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ABSTRACT 

Guanylyl cyclase A and B (GC-A and GC-B) are transmembrane guanylyl 

cyclase receptors that mediate the physiologic effects of natriuretic peptides, including 

reduction of blood pressure and blood volume, stimulation of long bone growth, and 

regulation of cardiac size.  Atrial natriuretic peptide (ANP) and B-type natriuretic peptide 

(BNP) signal through GC-A while C-type natriuretic peptide (CNP) signals through GC-

B.  This thesis explores several aspects of the natriuretic peptide system, including 

ligand-receptor interactions, ligand proteolysis, identification of receptor protein-protein 

interactions, as well as receptor regulation by phosphorylation. 

Our studies show that even small alterations in the primary sequence of natriuretic 

peptides can drastically alter receptor binding and activation leading to severe 

physiologic defects.  A naturally occurring point mutation in mouse CNP (CNPlbab) leads 

to a dwarfism phenotype caused by reduced binding to and activation of GC-B.  A 

naturally occurring familial mutation correlated with early onset atrial fibrillation which 

alters the length of ANP (fsANP) does not alter ligand-receptor activation but inhibits 

degradation of the peptide. 

GC-A and GC-B are most active when fully phosphorylated, and loss of 

phosphate content is associated with a loss of enzymatic activity. Here, we used mass 

spectrometry to identify phosphorylation sites in GC-A and GC-B from both rat and 

human species. Novel, uncharacterized phosphorylation sites were observed at S487 in 

GC-A and T529 in GC-B. In addition to our mass spectrometry approach, we employed a 

functional screen to identify a putative phosphorylation site within the N-terminal portion 

of the kinase homology domains of GC-A and GC-B at S473 and S489.  Consistent with 

the function of known guanylyl cyclase phosphorylation sites, glutamate or alanine 

substitutions for this site increased or decreased hormone-dependent guanylyl cyclase 

activity, respectively. Attempts to detect phosphorylation at S473/S489 from cells stably 

overexpressing GC-A or GC-B by mass spectrometry were unsuccessful due to chemical 

properties of the tryptic peptide. Additionally, studies on the effect of phosphorylation 

status on homologous desensitization showed that, dephosphorylation of known 
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phosphorylation sites is not required for homologous desensitization in either GC-A or 

GC-B as previously thought. 
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HISTORY 

The entire field of natriuretic peptides started with a microscope. Studies of 

cardiac tissue by electron microscopy revealed numerous electron opaque granules 

disbursed throughout the atrial cells (Jamieson and Palade 1964). It was noted that these 

granules were specific to the atria and absent in the ventricular tissue.  Later seminal 

studies by Aldolfo de Bold and colleagues demonstrated that injecting atrial, but not 

ventricular, extracts into rats caused potent diuresis and natriuresis (de Bold et al. 1981).  

Further purification and characterization studies showed that the factor responsible for 

these natriuretic and diuretic effects was a peptide contained in atrial tissue (Flynn et al. 

1983). Early studies had several names for this peptide including atrial natriuretic factor 

(ANF), atriopeptin, and cardionatrin (Currie et al. 1984; Misono et al. 1984; Stephenson 

and Kenny 1987). Today, it is most commonly referred to as atrial natriuretic peptide 

(ANP).  In addition to its diruetic and natriuretic effects, ANP was also found to induce 

vasorelaxation (Currie et al. 1983; Garcia et al. 1984), and subsequently shown to 

increase plasma and urine levels of cGMP (Hamet et al. 1984).  Studies showed that ANP 

bound to and illicited cyclic guanosine monophosphate (cGMP) production in cultured 

vascular smooth muscle cells (Hirata et al. 1984). 

The race to find the receptor responsible for ANP’s physiologic actions was on.  

Elevations in cGMP observed in response to ANP treatment made guanylyl cyclases an 

attractive target.  Murad and coworkers first reported that ANP activated membrane, but 

not souble forms, of guanylyl cyclase (Waldman et al. 1984; Winquist et al. 1984; 

Tremblay et al. 1985).  Subsequent purification studies by several independent groups 

found that ANP bound and activated a guanylyl cyclase with an apparent molecular 

weight between 120-180 kDa (Kuno et al. 1986; Leitman et al. 1986; Paul et al. 1987).  

Within a short time, the physiologic receptor for ANP in rats was cloned, and was shown 

to be a 1,057 amino-acid membrane-bound guanylyl cyclase receptor (Chinkers et al. 

1989).  Today we know this protein as guanylyl cyclase A (GC-A) or natriuretic peptide 

receptor A (NPR-A).  Just prior to the identification of GC-A, another cell-surface 

receptor was shown to bind ANP, but this protein was not coupled to any guanylyl 

cyclase activity (Maack et al. 1987).  This receptor was initially termed ANP-C, due to its 
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apparent function to “clear” ANP from the circulation (Fuller et al. 1988). Today this 

receptor is known in the literature as natriuretic peptide receptor C (NPR-C), or simply as 

“the clearance receptor”. 

As the knowledge base surrounding ANP and its receptors grew, so did the search 

for other potential natriuretic peptides and potential receptors.  Sudoh and colleagues 

initially purified B-type natriuretic peptide (BNP) from porcine brain extracts (Sudoh et 

al. 1988a).  At the same time, another particulate guanylyl cyclase that bound natriuretic 

peptides was discovered and dubbed guanylyl cyclase B (GC-B) (Schulz et al. 1989), also 

known in the literature today as natriuretic peptide receptor B (NPR-B).  This receptor 

did not show strong activation by either ANP or BNP and although some groups 

postulated that GC-B was the physiologic receptor for BNP, others postulated that a yet 

undiscovered peptide ligand was its preferred ligand.  The later was shown to be true by 

the discovery of the third and final member of the natriuretic peptide family, C-type 

natriuretic peptide (CNP) (Sudoh et al. 1990), also originally identified from porcine 

brain extracts.  Each natriuretic peptide and natriuretic peptide receptor is discussed in 

greater detail in the following sections. 

 

 

NATRIURETIC PEPTIDES 

The natriuretic peptides are all synthesized as preprohormones that are cleaved 

into their biologically active forms. ANP, BNP, and CNP all share a common 17-amino 

acid disulfide-linked ring structure characteristic of natriuretic peptides (Figure 1). 

Although they share commonalities in their processing and structure, each of the 

natriuretic peptides is the product of a separate gene. Below, each individual peptide is 

described in greater detail, highlighting commonalities and differences between the 

peptides. 
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Atrial Natriuretic Peptide 

In humans, ANP is synthesized as a preprohormone from the NPPA gene located 

on chromosome 1 (Yang-Feng et al. 1985).  NPPA consists of three exons and two 

introns, and its resulting mRNA codes for a 151-amino acid peptide known as 

preproANP.  After cleavage of its signal sequence, the resulting 126-amino acid peptide 

called proANP is stored in granules prior to its release from the atrial myocyte (Oikawa 

et al. 1984). Upon the release of proANP from intracellular stores, it is hypothesized to be 

cleaved into the final 28-amino acid form by the extracellular, membrane-bound serine 

protease corin, which is highly expressed in cardiomyocytes (Yan et al. 2000).  However, 

this assumption is primarily based on data from the mice lacking corin, which has not 

been reproduced in the ten years since its original publication.  This 28-amino acid form, 

referred to in the literature simply as ANP, is the major form in the coronary sinus 

(Yandle et al. 1987) and in the circulation (Kangawa and Matsuo 1984). An alternate 34-

amino acid cleavage product derived from proANP, termed urodilatin, has been identified 

in the kidney, but the protease responsible has not been identified (Forssmann et al. 

1998). 

The circulating form of ANP is highly conserved across species (Figure 2).  ANP 

is present as a 28-amino acid peptide in all mammalian species, with only one variable 

amino acid present in the ring structure at position 12. The circulating forms of human, 

chimpanzee, canine, porcine, equine, and ovine ANP are identical and possess a 

methionine residue at position 12. Rabbit, mouse, and rat ANP all have an identical form 

of ANP with isoleucine at position 12.  Differences in unprocessed preproANP can be 

seen between species, although homology between the species remains high with 

homology to the human form of 100%, 86%, 81%, and 81% for chimpanzees, dogs, rats, 

and mice, respectively. 

Atrial natriuretic peptide is expressed most highly in atrial tissue, but is also 

synthesized to a much lesser extent in the ventricles, kidneys, brain, and adipose tissue 

(Miyata et al. 1985; Ueda et al. 1987; Minamino et al. 1988; Mukoyama et al. 1991; 

Garruti et al. 2007).  In atrial tissue, ANP is continuously synthesized and stored in 

secretory granules.  Release of ANP from atrial stores is triggered by stretch of the atrial 
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walls caused by increased vascular volume (Bilder et al. 1986; Edwards et al. 1988).  

Additionally, increases in circulating ANP have been demonstrated in response to: 

endothelin treatment (Stasch et al. 1989), immobilization stress (Horky et al. 1985), 

vasopressin infusion (Manning et al. 1985), and neuropeptide Y infusion (Baranowska et 

al. 1987).  In healthy human subjects, circulating ANP levels have a fairly wide range (a 

ten-fold dynamic range), with most subjects around 100 pg ml-1 (Miyata et al. 1987).  

Circulating levels of ANP are elevated 3-fold in chronic renal patients (Miyata et al. 

1987)  and from 10-fold to 30-fold in congestive heart failure patients (Cody et al. 1986; 

Kimura et al. 2007). 

In vivo studies have shown that ANP has a relatively short half-life in humans of 

approximately 2 minutes, with reports ranging from 1.7 minutes to 3.1 minutes and 

halflife is not significantly influenced by either essential hypertension or congestive heart 

failure (Nakao et al. 1986; Yandle et al. 1986; Kimura et al. 2007). Inactivation of 

circulating ANP occurs through scission of the 17-amino acid disulfide linked ring by the 

extracellular metalloprotease neprilysin (NEP) at the C7-F8 bond (Kenny and Stephenson 

1988; Vanneste et al. 1988).  NEP is highly expressed in the kidney brush border 

membranes and is also expressed widely in other tissues and organs. (Kenny and 

Stephenson 1988).  Proteolysis of ANP is also inhibited by aprotinin, suggesting the 

involvement of additional proteolytic enzymes, possibly kallikrein (Vanneste et al. 1990). 

In addition to its degradation by extracellular proteases, ANP is also removed from the 

circulation through NPR-C-mediated endocytosis. NPR-C is the most highly expressed 

natriuretic peptide receptor and it regulates the concentrations of all three peptides via 

constitutive receptor-mediated internalization and degradation (Nussenzveig et al. 1990; 

Koh et al. 1992). Mice lacking NPR-C have a reduced ability to clear ANP compared to 

wildtype animals (Matsukawa et al. 1999a).  Furthermore, they are hypotensive and have 

elongated bones, consistent with overactivation of GC-A and GC-B as a result of reduced 

degradation of ANP, BNP, and CNP. 
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B-type Natriuretic Peptide 

B-type natriuretic peptide (BNP) is synthesized as the preprohormone preproBNP 

from the human NPPB gene, located on chromosome 1.  Like NPPA, NPPB contains 3 

exons and 2 introns (Ogawa et al. 1994a). PreproBNP is 134-amino acids in length.  Prior 

to release from the cell, a cleavage of 26-amino acids occurs, resulting in 108-amino acid 

proBNP (Seilhamer et al. 1989). Upon release, proBNP is cleaved into its fully active 32-

amino acid circulating form, BNP, by an unknown protease (Suga et al. 1992a).  

However, corin is a reasonable candidate for this final cleavage, but this remains to be 

determined. Older reports have also measured a circulating 29-amino acid form of BNP 

containing the most C-terminal residues, but this is not the major form of BNP in the 

human circulation (Seilhamer et al. 1989).   

 The circulating form of BNP varies widely across species, with far less sequence 

homology than other natriuretic peptides.  As can been seen in Figure 2, humans, 

chimpanzees, dogs, pigs, and horses have BNP that is 32-amino acids in length, while 

rats and mice have a 45-amino acid form (Sudoh et al. 1988b; Kambayashi et al. 1989).  

The sequence homology of full-length preproBNP molecules is likewise varied across 

species, with the highest homology present at the amino- and carboxyl-terminal ends of 

the peptide for mammalian species (Kojima et al. 1989).  The homology of human 

preproBNP to canine preproBNP is only 53%, which is much lower than the 85% 

homology seen between human and canine preproANP.  Similar variances in sequence 

homology can be seen in other mammalian species. 

 BNP was originally purified from porcine brain extracts, and was hence first 

called “brain natriuretic peptide” (Sudoh et al. 1988a).  However, it has since been shown 

to be most highly expressed in cardiac tissue, and as such was renamed B-type natriuretic 

peptide.  In the atria, BNP is stored along with ANP in granules prior to its release, 

although at about only 1% of the level of ANP (Minamino et al. 1988).  In contrast, BNP 

in the ventricles is released as it is synthesized.  As a result, tissue levels of BNP are 

approximately ten-fold higher in the atria than in the ventricles (Mukoyama et al. 1991).  

In ventricular tissue, the rate of BNP transcription and synthesis is increased in response 

to cardiac stress states such as volume overload. In healthy human subjects circulating 
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BNP concentrations have been shown to be very low (approximately 1 fmol ml-1) 

(Mukoyama et al. 1991). However, in diseased cardiac states, such as congestive heart 

failure (CHF), dramatic increases of more than 100-fold can be seen in plasma BNP 

levels.  Raises in plasma BNP concentrations correlate to the severity of heart failure, and 

average BNP concentrations of 140 fmol ml-1 are seen in moderate CHF patients (Kimura 

et al. 2007).  Because of the large increase seen in BNP levels in heart failure, and the 

correlation of severity of disease, BNP levels are used as a clinical diagnostic tool for 

cardiac stress (Mukoyama et al. 1991; Ruskoaho 2003). 

 The half-life of BNP is the longest of all natriuretic peptides, with a circulating t1/2 

of approximately 20 minutes in humans (Mukoyama et al. 1991).  Although BNP is 

cleaved by neprilysin, it is a much worse substrate for neprilysin than ANP or CNP.  A 

recent report suggested that BNP is first cleaved by meprin, which then allows ring 

scission by cleavage by neprilysin (Pankow et al. 2007).  Meprin A is a metalloprotease 

present in the kidney brush border cells. Studies showed that Meprin A cleaved the six 

amino-terminal residues from mouse BNP, thus allowing neprilysin cleavage.  However, 

our group recently reported that meprin does not cleave human BNP, which suggests that 

caution should be used when extrapolating results from other species to humans (Dickey 

and Potter 2010).  In addition to degradation by NEP, BNP is also cleared from systemic 

circulation by NPR-C through internalization. Human BNP binds NPR-C less tightly than 

human ANP, with EC50’s of 140 pM and 10 pM, respecitively, which may partly explain 

why it has a significantly longer t1/2 than ANP (Mukoyama et al. 1991). 

 

C-type Natriuretic Peptide 

 C-type natriuretic peptide is a preprohormone encoded by the NPPC gene, located 

on chromosome 2 of the human genome (Ogawa et al. 1994b) and consists of 2 exons 

and 1 intron (Tawaragi et al. 1991).  Both the location of and the structure of the NPPC 

gene are significantly different than NPPA and NPPB, suggesting that it is evolutionarily 

different from the other natriuretic peptides. Evolutionary analysis indicates that NPPC is 

the original natriuretic peptide and that both NPPA and NPPB arose from gene 

duplication events (Inoue et al. 2003).  In humans, preproCNP is 126-amino acids in 



  8 

length.  Cleavage of a 23-amino acid signal sequence results in the 103-amino acid 

proCNP (Tawaragi et al. 1991).  Processing of proCNP to its mature form may occur 

through scission by the intracellular serine protease furin.  In vitro studies have shown 

that furin can cleave proCNP into a biologically active peptide consisting of 53-amino 

acids, referred to as CNP-53 in the literature (Wu et al. 2003). CNP-53 is most abundant 

form of CNP in tissues (Minamino et al. 1990; Brown et al. 1997).  However, in the 

systemic circulation, a 22-amino acid form (CNP-22) is the predominant species.  The 

protease responsible for the cleavage of CNP-53 to CNP-22 is unknown.  CNP-53 and 

CNP-22 are both biologically active and are able to bind and stimulate their cognate 

receptor, GC-B, equally well (Yeung et al. 1996). 

 CNP is remarkably well conserved across species, more so than either ANP or 

BNP.  As can be seen in Figure 2, CNP is highly conserved in mammals, with most 

mammals having 100% sequence homology of CNP-22.  The unprocessed polypeptide 

preproCNP also shows homology between species much higher than other natriuretic 

peptides, with 99%, 96%, 91%, and 94% sequence homology to the human form in 

chimpanzee, dog, mouse, and rat, respectively.  

CNP was initially purified from porcine brain extracts (Sudoh et al. 1988a), but 

has since been shown to be expressed at high concentrations in chondrocytes and 

endothelial tissues (Suga et al. 1993; Hagiwara et al. 1994). CNP is not stored in 

granules, but is released upon synthesis.  In cultured endothelial cell lines, CNP secretion 

is increased by numerous stimuli including sheer stress, TGF-β, LPS, IL-1β, and IL-1α 

(Suga et al. 1992b; Suga et al. 1993; Chun et al. 1997).  CNP release has also been 

reported to be inhibited by insulin in cultured cells (Igaki et al. 1996b). Under conditions 

of vascular injury, CNP expression is increased in neointimal vascular smooth muscle 

cells (Brown et al. 1997).  Circulating levels of CNP-22 are low in health human subjects 

(1 - 3 fmol ml-1) (Stingo et al. 1992; Igaki et al. 1996a).  Recent studies have shown that 

CNP levels are elevated in CHF patients and are elevated 2-fold in patients with chronic 

renal disease (Igaki et al. 1996a). 

 In vivo studies of CNP clearance in human subjects have revealed that, similar to 

ANP, CNP-22 has a short biological half-life (t1/2 of 2.6 minutes) (Hunt et al. 1994).  In 
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vitro studies have shown that CNP is degraded by neprilysin, similarly to ANP (Kenny et 

al. 1993).  Degradation of CNP, like other natriuretic peptides, also occurs through its 

interaction with NPR-C.  The NPR-C route of CNP degradation is especially important at 

the tissue level, as can be seen in the murine NPR-C knockout model.  Mice lacking 

NPR-C have disproportionately increased long bone growth, most likely stemming from 

reduced CNP clearance at the growth plates of these bones (Jaubert et al. 1999; 

Matsukawa et al. 1999a). 

 

 

 

NATRIURETIC PEPTIDE RECEPTORS 

 In mammals, there are three cell-surface receptors that bind natriuretic peptides 

(Figure 3).  Natriuretic peptide receptor A (NPR-A) and natriuretic peptide receptor B 

(NPR-B) are transmembrane receptors that contain guanylyl cyclase enzymatic activity, 

and are also referred to in the literature as guanylyl cyclase A (GC-A) and guanylyl 

cyclase B (GC-B), respectively.  These receptors function to transduce extracellular 

natriuretic peptide binding into the formation of the second messenger cyclic guanosine 

monophosphate (cGMP).  Natriuretic peptide receptor C (NPR-C) is a transmembrane 

spanning receptor, but does not contain any enzymatic activity.  As previously 

mentioned, the role of NPR-C is to reduce extracellular concentrations of natriuretic 

peptides through receptor-mediated internalization and degradation.  

 

Natriuretic Peptide Receptor A (Guanylyl Cyclase A) 

Guanylyl cyclase A is the cognate receptor for ANP and BNP, and is encoded by 

the gene NPR1, located on chromosome 1 in humans.  NPR1 spans 16 kilobases and 

consists of 22 exons and 21 introns (Lowe et al. 1990; Takahashi et al. 1998). GC-A 

and/or its mRNA is expressed in many tissues including lung, kidney, vascular smooth 

muscle, adrenal gland, brain, testis, adipose, and heart (Wilcox et al. 1991; Lowe and 

Fendly 1992; Nagase et al. 1997; Goy et al. 2001; Dickey et al. 2007).  The topology of 
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mature GC-A consists of a large ~450-amino acid extracellular ligand binding domain, a 

single 21-amino acid membrane-spanning hydrophobic region, and a ~570-amino acid 

intracellular domain (Lowe et al. 1989; Pandey and Singh 1990).  The intracellular 

domain is further subdivided into a kinase homology domain, and coiled-coil 

dimerization region, and a guanylyl cyclase domain of approximately 280-, 40-, and 250-

amino acids, respectively.  GC-A functions as a homodimer or homotetramer, and its 

oligomerization is ligand-independent (Iwata et al. 1991; Chinkers and Wilson 1992). 

Crystalographic structures of the extracellular domain of rat GC-A indicate that 

receptors form a head-to-head dimer conformation with a 1:2 stoichiometry of 

ligand:receptor (Ogawa et al. 2004).  Binding studies have shown that the binding 

preference of natriuretic peptides for GC-A is ANP ≥ BNP >> CNP (Koller et al. 1991; 

Suga et al. 1992a).  The extracellular domain has been shown to contain three 

intramolecular disulfide bonds, between C60 and C86, C164 and C213, and C423 and 

C432 (Miyagi and Misono 2000).  GC-A exists as a glycoprotein in its fully processed 

state, undergoing variable N-linked glycosylation at five asparagines residues of the 

extracellular domain (Miyagi et al. 2000). The expected molecular weight of GC-A 

without any modifications is 115 kDa, however glycosylation results in a variable 

molecular weight when GC-A is separated by SDS-PAGE, with an apparent molecular 

weight of ~130 kDa (Lowe et al. 1989; Lowe and Fendly 1992).  The effect of receptor 

glycosylation on ligand binding is still controversial (Lowe and Fendly 1992; Koller et al. 

1993; Miyagi et al. 2000). 

The kinase homology domain of GC-A has been shown by phosphopeptide 

mapping studies to be phosphorylated on at least six residues under basal conditions 

(S497, T502, S506, S510, S513, and T516) (Potter and Hunter 1998b).  Phosphorylation 

of this region has been shown to be essential for receptor activation. Ligand binding to 

GC-A induces dephosphorylation and concomitant desensitization of the receptor (Potter 

and Garbers 1992).  Desensitization of GC-A by activation of PKC has been shown to 

occur through dephosphorylation of the receptor, although through a pathway unique 

from that of ligand-stimulated dephosphorylation (Potter and Garbers 1994).  Although 

only six sites in GC-A were identified at the start of my graduate career, we believed that 
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additional phosphorylation sites were likely to exist.  Our belief was based on GC-A’s 

homology to highly phosphorylated sea urchin guanylyl cyclases, which contain 15-17 

moles of phosphate per receptor (Vacquier and Moy 1986).  Studies detailed in later 

chapters of this thesis show that our theory was in fact correct, and a previously 

undescribed phosphorylation site exists. 

Studies designed to identify the kinases(s) responsible for GC-A phosphorylation 

are detailed in Chapter 4 of this thesis. However, at this time, the kinase(s) responsible 

for the phosphorylation of GC-A has not been identified, although some researchers have 

proposed that GC-A could possess intrinsic kinase activity. Dephosphorylation of GC-A 

occurs via at least two distinct phosphatases, one that is magnesium-dependent and one 

that is microcystin-sensitive (Bryan and Potter 2002). 

 

Natriuretic Peptide Receptor B (Guanylyl Cyclase B) 

 Guanylyl cyclase B is the cognate receptor for CNP.  It is encoded by the 16.5 

kilobase NPR2 gene located on chromosome 9 of the human genome and consists of 22 

exons and 21 introns (Lowe et al. 1990; Rehemudula et al. 1999).  GC-B and/or its 

mRNA is expressed in many tissues including chondrocytes, vascular smooth muscle, 

brain, lung, heart, and uterus (Schulz et al. 1989; Chrisman et al. 1993; Nagase et al. 

1997; Hirsch et al. 2003; Dickey et al. 2007).  Several splice variants of GC-B have been 

reported in the literature, but what role they play in vivo is unclear (Tamura and Garbers 

2003).  The structural topology of GC-B is identical to that of GC-A, as can be seen in 

Figure 3, although there is variation in the primary sequence between the two receptors.  

GC-B and GC-A share 43% and 78% sequence identity extracellularly and 

intracellularly, respectfully (Schulz et al. 1989). 

 No crystallographic studies of GC-B are published in the literature, however it is 

likely that GC-B and GC-A adopt a similar overall tertiary structure and ligand binding 

stoichiometry.  Binding and activation studies have shown that GC-B has a ligand 

specificity of CNP >> ANP ≥ BNP (Koller et al. 1991; Suga et al. 1992a).  Like GC-A, 

the extracellular domain of GC-B has several intramolecular disulfide bonds, between 
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C53 and C79, C205 and C314, and C417 and C426 (Langenickel et al. 2004).  Fully 

processed GC-B is a glycoprotein with five N-linked glycosylation sites present in the 

extracellular domain (Fenrick et al. 1997).  Like GC-A, this causes GC-B to exhibit 

heterogenous molecular weight of ~130 kDa when separated out by SDS-PAGE.  It has 

been suggested that proper receptor glycosylation is essential for ligand binding (Fenrick 

et al. 1996). 

 The kinase homology domain of GC-B is phosphorylated on five residues (S513, 

T516, S518, S523, and S526) (Potter and Hunter 1998a).  These initial phosphorylation 

sites were determined by phosphopeptide mapping of metabolically labeled receptors.  

Four of the five phosphorylation sites in GC-B are homologous to the phosphorylation 

sites in GC-A, with S523 in GC-B mismatching with S510 in GC-A by a single position.  

Studies presented in later chapters of this thesis provide additional insight into newly 

identified phosphorylation sites in the kinase homology domain of GC-B.  The kinase 

responsible for the phosphorylation of GC-B is unknown.  Dephosphorylation of these 

sites causes receptor desensitization, and occurs in response to several stimuli including 

prolonged ligand exposure (Potter 1998), PKC activation by phorbol esters (Potter and 

Hunter 2000), and increases in intracellular calcium levels (Potthast et al. 2004). 

 

Natriuretic Peptide Receptor C 

NPR-C, is encoded by the NPR3 gene located on chromosome 5 of the human 

genome.  NPR3 consists of 8 exons and 7 introns and spans more than 65 kilobases 

(Lowe et al. 1990; Rahmutula et al. 2002).  NPR-C is the most widely distributed and 

highly expressed of all natriuretic peptide receptors.  NPR-C and/or its mRNA is 

expressed in many tissues including adrenal, aorta, brain, heart, kidney, lung, mesentery, 

placenta, and vascular smooth muscle (Porter et al. 1988; Wilcox et al. 1991; Suga et al. 

1992c; Nagase et al. 1997). The topology of mature NPR-C consists of a large ~440-

amino acid extracellular ligand binding domain, a single membrane-spanning 

hydrophobic region, and a ~37-amino acid intracellular domain (Fuller et al. 1988). 

Unlike GC-A and GC-B, the intracellular domain of NPR-C contains no intrinsic 
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guanylyl cyclase enzymatic activity.  The extracellular domain of NPR-C shares ~30% 

sequence identity with the extracellular domains of GC-A and GC-B.  

The crystallographic structure of the extracellular domain of human NPR-C has 

been solved.  Dimers of NPR-C adopt an A-shape and bind ligand in a 1:2 stoichiometry 

of ligand:receptor, consistent with the crystallographic structure of GC-A (He et al. 

2001).  The binding preference of NPR-C for natriuretic peptides is ANP ≥ CNP > BNP 

with only a small ten-fold range in affinities between peptides (Bennett et al. 1991; Suga 

et al. 1992a).  NPR-C is less stringent than either GC-A or GC-B in its peptide 

selectivity, and will bind ANP variants and ring-deleted ANP analogs with high affinity 

(Maack et al. 1987).  NPR-C has also been shown to bind to osteocrin, an endogneous 

protein secreted from cells of osteoblast linage that has only limited homology to 

natriuretic peptides (Moffatt et al. 2007).  Osteocrin does not bind to either GC-A or GC-

B.  Human NPR-C contains two intermolecular disulfide bonds at C428 and C431 in the 

extracellular domain, and therefore exists as a disulfide linked homodimer (Stults et al. 

1994).  Additionally, two intramolecular disulfide linkages exist in the extracellular 

domain, between C63 and C91 and between C168 and C216 (Stults et al. 1994).  Like the 

other natriuretic peptide receptors, NPR-C exists as a glycoprotein, with three N-linked 

glycosylation sites on the extracellular domain (Stults et al. 1994).  The approximate 

molecular weight of NPR-C when separated by SDS-PAGE is 68 kDa (Stults et al. 1994). 

 The intracellular domain of NPR-C has no intrinsic enzymatic activity.  Some 

groups suggest that NPR-C signals in a pertussis toxin-sensitive G protein-dependent 

manner, although the data supporting this is not robust (Anand-Srivastava 2005; Rose 

and Giles 2008).  Reports suggest that Gi1 and Gi2 interact with a 17-amino acid region 

within the intracellular domain of rat NPR-C (Zhou and Murthy 2003).  They postulate 

that natriuretic peptide signaling through NPR-C acts to inhibit adenylyl cyclase activity.  

One study reported that NPR-C is phosphorylated on serine residues (Pedro et al. 1998).  

A recent report suggests that rat NPR-C is also phosphorylated on T505 of the 

intracellular domain through the use of a monoclonal antibody specific to 

phosphothreonine (Alli and Gower 2010).  What role phosphorylation plays in the 

regulation of NPR-C is not known. 
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 Studies have shown that NPR-C internalizes in a constitutive manner, 

independent of ligand binding (Nussenzveig et al. 1990). Natriuretic peptide clearance by 

NPR-C occurs by molecular mechanisms of internalization, rapid recycling to the 

membrane, and lysosomal hydrolysis of the peptide ligand.  Studies striving to elucidate 

internalization pathway of NPR-C showed that its internalization was reduced in the 

presence of hypertonic sucrose (Cohen et al. 1996).  The authors suggest that NPR-C is 

internalized in a clathrin-dependent manner because hypertonic sucrose disrupts clathrin-

mediated endocytosis through clathrin disassembly.  However, sucrose likely disrupts all 

internalization pathways. 

 

 

PHYSIOLOGIC IMPORTANCE OF THE NATIRURETIC PEPTIDE SYSTEM 

 The physiologic consequences of natriuretic peptide signaling are wide-ranging.  

They play roles in blood pressure regulation through multiple mechanisms, stimulating 

lone bone growth, affecting cardiac growth, and stimulating lipolysis.  The roles that 

natriuretic peptides and their receptors play in these physiologic processes are discussed 

here. 

 

Physiologic Implications of ANP/BNP/GC-A Signaling 

 The physiologic roles of endogenous atrial and B-type natriuretic peptides via 

their activation of activation of guanylyl cyclase A are mainly cardiovascular in nature.  

The ANP/BNP/GC-A pathway has been shown to decrease blood pressure by stimulating 

vasorelaxation, decreasing intravascular volume, and increasing endothelial permeability.  

This same pathway has been demonstrated to regulate heart size by preventing cardiac 

hypertrophy as well as by promoting cardiac remodeling.  Thus it is not surprising that 

ANP and BNP are often referred to as “cardiac peptides,” as they are both highly 

expressed in cardiac tissue and influence cardiovascular health through several different 

mechanisms.   
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The physiologic control of blood pressure by this system is well demonstrated by 

genetic ablation and overexpression models. In mice, an ANP knockout model was 

created by inserting a neomycin cassette into exon 2 of Nppa (John et al. 1995).  These 

ANP-null mice exhibited hypertension (8 mm Hg higher than their wildtype litermates).  

