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ABSTRACT: Mo K-edge X-ray absorption spectroscopy
has been used to probe as-isolated structures of the MOSC
family proteins pmARC-1 and HMCS-CT. The Mo K-
edge near-edge spectrum of HMCS-CT is shifted ~2.5 eV
to lower energy compared to the pmARC-1 spectrum,
which indicates that as-isolated HMCS-CT is in a more
reduced state than pmARC-1. Extended X-ray absorption
fine structure analysis indicates significant structural
differences between pmARC-1 and HMCS-CT, with the
former being a dioxo site and the latter possessing only a
single terminal oxo ligand. The number of terminal oxo
donors is consistent with pmARC-1 being in the Mo""
oxidation state and HMCS-CT in the Mo'" state. These
structures are in accord with oxygen-atom-transfer
reactivity for pmARC-1 and persulfide bond cleavage

chemistry for HMCS-CT.

M embers of the molybdenum cofactor (Moco) sulfurase C-

terminal (MOSC) domain superfamily of pyranopterin
molybdenum (Mo) proteins are known to play significant roles
in Moco maturation, prodrug activation, detoxification of
possible mutagens, and the regulation of intracellular nitric
oxide (NO) levels.' ™ Moco sulfurase proteins are essential for
the activation of Mo enzymes of the xanthine oxidase family. In
this activation process, the N-terminal domain of Moco sulfurase
decomposes free L-cysteine with concomitant release of sulfur,
which is subsequently transferred to the Moco that is bound to
the C-terminal domain of the protein.® Once sulfurated Moco is
generated, the MOSC domain is capable of activating its target
enzymes in a final maturation step. In addition to Moco
sulfurases, the MOSC superfamily in eukaryotes also comprises
the mitochondrial amidoxime reducing component (mARC)
proteins, which are located in the outer mitochondrial membrane
and catalyze the Moco-dependent reduction of a diverse range of
N-hydroxylated substrates that include amidoximes, N-hydrox-
ysulfonamides, and N-hydroxyguanidines.*”~'> Many of these
substrates serve as prodrugs that are readily absorbed in the
stomach and intestines and then are converted to their active
forms by mARC enzymes. In spite of the role that mARC plays in
prodrug activation, its exact biological function remains elusive.
Yet, because of the known function of Moco sulfurases, a general
role of MOSC proteins in metal—sulfur cluster biogenesis has
been discussed.”> Both mARC and Moco sulfurase have been
shown to be related based on their sequence similarity'>'* but
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have yet to be characterized by X-ray crystallography. This
fundamental gap in the knowledge base has hindered our ability
to determine key structure/function relationships for MOSC
family proteins. Here, we use a combination of X-ray absorption
near-edge structure (XANES) and extended X-ray absorption
fine structure (EXAFS) at the Mo K-edge to probe the
coordination environment of plant mARC isoform 1 (pmARC-
1) and the human Moco sulfurase C-terminal domain (HMCS-
CT).

The XANES spectra for as-isolated, aerobic pmARC-1 and
HMCS-CT are presented in Figure 1. These spectra derive from
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Figure 1. Mo K-edge XANES spectra of as-isolated HMCS-CT (black)
and as-isolated pmARC-1 (red). Inset: Complete k = 18 spectra.

the promotion of a Mo 1s core electron to valence molecular
orbitals and are therefore sensitive probes of the geometric and
electronic structures of the Mo sites.'> The XANES spectrum of
pmARC-1 is shifted ~2.5 eV to higher energy relative to that of
HMCS-CT, which indicates that as-isolated pmARC-1 is more
oxidized than HMCS-CT. The 1s = Mo=O0 transition is clearly
observed at ~20,006 eV in the pmARC-1 spectrum, and its
relative intensity is indicative of a greater number of terminal oxo
ligandslé_20 bound to the Mo ion in pmARC-1 compared to
HMCS-CT. This observation, coupled with the ~2.5 eV edge
shift, is consistent with the Mo ion of pmARC-1 being a dioxo
Mo"" site and HMCS-CT possessing a monooxo Mo'" site.”!
We have used EXAFS to determine the number of terminal
oxo ligands and provide details regarding the nature of the first
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coordination sphere. The pmARC-1 EXAFS and best fit to the
data are presented in Figure 2. The best fit to the data reveals a
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Figure 2. Mo EXAFS of pmARC-1 (black) and the corresponding FT of
fit 1-1 (green). Inset: (top) Mo=O (red) and Mo—S (purple)
scattering paths that contribute to the overall fit; (middle) k-space data
for pmARC-1 (black) and fit 1-1 (green); (bottom) residual (blue).

single oxygen shell consisting of two terminal oxo ligands (mean
dyio=o = 1.76 A) and one sulfur shell comprised of three sulfur
donors (mean dy;,_g = 2.47 A). Additional fits to the data are
included in Table 1. The presence of two terminal oxo donors is
consistent with the observation of the intense 1s = Mo=O0O
transition that is observed in the pmARC-1 XANES spectrum.
Analysis of the EXAFS data results in a proposed structure
(Figure 4A) for pmARC-1 that is remarkably similar to oxidized
sulfite oxidase (SO), with two terminal oxo ligands, a
pyranopterin dithiolene, and a coordinated cysteine. Although
the electron paramagnetic resonance spectra of pmARC and the
“low-pH” forms of SO are similar,”® pmARC-1 does not possess
the SO (SUOX) fold,* suggesting that the MOCS family
proteins are distinct from the SO family enzymes. As such, there
is no a priori evidence that suggests that mARC and the SO
family enzymes possess similar active site geometries.

