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ABSTRACT: All reported sulfite-oxidizing enzymes have a conserved arginine in their active site which
hydrogen bonds to the equatorial oxygen ligand on the Mo atom. Previous studies on the pathogenic
R160Q mutant of human sulfite oxidase (HSO) have shown that Mo-heme intramolecular electron transfer
(IET) is dramatically slowed when positive charge is lost at this position. To improve our understanding
of the function that this conserved positively charged residue plays in IET, we have studied the equivalent
uncharged substitutions R55Q and R55M as well as the positively charged substitution R55K in bacterial
sulfite dehydrogenase (SDH). The heme and molybdenum cofactor (Moco) subunits are tightly associated
in SDH, which makes it an ideal system for improving our understanding of residue function in IET
without the added complexity of the interdomain movement that occurs in HSO. Unexpectedly, the
uncharged SDH variants (R55Q and R55M) exhibited increased IET rate constants relative to that of the
wild type (3-4-fold) when studied by laser flash photolysis. The gain in function observed in SDHR55Q

and SDHR55M suggests that the reduction in the level of IET seen in HSOR160Q is not due to a required role
of this residue in the IET pathway itself, but to the fact that it plays an important role in heme orientation
during the interdomain movement necessary for IET in HSO (as seen in viscosity experiments). The pH
profiles of SDHWT, SDHR55M, and SDHR55Q show that the arginine substitution also alters the behavior of
the Mo-heme IET equilibrium (Keq) and rate constants (ket) of both variants with respect to the SDHWT

enzyme. SDHWT has a ket that is independent of pH and a Keq that increases as pH decreases; on the other
hand, both SDHR55M and SDHR55Q have a ket that increases as pH decreases, and SDHR55M has a Keq that
is pH-independent. IET in the SDHR55Q variant is inhibited by sulfate in laser flash photolysis experiments,
a behavior that differs from that of SDHWT, but which also occurs in HSO. IET in SDHR55K is slower than
in SDHWT. A new analysis of the possible mechanistic pathways for sulfite-oxidizing enzymes is presented
and related to available kinetic and EPR results for these enzymes.

Mo-containing metalloenzymes are found in almost all
species and catalyze a diverse range of redox reactions (1, 2),
including oxidative and reductive transformations of sulfur
compounds. In vertebrate sulfur metabolism, the molyb-
doenzyme sulfite oxidase (SO)1 converts toxic sulfite to
sulfate in the final degradation step of the sulfur-containing
amino acids cysteine and methionine (3). Sulfite dehydro-
genase (SDH), isolated from the soil bacterium Starkeya

noVella, is a bacterial equivalent of sulfite oxidase. Unlike
SO, which is necessary for detoxification of sulfite, SDH
oxidizes sulfite during chemolithotrophic growth of Starkeya
noVella with thiosulfate as an energy source (4, 5). Despite
playing different metabolic roles, both SO and SDH catalyze
identical chemical reactions (eq 1) and have nearly identical
active site geometries that contain several conserved residues,
including C104, Y236, H57, and R55 (SDH numbering)
(6-8).

SO3
2-+H2O+ 2(cyt c)oxf SO4

2-+ 2(cyt c)red + 2H+

(i)

Human SO (HSO) has been extensively studied because
of its role in the genetic disease sulfite oxidase deficiency.
HSO deficiency is a rare recessive metabolic neurologic
disorder that presents shortly after birth (9, 10). The disease
is characterized by seizures, dislocated ocular lenses, neu-
ropathogenesis, and early death most likely due to a
combined effect of the accumulation of toxic sulfite and
glutamate, decreased sulfate concentration, and oxidative
stress (9, 11-14). Point mutations in the HSO structural gene
that cause the disease phenotype generally result in confor-
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mational changes in and around the active site or the
disruption of the dimeric structure of HSO to give inactive
monomeric subunits. Active site mutations can affect the
coordination of the molybdenum cofactor (Moco), the active
site geometry, and enzyme turnover rates and cause decreased
intramolecular electron transfer (IET) rates (15, 16).

