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Abstract: The oxidative half-reaction
of oxygen atom transfer from nitrate to
an Mo" complex has been investigated
at various levels of theory. Two models
have been used to simulate the enzyme
active site. In the second, more ad-
vanced model, additional amino acid

[b]

enzyme were included. B3LYP/6-31+
G*, ONIOM, and orbital-free embed-
ding approaches have been used to
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construct the potential energy profile
and to qualitatively compare the results
of a QM/MM study with those ob-
tained by a full quantum mechanical
strategy. The study has confirmed the
utility of the orbital-free embedding
method in the description of enzymatic

residues capable of significantly affect-
ing the catalytic efficiency of the

Introduction

The second-row transition-metal molybdenum is present in
two classes of enzymes: the nitrogen-fixing nitrogenases,
which possess an iron-molybdenum cofactor,!! and mononu-
clear molybdenum enzymes (molybdoenzymes).?! The latter
catalyze oxygen atom transfer reactions to and from biologi-
cal substrates in the nitrogen, sulfur, and carbon cycles.”!
According to their structures, molybdoenzymes can be fur-
ther subdivided into three families: xanthine oxidases, sulfite
oxidases, and dimethyl sulfoxide (DMSO) reductases.>*
Among the DMSO reductases are DMSO reductase itself,
formate dehydrogenase (FDH), and periplasmatic nitrate re-
ductase (NAP).” The cofactor in these enzymes is an organ-
ic pterin incorporating a dithiolene moiety, specifically bis-
molybdopterin guanine dinucleotide (MGD).P!

Nitrate reductases play an important role in nitrogen as-
similation, by catalyzing the reduction of nitrate to nitrite

[Eq. (1) 1.
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processes.

NO;~ + 2H" + 2¢ — NO,  + H,0 (E; = +420mV)
1)

Recently, the first crystal structure of a dissimilatory (res-
piratory) nitrate reductase, at 1.9 A resolution, has been de-
termined by multi-wavelength anomalous diffraction
(MAD) methods.”’ The enzyme is a monomeric polypeptide
of the a/B-fold type, with a molecular mass of 80 kDa, and
has a specific activity of 18.6 Umg™". The molecule is divid-
ed into four domains, each of which is involved in cofactor
binding, but only one domain is responsible for the binding
with an Fe,S, cluster that serves as an electron pump.”! Two
MGD cofactors are embedded in the molecule and are sta-
bilized by several hydrogen bonds with amino acid resi-
dues." The Mo"! is hexacoordinated with a distorted trigo-
nal-prismatic geometry. The ligands comprise the four sulfur
atoms of the dithiolene moieties, at an average distance of
2.3 A from the Mo center, the sulfur atom of the side chain
Cys140 residue (Mo—S bond length 2.5 A), and a hydroxo/
water molecule that completes the coordination sphere of
the metal.

Access to the molybdenum center is facilitated by the
presence of some charged residues, such as Arg354 and
Aspl55 which form a salt bridge, as well as Glul56 and
Asp355. Hydrophobic residues towards the surface of the
catalytic site cavity are Alal42, Vall45, Vall49, Leu359, and
Leu362. Arg354 has been recognized as the anchoring site
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for the negatively charged nitrate.”” Conserved residues
among all nitrate reductases are GIn346, Met308 (also
found in FDH enzymes), and Met141.

In the absence of crystallographic data on the reduced
Mo nitrate reductase form, Dias et al.” suggested a cata-
lytic mechanism based on the behavior of the oxidized form,
and on previous information concerning related enzymes
and biomimetic model systems.[*"*!

In nitrate reductase, reaction starts with five-coordinate
Mo" [Mo'VS®(SR),] (see the catalytic cycle in Scheme 1),
which, in this oxidation state, can coordinate a nitrate ion.
The latter binds to the metal center through one of its
oxygen atoms, leading to a weakening of the relevant N—O
bond. The Mo'" is oxidized to Mo"!, and NO,™ is released.

FULL PAPER

that provided insight into the elementary steps of the oxo-
transfer mechanism through the identification of all possible
intermediates and transition states. The second model (B in
Figure 1) was built up by supplementing the simpler
model A with four nearby amino acid residues that are usu-
ally conserved within the family of nitrate reductases and
formate dehydrogenases.”!

