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Natriuretic peptides appeared after their
receptors in vertebrates
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Abstract

Background: In mammals, the natriuretic system contains three natriuretic peptides, NPPA, NPPB and NPPC, that
bind to three transmembrane receptors, NPR1, NPR2 and NPR3. The natriuretic peptides are known only in vertebrates. In
contrast, the receptors have orthologs in all the animal taxa and in plants. However, in non-vertebrates, these receptors
do not have natriuretic properties, and most of their ligands are unknown. How was the interaction of the NP receptors
and the NP established in vertebrates? Do natriuretic peptides have orthologs in non-vertebrates? If so, what was the
function of the interaction? How did that function change? If not, are the NP homologous to ancestral NPR ligands? Or
did the receptor’s binding pocket completely change during evolution?

Methods: In the present study, we tried to determine if the pairs of natriuretic receptors and their ligands come from an
ancestral pair, or if the interaction only appeared in vertebrates. Alignments, modeling, docking, research of positive
selection, and motif research were performed in order to answer this question.

Results: We discovered that the binding pocket of the natriuretic peptide receptors was completely remodeled in
mammals. We found several peptides in non vertebrates that could be related to human natriuretic peptides, but a set of
clues, as well as modeling and docking analysis, suggest that the natriuretic peptides undoubtedly appeared later than
their receptors during animal evolution. We suggest here that natriuretic peptide receptors in non vertebrates bind to
other ligands.

Conclusions: The present study further support that vertebrate natriuretic peptides appeared after their receptors in the
tree of life. We suggest the existence of peptides that resemble natriuretic peptides in non-vertebrate species, that might
be the result of convergent evolution.
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Background
In mammals, the natriuretic system is composed of three
peptides, the natriuretic peptide A named ANP, natriur-
tic peptide B (BNP) and natriuretic peptide C (CNP),
also called NPPA, NPPB and NPPC, that bind to mem-
brane receptors, NPR1, 2 and 3. ANP and BNP play a
part in vasodilation. Natriuric peptide C induces the re-
laxation of smooth muscle cells on which it inhibits cell
proliferation, and lacks natriuretic properties [1]. The
natriuretic peptides were discovered thanks to their di-
uretic properties [2, 3]. They are also involved in other
processes [4], such as cell proliferation, angiogenesis,
apoptosis, inflammation [5], control of lipid metabolism

[6], and meiotic arrest [7]. Each of the three peptides has
cysteines separating 15 amino acids, and joined together
to form a cysteine bridge, giving the peptide a loop
structure (Fig. 1).
In other vertebrates, the natriuretic system mostly

involves the same ligand and receptor families as in
mammals. In fishes, all fish species do not have the
same number of natriuretic peptides, and the system
evolved during the teleost fish diversification [8]. Des-
pite different evolutions, the natriuretic peptide NP
remains predominant. In 2003, the hagfish’s CNP
(ortholog of natriuretic peptides) was shown to be in-
volved in natriuresis [9]. However, contrary to mam-
mals, the natriuresis in fishes mainly gives rise to
osmoregulation and the absorption of NaCL [10]. In
amphibians, NPRC receptors were discovered in Bufo
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marinus [11] and several frog species [12], and were
shown to interact with natriuretic peptide for the di-
uresis. In reptiles, the ANP peptides are missing. In
birds, the BNP is involved in natriuresis [13], and the
natriuretic peptide receptors are localised in the kid-
ney in reptiles and birds [14]. Interestingly, other
natriuretic peptides specifically appeared in some
snake species [15]. They are called KNP, and are part
of some snakes’ venom, as they still interact with the
natriuretic peptide receptors of the preys.
The natriuretic peptides belong to a structurally re-

lated gene family [16]. They originated from a single
gene, which in only known in vertebrates. A unique
natriuretic peptide which seems to be phylogeneticaly
related to CNP has been identified in hagfish [9]. In
2006, [17], identified a natriuretic peptide in several lam-
prey species, Geotria australis, Lampetra japonica and
Petromyzon marinus. According to their work, these
peptides would be more similar to CNP (CNP-4) than
ANP and BNP, although the C-terminal tail of the se-
quence is missing. In Lamprey, the natriuretic peptide, is
mostly involved in natriuresis, as in most of the other
vertebrates [18] Apart from vertebrates, only one study
attests to the possible existence of a natriuretic peptide
in scorpion venom [19]. In the 1980s, the presence of
natriuretic peptides was suggested in some mollusks and
arthropods [20, 21]. However, these studies failed to se-
quence these potential peptides. Current literature
agrees that the natriuretic peptides appeared in verte-
brates [22].
The NPRA, NPRB and NPRC receptors (also called

