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Abstract: Owing to their involvement in many physiological and pathological processes, G-protein-coupled receptors (GPCRs)
are interesting targets for drug development. Approximately, 100 endoGPCRs lack their natural ligands and remain orphan
(oGPCRs). Consequently, oGPCR deorphanization appears a promising research field for the development of new therapeutics.
On the basis of the knowledge of currently known GPCR/ligand couples, some oGPCRs may be targeted by peptides. However,
to find new drugs for GPCRs, Genepep has developed a dedicated bioinformatics platform to screen transcriptomic databases for
the prediction of new GPCR ligands. The peptide lists generated include specific data, such as chemical and physical properties,
the occurrence of post-translational modifications (PTMs) and an annotation referring to the location and expression level of the
related putative genes. This information system allows a selection through series of biological criteria of ∼10 000 natural peptides
including already known GPCR ligands and potential new candidates for GPCR deorphanization. The most promising peptides
for functional assay screening and future development as therapeutic agents are under evaluation. Copyright  2007 European
Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

The G-protein-coupled receptors (GPCRs) form the
largest class of cell surface receptors and regulate
various cellular functions responsible for physiological
responses. GPCRs represent one of the major targets
for modern pharmaceutical drugs. Over 50% approved
drugs elicit their therapeutic effects on selected mem-
bers of the GPCRs [1]. With nearly 800 members,
the GPCR superfamily represents the largest human
gene family [2]. On the basis of their specific ligand-
coupling pattern, the GPCR superfamily can be divided
into GPCRs with sensory signals of external ori-
gin (chemosensory GPCRs or csGPCRs) and GPCRs
with endogenous ligands (endoGPCRs). The csGPCRs
are mainly targeted by olfactory/gustatory ligands
(chemokines and chemoattractants), while the endoG-
PCRs are targeted by a wide variety of ligands (opsins,
biogenic amines, lipid mediators and ligand peptides)
[3]. Among the 367 endoGPCRs listed in the human
genome [2], 140 are still GPCRs with no identified nat-
ural ligand and function (referred as orphan GPCRs,
oGPCRs) [3]. In 2001, Civelli estimated that at least
50 natural peptidic ligands remain to be discovered
[3]. Indeed, among the human endoGPCRs, more than
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a third are targeted by peptides. Consequently, find-
ing natural or synthetic derived ligands that activate
oGPCR appears as a promising research field for the
identification and development of new peptidic thera-
peutics.

Since the first reports on oGPCR deorphanizations
[4,5], intensive research efforts based on reverse
pharmacology [6] have led to some deorphanization.
The pairing of known ligands [7], the use of tissue
extracts [3] and the random high-throughput screening
(HTS) of large libraries of synthetic or natural molecules
[8] have successively allowed the discovery of over 100
new ligands [3,9]. Surprisingly, since the mid-1990s,
only a dozen of novel ligands have been discovered
[6,9]. The advent of the genomic era and the emergence
of bioinformatics have opened new insights in the field
of oGPCR deorphanization. The in silico prediction of
novel peptidic ligands for GPCRs by screening the
human transcriptome databases has already shown
its efficiency with the identification of the QRFP/P52
peptide. This peptide, a new member of the RFamide
family, has been predicted in silico by searching
a C-terminal RFG[KR] motif in a virtual protein
transcript database (VTS). QRFP/P52 has been shown
to selectively activate the oGPCR SP9155/GPR103
[10]. However, the bioinformatics screening of human
transcriptome databases with a pre-determined motif
remains restrictive for different reasons. First, the
primary structures of GPCR peptidic ligands are highly
diverse, and no clear-cut consensus sequence can be
evidenced. Second, the use of a consensus motif defined
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from a multiple sequence alignment could result in
identifying peptides with ligand properties identical to
the ones observed for the peptides used for generating
the consensus motif. Moreover, many GPCRs are highly
conserved among species. Indeed, all the major GPCR
families found in the human genome were shown to
arise before the evolutionary split of the nematodes
from the chordate lineage [11]. This suggests that
peptidic ligands would also be conserved from species
to species and would activate GPCRs beyond species
boundaries. This has been already documented with
the example of bombesin. Bombesin, which is a 14-
residue peptide isolated from the skin of amphibian
frogs [12], was shown, among different pharmacological
effects, to increase insulin secretion and to stimulate
uterus contraction in mammals [13]. Subsequently,
the bombesin-like gastrin-releasing peptides (GRPs)
and neuromedin B (NMB) have been isolated from
porcine [14,15] and human tissues [16,17]. Thus,
the bioinformatics screening of non-human genomes
would be an added value for the discovery of novel
peptidic ligands. In the frame of the discovery of new
ligands, knowledge of their bearing post-translational
modifications (PTMs) represents also a key issue. In
fact, PTMs may alter physical and chemical properties,
folding, conformation distribution, stability, activity
and function of the peptides. For example, in the
cholecystokinin (CCK), the sulfation of the tyrosine in
position 27 is critical for affinity and potency of a full
agonist of the type-A CCK receptor [18]. In addition,
many bioactive peptides are C-terminally amidated.
Such a modification appears to be involved in biological
activity [19], to be part of the peptide stability [20],
and in some cases to play a significant role in the
bioactive conformation of the peptide or its interaction
with a receptor [21]. Consequently, prediction of PTMs
is an important issue in a search procedure for a new
therapeutic with ligand properties.

