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G protein-coupled receptors (GPCRs) are the largest class of membrane proteins and the
most common and extensively studied pharmacological target. Numerous studies over
the last decade have confirmed that GPCRs do not only exist and function in their
monomeric form but in fact, have the ability to form dimers or higher order oligomers with
other GPCRs, as well as other classes of receptors. GPCR oligomers have become
increasingly attractive to investigate as they have the ability to modulate the
pharmacological responses of the receptors which in turn, could have important
functional roles in diseases, such as cancer and several neurological & neuropsychiatric
disorders. Despite the growing evidence in the field of GPCR oligomerisation, the lack of
structural information, as well as targeting the ‘undruggable’ protein-protein interactions
(PPIs) involved in these complexes, has presented difficulties. Outside the field of GPCRs,
targeting PPIs has been widely studied, with a variety of techniques being investigated;
from small-molecule inhibitors to disrupting peptides. In this review, we will demonstrate
several physiologically relevant GPCR dimers and discuss an array of strategies and
techniques that can be employed when targeting these complexes, as well as provide
ideas for future development.

Keywords: GPCR (G protein coupled receptor), oligomer, protein-protein interaction, peptides, therapeutics
targets, pharmacology

INTRODUCTION

G protein-coupled receptors (GPCRs) are involved in a wide range of physiological and signalling
processes, with around 30% of currently marketed drugs targeting them, highlighting their
pharmacological significance (1). The superfamily of GPCRs is divided into six classes based on
functional similarity and sequence homology; Class A (Rhodopsin-like receptors), Class B (Secretin
family), Class C (Metabotropic Glutamate receptors), Class D (Fungal Mating Pheromone
receptors), Class E (Cyclic Adenosine Monophosphate receptors) and Class F (Frizzled and
Smoothened receptors) (2, 3). With the majority of marketed therapeutics targeting the
Rhodopsin-like family, in this review, this class of GPCRs will be the focus, with the recognition
that parallels can be drawn between classes.

The traditional perception of GPCRs existing as monomeric entities has been overridden by
significant evidence suggesting that they can also form oligomeric complexes, such as homo- and
heterodimers. It has been demonstrated that the formation of oligomers can impact trafficking,

Frontiers in Endocrinology | www.frontiersin.org 1

July 2022 | Volume 13 | Article 843770


https://www.frontiersin.org/articles/10.3389/fendo.2022.843770/full
https://www.frontiersin.org/articles/10.3389/fendo.2022.843770/full
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:p.mccormick@qmul.ac.uk
https://doi.org/10.3389/fendo.2022.843770
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2022.843770
https://www.frontiersin.org/journals/endocrinology
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2022.843770&domain=pdf&date_stamp=2022-07-14

Farooq et al.

Probing GPCR Dimerization Using Peptides

signalling, ligand binding and the overall function of the
receptor, which has allowed for these high order complexes to
be investigated further (4). Studying protein-protein interactions
(PPIs) has become an increasing and developing area of interest
in the field of drug discovery. Classically, when two or more
protein molecules come together as a consequence of a
biochemical incidence, interactions such as hydrogen bonding,
electrostatic forces or hydrophobic interactions occur between
the protein molecules; these interactions are what are defined as
PPIs (5). PPIs can be seen as the protagonist in a vast range of
biological processes and perform a principal role in cellular
systems of living organisms (6). When operating inside a living
organism, 80% of proteins are known to function in complexes,
revealing a small amount of proteins that could operate alone (7,
8). PPIs possess some essential properties that have previously
been highlighted by Phizicky and Fields, including; 1) having the
ability to deactivate proteins, 2) create new binding sites for small
effector molecules, 3) permit substrate channelling, 4) adapt
kinetic characteristics of enzymes, 5) be regularly involved in
downstream or upstream signalling and 6) having the ability to
react with alternative binding partners thus modifying the
specificity of proteins for their substrates (9). Consequently,
PPIs are often responsible for the molecular basis of many
diseases and as a result, understanding and having the ability
to target these protein interaction networks can not only aid in
treating diseases with drug development, but also in prevention
and diagnosis (10). Cell proliferation, apoptosis, transcription &
translation of proteins are a few essential biological processes
that are regulated by PPIs (11), and with around 130,000
reported binary PPIs being accountable for the progression of
diseases such as cancer and cardiovascular diseases, PPIs are an
attractive pharmacological target (12). The modulation of these
PPIs involved in such pathologies are being targeted with drugs
that have progressed to the clinic, many for oncologic purposes.
Such examples include check-point inhibitors PD-1/PD-L1
inhibitors and cyclin-dependent kinase 4 and 6 (CDK4/6) (11).
On average, it is thought that individual proteins can have up to
five interacting partners, however if acting as hubs, these
interacting partners can increase to over a hundred (13). Due
to these high levels of interactions, it can prove difficult when
predicting how far these connections can be disturbed (14). It is
therefore no surprise that attempting to untangle this
complicated web of PPI networks is a major challenge in drug
discovery. Moreover, with interfacial areas reaching between
~1500-3000 A and surfaces being large and flat, targeting these
sites can hold many problems (10). As a result, larger drugs and
biologics have also been studied to try and overcome some of the
problems that small-molecule ligands face when attempting to
target these expansive and dynamic surfaces (15). This in itself
comes with its own set of challenges, such as biologics not being
orally available like small-molecule drugs are, making them more
difficult to administer and overall more costly. However, over the
last 20 years, research has made it increasingly possible to target
such surfaces, with many of these targets being small molecules.
It is thought that drugs inhibiting PPIs are expected to be
selective due to the fact that their interfaces are likely to be less

conserved than that of active sites on protein surfaces (16).
Furthermore, individual PPIs have become validated as drug
targets with unique precision due to the developments in gene-
editing methods (17), allowing for PPIs to be considered as
druggable entities. In this review we will discuss PPIs in the
context of GPCR oligomerisation, and the different ways to target
these interactions, with a focus on the use of peptides as drugs, as
well as considering how current methods can be improved and
what the future holds.

Oligomerisation of GPCRs

Oligomeric complexes can be commonly studied as homodimers
(referring to two of the same protein molecules forming a
complex) and heterodimers (referring to two differing protein
molecules forming a complex). The dimerization of GPCRs has
become an emerging topic in recent years due to developing
evidence suggesting that they do not solely function as
monomeric entities (18). The increasing interest in GPCR
oligomerisation has led to the prevalence of high-resolution
structural information, facilitating the drug development
process (18). Techniques such as; Bioluminescence Energy
Transfer (BRET), Fluorescence Resonance Energy Transfer
(FRET), Proximity Ligation Assays (PLAs), Homogenous
Time-Resolved Fluorescence Energy Transfer (HTRF), atomic
microscopy and molecular modelling have assisted these
findings, in particular with GPCR-GPCR interactions (19-21).
As well as homodimerization, GPCRs have the ability to form
complexes with different classes of receptors, such as the receptor
tyrosine-protein kinase family (21). Heterodimeric complexes
possess pharmacological functions that differ from that of
homodimers, resulting in unique characteristics, allowing them
to be an emerging pharmacological target for a number of disease
states (22).

Techniques Targeting PPls

In order to aid the design of small-molecule inhibitors that target
PPIs, specific parts of the protein, named ‘energetic hotspots’,
can be identified. X-ray crystallography, cryo-electron
microscopy (cryo-EM) and alanine scanning have been
successfully used to identify these areas of interest within
specific proteins (23). Other methods used for the
identification of PPI inhibitors include the use of fragment-
based drug discovery, particularly for the discovery of small-
molecule inhibitors, and computational techniques, which are at
the forefront of studying PPIs (24). Since the discovery of various
GPCR heterodimers and their implication in pathophysiological
processes, targeting these PPIs holds great clinical significance;
they have slowly gone from being ‘undruggable’, to being
considered and appreciated as attractive drug targets (25).
Targeting PPIs can usually be approached through the use of
small molecules, proteins or peptides (14). Each of these methods
is accompanied with benefits and drawbacks due to the level of
complexity that is associated with targeting PPIs. However,
emerging evidence regarding peptides as disrupting tools has
proven to be a successful and preferred approach when targeting
GPCR PPIs (14).
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Peptides — The Perfect Middle Ground?

Despite the limitations that peptides as drugs possess, the use of
co-crystalised structures have resulted in peptide-based
inhibitors (26, 27). These developments have taken into
consideration that peptides targeting PPIs are large enough to
inhibit the interactions and bind to necessary sites on the protein,
as well as having the ability to imitate endogenous interactions
(14, 28). Other advances in technology and innovation have also
surfaced such as the progression of cell-penetrating peptides
(CPPs). Further innovations such as the introduction of
unnatural amino acids, the use of macrocycles, as well as
stapled and disrupting peptides, all have the ability to improve
the oral bioavailability and overall pharmacokinetics of peptides
(28). An important feature of GPCRs is their ability to exist in
oligomeric complexes, including that of homo- or heteromers.
This has sparked an increasing interest in peptides as drugs to
target such complexes. Structural information from GPCRs, such
as the B1 adrenergic receptor, U- and x-opioid receptors and
rhodopsin receptors demonstrate that specific regions, namely
transmembrane 1 & 2 and helix 8 are commonly conserved
interfaces shown in their dimeric forms (29). Within class A
GPCRs, dimeric complexes and their interfaces can be
understood through the use of synthetic peptides (30, 31).
Biased peptide ligands that can selectively target B-arrestin or
G protein downstream signalling pathways are also being
developed in order to reduce the likelihood of off-target side
effects, as well as preventing potential receptor internalisation
(32). Although naturally occurring peptides contain 50 or fewer
amino acid residues, the FDA defines drugs that are peptides as
comprising of 40 or fewer residues, in order to increase the
likelihood of successful peptides as therapeutics (33). Here we
will discuss some of the different ways that peptides can be used
to target PPIs, particularly with GPCRs, and how their size can be
seen as the ‘perfect middle ground’ (Figure 1).

Cell-Penetrating Peptides

CPPs contain 30 or fewer amino acids and have been used in
preclinical and basic research over the last 30 years for therapy
and diagnosis of several diseases (34). Through energy-

independent pathways, these shorter peptides are able to
penetrate the cell membrane and transport macromolecules of
a hydrophilic nature to the cells without being internalised by
endocytosis (35, 36). CPPs are unique as not only do they allow
for CPP/cargo complexes to be transported across the plasma
membrane, they are also capable of translocating proteins,
viruses, macromolecular drugs, imaging agents and nucleic
acids across the cell membrane (37). The safety, efficiency and
ability to prevent disturbances to the structure of the membrane
are crucial advantages of CPPs. However, there is currently a lack
of CPP/cargo complexes or CPPs in clinic (34). This is due to; 1)
cytotoxicity concerns because of numerous cell types having the
ability to internalise CPPs (38), 2) rapid clearance which may
prevent the drug being delivered to the desired site (39), 3)
possibility of unwanted immune responses leading to undesired
side effects, 4) reduced effectiveness of the drug (40) and 5) low
specificity. As a result, the need to develop CPPs that are able to
be specific, efficient and retain lower levels of toxicity to cells, are
required for this species of peptides to be more compatible with
clinical applications (34). Pepducins are lipidated CPPs that
specifically target the intracellular loops of GPCRs and are a
novel approach to modulate the activation of GPCRs (41), as well
as improve some of the problems that CPPs as drugs possess. In
comparison to their highly conserved transmembrane domains,
GPCRs possess more variance in their C-terminal i4 domain and
their cytoplasmic loops (il, 12, i3), which are important when it
comes to the selectivity, binding and activation of GPCRs (42,
43). The intracellular il-i4 domains of the associated GPCR are
used to derive pepducins, and via the binding of a lipid group
such as a palmitate, pepducins can readily pass through the cell
membrane (44). All GPCRs have what is known as an orthosteric
binding site; this is where the natural endogenous ligand binds to
(45). Additionally, there are other binding sites on GPCRs that
are distinct from that of the orthosteric binding site, known as
allosteric sites. Ligands that bind to allosteric sites are known as
allosteric modulators, and they can either potentiate or inhibit
activation of the receptor by its natural ligand or an agonist.
Allosteric modulators are important, particularly when
specificity in drug design and development can become a

Small Molecules

Peptides

<500 Da

Y

Proteins/Biologics

» >5000 Da

BioRender.com.

