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SUMMARY

The peptidergic system is the most abundant
network of ligand-receptor-mediated signaling in hu-
mans. However, the physiological roles remain
elusive for numerous peptides and more than 100 G
protein-coupled receptors (GPCRs). Here we report
the pairing of cognate peptides and receptors. Inte-
grating comparative genomics across 313 species
and bioinformatics on all protein sequences and
structures of human class A GPCRs, we identify
universal characteristics that uncover additional po-
tential peptidergic signaling systems. Using three
orthogonal biochemical assays, we pair 17 proposed
endogenous ligands with five orphan GPCRs that
are associated with diseases, including genetic,
neoplastic, nervous and reproductive system disor-
ders. We also identify additional peptides for nine re-
ceptors with recognized ligands and pathophysio-
logical roles. This integrated computational and
multifaceted experimental approach expands the
peptide-GPCR network and opens the way for
studies to elucidate the roles of these signaling sys-
tems in human physiology and disease.

INTRODUCTION

Peptide hormones and neuropeptides are ubiquitous signaling

molecules that predominantly stimulate cell surface receptors

in numerous physiological processes. Over 85 endogenous pep-

tide/protein-derived drugs target 51 proteins, half of which are G

protein-coupled receptors (GPCRs) (Wishart et al., 2018). More-

over, such biological agents and peptide-activated GPCRs are
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gaining traction in current clinical trials (Hauser et al., 2017).

However, despite their physiological importance and therapeutic

potential, the cognate interactions for numerous peptides and

over 100 GPCRs remain elusive; thus, they are referred to here

as ‘‘orphan’’ receptors (Laschet et al., 2018) or, for simplicity,

‘‘oGPCRs.’’

Deorphanization, i.e., unambiguous pairing of cognate ligands

and receptors, has consistently transformed the understanding

of human biology (Civelli et al., 2013), and illumination of

understudied drug targets is a key objective of modern drug

discovery (Oprea et al., 2018; Roth and Kroeze, 2015).

However, deorphanization has been slow in recent years (https://

www.guidetopharmacology.org/latestPairings.jsp). Furthermore,

oGPCRs typically have uncharacterized signaling pathways

(Rothetal., 2017), necessitating theuseofpromiscuousGproteins

(Huang et al., 2015) and b-arrestin assays to report cellular re-

sponses (Kroeze et al., 2015; Southern et al., 2013). Because not

all GPCRs couple efficiently to promiscuous/chimeric G proteins

and/or may not robustly induce b-arrestin recruitment, these

assays may miss many bona fide receptor-ligand interactions.

Equally, the pluridimensional nature of GPCR signaling and

the ability of some ligands to preferentially activate one signaling

pathway at the expense of others (i.e., to bias their stimulus)

requires the use of multiple complementary assays to effectively

study oGPCRs.

Human peptide ligands, such as QRFP peptides, osteocalcin,

and spexin, were discovered using bioinformatics approaches

(Fukusumi et al., 2003; Mirabeau et al., 2007; Sonmez et al.,

2009), which have the ability to interrogate complete genomes.

However,bioinformaticsapproachesmustaccount for conceptual

challenges related to biological processes, including identification

of signal peptides for secretion, alternative splicing of precursor

genes, and enzymatic peptide cleavage (Ozawa et al., 2010).

Furthermore, post-translational modifications and protein folding

are generally not covered by computational methods, although
ber 31, 2019 ª 2019 The Author(s). Published by Elsevier Inc. 895
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somesequencemotif-basedmodificationscanbepredicted, such

as the introduction of C-terminal amidation and disulfide bridges.

Massspectrometry-based techniqueshavebeenused todiscover

endogenous ligands in the mouse (Fricker, 2010) and the human

precursor proSAAS (Fricker et al., 2000), which contains bioactive

peptides involved in circadian rhythms (Hatcher et al., 2008). How-

ever, mass spectrometry can be limited in terms of detection of

low-abundance peptides in complex samples.

Here we provide an integrated computational and experi-

mental approach for peptide-oGPCR pairing (Figure S1). We

initially utilized comparative sequence and structural analyses

to gain biological insights into the human peptide-receptor

signaling landscape and leveraged these features tomine candi-

date peptide ligands in the human genome.We then identified in-

teractions via multiple orthogonal assay platforms to indepen-

dently screen class A GPCRs against key signal transduction

events. Ultimately, we discovered potential endogenous peptide

ligands for five oGPCRs as well as secondary ligands for a num-

ber of known peptide receptors.

