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Abstract

G protein-coupled receptors (GPCRs) play critical roles in cellular signal transduction and are
important targets for therapeutics. Although these receptors have been intensely studied for quite
some time, our understanding about their mechanism of action is still incomplete. GPCR activity
has traditionally been viewed within the context of two-state models where the receptor is in
equilibrium between a single inactive state and a single active state. This framework is too simple
and restrictive to accommodate more recent observations made on these receptors, which instead
point to a situation where the receptor can adopt several different active conformational substates
with distinct functional effects. Structural and functional evidence for this emerging view is
presented in this review. Implications of this emerging view in rationalizing diseased states and in
drug discovery are also discussed.
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INTRODUCTION

Membrane proteins serve an important role in biology by transmitting information between
the external environment and the inside of the cell. Membrane proteins form the largest class
of therapeutic targets and therefore represent the largest portion of the “druggable genome”
[1]. The largest family of membrane proteins, and also one of the largest groups of
therapeutic targets, is the G protein-coupled receptor (GPCR) superfamily [1-3]. Despite the
central role that GPCRs play in biology and drug discovery, our understanding about their
mechanism of action is still incomplete.

GPCRs span biological membranes via seven transmembrane alpha helices. In the classical
view of GPCR signaling, agonist binding, or a photon of light in the case of the visual
pigment rhodopsin, activates the receptor to initiate the signaling cascade. The activated
receptor can then promote the activation of a heterotrimeric G protein coupled at the
intracellular surface, which then goes on to regulate downstream effectors to generate the
cellular response. Signaling is terminated by a competing set of events that deactivate the
receptor. These events include phosphorylation of the receptor by GPCR kinase (GRK),
binding of arrestin to the cytoplasmic surface of the receptor, and, in most systems,
internalization of the receptor. The current view of GPCR signaling has become
considerably more complex than that of the classical view [4]. Contributing to this

© 2012 Bentham Science Publishers

"Address correspondence to this author at the Department of Ophthalmology and Visual Sciences, Case Western Reserve University,
Cleveland, OH 44106, USA; Tel: 216-368-2533; Fax: 216-368-3171; paul.park@case.edu .



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Park

Page 2

complexity are issues directly related to the activation mechanism of the receptor. In this
review, an overview will be provided for an emerging view that updates the classical view
of GPCR activation; namely, the notion that GPCRs function via multiple active
conformational substates rather than a single active state.

TWO-STATE MODEL OF GPCR ACTIVITY

Efforts to gain mechanistic insight about GPCR activity began even before the molecular
identity of these receptors was known through the formulation of mathematical models
describing dose-response relationships [5-7]. Common among these early models was the
idea that the receptor must bind and form a complex with the agonist to generate a cellular
response (Figs. 1A and 1B) [8-10]. Besides this idea, these types of schemes provided no
mechanistic details about events occurring at the level of the receptor; that is, the models are
ambiguous as to what the agonist is doing to the receptor molecule to generate the cellular
response.

The availability of radioligands and molecular biology would provide access to additional
insights resulting in updates to these earlier models. The complex patterns observed in
ligand binding curves obtained at graded concentrations of agonist and the sensitivity of
those patterns to guanyl nucleotides led to the formulation of the ternary complex model
(Fig. 1C) [11]. This model accommodated the allosteric effect of G proteins on the receptor
and pointed to an agonist-promoted complexing of the receptor to the G protein required for
the generation of the cellular response. Even with the inclusion of effects of the G protein,
the ternary complex model was still ambiguous as to what is occurring at the level of the
receptor. The emergence of the notion of constitutive activity and inverse agonism would
result in a more explicit description of the action of agonists on the receptor in the form of
two-state models (Fig. 1D) [12-16]. This description included the idea that the receptor
exists in two states, an inactive state (R) and an active state (R*), that are intrinsic properties
of the receptor [17]. The general two-state model was first considered in pharmacology to
describe the open and closed states of ligand-gated ion channels [18]. This general two-state
model was combined with the ternary complex model to include effects of the G protein,
which resulted in the extended ternary complex model and the cubic ternary complex model
(Fig. 1E) [13, 16]. These latter models are the most updated mechanistic schemes that are
commonly used to rationalize the activity of GPCRs.

