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Figure 1. Some possible intermediates for the reaction between
[MoOz(mnt)]?~ and HSQ".

The molybdenum-containing oxotransferase enzymes catalyze

oxygen atom transfer to/from biological substrates in the
nitrogen, sulfur and carbon cycléshe active sites of these
enzymes contain a dissociable cofactor known as Mloco
consisting of a molybdenum atom coordinated to a pterin
derivative called molybdopterin. The oxidized forms of the
enzymes have been shown to cont@gamolybdenum(VI) dioxo
units bound to oneor two* molybdopterins through dithiolene
moieties of the pterins. Model studfesnd 180 labeling
experiments indicate that the molybdenum-containing cofactor
mediates the oxygen-atom transfer according to eq 1 where X
= arbitrary substrate and+£ ligand(s). Some hyperthermophilic
bacteria contain related tungsten enzymes with similar metal-
oxo/pterin cofactorg.

Mo"'O,L, + X =Mo"V oL, + XO 1)

The sulfite oxidase family consists of sulfite oxidase and
assimilatory nitrate reductas&ulfite oxidase catalyzes the last
step in the degradation of sulfur-containing amino acids, the
oxidation of sulfite to sulfate. The hum&mrat® and chicken

liverl® enzymes have been sequenced, and the chicken liver,

enzyme has been structurally characterized at 1.9 A resofttion.
In this structure, the coordination environment of the molyb-
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denum atom is approximately square pyramidal with an oxo
ligand in the axial position at an MeO distance of 1.75 A.
The equatorial positions are occupied by the two dithiolene
sulfurs of one pterin ligand at MeS distances of 2.4 A, one
sulfur from a cysteine residue at 2.5 A from the molybdenum
atom and one water/hydroxide ion with an MO distance of
2.2 A1l Extended X-ray absorption fine structure experiments
at the Mo K edge of the oxidized enzyme indicate that the
molybdenum is coordinated to two oxo ligands at 1.71 A and
three sulfur atoms at 2.41 &-14 In the reduced form of the
enzyme, only one oxo ligand at 1.69 A from the metal was
detected, while the same number of sulfurs were present at a
distance of 2.38 A2-14 This suggests that the enzyme is in the
reduced form in the crystal structure.

Several complexes have been studied as structural and/or
functional models of molybdenum-containing oxotransferases.
One of these models, [Ma@mnt)]?~ [mnt>~ = 1,2-dicyano-
ethylenedithiolate], has been found to be able to perform the
biologically relevant reaction of oxidizing hydrogen sulfite to
HSQO,~.15-17 This reaction has been shown to exhibit a Michae-
lis—Menten type of kinetic behavior in an acetonitrile/water
mixture. Different mechanisms have been suggested for the
reactiont>~17 Sarkar and co-worket31® have proposed two
possible ways that the sulfur atom of hydrogen sulfite may attack
the metal atom to form an intermediate formulated as
“IMoO 2(HSOs)(mnt)]3~". The first proposal is an attack in a
preequilibrium reaction forming a seven-coordinate intermediate.
While the authors do not explicitly state the proposed structure
of the seven-coordinate intermediate, we interpret this to be that
depicted in Figure 1a. The other proposed patiwaywolves
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breaking one of the MeS bonds (preferably the one trans to
an oxo group) prior to the attack of the hydrogen sulfite so that
the intermediate contains a hexacoordinate molybdenum atom
(Figure 1b). Both pathways involve subsequent oxo-transfer to
yield the products [MoO(mnf)2~ and HSQ".

On the other hand, Wéhave proposed a direct attack of the
sulfur atom on one of the oxo groups to yield a six-coordinate
intermediate that leads to the same products, [MoO@int)
and HSQ™. The determination of the structure of sulfite oxidase
from chicken liver revealed a bound sulfate (or sulfite) molecule
close to the active site with the sulfur atom directed toward a rigyre 2. Geometry and labeling used for the modeling of direct attack
water/hydroxo ligand on the molybdenum atéhihis coor- of hydrogen sulfite on the molybdenum atom by extendeatKel
dination suggests an attack of $Oon one of the Me=O bonds calculations.
in the active site when the enzyme is in the oxidized fé#h!8

