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Class B G-protein-coupled receptors (GPCRs) are receptors for peptide hormones that include glucagon, parathyroid hormone, and
calcitonin. These receptors are involved in a wide spectrum of physiological activities, from metabolic regulation and stress control to
development and maintenance of the skeletal system. As such, they are important drug targets for the treatment of diabetes, osteo-
porosis, and stress related disorders. Class B GPCRs are organized into two modular domains: an extracellular domain (ECD) and a
helical bundle that contains seven transmembrane helices (TM domain). The ECD is responsible for the high affinity and specificity
of hormone binding, and the TM domain is required for receptor activation and signal coupling to downstream G-proteins. Although
the structure of the full-length receptor remains unknown, the ECD structures have been well characterized for a number of Class B
GPCRs, revealing a common fold for ligand recognition. This review summarizes the general structural principles that guide hormone

binding by Class B ECDs and their implications in the design of peptide hormone analogs for therapeutic purposes.
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Introduction

GPCRs are cell-surface receptors that share a common molecu-
lar architecture consisting of a seven transmembrane (7TM)/
heptahelical domain (HD) with an extracellular N-terminus
and an intracellular C-terminus. The seven transmembrane
helices are interconnected by three extracellular and three
intracellular loops (Figure 1A). All GPCRs share a common
signaling mechanism mediated by heterotrimeric G proteins
that stimulate the synthesis of intracellular second messen-
gers, including cyclic AMP, inositol phosphate, and Ca*" ions.
GPCRs constitute a large family whose members are involved
in numerous physiological functions and represent more than
30% of all pharmaceutical drug targets. Based on sequence
homology of their transmembrane domains, G-protein cou-
pled receptors are further classified into five subfamilies!.
The Class A or rhodopsin family constitutes the largest group
with more than 700 receptors and is characterized by high
sequence identity. The Class B or secretin receptor family is
a small subgroup with only 15 peptide-binding receptors in
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humans (Table 1) that are the focus of this review. The other
classes are the glutamate (Class C), adhesion (Class D), and
frizzled /smoothened (Class E) receptor families™ . While all
GPCRS share the same core structure to transduce exogenous
signals across the membrane, they differ largely in their ligand
recognition mechanism due to structural differences in their
extracellular domains. Class B GPCRs are characterized by the
presence of large extracellular domains of 100 to 160 residues
that are the main determinants for ligand binding specificity
and play crucial roles in receptor activation!’.

Although full length GPCR structures have been solved
only for Class A receptors, the structures of several Class
B extracellular domains (ECDs), both in apo and hormone-
bound form, have been determined by X-ray crystallography
and NMRP®. These structures have provided substantial
information about the conformation of Class B ECDs and the
structural mechanisms of ligand binding and selectivity. Table
1 provides a list of the currently solved 16 ECD structures that
collectively cover eight of the fifteen receptors.

Class B GPCR ligands are related peptide hormones

In contrast to the wide variety of Class A GPCR ligands, all
Class B ligands are peptide hormones that share significant
degrees of homology with each other (Figure 1B). All of them
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Figure 1. (A) Cartoon presentation of the general architecture of Class B GPCRs consisting of a N-terminal extracellular domain (ECD) and a C-terminal
transmembrane domain (7TM). The ECD forms a three layer o-B-B/a fold and the 7TM domain seven membrane-spanning helices connected by three
extracellular loops (ECLs) and three intracellular loops (ICLs). (B) Sequence alignment of Class B GPCR ligands with cartoon presentation of their N-
and C-terminal domains on top. Based on sequence similarity, ligands can be grouped into glucagon-like, CRF-like, and calcitonin-like subfamilies.
Identical residues are shown as white letters on red background. Partially conserved residues are shown as red letters. The residue numbering on top
corresponds to that of glucagon. The lactam bridge in astressin is indicated by a black bracket, “f” in the astressin sequence indicates D-phenylalanine.
(C) Two domain binding model for class B GPCRs. (I) Peptide hormone and receptor are orientated for initial receptor ligand binding. (Il) The initial
complex forms between the C-terminus of the peptide and the ECD of the receptor. (Ill) This interaction facilitates the binding of the free N-terminus
of the peptide to the juxtamembrane region of the 7TM domain of the receptor. (IV) This binding induces a conformational change in the 7TM and
cytoplasmic domain of the receptor, which mediates its interaction with a heterotrimeric G protein.

have great potential as therapeutic targets for neuronal and denum. The expression of the secretin receptor in different

endocrinal disorders. parts of the CNS imply that secretin also plays important roles
Secretin is the sole ligand of the secretin receptor. It stimu- in the brain’.
lates secretion of acid-neutralizing fluids in pancreas and duo- Growth hormone releasing hormone (GHRH) is the sole
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Table 1. An overview of secretin receptor family members and their ligands, with structural details and therapeutic applications.