Common in these updated two-state model descriptions of GPCR activity is the notion that
ligands act by shifting the equilibrium between R and R* and that the activated R* state
leads to the cellular response by coupling to the G protein. Ligands binding at the orthosteric
binding site have traditionally been classified as agonists, partial agonists, inverse agonists,
and antagonists [19, 20]. Within the context of two-state models, inverse agonists shift the
equilibrium in favor of the R state while agonists shift the equilibrium in favor of the R*
state. The efficacy of the agonist is determined by how effectively it can shift the
equilibrium towards the R* state. Antagonists are neutral and do not shift the equilibrium in
either direction.

The two-state models of GPCR activity led to the expectation that conformational changes
serve as an “on-off” switch allowing the receptor to switch between an inactive state and an
active state. As biochemical and biophysical approaches emerged allowing for indirect
structural insights about GPCRs, such as spin labeling, fluorescence quenching, sulfhydryl
reactivity, and disulfide cross-linking methods, information about these expected
conformational changes began to surface [21-24]. These earlier structural studies predicted
an activation mechanism occurring via conformational changes within the transmembrane
region of the receptor that include rigid body movements and rotation of transmembrane
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helices. Most recently, some of the challenges preventing the generation of crystal structures
have begun to be overcome allowing for the determination of high-resolution structures for
several GPCRs [25]. Some of the crystal structures of the activated state of GPCRs that are
beginning to emerge display some of the predicted conformational changes expected from
previous indirect biochemical and biophysical studies [26].

Within the context of two-state models, the activity of the receptor is defined by the
equilibrium between R and R*. Thus, the level of receptor accumulated in either the inactive
or active state will dictate the various facets of GPCR activity such as efficacy and
differential modulation of signaling pathways. It is becoming apparent that this simple
model is too restrictive to fully describe the increasing complexity observed for GPCR
activity. Emerging evidence is pointing to a more complex scenario for receptor activation
that includes multiple active conformational substates rather than a single active state as
predicted in traditional two-state models.

MULTIPLE ACTIVE CONFORMATIONAL SUBSTATES

Energy landscapes have previously been suggested as a useful tool to understand GPCR
activation [27, 28]. A similar approach is used here to describe the idea of conformational
substates, which allows a better discussion of how the dynamic nature of GPCRs contributes
to activation. The hierarchical classification of conformational substates has been adopted
from a description of myoglobin function [29], and similar terminology and conventions are
used here. Fig. (2A) depicts an idealized energy landscape with smooth hills and valleys that
are consistent with two-state models. Each valley represents a minima corresponding to R
and R* states of the receptor. The positions and the shape of these valleys can be modulated
by factors affecting receptor function such as ligands, G protein, mutation, or other
environmental perturbations. This energy landscape depiction, however, is too simplistic and
the energy landscape that more closely describes GPCR function will be more complex. The
bottom of each valley likely is not smooth but rather rugged (Fig. 2B), because of the
presence of multiple conformational substates. The conformational substates can be
separated into multiple tiers. Only the first two tiers are discussed here, however, more tiers
may exist as has been suggested in the case of myoglobin [29].

Conformational substates in tier O represent discrete structures. Thus, the mean structure of
each substate in this tier will be different from others and therefore each mean structure can
represent a distinct class. Substates with similar minima, and therefore isoenergetic, may be
equally populated while those with higher minima are less populated. Perturbations, such as
mutations or ligand binding, may reshape each minima causing one substate to be favored
over others (Fig. 2C). Tier 0 conformational substates will be detectable in different crystal
structures that are obtained at different experimental conditions that preferentially favors one
of the substates over the others.

In contrast to tier 0 conformational substates, substates in tier 1 cannot be individually
classified and require a statistical approach to be studied [29]. The substates in this tier
represent those arising from thermal fluctuations, which alter the position of atoms around
their position in the mean structures of tier 0 substates. The conformational substates in tier
1 have not been considered as much as those in tier 0. However, their occurrence is readily
observable in NMR and molecular dynamics simulations and they play an important role in
the function of proteins [30-33].