Method and Computational Details

The coordinates of the protein were taken from the 1.9 A
resolution X-ray structure of Desulfovibrio desulfuricans ni-
trate reductase (PDB code = 2NAP)." Model A for the

active site consists of an Mo"

i o | bis(dimethyl dithiolene) com-

c | lex, in which the ligand
ys Cys, N Cys, plex, in which the ligands repre-
?W S\/O o} S\ /O sent a portion of the cofactor.
S//M g NOs s //MO\\S —NOy s //Mo/\{s Ap .SCH3 group chosen to
Xs S/ - \S s 5.7 I \E d 87 mimic the Cys140 residue com-
pletes the metal ion coordina-

| N tion sphere.

OH; Computations on this model
Cys were carried out using B3LYP/
ve \? H,0 6-31+G*2* and PW91 PWI1/
— o/{ aH* 6-314G*P>3 density function-

Scheme 1. Nitrate reductase catalytic mechanism.

Mo" is restored in another step, in which two protons are
provided by water molecules present in the active site, and
two electrons are provided by the Fe,S, cluster.

Several computational studies"**! have been carried out
on molybdoenzymes, employing model systems for the
active sites. For example, it has been shown that sulfite oxi-
dation by sulfite oxidase enzymes, which can be viewed as a
reverse reaction of nitrate reduction, proceeds through
attack of the lone pair of electrons of the sulfur atom on
one of the oxo ligands at the molybdenum."®! Other compu-
tational studies of phosphine oxidation'”*¥/ have led to simi-
lar results. Two DFT investigations concerning DMSO re-
ductase®*®! and trimethylamine N-oxide reductase® have
been published, in which model systems of the general form
Mo"™OR(S,C,R’,), were used. Both of these studies showed
the relevant reactions to occur through an associative mech-
anism involving the initial formation of a molybdenum-
bound oxygen complex, transfer of the oxygen atom from
the substrate to the metal center in which then leads to the
products.

In this work, the oxidative half-reaction for oxygen atom
transfer from nitrate to an Mo" complex has been investi-
gated at various levels of theory. Two models were used to
simulate the enzyme active site. The first model (A in
Figure 1) was the bis(dimethyl dithiolene) structure, as used
elsewhere in a computational study on DMSO reductase
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al protocols with the GAUSSI-
AN 03 code.’”’ The LANL2DZ
pseudopotential® for the metal
ion was chosen in both sets of
calculations. Singlet and triplet
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Figure 1. Structures of the models employed for the nitrate reductase
active site. For both models, only a portion of the cofactor is used.

model B
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energy profiles were examined using restricted closed-shell
and unrestricted open-shell approaches, respectively. No
spin contamination was found for the triplet species, as evi-
denced by the fact that the value of (S*) was about 2 in all
cases, with the value of 2.001 representing the greatest devi-
ation from the ideal one.

Geometry optimization, performed at the B3LYP/6-31+
G* level, was followed by vibrational analysis on all station-
ary points, to evaluate their character as minima or saddle
points, and to compute zero-point energy (ZPE) corrections.
The stability of each optimized triplet-state structure was
checked by means of the Stable™ ! procedure implemented
in G03 code. Additional single-point calculations were per-
formed with the PW91PW91 functional.

Solvent effects were computed at the B3LYP level in the
framework of the self-consistent reaction field polarized
continuum model (SCRF-PCM)>* ysing the UAHF™! set
of solvation radii to build the cavity for the solute in the
gas-phase equilibrium geometries. A dielectric constant of ¢
= 4 was chosen to describe the protein environment of the
active site in accordance with previous suggestions.*’]

Arg354, Metl41, Met308, and GIn346, which are con-
served residues in all nitrate reductase and formate dehy-
drogenase enzymes, were added to model A according to
their crystallographic positions so as to obtain the more ad-
vanced model B. ONIOM and orbital-free embedding com-
putations were performed on the latter model.

ONIOM methods have been extensively used*>* to com-
pute potential energy profiles for large biological systems
and have thereby yielded reliable information about the in-
fluence of the protein environment on active site structures
and reaction energetics. To apply the ONIOM procedure,
the system described by model B was divided into two parts,
an inner and an outer layer. The inner layer consisted of the
Mo thiomethyl bis(dithiolene) complex, the nitrate sub-
strate, and the nitrite product. The outer layer was made up
of the amino acids Arg354, Met141, Met308, and GIn346,
fixed in their crystallographic positions to prevent the opti-
mization from giving an unrealistic expansion of the pro-
tein.® Hydrogen atoms were used to saturate fragments
from the Protein Data Bank (PDB) structure, so as to avoid
chemical artifacts. According to ONIOM terminology, the
full system treated at a low level of theory is referred to as
“real”, while the inner layer is referred to as “model” and is
treated at both low and high levels of theory.