Finally, the bioinformatics screening of animal and
plant genomes is likely to provide long lists of new
peptidic ligands. Indeed, genome bioinformatics screen-
ings generally use prediction methods. These meth-
ods are based on motif recognition and/or machine
learning methods applied to primary sequences and
physico-chemical or structural characteristics of pep-
tides and proteins. As any prediction method can
generate false-positive predictions, combining the data
obtained through the genomic screening to other spe-
cific data such as expression patterns would allow
selecting the predicted peptides with the highest prob-
ability to represent the target of choice. Indeed, genes
encoding the GPCR peptidic ligand can show specific
expression profiles. For instance, the human gastrin
gene is specifically expressed in G-cells of the stomach
[22], while the human adrenomedullin gene is highly
expressed in glioblastoma cell lines [23]. The process-
ing of the data obtained by the serious analysis of

gene expression (SAGE) method [24] applied to vari-
ous tissue samples could lead to the determination of
the location and expression levels in different physio-
logical and pathological contexts (tumoral vs normal,
infected vs healthy) of the putative genes. On the basis
of these observations, Genepep has set up a bioinfor-
matics platform to screen transcriptomic and protein
databases to predict novel GPCR peptidic ligands, their
PTMs and their local gene expression levels thanks
to the SAGE databases. This platform is based on a
series of predictive programs simulating the natural
process of a peptide precursor synthesis and matu-
ration (translation, enzymatic cleavages, PTMs). These
predictive programs are based on machine learning
approaches trained with biological data about known
GPCR peptidic ligands. Our proprietary-owned bioin-
formatics platform also includes programs that allow
the annotation of the generated peptides by annota-
tion transfer from the original genome sequences and
the screening of expression data coming from a SAGE
library database. The best GPCR peptidic ligand candi-
dates can finally be selected thanks to a user-friendly
interface in which one can mention various selection
criteria (species, organisms, tissue expression, amino
acid composition and molecular mass, etc.).

STRATEGY AND BIOINFORMATICS PLATFORM

General Strategy

Our strategy for the discovery of novel GPCR pep-
tidic ligand is based on a multi-step process (Figure 1).
Briefly, all the available eukaryotic genome (excepting
the plant genomes) databases are processed through
a Genepep proprietary bioinformatics platform based
on two predictive programs: GENE2PEP and PREDILI-
GAND. The combination of these two programs gener-
ates lists of putative GPCR ligand peptides encoded by
the screened transcriptomes. The information retrieved
includes chemical and physical properties, occurrence
of PTMs and location and expression level of the related
putative genes. The selected peptides are then synthe-
sized in-house by a solid-phase peptide synthesis at our
core facility as libraries of pure peptides prepared in 96-
well plates [25]. Finally, the novel GPCR peptidic ligand
candidates are used in conventional GPCR functional
assays [26].

