S bonds (~2.2-2.4 A), about 1 Fe-O bond (~2.5 A),
and ~1.6 Fe-Fe distances (~2.7 A), as well as longer Fe-C distances per iron ion (Table S5).
The interatomic distances are typical for iron-sulfur clusters, but the coordination numbers
deviate from the values expected for a [4Fe-4S] cluster (4 Fe-S bonds, 3 Fe-Fe distances) or a
[2Fe-2S] cluster (4 Fe-S bonds, 1 Fe-Fe distance). Taking into account the sub-stoichiometric
Fe content, the detectable Fe-O bonds, and the presence of four cysteines in YdhV, it seems
likely that the Fe EXAFS represents an overlay of partially assembled and (oxidatively)
degraded [4Fe-4S] clusters, explaining the non-integer Fe-Fe coordination number and

fractional oxygen-ligation of iron.
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Figure 9: Fe XAS of YdhV. (A) Fe K-edge spectrum. (B) Fourier-transform (FT) of EXAFS
spectrum in the inset (black lines, experimental data; blue lines, simulation with parameters in
Table S5; the first FT peak reflects Fe-S,0 bonds and the second peak Fe-Fe,C distances). The
FT was calculated for a k-range of 2-12 A1 (cos windows of 10 % at both k-range ends).
EPR spectroscopy of the FeS cluster present in YdhV
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EPR spectroscopy was employed to further characterize [4Fe-4S] cluster binding to
YdhV. To unambiguously differentiate spectral features associated with an Fe-S cluster, the
apo-YdhV variant expressed in the absence of molybdate was characterized, that exhibited
comparable Fe loading and substantially decreased Mo loading relative to bis-Mo-MPT-loaded
YdhV (Table S1). Dithionite-reduced apo-YdhV revealed a broad EPR signal at 12 K and 4
mW microwave power, but did not show the isotropic signal observed for bis-Mo-MPT-loaded
YdhV measured under similar conditions (Figure 8B, see also Figure S3B). To identify the Fe-
S cluster type bound to apo-YdhV, EPR power saturation and temperature dependence studies
were performed. EPR power saturation measurements at 12 K yielded a P1 of 1.5 mW, a value
qualitatively similar to [2Fe-2S] clusters (Figure 8A); by comparison, the 12 K and 80 K
spectra appeared similar with modest changes in the signal lineshape and similar spin
concentrations (~0.08-0.09 spins/YdhV) were observed under power non-saturating conditions
(Table S1). These observations, in conjunction with the lowered Fe content (Table S1), XAS
results, and featureless optical absorption spectra (Figure 2C) are consistent with an apparent
[2Fe-2S] cluster of low occupation in YdhV. Likely, such a cluster reflects a species that has
resulted from partial degradation of a [4Fe-4S] cluster as favored by the amino acid sequence

of YdhV.
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DISCUSSION

The variety of molybdoenzymes seems to be more versatile than originally expected,
since we identified a novel bis-Mo-MPT cofactor without attached nucleotides in E. coli YdhV.
A bis-Mo-MPT cofactor was consistently indicated by elemental analysis, nucleotide detection
methods, and XAS. So far, the insertion of tungsten into the MPT cofactor of various
molybdoenzymes was assumed to occur only unspecifically in E. coli (e.g. under high tungstate
concentrations of 1 — 5 mM during expression). Our results reveal assembly of a bis-W-MPT
cofactor in YdhV even for low tungstate concentrations (10 uM). However, when both Mo and
W were present, molybdenum is preferred over tungsten binding in YdhV. We therefore
conclude that YdhV binds preferentially molybdenum so that under typical E. coli growth
conditions, a bis-Mo-MPT cofactor is bound to the enzyme. The bis-Mo-MPT cofactor
revealed to be redox active both in XAS and EPR spectroscopy, featuring (likely predominant)
Mo(IV) and (minor) Mo(V) species, whereas EPR showed no indication for W(V) species of
the bis-W-MPT cofactor. These findings suggest that a Mo(V) species may be involved as a
semi-stable state in the two-electron reduction of the bis-Mo-MPT cofactor whereas the bis-
W-MPT cofactor is either redox-inert or a W(V) species is less stable than the Mo(V) species.

