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SUMMARY

Neuropeptides, representing the largest class of
neuromodulators, commonly signal by G-protein-
coupled receptors (GPCRs). While the neuropeptide
repertoire of several metazoans has been charac-
terized, many GPCRs are orphans. Here, we develop
a strategy to identify GPCR-peptide pairs using
combinatorial screening with complex peptide mix-
tures. We screened 126 neuropeptides against 87
GPCRs of the annelid Platynereis and identified li-
gands for 19 receptors. We assigned many GPCRs
to known families and identified conserved families
of achatin, FMRFamide, RGWamide, FLamide, and
elevenin receptors. We also identified a ligand for
the Platynereis ortholog of vertebrate thyrotropin-
releasing hormone (TRH) receptors, revealing the
ancient origin of TRH-receptor signaling. We pre-
dicted ligands for several metazoan GPCRs and
tested predicted achatin receptors. These receptors
were specifically activated by an achatin D-peptide,
revealing a conserved mode of activation. Our work
establishes an important resource and provides
information about the complexity of peptidergic
signaling in the urbilaterian.

INTRODUCTION

Neuropeptides represent the largest and most diverse class
of neuron-secreted signaling molecules. These peptides can
have neuromodulatory, neurotransmitter, or hormonal func-
tions and can affect development, physiology, and the activity
in neural circuits. The majority of neuropeptides signal by
G-protein-coupled receptors (GPCRs), with some exceptions
(Chang et al., 2009; Leung et al., 1987; Lowe et al., 1989;
Rechler and Nissley, 1985). While the neuropeptide repertoire
of an animal can be determined using a combination of
sequencing and mass-spectrometry approaches (Collins
et al., 2010; Conzelmann et al., 2013a; Dircksen et al., 2011;
Hauser et al., 2010; Li et al., 2008; Xie et al., 2010), the deter-
mination of neuropeptide receptors is more difficult and is
usually carried out using in vitro experiments with individual
peptide-receptor pairs.

Several years of effort have led to the identification of ~35 neu-
ropeptide GPCRs in Drosophila melanogaster (Caers et al., 2012;
Hewes and Taghert, 2001), 23 in Caenorhabditis elegans (Froo-
ninckx et al., 2012), 50 in human and mouse, and only a few in
non-model organisms (Bigot et al., 2014; Conzelmann et al.,
2013b; Cox et al., 1997; Kim et al., 2010; Tensen et al., 1998a,
1998b).

Among the lophotrochozoans, an animal superphylum that
with ecdysozoans and deuterostomes forms the Bilateria (Tel-
ford and Copley, 2011), peptidergic neuromodulation has
been extensively studied in several species (Cropper et al.,
1987; Kamatani et al., 1989; Rajpara et al., 1992; Hoek
et al., 2005; Willows et al., 1997). However, the lack of infor-
mation regarding neuropeptide receptors hinders the identifi-
cation of the downstream signaling mechanisms underlying
neuromodulation.

The annelid Platynereis has emerged in recent years as a
powerful lophotrochozoan laboratory animal for the study of
development, neuronal circuits, and zooplankton behavior
(Jékely et al., 2008; Randel et al., 2014; Tosches et al., 2014;
Zantke et al., 2014). Its larval stages represent accessible models
for studying the role of neuropeptides in behavior, development,
and physiology at the whole-organism level (Conzelmann et al.,
2011, 2013b; Williams et al., 2015). Platynereis has an ancestral
neuropeptide repertoire, including 30 ancestral bilaterian pro-
neuropeptide families (Conzelmann et al., 2013a); however,
only one neuropeptide receptor has been identified so far (Con-
zelmann et al., 2013b).

Here, building on established transcriptomic and peptidomic
resources (Conzelmann et al., 2013a), we present a large-scale
deorphanization screen of Platynereis neuropeptide GPCRs.
We identified the peptide ligand of 19 Platynereis receptors.
We also perform a phylogenetic analysis of Platynereis and other
metazoan neuropeptide GPCRs to gain insights into the evolu-
tion of peptidergic signaling in bilaterians.

RESULTS

Combinatorial Screening for Platynereis GPCR-
Neuropeptide Ligand Pairs
To facilitate the rapid identification of neuropeptide GPCRs, we
developed a combinatorial cell-culture-based screening strat-
egy (Figure 1).

We reasoned that complex peptide mixtures could be used to
identify receptors activated by specific peptides present in these
mixtures. Mixtures of subsets of peptides (submixtures) would
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then allow the unambiguous identification of a single active
peptide.

We screened 87 orphan Platynereis GPCRs (Table S1) against
126 Platynereis neuropeptides, pooled into three mixtures based
on peptide pl and solubility (Table S2). We used a Ca®*-mobiliza-
tion assay with CHO-K1 cells stably transfected with a calcium-
sensitive bioluminescent GFP-aequorin fusion protein (Tunaru
et al., 2005). This screen identified 28 GPCRs that responded
reproducibly to at least one of the peptide mixtures (Figure 2;
Table S3).