Increasing Size & Complexity

FIGURE 1 | Size comparison of small molecules, peptides and proteins/biologics as therapeutic agents to target protein-protein interactions (PPIs). Created with
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problem as they can increase the likelihood of achieving
selectivity and reducing adverse side effects. Binding of a
topographically distinct site to that of the orthosteric site
modifies the receptor conformation and can lead to novel
properties and modes of action (46). Intracellular pepducins
are thought to bind at allosteric sites on GPCRs, thus acting as
allosteric modulators (42), behaving differently to an agonist
binding to the orthosteric site, typically located on the
extracellular portion of the receptor. In order to activate the
receptor at an allosteric site located intracellularly of the receptor
G-protein interface, pepducins must penetrate the cell
membrane (44). For multiple class A GPCRs, a number of
intracellular pepducins agonists have been produced which
activate receptors coupling to G-protein subfamilies including
Gay, Gog, Goig and Goyo/13 (42). Examples of GPCRs whereby
pepducins have been generated include protease-activated
receptor 1 and 2 (PARI, PAR2) (41), melanocortin receptor 4
(MC4) (41), chemokine receptor 4 (CXCR4) (47) and formyl-
peptide receptor 2 (FPR2) (48). There has been success with CPP
allosteric modulators targeting PPIs involved in cancer, such as
the chemotherapeutics paclitaxel, doxorubicin, methotrexate and
cyclosporin A (49). With these drugs entering clinic and having
positive anti-tumour effects, it provides further hope in the
utilisation of allosteric CPPs targeting GPCR PPIs, providing
further hope for peptides as drugs.

Cyclic Peptides

Cyclisation of peptides has been employed to increase the
likelihood of oral administration. Cyclic peptides successfully
increase the resistance to proteases, possess a lower binding
energy and the structure of the peptide is forced into an active
conformation; these allow for the overall affinity and druggability
of the peptide to be increased (11). The chemical formation of
the macrocycle leads to stability of the compounds and is overall
energetically favourable. Nature is to thank for this phenomenon
as over the years, macrocyclic peptides have been extracted and
isolated from organisms such as fungi, bacteria and plants used
to treat a multitude of diseases (50-52). Cyclosporine A, an
immunosuppressor, is a prime example of how cyclic peptides
can be a administered orally (53). Naturally occurring
macrocyclic peptides can be used as chemical scaffolds that
have the ability to stabilise peptides that are in linear
formations and tend to be formed through a peptide bond
formation between the C- and N-terminus, also known as
backbone cyclisation (54). Backbone cyclisation has been a
successful method of designing peptides as ligands for GPCRs
with at least five of this class of peptide currently approved as
drugs (32). Pasireotide, octreotide, vapreotide and lanreotide are
backbone-cyclic peptides which modulate the somatostatin
GPCRs, and bremelanotide targets the MC4 (MC4) (32).
Setmelanotide is the most recently approved cyclic peptide for
the MC4 receptor used to treat obesity and works by having an
agonistic effect (55). As well as obesity, backbone cyclisation has
been adapted for therapeutic purposes in diseases such as cancer
and human immunodeficiency virus (HIV), whereby molecular
grafting techniques have been used in order to allow peptides to
selectively bind to their targets by integrating peptide sequences

into a number of cyclotides (56). Cyclotides are plant-derived
cyclic peptides and have been used as templates in the design and
development of peptide ligands for GPCRs (57). They are
thought to be more orally bioavailable in comparison to non-
cyclic peptides and have a high stability due to their cyclic
cystine-knot motif which is comprised of three conserved
disulphide bonds, providing rigidity to the structure (58-60).
Due to the difficulties surrounding peptide-based drug design for
GPCRs, cyclotides have been used as potential grafting scaffolds
in order to tackle some of the challenges that peptides as drugs
hold (61). Such examples of studies include; targeting the
bradykinin receptors to treat chronic pain (62), development
of selective and stable agonists of the MC4 receptor for the use of
tackling obesity (63) and generating antagonists for the CXCR4
receptor, which is known to be involved in diseases such as
cancer and HIV-1 infection (64). As a result, cyclotide templates
could have the ability to provide an important way to facilitate
the generation of peptide ligands for GPCRs that could overcome
some of the problems that linear peptides hold (61).

Stapled Peptides

Stapled peptides are an evolving technique used to target PPIs
that have the ability to overcome some of the problems that large
biologics and small-molecule inhibitors have faced. These
include not being able to arrive at the intracellular targets,
possessing low bioavailability and not being successful in
tackling the sizeable and flat nature of the surface of PPIs (65).
Hydrocarbon-stapled o-helical peptides are synthesised small
proteins secured into their bioactive structure via the
introduction of a chemical linker that is site-specific and
designed to mimic the secondary structure of proteins (24).
Stapled peptides can be seen as the best of both worlds when
targeting PPIs; they are the middle ground between small
molecule inhibitors and biologics. They possess the biophysical
properties of small molecule inhibitors, yet can retain the high
binding affinity of protein-based inhibitors (11). The improved
affinity, resistance to proteolysis and increased likelihood of cell
penetration are a few of the reasons as to why stapled peptides
are advantageous (66-68). The o-helix is an important structural
component of proteins that facilitate intracellular PPIs involved
in many biological processes and pathways (69, 70). The
enforcement of the o-helical conformation includes the use of
non-native amino acids that are positioned on the same helix
face of the peptide o-helix which are then ‘stapled’ together via
covalently bonded sidechains (71, 72). When tackling resistance
towards proteases, the use of non-native amino acids being
introduced into the peptide sequence can support the
backbone of the peptide and overcome difficulties with
unstable conformational changes that can occur when the
protein has not fully folded (73). The modification of peptides
has developed over the years and was initiated by Verdine et al.
through the development of the first all-hydrocarbon staple (74).
This work lead to the Grubbs catalyst being used to make a cross-
link for the first time on a peptide template (65). Another crucial
example involves the Bcl-2 family; it has up to four conserved
Bcl-2 homology (BH) domains that possess o-helical segments.
This was utilised by Walensky who developed hydrocarbon-
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stapled peptide helices targeting the BH3 domains (75). The
production of this stapled peptide demonstrates that they have
the ability to be very stable, increase the permeability of cells, as
well as be highly resistant to proteolysis (75, 76). The chemical
synthesis of stapled peptides uses unnatural amino acids which
bear olefin sidechains that are ‘stapled’ to the synthetically
produced amino acid domain of interest (Figure 2) (24). The
use of non-natural amino acids as building blocks means that
diverse chemical compounds can be synthesised and have the
ability to be modified both functionally and chemically, in order
to achieve the desired molecule (77). These reasons make the use
of stapled peptides very appealing when targeting PPIs for
therapeutic applications. An example using stapled peptides
within class A GPCRs is demonstrated through the
dimerization between cannabinoid receptor 1 (CB;) and
serotonin receptor 2A (5HT,4) (29). It has been shown that in
the presence of A-9-tetrahydrocannabinol (THC), unwanted
effects of cognitive impairment is induced by the
oligomerisation between CB; and 5HT,, (78). In order to
disrupt the CB;-5HT,, heteromer, a stapled peptide was
designed based on the truncated transmembrane domain 5
(TM5) of CB; fused to a cell penetrating HIV-TAT
(GRKKRRQRRR) sequence; in vitro assays showed that the
stapled peptides designed were effective at disrupting these
heteromers (29). These developments in research have allowed
for further studies and developments to be carried out in order to
target otherwise undruggable GPCR heterodimers.

The Antibody Approach - Does Size
Matter?

The development of monoclonal antibodies (mAbs) (14) as
targeted drugs are an essential tool for cancer research, with a
number of drugs being approved by the FDA (79). Phage
display is an incredibly useful molecular diversity technique
that studies binding sites of receptors, interactions between
proteins and ligands, and is also used to improve the affinity of
proteins towards their ligands and other binding partners (80).
This technique was used to design the first inhibitory antibody

(81) and has been used to design a multitude of high affinity
immunoglobulin domains (82). Such biologics have been
successfully developed to target PPIs involved in breast
cancer. Human epidermal growth factor 2 (HER2) has been
used as an important diagnostic tool in the treatment of certain
breast cancers that express this protein on the surface of the
tumours. Trastuzumab, a monoclonal antibody, has been a
efficacious drug used to target the over-expression of the HER2
protein (83, 84). Although there are major advances in the field
of targeting PPIs with protein-based compounds, there are still
huge limitations with this approach; challenges of mAbs
entering cells (14), undesirable side-effects, low oral
bioavailability and high cost of development. Nanobodies
have been used as a potential alternative to mAbs, which
allow for the discovery of more stable and simple compounds
that have been found to be successful in targeting GPCRs for
not only therapeutic purposes, but also for research and
diagonstics (85). Unlike antibodies which have two variable
domains, nanobodies have only a single variable domain
allowing for more stability and a more straight-forward
manufacturing process due to their smaller size (86).
However, like mAbs, nanobodies also have drawbacks; these
small monomeric entities often induce kidney toxicity due to
their rapid renal clearance which in turn limits a high amount
at the site of interest (87). The use of mAbs and nanobodies as
targeted drugs requires further improvements to allow them to
be more desired as therapeutics for PPIs.

Small Molecules - Do Good Things Come
in Small Packages?

