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ABSTRACT  

 
Guanylyl cyclases (GC) play important roles in a wide range of organisms. Three transmembrane 

GC receptors bind natriuretic peptides with varying affinities. C-type natriuretic peptide (CNP) 

activates guanylyl cyclase-B (GC-B/NPR-B), which stimulates cGMP synthesis. Although the 

physiological effects of GC receptors have been well characterized, their regulatory mechanisms 

are not well understood. The inhibitory effects of the indolocarbazole, Gö6976, on GC-B activity 

were characterized, and data indicated that Gö6976 potently inhibits the GC activity of GC-B via 

a process that does not require changes in known phosphorylation sites, inactivation of all 

catalytic sites, or intact cell architecture. As an ATP analog, Gö6976 may inhibit GC-B by 

blocking the ability of ATP to activate and/or stabilize the receptor. Maximum activation of GC-

linked natriuretic peptide receptors in broken cell preparations requires natriuretic peptide 

binding to the extracellular domain and ATP binding to an unknown intracellular region. 

Additionally, natriuretic peptide activation of GC-B requires that the intracellular domain be 

phosphorylated on multiple serine and threonine residues. The dual role of ATP as an allosteric 

activator of GC-B and a substrate for the kinase that phosphorylates GC-B has led to confusion 

in the field. Enzymatic timecourse experiments conducted in crude membranes at low and high 

GTP concentrations support the role of ATP as an allosteric regulator of GTP. Previous studies 

indicated that dephosphorylation explains long-term inactivation of GCs. However, the 

deactivation and downregulation of a constitutively phosphorylated version of GC-B were 

identical to those of the wild type receptor, which indicates that these processes are 

phosphorylation-independent. One explanation for the time-dependent inactivation of GC-B is 

the binding of product compounds to the GC domain, similarly to how purine site (P-site) 

inhibitors inhibit adenylyl cyclase. Preliminary studies characterized the effect of 2’d3’GMP and 

PPi on GC-B activity in order to gain insight into the catalytic mechanisms of GC receptors.  
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INTRODUCTION 
 
 
 Guanylyl cyclases (GC) play integral roles in organisms ranging in complexity from 

humans to bacteria. Two types of GCs exist: soluble GCs (sGC) and single-membrane spanning 

GCs that catalyze the conversion of GTP to cGMP and pyrophosphate. The physiological effects 

elicited by cGMP occur via three classes of cGMP binding proteins: cGMP-dependent protein 

kinases (PKG), cGMP-regulated phosphodiesterases (PDEs), and cyclic nucleotide-gated ion 

channels.  

 While nitric oxide (NO) is the ligand for sGC, natriuretic peptides are hormone/paracrine 

factors that activate membrane GCs (Potter et al., 2009). Humans express three structurally 

related but genetically distinct natriuretic peptides: atrial natriuretic peptide (ANP), B-type 

natriuretic peptide (BNP) and C-type natriuretic peptide (CNP). All three are similar in their 

primary amino acid structure and contain a 17-residue disulfide ring that is required for receptor 

activation. Atrial natriuretic peptide (ANP) is expressed primarily in the atria of the heart; B-type 

natriuretic peptide (BNP) is expressed at highest concentrations in cardiac ventricles; and C-type 

natriuretic peptide (CNP) is abundantly expressed in the bone, brain, endothelium, and the 

central nervous system. All three are expressed in tissues as pre-pro-hormones, cleaved to form 

pro-hormones, and then proteolytically processed to mature maximally active peptides. 

  There are at least five known human particulate guanylyl cyclases (Potter LR. 2005) 

(Fig.1). Among these are two retinal guanylyl cyclases, GC-E and GC-F, and guanylyl cyclase-C 

(GC-C). Two others, guanylyl cyclase-A (GC-A; NPR-A) and guanylyl cyclase-B (GC-B; NPR-

B), are encoded by single polypeptide chains of approximately 1050 amino acids and are made 

up of large extracellular ligand binding domains, single membrane-spanning regions and 

intracellular kinase homology (KHD), dimerization, and carboxyl-terminal guanylyl cyclase 
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catalytic domains (Potter, 2009; Potter, 2011). GC-A is activated by ANP and BNP, whereas 

GC-B is activated by CNP. Finally, natriuretic peptide receptor-C (NPR-C) binds all three 

natriuretic peptides and constitutively removes them from the systemic circulation via receptor-

mediated degradation and internalization. Although it has no known enzymatic activity, NPR-C 

is hypothesized to signal in a G protein dependent manner (Rose et al., 2008). 

 Transmembrane receptor guanylyl cyclases mediate pathways important for a myriad of 

human diseases. GC-C is activated by guanylyl and uroguanylin and is the target of a bacterial 

heat-stable enterotoxin that induces chronic constipation and irritable bowel syndrome and is a 

major cause of infant mortality worldwide (Johnson, Kurtz et al. 2010). Gene inactivation 

experiments in mice indicate that GC-A mediates the blood pressure and volume reducing effects 

of ANP and BNP, whereas GC-B mediates the effects of CNP on skeletal growth (Lopez et al., 

1995; Tamura et al., 2004).  

 Cardiomyocyte stretch stimulates the release of ANP and BNP from granules in the atria 

and ventricles, respectively, which is a key pathway in the regulation of homeostatic blood 

pressure by mediating natriuresis, diuresis, vasorelaxation, and antagonism of the renin-

angiotensin system. Additionally, ANP and BNP inhibit cardiac hypertrophy and fibrosis. 

