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Pharmacology of the nitric oxide receptor, soluble guanylyl
cyclase, in cerebellar cells
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1 The nitric oxide (NO) receptor, soluble guanylyl cyclase (sGC), is commonly manipulated
pharmacologically in two ways. Inhibition of activity is achieved using 1-H-[1,2,4]Joxadiazolo[4,3-
a]quinoxalin-l-one (ODQ) which oxidizes the haem prosthetic group to which NO binds, while the
compound 3-(5-hydroxymethyl-2-furyl)-1-benzylindazole (YC-1) is considered an ‘allosteric’
activator. Knowledge of how these agents function and interact in a normal cellular environment
is limited. These issues were addressed using rat cerebellar cells.

2 Inhibition by ODQ was not simply competitive with NO. The rate of onset was ODQ
concentration-dependent and developed in two kinetic phases. Recovery from inhibition occurred
with a half-time of ~5 min.

3 YC-1 slowed the rate at which sGC deactivated on removal of NO by 45 fold, consistent with
YC-1 increasing the potency of NO for sGC. YC-1 also enhanced the maximal response to NO by 2
fold. Furthermore, when added to cells in which sGC was 90% desensitized, YC-1 abruptly
enhanced sGC activity to a degree that indicated partial reversal of desensitization.

4 After pre-exposure to YC-1, sGC became resistant to inhibition by ODQ. In addition, YC-1
rapidly reversed inhibition by ODQ in cells and for purified sGC, suggesting that YC-1 either
increases the NO affinity of the oxidized sGC haem or reverses haem oxidation.

5 It is concluded that the actions of ODQ and YC-1 on sGC are broadly similar in cells and
purified preparations. Additionally, YC-1 transiently reverses sGC desensitization in cells. It is
hypothesized that YC-1 has multiple actions on sGC, and thereby both modifies the NO binding site
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and enhances agonist efficacy.
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Introduction

Soluble guanylyl cyclase (sGC) is the major physiological
receptor for NO. When activated, sGC catalyses the synthesis
of cyclic GMP, which modulates the activity of several
intracellular targets including cyclic GMP-dependent kinases
(Francis & Corbin, 1994), cyclic nucleotide gated ion
channels (Zagotta & Siegelbaum, 1996), and phosphodies-
terases (Juilfs et al., 1999). Through this transduction
pathway, NO engages in numerous physiological processes,
including vasodilatation, neural signalling and platelet
disaggregation.

The mechanistic steps underlying activation of sGC by NO
are uncertain, but initially NO binds to the haem group of
the protein, which is linked to a histidine residue on the f
subunit, forming a six-coordinate complex with the haem
iron. Destabilization of the iron-histidine bond follows and
subsequent bond scission (forming a five-coordinate nitrosyl
complex) is associated with an increase in catalytic activity,
presumably because of a conformational change that
propagates to the active site.
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Two pharmacological tools are frequently used to manip-
ulate the NO-cyclic GMP signalling pathway at the level of
sGC: an inhibitor, 1-H-[1,2,4Joxadiazolo[4,3-a]quinoxalin-1-
one (ODQ; Garthwaite er al., 1995) and an ‘allosteric’
activator, 3-(5-hydroxymethyl-2-furyl)-1-benzylindazole (YC-
I; Ko et al., 1994). The inhibitory mechanism of ODQ has
been characterized for the purified enzyme as a slow,
irreversible oxidation of the sGC haem iron (Schrammel ez
al., 1996). YC-1 was originally proposed to be an NO-
independent activator of sGC, although it cannot directly
activate sGC (as NO does), inasmuch as it does not appear,
by spectroscopic methods, to interact with sGC-haem (Friebe
& Koesling, 1998). YC-1 increases both the potency of NO
for activation of purified sGC and the catalytic efficiency of
the enzyme in the presence of maximal NO levels, increasing
Viax by ~40% (Friebe et al., 1996; Denninger et al., 2000)
and decreasing the K, for GTP by 3 fold (Denninger et al.,
2000). The increase in the potency of NO elicited by YC-1
reflects a decrease in the rate of dissociation of NO from the
haem group of sGC (Friebe & Koesling, 1998). It is generally
assumed, consequently, that YC-1 binds at an allosteric site
on sGC and propagates a conformational change which alters
the haem environment such that the binding of NO is of
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higher affinity (Friebe et al., 1996; 1999; Denninger et al.,
2000).

