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Sulfite oxidase is a pyranopterin molybdenum enzyme which
catalyzes the physiologically important oxidation of sulfite to
sulfate, the terminal step in the oxidative degradation of cysteine
and methionine.1-4 The crystal structure of chicken liver sulfite
oxidase has been solved to 1.9 Å resolution5 and, when interpreted
in the context of a recent XAS study,6 allows a detailed description
of the active site stereochemistry. The geometry of the catalytically
competent Mo(VI) active site is square pyramidal, with the
molybdenum coordinated by two terminal oxo ligands, two sulfur
donors from the ene-1,2-dithiolate side chain of the pyranopterin,
and an additional sulfur donor from a cysteine residue. The two-
electron oxidation of sulfite occurs via formal oxygen atom
transfer,7 resulting in the production of two reducing equivalents
which are transferred sequentially from the mono-oxo Mo(IV)
site to an exogenous cytochromec acceptor via an endogenous
b-type heme. Interestingly, incubation of active enzyme with
ferricyanide results in the two-electron oxidation of the pyran-
opterin cofactor (Figure 1).8 Although the enzyme is still
competent to oxidize sulfite, egress of electrons from the
molybdenum site is severely attenuated. This has led to two main
hypotheses with regard to the role of the pyranopterin in sulfite:
cytochromec activity, namely, acting as an electron transfer
conduit and modulating the molybdenum reduction potential.3,8

The work described in this paper is directed toward discriminating
between these two hypotheses and developing additional insight
into the role of the pyranopterin under turnover conditions.

The compounds LMoO(qdt) (1)9,10 and LMoO(bdt) (2)11 were
prepared according to literature precedent. We designed1, which
possesses a pyrazine ring fused to a dithiolate chelate, as a first-
generation model for ferricyanide-inhibited sulfite oxidase in order
to understand the electronic origin of the inhibited enzyme’s
inability to reduce cytochromec. Analogous to the (qdt) ligand
in 1, the pyrazine ring of the fully oxidized pyranopterin in
inhibited enzyme is conjugated to an ene-1,2-dithiolate side chain
(Figure 1c).12 The pyranopterin in fully functional enzyme is
present in the ring-closed tetrahydropterin form,5,13which contains
a saturated pyrazine ring, instead of the ring-opened form (Figure
1a,b). Therefore, any differences in spectroscopic and electro-
chemical properties between1 and2 must reflect the effect of an

oxidized pyrazine ring on the electronic structure and provide
insight into differences between inhibited and functional enzyme.
The 5 K, 7 T mull MCD spectra of1 and2 clearly indicate that
the observed spectral features are essentially superimposable,
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Figure 1. Two-electron oxidation of the native pyranopterin (a) must
be accompanied by pyran ring opening (b) in order to attain a fully
oxidized pterin (c) with an unsaturated pyrazine ring. Ring opening of
the pyranopterin cofactor represents an induced internal redox reaction,
whereby a two-electron oxidation of the pterin ring is coupled to a two-
electron reduction of the pyran ring to an open-chain primary alcohol.
Therefore, the combination of pyran ring opening and two-electron
oxidation by ferricyanide represents a four-electron oxidation of the pterin
to the fully oxidized form.
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implying a near isoenergetic manifold of excited states for these
two compounds. We have recently undertaken an extensive
electronic structure study of2, making detailed spectral assign-
ments of all the SfMo CT bands which occur below∼26 000
cm-1,10 and the MCD correspondence allows for transfer of these
assignments to1. A comparison of the electronic absorption
spectra for1 and2 is presented in Figure 2, along with the relevant
band assignments.14

Compound1 displays intense absorbances at 27 575 and 29 100
cm-1 which correspond very well to the 26 300 and 27 650 cm-1

bands in the ferricyanide-treated molybdenum fragment of sulfite
oxidase, in addition to the lower energy SfMo CT bands.8 Fully
oxidized pterins are known to possess absorption maxima in this
region which originate fromπ f π* transitions localized primarily
on the oxidized pyrazine ring of the pterin.8 Also, it is readily
apparent from Figure 2 that the intensity of the dithiolate Sopf
Mo dxz,yztransitions for1 are roughly half those observed for2.15

The reduction in CT intensity reflects the considerably weaker
Sop donor ability of the (qdt) ligand relative to (bdt). This reduced
charge donation results in a Mo center for1 which is more
electropositive (increasedZeff) relative to that in2. An increase
in Zeff results in greater energy stabilization of the Mo d orbitals
for 1. This effect is also reflected in the He(I) PES spectrum of
1,16 where the first-ionization from the Mo dxy redox orbital is
∼0.75 eV greater than that for the related LMoO(tdt).17 Therefore,
the energetic stabilization of the Mo dxy orbital in1, which results
from the compromised Sop donor ability of the (qdt) ligand, is
the dominant contributor to the observed+220 mV positive shift
in the reduction potential relative to2.18