Secretin family Cognate ligands ECD-PDB Physiological relevance Disorders Therapeutic drugs
receptor
CRFR1 CRF, Urocortinl 3EHS, 3EHU™Y, Stress related pathway Depression/Anxiety Corticorelin/
212713 Acthrel (approved)
CRFR2a CRF, Urocortinl,  1U34% 2JND'®!, Stress related pathway, Depression/Anxiety,
Urocortin2, 3N96, 3N95, Cardiac contractility, Heart failure, Cancer
Urocortin3 3N93 Angiogenesis
PTH1R PTH, PTHrP 3L2J B9 3c4MO Ca’" homeostasis Osteoporosis Forteo (approved)
3H3G™ Hyperparathyroidism Preotact (approved
in Europe)
PTH2R PTH, Tip39 - Hypothalamic secretion,
Nociception
GHRH receptor GHRH - Growth hormone secretion Dwarfism Tesamorelin
(approved)
Glucagon receptor  Glucagon - Glucose homeostasis Type 2 diabetes
GLP1 receptor GLP-1, 310L"®, 3¢59 Insulin secretion Type 2 diabetes Byetta/Exenatide,
Exendin4 Liraglutide (both
approved)
GLP-2 receptor GLP-2 Glucagon secretion, Short bowel syndrome Teduglutide
Gut mucosal growth (Phase Ill)
GIP receptor GIP 2QKH™ Insulin secretion Type 2 diabetes -
Lipid metabolism
PAC1R PACAP, VIP 3N941° 20D Neurotransmitter, Schizophrenia, =
Neuromodulator, Neuroprotection Medulloblastoma
VPAC1R VIP, PACAP - Vasodilation, Digestion, Crohn’s disease, -
Neuroprotection rheumatoid arthritis
VPAC2R VIP, PACAP 2X57 Vasodilation, Digestion, Schizophrenia -
Neuroprotection
Secretin receptor Secretin - Pancreatic secretin -
H,0 homeostasis
Calcitonin receptor Calcitonin - Ca*" homeostasis Osteoporosis Miacalcin, Cibacalcin
(approved)
AMY receptor Amylin Glucose homeostasis Diabetes Pramlintide/Smylin
(CTR /RAMP1,2,3) (approved)
CGRP receptor CGRP 3N7S Vasodilation Migraine Telcagepant
(CLR/RAMP1) (Phase Il fail)
AM; receptor Andromedulin 2XVT (RAMP2) Circulatory system, Cardiovascular disease

(CLR/RAMP2)

AM, receptor
(CLR/RAMP3)

CGRP,
Andromedulin

Vasodilation

Vasodilation, Cellular

tolerance for oxidative stress

Cardiovascular diseases
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hormone of the GHRH receptor and stimulates growth hor-
mone secretion.

Corticotrophin release factor (CRF) and urocortins are
ligands for CRF receptors 1 and 2 (CRFRs) and function pre-

[18]

dominantly as mediators of stress responses Urocortin 2

also has antiangiogenic activity important for tumor suppres-
sion function™,

Parathyroid hormone (PTH), parathyroid hormone related
peptides (PTHrPs), and tuberoinfundibular peptide Tip39 are
ligands for PTH receptors (PTHIR and PTH2R) that control

s1201

calcium and phosphate homeostasis'™" and can function as

neuromodulators®'.

Glucagon, glucagon like peptides (GLPs), and glucose
dependent insulinotropic polypeptide (GIP) are ligands for
glucagon receptor (GLPRs and GIPR), respectively, and are
important regulators of glucose homeostasis™™ .

