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Abstract

Cystathionine B-synthase (CBS) is a homocysteine metabolizing enzyme that contains pyridoxal
phosphate (PLP) and a six-coordinate heme cofactor of unknown function. CBS was inactivated by
peroxynitrite, the product of nitric oxide and superoxide radicals. The ICgg was ~150 uM for 5 uM
ferric CBS. Stopped-flow kinetics and competition experiments showed a direct reaction with a
second-order rate constant of (2.4-5.0) x 10* M1 s71 (pH 7.4, 37 °C). The radicals derived from
peroxynitrite, nitrogen dioxide and carbonate radical, also inactivated CBS. Exposure to peroxynitrite
did not modify bound PLP but led to nitration of Trp208, Trp43 and Tyr223 and alterations in the
heme environment including loss of thiolate coordination, conversion to high spin and bleaching,
with no detectable formation of oxo-ferryl compounds nor promotion of one-electron processes. This
study demonstrates the susceptibility of CBS to reactive oxygen/nitrogen species, with potential
relevance to hyperhomocysteinemia, a risk factor for cardiovascular diseases.
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Introduction

Mammalian cystathionine B-synthase (CBS, E.C. 4.2.1.22)1 catalyzes the condensation of
homocysteine with serine to form cystathionine and water in the first step of the transsulfuration
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pathway that yields cysteine. CBS can also catalyze the formation of hydrogen sulfide, a novel
gasotransmitter with signaling and cytoprotective effects [1].

Homocysteine is a toxic metabolite that is elevated in hyperhomocysteinemic patients and
constitutes an independent risk factor for cardiovascular diseases, including atherosclerosis.
Additionally, elevations in plasma homocysteine correlate with other pathologies such as
neurological disorders [2-4]. The most common cause of inherited hyperhomocysteinemia is
deficiency in CBS. Presently, 140 mutations have been described and are listed at
http://cbs.If1.cuni.cz/index.php.

The human full-length CBS is a homotetramer of 63 kDa subunits that exhibit a modular
organization [5,6]. Each subunit contains at the N-terminal end the binding site for a heme b-
type cofactor. The middle catalytic core has a pyridoxal 5'-phosphate (PLP) cofactor essential
for catalysis and a CXXC disulfide oxidoreductase motif whose function has not been
determined. Finally, the C-terminal region contains a tandem repeat of two “CBS domains”
that probably bind S-adenosyl-L-methionine (SAM), an allosteric activator [7]. The regulatory
region can be cleaved proteolytically by trypsin, yielding a truncated dimeric enzyme with 45
kDa subunits that is more active, stable, and unresponsive to SAM [5]. This truncated form
can be observed in liver cells exposed to the proinflammatory cytokine, tumoral necrosis factor

[8].

CBS is the only known PLP-dependent enzyme that also contains heme [9]. The heme cofactor
is six-coordinate and in the low spin state with cysteine (Cys52, human numbering) and
histidine (His65) as axial ligands [10-12]. The UV-visible absorption spectrum of ferric CBS
(Fe(I11)CBS) shows a 6 peak at 364 nm, a Soret peak at 428 nm and a broad absorption feature
at 550 nm corresponding to the of3 bands [13]. The coordination between the thiolate and ferric
iron can be observed at high enzyme concentrations (~100 uM) in the low energy region by
the presence of two bands at 645 and 705 nm [14]. Upon reduction to Fe(I11)CBS with sodium
dithionite or titanium citrate, the Soret peak shifts to 449 nm and the of bands are resolved
into two peaks at 571 and 540 nm [13].

The function of the heme is yet unknown. The six-coordinated hemethiolate has very low
reactivity in the ferric state and this stability is reflected by the fairly low reduction potential
of —0.291 V for the truncated enzyme [15]. It is unreactive towards typical ferric heme ligands
like cyanide, fluoride, azide, pyridines, amines, isonitriles and imidazoles [16,17]. However,
treatment of the ferric enzyme with high concentrations of the thiol chelator mercuric chloride
(HgCl,) results in the conversion of the six-coordinate low-spin heme to a five-coordinate high-
spin species, which is paralleled by a loss of activity [12,18]. Indeed, perturbations in the heme
environment lead to enzyme inactivation. For example, reduction at high temperatures, which
leads to loss of the native cysteinate ligand and formation of a ferrous species with a neutral
ligand that absorbs at 424 nm, inactivates the enzyme [19]. Analogously, mutation of the axial
ligands His65 and Cys52 decrease activity despite the relatively high PLP content of the
resulting protein [20]. It has been postulated that communication between the PLP and heme
domains, distant 20 A, may be mediated by an a-helix (helix 8) that interacts at one end with
the Cys52 ligand via Arg266, and at the other end with PLP [21,22].

Peroxynitrite2 (ONOQ") is a powerful oxidizing and nitrating agent that is produced in
biological systems by the reaction of superoxide (O,"") and nitric oxide ("NO) [23,24]. Due to

Labbreviations used: CBS, cystathionine B-synthase; SAM, S-adenosyl-L-methionine; PLP, pyridoxal 5'-phosphate; DTPA,
diethylenetriaminepentaacetic acid; ROA, reverse order of addition; DTNB, 5,5’-dithiobis-(2-nitrobenzoic acid); LMCT, ligand to metal
charge transfer band; EPR, electron paramagnetic resonance or electron spin resonance; p-HPA, p-hydroxyphenylacetic acid; HPLC,
high performance liquid chromatography; MALDI, matrix-assisted laser desorption ionization; TOF, time-of-flight; MS, mass
spectrometry; 1C50, concentration of peroxynitrite needed to inactivate by 50%.
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its pK of 6.8, the anion predominates (80% at pH 7.4) under physiological conditions. The
conjugated acid homolyzes at a rate of 0.9 s™1 (37 °C, pH 7.4), giving free hydroxyl ("OH) and
nitrogen dioxide ("NO») radicals in 30% yield, which can nitrate aromatic residues such as
tyrosine and tryptophan. The preferential biotargets of peroxynitrite are metal centers, carbon
dioxide, and sulfur and selenium compounds (for recent reviews see [25,26]). The reaction
with carbon dioxide (4.6 x 104 M1 s71 at 37 °C and pH 7.4) [27] leads to the formation of
carbonate radical (CO3"") and nitrogen dioxide in 35% yield.

