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Abstract

G protein–coupled receptors (GPCRs) mediate responses to hormones
and neurotransmitters, as well as the senses of sight, smell, and taste. These
remarkably versatile signaling molecules respond to structurally diverse
ligands. Many GPCRs couple to multiple G protein subtypes, and several
have been shown to activate G protein–independent signaling path-
ways. Drugs acting on GPCRs exhibit efficacy profiles that may differ for
different signaling cascades. The functional plasticity exhibited by GPCRs
can be attributed to structural flexibility and the existence of multiple
ligand‐specific conformational states. This chapter will review our current
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understanding of the mechanism by which agonists bind and activate
GPCRs.

I. Introduction

G protein–coupled receptors (GPCRs) represent the single largest class
of membrane proteins in the human genome. Eukaryotic GPCRs have
been classified by sequence similarity into five classes (A–F or 1–5)
(Attwood and Findlay, 1994; Kolakowski, 1994); however, not all of these
classes are represented in humans. A detailed analysis of the human
genome reveals at least 800 unique GPCRs, of which !460 are predicted
to be olfactory receptors (Fredriksson et al., 2003). Based on sequence
similarity within the seven transmembrane segments (TMs) (Fredriksson
et al., 2003), these receptors can be clustered into five families: the
rhodopsin family (701 members), the adhesion family (24 members),
the frizzled/taste family (24 members), the glutamate family (15 mem-
bers), and the secretin family (15 members). The physiological function of
a large fraction of these 800 GPCRs remains still unknown; these receptors
are referred to as orphan GPCRs. However, deorphanization of nonolfac-
tory GPCRs is an ongoing process (Howard et al., 2001), as they are a
promising group of targets for the pharmaceutical industry. Therefore,
the actual number of orphan GPCRs continues to decline.

GPCRs share a common structural signature of seven hydrophobic
segments predicted to be membrane‐spanning domains, with an extracel-
lular N‐terminus and an intracellular C‐terminus (Fig. 1). While the vast
majority of GPCRs have been shown to activate one or more cytoplasmic
heterotrimeric GTP‐binding proteins (G proteins), there is now consider-
able evidence that some GPCRs can activate signaling pathways that do not
involve G proteins (Azzi et al., 2003; Luttrell and Lefkowitz, 2002). For this
reason, the terms seven‐TM receptor or heptahelical receptors are also
been used in place of GPCRs.

This structural and functional similarity stands in contrast to the struc-
tural diversity of the natural GPCR ligands ( Ji et al., 1998). These range
from subatomic particles (a photon) to ions (Hþ and Ca2þ), small organic
molecules, peptides, or proteins. The location of the ligand‐binding
domains for many GPCRs has been determined ( Ji et al., 1998). While
many small organic agonists bind within the TM segments, peptide hor-
mones and proteins often bind to the N‐terminus and extracellular
sequences joining the TM domains. However, size of the ligand alone
cannot be used to predict the location of the binding site: for instance,
glycoprotein hormones, glutamate, and Ca2þ all activate their respective

138 DEUPI AND KOBILKA



receptors by binding to relatively large N‐terminal domains (Ji et al., 1998;
Pin et al., 2003). It is interesting to note that for many GPCRs that bind
their native agonists on the extracellular loops or the N‐terminus, it has
been possible to identify small‐molecular‐weight allosteric modulators that
bind within the TM domains (Knoflach et al., 2001; Ray and Northup,
2002).
In contrast to the diversity in the size of native agonists and the location

of the ligand‐binding sites, the vast majority of known GPCRs have been
shown to activate one or more of the 16 known G protein a subunits
(Sprang, 1997). G proteins are structurally homologous, and the mecha-
nism by which GPCRs activate different G proteins is expected to be
similar. Therefore, it is likely that the diverse modes of agonist binding
to extracellular structures and transmembrane domains result in similar
structural changes in cytoplasmic domains that interface with G proteins.
This chapter will review what is known about the mechanism of trans-

membrane signaling by GPCRs, specifically the process by which agonist
binding leads to conformational changes necessary for G protein activa-
tion. There is a paucity of experimental data that directly address this
process; however, several recent studies are beginning to provide mecha-
nistic insight. These studies suggest that a lock‐and‐key model of agonist
binding does not apply to GPCRs, that is, many of the amino acids that
interact with agonists are not optimally positioned for agonist binding in the
nonliganded receptor. For agonists to bind, intramolecular interactions
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Fig. 1. Secondary structure common to GPCRs.
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that keep the receptor in an inactive statemust be broken. Evidence suggests
that agonists bind in stages involving one or more conformational inter-
mediates. If correct, the mechanism will have implications for understand-
ing the physiology of GPCRs and for the development of better drug design
strategies.

II. Structural and Mechanistic Homology Among GPCRs

Before focusing on the details about the mechanism of GPCR activa-
tion, we will review some of the evidence suggesting that GPCRs are
structurally homologous and probably undergo similar structural changes
when activating G proteins.

A. Rhodopsin as a Structural Model for GPCRs

There is a wealth of information about the structure and mechanism of
activation of rhodopsin. Rhodopsin is a highly specialized GPCR in which
the ligand, 11‐cis‐retinal, behaves as a covalently bound inverse agonist that
is converted to a full agonist on its photoisomerization to the all‐trans
conformation. This mechanism of agonist activation is highly specific, in
contrast to the vast majority of GPCRs that are activated by diffusible
agonists. Nevertheless, there is evidence that at least some of the structural
changes that occur in rhodopsin are similar to those observed in other
GPCRs. Rhodopsin structure and what is known about its light‐induced
conformational changes have been the subject of several excellent reviews
(Hubbell et al., 2003; Ridge et al., 2003; Sakmar, 2002; Sakmar et al., 1991;
Schertler, 2005), and some of the main points will be briefly discussed here.

The most detailed information about structural changes associated with
activation of a GPCR comes from studies of rhodopsin. This is in part due to
its natural abundance and biochemical stability relative to other GPCRs.
Electron paramagnetic resonance spectroscopy (EPR) studies provide evi-
dence that photoactivation of rhodopsin involves a rotation and tilting of
TM6 relative toTM3(Farrens et al., 1996). Further support formotionof TM6
during rhodopsin activation was provided by chemical reactivity measure-
ments and fluorescence spectroscopy (Dunham and Farrens, 1999), as well
as by ultraviolet absorbance spectroscopy (Lin and Sakmar, 1996) and zinc
cross‐linkingofhistidines(Sheikh et al., 1996).Light‐inducedconformational
changes have also been observed in the cytoplasmic domain spanning TM1
and TM2, and the cytoplasmic end of TM7 (Altenbach et al., 1999a,b, 2001).

