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ABSTRACT: Human cystathionineâ-synthase (CBS) is a unique pyridoxal-5′-phosphate-dependent enzyme
in which heme is also present as a cofactor. Because the function of heme in this enzyme has yet to be
elucidated, the study presented herein investigated possible relationships between the chemistry of the
heme and the strong pH dependence of CBS activity. This study revealed, via study of a truncation variant,
that the catalytic core of the enzyme governs the pH dependence of the activity. The heme moiety was
found to play no discernible role in regulating CBS enzyme activity by sensing changes in pH, because
the coordination sphere of the heme is not altered by changes in pH over a range of pH 6-9. Instead, pH
was found to control the equilibrium amount of ferric and ferrous heme present after reaction of CBS
with one-electron reducing agents. A variety of spectroscopic techniques, including resonance Raman,
magnetic circular dichroism, and electron paramagnetic resonance, demonstrated that at pH 9 Fe(II) CBS
is dominant while at pH 6 Fe(III) CBS is favored. At low pH, Fe(II) CBS forms transiently but reoxidizes
by an apparent proton-gated electron-transfer mechanism. Regulation of CBS activity by the iron redox
state has been proposed as the role of the heme moiety in this enzyme. Given that the redox behavior of
the CBS heme appears to be controlled by pH, interplay of pH and oxidation state effects must occur if
CBS activity is redox regulated.

Cystathionineâ-synthase (CBS)1 catalyzes the condensa-
tion of serine and homocysteine to yield cystathionine, an
intermediary yet critical step in the biological conservation

of sulfur. CBS, positioned at a branch point in the methionine
metabolic cycle that converts methionine to cysteine and
ultimately to glutathione, is one of two enzymes responsible
for removing toxic homocysteine from the bloodstream (1).
Deficiency of CBS activity in humans is the most common
cause of homocystinuria, an inherited metabolic disease
characterized by elevated levels of homocysteine in the
blood. The most extreme symptoms of homocystinuria are
dislocated eye lenses, skeletal problems, vascular disease,
and mental retardation. More than 100 pathological variants
of CBS that result in a deficiency of enzyme activity have
been described in homocystinuric patients (2). Recent reports
have also associated elevated homocysteine levels with neural
tube defects and Alzheimer’s disease (3, 4).

Human CBS is the only known enzyme that requires both
heme and pyridoxal-5′-phosphate (PLP) for maximal activity
(5). CBS binds two substrates, homocysteine and serine, and
turnover is regulated by the allosteric affectorS-adenosyl-
methionine (SAM) (6). The human enzyme is anR4-tetramer
composed of 63 kDa subunits that each contain 551 amino
acids (7, 8). Each subunit has a defined organization in which
the N-terminal, middle, and C-terminal regions of the protein
serve as the binding sites for heme, PLP, and SAM,
respectively (9). The heme moiety is axially coordinated by
the thiolate of Cys52 and the Nε2 atom of His65, both located
on a loop within the N-terminal domain (10-13). Naturally
occurring Cys(thiolate)/His-coordinated hemes are rare;
another interesting example is provided by the multiheme
protein SoxAX fromRhodoVulVum sulfidophilum(14, 15).
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Two forms of CBS, termed CBS-63 and CBS-45, are
available for study. Homogeneity of the full-length human
enzyme (referred to subsequently as CBS-63) is difficult to
maintain because of its propensity to aggregate (16). Limited
proteolysis of CBS-63 results in the separation of the
N-terminal “catalytic core”, which is composed of the heme-
and PLP-binding domains, from the inhibitory C-terminal
SAM-binding domain (8). Thus, the catalytic core (referred
to subsequently as CBS-45) is approximately twice as active
as CBS-63 but is insensitive to SAM. Truncation of CBS-
63 also results in a change in the quaternary structure of the
enzyme from a homotetramer to a homodimer, reducing the
propensity of the enzyme to aggregate. A system for the
overexpression of CBS-45 inEscherichia colihas recently
been developed, and the X-ray crystal structure of CBS-45
has been solved (11, 13, 17).

CBS was first characterized spectroscopically as “hemo-
protein H450,” a peculiar heme protein of unknown function
that displayed spectroscopic similarities to the P450 cyto-
chromes (18-21). The most striking of these similarities was
an intense, red-shifted Soret absorbance (λmax ) 450 nm)
that H450 displayed upon reduction, which was suggestive
of cysteinate coordination. H450, however, also displayed
spectral features uncharacteristic of the P450 cytochromes
such as pH-dependent EPR and ferrous heme absorption
spectra. H450 was identified as CBS when the cDNA
sequences of rat H450 and rat CBS became available and
were compared (5). The early spectroscopic work performed
on H450 serves as a solid basis for current studies of CBS,
such as the one presented here.

The role of the heme in cystathionineâ-synthase remains
unknown. The catalytic condensation reaction performed by
CBS can be explained solely by the participation of PLP in
the reaction mechanism (22). The heme-free enzyme is
catalytically competent, though the specific activity is lower
than that of the holo-enzyme (9, 23, 24). Intriguingly, the
dependence on heme appears to be an evolutionarily new
acquisition for this enzyme. Deduced amino acid sequences
of CBS from lower eukaryotes, for example,Saccharomyces
cereVisiae(25-27), Trypanosoma cruzi(28), andLeishmania
tarentolae(29), contain the conserved lysine residue respon-
sible for PLP binding but do not contain the critical heme-
binding residues characteristic of CBS from higher organ-
isms. Furthermore,S. cereVisiae CBS has been shown
spectroscopically to contain PLP but not heme (25). Nev-
ertheless, heme is essential for maximal activity in the human
enzyme, because activity decreases substantially upon dele-
tion of the heme-binding domain (9). The studies presented
herein were originally an attempt to connect the pronounced
pH-dependence of CBS activity with changes in the axial
coordination of the heme center. Our initial hypothesis was
that pH-dependent changes to the heme ligand environment
affected activity, implicating the CBS heme as a sensor of
intracellular proton concentrations. Our studies, however,
demonstrate that this is not the case. Instead, we have found
a more profound connection between the CBS heme and pH
in that the redox state of the heme in this enzyme appears to
be pH-sensitive. This finding has implications for the existing
hypothesis that the heme of CBS regulates activity through
changes in redox state, because the heme prefers to be in
the ferric state at physiological pH.

EXPERIMENTAL PROCEDURES

Materials. Titanium(III) chloride was purchased from
Acros,L-[U-14C]serine was obtained from Perkin-Elmer Life
Sciences, and all other chemicals were purchased from
Sigma. All chemicals were used as received. Titanium(III)
citrate was prepared from titanium chloride and sodium
citrate in buffers of the appropriate pH as described previ-
ously (30).

Recombinant Human CBS. The cloning of human CBS-
63 and CBS-45 cDNAs, the expression of the proteins inE.
coli, and the purification of the enzymes to homogeneity were
performed as described previously (17, 31). Another form
of CBS-45,∆1-40 CBS-45, the amino acid sequence of
which spans residues 41-413, was also utilized in these
studies and was prepared by digesting CBS-63 with trypsin
(8). CBS-45 and∆1-40 CBS-45 display identical spectral
behavior. Protein concentrations were determined by the
Lowry method (32) using bovine serum albumin as a
standard. Heme saturation was determined using the pyridine
hemochromagen assay (33).