RESULTS

Cognate Peptide Ligands and Receptors Co-evolved to
Form the Largest Signal Transduction System in
Humans
Initially, we explored the current knowledge regarding endoge-

nous ligands and receptor systems by evaluating 341 peptide/

protein (encoded by 160 genes) and 174 non-peptide ligands

(Harding et al., 2018). Both ligand classes mediate physiological

functions predominantly through GPCRs (67% and 64%,

respectively; Figure 1A; Table S1). The entire network of known

interactions between GPCRs and cognate ligands spans 348 re-

ported interactions between 120 receptors and 185 peptides.

These interactions range from simple receptor-ligand systems

with a one-to-one relationship to complex many-to-many sys-

tems (Figure 1D). For instance, the peptide hormone motilin sig-

nals through a single receptor, whereas the melanocortin and

purinergic P2Y receptors are activated by multiple peptides

and nucleotides, respectively. On average, each receptor is acti-

vated by 2.9 peptide or 1.7 non-peptidergic ligands. Peptides

are larger (average molecular weight, 7.7 kDa versus 0.4 kDa)

and interact with their targets with higher affinity (average pKi:

9.4 versus 8.0) and potency (average pEC/IC50: 9.0 versus 6.9)

than non-peptides (Figures 1B and 1C; Table S1). The mRNA

abundance is generally lower for peptide than non-peptide

GPCRs (Figure S2A), although peptide ligand precursors and

both types of receptors are expressed in all organs. Taken

together, our most common and potent type of signaling mole-

cules evolved through genetic encoding.

Next, we sought to investigate how the success of peptide

ligands was shaped together with their cognate receptors (Mira-

beau and Joly, 2013) by analyzing 23,606,407 peptide-GPCR re-

lationships across 313 eukaryotic genomes. When considering

the minimal signaling system of one peptide and receptor, we

found that 39 of 42 (93%) of the known human families arose dur-

ing vertebrate evolution (Table S2), consistent with two early

genome duplications (Holland et al., 1994). Notably, among all

receptor families in all species, few have only the precursor
896 Cell 179, 895–908, October 31, 2019
(4%) or GPCR (15%) gene, indicating nearly universal coevolu-

tion. Moreover, by generating evolutionary fingerprints of

conserved or lost gene orthologs (Figure S2B), we observed

significantly higher coevolution of cognate ligand-receptor than

random protein-protein pairs (average identities of 91% and

56%, respectively). This coevolution is higher (average identities

of 95% and 89%, respectively) when merging the fingerprints of

peptide precursors, but not of GPCRs, within the same receptor

family (Figure S2C). These results suggest higher evolutionary

pressure to conserve the distinct physiological function of recep-

tors than ligands. Similarly, we found that the human receptor

repertoire is more conserved than peptide ligands (average J =

0.64 versus 0.49; Figure S2D). Thus, cognate peptides and

GPCRs have coevolved, and ligands have been more adaptive

than receptors in shaping new signaling systems.

Precursors, Peptides, and Receptors Possess Universal
Evolutionary, Sequence, and Structural Characteristics
We next explored whether comparative genomics and biological

processing paradigms could be predictively used to identify

peptide precursors and peptides. We found that 99% of all pep-

tide ligand precursors contain an N-terminal signal peptide (Fig-

ure 2A), a requirement for extracellular secretion (Blobel and

Dobberstein, 1975). Proteins are enzymatically cleaved at spe-

cific sites (Ozawa et al., 2010), and we found that 80%/66% of

the 184 human peptide ligand N/C termini are flanked by a

dibasic motif (with a conserved glycine at C termini; Figure 2B).

In addition, evolutionary trace analysis showed that known

peptides make up the most conserved segments of precursor

sequences (Wilcoxon rank-sum test, p < 1 3 10�5; Figure 2C).

Strikingly, the peptide ligand subsequences can be recognized

precisely within their precursors as highly conserved segments

flanked by consensus cleavage sites, the signal peptide, or the

C terminus (Figure 2D).

We then investigated the characteristic features of peptide

receptors. By multi-dimensional scaling of residue properties

across all aligned GPCR positions, we found that the vast ma-

jority of class A GPCRs cluster by ligand type and that protein

and peptide receptors exhibit separate clusters (Figure 3A).