In addition, rhodopsin is the only GPCR for which high‐resolution crystal
structures are available (Li et al., 2004; Okada et al., 2000, 2002, 2004;
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Palczewski� et� al.,� 2000;� Tel�ler� et� al.�,� 2001�),� with� a� max�imum� resolutio�n
of� 2.2� Å� (�Okad�a� et� al�.,� 2004�).� While� the� stru�ctures� dete�rmine�d� by� cryoelec�-
tron� microsc�opy� of� 2‐�D� crystal�s� (�Kre�bs� et� al.,� 2003;� Ru�precht� et� al.,� 200�4;
Schertler� et� al.,� 1993�)� are� o�f� lower� resol�ution� (up� to� 5.5� Å� ),� they� provide
addition�al� infor�mation� about� the� orien�tation� of� TM� segmen�ts� rel�ative� to� the
lipid� bila�yer� that� can�not� be� obtained� from� 3‐�D� crystal�s.
The� current�ly� availa�ble� 3�‐�D� stru�ctures� of� rhodopsi�n� cor�respond� to� an

inactive� form� of� the� recepto�r.� While� these� structures� have� been� a� true
cornerston�e� for� the� study� of� GPCR� stru�cture� and� func�tion,� understan�ding
the� activation� m�echan�ism� dema�nds� knowledg�e� of� th�e� structure� of� the
active� form(�s)� of� th�e� rec�eptor.� The� pub�lication� (�Rupr�echt� et� al.,� 2004�)
and� analysis� (�Scher�tler,� 2005�)� of� a� low�‐�resolution� m�ap� of� meta�rhodo�psin� I,
an� inter�media�te� in� th�e� process� of� rhodo�psin� activati�on,� reveals� that� its
formation� is� not� accomp�anied� by� the� larg�e� ri�gid�‐body� move�ments� in� TM
segments� shown� to� b�e� inv�olved� in� rhodo�psin� activation� (�Far�rens� et� al.,
1996�).� Howe�ver,� a� more� subtle� cha�nge,� consisting� in� the� rearra�ngemen�t� in
the� confor�mation� of� the� Trp� resi�due� of� the� highl�y� conserved� CWx�xP� motif
in� TM6,� has� been� dete�cted� in� th�is� intermedi�ate.� Thus,� it� seem�s� that� th�ere� is
no� gradual� trans�formation� of� the� inactive� protei�n� into� the� active� form,� but
the� acti�vation� is� init�iated� th�rough� smal�l‐�scale� cha�nges� in� the� confor�mation
of� some� key� residu�es,� whic�h� will� pre�sumabl�y� trigg�er� the� larg�er� conform�a-
tional� changes� rel�ated� to� the� subsequ�ent� stages� of� the� acti�vation� process.
Thus,� th�ese� key� resi�dues� can� be� envis�ioned� as� molec�ular� switch�es� that,
once� turned� on,� lead� to� recepto�r� activation.

B.� GPCRs� Activated� by� Diffusible� Agonists

Rhodopsin� is� routinely� used� as� a� model� system� for� the� study� of� GPCR
structure� and� activation.� While� high‐resolution� structures� for� other� GPCRs
have� not� yet� been� obtained,� there� is� indirect� evidence� that� some� rhodopsin
family� members� are� structurally� very� similar� to� rhodopsin.� Ballesteros� and
Javitch� found� that� structural� insights� obtained� from� mutagenesis� data� and
substituted� cysteine� accessibility� studies� on�monoamine� receptors� were� consis-
tent� with� the� high‐resolution� structure� of� rhodopsin,� suggesting� that� rhodop-
sin� serves� as� a� good� template� for� homology�modeling� (Ballesteros� et� a�l.,� 2001b).
In spite of the remarkable diversity of ligands and ligand‐binding

domains in the family of GPCRs, there is also considerable evidence for
a common mechanism of activation. When comparing sequences, GPCRs
are most similar at the cytoplasmic ends of the TMs adjacent to the second
and third cytoplasmic domains, the regions known to interact with cyto-
plasmic G proteins (Mirzadegan et al., 2003). Members of the large family
of GPCRs transduce signals by activating one or more members of the
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rel�atively� smal�l� family� of� highly� hom�ologous� heterot�rimeric� G� protei�ns.
For� exampl�e,� the� thyro�id�‐�stimulatin�g� hormon�e� (TSH)� rec�eptor� is� acti�vated
by� a� large� glyco�protein� hormon�e� that� binds� to� the� N‐�termi�nus� while� the
b2‐�adrenoc�epto�r� (�b2�AR)� is� acti�vated� by� adrenal�ine� (appr�oxima�tely� the� size
of� a� single� ami�no� acid�)� that� bind�s� to� the� TM� segments;� yet� both� of� th�ese
rec�eptors� activate� the� same� G� pro�tein� (Gs),� indi�cating� th�at� the� structural
cha�nges� in� the� cytop�lasmic� domai�ns� of� th�ese� two� recepto�rs� m�ust� be� very
simi�lar.� Moreove�r,� many� G�PCRs� exhibit� prom�iscuou�s� cou�pling� to� more
th�an� one� G� pro�tein.� For� exam�ple,� rhodo�psin� prefere�ntially� cou�ples� to
tran�sducin� wh�ile� the� b2�AR� prefere�ntially� couples� to� Gs;� how�ever,� both� are
capab�le� of� activati�ng� Gi� (�C�erione� et� al.�,� 1985�).

Addi�tional� evide�nce� th�at� G�PCRs� under�go� similar� conform�ational� cha�nges
wit�hin� TM� se�gments� and� cytop�lasmic� domai�ns� comes� from� biophysi�cal� and
bioc�hemic�al� stud�ies.� Fluoresce�nce� spectrosc�opic� studies� o�f� b2�AR� labeled
wit�h� floresc�ent� probes� demonstr�ate� move�ment� in� both� TM3� and� TM6� on
acti�vation� (�Gether� et� al�.,� 1997b�).� Studies� of� b2�AR� label�ed� wit�h� fluor�escent
pro�bes� at� th�e� cytop�lasmic� end� of� TM6� pro�vide� evidenc�e� that� agon�ists� induce
a rotation or tiltingmovement of the cytoplasmic end of TM6 similar to that
obs�erved� in� rhodopsi�n� (Ghanou�ni� et� al�.,� 2001b�;� Jens�en� et� al.�,� 2000�).� Ad�di-
tional support for movement of TM3 and TM6 in the b2AR comes from zinc
cross‐linking studies (Sheikh et al., 1999) and chemical reactivity measure-
ments in constitutively active b2AR mutants ( Javitch et al., 1997; Rasmussen
et al., 1999). Cysteine cross‐linking studies on the M3 muscarinic receptor
provide evidence for the movement of the cytoplasmic ends of TM5 and
TM6 toward each other on agonist activation (Ward et al., 2002).

