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Abstract

The secretin-like (class B) family of G protein-coupled receptors (GPCRs) are key players in
hormonal homeostasis and are interesting drug targets for the treatment of several metabolic
disorders (type 2 diabetes, osteoporosis, obesity) and nervous system diseases (migraine, anxiety,
depression). The recently solved crystal structures of the transmembrane domains of the human
glucagon receptor and the human corticotropin-releasing factor receptor 1 have opened up new
opportunities to study the structure and function of class B GPCRs. The current review shows how
these structures offer more detailed explanations to previous biochemical and pharmacological
studies of class B GPCRs, and provides new insights into their interactions with ligands.
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Understanding the function of class B GPCRs from their structure

Class B G protein-coupled receptors (GPCRs), also referred to as the secretin family of
GPCRys, include receptors for 15 peptide hormones, which can be grouped into five
subfamilies based on their physiological role (see Table 1 for an overview) [1]. These
receptors are important drug targets in many human diseases including diabetes,
osteoporosis, obesity, cancer, neurodegeneration, cardiovascular disease, headache and
psychiatric disorders. However, the identification of small-molecule oral drugs for this
family has proved extremely challenging (Table 1) [2-5]. Extensive high-throughput
screening by the pharmaceutical industry has failed to identify chemical hits which mimic or
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block the large peptide ligands. An important reason for this is the lack of knowledge of the
structure and location of druggable binding sites in class B GPCRs. Structurally, class B
GPCRs consist of a large N-terminal extracellular domain (ECD) and a transmembrane
domain (TMD) comprising the ‘GPCR’ signature of seven membrane spanning a-helices,
which is involved in signalling via coupling to heterotrimeric G proteins that primarily
activate adenylate cyclase to increase the levels of intracellular cyclic AMP, as well as those
that increase inositol phosphate and intracellular calcium levels [2].

Structures of the ECDs of class B GPCRs in complex with their peptide ligands have been
determined by X-ray crystallography and NMR (Table 1) and have provided information
about structural mechanisms of ligand recognition and selectivity [4,6]. To date, crystal
structures of more than 20 class A GPCRs have been determined [7,8]. While these
structural studies have greatly increased our understanding of the molecular mechanisms of
receptor ligand binding and activation [7] and have enabled structure based approaches to
drug design [9], there has been a considerable delay in obtaining a structure of the TMD of
any class B receptor, owing to the inherent instability of these receptors and the limited
availability of high-affinity small-molecule agonists and antagonists. Recently, crystal
structures of the TMDs of two class B receptors have been published, namely the human
glucagon receptor (GCGR) and the human corticotropin-releasing factor receptor 1 (CRF;)
[10,11]. This review compares the structures of these two class B GPCRs to each other as
well as to class A receptors and discusses them in the context of previous pharmacological
and biochemical data on class B receptors, furthering our understanding of receptor-ligand
interactions.

Comparison of the CRF; and GCGR structures

Using a mutagenesis approached called “conformational thermostabilization” described
earlier [12], a crystallizable version of the TMD of the human CRF; receptor (also known as
CRHRZ1) with increased thermostability and bias towards the inactive conformation was
generated and its structure has recently been determined by X-ray crystallography in
complex with 2-aryloxy-4-alkylaminopyridine (CP-376395) [13], a small-molecule
antagonist (Figure 1a) [10]. Simultaneously, the structure of the TMD of human GCGR, N-
terminally fused to thermally stabilized apocytochrome bggoRIL (referred to as BRIL) at
residue 123 and likewise crystallized in the presence of a small-molecule antagonist, was
reported (Figure 1b) [11]. With these two structures in hand, we can begin to identify
structural similarities and differences within class B receptors. GCGR and CRF4 share
approximately 30% sequence identity within the TMDs. Not surprisingly, their overall folds,
including the extracellular and intracellular loops observed in the crystal structures, are
similar. As expected, both TMDs consist of seven membrane-spanning a-helices that pack
into the hallmark seven transmembrane (TM) helical bundle of GPCRs. Even though the
general arrangement of the TM helices is similar to those observed in previously determined
GPCR structures, the receptors assume conformations that are more open towards the
extracellular side than any other GPCR of known structure. Both CRF; and GCGR take on
the shape of a letter VV when viewed from within the membrane (Figures 1a and b). One arm
of the V is made up by the extracellular halves of TM2-TM5, while the other comprises the
extracellular portions of TM1, TM6, and TM7. As a result of this pronounced opening, both
receptors feature a large solvent-filled cavity accessible from the extracellular side. Whilst
the orthosteric binding site of class B receptors is, strictly speaking, composed of portions of
both the ECD and the TMD, in the following discussions we will refer to this cavity as the
putative peptide-agonist binding or orthosteric site.

