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Abstract
The role of endogenously produced H2S in mediating varied physiological effects in mammals has
spurred enormous recent interest in understanding its biology and in exploiting its
pharmacological potential. In these early days in the field of H2S signaling, large gaps exist in our
understanding of its biological targets, its mechanisms of action and the regulation of its
biogenesis and its clearance. Two branches within the sulfur metabolic pathway contribute to H2S
production: (i) the reverse transsulfuration pathway in which two pyridoxal 5′-phosphate-
dependent (PLP) enzymes, cystathionine β-synthase and cystathionine γ-lyase convert
homocysteine successively to cystathionine and cysteine and (ii) a branch of the cysteine catabolic
pathway which converts cysteine to mercaptopyruvate via a PLP-dependent cysteine
aminotransferase and subsequently, to mercaptopyruvate sulfur transferase-bound persulfide from
which H2S can be liberated. In this review, we present an overview of the kinetics of the H2S-
generating reactions, compare the structures of the PLP-enzymes involved in its biogenesis and
discuss strategies for their regulation.
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Although known for its toxic effects for several centuries, the recognition that endogenously
produced hydrogen sulfide (H2S) mediates a wide range of physiological effects, is
relatively recent [1, 2]. The toxicity of H2S is comparable to that of cyanide and at
concentrations ≥500 ppm (~15 mM), H2S causes rapid death [3, 4]. In contrast, most of the
physiological effects of H2S appear to be elicited in the ten to several hundreds of
micromolar concentration range (reviewed in [5, 6]). The potential effects of H2S range
from its roles in neuromodulation, cardioprotection, smooth muscle relaxation and
regulation of insulin release to being a pro- or anti-inflammatory mediator [5–9].
Interestingly, H2S can induce a state of suspended animation by decreasing body
temperature and metabolic rate even in non-hibernating animals [10]. H2S has also been
associated with increased lifespan in worm [11].

Although highly variable concentrations of H2S have been reported in mammalian tissues
and plasma (reviewed in [12]), the emerging consensus is that the concentration of this gas

†This work was supported by grants from the National Institutes of Health (HL58984).
© 2010 Elsevier B.V. All rights reserved.
*Corresponding Author: Tel: 734-615-5238, rbanerje@umich.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Biochim Biophys Acta. Author manuscript; available in PMC 2012 November 1.

Published in final edited form as:
Biochim Biophys Acta. 2011 November ; 1814(11): 1518–1527. doi:10.1016/j.bbapap.2011.02.004.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



is very low [13]: ~100 pM in blood to ~15 nM in tissues other than aorta, where the
concentration is 20–100-fold higher than in other tissues [14]. H2S is a weak acid with pKa1
and pKa2 values of 6.9 and >12 [15] and at the physiological pH of 7.4, the ratio of
HS−:H2S is 3:1. It is unclear whether the hudrosulfide ion or H2S is the biological mediator
of the various physiological effects that have been reported. The steady-state concentration
of H2S is governed by its rate of production and its rate of removal by the mitochondrial
sulfide oxidation pathway, which couples to oxidative phosphorylation [7, 16]. H2S can also
be removed or sequestered via reaction with disulfides or with hemeproteins. Despite the
recent profusion of literature on the biological effects of H2S, major gaps exist in our
understanding of the regulation of its biogenesis and its catabolism, the identity of its
molecular targets, and the mechanisms of its action. This review focuses on the kinetics,
structures and regulation of PLP-dependent enzymes involved in the evolution of H2S in
mammals (Figure 1).

A. H2S Generation by PLP-dependent Enzymes
Two cytoplasmic PLP enzymes, cystathionine β-synthase (CBS) and cystathionine γ-lyase
(CGL) are primarily responsible for H2S biogenesis in mammalian tissues [7, 17] (Figure 1).
A third PLP-dependent pathway utilizes aspartate aminotransferase (AAT), which also has
cysteine aminotransferase (CAT) activity, in combination with the PLP-independent 3-
mercaptopyruvate sulfurtransferase (MST), to generate sulfane sulfur, which in the presence
of a reductant, can liberate H2S [18, 19] (Figure 1). CAT/AAT and MST are present in both
the cytoplasmic and mitochondrial compartments [20–22].

CAT/AAT is an aminotransferase, which catalyzes the reversible interconversion of
dicarboxylic acids and keto acids in a reaction in which the PLP cofactor alternates between
the aldehyde and amine forms as shown in equations 1–2 (and Scheme 1). The wealth of
structural/mutagenesis and kinetic studies on CAT/AAT makes it one of the best-studied
aminotransferases [23–30].

