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ABSTRACT 

ALLOSTERIC REGULATION OF GS ON AGONIST, ANTAGONIST AND INVERSE 
AGONIST BINDING TO THE β2AR 

 
by 

Gisselle A. Vélez Ruiz 

 

Chair: Roger K. Sunahara 

 G protein-coupled receptors are seven transmembrane domain proteins that 

regulate a diverse array of cellular functions primarily through G protein-mediated 

signaling. GPCR function can be regulated by different ligands that are classified as 

agonists, partial agonists, antagonists or inverse agonists. However, many GPCRs exhibit 

a degree of basal or ligand-independent activity. Full and partial agonists stabilize a 

conformation of the receptor that can couple to G proteins. Neutral antagonists are 

believed to bind to all receptor conformations indiscriminately and block the binding of 

other ligands, thus having no effect on second messenger signal transduction pathways. 

In contrast, inverse agonists bind to and stabilize the inactive conformation causing a 

decrease in basal activity. However, the molecular mechanisms for basal activity, ligand 

binding and their activation and inhibition of G proteins are poorly understood, largely 

because receptors exist in a dynamic ensemble of conformations that are difficult to 

isolate. Here we investigate the activation of the G protein (Gs) by the β2Adrenergic 
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Receptor (β2AR) by using a purified receptor reconstituted into recombinant HDL 

particles with a stoichiometric excess of Gs. The β2AR was site-specifically labeled with 

a small, environmentally sensitive fluorophore allowing direct monitoring of ligand- and 

Gs induced conformational changes. In the absence of an agonist, the β2AR and Gs can be 

trapped in a complex that is nucleotide-free. Formation of this complex is enhanced by 

the agonist isoproterenol, and disrupted by the addition of saturating amounts of guanine 

nucleotides. The inverse agonist ICI prevents the formation of the complex but it is 

unable to disrupt the pre-formed complex. Saturation and ligand inhibition assays used to 

further characterize this complex revealed unexpectedly that the nucleotide-free β2AR-Gs 

complex does not bind to the antagonist alprenolol. Moreover, binding is recovered by 

addition of guanine nucleotides.  These results provide insights into G protein-induced 

conformational changes in the β2AR and the structural basis for ligand efficacy. More 

importantly, we provide evidence that argues against the existence of “neutral” 

antagonists. Thus a re-evaluation of current GPCR binding theory and experimental 

design is required.  
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CHAPTER 1 

INTRODUCTION 

 

G Protein-Coupled Receptor Signaling 

G protein-coupled receptors (GPCRs) are the largest family of integral membrane 

proteins localized at the cell surface. GPCRs contain seven α-helical transmembrane 

domains capable of binding a wide range of ligands. These ligands range from 

endogenous compounds such as adrenaline, dopamine and chemokines to exogenous 

ligands including morphine, as well as sensory stimuli like odors, taste and light. They 

constitute the third largest family of genes in the human genome with approximately 

1000 genes (1).  Their vast diversity and their importance in cellular signaling make them 

prime therapeutic targets constituting nearly 30 percent of available drugs (2) 

GPCRs are divided into three main classes with no sequence homology: Class A, 

Class B and Class C. The largest class, Class A, is made up of ~85% of the GPCR 

encoding genes and recognizes a diverse array of ligands, including catecholamines, 

photons, nucleotides, phospholipids, and peptides. In all, they can be classified into six 

classes based on sequence homology and functional similarity: Class A (Rhodopsin like), 

Class B (Secretin like), Class C (Metabotropic like), Class D (Fungal pheromone), Class 

E (cAmp receptors), and the Frizzled/Smoothened class.
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GPCRs regulate a diverse number of cellular functions primarily through 

heterotrimeric G protein-mediated signaling. Heterotrimeric G proteins are

comprised of three subunits: Gα, Gβ, and Gγ. The Gα subunit differs among the members 

of the family, and defines the individual. Common Gβ and Gγ subunits are shared among 

some α subunits to form the specific oligomers. There are at least 20 α, 5 β and 10 γ 

subtypes in humans (3). The α-subunits are divided into several families: αs (stimulates 

adenylate cyclase, AC), αi/o (inhibits AC), αq (stimulates phospholipase Cβ, PLCβ), α12/13 

(stimulates guanine nucleotide exchange factors for small G protein Rho, Rho-GEF); and 

the more specialized αt (visual, regulates phosphodiesterase gamma, PDEγ) and αolf (also 

stimulates AC).  The G proteins are anchored to the membrane by lipid modifications in 

the α-subunits (usually by a myristoyl and/or palmitoyl moiety) and γ subunit (prenyl, 

farnesyl or geranylgeranyl acyl group (4).  