Peroxynitrite reacts with ferric heme proteins including hemethiolates at rates ranging from
10 to 10’ M1 s71, The reaction usually proceeds through the intermediate formation of oxo-
ferryl species [28-30]. Depending on the protein, the outcome can be decomposition of
peroxynitrite to nitrate and nitrite or enhancement of one-electron oxidative processes,
sometimes leading to enzyme inactivation and increased nitration of exogenous or endogenous
aromatic residues [29,31,32].

Compelling evidence shows that reactive oxygen and nitrogen species are central mediators
of several pathological conditions including cardiovascular disease. The increased formation
of peroxynitrite in vivo is confirmed by the observed effect of superoxide radical on nitric
oxide bioavailability and by the detection of nitrotyrosine (for reviews see [33,34]). Since
peroxynitrite interaction with CBS could lead to enzyme inactivation and homocysteine
accumulation, we investigated the reactivity of peroxynitrite with the human truncated Fe(l11)
CBS dimer in this study.

Materials and methods

Peroxynitrite synthesis

The stock solutions were prepared from acidified hydrogen peroxide and sodium nitrite in a
tandem quenched-flow mixing apparatus [35]. The solutions were treated with manganese
dioxide to remove residual hydrogen peroxide. The concentration of peroxynitrite was
determined from its absorbance at 302 nm (e = 1670 M1 cm~1 [36]). The concentration of
nitrite present as contaminant was measured with the Griess reagent [37] after decay of
peroxynitrite to nitrate in monobasic sodium phosphate solution. Nitrite content was always
less than 30% of peroxynitrite. Peroxynitrite was diluted in 0.1 M NaOH immediately before
use. Stock solutions were stored at —80 °C, used only once after thawing, and then discarded.

Enzyme purification

Truncated human CBS lacking 143 amino acids at the C-terminus (CBS C143) was purified
as a fusion protein with glutathione S-transferase using the E. coli expression vector
pGEXCBSN [38], kindly provided by Dr. Warren Kruger, Fox Chase Cancer Center,
Philadelphia. The protein was purified as described previously [13] through affinity
chromatography with glutathione sepharose and anion exchange chromatography. The
glutathione S-transferase tag was cleaved by limited proteolysis using thrombin. The protein
obtained is an active and stable dimer of 45 kDa subunits that does not bind SAM.

Enzymatic assays

CBS activity in Tris buffer (0.1 M, pH 8.3) was determined using the ninhydrin assay [39].
The specific activity of the enzyme was ~9.8 pmol min~1 mg1 at 37 °C, similar to previously
reported [5]. The protein concentration was determined by the Bradford method using albumin
as a standard. The ratio of absorbance at 280 and 428 nm was 1.1. Thiols were measured

2The term peroxynitrite is used to refer to both peroxynitrite anion (ONOO™) and peroxynitrous acid (ONOOH). IUPAC-recommended
names are oxoperoxonitrate(1-) and hydrogen oxoperoxonitrate, respectively.
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spectrophotometrically using 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB, e41> = 13600 M1
cm~1[40]) after ultrafiltration with Ultrafree 0.5 centrifugal filter devices (Millipore) to remove
interference from the heme and PLP at 412 nm.

Exposure of CBS to peroxynitrite

Peroxynitrite was added to the enzyme in sodium phosphate buffer of the specified
concentration and pH, in the presence of diethylenetriaminepentaacetic acid (DTPA, 0.1 mM)
to eliminate potential metal trace interference. In order to minimize changes in pH due to NaOH
present in peroxynitrite solutions, additions were always < 5% of total volume. The enzyme
was incubated for 2 min at 37 °C before and after peroxynitrite was added. Reverse order of
addition (ROA) controls, where peroxynitrite was decomposed in buffer before mixing with
enzyme, were performed with the higher concentration of peroxynitrite used in each
experiment. Phosphate buffers were prepared daily avoiding the use of NaOH in order to
minimize bicarbonate/carbon dioxide contamination. For experiments in which sodium
bicarbonate (25 mM) was specifically added, the initial pH of the buffer was lowered so that
the final value was 7.4 £ 0.1. The buffers were prepared immediately before the experiment
and used within 10 min to minimize diffusion of carbon dioxide out of the solution.

CBS reduction

Ferrous CBS was obtained by the addition of known amounts of sodium dithionite
(NaS,0,). Dithionite stock solutions were prepared in degassed 0.1 N NaOH and quantified
by ferricyanide reduction (espg = 1020 M1 cm™1) [41] assuming a 2:1 stoichiometry.

UV-visible spectra

Fe(1I1)CBS was mixed with peroxynitrite in phosphate buffer (0.1 M, pH 7.4, DTPA 0.1 mM).
After ~2 min at 37 °C, spectra were recorded in a Varian Cary 50 spectrophotometer. In some
cases, after exposure to peroxynitrite the samples were reduced with dithionite in order to obtain
the spectra of Fe(I1)CBS.