Pituitary adenylate cyclase activating polypeptide (PACAP)
and vasoactive intestinal peptide (VIP) are shared ligands of
three receptors, PACIR, VPACIR, and VPAC2R. PACIR is
preferentially activated by PACAP, a neuroprotective modula-
tor and stimulator of nerve cell regeneration, while VPACR is
efficiently activated by both the vasodilation-stimulating VIP
and PACAP. VIP also performs neuroprotective function with
VPAC2R. Both hormones also have neurotransmitter function
and affect secretion or production of other hormones®,

Calcitonin (CT), calcitonin-gene-related peptide (CGRP),
amylin (AMY), and andromedullin (AM) form a separate
subclass of Class B hormones with roles in Ca**- and glucose-
homeostasis as well as vasodilation. Their receptors, cal-
citonin receptor (CTR) and calcitonin-like receptor (CLR),
associate with three members of receptor activity-modifying
proteins (RAMP1 to RAMP3) that modulate their hormone
selectivity™!.

In addition, two non-human peptide ligands, Exendin-4 and
Astressin, have pharmacological roles in treating type-2 dia-
betes and stress related disorders. Exendin-4 is derived from
the saliva of Gila monster. As an analog of GLP-1, it activates
GLPIR and stimulates glucose-dependent insulin secretion®l,
Astressin is a synthetically designed high affinity antagonist
for CRFR, in which D-Phe replaces L-Phe at the 12th position
of CRF (12-41). In addition, lactam cyclization between astres-
sin Glu30 and Lys33 stabilizes helix formation and strongly
increases the affinity of the peptide.

Crystal structures of Class B GPCR ligands” * revealed
single continuous amphipathic a-helices, while NMR solution

structures® 2

indicated that the free peptide hormones are
disordered or only partially a-helical, but adopt amphipathic
a-helices upon receptor binding. Binding studies employing
truncated and chimeric peptide ligands demonstrated sepa-
rate contributions by the peptide N- and C-termini. N ter-
minal truncations turn the peptide ligands into potent antag-
onists®* ¥
receptor activation, but are not essential for receptor binding.

, suggesting that the N-termini play critical roles in

In contrast, C-terminally deleted peptides are still capable

of receptor activation, but bind the receptors with markedly

131]

lower affinities"””. Finally, peptides consisting of the C-termi-
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nus of PTH and the N-terminus of calcitonin were unable to
activate either PTHR or CTR, but efficiently activated a chime-
ric receptor consisting of the N-terminal ECD from PTHIR and
the membrane embedded C-terminus from CTRP?. Several
other similar hybrid experiments with glucagon, GLPIR, calci-
tonin, VIP, and PACAP confirmed the distinct roles of the N-
and C-termini of the peptide hormones in receptor interaction
and activation®”* ¥ These data provided the basis of the
“two domain model”, which proposes that Class B hormone
C-termini form initial complexes with their receptor ECDs,
which in turn allows their N-termini to interact with the 7TM
domains to activate the receptors (Figure 1C). This model
was further supported for CRF by NMR chemical shift per-
turbation data in combination with the charge distribution in
CRF ECD and its antagonist astressin’”. Finally, the first high
resolution structure of the complex between a Class B GPCR
ECD and its ligand, the crystal structure of the GIPR ECD-GIP
(1-42) complex, directly illustrated that the C-terminus of the
ligand formed the main ECD interaction while the N-terminus
of the peptide remained free!”.

The peptide hormone N- and C-termini expressed as sepa-
rate peptides are biologically inactive, implying that their link-
age is required for hormone activity™. The residues that con-
nect the termini appear to function as a-helical linkers, whose
length and orientation, but not sequence, are required for full

receptor activation!™.

The extracellular domains of Class B GPCRs share a
common fold

While the 7TM domains of Class B GPCRs are highly homolo-
gous, their ECDs share exceptionally low levels of sequence
identity (Figure 2B). Therefore, structural studies of ECDs are
crucial to understand ligand specificity and selectivity. Table 1
provides an overview of the 15 human Class B receptors and
their ECD structures and functions.

The basic fold of the extracellular domain is a three-layer a-B-/«
structure

The first structures of the extracellular domain of a Class B
GPCR were the NMR structures of the ECD of murine CRFR2(3
in apo form® and as complex with the synthetic antagonist

astressin'®.

