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ABSTRACT: Cystathionine �-synthase (CBS) catalyzes the condensation of serine and homocysteine to
cystathionine, which represents the committing step in the transsulfuration pathway. CBS is unique in
being a pyridoxal phosphate-dependent enzyme that has a heme cofactor. The activity of CBS under in
vitro conditions is responsive to the redox state of the heme, which is distant from the active site and has
been postulated to play a regulatory role. The heme in CBS is unusual; it is six-coordinate, low spin, and
contains cysteine and histidine as axial ligands. In this study, we have assessed the redox behavior of a
human CBS dimeric variant lacking the C-terminal regulatory domain. Potentiometric redox titrations
showed a reversible response with a reduction potential of -291 ( 5 mV versus the normal hydrogen
electrode, at pH 7.2. Stopped-flow kinetic determinations demonstrated that Fe(II)CBS reacted with
dioxygen yielding Fe(III)CBS without detectable formation of an intermediate species. A linear dependence
of the apparent rate constant of Fe(II)CBS decay on dioxygen concentration was observed and yielded a
second-order rate constant of (1.11 ( 0.07) × 105 M-1 s-1 at pH 7.4 and 25 °C for the direct reaction of
Fe(II)CBS with dioxygen. A similar reactivity was observed for full-length CBS. Heme oxidation led to
superoxide radical generation, which was detected by the superoxide dismutase (SOD)-inhibitable oxidation
of epinephrine. Our results show that CBS may represent a previously unrecognized source of cytosolic
superoxide radical.

Cystathionine �-synthase (CBS1, EC 4.2.1.22) is a key
enzyme of homocysteine metabolism in mammals. It cata-

lyzes the condensation of homocysteine and serine to form
cystathionine in the first step of the transsulfuration pathway
that leads to cysteine. Mutations in CBS are the single most
common cause of severe hyperhomocysteinemia (1). In-
creased levels of homocysteine in plasma constitute an
independent risk factor for cardiovascular diseases and neural
tube defects (2, 3).

CBS is present in the cytosolic compartment of several
cell types and has also recently been detected in the nucleus
(4). Full-length human CBS has a subunit molecular weight
of ∼63 kDa and exists as a homotetramer or higher order
oligomers. Each polypeptide chain has a modular organiza-
tion that comprises an N-terminal region that binds heme,
followed by a catalytic domain that binds pyridoxal 5′-
phosphate (PLP) and a C-terminal regulatory domain that
binds the allosteric activator, S-adenosyl-L-methionine
(AdoMet) (5, 6). CBS also has a disulfide oxidoreductase
motif that contains the sequence CPGC (7, 8). Limited
proteolysis results in the separation of the C-terminal AdoMet
regulatory domain leading to a more active enzyme and a
change in its oligomeric state to a dimer of 45 kDa subunits
(5). This truncated form of the enzyme is observed in liver
cells challenged with the proinflammatory cytokine, TNFR
(9).
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CBS is the only known PLP-dependent enzyme that also
contains heme (10). The heme in CBS is an unusual iron
protoporphyrin IX with an axial cysteinate ligand (Cys52),
as also seen in cytochrome P450, chloroperoxidase, and nitric
oxide synthase. In addition, CBS heme has as its sixth ligand
a histidine residue (Nε2 of His65) (7). Few examples of
naturally occurring Cys/His liganded proteins exist: SoxAX
of bacterial thiosulfate oxidation (11), a cytochrome bound
to the photosynthetic reaction center from R. sulfidophilum
(12), the nuclear receptor E75 from Drosophila (13), and
the heme-regulated inhibitor HRI (14). Ferric CBS exhibits
a heme Soret peak at 428 nm, which shifts to 449 nm in the
ferrous state (15). In both the oxidized and reduced states,
the heme is six-coordinate and low spin. The function of
the heme in CBS remains unknown. A catalytic role in the
PLP-mediated enzymatic mechanism was initially excluded
by spectroscopic studies and is consistent with its absence
from the highly homologous yeast enzyme, which catalyzes
the same reaction (16, 17). This was confirmed by the crystal
structure, which reveals that the heme and PLP are ∼20 Å
apart (7, 8). Several point mutations in the heme binding
site have been identified in patients with hereditary hyper-
homocysteinemia, revealing that changes in the heme
environment modulate enzyme activity and/or stability (18–21).