Despite the evident similarities between rhodopsin and the rest of
Class A GPCRs, it has been proposed that this protein might not be a
good template for models of more distantly related rhodopsin family
members such as the cholecystokinin CCK1 receptor (Archer et al.,
2003). In addition, rhodopsin is unique among GPCRs because of the
presence of a covalent linkage between the receptor and its ligand, retinal.
Thus, the dynamic processes of agonist association and dissociation com-
mon to most GPCRs are not part of the activation mechanism of rhodopsin.
Therefore, some caution is needed when extrapolating the information
about rhodopsin structure and function to other GPCRs, and a more
detailed knowledge of the peculiarities of each system is needed.

C. GPCR Oligomers

There is a growing body of evidence that GPCRs exist as dimers (or
oligomers) and that these dimers may be important for G protein activa-
tion for at least some GPCR families. This topic has been addressed in
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several excellent reviews (Angers et al., 2002; Bulenger et al., 2005; Devi,
2001; Javitch, 2004) and will only be briefly addressed here. Dimerization
is clearly an important mechanism of receptor activation for the glutamate
family of GPCRs (Pin et al., 2003, 2004), where ligand‐induced changes in
the dimer interface of the N‐terminal ligand‐binding domain have been
demonstrated by crystallography (Kunishima et al., 2000; Tsuchiya et al.,
2002). However, the role of dimerization in the activation of rhodopsin
family members is less clear. For instance, cryoelectron microscopy images
suggest that rhodopsin may exist as homodimers in rod outer segment
membranes (Liang et al., 2003). In addition, neutron scattering studies
provide evidence that a pentameric complex forms when purified leuko-
triene B(4) is reconstituted with purified Gi, suggesting that a receptor
homodimer is needed to complex with a heterotrimeric G protein
(Baneres and Parello, 2003). Nevertheless, it remains to be seen if a
receptor dimer is required for G protein activation. The effect of agonist
binding on the formation or disruption of dimers is not consistent among
the rhodopsin family members that have been examined (Angers et al.,
2002). Moreover, ligands interact with individual receptor monomers, and
there is currently no evidence that ligands span the interface between
receptor dimers. If changes in dimerization occur, it is likely a secondary
consequence of ligand‐induced changes in the arrangement of the TM
segments. Evidence in support of this comes from biophysical studies on
leukotriene B(4) homodimers demonstrating that ligand binding to one
protomer leads to conformational changes in its partner (Mesnier and
Baneres, 2004). While dimers may be important for G protein activation, it
is essential to understand the agonist‐induced structural changes that
occur in the context of individual GPCR monomers.

III. Conformational States

Proteins are often thought of as rigid structures. The classic model of
receptor function is the lock‐and‐key analogy, where the agonist fits
precisely into a complementary pocket in the receptor protein. However,
it is known that proteins are dynamic molecules that exhibit rapid, small‐
scale structural fluctuations. One of the best ways to discuss protein
conformations is in terms of an energy diagram (Fig. 2). The basal
conformational state is a low‐energy state of the protein in a particular
environment. The width of the energy well reflects the conformational
flexibility. The probability that a protein will undergo transitions to other
conformational states is a function of the energy difference between the
two states, while the kinetics of the process is function of the height of
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energy barrier between them. In the case of a receptor, the energy
provided by ligand binding may change both the depth of an energy
well and the height of an energy barrier. The schematic diagram shown
in Fig. 2 depicts only two conformational states; however, as discussed
below, there is evidence that GPCRs may exist in multiple states.

A. Basal Activity and Ligand Efficacy

Rhodopsin has virtually no detectable basal activity in the absence of
light, but can be fully activated by a single photon. But with the exception
of rhodopsin, most GPCRs do not behave as simple bimodal (i.e., on–off)
switches. In fact, many GPCRs have a considerable amount of basal,
agonist‐independent activity. The activity of receptors can be either
increased or decreased by different classes of ligands (Fig. 3). The term
‘‘efficacy’’ is used to describe the effect of a ligand on the functional
properties of the receptor [for a more complete discussion of efficacy,
refer to Kenakin (2002)]. Agonists are defined as ligands that fully activate
the receptor. Partial agonists induce submaximal activation of the
G protein even at saturating concentrations. Inverse agonists inhibit
basal activity. Antagonists have no effect on basal activity, but competitively
block access of other ligands. Therefore, based on functional behavior,
GPCRs behave more like rheostats than simple bimodal switches. Different
ligands can ‘‘dial in’’ virtually any level of activity from fully active to fully
inactive.

E
ne

rg
y

Conformation

Receptor alone
Agonist-bound receptor

R R

Fig. 2. Energy landscape diagram describing a possible mechanism of GPCR
activation by an agonist.
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B. Multiple Agonist‐Specific States
A number of kinetic models have been developed to explain ligand

efficacy, using information derived from indirect measures of recep-
tor conformation such as ligand‐binding affinity and the activation of
G proteins or effector enzymes (Kenakin, 2001; Leff, 1995; Lefkowitz et al.,
1993;Weiss et al., 1996). The simplest of them, the two‐statemodel, proposes
that a receptor exists primarily in two states, the inactive state (R) and the
active state (R*). In the absence of ligands, the level of basal receptor activity
is determined by the equilibrium between R and R*. The efficacy of ligands
reflects their ability to alter the equilibrium between these two states. Full
agonists bind to and stabilize R*, while inverse agonists bind to and stabilize
R. Partial agonists have some affinity for bothR andR* and are therefore less
effective in shifting the equilibrium toward R*.
The two‐state model can describe much of the functional behavior of