These structures revealed the core region of the
ECD, which is comprised of two pairs of antiparallel p-sheets
interconnected by hairpin loops. This fold is stabilized by
three interlayer disulfide bonds and by hydrophobic interac-
tions and resembles the short consensus repeat fold of comple-
ment control protein®, However, the N-terminus of the ECD
was not resolved in these structures. The ligand-bound ECD
crystal structures of hGIPR-GIP (1-42) and hPTH1R-PTH
(15-34) (Figure 2E&2C) demonstrated that the N-termini of
their ECDs form long single a-helices that are connected by
a disulfide bond with the first  strand and whose residues
contribute to the ECD-ligand binding pocket” 'l Overall, the
ECDs share a three-layer a-p-f/a architecture, in which the
N-terminal a-helix forms the first outer layer, the p1-f2 sheet
and adjacent loops the middle layer, and the p3-B4 and the
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Figure 2. (A) A ribbon diagram of the basic architecture of the “secretin family recognition fold” of the extracellular domain of class B GPCRs. The
structure is mainly divided into three layers consisting of an N terminal o helix and two pairs of antiparallel § sheets. The conserved disulfide bonds
connecting the three layers are depicted as sticks. (B) Sequence alignment of the extracellular domains of human Class B GPCRs with secondary
structure elements for PTHAR indicated on top (PDB: 3C4M). Invariant and conserved residues are highlighted. The glycine residues specific for the
CRFR subfamily are marked by a blue arrow. Invariant cysteine residues are indicated by a yellow box. Identical residues are shown as white letters
on red background. Partially conserved residues are shown as red letters on white background. The residue numbering on top corresponds to that of
hPTH1R. Cysteine pairs forming disulfide bonds are indicated by yellow outlines and by green numbers at the bottom. TT=tight turns. (C) Structure of
the hPTH1R-PTH ECD complex with the ECD shown in light blue and PTH in green. (D) Structure of the hCRFR1-CRF complex with the ECD shown in light
blue and CRF in cyan. (E) Structure of the hGIPR-GIP complex with the ECD in light blue and GIP in magenta. (F) Structure of the hGLP1R-Glp1 complex
with the ECD in light blue and Glp1 in yellow. (G) Structure of the PAC1R-PACAP complex with the ECD in light blue and PACAP in orange. (H) Structure
of the CLR-Telcagepant (a small molecule drug for the treatment of migraine) with the CLR-ECD in light blue and RAMP1 in salmon.
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C-terminus, which for some ECDs includes a short (one-to-two
turns) a-helix, the second outer layer (Figure 2A and 2C-2H).
This organization, together with the principal hormone rec-
ognition mechanism, has also been found in the hGIPR-GIP,
hPTH1R-PTH, hGLP1R-GLP1, and hCRFR1-CRF (Figure
2C-2G). This conserved a-p-f/a fold has also been named
‘secretin family recognition fold” that serves as the consensus
mechanism of Class B GPCR ligand binding*.

The sequence homology of the ECDs is very low and limited
to the six disulfide-forming cysteines and only about a dozen
other conserved residues (Figure 2B). Four of the residues
are identical in all receptor ECDs and have been shown to
play important roles in tertiary structure stabilization (D113,
W118, P132, and W154 with respect to PTHIR in the align-
ment shown Figure 2B)"". The first disulfide bond links the N
terminal helix to the middle layer B-sheet, the second one links
the middle layer to the outer -sheet, and the third one links
the middle layer to the C-terminus of the ECD. While the
position of the disulfide bonds and secondary structure ele-
ments is highly conserved, the loops connecting the structure
motifs vary considerably and therefore likely provide the basis
for ligand binding specificities.