The actions of YC-1 extend beyond sGC activation,
however, as the compound also inhibits phosphodiesterases
(PDE), the enzymes that hydrolyse cyclic GMP. This action
of YC-1 has been demonstrated on a broad spectrum of
PDEs (PDE 1, 2, 3, 4 and 5) in extracts of aorta (Galle et al.,
1999) and in platelets (Friebe et al., 1998).

Although widely applied to tissue preparations, the mechan-
isms and kinetics of the actions of ODQ and YC-1 on sGC have
not been studied in detail within intact cells, where their
pharmacological effects will perturb an intact signal transduc-
tion pathway. Understanding how they influence the decoding
of NO signals by cells is necessary in order to evaluate the
benefits and limitations of applying drugs of this type
therapeutically (Stasch et al., 2001). The relevance of
information gathered on purified sGC to the way the enzyme
operates within cells also needs to be tested, particularly as the
kinetic profile of sGC activity in intact cells varies substantially
from that of the purified cyclase. In particular sGC within cells
desensitizes rapidly (Bellamy et al., 2000), a phenomenon that,
by analogy with numerous other receptors (Jones & West-
brook, 1996), may be attributable to the existence of an
additional desensitized state of the NO receptor.

In this study we characterize the potency and kinetics of
ODQ and YC-1 in cells isolated from the cerebellum, the
functional interactions between these two agents, and the
influence of YC-1 on sGC desensitization.

Methods

Cerebellar cell suspensions were prepared from 8—9-day old
rats as previously described (Bellamy & Garthwaite, 2001a),
in line with British Home Office and local ethics committee
regulations. The suspension (20x10° cells ml™') was
incubated at 37°C in buffer (pH 7.4) containing (mM):
NaCl 130; KC1 3; MgSO4 1.2; Na,HPO, 1.2; Tris/HC1 15;
CaCl, 1.5 and glucose 11. Except where stated, L-
nitroarginine (L-NA, 100 uM) was also included to inhibit
NO synthase. To examine reversal of inhibition by ODQ,
aliquots of cells were pre-incubated (10 min) with 0.3 uM
ODQ, then diluted 1:10 in incubation buffer supplemented
by 1% BSA, and then exposed to DEA/NO after various
times. Control cells were pre-incubated (10 min) with 0.3 uM
or 0.03 um ODQ, diluted 1:10 into BSA-supplemented buffer
containing the same concentrations of ODQ, and left for
10 min before applying 1 um DEA/NO.

Purified sGC (Alexis Biochemicals, Nottingham, U.K.) was
diluted 1:50 with ice-cold buffer at pH 7.4 containing 10 mMm
Tris/HC1, 1 mMm dithiothreitol and 0.5% BSA, and stored on
ice. For experiments, 2 ul of this stock solution was added to
200 ul of reaction buffer containing: Tris/HC1 50 mM,
MgCl, 3 mMm, GTP 1 mm and 0.5% BSA, at pH 7.4 and
37°C. The final concentration of sGC in the reaction mixture
was 50 ng ml~' (~0.33 nm).

The NO donor diethylamine-NONOate (DEA/NO; Alexis
Biochemicals, Nottingham, U.K.) was prepared in 10 mMm
NaOH, stored on ice, and added at a dilution of 1:100 to
give final concentrations of 1 uM for cell experiments, and
100 uMm for purified sGC. ODQ and YC-1 (both from Tocris
Cookson, Bristol, U.K.) were dissolved in DMSO, and added

at a 1:100 dilution. Solvent alone had no effect on cellular or
purified responses to DEA/NO (not shown). L-NA (Tocris
Cookson, Bristol, U.K.) was dissolved in equimolar NaOH
and added at 1:100 dilution. Reduced (ferrous) Hb was
prepared according to the method of Martin et al. (1985) and
stored at —80°C until use.

NO concentrations were measured using an electrochemical
probe (ISO-NO electrode, World Precision Instruments,
Herts, U.K.).

