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Recent advances in structural biology have profoundly enhanced our understanding of G protein-coupled receptors (GPCRs),

providing detailed molecular insights into their activation and ligand recognition. Here, in this Review, we explore the molecular
mechanisms of class A and class B GPCRs bound to peptide agonists and their implications for drug development. We examine
representative GPCRs, such as the angiotensin Il type 1 receptor, chemokine receptor 5, p-opioid receptor, parathyroid hormone 1
receptor and glucagon-like peptide 1 receptor (GLP-1R), highlighting their activation processes upon peptide ligand binding.

Comparative analysis of structures bound to endogenous and synthetic peptide ligands reveals critical insights for rational drug
design. A case study on GLP-1R demonstrates how structural insights have led to the design of successful drugs for type 2 diabetes
and obesity. This comparative structural analysis aims to deepen our understanding of GPCR activation mechanisms and support

future drug discovery efforts targeting peptide-binding GPCRs.

Experimental & Molecular Medicine (2025) 57:1467-1481; https://doi.org/10.1038/s12276-025-01497-y

INTRODUCTION
G protein-coupled receptors (GPCRs)' represent the largest and
most diverse superfamily of membrane proteins in human,
comprising over 800 members®. These GPCRs are activated by a
wide range of endogenous ligands, including ions, lipids,
nucleotides, amines, small molecules and peptides®, and they
play crucial roles in physiological processes, such as sensory
perception®®, emotional regulation® and metabolic control”2. Due
to their extensive involvement in health and disease including
cardiovascular disorders™'®, neurodegenerative diseases'''? and
metabolic syndromes®'3, GPCRs have emerged as prominent drug
targets, with over 30% of Food and Drug Administration (FDA)-
approved drugs acting on GPCRs, demonstrating their therapeutic
importance’'*. GPCRs are classified into several families (classes A,
B, C and F) based on sequence homology and domain structure'.

Within this diverse family, peptide-binding GPCRs are of
particular interest due to their roles in regulating key biological
functions such as metabolism®'®, immune responses'’"'8,
cardiovascular regulation®'??°, energy balance*'™*, pain per-
ception®>?® and reproductive functions®’2°, Peptide ligands,
including hormonal peptides (for example, glucagon)®*, neuro-
peptides (for example, endorphins)®’ and regulatory peptides
(for example, angiotensin)®?, initiate signaling cascades by
binding to their respective GPCRs, resulting in physiological
responses across various organ systems (Fig. 1). The remarkable
diversity of peptide ligands and their specific interactions with
cognate GPCRs allow precise control of numerous physiological
processes, highlighting the therapeutic potential of targeting
peptide-activated GPCRs in disease management'”.

Despite their importance for human health and disease, the
development of therapeutics targeting peptide GPCRs has been

challenging due to their structural flexibility and signaling
complexity. However, recent advances in structural biology,
particularly with X-ray crystallography and cryo-electron micro-
scopy (cryo-EM), have revolutionized our understanding of
molecular mechanisms of GPCRs’ ligand recognition and activa-
tion. Specifically, the first high-resolution crystal structures of (2-
adrenergic receptor (2AR) in both inactive and G protein-bound
active states>>° laid the foundation for a new era in GPCR
structural biology. Since 2017, using advanced cryo-EM technol-
ogy, an extensive amount of structural data on GPCR-G protein
complexes has been accumulated, with approximately 950
structures (200 unique GPCR structures) reported as of October
2024. The elucidation of GPCR structures with endogenous and
synthetic ligands could offer new opportunities for structure-
guided drug discovery with improved selectivity and efficacy.
Furthermore, these structural insights have facilitated the devel-
opment of innovative pharmacological tools such as biased
agonists and allosteric modulators, which offer more precise
control over GPCR signaling®®.

In this Review, we specifically highlight key peptide-activated
GPCRs that are actively studied in drug development. These include
class A peptide-binding GPCRs, such as angiotensin Il type 1
receptor (AT1R), chemokine receptor 5 (CCR5) and p-opioid
receptor (MOR), as well as class B peptide-binding receptors such
as parathyroid hormone (PTH) receptor 1 (PTH1R) and glucagon-like
peptide-1 receptor (GLP-1R). By exploring their structural, pharma-
cological and physiological perspectives, this Review aims to offer a
comprehensive understanding of peptide-activated GPCRs and
their therapeutic potential. We hope these insights will inspire
future research and guide drug discovery initiatives, contributing to
the innovation of new therapeutics for a variety of diseases.
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Fig. 1 Diverse physiological roles of GPCR-targeting peptides around the human body. Representative GPCR-targeting peptides and their

associated physiological roles are summarized across various regions of the human body. The structure of each peptide represents its
conformation when bound to its respective GPCR (PDB: (brain) 7W53, 7L1U, 8JBG, 8GY7, 8F7Q, 7F9Y, 7XJJ and 7VGX; (heart) 6JOD, 8XZG and
6PD1; (spinal cord) 8HOP; (kidney) 7DW9, 7TYO and 8FLU; (gut) 7EZH and 8IBV; (liver) 6LML; (uterus) 812G and 7RYC; (immune) 8HKS5, 7SK3 and
7YKD, from left to right). Peptides are shown as cartoons or stick representations.

PEPTIDE-BINDING GPCRS: STRUCTURAL DIVERSITY,
ACTIVATION MECHANISM AND DRUG DEVELOPMENT
Structural features of peptide-binding GPCRs and types of
peptide

GPCRs share a conserved seven-transmembrane (7TM) domain
architecture along with three extracellular loops (ECLs), three
intracellular loops (ICLs), and N-terminal and C-terminal tails of
varying lengths®’. Following TM7, most GPCRs form an intracellular
a-helix (H8), which is often anchored to the membrane via lipid
modification of Cys on H8%%°, However, certain GPCRs, such as
GnlIHR (gonadotropin-inhibitory hormone receptor), lack both the
H8 and C-tail*. The lengths of ICL3 and the C-tail vary considerably,
sometimes exceeding 100 residues*'. These regions play key roles
in downstream signaling, with ICL3 involved in G protein coupling
and ICL3 and/or the C-tail contributing to B-arrestin binding***>.

