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ABSTRACT. Human cystathioning-synthase (CBS) is a unique pyridoxakfhosphate-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 eBpth&ead, 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 technigues, including resonance Raman,
magnetic circular dichroism, and electron paramagnetic resonance, demonstrated that at pH 9 Fe(ll) CBS
is dominant while at pH 6 Fe(lll) CBS is favored. At low pH, Fe(ll) 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.

Cystathionings-synthase (CBS)catalyzes the condensa-  of sulfur. CBS, positioned at a branch point in the methionine
tion of serine and homocysteine to yield cystathionine, an metabolic cycle that converts methionine to cysteine and
intermediary yet critical step in the biological conservation ultimately to glutathione, is one of two enzymes responsible
for removing toxic homocysteine from the bloodstredih (
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# University of Wisconsin. blood. The most extreme symptoms of homocystinuria are
® North Dakota State University. dislocated eye lenses, skeletal problems, vascular disease,

"University of Colorado School of Medicine. . . .
1 Abbreviations: ALys®’, a lysine located at position 87 in the ~@nd mental retardation. More than 100 pathological variants

B-subunit of tryptophan synthasey1—40 CBS-45, an N-terminal ~ of CBS that result in a deficiency of enzyme activity have

truncation variant of CBS-45 the amino acid sequence of which spans heen described in homocystinuric patier®s Recent reports
residues 41413; C420, an inactive form of chloroperoxidase; CBS, . . .
cystathionings-synthase; CBS-45, a truncation variant of cystathionine have also associated elevated homocysteine levels with neural

f-synthase in which the C-terminal autoinhibitory domain (residues tube defects and Alzheimer’s diseasg 4).

413-551) has been deleted from the enzyme; CBS-63, full-length . .
cystathioning3-synthase; CD, circular dichroism; CHES, 18-¢yclo- Human CBS is the only known enzyme that requires both

hexylamino)ethanesulfonic acid; CooA, a CO-sensing heme protein thatheme and pyridoxal-Ephosphate (PLP) for maximal activity
regulates the transcription of titeo operon encoding a CO-oxidation  (5), CBS binds two substrates, homocysteine and serine, and

system inR. rubrum cyt ¢, cytochromec; cyt ¢ M80C, cytochrome : : _
where the methionine ligand is replaced by cysteine; DMF, dimethyl- turnover is regulated by the allosteric affectsadenosyl

formamide; DTT, dithiothreitol; EPP$\-(2-hydroxyethyl)piperazine- ~ methionine (SAM) 6). The human enzyme is an-tetramer
N'-(3-propanesulfonic acid); EPR, electron paramagnetic resonance;composed of 63 kDa subunits that each contain 551 amino

FixL, an Os-sensing heme protein that regulatei$ and fix gene ; : - At :
expression in plant-associated-fiking rhizobia; H450, hemoprotein acids (, 8). Each subunit has a defined organization in which

450, a heme protein isolated in 1976 that was later identified as the N-terminal, middle, and C-terminal regions of the protein
cystathionine-synthase by sequence alignment; MCD, magnetic serve as the binding sites for heme, PLP, and SAM,

circular dichroism; MES, 2N-morpholino)ethanesulfonic acid; MOPS, ; i i i i
3-(N-morpholino)propanesulfonic acid; NMR, nuclear magnetic reso- respectively §). The heme moiety is axially coordinated by

nance; PLP, pyridoxal:&phosphate; R, resonance Raman; SAM, the thiolate of Cy® and the N, atom of His?®, both located
S-adenosylmethionine; SoxAX, multiheme enzyme encoded bydka on a loop within the N-terminal domaiiQ—13). Naturally

gene and an essential component of the thiosulfate-oxidizing multien- ; ; ol ; .
Zyme system (TOMES) oRhodaulum sulfidophilum Tris, tris- occurring Cys(thiolate)/His-coordinated hemes are rare;

(hydroxymethyl)aminomethane; VT-MCD, variable-temperature mag- anOther interesting example is prOViqed by the multiheme
netic circular dichroism. protein SoxAX fromRhodaulyum sulfidophilum(14, 15).
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Two forms of CBS, termed CBS-63 and CBS-45, are EXPERIMENTAL PROCEDURES
available for study. Homogeneity of the full-length human ] o i
enzyme (referred to subsequently as CBS-63) is difficult to  Materials Titanium(lll) chloride was purchased from
maintain because of its propensity to aggrega6. Limited Ac_ros,L-[U-“C]serlne was obtained from Perkin-Elmer Life
proteolysis of CBS-63 results in the separation of the Sciénces, and all other chemicals were purchased from
N-terminal “catalytic core”, which is composed of the heme- Sigma. All chemicals were used as received. Titanium(lll)
and PLP-binding domains, from the inhibitory C-terminal Citrate was prepared from titanium chloride and sodium
SAM-binding domain 8). Thus, the catalytic core (referred citrate in buffers of the appropriate pH as described previ-
to subsequently as CBS-45) is approximately twice as active®USY G0)-
as CBS-63 but is insensitive to SAM. Truncation of CBS- ~ Recombinant Human CBShe cloning of human CBS-
63 also results in a change in the quaternary structure of the63 and CBS-45 cDNAs, the expression of the proteins.in
enzyme from a homotetramer to a homodimer, reducing the coli, and the purification of the enzymes to homogeneity were
propensity of the enzyme to aggregate. A system for the performed as described previousty7( 31). Another form
overexpression of CBS-45 iischerichia colihas recently ~ of CBS-45,A1-40 CBS-45, the amino acid sequence of

been developed, and the X-ray crystal structure of CBS-45 Which spans residues 4813, was also utilized in these
has been solvedL(, 13, 17). studies and was prepared by digesting CBS-63 with trypsin

(8). CBS-45 andA1—-40 CBS-45 display identical spectral
behavior. Protein concentrations were determined by the
Lowry method 82) using bovine serum albumin as a

