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A B S T R A C T   

The class B2 of GPCRs known as adhesion G protein-coupled receptors (aGPCRs) has come under increasing 
academic and nonacademic research focus over the past decade due to their physiological importance as 
mechano-sensors in cell-cell and cell-matrix contexts. A major advance in understanding signal transduction of 
aGPCRs was achieved by the identification of the so-called Stachel sequence, which acts as an intramolecular 
agonist at the interface between the N terminus (Nt) and the seven-transmembrane helix domain (7TMD). 
Distinct extracellular signals received by the Nt are integrated at the Stachel into structural changes of the 7TMD 
towards an active state conformation. Until recently, little information was available on how the activation 
process of aGPCRs is realized at the molecular level. In the past three years several structures of the 7TMD plus 
the Stachel in complex with G proteins have been determined, which provide new insights into the architecture 
and molecular function of this receptor class. Herein, we review this structural information to extract common 
and distinct aGPCR features with particular focus on the Stachel binding site within the 7TMD. Our analysis 
extends the current view of aGPCR activation and exposes similarities and differences not only between diverse 
aGPCR members, but also compared to other GPCR classes.   
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1. Introduction 

Adhesion GPCRs (aGPCR, class B2) together with the secretin-like 
receptors (class B1) constitute the class B of GPCRs [1]. Previous 
studies have identified aGPCR sequences in both Protostomia and 
Deuterostomia [2,3], indicating an evolutionary age as old as Bilateria 
(> 680 million years) [4]. Prototypes of aGPCRs but not of secretin-like 
GPCRs have been found in unicellular eukaryotes, indicating that 
aGPCRs are probably the most ancient receptors among class B GPCRs 
[3,5]. New insights from recent phylogenetic studies suggest that 
secretin-like receptors evolved from ancient aGPCRs [2,3,5,6]. To date, 
33 intact genes and several pseudogenes of aGPCRs have been identified 
in the human genome [7,8]. Based on specific features in their se-
quences, these receptors were classified into nine distinct groups [7] 
(this classification is also used here to enable comparison with previous 
publications (suppl. Tab. S1)), although recent cluster analysis of 

hundreds of vertebrate aGPCR ortholog sequences has refined this hi-
erarchical grouping, providing a more consistent classification [5]. 

Several aGPCRs have been shown to play key roles in numerous 
physiological processes, such as cell proliferation and cell communica-
tion. aGPCRs are involved in transducing mechanical forces [9,10] of 
cell–cell or cell–matrix interactions [11–13]. Subsequently, they can 
also participate in various pathogenic conditions, including cancer 
development [14–16]. 

Adhesion GPCRs have the typical GPCR architecture with an extra-
cellular N terminus (Nt), a seven-transmembrane helix domain (7TMD) 
and a cytosolic C terminus (Ct) (Fig. 1). However, in contrast to most 
rhodopsin-like (class A) GPCRs, they have long Nt’s, often consisting of 
multiple domains. Although commonly used, the Nt of an aGPCR should 
not be referred to as an “extracellular domain” (ECD), as it is not a single 
domain but rather composed of multiple domains. Within the Nt, most 
aGPCRs contain a GPCR-Autoproteolysis INducing (GAIN) domain, 

Fig. 1. Structural architecture of aGPCRs. (a) The components constituting a prototypical aGPCR are presented. The large extracellular N terminus (Nt) can be 
subdivided into distinct domains and interconnecting regions (e.g., the Stalk between the GAIN domain and other domains of the Nt). The region interconnecting the 
GAIN and the 7TMD is called Stachel sequence and serves as an intramolecular agonist. The Stachel sequence can be subdivided into a Stachel core and a Stachel linker. 
For the Stachel core sequence, two distinct spatial positions and secondary structures in different aGPCRs were determined by structural studies, either inside the 
isolated GAIN domain (β-strand) or bound within the 7TMD (helical). The orientation of the Stachel linker in a full-length receptor is currently unknown (indicated by 
“?”). The most highly conserved amino acid positions in the 7TMD of class B GPCRs are highlighted as red circles, according to the unifying numbering scheme for 
class B GPCRs (see below). (b–d) Representative structures of aGPCR domains are shown (b = PDB ID 5cmn, c = PDB ID 5kvm, d = PDB ID 7wu5). All structural 
representations were generated using the PyMol Molecular Graphics System Version 2.5.5 (Schrödinger, LLC, New York, NY). 
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which can include a “G protein-coupled receptor (GPCR) Proteolysis 
Site” (GPS) with an auto-cleavable HXS/T motif [17,18]. The GAIN 
domain catalyzes autoproteolytic cleavage at the GPS, which separates 
the N-terminal fragment (NTF) from the remaining C-terminal fragment 
(CTF) of the aGPCR (Fig. 1a). It is important to note that the frequently 
used term “subunit” for the NTF (α-subunit) or CTF (β-subunit) is 
misleading, because subunits are usually derived from individual genes 
(e.g., α-, β- and γ-subunits of a G protein, α- and β-subunit of the he-
moglobin), which is not the case in aGPCRs. 

In addition to the GAIN domain, the Nt can contain multiple other 
domains, such as epidermal growth factor (EGF) -like domain, leucine- 
rich repeat domain (LRRD), immunoglobulin-like (Ig) domain, and/or 
pentraxin-like domains, some of which are proposed to be involved in 
cell-cell or cell-matrix adhesion, homophilic multimerization, or hor-
mone binding (Fig. 1a–c). The sequence connecting extracellular do-
mains and the GPS was initially referred to as the Stalk sequence [19]. 
Following the discovery of the GAIN domain, the Stalk is defined as the 
region between the GAIN and other extracellular domains [17]. Thus, 
the Stalk sequence should not be confused with the intramolecular 
agonistic sequence, called Stachel sequence, which is located C-termi-
nally of the GPS [20,21] (Fig. 1). In general, several 
structural-functional features of aGPCRs are inconsistently defined with 
different terms being used for potentially identical features, such as 
`ECR` (extracellular region) and `ECD` (extracellular domain) (Table 1; 

specific terms and abbreviations for structural parts are taken from 
corresponding publications). These and the other examples given below 
indicate that a unified terminology of the aGPCR architecture would be 
both useful (Fig. 1a, suppl. Fig. S1), and feasible, given that there are a 
reasonable number of aGPCR structures (Table 1) and sequences [5] 
available. As in many emerging fields, the terminology of members, 
structural components and domains, specific features, numbering sys-
tems and functions evolves historically and depends on the current state 
of knowledge. However, accurate terminology is necessary to synchro-
nize contributions from different disciplines and needs to be adapted 
specifically when a taxonomy has been disproven or terminology is 
ambiguous or potentially misleading. Based on the current knowledge, 
we tried here to clarify ambiguities and incorrect terminologies, but also 
keep with established wording, even when some naming is a matter of 
semantics. 

