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Abstract

Recent solved structures of G protein-coupled receptors (GPCRs) provide insights into variation
of the structure and molecular mechanisms of GPCR activation. In this review we provide
evidence for the emerging paradigm of domain coupling facilitated by intrinsic disorder of the
ligand-free state in GPCRs. The structure-function and dynamic studies suggest that ligand-bound
GPCRs exhibit multiple active conformations in initiating cellular signals. Long-range intra-
molecular and inter-molecular interactions at distant sites on the same receptor are crucial factors
that modulate signaling function of GPCRs. Positive or negative coupling between the
extracellular, the transmembrane and the intracellular domains facilitates cooperativity of
activating “switches” as requirements for the functional plasticity of GPCRs. Awareness that
allosteric ligands robustly affect domain coupling provides a novel mechanistic basis for rational
drug development, small molecule antagonism and GPCR regulation by classical, as well as non-
classical modes.

G protein-coupled receptors (GPCRS)

With more than 5000 members unique to eukaryotes, the superfamily of GPCRs is the
largest that senses changes in the extracellular milieu and conveys this information to the
interior of the cell [1-6]. In humans, more than 1200 GPCRs mediate responses to hormones,
neurotransmitters, metabolites, ions, fatty acids, pathogens, and physical stimuli, such as
light, smell, taste, and mechanical stretch [7-9]. GPCRs are integral membrane
glycoproteins, containing a seven-transmembrane (7TM) helical protein-fold. These
receptors can signal through heterotrimeric G-protein-dependent or -independent pathways
to control various physiological functions. Abnormal GPCR signaling which could result
from genetic variation, acquired or inherited receptor mutations, changes in ligand binding
specificity, improper regulation of receptor functions and antibodies directed against the
receptors causes disorders in most tissues and organs [10,11]. More than 60% of current
therapeutic drugs for human diseases are surrogate modulators of only a small fraction of
known GPCRs [12]. Thus, a better understanding of the mechanism of GPCRs is crucial to
novel drug discovery.

Canonical GPCR architecture consists of three functional domains (Box 1), a TM domain
(TMD) that links the intracellular domain (ICD) to the extracellular domain (ECD) [13]. The
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ICD recruits G-proteins and other signaling molecules to exert a specific intracellular effect.
Core of the TMD harbors the native ligand-binding site in the GPCR prototypes, rhodopsin
and B-adrenergic receptor (BAR), as well as other GPCRs (Figure 1). Conserved structural
features such as micro-switches, hydrogen-bond network extending from the orthosteric
ligand-binding site to the ICD are thought to coordinate global movements essential for the
remarkable ability of GPCRs to elicit a ligand-specific signaling response [14]. Recent
studies suggest a greater role of ECD in ligand specificity; however, the canonical function
of the ECD in operation of GPCRs is not firmly established. The ECD and ICD are
remarkably diverse in GPCRs, which suggests potentially different specialization for ligand
or G protein sensing and receptor activation (Figure 2) [15].

In this review, we will describe insights from pharmacology, molecular genetics,
crystallography, and biophysical studies for the emerging paradigm for coupling between
the domains of a GPCR. Long-range interactions and cooperativity are crucial factors for
signaling in GPCRs, which undergo ligand-specific global conformational changes as
requirements for structural coupling between extra-membranous and transmembrane
regions. If domains are independent, perturbation of a domain should have no effect on the
function of the other domains, whereas coupling would allow neighboring domains to
“sense” the perturbation and respond appropriately. Domain coupling is important for
explaining the in vivo scenario of tweaking the GPCR functions, not only by classical
agonists and antagonists, but also by a variety of non-classical factors including receptor-
interacting proteins, dimerization and activation by autoantibody. Binding of structurally
different ligands could produce different active receptor conformations and downstream
signaling. However, this review points out that the common principle applicable to all types
of ligands is change in the intrinsic disorder state of the receptor affecting domain coupling.
Awareness of domain coupling will help solve key challenges in pharmacological research
concerning GPCRs with extended ligand binding domains and highlights the mechanism of
small molecule antagonism. A number of new experiments will follow based on this idea
and specifically advance our understanding of GPCR structure and function. The review
provides new insight into the dynamic behavior of GPCR domains.

