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Abstract

Significance: Soluble guanylyl cyclase (sGC), which produces the second messenger cyclic guanosine 3¢, 5¢-
monophosphate (cGMP), is at the crossroads of nitric oxide (NO) signaling: sGC catalytic activity is both stim-
ulated by NO binding to the heme and inhibited by NO modification of its cysteine (Cys) thiols (S-nitrosation).
Modulation of sGC activity by thiol oxidation makes sGC a therapeutic target for pathologies originating from
oxidative or nitrosative stress. sGC has an unusually high percentage of Cys for a cytosolic protein, the majority
solvent exposed and therefore accessible modulatory targets for biological and pathophysiological signaling.
Recent Advances: Thiol oxidation of sGC contributes to the development of cardiovascular diseases by de-
creasing NO-dependent cGMP production and thereby vascular reactivity. This thiol-based resistance to NO
(e.g., increase in peripheral resistance) is observed in hypertension and hyperaldosteronism.
Critical Issues: Some roles of specific Cys thiols have been identified in vitro. So far, it has not been possible to
pinpoint the roles of specific Cys of sGC in vivo and to investigate the molecular mechanisms in an animal model.
Future Directions: The role of Cys as redox sensors, intermediates of activation, and mediators of change in
sGC conformation, activity, and dimerization remains largely unexplored. To understand modulation of sGC
activity, it is critical to investigate the roles of specific oxidative thiol modifications that are formed during these
processes. Where the redox state of sGC thiols contribute to pathologies (vascular resistance and sGC de-
sensitization by NO donors), it becomes crucial to design therapeutic strategies to restore sGC to its normal,
physiological thiol redox state. Antioxid. Redox Signal. 26, 137–149.
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Introduction

Soluble guanylyl cyclase (sGC) is the main receptor
of nitric oxide (NO). Upon binding of NO to the heme of

sGC, the catalytic activity is stimulated several hundred fold
to produce cyclic guanosine 3¢, 5¢-monophosphate (cGMP)
[see (28, 41) for general reviews on sGC]. sGC is a hetero-
dimer with an a and a b subunit whose association is required
for formation of the catalytic domain at the C-terminal part of
the molecule. Each subunit has a heme-nitric oxide/oxygen
binding (HNOX) N-terminal domain, but only the HNOX of
the b subunit contains the heme where NO binds. In each
subunit, this HNOX domain is followed by a Per/Arnt/Sim
(PAS)-fold domain, a coiled-coil domain, and half of the cat-
alytic domain (Fig. 1). While crystal structures or homology
models for each separate domain of sGC exist, the three-
dimensional (3D) structure of the whole heterodimeric mole-

cule has not been solved. Therefore, a major challenge is to
understand how the different domains interact and the mech-
anisms by which the NO activating signal propagates from the
heme receptor domain to the catalytic effector domain, and its
modulation.

The term ‘‘soluble’’ came from the fact that guanylyl
cyclase (GC) activity was originally characterized in both
the particulate and the soluble fractions of rat lung (17). The
GC family was further characterized and comprised par-
ticulate GCs with a single transmembrane domain and a
cytosolic soluble GC, which is the NO receptor. Despite
the initial soluble characterization, there are many instances
in which sGC has been found associated with membranes
in various tissues, including cardiovascular and neuronal
systems (94, 112).

Since cytosol is a reductive environment, it was experi-
mentally tested whether oxidative conditions would alter
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sGC properties. Several reports from the late 70s and early
80s, before sGC was cloned, described how thiol oxidants
and reductants affect basal or NO-stimulated sGC activity,
and the potential involvement of disulfide bond formation in
the effects (7–9, 45, 52). More recently, it was documented
that posttranslational modification (PTM) of cysteine (Cys)
thiols, in particular S-nitrosation (SNO), modulates sGC ac-
tivity, and candidate regulatory Cys were identified in sGC
(18, 34, 71, 73, 91, 95, 96).

In this review, we provide a brief history of the relationship
between sGC and its sulfhydryl groups and discuss how
modulation of sGC activity, and therefore of the NO-cGMP
signaling pathway, is shaped by the thiol-redox cellular state.
We will provide examples of the correlation between sev-
eral oxidative cardiovascular diseases, NO resistance, and thiol
oxidation of sGC. We will also discuss some unexpected
properties of Cys in sGC and whether Cys thiols, besides
making sGC vulnerable to oxidative changes under patho-
physiological conditions, have a separate physiological func-
tion in NO signaling.

Early Observations of sGC Activity Dependence
on Sulfhydryl Groups

The observation that sGC activity depends on the redox of
the cell was first reported in the late 70s and early 80s. Thiol
oxidation was later proposed to be the mechanism by which
basal and NO-stimulated activity of sGC was regulated.
Nonetheless, there was major discrepancy among the various
reports, most likely due to the use of different cell systems,
tissues, and setup. Initially, thiol blocking agents were used to
show inhibition of basal and stimulated sGC in hepatic tis-
sues; in particular, sGC inhibition by arsenite was reversed
with dimercaprol (a thiol reducing agent), suggesting that
vicinal dithiols were involved in the modulation of sGC ac-
tivity (23). In the same study, it was noted that the effect of
sGC inhibitors was different under basal and stimulated
conditions and as a function of concentration, suggesting
multiple mechanisms and interaction with free thiols (23).

Another early study reported that the GC activity of the
soluble fraction of guinea pig splenic cells was stimulated by
addition of the oxidant dehydroascorbic acid and that
this effect was reversible by addition of the thiol reductant
dithiothreitol (DTT) and was blocked by addition of N-
Ethylmaleimide (NEM), which alkylates free thiols. Hence,
in this system, sGC was modulated by an oxidative–reductive
process that required sulfhydryls showing the opposite effect
from the previous one (45). In contrast, another early report
showed that NO responsiveness of sGC was decreased during

its purification from rat liver but the NO response was res-
cued by addition of DTT, which was proposed to stabilize
sGC (9). Likewise, desensitization of sGC to NO (e.g., sGC
failure to respond to a second NO stimulation) could be
prevented by the addition of thiol reductants, while reagents
that induce disulfide bond between vicinal thiols (e.g., di-
amide) irreversibly inhibited NO-stimulated sGC activity (8).