GPCRs and explain the spectrum of responses to ligands of different efficacy
in simple experimental systems consisting of one receptor and oneGprotein.
However, there is a growing body of experimental evidence for the existence
of multiple conformational states [summarized in Kenakin (2003)]. Within
this framework, each ligandmay induce or stabilize a unique conformational
state that can be distinguished by the activity of that state toward different
signaling molecules (G proteins, kinases, arrestins). In the case of the b2AR,
it has been possible to monitor directly some of these ligand‐specific
states� using� fluorescence� spectroscopy� (Ghanouni� et� a�l.,� 2001a;� Sw�am�in�at�h
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Drug concentration
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Fig. 3. Ligand efficacy. The effect of different classes of drugs on a GPCR that has
some detectable basal activity.
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et al., 2004, 2005). These studies show that b2ARs� labeled� at� Cys2656.27� 1� on� the
cytoplasmic end of TM6, adjacent to the G protein–coupling domain, is able
to report conformational changes in the G protein–coupling domain. These
modifications alter the molecular environment around the fluorophore,
which is translated to changes in fluorescence intensity and fluorescence
lifetime. In these experiments, fluorescence lifetime analysis can detect
discrete conformational states in a population of molecules, while fluores-
cence intensity measurements reflect their weighted average. Our findings
show a single broad distribution of fluorescent lifetimes in the absence of
ligands, suggesting that this domain oscillates around a single detectable
conformation (Fig. 4A). We have also observed that antagonist binding
reduces the width of the distribution, but does not change themean lifetime,
suggesting that, while the conformation does not change, the domain flexi-
bility is reduced (Fig. 4A).However, bindingof a full agonist to theb2AR leads
to the formation of two lifetime distributions (Fig. 4B and C), suggesting two
distinct conformations. Moreover, the conformations induced by a full ago-
nist can be distinguished from those induced by partial agonists (Fig. 4C)
(Ghanouni� et� al.,� 2�00�1a�;� Swaminath� et� al.,� 2005).

C. Defining the ‘‘Active State’’

As we learn more about the complexity of GPCR signaling, it is becom-
ing more difficult to define exactly what is meant by activation and ‘‘active
state.’’ Works from several laboratories have shown that GPCRs can acti-
vate signaling pathways by G protein–independent mechanisms such as
through arrestin and possibly other signaling molecules (Azzi et al., 2003;
Baker et al., 2003; Lefkowitz and Shenoy, 2005), and that the ‘‘active state’’
for receptor activation of arrestin or other G protein–independent path-
ways may differ from that for receptor activation of a G protein (Azzi et al.,
2003). Thus, a drug classified as an inverse agonist when monitoring
receptor activation of a G protein–dependent signaling pathway may
behave as a partial agonist for a G protein–independent signaling pathway
(Azzi et al., 2003; Baker et al., 2003). For example, a modified angiotensin

1 Note: The residues of b2AR are numbered according to their position in the sequence
followed by the Ballesteros general number (Ballesteros et al., Methods Neurosci. 1995; 25:
366–428) in superscript. In this numbering scheme, each residue is identified by two numbers:
the first (1–7) corresponds to the helix where it is located; the second indicates its position
relative to the most conserved residue of the helix, arbitrarily assigned to 50. For instance,
Trp2866.48 is the tryptophan in TM6 located two residues before the highly conserved proline
Pro2886.50. This general method can be applied to all rhodopsin‐like GPCRs and allows easy
comparison among residues in the 7‐TM segments of different receptor families.
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peptide� has� been� shown� to� pro�mote� arrestin�‐�depen�dent� activation� of
ERK1/2,� but� not� activati�on� of� Gq� (�Wei� et� al.,� 2003�).� Moreo�ver,� the� fully
active� state� may� differ� for� differ�ent� G� protei�ns� (�Kenakin�,� 2003�).� For� a
GPCR� capabl�e� of� activatin�g� more� than� one� G� protein,� a� drug� may� ac�t� as� a
full� agonist� toward� one� G� protei�n� and� as� a� pa�rtial� agonist� toward� another.
To� simp�lify� the� following� discussi�on,� the� ac�tivity� of� a� particul�ar� conform�a-
tional� state� of� a� GPCR� will� be� define�d� here� by� th�e� effect� that� confor�m-
ational� state� has� on� the� acti�vity� of� the� recepto�r’s� cognate� (or� preferred)
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Fig. 4. Fluorescence lifetime distributions of b2AR labeled at Cys2656.27 with fluores-
cein� maleimide� (Ghanouni� et� al�.,� 2001a).� (A)� Single� lifetime� distributions� are� observed
for unliganded receptor and receptor bound to the neutral antagonist alprenolol (ALP).
(B and C) Two lifetime distributions are observed for b2AR bound to the full agonist
isoproterenol (ISO) and the partial agonist salbutamol (SAL). The short lifetime dis-
tribution for ISO is different from that for SAL, consistent with a different active
conformation.

ACTIVATION OF G PROTEIN–COUPLED RECEPTORS 147



G� protei�n.� Thus,� a� full� agonist� maximal�ly� activate�s� th�e� cognate� G� protei�n
wh�ile� an� inverse� agonist�s� max�imally� inhibits� any� basal� acti�vation� of� th�e� G
pro�tein� by� the� rec�eptor.