Results

Characterization of sGC inhibition by ODQ in cerebellar
cells

Following a 10 min pre-incubation with ODQ the cyclic
GMP accumulation evoked by 1 uMm DEA/NO in cerebellar
cells was inhibited in a concentration-dependent way (Figure
la). The half-maximal inhibitory concentration (ICsy) was
~100 nM, a value comparable with other estimates in
cerebellar slices and endothelial cells (Garthwaite et al.,
1995; Schrammel ef al., 1996). When cells were pre-incubated
with 0.3 uMm ODQ for 20 min, the maximum cyclic GMP
response was reduced by about 70% (Figure 1b), confirming
that ODQ was not acting as a simple competitive inhibitor.
Nevertheless, the concentration of DEA/NO required to elicit
half-maximal activation of sGC (ECsy) was increased by
ODQ (from ~0.08—-0.2 uMm), indicating a mixed (partially
competitive, partially not) type of inhibition. These results
are compatible with the effects of ODQ on purified sGC
(Schrammel et al., 1996).

The time course for onset of ODQ inhibition was
determined by pre-incubating cells with the inhibitor for
different periods before applying 1 uM DEA/NO for 2 min
and measuring the cellular cyclic GMP response. With 0.3 uM
ODQ, the degree of inhibition progressively increased over
10 min but at a 10 fold higher concentration the onset of
inhibition was more rapid (Figure lc). At 10 um ODQ,
~90% inhibition was achieved with a pre-incubation of 5 s.
The onset of inhibition appeared complex, as two distinct
kinetic phases were observed: an initial rapid phase, followed
by a more gradual decline. This was most apparent at the
higher ODQ concentrations where the rapid initial phase
comprised the majority of total inhibition (Figure 1c).

In cerebellar slices and endothelial cultures, inhibition by
ODAQ is reversible (Garthwaite et al., 1995; Schrammel ef al.,
1996) whereas, for purified sGC, it is irreversible (Schrammel
et al., 1996). To assess the kinetics of recovery from
inhibition, cells were pre-incubated (10 min) with 0.3 um
ODQ and then diluted 10 fold. After various periods, 1 uM
DEA/NO was applied for 2 min and the time for recovery
from inhibition was determined (Figure 1d). Cellular sGC
progressively recovered from inhibition over 10 min, with
50% recovery taking 5 min.

Effect of YC-1 on cellular sGC activity

YC-1 was originally described as a NO-independent activator
of sGC (Ko et al., 1994). In cerebellar cells incubated without
a NO synthase inhibitor, YC-1 (10 min exposure) increased
cyclic GMP in a concentration-dependent manner (Figure 2)
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Inhibition of sGC by ODQ in cerebellar cells. (a) Concentration-response curve for ODQ in cells exposed to 1 um DEA/

NO for 2 min. Cells were preincubated with ODQ for 10 min. (b) Concentration-response curve for DEA/NO following 20 min
preincubation in the absence (control) and presence of 0.3 um ODQ. (c¢) Time courses for onset of inhibition. Cells were
preincubated with ODQ at the concentrations and for the times illustrated, before exposure to 1 um DEA/NO for 2 min. (d)
Recovery of cells from ODQ inhibition. Cells were preincubated for 10 min with 0.3 um ODQ, then diluted 1 in 10 into buffer
lacking ODQ. After various times the cells were exposed to 1 uM DEA/NO for 2 min. Recovery was assessed by comparison with
the cyclic GMP response in cells treated with 0.3 um and 0.03 um ODQ when diluted into buffer containing an equal concentration

of ODQ (columns).

to reach a level (at 100 uM YC-1) equivalent to the maximum
achieved with 1 yM DEA/NO after 2 min. The ECs, value for
YC-1 was ~20 uM.

YC-1 increases the potency of NO for activating sGC
(Friebe et al., 1996) and so to examine the contribution of
basal NO synthase activity to the cyclic GMP elevation
evoked by YC-1, cells were incubated with the inhibitor L-
nitroarginine (L-NA; note that L-NA at 100 uM is present in
cell incubation buffer for all other experiments). In the
presence of 100 uM L-NA, the cyclic GMP response to YC-1
(10 min exposure) was substantially diminished, but a modest
increase in cyclic GMP was still observed. Pre-incubation of

the cells with the NO scavenger haemoglobin (Hb, 10 um)
decreased the response further, although a statistically
significant increase in cellular cyclic GMP levels remained
(0.7940.09 pmol/10° cells at 100 uM concentration; n=3;
P<0.001, Student’s ¢-test), this being ~0.5% of the response
evoked by YC-1 in the absence of NO synthase inhibitor and
Hb. The cyclic GMP levels of cells that were not exposed to
DEA/NO were decreased by 10 min incubation with either
100 um L-NA (0.284+0.04 pmol/10° cells) or 10 um Hb
(0.2740.06 pmol/10° cells), relative to control cells
(0.4740.05 pmol/10° cells), indicating tonic NO formation
and sGC activation within the suspension.