GPCR structure analysis revealed a characteristic b sheet in

the second extracellular loop with a distinct sequence conser-

vation pattern (Figure 3B) and a long (>20 amino acid) distal

segment of this loop that is twice as common in peptide recep-

tors compared with non-peptide receptors (Figure 3C). Further-

more, principal-component analysis of GPCR structures re-

vealed a clear separation of the peptide/protein receptors.

Displacement trajectories of the two most significant principal

components showed that the residue positions with the largest

deviation from the average inactive structure are located within

the extracellular portions of transmembrane helices 1–5 and the

first two extracellular loops (Figure 3D). Moreover, these struc-

tures of peptide/protein receptors have nearly three times

larger binding cavities than non-peptide GPCRs (mean volume,

1,226 Å3 and 469 Å3, respectively; Figure 3E). Taken together,

these analyses reveal several sequence and structural charac-

teristics, of which the b sheet, a long ECL2, and a large binding

cavity can directly facilitate the binding of large proteins/

peptides.
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Figure 1. The Human G Protein-Coupled Receptor-Ligand System

(A) GPCRs represent the predominant targets for endogenous ligands. Peptides aremore numerous, larger and bind with higher affinity than non-peptide ligands.

From the top: (1) distinct endogenous ligands by target family; (2) endogenous GPCR ligands, of which ‘‘principal’’ ligands are considered most physiologically

relevant; (3) peptide and small-molecule binding receptors, of which ‘‘paired’’ ones have a known principal endogenous ligand; and (4) ligands per receptor and

vice versa (averages).

(B and C) Ligand molecular weight distribution (B) and cognate receptor affinity (C) (boxplots show a median and interquartile range of 1.5; Wilcoxon rank-sum

test, p < 1 3 10�5). Data are from the Guide to Pharmacology database (Harding et al., 2018).

(D) GPCR-ligand systems vary in complexity from 1:1 to many:many (gray circles show numbers of each system; data are shown in Table S1).

See also Figure S2.
Universal Characteristics Reveal Plausible Additional
Human Peptides and Receptors
We sought to investigate whether it was possible to mine poten-

tial peptide ligands from the entire human proteome. First we

identified putative precursors by sequentially filtering for proteins

annotated in Swiss-Prot as secreted or with a signal peptide
(�4,800) and those with unknown or precursor-compatible func-

tional annotations (�1,400) (Figure 2A). This yielded 1,227 ‘‘pep-

tide cleavage variants,’’ representing candidate ligands that

span the precursor signal peptide and C terminus or intermedi-

ate consensus cleavage sites. We selected representative

cleavage variants for pharmacological screening using a 5-fold
Cell 179, 895–908, October 31, 2019 897
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Figure 2. Universal Precursor Processing and Peptide Ligand Gene Conservation Hotspots

(A) Potential precursors can be mined from the human proteome based on the presence of secretion signal peptides and an unknown or ligand-precursor-like

function (Table S4).

(B) The vast majority of GPCR peptide ligands are cleaved from precursors at specific dibasic sites.

(C) GPCR peptide ligands are more evolutionarily conserved than random sequences of similar length (up to 45 residues) (Wilcoxon rank-sum test,

p < 1 3 10�5).

(D) Human peptide ligands can be deduced from precursor cleavage sites and conservation hotspots. The example depicts the pro-opiomelanocortin precursor

containing endogenous ligands for melanocortin (a-MSH, b-MSH, g-MSH, and ACTH) and opioid (b-endorphin) receptors.
cross-validated random forest classifier based on length and

several evolutionary conservation scores of known peptides

and their precursors. This analysis resulted in 120 peptide se-

quences representing the most plausible GPCR ligands. These

were combined with 43 recently proposed unpaired rat peptides

(Secher et al., 2016) to give a total of 163 putative peptide

ligands, 112 of which came from precursors that have not

been associated previously with GPCR activity. The final library

containing 218 peptides was subsequently synthesized,

including 55 known class AGPCR ligands (Table S5). To account

for post-translational modification, we incorporated disulfide

bridges and C-terminal amidation in 26 and 77 peptides, respec-

tively. This synthetic peptide library contained the most GPCR

ligand-like peptide cleavage variant, in effect ‘‘lead ligands’’ for

primary screening.

