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Chicken Liver Sulfite Oxidase. Kinetics of Reduction by Laser-Photoreduced
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ABSTRACT: Laser flash photolysis was used to study the reaction of photoproduced 5-deazariboflavin (dRFH-),
lumiflavin (LFH-), and riboflavin (RFH-) semiquinone radicals with the redox centers of purified chicken
liver sulfite oxidase. Kinetic studies of the native enzyme with dRFH. yielded a second-order rate constant
of 4.0 X 108 M~ 57! for direct reduction of the heme and a first-order rate constant of 310 s! for intra-
molecular electron transfer from the Mo center to the heme. The reaction with LFH- gave a second-order
rate constant of 2.9 X 107 M~ 57! for heme reduction. Reoxidation of the reduced heme due to intramolecular
electron transfer to the Mo center gave a first-order rate constant of 155 s™!. The direction of intramolecular
electron transfer using dRFH- and LFH- was independent of the buffer used for the experiment. The different
first-order rate constants observed for intramolecular electron transfer using dRFH- and LFH: are proposed
to result from chemical differences at the Mo site. Flash photolysis studies with cyanide-inactivated sulfite
oxidase using dRFH- and LFH- resulted in second-order reduction of the heme center with rate constants
identical with those obtained with the native enzyme, whereas the first-order intramolecular electron-transfer
processes seen with the native enzyme were absent. The isolated heme peptide of sulfite oxidase gave only
second-order kinetics upon laser photolysis and confirmed that the first-order processes observed with the
native enzyme involve the Mo site. The flash-induced difference spectrum of native sulfite oxidase using
dRFH- and LFH-. resulted in absorbance increases in the 530~570-nm region of the spectrum that were
not present in the static difference spectrum of the enzyme. These absorbances are proposed to be associated
with the Mo center.

Sulﬁte oxidase is a dimeric molybdenum-containing protein
that catalyzes the oxidation of sulfite to sulfate (Rajagopalan,
1980). The enzyme contains two molybdenum-pterin centers
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and two cytochrome b5 type hemes per molecule (Cohen et
al., 1971; Cohen & Fridovich, 1971b; Johnson et al., 1977),
and catalysis occurs at the molybdenum site (Johnson et al.,
1974a,b). Although sulfite oxidase has considerably fewer
redox sites than the kinetically well-studied molybdenum-
containing protein xanthine oxidase [cf. Hille and Massey
(1986)], the transient kinetics of the redox chemistry of the
enzyme have yet to be reported.

The proposed catalytic cycle of sulfite oxidase requires the
fully reduced Mo site to undergo two, one-electron, intramo-
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lecular electron-transfer processes between the molybdenum
and the bs-type heme in order to regenerate a catalytically
active form of the enzyme [cf Rajagopalan (1980)]. Cyanide
inactivation of sulfite oxidase destroys the catalytic ability of
the enzyme by modifying the molybdenum site, whereas
electron paramagnetic resonance (EPR) and absorption studies
on the cyanide-inactivated enzyme show that the bs-like heme
is fully oxidized and unmodified (Coughlan et al., 1980). The
oxidation—reduction potentials of sulfite oxidase have been
measured (Cramer et al., 1980) with the one-electron reduction
potentials EMO(VI)/MO(V) = +38 mV and EFe(III)/Fe(II) = +84 mV,
at pH 7.0.

In order to investigate intramolecular electron transfer in
sulfite oxidase, we have used laser flash photolysis to generate
flavin semiquinones in situ which react with the oxidized redox
sites of the enzyme (Cusanovich & Tollin, 1980; Ahmad et
al., 1982; Tollin et al., 1982; Bhattacharyya et al., 1983). In
such flash photolysis experiments, the concentration of flavin
radical generated in a single flash is sufficiently smaller than
that of oxidized sulfite oxidase so as to ensure that no single
molecule of the enzyme is reduced by more than one electron
and that pseudo-first-order conditions are obtained. This
provides an excellent method to study the catalytically relevant
rates of intramolecular electron transfer between the one-
electron-reduced molybdenum and heme redox sites, as well
as to characterize the interaction of sulfite oxidase with ex-
ogenous reductants. In the studies reported here, we have used
the neutral semiquinone radical forms of lumiflavin (LFH-)
and riboflavin (RFH-) (E,; = —217 mV; Draper & Ingraham,
1968) and the flavin-like molecule 5-deazariboflavin (dRFH-)
(Ep7 = —650 mV; Blankenhorn, 1976), which provide low-
potential reductants for interaction with the redox sites of
sulfite oxidase. We describe below the results of such ex-
periments with native and cyanide-inactivated holoenzyme and
with the isolated heme peptide of sulfite oxidase.

MATERIALS AND METHODS

Sulfite oxidase was isolated from chicken liver according
to the procedure of Kipke et al. (1988). The purified enzyme
used in the experiments had heme to protein ratios (A443:450)
of 0.60 to 0.83. Analyses of representative enzyme prepara-
tions gave Mo:heme ratios of 1.03:1.00. The cyanide-in-
activated enzyme was prepared as described by Coughlan et
al. (1980) by treating the sulfite-reduced enzyme with sodium
cyanide under anaerobic conditions followed by Sephadex G-25
gel filtration. The heme peptide was isolated according to the
procedure of Guiard and Lederer (1977) by isolation of the
chymotrypsin-digested enzyme using Sephadex G-75 chro-
matography. Sulfite oxidase activity was assayed as described
by Cohen and Fridovich (1971a) by measuring the reduction
of cytochrome ¢ [0.2 M tris(hydroxymethyl)aminomethane
(Tris), pH 8.5, with 0.1 mM ethylenediaminetetraacetic acid
(EDTA), 0.2 mM cytochrome ¢, and 40 mM sodium sulfite].
The activity measurements were carried out at 25 °C using
a Uvikon 810 spectrophotometer. The concentration of sulfite
oxidase active centers was determined spectrophotometrically
by using €4;3,m = 99.9 mM~! ecm™! for the oxidized form as
reported by Cohen and Fridovich (1971a). The concentration
of the heme peptide was determined spectrophotometrically
using this sulfite oxidase heme molar extinction coefficient.

