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The very first monograph that was dedicated to a general overview on the adhesion
family of G protein-coupled receptors (aGPCRs) was published just in 2010
(Adhesion-GPCRs: Structure to Function. Yona and Stacey, Ed., Landes Biosci-
ence and Springer). It was the earliest attempt by a small group of researchers to
cast the scarce information on these enigmatic molecules into a general concept on
what they do and how they do it.

The absence of such public face for the biology of aGPCRs was painfully felt by
all colleagues who were actively researching aGPCRs in these days. Scepticism
was high from many neighbouring fields why aGPCRs rise to such grotesque
dimensions with thousands of residues dedicated to their extracellular tails alone.
Also how their exotic functions during the development of organs could be
accounted for by their peculiar bipartite adhesive/receptive structure was a constant
source of doubt (and motivation for further investigation). Not least, whether
aGPCRs are ‘true’ GPCRs and can thus be attacked by the immense technological
armoury that has accumulated during the decades of research on other members of
the GPCR superfamily was possibly the most pressing question we were confronted
with. Next to the simple matter: what do these receptors sense, after all?

While many of these points could not be satisfactorily answered yet back then,
the 2010 book project brought them on the map for the first time in a collective
effort. Therefore, this venture from a group of adhesion GPCR aficionados was an
incontestable sign of a growing community of researchers that had formed to pursue
the inherent questions on aGPCRs with seriousness and persistence.

The roster of colleagues that have contributed their expertise, time and dedica-
tion to the current monograph bears testimony to that spirit, and we are immensely
grateful for their support. We also wish to thank the Editorial Board of the
Handbook of Experimental Pharmacology for allotting us an entire volume of
this eminent book series to document our knowledge on aGPCRs. We are indebted
to Susanne Dathe, Wilma McHugh, Rahila Nahid and Sumathy Thanigaivelu from
Springer Nature for excellent editorial and technical support, and for generous
funding from the Deutsche Forschungsgemeinschaft (DFG) to several chapter
authors through a Research Unit Grant (FOR 2149), a first award of its kind to a
coordinated scientific initiative dedicated to the study of aGPCRs.
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Preface

The chapters of this volume are authored by renowned experts in the aGPCR

field and chart the current state of aGPCR research. Following their contributions,
the reader will learn that some of the pressing molecular issues of 2010 have begun
to find answers:

aGPCRs can signal via canonical signaling outlets and a credible mechanism on
how they get activated has been recently devised (Liebscher et al., Tethered
agonism: a common activation mechanism of adhesion GPCRs; Kishore et al.,
Versatile signaling activity of adhesion GPCRs).

In some cases, the receptors’ structural peculiarities have been experimentally
matched with highly intriguing biochemical and biological phenomena such as
in the case of the GAIN domain and other extracellular protein folds (Arag et al.,
Understanding the structural basis of adhesion GPCR functions).

One such class of events regards the extensive proteolytic processing of aGPCRs
and is discussed by Nieberler et al. (Control of adhesion GPCR function through
proteolytic processing). Knapp et al. explore the central position of adhesion
GPCRs-related protein networks, roles that are mainly relayed through their
intracellular domains.

Other vital components of their architecture such as the structure of the
heptahelical transmembrane domain of aGPCRs have remained locked to our
efforts, but it is clear that in the near future the focus will shift evermore into
their direction and offer new vantage points to interfere with their activity.
Nijmeijer et al. explored these possibilities in their chapter on 7TM domain
structure of adhesion GPCRs.

Kovacs et al. review the relevance of genomic signatures at adhesion GPCR loci
(specifically of human homologs), informing us about their role in phenotypic
variation and disease aetiology, an overdue endeavour in the omics era that is
aided by the novel harmonised nomenclature and classification system of the
aGPCR family introduced by Krishnan et al. (Classification, nomenclature and
structural aspects of adhesion GPCRs).

The second part of this book is dedicated to physiological and pathological

aspects of aGPCRs:

Scholz et al. describe the emerging concept of adhesion GPCRs as a putative
class of metabotropic mechanosensors, which distinguishes them from the rest
of the GPCR superfamily.

Several chapters relate to this discovery with specialist focus on its implications
in the nervous system (Harty et al., Adhesion GPCRs as novel actors in neural
and glial cell functions: from synaptogenesis to myelination), in skeletal muscle
(White et al., Control of skeletal muscle cell growth and size through adhesion
GPCRs) and lung physiology (Ludwig et al., Adhesion GPCR function in
pulmonary development and disease) and in the immune system (Hamann
et al., Adhesion GPCRs as modulators of immune cell function). Musa
et al. describe that heart development, angiogenesis and blood-brain barrier
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function are modulated by adhesion GPCRs, adding further organ systems that
require those receptors for their respective setups and daily operations.

¢ Finally, Strutt et al. discuss that adhesion GPCRs govern polarity of epithelia
and cell migration, while the chapter of Aust et al. review the current state of
knowledge on adhesion GPCRs in tumorigenesis.

We are certain that the research described in this book marks several milestones
in the maturation of our understanding on how aGPCRs impact biology. It is to be
hoped that the concepts on several aspects of aGPCRs unveiled in the last years are
stepping stones to grasp their roles in human disease and therapeutic intervention.
We are much looking forward to witness and participate in the exciting
developments of this thriving area of biomedical research.

The book will start though with look back at the History of the adhesion GPCR
field (Hamann and Petrenko), to record the path of our community and remark its
scientific course throughout the last 20 years.

Wiirzburg, Germany Tobias Langenhan
Leipzig, Germany Torsten Schoneberg
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Abstract

Since the discovery of adhesion G-protein-coupled receptors (aGPCRs) 20 years
ago, reverse genetics approaches have dominated the elucidation of their func-
tion and work mechanisms. Seminal findings in this field comprise the descrip-
tion of aGPCRs as seven-transmembrane (7TM) molecules with an extended
extracellular region, the identification of matricellular ligands that bind to
distinct protein folds at the N-terminus, the clarification of an autoproteolytic
cleavage event at a juxtamembranous GPCR proteolysis site (GPS), the elucida-
tion of the crystal structure of the GPCR autoproteolysis-inducing (GAIN)
domain that embeds the GPS and connects the receptor fragments, the demon-
stration that a short N-terminal sequence of the seven-transmembrane (7TM)
region can serve as a tethered agonist, and, recently, the notification that
aGPCRs can serve as mechanosensors. We here discuss how these discoveries
have moved forward aGPCR research and, finally, linked the field to the GPCR
field. We argue that crucial questions remain to be addressed before we can fully
appreciate the biological nature of these fascinating receptors.

Keywords
Adhesion GPCRs « History ¢ Biology ¢ Structure ¢ Signaling « Pharmacology

1 A Novel Type of Seven-Transmembrane Receptors

After the discovery of hormones as “first messenger” and cyclic adenosine
monophosphate (cAMP) as a “second messenger” in the twentieth century, the
search for molecules that transduce the “message” through the cell membrane led to
the discovery of the first G proteins and then G-protein-coupled receptors (GPCRs).
Forward biological approaches, searching for membrane-bound cognate receptors
for biocative molecules, subsequently resulted in the identification of many GPCRs
and the finding that seven-transmembrane (7TM) receptors possess the largest
receptor family in nature. Yet, in contrast to rhodopsin, secretin, glutamate, and
Frizzled GPCRs, members of the fifth GPCR family, the adhesion (a) GPCRs, were
not discovered via their ligand molecules. Their identification about 20 years ago
was the result of genetic approaches that became available through the development
of cDNA cloning techniques in the late 1980s (Fig. 1). In 1995, the primary
structure of the leukocyte surface molecules CD97 and EMR1 (EGF module-
containing, mucin-like hormone receptor 1; in the mouse known as F4/80) was
described [1, 2]. The mature proteins were found to comprise a 7TM region, the
hallmark of all GPCRs. Most notable was the extended extracellular part,
possessing several tandem epidermal growth factor (EGF)-like domains at the
N-terminus. With reference to the binary molecule structure, the name EGF-TM7
was coined for these novel receptors [3].
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Fig. 2 Progress in the structural understanding of aGPCRs. (a) Protein structure of CIRL-1/
latrophilin 1 predicted in 1997 from the deciphered amino acid sequence of the mature polypep-
tide, with indicated the 7TM region, the extended extracellular region with several protein
domains, and the juxtamembranous proteolysis site (reproduced from [4]). (b) Model of CIRL-
1/latrophilin 1 suggested in 2012 based on crystal structures of the GAIN and hormone receptor
domain and modeling of the 7TM moiety (reproduced from [6])

Soon after, CIRL-1 (calcium-independent receptor of a-latrotoxin 1)/latrophilin
1, a neuronal receptor for the black widow spider poison a-latrotoxin, was shown to
possess a similar structure and strong homology to the 7TM cores of EGF-TM7
receptors [4, 5] (Fig. 2). However, instead of repetitive EGF-like domains, CIRL-1/
latrophilin 1 contains singular lectin-like, olfactomedin, and hormone receptor
motif domains in its extracellular part. Subsequent description of other homologous
7TM receptors, including latrophilins, EMRs, CELSRs (cadherin EGF LAG seven-
pass G-type receptors), BAIs (brain-specific angiogenesis inhibitors), HE6 (human
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epididymal 6), and VLGRI1 (very large GPCR 1), confirmed the existence of a novel
type of GPCR with a large extracellular part, differently composed of structural
modules that are typically found in cell adhesion proteins, suggesting their role in
coupling cell-to-cell interaction to intracellular signaling.

Right at the beginning, it became clear that these chimeric GPCRs undergo
intensive posttranslational modifications and that CD97, CIRL-1/latrophilin 1, and
several of their relatives consist of two noncovalently attached fragments that arise
from cleavage of the full-length precursor molecules at a juxtamembranous GPCR
proteolysis site (GPS) [4, 7, 8]. By pulse-and-chase labeling, it was shown that the
cleavage at the GPS site takes place in the endoplasmic reticulum, rendering it
fundamentally different from other proteolytic steps, such as furin processing,
which occurs in the Golgi apparatus. In 2004, Hsi-Hsien Lin and colleagues showed
that the cleavage is an autocatalytic event commonly employed by N-terminal
nucleophile hydrolases [9]. The GPS motif appeared to be highly conserved in
the aGPCRs family, representing essentially the eighth region of homology within
the family. N-terminal to the GPS, larger regions with no sequence homology were
found, linking the cell adhesion-like domains. Why the N-terminal protein
adhesion-like domains in many aGPCRs are separated from the 7TM part by a
large spacer sequence remained unclear for many more years.

Deciphering of the human genome finally disclosed the existence of 33 related
receptors that, based on phylogenetic comparison of the 7TM part, assemble a
distinct family of GPCRs. The original interest in these proteins was based primar-
ily on their potential of linking cell-to-cell interactions to intracellular signaling.
Helgi Schioth and coworkers thus called them aGPCRs and subdivided them into
nine subfamilies [10]. Their unique molecular design clearly sets the aGPCRs apart
from other GPCR families, including the secretin GPCRs [11]. It is of note that in
spite of their intricate structure, aGPCRs seem to be ancestral to most other GPCR
families and have been found even in the most ancient metazoan phyla [12].

As aGPCRs increasingly received attention from a wide spectrum of biomedical
fields, the Adhesion GPCR Consortium, together with the International Union of
Basic and Clinical Pharmacology Committee on Receptor Nomenclature and Drug
Classification (NC-IUPHAR), recently proposed a unified nomenclature [13]. The
new names carry ADGR as a common dominator, followed by a letter and a number
to denote each subfamily and subtype, respectively.

2 Receptor Biology Convenes a New Research Field

In line with the discovery of aGPCRs through genomic approaches, an interest in
these molecules developed concurrently in different biomedical areas. In particular,
immunologists, neuroscientists, and developmental biologists were among the first
who studied these intriguing receptors. Far before any molecular structures were
disclosed, Jon Austyn and Siamon Gordon had described in 1981 a monoclonal
antibody directed against an antigen on mouse macrophages, called F4/80
[14]. This antigen, currently known as EMR1 (ADGRE1), has become widely
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used as a macrophage marker, expressed during development and throughout adult
life in a range of inflammatory, infectious, tumor, and other disease models. Other
ADGREs (EMRs) are expressed in specific granulocyte populations [15]. More
recently, also ADGRBs (BAls) and ADGRGs have been identified in immune cells,
and BAI1 (ADGRB1) attracted interest as a macrophage receptor for danger-
associated molecular patterns [16, 17].

A link between aGPCRs and neuronal function was first established by the
finding that a-latroxin evokes massive neurotransmitter release and hormone secre-
tion upon binding to CIRL-1/latrophilin 1 (ADGRL1) [5, 18]. More recently,
involvement of several ADGRLs (latrophilins) in high-affinity transsynaptic
interactions has been reported, suggesting involvement in synaptic functions [19—
21]. Another highly intriguing observation was the discovery that defects in the
ADGRG subfamily member GPR56 (ADGRG1) cause a cortical malformation,
known as bilateral frontoparietal polymicrogyria (BFPP) [22]. GPR56-associated
BFPP, also studied in mouse models, has become a prime example for a monogenic
disorder arising from aGPCR dysfunction. More recently, additional roles for
GPR56 in gyral patterning and in neocortex evolution as well as in oligodendrocyte
development have been described [23-25]. Furthermore, elegant studies in
zebrafish and mice have linked GPR126 (ADGRG6) and GPR56 on Schwann
cells and oligodendrocytes to myelination of peripheral and central nervous
axons, respectively [24, 26, 27].

Investigation of invertebrate aGPCRs has helped to understand fundamental
developmental processes in health and disease. The Drosophila CELSR
(ADGRC) homolog Flamingo/Starry night governs planar cell polarity (PCP)
through facilitating the asymmetric distribution of Frizzled and Disheveled [28—
30], and chicken CELSR1 (ADGRCI1) facilitates core-PCP signaling-mediated
closure of the neural tube [31]. In a similar way, the latrophilin homolog LAT-1
organizes cell division planes across the anterior—posterior axis of the C. elegans
embryo, acting in parallel with noncanonical Wnt/Frizzled signaling [32]. More-
over, CELSR homologs in C. elegans and mice regulate axon guidance and neural
circuit development [33, 34]. Finally, CELSR1 and VLGR1 (ADGRV1) are
required for the development of sensory epithelia; mutations in the latter are
associated with the human Usher syndrome, a severe sensory-neuronal disorder
that affects vision and hearing [35].

Next to developmental effects in several organ systems, including the reproduc-
tive tract, the role of aGPCRs in tumorigenesis evoked interest in the clinical
implication of the receptors. Gabriela Aust was the first who showed that expression
of CD97 (ADGRES) correlates with dedifferentiation and invasiveness in various
carcinomas [36, 37]. Inversely, GPR56 controls melanoma growth and
metastasis [38].

The examples of aGPCR research provided here are far from complete. How-
ever, they illustrate a research field that developed in parallel and fairly separated
within different biomedical areas, resulting in a steadily growing number of
publications (Fig. 1). It was Siamon Gordon who organized in 2002 a 1-day
workshop for immunologists and tumor biologists working on EGF-TM7 receptors
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Table 1 Biennial adhesion GPCR workshops

Date Place Organizers Talks | Scientific highlights
April Oxford Siamon 16 Identification of cellular ligands
4, 2002 Gordon
March Leipzig Gabriela Aust 19 Autoproteolytic cleavage at the GPS
19, 2004
March Amsterdam | Jorg Hamann 22 Interaction between receptor
24, 2006 fragments
March Oxford Martin Stacey 15 Adhesion GPCRs in development
29, 2008
May Leipzig Gabriela Aust 19 In vivo models for Adhesion GPCRs
1, 2010
September | Wiirzburg Tobias 23 Crystal structure of the GAIN
6-8, 2012 Langenhan domain; Autonomous signaling by
the CTF; Tethered vs inverse agonist
models
June 5-7, Boston Xianhua Piao 33 Stachel mechanism of receptor
2014 activation; Receptor triggering by
mechanosensation
June 24, Leipzig Torsten 38 TBD
2016 Schoneberg;
Tobias
Langenhan

CTF C-terminal fragment, GAIN GPCR autoproteolysis-inducing, GPCR G-protein-coupled
receptor, GPS GPCR proteolysis site, TBD to be determined

in Oxford (Table 1). During the following events in Leipzig (2004), Amsterdam
(2006), Oxford (2008), and Leipzig (2010), aGPCRs expressed outside the immune
system, such as CIRL-1/latrophilin 1, GPR64 (ADGRG2), and VLGRI1, slowly
entered the stage. The more recent events in Wiirzburg (2012) and Boston (2014)
dealt with all aspects of aGPCR biology and saw a strongly expanding audience
[39, 40]. Yet, despite the transformation into 3-day events, the aGPCR Workshops
are still informal gatherings, at which novel, unpublished work is presented, and
open questions are discussed in an intimate setting. By catalyzing cross talk and
collaboration between aGPCR researchers with a different scientific background,
the aGPCR Workshops had a tremendous impact on the field. Currently, the
community is looking forward to the next event in Leipzig in 2016.

A decisive step in the development of the field was the founding of the aGPCR
Consortium (AGC; www.adhesiongpcr.org) in 2012. As an international, open
network of academic and nonacademic laboratories interested in aGPCRs, the
AGC currently connects more than 60 scientists from 15 countries. The AGC has
become a meeting place for everyone interested in aGPCRs and organizes, cur-
rently, the biennial workshops. Moreover, the AGC provides information and
visibility for the aGPCR community, works on terminology and nomenclature
issues, and serves as a starting ground for collaborative research initiatives. The
latter has led to the establishment of the Research Unit 2149—FElucidation of
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Adhesion GPCR signaling—in 2015, which is supported by the Deutsche
Forschungsgemeinschaft (www.adhesiongpcr.de).

3 From Molecular Structure to Pharmacology

While work on aGPCRs transcended different biomedical areas, the central ques-
tion on the mechanism by which these receptors signal remained hard to answer for
a long time. The existence of numerous protein domains implied that aGPCRs
might engage in cell—cell interactions. A similar function of receptor tyrosine
kinases has been very well described, with its importance in cancer biology and
development. In 1996, Jorg Hamann demonstrated that CD97 binds decay-
accelerating factor/CD55, a molecule associated with regulation of the complement
cascade [41]. Since then, interacting partners, often matricellular molecules, have
been identified for about ten aGPCRs. However, no comprehensive picture arose
that would fit the concept of agonistic ligands as these have identified for other
GPCR families [42].

Recently, the juxtamembrane part of the aGPCRs containing the GPS motif has
been implicated in the receptor signaling. Demet Arac¢ showed that the GPS is an
integral part of a much larger domain that was termed GPCR autoproteolysis-
inducing (GAIN) domain [6]. Crystal structures of GAIN domains from CIRL-1/
latrophilin 1 and BAI3 (ADGRB3) revealed a conserved, novel fold that fine-tunes
the chemical environment at the GPS to catalyze peptide bond hydrolysis (Fig. 2).
Another key finding by the groups of Randy Hall and Lei Xu was the observation
that the C-terminal fragment (CTF) of some aGPCRs shows intense metabotropic
and biological activity, implying that the N-terminal fragment (NTF) controls
receptor signaling [43, 44], and that the ectodomain of aGPCRs may act as a
tethered ligand for their 7TM domain [45].

Building forth on these studies, the laboratories of Ines Liebscher, Torsten
Schoneberg, and Gregory Tall have proposed a tethered agonist mechanism
according to which displacement of the NTF exposes a short N-terminal sequence
of the 7TM domain, designated Stachel (German for stinger), that is hidden within
the GAIN domain [46, 47]. Synthetic peptides, comprising these Stachel sequences,
have been shown to potently trigger various aGPCRs, in vitro and also in vivo.
Finally, work from the groups of Bruce Spiegelman, Kelly Monk, and Tobias
Langenhan uncovered that mechanical cues trigger the activity of aGPCRs under
physiological conditions, adding mechanosensation to the sensory canon of the
GPCR superfamily [27, 48, 49].

The ability to activate aGPCRs enabled studies aiming at identifying down-
stream signaling modes. The demonstration that the receptors can couple to all
subclasses of G proteins [46, 50] led to the recognition as bona fide GPCRs
[55]. Consequently, established GPCR conferences currently discuss developments
in aGPCR research. Yet, uncertainties remain (Table 2). Information concerning
the ability of aGPCR binding partners to trigger G proteins is very scarce so far
[27,51], and we do not know whether the functioning of the receptors is confined to
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Table 2 Certainties and uncertainties about GPCRs

What do we know

» GPCRs are bipartite molecules with a large
extracellular region that is connected through
a GAIN domain to a 7TM moiety

» The majority of aGPCRs undergo
autocatalytic processing at a GPS embedded
within the GAIN domain

» aGPCRs can be activated through a tethered
agonist (Stachel sequence)

» aGPCRs are widely distributed and cause
distinct biological phenotypes

What we are not sure of

* A functional link between adhesive capacity
and receptor signaling remains to be
established

* Lack of cleavage of some aGPCRs suggests
that a bipartite structure is not a prerequisite
for receptor function

* Mechanisms allowing exposure of the
Stachel need to be determined, in particular for
solid tissues and non-cleavable receptors

« It is not clear whether aGPCRs display cell
type-specific or general cellular functions

7TM seven-transmembrane, aGPCR adhesion GPCR, GAIN GPCR autoproteolysis-inducing,
GPCR G-protein-coupled receptor, GPS GPCR proteolysis site

G-protein signaling. Early studies on PCP in Drosophila showed that the CELSR
homolog Flamingo arranges in trans and in cis with other transmembrane
molecules to execute its functions [28-30], possibly presenting another major
working mechanism. In addition, CD97 has been shown to heterodimerize with
the lysophosphatidic acid (LPA) receptor to amplify LPA-initiated Rho-dependent
signaling and invasion in prostate cancer cells [52].

Another interesting possibility exists that the large NTF of aGPCRs may serve
autonomously by interacting as a ligand with other receptors. In the original
discovery of BAII, its ectodomain soluble fragment had a role in the inhibition of
brain-specific angiogenesis [53]. Also, the presence of a specifically cleaved solu-
ble fragment of CIRL-1/latrophilin 1 was detected in the brain, comprising about
5 % of the total amount of the receptor expressed [54]. Finally, a genetic study
uncovered a specific role of the N-terminal fragment of GPR126 in axon
sorting [27].

Based on the anecdotal identification of most of its members, the aGPCR cohort
is one of the prime examples of genome-sequencing effort-driven identification and
definition of an entire molecule class. As a consequence, research on aGPCRs
grows out of a “molecule-centered” rather than “biology-centered” history since
almost two decades. This situation has recently changed with the advent of molec-
ular models on the signaling paradigm of aGPCRs and their physiological mode of
activation. The field has now entered a highly intriguing stage, and we predict that
the pharmacological insight and tools that are currently developed will boost novel
attempts to understand the biological functions of aGPCRs in health and disease.
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Representation of the nine distinct aGPCR subfamilies and their unique N-terminal domain
architecture. The illustration also shows the extracellular structural feature shared by all aGPCRs
(except ADGRA1), known as the GPCR autoproteolysis-inducing (GAIN) domain, that mediates
autoproteolysis and subsequent attachment of the cleaved NTF and CTF fragments
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Abstract

The adhesion family of G protein-coupled receptors (aGPCRs) is unique among
all GPCR families with long N-termini and multiple domains that are implicated
in cell—cell and cell-matrix interactions. Initially, aGPCRs in the human genome
were phylogenetically classified into nine distinct subfamilies based on their
7TM sequence similarity. This phylogenetic grouping of genes into subfamilies
was found to be in congruence in closely related mammals and other vertebrates
as well. Over the years, aGPCR repertoires have been mapped in many species
including model organisms, and, currently, there is a growing interest in explor-
ing the pharmacological aspects of aGPCRs. Nonetheless, the aGPCR nomen-
clature has been highly diverse because experts in the field have used different
names for different family members based on their characteristics (e.g., epider-
mal growth factor-seven-span transmembrane (EGF-TM7)), but without
harmonization with regard to nomenclature efforts. In order to facilitate naming
of orthologs and other genetic variants in different species in the future, the
Adhesion-GPCR Consortium, together with the International Union of Basic and
Clinical Pharmacology Committee on Receptor Nomenclature and Drug Classi-
fication, proposed a unified nomenclature for aGPCRs. Here, we review the
classification and the most recent/current nomenclature of aGPCRs and as well
discuss the structural topology of the extracellular domain (ECD)/N-terminal
fragment (NTF) that is comparable with this 7TM subfamily classification. Of
note, we systematically describe the structural domains in the ECD of aGPCR
subfamilies and highlight their role in aGPCR-protein interactions.

Keywords
Adhesion GPCRs * Nomenclature ¢ Classification « Pharmacology * Drug
targets « Homologs « Mammals ¢ Vertebrates « Model organisms « GAIN domain

1 Introduction

The G protein-coupled receptor (GPCR) superfamily is the largest family of cell
surface receptors and is grouped into five major families: glutamate, rhodopsin,
adhesion, frizzled, and secretin [1, 2]. Among all classes, the adhesion GPCRs
(aGPCRs) comprise the second largest family with 33 members in the human
genome [1, 2]. Prior to the release of the human genome, aGPCRs were not
considered as a separate family of GPCRs. Indeed, at that time, only a few genes
were identified that constituted a long extracellular region and a seven transmem-
brane segment (7TM) characteristic to GPCRs. One of the first aGPCRs cloned was
the epidermal growth factor (EGF)-like molecule containing mucin-like hormone
receptor 1 and later similar molecules were identified [3—6]. This paved the way for
the recognition of these molecules as EGF-TM7-like receptors because of the
presence of EGF-like domains in their extracellular region [6]. Similarly, other
names that were initially termed for aGPCRs include LN-7TM [7] (for the presence
of long N-terminal regions), LNB-7TM [8] (for their similarity to family B secretin-
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like GPCRs), or family B2 receptors [9]. Shortly after the release of the human
genome, several novel genes were identified, and subsequent gene mining showed
that at least 30 GPCR-like sequences exist with a long extracellular region and
GPCR proteolysis site (GPS) motif that induce autocatalytic processing [10]. Some
of these receptors were often initially denoted or thought as secretin-like GPCRs
and were placed in proximity to family B receptors [9]. Nonetheless, the large-scale
effort to comprehensively classify the GPCRs in the human genome showed
convincing phylogenetic evidence that aGPCRs constitute a separate family of
GPCRs [1]. This made clearer that adhesion and secretin families are indeed
distinct from each other, although these molecules share vague similarities and
are often placed together as family B GPCRs [9]. This view is strengthened as the
largest of differences were observed in their extracellular region and in particular
aGPCRs are also distinct from secretin GPCRs in molecular function. For example,
most aGPCRs contain the GPS motif, which is found in close proximity to the 7TM
region (for review see [11]). Moreover, it is currently understood that the GPS motif
is a part of a much larger GPCR autoproteolysis-inducing (GAIN) domain, which
induces the autocatalytic processing of aGPCRs into an N-terminal fragment (NTF)
and a C-terminal fragment (CTF) [12]. In addition, the NTF of aGPCRs contains
numerous protein domains implicated in cell and matrix interactions [11, 13], and,
thus, the established name of “adhesion” family GPCRs was initially coined to refer
this feature. Conversely, the secretin GPCRs do not undergo such autocatalytic
processing in their N-termini, however, contains a hormone-binding domain (HBD)
to mediate hormonal responses [13, 14]. In this chapter, we review the classification
of aGPCRs into nine families in the human genome and briefly discuss the classifi-
cation and potential homologs of these families in other vertebrate and invertebrate
genomes. Of note, we address the recently recommended nomenclature of aGPCRs
[15] that aim to provide a coherent and systematic naming system independent of
the species and subfamily names. Also, we discuss the similarities between aGPCR
subclasses with respect to the organization of their structural topology (e.g.,
olfactomedin, cadherin, EGF-like and thrombospondin type 1 domain). The analy-
sis nevertheless indicates remarkable differences that demonstrate the structural
diversity of aGPCRs, but could also hint at potential interaction partners for orphan
aGPCRs or provide information on NTF—CTF interactions. We therefore systemat-
ically describe the unique (sub) family-specific structural features and their protein
interactions.

2 Classification of aGPCRs
2.1 Human aGPCR Subfamilies

Based on phylogenetic criteria, the human aGPCR repertoire is categorized into
nine distinct subfamilies (considering ADGRV1 (VLGR1) as subfamily IX)
according to the molecular signature of their 7TM region [1]. The number of
genes belonging to the subfamilies I to VIII vary from two genes in “subfamily
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V” to seven genes in “subfamily VIII” [1, 16]. However, the subfamily IX contains
only a single gene ADGRV1, also known as the very large GPCR1, referring to its
unusually large extracellular region of about 6000 amino acids comprising multiple
Calx-f repeats [1, 16]. Intriguingly, except for subfamily VI and VIII, each sub-
family has a characteristic unique pattern of extracellular domain architecture (see
Sect. 4.2) and this molecular signature is used as a marker to distinguish between
the subfamilies and as well to categorize novel homologs in other species. None-
theless, before the classification of human aGPCRs was established in 2003 [1, 10],
several important factors were considered to determine the aGPCR classification.
One of the major factors strongly taken into account was the strength of the
phylogenetic nodes forming distinct groups, as this is central for the classification
of subfamilies [1, 10]. This is vital because the tree topology supporting the
classification largely depends on the choice of the alignment methods and phyloge-
netic reconstruction software [17]. Nonetheless, the grouping of aGPCRs into nine
distinct families was found reliable when aGPCR repertoires from other mamma-
lian genomes were curated and compared with the human aGPCR repertoire using
different phylogenetic algorithms that included maximum parsimony, maximum
likelihood, and neighbor-joining analyses [16, 18, 19]. Also, a consensus view of
tree topologies obtained from human—-mouse, human-rat, and human—dog phylo-
genetic comparisons showed identical grouping pattern, although the hierarchy
within the subfamilies displayed considerable degrees of variation for subfamilies
that comprised divergent members (e.g., within subfamily VIII). Overall, these
comparative analyses further strengthened the classification, and the human aGPCR
classification is now currently utilized in several studies as a reference to further
classify aGPCRs in vertebrate and invertebrate genomes.

2.2 aGPCRs in Mammals and Other Vertebrates

Mining of aGPCRs in mammalian and other vertebrate genomes resolved one-to-
one orthologous relationships with the human aGPCR members and as well
provided insights into the evolution and diversity of aGPCRs. These gene mining
studies showed that homologs of most human subfamilies are found in several
vertebrate genomes. Nonetheless, the actual gene count of aGPCRs varied from
species to species. For example, the mouse genome encodes one-to-one orthologs
for 31 of the 33 aGPCRs found in human; however, orthologs of ADGRE2 (EMR2)
and ADGRE3 (EMR3) are absent [16, 20, 21]. The same subset of aGPCRs was
also observed in the rat genome with no orthologs found for human ADGRE2 and
ADGRES3 [18]. Conversely, mining of aGPCRs in other mammalian genomes such
as the dog genome showed that all 33 human aGPCRs are found and as well contain
additional full-length genes that are homologs of ADGRE2 and ADGRE3
[19]. Additional gene mining studies discovered that the chicken genome contains
21 of 33 aGPCRs, but clearly lack orthologs of other 12 human aGPCRs [22]. Simi-
larly, the fugu genome was surveyed and contains at least 29 aGPCR-like sequences
[23]. These robust gene mining studies also suggested that aGPCRs are by no
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means a coherent group of equally divergent clusters and they show high degrees of
variability in both, between the members of the subfamilies and one-to-one
orthologous gene pairs. For example, the overall amino acid similarity within the
TM regions of the human aGPCRs belonging to subfamily VII is relatively high
similarly (60-70 %), whereas members of subfamily VIII share less percentage
sequence identity (20-30 %). Moreover, the percentage of amino acid identity
between the orthologous pairs in human—-mouse, human-rat, and rat-mouse
genomes also shows high degrees of variability from one subfamily to the other.
For instance, the human—mouse orthologous pairs of members belonging to sub-
family VII (brain-specific angiogenesis inhibitor (BAls) or ADGRBs) share 98 %
identity within their 7TM, while the orthologous pairs of subfamily VI and VIII
members share a relatively low percentage identity (50-60 %). Taken together,
these differences occasionally make it complicated to classify aGPCRs in distant
species and in organisms that constitute local expansions. This was also observed in
a recent attempt to classify aGPCRs in the zebra fish genome that constituted local
expansions in subfamilies II, VI, and VIII. A few sequences had unstable position-
ing between the topologies observed using maximum likelihood (ML) and the
Bayesian approach [24]. In such cases, aGPCR sequences were classified using a
more acute approach of performing separate phylogenetic analyses on each cluster
and considering the multiple alignments and extracellular domain architecture
[24]. In addition, the exon—intron boundaries with intron phase/positions and the
overall conservation of neighboring genes in the genomic scaffolds can serve as
additional genetic markers to classify aGPCR orthologs in invertebrates.

23 aGPCRs in Invertebrates

In the last decade, robust efforts to sequence the genomes of several invertebrates
and some non-bilaterian organisms provided large datasets to further mine and
classify aGPCRs across most metazoans (animals). Several earlier studies that
sought to determine aGPCRs in these distant species found homologs of a few
human aGPCR subfamilies and catalogued many species-specific expansions as
well. Genomic survey in closest relatives of vertebrates such as Ciona intestinalis
and Branchiostoma floridae (amphioxus) exposed the diversity of aGPCRs before
the emergence of vertebrates [25, 26]. Amphioxus contained a total of 37 aGPCRs,
which is an estimate much similar to that found in the vertebrate genomes.
However, amphioxus lacks homologs of human aGPCR subfamilies I, II, IV, VI,
and VII and only contains a few aGPCRs that shared some similarities with
subfamilies III, V, and VIII. The remaining aGPCRs in amphioxus are most likely
species-specific and contained a diverse array of extracellular domains including a
few domains that are not commonly found in vertebrate aGPCRs [26]. Similarly,
Ciona contains 30 aGPCRs, of which only six genes constituted orthologous
relationships with the human aGPCR subfamilies (subfamilies I, III, IV, and VIII)
[25]. The remaining 24 genes are diverse from the human aGPCR dataset and
formed five paralogous groups that are most likely specific to Ciona [25]. Mapping
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of aGPCRs in Saccoglossus kowalevskii, a hemichordate (a deuterostome animal,
sister group to echinoderms, and closely related to chordates) found 18 aGPCR-like
sequences, which comprise homologs of subfamilies I, III, IV, VII, and VIII, but
lack representatives of other aGPCR subfamilies [27]. In addition, previous studies
have also estimated the number of aGPCRs in other metazoans including,
echinoderms (sea urchin) [28, 29], nematodes (Caenorhabditis elegans) [30],
arthropods (Drosophila melanogaster) [31], cnidarians (Nematostella vectensis)
[32], placozoans (Trichoplax adhaerens) [33], and sponges (Amphimedon
queenslandica) [34, 35]. These ancient and primitive animals constituted several
species-specific aGPCRs, but also contain a few homologs of some human aGPCR
subfamilies. For instance, N. vectensis contains homologs of subfamilies III, 1V,
and IX, while T. adhaerens has a homolog of subfamily IV [32, 35]. Nonetheless, it
must be mentioned here that these phylogenetically basal species contained highly
diverse aGPCR datasets and earlier attempts to phylogenetically resolve their
relationships with human and other vertebrate aGPCRs) have resulted in either
unresolved topologies or lack of sufficient support to categorize them into the
known subfamilies. This scenario is also observed in our recent attempt where we
classified sponge aGPCRs and resolved their relationships with aGPCR datasets
from other non-bilaterian species [34]. Taken together, these studies elucidate the
difficulties in classifying aGPCRs in distant species. Moreover, the complexity is
also aggravated in naming of these homologs and other genetic variants in different
species, due to the lack of harmonized nomenclature for aGPCRs. Nonetheless, the
current nomenclature (see below) will provide a better platform to classify these
ancient GPCRs and to further examine the aGPCR diversity.

3 Recommended Nomenclature of aGPCRs

As described in previous sections, aGPCRs are highly diverse and are found in a
wide range of species, where they perform important and diverse biological
functions. However, aGPCRs lack a harmonized nomenclature and over the years
diverse names have been used for the genes belongings to different subfamilies.
Names such as cadherin EGF LAG seven-pass G-type receptor (CELSR),
EGF-TM7 (epidermal growth factor-seven-span transmembrane), brain-specific
angiogenesis inhibitor (BAI), and very large GPCR (VLGR) were initially created
by pioneers of this research field much before the time point where aGPCRs were
not considered as a separate family of GPCRs. Later after the release of the human
genome, many new aGPCRs genes were identified and GPR# names were assigned
in collaboration with the Human Genome Organization (HUGO) Gene Nomencla-
ture Committee (HGNC). Nonetheless, these GPR# names were also considered as
temporary identifiers until additional information about the protein function was
elucidated. Currently, the aGPCRs are considered to assemble a separate family of
GPCRs. Over the years the research field has expanded widely and more genome-
wide studies including genomics/genetics, expression, and epigenetics are consis-
tently been carried out. This permanent growth of the aGPCR research field raised
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the requirement for a harmonized naming system that would clearly illustrate the
relationship between these proteins/genes for diverse research groups. The highly
diverse aGPCR naming system was discussed in [IUPHAR meetings and this has
been taken into consideration by the [UPHAR Committee on Receptor Nomencla-
ture and Drug Classification (NC-IUPHAR). The Adhesion-GPCR Consortium
with assistance from HGNC worked on a coherent naming system, sought to
provide aGPCRs a prefix that identifies any adhesion GPCR homolog, independent
of species or subfamily [15]. Providing a unique and most appropriate prefix for all
aGPCR families was considered highly important because any such naming system
will help to name orthologs and other genetic variants in different species in the
future [15].

The most appropriate and unique prefix found was ADGR, which stands for
adhesion G protein-coupled receptor. Moreover for easy recognition, each subfam-
ily was then assigned a letter to relate to their previous names. For example, L for
the latrophilins, E for the EGF-TM7 receptors, C for the CELSRs, B for the BAISs,
and V for VLGR, while the subfamilies with GPR# names have been given a letter
in alphabetic order (A, D, F, G). As stated above the members within each
subfamily (I to IX) were assigned a sequential number based on the phylogenetic
clustering pattern according to the molecular signature of the 7TM regions. For
example, the members of the subfamily I, the latrophilins, LPHN1, LPHN2,
LPHN3, and ELTDI, were named as ADGRL for latrophilins, and the members
were assigned numbers as such where LPHNI1 is now ADGRLI1, LPHN2 is
ADGRL2, LPHN3 is ADGRL3, and ELTD1 is ADGRL4 [15]. Likewise members
of the other subfamilies contain the prefix ADGR, the associated letter to relate to
previous names, followed by numbers for the paralogs. This nomenclature (Table 1)
has been accepted by both HGNC and NC-IUPHAR, and both organizations
encourage the use of this nomenclature in all literature and databases [15]. Upon
recommendation, the new nomenclature is currently being used together with the
old names, for example, “ADGRES (CD97)” or “ADGRL1 (LPHN1),” until the
new names are fully established.

