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Abstract
Mitochondrial amidoxime reducing components (mARC-1 and mARC-2) represent a novel group
of Mo containing enzymes in eukaryotes. These proteins form the catalytic part of a three-
component enzyme complex known to be responsible for the reductive activation of several N-
hydroxylated prodrugs. No X-ray crystal structures are available for these enzymes as yet.
Previous biochemical investigation by B. Wahl et al. (J. Biol. Chem. 285 (2010) 37847–37859)
has revealed that two of the Mo coordination positions are occupied by sulfur atoms from a
pyranopterindithiolate (molybdopterin, MPT) cofactor. In this work, we have used continuous
wave and pulsed electron paramagnetic resonance (EPR) and density functional theoretical (DFT)
calculations to determine the nature of remaining ligands in the Mo(V) state of the active site of
mARC-2. The experiments with samples in D2O have identified the exchangeable equatorial
ligand as a hydroxyl group. The experiments on samples in H2

17O-enriched buffer have shown the
presence of a slowly exchangeable axial oxo ligand. The comparison of the experimental 1H
and 17O hyperfine interactions with those calculated using DFT has shown that the remaining non-
exchangeable equatorial ligand is, most likely, protein-derived, and that the possibility of an
equatorial oxo ligand can be excluded.

Molybdoenzymes play key roles in the metabolism of virtually all organisms (1–3). They
catalyze reactions involving transfer of an oxygen atom to or from the substrate in global
carbon, nitrogen, and sulfur cycles. Hille classified mononuclear Mo-containing enzymes
into three families; xanthine oxidase (XO), dimethylsulfoxide reductase (DMSOR), and
sulfite oxidase (SO) based on the structure of the active site and the amino acid sequence (1,
4, 5). A molybdenum cofactor (Moco), a complex of oxidized molybdenum with one or two
pyranopterindithiolate (molybdopterin, MPT) ligands, is common among all of these
families. The recently discovered mitochondrial amidoxime reducing component (mARC)
enzymes is the fourth Mo-enzyme found in humans, which remarkably could not be grouped
into any of the known Mo-enzyme families (6–10). In fact, mARC proteins share a
significant degree of sequence similarity to the C-terminal domains of eukaryotic Moco
sulfurases, which are required for a Moco-dependent post-translational activation of
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enzymes of the XO family (11). According to the presence of a conserved cysteine, Moco
sulfurases and mARC proteins were presumed to form the new "Moco sulfurase C-terminal
domain-containing" (MOSC) protein family with a predicted function of the conserved
cysteine in sulfur transfer reactions (12). The function of Moco sulfurases is indeed to
transfer a sulfur atom to the Mo-center of XO family enzymes; however, this function can
be excluded for mARC enzymes because a deficiency in the Moco sulfurase gene alone
causes the total loss of activity in XO family enzymes (11, 13, 14).

The mARC enzymes represent the catalytic part of a three-component N-reductive system,
together with cytochrome b5 (cyt b5) and cytochrome b5 reductase (cyt b5R). The mARC
enzymes are also the first eukaryotic molybdoenzymes that possess separate electron
transport proteins. The native enzyme from the pig liver mitochondria was found to be
capable of activating N-hydroxylated prodrugs by reducing inactive amidoxime prodrugs to
the corresponding active amidine groups (7). Since then, both native and recombinant
mARC proteins have been shown to have capabilities to activate N-hydroxylated
compounds, which are often used in medical applications as prodrugs. Prodrugs have
attracted major attention in drug design and development. For example, 19.4% of all small
molecular weight drugs approved in the period from 2000 to 2008 were prodrugs (15).
Cytochromes P450 represent one of the dominant classes of enzymes capable of
transforming prodrugs into active drugs (16). However, there are numerous complications
that arise from interactions between P450-activated prodrugs and other drugs metabolized
by P450 enzymes (17–19). The mARC enzymes are particularly significant for human
health because previous studies have shown their ability to reduce N-hydroxylated prodrugs
and this bioactivation is not dependent on cytochrome P450 enzymes (8).

Although, mARC enzymes can act on various substrates, the physiological substrate, and
thus the physiological function of mARC, still remains enigmatic. Based on the high
abundance of mARC in liver and kidney (10), it is tempting to speculate that the function of
this enzyme involves detoxification. Yet a most recent study by Clement and co-workers has
shown that mARC enzymes may also be involved in the regulation of NO formation as they
compete with NO synthase by catalyzing the N-reduction of the NO intermediate N-
hydroxy-L-arginine (20). Due to this gap of knowledge, fundamental biophysical and
chemical characterization of mARC is crucial for understanding the physiological role and
elucidating the mechanistic aspects of N-reduction.

In mammals, there are two isoforms of mARC enzymes, mARC-1 and mARC-2, both
having been identified in the inner mitochondrial membrane (referred to as MOSC1 and
MOSC2; (21)), but only the mARC-2 protein having been shown also to reside in the outer
mitochondrial membrane (7) and in peroxisomes (22, 23). A recent successful expression
and purification of recombinant human mARC (hmARC) proteins enabled detailed
biochemical characterization of both isoforms (10). Both hmARC-1 and hmARC-2 are 35
kDa proteins sharing a significant degree of sequence similarity, substrate specificity and
biochemical properties, thus not allowing a functional discrimination between mARC-1 and
mARC-2 isoforms to be made to date.