CBS was first characterized spectroscopically as “hemo-
protein H450,” a peculiar heme protein of unknown function
E;T]?f)gsslfg—ezdl)s_ p.?ﬁg%sgsotgfri;;rglgfr Ittrlfséositr:(iel a':ﬁggv:gtso standard. Heme saturation was determined using the pyridine
an intense, red-shifted Soret absorbantgx(= 450 nm) hemochrom_agen assayy). o _
that H450 displayed upon reduction, which was suggestive CBS Actiity Assay The enzyme activity at various pH
of cysteinate coordination. H450, however, also displayed Values was determined as described previousty. Briefly,
spectral features uncharacteristic of the P450 cytochromesthis method involves incubating the enzyme with substrates
such as pH-dependent EPR and ferrous heme absorptiofffomocysteine and-[*“Clserine in a Bis-Tris propane buffer
spectra. H450 was identified as CBS when the cDNA Of the appropriate pH, separating the product cystathionine
sequences of rat H450 and rat CBS became available and?Y descending paper chromatography, and counting the
were compareds). The early spectroscopic work performed activity of cystathionine by scintillation. Each assay was

on H450 serves as a solid basis for current studies of CBS,Performed in a total volume of 2Q@. and contained 50 ng
such as the one presented here. 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
The role of the heme in cystathionifiesynthase remains CBS that catalyzes the formation ofiinol of cystathionine

unknown. The catglytic condensation rea.ct.ion.performed py in 1 h at 37°C. The pH dependence of specific activity (SA)
CBS can be explained solely by the participation of PLP in |\ < fitted to the bell-shaped curve described by eq 1:
the reaction mechanisn??). The heme-free enzyme is

catalytically competent, though the specific activity is lower (SA)

than that of the holo-enzyme®,(23, 24). Intriguingly, the SA= max (1)
dependence on heme appears to be an evolutionarily new 1+ 10PRaPH) 4 g ofPHPRe2)

acquisition for this enzyme. Deduced amino acid sequences

of CBS from lower eukaryotes, for exampfsaccharomyces Electronic Absorption Spectroscapiectronic absorption

cerevisiae(25-27), Trypanosoma cruz8), andLeishmania  spectra were recorded on a double-beam Cary 4 Bio
tarentolae(29), contain the conserved lysine residue respon- spectrophotometer equipped with a temperature controller
sible for PLP binding but do not contain the critical heme- and set to a spectral bandwidth of 0.5 nm. Spectra were
binding residues characteristic of CBS from higher organ- gptained at 25C with CBS-45 or CBS-63 in 25 mM buffer
isms. FurthermoreS. cereisiae CBS has been shown (MES for pH 6.0-6.5, MOPS or sodium phosphate for pH
spectroscopically to contain PLP but not her2g)( Nev- 6.50-7.75, EPPS for pH 7.759.0, and CHES for pH 9:0
ertheless, heme is essential for maximal activity in the humang 5) with an additional 100 mM NaCl, unless stated
enzyme, because activity decreases substantially upon deleotherwise. Reactions of the ferric enzyme with reducing
tion of the heme-binding domai®). The studies presented agents (titanium citrate, sodium dithionite, or dithiothreitol)
herein were originally an attempt to connect the pronounced were performed anaerobically under an atmosphere of argon
pH-dependence of CBS activity with changes in the axial and were initiated by the addition of a degassed stock
coordination of the heme center. Our initial hypothesis was solution of reductant to a final concentration of 2 mM.
that pH-dependent changes to the heme ligand environmeniSpectral behavior as a function of pH for samples treated
affected activity, implicating the CBS heme as a sensor of with reducing agent was monitored by two methods: (1)
intracellular proton concentrations. Our studies, however, diluting the protein stock into a buffered solution of the
demonstrate that this is not the case. Instead, we have foundappropriate pH and subsequently adding reductant or (2)
a more profound connection between the CBS heme and pHadjusting the pH of a protein sample containing reductant
in that the redox state of the heme in this enzyme appears toby adding a small amount of a 0.5 M buffer. Both methods
be pH-sensitive. This finding has implications for the existing produced identical results. A Corning ion analyzer 250
hypothesis that the heme of CBS regulates activity through equipped with an Acumet combination microelectrode was
changes in redox state, because the heme prefers to be imsed to verify the pH of every sample at 2&. Rate

the ferric state at physiological pH. constants for the spontaneous reoxidation of Fe(ll) CBS



14686 Biochemistry, Vol. 43, No. 46, 2004 Pazicni et al.

under reducing conditions were obtained by fitting electronic
absorbance data to eq 2, which describes a first-order
approach to equilibrium.
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Ficure 1. pH dependence of enzyme activity for the CBS-45- and
Magnetic Circular Dichroism Spectroscopyagnetic CBS-63-catalyzed condensation.efU-1“C]serine and.-homocys-

. . . teine to form'4C-L-cystathionine. Reactions were carried out in
circular dichroism (MCD) spectra were recorded on a Jasco .- oiumes of 20QuL at 37 °C in Bis-Tris propane buffer at

J715 CD spectropolarimeter with the sample compartmentyarious pH conditions. Lines represent the nonlinear regression fits

modified to accommodate an SM-4000-8 magnetocryostat of specific activity vs pH to eq 1. Because of base-catalyzed

(Oxford Instruments). Buffers used for MCD samples were racemization ot-serine at pH> 9, assays carried out at pH 9

the same as those detailed above. Spectra were obtained witiere cqn3|d§3red unreliable and were not included in the nonlinear

A1—-40 CBS-45 in a solvent of 55% v/v glycerol with 45 regression fit of the date3).

;nb'\gorblf[;c(f;r's Aé(ictjrlﬂ%no?;ngIﬁc;eéOIIeh;cdror:)?n feffne1Cterc:;1rt]u:2enortion of 4.4 mM. Sodium dithionite-treated samples were
P P y P pere  .~monitored by electronic absorption spectroscopy until no

was any change observed at temperatures at which MCDfurther changes to the spectrum occurred. Each sample was

data were collected. Sodium dithionite was introduced in 9 b : P

excess as a solid into anaerobic samples of the ferric enz metransferred to an argon-filled tube via gastight syringe and
P YMetozen in liquid nitrogen. For all samples, scans 6fl@ 000

E:SC,[? E’fg‘ﬁ:ﬁ \ga;ngi?jizrr:eii TIO uailch] r‘?‘i:?gn;:"e:" Cl\i”CI\D/Ia G revealed no signals other than those reported. EPR spectral
gastight syring q gen. simulations were performed using the Win-EPR SimFonia

spectra wereta/ T attemperatures ranging from 4.5 to 85 .
K. Zero-field CD spectra were subtracted from the MCD software package from Bruker, software version 1.2, 1995.