NPR1, NPR2 and NPR3) are transmembrane receptors
with guanylyl cyclase (GC) activity. They are part of a
family of 5 guanylyl cyclase receptors with Ret-GC-1 and
Ret-GC-2 [2]. NPRC does not have intrinsic enzymatic
activity. The NPRA, NPRB and NPRC receptors are
encoded by paralog genes [23–26]. All are receptors for
natriuretic peptides, with different binding affinities. The
amino acids of the binding pockets of each of these

receptors are specific. However, they share most of their
binding amino acids [27].
Little is known about the activity of guanylyl cyclase

receptors in non-vertebrate animals, and no substan-
tial data indicate any part in sodium regulation or
vasodilation. In echinoderms, the first Guanylyl cy-
clase receptors to have been isolated are involved in
chemotaxis between egg and sperm [28]. In C. elegans
which present a large expansion of the guanylyl
cyclase receptor family, the majority of them are
expressed in taste neurons [29]. No ligand is known
in other protostomes.
There is a natriuretic system in insects, but it does not

rely on the same ligands as the natriuretic system of ver-
tebrates. The saline balance is managed by malpighian
tubules and neurohormones [30, 31]. In the mosquito,
the natriuretic peptide involved in sodium regulation is
the Mosquito natriuretic peptide [32], which is an ortho-
log of vertebrate CRF (Corticotropin Releasing Hor-
mone), [33], involved in stress response [34]. This
peptide passes through cyclic AMP receptors (receptors
for adenosine 5′-monophosphate) [33].
The phylogeny of natriuretic peptide receptors of ver-

tebrate species is thus incongruent with that of their ver-
tebrate ligands, which appeared later in the tree of life.
This case is not isolated. [35] reported that more than
212 ligands appreared later than their recepor in the ani-
mal phylogeny. In 2012, [36] reworked the phylogeny of
15 peptide ligands with their receptors, to show that the
phylogeny of ligands was more ancestral than expected,
and that coevolution between ligands and their receptors
was noted. A study of a large number of ligands and re-
ceptors conducted in 2013 by [37] led to the same
observations.
Conversely, there are some cases of figures in which a

ligand replacement has been made during evolution. For
example, the FSHR receptor has an ortholog in proto-
stomes [38], which binds to a FSH-like ligand, which is
not an ortholog of FSH [39, 40].
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Fig. 1 Amino acid sequences of the tree human natriuretic peptides and the lamprey natriuretic peptide. The amino acids involved in binding
are shown in red
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In the case of the natriuretic peptide, one can
hypothesize that an ancestral ligand (which may have
disappeared) has given way to the natriuretic peptide of
vertebrates, or that, on the contrary, an ortholog does
indeed exist in the protostomes, too distant to be recog-
nized by a simple Blast analysis. If such an ortholog ex-
ists, is it able to bind to the guanylyl cyclase receptors in
these species, or has this interaction occurred only in
vertebrates?
The natriuretic system is a system of choice to try to

illuminate the evolutionary dynamics between a ligand-
receptor couple. Here, we tried to answer the following
questions:

– Would the receptors of protostomian species be able
to bind to a vertebrate natriuretic peptide?

– Can any vertebrates natriuretic peptide be found in
some non vertebrate species?

– According to the previous answers, what
evolutionary dynamics have led to the establishment
of the natriuretic system in vertebrates?

Results
Analysis of vertebrate pairs of ligand/receptor
The three natriuretic peptides bind to each of the 3
natriuretic peptide receptors with 3 highly specific
residues (Fig. 1). Two of these three amino acids are
present in all three peptides, namely the F phenyl-
alanine (first position in the loop after the Cysteine)
and the R Arginine (seventh position in the loop after
the Cysteine). The third amino acid, in 11th position
in the loop after the Cysteine, is different in the three
peptides. It is a Glutamine for NPPA, a Serine for
NPPB and a Methionine for NPPC. The binding of
the peptides is made possible by the particular struc-
ture they share, namely two cysteines linked by a di-
sulfide bridge, exposing a loop of 15 amino acids.

