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Abstract
Sulfite oxidizing enzymes are essential mononuclear molybdenum (Mo) proteins involved in sulfur
metabolism of animals, plants and bacteria. There are three such enzymes presently known: (1) sulfite
oxidase (SO) in animals, (2) SO in plants, and (3) sulfite dehydrogenase (SDH) in bacteria. X-ray
crystal structures of enzymes from all three sources (chicken SO, Arabidopsis thaliana SO, and
Starkeya novella SDH) show nearly identical square pyramidal coordination around the Mo atom,
even though the overall structures of the proteins and the presence of additional cofactors vary. This
structural information provides a molecular basis for studying the role of specific amino acids in
catalysis. Animal SO catalyzes the final step in the degradation of sulfur-containing amino acids and
is critical in detoxifying excess sulfite. Human SO deficiency is a fatal genetic disorder that leads to
early death, and impaired SO activity is implicated in sulfite neurotoxicity. Animal SO and bacterial
SDH contain both Mo and heme domains, whereas plant SO only has the Mo domain. Intraprotein
electron transfer (IET) between the Mo and Fe centers in animal SO and bacterial SDH is a key step
in the catalysis, which can be studied by laser flash photolysis in the presence of deazariboflavin.
IET studies on animal SO and bacterial SDH clearly demonstrate the similarities and differences
between these two types of sulfite oxidizing enzymes. Conformational change is involved in the IET
of animal SO, in which electrostatic interactions may play a major role in guiding the docking of the
heme domain to the Mo domain prior to electron transfer. In contrast, IET measurements for SDH
demonstrate that IET occurs directly through the protein medium, which is distinctly different from
that in animal SO. Point mutations in human SO can result in significantly impaired IET or no IET,
thus rationalizing their fatal effects. The recent developments in our understanding of sulfite
oxidizing enzyme mechanisms that are driven by a combination of molecular biology, rapid kinetics,
pulsed electron paramagnetic resonance (EPR), and computational techniques are the subject of this
review.
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1. Introduction
Molybdenum (Mo)1 is the only second row transition metal that has known biological functions
in all forms of life; over 50 molybdoenzymes are known that catalyze oxidation-reduction
reactions that are essential in the metabolism of carbon, nitrogen and sulfur [1]. The
mononuclear Mo enzymes fall into three distinct groups comprising the xanthine oxidase,
DMSO reductase, and sulfite oxidase families. A number of them are of clinical significance
for human health (e.g. xanthine and aldehyde oxidoreductases, sulfite oxidase).

The sulfite oxidase family comprises plant assimilatory nitrate reductases (NR) and sulfite-
oxidizing enzymes from animals, plants and bacteria. The sulfite-oxidizing enzymes can be
separated into two classes (Table 1), the sulfite oxidases (SO, found in animals and plants, EC
1.8.3.1), and the sulfite dehydrogenases (SDH, found in bacteria, EC 1.8.2.1), based on their
ability to transfer electrons to molecular oxygen [2]. Arabidopsis thaliana SO is the smallest
eukaryotic Mo enzyme consisting of a Mo cofactor-binding domain but lacking the heme
domain that is present in the animal SO [3]. While animal SO is a mitochondrial enzyme with
cytochrome (cyt) c as the physiological electron acceptor, plant SO is localized in peroxisomes
and does not react with cyt c. It has been shown that oxygen acts as the terminal electron
acceptor for plant SO [4].

In animals the SO enzyme catalyzes the oxidation of sulfite to sulfate, with ferricytochrome
c ((cyt c)ox) as the physiological electron acceptor [1,5–7]:

SO32−+ H2O + 2(cyt c)ox → SO42−+ 2(cyt c)red + 2H+

This is the final step in the oxidative degradation of the sulfur-containing amino acids cysteine
and methionine. The enzyme also plays an important role in detoxifying exogenously supplied
sulfite and sulfur dioxide.

Sulfite oxidase deficiency is an inherited sulfur metabolic disorder in humans that results in
profound birth defects, severe neonatal neurological problems, and early death, with no
effective therapies known [8]. The inborn error is characterized by dislocation of ocular lenses,
mental retardation, and in severe cases, attenuated growth of the brain [9]. These severe
neurological symptoms result from either point mutations in the SO protein itself (so-called
isolated SO deficiency, in which only SO activity is affected), or the inability to properly
produce the pyranopterindithiolate cofactor, which results in deficiencies in all Mo-containing
enzymes (so-called Mo cofactor deficiency) [10–12]. The development of methods to clone
and express human SO has revealed several different clinical point mutations that result in
isolated SO deficiency [13–16]. The X-ray structure of the human SO is not yet available,
although the structure of the human SO heme domain was reported [17]. However, the structure
of the highly homologous chicken liver SO provides a molecular basis for interpreting the fatal
point mutations of the human enzyme and a foundation for the biochemical and biophysical
studies discussed in this review.

The biochemical basis of the pathology of sulfite oxidase deficiency is unclear, and merits
further investigation. Fatal brain damage may be due to the accumulation of a toxic metabolite,
possibly SO3

2−, which is a strong nucleophile that can react with a wide variety of cell
components. It has been reported that sulfite reacts with protein disulfides to form sulfonated
cysteine derivatives, and since the integrity of disulfide bonds is crucial to the tertiary structure
and thus protein function, the disruption of protein structure by sulfitolysis may result in altered
cellular activities leading to biochemical lesions [18,19]. Alternatively, a deficiency in the
reaction product (sulfate, SO4

2−) may disturb normal fetal and neonatal development of the
brain [6]. In addition, the nature of the lesion in human sulfite oxidase deficiency (with the
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central nervous system (CNS) being disproportionately affected) suggests that the principal
problem is likely to be lipid peroxidation rather than amino acid metabolism [20]. Specifically,
the cell membranes of the CNS myelin sheath are unique in possessing high concentrations of
sulfatides and related lipids, which is likely the root cause of the sensitivity of the CNS to SO
deficiency.

