
Receptor proteins and biological effects of C-type 
natriuretic peptides in the renal glomerulus of the rat 

J. BROWN AND Z. ZUO 
Physiological Laboratory, University of Cambridge, Cambridge CB2 3EG, United Kingdom 

Brown, J., and 2. Zuo. Receptor proteins and biological 
effects of C-type natriuretic peptides in the renal glomerulus of 
the rat. Am. J. Physiol. 266 (Regulatory Integrative Comp. 
PhysioE. 35): R1383-R1394, 1994.-Binding studies on rat 
glomeruli using lZ51-labeled TyrO-C-type natriuretic peptide- 
(l-22) [1251-Tyro-CNP-( l-22)] and 1251-labeled cx-atria1 na- 
triuretic peptide ((x- 12WANP), and the unlabeled ligands 
CNP-( l-22>, (x-ANP, and des-Gln18,Ser1g,Gly20,Leu21,Gly22- 
ANP-(4-23)-NH2 (C-ANP) suggest that receptor-like sites 
that bind both cx-ANP and C-ANP fall into two categories, one 
with high [dissociation constant (&) - 10mgM] and one with 
low (Kd - 10s5M) affinity for CNP-(1-22). Covalent attach- 
ment of 1251-Tyro-CNP-( l-22) and ~1- 1251-ANP to these sites 
identifies two membrane proteins with corresponding proper- 
ties. The first, which can be labeled by both radioligands, is a 
disulfide-bridged - 140-kDa protein that is reduced by dithio- 
threitol to - 67 kDa. This protein binds C-ANP and has Kd 
- lo-lo M for CNP-( l-22). The second protein, which is 
labeled only by ~1- 1251-ANP, also binds C-ANP, but has Kd 
- 10m5M for CNP-(l-22). This - 77-kDa protein may also 
have a disulfide-bridged, high-molecular-mass form of - 140 
kDa in the absence of dithiothreitol. Studies of glomerular 
function show that (x- 1251-ANP is internalized whereas 1251-Tyr0- 
CNP-( l-22) is not. C-ANP abolishes the specific internaliza- 
tion of (xJ~~I-ANP. CNP-( l-22) inhibits internalization of 
400 pM (xJ~~I-ANP weakly, only - 60% being inhibited by 
10 FM CNP-(l-22). This implies that the - 77-kDa protein, 
with its low affinity for CNP-( l-22>, mediates internalization. 
Furthermore, CNP-(l-22), as well as wANP and C-ANP, 
inhibits glomerular levels of adenosine 3’,5’-cyclic monophos- 
phate (CAMP), and CNP-(l-22) does so with a high affinity, 
which corresponds to its affinity for the - 67-kDa protein. The 
results suggest that the - 67-kDa receptor is distinct from the 
natriuretic peptide clearance receptor and may control CAMP 
levels. 

tured bovine carotid endothelial cells contain immunore- 
active CNPs and release both CNP-(l-22) and CNP- 
(l-53) into th e culture medium (36). Similarly, cultured 
human aortic endothelium contains CNP-( l-53), and 
CNP-( l-22) circulates in human plasma (32). mRNA 
for CNPs is present in bovine aorta (36). mRNA for 
CNPs is also expressed by rat heart (39), but CNPs have 
not been found in rat plasma (18). Nevertheless, signifi- 
cant levels of CNPs are found by radioimmunoassay in 
extracerebral rat tissues such as kidney (18), where they 
may be produced by endothelium to act on receptors 
that are present on glomeruli (4). CNP-( l-22) also has 
receptor binding sites on cultured vascular smooth 
muscle cells (35, 37) and potently inhibits the growth of 
these cells (13). Consequently, it has been proposed that 
CNP-(l-22) produced in vivo by endothelium may be a 
regulator of vascular growth at different sites in the 
circulation (4, 36). 

ligand binding; electrophoresis; receptor internalization; aden- 
osine 3’,5’-cyclic monophosphate 

C-TYPE NATRIURETIC PEPTIDES (CNPs) are the most re- 
cently identified class of natriuretic peptides. They have 
been isolated from porcine brain in two forms, the 
22amino acid CNP-( l-22) and the NH2-terminally 
extended CNP-(l-53) (23, 34). These CNPs are prob- 
ably posttranslational modifications of the product of a 
single gene (16), and their precursor mRNA has been 
found in rat brain (16). Immunoreactive CNPs are 
concentrated in specific cerebral areas (18), and local- 
ized receptor binding sites for CNP-(1-22) have now 
been demonstrated in rat brain (5). Furthermore, injec- 
tions of CNP-( l-22) into the cerebral ventricles modu- 
late drinking behavior as well as the secretion of lutein- 
izing hormone (27, 28). Consequently, CNPs may be 
important neuropeptides. 

CNPs resemble the two other classes of natriuretic 
peptide, the atria1 and brain natriuretic peptides (ANPs 
and BNPs), in having a 17-residue, disulfide-bridged 
amino acid ring in their structure (2,23,33,34) (Fig. 1). 
To an extent, therefore, the natriuretic peptides share a 
common pool of receptors (4, 5, 8, 17, 20, 21, 29, 35). 
Molecular cloning studies have identified three natri- 
uretic peptide receptors. Two of these, ANPR-A and 
ANPR-B, are monomeric proteins with - 120.kDa pri- 
mary structures and constitutive, agonist-dependent, 
guanylate cyclase activity (8, 9, 17, 20, 29). The third 
receptor, ANPR-C, is a disulfide-bridged homodimer of 
- 60-kDa units without intrinsic guanylate cyclase activ- 
ity (12, 19, 20, 26). The hormone a-atria1 natriuretic 
peptide ((x-ANP) (Fig. 1) is a high-affinity agonist for 
ANPR-A, but CNP-(l-22) binds and activates this 
receptor poorly (8,17,29). Conversely, CNP-( l-22) is a 
potent agonist of cloned ANPR-B, whereas a-ANP has 
little affinity for this receptor (8, 17, 29). Finally, both 
a-ANP and CNP-(1-22) bind avidly to cloned human 
ANPR-C when this is expressed in transfected cells (17). 
Cloned ANPR-C also binds the synthetic ligand des- 
Gln1s,Ser1g,Gly20,Leu21,Gly22-ANP-(4-23)-NH2 (Fig. 1) 
(C-ANP), whereas ANPR-A has no significant affinity 
for this ligand (12, 20, 26). C-ANP inhibits the catabo- 
lism of oc-ANP by competitively reducing its internaliza- 
tion to lysosomes (20), and the affinity of cloned ANPR-C 
for C-ANP is evidence that cloned ANPR-C is the 
endogenous clearance receptor (12, 20, 26). However, 
both (x-ANP and C-ANP also inhibit adenylate cyclase 
activity in a variety of tissues (1, 19). This suggests 
either that ANPR-C has actions in addition to ligand 
internalization (1, 19) or that C-ANP actually binds to a 
heterogeneous group of receptors for <x-ANP. 