SPRINGER NATURE

Peptide-binding GPCRs represent a substantial subset of the
GPCR superfamily, recognizing a diverse range of peptide ligands
that act as crucial signaling molecules in various physiological
processes. Hormonal peptides, such as neuromedin U**** and
ghrelin®*®*” mediate neuroendocrine signaling and play key roles
in regulating blood pressure and food intake. Neuropeptides
mainly act as neurotransmitters in the central and peripheral
nervous systems, influencing pain perception, emotion and
behavior through their interactions with specific GPCRs. Neuro-
peptide Y**°, galanin®®®', endorphins®*** and orexin>* peptides
have been extensively explored in the context of appetite
regulation and pain modulation. Regulatory peptides, including
angiotensin®, apelin®®, endothelin®’, vasopressin®® and calcito-
nin>°, play essential roles in cardiovascular and body water
homeostasis. In addition, chemokines®® and anaphylatoxins®',
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Fig. 2 Diverse binding modes of peptide ligands to their GPCRs. Structures of five representative GPCRs in their peptide ligand-bound
states are presented: AT1R (60S0), CCR5 (707F), MOR (8F7R), PTH1R (7VVL), and GCGR (6LMK). Receptors are shown as cartoons in distinct
colors, and G proteins (or the nanobody in PDB 60S0) are omitted for clarity. Peptide ligands, angiotensin Il (AT2), CCL5, endomorphin, PTH

and glucagon, are displayed as surface models.

typically composed of 60-100 amino acids, are central to
inflammatory responses and cell migration. To accommodate this
wide range of peptide ligands—from small oligopeptides to larger
polypeptide hormones—peptide-binding GPCRs exhibit structural
diversity, allowing them to selectively recoégnize and respond to a
broad spectrum of physiological signals®%©3,

Recent advances in structural biology have greatly enhanced
our understanding of these receptors, with about 470 peptide-
bound GPCR structures determined as of 2024, including
approximately 350 in the active state and 116 in the inactive
state®. Peptide-binding GPCRs exhibit distinctive structural
features, with a key characteristic being the involvement of the
ECLs and the N-terminal tail in ligand binding®. This arrangement
accommodates peptides of varying sizes and structures, distin-
guishing these receptors from those binding smaller molecules
such as ions or amines303448626366  pantide-binding GPCRs
exhibit structural diversity in their binding pocket architecture
and ligand recognition mechanisms (Fig. 2). Some receptors have
deep pockets enveloping the entire peptide, while others feature
more open sites allowing peptide interaction with both trans-
membrane core domains and extracellular domains (ECDs)332.

Activation mechanism of the class A/B GPCRs upon peptide
ligand binding

The activation mechanism of GPCRs by diffusible ligand binding
was first proposed on the basis of structural studies of 2AR®.
Subsequent structural studies have established that ligand
binding induces conformational changes within the transmem-
brane domain (TMD), leading to the outward movement of TM6
on the intracellular side. This movement creates a binding cavity
for G protein®®,

Once activated, GPCRs interact with specific G protein subtypes
(Gs, Gi, Gq and Gyy/13), each initiating distinct signaling cascades’.
This specificity in G protein coupling contributes to the diverse
functional outcomes observed across the GPCR family. For
instance, G, proteins stimulate adenylyl cyclase, increasing cyclic
AMP production, while G; proteins inhibit this enzyme®®. Gq
proteins activate phospholipase C, leading to calcium mobiliza-
tion, and Gy,;3 proteins regulate Rho GTPases®®. This variety in G
protein-mediated pathways underlies the ability of GPCRs to
modulate a wide array of cellular processes, from neurotransmis-
sion to metabolism and cell growth'*”%”". The structural basis for
ligand binding provides crucial insights into GPCR function.

Experimental & Molecular Medicine (2025) 57:1467 - 1481

Agonists typically stabilize the active conformation of the
receptor, promoting G protein coupling, while antagonists
stabilize the inactive state or prevent activation-associated
conformational changes’? (Fig. 3).

Interestingly, subtle differences in ligand binding modes can
lead to distinct functional outcomes, including biased signaling. In
this phenomenon, different ligands can preferentially activate
specific G protein pathways or 3-arrestin recruitment through the
same GPCR, adding another layer of complexity to GPCR
signaling’>”’>. Ligands that induce biased signaling are called
biased ligands, and they are regarded as an important future
direction in the field of GPCR therapeutics’®. The ability of biased
ligands to preferentially engage certain downstream effectors is
thought to stem from the receptor adopting distinct conforma-
tional states. In recent drug development of opioid receptor, many
efforts have primarily focused on designing biased agonists to
mitigate the adverse effects of traditional opioid ligand. ‘Balanced’
opioid ligands, which activate both G protein and B-arrestin
pathways, have been associated with several side effects, such as
respiratory dysfunction, which can be fatal’””. By contrast,
oliceridine, a G protein-biased opioid ligand, exhibits analgesic
effects while minimizing adverse effects such as constipation and
respiratory dysfunction’®. Although still in its early stages, the
therapeutic application of biased ligands will advance through
structural analysis, enabling precise modulation of receptor
signaling.

