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G protein-coupled receptors (GPCRs) are the most impor-
tant class of drug targets. GPCR structural biology has
witnessed a revolution in the last five years, cumulating in the
Nobel Prize in Chemistry 2012.1" While a consensus for the
structural framework for the majority of GPCRs (the class A
GPCRs) has now emerged,”” their more distantly related
cousins of the class B GPCR family are structurally still
poorly understood. Now two landmark publications by
Hollenstein etal. and Siu etal. have presented the first
class B GPCR structures providing the first highly resolved
snapshots for this class of molecular signaling machines.*

Class B GPCRs are a small but clinically highly relevant
subfamily of the GPCR kingdom. Humans have 15 class B
receptors, which all respond to long peptide hormones. These
endocrine factors are key regulators of glucose homeostasis,
bone maintenance, or coping with stress. Parathyroid hor-
mone, glucagon-like peptide, or analogues thereof are
clinically used to treat osteoporosis or diabetes while
antagonists of the receptors for glucagon, the calcitonin-
gene-related peptide, or the corticotropin-releasing factor are
pursued for the treatment of diabetes, migraine, or depres-
sion. Despite extensive efforts by the pharmaceutical industry
it has been very challenging to develop drug-like nonpeptidic
ligands for class B GPCRs. This was thought to be due to
a rather flat binding pocket compared for example to
monoaminergic GPCRs of the class A family, which are
tailored by nature to recognize small molecules.

A major challenge in GPCR crystallography is to freeze
the normally very dynamic proteins in a functional and stable
state, and class B GPCRs are no exception. Hollenstein et al.
and Siu et al. achieved this for the corticotropin-releasing
factor receptor1 (CRF;R) and for glucagon receptor
(GCGR), respectively, by truncating the transmembrane
domain of these receptors (i.e., removing the extracellular
domain that is typical for class B GPCRs) and by fusing them
to well-crystallizable helper proteins. Both groups also
stabilized the receptors with high-affinity antagonists and
the availability high-affinity ligands for these two class B
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GPCRs was likely instrumental for the successful crystalliza-
tion. Hollenstein et al. further introduced 12 thermostabiliz-
ing point mutations that stabilized the inactive conformation
of CRF|R.

The key lessons from the two class B crystal structures are
class B specific structural details, which are common between
CRF,R and GCGR and distinct from the typical class A
GPCRs motifs. The two structures reveal a set of interactions
between the transmembrane helices close to the intracellular
part that are similar in both class B GPCR structures and are
likely conserved within the class B GPCR family. The most
striking difference to class A GPCRs is a more V-shape
topology of the transmembrane helices, which creates a wide
cleft open to the extracellular space and likely represents the
binding pocket of the peptide agonist. This arrangement of
the extracellular halves of the transmembrane helices was
surprising and it could not be predicted by homology
modeling based on crystallized class A GPCRs. The much
larger binding pocket of the two class B GPCRs provides
some explanation why it was so difficult to discover ligands
for these proteins. However, the putative binding peptide
cleft is also much deeper than anticipated and displays several
subcavities that might serve as new starting points for
a rational design or a refined in silico screening of class B
GPCR ligands.