We focused on these receptors and tested them with
peptide mixtures derived by decomposing the original active
mixture into the rows and columns of a matrix (Tables S2
and S3). If two mixtures representing a row and a column in
the matrix activate the receptor, the peptide at the intersect
likely represents a specific ligand. We defined an activation
value for each peptide in the matrix as the square root of the
product of the measured values of two intersecting mixtures
(Figure 1; Figure S1). Using this approach, we found candidate
receptors for the neuropeptides FLa (also activated by proki-
neticin short peptide 1 [SP-1]), allatotropin, neuropeptide KY
(NKY), lugin, elevenin (two receptors), RGWa, FMRFa, excit-
atory peptide, neuropeptide-Y-4 (NPY-4), achatin, EFLGamide

2 Cell Reports 72, 1-10, July 28, 2015 ©2015 The Authors

Figure 1. Schematic of the Combinatorial
Screen for Platynereis Neuropeptide
GPCRs

(A) We used a cell-culture assay with CHO-K1 cells
stably transfected with a calcium-sensitive biolu-
minescent GFP-aequorin fusion protein (G5A).

(B) In the primary screen, 87 Platynereis GPCRs
were tested against three complex neuropeptide
mixtures. This screen identified 28 responder
GPCRs.

(C) A secondary screen based on peptide sub-
mixtures and bioinformatic predictions identified
35 receptor-ligand pairs. See also Figure S1.

(D) Individual peptide-receptor dose-response
measurements validated 25 receptor-ligand
pairs. A phylogenetic analysis provided informa-
tion about GPCR-ligand coevolution across
bilaterians. See also Figure S1 and Table S1.

(EFLGa), and diuretic hormone 31
(DH31) (Figure S1; Table S3).

For six receptors, we were able to pre-
dict the ligands based on orthology rela-
tionships (see below). These included
candidate receptors for vasotocin, alla-
tostatin-A, allatotropin, myomodulin, alla-
tostatin-C, and DH31 (Table S3). The
GPCR-ligand pairs identified either by
combinatorial screening or bioinformatic
prediction were further tested in individ-
ual receptor ligand assays (Table S3).

Validation of 25 GPCR-Ligand Pairs

To confirm that the identified peptides are

indeed specific ligands to the respective

GPCRs, we recorded dose-response
curves for each of the identified receptor-ligand pairs. After
excluding a few receptors with inconsistent activation in repli-
cate experiments, we identified 25 GPCR-ligand pairs with half
maximal effective concentration (ECsp) values in the nanomolar
or low-micromolar range (Table 1; Figure 3).

We recorded two sets of dose-response curves with different
normalizations, using responses of either the Platynereis MIP
receptor or an endogenously expressed histamine receptor as
reference (Figure 3; Figure S2). For three receptors, we identified
two or three ligands derived from distinct precursors (FLamide,
NKY, and NPY-4 receptors), and for four peptides (allatotropin,
FMRFamide, elevenin, and DH31), we identified two receptors.
Overall, we established neuropeptide ligands for 19 Platynereis
GPCRs (Table 1).

To partially characterize the signaling mechanism of these re-
ceptors, we tested them in the same assay, but without co-trans-
fecting the Ga-16 construct. If receptor activation leads to Ca%*
increase without the promiscuous G protein, this indicates that
the GPCR couples to the endogenous Gg-« to activate the phos-
pholipase C (PLC)/inositol trisphosphate (IP;)/Ca®* release
pathway. Ligand stimulation of ten receptors (allatotropin-1
and -2, FLamide, FMRFamide, lugin, elevenin-1 and -2, DH31-2,
and vasotocin receptors) produced Ca®* signals without Ga-16,
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suggesting that these receptors couple to Gg-a (Table 1; Table
S3). Given the limitations of the GFP-aequorin assay, we did not
test Gi-o and Go-a signaling.

Phylogenetic Analysis of Platynereis

Neuropeptide GPCRs

Recent bioinformatic analyses found strong support for the long-
term stability of GPCR-neuropeptide ligand pairs across animal
phyla (Janssen et al., 2010; Jékely, 2013; Mirabeau and Joly,
2013; Park et al., 2002). However, given the limited knowledge
of GPCR ligands among the lophotrochozoans, it has not been
possible to rigorously assess receptor-ligand coevolution across
all three superphyla of Bilateria. Our deorphanized GPCR
resource provides a large-scale dataset to test the generality
of inter-phyletic receptor-ligand coevolution.

To identify orthologs of the 87 Platynereis GPCRs used in
the screen, we performed similarity-based clustering, a method
previously shown to be an efficient means of recovering ortholo-
gous groups of GPCRs (Jékely, 2013), with results similar to tree-
based molecular phylogenetic analyses (Mirabeau and Joly,
2013). First, we seeded BLASTP searches with the Platynereis
GPCR sequences in metazoan genomes. We also collected
further representative neuropeptide GPCRs, including an anno-
tated list of GPCRs whose peptide ligands have been experi-
mentally characterized. We then separately clustered the 68
orphan Platynereis receptors and the 19 deorphanized Platyner-
eis receptors with their respective BLASTP hits and further
GPCR representatives (Figure 4; Figure S3). Clustering analysis

Figure 2. Primary Screen of 87 Platynereis
GPCRs against Three Complex Peptide
Mixtures

28 responder GPCRs that showed consistent
activation in three replicate experiments were
studied further. Mean relative luminescence
values from three replicates are shown with color-
coding. GPCR54 was not tested with Mix1. See
also Table S3.

of the 68 orphan receptors identified

orthologs for 20 of them with a known

peptide ligand in another species (Fig-

ure S3; Table S1). For 14 of these GPCRs,

the corresponding Platynereis peptides

were present in our mixtures. There can

be several reasons why we did not see

activation for these receptor-peptide

pairs: (1) GPCR expressions may have

failed, (2) the ligands may not have been

dissolved or were unstable, (3) the ligand

changed during evolution, or (4) some

clusters may contain closely related pa-

ralogous receptors with different ligands.

