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ABSTRACT: Intestinal cells exhibit binding sites with different affinities for Escherichia coli heat-stable 
enterotoxin (ST) and guanylin, suggesting the existence of different receptors for these peptides. Guanylyl 
cyclase C from intestinal cells has been identified as one receptor for these peptides. Equilibrium and 
kinetic binding characteristics of rat guanylyl cyclase C expressed in COS-7 cells were examined, employing 
ST, to determine if this receptor exhibited multiple affinities. Scatchard analysis of equilibrium binding 
yielded curvilinear isotherms consistent with the presence of high (pM) and low (nM) affinity sites. Kinetic 
analysis of binding demonstrated that these sites exhibited similar dissociation but different association 
kinetics. In addition, two distinct affinity states of low affinity sites were identified with dissociation 
constants of 0.15 and 5.85 nM. Association of ST and low affinity sites was biphasic, while dissociation 
from these sites was unimodal. Close agreement of equilibrium and kinetic dissociation constants suggested 
that low affinity sites were in the lowest affinity state at equilibrium. Comparison of the ligand dependence 
of guanylyl cyclase activity (EC5o = 110 nM) with receptor occupancy revealed that binding of ST to the 
lowest affinity state of low affinity sites (EC5o = 80 nM) is directly coupled to catalytic activation. These 
studies suggest that binding sites with different affinities for ST exhibited by intestinal cells reflect the 
expression of a single gene product, guanylyl cyclase C, rather than different receptors for the ligand. 
The shift in affinity state of low affinity sites and its correlation with catalytic activation suggest a central 
role for this phenomenon in mechanisms mediating receptor-effector coupling of membrane guanylyl 
cyclases. 

Escherichia coli secrete a heat-stable enterotoxin (ST) that 
produces intestinal secretion by binding to specific receptors 
localized in apical membranes of intestinal mucosal cells 
(Gianella et al., 1983; Dreyfus et al., 1984; Frantz et al., 
1984; Kuno et al., 1986; Cohen et al., 1987; Guarino et al., 
1987). A homologue of this protein, guanylin, is produced 
by Paneth cells in intestinal crypts and likely plays a role in 
regulating intestinal fluid and electrolyte homeostasis (Cume 
et al., 1992; de Sauvage et al., 1992a; Schulz et al., 1992). 
Receptors for these ligands, guanylyl cyclase C (GCC), have 
been identified in intestinal cells which belong to the family 
of proteins possessing peptide binding and guanylyl cyclase 
catalytic activities (Schulz et al., 1990). Ligand-receptor 
interaction results in the activation of the catalytic domain 
and accumulation of intracellular cGMP. It is this cyclic 
nucleotide that directly mediates increases in intestinal 
secretion by activating cyclic AMP-dependent protein kinase, 
phosphorylating the cystic fibrosis transmembrane regulator, 
and increasing the efflux of chloride into the intestinal lumen 
(Chao et al., 1994; Tien et al., 1994). 

Receptors for ST and guanylin exhibit significant structural 
and functional heterogeneity, suggesting that multiple recep- 
tors for these peptides representing different gene products 
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may exist (Kuno et al., 1986; Waldman et al., 1986, 1994; 
Ivens et al., 1990; Thompson & Gianella, 1990; Hugues et 
al., 1991, 1992; Katwa et al., 1991; Hirayama et al., 1992; 
Crane et al., 1992; Forte et al., 1993; Hakki et al., 1993a,b; 
Mann et al., 1993; Cohen et al., 1993; Carrithers et al., 1994). 
Affinity labeling of receptors with ligand identified multiple 
high and low molecular weight proteins that specifically bind 
to ST in intestinal cells (Kuno et al., 1986; Ivens et al., 1990; 
Thompson & Gianella, 1990; Hakki et al., 1993a,b; Carrithers 
et al., 1994). Similarly, ST binding proteins with different 
structural characteristics have been purified from the lipid 
bilayer and the cytoskeletal components of intestinal mem- 
branes (Waldman et al., 1986; Hakki et al., 1993a,b). Also, 
ST receptors with distinctly different binding properties have 
been identified in intestinal membranes isolated from rodents 
and humans (Hugues et al., 1991; Crane et al., 1992; 
Carrithers et al., 1994; Waldman et al., 1994). Finally, ST 
binding sites which are not coupled to guanylyl cyclase have 
been identified in cells derived from intestinal mucosa (Mann 
et al., 1993). 

Although there is significant heterogeneity of ST binding 
proteins in intestinal cells, much of this heterogeneity can 
be ascribed to differential post-translational processing of 
GCC. Multiple ST binding proteins which correlate closely 
in size to those in intestinal cells have been identified in 
mammalian cells expressing exogenous rat or human GCC 
(de Sauvage et al., 1992b; Vaandrager et al., 1993a). 
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Multiple ST binding proteins in cloned systems have been 
demonstrated to reflect, at least in part, differential proteolysis 
and glycosylation of GCC (de Sauvage et al., 1992b; 
Vaandrager et al., 1993a,b). However, binding in mam- 
malian cells expressing exogenous GCC exhibits only a 
single population of functional binding sites (de Sauvage et 
al., 1992b). These observations suggest that the different 
populations of ST binding sites identified in intestinal cells 
may reflect the function of receptors other than those coupled 
to GCC. In the present studies, the binding characteristics 
of rat GCC exogenously expressed in COS-7 monkey kidney 
cells were examined to determine if heterogeneity of receptor 
function reflected multiple populations of ST receptors 
encoded by different genes or different activities of a single 
gene product, GCC. 

MATERIALS AND METHODS 

Construction of Plasmid. Rat GCC cDNA cloned in 
pBluescript SK (Schulz et al., 1990) was cut with EcoRI, 
and a 3.7 kb DNA fragment was isolated and subcloned into 
the EcoRI-cut vector pMT2 (Shaw et al., 1991; Wong et al., 
1985). This vector permits high levels of gene expression 
transiently in mammalian cells, reflecting its strong aden- 
ovirus late promoter, SV 40 origin of replication, and SV 
40 T antigen-encoding sequence (Shaw et al., 1991; Wong 
et al., 1985). 