The total energy E°N'°M is defined according to Equa-
tion (2), where E(high, model) is the energy of the inner
layer at the high level, E(low, real) is the energy of the total
system at the low level, and E(low, model) is the energy of
the inner layer obtained at the low level of theory.

EONOM —  F(high, model) + E(low, real) — E(low, model)

(2)

For the two-layered ONIOM study, the B3LYP/6-31+ G*
and molecular mechanics UFF force field®™ approaches

2534

www.chemeurj.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

were used to perform high-level and low-level inner-layer
calculations, respectively. The LANL2DZ pseudopotential
was again used for the molybdenum ion.

Since the reliability of hybrid QM/MM methods depends
on the parameters and calibration used, the orbital-free em-
bedding approacht’! was also used to obtain a description
that is not subject to these effects. Literature reports®! have
demonstrated the satisfactory performance of this method
when applied to the modeling of metal-catalyzed reactions.

The ground-state electron density of an embedded system
(atom, ion, molecule, or other polyatomic system) in a given
environment can be derived from one-electron equations,®”
such as Equation (3) (atomic units are applied in all equa-
tions throughout the text), where p, is the electron density
of the embedded system constructed using one-electron

N
functions (0, = 25 HSEPHT)PESEL(F)) and pjy is the
i=1

electron density of the environment.

L VETPlp, 0,](7) [ 65F(F) =

; E.KSCED¢1KSCED(7>)

i

3)

In these equations, pg(r) is a given function that can be
derived either 1) from an equation coupled to Equation (3),
in which the subsystems exchange their roles, or 2) by sim-
pler methods (in particular, when it is to be kept constant in
the process under investigation). In the second case, Equa-
tion (3) provides an embedding formalism based on first
principles similar in spirit to commonly used empirical QM/
MM techniques in simulations of biomolecules.® Since we
were interested in the electronic structure of a metal-con-
taining part of the active center (o,(r)), we used a simpler
method to derive pp(r) in this work. The superscript
KSCED (Kohn-Sham Equations with Constrained Electron
Density) is used to indicate that such quantities as the effec-
tive potential, orbitals, and orbital energies differ from the
corresponding ones in the commonly used Kohn-Sham!®!

N
equation [Eq. (4)], where p = 2 3" ¢5¥%(7) ¢ S(7).
i=1

—AV? + Valel(7)|65(7) = 656 (7) )

The effective potential in Equation (3) differs from that in
Equation (4) by additional terms describing the interactions
between the two subsystems. These terms have a universal
system-independent form,’” [Eq. (5)], where Nj is the
number of nuclei in subsystem B, and Z” is the nuclear
charge of nucleus o in subsystem B:

Chem. Eur. J. 2006, 12, 25322541
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The exchange-correlation functional E,[p] is defined as in
the Kohn-Sham formalism,™ and the non-additive kinetic
energy T3[o,,0,], a functional depending on two electron
densities, is defined by Equation (6), where T,[p] is the ki-
netic energy of the reference system of the non-interacting
electrons.

Ts {Pz] (6)

Trsmd[Plypz} = Tio + po] — T,fo1] —

Equations (3) and (4) have different solutions, which
depend on the environment represented in the KSCED em-
bedding potential through the positions and electric charges
of atomic nuclei and the electron density of the environ-
ment. In the case of a constant pp, as applied in this work,
calculation of the environment-induced changes in the elec-
tronic structure of the investigated subsystem follows a
simple strategy: the shift of a calculable observable is ob-
tained as the difference between the values derived from
Equation (3) for the embedded subsystem A and Equa-
tion (4) for the isolated subsystem A.

Practical application of the outlined strategy, however, in-
volves several challenging issues and has the following re-
quirements: 1) availability of good approximations to the
density functionals of unknown analytical form (all but the
first two terms on the right-hand-side of Equation (5)), 2) an
efficient computer implementation of Equations (3)—(5), al-
lowing for fast evaluation of embedded orbitals and observ-
ables of interest, and 3) a computationally efficient way of
obtaining the electron density of the environment pz As far
as the first requirement is concerned, we use a system-inde-
pendent approximation of the kinetic-energy-dependent
component of the embedding potential applicable in such
cases where the p,,05 overlap is small.!! This approxima-
tion, denoted as GGA97 herein, uses a generalized gradient
approximation of T,[p] in Equation (6), in which the gradi-
ent dependency has the same analytical form as that of the
PWO91 exchange functional,” with the coefficients adopted
for the kinetic energy by Lembarki and Chermette."
Therefore, applications of the orbital-free embedding for-
malism are currently limited to cases of small p,,05 overlap.
The absence of covalent bonding between subsystems A and
B can be used as a practical rule of thumb for applicability
of these approximations.