4 Structural Aspects of aGPCRs

The 33 human aGPCRs can be divided into nine subfamilies based on their 7TM
sequence similarity. Interestingly, the 7TM-based classification reflects similarities
within aGPCR subfamilies with respect to the organization of their extracellular
domains. Class-specific features, such as the GAIN domain and often-occurring
sequences like the HBD and EGF-like domains are present in several aGPCR
subfamilies. In contrast, cadherin and thrombospondin type 1 repeats are subfamily
specific. A subfamily ordered description of all domain structures and their
identified interaction partners gives insight in the structural diversity of aGPCR
and also highlights the dual function of both the NTF and the CTF.
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Table 1 Currently used nomenclature of adhesion GPCRs

Previous/old Proposed new names Currently accepted nomenclature/
Subfamilies | gene names for subfamilies used new gene names
I LPHN1 L (Latrophilin) ADGRLI1
LPHN2 ADGRL2
LPHN3 ADGRL3
ELTDI1 ADGRL4
I EMR1 E (EGF-TM7) ADGREL1
EMR2 ADGRE2
EMR3 ADGRE3
EMR4 ADGRE4
CD97 ADGRES5S
I GPR123 A ADGRAL1
GPR124 ADGRA2
GPR125 ADGRA3
v CELSR1 C (CELSR) ADGRC1
CELSR2 ADGRC2
CELSR3 ADGRC3
\% GPR133 D ADGRD1
GPR144 ADGRD2
VI GPR110 F ADGRF1
GPR111 ADGRF2
GPR113 ADGRF3
GPR115 ADGRF4
GPR116 ADGRF5
VII BAIl B (BAI) ADGRB1
BAI2 ADGRB2
BAI3 ADGRB3
VIII GPR56 G ADGRG1
GPR64 ADGRG2
GPR97 ADGRG3
GPR112 ADGRG4
GPR114 ADGRGS5
GPR126 ADGRG6
GPR128 ADGRG7
IX GPR98 \4 ADGRV1

BAI brain-specific angiogenesis inhibitor, CD cluster of differentiation, CELSR cadherin EGF
LAG seven-pass G-type receptor, EGF-TM7 epidermal growth factor-seven-span transmembrane,
ELTD EGEF, latrophilin, and seven-transmembrane domain-containing protein, EMR EGF-like
molecule-containing mucin-like hormone receptor
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4.1 General Structural Features of aGPCRs

4.1.1 7TM

All aGPCRs possess the classical 7TM architecture. Based on sequence conserva-
tion and gene splicing sites localization [32], aGPCRs are more closely related to
family B secretin receptors than to family A rhodopsin GPCRs (see Chapter IV for a
complete aGPCR/secretin family B structural comparison). Seven TM sequence
homology between aGPCR subfamilies classifies them in nine distinct subfamilies
[16, 36]. Intriguingly, this classification can be extended to the extracellular domain
(ECD), suggesting an evolutionary conserved relationship between the extracellular
domains and 7TM functioning. Indeed, for some aGPCRs it has been described that
protein binding to the extracellular domain results in 7TM-dependent signaling
[11, 15]. Recently, an activation mechanism has been proposed in which the 7TM
N-terminus (Stachel; see below) is exposed upon removal of the non-covalently
attached N-terminal fragment (NTF). This tethered sequence can subsequently
interact with the 7TM structure and induce receptor activation [37—40]. This acti-
vation mechanism seems applicable for the whole aGPCR family, since the major-
ity of aGPCRs possess this conserved sequence motif (see [41]).

4.1.2 ECD

Each aGPCR has a typically large N-terminal extracellular domain (ECD) that
encompasses both aGPCR subfamily-dependent structural features, e.g., adhesion
domains (see Sect. 4.2 and [42]), and aGPCR-specific features like the GAIN
domain. Here, we will briefly address all features and, moreover, give a tabular
overview of the different aGPCR subfamilies with their characteristic domains
(Table 2).

4.1.3 GAIN

The GAIN domain, which is conserved in 32 out of 33 human aGPCR (absent in
ADGRA1/GPR123), can be found directly N-terminally of the first transmembrane
helix (TM1). In 2012 the crystal structures of the GAIN domain in ADGRLI1
(latrophilin-1) and ADGRB3 (BAI3) were published [12, 44] (see also [42]). The
GAIN domain consists of domain A that contains 6 alpha-helices and domain B that
has a twisted beta-sandwich with 13 beta-strands and 2 alpha-helices
[12, 44]. Within in the GAIN domain lays a conserved GPCR proteolytic site
(GPS) where aGPCRs are autoproteolytically cleaved into an N-terminal fragment
(NTF) and C-terminal fragment (CTF) during protein maturation (Table 2). GPS
cleavage takes place between the last two (12—13) beta-strands. Importantly, it was
shown that the GPS of ADGRB3 (BAI3) is situated in a sharply kinked loop and is
therefore non-cleavable [12]. Indeed, not all aGPCRs are actually cleaved at their
GPS: ADGRF2 (GPR111), ADGRGS5 (GPR114) [40], ADGRF4 (GPR115) [45],
and ADGRCI1 (CELSRI1) [46] have been shown to be cleavage deficient, whereas
ADGRE1 (EMR1), ADGRAI, ADGRA2 (GPR124), ADGRA3 (GPRI125),
ADGRC3 (CELSR3), and ADGRB3 (BAI3) [12] are expected to be
non-cleavable due to a non-consensus sequence (i.e., the general base H is absent
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Table 2 Overview of aGPCR structural NTF features

Structural
Feature ==
£
5 - Z|E
£ ! ]2
z ? z 2%
g § 3 £ 2
_ 2 g E £
AGPCR £ |5|2|5|5% )2 Eld|é|B £\ 4
ADGRL1 (LPHNI) | 838839
| ADGRLZ (LPHN2)  |824-825
ADGRET (EMR1)  |584-585%
ADGREZ (EMR2) 517-518
138-339
I EEEET)
ADGRES (CD97) | 530-531 ] O Y 1 B
ADGRAT (GPRI123)
ADGRAZ (GPR124) | T46-747% 1 1
ADGRA3 (GPRI25) |737-738 ] 55 1
ADGRCI (CELSR1) 4 [
ADGRC? (CELSR2) _[2356-2357* 4 9
ADGRC3 (CELSR3) _[2517-2518% 4 2
ADGRD1 (GPR133) | 544-545
ADGRDZ (GPRI44) _[636:637 |
| ADGREI (GPRI10) | 566-567 ] 1
| ADGRFZ (GPRI11}
| ADGRE3 (GPRI13) 1 [t
| ADGRF4 (GPRI13) ]
ADGRFS (GPRI16) _[990-991 | ] 1
| ADGRE1 (BAII) 926-927 1 3
| ADGRBZ (BALZ) 911912 4
| ADGRE3 (BAIZ) [856-857 T
| ADGRG1 (GPRS6) | 282-283
| ADGRG2 (GPRGY) | 606-607
| ADGRG3 (GPROT) _|249-250
| ADGRGA (GPR112) _[3078-3080 1 1
| ADGRGS (GPR114) | 226-227
| ADGRG6 (GPR126) | 840-841 1 [ 1 1
| ADGRGT (GPRI128) 415416
ADGRV I (VLGRI) _|5890-5891 | 1 1 356

Structural features present in extracellular domains of aGPCR family members. Numbers indicate
the amount of repeats. In blue, receptors that have additional cleavage sites identified in NTF,
identified binding partners, and/or Stachel-induced receptor activation are reported. Red box:
Non-cleavage (experimental evidence). Orange box: theoretically non-cleavable. *According to
GPS sequence alignment Lin et al. [43], **Novel laminin domain in ADGRG6

or replaced by an interfering residue) at their GPS [15]. Except for the ADGRA:s,
this cleavage deficiency seems random and subfamily independent (Table 2 and
[47]).

4.1.4 HBD

Directly N-terminal of the GAIN domain is a so-called hormone-binding domain
(HBD; ~70 aa) in 12 of the 33 aGPCRs [12] (Table 2 and [42]). This domain
consists of two long and two short antiparallel beta-strands that are connected with
random loop structures. Interestingly, such an HBD is also found in family B
secretin receptors, the most closely related GPCRs [32]. This domain has been
considered as potential ligand-binding domain [12, 48]. However, the crystal
structure shows a conformation of the HBD that does not allow hormone binding
due to steric hindrance of the GAIN domain [12]. It should be noted however that
this conformation is just a snapshot and may not represent a dynamic real-life
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situation. In contrast to family B secretin receptors, the aGPCR HBDs lack an
N-terminal alpha-helix, which has proven important, but not essential for peptide
and hormone interactions in family B secretin receptors (e.g., GLP-1 receptor [49]).

4.1.5 EGF-Like Domain

The EGF-like domain (with or without calcium binding) is another domain that is
present in several aGPCRs (i.e., ADGRL4, ADGREs, and ADGRCs). EGF-like
domains consist of a large N- and short C-terminal-located two-stranded beta-sheet,
which are connected by a loop structure [50]. Multiple EGF-like domains fold
together to form a functional solenoid architecture. The structural organization of
these domains is facilitated by domain—domain contacts that can be stabilized by
calcium ion binding (see also [42]).

4.2 aGPCR Subfamily-Specific Structural Features and Protein
Interactions of NTF

4.2.1 ADGRL

The NTF of the ADGRL (I) subfamily has a common structure for ADGRL1-3,
namely, a cysteine-rich region homologous to a galactose-binding lectin (GBL or
lectin) domain (108 aa) [51, 52]; olfactomedin domain (260 aa) (a glycoprotein of
the extracellular matrix of the olfactory neuroepithelium) [53]; serine, threonine,
and proline (STP)-rich region (79 aa); and an HBD [32, 54].

The structure of the lectin domain was resolved by NMR, showing a beta-
sandwich including two antiparallel sheets, surrounded by a 10-residue alpha-
helix and two extended loops [55]. L-Rhamnose can bind with low affinity to one
of the loops [55, 56]; however, no data on ADGRL function has been tested. The
lectin domain is conserved in most ADGRL1-3 orthologs, except coelenterates
which could hint at an important role in receptor functioning [57]. Crystallographic
data for the lectin and olf domains of the mouse ADGRL3 showed that olf-b has a
propeller fold and a conserved calcium-binding site [58]. Note that the
olfactomedin domain is only present in vertebrate orthologs aGPCRs, which
could indicate that this domain is acquired during early vertebrate evolution
[59]. The STP domain is present in vertebrate and insect orthologs, however, is
absent in C. elegans [59]. In contrast, the fourth member of the ADGRL class,
ADRGL4 (ELTD1), has a different structural composition of its NTF (i.e.,
EGF-like domain and Caz+-binding EGF-like domain) [60, 61] (see Sect. 4.1).
The ADGRL receptors were discovered due to binding of an exogenous binding
partner to ADGRL1, a-latrotoxin—a black widow spider venom [62]. This venom
binds to the HBD and GAIN domains in the NTF of ADGRL1 [63]. In later years
three endogenous binding partners have been found to interact with ADGRL1-3.
All three belong to single-span transmembrane protein families: teneurins, fibro-
nectin leucine-rich transmembranes (FLRTSs), and neurexins.

The large postsynaptic glycoprotein teneurin-2 [also named Lasso (latrophilin-
associated synaptic surface organizer)] binds to the lectin domain of presynaptic



Classification, Nomenclature, and Structural Aspects of Adhesion GPCRs 27

ADGRLI1 “in trans” (K3 <2 nM) [59, 64]. Interestingly, while ADGRL1-3 have
similar domains in their NTF, teneurin-2 only binds ADGRL1 and does only bind
weakly (ADGRL2) or does not bind at all (ADGRL3) to the other subfamily
members [64]. In addition, ADGRL3 binds to teneurin-3 [65] and teneurin-4
binds to ADGRLI1 [66]. This indicates that, although the structural similarity is
present, there is room for receptor-specific targeting.

Very recently, it was shown that a short amino acid sequence on the distal
extracellular tip of each teneurin named teneurin C-terminal-associated peptide
(TCAP) exhibits an effect on ADGLRs, independent of the teneurin protein.
Interestingly, TCAP has remarkable structural homology with peptide ligands
that bind to the secretin GPCR subfamily (i.e., CRF peptide family). TCAP binds
to the lectin domain of ADGRL1-3 [67].

Cell adhesion proteins fibronectin leucine-rich transmembranes (FLRTSs) were
initially thought to bind “in trans” to the lectin domain of ADGRL1-3 [65]. How-
ever, recent elucidation of the propeller-like olf domain showed a major role for this
domain in FLRT interaction [58, 68, 69]. ADGRL1 and ADGRL3 bind both FLRT1
and FLRT3, but ADGRL2 only interacts with FLRT3. Their extracellular regions
interact with ADGRLs and with uncoordinated-5 (UNC5/netrin) receptors [68].

ADGRLI1 also interacts “in trans” with a family of highly variable presynapti-
cally localized neuronal cell surface receptors (i.e., neurexins) [70, 71]. Neurexin-
1a, neurexin-1b, neurexin-2a, neurexin-2b, and neurexin-3b proteins bind ADGRLs
via the receptor its olf domain. This results in a transsynaptic adhesion
complex [66].

Of interest, the ADGRL family has been extensively studied in C. elegans. The
ADGRL1 homolog LAT-1 has been shown to exhibit an NTF- and
CTF-independent function. The NTF is anchored to the membrane and mediates
fertility, independently from the CTF [45]. Likewise, the role of the CTF part in
tissue polarity is independent of the NTF. Note that these effects are GPS cleavage
independent, since a non-cleavable mutant did still possess the two independent
activities [45]. ADGRL1-3 have the ability to reassociate upon protein binding to
their NTF. Interestingly, this reassociation does not require a CTF from the original
ADGRL subfamily member, but the protein-bound NTF can bind to a CTF from
another ADGRL subfamily member [57]. Since the GAIN domain has high struc-
tural homology within the aGPCR class, even functional interactions with different
subfamily members have been observed (named crisscross associations) [57].

No interaction data is known to date regarding the NTF of ADGRL4. The
question arises whether this aGPCR truly belongs in this aGPCR subfamily.
Structure-wise ADGRLA4 is able to form homodimers at the cell surface consisting
of two full-length ADGRL4 proteins [61].

4.2.2 ADGRE

Members of the ADGRE subfamily have a very similar NTF consisting of 2—5
tandemly arranged EGF-like domains (see Sect. 4.1). The 1-4 EGF-like domains
that are located C-terminal of the first EGF domain have a calcium-binding site and
belong to the fibrillin-like family I type [6]. The NTF similarity in ADGREs is
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mainly caused by their evolutionary history of gene duplication and exon shuffling
[6]. ADGREA4 is most likely a pseudo-gene evolved after separation from the great
apes [72]. ADGRE2 has been present from early placental mammals. Both
ADGRE2 and ADGRE3 have no homologs in Murinae [73]. The 7TM of
ADGRE?2 have high amino acid similarity to ADGRE3, but the NTF part is most
similar to ADGRES (6 aa difference) [74]. Of interest is the fact that ADGREs (i.e.,
1, 2, 5, but also EGF-like domain-containing ADGRL4) have multiple isoforms.
These isoforms vary in their EGF-like domain numbers and thus the structural
formation of their NTF.

Based on the NTF structural features, ADGRL4 was previously believed to be
part of the ADGRE subfamily [6]. However, based on chromosome localization (all
genes except of ADGRL4 are located on chromosome 19), ADGRL4 does not fit in
this family [6]. In addition, an ADGRL4-like gene in zebra fish (where ADGRE
members are restricted to mammals) and the expression pattern of ADGRL4 also
exclude ADGRL4 from the ADGRE subfamily [6].

CD55 interacts with the first two EGF-like domains in ADGRES, whereas the
third EGF-like domain is needed for structural integrity of the binding interface
[75, 76]. Strikingly, ADGRE2 which differs only three amino acids in its EGF-like
domains does not bind CD55 [74], demonstrating the high specificity in CD55
binding interaction to ADGRES (CD97). Different isoforms (i.e., different numbers
of EGF-like domains) have different affinity for CD55 [76, 77]. Also, glycosami-
noglycan side chain chondroitin sulfate B [78], a5p1 and avf3 integrins [79], as
well as CD90 [80] interact with ADGRES. Chondroitin sulfate binds to the fourth
EGF-like domain of ADGRES and ADGRE2, which is only present in the largest
isoform of this receptor. Integrins bind to the RGD motif and CD90 binds to the
GAIN domain. It was also shown that NTF of ADGRES can simultaneously bind
CD55 and chondroitin sulfate B [81], although it has been suggested that this dual
interaction is not likely to occur in vivo due to affinity for different isoforms
[76, 77]. ADGRES also interacts “in cis” with lysophosphatidic acid receptor
1 (LPA) [82, 83], although structural requirements for this interaction are not yet
known. Exogenous ligands have been developed for all members of this aGPCR
subfamily by means of NTF-targeting antibodies [29]. ADGRES5-directed
antibodies bind to different EGF domains [84].

4.2.3 ADGRA

The ADGRA subfamily has three members and all three have quite different NTF
compositions. ADGRAT1 is the only aGPCR that does not include the characteristic
GAIN domain. There are also no known functional domains in the short NTF region
of ADGRA1 [85]. ADGRA2 and ADGRA3 both have very similar leucine-rich
repeats (LRRs), an immunoglobulin (Ig) domain, and an HBD [85]. In addition,
ADGRA? also contains an Arg-Gly-Asp (RGD) motif [86]. The LRRs (~25 aa)
form a characteristic alpha/beta horseshoe fold with a beta-sheet inside and helices
pointing outside [87]. Ig domains in ADGRA2 and ADGRA3 have some similarity
to this domain in ADGRFS5 (GPR116) [85]. The HBD of ADGRA?2 and ADGRA3 is
most closely related to the HBD of ADGRB3 (BAI3) receptor [85].
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ADGRA?2 has a GPS site, but is predicted to be non-cleavable. Interestingly,
shed NTF of this receptor could be detected in cell culture medium. This is caused
by a cleavage site in the NTF that is an interaction point for thrombin-induced
shedding promoted by cell surface protein disulfide isomerase [88]. The RGD motif
in ADGRA2 can bind avf3 integrin [86].

4.2.4 ADGRC

ADGRC (CELSR) subfamily members have several protein domains in their NTF.
Their former name (i.e., CELSR) is actually an abbreviation of these different
domains: cadherin, EGF LAG, and seven-pass G-type receptor [89]. ADGRCs are
among the oldest aGPCRs. ADGRC consists of nine cadherin repeats (110 aa),
followed by six EGF-like domains (see Sect. 4.1), two LAG domains, and an HBD
(see Sect. 4.1). The cadherin repeats play a role in extracellular calcium binding
[90]. The 3D structure of several cadherin domains in other proteins has been
solved lately. These cadherin domains are formed by seven beta-strands and
show similarity to immunoglobulin constant domains [91, 92]. Comparable with
EGF-like repeats, the quaternary structural composition of several repeats is
mediated by calcium binding [93]. Five calcium-binding EGF-like domains
(40 aa) interrupted by two laminin G-like (LAG) domains follow the cadherin
repeats. The LAG domains have a jelly roll fold structure and could also bind
calcium [94]. EGF-Lam domains (60 aa) are situated between the EGF-like and
LAG domain structures and the HBD (see Sect. 4.1). ADGRC1 and ADGRC2
contain one EGF-Lam domain and ADGRC3 has two EGF-Lam domains.
EGF-Lam domains contain eight conserved cysteine residues [89].

Although the large NTF of ADGRC subfamily members has multiple protein
domains and therefore potential interaction interfaces, no endogenous protein-
binding partners have been found to date. Activation is however modulated by
calcium-induced trans-homodimer formation by cadherin—cadherin interactions
[95, 96]. Also cis-homodimers have been reported, and these can also be formed
in absence of calcium. We could therefore speculate that one ADGRC is the
“ligand” for another ADGRC and vice versa. Unfortunately, no information is yet
known about the exact interaction points and/or mechanisms by which ADGRC
form trans- and/or cis-dimers.

4.2.5 ADGRD
ADGRD have quite short NTFs compared to other aGPCR subfamilies. ADGRD1
does not have any known additional structural features in its NTF, but ADGRD2
has a pentraxin (PTX) domain [16]. This PTX domain has similarities (33 %) with
the PTX domain in ADGRG4 (GPR112) [16]. Pentraxins consist of up to five
non-covalently bound identical subunits that form a flat pentameric disk [97]. An
interesting observation is that the ADGRD subgroup is the most closely related to
the family B secretin receptors [32].

No binding partners have been identified for ADGRDs. However, deletion of the
NTF activates ADGRD1 by exposing the tethered agonist to the 7TM [37].
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4.2.6 ADGRF

ADGRF1 (GPR110) has an additional cleavage site in its NTF, which is named
sperm protein/enterokinase/agrin (SEA) domain (~80 aa) [98]. This motif might
have a successive beta-strand structure that is interrupted by one alpha-helix
[99]. ADGRF2 and ADGRF4 show high sequence similarity and both have no
functional domains in their NTF [85]. ADGRF3 (GPR113) [100] has one EGF
domain and an HBD (see Sect. 4.1). There is some structural similarity between
ADGRF3 and the ADGRE subfamily, as well as with ADGRL4 [85]. The HBD is
mostly related to ADGRL subfamily, especially ADGRL3 [85]. ADGRFS5 has a
SEA box and contains two immunoglobulin-like repeats [85, 101]. ADGRFS also
has an additional cleavage site in its NTF that is sensitive for furin [102]. Moreover,
ADGRFS5 can form homodimers on the cell surface in cis [103] and has been
suggested to interact with the surfactant component: surfactant protein D [104].

4.2.7 ADGRB
The NTF of the ADGRB subfamily consists of four or five thrombospondin type
1 repeats (TSRs) and an HBD (see Sect. 4.1). In addition, ADGRB1 (BAIl)
contains an RGD motif (231-233 aa) (see ADGRA?2) in its NTF [105]. ADGRB3
has an additional Csl and Csr/Uegf/BMP-1 (CUB) domain (110 aa) at the
N-terminus [106].

CUB domains are made up of a beta-sandwich with a jelly roll fold. They
furthermore contain four conserved cysteines that are thought to make disulfide
bonds [107].

Thrombospondin type 1 repeats (60 aa) are conserved domains that are
comprised of an elongated, three stranded beta-sheet [108]. One site contains a
helical groove that contains a high amount of positively charged residues.
Variations in the positive charge (distribution or density) is often observed within
different TSRs and also within the ADGRBs and is believed to contribute to
protein-binding specificity [109].

An interesting feature of the NTF of ADGRB members is their ability to be
cleaved, in addition to GPS autoproteolysis [109]. Cleavage results in two
fragments of 120 kDa (vasculostatin) [105, 110] and 40 kDa (vasculostatin-40).
Vasculostatin-40 contains one TSR [111]. Phosphatidylserine is an endogenous
ligand for ADGRB1 (BAIl) and binds to thrombospondin type 1 repeats
[112, 113]. ADGRBI can also bind the exogenous lipopolysaccharide (LPS) of
Gram-negative bacteria in macrophages [109]. ADGRB1 and ADGRB2 both
showed increased constitutive activity upon deletion of their NTF domains, com-
pared to full-length receptors. This indicates that the NTF has an inhibiting effect
on CTF functioning [114]. The RGD motif from ADGRB1 (BAI1) can interact with
integrins [105, 115]. The shed NTF fragments vasculostatin and vasculostatin-40
interact with avp5 integrins [105, 110, 111]. Vasculostatin binds to CD36 or
histidine-rich glycoprotein (HRGP) [116]. ADGRB3 (BAI3) binds secreted
Clg-like proteins with its thrombospondin type 1 repeats and CUB domain
[106, 117].
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4.2.8 ADGRG

The majority of ADGRG subfamily members are characterized by their lack of
known functional domains [i.e., ADGRG1 (GPR56), ADGRG3 (GPR97),
ADGRGS5, and ADGRG7 (GPR128)] [10]. Only ADGRG6 (GPR126), which
contains a CUB domain, PTX domain, and HBD, and ADGRG#4 that possesses a
PTX domain and RGD motif have additional features besides the GAIN domain.
Interestingly, ADGRG6 NTF is additionally cleaved by furin during intracellular
processing steps, which leads to the release of sub-NTF fragments [118]. Recently,
ADGRGI1, ADGRG2 (GPR64), ADGRGS5, and ADGRG6 were shown to be
activated by a tethered peptide agonist upon NTF removal [37-39, 119]. Curiously,
ADGRG?2 full-length proteins activate different signaling pathways than truncated
ADGRG?2 in which the NTF is removed [120].

Collagen III and major cross-linking enzyme transglutaminase 2 (TG2) have
been identified as binding partners for ADGRG1 [121, 122]. Collagen III binds in
the NTF region range 27-160 aa, and, noteworthy, glycosylation is not a prerequi-
site for interaction to take place [123]. TG2 binds between 108 and 177 aa in the
NTF of ADGRGI [121, 124]. It is not clear whether collagen III and TG2 can bind
simultaneously to the NTF.

ADGRG3 is the only aGPCR for which an interaction with a drug (i.e., cortico-
steroid beclomethasone dipropionate) has been reported [125].

ADGRG® interacts with collagen IV and laminin-211. Collagen IV binds to the
CUB and PTX domains [126]. Laminin-211 has been shown to interact with a novel
laminin-binding domain (446—807 aa) in the ADGRG6 NTF and thereby prevents
Stachel-induced receptor activation [127].

4.2.9 ADGRV

ADGRYV is the only receptor in this subfamily and has the largest NTF of all
aGPCRs. The NTF consists of 35 Calx-beta motifs (45 aa) that are interrupted by
a pentraxin (PTX) domain (200 aa) (between the ninth and tenth Calx-beta motif)
and an epilepsy-associated repeat (EAR) domain between the 22nd and 23rd Calx-
beta motifs [128]. The Calx-beta motif has most likely an alpha, beta, beta, alpha,
beta topology. The EAR domain has a predicted structure that consists of seven-
bladed beta propellers [129].

The Calx-beta motifs 32—-35 of ADGRYV can bind calcium [130]. Other ligands
or binding partners have not yet been identified. The beta propeller structures of the
EAR, PTX, and Calx-beta domains and motif are potential binding interfaces for
peptides and proteins. In addition, this has been suggested that ADGRV NTF
interacts with ADGRV NTF via its Calx-repeats on other cells via NTF
homodimerization [131].
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5 Summary

aGPCRs are an object of a currently growing research field, and exploration of the
pharmacological potential of these important signaling molecules is developing.
This family of GPCRs was phylogenetically shown to form a separate cluster from
other GPCR families and was categorized into nine distinct subfamilies.
Repertoires of aGPCRs have been curated in several species including some
model organisms. However, naming these homologs in a harmonized manner was
found to be difficult, as a coherent nomenclature system of aGPCRs is not available.
Moreover, the complexity of aGPCRs such as sharing low sequence similarity
within some subfamily members and their diverse long N-termini with multiple
functional domains adds on to the difficulty in naming and classification of
homologs in distant species. This is certainly important as proper classification
and curation of homologs in important established model organisms and other
emerging model organisms (distant metazoan species) is essential in exploring
the aGPCR biology. Recently, the Adhesion-GPCR Consortium with assistance
from HGNC worked on a coherent naming system and provided aGPCRs a prefix
that identifies any adhesion GPCR homolog, independent of species or subfamily
[15]. In such context, ADGR was found to be the most appropriate and unique
prefix, standing for adhesion G protein-coupled receptor. And each subfamily was
assigned a single-letter acronym based on their previous subfamily names (e.g., E
for the EGF-TM7 receptors, C for the CELSRs). This nomenclature is currently
used and will be essential for easy naming of orthologs and other genetic variants in
different species, including those that encode large expansions of aGPCRs. With
the current nomenclature system, future comparisons of aGPCRs repertoires will
help to better classify and define novel aGPCRs in important emerging model
organisms, and this would provide a key foundation for elucidating aGPCR
functions and pursuing aGPCRs as therapeutic targets. The current aGPCR classi-
fication into nine distinct subfamilies is based on their 7TM sequence similarity.
Moreover, aGPCRs have family-specific features, like the GAIN domain, but also
possess subfamily-specific domains in their NTF. Interestingly, overlap is observed
with respect to the organization of aGPCR structural NTF features and the
TTM-based classification. A systematic description of the structural topology in
aGPCR NTF regions provides information on protein-binding domains and NTF—
CTF interactions and could ultimately help to get insight in (novel) aGPCR
interaction partners for orphan aGPCRs.
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Schematic presentation of the overall adhesion G Protein-Coupled Receptor (aGPCR) structure
and functional domains, covering an extracellular N-terminal fragment (NTF), a membrane-
spanning C-terminal fragment (CTF) and a GPCR proteolysis site (GPS). (Left side) aGPCR
model constructed based on the seven-transmembrane (7TM) structure (blue) of secretin family
glucagon receptor (GCGR) (PDB, 4L6R) [11] and the GPCR autoproteolysis inducing (GAIN)
domain (magenta) structure of latrophilin 1 (PDB, 4DLQ) [9]. The p-13 strand residues are
depicted in green. (Right side) The experimentally validated full-length secretin family GCGR
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structure combining structural and experimental information from the GCGR 7TM crystal struc-
ture (PDB, 4L6R) (blue), the GCGR extracellular domain (ECD) structure (PDB, 4ERS)
(magenta) and the ECD structure of glucagon-like peptide-1 (GLP-1)-bound glucagon-like pep-
tide-1 receptor (GLP-1R) (PDB, 3I0L) (green), complemented by site-directed mutagenesis, elec-
tron microscopy (EM), hydrogen—deuterium exchange (HDX) and cross-linking studies [11-13])
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Abstract

Despite the recent breakthroughs in the elucidation of the three-dimensional
structures of the seven transmembrane (7TM) domain of the G protein-coupled
receptor (GPCR) superfamily, a corresponding structure of a member of the
adhesion GPCR (aGPCR) family has not yet been solved. In this chapter, we
give an overview of the current knowledge of the 7TM domain of aGPCRs by
comparative structure-based sequence similarity analyses between aGPCRs and
GPCRs with known crystal structure. Of the GPCR superfamily, only the
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secretin family shares some sequence similarity with aGPCRs. This chapter will
therefore emphasize on the comparison of these two GPCR families. Two 7TM
domain structures of secretin family GPCRs are known that provide insight into
the structure-function relationships of conserved sequence motifs that play
important roles and are also present in most aGPCRs. This suggests that the
7TM domains of aGPCRs and secretin family GPCRs share a similar structural
fold and that the conserved residues in both families may be involved in similar
intermolecular interaction networks and facilitate similar conformational
changes. Comparison of the residues that line the large peptide hormone binding
pocket in the 7TM domain of secretin family GPCRs with corresponding
residues in aGPCRs indicates that in the latter, the corresponding pocket in the
7TM domain is relatively hydrophobic and may be even larger. Improved
knowledge on these conserved sequence motifs will help to understand the
interactions of the aGPCR 7TM domain with ligands and gain insight into the
activation mechanism of aGPCRs.

Keywords
GPCR sequence alignment « Adhesion GPCR residue nomenclature « Adhesion
GPCR sequence-structure relationship ¢ Druggability adhesion GPCRs

1 Introduction
1.1 Structural Topology of Adhesion GPCRs

aGPCRs are cell-surface proteins that belong to the large GPCR superfamily
comprising the five main families, named according to the GRAFS classification
system glutamate, rhodopsin, adhesion, frizzled/taste2, and secretin [1, 2]. Alterna-
tively, GPCRs can be classified into families A, B, C and F (Table 1) [3]. A
phylogenetic analysis of the seven-transmembrane (7TM) a helices of the human
GPCR superfamily classified aGPCRs as a separate family [4] (the ‘A’ in the
GRAFS or B2 in A-F classification). The GRAFS classification system clearly
distinguishes aGPCRs from secretin-like GPCRs, and therefore this nomenclature

Table 1 Overview of GPCR family classifications, which allows easy comparison between the
GRAFS and A-F classifications and unique receptors (unique orthologues) for which a crystal
structure is available in the Protein Data Bank

Classification of GPCR superfamily
Unique receptors for which a crystal

General family name GRAFS A-F families structure is available®
Glutamate-like GPCRs G C 2

Rhodopsin-like GPCRs R A 27

Adhesion GPCRs A B2 0

Frizzled/taste2 GPCRs F F

Secretin-like GPCRs S Bl 2

%accessed 17 Jan 2016
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will be used throughout this chapter. Note that at least one GPCR crystal structure is
available for all subfamilies, except for the aGPCR and Taste2 receptor family [5].

The aGPCR family can be further divided into nine distinct subfamilies that all
share typical aGPCR features [6]. aGPCRs have a twofold protein structure
consisting of a large extracellular domain (ECD, ~320-5878 residues) and a
membrane-spanning 7TM domain followed by an intracellular domain (ICD)
(~300-600 residues) [6]. A unique feature of the aGPCR family is their auto-
proteolytical cleavage at the GPCR proteolysis site (GPS) [7, 8], which is embed-
ded in the conserved GPCR autoproteolysis inducing (GAIN) domain [9, 10] that
forms an important part of the ECD. This cleavage results in a split aGPCR in which
an extracellular N-terminal fragment (NTF) and a membrane-spanning C-terminal
fragment (CTF) that includes the ICD are non-covalently associated (Fig. 1).

It is still under debate whether NTF and CTF complement each others’ function
by working as a single entity and/or that both fragments possess separate functions

¥ _ (
BL¢\" GAIN vs ECD ]
GPS o \

B-13 strand vs ligand

\

7

7™

Adhesion GPCR Secretin GPCR
Family Family

Fig. 1 Schematic presentation of the overall aGPCR structure and functional domains, covering
an extracellular N-terminal fragment (NTF), a membrane-spanning C-terminal fragment (CTF)
and a GPCR proteolysis site (GPS). (Left side) aGPCR model constructed based on the seven-
transmembrane (7TM) structure (blue) of secretin family glucagon receptor (GCGR) (PDB, 4L6R)
[11] and GPCR autoproteolysis inducing (GAIN) domain (magenta) structure of latrophilin
1 (PDB, 4DLQ) [9]. The p-13 strand residues are depicted in green. (Right side) The experimen-
tally validated full-length secretin family GCGR structure combining structural and experimental
information from the GCGR 7TM crystal structure (PDB, 4L6R) (blue), the GCGR extracellular
domain (ECD) structure (PDB, 4ERS) (magenta) and the ECD structure of glucagon-like peptide-
1 (GLP-1)-bound glucagon-like peptide-1 receptor (GLP-1R) (PDB, 3IOL) (green),
complemented by site-directed mutagenesis, electron microscopy (EM), hydrogen—deuterium
exchange (HDX) and cross-linking studies [11-13])
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[6]. The NTF contains functional domains that often mediate cell-cell or cell-matrix
adhesion [2] by binding to endogenous extracellular interaction partners. These
interacting proteins can be part of the extracellular matrix or situated on the cell
outer membrane of opposing cells (trans) as well as the same cell (cis)
[6, 14]. Although binding interfaces have been investigated with purified NTF
proteins, a detailed view of the interactions between NTF and its binding partners
is often absent (see [15]). Only recently the binding site for a cell-adhesion protein,
fibronectin leucine-rich repeat transmembrane protein 3 (FLRT3), to the latrophilin
3 aGPCR (LPHN3, ADGRL3) was described in detail where the interaction hotspot
was located at the second and third blades of the olfactomedin domain propeller in
the LPHN3 NTF [16]. Importantly, not all binding events at the NTF result in
aGPCR signalling, and it remains to be determined whether ligand binding to the
NTF is a prerequisite for aGPCR activation.

The only extracellular domain that is shared by almost all aGPCRs [excl.
ADGRA1 (GPR123)] is the ~320 residues large GAIN domain, which is located
immediately N-terminal of TM1 (see [15]). The importance of the GAIN domain
structure in the autoproteolysis of aGPCRs has recently been highlighted for the
latrophilin 1 receptor (ADGRL1) and ADGRB3 (BAI3) [9, 10]. Noteworthy, cleav-
age takes place at the L | T/S/C site [17] within the GPS motif that encompasses the
last five beta strands of the GAIN domain, leaving the last beta strand (-13) of the
GAIN domain still attached to the CTF [9, 18-20].

The CTF of aGPCRs resembles the classical 7TM structure of the rhodopsin- or
secretin-like GPCR families [2, 17]. Increasing evidence shows that the CTF
possesses signalling properties such as G-protein coupling [21-24], B-arrestin
interaction [24-26] and receptor internalization [27] that clearly hints at conforma-
tional changes general to the GPCR superfamily. A more detailed look at the CTF
shows that it can be divided into four parts: (1) the p-13 strand (also called the
Stachel sequence), (2) the 7TM helices that cover the predominant part of the CTF,
(3) the extracellular loops (ECLs) and (4) the intracellular loops (ICLs) and C-tail.

The protruding and hydrophobic -13 strand/Stachel, which is the remaining
part of the GAIN domain after cleavage, has been recently highlighted as tethered
agonist sequence capable to activate aGPCRs (i.e. GPR56, GPR110, GPR126,
GPR133, GPR114, GPR64) [18, 20, 28, 29] (see [30]). While this very recent
work on aGPCR activation has been rapidly progressing, it remains to be revealed
in what way the p-13 strand/Stachel interacts with amino acids within the 7TM
helices and/or ECLs and how this leads to an active aGPCR conformation.

To date, no evidence is available on the role of ECLs and ICLs on aGPCR
functioning. This is understandable, considering the limited information on aGPCR
signal transduction for the majority of aGPCRs and hence very rare site-directed
mutagenesis data. Potential protein-protein interaction sites/motifs have been
predicted in aGPCR C-tail sequences, which led to the identification of
non-canonical signalling partners (i.e. ELMO/Dock180 or dishevelled) for
ADGRBI (BAIl) [31, 32] and ADGRA3 (GPR125), respectively [33]. The 7TM
region has been investigated in comparative sequence alignment studies, but exper-
imental evidence further supporting the importance of specific residues and/or
motifs is absent.
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1.2 Sequence Similarity Between the 7TM Domains of aGPCR
and Other GPCR Subfamilies

In earlier amino acid sequence alignment analyses of aGPCRs, a high sequence
similarity in the TM helices (25—70 % amino acid identity) between members of the
family was observed [17]. Previously reported aGPCR sequence alignments with
secretin-like GPCRs showed a 25-30 % amino acid identity with aGPCRs [17], and
sharing of several conserved residues [2, 17]. This is in line with earlier studies that
not only showed sequence similarities but also a similar splice site setup
[34]. Indeed, it was even suggested that secretin-like GPCRs are descendants
from aGPCRs [34]. In particular aGPCRs ADGRGS5 (GPR114) and ADGRG7
(GPR128) share the closest sequence similarity with the secretin family GPCRs
glucagon receptor (GCGR or GLR) and corticotropin-releasing factor receptor
1 (CRFR1).