CBS ActiVity Assay. The enzyme activity at various pH
values was determined as described previously (34). Briefly,
this method involves incubating the enzyme with substrates
homocysteine andL-[14C]serine in a Bis-Tris propane buffer
of the appropriate pH, separating the product cystathionine
by descending paper chromatography, and counting the
activity of cystathionine by scintillation. Each assay was
performed in a total volume of 200µL and contained 50 ng
of CBS-63 or 25 ng of CBS-45, 5 mM homocysteine, and 5
mM serine. One unit of activity is defined as the amount of
CBS that catalyzes the formation of 1µmol of cystathionine
in 1 h at 37°C. The pH dependence of specific activity (SA)
was fitted to the bell-shaped curve described by eq 1:

Electronic Absorption Spectroscopy. Electronic absorption
spectra were recorded on a double-beam Cary 4 Bio
spectrophotometer equipped with a temperature controller
and set to a spectral bandwidth of 0.5 nm. Spectra were
obtained at 25°C with CBS-45 or CBS-63 in 25 mM buffer
(MES for pH 6.0-6.5, MOPS or sodium phosphate for pH
6.50-7.75, EPPS for pH 7.75-9.0, and CHES for pH 9.0-
9.5) with an additional 100 mM NaCl, unless stated
otherwise. Reactions of the ferric enzyme with reducing
agents (titanium citrate, sodium dithionite, or dithiothreitol)
were performed anaerobically under an atmosphere of argon
and were initiated by the addition of a degassed stock
solution of reductant to a final concentration of 2 mM.
Spectral behavior as a function of pH for samples treated
with reducing agent was monitored by two methods: (1)
diluting the protein stock into a buffered solution of the
appropriate pH and subsequently adding reductant or (2)
adjusting the pH of a protein sample containing reductant
by adding a small amount of a 0.5 M buffer. Both methods
produced identical results. A Corning ion analyzer 250
equipped with an Acumet combination microelectrode was
used to verify the pH of every sample at 25°C. Rate
constants for the spontaneous reoxidation of Fe(II) CBS

SA )
(SA)max

1 + 10(pKA1-pH) + 10(pH-pKA2)
(1)
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under reducing conditions were obtained by fitting electronic
absorbance data to eq 2, which describes a first-order
approach to equilibrium.

The pH dependence of the rate constants obtained from eq
2 was fitted to eq 3 to obtain an apparent kinetic pKA.
Equation 3 describes a model with two active species, a
limiting rate constant at lower pH,kacid, one pKA, and a
limiting rate constant at high pH,kbasic:

Magnetic Circular Dichroism Spectroscopy. Magnetic
circular dichroism (MCD) spectra were recorded on a Jasco
J715 CD spectropolarimeter with the sample compartment
modified to accommodate an SM-4000-8 magnetocryostat
(Oxford Instruments). Buffers used for MCD samples were
the same as those detailed above. Spectra were obtained with
∆1-40 CBS-45 in a solvent of 55% v/v glycerol with 45
mM buffer. Addition of glycerol had no effect on the
absorption spectrum of any sample at room temperature, nor
was any change observed at temperatures at which MCD
data were collected. Sodium dithionite was introduced in
excess as a solid into anaerobic samples of the ferric enzyme.
Each sample was transferred to an argon-filled cell via
gastight syringe and frozen in liquid nitrogen. All MCD
spectra were at 7 T at temperatures ranging from 4.5 to 85
K. Zero-field CD spectra were subtracted from the MCD
spectra for all samples.

Resonance Raman Spectroscopy. Resonance Raman (rR)
spectra were obtained using 135° backscattering geometry
and f1 collection as described previously (35). Either the
413.1 nm emission from a Kr+ laser or the 441.6 nm
emission from a HeCd laser was used for Raman excitation.
The laser powers ranged from 12 to 20 mW at the sample,
and a cylindrical lens was used to focus the beam on the
sample. The sample tube was spun at 20 Hz to minimize
laser-induced damage to the protein. Electronic absorption
spectra were obtained before and after rR experiments to
ensure that the samples had not been irreversibly altered in
the laser beam. Spectra were calibrated against toluene, DMF,
and CH2Br2. CBS-45 and CBS-63 samples for rR experi-
ments were prepared in 5 mm NMR tubes. Buffers for rR
samples were the same as described above. The ferric protein
solutions were equilibrated with N2 and reacted with excess
dithionite ion by anaerobic transfer of a buffered, N2-sparged
stock solution.

Electron Paramagnetic Resonance Spectroscopy. X-band
EPR spectra were collected on a Bruker ESP 300E equipped
with an Oxford ESR 900 continuous flow cryostat and an
Oxford ITC4 temperature controller. The field was calibrated
using a Varian ER 035M gaussmeter. The microwave
frequency was monitored using an EIP model 625A CW
microwave frequency counter. Spectra of CBS-45 or CBS-
63 were recorded in 100 mM buffer with an additional 100
mM NaCl. Buffers used for EPR were the same as detailed
above, and the pH of each sample was measured at 25°C.
For samples containing reducing agent, sodium dithionite
was added as a degassed stock solution to a final concentra-

tion of 4.4 mM. Sodium dithionite-treated samples were
monitored by electronic absorption spectroscopy until no
further changes to the spectrum occurred. Each sample was
transferred to an argon-filled tube via gastight syringe and
frozen in liquid nitrogen. For all samples, scans of 0-10 000
G revealed no signals other than those reported. EPR spectral
simulations were performed using the Win-EPR SimFonia
software package from Bruker, software version 1.2, 1995.

RESULTS

The Enzyme ActiVity of CBS-63 and CBS-45 Show Similar
pH-Dependent BehaVior. The truncation variant, CBS-45,
displays pH-dependent behavior very comparable to that of
the full-length recombinant enzyme (Figure 1). Both full-
length Fe(III) CBS-63 and truncated Fe(III) CBS-45 exhibit
a bell-shaped pH dependence with maximal activity at pH
8.5. The enzyme activity increases approximately 10-fold
upon increasing the pH from 6.0 to 8.0, and the specific
activity of CBS-63 is approximately 2.7-fold lower than that
of CBS-45 at the pH of optimal activity, consistent with
deletion of the inhibitory C-terminal domain (8). A nonlinear
regression fit of the activity data to a bell-shaped curve (eq
1) yields two pKA values for each form of CBS: 7.50(
0.03 and 9.35( 0.09 for CBS-63 and 7.42( 0.02 and 9.38
( 0.07 for CBS-45. The pKA values of substrates serine (pKA

) 9) and homocysteine (pKA ) 10) match closely with the
higher pKA value, suggesting that the pH-dependence of CBS
is determined in part by the intrinsic acid-base properties
of the substrates (37, 38). The lower pKA value, therefore,
can be attributed to the properties of the enzyme, its
cofactors, or both. The fact that the pH profile of CBS-45,
which lacks the C-terminal domain, is nearly identical to
that of CBS-63 suggests that ionizable groups within the
active core of the enzyme are responsible for the lower pKA

and thus the dramatic pH dependence observed for CBS.
The Heme Coordination EnVironment of Fe(III) CBS is

Minimally Affected by Changes in pH.Using several spectro-
scopic techniques, we have determined that pH does not sub-
stantially affect the axial ligand field of the heme iron in

Abst ) Abs∞ + (Abs0 - Abs∞) e-k1t (2)

k1 )
kacid(10(pKA-pH)) + kbasic

1 + 10(pKA-pH)
(3)

FIGURE 1: pH dependence of enzyme activity for the CBS-45- and
CBS-63-catalyzed condensation ofL-[U-14C]serine andL-homocys-
teine to form14C-L-cystathionine. Reactions were carried out in
total volumes of 200µL at 37 °C in Bis-Tris propane buffer at
various pH conditions. Lines represent the nonlinear regression fits
of specific activity vs pH to eq 1. Because of base-catalyzed
racemization ofL-serine at pH> 9, assays carried out at pHg 9
were considered unreliable and were not included in the nonlinear
regression fit of the data (36).
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either Fe(III) CBS-45 or Fe(III) CBS-63. Electronic absorp-
tion spectra of both enzyme forms display aδ band at 365
nm, a Soret band at 428 nm, and a broad, asymmetric absorp-
tion band at 550 nm. Weak thiolate-to-iron charge-transfer
(CT) bands are also observed at 645 and 705 nm (Figure
S1, Supporting Information). These spectral features are con-
sistent with a thiolate-ligated heme(20, 39, 40, Table S1
and references therein) and are not altered by changes in
pH. The insensitivity of these spectral features to changes
in pH is compelling evidence that the heme of Fe(III) CBS-
45 remains six-coordinate and retains histidine/cysteine-
(thiolate) coordination over the aforementioned pH range
(41, 42).