Diversity of GPCR architecture

The GPCR repertoire has expanded through evolution, during which the structural and
functional properties have been preserved in a way that suggests a common ancestry (Box
2). Most mammalian GPCRs belong to one of five GPCR families: glutamate (G), rhodopsin
(R), adhesion (A), frizzled/taste2 (F) and secretin (S) [1,8]. Mammals lack certain GPCRs
(e.g. cCAMP receptors, present in other classes) but contain some that are unique to mammals
(e.g. the ocular albinism GPCRs). Although the 7TM architecture is the unifying feature of
this superfamily, the N-terminal and C-terminal tails vary greatly among different GPCR
families and within a single GPCR family as well (Table 1). The receptors in all of the main
families, except the rhodopsin family, have long N-termini; whereas the rhodopsin family
has only a few members with this characteristic (e.g. luteinizing hormone, follicle
stimulating hormone, and thyrotropin receptors) [13]. Long N-termini are especially evident
among receptors in the adhesion family; however, secretin, glutamate, and frizzled receptors
also have long N-termini that are fairly rich in cysteine residues. The C-terminal tail shows
similar features. It is reasonable, then, to consider these GPCRs with a long N-terminal
domain (LND) or long C-terminal domain (LCD) as having four domains. There is less
variation in the length of extracellular loops in the GPCR superfamily and also a disulfide
bond linking TM3 and ECL2 is highly conserved [13].
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Relative positioning of TM-helices and ligand binding pocket

Although the 7TM architecture is preserved in all vertebrate and invertebrate GPCRs, the
highest sequence identity within the TMD is 20% to 50%. The sequence variability in the
rhodopsin family is thought to be important for accommodating diverse ligands by the TMD
[2,5,7], leading to the notion that direct contact between TMD and the ligand regulates
signal transduction.

This view is not universal. Many ligands binding to the ECD or LND also modulate the
function in GPCRs. The location of the ligand pocket and the orientation of ligands vary in
the 3D-structures available now. The overall molecular architecture of these GPCRs is
similar, but, unsurprisingly, the relative positions of the various helices differ in different
structures, which have structural and biochemical implications (Figure 1). The relative
position of helices and the ligand-binding pocket are similar in rhodopsin and BAR
[14,16-18]. However, the structures of A2A adenosine, D2 dopamine, CXCR4 chemokine
and histamine H1 receptors suggest that there is no general, family conserved ligand-pocket
position or inter-helical interaction network in the TMD [19-22]. Flexible positioning of the
helices in the GPCRs indicates that, under native conditions, intrinsic disorder in the TMD
of GPCRs may be more common than previously anticipated. The ligand interaction at many
different positions of TMD or outside TMD could facilitate transition to an ordered state.

TM helical dynamics coupled to ligand binding

The rigid body movement of TM helices, associated with agonist-activation of a GPCR
allows the TMD to act as a mechanical lever that transduces the signal across the membrane
[13]. Regardless of its location, the ligand-binding pocket is the epicenter for conformational
changes. The interaction of agonists changes the rotamer conformation of side chains that
are directly involved [14,23]. A comparison of active and inactive structures of rhodopsin,
B2AR, and A2A adenosine receptors reveals structural rearrangements in the helices TM3,
TM5, TM6, and TM7 [4,24-27]. Conformation of TM helices 1, 2, and 4 do not change.
However, the extent and direction of the helical motion differ. For instance, TM6 motion is
more pronounced in the A2A adenosine receptor, and the activation of f2AR is mainly
facilitated by TM5. The versatile structural and conformational flexibility of the helices
tolerates an intrinsic disordered state of TMD which facilitates binding of a specific ligand
to the receptor. Ligand-induced TM helical movement leads to an ordered state, but the
order of helical movement may differ significantly in different GPCRs. Intrinsic disorder
may play an important functional role in regulating the specificity of the interactions
between receptors and ligands by allowing receptor conformation to change into an ordered
state that structurally accommodates the ligand with high specificity and affinity by
establishing the interactions between different residues and influencing the kinetics. The
formation of the agonist-receptor complex with lower intrinsic disorder is the preliminary
step, and full activation occurs more readily when molecules within cells, such as G-
proteins, bind to the ICD of a GPCR [23,27,28]. The GTP effect on agonist-affinity in
classical pharmacological experiments also suggested the same. The crystal structure of the
active state ternary complex composed of agonist-p2AR-Gs heterotrimer indeed shows the
G-protein induced conformational changes propagating to the TMD [24]. This evidence
clearly shows the reciprocal coupling between the G-protein site in ICD and the agonist site
in TMD. In all GPCRs, ICL2, and ICL3 are important for selective binding and activation of
G proteins [23,24,29]. The ICL1 conformation is similar in the solved structures of GPCRs,
but the ICL2 conformation significantly varies, although the specific function of this region
is highly conserved. The ICL3 conformational change is only known for opsins, and the
observed structure is non-physiological due to mutations introduced to crystallize other
GPCRs [16-22].
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The mechanisms of structural coupling between the ICD and TMD vary among GPCRs and
actually do not involve a conserved network. An “ionic lock” is formed between the
conserved D/ERY sequence motif and TM4, which accounts for coupling ICD and TMD in
the inactive conformation of rhodopsin and dopamine receptor [14]. The “ionic lock” breaks
upon light-activation of rhodopsin, allowing G protein binding to the ICD. Other GPCR
structures lack an “ionic-lock”; instead the DRY motif restrains the conformation of ICL2.
In the histamine H1 receptor, the Arg residue in the DRY motif makes a hydrogen bond
instead of an ion-pair with TM6 [22]. As seen in the B2AR-Gs complex [24], initial
interaction of G-protein with the cytoplasmic loops initiates conformational changes in the
ICD, which subsequently influences conformation of the TMD so that the agonist pocket is
apt to nestle the agonists. Thus, reciprocal coupling between TMD and ICD conformation is
clear. By contrast, the coupling of agonist-induced activation and the conformation of ECD
is not systematically analyzed and the structural determinants for possible coupling are not
delineated.

