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1 | INTRODUCTION

Glucagon-like peptide-1 (GLP-1) receptors belong to the pharmaceutically important
Class B family of GPCRs and are involved in many biologically significant signalling
pathways. Its incretin peptide ligand GLP-1 analogues are effective treatments for
Type 2 diabetes. Although developing non-peptide low MW drugs targeting GLP-1
receptors remains elusive, considerable progress has been made in discovering non-
peptide agonists and positive allosteric modulators (PAMs) of GLP-1 receptors with
demonstrated efficacy. Many of these compounds induce biased signalling in GLP-1
receptor-mediated functional pathways. High-quality structures of GLP-1 receptors
in both inactive and active states have been reported, revealing detailed molecular
interactions between GLP-1 receptors and non-peptide agonists or PAMs. These
progresses raise the exciting possibility of developing non-peptide drugs of GLP-1
receptors as alternative treatments for Type 2 diabetes. The insight into the interac-
tions between the receptor and the non-peptide ligand is also useful for developing
non-peptide ligands targeting other Class B GPCRs.

LINKED ARTICLES: This article is part of a themed issue on GLP1 receptor ligands
(BJP 75th Anniversary). To view the other articles in this section visit http://
onlinelibrary.wiley.com/doi/10.1111/bph.v179.4/issuetoc
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neuroprotection. GLP-1 receptors are activated by the binding of a GLP-1

peptide hormone that can trigger Gas or other G-protein-mediated path-

The glucagon-like peptide-1 (GLP) receptor is a member of the Class B
GPCR superfamily and is found in both beta-cells in the pancreas and neu-
rons in the CNS. GLP-1 receptors are involved in a broad range of physio-
logical processes, including promoting insulin biosynthesis and secretion
from pancreatic beta-cells in a glucose-dependent manner, inhibiting

glucagon release and gastric emptying, and cardioprotection and

ways or p-arrestin-mediated pathways (De Graaf et al., 2016). The activa-
tion of the G-protein-dependent pathways subsequently results in cAMP
accumulation, Ca®* mobilization and the phosphorylation of ERK1/2
(pERK1/2), and in the case of the p-arrestin-mediated pathways, also
pERK1/2. Given its central role in insulin secretion, GLP-1 receptors are

an effective target for the treatment of Type 2 diabetes mellitus.

Abbreviations: ECD, extracellular N-terminal domain; ECL, extracellular loop; GLP-1, glucagon-like peptide-1; MCAQ, middle cerebral artery occlusion; NAM, negative allosteric modulator; OEA,

oleoylethanolamide; PAM, positive allosteric modulator; SEA, stearoylethanolamide; TMD, transmembrane domain.

Br J Pharmacol. 2022;179:511-525.

wileyonlinelibrary.com/journal/bph

© 2021 The British Pharmacological Society 511


mailto:z.li@usciences.edu
http://onlinelibrary.wiley.com/doi/10.1111/bph.v179.4/issuetoc
http://onlinelibrary.wiley.com/doi/10.1111/bph.v179.4/issuetoc
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5194
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=249
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=1136
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2352
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=514
https://doi.org/10.1111/bph.15446
http://wileyonlinelibrary.com/journal/bph

MALIK AnD LI

BRITISH
512 PHARMACOLOGICAL
SOCIETY

Like other Class B GPCRs, GLP-1 receptors contain an extracellu-
lar N-terminal domain (ECD) of more than 100 amino acid residues
(Watkins et al., 2012), and a transmembrane domain (TMD) composed
of seven helices connected by extracellular and intracellular loops.
GLP-1 peptides bind at both the ECD and the extracellular half of the
TMD (Y. Zhang et al., 2017). Upon GLP-1 binding, the ECD adopts an
open conformation containing an extended peptide-binding groove
where multiple interactions with the C-terminus of the GLP-1 form.
The binding of the GLP-1 to the ECD brings the N-terminus of the
GLP-1 peptide near the TMD, and their interactions cause the confor-
mational change in the helical bundle, which enables interactions of
the intracellular half of the TMD with the G-protein.

1.1 | GLP-1 receptor agonists and peptide drugs
GLP-1 receptors are activated by five endogenous incretin peptide hor-
mones that include GLP-1(1-37), GLP-1(7-37), GLP-1(1-36)NH,, GLP-
1(7-36)NH, and GLP-1(9-36)NH,, and a low-affinity, structurally analo-
gous peptide, oxyntomodulin. Among them, GLP-1(7-37) and GLP-1(7-
36)NH, are two primary forms. After its secretion from L cells, GLP-1
(7-36)NHs5, is rapidly metabolized to GLP-1(9-36)NH,. The latter is con-
sidered a weak, partial agonist of GLP-1 receptors, but its concentration
in circulation blood could be fivefold to 10-fold higher than GLP-1(7-
36)NH, (Orskov et al., 1994). GLP-1 receptors are also activated by
glucagon, and this cross reactivity is thought to be physiologically
important (Capozzi et al., 2019). GLP-1 binds to GLP-1 receptors with
high specificity over other members of the glucagon subfamily to which
GLP-1 receptors belong. However, GLP-1 is partly degraded by the
enzyme, dipeptidyl peptidase-4, making GLP-1 a rather restricted treat-
ment in Type 2 diabetes. Therapeutically, various peptide mimetics with
enhanced pharmacokinetic profiles, including exenatide (exendin-4)
(Eng et al., 1992), semaglutide (Lau et al., 2015), dulaglutide (Glaesner
et al., 2010) and liraglutide (Knudsen et al., 2000), are approved drugs.

Despite the clinical success of GLP-1-mimetic peptides in managing
the effects of Type 2 diabetes, there are several limitations with these
peptide drugs. The relatively large peptide molecules are expensive to
produce and require subcutaneous injection. They can cause adverse
side effects such as vomiting and nausea, of which the mechanism is still
unknown in some patients. An important development in GLP-1 therapy
is the recent approval of a new formulation of the approved semaglutide
with the absorption enhancer, sodium N-(8-[2-hydroxybenzoyl]amino)
caprylate, for oral delivery (Davies et al., 2017). However, there are sev-
eral limitations to this advance in formulation. The tablet must be admin-
istered after overnight fasting and at least 30 min before the first food,
beverage or other oral medicines with no more than 4 ounces of plain
water (U.S. Food and Drug Administration, 2019). In addition, oral
semaglutide was found to induce nausea and gastrointestinal side effects
at slightly greater severity than those with injectable GLP-1 mimetics
(Pratley et al., 2019).

Hence, developing low MW orally effective drugs targeting
GLP-1 receptors has been pursued. Despite intensive efforts, there

are no low MW non-peptide drugs targeting the GLP-1 receptors in

the market. A number of important factors contribute to such difficul-
ties. For instance, the orthosteric GLP-1 binding sites across members
of the glucagon subfamily are highly conserved, making it difficult to
achieve high selectivity for GLP-1 receptors. Furthermore, the
extended nature of the GLP-1 binding groove and the occurrence of
multiple interactions along the groove present a challenge to mimic
the peptide-receptor interactions by non-peptide molecules. In addi-
tion, the structure of the GLP-1 receptor including its TMD had not
been available until 2017.