spectra for all samples. RESULTS

Resonance Raman Spectroscdpgsonance Raman (rR)
spectra were obtained using ®3&ackscattering geometry The Enzyme Actity of CBS-63 and CBS-45 Show Similar
and f; collection as described previouslg5). Either the =~ pH-Dependent Behéor. The truncation variant, CBS-45,
413.1 nm emission from a Krlaser or the 441.6 nm displays pH-dependent behavior very comparable to that of
emission from a HeCd laser was used for Raman excitation.the full-length recombinant enzyme (Figure 1). Both full-
The laser powers ranged from 12 to 20 mW at the sample, length Fe(lll) CBS-63 and truncated Fe(lll) CBS-45 exhibit
and a cylindrical lens was used to focus the beam on thea bell-shaped pH dependence with maximal activity at pH
sample. The sample tube was spun at 20 Hz to minimize 8.5. The enzyme activity increases approximately 10-fold
laser-induced damage to the protein. Electronic absorptionupon increasing the pH from 6.0 to 8.0, and the specific
spectra were obtained before and after rR experiments toactivity of CBS-63 is approximately 2.7-fold lower than that
ensure that the samples had not been irreversibly altered inof CBS-45 at the pH of optimal activity, consistent with
the laser beam. Spectra were calibrated against toluene, DMF¢eletion of the inhibitory C-terminal domaiB){ A nonlinear
and CHBr,. CBS-45 and CBS-63 samples for rR experi- regression fit of the activity data to a bell-shaped curve (eq
ments were prepared in 5 mm NMR tubes. Buffers for rR 1) yields two Ka values for each form of CBS: 7.5
samples were the same as described above. The ferric protei®.03 and 9.35: 0.09 for CBS-63 and 7.42 0.02 and 9.38
solutions were equilibrated withNand reacted with excess & 0.07 for CBS-45. Thelga values of substrates serind<{(p

Ky

dithionite ion by anaerobic transfer of a buffered;syparged = 9) and homocysteine i = 10) match closely with the
stock solution. higher K value, suggesting that the pH-dependence of CBS
Electron Paramagnetic Resonance Spectrosciplyand is determined in part by the intrinsic aeithase properties

EPR spectra were collected on a Bruker ESP 300E equippedf the substrates3y, 38). The lower [Ka value, therefore,
with an Oxford ESR 900 continuous flow cryostat and an can be attributed to the properties of the enzyme, its
Oxford ITC4 temperature controller. The field was calibrated cofactors, or both. The fact that the pH profile of CBS-45,
using a Varian ER 035M gaussmeter. The microwave which lacks the C-terminal domain, is nearly identical to
frequency was monitored using an EIP model 625A CW that of CBS-63 suggests that ionizable groups within the
microwave frequency counter. Spectra of CBS-45 or CBS- active core of the enzyme are responsible for the lovi@r p
63 were recorded in 100 mM buffer with an additional 100 and thus the dramatic pH dependence observed for CBS.
mM NaCl. Buffers used for EPR were the same as detailed The Heme Coordination Eironment of Fe(lll) CBS is
above, and the pH of each sample was measured &25 Minimally Affected by Changes in pdsing several spectro-
For samples containing reducing agent, sodium dithionite scopic techniques, we have determined that pH does not sub-
was added as a degassed stock solution to a final concentrastantially affect the axial ligand field of the heme iron in
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FiGure 2: Variable temperature MCD spectra of Fe(IAL—40
CBS-45, 21uM 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 . : . L L ' . '
in a magnetic field of 7.0 T. The slight variation in signal amplitude 300 400 500 R 600 1300 1400 1500 1600
is presumably due to inconsistencies in sample preparation. The aman Shift (cm’)
inset shows the VT-MCD spectra of Fe(Il§1—40 CBS-45, 21 Ficure 3: Resonance Raman spectra of ferric CBS-63 and CBS-
u#M in heme. This sample was in 45 mM MES buffer, pH 6.0, and 45 obtained with 413.1 nm excitation at low and high pH: (A) 37
45 mM NaCl with 55% (v/v) glycerol. The spectra were recorded #M CBS-45in 50 mM MES, pH 6.0; (B) #M CBS-63 in 50 mM
at temperatures of 4.0, 8.0, 15.0, 25.0, 50.0, and 85.0 K in a MES, pH 6.0; (C) 2QuM CBS-45 in 50 mM CHES, pH 9.2; (D)
magnetic field of 7.0 T. Intensities of all MCD bands increase with 25 M CBS-63 in 50 mM CHES, pH 9.2. Spectra for the pH 6
decreasing temperature. and 9.2 samples were obtained with 12 and 16 mW of laser power
at the samples, respectively. Assignments are based on those for
either Fe(Ill) CBS-45 or Fe(lll) CBS-63. Electronic absorp- e"mcytochromec (45).
tion spectra of both enzyme forms display dand at 365 consistent with previously reported resonance Raman data
nm, a Soret band at 428 nm, and a broad, asymmetric absorpfor CBS @6) and are indicative of a low-spin, ferric heme.
tion band at 550 nm. Weak thiolate-to-iron charge-transfer While v,, v3, andv, of CBS-45 and CBS-63 are relatively
(CT) bands are also observed at 645 and 705 nm (Figureunaffected over the pH range of 6.0 to 9.2, there are subtle
S1, Supporting Information). These spectral features are con-changes in the high-frequency spectra. The intensity of the
sistent with a thiolate-ligated henm(@0, 39, 40, Table S1 shoulder at 1580 cmt is diminished and the band at 1603
and references therein) and are not altered by changes ircmis lost as the pH is lowered from 9.2 to 6.0. The low-
pH. The insensitivity of these spectral features to changesfrequency spectra of Fe(lll) CBS-45 at pH 6.0 and 9.2 exhibit
in pH is compelling evidence that the heme of Fe(lll) CBS- a band at 310 cnt. This band has previously been assigned
45 remains six-coordinate and retains histidine/cysteine- to thevees stretching mode at pH 8.8¢), and its presence
(thiolate) coordination over the aforementioned pH range at low pH indicates that the heme coordination of CBS-45
(41, 42). is not altered. At pH 9.2, a second band occurs at 320'.cm
Magnetic circular dichroism spectroscopy also supports whereas at pH 6.0, only the lower frequengy s (310 cnt?)
the observation that the heme of Fe(lll) CBS is unaffected band is predominant. The higher-frequency band may be
by changes in pH. The MCD spectrum of Fe(lll) CBS-45 attributable tovs; or it could be due to inhomogeneity in
(Figure 2) is dominated bg-terms in the Soret region of the heme pocket of CBS.
the spectrum. The temperature dependence of MCD intensity The electron paramagnetic resonance spectrum of Fe(lll)
attributed to theC-term (Figure 2, inset) requires ground- CBS-45 contains two overlapping sets of rhombic signals,
state degeneracy and derives from the temperature depenthe ratio of which varies slightly with pH (Figure S2). Both
dence of the Boltzmann population distribution of the signals are consistent with the type Il low-spin ferric heme
Zeeman-split ground statéd3). Thus, the MCD spectrum  centers described by Walket4). No high-spin EPR signals
of ferric heme will be dominated bg-terms in all cases, were observed in any Fe(lll) CBS sample. Both low-spin

because both low-spirsE& Y/,) and high-spin$= %) ferric components were observed in independently isolated CBS-
heme are paramagnetic and have degenerate ground state45 samples, in CBS-63 (vide infra), and in different buffers.
A magnetization plot of our data reveals & Y/, system, Simulations of the experimental EPR spectra indicate that