Several lines of investigation from both structural and functional perspectives point to a
scenario where GPCRs form multiple active conformational substates. In the next section,
evidence for active conformational substates of GPCRs in each of the two tiers will be
overviewed. The two-dimensional energy landscapes used in the present discussion provide

Curr Med Chem. Author manuscript; available in PMC 2012 March 25.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Park

Page 4

a good starting point to define the concept of conformational substates and will be useful to
advance our understanding of receptor activation. However, in reality, energy landscapes
describing GPCR function are three dimensional and will be even more complex (e.qg, [34]).
The trajectory leading to the bottom of each well likely is not smooth but instead rugged,
resulting in inactive intermediates forming sequentially prior to achieving the active
conformational substates (e.g., [27]). Moreover, GPCRs can exist as oligomers and form
complexes with other signaling molecules [35, 36], which can provide an additional layer of
complexity to energy landscapes describing GPCR activation. Insights into the energy
landscape describing GPCR activation and the remodelling of the energy landscape upon
ligand binding are beginning to emerge from computational studies [37, 38]. The focus of
the discussion here is on the conformational substates of the active state of the receptor,
however, conformational substates of the inactive state also likely are present as well.

EVIDENCE FOR ACTIVE CONFORMATIONAL SUBSTATES OF GPCRS

Functional Selectivity

The repertoire of signaling activities by GPCRs is considerably more complex than
envisioned in the early periods of research that led to the formulation of classical models
(Fig. 1). GPCR signaling can no longer be viewed as a single pathway consisting of a linear
sequence of events. A single GPCR can affect several different biochemical pathways
through different mechanisms. In classical view of GPCR signaling, each receptor couples
to and signals via a single class of heterotrimeric G proteins to promote a specific cellular
response [39]. Heterotrimeric G proteins can be broadly categorized into four major classes
based on the identity of the  subunit: Gg, Gjjo, Gg11, and G12/13 [40]. It is now clear that G
proteins exhibit some promiscuity and a single GPCR can couple to and signal via G
proteins from multiple classes [41], which results in the propagation of signals through
multiple bioch emical pathways to achieve different cellular responses.

Also in the classical view, GPCRs signal exclusively via heterotrimeric G proteins to
generate the cellular response. It is now apparent that G protein-independent signaling can
occur within a cell via arrestin molecules to increase the diversity of cellular responses a
single GPCR can generate. Arrestins in the classical view serve as proteins that bind
phosphorylated GPCRs deactivate and, in most instances, internalize the receptor [42, 43].
The role arrestins play in the cell has now expanded to also include signaling functions.
GPCRs can signal independently of G proteins via arrestins to mitogen-activated protein
(MAP) kinases, which can regulate chemotaxis, apoptosis, cancer metastasis, and protein
translation [44, 45]. Because of the capability of receptors to signal independently of the G
protein, GPCRs are now sometimes referred to as seven-transmembrane receptors [46].

How do GPCRs navigate through this complexity to achieve specific and robust signaling?
This complexity can partially be simplified in cells by excluding signaling molecules from
interacting with GPCRs either at the level of protein synthesis or by restricting access
through the formation of microdomains in the membrane such as caveolae or lipid rafts [47,
48]. Even with exclusion mechanisms in place, access to multiple signaling proteins in any
given environment is still likely present and therefore GPCRs will still face choices of which
signaling proteins to partner with in a particular cell or microdomain.

The classic two-state framework, where the receptor can adopt only a single active state, is
restrictive in how GPCRs can achieve a diverse array of signaling properties within a single
cell. This diversity can only be achieved by the strength of the signal promoted by agonists
[49], which is dependent on how many receptors achieve the active state. Thus, the decision
of which G protein to couple to or whether to signal via arrestin must be a direct result of the
number of receptors present in the active state (Fig. 3A). The strength of the signal may
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account for some of the diversity observed in the signals generated by GPCRs [49].
However, observations from several functional studies cannot be accommodated within a
two-state framework, but instead point to multiple active conformational substates that
selectively couple the receptor to different biochemical pathways (Fig. 3B) (reviewed in
[50-56]).