The HMCS-CT EXAFS (Figure 3) is markedly different from
that of pmARC-1, as was anticipated from the differences
observed in the XANES spectra. More specifically, the relative
intensities of the oxo shell at 1.71 A and sulfur shell at 2.47 A are
reversed with respect to the pmARC data, and this indicates that
the ratio of oxo to sulfur ligands in HMCS-CT is different from
that observed for pmARC-1. The best fit to the HMCS-CT
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Figure 3. Mo EXAFS for HMCS-CT (black) and the corresponding FT
of fit 2-1 (green). Inset: (top) Mo=O (red), Mo—O (orange), and
Mo—S (purple) scattering paths that contribute to the overall fit;
(middle) k-space data for HMCS-CT (black) and fit 2-1 (green);
(bottom) residual (blue).

EXAFS is obtained with two oxygen shells consisting of a single
terminal oxo ligand (dyje=0 = 1.70 A) and alonger Mo—O vector
at 249 A, and a single sulfur shell comprised of three sulfur
donors (mean dy,_g = 2.47 A). Analysis of the HMCS-CT
EXAFS data results in the proposed structure depicted in Figure
4B, where the Mo ion is coordinated by a single terminal oxo, a
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Figure 4. Possible structures for as-isolated pmARC-1 (A) and HMCS-
CT (B) determined from XAS. (C) Internal redox conversion of the
molybdenum(IV) persulfide to form a MoY'=S species and
uncoordinated cysteine.

pyranopterin dithiolene, a cysteine or cysteine persulfide,*® and
possibly a weakly bound aqua ligand or light atom donor (i,
nitrogen, oxygen) from a protein-derived ligand. Attempts to
model the data with a coordinated persulfide donor did not
improve the quality of the fit. Thus, the coordination geometry of

Table 1. EXAFS Curve-Fitting Results for MOSC Proteins

Mo=0 Mo—S Mo—0O
fit N R I N R s N R & AE, R;: (%)
pmARC-1 fit 1-1 2.0 1.76 0.002 3.0 247 0.013 —3.76 8.79
fit 1-2 3.0 1.76 0.005 2.0 245 0.009 —5.48 15.79
fit 1-3 3.0 1.76 0.005 3.0 245 0.013 —5.78 13.38
fit 1-4 1.0 1.76 0.001¢ 3.0 243 0.010 1.0 243 0.001¢ —6.94 33.98
model 1-17 2 171 3 2.46
HMCS-CT fit 2-1 1.0 1.71 0.002 3.0 2.38 0.006 1.0 249 0.004 —897 5.51
fit 22 1.0 1.71 0.002 3.0 237 0.006 -7.97 6.66
fit 2-3 2.0 1.72 0.008 2.0 237 0.006 —7.24 12.09
model 2-1¢ 1 1.69 3 2.36 1 2.31
model 2-29 1 1.70 3 234

“The ¢* value was fixed to 0.001 to avoid negative ¢* values. bGeometry—optimized model structure consistent with fit 1-1. “Geometry-optimized
model structure consistent with fit 2-1. “Geometry-optimized model structure consistent with fit 2-2. Details on the model calculations are given in

the Supporting Information.
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as-isolated HMCS-CT appears to be similar to that of reduced
SO family enzymes.

In summary, we have used Mo K-edge X-ray absorption
spectroscopy (XAS) to illuminate differences in the coordination
geometry of the MOSC family proteins pmARC-1 and HMCS-
CT. The proposed structure of as-isolated pmARC-1 is
consistent with a dioxo Mo"" site similar to that found for
oxidized enzymes of the SO family. While the exact biological
function of the mARC proteins is not known, mARC proteins
have been shown to function as oxygen-atom-transfer catalysts in
the reduction of amidoxime prodrug substrates. Thus, the
structure supports a proposed catalytic cycle with the Mo ion
cycling between monooxo Mo' and dioxo Mo"" oxidation states
and an oxygen atom transferring from the substrate to the Mo
center. Two sequential e”/H' transfer steps regenerate the
catalytically competent Mo'" state. The XAS structure proposed
for HMCT-CT is unique in that it is the only human
pyranopterin molybdenum protein that is in the reduced
monooxo Mo'" state in its as-isolated form. The Mo" oxidation
state is consistent with HMCS-CT accepting a sulfur atom from
the HMCS N-terminal domain to form a Mo-bound cysteine
persulfide. Persulfide coordination to Mo has been suggested for
HMCS>® and periplasmic nitrate reductases.”> > An induced
internal electron transfer from Mo to the Mo-bound cysteine
persulfide would then result in cleavage of the persulfide bond
and transfer of the sulfane (terminal) sulfur to the Mo as a bound
sulfido ligand (Figure 4C) prior to transfer of the intact cofactor
into apo XO. Such induced internal electron-transfer reactivity
between Mo and persulfides was shown by Stiefel and co-workers
over 30 years ago.”**” Our initial calculations show that the
molybdenum(IV) persulfide is a stable species but can convert to
the Mo"'=S form by protonation of the bridging persulfide
sulfur with subsequent or concurrent deprotonation of the aqua
ligand.
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Cloning, expression, and purification of pmARC and HMCS-
CT, XAS experimental, Athena and Artemis data analysis and
fitting information, and computational modeling details. This
material is available free of charge via the Internet at http://pubs.
acs.org.
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