PLP analysis

The internal PLP aldimine was removed from Fe(lI1)CBS (7 uM) by incubation with
hydroxylamine (5 mM) in phosphate buffer (0.1 M, pH 7.2) at 4 °C for 70 h to generate an
oxime that was then separated by ultrafiltration [16]. The oxime was determined
fluorimetrically at 446 nm following excitation at 353 nm in an Aminco-Bowman Series 2
luminescence spectrometer. Calibration curves were made using known concentrations of PLP
and 5 mM hydroxylamine in phosphate buffer (0.1 M, pH 7.4).

Kinetic studies

The reaction of Fe(I11)CBS with peroxynitrite was studied following peroxynitrite decay at
37.0£0.1 °C in the absence and presence of increasing concentrations of enzyme in a stopped-
flow spectrophotometer (Applied Photophysics, SF.17MV) with a mixing time of less than 2
ms. The wavelength used was 290 nm instead of 302 nm to minimize absorbance changes of
CBS. The apparent rate constant was determined using an initial rate approach described
previously [42,43] where the first 0.1-0.2 s were fitted to a linear plot and the apparent rate
constant was determined as —(dA/dt)/(Ap—A..), the ratio between the slope and the difference
between the initial and the final absorbance. Two hundred absorbance measurements were
acquired during the first 0.2 s and 200 additional points were acquired until more than 99.9%
of the peroxynitrite had decomposed (0.2-10 s). The pH was measured after mixing
peroxynitrite with buffer, and two independent experiments were performed with similar
results. Time-dependent spectra were obtained with a photodiode array accessory.

Arch Biochem Biophys. Author manuscript; available in PMC 2010 November 1.
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The rate constant was confirmed by a competition assay with ferrous cytochrome c (Fe(ll)cyt
c), that was prepared immediately before use by reduction of Fe(l11)cyt ¢ with sodium dithionite
followed by gel filtration. Fe(ll)cyt ¢ concentration was determined at 550 nm (es509 = 21000
M~1cm1 [44]).

Nitration of free tyrosine

To study the effect of Fe(111)CBS in the generation of nitrating species from peroxynitrite, free
tyrosine (0.5 mM) was exposed to peroxynitrite (0.5 mM) in the presence and absence of CBS
(10 uM) in phosphate buffer (0.1 M, pH 7.4, DTPA 0.1 mM). The samples were then
ultrafiltered and nitrotyrosine was quantified both by absorbance at 430 nm at pH 10.5 (g43
=4400 M1 cm~1[45]) and by HPL.C using a C18 reverse phase column and an isocratic mobile
phase of 6.5% acetonitrile and 0.1% trifluoroacetic acid, with UV detection.

Electron paramagnetic resonance (EPR) spectroscopy

EPR spectra were recorded on a Bruker ESP 300E spectrometer equipped with an Oxford ITC4
temperature controller, a Model 5340 automatic frequency counter from Hewlett-Packard, and
a gaussmeter. The specific conditions used for spectra acquisition are described in the figure
legend. The heme concentration was determined independently by UV-visible absorption
spectroscopy (eag = 73,500 M~ cm™1 [15]) and by spin quantitation comparing the second
integral of the sample spectrum with that of a 1 mM cupric perchlorate standard and were found
to be similar.

HPLC analysis of heme

An HPLC system was used to investigate heme modifications [46]. CBS (5 uM), control or
treated with peroxynitrite (500 uM), was concentrated to 1 mg mL~2 by ultrafiltration with
Ultrafree 0.5 centrifugal filter devices (Millipore) before HPLC injection (1 uL). Both samples
were analyzed using a C4 reverse phase column (5 pm, 100 mm x 300 um, 300 A, Vydac MS).
The solvent system consisted of solution A (0.1% trifluoroacetic acid, water) and solution B
(0.07% trifluoroacetic acid, acetonitrile). The column was eluted with a linear gradient from
33% to 60% B over 60 min at a flow rate of 4 pL. min~1 and each sample was monitored at
210, 280, 400 and 428 nm [46]. For each sample, the main peak at 400 nm was recovered and
analyzed by matrix assisted laser desorption ionization-time of flight mass spectrometry in a
4800 MALDI TOF-TOF Analyzer (Applied Biosystems). Mass spectra were acquired in
reflector mode using a matrix solution of 2,5-dihydroxybenzoic acid. In samples where heme
was identified (theoretical monoisotopic m/z 616.18), MS/MS analysis was performed.

Reductive alkylation, trypsin digestion and mass spectrometry

CBS (5 uM), control or treated with peroxynitrite (500 uM), was incubated with guanidine (6
M) and dithiothreitol (252 uM) for 2 h at 37 °C, under nitrogen. lodoacetamide (1.26 mM) was
added for 1 h in the darkness. Then, B-mercaptoethanol (12.6 mM) was added and the
incubation continued for 30 min. The samples were washed with ammonium bicarbonate (0.1
M, pH 8) by ultrafiltration. Trypsin (Promega) was incubated with CBS in a 1/50 molar ratio
for 18 h at 37 °C. Peptides resulting from proteolytic cleavage were analyzed by MALDI TOF
MS. Mass spectra were acquired for positive ions in reflector mode using a matrix solution of
-cyano-4-hydroxycinnamic acid in 0.2% trifluoroacetic acid and 50% acetonitrile and were
externally calibrated using a mixture of peptide standards (Applied Biosystems). Samples for
MS were prepared by spotting 0.5 puL of matrix solution and 0.5 uL of sample, or tiny droplets
from desalting microcolumns (Omix Tip C18MB, 10 uL, Varian Inc.) eluted with matrix
solution, directly on the sample plate. The amino acid sequence information was obtained from
the Swiss-Prot database (P35520). Virtual tryptic digestions were performed with the
GPMAW32 (v.4.02) program (Lighthouse Data). Selected putative nitrated peptides,