In the past decade or so, significant advances in SO enzymology have taken place in several
important aspects. These include, but are not limited to, the following:

1. Successful cloning and expression of human [16,21–23], chicken [24] and rat [25]
SO proteins and mutants by Rajagopalan and coworkers;

2. The newly identified sulfite oxidizing enzymes in plants by Mendel and coworkers
[3], and bacteria by Kappler [26];

3. X-ray crystal structures of all three sulfite-oxidizing enzymes have been obtained:
wild type proteins of chicken SO [27], Arabidopsis thaliana SO [28], and S.
novella SDH [29]); chicken SO R138Q mutant [24] and S. novella SDH Y236F mutant
[30];

4. Rapid kinetics studies on physiologically relevant human SO mutants by stopped flow
[31,32] and laser flash photolysis [33–35] techniques;

5. Structural determination of enzyme intermediates by advanced spectroscopy
techniques: pulsed electron paramagnetic resonance (EPR) [36–39] (for a recent
review, see [40]), X-ray absorption [41–43], magnetic circular dichroism [44], and
resonance Raman spectroscopies [45].

6. Direct measurement by protein film voltammetry of midpoint potentials of
catalytically significant redox couples in SO [46] and SDH [2].

7. Exciting developments in the mechanism of Mo cofactor biosynthesis [10,11,47–
54] have been summarized in recent excellent reviews [6,55,56]. These elegant studies
were carried out by Rajagopalan, Mendel, Schwarz and their coworkers.

All sulfite oxidizing enzymes, except plant SO, possess two redox centers located in the Mo
and heme domains. Intraprotein interdomain electron transfer (IET) processes between these
two centers are critical in enzymatic turnover. The scope of this review is primarily about
structural and functional relationships in the IET between the Mo and Fe centers in animal SO
and S. novella SDH. We will focus on eukaryotes because our understanding of electron transfer
is much more advanced in these systems. Most of this knowledge derives from studies with
chicken and human SO proteins.

2. Structural characterization of sulfite oxidizing enzymes
X-ray crystal structures of wild type enzymes from all three sources (chicken SO [27],
Arabidopsis thaliana SO [28], and S. novella SDH [29]) show nearly identical square pyramidal
coordination around the Mo atom (Fig. 1), even though the overall structures of the proteins
and the presence of additional cofactors vary (Table 1).

Very recently, structures of resting and sulfate-bound recombinant chicken SO proteins (wild
type and R138Q) were reported [24]. The assignment of residue 6 in the heme domain to
glutamine or glutamic acid in the first crystal structure of native chicken SO was incorrect, and
has been re-assigned to arginine in the recently reported structure of recombinant chicken SO,
based upon sequencing analysis of native chicken SO [24]. The authors could not grow crystals
of the recombinant chicken SO encoding the incorrect residue. No heme domain was observed
in the crystal structures of the recombinant chicken SO proteins [24], and the native chicken
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SO is thus still the only animal SO whose full length structure has been solved (see below)
[27].

The X-ray structure of native chicken SO has established the relationship of the heme and Mo
domains [27]. Each subunit of the homodimeric chicken SO contains a small N-terminal b5-
type cytochrome domain, a large central Mo-binding domain, and a large C-terminal interface
domain. In each subunit the Mo domain and the b5-type heme domain are linked by a flexible
peptide loop of 10 amino acids. It is noteworthy that the dispositions of the heme domains
within the dimeric protein of the unit cell are not in an equivalent position relative to their
respective molybdenum domains. This observed variation in heme orientation has previously
been interpreted as evidence of domain-domain flexibility [27], and supports the hypothesis
that conformational change is involved in the electron transfer between the Mo and heme
centers (see below).

In the crystal structure of chicken SO, the Mo atom is coordinated by five ligands with pseudo
square pyramidal coordination geometry (Fig. 1). The terminal oxo group occupies the axial
position, and the equatorial positions are occupied by three sulfur atoms (one from C185, two
from pterin) and one water/hydroxo ligand. The exchangeable equatorial MoV–OH group can
be directly detected by continuous wave (CW) and pulsed electron paramagnetic resonance
(EPR) spectroscopy [40]. Recent pulsed EPR studies on 17O enriched chicken SO protein
[37] and model compounds [57] suggest that the axial oxo ligand is also exchangeable. As
expected for binding an anionic substrate, the sulfite-binding site is highly positively charged,
and consists of three arginines (R138, R190 and R450), W204 and Y322.

The bacterial SDH is a heterodimer consisting of a large Mo-binding subunit (SorA) and a
small heme c-containing subunit (SorB). The heme and Mo centers of the bacterial SDH are
in close proximity (Mo···Fe distance: ~ 16 Å), and thus the crystal structure of this enzyme has
for the first time allowed direct insights into potential electron transfer pathways between the
two redox centers [29]. Intriguingly, the SorB subunit and the heme b domain of the chicken
liver enzyme have a similar overall shape, and in chicken SO the latter can be modeled in the
position occupied by SorB in the SorAB structure with only minor steric hindrances (Fig. 2).

Very recently, the structures of the recombinant chicken SO R138Q mutant [24] and the S.
novella SDH Y236F mutant [41] have provided new structural insights into the impact of point
mutations on sulfite-oxidizing activities. Significant alterations in the substrate-binding pocket
were detected in the structure of the chicken SO R138Q mutant, and a comparison between
the wild type and mutant proteins revealed that the active site Arg-450 residue adopts different
conformations in the presence and absence of bound sulfate [24]. The size of the binding pocket
is thereby considerably reduced, and its position relative to the cofactor is shifted, causing an
increase in the distance of the sulfur atom of the bound sulfate to the Mo.