British Journal of Pharmacology vol 136 (1)
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Figure 2 Effects of YC-1 on sGC. YC-1 was applied at various
concentrations for 10 min to control (untreated) cells, cells
preincubated (10 min) with 100 um L-NA, and cells preincubated
(10 min) with 10 um Hb, as indicated. Also shown are the cyclic
GMP responses of cells that were preincubated with 100 umM L-
NA (10 min) and YC-1 (5s) and then exposed to 1 um DEA/
NO for 2 min. Column indicates response to 1 um DEA/NO
alone.

The ability of YC-1 to enhance cellular sGC activity
beyond maximal NO stimulation was tested by adding 1 um
DEA/NO for 2 min after the 10 min pre-incubation with
YC-1 (in the presence of L-NA). YC-1 enhanced the DEA/
NO-evoked cyclic GMP accumulation concentration-depen-
dently (Figure 2), an effect that levelled off by ~30 um
when cyclic GMP levels were about 2 fold greater than with
DEA/NO alone. The ECsq for this effect was about 3 um,
suggesting that YC-1 was more potent in the presence of a
maximally active NO concentration than with the low
concentrations produced by the combination of cellular
NO synthase and environmental NO (ECsy ~20 uM; Figure
2).

Effect of YC-1 on sGC deactivation, PDE activity, and
inhibition by ODQ

The effect of YC-1 on the rate of NO dissociation from sGC
in cells was explored using Hb to deactivate sGC (Bellamy &
Garthwaite, 2001a), 5s after stimulation with DEA/NO
(Figure 3a). Under control conditions, the cyclic GMP
accumulation effectively ceased immediately and thereafter
the levels declined to basal values. In contrast, when cells
were pre-incubated with YC-1, Hb no longer caused a sudden
cessation of cyclic GMP synthesis. Instead, cyclic GMP levels
continued to rise, diverging from the accumulation in the
absence of Hb over a period of 20 to 30 s, before levelling
off. The rate of sGC deactivation was therefore substantially
decreased by YC-1 treatment. To assess this decrease
quantitatively, the data following Hb addition were fitted
with an exponential function. This assumes that the influence
of PDE activity on cyclic GMP levels is negligible over the
relevant time period and so the time taken for sGC
deactivation corresponds to the time taken for cyclic GMP
accumulation to level off (the validity of this assumption is
explored below). Deactivation of sGC occurred with a time
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Figure 3 Effect of YC-1 on the rate of deactivation of sGC. (a)
Cells were exposed to 1 um DEA/NO at =0, in the absence
(control) or presence of 100 um YC-1 (5s preincubation) as
indicated. After 5s (arrow) 10 um Hb was added to effect
deactivation of sGC. The decline in cyclic GMP accumulation in
YC-1-treated cells is fitted with an exponential. (b) Addition of Hb or
ODQ (arrow) to control and YC-1-treated cells after 2 min DEA/NO
exposure. The continuous line is a fit to control data with the
integrated Michaelis-Menten equation. Broken line is the predicted
decline in cyclic GMP in YC-1 treated cells given the Michaelis-
Menten parameters determined for control cells.

constant (t) of 11.7 s, 45 fold slower than deactivation of
sGC in the absence of YC-1 (t=0.27s; Bellamy &
Garthwaite, 2001b).

YC-1 has been shown to inhibit PDEs in both platelets
and aorta (Galle et al, 1999). The strategy previously
adopted for monitoring PDE activity in cerebellar cells
quantitatively was to follow the decline in cyclic GMP levels
after sudden deactivation of sGC and fit the curve with the
integrated form of the Michaelis-Menten equation (Bellamy
& Garthwaite, 2001a). In the presence of YC-1, however,
the decreased rate of deactivation would mean that,
following addition of Hb, a lag would precede the onset
of the decline in cyclic GMP. Accordingly, addition of Hb
to cells treated with YC-1 and exposed for 2 min to DEA/
NO showed a disruption in the profile of cyclic GMP
decline (Figure 3b). Nevertheless, after sufficient time for
sGC to become completely deactivated had elapsed (1 min),
the fall of cyclic GMP was less rapid than predicted from
the behaviour of control cells (Figure 3b, dashed line),
indicating that PDE was partially inhibited by YC-I.
Moreover, this experiment showed that the PDE activity
in the presence of YC-1 was sufficiently slow not to have
interfered significantly with the measurement of sGC
deactivation (see above).