Magnetic circular dichroism spectroscopy also supports
the observation that the heme of Fe(III) CBS is unaffected
by changes in pH. The MCD spectrum of Fe(III) CBS-45
(Figure 2) is dominated byC-terms in the Soret region of
the spectrum. The temperature dependence of MCD intensity
attributed to theC-term (Figure 2, inset) requires ground-
state degeneracy and derives from the temperature depen-
dence of the Boltzmann population distribution of the
Zeeman-split ground state (43). Thus, the MCD spectrum
of ferric heme will be dominated byC-terms in all cases,
because both low-spin (S) 1/2) and high-spin (S) 5/2) ferric
heme are paramagnetic and have degenerate ground states.
A magnetization plot of our data reveals anS) 1/2 system,
consistent with the assignment of a low-spin state (data not
shown). The closely spaced, oppositely signed nature of the
SoretC-terms is also indicative of low-spin, ferric heme (44).
The features of the Fe(III) CBS-45 MCD spectrum remain
unchanged as the pH of the sample is varied from 6.0 to
9.2; the heme remains low-spin at both low and high pH.

Subtle differences are observed between the resonance
Raman spectra of Fe(III) CBS at low and high pH (Figure
3). Bands sensitive to oxidation state (ν4) and spin state (ν3,
ν2) are observed at 1372, 1498, and 1574 cm-1, respectively,
for both CBS-63 and CBS-45. These frequencies are

consistent with previously reported resonance Raman data
for CBS (46) and are indicative of a low-spin, ferric heme.
While ν4, ν3, andν2 of CBS-45 and CBS-63 are relatively
unaffected over the pH range of 6.0 to 9.2, there are subtle
changes in the high-frequency spectra. The intensity of the
shoulder at 1580 cm-1 is diminished and the band at 1603
cm-1 is lost as the pH is lowered from 9.2 to 6.0. The low-
frequency spectra of Fe(III) CBS-45 at pH 6.0 and 9.2 exhibit
a band at 310 cm-1. This band has previously been assigned
to theνFe-S stretching mode at pH 8.6 (46), and its presence
at low pH indicates that the heme coordination of CBS-45
is not altered. At pH 9.2, a second band occurs at 320 cm-1,
whereas at pH 6.0, only the lower frequencyνFe-S (310 cm-1)
band is predominant. The higher-frequency band may be
attributable toν51 or it could be due to inhomogeneity in
the heme pocket of CBS.

The electron paramagnetic resonance spectrum of Fe(III)
CBS-45 contains two overlapping sets of rhombic signals,
the ratio of which varies slightly with pH (Figure S2). Both
signals are consistent with the type II low-spin ferric heme
centers described by Walker (47). No high-spin EPR signals
were observed in any Fe(III) CBS sample. Both low-spin
components were observed in independently isolated CBS-
45 samples, in CBS-63 (vide infra), and in different buffers.
Simulations of the experimental EPR spectra indicate that
the major component (gz ) 2.49,gy ) 2.31, andgx ) 1.87)
accounts for approximately 60% and the minor component
(gz ) 2.43, gy ) 2.31, and gx ) 1.90) accounts for
approximately 40% of the total signal intensity at pH 7.0.
The presence of multiple low-spin signals has been observed
in the EPR spectra of a number of other thiolate-ligated heme
proteins (20, 39, 41, 48). EPR simulations suggested that
the major and minor signal intensities vary slightly with pH,
though shifts in the respectiveg-values were not observed.
This observation is in accordance with a previous EPR study
of H450 (20), although in our study, signal intensities do

FIGURE 2: Variable temperature MCD spectra of Fe(III)∆1-40
CBS-45, 21µM in heme, at low and high pH. Samples were in 45
mM buffer (MES for pH 6.0 and CHES for pH 9.2) and 45 mM
NaCl with 55% (v/v) glycerol. The spectra were recorded at 4.0 K
in a magnetic field of 7.0 T. The slight variation in signal amplitude
is presumably due to inconsistencies in sample preparation. The
inset shows the VT-MCD spectra of Fe(III)∆1-40 CBS-45, 21
µM in heme. This sample was in 45 mM MES buffer, pH 6.0, and
45 mM NaCl with 55% (v/v) glycerol. The spectra were recorded
at temperatures of 4.0, 8.0, 15.0, 25.0, 50.0, and 85.0 K in a
magnetic field of 7.0 T. Intensities of all MCD bands increase with
decreasing temperature.

FIGURE 3: Resonance Raman spectra of ferric CBS-63 and CBS-
45 obtained with 413.1 nm excitation at low and high pH: (A) 37
µM CBS-45 in 50 mM MES, pH 6.0; (B) 7µM CBS-63 in 50 mM
MES, pH 6.0; (C) 20µM CBS-45 in 50 mM CHES, pH 9.2; (D)
25 µM CBS-63 in 50 mM CHES, pH 9.2. Spectra for the pH 6
and 9.2 samples were obtained with 12 and 16 mW of laser power
at the samples, respectively. Assignments are based on those for
ferricytochromec (45).
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not vary with pH in a consistent fashion. The presence of
two EPR signals in our preparations is also consistent with
early work on H450, but not with recent studies of CBS-45,
which report only one rhombic signal for the ferric enzyme
(10). The presence of major and minor signals among several
forms of CBS, that is, H450, CBS-45, and CBS-63, however,
suggests that heme inhomogeneity is a characteristic native
to CBS.

Reaction of Fe(III) CBS with Reducing Agents Yields Two
Distinct Products.Electronic absorption spectroscopy reveals
that different species are formed when Fe(III) CBS is treated
with one-electron reducing agents at high and low pH. Upon
addition of either sodium dithionite or titanium citrate to
Fe(III) CBS-45 at pH 9.0, the Soret maximum shifts from
428 to 449 nm. The red shift of the Soret band is
accompanied by a sharpening of theR-â region into two
distinct peaks at 540 and 573 nm. The strongly red-shifted
Soret at 449 nm indicates that the thiolate remains bound to
the heme (49). This spectral change is identical to that noted
previously in studies of H450, CBS-63, and CBS-45 (18,
50, 51) and is indicative of conversion to a six-coordinate,
low-spin, ferrous heme complex. When a reducing agent is
added to Fe(III) CBS-45 at pH 6.0, a different final product
is observed (Figure 4). This new species is characterized by
a Soret peak at 428 nm and a broadR-â feature at
approximately 550 nm. A mixture of the 449 and 428 nm
species (alkaline and acid forms, respectively) is observed
at pH values between 6.0 and 9.0. The equilibrium of the
two different species is shifted upon altering the pH of the
reductant-treated sample (Figure 4, inset), allowing the 449
and 428 nm species to be reversibly interconverted. Identical
pH-dependent behavior was also observed for the full-length
enzyme, CBS-63.

Further examination reveals that reactions of CBS-45 and
CBS-63 with dithionite ion at low pH proceed via a transient
species, according to Scheme 1. This transient species
exhibits a Soret maximum at 449 nm and appears to be the
same as that observed in the reaction of the ferric protein
with reductants at high pH. Initial formation of the 449 nm
species is followed by conversion to the 428 nm species.
This change was also observed at high pH, albeit at a much
slower rate. Experiments were conducted with two different
reductants (titanium citrate and sodium dithionite) that were
present in excess at all times, in two different buffer systems
(noncomplexing tertiary amine and phosphate), and in the
presence of DTT; indistinguishable behavior was observed
in all cases. The conversion of the 449 nm species to the
428 nm species was monitored over time (Figure 5, inset)
and a value fork1 was obtained by fitting absorbance data
to eq 2 (vide supra). The rate of conversion to the 428 nm
species was found to increase dramatically at lower pH
(Figure 5). A nonlinear regression fit of the pH-dependence
of k1 to the pH-dependent model described by eq 3 (vide
supra) yields an apparent pKA value of 6.50( 0.09. These
data implicate a two-step process for the reaction of Fe(III)
CBS with reductants (Scheme 1). Initially, addition of
reducing agents to Fe(III) CBS rapidly converts the heme
to the ferrous state, as evidenced by the appearance of the

species characterized by a 449-nm Soret maximum at both
high and low pH. The ferrous heme then undergoes a
significant change, the rate of which is inversely dependent
on the pH of the medium.