Gα-subunits also contain guanine nucleotide binding sites that in the basal 

inactive state (trimeric form) is bound by GDP.  Activation of the G protein through the 

exchange of GDP for GTP results promotes the functional dissociation of the α and βγ 

subunits, allowing each to regulate their respective downstream effectors.  Gα subunits 

may regulate ACs, PLCβs, RhoGEFs or PDE, while Gβγ may modulate receptor kinases, 

ion channels, PLCβ isoforms, and certain AC isoforms, to name a few.  Together these 

effectors may regulate the production or gating of second messengers such as cAMP, 

phosphoinositides or cations that in turn may regulate downstream protein kinase 

cascades.    

 Signaling is eventually terminated by the hydrolysis of GTP to GDP by the α-

subunits and the subsequent reassociation of the heterotrimer (Fig. 1-1).  Hydrolysis is 
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achieved by the intrinsic GTPase activity of the α subunit and may be accelerated through 

an interaction with proteins such as Regulators of G protein Signaling (RGS) (5). 

However, the key step in the entire cycle is the process of exchange of GDP for GTP, a 

step that is catalyzed by hormone-bound receptor. 

Figure 1-1. The Heterotrimeric G protein cycle. Representative overview of G protein 
activation and signaling.  Ligand binding (blue) to the receptor (GPCR) induces a 
conformational change that promotes the exchange of GDP for GTP on the α-subunit of 
the heterotrimeric G protein (Gαβγ). Upon GTP binding the heterotrimeric G protein 
functionally dissociates into α-GTP and βγ subunits that activate different effectors. 
Hydrolysis of GTP to GDP promotes the reassociation of the heterotrimer, which can be 
activated again by the receptor. 
 

Receptors can also be desensitized through an event that is triggered through 

phosphorylation by G protein-coupled receptor kinases (GRKs).  GRK family members 

are divided into three main groups based on sequence homology: rhodopsin kinase  
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(GRK1 and 7), the β2adrenergic receptor subfamily (GRK2/3) and the GRK4 subfamily 

(GRK4, 5 and 6) (6). Receptor phosphorylation leads to the recruitment and binding of 

arrestin, one function of which is to arrest signaling by preventing G protein signaling.   

In addition, arrestins can recruit clathrin adaptor protein (AP1) and clathrin, which 

mediate receptor endocytosis.   There are four known genes encoding arrestins.  

Arrestin 1 and 4 have restricted expression patterns, localizing in the retina. Arrestin 2 

and 3 are ubiquitously expressed and interact with the vast majority of GPCRs (7). 

Recently, arrestins 2/3 were discovered to stimulate G protein-independent signals, 

largely in pro-survival and anti-apoptotic pathways (8-11).  Thus, arrestins are known to 

mediate three GPCR properties: desensitization, internalization and signaling. 

This thesis focuses on a prototypic Class A receptor, the β2Adrenergic receptor 

(β2AR). The β2AR has several roles in the body, including the regulation of smooth 

muscle relaxation, glycogenolysis, and lipolysis. The β2AR is activated by epinephrine, 

which causes the activation of the stimulatory G protein, Gs. GTP-bound Gs binds and 

activates adenylyl cyclase causing an increase in cAMP levels and subsequent activation 

of protein kinase A (PKA).  In contrast, the β2AR can also couple to Gi and lead to 

inhibition of adenylyl cyclase and the reduction of cAMP levels. However, the 

mechanisms by which the “G protein switch” occurs are still not well understood, but 

have implicated phosphorylation of the β2AR itself (12, 13).  

Recent work has shown that the β2AR can signal through G protein-independent 

pathways, namely through arrestins (14). This new paradigm is an example of the 

concept of biased agonism and biased signaling. Ligands may serve as agonists for a G 

protein-dependent pathway but serve as antagonists for the arrestin pathway or vice versa 
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(15). An example of this is the case of ICI 118, 551, an inverse agonist for the G protein-

dependent pathway but a full agonist for the arrestin stimulated MAPK pathway (16).  