Clinically, elevated serum BNP is used as a diagnostic marker for heart failure, and synthetic 

analogs of ANP (Anaritide and Caperitide) and BNP (Nesiritide) have been FDA approved to 

treat acute decompensated heart failure, hypertension, and renal failure, although with varying 

degrees of effectiveness (Potter, 2011).  

 In the skeletal system, homozygous inactivating mutations in GC-B cause a severe form 

of human dwarfism called acromesomelic dysplasia, type Maroteaux (AMDM), and individuals 

with a single allele defect are shorter than average (Olney et al. 2006). Conversely, human 
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chromosomal translocations that increase CNP concentrations are associated with Marfanoid-like 

skeletal overgrowth (Bocciardi et al., 2007; Moncla et al., 2007).  

  However, although the pleiotropic physiological effects of ligand binding have been well 

characterized, their molecular mechanisms remain elusive. An understanding of the conditions 

necessary for receptor activation and deactivation will aid in the identification of better drug 

targets and novel therapies for the range of human diseases mentioned previously.  

  Natriuretic peptides bind homodimeric receptor GCs at a stoichiometry of 1:2, which 

results in a conformational change that brings together the extracellular juxtamembrane domains. 

The signal is then transduced across the plasma membrane, after which it is thought that the 

repression normally exerted on the GC domain by the KHD is relieved (Chinkers & Garbers, 

1989). However, no structural information on the intracellular region of GC-A or GC-B exists, 

which could shed light on how this activation signal is transmitted to the GC domains. Only the 

structure of an active homodimeric GC catalytic domain from cyanobacteria has been resolved, 

which demonstrated homology to the catalytic domain of adenylyl cyclases (Rauch et al., 2008; 

Winger et al., 2008).  

 Under basal conditions, GC-A and GC-B are phosphorylated on seven or six 

serine/threonine sites in the N-terminal region of their KHD, respectively (Yoder et al., 2010). 

Prolonged exposure to natriuretic peptide causes the dephosphorylation and desensitization of 

the receptors (Potter, 1998; Potter et al., 1992). Substitution of individual sites with glutamic 

acid or alanine mimics the effects of a phosphorylated or dephosphorylated residue, respectively, 

and completely dephosphorylated receptors are not activated by ligand (Potter et al., 1999). 

Conversely, chronic exposure of receptor to ligand or agents that increase intracellular calcium 

levels results in a time-dependent decrease in activity that is correlated with receptor 
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dephosphorylation (Potthast et al. 2004; Abbey-Hosch et al., 2005). 

  Additionally, activation of phorbol 12-myristate, 13-acetate (PMA) dependent protein 

kinase C (PKC) inhibits hormone-dependent activation of GC-B in a manner that correlates with 

receptor dephosphorylation. It is thought that PKC phosphorylates a single site in the KHD, 

which prevents the phosphorylation of the remaining sites necessary for receptor activation. GF-

109203X, a PKC inhibitor, blocks this dephosphorylation and inhibition (Potter & Garbers, 

1994; Potter & Hunter 2000). However, GF-109203X has no effect on natriuretic peptide 

receptors in the absence of PKC activators. Previous work has aimed to determine the PKC 

isoforms required for PMA-dependent inhibition of GC-B as a means to identify its regulatory 

mechanisms. Cells were incubated with the indolocarbazole Gö6976 (Fig. 2), an ATP analog and 

a compound known to potently inhibit the classic subgroup of PKCs by blocking their ability to 

bind ATP. An unexpected inhibitory effect of Gö6976 on GC-B activation was observed in the 

absence of PMA. Gö6976 potently inhibits GC-B directly by a mechanism that does not require 

changes in known phosphorylation sites or intact cellular architecture. Characterizing the 

inhibitory effects of cell permeable small molecules like Gö6976 sheds light on the conditions 

regulating GC receptors. Moreover, it allows for the modification of these molecules to create 

improved drugs in the treatment of human diseases. 

 As alluded to previously, ATP plays an important albeit controversial role in the 

regulation of transmembrane GC receptors. In broken cell preparations, ATP increases the 

guanylyl cyclase activity of GC- A and GC-B when activated by natriuretic peptides but inhibits 

activity when it is measured in the presence of Mn2+ and non-ionic detergent (Gazzano et al., 

1991; Kurose et al., 1987).  
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ATP plays two roles in increasing the activity of GC-A and GC-B. First, it serves as a 

substrate for the protein kinase that phosphorylates the KHD, which increases its phosphate 

content and increases the maximal velocity (Vmax) of the GC domain (Foster and Garbers 1998). 

Consistent with this data, a two-stage activation model was proposed where natriuretic peptide 

binding to the extracellular domain facilitates ATP binding to the kinase homology domain, 

which brings the catalytic domains together to form an active site. However, since activation at 

early time points does not require ATP (Antos et al., 2005) but activities measured at longer time 

periods increase in its presence, ATP likely stabilizes GC receptors but is not essential for their 

activation (Antos et al., 2007). Additionally, AMP-PNP, a nonhydrolyzable ATP analog that 

cannot be used as a phosphate donor for GC-B, increases CNP-dependent activity without 

affecting Vmax. This finding suggests that a second role of ATP may be to serve as an allosteric 

regulator of GC activity. Although ATP levels are high (≈1 mM) and stable in vivo, the purpose 

of the present study was to distinguish between the dual roles of ATP on the activation of GC-B 

in order to better characterize its regulatory mechanisms. To explore the conditions that mediate 

this regulation, we determined the effect of ATP on GC activity at low and high GTP 

concentrations over time.     

