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Abstract

During the past few years, crystallography of G protein-coupled receptors (GPCRs) has
experienced exponential growth, resulting in structure determination of 14 distinct receptors, 7 of
them in 2012 alone. Including closely related subtype homology models, this currently amounts to
about 10% coverage of the GPCR superfamily. Agonist-bound active-state structures are now
known for the adrenergic, rhodopsin, and adenosine receptor systems, including a structure of the
receptor-G-protein complex for the Bo-adrenergic receptor. Biochemical and biophysical
techniques, such as nuclear magnetic resonance (NMR) and hydrogen/deuterium exchange-mass
spectrometry (HDX-MS) are providing complementary insights on ligand-dependent dynamic
equilibrium between different functional states. High resolution structures such as the 1.8 A
adenosine A2a receptor are illistrating the receptor as allosteric machines, controlled not only by
ligands, but by sodium, lipids, cholesterol, and water. This wealth of data is helping to redefine
our knowledge of how GPCRs recognize such a diverse array of ligands and transmit signals 30
angstroms across the cell membrane, also shedding light on a structural basis of GPCR allosteric
modulation and biased signaling.
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Introduction

G protein-coupled receptors (GPCRSs) comprise the largest protein superfamily in
mammalian genomes. They share a common seven-transmembrane topology and mediate
cellular response to a variety of extracellular signals ranging from photons and small
molecules to peptides and proteins (1). Diversity of the extracellular ligands is reflected in
the structural diversity of more than 800 human GPCRs, which can be grouped in five major
families and numerous subfamilies based on their amino acid sequence (2). Signal
transduction by GPCRs is fundamental for most physiological processes, spanning from
vision, smell and taste to neurological, cardiovascular, endocrine, and reproductive
functions, thus, making the GPCR superfamily a major target for therapeutic intervention (3,
4). Current drug discovery efforts aim at both improving therapies for more than 50
established GPCR targets, and at expanding the list of targeted GPCRs (5, 6). In addition to
regulating GPCR signal activation with agonists and inhibition with antagonists and inverse
agonists, trends in modern pharmacology include discovery of allosteric and/or functionally
selective modulators (7) that bias downstream signaling towards specific G-protein- or
arrestin- activated pathways (8).
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Prior to 2007, the structure and function of GPCRs, which had been extensively probed with
biophysical and biochemical methods, was interpreted via ab initio or rhodopsin-based (9)
modeling (e.g., reviewed in (10, 11)). Breakthrough developments in protein engineering
(12, 13) and crystallography (14, 15) galvanized exponential growth in GPCR structure
determination, which have thus far (as of May, 2012) resulted in structures of 14 receptors
(Figure 1 and Table 1). Each of these GPCRs were initially captured in inactive states
stabilized by antagonists or inverse agonists while the elevated conformational plasticity and
heterogeneity of the activated states posed additional challenges for crystallization.

The first insights into active-state crystal structures were obtained in 2008 for ligand-free
rhodopsin (opsin) (14, 16). Selective stabilization of the active-state resulted in active—state
structures of rhodopsin (17, 18), A2aAR (19, 20), as well B2AR bound to an agonist and
stabilized by a heterotrimeric Gg protein (21) or nanobody (22). These crystallographic
insights are being greatly complemented by studies of GPCR conformational changes and
dynamics obtained using biochemical methods and spectroscopy.

This review will discuss how the recent structural and biophysical insights contribute to our
understanding of molecular interactions, subtype and functional selectivity of ligands,
activation mechanisms and conformational dynamics, and other aspects of GPCR biological
function. We will also outline emerging and future lines of inquiry for studying GPCR
signaling mechanisms and harnessing them for drug discovery (23, 24).

Structural coverage of GPCR superfamily

Recent progress in GPCR structural characterization

Until 2007, structural information on the highly diverse repertoire of GPCRs (2) was limited
to crystal structures of bovine rhodopsin (Class A) and structures of extracellular (EC)
domains of Secretin (Class B) (25) and Glutamate (Class C) (26) families. By May of 2012,
structures of 14 different Class A GPCRs, have been determined (Figure 1 and Table 1),
seven of them published in the year 2012 alone, suggesting at this point an exponential
growth trend. Half of the solved structures belong to aminergic receptors, a cluster of the
Class A a-group GPCRs that binds monoamine neurotransmitters and acetylcholine and has
traditionally played a key role in pharmacology and drug development. These receptors
include B-adrenergic receptors, BoAR (27) and B1AR (13), histamine H; receptor (28),
dopamine D3 receptor (29), and two muscarinic acetylcholine receptors, M2 and M3 (30,
31). In addition to aminergic receptors and rhodopsin, the a-group structures include
AspAR (28), as well as sphingosine-1-phosphate; (S1P4) (32) (the first example of a lipid-
activated GPCR). Beyond the a-group, the structures of several peptide-binding receptors
from the y-group of Class A GPCRs have been solved, including a chemokine receptor
CXCR4 (33), and the opioid receptors: x-opioid, p.-opioid, &-opioid and the nociceptin/
orphanin FQ peptide receptor (NOP) (34-37).