The discovery of biased agonism has opened the doors for the development of new 

therapeutics that can rely on already established drugs to study multiple effectors and 

responses different from those stimulated/inhibited by G proteins.  

 

Orthosteric and Allosteric Regulation of GPCRs 

All GPCRs have a distinct binding site for their respective endogenous ligand(s) 

known as the orthosteric site.  Ligands that bind to this site are considered classical or 

traditional orthosteric ligands and have been typically characterized using functional or 

radioligand binding methods (17). This group includes small-molecule agonists, partial 

agonists, antagonists and inverse agonists.  Although most GPCRs exhibit a degree of 

constitutively active basal activity, agonists can further stabilize the activated state and 

enhance G protein activation. Neutral antagonists bind to the orthosteric site and block 

the binding of the native agonist without altering the constitutive activity of the receptor. 

In contrast, inverse agonists occupy the binding site and decrease the constitutive activity 

(18). 

In addition, GPCRs have allosteric binding sites that are commonly spatially and 

functionally distinct from the orthosteric site, displaying no overlap between them (19, 

20). Allosteric modulators bind to the allosteric site where they stabilize a receptor 

conformation and equilibrium shift that increases (positive allosteric modulator, PAM) or 

decreases (negative allosteric modulatory, NAM) the affinity and/or efficacy of an 

orthosteric ligand.  
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The effects of allosteric and orthosteric ligands on receptor activity can be 

described by equations based on various mass-action models. The orthosteric models 

describe the binding between different ligands to a common site on the receptor. The 

earliest described model was the classical occupancy model that assumed that the binding 

of an agonist activated the receptor (21).  In contrast, allosteric models take into 

consideration the ability of the receptor to present different binding sites to different 

ligands. Allostery was originally explained in the simple two state model, which stated 

that the bound-receptor existed in one of two states: active or inactive. This model was 

modified (full two state model) to incorporate basal activity in which the receptor can be 

active or inactive regardless of ligand binding (22).  

The ternary complex model (TCM) was an extension of the previous models and 

takes into account not only the interaction of the receptor and ligand, but also the active 

receptor and G protein (23). This model predicts that in the presence of GDP, agonist 

binding promotes the formation of a long-lived ternary complex between agonist (H), 

GPCR (R), and heterotrimeric G protein (G) that exhibits high affinity agonist binding. In 

the absence of G protein, or when the presence of GTP allows for receptor-catalyzed G 

protein activation, the H-G-R complex is dissociated, and the receptor resides in a low 

affinity (H-R) state (24).  The realization that some ligands (inverse agonists) have higher 

affinity for the inactive receptor and suppress basal receptor activity lead to the extension 

of the TCM, this expansion proposes that the intrinsic efficacy of a ligand reflects its 

ability to alter the equilibrium between active (R*) and inactive (R) (25). 

According to the extended TCM, full agonists stabilize the R* conformation, 

pulling the equilibrium toward the active state to obtain a full response and maximal 
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activation.  Partial agonists have lower intrinsic efficacy than full agonists, resulting in 

submaximal activation. Antagonists, theoretically bind R and R* indiscriminately, 

producing no physiological response but blocking the binding/response of agonists. In 

contrast, inverse agonists block the binding of other ligands but reduce receptor-mediated 

constitutive activity of GPCRs by binding to R and shifting the equilibrium to the 

inactive state. Although, this model takes all types of ligands into account, it is still 

limited in that it accommodates the existence of only two receptor conformations. 

However, in practice the TCM is the model with the minimal number of parameters that 

are required to define drug properties that can be accurately determined experimentally.   

Current experimental data have lead to the proposal of a new model that 

recapitulates the principles of its predecessors and expands the idea that GPCRs exist in 

multiple active states. The idea of differential active states arose from the observation that 

many GPCRs at physiological levels or when over-expressed displayed promiscuity (26-

28).  In this multistate model, certain agonists are predicted to induce distinct active 

conformations of the receptor by differentially exposing regions of the intracellular 

domains involved in coupling to different pools of G proteins. In fact, the β2-adrenergic 

receptor can exist in various active conformations that can be distinguished in the 

presence of guanine nucleotide analogs (29).  These results can be extrapolated to analyze 

the conformational changes that GPCRs undergo upon ligand binding (agonists, 

antagonists and inverse agonists) and G protein coupling.  