IV.� Activation� by� Agonists

A.� Insights� from� Constitutively� Active� Mutants

To� under�stand� the� pro�cess� of� rece�ptor� activation�,� we� must� fir�st� under�-
stand� th�e� pro�pertie�s� o�f� the� basal� or� nonl�iganded� state� of� the� recepto�r.� As
outli�ned� above,� some� GPCRs,� such� as� rhodo�psin� and� the� FSH� rec�eptor
(�Ku�do� et� al.,� 1996�),� hav�e� littl�e� or� no� dete�ctable� basal� acti�vity.� C�onversely,
oth�er� GPCR�s,� such� as� can�nabinoid� rec�eptors,� exhibit� a� high� deg�ree� of
basal� activity� in� the� abse�nce� of� ligands� (�Nie� and� Lewis�,� 2001;� Sharma� and
Sha�rma,� 199�7).� This� basal� activity� could� reflect� an� inherent� fl�exibility� of
th�e� rec�eptor� and,� thus,� a� tendenc�y� to� exi�st� in� more� than� one� conforma�-
tiona�l� state� in� the� absence� of� ligan�ds.� It� could� also� reflec�t� a� highly
cons�trained� stat�e� that� has� a� relativel�y� high� af�finity� for� a� G� protei�n.� The
conce�pt� of� basal� activity� and� rec�eptor� acti�vation� can� be� consider�ed� in
terms� of� an� energy� landsc�ape� (�Fig.� 5).� In� the� case� of� a� recepto�r� with� low
basal� acti�vity,� in� th�e� abse�nce� of� agonist�,� the� recepto�r� may� be� relativel�y
cons�trained� into� one� inactive� confor�mational� state� having� a� deep� energ�y
wel�l� (�Fig.� 5A�).� High� basal� acti�vity� might� be� explai�ned� by� a� smaller� energ�y
di�fference� betwe�en� the� inactiv�e� and� ac�tive� states�,� with� a� lower� ene�rgy
barri�er� (�Fig.� 5B�).� This� m�ight� also� be� though�t� of� as� a� recepto�r� with� greater
confor�mationa�l� fl�exibility� (i.e.,� fewer� conform�ational� constr�aints).� Alter�-
nativ�ely,� it� is� possi�ble� that� a� rec�eptor� may� exis�t� in� pre�domin�antly� one
cons�trained� state� that� has� inter�media�te� acti�vity� toward� its� G� protei�n
(�Fig.� 5C�).� While� both� of� these� mecha�nisms� may� appl�y� to� differ�ent� recep-
tors,� there� is� experi�menta�l� evide�nce� link�ing� confor�mational� flexibi�lity� and
stru�ctural� instabili�ty� to� elevated� basal� activity� (Gether� et� al�.,� 199�7a).

How� ar�e� thes�e� conce�pts� tran�slated� into� rec�eptor� structure?� TM� domains
are� held� in� the� basal� stat�e� b�y� interve�ning� loop�s� and� noncov�alent� inter�action�s
between side chains. However, proteolysis and split receptor studies suggest
that the noncovalent interactions appear to play a greater role in determin-
ing the specific basal arrangement of the TM segments relative to each than
do some of the intervening loop structures. For example, the cotransfection
of a plasmid encoding the N‐terminus through TM5 with a plasmid encod-
ingTM6 through theC‐terminus [i.e., excluding the third intracellular loop
(IC3)] generates a functional b2AR (Kobilka et al., 1988), where the frag-
ments assemble and are held together by noncovalent interactions. Similar
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observations have been made for the muscarinic receptor. Schoneberg and
Wess were able to generate functional M3muscarinic receptors with discon-
tinuity within the loop connecting TM3 and TM4, the loop connecting TM4
andTM5, and the loop connecting TM5 and TM6 (Schoneberg et al., 1995).

Fig. 5. Energy landscapes used to explain possible mechanisms of elevated basal
activity. (A) Receptor with low basal activity. (B and C) Receptors with high basal activity,
relative to panel A (shown as a dotted line). (B) The basal activity is elevated because of a
reduced energy barrier separating the basal and active conformational states. (C) The
basal activity is higher because the basal conformational state has a higher activity toward
the G protein.
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Si�milarly,� both� a2�‐ad�renergi�c� rec�eptor� (�Wilson� et� al.�,� 1990�)� and� the� b2�AR
(Swam�inath� and� Kobilka�,� unpubl�ished� data)� are� capabl�e� of� bind�ing� ligands
af�ter� pro�teolytic� cl�eavage� of� loop� stru�ctures.

It� has� also� been� observ�ed� that� the� degree� of� basal� activity� can� be
drama�tically� enhan�ced� by� single� point� mutati�ons� in� a� var�iety� of� structural
doma�ins� (�Parnot� et� al.,� 2002�).� These� cons�titutive� active� mutation�s� (CAM�s)
pro�vide� insigh�t� into� the� structu�ral� basis� of� basal� activity� and� of� rec�eptor
acti�vation.� For� instance,� th�e� fact� that� CAMs� can� be� gener�ated� in� virtua�lly
any� structu�ral� domai�n� (�Parnot� et� al�.,� 2002�)� suggests� that� in� th�e� inacti�ve
stat�e� th�e� rec�eptor� structu�re� is� constrain�ed� by� mul�tiple� intr�amolecul�ar
inter�action�s� that� li�nk� TM� se�gments� or� link� TM� segments� wit�h� inter�‐TM
se�gment� loops.� Thus,� mutati�ons� th�at� disrup�t� these� inter�action�s� would
incr�ease� the� ‘‘fle�xibility’’� of� th�e� pro�tein� (m�ovemen�t� of� TM� doma�ins
rel�ative� to� each� other)� and� the� pro�babilit�y� th�at� the� recepto�r� can� assu�me
a� more� active� conforma�tion.

One� might� pre�dict� that� mutati�ons� that� lead� to� enhance�d� basal� ac�tivity� by
di�sruptin�g� intr�amolecul�ar� interactio�ns� could� also� lead� to� dec�reased� struc-
tur�al� stab�ility.� Mutat�ion� of� Leu272�6.34� at� the� cytop�lasmic� end� of� TM6� in� the
b2AR� to� ala�nine� results� in� eleva�ted� basal� activity� (�Sama�ma� et� al.�,� 1993�) as
wel�l� as� bioc�hemic�al� instabi�lity� (Geth�er� et� al�.,� 1997a).� Purified� L27�2A� b2�AR
dena�tures� two� to� three� time�s� faster� th�an� wild�‐ty�pe� recepto�r� (G�ether� et� al.,
1997a�).� The� increas�ed� basal� acti�vity� obs�erved� in� the� native� b2�AR� at� red�uced
pH� is� also� assoc�iated� with� an� incr�eased� rate� o�f� dena�turation� (�Ghanou�ni
et� al.,� 2000�).� These� denatura�tion� pro�cesses� can� be� attenua�ted� by� both
agon�ists� and� antagon�ists� (Gether� et� al.,� 1997a)�.� Instabil�ity� has� also� b�een
reported in constitutive active mutants of the b1‐adrenoceptor (McLean
et al., 2002) and the H2 histamine receptor (Alewijnse et al., 2000). It is
worth mentioning that ligands, both agonists and antagonists, can stabilize
the receptor against denaturation and act as biochemical chaperones
(McLean et al., 2002; Petaja‐Repo et al., 2002), suggesting that they form
stabilizing bridges between TM segments.