Arch Biochem Biophys. Author manuscript; available in PMC 2010 November 1.
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characterized by an increase in 45 Da with regard to native peptides, were fragmented by
collision-induced dissociation (CID) MS/MS analysis on a MALDI TOF/TOF instrument.
Sequence identification was performed by Swiss-Prot database searching with precursor and
fragment ion m/z values, using Mascot sequence query searching engine (Matrix Science,
http://www.matrixscience.com/cgi/search_form.pl?FORMVER=2&SEARCH=SQ). Search
parameters were set as follows: taxonomy, Homo sapiens; monoisotopic mass tolerance, 0.05
Da; MS/MS tolerance, 0.2 Da; partial methionine oxidation and tryptophan nitration allowed
as modifications.

CBS inactivation by peroxynitrite

Exposure of Fe(I11)CBS to peroxynitrite resulted in a dose-dependent inactivation (Fig. 1A).
At concentrations above 1000 uM, total inactivation was observed. The ICgq for inactivation
(concentration of peroxynitrite that inactivated by 50%) was ~150 uM for 5 uM CBS. This
value is comparable to those reported for Cu, Zn superoxide dismutase [47] and tyrosine
hydroxylase [48] indicating a moderate sensitivity of CBS to peroxynitrite. The inactivation
was higher when Fe(111)CBS was exposed to peroxynitrite at alkaline rather than acidic pH
(Fig. 1B), suggesting the involvement of peroxynitrite anion. Reverse order of addition controls
ruled out a role of potential peroxynitrite impurities in the inactivation.

Kinetics of peroxynitrite reaction with CBS

An initial rate approach was used to study the kinetics using stopped-flow spectrophotometry,
because pseudo-first-order concentrations of CBS with respect to peroxynitrite could not be
achieved [42,43]. As shown in Fig. 2, the rate of peroxynitrite decay increased with the
concentration of CBS, showing that a direct reaction occurs between the enzyme and
peroxynitrite. From the slope of the plot, a second-order rate constant of (2.4 + 0.3) x 104
M~1s71 at pH 7.4 and 37 °C was calculated.

The direct reaction between peroxynitrite and Fe(I11)CBS was confirmed by a competition
assay. Fe(ll)cyt ¢ is oxidized to Fe(lll)cyt ¢ by peroxynitrite with a second-order rate constant
of 2.4 x 10* M1 571 (37 °C, pH 7.4) [49]. The competing reactions are described by equations
land 2.

k
Fe(I)cyt c+ONOO~ —> Fe(Ill)cytc equation 1

Fe(INCBS+ONOO~ -3 P

equation 2

In our experimental conditions, 200 uM Fe(Il)cyt ¢ and 167 pM CBS were mixed with 100
uM peroxynitrite. It can be calculated that ~90% of peroxynitrite reacted directly with the
targets instead of undergoing homolysis, which occurs with a rate constant of 0.9 s™1. Equation
3 was used to calculate the second-order rate constant for the reaction of peroxynitrite with Fe
(INCBS [50], where the concentration of Pcgg was calculated from the absorbance data at
550 nm as the difference in concentration of cytochrome c oxidized by peroxynitrite in the
absence and presence of CBS.
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Fe(I)cyt co
ki N et eo-Feheyton
k Fe(I1CBS,

2 IS, P

equation 3

The amount of Fe(ll)cyt ¢ remaining after oxidation increased in the presence of CBS from 70
1M to 148 uM, so the second-order rate constant was calculated as 5.0 x 10* M1 s71, similar
to the results obtained by stopped-flow spectrophotometry.

Effects of mannitol, p-hydroxyphenylacetic acid (p-HPA) and carbon dioxide on the
peroxynitrite-dependent inactivation of CBS

The kinetic results show that Fe(111)CBS reacts directly with peroxynitrite, but in addition the
enzyme might interact with the radicals derived from peroxynitrite homolysis, nitrogen dioxide
and hydroxyl radicals. In order to evaluate the incidence of these species in CBS inactivation,
we exposed the enzyme to peroxynitrite in the presence of mannitol, a known hydroxyl radical
scavenger, and p-HPA, a soluble tyrosine analogue that reacts with both nitrogen dioxide and
hydroxyl radicals. While mannitol had no effect, p-HPA partially protected the enzyme (Table
1) suggesting that nitrogen dioxide contributes to the observed inactivation.

Peroxynitrite reacts directly with carbon dioxide with a second-order rate constant of 4.6 x
10* M1 s71[27] yjelding carbonate and nitrogen dioxide radicals. This reaction is
physiologically relevant since dissolved carbon dioxide concentrations are high (1-2 mM). To
investigate a possible effect of carbonate radical in CBS inactivation, we added sodium
bicarbonate (25 mM) to the buffer, so that the concentration of carbon dioxide was 1.2 mM at
pH 7.4 according to the pK of 6.1 for the bicarbonate/carbon dioxide pair. This amount of
carbon dioxide, which is able to trap virtually all the peroxynitrite, did not protect CBS from
inactivation, suggesting that carbonate radical, in addition to nitrogen dioxide, is able to
inactivate CBS.