Although SO and SDH catalyze the same reaction, there
are several key differences between them which make the
latter an important enzyme for studying IET. The crystal
structure of SDH (Figure 1A) shows that, unlike chicken
SO (CSO), the heme and Mo cofactors are located on
separate subunits that are “locked” by a high-affinity interac-
tion between the subunits (7). In SO, the heme and Mo
domains are linked by a flexible loop with no secondary
structure, and catalysis requires a conformational change to
position the heme and Mo domains sufficiently close to one
another. This interdomain movement is a necessary step for
IET as observed by Feng et al. (17), who showed that the
rate constant of IET decreased linearly by the negative 0.7th
power of viscosity. In identical experiments with SDH (18),
increased viscosity did not affect either the equilibrium
constant or the rate constant of IET. This suggests that there
is no significant subunit movement or a subunit “docking”
step in SDH that could be retarded by a viscogen (18, 19),
and that IET occurs through the protein and/or solvent
interface between the two locked subunits which have a
Mo · · ·Fe distance of ∼16 Å (7). The closest approach of
the two cofactors (8.5 Å) occurs between the molybdenum
atom and propionate 6 of the heme and is well within typical
distances for rapid electron tunneling in proteins (20). Others
have emphasized that optimum electronic coupling pathways
between the redox sites can often be identified within the
protein structure (21). For SDH, two IET pathways have been
proposed (7). One pathway involves Arg55 and the hydrogen
bonding network to the heme propionate groups, which are
located directly between the two redox centers. The second
pathway involves a series of aromatic residues that span the
space between the two redox centers. The crystal structure
of SDH shows that F168 of the molybdenum-containing
subunit stacks against the aromatic pterin cofactor and Y61
of the heme subunit stacks against the pyrrole D-ring. The
intervening space is occupied by Y236, W231, and F230 of

the molybdenum-containing subunit; all aromatic residues
in the proposed pathway have edge-to-edge distances of ∼4
Å (7).

Making amino acid substitutions along each proposed
pathway should provide insight about the IET process in
SDH and, by implication, in the hypothesized “docked” form
of HSO. Another advantage of SDH is that unlike HSO,
intact SDH can be crystallized so that the effects of amino
acid substitutions on the active site environment can also be
studied by X-ray diffraction.

This study is the first to compare an HSO variant known
to cause SO deficiency (R160Q) to an equivalent substitution
in SDH (R55Q and R55M). From the human R160Q studies,
it was found that at pH 6.0 the IET rate constant decreased
from 411 s-1 in HSOWT to 0.64 s-1 in HSOR160Q and that a
partial restoration of the rate constant (to 96 s-1) could be
obtained with an R160K substitution (22). Thus, the positive
charge at this location in the HSO active site is important
for facilitating IET (15, 22). Mechanistically, the R160
residue could be involved in the pathway of IET or could
be a necessary residue to aid in heme reorientation during
interdomain movement. The equivalent R55K substitution
in SDH further explores the importance of the positive charge
at this position in IET.

This investigation of the laser flash photolysis kinetic
profile of SDHWT and the IET rate constants of SDHR55M,
SDHR55Q, and SDHR55K provides essential benchmark data
for evaluating the role of R55 in the pathway for IET in
SDH. By implication, these results for SDH which has a
locked interaction between the Mo and heme domains should
also enable the mechanistic role of R160 in HSO and
inherited SO deficiency to be addressed. In addition, we
provide laser flash photolysis kinetic data on the effects of
anion inhibition on SDHR55Q. Anions are known to effectively
inhibit IET in SO (23-25).

MATERIALS AND METHODS

Molecular Biology. The generation of SDHR55M has been
reported previously (26). SDHR55Q and SDHR55K were gener-
ated by using primer pairs R55Q_fwd (GAC GCC TTC TTC
GTG CAG TAC CAT CTC GCC GGT) and R55Q_rev
(ACC GGC GAG ATG GTA CTG CAC GAA GAA GGC
GTC), and R55K_fwd (GAC GCC TTC TTC GTG AAG
TAC CAT CTC GCC GGT) and R55K_rev (ACC GGC
GAG ATG GTA CTT CAC GAA GAA GGC GTC) essen-
tially as described in ref 27. The presence of the mutations
was verified by DNA sequencing at all stages of cloning.

Protein Purification. SDHR55M, SDHR55Q, and SDHR55K

were expressed in Rhodobacter capsulatus and purified using
previously developed procedures for SDH proteins (28).

Steady State Assays. Extensive studies with SDHWT and
SDHR55M have been published (26). Steady state data for
SDHR55Q and SDHR55K were obtained using the same
protocols.

