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Much of our knowledge about molybdenum enzymes has originated
from EXAFS spectroscopy. This technique provides excellent bond-
length accuracy but has only limited bond-length resolution. We
have used EXAFS spectroscopy with an extended data range in
an attempt to improve bond-length resolution for the molybdenum
enzyme sulfite oxidase. The Mo site of sulfite oxidase has two
oxygen and three Mo−S ligands (two from cofactor dithiolene plus
a cysteine). For the oxidized (MoVI) enzyme, we find that the three
Mo−S bond lengths are very similar (within 0.05 Å) at 2.41 Å, as
are the ModO ligands at 1.72 Å. Density functional theory shows
that this is consistent with the proposed active-site structure. The
reduced (MoIV) enzyme shows two Mo−S bond lengths at 2.35 Å
and one at 2.41 Å (assigned to cofactor dithiolene and cysteine,
respectively, from DFT), together with one ModO at 1.72 Å and
one Mo−OH2 at 2.30 Å.

The mononuclear molybdenum enzymes all contain either
one or two molybdopterin cofactors coordinated by a
dithiolene motif to molybdenum, but their active sites show
remarkable structural and functional diversity.1 Currently,
two techniques have provided quantitative structural infor-
mation on molybdenum enzyme active sites: protein X-ray
crystallography (PX) and X-ray absorption spectroscopy
(XAS). Crystallography can provide a wealth of three-
dimensional structural information but has only moderate
accuracy for bond lengths. It has suffered from problems
due to photoreduction of the metal site during data acquisi-
tion2 and from multiple species cocrystallizing.3 XAS, on
the other hand, is less prone to photoreduction and has

excellent accuracy in bond lengths but provides little or no
three-dimensional information. Furthermore, XAS has only
limited distance resolution (the ability to discriminate
between similar bond lengths of similar atoms) when used
with conventional data ranges. In this paper, we present a
study of the active site of sulfite oxidase in which we attempt
to overcome the limited resolution of XAS by significantly
extending the data range. We have combined this with
density functional theory (DFT) calculations to obtain addi-
tional three-dimensional structural insight into the active site.

Sulfite oxidase catalyzes the two-electron oxidation of
sulfite to sulfate.4 This occurs at the molybdenum site, which
is reduced from MoVI to MoIV in the process. The molyb-
denum is coordinated by the ene-1,2-dithiolate of the molyb-
dopterin cofactor and a protein-based cysteine thiolate plus
two oxo ligands in the MoVI form,5 one of which is converted
to an-OH or -OH2 in the MoIV form. As yet, the precise
functional role of each of the ligands to the metal is not clear.

Figure 1 compares the raw Mo K-edge data from sulfite
oxidase for a high-resolution XAS experiment with that of
a conventional experiment. Extending the data to this extent
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Figure 1. Comparison of oxidized sulfite oxidase raw data sets collected
with (a) high resolution (kmax ) 25.2 Å-1) and (b) normal (kmax ) 14.5
Å-1) data ranges. Data acquisition times for a single scan were 55 and 35
min for plots a and b, respectively. The data shown in plot b is that of
George et al.5
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is experimentally challenging and requires excellent beamline
stability; however, with modern beamline technology, we
find that this is clearly achievable. Figure 2 shows the high-
resolution EXAFS and Fourier transforms of oxidized and
reduced enzyme6,7 together with the results of curve-fitting
analyses, which are summarized in Table 1. The data and
analyses are consistent with those of previous EXAFS
work.2,5,8 The exact resolution of the data is a function of
both the k range and the different EXAFS components
present, but to a first approximation, it is given byπ/2kmax

or 0.06 Å for our data range. In the case of the MoIV form,
discrete Mo-S distances at 2.35 and 2.41 Å are resolved
(Table 1). This is not the case with the MoVI form, indicating
that all three Mo-S bond lengths must be very close to the
mean distance of 2.42 Å. In the unresolved MoVI case, the
Debye-Waller factor (σ2) can provide boundaries for Mo-S
bond lengths.9 The observedσ2 value for the Mo-S compo-

nent is consistent with a distribution of Mo-S bond distances
such as 2.37, 2.42, and 2.47 Å or alternatively one at 2.37
Å and two at 2.45 Å.10 The MoVI form also has two short
oxygen ligands at 1.72 Å, and the MoIV form, a single short
oxygen ligand at 1.72 Å. TheR ∼ 2.4 Å region of the
reduced data set includes both the expected Mo-S contribu-
tions and a long Mo-O bond at 2.30 Å, in good agreement
with the PX analysis,11 which suggested a Mo-O bond
length of 2.25 Å for the photoreduced enzyme.12,13 The
Mo-O interaction partially cancels with the single longer
Mo-S component at 2.41 Å, facilitating the resolution of
the Mo-S distances; significantly worse fits are generated
by models with unresolved Mo-S distances or lacking the
long Mo-O bond.