An alternative strategy for monitoring PDE activity is to
inhibit sGC directly with ODQ and then follow the decline in
cyclic GMP levels. In normal cells, this approach gives
essentially the same result as applying Hb (Bellamy et al.,
2000; Figure 3b). When ODQ was applied to YC-1 treated
cells, however, cyclic GMP levels did not decline but
remained stably elevated during the following 3 min (Figure
3b). As ODQ did not significantly inhibit PDE activity, this
result indicates that YC-1 prevented ODQ from inhibiting
sGC over the period examined.

British Journal of Pharmacology vol 136 (1)
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Effects of YC-1 at steady-state

When exposed to a sustained supramaximal concentration of
NO, cerebellar cells respond with a high-amplitude cyclic
GMP accumulation that reaches a steady-state plateau
(Garthwaite & Garthwaite, 1987). It was concluded from
carlier studies (Bellamy et al., 2000; Bellamy & Garthwaite,
2001b) that this profile is determined largely by the
desensitizing profile of sGC such that, at steady-state, the
rate of cyclic GMP synthesis by sGC has fallen to about 10%
of the peak and is matched by the rate of cyclic GMP
hydrolysis by PDEs.

The aim of the next experiment was to examine the
influence of YC-1 on sGC after steady-state had been
established, allowing examination of its effect once sGC
had desensitized. In light of the ability of pre-exposure to
YC-1 to influence the inhibition by ODQ (see above), the
converse effect of YC-1 on cells pre-exposed to ODQ was
also examined.

Three populations of cells were treated to attain steady-
state cyclic GMP concentrations: control cells, cells pre-
treated (~5 s) with 10 uM ODQ, and cells pre-treated (~5 s)
with 100 uMm YC-1. All were stimulated with 1 ymM DEA/NO
for 2 min and then another 1 yM DEA/NO was added to
maintain NO at supramaximal levels for a further 3 min
(Figure 4, solid symbols). The peak NO concentration
resulting from this second addition was about 2 fold higher
than from the first (Figure 4 inset), reflecting the fact that the
cells’ capacity to consume NO can be overwhelmed (Griffiths
& Garthwaite, 2001). Steady-state cyclic GMP levels were
maintained in all cases (i.e. control, ODQ and YC-1 pre-
treated cells), as expected from desensitization of sGC
(Bellamy et al., 2000).

Once these steady-state conditions had been established,
100 uM YC-1 was added to control and ODQ-treated cells
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Figure 4 Effect of YC-1 at steady-state cyclic GMP levels. Steady-
state cyclic GMP levels were achieved in untreated (control), YC-1
pre-treated (100 uM, 5 s), and ODQ pre-treated (10 uMm, 5 s) cells by
addition of DEA/NO (ascending arrows) at 0 and 2 min. Inset shows
the corresponding NO concentration profile. At steady-state, 100 um
YC-1 was added (at descending arrows) to control and ODQ-treated
cells. Dashed line indicates a 2 fold enhancement of the 10% of sGC
that is non-desensitized at steady-state, assuming zero PDE activity
and no further desensitization (i.e. the maximum possible rate of
cyclic GMP synthesis predicted for a simple mechanism of YC-1
action; see Discussion).

simultaneously with the second application of DEA/NO at
2 min and cyclic GMP levels monitored for a further 3 min
(Figure 4). In the control cells, YC-1 caused a rapid increase
in cyclic GMP accumulation. The initial rate was much
greater than predicted by just a 2 fold enhancement of active
sGC when 90% is desensitized (Figure 4, dashed line). After
~ 1.5 min the cyclic GMP level settled at a level equivalent to
the plateau reached when YC-1 was added before DEA/NO,
meaning that potentiation of sGC by YC-1 after a steady-
state had been established resulted in a final equilibrium
position equivalent to that obtained when YC-1 was added
before DEA/NO.

Addition of YC-1 at steady-state to cells preincubated with
ODQ resulted in sGC inhibition being rapidly counteracted
and, over the next 3 min, cyclic GMP levels rose beyond the
steady-state level evoked by DEA/NO alone, but levelled off
below the plateau reached with YC-1 in the absence of ODQ
(Figure 4).

