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SUMMARY

We determined the nucleotide sequence of mouse natriuretic
peptide receptor-A (NPR-A) cDNA and compared the revised
deduced amino acid sequence with those of rat and human NPR-
A. The ligand selectivity of these three receptor/guanylyl cyclases
was examined by whole-cell stimulation of cGMP production.
The 28-amino acid atrial natriuretic peptide (ANP) has only one
difference among these three species, i.e., human Met-12 versus
rat and mouse lle-12. However, despite the nearly invariant ANP
sequence these species, ANP analogs have marked
differences in EDs, values and maximal cGMP responses among
the three receptors. With the natriuretic peptide analogs we

tested, human NPR-A is less sensitive than rat or mouse NPR-
A to changes in the 17-amino acid, disulfide-bonded ring of ANP
and to the species differences in brain natriuretic peptide (BNP)
but is more sensitive to deletions in the carboxyl tail of ANP. The
ANP determinants of agonist potency have therefore changed
for different species of NPR-A. This is reflected in the amino acid
sequence divergence in the receptor extracellular domains and
in the divergence and specificity of BNP among species. Our
results suggest that the coevolution of NPR-A and BNP has thus
been constrained within the context of the conserved ANP
sequence.

In mammals there are three homologous natriuretic peptide
hormones, referred to as ANP, BNP, and CNP (1-3). ANP and
BNP are both heart-derived vasorelaxants that stimulate na-
triuresis and diuresis (1, 4). Extensive work suggests that the
role of ANP in cardiovascular homeostasis is as an antagonist
to vasopressin and endothelin and as a direct and indirect
antagonist to the hypertensive renin/angiotensin/aldosterone
system (1, 5). In vivo, BNP appears to have activities similar
to those of ANP. Both ANP and BNP are secreted by atrial
myocytes under normal conditions, and BNP expression is
markedly induced in the ventricles during cardiac hypertrophy
(6). Endothelial cells are the most prominent source of CNP so
far identified (7). CNP is a vasodilator like ANP and BNP (3),
but it does not appear to have a prominent diuretic or natri-
uretic effect when injected into the circulation (8, 9).

For many of the biological responses to natriuretic peptides,
¢GMP produced by receptor guanylyl cyclase has been impli-
cated as the second messenger (1). Molecular cloning has
identified two members of the NPR/guanylyl cyclase family.
NPR-A, or guanylyl cyclase-A (10, 11), is the target for ANP
and BNP. In pharmacological studies this receptor has also
been referred to as ANP-R, (12). For NPR-B or guanylyl
cyclase-B (13, 14), the highest affinity, natural ligand so far
identified is CNP (15-17).

A third member of the NPR family is NPR-C (18), also
known as ANF-R, in pharmacological studies (19). The extra-
cellular domain of this receptor is homologous to those of NPR-
A and -B, but it has only a 37-amino acid cytoplasmic domain
and is not a guanylyl cyclase. NPR-C plays a role in the
internalization and degradation of all three natriuretic peptides
and comprises >95% of the binding sites in cultured smooth
muscle cells and tissues such as lung and kidney cortex (20,
21). In addition, a receptor with NPR-C-like pharmacology
mediates changes in cAMP levels (22) and activation of phos-
pholipase-C (23) in response to hormone binding (24). The role
of these responses in the in vivo physiology of natriuretic
peptides is not known.

All three natriuretic peptides have a conserved, 17-amino
acid, disulfide-bonded, ring structure, together with amino tails
of varying length and composition. The ANP sequence is highly
conserved among a number of species (5), with a single differ-
ence of either isoleucine or methionine at position 12. Investi-
gations of ANP structure-activity relationships have been com-
plicated by differing potencies in a variety of test systems (25).
Assays in chicken, rat, rabbit, mouse, guinea pig, and dog
systems have included relaxation of precontracted tissues,
receptor binding in tissues and cell lines, and measurements of

ABBREVIATIONS: ANP, atrial natriuretic peptide; hANP, human atrial natriuretic peptide; rANP, rat atrial natriuretic peptide; BNP, brain natriuretic
peptide; hBNP, human brain natriuretic peptide; rBNP, rat brain natriuretic peptide; pBNP, porcine brain natriuretic peptide; CNP, C-type natriuretic
peptide; AP, atriopeptin; NPR, natriuretic peptide receptor; hNPR, human natriuretic peptide receptor; rNPR, rat natriuretic peptide receptor; mNPR,
mouse natriuretic peptide receptor; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid.
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second messenger cGMP production in cultured cells. With
even minor modifications to ANP, such as deletion of residues
from the amino or carboxyl tails, there are significant species
differences in reactivity (26-28).