Peptide GPCRs belonging to the class A subfamily, distinguished
by a relatively short N-terminal ECD compared with class B
receptors, follow the canonical class A GPCR activation mechan-
ism. They possess several conserved features crucial for their
function, including the ‘DRY’ motif at the intracellular end of TM3,
essential for G protein coupling and receptor activation, and the
‘NPxxY’ motif in TM7, important for receptor stability and
activation®®. A highly conserved disulfide bridge between Cys
residues in ECL2 and TM3 plays a role in stabilizing the
extracellular region. The binding pocket in class A GPCRs is
typically deep and narrow, allowing various ligand binding
orientations®®”®. Despite these common features, considerable
diversity exists in ligand recognition and the activation mechan-
isms among class A peptide GPCRs”®.

By contrast, class B peptide GPCRs exhibit a distinct structural
architecture featuring a large N-terminal ECD that is critical for
peptide ligand recognition. This ECD, typically 120-160 amino
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Fig. 3 General activation mechanisms of class A and B GPCRs bound to peptide ligands. a A schematic representation of the inactive and
active states of class A GPCRs. While small-molecule antagonists typically bind into the transmembrane (TM) pocket stabilizing the receptor in
an inactive state, peptide agonists, generally, interact with ECL2 and the N-tail, which are flexible in the absence of a peptide ligand (indicated
by a dashed black arrow), as well as with the TM pocket. Agonist binding induces conformational changes in the TMD, resulting in the
outward movement of the cytoplasmic segments of TM5 and TM6 (indicated by a red arrow), thereby facilitating G protein binding. b A
schematic representation of the inactive and active states of class B GPCRs. These receptors possess a large N-terminal ECD, which is flexible in
the absence of a peptide ligand (dashed black arrow). Peptide agonists engage both the ECD and TMD. In the active state, a sharp kink or
bend in the PxxG motif of TM6 promotes the outward movement of its cytoplasmic segment (red arrow), creating an open cavity for G protein

binding.

acids long, adopts a conserved fold stabilized by three disulfide
bonds, often referred to as the secretin family recognition fold®.
The peptide binding mechanism in class B GPCRs involves a two-
step process: C-terminal portion of the peptide first engages with
the ECD, followed by the N-terminal portion interacting with the
TMD. This ‘two-domain’ binding mode enables high-affinity and
selective recognition of larger peptide hormones®'®2. Class B
GPCRs also feature a deeper and more open binding pocket in the
transmembrane region compared with class A receptors. They lack
the ‘DRY’ motif, which is replaced by conserved ‘HETX" motif in
TM3, and possess PxxG motif in TM6%. These structural
differences between these two GPCR classes reflect their
adaptation to different types of peptide ligands and activation
mechanisms®*.

Structural characteristics of the peptide-binding GPCRs and
structure-based drug development

Mangl peptide-binding GPCRs are well-known therapeutic target-
s'"*®(Table 1). Structural studies of these peptide GPCRs in both
their inactive and active states have greatly improved our
understanding of how natural peptide ligands and synthetic
drugs interact with their respective GPCRs at the molecular level.
These insights are invaluable for structure-based drug develop-
ments®®. In this section, we explore the structural features of key
peptide-activated GPCRs from both class A and class B, shedding
light on their molecular mechanisms and relevance to structure-
based drug development. Our analysis includes AT1R, CCR5 and
MOR from class A, as well as PTHIR and GLP-1R from class B.
Through these case studies, we aim to illustrate the diversity
among peptide-activated GPCRs and highlight their distinct
molecular mechanisms and potential for drug development.

ATIR. The ATIR serves as a typical model for understanding the

activation mechanism of peptide-binding GPCRs>>®”, particularly
those responding to hormonal peptides. AT1R is mainly involved in

SPRINGER NATURE

blood pressure regulation and is a major target for antihypertensive
drugs®. In addition, ATIR plays important roles in fluid home-
ostasis®®, cell growth® and inflammatory responses®"?, making it
relevant in various cardiovascular and renal disorders”**. The
structures of AT1R in both inactive and active states have provided
valuable insights into its activation mechanism by the natural
ligand angiotensin 1188,

In the inactive state, AT1R adopts a compact conformation with
the typical 7TM bundle characteristic of class A GPCRs™. The
binding pocket is primarily formed by residues in the extracellular
half of the transmembrane helices and the ECLs. A key feature of
the inactive state is the presence of a major hydrogen bond
network (MHN) involving residues N11133% N295746 D74%°° and
N298”° (superscripts denote Ballesteros-Weinstein numbering®),
which acts as a molecular switch that stabilizes the inactive
conformation. This network links TM2, TM3 and TM7, maintaining
the receptor in a closed, inactive state”’.

Upon binding of the angiotensin Il peptide, substantial
conformational changes occur, initiating the receptor activation
process®®. The peptide interacts extensively with residues in the
ECLs and the upper portions of the transmembrane helices. The
N-terminal part of angiotensin Il, particularly the R2 residue, forms
critical interactions with D2635°® and D281732 in the extracellular
region of the receptor. These interactions help position the peptide
correctly in the binding pocket. The middle portion of the
angiotensin Il peptide makes various contacts with residues lining
the binding pocket, contributing to the specificity and high affinity
of the interaction. Notably, the C-terminal phenylalanine (F8) of
angiotensin Il plays a crucial role in receptor activation. It penetrates
deep into the binding pocket, causing a conformational change in
L1123%* and inducing a shift and rotation of N11133° This
movement disrupts the inactive state MHN, particularly breaking
the N11133°-N2957¢ hydrogen bond, which serves as a trigger for
AT1R activation. The large side chain of F8 also pushes against the
conserved toggle switch W253%* and Y2927“%, initiating

Experimental & Molecular Medicine (2025) 57:1467 — 1481
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7Y35, 8FLS
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Glucagon
PTH
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Postmenopausal osteoporosis

PTH1R

7Y36, 8HAO, 8HAO,

1987
7VVK, 7VVL, 7VWN

Agonist

Teriparatide

Osteoporosis

2002 7D3S, 6WI9, 6WZG

Agonist

Secretin

Gastrinoma, pancreas dysfunction

Secretin

SCTR

Drugs that target peptide-binding GPCRs and their structural data (PDB IDs) are listed. ANCA antineutrophil cytoplasmic antibodies, PDB Protein Data Bank.

conformational changes in the intracellular parts of TM6 and TM7%8
(Fig. 4a).