We used an efficient computer implementation of the or-
bital-free embedding deMon2 K-KSCED,"*! based on use of
the code deMon2K® to solve Kohn-Sham equations
[Eq. (4)].

The PWO91PWO91 exchange-correlation functional was
used for both Kohn-Sham and KSCED calculations. The

Chem. Eur. J. 2006, 12, 2532 -2541
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DZVP basis set!®™ and automatically generated auxiliary
GEN-A2* functions® were used.

Results and Discussion

Isolated gas-phase reaction (model A): It was suggested that
the oxo-transfer reaction, mediated by molybdenum(1v) bis-
(dithiolene) complexes, such as [MY(O-p-
C.H,X)(S,C,Me,),]™, follows second-order kinetics with an
associative transition state characterized by a large negative
activation entropy.”” The proposed transition state involves
the main feature of M—OX bond-making with concomitant
X—O bond-weakening. The mediatory complexes have
square-pyramidal structures, which are converted to distort-
ed cis-octahedral structures upon oxidation. Transition states
are expected to resemble the distorted cis-octahedral config-
urations.®”

The B3LYP-optimized geometry for molybdenum(iv)
model system A in its singlet electronic state was found to
be square pyramidal, with average Mo—S(dithiolene) distan-
ces of 2.365 A and an Mo—S®* bond length of 2.347 A. Our
structure agrees very well with experimental structures de-
termined by Holm and co-workers for phenoxy com-
plexes,® except for the axial bond, which in our case is
longer because of the greater atomic radius of sulfur com-
pared to that of oxygen. Furthermore, the same orientation
was found for the recently published computational model
[Mo(OCH;)(S,C,Me,),]' .24

Interestingly, another low-energy structure for this com-
plex was localized at the B3LYP level, arising from a triplet
electronic state. It shows an essentially distorted trigonal-bi-
pyramidal arrangement, in which dithiolene sulfur atoms
occupy both equatorial and axial positions (mean equatorial
Mo—S distance 2.465 A, mean axial Mo—S distance 2.365 A).
The energy gap between the B3LYP low-spin and high-spin
states is only 4.7 kcalmol™', the singlet state being the
ground state.

The triplet state was not observed experimentally for mo-
lybdenum(1v) bis(dithiolene) mimics of the active site of
molybdoenzymes, and there are no experimental data con-
cerning singlet—triplet energy splitting in these compounds.
Experimental studies on molybdoenzymes suggested a dia-
magnetic state for both Mo' and Mo*"®! A recent photo-
electron spectroscopy study on the [Mo™O(mnt),]*” com-
plex indicated the singlet configuration as the ground state,
although the triplet structure was not taken into account by
the authors."”)

Since the multiplicity of the species involved in the cata-
lytic cycle is far from certain, we were interested in explor-
ing the potential energy surfaces (PES) of both the singlet
and triplet states. Both PES are sketched in Figure 2, which
shows the relative energies of all the intermediates, transi-
tion states, and exit channels with respect to the ground-
state asymptotes.

As suggested both experimentally®®! and theoretically,
the oxidative reaction starts with the formation of a stable

[24,25]
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Figure 2. Potential energy surfaces calculated for model A at a) gas-phase
B3LYP(B3LYP/6-31+ G*/lanl2dz), b) PW91PW91 (PW91PW91/6-31+
G*/lanl2dz), and c)solvated B3LYP levels (PCM(B3LYP/6-31+G*/
lanl2dz)). Singlet: solid line; triplet: dashed line.

intermediate between the molybdenum complex and the
substrate (ES in Figure 3a). The NO;~ binds to the metal
center through one of its oxygen atoms. In the case of the
low-spin state, an interaction is established that results in an
Mo—O(nitrate) distance of 2.270 A. As a consequence of
this interaction, the O—N bond length in the substrate

2536 ——
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a) singlet

b) triplet

9

Figure 3. a) Singlet and b) triplet B3LYP-optimized geometries for ES,
TS, and EOx points for model A.

lengthens from 1.265 to 1.293 A. The coordination geometry
around the molybdenum becomes trigonal prismatic, with
all the Mo—S(dithiolene) distances falling in the range
2.406-2.459 A and an Mo—S®* bond length of 2.433 A. In
their respective studies on DMSO reductase mimics, Hall?!
and Thapper®! obtained very similar geometries for the
enzyme-substrate complex.

