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Abstract

G-protein-coupled receptors (GPCRs) are essential components in cell signaling, influencing a wide array of physiological
processes. They are the largest and most diverse family of cell surface receptors, and over the years, significant progress has
been made in understanding their structure and function. Since the cloning of the first GPCR in 1986, research has unveiled
their critical role as drug targets, leading to their status as the most successful receptor class for approved therapeutic
agents. In drug discovery, insights into receptor dynamics-ranging from agonist to antagonist effects—are fundamental to
developing effective therapies. Advances in structural biology and molecular simulations have provided a deeper
understanding of GPCR activation mechanisms, which are essential in designing drugs that can either enhance or inhibit
receptor activity. Allosteric sites, which provide alternative pathways for drug modulation, are emerging as promising
targets for future drug design. Recent studies have focused on small-molecule allosteric modulators, revealing how they
interact with receptors at the molecular level to produce therapeutic outcomes. The growing knowledge of GPCR
mechanisms is poised to advance the development of innovative therapies, with new technologies and methodologies
enabling the creation of more selective and effective drugs. Future research will continue to explore GPCRs' complex
signaling networks, providing critical insights into their potential for treating a variety of conditions.
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allosteric sites alone or targeting both orthosteric and
*Corresponding Author allosteric sites can overcome these major hurdles.
Rekala Manoj Kumar Advances in technologies like crystallography, cryo-EM,
and NMR have improved our understanding of GPCR
biology. GPCRs exhibit a versatile seven-transmembrane
framework that acco
mmodates receptor activation with various ligand sizes.
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Introduction The activation of GPCRs is mediated downstream by many

GPCRs are the largest superfamily of cell surface
transmembrane receptors, with 821 human genes.
Approximately 34% of marketed drugs are modulators of
GPCR function. GPCRs are involved in various
physiological processes, making them attractive targets for
drug discovery. Despite their importance, the natural
ligands and functions of approximately 140 GPCRs remain
unknown. GPCR drugs appear in nearly all therapeutic
areas, especially neurology, cardiovascular, and
inflammation. There is less GPCR drug presence in
oncology, but this will increase with targeting immune
cells [1]. Orthosteric ligands impose an effective alteration
on GPCR activity and signaling process. However, subtype
selectivity remains an intractable issue due to the
sequence conservation of orthosteric sites. Targeting

integrated biological processes and linked to diverse
cellular functions. Alterations in protein structure can be
associated with decreased drug therapeutic efficacy and
patient-related side effects[2]. GPCRs constitute the most
important  superfamily of membrane proteins
pharmacologically  targeted in clinical practice.
Approximately 35% of FDA-approved drugs target GPCRs.
The development of GPCR-targeting drugs has been
achieved using classical and modern techniques and
methodologies. These drugs activate, block, or modulate
GPCR function by targeting orthosteric or allosteric
centers. GPCR MD studies have provided insights into
GPCR signaling processes and the structural basis for
small-molecule drug design [3].

Emerging opportunities and prospects
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Breakthroughs in GPCR biology have generated vast
amounts of data, enabling innovative drug design.
Artificial intelligence will refine this data, guiding the
discovery of effective therapeutic agents. Future prospects
hold promise for transformative advancements, including
de-orphanization of orphan GPCRs and harnessing
polypharmacology. Al-driven data analysis will uncover
innovative treatments for various diseases, streamlining
the process of identifying promising lead compounds [4].

Experimental screening in GPCR targeted drug
discovery

Structure-based drug design is a valuable tool for
identifying potential therapeutic compounds. However, in
silico methods have limitations, requiring experimental
confirmation to validate efficacy. Experimental screenings
involve binding assays or biophysical screening methods
to determine compound affinity. Orthosteric drugs
account for over 50% of FDA-approved GPCR drugs, but
development is stagnant. Allosteric modulators offer a
promising alternative, allowing for nuanced GPCR
signaling and reduced side effects. Experimental validation
is crucial to confirm efficacy and optimize compound
design [5].

Novel screening technology

GPCRs are a prominent family of therapeutic targets.
Various experimental technologies have been developed
to screen for GPCR-targeted ligands, including binding-
based, stability-based, and cell signalling-based assays.
DNA-encoded library (DEL) and affinity selection MS have
been adapted to GPCR ligand discovery. DEL enables
screening of billions of small molecule-DNA conjugates,
leading to novel ligand discoveries. Affinity selection MS
detects ligands physically associated with a GPCR,
facilitating identification of orthosteric and allosteric
modulators. Membrane-based affinity MS is a powerful
approach for ligand screening toward wild-type active
GPCRs [6].