An elaborate biochemical analysis of these mARC proteins has shown that a Moco
represents their catalytic active center, although the exact chemical structure of the specific
Moco was not completely elucidated. Based on previous biochemical, mutational, and
continuous wave (CW) electron paramagnetic resonance (EPR) evidence, two possibilities
for the Mo coordination sphere were suggested (10). One possibility involves a trioxo
species, (MPT)MoVIO3, which protonates upon reduction to (MPT)MoVO2(OH) (Scheme
1A). The other possibility is an (MPT)MoVIO2X species, with X being either an inorganic

Rajapakshe et al. Page 2

Biochemistry. Author manuscript; available in PMC 2012 October 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



or, alternatively, a protein-derived ligand. This latter species also protonates upon reduction,
forming (MPT)MoVO(OH)X (Scheme 1B) (10).

Although the resting state of mARC is Mo(VI), the enzyme(s) can be reduced to a
paramagnetic Mo(V) state (10). This opens up the possibility for detailed investigation of
the Mo(V) active center of mARC by CW and high-resolution pulsed EPR techniques. The
extensive EPR studies of other molybdoenzymes (24–27) have brought a wealth of
information about the nature and structure of the molybdenum ligands as a function of the
organism, mutation, and experimental conditions, such as pH or presence of inhibiting
anions. One can expect similar biochemically significant structural information to result
from EPR studies of mARC. In this work, we use pulsed EPR spectroscopy and theoretical
quantum-chemical calculations to address the unresolved problem of the nature of the
ligands in the Moco of mARC-2, which has been chosen as subject of this study because it
appears to represent the more abundant and important mARC protein in mammals (22, 23).
In particular, electron spin echo envelope modulation (ESEEM) spectroscopy is used to
obtain direct proof of the nature of the exchangeable ligand in the Mo(V) state and the
presence of an oxo ligand(s). Density functional theoretical (DFT) calculations are then used
to find out if either of the two proposed structures for the Mo active site of mARC is in
agreement with the experimental EPR data.

Materials and methods
Preparation of human mARC-2 protein

Recombinant human mARC-2, cyt b5 and cyt b5R proteins were expressed and purified as
described earlier by Wahl et al. (10).

EPR sample preparation
The samples of mARC-2 used for EPR were prepared using buffers of 50 mM phosphate at
pH 7.0 containing 300 mM NaCl and 10% glycerol. Enzyme samples (500–800 µM) were
mixed with cyt b5 (5–8 µM), and cyt b5R (5–8 µM) and made anaerobic at 4 °C. After
adding one electron-equivalent of degassed solution of 5 mM NADH, the samples were
transferred to the EPR tubes flushed with argon and immediately frozen in liquid nitrogen.
The D2O exchange was achieved by concentrating mARC samples to reduce the amount of
H2O, and then diluting the samples 30-fold (by volume) with the appropriate buffer in D2O.
The cyt b5, cyt b5R, and NADH prepared in D2O were added, and the sample was
transferred to an EPR tube and frozen immediately, as previously described. The samples in
H2

17O-enriched water were prepared by first concentrating a 60 µl solution of the enzyme in
phosphate buffer at pH 8.5 to reduce the amount of H2

16O. Then, a solution of 50 mM
phosphate buffer containing 300 mM NaCl and 10% glycerol was vacuum centrifuged to
evaporate the H2O, and the pelleted buffer was redissolved in the same volume of H2

17O.
Next, mARC, cyt b5 and cyt b5R were incubated in 45 µl of H2

17O buffer for 30 mins-3 hrs.
Finally, the sample was reduced with NADH and immediately frozen in liquid nitrogen. We
have to note that the cyt b5, cyt b5R, and NADH components were initially in H2

16O
solution, which resulted in a relatively poor H2

17O enrichment of the resulting mARC
samples. As a result, our current 17O ESEEM investigation was limited in scope and we
only estimated the hfi, but not the nqi for the oxo-17O ligand.