All these models have taken into account the contributions of ligand binding and 

G protein coupling to the conformational state of the receptor and describe the effects 

they impose on each other. However, allosteric regulation of the orthosteric site of 
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GPCRs is not limited to G proteins.  Monovalent metal ions have been shown to be 

allosteric regulators of ligand binding for several receptors (30, 31). It is hypothesized 

that sodium affects ligand binding through an interaction with a conserved aspartate in 

transmembrane two of the receptor.  Similar to G proteins, the binding of sodium to the 

allosteric site affects ligand dissociation at the orthosteric site.  

Although effects of guanine nucleotides on the receptor conformation and ligand 

binding have been observed (just like the effects of ions) these have not been 

characterized in depth as nucleotides are seen as direct modulators of G proteins not the 

receptor.  Interestingly, increases in antagonist binding due to the addition of guanine 

nucleotides have been observed (32-34). This observation is intriguing because according 

to the TCM, antagonists bind to all receptor conformations indiscriminately. This 

observation implies that there is a state of the receptor-G protein complex that cannot be 

detected by antagonists, suggesting that antagonists are not conformation-neutral. Such 

GPCR-G protein complex had not been isolated or characterized until recently by our lab. 

 

GPCR-G Protein Complex: Formation, Stability and Structure 

 GPCR-G protein interactions represent the fundamental signaling interface 

underlying the majority of physiological responses due to hormones or neurotransmitters. 

Crystallography has served as an integral tool in the study and understanding of both G 

protein and GPCR function. To date, the structures of several active and inactive G 

proteins have been published (35-37), and the structures of several prototypical GPCRs 

have been also obtained (38-42). These structures, in combination with functional data, 

give insights into the molecular mechanisms that allow these receptors to exist in a 



	
  
	
  

9	
  

diverse array of conformations and highlight key regions critical in ligand and effector 

binding.  

 All of the published structures contain a ligand in their binding site and lack a 

prominent tilt of the cytoplasmic half of TM6 away from the transmembrane helical 

bundle which is considered to be mandatory for G protein activation (43-45). To date the 

only structure of a GPCR-G protein complex available is that of opsin bound to an 11-

amino acid peptide derived from the C-terminal helix of the α-subunit of transducin (40).  

This model lacks structural elements that are thought to be involved in receptor and G 

protein interaction (e.g. Gβγ). Although Gβγ is not mandatory for catalyzed nucleotide 

exchange, modulation of the Gα-Gβγ interface in the holo G protein greatly facilitate 

GDP release (40, 46).  However, most of the attempts to crystallize a full length GPCR-G 

protein complex have failed. 

GPCRs require the presence of a membrane environment for maximal stability 

even though their intracellular loops are extremely dynamic. These factors and the rapid 

kinetics of the G protein-GPCR interaction (47) make the isolation and crystallization of 

a stable and functional complex in detergent micelles complicated. To circumvent some 

of these issues, a camelid antibody fragment (nanobody) was raised against the active 

(agonist-bound) conformation of the β2AR. This nanobody, NB80, shows G-protein-like 

properties upon binding to either wild-type β2AR and β2AR –T4L, the β2AR–T4 

lysozyme fusion protein that was used to obtain the inactive state crystal structure (48). 

Comparison with the inactive β2AR structure reveals subtle changes in the ligand binding 

pocket. These small changes are associated with an outward movement of the 

cytoplasmic end of TM6, and rearrangements of TMs 5 and 7 that are similar to those 
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seen in the active form of rhodopsin (48, 49). This structure provides insights into the 

process of agonist binding and activation.	
  

In addition, numerous studies involving chimeric substitutions, various mutational 

approaches, and synthetic peptides have provided insight into structural elements 

important for the interaction with G proteins. These studies have established critical roles 

for the second and third intracellular loop (ICL2 and ICL3, respectively), and at least in 

some receptors, the proximal part of the carboxy terminus in G protein coupling (50-52). 

ICL3 is the key determinant of coupling specificity among the different G protein α-

subunits. Crucial residues for coupling have been localized to the amino-terminal part of 

ICL3 adjacent to TM5 (53) and in the carboxyl-terminal part of ICL3 close to TM6 (54). 