The NPRC receptor binding pocket involves 12 differ-
ent amino acids depending on the conformation of
the ligand. The NPRA receptor binding pocket has 16
amino acids Fig. 2.
The human natriuretic peptide receptors were aligned

with the three receptors of sea lamprey and hagfish
Fig. 3. The percentages of identity within the binding
pocket vary between 50 and 75% (Table 1). This could
indicate that perfect identity of the sequences of the
binding pocket is not necessary to ensure binding to the
natriuretic peptides. The same analysis was done with
urochordates (Table 2) and protostomes (Table 3). In
urochordates, Apostichopus japonicus and Acantaster
planci, the binding pocket presents a hight percentage of
amino acid similarity, with 6 to nine amino acids in
common with human, despite it being less than hagfish.
In protostomes, we found a maximum of 4 amino acids
in common. Protostomes that are not present in the
table have a percentage of identity of 0% at the place of
the human binding pocket.

Positive selection on guanylyl cyclase receptor binding
pockets
According to our results, only one tree had indexes
of positive selection: the phylogenetic tree of Proto-
stomes, that included outgroup branches. In this
unrooted tree, we observed that the protostomes spe-
cies, as well as the outgroups, were mixed, and their
evolution was not congruent with the tree of life. For
example, chordates are grouped with protostomes.
Similarly, the Paraneoptera (Protostoms) group has 3
species that cluster at opposite ends of our phylogeny.
This fact demonstrates strong reaorganizations of the
guanylyl cyclase receptors in non vertabrates species,
and these changes seem to have occurred independ-
ently in each branch of the trees.

Fig. 2 Binding of the natriuretic peptides with the a NPR1 and b NPR3 receptors retrieved from PDB structures 1yk0 and 1 t34. Receptors are in
red, ligands in azul, and the amino acids involved in binding are in blue
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Three branches of this tree were found as being under
positive selection (Fig. 4a and b). However, because the
tree generated is not congruent with the tree of life, we
suggest that the positive selection that we observe is
biased, due to a resemblance in the peptides sequences
between species that group together. We did not observe
any positive selection in the other generated trees.

Search of natriuretic peptides in non-vertebrates
We searched for a potential natriuretic peptide in proto-
stomes and in non-vertebrate chordates, using a regular
expression search. We found 10 peptides in 9 organisms
with a protein containing the considered motif (Fig. 5).
Three of them are present in chordates (2 peptides were
found in A.planci), and six in protostomes. We tried to
determine if the potential 10 peptide sequences corre-
sponded to one or several potential exons. The whole
DNA sequences of each of the 10 proteins were tested
with Genscan. All of these genes contained only one
exon. These 10 proteins containing the peptides were
aligned together. The alignments had very low identity
scores (maximum of 10% ID between species), suggest-
ing that these proteins don’t have a common origin.

A phylogenetic tree was built using RaxML, including
the 10 peptides and NPPA, NPPB and NPPC coming
from all the vertebrates branches. In the tree we got, all
the 10 peptides were separated in different branches.
Moreover, the bootstrap values of the tree were wery
weak, indicating that the tree was not well supported
(Additional file 1).

Docking analysis
We retrieved potential natriuretic peptides from 10 non-
vertebrate species. Then, the 3D structure of these 10 pep-
tides was established as described in Mat & Meth section
(Fig. 6). Interestingly, the 3D structure of these 10 peptides
differs from that of the human natriuretic peptides
(Fig. 7a). Despite this difference in sequence and 3D struc-
ture, these 10 peptides were docked with both human
natriuretic peptide receptors. The results are the same for
NPR1 and NPR3, so we only present the images of the
NPR3 receptor. Of the 10 peptides found, five bind to the
receptor in a binding pocket distinct from the binding
pocket of human natriuretic peptides (Fig. 7b). Among
them are three nonvertebrate chordates (Ciona intestina-
lis, Acanthaster planci, Strongylocentrotus purpuratus)
and two protostomes (Trichinella sp, Varroa jacobsoni).
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Fig. 3 Alignment of the sequences of receptor binding pockets to human natriuretic peptide with that of hagfish. The numbers represent the
position of the amino acids of the binding pocket in the human NPR1. The positions in the alignment are shown above each amino acid