Glucagon-like and CRF-like hormones adopt different positions
in their ligand-binding pockets

The overall binding pattern of Class B GPCR peptide ligands
to their cognate receptors shows a high level of similarity. In
all complex crystal structures, the peptide binds in amphip-
athic a-helical conformation to the same face of the ECD. With
the exception of the PACIR-PACAP® NMR structure, whose
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accuracy remains in doubt""®*), the C-terminus of the peptide
forms hydrophobic and hydrogen bond interactions with the
ligand binding pocket of the ECD while the N-terminus of the
peptide remains free and shows a high level of flexibility. The
glucagon-like and the CRF-like subfamilies differ from each
other both by their amino acid sequence signature (Figure 1B)
and by their relative position in the ligand binding pocket. As
illustrated in Figure 3A, the position of the CRF C-terminal
helix is translationally shifted by 5-8 A relative to the location
of PTH, GIP, and GLP. These differences can be explained by
two features. First, the CRFR ECDs are characterized by one
invariant glycine (Gly52 for CRFR1; blue arrow in Figure 2B)
in the loop connecting 1 and P2 that is missing in peptide
hormones of the glucagon-like subfamily and that causes a
further extension of the loop. Second, the CRFR N-terminal
helices of the ECD are much shorter than those of PTHR,
GIPR, and GLPR (Figures 2D-2F) and that can therefore not
mediate ligand interactions\. It should be noted, that differ-
ences in ligand position could also be induced by experimental
approaches.

Based upon the ligand-bound ECD structures, we illus-
trate possible models for the binding of these two hormone
subclasses to a full length receptor (Figure 3B) to provide the
relative dimensions of ligands and receptors and to illustrate
the burial of the ligands. In the GIP model, the N-terminus of
the ligand forms a straight helical extension of the C-terminus
to fit into the pocket formed between the 7TM helices. The
CRF model accounts for the L-shaped conformation with a
bend after the 23rd residue seen in the recent NMR structure
of hCRFR1-CRF (PDB: 2L27)™. Thus, ligands may adopt dif-

Figure 3. (A) Structural alignment of ECD-bound Class B GPCR ligands. The ligands form helical conformations with their C termini interacting with the
ECD. The N termini remain free and show a high level of flexibility. The ligands shown are PTH(15-34) in green, GIP(1-42) in magenta, GLP1(7-37)
in yellow, and CRF(22-41) in cyan. (B) Models displaying possible hormone positions in the context of full length receptors. Models of ECD-bound
GIP(1-42) (magenta) [PDB: 2QKH] and a modified CRF (cyan) [PDB: 2L27] were superpositioned on a model of the transmembrane domain of turkey
B1-adrenergic receptor [PDB: 2YO3]. The ECD was adjusted manually with distance constraints using COOT. The different binding positions between
CRF-like and glucagon-like subfamily peptides suggest that the ECDs may also adopt two different conformations in the context of full length receptors.
Note that these models just illustrate relative dimensions of receptors and ligands as well as predictions of ligand binding sites. Only structures of the
complexes between full length receptors and their ligands can provide accurate position and conformation of receptor-bound ligands.

Acta Pharmacologica Sinica



www.nature.com/aps
Pal K et al

®

306

ferent positions in spite of a common structural interaction
mechanism. The exact nature of complete ligand binding can
only be determined by structural analyses of full length recep-
tors.

Ligand-binding induces conformational changes in some ECDs
Most ECD structures have only been obtained in complex
with ligand, indicating that ligand binding stabilizes these
proteins and therefore favors crystallization of ECD-ligand
complexes™. Hormone-induced conformational changes in
the ECD have been clearly shown for CRFR1", where super-
position of apo (3EHS) and CRF-bound structures (3EHU)
revealed a major rearrangement of the ECD secondary struc-
ture. Ligand binding shifted the loop connecting the 3 and
B4 strands by approximately 5-7 A towards the peptide hor-
mone. Phe72 in that loop shifted in the ligand bound structure
by 7.2 A and its side chain rotated towards the C terminus of
the peptide to allow formation of a hydrophobic interaction.
These changes illustrate the dynamic plasticity of the CRFR1
ECD. It will be interesting to see, if similar conformational
rearrangements also occur in other ECDs of this class.

In contrast to CRFR1, no major conformational change
was detectable between the apo and PTH-bound structure of
PTHIR, a representative of the glucagon-like subclass of hor-
mones™., Instead, the long second (C terminal) a-helix of the
apo PTHIR ECD mimicked the structure of the peptide hor-
mone in the complex structure.

Peptide ligands can modulate the monomer-dimer equilibrium
of Class B GPCRs

Receptor oligomerization has been demonstrated for different
classes of GPCRs . In the case of Class C GPCRs, homo- or
hetero-dimerization mediates receptor activation®l. Dimeriza-
tion has also been demonstrated for Class A GPCRs!*> *,
including the real-time imaging of muscarinic acetylcholine
receptor dimerization in live CHO-cells by total internal reflec-

tion fluorescence microscopy (TIRFM)!*!