Interplay between YC-1 and ODQ on purified sGC

To test if YC-1 both blocked (Figure 3b) and reversed
(Figure 4) sGC inhibition by ODQ in cells by acting at the
level of sGC itself, experiments were carried out using the
purified enzyme. Pre-incubation of purified sGC with 100 um
YC-1 caused a 31% increase in the mean rate of cyclic GMP
synthesis (Figure 5a), consistent with other reports (Friebe et
al., 1996; Denninger et al., 2000). Addition of 1 umM ODQ to
the YC-1-treated enzyme 2 min after 100 um DEA/NO did
not influence the rate of cyclic GMP accumulation over the
subsequent 4—5 min but, thereafter, sGC activity decreased
(Figure 5a). Pre-incubation (30 s) of sGC with 1 um ODQ
caused a 35% decrease in sGC activity (Figure 5b). Addition
of YC-1 after 2 min exposure to DEA/NO caused a sudden
increase in the rate of cyclic GMP synthesis. The increase was
greater than that predicted by a simple 31% enhancement of
uninhibited sGC activity by YC-1 (Figure 5b dashed line)
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Figure 5 Interaction between YC-1 and ODQ on purified sGC. (a)
Time course of the activity of purified sGC (50 ng ml~") exposed to
100 um DEA/NO in the absence (control) and presence of 100 um
YC-1, and following addition (arrow) of ODQ (1 um) in the
presence of YC-1. (b) Time course of sGC activity in the presence
of 1 um ODQ with or without addition of 100 um YC-1 (arrow).
The broken line represents the slope predicted if the degree of
potentiation was the same as that found for uninhibited sGC.
Numbers in brackets are rates in umol cyclic GMP.mg
sGC~'.min~".
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and approached that of maximal (YC-1 enhanced) sGC
activity (Figure 5a), indicating that the inhibition due to
ODQ had been counteracted.

Discussion
Mechanism and kinetics of ODQ inhibition in cells

The mechanism by which ODQ inhibits sGC in its purified
form has been examined in some detail (Garthwaite et al.,
1995; Schrammel et al., 1996). ODQ binds to the sGC haem
group, presumably competitively (explaining the lowering of
the ECsq for DEA/NO), and thereafter causes oxidation of
the haem iron to the ferric (Fe*") form. Ferric sGC has low
affinity for NO (Stone et al., 1996) and so NO activation is
prevented (not competitive and irreversible in the absence of
reductants). These findings fit the experimental observations
in cells. Inhibition by ODQ caused a modest increase in the
ECso of DEA/NO and, more obviously, reduced the maximal
response (Figure 1b). At 0.3 um ODQ, the kinetics of onset
of inhibition was comparable with that found with the same
ODQ concentration on the purified enzyme (Schrammel et
al., 1996) but it appeared biphasic at higher ODQ
concentrations (Figure 1c). This may reflect a more complex
interaction of ODQ with sGC in cells. Inhibition by ODQ in
the cells reversed with a half time of around 5 min (Figure
1d), so the complexity may arise from the action of cellular
reductants. If the cellular capacity to re-reduce sGC did not
follow simple first order kinetics (e.g. if the mechanism was
inducible), complex kinetics of inhibition would be observed.
Whether recovery from inhibition is due to a low molecular
weight reductant (e.g. NAD(P)H) or an enzyme analogous to
methaemoglobin reductase, remains to be determined.

Effect of YC-1 on sGC in cerebellar cells

YC-1 caused a 45 fold decrease in the rate of sGC
deactivation following removal of free NO with Hb (Figure
2), consistent with qualitative observations made using the
purified enzyme (Friebe & Koesling, 1998). This finding
implies an increase in the potency of NO as an activator of
sGC, which explains the origin of the cyclic GMP response
evoked by YC-1 in the absence of added NO, as inhibition of
basal NO synthase and NO scavenging with Hb together
eliminated >99% of the YC-1 evoked cyclic GMP
accumulation. An effect of Hb beyond that produced by
NO synthase inhibition implies that part of the cyclic GMP
response to YC-1 was brought about by a potentiation of
sGC activation by environmental NO. The cyclic GMP
increase remaining in the presence of Hb may reflect NO-
independent activation of sGC by YC-1, but could also be
explained by inhibition of PDE activity. On the basis of these
data, therefore, there is no reason to suspect that YC-1 is
able to activate sGC appreciably in the absence of NO. These
conclusions are at odds with the description of YC-1 as a
NO-independent activator of sGC (Ko et al., 1994) but are in
close agreement with those of a recent study in endothelial
cells (Schmidt ez al., 2001).