consistent with the assignment of a low-spin state (data notthe major componengf = 2.49,g, = 2.31, andy, = 1.87)
shown). The closely spaced, oppositely signed nature of theaccounts for approximately 60% and the minor component
SoretC-terms is also indicative of low-spin, ferric hem). (9. = 243, g, = 2.31, andgx = 1.90) accounts for
The features of the Fe(lll) CBS-45 MCD spectrum remain approximately 40% of the total signal intensity at pH 7.0.
unchanged as the pH of the sample is varied from 6.0 to The presence of multiple low-spin signals has been observed
9.2; the heme remains low-spin at both low and high pH. in the EPR spectra of a number of other thiolate-ligated heme
Subtle differences are observed between the resonanceroteins R0, 39, 41, 48). EPR simulations suggested that
Raman spectra of Fe(lll) CBS at low and high pH (Figure the major and minor signal intensities vary slightly with pH,
3). Bands sensitive to oxidation statg)(and spin statew, though shifts in the respectivgvalues were not observed.
v,) are observed at 1372, 1498, and 1574 Emespectively, This observation is in accordance with a previous EPR study
for both CBS-63 and CBS-45. These frequencies are of H450 20), although in our study, signal intensities do
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Scheme 1
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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 L
to CBS. 0'0‘\““\““\““\""I'
Reaction of Fe(lll) CBS with Reducing Agents Yields Two 400 450 500 550 600
Distinct ProductsElectronic absorption spectroscopy reveals Wavelength (nm)
that different species are formed when Fe(lll) CBS is treated FIGURE 4 Electronic absorption spectra of Fe(lll) CBS-45 treated

; _ ; ; with reductant at pH 9.0e¢e) and 6.0 ) at 25 °C. Samples
with one-electron reducing agents at high and low pH. Upon (6 uM in heme, 2 mM sodium dithionite) were in 25 mM buffer

addition of either sodium dithionite or fitanium citrate 0y an additional 100 mM NaCl. CHES was used as the buffer at
Fe(lll) CBS-45 at pH 9.0, the Soret maximum shifts from pH 9.0, and MES was used at pH 6.0. The pH-independent spectrum
428 to 449 nm. The red shift of the Soret band is of Fe(lll) CBS-45 (6uM in heme) in 25 mM CHES, pH 9.0, with
accompanied by a sharpening of the- region into two an additional 100 mM NaCl(-) is included for comparison. The
distinct peaks at 540 and 573 nm. The strongly red-shifted :ﬂﬁ?;tzgo‘t')"s ‘;ﬁg"g&ﬂﬂ%ﬁf g‘fec‘tf;]gcgnmtrzg:g'eﬁ) f/f/’_thf' tzu?fg? 'svlpéges,
Soret at 449 nm indicates that the thiolate remains bound toy ey, 0.5yM, pH 6.0, was added to a pH 9.0 gampww in

the heme49). This spectral change is identical to that noted heme, 2 mM sodium dithionite, 200 mM NaCl, 25 mM CHES) to
previously in studies of H450, CBS-63, and CBS-48,( a final concentration of 33 mM and a final pH of 6.34. The
50, 51) and is indicative of conversion to a six-coordinate, conversion was followed for 100 min.

low-spin, ferrous heme complex. When a reducing agent is

added to Fe(lll) CBS-45 at pH 6.0, a different final product 35
is observed (Figure 4). This new species is characterized by 30 -
a Soret peak at 428 nm and a broaedf feature at

0.0+
400 440 480
Wavelength (nm)

Absorbance

x2

o
o

o
~

Absorbance

approximately 550 nm. A mixture of the 449 and 428 nm 2 257 02

species (alkaline and acid forms, respectively) is observed v.: 20 - 0

at pH values between 6.0 and 9.0. The equilibrium of the £ 400 420 440 460 480
two different species is shifted upon altering the pH of the £ Wavelength (nm)

reductant-treated sample (Figure 4, inset), allowing the 449 10
and 428 nm species to be reversibly interconverted. Identical
pH-dependent behavior was also observed for the full-length
enzyme, CBS-63. T T 1T T T T 1

Further examination reveals that reactions of CBS-45 and 5% 60 65 70 75 80 85 90

CBS-63 with dithionite ion at low pH proceed via a transient P

; : : ; . FIGURE 5: Rate of formation of the 428 nm species of CBS-63 as
species, according to Scheme 1. This transient Spec'e{function of pH at 25C. Samples (1.5M in heme. 2 mM sodium

exhibits a Soret maximum at 449 nm and appears to be thegjhionite) were in 100 mM buffer with an additional 100 mM
same as that observed in the reaction of the ferric protein Na,SQ,. The buffer used varied with the pH, as noted in the
with reductants at high pH. Initial formation of the 449 nm Experimental Procedures. Reactions were initiated by the addition
species is followed by conversion to the 428 nm species. of dithionite stock solution. The absorbance at 449 nm was followed

; : : over time and was observed to approach equilibrium by first-order
This change was a_llso observed at high pH, _albelt at_a rnUChkinetics in all cases. A nonlinearprpegressio% fit of the gbsorbance
slower rate. Experiments were conducted with two different gata to eq 2 yielded rate constants for this process. The line
reductants (titanium citrate and sodium dithionite) that were represents a nonlinear regression fike#/s pH to eq 3. The inset
present in excess at all times, in two different buffer systems Zggwr?n:epresentati¥ecclé)§VA?5rSi<)tn flr_|0ng gée 4:;? nm 'Sllpetcriets t(t)hthe

H i i i | - .00o. WS |
(noncomplexing t.elrtla'ry. aml.ne and phOSp.hate)’ and in the growing-irs1poefctr(1aes 4028 nm spec?espand the grov&i)ngs-ou?f)f ?h% 44%
presence of DTT; indistinguishable behavior was observed ;. species over time.
in all cases. The conversion of the 449 nm species to the
428 nm species was monitored over time (Figure 5, inset) species characterized by a 449-nm Soret maximum at both
and a value fok; was obtained by fitting absorbance data high and low pH. The ferrous heme then undergoes a
to eq 2 (vide supra). The rate of conversion to the 428 nm significant change, the rate of which is inversely dependent
species was found to increase dramatically at lower pH on the pH of the medium.