Cell Culture and Transfections. COS-7 cells were main- 
tained in DMEM Ham's F12 media with 10% fetal bovine 
serum and penicillin and streptomycin (10 units/mL and 10 
pg/mL, respectively). Rat GCC cDNA (Schulz et al., 1990) 
was subcloned into pMT2 and employed to transfect COS-7 
cells using DEAE-dextran and chloroquine (Cullen, 1987). 
Ten micrograms of DNA was employed to transfect cells in 
75 cm2 flasks, and transfected cells were grown to 80% 
confluence, trypsinized, split 1:3, and harvested after 72 h. 
Transfection was confirmed employing ST binding and 
guanylyl cyclase assays. 

Preparation of Membranes. Cells expressing GCC were 
washed 3 times with ice-cold buffer containing 50 mM Tris- 
HCI, pH 7.6, 1 mM EDTA, 1 mM PMSF, and 1 mM 
dithiothreitol (TED), scraped, and resuspended in TED. Cell 
suspensions were homogenized with 15 strokes of a Teflon- 
on-glass homogenizer. Where indicated, homogenates were 
centrifuged at 105000g x 30 min and the resulting mem- 
branes suspended in TED. 

ST Receptor Binding. ST receptor binding to membranes 
was quantified as described previously (Crane et al., 1992; 
Carrithers et al., 1994). COS-7 membranes were incubated 
with 12sI-ST in binding buffer containing 50 mM Tris-HC1, 
pH 7.6,0.66 mM cystamine, 0.1% bacitracin, 450 mM NaC1, 
and 1 mM EDTA at 37 "C. Binding was terminated by 
vacuum filtration of the reaction mixture through Whatman 
GF-B filters presoaked in 0.3% poly(ethy1enimine). Equi- 
librium binding studies were performed by incubating 30 
pg  of membrane or homogenate protein with concentrations 
of 12sI-ST ranging from 0.122 pM to 20 nM at 37 "C for 
120 min. Association and dissociation of labeled ST and 
receptors were examined at 37 "C using either 10 pM 1251- 
ST and 60 pg  of protein (high affinity sites) or 2.9 nM 12sI- 
ST and 30 pg  of protein (low affinity sites). The assay 
volume used for high affinity association and dissociation 
was 300 pL, and that used for low affinity association and 

dissociation was 100 pL. Dissociation of ligand-receptor 
complexes was initiated with an excess of unlabeled ST (5 
pM; Hugues et al., 1991; Crane et al., 1992). 

Guanylyl Cyclase. Guanylyl cyclase activity was mea- 
sured as described previously (Crane et al., 1992). Briefly, 
incubations contained 30 pg  of membrane protein, 1.2 mM 
isobutylmethylxanthine, 50 mM Tris-HC1, pH 7.6, a regen- 
erating system composed of 15 mM creatine phosphate and 
2.7 units of creatine phosphokinase, and various concentra- 
tions of ST. Incubations were conducted for 5 min at 37 
"C and terminated by the addition of ice-cold 50 mM sodium 
acetate, pH 4.0, followed by immersion in a boiling water 
bath for 3 min. Cyclic GMP produced was quantified by 
radioimmunoassay (Patrinellis & Waldman, 1995). 

Accumulation of Cyclic GMP in Whole Cells. COS-7 cells 
in 35 x 10 mm dishes transfected with pMT2 alone or that 
vector containing rat GCC were washed 3 times with serum- 
free DMEM, containing 25 mM HEPES, pH 7.3, and 0.5 
mM isobutylmethylxanthine, and then incubated in that 
medium containing 1 x M unlabeled ST for 10 min at 
37 "C. Incubations were terminated by the addition of ice- 
cold 95% ethanol and centrifuged to remove the protein 
pellet, and resulting supernatants were dried under vacuum. 
Residues were resuspended in 500 p L  of 0.1 M HC1, and 
cyclic GMP was determined by ELISA. The cyclic GMP 
ELISA was conducted by a modification of a procedure 
described previously (Linden et al., 1992). Briefly, 2'-0- 
monosuccinylguanosine 3',5'-cyclic monophosphate (ScG- 
MP; Sigma Chemical Co., St. Louis) was conjugated to 
poly(L-lysine) (Linden et al., 1992), and this conjugate used 
to coat 96-well microtiter plates. Standards and samples to 
be assayed for cGMP were prepared in 0.1 M HC1 and 
acetylated employing triethylamine and acetic anhydride 
(4.5: 1 v/v). Acetylated samples and goat anti-cGMP poly- 
clonal antibody (1: 10 000) were added to wells, incubated 
ovemight (4 "C), washed in phosphate-buffered saline (pH 
7.4) containing 0.1% Tween-20, and incubated with rabbit 
anti-goat IgG coupled to horseradish peroxidase for 1 h at 
37 "C. Plates were developed using 2.2-azinobis[3-ethyl- 
benzthiazolinesulfonate(6)] as substrate, incubating 30 min 
at room temperature, and absorbance quantified at 405 nm 
in a Bio-Tek Model EL308 microtiter plate reader. Employ- 
ing this ELISA, the linear range of cyclic GMP quantification 
was 10-500 fmol, and interassay variability was routinely 
< 10%. 

Miscellaneous. Protein concentration was quantified by 
the method of Bradford (Bio-Rad, Richmond, CA; Bradford, 
1976). ST was purified from culture broth and monoiodi- 
nated to a final specific activity of 2000 Ci/mmol as 
described previously (Thompson et al., 1985). Equilibrium 
binding curves were fitted and constants obtained employing 
Cigale on a Macintosh IIsi. Cigale was written by M. Bordes 
(Institute de Pharmacologie Cellulaire et Moleculaire, Uni- 
versite de Nice, Sophia Antipolis, France; Hugues et al., 
1991; Crane et al., 1992; Waldman et al., 1994). Linear 
regression to obtain association and dissociation constants 
was performed employing Cricket Graph (Cricket Software, 
Malvem, PA) on a Macintosh IIci. All assays were 
performed in duplicate or triplicate; data presented are 
representative of at least 3 experiments, values presented are 
means + SEM, and n = number of observations. 
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FIGURE 1: Scatchard analysis of direct equilibrium binding of 
labeled ST using membranes from COS-7 cells expressing rat GCC. 
Experiments were performed as described in Materials and Methods. 
Inset: direct equilibrium binding. Open squares, total binding; open 
circles, specific binding; closed squares, nonspecific binding. 

