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Thiol-independent stimulation of soluble guanylate cyclase by NO-containing
compounds
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NO-containing compounds are in clinical use for the
treatment of coronary heart disease and arterial hyper-
tension. Among these substances are the metal-nitroso
complex sodium nitroprusside (SNP*), the acyl-syd-
nonimine molsidomine and various organic nitrates as
glycerol trinitrate. Like the recently identified endothelium-
derived relaxing factor [1] they induce vasorelaxation and
inhibition of platelet aggregation by activating soluble
guanylate cyclase (sGC, EC 4.6.1.2.), which catalyses the
formation of cyclic GMP [2]. The active metabolites of the
NO-containing compounds however, are still not defined.
Thiols could mediate the generation of active metabolites
of these compounds. Activation of sGC by organic nitrates
requires the addition of specific thiols, preferably cysteine
[3]. S-Nitrosothiols have been suggested as general active
intermediates of NO-containing compounds [4, 5], though
findings of others are contrary [6]). NO is another candidate
[7, 8]. It is possible that various NO-containing compounds
generate various active intermediates [9].

Thiols can influence the responsiveness of sGC for NO-
containing compounds, since the enzyme is activated and
inactivated upon oxidation with a concomitant loss of
responsiveness [10-13]. The activation of sGC by SNP
leads to an increase in the amount of reactive thiol groups

* Abbreviations: SNP, sodium nitroprusside; C 78 0698,
3-(4-thiomorpholinyl)-S,S-dioxide-sydnonimine; sGC, sol-
uble guanylate cyclase; DTT, dithiothreitol; GSH, reduced
glutathione.

of the enzyme [14]. Till now, no direct evidence has been
given that NO-containing compounds can activate sGC in
the absence of thiols. We studied the influence of the NO-
containing compounds SNP and 3-(4-thiomorphlinyl)-S$,S-
dioxide-sydnonimine (C780698) on a thiol free sGC
preparation under anaerobic conditions (pO, below 6
Torr). This enabled us to demonstrate a thiol independent
activation of sGC by these NO-containing compounds.

Materials and Methods

Materials. Reduced glutathione (GSH) and dithiothreitol
(DTT) were purchased from Serva (Heidelberg, F.R.G.),
C 78 0698 was from Cassella AG (Frankfurt, F.R.G.), SNP
was from Merck (Darmstadt, F.R.G.).

Determination of guanylate cyclase activity. sGC activity
was determined in a total volume of 0.1 mL with 50 mM
triethanolamine/HCl buffer, pH 7.4, containing 0.1 mM
{a-2P]GTP (about 0.5uCi per tube), 3.0mM MgCl,,
0.1 mg/mL y-globulin and thiols when indicated. The
reaction was started by the addition of the enzyme and was
performed for 10 min at 16-18° (for technical reasons).
Some experiments were performed at 37°. The reaction
was stopped by the addition of 0.4 mL 120 mM zinc acetate,
followed by 0.5mL 120mM sodium carbonate. The
isolation of [*?P]cGMP and calculation of sGC activity was
as described previously [15]. SNP and C 780698 were
dissolved only prior to use. Incubations under reduced
oxygen tension were performed in a glovebox. The glovebox
and all solutions were evacuated and then gassed with
nitrogen (99.9%) three times. pO, inside the glovebox and
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in solutions was determined with an oxygen electrode. pO,
inside the glovebox was kept between about 1 to 6 Torr
throughout the experiments. [a-¥P]GTP was prepared
according to Johnson and Walseth [16]. Protein was
determined according to Peterson [17]. Experiments were
performed in triplicates, representative results are shown.
Apparent K, values are given as mean * SEM from three
separate experiments.

Purification of soluble guanylate cyclase. Bovine lung
sGC was purified according to the method described by
Gerzer et al. [18] with minor modifications. The final
purification step, i.e. preparative polyacrylamide gel
electrophoresis, was performed under anaerobic conditions
(pO; below 6 Torr) without addition of a thiol. Purified
sGC was stored under nitrogen in 50% glycerol (v/v) at
—70°. The enzyme preparation was stable over a period of
6 months.
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Fig. 1. Stimulation of sGC by SNP and the effect of GSH

on this activation. The activity of sGC was determined at

various concentrations of SNP in the absence of added

thiols (@) or after the addition of 3mM GSH ().

Experiments were carried out under anaerobic conditions
at 16-18°.
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Fig. 2. Stimulation of sGC by C 78 0698 and the effect of

DTT on this activation. Guanylate cyclase activity was

determined at various concentrations of C 780698 in the

absence of thiols (@) or after the addition of 3mM DTT

(W). Experiments were carried out under anaerobic
conditions at 16-18°.

* Present address: Universitat Heidelberg, Innere
Medizin I1I, 6900 Heidelberg, Bergheimerstr. 58, F.R.G.

Short Communications

Results and Discussion

SNP contains a free NO-group and interacts with various
redox-reactive substances, including thiols [19]. In order
to exclude an involvement of thiols in the generation of
the active intermediate, even the presence of small amounts
of thiols had to be avoided. Therefore, the last step of
enzyme purification (polyacrylamide gel electrophoresis)
was carried out without the addition of thiols. The final
incubation mixture still contained protein linked thiols.
Though, it seems very unlikely that these thiols could
significantly influence the stimulation of sGC by NO-
containing compounds.

However, sGC had to be protected from oxidative
inactivation. In these experiments, purification, storage
and assays of sGC activity were conducted under nitrogen
at a pO, below 6 Torr throughout the experiments and no
thiols were added unless indicated.

SNP activated this preparation of sGC at increasing
concentrations under anaerobic conditions (Fig. 1). In the
absence of added thiols, SNP stimulated sGC at
concentrations below 1uM. The enzyme was activated
about 150-fold at 10-30 uM of SNP, the apparent K, value
was 3.4 = 1.0 uM. The addition of 3 mM GSH increased
basal enzyme activity about 50-fold. This effect was additive
towards the stimulation of sGC by SNP. GSH did not
affect the apparent K, value for SNP (2.8 + 1.5 uM) and
maximal enzyme activity increased by the amount of GSH
dependent enzyme activation (Fig. 2). This effect of GSH
is reported in further detail elsewhere [20].

The sydnonimine C780698 activated sGC under
anaerobic conditions 100-fold at concentrations between
30 and 100 uM in the absence of added thiols (Fig. 2). An
activation of the enzyme was seen at concentrations below
1 uM. The apparent K, value was at 8.1 = 3.4 uM. DTT
had no effect on this value (8.7 * 3.7 uM) and increased
the maximal activity of sGC after activation by C 78 0698
slightly (Fig. 2). Stimulation of sGC activity by GSH was
additive towards the stimulation by C 78 0698 (data not
shown). Although DTT is a stronger reducing agent than
GSH, it stimulated sGC activity only up to S-fold.

Both substances, SNP and C 78 0698, were tested with
various thiols such as GSH, DTT and cysteine. None of
these thiols had a significant influence on the activation of
sGC by these compounds. Our results show that substances,
which possess a free NO-group (such as SNP), or can
generate a metabolite with a free NO-group independent
from thiols (such as sydnonimines), stimulate sGC
independent from thiols. There is direct evidence against
the hypothesis that S-nitrosothiols are the general active
intermediates for NO-containing substances.
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