The hypertension in these knockout mice was initially reported as salt-sensitive, but later 

studies found no correlation with dietary salt intake (John et al. 1996). GC-A knockout 

mice, created by targeted disruption of exon 4 of Npr1, exhibit chronic salt-resistant 

hypertension (27 mm Hg than their wildtype litermates on a standard salt diet) (Lopez et 

al. 1995; Lopez et al. 1997; Kuhn et al. 2002).  Studies altering copy number of Npr1 in 

mice have shown that blood pressure changes are inversely proportional to copy-number, 

further demonstrating the importance of GC-A in blood pressure regulation (Oliver et al. 

1998).  This study showed a steady decrease in blood pressure as the number of alleles 

encoding GC-A increased from 0 to 4 copies.  Surprisingly unlike ANP and GC-A, when 

Nppb was removed from mice through a targeted deletion of exons 1 and 2, null mice 

showed no signs of systemic hypertension on standard or high salt diets (Tamura et al. 

2000).  However, blood pressure effects were seen in an overexpression model of BNP in 

mice created using a human SAP-mouse BNP fusion gene targeting BNP expression to 

the liver (Ogawa et al. 1994a).  Mice carrying the transgene had circulating levels of BNP 

elevated 10-100 fold over, and systolic blood pressure approximately 20 mm Hg less 

than, their wild-type littermates. 

The blood pressure effects seen in the above genetic models are due to varied 

effects of the natriuretic peptide system.  Stimulation of GC-A by ANP and BNP lead to 

decreases in vascular volume through increased natriuresis and diuresis.  This is 

accomplished by an ANP-stimulated increase in glomular filtration rate and concomitant 

inhibition of sodium and water reabsorption in the renal tubules (Marin-Grez et al. 1986; 

Harris et al. 1987).  However, this mechanism only explains part of the decrease in 

intravascular volume observed after exogenous ANP-dosing.  Early studies indicated that 

the intravascular volume contraction seen preceded urination and, more tellingly, 

occurred in nephrectomized animals (Almeida et al. 1986; Fluckiger et al. 1986; Richards 

et al. 1988).  Later studies showed that ANP treatment increases capillary permeability 
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(McKay and Huxley 1995).  Targeted disruption of GC-A in the vascular endothelium of 

mice resulted in animals that were slightly hypertensive (10-15 mm Hg) and volume 

expanded by 11-13% (Sabrane et al. 2005).  When compared to Npr1-/- animals, this 

suggests that GC-A’s affects on the endothelium account for approximately one third of 

the total hypotensive effects of GC-A stimulation.  The ANP/BNP/GC-A signaling 

pathway also has been shown to lower blood pressure through vasorelaxtion. ANP and 

BNP have been shown to relax precontracted aortic rings in a GC-A dependant manner 

(Lopez et al. 1997).  The effect of ANP-dependent vasorelaxation on blood pressure is 

eloquently shown in a mouse model where GC-A was selectively deleted from vascular 

smooth muscle cells, where the selective knockout mice had normal blood pressure, and 

did not show a hypotensive effect to ANP bolus infusion, as was seen in their wildtype 

littermates (Holtwick et al. 2002).  This data suggests that ANP/BNP/GC-A dependent 

vasorelaxation is important for the acute, but not chronic, regulation of blood pressure. 

In addition to the blood pressure effects, the ANP/BNP/GC-A pathway is also 

important in cardiovascular homeostasis through its effects on cardiac hypertrophy and 

fibrosis.  Mice lacking ANP have enlarged hearts (John et al. 1995) and GC-A null mice 

exhibit ~40% increased heart weight over their wildtype counterparts at 4 months of age, 

and this difference gets greater with age (Kuhn et al. 2002).  By 12 months of age, 

marked interstitial fibrosis and decreases in cardiac contractility are observed.  Persistent 

hypertension can cause cardiac hypertrophy, and as such several studies sought to 

separate the blood pressure effects of the ANP/BNP/GC-A system from those on heart 

size and remodeling.  GC-A null mice that were made normotensive by treatment with 

blood pressure lowering agents from birth still had enlarged hearts (Knowles et al. 2001).  

Overexpression of GC-A in the cardiomyocytes of GC-A null mice resulted in reduced 

cardiomyocyte size with no effect on systemic blood pressure (Kishimoto et al. 2001b).  

Selective deletion of GC-A from vascular smooth muscle cells result in mice with normal 

blood pressure that exhibit mild cardiac hypertrophy (Holtwick et al. 2002). BNP null 

mice show no signs of ventricular hypertrophy or hypertension on standard or high salt 

diets, but they do display ventricular fibrotic lesions that increase in both size and number 

in response to pressure overload (Tamura et al. 2000).  Thus, these studies point not to 
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BNP being involved in blood pressure regulation under physiologic conditions, but rather 

to its importance as a paracrine regulator of the heart. Taken together, it is clear that 

ANP/BNP/GC-A stimulation produces a cardiac phenotype that is independent of its 

affects on blood pressure. 

In addition to the cardiovascular effects of the ANP/BNP/GC-A signaling 

pathway, this system has been shown to stimulate lipolysis.  Early studies with ANP 

showed that cGMP levels rose in rat adipose tissue in response to ANP stimulation 

(Okamura et al. 1988; Jeandel et al. 1989).  However, neither of these studies 

demonstrated ANP-induced lipolysis.  The first true evidence of ANP-stimulated 

lipolysis was shown in isolated human adipose cells as well as in vivo through ANP 

infusion (Sengenes et al. 2000).  Later studies showed that this lipolysis is specific to 

primates and does not occur in rodents or other small mammals (Sengenes et al. 2002).  It 

is postulated that ANP-stimulated lipolysis occurs through the cGMP-dependent 

activation of PKGI, which then phosphorylates hormone-sensitive lipase (Sengenes et al. 

2003).  Natriuretic peptide stimulation of lipolysis is a fairly new facet to the field and 

continues to be elucidated. 

 Few genetic aberrations in the ANP/BNP/GC-A system have been reported in 

humans. A deletion in the 5’-flanking region of NPR1 was identified in nine Japanese 

subjects (Nakayama et al. 2000).  Of these individuals, eight suffered from essential 

hypertension.  The one normotensive individual exhibited left ventricular hypertrophy.  

The pathophysiologic consequences of the GC-A aberrations in these individuals are 

consistent with what one would expect based on the genetic models detailed above.  A 

familial frameshift mutation in ANP that correlates with early onset atrial fibrillation was 

recently reported in the literature (Hodgson-Zingman et al. 2008).  The molecular 

mechanisms responsible for the altered phenotype of this mutant ANP are investigated in 

Chapter 3 of this thesis.  

 

Physiologic Implications of CNP/GC-B Signaling 

 C-type natriuretic peptide is somewhat of a misnomer, as CNP does not actually 

stimulate natriuresis and thus does not regulate blood volume at physiologic 
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concentrations (Clavell et al. 1993).   However, like other members of the natriuretic 

peptide family, CNP does have a cardiovascular role.  CNP and GC-B have been shown 

to play a role in cardiac remodeling and control of blood pressure through vasodilation. 

However, the most striking physiologic role of the CNP/GC-B system is its regulation of 

long bone growth. 

 The effects of CNP/GC-B on long bone growth are glaringly obvious from 

genetic ablation models. Mice lacking CNP displayed severe dwarfism and impaired 

endochondrial ossification (Chusho et al. 2001), resulting is a condition phentypically 

like human achondroplasia.  These knockout mice also had a greatly reduced lifespan.  

Tissue-specific overexpression of CNP in growth plate cartilage in Nppc-/- mice resulted 

in restoration of skeletal development and lifespan (Yasoda et al. 2004).  Additionally, 

the cartilage-specific CNP transgene rescued normal skeletal development in a murine 

model of achondroplasia caused by activated FGFR-3 (Fgfr3ach), suggesting that CNP 

analogs could potentially be used to treat various forms of dwarfism.  A spontaneous 

missense mutation in CNP (CNPlbab) was recently reported to result in dwarfed mice (Jiao 

et al. 2007).  The biochemical consequences of this mutation are investigated in Chapter 

2 of this thesis. 

GC-B knockout mice made via the targeted deletion of exons 3-7 within Npr2 

exhibit dwarfism and female sterility, with no overt changes in blood pressure (Tamura et 

al. 2004).  Another murine model containing a spontaneous single amino acid loss-of-

function mutation in the catalytic domain of GC-B produced dwarf mice with no effect 

on sterility, suggesting that the female sterility seen in the previous model may have been 

due to background crossbreeding effects (Tsuji and Kunieda 2005).  A transgenic rat 

model containing dominant-negative GC-B displays long bone growth retardation 

(Langenickel et al. 2006).  In humans, homozygous loss-of-function mutations in GC-B 

result in a form of dwarfism known as acromesomelic dysplasia, type Maroteaux (Bartels 

et al. 2004).  In all of the above models, the dwarfism is caused by blunted endochondrial 

ossification, resulting is disproportionately short long bones.  Thus limbs are 

disproportionately shorter than the torso.  Interestingly, humans with a single allele with a 

loss-of-function mutation in GC-B are shorter than average (Olney et al. 2006). 
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While disruption of CNP/GC-B results in dwarfism, overexpression of natriuretic 

peptides or reduced clearance of CNP results in skeletal overgrowth.  Transgenic mice 

overexpressing BNP exhibit marked skeletal overgrowth, the severity of which correlated 

to transgene copy number (Suda et al. 1998).  Whether this skeletal phenotype resulted 

from overactivation of GC-B by BNP or from reduced clearance of CNP due to saturation 

of NPR-C by BNP is not known.  However, reduced CNP clearance in NPR-C null mice 

results in skeletal overgrowth (Jaubert et al. 1999; Matsukawa et al. 1999a).  Recent 

reports have described abnormal CNP elevations in human subjects with balanced 

translocations in chromosome 2, which is hypothesized to result from the loss of negative 

transcriptional regulation on NPPC.  These subjects suffer from Marfornoid-like skeletal 

overgrowth, which correlates moderate elevations of CNP with skeletal overgrowth in 

humans (Bocciardi et al. 2007; Moncla et al. 2007). 

The cardiovascular regulation by CNP/GC-B occurs both on the level of the 

vasculature and directly on the heart.  CNP has the ability to relax preconstricted aortic 

rings, independent of GC-A function, through activation of GC-B (Drewett et al. 1995; 

Lopez et al. 1997).  CNP is secreted from endothelial cells in response to vascular injury 

and can act in an autocrine/paracrine manner to dilate local vasculature (Suga et al. 

1993).  CNP has also been suggested to regulate neointimal formation and suppress 

intimal growth resulting from arterial injury (Shinomiya et al. 1994; Brown et al. 1997; 

Takeuchi et al. 2003).  Rats expressing dominant-negative GC-B display a progressive 

blood pressure-independent cardiac hypertrophy, demonstrating that CNP/GC-B have a 

direct effect on the control of cardiac growth (Langenickel et al. 2006). 

 

Physiologic Functions of NPR-C 

 Mice lacking NPR-C via targeted homologous recombination of Npr3 exhibit 

skeletal overgrowth, hypotension, blood volume depletion, and a reduced ability to 

concentrate urine (Matsukawa et al. 1999a).  All of these effects can be explained through 

reduced clearance of ANP, BNP, and CNP.  Curiously, these NPR-C null mice did not 

have elevated levels of ANP or BNP, suggesting a feedback regulatory mechanism. Three 

separate spontaneous inactivating mutations in the extracellular domain of NPR-C have 
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been identified in mice, all resulting in skeletal overgrowth from increased endochondrial 

ossification (Jaubert et al. 1999).  These mutantations again underscore the importance of 

proper NPR-C function in the correct clearance of natriuretic peptides.  As mentioned 

previously, osteocrin binds NPR-C and this interaction is though to serve as a local 

regulator of long bone growth by increasing local CNP concentrations.  Mice 

overexpressing osteocrin under a collagen specific promoter displayed skeletal 

overgrowth and increased cGMP levels in bone tissue, consistent with this theory 

(Moffatt et al. 2007). 

 

Therapeutic Implications of the Natriuretic Peptide System in Heart Failure 

 As discussed previously, the circulating levels of ANP and BNP are drastically 

elevated in individuals suffering from heart failure.  Despite the increases seen in these 

patients, they do not appear to benefit from the normal physiologic consequences of these 

cardiac hormones.  The elevations of ANP and BNP are apparently unable to lower blood 

pressure sufficiently in these individuals, as would be expected from their ability to cause 

vasodilation and lower intravascular volume in healthy individuals.  Perhaps surprisingly, 

exogenous treatment at supraphysiologic levels with recombinant forms of ANP 

(anaritide and carperitide) or BNP (nesiritide) have been used as therapeutics for acute 

decompensated heart failure and have met with some success.  Their use, however, has 

been tempered by some unforeseen consequences.  Administration of these peptides has 

been shown to cause severe hypotension in some heart-failed subjected (Allgren et al. 

1997; Lewis et al. 2000) and has also been shown to lack renal responses, namely their 

natriuretic and diuretic capabilities, in others (Cody et al. 1986; Saito et al. 1987; 

Sackner-Bernstein et al. 2005a; Sackner-Bernstein et al. 2005b).  The apparent lack of 

responsiveness to endogenously elevated levels of ANP and BNP coupled to the ability 

of supraphysiologic levels to overcome the lack of response in this system points to 

unresponsive or downregulated receptors.  Indeed, previous studies in our laboratory 

have shown that in cardiac tissue from heart-failed mice GC-A is significantly 

desensitized, as evidenced by their lack of guanylyl cyclase activity in response to ANP 

treatment (Dickey et al. 2007).  A yet unrealized avenue of therapeutic intervention in the 
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natriuretic peptide field would be to restore sensitivity to these receptors.  A major area of 

interest in the natriuretic peptide field is making new “designer natriuretic peptides” that 

have more favorable pharmacologic profiles, both in their biologic halflives and in their 

receptor selectivity (Dickey et al. 2008; Lee et al. 2009). 

 

 

CONCLUSIONS 

 Natriuretic peptides and their receptors are important physiologic regulators of 

numerous physiologic functions important in human health and disease.  The following 

chapters of this thesis investigate several biochemical and molecular aspects of this 

system.  Chapters 2 and 3 investigate how naturally occurring mutations in natriuretic 

peptides affect ligand binding and receptor activation and uncover the biochemical 

mechanisms for their physiological perturbations.  Chapters 4, 5, and 6 of this thesis 

center on the regulation of guanylyl cyclase-linked natriuretic peptide receptors by 

phosphorylation.  An ultimately unsuccessful study aimed to uncover the kinase(s) 

responsible for the phosphorylation of GC-A through protein-protein interactions is 

described in Chapter 4.  Novel phosphorylation sites were investigated using both mass 

spectrometry and mutational analysis studies, as detailed in Chapters 5 and 6, 

respectively.  The implications of phosphorylation at these newly identified sites both on 

basal receptor activity as well and on known pathways of receptor desensitization were 

also examined.
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Figure 1. Structure of the human natriuretic peptides. The structure of the 

preprohormones for ANP, BNP and CNP are outlined on the left of each panel. The final 

amino acid sequence and structure of the mature peptides along with the major 

degradation product are shown on the right. The sites of cleavage are indicated with 

scissors. Adapted from: Potter, L.R., Yoder, A.R., Flora, D.R., Antos, L.K., and Dickey, 

D.M. (2009). Natriuretic peptides: their structures, receptors, physiologic functions and 

therapeutic applications. Handb Exp Pharmacol, 341-366. 
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Figure 2. Sequence alignment of natriuretic peptides. The sequences for the species 

listed above were obtained from the NCBI Entrez Protein database. The accession numbers 

for the above sequences (from top to bottom) are: for ANP [NP 006163.1; XP 001141705.1; 

XP 850357.1; NP 999425.1; NP 999425.1; NP 001075970.1; AAB92564; NP 001075731.1; 

NP 036744.1; NP 03275.1; P18909; BAA34122; NP 942095], for BNP [NP 002512.1; XP 

525186.2; XP 544566.2; P07634; ABG91577; AAB92565; NP 113733.1; NP 032752.1; 

BAE19674; XP 696498], and for CNP [NP 077720.1; XP 001141992.1; XP 852684.1; NP 

001008482.1; XP 001498652; NP 001009479; NP 446202.1; NP 035063.1; BAA04236; 

BAA13529; XP 692388]. For ANP, the mature circulating form for all mammalian species 

is 28 amino acid as shown; the same size peptide is shown for the non-mammalian species 

for comparison purposes only. For BNP, the mature circulating form varies as shown. For 

CNP, the 53-amino acid form is shown for all. Figure reprinted from: Potter, L.R., Yoder, 

A.R., Flora, D.R., Antos, L.K., and Dickey, D.M. (2009). Natriuretic peptides: their 

structures, receptors, physiologic functions and therapeutic applications. Handb Exp 

Pharmacol, 341-366. 
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Figure 3. Schematic of natriuretic peptide receptor topology and ligand specificity. 

Known phosphorylation sites for each receptor are indicated along with the putative ATP 

binding site. 
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INTRODUCTION 

Natriuretic peptides (NPs) are structurally related pleiotropic factors that regulate 

the cardiovascular, skeletal, and possibly other systems (Potter et al. 2006). Atrial 

natriuretic peptide (ANP) reduces blood pressure by stimulating renal sodium and water 

excretion (Forssmann et al. 1998), reducing intravascular volume (de Bold et al. 1986), 

and relaxing vascular smooth muscle (Winquist et al. 1984). Infusion of synthetic B-type 

natriuretic peptide (BNP) into animals or humans elicits similar responses as ANP, but 

gene deletion studies in mice indicate that BNP is not required for the maintenance of 

normal blood pressure (Tamura et al. 2000). C-type natriuretic peptide (CNP) is also a 

vasorelaxant (Drewett et al. 1995), but its most obvious function is to stimulate 

endochondral ossification, resulting in the lengthening of long bones (Miyazawa et al. 

2002; Tamura et al. 2004).  

 Natriuretic peptides exert their functions via interaction with single membrane-

spanning guanylyl cyclases called natriuretic peptide receptors. Peptide binding activates 

their catalytic domains resulting in elevated intracellular cGMP concentrations. Both 

ANP and BNP bind and activate natriuretic peptide receptor A (NPR-A/GC-A) (Chinkers 

et al. 1989; Suga et al. 1992a), whereas CNP selectively activates natriuretic peptide 

receptor B (NPR-B/GC-B) (Koller et al. 1991). ANP, BNP, CNP, as well as osteocrin, 

also bind the natriuretic peptide clearance receptor (NPR-C), which controls local 

concentrations of these peptides through constitutive receptor-mediated internalization 

and degradation (Matsukawa et al. 1999b). 

 CNP is translated as a preprohormone that has multiple biologically active forms. 

Tissues primarily contain a 53-amino acid form of CNP, but an amino-terminal deleted 

22-amino acid form of CNP is the predominant circulating species found in blood and 

cerebral spinal fluid (Figure 1). Both the 53- and 22-residue forms have similar NPR-B 

activation and binding profiles (Yeung et al. 1996).  

 CNP is postulated to regulate long bone growth through its induction of 

endochondral ossification (Yasoda et al. 1998; Pejchalova et al. 2007). CNP-dependent 

activation of NPR-B produces cGMP, which activates the type II cGMP dependent 
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protein kinase, PKGII. Functional inactivation of the genes encoding CNP (Chusho et al. 

2001), NPR-B (Tamura et al. 2004; Tsuji and Kunieda 2005), or PKGII (Pfeifer et al. 

1996; Chikuda et al. 2004) produce dwarfism. The relevant substrates for PKGII in the 

bone growth pathway have not been determined, but transgenic overexpression of CNP 

was shown to inhibit MAP kinase activity and partially compensate for fibroblast growth 

factor receptor-3-dependent dwarfism in a mouse achondroplasia model (Yasoda et al. 

2004; Krejci et al. 2005). 

 In humans, familial homozygous loss-of-function mutations in the gene encoding 

NPR-B, Npr2, lead to a form of dwarfism known as acromesomelic dysplasia type 

Maroteaux (AMDM), which is characterized by disproportionately short arms and legs 

after birth (Bartels et al. 2004). Individuals that are heterozygous for mutations in NPR-B 

have normal limb proportions but are significantly shorter than comparable individuals 

without the mutation (Olney et al. 2006). Recently, an AMDM patient was shown to have 

a novel mutation in NPR-B which allowed the receptor to bind CNP, but abolished 

cGMP signaling by the receptor in a dominant negative fashion (Hachiya et al. 2007). 

In 1996, researchers at The Jackson Laboratory identified a spontaneous 

autosomal recessive mouse mutation characterized by overall smaller body size and 

proportional dwarfing of all organs and long bones (Ward-Bailey et al. 2004). They 

called this mutation, lbab, for “long bone abnormality” and mapped the mutation to 

chromosome 1 of the mouse genome. Recently Jiao and colleagues further characterized 

this mutation and found that the lbab phenotype was associated with a single point 

mutation in the Nppc gene (Jiao et al. 2007). A C to G transversion was found in exon 2 

of Nppc that results in the substitution of a glycine for an arginine at position 117 in 

proCNP. An absolutely conserved D-R-I sequence is present within the ring structure of 

all natriuretic peptides. The lbab mutation changes this sequence to D-G-I. After 

processing, the 22-amino acid peptide encoded by the lbab mutation differs from by a 

single amino acid in position 13 (R13G) and is referred to henceforth as CNPlbab (Figure 

1). Jiao and colleagues speculated that this point mutation results in loss of function but 

provided no experimental data to support this hypothesis. 



  31 

 The purpose of this study was to determine if the peptide encoded by the lbab 

mutation is less biologically active than the wild-type peptide. This was evaluated by 

whole cell ligand binding as well as whole cell cGMP elevation and membrane guanylyl 

cyclase assays. We found that the single amino acid difference between the mutant and 

wild-type forms of CNP dramatically reduce its ability to bind and activate NPR-B.  
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MATERIALS AND METHODS 

 

Reagents 

CNPlbab (GLSKGCFGLKLDGIGSMSGLGC, disulfide bridge: 6-22) was synthesized by 

AnaSpec, Inc (San Jose, CA). [125I][Tyr0]CNP (1-22) was purchased from Phoenix 

Pharmaceuticals (Phoenix, AZ). [α-32P]GTP was purchased from Perkin Elmer 

(Waltham, MA). 

 

Cell Lines 

Human embryonic 293 cells lacking any known natriuretic peptide receptor were 

transfected with 10 µg of pRK5-NPR-B (Potter and Hunter 1998a) and 1 µg of pWL-neo 

to confer neomycin resistance. An individual clone stably expressing NPR-B was 

selected with plastic cloning cylinders after 10-14 d of growth in medium containing 200 

µg/ml neomycin. NIH3T3 cells were maintained as previously described (Abbey and 

Potter 2003). 

 

Preparation of Crude Membranes 

293-NPR-B cells were scraped off 10 cm plates with 0.75 ml of phosphatase inhibitor 

buffer (25 mM Hepes pH 7.4, 20% glycerol, 50mM NaCl, 50 mM NaF, 2 mM EDTA, 

0.5 µM microcystin, EDTA-free protease inhibitors (Roche)), sonicated for 1 s with a 

Misonix Ultrasonic Processor at 4˚C, and centrifuged at 20,000 x g for 15 min at 4˚C. 

Membrane pellets were resuspended in phosphatase inhibitor buffer at 5-10 mg 

protein/ml.  
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Guanylyl Cyclase Assays 

Guanylyl cyclase assays were performed at 37˚C for 3 min in a buffer containing 25 mM 

Hepes pH 7.4, 50 mM NaCl, 0.1% BSA, 0.5 mM 1-methyl-3-isobutylxanthine, 1 mM 

GTP, 0.5 µM microcystin, 1 mM EDTA, 1-2 µCi of [α-32P]GTP, and 5 mM MgCl2 with 

or without CNP. Reactions were started by the addition of 80 µl of the above reagents to 

50-200 µg of crude membrane protein suspended in 20 µl of phosphatase inhibitor buffer. 

Reactions were stopped by the addition of 0.5 ml 110 mM ZnOAc and 0.5 ml 110 mM 

NaCO3 on ice. Cyclic-cGMP accumulation was determined as described previously 

(Bryan and Potter 2002). 

 

Whole Cell Stimulations 

Cells plated in poly-D-lysine coated 48-well plates were incubated overnight in serum-

free media. Medium was aspirated and 0.2 ml DMEM containing 1 mM 1-methyl-3-

isobutylxanthine (IBMX) was added and incubated for 10 min. Medium was aspirated 

and cells were treated with DMEM containing 1 mM IBMX with or without natriuretic 

peptide for 1 to 5 min. Treatment medium was aspirated and the reaction was stopped 

with 0.2 ml ice-cold ethanol. An aliquot of the supernatant was dried in a centrifugal 

vacuum concentrator and analyzed for cGMP content using a [125I]-radioimmunoassay kit 

from Perkin Elmer as per manufacturer’s instructions. 

 

Radioligand Binding Assays 

Cells in 24-well plates were washed with DMEM and then incubated with 0.2% BSA in 

DMEM at 37˚C for 1 h. Medium was aspirated and 150 µl of binding medium containing 

75 pM [125I][Tyr0]CNP and 1% BSA, alone or with unlabeled ligand, was added to the 

well. The plate was incubated for 1 h at 4˚C and then medium was aspirated and wells 

were washed with 0.5 ml ice-cold PBS. The PBS was aspirated and 0.5 ml 1 N NaOH 

was added to the well to remove cells. The supernatant was transferred to glass tubes and 

the amount of [125I][Tyr0]CNP present was assessed in a gamma counter. Nonspecific 
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binding was determined by repeating the above assay in the presence of 1 µM unlabeled 

CNP. Specific binding was calculated by subtracting the nonspecific binding from the 

total binding. 

 

Modeling of NPR-B With CNP 

Modeller-9.3 was used to model the NPR-B/CNP structure based upon the crystal 

structure of NPR-A bound to ANP solved by Ogawa and colleagues (RCSB Protein Data 

Bank access code 1T34) (Ogawa et al. 2004). Numbering of human NPR-B starts with 

initiation methionine as position 1.  This model includes the entire extracellular domain, 

residues Arg23-Gly464.  Spatial constraints were created from the sequence alignment 

between NPR-B and NPR-A.  The structure was then randomized and minimized upon 

the constraints.  Figures were drawn with the PyMol program (DeLano 2002).  

 

 

RESULTS 

Reduced potency of CNPlbab in elevating whole cell cGMP concentrations. 

Cells overexpressing the rat NPR-B receptor (293-NPR-B, Figure 2A) or cells 

endogenously expressing the mouse NPR-B receptor (NIH3T3, Figure 2B) were 

stimulated with increasing concentrations of CNP or CNPlbab and intracellular cGMP 

concentrations were estimated by radioimmunoassay. Although cells were incubated with 

as much as 1 µM and 10 µM concentrations of the wild-type and mutant forms of CNP, 

saturation was not achieved for either peptide, consistent with a previous report for wild-

type CNP and human NPR-B (Koller et al. 1991). Importantly, the concentration-

response curve for CNPlbab was significantly shifted to the right compared to wild-type 

CNP in 293 cells expressing rat NPR-B. The stimulation observed with 10 µM CNPlbab 

was equivalent to the level of activation observed with 115 nM CNP, an approximately 

85-fold difference. Whole cell stimulations of NIH3T3 cells demonstrated an exaggerated 

trend with 10 µM CNPlbab, yielding the same level of activation as about 30 nM 
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concentrations of wild-type CNP, about a 300-fold difference. Thus, with respect to both 

the rat and the mouse NPR-B receptors, CNPlbab has a markedly diminished ability to 

elevate intracellular cGMP concentrations compared to the wild-type molecule. 

 

Reduced potency of CNPlbab in stimulating NPR-B guanylyl cyclase activity. 

Crude membrane preparations from 293-NPR-B cells were used to access the ability of 

CNP and CNPlbab to directly activate NPR-B in broken cell preparations (Figure 2C). 

Concentration-response curves generated by CNPlbab were shifted to the right of those 

generated with wild-type CNP. The activity seen with 10 µM CNPlbab was equivalent to 

the activation seen with 275 nM CNP, amounting to a 36-fold difference. Hence, the 

decreased cGMP production observed in whole cells (Figure 2A and 2B) is a direct result 

of the diminished ability of CNPlbab to activate the NPR-B receptor. 

 

CNPlbab has reduced affinity to NPR-B. 

Using a competitive binding assay, the affinity of CNP and CNPlbab for rat NPR-B 

was examined using 293-NPR-B cells. Specific binding of 75 pM [125I][Tyr0]CNP was 

progressively inhibited when increasing amounts of CNP or CNPlbab were included in the 

binding assay (Figure 3). The concentrations needed for 50% inhibition of specific 

[125I][Tyr0]CNP binding to NPR-B (IC50) were 370 pM and 3900 pM for CNP and 

CNPlbab, respectively. Thus, CNPlbab binds NPR-B at least ten-fold less avidly than wild-

type CNP binds NPR-B.  

 

DISCUSSION 

In this study, the ability of CNPlbab to activate and bind to NPR-B was examined. 

In our experiments, the capacity of CNPlbab to activate both mouse and rat NPR-B in 

whole cells and in crude membrane guanylyl cyclase assays was markedly reduced. 

Similarly, whole cell binding assays indicated that ten-fold more CNPlbab compared to the 

wild-type peptide was required to compete with [125I][Tyr0]-CNP for binding to NPR-B 



  36 

in whole cells. Hence, we conclude that the lbab mutation in Nppc causes dwarfism 

because it encodes an amino acid substitution that decreases the ability of CNP to bind 

and activate its cognate receptor, NPR-B. 

One interesting aspect of our data is that we saw varying degrees of diminished 

responses to CNPlbab in our assays.  We saw a 10-fold decrease in binding affinity, but an 

85-fold decrease in whole cell cGMP accumulation with CNPlbab. One might expect to 

see similar fold shifts across all assays.  However, that was not the case.  Although there 

may be two separate effects of the single amino acid change seen in CNPlbab—decreased 

binding affinity as well as decreased ability to activate NPR-B once bound—we cannot 

separate these effects due to the differences in assay conditions as previously noted by 

Garbers and colleagues (Garbers et al. 1994). 

In order to elucidate the basis for the decreased ability of CNPlbab to bind and 

activate NPR-B, we sought to identify critical molecular interactions between CNP and 

NPR-B via molecular modeling. A previous molecular model of human NPR-B 

complexed to CNP was created by He and colleagues (He et al. 2006), which focused on 

interactions that provided ligand specificity.  The mutation in CNPlbab occurs in a highly 

conserved region, which was not discussed in the previous model.  Unfortunately, the 

coordinates for this model were not deposited into the RSCB database. Hence, we created 

a new structural model of human NPR-B bound to either CNP or CNPlbab based on the 

crystal structure of the rat ANP/NPR-A complex.  Like NPR-A (Ogawa et al. 2004), 

NPR-B is thought to function as a head-to-head dimer, with two-fold symmetry in the 

ligand binding pocket.  By examining the interactions of the R13G mutation of CNPlbab 

compared to wild-type CNP, we have identified key differences in the molecular 

interaction of the ligands with the receptor.  For wild-type CNP, Arg13 fits tightly into an 

acidic pocket, with its positively charged guanidinium group juxtaposed to two acidic 

residues, Asp176 and Glu77, of the receptor.  An additional interaction between the 

planar ring of Tyr103 of the receptor and CNP further stabilizes the interaction (Figure 

4A).  When CNPlbab is bound to NPR-B, the hydrogen side chain of the glycine residue is 

neither long enough to fill the receptor pocket nor is it appropriately charged to ion pair 

with the acidic residues lining the base of the pocket (Figure 4B).  In solution, CNP does 
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not have a well-defined structure but is forced into a particular conformation when it 

binds the receptor.  Although Gly13 in CNPlbab affords the peptide greater conformational 

flexibility, it does not allow for the favorable electrostatic interactions with Asp176 or 

Glu77 of NPR-B envisioned for wild-type CNP. Much like Arg13 is absolutely 

conserved in CNP across all species, the importance of Asp176, Glu 77, and Tyr103 in 

the receptor-ligand interaction is underscored by the fact that all three residues are 

absolutely conserved in all mammalian homologs of NPR-B whose primary amino acid 

sequence is deposited in the NCBI database (data not shown).  The disruption of these 

critical points-of-contact are likely to reduce binding of CNP to NPR-B, but this remains 

to be quantified. 