The CTF includes the 7TMD plus the extracellular Stachel core 
(Fig. 1d) and the interconnecting Stachel linker sequence of varying 
length (12–20 amino acid residues). The Stachel was experimentally 
identified by peptide studies [20,21]. It features mainly hydrophobic 
amino acid residues as a core sequence and also known as “tethered 
agonist” (TA). However, this term is inaccurate as the Stachel sequence is 
a transcribed and translated part of the receptor polypeptide rather than 
a “tethered” component, such as retinal, which is covalently bound to a 
lysine in opsins via a Schiff base [22]. Therefore, a more precise term to 

Table 1 
Overview of published aGPCRs structures. For eight different aGPCRs 26 7TMD structures with or without the Stachel ligand were determined so far (July 2023), 
representing four out of nine aGPCR groups. The background-coloring scheme is according to the individual groups of the receptors provided in the suppl. Tab. S1. For 
seven different aGPCRs eleven structures of entire N termini or single domains solved by protein X-ray crystallography (XRD) (in one case by cryo-EM) were published. 
The overall resolutions and protein specifications are provided as described in the original publications (might differ from data provided in the PDB [92]). “*” – 
information according to the original publication; “§” - linker GSGENLYFQSGSSSSGWRGGHV; “#” Stachel is structurally visible in the 7TMD; Abbreviations are 
explained in the “Abbreviations” section [81-91].  
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define the Stachel sequence would be “intramolecular agonist”. 
Groundbreaking new aGPCR structures were published over the past 3 
years (Table 1) [23,24] providing deep insights into the structural or-
ganization of the Stachel sequence and its interplay with the 7TMD. 
Furthermore, these structural data should be discussed in light of both 
previous and recent functional data (e.g., [7, 15, 20, 25–27]) and also 
taking aGPCR evolution into account by comparing orthologous se-
quences. This review analyzes and summarizes insights from these 
structures with a focus on the binding mode of the Stachel and associated 
mechanisms involved in intramolecular aGPCR signaling. 

2. A common Stachel and extended unifying residue numbering 
system for class B GPCRs 

2.1. Numbering scheme in the 7TMD and in helix 8 

A unified numbering system to denote corresponding amino acid 
residues within aGPCRs is of fundamental importance for experimen-
tally addressing and discussing structural and mechanistic questions. 
Such a numbering system was introduced many years ago for rhodopsin- 
like GPCRs (class A) and is based on structurally conserved residues in 
the transmembrane helices (TM) [28]. In this numbering system the 
most conserved residue of each TM is assigned as the number X.50 
(where X is the TM number), and all other residues in that part are 
numbered according to their relative position compared to the ’X’ 
position. 

Recent in-depth analyses of sequence conservation within the class B 
GPCRs enabled the development of a comprehensive TM numbering 
system [5], which finally unified the 7TMDs of secretin-like (class B1) 
and aGPCRs (class B2) [5] (Fig. 1a, suppl. Fig. S1). This numbering 
system differs significantly from the previously proposed secretin-like 
receptor (class B1) numbering system [29], which is also often applied 
to aGPCRs even though there are significant differences in the conser-
vation of amino acid residues in the TM’s between secretin-like GPCRs 
and aGPCRs [5]. 

Here, we used the recent unifying numbering system of the whole 
class B GPCRs and, furthermore, implemented a loop numbering system 
as has been previously suggested for the extracellular loop 2 (ECL2) 
[30]. A highly conserved cysteine in this loop is the reference (Fig. 1a, 
suppl. Fig. S1), which forms a disulfide bridge to another highly 
conserved cysteine residue located in the N-terminal part of TM3. The 
ECL2 connects TMs 4 and 5, therefore, this cysteine position is termed 
C45.50, which is indicative of the explicit loop and the conserved cysteine 
residue. The numbering of all other amino acids within this loop are 
relative to the cysteine. In the intracellularly located helix 8, which has 
been described as a structural key for mechano-sensitivity of GPCRs 
[31], we identified a valine as being the most conserved residue, and is 
thus termed V8.50 (Fig. 1a, suppl. Fig. S1). 

2.2. A common Stachel numbering 

In contrast to class A GPCRs, where sequences and structures of the N 
termini often lack high conservation even between orthologs, aGPCRs 
have conserved domains or motifs in their Nt’s, such as the GPS and the 
Stachel core (suppl. Fig. S1). Unfortunately, conservation analysis of the 
GAIN domain revealed low conservation over the entire domain, even 
within orthologous sequences. In particular, the N-terminal part of the 
GAIN domain is less conserved, while conservation is higher in the C- 
terminal part containing the Stachel region (see suppl. Material files: Movie 
S1 and Movie S2 (legends are provided in the suppl. Information); se-
quences by FASTA files: Suppl_Alignment_Human_ADGR_orthologs_GAIN 
and Suppl_Alignment_vertebrate_ADGRL1_orthologs_GAIN). Due to this 
lower conservation, a general numbering assignment of GAIN domain 
residues was not feasible, although some studies have taken the first po-
sition after the GPS as a reference [21,32], despite the fact that many 
aGPCRs (one third of aGPCR members) do not have this cleavage motif 

[27,33] (suppl. Tab. S2, suppl. Fig. S1). Because the Stachel sequence, 
which is of high functional importance in many aGPCRs, is still not 
consistently numbered, we re-analyzed the conservation of the Stachel 
sequence in over 4900 vertebrate aGPCR orthologues (suppl. Fig. S2). A 
leucine, six amino acid residues downstream of the usual cleavage site, is 
the most conserved residue found in 94% of all vertebrate aGPCRs 
examined. Therefore, we propose this position as the first reference posi-
tion for the Stachel sequence – numbered as L0.50 (Figs. 1–2). All residues in 
the Stachel or adjacent can be numbered relative to this conserved posi-
tion. The second most conserved position in the Stachel is a phenylalanine 
(F0.47) located in close proximity to the GPS motif. Our proposed 
numbering system is supported by the solved CTF structures (Fig. 2) 
showing that the conserved region between T0.45 and M0.51 (suppl. Fig. S2) 
has an identical helical fold bound within a very defined structural region 
of the 7TMD (Fig. 2c). The high sequence and structural conservation as 
well as its similar localization in the CTF-Stachel structures support the 
definition of the Stachel core (positions 0.45–0.51) as the most 
activation-relevant element. Thus, the physicochemical properties of the 
Stachel core sequence can be condensed to X-X-φ0.47-X-φ-φ0.50-φ (φ in-
dicates a hydrophobic and X a variable residue). We refer to this 
numbering system throughout the review and term the new numbering 
system as “class B GPCR numbering 3.0”. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.phrs.2023.106971. 