RESULTS 

Expression of Rat GCC in COS-7 Cells. Membranes 
prepared from COS-7 cells transfected with pMT2 containing 
the cDNA for rat GCC specifically bound 1251-ST (386 f 
26 fmol/mg of protein, n = 3) compared to control cells 
transfected with vector only (1 .O f 2.0 fmol/mg of protein, 
n = 3) when binding was performed using 10 pM labeled 
ligand under equilibrium conditions. Also, addition of 
unlabeled ST M) to cells transfected with the vector 
containing GCC induced an increase in intracellular cyclic 
GMP (44 f 9 pmol/(minmg of protein), n = 3 to 764 f 
108 pmol/(lO min-mg of protein), n = 4) compared to cells 
transfected with vector alone (43 f 9 pmol/(lO minsmg of 
protein) to 38 f 7 pmol/(lO minmg), n = 3). In addition, 
unlabeled ST M) activated guanylyl cyclase in the 
presence of adenine nucleotides in membranes prepared from 
cells transfected with the vector containing GCC (4.09 f 
0.43 pmol/(minmg of protein) to 14.95 f 0.58 pmol/(minmg 
of protein), n = 3) but was without effect on enzyme activity 
in cells transfected with vector alone (4.33 f 0.28 pmol/ 
(mgmin) to 4.89 f 0.12 pmol/(mgmin), n = 3). These data 
demonstrate that COS-7 cells transfected with pMT2 con- 
taining rat GCC expressed the functionally coupled protein. 

Direct Equilibrium Binding Studies. Radiolabeled ST 
specifically bound to membranes prepared from COS-7 cells 
transfected with pMT2 containing GCC in a concentration- 
dependent and saturable fashion (Figure 1, inset). Analysis 
of equilibrium binding by the method of Scatchard yielded 
curvilinear isotherms, suggesting the presence of two popula- 
tions of binding sites with high (pM) and low (nM) affinities 
for ST (Table 1). Variability of B,,, values for high and 
low affinity sites likely reflects variability of transfection 
efficiencies between preparations (Table 1). The equilibrium 
binding characteristics of high and low affinity ST binding 
sites exhibited by rat GCC expressed in COS-7 cells 
compares closely with those reported previously for this 
protein in rat intestine (Hugues et al., 1991; Crane et al., 
1992; Hakki et al., 1993a,b), suckling mouse intestine 
(Waldman et al., 1994), and human colorectal tumors and 
cell lines (Forte et al., 1993; Carrithers et al., 1994). 

Kinetic Binding Studies. (A )  Association Kinetics of High 
Affinity Sites. The presence of two populations of ST binding 
sites in membranes prepared from COS-7 cells expressing 
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rat GCC was confirmed by analyses of the kinetics of 
association and dissociation. Association kinetics of high 
affinity binding sites were examined employing 10 pM of 
1251-ST (Figure 2A). Employing this ligand concentration, 
the relative contribution to occupancy of high and low 
affinity sites at equilibrium may be calculated by employing 
the equation: 

where B represents ligand bound at equilibrium, B,,,, the 
maximum number of binding sites of the family of receptors 
being studied, L,  the ligand concentration, and KD, the 
dissociation constant of the ligand-receptor complex (Ma- 
zella et al., 1983). Employing 10 pM labeled ligand, >75% 
of the observed binding in these studies was contributed by 
high affinity compared to low affinity sites. Over the time 
course of these experiments, free labeled ST varied less than 
30%. Association performed under these conditions fulfilled 
the criteria for being pseudo first order since ligand 
concentrations remained essentially constant and only a 
single class of receptors was visualized at a given ligand 
concentration (Molinoff et al., 1981; Mazella et al., 1983). 
1251-ST bound in a time-dependent fashion to high affinity 
sites in membranes prepared from COS-7 cells transfected 
with rat GCC, achieving equilibrium after approximately 60 
min at 37 "C (Figure 2A). Semilogarithmic transformation 
of association binding data yielded linear isotherms, c o n f i i -  
ing the assumption that only a single class of high affinity 
receptors was visualized at the ligand concentration employed 
(Figure 2A, inset). The slopes of the semilogarithmic 
transformations of association yielded an observed associa- 
tion rate constant for high affinity receptors (k0bs.H) of (1.92 
f 0.80) x lo-*. 

(B)  Association Kinetics of Low Affinity Sites. Association 
kinetics of low affinity sites were examined employing 2.9 
nM of 1251-ST, wherein >95% of the observed binding was 
contributed by low affinity compared to high affinity sites 
(Figure 2B). Over the time course of these experiments, free 
labeled ST varied less than 10% and association performed 
under these conditions fulfilled the criteria for being pseudo 
first order (Molinoff et al., 1981; Mazella et al., 1983). 1251- 
ST bound in a time-dependent fashion to low affinity sites 
in membranes prepared from COS-7 cells transfected with 
rat GCC, achieving equilibrium after about 30 min at 37 "C 
(Figure 2B). Semilogarithmic transformation of these data 
yielded curvilinear isotherms, indicating a complex reaction 
with at least two association events occurring at different 
rates (Figure 2B, inset). Individual rate constants were 
determined by resolving the curvilinear semilogarithmic 
transformation into two linear components (Figure 2B, inset). 
The rate constant of the lowest affinity state of the low 
affinity site, kobs.12, was determined from the slope of linear 
regression of the semilogarithmic plot of time points greater 
than 10 min. At those time points, there was virtually no 
contribution from the more rapidly associating component, 
R L ~ ,  to the overall rate of association. The rate constant for 
the more rapidly associating component, kobs.11, was calcu- 
lated by subtracting the contribution of binding to R L ~  from 
total specific binding, at each time point, before semiloga- 
rithmic transformation (Crane et al., 1992). The values 
obtained for the observed association rate constants of the 
different affinity states of the low affinity receptor were as 
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Table 1: Binding Characteristics of Rat GCC Exogenously Expressed in COS-7 Cells" 
low affinity sites 

binding characteristics high affinity sites higher affinity state lower affinity state 
KO (M) (equilibrium) (0.42 f 1.53) x lo-" ND (2.2 f 1.08) x 10-9 
B,, (pmol/mg) (4.07 f 3.02) x ND 2.09 f 2.9 
kobS (min-I) (1.92 f 0.80) x (1.97 & 0.85) x lo-' (1.02f0.69) x lo-* 
k, (M-I min-l)'j (1.76 i 1.0) x lo6 
kd (min-l)h (1.38 f 0.4) x (1.03 & 0.26) x lo-* (1.03f0.26) x 
KD (M) (kinetic) (5.85 & 0.4) x 

