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Abstract

Dendroaspis natriuretic peptide (DNP) is a newly-described natriuretic peptide which lowers blood pressure via vasodilation. The
natriuretic peptide clearance receptor (NPR-C) removes natriuretic peptides from the circulation, but whether DNP interacts with
human NPR-C directly is unknown. The purpose of this study was to test the hypothesis that DNP binds to NPR-C. ANP, BNP,
CNP, and the NPR-C ligands AP-811 and cANP(4–23) displaced [125I]-ANP from NPR-C with pM-to-nM Ki values. DNP displaced
[125I]-ANP from NPR-C with nM potency, which represents the first direct demonstration of binding of DNP to human NPR-C.
DNP showed high pM affinity for the GC-A receptor and no affinity for GC-B (Ki > 1000 nM). DNP was nearly 10-fold more potent
than ANP at stimulating cGMP production in GC-A expressing cells. Blockade of NPR-C might represent a novel therapeutic approach
in augmenting the known beneficial actions of DNP in cardiovascular diseases such as hypertension and heart failure.
� 2007 Elsevier Inc. All rights reserved.
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Dendroaspis natriuretic peptide (DNP), originally iso-
lated from green mamba snake (Dendroaspis angusticeps)
venom [1], is a newly-described member of the natriuretic
peptide family, which includes atrial natriuretic peptide
(ANP), brain natriuretic peptide (BNP), and C-type natri-
uretic peptide (CNP). Reports of plasma and tissue immu-
noreactivity for DNP in humans and rats [2–6], has raised
the possibility that DNP could be another endogenous
natriuretic peptide, though this is currently under debate
[7], as a gene which encodes for mammalian DNP has
not been reported. However, DNP has been shown to pos-
0006-291X/$ - see front matter � 2007 Elsevier Inc. All rights reserved.

doi:10.1016/j.bbrc.2007.04.079

* Corresponding author. Fax: +1 610 270 6201.
E-mail address: Douglas.G.Johns@gsk.com (D.G. Johns).
sess vasodilator, natriuretic and diuretic properties in ani-
mal models and human tissues [5,8,9], similar to ANP,
BNP, and CNP [10,11].

The vasodilator and natriuretic/diuretic effects of the
known endogenous mammalian natriuretic peptides are
mediated by guanylyl-cyclase-coupled receptors GC-A
(for ANP and BNP) and GC-B (for CNP) [12,13]. Clear-
ance of ANP, BNP, and CNP is thought to occur primar-
ily via either enzymatic degradation by neutral
endopeptidase or by internalization of the peptides by
the natriuretic peptide clearance receptor (NPR-C). The
observation that DNP is resistant to NEP degradation
[14] implies that the primary mechanism for clearance of
DNP from the circulation is via another mechanism, pos-
sibly NPR-C. Although Schweitz et al. [1] reported that
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DNP binds to vascular smooth muscle cells and inferred
that this was non-GC-coupled receptor, a direct binding
interaction between DNP and NPR-C has not been
characterized.

The purpose of this study was to test the hypothesis that
DNP binds to NPR-C, thus elaborating a role of NPR-C as
a potential clearance route for this newly-described natri-
uretic peptide. The present report demonstrates that
DNP does bind to human recombinant NPR-C with char-
acteristics similar to other natriuretic peptides, and verifies
the potency and activity of DNP against the GC-A
receptor.
Table 1
Saturation binding of recombinant natriuretic peptide receptors

Receptor (ligand) Kd (pmol l�1) Bmax (fmol/mg�1)

NPR-C ([125I]-ANP(3–28)) 205 ± 36 3478 ± 1,118
NPR-C ([125I]-CNP) 131 ± 147 710 ± 763
GC-A ([125I]-ANP(3–28)) 156 ± 74 1405 ± 1281
GC-B ([125I]-CNP) 403 ± 112 2367 ± 952

Data are presented as means ± SEM of n = 3 independent experiments.
Methods

Materials. Natriuretic peptides [ANP, BNP, CNP, DNP, cANP(4–23)]
were purchased from Bachem Bioscience, Inc. (King of Prussia, PA). AP-
811 [2-naphtoyl-236-Arg-Ile-Asp-Arg-(S)-(�)-2-methyl-butylamide] was
purchased from California Peptide Research, Inc. (Napa, CA). [125I]-
ANP(3–28) and [125I]-CNP were purchased from Amersham Biosciences
(Piscataway, NJ). Chinese hamster ovary (CHOK1) cells were obtained
from American Tissue Type Collection (Manassas, VA) and maintained in
Dulbecco’s modified essential medium containing 15% fetal bovine serum.