YC-1 increased the maximum NO-evoked cyclic GMP
response by about 2 fold, a degree greater than its
potentiation of purified sGC activity (1.3 fold). A possible

mechanism for the greater potentiation of cyclic GMP
responses in cells is inhibition of PDEs. YC-1 did cause a
decrease in PDE activity in cerebellar cells, although the
extent of inhibition could not be evaluated quantitatively
(Figure 3b). The PDE activity is low in cerebellar cells in
comparison to many other tissues, however, and so
contributes little to the profile of cyclic GMP accumulation,
which is instead largely determined by sGC activity (Bellamy
et al., 2000). The enhancement is thus mainly attributable to
increased cellular sGC activity. That this is greater than for
purified sGC has been noted in other cell types (Schmidt et
al., 2001; Friebe et al., 1998). A possible explanation has
emerged from the finding that cell extracts can enhance the
potentiation of purified sGC by YC-1 (Schmidt et al., 2001).
The evidence from cerebellar cells supports the notion of a
cellular modulatory factor that enhances the effect of YC-1.

Effect of YC-1 on desensitized sGC

We have hypothesized that the fall in sGC activity that
occurs with time of exposure to NO in cells is due to the
receptor progressively adopting a distinct desensitized form
such that, at steady-state, there is a distribution of the total
receptor population into (at least) four distinct states:
unbound, bound-but-inactive, active, and desensitized (Figure
6; Bellamy & Garthwaite, 2001b). This is analogous to
models for classical receptors (Colquhoun & Hawkes, 1995).
The relative distribution of sGC between these states would
thus determine the rate of cyclic GMP synthesis and, at
steady-state, about 90% is desensitized. The large and rapid
rise in cyclic GMP that occurred when YC-1 was added to
the cells in which a steady-state had been pre-established,
however, was disproportionately high for simple enhance-
ment of 10% active sGC by the 2 fold maximally achievable
(Figure 4), indicating additional actions, possibly on the
activation step (discussed below).

From studies on human platelets treated with PDE
inhibitors, Mullershausen et al. (2001) have speculated that
the time-dependent decline in sGC activity results, not from
receptor desensitization itself, but from depletion of substrate,
GTP. This is unlikely to contribute significantly to the
desensitization of sGC in the cerebellar cells. As we have
shown (Bellamy et al., 2000), the desensitization profile is
unchanged despite 10 fold variations in cyclic GMP accumula-
tion, corresponding to a similar range of rates of GTP
utilization by sGC. Moreover, to cause a 90% decrease in the
rate of cyclic GMP synthesis (see Bellamy ez al., 2000), cellular
GTP would have to fall to around 3 uM (given a K, of 30 uM;
Lewicki et al., 1982; Denninger et al., 2000). If this were to
occur, there would not be sufficient GTP available for YC-1 to
subsequently evoke a doubling of the steady-state cyclic GMP
level (which is ~800 uM under control conditions). For GTP
limitation to account for desensitization, the K,,, of cellular sGC
would have to be substantially higher than that of purified sGC.
While this is possible, it means that the factor that results in a
shift of the K,,, in cells is, in effect, the proposed ‘desensitization
factor’ (Bellamy et al., 2000).

YC-1 counteracts ODQ inhibition

That YC-1 can both reverse and prevent (or retard)
inhibition of sGC by ODQ in the cerebellar cells was
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Figure 6 Model for the interaction of the NO receptor, sGC, with agonist (NO) and pharmacological modulators (ODQ and YC-
1). The NO receptor exists in equilibrium between free (NO +sGC), bound (NO-sGC), active (NO-sGC*), and desensitized states
(NO-sGCY), and also between ferrous (sGCyy) and ferric (sGCyyy) states. The inhibitor ODQ oxidizes ferrous sGC to the ferric form.
YC-1 has multiple effects on sGC function, illustrated for simplicity as modulation of the transitional steps between states (as
numbered; see Discussion for details). Dashed lines illustrate hypothesized routes to the desensitized form.