ICL2 is not as important for recognition as it is for activation efficiency. Random 

mutagenesis studies suggest that residues on ICL2 that are close to TM3 are responsible 

for maintaining the receptor in an inactive state, while residues on the opposite site 

compromised G protein coupling (55).  These observations are consistent with a role of 

the E/DRY motif (amino-terminal of ICL2) in receptor activation (56-58) and movement 

of TM3 relative to TM6 predicted from spectroscopic analysis (43, 59).  

 Regardless of all these findings, the mechanisms and conformations by which the 

signal is transmitted from the active receptor to the G protein remains elusive. The points 

of contact between the two proteins and the relative orientation to each other are still 

greatly unknown. Using the data available, it has been proposed that the nucleotide of the 

α-subunit of the G protein is localized ~30Å away from the membrane (60). This would 

suggest that the nucleotide-binding domain of the α-subunit releases GDP as it interacts 

with the receptor.  
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 GPCRs are thought to trigger nucleotide release by an allosteric mechanism. It 

has been proposed that the carboxyl-terminus of the α-subunit binds the receptor and this 

leads to changes in the conformation and/or orientation, which are propagated to α5/β6 

loop that is in direct contact with the nucleotide. The loss of binding interactions 

involving residues in this loop may trigger GDP release, leading to G protein dissociation 

and activation (61, 62).   

We have defined the active-state GPCR-G protein complex as the physical 

association between a GPCR and a G protein that can be identified by the allosteric 

effects that they impose on each other (63).  This effect is observed for agonist binding 

where the formation of a GPCR-G protein complex enhances the affinity of the receptor 

for the ligand. This enhanced agonist-affinity for the active-state complex is abolished by 

guanine nucleotides suggesting that the bound protein is nucleotide-free. Furthermore, it 

suggests that a fraction of G proteins may exist in a pre-coupled state that differs from the 

active-state.  These distinct states have not been observed in cells since the nucleotide 

concentrations in the cytoplasm is too high, leading to rapid G protein activation. The in 

vitro characterization, both functional and structural, of these conformations has been 

limited by the lack of experimental systems that resemble their natural environment 

successfully.  

In order to characterize and isolate discrete conformational states of GPCRs we 

have taken advantage of biophysical techniques that allow us to monitor specific regions 

of the receptor upon treatment with ligand and/or G protein binding. These studies 

allowed direct structural analysis and represent a first step toward a more deep 

understanding of GPCR function at the molecular level. To accomplish this, we relied on 
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an unique approach for isolating functional GPCR monomers in phospholipid bilayers of 

a discoidal high density lipoprotein (HDL) particle.  

 

High Density Lipoprotein (HDL) in the Study of GPCRs 

Over the past decade membrane protein research has escalated thanks to a diverse 

array of membrane modeling systems such as detergent micelles, bicelles and liposomes 

(64). These have allowed the functional and structural characterization of a great number 

of membrane proteins. However, in some instances it is unclear how these systems mimic 

the natural milieu. In most cases, the orientation and oligomerization state of the 

reconstituted proteins cannot be determined.   

 In the past couple of years, a new class of model membranes has been developed 

to study the function of isolated membrane proteins especially GPCRs (65-73). In this 

approach a purified membrane protein is reconstituted into the phospholipid bilayer of a 

high-density lipoprotein (HDL) particle. HDL is a protein-lipid complex that is part of the 

reverse cholesterol transport pathway in the body (74) that serves to sequester and 

transport excess cholesterol from the vasculature to the liver for excretion. It is composed 

of a 100 nm-diameter phospholipid bilayer that is stabilized and surrounded by a belt 

composed of a dimer of apolipoprotein A-I (apoA-I).  The bilayer mimics the zwitterionic 

environment of the cell membrane and the whole complex can be reconstituted in vitro by 

adding lipids to purified apoA-I.    

The reconstituted HDL (rHDL) particles are monodispersed, homogenous and 

preferentially incorporate monomeric GPCRs (70).  Furthermore, they allow full access 

to both the N and C termini of the receptor (extracellular and cytoplasmic surfaces, 
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respectively), allowing the interaction of the receptors with orthosteric and allosteric 

regulators (Fig. 1-2). Several forms of rHDL particles have been described and have 

successfully been used to reconstitute membrane proteins, e.g. nanodiscs and NABBs 

(nanoscale apolipoprotein-bound bilayers) (72). A variety of GPCRs have now been 

reconstituted into rHDL particles: rhodopsin (71-73), β2-adrenergic receptor (70) and the 

µ-opioid receptor (75), each fully capable of activating its G protein when reconstituted 

as monomers in rHDL particles.  Furthermore, reconstituted receptors display strong 

allosteric modulation by both G proteins and arrestin (73).  