Perhaps the most striking finding of the CRF crystal structure, and undoubtedly the most
interesting from a drug discovery point of view, is the location of the small-molecule
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antagonist-binding site. The antagonist binds deep within the cytoplasmic half of the CRF;
receptor, far away from the orthosteric site (Figure 1a). Even though the GCGR structure did
not identify an unambiguous binding site for the co-crystallized antagonist, it is clear that an
antagonist binding pocket analogous to the one found in CRF is absent in this GCGR
structure. Details of the small-molecule binding site are discussed below.

The GCGR structure revealed a potentially functionally important feature: the N-terminal
end of TM1 extends far into the extracellular space (Figure 1b). This extension, dubbed the
‘stalk’, is thought to have a role in the positioning of the ECD (Figure 2a) relative to the
helical bundle and may also interact with glucagon directly (see below). While we cannot
rule out the possibility that the stalk region is an artifact of the construct or crystallization
process, we believe it is real and plays an important role in the structure and function of
GCGR. Even though no such extension was observed in the CRF; structure, the ECD-TMD
link might well take on a helical structure in the context of the full-length receptor. GCGR
also features an unusually long helix 8 at the C-terminal end of the receptor (Figure 1b).
Even though this helix is slightly bent out into the cytoplasm as compared to its orientation
in class A GPCRs, probably a result of crystal lattice contacts, its N-terminal end is involved
in ionic interactions at the cytoplasmic side of the receptor that seem conserved in class B
GPCRs. The crystallized CRF; construct was truncated after TM7, removing a potential
helix 8. Superposition of CRF; and GCGR shows that structural agreement is best in TM1-5
(Figure 1c). Even though their TM4 helices do not superimpose perfectly, probably a
consequence of the disorder observed in this region in the GCGR crystal structure, the
GWGxP motif, a highly conserved sequence motif in TM4 of class B receptors, appears to
play an important structural role, creating a similar network of interactions in both receptors
that non-covalently links TM2, TM3 and TM4. Another structural link observed in both
structures is the interaction between TM1 and TM7. Ser-500 (Wootten numbering in
superscript [14], see Box 1 and Figure 3a) of TM1 interacts with the backbone of TM7 at
Ser?-47b Gly7-50b and Phe/Leu’-51P, thereby stabilizing the kink in this TM helix.

In both receptors the extracellular halves of TM6 and TM7, and with them ECL3, point
away from the center. In GCGR this region is closer to the long axis of the helical bundle
than in CRF4 with a distance of approximately 11 A between respective residues located at
the extracellular end of TM7 (Figure 1c). In both structures these parts exhibit high
crystallographic temperature factors, indicating high structural flexibility. The differences in
the volumes of the orthosteric pockets are the direct consequence of the positions of these
two helices relative to the rest of the helical bundle. The fact that this region possesses
significant structural flexibility emphasizes the possible structural role of the ECD in class B
GPCRs. Its influence on the shape and volume of the orthosteric pocket suggests a potential
functional role in receptor activation, and the different orientations of TM6 and TM7 in the
CRF; and GCGR crystal structures might reflect different conformational/functional states.

On the intracellular side, the functionally relevant interaction between His2->° and Glu3-50P
[15,16] is present in both structures (Figure 1c). In the same region Tyr4007>70 of GCGR
creates hydrogen bond interactions with Thr3516-420 and Glu2453-5% in a conformation that
in class A GPCRs is linked to activation and interaction with the G protein [17]. In CRF; the
thermostabilizing mutation Tyr3637->7PAla contributes to the shift in the conformation of the
receptor towards an inactive state. Helix 8 is not present in the CRF4 crystal structure while
it is 26 residues long in the GCGR structure. In CRF, the removal of helix 8 could have
affected the orientation of the TM7 in the crystal structure, while in GCGR crystal contacts
involving helix 8 may influence its relative orientation and length. Despite these possible
experimental artifacts, ArgZ4®° is in a comparable position in both structures and in GCGR
creates a salt bridge with Glu406 located in helix 8 (Figure 1c). In GCGR there is an
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additional salt bridge between this conserved Glu and Arg3465-372 which is a Lys in CRF4
(and Arg/Lys in other class B GPCRs).