1.2 | Positive allosteric modulation of GLP-1
receptors

GPCRs including the GLP-1 receptors are naturally allosteric molecules,
whose activity can be indirectly regulated by allosteric modulators. Allo-
steric modulators do not bind to the orthosteric binding site but instead
act at another binding site (allosteric site) to regulate the activation of the
receptor by its natural ligand (Liu & Nussinov, 2016). It has been
observed that the effect of an allosteric modulator could be specific to
the orthosteric ligand present, a phenomenon termed ‘probe depen-
dence’ (Kenakin, 2008). Depending on their effects on the receptor activ-
ity, allosteric modulators can be classified as positive, negative or neutral.
Positive allosteric modulators (PAMs) increase the binding affinity and/or
efficacy of the natural agonist towards the receptor. Developing low
MW compounds that target allosteric sites on GPCRs has been clinically
successful (Dorr et al., 2005; Harrington & Fotsch, 2007). This raises
exciting possibilities in the development of GLP-1 receptor PAMs, as an
alternative approach to targeting the orthosteric site.

PAMs targeting the GLP-1 receptors are considered to have several
potential benefits. In general, allosteric sites are less conserved than the
orthosteric sites, and targeting them can help achieve better subtype
selectivity and reduce side effects (Lazareno et al., 2004). PAMs are
shown to selectively activate certain signalling pathways over others and
can thus provide desired functional selectivity and novel modes of effi-
cacy (Pupo et al., 2016). Third, without increasing bioavailability, allosteric
ligands can augment the efficacy of orthosteric ligands. Hence, develop-
ing non-peptide PAMs of GLP-1 receptors, which can augment the effi-
cacy of endogenous and exogenous GLP-1 and its analogues without

increased bioavailability, is attractive and significant.

1.3 | Biased agonism of GLP-1 receptors

A GPCR molecule can adopt multiple active conformations, and differ-
ent ligands can bind to and stabilize different active conformations,
thus, selectively activate distinct signal transduction pathways. This
concept of biased agonism or ligand-directed biased signalling or func-
tional selectivity is especially relevant to GLP-1 receptors, because
these receptors have multiple endogenous peptide agonists that may
promote the receptor to take diverse conformational states and is
involved in several signalling pathways (see reviews in this issue).

Allosteric modulation offers an additional means of regulating
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signalling transduction through receptor activation, thus affecting
biased signalling of GLP-1 receptors.

Most low MW agonists and PAMs of GLP-1 receptors have been
described since 2007 (Chen et al., 2007; Knudsen et al., 2007),
and earlier reports have been reviewed comprehensively (Willard,
Bueno et al., 2012). Since then, there have been remarkable advances
made in the discovery, optimization and clinical development of
non-peptide agonists and PAMs for GLP-1 receptors. Two novel
non-peptide agonists are currently in preclinical or clinical trials, and
several newly reported PAMs show favourable pharmacological pro-
files. These compounds provide novel models of efficacy and may lead
to novel therapeutic agents for the treatment of Type 2 diabetes. In
addition, significant breakthroughs have been achieved in the recent
years in the elucidation of GLP-1 receptor structures in both inactive
and active states, which provides structural insight into the binding of
non-peptide agonists/PAMs and their interactions with GLP-1
receptors. All these new developments warrant the need for an
updated review. This review covers, primarily, the non-peptide ago-
nists and PAMs for the GLP-1 receptor, reported in the literature
since 2012. Previously reviewed compounds with new developments

are also included. Compounds only reported in patent disclosure and
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PubChem databases (Kim et al., 2019) are generally not discussed
unless they are related to others that have been extensively studied.
All reported GLP-1 receptor structures complexed with either a non-

peptide agonist or a PAM molecule are discussed, as well.

2 | NON-PEPTIDE AGONISTS OF GLP-1
RECEPTORS

Non-peptide drugs for the treatment of Type 2 diabetes could offer
the convenience of oral administration and reduce side effects cur-
rently associated with peptide drugs targeting GLP-1 receptors.
Hence, the development of non-peptide agonists of these receptors
has been pursued for many years, and significant progress has been
made in recent years with three compounds entering preclinical or
clinical trials. Structural studies indicate that all the non-peptide
agonists of known structure bind primarily in the helix bundle of the
receptor overlapping with the orthosteric binding pocket of GLP-1
peptide. However, these agonists occupy different positions in the
orthosteric binding pocket and thereby form different types of inter-
actions with the GLP-1 receptor.
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FIGURE 1
LY3502970 (OWL833), (5) CHU-128 and (6) PF06882961

Chemical structures of non-peptide agonists of GLP-1 receptors. Compounds shown are (1) Boc5, (2) TT-OAD2, (3) RGT1383, (4)
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21 | S4P and Boc5

Some of the first reported non-peptide agonists of the GLP-1 recep-
tors are substituted cyclobutanes exemplified by compound 1 (Boc5)
(Figure 1, [1]) (Chen et al., 2007). By high-throughput (HT) screening a
diverse library of 48,160 compounds against HEK293 cells trans-
fected with a rat GLP-1 receptor vector and a CRE-luciferase reporter
plasmid, two synthetic olefin compounds were identified in promoting
luciferase response and increasing cAMP accumulation. It was then
realized that these two active compounds dimerize in DMSO solution
and form substituted cyclobutanes, S4P and Boc5. In the
CRE-luciferase assay, S4P is a partial agonist, whereas the related
Boc5 displayed full agonist activity. Both compounds are selective
towards GLP-1 receptors and neither compound activates cells with-
out GLP-1 receptors or cells expressing glucagon receptors (GCGR) or
GLP-2 receptors. With exendin(9-39), a GLP-1 receptor antagonist
bound at the orthosteric site, neither S4P or Boc5 activates GLP-1
receptors. In receptor binding assays, both compounds displace
125|.GLP-1. These data suggest that these two compounds are likely
to function as GLP-1 mimetics in vitro.

In isolated rat pancreatic islets, Boc5 exhibits glucose-dependent,
insulinotropic effects in a dose-dependent manner. In vivo studies
using female mice (C57BL/6, wild type [WT]) show that Boc5 inhibits
food intake in a dose-dependent manner and the effects of Boc5 can
be completely blocked by pretreatment of mice with exendin (9-39).
Chronically, the effect of Boc5 administration was tested in db/db
mice, a murine model of Type 2 diabetes. The glycated haemoglobin
levels in the mice were reduced down to a level comparative to that
of non-diabetic mice. In addition, reduced food intake, lowered body
weight and enhanced insulin secretion were also observed.

