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ABSTRACT: The periplasmic nitrate reductase NAP belongs WOV Urtermectary Speciey; i pRORNING HITN PeCIans
to the DMSO reductase family that regroups molybdoenzymes
housing a bis-molybdopterin cofactor as the active site. Several
forms of the Mo(V) state, an intermediate redox state in the
catalytic cycle of the enzyme, have been evidenced by EPR
spectroscopy under various conditions, but their structure and
catalytic relevance are not fully understood. On the basis of
structural data available from the literature, we built several models that reproduce the first coordination sphere of the
molybdenum cofactor and used DFT methods to make magneto-structural correlations on EPR-detected species. “High-g” states,
which are the most abundant Mo (V) species, are characterized by a low-anisotropy g tensor and a high g,.;, value. We assign this
signature to a six-sulfur coordination sphere in a pseudotrigonal prismatic geometry with a partial disulfide bond. The “very
high-g” species is well described with a sulfido ion as the sixth ligand. The “low-g” signal can be successfully associated to a
Mo(V) sulfite—oxidase-type active site with only one pterin moiety coordinated to the molybdenum ion with an oxo or sulfido
axial ligand. For all these species we investigate their catalytic activity using a thermodynamic point of view on the molybdenum
coordination sphere. Beyond the periplasmic nitrate reductase case, this work provides useful magneto-structural correlations to
characterize EPR-detected species in mononuclear molybdoenzymes.
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1. INTRODUCTION Scheme 1. Structure of the Molybdenum Cofactor of
Mononuclear molybdoenzymes are oxidoreductases which meta- Periplasmic Nitrate Reductases”

bolize a wide diversity of small inorganic substrates (nitrate, X Scys Io)

formate, sulfur, or arsenic compounds). Usually this large family 04PO s NH
of enzymes is categorized in three structural subclasses: the "L,/ S\‘“"MOQ’/S H HN />‘NH2
sulfite oxidase (SO), xanthine oxidase (XO), and dimethyl \ S S \ N
sulfoxide reductase (DMSOR) families." Within each of the HO 4 NH

three families the molybdenum cofactor (Moco) exhibits a H o

peculiar structure: the metal is coordinated to either one or two HN NH H
pyranopterins, and in most enzymes an additional amino acid — OPO;_ S

which can be serine, cysteine, seleno-cysteine, or aspartic acid is N\ o

present in the coordination sphere.”® Moreover, some addi- >\NH

tional oxygen or sulfur ligands arising from the oxo or sulfido HoN

group, hydroxide ion, or water molecule are observed. Within
the DMSOR family, which is essentially composed of enzymes
from prokaryotic organisms, nitrate reductases reduce nitrate to
nitrite by a two-electron and two-proton transfer reaction thanks
to a Mo—bis(molybdopterin) cofactor (Scheme 1). These
enzymes are believed to play an essential role in the biological
cycle of nitrogen and have been extensively studied during the
last decades by many biophysical techniques (EPR spectroscopy,
electrochemistry, extended X-ray absorption fine structure
spectroscopy, Raman spectroscopy, X-ray crystallography) to

“X represents an exogenous ligand (H,0, OH™, NO;~, O*",...).

debated.'”"*~?* Periplasmic nitrate reductases (NAP) constitute a
subgroup of the DMSOR family which can be monomeric
(NapA)*?** or dimeric (NapAB).”***~2? All of them possess
a catalytic subunit harboring the Moco and an electron transfer
[4Fe-4S] center. Several crystallographic studies of NAP
enzymes have been performed and reveal different structures
of the Moco depending on the microorganism and crystalli-

investigate the structural and redox behavior of the molyb- zation conditions”*"*****" (Scheme 2). A common feature is
denum cofactor and understand the catalytic mechanism.>™*® In the coordination of the Mo atom by two pterin groups and by a
this mechanism the Mo ion is considered to cycle between

the +IV, +V, and +VI oxidation states, but the structure of the dif- Received: July 19, 2011

ferent intermediates involved in the enzyme cycle is still largely Published: March 7, 2012
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Scheme 2. Molybdenum Coordination Modes Proposed
from Crystallographic Structures of Periplasmic Nitrate
Reductases”
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“PDB codes: 2NYA from Escherichia coli (left), 10GY from Rhodobacter
sphaeroides (middle), 2V3V from Desulfovibrio desulfuricans (right).
X stands for an unresolved ligand.

thiol from cysteine, but one can notice the diversity of the small
ligand proposed in the Mo coordination sphere which suggests
a high plasticity of the active site related to its ability to bind
various anions. Depending on the study, this ligand was pro-
posed to be an oxygen atom from a water, hydroxo, or oxo
group”"*® or a sulfido group which can be bound to the sulfur
atom of the Cys ligand.26’30 Since in most of these studies the
crystals were prepared in aerobic conditions, the molybdenum
ion is usually considered to be in the +VI oxidation state.”"*®

However, it is worth noting that even in the oxidized state of
NAP several Mo(V) species were evidenced by EPR. The
biological role of Mo(V) intermediates is a crucial question
since it can constitute an essential part of the catalytic cycle.*!
Despite extensive investigations, the catalytic relevance of the
corresponding species is still not established and although their
magnetic parameters are well known their structures remain
elusive. Moreover, for as-prepared NAP samples, the Mo(V)
EPR signal intensity can be largely substoichiometric represent-
ing from 2.5% to 60% of the total molybdenum content depend-
ing on the preparation and bacterial origin.'"® These
heterogeneities demonstrate the versatility of the system and
are a source of complexity for functional studies. Usually, on the
basis of the Mo(V) g values, NAP EPR signals are classified into
three main groups: “high-g” species which correspond to the
major species and “low-g” and “very high-g” species (Figure 1
and Table 1). In addition, hyperfine couplings (hfc) with one or
more magnetic nuclei are detected by EPR spectroscopy on
NAP (Table 1) and reveal the presence of exchangeable or non-
exchangeable protons in the vicinity of the Mo atom. As ex-
plained hereafter, the proportions of each signal are strongly
dependent on the redox treatment undergone by the enzyme,
on the presence of redox mediators, or on incubation with sub-
strate. As the electronic g and hyperfine coupling A tensors are
expected to be highly sensitive to the environment of the metal
ion, this diversity of EPR signatures suggests a great variability of
the structure of the molybdenum cofactor.