[1]

[2]

MST transfers sulfane sulfur from mercaptopyruvate to an active site cysteine (or cyanide)
to form a persulfide (equation 3) or to generate thiocyanate. H2S can be liberated from the
MST-persulfide by a reductant as shown in equation 4, where RSH is a thiol reductant.

[3]

[4]

CBS, and particularly, CGL, catalyze a multitude of H2S-generating reactions using cysteine
and homocysteine as substrates (Scheme 2). While the reactivity of CBS is limited to β-
replacement reactions (equations 5–8), CGL catalyzes chemical transformations at both the
β-(equations 7–9) and γ-carbons (equations 10–11). Of these, the β-replacement of serine
with homocysteine (equation 5) and the α,γ-elimination of cystathionine (equation 12),
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represent the canonical reactions catalyzed by CBS and CGL in the reverse transsulfuration
pathway that converts homocysteine, derived from methionine, to cysteine.

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

H2S biogenesis by CBS and CGL in the context of the redox biochemistry of H2S has been
reviewed recently [7], and only the PLP-relevant aspects of H2S production are emphasized
in this review.

B. Kinetics of H2S Generation
(i) The CAT/AAT-MST Pathway

The CAT/AAT-MST pathway is involved in cysteine degradation and CAT exhibits a low
affinity for cysteine. The KMs for cysteine and 2-oxoglutarate are 22 mM and 0.06 mM,
respectively [22] and the specific activity of rat liver CAT/AAT at pH 8.0 is estimated from
the specific activity reported by Akagi et al [22] to be 1.2 s−1 at 37 °C. In contrast, the KM
for aspartate is lower (1.6 mM) and the enzyme exhibits a 20-fold higher kcat with this
substrate [22]. Since aspartate (~730 μM in mouse liver and ~4 mM in mouse brain
(Vitvitsky, V. and Banerjee, R, unpublished data)) is significantly more abundant than
cysteine (~130 μM in mouse liver and 90 μM in mouse brain [31]), and the KM for aspartate
is ~14-fold lower than for cysteine, the enzyme is expected to function primarily as an AAT.

Meister and coworkers were the first to characterize MST and demonstrated the formation of
H2S from 3-mercaptopyruvate in the presence of a reducing agent [18]. Stipanuk and
coworkers attempted to estimate the relative contributions of CBS, CGL and CAT/MST to
cysteine desulfhydration in rat liver and kidney extracts by using assays varying in substrate
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composition, pH and inhibitors or activators for these enzymes [17]. Their results pointed to
the predominance of CGL to H2S production from cysteine in both tissues at pH 7.4,
although the concentration of cysteine used in the assay (2 mM) was not “physiological” as
noted, at least for liver. The contribution of the CAT/MST reactions to H2S production,
assessed at a very high concentration of cysteine (160 mM), was only observed under
alkaline conditions (pH 9.7) and in the presence of a reductant (3 mM dithiothreitol), and
was negligible at a physiologically relevant pH. For rat liver MST, the KM for
mercaptopyruvate is 1.2 mM and kcat is 4.0 × 103 s−1 at 25 °C and pH 9.55 in the presence
of 25 mM mercaptoethanol [32, 33]. For bovine kidney MST, a similar value for the KM for
mercaptopyruvate (2.8 mM) but a significantly lower kcat (713 s−1) at pH 9.55 and 30 °C
has been reported [34]. The contribution of the CAT/MST pathway to H2S generation at
physiologically relevant substrate concentrations and pH remains to be assessed. This
pathway might be more important for H2S production in tissues where cysteine
concentrations are high (e.g. kidney where cysteine and aspartate concentrations are ~520
μM and 1.7 mM respectively (Vitvitsky V and Banerjee, R, unpublished results) and/or in
tissues where the transsulfuration enzymes are missing or present at very low
concentrations.

(ii) The Reverse Transsulfuration Pathway
Although cysteine desulfhydration is referred to as the primary mechanism for H2S
generation, as discussed above (equations 6–12 and Scheme 2) and shown in Figure 1,
several alternative routes can be used by CBS and CGL due to their relatively low substrate
stringencies. We have recently reported a detailed steady-state kinetic characterization of the
multiple H2S-generating reactions catalyzed by human CBS and CGL and used these kinetic
parameters to simulate their relative contributions at physiologically relevant substrate
concentrations and under hyperhomocysteinemic conditions [35, 36]. CBS catalyzes the
condensation of two amino acids, and the two substrate binding pockets are referred to as
site 1 (i.e. where the PLP external aldimine is formed) and site 2, where the nucleophilic
amino acid is bound, respectively. The KM values for the H2S-generating substrates for
human CBS are: 3.2 mM for homocysteine, which binds only to site 2, and 6.8 and 27 mM
for cysteine for sites 1 and 2, respectively [36]. Kinetic analyses reveal that under maximal
velocity conditions, the preferred route for H2S generation by human CBS is via
condensation of cysteine and homocysteine to generate cystathionine and H2S (kcat = 19.6 ±
1.2 s−1 at 37 °C, equation 7) followed by condensation of two moles of cysteine to form
lanthionine and H2S (kcat = 0.86 ± 0.08 s−1, equation 8). The least efficient route is the β-
replacement of cysteine to give serine and H2S (kcat = 0.36 ± 0.04 s−1, equation 6). In these
reactions, only cysteine binds to the PLP site to form the external aldimine. Homocysteine
binds to site 2 and condenses with the PLP-aminoacrylate species. Since the KM for cysteine
is high (6.8 mM) relative to the intracellular concentration of this amino acid, the rate of
reaction 7, i.e., the condensation of cysteine and homocysteine, is limited by the
concentration of cysteine and is relatively insensitive to increasing concentrations of
homocysteine [36].