Figure 2 shows a NeighborNet analysis [35] of a MUSCLE [36] alignment of
aGPCR sequences and 7TM domain sequences from crystallized GPCRs following
the method of Wolf and Griinewald [37]. The NeighborNet-based network, a
superposition of multiple possible phylogenetic trees, shows that aGPCRs indeed
are most related to the GCGR and CRFR1 receptors. The recently solved crystal
structures of the 7TM domains of GCGR [11, 40] and CRFR1 [41] therefore offer
useful structural templates for the 7TM regions of aGPCRs as will be further
demonstrated in this chapter. In contrast, the sequence similarities between
aGPCRs and rhodopsin, glutamate and frizzled families, for which 7TM crystal
structures have been solved [42-44], are relatively low (Fig. 2), although few
structural features may also be conserved between aGPCRs and these GPCR
families (Fig. 3).

To allow comparison between the residues at different positions in the TM
helices of different GPCRs within and between different families, residues are
numbered according to the Ballesteros-Weinstein numbering scheme [50] where
the single most conserved residue in each TM helix is designated X.50 (Table 2). X
is the TM helix number, and all other residues in that helix are numbered relative to
this conserved position [45]. The Ballesteros-Weinstein numbering scheme has
been initially defined for family A/rhodopsin family members (X.50a [50]), and
similar residue numbering schemes are used to allow comparison between
B1/secretin family (Wootten, defining reference position X.50b [51]), family C/glu-
tamate family (Pin, X.50c [50]) or family F/frizzled family (Wang, X.50f [44])
GPCRs. Residues located in extracellular loop 2 are numbered based on their
relative position to a conserved cysteine (C*-°) that forms a disulphide bond
with a cysteine in TM3 (C**/C*?°) in all GPCR families [51]. The structural
alignment of the TM helices of the crystal structures of rhodopsin, secretin,
glutamate and frizzled receptors allows the definition of a structure-based sequence
alignment of these GPCR families (Table 2) that can be extended to aGPCRs based
on the sequence alignment between the aGPCRs and homologous secretin-like
receptors (Fig. 3).
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Fig. 2 NeighborNet analysis [35] of a MUSCLE [36] alignment of adhesion GPCR sequences
and 7TM domain sequences from crystallized GPCRs following the method of Wolf and
Griinewald [37]. The displayed network was calculated in SplitsTree [38] using maximum-
likelihood distances [39]. Receptor abbrevations are given according to their Uniprot entry
names. Full GPCR sequences were used to obtain the alignment, but only the 7TM domain
sequences according to crystal structures were used for the analysis

Table 2 shows that the reference residues of the Wootten numbering scheme for
family B1/secretin-like GPCRs are also the most conserved for five of the family
B2/aGPCR TM helices (S'%, H>%, N°>*% G®2% G’%) and the remaining
two residues in TM3—4 still display a high conservation within the aGPCR family
(ES‘SOb 67% and W*>% 48 % within human aGPCRs). For example, for the
glucagon receptor with its known crystal structure, the residues that are most
conserved in secretin family GPCRs (SlSZl'SOb, H1772'50b, E2443'50b, W2714'50b,
N3175'5Ob, G3596‘50b, G39179 Ob) are also present in most aGPCRs, for example,
CD97 (ADGRES: 8558'°%, H583%%, E633>%, Y6667, N707°°, G750°°%",
G7797°%) or GPR56 (S414'°%, H4467°% E496>°%° w524*5% N585%50°
G6206'50b, G6517°%). The highly conserved tryptophan residue in TM3 of
aGPCRs (e.g. W629*%%" in CD97) and secretin-like receptors (W>*°°) is the
most conserved residue in TM3 of frizzled receptors (W33 while the conserved
tryptophan residue in TM4 of aGPCRs (e.g. W623 in GPR56) and secretin-like
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Fig. 3 Sequence alignment of the 7TM domains of all 33 human aGPCRs and representative
rhodopsin, glutamate, frizzled and secretin family GPCRs for which crystal structures are avail-
able. Effects of mutation studies in GCGR and corticotropin-releasing factor receptor 1 (CRFR1)
receptors [13, 45] are mapped on a structure-based sequence alignment between representative

rhodopsin family (bovine rhodopsin (bRho; PDB, 1F88) [46], histamine H; receptor (H;R; PDB,

3RZE) [47] and CXC-chemokine receptor 4 (CXCR4
family (metabotropic glutamate receptor 1 (mGluR1;

PDB, 30DU, 30EO0) [48]), glutamate

>

PDB, 40R2) [43]), frizzled family (smooth-

ened receptor (SMO; PDB, 4JKV) [44]) and secretin family [GCGR (PDB, 4L6R [11], SEE7

[40])] CRFR1 (PDB, 4K5Y) [41] GPCRs. Only specific parts of TM1-2 (panel a), TM3-5 (panel

b), and TM6-7 (panel c) are shown, separated by grey dashed lines, and residue numbers of

defining missing regions in the alignment are indicated. The alignment considers helix bulges and
constrictions as described in [5]. Mutated residues that show four- to tenfold (orange) and
>tenfold (red) changes of K;/ICs, values for ligand binding (or ligand potency/ECs, value if no

Ki/ICsy value has been reported) are marked as full coloured box (peptide ligands) and open
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Fig. 3 (continued) coloured box (non-peptide ligands). Mutants that show receptor expression
<30 % of wild type are marked grey. Receptor residues that covalently bind peptide ligands in
photo-cross-linking or cysteine-trapping studies [13, 45, 49] are boxed green. Ligand contact
residues in GCGR, CRFR1, bRho, H;R, CXCR4, mGluR1 and SMO crystal structures are boxed
red. The most conserved residues in TM1-7 of family A (X.50), family B (X.50b), family C
(X.50c) and family F (X.50f) GPCRs are underlined and shown in bold. The positions of other
residues described in the text are indicated with an asterisk

receptors (W*3%) is also defined as most conserved reference residue in family
A/rhodopsin (W*59) and family F/frizzled (W*%) GPCRs. The most conserved
proline residue in TM5 of frizzled (P> is also present in most aGPCRs (e.g.
P699%4%% in CD97) and secretin receptors (P5'42b), while the most conserved
tryptophan residue in TM6 of glutamate family GPCRs (W®>°) is also conserved
in rhodopsin family GPCRs (W®*") and aGPCRs (e.g. W753%°*" in CD97). The
number of shared conserved residues between aGPCRs and other GPCR families
reflects the network analysis in Fig. 2 and indicates that aGPCRs are most
homologous to secretin-like receptors, but that also frizzled, rhodopsin and gluta-
mate GPCRs share some local sequence similarity in specific TM helices.

Based on (1) the fact that aGPCRs share the highest overall sequence similarity
to secretin-like receptors (Fig. 2) (2) the fact that aGPCRs and secretin-like
receptors share almost all highly conserved residues defined as reference positions
in secretin-like receptors (or other GPCR families, Table 2) and (3) the fact that
aGPCRs and secretin-like receptors have historically been defined as the same
GPCR family B, we propose to consistently use the family B/secretin-like number-
ing scheme [51, 53] for aGPCRs. Therefore, to allow systematic comparison of the
residues at different positions in the TM helices of different GPCRs within and
between different families, receptor residue numbers are annotated throughout this
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Table 2 Comparison of Ballesteros-Weinstein reference positions X.50 [50] for representative
family A/rhodopsin-like [bovine rhodopsin (bRho)], family B1/secretin-like [glucagon receptor
(GCGR)], family C/glutamate [metabotropic glutamate receptor 1 (mGluR1)] and family F/friz-
zled [smoothened (SMO)] to representative family B2/aGPCRs CD97 and GPR56

Family B2 |Family B2 |FamilyB1 |Family A Family C Family F
Helix adhesion adhesion secretin Rhodopsin Glutamate Frizzled
(CD97) (GPR56)  [(GCGR) (bRho) (mGIuR1) (SMO)
S_‘;-'_r-1,50b S-l'--i1'50b 3-,_--,_---1.50!: Gs511.46a Genz1.50c T_)_1:‘|.43f
™M1 L5621.54b [ca1a1.54b || 1561.54b |N551.50a Teo71.54c To451.47f
C5651-57b | 142491.57b |A1591.57b | 1551.53a ve101.57b T2451.50f
H5822.50b |Ha4s2.50b |1 772.50b || 752432 ce311.39¢
L5002.57b |\4532.57b |F1242.57b | psa2.50a
M2
5.3-,2.581) F_-:T_._-2.58b V|c"'-:_':2'53b LG_‘:2.513
S1502.62b |pas2.55a
c1103.25a
51273.42a
TM3
L‘,'_?;‘:3.463
R1253.50a
W o 14.50a
TM4
pi714.60a
EL2 G 5/45.50
TM5 02
N0 5.50b
G -6.50b
-26.53b |Ea50
™6 Wee
LE258.595b |y3546.55b
16266.56b | F3556.56b yopaB.51a
Ges17.590b |@e0a7.50b | Angg7.46a
F655754b  |A3977.54b | p5(:7.50a .
TM7
yoo07.57b |yi007.57b  |y.0.7.53a g5327.53f
M6617-60b | 4037.60b  |pm3po7.56a | pgaa?-50c v5aa7.56f

Receptor-specific Uniprot numbers are coloured grey, and their Ballesteros-Weinstein residue
numbers appended by the corresponding GPCR family as small letter are indicated as superscript
(e.g. S558'°%, serine residue 558 of CD97 located at Ballesteros-Weinstein position 1.50 in
family B GPCRs; N55'°% asparagine residue 55 in bovine rhodopsin at position 1.50
in family A GPCRs). In addition to Ballesteros-Weinstein reference positions, conserved residues
3253290k 04550 4ng Y7375 gre indicated. Conserved residues (>45 %) between GPCR
families are marked orange, while conserved reference residues for a specific family that is not
conserved in other families are marked cyan

chapter by their Uniprot numbers (for specific receptors) as well as their
Ballesteros-Weinstein/Wootten residue number and secondary structure motif
(as superscript), according to [IUPHAR guidelines [55] and secretin family GPCR
residue numbering [51, 54] guidelines, respectively.
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13 Aims of This Chapter

Assuming that the tethered agonist sequence directly influences the 7TM structure,
no other endogenous ligands have been described that bind to the 7TM domain of
aGPCRs. This absence of suitable 7TM ligands affects the progress of aGPCR
crystallization efforts, and hence we are still waiting for the first crystal structure of
aGPCR proteins. Until then, the aGPCR field relies on structure-based homology
models based on different GPCR superfamily members to give insight in the
presence and accessibility of potential aGPCR 7TM binding cavities.

As indicated in Sect. 1.2 and described in more detail in the following paragraph,
aGPCRs share sequence similarity with the secretin GPCR family, which justifies
the analysis and extrapolation of sequence-structure relationships from the crystal
structures for this subfamily [45], CRFR1 [41] and GCGR [11, 40], as well as the
wealth of mutation data available for the 7TM domain of secretin family receptors,
in particular the regions that share sequence similarity with aGPCRs.

We therefore aim to make aGPCR structure-based sequence alignments, based
on our expertise in both rhodopsin and secretin family GPCR structures. Moreover,
based on the similarity with secretin family GPCRs, we will identify important/
conserved amino acids (motifs) in the 7TM domain of aGPCRs. In addition, the
well-established Ballesteros-Weinstein numbering scheme [50] for amino acid
residues within GPCR TM helices will be introduced for aGPCR family members.

2 Conserved Structure-Sequence Relationships Between
Adhesion, Secretin and Rhodopsin Family GPCRs

The following section provides a detailed description of conserved structural
motifs in the 7TM domains of aGPCRs and secretin family GPCRs and compari-
son to functionally and structurally important sequence motifs in similar regions
in the 7TM domains of rhodopsin, glutamate and frizzled family GPCRs, based
on structure-based sequence alignments of the crystal structures of secretin
(GCGR and CRFR1), rhodopsin, glutamate and frizzled family GPCRs [5]
(Fig. 3). This GPCR crystal structure-based aGPCR to secretin family alignment
is in line with the previous sequence alignment studies between a selection of
aGPCRs (CTFs) and the secretin-like human calcitonin receptor sequence,
leading to the identification of potentially conserved residues/motifs: TM3
(WMLXE?*%G), TM4 (GW*°°GxP), ECL2 (C*-°°*WL), TM5 (GPVxxN>-3%),
T™6 (LLG6‘50b) and TM7 (QG7'50bxF, 73, V7'64b) [17]. In a more extensive
amino acid sequence alignment of aGPCR 7TM regions, involving all 33 human
aGPCRs, three residues were conserved in all aGPCRs (i.e. H>*"® and W>*°®) in
TM3 and P**** in TM4 (Table 2, Fig. 3) [2].
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2.1 Transmission Switch: TM3, TM5, TM6 and TM7

W® in TM6 is conserved in aGPCRs and structurally aligned with the highly
conserved W* in the rhodopsin family and W% in glutamate family GPCRs
(Table 2, Fig. 3). In rhodopsin family GPCRs, W*" acts as a rotameric toggle
switch [56] that controls the structural transduction of ligand-induced receptor
signalling between the extracellular 7TM ligand binding site and the intracellular
G-protein recognition site. The GCGR crystal structure shows that the TM3-TM6
interface in secretin family GPCRs (one helical turn below W) contains large
hydrophobic residues Y/F>***, M/L**7" and L/F®*°* that make similar hydrophobic
interactions as structurally aligned I/V/L>*% L/I***** and F®*** residues present in
most rthodopsin family GPCRs (Fig. 4b). aGPCRs contain similar large apolar
residues (F/L3'44b, M/L3'47b, L/FG'49b) at these positions. The GCGR crystal
structures show that this interface (defined as receptor signal transmission switch
in rhodopsin family GPCRs) [42, 57] is further stabilized in secretin family GPCRs
by close contact between the conserved Y34 and G6‘50b, as well as a secretin
family-specific inter-helical hydrogen bond between the conserved N>~ and the
backbone of L**’" at the TM3—TM3 interface (Fig. 4b). The same or homologous

A) TM7 bulge L B) Transmission switch
TMA-TM7 e, TM3-TM5-TMB

Allosteric binding site “" lonic lock
TM5-TMB-TM7 & " TM2-TM3-TM7-TME

Fig. 4 Conserved structure-sequence features in secretin and adhesion family GPCRs, described
in Sects. (a) 2.2, (b) 2.1, (¢) 2.3 and (d) 2.4 and shown in the full-length glucagon-bound GCGR
structure described and presented in Fig. 1 (a—c and e) [11-13] and the recently published small
allosteric antagonist (Mk-0893)-bound GCGR structure [40] (d). Family B Ballesteros-Weinstein
numbers and sequence alignments are defined in Fig. 3
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residues involved in these contacts are also present in aGPCRs (e.g. F6253‘44b,
M628*4 N707°°% and G750°°° in CD97), suggesting that similar
interaction networks are present in the 7TM of aGPCRs (Fig. 3). Moreover, the
conserved P°*** in secretin and adhesion family members (position 5.46a in
rhodopsin family) and P>>%* in rhodopsin-like GPCRs (position 5.46b in secretin
family) stabilize a similar bulge in TMS that can mediate this conformational
switch.

2.2 TM7 Bulge: TM1 and TM7?7

A serine residue (S'°°°) in TM helix 1 (TM1) is conserved in most aGPCRs, which
is also conserved in secretin family GPCRs (e.g. $558!3% in CD97, Table 2,
Fig. 3). In the crystal structures of GCGR and CRFR1, S'*°® interacts with the
backbone of TM7 at S”*™*, G’ and F/L7'®, thereby stabilizing the bulge in the
TMT helix of secretin family GPCRs [11] (Fig. 4a). In thodopsin family GPCRs, the
kink in TM7 is located one helical turn lower by a conserved P7* residue (aligned
with position 7.54b in aGPCRs). The importance of S'°° and S”*’" is consistent
with mutation studies of secretin-like GPCRs showing that mutation of these
residues alters receptor signalling [51]. S' likely plays a similar structural role
in aGPCRs by interacting in a similar fashion with the backbone of the small polar
residue at position 7.47b (A/S/T) and the conserved G750 (e.g. G77975% in CD97).
Most aGPCRs furthermore contain a medium-sized polar residue (N/E/D/H/Q) at
position 2.61b (aligned with position 2.54 in thodopsin family GPCRs) that may
participate in this polar interaction network between TM1 and TM7 (Fig. 3).
The only four aGPCRs that do not contain a serine residue at position 1.50b contain
alternative small polar residues that can mediate similar H-bond networks,
namely, C'** [GPR123 (ADGRA1), GPR124 (ADGRA2), GPR125 (ADGRA3)]
and T'*°° [CELSR2 (ADGRC2)]. Position 1.50b is structurally aligned to position
1.46, which is a Gly residue in most family A GPCRs [58]. G'*** is located one
helical turn before the conserved residue N'~% that controls rhodopsin family
GPCR signalling by forming an H-bond network with N7#** in TM7. N74% is
structurally aligned with position 7.53b in aGPCRs (Fig. 4c) located one helical
turn lower than the conserved G’ residue.

2.3 lonic Lock: TM2, TM3, TM6, TM7 and Helix 8

At the intracellular side of the 7TM domain, H?>% and E*% are conserved in
secretin family GPCRs and present in most aGPCRs (e.g. H583%°"" and E633°-%°
and CD97, Table 2, Fig. 3). These residues form an H-bond network within GCGR
and CRFR1 crystal structures [11, 41] (Fig. 4c). Similar polar interaction
networks are present in distinct, but closely located regions in rhodopsin
family GPCRs, including (1) a water-mediated, sodium-stabilized H-bond interac-
tion between D% and N7#%* [59], structurally aligned with hydrophobic residues
L/F*>>7° and T/V73® that form a hydrophobic interface between TM2 and TM7 in
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secretin family GPCRs and (2) an ionic H-bond interaction network between R>*
and D/E®>", aligned with variable residues at positions 3.54b and 6.35b that do not
form interactions in GCGR and CRFR1 crystal structures. Y>> in TM3, a part of a
conserved E>XXXXY>® motif in aGPCRs, which is present in 21 out of
33 human aGPCRs [2], is however aligned with Y*'* which is part of a conserved
D/ER*3%2Y3512 motif in rhodopsin family GPCRs [60] (Fig. 3). Glutamate-like
GPCRs contain a conserved charged lysine residue (K3 '50°) in TM3 that is structur-
ally aligned with the charged E***® residue in secretin family GPCRs and most
aGPCRs and forms an ionic/H-bond interaction network with a conserved gluta-
mate residue in TM6 (E("S5 ) in mGluR1 [43] and mGluR5 crystal structures [61],
which resembles the intracellular ionic locks observed in rhodopsin (R** and
D/E®*%) and secretin (E*°° and H*%, present in most aGPCRs) family crystal
structures. In the secretin family GCGR crystal structure, Y400""" forms an
H-bond with T351%4?" and E245*°% (Fig. 4c) in a conformation that rhodopsin
family GPCRs is linked to activation and interaction with the G protein via the
structurally aligned Y’~** residue at the intracellular end of TM7 [62—64]. Seven
aGPCRs contain the same Tyr residue at position 7.57b, while 16 other aGPCRs
contain a homologous Phe (2) or His (14) residue at this position (Fig. 3). For
rhodopsin family GPCRs, the role of Y’ ** became evident from mutagenesis
studies [65, 66] and the crystal structure of the active state rhodopsin in complex
with a peptide derived from the C-terminus of the Galpha subunit [64]. In the
GCGR crystal structure [11] E4067%" located at the start of helix 8 forms an
H-bond network with R173%46® (Fig. 4c), a residue that is conserved in secretin
family GPCRs and present in about half of the aGPCRs. R173%“°®A is one of the
eleven thermostabilizing mutations in another GCGR crystal structure [40]. Seven
human aGPCRs contain a positively charged residue at position 2.46b and a
negatively charged residue at the position aligned with E406”°" in GCGR
(i.e. five positions from the conserved 758 residue), namely, ADGRBI1-3
(BAI1-3), ADGRDI1-2 (GPR133, GPR144) and ADGRAI-2 (GPRI123,
GPR124), suggesting that a similar H-bond network may be present in these
aGPCRs.

24 TM4 Bulge: TM2, TM3 and TM4

TM4 of aGPCRs and secretin family GPCRs contains a conserved GW/Y4'50bGXP
motif, at the same position as the highly conserved W*%* in rhodopsin family
GPCRs (Fig. 3) that is proposed to form a cholesterol binding site [67]. Despite
structural differences in the GW*°GxP region in the GCGR and CRFR1 crystal
structures, all structures show that W*% stabilizes the TM4 bulge by interacting
with Y? '38b, W340° and N2 Zb, and identical/homologous residues are conserved in
most aGPCRs (e.g. F484°7% W49234%° N446>°%" in GPR56, Table 2, Fig. 4d).
The interaction sites of W*>°° with TM2 and TM3 are located close to residues that
are part of the transmission switch (M/L3‘47b, Fig. 4b) and ionic lock (H2‘50b,
Fig. 4c) in secretin and adhesion family GPCRs.
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25 Extracellular Loops

The extracellular loops 1 (ECL1) and 3 (ECL3) of aGPCRs are of similar short
length as the ECL1 and ECL3 of glutamate family GPCRs [43], but significantly
shorter than the ECL1 of rhodopsin family GPCRs [58], secretin-like receptors
(including CRFR1 [41] and GCGR [11]) and frizzled [44] family GPCRs (Fig. 3).
All GPCR families contain a disulphide bond between a cysteine residue in
extracellular loop 2 (C45'5 0) and a cysteine residue in TM3 (C3'29b in aGPCRs and
secretin family GPCRs (Table 2), C**** in thodopsin, C***° in glutamate and C***
in frizzled family GPCRs) [53]. It should be noted however that several GPCRs do
not contain such disulphide bond [53], including the crystallized S1P1 and LPA1
receptors which form an internal disulphide bridge in ECL2 [68, 69]. The length of
the ECL2 region upstream from C*>*° (i.e. from TM4 to the disulphide bridge) is at
least two residues longer in aGPCRs, and also the downstream ECL2 length
(i.e. from the disulphide bridge to TMY) is variable between secretin family and
adhesion family members. Especially ADRGR1-7 has significantly longer
(upstream in most cases, also downstream) ECL2 length than the GCGR and
CRFR1 crystal structure templates (Fig. 4). Nevertheless W*>>!, located one
position downstream from C*>° is conserved between secretin family and adhe-
sion family GPCRs, and this residue plays a role in peptide ligand binding (and/or
structural integrity of ECL2) in several secretin family GPCRs [11, 45]. As Fig. 3
shows, we can indeed observe that the ECL2 sequence length of aGPCRs is quite
comparable to the one of secretin receptors and contains a cysteine residue at a
position comparable to CRFR1 and GCGR. As this cysteine is forming a disulphide
bond to C>% and C*>°%, it introduces an important structural constraint for the
folding of ECL2. However, several members of the family exhibit extended lengths
of ECL2, while still containing only a single cysteine.

3 Druggability of aGPCRs

Rational design of aGPCR ligands that interact with a 7TM binding cavity relies on
good receptor models. As proven in the last decades, rhodopsin family members
have been successfully targeted by a variety of molecules binding to either
orthosteric or allosteric binding sites in the 7TM bundle. Likewise, glutamate
GPCRs that possess a large extracellular Venus flytrap domain can be allosterically
targeted in their 7TM regions. In previous years, aGPCRs have been successfully
targeted (at their extracellular domains) with aGPCR-specific antibodies. Interest-
ingly, some of these antibodies modulate aGPCR functioning, resulting in thera-
peutic relevant outcomes: monoclonal antibodies against the NTF of ADGREI1
(EMR1) [70] and ADGRES (CD97) [71] are affective in eosinophilic disorders and
inflammatory disease models, respectively. Thus far, only ADGRG3 (GPR97) was
shown to be activated by a drug molecule (i.e. the corticosteroid beclomethasone
dipropionate) [23]. Improved insights in aGPCR 7TM organization, structure and
potential ligand interaction sites will form the basis to target aGPCRs 7TM regions
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in a pharmacological relevant manner. As presented in Sects. 1 and 2, secretin
family GPCRs represent a template for the structural fold of aGPCRs and hence are
considered as a useful structural template to characterize the 7TM binding pocket of
aGPCRs as described below.

3.1 Comparison of 7TM Pocket of Secretin Family GPCRs
and aGPCRs

Mutations of residues at positions Y%, Y/H"47° R/K>0%® v246b /K670 p2osb
LV Q3370 WASS1 Ry 1S3t - 36b 5380 RS 400 6. 53b F° S6b R 35b L 39b
D’*?* and L”- 43 have been shown to affect peptlde hgand b1nd1ng and/or potency in
multiple secretin family GPCRs, including GCGR [13, 72-74], CRFR1 [41, 75]
GLP-1 [13, 76-80], GIP [81, 82], secretin [83, 84], VPAC, [85, 86] and PTH1
[87, 88] receptors (Fig. 3). These residues line the proposed peptide ligand binding
site in the 7TM of GCGR and CRFR1 crystal structures [11, 41] and are expected to
line the 7TM binding site of aGPCRs as well based on conservation of residues that
determine the TM fold (e.g. G0 G7THPXGXP, P4, GO0 G7'50b). In most
aGPCRs, large-/medium-sized residues at position 1.44b (Y/W/H/N/Q) may also be
accessible from this binding site, as this residue is located next to a small residue (T/S)
at position 1.43b. In the same way E/N/D/Q**'® may be accessible from the 7TM
pocket of aGPCRs as this residue is located next to the relatively small A/S*?®,
while L/V/I®™ Jocated next to G/A®>®® may be accessible from the aGPCR
7TM pocket as well. Several of the polar residues that line the 7TM binding site of
secretin family GPCRs are hydrophobic residues in most aGPCRs (A/L*%°, [2¢8°,
I/V/L/A%4 Wo=3b F742%) ‘while there are no conserved hydrophobic binding pocket
residues in secretin family GPCRs that are polar residues in most aGPCRs (Fig. 3).
Assuming that aGPCRs and secretin-like receptors share a similar large and open 7TM
binding site (Figs. 1-4), the putative 7TM pockets of aGPCRs contain less buried
polar groups than in related secretin-like receptors. The implications of this with
respect to druggability of the 7TM pocket of aGPCRs are discussed in Sect. 3.2.

3.2 Druggability 7TM Pocket of aGPCRs

Despite the lack of sequence conservation, comparison of secretin family members
CRFR1 and GCGR structures with those of rhodopsin, glutamate and frizzled
family GPCR shows that the orientations and positions of TM helices are conserved
[11, 40, 41]. This common fold is stabilized by similar contacts between TM helices
in both families, but involves distinct patterns of conserved residues in rhodopsin
family [42] and secretin family [11] GPCRs. The distances between the extracellu-
lar ends of TM2 and TM7 and TM3 and TM7 of CRFR1 (PDB, 4K5Y) and GCGR
(PDB, 4L6R, 5EE7) are however (among) the largest observed in GPCR structures.
Consequently, the orthosteric 7TM pockets of these two receptors are wider and
deeper than those of any rhodopsin family member [11]. In addition, several
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residues located deep in the orthosteric pocket between TM1 (1.47b) and TM2
(2.60b) play an important role in peptide ligand binding in secretin family GPCRs,
while the corresponding structurally aligned residues (positions 1.43 and 2.53) are
not involved in ligand binding in rhodopsin family receptors. Figure 5 shows a
comparison of the 7TM pocket of the available secretin family GPCR crystal
structures and two representative rhodopsin family GPCRs, CXCR4 and
H;R. The CXCR4 structure is the only GPCR crystal structure in which a
(non-peptide) ligand (IT1t) binds only in the subpocket between TM1-3 and
TM7 (PDB, 30DU) [48] that is also primarily targeted by the chemokine ligand
vMIP-II (PDB, 4RWS) [89]. The peptide ligand CVX15 targets an overlapping but
distinct binding site region in CXCR4 located between TM3 and TM7 (PDB,
30EO0) [48], which is occupied by non-peptide ligands in all other rhodopsin family
GPCR crystal structures [42, 90] and is also targeted in the ligand-bound 7TM
crystal structures of glutamate family GPCRs (mGluR 1, mGLuRS) [43, 61, 91] and
frizzled family GPCRs (SMO) (Fig. 3) [44, 92]. The H;R ligand doxepin binds in a
pocket that is located closest to the cytoplasm of all the ligand binding sites
observed in rhodopsin family GPCR crystal structures (PDB, 3RZE) [47]. The
crystal structure of CRFR1 revealed an unexpected small-molecule binding pocket

located in the cytoplasmic half of the receptor, more than 7 A further down than the
doxepin binding site in the rhodopsin family GPCR H;R (Fig. 5). CP-376395 binds
in this druggable site defined by residues of TM3, TMS and TM6 showing a
combination of hydrophobic and hydrophilic features compatible with drug-like
small organic molecules. In this region, the sequence identity in secretin family
GPCRs is remarkably high (Fig. 3). Of the 14 residues directly interacting with
CP-376395, 7 are identical in CRFR1 and GCGR, and 8 are conserved/similar
among aGPCRs. Among them is N>°%°, which forms an essential hydrogen bond
with the ligand, while CRFR1 and most aGPCRs share homologous residues at
positions Y/F>40, M347b_y[5:46b [ ry 5470  6:45b | 646b 1 649 44 GOSOb ypicpy
provide hydrophobic interactions with the antagonist. A second recently solved
crystal structure of GCGR revealed another unexpected allosteric small-molecule
binding pocket in the secretin family of GPCRs at an interface between the
cytoplasmic end of TM5, TM6, TM7 and the membrane bilayer (Figs. 4d and 5)
[40]. In this GCGR crystal structure (PDB, 5EE7), the small-molecule allosteric
antagonist Mk-0893 forms H-bonds with the side chains of residues R3466‘37b,
K349%4%° §350%41® and N4047°'° and makes apolar interactions with 1329361,
F345°7%°, A348%, K349°4% 1.35204% T353%%" 1.3997°° 1.403"°°" and four
co-crystallized oleic acid molecules. Mk-0893 and chemically similar GCGR
antagonists (large, hydrophobic, negatively charged) are proposed to adopt similar
binding modes and prevent glucagon-induced activation of GCGR by restriction of
the outward helical movement of TM6 required for G-protein coupling [40]. Most
of the residues comprising this shallow pocket at the membrane interface at the
outside of GCGR are not conserved among aGPCRs (Fig. 3). Several aGPCRs share
N7¢1® that forms an H-bond with the carboxylic acid moiety of Mk-0893 in GCGR,
and few aGPCRs contain K®“°" that forms an H-bond with the amide carbonyl and
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A) GCGR-glucagon B) GCGR-glucagon CRFR,-CP-376395
CRFR,-CP-376395 J
GCGR-Mk-0893

D) cxcra-mivwmip-n smo-wv2sacsso /E)  CXCR4-1THVMIP-II F) H,R-doxepin

bRhe-retinal H,R-doxepin
=
Y

<,

Fig. 5 Structural alignments of (a) secretin family (GCGR [11, 40] and CRFR1 [41]) and (d)
rhodopsin (bRho [46], H{R [47], CXCR4 [48, 88]), frizzled (SMO [44]) and glutamate family
(mGluR1 [43]) crystal structures, and comparison of druggable binding sites of (a) glucagon
receptor (GCGR; PDB, 4L6R), (b) corticotropin-releasing factor receptor 1 (CRFR1; PDB,
4K5Y), (e) CXC-chemokine receptor 4 (CXCR4; PDB, 30DU, 4RWS) and (f) histamine H,
receptor (H;R; PDB, 3RZE). GCGR and CRFRI1 are secretin family GPCRs that share sequence
similarity and structural fold with aGPCRs (see Fig. 3 for corresponding sequence alignment). The
surfaces of binding sites that are considered druggable are coloured yellow (orthosteric pocket) and
salmon (CP-376395 binding pocket). Of nine structurally aligned residues, the residues that line
the binding pocket shown in the figures are labelled black; the residues that are not part of the
depicted pockets are labelled light grey. The approximate position of the extracellular membrane
boundary is shown as a dashed black line. The binding mode of glucagon is derived from an
experimentally validated full-length secretin family GCGR structure combining structural and
experimental information from the GCGR 7TMD crystal structure (PDB, 4L6R), the GCGR ECD
structure (PDB, 4ERS) and the ECD structure of GLP-1-bound GLP-1R (PDB, 3I0OL),
complemented by site-directed mutagenesis, electron microscopy, HDX and cross-linking studies
[11-13]. Carbon atoms of peptide ligands (glucagon in the full-length GCGR model and vMIP-II
in the CXCR4 crystal structure) and non-peptide ligands (IT1t in the CXCR4 crystal structure and
doxepin in the H|R crystal structure) are coloured green and magenta, respectively
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makes apolar contacts with the naphthalene and phenylacetamide moieties of
Mk-0893. None of the aGPCRs however combines these residues with a positively
charged (R/K) and a small polar residue (S/T/N) at positions 6.37b and 6.41b
(R346%%7" and $350°*!* in GCGR) that is required to allow the negatively charged
beta-alanine group of Mk-0893 to target the intracellular pocket of GCGR.
GPR110, GPR111 and GPR115, for example, share R%37° and K®*%° in combina-
tion with S/N®*'® but contain a negatively charged D/E residue aligned with
N4047°1® of GCGR. Although it is unlikely that aGPCRs can be targeted via the
same ligand binding mode observed in the Mk-0893-bound GCGR crystal struc-
ture, similar hydrophobic, charged allosteric binding sites at extrahelical interface
with the membrane may be accessible in aGPCRs as well. The buried orthosteric
site of H{R represents an excellent example of a druggable pocket, whereas the
open binding region of CXCR4 is more challenging from a drug design perspective
(Fig. 5) [93]. The orthosteric sites of both GCGR and CRFRI1 are similar to
CXCR4 and open and mostly occupied by bulk-like solvent, with only a single
druggable site at the bottom of the pocket. This hotspot in the 7TM pocket of
secretin family GPCRs is lined with residues that play an important role in peptide
ligand binding, representing a mix of polar (e.g. Y'’°, R/K*%% E/Y®33" D/N"42P)
and apolar (I/'V 2.676 R6.56b L7'43b) residues (Fig. 4). In contrast, aGPCRs contain
only hydrophobic (I/L/V'47°, [/L*6%° W03 F742by or smaller (G/A*%%, T/A®,
T/A7*®) residues at the positions surrounding these hotspots and lack other
conserved polar interaction sites in the 7TM pocket, suggesting that this binding
pocket is even less druggable than in secretin family GPCRs.
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Abstract

Unlike conventional G-protein-coupled receptors (GPCRs), adhesion GPCRs
(aGPCRs) have large extracellular regions that are autoproteolytically cleaved
from their membrane-embedded seven-pass transmembrane helices.
Autoproteolysis occurs within the conserved GPCR-Autoproteolysis INducing
(GAIN) domain that is juxtaposed to the transmembrane domain and cleaves the
last beta strand of the GAIN domain. The other domains of the extracellular
region are variable and specific to each aGPCR and are likely involved in
adhering to various ligands. Emerging evidence suggest that extracellular
regions may modulate receptor function and that ligand binding to the extracel-
lular regions may induce receptor activation via multiple mechanisms. Here, we
summarize current knowledge about the structural understanding for the extra-
cellular regions of aGPCRs and discuss their possible functional roles that
emerge from the available structural information.

Keywords
GAIN ¢ Horm ¢ Olfactomedin ¢ Lectin  Stachel ¢ Tethered agonist « Unc5
FLRT » Super-complex ¢ Latrophilin

1 Introduction

The aGPCR ectodomain consists of an N-terminal region with a family-specific set
of domains, which probably mediate interactions with binding partners, followed
by a conserved region that in almost all aGPCRs contains a GPCR-Autoproteolysis
INducing (GAIN) domain just upstream of the seven-transmembrane helix (7TM)
domain (Fig. 1) [1]. Direct experimental structural information on the architecture
and mode of action of aGPCR ectodomain is still scarce. However, crystal
structures are available for the hormone receptor (HormR) and GAIN domains of
B3 and L1 [1]. Conformational changes induced by ligand binding must be trans-
mitted to the 7TM domain. This is most likely the crucial function of the GAIN
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Fig. 1 Scheme of the architecture of a prototypical aGPCR. The GAIN domain contains an
autoproteolytic cleavage site (GPS site), resulting in an N-terminal fragment (NTF) and a
C-terminal fragment (CTF). As the N-terminal part of the Stachel sequence (sequence between
the GPS site and the start of the 7TM domain) is tightly bound to the GAIN domain, NTF and CTF
do not dissociate. The HormR domain is present in many, but not all, aGPCRs

domain. Liebscher et al. [2] demonstrated that the sequence stretch after the GPS
autoproteolytic cleavage site of the GAIN domain activates the GPRI126
(ADGRG6) and GPR133 (ADGRD1) receptors in a sequence-specific manner if
the rest of the GAIN domain is missing. This sequence stretch has been designated
as the Stachel sequence. In addition, peptides corresponding to the Stachel
sequence could also activate variants of these receptors lacking the GAIN domain
and Stachel sequence with sequence specificity but relatively low affinity. A similar
mechanism of activation by the region following the GPS cleavage site was also
demonstrated for ADGRG1 (GPR56), ADGRF1 (GPR110), ADGRGS5 (GPR114),
and ADGRG2 (GPR64) [3-5]. These studies demonstrated that aGPCRs are
activated by a tethered agonist which resides in the GAIN domain.

Latrophilin is the only aGPCR whose N-terminal ligand-binding domains have
been determined structurally. Nuclear magnetic resonance (NMR) models of the
N-terminal lectin domain [6], a recent crystal structure of lectin and olfactomedin
domains [7] and first ligand-complex structures [8—10], have provided exciting first
insights into the structural repertoire of the N-terminal aGPCR domains. These
suggest that the N-terminal domains of latrophilin have at least two distinct
functions: They allow tethering of the ectodomain to specific extracellular ligands
through high-affinity protein-protein interaction. In addition, they encode a struc-
tural mechanism for ligand-induced receptor clustering, thereby controlling the
multimerization state of the aGPCR latrophilin. In the following, we summarize
the key features of the available crystal structures of aGPCR ectodomains as well as
some insights obtained from sequence comparisons to related structurally known
domain folds.
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2 The GAIN Domain
2.1 A Conserved Domain in All aGPCR Extracellular Regions

Unlike other GPCRs, aGPCRs have large extracellular regions that are
autoproteolytically cleaved from their seven-pass transmembrane regions at a
conserved GPCR proteolysis site (GPS) [11, 12] (see also [13]). The GPS is well
described and recognized as a vital unit for receptor function [14—16]. However, a
recent study showed that—as opposed to the previous belief—the GPS does not
constitute a functional folded domain by itself, but rather is an integral part of a
much larger novel domain that is termed the GPCR-Autoproteolysis INducing
(GAIN) domain [1]. Of great importance, the tethered agonist Stachel peptide
resides within the GAIN domain (see also [17, 18]).