Table 1 Percentage of amino acids from the binding pocket of
the natriuretic peptide receptors shared by Hagfish and human

Genes Percentage

Hagfish unknown – human NPR1 9/15

Hagfish unknown – human NPR3 7/12

Hagfish NPR2 – human NPR1 9/15

Hagfish NPR2 – human NPR3 6/12

Hagfish NPR3 – human NPR1 7/15

Hagfish NPR3 – human NPR3 9/12

Table 2 Percentage of amino acids from the binding pocket of
the natriuretic peptide receptors shared by chordate species
and human

Human NPR1 Human NPR3

Ciona intestinalis 5 5

Hemichordata Saccoglosses 1 2

Apostichopus japonicus 7 6

Acantaster planci 9 8

Strongylocentrotus purpuratus 0 0
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The other five peptides bind to the natriuretic peptide re-
ceptor in the same binding pocket as the human natri-
uretic peptides (Fig. 7c). Of these five peptides, four
belong to protostomes (Oikopleura dioica, Tityus serrula-
tus, Neodiprion lecontei, Vollenhovia emeryi) and one to a
non-vertebrate chordate (Acanthaster planci). So, despite
the absence of sequence similarity of 3D structure, these
peptides from non vertebrate species seem to be able to
bind to a binding pocket similar or not to that occupied
by the human peptides. It bears noting the amino acids in-
volved in the binding are not the same as the amino acids
of the human natriuretic peptides, and are not located at
the same positions.

Vertebrate natriuretic system
We tried to determine how the vertebrate natriuretic
system was built. The NPR3 receptor was modelled for
several vertebrates, part of all the vertebrates tree, and
docked with the 3 peptides. The main domain in all the
selected vertebrate species have a 3D structure similar to
the human’s one. The NPPA, NPPB and NPPC bound in
the same binding pocket as the mammal one. In some
species, the peptides bound with different conforma-
tions. However, this fact is also observed in human [41].
Our results confirmed that all of the vertebrates have
the same natriuretic peptide binding. We also modelled
the NPR3 receptor ancestral to the vertebrates. By dock-
ing, we also observed that the 3 peptides bound in the
same binding pocket as mammals but with different
conformations (Additional file 1).
The different NPR3 and NPR1 binding pockets were

also analysed in a set of fishes and coelacanthes. For
NPR3, the percentages of similarity of the binding pockets
were very high in all of the vertebrates. Even in fishes that
diverged 420 ma from mammals, the percentage ID of the
binding pocket was 83% (Additional file 1), while the per-
centage ID of the all sequence was 55% on average. In
contrast, the NPR1 binding site is not as well conserved in
mammals, with only 50% of ID in some fishes.

Discussion
In this study, we tried to understand if the pairs of natri-
uretic peptide receptors and their ligands come from an
ancestral pair, or if the interaction only appeared in verte-
brates. We realized that the natriuretic peptide receptor
binding pocket had been extensively remodeled during
evolution. In addition, the phylogeny of protostomes has
allowed us to see that important sequence rearrangements
have occurred in receptors of natriuretic peptides, specif-
ically within each species. In fact, the phylogenies are not
congruent with the animal tree of life, suggesting that the
receptors diverged markedly and specialised in each spe-
cies. Some of these rearrangements are likely to be under
positive selection. However, it should be noted that apply-
ing positive selection tests to such phylogenetically distant
groups remains questionable.
Secondly, we looked for potential natriuretic peptides in

the protostomes. We found 10 potential candidates.
Among them, we found the known scorpion natriuretic
peptide. However, a set of tests and arguments lead us to
conclude that these sequences do not function as natri-
uretic peptide, and that their resemblance is incidental.