3. Structure and binding modes of the intramolecular Stachel 
ligand 

3.1. “In-GAIN” and “in-7TMD” bound Stachel core structures 

As of July 2023, structures of 11 extracellular domains or complete N 
termini of aGPCRs were published (Table 1) with resolutions ranging 
between 1.6 and 3.6 Å. Several of these partial aGPCR structures pro-
vided first important insights into, e.g., the GAIN domain, where the 
Stachel core sequence was resolved as a β-strand and positioned along 
the C-terminal β-sheet of the GAIN domain (Fig. 3a). It should be noted 
that the GAIN domain structures are retrieved from partial N termini, 
which are soluble and not membrane-bound. Moreover, the Stachel 
sequence only contains the Stachel core but not the Stachel linker. In 
contrast, several CTF structures in complex with their cognate G protein 
solved by cryo-electron microscopy (cyro-EM) localize the Stachel core 
sequence as an α-helical intramolecular ligand embedded in the extra-
cellularly oriented part of the 7TMD (Figs. 2c, 3b). This difference be-
tween 7TMD- and GAIN-bound Stachel raises the question of how the 
Stachel is transferred from an inactive in-GAIN bound to an active in- 
7TMD bound state? Currently, the localization of the Stachel in a full- 
length aGPCR is not known for either an inactive or activated confor-
mation, making it difficult to answer this fundamental question of 
aGPCR activation. CTFs of many aGPCRs with their complete Stachel 
sequence are naturally translated proteins that are generated by pro-
moters within introns upstream of the GPS or by alternative splicing 
[26]. Most interestingly, all vertebrate aGPCR genes, except ADGRF 
members, have intron-exon boundaries within or in close proximity to 
the GPS coding sequence, suggesting that aGPCR genes evolved in a 
modular fashion fusing the 7TMD/CTF with different N-terminal do-
mains. Therefore, one should consider CTF structures as physiological 
protein species of aGPCR genes [26]. 

To explain the observed differences in the secondary structure of the 
Stachel core one can consider the different environments provided by the 
GAIN domain and the 7TMD, but also differences in the primary 
sequence found in the Stachel core. Interestingly, the sequence of the 
Stachel core shows a tendency to favor a helical fold when it contains an 
F0.47 and a GPS sequence (Fig. 3d). In contrast, Stachel core sequences 
which do not contain a phenylalanine residue at position 0.47 have a 
preference for a β-strand conformation, regardless of a GPS motif 
(Fig. 3d). This suggests that F0.47 may have a key role in forming a 
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helical secondary structure of the Stachel core in an active 7TMD-bound 
state and, thereby, to stabilize an active conformation. One could 
speculate that the energetically unfavorable β-strand conformation in 
the inactive “in-GAIN” state supports the Stachel release from the GAIN 
domain following an extracellular signal (e.g., mechanical traction, 
ligand binding). However, this raises the question as to how the Stachel 
core of GPR124/ADGRA2, GPR125/ADGRA3, EMR1/ADGRE1, and 
VLGR1/ADGRV1, all lacking a phenylalanine residue at position 0.47, 
are released and fold into the 7TMD in an active state. 

The position of the Stachel core in the determined CTF structures 
shows strong overlap with the common ligand binding region in class A 
GPCRs [34–36]. The evolutionary success of class A GPCRs, reflected in 
their enormous gene expansion, diversification and adaptation to a huge 
variety of different ligands (such as light, hormones, ions, peptides, 
proteins, metabolites, amino acids [37]), is thought to be linked to a 
binding site for external stimuli inside the relatively stable scaffold of 
the 7TMD. This feature enables signal initiation by diverse chemical 
ligand moieties in new receptor variants at activation-related trigger 
points [38]. In contrast, sensing of the different external stimuli by 
aGPCRs occurs, according to current knowledge, at the large N-terminal 
part, accompanied by a multistep activation mechanism following a 
common intramolecular pathway: “Extracellular stimulus → Stachel 

exposition/release → 7TMD rearrangement → G-protein activation”. 
Herein, the Stachel core sequence is a rather conserved intramolecular 
and orthosteric agonist that integrates the various extracellular signals 
into a conformational 7TMD rearrangement, as proposed for other 
GPCRs with long N termini such as glycoprotein hormone receptors [39, 
40]. 

3.2. The GPS cleavage motif 

With regard to the potential activation mechanisms, one must 
consider the fact that the GPS cleavage motif is missing or is not 
conserved in about 36% of the aGPCR members, as evident from 
sequence analyses of over 4900 aGPCR orthologs (suppl. Tab. S2). In 
fact, the number of non-cleaved aGPCRs is probably higher, as it has 
been shown that some aGPCRs with an intact GPS do not undergo 
cleavage (e.g., GPR114/ADGRG5, BAI2/ADGRB2) [27,41]. However, 
there are conflicting results for mouse and human GPR114/ADGRG5 
[27,42]. Support for a missing autocleavage comes from evolutionary 
data. For instance, many BAI2/ADGRB2 orthologs, unlike their human 
variant, lack an HXS/T motif and have different amino acid residues (K, 
R, Q, Y) instead of histidine, suggesting that these receptors generally do 
not need to be cleaved for receptor activation. However, 