In addition to synthetic variants of ANP, species differences
in the sequence of BNP have provided naturally occurring
peptide variants. pBNP (2), rBNP (29), and hBNP (30, 31)
share 47-65% identity over 32 residues. Sequence divergence
of BNPs is reflected in different potencies for relaxation of
porcine and rat vessels (32) and for stimulation of cGMP
production in cell lines (17).

The marked specificity of the BNPs between species and
their reduced potency, compared with ANP, in stimulating
¢GMP from cloned NPR-A (14, 33) suggests that there could
be a specific BNP receptor/guanylyl cyclase. However, there
has not been a direct analysis of the natriuretic peptide
structure-activity relations with cloned NPR-A from different
species. To directly establish the role of NPR-A in the species-
specific differential responses to natriuretic peptides, we have
undertaken a detailed hormone concentration-response study
of cloned INPR-A, mNPR-A, and hNPR-A (10, 11, 34). By
c¢GMP measurements in intact 293 cells expressing recombi-
nant receptors, we show that the ANP structural requirements
for agonist potency are different for the three species of NPR-
A. These differences have arisen in the context of a nearly
invariant ANP structure. We suggest that the ANP structure-
activity differences are a consequence of evolved changes in the
NPR-A ligand binding site that have occurred in parallel with
changes in the BNP sequence, which is significantly different
in structure and reactivity among species. Our observations
suggest that NPR-A could be the bona fide BNP receptor/
guanylyl cyclase. Sequencing of the mNPR-A ¢cDNA and com-
parison of INPR-A, mNPR-A, and hNPR-A sequences indicate
that divergence in the extracellular domain parallels the differ-
ences in hormone pharmacology, with the human sequence
being the most highly divergent among these three orthologous
receptors.

Experimental Procedures

Expression of NPR-A. For mNPR-A expression we used the
cytomegalovirus-based expression vector pRK, as described previously
for ANPR-A (11). Using standard cloning techniques, we eliminated a
5’ untranslated region ATG codon at position 308 (34) by substituting
a polymerase chain reaction fragment for the sequence from position
307 to position 1130. The resulting construct was verified by sequenc-
ing, which identified numerous differences, compared with the pub-
lished sequence. As a result we resequenced both strands of the mNPR-
A cDNA clone provided to us by S. Singh (University of Texas, Dallas,
Texas) (34). Sequence reactions were performed with specific primers,
using both the Sequenase kit (United States Biochemicals, Cleveland,
OH) and the Ladderman sequencing kit (Takara Biochemicals, Berke-
ley, CA). For expression of INPR-A we used the pSVL-based vector
described by Chinkers et al. (10), and 293 cell lines expressing mNPR-
A and rNPR-A were derived as described previously for stable expres-
sion of hNPR-A (33).

Synthetic peptides. Natriuretic peptides were purchased from
Bachem California (Torrance, CA) or Peninsula Laboratories (Bel-
mont, CA) or synthesized by solid-phase methods. Dried peptides were
suspended in 0.1% (v/v) acetic acid and aliquoted into siliconized
plastic microcentrifuge tubes. Samples were frozen on dry ice and
lyophilized before storage at —20°. Duplicate aliquots were subjected to
quantitative amino acid analysis to determine peptide content.

Concentration-response curves for cGMP production. Stable
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293 cell lines were maintained in glycine-free F-12 medium/Dulbecco’s
minimal essential medium (50:50, v/v) with 10% dialyzed fetal calf
serum, 10 mM HEPES, and 400 ng/ml G418 (Geneticin; GIBCO-BRL),
pH 7.2, in a humidified incubator at 37° with 7% C0./93% air. Cells
were passaged using phosphate-buffered saline (136.8 mM NaCl, 2.6
mM KCl, 7.9 mM Na,HPO,, 1.4 mm KH:PO,, pH 7.2) with 0.5 mM
EDTA. For concentration-response experiments, logarithmic phase
cultures of 293 cell lines were passaged to 12-well plates at a density of
2.5 X 10° cells/well. After 48 hr, cultures were approximately 50%
confluent and were used for stimulation of cGMP production. Peptide
treatments were carried out essentially as described (33). Briefly, dried
peptide aliquots (approximately 10 ug/tube) were resuspended in 0.1%
(v/v) acetic acid to a stock concentration of 50 uM and diluted to 1 uMm
in F-12 medium/Dulbecco’s minimal essential medium (50:50, v/v)
with 25 mM HEPES, 0.1% (w/v) bovine serum albumin, and 0.1 mM
isobutylmethylxanthine, pH 7.2 (stimulation medium). Five-fold serial
dilutions were prepared in stimulation medium using polypropylene
tubes and were then prewarmed to 37° before use. Cell culture medium
was aspirated before addition of 0.5 ml of stimulation medium plus
peptides to monolayer cultures for 10 min at 37°. Reactions were
stopped by addition of 0.5 ml of ice-cold 12% trichloroacetic acid to
give a final volume of 1 ml. Culture plates were frozen on dry ice and
stored at —20° before assay. For cGMP measurements, samples were
thawed at room temperature and processed as described by Koller et
al. (15) for cGMP radioimmunoassay (Biomedical Technologies). All
stimulations were performed in triplicate, and samples were analyzed
in duplicate for cGMP, by radioimmumoassay. Using the KaleidaGraph
program on a Macintosh Ilci computer, data were fit to a four-param-
eter equation. Predicted peptide concentrations were corrected based
on quantitative amino acid analysis of duplicate samples from the same
set of peptide aliquots used for the stimulation experiments.