In order to understand the relationships between the various
three-dimensional structures proposed for the Mo cofactor in
periplasmic nitrate reductases and the EPR-detected Mo(V)
species, we present in this work a theoretical analysis of their
magnetic parameters. DFT calculations, including geometry
optimization and determination of spectroscopic parameters,
have been performed on different kind of models of NAP
molybdenum cofactor with the aim of deducing some magneto-
structural correlations for EPR-detected species. We emphasize
results for the so-called “high-g” signals which are the major
components of molybdenum paramagnetic forms in NAP.
On the basis of thermodynamic calculations, we present also
an interpretation of the catalytic relevance of the proposed
structures as a function of the oxidation state of the metal.
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Figure 1. Plot of the g values of the Mo(V) species against anisotropy
for several bacterial and eukaryotic molybdenum enzymes. Numbers
correspond to the following signals: (1) Pp NapAB “low-g stlit”,58 (2)
Pp NapAB “low-g unsplit’,®" (3) Chicken SO “low pH”,'® (4) Pp
SoxCD “low pH”,'" (5) At SO “low pH”,'** (6) Ss NarB “high-g
resting”,”” (7) Ec NapA “high-g resting”,*' (8) Pp NapAB “high-g
nitrate”,®" (9) Dd NapA “high-g turnover”,*® (10) Av NAS “high-g
nitrate”,*® (11) Pp NapAB “high-g resting”,”® (12) Rs and Sg NapAB
“high-g resting”,2 % (13) Dd NapA “high-g nitrate”,**> (14) Dd FDH
“high-g resting”,69 (15) Mf FDH “very high g”,68 (16) Pp NapAB “very
high g”°" (17) Rs NapAB “very high g” (this work), (18) Av NAS
“very high ¢”,° and (19) Ss NarB “very high g”.%” Symbols (@, X, A)
have been chosen to classify signals by resemblance. At, Arabidopsis
thaliana; Av, Azotobacter vinelandii; Dd, Desulfovibrio desulfuricans; Ec,
Escherichia coli; Mf, Methanobacterium formicicum; Pp, Paracoccus
pantotrophus; Rs, Rhodobacter sphaeroides; Sg, Shewanella gelidimarina;
Ss, Synechococcus species; FDH, formate dehydrogenase; NAR,

respiratory nitrate reductase; NAS, assimilatory nitrate reductase.

These results clarify the role of the EPR-detected Mo(V)
state from a structural and a mechanistic point of view.

2. METHODS

The structural models used in this study are built from molybdenum
cofactor Cartesian coordinates of published NAP crystallographic
structures (PDB codes 2NYA,>' 2NAP,* 2v3V,* 1S0X,** 10GY?).
Molybdopterins and cysteine residue are truncated to simplify studies
without significant loss of accuracy in electronic and magnetic
properties calculations: pterin moieties are modeled by their first
heterocycle and chelated dithiolene functions, whereas the cysteine
chain is modeled by an ethanethiolate fragment. Geometry optimi-
zations and frequency calculations of molybdenum cofactor models
were performed in the gas phase with the Gaussian03 program pack-
age (ver. E01)* using the B3LYP hybrid functional (Becke’s three-
parameter hybrid exchange functional with 20% of Hartree—Fock
admixture and the Lee—Yang—Parr nonlocal correlation functional)****
and SDD basis set with d function for sulfur and effective core potentials
for molybdenum.*® The SDD basis set was chosen for optimization
because of its good ability to model second-row transition-metal com-
plexes.*” Energy minima were characterized with harmonic frequency
calculations (no imaginary frequencies). The electronic properties and
magnetic constants were obtained with the ORCA package (ver. 2.8)**
by running single-point calculations on fully or partially optimized
structures. The ORCA program uses the coupled-perturbed self-
consistent field (CP-SCF) formalism.*® These single-point calculations
were carried out at the B3LYP level of theory with the zero-order
regular approximation (ZORA) for relativistic components.*>*' Mo
and S were represented by the all-electron TZV-ZORA basis set,* and
C, H, N, and O were represented by the all-electron SV-ZORA basis
set*” with Ahlrichs polarization functions.* Our calculation utilizes the
empirical van der Waals correction implemented in the ORCA program.**
The S expectation value for unrestricted Kohn—Sham wave functions
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Table 1. Experimental EPR Parameters of Mo(V) Species in Periplasmic Nitrate Reductase®

anisotropy rhombicity

source signals & & & o a-& (& — &)/ (& — &) Ay('H) [MHz] ref
Ec NapA high g 1.997 1.988 1.981 1.989 0.016 0.56 16.8,13.4,13.4 21
Rs NapAB  high-g resting 1.999 1.991 1.981 1.990 0.018 0.45 17.1, 15.7,14.0,8.1,n.d, n.d. 9,60
Rs NapA high-g resting 1.998 1.991 1.981 1.990 0.018 0.44 17.6, 15.1, 14.0° 59
Pp NapAB  high-g resting 1.998 1.990 1.981 1.990 0.018 0.46 17.9, 14.6,14.0,7.8,n.d., n.d. 58
Sg NapAB  high-g resting 1.998 1.990 1.981 1.990 0.018 0.46 17.9,14.6,5.4 24
Dd NapA  high-g nitrate 2000 1990 1981  1.990 0.019 0.53 12.9,14.0, 12.9° 63
Pp NapAB  high-g nitrate 1.999 1.989 1.981 1.990 0.017 0.59 17.9, 12.0,12.9,9.0, n.d,, n.d. 61
Dd NapA high-g turnover 1.999 1.990 1.982 1.990 0.017 0.53 16.2,18.2,15.4¢ 30
Rs NapAB very high g 2.023 2.000 1.994 2.006 0.029 0.79 21.8,19.9,16.8 c
Pp NapAB  very high g 2.022 1.999 1.993 2.005 0.029 0.80 20.7,20.7,18.5 61
Pp NapAB  low g (split) 1.996 1.969 1.961 1.97§ 0.035 0.77 36.4,38.1, 4.8Y 58
Pp NapAB low g (unsplit) 1997 1962 1959 1973 0.037 093 61

“Since g values are close to 2.0, hfc constants have been translated into frequency units using 1 mT = 28 MHz. bFor one exchangeable proton. “This
work (simulations performed by using the EasySpin free package'®). 9For one nonexchangeable proton. “For two exchangeable protons.

