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ABSTRACT: Human CBS is a PLP-dependent enzyme
that clears homocysteine, gates the flow of sulfur into
glutathione, and contributes to the biogenesis of H2S. The
presence of a heme cofactor in CBS is enigmatic, and its
conversion from the ferric− to ferrous−CO state inhibits
enzyme activity. The low heme redox potential (−350
mV) has raised questions about the feasibility of the
ferrous−CO state forming under physiological conditions.
Herein, we provide the first evidence of reversible
inhibition of CBS by CO in the presence of a human
flavoprotein and NADPH. These data provide a
mechanism for cross talk between two gas-signaling
systems, CO and H2S, via heme-mediated allosteric
regulation of CBS.

An unusual b-type heme of unknown function serves as a
cofactor for human cystathionine β-synthase (CBS), a

pyridoxal phosphate (PLP)-dependent enzyme that catalyzes
the β-replacement of serine or cysteine with homocysteine to
give cystathionine and water or H2S, respectively.1,2 CBS
activity is important for maintaining low steady-state levels of
homocysteine, for the biogenesis of cysteine, which limits
glutathione synthesis, and for production of H2S, a signaling
molecule.3−5 Mutations in CBS represent the most common
cause of severe hyperhomocysteinemia.6 Crystal structures of
CBS7−9 reveal a considerable (∼20 Å) distance between the
PLP and heme cofactors, ruling out a direct role for the heme in
the reaction mechanism. While a regulatory role for the heme
has been suggested, its feasibility under physiological conditions
has been raised, as discussed below.10,11

The heme is six-coordinate in both the ferric and ferrous
states and is ligated by His65 and Cys52 in human CBS.7,8,12 A
change from the ferric to ferrous heme state is “sensed” at the
PLP site as evidenced by changes in the chemical shift and line
width of the PLP phosphorus resonance.13 A role for heme-
based allosteric regulation of CBS is suggested by the
observation that perturbation of the heme ligation and/or
spin state is associated with attenuation of enzyme activity.10

Ferrous CBS binds CO with a KD of 1.5 ± 0.1 μM, which is
similar to the affinity for CO of a well-studied heme-based CO

sensor, CooA.14−16 However, because the reduction potential
for the Fe3+/Fe2+ couple in full-length CBS is low (−350
mV),11 the physiological relevance and reversibility of CO-
based inhibition have remained open questions. In this study,
we demonstrate for the first time coupled reduction and
carbonylation of CBS in the presence of CO and a
physiologically relevant reducing partner, i.e., human methio-
nine synthase reductase (MSR), an NADPH-dependent
cytosolic diflavin oxidoreductase. Formation of ferrous−CO
CBS in this system occurs with concomitant loss of CBS
activity as expected. Importantly, CO removal or air oxidation
of ferrous−CO CBS leads to the recovery of the active ferric
form and demonstrates modulation of a reversible heme-
dependent regulatory switch by a physiological reducing
system.
MSR serves as a conduit for electrons from NADPH through

FAD and FMN to methionine synthase and to surrogate
electron acceptors.17 In the presence of CO, NADPH, and
substoichiometric MSR, conversion of ferric CBS with a Soret
maximum at 428 nm and broad α/β bands (centered at ∼550
nm) to the ferrous−CO species with a Soret maximum at 422
nm and sharpening of the α/β bands at 570 and 540 nm,
respectively, are observed (Figure 1). Formation of ferrous−
CO CBS is not observed if any of the assay components is
omitted. The isosbestic conversion of ferric− to ferrous−CO
CBS indicates that the ferrous intermediate does not
accumulate to detectable levels. This is consistent with the
∼120 mV potential difference that separates the FMN
semiquinone/hydroquinone (−227 mV)18 and CBS ferric/
ferrous redox couples.11 We postulate that kinetic coupling
between reduction and carbonylation of the heme traps the
ferrous intermediate and shifts the unfavorable equilibrium for
the reduction to the right (Scheme 1).
CO displaces Cys52 as the heme ligand in human CBS,19,20

and this is accompanied by inhibition of enzyme activity with a
Ki of 5.6 μM.21 Formation of ferrous−CO CBS in the presence
of reduced MSR also inhibits CBS activity in the standard assay
(92 ± 6 μmol of cystathionine formed mg−1 h−1). The
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reversibility of CO inhibition was tested by air oxidation of the
ferrous−CO CBS sample. The Soret absorption maximum at
428 nm indicated recovery of the ferric CBS form (Figure 1).
The activity of the oxidized enzyme was 344 ± 6 μmol mg−1

h−1, which is comparable to that of the starting ferric CBS
sample (320 ± 26 μmol mg−1 h−1 in the standard aerobic
assay). Although oxidation of ferrous−CO CBS has not been
described, oxidation of ferrous CBS occurs rapidly with a
second-order rate constant of 1.13 × 105 M−1 s−1 (at pH 7.4
and 25 °C) without the formation of detectable intermedi-
ates.22

Reversibility was further tested by removal of CO from the
ferrous−CO adduct. We have previously shown that long-range
effects triggered by CO binding to ferrous CBS are transduced
via a shift in the tautomeric equilibrium between the active
ketoenamine and the inactive enolimine forms of the PLP
Schiff base (Scheme 1), which can be monitored by
fluorescence and Raman spectroscopy.23 Because the flavins
in MSR interfere with the PLP fluorescence spectrum in CBS,
dithionite was used to generate the ferrous−CO CBS sample,
which was subsequently photolyzed to remove the CO ligand.