Fig. 2. Superimposed CTF/G-protein complex structures in an active state conformation. (a) The superimposed structures of 8 different aGPCR CTF/G protein 
complexes in an active state conformation show high overlap in the membrane spanning region, with some exceptions, e.g., the extended TM7 of GPR114/ADGRG5 
and the straight TM6 of GPR97/ADGRG3. (b) The Stachel sequences contain several conserved residues (bold enlarged letters) (see also suppl. Figs. S1, S2). Only the 
GPR64 structure has a motif (“HL”) prior to T0.45. The phenylalanine residue proximal to the GPS is numbered as F0.47 according to the new aGPCR numbering system 
(see main text). The Stachel linker between the Stachel core and TM1 is not conserved among aGPCRs, neither in length nor in its amino acid composition. (c) The 
most conserved Stachel core residues (as sticks) are superimposed highlighting their conserved binding mode between the transmembrane helices and ECLs. W6.55 in 
TM6 of the 7TMD has main interactions with F0.47, L0.50 and M0.51. In contrast to the Stachel core, the Stachel linker is not conserved in sequence and structure. 
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GPR114/ADGRG5 requires the Stachel for activation [27], suggesting a 
Stachel-mediated activation mechanism that is independent from 
cleavage, at least in the mouse orthologue. In this case, the Stachel may 
be pre-bound in the 7TMD of a full-length structure, or alternatively, the 
Stachel can be exposed from the in-GAIN domain bound state without 
cleavage. Furthermore, cleavage-deficient GPR133 or dCirl H− 2A 

mutants still exhibit Stachel-dependent mechano-activation [10,43]. 
Interestingly, GPR133H− 2R mutants eliminate this activation type [44], 
which indicates that mutational approaches to dissect the role of 
cleavage on Stachel-mediated activation can be confounded by unknown 
effects induced by the specific amino acids used as substitutes. More-
over, it should be considered that the GPS is directly flanked by two 

Fig. 3. The Stachel core sequence in different conformations and binding modes. (a) In the GAIN domain of GPR56/ADGRG1 the Stachel core sequence is a β-strand 
forming part of a β-sheet. The localization of the cleavage site is highlighted (green circle). (b) In contrast, in the active state structure of the ADGRG1/G protein 
complex, the Stachel core sequence forms an α-helical conformation and is positioned between the transmembrane helices and extracellular loops. (c) The alignment 
of Stachel sequences from 20 different human aGPCRs representing seven out of nine groups, reveals that neither the GPS nor the Stachel core sequence (red box) are 
fully conserved among aGPCRs. (d) Prediction of the Stachel sequence capacities to form specific secondary structures (Software: https://www.compbio.dundee.ac. 
uk/jpred [93]). Examples investigated are from aGPCRs either with or without a GPS sequence (blue transparent box in (2d), but also aGPCRs with variations in the 
Stachel sequence, specifically at the conserved position 0.47 (phenylalanine, the numbering scheme is explained in the text). H – α-helix tendency, E – 
β-strand tendency. 
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conserved disulfide bridges of the GAIN domain (suppl. Figs. S1, S3). 
Thus, for aGPCRs lacking cleavage capacity in the GPS and assuming a 
similar fold of the GAIN domain with the Stachel core, it would be 
intriguing to explain an “out-of GAIN domain” exposition of the Stachel 
toward the 7TMD during activation. The GAIN domain-stabilizing di-
sulfide bridges would probably not provide the required structural 
flexibility to allow for a transition into the 7TMD and, thereby, func-
tional interaction of Stachel core residues in the orthosteric 7TMD 
binding pocket. Consequently, aGPCRs with a non-cleavable GPS would 
require either larger GAIN domain rearrangements (yellow marked in 
suppl. Fig. S3), or the entire GAIN domain fold is arranged differently in 
those aGPCRs allowing for Stachel exposition into the 7TMD. Therefore, 
a common mechanism for Stachel-mediated activation of all aGPCRs 
cannot be proposed yet. Moreover, there are several aGPCRs where 
experiments failed to show a functional Stachel or the lack or low 
sequence homology makes the existence of a functional Stachel highly 
unlikely (e.g., GPR123/ADGRA1, CELSR1/ADGRC1, CELSR3/ADGRC3, 
GPR111/ADGRF2, GPR115/ADGRF4,) [45,46]. 

3.3. The Stachel-7TMD binding sites 

3.3.1. Insights from determined structures 
There are currently 26 published cryo-EM structures of the CTF of 8 

different aGPCRs in an active state conformation with a G protein bound 
(resolutions ranging between 2.7 and 3.4 Å) (Table 1). These receptors 
are mostly arranged as complexes of the 7TMD plus the Stachel as 
intramolecular agonist or with a peptide derived from the Stachel 
sequence. However, as yet no full-length aGPCR structure has been 
determined because the extracellular parts of full-length receptors 
appear to be highly flexible and stabilizing binding partners and anti-
bodies are currently missing [47–50]. The CTF structures in the active 
state include representatives of four of the nine aGPCR groups (Table 1), 
displaying a high degree of structural similarity in the membrane region 
across these groups (Fig. 2a). Although GPR97/ADGRG3 shows very 
specific features in the TM5 and TM6 (discussed below), the activated 
7TMD structures (backbone) are similar between the different aGPCRs. 

Given the high amino acid conservation of the Stachel core sequences 
even between different aGPCR groups (suppl. Fig. S2), cross-activation 
of different aGPCRs with various Stachel-derived peptides can be ex-
pected from the cryo-EM structures and has already been experimentally 
observed [45]. However, the orthosteric Stachel core/7TMD binding site 
(direct interactions) and the extended shell (surrounding amino acid 
residues at a distance for potential contacts) are composed of a variable 
number of amino acid residues (suppl. Fig. S4, suppl. Tab. S3). By 
analyzing and comparing 4 determined Stachel core/7TMD structures 
(suppl. Tab. S3), we note that ~25 partially corresponding 7TMD po-
sitions participate in the Stachel core binding, although only four 
conserved 7TMD positions in TM1 (1.39), TM2 (2.62), ECL2 (45.51), 
and TM6 (6.55) mediate common interactions with three highly 
conserved hydrophobic-aromatic positions in the Stachel core sequences 
(F0.47, L0.50, M0.51) (suppl. Fig. S4). L0.50 in the Stachel sequence has two 
proposed interactions with conserved residues in the 7TMD, namely 
L/I/F2.62 and W45.51, making this leucine a key player in the interaction 
between Stachel and the 7TMD. Mutagenesis studies of different aGPCRs 
have shown that the most conserved F0.47 and L0.50 in the Stachel core 
are obligatory for signaling capacity [20,32,43,51] fitting well to the 
Stachel-CTF contacts observed in an active state conformation (Fig. 2c). 
Other conserved Stachel core residues interact with W6.55 of TM6 
(Fig. 2), which can be considered a common anchor between the Stachel 
core ligand and the 7TMD for stabilizing an active state conformation. 
Moreover, less-conserved amino acid residues within the Stachel 
sequence (e.g., positions 0.46 and 0.48) also participate in Stachel cor-
e/7TMD interactions (suppl. Tab. S3). They contribute to some flexi-
bility in the 7TMD/Stachel core binding pocket, which may cause 
differences in receptor specificity and signaling regulation for particular 
aGPCRs. This has also been observed in other GPCRs, as for example the 