(which is a good spin contamination indicator) has been checked for each
single-point calculation and does not exhibit significant deviations from
the ideal value (ie., 0.75 for Mo(V) systems). Some recent studies have
demonstrated the ability of DFT methods with a hybrid functional like
B3LYP to properly reproduce EPR parameters of several transition-metal
compounds and, in particular, Mo(V) complexes.**>' One can also
notice their excellent ratio accuracy/calculation time. To test the validity
of our method for the molybdenum cofactor of NAP which possesses a
high content of sulfur atom in the Mo coordination sphere, we performed
preliminary calculations on well-characterized molybdenum—sulfur syn-
thetic complexes with known structural and magnetic properties (see
Supporting Information). These tests confirm the good ability of B3LYP
to estimate the g values of molybdenum complexes. Nevertheless, we find
the well-known tendency of this hybrid density functional with 20% exact
Hartree—Fock exchange admixture to slightly overestimate the g, value
and the g-tensor anisotropy for Mo(V) six-coordinate complexes,**>~>*
In some cases, in vacuo optimizations are not well suited to model active
sites of enzymes. Indeed, neglecting the proteic environment can be a
source of errors in geometrical optimizations. When in vacuo full opti-
mizations led to large geometrical deviations from the crystal structure, we
used partial optimizations by keeping constant some bond distances and
angles around the metal in order to mimic protein constraints

3. RESULTS AND DISCUSSION

EPR spectroscopy has long been used to characterize the Mo
cofactor in the NAP family (Table 1). In Figure 1 are collected
the g values of the Mo(V) species detected in monomeric and
dimeric NAP and in structurally related enzymes like cyto-
plasmic assimilatory nitrate reductases (NAS) or formate de-
hydrogenases (FDH), the cysteine ligand of the Mo ion being
replaced with a seleno—cysteine in the latter. The g values are
plotted as a function of the g-tensor anisotropy, a representation
that is well adapted to emphasize structural correlations between
various paramagnetic species.”> >” Three groups of correlated
species clearly appear that include the “low-g”, “high-g”, and
“very high-g” species, respectively. This indicates that within
each group the Mo ion has the same coordination sphere, the
g-tensor variations being due to a change of the ligand field
strength (for instance, upon Cys to Se-Cys ligand replacement)
or to small structural modifications (angle or distance bonds)
induced by changes of the second coordination sphere of the
metal or of its close environment.

In order to correlate structural and magnetic data, we calcu-
lated the g and A tensors for several Mo(V) models based on
the NAP crystallographic data. The 3 X 3 electronic g tensor
was obtained from the sum of four contributions: the free electron
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g value (g,), the relativistic mass correction (RMC), the dia-
magnetic gauge correction (GC), and the second-order cross
terms between the orbital Zeeman (OZ) and spin—orbit
coupling (SOC) operators. Equation 1 describes the matrix
element g; of the electronic g tensor

GC 0Z/S0C

_ RMC
gi]. = geﬁ,-j + Agij + Agl.]. + Agij

(1)
For transition-metal-containing species, the main contribution
is Ag,-joz/ SO€ which strongly depends on the nature and relative
energy positions of frontier orbitals.’® Since this major con-
tribution cannot exactly be calculated, the accuracy of the calcu-
lation depends on the method of approximation. The ORCA
software uses the spin—orbit mean-field approach (SOMF) to
estimate the SOC operator.®® Given that the major contribu-
tions of g values arise from spin—orbit coupling of the metal and
the coordinated atoms, we focused on the first coordination
sphere of the molybdenum ion. The 3 X 3 hfc A tensor results
from the interaction between the unpaired electron and a
magnetic nucleus N. The complete expression of the hfc matrix
element A; can be written as

Aji(N) = T(N) + T ob(N) + 8;;(Apc(N) + Apc(N))
)

where T,-i-(N) and Tij’orb(N) are the first- and second-order terms
of the anisotropic dipolar interaction, respectively. Apc(IN) corre-
sponds to the isotropic Fermi contact interaction (first order
term), and Apc(N) is the isotropic pseudocontact interaction
(second order term). 0;; are values of the identity matrix. As for
the g tensor, the hfc tensor second-order terms depend on the
SOC contributions which may introduce some inaccuracy.
Fortunately, the SOC correction is negligible for light atoms like
protons. Thus, in our study, the main source of error results from
calculation of the spin density at the position of nucleus N which
strongly affects the Aij(N) values (for more details on DFT
calculations of this interaction, see refs 46 and 51). Moreover, it
must be kept in mind that geometry optimizations of Mo (V)
models do not directly take into account the protein environ-
ment which induces steric constraints on bond lengths and
angles. Thus, EPR parameter calculations must be used care-
fully and only with a qualitative approach based on comparison
within model series.

For the sake of clarity, we presented separately in the follow-
ing text the results concerning the different types of Mo(V)

dx.doi.org/10.1021/ic201533p | Inorg. Chem. 2012, 51, 3409—3419
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Scheme 3. Tested Mo(V) Models for “High-g” Species”
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signals of the NAP enzymes, namely, the “high-g”, “very
and “low-g” EPR signals.