In the Gg-coupled state, the MHN undergoes extensive
rearrangement. Specifically, new hydrogen bonds form between
residue N29474°-5252%47, N294745-W253%4¢ and D74>°°-N298"*,
stabilizing the active conformation. The a5 helix of Ga, integrates
into the intracellular pocket of AT1R, establishing hydrogen bonds
and hydrophobic interactions with residues in TM3, TM5, TM6 and
helix 8. In this AT1R-Ga, complex, the a5 helix of Ga is positioned
closer to TM7 and helix 8, compared with the other GPCR such as
D1R-Gas and D2R-Ggaj; structures. This positioning is stabilized by a
hydrogen bond between G306%*” of AT1R and N357 of Ga,. This
structural feature provides insight into the specific interaction
pattern of AT1R with its cognate Gq protein®’.

This structural information, combined with functional studies,
provides a detailed molecular model for AT1R activation and
signaling by its natural ligand. It highlights the importance of the
MHN as a central regulator of receptor conformational states and
illustrates how peptide binding can induce large-scale conforma-
tional changes through a series of local perturbations. The
mechanism elucidated for AT1R probably shares common features
with other peptide-binding GPCRs, particularly those responding to
hormonal peptides. Regarding drug development, the natural
ligand angiotensin |l itself is used therapeutically to treat
hypotension in severe conditions such as septic shock®®'%, In
addition, drugs like olmesartan serve as inverse agonists or
antagonists of AT1R, for hypertension and related cardiovascular
disorders treatment'®(Table 1). These structural insights have
important implications for the design of new GPCR-targeted drugs
with improved efficacy and specificity. Future research may focus
on further elucidating the specifics of AT1R-G protein coupling and
exploring the potential for biased agonism in drug development.

CCR5. CCR5, crucial for immune cell trafficking and human
immunodeficiency virus (HIV) co-receptor function, exemplifies
another case of peptide-activated class A GPCRs'°*7'%%. The
primary endogenous ligands for CCR5 include CCL3 (MIP-1q),
CCL4 (MIP-1B) and chemokine ligand 5 (CCL5; RANTES)'®.
Structural studies of CCR5 in ligand-free and chemokine-bound
states have illuminated its activation mechanism and ligand
recognition. In the inactive state, CCR5 displays the characteristic
7TM bundle of class A GPCRs with a relatively open extracellular
vestibule'%®'%”, The binding pocket is formed by residues from the
ECLs and upper transmembrane helices, featuring several acidic
residues important for recognizing basic residues in chemokine
ligands'®”. Speciﬁcallsy, key residues Y108>32, F109>33, F112335,
W248°%% and Y2515°' form a hydrophobic pocket that plays a
crucial role in antagonist recognition and maintaining the receptor
in an inactive conformation'®,

The active state structure of CCR5 bound to its native ligand
CCL5 (RANTES) reveals notable conformational changes. The
N-terminus of CCL5 penetrates deeply into the transmembrane
core of CCR5, interacting with residues in TM1, TM2, TM3 and TM7.
This deep insertion is facilitated by the extended N-terminal
region of CCL5, which adopts a straight conformation stabilized by
interactions with a cluster of hydrophobic residues in TM2 and
TM3 of CCRS5. Notably, the D5 residue of CCL5 forms a crucial ionic
interaction with K26'28 in TM1 of CCR5, which appears to be a key
determinant of agonist activity. The chemokine core domain
interacts with CCR5 ECLs and the N-tail, providing additional
binding energy and specificity. Activation of CCR5 involves a large
outward movement of TM6, similar to other class A GPCRs,
accompanied by rearrangements in the intracellular portions of
other transmembrane helices, particularly TM5 and TM7'?’.

The CCL5 N-terminus, especially residues 3-5, plays a crucial
role in receptor activation by pushing against key structural motifs
at the bottom of the orthosteric pocket. This interaction triggers a
cascade of conformational changes, including rearrangements of
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an aromatic connector in TM3 and TM6, as well as movements in
the TM7 backbone. These changes propagate through the
receptor, activating the canonical class A GPCR microswitch
network, including the PIF, NPxxY and DRY motifs. Notably, the
tryptophan residue W2485“% acts as a toggle switch in this
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Inactive MOR (4DKL)
MOR - Endomorphin (8F7R)

activation process, connecting the rearrangements initiated by the
chemokine N-terminus to the large-scale relocation of TM6 and
TM7'%. This activation mechanism differs from that observed in
some other chemokine receptors, such as CCR6, which are
activated by chemokines with shorter N-termini through a distinct
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Fig. 4 Activation mechanisms of peptide-binding class A GPCRs. a Left: active structure of the Sar1-angiotensin [I-AT1R-G, complex (PDB:
7F6G), color-coded as follows: Sar1-Angiotensin Il (pink), AT1R (green), Gog (cyan), Gp (orange) and Gy (magenta). Middle: structural
comparison of the active (green, PDB: 60S0) and inactive (gray, PDB: 4YAY) states of AT1R. Right: close-up view of the binding pocket
highlighting the critical role of the C-terminal phenylalanine (F8) of angiotensin Il in receptor activation. Conformation changes in key residues
are indicated by green arrows, while the red arrow marks the outward movement of TM6 upon activation. b Left: active structure of CCR5
(yellow), in complex with CCL5 (slate) and the G; heterotrimer (Ga; (salmon), G (orange), and Gy (magenta)) (PDB: 707F). Middle: structural
comparison between the active (yellow, PDB: 707F) and inactive (gray, PDB: 6AKY) states of CCR5. Right: close-up of the orthosteric pocket
showing how the N-terminal region of CCL5 interacts with the receptor. Upon activation, conformational changes in W248%% and the
outward movement of TM6 are indicated by yellow and red arrows, respectively. ¢ Left: active structure of MOR (cyan) in complex with
endomorphin (blue) and the G; heterotrimer (PDB: 8F7R). Middle: structural comparison between the active (cyan, PDB: 8F7R) and inactive
(gray, PDB: 4DKL) states of MOR. Right: close-up of the orthosteric pocket showing the binding of Y1 of endomorphin (blue). The red arrow

highlights the outward movement of TM6 during activation.