 As mentioned previously, receptor dephosphorylation is a mechanism of desensitization. 

An alternative explanation is that the products of GCs feedback to bind to and inhibit GC activity 

over time. P site inhibitors have been identified in adenylyl cyclases, which are homologous to 

GCs. The potency of purine nucleotides increases when adenylate cyclase is activated, 

suggesting its inhibitory mechanism involves direct binding of cAMP product compounds and 

the secondary product, inorganic pyrophosphate (PPi), to the catalytic domain (Dessauer et al., 

1999). It has been proposed that PPi stabilizes a dead-end complex of adenylyl cyclase with the 
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inhibitor (Florio et al., 1983). Joubert et al. identified 2’d3’GMP as the most potent inhibitor of 

GCs and reported that it exhibits mixed, non-competitive inhibition properties in the presence 

PPi (Joubert et al., 2007). The binding of product analog, 2’d3’GMP, and PPi to the GC domain 

may explain the time-dependent loss of GC activity observed in vitro, and GC activity in their 

presence was measured over time to explore this hypothesis.  

 Recently, in addition to the six confirmed serine/threonine residues found in humans, Dr. 

Andrea Yoder identified a serine residue (S489) that is phosphorylated in active GC-B (Yoder et 

al., 2010) by mass spectrometry. To determine whether downregulation and desensitization of 

GC-B are phosphorylation-dependent, the effect of prolonged CNP exposure on GC-B activity 

was examined. Since GC-B is the most active receptor in the failed heart (Dickey et al., 2007), 

understanding the mechanisms for its deactivation and degradation are the basis for the 

development of potential drug targets and therapeutics for the treatment of cardiovascular 

diseases.  

 
 
METHODS 
 
 
 Reagents. Cyclic GMP radioimmunoassay kits and 32P-α GTP were purchased from 

Perkin Elmer (Waltham, MA). Gö6976 was from Sigma-Aldrich (Saint Louis, MO), 

GF109203X from EMD chemicals (Gibbstown, New Jersey), 2’3’GMP from Sigma-Aldrich 

(Saint Louis, MO), and pyrophosphate from Mallinckrodt Chemical Works (Saint Louis, MO).   

 Cell culture. Human 293T cells stably expressing rat GC-B were cultured in 10 cm plates 

containing Dulbecco’s modified Eagle’s medium (DMEM) containing 10% FBS, 1% 

streptomycin, and 0.2% hygromycin B as previously described (Potter and Hunter, 2000). Cells 

lacking any endogenous natriuretic peptide receptors (293neo) were grown to 50% confluence 
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and then transfected by adding a mixture containing 5 µg of various pRK5-NR-B constructs, 

0.125 M CaCl2, and HBES-buffered saline, pH 6.96-7.00. The cells were incubated for >4 hours 

in 3% CO2 before the transfection mixture was changed. All cells were grown in serum-free 

media for >5 hours prior to assaying for guanylyl cyclase activity or cGMP accumulation.  

 Membrane preparation. Crude membranes were prepared by washing cells at 4°C with 

phosphate-buffered saline (PBS) and scraping off the plate after the addition of phosphatase 

inhibitor buffer (PIB; 25 mM HEPES, pH 7.4, 20% glycerol, 50 mM NaCl, 50 mM NaF, 2 mM 

EDTA, 0.25 µM microcystin and 2.5X Roche protease inhibitor tablet).  Cells were sonicated for 

1-2 s and centrifuged at 20,000 g for 15 min at 4°C. The supernatant was aspirated, the pellet 

was resuspended in PIB, and the process was repeated.  

  Guanylyl cyclase assays. All assays were performed at 37°C for 5 min in a buffer 

containing 25 mM HEPES pH 7.4, 50 mM NaCl, 0.1% BSA, 0.5 mM IBMX, 1 mM GTP, 10-30 

µCi of 32P-αGTP, 1 mM EDTA, 0.5 mM microcystin, 1 mM ATP and 5 mM MgCl2 in the 

presence (stimulated) or absence (basal) of natriuretic peptide. In some assays, Mn2+ was 

substituted for Mg2+ and Triton X-100 was added to a final concentration of 1%. Nonionic 

detergents maximally activate guanylyl cyclases independently of ligand presence or receptor 

phosphorylation status. Thus, they indicate the amount of guanylyl cyclase protein in the 

membrane preparation. Assays were initiated by the addition of the above buffer to 50 µg of 

crude membrane protein for a total volume of 0.1 mL. Assays were terminated by the addition of 

0.5 mL of 110 mM zinc acetate. To precipitate the 32P-labeled cGMP, 0.5 mL of 110 mM 

sodium carbonate was added, after which the reaction tubes were vortexed and centrifuged at 

2,000 g for 15 min at 4°C. The supernatant was added to chromatography columns containing 

0.5 g of dry alumina resin acidified with 5 mL of 1 N perchloric acid. The columns were then 
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washed first with 10 mL of 1 N perchloric acid and then with 10 mL of water. After the 32P-

labeled GTP was eluted into scintillation vials with 5 mL of 200 mM ammonium formate and 

quantitated in a Beckman 3801 scintillation counter. 