One of the first observations from functional assays that indicated GPCRs select between
different biochemical pathways by attaining specific conformational substates came from
studies on the type-1 pituitary adenyly cyclase-activating polypeptide (PACAP) receptor
[57]. Type-1 PACAP receptors can signal by coupling to the G4 class of G proteins to
activate adenylate cyclase and generate cyclic AMP or to the Gy/1; class of G proteins to
activate phospholipase C and generate inositol phosphate [40]. The relative potencies of the
agonists PACAP-27 and PACAP-38 are reversed depending on whether signaling is viewed
from the vantage point of cyclic AMP production or inositol phosphate production. This
reversal of potencies cannot be accounted for by either exclusion mechanisms or strength of
signals, but instead points to a situation where the different agonists promote distinct
conformational substates that differentially couple with and signal to the Gs and Gg/11 class
of G proteins [49].

The notion that different active conformational substates underlie the ability of GPCRs to
achieve a diverse array of signaling properties is often referred to as functional selectivity.
The concept of functional selectivity has been around for quite some time and is also
referred to by several alternate names including “stimulus (or agonist) trafficking,” “biased
agonism,” and “collateral efficacy” [49, 55]. Diversity within the context of functional
selectivity arises because ligands promote distinct conformational substates, which in turn
dictates the class of G protein to couple to or whether a G protein-independent pathway will
be chosen (Fig. 3B). The result of functional selectivity is that the pharmacological
properties of a ligand will depend upon the biochemical pathway that is being investigated.
Thus, the relative potencies and efficacies of a set of ligands will be different depending on
the biochemical pathway and the traditional classification of ligands may no longer hold true
in some instances since antagonists or inverse agonists for one biochemical pathway may
serve as an agonist for another pathway [20].

Biophysical Studies

Several biophysical studies on adrenergic receptors have provided structural evidence for
multiple active conformational substates [58-64]. Single-molecule fluorescence
spectroscopy of purified B, adrenergic receptor labeled with fluorescein revealed multiple
conformational substates in both the ligand-free and agonist bound forms [58]. These
substates were not observed by traditional fluorescence spectroscopy [65]. At least three
predominant active conformational substates were detected by these single-molecule studies,
which likely represent tier 0 conformational substates. Conformational substates detected in
the presence of agonist are absent or rarely populated in the ligand-free form of the receptor,
which likely occurs by a change in the shape of the energy landscape upon agonist binding
resulting in differently populated conformational substates.

Fluorescence lifetime studies on the same fluorescein-labeled purified B, adrenergic
receptors provided additional insights into conformational substates of the receptor [66].
Agonists displayed two major populations of lifetimes in contrast to only a single lifetime
detected for the ligand-free receptor. The position of the distribution of the shorter lifetimes
is different between full and partial agonists, thereby suggesting that full agonists stabilize
different tier 0 conformational substates compared to partial agonists. Moreover, the width
of the distribution of the shorter lifetimes was different between the two types of agonists,
which may reflect different numbers of tier 1 conformational substates for different agonists.
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These data are inconsistent with two-state models, where the effect of full agonists and
partial agonists is determined by their ability to shift the equilibrium between R and R*.
Rather, they support the notion that agonists stabilize discrete conformational substates and
that full agonists and partial agonists remodel the energy landscape differently to
preferentially stabilize different subsets of conformational substates.

Two kinetic components, a slow and fast phase, were detected when monitoring agonist-
promoted changes in fluorescence of tetramethylrhodamine-labeled purified p, adrenergic
receptors [59, 60]. The detection of the two kinetic components and their rate constants were
dependent on the efficacy of the agonist and the presence of a catecholamine group in the
agonist structure (Fig. 4). The kinetically distinguishable species were interpreted as
intermediate states that form sequentially [59], however, it is equally possible that they
represent distinct tier 0 conformational substates. Consistent with the previous examples,
these studies point to two or more distinct active conformational substates. At the structural
level, fluorescence spectroscopy has revealed that these conformational substates can differ
at two molecular switch regions that are important for receptor activation (Fig. 4) [62]. Mass
spectrometry has revealed additional structural differences between active conformational
substates of B, adrenergic receptors [64]. At the functional lev el, these conformational
substates can differentially affect functional properties such as G protein activation and
internalization mediated by GRK and arrestin [59], thereby providing structural correlates of
how functional selectivity can be achieved.