3. Catalytic mechanism of animal SO
The overall mechanism of animal SO, originally proposed by Hille, has now become generally
accepted: sulfite is oxidized to sulfate at the Mo center, and the reducing equivalents are passed
on to the b5 heme, where, in turn, the terminal electron carrier (cyt c)ox is reduced (Fig. 3)
[58–62]. We refer here to that portion of the catalytic sequence involving the reaction of sulfite
with oxidized enzyme to yield the reduced enzyme (and sulfate) as the reductive half reaction,
and that involving the reaction of the reduced enzyme thus obtained with cyt c to yield oxidized
enzyme (and reduced cyt c) as the oxidative half reaction. The reductive half reaction starts
with the reaction of the Mo(VI) center in the fully oxidized SO with sulfite to produce sulfate.
The transient two-electron reduced form of Mo(IV)/Fe(III) undergoes IET to generate the Mo
(V)/Fe(II) form that is detectable by EPR spectroscopy (Fig. 3) [36,37,63–65]. In the oxidative
half reaction, a one-electron transfer to exogenous (cyt c)ox, accomplishes re-oxidation of the
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Fe(II) center, and leaves the enzyme in a one-electron reduced form of Mo(V)/Fe(III). A second
Mo→Fe IET step (giving Mo(VI)/Fe(II)), followed by reduction of a second equivalent of (cyt
c)ox, regenerates the enzyme to the fully oxidized state of Mo(VI)/Fe(III). Recent attempts to
mimic the physiological electron acceptor cyt c by a modified electrode are gaining more
interest in order to develop novel sulfite biosensors [66].

A stopped flow kinetic study of oxidized chicken SO with sulfite [62] indicates that, on a much
slower time scale than the initial reduction of SO, an intermolecular dismutation reaction takes
place in which two equivalents of two-electron reduced enzyme (i.e. Mo(V)/Fe(II)) are
converted to one equivalent each of three- and one-electron reduced enzyme (i.e. Mo(IV)Fe
(II) and Mo(VI)/Fe(II), respectively). The one-electron reduced form Mo(VI)/Fe(II) is then
able to react with a second equivalent of sulfite, ultimately yielding fully reduced enzyme. This
dismutation process is an extremely slow further reduction of enzyme after the fast phase of
the reaction (i.e. oxidized SO reduction by sulfite), taking place on a time scale of minutes. In
the steady-state, the fate of the one-electron reduced enzyme will be determined by the
concentrations of sulfite and cyt c along with their rates of reaction with enzyme. It is an
intriguing possibility that the enzyme can cycle between one- and three-electron reduced forms
(as suggested in the stopped flow kinetic studies [62]), as well as between oxidized and one-
electron reduced enzyme (Fig. 3).

By analogy to mechanisms proposed for the reaction of model Mo(VI)O2 compounds with
phosphines [67,68], Hille proposed a reaction mechanism for animal SO in which catalysis is
initiated by attack of the sulfite lone pair on one of the Mo=O units of the Mo center [60], as
shown in Fig. 4. A transient Mo(IV)-sulfate complex is explicitly proposed in this earlier work.
The indirect role played by the substrate’s oxyanion groups in facilitating reaction has been
demonstrated by the fact that methylation of these groups to give dimethylsulfite results in a
substantial (300-fold) increase in Kd for the reductive half-reaction at pH 8.0, but has only a
negligible effect on kred for the reaction [61]. The pH independence of kred seen in subsequent
work is entirely consistent with this chemistry and further indicates that acid-base chemistry
is not involved in the breakdown of the oxidized enzyme/sulfite complex [62].

The kinetics of reductive half reaction can be determined by stopped flow methods in which
oxidized SO is mixed with sodium sulfite by monitoring the reduction of the heme at 426 and
430 nm [31,62]. The oxidative half reaction kinetics can be determined by stopped flow
approaches in which fully reduced SO (i.e. Mo(IV)/Fe(II)) is mixed with cyt c by following
the reaction at either 547 (an isosbestic point for chicken SO) or 562 nm (an isosbestic point
for cyt c), which permits cyt c reduction and SO reoxidation to be followed independently in
the course of the reaction [62]. All experiments need to be performed anaerobically.
Rajagopalan et al. recently reported an elegant study on the reductive half reaction by stopped
flow in a comparative study on the truncated Mo domain and the full length human SO [31].
This study gives rates for the discrete step of SO reduction by sulfite and the overall reactions
(which include the sulfite-reduction step followed by IET between Mo(IV) and Fe(III), see
Fig. 3), and thus provides convincing evidence that reduction of the Mo center is quite fast,
indicating that this is not the rate-limiting step in the catalytic cycle.

There are two EPR-active intermediates in the catalytic cycle: Mo(V)(Fe(II) and Mo(V)Fe(III)
(Fig. 3) [63]. The first form can be readily generated by reduction of animal SO and S.
novella SDH with excess sulfite [36,39]. The latter form needs a more complicated procedure
in which titanium(III) citrate is used to reduce animal SO to Mo(V)Fe(III) [69]. This form is
well suited for Mo···Fe distance measurement by pulsed electron-electron double resonance
(ELDOR) spectroscopy [69]. For plant SO, in order to generate the Mo(V) form, one-half
equivalent of ferricyanide needs to be added after sulfite-reduction in order to reoxidize the
Mo(IV) form to Mo(V) because this protein lacks a heme domain [38,45]. We have proposed
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a sulfate-bound model for the structure of this form of plant SO based upon comprehensive
pulsed EPR studies [38]. Very recently this proposal has been verified by pulsed EPR of the
Mo(V) form generated from 33S-labeled sulfite [70]. It is interesting that reduction of plant SO
with titanium(III) citrate yields a distinct form [38].

The CW EPR signal of Mo(V) depends on pH [71,72], anion species [73], reductants [38], and
protein mutations [35]. Pulsed EPR spectroscopies have been used to elucidate the structure
of the Mo(V) forms, in order to provide unique insights into the catalytic mechanism at the Mo
active site [36–38,64,74,75]. Comparative EPR studies on deuterated [63] and 17O-enriched
samples [76] can detect nearby protons and oxygen atoms in the intermediates, which are
involved in SO catalysis. Pulsed EPR studies on the SO intermediates have been discussed in
a recent review [40].