Recently, evidence has also accumulated that CNPs Little is known of the receptors for CNPs in vivo. 
may be local growth factors and even hormones. Cul- Cloned ANPR-B can be expressed in transfected cells, 
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Fig. 1. Structures of the unlabeled natriuretic peptides 
Rat w-ANP 

used in this study. Standard abbreviations are given for 
amino acid residues. The carboxylic acid terminal amide 
of C-ANP is denoted as NH2. 
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but evidence for it as a native protein mainly concerns 
vascular smooth muscle in culture (37). We have shown 
that all of the receptor-like binding sites for CNP-(l- 
22) that are detected autoradiographically in rat kidney 
and brain correspond to ANPR-C in their affinities for 
other ligands (4, 5). However, these ANPR-C-like sites 
are heterogeneous, some having high affinity and the 
rest having much lower affinity for CNP-(1-22) (4, 5). 
We now show that CNP-(1-22) binds to two glomeru- 
lar membrane proteins that correspond to these ANPR- 
C-like binding sites. These proteins both resemble cloned 
ANPR-C in binding a-ANP and C-ANP, but differ from 
each other widely in their affinities for CNPs. We also 
show that CNP-(1-22) inhibits levels of glomerular 
adenosine 3’,5’-cyclic monophosphate (CAMP) with high 
affinity, whereas it prevents the internalization of a-ANP 
by glomerular cells with low affinity. The results suggest 
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that the effects of CNP-(l-22) on CAMP and ligand 
internalization involve separate receptor proteins, both 
of which would previously have been classified as 
ANPR-C. 

METHODS 

Binding and internalization assays. Glomeruli from freshly 
dissected rat kidneys of 33 male Wistar rats (200-250 g) were 
isolated by differential sieving as we have described (4). 
Aliquots of 2,400 glomeruli were preincubated for 10 min at 
4°C in 0.5 ml Hanks’ balanced salt solution (HBSS) (pH 7.2) 
plus 0.2% bovine serum albumin (BSA) (fraction V) (Sigma) 
plus 1 mM phenanthroline (Sigma). They were then centri- 
fuged for 4 min at 300 g and resuspended for 15 min at 37°C or 
for 2 h at 4°C in a fresh 0.5 ml of the same fluid plus 400 pM 
(xJ~~I-ANP (sp act 2,000 Ci/mmol) (Amersham) or 400 pM 
1251-labeled TyrO-CNP-( l-22) (sp act 1,300 Ci/mmol) (Penin- 
sula Labs), with or without O-l PM unlabeled rat a-ANP, 



RENAL RECEPTORS OF C-TYPE NATRIURETIC PEPTIDE R1385 

O-10 FM rat CNP-(l-22), or O-10 WM rat C-ANP (Penin- 
sula) (Fig. l), or 1 FM angiotensin II, 1 PM vasopressin, or 1 
PM neuropeptide Y. Preliminary high-performance liquid 
chromatography (HPLC) and y-counting of fractions, as de- 
scribed in detail before (4,5), established that 1 mM phenanth- 
roline prevented significant radioligand degradation under 
these conditions of incubation. Identical HPLC studies, but 
using the absorption of natriuretic peptides at 210 nm to 
monitor fractions (Waters 990 absorption spectrophotometer, 
Millipore), showed that there was also no significant degrada- 
tion of either 10 FM cl-ANP or 10 PM CNP-(l-22) under the 
conditions of incubation in the presence of 1 mM phenanthro- 
line. Preliminary studies of the time courses of binding showed 
that maximum specific binding of both radioligands was 
reached by 15 min incubation at 37°C and by 2 h at 4°C. 
Incubations for the assay of the sum of surface-bound and 
internalized radioligand were stopped by centrifugation for 2 
min at 1,000 g at 0°C. Incubations for assay of internalized 
radioligand alone were washed in 0.2 M acetic acid-O.5 M NaCl 
(pH 2.5) for 6 min at 4°C before the final centrifugation. 1251 
associated with sedimented glomeruli was y-counted. 

Afinity cross-linking. Approximately 75,000 glomeruli were 
isolated as above by finely dicing and sieving the renal cortices 
from six male Wistar rats (200-250 g) in ice-cold HBSS (pH 
7.2) plus 1 mM phenanthroline. Membranes were prepared 
from these glomeruli by homogenizing in 4 ml ice-cold HBSS/ 
0.2% BSA/l mM phenanthroline, pH 7.2, with three bursts of 
30 s at 28,000 revolutions/min, each burst separated by 30 s 
(Polytron). The homogenate was centrifuged for 10 min at 0°C 
and 1,000 g. The supernatant was then centrifuged for 60 min 
at 4°C and 40,000 g. The pellet was washed three times in 1 ml 
phosphate-buffered saline (PBS) (pH 7.2) containing 1 mM 
phenanthroline and then stored in this fluid at -80°C in 
fractions containing 1,000 pg protein/ml. Aliquots of mem- 
branes (25-60 pg protein) were incubated for 60 min at 4°C 
with 50 pM (x- 1251-ANP (rat) or 100 pM 1251-Tyro-CNP-( l-22) 
in 0.5 ml PBS (pH 7.2), containing 0.2% BSA and 1 mM 
phenanthroline, in the presence or absence of the indicated 
unlabeled peptides. After incubation the membranes were 
deposited by centrifugation at 4°C for 60 min at 40,000 g. The 
pellet was washed three times in PBS (pH 7.2) plus 1 mM 
phenanthroline, and it was then resuspended in this solution 
plus 1 mM bis(sulfosuccinimidy1) suberate (Pierce Chemical) 
for 30 min at 4OC. The reaction was stopped by adding 0.5 ml of 
100 mM Tris HCl, pH 7.4, and the mixture was recentrifuged 
at 4°C for 60 min at 40,000 g. The pellet was washed once and 
resuspended in 0.1 ml of sample buffer [62.5 mM Tris . HCl, pH 
6.8, with 10% glycerol (wt/vol) and 2.0% sodium dodecyl 
sulfate (SDS) in the presence or absence of 50 mM dithio- 
threitol (Sigma)]. The membranes were boiled for 5 min, and 
the resulting samples were resolved simultaneously with 
molecular weight standards by SDS-polyacrylamide gel electro- 
phoresis (SDS-PAGE), using a discontinuous buffer system, 
on 10% acrylamide separating gels. Preliminary experiments 
established that concentrations of dithiothreitol in the range 
50-500 mM had no effects beyond those at 50 mM. 