Extracellular domain structures

The crystal structures and NMR structures of the ECDs of different class B GPCRs (Figure
2a) show that this domain has a conserved fold that includes two central antiparallel f-sheets
and an N-terminal a-helix interconnected by several loops and stabilized by three conserved
disulfide bonds. Ten of the 11 ECD-peptide ligand complexes show a similar binding mode
in which the C-terminus of the peptide ligand adopts an a-helical conformation that binds
between the two -sheets of the ECD (Figure 2). The NMR structure of the complex
between pituitary adenylate cyclase activating polypeptide (PACAP) and its receptor
(PAC,) shows a somewhat distinct binding mode [18], but the ligand-free PAC; crystal
structure and mutation studies indicate that this receptor also adopts the same fold and
accommodates the same ligand binding mode observed for the other ECDs [19]. This
conserved fold and binding orientation suggests that common mechanisms underlie ligand
recognition of class B GPCRs [4,6], and indicates that peptide ligand selectivity is in part
determined by specific interactions between the two [3-sheets and the connecting loops in the
ECD. The ECD-peptide ligand structures and pharmacological studies with truncated and
chimeric peptide ligands provide the basis for a ‘two domain’ binding model in which: i) the
C-terminus of the hormone peptide forms an initial complex with the ECD, which ii) allows
the N-terminus of the peptide ligand to interact with the TMD to activate the class B GPCR
[4,6,20-22]. These insights into role of the ECD in the regulation of class B GPCRs have
facilitated the development of peptide ligand antagonists and agonists (Table 1) [4,6]. For
the calcitonin receptor subfamily, ligand selectivity is defined by the heterodimerization of
the 7-TM proteins calcitonin (CT) or calcitonin receptor-like receptor (CLR) with one (or a
combination) of three receptor-activity modifying proteins (RAMPS) [5,23]. RAMPs are
essential for CT and CLR signaling as they play a role in ligand binding and are required for
receptor translocation to the cell surface [23,24], and have been proposed to interact with
other class B GPCRs (GCGR, PTH1, PTH2, VPAC1) as well [5]. The crystal structures of
the ECDs of the calcitonin gene related peptide (CGRP) receptor comprising the CLR-
RAMP1 complex show that the CLR-RAMP1 dimer is stabilized by hydrophobic and
electrostatic interactions between the N-terminal helix of CLR, and helix 2 and 3 of
RAMPL1, and show how the small-molecule antagonists olcegepant and telcagepant can
target the hetereodimer [24] (Figure 2a). In this family the 7-TM protein subunit is
responsible for transmitting the signal of activation to the G protein whilst the RAMP
complex interacts with the ECD of the 7-TM to alter the ligand specificity. In order to obtain
small molecule drugs that are selective over the other family members these have been
targeted to bind to the extracellular complex formed between the RAMP and 7-TM ECDs.