PLP in CBS is not modified by peroxynitrite

Due to the fact that UV-visible spectral changes were observed in free PLP treated with
peroxynitrite (data not shown), we studied whether the PLP bound to the enzyme could also
be modified. After removal of PLP from CBS with hydroxylamine, the concentration of
released oxime obtained was similar in controls (no peroxynitrite or reverse addition) and in
CBS treated with 200, 500 and 800 puM peroxynitrite. Assuming that each CBS monomer has
1 molecule of PLP, we observed complete cofactor recovery under all conditions. Furthermore,
control and treated CBS led to similar fluorescence spectra of the released PLP oxime,
suggesting that peroxynitrite does not modify bound PLP (data not shown).

Although the fluorescence of PLP bound to CBS is difficult to interpret because of heme
interference, the intrinsic fluorescence spectra of both treated and control CBS samples showed
similar emission peaks at 508 nm (protonated form, Aqx. 420 nm) and 388 nm (deprotonated
form, Agxc 330 nm) [6,16,51]. On the other hand, when the sample was excited at 280 nm to
evaluate possible fluorescence changes to the six tryptophan residues of truncated CBS, the
emission spectra showed a peak at 340 nm that decreased in intensity with peroxynitrite
treatment to 82% and 69% with 200 and 500 uM peroxynitrite respectively. This result suggests
that tryptophan residues were modified (data not shown).

Thiol decay in CBS exposed to peroxynitrite

In native CBS, one free thiol per CBS monomer was quantified with DTNB under our
experimental conditions, consistent with the reported value. This thiol can be assigned to

Arch Biochem Biophys. Author manuscript; available in PMC 2010 November 1.
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Cys15, a residue that is non-critical for activity [52]. Exposure of Fe(III)CBS (5 uM) to
increasing concentrations of peroxynitrite led to the expected decrease in thiol concentration,
with an ICsq of ~50 uM (data not shown). This value is one third of the ICsq for inactivation,
consistent with the measured thiol being non-critical.

Changes in the UV-visible spectra of CBS upon exposure to peroxynitrite

The UV-visible spectra of Fe(I11)CBS treated with peroxynitrite showed a decrease in the
absorbance of the Soret maximum and a blue shift from 429 to 425.5 nm together with an
increase at 364 nm. At concentrations above 800 uM peroxynitrite, the typical heme spectra
was dramatically modified (Fig. 3A). When peroxynitrite was added in consecutive 50 uM
aliquots, the changes in the electronic absorption spectra were qualitatively similar (data not
shown).

When these samples were reduced with dithionite to Fe(I1)CBS, the absorbance of the Soret
peak at 449 nm decreased. At concentrations between 200 and 800 uM peroxynitrite, a peak
at 424.5 nm appeared, that did not correspond to heme reoxidation. The absorbance of the a
and B bands (572.5 and 540 nm, respectively) also decreased (Fig 3B).

No clear isosbestic points could be detected, indicating complexity. In addition, the patterns
of Soret absorbance decrease were different from the pattern of enzyme inactivation (Fig. 1
and Fig. 3 insets), implicating other processes besides heme alteration in inactivation of CBS
by peroxynitrite.

Taken together, the spectral changes upon peroxynitrite treatment, particularly the decrease in
the 449 nm absorbance of Fe(I1)CBS and the appearance of a 424.5 nm peak, suggest loss of
thiolate coordination and substitution by a neutral ligand according to previously reported
spectra for Cys52 or Arg266 mutants and for native CBS exposed mercuric chloride or
reduction/heat [12,18-20,22]. The loss of thiolate coordination seems to be accompanied,
especially at high peroxynitrite concentrations, by heme degradation involving cleavage of the
porphyrin macrocycle, as observed by the bleaching in the Soret and o and g bands.

In the low energy region of the electronic spectrum (Fig. 3C), the changes observed in the
ligand-to-metal charge-transfer bands (LMCT band), at 650 and 703 nm, also suggest loss of
Cysb2 coordination [14]. In addition, a decrease in the aff bands of Fe(I11)CBS at 550 nm was
observed. Above 1 mM peroxynitrite, the decreases at 550, 650 and 703 nm were accompanied
by an increase at 630 nm, indicating formation of new species.

EPR spectrum of ferric CBS exposed to peroxynitrite

The EPR spectrum of Fe(l11)CBS exhibits a rhombic signal with g values of 2.5, 2.3 and 1.86,
similar to the reported values and characteristic of low-spin heme [12]. Treatment with
peroxynitrite resulted in the concentration-dependent appearance of an EPR signal in the g =
6 region, consistent with the conversion of low-spin heme to a high-spin species (Fig. 4). In
contrast, no changes in this region were detected upon incubation of CBS with previously
decomposed peroxynitrite. The predominance of the high-spin species in the EPR spectrum
has been reported for CBS in the presence of mercuric chloride and in Cys52 mutants [12,
20]. This change is consistent with perturbation of the heme ligand environment by
peroxynitrite and loss of cysteine coordination, as also indicated by UV-visible
spectrophotometry (Fig. 3).

An oxo-ferryl species is not detected

Some heme proteins are able to increase the rate and yield of one-electron processes from
peroxynitrite, augmenting nitration through the formation of oxo-ferryl compounds. With Fe
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(1NCBS (10 pM), an increase in nitration of free tyrosine (0.5 mM) by equimolar peroxynitrite
was not detected. Rather, nitration of free tyrosine was inhibited by ~35%, probably due to
competition by CBS for nitrating agents (data not shown).

Formation of a transient oxo-ferryl species was probed by stopped-flow spectroscopy in which
Fe(1I1CBS (5 uM) was mixed with peroxynitrite (130 uM). However, the time-dependent
spectra did not show the formation of any detectable oxo-ferryl intermediate concomitant with
peroxynitrite decay (Fig. 5). Rather, a decrease in absorbance at 429 nm and 550 nm with an
increase at ~380 nm was observed, consistent with the changes previously observed in the end
point spectra (Fig. 3).