After electrophoresis, gels were stained in 0.05% Coomassie 
blue, destained, and dried before autoradiography on GRI-AX 
films (Genetic Research Instrumentation) with intensification 
screens at -80°C. 1251 standards (Amersham) were also ex- 
posed to the film. Autoradiograms were scanned densitometri- 
tally, and the optical densities of the autoradiograms of the 1251 
standards were used to calibrate the autoradiograms of 1251- 
labeled protein bands in femtomoles of radioligand bound. 

Duplicate affinity cross-linking studies were also performed 
in the presence of a wider range of protease inhibitors. These 
studies were identical to those already described except for the 

addition of 10 FM leupeptin, 1 mM phenylmethylsulfonyl 
fluoride, 100 Fg/ml aprotinin, and 100 pg/ml bacitracin 
(Sigma) to all b u f f  er solutions that already contained 1 mM 
phenanthroline, from the initial step of isolating glomeruli to 
the step of sample dissolution in sample buffer. 

The 1251 contents of particular protein bands were also 
measured directly in a separate experiment in which seven 
pairs of 25-pg aliquots of glomerular membranes were cross- 
linked to 50 pM cc- 1251-ANP (sp act 2,000 Ci/mmol), exactly as 
described above. One sample of each pair was then solubilized 
in the absence, and the other in the presence, of 50 mM 
dithiothreitol. Each pair of solubilized samples was resolved by 
SDS-PAGE on a 10% acrylamide separating gel. Autoradio- 
grams of these gels were prepared, and regions of gel corre- 
sponding to each radiolabeled band on the autoradiograms 
were individually excised and y-counted. 

CAMP accumzdation. Glomeruli were pooled from six male 
Wistar rats (200-250 g) for these experiments. Aliquots of 
glomeruli (7.5 p-1-g protein/aliquot) were suspended in HBSS 
plus 0.2% BSA with 0.1 FM 5-hydroxytryptamine (5-HT) or 10 
FM histamine (Sigma), both in the presence or absence of O-l 
FM rat (x-ANP, O-l PM CNP-(l-22), or 1 PM C-ANP for 10 
min at 20°C. Incubations were terminated by ice-cold trichloro- 
acetic acid (Sigma) to a final concentration of 6% (wt/vol>. 
Nine aliquots were incubated with each combination of 5-HT, 
histamine, and peptides. Aliquots were then centrifuged at 
4,000 g for 10 min, and the supernatants were extracted four 
times, each time with three times their volume of water- 
saturated ether. CAMP was then measured in the superna- 
tants by radioimmunoassay after acetylation (Amersham). 

Protein assay. Protein content was determined by a bicincho- 
ninic acid assay (Sigma). 

Data analysis. The binding parameters for the binding of 
ligands to isolated glomeruli were estimated by the Ligand 
program (24). The fits to the data of models with up to three 
classes of binding sites were compared by the extra sum of 
squares principle (24). The significance of differences in appar- 
ent association constants (K,) or in maximum binding capaci- 
ties (B,,) was assessed from the change in the weighted 
residual sum of squares caused by constraining values of K, or 
of hx3x from different sets of data to be equal, rather than 
allowing them to vary independently during coanalysis of the 
sets of data by Ligand (24). Estimates of K, of unlabeled 
ligands for protein bands on SDS-PAGE were also derived 
using Ligand to model the competitive inhibition of the 
binding of a fixed concentration of radioligand by increasing 
concentrations of unlabeled ligand. Binding was measured 
autoradiographically, as described above, only in autoradio- 
grams in which the optical density of the protein bands was 
within the calibrated dose-response range of the film. The 
binding to each protein was modeled as a single affinity class of 
binding site. It was assumed, as has been shown for the 
natriuretic peptide binding sites on isolated glomeruli (4), that 
the affinity of a-ANP for each labeled glomerular protein was 
not significantly different to that of CXJ~~I-ANP and that, 
similarly, the affinity of CNP-(l-22) was not significantly 
different to that of 1251-Tyro-CNP-( l-22). Estimates of K, are 
more nearly log normally than normally distributed about 
their true mean (10). Consequently, each value of K, (M-l) is 
reported as the -log,, (pK,) of the geometric mean and SE of 
nine determinations in the case of the binding data from 
isolated glomeruli and of three determinations in the case of 
the binding data from protein bands on SDS-PAGE (10). For 
reference, the values of K, are also given where they first 
appear as their reciprocal, the apparent dissociation constant 
of the homologous or heterologous ligand (&). Other results 
are given as arithmetic means and SE of the number of 
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determinations indicated. Comparisons between 
metic means were made by unpaired t tests (31). 

these arith- 22) were probably binding to the same class of sites. 
Confirming this, 1 PM CNP-( l-22) alone or in combina- 
tion with 1 PM TyrO-CNP-( l-22) respectively inhibited 
the binding of 400 pM 1251-Tyro-CNP-( l-22) by 113 * 
7% and 103 t 5% of that inhibited by 1 PM TyrO-CNP- 
(l-22) alone. These inhibitions were not significantly 
different. Angiotensin II, vasopressin or neuropeptide Y 
(all 1 PM) did not significantly affect specific radioligand 
binding. However, both a-ANP and C-ANP competed at 
all of the specific binding sites for 1251-Tyro-CNP-( l-22) 
(e.g., Fig. 6A), relating these sites to ANPR-C. 