Laser Flash Photolysis. The pH profile laser flash pho-
tolysis studies with SDHWT, SDHR55M, SDHR55Q, and
SDHR55K were carried out at pH 6.0, 5.5, and 5.1 in 20 mM
Bis-Tris acetate buffer; 300 µL of buffer containing an ∼90
µM freshly prepared 5-deazariboflavin (dRF) solution was
made anaerobic by bubbling with argon gas for ∼2 h. A
concentrated drop of protein was deaerated by blowing argon

FIGURE 1: (a) Crystal structure of SDH showing that the SorB
subunit (red) and the SorA subunit (blue) are tightly bound. The
distance between the heme iron atom (green) located in the SorB
subunit and the Moco molybdenum atom (purple) in the SorA
subunit is ∼16.6 Å. (b) Active site of SDHWT showing the Moco
(Mo colored green) and heme (Fe colored red) cofactors and
conserved residues H57, R55, C104, and Y236 (Protein Data Bank
entry 2bpb).
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gas across its surface and was then mixed into the dRF buffer.
Data were collected at room temperature for protein con-
centrations of 10, 15, and 20 µM to ensure that the rate
constant was independent of protein concentration, as
expected for an intramolecular reaction.

The sulfate inhibition experiments were performed using
the same buffers mentioned above with a SDHR55Q protein
concentration of 10 µM. Data were collected at sulfate
concentrations of 0, 25, 50, and 100 mM. In these experi-
ments, a concentrated drop of sulfate solution was deaerated
and then mixed into the dRF solution. The data were
collected at room temperature, and the addition of sulfate
did not change the pH of the buffer.

The effect of 0, 12.5, 25, 50, and 100 mM acetate [added
from a 1.6 M stock solution of sodium acetate buffer (pH
5)] on IET was tested at pH 5 in 20 mM Bis-Tris acetate
buffer that contained 10 µM SDHR55Q as described above.

The intramolecular electron transfer rates were determined
by laser flash photolysis, using a previously described
procedure (17-19). A nitrogen-pumped dye laser (7 mJ, 10
ns/pulse, λ ) 398 nm) excited 5-deazariboflavin (dRF) to
the triplet state (eq 1). The 3dRF was then reduced to the
semiquinone radical (dRFH•) by semicarbazide (AH2 in eq
2). The radical reduced the heme from Fe(III) to Fe(II), as
seen by an increased absorbance at 553 nm (eq 3). A decrease
in absorbance followed as Fe(II) transferred an electron via
IET to Mo(VI), and an equilibrium was reached between
the Mo(VI)Fe(II) and Mo(V)Fe(III) forms of the enzyme
(eq 4).

dRF98
hν

3dRF (1)

3dRF+AH2f dRFH• +AH• (2)

dRF• +MoVIFeIIIf dRF+MoVIFeII (3)

MoVIFeII {\}
kf

kr

MoVFeIII (4)

The IET rate constant can be calculated by fitting the heme
reoxidation curve with an exponential function (eq 5) where
the IET rate constant is the sum of the forward and reverse
electron transfer rate constants (kf and kr, respectively, in
eq 6).

dA553

dt
) a+ bexp(-kett) (5)

ket ) kf + kr (6)

The equilibrium constant can then be calculated using the
parameters a and b, which are determined from the kinetic
traces.

a)Ao

kr

ket
)Ao

kr

kf + kr
(7)

b)Ao

kf

ket
)Ao

kf

kf + kr
(8)

Keq )
kf

kr
) b

a
(9)

The forward and reverse rate constants (kf and kr,
respectively) of IET can then be calculated from the

equilibrium constant (eq 9), thereby providing quantitative
information about both the forward and reverse rates of
electron transfer in the enzyme. Note that kf in these flash
photolysis experiments is actually the reverse of the physi-
ological IET direction.

RESULTS AND DISCUSSION

Kinetics of IET. Initial laser flash photolysis experiments
with SDHWT performed previously by Feng et al. (18) found
that IET could not be observed at pH 7.4, the pH at which
IET for HSO is generally studied. In SDHWT, IET was
observed only when the pH was lowered to 6 (18) where
the redox potential of Mo(VI) becomes more positive than
that of the heme, allowing electron transfer from Fe(II) to
Mo(VI) (29). In the study presented here, we have extended
this work to the SDH arginine 55 variants that are related to
the HSOR160Q mutation. Typical kinetic traces for SDHWT

and the R55 SDH variants are shown in Figure 2. The overall
rate of IET for SDHWT was found to be unaffected by pH
(Table 1), unlike the equilibrium constant which nearly
doubled as the pH was decreased from pH 6 to 5.1, which
means that the forward rate constant (kf) increased according

FIGURE 2: (Top) Laser flash photolysis kinetic traces of SDHWT,
SDHR55Q, and SDHR55M showing that SDHR55M (red trace) has the
fastest IET kinetics (largest ket) but the smallest Keq. (Bottom) Laser
flash photolysis trace for SDHR55K; note the longer time scale. All
experiments were performed with 20 µM protein in a buffer
containing 20 mM Bis-Tris acetate, 0.5 mM semicarbazide, and
∼90 µM dRF at pH 5.1.

