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Abstract

Soluble guanylate cyclase (SGC) is a receptor for nitric oxide (NO). Binding of NO to ferrous
(FeZ*) heme increases its catalytic activity, leading to the production of cGMP from GTP.
Hydrogen sulfide (H,S) is a signalling molecule that exerts both direct and indirect anti-oxidant
effects. In the present, study we aimed to determine whether H,S could regulate sGC redox state
and affect its responsiveness to NO-releasing agents and sGC activators. Using cultured rat aortic
smooth muscle cells, we observed that treatment with H,S augmented the response to the NO
donor DEA/NO, while attenuating the response to the heme-independent activator BAY58-2667
that targets oxidized sGC. Similarly, overexpression of H,S-synthesizing enzyme cystathionine-y
lyase reduced the ability of BAY58-2667 to promote cGMP accumulation. In experiments with
phenylephrine-constricted mouse aortic rings, treatment with rotenone (a compound that increases
ROS production), caused a rightward shift of the DEA/NO concentration-response curve, an effect
partially restored by H,S. When rings were pre-treated with H»S, the concentration-response curve
to BAY 58-2667 shifted to the right. Using purified recombinant human sGC, we observed that
treatment with H,S converted ferric to ferrous sGC enhancing NO-donor-stimulated sGC activity
and reducing BAY 58-2667-triggered cGMP formation. The study identified an additional
mechanism of cross-talk between the NO and H,S pathways at the level of redox regulation of
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sGC. Our results provide evidence that H,S reduces sGC heme Fe, thus, facilitating NO-mediated
cellular signaling events.
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1. INTRODUCTION

Nitric oxide (NO) is a signaling molecule that affects diverse physiological and
pathophysiological processes in practically all systems and organs [1, 2]. In the
cardiovascular system, NO regulates vascular tone, inhibits platelet aggregation, promotes
angiogenesis, modulates inflammatory responses and exerts cardioprotective effects [3].
Although NO is capable of reacting with a plethora of molecular targets, the response to low
physiological levels of NO is predominantly mediated by the heterodimeric soluble guanylyl
cyclase (sGC) [4]. sGC is a heme protein with high affinity and specificity towards NO [5-
7] that converts GTP to the second messenger cGMP; sGC activity is increased several
hundred fold upon binding of NO [6].

Maintenance of sGC heme moiety in the ferrous state is essential for the sSGC NO sensing
function [8]. Oxidation of sGC heme by specific agents [9] or oxidative stress induced by
various pathological conditions [10] renders sGC insensitive to normal levels of NO and
attenuates NO/cGMP signaling. Moreover, it has been demonstrated that sGC with oxidized
heme has a propensity to lose the heme moiety [11, 12]. The pool of ferric or heme-free sGC
is much more susceptible to degradation [12, 13]. About fifteen years ago, NO-independent
sGC activators and stimulators were discovered [14, 15]; these agents enhance sGC activity
in a heme-dependent or -independent manner. sGC activators are unique for their ability to
increase the catalytic activity of heme-free/oxidized sGC. sGC stimulators have already been
granted approval for human use for certain types of pulmonary hypertension [16].

For many decades, H,S was considered a toxic gas that penetrates cells by simple diffusion
[17]. Following the discovery that mammalian cells are capable of producing H,S, this
molecule underwent a dramatic metamorphosis from a dangerous pollutant to a biologically
relevant molecule, reminiscent of the transformation of NO [18, 19]. H,S is now accepted as
a signaling molecule with important roles in physiology and disease[20-22]. H,S triggers
many of the same responses as NO in the cardiovascular system; it reduces blood pressure,
promotes angiogenesis and limits infarct size following ischemia/reperfusion injury [21, 23].
Although distinct effectors have been identified for H,S and NO, both agents are capable of
enhancing cGMP levels. Much like NO donors, exposure of cells or tissues to H,S donors
leads to intracellular cGMP accumulation [24, 25]. However, unlike NO which stimulates
sGC, H,S raises cGMP by preventing its breakdown [26], by enhancing endothelial NO
synthase (eNOS) activity [25, 27] as well as by liberating NO from stable biological stores
of NO [28]. The interdependence of NO and H,S signaling is an area of intense
investigation, with several groups aiming to unravel its importance for normal cell function,
as well as various pathophysiological states.
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Our previous studies demonstrated that H,S does not directly affect the activity of ferrous
sGC [25]. In the current study, we investigated whether H,S affects the function of sGC
carrying oxidized ferric heme. We report that H,S reduces ferric SGC heme into a ferrous
state, which is accompanied by the restoration of NO activation of purified and cellular sGC,
and the recovery of NO-dependent vasodilation. Conversely, HoS-dependent reduction of
sGC heme diminishes the response to ferric-sGC by BAY58-2667; this later observation has
significant implications for the pharmacology of sGC activators, especially in light of the
translational efforts of this class of agents.