Altogether, these initial reports in cells and tissues led to
the consensus that Cys thiols were involved in modulating
sGC activity but were controversial in concluding whether
thiol oxidation activated or inhibited sGC activity, and
whether basal or NO-stimulated or both activities were
modulated by the changes in thiol redox.

Subsequently, using semi- or highly purified preparations of
sGC, a consensus evolved in favor of an inhibition of sGC
activity by thiol oxidizing agents and restoration with thiol
reducing agents but with the caveat that the concentration of
thiol oxidizing or reducing agents required was high (usually
between 0.5 and 1 mM and up to 5 mM). Inactivation of pu-
rified sGC by formation of mixed disulfides, using cysteamine
and Cys, was reported. This finding was supported by the
observation that radioactivity was incorporated in sGC incu-
bated with [35S]Cys (7). The authors noted that this mixed
disulfide inhibition was faster at pH 9–9.5, which is expected
as these elevated pH values induce ionization (reactivity) of
sGC sulfhydryl groups. In the same study, it was observed that
the Km for the substrate Mg2+-GTP of sGC treated with Cys or
cysteamine was unchanged but the Vmax was drastically re-
duced, suggesting that the disulfide exchange was a regulatory
mechanism. In contrast, another group observed that sGC
could be protected from inhibition by dimercaprol (a vicinal
dithiol compound) with excess substrate (Mg2+-GTP), indi-
cating that Cys thiols are in the catalytic site where they might
form disulfide(s) (52).

Overall, these early experiments showing a link between
redox, thiols, and sGC activity led to two main hypotheses: (a)
disulfide formation inhibited basal and NO-stimulated sGC
activity or (b) free thiols that form disulfide bonds in sGC were
necessary for NO-stimulated activity. It should be kept in mind
that in these earlier studies, the presence of Cys, the role of the
heme, and the heterodimer organization were unknown, as sGC
(Fig. 1) was not cloned until 1988 for the b subunit and 1990 for
the a subunit (60, 61, 81, 82). Moreover, the identification of
NO as the endothelium-derived relaxing factor and direct ac-
tivator of sGC was only settled in the late 80s (1, 40, 51, 89).

In the early 90s, the idea that the sGC activity was mod-
ulated by thiol-based redox was in a state of desuetude be-
cause sGC resides in the reducing environment of the cytosol,
which is believed to be unfavorable for disulfide bond

FIG. 1. Cys location in the various
domains of the human a1 and
b1 sGC. The three known S-nitrosated
Cys are framed. Heme is depicted with
a lozenge shape. Numbering of Cys is
from the human sGC sequence. Cys
position is not at scale. Predicted size
for each domain is indicated below.
CC, coiled-coil domain; Cys, cysteine;
HNOX, heme-nitric oxide/oxygen bind-
ing; PAS, Per/Arnt/Sim; sGC, soluble
guanylyl cyclase.
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formation, and because the earlier studies did not offer a clear
physiological significance of redox variations on sGC ac-
tivity or cGMP production.

Cys Frequency in sGC

Computational analysis of large protein data sets (67) in-
dicates that Cys is one of the least abundant residues in
proteins but one of the most conserved. Originally, the main
function of Cys was described as structural through formation
of disulfide bonds, in particular in the extracellular domains
of membrane proteins, with the oxidative environment al-
lowing maintenance of disulfide bond. These disulfides are
mostly engineered in the endoplasmic reticulum (ER) by
protein disulfide isomerase (PDI) (50, 98). However, Cys are
more than structural and have additional biological functions.
Cys are catalytic, a function that can be redox-dependent as in
oxidoreductases, or redox-independent as in phosphatases,
they bind metals (Zn2+) and regulate protein function through
reversible PTMs (43). These biological functions are tightly
linked to the reactivity of their thiols (70), which is expected
to be higher in oxidative environments. This correlates with
the higher abundance of Cys in extracellular domains and
secreted proteins compared to intracellular proteins, with a
Cys frequency of 3.50% versus 1.59% in extracellular and
intracellular proteins, respectively (84). In single trans-
membrane proteins, the Cys frequency in cytosolic domains
is much lower (1.03%) than in the extracellular domains
(3.24%) (83). As such, it is remarkable that human sGC, a
cytosolic protein, has a high percentage of Cys: 3.3% in the a
subunit and 2.3% in the b subunit (Table 1; Fig. 1). While the
elevated Cys frequency is intriguing, whether these thiols
have a function in sGC and/or the NO-cGMP signaling or
other pathways associated with sGC would be entirely de-
pendent on their reactivity, as described below.

Solvent-Exposed Cys in sGC

It is still a prevalent view that Cys in soluble proteins,
including sGC, have limited function because of the reducing