Strikingly, the GAIN domain is shared by all human aGPCRs (except GPR123/
ADGRA1 which has only a short sequence of ~20 residues before the first trans-
membrane helix). GAIN domain is unique in that it is the only domain that exists in
all members of the aGPCRs in humans indicating an essential role in aGPCR
function. Moreover, database searches revealed that all five members of another
human protein family, the polycystic kidney disease proteins, an unrelated family
of membrane proteins that are also autoproteolyzed, contain GAIN domains. In
addition, primitive organisms, such as Dictyostelium discoideum that arose early in
evolution before animals emerged, encode GAIN domains although they lack most
other autoproteolytic domains, important adhesion and signaling domains, and
critical signaling pathways. Among all domains that are found in aGPCRs, LRR
(leucine-rich repeats), EGF (epidermal growth factor), and TSP (thrombospondin)
are the only other domains that exist in such primitive organisms. These results
showed that the GAIN domain is widespread and conserved in higher eukaryotes as
well as in ancient organisms. Intriguingly, analysis of numerous sequences also
revealed that the GAIN domain always immediately precedes the first transmem-
brane helix by a short linker of about seven residues raising the question whether
the GAIN domain regulates receptor signaling via intramolecular interactions with
the nearby transmembrane helices.

2.2 Structure of the GAIN Domain

The crystal structures of GAIN domains from two distantly related aGPCRs,
latrophilin 1 (LPHN1/ADGRL1) and brain angiogenesis inhibitor 3 (BAI3/
ADGRB3), revealed a novel fold that was previously unidentified. The GAIN
domain (of LPHNI1) contains an N-terminal subdomain A that is composed of
six alpha helices and a C-terminal subdomain B that is composed of a twisted
beta sandwich including 13 beta strands and two small helices (Fig. 2). The last five
beta strands of subdomain B constitute the GPS motif. The GPS motif is the most
conserved region of the GAIN domain (and thus it was chronologically noticed first
and was mistakenly called a domain). The conservation of primary sequence of the
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GAIN domain

ubdomain A

B3 (BAI3) L1 (LPHN1)

Fig. 2 Atomic structures of the GAIN and HormR domains. Cartoon representations of the
uncleaved ADGRB3 GAIN and HormR domains (left, PDB ID 4DLO) and the cleaved
ADGRL1 GAIN and HormR domains (right, PDB ID 4DLQ) revealed the novel GAIN domain
fold. GAIN subdomain A and subdomain B are colored yellow and light-pink, respectively. The
GPS motif (magenta) is an integral part of subdomain B. Stachel peptide (cyan) corresponds to the
last beta strand of the GAIN domain and is deeply buried within the GAIN domain.
Autoproteolysis (indicated by asterisk) occurs between the last two beta strands of the GAIN
domain cleaving, but not releasing the Stachel peptide. The HormR domain (blue) has a rigid
orientation relative to the GAIN domain in both ADGRL1 and ADGRB3

GAIN domains increases from the N-terminus to the C-terminus. In spite of the low
sequence identity between LPHN1 and BAI3 GAIN domains (24 %), the very high
similarity of the GAIN domain structures indicate that the three-dimensional
structure is conserved more strictly than primary sequence throughout evolution.

2.3 Autoproteolysis Cleaves Off the Stachel Peptide But Does
Not Release It from the GAIN Domain

GAIN domain is an autoproteolytic fold that is both required and sufficient for
autoproteolysis, whereas the GPS motif without the rest of the GAIN domain is not
functional. Autoproteolysis occurs in the short loop between the last two beta
strands of the GAIN domain and cleaves the C-terminal beta strand from the rest
of the domain. Indeed, the C-terminal beta strand of the GAIN domain corresponds
to the Stachel peptide and acts as the tethered agonist that activates the aGPCR
(Fig. 2). However, autoproteolysis does not cause the dissociation of the Stachel
peptide from the rest of the GAIN domain, and it is unclear how it can be exposed to
the transmembrane region to activate the receptor. The Stachel peptide is highly
conserved and has a hydrophobic nature (TNFAVLM in LPHN1) and is involved in
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approximately 15 strong hydrogen bonds and numerous hydrophobic interactions
that tightly keep it in the GAIN domain. It is suggested that mechanical force
applied on the extracellular domains may lead to shedding of the extracellular
regions and release of the Stachel peptide from the GAIN domain enabling the
Stachel peptide to activate the receptor (see also [17-20]).

24 Possible Roles of the GAIN Domain in aGPCR Activation

It is possible that, in addition to modulating Stachel peptide exposure to the
transmembrane region, the GAIN domain is involved in more complicated
mechanisms for regulating aGPCR function. Analysis of disease-causing mutations
in different GAIN domain-containing proteins revealed that GAIN domains are hot
spots for disease mutations. The GAIN domains of CL/BAI, polycystic kidney
disease, and GPR56 and CL3 proteins are mutated in cancer [21], polycystic kidney
disease, bilateral frontoparietal polymicrogyria, and attention deficit hyperactivity
disorder [22], respectively. Monitoring the effect of polycystic kidney disease and
cancer mutations on autoproteolysis and plasma membrane localization (thus
presumably proper protein folding) of the receptors suggested that the mechanisms
by which GAIN domain mutations lead to different diseases might be various.
Thus, the GAIN domain might be involved in many functions in addition to
autoproteolysis such as binding to other proteins, regulating receptor signaling
via intramolecular interactions with the transmembrane helices, etc. (see also [19]).

The extracellular regions of several aGPCRs were suggested to regulate aGPCR
activation. For example, the deletion of the N-terminal fragment (NTF) of GPR56
exhibits enhanced signaling ability when compared to the wild-type GPR56, and
thus, the extracellular region is proposed to have an inhibitory role on receptor
activation [23, 24]. The observation that the GPR126 GAIN domain binds to
laminin suggests that GAIN domain functions as a protein-binding domain in
addition to an autoproteolytic domain pointing to a multipurpose role in aGPCR
function. However, other mechanisms by which aGPCRs are regulated and which
domains of their very large extracellular regions are involved in their downstream
signaling are unclear.

3 The HormR Domain

The hormone receptor (HormR) domain is the second most frequently observed
domain in aGPCRs (found in 12 out of 33 human aGPCRs, specifically in
LPHN1-3, GPR124/ADGRA2, GPR125/ADGRA3, CELSR1-3/ADGRCI1-3,
GPR113/ADGRF3, BAI1-3/ADGRBI1-3). HormR domain-containing aGPCRs
are homologous to family B GPCRs that always include an HormR domain. The
crystal structures show that the HormR domains of LPHNI1 and BAI3 are
~70-residue domains formed by two antiparallel -sheets with conserved disulfide
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bonds and tryptophan residues (Fig. 2) and yielded a low RMSD (1.1 A) in spite of
the low sequence identity (24 %). Since no hormone ligand has yet been found for
aGPCRes, it has been believed that the HormR domain in aGPCRs may not be a true
hormone-binding region. Remarkably, a DALI search revealed that N-terminal
hormone-binding extracellular domain of the corticotrophin-releasing factor recep-
tor (CRFR) (PDB ID: 3EHU) is strikingly similar to the HormR domains of LPHN1
and BAI3 yielding RMSDs of 0.7 A and 1.1 A, respectively, in spite of the low
sequence identity (29 %) [25]. The unusually high structural similarity of the
HormR domains of LPHN1 and BAI3 to that of the CRF receptor raised the
possibility that aGPCRs can be real hormone receptors.

Superposition of the LPHN1 structure with the structure of the CRFR HormR
domain bound to corticotrophin-releasing factor (CRF), a 41-amino acid peptide
hormone, showed that a similar hormone could not bind to LPHN1 HormR because
the GAIN domain is blocking the homologous hormone-binding site on the HormR
domain of LPHNI [1]. Clearly, hormone binding would require a conformational
change in LPHN1 to expose the putative hormone-binding site (such as the reduc-
tion of one of the conserved disulfide bonds to switch to an open conformation). In
family B GPCRs, the HormR domain precedes the transmembrane helices and is
juxtaposed to the membrane. According to the two-domain model of family B
GPCR activation, the interaction of the extracellular hormone-binding domain with
the hormone promotes the interaction of the hormone with the transmembrane
helices, leading to the activation of the receptor [26]. However, the mechanism of
aGPCR activation upon hormone binding may be different, because the GAIN
domain lies between the HormR domain and the transmembrane helices.

4 Olfactomedin and Lectin Domains of Latrophilins

Based on phylogenetic information of the 7TM parts, aGPCRs have been
categorized into nine subfamilies [27] (see also [13]). First structural information
on the N-terminal ligand-binding domains has become available for the subfamily I
aGPCR member latrophilin. The three members of the latrophilin (LPHN,
ADGRL) aGPCR subfamily have conserved domain architecture including
N-terminal lectin domain, olfactomedin domain, serine/threonine-rich region,
HormR domain, juxtamembrane GAIN domain, 7TM, and intracellular domains
(Fig. 3a). The LPHN ectodomains have been reported to interact with various
ligands including alpha-latrotoxin [11, 28], a potent toxin produced by the black
widow spider, teneurin/ODZ family proteins [29], neurexins [30], and the single-
pass transmembrane fibronectin-leucine-rich repeat protein FLRT3 [31]. Impor-
tantly, these interactions are mediated chiefly via the N-terminal domains of the
latrophilin ectodomain. The first extracellular domain of an aGPCR to be deter-
mined at high resolution was the murine LPHN1 lectin domain: Nuclear magnetic
resonance (NMR) revealed a compact structure, decorated by largely ordered loops,
which harbor a weak glycan-binding site of unknown biological significance
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Fig. 3 Structures of latrophilin ectodomain interactions. (a) Domain overview of LPHN, FLRT,
and UncS5. Lec lectin domain, OIf olfactomedin domain, Horm hormone domain, GAIN GPCR-
Autoproteolysis INducing domain, 7TM GPCR domain, LRR leucine-rich repeat domain, FN
fibronectin domain, /g/ immunoglobulin domain 1, /g2 immunoglobulin domain 2, TSP/
thrombospondin domain 1, TSP2 thrombospondin domain 2, DD death domain. (b) FLRT3
LRR: LPHN3 OIf complex [9]. (¢) Zoomed view of the FLRT3 LRR: LPHN3 OIf complex
[9]. (d) The super-complex formed by extracellular domains of FLRT2 (LRR), Unc5D (Igl, Ig2,
TSP1), and LPHN3 (Lec, OIf) reveals a large assembly with an unusual stoichiometry (2:2:4)
[10]. (e) The super-complex shown in panel (d) consists of two pseudosymmetric halves, joined
together by the antiparallel arrangement of Unc5D

[6]. More recently, X-ray crystallography revealed the structure of LPHN3/
ADGRL3 lectin plus olfactomedin domains. The olfactomedin domain has a five-
bladed beta-propeller structure with tightly bound, presumably structural metal ions
at its center [7-9]. The olfactomedin domain of LPHN3 has been shown to promote
glutamatergic synapse formation by interacting with FLRT3 [31]. Surface muta-
genesis and X-ray crystallography approaches demonstrated an extended binding
surface across the “top” of the domain, which interacts with the concave surface
of the horseshoe-shaped human FLRT?2/3 leucine-rich repeat domains [7-9]
(Fig. 3b, c). The crystal structures of FLRT3 leucine-rich repeat domain in complex
with isolated LPHN3 olfactomedin domain revealed a simple 1:1 mode of interac-
tion [8, 9]. The formation of a ternary complex between LPHN3, FLRT3, and
another receptor involved in axon guidance, Uncoordinated-5B/D (Unc5B/D),
which does not interact with LPHN3 in the absence of FLRT, was demonstrated
suggesting LPHN3 may function via interacting with multiple ligands simulta-
neously [9, 10]. Surprisingly, crystal structures showed that the addition of
Unc5D to the FLRT?2 leucine-rich repeat domain and LPHN3 lectin-olfactomedin
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domains resulted in an unexpected large assembly with a 2:2:4 stoichiometry [10]
(Fig. 3d). A defining characteristic of the “super-complex” is that it demonstrates a
molecular mechanism for high-affinity receptor oligomerization via the extracellu-
lar regions of the three proteins: FLRT?2 acts as an initial scaffold by providing the
previously described distinct high-affinity binding sites for LPHN3 and Unc5D
[8, 9, 32]. This minimal ternary complex triggers the docking of a second copy of
LPHN3 onto a newly formed binding site provided by FLRT2 and the first copy of
LPHN3 (olfactomedin and lectin domains). The resulting tetrameric arrangement
further dimerizes via the Unc5D Ig2 and TSP1 domains, thus forming an octameric
super-complex. Unc5D adopts an antiparallel arrangement that holds together the
sandwich formed by FLRT2 and four copies of LPHN3 (Fig. 3e). Sequence analysis
revealed that other homologues of the Unc5 and FLRT family (Unc5A,B,C;
FLRT1,3) are likely to produce smaller ternary complexes, including only one
copy of each FLRT and Unc5 and two copies of LPHN [10].

What may the functions of different LPHN-FLRT and LPHN-FLRT-Unc5
assemblies be in the neural system, where these receptors are expressed in
overlapping regions? Cell aggregation experiments have suggested that the interac-
tion between full-length LPHN3 and FLRT3 occurs in trans [9], which is in
agreement with previous cell stripe assay data [7] and the suggested adhesive role
at synapses [31]. Given the recent speculation that mechanical force on the
ectodomain may play a key role in activation of aGPCRs, it is interesting to
consider that the FLRT3-expressing cell may exert force on the LPHN3-expressing
cell and thereby activate LPHN3 in glutamatergic synapse formation. In contrast to
the adhesive LPHN:FLRT interaction, the 1:1 UncS5:FLRT interaction triggers
strong repulsion of radially migrating cells in the developing cortex and also
induces neurite repulsion/collapse in vitro [32, 33]. These apparently opposing
functions (FLRT:LPHN-adhesion, FLRT:Unc5-repulsion) make the ternary
super-complex functionally intriguing. Pull-down experiments using murine corti-
cal lysates are in agreement with the ternary complex forming in vivo, and recent
stripe assay data suggested that the co-expression of Unc5D in FLRT2-expressing
cells reduces their adhesive response to externally presented LPHN3 protein
[10]. Thus, the ternary complex is likely to play distinct roles in vivo, possibly
involving functions that require higher-order receptor multimerization.

5 Ectodomain Structures of Subfamily II-IX aGPCR

In contrast to subfamily I aGPCR, no crystal structures are available for the
ectodomains except for the HormR and GAIN domains, as discussed above. In
this section, we will focus on the domains which are located at the N-terminal side
of the HormR and GAIN domains.

Subfamily II (E) aGPCRs contain one EGF-like domain at the N-terminus
followed by one, four, or five calcium-binding EGF-like domains (Fig. 4a).
EGF-like domains are found in many extracellular domains of membrane-bound
proteins, and they often form repeats that fold to a linear solenoid architecture. Each
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Fig. 4 Models of selected aGPCR ectodomains. (a) ADGRE1 (EMR1) of subfamily II aGPCR,
(b) ADGRA3 of subfamily IIT aGPCR, (¢) ADGRDI of subfamily V aGPCR, (d) ADGRF5
(GPR116) of subfamily VI, (¢) ADGRG6 (GPR126) of subfamily VIII, aGPCR, and (f)
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EGF domain is typically cross-linked by three intradomain cystine bridges
[35]. The calcium-binding EGF-like domains have a size of ~45 residues and
typically contain a single calcium-binding site of the consensus sequence D-X-D-
Q/E-C [36]. The ectodomain of L4 (ELTD1/ADGRL4) of receptor subfamily I also
contains an EGF and an EGF_Ca domain, and it thus resembles more of a subfamily
IT aGPCR concerning the ectodomain structure.

Subfamily III consists of three receptors, of which A1 (GPR123) is unique in that
it does not contain a GAIN domain but only a ~20-residue-long peptide sequence
before the start of the first transmembrane helix. Interestingly, this length
corresponds to the typical length of the Stachel sequence. The other two receptors
of subfamily III, A2 (GPR124) and A3 (GPR125), share 42 % sequence identity
displaying homology over the whole sequence range. They consist of a leucine-rich
repeat (LRR) domain at the N-terminus, followed by an immunoglobulin
(Ig) domain and HormR domain before the GAIN domain (Fig. 4b).

The three subfamily IV receptors share about 35 % sequence identity and have a
similar domain structure. At the N-terminus, they contain a region of 237 (C1),
150 (C2), and 292 (C3) residues with low sequence similarity to each other and no
predictable domain structures. This region is followed by nine cadherin domains
and in total eight calcium-binding EGF domains, two laminin G domains and one
laminin EGF domain (Fig. 5a). Each of the domains usually has a compact
structure, and the termini are positioned at opposite ends of the domain (except
for the laminin G domains) to form an extended chain of domains. This chain may
be bent, but it is usually not folded itself into a compact ectodomain structure. For
the C1-C3 ectodomains, an extended conformation of the domains would have a
length of around 70 nm (in addition to the ~240 residues at the N-terminus and the
GAIN/HormR domains). However, the arrangement of the individual domains
cannot be predicted with confidence, and the structure in Fig. 5a is meant to
illustrate the approximate architecture of the domains forming these large
ectodomains.

The two receptors D1 (GPR133) and D2 (GPR144/ADGRD?2) of subfamily V
aGPCR share only 20 % sequence identity for the complete ectodomain, and both
contain a pentaxin domain (Fig. 4c). A HormR domain appears not to be present in
the subfamily V receptors.

Subfamily VI comprises five receptors with quite diverse ectodomain structures
compared to the subfamilies already described. F3 is the only receptor in this

<

Y
Fig. 4 (continued) ADGRV1 (VLGRI1) of subfamily IX. Domain structures have been modeled
with phyre2 [34], and groups of domains have either been arranged in an arbitrary orientation to
form an extended chain or are based on a multidomain template structure, if available. The overall
sequence identity for many of these models to the template is less than 20 %. Therefore, this figure
illustrates the predicted domain architecture of the aGPCR ectodomains shown here, but accurate
models for most of the ectodomains cannot be obtained based on current structural information.
HormR* indicates that, while the domain is HormR-like in sequence, it is only distantly related to
the structurally characterized HormR domains and probably contains only one of the two
conserved disulfide bridges
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Fig. 5 Models of the ectodomain architecture of C1 and B3. (a) ADGRCI of subfamily IV
aGPCR and (b) ADGRB3 of subfamily 7. See Fig. 4 legend for further information

subfamily which contains a clearly identifiable HormR domain containing both
conserved disulfide bridges. However, also for the other four receptors, a HormR-
like fold is probably present, with at least one disulfide bridge conserved. F2 and F4
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contain rather short ectodomains comprising only the HormR/GAIN domains. In
addition, F2 contains an N-terminal region of less than 100 residues with no
predicted homologous domain structures. F5 contains the largest ectodomain in
this receptor subfamily (Fig. 4d). It comprises ~140 residues at the N-terminus, with
no identifiable homologous folds, followed by a SEA domain (named after its
occurrence in the three proteins: sperm protein, enterokinase, and agrin), four
Ig-like domains, and the HormR/GAIN domains. F1 also contains an N-terminal
fold which is related to that of F5, followed by a SEA domain and the HormR/
GAIN domains. It thus lacks the Ig domains. F3 contains the N-terminal fold
followed by two Ig domains and the HormR/GAIN domains.

In subfamily VII, the three receptors ADGRB1-3 all contain a HormR domain
and upstream four or five thrombospondin (TSP) domains (Fig. 5b). The N-terminal
regions of ~250-270 probably contain a CUB domain (for complement C1r/Cls,
Uegf, Bmpl) in B1 and B3. As detailed above, the structure of the HormR/GAIN
domain of B3 has been elucidated (Fig. 2a). The very N-terminal sequence
RCSEQRCP of the crystallized construct probably belongs to the preceding TSP
domain, as indicated by sequence comparisons.

Subfamily VIII comprises seven receptors. Some of these do not contain com-
plete GAIN domains. This is most obvious for G5 (GPR114) and G3 (GPR97),
which have ectodomains of only 260 and 280 residues, respectively, and a sequence
comparison indicates that the first three helices of the helical GAIN subdomain A
are missing. Likewise, for G1 (GPR56) and G2 (GPR64), only the C-terminal part
of subdomain A appears to be conserved. These receptors contain longer
N-terminal regions, but these probably do not correspond to the first three helices
of GAIN subdomain A. Domain folds cannot be clearly identified for these
sequence regions. In contrast, G4 (GPR112), G6 (GPR126), and G7 (GPR128)
contain complete GAIN domains and probably also HormR-like domains with two
(G6 and G7) or one (G4) disulfide bridge conserved. G6 contains a CUB and a
pentaxin domain at the N-terminus (Fig. 4e). G4 also contains a pentaxin domain at
the N-terminus, followed by a long stretch of more than 2000 residues with no
significant homology to known domain folds.

Subfamily IX comprises only one receptor, but it has the largest ectodomain with
5878 residues. In addition to the GAIN domain, it probably contains in total
43 Calx-beta motifs, which have been characterized as a tandem repeat in the
cytoplasmic domains of Calx sodium-calcium exchangers (Fig. 4f). After the 16th
Calx domain, six EARs (epilepsy-associated repeats) are inserted. Each motif
contains four f-strands, and it has been speculated that these form a seven-bladed
B-propeller, as other proteins usually contain seven EARs.

6 Concluding Remarks

A flurry of recent structural data has recently been published on the conserved
C-terminal regions of aGPCRs and the family-specific N-terminal domains of
LPHN3. The conserved GAIN domain, harboring the autoproteolytic GPS motif,
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is of key interest with regard to the recently established activation mechanism of
aGPCRs via mechanical force [2, 3, 37, 38]. The ligand-binding domains are
thought to act as anchors, enabling mechanical tethering to other cell surface
receptors/ligands or matrix proteins through high-affinity interaction. Many
aGPCRs are orphan receptors still, but insights into the structures of LPHN3
N-terminal domains have revealed first examples for such a tethering mechanism,
using the binding partner FLRT. High-affinity interaction with FLRT is ensured
through an extended and highly specific binding interface. Recent structural infor-
mation [10] also revealed a surprising novel mechanism for higher-order LPHN
multimerization via the N-terminal domains, when in complex with two receptors,
FLRT and Unc5. This exciting finding suggests that the N-terminal ligand-binding
domains have functions beyond mediating simple adhesive interactions and that, at
least in the case of LPHNS, they likely determine the receptor’s multimerization
state. GPCR multimerization is an emerging theme in the field and has so far been
suggested for a series of non-aGPCRs [39]. The functional consequences of aGPCR
multimerization and how this compares mechanistically with the multimerization
seen for other GPCRs via their transmembrane domains remain to be explored.

Taken together, this chapter has aimed to summarize the significant recent
progress made with understanding the structural/functional properties of aGPCR
extracellular domains, a rapidly progressing field that is receiving increasing
attention.
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Proteolytic processing events in adhesion GPCRs. aGPCRs can undergo multiple autoproteolytic
(red asterisks) and proteolytic processing events by exogenous proteases (yellow asterisks) that
may be involved in signaling events of the receptors.
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Abstract

Proteolytic processing is an unusual property of adhesion family G protein-
coupled receptors (aGPCRs) that was observed upon their cloning and biochem-
ical characterization. Ever since, much effort has been dedicated to delineate the
mechanisms and requirements for cleavage events in the control of aGPCR
function. Most notably, all aGPCRs possess a juxtamembrane protein fold, the
GPCR autoproteolysis-inducing (GAIN) domain, which operates as an
autoprotease for many aGPCR homologs investigated thus far. Analysis of its
autoproteolytic reaction, the consequences for receptor fate and function, and the
allocation of physiological effects to this peculiar feature of aGPCRs has
occupied the experimental agenda of the aGPCR field and shaped our current
understanding of the signaling properties and cell biological effects of aGPCRs.
Interestingly, individual aGPCRs may undergo additional proteolytic steps, one
of them resulting in shedding of the entire ectodomain that is secreted and can
function independently. Here, we summarize the current state of knowledge on
GAIN domain-mediated and GAIN domain-independent aGPCR cleavage
events and their significance for the pharmacological and cellular actions of
aGPCRs. Further, we compare and contrast the proteolytic profile of aGPCRs
with known signaling routes that are governed through proteolysis of surface
molecules such as the Notch and ephrin pathways.
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1 Forms of Proteolytic Processing Events in aGPCRs
1.1 GAIN-Mediated GPS Cleavage

One of the structural and functional hallmarks of aGPCRs is the juxtamembrane
localization of a highly conserved GPCR proteolysis site (GPS) motif (Fig. 1)
[1-3]. All aGPCRs, except GPR123/ADGRA1, contain the GPS motif [1]. Proteo-
Iytic modification of aGPCRs was first reported for CD97/ADGRES in 1996 by
Kelly and colleagues [4]. They revealed a novel two-subunit structure of CD97,
consisting of an extracellular fragment and a seven-transmembrane (7TM) frag-
ment derived from a proprotein precursor. Petrenko et al. later identified the
cleavage site and coined the term GPS to describe the proteolytic processing of
CIRL/latrophilin/ADGRLI1 [5, 6].

BAI2/ADGRB2
GPR116/ADGRF5
GPR126/ADGRG6 Furin
GPR110/ADGRF1 | SEA domain — | SEAdomain
GPR116/ADGRF5 ' proteolysis site
(SPS)
> 50 % of all GPCR
aGPCRs proteolysis
site (GPS) GAIN domain
AN
Latrophilin-1/ADGRL1 Sheddase Ex
Latrophilin-2/ADGRL2 7TM

Fig. 1 Proteolytic processing events of adhesion GPCRs. aGPCRs can undergo multiple
autoproteolytic (red asterisks) and proteolytic processing events by exogenous proteases (yellow
asterisks) that may be involved in signaling events of the receptors. The most prevalent cleavage of
aGPCR family occurs at the GPCR proteolytic site (GPS; dark blue circle) and is catalyzed by the
GPCR autoproteolysis-inducing (GAIN) domain (light blue). Another type of autoproteolysis is
governed by the SEA domain (pink box) and shares similarities with GAIN domain cleavages.
aGPCRs can also be substrates for proteases and release parts of the ECD. Exemplary aGPCR
homologs and associated proteolytic processing events are indicated on the /eft
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The GPS motif of ~50 amino acids contains a highly conserved tripeptide
cleavage sequence and several canonical cysteine and tryptophan residues
[2]. Moreover, the 6-8 residues C-terminal to the cleavage site are usually small
and hydrophobic [7]. The cleavage tripeptide almost always starts with His,
followed by Leu/Ile and Ser/Thr, with proteolysis occurring between Leu/Ile and
Ser/Thr (HL/I|S/T) [2, 3]. Most interestingly, GPS proteolysis is not executed by
any proteinases, but is brought about by an autocatalytic mechanism analogous to
that of hedgehog morphogens [8, 9] and Ntn-hydrolases [10—14]. It is concluded
that the GPS proteolytic reaction is most likely initiated by the deprotonation of
the hydroxyl group of the P*! residue (Ser/Thr) by the P~2 His residue. This is
followed by a cis-nucleophilic attack on the a-carbonyl carbon of the P~' Leu/Ile
residue, producing a tetrahedral intermediate. An ester intermediate is subsequently
generated via an N—O acyl shift. Finally, the attack by H,O cleaves the ester bond
splitting the receptor into two protein fragments (Fig. 2) [11]. The two fragments
usually do not separate after proteolysis, but instead associate non-covalently
to form a mature heterodimeric receptor complex on the cell surface [6, 15]. Inter-
estingly, the GPS motif is absolutely necessary for proteolysis, but is insufficient to
mediate the autoproteolytic reaction on its own [7].

N
3 ~
e>°‘°® i )
GPS Autoproteolytic Reaction v)\\ Cell
(<) Subdomain A adhesion
domains

| Activation of
N OT oxygen atom 07S
' — @D
&

Tetrahedral intermediate

[ N

Precursor protein

NH, Hydrolysis o

7™
domain

Ester intermediate

Mature protein

Fig. 2 The GAIN domain and GPS autoproteolysis of adhesion GPCRs. A schematic diagram of
an aGPCR is shown. Located at the C-terminal half of the NTF, the GAIN domain is divided into
the subdomain A (pink) and subdomain B (light green). The GPS motif (blue) is a part of
subdomain B. The proposed mechanism of the GPS autoproteolytic reaction is shown inside the
red circle. A His or another general base withdraws a proton from the hydroxyl group of a Ser or
Thr at position +1. The resulting negatively charged oxygen makes a nucleophilic attack on the
carbonyl group of the residue at position —1 (e.g., a Leu), yielding a tetrahedral intermediate and
subsequently an ester intermediate. The resulting ester is then hydrolyzed to produce the NTF and
CTF that form the mature protein
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Interestingly, while it is well accepted now that the GPS proteolysis is a self-
catalytic intramolecular reaction, the proteolytic efficiency is not always complete.
Indeed, both processed and unprocessed GPR56/ADGRG1 and polycystin-1
receptors have been detected in vivo [16—18]. Moreover, crystals of two structurally
similar GPS-containing fragments of CIRL/latrophilin and BAI3/ADGRB3 were
described, the former in a completely cleaved and the latter in a non-cleaved
conformation [19]. Hence, it is suggested that the GPS domain-containing receptors
might adopt receptor folding conditions that either promote or demote GPS cleav-
age depending on cell types and cellular environments [20, 21].

One critical factor regulating the GPS proteolysis is found to be the first step of
N-glycosylation during receptor biosynthesis in the ER [20, 21]. Other potential
factors include the specific conditions of aGPCR expression, including the cell type
and expression levels. While in the brain tissue only the cleaved form of CIRL/
latrophilin is detected, its heterologous expression in transfected cells yields only a
minor portion of the processed form that depends on the cell line used [5, 15]. Inter-
estingly, the receptor cleavage yield in transfected cells can be regulated by
pharmacological agents such as PMA and ionomycin, regulators of the protein
kinase pathway, suggesting the existence of intracellular signaling mechanisms to
fine-tune the autoproteolysis [22]. As with any chemical reaction, one can also
anticipate a contribution of local pH and ionic changes, as well as a direct involve-
ment of available nucleophilic molecules that serve as cofactors.

Pulse-chase experiments and use of various recombinant receptors and protein
trafficking inhibitors have identified the ER lumen as the major subcellular locali-
zation of GPS proteolysis [2, 4, 11, 15]. However, due to the highly regulated nature
of the GPS proteolytic reaction mentioned above, it is likely that GPS proteolysis
could also occur at a later time point during protein maturation or perhaps even at the
cell surface. Indeed, cell type-specific location of the GPS cleavage was reported for
polycystin-1, whose proteolysis may occur within the ER or post-ER [21].

Recent structural analyses finally delineate the peculiar requirement and
characteristics of GPS autoproteolysis. Crystallization of two aGPCRs,
Latrophilin-1/ADGRL1 and BAI3, identifies a much larger extracellular GPCR
autoproteolysis-inducing (GAIN) domain (~320 residues) that is sufficient and
minimally required for GPS autoproteolytic reaction [19] (see also [23]). In fact,
the GPS motif is an integral part of the GAIN domain. The crystal structure of the
GAIN domain shows a subdomain A of 6 a-helices and a subdomain B consisting of
a twisted p-sandwich of 13 p-strands and 2 small a-helices [19, 24]. The GPS motif
is enclosed in the last five p-strands of subdomain B, and the cleavage takes place in
a short kinked loop between the last two f-strands (Fig. 2) [19, 24]. The proper
folding of the GAIN domain, hence the arrangement of the scissile bond in a unique
configuration, provides an essential environment for the GPS autoproteolytic reac-
tion. Due to the lack of the conformational constraint and chemical environment
required for the proteolytic reaction, the GPS motif alone cannot mediate
autoproteolysis. In addition, the cleaved last p-strand is tightly embedded within
the rest of the GAIN domain, hence it is energetically unfavorable for the two
fragments to dissociate [19, 24].
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Interestingly, phylogenetic analysis shows that the GAIN domain is evolution-
arily conserved from tetrahymena to mammals. In fact, it is believed that the GAIN
domain is one of the most evolutionarily ancient and functional autoproteolytic
protein folds identified to date [19, 24]. The close proximity to the TM region and
the unique structural requirement for the GPS autoproteolytic reaction all suggest
an important role for the GAIN domain in aGPCR function [25]. Furthermore, the
GAIN domain is also present in all members of human polycystic kidney disease
1 (PKD1) protein family, suggesting a much wider usage of this novel domain in
receptor biology [19, 24]. Indeed, sequence mutations in the GAIN domain have
been linked to various human diseases, a clear indication of its role in regulating
receptor activities [17, 24, 26, 27]. How the GAIN domain-mediated
autoproteolysis may regulate receptor signaling and function will be discussed in
the later sections.

1.2 Other Autoproteolytic Cleavages of aGPCRs

Apart from the GPS autoproteolysis, additional autoproteolytic reactions were
noted for certain aGPCRs. Abe et al. showed that Ig-Hepta (GPR116/ADGREFS)
undergoes two specific proteolytic events in the extracellular region [28]. One of
the proteolytic sites identified is at the GPS motif, while the other is at the SEA
module located at the N-terminus of the receptor (Fig. 1). Identified first in three
different proteins (sea urchin sperm protein, enterokinase, and agrin) [29], the SEA
module is a conserved extracellular protein motif of ~80-110 residues usually
found in O-glycosylated mucin-like membrane proteins such as MUC1, MUCS3,
MUC12,MUCI13, and MUC17 [30-32]. A highly conserved G|S[V/I]VV sequence
is identified as the SEA domain proteolysis site (SPS) [32].

Interestingly, the SEA module-mediated proteolysis shares many similar
characteristics with GPS autoproteolysis. First, although some SEA module-
containing molecules are soluble proteins, the SEA module is mostly found in
cell-surface proteins and is located at the extracellular region of the molecule, near
or close to the TM region [32]. Second, the proteolytic modification takes place
within the ER during early protein biosynthesis. Third, proteolysis only proceeds
when the P*! cleavage site is a residue containing a terminal hydroxyl group (Ser
and Thr) or thiol group (Cys) [33]. Fourth, proteolysis at the SEA domain is an
autocatalytic intramolecular reaction likely mediated by a series of nucleophilic
attacks and the formation and hydrolysis of an ester intermediate via an N—O acyl
shift and H,O, respectively [33—35]. Fifth, the autoproteolytic reaction is achieved
by conformational strain and requires strict and proper protein folding [34, 36,
37]. Finally, the resulting cleaved fragments remain associated non-covalently
following proteolysis [33, 35].

Two aGPCRs, GPR110/ADGRF1 and GPR116, are known to contain both the
SEA module and the GAIN domain [1]. Indeed, multiple proteolytic modifications
of GPR116 have been identified, leading to the formation of a mature receptor with
many non-covalently associated fragments [28, 38]. GPR116 has been linked to a
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number of physiological and pathological processes such as pulmonary surfactant
homeostasis, insulin insensitivity, and breast cancer metastasis [39—44]. However,
the role of autoproteolysis in the SEA module and GAIN domain in GPR116
function has yet to be investigated. Little is known regarding the proteolytic
modification of GPR110.

1.3 Cleavage of aGPCRs by Other Proteases

With aGPCR research on the rise, more and more homologs are identified as targets
of classical proteases such as furin or matrix metalloproteinase (MMP; Fig. 1).
These include BAI1/ADGRB1, BAI2/ADGRB2, GPR116, GPR126/ADGRG6, and
Latrophilin-1/ADGRLI1 [38, 45-48]. Furin, a subtilisin-like proprotein convertase,
is a calcium-dependent serine endoprotease enriched in Golgi and is involved
predominantly in intracellular protein processing within the secretory pathway
[49]. Consistent with previous reports, the proteolytic site of BAI2, GPR116, and
GPR126 by furin was identified right after an Arg residue of a consensus furin-
cleavage sequence [38, 47, 48]. Interestingly, these furin-cleavage sites are all
located at the extracellular region N-terminal to the GPS and SEA domain. One
exception is the furin processing of Latrophilin-1, which occurs before an Arg
residue located C-terminal of the GPS motif within the CTF [46]. The furin-cleaved
aGPCR fragment was shown to either remain associated with the rest of the
molecule (GPR116) or released to the extracellular milieu (BAI2, GPR126,
Latrophilin-1). The functional significance of the furin-mediated proteolysis of
aGPCRs is currently unknown, but additional functions exerted by the shed recep-
tor ectodomain remain a possibility. Modulation of aGPCR activity by furin-
mediated shedding is also an alternative.

BAIl, initially identified as a brain-specific p53-regulated gene, is highly
expressed in normal but not tumor brain cells [50, 51]. GPS proteolysis of
BAIl released a 120 kDa thrombospondin type-1 repeat (TSR)-containing
“vasculostatin” fragment with anti-angiogenic and anti-tumorigenic function
[50]. Later studies revealed another extracellular cleavage mediated by
MMP-14 at a more N-terminal region, producing a 40 kDa (vasculostatin-40)
fragment also with very potent anti-angiogenic activity [45]. In fact, the second
cleavage of BAII is processed by a two-step protease activation cascade in which
the latent MMP-14 is activated by furin [45]. Interestingly, the generation of
vasculostatin-120 by GPS autoproteolysis is not a prerequisite for vasculostatin-
40 production by MMP-14. Hence, intra- and extracellular proteolytic processing of
BAIl to distinct ectodomain fragments by GPS autoproteolysis and MMP-14,
respectively, represents important activation and regulatory mechanisms for the
BAII receptor function [45].

Another interesting example of aGPCR cleavage involving a sheddase is the
dissociation of a CIRL/Latrophilin-1 two-subunit complex at the cell surface that
results in the secretion of its ectodomain that contains the intact GAIN domain
(Fig. 1). About 5 % of the endogenous brain-expressed CIRL/latrophilin undergoes
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this processing. The soluble receptor form is comprised of NTF linked to a small
peptide fragment of CTF. This peptide was identified by mass spectrometry
indicating the location of the second cleavage site at the border between the
GAIN domain and the 7TM core. Similar processing was also shown for CIRL-2/
ADGRL2 [46].

2 Biological Effects Controlled Through aGPCR Proteolysis

The consequences and roles of the autoproteolytic processing of aGPCRs have been
under intense scrutiny since its discovery. Multiple experimental approaches have
been implemented to grasp this biochemical peculiarity of aGPCRs, and several
conclusions have been drawn from the results. We will discuss the most popular
ones below.

2.1 Trafficking

Several cell physiological consequences have been ascribed to the autoproteolytic
processing of aGPCRs at the GPS. Insights into these features derived from studies
of aGPCR and polycystin-1 homologs, in which the consensus site was mutated at
different positions in order to disable the autocatalytic reaction. The Latrophilin-1
homolog with a GPS disrupting mutation was the first receptor that was scrutinized
this way. It was noted that the GPS-deficient Latrophilin-1 variant did not traffic to
the cell surface lending support to a model, in which the posttranslational cleavage
event may function as a maturation signal during the biosynthesis of the receptor
molecule in the ER [15]. Later on, this hypothesis was further explored in several
other aGPCRs and polycystins returning mixed results: while impeded surface
expression was found for proteolysis-deficient versions of Latrophilin-1 [15] and
GPR126 [52], no such effect was noted for polycystin-1 [17], GPR133/ADGRG1
[53], and the nematode latrophilin homolog LAT-1 [54]. Also Latrophilin-1 was
reprobed and several GPS cleavage mutations did not affect cell-surface transport
of the receptor [19].