DFT energy minimizations14-16 using Becke exchange17

and Perdew correlation18 functionals (BP91), of the oxidized
and reduced forms of the active site, agree well with the
respective experimental data. The optimized geometries are
shown in Figure 3, and selected geometrical parameters are
given in Table 1. The well-known tendency of the BP91
nonlocal functional combination to overestimate bond dis-
tances (in this instance by as much as 0.1 Å) is evident in
Table 1 and is likely exacerbated by the presence of the
second-row element Mo.19

Allowing for this and comparing the Mo-Oeq distance
from XAS and PX (∼2.3 Å) with calculated values for
hydroxide (2.08 Å) and water (2.34 Å) indicate that a water
ligand is responsible for the equatorial oxygen coordination
to the reduced Mo center.20 The lowest-energy structures for
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Table 1. Selected Geometric Parameters for Oxidized and Reduced
Forms of the Sulfite Oxidase Active Site (See Figure 3)a

XAS
(ox)

DFT
(ox)

XAS
(red.)

PX
(red.)10

DFT
(red.)b

DFT
(red.)c

Mo-Scys 2.42 2.47 2.41 2.47 2.42 2.45
Mo-Oapi 1.72 1.75 1.72 1.74 1.73 1.74
Mo-Oeq 1.72 1.75 2.30 2.25 2.34 2.08
Mo-S′ 2.42 2.52 2.35 2.37 2.35 2.41
Mo-S′′ 2.42 2.50 2.35 2.38 2.40 2.46
S′-S′′ 3.20 3.19 3.19 3.24
S′-Mo-Oeq 131 139 134 137
S′′-Mo-Scys 154 147 138 151
Oapi-Mo-Scys-Ccys 46 82 108 98

a Distances are in angstroms and angles in degrees.b Water is coordinated
in place of the equatorial oxo ligand.c Hydroxide is coordinated in place
of the equatorial oxo ligand.

Figure 2. Molybdenum EXAFS of wild-type human sulfite oxidase in
MoVI (top) and MoIV (below) forms. The solid lines show experimental
data, while the broken lines show the best fit. EXAFS oscillations are shown
to the left; corresponding Fourier tranforms, shown at the right, are phase-
corrected for Mo-O backscattering. The peaks atR + ∆ ≈ 1.7 Å in the
Fourier transforms arise from ModO EXAFS, while the peaks atR + ∆ ≈
2.4 Å arise from Mo-S, with a Mo-O component in the reduced form.
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both hydroxide- and water-coordinated reduced sulfite oxi-
dase have short H-Scys bond distances (2.43 and 2.20 Å,
respectively), indicating significant hydrogen-bonding in-
teractions. A second local energy minimum (ca. 1 kcal/mol
higher in energy than the global minimum) was found for
the water-coordinated structure that also includes a second
hydrogen bond from water to the Oapi atom at 2.85 Å. This
geometry seems unfavorable, however, because the apical
oxo group is in a far more heavily crowded environment in
the reported crystal structure than that of the cysteinyl sulfur.

The geometry at the molybdenum in both oxidized (DFT)
and reduced (DFT and PX) forms is significantly distorted
from square pyramidal, most notably in the S′-Mo-Oeq

angle. The EXAFS data indirectly support this for both forms
because no oxo trans effect on the S′-Mo distance is
observed. A geometry optimization on the MoVI form (see
Figure 2) with the S′-Mo-Oapi angle constrained to linear
provides a S′-Mo distance of 2.67 Å, which would be easily
resolved in our EXAFS data.

The largest deviation of the DFT results from the PX
analysis is in the Oapi-Mo-Scys-Ccys torsion angle. Crystal-
lography gives a value of 82°, while DFT gives values of
46° for the MoVI form and 108° for the lowest-energy water-
coordinated MoIV form. This discrepancy can be attributed
to the effects of the protein environment that are not
incorporated in the calculations in which the cysteinyl C atom
is essentially untethered. It is interesting that the direction
of torsional distortion away from the PX structure is reversed
for the different oxidation states. We calculate that the energy
relaxation away from the constrained angle of 82° is quite
low, less than 2 kcal/mol for both the oxidized and reduced
forms. We also calculate that variation in this torsional angle
affects the strength of the bound water to cysteinyl sulfur
hydrogen bond in the reduced form and hence the ease of
the enzymatically necessary breaking of the water O-H
bond. This can be observed in the reduced form with the

torsion angles constrained at 46, 82, and 108°, where the
calculated H-Scys bond distances are 2.21, 2.35, and 2.20
Å, respectively.

Rotation around the Mo-S dihedral angle will clearly be
restrained to some extent by the surrounding protein, and it
is not clear which of these angles are relevant in the protein
environment; hybrid quantum mechanical/molecular me-
chanical calculations may provide further insight into this
issue. Not only has this torsion angle been implicated in
modulating the redox potential of the Mo center,21 but on
the basis of the observed hydrogen bonding in our calcula-
tions, it may be important in lowering the activation barrier
for the dissociation of water and controlling the egress of
protons during the regeneration stage of the enzymatic cycle.

In conclusion, our combined EXAFS and DFT results
indicate that the equatorial O-donor ligand in the reduced
form of human sulfite oxidase is most likely a water and
not a hydroxide. This is consistent with electrochemical
results for the human enzyme22 but not those reported for a
bacterial sulfite dehydrogenase.23 We are also able to resolve
the Mo-Scys bond length from the dithiolene Mo-S bonds
in the reduced form of the enzyme.
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Figure 3. DFT geometry-optimized structures of the oxidized and reduced
forms of the active site of sulfite oxidase with a truncated pyranopterin
cofactor. Methane thiolate is substituted for cysteine. The considered
theoretical models for the reduced form have either hydroxide or water in
place of the equatorial oxo group. In the figure, unlabeled atoms are either
carbon or hydrogen (small spheres).
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