In previous studies by our group, a bis-Mo-MPT cofactor was identified as an
intermediate in the synthesis of the bis-MGD cofactor in E. coli, a reaction that is catalyzed by
the MobA protein. In bis-MGD synthesis, two Mo-MPT molecules are fused on MobA to form
the bis-Mo-MPT structure before nucleotide addition. For this reaction the ligation of
molybdenum to MPT is essential.'® After formation of bis-Mo-MPT, two equivalents of GMP
(from GTP) are added to the C4’ phosphate of each MPT and the bis-MGD cofactor is formed.
Our present results, however, reveal that formation of the bis-Mo-MPT cofactor in YdhV is
independent of MobA. Also, the homologous protein MocA, which is involved in MCD

cofactor formation in enzymes of the XO family, is likewise not involved in bis-Mo-MPT
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synthesis in YdhV. This situation might indicate that either other proteins in E. coli are involved
in bis-Mo-MPT formation or that this cofactor is directly formed on YdhV. So far, no function
has been assigned for the two proteins YdhW and YdhT also encoded by the ydhYVWXUT
operon. Amino acid sequence alignments show limited sequence identities of YdhW and YdhT
with MobA. Thus, it is possible that YdhW and YdhT represent two proteins that act in
conjunction in the formation of the bis-Mo-MPT cofactor in YdhV.

Despite extensive experimental efforts, we were unable to assign any substrate to
YdhV. Previous studies by our group showed that the ydhYVWXUT operon is induced under
anaerobic conditions, pointing to a role in anaerobic respiration.®® Using XAS and EPR we
demonstrated that the molybdenum atom in the bis-Mo-MPT cofactor of YdhV shows
reversible redox activity. Our XAS results suggest that the Mo coordination sphere in the bis-
Mo-MPT cofactor comprises a similar cysteine ligand as present in the homologous benzoyl-
CoA reductase BamBC, in addition to a sulfido ligand. However, the sulfido ligand is easily
replaced by an oxo ligand when YdhV is aerobically purified. In tungsten-containing YdhV an
enhanced sulfido ligand content was observed. These findings suggest that the native YdhV
active site contains a Mo-ligation sphere resembling that of formate dehydrogenases, which
also bind either tungsten or molybdenum as well as cysteine and sulfido ligands at the metal in
the bis-MGD cofactor (Figure 5). We note that the nature of the sixth ligand at the metal in the
homologous enzyme BamBC remains to be established while cysteine ligation is visible in the
crystal structure. A recent theoretical investigation disfavored a sulfido ligand in BamBC and
favored an oxo ligand.®® However, such a coordination sphere might be unique to BamBC since
the particular Birch reaction catalysed by this enzyme so far is unique among molybdenum and
tungsten enzymes.5’ The bis-W-MPT cofactor in BamBC contains a magnesium atom bridging
the phosphate groups of the two pterin moieties. The methionine and serine residues binding

Mg?* in BamBC are conserved also in YdhV (Figures S1A and B), suggesting a similar
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cofactor structure. Interestingly, we have obtained evidence that a halide ion (ClI- or Br) may
be present in the second metal coordination sphere in reduced YdhV. The presence of at least
spurious chloride is difficult to exclude under the usual cell growth and protein
expression/purification conditions. It should be noted, however, that the detected Mo(V) for
YdhV displays no (large) hyperfine coupling to a chloride ion directly detectable in the EPR
spectrum, at least in comparison to the coupling situation shown for Mo(V) in sulfite oxidase.>®
62 Presumably, chloride may occupy a putative binding site close to the metal center only when
it is in the Mo(1V) state and when a catalytically competent substrate is absent. Further studies
are required to clarify a potential role of halides in YdhV.