All kinetic experiments were carried out at ambient tem-
perature (23-25 °C) anaerobically in cuvettes sealed with
serum stoppers which were deaerated by bubbling with
water—saturated argon gas. The buffer used for the kinetic
experiments was 20 mM potassium phosphate and 10 mM
ethylenediaminetetraacetic acid (EDTA) with the appropriate
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FIGURE 1: Phototitration difference spectrum (steady-state conditions)
of sulfite oxidase using illumination from a microscope light at 20-s
intervals. The solution contained 7 uM sulfite oxidase in the presence
of 10 uM deazariboflavin under anaerobic conditions. The buffer
used was 20 mM potassium phosphate, pH 7.0, with 1.0 mM EDTA.
(Inset) Difference spectrum of sulfite oxidase, 4.6 uM, upon dithionite
reduction under aerobic conditions. The buffer was 10 mM potassium
phosphate, pH 7.0, with 0.10 mM EDTA.

flavin (=70 uM) at pH 7.0. Laser photoexcitation was carried
out with a nitrogen laser-pumped dye solution [2,5-bis[2-(5-
tert-butylbenzoxazolyl)]thiophene, A, 436 nm] for both lu-
miflavin and riboflavin, as previously described (Cusanovich
& Tollin, 1980). For 5-deazariboflavin, the dye laser was a
1.2 mM solution of 1,4-bis(2-methylstyryl)benzene in p-di-
oxane as described previously (Bhattacharyya et al., 1983).
The kinetic data were plotted according to the change in signal
(AS) as a function of time. This is equivalent to a A4 plot
since the signal changes produced in the sample were small
(A4 < 0.01). The MEDAS data analysis program (EMF
Software, Baltimore, MD) was also used to fit some of the
biphasic decay curves, with results comparable to those ob-
tained by using hand-fitting.

RESULTS

Flash-Induced Difference Spectrum of the Native Enzyme.
The visible spectrum of oxidized sulfite oxidase is dominated
by the bs-like heme prosthetic group of the enzyme. The
spectrum of the molybdenum fragment from rat liver sulfite
oxidase (Johnson & Rajagopalan, 1977) revealed a relatively
weak absorbance for both oxidized [Mo(VI)] and reduced
[Mo(V)] forms of the chromophore. The extinction coeffi-
cients for these absorbances are about an order of magnitude
smaller than the values for the heme, and therefore, the mo-
lybdenum is not readily detectable in the intact enzyme by
visible absorption spectroscopy. Thus, the change in absor-
bance at a fixed wavelength upon reduction of sulfite oxidase
under steady-state conditions is dominated by the difference
between the oxidized and reduced heme.

Steady-state photoreduction of sulfite oxidase with dRFH-
using a microscope illuminator resulted in a difference spec-
trum equivalent to that obtained by dithionite reduction under
similar conditions (Figure 1). However, the flash-induced
difference spectrum of the enzyme obtained with dRFH. at
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FIGURE 2: Flash-induced difference spectrum (oxidized minus reduced)

observed at 3 ms (X) and 100 ms (®) after the laser flash for 10 uM

sulfite oxidase in the presence of 100 uM S-deazariboflavin. The buffer

conditions were 20 mM potassium phosphate, pH 7.0, with 10 mM

EDTA.
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FIGURE 3: Flash-induced difference spectra (oxidized minus reduced)
observed at 60 ms after the laser flash for 10 uM sulfite oxidase (@)
and 20 M sulfite oxidase heme peptide (O) in the presence of 47
uM lumiflavin. The buffer conditions were as described in Figure
2. The data were normalized at 585 nm.

3 and 100 ms after the laser flash (Figure 2) showed a rela-
tively large positive absorbance in the spectral region 510-580
nm. This suggests that the reduced heme is overlayed by a
transient species, as the steady-state difference spectra isos-
bestic points are lost. The positive absorbances which were
observed under non-steady-state conditions have extinction
coefficients similar to the « band of the heme and thus appear
to be a different species than gives rise to the Mo(V) absor-
bance seen with the isolated molybdenum domain of the rat

KIPKE ET AL.

liver enzyme. The absorption changes in the region of the
heme isosbestic points of the enzyme decayed to the preflash
base line with a first-order rate constant of 0.18 s7! (data not
shown) and thus indicate the presence of a transient kinetic
product.

The flash-induced difference spectrum of native sulfite
oxidase obtained with LFH. was similar to the difference
spectrum of the heme peptide under the same conditions
(Figure 3), except for a small positive absorbance change
underlying the heme « region of the spectrum. In contrast,
the flash-induced difference spectrum of the heme peptide was
essentially the same as the static difference spectra of both
the native enzyme and the heme peptide. The flash-induced
difference spectrum of the native enzyme gave a 8 (527 nm)
to « (556 nm) ratio of 0.08, which is considerably less than
the expected value of 0.17 obtained under steady-state con-
ditions. The flash-induced difference spectrum of the heme
peptide gave a B:«x ratio of 0.16, which is in good agreement
with the expected steady-state value. The difference spectra
of the native enzyme and the heme peptide in Figure 3 were
normalized to the kinetic data obtained at 585 nm, a wave-
length which gave a sizable negative absorbance change upon
reduction.