The Bioinformatics Platform: GENE2PEP &
PREDILIGAND

Transcriptomic- and protein-database-related flat files
are processed through the GENE2PEP program.
GENE2PEP mimics the different natural steps in the
synthesis (transcription) and natural processing (enzy-
matic cleavages, PTM) of peptide precursors. This
program generates new and already known peptide
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Peptide synthesis platform
(Chemical synthesis)

Identification of new natural peptides

Functional assay
(in vitro)

Natural peptide discovery platform
(Bioinformatics)

Screening of genomes:
Human & other vertebrates, invertebrates

Production of peptide libraries

Lead peptide for R&D, optimization and
preclinical studies

Figure 1 Bioinformatics strategies for novel oGPCRs peptidic
ligand discovery.

sequences including their PTMs and annotations com-
ing from related screened sequences.

The screening of the dbEST (expressed sequence
tags) database, a division of Genbank [27], and the
UniProtKB/Swiss-Prot database [28] is currently sup-
ported by GENE2PEP. The dbEST database repre-
sents the major source of new sequence records
and gene sequences. In early 2007, Genbank
release 155 comprised 38.3 million sequences from
more than 1200 different organisms [29]. The pep-
tide/protein records of UniProtKB/Swiss-Prot sec-
tion are the result of full manual and computer
assisted/manually controlled annotations based on
published literature and sequence analysis [26]. In
the UniProt release version 9.0 (October, 2006),
the UniProtKB/Swiss-Prot section contained ∼240 000
records (http://expasy.org/sprot/sp-orel.html). Thus,
GENE2PEP supports the screening of dbEST and
UniProtKB/Swiss-Prot in the form of complete entry
flat files that can be retrieved by file transfer proto-
col (FTP) from the National Center for Biotechnology

Information (NCBI) FTP site (ftp.ncbi.nih.gov) and the
Expasy FTP server (ftp.expasy.org). From these data,
GENE2PEP mimics the natural processing of a pre-
cursor polypeptide. In vivo, regulatory peptides are
initially synthesized as large protein precursors that
undergo proteolytic processing to yield the biologi-
cally active peptide(s). The processing of the precursor
starts by the removal of the signal peptide by an
enzyme belonging to the signal peptidase family [30].
Then, proprotein convertase enzymes will generate the
bioactive peptide(s). So far, seven proprotein conver-
tase enzymes have been identified in mammals (for a
review, see Ref. 31). Convertase enzymes cleave propro-
teins at single and/or pairs of basic residues (arginine,
lysine). However, many precursors are also cleaved at
non-basic sites. For instance, cleavages can occur C-
terminally to alanine, serine, threonine, methionine,
valine or leucine [31]. To date, only three enzymes (SKI-
1/S1P [32,33], PCSK9/NARC-1 [34] and ECE-2 [35])
with these cleavage specificities have been identified.
Additional maturations may also occur at both extrem-
ities through the action of exopeptidases (aminopepti-
dases, dipeptidylpeptidases and/or carboxypeptidases)
[36]. Finally, the matured peptides can be subjected
to PTMs. GENE2PEP simulates each step of peptide
processing by combining first public programs and sec-
ond Genepep proprietary prediction programs based
on machine learning approaches applied on biologi-
cal sequence data of known natural peptide precur-
sors. The transcription/translation step is performed by
the European Molecular Biology Open Software Suite
Getorf program (EMBOSS) [37]. The prediction of the
cleavage site for signal peptide removal is performed
using the SignalP program [38]. Following this two-
step procedure, which relies on two public programs,
the secreted protein sequences retrieved are processed
through two proprietary-owned bioinformatics predic-
tion programs, G2Pcleavage and G2Pptm. G2Pcleavage
simulates the cleavages at basic residues and on the
exopeptidase-mediated basic residue removal. G2Pptm
predicts the occurrence of a selected list of PTMs (ami-
dation, sulfation and cysteine pairing). In order to
avoid false sequences resulting from the insertion in
the ESTs of segments derived from vectors, GENE2PEP
integrates the NCBI Vecscreen program whose func-
tion is to identify vector contamination segments
(http://www.ncbi.nlm.nih.gov/VecScreen/VecScreen.
html). Following this cascade of bioinformatics events,
the peptide sequences extracted and processed are
submitted to our proprietary-owned PREDILIGAND pro-
gram.