Peptide ligand recognition by the TMD of class B GPCRs

There has been no clear consensus on the binding site location of peptide ligands in the
TMDs of class B GPCRs, which has been associated either with the extracellular loop
regions [2,6], or with a pocket in the TMD [25,26]. Combination of previous structural
information on ECD-ligand complexes (Table 1, Figure 2) with the recent GCGR and CRF;
TMD crystal structures allowed the construction of a full receptor-ligand model (Figure 4a)
[11]. This model can account for the extensive interactions of the peptide ligand with
extracellular loops, as well as residues deep in the helical bundle, as reflected by
mutagenesis and photo-crosslinking studies in different class B GPCRs (Figure 4). The
GCGR and CRF crystal structures reveal that some of the binding site residues previously
thought to be positioned at the extracellular ends of the TM helices or in extracellular loops
are in fact located deeper in the TMD. It has been proposed that an extended flexible
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conformation of the first residues allows the peptide ligands of class B GPCRs to reach deep
into the pocket. This receptor-bound peptide conformation is proposed to be stabilized by
conserved amino acid motifs that can induce an N-capping conformation (Figure 2b) [6,27]
similar to the one observed in the receptor bound PACAP [28]. The extended stalk region
(residues 125-136 in GCGR), which links the ECD and 7TM domain, may be involved in
peptide ligand binding and help define the orientation of the ECD with respect to the TMD
(Figure 4a). The a-helical structure of the stalk is stabilized by intrahelical interactions in
the GCGR crystal structure (Glu 133-Lys 136) and GCGR-glucagon model (Glu127-
GIn131 and Glu129-Lys132) and fits a GCGR-glucagon binding mode model supported by
GCGR mutagenesis [11,29-35] and glucagon structure-activity relationship [36—-38] studies
in which: i) a hydrophobic region in the C-terminus of glucagon (residues Phe22, Val23,
Trp25, and Met27) binds the ECD (as observed in the GLP-1 peptide bound GLP-1 ECD
crystal structure [39]), ii) a second hydrophobic region in the middle region of glucagon
(residues Tyr10, Tyrl3, and Leul4 [38]) interacts with the stalk and extracellular loop 1, and
iii) the N-terminus of glucagon (residues 1-6) interacts with the TMD (Figures 2 and 4). The
helical structure of the stalk is further supported by a reduced glucagon affinity to a
Alal35Pro mutant, which probably distorts the a-helical conformation [11]. Figure 4a
shows how the mutations that affect glucagon binding [11,29-35] line the binding site
within the TMD in the GCGR-glucagon model and include residues that are located deep in
the pocket (Tyr1491470 \/al1912:640 GIn2323-370, Glu3626-530 and Leu386743%) [11].
These results strongly support extension of the N-terminus of glucagon deep into the GCGR
pocket, a region that could be equally important for ligand binding as in class A GPCRs.
Figure 4b shows how the GCGR mutation data are paralleled by mutagenesis and photo-
crosslinking studies of homologous residues in other class B GPCRs, including GLP-1
[14,21,26,39-42], GIP [43,44], secretin [45-47], VPAC; [48,49], PTH1 [22,50], and CRF;
[10,51-54] receptors. For example, mutations of residues at positions 1.43b, 1.47b, 2.60b,
2.67b, 2.68b, 2.71b, 2.72b, 3.37b, 6.35b, 5.35b, 5.36b, 6.53b, 6.56b, and 7.43b have been
shown to affect peptide ligand binding and/or potency in multiple class B GPCRs (Figure
4b) and line the proposed peptide ligand binding site in the TMD (Figure 4a). Interestingly,
several N-terminally truncated forms of the CRF [20], GIP [55], GLP-1 [21], glucagon [56],
and PTH [22] peptides are competitive antagonists for their corresponding receptor. C-
terminally truncated ligands however remain active, indicating that interactions with peptide
ligands in the TMD of class B GPCRs are required for receptor activation. Moreover,
combined receptor and ligand mutation studies indicate that homologous residues in the
peptide ligands of class B GPCRs (Figure 2b) interact with similar regions in this binding
site (Figure 4a). For example, the homologous residues GIn3 of glucagon, Asp3 of secretin,
and Asp3 of vasoactive intestinal polypeptide are located within the same vicinity in the
TMD of GCGR (Lys1872:60b and 11e1942:670) [29,30], rat secretin (Tyr128147b,
Arg1662:60b | ys1732:670 and Asp1742:68) [45,46], and VPAC, (Arg1882600 and
Lys1952:670) [48] receptors, respectively. It should be noted, however, that the N-terminal
regions of peptide ligands that bind CRF; and CRF;, are significantly longer than in the
peptide ligands of other class B GPCRs (Figure 2b) [6] and probably adopt different binding
modes. Similar regions in TM1 of GLP-1 (Leu1411-360) and CRF; (His1172-37%) receptors
can for example be photo-cross-linked to residues at different positions in GLP (Val16) [25]
and sauvagine (Met17) [54] peptides, respectively (Figure 2b and 4b). The wider pocket in
the region around the top of TM6-7 and ECL3 in CRF; compared to GCGR (Figure 1c)
might explain how the receptor accommodates the larger N-terminal regions of its peptide
ligands [6]. The distinct structural features and larger binding pocket of the GCGR and
CRF, compared to class A GPCR crystal structures provide new insights into the molecular
details of peptide ligand binding and a more reliable structural template for the design of
specific and potent small molecules to modulate class B GPCRs. Moreover, the apparent
overlap of class B GPCR binding sites suggests that, despite possible structural differences
between class B receptors, the GCGR and CRF; TMD crystal structures may offer new
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opportunities to construct structural models to describe interactions between peptide ligands
and other class B GPCRs.

Druggability of the orthosteric and small-molecule binding sites

Despite the lack of sequence conservation, comparison of the CRF; and GCGR structures
with those of class A GPCR shows that the orientations and positions of TM helices are
conserved between the two classes [10,11] (Figure 3b). This common GPCR fold is
stabilized by similar regions of contacts between TM helices in both classes, but involves
distinct patterns of conserved residues in class A [8] and class B [11] GPCRs (Figure 3a and
4b). The distances between the extracellular ends of TM2 and TM7 and TM3 and TM7 of
CRF; and GCGR are however (among) the largest observed in GPCR structures.
Consequently, the orthosteric pockets of these two receptors are wider and deeper than those
of any class A receptor [11] (Figure 5). In addition, several residues located deep in the
orthosteric pocket between TM1 (1.47b) and TM2 (2.60b) play an important role in peptide
ligand binding in class B GPCRs, while the corresponding structurally aligned residues
(positions 1.43 and 2.53) are not involved in ligand binding in class A receptors. The crystal
structures of the chemokine receptor CXCR4 and the histamine Hq receptor (H1R) (Figure
4b and 5) illustrate how the different binding pockets in class A GPCRs are targeted by
peptide and non-peptide ligands. The CXCR4 structure is the only GPCR crystal structure in
which a (non-peptide) ligand (1T1t) binds in the subpocket between TM1-3 and TM7 [57]
(Figure 3b, 4b, and 5). The peptide ligand CVX15 targets an overlapping, but distinct
binding site region in CXCR4 located between TM3-7 [57] (Figure 3b and 4a), which is
occupied by non-peptide ligands in all other class A GPCR crystal structures [7]. The H{R
ligand doxepin binds in a pocket that is located closest to the cytoplasm of all the ligand
binding sites observed in class A GPCR crystal structures [58] (Figure 3b and 4a).