(1.16 f 0.53) x lo9 

(1.19 f 0.46) x lo-" 

(7.0 f 1.6) x lo7 

(1.47 & 0.25) x 
~ ~~~ 

Experiments were performed as described in Materials and Methods. The data represent the means of at least three experimentsf SEM. The 
binding constants k, and kd were calculated as described in Results. 
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FIGURE 2: Time course of association of 10 pM (top panel) and 
2.9 nM (bottom panel) '*%ST to membranes obtained from COS-7 
cells expressing rat GCC. Reactions were initiated by the addition 
of membranes and aliquots removed at the indicated times. Inset, 
semilogarithmic transformation of the data: y = (Be - B ) ,  where 
Be and B represent bound ligand at equilibrium and at time x ,  
respectively. The curvilinear relationship exhibited in the inset of 
the bottom panel (closed triangles) was resolved into two linear 
components (solid lines). The semilogarithmic transformations of 
binding to the higher and lower affinity states of low affinity binding 
sites (bottom panel) are represented by the lines with the steeper 
and shallower slopes, respectively. 

follows: kobs.11 = (1.97 f 0.85) x lo-' min-I and kobs.12 = 
(1.02 i 0.69) x lo-* min-I. 

(C) Dissociation Kinetics of High and Low Affinity Sites. 
Dissociation of labeled ST bound to high and low affinity 
receptors was examined by the addition of a large excess (5 
pM) of unlabeled ligand. Dissociation was performed 
employing receptor-ligand complexes formed under equi- 
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FIGURE 3: Time course of dissociation of labeled ST from 
membranes obtained from COS-7 cells expressing rat GCC. 
Dissociation was initiated by the addition of excess (5 pM) 
unlabeled ST to aliquots of association reactions conducted with 
10 pM (upper panel) or 2.9 nM (lower panel) lZ5I-ST after 
equilibrium had been achieved. Aliquots were removed and binding 
was quantified at the time points indicated as described in Materials 
and Methods. Insets, semilogarithmic transformations of the data: 
B = the amount of ligand bound at the indicated time. 

librium conditions in the presence of 10 pM or 2.9 nM 1251- 
ST since, under these conditions, most of the dissociation 
visualized was contributed by high or low affinity binding 
sites, respectively (Figure 3). Binding to low affinity sites 
was only partially displaceable as described previously 
(Figure 3B; Frantz et al., 1984; Guarino et al., 1987; Hugues 
et al., 1991; Crane et al., 1992; Waldman et al., 1994). 
Indeed, about 25% of the associated ST remained bound to 
membranes after maximum dissociation was achieved (Figure 
3B). In contrast, binding to high affinity sites could be nearly 
completely displaced by unlabeled ST, as demonstrated 
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previously (Figure 3A; Hugues et al., 1991). Presumably, 
binding remaining associated with low affinity sites after 
maximum dissociation reflects ST-receptor complexes that 
are nondissociable (Hugues et al., 1991). However, this 
interaction is not covalent since ST-receptor complexes can 
be completely dissociated by employing a variety of stringent 
conditions (Dreyfus & Robertson, 1984). The high concen- 
tration of unlabeled ST (5 pM) in dissociation incubations 
effectively prevented reassociation of labeled ST with 
receptors. Consequently, dissociation of labeled ST from 
high and low affinity sites was first order. Indeed, the 
semilogarithmic transformations of the dissociation data 
yielded linear isotherms whose slopes represent the dissocia- 
tion rate constants of high ( k d . H  = (1.38 f 0.40) x 
10-2min-') and low ( k & L  = (1.03 f 0.26) x 10d2min-') 
affinity sites (Figure 3, panels A and B, insets). Rate 
constants for dissociation from low affinity sites were 
determined only for the dissociable fraction of the binding 
to those sites (Hugues et al., 1991). These data demonstrate 
that, for rat GCC expressed in COS-7 cells, the dissociation 
rate constant is independent of the binding site occupied. 

(0) Determination of Association Rate Constants of High 
and Low Affinity ST Binding Sites and Comparison of Kinetic 
and Equilibrium Binding Parameters. Once kobs-H , k o b s - L l ,  

kobs.L2, kd-H, and, k,+L were defined, the second order rate 
constants of association of labeled ST with high affinity sites 
and with the high and low affinity states of low affinity sites 
were calculated using the relationship: 

k, = - kd)/[LI (2) 

where k, and k d  represent the second order rate constant of 
association and first order rate constant of dissociation of 
the complex formed between 1251-ST and receptors (Table 
1; Mazella et al., 1983; Hugues et al., 1991). These rate 
constants for rat GCC expressed in COS-7 cells were closely 
comparable to those exhibited by native GCC in membranes 
obtained from rat intestine (Hugues et al., 1991; Crane et 
al., 1992). Determining k, and k d  permitted calculation of 
KD for high affinity sites and the high and low affinity states 
of low affinity sites (Table 1). Dissociation constants for 
high affinity sites and the low affinity state of low affinity 
sites determined by kinetic methods were in close agreement 
with those obtained employing equilibrium binding tech- 
niques, In addition, equilibrium and kinetic binding char- 
acteristics of rat GCC expressed in COS-7 cells were closely 
comparable to those obtained for these binding sites in native 
rat intestinal membranes (Hugues et al., 1991; Crane et al., 
1992). 