interplay between opsin and the ligand retinal [52,53]. In opsins the 
general binding mode of this ligand is highly conserved and the signal 
transduction of the activated agonist (11-cis to all-trans isomerization of 
the retinal) depends on which wavelength of light is absorbed in the 
retinal [54,55]. The wavelength specificities of opsins are determined by 
differences in the amino acid residues forming direct contact to the 
retinal or constituting the binding site shell of the ligand [56]. In 
aGPCRs the binding mode of the Stachel is also conserved, but differ-
ences in the Stachel-7TMD interactions (suppl. Tab. S3) may enable or 
hinder e.g., ligand promiscuity of Stachel sequences derived from 
different aGPCRs [45], regulate basal signaling activity, or determine 
receptor/G protein-subtype preferences. 

3.3.2. The Stachel linker 
In contrast to the Stachel core, the Stachel linker length (between 12 

and 19 amino acids) or sequence composition is not conserved among 
aGPCRs. In the active state CTF structures the Stachel linker is located in 
spatial proximity to non-conserved and more flexibly adapted regions of 
the TM6 and ECL3 (Fig. 4). At least two functions can be assumed for the 
Stachel linker: (i) it ensures the 1:1 ligand-7TMD stoichiometry within a 
defined space and mobility, and (ii) its non-conserved properties are 
required to participate in the individual transition from the in-GAIN 
bound to the in-7TMD bound state of the Stachel ligand. It has already 
been proposed that the specificity of Stachel binding for ADGRF4/ 
GPR115 and ADGRF5/GPR116 is associated with amino acid residues in 
the linker [45]. However, Stachel-peptide binding and activity studies 
have shown that Stachel core action at the 7TMD is not dependent on 
entire linker sequences [21,57,58]. 

3.3.3. Conservation of Stachel binding sites among the 7TMD of aGPCRs 
To address the question whether the Stachel core binding site is 

conserved among the majority of aGPCRs or not, we examined simi-
larities and variations in the putative binding sites of 20 different human 
aGPCRs by comparing the residues identified as Stachel binding sites in 
four solved aGPCR CTF structures (suppl. Tab. S3) with corresponding 
residues of other human aGPCRs. Using the amino acids of the Stachel 
binding sites from GPR64/ADGRG2, GPR114/ADGRG5, LPNH3/ 
ADGRL3, and GPR133/ADGRD1 (suppl. Fig. S4) as templates and 
exploring corresponding residues in other human aGPCRs by a phylo-
genetic analysis, it becomes clear that, except of a few conserved amino 
acid residues (suppl. Tabl. S3), the assumed Stachel binding sites in the 
7TMDs show an overall low conservation of the participating amino acid 
residues between the different aGPCR groups. 

However, there is a high degree of similarity in the binding sites of 
groups E and L (suppl. Figs. S5, S6). Based on their close phylogenetic 
relationship it was previously suggested that these groups should be 
merged into one group [5]. Moreover, in contrast to the phylogenetic 
analyses of the entire CTF, the groups B and D cluster close together, 
when comparing their putative binding sites (suppl. Figs. S5, S6). This 
result may point towards an overlapping binding mode of Stachel core 
sequences of these aGPCR groups. The differences in the positioning of 
groups B and D in the phylogenetic trees (binding pockets versus com-
plete CTFs) might be explained by low power of the sequence number 
and length used in the analyses or that the function of the CTF developed 
divergently between group B and D, but keeping the binding mode of the 
Stachel conserved. Future analyses involving additional CTF structures 
and orthologous sequences may shed more light on possible divergent 
evolution of intramolecular components in aGPCRs. 

3.4. Exceptional structural properties of GPR97/ADGRG3 indicates 
certain flexibility in the 7TMD 

The GPR97/ADGRG3 is the only determined active state CTF struc-
ture without the Stachel as a bound internal agonist (PDB ID’s 7d76, 
7d77 [50]), even though this receptor has a GPS motif and a typical 
Stachel core sequence with the highly conserved residues (Fig. 3c). 

G. Kleinau et al.                                                                                                                                                                                                                                 



Pharmacological Research 197 (2023) 106971

8

Glucocorticoids were applied in the sample preparation for structure 
determination, likely displacing Stachel core binding close to the 
conserved activation trigger position W6.55 (in almost 100% of all 
vertebrate aGPCR) and the highly conserved G6.52 in TM6. A strong 
helix-kink-supported movement of TM6 during receptor activation is 
well-known as a crucial step in the activation mechanism of class A and 
class B GPCRs. This movement opens a crevice at the intracellular site 
mandatory for full binding of the G protein or arrestin [59,60]. TM6 of 
the GPR97/ADGRG3 structures has a unique feature compared to other 
CTF structures (Fig. 5a). Here, TM6 is not kinked, although a 
kink-supporting glycine in TM6 is also present (suppl. Figs. S1, S5). At 
position G6.52 in TM6, directly adjacent to the conserved W6.55, three 
amino acid residues of aGPCRs interact with each other by hydrogen 
bonds, as observed in class A GPCRs (called “PIF-motif” [61] or in var-
iants a “MIF-motif”[62]). N5.50, which is highly conserved among class B 
GPCRs, is the key amino acid residue mediating essential contacts be-
tween TM3-TM5 and TM6. This asparagine stabilizes the active state 
conformations via hydrogen bonds with positions in TM3 and TM6 (e.g., 
W6.55 and G6.52), but in GPR97/ADGRG3 a glycine is found instead at 
this corresponding TM5-position. In consequence, the TM6-kink stabi-
lizing “triple-interaction” between TM3–5–6 is absent in 
GPR97/ADGRG3, which likely leads to unique structural properties 
(non-kinked TM6) and ligand binding capacities. 

4. Intramolecular ligands - specific or common in GPCRs? 

Intramolecular agonists for aGPCRs are generally accepted as 
structural components acting as signaling activators [20]. The question 
arises whether such structural and functional features are unique to this 
class or whether they are also present in other GPCRs? 