The crystal structure of CRF; revealed an unexpected small-molecule binding pocket
located in the cytoplasmic half of the receptor (Figure 1c and 5). This position is more than
15 A away from the putative peptide agonist binding site and more than 7 A further down
than the doxepin binding site in the class A GPCR H4R (Figure 3b). This is in contrast to the
positions of the small-molecule antagonists and agonists found in the structures of class A
GPCRs, which invariably bind close to or beyond the extracellular boundary of the
membrane [8]. CP-376395 binds in this druggable site defined by residues of TM3, TM5
and TM6 showing a combination of hydrophobic and hydrophilic features compatible with
drug-like small organic molecules. In this region, the sequence identity in class B GPCRs is
remarkably high (Figure 4b). Of the 14 residues directly interacting with CP-376395, seven
are identical in CRF; and GCGR. Among them is Asn283°500 which forms an essential
hydrogen bond with the ligand, while the other residues in common, Phe2845-51b,
11e290°570, Thr316642b, | eu3196-4%0, | eu3236-4%0 and Gly3246-590, provide hydrophobic
interactions with the antagonist.

Compared to GCGR, in CRF{ TM6 in particular is shifted toward the membrane where
CP-376395 is bound, adjusting for the presence of the antagonist (Figure 1c). A similar
small-molecule binding pocket is not seen in the crystal structure of GCGR in which TM6 is
closer to the center of the receptor: 1163556460, | eu3586-49 and Leu2423470 completely
occupy this space (Figure 1c). In GCGR, one helical turn above in TM3, Tyr2393440 creates
hydrogen bonds with the backbone of Leu358%4% holding TM3 and TM6 together. By
contrast, in CRFq residue 3.44b is a Phe and this interaction is therefore missing (Figure 1c).
It is tempting to speculate that CP-376395 binds to CRF1 by ‘induced fit’, i.e. in the absence
of the antagonist TM6 would be in a similar position as its equivalent in GCGR. Molecular
motions or ‘breathing’ of the helical bundle then allow access for the antagonist to the
binding pocket, which in turn keeps TM6 in the position observed in the crystal structure.
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CP-376395 is a selective CRFq antagonist unable to inhibit CRF,. This difference seems
linked to the nature of residues in position 3.40b and 5.43b [53]. While in CRF4 they are a
His and a Met, respectively, a Val and lle are present in CRF». Interestingly, at these
positions the two residues in GCGR are similar to CRF, (1162353400 and Val3115-43b),
CP-376395 may act as an allosteric antagonist through stabilization of the inactive
conformation of the receptor’s intracellular portion, probably preventing TM6 from moving
toward the membrane and away from the helical bundle, which is necessary for docking of
the G protein. This small-molecule binding pocket could also be exploited to design agonist
ligands by stabilizing TM6 in such an open conformation as suggested by the mutation
Thr4108-42Pro, which confers constitutive activity in the PTH1 receptor [15].

The analysis of the chemical and physical properties of a ligand binding site and the
estimation of the water binding energies have proved a useful approach to understanding a
receptor’s druggability [59]. Using these methods, we have compared the binding pockets of
H1R, CXCR4, GCGR and CRF; using GRID (Molecular Discovery) and WaterMap
(Schrédinger) [59]. A druggable site is characterized by: (i) a combination of hydrophilic
and hydrophobic regions compatible with balanced small molecule properties, and (ii)
several clustered ‘unhappy’ (high energy compared to bulk solvent) water molecules, which
are easily displaced by a ligand. The orthosteric site of H{R (Figure 5d) represents an
excellent example of a druggable pocket, whereas the open binding region of CXCR4
(Figure 5b) with its limited number of unhappy waters is more challenging from a drug
design perspective [59]. The orthosteric sites of both GCGR (Figure 5a) and CRF; (Figure
5c¢) are similar to CXCR4 (Figure 5b): open and mostly occupied by bulk-like solvent, with
only a single druggable hotspot at the bottom of the pocket. This hotspot in the orthosteric
site of class B GPCRs is lined with residues that play an important role in peptide ligand
binding (including the residues at positions 1.47b, 2.60b, 6.53b, and 7.43b) as summarized
in Figures 4 and 5. The analysis of the CP-376395 binding site in CRFy (Figure 1c and 5c)
suggests instead a promising druggable region with features comparable to the H{R
orthosteric site (Figure 5d). This unanticipated pocket opens new avenues for structure-
based small-molecule drug discovery.

