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ABSTRACT: Sulfite oxidase (SO) catalyzes the physiologically critical conversion of sulfite to sulfate.
Enzymatic activity is dependent on the presence of the metal molybdenum complexed with a pyranopterin-
dithiolene cofactor termed molybdopterin. Comparison of the amino acid sequences of SOs from a variety
of sources has identified a single conserved Cys residue essential for catalytic activity. The crystal structure of
chicken liver sulfite oxidase indicated that this residue, Cys185 in chicken SO, coordinates theMo atom in the
active site. To improve our understanding of the role of this residue in the catalytic mechanism of sulfite
oxidase, serine and alanine variants at position 185 of recombinant chicken SOwere generated. Spectroscopic
and kinetic studies indicate that neither variant is capable of sulfite oxidation. The crystal structure of
the C185S variant was determined to 1.9 Å resolution and to 2.4 Å resolution in the presence of sulfite,
and the C185A variant to 2.8 Å resolution. The structures of the C185S and C185A variants revealed that
neither the Ser or Ala side chains appeared to closely interact with the Mo atom and that a third oxo group
replaced the usual cysteine sulfur ligand at the Mo center, confirming earlier extended X-ray absorption fine
structure spectroscopy (EXAFS) work on the human C207S mutant. An unexpected result was that in the
C185S variant, in the absence of sulfite, the active site residue Tyr322 became disordered as did the loop region
flanking it. In the C185S variant crystallized in the presence of sulfite, the Tyr322 residue relocalized to the
active site. The C185A variant structure also indicated the presence of a third oxygen ligand; however, Tyr322
remained in the active site. EXAFS studies of theMo coordination environment indicate theMo atom is in the
oxidized MoVI state in both the C185S and C185A variants of chicken SO and show the expected trioxo-
dithiolene active site. Density functional theory calculations of the trioxo form of the cofactor reasonably
reproducd theModO distances of the complex; however, the calculatedMo-S distances were slightly longer
than either crystallographic or EXAFS measurements. Taken together, these results indicate that the active
sites of the C185S andC185A variants are essentially catalytically inactive, the crystal structures of C185S and
C185A variants contain a fully oxidized, trioxo form of the cofactor, and Tyr322 can undergo a confor-
mational change that is relevant to the reaction mechanism. Additional DFT calculations demonstrated that
such methods can reasonably reproduce the geometry and bond lengths of the active site.

Sulfite oxidase (SO) from higher eukaryotes is an essential
enzyme that requires the presence of the molybdenum cofactor
(Moco) (1), a prosthetic group complex comprised of the transi-
tion elementMo with an organic pyranopterin-dithiolene moiety
termedmolybdopterin (MPT) that coordinates theMo center via
the two sulfurs of the dithiolene group (2). Vertebrate SO also
contains a second prosthetic group, a porphyrin iron heme
group. SO catalyzes the oxidation of sulfite to sulfate in themeta-
bolism of sulfur-containing compounds such as the amino acids

Met and Cys. SO catalyzes this reaction via the two-electron
oxidation of sulfite to sulfate, using cytochrome c (cyt c) as the
physiological electron acceptor, as seen in reaction 1.

SO3
2- þH2Oþ 2ðcyt cÞox f SO4

2- þ 2ðcyt cÞred þ 2Hþ ð1Þ
In the reductive half-reaction, sulfite binds to the MoVI center
and is oxidized to sulfate, with concomitant reduction of the Mo
center by two electrons to yield a MoIVFeIII species. In the first
intramolecular electron transfer (IET), one of the electrons is
transferred from theMoIV to the N-terminal heme group to yield
the MoV FeII species that can be observed by electron para-
magnetic resonance (EPR) (3). In the oxidative half-reaction, one
electron is transferred from theFeII to cyt cox to yieldFe

III. This is
followed by a second IET step in which MoV donates another
electron to FeIII. The enzyme becomes fully oxidized when the
FeII reduces a second molecule of cyt c to yield the MoVI FeIII

form of SO. The distance between the Mo and heme Fe atoms in
the structure of chicken SO (CSO) purified from hepatic tissue is
approximately 32 Å. This distance is greater than what would be
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expected for the observed rate of electron transfer (4). One
explanation for this discrepancy is that high-efficiency electron
transfer could occur via the main chain atoms through the active
site residue Arg138 (4). Alternatively, a conformational change
that would bring the heme group closer to the Moco could also
explain the high rate of IET. Studies on the rate of SO IET show a
correlation between IET and the viscosity of the solution, sup-
porting the importance of a conformational change (5).

SO deficiency in humans is a rare and devastating inborn error
ofmetabolism. This deficiency arises either frommutations in the
biosynthetic pathway of Moco, leading to combined MPT defi-
ciency (6), or from point mutations in the gene encoding SO itself
that result in isolated SO deficiency (7). Symptoms of SO defi-
ciency include severe neurological effects such as seizures, mental
retardation, attenuated brain development, and detached retinas,
and SO deficiency generally results in death at an early age (8, 9).
It has been suggested that the pathology associated with SO
deficiency is due to a toxic buildup of sulfite in the developing
brain (10). Excess sulfite can react with disulfide bonds to form
sulfonated Cys residues that have been shown to disrupt the
disulfide bonds critical for protein tertiary structure (11). In
addition, a lack of sulfate in the brain may interfere with the
production of sulfatides, lipid sulfate esters found in the white
matter of the brain and a component of myelin (8, 12). The
complete amino acid sequences of SO from human (13), rat (14),
and chicken (15, 16) sources have been reported previously.

Structure-function studies of human SO (HSO) would be
advantageous in elucidating the mechanism of SO deficiency.
Unfortunately, HSO has so far proven to be intractable for
crystallization. The homologous chicken sulfite oxidase (CSO)
protein shares 68% sequence identity with HSO. CSO has been
purified from the source and characterized and the crystal
structure determined to 1.9 Å resolution (4). CSO exists as a
homodimer in the mitochondrial intermembrane space. The
monomer of the enzyme can be divided into three domains.
TheN-terminal domain, up to residue 84, contains Fe bound in a
heme group and is similar to bovine cytochrome b5 by structural
alignment. The central domain contains the Moco and the active
site and is composed of residues 96-323. The C-terminal domain
is the site of formation of the dimer between SOmonomers and is
similar to members of the C2 class of immunoglobulins (4). The
N-terminal heme domain is connected to the central domain via a
flexible linker region that was poorly defined in the electron
density of the original structure of chicken sulfite oxidase (4). The
active site of the enzyme contains three positively charged resi-
dues (Arg138, Arg190, and Arg450) and two polar residues
(Tyr322 and Trp204) that surround the active site. The CSO
structure revealed that the Mo atom is coordinated to two oxo
groups, twoMPT dithiolene sulfurs, and the thiolate group from
Cys185 in a square pyramidal coordination geometry. Unfortu-
nately, mutational analysis of native CSO was not possible as
multiple attempts to clone the gene have proven to be difficult,
and sequencing of the chicken genome has not identified the SO
gene to date (17). Because of these factors, a major advance in the
fieldwas the creation of a synthetic gene for CSO (16), facilitating
the expression of fully functional recombinant chicken SO
(rCSO) expressed in Escherichia coli and the creation of rCSO
variants for structure-function studies.