A redox sensor role has been proposed for the heme in
CBS since its reduction is correlated with a 50% decrease
in the enzyme activity (15). A physiological rationale for
this is the role of the transsulfuration pathway in provision
of cysteine, the limiting reagent in the synthesis of glu-
tathione. Thus, under oxidizing conditions, when glutathione
pools are diminished, increasing CBS activity would increase
the flux of homocysteine to cysteine and could help
reestablish glutathione levels. In addition, perturbation of the
heme ligand environment by mercuric chloride (22) or by
reduction at elevated temperatures (23), which results in loss
of the native cysteine ligand, leads to inhibition of CBS
activity. Furthermore, nitric oxide (•NO) and carbon mon-
oxide (CO) bind to ferrous CBS and inhibit enzyme
activity (24–26). Thus, the properties of the heme are
consistent with a regulatory role that can modulate enzyme
activity via redox changes or alteration in the coordination
environment (26).

Understanding the redox properties of the heme in CBS
is critical for evaluating its role in the cellular milieu. In
this study, we determined the reduction potential of the heme
in the truncated form of human CBS and investigated the
reactivity of the reduced enzyme with dioxygen. Our results
show that the unusual heme in CBS represents a heretofore
unrecognized potential source of cytosolic superoxide radical
(O2

•-).

EXPERIMENTAL PROCEDURES

Reagents. Catalase was purchased from Fluka and xanthine
oxidase was from Calbiochem. Bovine Cu,Zn-superoxide
dismutase (SOD) was obtained from DDI Pharmaceuticals
(Mountain View, CA).

Enzyme Purification. The truncated human CBS lacking
143 amino acids at the C-terminus was purified from a
recombinant expression system (pGEX4T1/hCBS∆C143)
that produces a fusion protein with glutathione S-transferase
(27). The recombinant protein was expressed and purified,
removing the glutathione S-transferase tag, as described
previously (15). Full-length CBS was similarly obtained (15).

Biochemical Analysis. CBS activity was measured using
the ninhydrin assay (28). The enzyme had a specific activity
of ∼550 µmol h-1 mg-1 at 37 °C, which is similar to reported
values (5). Protein concentration was determined by the
Bradford method using bovine serum albumin as standard
(29). Heme content was determined by the pyridine hemo-
chrome assay (30). Truncated CBS had 80% heme saturation
and extinction coefficients at 428 nm and pH 7.4 of 73 500
( 3700 M-1 cm-1 (based on protein) and 92 700 ( 4600
M-1 cm-1 (based on heme). The ratio of the absorbances at
280 and 428 nm was 1.07. Thiols were quantified spectro-
photometrically using 5,5′-dithiobis-(2-nitrobenzoic acid)
(ε412 ) 13 600 M-1 cm-1) (31), after ultrafiltration with
Ultrafree 0.5 centrifugal filter devices (Millipore) to remove
interference from the cofactors at 412 nm. One free thiol
per CBS monomer was measured, consistent with the
reported value (32).

Enzyme Reduction. Reduction of Fe(III)CBS was per-
formed under a nitrogen atmosphere by the addition of
known aliquots of sodium dithionite (Na2S2O4) and confirmed
by the appearance of the 449 nm peak in the UV–visible
absorption spectrum. Dithionite stock solutions were prepared

FIGURE 1: Potentiometric titration of CBS. Fe(III)CBS (7 µM) in
50 mM sodium phosphate buffer, pH 7.2, was titrated potentio-
metrically with dithionite as reductant as described under Methods.
Inset: Fit to the Nernst equation (eq 1) of the reductive titration
with dithionite (closed circles) and the oxidative titration with
ferricyanide (open circles).