The additional positive absorbance changes seen in the
flash-induced difference spectrum of the native enzyme using
LFH. in the 530-560-nm spectral region are smaller in
magnitude relative to the spectral features which can be as-
sociated with the heme. The additional positive spectral
changes observed with both dRFH- and LFH: appear to in-
volve the molybdenum site, because the flash-induced dif-
ference spectrum of the isolated heme peptide of sulfite oxidase
(Figure 3) was similar to that obtained with both the native
enzyme and the heme peptide of sulfite oxidase under
steady-state conditions. It should be noted that, in the absence
of added flavin, no detectable absorption changes were ob-
served upon laser excitation of the sample.

Kinetic Studies of the Native Enzyme with Deazariboflavin.
Two kinetically separable optical transients were observed at
470 nm following laser generation of dRFH. (Figure 4).
Subsequent to the initial rapid increase in absorbance caused
by the formation of the flavin radical by the laser flash (Ed-
mondson et al., 1982), a decay was observed due to oxidation
of the dRFH: (Figure 4A), with the absorbance going below
the preflash base line as expected from both the flash-induced
(Figure 2) and static difference spectra (Figure 1). This
bleaching is clearly biphasic (Figure 4B). The fast phase
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FIGURE 4: Transient absorbance change at 470 nm upon laser flash photolysis of 5 uM sulfite oxidase in the presence of 90 uM 5-deazariboflavin
under anaerobic conditions. The buffer conditions were as described in Figure 2. (A) 3-ms time scale; (B) 20-ms time scale.
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FIGURE 5: Dependence of kg, for 5-deazariboflavin semiquinone decay

upon sulfite oxidase concentration for the fast phase [(X) left y axis]

and the slow phase [(O) right y axis]. Enzyme concentration is

expressed in terms of molar heme concentration.

decay, which was calculated by subtracting the absorbance
contributed by the slow phase from the total absorbance
change, was resolved with short time sweeps (typically 1.5~3
ms; Figure 4A), and the slower process was determined by
using longer time sweeps (15 ms; Figure 4B). In both cases,
linear log A (signal) vs time plots were obtained (data not
shown). The time-resolved difference spectra corresponding
to these two kinetic phases are shown in Figure 2 (3- and
100-ms spectra). In order to elucidate the nature of the two
kinetic processes, the concentration of the enzyme was varied.
The observed rate constant for the fast phase showed a linear
dependence on sulfite oxidase concentration with a calculated
second-order rate constant of (4.0 % 0.5) X 108 M~ s™! (Figure
5). In contrast, the observed rate constant for the slow phase
was concentration independent with a first-order rate constant
of 310 £ 11 s7! (Figure 5) and accounted for approximately
50% of the total signal change observed upon laser flash re-
duction. The fast second-order reaction can be assigned to
the direct reduction of the enzyme by dRFH.. Since a loss
of absorbance occurs at 470 nm in the steady-state difference
spectra, we presume that heme reduction is being monitored
in the transient. The slow process also appeared as a bleach
at this wavelength and is consistent with an intramolecular
electron-transfer reaction, presumably occurring via molyb-
denum, generating additional reduced heme. This implies that
the rate constant for direct molybdenum reduction in the native
enzyme is 2(4.0 £ 0.5) X 10® M~! 57!, On the basis of the
thermodynamic driving force for reduction of the redox sites
of the enzyme, intramolecular electron transfer from Mo(V)
to Fe(III) would be expected to occur. The data shown in
Figure 4B and another similar decay curve (15-ms time scale)
were also fit by using MEDAS software and resulted in the
following average rate constants and signal contributions: k;
=4.1X 108 M 157! (53%); k, = 264 57! (47%). Concentration
dependence studies of the enzyme at various wavelengths
showed that both the observed first- and second-order rate
constants were wavelength independent.

Kinetic Studies of the Native Enzyme with Lumiflavin (LF)
and Riboflavin (RF). LF and RF have identical reduction
potentials (E,,; = -217 mV) but differ in the substituent at
the N(10) position of the flavin. If steric hindrance to re-
duction occurs, the bulky ribityl group of RFH- is expected
to decrease the rate constant for electron transfer to a redox
site relative to LFH. (Meyer et al., 1983). The kinetics of
sulfite oxidase reduction were measured at 585 nm using
photogenerated LFH- (Figure 6A) and RFH- (Figure 6B),
because of the relatively large signal change observed at this
wavelength upon reduction of the enzyme. The signals showed
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FIGURE 6: Transient absorbance changes upon laser flash photolysis
of the enzyme under anaerobic conditions. The buffer conditions were
as described in Figure 2. (A) 15 uM sulfite oxidase in the presence
of 58 M lumiflavin at 585 nm (10-ms time scale). (B) 15 uM sulfite
oxidase in the presence of 78 uM riboflavin at 585 nm (15-ms time
scale). (C) 20 uM sulfite oxidase in the presence of 58 uM lumiflavin
at 550 nm (40-ms time scale).

an initial fast monophasic absorbance change following radical
formation which corresponded to heme reduction (Figure 3).
With both LFH: and RFH-, a slower absorbance change was
also observed which corresponded to heme reoxidation and
which accounted for about 35% of the observed signal change
(data at 550 nm using LFH: shown in Figure 6C). For LFH.,
varying the enzyme concentration resulted in a second-order
rate constant of (2.9 & 0.2) X 10’ M™! s7! for the fast phase,
while for RFH- varying the enzyme concentration resulted in
a second-order rate constant of (1.6 £ 0.3) X 10’ M~! 57! for
the fast phase (Figure 7). These second-order rate constants
can be assigned to the direct reduction of the heme site by the
flavin semiquinones. A steric hindrance to this reduction is
apparent from the smaller rate constant obtained with RFH..
The first-order nature of the heme reoxidation process with
LFH- (monitored at 550 nm) was established by varying the
enzyme concentration. This resulted in a concentration-in-
dependent first-order rate constant of 155 % 11 s™! (Figure
7), consistent with intramolecular electron transfer to the Mo
site. To test the possibility that the heme reoxidation process
was due to traces of dissolved oxygen in the buffer, the enzyme
sample (with flavin) was shaken in air for several minutes.
Subsequent flash photolysis resulted in no change in the rate
constant for heme reoxidation. Kinetic traces of the laser-
reduced enzyme at 585 nm (60-ms time scale) using LFH-
showed an increase in absorbance, subsequent to the second-
order heme reduction process, which corresponded to the
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FIGURE 7: Dependence of k,, for lumiflavin semiquinone decay for
the fast phase (X) and the slow phase (O) upon sulfite oxidase
concentration and the dependence of kg, for riboflavin semiquinone
decay for the fast phase (O) upon sulfite oxidase concentration.
Enzyme concentration is expressed in terms of molar heme concen-
tration.