EPR experiments
The continuous wave (CW) EPR experiments were performed on an X-band EPR
spectrometer ESP-300 (Bruker) at a temperature of 77 K. The pulsed EPR experiments were
performed on a homebuilt broadband Ka-band pulsed spectrometer (28) at a temperature of
21 K. The detailed experimental conditions are shown in the Figure legends.
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DFT calculations
The DFT calculations were performed using the ORCA computational package (version
2.7.0) (29) and the same methods we have previously reported (30, 31). For geometry
optimizations, the BP86 functional (32, 33) was employed in conjunction with the all-
electron TZVP basis (34, 35) in its scalar relativistic re-contraction (36). The protein
environment was modeled through dielectric continuum methods (conductor like screening
model, COSMO) (37) using a dielectric constant of four (38). Density fitting (39–42) was
used to accelerate these calculations. Relativistic effects were treated at the level of the
zeroth order regular approximation (ZORA) (43) in one-component form using the model
potential of van Wüllen (44) (as implemented in ORCA). The one-center ZORA scalar
relativistic correction was also employed (45). Principal g-values and the 17O and 1H hfi
parameters were calculated using the B3LYP functional (46, 47), the TZVP basis set, the
ZORA method, and COSMO (using a dielectric constant of four). Since the scalar
relativistic TZVP basis set is less heavily contracted than its nonrelativistic counterpart,
further decontraction is not necessary in order to obtain accurate hfi and nqi predictions
close to the basis set limit. The starting coordinates for the different structural models were
all derived by truncation and modification of the X-ray crystal structure of wt cSO (pdb
1SOX) (48). In each model, the equatorial oxo ligand of 1SOX was replaced with hydroxo,
the pterin portion of the molybdopterin cofactor was omitted, and hydrogen atoms were then
added where appropriate. For the dioxo/hydroxo model (Scheme 1A), the Mo-coordinated
Cys residue of 1SOX was replaced by an oxo ligand at the coordinates of the Cys sulfur
prior to optimization. The DFT calculations for Scheme 1B models represented the
coordinated protein residue by appropriate organic fragments, i.e. methyl thiolate for Cys.
The Ser model was prepared by replacing the 1SOX Cys sulfur atom with an oxygen atom at
the same crystallographic coordinates prior to optimization. To simplify the process of
rotating the Ser residue (vide infra), Ser was truncated to methoxy (having the Ser alpha
carbon would introduce additional geometric degrees of freedom that would greatly
complicate the optimization process while not influencing the calculated spectroscopic
trends). In a similar way, the Met model was prepared using dimethyl sulfide with the sulfur
atom placed at the 1SOX Cys sulfur coordinates prior to optimization. Twelve structural
models were obtained for the dioxo/hydroxo model (Scheme 1A) by rotating the hydroxo
ligand in fixed 30° increments about the Mo(V)-OH bond (with respect to the Mo(V) oxo
bond) and optimizing with all other parameters relaxed. For the Cys, Ser and Met models
(Scheme 1B), the same hydroxo ligand rotation was carried out along with simultaneous
rotation of the “Cys”, “Ser” or “Met” ligands in 60° increments (where the methyl
coincident to the axial oxo was defined as 0°); 72 additional structural models were obtained
for each. The Cartesian coordinates of all optimized models (in XYZ-file format) for which
all of the property calculations were performed are included in the Supporting Information.

Results and discussion
1. CW EPR and pulsed EPR field sweeps

Trace 1 in Figure 1 shows the CW EPR spectrum of the Mo(V) center of mARC-2 prepared
at pH 7 in H2O buffer. The spectrum of a sample prepared at pH 8.5 was identical. This
spectrum is described by a nearly axial g-tensor with g// ≈ 2.000 and g⊥ ≈ 1.965 (similar to
the numbers estimated earlier (gZ, gY, gX) = (1.9994, 1.9658, 1.9616) (10) and shows well-
resolved doublet splittings at the turning points: about 1 mT at g// and 1.6 mT at g⊥. The
EPR spectrum of the sample prepared in D2O (trace 2 in Figure 1) does not show the
splittings, which proves that they originate from a hyperfine interaction (hfi) with an
exchangeable proton. This proton most likely belongs to an OH ligand. The hfi constant of
30 – 45 MHz (recalculated from the splittings in mT) indicates that the OH bond of this
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putative OH ligand is nearly in the plane of the Mo(V) dxy orbital carrying the unpaired
electron.

Apart from the major Mo(V) signal described above, there is an additional minor signal
present at g ~ 2.01 (marked by an asterisk in Figure 1). This signal is present regardless of
the presence of the Mo(V) signal. The origin of this signal is not known, and it was not
investigated further in this work.

2. 2H ESEEM in the samples in D2O buffer
The purpose of spectroscopic investigation of mARC-2 in D2O buffer is two-fold. First, 2H
has spin I = 1 and a non-zero nuclear quadrupole interaction (nqi). The quadrupole coupling
constant of 2H can help independently identify the exchangeable ligand containing this
deuteron. Second, the dramatically smaller magnetic moment of 2H compared with 1H
makes it readily accessible for a productive ESEEM examination in order to obtain a good
estimate of the hfi tensor components and the orientation of the hfi tensor with respect to the
principal axes system of the g-tensor (g-frame).