B. Molecular Switches

So what do CAMs tell us about GPCR activation? We have seen how active
states can be achieved by destabilizing the normal arrangement of TM
domains by mutations at several different sites. As discussed above,
TMdomains areheld in thebasal state primarily by anetworkof noncovalent
interactions between side chains. Thus, any compound that disrupts one of
the many intramolecular interactions that stabilize the basal state could
have, in principle, agonist activity. The process of disrupting a stabilizing
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intramolecular interaction can be thought of as activating a molecular switch.
Importantly, these molecular switches can be activated by mutations or
ligands. It is expected that for any given GPCR, there will be numerous
molecular switches. Evidence for this is apparent in constitutively active
mutants that can be further activated by agonists, suggesting that the muta-
tion activated only one of several switches and that other switches still must
be triggered by agonist binding.While some of thesemolecular switches will
be specific for a given GPCR, common molecular switches have been pro-
posed formembers of the rhodopsin family ofGPCRs. Twoof these switches,
a rotamer toggle switch inTM6and an ionic lock betweenTM3andTM6, are
briefly described below in Section IV.B.1 and 2.

1. Rotamer Toggle Switch

Using site‐directed mutagenesis studies and computer simulations, it has
been suggested that rotameric positions of Cys2856.47, Trp2866.48, and
Phe2906.52 of the b2AR are coupled, and modulate the bend angle of TM6
around the highly conserved proline kink at Pro2886.50, leading to the
movement of the cytoplasmic end of TM6 (Shi et al., 2002) (Fig. 6). Authors

Agonist binding

TM6TM6

Trp2866.48

Phe2906.52 Phe2906.52Pro2886.50Pro2886.50

Cys2856.47 Cys2856.47 Trp2866.48

Fig. 6. The rotamer toggle switch. Agonist binding leads to changes in the rotameric
states of aromatic amino acids in TM6 resulting in a change in the angle of the helical
kink formed by the highly conserved Pro2886.50.
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also� proposed� that� interactions� between� the� aromatic� ring� of� catecholamine
agonists� and Phe2906.52� in� TM6� play� a� role� in� the� stabilization of� the� active
form� of� this� switch.� While� this� mechanism� was� initially� defined� for� catechol-
amine� receptors,� this� sequence� motif� is� highly� conserved� in� amine� and� opsin
receptors,� so� it� is� expected� that� this� step� in� the� activation� mechanism� will� be
conserved� within� these� families.

2.� Ionic� Lock

Another� molecular� switch,� the� ionic� lock,� involves� the� interaction� between
Glu6.�30�,� highly� conserved� in� amine� and� opsin� receptors� (>�93%),� and� the
Asp3.�49�/Arg3.50� pair,� in� the� highly� conserved� (D/E)RY�motif� found� in� virtually
all� Class� A� GPCRs� (Ballesteros� et� al.,� 2001a)� (Fig.� 7).� This� ionic� interaction� is
proposed� to� hold� together� the� cytoplasmic� ends� of� TM3� and� TM6 in the
resting� state� of� different� amine� receptors� (Ballesteros� et� al.,� 2�00�1a�;� Greasley
et al., 2002; Shapiro et al., 2002).� This� interaction� is� also� observed� in� the� crystal
structures of inactive rhodopsin (Li et al., 2004; Okada, 2004; Okada et al.,
2002; Palczewski et al., 2000; Teller et al., 2001), and disruption of this
interaction during activation is suggested by various biophysical (Farrens
et� al., 1996;� G�et�he�r� et� al.,� 1997b),� biochemical� (Arnis� et� al.,� 1994;� Ghanouni
et al., 2000; Sheikh et al., 1996, 1999), andmutagenesis (Alewijnse et al., 2000;

F�ig.� 7.� The� ionic� lock� stabilizes interactions� between� the� cytoplasmic� ends� of TM3
and� TM6 in the inactive state. Agonist binding disrupts these interactions.
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Gaborik et al., 2003; Kim et al., 1997; Rasmussen et al., 1999; Scheer et al., 1996)
studies. This ionic lock is key in the structure of the receptor, probably in
combination with other inter‐ and/or intrahelical interactions, as it keeps
TM6 in a relatively distorted conformation with a marked decrease of the
helical twist at the level of the proline kink at Pro2886.50. As a result, the
cytoplasmic end of TM6 is much closer to TM3 than would be expected from
the distortion induced solely by the proline.

C. Activation of Molecular Switches by Ligands

Figure 8 shows two possible ways that ligands may influence the arrange-
ment of TM domains. Ligands may serve as bridges that stabilize new
interactions between TM domains (Fig. 8A). In doing so, ligands may
move specific TM domains closer to each other, push them further apart,
or rotate one relative to the other. At the other end of the spectrum,
ligands may act by simply disrupting existing intramolecular interactions
(Fig. 8B). An example of an agonist binding to and displacing stabilizing
interactions can be found in the AT1 receptor. Experimental evidence
suggests that Asn1113.35 interacts with Asn2957.46 in TM7 to stabilize the
inactive state of the receptor (Balmforth et al., 1997). Other evidences
suggest that Asn1113.35 interacts with Tyr4 of angiotensin (Noda et al.,
1996). Thus, during activation, angiotensin would replace Asn1113.35 as
the interacting partner with Asn2957.46. It has also been shown that

Fig. 8. Mechanisms by which agonist binding may change the relative arrangement
of TM segments. (A) The agonist binding requires disruption of intramolecular inter-
actions and the formation of new interactions with the ligand. (B) The agonist binds
directly to amino acids involved in forming stabilizing intramolecular interactions.
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F�ig.� 9.� Agonist�‐induced� conformational� changes� in� the� b2AR.� (A)� Sites� of� interaction
between� norepinephrine� and� the� b2AR� identified� by� site‐directed� mutagenesis.� The
catecholamine� nitrogen� interacts� with� Asp113�3.32� in� TM3� (Strader� et� al.,� 1989a).
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histami�ne� binding� to� the� H1 rece�ptor� induces� Ser�3.36� to� inter�act� wit�h
Asn�7.45� on� activatio�n� (� Jongeja�n� et� al�.,� 2005)�.� It� is� likel�y� that� most� ligands
use� a� combin�ation� of� mechan�isms� shown� in� Fig.� 8�.