Clustering analysis of the 19 deorphan-

ized Platynereis GPCRs allowed us to

assign all of them to well-resolved

sequence groups (Figure 4; Figure S3).

Many of these sequence clusters repre-

sented established orthology groups of metazoan GPCRs (Jékely,
2013; Mirabeau and Joly, 2013) containing already-characterized
GPCRs. Inmost cases, the Platynereis receptor was activated by a
peptide that was a previously recognized ortholog of known pep-
tide ligands in that cluster (allatostatin-A, allatostatin-C, vaso-
pressin/oxytocin, allatotropin/orexin, lugin/insect-RYamide, and
DH31/calcitonin). These Platynereis receptors, together with pre-
viously identified mollusk receptors (Bigot et al., 2014; Tensen
et al., 1998a, 1998b), represent deorphanized lophotrochozoan
members of their respective families. These examples provide
further evidence for receptor-ligand conservation during evolution.

Furthermore, our GPCR analysis could confirm the orthology
relationships of some annelid neuropeptide families that had
previously been proposed based on peptide-sequence similarity
alone. Annelid and mollusk myomodulins (Cropper et al., 1987;
Veenstra, 2011) were suggested to be orthologs of arthropod
myosuppressins (Holman et al., 1986) based on limited peptide
similarity (Jékely, 2013). The orthology of the Platynereis myomo-
dulin receptor to the arthropod myosuppressin receptor con-
firms this (Figure 4).

Similarly, annelid excitatory peptides (Oumi et al., 1995) were
suggested to belong to the bilaterian CCHamide/neuromedin-B
family (Jékely, 2013; Roller et al., 2008). The Platynereis excit-
atory peptide receptor clusters with CCHamide/neuromedin-B
receptors, confirming this (Figure 4).

The NKY receptors we identified are related to bilaterian NPY/
NPF receptors (Bigot et al., 2014; Mertens et al., 2002) and
their paralogs, the short neuropeptide F (sNPF) receptors from
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Table 1. Summary of Validated Receptor-Ligand Pairs

ECso Normalized to ECso Normalized  Activation
Histamine Receptor  to MIP Receptor  without

Receptor Name Ligand Name Sequence of Tested Ligand Response Response Go-16

Allatotropin receptor allatotropin GFRTGAYDRFSHGF-NH2 116 nM 840 nM yes

Allatotropin receptor2 allatotropin GFRTGAYDRFSHGF-NH2 7.8nM 6.0 nM yes

EFLGa receptor1 EFLGa FSEFLG-NH2 350 nM 5.4 nM no

FLamide receptori FLamide AKYFL-NH2 8.9nM 2.0nM yes

FLamide receptori prokineticin-short ~ GRSRPLFV-NH2 47 nM 390 nM yes

peptide1

FMRFamide receptor1 FMRFamide FMRF-NH2 78 nM 1.5nM yes

NKY receptor1 NKY-1 KAFWQPMMGGPLPVETRLASFGS 120 nM 120 nM no
RIEPDRTEPGSGPNGIKAMRY-NH2

NKY receptor1 NKY-2 NNGIWIWMPAQGYVSVPHQQEGG 410 nM 390 nM no
AADEGKPGKIMRY-NH2

NKY receptor1 FMRFamide FMRF-NH2 1.4 uM 840 nM no

NPY-4 receptor1 NPY-4 DPSFISSGPPVRPSSFKSPEELMEY 350 nM 110 nM no
LQKVRAYYNVMSRPRF-NH2

NPY-4 receptori NPY-3 pGIUNMEGPPPRPAIFRTPQELRDY 630 nM 1.0 uM no
LSDLNEYFMIVGRPRF-NH2