Because of the relatively strong hfi, the ESEEM measurements were performed at the mw
Ka band. This has allowed us to organize the weak hfi regime for the ligand deuteron (νD >
A/2, where νD is the deuteron Zeeman frequency and A is the diagonal part of the hfi
constant) and to ensure that the nqi splittings, ΔνQ, of the fundamental lines were much
smaller than the fundamental frequencies (ΔνQ ≪ να,β≈ νD ± A/2). As an example, Figure 2a
shows a hyperfine sublevel correlation (HYSCORE) spectrum of the sample in D2O
obtained at g⊥ The correlation features (να,νβ) and (νβ,να) due to the neighboring 2H are
located at about (4, 10) MHz and (10, 4) MHz, symmetrically with respect to νD ≈ 7.1 MHz.
The splitting between these correlation features is determined by the hfi. Each of these
features forms a pattern of approximately anti-diagonal ridges, the splitting between which
(measured along the main diagonal) is determined by the nqi. The detailed nqi structure of
the correlation features observed at g⊥ and g// is shown in panels b and d of Figure 2.

The minimal hyperfine splitting between the HYSCORE lines is observed at g// (A// ~ 4
MHz, see Figure 2d) and the largest one is observed at g⊥ (A⊥ ~ 7.5 MHz, see Figure 2a or
2a). For the intermediate EPR positions from g// toward g⊥ the maximal hfi splitting
monotonously increases, as does the length of the ridges, which indicates that the hfi tensor
has a large variation in the XY plane of the g-frame (corresponds to g⊥). For example, if the
hfi tensor is nearly axial, then its axis is at a large angle with the g-frame Z-axis
(corresponds to g//). From these considerations, the hfi parameters can be estimated as: aD =
5.2 MHz, T⊥= −1.2 MHz, where aD is the isotropic hfi constant and T⊥ is the perpendicular
component of the anisotropic hfi tensor. As a starting approximation for the polar angle θh
between the hfi axis and the axis of g// (Z) one can take θh = 90°.

While in principle the 2H nqi can be determined from the splittings of the sum combination
line (obtained with high resolution in τ-integrated four-pulse ESEEM spectra (49)), in the
given system the sum combination feature is contributed to by both, the matrix deuterons
and the nearby OD ligand deuteron. The matrix line is suppressed in HYSCORE spectra at
τ= 150 ns (see, e.g., Figure 2a), but it is seen at other τ values, as well as in two-pulse
ESEEM spectra (see Supporting Information). Therefore, the information about the nqi was
obtained directly from the HYSCORE spectra.

The maximum splitting between the antidiagonal ridges of the HYSCORE lines is observed
at g⊥ (ΔνQ ~ 0.35 MHz, see Figure 2b), and it correlates with the maximum hfi splitting
(i.e., it is observed at the outer edges of the HYSCORE features). This indicates that the
main nqi axis is close to the XY plane of the g-frame, and that the angle between the main
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hfi and nqi axes is not very large (significantly smaller than 55°). Since hydrogen is attached
to a neighboring atom (e.g., oxygen) with a single covalent bond, the nqi tensor is
approximately axial, although the off-axis hydrogen bonding may introduce some
rhombicity (50). For the axial nqi tensor the quadrupole splitting of the fundamental
frequencies is equal to (to first order):

(1)

where e2Qq/h is the quadrupole coupling constant and θqB is the angle between the nqi
tensor axis and the magnetic field, Bo. The maximal ΔνQ of 0.35 MHz observed in
HYSCORE spectra obviously corresponds to θqB = 0°, which results in e2Qq/h = (2/3)ΔνQ ≈
0.23 MHz.

The hfi and nqi parameters estimated above were used as a starting approximation in
numerical calculations of the 2H HYSCORE spectra. In these simulations the anisotropic hfi
and nqi tensors were assumed to be axial. The simulations have resulted in the following set
of parameters: aD = 5 MHz, T⊥ = −1.3 MHz, e2Qq/h = 0.22 MHz, η = 0. The orientation of
the T// axis with respect to the g-frame is defined by the polar and azimuthal angles θh = 75°,
φh = 30°. The isotropic hfi was Gaussian-distributed with the width of ΔaD = 1 MHz. The
orientation of the nqi axis is defined by θq = 80°, φq = 0°. The accuracy of determination of
all of the angles is ±5°. With regard to the azimuthal angles one has to note that for the axial
g-frame only the difference ∣φh − φq∣ ~ 30° is meaningful, while the separate absolute values
of φh and φq are meaningless. The spectra simulated for g⊥ and g// positions are shown in
Figures 2c and 2e, respectively.

3. 17O ESEEM in the samples in H217O buffer
The experiments on the samples prepared in H2

17O buffer were performed in order to shed
light on the possible presence of an exchangeable axial oxo ligand. The 17O isotope (natural
abundance 0.038%) has nuclear spin I = 5/2, which makes it observable by magnetic
resonance spectroscopic methods after appropriate enrichment. Based on our experience
with the Mo(V) center of SO (30) and the oxo exchange results for model Mo complexes,
(51) we expected that the 16O ↔ 17O exchange for the oxo ligand will be slow (tens of
minutes), and the yield of 17O enriched Mo center will depend on the incubation time in
the 17O enriched buffer. The observation of such a slowly exchanging oxygen would
indicate the presence of the oxo ligand.

