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Defending cellular integrity against disturbances in intracellular
concentrations of ATP ([ATP]i) is predicated on coordinating the
selection of substrates and their flux through metabolic pathways
(metabolic signaling), ATP transfer from sites of production to
utilization (energetic signaling), and the regulation of processes
consuming energy (cell signaling). Whereas NO and its receptor,
soluble guanylyl cyclase (sGC), are emerging as key mediators
coordinating ATP supply and demand, mechanisms coupling this
pathway with metabolic and energetic signaling remain undefined. Here, we demonstrate that sGC is a nucleotide sensor whose
responsiveness to NO is regulated by [ATP]i. Indeed, ATP inhibits
purified sGC with a Ki predicting >60% inhibition of NO signaling
in cells maintaining physiological [nucleotide]i. ATP inhibits sGC by
interacting with a regulatory site that prefers ATP > GTP. Moreover, alterations in [ATP]i, by permeabilization and nucleotide
clamping or inhibition of mitochondrial ATP synthase, regulate NO
signaling by sGC. Thus, [ATP]i serves as a ‘‘gain control’’ for NO
signaling by sGC. At homeostatic [ATP]i, NO activation of sGC is
repressed, whereas insults that reduce [ATP]i, derepress sGC and
amplify responses to NO. Hence, sGC forms a key synapse integrating metabolic, energetic, and cell signaling, wherein ATP is the
transmitter, allosteric inhibition the coupling mechanism, and
regulated accumulation of cGMP the response.

against ischemia is underscored by its regulation of the transcription factor hypoxia inducible factor 1, a master regulator of
cellular homeostasis in the context of oxygen insufficiency (20).
Coordination of energy supply and demand is mediated, in
part, by NO activation of soluble guanylyl cyclase (sGC) and the
associated accumulation of intracellular cGMP concentration
([cGMP]i) (9, 10, 12, 15, 16, 18), yet the mechanisms coordinating cGMP-dependent and metabolic signaling, beyond the production of NO, remain undefined. Recently, a novel mechanism
was identified by which adenine nucleotides inhibit GCs (21, 22)
that is analogous to P site inhibition of adenylyl cyclases (23).
Indeed, the two-substituted adenine nucleotides 2-methylthioATP and 2-chloro-ATP inhibit NO-dependent cGMP production by directly binding to sGC (22). Synthetic two-substituted
adenine nucleotides presumably exploit allosteric mechanisms
regulated by endogenous cell products. The present study revealed that ATP is the native ligand mediating adenine nucleotide-dependent inhibition of sGC by binding directly to an
allosteric purinergic site on the enzyme. Moreover, intracellular
levels of ATP are reciprocally coupled to responses of sGC to
NO and accumulation of cGMP. Thus, sGC is an intracellular
ATP sensor that couples NO-dependent cell functions with
metabolic and energetic signaling.

M

Materials and Methods
Cell Culture. Human vascular smooth muscle cells (American
Type Culture Collection) were maintained at 37°C in Ham’s
F12K (Mediatech, Herndon, VA) supplemented with 1.5 g兾liter
sodium bicarbonate, 10 mM Hepes, 10 mM 2-{[2-hydroxyl-1,1bis(hydroxymethyl)ethyl]amino}ethane-sulfonic acid, 0.05
mg兾ml ascorbic acid, 0.01 mg兾ml insulin, 0.01 mg兾ml transferrin,
10 ng兾ml sodium selenite, 10% FBS (Mediatech), and 1%
penicillin兾streptomycin [10,000 units兾ml penicillin, 10,000
g兾ml streptomycin (GIBCO)] in a humidified atmosphere of
5% CO2. RFL-6 cells (American Type Culture Collection) were
maintained at 37°C in Ham’s F12K containing 20% FBS in a
humidified atmosphere of 5% CO2.