In a follow-up study, the in vivo pharmacology of Boc5 was deter-
mined in both lean (C57BL/6J) and diabetic (db/db) mice, and a range
of pharmacological parameters were investigated including glycaemic
control and weight loss (Su et al., 2008). Many of the aspects reported
previously were confirmed including dose-dependent effects on
reduced food intake and insulin secretion stimulation. Little effect was
observed on normal mice treated in the same manner. In another
study, subchronic treatment of diet-induced obese mice with Boc5
was carried out, and a broad range of antidiabetic effects of the
treatment were observed, suggesting Boc5 may produce metabolic
benefits via multiple synergistic mechanisms (Su et al., 2008). Through
SAR studies, a more potent Boc5 analogue was synthesized which is
fourfold to fivefold more potent than Boc5 both in vitro and in vivo.
Despite the improvement in potency, the new compound and Boc5
share poor drug-like properties and have not been further developed

as oral drugs (Liu et al., 2012).

2.2 | Azoanthracenes
In several patents, Transtech Pharmaceuticals (TTP), later renamed as
VvTv Therapeutics, disclosed a number of azoanthracene and oxa-

diazoanthracene derivatives as GLP-1 receptor agonists, exemplified

by compound 2 (TT-OAD2) (Figure 1, [2]) (Mjalli et al., 2009; Polisetti
et al., 2011; Rao, 2009). TT-OAD?2 is a weak agonist of GLP-1 recep-
tors with slow kinetics. In HEK293 cells that overexpress GLP-1
receptors, TT-OAD2 shows biased signalling for cAMP accumulation
and displays only weak responses in terms of Ca%* mobilization and
no detectable p-arrestin-1 recruitment (Zhao et al., 2020). TT-OAD2
inhibits GLP-1 and oxyntomodulin-mediated cAMP, Ca?*, pERK1/2
and B-arrestin responses in a concentration-dependent manner,
suggesting TT-OAD2 is not a PAM of GLP-1 receptors. In humanized
GLP-1 receptor mice, TT-OAD2 is insulinotropic, and this effect is
dependent on the GLP-1 receptor.

In a rather recent report, the structure of GLP-1 receptors in com-
plex with TT-OAD2 and G-protein subunit was solved using cryo-EM
techniques (Zhao et al., 2020). TT-OAD2 binds in the GLP-1 receptor
helical bundle near the extracellular domain and interacts with resi-
dues within TM1-TM3 and extracellular loop (ECL) 1-2 (Figure 2).
Most of the interactions are considered hydrophobic and others man-
ifesting n-rn stacking. In the binding site, TT-OAD2 adopts a U-shaped
orientation with the 3,4-dichloro-benzyl ring of TT-OAD2 protruding

through transmembrane helices 2 and 3 and embedding in the

FIGURE 2 Binding sites of non-peptide agonists of GLP-1
receptors. The structure of the GLP-1 receptor is shown (ECD: PDB
ID: 6VCB; TMD, PDB ID: 6VCB), and the GLP-1 peptide (PDB ID:
6VCB) is coloured in blue. Agonists are shown as coloured spheres.
Dark green, TT-OAD2 (PDB ID: 60RV); yellow, RGT1383 (PDB ID:
7C2E); pink, LY3502970 (PDB ID: 6XOX); and red, PF06882961 (PDB
ID: 6X1A). The opacity for the dark green and red colour was set at
47.5% and for the yellow and pink colour, 60%
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detergent micelle. This TT-OAD2 binding site overlaps subtly with
that of GLP-1 peptide, and 10 out of 29 residues were found to
interact with both TT-OAD2 and GLP-1.

The leading molecule in this class, TTP273, whose structure is not
disclosed, is an analogue from the same class as TT-OAD2. TTP273
exhibited biased signalling for cAMP signalling and did not activate
ERK pathway significantly at clinically relevant concentrations (vTv
Therapeutics, 2016). In mice, TTP273 enhances glucose-dependent
insulin secretion, reduces glucose levels following an oral glucose
tolerance test and decreases food intake. TTP273 has completed a
3-month Phase Il clinical trial in patients with Type 2 diabetes
(ClinicalTrials.gov Identifier: NCT02653599). According to the
company website (https://vtvtherapeutics.com/pipeline/ttp273/),
TTP273 is well tolerated by the patients and demonstrates statistically
significant reduction in glycated haemoglobin level. The side effects
of nausea and vomiting are negligible, suggesting a potential clinical
advantage over GLP-1-mimetic peptides. However, as previously
mentioned (Willard et al., 2012), TT-OAD2 and other molecules
disclosed in these patents are all of high MW and high lipophilicity,
which may explain the recent complexity in identifying optimal dosing
for TTP273 (Zhao et al., 2020).

23 | RGT1383

A recent publication disclosed the discovery of a non-peptide GLP-1
receptor agonist, RGT1383, compound 3 (Figure 1, [3]). In vitro
studies indicate RGT1383 is a full agonist for cAMP signalling with
an ECsq value in the range of 0.2 nM and a partial agonist for
B-arrestin recruitment with maximal arrestin recruitment at ~30% (Ma
et al,, 2020).

In the cryo-EM determined structure of GLP-1 receptors with
RGT1383 and G-protein, the agonist RGT1383 binds in a tightly
packed orthosteric binding pocket in the TMD (Figure 2)
(Ma et al., 2020). RGT1383 interacts with residues from TM1-TM3,
TM7 and ECL1-ECL2, as well as the ECD. These interactions between
RGT1383 and the receptor were confirmed through mutagenesis
studies using cAMP luciferase reporter assays. Compared with GLP-1
receptors bound to TT-OAD2, RGT1383 forms more extensive inter-
actions with residues in TM7, which induce inward displacements of
the ECL3 and the extracellular ends of TM6-TM7. The binding site of
RGT1383 almost completely overlaps with the sites occupied by
residues 10-20 of GLP-1.

24 | LY3502970 (OWL-833) and CHU-128

In search of low MW activators of GLP-1 receptors, Kawai et al. at
Chuai Pharmaceutical and Eli Lilly and Company used a screening
method that detects compound-induced expression of a urokinase-
type plasminogen activator in LLC-PK1 cells expressing human GLP-1
receptors (Tamura et al., 2016), followed by multiple rounds of SAR
work to optimize affinity and drug-like properties. These led to the

discovery of compound 4 (LY3502970, also known as OWL-833)
(Figure 1, [4]) (Yoshino et al., 2018). In vitro studies using HEK293
cells expressing various densities of human GLP-1 receptors reveals
that LY3502970 is a partial agonist of these receptors, biased towards
cAMP accumulation with no detectable B-arrestin recruitment. It is
much more potent than TT-OAD2 in stimulating GLP-1 receptor-
mediated cAMP accumulation and is highly selective against other
Class B GPCRs. In vivo studies show that oral administration of
LY3502970 results in glucose lowering in humanized GLP-1 receptor
transgenic mice (use of these mice is essential due to the species
specificity of the molecule; X. Zhang et al., 2020) and insulinotropic
and hypophagic effects in non-human primates. Given its favourable
pharmacokinetic profile and efficacy, LY3502970 is currently being
evaluated in early stage clinical trial for its potential as an antidiabetic
agent (ClinicalTrials.gov ldentifier: NCT04426474). From the same
patent series by Chugai, compound 5 (CHU-128) (Figure 1, [5]) has
also been studied in vitro (X. Zhang et al., 2020). Given that the chem-
ical structure of CHU-128 is very close to that of LY3502970, it is not
surprising to find that CHU-128 has a pharmacological profile similar
to that of LY3502970.