environment of the cytosol. Nonetheless, many lines of evi-
dence point toward the existence of highly reactive cytosolic
Cys susceptible to thiol oxidation due to the intrinsic prop-
erties of specific thiols and their highly local (e.g., oxidative)
environment [for reviews see (6, 69)]. In addition, Marino
and Gladyshev proposed, using high-throughput computa-
tional analysis of more than 1000 protein structures, that Cys
with a pKa close to cytosolic physiological pH should be
more sensitive to small redox changes and more readily re-
active (70). Consequently, these authors predicted that Cys
exposed at the surface of proteins (unlike buried ones) have
increased reactivity and polarity and thereby could act as
reactive thiolate (67). As shown in Figures 2 and 3, Cys that
are solvent exposed in the known 3D and homology do-
mains of sGC were modeled following analysis of their
solvent accessibility (Table 1; Dr. Focco van den Akker,
pers. comm.). The heme HNOX domain of b subunit (Fig. 2A)
of sGC had one predicted exposed Cys (out of three). In the
catalytic domain of sGC, the combined a and b subunits dis-
played 8 exposed Cys out of 13 (Fig. 2B). In the PAS-fold
domains, the percentage of solvent exposed Cys was high, with
five out of eight Cys solvent exposed (Fig. 3A), while the
coiled-coil domain has only two Cys, one of them surface
exposed (Fig. 3B). We could not predict the Cys exposed in the
a-HNOX domain for the lack of a 3D model. Table 1 indicates
that not only is the Cys frequency high but also more than 50%
of Cys is predicted to be solvent exposed in sGC. The number
of surface Cys could be an overestimation as some of these
exposed Cys could be buried because of unknown domain
interactions in the full-length sGC molecule (the whole mol-
ecule 3D structure is not solved).

This number of exposed Cys is still highly unusual, as Cys
is the most buried residue in the proteome as observed by
Marino and Gladyshev (67). In this latter report, using a
bioinformatics approach, the authors proposed that the nor-
mally low frequency of exposed Cys is explained by their
increased sensitivity and reactivity to small redox changes,
which would interfere with the normal protein function,
regulation, or interactions. Conversely, because of the pres-
sure of selection, they predicted that only few Cys are ex-
posed except if they have a specific function. If this is so, the
remarkably high number of exposed Cys in sGC (Figs. 2 and
3) suggests that they may have conserved functions related
to their reactivity. Whether these Cys have a function and
whether they are regulatory, catalytic, or involved in pro-
tein–protein interaction and/or act as redox sensor is, in part,
addressed below. For example, the PAS fold domain with
five out of eight Cys located at the surface of sGC is an
ancient sensory signaling domain that can bind small li-
gands such as oxygen, is involved in protein–protein inter-
actions and, interestingly, can sense redox potential (106).
In sGC, we found that the PAS-fold domain is involved in
dimerization and transduction of the NO signal (65) and it
also binds heat shock protein (90 kDa) (Hsp90) (69), but it
remains unknown whether these exposed reactive Cys in the
PAS-fold domain are involved in those interactions, and/or
redox sensing. Likewise, whether surface Cys of the cata-
lytic domain are involved in modulating sGC activity and by
what mechanism (e.g., via PTM that induces conforma-
tional changes) have not been elucidated. In addition, the
HNOX domain of a has the highest Cys frequency (3.8%)
and even though we could not predict whether these Cys

Table 1. Frequency and Solvent-Exposed

Cysteine in Soluble Guanylyl Cyclase

sGC
HNOX
domain

PAS-
fold

Coiled-
coil

Catalytic
domain

Cys frequency%
a 3.3 3.8 1.7 3.3 3.6
b 2.3 1.6 4.6 NDa 2.4

Cys exposedb/Cys total
a 15/27c NDd 5/8 1/2 8/13
b 1/3

aThere is no Cys in the coiled-coil domain of b.
bSolvability was estimated using the program AREAMOL.

Solvent accessibility was determined for both the Cys and the
sulfur atom (Focco van den Akker, pers. comm.). Sulfur group of
Cys with solvent accessible surface as percentage >20: bC174,
bC248, bC303, aC610, aC629, and bC571; with percentage >2:
aC386, bC214, bC292, aC497, aC533, aC595, bC489, bC541.

c27 is the total of Cys for which structural prediction could be made.
dThere is no 3D structure or homology modeling for the

mammalian a HNOX domain.
Cys, cysteine; HNOX, heme-nitric oxide/oxygen binding; ND,

not determined; PAS, Per/Arnt/Sim; sGC, soluble guanylyl cyclase.
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were solvent exposed (because of the lack of a homology
model for this domain), this opens intriguing possibilities
for the role of this mostly uncharacterized domain. Of note,
Stasch et al. proposed that Cys239 and Cys244 of the a
HNOX domain were involved in the regulatory site binding
to the activator Bay-41-2272 (102), however, it was later
shown by site-directed mutagenesis that these two Cys were
probably reactive to the photoaffinity label used (62).

Heme-Binding and Catalytic Cys in sGC

The first comprehensive study of the function of specific
Cys in sGC (37) used site-directed mutagenesis of Cys con-

served between the a and b subunits; for example, the many
Cys that are conserved inside each subunit for various species
were not considered. Also in this study, the assays were
limited to the measurement of the basal, Mn2+, and NO-
stimulated activities, and in the presence of millimolar DTT,
hence limiting the investigation of potential regulatory
function. Still, this initial study highlighted the role of HNOX
bC78 and PAS bC214 in heme binding and sensitivity to NO.
More specifically, the authors showed that the mutation
bC78S in the HNOX domain lost the ability to bind heme and
thereby the mutant was NO insensitive; C214S, in the PAS-
domain of the b subunit, created a mutant with decreased NO
responsiveness that could be restored with heme addition,
suggesting that this mutant lost its heme. Interestingly, this
study also identified two Cys in the catalytic domain bC541
and aC595 (human sequence numbering), which when mu-
tated led to a sGC with close to none NO-stimulated activity.
These two Cys are integral components of the catalytic
pocket; in fact, in another study, bC541 was predicted to
interact directly with the guanine ring of the substrate GTP,
hence contributing to substrate specificity (104). The equiv-
alent of bC541 in the a subunit catalytic domain, aC595, is
located in the pseudo-symmetric pocket of the catalytic
site, and its mutation into Serine led to an increase in basal
activity and diminished response to the activator 3-(5¢-
hydroxymethyl-2¢-furyl)-1-benzylindazole (YC-1) (36). To-
gether with a later study (62), the mutational analysis of
aC595 suggested that YC-1 could bind to this pseudo-sym-
metric site; however, other studies have shown binding sites
for YC-1 in other parts of the molecule (57, 89a, 102). aC595 is
also predicted to be involved in the interaction with inhibitory
nucleotides in this pseudo-symmetric pocket (12) and could be
the key for sGC potential function as ATP sensor (92). It was
subsequently observed that mutation of two residues, includ-
ing aC595, changes inhibitory kinetics of ATP when NO was
in excess (104a). Of note, bC541, aC595, and bC214 are
predicted to be solvent exposed (Figs. 2 and 3), but it is still
unknown whether this potential increased reactivity is neces-
sary to their catalytic/conformational function.