4. IET in sulfite oxidizing enzymes
As a multi-redox-center enzyme, IET between the Mo and Fe centers in animal SO and S.
novella SDH is fundamental to the function of the enzymes. We have previously shown that
exogenous deazariboflavin radicals generated in situ with a laser pulse will rapidly reduce the
Fe(III) center of animal SO or S. novella SDH by one electron (see dotted arrow in Fig. 3),
followed by intramolecular equilibration between the redox centers. Note that this latter process
corresponds to the second physiologically essential IET step highlighted in red in Fig. 3, and
the laser flash photolysis technique follows the IET process in the reverse direction of the
enzymatic turnover. Note that this method is a perturbation one, with the observed rate constant
reflecting the sum of the forward and reverse rate constants for electron transfer regardless of
the direction in which the redox equilibrium is shifted experimentally (i.e., whether it is in the
physiological direction or the reverse). Since this reaction is reversible, microscopic rate
constants for forward and reverse reactions can be obtained from knowing their sum (i.e. the
observable rate constant from the flash photolysis experiment) and their ratio (i.e. the
equilibrium constant, as calculated from the transient trace, see below). Extensive flash
photolysis studies on native chicken SO and wild type recombinant human SO have shown
that the first-order IET rate constants between the reduced Fe(II) and oxidized Mo(VI) centers
depend on the following experimental conditions: solution viscosity [34,77], sulfate
concentrations [78–80], and pH [34,78,79]; this information is important for understanding the
IET mechanism in the enzymatic catalysis (see below).

In this section, we will first briefly review the laser flash photolysis technique that has allowed
the attainment of new levels of insight into the IET between the Mo and Fe centers in sulfite
oxidizing enzymes. We will then review studies on the role of conformational change in the
IET. Finally, the effects of point mutations in human SO on the IET process will be discussed.

4.1. Determination of the IET kinetics by laser flash photolysis
Laser flash photolysis of animal SO or S. novella SDH in the presence of 5-deazariboflavin
(dRF) and a sacrificial donor (EDTA or freshly made semicarbazide) results in the rapid one-
electron reduction of the Fe(III) heme center, followed by IET between the Mo and Fe centers.
Fig. 5 shows a typical transient kinetic trace obtained at 555 nm upon laser flash photoexcitation
of a solution containing oxidized wild type human SO, dRF and semicarbazide (AH2). The
kinetic behavior can be fully described in terms of Eqs. 1–4 shown below.

dRF→
hν

dRF1 → dRF3 Eq. 1

dRF3 + AH2 → dRFH• + AH• Eq. 2
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dRFH• + Mo(VI) / Fe(III) → dRF + Mo(VI) / Fe(II) Eq. 3

Mo(VI) / Fe(II)⇌
kr

kf
Mo(V) / Fe(III) Eq. 4

The laser pulse produces 3dRF by absorption and intersystem crossing (Eq. 1), which abstracts
a hydrogen atom from semicarbazide or EDTA to form the highly reducing dRFH• (Eq. 2).
The initial positive deflection of absorbance from zero in Fig. 5 is due to net reduction of the
Fe(III) center to the Fe(II) form (Eq. 3), which has an absorbance maximum at 555 nm. The
subsequent slow absorption decay is due to the net IET from Fe(II) to Mo(VI), i.e., the
intramolecular re-oxidation of Fe(II) (Eq. 4). The transient does not fall back to the baseline,
which clearly indicates the existence of an equilibrium between the Mo(VI)/Fe(II) and Mo(V)/
Fe(III) forms of SO (Eq. 4). The kinetics of this process are independent of SO concentration,
indicating that the heme re-oxidation is an intramolecular process. The observed rate constant
is thus assigned to the sum of the rate constants for the forward and reverse processes.

For the case shown in Fig. 5, in which the flash-induced reduction of SO (Eq. 3) occurs much
faster than the subsequent IET (Eq. 4), accurate values for the overall IET rate constant ket (=
kf + kr) and parameters a and b (see Fig. 5) can be obtained by fitting the heme re-oxidation
phase with the exponential function given in Eq. 5.

A555 = a + b exp ( − kett) Eq. 5

Based on Eq. 4, the parameters a and b in Eq. 5 have the meanings given in Eqs. 6 and 7 (where
A0 is the absorbance extrapolated to t = 0, assuming that the photochemically-induced reduction
of SO is instantaneous).

a = A0
kr
ket

= A0
kr

kf + kr
Eq. 6

b = A0
kf
ket

= A0
kf

kf + kr
Eq. 7

Keq =
kf
kr

= b
a Eq. 8

Thus the individual IET rate constants kf and kr can be calculated from ket and the value of
Keq (= b/a, Eq. 8, Fig. 5). The IET rate constants and Keq values for the wild type human SO
and the native chicken SO under the same conditions are shown in Table 2.

Some additional features of the methodology are also worthy of note.

1. The intensity of the pulsed laser that is used to initiate the photochemical reduction
is purposely kept low, so that substoichiometric quantities of dRFH• are generated
relative to the protein. This assures that pseudo-first-order conditions apply (Eq. 3),
and that only a single electron can be added to each protein molecule.

2. The irradiated volume in the sample cuvette is kept small (< 1% of the total volume)
so that only minor net conversion to product occurs. This allows samples to be
subjected to multiple flashes for signal averaging, and for determination of protein
concentration dependence by adding aliquots of concentrated protein to the sample.
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3. One important control experiment is that traces with different signal amplitudes (i.e.
different reduced protein concentrations) are always collected. If the traces give
similar rates, the electron transfer process is thus of an intra-protein nature. This is
important because other inter-protein processes may confound the absorption
changes, and if so, the observed rate would depend upon protein concentration.
Therefore, the kinetics must be determined at various protein concentrations to be
sure that the intra-protein electron transfer process between the Mo and Fe centers is
being measured.