HPLC and mass spectrometric analysis of the heme

Under the acidic conditions used, the heme in untreated (control) Fe(111)CBS separated from
the protein, and was detected by the appearance of a peak with a retention time of 28 min with
absorption at 400 nm (Fig. 6A). The MS analysis showed an heme characteristic signal at m/
Z=616.19 (theoretical monoisotopic m/z = 616.18 Da) and its distinctive isotopic pattern. This
was confirmed through MS/MS fragmentation, by the presence of typical ions generated by
losses of formyl ("COOH), acetyl ("CH,COOH) or propionyl ("CH,CH,COOQOH) fragments
from the heme (Fig. 6B) [53].

The HPLC analysis of peroxynitrite-treated CBS yielded a peak with decreased intensity and
a retention time of 31 min (Fig. 6A). The decreased intensity is consistent with the bleaching
observed in the UV-visible spectra. No signal could be detected by MS analysis, suggesting
the formation of various products. In this regard, products eluting later than native heme upon
peroxynitrite exposure have been reported before for cytochrome P450 2B6, where nitroheme
was detected [54]. Covalent binding of the heme to the protein could also contribute to explain
our results.

Nitration of amino acidic residues

Control and peroxynitrite-treated CBS were digested with trypsin after carbamidomethylation
of cysteine residues with iodoacetamide. Four peptides were found to be modified by nitration
in the treated sample (Fig. 7 and Table 2), and each of them contained potentially nitratable
residues. The peptides with m/z 1436.75 and 1486.71 had in the sequence Trp43 and Trp208,
respectively. For the +45 modified peptides, typical nitropeptide photodecomposition was
observed, with an ion corresponding to a mass loss of —16 with respect to the +45 ion. Indeed,
nitrotyrosine peptides have associated peaks corresponding to +13, +15, +29, +31 and +45
[55]. Peptides with mass increases of +16 and +32 could also be observed in the MS spectra,
which could correspond to photodecomposition products of the nitrated peptide or
incorporation of one or two oxygens to the native peptide. MS/MS analysis and database search
confirmed the sequence of the peptides and the sites of nitration. The fragmentation of the ion
of m/z 1481.75 led to the identification of the sequence EPLWIRPDAPSR from human CBS
containing a nitrotryptophan residue, with significant ion scores (p < 0.05). In the same way,
the MS/MS spectrum of the parent ion of m/z 1531.71 confirmed the presence of
nitrotryptophan within the sequence FDSPESHVGVAWR (ion score = 26, p < 0.05). The
fragment ions detected for each peptide are shown in Table 3, and allow us to unequivocally
identify Trp43 and Trp208 as nitrated residues in the human CBS sequence.

The third peptide modified in the peroxynitrite-treated sample (m/z 1598.84) contains Tyr223.
In this case, peptides with mass increases of +45, +29 and +13 could be observed. A similar
signature pattern was observed for the peptide with m/z 1840.03, which also harbored Tyr223
and resulted from incomplete trypsin cleavage at an internal lysine providing further evidence
for its nitration.
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In addition to the mass spectrometry data, nitration of tryptophan and tyrosine residues was
also suggested by losses in tryptophan fluorescence upon peroxynitrite treatment and by
Western blot analysis using a polyclonal anti-nitrotyrosine antibody (data not shown).

Finally, a fragment with m/z 2368.3 could be observed only in the peroxynitrite-treated sample
(data not shown). This fragment had the expected mass of the carbamidomethylated tryptic
peptide spanning residues 52—72 and encompassing the heme ligand residues, Cys52 and
His65. The lack of observation of this peptide in the control sample suggests that Cys52 could
not be modified by iodoacetamide when bound to the heme, and can be interpreted as further
evidence for loss of Cys52 coordination to the heme with peroxynitrite treatment, in addition
to UV-visible and EPR spectral evidence.

Discussion

In this study, we have characterized the inactivation of CBS by peroxynitrite. Based on the
kinetic and scavenging data, the loss of CBS activity results from its reaction with peroxynitrite
itself and with its derived radicals, nitrogen dioxide and carbonate radical, generated in the
presence of carbon dioxide. The global direct second-order rate constant of Fe(I11)CBS with
peroxynitrite, (2.4-5.0) x 104 M1 s71 (pH 7.4, 37 °C), is comparable to those of other heme
proteins like Fe(I1)cyt ¢ [49], oxyhemoglobin (1.7 x 104 M~ s71) [56] and methemoglobin
(3.9 x 10 M1 s71) [31], higher than Fe(l11)cyt ¢ and neuroglobin (undetected direct reaction)
[57 M, 58], but lower than hemeperoxidases (106107 M1 s71) [28,59], nitric oxide synthase
(2.2 x 10° M1 s71) [32] and Cyt P450gp3 (1 x 108 M1 s71) [29]. Based on this second-order
rate constant and on the relatively high 1Csq of ~150 pM for 5 uM CBS, this enzyme is probably
not a preferential target for peroxynitrite in vivo, unless generated at high local concentrations.

The biochemical basis for the inactivation appears to involve several factors. Although PLP,
in principle, could be a target for peroxynitrite due to the reactivity of aldehydes, and hence
aldimines [60] and the pyridine ring, PLP modification in CBS was not observed. Instead,
alterations at the heme level and nitration of amino acidic residues are associated with the
inactivation.