Due to the size of the surface of PPIs, designing small molecules
that are successful in disrupting these interactions has presented
difficulties. Unlike enzymes or receptors whereby stabilisation
occurs via the active or binding sites, proteins that are hidden
within the PPI form large interfaces that can have a magnitude of
thousands of A (2) (88). As well as size being a problem, the many
features to consider due to the diversity and flatness of the binding
sites within the interfaces of PPIs, presents difficulties when

Grubb's metathesis

Olefin-substituted amino acids
bound to unstable peptide

FIGURE 2 | Example of stapled peptide formation. Created with BioRender.com.
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producing effective inhibitors (14). With these factors in mind,
designing small molecules could seem superfluous. However, over
the years, there has been developments in the number of small-
molecule inhibitors targeting PPIs. In 2018, it was reported that 44
published small-molecule inhibitors targeting PPIs exist, with the
majority for the indication of oncology (28). Nonetheless, how is it
possible to develop small-molecule inhibitors for PPIs? Pockets,
indentations and clefts are thought to be embossed on the surfaces
of the proteins, suggesting there is appreciably more to consider
when describing their ‘flat’ feature (89). It is thought that for a PPI
to be disrupted effectively, the whole PPI surface is not required to
be interacted with; particular amino acids within the surface can be
targeted (90). These so-called ‘hot-spots’ (Figure 3) are fascinating
entities as they are generally clustered at the centre of the protein
interface and tend to be of the size and area that equates to a small
molecule; they also have the ability to modify their conformation
and possess hydrophobic characteristics (91). These ‘hot-spot’
binding pockets are found to be within a range of 250-900 A (2)
of size, as is found with the majority of the clinical-stage PPI
inhibitors (92, 93). Small molecule drugs not only benefit from
their overall cost, but are more likely to be orally bioavailable, have
a higher metabolic stability, possess a longer shelf-life, as well as
having overall advantageous permeability and pharmacokinetics
(94, 95). Crucial oncologic PPIs involving members of the Bcl-2
(B-cell lymphoma 2) family of proteins, which regulate apoptosis,
are examples of being able to be targeted by small molecules (90).
Oncology is the largest field of medicine that benefits from small-
molecule PPI inhibitors and will continue to profit from the
development of these compounds (28). There is a large number
of small molecules that are currently approved to target several
GPCRSs for a wide variety of disease states, including high blood
pressure, type-2 diabetes, pain and schizophrenia; some of these
GPCRs include adrenoreceptors, acetylcholine receptors,
dopamine receptors, histamine receptors, serotonin receptors
and opioid receptors (96). The use of small molecule allosteric
modulators that target PPIs has also become an emerging topic of
interest within this field of research. As previously mentioned
allosteric modulators target sites on proteins that are
topographically distinct to that of the orthosteric binding site

OO

(46). Allosteric modulators usually have differing and enhanced
physiochemical properties that ligands which solely bind to
orthosteric binding sites may possess, which could aid in the
design and development of ligands which target PPI surfaces.
Studies have shown that targeting the heterodimeric gamma-
aminobutyric acid B (GABAg) receptor, using positive allosteric
modulators (PAMs) that can bind at the interface of the
transmembrane domains, can control the activation of this class
C GPCR dimer (97). PAMs are allosteric modulators that enhance
the agonist affinity for the receptor and negative allosteric
modulators (NAMs) will inhibit the agonist affinity (98). The
GABAg PAMs bind in the transmembrane interface which is
conserved across most GPCRs, making these findings important
for not only class C GPCRs, but for the whole superfamily (97).
Importantly, the discovery of allosteric modulators is mostly
limited to computational analysis, providing an obstacle for the
development of these compounds. However, recent developments
in computational and experimental strategies have allowed for the
identification of allosteric sites to become less challenging, which
allows for the development of allosteric modulators to become
more likely (99, 100). These are crucial findings for targeting
GPCR dimers as they provide the possibility in developing
allosteric modulators that can alter the activity of oligomers that
are involved in diseases, allowing them to be pharmacologically
attractive compounds.

GPCR Dimers as Physiological Targets
With GPCR dimers becoming an attractive target for many
diseases, the advancement in technology and demand has
allowed for a number of GPCR dimers to be identified and
discovered. Some of these physiologically significant oligomeric
complexes include; CXCR4 (101), CXCR4 and cannabinoid
receptor 2 (CB,) (22), CB, and HER2 (21), dopamine receptor
1 (D;) and dopamine receptor 2 (D,) (102), glutamate receptor 2
(mGlu,) and 5HT2A (103), CB1 and 5-HT,4 (104) and D, and
adenosine receptor 2A (A,,) (105). We will discuss the biological
relevance of these dimeric complexes as well as explore the
different techniques that have been used to target and
approach them so far.

{? Hot Spot 1 O Small Molecule 1
ﬁ Hot Spot 2 . Small Molecule 2

FIGURE 3 | Protein 'hot spots' used to target protein-protein interactions (PPls). Created with BioRender.com.
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CXCR4 Receptor Homomer

CXCR4 is one of 19 known chemokine receptors and is activated
by its endogenous ligand, stromal cell-derived factor-1 (SDF-1)
or CXCL12 (64). CXCR4 has been linked to HIV, as well as many
different types of cancers due to its ability to stimulate
angiogenesis, tumour growth, metastasis and tumour survival
(106, 107), making it an important drug target. Studies have
shown that CXCR4 homodimers have been detected in tumour
cells, not only in the cytoplasm but also on the surface of the cell
membrane (101). Wang et al. concluded that interactions
between CXCR4 receptors might have an important part to
play in the migration of cells and the homodimeric forms that
are found intracellularly as well as on the cell surface, making it a
suitable target to manage metastasis of tumours (101).
Heterodimerisation of CXCR4 has also been established with
the discovery of CXCR4 and chemokine receptor type 2 (CCR2)
through the use of BRET (108). The function of oligomeric
CXCR4 complexes can differ from that of its monomeric entity
as the function of the receptor can change (109, 110). An
antibody-based approach has been used to target this receptor
using nanobodies; small proteins (12-15 kDa) made from single
variable domains of heavy-chain antibodies that have the ability
to act as successful conformational sensors (111). The use of
nanobodies have the ability to bind to CXCR4 and have various
advantages over the use of small molecules, such as possessing
longer half-lives and demonstrate higher selectivity (112, 113).
The development in this technology to target dimeric complexes
of CXCR4 has provided hope with targeting this receptor, and
other GPCRs for therapeutic purposes. Through the continued
improvement with emerging technologies, as well as growing
crystallographic data, targeting GPCR PPIs, such as CXCR4
oligomers through the use of peptides could eliminate the
current problems that existing techniques possess.

CXCR4-CB, Heteromer

As well as possessing the ability to form homodimers, CXCR4 can
also form complexes with other GPCRs. One example is CB,,
another class A GPCR part of the endocannabinoid system, that is
also known to impact tumour growth and metastasis. CB, is
primarily expressed in the immune system and the peripheral
nervous system (114, 115) and is an attractive pharmacological
target for a number of different illnesses, particularly its
upregulation in a number of different cancers (116). Inhibition of
receptor activation has been observed via allosteric interactions
within heteromers containing the chemokine receptors (22). The
CXCR4-CB, heterodimeric complexes has been found in human
prostate and breast cancer cells (22). It is thought that CXCR4 can
be silenced when in a heterodimeric complex with CB,, which
allows for the function of CXCR4 to be inhibited, reducing tumour
growth or metastasis (22). Studies have shown that upon agonist
activation of CXCR4 and CB, simultaneously, the functions of the
malignant tumour cells were reduced (117). At least one biotech
company in South Korea, GPCR Therapeutics, whose major focus
has been GPCR heteromers, in particular oligomers linked to
CXCR4, has recognised the potential for targeting heterodimers
in oncology.

CB,-HER2 Receptor

GPCRs can also form dimeric complexes with other families of
receptors; in HER2-positive breast cancers, CB, can form a
heteromer with HER2, which belongs to the receptor tyrosine
kinase family of receptors (21). HER2-positive breast cancer is a
specific subtype of breast tumours and is responsible for
approximately 15-20% of malignancies (118). Due to the large
number of tumours that present with this subtype, the
production of targeted therapies towards HER2-positive
tumours has been necessary, and with the successful
production of targeted therapies such as Trastuzumab, patient
outcome has considerably improved. However, new therapeutics
are required for the tumours that are resistant to these targeted
therapies, as well as severe cardiac related side effects (119).
Evidence suggests that in breast cancer cells, including that of
metastatic breast tissues, HER2 physically interacts with CB,,
forming a heterodimeric complex and is correlated to a poor
patient prognosis; this corresponds with the fact that 91% of
HER2 positive breast tumours also show CB, expression in
immunohistochemical analysis (21, 120). Studies have shown
that in HER?2 positive breast cancer cells, the use of cannabinoids,
such as A-9-THC or JWHI133, a synthetic CB, specific agonist,
can reduce the progression of the disease by a decrease in the
tumour number, growth and metastases (120). Trastuzumab is a
monoclonal antibody that is used to selectively target HER2
positive breast cancer and has been successful, to a certain extent
(83, 84). However, due to approximately 75% of patients not
responding to this treatment because of an increase in resistance,
other methods to target HER2 positive breast cancers are
necessary (120). Novel agents or the use of this mAb in
combination with other anti-cancer drugs is a potential option,
as well as directly targeting the CB, receptor due to its prevalence
in HER2 positive breast cancers.

D+-D, Receptor Heteromer

Dopamine 1 (D;) and dopamine 2 (D,) receptors are the two
predominant dopaminergic receptors that are found in the part
of the brain which is responsible for controlling several aspects of
cognition, known as the striatum (121). Dopamine, which is the
endogenous ligand for both of these receptors, is a crucial
neurotransmitter that controls numerous physiological
functions such as emotion, learning and behavioural
characterisitcs (121). Abnormal signalling of D; and D, has
been linked to a number of neuropsychiatric disorders such as
schizophrenia, drug abuse, autism, and Parkinson’s Disease (PD)
(122). As a result, the development of ligands that target these
receptors in order to treat the variety of neurological related
disorders is desired. The dopamine receptors are structurally
similar and therefore designing compounds that target each
dopamine receptor specifically can become a challenge (123).
However, with the occurrence of the D,-D, complex, this could
allow for drug discovery to be more manageable. Within the
brain, D; and D, receptors have been thought to form
heterodimeric complexes, which has been established through
techniques such as FRET (121). In comparison with the
monomeric entities of each receptors themselves, this
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heteromer engages in an alternative pathway of signal
transduction (124). The D;-D, heteromer has been shown to
have important physiological relevance with diseases such as
drug addiction and schizophrenia, which allow for the this
complex to be of crucial therapeutic significance (121). Zhuang
et al. have recently discovered the first cryo-EM structure of the
wild-type D; receptor in complex with the G, protein bound to
agonist apomorphine or with selective agonists SKF81297 and
SKF83959 (122). This structural information will be crucial for
the design and development of drugs selectively targeting not
only the D; receptor, but also D; receptor heteromers which will
in turn help to treat central nervous system (CNS) disorders.
SKF83959 has been found to be a D;-D, heteromer specific
ligand that has allowed for the isolation of this complex, which
has previously been difficult due to dopamine agonists activating
both D; and D, homomers as well as this dopamine receptor
heterodimer (125). The development of this ligand and the
knowledge of its where it binds to, provides useful information
and an important stepping stone towards the development of
potential disrupting peptides to target this complex.