Figure 3 shows primary ESEEM spectra of mARC-2 incubated in H2 17O-enriched buffer
(80–84.9%) for 3 hours (solid trace, “long incubation”) and 30 min (dashed trace, “short
incubation”). The low-frequency lines originate from 17O, since the natural abundance
sample does not show any low-frequency lines. The two prominent features at about 2.9 and
9.8 MHz marked by asterisks are significantly smaller in the spectrum of the short-
incubation sample than in the spectrum of the long-incubation sample. The 2.9 MHz and 9.8
MHz lines are located symmetrically with respect to the Zeeman frequency of 17O (νO ≈ 6.3
MHz), and they represent the να and νβ fundamental features, each of which is contributed
by five ΔmI = 1 transitions. All of these transitions except the ∣−1/2〉 ↔ ∣1/2〉 one are
somewhat broadened by the nqi, and the observable lines are therefore dominated by the ∣
−1/2〉 ↔ ∣1/2〉 transition which does not depend on nqi to first order (52, 53)

From the lines observed in the spectrum of the long-incubation sample in Figure 3 the 17O
hfi constant corresponding to g⊥, A⊥ ≈ 6.9 MHz can thus be evaluated. The 17O hfi constant
(measured as a splitting between these two lines) monotonously decreases towards g//, where
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it becomes equal to A// ≈ 3.8 MHz. Figure 4 shows the dependence of the hfi constant of this
exchangeable 17O as a function of 1–3cos2 (θgB), where θgB is the angle between the axis of
g// and the direction of Bo. This dependence is linear with good accuracy, which indicates
that the long axis of the anisotropic hfi tensor is about parallel to the axis of g//. Assuming an
axial hfi tensor, we can estimate aO = ±5.9 MHz, T⊥ = ±1.05 MHz (both positive or both
negative) from a linear least squares fit of the experimental data shown in Figure 4.

These hfi parameters are similar to those obtained for the oxo 17O ligand in a model Mo(V)
complex [Mo(V) 17O(SPh)4]− (aO = 6.5 MHz, T⊥= 1.6 MHz (52)) and in the Mo(V) center
of the high-pH (hpH) form of SO (aO = 6.3 MHz, (T11, T22, T33) = (−2.4, −1.3, 4) MHz
(30)). In addition, the amplitude of the observed 17O lines in the ESEEM spectra of the long-
incubation sample was much greater than for the short-incubation sample. These
observations indicate that the observed 17O lines belong to an exchangeable oxo ligand.

It is interesting to note that the hfi of the oxo ligand in the Mo(V) complexes is noticeably
weaker than in the oxovanadium aquo complex (aiso = 8.4 MHz, T⊥ = 7.6 MHz (54),
although the orientation dependence of the hfi parameters (52, 54) and the characteristic
property of very slow exchange rate of this oxygen with the buffer (30, 51) are common for
both species.

In our 17O ESEEM experiments we did not observe the features attributable to the
equatorial 17OH ligand. Our experience with the Mo(V) center of SO shows, however, that
because of relatively strong hfi (may reach tens of MHz) the observation of the equatorial
oxygen is difficult even for the samples with very strong Mo(V) EPR signals (28, 30, 31,
55). The Mo(V) EPR signals of mARC-2 were significantly smaller than those we typically
obtained for SO. In addition, the 17O enrichment was lower because cyt b5, cyt b5R, and
NADH were in H2

16O buffer (see Material and Methods). Therefore, the lack of observation
of the equatorial 17O ligand is not surprising.

4. DFT calculations to address the nature of the unknown ligand
As a result of our experiments, we have established that the Mo(V) center of mARC-2
enzyme has an exchangeable equatorial OH ligand and an exchangeable axial oxo ligand. As
shown in earlier work (10), two of the equatorial ligands are provided by the
pyranopterindithiolate (MPT) moiety, which represents a common ligand among all known
molybdenum centers in various enzymes. The nature of the one remaining equatorial ligand
is currently unclear. In Scheme 1B the remaining equatorial ligand, X, is an inorganic or a
protein-derived ligand. Our current pulsed EPR results exclude nitrogen coordination by
such amino acids as histidine, tryptophan, and lysine, because no nitrogen ESEEM or EPR
splittings are observed. There are several possibilities for EPR-silent protein-derived ligands
that coordinate to Mo(V) through non-magnetic nuclei such as sulfur (cysteine and
methionine) and oxygen (serine, tyrosine, or carboxylate). Another structural possibility
mentioned in the previous work (10) is a dioxo species (MPT)MoVO2(OH) (Scheme 1A),
which is not coordinated to the protein.