Results and Discussion

Sequence comparison and expression of three species
of NPR-A. To directly compare the pharmacology of INPR-A,
mNPR-A, and hNPR-A, we established stable 293 cell lines

expressing these receptors. We previously described the stable .

expression of hNPR-A (33) and used this cell line in studies of
NPR-A signal transduction (35, 36). During the construction of
the mNPR-A expression vector, we found numerous differences,
compared with the published cDNA sequence (34). To resolve
these differences we resequenced the published mNPR-A ¢cDNA
clone from nucleotide 348 to nucleotide 3548 (34) and found 34
nucleotide differences, resulting in 16 amino acid substitutions.!
Homology alignment of mNPR-A, rNPR-A, and hNPR-A is
shown in Fig. 1. For the complete precursor sequences, the overall
amino acid identity is 98% between INPR-A and mNPR-A and
91% for both the INPR-A/hNPR-A and mNPR-A/hNPR-A com-
parisons. In the mature extracellular domains of 441 amino acids,
there is 96.6% identity between rNPR-A and mNPR-A, 85%
between INPR-A and hNPR-A, and 85.5% between mNPR-A
and hNPR-A.

Agonist potency and maximum stimulation. Using re-
combinant receptors, we can unequivocally evaluate both hor-
mone structure-activity relationships and the specificity for
signal transduction among different species of NPR-A. For the
natriuretic peptides and NPR-A we measured the pD, (—log
EDs) for cGMP production with nine ANP variants, three
species of the 32-amino acid BNP, and 22-amino acid CNP
(Table 1). Monolayer cultures of 293 cells were treated with
the entire set of natriuretic peptides, using cells from the same

! The revised sequence of mNPR-A is available under GenBank accession
number L31932.
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HPGSRR---VRPRLRALLLLPP-LLLLﬂﬂGHASDLTVAVVLPLTNTSYPHSHARVGPAVELAqﬂRVKARP
MPGSRR[---[VRPRLRALLLLPP-JLLLLRGGHASDLTVAVVLPLINTSYPWSWARVGPAVELALARVKARP
MPGPRRPAGSRLRLLLLLLLPPLLLLLRdSh”GNhTVAVVLPLﬂhTSYPHSHARVGPAVELALAEWKARP
DLLPGWTVRMVLGSSENAAGVCSDTAAPLAAVDLKWEHSPAVFLGPGCVYSAAPVGRFTAHWRVPLLTAG

DLLPGWTVRMVLGSSENAAGVCSDTAAPLAAVDLKWEHSPAVFLGPGCVYSAAPVGRFTAHWRVPLLTAG
DLLPGHTVRFNLGSSENAEkVCSDTAAPLAAVDLKNEHW%AVFLGPGCVﬂﬂAAPVGRFYAHHRVPLLTAG

APALGIGVKDEYALTTRTGPSHVKLGDFVTALHRRLGWEHQALVLYADRLGDDRPCFFIVEGLYMRVRER
APALGIGVKDEYALTTRTGPSHVKLGDFVTALHRRLGWEHQALVLYADRLGDDRPCFFIVEGLYMRVRER

ApALG[FlovkDEYALTTRAlgPS[vAlkLeDFVAlALHRRLGWE[RIo A L[M]L v A[v]RIP]6 0f€ € Hc F F[L]v E 6 L[F]M R v R[D]R

LNITVNHQEFVEGDPDHYTKLLRTVIQRKGRVIYICSSPDAFRNLMLLALIDAGLTGEDYVFFHLDVFGQSL
LNITVNHOEFVEGDPDHﬂPkLLRAVRRKGRVIYICSSPDAFRNLMLLALNAGLTGEDYVFFHLDVFGQSL