Extracellular domain conformation coupled to activation of GPCRs

Overall, the conformation of ECD in GPCRs is markedly different (Figure 1), largely
dictated by ECL2 and its interactions with the bound ligands in each receptor [4,14,16-22].
The ECL2 in bovine rhodopsin adopts a -hairpin structure that folds into the ligand binding
pocket and extensively interacts with retinal as a “lid” [16]. Activation-induced
displacement of this “lid” from the retinal-binding pocket is coupled to TMD through the
Cys110-Cys!87 pond linking ECL2 to TM3 [30]. An equivalent of this S-S bond is a highly
conserved feature in GPCR superfamily, which ensures structural coupling between the
ECD and TMD [13]. In GPCRs lacking this S-S bond, other bonding interactions may
mediate domain coupling. The order of TM helical motion coupled to ECL2 may differ
during the activation of different GPCRs [31].

Does the ECD conformation change in GPCRs that respond to diffusible ligands? A “lid”
similar to that formed by ECL2 of rhodopsin is absent in other GPCR structures, but the
highly variable conformations of ECL2 appear to contribute to ligand specificity in all
GPCR structures except the histamine H1 receptor [22]. The ECD in these GPCRs often
harbor disulfide bonds in addition to the highly conserved S-S bond, which may stabilize an
ECL, or link the N-terminal tail (or LND) and ECLs. Disulfide links between TM-helices
and cytoplasmic loops are generally absent in GPCRs. The frequent occurrence of disulfides
in the ECD, perhaps, confers a high degree of coupling between the ECD and TMD as well
as the ECD and LND.

Drugs displaying different efficacies that bind within the TMD of B2AR stabilize distinct
conformations of the ECD in nuclear magnetic resonance (NMR) studies, which illustrates
conformational coupling between the ECD and the orthosteric ligand binding site [32]. The
ECL2 in the angiotensin Il type 1 receptor (AT1R) adopts a ligand-specific “lid”
conformation and that also slows down the dissociation of bound ligands [33]. Bound
agonists and antagonists induce distinct conformations around the conserved disulfide bond,
suggesting that the S-S bond coupling the ECD to the TMD plays a role in producing
different functional states of the AT1R [13,33]. Ligand-induced conformational changes in
the ECL2 have been documented in several GPCRs, including the D2 dopamine receptor
and C5A complement receptor [34,35]. The ligand-induced conformational changes
observed in these studies suggest that ECL2 is a crucial regulator and that the motion of
ECL2 is generally coupled to GPCR activation (Table 1). New and unanticipated roles of
ECL regions, including (i) forming the ECD, (ii) binding ligands or allosteric modulators,
(iii) switching agonist/antagonist properties and (iv) receptor activation have been
documented (Figure 2) [13,15,36-42).
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In GPCRs with LNDs, the peptide ligand mediates interaction between the LND and ECD,
which is crucial for activation of receptor functions (Box 1). The LND regions alone can
bind the hormone in these receptors; however, the signal transduction depends on different
ECLs, especially ECL2 and ECL3 [13]. Several intermediate conformational changes are
essential to activate the TMD and ICD for biological function upon binding of the ligand to
ECD in the metabotropic glutamate receptor (mGIuR). These steps may be common for
GPCRs with LNDs (Figure 2). In the secretin family of GPCRs for hormones, such as
glucagon, parathyroid hormone, and vasoactive intestinal peptide, residues in ECLs are
essential for receptor activation, although the ligands bind primarily to their LND [13]. In
the protease-activated receptors, the attached ligand is activated by proteolysis and binds to
the ECLSs to initiate the physiological signal [36]. The interaction of ligand-bound ECLs
with the TMD is crucial for the activation of the glutamate receptor family [13]. The ligand-
induced activation of the other two GPCR families, adhesion and frizzled receptors, has
been shown to be impaired by the mutations in ECLs. These observations suggest a
conserved role for the ECD throughout the GPCR superfamily [13,15].