FIGURE 2: Oxidation of Fe(II)CBS by dioxygen. UV–vis absorption
spectra after mixing Fe(II)CBS (5 µM) with O2 (129 µM) in
phosphate buffer (0.1 M, pH 7.4, with 0.1 mM DTPA) at 25 °C.
Spectra were collected every 8 ms after mixing, from 4 to 140 ms.
The arrows indicate the direction of the absorbance change over
time.
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in degassed 0.1 N NaOH and quantified by ferricyanide
reduction (ε420 ) 1020 M-1 cm-1) (33) assuming a 2:1
stoichiometry, in agreement with the actual reductant being
the dithionite dissociation product SO2

•- (34).
Potentiometric Titrations. The reduction midpoint potential

(Em) of the heme in truncated human CBS (7 µM in 50 mM
sodium phosphate buffer, pH 7.2) was determined potentio-
metrically according to the method of Dutton using sodium
dithionite as reductant and potassium ferricyanide as oxidant
(35). The redox mediators anthraquinone 2-sulfonate (Em )
-225 mV), benzyl viologen (Em ) -358 mV), and methyl
viologen (Em ) -440 mV) (36) were added to the sample
at 10 µM concentrations. Redox titrations were performed
at room temperature in an anaerobic chamber with 95:5
nitrogen/hydrogen and <1 ppm dioxygen. All solutions were
prepared anaerobically, and the enzyme was purged with pure
nitrogen before use. The potential of the sample was
measured using a FLUKE 75 III multimeter coupled to a
gold working electrode and a saturated Ag/AgCl reference
electrode, which was routinely calibrated. The potential
values are reported versus the normal hydrogen electrode
(NHE). After equilibration following each addition of
reductant or oxidant, during which the measured potential
drift was <1 mV in 5 min, UV–visible absorption spectra
were recorded using a diode array spectrophotometer inside
the anaerobic chamber. The control spectra of the redox
mediators in the absence of the enzyme were obtained in
the presence of dithionite at the desired potentials. These
spectra were used for subtraction from the enzyme and redox
mediator samples obtained at the corresponding potentials.
To obtain the Em value, the measured potential was fit to
the Nernst equation (eq 1), where the concentration of the
reduced species was obtained by the difference in absorbance
at 428 or 449 nm between the spectrum at a given potential
and the spectrum of the fully oxidized form (in the reductive
direction).

E)Em + 0.059
n

log
[ox]

[red]
(1)

Kinetic Studies. The kinetics of the reaction between
Fe(II)CBS and dioxygen were studied in a stopped-flow
spectrophotometer (Applied Photophysics, SF17MV). Time-
dependent spectra were obtained with a photodiode array
accessory. Argon-purged CBS solutions in phosphate buffer
(0.2 M, pH 7.4, with 0.2 mM DTPA) were fully reduced by
adding anaerobic dithionite (40–100 µM) and transferred
under a continuous flow of argon into the stopped-flow
syringe. Reduced CBS was then mixed with equal volumes
of solutions of increasing dioxygen concentrations obtained
from mixing known volumes of anaerobic, air-equilibrated
(0.258 mM O2), and dioxygen-equilibrated (1.25 mM O2)
water at 25 °C (37). Apparent rate constants for CBS
oxidation were determined by fitting the absorbance decay
at 449 nm resulting from CBS oxidation in the presence of
SOD (0.25 µM monomer) to a single exponential function
with the software provided with the instrument. All kinetic
experiments were performed at 25 °C.

Simulations. Computer-assisted kinetic simulations of the
oxidation of Fe(II)CBS were performed with the software
Gepasi (38).