LNITﬂDMLkﬂAMDMLShYTRLLRTHPRKGRVIYICSSPDAFﬂThHLLALEAGdﬂGEDYVFFHLﬂﬂFGQSL

OGAOGPVPRKPHEREPGODRBMRQAFOAAKIITYKEPDNPEYLEFLKOLKLLADKKFNFTHEDGLKNIIP
K S{A
@glel

OGLVPOKPNERGDGODRSAROAFOAAKIITYKEPDNPEYLEFLKOLKLLADKKFNFTE&DGLKNIIP
OGPAPRRPWERGDGODMSAROAFOAAKIITYKmPDNPEYLEFLKOLKIH'LAIYEOIFNFTHEDGLIVlNITlIP

ASFHDGLLLYVOQAVIETLAQGGTVTDGENITORMWNRSFOGVIGYLKIDRNGDRDTDFSLWDMDPETGAF
ASFHDGLLLYVQAVTETLAQGGTVTDGENITQRMWNRSFOGVTGYLKIDRNGDRDTDFSLWDMDPETGAF
ASFHDGLLLYﬁhAVTETLAﬁkGTVTDGEﬂITORHHNRSFOGVTGYLKIMSSkDREhDFSLHDHDPEﬁEAF

RVVLNYNGTSQELMAVSEHKLYWPLGYPPPD[VPKCGFDNEDPACNQODHFESTLEVLALVGSLSL{ISFLIVS
RVVLNYNG6TSQEL[vVavs[erlkL/NwPLcYPPPDTPKCGFDNEDPACNQDH[L|STLEVLALVESLSLL
—

FFIYRKMOLEKELVSELWRVRWEDLQOPSSLERHLRSAGSRLTLSGRGSNYGSLLTTEGAQFQVFAKTAYYK
FFIYRKMQLEKELVSELWNRVRWEDLQPSSLERHLRSAGSRLTLSGRGSNYGSLLTTEGQFQVFAKTAYYK
FFIYRKMQLEKEL/A|SELWRVRWEDVEIPSSLERHLRSAGSRLTLSGRGSNYGSLLTTEGQFQVFAKTAYYK

RVVLNEWGTSOELHAVSEHB“YHPLGYPPPDIPKCGFDNEDPACNODHFSTLEVLALVGSLSLVFFLIVS
S
GI

LIVS

GNLVAVKRVNRKRIELTRKVLFELKHMRDVOQNEHLTRFVGACTDPPNICILTEYCPRGSLQDILENESIT
GNLVAVKRVNRKRIELTRKVLFELKHMRDVONEHLTRFVGACTDPPNICILTEYCPRGSLQDILENESIT
GNLVAVKRVNRKRIELTRKVLFELKHMRDVOQNEHLTRFVGACTDPPNICILTEYCPRGSLQDILENESIT

LD“HFRYSLTNDIVKGHLFLHNGAIEPHGNLKSSNCVVDGRFVLK!TDYGLESFRDPEPEOGHTLFAKKL
LDWMFRYSLTNDIVKGMLFLHNGAICSHGNLKSSNCVVDGRFVYLKITDYGLESFRDPEPEQGHTLFAKKL
LDHHFRYSLTNDIVKGMLFLHNGAICSHGNLKSSNCVVDGRFVLKITDYGLESFRMLDHEOGHTVYAKKL

WTAPELLRMASPPARGSQAGDVYSFGIILQEIALRSGVFYVEGLDLSPKEITERVTRGEQPPFRPSMDLOQ
WTAPELLRMASPPARGSQAGDVYSFGIILQEIALRSGVFYVEGLDLSPKEITERVTRGEQPPFRPSMDLAQ
NIAPELLRHASPPWEGSOAGDVYSFGIILOEIALRSGVthEGLDLSPKEIIERVTRGEOPPFRPﬂLAhO

SHLEELGQLMQRCWAEDPQERPPFQQIRLALRKFNKENSSNILDNLLSRMEQYANNLEELVEERTQAYLE
SHLEELGQLMQRCWAEDPQERPPFQQIRLALRKFNKENSSNILDNLLSRMEQYANNLEELVEERTOQAYLE
SHLEELGEhHORCNAEDPOERPPFOOIRdﬂLRKFNﬁkNSSNILDNLLSRHEOYANNLEELVEERTOAYLE

EKRKAEALLYQILPHSVAEQLKRGETVQAEAFDSVTIYFSDIVGFTALSAESTPMQVVTLLNDLYTCFDA
EKRKAEALLYQILPHSVAEQLKRGETVQAEAFDSVTIYFSDIVGFTALSAESTPMQVVTLLNDLYTCFDA
EKRKAEALLYQILPHSVAEQLKRGETVQAEAFDSVTIYFSDIVGFTALSAESTPMQVVTLLNDLYTCFDA