The advantages of the rHDL system allow us to investigate and characterize 

different conformational states of the β2adrenergic receptor (β2AR) induced by binding of 

allosteric and orthosteric regulators. In this thesis, I use fluorescence spectroscopy and 

radioligand binding assays to elucidate distinct conformations of the receptor induced by 

agonists, antagonist and inverse agonists in the presence or absence of its cognate partner, 

Gs. More importantly, we were able to isolate the high-affinity agonist state: the 

nucleotide-free β2AR-Gs complex. Interestingly, we found that the  

“neutral" antagonist, alprenolol, preferentially binds to the β2AR alone or in 

complex with GDP-Gs but not to the β2AR-Gs nucleotide-free complex. These data 

suggest that alprenolol is not a neutral ligand as it does not recognize all receptor 

populations. Moreover, our studies have allowed us to establish a model to explain ligand 

binding that has significant implications for GPCR theory, because equilibrium binding 

assumes that all receptor conformations exist in equilibrium and are all recognized by 

neutral antagonists which is not the case.  
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Figure 1-2. High-density lipoproteins. (A) Transmission electron micrograph of 
negatively stained rHDL. The 10 nm rHDL particles are homogenous. (B) Molecular 
model illustrating rHDL composed of a dimer of apoA-I wrapped around a phospholipid 
bilayer of ~160 lipids. (C) Molecular model of a GPCR (bovine rhodopsin, 1F88) 
reconstituted into rHDL. Image adapted from Whorton et al. (70) 
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CHAPTER 2 

THE EFFECT OF LIGAND EFFICACY ON THE FORMATION AND STABILITY OF 
A GPCR-G PROTEIN COMPLEX 

 

Introduction 

 G protein independent signaling pathways have been identified for a number of G 

protein-coupled receptors (8, 14, 76); however, GPCR-G protein interactions represent 

the fundamental signaling interface, underlying the physiologic response to the majority 

of hormones and many neurotransmitters. Crystal structures of G proteins have been 

obtained in both the active and inactive states (35-37), and structures of bovine rhodopsin 

(38, 39, 77-80), squid rhodopsin (81, 82), bovine opsin (40, 49),  human β2AR (42, 83, 

84), turkey β1AR (85), adenosine A2a receptor (86), chemokine CXCR4 (87) and 

dopamine D3 receptors (88) have been reported. However, relatively little is known about 

the active-state GPCR-G protein complex.  

 The active-state GPCR-G protein complex is herein defined as the physical 

association between a GPCR and a G protein that promotes GTP binding to the Gα 

subunit. The specific allosteric effects that each protein imposes on the other can identify 

this complex. Agonist-bound GPCRs promote exchange of GDP for GTP on the Gα 

subunit. G protein effects on receptor structure are more difficult to detect, but agonist
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binding affinity for many GPCRs is enhanced when complexed with a G protein. This 

effect was originally demonstrated for the β2AR (89) and led to the ternary complex 

model of receptor activation (23). The enhanced agonist affinity observed for the active-

state complex is abolished by both GTP and GDP (at higher concentrations) suggesting 

that the bound G protein is nucleotide-free (32).  

 The active-state complex should be distinguished from other types of physical 

association or co-localization of GPCRs and G proteins that may be observed in cells and 

may be important for signal transduction. Recently it has been possible to study GPCR-G 

protein interactions in cells by using FRET between components tagged with fluorescent 

and/or luminescent proteins (90-92). These studies provided evidence that a fraction of 

inactive receptors and G proteins may exist in a pre-coupled state or at least in close 

proximity. These associations may occur through direct receptor-G protein interactions, 

or through interactions with common scaffolding proteins. However, this state differs 

from the active-state or ternary complex as defined above, because G protein-dependent 

high-affinity agonist binding is not observed at GTP and GDP concentrations present in 

intact cells (93, 94).  