Determination of Superoxide Radical Production by
Fe(II)CBS Exposed to Dioxygen. Superoxide radical genera-

tion was determined by the SOD-inhibitable oxidation of
epinephrine to adrenochrome (39, 40), which is monitored
by the appearance of a characteristic peak at 480 nm (ε480 )
4020 M-1 cm-1) (41). A typical mixture contained anaerobic
CBS (25 µM) in Tris buffer (0.1 M, pH 8.6, with 0.2 mM
EDTA) to which an equivalent amount of sodium dithionite
(12.5 µM) was added. After CBS was fully reduced,
epinephrine and dioxygen were added simultaneously to final
concentrations of 2 mM and 200 µM, respectively, in the
absence or in the presence of SOD (1.5 µM monomer). Since
CBS has been reported to slowly reoxidize spontaneously
in an acid-promoted process (42), these assays were carried
out at a slightly alkaline pH. Epinephrine bitartrate stock
solutions (40 mM) were freshly prepared daily in 0.01 N
HCl, kept on ice, and added to the buffered reaction mixture
immediately before use to prevent autoxidation. Oxidation
products of epinephrine were determined from the UV–vis-
ible spectra after ultrafiltration to remove interference from
the enzyme. Control experiments in which CBS was omitted
were performed. To determine the stoichiometry of epineph-
rine oxidation by superoxide radical under these conditions,
the reaction was compared with the reduction of ferricyto-
chrome c at 550 nm (ε550 ) 21 000 M-1 cm-1) (43) using
xanthine/xanthine oxidase as the superoxide radical genera-
tion system.

RESULTS

Potentiometric Titrations. Figure 1 shows the spectral data
obtained in a representative redox titration of truncated CBS.
For the reductive titration, the linear fit of the data obtained
at 449 or 428 nm to the Nernst equation yielded midpoint
reduction potentials of -287 mV (slope ) 54 mV) at 449
nm and -285 mV (slope ) 59 mV) at 428 nm, versus NHE
at pH 7.2. The reduction potentials obtained from the
oxidative titration were in close agreement to those derived
from the reductive titration, with values of -293 mV (slope
) 58 mV) and -294 mV (slope ) 50 mV) at 449 and 428

FIGURE 3: Kinetic traces of Fe(II)CBS reaction with dioxygen.
Logarithmic plot of the stopped-flow traces at 449 nm after mixing
Fe(II)CBS (4.4 µM, obtained by reduction with 23 µM dithionite,
final concentrations) with O2 (129 µM) in phosphate buffer (0.1
M, pH 7.4, with 0.1 mM DTPA) at 25 °C, alone (solid line) and in
the presence of SOD (0.4 µM, dashed line), or catalase (0.2 µM,
dotted line). A is the absorbance at time t, and A0 and AINF are the
initial and final values, respectively. The fine lines represent the
kinetic traces simulated for the reactions shown in Table 1, assuming
a rate constant of 2 × 106 M-1 s-1 (upper fine line) or 1 × 107

M-1 s-1 (lower fine line) for the oxidation of Fe(II)CBS with
superoxide radical (O2

•-). Inset: Linear plot of the same data up to
0.4 s.
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nm, respectively. Thus, the redox reaction of the heme in
CBS followed Nernstian behavior for a one-electron system
and achieved a reversible equilibrium with the absence of
any side reaction. The average ( standard deviation for
independent determinations was -291 ( 5 mV (n ) 4) for
the dithionite titrations and -289 ( 6 mV (n ) 3) for the
ferricyanide titrations.

Kinetics of Fe(II)CBS Reaction with Dioxygen. Since
solutions of reduced CBS oxidize immediately upon exposure
to dioxygen, the reaction of Fe(II)CBS with dioxygen had
to be studied by stopped flow spectrophotometry. As shown
in Figure 2, when an anaerobic solution of dithionite-reduced
CBS was mixed with excess dioxygen under pseudo-first-
order conditions, the reduced enzyme with the characteristic
absorption peak at 449 nm converted to the oxidized state
with a maximum at 428 nm, in less than 0.2 s. A clear
isosbestic point was observed at 438 nm, excluding the
formation of intermediates such as FeII/O2 and/or FeIII/O2