For the triplet state, the optimized equilibrium geometry
is close to a distorted octahedral structure (Figure 3b). Ni-
trate occupies one axial position and the Mo—O(nitrate) dis-
tance is 2.262 A. The other axial position is occupied by a
dithiolene sulfur (Mo—S distance 2.433 A; S-Mo-O(nitrate)
angle 175.6°). The remaining dithiolene sulfur atoms occupy
equatorial positions at distances of 2.435, 2.500, and 2.527 A
from the molybdenum. S occupies the final equatorial po-
sition, with the methyl group pointing towards the nitrate
ligand (Mo—S®* distance 2.476 A). The singlet—triplet split-
ting pertaining to this intermediate is only 0.1 kcalmol™!,
with the low-spin state again being the ground state.

The oxo-transfer reaction passes through a transition state
having respective Mo—O(nitrate) and O(nitrate)-N(nitrate)
distances of 1.913 and 1.652 A for the singlet spin state and
1.887 and 1.685 A for the triplet spin state. As can be seen
in Figure 3, the ligand arrangements in the low-spin and
high-spin transition states appear to be very distorted with
respect to the ideal trigonal-prismatic and octahedral geo-
metries. The imaginary frequencies of 589 cm™' for the sin-
glet state (IR intensity 232 kmmol™') and 722 cm™' for the

Chem. Eur. J. 2006, 12, 2532 -2541


www.chemeurj.org

Theoretical Investigation of Enzymatic Nitrate Reduction

triplet state (IR intensity 297 kmmol '), which confirm the
saddle-point character of these two stationary points, corre-
spond to the stretching vibration modes of the Mo—O(ni-
trate) and Of(nitrate)—N(nitrate) bonds. The low-spin and
high-spin transition states are substantially degenerate.
Taking the ground state of the enzyme—substrate complex as
a reference, the singlet and triplet transition states lie at 19.3
and 19.8 kcalmol *, respectively.

After N—O bond-breaking, the reaction proceeds towards
the formation of the oxo Mo"' complex and the NO,”
product. The [Mo“'O(SCH,)(S,C,Me,),]'~ species (EOx in
Figure 3a,b) exhibit distorted
geometries. The Mo—O bond

FULL PAPER

mediate, a transition state, and a product all described as
distorted octahedral. The authors did not find the trigonal-
prismatic arrangement found for DMSO reductase.
Kaupp!™ suggested that hexacoordinate d’ or d? systems
(Mo"" and Mo", respectively) may prefer “non-VSEPR”
structures when o bonds are involved, whereas st bonding
situations seem to favour octahedral metal coordination. At
this stage, we would like to point out that the electronic con-
figuration is likely to twist the coordination geometry to-
wards the trigonal-prismatic limit. Table 1 lists the values of
the main geometrical parameters for the reactant complexes,

Table 1. Selected geometrical parameters of optimized geometries for model A.

lengths are 1.720 A and 1.714 A

for the singlet and triplet states, Parameter : ES : : TS : : EOx :
respectively. Products are found distances singlet triplet singlet triplet singlet triplet
1 . Mo—SCH; 2.433 2.476 2.488 2.534 2.558 2.529
at  62.9 kcalmol (low-spin) S—CH, 1.844 1.841 1.844 1.841 1.835 1.840
and 60.1 kcalmol ™" (high-spin)  Mo-O(nitrate) 2270 2262 1.913 1.887 1720 1.714
below the reference. As can be  O(nitrate)—N(nitrate) 1.293 1.293 1.652 1.685 - -
noted from Figure2, the low- Mo=S; 2.416 2435 2442 2.483 2452 2.456
spin state is lower in energy Mo—-S, 2.406 2.433 2.444 2.564 2.487 2.432
' ] > Mo-S, 2421 2.500 2.495 2.500 2.469 2.559
with respect to the high-spin iy, 2.459 2527 2.506 2438 2532 2529
one, with the energetic gap be- angles
tween them increasing Shghtly MO-S-CH3 112.4 108.4 111.2 104.9 98.7 105.2
on going from reactants to Mo—Q(mtrate)*N(rutrate) 129.1 132.5 135.1 129.5 - -
O(nitrate)-Mo-SCH; 82.9 89.0 94.0 85.0 88.6 90.0
products. S,-Mo-S, 80.4 82.5 80.8 79.0 78.9 822
The effect of a better repre-  s,-Mo-S, 80.0 79.7 78.0 81.5 779 76.5
sentation of the MGD portion, $;-Mo-S; 88.2 90.2 158.5 97.0 82.2 82.4
which we realized by using a Sz—l\/hlo—S4 80.8 91.2 100.7 85.2 72.2 81.9
O(nitrate)-Mo-S, 129.1 175.6 150.7 162.9 143.9 158.9

model for the cofactor in which

the guanidine and phosphate

groups were neglected, did not

introduce significant variation in the gaps between the vari-
ous species encountered along the respective singlet and
triplet potential energy profiles. The only exception was the
energy separation between the products in their different
electronic states, which became 4.5 kcalmol ™! larger.