(E)  Correlating Binding Site Occupancy with Enzyme 
Activation. The concentration dependence of guanylyl 
cyclase activation by ST was compared with that of fractional 
occupancy of high affinity binding sites and high and low 
affinity states of low affinity binding sites in membranes from 
COS-7 cells expressing rat GCC (Figure 4). Fractional 
occupancy of binding sites, f !  was calculated from kinetic 
and equilibrium binding parameters empirically determined 
in the present studies, as a function of ligand concentration, 
according to the relationship (Boeynaems & Dumont, 1980): 

f = B,( I - e+ObJ)/Bmax (3) 

where Be represents bound ligand at equilibrium and is 
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FIGURE 4: Relationship of guanylyl cyclase activation (open circles) 
to receptor occupancy of high affinity receptors (closed circles), 
high affinity state of low affinity receptors (closed squares), and 
low affinity state of low affinity receptors (closed triangles) in 
membranes from COS-7 cells expressing GCC. Guanylyl cyclase 
activity was estimated by radioimmunoassay as described in 
Materials and Methods and expressed as a percentage of maximum 
activity. Fractional receptor occupancy was calculated from kinetic 
and equilibrium binding data, as described in Results. The results 
represent at least three experiments. Error bars = SEM. 

calculated according to the equation: 

(4) 

where [L] is ligand concentration and B,,, and KD were 
empirically determined from equilibrium binding analyses 
of each binding site and state. The observed association rate 
constant, kobsr employed to determine fractional occupancy, 
was calculated according to the relationship: 

where k, and kd were determined empirically for each binding 
site and state (Table 1). The time ( t )  employed for 
calculating fractional occupancy, 5 min, reflected the incuba- 
tion time in studies of the concentration dependence of 
activation of guanylyl cyclase by ST. Employing these 
calculations, the concentration dependence of fractional 
occupancy of high affinity sites and the high and low affinity 
states of low affinity sites at 5 min was determined (Figure 
4). The mean ECsos of fractional receptor occupancy were 
0.1 nM, 5.0 nM, and 80.0 nM, for high affinity sites and 
high and low affinity states of low affinity sites, respectively. 
ST activated GCC expressed in COS-7 cells in a concentra- 
tion-dependent and saturable fashion (Figure 4). Guanylyl 
cyclase was activated a maximum of 4-fold by ST, which 
exhibited an EC50 of 110 nM, in close agreement with 
previous observations obtained by examining GCC in 
intestinal membranes (Carr et al., 1989; Hugues et al., 1991; 
Crane et al., 1992; Carrithers et al., 1994; Waldman et al., 
1994). Activation of GCC by ST correlates closely with 
occupation of the low affinity state of low affinity sites, since 
the EC50 values for these events were nearly coincident. In 
contrast, the high affinity state of low affinity sites and high 
affinity sites are fully occupied by concentrations of ligand 
which have little effect on GCC catalytic activity. Activation 
of guanylyl cyclase by ST cannot be directly examined after 
2 h of incubation because ligand-receptor interaction induces 
a rapid, time-dependent inactivation of this enzyme, after 
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which receptor-effector coupling cannot be detected (Wald- 
man et al., 1984; Vaandrager et al., 1993a,b). 

Deshmane et al. 

DISCUSSION 

These studies are the first to fully define the binding 
characteristics of GCC exogenously expressed in mammalian 
cells. They demonstrate that cells expressing GCC exhibit 
both high and low affinity ST binding sites, as observed 
previously in intestinal cells (Hugues et al., 1991; Crane et 
al., 1992; Hakki et al., 1993a,b; Forte et al., 1993; Carrithers 
et al., 1994; Waldman et al., 1994). High and low affinity 
sites for ST were identified in COS-7 cells expressing GCC 
employing equilibrium and kinetic binding analyses. These 
different approaches yielded independent estimates of the 
dissociation constants of high and low affinity sites which 
were nearly identical. Also, the binding constants of ST 
receptor sites in membranes from COS-7 cells expressing 
rat GCC reported herein compare closely with those obtained 
previously in membranes from intestinal cells (Hugues et 
al., 1991, Crane et al., 1992, Hakki et al., 1993a; Carrithers 
et al., 1994; Waldman et al., 1994). In addition, the present 
studies demonstrate a ligand-dependent shift in affinity of 
low affinity receptors and correlation of the occupancy of 
the lowest affinity state of these sites with cyclase activation, 
as demonstrated previously in rat intestinal membranes 
(Crane et al., 1992). 

The present studies suggest that ST binding sites with 
different affinities in intestinal cells reflect the expression 
of a single gene product, GCC, rather than multiple gene 
products encoding different binding proteins, since COS-7 
cells do not possess endogenous ST binding nor ST-coupled 
guanylyl cyclase. Alternatively, transfection of COS-7 cells 
with exogenous cDNA may induce the expression of a 
binding site for ST in addition to GCC. Transfection of 
COS-7 cells and 293 human embryonic kidney cells with 
human cDNA containing a specific Alu repeat sequence 
induced the expression of an apparent low affinity binding 
site for ST that was not coupled to activation of guanylyl 
cyclase nor associated with the expression of GCC (Almenoff 
et al., 1994). It was suggested that this cDNA induced the 
expression of low affinity ST binding sites by a trans-acting 
mechanism possibly involving RNA-RNA or RNA-protein 
interactions (Almenoff et al., 1994). However, it is unlikely 
that the results presented herein reflect the activation of a 
similar binding site since, in those earlier studies, direct 
binding of labeled ST to transfected cells could not be 
detected (Almenoff et al., 1994). In contrast, high and low 
affinity ST binding sites in membranes from transfected 
COS-7 cells were quantifiaye in direct binding studies by 
equilibrium or kinetic analysis. 

It was suggested previously that identification of high and 
low affinity sites supports the hypothesis that different ST- 
binding proteins may be expressed by intestinal and other 
cells (Kuno et al., 1986; Waldman et al., 1986, 1994; Ivens 
et al., 1990; Thompson & Gianella, 1990; Hugues et al., 
1991, 1992; Katwa et al., 1991; Hirayama et al., 1992; Crane 
et al., 1992; Forte et al., 1993; Hakki et al., 1993a,b; Mann 
et al., 1993; Cohen et al., 1993; Carrithers et al., 1994). 
Indeed, significant heterogeneity of structure and subcellular 
localization of ST binding proteins have been observed in 
intestinal cells, only some of which reflect post-translational 
processing of GCC (Kuno et al., 1986; Waldman et al., 1986; 

Ivens et al., 1990; Thompson & Gianella, 1990; Katwa et 
al., 1991; Hugues et al., 1992; Hirayama et al., 1992; Hakki 
et al., 1993 a,b; Cohen et al., 1993). Also, ST binding 
activity in cells which is not associated with guanylyl cyclase 
activation or GCC expression has been described (Hugues 
et al., 1992; Hirayama et al., 1992; Hakki et al., 1993b; Mann 
et al., 1993; Almenoff et al., 1994). In addition, ST may 
induce responses in extraintestinal organs, such as kidney, 
in which GCC is not expressed, suggesting that other 
receptors to which that peptide binds may exist (Lima et al., 
1992; Schulz et al., 1992). Furthermore, atrial natriuretic 
peptides, which bind to members of the membrane receptor- 
guanylyl cyclase family of proteins, guanylyl cyclases A and 
B, also bind to other receptors which are different gene 
products and not coupled to guanylyl cyclase (Garbers & 
Lowe, 1994). The present studies suggest that high and low 
affinity sites for ST and guanylin observed in cells of 
intestinal origin reflect the activity of a single gene product, 
GCC, rather than multiple gene products. However, these 
studies do not eliminate the possibility that receptors for ST 
and homologous ligands which are products of different 
genes may be expressed in intestinal and other cells. 