Opioid receptors are thus far the most comprehensively covered subfamily, with crystal
structures of all four closely related opioid subtypes solved, followed by B-adrenergic
receptors (2 out of 3 subtypes) and muscarinic acetylcholine receptors (2 out of 5 subtypes).
The other solved structures are single representatives of their subfamilies. At the group
level, substantial structural coverage has been achieved for the a-group, where solved
structures of 9 GPCRs represent 7 distinct subfamilies, about half of the subfamilies in the
group. At the same time, structural coverage of the y-group is still very sparse, while the
structures of other two major groups (p and 6) of Class A and of other GPCR classes are all,
as yet, not known.
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Several GPCRs, such as rhodopsin (9, 14, 15, 17, 18, 38, 39), B2AR (21, 22, 27, 40,
41),B1AR (13, 42, 43), AoaAR (19, 20, 44, 45) and CXCRA4 (33), have been co-crystallized
in complexes with different ligands, in different crystal forms or using different approaches
to receptor stabilization and crystallization. Importantly, the conformational differences
between the multiple inactive structures of the same receptor were found to be minor (all
atom root mean squared deviations (RMSD) < 0.8 A), leaving most key receptor-specific
structural features well preserved. This reproducibility establishes an important baseline for
structural comparisons between different GPCRs and between different functional states of
these receptors. Moderate levels of induced fit in the GPCR binding pockets (41) is also a
key for effective applications of structures to rational drug discovery, where hit
identification rates as high as 20 to 70% have been shown in virtual screening for novel
ligand chemotypes for BoAR (46), AxaAR (47, 48), histamine Hq (49), dopamine D3 (50)
and chemokine CXCR4 (50a) receptors, and for rational optimization of established
scaffolds in adenosine receptors (51).

Structural diversity between GPCRs subfamilies and subtypes

Although all GPCRs are characterized by a similar seven transmembrane (7TM) topology,
the five major families of human GPCRs (2, 52) (Figure 1) share very little sequence
identity (SI, < 20% in the TM domain) and possess different extracellular N-terminal
domains. The largest and most diverse Rhodopsin-like family (also known as Class A)
consists of about 700 GPCRs in humans, and can be further classified into four subgroups
(a-8) (2) (SI = 25%). Each subgroup contains numerous subfamilies that share higher
sequence similarity (SI = 30%) and often common ligand selectivity.

Analysis of structural variations at different levels of homology provides important insights
into the scope of structural diversity in GPCRs, as has been reviewed (53). Within
subfamilies, sequence and structural similarity can be high enough to allow for accurate
predictions by homology modeling, which is useful in such practical applications as ligand
docking (54), or virtual screening for dopamine D3 antagonists (50), as well as profiling of
ligand selectivity within the adenosine receptor subfamily (55). However, structural
differences between different GPCR subfamilies and groups are much more dramatic. The
most striking variations revealed by crystallography are in the extracellular loop region,
which presents a diverse repertoire of secondary structures and disulfide crosslinking
patterns (56). Key variations are also found in the 7TM helical bundle itself, including both
proline and nonproline kinks and “bulges,” rt-helices and other local variations, resulting in
as much as ~7 A deviations in the extracellular tips of transmembrane helices. Most
importantly, such variations in extracellular loops, transmembrane helices and side chains
create a remarkable variety of sizes, shapes and electrostatic properties of the ligand-binding
pockets in different GPCR subfamilies, reflecting the diversity of their corresponding
ligands (Figure 2).

With the structure determination of S1Pq (32), muscarinic acetylcholine (30, 31), and opioid
(34-37) receptors, further examples of structural diversity are added to this repertoire. For
example, the structure of a lipid binding GPCR, S1P4, reveals a unique configuration of the
extracellular loop 2 and N-terminus, which completely seals the extracellular entrance into
the binding pocket. Although rhodopsin also has a tight extracellular “lid” covering the
pocket, the backbone structure of these elements in S1P, is different, extracellular loop 2 is
lacking in secondary structure, a disulfide bond to helix Il that is highly conserved in other
GPCRs is missing, and the N-terminus forms an a-helix on top of the binding pocket.
Consistent with the highly lipophilic nature of S1P4 ligands, the structure reveals a “side”
opening between helices | and VII, which provides direct access of the ligand into the
pocket from the lipid bilayer. In contrast, a prominent structural feature of the M2 and M3
muscarinic acetylcholine receptors (30, 31) includes an apparent constriction site in the
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orthosteric binding pocket controlled by several large aromatic residues. This narrowing
creates a separate allosteric pocket in the extracellular loops of the receptor, which
potentially plays a role in the ligand binding kinetics and can accommodate an allosteric
modulator or an extended bitopic ligand (31).

Comprehensive structural coverage of the opioid subfamily

Comprehensive structural coverage of the opioid receptor subfamily (34-37) is especially
insightful for appreciation of structural conservation and diversity in GPCRs. Opioid
receptor structures exemplify the second subfamily in the peptide binding y-branch of the
GPCR tree, previously represented only by the chemokine receptor CXCR4 (33). Despite
rather low homology between opioid and chemokine receptors (sequence identity <27%),
both subfamilies have a very similar B-hairpin conformation of their extracellular loop 2,
which emerges as a common peptide-binding motif in the large and diverse -y-group of
GPCRs. In contrast, the 7TM bundle region of opioid receptors appears structurally closer to
aminergic receptors from a-group, with some key features in common between them. For
example, all opioid receptors have the same aspartate residue (using Ballesteros-Weinstein
numbering (115) this residue is identified as Asp3-32), which is also fully conserved in
aminergic receptors; in both families the acidic side chain of Asp3-32 serves as a major salt
bridge anchor critical for ligand binding and receptor activation.

Intriguingly, the “opioid-like” receptor NOP (35), despite very high overall sequence
identity (60%) with the “classical” p.-opioid (34), x-opioid (36), and &-opioid (37) receptors,
displays very different ligand selectivity profiles to both endogenous peptides and small
molecule morphine derivatives. These changes in ligand selectivity are consistent with
dramatic structural rearrangements between classical opioid receptors and the NOP , where
replacements of only a few key residues in the ligand binding pocket region results in
conformational changes in the backbone structure, including shifts in helices V and VI (35).
Such deviations in both ligand selectivity and binding pocket conformations, in spite of the
overall high sequence identity, are in stark contrast with the tight conservation of pockets
previously observed in other closely related GPCR subtypes. For example, between B,AR
and B1AR, as well as between M2 and M3 muscarinic receptors, the side chains of the core
orthosteric binding pockets are all identical and have very similar conformations. This
observation suggests a divergence of NOP from classical opioid receptors driven by the
switch in ligand selectivity, which emphasizes the highly dynamic nature of GPCR
evolution in mammalian genomes (58).