NPY-4 receptor1i NPY-1 KVLEEMPTLQQIPLKPVRPNRFRNK 420 nM 3.7 uM no
DELHSYLQSLRDYYSVIGRPRF-
NH2

Lugin receptori lugin WRPQGRF-NH2 5.2 nM 0.86 nM yes

RGWamide receptor1 RGWamide RGW-NH2 2.9nM 10 nM no

Excitatory peptide excitatory peptide =~ KCSGQWAIHACAGGN-NH2 7.9nM 15 nM no

receptori

Allatostatin-A receptor1 allatostatin-A-2-2 NDALKFSGL-NH2 12 uM 15 uM no

Elevenin receptor1 elevenin (L11) PDCTRFVFHPSCRGVAA 62 nM 120 nM yes

Elevenin receptor2 elevenin (L11) PDCTRFVFHPSCRGVAA 1.3nM 2.3nM yes

Achatin receptor1 D-Achatin G{dF}GD 120 nM 150 nM no

Achatin receptor1 L-Achatin GFGD not available 11 pM no

Myomodulin receptor1 myomodulin-2 AMGMLRM-NH2 26 nM 9.6 nM no

Myomodulin receptor1 myomodulin-1 AMSMLRM-NH2 10 nM ~10 nM no

DH31 receptor1 DH31 RIDAGYGSRYAAGASVGSKLRALK 180 nM 87 nM no
QAADWNGP-NH2

DH31 receptor2 DH31 RIDAGYGSRYAAGASVGSKLRALK 34 nM 15 nM yes
QAADWNGP-NH2

Vasotocin receptori vasotocin CFVRNCPPG-NH2 1.1 uM 920 nM yes

Allatostatin-C receptor1 allatostatin-C pGIluPVQCLVNIVSCW-NH2 1.0 uM 1.2 uM no

Aplysia achatin receptor  Aplysia D-achatin G{d-F}FD 14 nM 62 nM no

Aplysia achatin receptor  Aplysia L-achatin GFFD not available 190 uM no

Branchiostoma Achatin Branchiostoma G{d-F}GN 0.87 nM 2.4 nM yes

receptor D-Achatin

Branchiostoma achatin Branchiostoma GFGN not available >1M not

receptor L-Achatin available

Saccoglossus achatin Saccoglossus G{d-F}GN 16 nM 27 nM no

receptor D-Achatin

Saccoglossus achatin Saccoglossus GFGN 15 uM 13 uM no

receptor L-Achatin

Name and sequence of the tested ligands are shown. pGlu indicates N-terminal pyroglutamylation. -NH2 indicates C-terminal amidation. Cys residues
that form disulfide bonds are underlined. ECsq values of dose-response curves are shown for the two different normalizations. All receptors were also
tested without cotransfecting the promiscuous Ga-16. Activation in the absence of Ga-16 in the GFP-aequorin assay indicates that the receptor
couples to the Gg-a. protein endogenously present in the CHO cells.
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Figure 3. Dose-Response Curves of Platynereis Deorphanized GPCRs Treated with Varying Concentrations of Peptides

Data, representing luminescence units relative to the control response (1 mM histamine), are shown as mean + SEM (n = 3). Dose-response curves fitted to the
data are shown. Ligand names are shown beside the curves. ECsq values are listed in Table 1. RLU, relative luminescence unit; AstC, allatostatin-C; AstA,
allatostatin-A; EP, excitatory peptide. See also Figure S2.

mollusks and insects (Bigot et al., 2014). The NKY peptides of Ligand Discoveries for Uncharacterized GPCR Families

annelids and mollusks show similarity to NPY/NPF peptides, We also identified six GPCR clusters where the only member
including the RF/Yamide motif, a proline-rich stretch, and an  with a known ligand was one of the deorphanized Platynereis
acidic stretch (Conzelmann et al., 2013a) (Figure S4A). These GPCRs. These included clusters of sequences orthologous to
results establish NKY and NPY/NPF peptides as paralogs. Platynereis FMRFamide, L11/elevenin, achatin, RGWamide,

Cell Reports 72, 1-10, July 28, 2015 ©2015 The Authors 5
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FLamide, DH31-rec2 and NPY-4 receptors (Figure 4). These
clusters represent conserved neuropeptide GPCR families with
an identified ligand in Platynereis.

Three of the identified families (FMRFamide, elevenin, and
achatin) have both protostome and deuterostome orthologs,
representing ancient bilaterian orthology groups (Figure 4). In
contrast, the GPCR clusters containing the Platynereis RGWa-
mide and FLamide receptors are restricted to lophotrochozoans
(Figure 4).

The FMRFamide receptor cluster we identified is related
to lugin receptors and contains several mollusk and annelid
sequences, as well as sequences from the non-vertebrate
deuterostomes Branchiostoma and Saccoglossus (Figure 4).
Interestingly, we also identified a GPCR belonging to this
group from the cartilaginous fish, the elephant shark Callor-
hinchus milii. The elephant shark genome represents the
slowest evolving vertebrate genome thus far identified (Ven-
katesh et al., 2014). We also identified FMRFamide-receptor
orthologs from a hemipteran insect, but no other arthropods
(Table S4). The FMRFamide-receptor family thus represents
a conserved bilaterian family that has been lost in most
vertebrates and arthropods but is retained in lophotrocho-
zoans and non-vertebrate deuterostomes. An FMRFamide
receptor has also been identified in Drosophila (Cazzamali
and Grimmelikhuijzen, 2002), but this sequence belongs to
an arthropod-specific group and is not closely related to
the FMRFamide receptors we describe here (Figure 4). In

6 Cell Reports 72, 1-10, July 28, 2015 ©2015 The Authors

Figure 4. Sequence-Similarity-Based Clus-
tering of Neuropeptide Class A GPCRs
Nodes represent sequences, and edges represent
BLASTP connections. Edges are colored accord-
ing to BLASTP p values. Nodes are colored based
on taxonomy. Only deorphanized Platynereis
GPCRs were included and are indicated as red
stars. The Platynereis MIP receptor was described
previously  (Conzelmann et al, 2013b).
Deorphanized receptors from other species are
marked with a small red dot. Clusters are named
according to the name of the deorphanized
family members. DH31-receptori and other
class B GPCRs were clustered separately and are
shown in Figure S3A. AKH, adipokinetic hormone;
AstC, allatostatin-C; AstA, allatostatin-A; CCK,
cholecystokinin; EP, excitatory peptide; ETH,
ecdysis triggering hormone; GnRH, gonadotropin-
releasing hormone; MCH, melanin-concentrating
hormone; MIP, myoinhibitory peptide; Nmed-B,
neuromedin-B; NMU, neuromedin-U; NPF/Y,
neuropeptide F/Y; NPFF, neuropeptide FF;
PRLH, prolactin releasing hormone; QRFP,
pyroglutamylated RFamide peptide; SK, sub-
stance-K; SPR, sex peptide receptor; TRH,
thyrotropin releasing hormone. The Clans
file is available at https://github.com/JekelyLab/
GPCR_Clans_Maps. See also Figures S3, S4,
and S6.

mollusks, FaNaCs, members of the

DEG/ENaC family, have been identi-

fied as FMRFamide receptors (Lin-
gueglia et al.,, 1995), but no FMRFamide GPCR has yet
been found.