D.� Agonist� Binding� and� Activation� Is� a� Multistep� Process

In� both� of� the� models� show�n� in� Fig.� 8�,� the� ability� of� th�e� ligand� to� bind� the
recepto�r� depen�ds� on� the� dynamic� nature� of� the� noncov�alent� interacti�ons
between� TM� segmen�ts.� That� is,� agon�ist� acti�vation� canno�t� be� explaine�d� b�y� a
simple� lock�‐�and�‐ �key� model,� and� th�ere� is� no� preforme�d� bind�ing� site� for� the
agonist� (�D�el� Carmine� et� al.,� 2004;� Liap�akis� et� al.,� 2004�).� In� th�e� basal� state,� sites
of� contact� for� the� ligand� either� are� not� optima�lly� aligned� to� bind� all� struc-
tural� comp�onents� of� the� agon�ist� (�Fig.� 8A�)� or� are� inv�olved� in� intramo�lecular
interaction�s� (�Fig.� 8B�).� Thus,� interaction�s� must� brea�k� and� reform� on� a
timescale� compatibl�e� with� rapi�d� bind�ing� and� activati�on� of� rece�ptors.� In
the� case� of� th�e� model� show�n� in� Fig.� 8A�,� ligan�ds� may� fir�st� bind� to� o�ne
interactin�g� site� and� be� poi�sed� to� bind� to� a� subsequ�ent� site� on� disrupti�on
of� intr�amolecul�ar� inter�action�s� betwee�n� TM� segments.� This� woul�d� involve
the� formation� of� one� or� m�ore� inter�media�te� conforma�tional� stat�es.

E.� The� b2AR� as� a� Model� System� for� Ligand� Binding� and� Activation:
Biophysical� Analysis� of� Agonist‐�Induced� Conformational� Changes

The� b2�AR� is� a� good�model� syste�m� for� stud�ying� agon�ist� binding� beca�use� the
sites� of� inter�action� betwe�en� catecho�lamine� ligands� and� th�e� b2�AR� have� been
extensiv�ely� charact�erize�d� (�Liapak�is� et� al.�,� 2000�;� Strader� et� al�.,� 1989c�;� Wieland
et� al.,� 1996�) (Fig.� 9A�).� In� summ�ary,� the� ami�ne� nitrogen� intera�cts� wit�h

Hydroxyls� on� the� catechol� ring� interact� with� serines� 2035.42� (Liapakis� et� al.�,� 2000�),
2045.43,� and� 2075.46� (Strader� et� al.,� 1989b)� in� TM6.� The� chiral� b�‐hydroxyl� interacts� with
Asn293�6.55� in� TM6� (�Wieland� et� al.,� 1996�)� and� the� aromatic� ring� interacts� with� Phe290�6.52

in� TM6� (Strader� et� al.�,� 1989c).� Also� shown� is� the� relative� position� of� Cys265�6.27,� the
labeling site for tetramethylrhodamine. (B) Agonist‐induced conformational changes in
purified b2AR labeled with tetramethylrhodamine at Cys2656.27. Conformational re-
sponse to norepinephrine and dopamine was examined by monitoring changes in
fluorescence intensity as a function of time. The response to norepinephrine was best
fit with a two‐site exponential association function, while there was no significant
difference between a one‐site and a two‐site fit for the response to dopamine. The
rapid and slow components of the biphasic response to norepinephrine are shown as
dotted lines.
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Asp�113�3.32� in� TM3� (Str�ader� et� al.,� 198�9a),� the� catec�hol� hyd�roxyls� interact
wit�h� serine�s� in� TM5� (�Liap�akis� et� al�.,� 2000�;� Strader� et� al.�,� 1989b�;� Wieland� et� al�.,
1996�).� Int�eractions� with� th�e� aroma�tic� ring and� the� chir�al� b‐�hydrox�yl� both
have� bee�n� mapped� to� TM6 (�Wieland� et� al�.,� 1996�).

Several stud�ies� investigati�ng� the� process� of� catecho�lamine� bind�ing� to� the
b�2AR� pro�vide� evide�nce� support�ing� a� m�ultistep� process� for� agonist binding
(G�hanouni� et� al.,� 2001a;� Swam�inath� et� al.�,� 2004,� 2005�).� For� insta�nce,� fluor�es-
cence� lifetime� stud�ies� revea�l the� existen�ce� of at� least� one� intermedia�te
confor�mational� state� in� th�e� prese�nce� of the� full� agonist� isop�roterenol
or� parti�al� agonist�s� dobu�tamine� and� salbut�amo�l� (G�hanou�ni� et� al.�,� 2001a)
(�Fig.� 4C)�.� The� existen�ce of� an� inter�mediate� confor�mationa�l� state� can� also be
demon�strated� kinetica�lly� in� the� b�2AR.� In� thes�e� studies,� b2�AR� was� label�ed� at
C�ys265�6.27� at� the� cytoplasm�ic� end� of� TM6� with� tetr�ameth�ylrhoda�mine
(TMR�‐b�2AR).� Based� on� hom�ology� with� rhodo�psin,� Cys2�65�6.27� is� loc�ated� in
th�e� IC3� at� the� cytop�lasmic� end� o�f� the TM6.� Mutage�nesis� st�udies� have� show�n
th�is� region� o�f IC3� to� be� imp�ortant� for� G� pro�tein� cou�pling� (�Liggett� et� al.�,� 1991;
O’� D�owd� et� al.�, 198�8).� Moreo�ver,� TM6,� along� with� TM3� and TM5�,� contains
amin�o� acid�s� th�at� form� the� agon�ist‐�bind�ing� site.� Thus,� an� envi�ronmenta�lly
se�nsitive fluor�ophor�e� covalently� bound� to� C�ys2656.27� is� wel�l� posi�tioned� to
dete�ct� ago�nist‐�indu�ced� confor�mational� changes� relevant� to� G� pro�tein� acti�-
vation�.� Using� this� exp�erimen�tal� syste�m,� agon�ist‐�induced confor�mational
cha�nges� can� be observed� by� monito�ring� fluor�escence� intensi�ty� of� TMR�‐�b2�AR
ove�r� time.� Our� results� show� how� bind�ing� of the� catecho�lami�ne� norep�ineph-
ri�ne� results� in� curv�e� th�at� is� best� fit� by� a two‐�site� expone�ntial� associati�on
func�tion� (�Fig.� 9B) (Swami�nath� et� al�.,� 2004�).� Thi�s� suggests� that� on� catec�hol-
amin�e� bind�ing,� b�2ARs� undergo� tran�sitions� to� two� kinetica�lly� di�stingui�shable
confor�mationa�l� states� through� a� combina�tion� of a fast and a slow conforma-
tional change. Using a panel of chemically related catechol derivatives, we
identified the specific chemical groups on the agonist responsible for the
rapid and slow conformational changes in the receptor. In the presence of
catechol and dopamine, only rapid conformational changes were observed
(Fig. 9B and C). In contrast, both rapid and slow conformational changes
were observed on binding to norepinephrine, epinephrine, and isoprotere-
nol. These results suggest that formation of interactions between the cate-
chol ring and the amine group of the ligand with the Ser residues in TM5
and Asp1133.32 occurs rapidly, while interactions between the b‐hydroxyl of
the ligand and Asn2936.55 occur more slowly, possibly due to the need to
overcome a strong stabilizing intramolecular interaction.