first-order heme reoxidation process (data not shown). The
kinetics of heme reoxidation were done at wavelengths where
the transient signal was above the preflash base line in order
to minimize the contribution from the heme reduction signal.
The fact that intramolecular heme reduction was observed with
dRFH: and intramolecular heme reoxidation was observed
with LFH- (and RFH.) indicates that the primary reduced
enzyme species formed upon laser photolysis was different for
the two types of flavin. This is consistent with the observation
that the flash-induced transient difference spectra were dif-
ferent for dRFH. and LFH: (Figures 2 and 3) and that sub-
stantially more of a molybdenum-associated transient was
obtained with the former than with the latter. Furthermore,
the observed first-order rate constant for heme reoxidation
obtained with LFH- (155 £ 11 s7!) was different from the
observed first-order rate constant obtained from heme re-
duction using dRFH- (310 & 11 s7!). This implies that the
chemical nature of the species involved in the intramolecular
electron transfer between the Mo and heme sites is dependent
upon the nature of the reductant.

Concentration dependence studies of the enzyme at various
wavelengths using LFH- showed that both the observed sec-
ond-order rate constant for heme reduction and the observed
first-order rate constant for heme reoxidation were wavelength
independent.

Kinetic Studies of Cyanide-Inactivated Enzyme. To con-
firm that the observed first-order rate constant for heme re-
duction obtained with dRFH- and the observed first-order rate
constant for heme reoxidation with LFH- were correctly as-
signed to Mo(V) — Fe(IIl) and Fe(II) — Mo(VI) intramo-
lecular electron transfer, respectively, we investigated the
kinetics of the cyanide-inactivated enzyme under the same
conditions as the native enzyme. It has been shown that
treatment of reduced bovine and rat sulfite oxidase with
cyanide results in a concomitant disappearance of the sul-
fite-generated Mo(V) EPR signal and a loss of catalytic ability,
without effect on the absorption spectrum of the enzyme in

KIPKE ET AL.
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FIGURE 8: Transient absorbance changes upon laser flash photolysis
of (A) 10 uM cyanide-inactivated sulfite oxidase at 470 nm in the
presence of 90 uM 5-deazariboflavin (20-ms time scale), (B) 5 uM
cyanide-inactivated sulfite oxidase at 565 nm in the presence of 48
M lumiflavin (100-ms time scale), and (C) 20 uM sulfite oxidase
heme peptide at 550 nm in the presence of 58 uM lumiflavin (100-ms
time scale). The buffer conditions were as described in Figure 2.

the visible or near-ultraviolet regions (Cohen et al., 1971;
Coughlan et al., 1980). We found that the chicken liver
enzyme had the same properties following treatment of the
reduced enzyme with cyanide.

Reaction of dRFH- with the cyanide-inactivated enzyme
resulted in a fast bleaching at 470 nm, whereas the slow phase
seen with the native enzyme was absent from the kinetic trace
(Figure 8A; compare with Figure 4B). Varying the concen-
tration of the enzyme gave a second-order rate constant of (3.9
+ 0.5) X 108 M1 57!, which is the same within experimental
error as the second-order rate constant for heme reduction
obtained with the native enzyme. The absence of the slow
phase is consistent with the hypothesis that cyanide inactivation
of the molybdenum prevents reduction at this site and results
in the absence of intramolecular electron transfer from Mo(V)
to Fe(III).

Reaction of LFH: with the cyanide-inactivated enzyme
again resulted in a rapid bleaching at 585 nm (not shown),
whereas the heme reoxidation seen with the native enzyme was
absent from the kinetic trace (Figure 8B; compare with Figure
6C). Varying the concentration of the enzyme gave a sec-
ond-order rate constant of (2.7 £ 0.1) X 10" M~! s™! for heme
reduction which was the same, within experimental error, as
the second-order rate constant obtained for heme reduction
with the native enzyme. The absence of heme reoxidation with
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the cyanide-inactivated enzyme using LFH- is consistent with
the hypothesis that the Fe(II) = Mo(VI) intramolecular
electron-transfer process seen with the native enzyme is not
present due to inactivation of the molybdenum site.

Although treatment of the enzyme with cyanide results in
a catalytically inactive Mo site, this would not necessarily
prevent reduction of molybdenum by the photogenerated flavin
radicals. Thus, for the cyanide-inactivated enzyme, the ab-
sence of the observed first-order heme reduction seen with the
native enzyme using dRFH-: and the absence of the observed
first-order heme reoxidation seen with the native enzyme using
LFH- could simply mean that the redox potential of the
cyanide-treated Mo site is shifted to a considerably negative
value relative to the native enzyme. This is consistent with
the observation (Coughlan et al., 1980) that the molybdenum
center in the cyanide-inactivated enzyme exists in an oxidation
state lower than that obtained following the oxo-transfer re-
action during catalysis [Mo(IV)]. In addition, the observation
that the second-order rate constants for heme reduction of the
cyanide-inactivated enzyme were the same as those for heme
reduction of the native enzyme indicates that cyanide inac-
tivation does not alter the heme site. This parallels the ob-
servation that the static visible absorption spectrum of the
cyanide-inactivated enzyme is unchanged relative to the visible
absorption spectrum of the native enzyme.