In parallel, the conserved characteristics allowed us to predict

peptide-activated receptors, of which we selected 21 class A

GPCRs with rodent ortholog diverse disease associations

(Table S5). Our cell lines for 15 (71%) oGPCRs displayed robust

doxycycline-induced cell surface expression, and 12 (57%) pro-
898 Cell 179, 895–908, October 31, 2019
moted constitutive G protein signaling, including couplings for

three receptors not reported previously (Figure S3). Furthermore,

10 oGPCR cell lines were validated with commercially available

compounds (Table S5).

A Multifaceted Screening Strategy Captures Pathway-
and Assay-Dependent Receptor Responses
GPCRs can couple tomultiple signaling pathways, with the com-

bined signals constituting an overall response (Kenakin, 2017b).

The measured response can appear different depending on the

signal pathway, cell type, and time course investigated. Ligands

can also intrinsically favor given receptor conformations that

preferentially activate specific pathways (Kenakin, 2017b).

These phenomena of assay-dependent observational bias and

ligand-mediated signal bias are especially problematic for

orphan and understudied receptors with poorly characterized

signaling pathways (Huang et al., 2015; Roth et al., 2017).

For these reasons, we screened our 218 peptides and 21 pre-

dicted peptide receptors in three complementary orthogonal

assay platforms to cover multiple aspects of GPCR activation.
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Figure 3. Peptide Receptors Share Distinct Sequence and Structural Characteristics

(A) The majority of class A GPCRs cluster by endogenous ligand type based on ligand-interacting residue analysis with multi-dimensional scaling.

(B) Peptide receptors with a structure (n = 21, left) share a characteristic b sheet (green) substructure (left) and sequence (right) in extracellular loop 2 (ECL2), which

includes a conserved cysteine, Cys45350 (red, center).

(C) A long ECL2 segment (>20 residues) after Cys45350 is an overrepresented feature of peptide/protein receptors (Wilcoxon rank-sum test, p < 1 3 10�5).

(D) Principal-component analysis of receptor structures in a 2D plot (top left) and dendrogram (bottom) demonstrate separation of peptide (green), non-peptide

receptors (beige), and outliers (gray). Differences are predominantly found in the extracellularly facing ligand-binding domain, as shown by residue displacements

from the mean (right).

(E) Ligand-binding pocket volumes are larger in peptide than non-peptide class A receptors.

See also Table S3 for related 3D PCA and ECL2 motif data.
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The dynamic mass redistribution assay is ideal for investigating

oGPCR activation because it captures most (including all G pro-

tein) signaling pathways (Fang et al., 2008; Schröder et al., 2011).

The second assay measures pathway-independent receptor

internalization from the surface to the inside of cells

(Foster and Bräuner-Osborne, 2018). These assays are both

time resolved and provide valuable insights into receptor

signaling kinetics. The third, the b-arrestin recruitment assay, is

a highly amplified reporter gene-based readout of GPCR

signaling (Kroeze et al., 2015) that increases the sensitivity of de-

tecting positive pairings and allowed us to rapidly screen an

additional 46 orphan/understudied and 27 known peptide-acti-

vated class AGPCRs (Table S6). Collectively, these three assays

provided an ideal platform to detect peptide ligands for under-

characterized GPCRs and enabled physical interrogation of

21,446 potential peptide-receptor interactions.

We confirmed the activity of known agonists for 21 (78%)

recognized peptide receptors using the b-arrestin recruitment

assay. Our multifaceted screening identified peptide-mediated

responses for all 21 predicted orphan peptide receptors (Fig-

ure 4A; Table S6). These results validate our computational pep-

tide library design and provide good experimental coverage of

receptor signaling. The three screening platforms demonstrated

large variation in peptide pairings/GPCR targets (receptor inter-

nalization, 24/6; b-arrestin recruitment, 57/21; and mass redistri-

bution, 75/18; Table S6). We identified peptides that robustly

activated bombesin receptor 3 (BB3), GPR1, GPR15, GPR55,

and GPR68 in multiple primary assays (Figure 4A; Table S6).

Notably, all GPR55 and GPR68 peptides were inactive in b-ar-

restin recruitment, and, conversely, GPR1 pairings were only

observed in this assay, indicating potential ligand-mediated G

protein and b-arrestin signal pathway bias, respectively. For

the additional receptors only screened in the b-arrestin recruit-

ment assay, we observed hits for 33 (72%) oGPCRs and nine

known peptide receptors (Table S6). These findings underscore

the importance of broadly covering receptor signaling using a

multifaceted primary screening approach and additional func-

tional assays for hit validation (Huang et al., 2015; Kroeze

et al., 2015).