Modification of the binding pocket
Alignment of human natriuretic peptide receptor with
hagfish receptor demonstrated that the sequence similar-
ities of the binding pocket vary from 50 to 75%. It seems
that not all amino acids of the binding pocket are neces-
sary for the binding. In fact, lampreys, hagfish and
humans receptors all bind to natriuretic peptides,
whereas we have shown that they do not share all of
their amino acids. The human natriuretic peptide recep-
tors were aligned both with chordates, and with several
protostomians species. The alignments of human natri-
uretic peptide receptors with chordate receptors revealed
partial amino acid identity of the binding pocket. For ex-
ample, Acanthaster planci shares nine amino acids with
the binding pocket of human NPR1 and eight with
NPR3. Apostichopus japonicus shares seven amino acids
with the human NPR1 binding pocket, and 6 with the
human NPR3 binding pocket. These similarities may
indicate that these two species could potentially bind
with a natriuretic peptide, that is not identified in chor-
dates. The binding of a receptor to its ligand may be
dependent on the entire binding pocket, or may be lim-
ited to a restricted number of essential amino acids. For
example, NMDA receptors possess three amino acids es-
sential for binding, while three other amino acids in the
binding pocket affect affinity, but their mutation may
not invalidate the interaction [42]. A study conducted
on class B GPCRs [43] shows that among these recep-
tors, some amino acids are common to all receptors,
while others are variable, and may be divergent while be-
ing involved in the binding to the ligand. Regarding the

Table 3 Number of amino acids from the binding pocket of
the natriuretic peptide receptors shared by protostomian
species and human

Species

1 aa in common Zootermopsis nevadensis
Nasonia vitripennis
Trichinella spiralis
Schistosoma mansoni
Ixodes scapularis
Daphnia pulex

2 aa in common Strongylocentrotus purpuratus
Caenorhabditis elegans
Octopus bimaculoides

4 aa in common Tetranychus urticae
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Fig. 4 Phylogenetic tree of protostome (+ outgroups) guanylyl cyclase receptors. The red stars represent the outgroups. The groups generated
by the tree are colored in the capture of lifemap
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shared receptors, [44] demonstrate that several ligands
can bind with the same affinity on the N-terminal do-
main of the GLP-1 receptor, suggesting different mo-
lecular interactions. Also, the changes of some amino
acids in the binding pockets have a greater effect on the
affinity constant than on the ability to bind. Moreover,
mutagenesis experiments made it possible to observe
several ranges of receptor binding affinity, for example
in the case of fibronectin binding domains [45]. Never-
theless, there are also case studies for which the change
of a single amino acid can invalidate or systematically be
causative of the binding. For example, the Influenza
virus has been shown to bind to two different receptors
when only one of its amino acids is changed [46].
On the contrary, the other chordates as well as the pro-

tostomians species do not share strong sequence identities
with the human receptors binding pockets. This suggests
that the binding pocket is not highly conserved. The
protostome and other chordates receptors probably do
not possess the human ligand binding pocket. However, in
our study, we only investigated the conservation of the

Fig. 5 Logos of nine natriuretic peptides found in non-vertebrate animals

Fig. 6 3D structure of the ten peptides found in non-vertebrate
animals, whose protein sequence has similarities with that of human
natriuretic peptides
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binding pocket in an alignment. Yet, the conservation of
the amino acids identity is not the only factor in compos-
ing a binding site. The surface, depth, and form of the
binding site play an important role [47]. Moreover, differ-
ent amino acids with similar physico-chemical properties
can conserve a binding site [48]. Unfortunately, 3D struc-
tures of the guanylyl cyclase of these species do not exist,
and their sequence identity with vertebrates receptors was
too weak to allow the construction of a 3D structure. Our
results cannot attest with certainty whether these recep-
tors can bind to natriuretic peptides.
However, a second argument suggests that the binding

pocket was remodelled during evolution. The phylogenetic
trees of protostomians and chordate appeared to be unreli-
able. Species that are phylogenetically distant were grouped
together and closely related species were separated. More-
over, we found that some branches were under strong posi-
tive selection. This suggests that the sequence of the non-
vertebrate animals changed quickly in the close taxa. These
elements suggest that the receptor could have different
ligands in each branch of the tree of life.

We tried to determine whether the genes coding for a
natriuretic peptide were present in protostomes and
chordates. Ten candidates were identified. Nevertheless,
several indications tend to suggest that they are not
orthologous to the vertebrate natriuretic peptides. First
of all, the alignments of the 10 peptides show very low
scores, indicating that the coding genes seem not to be
homologs with one another. Moreover, the sequences
corresponding to the potential natriuretic peptides were
part of larger proteins. But no potential splicing was de-
tected between an exon and an intron, strongly suggest-
ing that the natriuretic peptide included in a protein is
never isolated. It is of course possible that the peptides
are cleaved by an enzyme in vivo. However, if such is
not the case, this would suggests that a binding between
the natriuretic peptide-like part of the protein and the
receptor requires, in their 3D structure, the exposition at
the surface of this peptide part. If this is the way the sys-
tem works, its functioning is not the same as that of the
human natriuretic peptides, that are cleaved and work as
peptides.