3.1. “High-g” Species. The “high-g” family (Figure 1)
contains the most common and most intense signals of Mo (V)
EPR-detected species in NAP enzymes. All “high-¢g” signals are
characterized by a rhombic g tensor and hfc interactions with
two I = 1/2 nuclei (Table 1). The “high-g” signals can be
further subdivided according to the anisotropy and the rhom-
bicity of the g tensor. This group is composed of three kinds of
signatures called “resting”, “nitrate”, and “turnover”. “High-g
resting” signal is characterized by a g-tensor rhombicity of about
0.45, this value rising to 0.53 in “high-g nitrate” and “high-g
turnover” signals. The “high-g resting” (or “high-g split”) signal
is usually observed in as-prepared NAP samples from Pp, Rs,
and, recently, Sg.”**%87% Tts intensity depends on enzyme
prepalratlons1 and varies, for instance, between 3% and 20% of
the total molybdenum content for Rs NapAB and up to 70% for
Rs NapA. In the presence of nitrate and using dithionite as a
reductant this signature is replaced by the “high-g nitrate” signal
in Pp " and Rs*> NapAB. This signal has also been obtamed under
reductive conditions in the absence of substrate 1n E' and
with or without substrate in Dd NapA samples,*® su§gestmg
that this species might not be a nitrate-bound form.*’ When
methyl viologen was used as a reductant and in the presence of
nitrate, the Mo(V) 51gnature is characterized by the so-called

“high-g turnover” signal,>>®* but to date, this signal was reported
in Dd NapA samples only. Moreover, while the detected hfc
interactions are related to nonexchangeable protons in “high-g
resting” and “high-g nitrate” signals,”®"* they were proposed to

high-g”,

3412

arise from two exchangeable protons in “high-g turnover”. 63

However, the strong resemblance of EPR parameters between all
these signals suggests that the Mo coordination is the same for
these species with only subtle structural differences in the vicinity
of the molybdenum center.

Interestingly, the “high-g” signals are very different from
those given by enzymes of the XO and SO family which contain
monopterin active sites. In particular, their g values are higher,
which probably reflects significant Ag,-joz/ SOC sulfur contribu-
tions and are in agreement with the presence of the two pterins
coordinated to the Mo(V) ion. Moreover, the experimental hfc
constants with two nonexchangeable protons were analyzed by
'H ENDOR spectroscopy®* (Table 1) and could be attributed
to the $-CH, protons of the coordinating cysteine, the magni-
tude of the hyperfine coupling being consistent with the presence
of protons at two or three bond distances from the metal.

Considering these experimental results, we used NAP crystal
structures (PDB codes 2NYA, 10GY, and 2V3V) to construct
active site models with two pterins and one cysteine and with
or without additional ligands (Scheme 3). Model 1 is the
simplest case with a pentacoordinated structure. Models 2 are
equivalent to the common structures found in crystallographic
studies in which the coordination sphere of the molybdenum
ion is completed with a sixth ligand. For these models, we
tested the most probable anions or molecules that could bind
to the metal: H,0, OH™, O*,, NO,;~, SH™, $>". Model 3
derives from models 2 and has been tested to investigate the
effect of pterin protonation.”® Models 4 and 5 possess a sulfur
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ion which makes a partial disulfide bond with the cysteine
ligand. This side-on 7” arrangement has been recently pro-
posed”** and could protect the molybdenum atom from any
direct attack of the solvent. In the case of an associative inner-
sphere mechanism, Mo(V) intermediates would have a seven-
coordinated geometry.20 Thus, we studied model 6, which
possess a seven-coordinate geometry with a nitrate ion.

Geometry optimizations of models 1—6 imply large modifi-
cations in bonds and angles around the metal compared with the
crystal structure. The absence of surrounding protein in our
models can explain these structural modifications as the geom-
etry around the molybdenum must be constrained by electronic
and steric interactions with close amino acids. EPR parameters of
the optimized structure of models 1—6 have been determined
and reported in the Supporting Information. In fact, these EPR
parameters are significantly different from the experimental
values measured for “high-g” signals. Nevertheless, these calcu-
lated EPR parameters could be used for studying magneto-
structural correlations. To our knowledge, no molybdoenzyme
or mononuclear Mo(V) complex with a rhombic g tensor and
Zmin Values larger than 1.98 have been reported in the literature
excegted for NAP (Table 1), NAS,°*®” and FDH®**® active
sites”’ (Figure 1). All enzymes possess two pterins, one cysteine
or selenocysteine, and probably an additional unknown ligand
coordinated to the molybdenum ion. Among good candidates for
an additional ligand, the oxo ion is one of the most proposed in
the literature since EXAFS experiments indicate the presence of
Mo=0 bonds in the Mo(VI) state of NAP samples.61 Our
attempts to find the geometry of model 20>~ which has a g tensor
in good agreement with the “high-g” species failed even when some
geometrical constraints were used (see Supporting Information).
Interestingly, comparison of g values of optimized models 1—6
reveals that only structures with six sulfur atoms around the metal
give g, > 1.98 (models 2SH™, 4, and §). This suggests that the
large g, value for the “high-g” Mo(V) species is an indicator of the
presence of six sulfur (or selenium) atoms in the first coordination
sphere. On the other hand, the model 28>~ has a g,;, = 1.897 that
indicates the great sensitivity of the g tensor to structural variations
and emphasizes the necessity of deeper investigations on six sulfur-
coordinated Mo(V) systems (named [MoS,] thereafter).

Thus, we investigated the influence of structural parameters
on working models considering a [MoS;] structure as the most
probable coordination sphere for the “high-g” species. Among
all structural parameters, g values are very sensitive to those
related to the first coordination sphere, especially the dihedral
angle between the four sulfur of the pterin dithiolene ligands
which is known as the Bailar twist’' (@ in Scheme 4). In the

Scheme 4. Schematic View of the Molybdenum
Coordination Sphere for Dihedral Angles 6 = 0° (left) and
60° (right)

m

pseudo-Dyy,

pseudo-Oy

second coordination sphere, a well-known structural determi-
nant of the Mo(V) g tensor in molybdenum complexes is the
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dithiolene fold angle which is the angle between the plane
formed by the Mo—S dithiolene bonds and the plane formed by
the dithiolene ligand (Scheme 4).°*7>”7* In the case of
periplasmic nitrate reductases, the crystallographic structures
show that these dithiolene fold angles are small (<10°). More-
over, in optimized models of this study these fold angles remain
close to zero (see Supporting Information). Then, in all cases
the calculations of EPR parameters were performed on a
cofactor structure characterized by small values of the
dithiolene fold angles.