VIDNFDVYKVETIGDAYMVVSGLPVRNGQLHAREVARMALALLDAVRSFRIRHRPQEQLRLRIGIHTGPYV
VIDNFDVYKVETIGDAYMVVSGLPVRNGQLHAREVARMALALLDAVRSFRIRHRPQEQLRLRIGIHTGPYV
VIDNFDVYKVETIGDAYHVVSGLPVRNdﬂLHdaEVARHALALLDAVRSFRIRHRPOEQLRLRIGIHTGPV

CAGVVGLKMPRYCLFGDTVNTASRHESNGEALBﬁHLSSETKAVLEEFDGFELELRGDVEHKGKGKVRTYH
CAGVVGLKMPRYCLFGDTVNTASRMESNGEALKIHLSSETKAVLEEFDGFELELRGDVEMKGKGKVRTYNM
CAGVVGLKHPRYCLFGDTVNTASRHESNGEALKIHLSSETKAVLEEFEEFELELRGDVEMKGKGKVRTYN

[LGERGCSTRG
LLGERGCSTRG
LLGERG[S|sTRG

Fig. 1. Amino acid sequence alignment of rNPR-A, mNPR-A, and hNPR-A. The deduced amino acid sequence for the corrected mNPR-A cDNA
sequence (M) is shown aligned with the rNPR-A (R) and hNPR-A (H) sequences. Position +1 was determined by amino acid sequencing of purified

fusion protein for h(NPR-A and rNPR-A. Amino acids that are identical in all three receptors are boxed. The GenBank

accession number for the revised mNPR-A cDNA sequence is L31932. The solid overline at positions 442-462 indicates the transmembrane domain.
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TABLE 1

Natriuretic peptide sequences

Amino acids different from rANP are underiined. The disulfide bond conserved in all natriuretic peptides is indicated at the top by S—S.

Peptide Sequence
| 5—S 1

rANP 'SLRRSSCFGGRIDRIGAQSGLGCNSFRY®
APl SSCFGGRIDRIGAQSGLGCNSFRY
AP Il SSCFGGRIDRIGAQSGLGCNSFR
AP I(F8Y) SSCYGGRIDRIGAQSGLGCNSFR
API SSCFGGRIDRIGAQSGLGCNS
hANP SLRRSSCFGGRMDRIGAQSGLGCNSFRY
hANP(O-Met)* SLRRSSCFGGRIDRIGAQSGLGCNSFRY
hANP(F8Y) SLRRSSCYGGRMDRIGAQSGLGCNSFRY
hANP(R11K) SLRRSSCFGGKMDRIGAQSGLGCNSFRY
rBNP® INs|klmAaHS[s|s|[cFGlok 1[DRI[6 AV S R[LGClDG[LR|L F*?
hBNP SPIKIMVQG|S|GICFGIRKMDRI|SSSSGILGC|KV|[LR[RH
pBNP SPKITMRD|SIGICFGIRRLIDRI[GSLSGILGCINV[LR[RY
CNP* 'GLSKGCFGLKLDRIGSMSGLGC*?

* Oxidized methionine at position 12 is indicated by é.

plating. In this way we could compare results for different
peptides with one species of receptor, to accurately measure
relative potency and maximum stimulation. Quantitative
amino acid analysis of the amount of peptide used allowed us
to compare results for the different species of NPR-A. A poten-
tial concern in comparing concentration-response curves be-
tween cell lines is the effect, if any, of receptor number on the
EDj, values. For NPR-A we do not think this is a significant
problem, given the agreement in EDg, values for hANP in cells
with low expression (1.1 nM) (35), compared with overexpres-
sion (0.5-0.6 nM) (33) (Table 1).

Natriuretic peptide concentration-response curves for cGMP
stimulation are shown in Fig. 2 for position 8, 11, and 12 ANP
variants together with CNP, in Fig. 3 for the AP series, and in
Fig. 4 for three species of BNP. The results from curve fitting
of the dose-response results are presented in Table 2. For

1000+

Mouse NPR-A

cGMP (pmoles/well)

1

Fig. 2. NPR-A cGMP

-log{ANP] M

comparative purposes pD, values were converted to EDs, values
and plotted as a bar graph in Fig. 5; maximum stimulation
values are plotted as a bar graph in Fig. 6 for six peptides that
each gave plateau responses with the three receptors.