Sequence alignment of SO from various sources with the
related molybdopterin enzyme nitrate reductase (NR) from
fungal and plant sources has been reported, and it was shown
that the two protein’s heme domains are homologous and the

Moco binding pockets are highly conserved (18-21). NR
catalyzes the reduction of nitrate to nitrite, which is a vital step
in nitrate assimilation in plants and fungi. The domains of
NR are arranged in a manner opposite to that in SO, with an
N-terminal Moco-containing domain, a central heme domain,
and a C-terminal FAD binding domain. While the catalytic
activities of NR and SO are in reverse directions (NR reduces its
substrate while SO oxidizes its substrate), the two enzymes
display a high degree of sequence homology. The Arabidopsis
thaliana NR and Gallus gallus SO are 38% homologous in the
Moco domain. Sequence alignments have identified a single
conserved Cys residue in SO and NR enzymes from various
sources (22). The importance of this Cys residue is further
demonstrated by studies on the HSO variant C207S that displays
severely decreased catalytic activity (Cys207 corresponds to
Cys185 in CSO) (23). Extended X-ray absorption fine structure
spectroscopy (EXAFS) studies on human C207S SO indicated
that one of the threeMo-S bondswas lost, but a third oxo ligand
was present, resulting in a fully oxidized trioxo form of the
enzyme active site, in which Ser207 did not coordinate to the Mo
center (24). A combination of redox potentiometry and EPR and
EXAFS spectroscopies have extended this work, indicating that
Ser207 does coordinate in the reducedMoIV form but dissociates
upon reoxidation to MoVI, giving rise to the observed trioxo
species (23).

On the basis of its proximity to the equatorial oxo ligand ofMo
in the wild-type CSO crystal structure, Tyr322 has been impli-
cated in preparing the reactive oxo group ofMoVI for the transfer
of oxygen to sulfite. CSO Tyr322 corresponds to HSO Tyr343,
and the HSO Y343F variant has been generated. Kinetic studies
have demonstrated a role for Tyr343 in catalysis, IET, and
substrate binding (25, 26).

In an effort to gain further insight into structural changes
caused by active site mutations and to enhance our understand-
ing of the role of the active site Cys residue in the mechanism of
SO, the C185S and C185A variants of rCSO were generated,
expressed, purified, and characterized. Spectroscopic and kinetic
analysis of both the C185S and C185A variants determined that
neither variant is capable of oxidizing sulfite to sulfate and both
are catalytically inactive. The crystal structures of C185S in the
absence and presence of its substrate sulfite, as well as the C185A
variant, were determined. High-resolution crystal structures
revealed a change in the coordination of the Mo center in all
three structures, indicating that loss of the Cys sulfur bond results
in a trioxo form of the active site, representing an unreactive oxi-
dized form of the cofactor. Additionally, in the C185S structure,
the active site Tyr322 and a loop region flanking it are disordered,
while the presence of sulfite in the C185S variant as well as the
C185A variant indicates that Tyr322 is present in a conformation
similar to that of the wild-type enzyme rCSO. In an investigation
of the Mo coordination environment of the C185S and C185A
variants of rCSO, EXAFS confirmed that these variants are in
the MoVI trioxo form, and density functional theory (DFT)
structure calculations further supported the proposed structural
model. Taken together, these results demonstrate the critical
mechanistic role Cys185 plays in the active site of SO.

MATERIALS AND METHODS

Synthesis and Cloning of C185S and C185A rCSO
Variants. The Transformer site-directed mutagenesis kit from
Clonetech Laboratories Inc. was used to introduce the C185S
mutation into pTRC CLSO.2, a plasmid expressing rCSO (16),
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using the mutagenic primer GAC CTT GCA GTC CGC GGT
AACCGT and the selection primer CTGCGCTCGGCCCTT
CCT GCA GGC TGG TTT which changes a BglI site to a PstI
site as described previously (25). The C185A rCSO variant was
created by overlapping primer extension PCR (27) using the
flanking pTRC99a vector primers GAC ATC ATA ACG GTT
CTG (coding) and TGT TTA TCA GAC CCG CTT C
(anticoding) and the mutagenic primers GCG ACC CTG
CAG GCG GCG GGT AAC CG (coding) and CGG TTA
CCC GCC GCC TGC AGG GTC GC (anticoding) which
convert the Cys185 position to Ala. All constructs were verified
by sequencing at the Duke University DNA analysis facility,
resulting in rCLSO_C185S and rCLSO_C185A expression
plasmids.
Protein Expression and Purification. E. coli TP1000 cells

(mobA-) (28) transformed with vector rCLSO_C185S were used
for rCSO expression with a slightly modified protocol to maxi-
mize protein expression. The final 18 L cell culture was grown
initially at 37 �C for 1 h, and then the temperature was reduced to
30 �C for an additional 14-16 h. The recombinant enzymes were
purified through phenyl-Sepharose chromatography as described
previously (28). As a final step, the enzyme was additionally
purified using a Superdex-200 HR 16/60 size-exclusion column
equilibrated with 50mMpotassium phosphate buffer attached to
an AKTAFPLC system (Amersham/GEHealthcare) and eluted
with a flow rate of 1 mL/min. The protein was stored in a buffer
consisting of 50 mM potassium phosphate (pH 7.8) and 0.1 mM
EDTA at 4 �C. Themolybdenum content of the purified proteins
was quantified by atomic absorption spectroscopy using aVarian
Spectra AA-220 double-beam atomic absorption spectrometer.
Samples were wet-ashed with nitric acid as described pre-
viously (22). UV-vis absorption spectra were recorded using
2.7 μM protein in a buffer containing 50 mM Tris (pH 7.5)
adjusted using acetic acid tominimize small anion inhibition. The
absorption spectra in the presence of sulfite were obtained using
identical conditions with the addition of sodium sulfite to a final
concentration of 1 mM (16, 23, 29) in a 1 cm path length quartz
cuvette in a Shimadzu UV-1601 spectrophotometer.
Steady-State Kinetics. Steady-state kinetic assays were