Table 1: Laser Flash Photolysis Kinetic and Equilibrium Data from pH
Profiles

pH 5.1 pH 5.5 pH 6.0

SDHWT ket (s-1) 123 ( 5 124 ( 3 122 ( 5
kf (s-1) 75 ( 3 61 ( 1 56 ( 2
kr (s-1) 48 ( 2 63 ( 1 66 ( 3
Keq 1.57 ( 0.05 0.98 ( 0.02 0.85 ( 0.04

SDHR55Q ket (s-1) 377 ( 22 371 ( 20 293 ( 20
kf (s-1) 165 ( 10 150 ( 8 87 ( 6
kr (s-1) 212 ( 12 221 ( 12 206 ( 14
Keq 0.78 ( 0.01 0.68 ( 0.02 0.42 ( 0.02

SDHR55M ket (s-1) 535 ( 44 460 ( 51 217 ( 25
kf (s-1) 100 ( 8 95 ( 10 33 ( 4
kr (s-1) 435 ( 35 365 ( 40 184 ( 20
Keq 0.23 ( 0.03 0.26 ( 0.03 0.18 ( 0.01

SDHR55K ket (s-1) 15 ( 0.7 16 ( 1.7 -
kf (s-1) 5.6 ( 0.3 4 ( 0.4 -
kr (s-1) 9.4 ( 0.4 12 ( 1 -
Keq 0.59 ( 0.02 0.34 ( 0.03 -
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to eq 7. It is important to note that the forward reaction in
laser flash experiments is in the opposite direction of enzyme
turnover. The overall IET rate constant, however, remained
unaffected by pH due to a corresponding decrease in the
reverse rate constant (see also Figure 3A). The value of ket

at pH 6 was about twice as large as kcat under these conditions
(26), confirming that IET is not the rate-limiting step for
SDHWT (18).

The SDHR55Q variant has the same Arg to Gln substitution
that is observed in the fatal disease sulfite oxidase deficiency
(R160Q) in humans. HSOR160Q shows a markedly decreased
IET rate constant compared to that of HSOWT (by a factor
of almost 400-fold), suggesting that the electrostatic effects
of this residue are important for IET to occur in HSO (22).
However, for SDHR55Q, Table 1 shows that ket is ∼3 times
larger than that for SDHWT. Both Keq and ket were mildly
pH dependent. The forward IET rate constant increased with
a decrease in pH, but the reverse rate constant was unchanged
across the pH range. Keq increased with a decrease in pH,
with a 2-fold increase in Keq at pH 5.1 compared to that
observed at pH 6. Note that the Keq trend obtained in
SDHR55Q is the same trend observed in SDHWT. The SDHR55Q

variant has lost a positive charge at the active site, but the
oxygen atom of the Gln residue can hydrogen bond to nearby
proton donors and water molecules at the active site.

The replacement of Arg55 with Met, which cannot have
hydrogen bonding interactions, had an interesting and
unexpected effect on the IET rate (Table 1). For SDHR55M,
the IET rate constant was 2-fold larger than in SDHWT at
pH 6. Furthermore, the rate became pH-dependent and
increased as the pH was lowered. At pH 5.1, the IET in
SDHR55M was found to be 4-fold faster than in SDHWT.
Additionally, for SDHR55M, the IET rate constant became pH-

dependent but Keq became approximately pH independent,
the opposite of what was observed in SDHWT. Therefore,
for SDHR55M, both the forward and reverse IET rate constants
increased with a decrease in pH. This raises the possibility
that SDHR55M has a more efficient tunneling pathway for IET
(21).

The recently published crystal structure of SDHR55M shows
a dramatic change in the active site compared to SDHWT.
The M55 residue is bent away from the active site, and the
position previously occupied by R55 in SDHWT is empty
(Figure 4B) (26). This structural result and the IET experi-
ments suggest that the positive charge of the R55 side chain
actually decreases the IET rate by its location in the region
between the heme and the molybdenum and also modifies
the Keq. We have previously pointed out that an altered proton
environment about the molybdenum center may affect the
electronic coupling between the Mo(VI/V) and Fe(III/II)
centers and thereby change the kinetics of IET (27). A
theoretical analysis of aqueous tunneling pathways for
electron transfer between redox cofactors in two separate
protein domains showed that the rates of electron transfer
are highly dependent on the structure of the intervening water
molecules at their interface (30). A change in the structure
of the water molecules between the Mo and heme cofactors
could be a factor in the higher IET rate for SDHR55M

compared to that of SDHWT.
Another feature of the SDHR55M structure that differs from