Similar observations were made in Forster resonance energy transfer (FRET) studies on the
Boa adrenergic receptor in HEK293 cells [61, 63]. The kinetics of the change in FRET,
which was used as a reporter of conformational changes, differed depending on the efficacy
of agonists tested. These kinetic differences are indicative of differential stabilization of tier
0 conformational substates. Similarly to conformational substates of 3, adrenergic receptors,
the conformational substates of By adrenergic receptors can affect function by altering the
speed of G protein activation [63].

These biophysical studies on the B, adrenergic receptor and B, adrenergic receptor
demonstrate that different agonists can promote distinct active conformational substates to
achieve functional selectivity. Studies on the 1 adrenergic receptor and 3 opioid receptor
extend these findings to demonstrate that distinct conformational substates of the receptor
can affect the interaction of the receptor with the G protein to achieve functional selectivity
[67, 68]. The functional selectivity displayed in the differential ability of isoproterenol,
bucindolol, and propranolol to activate the B, adrenergic receptor and engage G;-mediated
MAP kinase signaling was correlated with differences in coupling between the G protein
and receptor as assessed by bioluminescence resonance energy transfer (BRET) between
tagged forms of the two proteins [68]. It must be noted that isoproterenol, bucindolol,
propranol are traditionally classified as an agonist, partial agonist, and inverse angonist,
respectively, based on pharmacological effects on Gg-mediated adenylate cyclase signaling.
However, all three ligands can serve as agonists for the Gj-mediated MAP kinase signaling
pathway. BRET studies on the  opioid receptor suggest that functional selectivity may be
achieved not only by whether a conformational substate can couple to a particular G protein
or not, but also through the ability of conformational substates to promote a particular
conformation of the receptor-G protein complex [67].

Rhodopsin is assumed to be less plastic and dynamic compared to other GPCRs (e.g., [28]).
However, even with rhodopsin there appears to be multiple active conformational substates.
For rhodopsin, activation has been proposed to occur according to a two-state scheme where
the receptor shifts from the inactive dark state, maintained by the chromophore 11-cis
retinal, to the active MII state. Both species have a unique spectral fingerprint [69]. The
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spectrally distinct inactive intermediates that form sequentially preceding Ml state
formation are not considered here to simplify the discussion [70]. Several lines of evidence
are suggestive of multiple conformational active substates for rhodopsin. Several different
isochromic MII-like states have been distinguished kinetically under various experimental
conditions [71-74]. Some of these isochromic Mll-like states appear to form in a sequential
manner, such as Mll, and MIly,, while others appear to originate from the same inactive
species [72, 75]. Transducin peptide studies and partial agonist studies on rhodopsin indicate
that different active states can be conformationally distinct [76, 77], thereby supporting the
notion of tier 0 conformational substates. Lastly, NMR has revealed an ensemble of active
rhodopsin states, which may represent tier 1 conformational substates [78].

Crystal Structures

High-resolution structures for GPCRs have not been available until relatively recently. We
are now in a period where the emergence of crystal structures for GPCRs is appearing at an
increased rate. The first crystal structure of a GPCR appeared in the year 2000 for the
inactive dark-state of rhodopsin [79]. The next structure for a GPCR other than rhodopsin
would come 7 years later for that of the B, adrenergic receptor [80, 81]. There are now
crystal structures of the inactive state for several different GPCRs. Active state crystal
structures of GPCRs are now beginning to appear as well, thereby providing a structural
perspective of conformational changes occurring upon receptor activation. The first active
state structure for rhodopsin appeared in 2006 [82], and several other structures have
appeared subsequently [83-86]. Most recently, several active state crystal structures of
GPCRs other than rhodopsin have become available, including an active state crystal
structure of the B, adrenergic receptor in complex with a heterotrimeric G protein [87-92].

Efforts to understand GPCR activation at the structural level prior to the availability of
crystal structures led to the expectation of significant conformational changes occurring in
the transmembrane region in the form of rigid body movements and rotation of helices
[21-24]. Some of the predicted conformational changes are indeed present in some of the
crystal structures of the active state of GPCRs that are beginning to emerge. For instance,
some of the active state crystal structures of rhodopsin/opsin, B, adrenergic receptor, and
Ao adenosine receptor display tilting and rotation of the intracellular portion of
transmembrane helix VI, which was predicted to occur previously [83-85, 87, 88, 91]. Other
significant conformational changes observed in all three receptors involve transmembrane
helices 111, V, and VII.