performed aerobically at 25 �C using a quartz cuvette with a
1 cm path length in a Shimadzu UV-1601 spectrophotometer.
Assays were conducted in 50 mM buffers that were pH adjusted
using acetic acid to minimize anion inhibition of SO (30). Bis-tris
(pH 6.0), Bis-tris propane (pH 7.0), Tris (pH 8.0), and glycine
(pH 9.0 and 10.0) were used as buffers. The glycine buffers were
pH adjusted with NaOH. SO concentrations were determined
from their A413 using a molar extinction coefficient of 113000
M-1 cm-1 per heme. The cyt c concentration was determined
from theA550 using an extinction coefficient of 19630M-1 cm-1.
Assay conditions were as follows: 50 mM cyt c, 2.5 μg SO, and
varying concentrations of sodium sulfite in a final sample volume
of 1 mL. SO activity was monitored by the reduction of cyt c at
550 nm. SO activity was also assayed in the C185S and C185A
variants using ferricyanide, a small molecule nonspecific electron
acceptor. Assay conditions were as follows: 40 mM ferricyanide,
5 μg of enzyme, and 50 mM buffers (observing the change in
absorbance at 420 nm) in a final volume of 1 mL.
Crystallization and Data Collection. After purification,

the buffer for theC185S variantwas exchanged using a PD-10 ion
exchange column into 20 mM Tris (pH 7.8) and 100 mM NaCl,
and the protein was concentrated to 25mg/mL using a Centricon
YM-30 concentrator (GE Biosciences). This sample served

as a stock protein solution and was stored at 4 �C prior to
crystallization. From this stock solution, the protein was diluted
to 10 mg/mL using a buffer containing 20 mM Tris (pH 7.8) and
100mMNaCl.Crystals were obtained by the hanging drop vapor
diffusion method at 17 �C, via addition of 2 μL of a protein
solution to 2 μL of a precipitant solution equilibrated against
1 mL of reservoir crystallization solution containing 15% (v/v)
MPD, 2% PEG 4000 (w/v), and 100 mM sodium acetate
(pH 5.0). Red crystals were observed after 4 weeks and grew to
their final size in 5-6 weeks. Crystals grew on a protein skin
which had to be removed using microtools and then transferred
to the crystallization solution containing 5% glycerol, the con-
centration of which was increased stepwise to a final concentra-
tion of 35%, as the cryoprotectant was then flash-frozen in liquid
nitrogen. The crystals belong to space groupC2221 with a solvent
content of 54.5% and the following unit cell dimensions:
a=86.46 Å, b=131.51 Å, and c=98.88 Å. The sulfite-bound
crystal form was grown under slightly different crystallization
conditions using 2% PEG 4000 (w/v), 10%MPD (v/v), 100 mM
sodium acetate (pH 5.0), and 0.5 mM sodium sulfite by the
hanging drop method as mentioned above. The crystals were
observed after 3 weeks, reaching their final size by 6 weeks, and
were again red in color. The crystals also grew in a precipitate
skin on the hanging drop that required extraction. These crystals
belonged to space group I41 with one molecule in the asymmetric
unit and a solvent content of 54.9% with the following unit cell
dimensions: a=86.28 Å, b=86.28 Å, and c=152.33 Å. Crystals
were cryocooled as described above. The C185A variant was
crystallized in 15% (w/v) PEG 4000, 150 mM (NH4)2SO4, and
100 mMMES (pH 6.0) using the sitting drop method; 300 nL of
protein and 300 nL of precipitant solution were mixed against
100 μL of precipitant solution, and the crystals were grown at
17 �C. The crystal appeared after 2 days and grew to its final size
in 6 days. Crystals were cryocooled as described above. C185A
crystals belonged to space group I41 with one monomer in the
asymmetric unit and a solvent content of 54.6% with the
following unit cell dimensions: a=86.28 Å, b=86.28 Å, and
c=152.99 Å.

X-ray diffraction data were collected at the South East
Regional Collaborative Access Team (SER-CAT) BM-22 beam-
line at the Advanced Photon Source (Argonne National Labora-
tory, Argonne, IL). All data sets were scaled and indexed using
HKL2000 with DENZO and SCALEPACK (31). The structures
were solved by molecular replacement using PHASER in the
CCP4 suite of programs, utilizing the coordinates of wild-type
rCSO residues 95-466 [ProteinData Bank (PDB) entry 2A99] as
a searchmodel, excluding the cofactor and solventmolecules (32).
Iterative model building was performed using COOT (33) with
PROBE (34) for visualization of all-atom contacts, and refine-
ment was achieved with REFMAC (35). The stereochemistry of
the structures was evaluated usingMOLPROBITY (36) to assess
the Ramachandran plots and atomic clash scores. For the
structures reported in this study, TLS refinement was performed
at the final stages of refinement (37), and water molecules were
added to complete the models using COOT.
EXAFS and Near-Edge Data Collection on rCSO

C185S and C185A. Samples of rCSO for XAS analysis
were loaded into 2mm� 10mm� 10mm lucite sample cuvettes,
which were then frozen in liquid nitrogen (LN2) and stored at
LN2 temperature until XAS measurements were taken. An
additional C185S sample containing 20 mM sulfite was
prepared.
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XAS data were collected at SSRL with the SPEAR 3 storage
ring operating between 90 and 100mAat 3GeV.MoK-edge data
were collected on beamline 7-3, from a 20-pole 2 T wiggler source
with a downstream vertically collimating Rh-coated mirror and
Si(220) double-crystal monochromator. Harmonic rejection was
achieved via adjustment of the angle of the collimating mirror so
that the harmonic fell above the cutoff. Beam intensity was
monitored using argon-filled ion chambers. XAS was measured
using the Mo KR12 fluorescence using a 30-element solid-state
germanium array detector (38) through a Soller slit assembly and
a zirconium filter with a thickness of 3 absorption units. Samples
were maintained at 10 K using an Oxford Instruments helium
flow cryostat. The energy was calibrated from the transmittance
spectrum of a Mo foil collected simultaneously with sample
fluorescence, and the lowest-energy inflection point was assumed
to be 20003.9 eV. A total of eight scans were collected for the
rCSOC185Smutant (k range to 17 Å-1) and six scans for C185A
(k range to 16 Å-1). The energy threshold of the EXAFS region
was assumed to be 20025.0 eV.
EXAFS Data Analysis. EXAFS oscillations, χ(k), were

analyzed by curve fitting using EXAFSPAK1 (e.g., ref 24) with
ab initio theoretical phase and amplitude functions calculated
using FEFF version 8.25 (39, 40). No smoothing, filtering, or
other manipulations were performed on the data.
Density Functional Theory Calculations. Structure calcu-

lations of trioxo and dioxo MoVI complexes were performed
without geometry or symmetry constraints using hybrid density
functional method B3LYP, with the computational package
Gaussian 03, revision E.01 (41). A mixed basis set approach
was employed for geometry optimizations and subsequent har-
monic frequency calculations, with LANL2DZ (42, 43) used for
theMo atom, 6-31G(d) for C, O, N, and H atoms, and the larger
6-311þG(d,p) basis set for the S atoms. Structures were con-
sidered optimizedwhen the change in energy between subsequent
optimization steps fell below 0.03 kJ/mol.