2. Materials and Methods

2.1 Reagents

Cell culture media and serum were obtained from Life Technologies GIBCO-BRL (Paisley,
UK). All cell culture plastic ware was purchased from Corning-Costar Inc. (Corning, NY).
DC Protein assay kit; penicillin and streptomycin were purchased from Applichem
(Darmstadt, Germany). BAY 58-2667 was obtained from Adipogen AG(Switzerland).
HiTrap desalting columns were purchased from GE Healthcare Bio-Sciences (Pittsburgh,
PA). The cGMP EIA kit was obtained from Enzo Life Sciences (Farmingdale, NY).
Guanosine-5’-[(a,B)-methyleno]triphosphate (GpCpp) was purchased from Jena Bioscience
(Jena, Germany). Sodium hydrosulfide (NaHS) and sodium sulfide (Na,S), DEA/NO,
sodium nitroprusside (SNP), ODQ, rotenone, phenylephrine, protease/phosphatase inhibitors
and all other chemicals used in solutions and buffers were purchased from Sigma-Aldrich
Co. LLC (St Louis, MO).

2.2 Ex vivo studies

All animal procedures were in compliance with the European Community guidelines for the
use of experimental animals and approved by the Committee Centro Servizi Veterinari of the
University of Naples “Federico I1”; institutional regulations do not require the use of animal
protocol numbers for approved protocols. Animals (C57BI mice) were sacrificed with CO,
and thoracic aortas were rapidly harvested, dissected, and cleaned of adherent connective
and fat tissue. Rings of about 1 mm length were denuded of the endothelium, cut and placed
in organ baths (2.5 ml) filled with oxygenated (95% O, —5% CO>) Krebs solution
maintained at 37°C. The rings were connected to an isometric transducer (type 7006, Ugo
Basile, Comerio, Italy) and changes in tension were recorded continuously with a
computerized system (Data Capsule 17400, Ugo Basile, Comerio, Italy). The composition of
the Krebs solution was as follow (mM): NaCl 118, KCI 4.7, MgCl, 1.2, KH,P04 1.2, CaCl,
2.5, NaHCO3 25, and glucose 10.1. The rings were stretched until a resting tension of 1.5 g
was reached and allowed to equilibrate for at least 45 min, during which time tension was
adjusted, as necessary, to 1.5g and bathing solution was periodically changed. In each
experiment, rings were first challenged with PE (1 uM) until the responses were
reproducible. The rings were then washed and contracted with PE (1 uM) and, once a
plateau was reached, a cumulative concentration-response curve of the DEA/NO or BAY
58-2667 were performed. Some rings were pretreated with rotenone (10 pM) for 15min with
or without Na,S (50 uM). After the 15min pre-incubation time, cumulative concentration-
response curves were performed.
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2.3 Cell culture

Rat aortic smooth muscle cells (RASMC) were isolated from 12- to 14-wk-old male Wistar
rats, five rats per isolation, as previously described. Animals were anesthetized with
pentobarbital sodium (40 mg/kg ip). Once fully anesthetized as judged by the lack of
reaction to a noxious stimulus, animals were exsanguinated; thoracic aortas were then
removed. More than 95% of cells isolated stained positive for smooth muscle a-actin. Cells
between passages 2 and 5 were used for all experiments. RASMC were routinely cultured in
DMEM containing 4.5 g/l glucose and supplemented with 10% fetal bovine serum and
antibiotics.

2.4 cGMP enzyme immunoassay

Cells were grown to confluence and were washed twice with phosphate buffered saline and
then incubated in HBSS in the presence of isobutyl methyl xanthine (IBMX;1mM) for 5
min. Cells were then treated with vehicle, rotenone (10uM), NayS (50uM) or a Na,S/
rotenone combination for 30min. Fifteen minutes after the exposure to DEA/NO (1uM) or
BAY 58-2667 (1uM), media were aspirated and 200 pl of 0.1 N HCI were added into each
well to extract cGMP. After 30 min, HCI extracts were collected and centrifuged at 600g for
10 min to remove debris. The supernatants were directly analyzed for cGMP by enzyme
immunoassay.