In conclusion, we have demonstrated a blunted cellular and in vitro response to 

the version of CNP encoded by the murine lbab allele. To our knowledge, this is the first 

report to characterize a functional consequence of a single point mutation in a ligand for 

any guanylyl cyclase.  At physiologic concentrations, the mutated natriuretic peptide 

CNPlbab is unlikely to cause significant elevations in cGMP, which would fail to trigger 

the down stream signal transduction pathways that normally ensue after CNP release in 

bone tissue. Recently, human chromosomal 2:7 translocations located close to the NPPC 

gene were identified that result in elevated CNP mRNA expression, increased CNP 

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

Whether mutations exist in the coding region of CNP that modify human skeletal growth 

has yet to be reported, but based on the lbab-/- mouse, we believe this scenario is likely. 
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Figure 1. Cartoon schematic of the primary amino acid structure of atrial 

natriuretic peptide (ANP), B-type-natriuretic peptide (BNP), the 53- and 22- amino 

acid forms of C-type natriuretic peptide (CNP), and the peptide encoded by the lbab 

mutation in Nppc (CNPlbab). The shading indicates residues conserved among family 

members, the dark bars indicate disulfide bridges, and the asterisk indicates the arginine-

to-glycine substitution present in CNPlbab.  This figure was generated by Andrea Yoder. 
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Figure 2. Effect of increasing concentrations of CNP () or CNPlbab () on cGMP 

generation in intact cells and membrane preparations. (A)  One-minute stimulations 

of 293-NPR-B cells stably overexpressing rat NPR-B. Results are expressed as the mean 

of triplicate determinations ± SEM. This data is representative of three separate trials. (B) 

Five-minute stimulations of mouse NIH3T3 cells endogenously expressing NPR-B. 

Results are expressed as the mean of triplicate determinations ± SEM. This data is 

representative of two separate trials. (C) Three-minute stimulation of membrane 

preparations from 293-NPR-B cells.  Results are expressed as the mean of three separate 

experiments ± SEM.  Each individual experiment contained duplicate data points. This 

figure was generated by Andrea Yoder. 
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Figure 3. Reduced binding of CNPlbab to NPR-B. Specific binding of [125I][Tyr0]CNP 

to rat NPR-B stably expressed in 293 cells was competed with wild-type CNP () or 

CNPlbab (). Cells were incubated with DMEM containing 1% BSA and 75 pM 

[125I][Tyr0]CNP, alone or in the presence of the indicated concentrations of 

nonradiolabeled CNP or nonradiolabeled CNPlbab at 4˚C for 1 h. Results are expressed as 

the counts per minute specifically bound at each peptide concentration (B) divided by 

counts per minute specifically bound in the absence of displacing peptide (B0). Results 

are the mean of four trials that were assayed in triplicate. The vertical bar within each 

symbol represents the standard error of the mean. This figure was generated by Andrea 

Yoder. 
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Figure 4.  Theoretical modeling of CNP and CNPlbab binding to human NPR-B. Van 

der Waals surfaces are portrayed around all residues, with CNP depicted as thick yellow 

sticks and NPR-B colored according to electrostatic potential, with red indicating acidic 

regions and blue indicating basic regions.  A bound chloride ion is shown as a light blue 

sphere. (A) Wild-type CNP (with arginine at position 13) is shown modeled with human 

NPR-B. Human NPR-B residues that have the potential to interact with this arginine are 

displayed as thick sticks and labeled in white. (B) CNPlbab (with glycine at position 13) is 

shown modeled with human NPR-B.  This figure was generated by Andrew Kruse. 

 
 
 



  45 

 
 

 
 
 



  46 

 
 
 
 
 

CHAPTER 3: A Familial Mutation Renders Atrial Natriuretic 

Peptide Resistant To Proteolytic Degradation 

 

 

 

 

 

This chapter is a reprint of an original publication:   

Deborah M. Dickey, Andrea R. Yoder, and Lincoln R. Potter.  (2009) A familial mutation 

renders atrial natriuretic peptide resistant to proteolytic degradation. J Biol Chem 

284(29):19196-202. 

 

 

 

 

Disclosure: 

Andrea Yoder collected data on whole cell stimulations, and contributed to the 

composition of every section of the manuscript.  The proteolysis studies, binding studies, 

and crude membrane guanylyl cyclase assays were performed by Dr. Deborah Dickey. 

 

 



  47 

INTRODUCTION 

Natriuretic peptides are pleiotropic factors that regulate blood pressure, cardiac 

hypertrophy and long bone growth (Potter et al. 2006). Humans express three family 

members, atrial natriuretic peptide (ANP), B-type natriuretic peptide, and C-type 

natriuretic peptide (CNP). Each peptide is the product of a separate gene and contains a 

highly conserved 17-amino acid disulfide-linked ring structure that is required for 

biological activity. Atrial stretch causes ANP to be released from stored granules as a 

result of cardiovascular stresses like congestive heart failure. Once released into the 

circulation, ANP binds receptors in multiple tissues to reduce the load on the heart by 

stimulating natriuresis, diuresis, extravasation, vasorelaxation and inhibiting the renin-

angiotensin-aldosterone system (Potter et al. 2006).  

Natriuretic peptides exert their effects by binding one or more of three natriuretic 

peptide receptors. Natriuretic peptide receptor A (NPR-A) is the endogenous receptor for 

ANP and BNP (Chinkers et al. 1989; Suga et al. 1992a).  NPR-A is a transmembrane 

guanylyl cyclase that, upon ligand binding, synthesizes the second messenger cyclic 

guanosine monophosphate (cGMP) that mediates the renal and vascular effects of ANP 

and BNP (Kishimoto et al. 1996; Lopez et al. 1997).  Meanwhile, natriuretic peptide 

receptor B (NPR-B) is the receptor for CNP (Koller et al. 1991). NPR-B is highly 

homologous to NPR-A and also possesses guanylyl cyclase activity. The primary ligand 

for NPR-B is CNP, but this receptor can also be activated by very high concentrations of 

ANP or BNP (Koller et al. 1991). CNP-dependent activation of NPR-B stimulates long 

bone growth and may also inhibit cardiac hypertrophy (Langenickel et al. 2006). The 

third natriuretic peptide receptor is natriuretic peptide receptor C (NPR-C).  Unlike NPR-

A and NPR-B, NPR-C does not contain a guanylyl cyclase domain (Fuller et al. 1988).  

Instead, the primary function of NPR-C is to control local natriuretic peptide 

concentrations through receptor-mediated internalization and degradation. Thus, it is 

typically referred to as the clearance receptor (Matsukawa et al. 1999a). In addition to its 

role in clearing natriuretic peptides from the circulation, NPR-C has also been shown to 

signal in a G protein-dependent manner (Rose and Giles 2008). Finally, the other 

mechanism for natriuretic peptide removal is proteolytic degradation. Neutral 
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endopeptidase (EC 24.11), which is also referred to as neprilysin or NEP, has been 

suggested to be the primary ANP-degrading enzyme in tissues associated with ANP 

clearance (Koehn et al. 1987; Stephenson and Kenny 1987; Sonnenberg et al. 1988). 

Furthermore, inhibitors of NEP have been shown to increase circulating concentrations of 

ANP in rats (Okolicany et al. 1992). 

 In a recent New England Journal of Medicine article, Hodgson-Zingman and 

colleagues investigated the genetic basis for early onset atrial fibrillation in a family with 

white European ancestry (Hodgson-Zingman et al. 2008).  Using linkage analysis they 

found that all affected family members contained a single allele with a frameshift 

mutation in the coding portion of the ANP gene. The mutation causes a two base pair 

deletion in exon three that eliminates the original stop codon and causes 12 new amino 

acids to be appended to the C-terminus of the mature peptide. Thus, the peptide resulting 

from the frameshift mutation (fsANP) consists of 40-amino acids whereas the wild-type 

peptide (wtANP) consists of 28 amino acids (Figure 1). Importantly, the plasma levels of 

fsANP were shown to be five- to ten-fold higher than the plasma concentrations of 

wtANP in affected individuals.   

 Although Hodgson-Zingman and colleagues elegantly identified the ANP 

mutation associated with patients with early onset atrial fibrillation, they did not 

determine how this mutation affects the ability of ANP to interact with its known 

biological partners or why this mutation leads to elevated peptide concentrations. 

Theoretically, modulated binding to NPR-A, NPR-B, NPR-C or altered proteolytic 

processing of ANP could lead to the observed disease. In this report, we identified subtle 

differences in the ability of fsANP and wtANP to interact with natriuretic peptide 

receptors, but major differences in the proteolytic degradation of these peptides. 

 

 



  49 

EXPERIMENTAL PROCEDURES 

 

Reagents 

Human wild-type ANP and frameshift ANP 

(SLRRSSCFGGRMDRIGAQSGLGCNSFRYRITAREDKQGWA) were synthesized and 

purified by AnaSpec, Inc. (San Jose, CA). 125I-ANP and the 125I-cGMP 

radioimmunoassay kits were from Perkin Elmer (Waltham, MA). Purified recombinant 

human neprilysin (NEP) was from R&D Systems (Minneapolis, MN). Protease inhibitors 

were from Roche (Complete Roche protease inhibitor cocktail tablet), MP Biomedicals, 

LLC (phosphoramidon) and Sigma (DL-thiorphan and leupeptin). 

 

Cells 

Human embryonic 293 cells lacking any known natriuretic peptide receptor 

(293neo) and stably expressing various human or rat natriuretic peptide receptors were 

maintained as previously described (Potter and Garbers 1992; Potthast et al. 2004; 

Dickey et al. 2008). 

 

Whole cell stimulations 

Whole cell stimulations were performed as described (Dickey et al. 2008). 

Briefly, cells plated on poly-D-lysine-coated 48-well plates were incubated overnight in 

serum-free media upon reaching 50% confluency. Medium was aspirated and 0.2 ml 

DMEM containing 1 mM 1-methyl-3-isobutylxanthine (IBMX) and 25 mM Hepes pH 

7.4 was added and incubated for 10 min. Following pretreatment, the medium was 

aspirated and cells were treated with DMEM containing 1 mM IBMX and 25 mM Hepes 

pH 7.4 with or without natriuretic peptide for 3 min.  Treatment medium was then 

aspirated and the reaction was stopped with 0.2 ml ice-cold 80% ethanol. An aliquot of 

the resulting supernatant was dried in a centrifugal vacuum concentrator and analyzed for 

cGMP content by radioimmunoassay. 
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Guanylyl cyclase assays 

Crude membranes were prepared and assayed as previously described (Bryan and 

Potter 2002). Guanylyl cyclase assays were performed at 37ºC for 3 min in a buffer 

containing 25 mM Hepes pH 7.4, 50 mM NaCl, 0.1% BSA, 0.5 mM IBMX, 1 mM GTP, 

1 mM EDTA, 0.5 µM microcystin, 5 mM MgCl2 in the presence or absence of increasing 

concentrations of the indicated natriuretic peptide. Reactions were initiated by the 

addition of the above reagents to 20 µl of crude membranes and stopped by the addition 

of 0.4 ml ice-cold 50 mM sodium acetate buffer containing 5 mM EDTA and placed on 

ice.  Cyclic-GMP concentrations were determined by radioimmunoassay. 

 

Whole Cell Binding Assays 

Whole cell binding assays were performed as previously described (Dickey et al. 

2008). Briefly, cells in 24-well plates were washed with DMEM and then incubated with 

DMEM containing 0.2% BSA at 37ºC for 1-2 hours. Medium was aspirated and 0.2 ml of 

binding medium containing 75 pM 125I-ANP and 1% BSA, alone or with increasing 

concentrations of unlabeled ligand was added to the cells.  The plates were incubated at 

4º C for 1 h before the binding medium was aspirated and the cells washed with 0.5 ml 

ice-cold PBS. The cells were solubilized in 0.5 ml of 1 N NaOH, transferred to glass 

tubes and bound radioactivity was measured in a Beckman 5500 gamma counter. 

 

Proteolysis bioassay 

Human kidney samples were obtained from the Tissue Procurement Program at 

the University of Minnesota and stored at -80°C until use. Crude membranes were 

prepared using a modification of the previously published protocol (Bryan et al. 2007). 

Briefly, membranes were prepared in a modified buffer lacking protease inhibitors (50 

mM Tris-HCl, pH 7.5, 20% glycerol, 50 mM NaF) and stored at -80°C. For proteolysis, 

an aliquot of membranes was thawed and diluted to 2 mg/ml with ice-cold buffer. The 

reaction was started with the addition of 40 µg crude membranes to a solution containing 

50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM Mg2Cl, 0.1% BSA and 1 µM natriuretic 

peptide and incubated for the indicated period of time at 37°C. The reactions were 
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terminated by addition of 0.1 ml 0.5 N perchloric acid. The samples were neutralized 

with 5 ml of 10 N NaOH before centrifugation for 5 min at 20,000 x g at 4°C.  An aliquot 

of the supernatant was mixed with DMEM containing 1 mM IBMX and 25 mM HEPES 

and then added to cells stably expressing human NPR-A for 3 min at 37°C to determine 

peptide bioactivity. The stimulation reaction was stopped by adding 0.3 ml 0.1 N HCl. 

Aliquots of the acid extracts were neutralized with NaOH and then subsequently assayed 

for cGMP content by radioimmunoassay.  

 

Statistical analysis 

All statistical analyses were performed with GraphPad Prism software. Whole cell 

stimulation, guanylyl cyclase, and binding data were analyzed using a nonlinear 

regression model. Proteolytic half-lives were determined using a one-site exponential 

decay model.  For the proteolysis experiments, cGMP values from the bioassay were 

converted to nanomoles peptide according to peptide standard concentration response 

curves performed with each bioassay. These peptide concentrations were then converted 

to percent control (zero time) peptide so both ANP and fsANP could be graphed on the 

same scale. All p-values were obtained using a paired t-test. 

 

RESULTS 

  

FsANP binding and activation of human NPR-A 

We initially evaluated the ability of fsANP to bind and activate human NPR-A, 

the receptor responsible for mediating most physiologic effects of ANP and BNP. Using 

a whole cell competitive binding assay, the affinity of fsANP for human NPR-A was 

examined. A specific line of 293 cells stably expressing the human form of NPR-A but 

no other natriuretic peptide receptor was used for these studies (Dickey et al. 2008). 

Importantly, these cells do not possess significant extracellular ANP degrading activity 

(data not shown). Thus, because the cellular system does not express endogenous 

natriuretic peptide receptors or natriuretic peptide degrading activities, we could 

unequivocally attribute 125I-ANP binding to human NPR-A in this assay. To determine 
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binding affinity, increasing levels of unlabeled fsANP or wtANP were included to 

competitively reduce 125I-ANP binding to NPR-A. The concentrations of peptide required 

to inhibit 50% of the specific binding (IC50) were 1.6 nM and 2.4 nM for wtANP and 

fsANP, respectively, which were not statistically significantly different (Figure 2A).  

 To compare the ability of the peptides to activate the guanylyl cyclase activity of 

human NPR-A, the same cells were incubated with increasing concentrations of either 

fsANP or wtANP and the formation of intracellular cGMP was measured. The 

concentration-response curves for wtANP and fsANP yielded EC50 values of 12.5 nM 

and 11.6 nM, respectively (Figure 2B). Again, these values were not statistically different 

from one another. The maximal activation of human NPR-A achieved with ANP was 

slightly but not significantly higher than that observed with fsANP. The ability of fsANP 

and wtANP to stimulate endogenous human NPR-A in HeLa cells was also not different 

(data not shown). To directly assess NPR-A activation, hormone-dependent guanylyl 

cyclase activity was measured on crude membrane preparations from 293 cells stably 

expressing human NPR-A. As shown in Figure 2C, the potency of fsANP and wtANP 

was identical in this assay at every concentration except 10 µM. However, at the highest 

concentration, fsANP resulted in a statistically significant higher level of intracellular 

cGMP concentrations than wtANP. Based on these three assays, we conclude that fsANP 

and wtANP bind and activate human NPR-A similarly, although maximum activation of 

NPR-A in a broken cell assay was slightly greater with fsANP. 

 

Reduced potency of fsANP for rat NPR-A 

Because the initial report describing the ANP frameshift mutation used a rat 

model to illustrate effects of this peptide on atrial action potential duration, we compared 

the ability of fsANP and human wtANP to activate the rat version of NPR-A. Cells 

specifically expressing rat NPR-A were incubated with increasing concentrations of 

fsANP or wtANP and whole cell cGMP accumulation was measured by 

radioimmunoassay (Figure 3A).  The effective concentration required to elicit 50% of the 

maximum cGMP concentrations were 18 nM and 55 nM for wtANP and fsANP, 

respectively (p=0.02).  This represents a 3-fold decrease in potency of fsANP as 
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compared to wtANP. As with human NPR-A, 125I- ANP was used to assess affinity to rat 

NPR-A via competition binding assays.  The IC50 values for rat ANP, human wtANP or 

human fsANP binding to rat NPR-A were 5 nM, 37 nM, and 77 nM, respectively (Figure 

3B). When compared to human ANP, fsANP results in roughly a two-fold decrease in 

binding affinity (p=0.001). Therefore, reduced potency of fsANP to the rat receptor 

results, at least in part, from diminished receptor binding. However, the significance of 

this finding is unclear since the reduced affinity and potency of fsANP for rat NPR-A is 

very small and is undetectable for the human receptor.  

 

FsANP causes slightly greater cGMP accumulations in cells expressing human NPR-B 

Because we recently reported that relatively subtle changes in the sequence of 

natriuretic peptides can increase affinity for related receptors (Dickey et al. 2008), we 

examined the ability of fsANP to activate human NPR-B. Cells specifically expressing 

human NPR-B were stimulated with increasing concentrations of fsANP, wtANP, or its 

cognate ligand CNP, and intracellular cGMP accumulation was measured by 

radioimmunoassay (Figure 4A). The EC50 values obtained for fsANP, wtANP, and CNP 

were 800 nM, 1200 nM, and 8 nM, respectively.  The EC50’s for fsANP and wtANP were 

statistically significantly different (p=0.01).  Additionally, the maximum activity 

obtained with fsANP was 50% greater than that obtained with wtANP (p=0.025).  In 

contrast, when crude membrane preparations of 293neo-hNPR-B cells were used to 

assess the ability of fsANP or wtANP to directly stimulate NPR-B guanylyl cyclase 

activity versus the whole cell assay, the activation of NPR-B by fsANP or wtANP was 

not significantly different (Figure 4B).  

 

FsANP binding to human NPR-C 

Hodgson-Zingman reported that plasma levels of fsANP were much higher than 

wtANP concentrations (Hodgson-Zingman et al. 2008). Therefore, we examined whether 

fsANP had a reduced ability to bind human NPR-C, the main in vivo pathway for clearing 

circulating natriuretic peptides (Maack 1992). By performing competition 125I-ANP 

binding assays on 293 cells stably expressing NPR-C, the affinity of fsANP and wtANP 
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for NPR-C was determined (Figure 5). The concentrations of peptide needed to inhibit 

50% of specific binding to NPR-C, 2.4 nM and 3.2 nM for wtANP and fsANP, 

respectively, were almost identical. Thus, we conclude that fsANP and wtANP bind 

NPR-C similarly. 

 

FsANP is resistant to proteolysis by human renal peptidases 

In addition to clearance by NPR-C, degradation of ANP occurs through the 

actions of luminal vessel peptidases. The most studied protease in this regard is neutral 

endopeptidase (NEP) (Vanneste et al. 1988; Yandle et al. 1989).  NEP cleaves the Cys7-

Phe8 bond just inside the ring of the 28 amino acid form of ANP (Kenny and Stephenson 

1988), resulting in the loss of biological activity. Studies have shown that inhibiting NEP 

results in a longer half-life both in vitro (Stephenson and Kenny 1987; Yandle et al. 

1989) and in vivo (Vanneste et al. 1990), which suggests that NEP activity contributes to 

the rapid clearance of ANP. However, mice lacking NEP do not display characteristics of 

natriuretic peptide excess like hypotension and giantism that are observed in mice lacking 

NPR-C (Matsukawa et al. 1999b). Therefore, it is likely that other peptidases degrade 

natriuretic peptides as well (Lu et al. 1995).  

Since fsANP levels are elevated in patients with the defective allele and since 

fsANP had no effect on NPR-C binding, we examined the possibility that the 12 amino 

acid addition to ANP confers resistance to proteolytic degradation. To investigate this 

possibility, we developed a novel bioassay that measures the ability of human kidney 

membranes to proteolytically inactivate natriuretic peptides. The assay has two stages. 

First, fsANP or wtANP were incubated with kidney membranes to allow enzymatic 

peptide degradation. We used human kidney membranes because the kidney is a major 

clearance organ for ANP and the kidney is known to contain many ANP degrading 

peptidases (Kenny and Ingram 1987; Kishimoto et al. 2001a). Proteolysis was terminated 

with the addition of perchloric acid because these conditions denature most proteins 

without affecting the biologic activity of natriuretic peptides. The bioactivity of the 

neutralized extracts was subsequently evaluated in the second stage of the assay by 



  55 

measuring its ability to stimulate cGMP elevations in 293 cells specifically expressing 

human NPR-A.  

Using a one-site exponential decay model, this assay demonstrated that the half-

life of fsANP (4.5 min) was nearly twice as long as that of wtANP (2.6 min) (Fig, 6A). 

Importantly, control experiments demonstrated that peptide inactivation was blocked by 

boiling the membranes or by including protease inhibitors during the degradation stage 

(Figure 6B). Surprisingly, we found that ANP degradation was preferentially blocked by 

the NEP specific inhibitors phosphoramidon or DL-thiorphan while fsANP degradation 

was more sensitive to inhibition by leupeptin, a serine protease inhibitor. The incomplete 

inhibition of fsANP degradation by boiling of the kidney membranes was variable as 

some membrane preparations were completely inactivated by boiling and others were not. 

Thus, the addition of the 12 carboxyl-terminal amino acids to ANP increases the half-life 

of the peptide by reducing proteolysis and changing the proteolytic degradation profile. 

The ability of purified recombinant human NEP to degrade fsANP and wtANP 

was also measured. NEP caused a complete loss of wtANP activity, which was 

essentially complete by 30 min (Figure 7A). In contrast, NEP only reduced fsANP 

activity by about 35% after 30 min and no significant further decline was observed after 2 

h. As anticipated, NEP-dependent degradation of wtANP was blocked by the NEP-

inhibitors phosphoramidon and thiorphan (Figure 7B). Interestingly, neither boiling NEP 

nor incubating the enzyme with specific NEP inhibitors had any effect on the ability of 

the purified enzyme preparation to reduce fsANP activity, whereas a broad-spectrum 

protease inhibitor cocktail slightly blocked the reduction in activity observed with the 

purified enzyme preparation. These data are unexpected. However, they can be explained 

if the purified NEP preparation was contaminated by a second heat resistant protease that 

completely cleaves fsANP outside the disulfide ring and that is blocked by broad range 

inhibitors. Regardless, these data clearly indicate that the 12 amino acid extension 

resulting from the frameshift mutation dramatically reduces the ability of ANP to be 

degraded by NEP. 
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DISCUSSION 

This study comprehensively examined the functional consequences of the 

frameshift mutation of ANP that was recently identified in patients with familial atrial 

fibrillation (Knecht et al. 2002; Hodgson-Zingman et al. 2008). In our experiments, the 

ability of fsANP to activate and bind human natriuretic peptide receptors was very 

similar to that of wtANP.  However, subtle differences were identified in the ability of 

the mutant and wild type peptides to activate human NPR-B. In one experimental 

protocol, whole cell activation yielded a statistically significant difference, while another 

protocol - a broken membrane guanylyl cyclase assay - indicated no significant difference 

between the ability of fsANP and wtANP to activate human NPR-B. One possible 

explanation for the difference between the whole cell and broken cell assays is that an 

intracellular protease is degrading ANP in the later assay. We can only speculate as to 

what contribution, if any, this receptor effect makes on the disease process – especially 

given the high concentrations required for activation of NPR-B. However, since decades 

are required for clinical symptoms of the disease to become apparent, even minor effects 

could result in significant disease manifestation if given enough time.  

In contrast to the speculative receptor effects, the consequences of the mutation 

on ANP proteolysis is dramatic. FsANP was much more resistant to inactivating 

proteolysis than wtANP, which is in complete agreement with the elevated fsANP, but 

not wtANP, levels observed in patients with the mutant allele. Additionally, fsANP was 

inactivated by a different class of protease compared to wtANP. Neutral endopeptidase 

(NEP) is widely reported as the ANP-degrading enzyme. Indeed, we also observed that 

purified human NEP completely inactivates (degrades) wtANP. In contrast, fsANP was 

resistant to complete inactivation by NEP but demonstrated a partial reduction in activity. 

The partial inactivation by NEP that is not affected by time suggests that fsANP is being 

degraded to a peptide that is a less potent receptor agonist; this is in contrast to wtANP 

which is degraded to a peptide(s) that is(are) no longer a NPR-A receptor agonist(s). The 

inability of the NEP specific protease inhibitors – phosphoramidone and DL-thiorphan – 

to block the degradation of fsANP by NEP suggests that NEP is not involved in this 

degradation but that a contaminating enzyme in the NEP preparation is responsible for 
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the degradation. Preboiling NEP also had little effect on the subsequent degradation of 

fsANP. Since the control sample was prepared in the same sample assay and enzyme 

dilution buffers, a contaminant in the original NEP sample is a reasonable explanation for 

the degradation of fsANP in the NEP experiments. Interestingly, when using human 

kidney samples, fsANP was completely degraded by 30 min. Thus, the contaminant in 

the NEP sample is either not present in the kidney samples or there is an additional 

enzyme in the kidney samples that is able to further degrade the fsANP partial agonist to 

an inactive form. However, please note that the human kidney samples used in our assays 

were from patients with kidney disease. Various disease states change the protease profile 

of the kidney samples, which may contribute to the partial inhibition of wtANP 

degradation by NEP-specific inhibitors seen in our experiments (Figure 6) versus 

complete inhibition in previous reports. For example, severe heart failure has been 

reported to increase expression of renal NEP (Bukowska et al. 2008) while atrial 

fibrillation decreases expression of NEP (Hodgson-Zingman et al. 2008) . We also 

observed variation in the ability of each membrane preparation to degrade wtANP or 

fsANP. However, the data shown in Figure 6 is representative of all samples assayed in 

that wtANP is more susceptible to degradation by NEP than fsANP while fsANP is most 

susceptible to degradation by a serine protease(s). Future experiments will focus on 

determining the site of cleavage of fsANP and the serine protease that mediates this 

inactivation. Nonetheless, the 12-amino acid carboxyl-terminal extension results in 

decreased NEP-dependent ANP degradation, which ultimately increases the half-life of 

the circulating peptide. 

 The main functional difference for fsANP described by Hodgson-Zingman in the 

original report was that fsANP decreased the monophasic action potential or effective 

refractory period in a rat hanging heart model (Hodgson-Zingman et al. 2008). Knowing 

that activation of human and rat NPR-A is not always equivalent, we measured the effect 

of the 12-amino acid extended form of ANP on rat NPR-A versus wt (human) ANP and 

found a 3-fold decrease in potency and a 2-fold decrease in binding affinity. WtANP 

perfusion did not change the monophasic action potential or effective refractory period in 

the rat hanging heart model, which is reasonable since this is a denervated preparation 



  58 

(Crozier et al. 1993). However, fsANP did decrease the parameters in a relatively short 

40-minute infusion protocol. Based on the decrease in potency and binding affinity of 

fsANP vs wtANP to rat natriuretic peptide receptors in our studies, it is hard to 

understand how fsANP and wtANP could have differential responses in the rat hanging 

heart model. However, it is possible that fsANP elicits a more sustained response in this 

assay due to reduced proteolytic degradation.  

The monophasic action potential and effective refractory period of the heart are 

highly regulated because they control atrial pacing. Decreases in the monophasic action 

potential and effective refractory period result in faster atrial contractions. When 

regulation of atrial conduction is disrupted or fails, then atrial fibrillation can occur. 

Exogenous ANP treatment has been shown to shorten atrial conduction time as well as 

the effective refractory period in intact human hearts (Stambler and Guo 2005). 

Additional studies in anesthetized canines demonstrated that ANP-dependent decreases in 

monophasic action potential and effective refractory period are due to secondary 

autonomically mediated effects (Thomas et al. 2008).  Another study demonstrated that 

these vagal reflexes can be activated both by ANP infusion and by inhibiting its 

degradation by blocking NEP (Bilder et al. 1986; Eskay et al. 1986; Edwards et al. 1988; 

Thuerauf et al. 1994). The implication from the Hodgson-Zingman study is that in 

patients expressing fsANP, these vagal reflexes would be under more prolonged pressure 

due to the elevated levels of total ANP (wtANP + fsANP), which would eventually lead 

to early onset atrial fibrillation. Whether the changes in proteolysis and half-life of fsANP 

are enough to cause the elevated serum levels of fsANP and whether those elevated 

serum levels (36 pM) are high enough to physiologically affect the monophasic action 

potential as assayed by Hodgson-Zingman at 100 nM are not known. Given the length of 

time for clinical symptoms to develop, one might speculate that it is the long-term 

consequences of elevated (5-10 times wtANP plasma levels) fsANP that ultimately leads 

to early onset atrial fibrillation. Furthermore, the regulation of peptide activity in vivo 

could be compounded in disease conditions in which the protease profile is altered.  

Finally, in contrast to the deleterious effects of long-term exposure to fsANP, the 

short-term effects of carboxyl-terminal extensions of natriuretic peptides may be 
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significant for the development of longer acting drugs. One of the problems facing 

developers of designer natriuretic peptides is their relatively short half-life in vivo. For 

instance, the in vivo half-life of ANP is only 2 minutes, making it necessary to 

continuously administer ANP intravenously. Increasing the half-life of natriuretic peptide 

based drugs could facilitate subcutaneous or alternative administration options as well as 

reduce the total peptide dose.  
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Figure 1. Cartoon schematic of the primary amino acid structure of human atrial 

natriuretic peptide (wtANP) and the primary amino acid structure of the ANP 

frameshift mutation (fsANP).  The 12-amino acid extension of fsANP is shaded in light 

grey.  The dark grey shading indicates residues conserved in all natriuretic peptides. The 

black bars indicate disulfide bonds.   This figure was created by Andrea Yoder. 
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Figure 2. FsANP binds and activates human NPR-A similarly to wtANP.  (A) 

Competition 125I-ANP binding to 293 cells stably expressing human NPR-A. Binding of 

the radioligand was displaced with varying concentrations of either non-radiolabeled 

fsANP or non-radiolabeled wild-type ANP. Results are the mean of three separate 

experiments conducted in triplicate ± S.E.M where n = 9.  (B) Three-minute stimulations 

of 293neo-hNPR-A cells stably overexpressing human NPR-A. Results are the mean of 

five experiments ± S.E.M. where n = 15. (C) Three-minute guanylyl cyclase activity 

measurements in membrane preparations from 293neo-hNPR-A cells stably 

overexpressing human NPR-A. Results are the mean of 3 separate experiments performed 

in triplicate ± S.E.M. where n = 9. P values were not significant.   Data in panels A and C 

were generated by Dr. Deborah Dickey.  Data in panel C were generated by Andrea 

Yoder. 
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Figure 3. FsANP has reduced potency for rat NPR-A. (A) Three-minute stimulations 

of 293-GCA cells stably overexpressing rat NPR-A.  Results are the mean of 3 

experiments ± S.E.M where n = 9. Each individual experiment contained 3 data points, 

where the p value = 0.02 (B) Competition 125I-ANP binding experiments using unlabeled 

rat ANP, wtANP or fsANP to compete for binding to cells stably expressing rat NPR-A. 