4.2. Role of conformational change in the IET in animal SO
The distance between the heme and Mo centers in the chicken SO structure is large (~ 32 Å),
and the redox potential difference between the cofactors is small (~ 10 mV at pH 6 [81]).
Despite this, IET between the two centers can be quite rapid; using laser flash photolysis
methods (see above), ket values as large as 2400 s−1 have been observed [78]. Arguments based
on simple Marcus theory predict that ket should be less than 100 s−1 for this process (given the
observed large distance and small driving forces) [82,83]. This discrepancy has led to the
suggestion that chicken SO may adopt a different conformation in solution from that observed
in the crystal structure, that brings the heme and Mo centers much closer [78]. Such a
rearrangement to a more “productive” orientation must occur before electron transfer, which
suggests that fast electron transfer between Mo (VI) and Fe (II) centers requires subtle and
precise positioning, involving reorientation and docking of the two redox partners with respect
to each other. It is possible that this is the rate-limiting step in the IET process, which would
correspond to a conformationally gated electron transfer.

Fig. 6 shows a schematic drawing of the relative positions of the Mo and Fe domains in the
crystal structure, and depicts how the backbone rearrangement of the protein might bring the
two redox-active centers sufficiently close together to permit rapid electron transfer between
them. These two centers are linked by a flexible polypeptide loop, suggesting that
conformational changes, which alter the Mo···Fe distance, may play an important role in the
observed IET rates. Indeed, in the crystal structure, the two heme domains do not occupy
identical positions in the dimer, suggesting that they may be quite mobile. SO is only one of
many biological electron transfer systems for which specific protein conformations are required
for optimal function [84,85].

4.2.1. Viscosity dependence of the IET in animal SO—The effect of solution viscosity
on the IET in chicken SO has been investigated using laser flash photolysis [77], in order to
test the possibility that a large protein conformational change is involved in the reaction. The
solution viscosity was varied over the range 1.0–2.0 cP by addition of either polyethylene
glycol-400 (PEG-400) or sucrose. In the presence of either viscosogen, an appreciable decrease
in the IET rate constant value was observed upon an increase in the solvent viscosity (1232
s−1 and 886 s−1 in the presence of 0 % and 10 % (v/v) PEG-400, respectively). All normalized
values, determined in buffered mixtures of water with the two different solutes, PEG 400 or
sucrose, fall on the same straight line when plotted versus the viscosity. The IET rate constant
was shown to exhibit a linear dependence on the negative 0.7th power of the viscosity. Steady
state kinetics data indicate that PEG-400 has at best a minor effect on the activity (i.e., kcat) of
SO in the range of viscosity studied. In addition, the CW-EPR spectrum of sulfite-reduced SO
in 20 % sucrose is the same as that without sucrose, which indicates that the active site structure
of the molybdenum domain remains unchanged upon addition of sucrose. Based on these
results, we conclude that it is solution viscosity, and not other properties of the added
viscosogens and/or their effect on SO structure, that is responsible for the dependence of IET
rates on the solvent composition. The results are consistent with the role of conformational
changes on IET in animal SO (Fig. 6).
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Very recently, the smaller turnover numbers obtained in protein film voltammetric studies
(kcat 2–4 s−1, as compared to 70–100 s−1 in solution) suggest that only a small fraction of
chicken SO is bound at the electrode in a manner that permits the conformational change
necessary for fast interdomain electron transfer, again indicating that the motion of the heme
domain is a controlling factor for chicken SO activity [46]. The conformational flexibility of
chicken SO has been further supported by a thorough analysis of the ELDOR decay curves
and simulations suggesting a distribution of intramolecular Mo…Fe distances [69]. Taken
together, these results indicate that efficient IET between the Mo(VI) and Fe (II) centers
requires precise orientation of the two redox partners with respect to each other, and that the
consequent IET-productive conformations of animal SO are vital to facilitate rapid IET
between the two metal centers. Interestingly, a comparison of the crystal structures of chicken
SO and Arabidopsis thaliana SO reveals possible surface regions in chicken SO for docking
of its heme domain to the Mo domain in the course of IET and catalysis [28]. This is further
strengthened by the conservation of five out of seven animal SO-specific surface residues in
NRs, which belong to the sulfite oxidase family. Like animal SOs, NRs also contain a cyt b5
domain that is essential for internal electron transfer, which is predicted to interact in a similar
fashion with the Mo domain [28].

4.2.2. Viscosity independence of the IET in bacterial SDH—Heterodimeric bacterial
SDH contains heme and Mo centers in separate tightly associated subunits, and thus this
enzyme represents a distinctly different type of sulfite-oxidizing enzyme [26], in which a fairly
rigid positioning of the redox centers relative to one another is essential to maintain the
enzyme’s integrity. In contrast to animal SO, the IET rate constants in SDH (120 s−1 at pH
6.0) are not affected by either solution viscosity or the presence of the sulfate anion [86],
indicating that IET in SDH proceeds directly within the protein medium and does not involve
substantial motion of the two redox centers relative to each other, consistent with the presence
of a tightly bound cytochrome subunit [29]. It has been proposed that sulfate binding (as well
as that of other anions) near the Mo center in chicken SO decreases the positive charge on the
surface of the Mo domain, thereby retarding the docking of the heme domain to the Mo domain,
thus inhibiting IET [78]. The IET in SDH from S. novella does not involve significant protein
motion/docking, and therefore sulfate cannot inhibit IET in this protein by masking surface
charges necessary for the repositioning of the protein domains [86]. Sulfate binding does,
however, inhibit the enzyme activity which shows a mixed-type non-competitive pattern with
respect to sulfite. Kic and Kiu values were determined to be 24 and 16 mM for sulfite [26].