Magnetic Circular Dichroism Spectroscopy Indicates That
Fe(III) CBS Is FaVored at Low pH.MCD spectroscopy
reveals that the two products observed when Fe(III) CBS-
45 is treated with reducing agents at high and low pH exist
in different spin states (Figure 6). At high pH, the MCD
spectrum contains signals in both the Soret andR-â regions
and is dominated by the intense temperature-independent

Scheme 1

FIGURE 4: Electronic absorption spectra of Fe(III) CBS-45 treated
with reductant at pH 9.0 (•••) and 6.0 (s) at 25 °C. Samples
(6 µM in heme, 2 mM sodium dithionite) were in 25 mM buffer
with an additional 100 mM NaCl. CHES was used as the buffer at
pH 9.0, and MES was used at pH 6.0. The pH-independent spectrum
of Fe(III) CBS-45 (6µM in heme) in 25 mM CHES, pH 9.0, with
an additional 100 mM NaCl (‚‚‚) is included for comparison. The
inset shows conversion of the 449 nm species to the 428 nm species,
initiated by the addition of concentrated, low-pH buffer. MES
buffer, 0.5 M, pH 6.0, was added to a pH 9.0 sample (6µM in
heme, 2 mM sodium dithionite, 100 mM NaCl, 25 mM CHES) to
a final concentration of 33 mM and a final pH of 6.34. The
conversion was followed for 100 min.

FIGURE 5: Rate of formation of the 428 nm species of CBS-63 as
a function of pH at 25°C. Samples (1.5µM in heme, 2 mM sodium
dithionite) were in 100 mM buffer with an additional 100 mM
Na2SO4. The buffer used varied with the pH, as noted in the
Experimental Procedures. Reactions were initiated by the addition
of dithionite stock solution. The absorbance at 449 nm was followed
over time and was observed to approach equilibrium by first-order
kinetics in all cases. A nonlinear regression fit of the absorbance
data to eq 2 yielded rate constants for this process. The line
represents a nonlinear regression fit ofk1 vs pH to eq 3. The inset
shows representative conversion from the 449 nm species to the
428 nm species of CBS-45 at pH 6.65. Arrows illustrate the
growing-in of the 428 nm species and the growing-out of the 449
nm species over time.
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A-term present in theR-â region with a crossover point at
566 nm (Figure 6a). The temperature independence of the
MCD spectrum of this alkaline species is consistent with an
assignment of anS) 0, low spin, ferrous heme (49, 52). At
low pH, the MCD spectrum is dominated by intense signals
in the Soret region centered at 425 nm and also contains
substantially weaker signals in theR-â region (Figure 6b).
Although the MCD spectrum of the alkaline species is fully
temperature-independent, the Soret signals of the low-pH
spectrum display strong temperature dependence, a hallmark
of spectra dominated by theC-term. The weak, derivative-
shaped features in theR-â region are temperature-
independent and suggest that a small population of two low-
spin ferrous species are present in this sample. The sharp
R-band at 566 nm lies in a region typical of thiolate ligation
(562-567 nm) (48, 49, 53), consistent with the presence of
residual Fe(II) CBS. TheR-band at 555 nm, however, is blue-
shifted and appears in a region suggestive of another axial
ligand environment, possibly bis(histidine) (53). A mixture
of temperature-dependent and -independent features is
observed at pH values between 6.0 and 9.0 (data not shown).
A reasonable assignment of the low-pH species might be a
high-spin, S ) 2, ferrous heme. However, a magnetic
saturation plot is most consistent with anS) 1/2 spin state,
suggesting that the acid species contains low-spin,ferric
heme. Intriguingly, the MCD spectra of the acid species and
those of Fe(III) CBS (Figure 2) appear to be very similar,
particularly in the Soret region containing the temperature-
dependentC-terms. Thus, MCD spectroscopy suggests that
the acid species is Fe(III) CBS, even in the presence of excess
reductant.

Resonance Raman Spectroscopy ReVeals the Presence of
Fe(III) CBS in Dithionite-Treated Samples at Low pH.
Addition of reductant fully reduces Fe(III) CBS at high pH.
At pH 9.2, 441.6 nm-excited resonance Raman spectra for
CBS-45 and CBS-63 in the presence of excess dithionite
exhibit ν4 bands at 1356 cm-1, indicative of ferrous heme

(Figure 7). These high-frequency spectra are similar to that
reported for CBS-45 in 100 mM Tris buffer at pH 8.6 (46).

In contrast to the high-pH spectra, ferric heme features
dominate the resonance Raman spectra of Fe(III) CBS
samples treated with dithionite ion at low pHs. At pH 6.0, it
becomes more difficult to obtain a resonance Raman
spectrum with 441.6-nm excitation as seen by the decreased
signal-to-noise ratio in Figure 7B. This difficulty is attribut-
able to poor resonance enhancement of Raman scattering
by the dominant ferric form with 441.6 nm excitation (Soret
λmax) 428 nm, Figure 4). The 413.1 nm-excited spectrum
of CBS-45 treated with sodium dithionite at pH 6.0 is
dominated by ferric heme, as judged by the lack of ferrous
heme features in the high-frequency spectrum and its overall
similarity to the Fe(III) CBS-45 spectra in Figure 3. The rR
data show that, in alkaline solution, the product of CBS and
dithionite ion is six-coordinate, low-spin, ferrous heme.
Under acidic conditions, however, the rR spectra reveal that
the equilibrium population of ferrous heme is low. Reduced
heme is converted to six-coordinate, low-spin, ferric heme
without significant build up of the ferrous heme at steady
state.

At physiological pH, the heme exists in both Fe(II) and
Fe(III) forms in the presence of excess dithionite. Figure 7
shows that at pH 7.5, twoν4 bands are observed for the
dithionite-treated solution, one at 1356 cm-1, corresponding
to Fe(II) CBS, and one at 1372 cm-1, characteristic of Fe-
(III) CBS. Theν3 envelope is broadened and centered at 1494
cm-1, consistent with the presence of multiple species. Since
theν3 band is observed at 1498 cm-1 for Fe(III) CBS (Figure
3) and at 1493 cm-1 for Fe(II) CBS (46), we attribute this
envelope to overlappingν3 bands from Fe(III) and Fe(II)
CBS. The low-frequency spectrum of dithionite-treated CBS-
45, pH 7.5, obtained with 441.6 nm excitation is very similar

FIGURE 6: MCD spectra of Fe(III)∆1-40 CBS-45 treated with
sodium dithionite at high and low pH. All samples contained 45
mM buffer with 45 mM NaCl and 55% (v/v) glycerol. Excess solid
sodium dithionite was added prior to freezing. Panel A shows CBS-
45, 21µM in heme, in CHES, pH 9.0. The spectrum was recorded
at a temperature of 4.0 K in a magnetic field of 7.0 T. Panel B
shows CBS-45, 21µM in heme, in MES, pH 6.0. Spectra were
recorded at temperatures of 4.0, 8.0, 15.0, 25.0, 50.0, and 85.0 K
in a field of 7.0 T. Intensity of the MCD bands in the Soret region
of spectrum B increased with decreasing temperature.