The kinetics of H2S generation by CGL are considerably more complex. Cysteine and
homocysteine bind in various combinations to either the PLP site or to the second site and at
least five H2S-generating reactions result (equations 7–11 and Scheme 2). The KM values
for the H2S-generating substrates for human CGL are: 2.7 mM and 5.9 mM for
homocysteine for sites 1 and 2, respectively, and 1.7 and 33 mM for cysteine for sites 1 and
2, respectively [35]. Under maximal velocity conditions, the following order of turnover
numbers for H2S production is observed: γ-condensation of 2 moles of homocysteine (kcat =
4.9 s−1, equation 11) > α,γ–elimination of homocysteine (0.92 s−1, equation 10) ≈
condensation of two moles of cysteine (0.85 s−1, equation 8) α,β–elimination of cysteine
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(0.47 s−1, equation 9) > β–replacement of cysteine by homocysteine (0.15 s−1, equation 7).
Since homocysteine can bind either to the first (PLP) or the second amino acid-binding site,
CGL-catalyzed H2S generation is sensitive to changes in the intracellular concentration of
homocysteine and is predicted to increase between 20–200-fold under
hyperhomocysteinemic conditions (simulated at 200 μM homocysteine) [35].

Based on the steady-state kinetic parameters, simulations at physiologically relevant
substrate concentrations (cysteine: 100 μM, homocysteine: 10 μM, and serine: 560 μM)
predict that CBS would account for ~25–70% of total H2S production, depending on the
extent of its activation by the allosteric regulator, S-adenosylmethionine (AdoMet) [36].
However, the assumption of equimolar concentrations of CBS and CGL is an important
limitation of the simulations as borne out by recent quantitative estimates of these two
enzymes in select tissues [37]. For instance, in murine liver, CGL is 60-fold more abundant
than CBS. Taking this difference in enzyme levels into account, we predict that liver CGL
accounts for ~97% of murine liver H2S production at physiologically relevant substrate
concentrations [37]. Similar estimates for other tissues await quantitative determination of
the relative (or absolute) amounts of CBS and CGL in each tissue. Under conditions of
moderate and severe hyperhomocysteinemia, the contribution of CGL to H2S production is
predicted to increase.

Determination of maximal tissue H2S generation rates at high concentrations of substrates
(20 mM cysteine and/or 20 mM homocysteine) and in the presence or absence of the CGL
inhibitor, propargylglycine, allow estimation of the relative contributions of CGL versus
CBS to tissue H2S production capacity. From this study, it was concluded that CBS accounts
for ~50%, ~80% and ~95%, respectively of the total H2S output in liver, kidney and brain at
saturating substrate concentrations. A similar conclusion about the relative importance of
CBS to kidney H2S production was reported previously [38]. The approach of assessing H2S
production at high substrate concentrations is useful for studying influences of effectors (e.g.
nutritional, gene knockout, stress) on the metabolic capacity of the pathway.

C. Structures of H2S-generating Enzymes
PLP enzymes are loosely classified based on their sequence similarity and structural folds
into five groups [39, 40] and on the basis of the carbon atom involved in chemistry, into
three groups [41]. According to the former classification, CAT/AAT and CGL belong to
different subfamilies within the fold type I family, while CBS belongs to the fold type II
family (Figure 2). Based on the latter classification, CAT/AAT, CBS and CGL belong to the
α, β and γ families respectively.