. Based upon several
functional studies, Class B GPCRs can dimerize/oligomerize
via their heptahelical domains. In particular, the lipid-exposed
hydrophobic surface of their TM4 helices appears to mediate

receptor homo-dimerization!*> *°l,

The functional significance
of Class B GPCR oligomerization is poorly understood. In
the case of the secretin receptor, disruption of the interaction
between tagged receptors in cells had no effect on ligand bind-
ing, but did reduce receptor signaling by an unknown mecha-
nism!®!. In addition to homo-oligomerization, hetero-oligomer
formation has also been observed between VIP receptors
VIPIR/VPAC2 and the secretin receptor®”! as well as for calci-
tonin receptor®, CRFR*!, and PACIRM,

The ligand-bound structures of Class B GPCR ECDs mostly
presented monomeric conformations. The exception is the
PTHI1 receptor, whose ECD adopted a dimeric conforma-
tion in the absence, but not the presence, of ligand. This
result is consistent with bioluminescence resonance energy
transfer (BRET) analysis of full length PTH1R, which demon-
strated that addition of ligand leads to disruption of receptor
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dimers?”

ECD was mediated by the C-terminal a2 helix, which occu-

. The dimeric arrangement of protomers in the apo

pied the peptide binding groove of the other monomer. In
the absence of ligand, the C-terminal helix thus structurally
mimics the ligand which leads to the dimer formation. Dimer
formation was validated by BRET experiments with receptors
in which the a2-helical region of the ECD was mutated. While
these experiments provided a structural basis for ECD-medi-
ated receptor dimerization for PTHIR, this feature may not be
shared among other members of secretin family receptors.

Class B peptide ligands adopt a-helical conformations upon
receptor binding

In complex with their receptor ECDs, peptide hormones are a-
helical in both crystal and solution structures. In most cases,
the helices were amphipathic, especially at the C terminus,
which is the main determinant for ECD binding. In contrast,
the free peptides appear to be unstructured in water and
adopt their helical structure upon complex formation. The
thermodynamic and spectroscopic analysis of GIP peptide
upon binding to GIPR revealed the burial of a solvent acces-
sible region and an increase in a helical structure, which con-
tributes to an increase in receptor affinity and the formation of
a tight hormone-receptor complex”. Using NMR techniques,
a transition from an unstructured to an a-helical conforma-
tion was also observed for the binding of CRF to its ECD in
an analysis of the minimum peptide length requirement for
ECD binding®". These results agree with a comparative NMR
analysis of the conformational changes in PACAP (1-27) upon
association with its full length receptor in micelles®™.

The helix-capping residues at the N termini of Class B
hormone ligands play a crucial role in initiating the transi-
tion to an a-helical conformation™. Functional studies using
a-aminoisobutyrate analogs of PTH have also shown that
the N terminal region forms a helical conformation when
complexed with the extracellular loops and TM domains of
PTHIR™.

Many ECDs can interact with different ligands

Selectivity within the glucagon-like and CRF-like subfamilies is
determined by non-conserved amino acids

Most Class B GPCR can bind to more than one ligand. For
example, PACIR has a very high affinity for PACAP [both
PACAP(1-38) and (1-27)], but can also interact with VIP.
Early demonstration of glucagon/GLP1 selectivity was
achieved by the use of chimeric GLP1 and glucagon recep-
tors® 3!,

The family of CRF/Ucn peptides signals through two dif-
ferent receptors, CRFR1 and CRFR2. Although these two
receptors share 68% sequence identity, they differ markedly in
ligand selectivity. CRFR1 is selective for CRF and Ucnl while
CRFR2 binds all four ligands CRF, Ucn1, Ucn2, and Ucn3 with
affinities that range from high to moderate. Structural and
biochemical analysis of the binding of the CRFR ECDs to the C
termini of CRF, Ucnl, Ucn2, and Ucn3 identified the selectiv-
ity determinants that distinguish between the highly similar



peptide hormones. The importance of these critical residues
responsible for selectivity was confirmed by swapping experi-
ments. Ucnl and CRF contain an arginine at position 35 that is
missing in Ucn2 and Ucn3 and that may determine selectivity
to CRFR1 by binding to a CRFR1-specific negatively charged
pocket consisting of GIn103 and Glu104™. Importantly, the
affinity and selectivity patterns of the ECDs closely match

those of the full length receptors™.