Equilibrium binding of a- 1251-ANP to glomeruli. The 
specific binding of cy- 1251-ANP was consistent with a 
single class of receptor sites for a-ANP with pK, = 
8.28 t 0.09 (Kd = 5.3 nM) and B,, = 1,410 t 240 

RESULTS 

Equilibrium binding of 1251-Tyr0-CNP-(1-22) to glo- 
meruli. The inhibition of the binding of 400 pM 1251-Tyro- 
CNP-( l-22) by increasing concentrations of unlabeled 
CNP-(1-22) was consistent with a single class of 
binding sites for CNP-( l-22) of pK, = 8.52 t 0.12 
K d = 3.0 nM) and B,, = 336 t 18 fmol/mg protein 
(Fig. 2A). Similarly, th e specific binding of up to 2 nM 
1251-Tyro-CNP-( l-22) was compatible with a single 
class of sites for TyrO-CNP-(l-22) of pK, = 8.73 t 0.30 
(K d = 1.9 nM) and B,, = 362 t 203 fmol/mg protein 
(Fig. 2B). Thus both CNP-(1-22) and TyrO-CNP-( l- 
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Fig. 2. A: competitive inhibition of the maximal specific binding 
of 400 pM 1251-Tyro-CNP-( l-22) to renal glomeruli by increasing 
concentrations of CNP-(l-22). Each point is the mean of 9 
determinations, using glomeruli from 9 rats. B: specific binding 
of increasing concentrations of 1251-Tyro-CNP-( l-22) to renal 
glomeruli. Each point is the mean of 9 determinations, using 
glomeruli from 9 rats. The Scatchard transformation of the data 
is shown as the inset. C: competitive inhibition of the maximal 
specific binding of 400 pM CY- 12%ANP to renal glomeruli by 
increasing concentrations of unlabeled (x-ANP or CNP-( l-22). 
Each point is the mean of 15 determinations using glomeruli 
from 15 rats. 
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fmol/mg protein. In keeping with previous measure- 
ments of the proportion of ANPR-C on glomeruli ob- 
tained by using excess (10 PM) C-ANP (3, 4), 10 ~..LM 
C-ANP competed at 900 + 100 fmol/mg protein of the 
specific glomerular binding sites for o-ANP in the 
present experiments. This estimate of the capacity of 
glomerular ANPR-C significantly exceeded both esti- 
mates (336 +- 18 and 362 -+ 203 fmol/mg protein) of the 
ANPR-C-like sites that had high affinities for CNPs 
(P < 0.001 and P < 0.05, respectively). The discrepancy 
was resolved by examining the inhibition of the specific 
binding of (Y- lz51-ANP by CNP-(l-22). The inhibition 
was better modeled by two classes of binding site than by 
one (P < 0.001) (Fig. 2C). One class had pK, = 8.64 + 
0.40 (& = 2.3 nM) and B,, = 570 + 150 fmol/mg 
protein for CNP-(l-22). This class was therefore com- 
patible in its high affinity for CNP-(l-22) and its B,,, 
as well as in its binding of a-ANP, with the single class of 
reversible binding detected by 400 pM lz51-TyrO-CNP- 
(l-22). The other class of binding sites demonstrated 
with (wJ~~I-ANP had a substantially lower affinity for 
CNP-(l-22), with pK, = 4.68 + 0.20 (Kd = 21 FM) and 
B = 1,230 or: 300 fmol/mg protein. These sites with 
lo??afSnity for CNP-(l-22) presumably bound 1251-Tyro- 
CNP-(l-22) so poorly as not to be detected at the low 
concentrations of 1251-Tyr0-CNP-(1-22) that were used 
here (Fig. 2, A and B). Thus rat glomeruli exhibit two 
classes of ANPR-C-like binding sites, only one of which 
has high affinities for CNPs. Moreover, although even 
10 ~J,M CNP-(l-22) did not actually inhibit all of the 
specific binding of ct- 1251-ANP, the pattern of inhibition 
produced by increasing concentrations of CNP-(l-22) 
was consistent with the idea that CNP-(l-22) would be 
able to compete with either high or low affinity at all of 
the specific binding sites for wANP (Fig. 2C). Therefore, 
the class of sites with low affinity for CNP-(l-22) is 
probably a mixture of ANPR-C-like sites and of ANPR-A. 
ANPR-A accounts for the high affinity, specifically revers- 
ible glomerular binding sites of wANP, which have no 
significant affinity for C-ANP (3, 4, 221, and it is a 
receptor that is already known to have low affinity for 
CNP-(l-22) (3,4, 17). 

Affinity cross-linking. The number and apparent mo- 
lecular weights of the protein bands that were labeled by 
CYJ~~I-ANP were not altered by the addition of leupeptin, 
phenylmethylsulfonyl fluoride, aprotinin, and bacitra- 
tin to phenanthroline during the procedures leading to 
affinity cross-linking. However, the additional protease 
inhibitors produced a proportionate reduction of the 
intensity of all of the labeled protein bands, suggesting a 
general effect on ligand binding. Consequently, the 
ligand affinities of protein bands were measured in the 
presence of phenanthroline alone. 

Afinity cross-linking with 1251-Tyr0-CNP-(1-22). A 
dose of 100 pM 1251-Tyr0-CNP-(1-22) labeled two major 
protein bands, of N 140 kDa and -67 kDa, under 
nonreducing conditions (Fig. 3). The pK, of the N 140- 
kDa band for CNP-(l-22) was 10.1 2 0.3 (& = 80 PM) 
and that for the N 67-kDa band was 9.7 + 0.4 (& = 200 
PM). Addition of dithiothreitol abolished the N 140-kDa 
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Fig. 3. Autoradiograms of SDS-PAGE of renal glomerular mem- 
branes covalently cross-linked to 100 pM 1251-Tyro-CNP-(1-22). 
Cross-linked proteins were dissolved in the absence (-) of dithio- 
threitol (DTT) and were separated on 10% gels. Sixty micrograms of 
membrane protein were loaded per lane, and autoradiograms were 
exposed for 31 days at -80°C with intensification. Measurements of 
ligand affinities were made from the autoradiograms of 3 repetitions of 
each gel. A: radioligand was bound to membranes in the absence (lane 
b) or presence of either lO-‘j M-10-l’ M CNP-(l-22) (lanes c-h) or 
10M6 M C-ANP (lane a). B: radioligand was bound to membranes in the 
absence (lane a) or presence of 10e6 M-10-n M wANP (lanes b-g). 
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band and increased the - 67-kDa band. The - 67-kDa 
band retained its high affinity for CNP-(l-22) (pK, = 
9.6 + 0.3) (Kd = 300 PM) (Fig. 4). This suggests that the 
higher relative molecular weight (M,) band seen under 
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nonreducing conditions may have been a disuhide- 
bridged dimer of - 67-kDa units. Furthermore, both the 
- 140-kDa and - 67-kDa bands had high affinities for 
CY-ANP (pK, = 10.4 & 0.3 and 10.5 + 0.3, respectively) 
(Kd = 40, and 30 pM, respectively) and C-ANP (pK, = 
9.6 & 0.4, and 9.3 -+ 0.4, respectively) (Kd = 300 and 500 
pM, respectively). Therefore, the main glomerular mem- 
brane protein that cross-links to iz51-TyrO-CNP-(l-22) 
is compatible with both the homodimeric structure and 
the known ligand selectivity of cloned ANPR-C (12, 261, 
and it matches the ligand selectivity of those ANPR-C- 
like sites that have high affinity for CNPs in freshly 
isolated glomeruli. 