Solvation effects were modeled with the integral equation
formalism polarizable continuum model (IEFPCM) (44-46)
with dielectric values representing water (ε=78.39) or a lower
dielectric representing a hydrophobic protein interior (approxi-
mated by ε=4.00). In some instances, additional explicit water
molecules or fragments of protein-derived side chains were
included in some structure calculations to assess the effect of
H-bonding interactions on the MoVI coordination geometry and
Mo-ligand bond lengths.

RESULTS

Spectral Analysis of C185S and C185A rCSO. Previous
site-directed mutational studies by Garrett and Rajagopalan had
indicated that Cys207 in HSO played an important role in Mo
coordination and hence the catalytic activity of SO (22). Kinetic
and spectroscopic studies suggested functional and structural
changes in the HSO C207S variant enzyme; however, it was
unclear if perturbations of the macromolecular structure of the
variant were present. Unfortunately, HSO has not produced
high-quality crystals for diffraction to date. To further study the
role of this conserved Cys in SO and to obtain detailed structural
information, the analogous Cysf Ser mutationwas generated in
the highly homologous rCSO at the equivalent position, which
has produced high-quality crystals for diffraction (4, 16). The
C185S variant and the C185A variant of rCSO were generated,

expressed, and purified from E. coli. The TP1000 bacterial strain
used for expression is deficient in the enzyme required to
synthesize the guanine dinucleotide form of the Moco cofactor,
utilized in E. colimolybdoenzymes (47). This mutation therefore
results in the accumulation of Moco which is required by
eukaryotic SO and results in the production of a high level of
active, cofactor-containing enzyme. The protein behaved like
wild-type rCSO throughout the purification, and the Mo con-
tents of purified C185S and C185A were comparable. To
determine if the C185S and C185A variants were capable of
being reduced by sulfite, the spectra of both C185S and C185A
were recorded in the as-purified oxidized state and in the presence
of sulfite.Wild-typeCSOexhibits different spectra in the oxidized
and reduced form due to the change in oxidation of the heme
group. The spectrum of the oxidized form of the variants is
similar to that of wild-type rCSO (Figure 1a). The addition of
sodium sulfite to a final concentration of 1 mM resulted in a
spectrum similar to that of the oxidized wild-type enzyme,
suggesting that the variants were not reduced and had not been
able to oxidize sulfite to sulfate.
Kinetic Properties of the Mutants. Steady-state kinetic

analysis of the C185S and C185A variants over the pH range
of 6.0-10.0 revealed that compared to wild-type CSO, C185S
and C185A had significantly diminished activity across the entire
pH range. In both the C185S and C185A variants, there was
very little SO activity as reported by cyt c reduction observed at
550 nm, and the resulting data gave poor fits to the Michaelis-
Menten equation. These results suggested that both variants are
incapable of transferring an electron from the heme to the
physiological electron acceptor cyt c. To investigate if the variant
enzymes were capable of oxidizing sulfite to sulfate in the
presence of ferricyanide (a small molecule, nonspecific electron
acceptor), the C185S andC185A variants were assayed for sulfite
oxidase activity, which revealed that there was∼1-2.5% activity
relative to wild-type CSO at pH 7.0 and 0.05-0.09% activity at
pH 8.5 (Figure 1b). These results suggest that the Mo centers of
the C185S and C185A variants have significantly attenuated
ability to oxidize sulfite to sulfate.
Structural Determination and Refinement. The structures

of C185S, C185S_SO3, and C185A (Figure 2a) variants were
determined by molecular replacement. Initially, we attempted to
use the coordinates from the full-length natively purified CSO
(PDB entry 1SOX) as a search model; however, we were unable
to obtain a search solutionwith all components.We then used the
wild-type rCSO coordinates (rCSO, PDB entry 2a99, chain A
monomer residues 95-466) as the search model. Despite the fact
that the full-length proteins were used for crystallization and the
crystals exhibited the red color characteristic of a heme pros-
thetic group, no difference electron density was observed for the
N-terminal b5-type cytochrome domain in any of the structures
obtained, presumably because of the heme domain adopting
multiple orientations within the crystal. These results were
consistent with previously published results (16). C185S crystal-
lizes in space groupC2221; the crystals of C185S_SO3 andC185A
belong to space group I41, and all crystals contain one monomer
in the asymmetric unit as calculated by the Matthews coeffi-
cient (48). An attempt was made to obtain a substrate-bound
crystal of C185S by soaking the C185S crystals in amother liquor
solution with 1 mM sodium sulfite, but the crystals appeared to
dissolve or burst immediately upon its addition. The structure of
C185S crystallized in the presence of sulfite contains one sulfite
molecule permonomer. All structures have good stereochemistry,1http://ssrl.slac.stanford.edu/exafspak.html.
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with all residues in the most favored and additionally allowed
regions of the Ramachandran diagram as determined by MOL-
PROBITY (36). Several cycles of least-squares minimization and
model building resulted in structural models with the crystal-
lographic Rcryst and Rfree values reported in Table 1.
Structure of the C185S Variant and Comparison to

rCSO. The structure of C185S was refined to 1.9 Å resolution,
with an Rcryst of 0.18 and an Rfree of 0.20. The topology of the
protein fold of this variant is virtually identical to that of the
natively purified enzyme shown in Figure 2a and consists of the
central catalytic Moco-containing domain and the C-terminal
dimerization domain. As reported previously, the SO catalytic
core domain contains a unique fold consisting of nine R-helices
and 13 β-strands divided into three β-sheets (4). The Moco is
located deep in the core of this domain and is held in place by a
network of hydrogen bonds and van der Waals interactions. The
structure of the C-terminal dimerization domain contains two
β-sheets comprised of seven β-strands arranged in a Greek key
motif. The structures of C185S and rCSO are similar, as indicated
by a root-mean-square deviation (rmsd) of 0.231 Å between CR
atoms for aligned residues.

The Moco was initially modeled into the structure containing
the formof the cofactor seen in the wild-type rCSO structurewith
the pterin ring and two oxo ligands bound to theMo atom as the
initial model. While this led to a model that was in good agree-
ment with the pterin ring of the cofactor, there was additional
Fo- Fc electron density present around theMo for which the two
oxo groups alone did not account.