ANP analog responses. Significant differences between spe-
cies are apparent in the EDs, values for the analogs we tested
(Fig. 2; Table 2). In comparison with rANP, hANP is 7-fold less
potent with rNPR-A and 10-fold less potent with mNPR-A but
shows only 20% reduced potency with hNPR-A (Fig. 5; Table 2).
hNPR-A is sensitive to the methionine to isoleucine substitution
in ANP, but both rNPR-A and mNPR-A are markedly more
sensitive (Table 2). This result is similar to the reduced potency
of hANP, compared with rANP, in the relaxation of rat and
mouse aortic rings (28). hANP(O-Met) (Fig. 5) has relative po-
tency similar to that of hANP with the different receptors. This
analog is 12-fold less potent with hNPR-A but is >100-fold less
potent with rNPR-A and mNPR-A, compared with hANP.

1200+

1000

-loglANP) M

curves for fulldength ANP variants and CNP. Monolayer cultures of cell lines expressing rNPR-A,

concentration-response
mNPR-A, or hNPR-A were treated in triplicate with serial dilutions of natriuretic peptides (see key at left). Sampies were analyzed in duplicate for
cGMP content, by radioimmunoassay. Results are plotted as the average + standard deviation of cGMP produced in each well, using a four-

parameter curve fit (see Experimental Procedures).
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140+

120+

cGMP (pmoles/well)

1M 10 e 8 7 & 8 o 5
~loglAP] M -loglAP] M -loglAP] M

Fig. 3. AP concentration-response curves. Cell lines were treated with natriuretic peptides (see key at left) and results are plotted as described in
the legend to Fig. 2.

800 140+ 1000+

Bat NPR-A Mouse NPR-A

700-

1204

6001 Ié%"u; 8001

—o—-hBNP 1004

500- 6001

4004
% 300 4004

200

2004

1004 20 /

04 0 04 “ : . v -+ ,

1 0 9 8 7 6 8 M1 10 9 8 7 6 5 1 1o 9 8 7 8 5

-log[BNP] M -log{BNP] M -log[BNP] M

Fig. 4. BNP concentration-response curves. Cell lines were treated with natriuretic peptides (see key at /eft) and results are plotted as described in
the legend to Fig. 2.
TABLE 2

Potency of natriuretic peptides for cGMP production with cloned NPR-A from three species

Al values are mean + standard error from three determinations.

INPR-A mMNPR-A hNPR-A
Peptide Meimum i
;" s P0x Maximum oGMP 0s Maximum oGMP
pmolfwel pmolfwed pmolfwel
rANP 9.4 + 0.04 648 + 8 9.1 +0.04 132+ 2 9.4 + 0.06 903 + 18
AP+ 7.4 +0.07 746 + 30 6.3 + 0.04 ND® <6 ND
APl 8.8 +£ 0.06 738 + 17 8.4 + 0.04 122+ 2 7.7 £ 0.05 991 £ 27
AP Il 8.9 + 0.07 814 + 19 8.4 +0.03 132+ 1 8.4 +0.08 850 + 27
AP I(F8Y) 7.5 +0.02 734 + 10 6.3 + 0.01 ND <6 ND
hANP 8.6 £ 0.02 653+ 6 8.1+£0.04 137+3 9.3 +0.04 86 + 14
hANP(O-Met) 6.3 +0.15 ND <6 ND 8.3 £0.03 854 +9
hANP(F8Y) 6.7 £ 0.02 ND <6 ND 8.2 +0.08 898 + 34
hANP(R11K) 8.5+ 0.05 816 + 17 8.0 + 0.06 170+ 5 92 +0.1 1032 + 37
rBNP 9.1+ 0.08 677 + 18 8.2+ 0.02 1151 7.5+ 0.03 869 + 13
hBNP <6 ND <6 ND 8.5+ 0.05 825 + 18
pBNP 73+0.1 ND 74+01 ND 8.8 +£0.08 935 + 26

+PDs, —iog EDgo.
ND, not determined.

rANP (Ile-12) is more active than hANP (Met-12) in muscle
relaxation and natriuresis assays, and oxidation of Met-12 in
hANP severely impairs activity (27, 28). Koyama et al. (37)
have suggested that hANP(O-Met) is relatively selective for
the non-guanylyl cyclase NPR-C, compared with NPR-A. In
examining the effects of hANP and hANP(O-Met) on kidney

function in rats, Willenbrock et al. (38) found that oxidized
hANP could stimulate diuresis but not natriuresis or cGMP
secretion. Our results are consistent with the reduced vessel
relaxation and kidney natriuresis being due to weak potency of
hANP(O-Met) with NPR-A.