(i) CAT/AAT
CAT/AAT is one of the best-characterized enzymes in the fold type I family with multiple
structures of the cytoplasmic and mitochondrial forms in the presence and absence of
substrates or analogs being available [29, 42, 43]. The reaction mechanism of CAT/AAT has
been reviewed from a structural perspective [44] and only the salient structural features are
discussed in this section. Each monomer in the homodimeric protein consists of a large and
a small domain with the active site being located at the interface where the PLP is covalently
linked to a lysine residue donated by the large domain (Figure 2A). In the absence of
substrate, the subunits exist in an open conformation, while the binding of substrate induces
domain closure resulting in substrate sequestration from the solvent. Since a crystal structure
of AAT/CAT with cysteine is not available, the interactions that have been noted with
dicarboxylate substrates are discussed here. Two arginine residues move by several
angstroms and engage in salt-bridge interactions with the α and β-carboxylates of aspartate,
in the closed and active conformation of the enzyme [42, 43] (Figure 3). The active site
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lysine that is involved in a Schiff base linkage with PLP is also believed to serve as the base
for abstraction of the α-proton in the first half reaction and as the general acid that later
donates a proton to the ketimine intermediate [44]. The ε-amino group of this lysine residue
is located 2.9 Å from the C4′ of the external aldimine of the substrate analog,
methylaspartate [42]. The O-3′ atom of PLP is hydrogen bonded to an asparagine side chain
while the pyridine ring nitrogen is within 2.6 Å of the β-carboxylate oxygen of an aspartate
residue. The aspartate stabilizes the carbanion generated upon α-proton abstraction,
contributing ~5 kcal/mol to lowering the barrier for this rate-determining step in the first half
reaction. In contrast, the interaction between the aspartate and pyridine nitrogen is less
significant for the second half reaction, i.e., the transfer of the amino group from PMP to 2-
ketoglutarate [45].

(ii) CBS
CBS from higher eukaryotes is unique in the family of PLP enzymes in also being a
hemeprotein [46]. Its organization is consequently more complex with an N-terminal heme-
binding domain, a central PLP-binding catalytic domain and a C-terminal regulatory
domain, which binds the allosteric activator, AdoMet [47]. The first structures of full-length
CBS from Drosophila have been reported recently in which a reactive carbanion and an
aminoacrylate intermediate have been captured [48]. The mammalian enzyme tends to forms
aggregates ranging from 2- to 16-mers in solution [49, 50]. It is not known if the multiple
oligomeric states of CBS exist in vivo and if so, whether they have a regulatory role. In
contrast to human CBS, the Drosophila enzyme is less prone to aggregation and the crystal
structure of the full-length dimeric and active form of CBS has been solved (Figure 2B).
Earlier structures of the catalytic core of human CBS had revealed the placement of the
heme some 20 Å from PLP [51, 52]. The catalytic core comprises two subdomains that bind
PLP at the interface. Substrate binding induces the closed conformation and causes an active
site serine residue to move in towards the PLP cofactor. The structure of the carbanion
intermediate of serine at 1.7 Å resolution captures the zwitterionic species in which the Cα
proton has been abstracted by the active site lysine (Figure 4A) that is originally involved in
Schiff base formation in the internal aldimine. The 2.1 Å distance between the εNH3

+ group
of the lysine and the Cα, reveals how the negative charge is stabilized with additional
stabilization provided by PLP’s C4A, the Schiff base nitrogen, and the side chain of the
serine residue (Ser116 in the Drosophila sequence) that is repositioned upon substrate
binding. In the structure of the aminoacrylate intermediate, the εNH3

+ group is seen to move
away from Cα, and interacts instead with the phosphate group of PLP (Figure 4B). The
presence of the heme in CBS from higher organisms limits direct visualization of PLP-based
reaction intermediates and much of the spectroscopic characterization has been limited to
either an N-terminal truncated form of human CBS lacking the heme domain [53] or yeast
CBS [54–57]. Recently, the aminoacrylate intermediate has been observed by difference
stopped-flow spectroscopy in the heme-containing Drosophila CBS [48]. The side chain of a
serine residue (Ser318 in the Drosophila sequence) is involved in a hydrogen-bonding
interaction with the pyridine nitrogen of PLP. Mutation of this serine to alanine in yeast
CBS results in an 80-fold decrease in catalytic efficiency while mutation to aspartate, which
leads to loss of the PLP cofactor, results in undetectable activity [57]. The modest effect of
the Ser→Ala mutation is consistent with ylide-type electrostatic stabilization of the
carbanion intermediate being provided primarily by the Schiff base. These results are
consistent with the crystal structure of the carbanion intermediate in Drosophila CBS and
also with computational studies that suggest a more prominent role for the Schiff base in
carbanion stabilization rather than delocalization through the extended conjugated ring
system of PLP [58, 59]. An asparagine (Asn118 in the Drosophila sequence) residue
interacts with the O3′ of PLP and its mutation to alanine or histidine in yeast CBS results in
an ~100- and 1000-fold decrease, respectively in catalytic efficiency.
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The N-terminal heme domain, which is part of the catalytic core, reveals the presence of the
histidine and cysteine residues that serve as axial heme ligands in both the ferric and ferrous
oxidation states (Figure 6). Perturbation in the heme domain is transmitted over a long range
to the PLP site and modulates CBS activity [60]. The responsiveness of the PLP site to
redox changes at the heme site is revealed by 31P NMR spectroscopy by changes in the
phosphate chemical shifts in ferric versus ferrous CBS [61]. The structural pathway for
communication between the sites is not known. The regulatory domain of CBS has a tandem
repeat of two CBS domains, a secondary structure motif that is named after this protein and
found in all kingdoms of life and is commonly use to bind adenine nucleotides [62]. Unlike
human CBS, Drosophila CBS exhibits high basal activity, which does not increase further in
the presence of AdoMet. Hence, it has been inferred that that the conformation of
Drosophila CBS is locked in an activated state and corresponds to the conformation of
human CBS that is achieved upon binding of AdoMet [48].