These results provide direct evidence that the effects of sulfate anion and solution viscosity on
IET in animal SO are due to interference with inter-domain docking, and clearly demonstrate
the differences between animal SO and bacterial SDH in terms of conformational gating effects.
It is reasonable to surmise that SDH has a favorable Mo···Fe distance and/or intervening amino
acid arrangement that allows IET to proceed directly through the protein medium without
involving conformational changes. Indeed, in the crystal structure of SDH, the Mo···Fe distance
is about 16 Å, and IET pathways through either aromatic residues or hydrogen bonds were
proposed (Fig. 7) [29].

4.3. IET kinetics in mutants of human SO
4.3.1. Studies of point mutations identified in sulfite oxidase deficiency patients
—As the IET between the Mo and Fe centers is fundamental to SO catalysis, it is reasonable
to propose that fatal point mutations of human SO, identified in SO deficiency patients, result
in impaired SO activity through retarding the IET process. It is also important to note that not
all fatal point mutations in human SO are due to impaired internal electron transfer; thus a large
subset of these mutations map to the so-called interface domain of SO (for example G473D),
and presumably the effect is primarily on protein stability, rather than electron transfer.
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Human SO has been successfully cloned and expressed in highly active forms in E. coli [16,
21–23], and thus this hypothesis can be tested. Due to the lack of an X-ray structure for human
SO, the crystal structure of the highly homologous chicken SO provides a starting point for a
molecular understanding of kinetic and spectroscopic studies of the effects of point mutations
on recombinant human SO. As will be described below, flash photolysis studies on IET in
human SO mutants R160Q, G473D and A208D have provided direct evidence of the vital roles
of specific amino acids in efficient IET and SO catalysis.

Arginine 160 in human SO is conserved in all SO species sequenced to date. Previous steady-
state kinetic studies of the R160Q human SO mutant showed a remarkable decrease in kcat/
Km

sulfite of nearly 1000-fold [16]. In the crystal structure of chicken SO, Arg 138, the equivalent
of Arg 160 in human SO, is involved in the formation of a positively charged sulfite binding
site [27]. In order to further assess the role of Arg 160 in human SO, IET rates between the Fe
and Mo centers in the wild type, R160Q and R160K human SO forms were investigated by
laser flash photolysis [33]. In the R160Q mutant, the IET rate constant at pH 6.0 (0.6 s−1) was
decreased by nearly three orders of magnitude relative to wild type (411 s−1), which indicates
that the positive charge of Arg 160 is essential for efficient IET in human SO. Furthermore,
the IET rate constant for the R160K mutant is about one-fourth that of the wild type enzyme,
which strongly indicates that it is the loss of charge of Arg 160, and not its precise location,
that is responsible for the much larger decrease in IET rates in the R160Q mutant. At pH 6.0,
the kcat value of R160Q is 0.33 s−1, comparable to its ket value (0.64 s−1), suggesting that in
this mutant IET may become the rate-limiting step during catalytic turnover. Thus, the large
decrease in the IET rate constant rationalizes the fatal impact of this mutation in patients with
this genetic disorder. The presence of a positive charge at Arg 160 of human SO may allow
the most optimal orientations for IET between the heme and Mo domains through electrostatic
interactions between these regions of the protein (i.e., a kinetic rather than a thermodynamic
effect). The R160Q mutation is likely to impair the IET through decreasing the likehood of
forming the IET-competent conformation rather than decreasing the intrinsic IET rate constant
within this conformation.

Mutations G473D and A208D were identified in patients with isolated SO deficiency, and the
equivalent amino acids (G451 and A186, respectively) have been localized to the vicinity of
the molybdopterin active site in the X-ray structure of chicken SO [27]. Steady-state kinetic
studies of enzyme turnover and laser flash photolysis measurements of the IET rate constants
between the Fe and Mo centers were carried out in the recombinant G473D, G473A, G473W,
G473D/R212A, and A208D human SO mutants [35]. In the G473D and A208D mutants, the
IET rate constants at pH 6.0 (0.17 and 0.10 s−1, respectively) were decreased by three orders
of magnitude relative to wild type. The ket values of G473D and A208D human SO at pH 6.0
are close to their kcat values at this pH (0.14 s−1 and 0.15 s−1, respectively). Thus, IET in these
mutants becomes the rate-limiting step during catalytic turnover, similar to the results obtained
with R160Q human SO [33]. Therefore, the large decreases in the IET rate constants and the
kcat values again rationalize a kinetic basis for the fatal impact of these mutations. Additionally,
far-UV CD spectra of G473D indicate that the protein backbone conformation is remarkably
changed, and sedimentation equilibrium indicate that the protein is monomeric [32].
Furthermore, EPR studies also suggest that the active site structure of the Mo(V) form of
A208D is different from that of the wild type: specifically the EPR spectrum of A208D at pH
9.5 has the same g values as the low pH form of wild type and shows splitting due to the strong
coupling of the nearby exchangeable proton [35]. In contrast, similar studies on G473A show
that it is dimeric, that its Mo(V) active site structure is similar to the wild type, and that its IET
rate constant (188 s−1) is only 2.6-fold smaller than that of wild type. IET in G473W is severely
impaired, and no IET at all is observed for G473D/R212A. In chicken SO the equivalent
residues (G451 and A186) are both buried inside the protein. Thus, for human SO, the mutations
to charged residues at the equivalent sites most likely cause crucial global or localized structural
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changes, thereby retarding IET and efficient catalytic turnover of the sulfite oxidation reaction.
Recent steady state kinetics and CD spectroscopy results demonstrate that the interaction
between the heme and Mo domains is important for the cyt c interaction [32], although the
mutations are not in the heme domain, which is consistent with the laser flash photolysis work.
As EPR data suggest that the Mo center is perturbed in the A208D and G473D mutants, a
secondary reason for the impaired IET might be due to changes in the electronic structure of
the Mo center. This factor might be important in the A208D mutant as its global conformation
is not changed as much compared to the G473D mutant.