Thermodynamic and CD
analyses of CRF and urocortins may help to evaluate whether
an inherent high helical propensity is responsible for the high
affinity binding of Ucn1 (relative to CRF and Ucn2/3) to both
CRFRs.

The structural determinants of the selectivity of PTHRs are
still unclear. The three ligands PTH, PTHrP, and TIP39 medi-
ate their biological functions through two receptors, PTHIR
and PTH2R. PTH can bind both receptors, while PTHrP is
selective for PTHIR and TIP 39 is selective for PTH2R™!.
Radioligand binding studies with wildtype and chimeric
PTH2R/PTHIR receptors have pointed to the N terminal six
residues of the ligand and to the extracellular loops of the TM
domains as important selectivity determinants®™’. In addition,

%l a residue that is invariant in both

the presence of Trp23!
PTH and TIP39, is probably responsible for selective binding
of these two ligands to PTH2R.

Importantly, binding of different ligands can induce highly
distinct pharmacological receptor responses. This was first
shown for CRFR, where different physiological ligands and
CRF receptor subtypes can differentially stimulate signaling
pathways in human myometrial cells®, effects that could only
partially be confirmed in other cell types®. Many GPCRs can
signals through B-arrestins in addition to the classical G pro-
tein pathways'®"!

function as “biased agonists” that preferentially signal either
[62, 63]

and certain PTH analogs have been shown to

through G proteins or through B-arrestins

Radioligand dissociation experiments with full length
PTH1R and G proteins have shown that PTH (1-34) has a
higher affinity than PTHrP (1-36) for PTHIR in its G protein-
uncoupled conformation (R’ state), while both peptides bind
PTHIR with equal affinities in its G protein-coupled state (R°).
Since the ECD adopts the same conformation when bound to
either PTH or PTHrP, it is likely that this selectivity is due to
ligand-selective rearrangements in the heptahelical domain of
the receptor. Therefore, full length structures of PTHIR with
PTH and PTHrP will be required to provide a structural basis
for the ligand selectivity of the R” and R states of the recep-
tor. Analysis of differential ligand binding to different states
of receptor may significantly contribute to the development
of specific peptide analogs for therapeutic purposes'® (see
below).

Selectivity of the calcitonin subfamily of receptors is modulated
by RAMPs

At a different level of selectivity, the calcitonin receptor CTR
and the calcitonin-like receptor CLR form heterodimeric com-
plexes with transmembrane protein partners called receptor
activity modifying proteins (RAMPs). The complex between
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CLR and RAMPI1 is selectively bound and activated by the
calcitonin gene-related peptide (CGRP), while CLR in com-
plex with RAMP2 and RAMP3 form adrenomedullin AM,
and AM, receptors, respectively. In the absence of RAMPs,
CTR is preferentially activated by calcitonin, whereas it func-
tions predominatly through amylin (AMY) in combination
with RAMP1, 2, and 3. The functional association of several
other Class B members with RAMPs has been reported pre-
viously, but the functional role of these complexes remains
unknown!®,

The first crystal structure of RAMP1 (PDB: 2YX8) revealed
a triangular arrangement of a three helix bundle that is sta-
bilized by three interconnecting disulfide bonds formed
between six invariant cysteine residues (Figure 4A)". The
subsequent crystal structure of RAMP1 in complex with the
extracellular domain of CLR (PDB: 3N7P, 3N7R, SN7S) identi-
fied both hydrophobic and electrostatic interactions between
the R2 and R3 helices of RAMP1 and the N terminal helix of
the CLR ECD"™. The main RAMP residues that form hydro-
phobic interactions with CLR are the conserved Tyr66, Phe93,
His97 and Phel01 (numbering refers to RAMP1, see alignment
in Figure 4A). Based upon the high sequence and structural
conservation (root mean square deviation of 1.24 A) between
RAMP1 and RAMP?2, similar interactions are predicted for the
CLR-RAMP2 complex. However, structural alignment of the
CLR-RAMP1 complex (PDB: 3N7S) with apo RAMP2 (PDB:
2XVT) reveals a sterical clash between the side chain of Arg97
in the second helix of RAMP2 (RAMP1 has an alanine at the
corresponding position) and the side chain of CLR GIn45 (Fig-
ure 4B), suggesting that RAMP2 may structurally rearrange
when forming the ternary CLR-RAMP2-AM complex.