Structural framework for understanding GPCR activation

The multitude of biochemical, biophysical and structural data suggests that most GPCRs
exist in a dynamic equilibrium between inactive (R, R”) and active states (R’’, R*), which
can be further converted to the signaling state (R*C) in the presence of heterotrimeric G
protein, as illustrated in Figure 3. Distribution between states in ligand-free receptors can
vary drastically, reflecting their different levels of basal activities (59, 60). Inverse agonists
shift the equilibrium towards inactive states, decreasing the level of basal activity, while
neutral antagonists do not affect the basal equilibrium. Binding of agonists shifts the
equilibrium towards the activated states characterized by large-scale conformational changes
at the receptor’s intracellular side (61). These five conformationally distinct functional states
have now been characterized crystallographically in rhodopsin, A,aAR and AR receptors
as listed in Table 2.

Large-scale rearrangements of transmembrane helices

Quite remarkably, despite the differences in the identity of receptors, comparisons of
inactive and active state structures reveal common activation-related features with respect to
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conformational changes on the intracellular side of the receptors (Figure 4a). The most
pronounced common rearrangement of helices on the intracellular side includes an outward
“swinging” motion of helix VI in concert with a movement of helix V, as a part of the
previously proposed “global toggle switch” mechanism (10, 61). The magnitude of this
motion varies between different GPCRs and different active states, for example, the
intracellular tip of helix VI moves ~3.5 A in A;aAR (R”’), ~6 A in opsin (R’’ and R*) and
as much as 11 A and 14 A in B,AR complex with nanobody (22) and G protein (R*C) (21),
respectively. Moreover, the final positions of the intracellular tips of helices V and VI in the
signaling R*C states seem to be largely controlled by dramatic rearrangements in the G
protein itself and are accompanied by GDP release (see Sidebar and Figure 5b).

Helices I11 and V11 also undergo substantial rearrangements during activation in all three
receptors, with the most pronounced changes in this region observed in ApaoAR agonist-
bound structures (19, 20). The intracellular part of helix VIl moves inward towards the
middle axis of 7TM helical bundle and undergoes a marked backbone distortion in the
region of the conserved NMPxxY motif. Motion of helix Il is comprised of an upward shift
along its axis and some lateral movement. In 2AR the overall shifts of helices Il and VII
are less pronounced than in ApAAR and rhodopsin, though there is still a pronounced
distortion in the helix VII NPxxY motif.

These observations suggest that movements of helices V and V1 are absolutely essential for
G protein binding and activation, and are likely conserved in Class A GPCRs. Movements
of helices 11l and VI more likely depend on the particular receptor and ligand, and although
their role in G protein activation is not clear, may contribute to G protein-independent
signaling pathways (104) as described later.

Conserved microswitches in GPCR activation

The global movements of helices during activation are accompanied by a common set of
local “microswitches” in the intracellular part of GPCRs. The microswitches are
characterized by rotamer changes in highly conserved side chains (61), which stabilize the
global movements of helices and help to prime the intracellular side of GPCR for G protein
binding (Figure 4a). The D[E]RY sequence in helix Il represents one of the most conserved
motifs of Class A GPCRs, in which residue Arg3-30 (96% conservation among Class A
GPCRs) forms a salt bridge to the neighboring acidic side chain Asp(Glu)349 (Asp 68%,
Glu 20%) (62), as found in all inactive state GPCRs structures to date. Interestingly, the
Arg3-50-Asp349 salt bridge remains intact in the active AR -nanobody complex (22), as
well as in the active state ApaAR structures (R’”) (19, 20). Only in the active state rhodopsin
(R*) and BoAR (R*C) structures is the salt bridge broken, and the Arg®50 guanidine
switches rotamer to interact with the C-terminal helix of the Ga subunit (14, 17, 18, 21),
thus suggesting that the switch in Arg3-0 requires the presence of a G protein (Figure 4a).

The Arg3-20 side chain can also form an interhelical salt bridge to Asp8-3%, known as the
“ionic lock,” which connects the intracellular ends of helices 111 and V1. The ionic lock was
first observed in the structures of dark-adapted bovine rhodopsin, stabilizing this receptor in
a fully inactive state (62). The stabilizing role of the ionic lock may be less pronounced in
other GPCRs, as it is absent in many GPCRs structures, including those with an intact
intracellular loop 3 (42), and computer simulations suggest a highly dynamic nature for this
interaction (63). Moreover, an acidic residue in position 6.30 is conserved in only about 30%
of GPCRs, for example it is missing in chemokine receptors. Instead, some crystal structures
reveal hydrogen bonding interactions between the Arg3-20 side chain and other polar
residues in helix VI, for example Thr6-34 in x-opioid and w-opioid receptors, which may also
play a role in the regulation of receptor signaling.