Increasing data on the relevance of the N termini during activation of 
e.g. several class A GPCRs is already well known (reviews [39,63,64]). 
Agonistic intramolecular ligands have been demonstrated or hypothe-
sized for e.g., protease-activated receptors (PARs) [65], the melano-
cortin receptor type 4 (MC4R) [66], and GPR83 [67]. Other GPCRs in 
which the N terminus has a regulatory function for signal transmission 
are the sphingosine-1-phosphate receptor 2 (S1P2R) [68], the yeast 
Ste2p [69] and the α1D-adrenergic receptor (ADRA1D) [70]. During the 
activation process intramolecular agonists change their conformation 
and interactions to distinct receptor components, and subsequently the 
conformational equilibrium of the receptor into an active state. 

For a few GPCRs, intramolecular antagonists or inverse agonists 
silencing the receptor in a resting state are reported. Here, an external 
stimulus (ligand binding) converts an intramolecular antagonist into an 
agonist or removes antagonistic self-restrictions (e.g., relaxin receptor 
LGR7 [71,72]). In glycoprotein hormone receptors (GPHRs) [40, 
73–77], an intramolecular inverse agonist (constituted by various 
extracellular fragments) can be converted into an intramolecular agonist 

Fig. 4. Interactions between the non-conserved Stachel linker region and the 7TMD. (a) Superimposed aGPCR CTF structures with a specific focus on the Stachel 
linker and the 7TMD which, in contrast to the conserved Stachel core binding mode is rather non-conserved. (b) Alignment of human aGPCR sequences of the Stachel 
linker and the interacting TM6-ECL3 transition. The interaction analyses of the Stachel linker region with the TM6-ECL3 does not support conserved interactions 
(suppl. Tab. S3). Several other non-conserved receptor parts can be involved in Stachel contacts depending on the individual aGPCR, e.g., the GPR114/ADGRG5 with 
an exceptionally long ECL2 and contacts between the linker and this loop (PDB ID 7eq1, [43]). 
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by mutations, antibody or glycoprotein hormone binding [73,75,78,79]. 
Of note, rhodopsin, a so-called "prototypical" class A GPCR, is fully 
functional only with the "tethered" (light-sensitive) small molecule 
ligand retinal covalently bound via a Schiff base [22], but this “tethered 
inverse agonism” is not comparable to intramolecular ligands that are 
part of the receptor itself. 

In GPCRs with intramolecular ligands the definition of allosteric and 
orthosteric binding sites, or causal signaling triggers (primary, second-
ary) is more complex than for receptors without. If the intramolecular 
ligand has an effect on the respective receptor and is also involved in 
stimulation by external ligands, the intramolecular ligand should be 
considered as the primary ligand that occupies the orthosteric binding 
site. All other stimuli requiring the primary ligand should be seen as co- 
ligands or as positive or negative allosteric modulators (PAMs, NAMs). 

Finally, intramolecular ligands enable specific functional features as 
a fast-signaling process, regulation of basal activity, or the convergent 
integration of chemical (e.g., soluble ligands) and physical (e.g., me-
chanical forces) signals. The fact that many GPCRs function via an 
intramolecular ligand highlights this mechanism as evolutionarily suc-
cessful, and might be found to be of relevance also in so far orphan 

receptors, as it was shown previously for GPR61 with intramolecular 
agonistic activity (constitutive activity) of the ECL2 [80]. 

5. Concluding remarks and future perspectives 

The new aGPCR structures determined in the past years provide deep 
molecular insights into different receptor parts, including complexes 
with external factors. One of the most exciting findings of recent years is 
the conserved binding mode and structural conformation of the Stachel 
core bound in the activated 7TMD, underscoring previous functional 
findings of an agonistic effect by Stachel peptides. The binding sites of 
the Stachel core sequences in each aGPCR group encrypt specificity, but 
some key interactions between the Stachel core and the 7TMD are 
conserved among all receptors, which are likely responsible for 
anchoring the α-helical Stachel core and stabilizing the 7TMD in an 
active state. However, no full-length aGPCR structure has yet been 
determined. This also explains why various questions about the struc-
tural basis of intramolecular signal transduction within aGPCRs are still 
open. Interrelated to this, the relevance and mechanism of extracellular 
cleavage for receptor activation has not been comprehensively 

Fig. 5. Comparison between TM6 of LPNH3/ADGRL3 with the specific conformation of the non-prototypical TM6 in GPR97/ADGRG3. (a) The superimposed active 
state TM6 conformations of LPNH3/ADGRL3 and GPR97/ADGRG3 are different, being either kinked (LPNH3), as known from all other determined aGPCR CTF 
structures, or straight (GPR97). (b) In contrast to class A GPCRs with a proline-supported kink in TM6, aGPCRs have a glycine at their kinked helix (suppl. Fig. S1), 
which leads to a weakened regular helix by a missing side chain hydrogen bond interaction [94]. (c) The TM5 of GPR97 is characterized by a glycine at position 5.50, 
which cannot stabilize the arrangement between TM3, TM5 and TM6 in an active state structure by hydrogen bonds. 
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elucidated. In this context, the transition of the Stachel core from the 
observed in-GAIN domain- to the in-7TMD-bound state is still contro-
versial and requires intensified structural investigation. 
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Schöneberg: Conceptualization, Visualization, Investigation, Supervi-
sion, Formal analysis Resources, Funding acquisition, Writing – original 
draft, Writing – review & editing, Project administration. Patrick 
Scheerer: Conceptualization, Visualization, Investigation, Supervision, 
Formal analysis, Resources, Funding acquisition, Writing – original 
draft, Writing – review & editing, Project administration. 

Declaration of Competing Interest 

None. 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.phrs.2023.106971. 

References 

[1] S.P.H. Alexander, A. Christopoulos, A.P. Davenport, E. Kelly, A. Mathie, J.A. Peters, 
E.L. Veale, J.F. Armstrong, E. Faccenda, S.D. Harding, A.J. Pawson, J.L. Sharman, 
C. Southan, J.A. Davies, C. Collaborators, The concise guide to pharmacology 
2019/20: G protein-coupled receptors, Br. J. Pharmacol. 176 (Suppl 1) (2019) 
S21–S141. 

[2] N. Scholz, T. Langenhan, T. Schoneberg, Revisiting the classification of adhesion 
GPCRs, Ann. N. Y. Acad. Sci. 1456 (1) (2019) 80–95. 

[3] K.J. Nordstrom, M.C. Lagerstrom, L.M. Waller, R. Fredriksson, H.B. Schioth, The 
Secretin GPCRs descended from the family of Adhesion GPCRs, Mol. Biol. Evol. 26 
(1) (2009) 71–84. 