Also the GAIN-mediated cleavage of polycystin-1 has drawn interest to its
physiological requirement, and its investigation contributed insights into the role
of the proteolysis event. An allele of PKD1, which encodes for a cleavage-deficient
polycystin-1 product, leads to strong hypomorphic phenotypes that manifested
through defects in the development of kidney tubules [18] (see below). Follow-up
work on this effect suggests that the CTF of polycystin-1 may act as a cofactor
that is required for membrane trafficking of the NTF. The NTF subsequently
detaches from the CTF, but remains associated to the membrane, probably through
other surface receptors [55]. Similar findings were obtained for the NTF of the
aGPCR Latrophilin-1, whose CTF may also exist as a separate protomer at the cell
surface [56].
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Hence, it remains controversial whether GPS autoproteolysis is functioning
as a gatekeeping step in the biosynthesis and maturation of aGPCRs. One solution
to this puzzle may be offered by the observation that several potentially
GPS-disabling mutations rather lead to reduced stability and unfolding of the
GAIN domain and consequently do not traffic properly to the cell membrane.
Further, GPS cleavage appears to be dependent on cell context and other posttrans-
lational modifiers such as glycosylation [17, 20]. Therefore, recombinant expres-
sion of aGPCRs in heterologous cell lines—the classical test system utilized for
cleavage assays—may not provide the necessary cofactors or conditions that are
required for efficient GAIN proteolysis.

2.2 Terminating Adhesion

An obvious role for the autoproteolytic cleavage of aGPCRs is one that has
remained unexplored thus far. Movements during proliferation, migration, polarity
establishment, but also postmitotic motion of cells or their context impose consid-
erable forces on cells, which are counteracted by adhesion molecules such as
cadherins, laminins, or integrins [57].

In this vein, aGPCRs possess an extensive repertoire of adhesion domains that
are located in the ectodomain of most of the receptor homologs (see also [23]).
aGPCRs are exposed to and likely engage in binding events with adhesive partner
molecules that are affixed either within the extracellular matrix lattice or anchored
on opposite cell surfaces [25]. Thus, autoproteolytic cleavage of aGPCRs may
determine a threshold for forces transmitted onto the receptor expressing cells,
above which the NTF and CTF are separated and relieved of their adhesive
interaction. Such a role was suggested for other surface-mounted molecules such
as mucins (see above), which line the surface of mucous epithelia. By means of an
autocatalytically active SEA domain, potentially damaging shear forces that endan-
ger the epithelial barrier are limited to the energy that is necessary to split the two
non-covalently bound cleavage fragments of mucins [35].

23 Triggering Metabotropic Signaling

With the advent of molecular models on the activation mechanism of aGPCRs, and
their suspected role as mechanoreceptors, receptor autoproteolysis receives increas-
ing attention as a potentially crucial component in these processes.

As discussed in detail in [58, 59], several aGPCRs possess a tethered agonist that
is an integral part of the receptor molecule. Structure-function studies of GPR56
implied that the NTF of an aGPCR exerts an inhibitory role on the metabotropic and
biological activity of its CTF. This conclusion was based on receptor variants that
either contained a shortened or no NTF at all, which displayed increased activation
of cellular behaviors [44] and downstream effectors [60], respectively. These
observations were explained by two models: either the NTF directly suppresses
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metabotropic activity of the CTF consistent with the function of a tethered inverse
agonist, or alternatively, the NTF counteracts the activity of a tethered agonist of
the CTF [61]. Both models account for the disinhibiting effects of NTF removal.
Studies on LAT-1 (see also [62]) provided evidence for the latter model. A panel of
LAT-1 receptor variants was scored for their capacity to rescue the penetrant
developmental lethality caused through removal of the lar-1 gene in C. elegans.
In the course of this study, it was noted that neither a receptor that lacks the 7TM
domain nor a full-length chimeric version containing a foreign GPS motif of the
GAIN domain was able to remedy the lethal effects of lat-1 deletion. However,
when both receptor variants were co-expressed, they complemented each other
intermolecularly to reestablish the full biological functionality of the wild-type
receptor. The conclusion drawn from this set of experiments suggested that the GPS
motif interacts with the 7TM domain in an agonistic fashion [54].

Further investigations unveiled the molecular underpinnings of this effect and
supplied further evidence for the model that aGPCR signaling can be activated
through a tethered agonist. The stalk region that links the GPS with the first TM
helix, a peptide of approximately 15-25 amino acids in length depending on
individual receptor homologs, comprises an agonistic activity that stimulates
metabotropic signaling of aGPCRs. When truncated receptor versions that lack
the NTF are expressed, the agonist (termed Stachel; German: sting, or alternatively
stalk) is exposed and conceivably interacts with the 7TM continuously leading to
high signaling activity as observed before. Receptor layouts that lack the entire
ECD (i.e., including the Stachel/stalk), however, are muted, but can be reactivated
by high amounts of soluble Stachel/stalk peptide indicating that the tethered agonist
is necessary and sufficient for receptor activation. This was shown first for GPR126
and GPR133 [52] and subsequently for additional receptors including GPR56 [63],
GPR64/ADGRG2 [64], GPR114/ADGRGS [65], Latrophilin-1, and LAT-1 [66].

Interestingly, the agonistic property of the peptide appears to reside in its
N-terminal half [65], which also represents the last beta-sheet of the GAIN domain
that is severed through the autocatalytic event from the much larger rest of the fold.
In cleavage-competent receptor homologs, the Stachel/stalk therefore constitutes
the very beginning of the CTF, which also mediates the non-covalent lock between
NTF and CTF that results in the heterodimeric configuration in which aGPCRs are
found on the cell membrane [19].

How is exposure of the Stachel/stalk enacted under physiological conditions? As
the agonist is buried inside the GAIN domain, the simplest mode would see the NTF
removed through a combination of firm ligand engagement with the extracellular
adhesion domains through which mechanical force is transmitted onto the NTF that
pulls it off the CTF. This way, the Stachel/stalk sequence would become instantly
exposed. Corroboration of the interplay between mechanical challenge and trans-
membrane signal transduction has recently been found in EMR2/ADGRE2:
Boyden et al. identified two kindreds that displayed symptoms of severe vibratory
urticaria, a condition associated with degranulation of mast cells upon dermal
challenge with physical force. In this study, an autosomal-dominant missense
mutation in EMR2/ADGRE2 was shown to underlie these effects. In vitro
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experiments with mast cells transfected with the mutated receptor variant indicated
that removal of the NTF through vibratory shear stress was increased [67]. This is
consistent with model in which elevated exposure of the tethered agonist (Stachel/
stalk) triggers subsequent downstream signaling events and is further discussed in
[68]. Also for other protease-activated membrane receptor systems, e.g., the Notch-
DSL pathway (see below), similar mechanisms, executed through proteolysis by an
exogenous protease, were proposed [69].

In this context, GAIN autoproteolysis would be an essential precondition for the
liberation of the tethered agonist upon mechanical stimulus encounter and a satis-
factory explanation for its evolutionary conservation. However, also non-cleavable
aGPCRs appear to possess agonistic activity in the Stachel/stalk peptide and are
sensitive to mechanical stimulation, at least in vitro, as recently shown for GPR114
[65]. To complicate matters, recent studies indicate that aGPCR engage in Stachel-
independent metabotropic (CTF-dependent) signaling [70], which is discussed in
detail in [59].

Currently, there is no obvious explanation for how the encounter between the
agonist and the 7TM may be facilitated assuming that the available GAIN domain
structures are representing the physiological conformation of the fold (see also
[58, 71]). Alternatively, there exist steric layouts of the GAIN domain that allow
access of the Stachel/stalk to its cognate 7TM interface even if the agonist is an
integral part of a contiguous polypeptide chain rather than released through the
autoproteolytic cleavage. Such conformations are subject to future investigations
and will help answering the question for the role of aGPCR autoproteolysis.

24 Liberation of NTF for Cell-Non-autonomous Effects

An interesting addition to the cell-autonomous information fed into the Notch-
expressing cell, the Notch-DSL interactions also appear to drive cell-non-autono-
mous events in the ligand-expressing cells. Also this feature of the Notch pathway
may compare to properties of several aGPCR homologs and their capacity to not
only act as signal sensors but also senders of information. A well-studied example is
the effect of the N-terminal fragment (NTF) of Gpr126/ADGRG6 during mouse
and zebra fish heart development [72, 73]. Gpr126 is expressed by endocardial cells
but not cardiomyocytes and is essential for cardiac mitochondrial function and
trabeculation of the heart. Genetic structure-function studies have indicated that the
C-terminal fragment of Gpr126, which contains the metabotropic signaling unit of
the aGPCR [52], is dispensable for these effects while they critically depend on the
NTF of Gprl126. Interestingly, this requirement is shared by endocardial cells and
cardiomyocytes, of which the latter do not express the receptor molecule.
Immunolocalization studies further detailed that Gpr126 may work in a paracrine
mode to exert its function on cardiomyocytes, possibly by shedding its NTF and
thereby governing the development of these cells in a cell-non-autonomous
fashion [72].
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2.4.1 Split Personality Hypothesis

While the NTF and CTF of most aGPCRs are associated non-covalently, it was
found that the two fragments could also be expressed separately on the cell surface
as independent entities in some aGPCRs such as Latrophilin-1 and EMR2/
ADGRE2 [56, 74, 75]. The so-called split personality hypothesis was coined to
reflect the fact that the NTF remains free even though the CTF is pulled down
exhaustively by immunoprecipitation [56, 76]. Furthermore, expression of the
CTF-truncated recombinant Latrophilin-1 was found to remain tethered on the
cell membrane. Most interestingly, the NTF could be efficiently removed from
the membrane without solubilizing any CTF when cells were treated with
perfluorooctanoic acid, a weak detergent that does not disrupt the lipid bilayer.
These results strongly suggest that some NTF is self-anchored on the membrane
independently of the CTF.

Indeed, subsequent studies showed that membrane localization of the two
fragments does not completely overlap and the fragments could even be
internalized independently [56]. Further, it is possible to detect ligand-induced
interaction of individual NTF and CTF from the same receptor molecule fused
with different tags (so-called homogeneric heterodimers), or even from two distinct
aGPCRs (heterogeneric heterodimers; e.g., NTE-2rophilin-l.. cTRGPRS6 o NTREMR4
:CTF®™R2) [56, 74, 75]. For EMR2, it was shown that the NTF and CTF were
differentially distributed in lipid raft microdomains and ligation of the NTF by
EMR2-specific monoclonal antibodies induced the translocation and interaction of
NTF with CTF to the lipid rafts for receptor activation and signaling [74]. Consis-
tent with these findings, GPS proteolysis of aGPCRs could possibly create diverse
functional receptor complexes by cross association of independent NTFs and CTFs
of different aGPCRs.

Several possibilities exist as to how such molecular cross-chimerization may
come about. Receptor fragments may either recombine after GAIN cleavage at the
GPS. For this scenario GPS cleavage is absolutely necessary. Alternatively,
aGPCRs may form heterodimers at the level of the 7TM domain, ECD, or ICD
that may lead to crosswise pulldown results interpreted as heterogeneric
heterodimer formation. Only in one study thus far, these possibilities were tested
by the use of GPS cleavage-incompetent receptor forms, which still showed
co-immunoprecipitation [77]. The authors thus concluded that homo- and
heterogeneric cross talk of aGPCRs is likely the result of receptor oligomerization
that does not involve NTF-CTF re-pairing at the GPS, but rather the lateral
interaction of several aGPCR molecules.

Future investigations will need to further define the properties of GPS proteoly-
sis for separate fates and biological activities of aGPCR fragments.
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3 Similarities and Differences to Other Proteolysis-
Dependent Signaling Pathways

aGPCRs are by far not the only group of biomolecules whose actions are controlled
through proteolytic cleavage (Fig. 3, Table 1). Here, we only concentrate on those
that are governed by the proteolytic processing of surface receptors. However, we
note that also a wealth of other biological signals depend on the proteolytic
activation of precursor states of intracellular or secreted substrates. This includes
the shedding of N-terminal signal peptides through signal peptide peptidases or the
functionalization of prohormones and proenzymes into active molecule species,
such as proinsulin in pancreatic f cells or serine proteases in the gastrointestinal
system, respectively.

Adhesion GPCRs

GPS GAIN domain

Signal

Protease-activated
receptors

Thrombin»#
Ex

Notch

Serine protease » S1——
MMP/a-secretase » S2 ——
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Fig. 3 Molecular pathways controlled though proteolytic processing. aGPCR processing through
self-cleavage and cleavage by proteases is implicated in several biological properties of these
receptors including critical steps in their signaling cascade. In this respect, aGPCRs may share
signaling principles with other receptor systems that rely on proteolysis to trigger and/or transduce
extracellular events into intracellular information. These encompass, among others, the protease-
activated receptor group of GPCRs, polycystin-1/PKDREJ, Notch, and ephrin receptor families of
cell-surface receptors
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3.1 Protease-Activated Receptors (PARs)

Apart from aGPCRs, there are also other members of the GPCR superfamily that
require cleavage for their biological activity, e.g., for the initiation of their signaling
cascade. Thus far, four protease-activated receptors have been identified, PAR1-4
[78], each following a canonical activation principle. PAR1 is considered the
prototype receptor of the family. It is activated by the serine protease thrombin, a
key regulator of platelet aggregation, endothelial cell activation, and further vascu-
lar effects [79-81].

For activation of human PAR1, thrombin cleaves the ectodomain of the receptor
at a specific recognition site (LDPR | S) that is located at position 41 of the receptor
molecule [82]. The resulting new N-terminus contains a tethered agonist that
becomes unmasked upon the proteolytic event (Fig. 3, Table 1). The agonist
physically interacts with the 7TM domain of PAR1 and activates its signaling
cascade. Furthermore, synthetic peptides comprising the first six residues of the
unmasked tethered agonist are capable of activating PARI1, even without prior
receptor cleavage [82]. Additionally, genetic exchange of the cleavage site, e.g.,
to a trypsin cleavage site, resulted in receptor activation through trypsin under
heterologous expression conditions [83, 84], confirming the hypothesis that the role
of thrombin comprises the exposure of the receptor’s tethered agonist [85, 86].

An activation mechanism which shares similarities with the proteolytic activa-
tion of PARI has recently been unraveled for GPR126, GPR133 [52], and further
aGPCRs [63-65] (see above). However, several differences to PAR activation have
to be considered: while PAR1 processing through the exogenous thrombin protease
directly leads to the exposure of its tethered ligand, GAIN domain-mediated GPS
cleavage of aGPCRs alone may not be sufficient to unmask the Stachel/stalk agonist
of selected aGPCRs as the cleavage fragments remain attached to each other.
Further structural changes in their extracellular domain, e.g., through ligand bind-
ing to the adhesion domains within the receptor ectodomain similar to the situation
of the Notch receptor, and/or mechanical removal of the NTF may be required for
Stachel/stalk exposure and aGPCR activation [87-89].

However, studying properties of PAR receptors may reveal additional parallels
to the signaling paradigm(s) utilized by aGPCRs. For example, rapid
phosphorylation-dependent internalization of activated PAR molecules and
subsequent lysosomal degradation terminate PAR1 signaling [90, 91]. At least
one aGPCR study suggests that ligand contact and mechanical challenge of CD97
trigger removal and degradation of the receptor’s CTF, thereby providing means to
quench signaling through aGPCRs [87].

3.2 Notch

Developmental signals governed through the activation of the Notch receptor are
arguably the best researched and understood functions that result from proteolytic
processing of a receptor molecule. The Notch receptor consists of the single-pass
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transmembrane protein and contains a species-specific array of up to 36 epidermal
growth factor-like (EGF) repeats strung along the length of its extensive
ectodomain. Through the ectodomain, the receptor interacts with DSL ligands
(Delta, Serrate/Jagged, LAG-2), which themselves are large type I transmembrane
molecules mounted on neighboring cell surfaces to the Notch-bearing cell
[114, 115], thereby resembling the interaction scenario of several aGPCRs and
their cellular ligands, e.g., CD97 with CD55 [116] or Latrophilins with FLRTs,
teneurins, and neurexins [117-119].

An important consequence imposed by the positional Notch receptor-ligand
configuration is the restriction of signaling events to cellular neighbors [120],
which may also figure in the physiological roles of aGPCRs. This restriction is
critical for the developmental switches governed by the Notch pathway, as it
regulates binary cell fate decisions during embryogenesis, organogenesis, and cell
differentiation, and many examples across the tree of metazoan life bear witness to
the generality of this concept [104, 121]. In the classical paradigm of the Notch
receptor-DSL ligand interplay, two daughter cells deriving from a precursor blas-
tomere inherit equal amounts of both Notch and DSL. Engagement of Notch and
ligand at the cell contact faces initiates an iteratively looping feedback cycle, which
culminates in downregulation of the receptor in only one of the two cells. In the
‘winner cell’, the intracellular actions of Notch repress a proneural gene battery and
drive it into the epidermal cell lineage. Conversely, the cell that has lost Notch on
its surface becomes a neuronal precursor cell [122].

Intriguingly, the activation of the Notch receptor molecule is the consequence of
a cascade of at least four cleavage events that sequentially process the receptor
molecule along its N—C axis (Fig. 3, Table 1). First, after biosynthesis and en route
to the cell surface, the receptor is cleaved by a furin-like convertase at the S1
cleavage site severing most of the receptor’s ectodomain including the ligand-
binding EGF repeats from a fragment holding the juxtamembrane, transmembrane,
and intracellular receptor portion. S1 cleavage, however, does not result in physical
separation of the cleavage fragments as they form a heterodimer held together
through non-covalent interactions [123, 124], resembling the situation of aGPCRs
that have undergone GAIN autoproteolysis but appear as heterodimers at the
plasma membrane [4, 125].

The second proteolytic step occurs at the S2 site, which is positioned C-terminal
to the S1 site just above the transmembrane helix. Before activation, the S2 site is
protected by an arrangement of three LIN-12/Notch (LNR) repeats that are grouped
around the cleavage site blocking access for the cognate S2 metalloproteases
Kuzbanian and TACE/ADAMI10 [126, 127]. When Notch engages with its DSL
ligand, DSL endocytosis is thought to generate mechanical forces pulling at the
receptor molecule, which eventually leads to conformational unwinding of the LNR
repeats and exposure of the S2 site and its cleavage [128, 129]. While S1 cleavage is
dispensable for Notch function [130], S2 cleavage appears as the gatekeeping step
in Notch activation rendering the pathway a developmental command control
system that may be triggered by mechanical input and may thus share similarities
with the role of aGPCRs in development.
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After S2 proteolysis, the remaining transmembrane-intracellular fragment of
the Notch receptor [Notch extracellular truncated (NEXT)] undergoes further
regulated intramembrane cleavage (RIP) catalyzed by the y-secretase complex.
This large multi-protein enzyme cleaves the NEXT intermediate at two further
sites inside the membrane (S3 and S4 sites) [126, 127, 131, 132]. Ultimately, S3/S4
proteolysis results in the release of the Notch intracellular domain (NICD), which
heteromerizes with DNA-binding and transcriptional activation partners and travels
into the nucleus, where the complex controls the expression of target genes [133—
136].

3.3 Ephrins

Apart from Notch, proteolysis through ADAMI10 assumes a central position in the
processing of a number of other neuronal proteins like APP, N-cadherin,
neuroligins, or ephrins [96, 106, 108, 110]. Among those, the proteolytic activation
and physiological relevance of the signaling mode of ephrin-A2 are exem-
plary (Fig. 3, Table 1).

Ephrin-A2 is a GPI-anchored molecule that is cleaved by ADAMI10 upon
binding its endogenous receptor EphA3. The binding and cleavage event conse-
quently disrupts the cell-cell contact mediated through the Eph/ephrin interaction
[108]. Upon the formation of the ligand-receptor complex, the molecular recogni-
tion motif in ephrin-A2 is rendered accessible for ADAM10, which then associates
with this complex and cleaves ephrin-A2 in a frans mode, as protease and substrate
are expressed in different cells [137, 138]. It appears that this mechanism ensures
the exclusive cleavage of receptor-bound ligands [137]. Following the proteolytic
rupture of the intercellular connection, the Eph/ephrin complex is rapidly
internalized into the receptor expressing cell [138], which has been shown for
ephrin-AS5, a related member of the ephrin family [139]. Blocking the Eph/ephrin
complex binding site of ADAMI10 using specific monoclonal antibodies resulted in
impaired internalization and EphA3-mediated cell function, suggesting a physio-
logical role for the cleavage [140].

Ephrins and their Eph receptors are generally involved in the guidance of cell
migration and neural development, tissue separation, and synaptic plasticity
[139, 141], but also in extraneuronal processes including vascular development,
epithelial cell response, and inflammation [142—144]. One particular physiological
function of ephrin-A2 is the control of axon guidance [108] and involves proteoly-
sis through ADAMI10. Migrating EphA3-presenting axons come in contact with
cells expressing ephrin-A2. Upon this encounter, the EphA3-positive neurites
are actively repelled by the proteolytic disruption of the Eph/ephrin connection
and thereby lead to axon withdrawal and precise spatio-mechanical control of
neurogenesis [108, 145]. Inside the cell, regulation of this signal is mainly
communicated through the intrinsic tyrosine kinase activity of ephrin receptors.
Phosphorylation-dependent activation of EphA3 triggers a conformational change
shifting the kinase domain away from the plasma membrane into its active form
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[146, 147], where it no longer obstructs the alignment with ADAMI10 and therefore
allows ephrin shedding [146, 148]. Accordingly, EphA3 mutants carrying a consti-
tutively released kinase domain showed increased ephrin cleavage by ADAMIO,
even when kinase function was disabled [146]. Thus, tyrosine kinase activity of
ephrin receptors is an intracellularly regulated means to switch between cell-cell
repulsion (high activity) and cell-cell adhesion (low activity) [146, 148, 149].

This binary signaling of Eph receptors may bear functional and cell biological
similarities to aGPCRs. Their variety of extracellular adhesion motifs are
predestined for intercellular cell-cell interactions like those observed for
Eph/ephrin, although the majority of aGPCRs are still orphaned without known
ligands or intracellular interactors [1]. aGPCR-ligand complexes could conceivably
be shed involving an exogenous protease (see discussion about furin-mediated
cleavages of individual aGPCR homologs above). Equally possible, mechanical
force may solely govern receptor fragment (NTF-CTF) separation at the breakpoint
originating from receptor autoproteolysis at the GPS. This way, aGPCR-expressing
cells may be able to switch from an adhesion to signaling state.

3.4 Polycystins

PKD1 and PKD2 are genes encoding polycystins, which are multitransmembrane
proteins with a large amino-terminal extracellular domain [150]. PKD mutations
have been demonstrated to cause one of the most common genetic diseases world-
wide, the autosomal-dominant polycystic kidney disease (ADPKD) [151], which is
characterized by the formation of multiple fluid-filled cysts that lead to renal failure
in patients [152]. Loss-of-function mutations in polycystin-1 (PKD1) are responsi-
ble for a vast majority of ADPKD cases with physiological functions of PKDI
found in cell adhesion and cell junction formation [153, 154]. Consistent with these
findings, polycystin-1 appears involved in mechanical coupling between cells and
in the regulation of tubular lumen diameter along the nephron [155].
Interestingly, polycystin-1 shares several structural features with
aGPCRs (Fig. 3). They possess a multi-pass transmembrane domain (with
11 instead of 7 helices), an extended ectodomain with arrays of PKD motifs, and
most notably a GAIN domain [19]. Similar to aGPCRs, polycystin-1 undergoes
autoproteolysis resulting in the generation of an NTF and CTF [17], which remain
non-covalently attached after cleavage. The physiological role of the polycystin-1
GPS cleavage is unknown. However, cleavage-deficient mutants exhibit impaired
function in vitro [17] and in vivo [18]. A PKDI GPS proteolysis-deficient mouse
mutant shows abnormal renal development after the first days of postnatal life
apparent in reduced size and weight, as well as grossly enlarged cystic kidneys.
Furthermore, the mutation is lethal within 6 weeks after birth presumably due to
renal insufficiency [18]. This is only partly compatible with defects displayed by
PKDI7~ mice, which show severe embryonic phenotypes and die already a few
hours after birth [156]. Therefore, it was concluded that GPS cleavage of
polycystin-1 is required for postnatal renal maturation, while it is not essential for
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embryonic nephrogenesis [18]. This is supported by the fact that cleaved and
uncleaved polycystin-1 can coexist under physiological conditions [155]. Interest-
ingly, polycystin-1 is also substrate to proteolytic events in addition to GAIN
domain autoproteolysis, as it, too, is cleaved by the y-secretase complex, resem-
bling S3 and S4 proteolyses of the Notch receptor [157, 158].

4 Conclusions

aGPCRs are by far not the only group of biomolecules whose actions are controlled
through proteolytic cleavage. Here, we only concentrated on those that are
governed by the classical proteases and autoproteolytic events. As shown here,
autoproteolysis and proteolytic cleavage seem neither mutually exclusive nor are
their functional implications in aGPCRs sufficiently understood. Considering the
tremendous number of surface receptors controlled through proteolysis, and the
requirements for their function, there is no doubt that elucidation of the physiology
of aGPCRs requires further investigation of their proteolytic properties. This should
include a better understanding how GAIN domain-mediated cleavage is involved in
receptor signaling and resolve the question if and how it may be modulated, e.g.,
through allosteric mechanisms. Further interest should be directed toward the study
of other aGPCR domains that entertain non-GAIN domain autoproteolytic steps
and the role of other proteases in the processing of the receptor molecule and pin
down their physiological roles in receptor trafficking, cell adhesion, metabotropic,
and non-cell-autonomous signaling. The structural and physiological properties of
other surface molecule systems including the PAR, Notch, ephrin, or polycystin
pathways should be considered as examples of how proteolytic processing can
shape the function of receptor modules. The extensive body of work accumulated
on their biological significance can instruct new experimental avenues and working
models that should be explored in the quest to elucidate the interplay between the
proteolytic processing of aGPCRs and their diverse signaling profiles.
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Abstract

As the past years have seen a magnificent increase in knowledge on adhesion
GPCR (aGPCR) signal transduction, the time had come to fill the gap on how
these receptors can be activated. Based on experimental observations that
deletion of the ectodomain can induce signaling, the idea arose that aGPCRs,
just like other atypical GPCRs, may harbor a tethered agonist sequence. In this
chapter, we describe the recent findings and characteristics of this agonist, called
the Stachel sequence, and discuss potential mechanisms that cause liberation of
this encrypted sequence. Further, we provide perspectives for application of
Stachel-derived synthetic peptides in future studies of aGPCR function.

Keywords
Adhesion GPCR e Signal transduction ¢ Tethered agonism ¢ Activation
mechanism ¢ Peptide agonist

1 Adhesion GPCRs Harbor an Encrypted Agonistic
Sequence, the Stachel Sequence

In classic pharmacology, an agonist (activating ligand) is a compound that specifi-
cally binds to its receptor, induces conformational changes (activation), and
produces a biological response. This liganded and unliganded conformational
stage of the receptor is formalized as:

L + R & LR, where the quotient of k., and k. is the equilibrium constant K.
The reciprocal of K,, the dissociation constant Ky, is a direct measure of the
receptor-agonist affinity. The kinetics of most agonist-receptor pairs follows this
equilibrium where the agonist reaches its receptor by diffusion and attaches to the
binding pocket. However, a few exceptions exist from this classical model. Rho-
dopsin, a light-sensitive G-protein-coupled receptor (GPCR), is the most prominent
example. Rhodopsin and other opsins contain a chromophore as a prosthetic group
and are specialized for the detection of quanta of light. Here, the ligand is cova-
lently bound to the receptor, and a single photon isomerizes the 11-cis- to trans-
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retinal triggering receptor conformation changes and G-protein activation [1]. At
least during rhodopsin activation, agonist diffusion and concentration are not part of
the process allowing extreme fast off/on kinetics.

The concept of covalently carrying an agonist that isomerizes or is exposed by an
external signal is brought to perfection in protease-activated receptors (PAR).
PARI1 is a GPCR that is classically activated through cleavage of the N-terminal
ectodomain by the serine protease thrombin exposing an agonistic amino acid
sequence (SFLLRN) within the N terminus [2]. The agonist is covalently bound
during activation, but it is not a prosthetic group as in the case of rthodopsin. Here,
cleavage seems to isomerize, relax, or expose the peptidic agonist into the
activating conformation. Not only specific cleavage by thrombin but also by other
proteases such as trypsin and plasmin activates PARs [3]. Interestingly, matrix
metalloproteases (MMP-1 and MMP-13) cleave the N-terminal ectodomain of
PART1 at noncanonical sites, which results in distinct tethered ligands that activate
G-protein signaling pathways [4]. An integration of diverse signals into a defined
biological response, e.g., during platelet activation and aggregation, is most proba-
bly the biological meaning behind this stimulus diversity.

All adhesion GPCRs (aGPCRs) have a large ectodomain providing manifold
interaction possibilities with other molecules (see also [5]). One can speculate that
the ectodomain may serve as an integrator for diverse signals. This concept,
however, would require a tethered agonist as in the case of rhodopsin and PARs.
This chapter features the discovery of such internal agonistic sequences—termed
Stachel sequence—in aGPCRs and discusses the mechanisms of exposing,
isomerizing, or relaxing this tethered agonist.

1.1 Identification of the Stachel Sequence

Taken the enormous pharmacological potential of aGPCRs, the identification of the
endogenous agonists or molecules that modulate their activation levels was a major
task in this field. However, the screen for ligands was limited by the unknown signal
transduction of aGPCRs. This knowledge is a prerequisite to establish reliable
readout systems of receptor activation.

Its structural relation of the 7TM to other GPCRs suggested G-protein coupling
and a number of studies tested for the capability of aGPCRs to activate these
classical signaling cascades. Overexpression of receptor variants has been used to
identify the signaling pathways of several GPCRs because of increased basal
activity in heterologous expression cell system [6—8]. The same approach was
applied to identify the G-protein-coupling abilities of several aGPCRs: GPR56/
ADGRG1 [9, 10], CD97/ADGRES [11], GPR133/ADGRDI1 [12], GPR114/
ADGRG2, GPR97/ADGRG3, GPR110/ADGRF1, GPR115/ADGRF4 [13], BAI1l/
ADGRB1 [14], GPRI126/ADGRG6 [15], VLGR1/ADGRV1 [16], GPR64/
ADGRG?2 [17, 18], and LAT-1/ADGRLI1 [19]. Interestingly, even with these
readout systems at hand, the search for endogenous ligands did not yield any
activating compounds for a long time.
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Fig. 1 Adhesion GPCRs harbor a tethered agonist sequence (reproduced from [24])

An important contribution to the identification of the aGPCR activation mecha-
nism was the observation that receptor activation was seen upon deletion of the
N-terminal fragment (NTF) of BAI2/ADGRB2 [20], GPR56 [21, 22], and CD97
[11]. Two possible scenarios were suggested to explain this deletion-induced
activation [23]: (1) the N terminus acts as an inhibitor of the constitutively active
C-terminal fragment (CTF) or (2) the residual part of the N terminus contains an
agonistic sequence. To shed light on the underlying mechanism, the NTFs of two
aGPCRs, GPR126 and GPR133, which had been shown to couple to the G protein/
adenylyl cyclase pathway were deleted, and, as expected, subsequent increases in
their signaling activity were seen [24]. However, upon deletion of the amino acids
N-terminally of the transmembrane helix 1 (TM1) that remained in the CTF,
receptor activity was abolished, favoring a tethered agonist model over an inhibi-
tory NTF. These data suggested the presence of a tethered agonist between the
natural cleavage site and the N terminus of TM1. Indeed, synthetic peptides derived
from this sequence were capable of activating the inactive receptor mutants as well
as the full-length GPR126 and GPR133 (Fig. 1). Based on the exposed position of
this region after removal of the NTF and its expected piercing interaction with the
potential binding pocket within the 7TM region, the tethered agonist sequence was
named the “Stachel” sequence, which is the German word for “stinger.” Mutational
analysis of CTF mutants and derived peptides revealed that an exchange of the first
amino acid of the tethered agonist to alanine is tolerated for sustained receptor
function, while positions 2—7 are essential for CTF mutant and peptide activity. In
line with these results, a mutant GPR126 zebrafish was designed, which lacked the
amino acids 4 and 5 after the cleavage site of the GPS within the full-length receptor



Tethered Agonism: A Common Activation Mechanism of Adhesion GPCRs 115

[24]. This mutant zebrafish exhibited the same phenotype as the previously
published complete GPR126 gene knockout zebrafish strain [25] presenting with
a pronounced myelination defect and so-called puffy ears. All these in vitro and
in vivo data support the hypothesis that the residual part of the N terminus in the
CTF contains an agonistic sequence.

Later a tethered agonist sequence was identified for several other aGPCRs,
namely GPR110 and GPR56 [26], GPR64 [17], GPR114 [27], and LAT-1
[19]. However, a recent study indicated that CTF mutants of GPR56 and BAIl do
not exclusively elicit constitutive activity [28] (see also [29]). While GPR56 CTF
showed increased activity in a serum response factor reporter assay, all other CTF
constructs examined did not show elevated activity in other activity measures.
Whether these findings hold true upon stimulation with agonistic peptides needs
to be determined since the repertoire of the receptors’ signal transduction may
significantly differ between agonist and mutationally induced activity as shown for
the aGPCR GPR64 [17].

1.2 Structure and Genomic Organization of the Stachel Sequence

At the current state, there is no X-ray crystal structure of a full-length aGPCR
available. However, partial structures of aGPCR ectodomains are solved [30, 31]
(see also [5]). There are two crystal structure models available for LAT-1 and BAI3
that reach from the functional “sticky domains” to TMI1, thereby including the
mucin-like stalk region, the highly conserved GPCR proteolytic site (GPS), and the
Stachel sequence [30]. Since it was shown that this crystallized domain is required
and sufficient for cleavage within the GPS, it was called the GPCR autoproteolysis-
inducing (GAIN) domain. Projecting our functional data onto these crystal
structures, it is conceivable that the Stachel sequence matches the most
C-terminal f-strand of the GAIN domain. Interestingly, this f-strand is
encapsulated in a -sandwich of 12 additional pB-strands [30]. The crystal structures
suggest that the Stachel sequence is buried between those p-strands prohibiting the
exposure of the agonistic sequence within the full-length receptor. As the Stachel
sequence presents with an assembly of hydrophobic amino acids (Fig. 2), exposi-
tion of this region to a hydrophilic environment is unfavorable and most probably
supports interaction with its hypothetical binding pocket, whose exact position
needs yet to be determined.

One important factor for Stachel-mediated receptor activation is the length of the
[B-strand. Screening of peptide libraries varying in length revealed active peptides of
the Stachel region between 7 and 18 amino acids (see below). This is in accordance
with our mutagenesis-based findings that amino acids 2—7 are essential for activity in
GPR126 (see above). We therefore defined the first 8§ amino acids of the Stachel
sequence as the core region. Interestingly, the core regions of the Stachel sequences
are always encoded by a single exon in a module-like fashion (Fig. 2). There are
natural splice variants differing in the length of the Stachel sequence. For example,
there are two isoforms of GPR114, which diverge only in the existence of a single
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{ Stachel ™M1
——— - —_—

LEC1 LTNFAVLMRHRE IFQGRINELL---LSVITWVG
LEC2 NFATLMp KDGVHELL--LTVITWVG
I LEC3 LTNFAVLM SDAVHDLL--LDVITWVG
ELTD1 -L{THFAILM IKDYNI----LTRITQLG
EMR1 MANLAVIM DFS--—-——- LYIISHVG
EMR2 I VLM JEEDPV-————— LTVITYMG
1] EMR3 -1|SSFAVLMp EDPV——=m==—= LTVITYVG
mEMR4 -1|SSFAVLM} EDGVLSA----- LSVITYVG
CD97 -LSSFAILMF FpWK-======~ LTLITRVG
GPR124 ~LGNVAVLMELSAFPREVGGAGAGLHPVVYPCTA
I“ I GPR125 =] SNYF\‘JL\"]DLTGSELYTQA}\SLLH PVVYTTAIL
CelsR1 ~TASFAVLMDI GEVLP-———- LKIVTYAR
IV CelsR2 MTSFAVLM GEILP-—--—- LKTLTYVA
CelsR3 HAI TGTFGVLM LEGDLEL---LAVFTHVV
Vv | GPR133 YSV LTNFATLM{; ARGHQVA---LSSISYVG
GPR144 = STSFAILLE GPEEESL---LRTLSFVG
GPR110 LTSFSILME TIFPV—-—-- VKWITYVG
GPR111 SFSILMBPHILESLI--—————- T
VI GPR113 TAFSVLME PHTVPEEPA-—-———~ A
GPR115 MSEFSILMESKSMTDEV========
GPR116 SFSILMF I L---LD
BAIl ( ;S'I'"_PAILAL ME‘.KATL—-——PSVTLIVG
VII BAI2 -1 LELAGS----PSVPLVIG
BAI3 = LADOPREIJIMESSGT----PSVTLIVG
GPR56 -UTYFAVLM/SSVEVDAVHKHY - ---LSLLSYVG
GPR64 ~-ITSFGVLIPLSRTSVLPAQMMA---LTFITYIG
GPR97 I -LTFFALLIRPTLDQSTVHI - ————— LTRISQAG
VIl GPR112 Y LTHFGVLMPLSRSTVDSVNEQI ---LALITYTG
GPR114 YFAVLMPLSPALVPAELLAP---LTYISLVG
GPR126 HFGVLMPLPRSASQLDARNTKV-LTFISYIG
GPR128 NFAVLM FKKDYQYPKS —————— LDILSNVG
Ix | VLGR1 -MSVYAVYART 'FTS

Fig. 2 Srachel sequence of adhesion receptors. An alignment of the amino acid sequences of all
human adhesion GPCRs in close proximity to the transmembrane helix 1 (TM1) is shown (most of
the N terminus is not included in the alignment). Two highly conserved cysteine residues
N-terminal of the potential autocleavage site (arrow) are boxed in blue. The core sequence of
the Stachel sequence is boxed in orange. Many active peptides derived from this region are longer
than the core Stachel sequence and are marked by a broken orange line. Interestingly, in several
families, the C terminus of the Stachel core sequence is defined by an exon/intron boundary (black
line; see text). The Stachel core sequences are encoded by a single exon (red characters). Note:
GPR123 was not included in the alignment since this sequence does not show any relevant
sequence similarities in this region

glutamine within the Stachel sequence, yet display vast differences in basal full-
length and mutant activity levels [27]. The isoform with the glutamine elicits very
high basal activity, which can be increased through deletion of the NTF, while the
isoform without the glutamine has low basal activity levels which cannot be elevated
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further. Deletion of the glutamine within the synthetic peptide does not affect its
activation potential. As this amino acid is only important within the receptor struc-
ture, it can be assumed that it plays a role in positioning the Stachel sequence relative
to the 7TM (see also [32]). The shortened agonistic sequence upon amino acid
deletion is not able to reach its binding pocket, thereby failing to activate the receptor.
This hypothesis is supported by the fact that the deletion of the adjacent leucine
showed the same lack of activation, while both mutants are expressed in the cell
membrane and can be activated through external peptide application [27].