EPR characterization of YdhV has provided distinct insights on paramagnetic
molybdenum and iron species in comparison to other molybdenum enzymes. The signal of the
Mo(V) species in the bis-Mo-MPT cofactor of YdhV resembles the high-pH signal of E. coli
nitrate reductase NarGH®3 and the “high-g-unsplit” signal of DMSO reductase from E. coli, R.
sphaeroides, or R. capsulatus,®-52 64 65 |ikely reflecting a similar Mo(V) coordination
geometry in these enzymes. It should be noted that the coordination sphere of the
aforementioned enzymes are thought to have a mixed sulfur/oxygen coordination geometry,
with respect to binding of an oxo ligand and either a coordinated serine or aspartate residue.
The g-matrix and hyperfine coupling parameters of the YdhV Mo(V) are reminiscent of the
Mo(V) species of R. sphaeroides DMSO reductase generated in the presence of TMAOQO, albeit
without observable *H hyperfine coupling. By comparison, the slightly elevated gav value and
altered g-tensor anisotropy in YdhV relative to DMSO reductase likely is due to coordination
of the cysteine thiolate.>* A similarly rhombic *°’Mo hyperfine tensor likely reflects low
coordination symmetry at the metal. As has been shown for the high- and low-pH Mo(V) EPR-
signals of E. coli nitrate reductase, the dihedral angle between the oxo and aspartate ligands

can modulate the Mo(V) g-values and the isotropic proton hyperfine interaction.%® The
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geometry of the two apical Mo(V) ligands may therefore also affect the EPR parameters of
Mo(V) inYdhV.
Based on EPR spin Hamiltonian parameters for bis-MGD enzymes in literature, two

tentative Mo(V) coordination structures are conceivable for YdhV (Figure 10C,D).

Figure 10. Proposed bis-Mo-MPT and bis-W-MPT structures of YdhV. Panels A and B
depict (schematic) structures of bis-Mo/W-MPT cofactors (Mo"') suggested by our XAS and
biochemical results while panels C and D depict possible cofactor structures in agreement with
our EPR results (paramagnetic MoV; the EPR data reflect a mixed O/S coordination with
respect to binding of the Cys336 thiolate and an oxo ligand; the apparent lack of *H hyperfine
coupling may occur for example via C) oxo ligand binding, or via D) sulfoxygenated Cys336
binding).

Given that YdhV coordinates a bis-Mo-MPT cofactor, a coordination geometry with four Mo—
Swmet bonds is most likely. The determined spin Hamiltonian parameters of the Mo(V) appear
consistent with a mixed O/S coordination geometry with respect to binding of an oxo or a
sulfido ligand, in addition to binding of the Cys336 ligand, in agreement with the XAS data.
Binding of the Cys thiolate to the bis-Mo-MPT is further supported by a relatively elevated gav

reminiscent to bis-MGD enzymes such as for formate dehydrogenases that coordinate a Cys

thiolate ligand and a sulfido ligand.3¢ Similary, the arsenate reductase Mo(V) in complex with
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arsenite shows a very similar Mo(V) g-tensor as YdhV, with a coordinated cysteine thiolate
and coupling to a ">As center.®” Completing the coordination sphere, an oxo ligand is
considered here, since the sulfido ligand was detected as a minor species. The apparent absence
of substantial *H hyperfine coupling may be explained by a structure with an oxo ligand, as
opposed to a hydroxo or water ligand. Alternatively, a sulfoxygenated cysteine thiolate, as
found, e.g., in [NiFeSe] hydrogenases®® and NAD*-reducing [NiFe] hydrogenases,®® might be
possible. In conclusion, although the detected Mo(V) species represents a minor cofactor
population, the properties of this Mo-MPT cofactor state in YdhV are comparable to Mo(V)
species of bis-MGD cofactors in other enzymes."®