4.3.2. Y343F human SO mutant—Combining pH dependence of IET [78] and stopped
flow [62] kinetics information with the crystal structure [27] and the pulsed EPR results [75]
for the Mo(V) form of the two-electron reduced state of SO has led to a self-consistent proposal
for a coupled electron proton transfer (CEPT) reaction at the Mo center, as follows:

In the crystal structure of chicken SO, Tyr 322 (the equivalent site of human SO Tyr 343) is
within H-bonding distance of the equatorial Mo–O group and is also accessible to water
molecules (Fig. 1), and was proposed to serve as a proton shuttle between Mo–O and OH− or
H2O [78]. The mutation of this conserved tyrosine residue provides direct evidence for its
important role in the IET [34]. Steady-state kinetic analysis of the Y343F mutant showed an
increase in Km sulfite and a decrease in kcat resulting in a 23-fold attenuation in the specificity
constant kcat/Km sulfite at the optimum pH of 8.25. This indicates that Tyr 343 is involved in
the binding of the substrate and catalysis within the Mo active site. Furthermore, the IET rate
constant in the mutant at pH 6.0 (46 s−1 at pH 6.0) is only about one-tenth that of the wild-type
enzyme, suggesting that the OH group of Tyr 343 is important for efficient IET in SO. Note
that only a small shift in Keq (i.e., a thermodynamic factor) was observed for the Y343F mutant
at pH 6, which cannot account for such a large change in the IET rate constants (~10-fold).
The most plausible explanation is that the hydrophobic phenylalanine side chain in the Y343F
mutant may hinder direct access of water or H+ to the equatorial Mo=O group, thus retarding
efficient CEPT (i. e., a kinetic factor). This is clearly shown by the shift in the dependence of
Keq for IET to lower pH values in the Y343F mutant. The loss of the putative hydrogen bond
to the apical Mo=O is likely to be the basis for the effect, particularly in view of the long-
established association of proton uptake by ligands to molybdenum upon reduction of the metal,
as originally discussed by Stiefel [87] and developed further by us in the context of CEPT
within SO [75,78]. Very recent stopped-flow analyses of the reductive half reaction of Y343F
and wild type human SO along with the proteins lacking the N-terminal heme domain [31]
demonstrated that Y343F SO is impaired in overall catalytic activity across the range of pH
values measured, with lower activity at neutral and low pH. In addition, the Km

sulfite of Y343F
was significantly higher than that of the wild-type protein, particularly at high pH. However,
at high pH, sulfite binding and molybdenum center reduction probably contribute to the low
rate observed in Y343F SO. Taken together, their results suggest that the Tyr343 residue has
dual roles in both attraction and binding of the substrate (especially at high pH) and in product
release and subsequent IET (especially at low pH).
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5. Future perspectives
The aim of the present review is to highlight current mechanistic information about sulfite
oxidizing enzymes. It has become clear from these studies that our understanding of sulfite
oxidizing enzymes will be moved forward by increasing applications of a combined approach
of molecular biology, rapid kinetics (laser flash photolysis and stopped flow), advanced
spectroscopy, protein crystallography, and computational modeling. This is clearly a fertile
area for future study. Although considerable progress has been obtained, some outstanding
questions remain unanswered, and certainly deserve further investigation at the molecular
level. These can be summarized as follows.

1. The results of the IET kinetic studies of human SO mutants suggest the importance
of the conserved surface near the Mo site for efficient IET mediated by appropriate
docking of the heme domain, and efforts to carry out extensive mutagenesis studies
on conserved surface residues in SO enzymes, especially of the strictly conserved
charged residues near the Mo center in human SO, should prove fruitful. Further flash
photolysis studies of such mutants should provide additional insights into the role of
surface charge in the docking of the heme domain and IET in SO. A potential
additional strategy would be to label the domain(s) with fluorescence probe(s), and
then examine the interdomain interaction with the fluorescence resonance energy
transfer technique.

2. The bacterial SDH is a promising model for studying electron transfer in sulfite
oxidizing enzymes without the complicating factor of domain movement (Figs. 2 and
7). Now that the structure of both chicken SO and S. novella SDH are available, it is
critical to further identify amino acids involved in the direct IET through the protein
medium in SDH. It will be also interesting to determine important residues for
efficient IET in the productive conformation of animal SO (i.e. after the heme is
docked to the Mo domain), to determine if there are significant differences between
the two types of enzymes.

3. Given the importance of heme domain motion in animal SO catalysis, the flexible
loop between the Mo and heme domains may act as a tether to give the heme domain
both an appropriate freedom (to move closer to the Mo domain) and yet a necessary
restriction to dock precisely. Indeed, isolated Mo and heme domains generated by
tryptic cleavage of rat liver SO do not possess SO activity [88]. It will thus be
interesting to examine the role of the loop in the IET and SO function by either
shortening its length or by altering its flexibility.

4. Several new point mutations in human SO have been identified by genetic analysis
of SO deficiency patients [89,90]; all of them locate near the Mo active site. It is
clearly important to clone and express these novel mutants and to carry out integrated
structural and functional studies in order to understand the underlying mechanism of
the fatal effects. It will be interesting to distinguish between the effects of modified
protein structure and retarded IET on the enzyme activity. It is important to note that
EPR spectra of human SO G473D and A208D mutants are distinct from those of wild
type, indicating notable changes in the Mo environment upon the mutations [35]. This
demonstrates the importance of quantifying the structural changes using advanced
spectroscopy techniques including pulsed EPR and X-ray absorption.

5. Recent pulsed EPR studies in 17O-enriched water provided evidence for exchange of
the axial oxo ligand in the high pH form of chicken SO [37]. Given that the reaction
SO catalyzes is an oxygen atom transfer reaction, it is important to further investigate
the mechanism of oxygen ligand exchange under conditions relevant to SO function
(e.g. pH, anion species and conditions). In such studies, design of procedures to enrich
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the protein or model compounds with isotopes and development of appropriate pulsed
EPR methodologies (in particular at high magnetic field) are critical.