Annu Rev Pharmacol Toxicol. Author manuscript; available in PMC 2014 January 06.
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The “NPxxY” motif is located near the intracellular end of helix VII and contains a highly
(92%) conserved Tyr’-53 serving as a major activation microswitch in GPCRs. In inactive
GPCR structures the side chain of Tyr’->3 points towards helices I, 11 or VIII. In contrast, in
all active state GPCR crystal structures, the Tyr’-53 side chain changes its rotamer
conformation and points towards the middle axis of the 7TM bundle, forming interactions
with side chains of helices VI and I11. In the active state structures of BoAR and rhodopsin,
the Tyr’-53 hydroxyl may also form a tentative water-mediated hydrogen bond with another
putative microswitch, Tyr>58 (89% conserved). Interestingly, the Tyr>-28 side chain behaves
very differently in all three activation models: in rhodopsin it switches from outside-to-
inside of the helical bundles, in A;aAAR it makes an opposite switch from inside-to-outside,
while in all B2AR complexes this residue remains in the interior of the 7TM bundle. Note
also, that mutation of Tyr>-58 to alanine contributes to the stabilization of B1AR in its
inactive state (64), and reduction of basal activity in muscarinic M3 (65) and thyrotropin
receptors (65a), though the precise role of this residue in various GPCRs needs further study

Ligand—dependent “triggers” of GPCR activation

One of the most intriguing questions of GPCR activation is: How does binding of different
ligands in the highly diverse extracellular pockets translate into common large scale
rearrangements on the intracellular side of different GPCRs? Identification of specific
ligand-receptor interactions, or “triggers,” that control equilibrium between receptor
functional states is critical for understanding and potentially designing efficient agonists,
including agonists with desired functional selectivity or “bias” (66-69). Comparison of
multiple active and inactive structures shows modest, but well defined, changes in the
binding pockets residues in each receptor (all atom RMSD ~1.3 A for the ligand-contacting
residues in BoAR and AoaAR, and ~2.0 A for rhodopsin), as illustrated in Figure 4b. These
ligand-dependent changes in the binding pockets are also consistent with specific ligand
interactions, and their repertoires vary among the receptors. Some examples of triggers are
briefly discussed below; other triggers are likely to be discovered, especially for GPCRs
modulated by peptides and/or allosteric ligands.

One of the prominent examples of ligand-dependent rearrangements in the binding pocket
involves a shift of the Trp®48 residue, which belongs to the conserved CWxP motif on helix
V1. Although this side chain was previously classified as a microswitch (or “rotamer toggle
switch”) (70), crystal structures of active state GPCRs did not show rotamer changes in this
residue upon activation. Moreover, a modified rotamer state of the Trp%-48 side chain was
observed in inactive M2 and M3 muscarinic receptor structures (30, 31), showing the that
rotamer state of Trp%48 does not correlate with the functional state of the receptor.
Nevertheless, the crystal structures suggest a prominent role for Trp8-48 as a major ligand-
dependent “trigger” in some GPCRs. Thus, A,aAR and rhodopsin active state structures
reveal direct steric interactions of Trp8-48 side chain with agonists (19, 20), which stabilize a
pronounced shift of Trp6-48 and the corresponding swinging movement of helix VI (Figure
5). On the other hand, the inactive position of Trp8-48 can be stabilized by direct interactions
with inverse agonists, as observed in rhodopsin/11-cis-retinal (9), A)pAR/ZM241385 (45),
and histamine H1/doxepin(28) complexes.

Unlike A2aAR and rhodopsin, the B2AR and B1AR structures lack any direct contacts
between the Trp8-48 side chain and agonists or inverse agonists. Instead, conformational
changes that promote helix VI motion in B2AR (22) depend largely on agonists engaging in
polar interactions with Ser203%42 and Ser2075-46 and stabilizing an ~2 A inward shift of the
extracellular part of helix V, as initially predicted from modeling results obtained with the
inactive BAR structure (71, 72). Further details of this conformational change, resolved in
the crystal structures of active BoAR (21, 22), show that this movement in helix V results in
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a rotamer switching in 11e1213-40, which is in turn coupled with a 4 A movement of the
Phe2826-44 side chain and a corresponding swing of helix V1. Thus, in the case of B,AR,
Trp6-48 seems to have only an indirect role in activation, as also apparent from its much
smaller (<1 A) movement than in other receptors. Therefore, the role of Trp848 is not
universal even among the three currently available models of GPCR activation; moreover
about 30% of Class A GPCRs have different side chains in the 6.48 position.

Another common site of conformational changes in the binding pocket involves helices 111
and VII, which are bridged by strong ligand-mediated interactions in all three GPCR
activation models. The specifics of the changes in this site, however, vary dramatically for
different receptors (Figure 4b). In rhodopsin, light activation results in disruption of a salt
bridge between Glu1133-28 and the Lys2967-43 Schiff base linked to retinal, and corresponds
to an increase of the distance between helices 111 and V11 by about 2-3 A. Conversely, in
AoaAR, of the ribose rings of agonists participate in a strong hydrogen bonding network
with Thr883-36 and Ser2777-42/His2787-43, bringing helices 111 and V11 closer by about 2 A,
as compared to the structure with inverse agonist. In AR, Asp1133-32 and Asn3127-39 are
bridged by an ethanolamine tail in both agonists and antagonist complexes, so the role of
this bridge in BoAR activation is not clear from the crystal structures. Further insights into
how engagement of this and other triggers can affect signaling (including biased) can be
gained by biophysical methods sensitive to receptor dynamics, as discussed below.

G protein binding and signaling

The structure of B,AR/Ga By signaling complex (21) (Figure 5a) reveals a series of
additional conformational changes at the receptor that are largely controlled by the full
Gapy engagement and activation. As suggested by Rasmussen et al. (21), initial insertion of
the Gag C-terminal a5-helix into the transiently accessible site between B,AR helices is
likely to resemble insertion of a Ga. C-terminal peptide into the rhodopsin structure (14).
Engagement of other receptor-Gap+y interactions leads to a crowbar-like rotation of Gag
a5-helix by about 30°, remodeling the $6-a5 loop region, followed by a dramatic rotation
of the Ga.AH domain and GDP release (21). All these rearrangements apparently force
further displacement of B2AR helices V and VI, so that helix V1 is dramatically curved
outward (see Figure 5b) and its tip is displaced by as much as 14 A (21) as compared to
inactive states.