A particular illuminating aspect of the CRF,R structure is
the detailed insight into the binding mode of the nonpeptide
antagonist CP-376395 (Figure 1a). This antagonist binds in
a cavity near the cytoplasmic side, far remote from the
binding sites of class A GPCR ligands, and far from the
putative binding site of the native ligand CRF. It proves that
members of the predominant class of CRFR antagonists
represented by CP-376395 are indeed allosteric modulators.
The occluded nature of the discovered binding site also
explains the slow dissociation rates of many CRF;R ligands."
The binding mode of CP-376395 also calls for a note of
caution when using mutagenesis data for homology modeling.
The CRF,R field was blessed with a very defined pharmaco-
phore for antagonists and a well-defined point mutation
(His199Val), which was thought to disrupt an essential
hydrogen bond to an invariant hydrogen acceptor of the
antagonists.’! Tt turns out that His199 is actually located
rather remote from the antagonist and works indirectly by
stabilizing the conformation of Tyr327, which contacts the
isopentyl amino moiety of CP-376395. In this context note
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Figure 1. Crystal structures of class B GPCR transmembrane domains.
a) The corticotropin-releasing factor receptor 1 (CRF,R) is shown as
blue cartoons, the surface indicated transparent in gray. The bound
allosteric nonpeptide antagonist CP-376395 is highlighted in green
spheres. Residues His199 and Tyr327 separating the antagonist bind-
ing site from the putative peptide binding site are shown as pink
sticks. The chemical structure of CP-376395 and its key interactions
with CRF;R are shown at the top. b) The surface of the crystallized
transmembrane domain of the glucagon receptor (GCGR) is shown in
light orange. Residues W304, R308, F365, and A366 are rendered
transparent to allow a view on the putative peptide binding mode in
the interior of GCGR. The modeled extracellular domain is indicated in
light pink. The C terminus of the modeled bound ligand glucagon is
shown as a green a helix, the N terminus, which activates the trans-
membrane domain, is shown as green sticks. The GCGR-glucagon
model described in Ref. [4] was kindly provided by Stevens and co-
workers.

that the substituents in this latter “top-group” position are
rather variable in CRF,R antagonists,® thus suggesting that
with other ligands other conformations around His199 and
Tyr327 may be possible.

While the conformations of the transmembrane helices
close to the cytoplasm are fairly similar between CRF,R and
GCGR, in line with their shared function to activate the same
G proteins, more substantial deviations are apparent in the
extracellular loops and the attached o-helical segments.
Additional crystal structures of other class B GPCRs are
required to address whether this reflects a higher flexibility in
the extracellular half of class B GPCRs (possibly influenced
by crystal contacts) or genuine differences between individual
receptors.

The present structures likely represent CRF,R and
GCGR in their inactive conformation. The most important
open question is how these receptors are turned on. As a first
step to clarify this, Siu etal. engaged on an extensive
modeling based on their GCGR structure, (co)crystal struc-
tures of the extracellular domains with and without bound
peptide ligand, crosslinking constraints, and an impressive set

www.angewandte.org

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

of mutagenesis data. Their model suggests that the part of
glucagon that is responsible for GCGR activation adopts an
extended conformation reminiscent of the way neurotensin
binds to its cognate class A GPCR (Figure 1b).”" However,
the N-terminal histidine is predicted to dip deeper into the
receptor to a similar level as typical small-molecule ligands of
class A GPCRs.”! While this model is plausible for GCGR,
the activation mode of CRF,R might be slightly different.
Compared to the GCGR agonist glucagon, CRF has an N-
terminal extension,™ which is variable and does not contrib-
ute to CRF,R activation.’ The N terminus of CRF is thus
unlikely to bind deeply in the interior of the receptor but
rather to fold back outside. Consistent with this hypothesis,
the putative peptide binding cleft of CRF,R is wider than that
of GCGR and would allow such a hairpin-like conformation.

Nonpeptidic agonists for class B GPCRs such as the
glucagon-like peptide receptor 1 would be clinically extreme-
ly useful. For their precise rational design the structure of an
agonist-bound class B GPCR is needed. This task is compli-
cated by the special mechanism of class B GPCRs, which are
activated in a two-step fashion.! First, the C-terminal part of
the peptide ligands binds with high affinity to the extracellular
domain (which is the hallmark of all class B GPCRs and
which were deleted in the present crystallization constructs).
The second N-terminal part of the peptide ligands then binds
to the transmembrane domain and induces the structural
rearrangements that lead to G protein activation inside the
cell. This second interaction is less strong and usually only
a fraction of GPCRs are activated at a time. To obtain
a homogeneously activated class B GPCR it will thus be
necessary to stabilize this activated state, for example by
mutations specific for the active state or by complexing with
G proteins. To further tackle the specific challenges of class B
GPCRs, stabilizing the active orientation of the extracellular
versus the transmembrane domain, rigidification of the
peptide ligand, and/or enhancing its affinity for the trans-
membrane domain might be necessary to obtain a structure of
a full-length active state like class B GPCR.
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