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SUMMARY

Nitric oxide (NO) binds with high affinity to the heme of soluble
guanylyl cyclase (sGC), resulting in accumulation of the second
messenger cGMP in many biological systems. 1H-[1,2,4]Ox-
adiazolo[4,3-a]quinoxalin-1-one (ODQ) was recently described
as potent and selective inhibitor of sGC, providing an invaluable
tool with which to settle the function of the cGMP pathway in
NO-mediated signal transduction [Mol. Pharmacol. 48:184-188
(1995)]. The present study investigated the mechanism of ODQ-
induced inhibition of purified bovine lung sGC. The drug in-
duced a rightward shift of the concentration-response curves
recorded with two different NO donors and a reduction of
maximal sGC activity, pointing to a mixed type of inhibition. The
time course of NO-stimulated sGC activity determined in the

presence of 0.3 um ODQ showed that the inhibitory effect was
time-dependent (half-time ~3 min) and virtually complete after
about 10 min. The cyclase did not recover from ODQ-induced
inhibition upon extensive dilution, pointing to an apparently
irreversible inactivation of the enzyme by the quinoxalin. Light
absorbance spectroscopy showed that ODQ (0.3 mwm) induced
a shift of the Soret band of the heme from 431 nm to 393 nm,
indicating that ODQ oxidizes the ferrous form of the enzyme to
the ferric species, which is thought to exhibit only poor NO
sensitivity. Together, our results suggest that inhibition of sGC
by ODQ is NO-competitive and results in an apparently irre-
versible oxidation of the prosthetic heme group.

NO regulates a variety of physiological processes, such as
smooth muscle relaxation, platelet aggregation, and synaptic
transmission in the brain (1, 2). Most of the physiological
effects of NO are mediated through direct stimulation of sGC
[GTP pyrophosphate-lyase (cyclizing), EC 4.6.1.2.], which
catalyzes the formation of cGMP from GTP with the concom-
itant release of pyrophosphate (3, 4). NO-sensitive sGC is a
heterodimer composed of an a and a B subunit with calcu-
lated molecular masses of 77 and 70 kDa, respectively (5, 6).
The enzyme was reported to contain stoichiometric amounts
of ferroprotoporphyrin IX (7), which was shown to mediate
NO stimulation of the enzyme (8). The heme group is linked
to His105 of the B subunit (9) and resembles that of hemo-
globin and myoglobin, but sGC exhibits unusual binding
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properties for small ligands such as cyanide or oxygen, pre-
sumably due to an extraordinary coordination environment
(10, 11). As shown previously, the UV/VIS spectrum of native
s8GC features a sharp Soret peak at 431 nm and a single
broad o/B peak at 555 nm, which is indicative for a five-
coordinate high-spin ferrous heme structure with histidine
as the axial ligand (10). However, other reports provide evi-
dence that sGC contains predominantly low-spin bis-histi-
dine-ligated heme in its resting state (12, 13). NO stimula-
tion of sGC is due to high affinity binding of NO to the ferrous
heme iron and consequent breaking of the bond between the
metal center and the proximal histidine (14). Release of the
imidazole ligand may lead to a change in heme geometry and
protein conformation, resulting in enzyme activation. The
formation by NO of a penta-coordinate ferrous nitrosyl-heme
species is evident spectroscopically as a shift of the Soret
peak from 431 to 398 nm, the appearance of a prominent

ABBREVIATIONS: NO, nitric oxide; ODQ, 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one; DEA/NO, 2,2-diethyl-1-nitroso-oxyhydrazine, GSNO,

S-nitrosoglutathione; sGC, soluble guanylyl cyclase.
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shoulder at 485 nm, and the splitting of the a/B region (10).
The requirement of an enzyme-linked prosthetic heme group
for NO-mediated activation of sGC is corroborated by the
recent observation that site-directed mutagenesis of His105
of the B subunit yielded an enzyme that still exhibited basal
activity but was insensitive to NO (9). Oxidizing agents like
K;[Fe(CN)gl] convert the ferrous heme of sGC to the ferric
form (7), which is thought to exhibit poor NO sensitivity. The
UV/VIS spectrum of ferric sGC shows a Soret band at 393 nm
(7, 10); the single broad o/B peak of the native enzyme at 555
nm is split into two peaks at 511 and 642 nm (15). Spin and
coordination state of ferric sGC are still matters of contro-
versy (10, 13).