As it has not been possible to detect any of the above-
mentioned intermediates, we report here our attempts to model
the reaction of [Mo@mnt)]2~ and HSQ~ by computational
methods using density functional and extendedkél calcula-
tions. As the oxidation reaction has been carried out in slightly
acidic solution¥1” where hydrogen sulfite predominates, we
have chosen to use hydrogen sulfite as “substrate” although the
presence of sulfite cannot be ruled out. Sulfite oxidase functions Figure 3. Three geometries used for extendeitkel calculations to

at physiological pH, where hydrogen sulfite and sulfite are in model an attack of hydrogen sulfite on an Mo-oxo ligand in

equilibrium. We have investigated three possible pathways for (\o0,mnt)]2-. For clarity, the nitrile substituents have been omitted.
the reaction; (i) direct attack on the molybdenum atom by the

sulfur atom of hydrogen sulfite (Figure 1a and b), (ii) direct

attack on one of the oxo groups by the sulfur atom of hydrogen
sulfite (Figure 1c), and (iii) attack on one of the oxo groups

with accompanying hydrogen bonding of the hydrogen atom
of HSG;™ to the second Mo-oxo ligand (Figure 1d).

Computational Details

Extended Huakel calculations were performed using the CACAO
4.0 program packagé.The geometry of the HS ion was calculated
using the Gaussian program pack&y€he density functional calcula-
tions were performed with the Amsterdam Density Functional (ADF)
program version 2.3.8:2 The implementation of the local density

approximation (LDA) uses the standard Slater exchange?tesnd Figure 4. Optimized geometries for the attack of hydrogen sulfite on
the correlation term due to Vosko, Wilk and Nus&iGeometries were an Mo-oxo ligand in [MoQ(mnt)]?~, before (a) and after (b) formation
optimized at the LDA level using analytical energy gradiéitawithin of a coordinated sulfate.

a spin-restricted formalism. Total binding energies were calculated at
the LDA geometries using Becke’'s 1988nd Perdew’s 1988gradient

corrected functionals for exchange and correlation, respectively. Default
convergence criteria were employed throughout. Static solvation Extended Huakel calculations were used to evaluate orbital
corrections to the total energies were computed based on the simpledifferences in possible transition states involving either coor-
Born model as described previou¥lyassuming a solvent dielectric  dination of hydrogen sulfite to the molybdenum atom, or attack

Results and Discussion

constant of 80. of hydrogen sulfite on one of the oxo moieties. The crystal
structure coordinates of the anion of [NRIMoO2(mnt),] 1°
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Chart 1. Schematic Depiction of the Calculated Reaction Pathway for the Oxidation of Hydrogen Sulfite bys(tu(p]2-

Relative
Energy 0 +91 +29 +35
(kJ/mol)