(iii) CGL
The structures of apo- (lacking PLP) and holo-human CGL, and in complex with the suicide
inhibitor, propargylglycine and of yeast CGL have been reported [63, 64]. Human CGL
containing bound PLP is a homotetramer (Figure 2C) while the apo-enzyme is a mixture of
the monomeric and tetrameric species with the latter being the dominant form. Each subunit
consists of two subdomains as is typical of the fold I family manifold [65]. The PLP is
bound to the larger of the two subdomains, which is at the N-terminus and is in Schiff base
linkage to Lys212 (human sequence numbering) (Figure 5). Tyr114 swings 19.3 Å upon
PLP binding to occupy a position above the pyridine ring and is involved in an aromatic π-
stacking interaction. The tyrosine is postulated to play a role in activating cystathionine for
the transschiffization reaction [64]. While its mutation to alanine impairs catalysis, mutation
to phenylalanine activates H2S generation 3.6-fold, suggesting that the π-stacking interaction
might be important for properly orienting the PLP in the active site [66]. Two residues,
Tyr60 and Arg62 make hydrogen-bonding contacts with the phosphate group of PLP and are
donated by an adjacent monomer. A pathogenic mutation, Arg62His has been described in
patients who have elevated levels of plasma cystathionine, consistent with a role for this
residue in cofactor binding and therefore, CGL function [67]. The O3′ atom of PLP is
hydrogen bonded to an asparagine residue while Asp187 interacts with the pyridine
nitrogen, stabilizing the positive charge on PLP and enhancing its electrophilicity. Mutation
of Asp187 to either alanine or glutamate results in complete loss of H2S producing activity
[66].

D. Regulation of H2S producing enzymes
(i) CAT/AAT-MST

The lax substrate specificity of aspartate aminotransferase makes transamination of cysteine
possible [21, 22]. Little is known about the regulation of this enzyme except that the CAT
activity is potently inhibited by aspartate, as might be expected from the significantly lower
KM for aspartate (1.6 mM) compared to cysteine (22 mM) [22]. Interestingly, while CAT
activity is highest in heart and liver, MST activity is highest in liver and kidney.

MST catalyzes the degradation of mercaptopyruvate in the cysteine catabolic pathway,
detoxifies cyanide, and serves as an antioxidant enzyme. Human MST has five cysteine
residues but lacks a CXXC motif. Rat MST contains three exposed cysteines: Cys247,
Cys154 and Cys263 and is reported to be redox regulated [68]. Treatment of MST with a
stoichiometric amount of hydrogen peroxide leads to oxidation of the active site residue
Cys247 residue to cysteine sulfenate and to enzyme inhibition. The enzymatic activity is
restored upon treatment with reducing agents like dithiothreitol or NADPH/thioredoxin
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reductase/thioredoxin. The metabolic logic of this regulation is that under oxidative stress
conditions, reduced MST activity spares the cysteine pool, making it more available for the
synthesis of the antioxidant, glutathione [68]. In addition to the redox-sensitive active site
cysteine, the two surface-exposed cysteines, Cys154 and Cys263, are involved in an
intermolecular disulfide giving rise to the monomer-dimer equilibrium [69]. The dimeric
enzyme is activated with reducing agents like thioredoxin and serves as an additional redox-
sensing switch for the regulation of MST activity. The cellular relevance of redox regulation
of MST needs to be established.