Our apparent failure to identify any substrate reactions of YdhV may be explained by
the lack of a functional [4Fe-4S] cluster in proximity to the bis-Mo-MPT cofactor. The amino
acid sequence, in homology to BamBC and other enzymes, shows four cysteine residues that
could bind a [4Fe-4S]-cluster in YdhV. However, even in anaerobically expressed and purified
YdhV, the Fe-S cluster may be partially disassembled even by very minor residual O
contaminations. Characterization of the iron-sulfur cluster in YdhV by XAS and EPR revealed
an apparent [2Fe-2S] species of low occupation, that likely has resulted from degradation of a
[4Fe-4S] cluster. The apparently extreme sensitivity of the [4Fe-4S] cluster towards
degradation may suggest that YdhV belongs to the group of enzymes that contain a so-called
“hyper-active” cysteine residue according to a bioinformatics analysis.”* Such a cysteine may
enhance [4Fe-4S]-cluster degradation also in YdhV.

In conclusion, our results reveal that YdhV belongs to a novel class of molybdenum
oxidoreductases in E. coli that comprises a bis-Mo-MPT cofactor with a cysteine and a sulfido
ligand at the metal (Figure 10) as well as likely a [4Fe-4S]-cluster, which is particularly
sensitive to partial degradation. The enzyme binds preferentially molybdenum in the cofactor,

but a similar cofactor with a tungsten center is formed when only tungsten is available (Figure
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10). Accordingly, E. coli is able to assemble not only molybdenum-, but also tungsten-
containing cofactors. The presence of a Mo/W containing bis-MPT cofactor in E. coli opens a
new route of Moco biosynthesis and expands the canon of the versatile molybdenum and

tungsten enzymes.
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ABBREVIATIONS

bis-MPT guanine dinucleotide (bis-MGD)

cyclic pyranopterin monophosphate (cPMP)
cytosine dinucleotide (MCD)

electron paramagnetic resonance spectroscopy (EPR)
extended X-ray absorption fine structure (EXAFS)
iron-sulfur (Fe-S)

metal-binding pterin (MPT)

molybdenum cofactor (Moco)

trimethyl-N-oxide (TMAO)

X-ray absorption spectroscopy (XAS)

X-ray absorption near edge structure (XANES)
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Table S1: YdhV metal quantification and spin concentrations from EPR.
The concentrations of YdhV were determined by Azsonm absorbance, while the concentrations

of Mo, W, and Fe were determined by ICP-OES. The spin concentrations were determined
through use of the Matlab toolbox *spincounting” from the obtained spectra and associated tune
picture of the resonator. The reported spin/YdhV relates the amount of spin to YdhV present.
Quantitated spin, unless noted otherwise, detected from 80 K spectra measured with 4 mW
microwave power, 5 G modulation amplitude, and 100 kHz frequency.

YdhV; Treatment YdhV | Mo W (uM) Fe Spin Spin/YdhV
©M) | (M) ®M) | (M)

apo-YdhV 1094 | 1328 N/D 2100

(+Mo04>")1?

as-iso 104 0.095

dithionite-reduced 147 0.134

ferrricyanide- 72 0.066

oxidized

apo-YdhV 662 5 N/D 927

(~Mo004*)?

as-isolated 27 0.003

dithionite-reduced 60 0.091

(12 K)3 57 0.086

ferrricyanide- 47 0.006

oxidized

YdhV-Mo?° 202 380 N/D 288

as-isolated 5 0.040

dithionite-reduced 10 0.080

ferrricyanide- 17 0.084

oxidized

(150 K)# 41 0.203

YdhV-W>6 221 N/D 977 N/D

as-isolated 17 0.005

dithionite-reduced 28 0.126

ferrricyanide- 47 0.018

oxidized

N/D not detected.

1ydhV variant was purified and expressed aerobically. The bound Fe-S cluster was highly similar between
aerobic and anaerobic expressions and purifications, respectively.

2y dhV was expressed in the presence of 1 mM MoO4>.
3Acquisition parameters at 8 W microwave power, 10 G modulation amplitude, and 100 kHz modulation

frequency.

*Acquisition parameters at 4 mW microwave power, 5 G modulation amplitude, and 100 kHz modulation

frequency.