In comparison with hANP, nearly identical relative potency
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is observed for hANP(R11K) (Fig. 5; Table 2). However, the
R11K substitution is distinguished by an up to 20% increase in
the maximum level of cGMP produced (hormone efficacy),
compared with hANP and rANP (Figs. 2 and 6; Table 2).
Budzick et al. (39) reported that rANP(5-28,R11K) was more
potent and more efficacious than rANP in stimulation of cGMP
in rabbit vascular smooth muscle. Although the increased po-
tency in the rabbit system is not reflected in our data, enhanced
efficacy in cGMP production with the R11K mutation is,
suggesting that the published reports measured responses from
NPR-A.

For hANP(F8Y), the responses are very similar to those to
ANP(O-Met) (Figs. 2 and 5). The F8Y substitution has been
reported to severely impair cGMP stimulation in vascular
smooth muscle cells but produces a <10-fold reduction in
potency for relaxation of precontracted aortic rings (39-41).
This difference may be accounted for by alternative explana-
tions, other than potency at NPR-A (as discussed below).

Agonist potency in the AP series. In one group of ANP

AP II (F8Y)

hANP (F8Y) j—

g <
-
a. ! -~ o o A
2%s:as 4
E% %ce.:o.
p p
pD (—log EDs) values in Tabie 2 were converted to

the three species of NPR-A are plotted together. *,

variants, we examined the effect of amino and carboxyl tail
truncations with the AP series (Table 1) (42). Deletion of the
first four amino acids of rANP to give AP III (Table 1) results
in only 3- and 4-fold reductions in potency with INPR-A and
mNPR-A, respectively, but a 10-fold reduction with hANPR-A,
compared with rANP. In addition, AP III shows a 256% increase
in the maximum rANP-stimulated cGMP level with INPR-A, but
not the other receptors (Fig. 6). When the carboxyl-terminal
tyrosine is deleted in the variant AP II (Table 1), only hNPR-A
registers a major change in potency, compared with AP III (Fig.
5), with a 5-fold decrease. In addition to potency effects, there are
efficacy changes between AP II and AP IIlI, with an increase in
the maximal response with hANPR-A and a decrease with INPR-A
(Fig. 6). Further deletion at the carboxyl terminus in AP I (Table
1) results in a >1000-fold loes of potency with hANPR-A, compared
with AP IL In comparison, CNP (Fig. 2), which lacks a carboxyl-
terminal tail (Table 1), is more potent than AP I (Fig. 3) with
hNPR-A. Both rNPR-A and mNPR-A are less sensitive than
hNPR-A to the carboxyl-terminal deletion in AP I, with 26- and
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Fig. 6. Bar graph of maximum stimulation values. Resuits are graphed as the percentage of maximum stimulation observed with rANP (Table 2) for

six peptides that showed maximal responses with all three receptors.

123-fold reductions in potency, respectively, compared with AP II.
With the AP series of analogs, ANPR-A is distinguished by its
sensitivity to truncations in both the amino and carboxy! tails.
One ring substitution mutant, AP II(F8Y), was studied in
the rANP-derived AP series. Compared with the parental mol-
ecule AP II, there is a loss of potency with all three receptors
(Fig. 5; Table 2). The most sensitive is mNPR-A, with a 125-
fold reduction, followed by hNPR-A with an approximately 50-
fold reduction and rNPR-A with a 23-fold reduction. These
results are to be compared with the activity of hANP(F8Y),
which shows that ANPR-A is least sensitive to the F8Y substi-
tution. Overall, the combination of several differences between
the two F8Y variants makes it difficult to evaluate the relative
contribution of this change; however, in both cases the murine
receptor is the most sensitive to the position 8 substitution.
The published data on AP show decreased potency with both
amino and carboxyl truncations for relaxation of rabbit aorta

(43). As with other natriuretic peptide variants, the APs show
differences in relative potency in chicken, rat, rabbit, mouse,
and guinea pig spasmolytic assays (26-28). Weis (28) reported
that AP I and hANP were equipotent in relaxing precontracted
rat aorta, but we observe a 10-fold lower potency for AP I with
NPR-A. With mouse aorta AP I is 50% as potent as hANP
(28), compared with 50-fold less potent with the cloned recep-
tor.
BNP specificity. The BNPs exhibit species-specific reac-
tivity in a variety of systems (17, 32). Concentration-response
data for rBNP, hBNP, and pBNP (Fig. 4) demonstrate marked
preferences of the different species of NPR-A for these ligands
(Fig. 5; Table 2). ANPR-A is the least sensitive to the sequence
variation in this series, with pD, values in the range of 8.8-7.5
(Table 2). INPR-A and mNPR-A are very unresponsive to
hBNP, but each has a pD, of 7.4-7.3 for pPBNP, the most potent
BNP with hNPR-A. In comparisons of the cognate ligands for
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rNPR-A and hNPR-A, hBNP is less potent with ANPR-A than
rBNP is with INPR-A (Table 2). With INPR-A, hBNP shows
a >100-fold decrease in potency, compared with rBNP, but
with hNPR-A rBNP is only 10-fold less potent than hBNP
(Fig. 5). In rat thoracic aorta relaxation, the rank order of BNP
potency is the same as we observed for stimulation of cGMP
with INPR-A, i.e., rBNP > pBNP > hBNP (32).