2.5 sGC expression and purification

Human ferrous sGC was purified from Sf9 cells infected with baculoviruses expressing a.l
and B1 sGC subunits following the procedures described previously[29]. Purified ferrous
sGC was stored at —80°C in 50 mM TEA pH7.4and 1 mM DTT, 1 mM EDTA and 1 mM
EGTA until further use. To prepare ferric sGC, the sample of ferrous sGC was passed
through a HiTrap desalting column to remove DTT. sGC in thiol-free buffer was then titrated
with increasing concentrations of ODQ (0.1-1 pM) until sGC heme moiety was fully
oxidized, as demonstrated by the conversion of the Soret band from 432 nm to 393 nm. The
preparation was then passed through the desalting column again to remove ODQ. This
preparation of ferric SGC was used for spectroscopic studies and activity measurements.

2.6 Reduction of ferric sGC by hydrogen sulfide

The reduction of ferric sGC by H,S was monitored using the UV-VIS spectrophotometer.
For titration of NaHS 3 puM ferric sGC was supplemented with increasing concentrations of
NaHS (0.01- 1000 pM) and the specrum was recorded 30 seconds after the addition of
NaHS. To monitor the dynamic of sGC reduction by NaHS, ~1.5 uM preparation of ferric
sGC was supplemented with 200 uM NaHS and the spectral changes were recorded in a
kinetic mode of the instrument every 60 second. The apparent rate of reduction was
calculated based on the data fitting using the first order reaction algorithm (UV-Vis
ChemStation software, Agilent Technologies).

2.7 Assay of sGC activity in vitro

Enzymatic activity was assayed by the formation of [32P] cGMP from a.[32P]GTP at 37°C as
described previously[30]. In brief, the reaction was initiated adding 1 mM GTP/ a.[32P]GTP
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to 0.1 pg sGC (ferric or ferrous) in 25 mM TEA, pH 7.5, 1 mg/ml BSA, 1 mM ¢cGMP, 3 mM
MgCl,, 0.05 mg/ml creatine phosphokinase and 5 mM creatine phosphate. To measure the
response of ferric or ferrous sGC to sodium nitroprusside (SNP) or BAY58-2667, the
activators were added together with GTP. After 30min the reaction was stopped by zinc
acetate followed by precipitation of unreacted GTP by Zn carbonate. cGMP was separated
from the remaining GTP by alumina chromatography and the level of synthesized cGMP
was quantified based on Cherenkov radiation.

2.8 Data analysis

Data are expressed as means + SEM. Statistical comparisons between groups were
performed using ANOVA followed by a posthoc test or Student’s t-test, as appropriate.
Differences were considered significant when P<0.05. GraphPad Prism software (version
4.02, GraphPad Software, San Diego, CA) was used for all the statistical analysis.

3. RESULTS

3.1 H,S reverses the effects of sSGC heme oxidation in cells

Reactive oxygen and nitrogen species have a potential to oxidize the heme moiety of sGC
and negatively affect NO/cGMP signaling [14]. We investigated the ability of hydrogen
sulfide to restore sGC altered responses caused by oxidative stress. To generate a persistent,
low-to-intermediate level oxidative stress in rat aortic smooth muscle cells we used rotenone
(10uM) to inhibit the electron flow of the mitochondrial respiratory chain. Exposure to
rotenone enhanced BAY58-2667-dependent cGMP accumulation in RASMC (Fig. 1A). To
investigate if hydrogen sulfide could reverse the oxidation of SGC heme caused by rotenone,
cells were co-treated with an H,S-yielding salt. As shown in Figure 1A, such treatment
suppressed the enhanced ability of BAY58-2667 to increase cGMP levels in the presence of
rotenone. To probe the reactivity of SGC towards NO, a concentration of the NO donor
DEA/NO was chosen that did not increase cGMP levels. Exposure of cells to H,S,
unmasked the cGMP-stimulating capacity of DEA/NO. This observation is consistent with
the ability of H,S to decrease the content of oxidized cellular ferric SGC and increase the
amount of sGC that could be activated by NO (ferrous sGC). In a different experimental
setting, oxidation of sGC heme was achieved by administration of ODQ, a specific sGC
heme oxidant. Even with this strong sGC oxidizing agent, H,S diminished the fraction of
ferric sGC, as attested by diminished cGMP synthesis in response to BAY58-2667 (Fig. 1B).