Non-classical GPCR activation

There is increasing evidence for modulation of GPCR functions through interaction with
non-classical binding partners [44,45], an important mode of in vivo regulation beyond the
classical action mediated by pharmacological modulators. Non-classical factors include
extrinsic perturbations (the interaction with agonist, antagonist, autoantibodies, cholesterol,
lipids, other GPCRs or transmembrane receptors and G proteins, etc.) and factors intrinsic to
the receptor (naturally occurring and experimental modifications such as gain or loss of
function mutations, disruption of disulfide bonds or salt-bridges, chemical modification of a
residue e.g. phosphorylation).

As portrayed in Figure 3, the binding of non-classical factors to any domain can modulate
agonist-mediated activation and sometimes cause agonist-independent activation of a
GPCR. Autoantibodies targeting specific GPCRs that harbor agonist-like activity are found
in patients with chronic disorders of various etiologies. Agonistic antibodies directed against
the thyrotropin (TSH) receptor in Graves’ disease; pLAR and B2AR in Chagas disease,
idiopathic-, ischemic-, and dilated-cardiomyopathies; a1-AR and B2 bradykinin receptor in
malignant hypertension; and the muscarinic M1 and M2 receptors in schizophrenia cause
hyperactivation of the receptors [15,46,47]. Activating antibodies against ECL2 of the
ATIR cause preeclampsia, malignant hypertension, rejection of kidney transplantation, and
vascular injury [47,48]. An agonistic antibody alone is sufficient to cause disease.
Antibodies purified from plasma of pregnant women directly bind to exposed epitopes in the
ECL2 of AT1R [33]. When bound to AT1R, these antibodies activate the signaling cascade
in vitro and cause preeclampsia in pregnant mice. Additionally, the antibodies increase
angiotensin 11 sensitivity observed in preeclampsia. These effects of the antibodies can be
inhibited by losartan, a AT1R-selective antagonist. Likewise, the anti-p1-ECL2 antibody
causes signaling in vitro and heart-failure, ventricular arrhythmias, and sudden cardiac death
in vivo. The antibody-induced activation represents an intriguing example of a common
form of activation seen in many GPCRs initiated at the ECL2 [47].

Activating mutations found in the ECD of several GPCRs emphasize its participation in
GPCR activation [36,46]. The BAR chimera containing the ECL2 of a1AR is constitutively
active [38]. Mutations of ECL2 in thyrotropin (TSH) [37] complement C5A [35], and
thrombin receptors [36] cause constitutive activity. In the mGIuR, the frizzled, and the
secretin receptor families, mutations of the LND result in constitutive activity. Gain-of-
function mutations in any domain of GPCRs can cause human diseases. The activating
mutations in ECD of the glycoprotein hormone, luteinizing hormone, follicle-stimulating
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hormone, and thyrotropin result in endocrine disorders in humans [15,37,46,49]. These
mutated residues in ECD alter the local structure and overall dynamics of the receptors in
the absence of the ligand.

Treatment with dithiothreitol () alters the affinity of GPCRs for their ligands and activates
some GPCRs while it inactivates others, presumably by reducing the conserved disulfide
bond. DTT causes functional activation of purified GPCRs, such as f2AR, B1AR, o1AR,
5HTR, and muscarinic receptor, even in the absence of agonists. The DT T-induced
activation and high agonist-affinity state of 2AR is conferred by the intra-loop Cys184-
Cys19 disulfide bond, whereas reduction of the conserved Cys'96-Cys!91 bond by DTT
inactivates B2AR [13,17,18]. Reduction of an equivalent disulfide bond has a similar effect
in most GPCRs. Bovine rhodopsin mutants, which lack this conserved disulfide bond, are
functionally unstable when activated [13]. The disulfide bond is crucial for folding and
stability of the native structure in most GPCRs which are inactivated by DTT [13].
However, the disulfide bond in other GPCRs could be protected from inactivation or could
be inactivated at a higher concentration of DTT. On the other hand, DTT treatment could
mimic agonist-mediated disulfide bond reduction in some GPCRs, therefore, could be
involved in receptor activation.

