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Understanding how an oxygen atom is transferred between a sub-Scheme 1
strate and a transition metal is of fundamental chemical and biolo- 0 o //O
gical interest. Recently, there has been significant progress in studies ﬁax ’/\G>S// S aXN,O 3
directed toward understanding the mechanism of oxygen atom tran- KS\MO\{D“ g\". - szS VMO G}
sfer (OAT) in small-molecule analogues of the pyranopterin mo- ??'tL s~ 8-Cys O
lybdenum enzymes including sulfite oxidase (SO). Sulfite oxidase
is found in the mitochondrial intermembrane space of vertebrates, two Mo=0 * acceptor orbitals effectively activates or selects a
where the physiologically important oxidation of sulfite is the term-  specific oxo group for transfer to the substrate, and this selection
inal step in the oxidative degradation of Cys and MétThe con- is a function of the &-Mo—Syiee—C torsion angle which modu-
sensus structure of the catalytically competent oxidized Mo(VI) |ates the overlapfa S porbital with one of the Me=O z* orbitals.
active site in SO is five-coordinate square pyramidal, possessing This is a remarkable observation that implies the dihedral angle of
two terminal oxo ligands, an ene-1,2-dithiolate, and a catalytically the coordinated Cys in SO may orient the,$ orbital to select
essential Cys sulfur donér® X-ray crystallography reveals that O, for transfer to sulfite. Collectively, studies on the model systems
the substrate (solvent) access channel is in the ene-1,2-dithiolateindicate that theactivation of a given oxo ligand for transfer to
plane of the active sitéjndicating that the equatorial oxo ligand  substrate is initiated by either the initial interaction of substrate
(Oeg) is the catalytically labile oxo ligand involved in the oxidation  with an active-site oxo ligarfd212 (pre-transition state) or the
of sulfite. Herein, we propose that O-atom activatimd selection orientation of the §,¢ orbital relative to the two oxo ligan#s or
in SO is not primarily facilitated by direct interaction with substrate poth.
or the orientation of the Cys thiolate. Rather, O-atom selection and  We have performed electronic structure calculafidasthe DFT
activation are a direct function of the low-symmetry structure of |evel of theory® on [Mo(VI)Ox(S,C:Me,)(SCH)] ~, a computational

the oxidized active site. The Hhas no trans ligand, while &is model of the oxidized SO site (39, and the results strongly
trans to a dithiolate S, indicating a role for the ene-1,2-dithiolate suggest that the two oxo ligands are higllgquivalentelectroni-
in promoting OAT reactivity via a kinetic trans effect. cally. Figure 1 depicts an electron density contour plot of the

Using [MoQy(dithiolate}]?~ complexes, Holm and co-workérs  [Mo(VI)O 5(S,C:Me,)(SCHy)]~ LUMO, which is the putative elec-
have proposed a mechanism for the thermodynamically favorable tron acceptor orbital in the OAT reaction with the sulfite substrate.
OAT reaction from dioxomolybdenum complexes to a tertiary Inspection of the LUMO indicates that it is principally comprised
phosphine which shows that the initial steps in the OAT sequence of a d—p #* antibonding interaction between the Mg, rbital
occur via an associative mechanism. Support for an associativeand an Qq p orbital, which respectively contribute 52% and 20%
mechanism has been described by Smith éfalho were able to of the total atomic orbital character to this molecular orbital. In
isolate and characterize [(N3)MoO(OPh)(OPEJ], an intermediate stark contrast, the axial oxo (g possesses essentially no contribu-
in the OAT reaction between [(Nz)MoO,(OPh)] and triethylphos-  tion to this orbital. Thus, the unique geometry of the S6ite
phine. This intermediate displays a lengthening of the phospitne  determines the precise nature of the LUMO, and plays a defining
bond and a shortening of the terminal MO bond, demonstrative  role in both the selection and activation of the,@ward O-atom
of the “spectator oxo” effect described by Rapped Goddard?! acceptors.