The G protein-bound crystal structure also reveals the large B2AR/Ga protein interface
formed by intracellular loop 2 and helices V/VI of the receptor, and by a4/a5-helices, the
aN-p1 junction and B3-strand of GasRas. Notably, the crystallographically resolved parts
of the receptor lack direct interactions with the Gapy subunits. Additional structures of
GPCRI/G protein complexes may be needed to explain selectivity among Ga subtypes,
which in some cases may be differentially regulated by biased ligands (66-69). The
structure of the complex also, surprisingly, does not reveal any G-protein contacts with
B2AR helices VII and V111, suggesting that activation-related changes in these helices may
not be necessary for G protein signaling, but possibly may mediate other GPCR interactions,
for example, with B-arrestins.

Structural insights into allosterism and oligomerization

Structural basis for allosteric modulation of GPCRs

In addition to orthosteric ligands, GPCR signaling can be affected by a variety of
endogenous allosteric modulators, such as regulatory proteins (64, 65), lipids and sterols
(59, 73) and ions (66). Moreover, synthetic allosteric and bitopic (7) modulators have been
identified for many GPCRs, showing promise as drug candidates with improved subtype
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selectivity and pharmacological profiles. Several potential allosteric sites in GPCRs revealed
by crystal structures have been reviewed previously (53), including a phosphate ion binding
site in the extracellular subpocket of the histamine H; structure (28), a cholesterol binding
site in B2AR (40) and a ‘druggable’ extracellular extension of the dopamine D3 orthosteric
subpocket (29).

New insights into GPCR allosteric regulation come from the 1.8 A resolution structure of
inactive AppAR (57) that revealed a tight water-filled channel connecting extracellular and
intracellular sides of receptor. A small (ca. 200 A 3) allosteric pocket in the middle part of
the channel was found to bind a Na* ion surrounded by a cluster of 10 structured waters
(Figure 6a). The pocket is bounded by Trp2465-48 (conserved in 71% of Class A GPCRS) on
the extracellular side and Tyr2887-53 (92%) on the intracellular side, as well as residues
Asn241-50 (100%), Asp522-50 (94%), Ser913-39 (Ser:53%, Asp:26%), Asn2807-4% (67%) and
Asn284749 (75%), previously predicted to participate in a water-mediated hydrogen-
bonding network (61). The negative allosteric modulation effect of Na* on agonist binding
and activation has been observed in many GPCRs (74), and was tentatively linked to the
Asp220 residue by site-directed mutagenesis (75-77); however, the ion remained undetected
in all previous medium resolution structures. The high resolution A,aAR structure revealed
the location of the Na* ion coordinated by conserved Asp522-50 and Ser913-39 residues and
structured water, rationalizing the stabilizing effect of the Na* ion on the inactive receptor
state (57). Moreover, analysis of ApaAR crystal structures shows that in the active-state
A2aAR (19, 20) the Na*/water pocket collapses from ca. 200 to 70 A 3 due to movements of
transmembrane helices. The collapsed pocket does not provide adequate coordination for
Na*, suggesting that the ion abandons the pocket and potentially leaves the receptor upon
activation (57).

The key amino acids in the Na*/water pocket represent the most conserved spatial cluster of
residues in Class A GPCRs (61), which suggests they have a key common role in receptor
function. At the same time, any variations in these and surrounding residues that affect the
water cluster and Na* ion may also alter the dynamics and activation profiles in different
GPCRs. Interestingly, while the extracellular entrance to the Na*/water site is somewhat
restricted by the Trp8-48 side chain in most GPCR structures that have been solved, this
passage is more open in the muscarinic M2 and M3 receptors (30, 31). Further
understanding of the structural and functional details of the pocket create an opportunity to
target this conserved site by allosteric molecules (e.g., amiloride analogs (57)), or bitopic
compounds, some of which would have an enhanced ability to stabilize the receptor in the
inactive form.

Other, receptor-specific allosteric sites have also been revealed by recent crystal structures,
including a “vestibule” pocket in the extracellular loops of the muscarinic receptors (30, 31),
which may bind some of the known allosteric ligands (68). The high-resolution A;pAR
structure (57) also suggests a second cholesterol binding site (Figure 6c), distinct from a
previously described site in B2AR (40). Another intriguing observation in this AJppAR
structure is a water molecule intercalated at the nonproline kink between residues 11e803-28
and Val843-32, which apparently stabilizes the kinked conformation of helix I11 (Figure 6b).
Importantly, in all agonist- bound active state structures of AopAAR, the kink in this region of
helix 111 is completely straightened, thus precluding water binding. The rearrangement in
this water binding site therefore might play an important role in the activation mechanism of
the adenosine receptor subfamily, and can be exploited for allosteric modulation by
extending a ligand scaffold to interact with this site.
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GPCR dimerization and oligomerization