etabolically active cells with high-energy requirements are
particularly susceptible to structural and functional impairment when deprived of oxygen and substrates obligatory for
generating ATP (1, 2). Maintenance of homeostasis requires
these cells to respond to rapidly fluctuating energy demands in
the context of varying supplies of metabolic substrates. Tight
coordination between energy supply and demand is predicated
on efficient communication and integration between metabolism, the steady-state and local availability of high-energy phosphates, and signaling mechanisms regulating cell functions.
Although specific components and their interactions that transduce metabolic and energetic signaling have been described (1),
molecular mechanisms mediating their coordination with cellular signaling remain incompletely understood.
Production and release of NO represents one paracrine兾
autocrine mechanism coordinating energy supply and demand in
tissues. Metabolic stress, such as ischemia, stimulates NO synthases to produce NO from arginine (3). In turn, NO regulates
the supply of energy by improving the delivery of substrates and
oxygen to deprived tissues (4–6), regulating the intracellular
delivery of metabolic substrates (7–10), selection of substrates
that support metabolism (6, 10–14), oxidation of metabolic
substrates (15), generation of ATP by improving metabolic
efficiency (16), and biogenesis of mitochondria (17). Conversely,
NO reduces the demand for ATP by decreasing energyconsuming cell functions, for example, by reducing the activity of
the contractile apparatus in muscle cells (ref. 18 and references
therein). Moreover, in some models of severe hypoxic stress, NO
induces complete and reversible metabolic stasis required to
survive the insult (19). The importance of NO in defending
www.pnas.org兾cgi兾doi兾10.1073兾pnas.0305080101

GC Activity. Crude (4–8 g) or purified (10–20 ng) enzyme
preparations were incubated for 5 min at 37°C in reactions (100
l) containing 50 mM Tris䡠HCl (pH 7.5), MgCl2 (3 mM in excess
of nucleotide), GTP, sodium nitroprusside (SNP), ATP, and
8-azido-ATP, as indicated (21, 22). For crude sGC, reactions
contained 500 M isobutylmethylxanthine, 15 mM creatine
phosphate, and 2.7 units of creatine phosphokinase, whereas for
purified sGC they contained 0.5 mg兾ml BSA and 1 mM DTT.
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Enzyme reactions were terminated by the addition of 400 l of
50 mM sodium acetate (pH 4.0) followed by boiling for 3 min,
and cGMP was quantified by RIA. Enzyme reactions were
performed in duplicate, and RIAs were analyzed in triplicate.
Results reflect enzyme activities that were linear with respect to
time and protein concentrations.
Photoaffinity Labeling of sGC with 8-Azido [␥-32P]ATP. Purified sGC
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(1–2 g) was incubated on ice with 50 M 8-azido [␥-32P]ATP
(500–600 GBq兾mmol; ICN) in 3 mM MgCl2, 2.8 mM EDTA, 0.1
mM EGTA, and 25 mM triethanolamine, pH 7.4 in a final
volume of 10 l for 2 min in the dark. In some experiments, ATP
or GTP was added 10 min before 8-azido [␥-32P]ATP. After UV
irradiation at 254 nm for 3 min, reactions were terminated with
50 mM DTT. Samples were resolved by electrophoresis on a
7.5% SDS-polyacrylamide gel and analyzed by staining with
Gelcode blue (Pierce) followed by autoradiography.

ATP Quantification by Luciferase Assay. ATP was measured with an

ATP Determination Kit (Molecular Probes), following the instructions of the manufacturer. Cells were lysed with 1⫻ Passive Lysis
Buffer (Promega), and lysates were diluted 1:10 by using the ATP
Determination Kit reaction mix for a total volume of 200 l.
Luminescence was determined directly after the addition of the
lysate to the reaction and was quantified in a 20兾20 Luminometer
(Turner Designs, Sunnyvale, CA). ATP concentrations in experimental samples were calculated by using an ATP standard curve.
Quantification of Intracellular cGMP. RFL-6 cells in 24-well plates

at a density of 1–5 ⫻ 105 cells per well were preincubated for 30
min in Opti-MEM (GIBCO) containing 1 mM isobutylmethylxanthine and 5 mM ATP and兾or 20 M digitonin, where
indicated. After preincubation, 400 M Mg2⫹, 100 M GTP, and
125 M SNP were added and incubations were continued for 15
min. Cells were lysed and cGMP was quantified by RIA (21, 22).