 Whole cell stimulations. Cells were seeded onto poly-D-lysine-coated plates and 

incubated >5hr in serum-free media upon reaching 70% confluence. The medium was aspirated 

and replaced with 0.25 ml Dulbecco’s modified Eagle’s medium (DMEM) containing 1 mM 1-

methyl-3-isobutylxanthine (IBMX) and 25 mM HEPES pH 7.4 for 10 min. Following 

pretreatment, the medium was aspirated and cells were incubated with the new medium with or 

without 1 µM CNP for 1 min. The medium was aspirated and the reaction was stopped with 0.5 

ml ice-cold 80% ethanol. The cGMP content of the extract was determined by 

radioimmunoassay as previously described (Abbey et al., 2002). 

 Gö6976 time course assays. 293T cells were exposed to either 10 µM Gö6976 or an 

equivalent volume of DMSO for time points of 30 s, or 1, 2, 4, 8, 16, and 32 min. The medium 

was then aspirated and replaced with new medium with or without 1 µM CNP. After 1 min, the 

medium was aspirated and the reaction was stopped with 0.5 ml ice-cold 80% ethanol and cGMP 

concentrations were determined using 125I radioimmunoassays. 

  ATP and product inhibition time course assays. Cocktail solutions containing crude 

membranes, creatine phosphate, creatine kinase, 0.1 mM or 1 mM GTP, and the presence or 

absence of 1 mM ATP, were added to stop solution (50 mM NaOAc + 5 mM EDTA) on ice after 

being incubated at 37°C for 0 s, 15 s, 30 s, or 1, 2, 4, 8, 16, and 32 min. For product inhibition 

experiments, cocktail solutions containing crude membranes, creatine phosphate, creatine kinase, 

1 mM GTP, and the presence or absence of 0.5 mM 2’d3’-GMP + 0.5 mM PPi, were added to 

stop solution (50 mM NaOAc + 5 mM EDTA) on ice after being incubated at 37°C for 0 s, 15 s, 
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30 s, or 1, 2, 4, 8, 16, and 32 min. All activator mixtures contained 1 µM CNP, and amount of 

cGMP produced was quantified using 125I radioimmunoassays.  

Statistical analysis. All curves were fitted using GraphPad Prism 5.0 software. All p-

values were obtained using a paired Student’s t-test in Microsoft Excel.  

 
 
RESULTS 
 
 
 Gö6976, but not GF109203X, inhibits CNP-dependent cGMP elevations in 293T-GC-B 

cells. Initial studies by Jerid Robinson investigated the effects of two structurally similar PKC 

inhibitors, Gö6976 and GF-109203X, on CNP-dependent cGMP elevations in 293T cells stably 

expressing GC-B (Fig. 3). In serum-starved cells, 1µM CNP elevated intracellular cGMP 

concentrations by 87.6-fold. Exposure of the cells to GF-109203X for 30 min prior to ligand 

stimulation slightly elevated intracellular cGMP concentrations, but the difference was not 

statistically significant. Prior exposure of cells to GF-109203X completely blocked PMA-

dependent reductions in CNP-dependent cyclic nucleotide levels. In contrast, Gö6976 by itself 

significantly inhibited CNP-dependent cGMP concentrations, and exposure of cells to both 

Gö6976 and PMA reduced CNP-dependent activation by only 1.4-fold. Thus, although GF-

109203X and Gö6976 are structurally similar molecules, they have markedly different effects on 

the hormone-dependent activation of GC-B.  

 Gö6976 inhibits basal CNP- but not detergent-dependent guanylyl cyclase activity. To 

directly measure the effect of Gö6976 on the enzymatic activity of GC-B, 293T-GC-B cells were 

incubated with 10 µM Gö6976 for 1 h and then crude membranes were assayed for guanylyl 

cyclase activity under basal, physiologic, (CNP, ATP and Mg2+) or synthetic conditions (Triton 

X-100 and Mn2+) (Fig. 4). CNP-dependent activity in cell membranes exposed to Gö6976 for 1 h 
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was reduced by 50% compared to activities measured in membranes from cells incubated in the 

presence of vehicle. In contrast, cyclase activity determined in the presence of detergent was 

unaffected by Gö6976. These data suggested that Gö6976 inhibited the CNP-dependent 

activation process and did not inhibit the catalytic site. 

 Gö6976 inhibition does not require changes in known GC-B phosphorylation sites. 

Since Gö6976 inhibits several protein kinases, and phosphorylation of GC-B is required for 

CNP-dependent activation, we explored whether Gö6976 reduces CNP-dependent activation by 

blocking GC-B phosphorylation (Fig. 5). A cell line stably expressing a receptor mutant 

containing glutamate residues for all six known GC-B phosphorylation sites (GC-B-6E) was 

used to model a constitutively phosphorylated receptor. The assumption was that if Gö6976 

inhibited GC-B by reducing its phosphorylation state, then a receptor that cannot be 

phosphorylated or dephosphorylated on known phosphorylation sites should not be inhibited by 

Gö6976. We found that Gö6976 inhibited GC-B-6E similarly to the wild type receptor, 

consistent with a mechanism that is independent of changes in receptor phosphorylation status.  

 Gö6976 inhibits CNP-dependent activity in broken cell preparations. We next examined 

the ability of Gö6976 to inhibit GC-B in crude membranes. As a positive control, whole 293T 

cells were incubated in the presence or absence of Gö6976 for 1 h and then crude membranes 

were prepared and assayed for basal, CNP or detergent-dependent guanylyl cyclase activity (Fig 

6, WC). As a part of the same experiment, membranes from 293T-GC-B cells not exposed to 

Gö6976 were incubated in vitro with Gö6976 or DMSO at room temperature for 15 min and then 

assayed for cyclase activity as described above (Fig. 6, Mem.). The addition of Gö6976 to whole 

cells or crude membranes inhibited GC-B to a similar extent, consistent with Gö6976 acting in a 

manner that does not require intracellular architecture. These data are also consistent with 
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Gö6976 directly binding to GC-B.   