The sampling of active state crystal structures is currently small, so it is not yet possible to
form a comprehensive structural perspective of GPCR activation. However, with the crystal
structures currently available some issues are becoming apparent. There does seem to be
some common structural changes that occur across most GPCRs as predicted previously and
now illustrated with the available crystal structures [87]. However, there are also several
differences that each GPCR has adopted for their specific functions. Moreover, the different
active state crystal structures for the same receptor can display significantly different
conformations. The available active state crystal structures for rhodopsin and the B,
adrenergic receptor display differences (Fig. 5). The first crystal structure of activated
rhodopsin surprisingly displayed minimal differences within the transmembrane helices of
the receptor compared to the structure of the inactive dark-state rhodopsin [82]. This is in
contrast to the significant conformational changes that have been detected within the
transmembrane helices in the crystal structures of opsin [83, 84], which exhibits constitutive
activity, and reconstituted or mutant active rhodopsins [85, 86] (Fig. 5A).

Likewise, there is a similar discrepancy in the two crystal structures of the active state of the
3, adrenergic receptor (Fig. 5B). The active state structure for the B, adrenergic receptor
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covalently bound to an agonist did not display significant differences within the
transmembrane helices compared to the inactive structure [90]. Only minimal changes were
observed in the ligand-binding pocket facilitated by hydrogen bonds formed between the
agonist and serine residues in transmembrane helix V. These minimal changes are similar to
those observed in the crystal structure for the active state of the B, adrenergic receptor [89].
In this structure no significant conformational changes are detected within the
transmembrane helices and only a 1A contraction is observed in the ligand-binding pocket
of the receptor. Interestingly, full agonists formed an additional hydrogen bond with a serine
reside in transmembrane helix VV compared to partial agonists, which may form the basis of
the difference in efficacy of these different agonists. In contrast to these active state
structures, the crystal structure of an active state of the B, adrenergic receptor stabilized by a
camelid antibody fragment displayed significant conformational changes within the
transmembrane helices (Fig. 5B) [91]. This active state structure is largely similar to the
active state crystal structure of the 3, adrenergic receptor in complex with a G protein except
for small differences mainly in the cytoplasmic ends of transmembrane helices V and VI
promoted by interactions with the G protein [92].

The two crystal structures for the active state of the Ay adenosine receptor are very similar
to each other with only a 0.6 A root mean square deviation within the transmembrane
regions of the two structures [87, 88]. Though both structures display detectable
conformational changes in transmembrane helices similar to those observed in some of the
active state structures of rhodopsin/opsin and the 8, adrenergic receptor, the magnitude of
the motion of helix VI is smaller compared to those other receptors. This difference was
attributed by one group to a distinct conformational substate promoted by the
conformationally selective agonist used [87], while the other group attributed the difference
to an intermediate state between R and R* [88].

It is clear from the available active state GPCR crystal structures that there are significant
differences between crystal structures of the same receptor and between crystal structures of
different GPCRs. In each case, the difference may be attributed to the formation of an
intermediate state that precedes the formation of a fully active state. For instance, in the B,
adrenergic receptor, the small contraction observed within the ligand-binding site facilitated
by hydrogen bonding may precede the larger conformational changes occuring within the
transmembrane helices [90]. Alternatively, the differences may represent one or more of the
many tier O active conformational substates of the receptor. Experimental conditions and
genetic engineering of receptors may preferentially stabilize one conformational substate
over another, thereby resulting in th e crystallization of that particular conformational
substate. It should be noted that some conformational substates formed by the receptor may
avoid being detected altogether by crystallography since some conformational substates may
not be suitably stabilized to form crystals even when present in appreciable quantities. The
current observations from crystal structures cannot distinguish between intermediate states
and distinct tier 0 conformational substates.