In the recently reported cryo-EM structure of GLP-1 receptors
with LY3502970, Gginis, antibody Nb35 and single-chain variable
fragment scFv16, the compound LY3502970 binds in the helical bun-
dle that partlly overlaps with the area where TT-OAD2 binds and
interacts with residues within the ECD, TM1-TM3, ECL2 and TM7
(Figure 2) (Kawai et al., 2020). The binding of LY3502970 results in a
distinct conformation of the ECD and the extracellular portion of the
7TM segments. The overall binding modes between LY3502970 and
TT_OAD2 are different. TT_OAD2 adopts a U-shaped orientation
with both ends of its backbone sitting between TM2, TM3 and ECL1
(Zhao et al., 2020). For LY3502970, its 2,2-dimethyl-tetrahydropyran
moiety occupies a similar position as the 2,3-dime-thylpyridine ring of
TT-OAD2, whereas its 4-fluoro-1-methyl-indazole moiety at the other
end extends between TM1 and TM2. Further, its 3,5-dimethyl-
4-fluoro-phenyl ring interacts with TM1 and TM7. Similarly,
compound CHU-128 adopts the same binding mode as LY3502970.

25 | PF06882961

Using BETP-sensitized cAMP screening assay for HT screening of 2.8
million compounds from the Pfizer compound collection, followed by
lead optimization, Aspnes et al. at Pfizer Inc. reported a series of
pyrimidine derivatives represented by compound 6 (PF06882961)
(Figure 1, [6]) (Aspnes et al., 2018; Griffith et al., 2020). In vitro studies
indicate that the pharmacological profile of PF06882961 is more
closer to that of GLP-1 than some closely related peptides such as
exendin-4, liraglutide and endogenous oxyntomodulin. It is a full
agonist for cAMP production but only a partial agonist in Ca%* mobili-
zation, pERK1/2 and B-arrestin recruitment. Kinetically, PF06882961
also has a similar kinetic profile to GLP-1 in inducing Gs-protein
conformational change, Ca?* signalling and pERK1/2. Overall,

PF06882961 represents a particularly attractive structure through
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both in vitro and in vivo studies (Griffith et al., 2020) and is currently
being evaluated in multiple clinical trials (ClinicalTrials.gov Identifier:
NCT04552470 and others).

In the recently determined cryo-EM structure of the GLP-1
receptor with PF06882961 and G protein (X. Zhang et al., 2020),
PF06882961 binds in a buried pocket within the helical bundle,
adopting an elongated pose principally located within the bound
GLP-1 molecular envelope (Figures 2). The binding of PF06882961
overlaps with the location of GLP-1 residues G10-E21 in the GLP-
1-bound structure. Further, the PF06882961 binding cavity extends
deep into the receptor core and overlaps with the binding site of
the GLP-1 N-terminal H7-E9. This allows PF06882961 to interact
with water molecules below the peptide and stabilize the central
polar network of the receptor. The binding sites for PF06882961
and LY3502970 or CHU-128 overlap substantially, although each
adopts a very distinct pose. This substantial overlap helps explain
the species specificity of both PF06882961 and LY3502970
compounds.

3 | PAMS OF GLP-1 RECEPTORS

PAMs of the GLP-1 receptor as drugs for the treatment of Type 2 dia-
betes could provide several potential benefits including augmenting
the action of endogenous GLP-1 receptor peptide agonists. Hence,
discovering PAMs of these receptors has attracted intensive research

efforts and a number of PAMs with favourable pharmacological

/

15 16

profiles have been reported. Unlike non-peptide agonists of GLP-1
receptors, the known allosteric binding sites for PAMs appear to
occupy many different sites in the structure of the GLP-1 receptor. As

a result, they adopt clearly different binding modes.

3.1 | HT screening

The full-length structures of the GLP-1 receptor became available in
2017. For a long time, HT screening has been used extensively in vari-
ous efforts to discover PAMs of GLP-1 receptors. Among those
reported in the early years, the most extensively studied are the Novo
Nordisk compound 2 and the Eli Lilly compound BETP (also known as

compound B) and its derivatives.

3.11 | Compound 2 and other quinoxalines

The first reported and also the most extensively studied PAMs of the
GLP-1 receptor are a series of quinoxalines identified by Knudsen
et al. (2007) at Novo Nordisk. In a screen for low MW agonists of
GLP-1 receptors, the group first screened 500,000 compounds using
a competition-binding assay and then screened 250,000 compounds
using a functional assay, which was followed by structural modifica-
tions. This led to the discovery of a series of substituted quinoxalines,
as low MW agonists of human GLP-1 receptors, exemplified by com-
pound 7 (compound 2) (Figure 3, [7]).

17 18

FIGURE 3 Chemical structures of PAMs of GLP-1 receptors. Compounds shown are (7) compound 2, (8) DA-15864, (9) catechin, (10) BETP,
(11) PhotoETP, (12) VU0453379, (13) N55, (14) compound 19, (15) LSN3160440, (16) compound 20, (17) M_4 and (18) C-1
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Using a cAMP functional assay, compound 2 was shown to be a
full agonist of human GLP-1 receptors and is specific for the human
receptor compared with other glucagon B1 GPCRs. Saturation-binding
and functional experiments showed compound 2 to increase the
binding affinity of GLP-1 to GLP-1 receptors but not its potency.
Further, the agonistic effect of compound 2 was not blocked by
exendin(9-39). Additional studies determined that compound 2 stimu-
lates glucose-dependent insulin release from WT mouse islets but not
from GLP-1 receptor knockout mouse islets, and compound 2 and
GLP-1 have additive effects on insulin release. Collectively, these data
demonstrate compound 2 interacts with human GLP-1 receptors at a
site different from the orthosteric binding site for GLP-1 and func-
tions as an agonistic, PAM (ago-PAM).

The agonistic effect of compound 2 was independently confirmed
by a subsequent report from University of Ulster, which examined the
in vitro and in vivo metabolic actions of compound 2 (lrwin
et al., 2010). Although less potent than GLP-1, exenatide and
liraglutide, compound 2 can significantly stimulate insulin secretion
from BRIN-BD11 cells in a concentration-dependent fashion. In mice,
compound 2 decreases the glucose concentration compared with con-
trols. In another study using a cell line with recombinant expression
for the human GLP-1 receptor and the rat insulinoma cell line INS-1E
expressing GLP-1 receptors, compound 2 significantly enhanced effi-
cacy and potency of GLP-1(9-36)NH, for cAMP accumulation, Ca®*
signalling and pERK1/2, confirming its positive allosteric effects
(Li etal., 2012).