FIGURE 7: Resonance Raman spectra of Fe(III) CBS treated with
sodium dithionite as a function of pH. The final dithionite ion
concentration fell in the range of 3-6 mM: (A) CBS-45 in 50
mM MES, pH 6.0, 100 mM NaCl, 413.1 nm excitation; (B) CBS-
45 in 50 mM MES, pH 6.0, 100 mM NaCl, 441.6 nm excitation;
(C) CBS-45 in 50 mM MOPS, pH 7.5, 100 mM NaCl, 413.1 nm
excitation; (D) CBS-45 in 50 mM MOPS, pH 7.5, 100 mM NaCl,
441.6 nm excitation; (E) CBS-45 in 50 mM CHES, pH 9.2, 100
mM NaCl, 441.6 nm excitation; (F) CBS-63 in 50 mM CHES, pH
9.2, 100 mM NaCl, 441.6 nm excitation. CBS-45 and CBS-63
samples were 20 and 25µM, respectively. Assignments are based
on those for ferro- and ferricytochromec (45).
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to that recorded at pH 9.2 because the ferric component of
the CBS mixture is poorly enhanced with 441.6-nm excita-
tion. By virtue of its similarity with the pH 9.2 spectrum,
the low-frequency spectrum clearly shows the presence of
ferrous heme at pH 7.5. However, the 413.1-nm excited
spectrum is comparable to that of dithionite-treated CBS-45
at pH 6, because the ferric component of the mixture is
preferentially enhanced at this excitation wavelength.

Electron Paramagnetic Resonance Spectroscopy Confirms
the Identity of the Acid Species as Fe(III) CBS.CBS-63
treated with sodium dithionite for 30 min at pH 6.0 exhibits
EPR spectral features identical to those of Fe(III) CBS-63.
No other signals were observed in the EPR spectrum, other
than those of the low-spin, ferric heme. The dithionite-treated
sample displays two overlapping sets of rhombic signals
(Figure 8) withg values (majorgz ) 2.49,gy ) 2.31, andgx

) 1.8; minorgz ) 2.43,gy ) 2.31, andgx ) 1.90) identical
to those observed in our study of the truncated enzyme (vide
supra). The major component accounts for approximately
75% of the total integrated intensity in the spectra of Fe-
(III)- and dithionite-treated CBS-63. Additionally, the ab-
solute signal intensities of the two samples were comparable,
although the total intensity of the reductant-treated sample
was slightly less than that of untreated Fe(III) CBS, due to
the presence of residual ferrous heme. It is this small fraction
of ferrous heme that gives rise to the ferrous heme bands in
the pH 6 rR spectra of Figure 7. Taken together, the MCD,
rR, and EPR spectra provide conclusive evidence that the
acid (428 nm) species observed by electronic absorption
spectroscopy is Fe(III) CBS.

DISCUSSION

The impetus for this investigation was to determine
whether a connection exists between the CBS heme, the
function of which is currently unclear, and the striking pH
dependence of CBS activity over the physiological pH range.
The hypothesis that the CBS heme might regulate activity
through pH modulation of its coordination environment stems
from the early work on H450, which demonstrated that the

H450 heme exhibits pH-dependent behavior in the Fe(II)
state (19-21). Our experimental approach was to (a)
determine whether the structural basis for the pH dependence
of activity is localized within the catalytic or the regulatory
domain of CBS and (b) determine whether any correlation
exists between the pH-dependent behaviors of the heme and
the enzyme activity. Our data reveal that although the
catalytic domain is the sole determinant of pH-dependent
enzyme activity, no correlation exists between the pH-
dependent behaviors of the heme and the enzyme activity.
Specifically, we found no evidence for changes in coordina-
tion number, identity of the axial ligands, or protonation
states of the axial ligands for either the ferric or the ferrous
form of CBS. However, the stability of Fe(II) CBS exhibits
a steep pH dependence that extends into the physiological
pH range. Remarkably, when steady state is achieved after
treatment of CBS with reducing agents at pH 7.4, Fe(III)
CBS is the dominant species. The discussion below highlights
alternative explanations for the prominent pH dependence
of enzyme activity, as well as further implications for the
observed pH-dependent redox behavior of the CBS heme.

Axial Ligation of Fe(III) CBS Is InsensitiVe to pH;
Therefore, pH-Dependent Enzyme ActiVity Is Not Directly
Mediated by the Ferric Heme Moiety.The pH dependence
of Fe(III) CBS activity is localized to ionizations occurring
in the catalytic core of the enzyme. CBS-45 is a truncation
variant of CBS-63 in which the C-terminal autoinhibitory
domain has been deleted, leaving the catalytic core, compris-
ing the heme- and PLP-binding domains. Thus, comparison
of pH versus activity profiles for Fe(III) CBS-45 and Fe(III)
CBS-63 may locate the source of the pH dependence to either
the catalytic or regulatory regions of the enzyme. Our
functional assays reveal that both Fe(III) CBS-63 and Fe(III)
CBS-45 are highly pH-dependent through the physiologically
relevant pH range of 6.0-8.0, in agreement with previous
studies of the full-length enzyme (50). The fact that the pH-
dependent profile of enzyme activity is nearly identical for
the full-length and truncated enzymes implies that the
catalytic core of the enzyme governs the pH dependence of
CBS activity. This evidence allows us to conclude that the
pH profile derives from pH-dependent changes in the heme
axial ligand field, the PLP cofactor and its immediate
environment, or both.

Although heme is required for maximal enzyme activity
(5), there is little evidence to date that suggests a plausible
role for this cofactor in CBS. Only higher eukaryotes possess
the N-terminal heme-binding domain; CBS fromSaccharo-
myces cereVisiae and Trypanosoma cruzido not contain
heme but do contain PLP (25-28). Previous work has
precluded a catalytic role for the heme (9, 24, 25, 27, 46),
and regulatory or structural roles are currently being con-
sidered as possible functions of the heme moiety (5, 13, 50,
54, 55). Hemes are now known to regulate protein function
by acting as sensors, in addition to their well-established roles
in oxygen transport, electron transfer, and catalytic trans-
formations. In systems such as the enzyme soluble guanylyl
cyclase (56-58), the bacterial transcription factor CooA (59,
60), and the rhizobial FixL protein (61-63), the binding of
small molecules (NO, CO, and O2, respectively) to a heme
center triggers protein conformational changes that signifi-
cantly modulate protein function. The recent observation that
CBS activity decreases 2-fold upon reduction of the heme

FIGURE 8: A comparison of the X-band EPR spectrum of Fe(III)
CBS-63 treated with sodium dithionite with that of Fe(III) CBS-
63: (A) CBS-63 in 100 mM MES, pH 6.0, 100 mM NaCl, 4.4
mM sodium dithionite; (B) CBS-63 in 100 mM MES, pH 6.0, 100
mM NaCl. Sample A was reacted with dithionite ion for 30 min,
and both samples were approximately 140µM in heme. Spectra
were recorded at 20 K, 9.360 GHz microwave frequency, 0.51 mW
microwave power, 4.00× 105 receiver gain, 8.3 G modulation
amplitude, and 0.66 s time constant. Spectra represent added scans
(16 scans for sample A and 8 scans for sample B) and comprise
1024 data points.
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suggested that the CBS heme may act as a redox sensor,
modulating enzyme activity though redox changes at the
heme center (50). Few other ways in which the CBS heme
could be regulating the activity of this enzyme have been
explored, however. Considering that the pH dependence of
CBS activity is localized to the catalytic domain, another
reasonable hypothesis is that a proton transfer that affects
the ligand environment of the heme may regulate CBS.
Although subtle changes with pH are observed in the
resonance Raman and EPR spectra of Fe(III) CBS-45 and
Fe(III) CBS-63, the electronic absorption and MCD spectra
of the two enzyme forms remain unaltered, indicating that
the first coordination sphere of the ferric heme is not greatly
affected by varying pH. Therefore, pH-dependent modula-
tions of the ferric heme are not responsible for changes in
catalytic activity, implying the Fe(III) heme is not a pH-
dependent regulator of CBS enzyme activity, because no
significant modifications occur to the ferric heme over the
pH range at which activity is most pH-dependent.