Thus, the Bailar twist was the main geometrical parameter
investigated for “high-g” models. For models 2SH™, 28>, 4,
and § with six sulfur ligands, significant variations of the Bailar
twist were observed between optimized geometries (see
Supporting Information). This angle variation is associated to
the rotation of the ligands around the C; axis. In fact, an increase
of this angle can be seen as an indication of a deformation of the
pseudo-Dsy;, symmetry toward D; (pseudo-octahedral symme-
try). This enhancement of the O, character is associated to a
rotation of one pterin out of the plane containing the molyb-
denum ijon and the other pterin. The main reason for this
rotation is the presence of the exogenous ligand. Steric and
electronic repulsions induced by the ligand cause a shift of the
cysteine ligand toward one pterin that leads to rotation of the
pterin to minimize constraint. This effect is more pronounced
for optimized models in which the exogenous ligand is strongly
charged. Model 28 has a Bailar twist of 6 = 53°, whereas
models 4 and § display a Bailar twist of @ = —10° and —16°, re-
spectively. The minimal rotation of one pterin is then observed
for models 4 and 5, which have a pseudo-Dj, symmetry. For
these latter models, the partial disulfide bond plays a crucial role
in ligand organization around the metal.

To give better insight into the correlation between the Bailar
twist, the molecular orbitals, and the g tensor of [MoS]
complexes, we studied the two typical symmetry cases of a tris-
dithiolene Mo(V) compound: the trigonal prismatic symmetry
(D3 0 = 0°) and the distorted D; geometry (O, in local
symmetry and D; in global symmetry, 6 = 60°). Electronic
properties of these models have been already studied by DFT,”®
and we propose here an insight of the EPR parameters with the
interpretation of the g values with regard to the molecular orbitals.
All calculation results have been reported in the Supporting
Information. The study of these two models suggests that
“high-g” species which have low-anisotropy g tensors correspond
to pseudo-Dj;, systems with some distortions toward D; geometry.

These first results on optimized models suggest that the
trigonal prismatic geometry is favored by the presence of a
pseudo-disulfide bond, in contrast with models with the oxo
ligand which lead to an electronic preference for distorted
octahedral structures.”® Then models 4 and § appear to be the
best candidates corresponding to a [MoS] coordination sphere
with pseudo-trigonal prismatic geometry. In order to take into
account the constraints and interactions of the proteic envi-
ronment on the active site, we performed EPR properties
calculations on a partially optimized model 4 deduced from the
Dd NapA crystal structure (PDB code 2V3V), which was
modeled with a disulfide bond in a side-on #* coordination.
This structure possesses a Bailar angle of 8 = 14°, which corre-
sponds to a trigonal prismatic geometry with a rather small
twist of pterins toward the octahedral symmetry and thus is in
agreement with magneto-structural correlations proposed for
“high-g” species. The twisted trigonal prismatic geometry has
already been proposed for intermediate species during the oxygen
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atom transfer mechanism in the DMSOR.”””® Crystallographic

atomic coordinates have been frozen for all non-hydrogen atoms
(ie, geometry optimization concerns only hydrogen atoms).
However, given the fact that for a crystallographic resolution of
2.0 A the standard deviation of coordinates can be estimated to be
about 0.2 A,”® we studied the evolution of g values by considering
a possible variation of a few percent in bond lengths between the
Mo ion and the ligands. In order to avoid deformations toward D;
symmetry caused by elongation of only one part of coordination
bond lengths, all Mo—S bond lengths have been modified by the
same ratio from 95% to 110% of crystallographic values, and only
the hydrogen positions were optimized (Figure 2).
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2.005

1.985

1.965

g-values

1.945
1.925

1.905

94 96 98 100 102 104

%d(Mo-S)

Figure 2. Dependence of g values with Mo—S bond length for the
“2V3V model”. Reference (100%) corresponds to the value for
crystallographic geometry. Gray box indicates the best fit for “high-g”
signals.

Figure 2 shows that the g values are significantly affected by
Mo—S distances. Increasing lengths between the metal ion and
ligands leads to a decrease of the g values, whereas the g-tensor
anisotropy and rhombicity are roughly conserved. This can be
explained by the decrease of spin density delocalization on
ligands when sulfur atoms (which give positive Ag contribu-
tions) are moved away from the molybdenum center. Finally,
the best fit we obtained for g values of “high-g” species corre-
sponds to model 4 with crystallographic coordinates and an
increase of Mo—S bonds of 4% (=0.1 A). This small deviation
of bond lengths is close to the uncertainties on atomic positions
due to the resolution of the crystallographic structure. This
partially optimized model (named “4 2v3v”) is 26 kcal/mol
higher in energy than the fully optimized model 4 (in vacuum),
which can be balanced by the steric and electrostatic effects of
the protein environment and small reorientations of bonds as
already shown in other enzymes. Indeed, some very large strain
energies have already been calculated for proteins by com-
parison of QM and QM/MM methods. For example, Torrent
et al. calculated an energy difference of 47 kcal/mol for the
methane monooxygenase active site due to rotation of ligands.*® In
the case of NAP, several aromatic residues (Trp-622, Phe-689,
Tyr-713 in the 2V3V X-ray structure) are located in the vicinity of
Moco and interact by 7 interactions with pterin moieties which
likely result in constraints in the cofactor structure and limit
the reorientation of the ligands. The model “4_2v3v” has the
following g values: g, = 2.006, g, = 1.996, g; = 1.978. The result-
ing anisotropy of the g tensor is 0.027, which is significantly
small for Mo(V) signals, as is the case for “high-g” species.
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Interestingly, the greatest ifc constants are related to 'H of the
cysteine f-CH, group (A,, = 3.9, A,, = 42, A,, = 8.7 MHz) as
already proposed from the study of the hyperfine splitting
observed in “high-g” signals." The non-negligible deviation
between calculated and experimental hfc values is likely due to a
different orientation of the ethanethiolate group modeling the
cysteine ligand which can also be influenced by the proteic
constraints. Indeed, by modifying the dihedral angle between
the disulfide bond and the C—C bond of the ethanethiolate
ligand we can improve the 'H hfc values of the f-CH, group
without a significant change of energy (less than 1 kcal/mol)
and g values (see the angular variation of the ethyl group in the
Supporting Information). For a SSCC dihedral angle value of
75° we obtain a 'H hfc of A, = 6.6, A, = 6.7, A,, = 11.0 MHz.
Although the 'H hfc is well known to be strongly sensitive to
the basis set, using EPR-II or TZVP instead of SVP basis set
does not give a significant change (<10% of variation) in the
calculated values.