mechanism involving shallower binding and specialized sequence
signatures'%® (Fig. 4b).

In the Gj-coupled state, the interface between CCR5 and the G
protein is divided into rim and core regions. At the rim, ICL2 of
CCR5 interacts with the N-terminal helix (aN) and adjacent
B-strands (B2-f33) of Ga; while ICL3 engages with B-strands
(B4-p6) of Ga;. In the core, the a5 helix of Ga; forms unique
interactions with the cytoplasmic sides of TM2, TM3 and TM5 in
CCR5. Notably, the C-terminal hook of a5 helix of Gao; (residues
352-354) leans toward TM6 and C-terminal region of CCR5,
creating distinctive contacts. For instance, E302"® in CCR5
interacts with the a5 hook differently compared with other G-
coupled receptors such as neurotensin type 1 receptor'® or
MOR'™®.

CCR5 has been successfully targeted by the small-molecule
antagonist maraviroc for HIV treatment'''(Table 1). Structural
comparison of CCR5 bound to its natural ligand MIP-1a (CCL3) and
to maraviroc reveals distinct binding modes''? (Fig. 5a). While
MIP-1a engages the orthosteric site formed by the ECLs and upper
portions of the transmembrane helices, maraviroc''? occupies an
allosteric pocket deeper within the transmembrane bundle. This
binding mode prevents the conformational changes necessary for
receptor activation and HIV entry (Fig. 5b). The maraviroc-bound
structure shows a contraction of the ligand-binding pocket
compared with the MIP-1a-bound state, with key interactions
formed between the drug and residues in TM1, TM2, TM3 and
™73 (Fig. 5a).

Following the clinical success with maraviroc, other CCR5
antagonists are in development, showing potential not only as HIV
entry inhibitors but also as therapeutics for certain inflammatory
diseases'®®""* "8 Future research directions include deeper
understanding of CCR5's ligand selectivity mechanisms to develop
more effective and safer CCR5 modulators. Given CCR5’s diverse
physiological functions, the development of biased ligands that
selectively modulate specific signaling pathways could be an
intriguing research topic.

MOR. MOR, a primary target for pain management, has been
extensively studied structurally, providing valuable insights into its
activation mechanism and specific ligand recognition®"'"%""21,
Recent cryo-EM structures of MOR bound to endogenous opioid
peptides B-endorphin and endomorphin, as well as the synthetic
agonist DAMGO, have further elucidated the molecular basis of
MOR activation®""""?,

The crystal structure of MOR bound to the antagonist
B-funaltrexamine provides insights into its inactive conformation.
The intracellular face of MOR resembles that of rhodopsin,
particularly in the relative positions of TM3, TM5 and TM6. A
notable feature is the absence of an ionic bridge between the DRY
motif and the cytoplasmic end of TM6, similar to the (2AR.
Instead, R165>°° of the DRY motif forms a salt bridge with the
adjacent D164%>*° residue'?°.

The active state structures reveal that the peptide ligands bind
in an extended conformation, with their N-termini penetrating
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deep into the transmembrane core. This binding mode is
consistent across different peptide agonists, including DAMGO,
B-endorphin and endomorphin®''"?, The N-terminal ‘YGGF' motif
of opioid peptides occupies a conserved activation chamber at the
bottom of the orthosteric binding pocket, which is crucial for
receptor activation. A key interaction for receptor activation
involves the tyrosine residue at the N-terminus of the peptide
agonists. This tyrosine forms a network of interactions with
residues D149°2%, Q126%%° and Y328”*3, The primary amine group
of the N-terminal tyrosine forms a salt bridge with D149%32, which
is stabilized by hydrogen bonds with Q126*%° and Y3287,
Activation of MOR involves several coordinated conformational
changes. The binding of the agonist, particularly the insertion of
the N-terminal tyrosine, induces a rotation of W295%*% in the
CWxP moatif, acting as a toggle switch for activation. This leads to a
large outward movement of TM6, accompanied by rearrange-
ments in TM5 and TM7. These movements are coupled with a
rearrangement of the PIF motif (P246°°°, 115734° and F29154%),
reorganization of the NPxxY motif in TM7 and restructuring of the
DRY motif in TM3. Collectively, these changes create a cavity on
the intracellular side of the receptor for G protein binding (Fig. 4c).

The structures also provide insights into the selectivity of
different peptide agonists. While the N-terminal ‘YGGF' motif is
crucial for activation, the C-terminal sequences of the peptides
interact with the extracellular regions of the receptor, contributing
to binding affinity and selectivity. For instance, B-endorphin forms
extensive interactions from the bottom of the binding pocket to
the top extracellular regions, including residues from TM1/2/3,
TM5/6/7 and ECL1/2°".