The receptors for Platynereis L11/elevenin peptide also
belonged to a conserved bilaterian family with members in
nematodes, insects, annelids, mollusks, Branchiostoma, and
Saccoglossus (Figure 4; Table S4). Elevenin orthologs are
known from annelids (Veenstra, 2011), mollusks (Veenstra,
2010), and nematodes and arthropods (Jékely, 2013), but we
predict that they are also present in some non-vertebrate
deuterostomes.

The receptor for Platynereis achatin clustered with orthologs
from mollusks, annelids and non-vertebrate deuterostomes
(Figure 4). Achatin was described from mollusks (Veenstra,
2010), annelids (Veenstra, 2011), and Branchiostoma and
Saccoglossus (Jékely, 2013), but has been lost from verte-
brates and most ecdysozoans (it is present in the chelicerate
Stegodyphus mimosarum) (Figure S4B). The identification of
a receptor family showing the same phyletic distribution
establishes the achatin receptor-ligand pair as an ancient bi-
laterian system.

RGWamide and FLamide peptides are known from annelids
and mollusks (Conzelmann et al., 2013a), and we identified
distinct receptor clusters containing the Platynereis receptors
and other annelid and mollusk sequences (Figure 4; Table S4).
We also identified a second DH31 peptide receptor, closely
related to FLamide receptor. We could not identify members
of these receptor families outside the lophotrochozoans.
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Figure 5. Dose-Response Curves of Bilaterian Achatin Receptors
Treated with Varying Concentrations of D-achatin Peptides

The Platynereis (A), Aplysia (B), Branchiostoma (C), and Saccoglossus (D)
receptors were tested with the species-specific achatin peptide containing a
D-Phe. Data, representing luminescence units relative to the control response
(1 mM histamine), are shown as mean + SEM (n = 3). Dose-response curves
fitted to the data are shown. ECsq values are listed in Table 1. Responses to
L-achatin peptides and a separate set of measurements normalized to MIP
receptor are shown in Figure S5.

A Platynereis Ortholog of Thyrotropin-Releasing
Hormone

The identification of the ligand for the annelid ortholog of
vertebrate thyrotropin-releasing hormone receptors sheds
light on the evolution of this family. Thyrotropin-releasing
hormones (TRHs) have so far only been identified in deutero-
stomes. However, the presence of GPCRs in some proto-
stomes showing orthology to deuterostome TRH receptors
suggested that TRH orthologs are present in some proto-
stomes (Jékely, 2013; Mirabeau and Joly, 2013). We identified
EFLGa as the ligand of the Platynereis TRH receptor ortholog
(Figure 4; Table 1). EFLGa has already been described in
Platynereis, other annelids, and mollusks (Conzelmann et al.,
2013a), but its identity as a potential TRH ortholog was
not recognized, since the sequence of the mature peptide
(FSEFLGamide) is not similar to vertebrate TRH (pQHPamide,
with pQ indicating pyroglutamate). Intriguingly, however, Pla-
tynereis EFLGa shows some similarity to the TRH ortholog of
the sea urchin Strongylocentrotus purpuratus (Rowe and
Elphick, 2012) (Figure S4C). Uniquely among the deutero-
stomes, the sea urchin peptide (Q[W/Y]PGamide) is a Gamide.
This sea urchin sequence shows intermediate characteristics
and bridges the gap between the protostome and deutero-
stome families, further suggesting the orthology of Platynereis
EFLGa and deuterostome TRH.

An Ancient Bilaterian Family of Achatin Receptors
Activated by a D-peptide

Our sequence analyses provide additional support for the wide-
spread conservation of neuropeptide-GPCR signaling pairs. This
allows us to predict ligands for several lophotrochozoan GPCRs,
including receptors from Capitella teleta, Aplysia californica, and
Crassostrea gigas, and deuterostome receptors from Branchios-
toma and Saccoglossus (Table S4).

To test our predictions, we focused in more detail on the
achatin family. Achatin receptors represent one of the ancient bi-
laterian families we identified (Figure 4), allowing us to test the
feasibility of ligand predictions across Bilateria. We performed
activation assays with putative achatin receptors from the sea
slug A. californica, and the deuterostomes S. kowalewskii and
B. floridae (Figure 5; Figure S5).

Achatins are 4-amino-acid peptides that share the G[FYM]
[GAF][DNG] motif (Figure S4B). Achatin was identified in the
giant snail Achatina fulica (Kamatani et al., 1989) and was shown
to contain a D-amino acid (Gly-D-Phe-Ala-Asp). Achatin is a
potent neuroexcitatory peptide, and this activity is specific to
the D-form. We therefore also tested species-specific achatin
ligands synthesized with a D-Phe. We found that D-achatins acti-
vated all receptors with ECsq values in the nanomolar range, but
L-achatins were poor agonists (in the high micromolar, millimolar
range) (Figure 5; Figure S5; Table1).