Affinity cross-linking with CU_‘~~I-ANP. A concentra- 
tion of 50 pM cG51-ANP labeled three major protein 
bands, at N 140, - 77, and - 67 kDa (Fig. 5). All of these 
bands bound wANP avidly under both reducing and 
nonreducing conditions. Under reducing conditions, for 
example, the pK, for a-ANP were 9.5 -+ 0.4, 9.3 + 0.3, 
and 9.2 ? 0.4, respectively (Kd = 300, 500, and 600 pM, 
respectively), for the - 140-, - 77-, and - 67-kDa bands. 
The labeling of the N 140-kDa band was weakened but 
not abolished by excess dithiothreitol, whereas the other 
bands became more strongly labeled. A concentration of 
1 PM C-ANP reduced but did not abolish the N 140-kDa 
band in the absence of dithiothreitol, and 1 FM C-ANP 
did not alter the labeling of the N 140~kDa band in the 
presence of dithiothreitol. Previous studies have ob- 
tained similar results with rat glomerular membranes 
and have concluded that, under nonreducing conditions, 
the ANP-binding proteins in the electrophoretic region 
corresponding to N 140 kDa are a mixture of the disul- 
fide-bridged ANPR-C and of the monomeric ANPR-A, 
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which does not bind C-ANP (20, 22). However, despite -67-kDa protein rather than to the major -77-kDa 
the homodimeric structure of cloned ANPR-C (12, 26), protein that is labeled by w’~~I-ANP, has poor affinity 
we found that the reduction of the - 140-kDa band by for CNP-( l-22>, and presumably also has low affinity 
dithiothreitol was associated with increased labeling of for 1251-Tyro-CNP-( l-22). Spurious cross-linking of 
two distinct protein bands. Thus the counts in excised membrane components to a small proportion of the 
regions of gel corresponding to the - 140-kDa band fell - 67-kDa protein during the experimental procedure 
from 456 t 17 to 263 t 10 counts/min (P < 0.001) in could, for example, give rise to an artifactual increase in 
the presence of excess dithiothreitol, although both gels the size of the 67-kDa protein without changing its 
without and gels with dithiothreitol were loaded with characteristic ligand affinities. 
equivalent amounts of protein. Similarly, the counts in Ligand internakzation. The specific glomerular bind- 
the excised regions of gel corresponding to the - 67- and ing of 1251-Tyro-CNP-( l-22) was abolished by removing 
- 77-kDa bands under nonreducing conditions were, surface-bound radioligand with acid washing (15) (Fig. 
respectively, 213 t 15 and 275 t 29 counts/min, and 6). Thus the high-affinity specific binding sites of 1251- 
these counts increased, respectively, to 248 t 7 (P < TyrO-CNP-(1-22) do not internalize this ligand. In 
0.05) and 377 t 12 counts/min (P < 0.01) in the contrast, glomeruli did internalize CX-~~~I-ANP. The spe- 
presence of dithiothreitol. Both the - 67- and the - 77- cific binding of (x- 1251-ANP to glomeruli incubated to 
kDa bands resembled monomeric ANPR-C in binding binding equilibrium with 400 pM CYJ~~I-ANP at 37°C 
C-ANP, 1 PM C-ANP abolishing the labeling of the was 143 t 7 fmol/mg protein. This was reduced by acid 
- 67-kDa band and attenuating that of the - 77-kDa washing to 34 - + 5 fmol/mg protein (P < O.OOl), but it 
band. However, the bands differed sharply in their was not abolished (P < 0.001 vs. zero specific binding). 
affinities for CNP-( l-22). Under reducing conditions, The acid-resistant component of specific binding was 
for example, the pK, for CNP-(1-22) was 8.7 t 0.3 abolished at 4°C a temperature that is known to prevent 
(Kd = 2 nM) for the - 67-kDa band and 5.2 t 0.4 (& = 6 
FM) for the - 77-kDa band. The - 67-kDa band labeled 
bY w’~~I-ANP can therefore be identified with the 
- 67-kDa band labeled by 1251-Tyro-CNP-( l-22) in 
having high affinities for CNP-(l-22), (x-ANP, and 
C-ANP. This implies that one component of the - 140- 

A 
*** 

120- - 

kDa autoradiographic band labeled with CXJ~~I-ANP 
under nonreducing conditions is the - 140-kDa form of 
the ANPR-C-like glomerular membrane protein that 
can be cross-linked to 1251-Tyro-CNP-( l-22). A high-M, 
form of the - 77.kDa protein was not resolved under 
nonreducing conditions by labeling with (xJ~~I-ANP, but 
this would be explained if the form were to have an 
electrophoretic mobility that was not resolved from that 
of the high-M,. form of the - 67-kDa protein and from 
that of ANPR-A. Moreover, the small increment in the 
counts contained in the - 67-kDa band under reducing 
conditions does not account for the much greater decre- 
ment that dithiothreitol caused in the counts associated 
with the - 140-kDa band. Instead, the majority of the 
counts lost from the - 140-kDa band in the presence of 
dithiothreitol appeared as an increase in the - 77-kDa 
band. This suggests strongly that the - 77-kDa band 
can arise from one of the constituents of the - 140-kDa 
band, which exists under nonreducing conditions. The 
- 77-kDa protein labeled by (x-~~~I-ANP had poor affinity 
for at least one CNP, CNP-(1-22). However, a band 
that was labeled by 100 pM 1251-Tyro-CNP-( l-22) could 
sometimes be detected at - 77 kDa with long autoradio- 
graphic exposure of gels of samples prepared with 
dithiothreitol. When present, this band was always G y* 

relatively faint (e.g., Fig. 4), its binding of 1251-Tyro-CNP- 
\ 

fG 

(l-22), determined autoradiographically, being only 
Fig. 6. Specific binding and internalization of 400 pM 1251-Tyro-CNP- 