Discovery of Peptide-Receptor Pairs Expand the Human
Signaling System
We extensively characterized our peptide-GPCR receptor inter-

actions using additional orthogonal G protein and/or b-arrestin

assays (Figure 4B; Figure S4; Table S7). Our peptide-receptor

pairing criterion was activity in at least two assays. Furthermore,

we characterized additional cleavage variants of these peptides

to improve their potency (Figure 5; Figure S5). These experi-
Figure 4. General versus Assay-Specific Responses and Novel Peptid

(A) Themultifaceted screen of 218 peptides identified a variety of multiple and sing

redistribution data revealed repeat hitters (denoted with asterisks) that reflect p

additional class A orphan and peptide GPCRs are provided in Table S6.

(B) Pairing of 17 peptides with five orphan receptors. Colored circles show pEC

receptor. Other assays usedwere Gq/11 (IP1), Gs andGi/o (cAMP), and b-arrestin re

GPCR peptide ligand with the amino acid range of the cleaved peptide shown in

All data represent mean ± SEM for 3–4 independent experiments, each performed

(tested in a single assay) for GPR17, GPR161, GPR176, GPR183, and MAS1.
ments also addressed the possibility that multiple peptide vari-

ants can be endogenous agonists (Tatemoto et al., 1998) and

provided insights into determinants of activity for the discovered

peptide ligands.

BB3 is an orphan receptor, although it responds weakly to

physiologically relevant levels of the bombesin peptides neuro-

medin B and gastrin-releasing peptide, the endogenous ago-

nists of BB1 and BB2, respectively (Alexander et al., 2017). We

observed considerably more potent neuromedin B responses

inmass redistribution (pEC50, 7.43 ± 0.08) andGq/11 signaling as-

says (IP1 generation; pEC50, 6.39 ± 0.42) (Figure 4B; Table S7)

than reported previously (Jensen et al., 2008). We observed no

differences in BB3 responses between the 10-amino acid neuro-

medin B peptide (designated NMB(47–56) based on its precur-

sor residue number) and a longer, 32-residue cleavage variant,

NMB(25–56), in any assay (Figure S5A; Table S7). We also found

that the C terminus of gastrin-releasing peptide (GRP) activated

BB3 with a potency comparable with the full-length peptide

tested in the screen, whereas a truncated N-terminal variant,

GRP(24–40), was less potent/efficacious or inactive. In addition

to these ligands, we identified less potent BB3-mediated

signaling for new cleavage variants derived from neuromedin-

U and proenkephalin-A precursors (Figure 4B; Table S7). Taken

together, these findings present multiple new peptide pairings

for BB3, of which the neuromedin B peptides represent the

most likely endogenous ligands for BB3, albeit at lower potency

than at the BB1 receptor.

GPR1 (recently renamed chemerin receptor 2) has been re-

ported as a chemerin receptor, although its primary biological

function is currently unknown (Kennedy and Davenport, 2018).

No G protein has been unequivocally linked with GPR1 (Fig-

ure S3). Accordingly, we observed robust and selective GPR1-

dependent responses for four different peptides in two different

b-arrestin recruitment assays but not in other assays (Figures

S3A and S4A). Peptide 141 (Osteocrin-2-19) is the most potent

(pEC50, 5.60 ± 0.15 in Tango and 6.18 ± 0.09 in PathHunter

b-arrestin recruitment assays, respectively) (Table S7). Alterna-

tive osteocrin cleavage variants lacking two N-terminal amino

acids had reduced potency (Figure S5B; Table S7). For another

GPR1 hit, cholecystokinin (CCK-33), peptide cleavage variants

were less active than the full-length peptide, except for a

C-terminal 8-amino acid peptide, which was more potent in

PathHunter b-arrestin recruitment assays than CCK-33 (Fig-

ure S5B; Table S7). We also found that gastrin-releasing peptide

activated GPR1 in b-arrestin recruitment assays (Figure S5B;

Table S7). Interestingly, we found that this activity was depen-

dent on the peptide N terminus, whereas the C-terminal region

GRP(41–50) was critical for BB3 signaling.
e-Receptor Pairings

le-assay responses, including hits for all 21 predicted peptide receptors. Mass

eptide-dependent responses from endogenous targets. Screening results for

50 values and concentration-response curves the most potent ligand for each

cruitment (PathHunter). An asterisk indicates a new cleavage variant of a known

subscript; empty circles indicate inactivity.

in triplicate. Table S7 provides all related data and data for indicative pairings
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Figure 5. Potential Peptide Cleavage Variants Elicit Increased GPR15 Signaling Responses

(A) Evolutionary trace and cleavage site (gray bars) analysis of the GPR15L gene-encoded precursor presents potential alternative peptide cleavage variants.