D,-Asn Receptor Heteromer

Dopamine receptors have the ability to form heterodimers with
other GPCRs that are not within the dopamine family of
receptors. In this case, the D, receptor has been shown to form
a heterodimeric complex with A, in the cell membrane (126).
The A,4 receptor is a useful pharmacological target for novel
drug development as it plays a crucial role in regulating blood
flow and oxygen consumption required for the heart, as well as
the neurotransmitters within the CNS (127). The existence of the
D,-A; 4 heterodimer is thought to be involved in striatopallidal y-
aminobutyric acid (GABA) pathways where D, receptor
trafficking and signalling is modulated through A,, receptor
antagonisation (105). In vitro analysis has indicated that the high
affinity binding of D, agonists is reduced via the activation of
A, 5, which suggests that there are possible allosteric interactions
that are influencing the signalling of the D, receptor (128). These
allosteric interactions have been associated with the neuroleptic
effects of A, agonists (105), which indicates that this heteromer
is an important target for many neurodegenerative related
diseases. Moreover, a substantial amount of evidence and
experimental findings have demonstrated that the D,-Ajs
heterodimer plays a significant part in the basal ganglia (126),
which is linked to PD. In order to target this heterodimeric
complex, peptides that can have antagonistic effects towards the
D, receptor and agonistic effects for the A,, receptor could
represent potential therapeutic importance.

CB1-5HT,a

CB, is a major receptor of the endocannabinoid system, along
with CB,. It is primarily expressed in the brain and CNS where it
modulates neurotransmitters such as dopamine and serotonin
(104). 5-HT,4 is one of three subtypes of the 5-HT, receptors
which are a subfamily of the serotonin (5-HT) receptors (129).
CB; and 5-HT,,, both class A GPCRs, are thought to form a
heterodimeric complex, which has been shown to be expressed in
the brain of mice whereby the complex mediates cognitive effects

that are elicited by THC (104). Studies carried out have
demonstrated that the CB;-5HT,, heterodimer can be
modulated to achieve separation of the cognitive damage that
is stimulated by THC from antinociceptive properties; these are
favourable via the selective pharmacological blockade or
disruption of the PPI by transmembrane interference peptides
(78). Botta et al. found that through the use of an aryl-
hydrocarbon-stapled CB; TM5-mimicking peptide to target the
CB;-5HT), 4 receptor heterodimer, the stapled peptide resulted in
an enhancement of proteolytic resistance as well as improved o
helicity, providing confidence for the use of stapled peptides (29).
Targeting this heterodimer can have huge advantageous results
for cognitive related disorders, with the use of disrupting
peptides demonstrating their potential significance and
successful use for other GPCR oligomers (104).

mGlu2-5HT,, Receptor Homomer

5-HT,, can dimerise with the mGlu, receptor, a class C GPCR.
Individually, both receptors have been associated with the
disordered physiological processes of neuropsychiatric illnesses
such as schizophrenia (103). Affecting around 1% of the
population, schizophrenia is a distressing mental disorder that
is not fully comprehended, however serotonin, glutamate and
dopamine receptors have all demonstrated relevance in the
disease (130). There have been a number of studies that have
shown the involvement of the 5HT,4 receptor with compounds
such as lysergic acid diethylamide (LSD), mescaline, 2,5-
dimethoxy-4-iodoamphetamine (DOI) and the agonistic effects
that they have on this serotonin receptor subtype (131-133).
Induction of schizophrenic symptoms performed in preclinic
and clinical studies have demonstrated the modulation of the
glutamate transmitter system via the use of ketamine and
phencyclidine, N-methyl-D-aspartate (NMDA) receptor
antagonists (130). With a new class of mGlu,,; agonists
emerging as potential antipsychotic drugs, LY378268 and
LY404039 (134), the known functional antagonism between
both mGlu, and 5-HT,, receptors meant that investigations
could be carried out on whether a direct interaction between
these two receptors could occur. Studies demonstrate that
coupling of Gj, proteins to the mGlu, protomer that is distal
from the 5-HT,4 receptor, is necessary for mGlu, to perform
cross-talking with 5-HT,, in order for activation of Ggi;
signalling and calcium releasing to occur (103). These findings
are crucial in order to understand the pharmacology that occurs
between such receptors so that the design and synthesis of
ligands that target these heterodimeric complexes can be
successful in tackling disorders such as schizophrenia. Peptides
could be of significance as they have the advantage of being able
to target the PPIs and cover the large interfaces that are involved,
whilst also having potential therapeutic benefits and decreased
likelihood of off-target side effects.

Peptides Approved as Therapeutics and in
the Pipeline

The majority of peptides that target class A GPCRs are receptor
agonists and are used to either improve the function of the
endogenous peptide, or substitute it with their high potency and
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affinity (ECso = 8.5; K; = 8.4, respectively) (32). Although they
possess a higher potency and efficiency than most clinically
approved drugs, the short plasma half-life can become a huge
drawback for peptides as they are rapidly excreted and degraded
by peptidase enzymes and levels of distribution are low due to
their hydrophilic and polar characteristics (32). As a result, only
certain clinical indications can really benefit from these low half-
life drugs being administered. There are currently 26 peptides
that have been synthesized for therapeutic purposes, with the
majority having an agonistic effect (135). There are a number of
peptides that are currently in clinical trials that could hope to
provide some promising results if they are brought forward to
clinic, including peptide antagonists as a potential anticancer
agent for the class A GPCR, CXCR4 (136). As previously
mentioned there is, an approved selective agonist for the MC4,
setmelanotide; it is a synthetic peptide that is used to treat obesity
(55). There are several peptides in clinical trial stages targeting
GPCRs as well as approved therapeutics, which highlight not
only the importance of peptides as drugs, but also the relevance
and potential success they can lead to in clinic.

CONCLUDING REMARKS

PPIs are arguably one of the most complex interactions to target
therapeutically. The size and nature of these interactions has
raised a multitude of challenges of how these surfaces can be
targeted. Over the past decade, there have been some crucial
discoveries in this field, mainly due to the increasing
understanding of the nature of PPIs and ways in which they
can be targeted. Due to the discovery of GPCRs existing as
oligomeric complexes, the detection of PPIs and therefore the
necessity for drugs that target these interactions is necessary. In
this review, we have demonstrated that the use of peptides as

REFERENCES

1. Santos R, Ursu O, Gaulton A, Bento AP, Donadi RS, Bologa CG, et al. A
Comprehensive Map of Molecular Drug Targets. Nat Rev Drug Discov
(2016) 16(1):19-34. doi: 10.1038/nrd.2016.230

2. Schioth HB, Fredriksson R. The GRAFS Classification System of G-Protein
Coupled Receptors in Comparative Perspective. Gen Comp Endocrinol
(2005) 142(1-2):94-101. doi: 10.1016/j.ygcen.2004.12.018

3. Lee Y, Basith S, Choi S. Recent Advances in Structure-Based Drug Design
Targeting Class A G Protein-Coupled Receptors Utilizing Crystal Structures
and Computational Simulations. ] Med Chem (2018) 61(1):1-46.
doi: 10.1021/acs.jmedchem.6b01453

4. Bouvier M. Oligomerization of G-Protein-Coupled Transmitter Receptors.
Nat Rev Neurosci (2001) 2:274-86. doi: 10.1038/35067575

5. de Las Rivas J, Fontanillo C. Protein-Protein Interactions Essentials: Key
Concepts to Building and Analyzing Interactome Networks. PloS Comput
Biol (2010) 6(6):1000807. doi: 10.1371/journal.pcbi.1000807

6. Kuzmanov U, Emili A. Protein-Protein Interaction Networks: Probing
Disease Mechanisms Using Model Systems. Genome Med (2013) 5(4):37.
doi: 10.1186/gm441

7. Berggérd T, Linse S, James P. Methods for the Detection and Analysis of
Protein-Protein Interactions. Proteomics (2007) 7(16):2833-42. doi: 10.1002/
pmic.200700131

drugs is an important method to target PPIs for GPCRs. From
being deemed ‘undruggable’ to having peptides in the pipeline
and in clinic, the knowledge about PPIs and peptides has come a
long distance. Improving this field of drug design and
development can be done by providing better mapping of
these interactions, the expansion of structural information of
GPCR oligomeric complexes, development of in vivo techniques
to aid the localisation of the dimers, as well as methods in
refining peptides, such as optimisation of stapled peptides. These
are some of the ongoing challenges that we are faced with,
however with the developing technologies and strategies
approaching these matters, and the pioneering work that has
already been performed and discovered, the future is hopeful for
the use of peptides as therapeutics agents for targeting
GPCR PPIs.

AUTHOR CONTRIBUTIONS

LAH and PJM initiated the manuscript. ZF provided the first
draft of the manuscript and generated the figures. All authors
contributed to the article and approved the submitted version.

FUNDING

This work was supported by BBSRC grants BB/R0006946/1 and
BB/V00719X/1 and Barts Charity award MRC0227 to PM.

ACKNOWLEDGMENTS

PM participates in the European COST Action CA18133 (ERNEST).

8. Yanagida M. Functional Proteomics; Current Achievements. ] Chromatogr
B: Anal Technol Biomed Life Sci (2002) 771(1-2):89-106. doi: 10.1016/
$1570-0232(02)00074-0
. Phizicky EM, Fields S. Protein-Protein Interactions: Methods for Detection
and Analysis. Microbiol Rev (1995) 59(1): 94-123. doi: 10.1128/
mmbr.59.1.94-123.1995
10. Gonzalez MW, Kann MG. Chapter 4: Protein Interactions and Disease. PloS
Comput Biol (2012) 8(12):e1002819. doi: 10.1371/journal.pcbi. 1002819

11. Philippe GJB, Craik DJ, Henriques ST. Converting Peptides Into Drugs
Targeting Intracellular Protein-Protein Interactions. Drug Discov Today Vol
(2021) 26:1521-31. doi: 10.1016/j.drudis.2021.01.022

12. Venkatesan K, Rual J-F, Vazquez A, Stelzl U, Lemmens I, Hirozane-
Kishikawa T, et al. An Empirical Framework for Binary Interactome
Mapping. Nat Methods 2008 61 (2008) 6:83-90. doi: 10.1038/
nmeth.1280

13. Stelzl U, Worm U, Lalowski M, Haenig C, Brembeck FH, Goehler H, et al. A

Human Protein-Protein Interaction Network: A Resource for Annotating
the Proteome. Cell (2005) 122(6):957-68. doi: 10.1016/j.cell.2005.08.029

14. Bakail M, Ochsenbein F. Targeting Protein-Protein Interactions, a Wide

Open Field for Drug Design. Comptes Rendus Chimie (2016) 19(1-2):19-27.
doi: 10.1016/j.crci.2015.12.004

15. Wan H. An Overall Comparison of Small Molecules and Large Biologics in

ADME Testing. ADMET DMPK (2016) 4(1):1-22. doi: 10.5599/admet.4.1.276

o

Frontiers in Endocrinology | www.frontiersin.org

July 2022 | Volume 13 | Article 843770


https://doi.org/10.1038/nrd.2016.230
https://doi.org/10.1016/j.ygcen.2004.12.018
https://doi.org/10.1021/acs.jmedchem.6b01453
https://doi.org/10.1038/35067575
https://doi.org/10.1371/journal.pcbi.1000807
https://doi.org/10.1186/gm441
https://doi.org/10.1002/pmic.200700131
https://doi.org/10.1002/pmic.200700131
https://doi.org/10.1016/S1570-0232(02)00074-0
https://doi.org/10.1016/S1570-0232(02)00074-0
https://doi.org/10.1128/mmbr.59.1.94-123.1995
https://doi.org/10.1128/mmbr.59.1.94-123.1995
https://doi.org/10.1371/journal.pcbi.1002819
https://doi.org/10.1016/j.drudis.2021.01.022
https://doi.org/10.1038/nmeth.1280
https://doi.org/10.1038/nmeth.1280
https://doi.org/10.1016/j.cell.2005.08.029
https://doi.org/10.1016/j.crci.2015.12.004
https://doi.org/10.5599/admet.4.1.276
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Farooq et al.