Previous EXAFS studies on wild-type CSO indicated the
oxidized form of the Mo center is coordinated by two oxo
ligands and three sulfur ligands, whereas in the reduced form,
only one oxo is observed (49, 50). These early data had limited k
range and signal-to-noise ratios, and a more accurate picture of
the active site is that obtained from combined EXAFS and DFT
analysis of human SO (51). This indicates that the oxidizedMoVI

enzyme possesses two ModO bonds of 1.72 Å and three Mo-S
bonds of 2.41 Å, whereas the reducedMoIV enzymepossesses one

ModO bond of 1.72 Å, two Mo-S bonds of 2.35 Å and one of
2.41 Å, and one Mo-OH2 bond of 2.30 Å (51). In the crystal
structure of CSO (4), the Mo center was found to possess the
structure expected for the reduced MoIV or partially reduced
MoV state, which was likely due to photoreduction while it was in
the X-ray beam (52). To address the possibility of an additional
oxygen in these data, the ligandwasmodeled as either an oxo or a
hydroxyl ligand, with the oxo resulting in the best fit to the
density. Previous EXAFS studies of the C207S variant of HSO
indicated the presence of a third oxo ligand bound to the Mo
atom (23, 24), and this was modeled into the density for C185S
with good agreement (Figure 2b).

Comparison of the active site residues of C185S with rCSO
residues Arg138, Arg190, and Trp204 indicates that these re-
sidues in the C185S variant adopt analogous positions compared
with those of the wild type. The Ser mutation adopts a con-
formation similar to that of the wild-type Cys at position 185;
however, the distance from the Mo to the serine side chain is
longer (3.55 Å) compared to the Cys-Mo distance of 2.47 Å (see
Figure S1 of the Supporting Information). This longer distance
argues against the Ser hydroxyl contributing as the third oxygen
ligand to theMo center. Surprisingly, in the structure of C185S in
the absence of its substrate, no electron density was observed for
the active site residue Tyr322 (Figure 3); furthermore, the entire
loop region containing Tyr322 (residues 310-340) exhibited little
electron density, except for seven residues (326-332) in the
middle of the loop that adopted an alternate conformation
relative to that of the wild-type protein. The residues in this loop
region, with poorly defined or no electron density, were excluded
from refinement. In a comparison of the active sites of the two
structures, it is apparent that there is a conformational change of
theArg450 side chain, resulting in amore extended conformation
that orients it outward from the active site. It is possible that the
extended conformation as observed in the substrate free C185S
variant is due to the missing Tyr322 side chain and/or alternate
main chain interactions, allowing the Arg450 side chain to swing
out and away from the active site.

FIGURE 1: (a) UV-vis absorption spectra of CSO in the absence and presence of 1 mM sodium sulfite for CSO, C185A, and C185S. (b)
Ferricyanide activity assays of rCSO, C185S, and C185A at pH 7 and 8.5.
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Structure of C185S in the Presence of Sulfite. In an
attempt to generate a substrate-bound form of the enzyme, the
C185S variant was crystallized in the presence of sulfite. The
resulting crystal structure is similar to the structure of rCSOwith

an rmsd of 0.186 Å for all CR atoms relative to rCSOand an rmsd
of 0.326 Å compared with C185S. Upon determination of the
structure, additional electron density was observed close to the
active site of the enzyme that was not present in the C185S

FIGURE 2: (a) Structure of the C185S variant of rCSO. The molybdopterin cofactor is represented in stick representation, and the main chain is
shown in cartoon representation. (b) The 2Fo- Fc electron density map around the active site of C185S, illustrating the density corresponding to
the three oxo groups.
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structure. As the crystallization conditions for C185S with sulfite
were nearly identical to the conditions used forC185S obtained in
the absence of sulfite, we concluded that the additional density is
likely attributable to a sulfite molecule in the active site. The
sulfite is bound by a network of hydrogen bonds that holds the
sulfite S atom close to the Mo center, which may be mechan-
istically relevant to the active form of the enzyme (Figure 4a). In
the presence of sulfite, the active site residue Tyr322 adopts a
conformation similar to that of rCSO, as does the loop region
(residues 311-339) that had adopted an alternate conformation
in the structure of C185S grown in the absence of sulfite. The
position of the sulfite in the C185S variant is very similar to that

of the sulfate bound in the active site of rCSO. Upon overlaying
the C185S_SO3 structure with the structure of rCSO with sulfate
bound in the active site (PDB entry 2A9A), we find the positions
of the sulfite and sulfate are nearly identical (Figure 4b). Addi-
tionally, it is apparent that the active site side chains for residues
Arg138, Arg190, and Trp204 adopt conformations similar to
that of the rCSO bound to sulfate, and the Ser185 side chain
appears to adopt a conformation identical to that of the protein

Table 1: Crystallographic Data and Refinement Statistics

C185S C185S_SO3 C185A

resolution (Å) 50-1.9 50-2.4 50-2.8

wavelength (Å) 0.9765 1.00 1.00

space group C2221 I41 I41
cell constants (Å) a=86.46 a=86.28 a=86.28

b=131.51 b=86.28 b=86.28

c=98.88 c=152.33 c=152.99

no. of molecules in the

asymmetric unit

1 1 1

total no. of observations 312655 144687 76652

no. of unique reflections 43889 21565 13652

mean redundancy 7.1 (5.3) 6.8 (5.6) 5.6 (5.2)

Rsym
a (%) 5.6 (26.3) 8.2 (37.2) 4.6 (24.2)

completeness (%) 98.1 (85.6) 99.4 (95.4) 99.3 (94.3)

mean I/σ 50.6 (4.6) 30.9 (3.4) 27.7 (4.7)

Rcryt
b (%) 18.8 18.1 17.1

Rfree
c (%) 20.8 20.8 22.4

mean B factor (Å2) 22.7 38.7 20.7

no. of atoms used in

refinement

2951 2994 2940

no. of waters 201 83 43

root-mean-square deviation

for bond lengths (Å)

0.008 0.008 0.014

root-mean-square deviation

for bond angles (deg)

1.12 1.21 1.64

Ramachandran statisticsd 98.3/1.7 98.4/1.6 97.3/2.7

aRsym ¼ P

hkl

fP jI - ÆIæ=
P

ÆIæg, where I is the observed intensity and ÆIæ
is the average intensity of multiple symmetry-related observations of that

reflection. bRcryst=
P

(|Fo|- |Fc|)/
P

|Fo|, where Fo and Fc are the observed
and calculated structure factors, respectively. cRfree is theR factor based on
the data with withheld at random from structural refinement. dRamachan-
dran statistics represent favored and allowed regions, with no outliers.

FIGURE 3: Overlay of active site residues of C185S in the absence of
its substrate sulfite and rCSO. The side chains of rCSO are colored
yellow, and the side chains of C185S are colored blue. Only theMoco
of C185S is shown.