Results are the mean of 3 separate experiments conducted in triplicate + S.E.M where n = 

9, and the p value for hANP vs. fsANP = 0.001.    Data in panel A were generated by 

Andrea Yoder.  Data in panel B were generated by Dr. Deborah Dickey.   
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Figure 4. FsANP is a more efficacious activator of human NPR-B than wtANP. (A) 

293 cells stably expressing hNPR-B were incubated with wtANP, fsANP or CNP for 3 

min and then intracellular cGMP concentrations were determined by radioimmunoassay. 

Results are the mean of 5 separate experiments ± S.E.M, where n = 15. The p value for 

hANP vs fsANP equals 0.01. (B) Natriuretic peptide-dependent guanylyl cyclase assays 

were conducted on membrane preparations from 293 cells stably expressing human NPR-

B.  Results are the mean of 3 separate experiments conducted in triplicate ± S.E.M where 

n = 9. The p value was > 0.05.   Data in panel A were generated by Andrea Yoder.  Data 

in panel B were generated by Dr. Deborah Dickey. 
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Figure 5. FsANP and wtANP bind human NPR-C similarly. Competition binding of 
125I-ANP to 293 cells stably expressing human NPR-C. Results are the mean of 3 

separate experiments conducted in triplicate ± S.E.M where n = 9. The p value was > 

0.05.  This figure was generated by Dr. Deborah Dickey. 
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Figure 6. FsANP is resistant to protease-dependent degradation and has a different 

protease-susceptibility profile than wtANP. Panel A shows the ability of human kidney 

membranes to degrade wt or fsANP. One micromolar concentrations of each peptide 

were incubated with 40 mg of human kidney membranes for the designated periods of 

time at 37°C in a total volume of 0.1 ml. Proteolysis was terminated by addition of 0.1 ml 

of 0.5 M perchloric acid and bioactivity was evaluated by measuring the ability of the 

neutralized extracts to elevate cGMP concentration in HEK 293 cells stably expressing 

human NPR-A. The error bars represent the S.E.M. where n = 4. Panel B shows the effect 

of blocking human kidney membrane-dependent degradation of wt or fsANP peptide by 

boiling the membranes for 30 min prior to exposure to peptide or by including various 

protease inhibitors in the proteolysis assay. Each point represents the mean ± S.E.M. 

where n = 12.    This figure was generated by Dr. Deborah Dickey. 
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Figure 7. FsANP is resistant to NEP-dependent degradation. (A) 

Inactivation/degradation of wt or fsANP by purified human recombinant NEP. The error 

bars represent the S.E.M. where n = 4.  (B) Inhibition of NEP-dependent inactivation of 

wt or fsANP by boiling NEP for 30 min prior to peptide exposure or by including NEP-

specific protease inhibitors (phosphoramidon or thiorphan) in the proteolysis assay. Each 

point represents the mean ± S.E. where n = 4.    This figure was generated by Dr. 

Deborah Dickey.
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Chapter 4: Attempts to Identify the Natriuretic Peptide 

Receptor A (NPR-A) Kinase(s) Using GST-NPR-A-fusion 

Proteins and Mass Spectrometry 
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INTRODUCTION 

 

Cardiac natriuretic peptides are endogenous hormone/paracrine factors that lower 

blood pressure and reduce cardiac hypertrophy and fibrosis.  In response to increased 

stretch of the atrial wall usually resulting from elevated blood pressure, atrial natriuretic 

peptide (ANP) and B-type natriuretic peptide (BNP) are released into the circulation from 

the atria and ventricles, respectively (Suga et al. 1992a).  These peptides lower blood 

pressure and decrease cardiac hypertrophy through their interactions with natriuretic 

peptide receptor A (NPR-A) (Koller et al. 1992; Potter and Garbers 1992; Joubert et al. 

2001).   

 NPR-A is a particulate guanylyl cyclase that transduces extracellular signals via 

the synthesis of the second messenger cGMP.  The receptor consists of an extracellular 

ligand-binding domain, a single membrane-spanning region, and an intracellular domain 

consisting of a regulatory kinase homology domain (KHD), a coiled-coil dimerization 

domain, and a guanylyl cyclase catalytic domain.  NPR-A guanylyl cyclase activity is 

regulated by phosphorylation of its kinase homology domain.  Hormone-dependent 

guanylyl cyclase activity is highest when the receptor is maximally phosphorylated, and 

receptor desensitization is mediated through dephosphorylation (Shevchenko et al. 2006). 

Because phosphorylation is essential for receptor activation, dysregulation of the cognate 

NPR-A kinase or phosphatase would lead to aberrant physiologic responses and disease. 

However, the protein kinase(s) and phosphatases that modulate the phosphorylation of 

this receptor are unknown.  Identification of these molecules could provide a new target 

for pharmacologic manipulation and ultimately lead to novel treatments for 

cardiovascular disease. 

 The objective of this study was to identify proteins that interact with NPR-A in 

whole cells. To accomplish this goal, we utilized mass spectrometry techniques to 

identify proteins that specifically interact with the intracellular domain of NPR-A.  High 

concentrations of interacting proteins were accomplished through the use of glutathione-

S-transferase-NPR-A fusion proteins.  This chapter describes the methods employed in 

our search along with the proteins identified. 
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MATERIALS & METHODS 

 

Construction of GST-NPR-A fusion proteins 

 Plasmids encoding GST-NPR-A fusion proteins were constructed using a pGEX-

2T vector, which encodes GST linked to a thrombin cleavage site upstream of a multiple 

cloning site.  DNA encoding various portions of the rat NPR-A receptor were cloned into 

pGEX-2T vector in frame with the GST protein following the thrombin recognition 

sequence.  The GST-NPR-A-INTRA construct contains 592-amino acids from NPR-A, 

from M465 through G1057.  The GST-NPR-A-KHD construct contains 327-amino acids 

from NPR-A, from M465 through A792.  The GST-NPR-A-CYC construct contains 248-

amino acids from NPR-A, starting from L781 and ending at residue G1029. 

 

Expression of GST-NPR-A fusion proteins 

 BL21 cells were transformed with the pGEX-2T-NPR-A plasmid of interest.  

These transformed bacterial cells were then grown at 37ºC in 100 ml of media containing 

100 µg/ml of ampicillin until they reached an OD600 between 0.6 and 1.0, at which time 

the culture was inoculated with isopropyl β-D-1-thiogalactopyranoside (IPTG) was added 

at a final concentration of 0.3 mM to induce protein expression.  Cells were harvested 4 

hours post-inoculation by centrifugation at 5,000 x g for 10 minutes. 

 

Solubilization of GST-NPR-A fusion proteins 

 Cells expressing GST-fusion proteins were resuspended in 25 ml solubilization 

buffer (1 mM EDTA, 1 mM DTT, Roche protease inhibitor cocktail, 0.25% sarkosyl in 

PBS) unless otherwise noted.  The cell suspension was then disrupted with a probe 

sonicator with two 30s pulses and then rotated for 20 minutes at 4ºC.  Non-soluble 

particulates were pellets from the solution by centrifuging at 20,000 x g for 20 minutes.  

The supernatent containing solubilized protein was then transferred to another container 

and Triton X-100 was added to renature proteins at a final concentration of 2%, unless 

noted otherwise.  
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Complexing of GST-NPR-A fusion proteins to agarose beads 

 Solubilized, renatured GST-fusion proteins were incubated with 2 ml glutathione-

conjugated agarose beads (GSH-agarose) overnight at 4ºC with rotation.  The beads were 

then washed twice with 10 volumes of Wash Buffer A (1 mM EDTA, 1 mM DTT, 10 

µg/ml aprotinin, 20 µg/ml leupeptin, 1 µg/ml peptstin A, 1 µg/ml phenylmethylsulfonyl 

fluoride (PMSF), and 1% Triton in PBS) and then twice with 10 volumes of Wash Buffer 

B (1 mM EDTA, 1 mM DTT, 10 µg/ml aprotinin, 20 µg/ml leupeptin, 1 µg/ml peptstin 

A, 1 µg/ml PMSF, and 0.1% Triton in PBS).  The beads were then brought to a 50% 

slurry with Wash Buffer B and stored at 4ºC. 

 

Pulldown of GST-NPR-A binding partners from cell lysates 

Twenty plates of 293HEK cells were scraped in WCE buffer (25 mM HEPES, 50 

mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 1 mM DTT, 10 µg/ml aprotinin, 20 µg/ml 

leupeptin, 1 µg/ml peptstin A, 1 µg/ml PMSF, and 20 mM β-glycerol phosphate).  The 

cell solution was then pelleted with gentle centrifugation and resuspended in 1 ml of 

WCE buffer and sonicated for 5 seconds.  The sample was then centrifuged at 15,000 x g 

for 5 minutes.   The supernatent was removed from the sample and reserved as the 

cytosolic fraction.  The membranes were then washed with 1 ml of WCE buffer and 

recentrifuged.  The supernatent was added to the previous aliquot of “cytosolic” proteins.  

The membrane pellet was then solubilzed for 10 minutes at 4ºC with rotation by the 

addition of 2 ml of WCE buffer supplemented with 0.1% Triton X-100 (WCET buffer).  

This mixture was then centrifuged for 10 minutes at 15,000 x g.  The supernatent was 

then removed and reserved as the “membrane” fraction, containing solubilized 

membrane-bound proteins. 

Fourty µl of GSH-agarose beads preloaded with GST-NPR-A fusion proteins 

were incubated with 200 µl of either PBS, “cytosolic,” or “membrane” fraction and 

incubated at 4ºC for 2 hours with rotation.  The beads were then washed four times with 

25 volumes of WCET buffer.  The protein pulldown mixtures were then separated by 

SDS-PAGE and visualized with Coomassie staining.  

 



  78 

Metabolic labeling of cellular extracts 

 293HEK cells were grown overnight at 37ºC with 5% CO2 in 6 ml of DMEM 

lacking both methionine and cysteine supplemented with 50 µl of EXPRE35S35S Protein 

Labeling Mix (Perkin Elmer), which contains 35S-methionine and 35S-cysteine.  Cells 

were harvested by washing three times with PBS and then scraping down with 0.5 ml of 

ice-cold WCE buffer.  Cells were lysed by passing through a 25-gauge needle 15 times.  

The lysate was then centrifuged at 15,000 x g for 10 minutes and the cytosolic fraction 

was removed and reserved.  One ml of WCET buffer was added to the membrane fraction 

and rotated at 4ºC for 10 minutes to allow protein solubilization.  The solution was then 

centrifuged at 15,000 x g for 10 minutes and the membrane-associated solubilized 

supernatent was removed and reserved.  Pulldown by GST-fusion proteins was performed 

as described as above. 

 

In vitro kinase assay 

 After pulldown of 293HEK proteins with GSH-agarose beads prebound to GST-

fusion proteins, excess buffer was removed from the sample and 20 µl of kinase buffer 

(20 µM ATP, 10 mM MgCl2, 25 mM HEPES, 50 mM NaCl, 0.2 mM EDTA, 1 mM DTT, 

10 µg/ml aprotinin, 20 µg/ml leupeptin, 1 µg/ml peptstin A, 1 µg/ml PMSF, and 20 mM 

β-glycerol phosphate) containing 10 µCi [32P]-γ-ATP was added.  The sample was then 

incubated for 10 minutes at 30ºC.  The beads were then washed three times with 25 

volumes of WCET buffer.  The sample was then reduced and separated by SDS-PAGE.  

Total protein was visualized by Coomassie staining and 32PO4 incorporation was 

visualized by autoradiography. 

 

High salt removal of interacting proteins 

 After pulldown of 293HEK proteins with GSH-agarose beads prebound to GST-

fusion proteins, excess buffer was removed from the sample.  The beads were then 

incubated in 0.5 ml of WCET buffer containing 1M NaCl for 1 hour at 4ºC with rotation.  

The sample was centrifuged at 500 x g for 1 minute and the high salt wash supernatent 

was removed and reserved.  To this supernatent, deoxycholate was added to a final 
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concentration of 0.2% and TCA was added to a final concentration of 10% to precipitate 

proteins.  The sample was centrifuged at 20,000 x g for 10 minutes and the supernatent 

was discarded.  The protein pellet was then washed with 0.5 ml of ice-cold acetone, 

recentrifuged and dried.  Proteins precipitated from the salt wash, along with proteins still 

complexed to the agarose beads after the salt wash were then reduced and separated by 

SDS-PAGE and visualized by Coomassie staining. 

 

Dissociation of interacting proteins from stable protein complexes for analysis by nLC-

MS-MS 

 Proteins were removed from the bead mixtures of GSH-pulldowns by both a high 

salt wash (as described above) and by boiling the remaining proteins for 5 minutes in 50 

µl of detergent buffer (1% SDS and 4mM DTT).  High salt precipitates were resuspended 

in 100 µl of buffer containing 50 mM Tris, 5 mM EDTA, 0.05% SDS, and 5 mM DTT at 

a pH of 8.0 and incubated overnight with 1 µg of sequence grade trypsin at 37ºC.  The 

supernatents of the samples boiled in the presence of detergent were diluted with 700 µl 

of 50 mM ammonium carbonate and incubated with 1 µg of sequence grade trypsin 

overnight at 37ºC. 

The trypsinized samples were then subjected to mixed-mode cation exchange 

solid phase extraction to remove any contaminants and detergents present (Oasis MCX 

columns, Waters Corp).  The columns were equilibrated with 2 ml of 50% methanol 

followed by 3 ml of 0.1% formic acid.  Samples were acidified by adding formic acid to 

0.2% and added to the cartridge.  The cartridge was then washed with 3 ml of 0.1% 

formic acid followed by 2 ml of 100% methanol.  Samples were eluted with 1 ml of 

elution buffer (5:95 ammonium hydroxide:methanol) and dried by vacuum 

centrifugation.  Samples were then desalted as per the protocol below. 

 

In-gel protein digestion and extraction 

Protein bands of interest were excised from gels and digested with trypsin as 

described (Rappsilber et al. 2007). Briefly, the excised band was cut into small pieces, 

dehydrated with acetonitrile (ACN), and treated with 1 mM DTT at 56º C for 20 min to 
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assure reduction of cysteine residues. After another round of dehydration, samples were 

treated with 55 mM iodoacetamide in 100 mM NH4HCO3 to alkylate cysteine residues. 

The gel slices were again dehydrated with ACN and then rehydrated in a solution 

containing 12.5 ng/µL of sequence-grade trypsin in 10 mM NH4HCO3 on ice for 2 h 

before incubation at 37ºC overnight. The tryptic peptides were then extracted from the 

gel with 1:2 solution of 5% formic acid:ACN in a two-fold excess to the trypsin solution 

already present. After incubating at 37ºC for 30 min with shaking, the supernatant was 

then removed and dried by vacuum centrifugation. 

 

Sample desalting and concentration 

  For samples analyzed by MALDI-TOF, sample mixtures were desalted using 

C18 ZipTips (Millipore). Briefly, peptide digestion mixtures were reconstituted in 13 µl 

of 5:95 ACN:0.1% TFA.  The ZipTip was equilibrated twice with 10 µl of 50:50, 

ACN:H2O, 0.1% TFA followed by two equilibrations with 10 µl of 0.1% TFA.  The 

sample was then loaded onto the ZipTip as per manufacturer’s instructions and washed 5 

times with 10 µl 0.1% TFA.  The sample was then eluted with 1.3 µl of 60:40, 

ACN:H2O, 0.1% TFA. 

For samples to be analyzed by nLC-MS-MS, peptide mixtures were desalted 

using StageTip columns (Bandhakavi et al. 2009) containing 2 16-gauge needle punches 

of Empore SDB-XC discs.  Samples were reconstituted with 60 µl of 0.1% TFA with 

brief sonication.  The StageTips were equilibrated with 30 µl of 80% acetonitrile/0.1% 

TFA followed by 30 µl of 0.1% TFA.  The entire sample was then loaded onto the 

StageTip and washed twice with 30 µl of 0.1% TFA and eluted with 30 µl 95% 

acentonitrile/0.1% TFA.  Sample eluates were then dried by vacuum centrifugation. 

 

Mass spectrometric identification using MALDI-TOF 

 Desalted peptide mixtures were mixed with 4-chloro-α-cyanocinnamic acid 

(CCA) in a 1:1 ratio and spotted on the target plate. Mass spectra were acquired in the 

range of 500-3500 m/z on a QSTAR XL mass spectrometer equipped with an orthogonal 

matrix-assisted laser desorption ionization (oMALDI) source (Applied Biosystems Inc.). 
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The Mascot algorithm (Matrix Science, London, UK) was used to search the collected 

data against the human proteome database at the National Center for Biotechnology 

Information (NCBI) with the following parameters: peptide mass tolerance, 1.0 Da; 

MS/MS ion mass tolerance, 0.8 Da; allowing a single missed cleavage. Dynamic 

modification of oxidation of Met and the static modification of carbamidomethylation of 

Cys were selected.  Significant hits were defined by Mascot probability analysis at a 

significance threshold of p < 0.05. 

 

Mass spectrometry identification using nLC-MS-MS 

Liquid chromatography and mass spectrometry was performed essentially as 

described by Bandhakavi et al. (Nesvizhskii et al. 2003) using an Eksigent 1DLC 

nanoHPLC in-line with an LTQ-Orbitrap XL (ThermoScientific) with a few exceptions. 

The gradient was 2-40% ACN in 0.1% formic acid over 60 min with a constant flow of 

250 nL/min. Spray voltage was set to 1.95 kV, the heated capillary was set at 160 °C, and 

the tube lens voltage was set to 145 V.  Full scans were performed in the orbital trap over 

a range of m/z 360-1800. Tandem mass spectra were scanned from the linear ion trap 

using collision-induced dissociation with a normalized collision energy of 35%, an 

isolation width of 2.0 m/z, and target values of 10,000 ions or 100 ms. 

Data were searched using the software package SEQUEST v. 27 rev. 12. 

Monoisotopic precursor and fragment ion tolerances were set to 100 ppm and 0.8 amu 

respectively, trypsin digestion was set to “partial”, and the same residue modifications 

were used as above.  Peptide probabilities were calculated using Peptide Prophet 

(Mercado-Pimentel et al. 2002) and the identification output was organized using 

Scaffold (Proteome Software, Inc. Portland, OR).  Peptide identifications were filtered 

using “full” tryptic digest specificity, 10 ppm precursor mass tolerance, and 5% peptide 

probability.  Dynamic modification of oxidation of Met and the static modification of 

carbamidomethylation of Cys were selected. The database used for searching was the 

NCBI human v200806 (38,126 entries). 
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RESULTS 

 

Optimization of GST-NPR-A fusion protein solubilization and renaturation 

 GST fusion proteins containing portions of the intracellular domain of NPR-A 

(Figure 1) were expressed in E. coli BL21 cells.  Although glutathione-S-transferase 

conjugation to proteins generally increases their solubility, our GST-NPR-A fusion 

proteins were insoluble in solution lacking detergents.  To optimize solubilization of the 

fusion proteins and their subsequent renaturation, the optimization protocol outlined by 

Mercado-Pimentel and colleagues was utilized (Kumar et al. 2001).  The lowest amount 

of the ionic surfactant sarkosyl required to solubilize the GST-NPR-A fusion proteins 

was determined by adding increasing amounts to the cellular lysates prior to sonication 

and measuring the appearance of the protein in the supernatent.  As can be seen in Figure 

2A, all concentrations of sarkosyl tested solubilized GST-NPR-A-KHD.  All other GST-

NPR-A fusion proteins showed similar response to sarkosyl treatment (data not shown).  

For all subsequent GST-NPR-A fusion protein preparations, a concentration of 0.25% 

sarkosyl was used. 

To ensure protein renaturation, Triton X-100 was added to the solubilized cellular 

supernatent to dilute out the sarkosyl.  Varying amounts of Triton X-100 were added to 

solutions containing solubilized GST-NPR-A fusion proteins, which were subsequently 

incubated with GSH-agarose beads to determine their ability to properly bind, indicating 

that the GST-moiety is properly folded.  Binding to the beads increased with Triton X-

100 levels, with near maximal binding achieved at 2% Triton X-100 for the GST-NPR-A-

KHD construct (Figure 2B). All other GST-NPR-A fusion proteins showed similar 

response to Triton X-100 treatment (data not shown).  For all subsequent GST-NPR-A 

fusion protein preparations, a concentration of 2% Triton X-100 was used. 

 

Formation of stable protein interactions from 293HEK derived cellular fractions 

 To distinguish proteins arising from expression of the GST-NPR-A fusion 

constructs in BL21 cells from those derived from 293HEK cellular fractions, we utilized 

metabolic labeling techniques using 35S-methionine and 35S-cysteine.  Human 293HEK 
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cells were incubated in DMEM lacking both methionine and cysteine supplemented with 
35S-methionine and 35S-cysteine overnight, to radiolabel newly synthesized proteins.  

Cells were then harvested and separated into the portions containing either cytosolic 

proteins or solubilized membrane associated proteins.  These cellular extracts were then 

incubated with GST-NPR-A fusion proteins complexed to GSH-agarose beads and 

washed as previously described.  The resulting complexes of specifically interacting 

proteins were then reduced and separated by SDS-PAGE prior to visualization by 

autoradiography.  As can be seen in Figure 3, GST-NPR-A fusion proteins containing 

either the entire intracellular domain or just the kinase homology domain bound proteins 

from 293HEK cells.  Most proteins seen in these pulldowns specifically interacted with 

the NPR-A portion of these fusion proteins, as pulldowns with GST alone contained few 

293HEK derived proteins. 

 This same procedure was repeated using non-metabolically labeled 293HEK 

cellular fractions.  As can be seen in Figure 4, stably interacting proteins of 293HEK 

origin can be visualized by Coomassie staining after separation of the protein complex by 

SDS-PAGE.  To differentiate 293HEK cellular proteins from those originating from the 

GST-NPR-A fusion preparations, controls incubated with buffer only were run for each 

GST-NPR-A fusion construct as a background control.  Protein bands present in the 

cytosol-treated samples containing a portion of the NPR-A intracellular domain but not 

present in both the buffer only control and the cytosol-treated GST control were 

presumed to be specifically interacting with the NPR-A portion of the fusion proteins.  A 

few such proteins were discernable in this experiment, and are highlighted with arrows in 

Figure 4.  These protein bands were selected for further analysis by mass spectrometry, as 

described below. 

 

Detection of in vitro kinase activity in stably complexed protein mixtures 

 The aim of this study is to identify the kinase(s) responsible for NPR-A 

phosphorylation.  As such, we investigated the ability of our GST-NPR-A fusion 

contructs to be phosphorylated in the presence of stably interacting proteins derived from 

293HEK cells.  GST-NPR-A fusion constructs were incubated with GSH- agarose beads 
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and cellular fractions to form stable complexes and then washed to remove non-

specifically bound proteins. These resulting complexes were then incubated in a kinase 

buffer containing [32P]-γ-ATP to radiolabel any newly phosphorylated proteins.  The 

radioactive mixtures were then separated by SDS-PAGE and visualized by 

autoradiagraphy.  As can be seen in Figure 5, GST-NPR-A-KHD can be phosphorylated 

in the presence of stably interacting 293HEK cytosolic proteins and to a lesser extent in 

the presence of solubilized membrane-associated proteins.  This phosphorylation was 

variable in nature and was not consistently reproducible.  Phosphorylation was not seen 

in samples containing GST-NPR-A-fusion proteins that were not preincubated with 

293HEK cellular fractions.  The GST-NPR-A-KHD was phosphorylated in multiple 

experiments, but GST-NPR-A-INTRA and GST-NPR-A-CYC were not.  Incorporation 

of 32PO4 was seen in a number of protein bands not attributed to the GST-NPR-A fusion 

proteins, indicating that either multiple kinase activities or a single kinase with a wide 

ranging substrate specificity were present in the pulldown complexes (data not shown).  

No distinct bands of phosphorylated proteins were detected in samples containing 

pulldowns with GST-only, indicating that the phosphorylation required a portion of NPR-

A (data not shown). 

 

Disruption of binding partners by high salt buffers 

 Previous studies conducted in our laboratory suggested that the kinase activity 

present in the pulldown samples containing the GST-NPR-A fusion proteins and 

293HEK proteins was disrupted by increased ionic strength (data not shown).  To 

determine if binding of specifically interacting proteins could be disrupted under high salt 

conditions, 293HEK cells were metabolically labeled with 35S-methionine and 35S-

cysteine. GST-NPR-A fusion constructs were then incubated with GSH- agarose beads 

and 35S-labeled cytosolic fractions and washed accordingly to isolate specifically 

interacting protein complexes.  These samples were then subjected to a wash solution 

containing 1M NaCl for 1 hour, at which time the supernatent was removed.  Proteins 

present in the high salt wash were then precipitated and separated by SDS-PAGE.  As can 

be seen in Figure 6, the high salt wash blocked some but not all cytosolic binding 
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partners from interacting with GST-NPR-A-INTRA.  This procedure was repeated using 

non-metabolically labeled cells using all three GST-NPR-A fusion proteins.  As can be 

seen in Figure 7, proteins whose interactions with the GST-fusion proteins were disrupted 

by high salt concentrations are clearly visible by silver staining after separation by SDS-

PAGE.  Protein bands present in the high salt precipitates of cytosol-treated samples 

containing a portion of the NPR-A intracellular domain but not present in either the 

buffer only control or the cytosol-treated GST control were presumed to specifically 

interact with the NPR-A portion of the fusion proteins.  As compared to Coomassie 

stained gels, more protein bands were visible using this method, due to the increased 

sensitivity of the detection method.  Several specific protein bands along with several 

control bands were selected for further analysis by mass spectrometry, as described 

below. 

 

Detection and identification of cellular binding partners using MALDI-TOF spectrometry 

 Initial identification of interacting proteins was attempted using a QSTAR XL 

mass spectrometer equipped with a oMALDI source.  Protein bands of interested were 

excised from SDS-PAGE gels and subjected in in-gel tryptic digestion.  Samples were 

then desalted, concentrated, and spotted on target plates using a CCA matrix.  Full scans 

of tryptic peptides present in each sample were collected and analyzed using a peptide 

mass fingerprint approach.  Our initial experiments using the Coomassie-stained gel 

shown in Figure 4, yielded 2 positive protein identifications using the Mascot algorithm.  

The first protein identified was heat shock protein 70 (HSP70), which was pulled down 

using GST-NPR-A-KHD (labeled as arrow 1 in Figure 4).  Of the 24 mass peaks present 

in the MALDI-TOF spectra, 13 were positively matched to HSP70.  Mascot assigned a 

Mowse score of 105 and a p = 6.5 x 10-6 to the match.  The second protein identified by 

this approach was β-tubulin, which was pulled down using GST-NPR-A-INTRA (labeled 

as arrow 2 in Figure 4).  Of the 41 peaks present in the MALDI-TOF spectra, 15 peaks 

were positively matched to β-tubulin.  Mascot assigned a Mowse score of 95 and a p = 

4.7 x 10-5 to the match.  No other protein matches were obtained with confidence from 



  86 

our MALDI-TOF experiments, including those involving high salt washes separated by 

SDS-PAGE, as pictured in Figure 7. 

 

Detection and identification of cellular binding partners using nLC-MS-MS 

Using the GST-only control or the GST-NPR-A-INTRA fusion protein, 293HEK 

proteins were pulled down as previously described.  Interacting proteins were subjected 

to a high salt wash, and dissociated proteins were precipitated out of solution as 

previously described.  Proteins remaining on the beads were then removed by boiling 

with a detergent solution.  Both the high salt precipitate and the detergent solution were 

then subject to trypsin digestion.  After purification and desalting, the resulting tryptic 

peptide mixtures were submitted to nLC-MS-MS.  Interacting proteins were judged to be 

specific for the intracellular domain of NPR-A if they were not present in the GST-only 

pulldown samples.   

Many protein identifications were made using this approach.  For example, in one 

experiment, 243 protein identifications were made, 185 of which were deemed to be a 

specific interaction with NPR-A based on the fact that they were not observed in the 

GST-only control.  This experiment was repeated a total of three times, and a total of 83 

proteins were detected in a manner that required the intracellular domain of NPR-A in all 

three studies (Table 1).  The majority of these identifications were nuclear or ribosomal 

proteins that would not be expected to be in the same cellular compartment as mature 

NPR-A in vivo.  HSP70 was also identified in our NPR-A samples, but was not identified 

consistently in all three experiments.  The only known regulator of phosphorylation 

consistently found in our nLC-MS-MS studies was protein phosphatase 1G (PP1G).  A 

single kinase was observed as a specific interaction with NPR-A in our nLC-MS-MS 

study (TANK binding kinase 1, NCBI Accession Number NP_037386.1).  However, this 

protein identification was only present in one of three experiments.   
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DISCUSSION 

 The data presented in this chapter clearly indicate that the GST-fusion proteins 

containing intracellular regions of NPR-A can stably interact with numerous solubilized 

proteins from 293 cells.  Most of these proteins interact specific with the NPR-A portion 

of these fusion proteins, as they were not viably present in complexes with GST lacking 

NPR-A domains.  Attempts to identify these interacting proteins by mass spectrometry 

were met with limited success.  Our peptide mass fingerprinting method using MALDI-

TOF identification of individual protein bands yielded two positive protein 

identifications.  The first, HSP70, was identified using a GST-fusion protein that 

contained only the KHD of NPR-A. An interaction with β-tubulin was also identified 

using a GST-fusion protein containing the entire intracellular domain of NPR-A. 

 Due to the limited protein identifications achieved through our initial mass 

spectrometry approach, a more inclusive protocol was adopted using nLC-MS-MS to 

identify all proteins present in the GST-fusion pulldowns.  Rather than separating 

proteins by SDS-PAGE, all proteins present in the samples were digested with trypsin 

and submitted for analysis. This approach led to hundreds of protein identifications, 

roughly 50-75% of which were deemed specific based on interactions that were only 

observed when the GST protein contained NPR-A intracellular domains.  Over the three 

experiments performed using this method, 83 proteins were found consistently.  