•-

at detectable levels.
The kinetic traces showed deviations from the expected

single exponential function, and the logarithmic plots were
not linear (Figure 3). The presence of catalase (0.2 or 1.25
µM) did not alter the kinetics suggesting that hydrogen
peroxide, if formed, did not interfere with the oxidation
reaction. In contrast, the deviation was suppressed with the
addition of SOD (0.2 or 0.4 µM), implicating superoxide
radical formation. A plausible explanation for this behavior
is that, in the absence of SOD, both dioxygen and superoxide
radical oxidize Fe(II)CBS. Superoxide radicals can originate
from the oxidation of CBS itself as well as from the
autoxidation of dithionite (via reaction of its dissociation
product SO2

•- with dioxygen). Kinetic simulations of the
reactions presented in Table 1 were performed. The reaction
course was well reproduced by inclusion of the reaction of
superoxide radical with Fe(II)CBS with rate constants on
the order of 106 M-1 s-1 (Figure 3). In contrast, the reaction
of hydrogen peroxide with Fe(II)CBS was characterized by
a slower rate constant of (5.8 ( 0.1) × 103 M-1 s-1

(Supporting Information, Figure S1), and its inclusion in the
simulations did not affect the aerobic decay of Fe(II)CBS.

To determine the second-order rate constant for the
reaction of Fe(II)CBS with dioxygen, the pseudo-first-order
rate constants for Fe(II)CBS decay were measured in the

presence of SOD (0.25 µM) at increasing dioxygen concen-
trations. The observed rate constants increased linearly with
dioxygen concentration (Figure 4), showing no evidence of
saturation behavior. From the slope of the plot, the second-
order rate constant was determined to be (1.11 ( 0.07) ×
105 M-1 s-1 at pH 7.4 and 25 °C (average ( standard
deviation, n ) 4). A nonzero intercept (5.5 ( 1.2 s-1) was
detected, and its origin is unknown. For full-length CBS, a
similar reactivity as truncated CBS was observed, with a
second-order rate constant of (1.13 ( 0.05) × 105 M-1 s-1

(Supporting Information, Figure S2).
Superoxide Radical Generation by Fe(II)CBS Exposed to

Dioxygen. Superoxide radical can act both as a reductant
and as an oxidant. We initially attempted to detect its
formation by the reduction of ferricytochrome c or nitroblue
tetrazolium (NBT) (39, 43, 44). However, when dithionite-
reduced CBS was incubated with ferricytochrome c or NBT,
the dyes were reduced even before dioxygen was added. This
problem was not circumvented by gel filtration of reduced
CBS under anaerobic conditions. As an alternative, epineph-
rine oxidation to adrenochrome, which is a useful assay for
superoxide radical detection, was employed (39, 40). Expo-
sure of Fe(II)CBS to dioxygen led to adrenochrome forma-
tion monitored by an increase in absorbance at 480 nm,
which was significantly inhibited by SOD, confirming the
generation of superoxide radical (Figure 5A). The UV–visible
absorption spectrum showed an additional peak at ∼350 nm
consistent with formation of an adrenochrome derivative.
Adrenochrome has been reported to react with reductants
such as dithionite and its decomposition product sulfite
(SO3

2-) leading to an adrenochrome-sulfite complex that
absorbs at 350 nm (45). We confirmed the formation of the
350 nm derivative of adrenochrome when sodium sulfite,
dithionite and dithionite that had been previously decom-
posed in buffer were added to adrenochrome (Supporting
Information, Figures S3 and S4). From these experiments,
the extinction coefficient determined for the adrenochrome
derivative was estimated to be 14 500 ( 330 M-1 cm-1 at
350 nm.

The stoichiometry of epinephrine oxidation by superoxide
radical was determined by comparing the rate of adreno-

Table 1: Reactions Involved in the Aerobic Oxidation of
Dithionite-Reduced CBS

reaction rate constant reference

Fe(II)CBS + O2 f
Fe(III)CBS + O2

•-
1.11 × 105 M-1 s-1

(pH 7.4, 25 °C)
this study

Fe(II)CBS + O2
•-

+ 2H+ f Fe(III)CBS + H2O2

2–10 × 106 M-1 s-1

(pH 7.4, 25 °C)
this study

S2O4
2- h 2SO2

•- 2.5 s-1 (f), 1.8 ×
109 M-1 s-1 (r)a

65, 66

(pH 6.5, 25 °C)

SO2
•- + O2 f

SO2 + O2
· -

1 × 108 M-1 s-1

(pH 6.5, 25 °C)
66

2O2
•- + 2 H+ f

O2 + H2O2

2 × 105 M-1 s-1

(pH 7.4)
67

a (f), forward; (r), reverse.