FIGURE 4: (a) 2Fo - Fc electron density map of the active site of
C185S with bound sulfite. The active site is colored cyan, while the
sulfite is colored red and yellow. Electron density around the Moco
and the sulfite is shown. (b) Overlay of the active site of rCSO with
sulfate and C185S with sulfite. The active site residue side chains are
colored blue (C185S) or yellow (rCSO). Only the C185S Moco is
shown. The sulfite present in C185S is colored yellow, and the sulfate
of rCSO is colored red. (c) Active site overlay of rCSO and C185A.
The active site of rCSO is colored yellow, and the active site ofC185A
is colored blue. Only the Moco of C185A is shown.
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crystallized in the absence of sulfate. Furthermore, Arg450
adopts a conformation similar to that of rCSO crystallized in
the presence of sulfate where the guanidine moiety of the side
chain is directed into the active site of the enzyme. The substrate-
induced conformational change of Arg450 by sulfite is analogous
to the sulfate-induced conformational change of Arg450,
reported for the rCSO structure (4).
Structure of the C185A Variant of rCSO and Compar-

ison to rCSO. The structure of the C185A variant of rCSO is
similar to that of wild-type rCSO, with an overall rmsd of 0.2 Å
using the CR atoms of rCSO (PDB entry 2A99). We also
observed the presence of a glycerol molecule in the active site
of the mutant at the same position as the sulfate in the rCSO
structure. Initially, the dioxo form of theMo center was modeled
into the C185A active site, with good agreement. From visual
inspection of the electron densitymaps, however, it was apparent
that there was additional Fo- Fc electron density present around
the Mo center for which the two oxo groups did not account,
indicating that the Mo of the C185A variant is also in the trioxo
form, and this form was subsequently used for further structure
refinement. In general, the side chain residues in the C185A
variant active site adopt conformations similar to those in the
rCSO active site, with the exception ofAla185 andArg450. In the
C185A active site, the Ala185 side chain is pointed away from the
active site, indicating that the nonpolar side chain does not
interact with the polar active site environment (Figure 4c). The
Arg450 residue also adopts a conformation slightly different
from that in the wild-type enzyme, which can be attributed to the
larger glycerol molecule in the C185A active site.
Deposition of Atomic Coordinates and Structural Fac-

tors. The atomic coordinates and structural factors (PDB entries
3HBG, 3HBP, and 3HBQ) have been deposited in the Protein
Data Bank, Research Collaboratory for Structural Bioinfor-
matics, Rutgers University, New Brunswick, NJ (http://www.
rcsb.org/).
EXAFS Analysis of the Molybdenum Center of the

C185S and C185A Variants of rCSO. To further investigate
the nature of the molybdenum coordination environment and to
confirm the interpretation of the crystallographic data which
show that the molybdenum of the Moco is bound to three oxo
groups in both variants, EXAFS experiments were performed on
the C185S and C185A variants of rCSO and further supplemen-
ted by DFT structure calculations.
MolybdenumK-Edge Near-Edge Spectra. Figure 5 shows

the Mo K-edge near-edge region of the C185S and C185A
variants. Both CSO mutants exhibit essentially identical near-
edge features, indicating similar active site environments in both;
their close similarity is further apparent in the inset plot of the
first derivative of the near-edge region.

BothC185S andC185Ahave a pronounced pre-edge feature in
the near-edge spectrum, at approximately 20008 eV, attributable
to a ModO group. This feature arises from a formally dipole
forbidden 1s f 4d bound-state transition into π* orbitals
oriented along the ModO bond vectors (24, 53, 54), and these
oxo-edge features are more pronounced than those observed in
the dioxo MoVI form of CSO (24).
Molybdenum K-Edge EXAFS Spectra. Figure 6a shows

the EXAFS spectra for the C185S andC185Amutants, as well as
the Fourier transform of each (Figure 6b), along with the best fits
to the data. The Fourier transform (Figure 6b) is dominated by
two main backscattering interactions, with a major transform
peak at anRþΔ of∼1.8 Å and a second smaller transform peak

at anRþ Δ of∼2.4 Å, which are assigned toModO andMo-S
groups, respectively. EXAFS curve fitting analysis of the C185S
and C185A mutants (shown in Table 2) reveals both contain
essentially the same coordination environment, with three
ModO ligands at 1.75 Å and two Mo-S ligands between 2.47
and 2.48 Å.
TrioxoMoVIDFTStructureCalculations.Representative

structures from DFT calculations on a trioxo MoVI model of
CSO as well as a structure previously characterized by X-ray
crystallography (55) are shown inFigure 7, and a full summary of
calculated structure data is given in Table S1 of the Supporting
Information. Geometry optimizations on trioxo-benzenedithio-
lato-molybdenum(VI) (1) yield approximately square pyramidal
coordination geometries, in agreement with experimental
data (55), and analogous results were obtained for 2, which is a
model of the SO active site. Structure optimizations of hydroxyl-
bound dioxoMoVI complexes giveMo-O (H) bond lengths that
are ∼0.2 Å longer than those of analogous trioxo MoVI com-
plexes (data not shown), demonstrating that the presence of
hydroxyl substituents would be clearly visible in the EXAFS
Fourier transform at the current resolution for both C185S and
C185A. While optimizations in the gas phase provide trioxo
ModOdistances comparablewith experimental data (ModOapical

distances of 1.749 and 1.733 Å and ModOequatorial distances of
1.760, 1.754, and 1.757 Å in the crystal structure), the Mo-S
ligands, however, optimize to significantly longer distances of
∼2.70 Å, compared with 2.54 and 2.56 Å in the crystal struc-
ture (55) or ∼2.475 Å from EXAFS (see Table 2).

Performing the geometry optimizations in the presence of a
polarizable continuum has a negligible effect on ModO ligand
distances but results in a decrease in the Mo-S distance of
∼0.095 Å in a protein-like environment (ε=4) and ∼0.08 Å in a
water-like continuum (ε=78.39). While the lower dielectric value
is treated as being indicative of the hydrophobic interior of most
proteins, the SO active site is considerably more polar. In the
wild-type enzyme, the Mo active site has an overall charge of-1
and is immediately adjacent to a cationic Arg and a polar Tyr.
Furthermore, the channel leading to the active site from the
protein exterior is lined by charged and polar residues, such as
Arg, Asn, Asp, Gln, Lys, and Ser, and the channel is filled with
numerous water molecules. There are two charged and six polar
residues within 10 Å of the active site, not counting exposed
protein backbone atoms from residues such as Cys185, Ala186,

FIGURE 5: Mo K-edge near-edge spectra for rCSO mutants C185S
(;) andC185A (---). The inset shows the expanded first derivative of
the near-edge region.
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and Ala297, which can form H-bonds with the apical oxo group
in the active site. In addition, the more anionic trioxo form of the
active site in the C185 mutants (its formal charge is -2) argues
for stronger charge-charge and H-bonding interactions with
the active site and argues against using a lower dielectric constant
for implicitly representing the active site environment. The

Mo-ligand bond lengths from the water-like continuum model
agree (at least qualitatively in the case of Mo-S ligands) with
EXAFS curve fitting analysis of Mo-ligand distances listed in
Table 2.