SDHWT [and from both SDHY236F (27) and SDHH57A (26)] is
the association of a sulfate anion with the active site (Figure
4A). When crystallized in the presence of sulfate, the
structures of CSOWT and the Mo domain of CSOR138Q also
show sulfate associated with the active site (15, 16). There
is no crystal structure available for SDHR55Q, but pulsed EPR
studies following reduction with 33S-labeled sulfite show that
this variant has sulfate coordinated to the Mo atom (A. V.
Astashkin, T. D. Rapson, U. Kappler, and J. H. Enemark,
unpublished experiments). The presence of sulfate either
loosely associated with the active site (SDHR55M) or directly
coordinated to the Mo (SDHR55Q) may have implications for
the IET behavior of these variants. This was tested in the
experiments described below.

A laser flash photolysis sulfate inhibition experiment was
performed to test if the active site of SDHR55Q was altered
substantially enough so that the enzyme had increased
sensitivity to small anions in solution. SDHWT does not show
any inhibition of IET at sulfate concentrations as high as 55
mM (18). When this same experiment was performed on
SDHR55Q, there was a distinct decrease in the IET rate

FIGURE 3: (A) pH profiles of SDHWT, SDHR55Q, and SDHR55M.
SDHWT shows no pH dependence and a rate constant of ∼120 s-1.
Both SDHR55Q and SDHR55M show pH dependence and rate
constants much higher than that of SDHWT across the pH range.
(B) Sulfate inhibition experiment with SDHR55Q showing that the
IET rate constant decreases with an increase in sulfate concentration
at several pH values, a trend not observed in SDHWT.

FIGURE 4: (A) SDHR55M with sulfate bound in the active site. (B)
Overlay of the active sites of SDHWT (cyan) and SDHR55M (purple).
For SDHWT, the R55 residue (blue) has its side chain extending
into the active site. In SDHR55M, the M55 residue (red) is bent away
from the active site, leaving the position occupied by R55 empty
(Protein Data Bank entry 2ca3).
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constant at pH 5.1, 5.5, and 6.0 in the presence of sulfate
(Table 2 and Figure 3B). The sulfate inhibition effects are
similar to what was observed with chicken SO (24); i.e., at
high concentrations of sulfate (10000-fold excess of sulfate
over enzyme concentration), the rate constants decreased
appreciably. This shows that although the sulfate bound in
the active site does not completely inhibit the enzyme, when
sulfate is bound the enzyme is in a less active state.
Presumably, when the sulfate dissociates, activity is restored.

To test if the IET sulfate inhibition was the result of
nonspecific electrostatic interactions that result from a high
ionic strength, a laser flash photolysis inhibition study was
performed using acetate as the anion. There was no change
in the IET rate constant with an increase in acetate
concentration until the acetate concentration reached 100
mM, a 10000-fold excess of acetate over enzyme, at which
concentration an approximately 20% decrease was observed.
This shows that like HSO and CSO, the sulfate anion
inhibition in SDHR55Q is a specific interaction in the active
site, whereas larger anions such as acetate have no effect on
IET except at very high concentrations where nonspecific
ionic strength effects may occur (23).

In view of the enhanced IET rates for SDHR55M and
SDHR55Q, the SDHR55K variant was prepared to further
explore the effect of the positive charge of R55 on both IET
rates and steady state kinetics. Table 1 and Figure 2 show
that the SDHR55K variant has IET rates which are much
slower than those of SDHR55M and SDHR55Q. This behavior
of SDHR55K contrasts with that of the analogous R160K
variant in HSO, which exhibits much faster IET rates than
HSOR160Q. The overall rate of IET for SDHR55K was
unchanged as the pH was varied from 5.1 to 5.5, similar to
the trend observed for SDHWT. The IET rate constant for
the SDHR55K variant at pH 6.0 could not be determined
reliably. The forward IET rate constant decreased with an
increase in pH, whereas the reverse IET rate constant
increased, thereby resulting in an approximately 2-fold
increase in Keq with a decrease in pH. The IET data for
SDHR55K further support the hypothesis that a primary role
of the positive charge of R160 in HSO is to aid in docking
the negatively charged propionate groups of the heme
domain. The steady state kinetics of SDHR55K (Table 3) show
smaller values of kcat,app and larger values of KMsulfite,app

compared to those of SDHWT. The catalytic efficiency (kcat/
KMsulfite) of SDHR55K is ∼2 orders of magnitude smaller than
that of SDHWT but 2 orders of magnitude larger than that of
the SDHR55M or SDHR55Q variant, each of which lacks a
positive charge at the active site. SDHR55M and SDHR55Q also

have much larger values of KMsulfite,app than SDHR55K,
consistent with the proposal that the positively charged R55
plays an important role in substrate binding and product
release (26). No crystal structure of SDHR55K is yet available
to evaluate the hydrogen bonding interactions of 55K within
the active site.