Interestingly, the conformational changes observed in these biophysical
assays were correlated with biological responses in functional assays.
Dopamine, which induces only a rapid conformational change, is efficient
at activating Gs but not receptor internalization. In contrast, norepinephrine
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andepinephrine, which induceboth rapid and slow conformational changes,
are efficient at activating Gs and receptor internalization.
The process of activation by dopamine can be further dissected using

catechol alone as a ligand. As discussed above, the catechol ring of catecho-
lamines is predicted to interact with serines inTM5 and the aromatic residues
of the rotamer toggle switch in TM6 (Fig. 9A). We found that catechol alone
was able to induce a rapid conformational change inTMR‐b2AR similar to the
response observed with dopamine (Fig. 9C). Moreover, we found that cate-
chol is aweakpartial agonist (Swaminath et al., 2005).Both ligandbindingand
conformational studies demonstrated that catechol occupied the same bind-
ing space as the catechol component of catecholamines (Swaminath et al.,
2005). Based on these observations, we speculate that catechol binding is
sufficient to activate the rotamer toggle switch, inducing the fast change in
fluorescence, but not other molecular switches required for full activation.
Catechol has a remarkably high affinity (KD¼ 160 mM, based on a conforma-
tional assay) considering its size (formulaweight 110),which is consistentwith
an agonist fragment where a high proportion of the catechol atoms are
involved in binding interactions with the receptor. Moreover, the relatively
high binding affinity suggests that energetic cost of the conformational
changes required for optimal interactions between the b2AR and catechol
is small.
The binding of the catechol ring of dopamine results in the same structural

change that occurs on binding of catechol alone, but the interaction between
the amine group andAsp1133.32 also stabilizes a specific arrangement of TM3
relative to TM5 and TM6. This additional conformational change imparts
a much greater activity toward Gs. Note that binding affinity for dopamine
(Ki¼ 350 mM)is similar to that for catechol.This is surprising considering that
the interaction between the primary amine and Asp1133.32 makes the stron-
gest contribution to the binding energy. Part of the binding energy associated
with the interaction between dopamine and Asp1133.32might be offset by the
energetic cost of the conformational change needed for the binding interac-
tion to occur. Thus, in the inactive state, TM5 and TM6 are positioned such
that little energy is needed to accommodate the binding of the catechol ring.
In contrast, the movement of TM3 relative to TM5 and TM6 required for
binding of dopamine may involve breaking of intramolecular interactions,
thereby consuming part of the energy provided by the ionic interaction
between the ligand and the receptor. Evidence from unpublished studies
suggests that this added energy is required to disrupt the ionic lock.
Using the information obtained through these biophysical studies on the

b2AR� (Ghanou�ni� et� al�.,� 2001a;� Swami�nath� et� al.,� 2004,� 2005�),� we� proposed� a
model whereby agonist binding and activation occur through a series of
conformational intermediates (Fig. 10). Within this model, catechol and
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dopamine can be considered as fragments of full catecholamine agonists (for
instance, norepinephrine), which are capable of stabilizing intermediate
states that have only partial activity.

Evidences for intermediate conformational states have also been ob-
served in other receptors. Time‐resolved peptide‐binding studies on the
neurokinin receptor revealed that an agonist peptide binds with biphasic

Fig. 10. Sequential binding model. (A) Arrangement of the TM domains of the b2AR
as viewed from the extracellular surface. The agonist‐binding domains are shown in red
(TM3), green (TM5), and blue (TM6). (B) Diagram representing structural compo-
nents of norepinephrine. (C–E) In the absence of ligand, the receptor (R) is conforma-
tionally flexible. Conformational state R1 is stabilized by interactions between TM5 and
TM6 and the catechol ring. The transition to state R2 occurs when Asp1133.32 in TM3
binds the amine nitrogen. The transitions from R to R2 are rapid. The slow transition
from R2 to R3 involves interactions between the chiral b‐hydroxyl and Asn2936.55 on
TM6.
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kinetics. The rapid binding component was associated with a cellular
calcium response while the slow component was required for cAMP signal-
ing (Palanche et al., 2001). These results support a mechanistic model for
GPCR activation where contacts between the receptor and structural deter-
minants of the agonist stabilize a succession of conformational states with
distinct cellular functions.

V. Concluding Remarks

This chapter has addressed activation of GPCRs using data from only a
small subset of rhodopsin family members in which the agonist‐binding site
is formed by the TM segments. At the other end of the spectrum are
receptors for glycoprotein hormones and the glutamate family of receptors
in which the ligand‐binding site is found within a large N‐terminal domain.
Nevertheless, glycoprotein hormone receptors can be activated by muta-
tions within TM segments, and glutamate receptor activity can also be
modulated by small organic compounds that bind within the TM segments
(Pin et al., 2003), suggesting that agonist binding ultimately leads to the
disruption of interactions that stabilize the arrangement of the TM seg-
ments. In the case of the glycoprotein hormones, evidence suggests that part
of the N‐terminus interacts with sequence between TM4 and TM5 to stabi-
lize the inactive state and that this interaction is disrupted by agonist binding
(Nishi et al., 2002; Yi et al., 2002). In the glutamate family, receptors are
homodimers held together by theN‐terminal Venusflytrapdomain.Agonist
binding leads to large structural changes in the Venus flytrap motifs and
would be predicted to alter the relative arrangement of the 7‐TM segments
fromeachmonomer (Pin et al., 2003; Tateyama et al., 2004). Thismay in turn
alter the orientation of the TM segments within each monomer. Therefore,
the mechanism linking ligand binding to receptor activation for these
receptors is likely to be more complex (Pin et al., 2003; Yi et al., 2002).
While we have learned a great deal about GPCR structure and the

cellular signaling pathways activated by GPCRs over the past 20 years,
much remains to be learned about the mechanism of activation of this
fascinating family of membrane proteins. A better understanding of the
complex process of agonist binding and activation may facilitate the
design of more effective and selective pharmaceuticals.
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