While obviously additional experimental work is needed to definitively pinpoint the
undetermined equatorial ligand, we performed here an analysis of the dioxo and protein-
coordinated species (Scheme 1) using DFT calculations. The purposes of this analysis were:
(1) to determine if the dioxo species is in agreement with the EPR experimental data
obtained previously (10) and in this work, and (2) to find out if the spectroscopic parameters
calculated for various protein-derived ligands are sufficiently different to permit a specific
assignment of the ligand based on comparison with the experimental data. The details of the
calculations are described in Materials and Methods.
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Based on our experience with DFT calculations for oxomolybdenum model compounds (52)
and for the Mo(V) center of SO under various conditions (26, 30, 31), we will approximate
the expected possible deviation of the calculated hfi parameters from the true ones as the
larger of ±20% or ±3 MHz. The situation with the g-tensor calculations is more complicated.
Previous work has demonstrated that reasonable agreement between calculated and
experimental g-values can be obtained for well-defined chemical structures (56–60). In this
work, however, the calculated g-tensor components of the protein-bound Moco showed
erratic dependence on the orientations of the equatorial hydroxo and the protein-derived
ligands, in stark contrast to the hfi parameters, which show an oscillatory behavior (see
Supporting Information). A possible reason for this outcome could be our use of structural
constraints, resulting in relatively high energies for some of the structures. The overall range
of calculated principal g-values (from ~1.6 to ~2.2) significantly exceeds the g-anisotropy
observed experimentally (from ~1.96 to ~2.0). The combination of these two factors (large
range and erratic behavior) prevents reliable structural conclusions based on g-values.

4a. DFT calculations for (MPT)MoVO2(OH)
Let us consider first the dioxo species, (MPT)MoVO2(OH) (Scheme 1B). This structure
contains only one variable parameter, namely, the orientation of the OH ligand. Therefore,
we performed the DFT calculations for various orientations of this ligand. The OH
orientation was described by the dihedral angle θOH between the O=Mo-O(H) and (O=)Mo-
OH planes. For each (constrained) θOH the rest of the complex geometry was optimized, and
the spectroscopic parameters were calculated.

Figure 5a shows the calculated dependence of the isotropic hfi constant of the OH ligand
proton, aH, as a function of θOH. This function shows an oscillation with a period of about
180°, with maxima at θOH ≈ 120° and 300°, and minima at θOH ≈ 40° and 200°. The
experimental aH ≈ 32.5 MHz (as recalculated from aD determined in this work) is shown by
a horizontal gray strip in Figure 5a. The range of angles θOH, for which the calculated and
experimental aH are in a qualitative agreement, is approximately between 270° and 330°.
The vertical gray strip crossing Figure 5 highlights this range of θOH.

The calculated isotropic hfi constants of the 17O oxo ligands are shown in Figure 5b. The
horizontal gray strip in this panel shows the experimental aO = −5.9 MHz determined using
ESEEM in this work. The calculated aO for both of the oxo ligands are simultaneously in
agreement with the experimental aO = −5.9 MHz at several values of θOH, in particular, at
θOH ~ 290°–310°, which also provides the agreement between the calculated and
experimental aH. The possible positive hfi constant, aO = 5.9 MHz, is in disagreement with
the calculation.

Figure 5c shows the long component of the anisotropic hfi tensor, T//, of the oxo 17O
ligands. For θOH ~ 300°, the calculated values of T// range from −20 to −35 MHz, and are in
stark disagreement with the experimental T// = −2T⊥ = 2.1 MHz, both in sign and in
magnitude. Thus, the comparisons of the calculated and experimental spectroscopic
parameters shown in Figure 5 allows us to conclude that the dioxo Mo(V) complex of
Scheme 1A is not an appropriate model for the Moco in mARC-2 enzyme.

A somewhat unusual feature of the electronic structure of the double-oxo complex is that the
two oxo ligands provide approximately equal contributions to the overall crystal field at
Mo(V). This results in the natural z-axis for the real d-orbital set being oriented between the
oxo ligands. Accordingly, the dxy orbital (singly occupied molecular orbital, SOMO) plane
is also tilted by about 30° – 40° from the orientation expected for a single (axial) oxo ligand.
This tilt of the dxy orbital results in the shift of the aH dependence on θOH and in the
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possibility of direct π-overlap between the p-orbitals of the oxo ligands with the SOMO,
which results in unusually strong isotropic and anisotropic hfi constants.

4b. DFT calculations for (MPT)MoVO(OH)X
In this section we consider the (MPT)MoVO(OH)X model (Scheme 1B) with X = Ser, Met,
or Cys. Detailed explanation is given for X=Ser as an example of a protein-derived oxygen
ligand. This type of Moco has two degrees of freedom: the orientation of the OH ligand and
the orientation of the serine ligand. The OH ligand orientation was described using θOH
defined similar to that in the dioxo model considered above. The serine orientation was
defined in similar way, with θSer being a dihedral angle between the O=Mo-O(CSer) and
(O=)Mo-OCSer planes. For each (constrained) θOH and θSer the rest of the complex
geometry was optimized, and the spectroscopic parameters were calculated. The angles θOH
and θSer were varied with steps of 30° and 60°, respectively, and the data were presented as
graphs against θOH, with θSer being a parameter. Because of the large total number of the
plots, it was not reasonable to present all of them in the manuscript. We have presented
therefore only the data that were immediately relevant to the current discussion.