(Figure 5). A nonlinear regression fit of the pH-dependence  Magnetic Circular Dichroism Spectroscopy Indicates That
of k; to the pH-dependent model described by eq 3 (vide Fe(lll) CBS Is Faored at Low pH.MCD spectroscopy
supra) yields an apparenKp value of 6.504+ 0.09. These reveals that the two products observed when Fe(lll) CBS-
data implicate a two-step process for the reaction of Fe(lll) 45 is treated with reducing agents at high and low pH exist
CBS with reductants (Scheme 1). Initially, addition of in different spin states (Figure 6). At high pH, the MCD
reducing agents to Fe(lll) CBS rapidly converts the heme spectrum contains signals in both the Soret angh regions

to the ferrous state, as evidenced by the appearance of the@nd is dominated by the intense temperature-independent
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Ficure 6: MCD spectra of Fe(ll)A1—-40 CBS-45 treated with 30 400 500 Ramaﬁ%?,if}?S&-') 1400 1500 1600
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-

: : tration fell in the range o~ mM: (A) CBS-45 in 50
45, 21uM in heme, in CHES, pH 9.0. The spectrum was recorded C0NCeN CBS-4
at a temperature of 4.0 K in a magnetic field of 7.0 T. Panel B mM MES, pH 6.0, 100 mM NaCl, 413.1 nm excitation; (B) CBS-

shows CBS-45, 2LM in heme, in MES, pH 6.0. Spectra were 45 in 50 mM MES, pH 6.0, 100 mM NacCl, 441.6 nm excitation;

recorded at temperatures of 4.0, 8.0, 15.0, 25.0, 50.0, and 85.0 K(C) .CB.S"}S in 50 mM MOPS' pH 7.5, 100 mM NaCl, 413.1 nrln
in a field of 7.0 T. Intensity of the MCD bands in the Soret region €Xcitation; (D) CBS-45 in 50 mM MOPS, pH 7.5, 100 mM NaCl,

of spectrum B increased with decreasing temperature. 441.6 nm excitation; (E) CBS-45 in 50 mM CHES, pH 9.2, 100

mM NacCl, 441.6 nm excitation; (F) CBS-63 in 50 mM CHES, pH

. . . . 9.2, 100 mM NacCl, 441.6 nm excitation. CBS-45 and CBS-63
A-term present in the.—f region with a crossover point at  samples were 20 and 284, respectively. Assignments are based
566 nm (Figure 6a). The temperature independence of theon those for ferro- and ferricytochronue(45).

MCD spectrum of this alkaline species is consistent with an
assignment of a®= 0, low spin, ferrous hemetg, 52). At (Figure 7). These high-frequency spectra are similar to that
low pH, the MCD spectrum is dominated by intense signals reported for CBS-45 in 100 mM Tris buffer at pH 8 44].
in the Soret region centered at 425 nm and also contains In contrast to the high-pH spectra, ferric heme features
substantially weaker signals in te- region (Figure 6b). dominate the resonance Raman spectra of Fe(lll) CBS
Although the MCD spectrum of the alkaline species is fully samples treated with dithionite ion at low pHs. At pH 6.0, it
temperature-independent, the Soret signals of the low-pHbecomes more difficult to obtain a resonance Raman
spectrum display strong temperature dependence, a hallmarlspectrum with 441.6-nm excitation as seen by the decreased
of spectra dominated by the-term. The weak, derivative-  signal-to-noise ratio in Figure 7B. This difficulty is attribut-
shaped features in the.—f3 region are temperature- able to poor resonance enhancement of Raman scattering
independent and suggest that a small population of two low- by the dominant ferric form with 441.6 nm excitation (Soret
spin ferrous species are present in this sample. The sharplma—= 428 nm, Figure 4). The 413.1 nm-excited spectrum
a-band at 566 nm lies in a region typical of thiolate ligation of CBS-45 treated with sodium dithionite at pH 6.0 is
(562—-567 nm) @8, 49, 53), consistent with the presence of dominated by ferric heme, as judged by the lack of ferrous
residual Fe(ll) CBS. The-band at 555 nm, however, is blue- heme features in the high-frequency spectrum and its overall
shifted and appears in a region suggestive of another axialsimilarity to the Fe(lll) CBS-45 spectra in Figure 3. The rR
ligand environment, possibly bis(histidin&3j. A mixture data show that, in alkaline solution, the product of CBS and
of temperature-dependent and -independent features iddithionite ion is six-coordinate, low-spin, ferrous heme.
observed at pH values between 6.0 and 9.0 (data not shown)Under acidic conditions, however, the rR spectra reveal that
A reasonable assignment of the low-pH species might be athe equilibrium population of ferrous heme is low. Reduced
high-spin, S = 2, ferrous heme. However, a magnetic heme is converted to six-coordinate, low-spin, ferric heme
saturation plot is most consistent with 8r= 1/, spin state, without significant build up of the ferrous heme at steady
suggesting that the acid species contains low-sigmjc state.
heme. Intriguingly, the MCD spectra of the acid species and At physiological pH, the heme exists in both Fe(ll) and
those of Fe(lll) CBS (Figure 2) appear to be very similar, Fe(lll) forms in the presence of excess dithionite. Figure 7
particularly in the Soret region containing the temperature- shows that at pH 7.5, twe, bands are observed for the
dependen€-terms. Thus, MCD spectroscopy suggests that dithionite-treated solution, one at 1356 cincorresponding
the acid species is Fe(lll) CBS, even in the presence of excesgo Fe(ll) CBS, and one at 1372 ci characteristic of Fe-
reductant. (1) CBS. Thewvs envelope is broadened and centered at 1494
Resonance Raman SpectroscopyeRés the Presence of  cm™?, consistent with the presence of multiple species. Since
Fe(ll) CBS in Dithionite-Treated Samples at Low pH. thewvzband is observed at 1498 cifor Fe(lll) CBS (Figure
Addition of reductant fully reduces Fe(lll) CBS at high pH. 3) and at 1493 cmt for Fe(ll) CBS @6), we attribute this
At pH 9.2, 441.6 nm-excited resonance Raman spectra forenvelope to overlappings bands from Fe(lll) and Fe(ll)
CBS-45 and CBS-63 in the presence of excess dithionite CBS. The low-frequency spectrum of dithionite-treated CBS-
exhibit v4 bands at 1356 cm, indicative of ferrous heme 45, pH 7.5, obtained with 441.6 nm excitation is very similar