3.2 HyS-generating cystathionine y-lyase diminishes the content of ferric heme sGC

Cystathionine y-lyase (CSE) is an enzymes of the transulfuration pathway that generates
hydrogen sulfide [19]. To test whether elevated endogenous H,S affects sGC function we
used RASMC and infected them with an adenovirus expressing CSE or green fluorescent
protein (GFP) as control. CSE overexpression did not alter SGC a1 or p1 levels (Fig. 2A).
We observed that CSE over expression resulted in reduced cGMP synthesis in RASMC in
response to BAY58-2667 treated with ODQ (Fig. 2B). The findings with endogenously
generated H5S replicate the observations made with exogenously added H»S and are
consistent with decreased cellular content of sGC with ferric heme.
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3.3 Effects of H»S on NO and BAY 58-2667-induced vasorelaxation

sGC plays a key role in mediating NO-dependent vasodilation[6]. Previous studies
demonstrated that oxidative stress and various pathological conditions may increase the pool
of ferric SGC or heme-deficient SGC in blood vessels and lead to impaired NO response in
vasculature. Therefore, we tested whether H,S-dependent reduction of sGC heme translates
into improved NO/sGC signaling in conditions of oxidative stress. We first evaluated the
vasoreactivity of control and rotenone-treated mouse thoracic aorta. As shown in Fig. 3A,
rotenone-pretreated aortic segments exhibited a significant reduction in the sensitivity to NO
with a rightward shift in the concentration-response curve been observed. The apparent ECgg
for DEA/NO increased from 149.9+1.30 nM to 2.00+1.29 puM, for control and rotenone-
treated vessels, respectively. However, when H,S was administered during the last 10
minutes of rotenone treatment, a substantial restoration of NO-dependent vasodilation was
observed. It should be noted that rotenone, H»S or their simultaneous addition did not affect
the ability of the tissue to contract in response to phenylephrine. Additional experiments
were performed to confirm that H,S affects the fraction of ferric SGC in the isolated aorta.
Vessels were exposed to H,S and then relaxation was triggered by BAY58-2667. As
demonstrated in Fig. 3B, vessels treated with HoS were less responsive to BAY58-2667 than
control vessels, suggesting that in the presence of H,S lower level of sGC carrying ferric
heme exist.

3.4 HyS promotes restoration of ferrous sGC

To study the mechanism of altered responsiveness to NO and sGC activators in the presence
of H,S, we evaluated if H,S directly affects the heme status and/or activity of purified ferric
sGC. Therefore, we tested if addition of H,S can change the redox status of sGC heme by
monitoring the UV-Vis absorbance of SGC heme. We observed that H,S induced a
concentration- and time-dependent conversion of 393 nm Soret band of ferric sGC into the
432 nm Soret band of ferrous sGC (Fig. 4), directly demonstrating that H,S reduces sGC
heme moiety. Previous studies demonstrated that the dynamics of sGC response to NO and
CO gaseous ligands is different in presence of GTP substrate. Therefore, we evaluated if
GTP affects the dynamics of sGC reduction by H,S. We determined that the addition of
GpCpp (a non-hydrolyzable GTP analog) does not alter the overall process of sGC heme
reduction (Fig. 4C). However, a slight decrease in the apparent reduction rate from 0.16
+0.03 t0 0.11 + 0.04 pM/sec was observed (Fig. 4D).

As expected, ferric heme sGC was non-responsive to the NO donor sodium nitroprusside,
but was strongly activated by 100 nM BAY58-2667 (Fig. 5). On the contrary, ferrous sGC
was strongly activated by sodium nitroprusside and had a moderate response to 100 nM
BAY58-2667. In the presence of H,S, ferric sGC exhibited a diminished response to
BAY58-2667 and a robust activation to a NO donor, closely resembling the properties of
ferrous sGC.