> Source

Novel screening technologies, such as DEL and affinity
selection MS, have revolutionized GPCR drug discovery,
enabling unbiased ligand detection and accelerating
therapeutic agent discovery [7].

Structure-based drug design

Structure-based drug design (SBDD) has emerged as a
powerful approach to discovering novel therapeutic
agents targeting GPCRs. SBDD
information of protein targets and knowledge of known
ligands to identify potential lead compounds. Recent
advances in SBDD have been driven by the increasing
availability of high-quality GPCR structures, enabling
researchers to develop more accurate computational
models and docking algorithms. SBDD has been
successfully applied to various GPCRs, including dopamine
receptors, to identify potent and selective antagonists. It

exploits structural

(23]

has also been used to design subtype-selective compounds
and identify novel binding sites and allosteric modulators.
The use of SBDD in GPCR drug discovery has several
advantages, including improved accuracy and efficiency.
Recent studies have demonstrated the power of SBDD in
discovering novel GPCR modulators, including potent and
selective agonists for the [2-adrenergic receptor and
subtype-selective  antagonists the
acetylcholine receptor. The increasing availability of high-
quality GPCR structures has enabled researchers to
develop more accurate computational models and docking
algorithms, improving the accuracy of SBDD predictions

(8]-

for muscarinic

Molecular mechanisms of ligand binding to
GPCRs

Understanding ligand recognition by GPCRs is crucial for
pharmaceutical research. Enhanced molecular dynamics
(MD) approaches, such as random acceleration MD
(RAMD) and steered MD (SMD), have been developed to
simulate ligand binding. These methods have revealed
ligand exit pathways and binding mechanisms for various
GPCRs, including p2-adrenergic receptor (B2AR) and
muscarinic acetylcholine receptors (mAChRs). Specialized
supercomputers like Anton have enabled conventional MD
simulations, providing insights into ligand binding
pathways. Accelerated MD (aMD) and metadynamics
simulations have also been used to study ligand binding,
capturing binding mechanisms and providing valuable
insights into GPCR-ligand interactions. These studies are
crucial for developing novel therapeutic agents targeting
GPCRs [9].

GPCR oligomerization and drug

GPCRs can form oligomeric entities, including homomers
and heteromers, which have distinct properties and
functions. These complexes have been detected in native
tissues and can modulate each other's function through
allosteric Oligomerization is a dynamic
process favored by the 7-TM helix structure of GPCRs.
Allosteric interactions within GPCR oligomers can occur in
various ways, leading to the appearance of new allosteric
Understanding GPCR oligomerization
allosteric interactions is crucial for developing novel

interactions.

centers. and
therapeutic strategies. Further research is needed to
explore the therapeutic potential of GPCR oligomers and to
elucidate their
Targeting GPCR oligomers may offer new opportunities for
therapeutic intervention [10].

structure, function, and regulation.

Conformational sampling of GPCR deactivation
and activation pathways

Recent advances in X-ray crystallography and molecular
dynamics (MD) simulations have provided valuable
insights into GPCR activation mechanisms. MD simulations
have revealed distinct conformational states and dynamics
in GPCRs bound by different ligands. For example, full
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agonists select active and inactive states, while inverse
agonists select only inactive states. Metadynamics and
accelerated MD simulations have identified important low-
energy intermediate states and large-scale structural
rearrangements during activation.[11] The activation of
GPCRs complex between the
receptor, ligands, and lipid membrane. MD simulations
have provided a detailed understanding of these
interactions and their role in receptor activation. Markov
state models have been used to analyze simulation data,
providing a detailed understanding of activation
mechanisms. These simulations
importance of specific interactions between ligands and
receptors, and have provided valuable insights into GPCR
activation mechanisms [12].

involves interactions

have revealed the

GPCR pharmacology

The explosion of 3D GPCR structures and computational
simulations has revealed the dynamic conformations of
GPCRs and their role in receptor activation. The flexibility
of the receptor binding pocket allows for complex
pharmacological mechanisms, including biased signaling,
allosteric  modulation, and polypharmacology.[13]
Polypharmacology, the ability of a single ligand to bind to
multiple targets, has emerged as a promising approach to
treating complex diseases. This approach has been
successfully applied to the development of therapeutic
agents targeting GPCRs, including B2AR, DRD2, and
AGTR1. Biased agonism, the ability of a ligand to
selectively activate specific signaling pathways, has also
been explored as a therapeutic strategy. Biased agonists
have been developed for several GPCRs, including p-OR, -
OR, and B-adrenergic receptors [14].