MOR exemplifies how structural biology can inform the
development of drugs with improved safety profiles (Table 1).
Comparison of MOR structures bound to the endogenous peptide
endomorphin and the synthetic opioid fentanyl has revealed
critical differences in their binding modes and receptor activation
mechanisms. Endomorphin binds in an extended conformation
with its N-terminus penetrating deep into the orthosteric pocket,
forming key interactions with D149%32 By contrast, fentanyl
adopts a more compact binding pose, occupying a subset of the
peptide binding site. Its piperidine ring mimics the tyramine
moiety of endomorphin, but its unique structure allows additional
contacts within the binding pocket, namely the minor pocket.
These structural differences contribute to the higher potency and
distinct pharmacological profile of fentanyl*' (Fig. 5c).

These structural studies have greatly advanced our under-
standing of MOR activation by endogenous and synthetic peptide
agonists, providing a molecular framework for the development of
novel pain medications with improved efficacy and reduced side
effects. The detailed insights into the conserved activation
mechanism and the specific interactions of different peptide
agonists offer new opportunities for structure-based drug design
targeting the opioid receptor family.

PTH1R. The PTH1R is a class B1 GPCR that is activated by the
endogenous peptide hormones PTH and PTHrP'?%, PTH1R plays a
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Fig. 5 Structural comparison of endogenous and synthetic ligands bound to class A GPCRs. a Superposition of MIP-1a-bound active and
maraviroc-bound inactive structures of CCR5. The receptor is shown as a cartoon with a-helices depicted as cylindrical helices. Ligands are
shown as sticks and color-coded as follows: active CCR5 (pale cyan), MIP-1a (slate), inactive CCR5 (light orange) and maraviroc (orange). A
close-up view of the TM pocket is shown on the right. The N-terminal region of MIP-1a binds deeply into the TM pocket, with maraviroc
occupying a similar position. b Superposition of GP120-bound and maraviroc-bound inactive structures of CCR5. The receptor is shown as a
cartoon and ligands are represented as sticks. GP120-bound CCR5 and GP120 are colored light red and cyan, respectively. For clarity, CD4 has
been omitted. Maraviroc-bound CCR5 and maraviroc are colored light orange and orange, respectively. The binding pocket of CCR5 is
highlighted in a zoomed-in view. ¢ Superposition of endomorphin-bound and fentanyl-bound active structures of MOR. The receptor is
shown as a cartoon, and ligands are shown as sticks, color-coded as follows: endomorphin-bound MOR (pale green), endomorphin (green),
fentanyl-bound MOR (light pink) and fentanyl (yellow). A close-up of the TM pocket highlights the binding positions of the two MOR ligands.

crucial role in skeletal development and the maintenance of
calcium and phosphate homeostasis'?3. Dysfunction of PTH1R has
been implicated in several diseases, such as hypercalcemia'?* and
osteoporosis'?, making it a key target for drug development.
Structurally, PTH1R consists of a large N-terminal ECD and a
TMD. The two-step binding model describes the association
between the ECD and the C-terminus of the peptide ligand, as
well as the interaction between the TMD and the N-terminus of
the ligand. This sequential interaction is a hallmark of receptor
activation in class B GPCRs. A structural comparison of engineered
PTH (ePTH)-bound PTH1R and PTH-bound PTH1R reveals con-
formational changes upon receptor activation'?%'%’. Upon activa-
tion, TM1, TM2, TM7, the ECD and the ligand move toward TM5,
allowing V2™ and 15°™ to access the hydrophobic cluster within
the receptor. This movement creates a steric clash between PTH
and the receptor, resulting in the unwinding and repositioning of
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TM6. TM6 movement then leads to the formation of a hydrogen
bond between P415%%, Y4215°% and Q4517°. This ‘PYQ motif is
highly conserved within class B GPCRs and is important for
receptor activation. Meanwhile, activation disrupts another highly
conserved ‘HETY motif, which is essential for maintaining the
inactive conformation of PTH1R. The collapse of this motif induces
a kink in TM6, resulting in the opening of the intracellular cavity to
accommodate Gag binding. In the active state, the a5 helix of Ga,
stabilizes the receptor-G protein complex by forming hydro-
phobic and water-mediated interactions (Fig. 6a).

Therapeutic strategies targeting PTH1R have traditionally
focused on synthetic peptides or peptide analogs of PTH and
PTHrP, mimicking the action of endogenous ligands'?. However,
these peptide therapies require injections and are associated with
adverse effects such as bone resorption'®®. To address these
limitations, small-molecule agonists have been developed as
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a
Active PTH1R — PTH (7VVL) Pre-active PTH1R — ePTH (6FJ3) 271 (8JR9)
Active PTH1R - PTH (7VVL)

c

. _ Inactive GLP-1R (6LN2)

Active GLP-1R —GLP-1 (6X18) Active GLP-1R — GLP-1 (6X18)
d GLP-1R GIPR
Dual-agonism

Extracellular

Membrane

Intracellular

GLP-1-bound GLP-1R

(PDB: 6X18) (PDB: 7LLL)

alternative modulators of PTH1R signaling. One such example is
PCO371, a G protein-biased agonist of PTHIR that can be
administered orally'*°. Cryo-EM structural analysis revealed that
PCO371 binds to an intracellular allosteric pocket, distinct from
the orthosteric PTH binding site, where it interacts directly with
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Exendin<4-bound GLP-1R Semaglutide-bound GLP-1R Tirzepatide-bound GLP-1R
(PDB: 7KI0)

Tirzepatide-bound GIPR

(PDB: 7FIM) (PDB: 7FIY)

the C-terminus of Ga,'®""*? (Fig. 6b). This unique binding mode
contributes to biased signaling, stabilizing the receptor-G protein
complex while reducing B-arrestin recruitment.