FIGURE 4: Rate constant for Fe(II)CBS reaction with O2. An
anaerobic solution of Fe(II)CBS (5 µM) was mixed with increasing
dioxygen concentrations in sodium phosphate buffer (0.1 M, pH
7.4, with 0.1 mM DTPA) at 25 °C, in the presence of SOD (0.25
µM). The kobs (s-1) values were determined from the fit of the
exponential decay of Fe(II)CBS at 449 nm to a single exponential
function at each dioxygen concentration. Results are represented
as the mean ( standard deviation (n g 8). Data from two
independent experiments are shown.
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chrome formation with that of ferricytochrome c reduction
using xanthine/xanthine oxidase as a source of superoxide
radical (Supporting Information, Figure S5). By comparison
to the molar ratio of 1.0 for ferrocytochrome c to superoxide
radical, we estimated that under our experimental conditions,
1.78 mol of superoxide radical is required for the formation
of 1 mol of adrenochrome at pH 8.6, which is consistent
with the reported value of 1.39 at pH 7.8 (40). We also
determined that, in our conditions, hydrogen peroxide (1–40
mM) did not oxidize epinephrine (data not shown).

The superoxide radical yield from CBS calculated from
the products at 480 and 350 nm is shown in Figure 5B.
Since adrenochrome can also be formed by epinephrine
autoxidation, controls lacking CBS were included both
in the absence and in the presence of dithionite. The yield
of superoxide radical was consistently more than 2-fold
higher in the presence of CBS. Although this assay does
not provide accurate quantitative information, the results
support the conclusion that superoxide radical is formed
during reaction of Fe(II)CBS with dioxygen.

DISCUSSION

In this study, we report the reduction potential of the heme
in a truncated and highly active form of human CBS for
which crystal structures exist (7, 8). Potentiometric titrations
in the presence of mediators indicated that the heme iron in
CBS undergoes reversible reduction and yielded a reduction
potential of -291 ( 5 mV at pH 7.2. A relatively low redox
potential for CBS was predicted based on the presence of a
low spin heme with two relatively strong axial ligands. The
measured value is within the range seen for other heme-
thiolate proteins such as chloroperoxidase (-140 mV (46)),
cytochrome P450 (-360 to -170 mV (47)), nitric oxide
synthase (-347 to -239 mV (48)), and R. rubrum CooA
(-320 mV (49)). It can also be compared to other Cys/His
liganded hemes such as the cytochrome c Met80Cys axial
ligand mutant (-390 mV) (50), the persulfide-modified
SoxAX from P. pantotrophus (-432 mM) (51), the cyto-
chrome bound to the reaction center from R. sulfidophilum
(-160 mV) (12), and the His92Cys mutant of cytochrome
c550 from T. elongatus (-300 mV) (52). In CBS, the thiolate
is engaged in polar interactions with Arg266 and the main
chain nitrogen of Trp54 (7, 8). These interactions, by

diminishing the electron donation to the metal center, would
tend to stabilize the reduced state and increase the redox
potential (53, 54). The heme pocket in CBS appears to be
largely electropositive, with several positively charged
residues within close range of the heme including Arg51 and
Arg224, which interact with the heme carboxylates (Figure
6). Such an electropositive environment is predicted to have
a stabilizing effect on the reduced state. In contrast to other
proteins where the heme is buried in an internal cavity, the
heme in CBS appears to be fairly surface exposed (∼150
Å2). We note however that the N-terminal ∼40 amino acid
residues of CBS are not seen in the crystal structure and
their influence on heme exposure is not known.