Concluding remarks

The GCGR and CRF crystal structures show distinct structural features and different
binding pockets compared to class A GPCRs, and give new insights into the molecular
details of peptide and small-molecule binding to class B GPCRs. The first two crystal
structures of the TM domains of class B GPCRs provide a structural framework that will
enable the design of biochemical and biophysical experiments detailing the complex
structure of this class of receptors, and facilitate the design of stabilized constructs that may
lead to solution of full-length class B GPCR-ligand complexes. The structures furthermore
present more reliable structural templates for the design of specific and potent small
molecules for the treatment of type 2 diabetes (GCGR) and depression (CRF4), in particular,
and open new avenues for structure-based small-molecule drug discovery for class B
GPCRs as a whole.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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BOX 1

The Ballesteros-Weinstein (class A GPCRs) [60] and Wootten (class B GPCRs) [14]
numbering schemes are based on the presence of several highly conserved residues in the
TM helices of class A and class B GPCRs, respectively. The single most conserved
residue in each TM helix is designated X.50 (class A Ballesteros-Weinstein number) or
X.50b (class B Wootten number). X is the TM helix number, and all other residues in
that helix are numbered relative to this conserved position. While the well-established
Ballesteros-Weinstein numbering scheme serves well for analysis of sequence and
structure similarities and differences across the whole family of GPCRs, the Wootten
numbering scheme proves useful for the comparison of receptors within class B GPCRs.
The spatial correspondence between residues in TM helices of class A and class B
GPCRs makes it possible to align the class A Ballesteros-Weinstein and class B Wootten
numbering schemes for comparisons between GPCR classes, as illustrated in Figure 3a.
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(@) CRF, receptor (b) glucagon receptor

small-molecule binding pocket
( 4 N

'r TM3

Figure 1.

(a, b) Crystal structures of class B GPCRs CRF; (PDB ID 4K5Y) and GCGR (PDB ID
4L6R) are shown in blue and orange ribbons, respectively, in two different views from
within the membrane. TM helices and helix 8 are labeled. The disulfide bond tethering
ECL2 to the tip of TM3 is shown as purple sticks. In CRF1 the small-molecule antagonist
CP-376395 is shown in stick representation with carbon, nitrogen and oxygen atoms colored
magenta, blue and red, respectively, and as skeletal formula in an inset. (c) Superposition of
the two structures, with insets highlighting regions of particular interest. To highlight the
structural differences in the extracellular halves of CRF; and GCGR, the distance of
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approximately 11 A between the Ca-atoms of residues 7.33b at the N-terminal end of TM7
is indicated with a red arrow. The small-molecule binding pocket is shown as a
superposition of the two receptors around CP-376395, illustrating the antagonist binding
mode and the substantial structural differences observed for TM6 of the two receptors.
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a) Class B GPCR ECD-ligand structures
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b) Structure-based class B GPCR peptide ligand sequence alignment
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Exendin-4 HGEGTTFTSDLSKOQMETEEAVRLTFTIEWTLEKTNGGPSSGAPTPEPS
GIP YAEGT[FISDGYSTIAMDEKTIHOQO OQDTFVNWLLAOKGE KEKNDTWEKEHENTITQ
secretin H[s[p|c[T|[F[T s E L S[R[L]R[E G A[R[L 0 R[L]L Q G[L[V
VIP HSD/JAV[F/TDNYTRLREKG QMAVKEK|Y|L[N|S T L N
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calcitonin CGNLSTCMLGTTYTOQDTFNE KTFHTTFTPOTATLGVYGAPTP
CRFSEEPPISLDLTPFHLLRETYVLEMARAE[QLAGOQGOA AHSNREKTLMETTI|
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Ucn2 IVLSLDVPIGLLOILLEO QARARAARE QATNARTILARLUVI[GHTC
Ucn3 FTLS-DVPTNIMNLLTPFNTIAEKAKNLRAOQAAANAIHTLMADOQTI]
stressin PPISLDLTTEfHLLREVYVYLEMARAETG QLA QEA AIHEKNTRTEKTLMMETII
astressin fHLLREVLEMARAEOQLAOEAHTZKNRKTLELME|I I
sauvagin Q0 G P P I S I DL SLETLTLR[K[M[IETIEZXKOEZRKEZ XKOOAANNR RTLTLTLELTDTTI

Figure 2.