unexpected and indicates an interaction in the mechanism of
action of the two compounds. Importantly, similar findings
were made using purified sGC (Figure 5), indicating that the
effect is exerted on the enzyme itself. ODQ acts at the sGC
haem site and so the implication is that YC-1 interacts with
sGC haem at some level. If YC-1 promoted a reduction of
the sGC haem oxidized by ODQ back to the ferrous (Fe**)
form (Figure 6, site 1), or was able to accelerate reduction of
the NO-bound ferric (Fe**) form (Zhao et al., 2000; Figure 6,
site 2), then a reduced effectiveness of ODQ would be the
outcome. Alternatively, oxidized sGC could, in principle,
form an active enzyme (Makino er al., 1999) and so it is
possible that YC-1 increases the affinity of oxidized sGC for
NO (Figure 6; site 3) and/or increases the efficacy of this
pathway (Figure 6; site 4b). Should a significant amount of
oxidized sGC normally exist in cells, any of these three
mechanisms could also explain the increased maximal
activation by NO in the presence of YC-1 (i.e. a normally
inert pool of enzyme would possess activity). These
alternatives could be tested directly by monitoring sGC haem
absorbance to distinguish ferric and ferrous iron. Unfortu-
nately, with the limited amounts of purified enzyme available,
we could not do this experiment, but YC-1 (100 uM) was
unable to directly reduce another ferric haemoprotein,
methaemoglobin (authors’ unpublished observation), suggest-
ing that haem reduction is not a general feature of YC-1
action.

The ability of YC-1 to counteract ODQ inhibition was not
complete at the concentrations tested. In cells, the steady-
state cyclic GMP response to NO that followed addition of
YC-1 to ODQ-inhibited cells was less than the response of
cells untreated with ODQ (Figure 4). Similarly, inhibition
appeared to set in 4—6 min after YC-1-treated purified sGC
was exposed to ODQ (Figure 5). These findings suggest that
YC-1 and ODQ have opposing actions that depend on their
relative concentrations and exposure times. This would be
consistent with YC-1 facilitating conversion of ferric sGC to
the ferrous form (Figure 6; site 1 or 2), rather than sensitizing
ferric sGC to NO (Figure 6; site 3), as the latter mechanism
should be independent of ODQ concentration or time of

exposure. This notion is in keeping with several published
studies where ODQ has been used to inhibit sGC ‘activation’
by YC-1. In these cases, the potency of ODQ appears
compromised relative to its effect on purified sGC lacking
YC-1 (Seitz et al., 1999; Feelisch et al., 1999) and complete
inhibition is apparently not possible (Martin et al., 2001).

Additional sites of action of YC-1

From the possible ways discussed above by which YC-1
might affect inhibition by ODQ it would not be predicted
that YC-1 would reverse sGC desensitization or inhibit sGC
deactivation. It would also not be predicted that YC-1 would
become more potent with increasing NO concentration
(Figure 3), an observation that agrees with data for purified
sGC (Hoenicka et al., 1999). Hence, additional mechanisms
need to be invoked. An explanation for the effect of YC-1 on
sGC desensitization would be that the compound disrupts the
equilibrium between sGC in the active and desensitized states
at steady-state (Figure 6, site 4a,b), such that more active
sGC is formed on addition of YC-1. The formation of a new
cyclic GMP steady-state at a higher concentration would then
imply that cells can compensate for the effect of YC-1 by
increasing the degree of sGC desensitization. We have
recently found a correlation between the degree of sGC
desensitization and the cellular cyclic GMP level (V. Wykes et
al., manuscript submitted). That the disruption of desensiti-
zation by YC-1 could be compensated for at a higher cyclic
GMP level is consistent with the idea that cyclic GMP
influences the degree of desensitization. An action of YC-1 at
this step would also predict a decreased rate of deactivation
on removal of NO and, if YC-1 bound preferentially to the
liganded protein, a potentiation of YC-1 activity with
increasing NO concentration. Moreover, this hypothesis
could be consistent with a potentiation of maximal sGC
activity by YC-1, but only if NO is an agonist of low efficacy.
These possibilities could be addressed by determining the
kinetics and equilibrium constants for sGC activation by NO,
although preliminary attempts to achieve this aim have
proven equivocal (Bellamy et al., 2002).
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Conclusions

Despite the fact that sGC has long been recognized as a
major receptor for NO, a pharmacology of the protein has
begun to develop only recently. The inhibitor ODQ appears
to act similarly in cells and on the purified enzyme except
that, in cells, the inhibition is reversible, a property that may
contribute to the complex kinetics of the onset of inhibition.
The actions of YC-1 on cellular sGC are also broadly
consistent with those on the purified enzyme, including its
ability to influence the inhibitory action of ODQ, but YC-1
also transiently reverses sGC desensitization, a phenomenon
so far only observed in cells. The properties of YC-1 cannot
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