In light of our spectroscopic and functional characterization
of Fe(III) CBS, a likely explanation is that the pH dependence
of CBS activity results from ionizations involving residues
in the vicinity of the PLP, the cofactor itself, or PLP
intermediates formed during the course of the catalytic cycle.
That pH-dependent enzyme activity may be controlled by
the PLP moiety or amino acids within the vicinity of the
cofactor is consistent with the behavior of other members
of the â-family of PLP enzymes, includingO-acetylserine
sulfhydrylase and tryptophan synthase fromSalmonella
typhimurium. In these PLP-containing enzymes, the pH
dependence of enzyme activity is apparently linked to
specific ionizations within the PLP-binding domain (64, 65).
In the case of tryptophan synthase, recent studies have
suggested that the deprotonation ofâLys87 is required for
competent catalytic turnover. The specific ionizations oc-
curring within the PLP-binding domain of human CBS that
may give rise to the strong pH-dependent activity profile
remain to be identified.

Low-Spin, Six-Coordinate, Cysteine-Ligated Ferrous Hemes,
Such as That of CBS, May Be Thermodynamically Unstable.
This investigation has revealed that Fe(III) CBS is favored
at low pH, even in the presence of excess reductant. Addition
of reductant to samples of Fe(III) CBS at high- and low-pH
produced two spectrally distinct products, termed the alkaline
(449 nm) and acid (428 nm) species, respectively. The
alkaline species was unambiguously characterized as Fe(II)
CBS, but the acid species was unexpectedly found to be
Fe(III) CBS. At low pH, absorption spectroscopy revealed
a transient reduction of the ferric heme followed by reoxi-
dation of the ferrous heme under anaerobic, reducing
conditions. Thus, a net reduction of Fe(III) CBS is not
achieved at lower pH values. This behavior unfortunately
prevents the accurate determination of the pH dependence
of Fe(II) CBS activity, because the heme would reoxidize
over the course of the assay.

Although it has not been discussed in the literature,
resistance of ferric heme to reduction, presumably due to
the instability of ferrous, six-coordinate, thiolate-ligated heme
centers, has been documented for other proteins (Table 1).
Cheesman et al. report that the Cys(thiolate)/His-ligated
“heme-1” of SoxAX from RhodoVulum sulfidophilumre-
mains in the Fe(III) state even in the presence of excess

dithionite ion at pH 7 (14). Similarly, at pH 7, only a small
amount of Fe(II) CBS is present at equilibrium, as judged
by a small absorption maximum at 449 nm in the electronic
absorption spectrum (data not shown). Cytc M80C, a
cytochromec variant that exhibits Cys(thiolate)/His coor-
dination, has also been reported to exhibit unusual behavior
in the presence of reductants (66). Another subset of heme
proteins are incapable of attaining the ferrous state while
retaining Cys(thiolate)/(N) ligation (where “N” represents
any endogenous nitrogen-donating ligand). Upon addition
of reductant, both C420, an inactive form of chloroperoxi-
dase, and the bacterial CO-sensor CooA fromRhodospirillum
rubrumundergo ligand switches in which the Cys(thiolate)
is displaced (67-69). Furthermore, recent work by Perera
et al. has demonstrated that cysteine(thiol) is a reasonable
ligand in ferrous heme complexes, suggesting that heme
proteins that are presumed to lose cysteine(thiolate) coor-
dination upon reduction may actually retain a neutral cysteine
as a ligand in the Fe(II) state (70). Thus, no literature
precedent for a ferrous heme displaying Cys(thiolate)/(N)
coordination exists. These observations suggest that at
physiological pH, ferrous Cys(thiolate)/(N)-ligated heme is
unstable and, to maintain the Fe(II) state, requires the
substitution of another residue for the Cys(thiolate) ligand.
The reduction of Fe(III) CBS at high pH, however, does not
appear to conform to this axial ligand exchange behavior.
The 449 nm Soret maximum for Fe(II) CBS suggests that it
retains its coordination environment upon reduction at high
pH. Consequently, we suspect that pH must affect the
stability of the ferrous Cys(thiolate)/(N)-ligated heme in CBS.

Inconsistencies with PreVious Work on H450 Can Be
Explained by Implicating a Partially Denatured Form of
CBS.Although previous spectroscopic studies on Fe(II) H450
also show pH-dependent behavior, these early experiments
may have been plagued by a partially denatured form of the
enzyme. The heme protein H450 was isolated from pig liver
in the late 1970s, and nearly 2 decades passed before
researchers realized that the protein was in fact CBS.
Whether H450 was isolated as CBS-63 or as CBS-45 remains
unclear, though the reported gel electrophoresis experiments
suggest that H450 was actually a mixture of the proteolyti-
cally cleaved and full-length enzymes (18). Initial electronic
absorption experiments by Omura and co-workers on H450
revealed two pH-dependent forms, alkaline and acid, of the
dithionite-treated enzyme (19, 20), similar to those we report
here for CBS-45 and CBS-63. The alkaline species of H450
and CBS are identical, both exhibiting absorption maxima
at 449, 540, and 573 nm. In contrast, the acid species of
H450 was characterized by absorbance maxima at 425, 530,
and 558 nm, significantly different from the acid species of

Table 1: Effect of Adding Reductants to Various Heme Proteins
Exhibiting Cys(thiolate)/(N) Coordination

protein axial ligands effect of reductant ref

CBS (pH 6) Cys(thiolate)/His transiently reduced this work
SoxAX (heme 1) Cys(thiolate)/His not reduced 14
cyt c M80C Cys(thiolate)/His a 66
C420 Cys(thiolate)/His Cysf His 67
CooA Cys(thiolate)/Pro(N) Cysf His 68, 69

a Smulevich et al. report that reduction by sodium dithionite was
sluggish and spectroscopic samples prepared in this manner were
unsatisfactory.
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CBS that we report herein. Subsequent room-temperature
MCD work by Svastits et al. lead to the hypothesis that the
low-pH H450 species was the result of protonation and
possible displacement of the cysteine thiolate to yield either
a six-coordinate, cysteine(thiol)/histidine-bound heme or a
five-coordinate, histidine-bound heme (21). We have evi-
dence that the acid form of H450 was actually partially
denatured. Omura and co-workers reported that the spectrum
of the 425 nm species could also be attained by the addition
of eithern-butanol or urea, known protein denaturants, to a
solution Fe(II) H450 at high pH. We have reproduced the
spectrum of the H450 acid species by thermally denaturing
Fe(II) CBS at pH 9 (Figure S3). We therefore suspect that
the manner in which H450 was isolated may account for
the difference between the low-pH species of H450 and CBS.
Intriguingly, the activity of CBS-63 has been shown to
increase upon partial thermal denaturation of the enzyme, a
fact previously attributed to heightened flexibility of the
protein matrix and displacement of the autoinhibitory C-
terminal domain from the catalytic site (6). Displacement
of a heme ligand upon denaturation of CBS may also provide
a mechanism by which a conformational change within the
enzyme increases activity. Current work in our laboratory
is aimed at elucidating the nature of this partially denatured
form of CBS.

The NoVel Heme Redox Chemistry of CBS Suggests That
Redox Regulation of This Protein Must Be Coupled to pH.
The transient formation of the alkaline species that is
observed upon addition of reductant to Fe(III) CBS indicates
that the CBS heme is initially reduced by the addition of
excess reductant and then is reoxidized in an intramolecular
electron-transfer process. As discussed earlier, ferrous Cys-
(thiolate)/(N)-ligated heme appears to be unstable near
physiological pH and is either resistant to oxidation or
undergoes a ligand switch to accommodate the change in
heme redox state. We have demonstrated, however, that
Fe(II) CBS is indeed the dominant species for a short time
at low pH and ultimately reoxidizes, even under strictly
anaerobic conditions. Thus, it is not that the ferric Cys(thi-
olate)/(N)-ligated heme of Fe(III) CBS at low pH is simply

resistant to reduction but rather that the ferrous Cys(thiolate)/
(N)-ligated heme of Fe(II) CBS is reoxidized and remains
ferric even in the presence of excess reductant but would
rereduce by an intramolecular electron transfer if the pH were
raised. We hypothesize that Fe(II) CBS reoxidizes to escape
the ferrous Cys(thiolate)/(N)-ligated state. Similarly unstable
systems employ a ligand switch; however, a ligand switch
is unlikely for CBS because no other suitable nearby residue
appears poised to replace Cys52. The pH-dependence of the
rate of Fe(II) CBS reoxidation suggests that an ionizable site
within the enzyme is controlling this process. A reasonable
model explaining these observations is a proton-gated
electron transfer (Figure 9), in which protonation of a remote
site in the enzyme (apparent pKA ≈ 6.5) triggers an electron
transfer from the heme to the protonated site or another
electron acceptor located elsewhere within the enzyme. Thus,
the location of the electron is determined by pH; at high
pH, the electron resides at the heme, while at lower pHs,
the electron resides at the electron receptor, represented by
a radical species in Figure 9. Formation of a radical at the
electron receptor is speculation because no evidence of such
a species has been observed. A radical is also not the only
possible scenario, because a multiple-electron reduction
is possible if the CBS heme is serving as an electron con-
duit.