 ATP increases maximal CNP-dependent activity to a greater extent at 0.1 mM GTP than 

at 1mM GTP. The role of ATP in regulating GC activity at different GTP concentrations was 

examined (Fig. 7). CNP-dependent GC activity was measured at 0.1 mM and 1 mM GTP, 

concentrations that are below and above the Km for GTP, respectively. After 32 min of 1 µM 

CNP activation, 1 M ATP increased GC activity ten-fold at low GTP concentrations versus two-

three fold at high GTP concentrations. To compare activation curves over time, GC activity was 

also normalized and expressed as a % of maximal activity. At low GTP concentrations, GC 

activity initially increased more rapidly in the absence of ATP, but then declined and plateaued 

within 10 min of ligand exposure. In contrast, at high GTP concentrations, the GC activity curves 

overlapped throughout the 32 min activation period, indicating that they declined at a similar rate 

regardless of ATP presence. Substrate depletion does not explain the decline in GC activity over 

time, because GC activity mediated by Mn2+GTP and 1% Triton X-100 (Mn/Triton) increases 

linearly and does not decline within the same activation period, indicating that substrate 

concentration is not the limiting factor in this experiment. 

ATP potentiates Gö6976 inhibition of GC-B. The effect of ATP on Gö6976 inhibition 

was investigated in 293T GC-B by Jerid Robinson (Fig. 8). Crude membranes were incubated 

with 1 mM GTP, 1 mM CNP and varying concentrations of ATP with either DMSO or Gö6976 

for 9 min. The EC50 for ATP was 11.2 µM and 2.7 µM in the absence and presence of Gö6976, 

respectively. The over four-fold decrease in the EC50 indicated that ATP increased the maximum 

inhibitory effect of Gö6976 in a concentration-dependent manner.  

 CNP-dependent GC-B activity exhibits linear kinetics in the presence of product 

inhibitors. To test whether the decline in GC-B activity over time may be explained by product 
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inhibition, crude 293T GC-B membranes were activated with 1 µM CNP in the presence of 0.5 

mM 2’d3’GMP and 0.5 mM PPi and the absence of ATP (Fig. 9). The assumption was that once 

a sufficient amount of product was produced, the binding of purine nucleotides and 

pyrophosphate (PPi) to the GC catalytic domain caused receptor deactivation. In the absence of 

product inhibitors, GC activity increased rapidly within minutes, and then declined and began to 

plateau after about 10 min of ligand exposure. In the presence of product inhibitors, CNP-

dependent GC-B activity was blunted in the first 5 min and then exhibited linear kinetics. 

Although GC activity did not obtain the level of activation reached in the absence of product 

inhibitors, it did not plateau within the 32 min activation period.     

 Desensitization and downregulation in GC-B is not phosphorylation-dependent. 293neo 

cells were transiently transfected with wild type GC-B, GC-B 6E, and GC-B 6E S489E. GCB-6E 

stably expresses a receptor mutant containing glutamate residues for all six known ser/thr GC-B 

phosphorylation sites, and GC-B 6E S489E stably expresses a receptor mutant containing 

glutamate residues for these six sites in addition to the putative S489 site. Thus, both GC-B 6E 

and GC-B 6E S489E model constitutively phosphorylated receptors. Whole cells were incubated 

in 1 µM CNP for varying durations at 37oC, and guanylyl cyclase activity was measured for 5 

min in the presence of Mg2+GTP (Basal), Mg2+GTP, 1 mM ATP and 1 µM CNP (CNP), or 

Mn2+GTP and 1% Triton X-100 (Mn/Triton) (Fig. 10). CNP-mediated GC-B activity is lower in 

GC-B 6E than in wild type GC-B and GC-B 6E S489E. However, CNP-dependent activities of 

GC-B, GC-B-6E, and GC-B 6E S489E all declined at a similar rate, suggesting that changes in 

phosphorylation status did not play a role in desensitization. Although detergent-dependent GC-

B and GC-B-6E activity declined at a similar rate, GC-B 6E S489E activity declined at a much 

slower rate, suggesting that this site played a role in receptor downregulation.    
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DISCUSSION 
 
 
  Although the physiological effects of GC receptors have been well characterized, their 

regulatory mechanisms remain undefined. Initial experiments sought to determine the conditions 

necessary for receptor activation and deactivation to indirectly study these pathways. As PKC 

activation blocks CNP-dependent activation of GC-B, it was important to identify the PKC 

family members that mediate GC-B inhibition. HS-142-1, a microbial polysaccharide, has been 

shown to block CNP-dependent bone growth, which is a well-established GC-B-dependent 

process (Yasoda et al., 1998), as well as cGMP elevations in corneal epithelial cells (Katoli et 

al.). However, no direct studies on GC-B activity have been reported.  

Gö6976 is the first described cell permeable intracellular inhibitor of GC-B, and GC-B is 

the first reported non-kinase enzymatic target of Gö6976 (Robinson et al., 2011). In addition to 

the classic forms of PKC (Martiny-Baron et al., 1993), Gö6976 inhibits the Trk A, Trk B, JAK2 

and FLT3 tyrosine kinases (Behrens et al., 1999; Grandage et al., 2006). Since Gö6976 inhibited 

CNP-mediated GC-B activity, the classical PKC family members are implicated in this process. 