Methylene blue and LY-83583 have been widely used as
inhibitors of sGC to probe the involvement of the NO/cGMP
signal-transducing pathway in various biological processes.
However, both drugs have several other effects, including
inhibition of NO synthase and superoxide-mediated inactiva-
tion of NO (16, 17). The quinoxalin derivative ODQ was
recently described as a potent and highly selective inhibitor
of sGC (18), making this compound an invaluable tool with
which to discriminate between cGMP-dependent and -inde-
pendent NO signaling (19, 20). Enzyme inhibition was re-
ported to be noncompetitive with the substrate GTP (18),
raising the question of how ODQ exerts its potent inhibitory
effect. In the current study, we demonstrate that the drug
binds in an NO-competitive manner to sGC, thereby oxidiz-
ing the prosthetic heme group to the ferric form.

Experimental Procedures

Materials. sGC was purified from bovine lung as described pre-
viously (21). For the experiments shown in Fig. 1C, the cDNAs
encoding the wild-type (a,/B,) heterodimer and an NO-insensitive
mutant (a,/B,/His105) were expressed in COS-7 cells as described
previously (9). [a->2P]GTP (400 Ci/mmol) was purchased from Med
Pro (Amersham, Vienna, Austria). Solutions of DEA/NO (Research
Biochemicals International, Natick, MA) were made with 10 mM
NaOH. GSNO, a kind gift from Dr. Harold F. Hodson (Wellcome
Research Laboratories, Beckenham, UK) was dissolved in 50 mM
triethanolamine/HC] buffer, pH 7.4 [containing 0.5 mM [a-3?P]JGTP
(200,000-300,000 cpm), 3 mM MgCl, 1 mM ¢cGMP, 0.5 mg/ml bovine
serum albumin, and 1 mM GSH]. ODQ was a gift from Dr. E. B.
Nielsen (Nova Nordisk, Denmark) the drug was dissolved in dimeth-
ylsulfoxide to a concentration of 100 mM and further diluted with 50
mM triethanolamine/HCI buffer, pH 7.4. All other chemicals were
obtained from Sigma (Vienna, Austria).

Determination of sGC activity. Purified sGC (45 ng) was incu-
bated at 37° for 10 min in a total volume of 0.1 ml of 50 mM
triethanolamine/HCI buffer, pH 7.4. ODQ was present as indicated.
Reactions were started by the addition of 10-fold concentrated stock
solutions of DEA/NO, GSNO, or vehicle to the samples, followed by
transfer of the samples from 0° to 37°. Reactions were stopped with
ZnCO; precipitation, and [3?P]cGMP was isolated as described pre-
viously (22). Results were corrected for enzyme-deficient blanks and
recovery of cGMP. For the determination of basal sGC activity, 0.2
ng of enzyme was incubated for 20 min under the conditions de-
scribed above. Data represent mean values + standard error of three
experiments performed in duplicate. Parameters of the concentra-
tion-response curves were calculated according to the Hill equation.