Probing GPCR Dimerization Using Peptides

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Cesa LC, Mapp AK, Gestwicki JE. Direct and Propagated Effects of Small
Molecules on Protein-Protein Interaction Networks. Front Bioeng Biotechnol
(2015) 3. doi: 10.3389/fbioe.2015.00119

Komor AC, Kim YB, Packer MS, Zuris JA, Liu DR. Programmable Editing of
a Target Base in Genomic DNA Without Double-Stranded DNA Cleavage.
Nature (2016) 533(7603):420-4. doi: 10.1038/nature17946

Katritch V, Cherezov V, Stevens RC. Structure-Function of the G Protein-
Coupled Receptor Superfamily. Annu Rev Pharmacol Toxicol (2013) 53:531-
56. doi: 10.1146/annurev-pharmtox-032112-135923

Milligan G, Ward RJ, Marsango S. GPCR Homo-Oligomerization. Curr
Opin Cell Biol (2019) 57:40-7. doi: 10.1016/j.ceb.2018.10.007

Aslanoglou D, Alvarez-Curto E, Marsango S, Milligan G. Distinct Agonist
Regulation of Muscarinic Acetylcholine M2-M3 Heteromers and Their
Corresponding Homomers. | Biol Chem (2015) 290:14785-96. doi:
10.1074/jbc.M115.649079

Blasco-Benito S, Morenoc E, Seijo-Vilaa M, Tundidora I, Maria Andradasa
C, Caffarel M., et al. Therapeutic Targeting of HER2-CB2R Heteromers in
HER2-Positive Breast Cancer. Proc Natl Acad Sci USA (2019) 116(9):3863—
72. doi: 10.1073/pnas.1815034116

Coke CJ, Scarlett KA, Chetram MA, Jones KJ, Sandifer BJ, Davis AS, et al.
Simultaneous Activation of Induced Heterodimerization Between CXCR4
Chemokine Receptor and Cannabinoid Receptor 2 (CB2) Reveals a
Mechanism for Regulation of Tumor Progression. ] Biol Chem (2016) 291
(19):9991-10005. doi: 10.1074/jbc.M115.712661

Moreira IS, Fernandes PA, Ramos MJ. Hot Spots—A Review of the Protein—
Protein Interface Determinant Amino-Acid Residues. Proteins Struct Funct
Bioinforma (2007) 68:803-12. doi: 10.1002/prot.21396

Mabonga L, Kappo AP. Protein-Protein Interaction Modulators: Advances,
Successes and Remaining Challenges. Biophys Rev (2019) 11(4):559-81.
doi: 10.1007/s12551-019-00570-x

Modell AE, Blosser SL, Arora PS. Systematic Targeting of Protein-Protein
Interactions. Trends Pharmacol Sci (2016) 37(8):702-13. doi: 10.1016/
j.tips.2016.05.008

Bullock BN, Jochim AL, Arora PS. Assessing Helical Protein Interfaces for
Inhibitor Design. ] Am Chem Soc (2011) 133:54. doi: 10.1021/ja206074;
Siegert TR, Bird MJ, Makwana KM, Kritzer JA. Analysis of Loops That
Mediate Protein—Protein Interactions and Translation Into Submicromolar
Inhibitors. ] Am Chem Soc (2016) 138:1. doi: 10.1021/jacs.6b05656

Ran X, Gestwicki JE. Inhibitors of Protein-Protein Interactions (PPIs): An
Analysis of Scaffold Choices and Buried Surface Area. Curr Opin Chem Biol
(2018) 44:75-86. doi: 10.1016/j.cbpa.2018.06.004

Botta J, Bibic L, Killoran P, McCormick PJ, Howell LA. Design and
Development of Stapled Transmembrane Peptides That Disrupt the
Activity of G-Protein-Coupled Receptor Oligomers. ] Biol Chem (2019)
294(45):16587-603. doi: 10.1074/jbc.RA119.009160

Lee LTO, et al. Transmembrane Peptides as Unique Tools to Demonstrate
the In Vivo Action of a Cross-Class GPCR Heterocomplex. FASEB ] (2014)
28:2632-44. doi: 10.1096/1j.13-246868

Borroto-Escuela DO, Ng SYL, Chu JYS, Sekar R, Harikumar KG, Miller L],
et al. Understanding the Role of GPCR Heteroreceptor Complexes in
Modulating the Brain Networks in Health and Disease. Front Cell
Neurosci (2017) 0:37. doi: 10.3389/fncel.2017.00037

Davenport AP, Scully CCG, Graaf C, Brown AJH, Maguire JJ. Advances in
Therapeutic Peptides Targeting G Protein-Coupled Receptors Nature Revs Drug
Discov (2020) 19(6):389-413. doi: 10.1038/541573-020-0062-z

Impact Story: Developing the Tools to Evaluate Complex Drug Products: Peptides
| FDA . Available at: https://www.fda.gov/drugs/regulatory-science-action/
impact-story-developing-tools-evaluate-complex-drug-products-peptides.

Xie ], Bi Y, Zhang H, Dong S, Teng L, Lee R], et al. Cell-Penetrating Peptides
in Diagnosis and Treatment of Human Diseases: From Preclinical Research
to Clinical Application. Front in Pharmacol (2020) 11:697. doi: 10.3389/
fphar.2020.00697

Lindgren M, Hallbrink M, Prochiantz A, Langel U. Cell-Penetrating
Peptides. Trends Pharmacol Sci (2000) 21:99-103. doi: 10.1016/S0165-
6147(00)01447-4

Gupta B, Levchenko TS, Torchilin VP. Intracellular Delivery of Large
Molecules and Small Particles by Cell-Penetrating Proteins and Peptides.
Adv Drug Deliv Rev (2005) 57:637-51. doi: 10.1016/j.addr.2004.10.007

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Tripathi PP, Arami H, Banga I, Gupta ], Gandhi S. Cell Penetrating Peptides
in Preclinical and Clinical Cancer Diagnosis and Therapy. Oncotarget (2018)
9:37252-67. doi: 10.18632/oncotarget.26442

Saar K, Lindgren M, Hansen M, Eiriksdottir E, Jiang Y, Rosenthal-Aizman
K, et al. Cell-Penetrating Peptides: A Comparative Membrane Toxicity
Study. Anal Biochem (2005) 345:55-65. doi: 10.1016/j.ab.2005.07.033
Pujals S, Giralt E. Proline-Rich, Amphipathic Cell-Penetrating Peptides. Adv
Drug Deliv. Rev (2008) 60:473-84. doi: 10.1016/j.addr.2007.09.012

Jarver P, Mager I, Langel U. In Vivo Biodistribution and Efficacy of Peptide
Mediated Delivery. Trends Pharmacol Sci (2010) 31:528-35. doi: 10.1016/
j.tips.2010.07.006

Covic L, Gresser AL, Talavera J, Swift S, Kuliopulos A. Activation and
Inhibition of G Protein-Coupled Receptors by Cell-Penetrating Membrane-
Tethered Peptides. Proc Natl Acad Sci USA (2002) 99:643-8. doi: 10.1073/
pnas.022460899

O’Callaghan K, Kuliopulos A, Covic L. Turning Receptors on and Off With
Intracellular Pepducins: New Insights Into G-Protein-Coupled Receptor
Drug Development. J Biol Chem (2012) 287:12787-96. doi: 10.1074/
jbc.R112.355461

Audet M, Bouvier M. Restructuring G-Protein- Coupled Receptor
Activation. Cell (2012) 151:14-23. doi: 10.1016/j.cell.2012.09.003

Zhang P, Covic L, Kuliopulos A. Pepducins and Other Lipidated Peptides as
Mechanistic Probes and Therapeutics. Methods Mol Biol (2015) 1324:191.
doi: 10.1007/978-1-4939-2806-4_13

Lu S, Zhang J. Small Molecule Allosteric Modulators of G-Protein-Coupled
Receptors: Drug-Target Interactions. ] Med Chem (2019) 62:24-45. doi:
10.1021/acs.jmedchem.7b01844

NiD, Lu S, Zhang J. Emerging Roles of Allosteric Modulators in the Regulation
of Protein-Protein Interactions (PPIs): A New Paradigm for PPI Drug
Discovery. Med Res Rev (2019) 39:2314-42. doi: 10.1002/med.21585
Tchernychev B, Ren Y, Sachdev P, Janz JM, Haggis L, A, et al. Discovery of a
CXCR4 Agonist Pepducin That Mobilizes Bone Marrow Hematopoietic
Cells. Proc Natl Acad Sci USA (2010) 107:22255-9. doi: 10.1073/
pnas.1009633108

Lee HY, Kim SD, Shim JW, Kim HJ, Kwon JY, Kim J-M, et al. Activation of
Human Monocytes by a Formyl Peptide Receptor 2-Derived Pepducin. FEBS
Lett (2010) 584:4102-8. doi: 10.1016/j.febslet.2010.08.036

Corbi-Verge C, Garton M, Nim S, Kim PM. Strategies to Develop Inhibitors
of Motif-Mediated Protein-Protein Interactions as Drug Leads. Annual Rev
Pharmacol Toxicol (2016) 57:39-60. doi: 10.1146/annurev-pharmtox-
010716-104805

Wang X, Lin M, Xu D, Lai D, Zhou L. Structural Diversity and Biological
Activities of Fungal Cyclic Peptides, Excluding Cyclodipeptides. Molecules
(2017) 22:2069. doi: 10.3390/molecules23010169

Borrero J, Rual J-F, Vazquez A, Stelzl U, Lemmens I, Hirozane-Kishikawa T,
etal. Plantaricyclin A, a Novel Circular Bacteriocin Produced by Lactobacillus
Plantarum NI326: Purification, Characterization, and Heterologous
Production. Appl Environ Microbiol (2018) 84:e01801-17. doi: 10.1128/
AEM.01801-17

Henriques ST, Craik DJ. Cyclotides as Templates in Drug Design. Drug
Discov Today (2010) 15:57-64. doi: 10.1016/j.drudis.2009.10.007

Borel JF. Comparative Study of In Vitro and In Vivo Drug Effects on Cell-
Mediated Cytotoxicity. Immunology (1976) 31:631.