SYdhV variant with optimal loading of bis-Mo-MPT, as detected by EPR spectroscopy. YdhV was expressed in

the 4mobA/4mocA deletion strain and was expressed and purified anaerobically.

& YdhV was expressed in the presence of 10 uM WO4>".
"It should be noted that the reported quantity of spin is at the limit of detection, therefore representing a

negligible spin quantity.

S3



Table S2: Element contents in YdhV from TXRF.2

preparation

element per protein

p Fe Br
YdhV +CI 1.7(5) 2.3(9) 0.1(1)
YdhV +Br 1.5(2) 2.9(5) 0.5(2)

aData stem from two protein samples for each preparation and 3 repetitions per sample (standard deviation in
parenthesis) and were determined relative to a gallium standard added to the protein solutions. Ni, Cu, and Zn
contents were <0.4 metals per protein on average. From a series of YdhV samples to which increasing
concentrations of a phosphorus standard were added (Supporting Figure S2), a P per protein ratio of 1.8(2) was

determined.
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Table S3: W EXAFS simulation parameters.?

W=0,-OH-O | W=S | W-Swpreys | W-CIPWC Rr
N [per Mo] / R [A]/ 262 x103 [AZ] [%]
0.5%/1.72/2" . .| 407/240/5 | ,
YAV 10 UMW | " ey e | 0571224127 | o o 0.1/279/2 |19.2
1.6/1.74/ 48
YdhV 1mMW | 2.3/1.93/48 - - 4.4/3.45/12% | 21.4
4.6/4.00/12%
2.0/1.74/ 88
Na,WO4 pH 4.0 1.9/1.91/88 - €0.8/3.51/2 |28.1
6.5/3.57/2%
3.0/1.77/58
Na;WO4 pH 7.1 10/210/58 - - - 23.0
Na;WO4 pH 10.6 | 3.9/1.78/2 - - - 16.4

aN, coordination number; R, interatomic distance; 2%, Debye-Waller factor; R, fit error sum (deviation between

Fourier back-transform in a 1.0-3.5 A reduced distance window and simulation curve). Fit restraints: *fixed

parameter, *N-values coupled to yield a sum of 2, $%coupled to yield the same value. Parameters correspond to

EXAFS simulations in Figure 6. "Parameters correspond to a W-CI distance, parameters correspond to a W-W

distance.
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Table S4: Comparison of spin Hamiltonian parameters for selected molybdoenzymes.
Table denotes signal type for the specified organism and enzyme, and associated g-tensor
parameters reported, either by simulation or where applicable, by assignment. Where available,
the associated °>%’Mo hyperfine values, in addition to assigned Euler angles, are provided.
Where applicable, associated nuclear quadrupole values and hyperfine values to nuclei other
than Mo are excluded.