The alterations at the heme level involved loss of thiolate coordination, conversion from low
spin to high spin and bleaching, without detectable formation of high valent oxo-ferryl
compounds or promotion of one-electron chemistry of peroxynitrite. No particular heme
modification could be detected through our HPLC/MS analysis, suggesting the formation of a
mixture of products. Candidate degradation intermediates could be hydroxyheme, verdoheme,
nitroheme and covalent linkages to the protein. In control CBS samples, the acidic treatment
followed by reverse phase HPLC provided, for the first time, a procedure to release the very
stable ferric heme from the native CBS protein.

The reaction of the heme of Fe(I11)CBS with peroxynitrite is reminiscent of that of ferric
cytochrome c, which is six-coordinate with Met/His ligands. In this case, bleaching of the Soret
band is observed, but not an oxo-ferryl species [57]. With other hydroperoxides, loss of Met80
coordination and conversion from low spin to high spin heme has been reported [61]. The
reaction of Fe(I11)CBS with peroxynitrite is also reminiscent of the reaction of ferric
neuroglobin, another six-coordinated protein with bis-His ligation where formation of a high
valent oxo-ferryl species is not observed either [58]. In contrast to these six-coordinated
proteins, five-coordinated ferric hemeproteins such as peroxidases, cytochrome P450 and nitric
oxide synthase are able to react directly with peroxynitrite, forming oxo-ferryl compounds
[28-30,32]. Thus, our results highlight the importance of coordination state in determining
ferric heme reactivity towards peroxynitrite.
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In addition to alterations at the heme level, nitration of protein residues also appear to contibute
to inactivation of CBS. Nitration of Trp208, Trp43 and Tyr223 was detected by mass
spectrometry. Trp208 is superficial and close to the substrate-binding site. The available
structures suggest that Trp43, in the N-terminal end, is superficial and close to Trp208 (Fig. 8
[10,11]). Tyr223 is buried and has been proposed to be a key residue for substrate specificity,
being spatially adjacent to the homocysteine-binding site (Fig. 8 [10,11]). Introduction of a
bulky nitro group at this position, which can lower the pK 5 of the phenolic group, could
interfere with enzyme activity. Furthermore, Tyr223 is adjacent to Arg224, a residue that
interacts with the heme carboxylates and causes hereditary hyperhomocysteinemia when
mutated.

In summary, our study provides biochemical insights into the properties of the very stable ferric
heme in human CBS, which has previously only shown to be sensitive to mercuric chloride.
In addition, these results contribute to the general understanding of the interactions of
peroxynitrite with hemeproteins. Last, our study provides a mechanistic explanation for the
reported decrease in CBS activity and increase in homocysteine that is observed in vivo in rat
kidney ischemia-reperfusion injury, which correlates with reactive oxygen/nitrogen species
formation and nitration [62,63]. The inactivation of human CBS by peroxynitrite thus
highlights its potential sensitivity to oxidative stress with possible relevance to
hyperhomocysteinemia.
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Fig. 1.

Enzyme inactivation with peroxynitrite. (A) Fe(1I1)CBS (5 uM) was incubated with increasing
concentrations of peroxynitrite in phosphate buffer (pH 7.4, 0.1 M, DTPA 0.1 mM). After 2
min at 37 °C, the remaining activity was determined at pH 8.3. (B) Fe(III)CBS (5 uM) was
exposed to peroxynitrite (200 uM, filled circles) in phosphate buffers of different pH. Controls
without peroxynitrite (open circles) and with decomposed peroxynitrite (triangles, reverse
order of addition controls) were performed. Data are the means + standard deviations of
triplicates for a representative experiment.
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Fig. 2.

Stopped-flow kinetics of peroxynitrite decay in the presence of CBS. Peroxynitrite (50 uM)
was mixed with increasing concentrations of Fe(I11)CBS in phosphate buffer (0.1 M, pH 7.4,
DTPA 0.1 mM) at 37.0 £ 0.1 °C. The absorbance at 290 nm was recorded for 10 s and the
apparent rate constant of peroxynitrite decay was determined from the initial slope. The results
are the means = standard deviation (n > 10) of a representative experiment.
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UV-visible spectra of CBS treated with peroxynitrite. (A) Samples containing Fe(111)CBS (5
uM) in phosphate buffer (0.1 M, pH 7.4, DTPA 0.1 mM) were mixed with increasing
concentrations of peroxynitrite (0, 50, 100, 200, 400, 600, 800, 1000 and 1500 puM) and spectra
were recorded after ~2 min at 37 °C. (Inset) Absorbance at 429 nm versus peroxynitrite
concentration. The open symbol represents the reverse order of addition control. (B) Fe(lll)
CBS was exposed to peroxynitrite as in (A). Samples were then reduced to Fe(I1)CBS with
dithionite (3.5 mM) and the spectra recorded. (Inset) Absorbance at 449 nm versus
peroxynitrite concentration. (C) Fe(lI1)CBS (123 uM) in phosphate buffer (0.1 M, pH 7.4,
DTPA 0.1 mM) was mixed with consecutive additions of peroxynitrite (0, 100, 200, 300, 500,
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1000, 1500, 2000 and 3000 uM, final concentrations) and spectra were recorded ~2 min after
each addition.
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EPR spectra of peroxynitrite-treated CBS. Fe(l11)CBS (120 uM) was mixed with increasing
concentrations of peroxynitrite (0-8 mM) in phosphate buffer (0.1 M, pH 7.4). After 5 min at
37 °C, samples were frozen in liquid nitrogen. The EPR spectra were recorded at 10 K, 1 mW
microwave power, 2 x 10 receiver gain, 12.78 G modulation amplitude, 9.393 GHz microwave
frequency, and 100 kHz modulation frequency using 1024 data points. Each spectrum
represents a single scan. The asterisk denotes a signal present in the cavity. The line markers
areatg =6, 4, 2.5, 2.3, and 1.86, respectively. ROA, reverse order of addition control.
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Time-dependent UV-visible spectra of CBS exposed to peroxynitrite. Fe(111)CBS (5 uM) was
mixed with peroxynitrite (130 uM) in a stopped-flow spectrophotometer in phosphate buffer
(0.1 M, pH 7.4, DTPA 0.1 mM) at 37.0 £ 0.1 °C. Spectra were recorded from 0.0276 to 8.86
s, every 0.0589 s, with an integration time of 3.680 ms.
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Fig. 6.