With the discovery of compound 2 as an ago-PAM of GLP-1
receptors, systematic SAR studies using the quinoxaline scaffold were
carried out at its C-2 position, C-3 position and the quinoxaline ring
(Teng et al., 2007). The most potent and efficacious compounds are
found to be 6,7-dichlo-roquinoxalines bearing an alkyl sulfonyl group
at the C-2 position and a secondary alkyl amino group at the C-3
position. However, the active quinoxalines appear chemically unstable
when treated with strong nucleophiles, for example, DTT, or strong
bases, for example, KOH, and they also have high microsomal
turnover rate. Hence, improvement on chemical stability and pharma-
cokinetic properties of these compounds is necessary before further
in vivo characterization is conducted.

Other efforts to explore the quinoxaline scaffold have followed.
A series of 2-thio-substituted quinoxalines were reported as
weak GLP-1 receptor agonists (Kopin & Beinborn, 2004). Another
study reported the synthesis of two series of 3,6,7-trisubstituted-
2-(1H-imidazol-2-ylsulfanyl)-quinoxalines and  2-(quinoxalin-2-yl)-
(Bahekar et al., 2007).

insulinotropic activity of these compounds was identical to

isothioureas The glucose-dependent
that of compound 2 wusing a RIN5SF cell-base assay. Moon
et al. (2011) disclosed another 2-thio-quinoxaline analogue, compound
8 (DA-15864) (Figure 3, [8]). In CHO cells, DA-15864 selectively stimu-
lates human with ECsqy values of 163 nM and increases intracellular
cAMP levels. In rat insulinoma cells, the compound significantly increases
glucose-stimulated insulin secretion and acts synergistically with GLP-1.
In vivo intravenous glucose tolerance tests using normal mice showed

that DA-15864 increased the peak plasma level of insulin significantly.
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Thus, DA-15864 appears to be a promising, orally available, GLP-1
receptor agonist with the potential for treatment of diabetes.

Apart from their location in pancreatic beta-cells, GLP-1 receptors
are widely expressed in the brain and are also considered to be an
effective therapeutic target for diseases of the CNS. Thus, GLP-1
mimetics including exendin-4 and liraglutide have neuroprotective
effect on ischaemic stroke (Briyal et al., 2012; Darsalia et al., 2014; Li
et al., 2009; Sato et al., 2013). Given the agonistic and modulating
effect of compound 2 on GLP-1 receptors, its potential neuro-
protective effects on cerebral ischemia were evaluated (H. Zhang
et al., 2016). In vitro, compound 2 increased cortical neuron survival in
oxygen-glucose deprivation and reperfusion. In middle cerebral artery
occlusion (MCAO) mice, compound 2 with exendin-4 significantly
decreased the neurological deficit following MCAO. Using Western
blot, GLP-1 receptors present in cortical neurons could be activated
by compound 2. Measuring the stimulated cAMP level in neuronal
cells, compound 2 and exendin-4 induced activation of GLP-1 recep-
tors, in an additive manner. Therefore, the neuroprotective effects
observed are mediated by the activation of the GLP-1 receptors
through the cAMP-PKA-CREB signalling pathway.

3.1.2 | Flavonoids
In search for GPCR allosteric modulators, Domain Therapeutics
reported a series of quercetin-like flavonoids as PAMs of GLP-1
receptors (Schann et al., 2009). These compounds and other flavo-
noids such as flavones, isoflavones and catechin (compound 9)
(Figure 3, [9]) were subsequently characterized by Koole et al., (2010)
and Wootten et al. (2011). A series of hydroxyl flavonols and catechin
were found to be probe dependent and induce biased signalling.
Hydroxyl flavonols do not have an effect on cAMP signalling but
selectively modulate Ca?* signalling in a peptide-agonist dependent
way. The Ca?* modulation of quercetin was only observed with trun-
cated GLP-1 peptide or exendin-4 and not on oxyntomodulin or full-
length peptides. On the other hand, catechin shows no allosteric
effects on peptide-mediated Ca?" signalling. However, catechin nega-
tively modulates cAMP formation in the presence of truncated GLP-1
peptide, but not with full-length GLP-1, oxyntomodulin or exendin-4.
Furthermore, the effects of the hydroxyl flavonols and catechin
were driven primarily by their effects on orthosteric ligand efficacy.
Although the undesirable characteristics of these polyphenolic com-
pounds preclude them from further optimization for pharmacological
purposes, the discovery of this series of compounds is further evi-

dence for the allosterically modulation of GLP-1 receptor function.

3.1.3 | Pyrimidines

Using cell-based and insulin secretion assays with rodent and human
islets to screen a small library of compounds, generated through a
three-dimensional pharmacophore model, followed by chemical modi-

fication, Sloop et al. (2010) at Eli Lilly and Company reported a series
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of pyrimidine-based compounds, represented by compound 10
(Compound B, or BETP) (Figure 3, [10]), that activate GLP-1 receptors
and stimulate glucose-dependent insulin secretion. Similar to the
quinoxalines, these compounds exhibit both agonistic and positive
allosteric modulating effects on GLP-1 receptors. BETP alone induced
GLP-1 receptor-mediated cAMP signalling in HEK293 cells, leading to
increased insulin secretion from rodent and human islets in a dose-
dependent manner. Combined with endogenous GLP-1 peptide, BETP
did not compete with 2°I-GLP-1 but instead acted in an additive
manner to induce both cAMP production and insulin secretion,
suggesting BETP binds in an allosteric site and can function as a PAM.
Consistent with these results, the activity of BETP was not blocked by
the GLP-1 competitive antagonist exendin-4(9-39), and BETP can
activate even the ECD truncated GLP-1 receptor. In vivo studies show
that BETP can stimulate insulin secretion in Sprague-Dawley rats.

In a subsequent study, the potential modulating effects of BETP
on oxyntomodulin were examined (Willard, Wootten, et al., 2012).
In vitro studies were carried out using a heterologous system con-
sisting of HEK293 cells expressing human GLP-1 receptors, BETP
potentiated oxyntomodulin-induced GLP-1 receptor signalling and
increased the binding affinity of oxyntomodulin for GLP-1 receptors.
BETP also enhances the activation of the G protein. In vivo studies
by performing an IVGTT in Wistar rats indicated that BETP enhanced
oxyntomodulin-stimulated insulin secretion. In line with these obser-
vations, BETP induced biased signalling at oxyntomodulin-mediated
GLP-1 receptors by selectively enhancing cAMP accumulation over
other pathways including Ca?* mobilization, pERK1/2 or B-arrestin
recruitment. In several following studies, the probe dependence of
BETP in the presence of truncated GLP-1(7-36)NH, and GLP-1(9-36)
NH, was further confirmed (Bueno et al., 2016; Li et al., 2012).