FiGure 7: Resonance Raman spectra of Fe(lll) CBS treated with
sodium dithionite as a function of pH. The final dithionite ion
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o tpns 2 b H450 heme exhibits pH-dependent behavior in the Fe(ll)
state (9—21). Our experimental approach was to (a)
determine whether the structural basis for the pH dependence
A 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
FIGURE 8: A comparison of the X-band EPR spectrum of Fe(lll) states of the axial ligands for elt_h.er the ferric or the fe_rrpus
CBS-63 treated with sodium dithionite with that of Fe(lll) CBS- form of CBS. However, the stability of Fe(ll) CBS eX'thItS'
63: (A) CBS-63 in 100 mM MES, pH 6.0, 100 mM NaCl, 4.4 a steep pH dependence that extends into the physiological
mM sodium dithionite; (B) CBS-63 in 100 mM MES, pH 6.0, 100 pH range. Remarkably, when steady state is achieved after
mM NaCl. Sample A was reacted with dithionite ion for 30 min,  treatment of CBS with reducing agents at pH 7.4, Fe(lll)
and both samples were approximately 144 in heme. Spectra g s the dominant species. The discussion below highlights

were recorded at 20 K, 9.360 GHz microwave frequency, 0.51 mW . . .
microwave power, 4.00¢ 10F receiver gain, 8.3 G modulation alternative explanations for the prominent pH dependence

amplitude, and 0.66 s time constant. Spectra represent added scar@f enzyme activity, as well as further implications for the
(16 scans for sample A and 8 scans for sample B) and compriseobserved pH-dependent redox behavior of the CBS heme.
1024 data points. Axial Ligation of Fe(lll) CBS Is Insensite to pH;
, Therefore pH-Dependent Enzyme Adty Is Not Directly

to that recorded at pH 9.2 because the ferric component of \jadiated by the Ferric Heme Moiet§he pH dependence
the CBS mixture is poorly enhanced with 441.6-nm excita- ot Fe(111) CBS activity is localized to ionizations occurring
tion. By virtue of its similarity with the pH 9.2 spectrum, i, the catalytic core of the enzyme. CBS-45 is a truncation
the low-frequency spectrum clearly shows the presence ofariant of CBS-63 in which the C-terminal autoinhibitory
ferrous heme at pH 7.5. However, the 413.1-nm excited 4omain has been deleted, leaving the catalytic core, compris-
spectrum is comparable to that of dithionite-treated CBS-45 ing the heme- and PLP-binding domains. Thus, comparison
at pH 6, because the ferric component of the mixture is of b1y versus activity profiles for Fe(lll) CBS-45 and Fe(lll)
preferentially enhanced at this excitation wavelength.  cgs g3 may locate the source of the pH dependence to either

Electro_n Paramagnetic Resonance Spectroscopy Confirmsie catalytic or regulatory regions of the enzyme. Our
the Identity of the Acid Species as Fe(lll) CBSBS-63  fnctional assays reveal that both Fe(lll) CBS-63 and Fe(lll)
treated with sodium d|th|on|t_e for 30 min at pH 6.0 exhibits cgs.45 are highly pH-dependent through the physiologically
EPR spectral features identical to those of Fe(lll) CBS-63. (g|evant pH range of 6:08.0, in agreement with previous
No other signals were observed in the EPR spectrum, othergygies of the full-length enzymé@). The fact that the pH-
than thosg of the low-spin, ferrlc_ heme. The dlthlonl_te—tr_eated dependent profile of enzyme activity is nearly identical for
sample displays two overlapping sets of rhombic signals {he fy|l-length and truncated enzymes implies that the
(Flgur.e 8) withg values (majog, = 2.49,gy = 2.31, andx catalytic core of the enzyme governs the pH dependence of
= 1.8, minorg, = 2.43,9, = 2.31, andgx = 1.90) identical ~ cBg activity. This evidence allows us to conclude that the
to those observe_d in our study of the truncated enzyme (V|depH profile derives from pH-dependent changes in the heme
supra). The major component accounts for approximately 5yia| |igand field, the PLP cofactor and its immediate
75% of the total integrated intensity in the spectra of Fe- environment, or both.
(- anq dlthlonlte_-t_reated CBS-63. Additionally, the ab- Although heme is required for maximal enzyme activity
solute signal intensities of the two samples were comparable, ) ‘here is little evidence to date that suggests a plausible
although the total intensity of the reductant-treated sample ,|e for this cofactor in CBS. Only higher eukaryotes possess
was slightly less than that of untreated Fe(lll) CBS, due t0 1o N-terminal heme-binding domain; CBS frd@accharo-
the presence of residual ferrous heme. It is this small fraction myces cerdsiae and Trypanosoma (,:ruzdo not contain
of ferrous heme that gives rise to the ferrous heme bands inpeme but do contain PLP2%—28). Previous work has
the pH 6 rR spectra of Figgre 7. Taker) toget.her, the MCD, precluded a catalytic role for the hen@ 4, 25, 27, 46),
'R, and EPR spectra provide conclusive evidence that thegng regulatory or structural roles are currently being con-
acid (428 nm) species observed by electronic absorptiongiqared as possible functions of the heme moiBAL8, 50,
spectroscopy is Fe(ll) CBS. 54, 55). Hemes are now known to regulate protein function
DISCUSSION by acting as sensors, in addition to their well-established roles
in oxygen transport, electron transfer, and catalytic trans-

The impetus for this investigation was to determine formations. In systems such as the enzyme soluble guanylyl
whether a connection exists between the CBS heme, thecyclase $6—58), the bacterial transcription factor CooB9,
function of which is currently unclear, and the striking pH 60), and the rhizobial FixL protein6(l—63), the binding of
dependence of CBS activity over the physiological pH range. small molecules (NO, CO, and,Orespectively) to a heme
The hypothesis that the CBS heme might regulate activity center triggers protein conformational changes that signifi-
through pH modulation of its coordination environment stems cantly modulate protein function. The recent observation that
from the early work on H450, which demonstrated that the CBS activity decreases 2-fold upon reduction of the heme

2500 3000 3500 4000
Field (Gauss)
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suggested that the CBS heme may act as a redox SensOfapie 1: Effect of Adding Reductants to Various Heme Proteins
modulating enzyme activity though redox changes at the exhibiting Cys(thiolate)/(N) Coordination

heme center50). Few other ways in which the CBS heme

. o . protein axial ligands effect of reductant ref
could be regulating the a..CtIV.Ity of this enzyme have been CBS (pH 6) Cys(thiolate)/His transiently reduced  this work
explored, however. Considering that the pH dependence of 5, ax (heme 1) Cys(thiolate)/His  not reduced 14
CBS activity is localized to the catalytic domain, another cytcmsoc Cys(thiolate)/His a 66
reasonable hypothesis is that a proton transfer that affectsC420 Cys(thiolate)/His  Cys- His 67
the ligand environment of the heme may regulate CBS. A Cys(thiolate)/Pro(N) _Cys- His 68,69