Structural studies of PTH1R have provided key insights into its
activation mechanism and ligand recognition. The discovery of
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Fig. 6 Activation and therapeutic targeting of peptide-binding class B GPCRs. a The active structure of the PTH-PTH1R-G; complex is
presented, with components color-coded as follows: PTH (violet), PTH1R (blue), Gas (blue white), Gp (orange), Gy (magenta) and Nb35 (yellow).
A structural comparison of the preactive and active states of PTH1R is shown on the right. The G protein is omitted for clarity. The
conformational changes from preactive to active states are indicated with red arrows. b The active structure of PTH1R bound to PCO371 is
shown. PCO371 binds to an intracellular allosteric site, distinct from the orthosteric peptide-binding pocket. PCO371 is shown as salmon-
colored sticks. A zoomed-in view on the right highlights the novel binding site of PCO371. ¢ The active structure of GLP-1R (lime) bond to GLP-
1 (warm pink) is shown on the left. Superposition of the active and inactive GLP-1R structures is shown on the right (G protein omitted for
clarity). ECD, which undergoes dramatic rotation upon GLP-1 binding, is shown in orange (active) and pale cyan (inactive), and the movements
of the ECD and TM6 upon activation are indicated with green and red arrows, respectively. d Structures of GLP-1R bound to endogenous
ligand GLP-1 and various agonist drugs are presented. A comparison of GLP-1R and GIPR structures, both bound to the dual-agonist
tirzepatide, is shown on the right. Receptors are displayed as transparent surfaces with light-gray-colored cartoons, and ligands are shown as

magenta cartoons.

PCO371, a nonpeptide G protein-biased agonist that binds to an
intracellular allosteric site, highlights the potential for small-
molecule modulation of peptide-binding GPCRs. Further explora-
tion of allosteric modulators and biased ligands will be essential
for advancing GPCR-targeted drug discovery and expanding
therapeutic options.

GLP-1R

GLP-1R is a class B1 GPCR that has emerged as a crucial
therapeutic target for type 2 diabetes and obesity treatment'>>13,
GLP-1R plays a pivotal role in glucose homeostasis by enhancing
glucose-dependent insulin secretion'>>, suppressing glucagon
release'® and promoting satiety'>”"'3%,

Inactive GLP-1R structure reveals a compact conformation with
the ECD positioned close to the TMD. Key features include a
hydrophobic interface between the ECD and TMD, and a closed
conformation of the peptide-binding pocket. Residues such as
E127 in the ECD and Q211 in ECL1 contribute to maintaining this
inactive state through interactions between the ECD and ECL1/3.
The a-helical ECL1 partially occupies the orthosteric ECD-binding
site, while a segment of the ECD (residues 33-40) interacts with
ECL3, further stabilizing the closed conformation'>®.

GLP-1R activation involves complex interactions between the
GLP-1 peptide ligand, ECD and TMD. Crystal structures of the GLP-
1R ECD bound to GLP-1 show a conserved a-helical binding
mode'®. In this structure, the N-terminus of peptide is expected
to interact with the receptor TMD, while its C-terminal a-helix
binds to the ECD'°. Recent cryo-EM structures of full-length GLP-
1R in complex with various ligands and G proteins have elucidated
the activation mechanism'*'~'**, Upon GLP-1 binding, substantial
conformational changes occur. The ECD undergoes a large
movement, rotating away from the transmembrane core. This
allows the peptide’s N-terminus to insert deeply into the
transmembrane bundle. Concurrently, TM6 moves outward by
approximately 18 A, creating a cavity for G Protein binding'*. Key
residues in this process include R190%%°, forming a polar
interaction with the E9®-"", and Q211 and H212 on ECL1
interacting with W31°"" on the C-terminus of GLP-1. In addition,
R299 on ECL2 plays an important role in stabilizing GLP-1 binding
through polar interaction with H7°"", contributing to receptor
activation'*. The ECD's movement is crucial for exposing the
peptide-binding pocket and facilitating these interactions (Fig. 6¢).

Intriguingly, recent studies reveal that GLP-1R can adopt a
distinct conformation when bound to Gs protein without an
agonist'*®, This ligand-free state shows a partially activated
receptor with TM6 moving outward, but the ECD and peptide-
binding pocket differ from the fully active state. ECL3 adopts a
more open conformation, suggesting a ‘G protein-first binding’
mechanism that may facilitate rapid signal transduction upon
subsequent agonist binding'*°.

The therapeutic potential of GLP-1R has led to the development
of several agonists (Table 1). Exenatide, the first GLP-1R agonist
approved for clinical use, is derived from Gila monster venom. Its
extended C-terminal region forms additional interactions with the
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ECD, contributing to higher affinity and prolonged action
compared with native GLP-1'%"'%8 Liraglutide, another early
GLP-1R agonist, incorporates a fatty acid moiety that enhances
albumin binding, extending its half-life'**'*°, Semaglutide, a more
recent GLP-1 analog (marketed as Ozempic for diabetes and
Wegovy for obesity), further improves upon this design'’. Its fatty
acid modification not only extends half-life but also allows for
once-weekly dosing, markedly improving patient compliance'
Structural studies show that, while semaglutide binds similarly to
GLP-1, it exhibits different receptor-peptide dynamics, particularly
in the interaction between the fatty acid chain and the receptor’s
surface, which may contribute to its improved pharmacological
profile’* (Fig. 6d).

Recent developments have led to multi-target approaches.
Tirzepatide, a dual GIP and GLP-1 receptor agonist, combines
structural elements of both peptides'>*. Cryo-EM structures reveal
how tirzepatide achieves dual agonism through a unique binding
mode that allows it to engage both receptors with high
potency’®®. This dual action offers enhanced efficacy in treating
metabolic disorders by simultaneously improving insulin sensitiv-
ity and promoting weight loss, effects not fully achieved by GLP-
1R agonism alone'*®. Ongoing research is exploring triagonists
targeting GLP-1R, GIPR and GCGR simultaneously®®'>®, These
molecules aim to leverage the complementary effects of all three
receptors, potentially offering superior glycemic control and
weight loss. Structural insights are crucial for developing these
complex agonists, helping to balance receptor activation and
manage potential side effects'**'°® (Fig. 6d).