Human GCC expressed in 293 human embryonic kidney 
cells exhibited a single class of ST binding sites with 
intermediate affinity (97 pM) under equilibrium conditions, 
and linear association kinetics, in contrast to results presented 
herein (desauvage et al., 1992b). The contrast between those 
and the present results do not reflect differences in the 
mammalian cell expression systems employed since rat GCC 
stably expressed in 293 cells exhibits binding characteristics 
which are identical to those obtained with rat GCC transiently 
transfected in COS-7 cells (data not shown). Differences 
in binding characteristics may reflect the species of origin 
of the GCC employed in these studies, although ST binding 
in human cells derived from intestine exhibits high and low 
affinity sites with binding characteristics similar to those 
presented herein (Forte et al., 1993; Carrithers et al., 1994). 
In earlier studies of exogenously expressed human GCC, the 
lowest concentration of labeled ST employed in equilibrium 
binding analyses appeared to be 10 pM (desauvage et al., 
1992b). At this ligand concentration, most (>70%) high 
affinity sites are occupied, rendering them inapparent by 
Scatchard analysis. Also, equilibrium binding characteristics 
in those earlier studies were defined by employing competi- 
tive binding analysis which is less sensitive than direct 
binding for detecting sites with different affinities represent- 
ing a small proportion of the total receptors. Furthermore, 
in those earlier studies, association of ST and GCC was 
examined employing 25 pM of labeled ST. At this concen- 
tration of ligand, the majority ('60%) of binding is 
contributed by high affinity sites which exhibit linear 
association kinetics. In addition, in those studies association 
was with at relatively infrequent intervals at times 7 10 min. 
The shift from higher to lower affinity of low affinity sites 
can be observed only when binding is quantified early and 
frequently during the time course of association (Figure 2, 
inset; Crane et al., 1992). 

The mechanisms by which expression of GCC results in 
the production of ST binding sites with different affinities 
remain unclear. Membrane receptor-guanylyl cyclases 
undergo ligand-independent oligomerization (Chinkers et al., 
1992; Iwata et al., 1991; Vaandrager et al., 1994; Garbers 
& Lowe, 1994). In the absence of ligand, basal GCC appears 
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to be organized as trimers or tetramers in cell membranes 
(Vaandrager et al., 1994). The role of changes in oligomeric 
state in coupling ligand-receptor interaction to catalytic 
activation remains unclear. However, the presence of high 
and low affinity sites in cells expressing GCC could reflect 
different oligomeric states of this protein. Also, analysis of 
the primary structure of GCC reveals 8 potential glycosy- 
lation sites in the extracellular domain (Schulz et al., 1990). 
Rat GCC expressed in 293 cells undergoes differential 
glycosylation, resulting in proteins of 140 and 160 kDa (de 
Sauvage et al., 1992b; Vaandrager et al., 1993a,b). Dif- 
ferential glycosylation could result in GCC isoforms exhibit- 
ing different affinities for ligand. Indeed, differential 
glycosylation of GCA results in isoforms which exhibit 
greatly reduced catalytic activity (Koller et al., 1993). In 
addition, GCC undergoes significant post-translational pro- 
teolysis, and specific ST-binding subunits ranging from 160 
to 50 kDa have been identified by ligand cross-linking or 
Westem analysis in membranes from mammalian cells 
expressing GCC or intestinal mucosa cells (Ivens at al., 
1990a; de Sauvage et al., 1992b; Hugues et al., 1992; 
Vaandrager et al., 1993a; Hakki et al., 1993a). Thus, high 
and low affinity ST binding sites may reflect post- 
translational proteolysis of GCC, as truncated products of 
this protein may bind differently than full length proteins. 

The present studies demonstrate that low affinity ST 
binding sites of rat GCC undergo a ligand-induced shift from 
higher to lower affinity. Occupancy of the lowest affinity 
state of these receptors correlates directly with activation of 
guanylyl cyclase in rat intestine and exogenously expressed 
GCC (Figure 4; Crane et al., 1992). Similar observations 
have been obtained for exogenously expressed GCA stably 
expressed in 293 cells (Jewett et al., 1993). The shift in 
affinity of GCA was dependent upon the kinase homology 
domain, a signature domain of membrane receptor-guanylyl 
cyclases with significant homology to the catalytic domain 
of protein kinases (Jewett at al., 1993). Also, this shift in 
affinity was mediated by adenine nucleotides, which are 
required for receptor-cyclase coupling presumably by 
interacting with the kinase homology domain (Jewett at al., 
1993). The precise mechanisms mediating this affinity shift 
exhibited by GCC remain unclear. However, GCC possesses 
a kinase homology domain that shares sequence homology 
with that of GCA. In addition, adenine nucleotides potentiate 
the activation of guanylyl cyclase by ST (Gazzano et al., 
1991; Vaandrager et al., 1994). These observations support 
the hypothesis that receptor occupancy is coupled to catalytic 
activation of GCC through a mechanism involving adenine 
nucleotide interaction with the kinase homology domain, 
resulting in a shift in receptor binding function. The 
functional role of the ligand-induced shift in binding affinity 
in transmembrane signaling by receptor guanylyl cyclases 
remains unclear. 