Other examples of non-classical activation include a high G protein to receptor ratio in cells,
as well as changes in the fluid membrane environment. Both promote transitional changes in
the receptor structure. Recently, nanobody-mediated activation of p2-AR initiated in the
ICD was reported [26]. Many GPCRs have been previously shown to homo- and hetero-
dimerize, constitutively and/or upon ligand binding. Although the functional importance of
dimerization is unclear, considerable data suggest that it has important in vivo
pharmacological effects [50,51]. The specific nature of the interactions within the cell
membrane may facilitate the ability of a GPCR to heterodimerize with other subtypes, as
well as GPCRs outside of the family (Figure 3). Dimerization-induced conformational
change could explain the cooperative binding of ligands and G proteins, as well as the
effects of allosteric modulators. Specifically, binding of a ligand to one receptor could
induce a structural change in the TMD of the second receptor, which could modify the G
protein-binding affinity to the second receptor. Negative or positive cooperativity could
result from dimerization, an observation that may have implications for drug efficacy.
Therefore, non-classical activation may be quite common in nature, supporting the
conclusion that the initial trigger for activating conformational change in GPCRs can occur
in any domain [44].

Coupling between GPCR domains

In multi-domain allosteric proteins, individual domains are usually found in
thermodynamically driven intrinsically disordered states. Accordingly, the conformational
fluctuations of the canonical structure form the basis of the intrinsic disorder states of
domains in a GPCR. The intrinsic disorder of a domain decreases when the domain engages
a classical or non-classical ligand (e.g. agonist or autoantibody), leading to a decrease of
intrinsic disorder in a coupled domain and allowing subsequent binding of the ligand that is
specific for the coupled domain (e.g. G protein). Thus, the inherent intrinsic disorder of the
GPCR domains allows function only when a ligand binding to one domain can influence
further the binding of cognate ligands to the coupled domains. Inherent intrinsic disorder of
individual domains in these transmembrane signaling proteins will allow mutual
communication between domains, which is crucial for coordinated operation of the domains
and the regulatory capacity of a GPCR. This contrasts with the classical view that efficient
coupling between the binding sites for the orthosteric ligand and the G-protein would require
a family-wide conserved structural arrangement linking the two sites. The observation that
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functionally analogous domains in different GPCRs bind G-protein or agonist with very
little sequence conservation supports this idea. The regulatory concept based in the intrinsic
disorder-to-order transition would be robust and effective in vivo.

GPCRs can be represented as a group of 3 or 4 interacting domains (Figure 4). The simplest
GPCR would be one with ECD-TMD-ICD domain organization, as seen in the rhodopsin
family. This arrangement can change in other families, as LND-ECD-TMD-ICD and ECD-
TMD-ICD-LCD. The state of intrinsic disorder in each domain is governed independently,
resulting in possible virtual states (shown as, R, R’1, R’2, and R*), representing
combinations of disordered/ordered states of domains (Figure 4). Agonist or autoantibody
binding to a domain initiates ID-to-order transition. Coupling allows each domain to “sense”
the transition in the neighboring domain directly because of the physical interaction between
them. For instance, with a covalent S-S bond and complementary hydrophobic surfaces, it
would be energetically more favorable for ECD to interact with the TMD upon ligand
binding. In principle, the extent of coupling between domains would change after a
perturbation applied to any domain (Figure 3).

The schematic in Figure 4 illustrates that each domain can productively bind a selective
ligand utilizing the intrinsic disorder of the domain. R’! binds extracellular ligand (L), R’2
binds intracellular ligand (G), R* binds both L and G and R binds neither L nor G. Domains
can be coupled either positively (left to right, activation) or negatively (right to left,
inhibition). The assumption in this model is that the ECD and ICD are intrinsically most
disordered, and the TMD is partially disordered at any time. ECD-TMD (S-S bond and
ECL2) and ICD-TMD (ionic lock and other interactions) are positively coupled; therefore
the energy of breaking the interaction between them will be unfavorable. As a result,
stabilizing the ECD will have the effect of also stabilizing the TMD (or binding in TMD)
and so on.