CONFORMATIONAL SUBSTATES IN DISEASE AND DRUG DISCOVERY

Multiple active conformational substates and functional selectivity provide an added level of
complexity to GPCR-mediated signaling. While this complexity provides explanations for
observations inconsistent with the classical view and enriches our mechanistic
understanding of these systems, it is a double-edged sword in relation to understanding
dysfunctional states leading to disease and in drug discovery efforts. On one hand, it
provides much needed details about diseased states and opens new therapeutic opportunities
to be exploited. On the other hand, interpretation of observations becomes more complex
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and extra caution must be applied since the entire repertoire of receptor activity must now be
considered when assessing diseased states or in the development of therapeutics.

Mutations in GPCRs can cause diseased states through several different mechanisms.
Rhodopsin demonstrates some of the diversity found in the types of defects that can arise
from mutations in GPCRs. More than 120 point mutations have been discovered in
rhodopsin that lead to the retinal degenerative disorder retinitis pigmentosa or congenital
stationary night blindness [93]. Mutations in rhodopsin can cause several different types of
defects in the protein molecule including misfolding or instability, mistrafficking, altered
post-translational modifications, altered coupling and signaling to transducin, and
constitutive activity. Multiple active conformational substates and functional selectivity
allow for a more complex outcome as a result of these types of changes. Since GPCRs can
signal via several different biochemical pathways, mutations affecting the function of
GPCRs need not impact all pathways equally since the mutation may only affect a subset of
conformational substates. Moreover, some active conformational substates may be more
prevalent in pathological conditions compared to those present under normal conditions,
thereby altering the signaling properties of the receptor.

Mutations causing constitutive activity present an example of the impact multiple active
conformational substates can have in the disease phenotype. Similar to rhodopsin, mutations
have been detected in other GPCRs that result in a constitutively active receptor and cause
disease [94, 95]. Typically, all constitutive activity has been treated similarly and interpreted
within the context of two-state models, where an appreciable population of receptors in a
single active state is presumed to be present in the absence of agonist. However, in the
situation where a GPCR can adopt humerous active conformational substates, not all
constitutive activity may be equivalent and the resulting cellular effects may be quite
different from those produced by agonist-promoted activity. An example of this is found
with a G90D mutation in rhodopsin that causes congenital stationary night blindness. This
mutation causes rhodopsin to be constitutively active, however, the active state promoted by
the mutation generates a response with distinct physiological properties that are different
from that promoted by light-activated rhodopsin [96]. Thus, much like functional selectivity
is observed in the action of ligands, mutations causing constitutive activity may also exhibit
a form of functional selectivity.

The concepts of active conformational substates and functional selectivity will have
significant impact on drug discovery efforts [51, 52, 56, 97, 98]. Since ligands can have
different efficacies and promote different physiological effects depending on the signaling
pathway chosen, the effect of drugs being tested will depend on the readout of the assay.
Thus, current strategies and testing of drugs can be misleading [99]. These same properties,
however, open up new avenues for the development of targeted and specific drugs. New
strategies can be employed to develop functionally selective drugs that stabilize a specific
conformational substate, or a subset of conformational substates, to affect a particular aspect
of signaling without affecting others. In some instances, stereoisomers of the same ligand
can be developed as functionally selective drugs since even the subtle structural differences
exhibited by stereoisomers can promote functional selectivity [100, 101]. Functional
selectivity is not restricted to drugs binding the orthosteric ligand-binding site, but also
extends to drugs acting through allosteric binding sites as well [102].

CONCLUDING REMARKS

Studies on GPCR systems span over a century of work and have played an important role in
defining the field of pharmacology. Trying to understand the mechanism of action of
GPCRs has been a goal since the beginning of research into these receptors. There is a rich
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history of the steps taken and milestones achieved to arrive at the current level of
mechanistic understanding of GPCR action. The notion that GPCRs act via multiple active
conformational substates provides an important update to the classical view of signal
transduction. Structural and functional details about conformational substates are only
beginning to emerge, however, and much work is still required to fully utilize these concepts
to rationalize GPCR activity and to develop targeted therapeutics with reduced side effects.
Advances in technology have provided access to missing details of our mechanistic
understanding of these systems and must continue to advance to propel us even further.
Advances in single-molecule technologies may particularly be useful in quantitatively
assessing conformational substates of GPCRs to define mechanism just as they have done in
mechanistic studies on ligand-gated ion channels [103].
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Fig. (1). Models describing GPCR action