Inclusion of secondary solvation shell waters, H-bonded to
apical atom O1 and equatorial atom O2 (numbering shown in
Figure 7), a model of active site residues such as CH3OH
(representing the Ser side chain) H-bonded to equatorial
atom O3, and a model for the Arg138 side chain H-bonded to

FIGURE 6: (a) Molybdenum EXAFS oscillations of oxidized C185S
and C185A mutants of CSO. (b) Fourier transforms of the EXAFS
data are phase corrected for Mo-O backscattering. Solid lines show
experimental data, anddashed lines show the best fit fromparameters
in Table 2 (shown in bold).

FIGURE 7: Representative structures of (1) trioxo-benzenedithiolato-
molybdenum(VI) and (2) trioxo(2,3-dihydro-2H-pyran-4,5-dithio-
lato)molybdenum(VI) models used in DFT structure calculations.
Structures shown correspond to the optimized geometries from the
gas phase. Structures optimized in the presence of a polarizable conti-
nuum do not significantly differ structurally except in their Mo-S
bond lengths and are therefore not shown.

Table 2: EXAFS Curve Fitting Resultsa

Mo-O Mo-S

N R (Å) σ2 (Å2) N R (Å) σ2 (Å2) ΔE0 (eV) error

C185S

2 1.753(2) 0.0018(1) 3 2.470(4) 0.0075(3) -14.1(7) 0.305

3 1.753(1) 0.0033(1) 2 2.470(2) 0.0049(2) -13.9(5) 0.237

3 1.755(2) 0.0033(1) 3 2.472(3) 0.0073(2) -13.7(6) 0.274

3 1.755(2) 0.0033(1) 1 2.45(2) 0.0035(6) -13.5(6) 0.237

1 2.50(2) 0.005(2)

C185A

2 1.747(2) 0.0012(1) 3 2.468(4) 0.0081(3) -16.0(7) 0.286

3 1.748(2) 0.0028(1) 2 2.469(3) 0.0058(3) -15.2(6) 0.253

3 1.748(2) 0.0028(1) 3 2.468(4) 0.0080(2) -15.7(6) 0.275

3 1.749(2) 0.0028(1) 1 2.44(3) 0.004(2) -15.3(7) 0.258

1 2.50(4) 0.005(3)

aBest fits to the data are shown in bold. Coordination numbers, N,
interatomic distances, R, Debye-Waller factors, σ2, and threshold energy
shifts, ΔE0. Values in parentheses are the estimated standard deviations
(precisions) obtained from the diagonal elements of the covariance matrix.
The accuracies will be much greater than these values and are generally
accepted to be (0.02 Å for bond lengths and (20% for coordination
numbers and Debye-Waller factors. The fit-error function is defined as
F = [

P
k6(χcalcd - χexpt)

2/
P

χexpt
2]1/2, where the summations are over all

data points included in the refinement.
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equatorial atom O1 gives significantly reduced Mo-S bond
lengthswhen optimized in the presence of awater-like polarizable
continuum. With this model, the ModO bond lengths are
minimally perturbed; however, the Mo-S bonds in structure 2
are significantly improved, but still longer than indicated from
EXAFS curve fitting (ΔMo-S= 0.091 Å) or crystallography
(ΔMo-S=0.021 Å).

A detailed summary of computational results is contained in
Table S1 of the Supporting Information.

DISCUSSION

Photoreduction of transition metal sites during X-ray diffrac-
tion data acquisition is a common problem among metallopro-
teins. SO appears to be particularly susceptible to this, and aside
from this work, there are no reported structures in which the
active site is not photoreduced. Photoreduction of Mo enzymes
will give rise to distortions in the Mo coordination environment
as a result of mixed oxidation states and coordination geometries
in the diffracting crystal. The Cys mutants of CSO are remark-
able in that they are resistant to photoreduction, and to reduction
in general (23), and the crystal structures reported here are the
first SO structures of a bona fide oxidized MoVI SO.

Previous site-directed mutagenesis studies had identified that
the C207S mutation in HSO dramatically decreases enzymatic
activity (23), and spectroscopic studies suggested a change in the
ligand coordination environment of the active site to a highly
oxidized trioxo form (24). Initially, it was unclear if the loss of
activity in the C207S variant of HSOwas solely due to the change
in coordination at the Mo center, or if there were other macro-
molecular structural perturbations that could not be observed by
either UV-visible spectroscopic or EXAFS techniques. To
address these questions, structural studies in conjunction with
biochemical and spectroscopic studies were pursued. To date, the
HSO Moco domain has proven to be difficult to crystallize,
whereas the highly homologous CSO has proven to be amenable
to crystallization. For this reason, recombinantCSOwas used for
the structure-function studies presented in this work.

Both the C185S and C185A variants of rCSO are catalytically
inactive and are subsequently unable to reduce cyt c. No catalytic
activity was observed above that of the cyt c background for
the C185S or C185A variant over a range of pH values. In wild-
type CSO, in the absence of cyt c, there is a pronounced change in
the absorption of the oxidized heme domain at 413 nm and the
reduced heme domain with an absorption shift to 426 nm (29). In
the UV-visible spectral analysis of both C185S and C185A
(Figure 1a), there is no shift in this peak between the as-purified
C185S or in the presence of 1 mM sodium sulfite, suggesting that
the heme domain is not reduced following oxidation of sulfite. To
further address whether the active site of C185S or C185A could
reduce sulfite to sulfate, the small molecule electron acceptor
ferricyanide was used. Ferricyanide activity assays of rCSO,
C185S, and C185A (Figure 1b) indicate that the C185S and
C185A variants have∼1-2.5% of the activity of rCSO at pH 7.0
and <1% of the activity of rCSO at pH 8.5, conclusively
demonstrating that both C185S and C185A have negligible
catalytic activity.

Themost probable explanation for the observed loss of activity
is an increased reduction potential for the Mo-containing active
site. The formal charge of the wild-type active site is -1, which
must coordinate the anionic substrate and accept electrons (with
transfer of an O atom) during catalysis. In the C185S and C185A
mutants, the replacement of the Cys S donor atom with an

additional oxo ligand results in an active site with a formal charge
of -2, which will be more difficult to reduce during catalysis.
While UV-visible spectroscopic and kinetic characterizations
reveal the effects of the C185S and C185A mutations on enzyme
function, questions remain about the effect these mutations
might have on the overall structure of the active site.