These advances have enabled researchers to identify and
characterize allosteric binding sites on GPCRs. Allosteric
modulators have been developed for several GPCRs,
including  GLP-1R, acetylcholine receptors,
cannabinoid receptors. These modulators have shown
promise in preclinical studies, and some have advanced to
clinical trials. The use of allosteric modulators has several

and

advantages, including improved selectivity and reduced
side effects. Allosteric modulators can also be used to
target highly conserved orthosteric sites, which can be
challenging to target with traditional orthosteric ligands
[15].

EcD

-4

TMD

Fig. 1 Structural features and common activation
mechanism of class B GPCRs. a, b Structural features of the
peptide-binding pocket. The shift of peptide C-terminus

[24]

(a) and ECD (b) is indicated as red arrows. The peptides
urocortin 1 (UCN1)1 bound to CRF1R (light blue, PDB
code: 6PB0), UCN12 bound to CRF2R (salmon, PDB code:
6PB1), PACAP38 (red, PDB code: 6P9Y), long-acting PTH
(LA-PTH, green, PDB code: 6NBF), GLP-1 (cyan, PDB code:
5VAI), sCT (yellow, PDB code: 6NIY), and CGRP (magenta,
PDB code: 6PB1) are shown as cartoons. Binding poses of
the antagonist (green) and allosteric ligand (salmon) are
shown as sticks (c, PDB codes: 4K5Y, 5EE7, 429G, 5VEW,
and 5VEX). d, e The common activation mechanism of
class B GPCRs as exampled by the structures of inactive
GCGR (gray, PDB code 3NYA) and active VIP1R (green,
PDB code 6VN7). Side chains of residues in three
conserved polar network are shown in stick presentation.
The conserved P6.47bxxG6.50b motifs in TM6 are shown
as single red spheres.

Functional diversity of GPCR

GPCRs play a regulating various
physiological processes and are categorized into several
subfamilies
characteristics. Class A GPCRs are the largest and most
extensively researched subfamily, involved in processes
such as cardiovascular function, neurotransmission, and
sensory perception. Other subfamilies include Class B
(secretin and adhesion receptors), Class C (glutamate
receptors), and Class F (frizzled receptors). GPCR signaling
networks can be complex, leading to low selectivity and
potential adverse effects [16]. Mutations in GPCRs can lead
to various human diseases, including inherited monogenic
diseases and cancer. Therapeutic approaches to GPCR
pathologies  include and etiological
treatment, pharmacological chaperones, and gene editing
techniques. GPCRs are activated by extracellular ligands,
which bind to orthosteric or allosteric sites, regulating
various cell signaling pathways [17]. MD simulations have
advanced our understanding of GPCR dynamics and
functional mechanisms, but further research is needed to
clarify aspects such as cooperative binding, allosteric
modulation, and interactions with intracellular proteins
[18]. A detailed understanding of GPCR molecular
mechanisms is crucial for developing effective therapeutic
strategies targeting these receptors. GPCRs are dynamic
that undergo significant
changes upon ligand binding, activating various signaling
pathways [19]. The complexity of GPCR signaling
networks requires a comprehensive understanding of

crucial role in

based on structural and functional

symptomatic

molecules conformational

their structure, function, and regulation. Recent advances
biology, computational modeling,
biophysical techniques have provided valuable insights
into GPCR function. However, further research is needed
to elucidate the molecular mechanisms underlying GPCR
signaling, including the role of allosteric modulators,
biased agonism, and receptor oligomerization [20].

in structural and
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Fig 2: A) Categories of Representative human diseases
caused by GPCR dysfunctions.
B) Classification of the effects of mutations on GPCR
dysfunctions