(a) Overview of NMR and crystal structures of class B GPCR ECDs (magenta) and their
complexes with peptide ligands (different colors) [18,19,24,34,39,51,61-68]. A complete
overview of corresponding PDB IDs is presented in Table 1. (b) Structure-based sequence
alignment of representative peptide ligands of class B GPCR, adopted from Parthier et al.
[6]. The residues of the peptide ligands solved in ECD-ligand complex crystal structures
[18,19,24,34,39,51,61-68] are marked using the same color as in Figure 2. The residues that
are boxed black are found in an alpha helical conformation in the complex. Peptide ligand
residues that covalently bind receptors in photo cross-linking or cysteine trapping studies
[22,25,47,50,54,69,70] are colored and boxed green, while peptide ligand residues that have
been mutated and studied in combination with receptor mutants [29,30,45,46,48] are colored
and boxed red. Note that the first residue of GLP-1 is His7. A complete overview of all ECD
structures and important peptide ligands for all class B GPCRs is presented in Table 1.
Putative helix-capping residues [6] are colored blue and cysteines involved in a disulfide-
bridge (calcitonin) are colored orange. D-phenylalanine (f), and norleucine (m) residues are
indicated in stressin and asstressin. The last 41 and 99 residues of PTH and PTHrP,
respectively, are not displayed.
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Figure 3.
The spatial correspondence between residues in TM helices of class A and class B GPCRs
makes it possible to align the most conserved residues in class A (designated X.50,
Ballesteros-Weinstein numbering) and class B (designated X.50b, Wootten numbering) for
comparisons between GPCR classes (Box 1). (b) Structural alignment of CRF (blue) and
GCGR (orange) to two representative class A GPCRs, H1R (PDB ID 3RZE) and CXCR4
(PDB 1Ds 30DU/30ED) (in grey). Helices are depicted as cylinders, ligands glucagon
(GCGR), CP-376395 (CRF7), doxepin (H1R), and IT1t and CVX15 (CXCR4) as sticks. The
location of the Ca-atoms of the most conserved residues of TM1-3 and TM5 among class A
and class B GPCRs (Box 1) are indicated by spheres (TM4 is not depicted for clarity).
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(a) GCGR-glucagon by ™1 ™2
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B >10fold X 4-10fold

X <4fold X <30% B,/expression
X <4 fold

photo/cysteine crosslink to peptide ligand:

Figure4.

(a) Model of full GCGR-glucagon complex [11]. GCGR with the ECD (PDB ID 4ERS, in
magenta) and TMD (PDB ID 4L6R, transparent surface) bound to glucagon (green). The
effects of mutation studies of individual GCGR residues on glucagon binding are mapped
onto the GCGR binding surface using the color coding presented in Figure 4b. (b) Effects of
mutation studies in GCGR, GLP-1, GIP, secretin, VPAC4, PTH1, and CRF; receptors
[10,11,14,21,22,26,29-35,39-53] are mapped on a structure-based (Figure 3b) sequence
alignment between representative class A GPCR crystal structures (H1R and CXCR4) and
representative class B GPCRs. Only specific parts of TM1-3 and TM5-7 are shown,
separated by grey dashed lines. Mutated residues that show <4 fold (blue), 4-10 fold
(orange), and >10 fold (red) changes of K;/ICsq values for ligand binding (or ligand potency/
ECgq value if no Kj/ICgq value has been reported) are marked (peptide ligands) and colored
(non-peptide ligands). Mutants that show receptor expression <30% of wild-type are marked
grey. Ligand contact residues in CRFq (Figure 1c), H{R, and CXCR4 crystal structures are
boxed red. The most conserved residues in TM1-7 of class A (x.50) and class B (x.50b)
GPCRs (Box 1, Figure 3a) are shown in bold. Receptor residues that covalently bind peptide
ligands in photo cross-linking or cysteine trapping studies [22,25,47,50,54,69,70] are boxed
green. Note that several mutation and photo cross-linking studies annotated for secretin and
PTH receptors are performed with rat orthologs. Residues that are mutated in the
conformationally thermostabilized [10] CRF; crystal structure are underlined.
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(@)  GCGR-glucagon (b) CXCR4-IT1/CVX15 (c)  CRF,-CP-376395 H,R-doxepin

b

N2.61
V260

6143

\/2.53

Figure5.

Comparison of druggable binding sites of (a) GCGR, (c) CRFy, and the class A GPCRs (b)
CXCR4 (PDB ID 30DU/3EOQ) and (d) H1R (PDB ID 3RZE). The surfaces of binding sites
that are considered druggable [59] are colored orange (orthosteric pocket) and red
(CP-376395 binding pocket). Of eight structurally aligned residues (see Figure 4b), the
residues that line the binding pocket shown in the figures are labeled black; the residues that
are not part of the depicted pockets are labeled light grey. Note that A8-56P and A7-43P are
thermostabilizing mutations [10] in the CRF; crystal structure (see also Figure 4b). The
approximate position of the extracellular membrane boundary is shown as a dotted black
line. Carbon atoms of peptide ligands (glucagon in GCGR and CVX15 in CXCR4) and non-
peptide ligands (IT1t in CXCR4 and doxepin in H{R) are colored green and magenta,
respectively.
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o
CLR, RAMP3

Antagonists""

Physiological role g' (mode of action)