Kinetic Studies of the Sulfite Oxidase Heme Peptide.
Further confirmation of the assignments of the observed
first-order rate processes seen with the native enzyme as being
due to intramolecular electron transfer between the molyb-
denum and heme redox sites was obtained by flash photolysis
studies of the isolated heme peptide of sulfite oxidase. To date,
efforts to obtain both the molybdenum and heme domains of
sulfite oxidase have succeeded only with the rat liver enzyme
(Johnson & Rajagopalan, 1977). Chymotryptic digestion of
chicken liver sulfite oxidase resulted in the isolation of the heme
domain (M, 11-K) as the first species eluting from a G-75
column, and this species was without a molybdenum domain
as shown by monitoring the fractions for ferricyanide reduction
upon addition of sulfite (Guiard & Lederer, 1977). The ab-
sorption spectra of the oxidized and reduced heme peptide were
identical with those of the native enzyme.

Kinetic studies with the heme peptide using dRFH- showed
both fast and slow pseudo-first-order rates for reduction of the
bs-type heme. However, in contrast to the native enzyme,
varying the concentration of the heme peptide indicated that
both processes were second order. A rate constant of (2.9
0.2) X 108 M~ 57! (data not shown) was obtained for the fast
process, which is smaller than that for the fast second-order
reduction of heme in the native protein [(4.0 % 0.5) X 10® M™!
s71], whereas the slower process had a second-order rate
constant of (1.5 £ 0.1) X 107 M! s7! (data not shown). No
first-order processes were detected, again indicating that the
first-order process observed with the native enzyme involves
the molybdenum site. The fast process accounted for 65% of
the total signal change, while the slow process accounted for
35% of the total signal change. The kinetics of reduction of
the heme peptide by LFH- were monophasic. The second-
order rate constant obtained from a concentration study was
(1.6 £ 0.1) X 10" M 57! (data not shown), which is again
smaller than the second-order rate constant obtained for heme
reduction of the native enzyme. The absence of the observed
first-order reoxidation process seen with the native enzyme
using LFH- (Figure 8C; compare with Figure 6C) indicates
that the heme reoxidation reaction involves the molybdenum
site.

Table I: Rate Constants Obtained with the Native Enzyme,
Cyanide-Inactivated Enzyme, and the Heme Peptide Using the
Reductants dRFH., LFH., and RFH-*

reductant
enzyme form dRFH. LFH: RFH.
native (4005 x (29x02)x (1.6x03)X
108 M1 57! 10" M1 7 10" Mt 57!
310+ 115! 155 + 11 57!
cyanide inactivated (3.9 £ 0.5) X (2.7 £0.1) X
108 M1 57! 10" M1 57!
heme peptide (29+02)x (1.6%0.1) X%
108 M1 57! 10" M1 57!
(1.5 2 0.1) %
10" M1 57!

9 All second-order rate constants are expressed in terms of molar
heme concentration.

The results of these kinetic studies suggest that a structural
alteration of the heme subunit by chymotryptic digestion of
the native enzyme has occurred, as evidenced by the biphasic
second-order kinetics with dRFH: and the reduced rates of
reduction compared with the holoenzyme. The reduction
potential for the cleaved heme subunit of beef liver sulfite
oxidase has also been reported to be decreased relative to the
value obtained with the native enzyme at pH 7 (Cramer et
al., 1980). The additional second-order rate constants seen
with dRFH: but not with LFH. suggest the formation of a
low-potential form of the heme peptide which can be reduced
only by the more strongly reducing deazariboflavin radical.
The rate constants obtained with the native enzyme, the
cyanide-inactivated enzyme, and the isolated heme peptide are
summarized in Table 1.

DiscussioN

The laser flash photolysis experiments described above
clearly demonstrate that two distinctly different intramolecular
electron-transfer processes involving Mo and heme occur in
sulfite oxidase when either deazaflavin or ordinary flavin
semiquinone is used as the reductant. With dRFH: a sec-
ond-order reduction of the heme site was followed by a slower
first-order heme reduction corresponding to intramolecular
electron transfer from Mo(V) to Fe(III). LFH: and RFH-
also reduced the heme site in a second-order manner, but this
was followed by a first-order reoxidation of the heme due to
intramolecular electron transfer from Fe(II) to Mo(VI). These
assignments are supported by flash photolysis studies of
modified sulfite oxidase. The different directions of the ob-
served intramolecular electron-transfer processes in the enzyme
using dRFH: and LFH- can be interpreted in terms of the
chemical and thermodynamic differences between these two
types of flavins. The results using dRFH. indicate that the
Mo site was reduced more readily than the heme site (=4.0
X 108 M1 s71) with this reductant whereas the heme site was
reduced more readily than the Mo site using LFH: as the
reductant. This is inconsistent with the expected second-order
rate constants for reduction of the redox sites based on the
thermodynamic driving force, which predict that with both
dRFH: and LFH- heme reduction would be favored (Meyer
et al., 1983).

5-Deazariboflavin has a central pyridine ring rather than
the pyrazine ring present in lumiflavin, and whereas the latter
acts as a reductant by transferring an electron (Draper et al.,
1968), dRFH: may be able to act as a reductant by both
one-electron transfer and hydrogen atom transfer. All of our
kinetic results indicate that the heme site of the enzyme is not
involved in any chemical reactions with the reductants other
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Scheme I: Proposed Reactions of the Chemical Reductants dRFH- (a) and LFH: (b) with the Redox Sites of Sulfite Oxidase

k,+ 3105+ MOOIOHI >/ Fe2* k,=0.18s""
1 1=0.
111
24/ 3+ _dRFHe 2+ _ 3+ \
(a) M002 I/Fe ————= MOO(OH) I/IFe ) M0022+/F02+
H v
24, 3+ LFHe 2+, 24 k215507 +_ 3¢
) Mo0,2YFe3* T o M00,?"/ Fe2* ————= M00,'/Fe
I v A\'%

than direct one-electron transfer. On the other hand, it is
possible to rationalize our observations by assuming that the
Mo site of the enzyme is responsible for the different chemical
reactivities of the reductants.