Our results are in qualitative agreement with those of
Hall and Webster® and Thapper et al.®® for DMSO reduc-
tase, and with those suggested experimentally on the basis
of a study of analogous molybdenum reaction systems. !
The rate-limiting step is recognized as the electron-transfer
step that occurs through the transfer of the oxygen atom
from the bound substrate to the metal center. The relative
barrier height in a DMSO reductase model system was
found to be 8.9kcalmol™' at the B3LYP level®! and
143 kcalmol ' at the LDA level.”™ The barriers estimated
in our study are higher than those proposed in this previous
investigation. A simple explanation for this discrepancy may
lie in the different strengths of the O—N bond in nitrate and
the O—S bond in the DMSO molecule.

In the same paper, Thapper et al.® also reported an in-
vestigation, at LDA approximation level, of the reduction of
Me;NO by Me;NO reductase, which possesses the same di-
thiolene active site structure as in the present study, but
with an oxo ligand instead of an amino acid residue. The re-
duction of Me;NO proceeds via a bound substrate inter-

Chem. Eur. J. 2006, 12, 2532 -2541
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transition states, and products for both multiplicities. In the
singlet ES complex, the dithiolene moieties can be viewed
as S=CR groups in both pterins (see the M-S distances in
Table 1), representing poor ni-donor ligands (trigonal prism).
The optimized geometry for the high-spin complex, howev-
er, suggests one pterin with two S=CR groups, and the other
one as a dianionic dithiolate. In fact, the Mo—S bond lengths
listed in Table 1 are different in the two pterin ligands. This
last situation gives rise to single-sided 7 donors (octahedral
coordination). The O(nitrate)-Mo-S, angle may be viewed
as a measure of this twisting. In the low-spin ES complex it
has a value of 129.1°, while in the case of the high-spin com-
plex it has a value of 175.6°, nearer the ideal octahedral
value of 180°.

The involvement of two spin states in oxo-transfer reac-
tions catalyzed by systems analogous to molybdoenzymes
has never been postulated previously, and no theoretical in-
formation is available for comparison. The only theoretical
data concerning the energetic order of the singlet and triplet
states in molybdenum complexes can be found in a DFT
study” carried out on 16-electron [d*n’-CpMo(CO),X]
complexes. The singlet-triplet gap seemed to depend on the
method or exchange correlation functional employed, with
DFT/BPW91, CCSD(T), and CASSCF exaggerating the gap
with respect to the hybrid DFT/B3LYP approach.
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For this reason, we repeated our computation using the
gradient-corrected PW91PW91 functional. The potential
energy profile obtained with PW91PWO91 on B3LYP-opti-
mized geometries is depicted in Figure 2b.

Both functionals favor the singlet state, but PW91PW91
enhances the gap between the spin states. It is worth noting
that the barrier also becomes lower, especially in the case of
the singlet PES. As suggested by some literature data,”™"!
this may be due to the fact that the PWnPW91 functionals,
as opposed to the B3LYP one, describe long-range interac-
tions in a different way.

In the high-spin case, products are located 9.5 kcalmol ™!
above the same species in the low-spin state. In the mini-
mum-energy path, both the B3LYP and PW91PWO91 func-
tionals predict similar exothermicities.

B3LYP single-point evaluation of solvation energy (values
are reported in Figure 2c) shows that some effect occurs due
to the protein environment described by the continuum di-
electric constant of 4. A slight increase in the low-spin/high-
spin gap occurs at the ES point (the singlet lies
2.1 kcalmol ™' below the triplet). Transition states are found
at 20.6 kcalmol ™ (singlet) and 25.3 kcalmol ™! (triplet) with
respect to the ES point, underlining the fact that the triplet
is to some extent destabilized with respect to the singlet by
the protein environment. The overall reaction is less exo-
thermic compared to that in the gas phase, since EOx +
NO,™ products lie 32.6 kcalmol™ (singlet) and 28.2 kcal
mol ™ (triplet) below the reference ES species.

The reason for which the reaction in solvent becomes less
favoured from a thermodynamic point of view lies in the
fact that the solvation, on going from ES to separated prod-
ucts, concerns species of different charge. The different po-
larizations induced by these solutes on the solvent precludes
comparison of this result with that obtained in the gas
phase.