All three SDH variants exhibit values of Keq smaller than
that of SDHWT (Table 1) at all pH values. These data indicate
that for these variants eq 4 is shifted to the left relative to
SDHWT, which implies changes in the reduction potentials
of the components. The shift in equilibrium could result from
the Mo(VI/V) couple becoming less positive, from the Fe(III/
II) couple becoming more positive, or from complicated
changes involving both metal centers. Unlike the situation
for SDHWT (31), repeated attempts to directly measure the
reduction potentials of the metal centers of the SDH R55
variants by protein film voltammetry (PFV) (32) were
unsuccessful, thereby preventing a direct electrochemical
analysis of the changes in the molybdenum and heme
potentials. Measurement of the Mo(VI/V) potentials by EPR
titrations (27) was also not feasible because of the large
amount of protein required. An additional complication of
EPR titrations is that freezing the solutions can change the
pH and thereby change the potential (Table 1). However,
the values of Keq in Table 1 enable the potential difference
between Fe(III/II) and Mo(VI/V) (∆ε0) to be determined for
the overall reaction of eq 4 for each variant at each pH.
Additionally, UV-vis titration experiments show that the
heme Fe(III/II) potential is little affected by the R55
substitutions (T. D. Rapson, U. Kappler, and P. Bernhardt,
unpublished data). Thus, combining ∆ε0 for the overall
reaction with the known value of the heme reduction potential
(∼200 mV) enables the potential of the Mo(VI/V) couple
to be calculated for each set of conditions in Table 1. The
largest value of Keq is 1.57 for SDHWT at pH 5.2. This gives
a ∆ε0

reaction of 12 mV and a Mo(VI/V) potential of 196 mV.
It must be pointed out that the Mo(VI/V) potential determined
for SDHWT at pH 5.2 by direct voltammetry (381 mV) (31)

Table 2: Laser Flash Photolysis Kinetic and Equilibrium Data Obtained from Sulfate Inhibition Experiments on SDHR55Q

0 mM sulfate 25 mM sulfate 50 mM sulfate 100 mM sulfate

pH 5.1 ket (s-1) 372 ( 24 260 ( 21 161 ( 12 128 ( 12
kf (s-1) 154 ( 10 100 ( 8 49 ( 4 42 ( 4
kr (s-1) 218 ( 14 160 ( 13 112 ( 8 86 ( 8
Keq 0.71 ( 0.01 0.62 ( 0.06 0.44 ( 0.03 0.48 ( 0.03

pH 5.5 ket (s-1) 313 ( 30 225 ( 20 212 ( 26 168 ( 26
kf (s-1) 91 ( 9 56 ( 5 35 ( 4 24 ( 4
kr (s-1) 222 ( 21 159 ( 15 177 ( 22 144 ( 22
Keq 0.41 ( 0.03 0.35 ( 0.06 0.2 ( 0.04 0.17 ( 0.02

pH 6.0 ket (s-1) 228 ( 21 188 ( 25 158 ( 28 21 ( 6
kf (s-1) 58 ( 5 35 ( 5 22 ( 4 2 ( 0.6
kr (s-1) 170 ( 16 153 ( 20 136 ( 24 19 ( 5
Keq 0.34 ( 0.03 0.23 ( 0.004 0.16 ( 0.01 0.13 ( 0.03

Table 3: Steady State Assays

pH
KMsulfite

(µM)
kcat

(s-1)
kcat/KMsulfite

(M-1 s-1) ref

SDHWT 6.0 0.6 ( 0.01 63.5 ( 2.2 1.1 × 108 26
8.0 22 ( 0.3 345 ( 11 1.6 × 107

SDHR55Q 6.0 2250 ( 247 41 ( 1.5 1.8 × 104 this work
8.0 39200 ( 17800 108 ( 35 2.8 × 103