Although subtle changes with pH are observed in the aS_muIevich et al. report that reduction by sodium 'dithionite was
resonance Raman and EPR spectra of Fe(lll) CBS-45 angs'uggish and spectroscopic samples prepared in this manner were
Fe(lll) CBS-63, the electronic absorption and MCD spectra unsatisfactory.
of the two enzyme forms remain unaltered, indicating that
the first coordination sphere of the ferric heme is not greatly dithionite ion at pH 7 £4). Similarly, at pH 7, only a small
affected by varying pH. Therefore, pH-dependent modula- amount of Fe(ll) CBS is present at equilibrium, as judged
tions of the ferric heme are not responsible for changes in by a small absorption maximum at 449 nm in the electronic
catalytic activity, implying the Fe(lll) heme is not a pH- absorption spectrum (data not shown). GytM80C, a
dependent regulator of CBS enzyme activity, because nocytochromec variant that exhibits Cys(thiolate)/His coor-
significant modifications occur to the ferric heme over the dination, has also been reported to exhibit unusual behavior
pH range at which activity is most pH-dependent. in the presence of reductan®6]. Another subset of heme

In light of our spectroscopic and functional characterization Proteins are incapable of attaining the ferrous state while
of Fe(lll) CBS, a likely explanation is that the pH dependence retaining Cys(thiolate)/(N) ligation (where “N” represents
of CBS activity results from ionizations involving residues any endogenous nitrogen-donating ligand). Upon addition
in the vicinity of the PLP, the cofactor itself, or PLP of reductant, both C420, an inactive form of chloroperoxi-
intermediates formed during the course of the catalytic cycle. dase, and the bacterial CO-sensor CooA fRinedospirillum
That pH-dependent enzyme activity may be controlled by rubrumundergo ligand switches in which the Cys(thiolate)
the PLP moiety or amino acids within the vicinity of the is displaced §7—69). Furthermore, recent work by Perera
cofactor is consistent with the behavior of other members €t al. has demonstrated that cysteine(thiol) is a reasonable
of the S-family of PLP enzymes, includin@-acetylserine  ligand in ferrous heme complexes, suggesting that heme
sulfhydrylase and tryptophan synthase fra@dalmonella proteins that are presumed to lose cysteine(thiolate) coor-
typhimurium In these PLP-containing enzymes, the pH dination upon reduction may actually retain a neutral cysteine
dependence of enzyme activity is apparently linked to as a ligand in the Fe(ll) state’@). Thus, no literature
specific ionizations within the PLP-binding domat¥( 65). precedent for a ferrous heme displaying Cys(thiolate)/(N)
In the case of tryptophan Synthage' recent studies havecoordination exists. These observations Suggest that at
suggested that the deprotonationfifys®” is required for ~ physiological pH, ferrous Cys(thiolate)/(N)-ligated heme is
competent catalytic turnover. The specific ionizations oc- unstable and, to maintain the Fe(ll) state, requires the
curring within the PLP-binding domain of human CBS that substitution of another residue for the Cys(thiolate) ligand.
may give rise to the strong pH-dependent activity profile The reduction of Fe(lll) CBS at high pH, however, does not
remain to be identified. appear to conform to this axial ligand exchange behavior.

Low-Spin, Six-Coordinate, Cysteine-Ligated Ferrous Hemes, The 449 nm Soret maximum for Fe(ll) CBS suggests that it
Such as That of CBS, May Be Thermodynamically Unstable.retains its coordination environment upon reduction at high
This investigation has revealed that Fe(lll) CBS is favored PH. Consequently, we suspect that pH must affect the
at low pH, even in the presence of excess reductant. Additionstability of the ferrous Cys(thiolate)/(N)-ligated heme in CBS.
of reductant to samples of Fe(lll) CBS at high- and low-pH  Inconsistencies with Préous Work on H450 Can Be
produced two spectrally distinct products, termed the alkaline Explained by Implicating a Partially Denatured Form of
(449 nm) and acid (428 nm) species, respectively. The CBS.Although previous spectroscopic studies on Fe(Il) H450
alkaline species was unambiguously characterized as Fe(ll)also show pH-dependent behavior, these early experiments
CBS, but the acid species was unexpectedly found to bemay have been plagued by a partially denatured form of the
Fe(lll) CBS. At low pH, absorption spectroscopy revealed enzyme. The heme protein H450 was isolated from pig liver
a transient reduction of the ferric heme followed by reoxi- in the late 1970s, and nearly 2 decades passed before
dation of the ferrous heme under anaerobic, reducing researchers realized that the protein was in fact CBS.
conditions. Thus, a net reduction of Fe(lll) CBS is not Whether H450 was isolated as CBS-63 or as CBS-45 remains
achieved at lower pH values. This behavior unfortunately unclear, though the reported gel electrophoresis experiments
prevents the accurate determination of the pH dependencesuggest that H450 was actually a mixture of the proteolyti-
of Fe(ll) CBS activity, because the heme would reoxidize cally cleaved and full-length enzymekg]. Initial electronic
over the course of the assay. absorption experiments by Omura and co-workers on H450

Although it has not been discussed in the literature, revealed two pH-dependent forms, alkaline and acid, of the
resistance of ferric heme to reduction, presumably due to dithionite-treated enzyméd g, 20), similar to those we report
the instability of ferrous, six-coordinate, thiolate-ligated heme here for CBS-45 and CBS-63. The alkaline species of H450
centers, has been documented for other proteins (Table 1)and CBS are identical, both exhibiting absorption maxima
Cheesman et al. report that the Cys(thiolate)/His-ligated at 449, 540, and 573 nm. In contrast, the acid species of
“heme-1" of SoxAX from Rhodaulum sulfidophilumre- H450 was characterized by absorbance maxima at 425, 530,
mains in the Fe(lll) state even in the presence of excessand 558 nm, significantly different from the acid species of
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Ficure 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.

CBS that we report herein. Subsequent room-temperatureresistant to reduction but rather that the ferrous Cys(thiolate)/
MCD work by Svastits et al. lead to the hypothesis that the (N)-ligated heme of Fe(ll) CBS is reoxidized and remains
low-pH H450 species was the result of protonation and ferric even in the presence of excess reductant but would
possible displacement of the cysteine thiolate to yield either rereduce by an intramolecular electron transfer if the pH were
a six-coordinate, cysteine(thiol)/histidine-bound heme or a raised. We hypothesize that Fe(ll) CBS reoxidizes to escape
five-coordinate, histidine-bound hem21j. We have evi- the ferrous Cys(thiolate)/(N)-ligated state. Similarly unstable
dence that the acid form of H450 was actually partially systems employ a ligand switch; however, a ligand switch
denatured. Omura and co-workers reported that the spectrunis unlikely for CBS because no other suitable nearby residue
of the 425 nm species could also be attained by the additionappears poised to replace €sThe pH-dependence of the