(B–D) GPR15-mediated responses forGPR15L cleavage variants in (B) cAMP inhibition, (C) mass redistribution, and (D) receptor internalization assays. Themost

potent peptide is the longest, 57-residue form the recently named ‘‘GPR15L’’ (Suply et al., 2017) (excluded in C because of assay interference).

Data represent mean ±SEM for 3–4 independent experiments performed in triplicate. Related pharmacological data for GPR15 as well as for cleavage variants of

peptides activating BB3, GPR55, and GPR1 are shown in Table S7 and Figures S4 and S5.
GPR15 was robustly activated by an 11-amino acid peptide

derived from the C terminus of ‘‘Uniprot:C10orf99’’ (Figure 4B;

Table S7). We demonstrated that GPR15 is Gi/o-coupled

because this peptide reduced cyclic AMP (cAMP) production

(pEC50, 6.72 ± 0.13). Notably, two cleavage variants of

this peptide (45 and 57 amino acids in length) had 10- and

100-fold improved potency, respectively (Figure 5; Table

S7). In the course of our study, two other groups reported

activation of GPR15 by the longest 57-residue cleavage

variant, renamed GPR15L (Ocón et al., 2017; Suply et al.,

2017). GPR15L contains two intramolecular disulfide bridges

characteristic of CC family chemokines; however, it differs

because peptide activity is not dependent on the N terminus

(Ocón et al., 2017; Figure 5). Furthermore, we showed

that the shortest, 11-residue C-terminal peptide, peptide 64

(GPR15L47-57) (lacking disulfide bridges) was sufficient to acti-

vate GPR15, although GPR15L represents the most potent

and likely principal ligand.
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We identified six peptides that promoted GPR55 internaliza-

tion and mass redistribution, including five previously unde-

scribed peptides and PACAP27, which exhibited a similar

potency (pEC50, 9.51 ± 0.07) as for its cognate receptor, PAC1

(Alexander et al., 2017; Figure 4B; Figure S5C; Table S7).

Progressive truncations of the PACAP-27 peptide completely

abrogated the GPR55 response (Figure S5C; Table S7).

Conversely, we found that longer peptide cleavage variants

(PACAP-38 and a 45-amino acid variant) elicited similar picomo-

lar-potency internalization responses to PACAP-27. One of the

six GPR55 ligands, peptide 143 originates from rat hypothala-

mus (Secher et al., 2016), and testing of the human 143

confirmed activity, albeit with 10-fold lower potency (Table S7)

GPR68 is a proton-sensing receptor abundantly expressed in

the hippocampus that is involved in learning andmemory (Huang

et al., 2015). We identified three peptides: 128 (Osteocrin33-55),

139 (CART(42-89)9-28), and rat 148 (Corticotropin17-40) that

led to GPR68-dependent mass redistribution responses with



sub- or low-micromolar potencies (Figure 4B; Table S7). These

responses were confirmed in the real-time internalization assay,

although with lower potency compared with mass redistribution

or G protein signaling assays (Roed et al., 2014). We further

demonstrated that these peptides activated Gq/11 (calcium

mobilization) and Gs (cAMP signaling) (Figure 4B; Figure S4A;

Table S7), consistent with previously reported GPR68 signaling

(Huang et al., 2015). We precluded a non-specific effect or direct

proton-sensing mechanism of activity because none of these

peptides induced responses in mock cells or elicited changes

in extracellular pH (data not shown). Given the known allosteric

modulation of proton-dependent GPR68 signaling by surrogate

ligands, we performed further analyses of Gs signaling. These

studies revealed that the three peptides are positive allosteric

modulators of the proton responses, with up to �2-fold

improved allosteric activity (log(ab/KB)) over the small-molecule

GPR68 ligand ogerin (Huang et al., 2015; Figure 4B; Figure S4A;

Table S7). Taken together, our pairings represent the first pep-

tides and the very intriguing examples of putative endogenous

allosteric modulators of proton-dependent agonism at GPR68.