Gö6976 inhibited CNP-dependent cyclase activity but never inhibited detergent-dependent 

cyclase activity, indicating either that Gö6976 does not affect the GC catalytic domain or that the 

catalytic domains of receptors that are activated by natriuretic peptide and Mn2+/Triton are 

different. The ability of Gö6976 to inhibit both wild type GC-B and GC-B 6E, which mimics a 

constitutively active receptor, indicates that this inhibition is independent of changes to known 

phosphorylation sites. Another key finding is the observation that Gö6976 inhibit GC-B in crude 

membrane preparations as well as in whole cells, consistent with Gö6976 eliciting its effect by 

directly binding to GC-B.  

    As an analog of ATP, Gö6976 competitively inhibits ATP binding to various PKCs 
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(Martiny-Baron et al., 1993). Thus, it is possible that Gö6976 inhibits GC-B by blocking the 

ability of ATP to activate and/or stabilize the receptor. Recent experiments performed by Jerid 

Robinson indicate that Gö6976 is a competitive inhibitor of GTP (unpublished data). He 

demonstrated that increasing concentrations of ATP increases the potency of Gö6976, suggesting 

that ATP allosterically regulates Gö6976 inhibition.  

 In a 2007 paper from the Potter Lab, Dr. Laura Antos demonstrated that the EC50 of GTP 

decreases at higher concentrations of ATP and vice versa, suggesting that ATP and GTP may 

modulate the activity of each other. The effect of ATP on GC activity at low and high GTP 

concentrations was consistent with these findings. At 0.1 mM GTP, the concentration of 

substrate was below the Km for GTP, making it difficult for GTP to find and bind to the GC 

domain and produce cGMP. However, at 1 mM GTP, which is above the Km for GTP, a 

sufficient amount of GTP was available so that the addition of ATP did not significantly 

influence the ability of GTP to bind to the GC domain. Thus, these data supported ATP’s role as 

an allosteric modulator of GC activity, suggesting that it decreased the Km and increased the 

affinity of the GC domain for both Gö6976 and GTP.   

 Establishing ATP as an allosteric regulator of GC activity raises questions about where it 

binds. Past studies indicate that KHDs are required for the ligand-binding signal to be 

transmitted to the catalytic domains of GC-A and -B, and two reports have identified proposed 

ATP binding sites in the KHD of GC-A (Burczynska et al., 2007; Joubert et al., 2005). However, 

it is unknown whether these sites are conserved in GC-B or whether these sites are responsible 

for the ATP-dependent activation of GC-A.  

   Currently, the model for ligand-dependent activation of GC-A, GC-B, and GC-C requires 

ATP binding to the KHD, which mediates the transduction of the ligand-binding signal to the 
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catalytic domain. Based on the growing body of evidence supporting ATP’s role as an allosteric 

regulator of GC activity, an alternative model is that in addition, ATP also binds one of the two 

putative purine-binding sites in the catalytic domain of GC-B, allosterically increasing the 

affinity of the second site for GTP. Further support for this model comes from structural and 

functional data on a GC catalytic domain isolated from cyanobacteria, which indicates two 

purine-binding sites with similar affinities for GTP and ATP (Rauch et al., 2008). When Mn2+ is 

used as the divalent ion, GC-A, GC-B and the cyanobacteria GC exhibit positive cooperative 

kinetics with respect to increasing GTP concentrations, consistent with the GC domain 

containing two catalytic sites. However, under physiologic conditions where Mg2+ is the divalent 

cofactor, linear kinetics are observed for GC-A and GC-B, consistent with the GC domain 

containing one catalytic site and one regulatory site. Future experiments will use an engineered 

heterodimeric (HET) construct, a mutated form of the receptor containing a catalytic domain 

with only one purine binding site (Joubert, McNicoll et al., 2007). Characterizing the effect of 

ATP on the HET receptor, among other studies, may help distinguish between the previously 

identified activation models.   

 Likewise, deactivation and downregulation of receptor GCs are highly regulated 

processes that have not been well characterized. Dephosphorylation explains the long-term 

inactivation of GC-A. However, the inactivation and internalization of a constitutively 

phosphorylated GC-B were identical to those of the wild type receptor (Fig. 10), indicating that 

these processes are not explained by the conversion of the six known phosphorylation sites to 

glutamate. The identification of Ser489 as the residue that mediates GC-B downregulation holds 

a yet-to-be determined significance. Further characterization of the role of this site may shed 

light into the mechanisms for internalization and degradation of receptor GCs.  
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The binding of products to GC-B provides another explanation for its time-dependent 

inactivation. Direct inhibition of adenylate cyclases, which are homologous to GCs, has been 

previously demonstrated. Two sites of action for adenosine were identified, one of which 

required an intact purine ring, called a p-site. P-sites are located on adenylate cyclases and their 

occupancy directly inhibits the enzyme (Premont et al., 1979). While the physiological 

importance of P-site inhibition is unknown, in vivo concentrations of AMP product compounds 

are enough to inhibit adenylate cyclase activity. P-site compounds and substrate analogs have 

been shown to display positive cooperativity in the presence of PPi, consistent with a dimeric 

cooperative model in which the substrate and the inhibitor can bind to both catalytic sites of 

homodimeric pGC. However, no structure-activity relationships or enzyme kinetics studies of P-

site inhibitors for homodimeric pGCs have been reported. Activated forms of adenylate cyclase 

are more sensitive to P-site inhibition than are non-stimulated forms of the enzyme, but it 

remains to be seen whether this is the case for GC-B.  