In another study, the mode of action of BETP was compared with
compound 2, and clear differences were observed (Cheong
et al.,, 2012). Both compounds can function as the GLP-1 receptor
agonist and independently activate human GLP-1 receptors. However,
they exert different probe dependence in the presence of full-length
GLP-1, GLP-1(9-36) or exenatide. Compound 2 shows an additive
effect but did not increase the maximum efficacy when combined
with full-length GLP-1, whereas BETP increases the maximum efficacy
of GLP-1 in a concentration-dependent manner. For Ca?" influx, both
compounds slowly increase Ca®* influx. However, the response
induced by BETP lasts longer than that of compound 2 and GLP-1. A
similar study has also confirmed that BETP and compound 2 display
different probe dependence and induce distinctive biased signalling
(Wootten et al., 2013). Given the evident structural differences
between the pyrimidine series and the quinoxaline series which may
result in different active conformations, their different action pattern
is expected.

To further understand the mechanism of BETP on GLP-1 receptor
activation and signalling, Eng et al. (2013) have determined that BETP
covalently modifies Cys 347 located in the third intracellular loop of
GLP-1 receptors and this Cys residue is critical for its allosteric effect
(Figure 4). Another study showed that diverse PAMs of GLP-1 recep-
tors including BETP and compound 2, with their electrophilic nature,

FIGURE 4 Binding sites for PAMs of GLP-1 receptors. The GLP-1
receptor structure is shown as cartoons (PDB ID: 6VCB), and the
GLP-1 peptide is coloured in blue. Positive allosteric modulators
(PAMs) are shown as coloured spheres. Green, compound 2 (docking
model); cyan, C-1 (docking model); and magenta, LSN3160440 (PDB
ID: 6VCB)

all activate the receptor via the same mechanism as BETP (Bueno
et al., 2016). Specifically, compound 2 is proposed to be located
orthogonally above helix 6 and form multiple interactions with resi-
dues at the interface of helices 5 and 6. This binding model was
experimentally validated by mutagenesis studies (Song et al., 2017).
As both BETP and compound 2 as well as DA-15864 and several
others PAMs, all covalently modify the C347 residue of GLP-1
receptors (Bueno et al., 2016; Eng et al., 2013) and display poor phar-
macokinetic properties, these factors have prevented their further
clinical development (Willard, Bueno et al., 2012).

3.14 | PhotoETP

Both compound 2 and BETP demonstrate several attractive features
that may be beneficial to the mechanistic studies of allosteric regula-
tion of GLP-1 receptors. For instance, both compounds showed probe
dependence and both can induce biased signalling of the GLP-1
receptor pathway in the presence of various GLP-1 receptor peptides.
To fine-tune the activity of BETP, Broichhagen et al. (2016) designed
an optically activated analogue of BETP (PhotoETP) in which the
O-benzyl group of BETP was replaced by an azobenzene group
(compound 11) (Figure 3, [11]). This PhotoETP can be activated or
inactivated by switching between the trans-isomer and cis-isomer by

light. Although both the trans-isomer and the cis-isomer can augment
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insulin secretion in response to GLP-1(7-36)NH,, only the trans-
isomer demonstrates modulating activity profile similar to BETP. In
CHO cells expressing GLP-1 receptors, only the trans-isomer activates
cAMP production in the presence of GLP-1(9-36)NH,; in beta-cell
islets, only the trans-isomer increases Ca?* levels in GLP-1(7-36)NH,-
induced signalling.

In a more recent report, the same group experimented with
varying moieties of the base structures of BETP with restricted
degrees of freedom in order to understand the effects of ligand
conformation in allosteric binding of GLP-1 receptors (Jones
et al, 2017). Compounds incorporating a trans-stilbene outperform
those with cis-stilbene, as well as BETP, in enhancing cAMP accumu-
lation and Ca?" influx.

3.1.5 | CompoundVU0453379

Morris, Days, et al. (2014) developed an innovative HT screening sys-
tem based on a primary Ca?* screen, a secondary cAMP screen and
follow-up testing to identify non-peptide agonists and PAMs of
human GLP-1 receptors. Out of 175,000 compounds initially
screened, 98 compounds showed a variety of activities at GLP-1
receptors. Among them, VU00056556 and VU0109197, which share
a common hexahydroquinolone carboxylate core, were PAMS for
GLP-1 receptors. Both compounds induced GLP-1-dependent cAMP
accumulation and Ca2* mobilization within the human 9-3-H cells
expressing GLP-1 receptors at a higher level than GLP-1 alone. In
addition, several other compounds can modulate GLP-1 receptor
activities.

Following the HT screening, the group selected one lead com-
pound, separated its racemic isomers and further optimized the struc-
ture of its (S)-enantiomer. This was followed by SAR studies using an
analogue library. All these efforts led to the discovery of a novel PAM,
compound 12 (VU0453379) (Figure 3, [12]) (Morris, Nance,
et al., 2014). VU0453379 exhibits no probe dependence by potentiat-
ing endogenous GLP-1 as well as synthetic peptide agonists, exendin
4 and liragulitide. VU0453379 shows biased signalling with weak
effects on p-arrestin recruitment and is highly selective towards
GLP-1 receptors. In primary mouse pancreatic islets, VU0453379
augmented glucose-dependent insulin secretion by low-dose
exendin-4. Using a haloperidol-induced catalepsy model, VU0453379
significantly reversed catalepsy by potentiating endogenous GLP-1
receptors. With favourable physiochemical properties, VU0453379
also demonstrates favourable metabolic and pharmokinetic profiles. A
rather important observation is that VU0453379 crossed the blood-
brain barrier and was the first CNS-penetrant GLP-1 receptor PAM
ever reported.

3.1.6 | HIT-465and HIT-736

The endogenous partial agonist of GLP-1 receptors, GLP(9-36)NH,,
was distinguished due to its increased bioavailability and longer half-

life than its non-degraded counterpart GLP-1(7-36)NHo. It is thus of
interest to develop PAMs that can modulate both GLP-1(7-36)NH,
and GLP-1(9-36)NH..
system consisting of Ca?* mobilization assay, CAMP accumulation

Employing a comprehensive screening
assay, p-arrestin assay and receptor internalization assay, Nakane
et al. (2015) have screened approximately 450,000 low MW com-
pounds. Two compounds, HIT465 and HIT-736, whose structures are
not disclosed, were identified to potentiate the human GLP-1 recep-
tor response to GLP-1(9-36)NH,, at the same level as compound 2.
Further studies indicated that HIT-465 and HIT-736 are biased modu-
lators of human GLP-1 receptors. To study the mechanism of these
two compounds, GLP-1 receptor mutants that reduce allosteric modu-
lating activity of compound 2 were expressed in CHO-K1 cells,
respectively. The modulatory activities of HIT-465 and HIT-736
using these mutants were not affected in the presence of either GLP-
1(7-36)NH, or GLP-1(9-36)NH,. Together, these data suggested that
the allosteric binding site and mode of mechanism of HIT-465 and
HIT-736 are different from those of compound 2.