Organism, | Signal Type | g-values | gav | 01-03 | (91—92)/ %59"Mo Euler Reference
Enzyme (91—g3) | Hyperfine (Mo) Angles
EcYdhV ferricyanide- | 2.008, 1.992 | 0.035 0.350 79,149, 11 90, 104, This work
oxidized 1.996, 90
1.973
RcDMSOR | high-g unsplit | 1.991, 1.978 | 0.030 0.250 N/A N/A !
type 1 1.983,
1.961
high-g unsplit | 1.987, 1.978 | 0.024 0.160 N/A N/A !
type 2 1.983,
1.963
high-g unsplit | 1.989, 1.979 | 0.025 0.243 N/A N/A !
(glycol) 1.983,
1.964
RsDMSOR | high-g unsplit | 1.99, 1.98 | 0.030 0.333 N/A N/A 2
(glycerol) 1.98,
1.96
high-g split | 1.999, 1.987 | 0.027 0.370 40, 112, 156 N/A 3
(TMAO) | 1.989,
1.972
EcDMSOR poised at 1.987, 1.974 | 0.027 0.407 N/A N/A 46
= -51mV | 1.976,
1.960
EcNarGH high pH 1.987, 1.976 | 0.027 0.258 97, 126, 98 N/A 8
1.980,
1.960
low pH 2.001, 1.983 | 0.037 0.437 N/A N/A 8
1.985,
1.964
EcFDH(Se) g =2.094 2.094, 2.029 | 0.104 0.894 118,71, 71 N/A 10
-H signal 2.001,
1.990
CnFFDH dithionite- 2.009, 2.001 | 0.017 0.471 138, 82, 45 11, 0, 153 1
reduced 2.001,
1.992
WsPsrABC very-highg | 2.017, 2.002 | 0.029 0.481 56,56, 140 N/A 12
(polysulfide) | 2.003,
1.987
S.sp. turnover- 1.990, 1.976 | 0.033 0.303 122, 68, 143 N/A 13
ArrAB detected 1.980,
1.957
Chicken high pH 1.990, 1.970 | 0.036 0.666 164, 63, 34 0, 14, 22 14
SO 1.966,
1.954
PpSoxCD1 high pH 1.985, 1.965 | 0.035 0.686 162, 64, 30 0,21, 41 15
1.961,
1.950
Bovine XO very rapid 2.025, 1.977 | 0.076 0.921 133, 55, 57 8,36,0 16
1.955,
1.949
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rapid type 1 | 1.990, 1.976 | 0.023 0.826 184, 74, 77 0,18,0 16
formamide 1.971,
1.967
desulfo 1.971, 1.963 | 0.016 | 0.3110 196, 79, 81 81, 79, 7
1.966, 196
1.954
formaldehyde | 1.991, 1.973 | 0.040 0.349 159, 69, 156 178, 69, 18,19
-inhibited 1.977, 67
1.951

N/A not applicable

EPR Table References:
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Biochem. 225, 321-331.

[2] Finnegan, M. G., Hilton, J., Rajagopalan, K. V., and Johnson, M. K. (1993) Optical-Transitions of
Molybdenum(V) in Glycerol-Inhibited Dmso Reductase from R. sphaeroides, Inorg. Chem. 32, 2616-2617.

[3] Mtei, R. P., Lyashenko, G., Stein, B., Rubie, N., Hille, R., and Kirk, M. L. (2011) Spectroscopic and Electronic
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[4] Cammack, R., and Weiner, J. H. (1990) Electron-Paramagnetic Resonance Spectroscopic Characterization of
Dimethyl-Sulfoxide Reductase of Escherichia-Coli, Biochemistry 29, 8410-8416.

[5] Trieber, C. A., Rothery, R. A., and Weiner, J. H. (1996) Consequences of removal of a molybdenum ligand
(DmsA-Ser-176) of Escherichia coli dimethyl sulfoxide reductase, J. Biol. Chem. 271, 27339-27345.

[6] Rothery, R. A., Trieber, C. A., and Weiner, J. H. (1999) Interactions between the molybdenum cofactor and
iron-sulfur clusters of Escherichia coli dimethylsulfoxide reductase, J. Biol. Chem. 274, 13002-13009.

[7] Vincent, S. P., and Bray, R. C. (1978) Electron-Paramagnetic-Resonance Studies on Nitrate Reductase from
Escherichia-Coli-K12, Biochem. J. 171, 639-647.

[8] Ceccaldi, P., Rendon, J., Leger, C., Toci, R., Guigliarelli, B., Magalon, A., Grimaldi, S., and Fourmond, V.
(2015) Reductive activation of E. coli respiratory nitrate reductase, BBA, Bioenerg. 1847, 1055-1063.

[9] Rendon, J., Biaso, F., Ceccaldi, P., Toci, R., Seduk, F., Magalon, A., Guigliarelli, B., and Grimaldi, S. (2017)
Elucidating the Structures of the Low- and High-pH Mo(V) Species in Respiratory Nitrate Reductase: A
Combined EPR, N-14,N-15 HYSCORE, and DFT Study, Inorg. Chem. 56, 4422-4434.