for the geometries in Figure 3b (the H atom directed toward bond was located. The linear transit calculation followed the
S2) and Figure 3c (the H atom directed toward the other Mo- Mo—S distance which was steadily decreased. The computed
oxo ligand). In all three cases, the-® bond consists of the s energy rose fairly rapidly such that at an M8 distance of 2.4
and p orbitals of the sulfur atom and the Mo-oxo ligatidis A, the energy was already some 50 kJ mdhigher than the
gives a large overlap population which is needed to form the highest point on the reaction profile for attack at an oxo group.
product molecule. The charges of the atoms are in favor of direct Direct attack by hydrogen sulfite at the Mo center was therefore
attack on the oxygen; both the sulfur atom of HS@nd the already predicted to be unfavorable and further calculations were
Mo atom are positive while there are negative charges on thedeemed unnecessary.
0XO0 groups. In conclusion, our computational modeling of some possible
Density functional calculations were performed to provide a reaction intermediates for the above-mentioned oxidation reac-
more quantitative description of the energetics of possible tion do not support the formation of a seven-coordinate
reaction pathways and to optimise the structures of any intermediate. Rather, direct attack of hydrogen sulfite at an oxo
intermediates in the reaction between hydrogen sulfite and ligand, as proposed by us for [Me@nt)]2~,17 and by Hille-18>
[MoO,(mnt)]?~. The solvation-corrected reaction energy is and Kisker et af! for sulfite oxidase, appears to be a favorable
about —70 kJ mot?, showing that the reaction proceeds pathway (Chart 1). Our results are consistent with the generally
“downhill”. To simulate direct attack of hydrogen sulfite on accepted mechanism for oxo transfer big-dioxo Mo(VI)
one of the oxo groups, the sulfur atom of the former was complexes232 similar results have been obtained in the
positioned above the MoQOmoiety. The geometry converged computational modeling of the reaction between phosphine and
to that in Figure 4a with the sulfur lone pair more or less directed [MoOx(Et,dtc)] (Et.dtc = N,N-diethyldithiocarbamaté} and
at one oxo group (SO approximately 3.6 A) while the the oxidation of trimethylphosphine by [Me@NHs)2(SH),].35
hydroxide hydrogen makes a hydrogen bond with the other oxo Ab initio studies of hydrocarbon oxidation by [Me@Ol,] 36 have
ligand (H--O' approximately 1.9 A). suggested that the second “spectator” oxo ligand achieves partial
A linear transit calculation was then carried out wherein the triple bond character during the course of these reactions and
S—0 distance was decreased from 3.6 A in several fixed stepsthus plays a critical role in stabilizing intermediates. A similar
while the remaining degrees of freedom were allowed to vary. effect was observed for the oxidation of PMey [MoO,(NH3),-
The solvation corrected energy reaches a maximum at about(SH),],3> where a formal molybdenusspectator oxo ligand
2.1 A representing a forward barrier of about 90 kJ Thdbefore triple bond is formed as a consequence of the direction of the
forming an intermediate some 30 kJ mbhigher in energy substrate attack. No such effect can be observed in the present
than the isolated reactants. During the course of the linear transit, model system, but the hydrogen transfer to the “spectator” ligand

the hydrogen spontaneously transfers to theo&o ligand appears to be important in stabilizing the found intermediate
generating a coordinated sulfate with an@ bond length of (cf. Chart 1).
1.62 A and an Me-O bond length of 2.05 A (Figure 4b). The results presented here apply specifically to the oxidation

Product dissociation was modeled via a second linear transit, of HSO;~ by [MoO(mnt)]2~. Itis harder to assess the relevance
this time lengthening the MeO distance of the coordinated  of our calculations to the oxidative half-reaction of the sulfite
sulfate. The energy goes through a shallow maximum with a oxidase enzyme; not only is our model relatively simple when
forward barrier of about 6 kJ mot at a distance of 2.3 A, compared to the enzyme, but the direct molybdenum coordina-
Moreover, the H atom spontaneously returns to the sulfate tion environments in the model and the enzyme (vide supra)
oxygen, thus generating the hydrogen sulfate product. The
complete reaction pathway is illustrated in Chart 1. (31) Kisker, C.; Schindelin, H.; Rees, D. @nnu. Re. Biochem.1997,
The alternative pathway of a direct attack on the molybdenum @2) ((5;35 é3e3-n olds. M. S.: Berg. J. M. Holm, R. Horg. Chem1684 23
atom by the sulfur was algo model_ed by de_nsr[_y functlon{_al 3057, )(/b) Tucci, G. C.. ngriahiJe, 1P 'Holm?'R. IHorg. Chem.
calculations. Hydrogen sulfite was directed with its lone pair 1998 37, 1602.
facing the molybdenum atom in the space between the oxo (33) Holm, R. H.Coord. Chem. Re 1990 100, 183.
groups and one of the mnt ligands. A complex with an-g gég E{gg’s'c'r\{"- i Ap_r;"ﬁé”T‘ hﬁf'gjr&’o'"r'g".eg'fgn?fl\é\éaa”’é"sclki;f?f" 1997.
distance of about 2.95 A and with the hydroxide hydrogen (36) RappeA. K.; Goddard, W. A., Ill.J. Am. Chem. Sod982 104,

oriented toward one of the oxo ligands to make a hydrogen 3287.
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mechanism are likely. Further structural and mechanistic studies

of the enzyme system are needed in order to determine its Supporting Information Available: Tables containing structural

mechanism. parameters and total energies for relevant transition states and

. intermediates as well as atomic coordinates (in PDB format) for the
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