The classic view is that two sites are coupled through a conserved network of interactions
that directly connect the sites. Paradoxically, in GPCRs, an inverse relationship between G-
protein coupling and the stability of the native receptor is observed. Inverse agonists
increase stability at the expense of coupling to G proteins. This relationship provides insight
into the rules governing domain coupling in GPCRs: (i) coupling is maximized when the
domains are intrinsically disordered for a significant fraction of the time, in the absence of a
ligand; and (ii) introducing additional domains (e.g. LND) is not expected to affect the
responsiveness of a GPCR.

The observation that a disproportionately higher amount of diversity is present in the ECD
indicates that in the evolution of coupling between GPCR domains, nature uses an
ensemble-mediated mechanism for their regulatory role. The interactions between the
different domains in the GPCR produce an ensemble of states that is “optimally poised” to
respond to classical as well as non-classical ligands. Upon binding a ligand, the ensemble is
redistributed to elicit a specific function. The proposed mechanism depends only on the
ensemble interactions of the domains and not on the specific structural details. The current
model provides significant insight into how a GPCR can transmit signals through interaction
with many different types of ligands (Figure 3).

Concluding remarks

Recently there has been remarkable progress in GPCR structural biology with elucidation of
three dimensional structures of several GPCRs in both active and inactive states. These
studies not only provide information about the ligand-dependent receptor activation
mechanisms, but they also allow us develop ideas about the dynamic nature of these
proteins. Here we reviewed recent studies that provide evidence for a variable mode of
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ligand binding accompanied with variable position of TM helices and hydrogen bonding
networks even within a receptor family. The intrinsically flexible ECD and ICD are
functionally coupled; the coupling is mediated by the TMD. This arrangement facilitates
coordinated domain functions. When a domain engages a ligand, a decrease in intrinsic
disorder of the domain cooperatively influences the conformation of the neighboring
domain. Negative and positive cooperativity between domains, respectively can account for
antagonism and agonism. This model may explain the full complexity of both ligand-
dependent and ligand-independent GPCR activation. Information provided by future
structures from different families of GPCRs will provide a more complete picture that
should be valuable in drug discovery.
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Box1
Domains of GPCRs

The intracellular, the transmembrane and the extracellular domains of GPCRs are
conventionally referred to as units of function. Each of these domains consists of
discontinuous part of the polypeptide chain of a GPCR. However, Gaussian Network
Model (GNM) and the Floppy Inclusions in Rigid Substructure Topography (FIRST)
(http://firstweb.asu.edu) analysis of solved GPCR structures suggest that there are three
clusters of structural stability. Three stable parts of the structure corresponds to the
cytoplasmic and the extracellular domains separated by the transmembrane bundle [10].
As detailed below, these regions of GPCRs also harbor the ability to fold into stable
functional domains in experimental systems.

Trans-membrane domain (TMD): The 25-35 amino acid long hydrophobic segments,
thermodynamically driven to form independently stable alpha-helices in the lipid
environment and then to make helix-helix contacts resulting in the transmembrane
domain structure. The TMD of bacteriorhodopsin can be refolded in vitro from
fragments. However, in contrast to bacteriorhodopsin, only a subset helix fragments of
mammalian GPCRs associate in vivo [52]. Mutations in the TM helices severely affect
alignment of helices and disrupt formation of the TM helical bundle.

Extra-cellular domain (ECD): The largest cluster of stability in GPCRs corresponds to
interactions of the extracellular loops including the cysteine residues that form the crucial
disulfide bond. Point mutations and deletions not only in the transmembrane helices but
also in the extracellular loops of GPCRs result in misfolding via disruption of a disulfide
bond that is highly conserved throughout the GPCR family. The three dimensional
structure of all GPCRs solved until now confirm this disulfide bond located at the
interface between the TM and the ECD. These findings suggest that the ECD and TMD
are tightly coupled structurally [10,13].

Intra-cellular domain (ICD): Two additional clusters of structural stability in GPCRs are
present at the cytoplasmic end of the transmembrane domain. One of these clusters
contains the D/E R Y motif, which is conserved and is important for the interaction with
the G protein. The cytoplasmic domain of rhodopsin has been reconstructed in proof of
concept studies [53,54] which demonstrated that reconstructed cytoplasmic domain of
bovine opsin is functional. Biochemical studies show that the reconstructed domain
effectively mimics the activated rhodopsin in stimulating G-protein, in the
phosphorylation by rhodopsin kinase, and arrestin binding. These results suggest that
inter helical segments of the cytoplasmic surface of rhodopsin can adopt functionally
discrete conformation in the absence of the transmembrane helices.