 For many GPCRs, the active-state complex can form in the absence of agonists 

leading to a certain level of basal, agonist-independent activity also called constitutive 

activity. There is a growing appreciation that drugs that inhibit basal activity, called 

inverse agonists, may be more effective therapeutics for some indications than neutral 

antagonists (95). 

 Herein we use site-specific labeling of the β2AR with a conformatially sensitive 

fluorescent probe together with recombinant HDL particles (70), to investigate the active-
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state complex. This experimental system allows us to directly monitor ligand and G 

protein-induced conformational changes in the monomeric β2AR. We observed that the 

β2AR forms a stable complex with the Gs heterotrimer in the absence of guanine 

nucleotides. This complex can be detected by changes in the fluorescence of labeled 

β2AR. Conformational changes induced in the β2AR by Gs alone or by agonist alone 

result in similar changes in the fluorescence of labeled β2AR. The β2AR-Gs complex 

rapidly dissociates in the presence of both GTP and GDP. A saturating concentration of 

the inverse agonist ICI-118, 551 does not interrupt the preformed complex, but prevents 

complex formation. In contrast, the neutral antagonist alprenolol has little effect on the 

stability of the complex nor does it prevent complex formation. These results provide 

insights into G protein-induced changes in the β2AR.    

 

Results 

Site-Specific Labeling of β2AR with Monobromobimane, an Environmentally 
Sensitive Fluorophore  

 
 

  To detect agonist and G protein-induced conformational changes in the β2AR, we 

introduced a conformationally sensitive fluorophore adjacent to the G protein-coupling 

region of transmembrane segment 6. It has been previously shown that fluorophores 

covalently bound to C265 at the cytoplasmic end of TM6 (Fig. 2-1A) are capable of 

detecting agonist-induced conformational changes (96-98). Cysteine 265 is well 

positioned to detect conformational changes associated with G protein activation. The 

recent crystal structure of the human β2AR (83) predicts that monobromobimane bound 
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to C265 lies in a relatively nonpolar pocket formed at the interface between TMs 3, 5 and 

6 (Fig. 2-1C). The recent structure of opsin bound to the carboxyl terminus of the Gα-

subunit of transducin (40) suggests that the G protein interacts with residues in the inner 

side of the cytoplasmic TM5 and TM6. A similar pattern of interactions between the 

β2AR and Gs would involve residues V2225.61, A2265.65, and Q2295.68 in TM5, and 

K2636.25, F2646.26, K2676.29, and A2716.33 in TM6, in the vicinity of C2656.27 (Fig. 2-1D). 

Conformational changes associated with activation of the β2AR would be expected to 

displace bimane bound to C265 to a more polar environment.  

 C265 is highly reactive to labeling with polar, cysteine-reactive fluorophores (96, 

99). The remaining reactive cysteines can be removed by mutagenesis (C77V, C327S, 

C378A, and C406A) without altering receptor function (99) (Fig. 2-1A). It was 

previously found that receptor palmitoylation site (C341) is not reactive (96). Stable 

palmitoylation of C341 was observed in the crystal structure of the β2AR where purified 

protein was alkylated with 4 mM iodoacetamide (100 fold molar excess) under the same 

conditions. Both palmitate bound to C341 and iodoacetamide bound to C265 were clearly 

ordered in the crystal structure.  

 The modified receptor was expressed in Sf9 insect cells using recombinant 

baculovirus technology and purified as previously described (99). The purified receptor 

was labeled with an equivalent amount of monobromobimane. This modified β2AR 

labeled at C265 with monobromobimane will be referred to as mB-β2AR.  

Monobromobimane is an ideal fluorophore for my experiments because of its 

small size (about the size of tryptophan) and short linker, together with its high sensitivity 

to the polarity of its molecular environment (Fig. 2-1B), which allow it to be highly 
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sensitive to detect conformational changes without greatly interfering with receptor 

function. Any ligand or G protein-induced movement at the cytoplasmic end of TMs 3, 5, 