Implications of species-specific pharmacology. The
data we have presented establish that NPR-A, at least in part,
is responsible for the differential activity of natriuretic peptide
variants in different test systems. Where direct comparisons
can be made with published data, there is concordance between
the rank orders of potency in muscle relaxation (28, 32) and
stimulation of cGMP production by NPR-A. Differences in the
absolute potencies in aortic ring relaxation versus the cGMP
assay with cloned receptors are possibly due to the design of
the two assay systems. cGMP responses are measurements of
cyclic nucleotide produced in 10 min, whereas spasmolytic
assays measure relaxation as an indirect effect of receptor
occupancy and hence are subject to additional rate-limiting
steps beyond the production of cGMP. Alternatively, we cannot
formally rule out the possibility of an as yet unidentified
receptor guanylyl cyclase subtype that is partly responsible for
differences in pharmacology between assay systems.

Several other aspects of the natriuretic peptide system could
also, in theory, contribute to different responses in vivo or ex
vivo between species. Differences in the affinity of peptides for
the more abundant NPR-C (17, 44), together with different
ratios of NPR-A and NPR-C coexpression among species, could
be contributing factors. hABNP is more resistant to proteolysis
by neutral endopeptidase (EC 3.4.24.11) than is ANP (45), but
the sensitivity of other species of BNP is not known. This
degradative pathway could have less relative importance for
BNPs, compared with ANP. Differences in neutral endopepti-
dase abundance in various tissues should also be considered as
a potential factor in differential responses.

With respect to natriuretic peptide structure-activity rela-
tionships, the data we present demonstrate that results ob-
tained using non-human assay systems are of limited predictive
value for extrapolating to the human system. To develop natri-
uretic peptide analogs for therapeutic applications in humans,
structure-activity assays most likely need to be based on the
human receptors. Recent work on the development of a ANPR-A-
specific ANP variant that does not bind to ANPR-C or hNPR-B
(46) supports this conclusion. This variant has only three amino
acid substitutions in the ANP sequence that impart receptor
specificity, but it is unable to bind to or stimulate NPR-A, despite
having full agonist potency with hNPR-A. Hence, the ligand
binding site of hNPR-A is different from that of mNPR-A
and rNPR-A. This is not surprising, given the degree of diver-
gence (15%) in the extracellular domain of ANPR-A, compared
with the other receptors. These sequence differences could be
responsible for changes in ligand affinity, agonist potency, or
both. The very close identity between INPR-A and mNPR-A,
with only 14 substitutions among 441 amino acids in the
extracellular domain, still results in potency differences for AP
II(F8Y) and rBNP (Table 2). It should therefore be possible to
map residues in rINPR-A and mNPR-A important for signal
transduction or ligand binding, using receptor chimeras and point
mutagenesis.

Concerted evolution of ligand and receptor. Our data

Species Specificity of NPR-A 179

support the conclusion that the structural determinants of the
ligand for agonist potency, and presumably binding affinity,?
have changed since the time of divergence for the three recep-
tors we studied. This is illustrated in particular for hANPR-A,
which is much less sensitive to the ligand sequence variation
in the BNPs and several ring substitutions in ANP. Conversely,
hNPR-A is more sensitive to deletions in the carboxyl-terminal
region of ANP, compared with rNPR-A and mNPR-A. The
markedly different selectivity of orthologous NPR-A forms
suggests that each receptor has been evolving in parallel with
its BNP ligand, while under the constraint of maintaining full
agonist potency for a ligand (ANP) that is relatively invariant
across species. As a result, the elements of the ANP polypeptide
sequence that are important for receptor activation have ap-
parently changed. Although we cannot rule out a BNP-specific
receptor/guanylyl cyclase, the current knowledge of BNP phar-
macology suggests that NPR-A may be the bona fide BNP
receptor. Additional factors, such as NPR-C binding, may not
play a role in selective pressure on the hormones, because this
receptor has less stringent sequence requirements for ligand
binding. Concerted evolution of ligand-receptor pairs has been
described for a variety of systems (47, 48), and so the natriuretic
peptides are not unique in this regard. A more complete knowl-
edge of the normal and pathological roles these hormones play
might help us to understand the selective pressures that have
influenced the evolution of ligand and receptor (47).
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