As we have previously seen, the “high-g” term groups three
different species: “high-g resting”, “high-g nitrate”, and “high-g
turnover”. The differences between these signals are tiny in
terms of magnetic parameters and behavior. This suggests that
there are no significant differences in the first coordination
sphere of Mo(V). Then, we propose a common structure for all
these species based on a six-sulfur coordination sphere with a
partial disulfide bond in a side-on #* fashion which gives a
pseudo-trigonal prismatic geometry. These species can be
strongly related to the crystal structure proposed by Najmudin
et al.>° Differences between “resting”, “nitrate”, and “turnover”
signals could be due to the presence of ions or solvent molecules
not directly coordinated to the molybdenum center but in its
close neighborhood or to a rearrangement of the proximal
amino acids surrounding the Moco leading to small variations of
its magnetic properties.

3.2. “Very High-g” Species. “Very high-g” signals have
only been detected for some enzymes of the DMSO reductase
family. These signatures could be observed alone in as-prepared
samples of cytoplasmic assimilatory nitrate reductases (NAS)**%”
or in recent as-prepared preparations of NAP from Rs in which
the “very high-g” signal was observed together with the “high-g
resting” signal and accounted for only a few percent.’” These
kinds of signals were also observed with FDH® or polysulfide
reductase (PSR)®! samples treated with excess dithionite or sub-
strate and with NAP samples treated with dithionite, cyanide, or
azide and subsequently oxidized by air, nitrate, or ferricya-
nide.’*"%* On the other hand, Jepson et al. have shown that
addition of dithionite to Synechococcus sp. NarB (a NAS type
enzyme) samples leads to conversion from “very high-g” to
“high-g” signatures. After consumption of reductants, the NAS
samples partially return to the “very high-g” signal.’*®” All
these observations may reflect a complex redox behavior and
ask whether “high-g” and “very high-g” species have a redox
relationship. The unusually large g values characterizing the
“very high-g” Mo(V) species (Table 1) suggest a significant
delocalization of the spin density on the sulfur atoms which
suppose, as for “high-g” species, that only a [MoSs] coor-
dination sphere with a pseudo-trigonal prismatic geometry can
give this kind of g tensor for molybdoenzyme active sites.
Concerning hfc interactions, like most of the NAP Mo(V)
signatures, the “very high-g” signal is sglit by a coupling with
one nonexchangeable I = 1/2 nucleus.”®

To reproduce these EPR parameters, we used models with
six sulfur atoms in the first coordination sphere of the molybdenum
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Table 2. Mo(V) EPR Parameters of the “High-g”,
&1 & &
Rs “high-g resting” 1.999 1.991 1.981
model “4_2v3v” 2.006 1.996 1.978
Rs “very high g” 2.023 2.000 1.994
model “28*_2v3v” 2.025 2.005 1.995
Pp “low-g split” 1.996 1.969 1.961
model 7 1.995 1.973 1.967
model 9 1.992 1.967 1.961

Very High-g”, and “Low-g” Mo(V) Species and Our Proposed Models”

anisotropy rhombicity
&~ & g~ 8)/(& —g) 4;('H) (in MHz)

0.018 045 17.1,15.7,14.0
0.027 0.34 3.9,42,87

0.029 0.79 21.8,19.9,16.8
0.030 0.67 -1.7,-2.6, 3.8
0.035 0.77 36.4,38.1,42.8
0.028 0.79 39.7,42.0,59.1
0.031 0.81 41.6,43.6,60.8

Scheme 5. Tested Mo(V) Models for “Low-g” Species
HO
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center. Obviously, EPR signatures demonstrate that in both species
the metal must have a +V formal oxidation state, and it is well
known that sulfur-based ligands are noninnocent ligands and can
play an important role in the redox chemistry of the active site.*
On the basis of the hypothesis that neither cysteine residue nor
pterin moieties can be oxidized or reduced without irreversible
damages, we supposed that the disulfide bond could be the
redox-active part of the “high-g”/“very high-g” conversion.
Model 28*” is two-electron more reduced than model 4 and
can be a good candidate to describe a redox-related form of
“high-g” species.”> As previously described for the “high-g”
models, we have taken into account the protein environment by
starting from crystal coordinates (2V3V) and frozen positions
of all non-hydrogen atoms except the disulfide bond between
the cysteine residue and the sixth sulfur atom. In other words,
this partial optimization keeps the bis-molybdopterin atom
positions as in the crystal structure. Moreover, we considered a
total charge of —2 for this model, which means a more reduced
state than the “high-g” model. This model has been named
“28?" 2v3v” in the following text. The main modifications
caused by addition of electrons include breaking the partial
disulfide bond (the S—S distance increases from 2.407 A for
2V3V crystal structure to 3.257 A for the partially optimized
model) and a significant lengthening of the Mo—S, bond
(from 2.368 to 2.772 A). In contrast with the fully optimized
model 28%7, this “pseudo-crystallographic” geometry shows
only very small deformations toward D; symmetry without a
major increase of the electronic energy (28 kcal/mol compared
to the optimized structure of model 28>~ in vacuum).
Obviously, calculated EPR properties (g, = 2.025, g, = 2.00S,
g3 = 1.995) are strongly affected by these structural modifica-
tions and show a good agreement with “very high-g” signals
(Table 2). As it has been supposed, the sulfur atoms contribute
largely to the g shifts, especially the exogenous sixth sulfur. This
is related to the important delocalization of the spin density
onto the ligands with only 42% on the molybdenum atom. As
for the “high-g” species, the largest hfc constants are obtained
for the 'H nuclei of the cysteine -CH, group (4, = —1.7,
A, = =26, A, = 3.8 MHz) but the significant deviation
between the experimental and the calculated hfc values likely
results from a different orientation of the ethyl group modeling
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the cysteine residue. For a SSCC dihedral angle value of 20° we
obtain a 'H hfc of A, = 7.3, A, = 7.8, A,, = 9.6 MHz (see the
angular variation of the ethyl group in the Supporting Information).
3.3. “Low-g” Species. “Low-g” signals could be observed in
NapAB from P. pantotrophus when the enzyme was incubated
with dithionite in the absence of substrate (nonturnover con-
ditions).**¢" The corresponding electronic g tensor is nearly
axial (Table 1), and in some enzyme preparations a proportion
of the “low-g” signal is split by a I = 1/2 nucleus and was
therefore called “low-g split”. This splitting was not present
when the sample was prepared in deuterated buffer and attributed
to a proton of a weakly bound water molecule or hydroxide ion.*®
The “low-g” NAP signals resemble the signature of “rapid type I”
XO species (g, = 1.989, g, = 1.970, g; = 1.966),** and they can be
successfully correlated with the signature of the “low-pH” SO
species (Figure 1). Enzymes of the SO and XO families possess a
molybdenum cofactor with only one pterin, one or two oxo
groups, and a sulfur-based ligand (cysteine for SO, HS™, for XO).
As a consequence, this similarity in magnetic properties has been
interpreted as a dissociation of one pterin ligand from the Mo
ion,**" leading to a square pyramidal geometry with one pterin, a
cysteine, and two exogenous ligands. A DFT study of the “low-
pH” SO signal has been published recently, and a model with an
oxo ion in the axial position and an equatorial hydroxide ion
has been proposed (model 7 in Scheme 5).*° Since calculated
magnetic parameters of this model are in good agreement with
“low-pH” SO species, it can also be a suitable model for “low-g
split” NAP signal. Nevertheless, considering the current
discussion on the oxygen/sulfur atom in the molybdenum coor-
dination sphere, we studied further models with a sulfur-based
exogenous ligand. With the aim of determining whether an
exogenous sulfur ligand can be present in the molybdenum
coordination sphere of “low-g” NAP species, we performed
geometry optimization on models 7—9 (Scheme 5) based on
the Moco’s structure of one of the best resolved crystallographic
structures of SO (PDB code 1SOX). Model 7 corresponds to
the “low-pH” SO proposed structure with an oxo and a
hydroxide ligand. In model 8 the hydroxide ligand is replaced by
a SH™ ion, whereas in model 9 the oxo ligand is replaced by a
sulfido ion. The calculated g values for the optimized structures
of models 7—9 have been reported in Table 3. In these models
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Table 3. Calculated EPR Parameters of the Optimized Structure of “Low-g” Models 7—9