Crystallographic analysis of C185S indicates that while the
overall fold of the variant is similar to that of the wild-type
enzyme there are some significant changes between the two in the
active site. Most notable is the disordered loop region from
residue 310 to 340, which displayed little to no electron density,
and the active site residue Tyr322 is completely absent from the
active site in this structure. The change in the Mo coordination
environment also appears to change the local environment of the
active site, resulting in the disordered loop in conjunction with a
loss of catalytic activity. It has been hypothesized that Tyr322
plays an important role in substrate binding and catalysis (26).

Significant changes in theMocoordination environment of the
mutant enzymes can be observed. In wild-type SO, three sulfurs
coordinate the Mo atom, one from the side chain of Cys185 and
two from the dithiolene of the molybdopterin cofactor. Two oxo
groups contribute to the final approximately square pyramidal
coordination of theMo center of SO. Previous EXAFS studies of
SOhave indicated the presence of two oxo ligands at a distance of
1.72 Å from theMo in the oxidizedMoVI form, while the reduced
MoIV formof the enzyme contains one oxo ligand and a hydroxyl
bound to the Mo center at a distance of 2.30 Å (51). Further
EXAFS studies of the HSOC207S variant indicated the presence
of a novel trioxo active site (24), supporting the C185S results
reported herein. The structure of the wild-type CSO, although
purified as the oxidized MoVI enzyme, was found to be in a
reduced form in the crystal structure (4), most likely due to
photoreduction during the acquisition of X-ray data (4, 52).

The structure of the C185S variant crystallized in the presence
of its substrate sulfite is similar to the structure of rCSO bound to
sulfate with an rmsd of 0.186 Å for all CR atoms. The reappear-
ance of electron density for the active site residue Tyr322 and
density for the loop region containing Tyr322 upon addition of
sulfite were also observed. The proximity of the sulfite to the
equatorial oxo group of the active site suggests that this may be
the arrangement of the active site after the substrate binds but
before its oxidation occurs. Because of charge repulsion between
the guanidine moieties of Arg138 and Arg450, it has been
proposed that Arg450 is not present in the active site in the
oxidized form of the enzyme, and only upon binding of the
negatively charged sulfite does Arg450 become attracted to the
active site (16).

The structure of the C185A variant of rCSO is similar to that of
the sulfate-bound form of rCSO, and a glycerol molecule is also
observed in the active site of the C185A variant. The electron
density around the Mo atom in C185A also suggests the presence
of an additional oxo ligand. An interesting observation involved
the active site reside Tyr322, which is disordered in the absence of
sulfite in the C185S structure but has defined electron density in
the C185A structure. It is possible that the Ser side chain adds to
the volume of the active site and sterically hinders Tyr322 from
entering, whereas the smaller methyl side chain of the Ala variant,
which is also oriented away from the active site, does not lead to
crowding of Tyr322 in the absence of sulfite. On the basis of the
C185S and C185A active site structures, one may speculate that
the Tyr322 residue is only present in a defined position in the active
site when a favorable coordination to the substrate is possible.
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The replacement of a sulfur ligand with the more electronega-
tive oxygen preserves the square pyramidal geometry around the
Mo center but results in loss of catalytic activity. The altered
ligand sphere and charge of the trioxo site also significantly alter
both the MoVI-MoV and MoV-MoIV redox potentials (23),
which explains the lack of change in the spectroscopic signal of
the C185S and C185A variants upon addition of sulfite, vis-�a-vis
the dramatic change in the rCSO spectrum upon addition of
sulfite. The distance from the Mo to the hydroxyl oxygen of the
Ser side chain in the C185S mutant is approximately 3.6 Å,
compared to the wild-typeMo to Cys S atom distance of∼2.5 Å.
This distance precludes a direct ligation of Ser to the Mo center.

While the crystal structure data are compelling, the 1.9 Å
resolution is too low to infer the chemical species of the O donor
atom in the active site environment, therefore making determina-
tion of the oxidation state from the crystallographic structure
data alone problematic. To obtain more accurate quantitative
information about the Mo coordination environment, EXAFS
experiments were conducted on both rCSO variants.

The X-ray absorption pre-edge spectrum for both C185S and
C185A exhibited a distinct oxo-edge effect, attributable to the
ModO bond (Figure 5). The broad Fourier transform peak
attributed to the Mo-S bond in the C185S mutant (Figure 6b)
may be indicative of dissimilarMo-S bond lengths. The EXAFS
data can be fit to one shorter Mo-S ligand at 2.427 Å and one
longer Mo-S ligand at 2.511 Å (σ2 for each shell is 0.00362).
However, this separation in Mo-S bond lengths (ΔR=0.084 Å)
is below the resolution limit (approximated byΔR=π/2�Δk) of
the EXAFS data (51) for C185S (0.098 Å). The resolution of the
C185A data is slightly lower (ΔR=0.105 Å), making compar-
isons between differential Mo-S interactions less viable. Like-
wise, forModO ligands, there is expected to be a small difference
between the apical and equatorial ModO bond lengths in a
square pyramidal environment; however, as we will discuss
below, the predicted difference is less than 0.02 Å and well
beyond EXAFS resolution limits.2

The analogous C185S mutant of CSO has previously been
characterized for the HSO C207S mutant (23, 24). EXAFS
characterization of HSO C207S revealed the presence of trioxo
coordination, with three ModO ligands at 1.744 Å and two
Mo-S ligands at 2.473 Å. In a comparison of curve fitting
analysis of the Ser mutants of CSO andHSO, theModO ligands
differ by ∼0.01 Å while the Mo-S ligands differ by ∼0.002 Å,
indicating good agreement. These slight apparent differences
between the trioxo coordination environments may be due to the
EXAFS curve fitting analysis or subtle structural differences
within the surrounding active site environment of the enzymes.

Computational results indicate that the mixture of hard oxo
and soft thiolato ligands in the trioxo-MoVI complexes (1 and 2
in Figure 7) is a structurally challenging coordination environ-
ment for the DFT methods employed. The Mo-S bond lengths
of these structures are significantly affected upon going from the
gas phase to a polarizable continuum.

We have shown that the conserved active site Cys of SO is
essential for catalytic activity. The two mutants, C185S and
C185A, exhibited severely attenuated activity using either the
physiological electron acceptor, cyt c, or a nonspecific acceptor,
ferricyanide. The crystal structures of the C185S and C185A
variants indicate that the ligand environment of the Mo center

contained an additional oxo group, replacing the S donor atom
from Cys185. Our results also suggest that Tyr322 and Arg450
may play a role in substrate binding and turnover in SO. EXAFS
and near-edge analysis confirmed that theMo sites are in a highly
oxidized trioxo form. DFT calculations on model trioxo-MoVI

complexes generally gave good agreement with respect to
Mo-ligand bond lengths and coordination geometries when
the structures were optimized in the presence of a polar (water-
like) dielectric with multiple stabilizing H-bond partners.
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