10 + 3% of that of the 
(l-22) at 37°C by renal glomeruli. A: specifically reversible binding of 

- -67-kDa protein band (n = 7 radioligand either alone (control) or in the presence of 1 FM (x-ANP or 
paired comparisons). Furthermore, the - 77-kDa pro- 1 PM C-ANP. B: specifically inhibited internalization of radioligand 

tein band that was labeled by 1251-Tyro-CNP-( l-22) had measured as the acid-resistant binding of radioligand either in the 

high affinities for both CNP-( l-22) and (x-ANP (Fig. 4). absence of heterologous ligands (control) or in the presence of 1 PM 

That raises the possibility that this variable and quanti- 
a-ANP or 1 PM C-ANP. Results are the means of 9 determinations, 

tatively minor protein band is actually related to the 
using glomeruli from g rats . ***P < 0.001 for comparison of specifi- 
tally reversible binding or specifically inhibited internalization vs. 0. 
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receptor internalization (15). Thus acid washing re- binding to the low-affinity (pK, - 5) glomerular binding 
duced the specifically reversible binding of radioligand sites for the ligand, a fact reflected in the sharp fall in 
from 264 t 17 to 0 t 4 fmol/mg protein when glomeruli the specific binding of cy- 1251-ANP at concentrations of 
were incubated to binding equilibrium with 400 pM CNP-(1-22) above 1 PM [Fig. 2C, P < 0.05, Fig. 7A, 
a- 1251-ANP at 4°C. Finally, the glomerular internaliza- P < 0.01 for specific binding of (xJ~~I-ANP at 1 J.LM vs. 
tion of (x-12SI-ANP was prevented by high concentrations 10 PM CNP-( l-22)]. Consequently, the internalizing 
of C-ANP. The specific binding of radioligand to glo- natriuretic peptide receptor of rat renal glomeruli has 
meruli incubated to binding equilibrium with 400 pM an apparently low affinity for CNP-( l-22). A compara- 
a- 12?I-ANP in the presence of 1 PM C-ANP at 37°C was bly poor affinity for 1251-Tyro-CNP-( l-22) would ex- 
68 t 5 fmol/mg protein before acid washing and 21 t 3 plain why this radioligand is not detectably internalized 
fmol/mg protein after acid washing, and the respective from 400 pM solutions. 
figures in the presence of 10 FM C-ANP were 31 t 4 and cAhIP accumzdation. Both 10S5 M histamine and 10S7 
2 t 3 fmol/mgprotein. M 5-HT increased glomerular CAMP content (Fig. 8) as 

1251-TyrO-CNP-( l-22) was not internalized by the has been described previously for rat glomeruli (30). 
glomerular clearance receptor but may, nevertheless, These increases were significantly inhibited in the pres- 
have been bound. However, incubating glomeruli at ence of either 1 PM CNP-(1-22) or 1 PM (x-ANP (Fig. 
37°C to binding equilibrium with 400 pM ~1- 1251-ANP 8) A concentration of 1 PM C-ANP also inhibited the 
and increasing concentrations of CNP-(1-22) did not stimulation of CAMP levels produced by either 10S5 
significantly reduce the acid-resistant fraction of the histamine (0.10 > P > 0.05) or 1O-7 M 5-HT (0.05 > 
specific binding of CX- 1251-ANP until concentrations of 10 P > 0.01) (Fig. 8). The reduction of histamine- 
PM CNP-( l-22) were reached (Fig. 7). This concentra- stimulated CAMP levels by CNP-(1-22) was substan- 
tion of CNP-(l-22) is sufficient to allow substantial tial and dose dependent. It was achieved with high 

affinity so that 50% of the effect of histamine was 
inhibited by - 10eg M CNP-(1-22) (Fig. 9). This con- 
trasts to the markedly lower affinity with which CNP- 
(l-22) prevented the internalization of (x-~~~I-ANP 
(Fig. 7B). 

DISCUSSION 
*** 

T 

*** The present binding data support previous evidence 
(4) that rat renal glomeruli express two classes of 
binding sites for CNP-(1-22). Both classes resemble 
cloned ANPR-C in their high affinity for OL-ANP and in 

*** binding C-ANP. However, only one class has high 

CONCENTRATION OF CNff,_,,, (M) 

affinity for CNP-(l-22) (pKa - 9), the other having 
much lower affinity (p& - 5). We now show that these 
classes of glomerular binding site for CNP-(l-22) 
correspond to the properties of two glomerular mem- 
brane proteins of -67 and - 77 kDa. Both proteins 
resemble the - 56-kDa monomer of cloned ANPR-C in 
binding or-ANP and C-ANP (12, 26). However, the 
-67-kDa protein had high affinities (pK, - 10) for 
CNPs, whereas the - 77-kDa protein had low affinity 
(PK - 5) for CNP-(1-22). The high affinity of the 
- 6;-kDa protein for 1251-Tyro-CNP-( l-22) allowed a 
- 140-kDa form of this protein to be differentiated from 
ANPR-A, which was not detectably labeled by 100 pM 
1251-Tyro-CNP-( l-22). The - 67-kDa protein may there- 
fore form disulfide-bridged homodimers in the absence 
of dithiothreitol and would thus be compatible with 
cloned ANPR-C (12, 26). The results for the - 140-kDa 

z 

Fig. 7. Speckbinding and internalization of 400 pM w~~~I-ANP at 
glomerular protein ‘with high affinity for CNP-( l-22) 

37°C by renal glomeruli. A: specifically reversible binding of radioli- 
do not however exclude a disulfide-bridged heteromeric 

gand in the absence or presence of 10-11-10-5 M CNP-(1-22). B: 
structure in which only a -67-kDa subunit is cross- 

specifically inhibited internalization of radioligand measured as the linked to 1251-Tyro-CNP-( l-22). No highly selective 
acid-resistant binding of radioligand either in the absence or in the radioligand was available for the - 77-kDa protein, and 
presence of lo- l1 M-10e5 M CNP-(1-22). Results are means of 9 consequently it was not possible to demonstrate a high- 
determinations, using glomeruli from 9 rats. ***P < 0.001 for 
comparison of specifically reversible radioligand binding in the pres- 