These results show that the D-form of achatin has been
conserved throughout evolution as a ligand for the bilaterian
orthology group of achatin GPCRs. This indicates that our recep-
tor-ligand predictions (Table S4) are reliable and can be used to
predict receptor-ligand pairs across Bilateria.

DISCUSSION

Here, we described a large-scale screen for neuropeptide
GPCRs in Platynereis. Our combinatorial strategy allowed us to
quickly screen 10,962 receptor-ligand combinations without
the need to assay all combinations individually. We could identify
specific receptor-ligand pairs and study them in individual
assays. However, measurements with peptide mixtures also re-
vealed the high specificity of the interactions. We screened each
receptor against 126 neuropeptides, but we found strong activa-
tion by only one or two related peptides. This strategy is gener-
ally applicable for GPCR ligand screens and could speed up
ligand discovery. Here, we reported 19 deorphanized receptors
and 25 validated receptor-ligand pairs from Platynereis. Based
on these results, we now provide an updated overview (Jékely,
2013) of the phyletic distribution of peptides and peptide recep-
tors in metazoans (Figure S6).

Importantly, many of the receptors we found represent GPCR
families for which the ligand could not have been predicted
based on available data. As more ligand-receptor pairs are
discovered, however, ligand predictions will become increas-
ingly straightforward.

Our results illuminate large, poorly studied areas of the GPCR
sequence space within the lophotrochozoans, where only few
receptors have been characterized biochemically.

The Platynereis GPCR-ligand pairs and our bioinformatic ana-
lyses provide further evidence for the long-term coevolution of
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neuropeptides and their receptors across bilaterians. One
exception may be the FMRFamide receptors of arthropods (Caz-
zamali and Grimmelikhuijzen, 2002). These GPCRs evolved in
stem arthropods but respond to FMRFamides derived from an
older FMRFamide precursor. The presence of the ancestral bilat-
erian FMRFamide receptor in hemipterans indicates that the two
receptors coexisted for some time, but the ancestral receptor
was lost from most arthropod genomes.

Receptor-ligand conservation allowed us to predict the pep-
tide ligand for many yet uncharacterized receptors from lopho-
trochozoans and non-vertebrate deuterostomes. Using achatin
as an example, we demonstrated that ligand predictions work
across phyla.

Our results also provide information about the complexity
of neuroendocrine signaling in the urbilaterian. We present re-
ceptor or ligand evidence for urbilaterian peptidergic systems,
including TRH, elevenin, FMRFamide, and achatin signaling.
The presence of TRH orthologs in annelids and mollusks is
particularly interesting and begs the question whether TRH
signaling regulates thyroid hormone synthesis in these animals,
similar to its function in some vertebrates (Laudet, 2011). Thyroid
hormones have been described from Aplysia (Heyland et al.,
2006) and may have ancestrally regulated postembryonic devel-
opmental transitions in bilaterians (Laudet, 2011). This possibility
is supported by the parallel loss of TRH and thyroid hormone re-
ceptors from the ecdysozoans that use ecdysone to orchestrate
life-cycle transitions (Laudet, 2011).

The deorphanized GPCR dataset we describe here represents
a valuable resource for the study of neuropeptide signaling in
invertebrates, including annelids and mollusks. Similar combi-
natorial screening strategies could also be used for other
species and receptor classes and could speed up GPCR ligand
discovery.

EXPERIMENTAL PROCEDURES

Gene Ildentification and Receptor Cloning

Platynereis genes were identified from a Platynereis mixed-stages transcrip-
tome assembly (Conzelmann et al., 2013a). GPCRs were cloned from cDNA
or expressed sequence tag clones into pcDNA3.1(+) (Thermo Fisher Scien-
tific). Forward primers consisted of a spacer (5'-ACAATA-3') followed
by a BamHI or EcoRI restriction site, the Kozak consensus sequence
(5'-CGCCACC-3'), the start codon (5-ATG-3') and a sequence corre-
sponding to the target sequence. Reverse primers consisted of a spacer
(5’-ACAATA-3'), a Notl restriction site, a STOP codon, and reverse comple-
mentary sequence to the target sequence. Primers were designed to end
with a C or G with 72°C melting temperature. PCR was performed using Phu-
sion polymerase (New England Biolabs GmbH).

Open reading frames coding for achatin GPCRs from Aplysia
(XP_005106606.1), Branchiostoma (XM_002600016.1), and Saccoglossus
(XM_006815704.1) were generated by gene synthesis (GenScript). The
sequence of the Branchiostoma receptor was complemented based on infor-
mation from Metazome v3.0.