Clark R], Daly NL, Craik DJ. Structural Plasticity of the Cyclic-Cystine-Knot
Framework: Implications for Biological Activity and Drug Design. Biochem |
(2006) 394:85-93. doi: 10.1042/BJ20051691

Cléement K, Akker den van E, Argente J, Bahm A, W, Chung K, Connors H,
et al, et al. Efficacy and Safety of Setmelanotide, an MC4R Agonist, in
Individuals With Severe Obesity Due to LEPR or POMC Deficiency: Single-
Arm, Open-Label, Multicentre, Phase 3 Trials. Lancet Diabetes Endocrinol
(2020) 8:960-70. doi: 10.1016/S2213-8587(20)30364-8

Poth AG, Chan LY, Crail DJ. Cyclotides as Grafting Frameworks for Protein
Engineering and Drug Design Applications. Biopolymers (2013) 100:480-91.
doi: 10.1002/bip.22284

Koehbach J, O'Brian M, Muttenthaler M, Miazzo M, Akcan M, Elliott AG,
et al. Oxytocic Plant Cyclotides as Templates for Peptide G Protein-Coupled
Receptor Ligand Design. Proc Natl Acad Sci USA (2013) 110:21183-8. doi:
10.1073/pnas.1311183110

Frontiers in Endocrinology | www.frontiersin.org

July 2022 | Volume 13 | Article 843770


https://doi.org/10.3389/fbioe.2015.00119
https://doi.org/10.1038/nature17946
https://doi.org/10.1146/annurev-pharmtox-032112-135923
https://doi.org/10.1016/j.ceb.2018.10.007
https://doi.org/10.1074/jbc.M115.649079
https://doi.org/10.1073/pnas.1815034116
https://doi.org/10.1074/jbc.M115.712661
https://doi.org/10.1002/prot.21396
https://doi.org/10.1007/s12551-019-00570-x
https://doi.org/10.1016/j.tips.2016.05.008
https://doi.org/10.1016/j.tips.2016.05.008
https://doi.org/10.1021/ja206074j
https://doi.org/10.1021/jacs.6b05656
https://doi.org/10.1016/j.cbpa.2018.06.004
https://doi.org/10.1074/jbc.RA119.009160
https://doi.org/10.1096/fj.13-246868
https://doi.org/10.3389/fncel.2017.00037
https://doi.org/10.1038/s41573-020-0062-z
https://www.fda.gov/drugs/regulatory-science-action/impact-story-developing-tools-evaluate-complex-drug-products-peptides
https://www.fda.gov/drugs/regulatory-science-action/impact-story-developing-tools-evaluate-complex-drug-products-peptides
https://doi.org/10.3389/fphar.2020.00697
https://doi.org/10.3389/fphar.2020.00697
https://doi.org/10.1016/S0165-6147(00)01447-4
https://doi.org/10.1016/S0165-6147(00)01447-4
https://doi.org/10.1016/j.addr.2004.10.007
https://doi.org/10.18632/oncotarget.26442
https://doi.org/10.1016/j.ab.2005.07.033
https://doi.org/10.1016/j.addr.2007.09.012
https://doi.org/10.1016/j.tips.2010.07.006
https://doi.org/10.1016/j.tips.2010.07.006
https://doi.org/10.1073/pnas.022460899
https://doi.org/10.1073/pnas.022460899
https://doi.org/10.1074/jbc.R112.355461
https://doi.org/10.1074/jbc.R112.355461
https://doi.org/10.1016/j.cell.2012.09.003
https://doi.org/10.1007/978-1-4939-2806-4_13
https://doi.org/10.1021/acs.jmedchem.7b01844
https://doi.org/10.1002/med.21585
https://doi.org/10.1073/pnas.1009633108
https://doi.org/10.1073/pnas.1009633108
https://doi.org/10.1016/j.febslet.2010.08.036
https://doi.org/10.1146/annurev-pharmtox-010716-104805
https://doi.org/10.1146/annurev-pharmtox-010716-104805
https://doi.org/10.3390/molecules23010169
https://doi.org/10.1128/AEM.01801-17
https://doi.org/10.1128/AEM.01801-17
https://doi.org/10.1016/j.drudis.2009.10.007
https://doi.org/10.1042/BJ20051691
https://doi.org/10.1016/S2213-8587(20)30364-8
https://doi.org/10.1002/bip.22284
https://doi.org/10.1073/pnas.1311183110
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Farooq et al.

Probing GPCR Dimerization Using Peptides

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Craik DJ, Daly NL, Bond T, Waine C. Plant Cyclotides: A Unique Family of
Cyclic and Knotted Proteins That Defines the Cyclic Cystine Knot Structural
Motif. ] Mol Biol (1999) 294:1327-36. doi: 10.1006/jmbi.1999.3383
Colgrave ML, Craik DJ. Thermal, Chemical, and Enzymatic Stability of the
Cyclotide Kalata B1: The Importance of the Cyclic Cystine Knot.
Biochemistry (2004) 43:5965-75. doi: 10.1021/bi049711q

Craik DJ. Chemistry. Seamless Proteins Tie Up Their Loose Ends. Science
(2006) 311:1563-4. doi: 10.1126/science.1125248

Muratspahic E, Koehbach J, Gruber CW, Craik DJ. Harnessing Cyclotides to
Design and Develop Novel Peptide GPCR Ligands. RSC Chem Biol (2020)
1:177. doi: 10.1039/DOCB00062K

Wong CTT, Rowlands DK, Wong C-H, Lo TWC, Nguyen GKT, Li H-Y,
et al. Orally Active Peptidic Bradykinin B1 Receptor Antagonists Engineered
From a Cyclotide Scaffold for Inflammatory Pain Treatment. Angew. Chem
Int Ed Engl (2012) 51:5620-4. doi: 10.1002/anie.201200984

Eliasen R, Daly NL, Wulft BS, Andresen TL, Conde-Frieboes KW, Craik DJ,
et al. Design, Synthesis, Structural and Functional Characterization of Novel
Melanocortin Agonists Based on the Cyclotide Kalata B1. J Biol Chem (2012)
287:40493-501. doi: 10.1074/jbc.M112.395442

Wu B, Chien EYT, Mol CD, Fenalti G, Liu W, Katritch V, et al. Structures of
the CXCR4 Chemokine GPCR With Small-Molecule and Cyclic Peptide
Antagonists. Science (2010) 330(6007):1066-71. doi: 10.1126/science.
1194396

Ali AM, Atmaj J, Van Oosterwijk N, Groves MR, Domling A. Stapled
Peptides Inhibitors: A New Window for Target Drug Discovery. Comput
Struct Biotechnol ] (2019) 17:263-81. doi: 10.1016/j.csbj.2019.01.012
Okamoto T, Segal D, Zobel K, Fedorova A, Yang H, Fairbrother WJ, et al.
Further Insights Into the Effects of Pre-Organizing the BimBH3 Helix. ACS
Chem Biol (2014) 9:838-9. doi: 10.1021/cb400638p

Bird GH, Irimia A, Ofek G, Kwong PD, Wilson IA, Walensky LD, et al. Stapled
HIV-1 Peptides Recapitulate Antigenic Structures and Engage Broadly
Neutralizing Antibodies. Nat Struct Mol Biol 2014 2112 (2014) 21:1058-67.
doi: 10.1038/nsmb.2922

Lau YH, de Andrade P, Wu Y, Spring DR. Peptide Stapling Techniques
Based on Different Macrocyclisation Chemistries. Chem Soc Rev (2014)
44:91-102. doi: 10.1039/C4CS00246F

Chittenden T, Flemington C, Houghton AB, Ebb RG, Gallo GJ, Elangovan B,
et al. A Conserved Domain in Bak, Distinct From BH1 and BH2, Mediates
Cell Death and Protein Binding Functions. EMBO ] (1995) 14:5589-96. doi:
10.1002/j.1460-2075.1995.tb00246.x

Kussie PH, Gorina S, Marechal V, Elenbaas B, Levine AJ , Moreau J.
Structure of the MDM2 Oncoprotein Bound to the P53 Tumor Suppressor
Transactivation Domain. Sci (80-. ). (1996) 274:948-53. doi: 10.1126/
science.274.5289.948

Tsomaia N. Peptide Therapeutics: Targeting the Undruggable Space. Eur J
Med Chem (2015) 94:459-70. doi: 10.1016/j.ejmech.2015.01.014
Schafmeister CE, Po J, Verdine GL. An All-Hydrocarbon Cross-Linking
System for Enhancing the Helicity and Metabolic Stability of Peptides. ] Am
Chem Soc (2000) 122:5891-2. doi: 10.1021/ja000563a

Kim YW, Grossmann TN, Verdine GL. Synthesis of All-Hydrocarbon
Stapled +-Helical Peptides by Ring-Closing Olefin Metathesis. Nat Protoc
(2011) 6(6):761-71. doi: 10.1038/nprot.2011.324

Walensky LD, Bird GH. Hydrocarbon-Stapled Peptides: Principles, Practice,
and Progress. ] Med Chem (2014) 57:6275-88. doi: 10.1021/jm4011675
Walensky LD, Kung AL, Escher I, Malia TJ, Barbuto S, Wright RD, et al.
Activation of Apoptosis In Vivo by a Hydrocarbon-Stapled BH3 Helix. Sci
(80-. ). (2004) 305:1466-70. doi: 10.1126/science.1099191

Blackwell HE, Grubbs RH. Highly Efficient Synthesis of Covalently Cross-
Linked Peptide Helices by Ring-Closing Metathesis. Angew Chem Int Ed
(1998) 37:3281-84. doi: 10.1002/(SICI)1521-3773(19981217)37:23<3281::
AID-ANIE3281>3.0.CO;2-V

Vlieghe P, Lisowski V, Martinez J, Khrestchatisky M. Synthetic Therapeutic
Peptides: Science and Market. Drug Discov Today (2010) 15(1-2):40-56.
doi: 10.1016/j.drudis.2009.10.009

Vinals X, Moreno E, Lanfumey L, Cordomi A, Pastor A, de La Torre R, et al.
Cognitive Impairment Induced by Delta9-Tetrahydrocannabinol Occurs
Through Heteromers Between Cannabinoid CB1 and Serotonin 5-HT2A
Receptors. PloS Biol (2015) 13:¢1002194. doi: 10.1371/journal.pbio.1002194

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Mullard A. 2014 FDA Drug Approvals. Nature Rev Drug Discov (2015) 14
(2):77-81. doi: 10.1038/nrd4545

Bazan J, Catkosinski I, Gamian A. Phage Display—A Powerful Technique for
Immunotherapy: 1. Introduction and Potential of Therapeutic Applications.
Hum Vaccin Immunother (2012) 8:1817. doi: 10.4161/hv.21703

Huse WD, Sastry L, Iverson SA, Kang AS, Alting-Mees M, Burton DR, et al.
Generation of a Large Combinatorial Library of the Immunoglobulin Repertoire
in Phage Lambda. Sci (80-. ). (1989) 246:1275-81. doi: 10.1126/science.2531466
Rader C, Barbas CF. Phage Display of Combinatorial Antibody Libraries.
Curr Opin Biotechnol (1997) 8:503-8. doi: 10.1016/50958-1669(97)80075-4
Mullard A. 2019 FDA Drug Approvals. Nature Revs Drug Discov (2020) 19
(2):79-84. doi: 10.1038/d41573-020-00001-7

Jerome L, Alami N, Belanger S, Page V, Yu Q, Paterson J, et al. Recombinant
Human Insulin-Like Growth Factor Binding Protein 3 Inhibits Growth of
Human Epidermal Growth Factor Receptor-2-Overexpressing Breast
Tumors and Potentiates Herceptin Activity In Vivo. Cancer Res (2006) 66
(14):7245-52. doi: 10.1158/0008-5472.CAN-05-3555