Figure 6a shows the dependences of aH on θOH for various values of θSer. One can see that
all of the plots are very similar, with aH being an oscillating function of θOH, with minima at
θOH = 0° and 180°, and maxima at θOH = 90° and 270°. The maximal values of aH
somewhat depend on θSer and reach 40 – 50 MHz. Figures 6b and 6c show similar plots for
aO and the larger anisotropic hfi component of the oxo ligand. Unlike aH, the oxo-17O hfi
parameters show very little dependence on the orientations of the hydroxo and serine
ligands. Figure 6 does not show the estimated possible deviations of the calculated values
from the true ones in order to avoid overcrowding the figure. However, the estimated
deviations in the calculated 1H and 17O hfi parameters are similar to those presented in
Figure 5. Thus, within the limitations of the DFT calculations of the 1H and 17O hfi
parameters, the model with coordinated serine cannot be excluded from consideration as
representing the Moco of the mARC-2 enzyme.

If serine is assumed to be the fourth equatorial ligand, then the immediate ligand
environment of the Mo(V) center is the same as that in the human SO (hSO), where the
cysteine residue coordinated to the Mo center was mutated to serine (61). In this C207S
mutant hSO, the Mo(VI) state was shown to have three oxo ligands, but one of the
equatorial oxo ligands became replaced by a serine ligand in the Mo(V) state, while the
other one became replaced by a hydroxyl (61). The Mo(V) EPR spectrum of C207S hSO
was extremely rhombic, with (gX, gY, gZ) = (1.9545, 1.9654, 1.9789). The hfi with the
proton of the equatorial OH ligand resulted in a resolved splitting at the intermediate turning
point, and the EPR spectrum was successfully simulated assuming the 1H hfi tensor (∣AX∣,
∣AY∣, ∣AZ∣) ≈ (6, 12, 6) MHz. Assuming an axial hfi tensor with AX = AZ, one either obtains
(aH, T⊥) ≈ (8, −2) MHz, or (aH, T⊥) ≈ (0, −6) MHz, depending on the choice of signs of AX
and AZ. The magnitude of T⊥ in the second set is much more reasonable than in the first
one, and it is comparable with T⊥ known for the OH ligand proton in SO (62, 63) and
DMSOR (64). Therefore, we consider the second set to be the correct one. The
corresponding value of aH (~ 0 MHz) is also presented in Table 1.

It is thus clear that the EPR parameters of the Mo(V) species of mARC-2 and C207S hSO
are quite different from one another. These parameters are summarized in Table 1, together
with the corresponding parameters of low-pH (lpH) and hpH SO used in the following
discussion.

From Figure 6a it is obvious that the difference in aH between C207S hSO and mARC-2 can
be explained by different θOH (near 0° or 180° vs. near 90° or 270°). The similar structural
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change explains the difference in aH between hpH and lpH SO (~0 and ~26 MHz,
respectively) (62, 63). In SO, the reorientation of the OH ligand is accompanied by an
increase in the rhombicity of the g-tensor, ∣gX-gY∣/∣gX-gZ∣, from ~0.2 in lpH SO to ~0.24 in
hpH SO. An increase of g-tensor rhombicity (from ≤ 0.1 to ~0.42) is also evident from
comparison of mARC-2 and C207S hSO (see Table 1). Therefore, the assumption of the
fourth equatorial ligand in mARC-2 being a serine residue does not contradict any of the
available EPR data. This, however, does not necessarily mean that Ser is the ligand. In fact,
the DFT calculations for Met and Cys (see Supplementary Information) resulted in 1H
and 17O hfi parameters similar to those obtained for Ser, and all of the experimental EPR
data for mARC-2 are generally similar to those obtained earlier for SO (24, 27). Therefore,
it is unlikely that DFT calculations can distinguish between various possible Mo(V) centers
with the general structures (MPT)MoVO(OH)-O-… or (MPT)MoVO(OH)-S-…, especially
taking into account the unknown orientation of the protein-derived ligand. Further
biochemical and structural studies are necessary to identify the fourth ligand in mARC
enzymes. Figure S7 of Supporting Information combines the experimental spectroscopic
information about the directions of the hfi and nqi tensors obtained in this work with the
overall conclusion of the DFT calculations about the protein-bound oxomolybdenum center.

Conclusion
The 1H and 17O ESEEM investigation of mARC-2 enzyme in this work has provided
evidence that the Moco in the Mo(V) state has an equatorial OH ligand and an exchangeable
axial oxo ligand. Two of the equatorial ligands were earlier shown to belong to the pterin
cofactor. The fourth equatorial ligand cannot be nitrogen, and should be EPR-silent (O or S).
In order to shed light on the nature of the fourth equatorial ligand, DFT calculations have
been performed. The comparison of the experimental and calculated 1H and 17O hfi data has
established that the (MPT)MoVO2(OH) (dioxo) model is in disagreement with the
experiment. On the other hand, the calculations for the (MPT)MoVO(OH)X model where X
is a protein-derived amino acid residue (Ser, Cys, or Met) have shown that, within the
limited accuracy of the experimental results and especially the DFT calculations, any of
these residues can be considered in agreement with the experimental data. One potential
possibility for identifying the protein-derived equatorial ligand may be electron-nuclear
double resonance (ENDOR) detection of second-sphere protons belonging to this ligand
(65), and such studies are underway.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Moco Molybdenum cofactor