FIG. 2. Prediction of solvent-exposed Cys in the b HNOX domain (A) and catalytic domain (B) models of sGC. The
a subunit is shown in green ribbons and the b subunit in gray ribbons. Cys are depicted as balls-and-sticks if the Cys is
buried and as a sphere if solvent exposed. Figures are drawn using PYMOL program. Illustrations are from Dr. Focco van
den Akker (pers. comm.). To see this illustration in color, the reader is referred to the web version of this article at
www.liebertpub.com/ars

FIG. 3. Prediction of solvent-exposed Cys in the PAS-
fold domain (A) and coiled-coil (B) models of sGC. The a
subunit is shown in blue ribbons and the b subunit in yellow
ribbons. The solvent-exposed Cys are depicted as red
spheres. Figures are drawn using PYMOL program. Illus-
trations are from Dr. Focco van den Akker (pers. comm.).
To see this illustration in color, the reader is referred to the
web version of this article at www.liebertpub.com/ars

140 BEUVE



Regulatory Cys and Their Thiol Oxidation in sGC

Cys thiol oxidation in sGC

Cys can undergo a set of thiol oxidations, including dis-
ulfide (S = S), sulfenic acid (S–OH), nitrosation (or ni-
trosylation), and sulfhydration to name some of the reversible
ones. The fact that these PTMs are reversible suggests that
they could be involved in dynamic signaling. These PTMs are
now recognized as specific and mostly dependent on the
ability of the thiol to ionize to a thiolate anion, which is
dependent upon solvent exposure (see above) or upon basic
neighboring residues(s) if buried (30a). More recently, po-
tential regulatory Cys in sGC have been shown to be engaged
in disulfide bonds, mixed disulfide exchange, or modified by
SNO, as described below.

Role of disulfide bonds in sGC is still controversial

In 2006, a comprehensive study by Wolin’s group reported
that relaxation of pulmonary arteries and NO-stimulated sGC
activity were decreased by the disulfide inducer diamide,
confirming earlier studies, and by inhibition of nicotinamide
adenine dinucleotide phosphate (NADPH) generation via the
pentose pathway using 6-aminonicotinamide (76). These
inhibitory effects could be reversed by DTT treatment, sug-
gesting a mechanism based on changes in sGC thiol redox
status. On the contrary, a more recent study reported that
activation of sGC was decreased when treated with DTT and
other thiol reductants, as well as with the thiol antioxidant,
dihydrolipoic acid (113). The heterodimer formation, which
is required for activity as a and b C-terminal regions associate
to form the catalytic domain, was decreased under these
conditions. The authors suggested that the heterodimer for-
mation is highly sensitive to redox changes because of po-
tential inter-subunit disulfide(s). Likewise, the study reported
that hypoxia increased heterodimeric sGC and increased
cGMP production in response to NO, yet had minimal effect
on vasodilation. These discrepancies between the impact of
disulfide reductants and oxidants on sGC activity and NO
physiological function are probably due to the different
experimental designs. It should be emphasized that both
studies infer the role of disulfides. Interestingly, the in vitro
activity of purified sGC, which is dependent on hetero-
dimerization, is not inhibited by high concentration of thiol
reductants (Glutathione [GSH] and DTT are routinely used
in sGC activity assays), thus suggesting that requirement of
disulfide(s) in sGC could involve endogenous regulatory
factors. So far, no Cys involved in disulfide bonds has been
identified in sGC; this identification might require the de-
velopment of new mass spectrometric (MS) methods. In
contrast, MS has allowed the identification in sGC of an-
other thiol PTM, SNO (see below).

Mixed disulfide exchange in sGC-PDI interaction

Several binding partners for sGC were identified in the past
decade, including PDS95, Hsp90, Hsp70, CCTeta, AGAP1,
LGN, with proposed roles in modulation of sGC activity,
recruitment to a specific complex, localization, and heme
insertion (2, 13, 46, 75, 94, 107). Some of the mechanisms of
interaction have been described. So far, only the recently
observed interaction with the ER-localized oxidoreductase
PDI requires a mixed disulfide exchange and is dependent on

the redox state of the cells (47). In vitro, only a mixture of
oxidized PDI with reduced sGC could form a complex and in
cells, a PDI-trap mutant (in which the PDI redox-active site is
mutated to CxxS) could pull down sGC. This pulled-down
complex was resolved by DTT to show a redox-based inter-
action between sGC and PDI. The interaction was also im-
aged by proximity ligation assay in the cytosol of smooth
muscle cells. In an exogenous expression system, the NO-
stimulated activity of sGC was inhibited by PDI (47). A re-
cent study using lysine crosslinking, proteomics analysis, and
computational modeling identifies the catalytic domain of
sGC as the site for interaction with PDI; while the Cys of sGC
engaged in the mixed disulfide have not been identified yet,
the second catalytic site of PDI (C397xxC400, human num-
bering) was shown by Cys-directed mutagenesis to be the Cys
active site involved in the mixed disulfide exchange (48). One
could speculate that PDI catalyzes the formation or reduc-
tion of disulfide in sGC and this, in turn, could affect NO-
stimulated activity. However, the biological relevance of the
PDI-sGC interaction is yet to be established, but the fact that
this interaction is through a mixed disulfide exchange could
suggest a redox sensor role for sGC.