GC activity in the absence of product inhibitors and PPi plateaued after about 10 min of 

ligand exposure whereas GC activity in their presence exhibited linear kinetics after about 5 min 

of ligand exposure. This finding suggests the existence of P sites in GC-B and indicates that their 

occupancy leads to receptor inactivation in a time-dependent manner. Several future studies have 

been proposed to further characterize this observation and to determine whether product 

inhibition is reversible. Product inhibitors and PPi will be added to the reaction mixture after 10 

min of ligand exposure. If GC activity declines much more rapidly or exhibits linear kinetics 

from that point on, it would provide additional evidence that product inhibition plays a role in 

deactivation of receptor GCs. Additionally, if product inhibitors are potentiated in the presence 

of ATP, it may suggest that ATP also regulates their binding to the GC domain. If so, these data 
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would support the role of ATP as an allosteric regulator of GC activity. Finally, the reversibility 

of product inhibition will be examined by spinning down membranes expressing GC-B after 

exposure to product inhibitors, washing away the product inhibitors with phosphatase inhibitor 

buffer, and re-assaying the membranes to determine whether GC activity recovers.  

In conclusion, the series of studies previously discussed provide a comprehensive picture 

of the regulation of GC-B, from its activation to its deactivation and downregulation. However, 

their applicability extends to the regulation of other receptor GCs as well. Several models have 

been proposed, and the role of ATP as an allosteric regulator of Gö6976, GTP, and potentially, 

product inhibition, has been characterized. Although much remains to be understood about these 

mechanisms and their significance, these findings provide evidence to shift the activation 

paradigm for a family of evolutionarily conserved signaling molecules that are of major 

physiological importance. Moreover, they warrant a shift in the focus of drug development from 

peptide-based drugs towards non-peptide-based, cell permeable activators and inhibitors of 

receptor GCs that target their intracellular domains.  
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FIGURES 
 
 
Fig. 1. Human transmembrane guanylyl cyclases and their ligands.  
 

  
 
 
Fig. 2. Molecular structure of ATP (upper left) and the indolocarbazole, Gö6976 (upper right), an 
ATP analog and a compound known to potently inhibit the classic subgroup of PKCs by 
blocking their ability to bind ATP. Molecular structure of the intracellular signaling molecule, 
cGMP (lower left), and one of its derivatives, 2’d3’GMP (lower right), considered to be the most 
potent inhibitor of GCs. 
 

 

cardiac peptide called, B-type natriuretic peptide (BNP) that also
activates GC-A (Sudoh et al., 1988). GC-B was identi!ed by homology
cloning a year later (M. S. Chang et al., 1989; Schulz et al., 1989). It was
initially suggested to be the receptor for BNP but was later shown to
preferentially bind the third and !nalmember of the natriuretic peptide
family, called C-type natriuretic peptide (CNP) (Koller et al., 1991). A
decoy receptor, called natriuretic peptide receptor-C (NPR-C) was the
!rst natriuretic peptide receptor cloned (Fuller et al., 1988), butNPR-C is
not a cyclase and primarily clears natriuretic peptides from the
circulation (Matsukawa et al., 1999). GC-C was cloned in 1990 and
shown to bind heat stable enterotoxin (ST) (Schulz et al., 1990; de
Sauvage et al., 1991). Later, guanylin and uroguanylinwere identi!ed as
endogenous intestinal peptides that activate GC-C (Currie et al., 1992;
Hamra et al., 1993). Individual cDNAs for two retinal GCs known as Ret-
GC-1 or GC-E and Ret-GC-2 or GC-Fwere identi!ed in the 1990s (Shyjan

et al., 1992; Yang et al., 1995). Later, two small cytoplasmic, calcium-
binding guanylyl cyclase activating proteins (GCAPs) 1 and 2 were
shown to activate the retinal cyclases in the presence of lowbut not high
calcium concentrations (Palczewski et al., 2004). No extracellular-
binding peptides have been shown to activate GC-E or GC-F. GC-D and
GC-Gwere identi!ed in rodents bymolecular cloning (Fulle et al., 1995;
Schulz et al., 1998), but these cyclases are pseudogenes in humans
(Manning et al., 2002).

2. Overview of mammalian transmembrane guanylyl cyclases

2.1. General topology and extracellular domain

The common structural and regulatory features of the human
guanylyl cyclases will be initially described then the individual

Fig. 1. Schematic of human transmembrane guanylyl cyclases and their ligands. The structure and function of each cyclase is discussed in the text. Similarity of extracellular domain
color represents primary amino acid sequence identity. The blue “P” indicates known phosphorylation sites. Abbreviations are: ANP, atrial natriuretic peptide; BNP, B-type
natriuretic peptide; CNP, C-type natriuretic peptide; GC-A, guanylyl cyclase-A; GCAPs, guanylyl cyclase activating proteins; GC-B, guanylyl cyclase-B; GC-C, guanylyl cyclase-C; GC-E,
guanylyl cyclase-E; GC-F, guanylyl cyclase-F; Gn, guanylin; ST, heat-stable enterotoxin; Uro, uroguanylin.