In the preincubation experiments, 0.23 ug of sGC was incubated at
37° in 50 mM triethanolamine/HCI buffer, pH 7.4, containing 0.5
mg/ml bovine serum albumin and 1 mM GSH in the absence or
presence of 0.3 uM ODQ. At the indicated time points, aliquots were
removed, diluted 10-fold with the assay mixture described above,
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Fig. 1. ODQ inhibits both NO-stimulated and basal sGC in a concen-
tration-dependent manner. A, Inhibition of DEA/NO-stimulated sGC.
Purified sGC (45 ng) was incubated at 37° for 10 min with increasing
concentrations of ODQ in the presence of 0.1 um or 3 um DEA/NO as
described in Experimental Procedures. Data are mean + standard error
values of three experiments. B, Inhibition of basal sGC activity. Purified
sGC (0.2 ug) was incubated at 37° for 20 min with increasing concen-
trations of ODQ as described in Experimental Procedures. Data are
mean * standard error values of three experiments. C, ODQ inhibits
wild-type enzyme but not the B,/His105 mutant of sGC. Cytosolic
protein (50 ug) of COS-7 cells transfected with a,/B; (®) or a,/B,/
His105 (O) was incubated at 37° for 10 min in the presence of increas-
ing concentrations of ODQ as described in Experimental Procedures.
One of two similar experiments is shown.

and further incubated for 10 min at 37° in the presence of 1 uM
DEA/NO. To test for irreversibility of ODQ-induced inhibition, sGC
was preincubated for 5 min, diluted 10-fold with the assay mixture,
and incubated for =25 min in the presence of 1 uM DEA/NO. At the
indicated time points, aliquots were removed for determination of
c¢GMP. Data represent mean * standard error values of three sepa-
rate experiments.

Light absorbance spectroscopy. Purified sGC (3 pg in 0.1 ml)
was incubated for 5 min at ambient temperature in the presence of
10 uM DEA/NO, 5 uM ferricyanide, 0.03—0.3 mM ODQ, or vehicle and
injected onto a fast performance liquid chromatography set-up con-
sisting of a 0.5 X 2 cm DEAE-FastFlow Sepharose (Pharmacia,
Vienna, Austria) and a 0.5 X 10 cm Sephadex G50-fine (Sigma)
column connected in series. Flow was maintained with a Pharmacia/
LKB HPLC pump at 0.15 ml/min (observed back pressure, <1 p.s.i.)
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in 50 mM triethanolamine/HC] buffer, pH 7.0, containing 300 mM
NaCl. Spectra were recorded with a Waters photodiode-array UV
monitor in a 8-ul flow cell. Sampling time was 50 msec; 10-20
separate scans were accumulated and averaged to reduce back-
ground noise.

Results

The potency of ODQ to inhibit NO-stimulated sGC was
determined in the presence of two concentrations of DEA/NO.
In the presence of a maximally active concentration of the
NO donor (3 uM), cGMP accumulation was inhibited by ODQ
with an IC;, of 0.72 + 0.18 um (Fig. 1A). A 30-fold lower
concentration of DEA/NO (0.1 uM) induced ~40% of maximal
cyclase stimulation. Under these conditions, the IC;, of ODQ
was decreased ~2.5-fold to 0.28 * 0.05 uM. The increased
potency of ODQ at lower NO concentrations pointed to a
competition between the inhibitor and NO. This is also sug-
gested by results obtained at higher concentrations of the
inhibitor: 1 uM ODQ, for example, produced almost complete
inhibition in the presence of 0.1 uMm DEA/NO but only ~50%
inhibition in the presence of a 30-fold higher concentration of
the NO donor.

Interestingly, sGC activity measured in the absence of
added NO or NO donors was also inhibited by ODQ. As
shown in Fig. 1B, basal enzyme activity was reduced by the
quinoxalin with an ICg, of 84 * 15 nM, but inhibition was not
complete. Even at high ODQ concentrations (=30 uM), ~20%
of residual cyclase activity remained unaffected by the inhib-
itor. These results indicated that sGC is slightly stimulated
even in the absence of added NO under normal environmen-
tal conditions. To determine whether this “autoactivation” of
the enzyme was heme dependent, we recorded ODQ concen-
tration-response curves with both wild-type bovine lung sGC
and an NO-insensitive, heme-free mutant of the enzyme (8,/
His105). As shown in Fig. 1C, ODQ inhibited basal activity of
the recombinant wild-type enzyme in cytosols of transfected
COS-7 cells down to ~20% of control values. The remaining
activity was virtually identical to the basal, ODQ-insensitive
activity of the heme-free mutant, strongly suggesting that
autoactivation of sGC is a heme-dependent process that is
antagonized by ODQ.