SDHR55M 6.2 1087 ( 260 64 ( 3.9 5.9 × 104 26
7.9 8170 ( 1370 73.4 ( 4.8 3.3 × 103

SDHR55K 6.0 8.9 ( 1.4 17 ( 0.61 1.9 × 106 this work
8.0 230 ( 22 160 ( 7 7.0 × 105
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is much larger than that calculated here. Although the reason
for the large difference between the Mo(VI/V) potentials
determined through PFV and potentiomery is not known at
present, it should be remembered that the two techniques
are fundamentally different. A PFV measurement requires
adsorption of the protein on an electrode surface and, in the
case of SDHWT, immobilized within a surfactant film. Due
to differences in solvation of the redox cofactors and perhaps
protein conformational changes caused by adsorption in a
PFV experiment, the apparent redox potentials do not
necessarily mirror those determined in solution using redox
potentiometry. Further intrinsic difficulties in PFV potential
measurements include the reproducibility of the graphite
electrode surface and the low signal-to-noise ratio. Nonethe-
less, PFV studies of SDH show electrocatalytic oxidation
of sulfite (31). This result indicates that both metal cofactors
of SDH remain associated with the protein within the
surfactant film. For chicken SO, the potential of the heme
center was successfully determined by PFV, and the elec-
trocatalytic oxidation of sulfite was studied even though the
molybdenum potential could not be observed (33). Redox
potentiometry is a less invasive, solution-based measurement
in which spectral changes accompanying reduction and
oxidation support the assignment of each oxidation state,
highlighting an inherent and unavoidable drawback of PFV.
However, the nearly equipotential Mo(VI/V) and Fe(III/II)
couples found here are consistent with facile IET as well as
transfer to cytochrome c. The smallest value of Keq is 0.18
for SDHR55M at pH 6.0, which gives a ∆ε0

reaction of -44 mV
and a Mo(VI/V) potential of 156 mV.

Mechanistic Considerations. The oxidation of sulfite by
SDH is a two-electron process. The catalytic cycle proposed
for SDH (26) is analogous to that originally suggested for
SO (3, 34). Oxidized SDH [Mo(VI)] reacts with sulfite to
form reduced SDH [Mo(IV)] and the product (sulfate). Two
subsequent sequential one-electron oxidations then return the
Mo center to the Mo(VI) form. These one-electron oxidation
steps involve IET to the heme domain of the enzyme which
in turn is oxidized by exogenous cytochrome c. However,
these studies of the R55 variants of SDH suggest that other
catalytic pathways also need to be considered for SDH and
other sulfite-oxidizing enzymes.

Scheme 1 presents a more general view of sulfite oxidation
catalyzed by SDH and the possible pathways available for
the enzyme-substrate complex to ultimately form product
(sulfate) and the reoxidized Mo(VI) state of the enzyme. The
prevailing view (3, 19, 34) has been that the reaction
proceeds by release of sulfate from the enzyme-substrate
complex (k2) followed by two sequential one-electron oxida-
tions of the Mo center (k4 and k7). This entire sequence is
colored red in Scheme 1.

A second possibility would be for the enzyme-substrate
complex to be oxidized by one electron (k3 in Scheme 1)
followed by product dissociation (k5) and then oxidation by
one electron (k7). This sequence is colored blue. For SDHWT

and the R55 variants, IET rates are significantly faster than
catalytic turnover which strongly supports the second
pathway colored blue as the dominant one for SDH. Direct
evidence for a one-electron oxidized enzyme-substrate
complex, i.e., the MoV(OSO3

2-) species of Scheme 1, has
been obtained from pulsed EPR studies of HSOR160Q that
has been reduced by sulfite labeled with 33S (I ) 3/2) (35).

A third possibility of Scheme 1 is for the enzyme-substrate
complex to be oxidized by two electrons to Mo(VI) (k3 and
k6) before release of sulfate (k8), as shown in the pathway
colored black. The kinetics of the SDHY236F variant are
consistent with this pathway. This variant is catalytically
competent even though it does not exhibit IET by flash
photolysis (steps k7 and k-7) (27).

Scheme 1 was developed from considering kinetic data
for several SDH variants. However, since Scheme 1 focuses
solely on the Mo atom oxidation state and the release of
sulfate from the enzyme-substrate complex, it should also
be applicable to SO from animal and plant sources. During
catalytic turnover, more than one of the pathways of Scheme
1 may be operative, which would complicate interpretation
of kinetic results. Changing the pH or ionic strength and
mutating residues around the active site could alter which
pathway is more favorable. It was previously suggested that
the two conformations of the heme propionate groups in the
crystal structure of SDHR55M might result in more than one
catalytic pathway (26). Scheme 1 enables such a proposal
to be rationalized.