M, form of this protein in isolation. Nevertheless, the 

ence vs. that in the absence of CNP-( l-22). “rP < 0.05 for comparison 
- 77-kDa band was augmented by dissolving glomerular 

of specifically inhibited radioligand internalization in the presence vs. membranes in the presence of dithiothreitol after cova- 
that in the absence of CNP-( l-22). lently cross-linking them to a-1251-ANP. The only pro- 
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Fig. 8. Effect of histamine (A) or 5hydroxytryptamine (5HT) (B) either alone or plus 10h6 M CNP-(l-22), lOA M 
a-ANP, or 10e6 M C-ANP on the basal content of CAMP in renal glomeruli. Results are means of 9 determinations, 
using glomeruli from 9 rats. **P < 0.0 1, ***P < 0.001 for comparison of glomerular CAMP in the presence of 
histamine or 5-HT vs. basal CAMP. t"rP < 0.01, tttP < 0.001 for comparison of glomerular CAMP in the presence of 
the peptides combined with histamine or 5HT vs. glomerular CAMP in the presence of histamine or 5-HT alone. 

tein band to diminish under these circumstances was 
that labeled at - 140 kDa. Because the structure of the 
- 140~kDa ANPR-A has no disulfide-bridged subunits 
(9), these ob servations suggest that the - 77-kDa pro- 
tein can arise from a different, reducible component of 
the - 140-kDa protein band. Consequently, the - 77- 
kDa protein also resembles cloned ANPR-C in having a 
high-M, and possibly homodimeric form under nonreduc- 
ing conditions. The results suggest that the -67-kDa 
and - 77-kDa natriuretic peptide binding proteins of rat 
glomeruli differ from each other but share similarities to 
cloned ANPR-C. 

The kidney is rich in proteases so that heterogeneity 
of ANPR-C-like proteins may have arisen artifactually 
during membrane preparation and cross-linking, even 
though these procedures were performed at 0-4°C with 
one or more protease inhibitors. However, it would be 
unusual for a degradation product to have substantially 
higher specific ligand affinities than its parent protein, 
so it is difficult to reconcile the affinities of the - 67-kDa 
protein with those of a proteolytic product of the 
- 77-kDa protein. Furthermore, two classes of binding 
sites corresponding to the properties of the -67- and 
- 77-kDa ANPR-C-like proteins were present on freshly 
isolated glomeruli. Most importantly, the widely differ- 

ent affinities of the ANPR-C-like proteins for CNP-(l- 
22) were reflected in the effects of CNP-(l-22) on the 
internalization of a J2%ANP and on the glomerular 
content of CAMP. Thus separate functional receptors 
with properties like those of the -67- and - 77-kDa 
proteins must exist natively. 

In this study, ~1- 1251-ANP was internalized by isolated 
glomeruli through a process blocked by low tempera- 
tures and by C-ANP. This was consistent with the 
operation of the natriuretic peptide clearance receptor. 
Similar observations in cultured rat mesangial cells 
have already shown that it is this receptor and not 
ANPR-A that is internalized (15). We found that the 
glomerular internalization of (xJ2%ANP at 37°C was 
partly blocked by 10 FM CNP-(l-22) but that lower 
concentrations of CNP-( l-22) were without significant 
effect. The experiments were performed in the presence 
of 1 mM phenanthroline, which prevented both ligand 
and radioligand degradation. Moreover, the glomeruli in 
these experiments were exposed simultaneously to both 
CNP-(1-22) and CX- 1251-ANP and they were incubated 
long enough to achieve bindmg equilibrium for CX-~~~I- 
ANP. It is unlikely that there were substantial differ- 
ences in the rates at which the two peptides in solution 
reached glomerular receptors, particularly as the spe- 
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Fig. 9. Effects of different concentra- 
tions of CNP-(l-22) on the stimula- 
tion of glomerular CAMP content caused 
by histamine in renal glomeruli. The 
effect of histamine on basal glomerular 
CAMP is tested either alone or plus 
10-6-10-12 M CNP-(l-22). The results 
are each the means of 9 determinations, 
using glomeruli from 9 rats. ***P < 
0.001 for comparison of glomerular 
CAMP in the presence of histamine vs. 
basal CAMP. tP < 0.05, ttP < 0.01, 
tttP < 0.001 for comparison of glo- 
merular CAMP in the presence of differ- 
ent concentrations of CNP-( l-22) com- 
bined with histamine vs. the glomerular 
CAMP content with histamine alone. 
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cific glomerular binding of both (xJ~~I-ANP and 1251-Tyr0- 
CNP-( l-22) approached equilibrium at similar rates. It 
follows that the clearance receptor of a-ANP has low 
affinity for CNP-(1-22) and must correspond to some 
or all of the ANPR-C-like glomerular binding sites that 
have low affinity (pK, - 5) for CNP-( l-22). Similarly, 
the - 77-kDa protein bound (x-ANP, bound C-ANP, had 
PK, - 5 for CNP-(l-22), and could account for the 
glomerular clearance receptor. The - 67-kDa ANPR-C- 
like protein had pK, - 10 for CNP-(1-22) in both its 
dimeric and monomeric states and could not account for 
the properties of the clearance receptor of (x-ANP. 
Confirming this, 400 pM 1251-Tyro-CNP-( l-22) bound 
almost exclusively to the - 67-kDa protein and yet was 
not detectably internalized by isolated glomeruli. 

We also found that CNP-(l-22), (x-ANP, and C-ANP 
could inhibit the majority of the agonist-stimulated 
increases in glomerular CAMP content caused by 5-HT 
or histamine. a-ANP and C-ANP are already known to 
inhibit adenylate cyclase activity in several tissues, and 
this has been adduced as evidence that the clearance 
receptor of ar-ANP also signals intracellularly via CAMP 
(1, 19). However, the binding sites corresponding to the 
glomerular clearance receptor for ar-ANP had low affin- 
ity CpK, - 5) for CNP-(l-22), whereas the effect of 
CNP-(l-22) on the glomerular content of CAMP oc- 
curred at low concentrations ( - 10mgM). Both the - 67- 
kDa natriuretic peptide-binding protein (pK, - 10) and 

the corresponding high-affinity glomerular binding sites 
for CNP-( l-22) (pK, - 9) would be substantially occu- 
pied at 10eg M CNP-(l-22), but an effect on CAMP 
levels through the clearance receptor would require that 
the intrinsic activity of CNP-( l-22) should compensate 
for a receptor occupancy of only -0.01%. Thus it is 
probably the - 67-kDa ANPR-C-like protein, rather 
than the - 77-kDa ANPR-C-like protein with its low 
affinity for CNP-(1-22) that mediates the inhibition of 
glomerular CAMP content by CNP-(l-22), (x-ANP, and 
C-ANP. Future work is needed to establish whether 
these distinct receptor proteins are preferentially ex- 
pressed by different glomerular cells. 