In another series of experiments, sGC was stimulated
with increasing concentrations of the NO donors DEA/NO
and GSNO in the presence of fixed concentrations of 0DQ.
As shown in Fig. 2A, DEA/NO increased sGC activity to
3.49 * 0.07 pmol of cGMP/mg/min, and half-maximal en-
zyme stimulation was observed with 82 + 20 nm of the NO
donor. Presence of ODQ induced a rightward shift of the
concentration-response curve and a concomitant reduction
in maximal cyclase activity. The EC;, values of DEA/NO
increased from 82 * 20 nM to 0.32 * 0.11 uM and 1.87 *
1.02 pM in the presence of 0.3 uM and 1 umM ODQ, respec-
tively. Fig. 2B shows that ODQ had a similar effect on
GSNO-stimulated sGC. Again, ODQ reduced both the ap-
parent affinity of the enzyme for the NO donor and maxi-
mal specific activity.

Next, we investigated whether binding of ODQ results in
inactivation of sGC. The cyclase was preincubated for =20
min in the absence or presence of 0.3 uM QDQ, followed by
determination of DEA/NO-stimulated enzyme activity in the
10-fold-diluted aliquots. The resulting final ODQ concentra-
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Fig. 2. ODQ antagonizes NO stimulation of sGC. A, Effect of ODQ on
sGC stimulation by DEA/NO. Purified sGC (45 ng) was incubated with
increasing concentrations of DEA/NO in the absence of ODQ and in the
presence of 0.3 or 1 um of the inhibitor as described in Experimental
Procedures. Data are mean * standard error values of three experi-
ments. B, Effect of ODQ on sGC stimulation by GSNO. Purified sGC (45
ng) was incubated with increasing concentrations of GSNO in the
absence of ODQ and in the presence of 0.3 or 1 um of the inhibitor as
described in Experimental Procedures. Data are mean + standard error
values of three experiments.

tions of 30 nM had no significant effect, as revealed by the
data shown in Fig. 1A. As shown in Fig. 3A, 0.3 uM ODQ
induced a time-dependent inactivation of the enzyme to
~10% of control values, with a half-life of ~3 min. To test for
reversibility of inactivation, sGC was preincubated with or
without 0.3 umM ODQ (5 min) followed by incubation of the
10-fold diluted samples in the presence of DEA/NO for <25
min. As shown in Fig. 3B, the reaction rates of both control
incubations and ODQ-pretreated enzyme were linear for =25
min. Reaction rates were decreased to ~30% of control on
preincubation with the inhibitor, and sGC showed no ten-
dency to recover from the pretreatment within the time
frame of incubation.

Based on the above observations, we speculated that ODQ
may be a heme-site inhibitor of sGC, and we investigated this
with the use of light absorbance spectroscopy. Fig. 4 shows
the effect of DEA/NO (10 uMm), ferricyanide (6 uM), and ODQ
(0.3 mM) on the spectral properties of native sGC. In accor-
dance with previous reports (7, 10), the native enzyme exhib-
ited a sharp Soret peak at 431 nm that was shifted to 398 nm
in the presence of the NO donor DEA/NO. Oxidation of the
heme with ferricyanide resulted in a shift of the Soret band to
393 nm. ODQ induced a similar spectral shift, with the Soret
maximum being identical to that of the ferricyanide-treated
enzyme (393 nm) and an additional small shoulder at 431
nm.
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Fig. 3. ODQ produces an apparently irmeversible inactivation of sGC.
A, Inactivation of sGC by preincubation with ODQ. Purified sGC (0.23
ng) was preincubated at 37° in the absence or presence of 0.3 um
ODQ. At the indicated time points, aliquots were removed, diluted
10-fold in the SGC assay mixture described in Experimental Proce-
dures, and incubated at 37° for 10 min in the presence of 1 um DEA/NO.
The results are expressed as percent activity of controls that had
received vehicle instead of ODQ. Data are mean * standard error
values of three experiments. B, Inactivation of sGC by ODQ is irrevers-
ible. Purified sGC (0.23 ug) was preincubated at 37° for 5 min in the
absence or presence of 0.3 um ODQ, followed by 10-fold dilution of the
sample and incubation in the presence of 1 um DEA/NO for the indi-
cated periods of time. Data are mean *+ standard error values of three
experiments.
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Fig. 4. Light absorbance spectroscopy of sGC pretreated with ODQ,
DEA/NO, and ferricyanide. Purified sGC (3 ug) was incubated for 5 min
at ambient temperature in the presence of ODQ (0.3 mm), DEA/NO (10
M), ferricyanide (5 um), or vehicle. Samples were subjected to sequen-
tial anion exchange and gel filtration chromatography and analyzed
spectroscopically with a photodiode-array detector as described in
Experimental Procedures.