Muji¢-Delic A, De Wit RH, Verkaar F, Smit MJ. GPCR-Targeting
Nanobodies: Attractive Research Tools, Diagnostics, and Therapeutics.
Trends Pharmacol Sci (2014) 35:247-55. doi: 10.1016/j.tips.2014.03.003
Bannas P, Hambach J, Koch-Nolte F. Nanobodies and Nanobody-Based
Human Heavy Chain Antibodies as Antitumor Therapeutics. Front
Immunol (2017) 8:1603. doi: 10.3389/fimmu.2017.01603

Jovcevska I, Muyldermans S. The Therapeutic Potential of Nanobodies.
BioDrugs 2019 341 (2019) 34:11-26. doi: 10.1007/s40259-019-00392-z

Yan C, Wu F, Jernigan RL, Dobbs D, Honavar V. Characterization of
Protein-Protein Interfaces. Protein J (2008) 27(1):59-70. doi: 10.1007/
$10930-007-9108-x

Dundas J, Ouyang Z, Tseng J, Binkowski A, Turpaz Y, Liang J, et al. CASTp:
Computed Atlas of Surface Topography of Proteins With Structural and
Topographical Mapping of Functionally Annotated Residues. Nucleic Acids
Res (2006) 34:W116-8. doi: 10.1093/nar/gkl282

Zinzalla G, Thurston DE. Targeting Protein-Protein Interactions for
Therapeutic Intervention: A Challenge for the Future. Future Med Chem
(2009) 1(1):65-93. doi: 10.4155/fmc.09.12

Arkin MR, Tang Y, Wells JA. Chemistry & Biology Review Small-Molecule
Inhibitors of Protein-Protein Interactions: Progressing Toward the Reality.
Chem Biol (2014) 21(9):1102-14. doi: 10.1016/j.chembiol.2014.09.001

Basse MJ, Betzi S, Bourgeas R, Bouzidi S, Chetrit B, Hamon V, et al. 2P2Idb: A
Structural Database Dedicated to Orthosteric Modulation of Protein-Protein
Interactions. Nucleic Acids Res (2013) 41(824-827). doi: 10.1093/nar/gks1002
Smith MC, Gestwicki JE. Features of Protein-Protein Interactionsthat
Translate Into Potent Inhibitors:Topology, Surface Area and Affinity.
Expert Rev Molecular Med (2012) 14:. doi: 10.1017/erm.2012.10

Ran X, Zhao Y, Liu L, Bai L, Yang C-Y, Zhou B, et al. Structure-Based Design
of y-Carboline Analogues as Potent and Specific BET Bromodomain
Inhibitors. ] Med Chem (2015) 58(12):4927-39. doi: 10.1021/
acs.jmedchem.5b00613

ZhaoY, Bai L, Liu L, McEachern D, Stuckey JA, Meagher JL, et al. Structure-
Based Discovery of 4-(6-Methoxy-2-Methyl-4-(Quinolin-4-Y1)-9H-
Pyrimido[4,5-B]Indol-7-Y1)-3,5-Dimethylisoxazole (CD161) as a Potent
and Orally Bioavailable BET Bromodomain Inhibitor. ] Med Chem (2017)
60(9):3887-901. doi: 10.1021/acs.jmedchem.7b00193

Hauser AS, Attwood MM, Rask-Andersen M, Schiéth HB, Gloriam DE.
Trends in GPCR Drug Discovery: New Agents, Targets and Indications. Nat
Rev Drug Discov (2017) 16(12):829-42. doi: 10.1038/nrd.2017.178

Liu L, Fan Z, Rovira X, Xue L, Roux S, Brabet I, et al. Allosteric Ligands
Control the Activation of a Class C GPCR Heterodimer by Acting at the
Transmembrane Interface. Elife (2021) 10:¢70188. doi: 10.7554/eLife.70188
Kenakin TP. Allosteric Modulation. In: A Pharmacology Primer. United
States: Academic Press (2019). doi: 10.1016/b978-0-12-813957-8.00007-2
Ni D, Wei J, He X, Rehman AU, Li X, Qiu Y, et al. Discovery of Cryptic
Allosteric Sites Using Reversed Allosteric Communication by a Combined
Computational and Experimental Strategy. Chem Sci (2020) 12:464-76. doi:
10.1039/D0SC05131D

Lu S, Ji M, Ni D, Zhang J. Discovery of Hidden Allosteric Sites as Novel
Targets for Allosteric Drug Design. Drug Discov Today (2018) 23:359-65.
doi: 10.1016/j.drudis.2017.10.001

Frontiers in Endocrinology | www.frontiersin.org

July 2022 | Volume 13 | Article 843770


https://doi.org/10.1006/jmbi.1999.3383
https://doi.org/10.1021/bi049711q
https://doi.org/10.1126/science.1125248
https://doi.org/10.1039/D0CB00062K
https://doi.org/10.1002/anie.201200984
https://doi.org/10.1074/jbc.M112.395442
https://doi.org/10.1126/science.1194396
https://doi.org/10.1126/science.1194396
https://doi.org/10.1016/j.csbj.2019.01.012
https://doi.org/10.1021/cb400638p
https://doi.org/10.1038/nsmb.2922
https://doi.org/10.1039/C4CS00246F
https://doi.org/10.1002/j.1460-2075.1995.tb00246.x
https://doi.org/10.1126/science.274.5289.948
https://doi.org/10.1126/science.274.5289.948
https://doi.org/10.1016/j.ejmech.2015.01.014
https://doi.org/10.1021/ja000563a
https://doi.org/10.1038/nprot.2011.324
https://doi.org/10.1021/jm4011675
https://doi.org/10.1126/science.1099191
https://doi.org/10.1002/(SICI)1521-3773(19981217)37:23%3C3281::AID-ANIE3281%3E3.0.CO;2-V
https://doi.org/10.1002/(SICI)1521-3773(19981217)37:23%3C3281::AID-ANIE3281%3E3.0.CO;2-V
https://doi.org/10.1016/j.drudis.2009.10.009
https://doi.org/10.1371/journal.pbio.1002194
https://doi.org/10.1038/nrd4545
https://doi.org/10.4161/hv.21703
https://doi.org/10.1126/science.2531466
https://doi.org/10.1016/S0958-1669(97)80075-4
https://doi.org/10.1038/d41573-020-00001-7
https://doi.org/10.1158/0008-5472.CAN-05-3555
https://doi.org/10.1016/j.tips.2014.03.003
https://doi.org/10.3389/fimmu.2017.01603
https://doi.org/10.1007/s40259-019-00392-z
https://doi.org/10.1007/s10930-007-9108-x
https://doi.org/10.1007/s10930-007-9108-x
https://doi.org/10.1093/nar/gkl282
https://doi.org/10.4155/fmc.09.12
https://doi.org/10.1016/j.chembiol.2014.09.001
https://doi.org/10.1093/nar/gks1002
https://doi.org/10.1017/erm.2012.10
https://doi.org/10.1021/acs.jmedchem.5b00613
https://doi.org/10.1021/acs.jmedchem.5b00613
https://doi.org/10.1021/acs.jmedchem.7b00193
https://doi.org/10.1038/nrd.2017.178
https://doi.org/10.7554/eLife.70188
https://doi.org/10.1016/b978-0-12-813957-8.00007-2
https://doi.org/10.1039/D0SC05131D
https://doi.org/10.1016/j.drudis.2017.10.001
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Farooq et al.

Probing GPCR Dimerization Using Peptides

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Wang J, He L, Combs CA, Roderiquez G, Norcross MA. Dimerization of
CXCR4 in Living Malignant Cells: Control of Cell Migration by a Synthetic
Peptide That Reduces Homologous CXCR4 Interactions. Mol Cancer Ther
(2006) 5(10):2474-83. doi: 10.1158/1535-7163.MCT-05-0261

O’Dowd BF, Ji X, Nguyen T, George SR. Two Amino Acids in Each of D 1
and D 2 Dopamine Receptor Cytoplasmic Regions Are Involved in D 1-D 2
Heteromer Formation. Biochem Biophys Res Commun (2012) 417(1):23-8.
doi: 10.1016/j.bbrc.2011.11.027

Moreno JL, Miranda-Azpiazu P, Garcia-Bea A, Younkin J, Cui M, Kozlenkov
A, et al. Allosteric Signaling Through an Mglu2 and 5-HT2A Heteromeric
Receptor Complex and Its Potential Contribution to Schizophrenia. Sci
Signal (2016) 9(410):ra5. doi: 10.1126/scisignal.aab0467

Galindo L, Moreno E, Lopez-Armenta F, Guinart D, Cuenca-Royo A,
Izquierdo-Serra M, et al. Cannabis Users Show Enhanced Expression of
CB1-5ht2a Receptor Heteromers in Olfactory Neuroepithelium Cells. Mol
Neurobiol (2018) 55(8):6347-61. doi: 10.1007/s12035-017-0833-7

Fuxe K, Ferré S, Canals M, Torvinen M, Terasmaa A, Marcellino D, et al.
Adenosine A2A and Dopamine D2 Heteromeric Receptor Complexes and Their
Function. ] Mol Neurosci (2005) 22(4):676. doi: 10.1385/JMN:26:2-3:209

Feng Y, Broder CC, Kennedy PE, Berger EA. HIV-1 Entry Cofactor:
Functional cDNA Cloning of a Seven-Transmembrane, G Protein-Coupled
Receptor. Sci (80-. ). (1996) 13(5):735. doi: 10.1126/science.272.5263.872
Miiller A, Homey B, Soto H, Ge N, Catron D, M, Buchanan E, et al, et al.
Involvement of Chemokine Receptors in Breast Cancer Metastasis. Nature
(2001) 410(6824):50-6. doi: 10.1038/35065016

Percherancier Y, Berchiche YA, Slight I, Volkmer-Engert R, Tamamura H,
Fujii N, et al. Bioluminescence Resonance Energy Transfer Reveals Ligand-
Induced Conformational Changes in CXCR4 Homo- and Heterodimers. ]
Biol Chem (2005) 280:9895-903. doi: 10.1074/jbc.M411151200

Lagane B, Chow KYC, Balabanian K, Levoye A, Harriague J, Planchenault T,
et al. CXCR4 Dimerization and B-Arrestin-Mediated Signaling Account for
the Enhanced Chemotaxis to CXCL12 in WHIM Syndrome. Blood (2008)
112:34-44. doi: 10.1182/blood-2007-07-102103

Ge B, LaoJ, LiJ, Chen Y, Song Y, Huang F, et al. Single-Molecule Imaging Reveals
Dimerization/Oligomerization of CXCR4 on Plasma Membrane Closely Related
to Its Function. Sci Rep 2017 71 (2017) 7:1-9. doi: 10.1038/s41598-017-16802-7
Soave M, Heukers R, Kellam B, Woolard J, Smit MJ, Briddon SJ, et al.
Monitoring Allosteric Interactions With CXCR4 Using NanoBiT
Conjugated Nanobodies In Brief LI Monitoring Allosteric Interactions
With CXCR4 Using NanoBiT Conjugated Nanobodies. Cell Chem Biol
(2020) 27:1250-61. doi: 10.1016/j.chembiol.2020.06.006