Taking a closer look at the genomic structure of aGPCRs, it became evident that
the GPR 114 isoforms are in fact two splice variants as the glutamine is positioned at
the beginning of exon 8 [27]. Here, alternate splicing can be seen as a regulatory
event in order to control GPR114 function. It is therefore not surprising that the
distribution of the variants shows tissue specificity. Analysis of the whole aGPCR
family revealed that both families III (except GPR123, which has no GPS) and VIII
have an intron/exon transition at the same location within the highly conserved
Stachel sequence (Fig. 2), supporting the idea of an evolutionary conserved way of
regulating receptor activity.

13 Proposed Mechanisms of Stachel Release

While the existence of activating peptides derived from the Stachel sequence is
accepted, the concept of how the liberation of this sequence should happen in vivo
is still a matter of debate. Current models favor an activation scenario in which the
ligand binding to the NTF together with the exertion of mechanical stress will lead
to its removal and subsequent exposition of the tethered agonist [33, 34], and the
presumptive function of aGPCRs as mechanosensors is extensively discussed in
[35]. This hypothesis is supported by the fact that GPR126 and GPR114 can be
activated in vitro through mechanical forces like shaking and vibration [27, 33]. -
Shaking-induced activation depends on a functional Stachel sequence because no
mechanical activation is seen when inactivating mutations are introduced into the
core Stachel sequence. The in vivo correlate to mechanical activation of GPR126 is
the polymerization of its ligand laminin 211, which, when impaired, mimics the
phenotype of the receptor knockout in zebrafish [33]. Further hints for the above
suggested activation scenario come from a study that observed an enrichment of the
NTF of GPR56 in supernatant after receptor stimulation with its ligand collagen III
[36]. There is further in vivo evidence that aGPCRs are involved in
mechanosensing. Thus, signaling of GPR56 regulates muscle hypertrophy
associated with mechanical overload in mice, [37] and latrophilin/CIRL mediates
perception of tactile, proprioceptive, and auditory stimuli in Drosophila [38].
Although binding of extracellular proteins to the NTF and the removal of the
autocleaved NTF by mechanical forces are an intriguing activation model, it does
not explain how non-cleavable receptors get activated through their tethered agonist
or how shaking of the receptor without the addition of the ligand can already lead to
an increase in signaling. It further fails to explain how it is possible that the same
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aGPCR that is thought to be activated through NTF removal after ligand binding
can be directly activated through a different ligand. For example, the other known
ligand of GPR126, collagen IV, has been shown to induce cAMP production on
GPR126-expressing cells without exposure to mechanical forces [39]. Also, GPR56
has been shown to be internalized with its ligand transglutaminase 2 (TG2) meaning
that there are also no cleavage or shedding processes involved since TG2 binds
within the NTF of GPR56 [40].

The existence of an autoproteolytic event and its biological function has proba-
bly been one of the most controversially discussed facts in the aGPCR field in the
past years and is discussed in detail in [41]. With the initial discovery of this event
for latrophilin 1 (CIRL) [42] and further detailed description of the mechanism
underlying this process [43], it had been assumed that the majority of aGPCRs
should undergo this process and that it is a specific requirement for proper receptor
function [44]. However, several studies have questioned this assumption as a
general feature of aGPCRs. As for the cleavage event, there are aGPCRs that
have a disrupted motif (GPR111 and GPR115; see Fig. 2) and that are therefore
accepted to be non-cleavable [45]. BAIl has a classic cleavage site, but it was
shown that cleavage of this receptor does not occur in HEK293 cells but in
malignant melanoma cells (discussed in [46]). Of note, BAII is properly expressed
in the cell membrane even without cleavage. The question how an autoproteolytic
event can be cell-type specific has not been answered, yet. For many other aGPCRs,
it has never been tested whether cleavage actually occurs. Several studies show that
cleavage is dispensable for proper receptor function [12, 47]. Interestingly, GPR114
displays high constitutive activity [13] but is not cleaved [13, 27]. Yet, GPR114
contains a tethered agonist sequence and can be activated through Stachel
sequence-derived peptides. These findings are not compatible with a scenario in
which the tethered agonist is liberated through the removal of the NTF. The high
constitutive activity of GPR114, which mutually depends on the intactness of the
Stachel sequence [27], is also not compatible with the current crystal structure of
the GAIN domain [30]. Since the Stachel sequence is shielded by p-sheets in this
structural model, it would be blocked from interacting with the 7TM to mediate the
high level of basal activity. Current functional data rather favors a scenario where
the Stachel sequence is prebound in the binding pocket of the 7TM. Upon binding
of an extracellular ligand and/or exposure to mechanical stress, the inactive confor-
mation of the Stachel sequence then changes into an active conformation. In the
constitutively active isoform of GPR114, the Stachel sequence seems to be already
in its active conformation. Such isomerization-induced activation of a GPCR is
found in rhodopsin but needs to be proven for aGPCRs, e.g., by crystallizing full-
length receptors with or without activating ligands bound to the ectodomain.
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14 Tethered Agonism: A Common Activation Mechanism
in GPCR?

As introduced above the existence of an agonistic sequence that is bound to its
receptor is rare but has been shown for rhodopsin-like GPCRs. The prototypic and
most intensively studied GPCR, rhodopsin, is just one example. Here, the chromo-
phore 11-cis-retinal, a prosthetic group, is covalently linked to the apoprotein opsin.
When exposed to light, 11-cis-retinal isomerizes to an all-frans state. The resulting
metarhodopsin II confers then the signal via transducin into the cell [48]. In the case
of the PARSs, the receptors harbor a tethered agonist within their N termini, which is
released through enzymatic cleavage of the sequence N-terminal. As in aGPCRs,
this agonist sequence can be mimicked using synthetic peptides [49]. For PARs it is
not clear whether the tethered ligand is prebound and only isomerizes. Very
recently we have shown that glycoprotein hormone receptors (GPHRs), also
members of the rhodopsin-like GPCR family, are activated by an internal agonist
upon glycoprotein hormone binding [50]. Similar to findings on aGPCRs, studies
have shown that removal of the large ectodomain can lead to GPHR activation. For
example, proteolytic cleavage of the GPHR ectodomain by trypsin or artificially
generated ectodomain deletions and truncations increased TSH receptor activity
[51-53]. We have shown that deletion of the entire ectodomain did not activate the
LH/hCG receptor which supported an alternative hypothesis of an “intramolecular
agonistic unit” where an internal agonist within the ectodomain is exposed upon
ligand binding [54, 55]. This “intramolecular agonistic unit” was later identified as
p10 region, integrating the activating actions of glycoprotein hormones, mutations,
and autoantibodies to trigger GPHR signal transduction [50].

Reflecting the findings with aGPCRs and other GPCRs which contain internal
agonists, one can speculate that attachment of large ectodomains to the conserved
7TM structure of GPCRs has the general functions:

1. To allow for G-protein signaling for very large proteins (e.g., matrix or cell-
bound proteins) which do not fit into the classical 7TM binding pocket

2. To integrate diverse extracellular signals (different proteins, ions, mechanical
forces) into the same G-protein signaling pathway of a given cell/tissue

Latter point is further diversified by the fact that alternative splicing allows for
modularly defining the signals that may interact with the ectodomain and, as shown
for GPR114, fine-tunes the basal activity of a given receptor. It is therefore
conceivable that aGPCRs might present a collection of all mechanisms known to
activate the tethered agonist sequence. Current knowledge allows for the conclu-
sion that the majority, if not all aGPCRs, carries a tethered agonist sequence, but
future studies will have to focus on unraveling the molecular mechanisms exposing
the tethered agonist.
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2 Synthetic Peptides Derived from the Stachel Sequence
as Tools to Modulate aGPCR Function

2.1 Pharmacologic Properties of the Peptide Agonists

Short peptide sequences mimicking the Stachel sequence have been shown to
activate aGPCRs in vitro. The length of the most efficient peptides varies between
7 and 18 amino acids (pGPR126, 16 AA [24]; pGPR133, 13 AA [24]; pGPR110,
12 AA [26]; pGPR56, 7 AA [26]; pGPR64, 15 AA [17]; pGPR114, 18 AA [27];
pLPHN-1, 12 AA [19]). It is noteworthy that the activating peptide of GPR56
differs from all other peptide agonists in a way that it is by far the shortest peptide
identified and that it was the only peptide out of the whole library tested on GPR56
that elicited some activation [26]. All other libraries featured at least one more
peptide with similar activity levels. The Stachel sequences are highly conserved
regions of aGPCRs which explain that peptides can activate more than one species.
Thus, synthetic peptides have been shown to activate different receptor orthologs
like human, mouse, and zebrafish. For example, a peptide derived from the human
GPR126 Stachel sequences is able to activate also the zebrafish ortholog, and a
peptide derived from the human GPR133 Stachel sequences can also activate the
mouse GPR133 [24]. Yet, no cross-species activity was found for peptides derived
from LPHN-1 of rat and C. elegans [19].

As the Stachel sequence is highly hydrophobic, the resulting peptides are
similarly difficult to dilute in assay reagents making it sometimes hard to work
with them. However, within the peptide library derived from the same receptor,
there has been no correlation between the activity induced by and the solubility of
the peptide. Another obstacle in working with these peptides is that they require
large amounts in order to elicit significant activation levels in vitro with ECsq
values between ~80 and 400 pM. The reason for this low affinity interaction can be
explained by the physiologic 1:1 stoichiometry of the tethered agonist and the 7TM
interface which makes high affinity dispensable. Similarly, an effective concentra-
tion of 0.4 mM of the tethered agonistic peptide was determined for PARI1
[56]. Even as such high concentrations are needed, the interaction of each peptide
with its derived receptor seems to be highly specific for a given aGPCR
[17,24]. However, we cannot exclude that peptides derived from Stachel sequences
of closely related aGPCRs can cross-activate. The Stachel sequences within but
also between aGPCR groups are very similar (see Fig. 2). Future analyses will study
possible cross activations in more detail.

2.2 Synthetic Peptides as Tools for Ex Vivo and In Vivo aGPCR
Studies

Despite the difficulties that arise from the properties of the synthetic peptides, they
are resourceful tools to study aGPCR function ex and in vivo. They have been
shown to rescue pathological phenotypes in receptor-deficient animal models.
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Thus, a GPR126 hypomorph zebrafish showed significant improvement of the
myelination deficit upon treatment with 100 pM of peptide solution [24]. Further,
the lethality phenotype of LAT-1 mutant nematodes was rescued with the same
peptide concentration [19].

The low solubility and affinity of most Stachel sequence-derived peptides limit
in vivo studies. Chemical modification of the peptides may help to improve their
solubility. Investigations are launched which systematically test modifications of
amino acids in order to increase peptide affinity to the 7TM. This may also help to
define the 7TM binding pocket.

Due to the peptide nature and the high concentration needed for stimulation,
in vivo experiments essentially require the development of more potent and specific
small molecule ligands. As in the case of the GPHRs [57-59], such small molecule
compounds may bind in the 7TM at ortho- but also allosteric positions and
modulate 7TM activity. Beclomethasone which apparently activates GPR97 [13]
is a promising example for such small molecule screening strategies.

3 Summary and Future Perspectives

Based on the currently available information, activation of several aGPCRs is
conducted via a tethered agonist sequence, which resides within the very
N-terminal part of the CTF. It is conceivable that this could be applicable for all
members of the aGPCR class, yet it still needs to be proven for the majority of
aGPCRs. While synthetic peptides that are mimicking the agonistic sequence can
readily activate the receptor they are derived from, the question remains how this
would be exercised under physiological conditions. According to the available
crystal structure, the Stachel sequence, being equivalent to the last f-strand of the
GAIN domain, is embedded in other $-strands shielding it from exposure to the
7TM interface. It is estimated that only structure-disruptive forces could liberate
this sequence. This notion is supported by the fact that the combination of mechan-
ical force and ligand addition lead to receptor activation which was not elicited
under ligand addition itself. This model, however, requires a cleavable receptor.
Taken that there are several non-cleavable receptors out of which at least one
(GPR114) is highly constitutively active; it is eminent that there have to be other
activation scenarios that need to be considered. The isomerization of a prebound
agonist is one possible scenario. However, future studies are needed to answer this
question. Especially the establishment of crystal structures that encompass the full-
length aGPCR in its active and inactive state should provide clarity.

Even though the molecular characterization of aGPCR function has leaped
forward tremendously in the past years, there are still several gaps to close in our
understanding. First of all, the intracellular pathways following receptor activation
need to be unraveled for the remaining orphan aGPCRs. Further, after looking at
activation mechanisms, the processes involved in ending the signaling cascades
need to be examined more closely. Interaction with B-arrestin and ubiquitination
has only been shown for BAIl [14], and studies dealing with internalization of
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aGPCRs are effectively missing. Knowing that there is most likely an interaction of
aGPCRs with B-arrestin, the question arises if these receptors just like rhodopsin-
like GPCRs have biased ligands. Is it possible that endogenous ligands under
different mechanical conditions could activate distinct signaling cascades? In
order to answer that question, it is mandatory to determine and define the specific
kinds of mechanical stress that are needed to elicit receptor activation.

As peptides are not ideal activators for in vivo studies for several reasons (low
affinity, solubility, and degradation issues), the development of small molecule
agonists, antagonists, and inverse agonists is decisive. Another aspect for future
experiments is to identify the potential of trans signaling for pharmacological
studies. In vivo models are already distinguishing between the consequences of a
signal that is mediated by the CTF within the cell (cis signaling) and the effects
transduced by the NTF (trans signaling) [33, 47, 60]. In vitro studies could test for
auto- or cross activation of purified functional domains of the NTF of aGPCRs.
Such an approach was already undertaken for processed parts of the NTF of
GPR116 [61]. Here, a purified part of the NTF, called the alpha fragment, was
used to show influence on the expression levels of intracellular signaling molecules.
As most aGPCRs display highly modular ectodomains, it is conceivable that similar
observations can be seen in the future.
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Abstract

The adhesion G protein-coupled receptors (aGPCRs) are a family of 33 receptors
in humans that are widely expressed in various tissues and involved in many
diverse biological processes. These receptors possess extremely large N-termini
(NT) containing a variety of adhesion domains. A distinguishing feature of these
receptors is the presence within the NT of a highly conserved GPCR
autoproteolysis-inducing (GAIN) domain, which mediates autoproteolysis of the
receptors into N-terminal and C-terminal fragments that stay non-covalently
associated. The downstream signaling pathways and G protein-coupling
preferences of many aGPCRs have recently been elucidated, and putative endog-
enous ligands for some aGPCRs have also been discovered and characterized in
recent years. A pivotal observation for aGPCRs has been that deletion or removal
of the NT up the point of GAIN cleavage results in constitutive receptor activation.
For at least some aGPCRs, this activation is dependent on the unmasking of
specific agonistic peptide sequences within the N-terminal stalk region (i.e., the
region between the site of GAIN domain cleavage and the first transmembrane
domain). However, the specific peptide sequences involved and the overall impor-
tance of the stalk region for activation can vary greatly from receptor to receptor.
An emerging theme of work in this area is that aGPCRs are capable of versatile
signaling activity that may be fine-tuned to suit the specific physiological roles
played by the various members of this family.

1

Keywords
Adhesion ¢ Receptor « GPCR + G protein ¢ Signaling * Activity * Agonist *
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Adhesion G Protein-Coupled Receptors Are a Diverse
Group of Self-Cleaving Cell Surface Receptors

G protein-coupled receptors (GPCRs) form the largest superfamily of cell surface
signaling proteins in vertebrates [1]. Within this superfamily, the adhesion GPCRs
(aGPCRs) represent the second largest family, encompassing 33 receptors in
humans. These receptors are broadly expressed in different tissues and involved
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in many diverse processes including neural development, immunity, myelination,
and angiogenesis [2]. Via their large extracellular N-termini (NT), which range
from 200 to 5600 amino acids in length and harbor a variety of adhesion domains,
aGPCRs are thought to survey the surrounding cellular environment and transduce
signals from the extracellular milieu into intracellular signaling [3]. The tremen-
dous diversity in the NT regions of aGPCRs has led to the further categorization of
the 33 aGPCRs into 9 distinct subfamilies [4] (see [5]). A new nomenclature for
aGPCRs based on these subfamilies was recently approved by IUPHAR [4], and
both the new names (all starting with “ADGR”) and the traditional names for each
receptor will be used in this review. The most commonly shared protein-protein
interaction domains found in the N-termini of each of the nine aGPCR families are
olfactomedin (OLF) and rhamnose-binding lectin-like (RBL) domains (subfamily
I); epidermal growth factor (EGF)-like repeats (subfamily II); leucine-rich repeats
(LRRs; subfamily III); cadherin repeats (subfamily IV); pentraxin domains (PTX;
subfamily V); sea urchin sperm protein, enterokinase, and agrin (SEA) domains
(subfamily VI); thrombospondin type 1 repeats (TSRs; subfamily VII); pentraxin
domains (subfamily VIII); and calx-f repeats (subfamily IX) [4] (see [6]).

A unique feature of the aGPCRs is their autoproteolytic activity at a membrane-
proximal motif of the NT called the GPS or GPCR proteolysis site motif [7, 8] (see
also [6, 9]). This ~50-amino acid, cysteine- and tryptophan-rich motif is located
within a much larger functional domain that is both necessary and sufficient for
aGPCR self-cleavage called the GPCR autoproteolysis-inducing (GAIN) domain
[10]. The GAIN domain is the only commonly shared domain in the NT of aGPCRs
(with the exception of ADGRA1/GPR123) [11]. Moreover, the GAIN domain is
also one of the most ancient domains found in aGPCRs, existing in the genomes of
more primitive organisms such as Dictyostelium discoideum and Tetrahymena
thermophila [10, 12]. Structural studies by Arac and colleagues showed that the
GAIN domain stays intact following cleavage through an extensive network of
hydrogen bonding and hydrophobic side-chain interactions [10]. These insights
confirmed prior biochemical observations that autoproteolysis does not necessarily
result in the dissociation of the N-terminal fragment (NTF) and C-terminal frag-
ment (CTF) that result from GAIN domain cleavage of a given aGPCR.

2 Evidence for G Protein-Mediated Signaling by Adhesion
GPCRs

Notwithstanding their N-terminal diversity, all members of the aGPCR family share
a similar seven-transmembrane (7TM) domain architecture, which is the molecular
signature of GPCRs. However, in the early years of aGPCR research, it was not
known whether these proteins were bona fidle GPCRs. In studies that were
facilitated by the serendipitous discovery of a potent and high-affinity agonist,
ADGRLI1 (latrophilin-1) was one of the first aGPCRs characterized in terms of its
signaling activity [13]. It was found that a-latrotoxin (a«-LTX), a component of
black widow spider venom, stimulated increases in intracellular cAMP and IP3
levels in ADGRLI-transfected COS7 cells in a receptor-dependent manner
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[14]. However, in addition to binding to ADGRL1, a-LTX can also form calcium-
permeable pores in the plasma membrane and trigger exocytosis [15]. Therefore, a
mutant version of the toxin was generated, oc—LTXN4C, which does not cause
exocytosis but still binds to and activates ADGRLI1 [15]. Further studies showed
that ADGRLI could activate phospholipase C (PLC) and increase intracellular Ca
> within minutes of a-LTXN*C treatment, suggesting coupling of the receptor to
Goay [16]. Moreover, ADGRLI could be co-purified with Ga, [14, 17] and Gogy;
[17] using a-LTX affinity chromatography.

Unlike ADGRLI1, the majority of aGPCRs do not have known ligands. Thus, a
common method of discerning the signaling pathways downstream of aGPCRs has
been to overexpress the receptors in heterologous systems and measure their
constitutive activities in assays of specific G protein signaling. For example,
overexpression of ADGRG1 (GPR56), a receptor that is critically involved in the
development of the cerebral cortex [18, 19], was shown to robustly stimulate the
activation of RhoA via coupling to the Gay,,s signaling pathway
[20, 21]. Subsequent studies have demonstrated that ADGRGI1 expression can
upregulate the activity of a variety of downstream transcription factors, including
NFxB [22], PAI-1 [22], TCF [22], SRE [20, 23-25], SRF [26], and NFAT
[23, 26]. Other outputs influenced by ADGRG!1 include PKCa [27], VEGF [25],
and TGFa shedding [26]. In addition to these results, other lines of evidence
supporting receptor G protein coupling have been provided by several groups.
For example, it was demonstrated that Gog/;; could be co-immunoprecipitated
with ADGRGTI in heterologous cells [28]. This interaction, however, depended on
the presence of the tetraspanin CD81, which may act as a scaffold for the ADGRG1/
Gag/1; signaling complex. In agreement with these data, stimulation of ADGRGI in
U87-MG cells was found to raise intracellular Ca®" levels in a manner that was
blocked by YM-245890, an inhibitor of Gay,;-mediated signaling [29]. Addition-
ally, ADGRGI1 has been shown to activate Ga,; in a reconstituted GTPyS-binding
assay [24], and an association between ADGRG1 and Ga, 5 has also been shown via
a co-immunoprecipitation approach [26].

In addition to ADGRG1, evidence for G protein coupling has also been provided
for several other members of aGPCR subfamily VIII. For example, ADGRG2
(GPR64) expression in transfected cells has been demonstrated to stimulate the
SRE and NFkB pathways [30], raise intracellular cAMP, and elevate IP3 levels in
the presence of the chimeric G protein Gog4, suggesting promiscuous coupling to
both G4, and G; [31]. Similarly, it was shown that overexpression of ADGRG3
(GPR97) in HEK?293 cells stimulated IP3 accumulation only in the presence of
chimeric G protein Goo3, which converts Ga, signaling into Gag activity,
suggesting natural coupling of the receptor to Ga, [32]. ADGRGS5 (GPR114)
overexpression was shown to potentiate cAMP levels, an effect that could be
blocked via knockdown of endogenous Goy or overexpression of the chimeric G
protein Gagey, which converts Gag signaling into Gog-mediated activity
[33]. Another member of the subfamily, ADGRG6 (GPR126), which plays an
important role in regulating peripheral nerve myelination [34], was also found to
raise intracellular cAMP [35-37] as well as stimulate IP3 accumulation in the
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presence of chimeric G proteins to redirect either G4 or Gy activity toward Geq
pathways [36]. Thus, both ADGRG2 and ADGRG6 may couple to Gog to raise
cAMP levels while also exhibiting coupling to other G proteins to mediate pleio-
tropic effects on cellular physiology.

ADGRBI1 (BAIl), a receptor that regulates phagocytosis [38—41], myogenesis
[42], and synaptic plasticity [43, 44], has been shown to constitutively activate
RhoA [45], Racl [41], ERK [45], SRF [26], NFAT [26], and TGFa shedding [26]
when overexpressed in heterologous cells. ADGRB1 signaling to most of these
downstream readouts can be greatly attenuated by co-expression of the RGS
domain of p115-RhoGEF, suggesting a predominant coupling of the receptor to
Gayy/y3. These functional data are consistent with co-immunoprecipitation data
revealing the existence of cellular complexes between ADGRBI1 and Goyy)3
[26]. Expression of ADGRB2 (BAI2), a close relative of ADGRBI1, was found to
also stimulate the NFAT pathway and additionally induce IP3 accumulation in
HEK?293 cells, indicating a likely coupling to Gag1; [46].

ADGRE2 (EMR2), a receptor highly enriched in immune cells, was
demonstrated to stimulate IP3 accumulation in transiently transfected HEK293
cells, indicative of G,q coupling [32]. Expression of another receptor from the
same subfamily, ADGRES5 (CD97), was found to activate the SRE pathway in
transfected COS7 cells in a manner that was sensitive to the presence of RGS-p115-
RhoGEF, suggesting receptor coupling to Gay,/3 [47]. Receptors ADGRF1
(GPR110) and ADGRF4 (GPR115) were both shown to stimulate IP3 accumulation
in transiently transfected HEK293 cells [32]. In separate studies that confirmed
some of these findings, ADGRF1 was shown to activate Go, in a GTPyS assay [24].

ADGRV1 (VLGR1), a receptor that has a crucial role in hearing and vision and
whose dysfunction is associated with the human disease known as Usher syndrome,
was shown to inhibit isoproterenol-induced cAMP levels in HEK293 cells, indica-
tive of Goy; coupling [48]. Moreover, co-expression of the chimeric G protein Gogis
was able to reroute receptor activity toward a Gag,; readout (NFAT activation),
thereby providing further evidence for Go; coupling. In contrast, expression of
ADGRDI1 (GPR133) has been shown to raise cAMP levels in multiple studies
[32, 37, 49]. Moreover, it was demonstrated that ADGRD1-mediated cAMP eleva-
tion could be blocked by knocking down Ga [32].

3 Ligands for Adhesion GPCRs

Potential ligands have been identified for a number of members of the aGPCR
family (Table 1). As mentioned previously, a-LTX is a high-affinity agonist of
ADGRLI1 that has been shown to stimulate several readouts of receptor activity.
Another reported ligand for ADGRL1 is teneurin-2, a large (~2800 residue) glyco-
protein with a single transmembrane region that is found predominantly in the brain
[50]. Teneurin-2 was first identified as a binding partner of ADGRL1 through pull-
down studies in which rat brain lysates were subjected to a-LTX affinity chroma-
tography [50]. Treatment of cultured neurons expressing ADGRL1 with a soluble,
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Table 1 Adhesion GPCR ligands and/or agonists

Binding
Receptor Ligand region Downstream activity
Family 1
ADGRL1 a-Latrotoxin NT (GAIN Increased cAMP [14], IP3 [14], Ca’+ [16],
domain) and PLC activation [16]
ADGRL1 Teneurin-2 NT Increased Ca®" in cultured hippocampal
neurons [50]
ADGRL1 Neurexinla NT Regulation of a-latrotoxin-mediated
glutamate release [51]
ADGRL3 | FLRT3 NT Regulation of synaptic density [52]
ADGRL3 | FLRT2 NT (OLF Regulation of cell adhesion/repulsion [53]
domain)
Family 11
ADGRE2 | NT antibody NT Increased production of inflammatory
(2A1) cytokines [54]
ADGRE?2/ | Chondroitin ? (likely NT Mediates cell adhesion [55]
ADGRES | sulfate region)
ADGRE5 | CD55 NT (EGF Alteration in ADGRES NT-CTF
domains) interaction [56]
ADGRES | a5p1/avp3 NT Mediates endothelial cell migration [57]
ADGRES5 CD90 NT Mediates cell adhesion [58]
Family V
ADGRD1 | Stalk peptide(s) 7 (likely Increased cAMP levels [37]
7TM region)
Family VI
ADGRF1 Stalk peptide(s) ? (likely Increased GTPyS binding [24]
7TM region)
Family VII
ADGRBI1 | Phosphatidylserine | NT (TSR Enhanced Racl-dependent uptake of
domains) apoptotic cells [39]
ADGRB3 | Clqll NT (CUB Regulation of dendritic spine density [59]
domain)
ADGRB3 | Clql3 NT (TSR Regulation of synaptic density [60]
domains)
Family VIII
ADGRG1 Tissue NT (STP Regulation of VEGF secretion [27]
transglutaminase 2 | region)
ADGRG!1 | Collagen IIT NT Stimulation of RhoA activation [61]
(aa 27-160)
ADGRG1 | NT antibody NT Stimulation of SRE and RhoA activity
[20]
ADGRG1 Stalk peptide(s) 7 (likely Stimulation of SRE luciferase [24]
7TM region)
ADGRG?2 | Stalk peptide(s) ? (likely Increased cAMP and IP3 accumulation
7TM region) | [31]
ADGRG3 | Beclomethasone ? Increased GTPyS binding [32]
dipropionate

(continued)
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Table 1 (continued)

Binding
Receptor Ligand region Downstream activity
ADGRGS5 | Stalk peptide(s) ? (likely Increased cAMP levels [33]
7TM region)
ADGRG6 Collagen IV NT (CUB Increased cAMP levels [35]
and PTX
domains)
ADGRG6 | Laminin-211 NT Increased cAMP levels upon mechanical
(aa 446-807) | shaking [62]
ADGRG6 | Stalk peptide(s) 7 (likely Increased cAMP levels [37] and IP3

7TM region) | accumulation when co-expressed with
chimeric Gqi [36]

? unavailable

C-terminal fragment of teneurin-2 was found to trigger the release of intracellular
Ca”", possibly through a G protein-dependent mechanism [50]. In another study,
coculturing cells expressing either ADGRLI or teneurin-2 resulted in the formation
of large cell aggregates, indicating that the specific interaction between the
two proteins may mediate cell adhesion [64]. In the brain, ADGRLI1 and
teneurin-2 are enriched in the presynaptic and postsynaptic membranes, respec-
tively. The extracellular NT of ADGRL1, however, may be large enough to span
the synaptic cleft to mediate interneuronal contact through its high-affinity interac-
tion with teneurin-2.

ADGRLI1 has also been shown to interact with neurexin, a presynaptic protein
implicated in synaptogenesis and function [65]. Neurexin is a binding partner of
a-LTX, as is ADGRLI1 [66]. A particular neurexin isoform (la) binds o-LTX in a
Ca”"-dependent fashion, while the a-LTX-ADGRLI interaction is Ca*" indepen-
dent [66]. Interestingly, in the absence of Ca”, knockdown of neurexin in cultured
hippocampal neurons significantly diminished the a-LTX response compared to
wild-type neurons, suggesting that while ADGRL1 and neurexin can independently
associate with o-LTX, their interaction may synergistically enhance
a-LTX-induced signaling by ADGRLI1 [51]. Moreover, coculture of cells
expressing either ADGRL1 or neurexin resulted in numerous cell aggregates,
providing evidence that the interaction promotes adhesion complexes [67]. More
work must be done, however, to demonstrate whether neurexins directly stimulate
receptor signaling activity.

The fibronectin leucine-rich repeat transmembrane (FLRT) proteins are an
additional class of ligands for ADGRL1 and the related receptor ADGRL3
(latrophilin-3) [52]. Direct interactions between the NT of ADGRL3 and FLRT3
were demonstrated in a non-cell-based assay [52]. In vivo, both proteins are
enriched in cell-to-cell junctions and regulate synaptic density [52]. In another
study, a high-affinity interaction was demonstrated for ADGRL3 and FLRT?2
[53]. This interaction was found to be mediated by the OLF domain on the
ADGRL3 NT and, intriguingly, promoted either adhesion of FLRT2-expressing
HeLa cells or repulsion of FLRT2-expressing cultured cortical neurons. These
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results potentially highlight the influence that cellular environment may have on the
relationship between receptor and ligand. At present, however, there is no evidence
that FLRT proteins can directly instigate signaling by the latrophilin receptors.

The association between ADGRES5 and CD55 was one of the first confirmed
protein-protein interactions involving an aGPCR [68]. This interaction was found to
be mediated by the EGF domains on the receptor’s NT [69]. Recently, it was shown
that CD55 does not modulate ADGRES5-mediated signaling to ERK or Akt [56]. It
remains to be determined whether CD55 can modulate other receptor-controlled
pathways, such as perhaps the RhoA signaling pathway. ADGRE2 is a close
relative of ADGRES5 with highly homologous EGF domains, but nonetheless
ADGRE?2 has been found to have a much lower binding affinity for CD55 than
ADGRES [70]. Both ADGRES and ADGRE2 have also been shown to bind to
extracellular matrix (ECM) components known as chondroitin sulfates [55]. These
interactions are generally low affinity and Ca*" dependent and have not yet been
demonstrated to instigate G protein-mediated signaling for either receptor.

A number of ligands have been identified for subfamily VII aGPCRs. ADGRB1
was found to bind externalized phosphatidylserine on apoptotic cells through the
thrombospondin type 1 repeat domains on its NT [38]. This interaction promoted
the engulfment of the apoptotic cells in a mechanism reliant on the adaptor protein
ELMOI and signaling by the small GTPase Racl [38]. Another receptor from this
subfamily, ADGRB3 (BAI3), was shown to bind to Clqg-like (Clql) proteins
[60, 71]. Similar to the interaction of ADGRB1 and phosphatidylserine, the inter-
action between ADGRB3 and C1ql3 was found to be mediated by thrombospondin
repeats on the receptor’s NT [60]. In cultured neurons, submicromolar Clql3
treatment significantly reduced synaptic density, an effect readily blocked by
exogenous addition of purified ADGRB3 NT [60]. In a similar study, it was
shown that ADGRB3 binds Clqll via its N-terminal CUB domain and that both
proteins were necessary for normal spine density of cerebellar neurons [59]. Fur-
thermore, the interaction between C1qll and ADGRB3 was demonstrated to regu-
late pruning in mouse cerebellum, with knockout of either protein resulting in
severe motor learning deficits [72]. Future studies in this area will likely examine
whether C1ql proteins have similar binding affinities for other members of subfam-
ily VII and whether those interactions can stimulate receptor-mediated activity.

Several ligands have been identified for ADGRGI, including tissue
transglutaminase 2 (TG2), a major cross-linking enzyme of the extracellular matrix
implicated in cancer progression [63, 73]. TG2 binds a ~70-residue region on the
NT of ADGRGTI; deletion of this TG2-binding region was found to enhance
receptor-mediated VEGF production in vitro and significantly increase tumor
growth and angiogenesis in vivo, whereas expression of the wild-type receptor
reduced both measures [27]. In a more recent study, it was demonstrated that the
antagonistic relationship between ADGRG1 and TG2 may be attributed to internal-
ization and lysosomal degradation of extracellular TG2 in a receptor-dependent
mechanism [74]. It is unclear at present whether interaction with TG2 stimulates G
protein-mediated signaling by ADGRGI.
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Collagen III is another ligand for ADGRGI1 [61]. ADGRGI loss-of-function
mutations cause the human disease bilateral frontoparietal polymicrogyria (BFPP).
Patients with BFPP have a cortical malformation due to aberrant neural stem cell
migration [75]. Remarkably, knockout of collagen III in mice results in a cortical
phenotype similar to that observed in mice lacking ADGRGI1 as well as human
BFPP patients [75]. Collagen III binds a ~130-residue region in the distal half of the
receptor’s NT [76]. Moreover, nanomolar concentrations of collagen III have been
shown to significantly reduce migration of mouse neurospheres (masses of cells
containing neural stem cells) in a receptor-dependent fashion [61]. Biochemical
studies revealed that collagen III could stimulate RhoA signaling in a mechanism
dependent on receptor expression and likely mediated by Gajo/q3 [61].

Another subfamily VIII receptor, ADGRG6, has also been shown to be
stimulated by collagen interactions, albeit with a distinct type of collagen. The
association between ADGRG6 and collagen IV was found to be mediated by a
region of the ADGRG6 NT containing the CUB and PTX domains [35]. Further-
more, the association was shown to be specific, as other types of collagen, including
collagen III, did not bind the receptor. In heterologous cells, collagen IV stimulated
receptor-dependent cAMP elevation. The half-maximal effective concentration for
this response was 0.7 nM, indicating that collagen IV is a potent agonist for
ADGRGS.

An additional ligand for ADGRGS6 is laminin-211, an extracellular matrix
protein that is involved in Schwann cell development and peripheral nervous
system myelination [62]. Interestingly, laminin-211 was found to antagonize
receptor-mediated cAMP elevation in a dose-dependent fashion in heterologous
cells. Furthermore, cAMP inhibition was due to antagonism of receptor-mediated
Go, activity rather than through differential activation of Go;. Remarkably,
laminin-211 treatment under the condition of mechanical shaking had the opposite
effect of boosting receptor-mediated cAMP levels. Thus, laminin-211 may serve as
a unique ligand that can differentially modulate receptor activity depending upon
other physical cues and mechanical forces in the extracellular environment.

Most of the putative aGPCR endogenous ligands described thus far are large,
ECM-derived molecules. Nonetheless, it has been shown that small molecules can
be developed as aGPCR ligands. For example, screening studies revealed
beclomethasone dipropionate as a ligand for ADGRG3 [32]. Beclomethasone
dipropionate is a glucocorticoid steroid that can stimulate ADGRG3 with
nanomolar potency. The region of the receptor that interacts with beclomethasone
is unknown, but considering the molecule’s hydrophobicity, it would not be
surprising if it were found in future studies to directly interact with the receptor’s
7TM region to modulate receptor activity.

An intriguing observation made for several aGPCRs has been that these
receptors may be activated by antibodies directed against their NT regions.
Antibodies may be able to mimic the binding of endogenous ligands to aGPCRs
and thus may represent powerful research tools for studying aGPCR signaling,
especially for those receptors with no identified ligands. An N-terminal activating
antibody of ADGRG1 was first described in 2008 by Itoh and colleagues. Studies in
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heterologous cells revealed that antibody treatment could dose-dependently stimu-
late receptor signaling in the SRE luciferase assay (a commonly used assay for
Gayy)3 activity) [20]. Moreover, stimulation was readily blocked by exogenous
addition of the receptor’s NT, which presumably competed for antibody binding.
Moreover, in a later study it was shown that other newly generated N-terminal
antibodies for ADGRGI1 could inhibit cell migration in a manner that was sensitive
to inhibition of either Go, or Gay/i3 signaling [29]. In another example, an
antibody directed against the N-terminal region of ADGRE2 was shown to dose-
dependently increase inflammatory cytokine production in receptor-mediated neu-
trophil activation [54].

Given the importance of aGPCR N-termini in mediating binding to extracellular
ligands, it is perhaps not surprising that mutations to the aGPCR N-termini can
oftentimes lead to loss of receptor function and human disease. For example, there
are several reported N-terminal disease-causing mutations to ADGRGI that result
in reduced plasma membrane expression of the receptor [77, 78] and/or disruption
of the receptor’s ability to bind collagen III [76]. Another prominent example is of
ADGRV1, where several NT mutations cause cochlear and retinal defects in
humans [79]. Moreover, missense NT mutations to ADGRC1 (CELSR1) impair
surface trafficking of the protein and are implicated in a severe neural tube defect in
humans known as craniorachischisis [80].

4 Adhesion GPCR Models of Activation

With the idea that aGPCR ligands mainly bind to the large extracellular NT regions
and that the NT regions are cleaved in the GAIN domain and may be removed at
some point following ligand binding, a number of groups have generated truncated
versions of aGPCRs lacking most of their NT regions up to the sites of predicted
GAIN cleavage. The first studies of this type were performed independently for a
trio of receptors—ADGRB2 [46], ADGRGI [21], and ADGRES [47]—and in each
case the truncation was found to result in a substantial increase in the receptors’
constitutive signaling activity. Subsequently, this phenomenon has been reported
for a number of other aGPCRs, including ADGRBI1 [45], ADGRG6 [35], ADGRG2
[30, 31], ADGRDI1 [37], ADGRF1 [24], and ADGRV1 [48]. In light of these
findings, a general model of aGPCR activation was proposed wherein the tethered
NTF behaves as an antagonist of CTF-mediated signaling, with N-terminal deletion
mimicking ligand-mediated removal of the NTF to result in receptor activation
[81]. This model of activation, termed the disinhibition model, was a general model
that left open the mechanistic question of precisely how removal of aGPCR NT
regions might activate receptor signaling.