In addition, we identified new peptide pairings for five other

orphan and understudied receptors in the b-arrestin recruitment

assays: GPR17, GPR161, GPR176, GPR183, and MAS1 (Fig-

ure S4B; Table S7). Because these receptors were not among

the 21 oGPCRs selected for themass redistribution and receptor

internalization assays, we did not pursue these findings here.

We also identified nine ‘‘repeat hitters’’ (in more than 5 recep-

tor-expressing or untransfected cells) that represent ‘‘orphan

peptide ligands’’ for receptors not assayed here (Table S6).

Furthermore, our complete library of 1,227 ‘‘cleavage variants’’

(Table S4) comprises a resource of putative ligands for future

deorphanization. Finally, all of our ‘‘lead peptides’’ may be alter-

natively cleaved by carboxypeptidases or post-translationally

modified into more potent biologically active receptor ligands,

as for GPR15L (Figure 5; Table S7).

DISCUSSION

The discovery of ligand-GPCR signaling systems often trans-

lates into clinical opportunities but first requires independent

validation and characterization by the wider research commu-

nity. Hence, we sought to explore the disease associations of

our peptide-receptor pairs and to independently validate

previously proposed pairings.

Therapeutic Potential of the Discovered Peptidergic
Receptor Systems
We combined literature reports with mRNA expression data from

ARCHS4 (Lachmann et al., 2018; Figure S6) and disease associa-

tions from https://www.opentargets.org (Figure 6; Table S4; Ko-

scielny et al., 2017). BB3 mouse knockout studies have demon-

strated an important role in energy homeostasis, making this

receptor a target in obesity and metabolic disorders (Alexander

et al., 2017). Interestingly, the Open Target data present several

additional disease areas (the strongest being nervous system dis-

ease) that strongly correlate with those of neuromedin-U and pro-

enkephalin-A and moderately with neuromedin B (disease profile

Pearsoncorrelationsof0.82, 0.80, and0.57, respectively; Figure6).
GPR1 has been linked to cancer and cardiovascular and

neurodegenerative disease (Kennedy and Davenport, 2018),

which is reflected in a broad tissue expression profile. Osteocrin

is a natriuretic peptide clearance (NPR3) receptor ligand impli-

cated in bone and muscle function (Nishizawa et al., 2004;

Thomas et al., 2003) and human brain development (Ataman

et al., 2016). It has also been described as an endocrine hormone

with potential therapeutic application to myocardial infarction

(Chiba et al., 2017; Miyazaki et al., 2018).

GPR15 is expressed in immune cells, whereas GPR15L is ex-

pressed in epithelial cells. GPR15L is secreted during inflamma-

tion responses and therefore represents a promising target for

inflammatory diseases, such as psoriasis and colitis (Suply

et al., 2017). The Open Target database presents additional as-

sociations of GPR15 with diseases of the endocrine, genetic,

metabolic, and nervous systems (Figure 6).

GPR55 responds to lipids, but the direct receptor dependence

of this signaling is somewhat controversial (Alhouayek et al.,

2018). The agonist-dependent GPR55 trafficking shown here for

PACAP27 and five new peptides open further avenues to investi-

gate its function. GPR55 is widely expressed and has been pro-

posed as a potential therapeutic target for a range of diseases,

including cancer, metabolic disorders, pain, and inflammation (Al-

houayek et al., 2018). In Open Target, GPR55 and the precursors

beta-microseminoprotein and clusterin-like protein 1 all have a

strong link to neoplasm, supporting a potential link to cancer

(Figure 6).

GPR68 acts as a proton sensor in bone, lung, and other tissue

to regulate inflammatory responses, cell proliferation, andmigra-

tion (Huang et al., 2015). Accordingly, it is a potential target in

inflammation and cancer (and a secondary target in anxiety;

Weiß et al., 2017). Recently, GPR68 has been described as a

flow sensor in arteriolar endothelium involved in cardiovascular

pathophysiology (Xu et al., 2018). Our GPR68 peptides span

multiple therapeutic areas (Figure 6). Most notably, peptide

139 (CART(42-89)9-28) is a shorter variant of cocaine- and

amphetamine-regulated portein (CART), which has been impli-

cated in addiction (Kuhar, 2016). CART is an orphan peptide

ligand of a GPCR; it has been shown to signal via protein

kinase A, protein kinase C, and cAMP response element-binding

protein (Chiu et al., 2009), as well as Gi/o. Furthermore, the

osteocrin-derived peptide 128 (Osteocrin33-50) shares disease

associations with GPR68, spanning cardiovascular, eye, ge-

netic, immune system, metabolic, and nervous system diseases.