Discussion

The novel and highly selective sGC inhibitor ODQ provides
a powerful and unique tool for investigating the role of NO/
c¢GMP signaling in biological systems. Phorbol ester-stimu-
lated endothelin-1 secretion from endothelial cells, for exam-
ple, was shown to be inhibited by NO donors but not by ODQ,
suggesting that NO regulates this process in a cGMP-inde-

pendent fashion (19). Similarly, selective inhibition by ODQ
of cGMP formation in bovine pulmonary arteries revealed the
existence of a cGMP-independent component of NO-mediated
relaxation in this tissue (20).

In view of the broad applicability and wide impact of ODQ,
we investigated the molecular mechanism accounting for
8GC inhibition. Using the purified bovine lung enzyme, we
obtained convincing evidence that binding of ODQ is compet-
itive with NO and leads to an apparently irreversible inacti-
vation of the enzyme. Although the ODQ binding site of sGC
remains to be identified, the competition with NO and the
spectral shift of the Soret indicate that ODQ acts as heme-
gite inhibitor. The similarity between the absorbance spec-
trum of the ODQ-treated enzyme and that of ferricyanide-
treated sGC suggests that ODQ oxidizes the ferrous heme
group to the ferric form. Because ferric heme is thought to
have only poor affinity for NO, oxidation of ferrous heme may
fully account for the inactivation of sGC by ODQ, but the
spectral data suggest that the action of ODQ may be more
complex. Even at a concentration of ODQ as high as 0.3 mm,
the spectrum of sGC exhibited a shoulder at 431 nm. This
shoulder may be due to the presence of residual amounts of
native enzyme, albeit the apparently irreversible manner of
inhibition renders it unlikely that the enzyme was partially
reduced back to the ferrous form subsequent to removal of
ODQ. Alternatively, the shoulder could be due to an unusual
spectral feature of the heme. Future studies with electron
paramagnetic resonance or Raman spectroscopy may shed
light on the precise structure of the ODQ-modified heme. In
any case, our data suggest that ODQ binds directly to the
heme or to an adjacent site essentially involved in heme-
dependent stimulation of sGC.

Initially, inhibition by ODQ of basal sGC activity, i.e., the
enzyme activity determined in the absence of added NO or
NO donors, seemed to argue against the heme as the target
site of this drug. However, we consistently observed a low
residual enzyme activity that was insensitive to ODQ. Most
interestingly, the remaining activity was virtually identical
to the activity of the NO-insensitive mutant «,/B8,/His105
(see Fig. 1C). Thus, it is very likely that sGC is stimulated
~5-fold even in the absence of added NO. The stimulation
seems to be heme dependent and is accordingly antagonized
by the heme-site inhibitor ODQ.

Inactivation of purified sGC by ODQ seemed to be irrevers-
ible, even though the inhibitory effect of the quinoxalin was
clearly reversible in brain slices (18) and endothelial cells
(20). This discrepancy suggests that cells may be able to
reactivate sGC. If existing, such a cellular mechanism of sGC
reactivation could play a crucial role in the physiological
activation/deactivation cycle of the enzyme and certainly
warrants further investigation.
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