(ii) CBS
Although human CBS and Drosophila CBSs are heme-containing PLP-dependent enzymes
[46, 48], CBS isolated from lower organisms like yeast and protozoans are devoid of heme
[70, 71]. The exact role of heme in CBS is still not clear [60]. The Fe3+/Fe2+ heme redox
potential for human CBS is −350 ± 4 mV for the full-length protein [72] and −291 ± 5 mV
for the truncated protein missing the C-terminal regulatory domain [73]. It is not known
whether the ferrous form of the enzyme exists in vivo and if so, what is the identity of its
redox partner. The ferric heme in CBS is inert towards most ligands except mercuric
chloride [74]. In contrast, ferrous heme binds to exogenous ligands like CO, NO, HgCl2 and
isonitriles [75–77]. Binding of these exogenous ligands to the heme leads to inhibition of
CBS activity in both the ferric and ferrous states. Binding of CO to heme induces a
tautomeric shift from the ketoenamine to the enolimine form of PLP, which is correlated
with loss of CBS activity [78] (Figure 6). The communication is predicted to result from
disruption of a salt bridge between the Cys52 ligand to heme and Arg266 at the bottom of a
helix, which extends to the active site and makes hydrogen-bonding contacts through
Thr257 and Thr260 to the phosphate group of PLP.

Earlier studies had suggested that the activity of CBS is regulated by the redox state of heme
[52, 79]. However, more recent studies have shown that the activity of ferrous CBS is
similar to that of the ferric form [72, 80–82] and that loss in activity observed under
reducing conditions is associated with formation of a species with Soret peak at 424 nm
(also known as the C-424 species). When CBS is reduced under alkaline pH conditions and
at a high temperature, the C-424 species is formed quite readily and represents a heme state
in which the lower axial cysteine ligand has been replaced by an unidentified and charge-
neutral ligand [82]. The C-424 species represents a catalytically inactive state of the enzyme.
We have demonstrated that mutation of a second coordination sphere ligand, Arg266Met,
facilitates formation of the C-424 species [72]. The physiological relevance, if any, of C-424
species remains to be elucidated. If the C-424 species can revert to the ferrous (450 nm) or
ferric (428 nm) state via interaction with another protein or a small molecule effector in the
cell, it could lead to yet another mode of regulation of CBS.

In addition to heme, CBS has a second redox-active center, a CXXC motif (Cys272-Pro273-
G274-Cys275 in human CBS) that have been captured in the dithiol and disulfide states in
the crystal structures of truncated human CBS [52, 83]. Like the heme cofactor, the CXXC
motif is not conserved in lower organisms like yeast and protozoans. The CXXC motif is ~
20 Å away from both the PLP and the heme cofactors and its ability to regulate CBS
remains to be explored. Under cell culture conditions, flux through the transsulfuration
pathway is increased under oxidative stress conditions resulting in increased synthesis of
cysteine, the limiting amino acid for the synthesis of glutathione [84, 85]. Since CBS
activity limits transsulfuration flux, regulation of CBS via redox changes in the CXXC motif
is a possibility that remains to be assessed. Mutation of the cysteines in the CXXC motif had
no influence on the heme-dependent inhibition of CBS via formation of the C-424 species
under reducing conditions [52]. However, the study was not designed to independently
evaluate a redox regulatory role for the CXXC motif since the control assay contained high
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concentrations of the thiol substrate, homocysteine, which would reduce the disulfide form
of the CXXC motif thus simulating the reduced state achieved with the mutations of
cysteine to either alanine or serine. A nonthiol substrate analog would be needed to evaluate
the role of the CXXC motif as a redox switch.

H2S can reversibly modify cysteine side chains to persulfide (−SSH) in some proteins,
potentially increasing the reactivity of cysteines [86]. This posttranslational modification
was also reported for CBS and CGL although the identity of the modified cysteines was not
reported [86]. Our laboratory has been unable to detect persulfidation of CBS and CGL
(unpublished results) and the in vivo existence and regulatory potential of this modification
for these two enzymes, remains to be established.

CBS has a C-terminal regulatory domain, which binds the allosteric effector, AdoMet. The
C-terminal regulatory region contains two hydrophobic CBS domains named after this
protein [62], namely CBS1 and CBS2. AdoMet binding results in an ~2–3 fold increase in
specific activity of the enzyme [87] and also in H2S production [36]. Furthermore, binding
of AdoMet to CBS stabilizes the protein against proteolysis in vitro and increases its half-
life from 18 to 49 h under cell culture conditions [88]. The C-terminal regulatory domain of
CBS exerts intrasteric inhibition that is alleviated either by its deletion [89, 90], proteolytic
cleavage [91], thermal activation [92], and selective mutations in the C-terminal domain [89,
92] or by binding of AdoMet to CBS [87]. Deletion of this regulatory domain generates a
more active form of the enzyme, with an ~4-fold higher kcat than the full-length enzyme.