4. DISCUSSION

The main finding of the present study is that H»S is capable of reducing the prosthetic heme
group of sGC from Fe*3 to Fe*2, therefore increasing the NO-activatable pool of sGC in
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cells. The shift in sGC redox state caused by H»S has important implications not only for its
endogenous ligand, but also impacts on the pharmacological activity of sGC activators.

We have previously shown that incubation of cells with sulfide salts increases cGMP
accumulation in rat aortic smooth muscle cells; this effect is attributed to inhibition of
phosphodiesterase [24, 26]. To rule out that any changes observed in cGMP levels in the
current series of experiments might result from PDE inhibition, all of measurements were
performed in the presence of the non-selective PDE inhibitor IBMX, at a concentration
which inhibits PDE in rat smooth muscle cells[31, 32]. Indeed, exposure of cells to Na,S
alone did not cause a change in cGMP levels in the presence of IBMX. Exposure of cells to
1uM DEA/NO failed to increase cGMP; however, when cells were incubated to H,S, 1uM
DEA/NO promoted an increase in intracellular cGMP, presumably due to conversion of
existing cellular ferric to ferrous sSGC. On the other hand, when cells were exposed to 1uM
BAY 58-2667 a sharp increase in cGMP levels we observed, confirming previous
observations [33]. Rotenone, an agent that promotes ROS generation by inhibiting complex |
of the respiratory chain [34], increased the response to BAY 58-2667 that selectively targets
the oxidized-heme/free pool of sGC. Interestingly, this effect was reversed by incubating
cells with a source of H,S. Sulfide salts (NaHS and Na,S) although widely used in the
literature to deliver H,S to cells suffer a major drawback [35]; once dissolved in aqueous
buffers instantly decompose yielding a burst on H,S. To deliver H,S in a physiologically-
relevant manner, we infected cells with an adenovirus that over expresses CSE, a major H,S-
gennerating enzyme in vascular tissue [17]. CSE-overexpressing cells displayed reduced
responsiveness to BAY 58-2667. The above data taken together are in line with the notion
that H,S shifts the sGC redox balance towards ferrous sGC.

H»S is known to have both direct and indirect anti-oxidant actions. H,S reacts with ROS and
reactive nitrogen species, including hydrogen peroxide, and peroxynitrite, although with
relatively modest rate constants [36]. In addition, H»S has been shown to up regulate the
expression/activity antioxidant enzymes, to affect the expression of ROS generating
enzymes and to increase glutathione levels [17, 19, 37]. The beneficial effect of H,S on NO
signaling in our experiments that employed rotenone could result from neutralization of
ROS, thus preventing oxidation of sGC heme. Another possible mechanism of beneficial
effect of sulfides on cellular sGC activity under conditions of oxidative stress is the reaction
of sulfide ion with oxidized cysteine residues. SGC has a large number of cysteine residues
that are susceptible to modification by ROS. Proteomic analysis of sGC from cells that were
chronically exposed to oxidative stress via an aldosterone-dependent mechanism
demonstrated that the Cys122 residue of the f1 subunit undergoes several oxidative
modifications [38]. This specific residue has been implicated in modulating the potency of
NO activation of sGC [39]. Under physiologic pH, cellular sulfides are more likely to react
with oxidized protein thiols, such as protein sulfenic acid, than intracellular glutathione [40].
Therefore, H,S-dependent restoration of NO-inducible cGMP synthesis in cells exposed to
rotenone could in theory be, at least, in part explained by the reduction of sGC thiols.
However, this is most likely not the case, as in the purified enzyme preparation H,S restored
responsiveness of SGC exposed to the selective heme oxidant ODQ that has no effect on
sGC thiols. To evaluate if HoS can directly target the prosthetic heme group of sGC, we used
ODQ an agent that selectively oxidizes the heme moiety of SGC [9]. In line with its ability to
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convert ferrous to ferric SGC, ODQ-treated cells exhibited and increased cGMP response to
BAY 58-2667. This effect of ODQ was attenuated by H»S, suggesting that H,S has direct
effect on sGC heme.