Identification and role of SNO in sGC

As an enzyme-linked receptor, the mechanism by which
sGC is desensitized or/and inactivated to terminate the NO
signal has been the subject of many studies. Herein, we will
define desensitization as the inability of sGC to respond to a
second NO stimulation, which translates into a decreased
NO-stimulated production of cGMP. Some of the most
common desensitization mechanisms for receptors, such as
internalization, translocation, or phosphorylation, appear
to play, so far, little or no role in the case of sGC. Con-
versely, the thiol oxidation, SNO, was shown to lower the
sGC response to an NO donor following pretreatment with
an S-nitrosating agent S-nitrosoglutathione (GSNO). S-
nitrosated sGC (SNO-sGC) was also detected in the bio-
logically relevant human umbilical vein endothelial cells
and in the aorta treated with vascular endothelial growth
factor and acetylcholine, respectively. Using purified sGC
treated with GSNO, two Cys were first identified by MS
to be S-nitrosated: Cys122 in the b subunit and Cys243
(C244 in Fig. 1) in the a subunit, both in the HNOX do-
mains (95). Site-directed mutagenesis and further experi-
ments in an exogenous expression system confirmed that
thiol oxidation of bC122 and aC243 confers resistance to
NO stimulation.

It is important to note that site-directed mutagenesis cannot
reveal the type of thiol oxidation that occurs (e.g., sulfena-
tion, glutathionylation, SNO, or disulfide) but does confirm
functional involvement of the targeted Cys. Nitrosative sGC
inactivation was later confirmed by other groups in different
systems, using dinitrosyl iron complex (DNIC), a more
physiologically relevant S-nitrosating agent (73), and in mice
overexpressing endothelial nitric oxide synthase (eNOS)
(87). In the case of DNIC-dependent SNO, inactivation by
SNO of Cys took place when GSH was depleted and was
reversed with addition of GSH (73). This dependence on
GSH suggests that an oxidative microenvironment might be
required for SNO to take place. Conversely, another study
exploring inhibition of sGC activity by the nitrosating agent
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S-nitrosocysteine (CSNO) showed that transport of high
concentration of CSNO into cells through the l-amino acid
transport system induces GSH depletion. In this report, the
authors proposed that deactivation of sGC could be due
indirectly to increased cellular oxidative stress leading to
thiol oxidation that might not be SNO (91). S-glutathiony-
lation, for example, is another thiol oxidation that could take
place (56). As a corollary, CSNO treatment was shown
to induce activation of cGMP/cAMP protein kinase via
the formation of disulfide with SNO serving as an inter-
mediate (in that case the presence of a vicinal thiol is re-
quired) (11).

bC122 is in the sGC heme binding domain, for which a
homologous structure is known (66). Thus, a modeling of the
heme domain with SNO-C122 was built and predicted that a
bulky SNO could induce shift of residues critical for propa-
gation of the NO signal or/and could introduce a steric hin-
drance to heme incorporation (Fig. 4). This model was later
refined and showed that the SNO group extended the C122
side chain by 2.5 Å, which shifted two key residues E99 in the
aF helix and M130 of the b strand involved in heme stabi-
lization (61a). bC122 is predicted to be partially buried (Fig.
2A, 1% of solvent accessible percentage for the sulfur group).
This was unexpected as bC122 seems to be easily modified
under oxidative stress (see below). In fact, the association
between solvent exposed Cys and thiol modification is not
absolute according to a study using a bioinformatics struc-
tural analysis of known SNO sites showing that *35% of the
sulfur group in SNO-Cys was predicted to be buried (68).
This was confirmed by a recent proteomics mapping of Cys
modifications in the liver showing only a slightly higher
solvent access for the modified Cys versus the unmodified
Cys (44). The same study also showed that basic amino acids
were in low proportions within a 10 Å of the modified Cys

suggesting that the reactivity of buried thiol might not be a
primary determinant of modification.

Other mechanisms of desensitization by SNO of sGC have
been postulated. A second mechanism is based on the finding
that there was a correlation between sGC SNO levels and
association with Hsp90, which led to decreased sGC het-
erodimerization (42). Also recently, a third mechanism of
desensitization of sGC by SNO was proposed involving
bC122 and an additional Cys of the b HNOX domain, C78
(34). Using electronic absorption spectroscopy, combined
with sGC activity assays and blocking of free thiols with
NEM, the authors proposed that ferric (oxidized) heme of
sGC undergoes reductive nitrosylation, which is coupled to
SNO of the two HNOX Cys, bC78 and bC122; a similar
mechanism has been described for other hemoproteins, ni-
trophorin and hemoglobin (64, 110a). In addition, a study of
the kinetics of activation of sGC by nitroxyl (HNO) showed
that HNO activates ferrous sGC by binding directly to the
heme (and not via release of NO) and has the ability to inhibit
sGC activity via SNO of thiols (76a).

It is proposed that SNO of proteins modifies their proper-
ties, protein–protein interactions, localization, or enzymatic
activity (35, 49). The fact that NO both activates sGC and,
when oxidized, inhibits its activity suggests an exquisite
feedback mechanism. While it is recognized that thiol oxi-
dation of sGC could desensitize the enzyme, the challenge
remains to explain the fast kinetics of inactivation that is
critical for the NO-cGMP signaling pathway (3, 41). As such,
experimental evidence is needed to show whether SNO of
sGC contributes to the physiological fast deactivation of sGC
in cells. In fact, evidence for a physiological role of SNO-
sGC is not clear. One major reason is that methodological
identification of SNO is challenging and the specificity of the
reaction and its mechanism(s) are poorly understood (10).
The difficulty of experimentally discerning SNO from further
thiol oxidation was recently illustrated by a proteomic isotope-
coded approach (d-SSwitch) that could quantify concurrently
both SNO and S-oxidation to disulfide for specific Cys(s)
and showed that oxidation dominates over SNO upon CSNO
treatment (110). On the contrary, endogenous S-nitrosated
proteins have been identified in vivo using a methodology
based on mercury resin enrichment or chromatography
fractionation with high-resolution MS. The reliability and
selectivity of the method were verified using in parallel
eNOS knockout mice, in which a drastic reduction of SNO
was observed (29). In a subsequent study, Gould et al.
identified four different Cys modifications (S–NO, S–OH,
SS–G, and S–Ac) in the proteome with minimal overlap for
specific Cys (11% between SNO and SSG, for instance)
(44). The different outcomes between these studies could be
explained by the methods used, the system (cells vs. tissues)
and the treatment with NO-generating agents (nitrosative
stress) or lack thereof.