Cell Culture and Receptor Deorphanization

CHO-K1 cells were kept in Ham’s F12 Nut Mix medium (Thermo Fisher Scien-
tific) with 10% fetal bovine serum and PenStrep. We used a stable cell line
expressing a luminescent reporter apoaequorin-GFP fusion protein (G5A)
that has been shown to emit more light than apoaequorin alone (Baubet
et al., 2000). Cells were seeded in 96-well plates (Thermo Fisher Scientific)
at ~10,000 cells/well. After 1 day, cells were transfected with plasmids encod-
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ing a GPCR and the promiscuous Ga-16 protein (60 ng each) using 1.5 pl of the
transfection reagent TurboFect (Thermo Fisher Scientific). To measure dose-
response curves, cells were also cotransfected with the G5A construct to
increase the expression of the reporter. After 2 days of expression, the medium
was removed and replaced with Hank'’s balanced salt solution (HBSS) supple-
mented with 1.8 mM Ca?*, 10 mM glucose, and 1 mM coelenterazine h (Prom-
ega). After incubation at 37°C for 2 hr, cells were tested by adding synthetic
peptides (GenScript) in HBSS supplemented with 1.8 mM Ca?* and 10 mM
glucose. Luminescence was recorded for 45-60 s in a plate reader (BioTek
Synergy Mx or Synergy H4, BioTek). Data during the screen were normalized
using the response of Platynereis MIP receptor to 10 nM MIP-7 (Conzelmann
et al.,, 2013b). The final dose-response curves were normalized using the
response of the same well to 1 mM histamine that was recorded following
the peptide treatment. To record the second set of dose-response curves,
data were normalized using the response of the Platynereis MIP receptor to
10 nM MIP-7. The MIP control values were recorded from three separate wells
on each plate.

Deorphanization Strategy

All Platynereis GPCRs were first tested with three peptide mixtures containing
up to 48 synthetic peptides (Table S2) at 1 uM each. Measurements were done
in triplicate. Those GPCRs that showed a response compared to the negative
control (empty pcDNAS.1) were tested further. We tried to predict the specific
ligand from the active mixture based on receptor clustering using CLANS2
(Frickey and Lupas, 2004) and tested individual peptides where deorphanized
orthologs were identified. Alternatively, GPCRs were tested with submixtures
of synthetic peptides arranged in three matrices, corresponding to the decom-
position of mixtures 1-3 (Table S2). The combination of mixtures that elicited a
response pointed to the active ligand. These measurements were done in sin-
gle wells or in duplicate. Using this information, individual ligands were tested.
After identification of a bona fide ligand, dose-response curves were recorded
using concentrations between 0.01 nM and 200 uM. Data for dose-response
curves were recorded in triplicate for each concentration. Dose-response
curves were fitted with a four-parameter curve using Prism 6 (GraphPad).

Bioinformatics

For clustering, a previous collection of GPCRs (Jékely, 2013) was comple-
mented with deorphanized Platynereis sequences and deorphanized GPCR
sequences from human, mouse, and rat retrieved from the [IUPHAR database
(Pawson et al., 2014). Deorphanized GPCRs from D. melanogaster and other
insects (Caers et al., 2012), C. elegans (Frooninckx et al., 2012), and other
organisms (Bigot et al., 2014; Conzelmann et al., 2013b; Cox et al., 1997;
Kimetal., 2010; Tensen et al., 1998a, 1998b) were also included. Furthermore,
the sequences of all Platynereis GPCRs tested in the screen were used to
initiate BLAST searches at NCBI with an e-value cutoff of 1e-50, and all hits
were downloaded and added to the collection. Deorphanized sequences
were tagged “deorphanized.” All sequences were complemented with taxo-
nomic information based on the NCBI taxonomy identifier (taxid) using a bio-
perl script (https://github.com/JekelyLab/GPCR_Clans_Maps), or taxonomy
information was added manually. Redundant sequences were removed from
the collection using CD-HIT (Li and Godzik, 2006). Clustering analysis was
done using CLANS2 (Frickey and Lupas, 2004) with a BLOSUM62 matrix
and a p value cutoff of 1.e-50. Deorphanized and orphan Platynereis receptors
were clustered separately with their respective orthologs. Clusters that con-
tained no Platynereis sequences were removed from the map (including
relaxin, melanocortin, bradykinin, urotensins, and neurotensin receptors).

ACCESSION NUMBERS

The accession numbers of all Platynereis GPCRs tested here are GenBank:
KP293941-KP294026 and KP420212-KP420214.
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Supplemental Figures

Figure S1. Combinatorial screening of responder GPCRs with peptide submixtures,
Related to Figure 1.

The composition of the submixtures is described in Table S2. The activation value for each
peptide in the matrices is defined as the square root of the product of the measured values of two
intersecting mixtures.



Figure S2. Dose-response curves of Platynereis deorphanized GPCRs treated with varying
concentrations of peptides, Related to Figure 3.

Data represent luminescence units relative to the response of the Platynereis MIP receptor to 10
nM MIP. Data are shown as mean + SEM (n = 3). Dose-response curves fitted to the data are
shown. Ligand names are shown beside the curves. ECs values are listed in Table 1.
Abbreviations: RLU, relative luminescence unit; AstC, allatostatin-C; AstA, allatostatin-A; EP,
excitatory peptide.



Figure S3. Sequence-similarity-based clustering of neuropeptide GPCRs, Related to
Figure 4.

Nodes represent sequences, edges represent BLASTP connections. Edges are colored according
to BLASTP p-values. Nodes are colored based on taxonomy. (A) Class-B neuropeptide GPCRs
including the deorphanized Platynereis DH31 receptor, indicated with a red star. Deorphanized
receptors from other species are marked with a red dot. Clusters are named according to the
name of the deorphanized family members. Abbreviations: DH31, diuretic hormone 31; GIP,
gastric inhibitory polypeptide; PACAP, pituitary adenylate cyclase-activating peptide; PDF,
pigment dispersing factor; PTH, parathyroid hormone, VIP, vasoactive intestinal polypeptide.
(B) Class-A neuropeptide GPCRs including non-deorphanized Platynereis GPCRs. Orphan
Platynereis GPCRs were used to initiate BLAST searches in Uniprot. Only clusters that contain
orphan Platynereis GPCRs and deorphanized orthologs are labeled. (C) Class-B neuropeptide
GPCRs including orphan Platynereis GPCRs. Only clusters that contain Platynereis GPCRs and
deorphanized orthologs are labeled.