Unfortunately, most of the proteins identified by this shotgun approach appear to be small 

ribosomal and nuclear proteins.  These types of proteins are often seen as contaminants of 

complex protein mixtures by MS-MS analysis (personal communication from Dr. Matt 

Stone, Center for Mass Spectrometry and Proteomics, University of Minnesota).  Why 

they were not seen in the GST-only pulldown samples is unknown.  The likelihood that 

they interact with mature NPR-A in vivo is low because they reside in separate 

subcellular compartments. In other words, I believe that they are mostly likely false 

positives, but I cannot rule out the possibility that some of these interactions represent 

currently unappreciated and biologically important associations. In agreement with our 

MADI-TOF analysis, both HSP70 and β-tubulin were identified using this approach, 

although HSP70 was not identified in every nLC-MS-MS experiment performed.   
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Only a few protein-protein interactions with NPR-A have been previously 

reported in the literature.  Kumar and colleagues reported that HSP70, HSP90, and the 

co-chaperone p50cdc37 interacted in a specific manner with NPR-A using 

immunoprecipitation from 293HEK cells (Chinkers 1994). This result suggests that the 

GST-NPR-A-KHD pull down assay is faithfully representing cellular interactions 

because HSP70 was previously shown to interact with NPR-A in whole cells.  Protein 

phosphatase 5 (PP5) was also shown to interact with NPR-A via a yeast two-hybrid 

screen (Chen et al. 1996).  Co-immunoprecipitation studies in COS7 cells have shown 

that PP5 interacts with HSP90 independently of NPR-A, creating an interesting circle of 

protein interactions that may give us insight into how these proteins may complex to 

NPR-A (Airhart et al. 2003).  Lastly, protein kinase G Iα has also been shown to interact 

with NPR-A using a yeast two-hybrid screen (Bryan et al. 2006), but our group was 

unable to detect any differences in the regulation of NPR-A isolated from mice 

expressing PKGIα or lacking PKGIα (Hansen et al. 1995; Shen et al. 1998; Suzuki et al. 

2001). 

The protein of most interest that was identified consistently was protein 

phosphatase 1G (PP1G). Although we initially set out to identify the kinase(s) 

responsible for NPR-A phosphorylation, dephosphorylating enzymes are also of interest.  

PP1G is a muscle-specific glycogen-associated protein, that may have implications on 

insulin sensitivity (Pomerantz and Baltimore 1999; Clement et al. 2008).  This may be an 

interesting tie-in to NPR-A’s ability to stimulate lipolysis, linking diabetes and obesity to 

NPR-A in additional way.  No proteins containing kinase activity were consistently 

identified using our nLC-MS-MS approach, but TANK-binding kinase 1 (TBK1) was 

identified as a specific interaction in one experiment.  TBK1 is an activator of 

transcription factors such as NF-κB and interferon regulator factors 3 and 7 (Potter et al. 

2009).  Whether TBK1 genuinely and reproducibly interacts with NPR-A is unclear at the 

moment. 

 The protein complexes formed between 293HEK proteins and GST-NPR-A 

fusion contructs contain a kinase activity.  Lack of 32PO4 incorporation in samples pulled 

down using GST-only suggest that this kinase activity is present due to a specific 
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interaction with a portion of the intracellular domain of NPR-A.  GST-NPR-A fusion 

proteins not incubated with 293HEK cellular fractions did not contain any intrinsic kinase 

activity.  Whether the kinase activity seen in this assay is due to a kinase specifically 

pulled down by NPR-A or due to specifically interacting scaffolding proteins allowing 

NPR-A to autophosphorylate itself is unknown.  Although NPR-A has not been shown to 

autophosphorylate, this remains a formal possibility.  Perhaps the most perplexing 

information garnered from our kinase activity assays is that while kinase activity was 

always present in our studies, phosphorylation of our GST-NPR-A fusion proteins did not 

always occur.  This suggests two things, first that multiple kinase activities are likely 

pulled down with our GST-NPR-A fusions, and second that the protein interaction 

responsible for the NPR-A phosphorylation is weak and/or easily removed during sample 

washing.  To draw a parallel to our MS studies, several hundred proteins, including a 

kinase, were identified as interacting with GST-NPR-A fusions in at least one nLC-MS-

MS experiment, but only 83 proteins we seen in every experiment.  Thus, we see 

variability of the composition of binding partners both in our MS studies and in our 

kinase activity studies. 

 The goal of this study was to elucidate proteins that specifically interact with 

NPR-A in vivo, with a focus on identifying the NPR-A kinase.  While we were unable to 

accomplish this goal using the strategies employed here, the discovery of the NPR-A 

kinase remains a profitable endeavor for the natriuretic peptide field.  One can imagine 

that a substantial pharmacologic benefit would result from this discovery, as modulation 

of this kinase’s action could conceivably be used as means to increase the activity of 

NPR-A in patients with congestive heart failure and other diseases.   
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Figure 1. Schematic of NPR-A GST-fusion proteins. Abbreviations are ECD = 

Extracellular Domain; KHD = Kinase Homology Domain; CYC = Cyclase Domain; GST 

= Glutathione-S-Transferase 
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Figure 2. Optimization of GST-fusion solubilization and renaturation.  SDS-PAGE 

of GST-fusion proteins visualized by Coomassie blue staining.  (A) Appearance of GST-

NPR-A-KHD in the soluble portion of bacterial lysates with increased sarkosyl addition 

(B) Increasing amount GST-NPR-A-KHD bound to glutathione agarose achieved by 

addition of Triton X-100 added to the soluble portion from lysates prepared with 0.25% 

sarkosyl. 
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Figure 3. Isolation of metabolically labeled 293HEK cell proteins that interact with 

the kinase homology domain of NPR-A.  293HEK cell proteins were metabolically 

labeled with 35S-methionine and 35S-cystine before incubation with GST-fusion proteins 

and GSH-agarose beads.  Nonspecific binding proteins were removed by washing five 

times and stable complexes were fractionated by SDS-PAGE and visualized by 

autoradiography. 
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Figure 4. GST-fusion proteins containing the KHD of NPR-A stably interact with 

proteins from 293HEK cell extracts.  GST-fusion constructs were incubated for 2 hours 

with cell extracts and GSH-agarose beads and then washed four times to remove non-

specifically bound proteins.  Samples were then fractionated by SDS-PAGE and 

visualized by Coomassie staining. 
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Figure 5. GST-NPR-A-KHD is phosphorylated in the presence of stably interacting 

protein(s) from 293HEK cell extracts.  Upon formation of specific, stable complexes 

with 293HEK cell extracts, the GST-NPR-A-KHD and GSH-agarose mixture was 

incubated with a minimal protein kinase buffer containing 32P-γ-ATP at 30ºC for 10 

minutes.  After removal of exogenous 32P-γ-ATP, the complexes were fractionated by 

SDS-PAGE and 32PO4 incorporation was visualized by autoradiography. 
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Figure 6. Effect of high salt washes on cytosolic protein interactions with a GST-

fusion protein containing the entire intracellular domain of NPR-A.  Stable 

complexes of 35S-labeled 293HEK cell proteins bound to GST-NPR-A-INTRA on GSH-

agarose was incubated in WCET buffer containing 1M NaCl for 1 our at 4ºC.  The buffer 

was then removed and precipitated.  The resulting protein mixtures were separated by 

SDS-PAGE and visualized by autoradiography.  “Buffer”: GST-NPR-A-INTRA on beads 

with no exposure to cytosol;  “Cytosol”: GST-NPR-A-INTRA on beads exposed to 35S-

labeled cytosol, no salt wash;  “Cytosol + Wash”: GST-NPR-A-INTRA on beads 

exposed to 35S-labeled cytosol after the high salt wash was removed; “Precipitated Salt 

Wash”: Precipitated proteins removed from GST-NPR-A-INTRA exposed to 35S-labeled 

cytosol. 
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Figure 7. Silver staining of proteins removed from 293HEK cell protein/GST-NPR-

A fusion protein complexes in presence high salt.  293HEK cell proteins bound to 

GST-NPR-A fusion proteins on GSH-agarose were mixed with cytosolic proteins from 

293HEK cells or with buffer alone and washed as described in the methods section.  

WCET buffer containing 1 M NaCl was then incubated with these protein complexes for 

1 hour.  The high salt wash solution was then removed and precipitated.  These 

precipitates were separated by SDS-PAGE and visualized by silver staining.  Red ovals 

represent gel bands that were excised for MS analysis. 
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Table 1.  Proteins of interest identified by nLC-MS-MS of GST-NPR-A-INTRA 

pulldowns of 293HEK cytosolic proteins.  Stably interacting protein complexes were 

boiled in a detergent buffer to dissociate proteins from GSH-agarose beads and then 

subjected to trypsin digestion.  Samples were then purified and desalted and subjected to 

nLC-MS-MS.  The proteins listed in this table were identified in samples containing the 

intracellular domain of NPR-A and were absent in GST-only controls.  Samples were 

found in three separate experiments, with identification probabilities of at least 80% in 

each experiment, as determined by the SEQUEST algorithm. 
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Identified Proteins 
Accession 
Number 

ATP-binding cassette, sub-family F, member 1 isoform b NP_001081.1 
ATP-binding cassette, sub-family F, member 2 isoform a NP_009120.1 
ATP-dependent DNA helicase II, 70 kDa subunit NP_001460.1 
calumenin precursor NP_001210.1 
claspin NP_071394.2 
coiled-coil domain containing 124 NP_612451.1 
DEAD (Asp-Glu-Ala-Asp) box polypeptide 3, Y-linked NP_001116137.1 
DEAD (Asp-Glu-Ala-Asp) box polypeptide 5 NP_004387.1 
DEAD box polypeptide 17 isoform 3 NP_001091974.1 
DEAD/H (Asp-Glu-Ala-Asp/His) box polypeptide 3 NP_001347.3 
DEAH (Asp-Glu-Ala-His) box polypeptide 9 NP_001348.2 
dicer1 NP_085124.2 
DnaJ (Hsp40) homolog, subfamily A, member 1 NP_001530.1 
DnaJ (Hsp40) homolog, subfamily B, member 1 NP_006136.1 
DnaJ subfamily A member 2 NP_005871.1 
ErbB3-binding protein 1 NP_006182.2 
eukaryotic translation initiation factor 3, subunit 2 beta NP_003748.1 
eukaryotic translation initiation factor 3, subunit 5 epsilon NP_003745.1 
eukaryotic translation initiation factor 3, subunit 6 NP_001559.1 
eukaryotic translation initiation factor 3, subunit C-like NP_001093131.1 
eukaryotic translation initiation factor 6 isoform c NP_852131.1 
forkhead box J3 NP_055762.3 
GRB10 interacting GYF protein 2 isoform c NP_001096618.1 
HBxAg transactivated protein 2 NP_055987.2 
heterogeneous nuclear ribonucleoprotein A2/B1 isoform B1 NP_112533.1 
heterogeneous nuclear ribonucleoprotein F NP_001091676.1 
heterogeneous nuclear ribonucleoprotein U-like 1 isoform a NP_008971.2 
high glucose-regulated protein 8 NP_057342.2 
HIV-1 Vpr binding protein NP_055518.1 
HLA-B associated transcript-2 NP_542417.2 
insulin receptor substrate 4 NP_003595.1 
insulin-like growth factor 2 mRNA binding protein 2 isoform a NP_006539.3 
la related protein isoform 2 NP_291029.2 
lamin B1 NP_005564.1 
leucine rich repeat containing 47 NP_065761.1 
LTV1 homolog NP_116249.2 
matrin 3 NP_061322.2 
natriuretic peptide receptor 1 NP_000897.3 
natriuretic peptide receptor B precursor NP_003986.2 
nucleophosmin 1 isoform 3 NP_001032827.1 
nucleosome assembly protein 1-like 1 NP_631946.1 
nucleosome assembly protein 1-like 4 NP_005960.1 
PREDICTED: similar to MSTP030 XP_001724935.1 
PREDICTED: similar to ribosomal protein L3, partial XP_001718487.1 
PREDICTED: similar to ribosomal protein S10 XP_943661.2 
proteasome 26S non-ATPase subunit 2 NP_002799.3 
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Table 1 (Continuted) 
 
 

Identified Proteins 
Accession 
Number 

protein phosphatase 1G NP_002698.1 
reticulocalbin 1 precursor NP_002892.1 
reticulocalbin 2, EF-hand calcium binding domain NP_002893.1 
ribosomal protein L10a NP_009035.3 
ribosomal protein L13 NP_000968.2 
ribosomal protein L14 NP_001030168.1 
ribosomal protein L15 NP_002939.2 
ribosomal protein L24 NP_000977.1 
ribosomal protein L26-like 1 NP_057177.1 
ribosomal protein L28 NP_000982.2 
ribosomal protein L3 isoform a NP_000958.1 
ribosomal protein L35a NP_000987.2 
ribosomal protein P0 NP_444505.1 
ribosomal protein S10 NP_001005.1 
ribosomal protein S11 NP_001006.1 
ribosomal protein S13 NP_001008.1 
ribosomal protein S15a NP_001025180.1 
ribosomal protein S24 isoform a NP_148982.1 
ribosomal protein S28 NP_001022.1 
ribosomal protein S4, X-linked X isoform NP_000998.1 
ribosomal protein S4, Y-linked 1 Y isoform NP_000999.1 
ribosomal protein S7 NP_001002.1 
ribosomal protein S9 NP_001004.2 
RNA binding motif protein 4 NP_002887.2 
RuvB-like 1 NP_003698.1 
RuvB-like 2 NP_006657.1 
SEC16 homolog A NP_055681.1 
SERPINE1 mRNA binding protein 1 isoform 4 NP_056455.3 
Shwachman-Bodian-Diamond syndrome protein NP_057122.2 
TAR DNA binding protein NP_031401.1 
T-complex protein 1 isoform b NP_001008897.1 
THO complex 4 NP_005773.2 
TSR1, 20S rRNA accumulation NP_060598.3 
tubulin, beta 6 NP_115914.1 
ubiquitin protein ligase E3 component n-recognin 5 NP_056986.2 
WD-repeat protein NP_005819.3 
zinc finger antiviral protein isoform 2 NP_078901.3 
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INTRODUCTION 

Natriuretic peptides are pleiotropic factors that regulate blood pressure, cardiac 

hypertrophy, long bone growth and other functions (Potter 2009). Atrial natriuretic 

peptide (ANP) and B-type natriuretic peptide (BNP) are released from cardiac tissue in 

response to cardiac chamber stretch. Both peptides reduce cardiac stress by decreasing 

blood pressure and cardiac hypertrophy. C-type natriuretic peptide (CNP) is found in 

bone, endothelium and neuronal tissues. It stimulates long bone growth, axonal 

pathfinding and vasorelaxation. The signaling receptor for ANP and BNP is guanylyl 

cyclase-A (GC-A), also known as natriuretic peptide receptor-A, and the signaling 

receptor for CNP is guanylyl cyclase-B (GC-B), also known as natriuretic peptide 

receptor-B. Both GC-A and GC-B are transmembrane guanylyl cyclases that catalyze the 

synthesis of cGMP upon ligand binding (Potter and Garbers 1992; Koller et al. 1993; 

Potter 1998; Potter and Hunter 1998b; Joubert et al. 2001).  

In contrast to most cell surface receptors, GC-A and GC-B are basally 

phosphorylated and are desensitized by dephosphorylation (Potter and Garbers 1992).  

Upon exposure to ligand, the receptors are initially activated, but prolonged ligand 

exposure causes concomitant dephosphorylation and desensitization (Potter and Hunter 

1998a; Potter and Hunter 1999b). Initial metabolically labeling studies identified six 

phosphorylation sites in rat GC-A (S497, T500, S502, S506, S510, and T513) and five 

phosphorylation sites in rat GC-B (S513, T516, S518, S523, and S526) (Potter and 

Hunter 1998b). Importantly, all of these phosphorylation sites were shown to regulate 

enzymatic activity because the mutation of any single residue to alanine reduced receptor 

phosphate content and natriuretic-dependent guanylyl cyclase activity without affecting 

protein levels or detergent-dependent guanylyl cyclase activity (Potter and Hunter 1998a; 

Potter and Hunter 1998b). Furthermore, mutation of multiple residues to alanine resulted 

in receptors that bound hormone but could not be activated (Potter and Hunter 1999a). In 

contrast, conversion of same residues to glutamate yielded hormonally responsive 

receptors that were resistant to short-term desensitization (Ramarao and Garbers 1988).  

Although the initial tryptic phosphopeptide mapping experiments yielded several 

phosphorylation sites, we believe that additional sites remain to be discovered because 
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highly homologous sea urchin guanylyl cyclases contain 15 – 17 moles of 

phosphate/receptor (Dickey et al. 2008; Dickey et al. 2009) whereas only five or six sites 

have been previously identified in GC-B and GC-A, respectively. Mass spectrometry 

provides direct chemical evidence of phosphorylation sites, which has never been 

demonstrated for GC-A or GC-B. Here, we used mass spectrometry to identify and 

characterize two new phosphorylation sites, chemically confirm previous identified sites, 

and identify phosphorylated residues in human natriuretic peptide receptors for the first 

time.  

 

EXPERIMENTAL PROCEDURES 

 

Reagents 

PhosSelect affinity gel for immobilized metal affinity chromatography (IMAC), 

trypsin and rat ANP were purchased from Sigma-Aldrich (St. Louis, MO), Empore SDB-

XC discs were from 3M Corp (St. Paul, MN).  

 

Cell Lines 

Human embryonic kidney 293 cells stably overexpressing rat or human GC-A or 

GC-B were maintained as previously described (Dickey et al. 2008; Dickey et al. 2009). 

Transient transfections were performed in cells that lack endogenous expression of any 

natriuretic peptide receptors (293neo cells) as previously described (Dickey et al. 2008; 

Dickey et al. 2009). 

 

Immunoprecipitation 

Natriuretic peptide receptors were immunoprecipitated from cells stably 

overexpressing the desired receptor with antibodies that recognize the carboxyl-terminal 

of GC-A or GC-B as previously described (Shevchenko et al. 2006).  Proteins were 

separated on Criterion gels by SDS-PAGE and visualized by Coomassie staining. 
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In-gel digestion 

Protein bands of interest were excised from gels and digested with trypsin as 

described (Ficarro et al. 2005). Briefly, the excised band was cut into small pieces, 

dehydrated with acetonitrile (ACN), and treated with 1 mM DTT at 56º C for 20 min to 

assure reduction of cysteine residues. After another round of dehydration, samples were 

treated with 55 mM iodoacetamide in 100 mM NH4HCO3 to alkylate cysteine residues. 

The gel slices were again dehydrated with ACN and then rehydrated in a solution 

containing 12.5 ng/µL of sequence-grade trypsin in 10 mM NH4HCO3 on ice for 2 h 

before incubation at 37ºC overnight. The tryptic peptides were then extracted from the 

gel with 1:2 solution of 5% formic acid:ACN in a two-fold excess to the trypsin solution 

already present. After incubating at 37ºC for 30 min with shaking, the supernatant was 

then removed and dried by vacuum centrifugation. 

 

Peptide methylation 

Methylation of free carboxyl groups was accomplished as follows (Villen and 

Gygi 2008). Forty µL of acetyl chloride was added drop-wise to 1 mL of anhydrous 

methanol and then used to resuspend the dried tryptic peptide sample. The mixture was 

then sonicated for 1 h at room temperature and allowed to further react for 30 min at 

room temperature before drying by vacuum centrifugation. 

 

Phosphopeptide enrichment and sample desalting 

Immobilized metal-affinity chromatography (IMAC) was used for 

phosphopeptide enrichment as described (Rappsilber et al. 2007). Briefly, tryptic peptide 

samples were dissolved in 100 µL IMAC binding buffer (40% ACN in 25 mM formic 

acid) and added to 10 µL of IMAC resin. The sample was incubated at room temperature 

with vigorous shaking for 1 h. The beads were then added to an equilibrated StageTip 

column (Bandhakavi et al. 2009) containing two 16-gauge needle punches of Empore 

SDB-XC discs. The IMAC resin was then washed with binding buffer to remove any 

non-specifically bound peptides. Peptides specifically bound to the IMAC resin were 

eluted onto the Empore discs with excess K2HPO3, pH 7. Samples were then desalted and 
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the desired peptide fraction was eluted with 95% ACN in 0.1% trifluoacetic acid (TFA). 

Samples not enriched by IMAC were similarly desalted with StageTips. Sample eluates 

were dried by vacuum centrifugation. 

 

Liquid Chromatography and Nanospray Mass Spectrometry 

Liquid chromatography and mass spectrometry was performed essentially as 

described by Bandhakavi et al. (Potter and Hunter 1998b) using an Eksigent 1DLC 

nanoHPLC in-line with an LTQ-Orbitrap XL (ThermoScientific) with a few exceptions. 

The gradient was 2-40% ACN in 0.1% formic acid over 60 min with a constant flow of 

250 nL/min. Spray voltage was set to 1.95 kV, the heated capillary was set at 160 °C, and 

the tube lens voltage was set to either 145 V or 65 V (the lower value was used to limit 

any potential phosphate loss).  Full scans were performed in the orbital trap over a range 

of m/z 360-1800. Tandem mass spectra were scanned from the linear ion trap using 

collision-induced dissociation with a normalized collision energy of 35%, an isolation 

width of 2.0 m/z, and target values of 10,000 ions or 100 ms. A parent mass list was 

incorporated containing m/z values of candidate phosphopeptides with +2, +3, and +4 

ionization states.  The five most intense ions were selected for fragmentation. If a specific 

parent was not detected, the most intense ions not on the parent mass list were selected as 

a default. Dynamic exclusion was set for 20 s using the maximum of 500 entries and a 

mass window of -0.6 to 1.2 amu.     

 

Mutagenesis 

Site-directed mutagenesis of rat GC-A and GC-B was accomplished using the 

QuickChange II system (Stratagene, Cedar Creek, TX) as previously described (Antos et 

al. 2005). All mutations were confirmed by DNA sequencing. 

 

Guanylyl cyclase assays 

Crude membranes were prepared as described (Bryan and Potter 2002). Guanylyl 

cyclase 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 1-methyl-3-isobutylxanthine, 1 mM GTP, 0.5 µM 
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microcystin, 1 mM EDTA, and 1-2 µCi of [α-32P]GTP, with either 5 mM MgCl2, 1 mM 

ATP, and 1 µM natriuretic peptide or 5mM MnCl2 and 1% Triton X-100. Reactions were 

started by the addition of 80 µl of the above reagents to 50-200 µg of crude membrane 

protein suspended in 20 µl of phosphatase inhibitor buffer. Reactions were stopped by the 

addition of 0.5 ml 110 mM ZnOAc and 0.5 ml 110 mM NaCO3 on ice. Cyclic GMP 

accumulation was determined as described previously (Potter and Hunter 1999b). 

 

Homologous desensitization assay 

Cells expressing the desired receptor were incubated at 37 ºC for 1 hour in the 

presence or absence of 1 mM ANP in DMEM. Cells were then washed twice with ice-

cold PBS and then membranes were prepared and assayed for guanylyl cyclase activity as 

described above. 

 

Data analysis 

MS data were searched using the Proteome Discoverer 1.0 software pipeline using 

SEQUEST (ThermoScienific). Monoisotopic precursor and fragment ion tolerances were 

set to 10 ppm and 0.8 amu respectively. Dynamic modifications of oxidation of Met and 

phosphorylation of Ser and Thr and the static modification of carbamidomethylation of 

Cys were selected. The databases used for searching were the rat international protein 

index (IPI) 20081024 v3.50 (40,359 entries) or NCBI human v200806 (38,126 entries). 

The SEQUEST discrimanant score (XCorr) and precursor mass error  (ΔM) values 

reported here were determined by the software package. Numbering of sites of 

phosphorylation in human receptors is based on numbering of previously identified sites 

in the rat homologs. 

 

Statistical analysis 

Statistical analysis of the guanylyl cyclase data was performed with GraphPad 

Prism software. All p-values were obtained using an unpaired t-test where ≤ 0.05 was 

considered significant. 
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RESULTS 

 

Identification of known phosphorylation sites in rat and human GC-A and GC-B 

Rat and human forms of GC-A and GC-B were purified from HEK 293 cells by 

sequential immunoprecipitation-SDS-PAGE fractionation. Gel slices containing the 

receptor of interest were then subjected to in-gel tryptic digestion and resulting peptides 

were extracted. In some experiments, free carboxylic acid groups in the peptides were 

methylated and/or the phosphopeptides were enriched by immobilized metal affinity 

chromatography (IMAC). The peptide mixtures were then submitted to nLC-MS-MS and 

the resulting mass/charge data was searched against the appropriate IPI rat or NCBI 

human database. In the database analysis of GC-A and GC-B phosphopeptides, the 

peptide species noted at the top of the spectra indicate the best possible match from all 

possible theoretical tryptic peptides in the entire rat or human protein database of 40,359 

or 38,126 proteins, respectively. In other words, when no constraints were set upon the 

system, the search algorithms determined that the best match for the spectrum was a 

specific phosphorylated peptide from GC-A or GC-B. In addition, all sites of 

modification were confirmed by manual inspection of MS/MS spectra.  

All six previously identified phosphorylation sites in rat GC-A (Potter and Hunter 

1998b) were identified by mass spectrometry. Due to the fact that GC-A contains 6 

known sites within a 17 amino acid span, peptides containing multiple phosphorylation 

sites were observed. Figures 1A and B illustrate MS/MS spectra consistent with the triply 

phosphorylated peptides SAGpSRLpTLpSGR and 

GpSNYGpSLLpTTmEGQFQVFAmK, respectively, where lowercase letters indicate a 

modification to the preceding amino acid (p = phosphorylation; m = methylation; o = 

oxidation). Please note that that b-series ions and y-series ions from the MS/MS analysis 

are depicted as red or blue peaks, respectively, and that larger, more detailed, spectra are 

shown in supplemental figures. The first peptide contains a missed trypsin cleavage site, 

which often results when a phosphothreonine or phosphoserine is two residues C-

terminal to an arginine or lysine (Potthast et al. 2004; Abbey-Hosch et al. 2005). Green 

peaks indicate additional matches to the theoretical fragmentation pattern. XCorr and ΔM 
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values, as determined by the Proteome Discoverer software, are listed on each spectrum. 

Xcorr is the score for the match with higher values indicating a greater likelihood that the 

peak is the predicted peptide. ΔM reflects the accuracy of the peptide mass measurement 

with lower values indicating a more precise measurement. Asterisks indicate key ions 

that determine which residues in the phosphopeptides are actually phosphorylated. For 

instance in Figure 1A, the presence of the b2 and y9 ions indicates a triply 

phosphorylated peptide containing phosphates likely on S497, T500, and S502. Likewise, 

in Figure 1B the concurrent presence of the y10, y16, b9, and y14 ions indicate 

phosphorylation occurs at S506, S510, and T513. Together, these two phosphopeptides 

contain all six known GC-A phosphorylation sites (S497, T500, S502, S506, S510 and 

T513). Spectra describing mono and diphosphorylated versions of these peptides were 

observed as well but are not presented due to space limitations. 

MS/MS analysis of tryptic digestions of human GC-A revealed mass/charge 

species corresponding to the diphosphorylated peptides SAGpSRLpTLSGR (Figure 1C) 

and SAGpSRLTLpSGmR (Figure 1D). The presence of the y4 and y8 ions in Figure 1C 

in conjunction with the presence of b7 indicate phosphorylation at S497 and T500 in this 

peptide. In Figure 1D, presence of the b2, b4, and y3 ions suggest phosphorylation at 

S497 and S502. The monophosphorylated peptide GpSNYGSLLTTEGQFQVFAK was 

also identified (Figure 1E), where the presence of the b5 ion in conjunction with the y17 

ion indicates phosphorylation at S506. We did not observe peptides containing 

phosphorylated versions of S510 or T513 in human GC-A. However, the corresponding 

nonphosphorylated versions of these peptides also were not found when omitting the 

phosphopeptide enrichment step, suggesting that lack of identification may result from 

inability to detect the relevant peptides by mass spectrometry. Thus, for the first time, we 

determined that human GC-A is phosphorylated on residues corresponding to S497, 

T500, S502 and S506 in rat GC-A.  

MS/MS analysis of proteolytic samples of rat GC-B identified all five previously 

known phosphorylation sites. Figure 2A illustrates a spectrum depicting the 

phosphopeptide GAGpSRLpTLSLR. The presence of both the y3 and b7 ions confirms 

phosphorylation at S513 and T516. The singly phosphorylated peptide LTLpSLR (Figure 
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2C) was phosphorylated on S518 as indicated by the presence of the y4 ion.  Figure 2E 

depicts the spectrum of GSpSYGpSLoMTAHGK, which is phosphorylated at both S523 

and S526, as indicated by the presence of the y11, y10, and y7 ions. These three 

phosphopeptides account for all previously known rat GC-B phosphorylation sites (S513, 

T516, S518, S523, and S526). 

MS/MS analysis of tryptic digests of human GC-B revealed the phosphopeptides 

GAGpSRLpTLSLR (Figure 2B), LTLpSLR (Figure 2D) and GSpSYGpSLoMTAHGK 

(Figure 2E). In Figure 2B, the presence of the y4 and b7 ions indicates phosphorylation at 

S513 and T516. The presence of the y4 ion in Figure 2D suggests phosphorylation at 

S518. As can be seen in Figure 2F, the presence of the y11, y10, y7, b5 and y8 ions are 

consistent with phosphorylation at S523 and S526.  Thus, for the first time, we have 

shown that human GC-B is phosphorylated on sites corresponding to S513, T516, S518, 

S523, and S526 in rat GC-B. 

 

Identification of novel phosphorylation sites in rat and human GC-A 

A novel phosphorylation site at S487 was also identified in GC-A. MS/MS 

spectra containing peaks corresponding to the mass/charge ratio of the peptides 

WEDLQPSpSLER and WEDVEPSpSLER were identified in proteolytic digest of rat and 

human GC-A, respectively (Figures 3A and B). In both spectra, the presence of the b7 

and y4 ions indicates phosphorylation at S487. The corresponding amino acid in GC-B is 

not phosphorylated since it is an asparagine. To investigate the function of this 

phosphorylation site, we created constructs expressing an alanine or glutamate at position 

487 in rat GC-A. One micromolar ANP resulted in 72, 66 and 61% of maximal detergent-

dependent guanylyl cyclase activity in membranes from cells transfected with wild type, 

S487A and S487E GC-A constructs, respectively. The 15% reduction in the S487E 

compared to wild type GC-A was statistically significant. 

The effect of S487 phosphorylation on ANP-dependent desensitization of GC-A 

was investigated by incubating 293 cells expressing wild type or S487 mutants with or 

without absence of 1 mM ANP for 1 hour at 37ºC prior to membrane preparation. ANP-

dependent and detergent-dependent guanylyl activities in the resulting membranes were 
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then determined and expressed as ratio of ANP-dependent activity/detergent-dependent 

activity to control for transfection efficiencies and expression levels. Relative 

desensitization was determined by expressing cyclase activities measured in membranes 

from ANP exposed cells as a percentage of activities measured in membranes from cells 

not exposed to ANP. Prior exposure to ANP reduced hormone-dependent cyclase activity 

by 52, 48 and 62% in membranes from cells expressing wild type, S487A and S487E 

versions of GC-A. The reductions in activity were not significantly different from one 

another at p < 0.05.  

 

Identification of a novel phosphorylation site in rat and human GC-B.  

In addition to the five previously identified phosphorylation sites in the amino 

terminus of the kinase homology domain of GC-B, our mass spectrometric analysis 

indicated that GC-B is also phosphorylated at T529. Peaks representing the singly and 

doubly phosphopeptides GSSYGSLoMpTAHGK and GSpSYGSLoMpTAHGK were 

observed in spectra from tryptic digests of rat and human GC-B, respectively (Figures 4A 

and 4B). In Figure 4A, the presence of the b7 and y6 ions indicates phosphorylation of 

the T529 residue. In Figure 4B, the presence of the y11 and y10 ions in conjunction with 

the b3 and y5 ions is consistent with phosphorylation at S523 and T529. 