Fig. 1. ATP induces allosteric inhibition of sGC. (A) Preparations of purified human sGC are composed of ␣1 and ␤1 subunits. Purified sGC (1 g) was analyzed
by SDS兾PAGE and stained with GelCode blue. (B and C) ATP inhibits SNP-stimulated crude (B) and purified (C) human sGC. Enzyme activity stimulated by 100 M
SNP was quantified in the presence of varying [ATP], as outlined in Materials and Methods. Reaction rates are expressed as fractional response (enzyme activity
in the presence of nucleotide兾enzyme activity in the absence of nucleotide). SNP-stimulated activities of crude and purified sGC were 158.3 ⫾ 37.6 pmol cGMP
min⫺1䡠mg of protein⫺1 and 3,205 ⫾ 1,296 nmol cGMP min⫺1䡠mg of protein⫺1, respectively. (D) ATP decreases the efficacy, but not the potency, of SNP to activate
purified human sGC. ■, SNP; Œ, SNP plus 1 mM ATP. (E) ATP inhibits purified human sGC by a mixed noncompetitive mechanism. ■, 100 M SNP; Œ, 100 M SNP
plus 1 mM ATP. Reaction rates presented in curvilinear plots (B1–E1) were subjected to double reciprocal analysis (B2–E2).
38 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0305080101
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Table 1. Potency (Ki) of adenine nucleotides to inhibit crude and
purified human sGC
Nucleotide

Vascular smooth muscle

ATP
8N3ATP
ATP
8N3ATP

Purified human

K i , M
1,035 ⫾ 121
ND
2,249 ⫾ 475
2,326 ⫾ 1,064

Ki values were extracted from nonlinear regression analyses of the sigmoidal plots of the concentration-dependence analyses of ATP inhibition of sGC
activated by 100 M SNP (see Fig. 1) or 8N3ATP (see Fig. 2). Values are means ⫾
SEM of three experiments performed in triplicate. ND, not determined.

Inhibition of Mitochondrial ATP Synthesis by Oligomycin. RFL-6 cells
plated in 24-well plates at a density of 1–5 ⫻ 105 cells per well were
preincubated with Opti-MEM containing 1 mM isobutylmethylxanthine and 2.5% DMSO or 25 M oligomycin, as indicated. After
preincubation, cells were washed to remove oligomycin and incubated for various times in fresh media before 125 M SNP was
added and incubations were continued at 37°C, as indicated. Cells
were lysed and cGMP was quantified by RIA (21, 22).
Miscellaneous. sGC (␣1␤1) purified to homogeneity by immuno-
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affinity chromatography from bovine lung was obtained from
Alexis Biochemical (San Diego) (22). Human sGC (␣1␤1) was
modified on the carboxyl terminus of the ␣1 subunit with a
hexahistidine tag, expressed in insect cells, and purified to
homogeneity (Fig. 1A) by Ni affinity chromatography (24). sGC
was prepared from vascular smooth muscle cells and rat lung as
described (22). Isobutylmethylxanthine, GTP, SNP, PMSF, oligomycin, creatine phosphate, and creatine phosphokinase were
obtained from Sigma. Digitonin, EDTA, ATP, DTT, and BSA
were obtained from Fisher Scientific. Protein was quantified by
the Bradford method (Bio-Rad or Pierce). All other reagents
were from Fisher Scientific. All results are representative of at
least three experiments performed in triplicate, unless otherwise
indicated. Statistical significance was analyzed with Student’s t
test.
Results and Discussion
ATP inhibited basal (data not shown) and SNP-activated sGC
extracted from human vascular smooth muscle cells (Fig. 1B and
Table 1) or rat lung (data not shown) with a Ki of ⬇1 mM and
maximum inhibition (Imax) of 100%. Similarly, ATP inhibited
basal (data not shown) and SNP-activated recombinant human
␣1␤1 sGC (Fig. 1 A and C and Table 1) or bovine lung sGC (data
not shown) purified to apparent homogeneity with a Ki of ⬇2
mM and Imax of 100%. The identical potency and efficacy of ATP
to inhibit crude and purified enzyme demonstrates that regulation reflects direct binding of nucleotide to sGC. Further, the
sensitivity of sGC to ATP inhibition (Ki) in the context of
homeostatic intracellular ATP concentration ([ATP]i), ⬇3 mM
(25), suggests that cGMP responses to NO are repressed 60–75%
under steady-state conditions. In contrast, ATP hydrolysis products, including ADP, AMP, and inorganic phosphate, did not
alter NO activation of crude or purified sGC and did not
competitively antagonize the inhibitory effect of ATP (data not
shown). Thus, sGC appears to be a specific ATP sensor whose
sensitivity falls within the dynamic range of (patho)physiological
intracellular nucleotide concentrations.
SNP stimulated sGC with a potency that was identical in the
absence (Ka ⫽ 34.0 ⫾ 1.4 M) or presence (Ka ⫽ 34.0 ⫾ 5.7 M)
of ATP (Fig. 1D), suggesting that nucleotide inhibition did not
reflect limitations in the concentration of NO available or its
interaction with the heme prosthetic group of sGC. Rather, maximum activation of sGC by SNP decreased in the presence (Emax ⫽
944 ⫾ 67 nmol cGMP兾mg of protein per min), compared to the
Ruiz-Stewart et al.