Considering that the one electron reduction potential of
dioxygen, E°′(O2/O2

•-), is -160 mV (1 M O2 standard state)

FIGURE 5: Superoxide radical detection by Fe(II)CBS reaction with dioxygen in the presence of epinephrine. (A) Anaerobic CBS (25 µM)
was reduced with dithionite (12.5 µM) and mixed with epinephrine (2 mM) and dioxygen (200 µM) in the absence (solid line) or in the
presence of 1.5 µM SOD (dashed line). Inset: Close-up of the 400–650 nm region. (B) Superoxide radical concentration was determined
from the adrenochrome detected at 480 nm plus the adrenochrome-sulfite product at 350 nm. For controls, ferricyanide (25 µM), which
does not yield superoxide, was added. Data are representative of three independent experiments that varied by less than 10%.

FIGURE 6: Three-dimensional structure of the heme binding site
showing the electrostatic potential. The heme is shown in stick
display and the protein surface is colored according to the surface
potential with positive regions in blue and negative regions in red.
Atomic coordinates were downloaded from the Protein Data Bank,
accession code 1JBQ (7). The figure was prepared with PyMol
v0.99 (68), and electrostatic calculations in vacuum were performed
with the Adaptive Poisson–Boltzmann Solver (APBS) (69) using
the Amber force field.
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(55), the formation of superoxide radical is favored thermo-
dynamically. Indeed, our studies indicate that superoxide
radical is formed from Fe(II)CBS oxidation (Figure 5).
Superoxide radical can also oxidize Fe(II)CBS, by virtue of
its relatively high reduction potential of E°′(O2

•-, 2H+/H2O2)
) +940 mV (56). Using kinetic simulations, we estimated
a value of 2–10 × 106 M-1 s-1 for this reaction. However,
this is unlikely to be significant in vivo, since the main fates
of superoxide radical are dismutation to hydrogen peroxide
and dioxygen catalyzed by SOD (2 × 109 M-1 s-1) (57) and
reaction with nitric oxide leading to peroxynitrite (1.9 × 1010

M-1 s-1) (58).
The oxidation of CBS by dioxygen appears to proceed

directly from the ferrous to the ferric state, presumably
via an outer sphere electron transfer reaction with a
second-order rate constant of (1.11 ( 0.07) × 105 M-1

s-1 at pH 7.4 and 25 °C. This agrees with the absence of
detectable intermediates, with the linear (versus saturable)
kinetics of oxidation and with the reported slow dissocia-
tion of the cysteine ligand (0.0166 s-1) (26). Although
autoxidation mechanisms proposed for most heme proteins
involve dioxygen binding to the metal center (59), outer
sphereprocesseshavebeenproposedforsomesystems(60,61).
In addition, kinetic properties similar to those observed
for CBS have been reported for the phagocytic cytochrome
b558 component of NADPH oxidase, which reacts with
dioxygen at 9.3 × 106 M-1 s-1 to produce superoxide
radical (62).

The reduction potential estimated herein is high enough
to allow CBS to be reduced in vivo. If reduced in the cell,
the heme is expected to be rapidly oxidized by dioxygen.
At a dioxygen concentration of 56 µM (63, 64), we calculate
a pseudo-first-order rate constant for reoxidation of 5.8 s-1

(half-life 0.12 s). In contrast, the dissociation of the cysteine
ligand, which is rate limiting for CO binding, occurs at
0.0166 s-1 (26), and the thermally induced ligand switch to
the CBS424 species occurs at unappreciable rates at pH 7.4
and 25 °C (23).

If CBS does indeed exist in the reduced state in vivo,
it will constitute a previously unrecognized source of
superoxide radical in the cytosolic compartment, and
possibly, in the nucleus. Superoxide radical and its
downstream products such as hydrogen peroxide and
peroxynitrite are not only key contributors of oxidative
stress but also trigger novel signaling mechanisms. Hence,
the rapid reaction between CBS and dioxygen adds an
important new element in our understanding of the
possible roles of the heme in CBS.
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