T529 in GC-B is homologous to T513 in GC-A, which is a known 

phosphorylation site. To investigate the functional consequence of phosphorylation at 

T529, we mutated T529 in rat GC-B to alanine or glutamate and measured CNP-

dependent guanylyl cyclase activity in membranes from cells transiently expressing each 

receptor. The alanine, but not the glutamate, mutation decreased hormone-dependent 

cyclase activity (Figure 4C). In addition, the T529E mutation was introduced into a 

receptor containing glutamate substitutions at all five previously identified 

phosphorylation sites (GC-B-5E) (Potter and Hunter 1998a; Potter and Hunter 1998b) to 

generate a receptor containing six glutamates (GC-B-6E). CNP-dependent guanylyl 

cyclase activity was significantly higher in membranes from cells expressing GC-B-6E 

compared to cells expressing GC-B-5E (Figure 4D). Together, these data indicate that 
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phosphorylation of threonine 529 is required for maximum CNP-dependent guanylyl 

cyclase activity of GC-B.  

  

DISCUSSION 

The veracity of these phosphopeptide identifications is supported in two ways. 

First, the MS/MS spectra matched to phosphopeptides from GC-A or GC-B that were 

obtained by searching against databases containing approximately 40,000 protein 

sequences, so the probability of these MS/MS peaks randomly matching the expected 

proteins is absurdly low.  Secondly, regarding the issue of determining the exact site or 

sites of modification, we manually evaluated the MS/MS spectra from each 

phosphopeptide, and in all cases, we confirmed that the sites of phosphorylation 

determined by sequence database searching were supported by the peptide fragmentation 

pattern. Thus, the modification sites presented are well supported by the mass 

spectrometry data. 

As a result of these methods, a total of seven phosphorylation sites within rat GC-

A and six phosphorylation sites in rat GC-B were identified. A summary of known GC-A 

and GC-B phosphorylation sites and how they were detected is shown in Figure 5. Of the 

GC-A sites, five were found in both the rat and human forms. Of the GC-B sites, all six 

were found in both rat and human forms. Five of the GC-B phosphorylation sites are 

conserved in GC-A. Mass spectrometric evidence was obtained for all sites that were 

originally identified by tryptic phosphopeptide mapping of 32P-labeled receptors 

(Schroter et al. 2010).  In addition, evidence for one new site in GC-A (S487) and one 

new site in GC-B (T529) was obtained. The amino acid corresponding to S487 in GC-A 

is an asparagine in GC-B; thus phosphorylation of S487 is unique to GC-A.  

During the course of our studies, Schroter and colleagues released a report 

documenting phosphorylation sites in FLAG-tagged rat GC-A using mass spectroscopy 

techniques (Vieira et al. 2001). In agreement with the information presented in this 

report, they detected phosphorylation at S487, S497, T500, S502, S506, S510, and T513 

of rat GC-A overexpressed in 293 cells. They also detected phosphorylation of S487, 

S497 and T500 in primary endothelial cells, which is impressive given the low levels of 
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GC-A expression in these cells. They did not analyze sites in human GC-A or any form 

of GC-B. Consistent with our data, they observed less ANP-dependent cyclase activity in 

membranes from cells expressing GC-A-S487E compared to the wild type receptor. 

However, they observed a 35% decrease whereas we only saw a 15% decrease. Schroter 

and colleagues did not measure desensitization of the S487A receptor. We do not know 

the reason for the difference in scale of the decrease observed by the two groups but we 

note that ANP was present a ten-fold higher concentration in our assay.     

One major assertion of Schroter’s and coworkers report was that phosphorylation 

of S487 is necessary for the homologous desensitization of rat GC-A. In fact, it was 

suggested to directly cause the decrease in activity seen in response to pretreatment with 

ligand. This conclusion was based on two major findings. First, they reported that the 

activity of their glutamic acid mutant was not blunted in response to 1 hr pretreatment 

with 100 nM ANP. Secondly, they reported that the relative ratio of tryptic 

phosphorylated to dephosphorylated peptides containing S487 increased approximately 

9.5-fold upon ANP pretreatment as determined by semiquantitative mass spectrometry. 

However, the hypothesis that phosphorylation of S487 is responsible for the effects of 

homologous desensitization is in direct conflict with our data demonstrating that both 

S487A and S487E mutant receptors desensitize similarly to the wild type receptor (Figure 

3D).  Thus, our results indicate that changes in the phosphorylation of S487 cannot by 

itself account for homologous desensitization of GC-A. 

One difference between our studies and those of Schroter and colleagues is the 

concentration of ligand used for homologous desensitization studies. For our homologous 

desensitization studies, we both pretreat cells and assess guanylyl cyclase activity with a 

maximally-stimulating concentration of ANP (1 mM).  Schroter and coworkers pretreated 

cells with 100 nM ANP and assayed activities in the presence of 10 nM ANP. Previous 

binding studies have shown that ANP dissociation from GC-A has a relatively slow 

dissociation rate (4%/min) at the subphysiologic temperatures required during cell 

washing and membrane preparation (Bereta et al. 2010).  Therefore, it is probable that 

subsequent to incubation with ANP, a significant portion of ligand remains bound to the 

receptor even after several washes.  In fact, this is why basal activities are elevated in 
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membranes from cells exposed to ANP. This phenomenon will lead to a higher-than-

calculated amount of ligand present during activity testing.  To circumvent this issue, we 

use a maximally-stimulating concentration of ANP, such that any residual ANP 

remaining from the pretreatment has a negligible affect on activity measurements, since 

higher concentrations of ANP are present in the assay mixture than we added to cells. 

Nonetheless, it is clear that phosphorylation of S487 in GC-A does not have the 

same effect on cyclase activity as the previously identified sites. The small magnitude of 

the changes seen with these mutants decreases confidence that phosphorylation of S487 

regulates GC-A guanylyl cyclase activity. Whether the in vivo regulatory effect of 

phosphorylation of S487 is to modulate cyclase activity or some other function is not 

known at the moment, but the marginal effect on cyclase activity suggests another 

function(s) to us. 

Recent studies by Bereta et al, have demonstrated phosphorylation at four serine 

residues within the kinase homology domain of guanylyl cyclase 1 (GC1) (also known as 

GC-E) from mouse retina using mass spectrometry (Potter and Hunter 1999b). 

Interestingly, the four phosphorylation sites identified within the kinase homology 

domain of GC1 align with the highly phosphorylated region of the kinase homology 

domains of GC-A and GC-B.  In fact, two of the GC1 phosphorylation sites (S530 and 

S533) align exactly with the phosphorylation sites in GC-A/B reported here (S497/513 

and T500/516) (Figure 6). However, unlike the phosphorylation sites in the same region 

of GC-A and GC-B, mutation of the phosphorylation sites in GC1 to either alanine or 

glutamic acid has no effect on guanylyl cyclase activity.  Thus, other members of the 

guanylyl cyclase family have phosphorylation sites that do not greatly affect cyclase 

activity, similar to S487 in GC-A reported here. 

Finally, it is unclear whether additional sites of phosphorylation sites remain to be 

determined in GC-A and GC-B. Although mass spectrometry is a very sensitive and 

accurate technique, if the phosphopeptides do not enter the instrument due to losses 

during the purification process, they will not be identified. Previous studies with 32P-

labeled peptides indicated that most of the radioactivity (~90%) is lost in the preparation 

procedure (Potter et al. 2009). In the current study, we have no way of measuring 
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phosphopeptide loss since the initial protein is not labeled. In addition, some peptides 

ionize poorly for unknown reasons, and therefore will not be detected. Thus, we can be 

confident in the positive identification of current sites but cannot exclude the possibility 

that additional phosphorylation sites remain to be determined. 

In conclusion, we have identified 7 phosphorylation sites (S487, S497, T500, 

S502, S506, S510, and T513) in rat GC-A and 5 phosphorylation sites (S487, S497, 

T500, S502, and S506) in human GC-A by mass spectrometry. Six identical 

phosphorylated residues (S513, T516, S518, S523, S526, and T529) were biochemically 

identified in rat and human GC-B. These studies lay the foundation for future analysis of 

phosphorylation-dependent regulation of rat and human guanylyl cyclase receptors. 

 

 

 

SUPPORTING INFORMATION  

Supporting information includes larger, more detailed versions of all MS/MS spectra 

presented here.  Additionally, each spectrum is accompanied by a detailed b- and y-ion 

fragmentation table highlighting matched fragments. 
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Figure 1. Tandem mass spectrometric spectra depicting phosphorylated residues in 

rat GC-A and human GC-A. Receptors were purified and digested with trypsin prior to 

analysis by tandem mass spectrometry. Spectra for each phosphopeptide are color coded 

for matched b- and y-ions in red and blue, respectively. Other matches to the theoretical 

fragmentation are shown in green. For clarity, only selected species are labeled within the 

spectra. The primary amino acid sequence for each phosphorylated peptide is denoted on 

each spectrum and all b- and y- ions matched from the spectrum are marked. Lowercase 

letters directly preceding amino acids indicate modifications (p = phosphorylated; m = 

methylated; o = oxidized).  Precursor ion m/z value and charge state are listed for the 

spectrum. SEQUEST discriminant score (XCorr) and mass error  (ΔM) values reported 

for the spectrum were determined by the Proteome Discoverer software. Asterisks 

indicate ions that support the phosphorylation of specific serines or threonines. (A) 

Tandem mass spectrum identifying pS497, pT500, and pS502 within rat GC-A. (B) 

Tandem mass spectrum identifying pS506, pS510, and pT513 within rat GC-A. (C) 

Tandem mass spectrum identifying pS497 and pT500 within human GC-A. (D) Tandem 

mass spectrum identifying pS497 and pS502 within human GC-A. (E) Tandem mass 

spectrum identifying pS506 within human GC-A.  
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Figure 2. Tandem mass spectrometric spectra depicting phosphorylated residues in 

rat and human GC-B.  Spectra were generated and are labeled as described in Figure 1. 

(A) Tandem mass spectrum identifying pS513 and pT516 within rat GC-B.  (B) Tandem 

mass spectrum identifying pS518 within rat GC-B. (C) Tandem mass spectrum 

identifying pS523 and pT526 within rat GC-B. (D) Tandem mass spectrum identifying 

pS513 and pT516 within human GC-B. (E) Tandem mass spectrum identifying pS518 

within human GC-B. (F) Tandem mass spectrum identifying pS523 and pT526 within 

human GC-B.    
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Figure 3. Mass spectroscopic identification of phosphorylated S487 in rat and 

human GC-A.  Spectra were generated and are labeled as described in Figure 1. (A) 

Tandem mass spectrum identifying pS487 in rat GC-A. (B) Tandem mass spectrum 

identifying pS487 in human GC-A. (C) Guanylyl cyclase activities in membranes of 293 

cells expressing wild type or mutant forms rat GC-A where n = 20. Assays were 

conducted in the presence of either 1 µM ANP or 1% Triton X-100. Results are 

normalized to the maximum cGMP concentrations obtained in the presence of Triton X-

100. (D) Homologous desensitization assessed by guanylyl cyclase activities in 293 cells 

expressing wild type or mutant forms of rat GC-A preincubated with 1 mM ANP for one 

h. Assays were conducted in the presence of either 1 µM ANP or 1% Triton X-100. 

Results are expressed as the activation ratio of ligand-stimulated activity divided by 

activity determined in the presence of 1 % Triton-X 100 and Mn2+ GTP, which were then 

normalized to the non-pretreated control for each receptor where n = 8. 
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Figure 4. Mass spectroscopic identification of phosphorylated T529 in rat and 

human GC-B.  Spectra were generated and are labeled as described in Figure 1. (A) 

Tandem mass spectrum identifying pT529 in rat GC-B generated from a tryptic digest of 

rat GC-B. (B) Tandem mass spectrum identifying pS523 and pT529 in human GC-B. (C) 

Guanylyl cyclase activities from membranes obtained form 293 cells expressing rat wild 

type GC-B with T529 mutated to either alanine or glutamic acid where n = 8. (D) 

Guanylyl cyclase activities from membranes obtained from 293 cells expressing either rat 

GC-B containing glutamic acid substitutions at all five previously known phosphorylated 

residues (GC-B-5E) or rat GC-B with a glutamic acid residue substitution at T529 in 

addition to previously known sites (GC-B-6E) where n = 4. Cyclase activities were 

determined in the presence or 1 µM CNP or 1% Triton X-100. Results are normalized to 

the maximum cGMP concentrations obtained in the presence of Triton X-100. 
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Figure 5. Summary of phosphorylation sites identified in rat and human natriuretic 

peptide receptors.  Schematic of the membrane-bound natriuretic peptide receptors 

illustrating known phosphorylated residues. Phosphorylation sites are identified both by 

residue number and identification procedure. BLUE residues were identified both by 32P-

phosphopeptide mapping and mass spectrometry. YELLOW residues were identified by 

mass spectrometry only. GREY residues are predicted to be phosphorylated by sequence 

homology to known phosphorylated residues. 
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Figure 6. Sequence alignment of identified phosphorylation sites in mammalian 

particulate guanylyl cyclases.  Comparison of phosphorylated regions from mouse (m), 

rat (r), and human (h) homologs of GC-A, GC-B, and retinal guanylyl cyclase (GC-1).  

Positions where structurally similar residues are conserved in two or more proteins are 

shaded light grey.  Residues conserved in all proteins are shaded in dark grey.  Red 

residues indicate known phosphorylation sites.  Numbers on top line refer to rat GC-A 

sites. The alignment was performed with ClustalW. 
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Figure S1. Tandem mass spectrometric spectrum depicting phosphorylated residues 

at S497, T500, and S502 in rat GC-A. GC-A was purified from HEK 293 cells and 

digested with trypsin prior to analysis by tandem mass spectrometry. Spectra for each 

phosphopeptide are color coded for matched b- and y-ions in red and blue, respectively. 

Other matches to the theoretical fragmentation are shown in green. For clarity, only 

selected species are labeled within the spectra. The primary amino acid sequence for each 

phosphorylated peptide is denoted on each spectrum and all b- and y- ions matched from 

the spectrum are marked. Asterisks indicate ions that support the phosphorylation of 

specific serines or threonines. Cross-correlation (XCorr) and mass tolerance (ΔM) values 

reported were determined by Proteome Discoverer software. Lowercase letters directly 

preceding amino acids indicate modifications (p = phosphorylated; m = methylated; o = 

oxidized). The table below the spectrum displays the b- and y-ion series of theoretical 

fragmentation of the peptide. Theoretical b- and y-ions that are present within the spectra 

are colored red and blue, respectively.   
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# b b(1+) b(2+) b(3+) Seq. y(1+) y(2+) y(3+) # y

1 88.04 44.52 30.02 S 11

2 159.08 80.04 53.70 A 1257.48 629.24 419.83 10

3 216.10 108.55 72.70 G 1186.44 593.72 396.15 9

4 383.10 192.05 128.37 S-Phospho 1129.42 565.21 377.14 8

5 539.20 270.10 180.40 R 962.42 481.71 321.48 7

6 652.28 326.64 218.10 L 806.32 403.66 269.45 6

7 833.30 417.15 278.44 T-Phospho 693.24 347.12 231.75 5

8 946.38 473.69 316.13 L 512.22 256.62 171.41 4

9 1113.38 557.19 371.80 S-Phospho 399.14 200.07 133.72 3

10 1170.40 585.70 390.80 G 232.14 116.57 78.05 2

11 R 175.12 88.06 59.04 1
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Figure S2. Tandem mass spectrometric spectrum depicting phosphorylated residues 

at S506, S510, and T513 in rat GC-A. Spectra were generated and are labeled as 

described in Figure S1. The table below the spectrum displays the b- and y-ion series of 

theoretical fragmentation of the peptide. Theoretical b- and y-ions that are present within 

the spectra are colored red and blue, respectively. 
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# b b(1+) b(2+) Seq. y(1+) y(2+) # y

1 58.03 G 2314.94 1157.98 19

2 225.03 S-Phospho 2257.92 1129.47 18

3 339.07 N 2090.92 1045.97 17

4 502.13 Y 1976.88 988.94 16

5 559.16 G 1813.82 907.41 15

6 726.15 363.58 S-Phospho 1756.80 878.90 14

7 839.24 420.12 L 1589.80 795.40 13

8 952.32 476.66 L 1476.71 738.86 12

9 1133.34 567.17 T-Phospho 1363.63 682.32 11

10 1234.38 617.70 T 1182.62 591.81 10

11 1377.44 689.22 E-Methyl 1081.57 541.29 9

12 1434.46 717.74 G 938.51 469.76 8

13 1562.52 781.76 Q 881.49 441.25 7

14 1709.59 855.30 F 753.43 377.22 6

15 1837.65 919.33 Q 606.36 5

16 1936.72 968.86 V 478.30 4

17 2083.79 1042.40 F 379.23 3

18 2154.82 1077.92 A 232.17 2

19 2314.94 1157.98 K-Methyl 161.13 1
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Figure S3. Tandem mass spectrometric spectrum depicting phosphorylated residues 

at S497 and T500 in human GC-A. Spectra were generated and are labeled as described 

in Figure S1. The table below the spectrum displays the b- and y-ion series of theoretical 

fragmentation of the peptide. Theoretical b- and y-ions that are present within the spectra 

are colored red and blue, respectively. 
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# b b(1+) b(2+) Seq. y(1+) y(2+) # y

1 88.04 44.52 S 11

2 159.08 80.04 A 1177.51 589.26 10

3 216.10 108.55 G 1106.48 553.74 9

4 383.10 192.05 S-Phospho 1049.45 525.23 8

5 539.20 270.10 R 882.46 441.73 7

6 652.28 326.64 L 726.35 363.68 6

7 833.30 417.15 T-Phospho 613.27 307.14 5

8 946.38 473.69 L 432.26 216.63 4

9 1033.41 517.21 S 319.17 160.09 3

10 1090.43 545.72 G 232.14 116.57 2

11 R 175.12 88.06 1
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Figure S4. Tandem mass spectrometric spectrum depicting phosphorylated residues 

at S497 and S502 in human GC-A. Spectra were generated and are labeled as described 

in Figure S1. The table below the spectrum displays the b- and y-ion series of theoretical 

fragmentation of the peptide. Theoretical b- and y-ions that are present within the spectra 

are colored red and blue, respectively. 
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 # b b(1+) b(2+) b(3+) Seq. y(1+) y(2+) y(3+) # y

1 88.04 44.52 30.02 S 11

2 159.08 80.04 53.70 A 1191.53 596.27 397.85 10

3 216.10 108.55 72.70 G 1120.49 560.75 374.17 9

4 383.10 192.05 128.37 S-Phospho 1063.47 532.24 355.16 8

5 539.20 270.10 180.40 R 896.47 448.74 299.50 7

6 652.28 326.64 218.10 L 740.37 370.69 247.46 6

7 833.30 417.15 278.44 T-Phospho 627.29 314.15 209.77 5

8 946.38 473.69 316.13 L 446.27 223.64 149.43 4

9 1033.41 517.21 345.14 S 333.19 167.10 111.73 3

10 1090.43 545.72 364.15 G 246.16 123.58 82.72 2

11 R-Methyl 189.13 95.07 63.72 1
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Figure S5. Tandem mass spectrometric spectrum depicting a phosphorylated 

residue at S506 in human GC-A. Spectra were generated and are labeled as described in 

Figure S1. The table below the spectrum displays the b- and y-ion series of theoretical 

fragmentation of the peptide. Theoretical b- and y-ions that are present within the spectra 

are colored red and blue, respectively. 
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# b b(1+) b(2+) Seq. y(1+) y(2+) # y

1 58.03 29.52 G 19

2 225.03 113.02 S-Phospho 2069.96 1035.48 18

3 339.07 170.04 N 1902.96 951.98 17

4 502.13 251.57 Y 1788.92 894.96 16

5 559.15 280.08 G 1625.85 813.43 15

6 646.19 323.60 S 1568.83 784.92 14

7 759.27 380.14 L 1481.80 741.40 13

8 872.36 436.68 L 1368.72 684.86 12

9 973.40 487.20 T 1255.63 628.32 11

10 1074.45 537.73 T 1154.58 577.80 10

11 1203.49 602.25 E 1053.54 527.27 9

12 1260.51 630.76 G 924.49 462.75 8

13 1388.57 694.79 Q 867.47 434.24 7

14 1535.64 768.32 F 739.41 370.21 6

15 1663.70 832.35 Q 592.35 296.68 5

16 1762.77 881.89 V 464.29 232.65 4

17 1909.84 955.42 F 365.22 183.11 3

18 1980.87 990.94 A 218.15 109.58 2

19 K 147.11 74.06 1



  143 

Figure S6. Tandem mass spectrometric spectrum depicting phosphorylated residues 

at S513 and T516 in rat GC-B. Spectra were generated and are labeled as described in 

Figure S1. The table below the spectrum displays the b- and y-ion series of theoretical 

fragmentation of the peptide. Theoretical b- and y-ions that are present within the spectra 

are colored red and blue, respectively. 
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# b b(1+) b(2+) Seq. y(1+) y(2+) # y

1 58.03 29.52 G 11

2 129.07 65.04 A 1233.58 617.29 10

3 186.09 93.55 G 1162.54 581.77 9

4 353.09 177.05 S-Phospho 1105.52 553.26 8

5 509.19 255.10 R 938.52 469.76 7

6 622.27 311.64 L 782.42 391.71 6

7 803.28 402.15 T-Phospho 669.33 335.17 5

8 916.37 458.69 L 488.32 244.66 4

9 1003.40 502.20 S 375.24 188.12 3

10 1116.49 558.75 L 288.20 144.61 2

11 R 175.12 88.06 1
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Figure S7. Tandem mass spectrometric spectrum depicting phosphorylated residues 

at S513 and T516 in human GC-B. Spectra were generated and are labeled as described 

in Figure S1. The table below the spectrum displays the b- and y-ion series of theoretical 

fragmentation of the peptide. Theoretical b- and y-ions that are present within the spectra 

are colored red and blue, respectively. 
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# b b(1+) b(2+) Seq. y(1+) y(2+) # y

1 58.03 29.52 G 11

2 129.07 65.04 A 1233.58 617.29 10

3 186.09 93.55 G 1162.54 581.77 9

4 353.09 177.05 S-Phospho 1105.52 553.26 8

5 509.19 255.10 R 938.52 469.76 7

6 622.27 311.64 L 782.42 391.71 6

7 803.28 402.15 T-Phospho 669.33 335.17 5

8 916.37 458.69 L 488.32 244.66 4

9 1003.40 502.20 S 375.24 188.12 3

10 1116.49 558.75 L 288.20 144.61 2

11 R 175.12 88.06 1
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Figure S8. Tandem mass spectrometric spectrum depicting a phosphorylated 

residue at S518 in rat GC-B. Spectra were generated and are labeled as described in 

Figure S1. The table below the spectrum displays the b- and y-ion series of theoretical 

fragmentation of the peptide. Theoretical b- and y-ions that are present within the spectra 

are colored red and blue, respectively. 
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# b b(1+) b(2+) Seq. y(1+) y(2+) # y

1 114.09 57.55 L 6

2 215.14 108.07 T 669.33 335.17 5

3 328.22 164.62 L 568.29 284.65 4

4 495.22 248.11 S-Phospho 455.20 228.10 3

5 608.31 304.66 L 288.20 144.61 2

6 R 175.12 88.06 1
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Figure S9. Tandem mass spectrometric spectrum depicting a phosphorylated 

residue at S518 in human GC-B. Spectra were generated and are labeled as described in 

Figure S1. The table below the spectrum displays the b- and y-ion series of theoretical 

fragmentation of the peptide. Theoretical b- and y-ions that are present within the spectra 

are colored red and blue, respectively. 
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# b b(1+) b(2+) Seq. y(1+) y(2+) # y

1 114.09 57.55 L 6

2 215.14 108.07 T 669.33 335.17 5

3 328.22 164.62 L 568.29 284.65 4

4 495.22 248.11 S-Phospho 455.20 228.10 3

5 608.31 304.66 L 288.20 144.61 2

6 R 175.12 88.06 1
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Figure S10. Tandem mass spectrometric spectrum depicting phosphorylated 

residues at S523 and S526 in rat GC-B. Spectra were generated and are labeled as 

described in Figure S1. The table below the spectrum displays the b- and y-ion series of 

theoretical fragmentation of the peptide. Theoretical b- and y-ions that are present within 

the spectra are colored red and blue, respectively. 
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# b b(1+) b(2+) Seq. y(1+) y(2+) # y

1 58.03 29.52 G 13

2 145.06 73.03 S 1414.51 707.76 12

3 312.06 156.53 S-Phospho 1327.48 664.24 11

4 475.12 238.06 Y 1160.48 580.74 10

5 532.14 266.58 G 997.42 499.21 9

6 699.14 350.07 S-Phospho 940.40 470.70 8

7 812.23 406.62 L 773.40 387.20 7

8 959.26 480.13 M-Oxidation 660.31 330.66 6

9 1060.31 530.66 T 513.28 257.14 5

10 1131.35 566.18 A 412.23 206.62 4

11 1268.41 634.71 H 341.19 171.10 3

12 1325.43 663.22 G 204.13 102.57 2

13 K 147.11 74.06 1
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Figure S11. Tandem mass spectrometric spectrum depicting phosphorylated 

residues at S523 and S526 in human GC-B. Spectra were generated and are labeled as 

described in Figure S1. The table below the spectrum displays the b- and y-ion series of 

theoretical fragmentation of the peptide. Theoretical b- and y-ions that are present within 

the spectra are colored red and blue, respectively. 
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# b b(1+) b(2+) Seq. y(1+) y(2+) # y

1 58.03 29.52 G 13

2 145.06 73.03 S 1414.51 707.76 12

3 312.06 156.53 S-Phospho 1327.48 664.24 11

4 475.12 238.06 Y 1160.48 580.74 10

5 532.14 266.58 G 997.42 499.21 9

6 699.14 350.07 S-Phospho 940.40 470.70 8

7 812.23 406.62 L 773.40 387.20 7

8 959.26 480.13 M-Oxidation 660.31 330.66 6

9 1060.31 530.66 T 513.28 257.14 5

10 1131.35 566.18 A 412.23 206.62 4

11 1268.41 634.71 H 341.19 171.10 3

12 1325.43 663.22 G 204.13 102.57 2

13 K 147.11 74.06 1



  155 

Figure S12. Tandem mass spectrometric spectrum depicting a phosphorylated 

residue at S487 in rat GC-A. Spectra were generated and are labeled as described in 

Figure S1. The table below the spectrum displays the b- and y-ion series of theoretical 

fragmentation of the peptide. Theoretical b- and y-ions that are present within the spectra 

are colored red and blue, respectively. 
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# b b(1+) b(2+) Seq. y(1+) y(2+) # y

1 187.09 94.05 W 11

2 316.13 158.57 E 1253.54 627.27 10

3 431.16 216.08 D 1124.50 562.75 9

4 544.24 272.62 L 1009.47 505.24 8

5 672.30 336.65 Q 896.39 448.70 7

6 769.35 385.18 P 768.33 384.67 6

7 856.38 428.70 S 671.28 336.14 5

8 1023.38 512.19 S-Phospho 584.24 292.63 4

9 1136.47 568.74 L 417.25 209.13 3

10 1265.51 633.26 E 304.16 152.58 2

11 R 175.12 88.06 1



  157 

Figure S13. Tandem mass spectrometric spectrum depicting a phosphorylated 

residue at S487 in human GC-A. Spectra were generated and are labeled as described in 

Figure S1. The table below the spectrum displays the b- and y-ion series of theoretical 

fragmentation of the peptide. Theoretical b- and y-ions that are present within the spectra 

are colored red and blue, respectively. 
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# b b(1+) b(2+) Seq. y(1+) y(2+) # y

1 187.09 94.05 W 11

2 316.13 158.57 E 1240.51 620.76 10

3 431.16 216.08 D 1111.47 556.24 9

4 530.22 265.62 V 996.44 498.72 8

5 659.27 330.14 E 897.37 449.19 7

6 756.32 378.66 P 768.33 384.67 6

7 843.35 422.18 S 671.28 336.14 5

8 1010.35 505.68 S-Phospho 584.24 292.63 4

9 1123.43 562.22 L 417.25 209.13 3

10 1252.48 626.74 E 304.16 152.58 2

11 R 175.12 88.06 1
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Figure S14. Tandem mass spectrometric spectrum depicting a phosphorylated 

residue at T529 in rat GC-B. Spectra were generated and are labeled as described in 

Figure S1. The table below the spectrum displays the b- and y-ion series of theoretical 

fragmentation of the peptide. Theoretical b- and y-ions that are present within the spectra 

are colored red and blue, respectively. 
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# b b(1+) b(2+) Seq. y(1+) y(2+) # y

1 58.03 29.52 G 13

2 145.06 73.03 S 1334.54 667.78 12

3 232.09 116.55 S 1247.51 624.26 11

4 395.16 198.08 Y 1160.48 580.74 10

5 452.18 226.59 G 997.42 499.21 9

6 539.21 270.11 S 940.40 470.70 8

7 652.29 326.65 L 853.36 427.19 7

8 799.33 400.17 M-Oxidation 740.28 370.64 6

9 980.34 490.68 T-Phospho 593.24 297.13 5

10 1051.38 526.19 A 412.23 206.62 4

11 1188.44 594.72 H 341.19 171.10 3

12 1245.46 623.23 G 204.13 102.57 2

13 K 147.11 74.06 1
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Figure S15. Tandem mass spectrometric spectrum depicting phosphorylated 

residues at S523 and T529 in human GC-B. Spectra were generated and are labeled as 

described in Figure S1. The table below the spectrum displays the b- and y-ion series of 

theoretical fragmentation of the peptide. Theoretical b- and y-ions that are present within 

the spectra are colored red and blue, respectively. 
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# b b(1+) b(2+) Seq. y(1+) y(2+) # y

1 58.03 29.52 G 13

2 145.06 73.03 S 1414.51 707.76 12

3 312.06 156.53 S-Phospho 1327.48 664.24 11

4 475.12 238.06 Y 1160.48 580.74 10

5 532.14 266.58 G 997.42 499.21 9

6 619.18 310.09 S 940.40 470.70 8

7 732.26 366.63 L 853.36 427.19 7

8 879.30 440.15 M-Oxidation 740.28 370.64 6

9 1060.31 530.66 T-Phospho 593.24 297.13 5

10 1131.35 566.18 A 412.23 206.62 4

11 1268.41 634.71 H 341.19 171.10 3

12 1325.43 663.22 G 204.13 102.57 2

13 K 147.11 74.06 1
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CHAPTER 6:  Identification of a Putative Juxtamembrane 

Guanylyl Cyclase Phosphorylation Site: Dephosphorylation Is 

Not Required For Homologous Desensitization  
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 INTRODUCTION 

 

Natriuretic peptides are endogenous pleiotropic endocrine molecules that regulate 

blood pressure, inhibit cardiac hypertrophy, stimulate long bone growth and determine 

axonal guidance (Potter et al. 2009). Atrial natriuretic peptide (ANP) and B-type 

natriuretic peptide (BNP) exert their effects through their interaction with guanylyl 

cyclase-A (GC-A), also known as natriuretic peptide receptor A.  CNP exerts its effects 

through its interaction with guanylyl cyclase-B (GC-B), also known as natriuretic peptide 

receptor B. Both GC-A and GC-B are transmembrane guanylyl cyclases that catalyze the 

synthesis of cGMP upon ligand binding (Larose et al. 1992; Potter and Garbers 1992; 

Koller et al. 1993; Joubert et al. 2001). 

Unlike most cell surface receptors that are desensitized by direct phosphorylation, 

phosphorylation of GC-A and GC-B is essential for activation, and dephosphorylation is 

correlated with desensitization (Larose et al. 1992; Potter and Garbers 1992; Koller et al. 