Figure S4. Multiple sequence alignment of NKY/NPY, achatin and ELFGamide/TRH
neuropeptides, Related to Figure 4.

(A) Multiple sequence alignment of protostome NKY and NPY neuropeptides. The NKY
peptides are related to NPY peptides, as also supported by the orthology of their receptors. (B)
Multiple sequence alignment of protostome and deuterostome achatin peptides. Two consecutive
peptide stretches with the dibasic cleavage sites are shown. The Phe residue was shown to be in
the D-form in the giant snail Achatina fulica (Kamatani et al., 1989). The corresponding residue
was also tested in both the L- and the D-form for the Platynereis, Aplysia, Saccoglossus and
Branchiostoma peptides. (C) Multiple sequence alignment of protostome ELFGamide and
deuterostome TRH peptides. The orthology of TRH and EFLGa receptors and the limited
sequence similarity of the peptides suggest that TRH and EFLGa peptides are orthologous.

Figure S5. Dose-response curves of bilaterian achatin receptors treated with varying
concentrations of achatin peptides, Related to Figure 5.

Each receptor was tested with the species-specific peptide containing a L-Phe or D-Phe. Data
representing luminescence units relative to the control response are shown as mean + SEM (n =
3). Data were normalized either to histamine receptor (A-D) or to MIP receptor responses (E-H).
Dose-response curves fitted to the data are shown.



Figure S6. Phyletic distribution of metazoan pNP and neuropeptide GPCR families,
Related to Figure 4.

Table updated from (Jékely, 2013). (A) Phyletic distribution of metazoan pNP families. (B)
Phyletic distribution of metazoan class-A and class-B neuropeptide GPCR families. Class-B
GPCRs are indicated as (B). Ancestral bilaterian (*), protostome (+), deuterostome (o) and
chordate (-) families are indicated. Question marks indicate receptors or ligands that are expected
to be in the indicated taxonomic group but have not yet been described. Besides the updates
described in the main text, the following changes were made: achatin was found in a chelicerate,
Stegodyphus mimosarum (GenBank KFM77812), Wamides and insulins were described in
Trichoplax (Nikitin, 2014). Pyrokinin is present in Platyhelminthes (Collins et al., 2010). sSNPF
was found in mollusks (Bigot et al., 2014). DH44 has been identified in annelids and mollusks
and shown to be related to mollusk egg-laying hormone (Conzelmann et al., 2013; Mirabeau and
Joly, 2013). Sulfakinin was identified in annelids (Conzelmann et al., 2013). NPY,
CRF/urotensin-1/urocortin/DH44, and cholecystokinin/sulfakinin orthologs were identified in
Ambulacraria (Mirabeau and Joly, 2013). Parathyroid hormone and PACAP orthologs were
identified in Ciona and Branchiostoma (Mirabeau and Joly, 2013). Putative neurotensin and
opioid peptides were described in Ciona (Mirabeau and Joly, 2013). A somatostatin ortholog was
identified in Branchiostoma (Mirabeau and Joly, 2013). Tachykinin (T07C12.15), lugin
(Y75B8A.11), DH31 (ZK287.3), and SIFamide orthologs (nlp-10) were identified in C. elegans
(Mirabeau and Joly, 2013). An opioid peptide and its receptor were described in C. elegans
(Cheong et al., 2015). The C. elegans FLP-18 RFamide peptides represent the nematode
orthologs of NPY/NPF since these RFamide peptides activate NPY-receptor orthologs (npr-4
and npr-5) (Cohen et al., 2009).



Supplemental Tables

Table S1. List of 87 Platynereis GPCRs tested in the primary screen, Related to Figure 1.
The names, GenBank identifiers and identified ligands are listed for the 87 Platynereis GPCRs
tested. The predicted ligands for orphan Platynereis GPCRs are indicated.

Table S2. Name and sequence of Platynereis neuropeptides in Mixtures 1-3 and
Submixtures 1-3, Related to Figure 3.

Mixtures 1 to 3 contain 46, 32 and 48 peptides, respectively. pGlu indicates N-terminal
pyroglutamylation. -NH2 indicates C-terminal amidation. Cys residues that form disulphide
bonds are underlined.

Table S3. GPCR activation data from the screen, Related to Figure 3.

Data are shown from the screen with peptide mixtures, from the combinatorial screen with
peptide submixtures, the targeted screen based on ligand-receptor predictions, and the
measurements without Ga16. For the combinatorial screen, raw data are shown with peptide
submixtures. For single peptide-GPCR measurements the data are also shown for measurements
with complex mixtures lacking the active peptide. In order to identify GPCR signaling by Gqg-a.,
the measurements with the identified ligands were repeated with and without the promiscuous
Galé.

Table S4. Ligand predictions for GPCRs based on phylogenetic information, Related to
Figure 4.

The file contains GenBank or Uniprot sequence identifiers for metazoan GPCR sequences that
are orthologous to the identified neuropeptide GPCR families. The predicted ligands for the
Branchiostoma FMRFamide receptor orthologs are also shown.
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