(See figure on previous page.)
Fig. 7 a Superposition of the three-dimensional structure of the human natriuretic peptide with the ten peptides found in non-vertebrate
animals. The human natriuretic peptide is shown in yellow. b Model of binding of the five peptides from non-vertebrate animals in a binding
pocket of the human NPR3 receptor different from that occupied by of human natriuretic peptides. The receptor is represented in green, the
natriuretic peptide NPPA in brown. The five peptides from each of the five non vertebrate species are represented respectively in red, blue, violet,
pink and azure. c Model of binding of the five peptides from non-vertebrate animals in the same binding pocket of the human NPR3 receptor as
that occupied by the human natriuretic peptides. The receptor is represented in green, the natriuretic peptide NPPA in brown. The five peptides
from each of the five non-vertebrate species are respectively represented in violet, yellow, beige, pink and orange

Fig. 8 The flowchart summarizes the principal steps followed in the methodology of the article. The order by which the works were conducted is
indicated by the arrows
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The peptides were found by motif search. None of the
sequences corresponding to the peptides were 100%
identical to the human peptide sequences. In order to
find out whether these potential peptides would have
the same three dimensional structure as the human
ones, we generated models of them and analysed the 3D
geometry. Then, a docking test was performed with
these 10 peptides and the human natriuretic peptide re-
ceptor C. The structure modeling results revealed that
the 3D structures of these peptides were different from
one another, and from the human peptides. Our docking
results indicate that these peptides do not bind to hu-
man receptors in the same way and place as human
natriuretic peptides.
These clues have lead us to suggest that the 10 pep-

tides found in non-vertebrate animals cannot be called
natriuretic peptides, and do not perfom the same bind-
ing with the natriuretic receptors. It may be that their
slight closeness in sequence to the human natriuretic
peptides is fortuitous, rather than an ancestral relation-
ship. If the 10 peptides are not spliced (indicating that
they are only part of biggest proteins, and never pro-
duced as peptides) and are not homologues to natri-
uretic peptides, what are their functions? To get an idea,
each peptide was submitted to a BLAST analysis in
GenBank, to search for potential orthologs with a known
function. Among the 10 peptides, two were part of pro-
teins that already had a new function. In Brazilian Scor-
pion, the peptide is liberated with toxins, and acts as a
vasodilator. In fact, the protein doesn’t act as an en-
dogenous peptide, and does not possess associated re-
ceptors in this species. Ciona intestinalis protein also
had a known function. The entire protein is an enzyme,
involved in cell survival and groth. The protein is likely
not clived. Concerning the eight remaining proteins: the
BLAST for Strongylocentrotus purpuratus and Oiko-
pleura dioica didn’t give significant result, as no one
homolog was identified. In contrast, the other BLAST
identified possible homologs. Most of them were
enzymes, supporting the fact that the peptide we found
are not clived, and are part of proteins being enzymes
(Additional file 1).
In other gene families, there are several cases where

ancestral ligands have been found in organisms where
their receptors were present. For example, GNRH is a
neuropeptide found only in vertebrates [49]. Neverthe-
less, a set of studies on its phylogeny have made it pos-
sible to detect GNRH orthologs in molluscs and other
protostomes able to bind to their receptors, already
known in these species. Although the function has di-
verged, the gene encoding the ligand was as ancestral as
its receptor.
Many studies describe cases of incidental similitudes

between peptides. Notably, venom peptides often show

such similitudes [50]. This is the case, for example, with
the venom present in platypus, whose peptide compos-
ition is similar to the venom of certain snakes, like-genes
encode defensin-like peptides [51]. This is also the case
with anurans. An antimicrobial peptide (AMP) is similar
in 3 lineages, Neobatrachia, Bombinatoridae and Pipidae.
Nevertheless, one study showed that this similarity re-
sulted from an evolutionary convergence between the
genes encoding these peptides [52]. In 2000, [53], re-
ported a set of studies attesting random similitudes
between genes coding for peptides.
In the present study, it is likely that there has been a