At this time, the identity of the reducible site within the
enzyme remains unknown. The fact that DTT does not affect
the reoxidation phenomenon suggests that accessible disulfide
linkages are not involved. The electron acceptor may be the
PLP cofactor, because this moiety has been shown to form
radicals both in solution (71) and during the course of
enzymatic reactions (72), as well as undergo a two-electron
reduction with sodium borohydride when bound to CBS (22).
An explanation of the greater stability of the ferrous Cys-
(thiolate)/(N)-ligated heme of Fe(II) CBS at high pH also
remains elusive. What is certain, however, is that the pH
dependence that governs the redox behavior of this enzyme
is distinct from the ionizations that mediate CBS activity,
because the apparent pKA’s for these processes are quite
different.

FIGURE 9: Proposed proton-gated electron-transfer process involving the CBS heme. “X” represents a remote site which, when protonated,
accepts an electron transferred from the CBS heme. Hypothetical intermediates are contained in brackets.
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The findings presented here have implications for the
recent suggestion that the heme of CBS serves as a redox
sensor, where the redox state of the heme influences the
catalytic rate of the enzyme (50). The fact that the CBS heme
reoxidizes in the presence of excess reductant at physiological
pH and cannot be rereduced after one reduction/reoxidation
cycle suggests that a simple redox-sensing role for the heme
is unlikely. Moreover, a redox-sensing function for the CBS
heme is less plausible based on comparisons made to other
Cys(thiolate)/(N)-ligated heme proteins, because this par-
ticular axial ligand pair does not appear to be stable to heme
reduction at physiological pH.

In conclusion, this study reveals that a connection between
the heme of CBS and pH does exist but surprisingly is not
related to the strong pH dependence of enzyme activity.
Rather, the connection between pH and the heme is associ-
ated with the redox behavior of the heme itself. We have
demonstrated that the CBS heme favors the ferric state at
lower pH and, in the presence of reductants, attains the ferric
state via transient formation of the ferrous state. Fe(II) CBS
and Fe(III) CBS are apparently interconverted not by a simple
ferric/ferrous redox couple but by what appears to be a
proton-controlled internal electron transfer process. Finally,
our results suggest that a straightforward redox mechanism
of regulation in this enzyme is unlikely, because only a small
amount of Fe(II) CBS exists at equilibrium after addition of
reductant at physiological pH. If redox regulation is occurring
in this enzyme, it must be coupled to the pH of the cellular
microenvironment.
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at http://pubs.acs.org.

REFERENCES

1. Mudd, S. H., Levy, H. L., and Kraus, J. P. (2001) Disorders of
transulfuration, inThe Metabolic and Molecular Basis of Inherited
Disease(Scriver, C. R., Beaudet, A. L., Sly, W. S., Valle, D.,
Childs, B., Kinzler, K. W., and Vogelstein, B., Eds.) pp 2007-
2056, McGraw-Hill, New York.

2. Kraus, J. P., Janosik, M., Kozich, V., Mandell, R., Shih, V.,
Sperandeo, M. P., Sebastio, G., de Franchis, R., Andria, G.,
Kluijtmans, L. A. J., Blom, H., Boers, G. H. J., Gordon, R. B.,
Kamoun, P., Tsai, M. Y., Kruger, W. D., Koch, H. G., Ohura, T.,
and Gaustadnes, M. (1999) Cystathionineâ-synthase mutations
in homocystinuria,Hum. Mutat. 13, 362-375.

3. Mills, J. L., McPartlin, J. M., Kirke, P. N., Lee, Y. J., Conley, M.
R., Weir, D. G., and Scott, J. M. (1995) Homocysteine metabolism
in pregnancies complicated by neural-tube defects,Lancet 345,
149-151.

4. Clarke, R., Smith, A. D., Jobst, K. A., Refsum, H., Sutton, L.,
and Ueland, P. M. (1998) Folate, vitamin B12, and serum total
homocysteine levels in confirmed Alzheimer disease,Arch.
Neurol. 55, 1449-1455.

5. Kery, V., Bukovska, G., and Kraus, J. P. (1994) Transsulfuration
depends on heme in addition to pyridoxal 5′-phosphate. Cys-
tathionine â-synthase is a heme protein,J. Biol. Chem. 269,
25283-25288.

6. Janosik, M., Kery, V., Gaustadnes, M., MacLean, K. N., and Kraus,
J. P. (2001) Regulation of human cystathionineâ-synthase by
S-adenosyl-L-methionine: evidence for two catalytically active
conformations involving an autoinhibitory domain in the C-
terminal region,Biochemistry 40, 10625-10633.

7. Skovby, F., Kraus, J. P., and Rosenberg, L. E. (1984) Biosynthesis
and proteolytic activation of cystathionineâ-synthase in rat liver,
J. Biol. Chem. 259, 588-593.

8. Kery, V., Poneleit, L., and Kraus, J. P. (1998) Trypsin cleavage
of human cystathionineâ-synthase into an evolutionarily con-
served active core: structural and functional consequences,Arch.
Biochem. Biophys. 355, 222-232.

9. Oliveriusova, J., Kery, V., Maclean, K. N., and Kraus, J. P. (2002)
Deletion mutagenesis of human cystathionineâ-synthase. Impact
on activity, oligomeric status, and S-adenosylmethionine regula-
tion, J. Biol. Chem. 277, 48386-48394.

10. Ojha, S., Hwang, J., Kabil, O., Penner-Hahn, J. E., and Banerjee,
R. (2000) Characterization of the heme in human cystathionine
â-synthase by X-ray absorption and electron paramagnetic reso-
nance spectroscopies,Biochemistry 39, 10542-10547.

11. Meier, M., Janosik, M., Kery, V., Kraus, J. P., and Burkhard, P.
(2001) Structure of human cystathionineâ-synthase: a unique
pyridoxal 5′-phosphate-dependent heme protein,EMBO J. 20,
3910-3916.

12. Taoka, S., Green, E. L., Loehr, T. M., and Banerjee, R. (2001)
Mercuric chloride-induced spin or ligation state changes in ferric
or ferrous human cystathionineâ-synthase inhibit enzyme activity,
J. Inorg. Biochem. 87, 253-259.

13. Taoka, S., Lepore, B. W., Kabil, O., Ojha, S., Ringe, D., and
Banerjee, R. (2002) Human cystathionineâ-Synthase is a heme
sensor protein. Evidence that the redox sensor is heme and not
the vicinal cysteines in the CXXC motif seen in the crystal
structure of the truncated enzyme,Biochemistry 41, 10454-10461.

14. Cheesman, M. R., Little, P. J., and Berks, B. C. (2001) Novel
heme ligation in a c-type cytochrome involved in thiosulfate
oxidation: EPR and MCD of SoxAX fromRhodoVulum sulfido-
philum, Biochemistry 40, 10562-10569.

15. Bamford, V. A., Bruno, S., Rasmussen, T., Appia-Ayme, C.,
Cheesman, M. R., Berks, B. C., and Hemmings, A. M. (2002)
Structural basis for the oxidation of thiosulfate by a sulfur cycle
enzyme,EMBO J. 21, 5599-5610.