EPR electron paramagnetic resonance

CW continuous wave

DFT density functional theory

ESEEM electron spin echo envelope modulation

HYSCORE hypefine sublevel correlation

hfi hyperfine interaction

nqi nuclear quadrupole interaction
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Fig. 1.
CW EPR spectra of mARC-2 in the Mo(V) state. Trace 1, the sample in H2O; trace 2, the
sample in 65% D2O (see text); solid trace 3, the sample in pure D2O (obtained as a
difference between trace 2 and appropriately normalized trace 1); dashed trace 3, simulated
with g//= 2.000 and g⊥ = 1.965. Experimental conditions: νmw = 9.453 GHz; mw power, 2
mW; modulation amplitude, 0.2 mT; temperature, 77 K. The asterisk marks the signal of
unknown origin that is always observed in mARC enzymes.
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Fig. 2.
HYSCORE spectra of the Mo(V) center of mARC-2 in D2O. Panel a shows the
experimental spectrum at g⊥ (Bo= 1086.2 mT). Panels b and d show an expanded view of
one of the correlation features observed in the experimental spectra at g⊥ and g// (Bo =
1068.6 mT), respectively. Experimental conditions: νmw = 29.858 GHz; interval between the
1st and 2nd mw pulses, τ = 150 ns; durations of mw pulses, 10, 10, 17, 10 ns; temperature, 21
K. Panels c and e show the simulated spectra for a deuteron with aiso = 5 MHz, T⊥ = −1.3
MHz, e2Qq/h = 0.22 MHz, η = 0. The orientation of the T// axis with respect to the g-frame
(defined by (gX, gY, gZ) = (1.965, 1.965, 2.000)) is given by the polar and azimuthal angles
θh = 75°, φh = 30°. The isotropic hfi was Gaussian-distributed with the width of Δaiso= 1
MHz. The orientation of the nqi axis is given by θq = 80°, φq = 0°. The accuracy of
determination of all of the angles if ±5°.

Rajapakshe et al. Page 16

Biochemistry. Author manuscript; available in PMC 2012 October 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Primary ESEEM spectra of the Mo(V) center of mARC-2 in H2

17O-enriched buffer at pH
8.5. Solid and dashed traces correspond to the long-incubation (3 h) and short-incubation (30
min) samples, respectively. The asterisks mark the 17O lines from the oxo ligand. Vertical
dashed line indicates the position of the 17O Zeeman frequency, νO. Experimental
conditions: νmw = 29.794 GHz; magnetic field, Bo= 1084 mT (g⊥); mw pulses, 10, and 15
ns; temperature, 21 K.
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Fig. 4.
Dependence of the hfi constant of oxo- 17O, A, on EPR position. The EPR position is
expressed in terms of 1–3cos2 (θgB), where θgB is the angle between the axis of g// and the
direction of Bo. Filled circles, experimental hfi constant. Solid line, least-squares fit by the
function A = aiso + T⊥ (1–3cos2 (θgB)), where aiso is the isotropic hfi constant and T⊥ is the
perpendicular component of the axial anisotropic hfi tensor. The resulting fitting parameters
are: aiso = ±5.9 MHz, T⊥ = ±1.05 MHz (both positive or both negative).
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Fig. 5.
Results of DFT calculations for (MPT)MoV O2(OH) as a function of θOH. Panel (a) shows
the isotropic hfi constant of the hydroxyl ligand proton, aH, panel (b) shows the isotropic hfi
constants of the oxo ligands, aO, and panel (c) shows the long components of the anisotropic
hfi tensors of the oxo ligands, TO//. The filled and open circles in panels (b) and (c)
correspond to the axial and equatorial oxo ligands, respectively. Gray horizontal strips show
the experimental values of the corresponding parameters. The vertical gray strip crossing all
panels shows the range of angles θOH providing an agreement between the experimental and
calculated aH. The vertical lines through each point in the panels indicate the estimated
possible deviations of the calculated parameters from the true ones.
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Fig. 6.
Results of DFT calculations for (MPT)MoVO(OH)Ser as a function of θOH and θSer. The
general structure of Figure 6 is similar to that of Figure 5. The plots for different θSer values
(from 0° to 300°, with the step of 60°) are overlayed to show the range of variation of the
calculated parameters as a function of θSer. The filled and open circles in panels (b) and (c)
correspond to the axial and equatorial oxo ligands, respectively. Gray horizontal strips show
the experimental values of the corresponding parameters. Vertical gray strips crossing all
panels show the range of angles θOH providing an agreement between the experimental and
calculated aH.
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Scheme 1.
Proposed Mo(V) active site structures for mARC. (A) (MPT)MoVO2(OH); (B)
(MPT)MoVOX(OH) species, with X being either an inorganic ligand or a protein-derived
ligand. The pyranopterin ligand is shown as S◠S.
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