For SDH and vertebrate SO, the IET step that has been
studied by flash photolysis relates the Mo(VI) and Mo(V)
forms of the enzyme in the absence of substrate (or product).
Thus, k7 and k-7 of Scheme 1 correspond to kr and kf of eq
6, respectively. As noted earlier, IET is usually much faster
than turnover and not the rate-determining step. However,
SDH provides a naturally occurring protein system with a
fixed arrangement of donor and acceptor in which the
intervening medium of amino acid residues and hydrogen
bonds can be systematically varied by site-directed mutagen-
esis to provide important insights concerning IET.

CONCLUSION

SDHR55M and SDHR55Q are the first active site variants of
any sulfite-oxidizing enzyme to exhibit an increased IET rate
constant. This is especially surprising because the equivalent
HSOR160Q variant shows a dramatic decrease in the IET rate

Scheme 1: Possible Reaction Pathways for the Catalytic
Oxidation of Sulfite by SDH or SOa

a For the sake of simplicity, the enzyme and substrate are depicted
as MoVIO and SO3

2-, respectively. The pathways differ in the sequence
of steps which transform the enzyme-substrate complex,
MoIV(OSO3

2-), into product (sulfate) and the reoxidized Mo(VI) state
of the enzyme. The pathway colored red is the one commonly proposed,
in which product release precedes reoxidation of the enzyme. For the
pathway colored blue, the enzyme-substrate complex is oxidized by
one electron prior to product release. For the pathway colored black,
the enzyme-substrate complex is oxidized by two electrons prior to
product release. See the text for additional discussion.
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constant. These results indicate that the conserved active site
arginine residue found in SDH and SO is not a required part
of the electron transfer pathway between the heme and Moco,
while being consistent with the positive charge influencing
the docking between the heme and molybdenum domains
in SO (22). However, the IET kinetics presented here for
SDHWT and the R55 variants do not distinguish between the
two previously proposed IET pathways: (1) a hydrogen
bonding network involving R55 and the heme propionate
groups and (2) a series of aromatic residues between the
redox centers (7). Clearly, the results for R55 and K55 show
that the presence of a positive charge at this position
influences IET in SDH in a negative way, and this may be
important in regulating electron transfer. For example, a
positively charged residue at position 55 near the active site
could affect IET by controlling the Mo(VI/V) potential.
Another possibility is that the positive charge affects the local
water structure and hence the aqueous electron tunneling
pathways between the two redox centers (30). Previous
kinetic studies of SDH catalysis have shown that the R55
residue is important for effective substrate binding, and the
KMsulfite,app for SDHR55M is 2-3 orders of magnitude larger
than that for SDHWT. Consistent with these earlier studies,
KMsulfite,app for SDHR55K is only a factor of ∼10 larger than
that for SDHWT (Table 3).

SDH variants with substitutions of aromatic amino acids
along the second proposed pathway for IET (7) have not
been systematically investigated. However, the SDHY236F

variant exhibited reduced turnover rates and substrate affinity,
and no quantifiable IET was seen in laser flash photolysis
experiments (27). Substitution of the active site tryptophan
that is conserved in sulfite-oxidizing enzymes (W231 in
SDH) could have interesting IET consequences because very
recent studies show that tryptophan residues can play a key
role in hopping mechanisms of IET (36).

Biological electron transfer remains an area of intense
experimental and theoretical interest. Recent theoretical
studies have emphasized that constructive and destructive
interference among multiple pathways can play a major role
in the overall rate of electron transfer in proteins. In one
such study, it was found that methionine provides an efficient
pathway for electron transfer (37-39), a result that is
reminiscent of what we observed in this work for SDHR55M.
The importance of protein dynamics in electron transfer rates
is also receiving an increased level of attention. A very recent
theoretical paper indicated that fluctuation contributions
dominate the tunneling mechanism in proteins at distances
beyond 6-7 Å. Nonetheless, the protein fold is “remem-
bered” by the electronic coupling, and structure remains a
key determinant of electron transfer kinetics (40). We
reiterate that SDH is a naturally occurring protein system
with a fixed arrangement of donor and acceptor in which
the intervening medium of amino acid residues and hydrogen
bonds can be systematically varied by site-directed mutagen-
esis to provide important insights concerning IET. Finally,
SDH provides a model for the proposed docking of the
molybdenum and heme domains of human SO during
catalysis. Thus, studies of SDH may also provide insight
concerning mutations of human SO that lead to fatal sulfite
oxidase deficiency.
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