random emergence of proteins whose part of the se-
quences is seemingly similar to that of the natriuretic
peptides in protostomes. Interestingly, this is not the
first such case of the appearance of proteins similar to
natriuretic peptides. Some plants seem to possess a sys-
tem that can be related to the natriuretic system of ver-
tebrates. The natriuretic peptide of plants, PNP, also
bind to guanylyl cyclase type receptors. In Arabidopsis
thaliana, the natriuretic peptide AtPNP-A causes a
modification of the water content of the cells, causing a
regulation of cell volume [54]. Nevertheless, the resem-
blance between the plant natriuretic peptide and that of
vertebrates might be the result of chance, rather than
of any orthology relationship. In fact, the Arabidopsis
gene coding for the natriuretic peptide is a very close
homolog to another plant gene coding for expansin
[55]. Also, some of these genes will have undergone an
evolutionary convergence in A.thaliana to produce a
natriuric peptide [56].

Natriuretic system in vertebrates
How did the natriuretic system appeare in vertebrates?
No NP homolog gene was found in the current nonver-
tebrate species, so the potential existence of a natriuretic
peptide coding gene is unlikely in these species. The in-
formation that we obtained tend to indicate that the
binding to NPR3 with the natriuretic peptide appeared
in the ancestor of the vertebrates. Indeed, it seems that
the GC receptors developed their vertebrate binding
pocket independently from the existence of the peptide.
In vertebrates, NP have several functions, as described

in the introduction. Particularly, it has been described as
playing a part in the acrosome reaction during gamete fe-
cundation [57]. Yet, this function in reproduction was also
described in Echinodermata, for chemotaxis between egg
and sperm [28]. Moreover, we demonstrated that the rGC
(receptor guanylyl cyclase) of Echinoderms have a binding
pocket quite similar to the vertebrates’ one. Therefore, we
can suggest that the first function of the natriuretic
peptide of vertebrates was involved in reproduction. The
appearance of new functions and remodelling of the bind-
ing pocket, moreover happened several times in rGC
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evolution,. In Caenorhabditis elegans, GCY-9 was sug-
gested to be involved in the detection of environmental
CO2 [58], but other rGC are involved in taste neurons
[29]. In the fruit fly Bactrocera dorsalis, the rGC BdmGC-
1B was described to be involved in the reception of the
EH (eclosion hormone), as also suggested in Manduca
sexta, Bombyx mori and Drosophila melanogaster [59]. In
arthropods, some rGC were described as being involved in
the reception of chemicals and gustation [60]. Finally, in
the Crustacean Callinectes sapidus, some have hypothe-
sised that a rGC was the receptor for the molt-inhibiting
hormone (MIH) [61].
The NPR1 binding pocket, however, is seemingly dif-

ferent in vertebrates that diverged first from the mam-
malian branch. Our data can suggest that the NPR1
binding with natriuretic peptides took place in a second
time.

Conclusions
In essence of the present research we can firmly say that
the natriuretic peptides found in protostomes are not
orthologs to the vertebrate ones, and that natriuretic
peptide receptors originated earlier in evolution than
their vertebrates ligands.

Methods
Analysis of vertebrate pairs of ligand/receptor
The available PDB structures of the human natriuretic
peptide receptors, NPR1 and NPR3, were retrieved from
PDB (with PDB ids: 1yk0 and 1 t34 respectively). The
amino acids of the NPR1 and NPR3 receptors involved
in binding the NPPA, NPPB and NPPC ligands were
identified through literature search [62].
We investigated if the receptor’s binding pockets of

the lamprey and hagfish, that are the vertebrates most
distant to mammals, possessed homologous amino acid
sequences to human receptors. The protein sequences of
the three human natriuretic peptides and the three re-
ceptors were retrieved from Ensembl [63]. Using
ensembl phylogenetic trees, the orthologs of the human
natriuretic peptide receptor were identified and retrieved
in the lamprey and hagfish.
Human receptors were aligned with lamprey and hag-

fish otholog receptors with MUSCLE software [64]. The
human amino acids involved in the binding of ligands
were compared with those of these two agnates, and the
percentage of identity between amino acids involved in
the binding pocket was calculated Fig. 2.