[10] Khangulov, S. V., Gladyshev, V. N., Dismukes, G. C., and Stadtman, T. C. (1998) Selenium-containing
formate dehydrogenase H from Escherichia coli: A molybdopterin enzyme that catalyzes formate oxidation
without oxygen transfer, Biochemistry 37, 3518-3528.

[11] Niks, D., Duvvuru, J., Escalona, M., and Hille, R. (2016) Spectroscopic and Kinetic Properties of the
Molybdenum-containing, NAD(+) - dependent Formate Dehydrogenase from Ralstonia eutropha, J. Biol.
Chem. 291, 1162-1174.

[12] Prisner, T., Lyubenova, S., Atabay, Y., MacMillan, F., Kroger, A., and Klimmek, O. (2003) Multifrequency
cw-EPR investigation of the catalytic molybdenum cofactor of polysulfide reductase from Wolinella
succinogenes, J. Biol. Inorg. Chem. 8, 419-426.

[13] Glasser, N. R., Oyala, P. H., Osborne, T. H., Santini, J. M., and Newman, D. K. (2018) Structural and
mechanistic analysis of the arsenate respiratory reductase provides insight into environmental arsenic
transformations, Proc. Natl. Acad. Sci., U.S.A. ASAP.

[14] Dhawan, I. K., and Enemark, J. H. (1996) EPR studies of oxo-molybdenum(V) complexes with sulfur donor
ligands: Implications for the molybdenum center of sulfite oxidase, Inorganic Chemistry 35, 4873-4882.

[15] Drew, S. C., Reijerse, E., Quentmeier, A., Rother, D., Friedrich, C. G., and Lubitz, W. (2011) Spectroscopic
Characterization of the Molybdenum Cofactor of the Sulfane Dehydrogenase SoxCD from Paracoccus
pantotrophus, Inorg. Chem. 50, 409-411.

[16] George, G. N., and Bray, R. C. (1988) Studies by Electron-Paramagnetic Resonance Spectroscopy of
Xanthine-Oxidase Enriched with Mo-95 and with Mo-97, Biochemistry 27, 3603-3609.

[17] Wilson, G. L., Greenwood, R. J., Pilbrow, J. R., Spence, J. T., and Wedd, A. G. (1991) Molybdenum(V)
Sites in Xanthine-Oxidase and Relevant Analog Complexes - Comparison of Mo-95 and S-33 Hyperfine
Coupling, J. Am. Chem. Soc. 113, 6803-6812.

[18] Pick, F. M., McGartoll, M., and Bray, R. C. (1971) Reaction of Formaldehyde and of Methanol with Xanthine
Oxidase, Eur. J. Biochem. 18, 65-72.

[19] Sempombe, J., Stein, B., and Kirk, M. L. (2011) Spectroscopic and Electronic Structure Studies Probing
Covalency Contributions to C-H Bond Activation and Transition-State Stabilization in Xanthine Oxidase,
Inorg. Chem. 50, 10919-10928.

S7



Table S5: Fe EXAFS simulation parameters of YdhV.2

Fe-O,C | Fe-S | Fe-Fe
N [per Fe] / R [A]
1.2/2.50 2.1/2.23
35/2.92 15/2.38 16/2.76

aParameters correspond to the EXAFS spectrum in Fig. 9 (N, coordination number; R,
interatomic distance). The fit error sum, R, for reduced distances of 1-3 A was 10.9 %. A

Debye-Waller factor (262) of 0.002 A2 was employed for all shells except the Fe-Fe distance
(252 = 0.005 A?) in the fitting.
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Figure S1A: Sequence alignment of YdhV and BamBC.

Alignment was carried out with Clustal (1.2.4, http://www.uniprot.org/align/) using amino
acid sequences for YdhV from E. coli (AKK48365.1) and benzoyl-CoA reductase BamBC
(PDB ID 4Z3Y) from Geobacter metallireducens. Colors denote: magenta = Cys322 (C) ligand
of W in BamBC, green = Thr close to W in BamBC, red = cysteine (C) ligands to the [4Fe-4S]

cluster next to the W-cofactor in BamBC, orange = amino acid ligands at the magnesium ion
bridging the two MPT units of the W-cofactor in BamBC.
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Figure S1B: Crystal structure of BamBC.