Conclusion

Recent advances in crystallographic, biochemical, and
computational studies have provided significant insights
into the regulation of GPCR structures. To date, 388
orthosteric modulators and 717 complex structures of
GPCRs bound to orthosteric modulators have been
reported. In addition, 53 allosteric small-molecule
modulators bound to GPCR complex structures and nine
different allosteric sites have been solved. Understanding
GPCR structures and mechanisms is crucial for developing
effective therapeutics. Orthosteric modulators compete
with endogenous ligands, and representative cases of
orthosteric drugs have been analyzed, including p-
iloperidone, S1PR-siponimod, and OX2R-lemborexant
complexes. Structural analysis revealed that modulators
are stabilized within the orthosteric pockets by key polar
interactions with residues on the TM bundles. The
extracellular vestibule inside 7TMD has been identified as
the most prevalent binding site for allosteric modulators.
Allosteric modulators can alter the free-energy landscape
and stabilize different dominant conformations of the
receptor. A novel classification of allosteric modulators
into two categories has been established, based on their
ability to modulate orthosteric ligand binding or
intracellular transducer protein binding.

Author contributions
All authors are contributed equally.

Financial support
None

Declaration competing interest
The authors have no conflicts of interest to declare.

Acknowledgement
None

References

1. Sriram K, Insel PA. G protein-coupled receptors as
targets for approved drugs: how many targets and
how many drugs?. Molecular pharmacology. 2018
Apr 1;93(4):251-8.

[25]

10.

https://doi.org/10.1124/mol.117.111062
Nanjwade BK, Bechra HM, Derkar GK, Manvi FV,
Nanjwade VK. Dendrimers: emerging polymers for
drug-delivery systems. European Journal of
Pharmaceutical Sciences. 2009 Oct 8;38(3):185-96.
https://www.rjpbcs.com/pdf/2012 3(2)/[87].
df
Pandy-Szekeres G, Caroli ], Mamyrbekov A,
Kermani AA, Keserl GM, Kooistra AJ, Gloriam DE.
GPCRdb in 2023: state-specific structure models
using AlphaFold2 and new ligand resources.
Nucleic acids research. 2023 Jan 6;51(D1):D395-
402.
https://doi.org/10.1093 /nar/gkac1013
Hauser AS, Gloriam DE, Brauner-Osborne H, Foster
SR. Novel approaches leading towards peptide
GPCR de-orphanisation. British Journal of
Pharmacology. 2020 Mar;177(5):961-8.
https://doi.org/10.1111/bph.14950
Addis P, Bali U, Baron F, Campbell A, Harborne S,
Jagger L, Milne G, Pearce M, Rosethorne EM,
Satchell R, Swift D. Key aspects of modern GPCR
drug discovery. SLAS Discovery. 2024 Jan
1;29(1):1-22.
https://doi.org/10.1016/j.slasd.2023.08.007
Casadd V, Casad6-Anguera V. What are the current
trends in G protein-coupled receptor targeted drug
discovery?. Expert opinion on drug discovery. 2023
Aug 3;18(8):815-20.
https://doi.org/10.1080/17460441.2023.2216
014
Mohr K, Trankle C, Kostenis E, Barocelli E, De Amici
M, Holzgrabe U. Rational design of dualsteric GPCR
ligands: quests and promise. British journal of
pharmacology. 2010 Mar;159(5):997-1008.
https://doi.org/10.1111/j.1476-
5381.2009.00601.x
Goupil E, A Laporte S, E Hebert T. Functional
selectivity in GPCR signaling: understanding the
full spectrum of receptor conformations. Mini

reviews in medicinal chemistry. 2012 Aug
1;12(9):817-30.
https://doi.org/10.2174/13895571280095914
3

Lu S, He X, Ni D, Zhang ]. Allosteric modulator
discovery: from serendipity to structure-based
design. Journal of medicinal chemistry. 2019 Feb
28;62(14):6405-21..
https://doi.org/10.1021/acs.jmedchem.8b017
49

Wootten D, Christopoulos A, Sexton PM. Emerging
paradigms in GPCR allostery: implications for drug
discovery. Nature reviews Drug discovery. 2013
Aug;12(8):630-44.
https://doi.org/10.1038/nrd4052