KM, M
Control
1 mM ATP

156 ⫹ 5
356 ⫹ 86*

Vmax, nmoles cGMP produced兾min per
mg of protein
750 ⫹ 111
468 ⫹ 48*

KM and Vmax values were extracted from nonlinear regression analyses of
Michaelis–Menten analyses of sGC stimulated by 100 M SNP in the presence of
different concentrations of Mg-GTP and in the absence or presence of 1 mM ATP
(see Fig. 1). Values are means ⫾ SEM of three experiments performed in triplicate.
*P ⬍ 0.05 with respect to control (no added ATP) using a paired Student t test
(two-tailed).

absence (Emax ⫽ 2,407 ⫾ 227 nmol cGMP兾mg of protein per min;
Fig. 1D), of ATP consistent with a model in which nucleotide
allosterically regulates NO-activated sGC. Indeed, ATP inhibited
NO-activated sGC by a mixed noncompetitive allosteric mechanism
(Fig. 1E and Table 2) identical to that by which two-substituted
nucleotides inhibit ligand-activated GC C and sGC (22), and P site
inhibitors regulate ligand-activated adenylyl cyclases (23). Thus,
ATP is the endogenous intracellular ligand mediating adenine
nucleotide-dependent allosteric inhibition of GCs.
The kinetics of sGC inhibition by ATP are consistent with a
model in which allosteric modulation is mediated by regulatory,
rather than catalytic, nucleotide binding sites. Indeed, nucleotide
cyclases exhibit rigid substrate selectivities at their catalytic sites,
required to maintain signaling specificity and fidelity in an
intracellular milieu in which these enzymes and substrate nucleotides are commingled (26). 8N3ATP, a photoaffinity analog
of ATP and probe of protein nucleotide binding sites, was
equipotent and equiefficacious compared to ATP in inhibiting
SNP-stimulated sGC (Fig. 2 A and B and Table 1). Upon
photoactivation, 8N3[␥-32P]ATP covalently labeled ␣ and ␤
subunits of sGC (Fig. 2C), suggesting that both subunits of sGC
contribute residues to the allosteric nucleotide regulatory site, as
they do to the substrate nucleotide catalytic site (26). ATP and
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sGC