To better characterize the effect of HoS on sGC redox state, we used human recombinant
sGC. After purification sGC was converted to its ferric state by a reaction with ODQ; the
single peak at 393nm confirmed the successful preparation of fully oxidized sGC. In
agreement with the current literature [15, 41], the activity of sGC with ferric heme was
unaffected by NO reflecting the low affinity of Fe™3 sGC for NO. At the same time, Fe*3
sGC responded well to BAY58-2667, an sGC activator that has a higher affinity to sGC with
oxidized heme. The opposite was true of ferrous sGC, which demonstrated only a small
change in activity in response to BAY 58-2667, but was readily activated by NO. Incubation
of Fe*3 sGC with H,S, caused a concentration-dependent shift in the absorption maximum
of heme from 393 nm, characteristic for ferric SGC heme to 432 nm, which is indicative of
ferrous heme sGC. Full conversion from ferric to ferrous heme took 900 sec. The activity of
Fe™3 sGC towards NO was restored when incubated with H,S. Overall, the observations
made with the recombinant sGC are well in agreement with those made with the cultured
smooth muscle cells, reinforcing the notion that H,S keeps sGC in a reduced, NO-
responsive state.

Our observation that hydrogen sulfide reduces ferric state of sGC heme is in line with many
observations reported for other heme-containing proteins [42]. Sulfide even at low
concentrations can act as electron donor to the ferric derivative of cytochrome C oxidase and
convert it into an active reduced form[43]. Similar heme-reducing activity of hydrogen
sulfide was reported for the ferric catalase [44] and several peroxidases [45, 46].
Hemoglobin and myoglobin in ferric Fe3* state bind H,S as heme ligand and are rapidly
reduced to the deoxy Fe2* and/or Fe2*-O, derivative[47]. It should be noted that the reaction
of H,S with oxygen-carrying hemoglobin and myoglobin results in the formation of
sulfheme, a chlorine-type heme with a sulfur atom incorporated into one of the pyrrole rings.
Generation of sulfheme was also described for catalase and lactorperoxidase[48]. However,
in our spectral observations of the interaction between ferric or ferrous sGC with H,,S we
observed no traces of the 620 nm optical band characteristic for sulfheme (data not shown).
Therefore, we conclude that the only effect of H,S on sGC is the reduction of heme iron
from ferric to ferrous.

Superoxide anion generation leads to NO scavenging and limits NO biological activity[2].
Incubation of vessels with the rotenone, caused a shift of the relaxation curve to DEA/NO to
the right, due to production of ROS. The increase in ECgy for NO donors can be reversed by
superoxide dismutase and other antioxidants. Incubation of vessels with H,S partially
restored the DEA/NO response. As in this vessel preparation PDE was not inhibited, we
cannot safely conclude that the shift of the DEA/NO concentration curve is exclusively due
to reduction of SGC. However, this observation is well in accordance with our cell culture
and purified enzyme experiments. In a different series of experiments, vessels were pre-
incubated with H,S and then exposed to BAY 58-2667. sGC activator responses were shifted
to the right, as a greater amount of sGC is expected to be in its reduced, BAY 58-2667-
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unresponsive form. These findings confirm and extend our observations /n vitro and provide
functional relevance for this HoS/NO interaction at the sGC level.

Several levels of H,S-NO cross-talk and interactions, ranging from direct chemical
interactions to convergence onto downstream signaling pathways have been identified [49-
52]. The direct reaction between H,S and NO yields nitroxyl that triggers vasodilation [51]
that can activate sGC [53]. On the other hand, the nitrosopersulfide (SSNO-) formed
following reaction of S-nitrosothiols with sulfide, liberates NO to activate cGMP [50]. HpS
promotes phosphorylation of eNOS on Ser1177, leading to increased NO output [25, 27].
eNOS dimerization is essential for enzymatic activity; HoS preserves dimeric eNOS by
persulfidation and inhibition of Cys443 nitrosation [54]. H,S has also been shown to inhibit
phosphodiesterase (PDE) activity, with a 30-fold selectivity for PDE5[55]. Increased NO
bioavailability is supported by H,S activation of xanthine oxidase to reduce nitrite in
ischemic tissues [28]. All of these events culminate in activation of the cGMP/PKG cascade
regulating cardiovascular function. As a consequence, vasorelaxation concentration-response
curves to HsS are shifted to the right in eNOS KO mice, while no stimulation of
angiogenesis and cardioprotection on response to H,S donors can be observed in mice
lacking eNOS[25, 27, 56]. The ability of H,S to affect SGC responsiveness to NO
demonstrated in the current report provides an additional level of cross-talk between NO and
H,S.