A general observation conceming guanylyl cyclases is that 
catalytic activation occurs at ligand concentrations that are 
higher than those required for receptor occupancy (Carr et 
al., 1989; Hugues et al., 1991; Crane et al., 1992; Garbers 
et al., 1994; Currie et al., 1992; Jewett et al., 1993). It has 
been suggested that this discrepancy in the concentration 
dependence of binding and activation implies that receptor- 
effector coupling may involve supramolecular mechanisms. 
For example, occupancy of all ligand binding sites in an 
oligomeric complex may be required to activate guanylyl 
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cyclase catalytic domains (Garbers et al., 1994). An 
important consideration when comparing the concentration 
dependence of binding and catalytic activation is the condi- 
tions under which these activities are measured since they 
both increase in a time-dependent fashion. Previous studies 
compared the concentration dependence of guanylyl cyclase 
activation, measured over minutes, with that of receptor 
binding, measured at equilibrium (hours). Guanylyl cyclase 
activation by ligand is quantified after minutes of incubation 
because ligand-receptor interaction also induces a time- 
dependent, rapid inactivation of the enzyme, after which 
receptor-effector coupling cannot be detected (Waldman et 
al., 1984; Vaandrager et al., 1993a,b). At any given ligand 
concentration, receptor occupancy increases over time to a 
maximum at equilibrium (Boeynaems & Dumont, 1980; 
Molinoff et al., 1981). Thus, in those earlier studies, binding 
measured at equilibrium does not reflect receptor occupancy 
at the time enzyme activity was measured. Rather, receptor 
occupancy at those earlier times is substantially lower than 
at equilibrium. Since receptor occupancy is presumably 
coupled to catalytic activation, comparisons of their con- 
centration dependence should be per for"  at the same time 
point. Indeed, comparison of the ligand concentration 
dependence of binding and catalytic activity measured at the 
same time point revealed that occupancy of the lowest 
affinity state of low affinity ST binding sites was coupled 
to activation of guanylyl cyclase in intestinal membranes 
(Crane et al., 1992). The present results confirm and extend 
those observations, demonstrating that occupancy of the 
lowest affinity state of GCC is coupled directly to catalytic 
activation, without requiring a supramolecular mechanism 
to explain the relationship between the concentration depen- 
dence of these functions. 

In conclusion, equilibrium and kinetic analyses of rat GCC 
exogenously expressed in COS-7 cells revealed high and low 
affinity ST binding sites, suggesting that those sites observed 
previously in intestinal membranes obtained from several 
species reflect the expression of a single gene, GCC, rather 
than multiple genes encoding different binding proteins 
(Hugues et al., 1991; Hakki et al., 1993a,b; Forte et al., 1993; 
Carrithers et al., 1994; Waldman et al., 1994). Although 
the precise mechanisms by which expression of a single gene 
results in the production of binding sites with different 
affinities remains unclear, they may reflect differential post- 
translational processing or oligomerization. Kinetic binding 
analysis of low affinity binding sites demonstrates a ligand- 
dependent shift from higher to lower affinity, suggesting that 
a similar shift observed previously in intestinal membranes 
reflected the activity of GCC (Crane et al., 1992). Oc- 
cupancy of the lowest affinity state of low affinity GCC 
binding sites is directly coupled to activation of guanylyl 
cyclase. The mechanisms underlying this affinity shift and 
its role in receptor-effector coupling are currently being 
examined. 

ACKNOWLEDGMENT 

The authors would like to acknowledge L. A. Dreyfus, 
Ph.D., University of Missouri, Kansas City, who provided 
the rat GCC clone, Tony Kong, Ph.D. who provided the 
vector pMT2, and D. L. Garbers, Ph.D., and S. Schulz, Ph.D., 
University of Texas Southwestem Medical Center, Dallas, 
who provided 293 cells stably transfected with GCC. 



9102 Biochemistry, Vol. 34, No. 28, 1995 Deshmane et al. 

Ivens. K., Gazzano, H., & Waldman, S. A. (1990) Infect Immun. REFERENCES 

Almenoff, J. S., Jurka, J., & Schoolnik, G. K. (1994) J. B i d .  Chem. 
269, 16610- 166 17. 

Boeynaems, J. M., & Dumont, J. E. (1980) Outlines of Receptor 
Theory. Elsevier/North Holland Biomedical Press, New York. 

Bradford, M. M. (1976) Anal. Biochem. 72, 248-254. 
Carr, S., Gazzano, H., & Waldman, S. A. (1989) Int. J .  Biochem. 

Carrithers, S. L., Parkinson, S. J., Goldstein, S., Park, P., Robertson, 
D. C., & Waldman, S. A. (1994) Gastroenterology 107, 1653- 
1661. 

Chao, A. C., de Suavage, F. J., Dong, Y. J., Wagner, J. A., Goeddel, 
D. V., & Gardener, P. The EMBO J. 13, 1065-1072. 

Chinkers, M. (1994) Proc. Nut[. Acad. Sci. U.S.A. 91, 11075- 
11079. 

Chinkers, M., & Wilson, E. M. (1992) J. Biol. Chem. 267, 18589- 
18597. 

Cohen, M. B., Thompson, M. R., Overmann, G. J., & Gianella, R. 
A. (1987) Infect. Immun. 55, 329-334. 

Cohen, M. B., Jensen, N. J., & Hawkins, J. A. (1993) J. Cell 

21, 1211-1215. 

Physiol. 156, 138-144. 

(1992) Mol. Pharmacol. 41. 1073-1080. 
Crane, M. R., Hugues, M., O’Hanley, P. D., & Waldman, S. A. 

\ - - - - I  ~ ~ ~ 

Cullen, B. R. (1987) Methods’Enzymol. 152, 684-704. 
Currie, M. G., Fok, K. F., Kato, J., Moore, R. J., Hamra, F. K., 

Duffin, K. L., & Smith, C. E. (1992) Proc. Natl. Acad. Sci. U.S.A. 
89, 947-951. 

de Sauvage, F. J., Keshav, S., Kuang, W. J . ,  Gillet, N., Henzel, 
W., & Goeddel, D.V. (1992a) Proc. Natl. Acad. Sci. U.S.A. 89, 
9089-9093. 

de Sauvage, F. J., Horuk, R., Bennet, G., Quan, C., Bumier, J. P., 
& Goeddel, D.P. (1992b) J .  B i d .  Chem. 267, 6479-6482. 

Dreyfus, L. A,, &Robertson, D. C. (1984) Infect. Immun. 46,537- 
543. 