CGRP

CRF,

Adrenomedullin AMy 5, Vasodilation
Adrenomedullin AMy, 5, Vasodilation
Amylin a-CGRPyg 37 Vasodilation
CT, RAMP2 (2)(VT)b Amylin a-CGRPg 37 Vasodilation Diabetes (Type 1 and 2)  Pramlintide (amylin analogue, agom‘st)k
CT, RAMP3 Amylin a-CGRPyg 37 Vasodilation
Telcagepant (non-peptide antagonist)"'
BMS-927711 (non-peptide antagonist)"
%‘;ﬁ&#;sle ([;31]7)?’ z_-gg]l{{;: a-CGRPg 37 Vasodilation Migraine MK-1602 (non-peptide antagonist)"
P ALDA403 (CGRP antibody)"
LY-2951742 (CGRP antibody)"
_ ilepr;s?on, IPIRID) Verucerfont (non-peptide antagonist)"
single (3EHS [61] 4K5Y CRF (3EHU [61], 2L27 [62])  Astressin Response to stress SononsH
[10]) Uenl CP154,526 P o
Cerebral edema Corticorelin (ovine CRF, agonist)™
CRF
y q Ucnl (3N96) Antisauvagine Response to stress,
CRE; gz (LS Ucn2 (3N95) Astressin (2JND[63])  cardiac contractility

Ucn2 (3N93)

. L. . Qrizmprarit Calcitonin (salmon agonist)k
single Calcitonin (CT) CT-(8-32) salmon Calcium Hype: Elcatonin (eel calcitonin, agonis t)k
Paget’s
single GHRH JV-1-37 Growth hormone release HIV-assoc1ated Tesamorelin (GHRH analogue, agonist)*
lipodystrophy
GIP (2QKH [64]) Insulin secretion

siele

GLP-1 single

i o
Agonists’

GLP-1 (3IOL [39])

Physiological role

Insulin secretion

Disease

Type 2 Diabetes

Short bowel syndrome

Drugi (mode of action)

Exenatide (GLP-1 analogue, agonist)
Liraglutide (GLP-1 analogue, agom'st)k
Lixisenatide (GLP-1 analogue, agonist)*
Albiglutide (GLP-1 albumin fusion,
agonist)™

Dulaglutide (GLP-1 Fc fusion agonist)™
TTP-054 (modified-peptide agonist)"
Multiple other GLP-1 agonists in earlier
clinical trials

Teduglutide (GLP-2 analogue, agonist)*

" single GLP-2
S Gutmucosal gV Chemotherapy-induced Elsiglutide (peptide agonist)™
diarrhea & pep! &
LY-2409021 (non-peptide antagonist)"
(I single (4ERS [34], 4L6R des-His,-[Leuy- ] . GCGR/GLP-1:
GCGR) [11]) — Glucagon GluyJglucagon-NH, Glucose homeostasis ~ Type 2 Diabetes TT-401 (dual peptide agonist)’
ZP-2929 (dual peptide agonist)°
PACAPy;
PAC, single (3N94 [19]) ACAP»; {’]‘;]C)AP @D e
PACAPs
. PTH (3CM4[66]) . . ) o o
PTH1 single (3L2J [65]) PTH:P (3H3G [67]) TIP39(7-39) Calcium homeostasis ~ Osteoporosis Teriparatide (PTH analogue, agonist)
o Hypothalamic
PTH2 single TIP39, PTH TIP39(7-39) 3
secretion
single Secretin Pancreatic secretion Secretin (agonist)"
VPAC, single VIP, PACAP.,;,PACAP-35 PG 97-269 Vasodilation
single (2X57) VIP, PACAP_,;,PACAP-35 Vasodilation
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aThe coloring scheme was chosen to give each subfamily of class B GPCRs a different color.

bPDB IDs of corresponding crystal structures (bold) and NMR structures (italics) of apo ECD and TMD (underlined) are indicated between

parentheses;
Ccwstal structure of RAMP2 unit;
d .
Complex with telcagepant;
e ]
Complex with olcegepant;
f .
crystal structure of assembly of CLR and RAMPL1 units;
gThe most potent endogenous agonists are given;

h . . . . .
PDB IDs of corresponding crystal structures (bold) and NMR structures (ltalics) of ECD-peptide agonist complexes are indicated between

parentheses;

' Amino acid sequences of peptide ligands and systematic names of non-peptide molecules are provided in Supporting Table S1;

J<1-helical cyclic CRF;

I(Drug on the market;
IReached clinical Phase 3 but discontinued;
mIn clinical Phase 3;
n -
In clinical Phase 2;

o .. .
In clinical Phase 1;

Abbreviations: AMY amylin, CRF corticotropin-releasing factor, CGRP calcitonin gene related peptide, CLR calcitonin like receptor, CT
calcitonin, GHRH growth hormone releasing hormone, GIP glucose dependent insulinotropic peptide, GLP glucagon like peptide, PTH parathyroid
hormone, PTHrP parathyroid hormone related protein, TIP tuberoinfundibular peptide, VIP vasoactive intestinal peptide, Ucn urocortin.
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