Structure-based chemical modification of peptide ligands
is important for therapeutic applications

The potential for therapeutic applications of Class B GPCRs
and their peptide binding partners is enormous. However,
direct application of these peptides as therapeutic drugs is
hampered by their low efficacy due to poor bioavailability
and rapid degradation. Therefore, a substantial amount
of research is dedicated to the design of stable, chemically
modified analogs of these peptides®”’. Modifications used
to increase peptide stability include (i) N-terminal fatty acid
acylation (GLP1) or hexonylation (VIP), (ii) generation of
chimeric hormones (Glp1/PACAP fusions), (iii) midchain
modifications by mercaptopropionic acid derivatization of
Cys14 in andromedulin and by replacing L-Phel2 in CRF with
D-Phe, as well as (iv) alteration at the C-terminus by PEGyla-
tion (GIP)**7?. The resulting agonists and antagonists have
increased metabolic stability, biological activity, and bioavail-
ability. For example, the energy metabolism-regulating hor-
mone Glpl1 is highly unstable with a bioavailability of only 1-2
min due to its rapid enzymatic degradation by dipeptidyl pep-
tidase 4. In contrast, the N-acylated Glp1 analog Liraglutide
has a half life of 14 h, which makes it suitable for the treatment
of type 2 diabetes”. Exenatide, an analog of the naturally
occurring Glp1 agonist Exendin-4, in which the second alanine
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(A) Sequence alignment of RAMP 1, 2, and 3. The important non-conserved residue in the RAMP1-CLR interaction pocket has been

Identical residues are shown as white letters on red
(B) Structural

representation of the CGRP receptor with the CLR-ECD in light blue and RAMP1 in salmon. Structural alignment of the binding interface of the RAMP1-
CLR complex (salmon-lightblue; PDB: 3N7S) with apo RAMP2 (magenta; PDB: 2XVT). The helices 2 and 3 of RAMP have been marked. The side chains

of RAMP2 R97 and CLR Q45°® in the binding interface sterically clash.

is substituted by serine, improves both stability and activity”.

Exenatide increases insulin secretion in response to high blood
sugar levels and suppresses the pancreatic release of gluca-
gon. Similarly, a tetra-substituted analog of GHRH (1-29)
circumvents proteolytic cleavage by associating with serum
albumin™. Introduction of two proline residues at the very
N-terminus of PTH (1-34) generated an analog that is resistant
against degradation by dipeptidase and that is currently in use
for the treatment of osteoporosis!”™.

Conclusions

The structures of the ECDs of Class B GPCRs in apo and hor-
mone-bound forms have identified the main determinants of
receptor-peptide specificity and have established the unique
fold of the extracellular receptor domains and the conserved
conformation of their bound peptide ligands. The structural
data are consistent with various previous in vivo functional
studies. Therefore, in the absence of full length receptor struc-
tures, ECD-hormone complexes provide the best model for
rational drug design and further studies. There remains an
ongoing need for structural interrogations of ligand-receptor
specificities and selectivities for the design of more precise,
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specific, and stable peptides as therapeutic drugs to treat the
many diseases impacted by Class B hormones.

Crystallization of full length Class B GPCRs may provide an
even more formidable challenge than crystallization of Class A
GPCRs due to the presence of the Class B-specific long flexible
N terminal extracellular-domains. The main bottleneck for
crystallization of GPCRs has been their conformational flex-
ibility. This bottleneck could be overcome for several Class
A GPCRs by protein engineering approaches, including the
introduction of stability-enhancing mutations, replacement of
flexible surface loops with stable proteins like T4 lysozyme,
and stabilization by complex formation with nanobodies. In
addition, improvements in the lipidic cubic phase method of
membrane protein crystallization and in data collection using
micro beam technology have further stretched the boundaries
of membrane protein crystallization. Given these technical
advances, we look optimistically into the future of Class B
GPCR crystallography.
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