1993).  GC-A and GC-B contain seven and six known phosphorylation sites, 

respectively.  Initial metabolic labeling studies indicated that GC-A and GC-B are highly 

phosphorylated in resting cells and that prolonged exposure causes receptor 

dephosphorylation and desensitization (Potter and Hunter 1998b).   Importantly, all of but 

one of these phosphorylation sites were subsequently shown to regulate enzymatic 

activity because the mutation of any single residue to alanine reduced receptor phosphate 

content and natriuretic-dependent guanylyl cyclase activity without affecting protein 

levels or detergent-dependent guanylyl cyclase activity (Potter and Hunter 1998b; Potter 

and Hunter 1998a). Furthermore, mutation of multiple phosphorylated serine or threonine 

residues to alanine resulted in receptors that were not activated by natriuretic peptides. 

Additionally, mutation of the phosphorylated amino acids to glutamate to mimic 

constitutively phosphorylated residues yielded active receptors with muted 

desensitization responses (Vacquier and Moy 1986; Ramarao and Garbers 1988). 

Guanylyl cyclase receptors from sea urchins are highly phosphorylated with 

stoichiometries of 15-17 moles of phosphate per mole of receptor (Dickey et al. 2008; 

Dickey et al. 2009).  The high homology between the kinase homology domains of GC-A 
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and GC-B and sea urchin receptors, suggested to us that additional natriuretic peptide 

receptor phosphorylation sites remain to be identified.  The purpose of this study was to 

identify novel natriuretic peptide receptor phosphorylation sites. The general approach 

was to serines that were highly conserved betwen receptor guanylyl cyclases that are 

known to be phosphorylated and test for functional effects of the individual sites by 

mutating them to alanine to mimic a constitutively phosphorylated residue or to 

glutamate to mimic a constitutively phosphorylated residue. Phosphorylation of 

previously identified sites increases the natriuretic peptide-dependent guanylyl cyclase 

activities of the receptors. Thus, mutation to alanine decreased activity and mutation to 

glutamate resulted in receptors with more activity than the corresponding alanine mutants 

but less activity than the wild type receptor. Using this approach, we identified a putative 

novel phosphorylation site within GC-A and GC-B. Surprisingly, we found that receptors 

containing multiple glutamate substitutions in addition to glutamate substitution at 

S473/S489 had decreased ligand-stimulated activity in response to prolonged ligand 

exposure. Thus, for the first time, the association between phosphorylation and natriuretic 

peptide-dependent activation of GC-A and GC-B is broken. The ramifications of these 

data are discussed. 

 

 

METHODS 

 

Reagents 

PhosSelect affinity gel for immobilized metal affinity chromatography (IMAC), 

trypsin, rat ANP, and rat CNP were purchased from Sigma-Aldrich (St. Louis, MO). 

Empore SDB-XC discs were from 3M Corp (St. Paul, MN). [32P]-α-GTP was purchased 

from Perkin Elmer (Waltham, MA). 
 

Cell Lines 

Transient transfections were performed in 293HEK cells that lack endogenous 

expression of any natriuretic peptide receptors (Bryan and Potter 2002). 
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Guanylyl cyclase assays 

Crude membranes were prepared in phosphatase inhibitor buffer as previously 

described (Abbey and Potter 2002; Bryan and Potter 2002). Guanylyl cyclase 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 1-methyl-3-isobutylxanthine, 1 mM GTP, 0.5 µM microcystin, 1 

mM EDTA, and 1-2 µCi of [32P]-α-GTP, with either 5 mM MgCl2, 1mM ATP, and 1 µM 

natriuretic peptide or 5mM MnCl2 and 1% Triton X-100. Reactions were started by the 

addition of 80 µl of the above reagents to 50-200 µg of crude membrane protein 

suspended in 20 µl of phosphatase inhibitor buffer. Reactions were stopped by the 

addition of 0.5 ml 110 mM ZnOAc and 0.5 ml 110 mM NaCO3 on ice. 

 

Homologous desensitization assays 

 Cells expressing rat versions of GC-A or GC-B were incubated at 37 oC for 1 hour in 

the presence or absence of 1 µM ANP or CNP in DMEM. Cells were then washed twice 

with ice-cold PBS and then membranes were prepared and assayed for guanylyl cyclase 

activity as described above. 

 

Immunoprecipitation 

Natriuretic peptide receptors were immunoprecipitated from cells stably 

overexpressing the desired receptor with antibodies that recognize the carboxyl-terminal 

of GC-A or GC-B as previously described (Shevchenko et al. 2006).  Proteins were 

separated on Criterion gels by SDS-PAGE and visualized by Coomassie staining. 

 

In-gel digestion 

Protein bands of interest were excised from gels and digested with trypsin as 

described previously (Villen and Gygi 2008). Briefly, the excised band was cut into small 

pieces, dehydrated with acetonitrile (ACN), and treated with 1 mM DTT at 56º C for 20 

min to assure reduction of cysteine residues. After another round of dehydration, samples 

were treated with 55 mM iodoacetamide in 100 mM NH4HCO3 to alkylate cysteine 

residues. The gel slices were again dehydrated with ACN and then rehydrated in a 
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solution containing 12.5 ng/µL of sequence-grade trypsin in 10 mM NH4HCO3 on ice for 

2 h before incubation at 37ºC overnight. The tryptic peptides were then extracted from 

the gel with 1:2 solution of 5% formic acid:ACN in a two-fold excess to the trypsin 

solution already present. After incubating at 37ºC for 30 min with shaking, the 

supernatant was then removed and dried by vacuum centrifugation. 

 

Phosphopeptide enrichment and sample desalting 

Immobilized metal-affinity chromatography (IMAC) was used for 

phosphopeptide enrichment as previously described (Rappsilber et al. 2007). Briefly, 

tryptic peptide samples were dissolved in 100 µL IMAC binding buffer (40% ACN in 25 

mM formic acid) and added to 10 µL of IMAC resin. The sample was incubated at room 

temperature with vigorous shaking for 1 h. The beads were then added to an equilibrated 

StageTip column (Bandhakavi et al. 2009) containing two 16-gauge needle punches of 

Empore SDB-XC discs. The IMAC resin was then washed with binding buffer to remove 

any non-specifically bound peptides. Peptides specifically bound to the IMAC resin were 

eluted onto the Empore discs with excess K2HPO3, pH 7. Samples were then desalted and 

the desired peptide fraction was eluted with 95% ACN in 0.1% trifluoacetic acid (TFA). 

Sample eluates were dried by vacuum centrifugation. 

 

Liquid Chromatography and Nanospray Mass Spectrometry 

Liquid chromatography and mass spectrometry was performed essentially as 

described by Bandhakavi et al. (Potter and Hunter 1999a) using an Eksigent 1DLC 

nanoHPLC in-line with an LTQ-Orbitrap XL (ThermoScientific) with a few exceptions. 

The gradient was 2-40% ACN in 0.1% formic acid over 60 min with a constant flow of 

250 nL/min. Spray voltage was set to 1.95 kV, the heated capillary was set at 160 °C, and 

the tube lens voltage was set to either 145 V or 65 V (the lower value was used to limit 

any potential phosphate loss).  Full scans were performed in the orbital trap over a range 

of m/z 360-1800. Tandem mass spectra were scanned from the linear ion trap using 

collision-induced dissociation with a normalized collision energy of 35%, an isolation 

width of 2.0 m/z, and target values of 10,000 ions or 100 ms. The five most intense ions 
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were selected for fragmentation. Dynamic exclusion was set for 20 s using the maximum 

of 500 entries and a mass window of -0.6 to 1.2 amu. 

MS data were searched using the Proteome Discoverer 1.0 software pipeline using 

SEQUEST (ThermoScienific). Monoisotopic precursor and fragment ion tolerances were 

set to 10 ppm and 0.8 amu respectively. Dynamic modifications of oxidation of Met and 

phosphorylation of Ser and Thr and the static modification of carbamidomethylation of 

Cys were selected. The database used for searching was the rat international protein index 

(IPI) 20081024 v3.50. 

 

Statistical analysis 

All statistical analyses were performed with GraphPad Prism software. All p-

values were obtained using an unpaired t-test. 

 

 

RESULTS 

 

Identification of putative phosphorylation site by kinase sequence homology 

To identify conserved serine/threonine residues, a multiple sequence alignment of 

particulate guanylyl cyclases across several species was performed using CLUSTAL. 

Previously identified serine and threonine phosphorylation sites in the kinase homology 

domains of GC-A and GC-B show only partial conservation across the guanylyl cyclases 

aligned (Figure 1).  Our alignment identified one very strongly conserved serine near the 

beginning of the intracellular domain located at serine 473 in GC-A and at serine 489 in 

GC-B.  This residue is also conserved in guanylyl cyclases from the sea urchin species A. 

punctalata and S. purpuratus, which area known to be positively regulated by extensive 

serine phosphorylation. The strict conservation of this site leads us to further investigate 

the possibility that the modulation of this site could regulate the hormonal responsiveness 

of GC-A and GC-B in a manner consistent with previously identifed sites. 

 



  169 

 

Alteration of cyclase activity through conversion of serine 473 or 489 in GC-A or B to 

alanine or glutamate 

To investigate the functional consequence of phosphorylation at S473 in GC-A, 

we mutated S473 in rat GC-A to alanine or glutamate and measured ANP-dependent and 

detergent-dependent guanylyl cyclase activities in membranes from cells transiently 

expressing each receptor.  The results are expressed as ratio of ANP-dependent 

activity/detergent-dependent activity to control for transfection efficiencies and 

expression levels between experiments because previous phosphorylation site mutations 

have not altered activities obtained in the presence of detergent. The alanine, but not the 

glutamate, mutation decreased hormone-dependent cyclase activity (Figure 2A).  

Additionally, mutations of S473 to either alanine or glutamate were made in a receptor 

containing glutamate substitutions at six previously identified phosphorylation sites 

shown to positively regulate guanylyl cyclase activity (GC-A-6E).  The sites mutated in 

the GC-A 6E construct are S497, T500, S502, S506, S510, and T513. The receptor 

construct is activated approximately ten-fold over basal activity by ANP stimulation 

whereas a receptor construct containing alanines substitutions for these same residues is 

not responsive to stimulation by ANP (Potter and Hunter 1998a; Potter and Hunter 

1999b). The mutation of S473 to alanine in the GC-A-6E construct had no effect on 

hormone-dependent cyclase activity but mutation to glutamate resulted in a 6.3-fold 

increase in hormone-dependent cyclase activity, restoring activity to near wild-type GC-

A activity (Figure 2A). 

The homologous residue in GC-B, S489, was also mutated to alanine or glutamate 

and tested for CNP-dependent guanylyl cyclase activity in membranes from cells 

transiently expressing each receptor.  Mutation of S489 to alanine significantly reduced 

hormone-dependent cyclase activity, while mutation to glutamate had no effect (Figure 

2B).  Mutations of S489 to either alanine or glutamate were also made in a receptor 

containing glutamic acid substitutions at all known GC-B phosphorylation sites (GC-B-

6E).  The sites mutated in the GC-B 6E construct are S513, T516, S518, S523, S526, and 

T529.  Unlike the analogous GC-A mutation, substitution of alanine for S489 in GC-B-



  170 

6E caused 45% reduction in cyclase activity compared to its GC-B-6E counterpart, which 

contains a serine at this position. However, similarly to GC-A, mutation of S489 to 

glutamic acid in the GC-B-6E resulted in a 4.1-fold increase in hormone-dependent 

cyclase activity, restoring cyclase activity to near wild-type activity (Figure 2B). 

 To investigate whether the changes in ligand-stimulated activity brought about by 

mutation of serine 473 in GC-A was an effect specific to that residue or a result of 

introducing a negative charge in that general vicinity of the receptor, we mutated the N-

terminal adjacent residue, valine 472, to alanine or glutamate.  Membrane preparations 

from cells transiently expressing the V472A or V472E receptors were assayed for ANP-

dependent guanylyl cyclase activity.  Neither mutation altered ligand-dependent guanylyl 

cyclase activity of the receptor (Figure 3). 

  

 

Mock phosphorylation of serine 473/489 enhances homologous desensitization of 

guanylyl cyclase A/B 

Whole cell exposure of GC-A or GC-B to 1 µM concentrations of their respective 

natriuretic peptides decreased hormone-dependent guanylyl cyclase activity by more than 

50% as compared to non-treated controls. This initial loss of activity cannot be explained 

by reduced receptor concentrations because detergent-dependent cyclase activities and 

receptor concentrations measured by western blot are not affected by hormone exposure. 

As can be seen in Figure 4A, homologous desensitization is not significantly different 

between the wild-type and S473A versions of GC-A.  However, the cyclase activity of 

the S473E mutant receptor was reduced to 20% of initial activity, as compared to a 45% 

reduction in activity observed with the wild type receptor (p < 0.0001). The effect of the 

glutamate substitution at serine 473 was also evident when assessed in a receptor 

backbone containing glutamate substitutions for the six original GC-A phosphorylation 

sites (GC-A-6E).  Consistent with the original desensitization by dephosphorylation 

hypothesis, GC-A-6E did not display a statistically significant level of homologous 

desensitization in response to whole cell ANP exposure. However, following exposure to 
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ligand the activity of GC-A-6E S473E was reduced to 54% of initial values (p = 0.0018) 

(Figure 4A). 

Next, we investigated the effect phosphomometic mutations on the homologous 

desensitization of GC-B, which surprisingly has never been done. The desensitization 

response of GC-B was greater than that of GC-A. CNP exposure decreased the hormone-

dependent guanylyl cyclase activity of wild type GC-B to 30% of values obtained in cells 

not exposed to CNP. Contrary to GC-A, substitution of serine 489 to either alanine or 

glutamate in GC-B did not affect the degree of homologous desensitization produced by a 

one hour pretreatment with 1 µM CNP (Figure 4B).  Similarly, substitutions of alanine or 

glutamate for serine 489 in GC-B-6E did not significantly alter the level of 

desensitization compared to GC-B-6E containing a serine at position 489.  Surprisingly, 

the homologous desensitization of GC-B-6E receptor was not significantly different from 

that observed with the wild type receptor (p = 0.11).  

 

Attempted mass spectrometric identification of endogenous phosphorylation of serine 

473/489 in guanylyl cyclase A/B 

We attempted to obtain biochemical proof of endogenous phosphorylation at 

serine 473 and serine 489 in GC-A and GC-B, respectively, through the use of mass 

spectrometry. Rat GC-A and GC-B were purified from HEK 293 cells by sequential 

immunoprecipitation-SDS-PAGE fractionation. Gel slices containing the receptor of 

interest were then subjected to in-gel tryptic digestion and resulting peptides were 

extracted.  Samples were enriched for phosphopeptides by immobilized metal affinity 

chromatography (IMAC).  The peptide mixtures were then submitted to nLC-MS-MS and 

the resulting mass/charge data was searched against the IPI rat database.  These initial 

experiments did not yield any matches to phosphopeptides containing serine 473 or serine 

489. 

In order to determine if an intrinsic chemical property of this particular 

phosphopeptide was hindering our identification in a biologic context, we tested if we 

could detect a synthetic version of the phosphopeptide. Equimolar quantities of three 

peptides corresponding to tryptic peptides phosphorylated at S473, S487, and S985 in 
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GC-A (ELVpSELWR, WEDLQPSpSLER, and IHLpSSETK, respectively) were mixed 

and subjected to nLC-MS-MS.  The resulting ionized peptide signal intensity for each 

peptide is shown in Figure 5.  The signal intensity of the synthetic S473 containing 

tryptic peptide was 230-fold and 1300-fold less than the signal intensities observed for 

the S487 and S985 peptides, respectively. 

Additional experiments were performed where only the parent ion corresponding to 

the tryptic peptide containing phosphorylated serine 473 was selectively monitored 

(ELVpSELWR, charge state +2, m/z 556.26).  This was done in an attempt to isolate a 

low intensity signal that may be “buried” among other peptides that garner much better 

ionization. Unfortunately, this approach did not yield a match to a tryptic peptide 

containing phosphorylated serine 473. Thus, compared to other phosphopeptides, the 

phosphopeptide containing S473 is poorly detected by mass spectrometry. 

 
 
 

DISCUSSION 

 
Using sequence homology between several highly phosphorylated receptor 

guanylyl cyclases, we identified a highly conserved serine residue in the kinase 

homology domain of GC-A and GC-B that modulates natriuretic peptide-dependent 

guanylyl cyclase activity in a manner consistent with previous phosphorylation sites.  

Although this study shows striking effects in receptor function and regulation occur when 

this serine is mutated to alanine or glutamate, we failed to obtain biochemical proof that 

is it an endogenous phosphorylation site using mass spectrometric identification. This 

does not, however, indicate that serine 473/489 is not phosphorylated in vivo.   

No current method of phosphorylation site identification is infallible. This is 

illustrated quite nicely by the progression of phosphorylation site discovery in GC-A and 

GC-B.  Metabolic labeling studies using 32P-orthophosphate in conjunction with 

phosphopeptide mapping techniques initially revealed 6 phosphorylation sites in GC-A 

and 5 phosphorylation sites in GC-B (John et al. 1995; Kuhn et al. 2002).  These studies 

noted that ~90% of the total counts initially incorporated into the receptor were lost 
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during sample workup prior to visualization.  Thus, there was a distinct possibility that 

endogenous phosphorylation sites were missed by this technique.  This has been proven 

to be the case by mass spectrometry studies outlined in Chapter 5 of this thesis, which 

identified novel phosphorylation sites at serine 487 in GC-A and at threonine 529 in GC-

B. 

Much like the original metabolic labeling studies, a mass spectrometric approach 

is not absolute in its detection of all endogenous phosphorylation sites.  For example, we 

are unable to detect endogenous phosphorylation at serine 510 and threonine 513 in the 

human GC-A receptor using a mass spectrometric approach (Chapter 5).  There are 

several reasons why an endogenous phosphorylation site may not be detected by a mass 

spectrometry approach.  The chemistry of the tryptic phosphopeptide containing the site 

of interest may be such that it is lost during sample workup prior to injection on the 

instrumentation, e.g. it sticks preferentially to the sample tube.  Once injected onto the 

instrument, the chemical properties may be such that it is not ionized well, and therefore 

very little if any enters the detector.  A poorly ionized peptide can easily be “buried” if 

several other peptides with higher intensities have overlapping retention times, because 

the instrument preferentially picks the ions with the highest intensities to submit for 

tandem mass spectrometry.  Sadly, it appears that the tryptic phosphopeptide 

corresponding to a phosphorylated serine at 473 suffers from poor detection issues as is 

exemplified in Figure 5.  This disparity of signal intensity points to an intrinsic property 

of the phosphopeptide that inhibits detection of this phosphopeptide with our nLC-MS-

MS system. Thus we have not been able to validate that serine 473 or serine 489 are 

endogenously phosphorylated in GC-A or GC-B, respectively.  

Based on the drastic changes in receptor activity and regulation seen upon our 

phosphomimetic mutagenesis studies, we believe that there is still evidence that serine 

473/489 is a putative phosphorylation site.  Similar to previously known phosphorylation 

sites within the kinase homology domains of GC-A and GC-B, our mutagenesis data for 

serine 473/489 show that a phosphorylation mimetic increases hormone-dependent 

guanylyl cyclase activity, while a non-phosphorylatable residue decreases hormone-

dependent activity.  Mutation of a neighboring residue in GC-A to either alanine or 
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glutamate does not alter guanylyl cyclase activity, suggesting that the alteration of 

guanylyl cyclase activity seen in the S473 mutants is not simply due to a change in the 

local receptor architecture by a change in amino acid size or charge state.  In other words, 

the effect is specitific for that particular residue and is not general or random.  The effect 

of phosphomimetic mutations on guanylyl cyclase activities is even more pronounced 

when serine 473/489 is mutated in a version of GC-A/B where phosphomimetic residues 

are concurrently substituted for multiple known phosphorylation sites in the kinase 

homology domain.  Thus, our mutagenesis data show that serine 473 and serine 489 have 

similar affects on guanylyl cyclase activity as most of the known phosphorylation sites 

within GC-A and GC-B, bolstering our assertion that it could be an endogenous 

phosphorylation site. 

Perhaps the most interesting finding of this study is the affect of the 

phosphorylation status of serine 473/489 on ligand-induced desensitization in GC-A and 

GC-B.  It is known that in the extended presence of ligand that GC-A and GC-B become 

desensitized to hormone stimulation.  The current understanding within the natriuretic 

peptide field is that this ligand-dependent desensitization can be blocked in GC-A when 

the phosphorylation sites known to regulate cyclase activity in the kinase homology 

domain are converted to phosphomimetics that are unable to be “dephosphorylated.”  

Indeed, we do not see a statistically significant decrease in ligand-dependent guanylyl 

cyclase upon 1 hour pretreatment of ANP within GC-A-6E. Here we show 

experimentally that conversion of serine 473 in GC-A to a phosphomimetic exacerbates 

homologous desensitization, even in the GC-A-6E backbone. Clear evidence of 

homologous desensitization by ANP pretreatment is seen in the GC-A 6E S473E mutant 

receptor (Figure 4A). This is the first report to our knowledge that shows that 

dephosphorylation of the known phosphorylation sites is not required for homologous 

desensitization. This information goes against the current dogma in the field that 

homologous desensitization is due solely to the dephosphorylation of GC-A, as we 

observe considerable desensitization in the GC-A-6E-S473E mutant. 

Unlike the effects of glutamate substitution for serine 473 in GC-A, the 

phosphorylation status of serine 489 in GC-B has no effect on homologous 
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desensitization. Thus, we see disparate affects of phosphomimetic substitution of this 

new putative phosphorylation site depending on the receptor context. With GC-A we see 

that substitution of S473 with glutamate increases homologous desensitization, whereas 

with GC-B substitution of S489 with either alanine of glutamate has no effect on 

homologous desensitization. The independence of desensitization on dephosphorylation 

was again confirmed when we investigated homologous desensitization in GC-B.   

Contrary to GC-A-6E, GC-B-6E was desensitized similarly to wild-type GC-B.  To our 

knowledge, this is the first report to investigate the ability of glutamate-substituted 

versions of GC-B to undergo homologous desensitization.  Furthermore, conversion of 

S489 to either alanine or glutamate in the GC-B-6E backbone does not significantly alter 

the level of homologous desensitization from that seen in GC-B-6E.  Our data clearly 

indicate that this receptor undergoes homologous desensitization, with or without 

perturbation of S489.  Thus, we can definitively state that dephosphorylation of GC-B 

and GC-A is not required for homologous desensitization as previously thought. 

In conclusion, we identified highly conserved serines at 473 in GC-A and 489 in 

GC-B that increase and decrease natriuretic peptide receptor activation when mutated to 

residues that mimic phosphorylated or dephosphorylated versions of serine, respectively. 

Additionally, we found that versions of GC-A, but not GC-B, that contain a glutamate 

substitution for this newly characterized site display a greater maximal desensitization 

response. Finally, our data show for the first time that the correlation between the 

phosphorylation state of GC-A and GC-B and the hormone-dependent guanylyl cyclase 

activity of these receptors can be broken, and thus, provide evidence for a previously 

unknown receptor guanylyl cyclase desensitization mechanism. 
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Figure 1. Comparison of the amino-terminal kinase homology domains of 

transmembrane guanylyl cyclase receptors. Purple RK indicates beginning of 

intracellular domains. Red residues are confirmed phosphorylation sites. Blue residues 

are putative phosphorylation sites that were mutated to alanine or glutamate. Sequences 

were aligned with CLUSTAL version 2.0.1. Abbreviations are: rGC-A, rat GC-A; hGC-

A, human GC-A; rGC-B, rat GC-B; hGC-C, human guanylyl cyclase C; A.punGC, 

guanylyl cyclase from sea urchin species A. Punctalata; S. purGC, guanylyl cyclase from 

sea urchin species S. purpuratus.  
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rGC-A      RKMQLEKELVSELWRVRWEDLQPSSLERHLRSAGSRLTLSGRGSNYGSLLTTEGQFQ 
hGC-A      RKMQLEKELASELWRVRWEDVEPSSLERHLRSAGSRLTLSGRGSNYGSLLTTEGQFQ 
rGC-B      RKLMLEKELASMLWRIRWEELQFGNSDRYHKGAGSRLTLSLRGSSYGSLMTAHGKYQ 
hGC-B      RKLMLEKELASMLWRIRWEELQFGNSERYHKGAGSRLTLSLRGSSYGSLMTAHGKYQ 
A.punGC    RKRAYEAALDSLVWKVDWKEVQTRESETNSQ----GFSMKSMVLSAISVISNAEKQQ 
S.purGC    RKRAYEAALDSLVWKVDWSEVQTKATDTNSQ----GFSMKNMVMSAISVISNAEKQQ 
rGC-C      RKYRRDHELR----QKKWSHIPSEN----------IFPLETNETNHVSLKIDDDRRR 
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Figure 2. Substitution of glutamate for serine 473 in GC-A or serine 489 in GC-B 

increases receptor guanylyl cyclase activity. (A) Guanylyl cyclase assays were 

conducted on membrane preparations from HEK293 cells transiently expressing wild-

type or mutants of rat GC-A as indicated.  Membranes were treated with 1 µM ANP or 

1% Triton for 5 minutes to assess ligand-stiumlated and maximal ligand-independent 

activity, respectively. The results are the means of multiple experiments ± SEM, where n 

≥ 14. (B) Guanylyl cyclase assays from membranes preparations of HEK293 cells 

transiently expressing various GC-B constructs.  Membranes were stimulated with 1 µM 

CNP or 1% Triton for 5 minutes. The results are the means of multiple experiments ± 

SEM, where n = 8. 
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Figure 3. Mutation of valine 472 in GC-A to either glutamate or alanine has no 

effect on ligand-stimulated guanylyl cyclase activity. Guanylyl cyclase assays were 

conducted on membrane preparations from HEK293 cells transiently expressing wild-

type or mutants of rat GC-A as indicated.  Membranes were treated with 1 µM ANP or 

1% Triton for 5 minutes to assess ligand-stimulated and maximal ligand-independent 

activity, respectively. The results are the means of multiple experiments ± SEM, where n 

= 12.  
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Figure 4. Substitution of serine 473 with glutamate, but not alanine, leads to greater 

homologous desensitization of GC-A. (A) 293neo cells transiently expressing wild-type 

or mutant GC-A were pretreated with or without 1 µM ANP for 1 hour.  Membrane 

were prepared and assayed for guanylyl cyclase activity in the presence of ANP or 

Trition X-100. The results are expressed as the activation ration of ligand-stimulated 

activity divided by detergent-dependent activity ± SEM, which were then normalized to 

the non-pretreated control for each receptor where n ≥ 6. (B) 293neo cells transiently 

expressing wild-type or mutant GC-B were pretreated with or without 1 µM CNP for 1 

hour.  Membrane preparations were then made and guanylyl cyclase assays performed.  

Membranes were treated with 1 µM ANP or 1% Triton for 5 minutes. The results are 

expressed as the activation ration of ligand-stimulated activity divided by detergent-

dependent activity ± SEM, which were then normalized to the non-pretreated control for 

each receptor where n ≥ 6. 
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Figure 5. Tryptic peptide phosphorylated at serine 473 is poorly detected by mass 

spectrometry.  One pmol of synthetic peptides corresponding to tryptic peptides 

containing phosphorylated S473, S487, or S985 in GC-A were mixed and submitted to 

nLC-MS-MS.  The resulting ion signal intensities are represented above by their 

individual m/z ion traces on a standard intensity scale. The inset shown for the pS473 

peptide replots the original data on an expanded y-axis scale. 
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CHAPTER 7:  Conclusions and Future Directions 
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During my graduate studies, I have examined multiple aspects of the natriuretic 

peptide signaling system.  These studies range from the pharmacologic properties of 

various natriuretic peptide ligands to the identification of cellular binding partners of 

natriuretic peptide receptors to the regulation of natriuretic peptide receptors by 

phosphorylation.  Chapters 2 and 3 of this thesis focus on characterizing spontaneous 

mutations found in natriuretic peptides.  These studies provided mechanistic explanations 

for how subtle mutations in primary amino acid sequence of ANP and CNP affect ligand 

ligand binding or protease susceptibility and ultimately lead to pathological skeletal 

undergrowth or atrial fibrillation. My studies then shifted to focus on natriuretic peptide 

receptors, rather than their peptide ligands.  No biologic molecule operates within a 

vacuum, however the current understanding of protein interactions in regards to 

natriuretic peptide receptors is lacking.  The protein interaction data presented in Chapter 

4 unfortunately does little to rectify this situation.  Chapters 5 and 6 focus on the 

regulation of natriuretic peptide receptors by phosphorylation.  These studies reveal that 

our current knowledge of receptor phosphorylation is incomplete.  Not only have we 

identified novel phosphorylation sites, but a central canon within the field has been 

challenged by the data described in chapter 6.  We have demonstrated that contrary to our 

previous understanding, dephosphorylation of these receptors is not required for receptor 

desensitization. 

This final conclusions chapter will focus on how the different components of the 

natriuretic peptide system can be regulated.  The body of literature for this system shows 

that alterations in the primary sequence of these peptide ligands not only leads to changes 

in receptor interactions but also to changes in interactions with accessory proteins, 

causing changes in physiology.  Likewise, the natriuretic peptide receptors are also 

susceptible to regulation by alterations in posttranslational modifications and accessory 

protein interactions, and their actions can be altered drastically by naturally occurring 

mutations.  Here, I will discuss alterations of this system that I have encountered in my 

studies, possible therapeutic implications for the data, and future studies that remain to be 

performed.  For simplicity, this section will be roughly divided into ligand-based and 

receptor-based studies. 
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NATRIURETIC PEPTIDES 

 

Genetic manipulation studies of natriuretic peptides have highlighted their 

importance in normal physiology.  Knockout of ANP in a mouse model results in animals 

with altered cardiovascular status, exhibiting hypertension and increased heart size when 

compared to their wild-type littermates (Tamura et al. 2000).  Knockout of BNP in a 

mouse model also results in altered cardiovascular status through increased ventricular 

fibrosis (Chusho et al. 2001).  Deletion of CNP results in mice that have marked 

decreases in endochondrial ossification, resulting in severe dwarfism (Ward-Bailey et al. 

2004).  Overexpression studies with natriuretic peptides echo their importance in 

physiologic regulation of cardiovascular homeostasis and long bone growth.  Thus 

natriuretic peptides proves themselves to be important endogenous hormones.  At the 

time that I started my graduate studies, there were no published reports of naturally 

occurring mutations in any natriuretic peptides that affected system functioning. Within 

this thesis, we report that spontaneous mutations in both ANP and CNP can have drastic 

affects on physiology through disparate mechanisms. 

During breeding propagation, a dwarfed population of mice was discovered at 

Jackson Laboratories, and genetic analyses initially mapped the allele of interest to 

Chromosome 1 of the mouse genome (Jiao et al. 2007).  These mice were named for the 

phenotype they displayed, lone bone abnormality, which was abbreviated to lbab.  Jiao 

and colleagues genetically characterized the lbab mouse line and found that the 

phenotype was associated with a point mutation in Nppc, the gene that encodes CNP 

(Dickey et al. 2010).  The lbab mutation results in an RG substitution at position 13 in 

the ring structure of the 22-amino acid form of CNP (CNPlbab). Importantly this 

substitution occurs at a residue that is absolutely conserved in all natriuretic peptides, 

regardless of species.  Jiao and colleagues speculated that this point mutation in CNP 

results in a loss of function, but did not provide any studies to prove that this was indeed 

the case.  As such, we investigated how this mutation affects the ability of CNP to 

activate GC-B. 
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We found that CNPlbab was less efficient at activating GC-B than wild-type CNP, 

resulting in decreased potency ranging from 36-fold to greater than 100-fold in broken 

cell membrane activations and whole-cell stimulations, respectively. Binding studies 

revealed that CNPlbab bound GC-B with 10-fold lower affinity than wild-type CNP.  