Expression of recombinant human NPR-C, GC-A, and GC-B. cDNA
sequences for human NPR-C (GenBank AF022998), GC-A (GenBank
NM_000906), and GC-B (GenBank NM_003995) were PCR amplified
from a human kidney Marathon library (Clontech, Mountain View, CA)
and subcloned into the pcDNA3.2/GW/D-TOPO vector via TOPO
cloning (Invitrogen, Carlsbad, CA). BacMam viruses for the genes were
generated using the BacMam transfer vectors and protocols as described
previously [15]. The BacMam transfer vector for NPR-C was generated by
PCR amplification with codons for 6 · His added at the 3 0 end of the open
reading frame, and subcloned into the EcoRI/HpaI sites of pFastNot-
CMV. The BacMam transfer vector for GC-A was generated by inserting
a SpeI/XbaI fragment containing the ORF into the XbaI site of pFast-
Bacmam-NA. The BacMam transfer vector for GC-B was generated by
inserting a NotI/AscI fragment containing the ORF into the NotI/AscI
sites of pFastBacmam1. For expression of the natriuretic peptide recep-
tors, CHOK1 cells were grown to 90% confluence in DMEM/F12 medium
with 10% FBS, and transduced with a BacMam virus (MOI = 5). After
48 h, sodium butyrate was added (2 mmol l�1) and the cells were further
incubated for another 24 h.

Radioligand binding. Membranes were prepared from CHO-K1 cells
scraped in 1 mmol l�1 EDTA in Ca2+/Mg2+-free phosphate-buffered sal-
ine. Cells were washed by centrifugation and resuspended in ice-cold buffer
(10 mmol l�1 Tris–HCl [pH 7.4], 5 mmol l�1 Na EDTA, 0.1 mmol l�1

phenylmethylsulfonyl fluoride, 1.0 mg ml�1 bacitracin, 1.0 mg ml�1 apro-
tinin). Following homogenization (Dounce homogenizer; Bellco Glass,
Inc., Vineland, NJ, USA) and centrifugation (47,000g, 20 min, 4 �C), the
resultant pellets were washed twice by centrifugation (in 25 mmol l�1 Tris–
HCl [pH 7.4], 5 mmol l�1MgCl2, 2 mmol l�1 EGTA, 0.1 mg ml�1 baci-
tracin) and resuspended (5 mg ml�1) for storage (�70 �C). Protein con-
centration was measured by the bicinchoninic acid (BCA) method (Pierce,
Rockford, IL, USA).

Specific binding of [125I]-ANP(3–28) was determined using crude
membrane preparations of cells expressing recombinant human GC-A or
NPR-C receptors. For human recombinant GC-B receptor binding, [125I]-
CNP was used. Membranes were incubated for 60 min at 25 �C in 200 ll
buffer [25 mmol l�1 Tris–HCl, pH 7.4, 5 mmol l�1 MgCl2, and 0.1% BSA]
containing 30 pmol l�1 [125I]-ANP(3–28), which was determined in pilot
experiments to show identical binding characteristics as full-length [125I]-
ANP(1–28), or 100 pmol l�1 [125I]-CNP. In competition binding studies
membranes (30–50 lg of membrane protein ml�1) were incubated with
increasing concentrations (1 pmol l�1–1 lmol l�1) of competing ligands
and [125I]-ANP(3–28) or [125I]-CNP for 60 min at 25 �C. The incubation
was terminated by the addition of 2 ml of ice-cold wash buffer (0.9%
NaCl) followed by rapid filtration over Whatman GF/C filters, which were
washed three times with 4 ml of ice-cold wash buffer. For experiments
using [125I]-ANP(3–28) as the radiolabel, non-specific binding was deter-
mined in the presence of 1 lmol l�1 unlabeled ANP(3–28). For experi-
ments using [125I]-CNP, non-specific binding was determined in the
presence of 1 lmol l�1 unlabeled CNP. Filters were counted in a gamma
counter.

cGMP formation. Formation of cGMP in recombinant receptor-
expressing cells was measured using a commercially available fluorescence
detection kit (HitHunter�, DiscoveRx, Fremont, CA). Briefly, CHO-K1
cells expressing human recombinant GC-A or GC-B were harvested from
cell culture media by low-speed centrifugation and resuspended in phos-
phate buffered saline containing 1 mmol l�1 3-isobutyl-1-methylxanthine.
Cells were distributed into 96-well assay plates at a density of 150,000 cells
well�1. Natriuretic peptides were added to each well at increasing con-
centrations to generate a concentration response curve. Cyclic GMP was
detected following lysis of cells using a polyclonal anti-cGMP antibody
and enzyme-based chemiluminescence per the manufacturer’s instructions.
Concentration of cGMP was determined using a standard curve.