The present model study has direct relevance with respect to
the origin of ferricyanide-induced electron transfer inhibition
between the Mo(IV) site in sulfite oxidase and oxidized cyto-
chromec. There are two mechanisms, one based on the electronic

coupling matrix element (HAB)2 and the other on thermodynamic
considerations (∆G°), which can affect the ET regeneration rate
(ket) and inhibit the reoxidation of Mo(IV) in ferricyanide-treated
sulfite oxidase (eq 1). The first, (HAB)2, results from a reduction

in the covalency of the Sdithiolate-Mo dxy bonding interaction, with
a concomitant reduction in the electron transfer rate.19,20We have
shown that Sdithiolate-Mo dxy bonding in LMoO(dithiolate) com-
pounds is dominated byin-plane Sip-Mo dxy interactions.10

However, it is readily apparent from the absorption spectra that
the intensity of the dithiolate SipfMo dxy transition is very similar
for 1 and 2. This is a bondingf antibonding transition, the
intensity of which probes the dominant covalency contributions
between the Mo dxy redox orbital and the dithiolate Sip orbitals.15

Furthermore, we have provided evidence that this bonding
interaction is likely to provide a superexchange pathway for
electron transfer regeneration in pyranopterin molybdenum en-
zymes.10 Obviously, the presence of an oxidized pyrazine ring
associated with the dithiolate chelate in1 does not attenuate the
intensity of this band, indicating exceptional electronic com-
munication between the Mo dxy and dithiolate Sip orbitals of 1
and2. The second inhibition mechanism (∆G°) results from an
increase in the valence ionization energy of the Mo dxy orbital,
and a concomitant stabilization of Mo(IV) to such a degree that
electron transfer between the reduced Mo site and oxidized
cytochromec would be thermodynamically uphill. This is exactly
what is observed in1, where the potential is shifted+220 mV
relative to2. Thus, the presence of an oxidized pyrazine ring
results in an electron-withdrawing effect on the Sop donor orbitals
of the dithiolate chelate. This causes the dithiolate sulfur atoms
to become poorer donors to Mo and increases the effective nuclear
charge on the metal, greatly increasing the reduction potential
and severely retarding the rate (ket) of ET regeneration following
oxygen atom transfer.

In conclusion, we have developed a first-generation model for
ferricyanide-inhibited sulfite oxidase which incorporates a pyra-
zine ring associated with a dithiolate chelate. The spectroscopic
studies presented here provide an impressive example of orbital
control over reduction potentials. This provides evidence that
thermodynamic stabilization of Mo(IV), and not disruption of Sip-
Mo dxy covalency contributions to the electron transfer regenera-
tion pathway, is responsible for the severe reduction of sulfite:
cytochromec activity in ferricyanide-treated enzyme. We suggest
that the inhibition results from the complete oxidation of the
pyrazine portion of the pyranopterin, which causes a reduction
in the donor ability of the ene-1,2-dithiolate sulfurs by an inductive
effect. Furthermore, the stabilization of Mo(IV) in inhibited
enzyme is postulated to arise fromanisotropiccovalency con-
tributions involving only the Sop orbitals of the coordinated
dithiolate to the reduction potential of the site.

Acknowledgment. M.L.K. would like to thank the National
Institutes of Health for financial support of this work (Grant No.
GM-057378).

Supporting Information Available: Figure 1. Sulfite oxidase
catalytic cycle involving oxygen atom and coupled electron-proton
transfer. Figure 2. 5 K, 7 T MCD spectra of LMoO(qdt) (solid line) and
LMoO(bdt) (dashed line) in poly(dimethylsiloxane).

IC990291G

(14) Sip and Sop refer to predominantly sulfur containing molecular orbitals
of a dithiolate chelate oriented in the plane and perpendicular to the
plane of the dithiolate chelate, respectively.

(15) The intensity (I) of a charge transfer transition is proportional to the
square of the overlap integral〈æM|æL〉2. See, for example: Solomon, E.
I. Comments Inorg. Chem.1984, 3, 225-320.

(16) Helton, M. E.; Gruhn, N.; McNaughton, R.; Enemark, J. H.; Kirk, M.
L. Unpublished results.

(17) The abbreviation (tdt) refers to the ligand 3,4-toluenedithiolate. Due to
the electronic and spectral similarity of LMoO(tdt) and2 (see ref 10),
the binding energy for the Mo dxy electron is anticipated to be equivalent
for both compounds.

(18) Cyclic voltammetric measurements were performed on 1,2-dichloroethane
solutions of1 and2 over a potential range of+2 to -2 V. Potentials
are reported vs the ferrocenium/ferrocene couple. LMoO(qdt) (-620 mV)
and LMoO(bdt) (-840 mV).

(19) Balaji, V.; Ng, L.; Jordan, K. D.; Paddon-Row: M. N.; Patney, H. K.J.
Am. Chem. Soc.1987, 109, 6957-6969.

(20) Holm, R. H.; Kennepohl, P.; Solomon, E. I.Chem. ReV. 1996, 96, 2239-
2314.

Figure 2. Room temperature electronic absorption spectra of LMoO-
(qdt) (solid line) and LMoO(bdt) (dashed line) in 1,2-dichloroethane. Note
the large reduction in the intensity of the dithiolate SopfMo dxz,yz

transitions for1 relative to2.
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