Although Class A GPCRs can effectively signal as monomers, numerous studies have
suggested the existence of homodimers, heterodimers and higher oligomers in many GPCRs
and proposed their role in the regulation of GPCR function and crosstalk (reviewed in (78,
79)). GPCR dimerization and oligomerization has been extensively studied by atomic
microscopy, FRET, BRET, cross-linking, time-resolved spectroscopy and molecular
modeling (reviewed in (80, 81)), with results systematically collected in the GPCR-OKB
database (82). High-resolution structural information on GPCR-GPCR interactions has just
started to emerge from crystallographic studies. Parallel dimers with substantial protein-
protein interface (>800 A 2) have been found in crystal structures of 4 different GPCRs,
including rhodopsin (83), CXCR4 (33), x-opioid (36) and .-opioid (34) receptors (see Table
3). Overall, there are two consensus clusters of symmetric interfaces suggested by these
structures, which concur with biochemical data for rhodopsin (84, 85), serotonin 5SHT2C
(86), dopamine D2 (87, 88), adrenergic a1pAR (89, 90), chemotactic C5a (91), chemokine
CCR5 (92), and other GPCRs. The first symmetric interface A (Figure 7a), found in
rhodopsin (15, 83), x-opioid (36) and p-opioid (34) structures is formed by helices I, 1l and
V111, comprising two separate interaction patches on the extracellular and intracellular sides.
Biophysical studies revealed that this dimerization mode is insensitive to receptor activation
(86), in agreement with minimal activation-related conformational changes in these interface
helices. The second symmetric interface B (Figure 7b) involves helices V and VI, and in the
case of CXCR4/peptide complexes can also involve helices 111 and IV on the intracellular
side (33). Similar overall orientation of the dimer subunits, although with a different contact
interface formed by the transmembrane bundle of helices V and VI, has been observed in .-
opioid receptor (34). Interface B is likely to interfere with the activation state, because
activation requires large conformational movements of helices V and VI. Combined in a
repeated pattern, the A and B interfaces are compatible with a high-level oligomerization
found in rhodopsin arrays (87, 93), although it is not clear if such a pattern is relevant for the
oligomerization observed in some other GPCRs (e.g., (89, 90). Further crystallographic,
biochemical and biophysical studies will help to better understand the structural basis and
functional role of dimerization interfaces and their variability between different GPCRs.

Complementary biophysical studies of conformational dynamics in GPCRs

As mentioned above, GPCR activation dynamics are characterized by a complex
equilibrium between multiple conformational states (94, 95), manifesting in significant basal
activity, existence of allosteric modulators (68, 96) and a whole spectrum of functional
responses including biased signaling (69). Understanding of these phenomena requires an
ability to probe the equilibrium between different conformations, which is beyond the
capabilities of crystallographic methods that give a highly detailed, but “frozen picture” of
the lowest energy receptor state. Various biophysical approaches have shown utility in
assessing local and global conformational changes in GPCRs, including fluorescent
spectroscopy (94, 97, 98), double electron—electron resonance (DEER) (99), hydrogen-
deuterim exchange coupled with mass spectrometry (HDX-MS) (100-102) and nuclear
magnetic resonance (NMR) spectroscopy (103, 104) . Methods are also being developed to
assess kinetics of changes in GPCRs using time-resolved single-molecule studies (105, 106).
The availability of 3D structures now allows for the design of optimized labeling sites and
provides a structural framework for the analysis of obtained data. Thus, 13C NMR
spectroscopy has been employed to assess ligand-dependent conformational changes in the
extracellular region by measuring formation of a salt bridge that connects extracellular loops
2 and 3 (103), previously found in the B,AR crystal structure (27). Another NMR technique
that has been used to probe dynamics of the intracellular changes in B2AR exploits spectra
of sensitive 19F labels (104). Most notably, the 1°F NMR spectra suggested that helices VI
and VII can each adopt at least two major conformational states that have a slow (>100 ms)
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exchange rate (Figure 8). The equilibrium distribution between these states is controlled by
ligand binding: while antagonists and inverse agonists keep B2AR in a predominantly
inactive state, binding of partial, and especially full, agonists shifts the conformational
equilibrium towards an active state in both helix VI and helix VII. The most striking
differential effect was observed for the arrestin-biased BAR ligands carvedilol and
isoetharine, which both showed dramatic (>40%) increase in the occupancy of the helix VII
activated state as compared to their unbiased analogs carazolol and isoproterenol. These
results demonstrate at least a partial decoupling between conformational changes in helices
VI and V11, and a specific association of helix VIl changes with arrestin-biased signaling of
carvedilol and isoetharine. As described here, association of helix V1l with arrestin-biased
signaling is also supported by recent FRET studies (107), key interactions of arrestin with
the C-terminal part of GPCRs adjacent to helix VI (108), as well as lack of G protein
contacts with helix VII in the B,AR-Gapy complex structure (21).

Complementary insights into GPCR function can be obtained by molecular modeling
approaches, including conformational sampling and flexible ligand-receptor docking (71,
72). Also, thanks to a rapid growth of computer power and parallelization, unbiased
molecular dynamics simulations at ~10 microsecond scale has allowed for observations of
large conformational changes, i.e., active-to-inactive transitions in 2AR (109) as well as
prediction of ligand binding paths and kinetics (110).

Further structural, biophysical and computational studies of receptor dynamics, including
single molecule time-resolved studies will help to characterize the relationship between
various activation states and substates in different GPCRs, and to study the possibilities of
selectively modulating these states by “biased” and/or allosteric ligands.

Summary points

1. With the recent breakthroughs in GPCR crystallography, structural coverage of
GPCRs has experienced an exponential growth trend, suggesting that receptors
from a majority of subfamilies will be solved within the next decade.

2. Crystal structures of inactive and active state GPCRs provide an atomic level 3D
framework for biochemical, biophysical and computational inquiries into GPCR
function and dynamics.

3. All GPCRs have a common 7TM topology, however they present a great variety of
features in their structure, dynamics, selectivity to ligands, modulators and
downstream signaling effectors. While the largest structural differences can be
found among GPCR classes and subfamilies, structures of the opioid receptors
reveal substantial structural deviations within the subfamily, even at 60% sequence
identity.