Subsequently, a more mechanistically specific model of aGPCR activation,
termed the tethered agonist model, was proposed (Fig. 1; see also [82]). In this
model, GAIN domain autoproteolysis (and/or conformational change) reveals a
tethered cryptic agonist sequence contained within the NT region between the site
of cleavage and the first transmembrane domain (i.e., the stachel or stalk region).
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Disinhibition Model

Cryptic Agonist Model Allosteric Antagonist Model
Inactive NT-dissociated Inactive Stimulated NT-dissociated
receptor CTF receptor receptor CTF

@ @

!

Stalk-dependent Stalk-dependent  Stalk-dependent Stalk-independent
Activity Activity Activity Activity

Fig. 1 Models of adhesion GPCR activation. Cryptic agonist model—/nactive receptor: The
GAIN domain antagonizes receptor activity by concealing a cryptic agonist found in the
N-terminal stalk region between the site of autoproteolysis and the first transmembrane domain.
NTF-dissociated CTF: Following ligation of the N-terminal fragment (NTF) with an extracellular
ligand and subsequent removal from the plasma membrane, the cryptic agonist sequence (the
stachel) is unveiled and stimulates activity through interactions with the remaining C-terminal
fragment (CTF). Allosteric antagonist model—/nactive receptor: In the absence of ligand engage-
ment, the GAIN domain can inhibit receptor activity in two distinct ways: by concealing a cryptic
agonist on the N-terminal stalk and also by dampening the inherent constitutive activity of the
CTF. Stimulated receptor: Ligation of the NTF with an extracellular ligand induces a conforma-
tional change to allow for stimulation by the cryptic agonist within the stalk, even though the NTF
may stay associated with the CTF for some time. NTF-dissociated CTF: If and when ligand
binding induces NTF dissociation from the CTF, another wave of receptor activity may be
unleashed, with the inherent, stalk-independent activity of the CTF being stimulated. In this
stage, the receptor may achieve its maximal activity due to the summation of signals from both
stalk-dependent and stalk-independent mechanisms

This mechanism of activation is conceptually similar to that of the protease-
activated receptors, for which proteolysis of the N-terminal domain by an extracel-
lular protease unveils an agonist in the remaining NT [83]. Evidence in favor of the
cryptic agonist model was provided by two independent groups: Liebscher
et al. and Stoveken et al. First, Liebscher et al. showed that deletion of the
remaining NT (i.e., the stachel or stalk region) from constitutively active
NTF-lacking versions of ADGRG6 and ADGRDI ablated activity of both receptors
in cAMP accumulation assays [37]. Moreover, synthetic peptides corresponding to
the stalk regions of each receptor were able to restore activity of the stalkless
mutants with varying degrees of efficacy. The most potent peptides displayed half-
maximal effective concentrations in the high micromolar range. Further studies
from Liebscher et al. along similar lines provided evidence for tethered agonist-
mediated activation of ADGRG?2 [31] and ADGRGS [33]. Additionally, Stoveken
et al. showed that stalkless versions of ADGRG1 and ADGRF1 lacked activity in
reconstitution assays examining GTP binding to purified Goyz and Gay,
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respectively [24]. Synthetic peptides fashioned after the stalk of each receptor were
shown to resuscitate their cognate stalkless receptors in a dose-dependent manner,
with the most potent peptides displaying submicromolar half-maximal effective
concentrations. Moreover, the most potent stalk peptide of ADGRG1 was shown to
stimulate receptor-mediated activity in cellular SRE luciferase assays in addition to
the Gaiy3 reconstitution studies.

The finding from Stoveken et al. that stalk-deficient ADGRGI is unable to
activate SRE luciferase was confirmed in recent studies using a similar readout,
SRF luciferase [26]. However, the stalkless ADGRG1 was found in these studies to
be functional in other readouts of receptor signaling activity including TGFa
shedding, NFAT luciferase, beta-arrestin recruitment, and receptor ubiquitination
[26]. In parallel, a stalkless truncated version of ADGRB1 was examined in the
same battery of assays and found to have nearly identical activity to the constitu-
tively active truncated version of ADGRBI that retained the stalk. A conclusion
from this work was that aGPCRs are capable of both stalk-dependent and stalk-
independent signaling, with the relative contribution of the stalk varying between
different receptors and even between different readouts for the same receptor.
These findings led to the proposal of the allosteric antagonist model of aGPCR
activation (Fig. 1), in which aGPCR NT regions can dampen receptor activity in at
least two distinct ways: (1) by masking the stalk region to prevent stalk-dependent
signaling and (2) by allosterically antagonizing the inherent, stalk-independent
activity of the 7TM region.

Further evidence that a proteolytically liberated agonist in the stalk region may
not be required for all aspects of aGPCR signaling comes from studies on
non-cleavable aGPCR mutants. The GAIN domain crystal structures from Arac
et al. revealed how mutation of a key catalytic threonine in the GPS motif could
block GAIN domain cleavage but allow for normal GAIN domain folding
[10]. Such non-cleaving mutants of ADGRDI1 [49], ADGRGI1 [26], and
ADGRG?2 [30] have been studied and found to be capable of robust constitutive
signaling, although in the case of ADGRG2 the non-cleavable mutant receptor
exhibited signaling comparable to the wild-type receptor in one pathway but
reduced signaling when a distinct pathway was measured. There is also evidence
that certain aGPCRs may not undergo GAIN cleavage at all [84]. ADGRGS and
ADGRBI are examples of aGPCRs that are naturally cleavage deficient (at least in
some cellular contexts) and yet retain signaling ability [33, 45]. Moreover, in vivo
studies on lat-1, the C. elegans ortholog of ADGRLI, revealed that wild-type and
mutant non-cleavable versions of the receptor performed just as well in the trans-
genic rescue of deficits resulting from receptor knockout [85]. The requirement of
the stalk region for aGPCR signaling is also uncertain due to observations that
individual aGPCRs, such as ADGRLI1, undergo additional proteolytic processing
wherein GAIN autoproteolysis is followed by one or more additional cleavage
events that remove the stalk region [86] (see also [9] for an in-depth discussion on
the relationship between proteolytic processing and aGPCR activity). These
findings taken together suggest that neither GAIN domain autoproteolysis nor the
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presence of the stalk region are absolutely required for aGPCR signaling activity
but rather may be important for some receptors and certain downstream pathways.

5 Adhesion GPCR N-Termini as Sensors of Mechanical Force

There is emerging evidence that aGPCRs may be involved in sensing mechanical
forces. For example, it was shown that the ADGRES NTF is released from the CTF
after engagement with the ligand CDS5S5, but only under mechanical shaking
conditions that are meant to recapitulate the shear stress associated with circulating
blood [56]. In a similar vein, laminin-211, a ligand of ADGRG6 as mentioned
above, was found to only stimulate the receptor under shaking conditions and
actually antagonized receptor activity under static conditions [62]. In these studies,
the mechanical forces may have helped laminin-211 to disengage the NTF from its
CTF, whereas without shaking, the ligand binding may have actually stabilized the
inhibitory NTF-CTF interaction. These examples support the idea that, for at least
some ligand-receptor pairs, mechanical force may be a key determinant of the
signaling output that results from the interaction. In a key in vivo study on aGPCR-
mediated mechanosensation, Scholz et al. recently demonstrated that Drosophila
larvae lacking the ADGRLI1 ortholog CIRL exhibited diminished sensitivity to
mechanical stimuli [87]. The role of aGPCRs in sensing mechanical force is likely
to be an active area of research in the coming years and discussed in detail in [88].

6 Associations of aGPCRs with Signaling Proteins Other
Than G Proteins

In addition to the aforementioned examples of aGPCR coupling to G proteins, there
have also been a number of cytoplasmic proteins other than G proteins that have
been found to interact with aGPCRs (see [89] for more on this topic). In some cases,
these interactions appear to modulate G protein-mediated signaling, while in other
cases these associations appear to mediate G protein-independent signaling (Fig. 2).
One example of the regulation of G protein signaling comes from work on
ADGRV1, which was found to interact with the PDZ domain-containing protein
PDZD7, a key scaffold protein in the USH2 protein complex that is known to be
pivotal for stereocilial development and function [48]. Association with PDZD7
was found to antagonize ADGRV1 activity, likely by competitively disrupting
receptor association with Goy; [48, 90]. ADGRBI is another aGPCR that has been
found to associate with PDZ scaffold proteins. One such PDZ protein, MAGI-3,
was found to potentiate receptor-mediated ERK signaling, possibly by recruiting
positive regulators of the pathway [45].

In terms of G protein-independent signaling by aGPCRs, ADGRBI1 and
ADGRB3 have both been shown to bind to the intracellular adaptor protein
ELMO1 [38, 91]. For ADGRBI, this interaction has been demonstrated to result
in the formation of a complex at the plasma membrane capable of activating the
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C-terminal interactors

G PDZ proteins
protein | (=) @ | & | T a8
Adaptors
Major Stimulates | Inhibits AC | Stimulates | Stimulates
Effector AC PLC RhoGEF ADGRA3
Dishevelled
ADGRB1
Activity CAMP CAMP PLC,IP3, | GTP-Rho, ELMO/DOCK180 > Rac
Read- ica?, SRF, SRE, * Tiam1/Par3 - Rac
out(s) NFAT, NFAT, *  MAGI-3 > ERK
TGFa TGFa ADGRB2
GA-binding protein > VEGF
aGPCRs D1, G2, G3,11,Vv1l | B2,C2,C3, | B1,E5,G1, ADGRC1
(ADGR-) G5, G6 E2,F1,F4, | G2 +  Dishevelled/DAAM1/PDZ-RhoGEF
G1,G6, L1 ADGRV1
PDZD7 - Gai

Fig. 2 G protein-dependent and G protein-independent signaling by adhesion GPCRs. The /eft
panel shows the various G protein-dependent pathways that can be activated by aGPCRs. Also
shown are the probable G protein-coupling preferences for selected members of the aGPCR
family. The right panel displays various aGPCR C-terminal binding partners and briefly describes
their influence on aGPCR signaling pathways (both G protein dependent and G protein
independent)

small GTPase Racl in a G protein-independent manner [38]. ADGRB 1-mediated
activation of Racl has been implicated in phagocytosis and myoblast fusion
[38, 42]. Intriguingly, ADGRB1 can also activate Rac in a distinct G protein-
independent manner through association with the RacGEF Tiaml [43]. Other
examples of G protein-independent signaling by aGPCRs include ADGRB2 inter-
action with GA-binding protein (GABP) gamma to regulate VEGF expression [92];
ADGRCI association with dishevelled, DAAMI1, and PDZ-RhoGEF to regulate
neural tube closure [93]; and ADGRA3 (GPR125) interaction with dishevelled to
mediate the recruitment of planar cell polarity components [94].

7 Concluding Remarks

The versatility of aGPCR signaling described here highlights the need to compre-
hensively study the members of this family on a receptor-by-receptor basis in order
to delineate the diversity of metabotropic pathways they serve. Further insights
gained into the mechanisms of aGPCR activation will have important implications
for drug development efforts aimed at these receptors. Given the number of human
diseases linked to aGPCR mutations and the intriguing phenotypes observed upon
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genetic deletion of aGPCRs [4], there are compelling reasons to believe that
elucidation of the activation mechanisms and downstream pathways of aGPCRs
will allow for an enhanced understanding of human disease and promote the
development of novel classes of therapeutics.
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Abstract

Adhesion G protein-coupled receptors (aGPCRs/ADGRs) are unique receptors
that combine cell adhesion and signaling functions. Protein networks related to
ADGRs exert diverse functions, e.g., in tissue polarity, cell migration, nerve cell
function, or immune response, and are regulated via different mechanisms. The
large extracellular domain of ADGRs is capable of mediating cell-cell or cell-
matrix protein interactions. Their intracellular surface and domains are coupled
to downstream signaling pathways and often bind to scaffold proteins,
organizing membrane-associated protein complexes. The cohesive interplay
between ADGR-related network components is essential to prevent severe
disease-causing damage in numerous cell types. Consequently, in recent years,
attention has focused on the decipherment of the precise molecular composition
of ADGR protein complexes and interactomes in various cellular modules. In
this chapter, we discuss the affiliation of ADGR networks to cellular modules
and how they can be regulated, pinpointing common features in the networks
related to the diverse ADGRs. Detailed decipherment of the composition of
protein networks should provide novel targets for the development of novel
therapies with the aim to cure human diseases related to ADGRs.

1

Keywords

Protein networks ¢« Adhesion complexes ¢« Adhesion GPCR « Affinity proteomics ¢
Brain-specific angiogenesis inhibitor ¢ Latrophillin « VLGR1 « GPR98 « ADGR
Signaling pathways

Introduction

Over the last years, the prominent impact of adhesion G protein-coupled receptors
(aGPCRs/ADGRs) on diverse cellular functions, e.g., tissue polarity, cell migra-
tion, nerve cell function, and immune response, has been evident. The interaction of
ADGRs with a myriad of other proteins and the assembly and maintenance of their
cellular modules is essential for correct function and regulation of these diverse
processes. The aim of the present book chapter is to outline the current knowledge
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of supramolecular protein complexes and protein networks related to ADGRs.
Although we consequently apply the nomenclature of the ADGRs which has been
recently harmonized [1], we add historic and alternative names found in the
literature, where necessary.

2 The ADGR Protein Structure Reveals Multiple
Protein-Binding Domains

Proteins of the ADGR family possess a unique molecular structure (Fig. 1) [1] (see
also [2]). They usually display an extraordinary large N-terminal extracellular
domain (ECD) featuring various types of subdomains that are generally thought
to communicate with the extracellular milieu and mediate their characteristic
adhesive functions. The ECD of each receptor subfamily contains a specific com-
bination of domains. Receptors from the same subfamily mainly differ in the
number of domain repeats, which results in varying sizes of their ECDs. An
important common feature of ADGRs is the G protein proteolytic site (GPS). It is
an integral part of the much larger GPCR autoproteolysis-inducing (GAIN) domain
[3]. Here, most ADGRs undergo autocleavage into an extracellular N-terminal
fragment (NTF) and a C-terminal fragment (CTF). Both fragments usually remain
non-covalently associated at the cell surface (see also [4, 5]). Similar to other
extracellular protein domains, NTFs are highly glycosylated and their functional
roles resemble those of adhesion proteins. The CTF, which is comprised of a
canonical seven transmembrane domain (7TM) and the intracellular domain
(ICD), mediates the activation of intracellular signaling cascades. At the very
C-terminal end of the ICD, almost half of the ADGRs exhibit a PDZ-binding

ECD

GPS oud GAIN

CTF

7TM

1cD

PBM

Fig. 1 Schematic representation of the ADGR protein structure. ADGRs are subdivided in an
extracellular domain (ECD), a seven-transmembrane domain (7TM), and an intracellular domain
(ICD), based on their topology. Autocleavage of ADGRs results in two protein fragments termed
N-terminal fragment (NTF) and C-terminal fragment (CTF), respectively. The GPCR
autoproteolysis-inducing (GAIN) domain includes the G protein proteolytic site (GPS); PBM
PDZ-binding motif
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motif (PBM) that allows the binding to PDZ domains. The latter domains are named
after three scaffold proteins, the postsynaptic density protein PSD95/DLG4; the
discs large (Dlg) protein, present in the septate junctions of arthropods; and ZO-1, a
protein of the zonula occludens adhesion complexes. PDZ domains are characteris-
tic for an abundant group of scaffold proteins, which organize supramolecular
protein complexes and networks [6, 7]. In general, PDZ domain-mediated binding
plays an important role in regulating receptor and channel protein localization
within membrane domains at synapses and in other cell—cell adhesion complexes
and function to scaffold intracellular signaling protein complexes.

3 Unraveling Protein-Protein Interactions and Protein
Complexes Related to ADGR by Screening Methods
and Affinity Proteomics

Table 1 represents a comprehensive overview of proteins, which have been reported
to interact with the 33 ADGRs. Since only a few binding proteins have been
identified in the zebra fish Danio rerio or the frog Xenopus laevis, respectively,
most of the binding partners listed in Table 1 originate from studies on mammalian
ADGRs, namely, human and rodent ADGRs. Only for single ADGRs additional
data are available from orthologues in Drosophila melanogaster, as, e.g., for
Flamingo (CELSR) [65, 66] or C. elegans [67]. The overall protein network of
vertebrate ADGRs and their interaction partners are shown in Fig. 2. It is obvious
that the number of identified interaction partners largely varies between the ADGRs
(Table 1, Fig. 2). Due to the lack of studies, no information about the binding
partners for several ADGR proteins, e.g., ADGR3 (EMR3) or ADGRD2 (GPR144),
has yet been reported, so far.

The intracellular binding partners of ADGRs listed in Table 1 have mainly been
identified via yeast two-hybrid screens [8, 9], protein-peptide assays [29], and
affinity proteomics methods, e.g., co-immunoprecipitation. Extracellular binding
partners of ADGRs have been identified via cell adhesion assays [14-16], cell
aggregation assays [10, 11], or affinity chromatography followed by mass
spectrometry [10].

A large number of confirmed intracellular interacting proteins of ADGRs com-
prise scaffold proteins (Table 1). Only a few signaling molecules and putative
components of downstream signaling pathways have been identified as binding
proteins so far. The lack of identified downstream signaling molecules might be
due to the screening approaches and assays implemented. These have in common that
they require relatively high binding affinities and long periods of protein retention
within assembled protein complexes. Such interaction characteristics are only ful-
filled by binding of scaffold proteins to their interaction partners. In contrast, the
interaction between components of signaling cascades are often low affine and
transient. Nevertheless, screening approaches are valuable in order to get an impres-
sion of the general picture of ADGR networks. In this chapter, we only discuss
interactions that have been reported in the literature. However, data mining in
databases, e.g., IntAct (http://www.ebi.ac.uk/intact/), BioGRID (http://thebiogrid.
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Table 1 Extracellular and intracellular ADGR interaction partners. (a) Comprehensive list of
experimentally confirmed ADGR interaction partners of ADGR subfamily members. The protein
nomenclature follows the HGNC guideline, and protein designations of human orthologues are
used for all interaction partners. Black lettering: direct or indirect physical interaction. Grey
lettering: evidence for indirect interaction. (b) Classification of ADGR binding protein types
and ADGR binding regions. Ptd-L-Ser phosphatidylserine, LPS lipopolysaccharide

>
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intra  Gproteins
Gues
Gal others
extra SFTPD

(continued)
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Table 1 (continued)

ADGRF1 ADGRF2 ADGRF3 ADGRF4 ADGRF5
vi (GPR110) (GPR111) (GPR113) (GPR115) (GPR116)
intra  Gproteins G proteins G proteins
Gog Gals Gig/f11
RHOA
RAC1
GEFs
ARHGEF25
proteases
others MMP-14
co36 lipids

Ptd-L-Ser proteases others
extra  ITGAV/B3 FURIN c1qL1-4

LPS
ADGRB1 ADGRB2 ADGRB3
vil (BAI1) (BAI2) (BAI3)
intra  PDZscoffold proteins  scaffold proteins w/o PDZ  PDZ scaffold proteins PDZ scaffold proteins
MAGIL/2/3 BAIAPZ SHANKL ELMO1/2/3

DLG 1/2/3/4 7TM receptors transcription factors DOCK1

INADL BAIAP3 GABPBL/2 arrestins

LIN7A kinases GABPA ARRB2

LRRC7 NEK4 LRP2BP

SNT1A,1B,2B,2G MAPK1 arresting

PDZD2 small GTPases ARRB2

GEFs RAC1 GAPs

PARD3/ RHOA STARD13

TiAM1 arresting

ELMO1/ ARRB2

DOCK1 others

G proteins UBC

Gu12/13 PHYHIP

Gulb

ECM proteins

COL3A1

others

T6M2 ECM proteins

9 coLaas
extra  cps1 LAMAZ

ADGRG1 ADGRG2 ADGRG3 ADGRGA4 ADGRG5 ADGRG6 ADGRG7
VIl (GPRs6) (GPR64) (GPR97) (GPR112) (GPR114) (GPR126) (GPR128)

intra  ZTMreceptors transcription arresting G proteins G proteins
ADRB2 factors ARRB2 Gus Gas
arresting SRF small GTPases Gui
ARRB2 NFKB1 RHOA
small GTPases small GTPases COCA2
RHOA RHDA G proteins
Goproteins G proteins Guo
Gug/f11 Gal2/13
Gu11/13 Gaq
B extracellular matrix (ECM) proteins
extra proteases
ADGRV1 lipids
X (viLGR1) (™)
intra scaffold proteins with PDZ ion channels
USH1C S —
DFNE31 w transmembrane (TM) receptors
PDZDT ion channels
single TM protein kittases
VEIT PDZ scaffold proteins
others scaffold proteins w/o PDZ
SNAP2S I imeric G proteins a subunits (Gux)
MYO7A g small GTPases
ADCY6 guanine nucleotide exchange factors (GEFs)
G proteins 8 GTPase activating proteins (GAPs)
Gus ;’\‘ =1 arrestins
Gug | transcription factors

Gul

References: ADGRLI [8-12], ADGRL2 [8, 10], ADGRL3 [10], ADGRE2 [13], ADGRE5 [14—
16], ADGRAI [17], ADGRA2 [18, 19], ADGRA3 [18, 20], ADGRCI [21], ADGRC2 [22, 23],
ADGRC3 [22, 24], ADGRDI1 [25], ADGRF1 [26], ADGRF4 [26], ADGRFS [27, 28], ADGRB1
[29-42], ADGRB2 [8, 38, 43, 44], ADGRB3 [45, 46], ADGRGI1 [47-51], ADGRG2 [52],
ADGRGS3 [53], ADGRGS5 [26], ADGRG6 [54-57], ADGRV1 [58-64].
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org/), or MINT (http://mint.bio.uniroma?2.it), provides additional information on
putative complex partners for ADGRs, which have mainly been acquired by
proteomic or genetic screens.

4 ADGR Protein Networks Define Functional Modules

Combining data on protein—protein interactions from experiments and literature
and database searches for all ADGRs results in a complex overall protein network
(Fig. 2). This has revealed interactions of ADGR members across different
subfamilies with similar proteins and even with the same protein. These data
indicate common mechanisms underlying the function of the diverse ADGRs and
their integration in similar cellular contexts and molecular modules (see below
Sect. 6). However, the overall ADGR interactome is still far from completion.

To highlight features of protein networks related to ADGRs, we have chosen
three subfamilies of ADGRs for which reliable protein—protein interaction data and
information on protein networks exist. We chose the following: (A) ADGRLs
(LPHNSs), also known as latrophilins; (B) ADGRBs, better known as brain-specific
angiogenesis inhibitors (BAIs); and (C) the ADGR goliath ADGRV1, also known
as very large G protein-coupled receptor (VLGR1), GPR9S, or MASSI. In the
following parts of this chapter, we will review these protein networks and discuss
the impact of their function in cellular modules.

4.1 ADGRLs (LPHNs, Latrophilins) Are Organized by Scaffold
Proteins at Synaptic Junctions

The group of ADGRLs is one of the most intensely studied subfamilies of ADGRs.
Over the last two decades, several labs have analyzed ADGRLs in different
organisms. Their traditional name “latrophilins” originates from their ligand
a-latrotoxin, a component of the black widow spider venom. The binding of this
poison activates ADGRLs and results in massive Ca®"-independent exocytosis of
neurotransmitters into the synaptic cleft [68, 69]. In vertebrates, the ADGRL
subfamily is comprised of three paralogous genes (ADGRLI to ADGRL3) which
each can be alternatively spliced. ADGRL1 and ADGRL3 are mainly expressed in
the central nervous system, whereas ADGRL2 is expressed more ubiquitously
[70]. Besides the typical secretin-like 7TM and the GAIN domain, all ADGRLs
contain a characteristic intracellular domain with a C-terminal class I PBM
(Fig. 3a). Their ECD displays a hormone receptor motif (HRM), an
olfactomedin-like domain, and a rhamnose-binding lectin (RBL) motif. For both
the ICD and ECD, several binding proteins have been identified which are part of
protein networks related to cell-cell adhesion complexes predominantly found at
synapses.

In the ECD of ADGRLs, two different protein-binding sites, namely, the
olfactomedin-like domain and the RBL motif, have been described in vertebrates,
so far (Fig. 3a). The olfactomedin-like domain of ADGRLI is capable of binding
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Fig.2 The ADGR protein network. ADGRs are connected via their interaction partners and form
complex networks. The present network is based on data from STRING (Search Tool for the
Retrieval of Interacting Genes/Proteins, http://string-db.org/) and Cytoscape database searches
(http://www.cytoscape.org/). The protein nomenclature follows the HGNC guideline, and protein
designations of human orthologues are used for all interaction partners. Black lines, published
experimental data; green lines, data from protein databases. Asterisk indicates ADGRs for which
no known interaction partners are known so far

neurexins (NRXNs) (neurexins la, 1B, 2, and 3p) [11]. Neurexins are single-pass
transmembrane proteins and facilitate the formation of heterotypic intercellular
transsynaptic junctions. Due to their frequent alternative splicing, a remarkable
number of neurexin splice variants (~4000) is expressed [71]. The inclusion of a
single exon at the splice site SS4 interrupts the sixth laminin/neurexin/sex
hormone-binding globulin (LNS/LamG) domain of all neurexins [11]. This splicing
event disrupts the neurexin—ADGRLI interaction, indicating that the neurexin
binding to ADGRL1 is mediated by this LNS domain. In neurons, neurexins are
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found at the pre-synapse and interact with neuroligin 1 (NLGN1), a neural cell
adhesion molecule of the post-synapse. In this heterotypic transsynaptic junction,
ADGRL1 competes with neuroligin in the binding of neurexins [11].

The RBL binding motif of ADGRL1 mediates binding of the single-pass trans-
membrane receptor teneurin-2 (TENM2), also known as Lasso [12]. Like
ADGRLs, teneurins are highly enriched in the central nervous system where they
localize to pre- and post-synapses. Apart from the full-length transmembrane
protein, shorter isoforms of teneurins are expressed, so-called teneurin C-terminal-
associated peptides (TCAPs) which lack the transmembrane domain. TCAPs are
involved in paracrine signaling and have high structural homology with peptide
ligands that activate GPCRs of the secretin family [72]. The Ushkaryov lab showed
that the C-terminal fragment of teneurin-2 that corresponds mainly to the TCAP2
region is sufficient to activate ADGRL1 and ADGRL2, which results in presynaptic
calcium release in hippocampal neuron cultures [12]. The ICD of teneurins contains
a “teneurin”-like domain characterized by two Ca”’"-binding EF-hands and two
Cap/ponsin sites that provide a link to the actin cytoskeleton [72]. Both, neurexins
and teneurins, link ADGRLs to the dystroglycan complex (DGC) by binding to the
a-subunit of dystroglycan (DAG1) [73-75]. The dystroglycan p-subunit is
associated with dystrophin (DMD) and utrophin, which connect the DGC to the
actin cytoskeleton. The DGC provides a crucial connection between the extracellu-
lar matrix and the cytoskeleton in muscle cells and is of importance in other cell
types, namely, neurons. Thus, it is present at the neuromuscular junction [76] and
participates in the maintenance of Schwann cell myelination and axon
guidance [77].

A crucial role in axon guidance was also shown for the fibronectin leucine-rich
repeat (LRR) transmembrane proteins (FLRTSs) [10]. FLRT3 expression is essential
for the chemotactic response of rostral thalamocortical neurons to the guidance cues
Slitl and Netrinl in primary neuronal cultures [78]. Further, FLRTs have been
demonstrated to bind to the RBL motif and the HRM domain of ADGRLS via their
LRRs. Knockdown of FLRT3 and competitive binding of ADGRL3 extracellular
domain fragments in hippocampal neuron cultures both reduce the density of
glutamatergic synapses [10]. This suggests that ADGRLs and FLRTs act in concert
to regulate the number of excitatory synapses.

The ICD of ADGRLI1 binds via its PBM to a group of PDZ domain-containing
scaffold proteins (Fig. 3a) which are key components of the postsynaptic density
(PSD), including SH3 and multiple ankyrin repeat domains protein 1 (SHANK1),
DLG4 (previously known as PSD95), and MAGUK protein membrane-associated
guanylate kinase inverted-2 (MAGI2) [79, 80]. Although these scaffold proteins are
characteristic for the PSD, they can also be found in the presynaptic compartment of
some synapses (e.g., inhibitory synapses, photoreceptor synapses). Therefore,
interactions of PSD scaffold proteins with ADGRLs do not strictly define a post-
synaptic localization of ADGRLs.

At the synaptic membrane, scaffold proteins organize supramolecular adhesion
complexes, which include, besides ADGRLs, some of their identified interaction
partners, e.g., neurexins (Fig. 3a). In these complexes, ADGRLs are connected to
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actin filaments and the microtubule cytoskeleton via their interaction partners
MAGI1/MAGI2 and the microtubule-associated serine/threonine 2 kinase
(MAST?2) [9]. Further, ADGRL1 binds to the planar cell protein (PCP) protein
SCRIB [9], which is involved in cell migration, cell polarity, and cell proliferation
[10, 81].

Insights into ADGRL signaling through heterotrimeric G proteins have been
provided by two studies, so far. ADGRLI1 interacts with Gao, as demonstrated by
affinity chromatography. In the same study an increase of cAMP and IP3 produc-
tion in ADGRL1-transfected cells, but not in control cells, was observed [69]. A
study in C. elegans on the ADGRL1 homologue LAT-1 showed coupling of LAT-1
to Gas [67]. This Gas-mediated cascade was essential for proper spindle orientation
during cell division [67].

In summary, ADGRLs are mainly involved in synaptic protein networks, where
they exert a role in axon guidance, synapse formation, the regulation of synaptic
plasticity, and/or the control of the ratio between excitatory and inhibitory
synapses. These functions are closely related to remodeling of the cytoskeleton
and can be triggered by the reception of signaling cues from the extracellular space.

4.2 ADGRB (Brain-Specific Angiogenesis Inhibitor, BAI) Protein
Networks Regulate Dendritic Spinogenesis, Synaptic
Plasticity, and Phagocytosis

Intense studies conducted in the last decade have revealed a large number of
molecules interacting with the three members of the ADGRB or BAI (brain-
specific angiogenesis inhibitor) subfamily (Table 1, Fig. 4) [30]. ADGRBI1-
ADGRB3 are strongly expressed in neurons, astrocytes, and macrophages of the
nervous system [31, 82, 83] but also found in non-neural tissues at lower levels of
expression [32]. Their molecular structure is characterized by a variety of

Fig. 3 (continued) follows the HGNC guideline, and protein designations of human orthologues
are used for all interaction partners. (b) Network of ADGRLSs and their interactors. The visualized
network is based on data from STRING (Search Tool for the Retrieval of Interacting Genes/
Proteins, http://string-db.org/) and Cytoscape database search (http://www.cytoscape.org/). Black
lines, published experimental data; green lines, data from protein databases. Abbreviations: PDZ
(PSD95, Dlg, and ZO-1/Z0-2) domain; WW WW repeat; GuK guanylate kinase-like; ANK ankyrin
repeats; SAM sterile alpha motif; SH3 Src homology domain; PID phosphotyrosine interaction
domain; FN3 fibronectin-III type domain; PK protein kinase domain; RBL rhamnose-binding
lectin-like domain; HRM hormone receptor motif; Olfactomedin olfactomedin domain; LRRNT
leucine-rich repeat N-terminal; LRR leucine-rich repeat; LRRCT leucine-rich repeat C-terminal;
LamG laminin G domain; EGF epidermal growth factor-like domain; PBM PDZ-binding motif;
CDH cadherin-like repeat; a-DG a-dystroglycan domain; SEA sea urchin sperm protein, enteroki-
nase and agrin domain; NHL NCL-1, HT2A, and Lin41 repeat; YD YD repeat; TM transmembrane
domain; PH pleckstrin homology; spectrin spectrin repeats; teneurin teneurin intracellular
domain; AGC-K AGC-kinase C-terminal domain; CH calponin homology domain; SU syntrophin
unique domain
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Fig. 4 The ADGRB (BAI) network. (a) ADGRBs form complex networks involved in actin
cytoskeleton remodeling via activation of small RHO GTPases. The ECD of ADGRBs can be
processed by proteases and interact with a heterogenous group of ligands. Black lines depict
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conserved domains on both their ECD and ICD regions [30]. The ECDs of
ADGRBSs contain multiple thrombospondin type 1 repeats (TSRs) and a single
hormone-binding domain (HBD). ADGRBI1 additionally displays an Arg-Gly-Arg
integrin-binding motif (RGD), whereas ADGRB3 possesses a (Cs1 and Csr/Uegf/
BMP1) (CUB) domain on the ECD. Like most ADGRs, ADGRBs can be
autoproteolytically cleaved at the GPS [3, 29, 84]. All ADGRBs possess a class I
PBM at the very end of the C-terminus. The ICD of ADGRBI also features a
proline-rich region (PRR) suitable for binding to Src homology 3 (SH3) and WW
domains.

The NTF of ADGRBI1 was originally identified to regulate angiogenesis and
thereby prevent tumorigenesis [30, 85]. The soluble N-terminal 120 kDa fragment,
termed vasculostatin 120 (Vstat120), has a CTF-independent function
[85]. Vstat120 inhibits endothelial cell migration in vitro and in vivo, and its
antiangiogenic effect depends on its binding to CD36 which is expressed on the
surface of endothelial cells [33]. The CLESH domain of CD36 and the
antiangiogenesis TSR module of the ECD of ADGRBI1 specifically mediate this
in trans interaction [33]. TSRs are characteristic features of thrombospondins,
proteins that are generally involved not only in angiogenesis, but also in the
regulation of synaptogenesis [86].

In the CNS, ADGRBI1 is highly enriched at the postsynaptic density (PSD) of
dendrites [29, 34]. Similar to ADGRLs, ADGRBI1 binds to various scaffold proteins
that assemble complex networks at excitatory synapses as, e.g., MAGI1-MAGI3,
DLG4 (PSD95), and DLG1 [29, 30, 35]. These protein—protein interactions are
mediated by the binding of the C-terminal PBM of ADGRBI1 to PDZ domains of
the scaffold proteins [29].

ADGRBI activates the RHO pathway via coupling to Ga13, which concur-
rently leads to ERK (MAPK1) phosphorylation, which affects the actin cytoskele-
ton and thereby propagates synaptogenesis and dendritic spine formation
[87]. Interestingly, the CTF alone activates the RHO pathway stronger than the
full-length protein. Binding of the MAGUK family protein MAGI3 modulates the

<<
«<

Fig. 4 (continued) experimental confirmed interactions. Dotted lines illustrate indirect
connections. The protein nomenclature follows the HGNC guideline, and protein designations
of human orthologues are used for all interaction partners. (b) Network of ADGRBs and their
interactors. The visualized network is based on data from STRING (Search Tool for the Retrieval
of Interacting Genes/Proteins, http://string-db.org/) and Cytoscape database search (http://www.
cytoscape.org/). Black lines, published experimental data; green lines, data from protein databases.
Abbreviations: PDZ (PSD95, Dlg, and ZO-1/Z0-2) domain; WW WW repeat; GuK guanylate
kinase-like; C1¢g!/ Clq-like domain; CC coiled-coiled domain; TSR thrombospondin type 1 repeats;
FG-GAP FG-GAP repeat; HRM hormone receptor motif; CUB (Clr and Cls, uEGF, and bone
morphogenetic protein) domain; Collagen-like collagen-like domain; ELMO ELMO domain;
DHR dock homology region; ANK ankyrin repeats; PH pleckstrin homology domain; DH Dbl
homology domain; RBD Raf-like Ras-binding domain; SAM sterile alpha motif; RGD Arg-Gly-
Asp integrin-binding motif; SH3 Src homology domain; PRR proline-rich region; PBM
PDZ-binding motif
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activation of the ERK pathway [29]. For this, scaffold proteins may negatively
regulate B-arrestin 2 (ARRB2)-mediated receptor deactivation.

Further, a G protein-independent pathway of ADGRBI signaling has been
described in dendritic spines [34]. Here, ADGRB1 activates RAC1-mediated mod-
ulation of actin filament dynamics by the interaction of the two PDZ domain-
containing proteins PARD3 and TIAM1 with the C-terminal PBM of ADGRBI.
The induced PARD3/TIAM1 complex functions as a guanine exchange factor
(GEF) for RACI. Its recruitment to specific dendritic sites by ADGRBI is crucial
for proper spine and synapse formation [34]. Knockdown of ADGRBI causes
mislocalization of PARD3/TIAM1 and consequently loss of RACI and actin
filaments from the spines [34]. Interestingly, the recruitment of the GEF by
ADGRBI seems to be regulated by a previously identified extracellular interaction
partner of ADGRBI, integrin avf5, that binds in trans to the RGD motif of
ADGRBI1 [34, 36].

Apart from its synaptic function, ADGRBI also plays an important role in
phagocytosis [31, 88] and myoblast fusion [89]. The engulfment of bacteria or
apoptotic cells is induced by binding of lipopolysaccharides (LPS), endotoxins
found in the outer membrane of Gram-negative bacteria, or phosphatidylserine
(Ptd-L-Ser), a phospholipid of the plasma membrane enriched in neurons, respec-
tively. For this, lipid compounds bind to the TSR domains of ADGRBI and
subsequently trigger a G protein-independent signaling pathway. Direct binding
of ELMO1/DOCKI1 to the ADGRB1 ICD activates the small GTPase RACI1
[31, 88]. Strikingly, the same signaling pathway is involved in the fusion of
myoblasts forming syncytial muscle cells. During this process, a small subset of
myoblasts undergo apoptosis, which then promotes the fusion of healthy myoblasts
via the abovementioned ADGRB1-mediated RACI activation [89]. More recently,
a comparable role in myoblast fusion has been demonstrated for ADGRB3 [45].

Secreted C1QL proteins, which bind to the TSR module of ADGRB3, can
activate ADGRB3 [46]. C1QLs are unique among the C1Q/TNF superfamily of
proteins [90], which are almost exclusively expressed in the brain during
synaptogenesis [91, 92]. Together with ADGRB3 they regulate the density of
excitatory synapses and thereby play an important role in synaptic plasticity
[46]. During vertebrate brain development, C1QL1 expression controls climbing
fiber synaptogenesis and the territory on Purkinje cells, thereby modulating
Purkinje cell spinogenesis by activation of ADGRB3 [93].

Similar to the other two members of the ADGRB subfamily, ADGRB?2 is also
essential for proper neuronal cell development. Studies on ADGRB2-deficient mice
reveal increased neurogenesis in hippocampal neurons [94]. The mechanism under-
lying the ADGRB2-dependent regulation of neurogenesis might be based on the
binding of the transcription regulator GA-binding proteins o/y and B/y (GABPA,
GABPBI1, and GABPB?2) to the ICD of ADGRB2. This association leads to the
suppression of vascular endothelial growth factor (VEGF) expression, which is a
stimulator of neurogenesis in the hippocampus [43].