of eithern-butanol or urea, known protein denaturants, to a rate of Fe(ll) CBS reoxidation suggests that an ionizable site
solution Fe(ll) H450 at high pH. We have reproduced the within the enzyme is controlling this process. A reasonable
spectrum of the H450 acid species by thermally denaturing model explaining these observations is a proton-gated
Fe(ll) CBS at pH 9 (Figure S3). We therefore suspect that electron transfer (Figure 9), in which protonation of a remote
the manner in which H450 was isolated may account for site in the enzyme (apparerfp~ 6.5) triggers an electron
the difference between the low-pH species of H450 and CBS.transfer from the heme to the protonated site or another
Intriguingly, the activity of CBS-63 has been shown to electron acceptor located elsewhere within the enzyme. Thus,
increase upon partial thermal denaturation of the enzyme, athe location of the electron is determined by pH; at high
fact previously attributed to heightened flexibility of the pH, the electron resides at the heme, while at lower pHs,
protein matrix and displacement of the autoinhibitory C- the electron resides at the electron receptor, represented by
terminal domain from the catalytic sit®)( Displacement  a radical species in Figure 9. Formation of a radical at the
of a heme ligand upon denaturation of CBS may also provide electron receptor is speculation because no evidence of such
a mechanism by which a conformational change within the a species has been observed. A radical is also not the only
enzyme increases activity. Current work in our laboratory possible scenario, because a multiple-electron reduction
is aimed at elucidating the nature of this partially denatured is possible if the CBS heme is serving as an electron con-
form of CBS. duit.

The Nael Heme Redox Chemistry of CBS Suggests That At this time, the identity of the reducible site within the
Redox Regulation of This Protein Must Be Coupled to pH. enzyme remains unknown. The fact that DTT does not affect
The transient formation of the alkaline species that is the reoxidation phenomenon suggests that accessible disulfide
observed upon addition of reductant to Fe(lll) CBS indicates linkages are not involved. The electron acceptor may be the
that the CBS heme is initially reduced by the addition of PLP cofactor, because this moiety has been shown to form
excess reductant and then is reoxidized in an intramolecularradicals both in solution7l) and during the course of
electron-transfer process. As discussed earlier, ferrous Cys-enzymatic reactions/@), as well as undergo a two-electron
(thiolate)/(N)-ligated heme appears to be unstable nearreduction with sodium borohydride when bound to CR3)(
physiological pH and is either resistant to oxidation or An explanation of the greater stability of the ferrous Cys-
undergoes a ligand switch to accommodate the change in(thiolate)/(N)-ligated heme of Fe(ll) CBS at high pH also
heme redox state. We have demonstrated, however, thatemains elusive. What is certain, however, is that the pH
Fe(ll) CBS is indeed the dominant species for a short time dependence that governs the redox behavior of this enzyme
at low pH and ultimately reoxidizes, even under strictly is distinct from the ionizations that mediate CBS activity,
anaerobic conditions. Thus, it is not that the ferric Cys(thi- because the apparenKjgs for these processes are quite
olate)/(N)-ligated heme of Fe(lll) CBS at low pH is simply different.



pH-Dependent Redox Behavior of CBS Biochemistry, Vol. 43, No. 46, 200414693
Kery, V., Bukovska, G., and Kraus, J. P. (1994) Transsulfuration
depends on heme in addition to pyridoxdtphosphate. Cys-
tathionine s-synthase is a heme proteid, Biol. Chem. 269
25283-25288.

. Janosik, M., Kery, V., Gaustadnes, M., MacLean, K. N., and Kraus,
J. P. (2001) Regulation of human cystathionfixsynthase by
S-adenosyl-methionine: evidence for two catalytically active
conformations involving an autoinhibitory domain in the C-
terminal region Biochemistry 4010625-10633.

. Skovby, F., Kraus, J. P., and Rosenberg, L. E. (1984) Biosynthesis

and proteolytic activation of cystathionifiesynthase in rat liver,

J. Biol. Chem. 259588—-593.

Kery, V., Poneleit, L., and Kraus, J. P. (1998) Trypsin cleavage

of human cystathioning-synthase into an evolutionarily con-

served active core: structural and functional consequeAcels,

Biochem. Biophys. 35222-232.

Oliveriusova, J., Kery, V., Maclean, K. N., and Kraus, J. P. (2002)
Deletion mutagenesis of human cystathionfrgynthase. Impact

on activity, oligomeric status, and S-adenosylmethionine regula-

tion, J. Biol. Chem. 27,748386-48394.

Ojha, S., Hwang, J., Kabil, O., Penner-Hahn, J. E., and Banerjee,
R. (2000) Characterization of the heme in human cystathionine

fB-synthase by X-ray absorption and electron paramagnetic reso-

nance spectroscopieBjochemistry 3910542-10547.

11. Meier, M., Janosik, M., Kery, V., Kraus, J. P., and Burkhard, P.
(2001) Structure of human cystathionifiesynthase: a unique
pyridoxal B-phosphate-dependent heme protdeMBO 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 cystathionirfesynthase inhibit enzyme activity,

J. Inorg. Biochem. 87253-259.

Taoka, S., Lepore, B. W., Kabil, O., Ojha, S., Ringe, D., and

Banerjee, R. (2002) Human cystathionifSynthase 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 enzynfspchemistry 4110454-10461.

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 frorRhodaulum sulfido-

philum Biochemistry 4010562-10569.

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) Cystathighisthase

from human liver: improved purification scheme and additional

characterization of the enzyme in crude and pure foAmch.

Biochem. Biophys. 2224—-52.

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
cystathionings-synthase: an enzyme involved in vascular disease,

Acta Crystallogr., Sect. D: Biol. Crystallogr. 5289-291.

Kim, I.-C., and Deal, W. C., Jr. (1976) Isolation and properties of

a new, soluble, hemoprotein (H-450) from pig livBipchemistry

15, 4925-4930.

Hasegawa, T., Sadano, H., and Omura, T. (1984) Spectral

similarities between “H-450" and cytochrome P-430Biochem.

(Tokyo) 96 265—-268.

Omura, T., Sadano, H., Hasegawa, T., Yoshida, Y., and Kominami,

The findings presented here have implications for the 5.
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 enzymé&(Q). The fact that the CBS heme 6
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 5
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 8
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 9.
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 10,
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(Il) CBS
and Fe(lll) 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(ll) 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.

13.

ACKNOWLEDGMENT 14.

The authors are grateful to Jensena Carlson for performing
spectroscopic work on CBS-63 and to Professor Thomas
Brunold for the use of his MCD spectrometer.

SUPPORTING INFORMATION AVAILABLE

Figures showing the thiolate sulfur-to-iron charge-transfer
bands of Fe(lll) CBS and a comparison of charge-transfer
band positions of various cysteine-ligated heme centers, the
pH-dependence of Fe(lll) CBS EPR spectra, and the spectral 17-
changes that occur upon thermal denaturation of Fe(Il) CBS-

45. This material is available free of charge via the Internet

at http://pubs.acs.org.
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