Analysis of the binding pockets of chordates and
protostomes receptors
We then investigated if, in non-vertebrate species, the
GC receptors (that are orthologs of natriuretic peptide

receptors) had the same binding pocket as vertebrates,
or if the binding site was not present in these species.
The GC receptors of 23 protostomes species were ob-

tained from Ensembl metazoa. These species were se-
lected to sample the widest possible phylogenetic range
of protostomes (Additional file 1).
To obtain the urochordate guanylyl cyclase receptors se-

quences, we searched in GenBank [65] by using tBLASTn
and BLASTp. Five receptor sequences were retrieved in
the following taxonomic groups representing non-
vertebrate chordates: Enterogona, Hemichordata, Echino-
dermata, Aterozoa and Echinoidea.
We did two alignments using Muscle; one using Hu-

man, Lamprey, hagfish, and urochordate receptors, the
other with Human, Lamprey, hagfish and protostome re-
ceptors. The percentage identity of the amino acids in-
volved in binding between human and non vertebrates
receptor was calculated.

Positive selection on guanylyl cyclase receptor binding
pockets
We investigated if the natriuretic receptors were under
the influence of positive selection during animal evolu-
tion. Because the current protostome and deuterostomes
diverged more than 600 ma ago, we suspected that the
selection indexes could be biaised. Indeed, we built sev-
eral trees in order to group together taxonomic groups.
One tree was built with protostomes only, another with
protostomes + urochordates, 1 with C. elegans, one with
urochordates + vertebrates, and one with vertebrates
alone. To test the congruence of the resulting proto-
stome tree, we tried a RaxML unrooted tree with added
two ourgroup species of first metazoans and two of
chrodates species.
To accomplish the aforementioned tasks, both

amino acid and nucleotide sequences of the receptors
were considered. Amino acid sequences were aligned
taking into account nucleotide alignment with Pal2Nal
software [66]. Phylogenetic trees were generated with
RAxML software [67]. Positive selection tests were
conducted with the CodeML software from PAML
[68]. The selection by branch was determined with
the model 2 with no clock. A site-based selection was
also conducted. To perform the codon based analysis,
we used unrooted trees and selected the option: no
clock in the tree. The F3X4 codon matrix was used,
and we performed the one ratio-model (model = 0),
and NS sites fixed at: one w, nearlyNeutral, and posi-
tive selection.

Search of natriuretic peptides in non-vertebrates
We investigated whether the natriuretic peptide could
be found in non-vertebrate animals. As described in the
introduction, the human natriuretic peptides have a
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common motif. We performed psi_BLAST on GenBank
to find peptides corresponding to the same motif as hu-
man natriuretic peptides in non-vertebrates species. We
used the following regular expression. C - (12–18) X -C,
by which a motif of 12 to 18 amino acids surrounded by
2 cysteines were searched.

Docking
We checked whether the peptides found in non-
vertebrate species corresponded to the same motif as
human natriuretic peptides, and were also able to bind
to guanylyl cyclase receptors. To answer this question,
we performed a docking of potential peptides (ranging
17 to 25 amino acids) with vertebrate receptor, using
CABS-dock [69]. CABS-dock works in 4 steps:
1: Docking simulation of a fully flexible peptide and a

flexible protein receptor using the CABS model: docking
simulation starts from random conformation of a pep-
tide placed in a random position around the protein re-
ceptor structure. 2: Filtering of the models based on
CABS protein peptide interaction energy values 3: Clus-
tering and scoring of the final models. 4: Reconstruction
of the final models to all-atom representation.

Appearance of the binding system in vertebrates
We tried to understand which of the receptor or the lig-
and of the natriuretic system first acquired the ability to
bind its partners. First, we modelled the 3D structure of
the partners in all vertebrates to see if the binding was
the same in all the branches. Homology modelling was
performed to model the 3D structure of NPR3 receptor.
All the templates selected for modelling came from hu-
man receptors, because only they came as putative hits.
The % identity between the query sequences and tem-
plates ranges between 56 to 77%. Dto and absenceof
templ, was not model, to avoid any bias.
Secondly, we generated the vertebrate ancestral sequence

of NPR1 and NPR3. The sequences were generated using a
representative set of all the vertebrates sequences, and the
FASTML software [70] using JTT model and gamma distri-
bution. The NPR1 ancestral sequence was modelled and
docked with NPPA, NPPB and NPPC.
Thirdly, the sequences of the mammal NPR3 and

NPR1 receptor and teleost that earliest diverged (fishes
and coelacanthes) were aligned, and the binding sites
were analysed. A summary draw of the main steps of the
method is shown in Fig. 8.
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