Table 2. Kinetic parameters of purified sGC inhibited by ATP

Fig. 2. Allosteric inhibition by adenine nucleotides is mediated by direct
interaction with sGC. (A and B) ATP and 8N3ATP inhibit purified human sGC
stimulated by 100 M SNP with comparable potencies. Reaction rates are
expressed as fractional response, described in Fig. 1. ■, ATP; Œ, 8N3ATP.
Reaction rates presented in sigmoidal plots (A) were subjected to double
reciprocal analysis (B). (C) 8N3ATP specifically interacts with a site on purified
human sGC comprised of residues contributed by ␣1- and ␤1-subunits. Purified
enzyme (1 g) was incubated in the absence (pos, positive control) or presence
of 0.1, 1, or 10 mM ATP for 10 min, followed by addition of 50 M 8-azido
[␥32P]ATP. Reactions were incubated for 10 min and, unless otherwise indicated (neg, negative control), irradiated at 254 nm by 4.4 milliwatts兾cm2 for
2 min. Photoaffinity labeling was detected by autoradiography (Upper) and
protein with GelCode blue (Lower).
PNAS 兩 January 6, 2004 兩 vol. 101 兩 no. 1 兩 39
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GTP effectively antagonized binding of 8N3[␥-32P]ATP to ␣ and
␤ subunits (Figs. 2C and 3A), although GTP was a less potent
antagonist than ATP (Fig. 3A). Moreover, GTP directly inhibited sGC (Fig. 3 D and E) by binding to (Fig. 3A) and competing
with ATP at the same allosteric regulatory site (Fig. 3 B–E).
Thus, allosteric inhibition of sGC is mediated by a regulatory
purine nucleotide binding site formed by residues in the ␣ and
␤ subunits that preferentially binds ATP compared to GTP, in
contrast to the rigid nucleotide specificity of the substrate
catalytic site.
The role of sGC as an intracellular sensor of ATP, coupling
metabolic and energetic fluxes to NO-dependent signaling was
examined by using RFL-6 cells, a particularly responsive model
of NO-induced [GMP]i accumulation (27). Regulation of sGC by
[ATP]i, rather than extracellular ATP, was highlighted by the
inability of ATP to alter [cGMP]i accumulation in response to
SNP when added to intact RFL-6 cells, reflecting the impermeability of the plasma membrane to polyanionic nucleotides (Fig.
4A). In contrast, extracellular ATP inhibited the accumulation of
[cGMP]i induced by SNP in RFL-6 cells permeabilized with the
detergent digitonin (Fig. 4A), which permits influx and intracellular accumulation of extracellular phosphorylated nucleotides (28). Coordination of sGC signaling and mitochondrial
energy metabolism was probed by using oligomycin, a specific
reversible inhibitor of the cGMP-regulated Fo cation channel,
which is an essential component of the FoF1ATP synthase
complex in inner mitochondrial membranes coupling aerobic
substrate metabolism, oxidative phosphorylation, and ATP generation (29, 30). Indeed, oligomycin decreased steady-state
concentrations of ATP ⬇50% in intact RFL-6 cells (Fig. 4B),
which enhanced SNP-induced accumulation of [cGMP]i ⬇150%
(Fig. 4C), without directly altering stimulation of sGC activity by
NO (Fig. 4D). Moreover, reversal of ATP synthase inhibition by

removing oligomycin resulted in the recovery of [ATP]i, which
was temporally coordinated with a return to baseline of SNPinduced accumulation of [cGMP]i (Fig. 4E). Regulation of
SNP-induced cGMP production by steady-state concentrations
of ATP in intact cells underscores the role of adenine nucleotide-dependent allosteric inhibition of sGC in mechanisms coupling NO signaling and cellular metabolism.
NO and cGMP are emerging as key mediators coordinating
the supply and demand of ATP, particularly in tissues with
high-energy requirements, in which structural and functional
integrity can be compromised by metabolic fluctuations. The
role of NO and sGC signaling in modulating ATP demand is
exemplified in smooth and cardiac muscle. Contractility reflects
the integration of synergistic and antagonistic signals regulating
intracellular Ca2⫹ concentration ([Ca2⫹]i) (ref. 18 and references
therein). Contractile signals elevate [Ca2⫹]i and兾or sensitize
myofibrils to Ca2⫹. Conversely, relaxation signals decrease
[Ca2⫹]i and兾or desensitize the contractile apparatus to Ca2⫹.
The net effect of these opposing processes is phosphorylation of
myosin light chains (MLCs) by MLC kinase, which contributes
to contraction, or dephosphorylation of MLC by MLC phosphatase, which contributes to relaxation, respectively. NO, produced in response to metabolic stress (3), activates sGC and the
accumulation of [cGMP]i, inhibiting energy-consuming contraction and promoting energy-conserving relaxation (18). Relaxation induced by cGMP, and the associated conservation of
energy stores, is effected by desensitization of the contractile
apparatus to [Ca2⫹]i, by activation of MLC phosphatase, which
decreases MLC phosphorylation, and by uncoupling force generation from MLC phosphorylation. Moreover, cGMP lowers
[Ca2⫹]i by reducing Ca2⫹ influx through L-type Ca2⫹ channels,
increasing Ca2⫹ efflux through a Ca2⫹-pumping ATPase and a
Na⫹兾Ca2⫹ exchanger, and increasing intracellular Ca2⫹ seques-