[4] M. Dohrmann, G. Worheide, Dating early animal evolution using phylogenomic 
data, Sci. Rep. 7 (1) (2017), 3599. 

[5] A. Wittlake, S. Promel, T. Schoneberg, The evolutionary history of vertebrate 
adhesion GPCRs and its implication on their classification, Int J. Mol. Sci. 22 (21) 
(2021). 

[6] A. Krishnan, R. Dnyansagar, M.S. Almen, M.J. Williams, R. Fredriksson, N. Manoj, 
H.B. Schioth, The GPCR repertoire in the demosponge Amphimedon 
queenslandica: insights into the GPCR system at the early divergence of animals, 
BMC Evol. Biol. 14 (2014), 270. 

[7] J. Hamann, G. Aust, D. Arac, F.B. Engel, C. Formstone, R. Fredriksson, R.A. Hall, B. 
L. Harty, C. Kirchhoff, B. Knapp, A. Krishnan, I. Liebscher, H.H. Lin, D.C. Martinelli, 
K.R. Monk, M.C. Peeters, X. Piao, S. Promel, T. Schoneberg, T.W. Schwartz, 
K. Singer, M. Stacey, Y.A. Ushkaryov, M. Vallon, U. Wolfrum, M.W. Wright, L. Xu, 
T. Langenhan, H.B. Schioth, International Union of Basic and Clinical 

Pharmacology. XCIV. Adhesion G protein-coupled receptors, Pharmacol. Rev. 67 
(2) (2015) 338–367. 

[8] T.K. Bjarnadottir, R. Fredriksson, P.J. Hoglund, D.E. Gloriam, M.C. Lagerstrom, H. 
B. Schioth, The human and mouse repertoire of the adhesion family of G-protein- 
coupled receptors, Genomics 84 (1) (2004) 23–33. 

[9] S.C. Petersen, R. Luo, I. Liebscher, S. Giera, S.J. Jeong, A. Mogha, M. Ghidinelli, M. 
L. Feltri, T. Schoneberg, X. Piao, K.R. Monk, The adhesion GPCR GPR126 has 
distinct, domain-dependent functions in Schwann cell development mediated by 
interaction with laminin-211, Neuron 85 (4) (2015) 755–769. 

[10] N. Scholz, C. Guan, M. Nieberler, A. Grotemeyer, I. Maiellaro, S. Gao, S. Beck, 
M. Pawlak, M. Sauer, E. Asan, S. Rothemund, J. Winkler, S. Promel, G. Nagel, 
T. Langenhan, R.J. Kittel, Mechano-dependent signaling by Latrophilin/CIRL 
quenches cAMP in proprioceptive neurons, Elife 6 (2017). 

[11] H.A. Dunn, C. Orlandi, K.A. Martemyanov, Beyond the ligand: extracellular and 
transcellular G protein-coupled receptor complexes in physiology and 
pharmacology, Pharm. Rev. 71 (4) (2019) 503–519. 

[12] H.H. Lin, K.F. Ng, T.C. Chen, W.Y. Tseng, Ligands and beyond: mechanosensitive 
adhesion GPCRs, Pharmaceuticals 15 (2) (2022). 

[13] C. Wilde, J. Mitgau, T. Suchy, T. Schoneberg, I. Liebscher, Translating the force- 
mechano-sensing GPCRs, Am. J. Physiol. Cell Physiol. 322 (6) (2022) 
C1047–C1060. 

[14] T. Fukuzawa, J. Ishida, A. Kato, T. Ichinose, D.M. Ariestanti, T. Takahashi, K. Ito, 
J. Abe, T. Suzuki, S. Wakana, A. Fukamizu, N. Nakamura, S. Hirose, Lung 
surfactant levels are regulated by Ig-Hepta/GPR116 by monitoring surfactant 
protein D, PLoS One 8 (7) (2013), e69451. 

[15] T. Lala, R.A. Hall, Adhesion G protein-coupled receptors: structure, signaling, 
physiology, and pathophysiology, Physiol. Rev. 102 (4) (2022) 1587–1624. 

[16] T. Schoneberg, I. Liebscher, Mutations in G protein-coupled receptors: 
mechanisms, pathophysiology and potential therapeutic approaches, Pharm. Rev. 
73 (1) (2021) 89–119. 

[17] D. Arac, A.A. Boucard, M.F. Bolliger, J. Nguyen, S.M. Soltis, T.C. Sudhof, A. 
T. Brunger, A novel evolutionarily conserved domain of cell-adhesion GPCRs 
mediates autoproteolysis, EMBO J. 31 (6) (2012) 1364–1378. 

[18] H.H. Lin, G.W. Chang, J.Q. Davies, M. Stacey, J. Harris, S. Gordon, Autocatalytic 
cleavage of the EMR2 receptor occurs at a conserved G protein-coupled receptor 
proteolytic site motif, J. Biol. Chem. 279 (30) (2004) 31823–31832. 

[19] G.W. Chang, M. Stacey, M.J. Kwakkenbos, J. Hamann, S. Gordon, H.H. Lin, 
Proteolytic cleavage of the EMR2 receptor requires both the extracellular stalk and 
the GPS motif, FEBS Lett. 547 (1–3) (2003) 145–150. 

[20] I. Liebscher, J. Schon, S.C. Petersen, L. Fischer, N. Auerbach, L.M. Demberg, 
A. Mogha, M. Coster, K.U. Simon, S. Rothemund, K.R. Monk, T. Schoneberg, 
A tethered agonist within the ectodomain activates the adhesion G protein-coupled 
receptors GPR126 and GPR133, Cell Rep. 9 (6) (2014) 2018–2026. 

[21] H.M. Stoveken, A.G. Hajduczok, L. Xu, G.G. Tall, Adhesion G protein-coupled 
receptors are activated by exposure of a cryptic tethered agonist, Proc. Natl. Acad. 
Sci. USA 112 (19) (2015) 6194–6199. 

[22] K.P. Hofmann, P. Scheerer, P.W. Hildebrand, H.W. Choe, J.H. Park, M. Heck, O. 
P. Ernst, A G protein-coupled receptor at work: the rhodopsin model, Trends 
Biochem. Sci. 34 (11) (2009) 540–552. 

[23] C. Gupta, T.F. Bernadyn, G.G. Tall, Structural clarity is brought to adhesion G 
protein-coupled receptor tethered agonism, Basic Clin. Pharmacol. Toxicol. (2022). 