Hutchings CJ, Koglin M, Olson WC, Marshall FH. Opportunities for
Therapeutic Antibodies Directed at G-Protein-Coupled Receptors. Nat Rev
Drug Discov (2017) 16:787-810. doi: 10.1038/nrd.2017.91

Bobkov V, Arimont M, Zarca A, Groof De TWM, Woning der van B, Haard
H, et al. Antibodies Targeting Chemokine Receptors CXCR4 and ACKR3.
Mol Pharmacol (2019) 96:753-64. doi: 10.1124/mol.119.116954

Freund AF, Katona A, Piomelli D. Role of Endogenous Cannabinoids in
Synaptic Signaling. Physiol Rev (2003) 83(3):1017-66. doi: 10.1152/
physrev.00004.2003.-Research

Van Sickle MD, Duncan M, Kingsley P], Mouihate A, Urbani P, Mackie K, et al.
Identification and Functional Characterization of Brainstem Cannabinoid CB 2
Receptors Downloaded From. Sci (80-. ). (2005) 310:329-32. doi: 10.1126/
science.1115740

Laezza C, Pagano C, Navarra G, Pastorino O, Proto Chiara M, Fiore D, et al.
The Endocannabinoid System: A Target for Cancer Treatment. Int ] Mol Sci
(2020) 21:747. doi: 10.3390/ijms21030747

Scarlett KA, White E-SZ, Coke CJ, Carter JR, Bryant LK, Hinton CV, et al.
Agonist-Induced CXCR4 and CB2 Heterodimerization Inhibits Gal3/
RhoA-Mediated Migration. Mol Cancer Res (2018) 16(4):728-739.
doi: 10.1158/1541-7786.MCR-16-0481

Baselga J, Coleman RE, Cortés J, Janni W. Advances in the Management of
HER2-Positive Early Breast Cancer. Crit Rev Oncology/Hematol (2017)
119:113-22. doi: 10.1016/j.critrevonc.2017.10.001

Pérez-Gomez E, Andradas C, Blasco-Benito S, Caffarel MM, Garcia-Taboada
E, Villa-Morales M, et al. Role of Cannabinoid Receptor CB2 in HER2 Pro-
Oncogenic Signaling in Breast Cancer. ] Natl Cancer Inst (2015) 107(6):
djv077. doi: 10.1093/jnci/djv077

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Caffarel MM, Andradas C, Mira E, Pérez-Gomez E, Cerutti C, Moreno-
Bueno G, et al. Cannabinoids Reduce ErbB2-Driven Breast Cancer
Progression Through Akt Inhibition. Mol Cancer (2010) 9(1):196.
doi: 10.1186/1476-4598-9-196

Hasbi A, O’'Dowd BF, George SR. Dopamine D1-D2 Receptor Heteromer
Signaling Pathway in the Brain: Emerging Physiological Relevance. Mol
Brain (2011) 4(1):26. doi: 10.1186/1756-6606-4-26

Zhuang Y, Xu P, Mao C, Wang L, Krumm B, Zhou XE, et al. Structural
Insights Into the Human D1 and D2 Dopamine Receptor Signaling
Complexes. Cell (2021) 184:931-942.e18. doi: 10.1016/j.cell.2021.01.027
Butini S, Nikolic K, Kassel S, Briickmann H, Filipic S, Agbaba D, et al.
Polypharmacology of Dopamine Receptor Ligands. Prog Neurobiol (2016)
142:68-103. doi: 10.1016/j.pneurobio.2016.03.011

Vekshina NL, Anokhin PK, Veretinskaya AG, Shamakina IY. Dopamine
D1-D2 Receptor Heterodimers: A Literature Review. Biochem (Moscow)
Supplement Ser B: Biomed Chem (2017) 63(1):5-12. doi: 10.1134/
$199075081702010X

Perreault ML, O’'Dowd BF, George SR. Dopamine Receptor Homooligomers
and Heterooligomers in Schizophrenia. CNS Neurosci Ther (2011) 17:52-7.
doi: 10.1111/§.1755-5949.2010.00228.x

Borroto-Escuela DO, Rodriguez D, Romero-Fernandez W, Kapla J, Jaiteh M,
Ranganathan A, et al. Mapping the Interface of a GPCR Dimer: A Structural
Model of the A2A Adenosine and D2 Dopamine Receptor Heteromer. Front
Pharmacol (2018) 9. doi: 10.3389/fphar.2018.00829

Drescher DG, Selvakumar D, Drescher MJ. Analysis of Protein Interactions
by Surface Plasmon Resonance. Adv Protein Chem Struct Biol (2018) 110:1-
30. doi: 10.1016/bs.apcsb.2017.07.003

Ferre S, von Euler G, Johansson B, Fredholm BB, Fuxe K. Stimulation of
High-Affinity Adenosine A2 Receptors Decreases the Affinity of Dopamine
D2 Receptors in Rat Striatal Membranes. Proc Natl Acad Sci (1991) 88:7238-
41. doi: 10.1073/pnas.88.16.7238

Cook EH, Fletcher KE, Wainwright M, Marks N, Yan SY, Leventhal BL, et al.
Primary Structure of the Human Platelet Serotonin 5-HT2A Receptor:
Identity With Frontal Cortex Serotonin 5-HT2A Receptor. ] Neurochem
(1994) 10:21675. doi: 10.1046/j.1471-4159.1994.63020465.x

Delille HK, Becker JM, Burkhardt S, Bleher B, Terstappen GC, Schmidt M,
et al. Heterocomplex Formation of 5-HT2A-Mglu2 and Its Relevance for
Cellular Signaling Cascades. Neuropharmacology (2012) 62:2184-91. doi:
10.1016/j.neuropharm.2012.01.010

Geyer MA, Vollenweider FX. Serotonin Research: Contributions to
Understanding Psychoses. Trends Pharmacol Sci (2008) 29:445-53. doi:
10.1016/j.tips.2008.06.006

Gonzalez-Maeso J, Weisstaub NV, Zhou M, Chan P, Ivic L, Ang R, et al.
Hallucinogens Recruit Specific Cortical 5-HT2A Receptor-Mediated
Signaling Pathways to Affect Behavior. Neuron (2007) 53:439-52. doi:
10.1016/j.neuron.2007.01.008

Schreiber R, Brocco M, Millan MJ. Blockade of the Discriminative Stimulus
Effects of DOI by MDL 100,907 and the A’typical’ Antipsychotics, Clozapine
and Risperidone. Eur ] Pharmacol (1994) 264:99-102. doi: 10.1016/0014-
2999(94)90643-2

Moreno JL, Gonzalez-Maeso . Preclinical Models of Antipsychotic Drug
Action. Int ] Neuropsychopharmacol (2013) 16:2131. doi: 10.1017/
$1461145713000606

Wang L, Wang N, Zhang W, Cheng X, Yan Z, Shao G, et al. Therapeutic
Peptides: Current Applications and Future Directions. Sig Transduct Target
Ther (2022) 7:48. doi: 10.1038/s41392-022-00904-4

Bockorny B, Semenisty V, Macarulla T, Borazanci E, Wolpin BM, Stemmer
SM, et al. BL-8040, a CXCR4 Antagonist, in Combination With
Pembrolizumab and Chemotherapy for Pancreatic Cancer: The COMBAT
Trial. Nat Med 2020 266 (2020) 26:878-85. doi: 10.1038/s41591-020-0880-x

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in

Frontiers in Endocrinology | www.frontiersin.org

July 2022 | Volume 13 | Article 843770


https://doi.org/10.1158/1535-7163.MCT-05-0261
https://doi.org/10.1016/j.bbrc.2011.11.027
https://doi.org/10.1126/scisignal.aab0467
https://doi.org/10.1007/s12035-017-0833-7
https://doi.org/10.1385/JMN:26:2-3:209
https://doi.org/10.1126/science.272.5263.872
https://doi.org/10.1038/35065016
https://doi.org/10.1074/jbc.M411151200
https://doi.org/10.1182/blood-2007-07-102103
https://doi.org/10.1038/s41598-017-16802-7
https://doi.org/10.1016/j.chembiol.2020.06.006
https://doi.org/10.1038/nrd.2017.91
https://doi.org/10.1124/mol.119.116954
https://doi.org/10.1152/physrev.00004.2003.-Research
https://doi.org/10.1152/physrev.00004.2003.-Research
https://doi.org/10.1126/science.1115740
https://doi.org/10.1126/science.1115740
https://doi.org/10.3390/ijms21030747
https://doi.org/10.1158/1541-7786.MCR-16-0481
https://doi.org/10.1016/j.critrevonc.2017.10.001
https://doi.org/10.1093/jnci/djv077
https://doi.org/10.1186/1476-4598-9-196
https://doi.org/10.1186/1756-6606-4-26
https://doi.org/10.1016/j.cell.2021.01.027
https://doi.org/10.1016/j.pneurobio.2016.03.011
https://doi.org/10.1134/S199075081702010X
https://doi.org/10.1134/S199075081702010X
https://doi.org/10.1111/j.1755-5949.2010.00228.x
https://doi.org/10.3389/fphar.2018.00829
https://doi.org/10.1016/bs.apcsb.2017.07.003
https://doi.org/10.1073/pnas.88.16.7238
https://doi.org/10.1046/j.1471-4159.1994.63020465.x
https://doi.org/10.1016/j.neuropharm.2012.01.010
https://doi.org/10.1016/j.tips.2008.06.006
https://doi.org/10.1016/j.neuron.2007.01.008
https://doi.org/10.1016/0014-2999(94)90643-2
https://doi.org/10.1016/0014-2999(94)90643-2
https://doi.org/10.1017/S1461145713000606
https://doi.org/10.1017/S1461145713000606
https://doi.org/10.1038/s41392-022-00904-4
https://doi.org/10.1038/s41591-020-0880-x
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Farooq et al. Probing GPCR Dimerization Using Peptides

this article, or claim that may be made by its manufacturer, is not guaranteed or (CC BY). The use, distribution or reproduction in other forums is permitted,
endorsed by the publisher. provided the original author(s) and the copyright owner(s) are credited and that

the original publication in this journal is cited, in accordance with accepted
Copyright © 2022 Farooq, Howell and McCormick. This is an open-access article academic practice. No use, distribution or reproduction is permitted which does
distributed under the terms of the Creative Commons Attribution License not comply with these terms.

Frontiers in Endocrinology | www.frontiersin.org 13 July 2022 | Volume 13 | Article 843770


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

	Probing GPCR Dimerization Using Peptides
	Introduction
	Oligomerisation of GPCRs
	Techniques Targeting PPIs
	Peptides – The Perfect Middle Ground?
	Cell-Penetrating Peptides
	Cyclic Peptides
	Stapled Peptides

	The Antibody Approach – Does Size Matter?
	Small Molecules – Do Good Things Come in Small Packages?
	GPCR Dimers as Physiological Targets
	CXCR4 Receptor Homomer
	CXCR4-CB2 Heteromer
	CB2-HER2 Receptor
	D1-D2 Receptor Heteromer
	D2-A2A Receptor Heteromer
	CB1-5HT2A
	mGlu2-5HT2A Receptor Homomer

	Peptides Approved as Therapeutics and in the Pipeline

	Concluding Remarks
	Author Contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