Treatment of human embryonic kidney 293 cells with TNF-α (tumor necrosis factor), which
enhances reactive oxygen species (ROS) levels, leads to formation of the truncated form of
CBS [93]. TNF-α treatment induced an ~50% increase in CBS activity, which was AdoMet
unresponsive, consistent with loss of the regulatory domain during targeted proteolysis of
the protein. A corresponding increase in intracellular glutathione concentration was also
seen under these conditions. Injection of mice with lipopolysaccharide, a pro-inflammatory
agent that is known to induce TNF-α and increase ROS levels, also induced CBS cleavage
and resulted in increased glutathione levels, suggesting a possible physiological relevance of
the truncated CBS form. Although the mechanism of TNF-α-induced cleavage of CBS is not
known, the role of superoxide in this process was implicated by the observation that the
truncation was abrogated by inhibitors of superoxide production or by overexpression of
superoxide dismutase but not catalase [94].

CBS levels are down regulated in response to testosterone in human prostate cancer cells by
a post-transcriptional mechanism [95]. The diminished CBS levels are paralleled by
corresponding decreases in flux through the transsulfuration pathway and in glutathione
levels and result in increased susceptibility of androgen responsive prostate cancer cells to
oxidative stress [95]. CBS is a target of in vivo and in vitro sumoylation, a modification that
decreases the activity of the protein [96, 97]. In the presence of human polycomb protein 2
(Pc2), sumoylation of CBS was enhanced, indicating that Pc2 functions as a SUMO E3
ligase for CBS. The H2S-generating substrates, cysteine and homocysteine, inhibit
sumoylation of CBS, but only in the presence of Pc2 [97]. Although the role of SUMO
modification of CBS is not known, the observation that CGL is also a substrate for
sumoylation at least under in vitro conditions, has led to the suggestion that this
modification might serve to relocalize the cysteine-generating enzymes to the nucleus under
conditions where the demand for glutathione in this compartment are high, e.g. during
proliferation [98].

The multiple levels of regulation in CBS emphasize its critical role in sulfur homeostasis.
The activity of CBS gates the flow of sulfur from the methionine cycle via the
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transsulfuration pathway to cysteine, and thereon, to glutathione biosynthesis. Under
oxidative stress conditions, the traffic of sulfur through the transsulfuration pathway
increases several fold, depending on the cell type [84, 85, 99] and modulation of CBS
activity is an important mechanism for tuning the cellular response to oxidizing conditions
and for glutathione homeostasis [100].

(iii) CGL
CGL cleaves cystathionine via an α,γ-elimination into cysteine, α-ketobutyrate and
ammonia. It is believed to be primarily responsible for H2S production in the vasculature
and CGL−/− mice have ~80 % lower H2S levels in the heart and aorta [101]. However, while
age-dependent hypertension in CGL−/− mice has been reported by one group [101] it has not
been observed by another [102] and remains controversial. Although the activity of CGL
was reportedly increased ~2-fold in the presence of calmodulin [101], we have not been able
to observe this effect using purified and active human CGL. Unlike CBS, regulation of CGL
activity is not well understood.

Human CGL has 10 cysteine residues, of which four are present in two CXXC motifs,
(Cys252-Tyr253-Leu254-Cys255 and Cys307-Thr308-Gly309-Cys310). The CXXC motifs
are conserved in mammals (e.g. human, rat and mouse) but not in lower organisms (e.g.
nematode and yeast). The influence, if any of the oxidation state of the CXXC motifs on
CGL activity is not known. Purified human CGL has been shown to be a target of
sumoylation [97]. The presence of the substrate, cystathionine, did not influence
sumoylation of CGL. The in vivo relevance of CGL sumoylation and its possible effect on
nuclear localization remain to be assessed.

Summary—The growing interest in the biology of H2S signaling focuses attention on the
structures, mechanisms and regulation of the enzymes that biosynthesize it. And in these
early days, large gaps exist in our understanding of fundamental aspects of H2S
biochemistry such as which enzymes are primarily responsible for H2S production in
different tissues and under different conditions and how are they regulated? H2S is generated
from the sulfur containing amino acids, cysteine and homocysteine, and for all three PLP
enzymes, the KMs for the substrates are very high (in the millimolar range) in contrast to
their intracellular concentrations (typically in the tens to hundreds of micromolar range).
This raises the obvious question as to whether modulators of these enzymes exist in the cell
and influence their affinity for substrate under specific conditions. Studies on the relative
contributions of the H2S generating reactions tend to primarily use cysteine as substrate to
the exclusion of homocysteine, which leads to an underestimation of CBS-dependent H2S
production. Furthermore, the use of nonspecific inhibitors e.g. iodoacetate (a general
alkylating agent), hydroxylamine (that releases the cofactor from PLP enzymes),
aminooxyacetate (a general transaminase inhibitor) or even propargylglycine (a suicide
inhibitor of CGL, which has some off-target activity), to decipher the contributions of the
individual H2S-generating enzymes, demonstrates the limitations of the published studies
and emphasizes the need for developing reagents that are enzyme specific. Multiple
structures of all three PLP-dependent enzymes involved either indirectly (AAT/CAT) or
directly (CBS and CGL) in H2S production are available and could, in combination with
high throughput screening, be used for guiding rational inhibitor design. One of the obvious
challenges for the latter is the similarity in the mode of substrate binding (i.e. via a Schiff
base to PLP) and the similarity in the reactivity of the external aldimine for all three PLP
enzymes.