Protein environment (model B): Model A was supplemented
with the amino acids Arg354, Met141, Met308, and GIn346
to build up model B. The aim here was to evaluate the influ-
ence and the role of the environment on the overall oxo-
transfer reaction.

The ONIOM energetic profiles for both singlet and triplet
states of the enzyme are depicted in Figure 4a. Optimized
geometries of the structures involved in the reaction se-
quence of Scheme 1 and corresponding to the stationary
points on the reaction path are given in Figure 5.

The nitrate-bound Mo" low-spin complex (ES in Fig-
ure 5a) is characterized by an interaction between the metal
and the substrate oxygen atom that is stronger than that in
the case of the analogous complex with model A. In fact,
the Mo—O(nitrate) and O(nitrate)—N(nitrate) distances are
2.183 A and 1.378 A, respectively, underlining the fact that
nitrate is already activated for the reduction process. The
trigonal-prismatic geometry around the molybdenum ap-
pears to be much more distorted than in model A. In the
high-spin adduct, the nitrate interacts with the molybdenum
at a distance of 2.147 A. As a consequence, the O(nitrate)—

2538 ——

www.chemeurj.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

5
Rt

T
g
=

< 104
g
<

04

~104

(-10.9)
ES TS EOx+NO,~
reaction coordinate

b)
)
S

g 10
<
Q
=
=5
<

04

~10 4

(-15.9)
=20
ES TS EOx+NO,~

reaction coordinate

Figure 4. a) ONIOM(B3LYP:UFF) and b) orbital-free embedding poten-
tial energy surfaces calculated for model B. Singlet: solid line; triplet:
dashed line.

N(nitrate) distance in the substrate becomes 1.389 A. The
complex assumes a distorted octahedral geometry, with ni-
trate and one pterin sulfur in the axial positions and the re-
maining ligands in the equatorial positions. Contrary to
what was presumed, but not corroborated by objective data,
by Dias et al.,l’! our computations indicate that there is no
interaction between the metal-bound nitrate molecule and
the Arg354 residue. This led us to think that the supposed
anchoring of nitrate by means of the positive charge of
Arg3547 could occur in a preliminary phase of the catalytic
cycle.

The singlet and triplet ES evolve into products through
transition states (TS). The transition state for the singlet
species has Mo—O(nitrate) and O(nitrate)—N(nitrate) dis-
tances of 1.859 A and 1.782 A, respectively. Its structure can
be described as a trigonal prism like that obtained in the cal-
culations on model A. The imaginary frequency at 252 cm™!
corresponds to the stretching of the Mo—O(nitrate) and
O(nitrate)—N(nitrate) bonds.
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Figure 5. a) Singlet and b) triplet ONIOM(B3LYP:UFF)-optimized geo-
metries for ES, TS, and EOx + NO,™ points for model B.

For the triplet, the transition state is characterized by
Mo—O(nitrate) and O¢(nitrate)—N(nitrate) distances of
1.845 A and 1.812 A, respectively, and the imaginary fre-
quency at 444 cm ™' corresponds to the same vibrational
mode as that of the singlet. The metal ion shows a distorted
octahedral coordination, with an S®*-Mo-S, angle of 109.7°,
that is, markedly different from the octahedral value.

After this transition state is reached, the reaction pro-
ceeds to yield the Mo"" oxo complex EOx along with the ni-
trite molecule. The low-spin and high-spin products share
octahedral coordination geometry about the molybdenum,
with the oxo ligand occupying an axial position. The Mo—
O(nitrate) distances in the low-spin and high-spin complexes
are 1.727 and 1.724 A, respectively. In the ONIOM descrip-
tion, the product also contains a nitrite ion that remains at a
distance of 4.233 A (singlet) or 3.046 A (triplet) from the
metal-bound oxygen atom. In the case of computations on
model A, it was impossible to obtain geometry convergence
in the presence of a long-range interaction between nitrite
and the oxomolybdenum(vi) complex. The energy value of
the product in the latter case thus corresponds to a summa-
tion of the energy values of the infinitely separated products
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(E(EOx) 4+ E(NO,")). This means that the energetics ob-
tained with model A and with model B cannot be compared
at product level.

The E°NM gap between the singlet and triplet ES is
2.2 kcalmol ™', the singlet state being the ground state. As is
clear from a comparison of the data in Figure 2a with those
in Figure 4a, this gap is influenced by the presence of the
protein environment.