Thus, the apparent inability of CNPlbab to activate GC-B stems from a reduced ability to 

bind the receptor.  This is not surprising given that R13 is absolutely conserved in all 

natriuretic peptides.  Theoretical modeling of human GC-B with wild-type CNP based on 

of the crystal structure of the rat ANP/GC-A complex revealed that R13 sits snugly into 

an acidic pocket formed by D77, E176, and Y103 of GC-B.  The side chain of the glycine 

residue at position 13 in CNPlbab does not participate in either the ion paring or in the 

space filling that the original residue does.  Thus, CNPlbab does not participate the 

electrostatic interactions at position 13 that appear to be important for wild-type CNP 

binding to GC-B.  The discrepancy between the decreases seen in binding affinity (10-

fold) and activation (36-100 fold) seen with CNPlbab suggest that interactions with R13 

could potentially be important for activation of the receptor after ligand binding. 

Based on the phenotype resulting from CNPlbab, it was not unexpected that 

CNPlbab was less able to activate GC-B than wild-type CNP.  Whether that inability 

stemmed from a peptide that could bind but was unable to activate the receptor, or to a 

peptide that was simply unable to bind the receptor needed to be determined.  Our studies 

indicate that the reduced physiologic activity of CNPlbab results directly from reduced 

affinity for GC-B.  To our knowledge, this is the first reported characterization of a 

naturally occurring point mutation in a natriuretic peptide with functional consequences.   

Few single nucleotide polymorphisms (SNPs) have been reported within 

natriuretic peptides in the NCBI SNP Database.  The majority of these polymorphisms 

result in amino acid substitutions within the preprohormone forms of these peptides that 

will be cleaved during processing of the mature peptide.  However, one relatively rare 

SNP in NPPA results in a R4E substitution in the 28-amino acid circulating form of ANP 

(NCBI SNP Database #rs1803268).  Two SNPs reported in NPPC result in substitutions 

in the amino-terminal tail of CNP-53 of R9Q and A10E (rs5267 and rs13305994), both of 

which would be cleaved during processing to CNP-22.  None of the above mutant 
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natriuretic peptides have been characterized within the literature, or have been implicated 

in abnormal physiology.  The residues at which these mutations occur for the 

aforementioned SNPs are conserved across mammalian species within their respectively 

natriuretic peptides, but are not absolutely conserved across natriuretic peptides.  These 

mutations also lie outside of the 17-amino acid disulfide linked ring structure that is 

needed for receptor binding and activation.  As such, it is unlikely that these mutations 

have a profound effect on receptor binding or activation, although it is possible that they 

may influence peptide half-life as described below. 

 It is not beyond the realm of possibility that other naturally occurring mutations 

within the ring structure of natriuretic peptides exist in nature and affect receptor binding 

and activation, although besides CNPlbab none have been reported. Recent studies aimed 

at making natriuretic peptides into better pharmaceutics for the treatment of heart failure 

have focused on mutating specific residues within the ring structure.  Dickey and 

colleagues presented studies detailing targeted mutations of arginine 13 and serine 21 in 

the ring structure of BNP (Potter et al. 2009).  These studies focused on “type-switching” 

experiments that replaced BNP residues with their homolgous residues in CNP in an 

attempt to switch the specificity of these BNP mutants from GC-A to GC-B.  They found 

that substitution of arginine 13 in BNP with the corresponding leucine residue found in 

CNP (L-BNP) resulted in reduced binding affinity (5-fold) and reduced potency (7-fold) 

for GC-A.  L-BNP was also shown to be a more potent activator of GC-B, with a 5-fold 

higher potency than wild-type BNP. Mutation of serine 21 to the corresponding 

methionine residue found in CNP (M-BNP) had no affect on receptor binding or 

activation.  Thus key residues exist in the ring structures of natriuretic peptides that can 

alter binding to and activation of both GC-A and GC-B.  Two of the major drawbacks to 

the use of recombinant ANP and BNP in the treatment of acute decompensated heart 

failure is that some patients experience severe hypotension and a lack of renal 

effectiveness (Dickey et al. 2008).  Current opinion suggests that an ideal natriuretic 

peptide-derived pharmaceutic for the treatment of heart failure would be less hypotensive 

in nature than BNP while retaining its natriuretic and diuretic properties while 

additionally having the venodilatory and antifibrotic properties of CNP (Hodgson-
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Zingman et al. 2008).  As such, ligands like L-BNP, which display decreased activation 

of GC-A and increased activation of GC-B, would be an ideal starting point for future 

design of such pharmaceuticals. 

  The ability of natriuretic peptides to bind and activate GC-A and GC-B due to the 

primary sequence within their disulfide linked ring region is only one determinant of their 

physiologic actions in vivo.  A familial frameshift mutation in ANP that causes a 12-

amino acid extension of the carboxyl-terminus (fsANP) is associated with early-onset 

atrial fibrillation by Hodgson-Zingman and colleagues (Vanneste et al. 1988; Yandle et 

al. 1989).  All of the affected patients were heterozygous for the mutation, and had 

normal circulating levels of wild-type ANP in addition to circulating levels of fsANP that 

were 5-10 fold higher than the wild-type ANP levels. Hodgson-Zingman and colleagues 

demonstrated that fsANP could cause shortened monophasic action potential and 

effective refractory period in a rat hanging heart model. However, they did not 

investigate how fsANP interacts with any of the natriuretic peptide receptors on a 

biochemical level, and whether altered interaction with natriuretic peptide receptors could 

account for this effect.  Thus, we set out to see if altered interactions between fsANP and 

these receptors could explain the observed phenotypes. 

Our studies, detailed in Chapter 3, demonstrated that fsANP binds and activates 

human GC-A similarly to wild-type ANP.  Because Hodgson-Zingman and colleagues 

used a rat hanging heart model for their studies, we investigated the effect of fsANP in 

regards to the rat GC-A receptor as well and found that it binds and activates the rat 

version of GC-A slightly less well than wild-type ANP.  Further studies indicated that 

fsANP causes slightly more activity in cells expressing human GC-B, but not in crude 

membrane preparations.  Binding studies with human NPR-C showed that fsANP was 

equivalent in affinity to wild-type ANP.  Thus our binding and activities studies showed 

only slight differences between the ability of fsANP and wild-type ANP to bind and 

activate guanylyl cyclase-linked receptors, which led us to suspect that these differences 

alone could not account for the phenotype observed in affected patients. 

 The initial report by Hodgson-Zingman showed an elevated circulating level of 

fsANP as compared to wild-type ANP, suggesting that it may be protected from 
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degradation.  To examine this possibility, we utilized a proteolytic bioassay developed by 

Dr. Deborah Dickey in our laboratory.  In this assay, peptides are subjected to human 

renal peptidases from crude kidney membrane preparations for varying lengths of time.  

The reaction is then stopped and the amount of biologically active peptide remaining in 

the mixture is assayed for its ability to stimulate human GC-A activity in intact cells.  

Thus, the bioactivity of partially digested natriuretic peptides is assayed using the assay, 

which is a step forward from previous assays which simply measured the change in 

concentration of the full length peptide without providing any information regarding the 

remaining activity. These studies revealed that, compared to wild-type ANP, fsANP is 

resistant to degradation, with a t1/2 of roughly twice that of wild-type ANP.  Chemical 

inhibition of this proteolysis showed that wild-type ANP and fsANP have slightly 

different proteolytic profiles.  Neprilysin (NEP) is the most studied protease in regards to 

natriuretic peptides (Crozier et al. 1993), and it has been shown to cleave the C7-F8 bond 

in the ring structure of wild-type ANP, causing its inactivation.  Surprisingly, specific 

NEP inhibitors are unable to block fsANP degradation by the kidney membrane 

preparations, which is contrary to the inhibition seen with wild-type ANP.  Additionally, 

leupeptin, a serine protease inhibitor, preferentially inhibits fsANP degradation in these 

preparations.  Degradation studies performed with purified NEP indicated that wild-type 

ANP was completely inactivated within 60 minutes, while only 50% of the biologic 

activity of fsANP was lost after NEP treatment. Thus, we conclude that the 12-amino 

acid extension reduces the ability of NEP to degrade fsANP. 

 It is evident from our studies that fsANP is more resistant to proteolytic 

degradation than wild-type ANP, which correlates nicely to the increased circulating 

levels of fsANP measured in individuals carrying the affected allele.  These studies 

however, do not show any significant alterations in receptor interactions that would 

explain the early-onset atrial fibrillation observed in these individuals.  In our hands, 

fsANP is extremely similar to wild-type ANP, with the exception of an increased half-

life.  Thus, it is possible that the phenotype observed in these individuals is due to an 

overall increased level of total circulating ANP (wild-type ANP + fsANP).  Exogenous 

ANP treatment in human subjects has been shown to shorten effective refractory period 
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and atrial conduction time (Stambler and Guo 2005), which is consistent with elevated 

levels of ANP causing atrial fibrillation.  The effects of exogenous ANP treatment on 

atrial pacing have been shown to be due to secondary autonomically mediated effects 

(Thomas et al. 2008), and these effects can be mimicked by blocking the degradation of 

ANP through NEP inhibition (Wilkins et al. 1990; Yasuhara et al. 1994).  All told, we 

believe that the atrial fibrillation phenotype associated with fsANP is most likely due to 

autonomically mediated reflexes caused by prolonged exposure to elevated total ANP 

levels. 

 One of the limitations of natriuretic peptides as pharmaceutical agents is their 

short biological half-life.  Both recombinant BNP and ANP have been used as drugs to 

treat decompensated heart failure, but only have half-lives of approximately 20 minutes 

and 2 minutes, respectively, limiting their use to intravenous infusions.  It would be 

tempting therefore, to increase their biologic half-lives through the use of protease 

inhibitors.  Studies in rat models of heart failure have indeed shown that treatment with 

specific NEP inhibitors can potentiate the effects of natriuretic peptides, resulting in 

natriuresis and diuresis (Turk 2006).  However, the results of our fsANP studies suggest 

that inhibiting the degradation of natriuretic peptides through protease inhibition may be 

a poor long-term treatment option, leading to unforeseen pathophysiologic consequences.  

Indeed, many areas of medicine have investigated protease inhibition as treatment 

options, with very few successes (John et al. 1995; John et al. 1996; Kuhn et al. 2002).  

Protease degradomes are simply too complex to fully anticipate negative off-target 

effects.  Even if you fully anticipate the degradome, it is extremely difficult to properly 

control the concentration of an endogenous protein through this method.  In the case of 

ANP, an optimal pharmaceutic for chronic treatment would need to properly control ANP 

concentrations such that ANP’s positive natriuretic and vasodilatory responses were 

intact without triggering compensatory feedback by autonomic responses.  

 As exemplified by our analysis of naturally occurring mutations in natriuretic 

peptides (both CNPlbab and fsANP), it is evident that correct functioning of these biologic 

molecules is multifaceted, depending simultaneously on receptor binding, receptor 

activation, and biologic half-life.  Thus, when creating a therapeutic “designer peptide,” 
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one must consider all of these effects.  This makes for very tricky business, as a “perfect” 

peptide is not likely to exist.  So how do we decide what is good enough?  Even if a 

potential peptide gives us all of the desired effects in in vitro studies, it may result in 

unforeseen physiologic consequences once administered in vivo, as was the case with the 

severe hypotensive effects of recombinant ANP and BNP.  It is the hope of the natriuretic 

peptide field that studies, including ours, will eventually lead to a new therapy for heart 

failure, but this is unlikely to occur for many years. 

 

 

 

GUANYLYL CYCLASE LINKED NATRIURETIC PEPTIDE RECEPTORS 

  

 Just as with the natriuretic peptides, proper functioning of natriuretic peptide 

receptors is necessary for maintenance of normal physiology in several important areas.  

In mice, knockout of GC-A leads to hypertension and enlarged heart size (Oliver et al. 

1998; Kishimoto et al. 2001b).  Whole-animal and tissue-specific overexpression studies 

of GC-A further confirmed GC-A’s important role in cardiovascular regulation (Tamura 

et al. 2004; Tsuji and Kunieda 2005).  In murine models, targeted disruption or 

spontaneous loss-of-function mutations in GC-B result in dwarfism (Bartels et al. 2004).  

This is echoed in human disease states, as individuals homozygous for loss-of-function 

mutations in GC-B suffer from acromesomelic dysplasia, type Maroteaux, a form of 

dwarfism (Potter and Garbers 1992; Potter and Garbers 1994).  These studies echo those 

seen in genetic manipulations of their ligands, further proving the importance of the 

natriuretic peptide system’s role in multiple physiologic systems. 

Much of the literature regarding inactivation of GC-A and GC-B focuses on their 

regulation by phosphorylation.  The consensus of current literature is that the guanylyl 

cyclase-linked natriuretic peptide receptors, GC-A and GC-B, are most active when they 

are highly phosphorylated.  Treatment of GC-A with purified PP2A or synthetic phorbol 

esters results dephosphorylation of the receptor along with a loss of ligand-stimulated 

guanylyl cyclase activity (Abbey-Hosch et al. 2004; Potthast et al. 2004).  Treatment of 
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GC-B with synthetic phorbol esters, ionomycin, sphingosine-1-phosphate, 

lysophosphatidic acid, or hyperosmotic media results in receptor dephosphorylation 

concurrent with a loss in ligand-stimulated cyclase activity (Potter and Garbers 1992; 

Koller et al. 1993; Potter 1998; Joubert et al. 2001). Furthermore, studies have shown that 

upon ligand stimulation a loss of phosphate content occurs concurrent with a loss of 

receptor activity (Potter and Hunter 1998a; Potter and Hunter 1999b).  Because proper 

phosphorylation of these receptors directly correlates with their ability to transduce their 

signals, phosphorylation regulation is an enticing area of research.  The studies presented 

in Chapters 4-6 of this thesis aim to identify both novel phosphorylation sites in these 

receptors as well as the kinase responsible for receptor phosphorylation. 

Early studies examining phosphorylation sites in the rat forms of GC-A and GC-B 

indicated that they were phosphorylated on multiple sites, with six sites initially 

identified in GC-A (S497, T500, S502, S506, S510, and T513) and five sites initially 

identified in GC-B (S513, T516, S518, S523, and S526) (Vacquier and Moy 1986; 

Ramarao and Garbers 1988).  These numbers were perhaps surprising low given that 

studies on homologous guanylyl cyclase receptors from sea urchins displayed a 

stoichiometry of phosphorylation much higher at 15-17 moles of phosphate per mole of 

receptor (Schroter et al. 2010). Thus, one question that arose as time passed was whether 

endogenous phosphorylation sites were missed in the initial characterization studies.  

Although to be fair, it should be pointed out that no mutagenesis studies have been 

reported that demonstrate dephosphorylation is required for desensitization of sea urchin 

cyclases.  

The initial phosphorylation sites were identified through metabolic labeling of rat 

GC-A and rat GC-B using 32P-orthophosphate in conjunction with phosphopeptide 

mapping.  These studies noted that ~90% of the total counts initially incorporated into the 

receptor were lost during sample workup prior to visualization.  Thus, there was a distinct 

possibility that endogenous phosphorylation sites were missed by this technique.  The last 

portion of my graduate work has focused on identification of novel phosphorylation sites 

using two different techniques.  My studies utilized both mass spectrometry (Chapter 5) 
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and mutational analysis (Chapter 6) approaches to identify previously unappreciated sites 

of phosphorylation.   

The use of mass spectrometry techniques to identify phosphorylation sites in GC-

A and GC-B proved fruitful.  In rat GC-A, we biochemically identified seven 

phosphorylation sites, including the six sites previously identified through 

phosphopeptide maps along with a novel phosphorylation site present at S487.  In rat 

GC-B, our mass spectrometric analyses revealed six sites of phosphorylation, 

biochemically verifying the previously proposed five sites and identifying a novel 

phosphorylation site at T529.  Additional investigation into the human homologs of GC-

A and GC-B showed for the first time that they are similarly phosphorylated to their rat 

counterparts.  Five sites of phosphorylation were found in human GC-A at S487, S497, 

T500, S502, and S506.  However, we were not able to verify that S510 and T513 are 

phosphorylated as they are in rat GC-A through our experiments.  Six sites of 

phosphorylation were identified in human GC-B, at S513, T516, S518, S523, S526, and 

T529, just as in rat GC-B. 

The effect of phosphorylation at the novel sites identified in our mass 

spectrometry studies on receptor activities was further investigated using a mutagenesis 

approach.  To simulate a phosphorylated residue, the site of interest was substituted with 

glutamic acid, which is negatively charged at a physiologic pH, although a glutamate 

contains a minus one charge and a phosphate contains a minus two charge. To simulate a 

non-phosphorylated residue, the site of interest was substituted with alanine, which lacks 

a hydroxyl group, and is therefore unable to be phosphorylated in vitro.  The ligand-

stimulated and detergent-stimulated activities of these mutant receptors were then 

assessed and compared to their wild-type equivalent to determine the affect of 

phosphorylation on the receptor.  The novel phosphorylation site at T529 regulates GC-B 

activity similarly to all previously identified phosphorylation sites, where non-

phosphorylatable GC-B T529A had decreased activity as compared to wild-type GC-B 

and the mock phosphorylated GC-B T529E was regulated similarly to the wild-type 

receptor.  This was not unexpected, as T529 in GC-B is homologous to the previously 

known site at T513 in GC-A. 
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Our mutagenic analysis of S487 in GC-A, however, proved quite unexpected.  

Unlike every other identified phosphorylation site in GC-A, the phosphorylation status of 

S487 had only a small effect on guanylyl cyclase activity.  Our data suggest that 

phosphorylation of S487 may negatively affect ligand-dependent activation of GC-A, 

contrary to the affect of phosphorylation at the other known sites.  However, we only 

observed a 15% decrease in activity in GC-A S487E as compared to wild-type GC-A.  

This change is much less drastic than the magnitude of changes exhibited by the other 

known phosphorylation sites.  During the course of our studies, Schroter and colleagues 

reported the identification of S487 as a site of phosphorylation in rat GC-A (Potter and 

Garbers 1992).  In agreement with our data, they saw that the substitution of S487 with 

glutamate decreased ligand-stimulated activity, although they observed a 30% decrease, 

which was significantly greater that the 15% decrease that we observed.  Interestingly, 

they also observed a 9.5-fold increase in the amount of phosphorylated S487 when cells 

were pre-exposed to ANP for a prolonged period of time.  Because of this observation, 

they investigated the effect of phosphorylation at S487 on homologous desensitization of 

GC-A.  They found that GC-A S487E was resistant to homologous desensitization and 

concluded that phosphorylation of S487 is necessary for the homologous desensitization 

of GC-A.  However, upon performing similar studies on both S487A and S487E mutants, 

we found that in our hands the phosphorylation status of S487 has no effect on 

homologous desensitization of GC-A.  Thus our findings directly contradict the assertion 

made by Schroter and colleagues. 

Much like the original metabolic labeling studies, our mass spectrometric 

approach is not absolute in its detection of all endogenous phosphorylation sites.  This is 

illustrated by our inability to detect phosphorylation at serine 510 and threonine 513 in 

the human GC-A.  There are several reasons why phosphopeptides may not be detected 

by mass spectrometry.  The chemistry of the phosphopeptide may be such that it is lost 

during sample preparation prior to injection on the instrumentation, e.g. it sticks to the 

sample tube.  This may well be a limiting factor in identifying phosphorylation sites in 

GC-A and GC-B, as the initial metabolic labeling studies performed on these receptors 

indicated that the vast majority of phosphorylated peptides were lost during sample 
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preparation.  Another potential problem with mass spectrometric identification of 

phosphopeptides is that, once injected onto the instrument, the chemical properties may 

be such that it is not ionized well, and therefore very little if any enters the detector.  A 

poorly ionized peptide can easily be “buried” if several other peptides with higher 

intensities have overlapping retention times, because the instrument preferentially picks 

the ions with the highest intensities to submit for tandem mass spectrometry.  It is unclear 

whether any of these pitfalls explain why were unable to obtain biochemical evidence of 

phosphorylation of the putative phosphorylation sites detailed below. 

In addition to our mass spectrometry studies, we also set out to identify 

phosphorylation sites in GC-A and GC-B using homology to other phosphorylated 

transmembrane guanylyl cyclase receptors.  Sequence alignments revealed a highly 

conserved serine residue at position 473 in rat GC-A and position 489 in rat GC-B.  The 

significance of these sites was determined by measuring guanylyl cyclase activities of 

receptors containing alanine or glutamate substitutions.  We found that phosphomimetic 

mutants of S473 and S489 behave very similarly to the original phosphorylation sites in 

GC-A and GC-B by positively regulating ligand-stimulated guanylyl cyclase activity.  

Additionally, mutation of these sites to glutamate in a receptor containing glutamates at 

the six originally identified phosphorylation sites resulted in an impressive 4-6 fold 

increase in activity.  The excitement rendered by these phosphomimetic data is tempered 

slightly by the lack of biochemical evidence for endogenous phosphorylation.  However, 

our mass spectrometry studies demonstrate that the tryptic phosphopeptide containing 

pS473 is detected extremely poorly using our mass spectrometry parameters, indicating 

that our lack of evidence for endogenous phosphorylation may be a due to inherent 

properties of the peptide rather than its nonexistence. 

Perhaps the most exciting data generated by our studies of this putative 

phosphorylation site came as an unexpected byproduct of our studies.  When 

investigating the effect of phosphorylation at S473/S489 on ligand-induced 

desensitization of GC-A and GC-B, we saw that constitutively phosphorylated receptors 

desensitize similarly to wild type receptors. Previous studies with GC-A and GC-B 

showed that the pretreatment of ANP for various lengths of time resulted in a loss of 
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receptor activity that directly correlated in a loss of phosphate content in metabolically 

labeled receptors (Potter and Hunter 1999a; Bryan and Potter 2002).  Additional in vitro 

experiments demonstrated that PP2A-dependent dephosphorylation of GC-A and GC-B 

caused losses in receptor phosphate levels that were directly correlated with reductions in 

hormone-, but not detergent-dependent guanylyl cyclase activities. Studies showing that 

the desensitization of GC-A-6E is markedly blunted compared to wild type GC-A 

(Abbey-Hosch et al. 2005) confirmed the "desensitization by dephosphorylation 

hypothesis" and are confirmed in our hands. However, our studies showing that a mutant 

receptor containing a glutamate for S473 in addition to the other substitutions undergoes 

homologous desensitization similarly to that seen in wild-type GC-A demonstrates that a 

GC-A receptor that presumably cannot be dephosphorylated is desensitized similarly to 

the wild type receptor. Thus, for the first time, the correlation between receptor phosphate 

content and hormone-dependent guanylyl cyclase activity is broken and evidence for a 

new uncharacterized mechanism of desensitization is revealed.  This desensitization most 

likely results from a change in receptor conformation or from an altered protein-protein 

interaction that blocks catalytic activity. 

Previous studies have shown that GC-B-5E is resistant to inhibition by calcium 

and phorbol esters (Flora and Potter 2010), which is consistent with dephosphorylation 

mediating the inhibition observed in response to these treatments. However, to our 

knowledge, the ability of a multiply mock-phosphorylated version of GC-B (GC-B 6E) to 

undergo homologous desensitization has never been reported.  Our studies show that GC-

B-6E is desensitized similarly to wild-type GC-B in response to pretreatment with CNP. 

This came a surprise, as it was presumed that GC-B would act similarly to GC-A, and 

that a mock-phosphorylated version of GC-B would be unable to undergo homolgous 

desensitization.  However, our data showed that “constitutively” phosphorylated versions 

of both GC-B and GC-A show a loss of ligand-stimulated activity in response to 

proglonged ligand exposure.  Thus, we definitively show that dephosphorylation of GC-

A and GC-B is not required for homologous desensitization of these receptors. 

The effect of phosphorylation on natriuretic peptide receptors in response to 

another important regulatory mechanism, downregulation, still remains to be 
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investigated.  Previous studies on our laboratory done by Dr. Darcy Flora show that 

preincubation with ANP stimulates the degradation of GC-A (Jewett et al. 1993).  The 

mechanism of this increased degradation is unknown.  Preliminary studies in our 

laboratory by Dr. Flora and Dr. Deborah Dickey focusing on the internalization of GC-A 

suggest that preincubation with ANP increases the internalization rate of GC-A when 

expressed in HeLa cells, but not in 293HEK cells.  It would be interesting to see what 

affect, if any, phosphorylation has on both the rate of internalization and on the 

magnitude of receptor degradation.  This could be accomplished through the use of the 

constitutively mock-phosphorylated mutants.  Our data above clearly separate 

phosphorylation from the loss of activity seen after ANP pretreatment, but whether 

dephosphorylation of the receptor is required for losses in protein levels of GC-A remains 

to be seen.  One particular site of interest to investigate with these studies would be S487 

in GC-A.  Schroter and colleagues report that S487 phosphorylation increases in response 

to a 1 hr pretreatment with ANP.  We have shown that this site does not affect the 

magnitude of homologous desensitization seen in GC-A, but perhaps it functions as a 

downregulation or internalization signal for GC-A. 

A major question that our data poses is what the true mechanism for the loss of 

activity seen in response to prolonged ligand exposure. Alternatively, it may be pertinent 

to ask whether desensitization of the GC-A-6E-S473E is reflective of biological 

regulation. Early binding studies between ANP and GC-A showed that this complex 

undergoes a shift in affinity in a whole cell setting, with weakened binding occurring 

over time (Novaira et al. 2004).  These data fit nicely with the previous assertion that the 

dephosphorylation seen in response to ligand exposure was responsible for decreases in 

receptor activity.  However, studies by Dr. Sarah Abbey-Hosch performed in our 

laboratory showed that GC-A with multiple alanine substitutions at phosphorylation sites 

(GC-A-5A) bound ANP similarly to wild-type GC-A, suggesting that phosphorylation 

status of the receptor is not the only determinant of ligand-binding affinity.  

Dephosphorylation of the receptor is expected to result in changes in receptor 

conformation, and this change in conformation could account for the shift in binding 

affinity over time.  However, we now know that this affinity shift may be caused by 
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another mechanism that alters receptor conformation as well.  Jewett’s report of 

prolonged ligand exposure causing an affinity shift showed that the shift could be 

blocked by amiloride.  They also noted that amiloride’s affect was contingent on the 

kinase homology domain (KHD) of GC-A, because no shift in binding affinity was seen 

in mutants lacking the KHD.  Jewett and colleagues also postulated that amiloride could 

function by blocking ATP binding to GC-A, as it has been shown to do in regards to 

other protein kinases.  Amiloride is best known as a diuretic that inhibits the action of the 

epithelial sodium channel (ENaC).  However, a portion of the effects that amiloride 

exhibits in vivo can be attributed to its effects on cGMP-gated ion channel (CNG) 

inhibition (Chinkers 1994; Airhart et al. 2003).  It is possible that amiloride could be 

blocking the shift in affinity indirectly by blocking cGMP’s affect on these CNG 

channels and causing downstream effectors to exert their forces on GC-A.  However this 

scenario is unlikely, as amiloride has been shown to have similar effects on GC-A 

function in broken membrane preparations, suggesting that intact cellular architecture is 

not needed. 

The idea that interactions with other proteins directly cause changes in binding 

affinity and loss of phosphorylation in response to ANP treatment is not novel.  

Phosphatases must interact with GC-A to cause dephosphorylation.  Just as a protein with 

kinase activity is required to phosphorylate these residues initially.  Unfortunately, our 

current understanding of protein interactions in regards to natriuretic peptide receptors is 

lacking.  Very few proteins were known to interact with GC-A when I began my graduate 

studies.  Yeast two-hybrid screens indicated that protein phosphatase 5 (PP5) and protein 

kinase G Iα (PKG-Iα) have interactions with GC-A (Kumar et al. 2001).  Co-

immunoprecipitation studies in mammalian cells demonstrated that heat shock protein 70 

(HSP70), heat shock protein 90 (HSP90), and the co-chaperone p50csc37 interact with GC-

A as well (Bryan and Potter 2002).  Studies outlined in Chapter 4 sought to further our 

understanding of protein-protein interactions with GC-A, specifically in regards to 

kinases.  Through the use of GST-GC-A fusion proteins, in conjunction with mass 

spectrometry techniques, we identified a few new potential interactions, but no kinase(s) 

definitively popped out of our data. 



  202 

We were able to identify proteins that interacted with GC-A in a specific manner, 

but the validity of these interactions needs to be further evaluated.  Our data indicate that 

in our system HSP70 interacts with GC-A, as previously reported by Kumar and 

colleagues.  We also consistently found that β-tubulin specifically interacts with GC-A.  

The most interesting finding within our interaction studies was that protein phosphatase 

1G was consistently found to interact specifically with GC-A in our assay.  Previous 

studies in our laboratory have revealed that GC-A is dephosphorylated by two distinct 

phosphatases, one that is microcystin-sensitive and one that is dependent on magnesium, 

but up until now only one phosphatase (PP5) had been shown to interact with GC-A 

(Meek et al. 1999; Moorhead et al. 2008).  Both PP5 and PP1G have been shown to 

interact with microcystin (Bereta et al. 2010), but whether PP1G is the microcystin-

sensitive phosphatase that was previously shown to dephosphorylate GC-A is not known. 

The kinase(s) responsible for the phosphorylation of GC-A and GC-B remain 

elusive.  Our GST-GC-A fusion protein pulldown methods did not consistently identify 

any protein kinases through mass spectrometry, but they did show that a kinase activity 

was consistently present in the protein complexes pulled down from 293HEK cells.  

While it is possible that we are simply unable to identify this kinase using our mass 

spectrometry approach, it is also a possibility that the kinase responsible for GC-A 

phosphorylation is GC-A itself.  It has long been speculated that GC-A could have the 

ability to autophosphorylate, but this has never been proven.  Recent studies by Bereta 

and colleagues have suggested that another particulate guanylyl cyclase, GC1, has the 

ability to autophosphorylate .  Given the homology between GC1 and GC-A, we wonder 

if GC-A has similar autophosphorylating abilites.  Our GST-GC-A fusion proteins did 

not display any kinase activity in the absence of cellular proteins, indicating that if they 

possess the ability to autophosphorylate, they may need accessory proteins to do so. 

There are other experimental options that may allow for the identification of the 

GC-A kinase(s).  Three alternate approaches have been discussed within our laboratory to 

identify the protein(s) that phosphorylate GC-A.  First, commercially available siRNA 

libraries that encode siRNA against every known or putative human protein kinase could 

be utilized to identify kinases that alter ligand-dependent GC-A activity.  Secondly, in-gel 
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kinase assays could be used to try and identify proteins that phosphorylate the KHD of 

GC-A from 293HEK cellular extracts.  A small benefit of this approach is that it would 

determine the molecular weight of the kinase.  A third possible approach is to use 

bifunctional ATP analogs that covalently crosslink kinase to their substrates, to identify 

the GC-A kinases(s), although to our knowledge this approach has not been successfully 

used to identify a previously unknown kinase-substrate interaction.  Each of these 

approaches has their own pros and cons, but regardless of the approach used, the 

identification of the GC-A kinase would have huge potential implications for the 

natriuretic peptide field.  Because GC-A is most active when phosphorylated, kinases that 

function to phosphorylate GC-A are attractive drug targets for the treatment of heart 

failure. 
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