4. Activation mechanisms in GPCRs share a number of common features, including
movements of helices, side chain microswitches, and potential rearrangements in
the Na*/water cluster. Changes on the intracellular side are softly coupled to ligand
binding through a number of anchor ligand-receptor contacts (or “triggers”). A set
of specific triggers can vary between ligands and between different GPCRs.
Preferential engagement of specific “triggers” by structurally distinct ligands may
explain the variety of conformational and functional responses known as “biased
signaling.”

5. Homodimerization, heterodimerization and oligomerization have been suggested in
GPCR regulation and crosstalk. While crystallography reveals several distinct
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homodimer interfaces, additional biochemical studies are needed to understand
their functional roles in different GPCRs.

Crystal structures provide new insights into allosteric regulation of GPCRs by
endogenous ions (e.g. sodium), lipids, cholesterol and polypeptides, as well as by
synthetic molecules, which can modulate GPCR function and pharmacological
response. These discoveries highlight that GPCRs are complex allosteric machines,
controlled by more than just their pharmacological ligand.

Computer modeling has an important role in creating a comprehensive picture of
GPCR structure-function by filling remaining gaps in the superfamily coverage and
molecular interactions, and providing a platform for rational drug discovery.

Future Directions

1.

Determine representative structures for § and 6 groups of the Rhodopsin family, as
well as for the other GPCR families (secretin, adhesion, glutamate, frizzled/TAS2),
in complex with antagonists and agonists.

Increase structural coverage within specific GPCR subfamilies via structure
determination and homology modeling.

Further explore GPCR dynamics via combination of structural and biophysical
tools (e.g., HDX, NMR, EPR) including time-resolved single molecule approaches,
as well as molecular dynamics.

Explore the structural basis of G protein and p-arrestin type selectivity.
Obtain structures of GPCR complexes with allosteric modulators.

Improve our understanding of biased signaling via structural and biophysical
studies.

Apply structural knowledge to successful structure-based drug discovery.
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Acronyms/Terms (up to 20, each 20 words)

™ transmembrane

EC extracellular

IC intracellular

Si sequence identity

Ballesteros-Weinstein enumeration of GPCR transmembrane residues in X.YY

(BW) number format, where X is the helix number, and Y is the residue
position relative to the most conserved residue in the helix,
designated X.50)(115)

bRho bovine rhodopsin

B2AR, B1AR 1 and B, adrenergic receptors

AspAR adenosine Ajp receptor
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D3R dopamine D3 receptor

CXCR4 chemokine CXCR4 receptor

H1R histamine H1 receptor

M2, M3 muscarinic M2 and M3 receptors

x-OR, p-OR, 6-OR, NOP opioid receptors x, m, & and nociceptin/orphanin FQ
receptor

S1P; (or EDGEL)) sphingosine 1-phosphate receptor 1

Microswitches rotamer changes in side chains highly conserved between
GPCRs in the IC part of the receptors

Triggers direct ligand-receptor interactions, that modulate
equilibrium between GPCR functional states

Allosteric site receptor binding site distinct from the endogenous ligand
(orthosteric) site

Bitopic ligand chemical compound targeting both ortho- and allosteric sites
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SIDEBAR
Movements of TM helices: rigid body or not?

The global rearrangements of transmembrane helices during activation are often
approximated as rigid body motions (18). Comparison of individual helices in crystal
structures of inactive and active GPCRs shows examples of local deformations in helices
during activation. One of the most pronounced is a kink around the highly conserved
Pro8-30 in helix VI. A superimposition of the extracellular part of helix VI in inactive and
activated structures (see of B2AR example in Figure 5) reveals an activation-related
“swinging” motion of the intracellular part of helix VI, which involves some unwinding
of the helix at the Pro®50 kink. Additional elastic bending of intracellular tip of helix VI
in the contact area with G protein or G protein-mimicking nanobody is apparent from the
structures, suggesting a force applied in this region by G protein or nanobody insertion.
In contrast, in AppaAR/agonist complex, or in rhodopsin/opsin bound to Ga C-terminal
peptide, the intracellular tips of helices V and VI are straight or slightly bent in the
direction opposite to the overall helical movement (19).
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Figure 1.

Dendrogram of the human GPCR superfamily with the crystal structures solved. The tree
based on sequence similarity in the seven-transmembrane domain is redrawn from (2).
According to this notation, human GPCRs include Class A (Rhodpsin family), Class B
(Secreting and Adhesion families), Class C (Glutamate family) and Frizzled/TAS2 Family.
The Rhodopsin family is divided into Groups (a-y). GPCRs can be further provisionally
divided into clusters (e.g., aminergic), subfamilies (e.g., adrenergic or opioid) and individual
GPCR subtypes (e.g., dopamine receptor subtype D3). Olfactory receptors comprise the
largest distinct cluster of 388 receptors (only 4 subtypes shown) in 8-group of the Class A
(Rhodopsin family) of GPCRs.
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" CXCR4/CVX15
Chemokine receptor

*Both active (agonists) and inactive (antagonists) structures known

Figure 2.
Diversity of ligand binding pockets in GPCRs. Pockets are shown as molecular surfaces for

available inactive-state GPCR structures in complex with corresponding antagonists.
Receptor orientations and the surface clipping planes are the same for all receptors. Pairs of
closely related GPCR subtypes with similar pockets are highlighted by colored frames.
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R*G—>R*GRK—>R*A

Figure 3.