(A), The earliest model describing the action of GPCRs was Clark’s occupancy theory [8].
In this model, the agonist (A) binds receptor (R) to from a complex (AR), which promotes
the cellular response (Q). (B), Clark’s model was later updated to introduce a dimensionless
quantity called the stimulus (S) and the concept of efficacy (e) [9, 10]. (C), The ternary
complex model introduced the idea of a third component involved in GPCR signaling, the
heterotrimeric G protein (G) [11]. The receptor must be in complex with the G protein to
generate a cellular response. (D), The general two-state model introduced the idea that the
receptor exists in two states, an inactive state (R) and an active state (R*) [15]. R* is the
state that is capable of generating a cellular response. (E), The extended ternary complex
model is a combination of the ternary complex model and general two-state model [13].
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Fig. (2). Conformational substates

(A), An idealized energy landscape is shown for the inactive (R) and active (R*) states. In
classical two-state models, the valleys are smooth with only a single minima corresponding
to either the R or R* state. (B), The valleys in (A) are likely rugged with multiple minima
corresponding to conformational substates. There are likely multiple tiers of conformational
substates represented in each of these valleys. Only two tiers are represented here. (C),
Mutations, ligands, and other factors can remodel the energy landscape so that one or more
of the conformational substates becomes more energetically favorable. The figure and
terminology are adapted from [29].
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Fig. (3). Signaling diversity of GPCRs: strength of signal versus conformational substates

(A), In a two-state view of GPCR activity, where the receptor displays only a single active
state, the decision of which G protein to couple to or whether to choose a G protein-
independent pathway via arrestin binding must be determined by the number of receptor
molecules that achieve the active state (i.e., strength of signal). (B), In a conformational
substate view, since a single receptor can adopt several different active conformational
substates (depicted by different colored receptors), the decision of which G protein to couple
to or whether to choose a G protein-independent pathway via arrestin binding can be
determined by which conformational substate is attained.
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Conformational change
kinetics

Changes in molecular
switches

Slow Rapid Rotamer lonic lock
phase phase toggle switch
Catechol
Very weak
partial agonist - + + -
HO
oM
Dopamine
NH Weak partial
agonist - + + +
HO
OH
Norepinephrine
oH
NH Strong partial + + + +
agonist
Epinephrine
oH
H
N Full agonist + + + +
HO
OH
Isoproterenol
oH
il Full agonist + + + +
o
Salbutamol
oH
f Partial agonist + - - +

HO

Fig. (4). Different conformations of the o adrenergic receptor promoted by different agonists

A table summarizing results from refs. [59, 60, 62] is shown. The structures of B, adrenergic
receptor agonists are shown along with the traditional efficacy classification for those
agonists. Agonist promoted conformational changes display two kinetic species, a slow
phase and a rapid phase. The ability of each agonist to generate these two kinetic species is
indicated. Changes are observed in two molecular switch regions in the receptor structure
upon receptor activation. The ability of each agonist to generate a change in these molecular

switch regions is indicated.
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Fig. (5). Active state crystal structures of rhodopsin and B, adrenergic receptor

(A), Two crystal structures for the active state of rhodopsin were aligned with PyMOL and
are shown from the side view (top) and cytoplasmic view (bottom). The first active state
crystal structure solved for rhodopsin (green, PDB: 2135) [82], which displays minimal
differences with the inactive state rhodopsin structure, has significant differences with an
active state crystal structure derived from reconstituted rhodopsin (red, PDB: 3PXO) [85],
which does display significant differences with the inactive state rhodopsin structure. (B),
Two crystal structures for the active state of the p, adrenergic receptor were aligned with
PyMOL and are shown from the side view (top) and cytoplasmic view (bottom). The crystal
structure derived from the receptor irreversibly bound to the agonist (orange, PDB: 3PDS)
[90], which displays minimal differences with the inactive state 3, adrenergic receptor
crystal structure, has significant differences with a crystal structure derived from a
nanobody-stabilized active state receptor (blue, PDB: 3P0G) [91], which does display
significant differences with the inactive state p, adrenergic receptor crystal structure.
Transmembrane helices are numbered I-VII.
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