HPLC and mass spectrometric analyses of heme. (A) Fe(I11)CBS (5 uM) was treated with
peroxynitrite (500 uM). Samples were concentrated, submitted to reverse phase HPLC and
analyzed by mass spectrometry. The solid line represents heme isolated from the control CBS
sample and the dashed line represents the peroxynitrite-treated sample. The dotted line
corresponds to the HPLC gradient (see Materials and methods). (B) MALDI-TOF MS analysis
of HPLC-purified heme from control CBS. (Inset) MS/MS spectrum of the parent ion with m/
Z 616.19 showing the main fragment ions.
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Mass spectrometric analysis of tryptic digests of control and peroxynitrite-treated CBS. Fe(l11)

CBS (5 uM) was exposed to peroxynitrite (500 uM). Samples were carbamidomethylated,

trypsinized and subjected to MALDI-TOF MS analysis. Tryptic fragments where
modifications were detected are shown for control (left panel, A, C, E) and peroxynitrite-treated
CBS (right panel, B, D, F). Modifications were detected for the fragments with m/z 1436.77

(A and B), 1486.70 (C and D) and 1598.69/1839.85 (E and F).
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Fig. 8.

Three-dimensional structure of CBS showing the location of nitrated residues, heme and PLP.
The protein is shown in surface representation, with transparency. In stick display, Trp43 is
shown in orange, Trp208 in blue, Tyr223 in green, PLP in yellow and the heme in red. The
structure was generated using the PDB file 1JBQ [10] and PyMol v0.99 [64].
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Table 1

Effect of mannitol, p-HPA and bicarbonate on peroxynitrite-dependent CBS inactivation

Condition 2 CBS activity (U/mg)
CcBS 561+350

+ Peroxynitrite 105+1

+ Peroxynitrite + mannitol 67+5

+ Mannitol 611 +47

+ Peroxynitrite + p-HPA 269+ 11

+ p-HPA 521+5

+ Peroxynitrite + NaHCO, 48+3

+ NaHCO, 536 + 29

aCBS (5 uM) was exposed to peroxynitrite (400 pM) in the presence and absence of mannitol (100 uM), p-HPA (91 uM) and NaHCO3 (25 mM) in
phosphate buffer (0.1 M, pH 7.4, DTPA 0.1 mM). After 2 min at 37 °C the enzymatic activity was determined by the ninhydrin method.

b o -
Data are the mean + standard deviation of triplicates.
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Monoisotopic molecular mass/charge ratios of nitrated peptides and identification of nitration sites

Peptide From-To Theoretical m/z Observed m/z Assigned sequence Nitrated residue
40-51 Native 1436.76 1436.77 EPLWIRPDAPSR b W43 b
1452.76
1465.76
1468.75
Nitrated 1481.75 1481.75 EPLWy0,|RPDAPSR b
197-209 Native 1486.71 1486.70 FDSPESHVGVAWR b W208 b
1502.72
1515.71
1518.72
Nitrated 1531.70 1531.71 FDSPESHVGVAW,o,R b
212-224 Native 1598.79 1598.69 NEIPNSHILDQYR Y223
1611.71
1627.68
Nitrated 1643.78 1643.69 NEIPNSHILDQY yo,R
210-224 Native 1839.97 1839.85 LKNEIPNSHILDQYR Y223
1868.80
Nitrated 1884.96 1884.85 LKNEIPNSHILDQY yo,R

&I'he nitro group results in a mass increase of 44.99 Da.

bThe sequence and nitration site were confirmed by MS/MS analysis.
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Table 3

Results of protein database search with MS/MS spectrum data
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(A) Sequence matched to MS/MS data generated from precursor ion m/z 1481.75. Mascot ion score = 19 (p < 0.05).

b AA y
130.05 1 E 12
2271 2 P 11 1352.71
340.19 3 L 10 1255.65
571.25 4 Wio2 9 1142.57
684.34 5 1 911.51
840.44 6 R 7 798.42
937.49 7 P 6 642.32
1052.52 8 D 5 545.27
1123.55 9 A 4 430.24
1220.61 10 P 3 359.2
1307.64 11 S 2 262.15
12 R 1 175.12
(B) Sequence matched to MS/MS data generated from precursor ion m/z 1531.71. Mascot ion score = 26 (p < 0.05).
b AA y
148.08 1 F 13
263.1 2 D 12 1384.62
350.13 3 S 11 1269.6
447.19 4 P 10 1182.57
576.23 5 E 9 1085.51
663.26 6 S 8 956.47
800.32 7 H 7 869.44
899.39 8 \% 6 732.38
956.41 9 G 5 633.31
1055.48 10 \% 4 576.29
1126.52 11 A 3 477.22
1357.58 12 Wyo2 2 406.18
13 R 1 175.12

N-terminal b and C-terminal y ions are listed. lons detected in the MS/MS spectrum are shown in bold. AA, amino acids.
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