Long C-terminal domain (LCD): The functional autonomy of LCD is less clear.
However, the LCD when present in a GPCR is now recognized as the main domain for
the regulation of interactions with cytosolic proteins involved in a wide range of
functions including targeting, trafficking and signaling of GPCRs in specialized cells.
Splice variants of GPCRs generally differ in their intracellular domains in particular
forming LCD that provide additional regulation in 5-Hydroxytryptamine 4 (5-HT4)
receptor in mouse, rat, and human brain tissue [55]. With new unique C-terminal
sequence and only expressed in brain tissue, these receptors are less prone to constitutive
activation and recycling than the splice variants with shorter C-terminal tails. Similarly,
the formation of a whole functional glutamate “receptosome” and its association with the
dendritic cell cytoskeleton is a G-protein independent function of the LCD [55].
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Long N-terminal domain (LND): A large number of non-rhodopsin family of GPCRs is
defined by their relatively large and unique >100 residue long N-terminal domain (LND)
that contain multiple disulfide bonds. These GPCRs utilize their ECD to recognize
polypeptide hormones of about 30-40 amino acids, which include parathyroid hormone,
glucagon-like peptide, calcitonin, and the calcitonin gene-related peptide. Recombinant
functional LNDs have been produced and high-resolution structures have been obtained
with bound ligand [56]. The canonical LND has two central antiparallel beta sheets and
an N-terminal alpha helix interconnected by several loops and stabilized by disulfide
bonds. The C-terminal portion of the peptide-ligand is recognized by the LND, while the
N-terminal portion of the peptide interacts distinctly with the ECD and TMD of the
receptor. Thus, LND is structurally independent of the ECD.
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Box 2
GPCR repertoire through evolution

A bona fide GPCR is not found in prokaryotes. However, prokaryote genomes encode
7TMD proteins, such as the light-sensitive proteo-, halo-, and bacterio-rhodopsins that
are involved in non-photosynthetic energy harvesting [6,57). Their abundance is less than
5 per species, and the 7TM protein-fold did not evolve into GPCRs in prokaryotes. All
eukaryotes contain GPCRs, indicating that these proteins are of ancient origin [7,8,58].
The malaria parasite P. falciparum without GPCRs seems to be the exception [1].
Viruses such as human cytomegalovirus, herpes viruses, Epstein-Barr virus, and poxvirus
encode GPCRs that are homologous to human chemokine receptors. This suggests that
virus-host adaptation involved a GPCR repertoire to either “counteract” or “exploit” the
host defense mechanisms [59]. In plants, the mildew resistance O (MLO) family of
GPCRs provides resistance to leaf cell death and broad-spectrum disease caused by
pathogenic, powdery mildew fungus [58,60].

A striking feature of metazoan evolution is the transformation of the 7TM protein-fold
into GPCRs, and the origin of #15 GPCR families [1]. Primordial GPCRs essential for
basic functions such as sensing cAMP, ions, amino acids, nucleotides, pheromones, and
cell-adhesion are common among invertebrates. A strong expansion in the diversity and
abundance of GPCRs accompanied vertebrate evolution. For example, more than 500
GPCRs per mammalian species form five distinct high-functioning GPCR families [1].
The number of GPCRs in these families differs in classes of species. There is a strong
correlation between the repertoire of GPCRs and the complexity of the organism. It can
therefore be inferred that a larger GPCR repertoire enables the organism to extract more
information from its environment, allowing for a more complex homeostatic regulation.
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H1R Rho B1AR A2AR CXCR4

Figure 1. Variable position of the ligand binding pocket as seen in crystal structures of GPCRs
Structures of histamine H1 receptor (PDB: 3RZE), bovine rhodopsin (PDB: 1U19), B1AR
(PDB: 2V T4), adenosine A2A receptor, (PDB: 3EML), and CXCR4 (PDB: 30DU) are
depicted. The ligand is shown in red and the ECL2 is shown in green. Overall molecular
architecture of these GPCRs is similar. The intracellular half of TMD structure is more
conserved than the extracellular half. The extracellular loops can adopt very different
structural forms. The ligand pocket is located ~5A deeper in the histamine H1 receptor than
in rhodopsin and B1AR structures. The antagonist orientation is in the plane of the
membrane in H1R, rhodopsin and B1AR, but perpendicular to the plane of the membrane
and collinear with TM7 in the A2A adenosine receptor while interacting with ECL2 and
ECL3. The binding cavity for the small-molecules and the peptide ligands is located closer
to ECD in the CXCR4.
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Figure 2. Experimentally determined roles of extracellular loops in different GPCRs