Fig. 3. Inhibition of sGC by ATP is mediated by an allosteric purine nucleotide binding site. (A) Binding of 8N3ATP to human purified sGC is antagonized by
purine nucleotides with a rank order potency of ATP ⬎ GTP. Enzyme (1 g) was preincubated with 1 mM ATP or GTP and photoaffinity-labeled with 50 M 8-azido
[␥32P]ATP, as outlined in Fig. 2. Relative incorporation of radioactivity into sGC in the presence of unlabeled nucleotides is expressed as the percentage of
displacement compared to incubations that omitted those nucleotides. (B–E) GTP antagonizes inhibition of sGC by ATP by productively interacting with the
allosteric nucleotide binding site. (B) GTP shifted the concentration dependence of ATP inhibition to the right, reflecting the ability of GTP to compete with ATP
for binding to the nucleotide regulatory site. Enzyme activity stimulated by 100 M SNP was quantified by using 50 M (■) or 1 mM (Œ) GTP. Reaction rates are
expressed as fractional response, described in Fig. 1. Reaction rates of purified sGC stimulated by SNP with 50 M GTP or 1 mM GTP were 619 ⫾ 76 and 3,205.2 ⫾
1,296 nmol cGMP min⫺1䡠mg⫺1 of protein, respectively. Reaction rates presented in sigmoidal plots (B) were subjected to double reciprocal analysis (C). The Ki of
ATP, estimated by nonlinear regression analyses of sigmoidal plots (n ⫽ 3), was significantly (P ⬍ 0.05) greater when higher concentrations of GTP were used
(Inset). (D) Purified human sGC activity stimulated by 100 M SNP was quantified by using a range of [GTP] in the presence (Œ) or absence (■) of 1 mM ATP. Indeed,
[GTP] ⬎1 mM directly inhibit, and attenuate the ability of ATP to inhibit, sGC. The concentration dependence of GTP to attenuate inhibition of sGC by ATP,
reflecting productive interaction of GTP with the allosteric nucleotide regulatory site, is illustrated by plotting relative enzyme activities (activity in the absence
of ATP兾activity in the presence of ATP; V兾VATP) (E). In A and E, results represent the means ⫾ SEM of three experiments. *, P ⬍ 0.05 compared to 0.1 mM GTP.
40 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0305080101
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tration by activating the Ca2⫹-pumping ATPase in the sarcoplasmic reticulum and inhibiting inositol 1,4,5-trisphosphatedependent Ca2⫹ mobilization. The integrated reduction in
myofibril contractility, induced by cGMP in response to metabolic stress, decreases tissue indices of energy demand, including
force of contraction (31), tension (32), fractional shortening
(33), and maximum rate of shortening (34).
Beyond vascular smooth muscle relaxation associated with
improved tissue perfusion (4–6), NO also regulates the supply of
cellular energy in the face of a metabolic challenge. Thus, NO
and the associated production of cGMP decrease the transport,
availability through glycogenoloysis, and metabolic activation of
glucose (9, 10). Conversely, cGMP increases the transport and
utilization of fatty acids as metabolic substrates, which are
associated with a more favorable respiratory quotient (6, 14).
Further, cGMP shifts the balance of flux of metabolic substrates
from glycolysis to oxidative phosphorylation, optimizing ATP
Ruiz-Stewart et al.
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Fig. 4. Mitochondrial ATP regulates SNP-induced intracellular accumulation
of cGMP. (A) ATP inhibits SNP-induced cGMP accumulation in RFL-6 cells only
when [nucleotide]i are clamped by permeabilizing cells with digitonin. cGMP
accumulation in RFL-6 cells induced by 125 M SNP was quantified in the
presence or absence of 5 mM ATP and 20 M digitonin. (B–E) Oligomycin, an
inhibitor of mitochondrial oxidative phosphorylation, reduces [ATP]i (B),
which is associated with an increase in SNP-induced accumulation of cGMP (C)
in RFL-6 cells. In contrast, oligomycin did not affect the ability of SNP to
activate purified human sGC (D). Removal of oligomycin (wash) produced a
coordinated time-dependent recovery of [ATP]i (■) and SNP-induced accumulation of cGMP (Œ) (E). [ATP]i and [cGMP]i were quantified after incubation for
1 (E) or 15 (B–D) min with 125 M SNP, with or without preincubation for 60
(E) or 90 (B–D) min with 25 M oligomycin. Results represent the means ⫾ SEM
of three independent experiments. *, P ⬍ 0.05; **, P ⬍ 0.01.