anisotropy rhombicity
model & & & &~ 8 (&~ &)/ (& —g) A;('H) (in MHz)
7 1.995 1.973 1.967 0.028 0.79 39.7,42.0,59.1
8 2.030 1.979 1.975 0.05S 0.93 21.0,28.0,22.0
9 1.992 1.967 1.961 0.031 0.81 41.6,43.6,60.8

Scheme 6. Schematic Representation of Proposed Structures of the Active Site of “High-g” (left), “Very High-g” (middle), and
“Low-g” (right) Species®

§ 0 §cys 2- X 1-
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“X stands for O or S.
we notice that the optimized geometry remains close to the 1SOX In conclusion, the structures we propose for “high-g”, “very
sulfite oxidase crystal structure without significant deviation in high-g”, and “low-g” NAP species are recapitulated in Scheme 6,
atomic position except the expected bond lengthening when an and the corresponding calculated EPR parameters are compiled
oxygen atom is replaced by a sulfur atom. For models 7 and 9, the in Table 2.
calculated g values are in good agreement with those of the “low-g” 3.4. Catalytic Relevance of Mo(V) Species. Among all
signals. Because of a large g value the g tensor is strongly Mo(V) EPR species detected so far in NAP enzymes, only the
anisotropic for model 8. Investigations on Agijoz/ SO€ contributions species from the “high-g” family were considered as putative
reveal that the axial ligand has no significant weight in g values catalytic intermediates. “Low-g” species have long been sus-
as compared to the equatorial one. Thus, the oxygen/sulfur pected to arise from a “damaged” active site. Calculations show
replacement induces a too large g, value when it is made on the indeed that in this species the binding of one pterin is lost but
equatorial position. This electronic effect explains why models 7 the coordination of the cysteine and possibly of the exogenous
and 9, the structures of which are only distinguished by the axial sulfido ligands are maintained. These signals represent only a
ligand, possess g values close to “low-g” ones. For model 7 we find few percent of total molybdenum and replace the “high-g resting”
similar EPR parameters to the ones published® with a slightly species after prolonged incubation upon reductive conditions.
better agreement with the experimental values of “low-g” NAP Whereas the “low-g” species has certainly no catalytic relevance,
signals. For both models 7 and 9 the major part of the spin density it has been shown that a strong redox treatment results in the
is localized in the Mo-d,, orbital, in good agreement with the reappearance of the “high-g resting” signal,”" which suggests that
proposed value for “low-pH” SO, s and the hfc constants Al](lH) displacement of one pterin could be a reversible process.
calculated for the hydroxide proton (Table 3) correspond qua- Recently, Fourmond et al.'” have shown that the “high-g
litatively to the experimental values (“low-g split”) with a large resting” state observed in as-prepared enzyme from Rs is a dead
isotropic component (spin density in the s, orbital). A second end in the catalytic cycle that can be activated by a reduction
significant hfc constant appears in these models with one f-CH, process followed by a slow and an irreversible reaction (irreversible
proton of the cysteine. Nevertheless, this splitting is too small to activation process). It remains unclear why the main part of the
be easily observed experimentally by EPR and could be hidden by enzyme is inactive and what the nature of the chemical transfor-
the peak line width. mation during this activation process is. Since nitrate needs two