Wang Y, Yu Z, Xiao W, Lu S, Zhang ]. Allosteric
binding sites at the receptor-lipid bilayer interface:


https://doi.org/10.1124/mol.117.111062
%09https:/www.rjpbcs.com/pdf/2012_3(2)/%5b87%5d.pdf
%09https:/www.rjpbcs.com/pdf/2012_3(2)/%5b87%5d.pdf
https://doi.org/10.1093/nar/gkac1013
https://doi.org/10.1111/bph.14950
https://doi.org/10.1016/j.slasd.2023.08.007
https://doi.org/10.1080/17460441.2023.2216014
https://doi.org/10.1080/17460441.2023.2216014
https://doi.org/10.1080/17460441.2023.2216014
https://doi.org/10.1111/j.1476-5381.2009.00601.x
https://doi.org/10.1111/j.1476-5381.2009.00601.x
https://doi.org/10.2174/138955712800959143
https://doi.org/10.2174/138955712800959143
https://doi.org/10.2174/138955712800959143
https://doi.org/10.1021/acs.jmedchem.8b01749
https://doi.org/10.1021/acs.jmedchem.8b01749
https://doi.org/10.1038/nrd4052

12.

13.

14.

15.

16.

17.

18.

19.

20.

Rekala MK, et al, ] Integral Sci, 2025, Volume 8, Issue 3, 22-26

novel targets for GPCR drug discovery. Drug
discovery today. 2021 Mar 1;26(3):690-703.
https://doi.org/10.1016/j.drudis.2020.12.001
Foster SR, Hauser AS, Vedel L, Strachan RT, Huang
XP, Gavin AC, Shah SD, Nayak AP, Haugaard-
Kedstrom LM, Penn RB, Roth BL. Discovery of
human signaling systems: pairing peptides to G
protein-coupled receptors. Cell. 2019 Oct
31;179(4):895-908.
https://doi.org/10.1016/j.cell.2019.10.010
Ibay IC, Gilchrist A. An overview of G protein
coupled receptors and their signaling partners.
GPCRs as therapeutic targets. 2022 Nov 1;1:1-9.
https://doi.org/10.1002/9781119564782.ch1
Gurevich VV, Gurevich EV. Arrestins: critical players
in trafficking of many GPCRs. Progress in molecular
biology and translational science. 2015 Jan
1;132:1-4.

https://doi.org/10.1016 /bs.pmbts.2015.02.010
Hauser AS, Attwood MM, Rask-Andersen M, Schiéth
HB, Gloriam DE. Trends in GPCR drug discovery:
new agents, targets and indications. Nature
reviews Drug discovery. 2017 Dec;16(12):829-42.
https://doi.org/10.1038/nrd.2017.178

Sriram K, Insel PA. G protein-coupled receptors as
targets for approved drugs: how many targets and
how many drugs?. Molecular pharmacology. 2018
Apr 1;93(4):251-
8.https://doi.org/10.1124/mol.117.111062
Pande VS, Beauchamp K, Bowman GR. Everything
you wanted to know about Markov State Models
but were afraid to ask. Methods. 2010 Sep
1;52(1):99-105.
https://doi.org/10.1016/j.ymeth.2010.06.002
Wang T, Duan Y. Chromophore channeling in the
G-protein coupled receptor rhodopsin. Journal of
the American Chemical Society. 2007 Jun
6;129(22):6970-1.
https://doi.org/10.1021/ja0691977

Katritch V, Cherezov V, Stevens RC. Structure-
function of the G protein-coupled receptor
superfamily. Annual review of pharmacology and
toxicology. 2013 Jan 6;53(1):531-56.
https://doi.org/10.1146 /annurev-pharmtox-
032112-135923

Ballante F, Kooistra A], Kampen S, de Graaf C,
Carlsson ]. Structure-based virtual screening for
ligands of G protein-coupled receptors: what can
molecular docking do for you?. Pharmacological
reviews. 2021 Oct 1;73(4):1698-736.
https://doi.org/10.1124 /pharmrev.120.00024
6

(26]


https://doi.org/10.1016/j.drudis.2020.12.001
https://doi.org/10.1016/j.cell.2019.10.010
https://doi.org/10.1002/9781119564782.ch1
https://doi.org/10.1016/bs.pmbts.2015.02.010
https://doi.org/10.1038/nrd.2017.178
https://doi.org/10.1124/mol.117.111062
https://doi.org/10.1016/j.ymeth.2010.06.002
https://doi.org/10.1021/ja0691977
https://doi.org/10.1146/annurev-pharmtox-032112-135923
https://doi.org/10.1146/annurev-pharmtox-032112-135923
https://doi.org/10.1124/pharmrev.120.000246
https://doi.org/10.1124/pharmrev.120.000246
https://doi.org/10.1124/pharmrev.120.000246