sGC memory

Keeping in mind the limitations cited earlier, a speculative
physiological role of SNO-sGC could be that SNO of sGC is a
means by which the cells keep the memory of a previous
stimulation by NO and as such control NO signaling via
desensitization of its target, sGC. Of note, the SNO of pro-
teins and of sGC is more stable than previously thought

FIG. 4. Model of S-nitrosated bC122 in the HNOX do-
main. The homology model containing SNO-C122 was gen-
erated from HNOX solved structure of Nostoc (66). The heme
domain is shown with helices and strands. The NO is in ball
mode and the heme, ligated to His 105, is indicated in sticks.
Other critical residues for HNOX structure and propagation of
NO signal are indicated. The image was obtained using PY-
MOL. This figure is reproduced from our publication by Mulsch
et al. (95); copyrightª by the National Academy of Sciences for
Volumes 90–105 (1993–2008). NO, nitric oxide; SNO, S-
nitrosation. To see this illustration in color, the reader is referred
to the web version of this article at www.liebertpub.com/ars
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considering the cellular reductive environment [in our hands,
30 min to 1 h after washout, the SNO of sGC was still de-
tected (96)]. Stability of SNO in proteins is difficult to rec-
oncile with the elevated intracellular concentration of GSH
(74), yet studies have shown that cellular SNO can be resis-
tant to GSH or reducing conditions (55, 77, 88). Potential
explanations might be conformational changes induced by
SNO that limit the accessibility of the S-nitrosated Cys, and
variations in NO concentration, oxidants, and reductants in
discrete domains of cells (31). However, consensus has not
been reached, in particular, because the biological chemistry
of the SNO modification in vivo is still uncertain (10, 101).
Several groups have proposed that the proximity of the NO
source with the S-nitrosated target will favor its SNO. This is
the case for arginase-1 and cyclooxygenase-2, which are S-
nitrosated via direct interaction with inducible nitric oxide
synthase (iNOS) (30, 59) and could be the case for sGC [as a
complex with neuronal NOS via PSD95 (94) or with endo-
thelial NOS via Hsp70/Hsp90 complex (107)]. The mecha-
nisms proposed are increased local concentration of NO
species or transnitrosation by S-nitrosated NOS (100). In
summary, if SNO is a stable in vivo thiol modification, then
sGC could be a form of storage for NO.

Considering the properties of NO as a gas that would
diffuse in every direction, one way to control NO signaling
would be to have sGC serve as a sink (41). As pointed out by
others, the elevated cellular concentration of sGC in many
cell types (41) or its potential location close to the source of
NO production could make it an efficient trapping system. In
summary, potential physiological roles of SNO-sGC could
include storage or modulation of NO signaling. In support of
this, we have identified by MS analysis in neonatal cardio-
myocytes overexpressing sGC via adenoviral activation, nine
novel SNO-Cys in sGC, with a majority predicted to be
solvent exposed (unpublished results).

The particular case of Cys-mediated NO activation
of sGC

The premise of a Cys-NO interaction for sGC activation is
based on the hypothesis that activation of sGC by NO takes
place in two steps. Initial in vitro studies using purified sGC
showed that a NO-heme-sGC complex with low activity
exists at low NO concentration, for example, an intermediate
between basal and fully NO-stimulated sGC activity (93).
Other studies, using the heme ligand butyl isocyanide, sug-
gested that the excess NO needed to fully stimulate sGC was
due to NO binding to a non-heme target rather than proximal
site of heme (27). A follow-up study by the same group
(33) confirmed the three functional states of sGC (basal, low-
NO activity, and high-NO activity). By blocking sGC Cys
with methyl methanethiosulfonate (MMTS), the authors
proposed that the high NO activated state is mediated by an
interaction between a Cys and NO. MS and biotin switch
assay identified six potential candidates (aC175, aC610,
aC629, bC174, bC292, and bC303), but the specific NO
interactive Cys remains to be identified and be confirmed by
site-directed mutagenesis. Of note, all these Cys are solvent
exposed (Table 1; the solvability of aC175 is unknown) and
as such it is not surprising that they reacted with MMTS.
This effect of interaction between Cys and NO (activation)
is opposite to the other desensitization effect described

earlier. We have no explanation for this opposite effect and
could only speculate that it is depends on which Cys are
modified.

SNO and Other Thiol Oxidations of sGC in Oxidative
Cardiovascular Diseases and Nitrate Tolerance

While the physiological function(s) of thiol in sGC remain
ill-defined, many recent examples of the pathophysiologi-
cal relevance of thiol oxidation of sGC exist, including
hyperaldosteronism, inflammation, and angiotensin II (Ang II)-
induced hypertension (14, 18, 71, 89b). In addition, nitrate
tolerance is considered an oxidative vascular disease because of
the key finding that reactive oxygen species (ROS) are gener-
ated during development of tolerance or cross-tolerance (26,
79, 80). Cross-tolerance is defined as the reduced sensitivity to
NO-dependent vasodilators (other than nitroglycerin;
glyceryl trinitrate [GTN]) and decreased cGMP production,
following nitrate exposure (25). It is worth noting that in
these diseases, the sGC activity is directly affected by the
thiol oxidation (heme oxidation is not addressed in this re-
view), which leads to NO vascular resistance, meaning
decreased relaxation due to decreased response to NO
stimulation. This is different from endothelial dysfunction
in which the oxidative vascular diseases depress endothe-
lium-derived NO release and hence NO bioavailability,
through eNOS uncoupling or scavenging of NO by super-
oxide generation, among other factors (Fig. 5).