Cloned ANPR-C is not known to couple to the inhibi- 
tion of CAMP levels, but neither has it been shown to 
mediate ligand internalization (12, 26). Consequently, 
the relationship of this cloned protein to the ANPR-C- 
like receptors of rat glomeruli is uncertain. We have 
found that deglycosylation of rat glomerular mem- 
branes with endoglycosidase F replaces the - 140-kDa, 
- 77-kDa, and - 67-kDa ANP-binding protein bands of 
untreated membranes with three new bands that are 
labeled by (x- 1251-ANP (6). One of these new bands has an 
apparent M, - 117,000, corresponding to the - 117-kDa 
primary structure of ANPR-A. The second has an 
apparent M, - 58,000, resembling the 56-kDa primary 
structure of cloned bovine ANPR-C (12). It is therefore 
likely that at least one of the native ANPR-C-like 
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proteins of rat glomeruli actually is a glycosylated form 
of ANPR-C. The third ANP-binding protein produced by 
treatment with endoglycosidase F has an apparent M, of 
only - 51,000 (6). This implies that the native - 67-kDa 
and - 77-kDa ANPR-C-like proteins of rat glomeruli 
differ in primary structure, but it has yet to be excluded 
that the - 51-kDa protein is an artifact of the proteolytic 
enzymes that can contaminate preparations of endogly- 
cosidase F. 

CNP-( l-22) does not significantly stimulate guanyl- 
ate cyclase activity in rat glomeruli (4). Moreover, all of 
the specific binding sites for 1251-Tyro-CNP-( l-22) that 
are detected in rat kidney by in vitro autoradiography 
have high affinity for (x-ANP (4). Neither of these 
observations is compatible with the expression of 
ANPR-B in rat kidney. The present study of glomerular 
membranes also detects no - 120-kDa monomeric pro- 
tein with high affinity for 1251-Tyro-CNP-( l-22), con- 
firming the absence of glomerular ANPR-B. Neverthe- 
less, mRNA for ANPR-B has been found in homogenized 
rat kidney (29). One possibility, therefore, is that 
ANPR-B is expressed on renal tubules in the rat at levels 
too low to be detected autoradiographically. Such a 
situation would be analogous to the failure of in vitro 
autoradiography to detect the low levels of ANPR-A, 
which undoubtedly occur on the proximal tubule of the 
rat (3,253s). 

We have found that both CNP-( l-22) and <x-ANP can 
activate a high-affinity glomerular receptor that inhibits 
CAMP. However, CNP-(1-22) is a much less potent 
diuretic and natriuretic agent than (x-ANP (34), and it is 
likely that most of the acute renal effects of a-ANP are 
mediated through ANPR-A (2, 4, 20). Nevertheless, a 
natriuretic peptide receptor that is coupled to the CAMP 
system could still have important functions. (x-ANP 
increases glomerular filtration partly by constricting the 
efferent glomerular arteriole (2), and this has been 
difficult to reconcile with an effect of cGMP, the vasodi- 
latory intracellular messenger of ANPR-A (2). Action 
through a receptor that inhibits CAMP might explain 
this vasoconstrictory component of the renal effects of 
cx-ANP. Moreover, such a receptor could have other 
vascular roles. Both C-ANP and (x-ANP inhibit the 
production of endothelin by cultured endothelial cells, 
probably by lowering the level of endothelial CAMP (14). 
The interaction of CNP-(1-22) with this ANPR-C-like 
receptor has yet to be tested, but an effect of CNP-(l- 
22) on endothelin production might constitute a signifi- 
cant autocrine control of vascular events. Furthermore, 
C-ANP and (x-ANP both inhibit CAMP levels in cultured 
rat aortic smooth muscle (l), and the ANPR-C-like 
protein in the solubilized membranes of vascular smooth 
muscle cells has high affinity for CNP-( l-22) (35). This 
raises the possibility that CNP-( l-22) may also inhibit 
CAMP levels in vascular smooth muscle, an effect that 
could contribute to the antiproliferative action of CNP- 
(l-22) (13, 19). It may be significant here that the 
vascular clearance receptor, with its low affinity for 
CNP-(l-22), would limit the actions of CNP-(1-22) 
poorly. Finally, ANPR-C-like binding sites with high 
and low affinity for CNP-(1-22) occur in the brain, 

where they are differentially distributed (5) and where 
they may have different functions. It is already known, 
for example, that CY-ANP and C-ANP have neuromodula- 
tory effects on neuroectodermal PC12 cells, and that 
these effects are probably mediated by a reduction in 
cellular CAMP (11). Whether some ANPR-C-like recep- 
tors of the brain might also modulate CAMP, and 
whether others act as clearance receptors are important 
remaining areas of study. 

Perspectives 

The structure of cloned ANPR-C includes only a short 
putative intracellular domain and therefore resembles 
other receptors that deliver extracellular ligands to 
lysosomes (12, 20). Consequently, it is widely disputed 
whether the intracellular domain of ANPR-C can also 
modulate second messengers (19, 20). Our evidence is 
that separate natriuretic peptide receptors clear (x-ANP 
and inhibit cellular levels of CAMP. Nevertheless, these 
receptors resemble each other in their probable dimeric 
structures and in binding C-ANP. Thus they may be 
examples of a new family of dimeric natriuretic peptide 
receptors with widely differing intracellular effects. This 
hypothesis has recently been strengthened. The telen- 
cephalon of the fetal rat expresses a single CNP-binding 
protein that accounts for the ability of CNP-(l-22) to 
stimulate cGMP production in this tissue (7). The 
protein consists of - 70-kDa monomers that bind (x-ANP 
and C-ANP (7), and we have recently found that the 
protein can also travel as a species of higher apparent 
molecular mass on SDS-PAGE in the absence of reduc- 
ing agents (unpublished observations). Consequently, 
this fetal protein may be another member of the pro- 
posed family of dimeric natriuretic peptide receptors. It 
remains to be shown precisely how such receptors 
resemble each other, and how their structural differ- 
ences translate into varied intracellular actions. 
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