Extended X-ray absorption fine structure (EXAFS) data
for sulfite oxidase indicate that there are two oxo atoms in the
oxidized form of the enzyme, whereas in the dithionite-reduced
form only a single terminal oxo atom is present with the other
oxygen atom presumably protonated to the hydroxyl form
(Cramer et al,, 1979, 1981). Data obtained with the EPR-
active Mo(V) state of the enzyme support this observation at
low pH (about pH 6) inasmuch as superhyperfine coupling
is observed in the molybdenum spectrum due to interaction
with a proton, whereas at high pH (about pH 9) the super-
hyperfine splitting is no longer present (Kessler & Rajago-
palan, 1972; Lamy et al., 1980). These low-pH and high-pH
species may arise from a [MoO(OH)]?* core and a [M0O]**
or [MoO,]™* core, respectively (Lamy et al., 1980; Cramer,
1983; Bray et al., 1983). The interconversion of the species
depends upon both pH and chloride concentration (Bray et
al., 1983). However, recent data examining the proton spin—
flip transitions in the Mo(V) EPR of sulfite oxidase indicate
a coupled, exchangeable proton at high pH which is suggested
to arise from an MoOH group (George, 1985) and imply that
a [MoO(OH)]** core is present in both the high-pH and
low-pH forms of the enzyme. Our laser-induced photore-
duction kinetics of sulfite oxidase at pH 7 by dRFH: and LFH:
are consistent with these reductants respectively forming the
[MoO(OH)]** and [MoO,]* cores (vide infra).

An equilibrium exists between the high-pH and low-pH
forms of the Mo(V) state at pH 7 as evidenced by EPR (Lamy
et al.,, 1980). The oxidation-reduction potentials for the
Mo(VI)/Mo(V) and Fe(III)/Fe(II) couples of sulfite oxidase
have been measured both at pH 7 and at pH 9. While the
heme potential has been found to be largely pH independent,
the molybdenum (VI/V) potential shifts to a lower value when
the pH is raised (Cramer et al., 1980). This is expected for
a site with a dissociable proton and indicates that at low pH
the Mo(VI) center is more easily reduced, supporting the data
which show that proton uptake is associated with reduction
of the molybdenum center (Harris & Hellerman, 1956). Thus,
the reported midpoint potential for the Mo(VI)/Mo(V) couple
at pH 7 is for a mixture of the low-pH and high-pH forms
of Mo(V) and would be expected to shift to a more positive
value as the pH is lowered. The one-electron reduction of the
oxidized molybdenum site, [M0Q,]?*, to the [MoO(OH)]**
species should proceed at a redox potential more positive than
the published value at pH 7, and the reduction of [M00Q,]**
to [MoQO,]* would have a redox potential more negative than
the published value at pH 7. The heme potential would be
essentially unaltered.

The ability of dRFH- to function as a reductant by trans-
ferring a hydrogen atom could produce a molybdenum site
with a more positive reduction potential, due to the formation
of the [MoO(OH)]?* species, and may account for the larger

degree of Mo reduction. Conversely, because LFH- functions
as a reductant by transferring an electron, a [MoO,]* species
would result, and the reduction potential of the Mo site would
shift to a more negative value, resulting in heme reduction
being a more favorable process. Scheme I represents the
proposed interaction of the reductants dRFH-: and LFH- with
sulfite oxidase. Reduction of the enzyme with dRFH. (reaction
sequence a) results in the production of forms II and III, with
the ratio of II/III being greater than that expected from the
equilibrium constant value. This leads to intramolecular
electron transfer primarily from the one-electron-reduced Mo
site to the oxidized heme site in form III. The formation of
the final reduced heme species (form IV) would require the
loss of a proton, and this is presumably the slow first-order
bleach (0.18 s7!) noted above. Reduction of the enzyme with
LFH- (reaction sequence b) results in the production of forms
IV and V, with the ratio of IV/V being greater than that
expected from the equilibrium constant value. This results
in intramolecular electron transfer primarily from the reduced
heme site to the oxidized Mo site in form IV. Thus, this
scheme can account for both the different directions of in-
tramolecular electron transfer and the different values for the
first-order rate constants.

Support for the hypothesized low-pH and high-pH forms
of sulfite oxidase and confirmation of the expected relative
redox potentials of these species have been recently obtained
by electrochemical generation of [MoO(OH)]?** and [M0o0Q,]**
using model compounds (Farchione et al., 1986; Hinshaw &
Spence, 1986; Dowerah et al., 1987). Electrochemical data
for the one-electron reduction of [MoQ,)?* give redox potential
values for the generation of the dioxo-Mo(V) species but show
that in the presence of a proton source the [MoO(OH)]?* core
is rapidly formed (Farchione et al., 1986; Hinshaw & Spence,
1986; Dowerah et al., 1987). Electrochemical reduction of
[Mo0,]?* in the presence of a proton source (Dowerah et al.,
1987) results in a reduction potential that is about 200 mV
more positive than the reduction potential obtained in the
absence of a proton source. Although the protonated species
has not been characterized, the positive shift in the value of
the redox potential is consistent with the pH-dependent shift
in the redox potential of the enzyme.