PREDILIGAND program was set up to identify GPCR-
ligand-like peptides among the peptide lists generated
by GENE2PEP. This identification is performed by
comparing GENE2PEP’s predicted peptides versus a
physico-chemical model of known natural GPCR ligand
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GENE2PEP:
New natural peptide prediction

PREDILIGAND:
GPCR ligand-like peptide selection

Genbank dbEST & UniprotKP/Swiss-Prot searching

User-friendly interface:
peptide selection by criteria

G2Pdb: relational
database

Skuldtech SAGE
expression database

Qualitative and quantitative
expression queries

Predicted peptides

Predicted GPCR ligand-like

Flat files

Figure 2 Bioinformatics pipeline for novel oGPCRs peptidic
ligand prediction and selection.
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Figure 3 Differential expression profiles using SAGE tech-
nology. Normal and tumoral repartition of the 10-nucleotide
tag of a putative oGPCR peptidic ligand encoding gene. For
each tissue/pathological state couple, the sum of SAGE tag X
occurrences is determined. The higher sum is set at 100% and
other sums are calibrated between 0 and 100%.

peptides. This model was built using the physico-
chemical descriptors of the amino acid index database
(AAindex) [39,40] and sets of known natural GPCR
ligand peptide retrieved from the bioactive peptide
database (BioPD) [41]. We developed an automatic

method to examine each descriptor in its ability to
discriminate positive and negative sets (i.e. known
GPCR peptidic ligands vs non-GPCR ligand peptides),
and to find the optimal combination of the best
discriminant descriptors for ligand/non-ligand peptide
discrimination. Thus, PREDILIGAND use a model that
selects GENE2PEP’s novel natural peptides showing
physico-chemical similarities with known GPCR natural
ligand peptides (Figure 2).

SAGE Pattern Determination

A selection based on the putative localization and
expression level of predicted peptides can help identify
peptides with expression patterns similar to the ones
of known GPCR peptidic ligands. An expression profile
is a characterization of the relative quantity of every
transcript that is produced in a cell type. One strategy
that can be used to generate expression profiles is Serial
Analysis of Gene Expression (SAGE). SAGE provides a
functional profile of gene expression by determination
of all the transcripts present within a cell. In
addition, a differential expression pattern (healthy
vs tumoral/infectious tissues) analysis will allow
identification of key genes related to a specific disease or
pathology [42]. The expression profiles obtained can be
used either in a therapeutic perspective or in a process
of identifying markers for diagnosis. Consequently, we
have added a SAGE database to our bioinformatics
platform. This database gathers more than 700 SAGE
libraries representing 25 human tissues, 150 different
human physio-pathological conditions and 20 different
animal species. The location and expression level
pattern of a predicted peptide is determined by
extracting a tag from its EST and by determining the tag
occurrence frequency in all of available SAGE libraries.
Figure 3 shows the expression pattern of a putative
gene encoding oGPCR peptidic ligands in different
tissues and in a context of cancer. In this specific
example, the putative gene is over-expressed in tumoral
lung tissues. This suggests that the product of this gene
may play a significant role in lung cancer. After SAGE
pattern determination, the peptides are finally stored
in G2Pdb, our relational database dedicated to novel
natural GPCR-ligand-like peptides.

Predicted Peptide Storage and Consultation: G2Pdb

G2Pdb allows structuring and organizing the recording
of the data generated by the processing of the
transcriptome database flat files. G2Pdb content is
browsable, thanks to a web user-friendly interface
in which the user can submit selection criteria for
getting a predicted peptide list. Table 1 summarizes
the accessible criteria provided by G2Pdb. While
some criteria come from annotation transfer from
screened sequences (organism, taxon), others directly
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arise from our bioinformatic prediction: ligand-like
predicted status, PTMs, motif applied to predicted
sequences and SAGE expression profiles. The example
provided in Table 1 shows the criteria for the selection
of a human peptide (size limitation from 7 to 15
amino acids) predicted as a GPCR-ligand-like peptide,
with a C-terminal RFamide motif and for which the
corresponding putative gene is five-fold more expressed
in healthy brain tissues than in any other healthy
tissue.