Key intermediates in GPCR activation mechanism, characterized crystallographically (see
Table 1 for PDB codes and references): R represents inactive (ground) states, which can be
stabilized by binding of inverse agonists or antagonists. R’ represents inactive low affinity
agonist-bound states, which differ from R by only small local changes in the receptor
binding pocket. R’’ represents activated state(s), characterized by substantial global
rearrangement of helices and side chain microswitches on the intracellular side that expose,
at least partially, the G protein binding crevice. R* represents activated substates with initial
insertion of G protein C-terminal a-helix (or its surrogate mimic g) into the intracellular
(IC) crevice. Finally, R*C is a distinct G protein signaling conformation of a receptor, which
can be achieved upon full engagement and activation of the GPCR-Gap-y-complex. Other
conformationally distinct active states (not depicted) also likely exist, for example for GPCR
binding to G protein receptor kinases (R*CRK) and to -arrestin (R*A). Note that transition
from initial G protein binding (R*) to full signaling state R*C is accompanied by release of
GDP and, therefore, proceeds unidirectionally; subsequent return to pre-signaling states
requires dissociation of the protein complex and binding of a new Gapy-GDP unit to the
receptor.
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Figure 4.

Major conformational rearrangements and ligand-dependent triggers in the three available
structural models of GPCR activation. a) Intracellular view: common shifts of the
intracellular tips of transmembrane helices (yellow arrows), include outward swinging of
helix VI, accompanied by movement of helix V, as well as inward shift of helix VII and
axial shift of helix 111. The established conserved microswitches, shown by stick
presentations and labeled, undergo rotamer changes upon activation. b) Extracellular view:
the key ligand-dependent “triggers” of GPCR activation (highlighted by the shaped magenta
arrows) found in the orthosteric site. Note that trigger residues and their Ballesteros-
Weinstein positions are not conserved between these receptors, and the directions of the
helical shifts are different. Ligands are shown by thin lines with black carbons for all
antagonists (ZM241385, 11-cis retinal and carazolol, respectively) and colored carbons for
agonists (NECA, all-trans retinal and B1-167107 colored orange, purple and green,
respectively). In all panels, inactive conformations are shown in gray, and corresponding
activated conformations are colored orange for ApaAR, PDB codes 3EML (45) and 3QAK
(19), purple for Rhodopsin, PDB codes 1GZM (114) and 2X72 (17), and green for B,AR,
PDB codes 2RH1 (27) and 3SN6 (21).
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b Helix VI deformations

Figure 5.

a) Structure of AR complex with agonist BI167107 and the G protein heterotrimer (PDB
code 3SN6) (21). The receptor and G protein are shown by colored ribbons, while the
agonist is illustrated by spheres with carbon atoms colored yellow. Stabilizing nanobody and
T4 lysozyme used for crystallization are not shown for clarity. b) Conformational changes in
helix VI upon B,AR activation. Structures of inactive R (PDB code 2RH1, gray) (27),
nanobody-bound R* (PDB code 3P0G, yellow) (22) and G protein-bound R*© (PDB code
3SNB6, orange) (21) states are superimposed at the extracellular part of the helix above
Pro2888-50, framed by blue rectangle. While the bend angle of the Pro®50-induced kink is
maintained, the ligand-stabilized movement of Phe2828-44 unwinds the Pro®50 kink,
resulting in a swinging motion (combined tilt and rotation) of the intracellular portion of
helix V1. Note also that the motion of the intracellular part cannot be described entirely in
the rigid body terms, but shows substantial elastic behavior. This additional bend and
displacement of the helix V1 tip is apparently induced by insertion of G-protein or the
nanobody mimic.
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Figure 6.

Allosteric sites in the high-resolution inactive AypAR structure (blue ribbon and side chains)
(57), as compared to the active state AopoAR complex (yellow ribbon) (19). (a) Highly
conserved in Class A GPCR is an allosteric site in the middle of the transmembrane bundle.
A Na*/water cluster is observed in the inactive state, but the collapsed pocket in the active
state precludes Na* binding. (b) Tight binding of a structured water in a non-proline kink in
helix 111 of A;pAR, is abolished in the active state, where helix 111 is straightened (yellow
ribbon). (c) Two cholesterol molecules (CIr2 and Clr3) sandwich the phenol ring of
Phe2556-57 in close proximity of the binding pocket and stabilize the conformation of the
extracellular part of helix VI.
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Interface A Interface B

Extracellular
View

Side View

Dimerization
Interface

Figure 7.
Two major types of symmetric dimer interfaces observed in GPCR structures. A

representative structure of dimer interface A with contacts via helices I, I1, VIII is shown
here for x-opioid, PDB code 3DJH (36) (orange and magenta show receptor, the JDTic
ligand is shown by spheres with white carbons). Interface A has been also observed within
p-opioid, rhodopsin and opsins structures. Another cluster of dimer interfaces B involves
contacts via helices 1V, V, VI (cyan and yellow) and is shown here for the CXCR4 complex
with peptide antagonist PDB code 30EO (33). Similar orientation of subunits has also been
observed in p-opioid structure, PDB code 3DKL (34), with an extensive interface formed
via helices V and VI.
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Figure 8.

NMR experiments shed light on major signaling pathways in p,AR (104). (a) 1%F NMR
spectra suggest existence of at least two distinct states in both Cys265 (Helix VI) and
Cys327 (Helix VII). Equilibrium in each helix is differentially regulated by an agonist
(isoproterenol), inverse agonist (carazolol), arrestin-biased agonist (isoetharine) and arrestin-
biased antagonist (carvedilol). (b) Suggested differential effect of unbiased (top row) and
biased (bottom row) ligands of G-protein-mediated and p-arrestin-mediated signaling.
Helices V/VI and 111/VI1 of B,AR are shown as two sets of bent boxes, of which the most
highly occupied states are shown in dark gray, less occupied states in light gray, and
minimally occupied states framed with a dotted line. The arrows at the bottom indicate the
flow of signals through each helix to the corresponding downstream effector, with an
increasing number of plus-signs (+) indicating higher levels of signaling, and a minus-sign
(-) indicating reduced signaling, as compared to the basal level.
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