The flash-induced difference spectra of the native enzyme
using dRFH. (Figure 2) and LFH-: (Figure 3) showed ab-
sorbances in the a-band region of the heme spectrum that are
not present in the steady-state difference spectra of the native
enzyme or the heme peptide. The evidence presented above
suggests that these electronic transitions are associated with
the molybdenum site. Furthermore, charge transfer transitions
are indicated because these changes have comparable inten-
sities to the reduced heme « band at 556 nm. According to
Scheme I, this would occur by using dRFH- as a consequence
of the formation of forms II and ITI. Since a different species
would be produced by using LFH-, form V, the different
spectral properties of the transients (Figure 2 and 3) would
be accounted for. Electronic spectral studies of molybde-
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FIGURE 9: Proposed catalytic cycle of sulfite oxidase. The equilibrium
process between the Mo(VI)/Fe(II) and Mo(V)/Fe(III) states of the
enzyme corresponds to the portion of the cycle studied by flash
photolysis.

num(VI) complexes with the [MoO]** core (Wilshire et al.,
1980; McCleverty, 1968) indicate that these complexes can
be intensely colored whereas, in contrast, molybdenum(VI)
complexes with the [MoOQ,]?* core typically exhibited ab-
sorbances in the 250-400-nm region and are not highly colored
(Stiefel, 1977). Molybdenum(V) complexes with the [MoO]**
core (Cleland et al., 1987) and the [MoO,]* core (Dowerah
et al., 1987) have also been shown to absorb visible light. With
dRFH., forms II and III in Scheme Ia would be colored and
contribute to the absorbances seen in the time-resolved dif-
ference spectra at 3 and 100 ms, respectively (Figure 2). The
loss of a proton at the rate of 0.18 s would result in form
IV (Scheme Ia) and account for the bleaching of the transient
signals in the a-band region of the heme spectrum as a result
of forming the presumably colorless [M0Q,]?* core. With
LFH., form V would be responsible for the transient absor-
bance in the a region of the heme spectrum upon flash pho-
tolysis.

Bray and co-workers (Bray et al., 1983) reported that the
Mo(V) EPR spectrum of the enzyme in phosphate buffer
produced a signal that was distinctly different from both the
high-pH and low-pH signals and proposed a phosphate-bound
Mo(V) species. Therefore, flash photolysis kinetics of the
enzyme were also investigated in 10 mM N-(2-hydroxy-
ethyl)piperazine-N’-2-ethanesulfonic acid (Hepes) (pH 7.0)
with 10 mM EDTA. The results were qualitatively similar
to the results obtained in phosphate buffer. When dRFH: was
used, a second-order reduction of the heme site was observed
followed by a first-order heme reduction process [Mo(V) —
Fe(I11)], whereas when LFH: was used, a second-order re-
duction of the heme site was followed by a first-order heme
reoxidation process [Fe(II) — Mo(VI)]. However, the relative
ratios of the fast/slow processes using the two photoreductants
were considerably different from the ratios obtained in
phosphate buffer. Laser photolysis using dRFH- resulted in
a fast:slow ratio of 80:20 (compared to 50:50 in phosphate
buffer), whereas a fast:slow ratio of 35:65 was obtained by
using LFH. (compared to 65:35 in phosphate buffer). This
would suggest that the Mo(VI)/Mo(V) and/or Fe(III)/Fe(II)
reduction potentials of the enzyme have shifted in Hepes buffer
relative to the reduction potentials in phosphate buffer. Be-
cause the kinetic time scale of the flash photolysis experiment
is considerably faster than the time scale used to generate the
Mo(V) EPR signal in phosphate buffer, the factor(s) re-
sponsible for the change in kinetic behavior of the enzyme in

phosphate buffer relative to Hepes buffer cannot be deter-
mined. However, it is important to emphasize that regardless
of whether phosphate buffer or Hepes buffer is used in the
flash photolysis experiment, the direction of intramolecular
electron transfer remains unaltered: i.e., Mo(V) — Fe(III)
using dRFH: and Fe(II) — Mo(VI) using LFH.. This sup-
ports the hypothesis that the direction of intramolecular
electron transfer depends upon the difference between dRFH-
and LFH: as reductants and is consistent with Scheme I.

It has been proposed that the Mo is coordinated to a side
chain of the pterin-containing molybdenum cofactor in sulfite
oxidase (Johnson & Rajagopalan, 1982). Therefore, the
possibility that reduction of the enzyme using dRFH- occurs
at the pterin rather than the Mo site cannot be overlooked.
The reduced pterin moiety could then presumably transfer an
electron intramolecularly to the heme site. The additional
absorbances seen in the flash-induced difference spectra
(Figure 2) could be due to charge transfer transitions from
such a reduced pterin to the molybdenum atom.

The catalytic cycle of sulfite oxidase (Rajagopalan, 1980;
Garner et al., 1982; Figure 9) shows the oxo-transfer reaction
and the electron-transfer processes that regenerate the fully
oxidized, catalytically active enzyme. The intramolecular
electron-transfer rates of 310 and 155 s™! obtained by flash
photolysis correspond to the equilibrium between the Mo-
(VI)/Fe(Il) and Mo(V)/Fe(I1I) states of the enzyme and can
be compared to the k., value of 29 s™! we observe under the
same conditions. However, because the molybdenum ligation
character of sulfite oxidase and that of the enzymatic species
formed during flash photolysis are not known, it is not possible
to determine if our results reflect actual catalytic processes.

ACKNOWLEDGMENTS

We thank Kathleen Gibson for help in purifying enzyme
for these studies and Dr. K. V. Rajagopalan for helpful sug-
gestions concerning the properties and stability of the chicken
liver enzyme.

Registry No. dRFH., 78548-68-2; LFH-, 34533-61-4, RFH.,
35919-91-6; Mo, 7439-98-7; heme, 14875-96-8; sulfite oxidase,
9029-38-3.

REFERENCES

Ahmad, I., Cusanovich, M. A., & Tollin, G. (1982) Bio-
chemistry 21, 3122-3128.