In conclusion, we have demonstrated that sGC regulates sGC redox status, favoring the
existence of ferrous sGC. Maintenance of physiological H,S levels would not only prevent
NO destruction by enhancing anti-oxidant pathways, but would also preserve NO-
responsiveness of sGC through the action of H,S on the heme moiety. Enhanced expression
of H,S producing enzymes might counteract the oxidation of SGC encountered in disease
states, while a decline in cellular H,S could make sGC refractory to normal levels of NO.
Although discrete pools of sGC are known to exist (reduced and oxidized), the cellular
constituents responsible regulating the balance between these two forms of sGC remain
elusive [57, 58]. H,S being a freely diffusible small molecule would be well suited to serve
as an endogenous sGC reducing agent. Our findings have important pharmacological
implications as H,S donors which are currently in clinical development might represent a
way to restore sGC responsiveness to NO. Further studies validating such interactions /n
vivo are required.
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Figure 1. HpSrever sesthe effects of rotenone and ODQ on cGM P accumulation
(A). Rat aortic smooth muscle cells were incubated with vehicle, rotenone (10uM), H,S

(NayS, 50uM) or a combination of H,S and rotenone for 30min. Cells were then incubated
with DAE/NO (1yM) or BAY 58-2667 (10uM) for 15min in the presence of IBMX (1mM).
Cellular cGMP was extracted with 0.1N HCI and measured by EIA; n= 4;* P<0.05 vs
respective vehicle group; # p<0.05 vs respective rotenone group. (B). Rat aortic smooth
muscle cells were incubated with vehicle, ODQ (0.1 puM), H,S (NayS, 50uM) or a
combination of H,S and ODQ for 30min. Cells were then incubated with BAY 58-2667
(10uM) for 15min in the presence of IBMX (1mM). Cellular cGMP was extracted with 0.1N
HCI and measured * P < 0.05 vs ODQ.
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Figure 2. CSE over expression attenuates sGC activator (BAY 58-2667)-induced cGM P

accumulation

(A) Representative western blot from smooth muscle cells infected with CSE adenovirus.
(B) Cells were infected with a GFP or a CSE expressing adenovirus (10 m.o.i). Forty eight
hours later cells washed and incubated with ODQ (50nM) and then exposed to BAY 58-2667
(1pM). Cellular cGMP was extracted with 0.1N HCI and measured by EIA; n=4;* P<0.05

*vs ODQ.
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Figure 3. HoS partially rescues rotenone-induced reduction of DEA/NO vasorelaxation, while it
inhibits BAY 58-2667-triggered vasorelaxation

Phenylephrine-constricted aortic rings were pre-treated with rotenone (10uM) or H,S
+rotenone for 15 min. The sulfide salt NayS (50uM) was used as a source of H,S. After
incubation, cumulative concentration-response curves to DEA/NO (A, P< 0.05 *** rotenone
vs vehicle; ## H,S + rotenone vs vehicle; & H,S + rotenone vs rotenone) or BAY 58-2667
(B, ** P<0.05 H,S vs vehicle) were performed.
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Figure 4. HoS-dependent conversion of Fe3 to Fe?* sGC is concentration- and time-dependent,

and mildly affected by GTP substrate

(A): UV-Vis spectra of the Soret region for ferric sGC (3 uM) in 50 mM TEA buffer (pH
7.4) were recorded 1 minute after the addition of the indicated amount of H,S in the form of
a sulfide salt (NaHS). (AU, absorbance unit). (B): 3 pM ferric sGC was mixed with an equal
volume of H,S (NaHS, 200 uM) in 50 mM TEA buffer (pH 7.4) and spectral changes were
recorded for 20 minutes. (C): Spectral changes for ferric sGC supplemented with 50 M
GpCpp after the addition of H,S. (D): Time-dependent accumulation of 432 nm band in
samples of ferric SGC alone or in the presence of 50 UM GPcPP in response to H,S.
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Figure5. HoS reduces Fe3* hemeto Fe?" in sGC leading to changesin enzyme responsiveness to
NO and BAY 58-2667

Purified samples of ferric (Fe3+-sGC) or ferrous (Fe2+-sGC) sGC were incubated with or
without H,S (NaHS, 25uM) and stimulated with sodium nitroprusside (SNP; 10 pM), or
BAY 58-2667 (100 nM). The formation of [a-32P] cGMP from [a-32P] GTP was quantified;
n=6, * P<0.01 vs ferric sGC without H,S.
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