As our understanding of GLP-1R structure and activation
mechanisms grows, we anticipate more targeted and efficient
therapies. Future developments may include novel peptide
modifications, small-molecule agonists or bispecific antibodies'*’.
The discovery of ligand-free, G protein-coupled states opens new
avenues for drug design, potentially enabling the development of
compounds that can modulate receptor activity through novel
mechanisms.

CONCLUSIONS AND FUTURE PERSPECTIVE

The field of structural biology for peptide-activated GPCR
signaling has advanced substantially, providing crucial insights
into the molecular mechanisms of peptide ligand recognition and
receptor activation. Recent discoveries have profoundly influ-
enced drug discovery, revealing both common activation themes
and receptor-specific features that contribute to ligand selectivity
and signaling outcomes. Such structural insights have revolutio-
nized drug development strategies, enabling rational modification
of peptide ligands and the exploration of new allosteric
modulation sites. The development of long-acting GLP-1R
agonists for the treatment of type 2 diabetes and obesity
exemplifies this progress. Case studies of AT1R, CCR5 and MOR
demonstrate how structural information guides the development
of both peptide-based and small-molecule therapeutics. For
example, the structures of OX1R and OX2R enabled structure-
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based drug design starting from suvorexant, a nonselective
antagonist approved by the FDA for the treatment of insom-
nia'>®'>°, By leveraging the distinct feature of the orthosteric
pocket in the two receptor subtypes—specifically the A/T>33
difference in TM3—the development of the OX1R-selective
antagonist JH112 was successfully achieved, which is expected
to have reduced off-target effect'®. Despite these advances,
challenges remain in structure-based drug design for peptide-
binding GPCRs. The dynamic nature of these receptors and the
conformational flexibility of peptide ligands complicate rational
design. In addition, improving the oral bioavailability and
extending the plasma half-life of peptide drugs remain major
hurdles.

As of 2024, 750 class A GPCR structures and 120 class B GPCR
structures have been determined, with over 120 GPCRs identified
as drug development targets in IUPHAR'®'. While peptide-based
therapeutics have been widely developed for class B GPCRs such
as GLP-1R and PTH1R, the progress in small-molecule or orally
administered drugs remains limited. Recent studies on allosteric
binding sites and biased signaling mechanisms in these receptors
suggest new opportunities for drug development. Expanding the
application of structure-based approaches to design allosteric
modulators and biased ligands will be crucial for enhancing the
therapeutic potential of peptide-binding GPCRs.

Recent advancements in antibody drugs targeting GPCRs, such
as erenumab, which targets the CGRP receptor for migraine
treatment'®>'%®, further demonstrate the evolving landscape of
GPCR-targeted therapies. Antibody drugs offer advantages over
small-molecule drugs, including higher selectivity, stronger bind-
ing affinity and longer persistence in the body. However, they face
limitations in terms of cost-effectiveness, as they require high
production costs and have administration restrictions. Moreover,
their large molecular size limits blood-brain barrier penetration,
which can be either an advantage or a challenge depending on
the therapeutic context'®®. Erenumab has been shown to exhibit
minimal blood-brain barrier penetration under normal physiolo-
gical conditions. This feature is generally advantageous for
avoiding central nervous system-related side effects'®>'%¢,
Advances in bispecific antibody technology offer new strategies
for improving efficacy. Talquetamab, for instance, is a bispecific
antibody targeting GPRC5D (a class C GPCR) and CD3, effectively
engaging T cells to eliminate multiple myeloma cells'®”. While
most class A receptors, such as B2AR, lack large ECDs that facilitate
antibody binding, peptide-binding class A GPCRs possess
relatively long and accessible ECLs involved in ligand binding.
These ECLs, which usually exhibit conformational dynamics
depending on the presence or absence of peptide ligands, can
be targeted by conformation-selective antibodies or nanobodies.
This expands the range of GPCRs that can be targeted by
antibody-based therapies'®®. With the growing availability of high-
resolution structural data of peptide-bound class A GPCRs, the
development of antibody drugs targeting these GPCRs is expected
to accelerate, opening new avenues for therapeutic intervention.

Looking forward, cryo-EM is expected to play an increasingly
important role in elucidating GPCR structures in various states. The
integration of structural biology with computational modeling,
medicinal chemistry and high-throughput screening promises to
facilitate the discovery of novel therapeutics. Breakthrough
computational tools such as AlphaFold3'®®'”° and RoseTTAFold
All-Atom'”" have opened new opportunities for GPCR-targeted
drug discovery, greatly advancing structure-based drug develop-
ment. These methods enable high-confidence GPCR structure
prediction, ligand design and validation, thereby broadening the
scope of drug discovery. While the application of cryo-electron
tomography (cryo-ET) in GPCR research remains limited, this
technique continues to be utilized for resolving the architecture of
proteins in their native environments'’2. The small size of GPCRs,
generally below 100kDa, has posed challenges for cryo-ET
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application. However, the systematic diversity of GPCRs, including
high-order oligomerization, underscores the potential of cryo-ET
in this field'”®. Collectively, these advanced methodologies are
expected to expand the therapeutic landscape of GPCR-targeted
drug development. As our structural knowledge expands, we
anticipate the development of more sophisticated and effective
drugs targeting peptide-binding GPCRs for a wide range of
diseases. The future of drug discovery in this field is promising,
with potential for creating more personalized and precisely
targeted therapies based on our growing understanding of GPCR
function at the molecular level. These advancements may lead to
new treatments for metabolic disorders, inflalmmatory diseases
and neurological conditions.
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