3.1.7 | Compound N55

Fenugreek (Trigonella foenum-graecum) seeds have been observed to
reduce glucose and glycated haemoglobin levels, thereby alleviate
some effects of Type 2 diabetes. By screening extracts from fenu-
greek seeds using an intracellular cAMP biosensor and GLP-1 receptor
endocytosis assays, King et al. (2015) found that ethanol extracts
enhanced GLP-1 signalling. Further purification identified an active
compound 13 (N55) (Figure 3, [13]), which has a N-linoleoyl-2-amino-
y-butyrolactone structure. In vitro studies show that N55 promotes
GLP-1-dependent cAMP accumulation and GLP-1 receptor endocyto-
sis in a dose-dependent manner. N55 also exhibits strong probe
dependence in that it specifically enhances activity of GLP-1(7-36)
NH, but not GIP or exendin-4.

What is most interesting about compound N55 is its unique
GLP-1 is known to bind to
oleoylethanolamide (OEA) or 2-oleoylglycerol but not to
stearoylethanolamide (SEA) (Cheng et al., 2015). To understand the

mechanism of N55, competition-binding experiments were per-

mechanism. signal-enhanced

formed to examine the effect of increasing N55 concentrations on
the binding of [°H] OEA to GLP-1. As the concentration of N55
increased, binding of OEA gradually decreased. This was further con-
firmed by trypsin cleavage experiments. When the trypsin cleavage
reactions were carried out in the presence of 77-uM N55, the resid-
ual GLP-1 activity was dramatically reduced compared with that
without N55. These experiments suggest that rather than binding to
an allosteric site on GLP-1 receptors, like other known PAMs, N55
binds to GLP-1(7-36)NH, directly. The binding of N55 to GLP-1
may induce conformational change in GLP-1(7-36)NH,, thus slowing
its cleavage and digestion by trypsin enzymes. Hence, N55 repre-
sents a new class of PAMs of GLP-1 receptors and targeting GLP-1
peptides could be a viable approach to modulation of GLP-1 recep-

tor activity.
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3.1.8 | Compound 19

In another effort to take advantage of the increased bioavailability
and longer half-life of GLP-1(9-36)NH,, a group at Sanofi-Aventis
Deutschland GmbH performed HT screening of its own compound
collection using an HTRF cAMP assay in a HEK293 cell line over-
expressing the human GLP-1 receptor, which was followed by chemi-
cal optimization of the lead compounds (Méndez et al., 2020). These
efforts led to the discovery of compound 14 (compound 19) (Figure 3,
[14]) based on a 3,4,5,6-tetrahydro-1H-1,5-epiminoazocino[4,5-b]
indole scaffold. In vitro assay demonstrated that compound 19 is a
potent GLP-1 receptor PAM by clearly potentiating GLP(9-36)NH,
with ECsq value of 5 nM. In the endogenous pancreatic beta-cell line
1.1B4 cells, compound 19 also shows robust PAM efficacy. In
dispersed rat pancreatic islets, compound 19 significantly improved
the GLP-1(9-36)NH,-mediated glucose-stimulated insulin secretion.
In vivo pharmacokinetic and pharmacological characterization indi-
cated that compound 19 allosterically activated GLP-1 receptors in
the presence of GLP(9-36)NH,. To date, compound 19 is the most
potent non-covalent PAM of GLP-1 receptors reported, although the
exogenous addition of GLP(9-36)NHs is still needed in order to elicit

a significant response on glucose homeostasis in vivo.

3.1.9 | LSN3160440

In another effort to take advantage of endogenous GLP-1(9-36)NH,,
the group at Eli Lilly and Company performed the screening of a
diverse 220,000 compound library using the HEK293 cells expressing
human GLP-1 receptors, in the presence of a 20%-maximum effective
concentration (EC,p) of GLP-1(9-36). The screening led to the discov-
ery of a known MET kinase inhibitor as a weak potentiator of GLP-1
receptors (Bueno et al., 2020). Multiple rounds of SAR optimization
were conducted on this lead compound which resulted in the discov-
ery of compound 15 (LSN3160440) (Figure 3, [15]). In Vvitro,
LSN3160440 enhanced the potency and efficacy of GLP-1(9-36) in
GLP-1 receptor-induced cAMP signalling. Competitive binding studies
indicated LSN3160440 cooperatively modulated the binding affinity
and efficacy of GLP-1(9-36) for GLP-1 receptor activation.
LSN3160440 is selective against MET and 33 other diverse kinases,
as well as 261 GPCRs. LSN3160440 also exhibits strong probe depen-
dence, being a robust potentiator of GLP-1(9-36) but not
oxyntomodulin or full-length GLP-1.

In pancreatic islets from mice, LSN3160440 combined with GLP-
1(9-36) significantly increases glucose-dependent insulin secretion to
the levels comparable to that produced by full-length GLP-1. In vivo
characterization using Wistar rats indicated that the combination of
LSN3160440 and GLP-1(9-36) elicits an insulinotropic effect similar
to that produced by full-length GLP-1.

The cryo-EM structure of GLP-1 receptors
LSN3160440, GLP-1 and G, protein was solved which indicates
LSN3160440 binds at the extracellular side of the helical bundle in a
pocket formed by residues in the interface between TM1 and TM2

bound to

(Figure 4) (Bueno et al., 2020). In the complex structure, LSN3160440
interacts with both GLP-1 peptide and GLP-1 receptor simulta-
neously. The 2,6-dichloro-3-methoxyl phenyl moiety of LSN3160440
forms van der Waals (vdW) contacts with the GLP-1 peptide and the
benzimidazole of LSN3160440 forms vdW interactions and n-x stac-
king with the GLP-1 receptor. LSN3160440 is likely to be the only
reported PAM for a receptor that mediates its positive allostery
through simultaneous interactions with both the orthosteric ligand
and the receptor. Reciprocal site-specific mutagenesis studies demon-
strate that one varied amino acid between GLP-1(9-36) and
oxyntomodulin, V16 of GLP-1 and Y10 of oxyntomodulin, confers
probe dependency on LSN3160440. The discovery of LSN3160440
and its unique binding mode indicates that developing stabilizers at
protein-protein interface to affect cell surface signalling can be

achieved.

3.2 | Computer-aided molecule design

Along with HT screening, structure-based virtual screening has also
been used to identify novel PAMs of GLP-1 receptors. Unlike the for-
mer, structure-based computational approach is much cheaper and

provides a rational way to further optimize a lead compound.

3.21 | Compound 20

The discovery of GLP-1 receptor PAMs, such as compound 2 and
BETP, inspired screening efforts, applying computer-aided molecular
design techniques. The first report employing structure-based virtual
screening adopted the X-ray crystal structure of Class A rhodopsin
receptors to construct 3D models of two Class B GPCRs, the
corticotropin-releasing hormone CRF,; receptor and the glucagon
receptor (de Graaf et al., 2011). The model of the glucagon receptor
was subsequently used to screen a database of 1.9 million commer-
cially available drug-like compounds in an effort to identify non-
competitive antagonists. Twenty-three compounds were selected and
evaluated in vitro in a whole cell-based functional assay for binding to
glucagon receptors and human GLP-1 receptors and for modulation of
receptor-induced cAMP accumulation. Two compounds were con-
firmed to inhibit glucagon receptor activity in a dose-dependent man-
ner, and one was characterized as a PAM of GLP-1 receptors,
compound 16 (compound 20) (Figure 3, [16]). Although the potency
of compound 20 is modest, this work demonstrates the usefulness of

the computational approach in discovering PAMs for Class B GPCRs.