(A) Structure (truncated) according to PDB entry 4Z3Y (2.36 A resolution) with positions of
W-cofactor and [4Fe-4S] cluster marked. (B) W-bis-MPT-Mg cofactor with neighboring [4Fe-
4S] cluster at ~9 A distance. (C) W-cofactor with bound or neighboring amino acids marked

(an O atom at W was assigned in the crystal structure).
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Figure S2: Elemental analysis with TXRF. (A) Phosphorus determination in YdhV protein.
To YdhV samples (1.0 £ 0.1 mM protein), a phosphorus standard (NasPO4) was added at
increasing concentrations (in addition to a gallium concentration standard), the P contents were
determined from TXRF spectra (P Ka emission at ~ 2.0 keV, not shown), and P per protein
ratios were determined. A linear fit (i.e. extrapolation to zero added P) provided a P per protein
content in YdhV of 1.8 = 2. (B) Quantification of bromine in YdhV samples (green line, YdhV
prepared with CI; blue line, YdhV prepared with Br; spectra are normalized at the Fe Ko
emission). Koo emission lines of selected elements are marked (unmarked features = K@
emission lines). A Ga standard was added to the samples at different concentrations. Element

per protein ratios from the TXRF analysis are summarized in Table S2.
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Figure S3: X-band EPR spectra of apo-YdhV. (A) apo-YdhV aerobically expressed in the
presence of 1 mM NaxMoOs, (B) apo-YdhV aerobically expressed without NaMoOs. For each
panel, the top spectrum represents the as-isolated protein, the middle spectrum represents
sodium dithionite-reduced protein, and the bottom spectrum represents KsFe(CN)s-oxidized
protein. Features present in the baseline are enlarged as noted (thin lines). Spectra were
recorded at 80 K at 4 mW microwave power, 5 G modulation amplitude and 100 kHz
modulation frequency. Spectra have been scaled to represent a YdhV concentration of 1094

uM. For associated concentrations of Mo and Fe, see Table S1.
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Figure S4: EPR spectral simulation of the Mo(V) signal of ferricyanide-oxidized YdhV at

150 K.
The experimental spectrum (black line) represents ferricyanide-oxidized YdhV as depicted in

Figure 7 (panel A, bottom black spectrum), measured at 150 K at 4 mW microwave power, 5
G modulation amplitude and 100 kHz modulation frequency. The spectral simulation (red line)
includes two components whereby the Mo isotopes that possess a nuclear spin were treated
separately using the simulation toolbox EasySpin. Simulation parameters: g: 2.008, 1.996,
1.973 (gav = 1.992, anisotropy = 0.0354, rhombicity = 0.3503), g-strain: 6.7, 8.2, 6.7 (x 10%3),
A: (*>%Mo) [78.8, 148.7, 11.4] MHz, Euler angles: 89.8, 103.5, 89.9 (degrees).
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Figure S5: Wide-sweep X-band EPR spectra of YdhV at low temperature.
(A) bis-Mo-MPT-loaded YdhV, (B) apo-YdhV aerobically expressed without Na;MoOa.

Spectra refer to YdhV as-isolated (top), after treatment with 10 mM sodium dithionite (middle),
and after treatment with KsFe(CN)e (bottom), and correspond to the spectra of samples in
Figure 1 (panel A) and Figure S1 (panel B). Spectra were recorded at 12 K at 4 m\W microwave
power, 5 G modulation amplitude and 100 kHz modulation frequency. Spectra in panel A
represent a YdhV concentration of 202 uM, while spectra in panel B represent a YdhV
concentration of 662 ¢M. The large feature at 250 mT in panel A represents the signal of excess
paramagnetic ferricyanide in the samples that is readily observed at 12 K. For associated

concentrations of Mo and Fe, see Table S1.
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