[24] I. Liebscher, T. Schoneberg, D. Thor, Stachel-mediated activation of adhesion G 
protein-coupled receptors: insights from cryo-EM studies, Signal Transduct. Target 
Ther. 7 (1) (2022), 227. 

[25] J.M. Einspahr, D.G. Tilley, Pathophysiological impact of the adhesion G protein- 
coupled receptor family, Am. J. Physiol. Cell Physiol. 323 (2) (2022) C640–C647. 

[26] A.B. Knierim, J. Rothe, M.V. Cakir, V. Lede, C. Wilde, I. Liebscher, D. Thor, 
T. Schoneberg, Genetic basis of functional variability in adhesion G protein- 
coupled receptors, Sci. Rep. 9 (1) (2019), 11036. 

[27] C. Wilde, L. Fischer, V. Lede, J. Kirchberger, S. Rothemund, T. Schoneberg, 
I. Liebscher, The constitutive activity of the adhesion GPCR GPR114/ADGRG5 is 
mediated by its tethered agonist, FASEB J. 30 (2) (2016) 666–673. 

[28] J.A. Ballesteros, H. Weinstein, Integrated methods for the construction of three- 
dimensional models and computational probing of structure-function relations in G 
protein-coupled receptors, Methods Neurosci. 25 (1995) 366–428. 

[29] D. Wootten, J. Simms, L.J. Miller, A. Christopoulos, P.M. Sexton, Polar 
transmembrane interactions drive formation of ligand-specific and signal pathway- 
biased family B G protein-coupled receptor conformations, Proc. Natl. Acad. Sci. 
USA 110 (13) (2013) 5211–5216. 

[30] C. de Graaf, N. Foata, O. Engkvist, D. Rognan, Molecular modeling of the second 
extracellular loop of G-protein coupled receptors and its implication on structure- 
based virtual screening, Proteins 71 (2) (2008) 599–620. 

[31] S. Erdogmus, U. Storch, L. Danner, J. Becker, M. Winter, N. Ziegler, A. Wirth, 
S. Offermanns, C. Hoffmann, T. Gudermann, Y.S.M. Mederos, Helix 8 is the 
essential structural motif of mechanosensitive GPCRs, Nat. Commun. 10 (1) 
(2019), 5784. 

[32] Y. Sun, D. Zhang, M.L. Ma, H. Lin, Y. Song, J. Wang, C. Ma, K. Yu, W. An, S. Guo, 
D. He, Z. Yang, P. Xiao, G. Hou, X. Yu, J.P. Sun, Optimization of a peptide ligand 
for the adhesion GPCR ADGRG2 provides a potent tool to explore receptor biology, 
J. Biol. Chem. 296 (2021), 100174. 

[33] S. Promel, H. Waller-Evans, J. Dixon, D. Zahn, W.H. Colledge, J. Doran, M. 
B. Carlton, J. Grosse, T. Schoneberg, A.P. Russ, T. Langenhan, Characterization and 
functional study of a cluster of four highly conserved orphan adhesion-GPCR in 
mouse, Dev. Dyn. 241 (10) (2012) 1591–1602. 

G. Kleinau et al.                                                                                                                                                                                                                                 

https://doi.org/10.1016/j.phrs.2023.106971
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref1
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref1
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref1
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref1
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref1
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref2
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref2
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref3
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref3
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref3
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref4
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref4
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref5
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref5
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref5
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref6
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref6
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref6
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref6
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref7
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref7
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref7
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref7
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref7
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref7
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref7
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref8
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref8
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref8
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref9
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref9
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref9
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref9
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref10
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref10
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref10
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref10
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref11
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref11
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref11
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref12
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref12
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref13
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref13
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref13
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref14
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref14
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref14
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref14
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref15
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref15
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref16
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref16
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref16
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref17
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref17
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref17
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref18
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref18
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref18
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref19
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref19
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref19
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref20
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref20
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref20
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref20
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref21
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref21
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref21
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref22
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref22
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref22
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref23
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref23
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref24
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref24
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref24
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref25
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref25
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref26
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref26
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref26
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref27
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref27
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref27
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref28
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref28
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref28
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref29
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref29
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref29
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref29
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref30
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref30
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref30
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref31
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref31
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref31
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref31
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref32
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref32
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref32
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref32
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref33
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref33
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref33
http://refhub.elsevier.com/S1043-6618(23)00327-4/sbref33


Pharmacological Research 197 (2023) 106971

11

[34] D.E. Gloriam, S.M. Foord, F.E. Blaney, S.L. Garland, Definition of the G protein- 
coupled receptor transmembrane bundle binding pocket and calculation of 
receptor similarities for drug design, J. Med. Chem. 52 (14) (2009) 4429–4442. 

[35] J.D. Wichard, A. Ter Laak, G. Krause, N. Heinrich, R. Kuhne, G. Kleinau, 
Chemogenomic analysis of G-protein coupled receptors and their ligands deciphers 
locks and keys governing diverse aspects of signalling, PLoS One 6 (2) (2011), 
e16811. 

[36] R.P. Bywater, Location and nature of the residues important for ligand recognition 
in G-protein coupled receptors, J. Mol. Recognit. 18 (1) (2005) 60–72. 

[37] L.E. Limbird, The receptor concept: a continuing evolution, Mol. Interv. 4 (6) 
(2004) 326–336. 

[38] M.C. Lagerstrom, H.B. Schioth, Structural diversity of G protein-coupled receptors 
and significance for drug discovery, Nat. Rev. Drug Discov. 7 (4) (2008) 339–357. 

[39] T. Schoneberg, G. Kleinau, A. Bruser, What are they waiting for?-Tethered agonism 
in G protein-coupled receptors. Pharmacol. Res. 108 (2016) 9–15. 

[40] A. Bruser, A. Schulz, S. Rothemund, A. Ricken, D. Calebiro, G. Kleinau, 
T. Schoneberg, The activation mechanism of glycoprotein hormone receptors with 
implications in the cause and therapy of endocrine diseases, J. Biol. Chem. 291 (2) 
(2016) 508–520. 

[41] F. Pohl, F. Seufert, Y.K. Chung, D. Volke, R. Hoffmann, T. Schöneberg, T. 
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