Most of the reports on desensitization of sGC in ni-
trosative/oxidative stress described below report SNO as the
PTM, yet it cannot be ruled out that other thiol oxidations
could affect sGC activity. Besides methodological issues
cited earlier, a kinetic model predicts that oxidation and
glutathiolation might be the dominant Cys thiol oxidation
induced by reactive nitrogen species (63). Likewise, issues
such as stability of SNO and its specificity are not fully
resolved, nor has the paradox that a Cys reactive to SNO
should be reactive as well to other thiol oxidations. Poten-
tially, GSNO or protein-driven transnitrosation reactions
could be the answer for the specificity of the SNO reaction
(101).

sGC nitrosation and desensitization
to NO in nitrate tolerance

Many factors contribute to vascular tolerance in response
to GTN therapy (25). While there is an ongoing discussion
regarding the mechanism(s) of nitrate tolerance, there is a
broad consensus that GTN promotes vasodilation through
stimulation of sGC activity, but whether it is through NO
release or NO derivative species remains controversial. The
key mechanism of nitrate tolerance is impaired bioconver-
sion of GTN by dysfunctional aldehyde dehydrogenase,
whether mitochondrial (105) or/and cytosolic (5). Increased
phosphodiesterase activity (58) and desensitization of sGC
could also be involved. All these mechanisms are related to
increased superoxide production (Fig. 5) (80). Desensitiza-
tion of sGC as a contributing factor to nitrate tolerance was
proposed almost 30 years ago, but the mechanism was un-
known (78, 97, 108); 25 years later, SNO of sGC was pro-
posed as a potential mechanism of nitrate tolerance in
response to nitroglycerin treatment (96). As SNO in GTN-
treated tissues was shown to occur via S-nitrosothiol
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production (32, 38, 54) and that SNO desensitizes sGC ac-
tivity, we hypothesized that GTN treatment could induce SNO,
hence desensitization of sGC. Desensitization/SNO of sGC
was shown in cells treated with GTN, was a function of GTN
concentration, and was prevented by N-acetyl cysteine pre-
treatment (96), supporting the earlier observation that deple-
tion of thiols such as GSH could be involved in the
development of nitrate tolerance (85, 86). In addition, mutation
of sGC aC243 and bC112, previously identified as mediating
NO resistance, eliminated part of the GTN-dependent de-
sensitization of sGC. In vivo studies using a 3-day low-
dosage GTN treatment to mimic clinical setting of nitrate
tolerance confirmed in vitro studies and established a cor-
relation between decreased NO-induced vasorelaxation,
sGC nitrosation, and desensitization (96). In that setting, the
loss of response to the NO donor 2-(N,N-diethylamino)-
diazenolate-2-oxide (cross-tolerance), which was illustrated
by blunted NO-dependent vasodilation, clearly pointed at
the sGC dysfunction per se. In these studies, depletion of
GSH could be the key to the mechanism of nitrosative in-
activation of sGC by creating a favorable environment for
SNO, or other thiol oxidation. Recently, nitrate tolerance

was partially prevented using an sGC activator (Bay 60-
2770), which activates heme-oxidized sGC, suggesting that
the oxidation of heme (in addition to thiol oxidation) is also
involved in nitroglycerin-induced vascular resistance (53).

Aldosterone-induced thiol oxidation
and desensitization of sGC

Increased levels of aldosterone (in hyperaldosteronism, for
example) are known to induce endothelial dysfunction
probably through generation of superoxide via activation of
NADPH oxidase (Fig. 5). The prevalent idea was that the loss
in vascular reactivity was due to decreased NO bioavail-
ability (103). This aldosterone-induced vasculopathy was
recently revisited. It was shown that in vascular smooth
muscle cells exposed to pathophysiologically relevant aldo-
sterone concentrations, oxidative stress was induced (indi-
cated by increased hydrogen peroxide levels), and sGC
response to NO donors was decreased by more than 60%
(71). In smooth muscle cells (SMC), aldosterone treatment
induced formation of two disulfide bonds in the b subunit of
sGC. Further MS analysis and site-directed mutagenesis
confirmed that bC122 in the heme domain is a key residue in
mediating the oxidative stress-impaired sGC activity induced
by aldosterone (71). It should be noted that the experiments
were conducted in cell cultures, and therefore, validation of
the mechanisms of aldosterone-dependent sGC desensitiza-
tion by thiol oxidation awaits an in vivo model.

Thiol oxidation and desensitization of sGC
in Ang II-induced hypertension

Ang II promotes hypertension through oxidative stress by a
mechanism that involves activation of NADPH oxidase (90,
111). More recently, Ang II-decreased vascular reactivity
was shown to facilitate global SNO by a mechanism pro-
posed to involve inactivation of thioredoxin reductase (14,
15). In vivo model of Ang-II-induced hypertension using
intravital microscopy further showed that arterioles from
cremaster muscle failed to fully vasodilate in the presence of
NO donors, suggesting desensitization of sGC (18). The re-
sistance to NO-induced vasorelaxation was associated with
decreased cGMP production in response to NO stimulation
and increased SNO of sGC. Infection with adenovirus ex-
pressing WT or Cys mutants in A7r5 smooth muscle cells
(with no endogenous sGC) suggested that C517 in the a
subunit mediates part of the NO resistance upon treatment
with Ang II (18).

NADPH oxidase activation appears to play a key role in the
etiology of the oxidative vascular diseases mentioned earlier,
including that induced by aldosterone, Ang II, and potentially
chronic nitroglycerin. These studies suggest that increased
ROS, by creating an oxidative environment in smooth
muscle cells, favor thiol oxidation of sGC, which in turn
desensitizes it to NO stimulation. It is unclear what type of
thiol oxidation is predominant in these examples, but SNO
was one of the PTM measured, and disulfide bonds were
also observed. The fact that sGC was directly affected by the
oxidative stress (in addition to upstream events such as
eNOS uncoupling) was demonstrated in vivo by showing
blunted vasodilation of arterioles in response to exogenous
NO donors (18, 96).