Data analysis. Values are expressed as mean ± standard error of three
independent experiments performed with duplicate replicates. Non-linear
curve-fitting (GraphPad Prism, San Diego, CA, USA) was used to cal-
culate equilibrium binding affinity (Kd) and maximum binding site density
(Bmax) from saturation-binding experiments in addition to determining
competitor affinity constant (Ki) from competition binding experiments
and agonist potency (EC50) and efficacy (Rmax) from cGMP formation
assays.
Results

Radioligand binding

Because NPR-C is known to bind multiple natriuretic
peptides, both [125I]-ANP(3–28) and [125I]-CNP were used
for saturation binding experiments with human recombi-
nant NPR-C to verify the pharmacological profile of Bac-
Mam-expressed receptor. In these experiments, [125I]-
ANP(3–28) showed saturable and specific binding for the
recombinant NPR-C receptor with a Kd and Bmax of
approximately 200 pmol l�1 and 3.5 pmol mg�1 protein,
respectively (Table 1). [125I]-CNP showed saturable and
specific binding at recombinant NPR-C with a Kd and Bmax

of approximately 130 pmol mg�1 and 700 fmol mg�1 pro-
tein, respectively (Table 1). For the natriuretic receptors
GC-A and GC-B, each radioligand showed characteristic
affinities for its respective receptor ([125I]-ANP(3–28) for
GC-A and [125I]-CNP for GC-B). A summary of Kd and
Bmax values for all recombinant natriuretic peptide recep-
tors is shown in Table 1.

For competition experiments, [125I]-ANP(3–28) was
used for NPR-C and GC-A, and [125I]-CNP was used for
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Fig. 2. DNP stimulates cGMP in cells expressing human recombinant
GC-A receptor. CHO-K1 cells expressing human recombinant GC-A were
treated with increasing concentrations of either DNP or ANP and cGMP
was measured as described in Methods.
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GC-B experiments. In membranes from CHO-K1 cells
expressing human recombinant GC-A receptor, the endog-
enous natriuretic peptide ANP displaced bound radioli-
gand with characteristic potency (Fig. 1), while GC-B-
selective CNP and the NPR-C-selective ligand AP-811
[16] did not displace [125I]-ANP(3–28) (Fig. 1). DNP dis-
placed [125I]-ANP(3–28) with a Ki of 100 pmol l�1

(Fig. 1). In membranes from CHO-K1 cells expressing
human recombinant GC-B receptor, CNP displaced
[125I]-CNP with a Ki of 1 nmol l�1, where DNP did not dis-
place CNP (Fig. 1). In membranes from CHO-K1 cells
expressing human recombinant NPR-C, DNP displaced
radiolabeled ANP(3–28) from NPR-C expressing mem-
branes with a Ki of 4 nmol l�1 (Fig. 2). The endogenous
natriuretic peptides ANP, BNP, and CNP, and the NPR-
C-selective ligands AP811 and cANP(4–23) all displaced
[125I]-ANP(3–28) with potencies ranging from 700 pmol l�1

to 7 nmol l�1. A summary of the Ki values for all peptides
tested are shown in Table 2.

cGMP formation

DNP stimulated cGMP formation in GC-A-expressing
cells with an effect that was approximately 10-fold more
potent than ANP (though this was not statistically signifi-
cant; Fig. 1). DNP had no effect on cGMP formation in
cells expressing recombinant GC-B.
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Fig. 1. DNP displaces radiolabeled natriuretic peptides from GC-A and NPR-
by ANP and DNP, (B) displacement of [125I]-CNP from human recombinan
from human recombinant NPR-C by the NPR-C-selective ligand AP-811 and
Discussion