In summary, ADGRBs regulate muscle cell development, neuronal function, and
synaptogenesis through several different signaling pathways. This functional
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diversity is obtained via the variety of binding partners present in the interaction
modules of the three ADGRBs (Fig. 4). First, the large number of PDZ domain-
containing scaffold proteins provides multiple ways, which enable ADGRBs to
integrate into membrane-associated protein networks. These modules are mostly
associated with defined cell-cell contacts, in particular with synaptic junctions.
Second, ADGRBs activate RAC1 via G protein-independent pathways by recruit-
ment of the GEFs ELMO1/DOCK1 and TIAMI1/PARD3, respectively. Third,
ADGRBs can induce actin filament remodeling via a Go,/13-coupled pathway
resulting in RHO activation. ADGRB signaling can be modulated by
PDZ-proteins, f-arrestin 2 and potentially also via kinases such as NEK4
[37]. An additional mode of regulation of ADGRBs is provided by the NTF and
CTF. Both fragments of ADGRBs can act independently or as a functional unit.
Furthermore, the cleavage of the NTF by matrix metalloprotease-14 (MMP14) and
furin can modulate ADGRB function [38, 95].

Interestingly, a couple of binding partners that are unusual for integral mem-
brane proteins have been identified as ADGRB interactors, e.g., the GABP tran-
scription factors [43] and PHYHIP [32], a component of peroxisomes. Together,
this suggests a complex interplay between ADGRB regulation and its cellular
function, depending on the cellular context.

4.3 ADGRV1 (VLGR1, GPR98), the Gigantic Receptor
of Membrane Adhesion Networks in Sensory Cells
and Synapses

ADGRV1, also known as very large G protein-coupled receptor (VLGR1), GPRO9S,
or MASSI, is the largest member of the ADGR family, with a molecular weight of
more than 700 kDa for the full-length protein [96]. To date, at least nine splice
variants are known in vertebrates [97—100], but most probably many more splice
variants remain uncharacterized [58]. All ADGRV1 splice variants contain varying
numbers of Ca®*-binding CalX-p repeats that resemble the aggregation factors of
marine sponges [97]. ADGRV1b (VLGR1b), the largest isoform, contains 35 CalX-
B domains, one laminin G/pentraxin domain (LamG/PTX), and seven epitempin/
epilepsy-associated repeats (EPTP/EAR) on its NTF [96]. In contrast ADGRV1a
(VLGR1a) exhibits a much shorter extracellular domain composed of only six
CalX-p domains. Both ADGRV1a and ADGRV1b possess a CTF comprising the
GAIN domain with the integral GPS, the 7TM domain, and an ICD with a class I
PBM at the C-terminal end. However, similar to the vasculostatins of ADGRBI,
most ADGRV1 isoforms lack the entire CTF. The function of these secreted soluble
ECD polypeptides is unknown so far.

With the exception of Ca”" ions there are no ligands known to bind to the ECD
of ADGRV1 [59]. In contrast several proteins have been identified which bind to
the ICD of ADGRV1 (Table 1, Fig. 5). The majority of these proteins are related to
the human Usher syndrome (USH), the most common form of hereditary deaf-
blindness [101, 102]. Mutations in the ADGRVI gene lead to the USH type 2C
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(USH2C), characterized by profound deafness and retinitis pigmentosa (retinal
degeneration) (see below). ADGRV1 variants are mainly expressed in the affected
neurons of the retina and the inner ear [96, 101], but they are also found in olfactory
cells of the olfactory epithelium [103] and the brain [96].

Together with other USH proteins, ADGRV1 is localized at synaptic junctions,
preferentially at the post-synapse of neurons (Fig. 5b) [60, 104], where they are
thought to act in concert in the regulation of synaptic function [105]. The disruption
of ADGRV1 function at CNS synapses most probably underlies the phenotype
associated with audiogenic seizures and epilepsy in the Frings mouse [98]. How-
ever, in the sensory cells of the inner ear, the eye, and the nose, ADGRV1 is an
essential component of membrane-membrane adhesion complexes at the proximal
pole of the sensory neurons (Fig. 5b) [60, 61, 103].

In the mechanosensitive hair cells of the inner ear, the ECD of ADGRV1 is a
core component of the ankle-links, fibers which span the membranes of neighboring
stereocilia in the developing hair bundles (Fig. 5b) [62, 106, 107]. ADGRV1
deficient mice show splayed stereocilia which result in a auditory phenotype
[62]. In these mice the absence of ADGRV1 leads to mislocalization or disappear-
ance of other components of the Usher protein complex from hair bundles, e.g.,
USH2A, whirlin (DFNB31, USH2D), myosin VIIa (MYO7A, USH1B), and vezatin
(VEZT) or specific isoforms of cadherin 23 (CDH23, USH1D) [62, 108, 109]. Fur-
thermore, the adenylate cyclase 6 (ADCY6) is not only mislocalized, but its
expression is also increased in the absence of ADGRV1 [62] arguing for a coupling
of ADGRV1 to the Gas/AC/cAMP pathway (see below). These findings support a
signaling role of ADGRV1 in the ankle-links during hair bundle differentiation.
More recently, PDZD7 has been identified as a binding partner of ADGRV1
[63, 110]. PDZD7 was previously identified as a deafness gene [110] and later as
a genetic modifier of USH2 [63]. The PDZD7 protein co-localizes with whirlin and
ADGRV1 and has been suggested to be a further component of the ankle-link
complex [109].

Similar to the stereocilia of hair cells, whirlin (USH2D) and harmonin (USH1C),
the scaffold proteins of the USH protein network, anchor and define the position of
ADGRV1 in the photoreceptor cell membrane (Fig. 5a) [101]. In rod and cone
photoreceptor cells, ADGRV1 is integrated in an USH protein network found at the
periciliary ridge complex at the base of the photoreceptor cilium (Fig. 5b)
[111]. Here, the ECD of ADGRV1 is essential for the formation of fibers linking
the periciliary membrane of the inner segment with the membrane of the connecting
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cilium bridging the so-called ciliary pocket. We believe that this membrane-
membrane adhesion complex and its intrinsic mechanical stabilization defines the
target membrane for the vesicular transport and the import into photoreceptor cilia
[111-113]. The relationship between ADGRV1 with intracellular vesicular trans-
port is supported by more recent findings which indicate the presence of diverse
ADGRV1 isoforms on transport vesicles and their association with the v-SNARE
protein SNAP25 [58].

To date, only little is known about signaling pathways coupled to ADGRV1.
Interestingly the two available studies on ADGRV1 signaling led to controversial
results [59, 64]. First, Shin and coworkers (2013) reported the activation of PKC
and PKA via Ga, and Gay, respectively, triggered by Ca”*-binding to the ECD.
This pathway seems to be involved in the stabilization of the myelin-associated
glycoprotein, which is strongly expressed in oligodendrocytes. However, ADGRV1
mutant mice show no diminishment of myelination [59]. In contrast, Hu and
coworkers (2014) demonstrated the coupling of ADGRV1 to a Ga;-mediated
pathway. Importantly both studies used different ADGRV1 fragments in their
experiments. [59] created a “mini-ADGRV1” that contained an NTF composed
of the first five CalX-f domains, the PTX domain and the EAR domain, which was
fused to the CTF with an intact GAIN domain. In contrast, [64] applied only the
CTF of ADGRV1. As shown similarly for other ADGRs, the absence of the NTF
might abrogate its inhibiting effect on the activation of a Go;-mediated pathway
[1]. However, the NTF might also provide a switch between the two different
signaling pathways.

In any case, it remains elusive how ADGRV 1 is activated, since no extracellular
interaction partners or ligands have been identified so far. Furthermore, the role of
the different ADGRV1 splice variants is unclear. Evidently, the elucidation of the
ADGRV1 signaling network is still far from complete and seems to display a high
degree of complexity, due to the large number of isoforms and potential modes of
regulation.

4.4 Protein Networks Related to the Other Six ADGR Subfamilies

In comparison to the protein networks related to ADGRBs, ADGRLs, and
ADGRYV1 discussed above, the other six ADGR subfamilies have been less well
studied so far. Nevertheless, at least for some of them, binding partners have been
identified which are summarized in Table 1 and included in the overall network in
Fig. 2.

For ADGRES (CD97) several ligands are known which activate the receptor via
binding to its ECD [1]. Among these ligands is CDS55, which is an inhibitor of the
complement system and therefore of high clinical relevance [14]. In addition,
THY1, an antigen present on the surface of immune cells, binds to the GAIN
domain of ADGRES [14, 15]. ADGRES can also be activated by chondroitin
sulfate B, a polysaccharide of the extracellular matrix, which can bind to the
ADGRES paralogue ADGRE2 (EMR2) as well [13]. Further, the Arg-Gly-Asp
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(RGD) motif downstream of the EGF-like domains in the ECD of ADGRES is
recognized by integrins a5p1 and avp5, mediating cell attachment [16]. ADGRES
further dimerizes with the LPA receptor (LPAR1), which results in activation of
RHO signaling [114].

All three members of ADGR subgroup III, ADGRA1-3 (GPR123-125), bind via
their PBM to synaptic scaffold proteins of the MAGUK family, DLG4 and DLGI,
respectively [17, 18]. ADGRA3 (GPR125) and ADGRA2 (GPR124) are addition-
ally connected to Wnt signaling via their interaction with Dishevelled 1 (DVL1)
[20] and the receptor tyrosine kinase RYK, respectively [22]. RYK is a receptor for
Wnt molecules and involved in neuron differentiation and axon guidance
[115]. Additionally, ADGRA2 functions as a Wnt7a-/Wnt7b-specific
co-stimulator of p-catenin signaling [116].

Like ADGRA2 and ADGRA3, ADGRCs (CELSR1-3) are coupled to the Wnt
signaling pathway. All three receptors interact with RYK [22]. ADGRC is addi-
tionally connected to Wnt signaling by further binding partners. Together with the
Wnt receptor Frizzled 6 (FZD6), it forms a network that involves Dishevelled
2 (DVL2), DAAMI, and the GEF ARHGEF11. This network is localized at
adherents junctions and is involved in RHO activation, which results in
actomyosin-dependent contractions [21]. ADGRCI1, FZD6, and DVL2 are key
proteins of the planar cell polarity (PCP) pathway [117], and a further key compo-
nent of the PCP pathway, VANGL2, has also been identified to bind ADGRCI.
Both proteins work in concert with FZD6 and are indispensable for proper hair
follicle orientation [118]. ADGRC3, however, is connected to the cytoskeleton by
the linker protein DST and the GEF SWAP70, which both bind to F-actin
[119, 120].

ADGRFS5 (GPR116) is involved in lamellipodia and actin stress fiber formation,
by Ga,-ARHGEF25-mediated activation of RHOA and RACI1 [27]. For ADGRF5
the extracellular matrix surfactant protein D (SFTPD) has been described as the
only ECD ligand so far [28]. It is a collagen-containing C-type lectin secreted from
alveolar type 2 epithelial cells in the lung. ADGRFS5 monitors the level of SFTPD
and its deletion results in an emphysema-like pathology.

Two members of the VIII subfamily, ADGRG1 (GPR56) and ADGRG6
(GPR126), bind to fiber-forming collagen subtype 3 (COL3Al) and collagen
subtype 4 (COL4A4) which does not assemble into fibers, respectively
[47, 48]. COL4A4 interacts with the ECD of ADGRG®6 that contains the CUB
and PTX domains [54]. Furthermore, the interaction of ADGRG6 with a second
ECM protein, laminin-211 (LAMA?2), has been demonstrated. Both, COL4A4 and
LAMA?2, activate Gag-mediated signaling, which is important for the myelination
of Schwann cells [54]. ADGRGI1, however, does not contain such domains and
therefore interacts via a different binding mode.

ADGRG1 (GPR56) and ADGRG3 (GPR97) can be regulated by f-arrestin
2 [48, 121] and have been shown to activate small RHO GTPases [47, 53], leading
to remodeling of the actin cytoskeleton. ADGRG3 knockdown results in a change
of the ratio of activated CDC42 vs. activated RHO leading to the redistribution of
F-actin and paxillin. Binding of collagen subtype 3 (COL3Al) to ADGRGI1
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introduces the activation of the RHO pathway, which plays a crucial role in the
regulation of proper lamination in the cerebral cortex [47].

Other ADGR groups are not well studied, although a growing set of data from
public databases are available, e.g., for ADGRE1 (EMR1) and ADGRE2 (EMR2),
which originate from proteomic screens but have not yet been validated
[122, 123]. Pharmacological analyses have provided additional information on
the heterotrimeric G proteins coupled to ADGR, which are described in
[124, 125]. In conclusion, to date only a limited number of binding partners for
ADGRs are known, and in most cases these interactions are poorly validated or
uncharacterized. The number of valid binding partners of a specific ADGR is
certainly highly dependent on the experimental efforts, which have been focused
on that particular protein network.

5 Diseases Associated with ADGR Network Disturbances

Coherent protein networks require the smooth interplay of all network partners to
provide proper cellular function. There are several examples in the ADGR field that
the disruption of a single network component can have severe consequences for cell
function and in turn for the affected organism. Malfunction of compounds within
the same network often results in identical or similar phenotypes. The integration of
molecules in the same protein network or pathway may provide potential common
targets for pharmacological therapeutic interventions.

Mutations in ADGRVI (VLGR1) cause sensory neuronal degeneration, namely,
the human Usher syndrome (USH) [102, 127] (see above Sect. 4.3). USH is a
complex autosomal recessive disorder and the most common form of hereditary
deaf-blindness. Based on the age of onset and the progression of the symptoms,
three USH types (USH1-USH3) can be clinically differentiated. So far, ten differ-
ent USH-causing genes and three genetic modifiers have been identified, and recent
research revealed that all proteins related to USH are integrated into common
protein networks [101, 102]. It is thought that defects in one USH protein can
cause the disruption of the entire USH protein complexes in inner ear hair cells and
retinal photoreceptor cells in the eye, leading to the sensory neuronal degeneration,
which manifests in deaf-blindness. Furthermore, defects in the murine Adgrvi
(Vlgrl) are associated with audiogenic seizures and epilepsy [98], which has also
been discussed for human patients [24, 128].

Another severe disorder associated with an ADGR is bilateral frontoparietal
polymicrogyria (BFPP), which is caused by mutations in ADGRG1 (GPR56)
[129, 130]. Like USH, BFPP is an autosomal recessive disorder [131, 132]. Patients
with BFPP suffer from cognitive interference, a delay in development of motor
neurons, susceptibility to seizures, and ataxia. The most striking phenotype of
BFPP-affected brains is the cobblestone-like cortical malformation [133, 134]. Inter-
estingly, defects in collagen III (COL3A1), a validated ligand of ADGRGI1 (see
above, Sect. 5), develop an equivalent phenotype in mice [135] indicating that they
interact in the same functional module.
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A similar connection has been observed between ADGRBI1 and its interaction
partner BAIAP2 (IRS53). Both participate in the regulation of dendritic spine
formation [34, 136], and their defects are suggested to be related to autism disorders
[137, 138]. Interestingly, the expression of another interactor of ADGRB1, DLG4
(PSD95) [39], is increased in ADGRB1-deficient mice [34], and there are hints that
the regulation of DLG4 is a general feature for genes involved in autism [139].

SNPs in ADGRB3 lead to development of schizophrenia and probably partici-
pate in susceptibility to addiction [140, 141]. Further, ADGRB3 deficient mice
show a depression-resistant phenotype [94].

For mutations in ADGRLI and ADGRL3, a connection to the attention deficit
hyperactivity disorder (ADHD) [142, 143], hearing defects, brain malformations,
and retardation has been reported [142]. One group of ADGRL1’s extracellular
interaction partners, neurexins, are associated with mental retardation and autism as
well [144, 145].

ADGRCs are also mandatory for proper brain development. In humans,
mutations in the corresponding genes cause neural tube defects and are associated
with caudal agenesis [146, 147]. In addition, ADGRCs are involved in the proper
development of ependymal cilia and disruptions of the network result in hydro-
cephalus. These effects occur due to disturbances of PCP and Wnt signaling
pathways that are connected to ADGRC:s [148].

Moreover, some ADGRs act as tumor suppressors and therefore gene defects in
ADGRs can cause cancer and tumorigenesis. One of these receptors is ADGRES
(CD97), which was found to be significantly upregulated in diverse cancer cells
[149-151]. Others are ADGRG1 (GPR56), which is up- or downregulated, respec-
tively, in a cell-specific manner in cancer cells [49, 152]. Specifically ADGRFS is
associated with breast cancer [27], and ADGRBI, is absent or downregulated in
various cancer types [153—155]. The relation between cancer genesis and defects in
ADGR networks might be due their role in cytoskeleton regulation via small
GTPases.

Several additional ADGRs have been associated with severe human diseases but
no proteomics and interactomics data are available for these so far. Further deci-
pherment of protein networks related to diseases associated with ADGRs would not
only enlighten the pathomechanisms leading to the disease but also elucidate
potential targets for treatment and cure.

6 Common Features of ADGR-Related Protein Networks
and Signaling Pathways

The data acquired for ADGRs so far indicate a high degree of similarity within the
protein family. Since similar or identical interactions have been reported for
ADGRs of various subgroups, it is probable that ADGRs are integrated in common
networks and may even act in concert. ADGRs are authentic G protein-coupled
receptors, and for several receptors heterotrimeric G proteins have been identified
[156] (Fig. 6). Furthermore, the canonical desensitizing mechanism of GPCRs
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through B-arrestin 2 binding has also been identified in some ADGRs (Fig. 6),
namely, ADGRBs (BAIs), ADGRG1 (GPR56), and ADGRG3 (GPR97) [48, 121].

Although ADGRs signal through diverse Ga-subunits to a variety of the down-
stream signaling pathways [1], the activation of small GTPases (RHO, RACI, or
CDC42) is a common theme (see above, Fig. 6). However, some ADGRs can also
activate small GTPases independent from heterotrimeric G proteins as, e.g.,
ADGRBI through PARD3/TIAM1 or ELMO/DOCKI, respectively [31, 34]. The
downstream target of the small GTPases pathways is the actin cytoskeleton, and
remodeling the cytoskeleton is a common process during neurite outgrowth or
dendritic spine formation, which are known to be regulated by several ADGRs
(see above). For at least five of the ADGRs, namely, the three ADGRCs (CELSRs)
and ADGRAs (GPR125, GPR124), there is evidence for cross talk with the Wnt
signaling pathway [20, 21]. They either are coupled to the receptor tyrosine kinase
RYK, the Wnt receptor Frizzled 6 (FZD6) or interact with the FZD mediator
Dishevelled (DVL) [22]. Interestingly, DVL can mediate the activation of the
RHO pathway regulating the actin cytoskeleton [21].
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Besides their obvious links to signaling networks, almost all ADGRs examined
thus far are integrated in membrane-associated protein networks organized by scaf-
fold proteins. This is usually mediated by the interaction of the C-terminal
PDZ-binding motif (PBM) often found at the C-terminal end of ICD of ADGRs
and PDZ domains of the diverse scaffold proteins. Most of these scaffold proteins
belong to the membrane-associated guanylate kinase (MAGUK) protein family, e.g.,
DLG1-4 and MAGI1-MAGI3 (Figs. 2-4). These scaffold proteins facilitate the
organization of ADGR-related networks at specific domains of the cell membrane,
but may additionally regulate the signaling of the CTF of ADGRs. Strikingly,
numerous ADGRs are integral components of adhesion complexes at synapses and
dendritic spines showing a highly regulated expression profile during development
(e.g., ADGRBs, ADGRLs, ADGRCs, and ADGRV1) [30, 96, 157, 158].

In cell adhesion complexes, the long ECD of ADGRs mediates cell-cell and
cell-matrix interactions, which have been shown to promote ADGR signaling.
Collagens or collagen-like proteins were identified as common interaction
components from the extracellular matrix binding to different adhesion domains
of the ECD of ADGRs [46, 47, 55]. Beside homophilic trans interactions, various
adhesion domains in the ECDs of ADGRs are capable to interact with the ECDs of
single-span transmembrane proteins or immunoactive proteins and compounds
[10-12, 14-16].

Analysis of the protein interactome related to ADGRs presented in Fig. 2 shows
that ten ADGRs interact with ubiquitin C (UBC). These interactions have been
recently identified in proteomic screens targeting ubiquitinated proteins
[159, 160]. So far the ubiquitination of ADGRs was not systematically studied,
but it may have functional implications. As frequently reported for other signaling,
ubiquitination of cell surface receptors may regulate the availability of ADGRs to
interact with their extracellular ligands [161, 162].

Although ADGR families differ mainly in their ECD structure, several ADGRs
from different families share the same domains, e.g., ADGRC1-ADGRC3
(CELSR1-CELSR3), ADGRDI1 (GPR133), ADGRD2 (GPR144), ADGRG6
(GPR126), ADGRG4 (GPR112), and ADGRV1 (Vlgrl) share a LamG/PTX
domain, whereas ADGRLs (LPHNs), ADGRBs (BAIs), ADGRA2 (GPR124),
ADGRA3 (GPR125), and ADGRF3 (GPR113) have hormone receptor motifs
(HRMs) [1]. The common ECD features of these ADGRs indicate that they may
also be targets for similar or identical binding proteins and ligands, which are not
described so far. Nevertheless, the available data indicate common mechanisms for
ADGRs (see Fig. 6) in their integration and function in cellular contexts and
molecular modules. Since similar or identical interactions have been reported for
ADGRs of various subgroups, ADGRs seem to be integrated in common networks
and may even act in concert.
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7 Conclusions

To date, comprehensive approaches toward the systematic identification of valid
interaction partners for ADGRs are still lacking. From future (larger) interactome
data sets and systematic data mining, we expect to gain further insights into ADGR
networks and a more holistic understanding of ADGR functional roles in cellular
adhesion and signaling. The application of proteomic screening methods provides
potential to learn more about these unique types of receptors. However, these
approaches have to be complemented by functional assays and studies in animal
models. Understanding the molecular mechanisms behind ADGR function will
provide novel strategies for the cure of diseases that have been linked to malfunc-
tion of ADGRs, particularly various types of cancer, BFPP, and the human Usher
syndrome.
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Abstract

Adhesion G protein-coupled receptors (aGPCRs) have a long evolutionary
history dating back to very basal unicellular eukaryotes. Almost every vertebrate
is equipped with a set of different aGPCRs. Genomic sequence data of several
hundred extinct and extant species allows for reconstruction of aGPCR phylog-
eny in vertebrates and non-vertebrates in general but also provides a detailed
view into the recent evolutionary history of human aGPCRs. Mining these
sequence sources with bioinformatic tools can unveil many facets of formerly
unappreciated aGPCR functions. In this review, we extracted such information
from the literature and open public sources and provide insights into the history
of aGPCR in humans. This includes comprehensive analyses of signatures of
selection, variability of human aGPCR genes, and quantitative traits at human
aGPCR loci. As indicated by a large number of genome-wide genotype-pheno-
type association studies, variations in aGPCR contribute to specific human
phenotypes. Our survey demonstrates that aGPCRs are significantly involved
in adaptation processes, phenotype variations, and diseases in humans.

Keywords
Adhesion G protein-coupled receptors » Population genetics * Natural selection ¢
Genome-wide association studies « Mutation ¢ Disease

1 Introduction

Since their first availability in the mid-2000s, the next-generation sequencing
(NGS) technologies have been proven to be powerful tools in many fields of
genetics, evolutionary biology, and biomedicine. Whole-genome sequencing and
whole-transcriptome sequencing are efficient to provide sequence data not only for
ortho- and paralog genes and transcripts of gene families but also for variants of
genes involved in adaptation processes and responsible for diseases. The trove of
genetic data yielded by NGS has made a significant impact on understanding
the origin of gene families, their evolutionary expansion and contraction, and
their structural variability. By identifying rare variants in known genes, NGS
contributes to today’s clinical diagnoses and helps in the discovery of molecular
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pathomechanisms underlying human diseases. In parallel to this explosion in
sequence information, an armada of bioinformatics tools and pipelines were devel-
oped to handle and meaningfully explore the complexity of these data. Since
sequencing has become faster and more affordable, the number of available com-
plete genomic sequences is exponentially increasing. As a result, the cost to
process, analyze, transfer, and store the data is becoming the bottleneck for research
and medical applications.

The wealth of sequence information comes from large sequencing consortia.
For example, the whole genomes of over 2500 human individuals of 26 populations
have been sequenced with low-coverage yielding 86 million variants [1]. A pro-
gram has been launched in 2009 sequencing the whole genomes of 10,000 verte-
brate species suitable for comparative genomic analyses [2]. Since then over
200 vertebrate species have been sequenced or completed [3]. Data of those
multiple species and population genome ventures are used to construct the evolu-
tionary tree of vertebrate clades, e.g., birds [4], and to reconstruct of migration
waves of humans [5], respectively.

The advent of such large and diverse genomic data provides not only a valuable
source to study the evolutionary history of species but also the evolution of specific
gene families. This usually requires high-quality genomes of individual species
and previously unavailable or unappreciated bioinformatics methods. Thus, the
history of a protein family, the numeric gain and loss of family members, and
their structural evolution by comparing orthologs and paralogs can be studied in the
light of evolution. The comparison of orthologous sequences between species can
shed light on evolutionary constrains and inventions which are of advantage in a
given ecologic niche [6].

Evolutionary methods based on NGS data have already found numerous
applications in biomedical research. Sequence differences in human populations
or between extinct and recent hominoids are analyzed for signatures of selection
providing clues for adaptation processes to specific environmental factors during
human evolution. However, those differences may also influence or even cause
human phenotypes and diseases. A great number of genome-wide genotype-pheno-
type association studies (GWAS) revealed previously unknown traits and pathways
involving individual genes or gene families.

In this review we summarize applications of evolutionary methods specifically
on the family of aGPCRs. Information that can be drawn from the currently
available sequence data on the evolutionary history, selective forces acting on
aGPCRs, and human phenotypes associated with aGPCR variants are summarized
in this review.

2 The Evolutionary Origin and Development of aGPCRs

It has been estimated that GPCR prototypes were present already in the last common
ancestor of eukaryotes [7], and most probably glutamate and cAMP receptors
evolved in eukaryotic evolution about 1400 million years ago [8]. aGPCR
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apparently appeared later in eukaryotic life (1275 million years ago) since aGPCR-
specific sequence signatures in 7TM segments were found in the genomes of
Amoebozoa (D. discoideum) and Alveolata (P. tetraurelia) [8)]. In these basal
eukaryotes, aGPCRs present with short N termini. The lack of a large ectodomain
is apparent also in fungi aGPCRs where this receptor family started to expand. The
unicellular non-metazoa choanoflagellate Monosiga brevicollis and filasterea
Capsaspora owczarzaki contain several genes for aGPCRs already equipped with
GPS site [8]. Further structural diversification of the large ectodomain occurred in
pre-bilaterian species [9]. One can speculate that structural diversification and
numeric expansion of aGPCRs soon after the origin of metazoans were driven
by cell-cell and cell-matrix contacts which are major factors of multicellularity.
Being present in metazoan genomes, aGPCRs became apparently very important as
suggested by the structural conservation and numerical expansion of aGPCR genes
between invertebrate and vertebrate species [10]. However, the number of aGPCRs
varies between vertebrate species [11]. In the human genome, there are 34 genes
encoding aGPCRs. Out of these genes, 33 aGPCR genes contain an open reading
frame, and one, EMR4/ADGRE4, is a pseudogene presenting a deletion-caused
disruption of the open reading frame. The deletion is not present in great apes
suggesting that EMR4 became nonfunctional only after human speciation [12]. Inter-
estingly, available databases do not contain mRNA sequence of the human GPR144/
ADGRD?2 and only rare transcripts in other vertebrate species (own observations). In
mouse GPR144 is a pseudogene. It is therefore unclear whether GPR144/ADGRD2
is functional in humans. There are several clusters where aGPCRs are genomically
organized in a tandem-like structure. One clusters at chromosome X containing
GPRI10/ADGRF1, GPRI111/ADGRF2, GPR115/ADGRF4, and GPRI16/ADGRFS,
and another group of aGPCRs (EMRs/ADGRE1-4, CD97/ADGRES) clusters in two
sections on human chromosome 19p13, suggesting common evolutionary origins,
respectively [12, 13].

3 Signature of Selections in aGPCR Genes

The recent increase in human sequence and polymorphism data, together with the
availability of genome sequences from several closely related primate species,
provides an unprecedented opportunity to investigate how natural selection has
shaped the human genome. A central aim in evolutionary biology is to understand
the genetic mechanisms of how organisms adapt to their ecological niche. Typi-
cally, adaptation is viewed as a process where beneficial alleles are driven from low
to high frequency in a population, reducing the variability in a genomic segment—
so-called selective sweeps. On a genome-wide scale, immune-related genes and
genes associated with fitness, reproduction, and fertility appear to be major targets
of positive selection [14]. Lactase persistence is one of the classical examples
where a line of genetic evidences suggests recent selection within the past
5000-10,000 years at the lactase locus in European-derived populations [15].
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Positive selection can yield an excess of non-synonymous fixed differences
(mainly between species), extended haplotype homozygosity (EHH), modified allele
frequency distributions, and long-branch length in evolutionary trees. A comprehen-
sive overview on the methods used and their limitations is given elsewhere
[16, 17]. In brief, faster evolving genes can be detected between species by compar-
ing the number of non-synonymous substitutions (dN) to the number of synonymous
substitutions (dS). A likelihood method considering the dN/dS ratios across sites
is implemented in phylogenetic analysis using maximum likelihood (PAML)
[18, 19]. The McDonald-Kreitman (MK) test uses polymorphism data from a single
species and fixed differences between multiple species to detect regions under
selection [20]. The often used Tajima’s D test compares the number of variants in
a genomic region with the average number of pairwise differences [21]. The first
scans for selection between populations that took advantage of differentiation across
populations focused on single-marker Fgr [22]. Fgr statistic is useful to identify
genomic regions that exhibit high variation in allelic frequency between groups,
which is a characteristic of genomic regions that have gone through differential
selection. Haplotype statistics, such as long-range haplotype (LRH) test [23], EHH
[24], and integrated haplotype score (iHS) [25], use data from linked sites to identify
past targets of natural selection. These methods are based on the expectation that
recent positive sweeps yield extended haplotypes that have not had enough time to
break down by recombination. An additional approach to identifying signals of
selection through population comparison is the cross population extended haplotype
heterozygosity (XP-EHH) test, which was designed to detect ongoing or nearly fixed
selective sweeps by comparing haplotypes from two populations [26, 27].

Numerous studies have used the different methods to identify signature of
selection and of convergent evolution between species and between or within
populations of a single species producing long lists of genomic loci and candidate
genes. Screening of those lists frequently reveals aGPCR loci with significant
signatures of selection. For example, GPRI10 has been identified with such
signatures linked to convergent evolution in echolocating mammals [28]. However,
most studies focus on signals of selection during human evolution. Thus, sequence
differences between primates, as closest relatives of humans, are used to identify
obvious lineage-specific genomic events that are significantly different from ran-
dom changes between species. Again, differences at aGPCR loci are frequently
extracted from whole-genome comparison approaches (Table 1). For example,
GPRI111 and GPRI23/ADGRAI were found with signatures of selection in the
human lineage in several studies. However, all these studies can neither provide the
driving force of selection nor the selected phenotype but provide a rational to dig
deeper into the physiology of the respective aGPCR also considering cross species
differences in phenotypes. Significant cross species differences in the mRNA
expression profile and level can also be helpful to elucidate the physiological
significance of aGPCR. For example, a human-specific expression profile in brain
prefrontal cortex and cerebellum compared to chimpanzees and rhesus macaques
was found for GPR116, CELSR2/ADGRC2, LPHN2/ADGRL2, BAI2/ADGRB2, and
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Table 1 Signatures of selection at genomic aGPCR loci in the human lineage

Gene name New name Human vs. species Methods Reference
LPHNI1 ADGRLI Chimpanzee MK [29]
LPHN3 ADGRL3 Chimpanzee MK [29]
EMRI ADGREI Chimpanzee MK [29]
GPRI123 ADGRAI Chimpanzee MK [29]
Primates MK [30]
CELSR1 ADGRC1 Chimpanzee MK [29]
GPRI133 ADGRD1 Chimpanzee MK [29]
GPRI110 ADGRF1 Chimpanzee MK [29]
GPRI111 ADGRF2 Mammals PAML [31]
Chimpanzee PAML [32]
BAIlI ADGRBI1 Chimpanzee MK [29]
GPR56 ADGRGI Chimpanzee MK [29]
GPR64 ADGRG?2 Chimpanzee MK [29]
GPRI26 ADGRG6 Chimpanzee MK [29]

BAI3/ADGRB3. Together with numerous other differentially expressed genes, they
are considered to contribute to human-specific brain functions [33].

Recent advances in DNA extraction and amplification from fossil remains [34]
and the new sequencing technologies for short DNA fragments have made it
possible to retrieve substantial amounts of ancient DNA sequences and even almost
complete genomes dating back close to 1 million years ago [35, 36]. Genome
sequences of extinct organisms contain valuable information about past functions
and gene evolution also of GPCRs [37, 38]. In a selective sweep analysis of the
Neanderthal genome, a genomic locus containing CELSR3/ADGRC3 was identified
presenting signatures of selection in the Neanderthal lineage [39]. However, there
are no specific genomic signals that aGPCRs may be involved in evolution of
modern humans when compared to ancient hominids [40—44]. In contrast, analyses
between different populations yielded a number of aGPCR loci with significant
signatures of selection. Here, the clustered aGPCRs GPR110, GPRI111, GPRI15,
and GPRI16 showed multiple signatures of recent selection among different
populations (Table 2). Comparison of populations which majorly differ in respect
to their environment revealed, for example, that the GPR111 locus harbors signifi-
cant signatures of selection in populations adapted to high altitude levels as found in
Tibet, Mongolia, and Ethiopia, suggesting convergent evolution [45, 54]. The
impact of different GPRI1] variants on this physiological trait is unsolved yet.
Although analyses fall short in providing explanations for their unique genomic
features and most probably many signals found at those loci are not related to the
function of the specific gene product, they are indicative for a significant genomic
dynamics at those loci in the recent human history.
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Table 2 Signatures of selection at aGPCR loci in human genomes
Gene name | New name | Population Methods Reference
LPHN?2 ADGRL2 Tibetan and Mongolian iHS [45]
LPHN3 ADGRL3 Oceanian vs. European Fsr [46]
EMRI ADGREI South Asian vs. European Fst [46]
EMR3 ADGRE3 African vs. Oceanian Fsr [46]
GPRI123 ADGRAI European vs. African Fgr [47]
GPRI124 ADGRA2 | Siberian XP-EHH [48]
CELSRI ADGRCI | Yoruba, Japan LRH, iHS, [27]
XP-EHH
HapMap HH [49]
Middle East, South Asian iHS, XP-EHH | [50]
Asian vs. African SNP frequency | [51]
GPRI33 ADGRDI | HapMap Entropy of LD | [52]
South Asian vs. European Fst [46]
GPRI110 ADGRFI | American, East Asian iHS, XP-EHH | [50]
East Asian vs. European Fsr [46]
GPRI111 ADGRF?2 Tibetan, Mongolian iHS [45]
Asian LRH [53]
Ethiopians Fst [54]
European Neutrality test | [55]
American, East Asian iHS, XP-EHH | [50]
GPRI113 ADGRF3 Americans iHS [50]
GPRI115 ADGRF4 Tibetan, Mongolian iHS [45]
Asian LRH [53]
American, East Asian iHS, XP-EHH | [50]
South Asian vs. European Fsr [46]
GPRI116 ADGRF5 American, East Asian iHS, XP-EHH | [50]
East Asian vs. South Asian Fsr [46]
BAI3 ADGRB3 African LRH tests [53]
HapMap EHH [26, 56]
African vs. European vs. East Asian | Fgr [46]
GPR64 ADGRG2 | Middle East iHS [50]
European iHS [53]
GPRI26 ADGRG6 | European vs. Asian, Bantu vs. Pygmy | Fsr [50]
GPR98 ADGRVI | HapMap HH [49]
European, Middle East, South Asia XP-EHH [50]
4 Genetic Variability in the Coding Sequence of Human
aGPCRs

Deep sequencing data, e.g., from population genetic studies revealed an unexpected
variability of genes in humans. Most variants are single nucleotide polymorphisms
(SNPs) without obvious impact on gene function. However, some SNP can have
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functional relevance and can even reduce the repertoire of genes by inactivation
when gene function no longer provides a selective advantage. This process is called
pseudogenization. Pseudogenes are inheritable and characterized by homology to a
known gene and lack of functionality [57]. As a result of their nonfunctionality,
most pseudogenes are released from selective pressure and accumulate missense,
frameshifting, and nonsense mutations. Pseudogenization by mutations is consid-
ered for odorant and taste receptors [58] because of the loss of environmental
constraints or the gain of other senses, such as vision. However, loss-of-function
mutations, as observed in chemokine receptors, may have also some advantage in
respect to pathogens [59, 60]. As listed in Table 3, the gene for the chemokine
receptor CCR5 showed a significant higher number of missense, nonsense, and
frameshifting variants in human populations compared to other GPCR genes.
Similarly, a great number of variants are found in the melanocortin type 1 receptor
(MCIR) gene (Table 3), a major regulator of pigmentation in humans and other
mammals [61]. Depending on the exposition to sunlight, full function of the MC1R
(equatorial region) but also loss-of-function (northern hemisphere) intact can have
an advantage, although the MCIR is not essentially required for life. Analysis of the
non-synonymous SNP number in aGPCR revealed some receptors with similar
variability as CCR5 and MCIR. For example, a relative high number of inactivating
mutations are naturally found in EMRI/ADGREI and EMR2/ADGRE? (Table 3). In
line with these findings, Emrl-deficient mice were healthy and fertile, indicating
that EMR1 deficiency is most probably compatible with life also in humans
[62]. Similarly, the relative high number of nonsense and frameshifting mutations
found in GPRI110 and GPRI11 suggests vitality in humans even without these
aGPCRs. Indeed, mice lacking GPRI10 or GPRI111 are obviously healthy and
fertile [13]. This, however, does not exclude phenotypical differences between
receptor-positive and receptor-negative individuals. Quantitative trait locus
(QTL) analyses and GWAS may help to identify the physiological impact of the
presence, modification, and absence of individual aGPCRs.

5 QTL and GWAS Linking aGPCR to Human Phenotypes

Identification of genetic determinants contributing to susceptibility to diseases is
not only crucial for understanding the complexity of human health and disease but
can also play an important role in designing novel diagnostic and treatment
strategies. The ultimate goal would be the so-called personalized medicine, which
tailors treatment to individual patients according to their genetic background.
Along with candidate gene strategies focusing on biologically plausible genes,
hypothesis-free genome-wide studies are the driving force in identification of
genetic variants contributing to the complex etiology of human diseases. Until
2005, most genome-wide studies relied on the technique of genetic linkage. For
decades, this approach has been the dominant way in investigating the genetic basis
of inherited diseases. Its design is based on searching for genomic regions which
carry alleles shared by the affected family members, i.e., identifying those regions
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