FIG. 5. Hypothetical model of development of vascular
resistance via desensitization of thiol-oxidized sGC. Left
panel: Vasorelaxation inducers such as acetylcholine (Ach)
or stretch lead to eNOS activation, NO production, which
spreads (blue dotted sphere) through the smooth muscle cell
layers and stimulates sGC activity to produce cGMP. cGMP
in turn will promote vasorelaxation through protein kinase G
activation. Right panel: Under conditions of oxidative or ni-
trosative stress created by excess Ang II, aldosterone, or
chronic nitroglycerin treatment, NADPH oxidase is activated
and promotes superoxide production. Inflammation will pro-
mote excess NO production via iNOS induction. Superoxide
(O2

2) will induce endothelial dysfunction (path 1) by scav-
enging NO or uncoupling eNOS, but will also induce thiol
oxidation of sGC (including SNO via N2O3 formation): path2,
resulting in desensitization of sGC and decreased cGMP. Both
paths lead to vascular dysfunction. Free thiols, disulfide bond,
SNO, and glutathionylation are depicted as SH, S = S, SNO,
and SSG. Ang II, angiotensin II; cGMP, cyclic guanosine 3¢,
5¢-monophosphate; eNOS, endothelial nitric oxide synthase;
iNOS, inducible nitric oxide synthase; NADPH, nicotinamide
adenine dinucleotide phosphate; NO, nitric oxide. To see this
illustration in color, the reader is referred to the web version of
this article at www.liebertpub.com/ars
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Inhibition of smooth muscle relaxation and sGC
nitrosation in cytokine-dependent inflammation

In a recent study, increased iNOS expression was induced
in colonic SMC from an in vivo inflammation mouse model
treated with 2,4,6-trinitrobenzene sulfonic acid, and in lon-
gitudinal muscle strips treated with proinflammatory cyto-
kines. In this model, the authors observed a decrease in sGC
activity and proposed that SNO was the underlying mecha-
nism. In this experimental design, the NO-induced muscle
relaxation was partially restored by treatment with 1400 W,
an iNOS inhibitor (89b). This study suggests that excess NO
production via iNOS induction, especially under oxidative
stress, could lead to thiol oxidation, including SNO of sGC,
hence its desensitization.

Concluding Remarks

In the past, decreased vascular reactivity in oxidative
cardiovascular diseases, such as hypertension, atherosclero-
sis, and diabetes, was overwhelmingly attributed to endo-
thelial dysfunction, in which NO availability is limited
because of scavenging of NO by ROS or because of eNOS
uncoupling, which also produces superoxide. However, it is
now clear that dysfunction of the NO receptor itself is also
involved in impaired vascular reactivity. The fact that sGC
contains an unusually high number of Cys, of which a high
proportion is predicted to be solvent exposed, could make it
sensitive to redox changes, hence vulnerable to oxidative or
nitrosative stress, as summarized in Figure 5. The physio-
logical role of the solvent exposed, potentially reactive Cys in
sGC, still needs to be addressed. Interestingly, a recent study
described an increased risk for Moyamoya disease (vascu-
lopathy), achalasia, and hypertension linked to mutation of
aC517 to tyrosine (109). Many questions regarding the po-
tential roles of Cys remain unanswered, including the role of
the PDI-sGC association. If this complex promotes reduction
or formation of disulfide linkages in sGC, one could speculate
that disulfide switch (two or more disulfides were observed in
sGC) could be a mechanism of propagation of the NO signal
of activation between different domains of sGC. We also
speculate that in vivo, sGC, because of its localization in
proximity of NOS, could be S-nitrosated and if SNO is stable
(a point highly debated), could be a form of storage of NO.
More research is needed to determine whether sGC SNO or
other thiol oxidations are modulated by PDI, which was
shown to have ‘‘denitrosating’’ activity (99). As SNO of sGC
seems to be increased by thioredoxin reductase inhibition
(15), one can speculate that thioredoxin, an oxidoreductase
like PDI, but cytosolic rather than ER restricted, could
modulate denitrosation/nitrosation of sGC (4).
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Abbreviations Used

3D¼ three-dimensional
Ang II¼ angiotensin II

CC¼ coiled-coil domain

cGMP¼ cyclic guanosine 3¢, 5¢-monophosphate
CSNO¼ S-nitrosocysteine

Cys¼ cysteine
DEA-NO¼ 2-(N,N-diethylamino)-diazenolate-2-oxide

DNIC¼ dinitrosyl iron complex
DTT¼ dithiothreitol

eNOS¼ endothelial nitric oxide synthase
ER¼ endoplasmic reticulum
GC¼ guanylyl cyclase

GSH¼ glutathione
GSNO¼ S-nitrosoglutathione

GTN¼ glyceryl trinitrate (also known as nitroglycerin)
HNOX¼ heme-nitric oxide/oxygen binding
Hsp90¼ heat shock protein (90kDa)
iNOS¼ inducible nitric oxide synthase

MMTS¼methyl methanethiosulfonate
MS¼mass spectrometry

NADPH¼ nicotinamide adenine dinucleotide phosphate
ND¼ not determined

NEM¼N-Ethylmaleimide
NO¼ nitric oxide

PAS¼ Per/Arnt/Sim
PDI¼ protein disulfide isomerase

PTM¼ posttranslational modification
ROS¼ reactive oxygen species
sGC¼ soluble guanylyl cyclase

SMC¼ smooth muscle cells
SNO¼ S-nitrosation
YC-1: 3-(5¢-hydroxymethyl-2¢-furyl)-1-benzylindazole
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