generation (15). The role of cGMP in regulating the supply of
cellular energy is underscored by the recent discovery that NO
induces mitochondrial biogenesis in a variety of cells by activation of sGC associated with cGMP-dependent induction of
peroxisome proliferator-activated receptor ␥ coactivator 1␣, a
master regulator of mitochondrial biogenesis (17). Indeed, NO
and cGMP regulate mitochondrial biogenesis in response to
hypothermic stress and interruption of that signaling mechanism
disrupts body energy balance (17). Moreover, NO activation of
sGC and the associated accumulation of [cGMP]i contribute to
metabolic remodeling important in ischemic preconditioning in
the cardiovascular and central nervous systems (4, 5). Together,
the coordinated reduction in cell functions demanding energy
and increase in mechanisms supplying energy mediated by NO
and cGMP improve steady-state ATP levels (35) and survival
(36–38) in the context of a metabolic challenge.
Defending structural and functional integrity in the face of
metabolic challenges in cells with high-energy requirements is
predicated on tight coordination of metabolic, energetic, and cell
signaling. Well described mechanisms control the selection of
substrates and routing of their flux through anaerobic and aerobic
metabolic pathways, ultimately leading to oxidative phosphorylation and the production of ATP in mitochondria (1, 6, 10–14, 39).
More recently, the importance of spatially organized intracellular
enzymatic networks supporting high-energy phosphoryl transfer in
coupling ATP generation in mitochondria on the one hand, and
ATP-consuming or -sensing processes on the other, has emerged
(1). This concept emphasizes the requirement of energetic signaling
to maintain the balance between cellular ATP production and
consumption. Although the individual components and their interactions regulating metabolic, energetic, and cellular signaling
have been described, the precise mechanisms orchestrating their
integration remain to be defined. Specifically, whereas the NOsGC-cGMP pathway serves as one downstream effector system
coupling alterations in energy levels to compensatory responses, the
mechanistic interface between energetic and cGMP signaling,
beyond NO production, has been unclear. Here, we demonstrate
that sGC is an intracellular purine nucleotide sensor, with a
preference for ATP ⬎ GTP, whose responsiveness to NO is set by
physiological [ATP]i. Indeed, alterations in [ATP]i, either by permeabilization followed by nucleotide clamping, or by metabolic
inhibition of mitochondrial ATP production, regulated the responsiveness of sGC to NO activation and cGMP production. These
observations support a model in which [ATP]i serves as a ‘‘gain
control’’ for the NO sensitivity of sGC. At normal homeostatic
concentrations of [ATP]i, sGC is repressed (ⱖ60%, see Fig. 1) and
resistant to NO activation. In the face of a metabolic challenge, in
which [ATP]i can decrease 20-fold (40, 41), sGC is derepressed,
amplifying cGMP responses to NO. Thus, sGC forms one key
synapse coordinating the flow of information through metabolic,
energetic, and cell signaling pathways, wherein nucleotidedependent allosteric inhibition is the mechanism mediating that
coordination, and ATP is the messenger bridging that synapse.
In summary, these studies revealed that sGC is a physiological
sensor of [ATP]i, which couples NO signaling and cellular energy
homeostasis through nucleotide-dependent allosteric regulation.
Amplification of NO signaling by sGC, reflecting allosteric
derepression by reductions in [ATP]i, likely underlies the previously unexplained augmentation of NO-dependent cGMP
production in anoxic cardiomyocytes (42–44) and vascular relaxation induced by hypoxia (45). Repression of sGC by [ATP]i
reflects a global mechanism coordinating cellular cGMP responses and metabolic and energetic signaling because adenine
nucleotides allosterically regulate GC isoforms localized in the
major subcellular compartments (21, 22, 28). Although the
present study demonstrates that [ATP]i is the proximal messenger bridging the synapse between cellular metabolism and cGMP
production, future studies will define the precise enzymatic
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networks mediating high-energy phosphoryl transfer that couple
ATP generation in mitochondria to ligand-dependent GC signaling in the cytosol and at the membrane (1).
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