16. Kraus, J. P., and Rosenberg, L. E. (1983) Cystathionineâ-synthase
from human liver: improved purification scheme and additional
characterization of the enzyme in crude and pure form,Arch.
Biochem. Biophys. 222, 44-52.

17. Janosik, M., Meier, M., Kery, V., Oliveriusova, J., Burkhard, P.,
and Kraus, J. P. (2001) Crystallization and preliminary X-ray
diffraction analysis of the active core of human recombinant
cystathionineâ-synthase: an enzyme involved in vascular disease,
Acta Crystallogr., Sect. D: Biol. Crystallogr. 57, 289-291.

18. Kim, I.-C., and Deal, W. C., Jr. (1976) Isolation and properties of
a new, soluble, hemoprotein (H-450) from pig liver,Biochemistry
15, 4925-4930.

19. Hasegawa, T., Sadano, H., and Omura, T. (1984) Spectral
similarities between “H-450” and cytochrome P-450,J. Biochem.
(Tokyo) 96, 265-268.

20. Omura, T., Sadano, H., Hasegawa, T., Yoshida, Y., and Kominami,
S. (1984) Hemoprotein H-450 identified as a form of cytochrome
P-450 having an endogenous ligand at the 6th coordination
position of the heme,J. Biochem. (Tokyo) 96, 1491-1500.

21. Svastits, E. W., Alberta, J. A., Kim, I.-C., and Dawson, J. H. (1989)
Magnetic circular dichroism studies of the active site structure of
hemoprotein H-450: comparison to cytochrome P-450 and
sensitivity to pH effects,Biochem. Biophys. Res. Commun. 165,
1170-1176.

22. Kery, V., Poneleit, L., Meyer, J. D., Manning, M. C., and Kraus,
J. P. (1999) Binding of pyridoxal 5′-phosphate to the heme protein
human cystathionineâ-synthase,Biochemistry 38, 2716-2724.

23. Evande, R., Ojha, S., and Banerjee, R. (2004) Visualization of
PLP-bound intermediates in hemeless variants of human cys-
tathionineâ-synthase: evidence that lysine 119 is a general base,
Arch. Biochem. Biophys. 427, 188-196.

pH-Dependent Redox Behavior of CBS Biochemistry, Vol. 43, No. 46, 200414693



24. Bruno, S., Schiaretti, F., Burkhard, P., Kraus, J. P., Janosik, M.,
and Mozzarelli, A. (2001) Functional properties of the active core
of human cystathionineâ-synthase crystals,J. Biol. Chem. 276,
16-19.

25. Jhee, K.-H., McPhie, P., and Miles, E. W. (2000) Yeast cys-
tathionineâ-synthase is a pyridoxal phosphate enzyme but, unlike
the human enzyme, is not a heme protein,J. Biol. Chem. 275,
11541-11544.

26. Jhee, K.-H., McPhie, P., and Miles, E. W. (2000) Domain
architecture of the heme-independent yeast cystathionineâ-syn-
thase provides insights into mechanisms of catalysis and regula-
tion, Biochemistry 39, 10548-10556.

27. Maclean, K. N., Janosik, M., Oliveriusova, J., Kery, V., and Kraus,
J. P. (2000) Transsulfuration inSaccharomyces cereVisiae is not
dependent on heme: purification and characterization of recom-
binant yeast cystathionineâ-synthase,J. Inorg. Biochem. 81, 161-
171.

28. Nozaki, T., Shigeta, Y., Saito-Nakano, Y., Imada, M., and Kruger,
W. D. (2001) Characterization of transsulfuration and cysteine
biosynthetic pathways in the protozoan hemoflagellate,Trypano-
soma cruzi. Isolation and molecular characterization of cystathion-
ine â-synthase and serine acetyltransferase fromTrypanosoma,
J. Biol. Chem. 276, 6516-6523.

29. Brochu, C., and Ouellette, M. Submitted (APR-2000) to the
EMBL/GenBank/DDBJ databases.

30. Zehnder, A. J. B., and Wuhrmann, K. (1976) Titanium(III) citrate
as a nontoxic oxidation-reduction buffering system for the culture
of obligate anaerobes,Science 194, 1165-1166.

31. Bukovska, G., Kery, V., and Kraus, J. P. (1994) Expression of
human cystathionineâ-synthase inEscherichia coli: purification
and characterization,Protein Expression Purif. 5, 442-448.

32. Lowry, O. H., Rosebrough, N. J., Farr, A. L., and Randall, R. J.
(1951) Protein measurement with the Folin phenol reagent,J. Biol.
Chem. 193, 265-275.

33. Morrison, M., and Horie, S. (1965) Determination of heme a
concentration in cytochrome preparations by hemochromogen
method,Anal. Biochem. 12, 77-82.

34. Kraus, J. P. (1987) Cystathionineâ-synthase (human),Methods
Enzymol. 143, 388-394.

35. Lukat-Rodgers, G. S., and Rodgers, K. R. (1997) Characterization
of ferrous FixL-nitric oxide adducts by resonance Raman spec-
troscopy,Biochemistry 36, 4178-4187.

36. Dawson, R. M. C., Elliott, D. C., Elliot, W. H., and Jones, K. M.
(1986) Amino acids, amines, amides, peptides, and their deriva-
tives,Data for Biochemical Research, pp 1-31, Oxford Science
Publications, Oxford, U.K.

37. Martell, A. E., and Smith, R. M. (1974)Critical Stability
Constants, Vol. 1, Plenum Press, New York.

38. Benesch, R. E., and Benesch, R. (1955) The acid strength of the
-SH group in cysteine and related compounds,J. Am. Chem. Soc.
77, 5877-5881.

39. Bayer, E., Hill, H. A. O., Roder, A., and Williams, R. J. P. (1969)
The interaction between haem-iron and thiols,Chem. Commun.
109.

40. Dawson, J. H., Andersson, L. A., and Sono, M. (1982) Spectro-
scopic investigations of ferric cytochrome P-450-CAM ligand
complexes. Identification of the ligand trans to cysteinate in the
native enzyme,J. Biol. Chem. 257, 3606-3617.

41. Reynolds, M. F., Shelver, D., Kerby, R. L., Parks, R. B., Roberts,
G. P., and Burstyn, J. N. (1998) EPR and electronic absorption
spectroscopies of the CO-Sensing CooA protein reveal a cysteine-
ligated low-spin ferric heme,J. Am. Chem. Soc. 120, 9080-9081.

42. Lu, Y., Casimiro, D., Bren, K., Richards, J., and Gray, H. (1993)
Structurally engineered cytochromes with unusual ligand-binding
properties: expression ofSaccharomyces cereVisiae Met-80 to
Ala Iso-1- cytochromec, Proc. Natl. Acad. Sci. U.S.A. 90, 11456-
11459.

43. Thomson, A. J., Cheesman, M., and George, S. J. (1993) Variable-
temperature magnetic circular dichroism,Methods Enzymol. 226,
199-232.

44. Johnson, M. K. (2000) CD and MCD spectroscopy, inPhysical
Methods in Bioinorganic Chemistry: Spectroscopy and Magnetism
(Lawrence Que, J., Ed.) pp 233-285, University Science Books,
Sausalito, CA.

45. Hu, S., Morris, I. K., Singh, J. P., Smith, K. M., and Spiro, T. G.
(1993) Complete assignment of cytochromec resonance Raman
spectra via enzymatic reconstitution with isotopically labeled
hemes,J. Am. Chem. Soc. 115, 12446-12458.

46. Green, E. L., Taoka, S., Banerjee, R., and Loehr, T. M. (2001)
Resonance Raman characterization of the heme cofactor in
cystathionineâ-synthase. Identification of the Fe-S(Cys) vibration
in the six-coordinate low-spin heme,Biochemistry 40, 459-463.

47. Walker, F. A. (1999) Magnetic spectroscopic (EPR, ESSEM,
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