Some other aspects of H2S biochemistry that warrant mechanistic scrutiny are the form of
this molecule that mediates its physiological effects, i.e. H2S versus HS− and the identity of
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the cellular targets themselves. Since H2S is derived from amino acids whose concentrations
are far below the KMs for the respective enzymes, strategies for stimulating or dampening
production in response to cellular signaling needs, await elucidation. Alternatively, changes
in H2S levels might be effected primarily by regulation of its catabolic pathway, which is
strictly oxygen dependent and scavenges H2S efficiently. Under hypoxic conditions, sulfide
oxidation is inhibited, but what about other conditions that might modulate flux through this
pathway? Along these lines, the potential role of the “bound” sulfane-sulfur pool as an H2S
reservoir needs to be assessed and if pertinent, the physiologically relevant conditions under
which this pool is mobilized, need to be identified. In a field where insights into the
pleiotropic physiological effects of H2S continue to emerge, rigorous biochemical studies on
its production, mechanisms of action and removal are urgently needed to support realization
of its pharmacological potential.
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Research highlights

• H2S is a gaseous signaling molecule, with neuromodulatory and
cardioprotective effects, which is synthesized by enzymes involved in sulfur
metabolism. T

• Three of the H2S-producing enzymes are pyridoxal phosphate-dependent and
utilize the suflur amino acids, cysteine and homocysteine as subtrates.

• The structure, function and regulation of the H2S producing enzymes are the
focus of this review article.
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Figure 1.
Scheme showing the various H2S generating reactions catalyzed by enzymes in the reverse
transsulfuration pathway (CBS and CGL) and the cysteine catabolic pathway (CAT/AAT
and MST).
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Figure 2.
Overall folds for PLP enzymes involved in H2S generation pathways. The structures of
chicken AAT/CAT (A), Drosophila CBS (B) and human CGL (C) are shown. The subunits
in each enzyme are shown in different colors and the PLP is shown in ball representation in
navy. PDB files 1MAQ, 3PC2 and 3COG were employed to generate the structures in A, B
and C, respectively.
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Figure 3.
Close-up of the active site structure of chicken CAT/AAT with a glutamate ketimine
intermediate. The residues that interact with the O3′ and pyridine nitrogen of PLP, the lysine
residue that forms the Schiff base in the internal aldimine, and the arginine residues that
interact with the proximal and distal carboxylates of the glutamate ketimine are shown. One
of the two arginine residues, marked with the asterisk, is donated by the adjacent subunit.
The figure was generated using the PDB file 1MAQ and the residues follow the numbering
for the chicken sequence.
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Figure 4.
Close-up of the active site structure of Drosophila CBS. A. Structure of the carbanion
intermediate showing the close distance between K88 and Cα and the hydrogen bonding
interactions between O3′ and the pyridine nitrogen of PLP. B. Structure of the aminoacrylate
intermediate reveals that K88 has repositioned away from Cα and is engaged in hydrogen
bonding interactions with the phosphate group of PLP. The figure was generated using the
PDB files 3PC4 (A) and 3PC3 (B) and the numbering for the Drosophila sequence is
reported.
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Figure 5.
Close-up of the active site structure of human CGL. The residues that interact with the O3′
and pyridine nitrogen of PLP, the Schiff-base forming lysine residue and the tyrosine that
lids the pyridine ring are shown. The figure was generated using the PDB file 3COG and the
residues follow the numbering for the human sequence.
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Figure 6.
The heme environment influences the tautomeric equilibrium at the PLP site in human CBS.
In the ferric state, the active ketoenimine tautomer predominates in the active site.
Formation of the ferrous-CO CBS form results in displacement of the endogenous C52 heme
ligand by CO and is correlated with a shift to the inactive enolimine form of the internal
aldimine. A possible route for communication between the two cofactors is via an alpha
helix in which R266 at one end forms a salt bridge with the heme ligand, C52. At the other
end, two threonine residues, T257 and T260 engage in hydrogen bonding interactions with
the phosphate group of PLP.
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Scheme 1.
Reactions catalyzed in the CAT/AAT-MST Pathway
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Scheme 2.
Reactions catalyzed by CBS (5–8) and CGL (7–8)
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