The spectator oxo effect caused by substrate binding yields two  O-atom selection is incurred by the fact that the lowest-energy
distinct Mo—O distances; the MO at 1.67 A and Me-O--P at acceptor orbital (LUMO) is highly stabilized(0.9 eV) with respect
2.18 A. These results show that substrate attack provides for oxoto the lowest-energy virtual orbital (LUM®1) which possesses
selection by weakening the active M® bond, allowing the appreciable g orbital character (see Figure S1). The large energetic
spectator oxo to form a stronger M® bond with a formal bond stabilization of the LUMO, coupled with favorable overlap between
order of three. Along these lines, Hall and co-workeéthave the sulfite HOMO and the Q p orbital of the LUMO, facilitates
performed calculations on higher-symmeiBg)dioxomolybdenum substrate attack at this position. The activation of the equatorial
model complexes and have proposed a catalytic mechanismoxo is also a function of the trans-effect of the equatorial dithiolate
(Scheme 1) for the two-electron oxidation of sulfite that involves S on the Q,, as the Me=Ogqbond order is now formally 2, instead
initial attack of the sulfur lone pair on one of the two oxo donors of 2.5 as observed in [MofF* complexes where the two terminal

to generate a Zereduced Mo(IV) product-bound species. oxo ligands are symmetry-related. A reduction in the activation
Ligand-field induced dioxomolybdenum symmetry breaking has energy for the OAT process undoubtedly results from the nature

been suggested as a means of oxo selection by Izumilétiral. of the heterodinuclear MeOgq d—p 7* interaction which, when

detailed spectroscopic and computational studies ofN{IMo"'- occupied by the sulfite lone pair, facilitates cleavage of the=sMo

O,(SCH,Ph)]. They proposed that breaking the degeneracy of the Ogqbond and promotes product release. Thus, the unique electronic
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Figure 1. Molecular orbital isosurface of the [Mo(VI¥5,C:Mez)(SCHs)] ~
LUMO (left) and a schematic representation of the optimized active site
(right). Both representations are oriented looking down the axial oxo donor.
The optimized Me-O,y distance is 1.71 A and the ;@-Mo—Siolate—C
torsion angle is 73(as compared with-90° determined from the SO crystal

torsion angle does not contribute to oxo selection, it may control
the reduction potential of the reducetbno-oxomolybdenui®O
site!® and play a critical role in electron transfer regeneration of
the oxidized SO center. We are currently engaged in spectroscopic
studies of relevant dioxomolybdenum modeind enzyme systems
directed toward experimentally calibrating the computational results
presented herein and determining how the equatorial Cys thiolate
is coupled into the g redox orbital of the reduced SO in order to
understand the role of this critical ligand in the enzyme mechanism.
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structure). For a more extensive list of the optimized parameters see Table

S1.
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Figure 2. Plot of the contributions of € (solid line), Qx (dotted line),
Shhiolate (dashed line), andgmiciene (dot—dash line) to the total orbital char-
acter of the LUMO as a function of thes@-Mo—Siiolate—C torsion angle.

structure imposed by the low symmetry of the SO active site may
contribute substantially to the difference between the OAT rate of

the enzyme compared to that of early model systems. We are cur-

rently working to quantitate the effect of the energetic stabilization
observed for the LUMO on the kinetics of sulfite attack og,O

To assess the role of the coordinated Cys on the OAT process,

we examined the effect of the,@-Mo—Sc¢,s—C torsion angle on
the atomic orbital character of the LUMO, and the results of these
calculations are presented in Figure 2. While the thioldte &bital

character oscillates in a sinusoidal manner as the torsion angle

changes, reflecting the differential overlap of thepSorbital with
Mo d,y, there is no appreciable change in the orbital character of
Ocq Or Ox as a function of the Q—Mo—Scys—C torsion angle.

Thus, in apparent contrast to analogous computational studies on

dioxomolybdenum model compounds which lack a coordinated ene-
1,2-dithiolatel* it appears that the coordinated Cys in SO does not
function to select the oxo atom that is being transferred to the
substrate.

Mutation-induced changes in the active-site electronic structure
of SO may be a primary basis for human isolated sulfite oxidase
deficiency, which derives from specific mutations in the SO géne.
A208 is highly conserved in SO enzymes from a variety of organ-
isms and is located on the N-terminal side of the C207 donor in
humans. It is interesting to speculate how the A208D mutation
affects the Me-Sgys interaction in the mutant enzyme. It can be

Supporting Information Available: Table comparing the relevant
geometric parameters of the optimized computational model with the
crystal structure of sulfite oxidase and {E}[MoO2(SGH-2,4,6-Ph)-
(bdt)] and the initial coordinates; a plot of the orbital energies of the
Mo d-orbital manifold with their respective electron density isosurfaces
(PDF). This material is available free of charge via the Internet at http://
pubs.acs.org.
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