The GPCR secondary structures with the highly conserved disulfide bond between TM3 and
ECL2 are indicated. The ECL regions with indicated functions are circled in red.
Abbreviations are: CRF; corticotropin-releasing factor, mGIuR; metabotropic glutamate
receptor, GABA; gamma-aminobutyric acid, GhRH; gonadotropin-releasing hormone, FSH;
follicle stimulating hormone, PTH; parathyroid hormone, LH; luteinizing hormone, VIP;

vasoactive intestinal peptide.
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Figure 3. Non-classical interactions that modulate the function of AT1R

Extent of functional coupling between domains can change from perturbation of any domain
of the AT1R. In AT1R, extrinsic and intrinsic perturbations are observed at three distinct
domains: (i) at the ECD where autoantibodies can directly activate AT1R or allosterically
facilitate or inhibit activation by Angll; (ii) at the TMD where intrinsic disorder of TM
helices can be reduced to facilitate activation by Angll; (iii) at the ICD where canonical
GPCR-associated protein complexes can allosterically modulate activation by Angll Angll.
The factors affecting specific domains; extracellular domain (blue), TM domain (green), or
intracellular domain (red) and modulate AT1R activity are shown. Bound angiotensin 11 is
shown in magenta. The abbreviations are: AT2R; angiotensin Il type 2 receptor, B2;
bradykinin receptor, EGFR; epidermal growth factor receptor, ATRAP; angiotensin Il type 1
receptor-associated protein, ARAP1; angiotensin Il type 1 receptor-associated protein 1,
PLCy; phospholipase vy, JAK2; Janus kinase, CaM; calmodulin.
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Figure 4. Dynamic coupling of GPCR domain conformation

(a) The schematic transition intermediates between inactive and active states of a three
domain GPCR. Independent conformational changes in the ECD, TMD and ICD are shown,
in which each state differs by only one conformational change in a specific domain. Each
step indicates a reversible transition of the intrinsic disorder within a specific domain. Each
transition triggers a similar change of intrinsic disorder in the coupled domain, ultimately
leading to the fully activated conformation of the receptor. Native or non classical ligands
including agonists and antagonists (yellow) and other interacting proteins including G-
protein (red) are indicated. When the ligand (L) encounters the ECD (or TMD in some
GPCRs), a binding site apt for that L is induced. Similarly when a G-protein (G) encounters
ICD, a binding site for that G is induced in the ICD. Initial encounter of the L or G, is
followed by induced change of intrinsic disorder, such that the affinity of the L and the G
respectively to the ordered conformation of ECD and the ICD is greater than the affinity of
the L or the G for the disordered conformation. The kinetic scheme is such that each domain
can productively bind its cognate ligand utilizing intrinsic disorder of the domain. Thus,
state R’1 can only bind L, state R’2 can only bind G, state R* can bind both L and G, and
state R can bind neither the L nor the G. Intrinsic disorder is higher in constitutively active
mutant GPCRs, which increases the probability of the R* state in these mutant GPCRs. The
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model suggests that two neighboring domains can be either positively (left to right) or
negatively coupled (right to left). In the case of positive coupling, upon adding the L, the
ordered state of the ECD (or TMD in some receptors) will be preferentially stabilized. The
ECD and TMD are positively coupled (S-S bond and ECL2), therefore the energy of
breaking the interaction between them will be unfavorable. As a result, stabilizing the
binding site within the ECD will have the effect of also stabilizing the TMD (or binding an
allosteric modulator in TMD) and so on. The degree of response to a given amount of L
represents extent of coupling, which is a measure of the sensitivity of coupled domains and a
quantifiable metric of allosteric coupling potential. (b) Autoantibody mediated transition to
active state and mechanism by which antagonist, such as losartan, reverse activation. (c)
Ligand induced activation in receptors with LND (Long N-terminal domain). In this
representation, a portion of the ligand is recognized by the LND, while the other portion of
the ligand is shown to interact with the ECD of the receptor.
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