Bhattacharyya, A., Tollin, G., Davis, M., & Edmondson, D.
E. (1983) Biochemistry 22, 5270-5279.

Blankenhorn, G. (1976) Eur. J. Biochem. 67, 67-80.

Bray, R. C., Gutteridge, S., Lamy, M. T., & Wilkinson, T.
(1983) Biochem. J. 211, 227-236.

Cleland, W. E.,, Jr., Barnhart, K. M., Yamanouchi, K., Col-
lison, D., Maabs, F. E., Ortega, R. B., & Enemark, J. H.
(1987) Inorg. Chem. 26, 1017-1025.

Cohen, H. J., & Fridovich, I. (1971a) J. Biol. Chem. 246,
359-366.

Cohen, H. J., & Fridovich, 1. (1971b) J. Biol. Chem. 246,
367-373.

Cohen, H. J., Fridovich, 1., & Rajagopalan, K. V. (1971) J.
Biol. Chem. 246, 374-382.

Coughlan, M. P., Johnson, J. L., & Rajagopalan, K. V. (1980)
J. Biol. Chem. 255, 2694-2699.

Cramer, S. P. (1983) Adv. Inorg. Bioinorg. Mech. 2, 273-281.

Cramer, S. P,, Gray, H. B., & Rajagopalan, K. V. (1979) J.
Am. Chem. Soc. 101, 2772-2774.

Cramer, S. P., Gray, H. B., Scott, N. S., Barber, M., &
Rajagopalan, K. V. (1980) in Molybdenum Chemistry of
Biological Significance (Newton, W. E., & Otsuka, S., Eds.)



2926 BIOCHEMISTRY

pp 157-168, Plenum, New York.

Cramer, S. P.,, Wahl, R., & Rajagopalan, K. V. (1981) J. Am.
Chem. Soc. 103, 7721-77217.

Cusanovich, M. A., & Tollin, G. (1980) Biochemistry 19,
3343-3347.

Dowerah, D., Spence, J. T., Singh, R., Wedd, A. G., Wilson,
G. L., Farchione, F., Enemark, J. H., Kristofzski, J., &
Bruck, M. (1987) J. Am. Chem. Soc. 109, 5655-5665.

Draper, R. D., & Ingraham, L. L. (1970) Arch. Biochem.
Biophys. 139, 265-268.

Edmondson, D. E., Barman, B., & Tollin, G. (1972) Bio-
chemistry 11, 1133~1138.

Farchione, F., Hanson, G. R., Rodrigues, C. G., Bailey, T. D,,
Bagchi, R. N., Bond, A. M., Pilbrow, J. R., & Wedd, A.
G. (1986) J. Am. Chem. Soc. 108, 831-832.

Garner, C. D., Buchanan, I., Collison, D., Mabbs, F. E., Porter,
T. G., & Wynn, C. H. (1982) in Proceedings from the
Fourth International Conference on the Chemistry and Uses
of Molybdenum (Barry, H. F., & Mitchell, P. C. H,, Eds.)
pp 163-168, Climax Molybdenum Co., Ann Arbor, MI.

George, G. N. (1985) J. Magn. Reson. 64, 384-394.

Guiard, B., & Lederer, F. (1977) Eur. J. Biochem. 74,
181-190.

Harris, J., & Hellerman, L. (1956) in Organic Nitrogen
Metabolism (McElroy, W. D., Ed.) pp 565-570, Johns
Hopkins Press, Baltimore, MD.

Hille, R., & Massey, V. (1985) in Molybdenum Enzymes
(Spiro, T. G., Ed.) pp 443-518, Wiley, New York.

Hinshaw, C. J., & Spence, J. T. (1986) Inorg. Chim. Acta 125,
L17-L21.

KIPKE ET AL.

Johnson, J. L., & Rajagopalan, K. V. (1982) Proc. Natl. Acad.
Sci. US.A. 79, 6856-6860.

Johnson, J. L., & Rajagopalan, K. V. (1977) J. Biol. Chem.
252, 2017-2025.

Johnson, J. L., Cohen, H. J., & Rajagopalan, K. V. (1974a)
J. Biol. Chem. 249, 5046-5055.

Johnson, J. L., Rajagopalan, K. V., & Cohen, H. J. (1974b)
J. Biol. Chem. 249, 859-866.

Johnson, J. L., Jones, H. P., & Rajagopalan, K. V. (1977) J.
Biol. Chem. 252, 4994-5003.

Kessler, D. L., & Rajagopalan, K. V. (1972) J. Biol. Chem.
247, 6566-6573.

Kipke, C. A., Enemark, J. H., & Sunde, R. A. (1988) Bio-
chim. Biophys. Acta (submitted for publication).

Lamy, M. T., Gutteridge, S., & Bray, R. C. (1980) Biochem.
J. 185, 397-403.

McCleverty, J. A. (1968) Prog. Inorg. Chem. 10, 49-221.

Meyer, T. E., Przysiecki, C. T., Watkins, J. A., Bhattacharyya,
A., Simondsen, R. P., Cusanovich, M. A., & Tollin, G.
(1983) Proc. Natl. Acad. Sci. U.S.A. 80, 6740-6744.

Rajagopalan, K. V. (1980) in Molybdenum and Molybde-
num-Containing Enzymes (Coughlan, M., Ed.) pp 243-272,
Pergamon, Oxford.

Stiefel, E. I. (1977) Prog. Inorg. Chem. 22, 1-223,

Tollin, G., Meyer, T., & Cusanovich, M. A. (1982) Bio-
chemistry 21, 3849-3856.

Wilshire, J. P., Leon, L., Bosserman, P., & Sawyer, D. T.
(1980) in Molybdenum Chemistry of Biological Signifi-
cance (Barry, H. F., & Mitchell, P. C. H., Eds.) pp
327-344, Climax Molybdenum Co., Ann Arbor, MI.