Since calculated magnetic parameters fit correctly the experi- electrons from the active site to be reduced, it has long been
mental ones, we conclude that models 7 and 9 (optimized proposed that the substrate binds the metal ion in the most
geometry) inspired from the sulfite oxidase molybdenum co- reduced form (Mo'). In a recent study, Cerqueira et al. pro-
factor structure provide a good electronic description for “low-g posed that the approach of the substrate toward the active site
split” species. Although the EPR parameters of “low-g split” proceeds in two steps using the disulfide-bridged structure as an
NAP species resemble those for “low-pH” SO and “rapid-type active species.”” In that scenario, the first step consists of the
I” XO signals, our DFT results suggest that a sulfur-based linkage of the nitrate jon on the sulfido exogenous ligand
ligand can be present in the molybdenum coordination sphere followed by a shift of the SS,; moiety and decoordination of the
in the axial position. Considering the similarity of the two “low- cysteine to give direct access to the metal for the substrate
g signals, we suggest that “low-g unsplit” species have an active (Scheme 7). From calculations of transition state energies, these
site structure close to optimized models 7 and 9 (g values of the authors proposed that in the NAP catalytic mechanism the sub-
other model do not match experimental ones). The difference strate coordinates preferentially on the fully oxidized molybde-
of 'H hfc magnitude between the “split” and the “unsplit” num (Mo""). On the other hand, using energy calculations, two
signals could be due to the position of the hydroxide proton recent studies proposed a catalytic mechanism in which the
since the proton spin density (and consequently "H hfc constant) nitrate binds to the molybdenum in the +IV oxidation state.'”**
is strongly affected by its orientation relative to the Mo—O bond. In order to understand the influence of the molybdenum
Such position could be locked by the presence of a hydrogen bond oxidation state on the nitrate binding, we studied the stability of
with neighboring amino acids or hydroxide or water molecule as the Mo—S,,, bond which must be broken during the “sulfur-
proposed for the “high-pH” SO species.”’ shift” mechanism. For this purpose, we used model S, which
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Scheme 7. “Sulfur-Shift”-Based Mechanism for Nitrate Coordination on the Molybdenum Center (adapted from ref’®)
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should correspond to the last step before decoordination of the
cysteine residue. Electronic properties calculations were
performed on the optimized geometry of model $ for the +IV
to +VI formal oxidation state. Figure 3 shows Mayer’s bond

cysteine =@ = Mol+V]

-5 Mo(+V)

by VIO (+V1]
sulfido g pterin
pterin *= pterin

pterin

Figure 3. Mayer’s bond order for the Mo—S bond in the optimized
structure of model S.

order® of the various Mo—S$ bonds as a function of the formal
valence of the metal. One can notice that all Mo—S bond
indexes correspond to single bonds (value close to one) except
in the case of the cysteine sulfur with a value of 0.6 for Mo(IV)
and 0.8 for Mo(V). Moreover, we observed a significant increase
of the partial disulfide bond index when the molybdenum is
reduced (from 0.1 for Mo(VI) to 0.5 for Mo(IV)). Since
Mayer’s bond order is a good indicator of the strength of a
coordination bond, we deduce that the more the molybdenum is
oxidized, the stronger the Mo—S, bond is. Consequently, the
reduced state has the longer Mo—S, bond: 2.478 A for
Mo(VI), 2.576 A for Mo(V), and 2.747 A for Mo(IV). We then
suggest that for high oxidation states the strength of the
Mo-S,,, bond should preclude direct approach of the substrate
to the metal. Considering the hypothesis that substrate binding
needs the rupture of the Mo—S., bond, this explain (i) the
irreversible activation of the “high-g resting” species which
requires in the first step a reduction of the molybdenum center
in the +IV oxidation state followed by a second irreversible
step,'® which could correspond to structural changes occurring
beyond the first coordination sphere of the Mo ion, (ii) the
substrate binding step of the catalytic cycle on the Mo(IV)
where dissociation of the cysteine ligand leads to formation of a
persulfido—cysteine intermediate (Scheme 7) with an empty
coordination site for the substrate approach.

The catalytic relevance of “high-g nitrate” and “high-g turn-
over” species remains unclear. Depending on the role of the
Mo—S,,, breaking step, one can imagine the two following
hypothesis: (a) all three “high-g” species correspond to catalyti-
cally inactive forms of the active site because of the strong Mo—S
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bond in the +V oxidation state, (b) each “high-g” species can be
catalytically active or not by reduction in the +IV oxidation
state depending on structural arrangements beyond the first
molybdenum coordination sphere.

In Pp NapAB and Dd NapA samples “very high-¢g” signals
have been observed after cyanide treatment, suggesting that
they are not catalytically relevant.>>*® Since there is no disulfide
bond in this species, no “sulfur-shift” mechanism can occur. In
this case, the strong negative charge of the sulfido ligand could
prevent approach of the nitrate anion due to electronic
repulsion. Moreover, the Mo—S bond with the sulfido ligand is
very strong (Mayer’s bond order of 1.6). This result means that
substitution of a $*~ ligand by the substrate, independently of
the underlying steps of the nitrate reduction, appears to be very
unfavorable from a thermodynamic point of view. In fact, “very
high-g” species can be an inactive form as removal of the sulfido
ligand needs too much energy.

4. CONCLUSIONS

This work provides magneto-structural correlations for the
molybdenum cofactor of periplasmic nitrate reductases. The
characteristic g and A tensors of Mo(V) signatures allow an
accurate prediction of structural properties around the metallic
center. Considering theoretical calculations of EPR parameters
on simplified models, we propose structures for the active site
of EPR-detected species “high-g”, “very high-g”, and “low-g”
signals. While the latter seems to be a partially decoordinated
state which resembles the sulfite oxidase active site, the former
possess a six-sulfur coordination sphere. We suggest a strong
similarity between the major “high-g” species and the crystal
structures proposed recently for Desulfovibrio desulfuricans
NapA®® and Cupriavidus necator NapAB.>® Whereas the catalytic
relevance of EPR-detected species remains elusive, “high-g” and
“very high-g” signals do not correspond to irreversibly damaged
structures in the vicinity of the molybdenum ion. The disulfide
bond hypothesis offers a good explanation for the inactivity of
“high-g” states since the substrate cannot access the metal in the
Mo(V) state. Reduction of the molybdenum ion weakens the
Mo—-S,,, bond and can play a crucial role in the activation
process or in the catalytic mechanism. In order to have better
insights into the catalytic Mo(V) states, time-resolved spectros-
copies are in progress to trap and characterize catalytic inter-
mediates. Theoretical results presented in this work used adapted
structural constraints based on the crystallographic structure
to mimic the protein environment; complementary studies
will be made using the combined quantum mechanical/molec-
ular mechanical (QM/MM) approaches. QM/MM methods
take into account the surrounding environment and have
demonstrated a %ood ability to model active sites of some
metalloenzymes.”>"°~*
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