6. Besides low pH, high pH and phosphate-bound forms of SO, a new EPR form at low
pH (sulfate-bound form) was proposed for sulfite-reduced plant SO [38]. This form
does not have a nearby exchangeable proton, and the presence of coordinated sulfate
has been definitively confirmed very recently by pulsed EPR studies of A. thaliana
SO generated by reduction with 33S-labeled sulfite [70]. These unusual EPR
properties of A. thaliana SO are proposed to be directly related to the “open” and
“closed” forms of the active site modulated by conformations of the active site
arginine (Arg 374), in combination with a more restricted substrate and water access
to the active site of the plant enzyme than that found in vertebrate SOs [34]. It will
thus be interesting to conduct pulsed EPR studies on the plant SO mutants of R374.

7. Computational modeling and simulation are certainly required to provide potential
explanations and rationales for the role of specific amino acids in the IET and SO
catalysis process. A recent interesting simulation study suggests that the tether length
may control the transition between the electron tunneling and diffusion-limited
regimes in the IET reaction [91].

8. Sulfite toxicity has been implicated in an increasing number of pathological
conditions [92]. It has been shown that a combined exposure of tungsten and arsenic
causes leukemia, which may be related to impaired SO activity and overproduction
of reactive oxygen species [93]. At present, we know very little about the mechanism
underlying sulfite toxicity, and thus it is important to expand studies of sulfite
oxidizing enzymes to elucidate the pathological mechanism in vivo.
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Abbreviations
Mo  

molybdenum

SO  
sulfite oxidase

SDH  
sulfite dehydrogenases

NR  
nitrate reductase

cyt  
cytochrome

(cyt c)ox and (cyt c)red 
ferricytochrome c and ferrocytochrome c, respectively

IET  
intramolecular electron transfer

ket  
rate constant for IET

EPR  
electron paramagnetic resonance

CW  
continuous wave

CD  
circular dichroism

dRF and dRFH• 
5-deazariboflavin and 5-deazariboflavin semiquinone, respectively
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Fig 1.
Selected amino acids and ligands near Mo centers of wild type proteins of chicken SO (left),
A. thaliana SO (middle), and S. novella SDH (right). Water molecules are shown in red spheres.
Hydrogen bonds are shown in dashed green lines. Coordinates for this figure are from the
Brookhaven Protein Data Bank; PDB entries for chicken SO, A. thaliana SO and S. novella
SDH are 1SOX, 1OGP, and 2BLF, respectively. The structures of chicken SO R138Q [24] and
S. novella SDH Y236F [30] mutants have been recently reported.
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Fig 2.
Cα traces of superimposed S. novella SDH (green) and chicken SO (blue) crystal structures
with the heme moieties shown in a space filling mode (red and magenta in SO and SDH,
respectively), and the Mo cofactor in yellow. The superposition is in an orientation to
demonstrate the very different cytochrome interaction sites of the two models. Note that the
loop connecting the Mo and heme domains in chicken SO is disordered in the crystal structure,
indicating flexibility of this loop as a tether for the heme motion during SO catalysis.
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Fig 3.
Proposed oxidation state changes occurring at the Mo and Fe centers of native animal SO during
the catalytic oxidation of sulfite and the concomitant reduction of (cyt c)ox. Only the equatorial
oxygen atom among the ligands of Mo is shown for clarity. Note that the intermediate FeII/
MoV–OH in the reductive half reaction is EPR detectable. The one-electron reduction of
FeIII, indicated by a dotted arrow connecting MoVIFeIII and MoVIFeII, can be initiated with a
laser pulse in a solution containing dRF and the sacrificial electron donor semicarbazide. The
subsequent IET between MoVIFeII and MoVFeIII, which is of particular interest in this review,
is highlighted in red. The rate constants of forward and reverse IET (kf and kr, respectively)
are defined in the text.
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Fig 4.
Proposed chemical mechanism for the reductive half reaction of SO [60].
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Fig 5.
Transient obtained at 555 nm upon photoexcitation of a solution containing wild type human
SO, dRF, and 0.5 mM fresh semicarbazide hydrochloride (pH 7.4). The portion of the figure
outlined by the orange box points to heme reduction by dRFH•; this process is pseudo first
order, and its rate depends on protein concentration. The dark blue box points to heme
reoxidation due to the subsequent IET between the Mo and Fe centers; this process is
independent of protein concentration, consistent with its intraprotein nature. The red solid line
indicates a single-exponential fit to the IET phase. Keq = b/a.
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Fig 6.
Proposed docking of the heme domain to the Mo domain in vertebrate SO that could move the
Mo and Fe centers into closer proximity (structure II) than that observed in the crystal structure
of dimeric SO (structure I). Subsequently, the transient internal complex (structure II) may
facilitate rapid IET to generate structure III. A possible docking site near the Mo domain in
the dimeric form is marked by a green arrow.
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Fig 7.
Potential pathways for electron transfer from the Fe to Mo centers in S. novella SDH. The red
block arrow shows pathways through hydrogen bonds, whereas the green arrow shows
pathways through aromatic residues. SorA residues are yellow, SorB residues are blue.
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Table 2
Flash photolysis kinetic parameters for human and chicken SO a

ket (s
−1) Keq kf (s

−1) kr (s
−1)

Wild-type human SO b 491 ± 11 0.73 ± 0.08 207 ± 5 284 ± 6
Chicken SO 1318 ± 28 1.63 ± 0.04 817 ± 18 501 ± 10

a
Solutions for flash photolysis experiments contained 0.5 mM semicarbazide, 10 mM Tris; pH was adjusted to 7.4 with HCl. Data taken from ref. [34].
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