The purpose of the present study was to determine
whether DNP does, in fact, interact with NPR-C. The
reported resistance of DNP to degradation by neutral
endopeptidase [14] leaves the clearance receptor NPR-C
as the likely route of removal of DNP from the circulation.
In the original description of DNP as a vasodilatory natri-
uretic peptide by Schweitz et al. [1], DNP displaced radio-
labeled ANP from rat aortic smooth muscle cells. Because
aortic smooth muscle cells express NPR-C, this was indi-
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Table 2
Ki, values (nmol l�1) for various natriuretic peptides at each recombinant
natriuretic peptide receptor

GC-Aa GC-Bb NPR-C

ANP 0.3 ± 0.1 15.1 ± 5.5 0.8 ± 0.2
BNP 1.8 ± 0.8 9.8 ± 2.2 2.5 ± 0.4
CNP >1000 1.0 ± 0.4 7.2 ± 0.8
ANP(3–28) 0.1 ± 0.01 2.5 ± 0.8 0.7 ± 0.3
CNP(4–23) >1000 — 0.9 ± 0.3
AP811 >1000 >1000 5.2 ± 0.8
DNP 0.1 ± 0.03 >1000 4.1 ± 1.4

Data are presented as means ± SEM of n = 3 independent experiments.
a GC-A and NPR-C data were generated using [125I]-ANP(3–28).
b GC-B data were generated using [125I]-CNP.
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rect evidence that DNP interacted with the clearance recep-
tor. However, a specific binding interaction between DNP
and NPR-C and pharmacological characterization of this
interaction has never been reported. In the current study,
human recombinant natriuretic peptide receptors were
used for characterization of ligand binding. This study rep-
resents the first report of the BacMam system as a method
for expression of these receptors in mammalian cell culture
systems. For this reason, each receptor was characterized
using classical natriuretic peptides and peptide analogs
using radioligand binding. For the GC-A and NPR-C
receptors, [125I]-ANP(3–28) showed saturation kinetics
with Kd values in accordance with previously published
results where [125I]-ANP was used [13]. Furthermore, the
potencies of various receptor ligands (e.g. ANP, BNP for
GC-A; ANP, BNP, CNP, AP-811, cANP(4–23) for NPR-
C) were in line with published data [13,17] reinforcing use
of this system to overexpress each of these receptors. The
potency of DNP for increasing cGMP (13 nmol l�1) was
approximately 10-fold more potent than ANP
(106 nmol l�1) in cells expressing human recombinant
GC-A, but within the range of potencies reported by others
in endogenous cells [1]. This verifies activity of DNP
against GC-A and validates the use of this recombinant
receptor as a comparative tool.

The Ki of DNP (approximately 100 pmol l�1) for GC-A
was similar to that of ANP (approximately 300 pmol l�1), a
natural endogenous ligand for this receptor. The affinity of
DNP for NPR-C was about 30-fold lower than for GC-A,
implying some degree of selectivity of DNP for the GC-A
receptor. Further, DNP was about 30-fold less potent at
displacing radiolabeled ANP from NPR-C compared to
ANP and BNP. This suggests that while DNP does interact
with the NPR-C receptor, it might not be cleared as effec-
tively from the circulation as other natriuretic peptides,
which possess a greater affinity. This, coupled with resis-
tance to neutral endopeptidase degradation, implies that
exogenous DNP administration could represent a more
effective natriuretic peptide therapy than previously
reported approaches (e.g. recombinant BNP) for conges-
tive heart failure. However, this does not rule out the pos-
sible contribution for other as-yet unidentified catabolic/
clearance routes for DNP.
The relevance of the current findings to the clearance of
endogenous DNP remains to be determined, as definitive
evidence that a human isoform of DNP exists is lacking.
Reports of ‘‘DNP-like’’ immunoreactivity describe levels
of DNP ranging from 1 to 50 pmol l�1 in the plasma of
normal subjects [2,3,18] as well as in various tissues [5,6].
While the plasma values are 20- to 1000-fold lower than
the affinity of DNP for NPR-C reported in the current
study, further investigation and additional tools are
required to definitively demonstrate the existence of human
endogenous DNP.

The data from the current study describe, for the first
time, the direct pharmacological interaction of DNP with
NPR-C. Consideration of DNP administration as a ther-
apy for cardiovascular diseases such as congestive heart
failure could be strengthened with the notion that DNP
is cleared from the circulation via NPR-C. Taken further,
blockade of NPR-C could represent a novel therapeutic
strategy in which levels of natriuretic peptides, including
exogenous DNP, are maintained to offer compensatory
protection in cases of cardiovascular diseases such as heart
failure and hypertension.
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