Photolysis of ferrous−CO CBS produced a mixture of ferrous
CBS (with a Soret maximum at 449 nm) and a species with a
Soret maximum at ∼423 nm (Figure S1 of the Supporting
Information). Photolysis was accompanied by recovery of
enzyme activity. Fluorescence spectroscopy showed a shift in
the emission maximum in the 410 nm excitation spectrum from
455 nm in ferrous−CO CBS to 475 nm in the photolyzed
sample (Figure S1 of the Supporting Information). Together
with the increase in the relative intensity of the emission band
centered at 483 nm (with 330 nm excitation), these data are
consistent with recovery of the ketoenamine tautomer of PLP
in the photolyzed CBS sample.
The Raman spectrum of the photolyzed sample is consistent

with its conversion to the ferrous form with the ν4 band
occurring at 1359 cm−1 instead of 1372 cm−1 as in ferrous−CO
CBS. Additionally, the presence of a weak band at ∼1663 cm−1

in the spectrum of the photolyzed sample is consistent with the
PLP imine νCN mode (Figure 2 and Figure S2 of the

Supporting Information). Because the PLP imine νCN mode
is weak and overlaps with heme bands, peak fitting of this
region of the Raman spectra was employed to deconvolute the
bands. The fits to the Raman spectra of four independent
samples revealed a band centered at 1662−1664 cm−1,
consistent with recovery of the ketoenamine form of PLP in
the ferrous CBS samples.
In summary, we demonstrate for the first time that the heme

in human CBS can be reduced by a biochemical system.
Because the heme in CBS is inert in the ferric state, while the
ferrous state can react with CO, our observation that CBS can
be reduced by a biological reductant opens the doors to
understanding the function of heme in vivo. This study also
demonstrates the potential for reversible regulation of human
CBS by CO, suggesting a mechanistic basis for interaction
between two gaseous signaling systems, CO and H2S.

24 Besides
MSR, another cytoplasmic reductase, human novel reductase
1,25 of unknown function, could serve as an alternate electron
donor to CBS. Novel reductase 1 is also a diflavin
oxidoreductase and has a midpoint potential of −305 mV for
the FMN semiquinone/hydroquinone couple.26 The physio-
logical relevance of CO-based inhibition of CBS is supported
by a study of human U937 cells treated with a CO-releasing
agent, which results in a low level of cystathionine, consistent
with intracellular inhibition of CBS activity.27 CBS is also
implicated in CO reception in murine liver, influencing both
H2S and bile production.28

Figure 1. Spectral changes associated with MSR-dependent reductive
carbonylation and air oxidation of CBS. Human CBS (5 μM) in 100
mM anaerobic CO-saturated potassium phosphate buffer (pH 7.4) was
mixed with 0.5 μM human MSR and 500 μM NADPH to generate the
ferrous−CO form. The latter converted to ferric CBS upon being
exposed to air.

Scheme 1. CBS Heme Oxidation and Ligation States (A) and
PLP Tautomeric States (B)

Figure 2. Peak deconvolution using mixed Gaussian−Lorentzian line
shapes of the 1520−1730 cm−1 region of the 390 nm excitation Raman
spectra of human CBS-CO before and after photolysis.
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It is tempting to speculate that CBS might represent a focal
point for cross talk between circadian oscillations in CO and
redox metabolism. Binding of CO to the heme-containing clock
protein, NPAS2,29 inhibits the activity of the BMAL1−NPAS2
transcription complex.30 The latter regulates δ-aminolevulinic
acid synthase, which catalyzes the committing step in heme
biosynthesis. Activation of heme biosynthesis eventually
stimulates heme degradation catalyzed by heme oxygenase,
producing CO and setting up a regulatory circuit for feedback
inhibition of the BMAL1−NPAS2 complex. CBS is potentially
an additional target of heme oxygenase activation, via CO-
mediated inhibition of the ferrous form of the enzyme.
Inhibition of CBS restricts the cysteine pool in various cell
types and, in turn, lowers glutathione levels.31−33 Hence, CBS
might represent a mechanistic link between the circadian
oscillations in the glutathione34 and heme30 pools via CO-
mediated regulation.
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