Forte, L. R., Eber, S. L., Tumer, J. T., Freeman, R. H., Fok, K. F., 
& Currie, M. G. (1993) J. Clin. Invest. 91, 2423-2428. 

Frantz, J. C., Jaso-Friedman, L., & Robertson, D. C. (1984) Infect. 
Immun. 43, 622-630. 

Garbers, D. L., & Lowe, D. G. (1994) J. B i d .  Chem. 269,30741- 
20744. 

Garbers, D. L., Koesling, D., & Shultz, G. (1994) Mol. B i d .  Cell 
5 .  1-5. 
- 1  - - .  

Gazzano, H., Wu, H. I., & Waldman, S. A. (1991) Infect. Immun. 
59. 1552-1557. 

Giannella, R. A., Luttrell, M., & Thompson, M. (1983) Am. J .  
Physiol. 245, G492-G498. 

Guarino, A,, Cohen, M., & Gianella, R. (1987) Ped. R e s .  21, 551- 
555. 

Hakki, S., Crane, M., Hugues, M., O’Hanley, P., & Waldman, S. 
A. (1993a) Int. J. Biochem. 25, 557-566. 

Hakki, S., Robertson, D. C., & Waldman, S. A. (1993b) Biochim. 
Biophys. Acta 1152, 1-8. 

Hirayama, T., Wada, A., Iwata, N., Takasaki, S., Shimonishi, Y., 
& Takeda, Y. (1992) Infect. Immun. 60, 4213-4220. 

Hugues, M., Crane, M., Hakki, S., O’Hanley, P., & Waldman, S. 
A. (1991) Biochemistry 30, 10738-10745. 

Hugues, M., Crane, M. R., Thomas, B. R., Robertson, D., Gazzano, 
H., O’Hanley, P., & Waldman, S. A. (1992) Biochemistry 31, 
12-16. 

58, 1817-1820. 

& Hirose, S. (1991) J. Biochem. (Tokyo) I I O ,  35-39. 

EMBO J .  12. 769-777. 

Iwata, T., Uchida-Mizuno, K., Katafuchi, T., Ito, T., Hagiwara, H., 

Jewett, J. R. S., Koller, K. J., Goeddel, D. V., & Lowe, D. G. (1993) 

Kaiwa, L., Parker, C. D., Dybing, J. K., & White, A. A. (1990) 
Arch. Biochem. Biophys. 290, 397-406. 

Koller, K. J., Lipari, M. T., & Goeddel, D. V. (1993) J. Biol. Chem. 
268, 5997-6003. 

Kuno, T., Kamisaki, Y., Waldman, S. A., Gariepy, J., Schoolnik, 
G., & Murad, F. (1986) J. Biol.Chem. 261, 1470-1476. 

Lima, A. A. A,, Montiero, H. S. A., & Fontales, M. C. (1992) 
Pharmacol. Toxicol. 70, 163- 167. 

Linden, J., Vandenhoff, G. E., Taylor, D., & Finkelstein, G. L. 
(1992) J. Immunol. Methods 151, 209-216. 

Mann, E. A., Cohen, M. B., & Gianella, R. A. (1993) Am. J. 
Physiol. 264, G172-G178. 

Mazella. J., Poustis, C., Labbe, C., Cheder, F., Kitabgi, P., Granier, 
C., Van Rietschoten, J., & Vincent, J. P. (1983) J. B i d .  Chem. 
255, 820-823. 

Molinoff, P. B., Wolfe, B. B., & Weiland, G. A. (1981) Life Sci. 
29, 427-443. 

Patrinellis, A., & Waldman, S. A. (1995) Biochim. Biophys. Acta 
1243, 143-150. 

Potter, L. R., & Garbers, D. L. (1992) J .  B i d .  Chem. 267, 14531- 
14534. 

Potter, L. R., & Garbers, D. L. (1994) J .  B i d .  Chem. 269, 14636- 
14642. 

Schulz, S., Green, C. K., Yuen, P. S. T., & Garbers, D. L. (1990) 
Cell 63, 941-948. 

Schulz, S., Chrisman, T. D., & Garbers, D. L. (1992) J. Bid .  Chem. 
267, 16019-16021. 

Shaw, P. M., Reiss, A., Adesnik, D. W., Nebert, D. W., Schembri, 
J., & Jaiswal, A. K. (1991) Eur. J .  Biochem. 195, 171-176. 

Thompson, M. R., & Gianella, R. A. (1990) J. Recept. Res. I O ,  
97- 117. 

Thompson, M. R., Luttrell, M., Overmann, G., & Gianella, R. A. 
(1985) Anal. Biochem. 148, 26-36. 

Tien, X. Y., Brasitus, T. A., Kaetzel, M. A., Dedman, J. R., & 
Nelson, D. J. (1994) J .  B i d .  Chem. 269, 51-54. 

Vaandrager, A. B., Schulz, S., De Jonge, H. R., & Garbers, D. L. 
(1993a) J .  B i d .  Chem. 268, 2174-2179. 

Vaandrager, A. B., van der Wiel, E., & deJong, H. R. (1993b) J. 
B i d .  Chem. 268, 19598-19603. 

Vaandrager, A., van der Weil, E., Hom, M. L., Luthjens, L. H., & 
de Jong, H. R. (1994) J .  B i d .  Chem. 269, 16409-16415. 

Waldman, S. A., O’Hanley, P., Falkow, S., Schoolnik, G., & Murad, 
F. (1984) J .  Infect. Dis. 149, 83-89. 

Waldman, S. A., Kuno, T., Kamisaki, Y., Chang, L. Y., Gariepy, 
G., O’Hanley, P., Schoolnik, G., & Murad, F. (1986) Infect. 
Immi~n. 51, 320-326. 

Waldman, S. A., Phillips. K., & Parkinson, S. J. (1994) J. Infect. 
Dis. 170, 1498- 1507. 

Wong, G. G., Witek, J. S., Wilkens, K. F., Leary, A. C., Luxemberg, 
D. P., Jones, S. S., Brown, E. L., Kay, R. M., Orr, E. C., 
Shoemaker, C., Golde, D. W., Kaufman, R. J., Hewik, R. M., 
Wang, E. A., & Clark, S. C. (1985) Science 228, 810-815. 
BI9507589 