3.22 | Compound M_4 and C-1

Following the publication of the structure of two Class B GPCRs, the
CRF; receptor (PDB ID: 4K5Y) and the glucagon receptor (PDB ID:
4L6R), our group constructed the homology models of human GLP-1
receptors, based on those two crystal structures and carried out
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structure-based virtual screening of 5689 compounds from the ZINC
database (Redij, Chaudhari, et al., 2019). These compounds have
similar physicochemical properties to those of potential low MW ago-
nists of GLP-1 receptors and were identified through ligand-based
similarity search. Eight top-ranked compounds from virtual screening
were selected and evaluated using the GLP-1 receptor-dependent
luciferase reporter system. Two compounds were confirmed to
activate human GLP-1 receptors in a dose-dependent manner and
one synergized with GLP-1 to stimulate GLP-1 receptor activity,
compound 17 (M_4) (Figure 3, [17]). Using in vitro insulin secretion
assay in INS-1832/13 cells, compound M_4 induced glucose-
dependent insulin secretion.

When the cryo-EM structure of GLP-1 receptors at the active
state became available (Y. Zhang et al., 2017), we carried out another
round of structure-based screening studies using this structure and
identified another compound as a PAM for GLP-1 receptors, com-
pound 18 (C-1) (Figure 3, [18]) (Redij, Ma, et al., 2019). Using the same
GLP-1 receptor-dependent luciferase reporter system, compound C-1
activates human GLP-1 receptors in a dose-dependent manner. When
combined with GLP-1, C-1 improves GLP-1's affinity and efficacy to
human GLP-1 receptors. Using in vitro insulin secretion assay in INS-
1832/13 cells, compound C-1 (9.7 pM), induced insulin secretion at
the similar level as that of GLP-1 (181 nM). Combined with GLP-1,
C-1 again showed the synergistic effect in stimulating insulin secre-
tion. Despite its modest activity, this compound demonstrates
favourable drug-like properties. For instance, with the molecular
weight of 399, this compound represents one of the smallest known
PAMs for the GLP-1 receptor.

In our structure-based screening work based on the cryo-EM
structure of GLP-1 receptors (Y. Zhang et al., 2017), we have utilized
the intracellular region of these receptors near the G-protein-binding
site to discover C-1, a GLP-1 receptor PAM (Figure 4) (Redij, Ma,
et al, 2019). To confirm this binding site for C-1, we have subse-
quently carried out site-specific mutagenesis studies using three
mutants N406A, S352A and V332W individually. Among them, N406
and S352 are predicted to bind to compound C-1 directly, and V332
is not present in the predicted binding site and used as the control.
Treatment of the cells with C-1 in combination with GLP-1 signifi-
cantly increased the activity of WT GLP-1 receptors. Under the same
conditions, C-1 failed to activate the N406A and S352A mutant
GLP-1 receptors , but not the V332A mutant. These data support the
notion that the intracellular region of GLP-1 receptors near the G-pro-
tein-binding site is the binding site for C-1.

4 | CONCLUSIONS AND FUTURE
PERSPECTIVES

Since the approval of exendin-4, the first GLP-1 receptor peptide drug
in 2005, remarkable progress has been made in the discovery, optimi-
zation and clinical development of non-peptide agonists and PAMs
for GLP-1 receptors, as shown by the three non-peptide agonists cur-

rently in the preclinical or clinical trials. Further, recent breakthroughs

BRITISH
B PHARMACOLOGICAL 521
SOCIETY

in structure determination of GLP-1 receptor complexes have greatly
facilitated the identification of agonist and PAM binding sites and
binding modes as well as their mechanisms of action.

All the non-peptide agonists of GLP-1 receptors of known struc-
ture bind primarily in the helix bundle of the receptor with the binding
pocket overlapping to that of GLP-1 peptide and the binding mode
either similar or distinct from GLP-1 (Figure 2). The multiple active
conformations of GLP-1 receptors, induced by different agonist-
binding modes, can transduce a common conformational change at
the intracellular side of TMD, which subsequently induces G-protein
binding. On the other hand, these differences in the binding mode
contribute to the different efficacy and biased agonism of these ago-
nistic molecules.

The discovery of non-peptide agonists of GLP-1 receptors with
efficacy similar to that of the endogenous peptide hormone and the
structural determination of their binding modes within GLP-1 recep-
tors clearly demonstrate that non-peptide agonists are not required to
closely mimic the extensive interactions formed between peptides
and ECD and TMD of GLP-1 receptors in order to induce receptor
activation. ldentifying non-peptide ligands is the principal bottleneck
in drug discovery for Class B GPCRs. The uncovering of the binding
pocket for non-peptide agonists in the TMD of GLP-1 receptors
which overlaps with the binding site of the N-terminus of peptides
provides a novel avenue to the discovery of non-peptide agonists for
other therapeutically important Class B GPCRs.

Although there are no low MW PAMs entering clinical trials,
investigations of the effects of low MW modulators present com-
pelling evidence that continuing to explore PAM compounds and
their relevant properties related to GLP-1 receptor signalling should
prove beneficial. Unlike non-peptide agonists of GLP-1 receptors
and like allosteric modulators of other GPCRs (Chan et al., 2019),
the allosteric binding sites of PAMs seem to be located at several
different sites, all over the GLP-1 receptor structures, including the
GLP-1 peptide itself, in the extracellular region of the TMD and in
the intracellular region of the TMD (Figure 4). Given the fact that
their binding sites and binding modes vary markedly, it is under-
standable that these PAMs affect the affinity and efficacy of
orthosteric ligand in a probe-dependent way and induce biased
signalling in GLP-1 receptor-mediated pathways.

Binding of a non-peptide agonist or a PAM molecule to GLP-1
receptors is essential to the activation and signalling of these recep-
tors. Elucidation of the binding sites for non-peptide agonists and
PAMs and characterization of their interactions with GLP-1 receptors
are important for the understanding of modulating mechanism of
non-peptide agonists and PAMs as well as for the structure-based
design of molecules. Site-specific mutagenesis data from our lab sup-
port the notion that the intracellular region of GLP-1 receptors near
the G-protein-binding site is the binding site for C-1. Interestingly, this
allosteric site is also where two NAMs of GLP-1 receptors (Song
et al., 2017) and a few NAMs of other GPCRs (Chan et al., 2019) bind.
Given the ubiquitous existence of this binding pocket in all solved
GPCR structures, it could be a common allosteric site for all GPCRs. It

will be of great interest to determine whether this is the case.
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4.1 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in the IUPHAR/BPS Guide to PHARMACOLOGY
(http://www.guidetopharmacology.org), and are permanently archived
in the Concise Guide to PHARMACOLOGY 2019/20 (Alexander,
Christopoulos et al., 2019; Alexander, Fabbro et al., 2019).
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