BIOINFORMATIC PLATFORM EXECUTION AND
RESULTS

Our bioinformatics program pipeline has been run
on both dbEST (release 150, October 2005) and
UniProtKB/Swiss-Prot databases (release 51, October
2006). The execution of GENE2PEP and PREDILIGAND
has led to the generation of ∼10 000 peptide clusters
regarding sequence similarity. In order to investigate
the ability of our bioinformatics pipeline to predict
expected known sequences, a list of peptides with
ligand properties has been generated using the BioPD
database [41] and we searched its members within
our predicted peptides. This peptidic ligand list gathers
437 distinct sequences of which 326 are derived from
the cleavage at basic residues of peptidic precursors
(83%). GENE2PEP and PREDILIGAND allowed the
prediction of 242 sequences of this subset (74%) and the
conservation of 182 sequences out to the 326 expected
ligand sequences (56%), respectively. In other words,
our bioinformatic program pipeline has managed to
recover more than half of currently well-known peptidic
ligands. Table 2 shows a short list of known peptide
precursor family for which the predictive programs have
been able to find expected GPCR peptidic ligands

Table 1 Accessible criteria for putative oGPCR peptidic
ligand selection

Criteria Example

Organism Homo sapiens
Taxon Mammals
Organ Brain
Tissue Pituitary
Tissue differential overexpression Five-fold
Physio-pathological state differential
overexpression

Not assigned

Pathological state Healthy
Ligand-like predicted state True
Peptide length 6 < length < 16
PTM C-terminal amidation
Motif C-terminal: RF
Sequence reliability 3

Table 2 List of known natural peptide families (precursors
and matured peptides) found after UniProtKB/Swiss-Prot
flat-file processing

UniProtKB/Swiss-Prot
peptide precursor family

Peptide example

Adrenomedullin Adrenomedullin-2
Apelin Apelin-28
Proopiomelanocortin (POMC) Alpha-MSH

(melanostimulating
hormone)

Sauvagin/corticotropin-releasing
factor/urotensin I

Corticotropin-releasing
factor

Galanin Galanin
Glucagon Glucagon-like peptide 1
GnRH GnRH-I
Bombesin/neuromedin
B/ranatensin

Neuromedin B

Neuropeptide Y (NPY) Neuropeptide Y
Neuropeptide B/W Neuropeptide B-29
FMRFamide-related peptides Neuropeptide FF
Orexin Orexin-A
Opioid neuropeptides Beta-neoendorphin
Somatostatin Somatostatin-14
Tachykinin Neurokinin A
Urotensin 2 Urotensin-2B

CONCLUSIONS AND PERSPECTIVES

Owing to their involvement in a large spectrum
of physiological and pathological processes, GPCRs
are preferred targets for the development of new
therapeutics. Intensive research efforts for oGPCR
deorphanization may lead to the discovery of new
ligands, which may represent a source for new drugs. To
achieve this, we have developed and designed an in silico
bioinformatics screening relying on EST and protein
databases. This bioinformatics approach has been
implemented as a pipeline of predictive programs that
simulates the biological events of peptide processing. In
addition, this bioinformatics tool includes the selection
of natural peptides sharing physico-chemical properties
with known GPCR peptidic ligands. The peptide
sequence files are also supplemented with specific data
such as predicted PTMs and expression profiles. These
data provide powerful selection criteria to determine
the best peptide candidates for testing in functional
assays. Peptides whose putative genes show differential
physio-pathological expression patterns should be of
particular interest. For example, Nash and Welch
[43] observed that the KISS1 gene that encodes for
metastin (kisspeptin-54), the ligand of the GPR54
receptor, is repressed or under-expressed in several
different tumor types in metastatic diseases. As a
potential metastatic gene suppressor, KISS1 is an
important clinical target for the treatment and diagnosis
of metastatic diseases [43]. This emphasizes the
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importance of having in hand the differential expression
of our predicted peptides to select the best candidates
for their development as a drug or as a diagnosis
marker. Using our bioinformatics-based discovery
platform, novel GPCR ligand peptide candidates have
been selected and produced chemically at our core
facility in large quantities for activity screening. We
are currently focusing on the establishment of lists
gathering all predicted peptides from human genome
that show expression patterns different from healthy
and tumoral tissues. By having access to functional
assays on GPCRs/oGPCRs, we will determine the
potential activity of the retrieved new peptides in
GPCR-mediated cancerous diseases. Consequently,
our bioinformatics strategy will be adapted to the
prediction of lytic peptides based on a physico-chemical
model (PREDILYTIC) built with known anti-microbial
peptides. This could lead to the identification of novel
anti-microbial peptides which may represent good
candidates for the development of new types of anti-
infectious drugs.
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