Transition states are found at 11.6kcalmol' and
14.3 kcalmol™' above the ES starting point for the singlet
and triplet, respectively. The barrier for the oxo transfer ap-
pears to be significantly reduced by the presence of the
amino acids. The products are found at 10.9 kcalmol™" and
7.2 kcalmol™ below the energy of the ES complex for the
low-spin and high-spin cases, respectively.

The protein environment seems not to influence the
mechanism of nitrate reduction. The overall reaction in-
volves the formation of a substrate-metal complex and a
transition state with Mo—ONO,  bond-forming character,
after which the oxygen atom is fully transferred to the metal
center. However, the nearby amino acids accelerate the pro-
cess by lowering the activation energies. This feature de-
pends on the influence of the protein environment in
making the active site slightly strained. This strain is crucial
for the reactivity, as pointed out by Morokuma et al.,> be-
cause it acts as a device for the accumulation of energy,
which can be used in later steps of the catalytic cycle to
overcome barriers. This entatic principle has also been pro-
posed by Hall and Webster® for the reaction of DMSO re-
ductase.

It is worth noting that the effect of the protein environ-
ment described by the ONIOM procedure is qualitatively
comparable to that obtained using the PCM approach on
model A. In fact, both methods suggest a lower exothermici-
ty of the reaction with respect to that in the gas phase.

Orbital-free embedding reaction model B: The ONIOM
procedure allowed us to evaluate the effect of the protein
environment on the catalytic efficiency of the enzyme using
a low level of theory represented by a molecular mechanics
approach. More reliability can be expected if the surround-
ing amino acids are treated quantum mechanically, confining
the SCF calculations to a relatively small subsystem and
keeping the electron density of the rest of enzyme frozen.
Thus, using the equilibrium geometries obtained at
ONIOM(B3LYP:UFF) level, an orbital-free embedding
analysis was carried out on this type of system for the first
time. Single-point evaluation was performed using the
PW91PWO1 exchange-correlation- and GGA97 non-additive
kinetic energy functionals. At the moment, KSCED formal-
ism has two tested levels of approximation, namely LDA
and GGA. We employed the GGA level because of its stat-
istically better accuracy. This introduces more than one vari-
able that one needs to consider in an eventual comparison
with the ONIOM data set (i.e., methodology, functional,
and basis set); thus, we will consider only the qualitative as-
pects of these results.
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The orbital-free embedding potential energy profiles are
depicted in Figure 4b, showing the relative energies for both
the singlet and triplet species. The results show that the sin-
glet-triplet gap increases on going from ES to TS to EOx.
The ES singlet species is the ground state and it lies
0.7 kcalmol ' below the triplet state.

The oxo transfer requires an activation energy of
8.8 kcalmol ' for the low-spin and 11.0 kcalmol™' for the
high-spin system. At this point of the reaction, the singlet-
triplet splitting is only 2.2 kcalmol™!. The products are
found at 7.8 kcalmol™! (singlet) and 15.9 kcalmol ™! (triplet)
below the singlet ES complex.

As can be noted, notwithstanding the aforementioned dif-
ferences in the methodologies used, the general information
that one can obtain from the analysis of orbital-free embed-
ding data is very similar to that obtained with the other
methods, but offers the guarantee of a totally quantum-me-
chanical treatment.

Conclusions

The mechanism of nitrate reduction by Desulfovibrio desul-
furicans nitrate reductase has been investigated by means of
quantum-mechanical and QM/MM methods. On the basis of
the results obtained, we can draw the following conclusions:

All computations indicate that the enzymatic process in-
volves the formation of an [Mo"(SCH;)(NO,)(S,C,Me,),|*
complex, which, through a transition state characterized by
the breaking of an N—O and the formation of an Mo—O
bond, evolves towards NO,™ and [Mo"'O(SCH;)(S,C,Me,),]'~
as products. Both singlet and triplet electronic states can, in
principle, be involved in the catalytic event, although the
low-spin state represents the ground state for all stationary
points on the potential-energy surface.

The most significant differences between the three exam-
ined descriptions seem not to depend on the computational
tool, but rather on the choice of model used to simulate the
active site of the enzyme. In particular, the height of the ac-
tivation barrier is significantly affected by the presence of
nearby amino acid residues, which induce a certain strain in
the catalytic core, thereby enhancing its reactivity.

From a quantitative point of view, the relevant barrier
was computed not to be significantly different at the
ONIOM(B3LYP:UFF) and orbital-free embedding levels of
theory.

This study represents the first tentative attempt to apply
the concept of frozen surrounding density to obtain a spin-
dependent potential energy surface for an enzyme-catalyzed
reaction.
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