Finally, the pro-opiomelanocortin-derived peptide 148 (Cortico-

tropin17-40) and GPR68 both have strong associations with

genetic and neoplastic disease. These analyses suggest that

GPR68 may hold (patho)physiological roles beyond proton and

flow sensing. Moreover, the three peptides act as positive allo-

steric modulators of the proton responses (Figure 4B; Fig-

ure S4A; Table S7), suggesting that the two types of ligands

may act in concert to regulate GPR68 activity.

Confirmation of Proposed Pairings and Identification of
Secondary Ligands Expand the Peptide GPCR Network
Independent confirmation of proposed ligand-receptor pairings

promotes consensus in the field and is essential to choose and

design the optimal follow-up studies (Davenport et al., 2013).
Cell 179, 895–908, October 31, 2019 903



Figure 6. Disease Associations for Novel Peptide-Receptor Pairs

Diseases associated with paired receptors and peptide precursors from https://www.opentargets.org. Open Targets presents associations with therapeutic

areas by agglomerating data; e.g., genome-wide associations, genetic variants, expression and animal models. Disease association scores between 0 and 1

(color intensity) summarize the strength of evidence. For precursors with disease correlation similar to the associated receptor target, the Pearson correlation

value is indicated. UniProt names for precursors are shown, with peptide library designation in parentheses (Table S4).
Consensus regarding pairings and their physiological relevance

is collated in the Guide to Pharmacology database (Harding

et al., 2018). We sought to repeat literature pairings for our 21

predicted peptide receptors (Figure S7A). We confirmed previ-

ously proposed pairings of chemerin/GPR1, the neuroendocrine

peptide PEN/GPR83 (Gomes et al., 2016), the melanocortin re-

ceptor ligands a-MSH and ACTH/GPR139 (Nøhr et al., 2017),

cortistatin and somatostatin/MRGPRX2, LPI/GPR55 (Henstridge

et al., 2010), and LPS/P2RY10 (Inoue et al., 2012) by selective re-

ceptor-dependent activation across multiple assays (Tables S5

and S7). In contrast, we found no activity for other proposed

peptide/GPCR pairings such as adropin/GPR19 (Stein et al.,

2016), head activator/GPR37 (Rezgaoui et al., 2006), prosap-

tide/GPR37/GPR37L1 (Meyer et al., 2013; Rezgaoui et al.,

2006), and galanin/GPR151 (Ignatov et al., 2004) or for the

lipid/GPCR pairings resolvin D1/GPR32 (Krishnamoorthy et al.,

2010) and lysophosphatidic acid/P2RY10 (Murakami et al.,

2008) (Tables S5 andS7). Themajority of proposed pairings eval-
904 Cell 179, 895–908, October 31, 2019
uated here were not assessed in previously published large

orphan receptor screening studies, which measured b-arrestin

recruitment in PathHunter (Southern et al., 2013) or Tango

assays (Kroeze et al., 2015).

Intriguingly, we also found that nine class A peptide recep-

tors are activated by six previously published and 16 potential

new peptide ligands (Figures S7B and S7C; Table S7). This

included a truncated glucagon variant that stimulated the

melanocortin MC4 receptor and a prolactin-releasing

peptide variant that activated NPY5. Although the potency of

these peptides is lower than for their principal agonists, the

potential secondary/cross-pharmacology warrants further

investigation.

In conclusion, our combined computational and pharmaco-

logical approach has expanded the known human peptidergic

signaling network from 348 to 407 interactions (an increase of

17%; Figure 7). 39 (74%) of the 53 peptides with validated

receptor-dependent responses were first discovered here,



Figure 7. Expansion of the Human Peptidergic Receptor Signaling System

The new pairings (colored lines) increase the number of known ligand-receptor connections (edges) from 348 to 407 (putative peptide ligands from 185 to 214 and

putative peptide receptors from 120 to 130). Ligand-receptor systems are shownwith increasing ligand-to-receptor ratios (top to bottom). There aremore ligands

per receptor in both the established and novel peptidergic receptor systems.
demonstrating the predictive power of our approach, which

could be transferred to many other peptide/protein systems.

The discovery of peptide ligands for GPCRs has previously

opened fields of research and is often closely followed by rapid

translation into the clinic. Therefore, our findings are expected to

fuel many future studies to establish their physiological roles and

therapeutic potential.
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