Fig. 2. Structure of natural and designer natriuretic peptides and peptides that activate GC-C. All sequences are human unless otherwise noted. Grey boxes indicate identical amino
acids. Lighter grey boxes indicate structurally conserved amino acids. Red residues indicate substitutions that reduce degradation of ST. Dark black lines represent disul!de bonds.
The triple disul!des over ST apply to ST and Linaclotide. The double disul!de bonds below uroguanylin apply to guanylin and uroguanylin. Abbreviations are: ANP, atrial natriuretic
peptide; BNP, B-type natriuretic peptide; CNP, C-type natriuretic peptide; DNP, Dendroaspis natriuretic peptide; ST, heat stable enterotoxin from E. coli.

72 L.R. Potter / Pharmacology & Therapeutics 130 (2011) 71–82

ATP Gö6976 

cGMP 2’d3’GMP 



Lou, X  26 

Fig. 3. Initial observations by Jerid Robinson. Gö6976, but not GF109203X, inhibits CNP-
dependent cGMP elevations in 293T-GC-B cells. Cells were incubated with the indicated 
compounds for 30 min at 37oC, stimulated with 1 µM CNP for 1 min, after which intracellular 
cGMP concentrations were determined. Initial studies investigated the ability of Gö6976 to 
modulate CNP-dependent cGMP elevations in 293T-GC-B cells. Gö6976 alone completely 
blocked CNP-dependent cGMP concentrations. 
 

 
 
 
Fig. 4. Gö6976 inhibits basal CNP- but not detergent-dependent guanylyl cyclase activity. To 
directly measure the effect of Gö6976 on the enzymatic activity of GC-B, intact 293T GC-B 
cells were incubated with either DMSO (vehicle) or 10 µM Gö6976 for 1 h at 37oC. Crude 
membranes were prepared and guanylyl cyclase assays were performed for 5 min in the presence 
of Mg2+GTP (basal), Mg2+GTP, 1 mM ATP and 1 µM CNP (CNP), or Mn2+GTP and 1% Triton 
X-100. Ten µM Gö6976 exposure reduced basal and CNP- dependent guanylyl cyclase activities 
by 49% and 51%, respectively, but failed to significantly reduce activity measured in the 
presence of Triton X-100 and Mn2+GTP. *p<0.002 
 

 
 



Lou, X  27 

Fig. 5. Gö6976 inhibition does not require changes in known GC-B phosphorylation sites. 293T 
GC-B or 293T GC-B 6E cells were incubated in the presence of DMSO or 10 µM Gö6976 for 1 
h at 37oC. Crude membranes were prepared and guanylyl cyclase assays were performed for 5 
min in the presence of no activator (basal), 1 µM CNP and 1 mM ATP or Mn2+ and 1% Triton X-
100. Basal levels were too low to report. Triton values were 88.41 ± 8.33 for WT cells and 
219.74 ± 15.05 for 6E cells. *p<0.001; **p<0.0005  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Fig. 6. Gö6976 inhibits CNP-dependent activity in broken cell preparations. Ten µM Gö6976 or 
DMSO was added to either whole cells (WC) for one hour at 37oC or crude membranes (Mem.) 
for 15 min at room temperature. Guanylyl cyclase activity was determined on crude membranes 
for 5 min in the presence of no activator (basal), 1 µM CNP or Mn2+/Triton X-100. Basal levels 
were too low to report. *p<0.03; **p<0.004 
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Fig. 7. ATP increases maximal CNP-dependent activity to a greater extent at 0.1 mM GTP 
versus at 1mM GTP. Crude 293T GC-B membranes were activated with 1 µM CNP in the 
presence or absence of 1 mM ATP. After 32 min of ligand exposure, ATP increased GC activity 
ten-fold at low GTP concentrations (upper left) versus two-three fold at high GTP concentrations 
(upper right). At low GTP concentrations, GC activity initially increased more rapidly in the 
absence of ATP than in its presence, but then declined and plateaued within 10 minutes of ligand 
exposure. At high GTP concentrations, the GC activity curves overlapped throughout the 32 min 
activation period. 
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Fig. 8. ATP potentiates Gö6976 inhibition. Crude membranes were incubated with 1 mM GTP, 1 
mM CNP and varying concentrations of ATP with either DMSO or Gö6976 for 9 min. The EC50 
for ATP was 11.2 µM and 2.7 µM in the absence and presence of Gö6976, respectively.  
  

 
 
 
Fig. 9. CNP-dependent GC-B activity exhibits linear kinetics in the presence of product 
inhibitors. Crude 293T GC-B membranes were activated with 1 µM CNP in the presence of 0.5 
mM 2’d3’GMP and 0.5 mM PPi and the absence of ATP. In the absence of product inhibitors, 
GC activity increased rapidly within minutes, and then declined and began to plateau after about 
10 min of ligand exposure. In the presence of product inhibitors, CNP-dependent GC-B activity 
was blunted in the first 5 min and then exhibited linear kinetics.  
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Fig. 10. Desensitization and downregulation in GC-B is not phosphorylation-dependent. 293neo 
cells transiently transfected with wild type GC-B (upper left), GC-B 6E (middle left), and GC-B 
6E S489E (lower left), and whole cells were incubated in 1uM CNP for the duration indicated at 
37oC. CNP-mediated GC-B activity is lower in GC-B 6E than in wild type GC-B and GC-B 6E 
S489E. CNP-dependent GC-B, GC-B-6E, and GC-B 6E S489E activities all declined at a similar 
rate (upper right). However, although detergent-dependent GC-B and GC-B-6E activity declined 
similarly, GC-B 6E S489E activity declined at a much slower rate (lower right). 
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