or 6 would be expected to change the molecular environment of the Cys265-bound 

fluorophore, and therefore its fluorescent properties.  
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Figure 2-1. Site-specific labeling of purified β2AR with monobromobimane. (A) 
Sequence and secondary structure of the human β2AR showing sites where the reactive 
cysteines were mutated to the indicated amino acid (black circles with white letters) C265 
is shown in red. (B) The structure of bimane covalently bound to C265 after reaction with 
monobromobimane. (C) In an inactive structure of the β2AR, bimane bound to C265 is 
predicted to occupy a cavity formed between TM3, TM5, and TM6. When TM6 adopts 
an active conformation (due to agonist binding or basal activity), bimane is displaced 
(black arrow) out of this cavity into a more polar environment, which is detected as 
change in fluorescence intensity and λmax. (D) A model of the active state of the β2AR in 
complex with the carboxyl terminal peptide of Gαs, based on the crystal structure of 
opsin in complex with transducin peptide (40). The amino acids at the positions marked 
by solid spheres are predicted to form interactions with Gαs. The residues of the β2AR 
are numbered according to their position in the sequence followed by the Ballesteros 
general number in superscript (100).  In this numbering scheme, the most conserved 
residue within each helix is designated x.50, where x is the number of the transmembrane 
helix. All other residues on that helix are numbered relative to the conserved position. 
The model of the active conformation of β2AR shown was built by homology modeling 
using the β2AR (2RH1) and opsin (3CAP) structure as templates. The Gαs fragment 
bound to the active-like β2AR was modeled by threading the 11 C-terminal residues of 
Gαs on the structure of the synthetic peptide derived from the carboxy terminus of Gαt 
bound to opsin. All the homology models and figures were made with pymol (DeLano 
WL, 2002). 
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Agonist and Gs-Induced Changes in mB-β2AR Reconstituted into Recombinant 
HDL Particles 

 
 

β2AR requires a lipid bilayer to efficiently couple to Gs. Our lab recently showed 

that purified β2AR can be reconstituted into recombinant HDL particles (rHDL) as 

monomers, and that monomeric β2AR couples efficiently to Gs (70). Thus, mB-β2AR was 

reconstituted into rHDL, and the response to the agonist isoproterenol (ISO) was 

determined. Fig. 2-2A shows the emission spectra of mB-β2AR in the absence of G 

protein but in the presence of increasing concentrations of ISO. We observe a dose 

dependent decrease in fluorescence intensity and an increase in the maximal emission 

wavelength (λmax) of 15 nm (Fig. 2-2A). The concentration-dependent effects of ISO on 

intensity and λmax are shown in Fig. 2-2B and 2-2C. It should be noted that the EC50 for 

the fluorescence dose response curve (Fig. 2-2B) is approximately 3-fold higher than the 

IC50 for ISO in a conventional competition binding experiment (Fig. 2-4A, black curve). 

It is possible that an agonist-binding event is not always associated with a conformational 

change. Agonists such as ISO have relatively low affinity and very rapid on and off rates 

(101). ISO can occupy the binding pocket for a long enough time to compete with 

radiolabeled antagonist, but this event may not always be associated with an activating 

conformational change.  

Purified Gs heterotrimer (Gαsβ1γ2) was added to rHDL containing mB-β2AR at a 

ratio of 10 Gs per β2AR monomer to ensure that mB-β2AR would have access to at least 1 

Gs trimer (during the reconstitution, some Gs is lost because of aggregation due to 

detergent removal).  
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Figure 2-2. Reconstitution of purified bimane-labeled β2AR (mB-β2AR) into rHDL 
particles. (A) Bimane emission spectra of reconstituted mB-β2AR in the absence (black 
spectrum) and presence of increasing concentration of the agonist ISO (red spectra). 
Agonist-induced conformational changes lead to a decrease in fluorescence intensity of 
bimane and a shift in the λmax. (B-C) Effect of an agonist (isoproterenol) on mB-β2AR 
fluorescence. The normalized changed in fluorescence intensity (B) and the λmax (C) for 
mB-β2AR in response to different concentrations of ISO. These data were obtained from 
the experiment in A.  
 

Fig. 2-3A and B show the emission spectra of mB-β2AR after reconstitution with 

Gs. The λmax of mB-β2AR-Gs fluorescence is similar to that observed for mB-β2AR 

following the addition of isoproterenol (Fig. 2-2A). The effect of Gs on mB-β2AR 

fluorescence can be reversed by uncoupling the receptor from Gs by using either GTPγS 

or GDP. The addition of GTPγS or GDP results in an increase in fluorescence intensity 

and a 15 nm decrease in the λmax (Fig. 2-3A-B) to a value similar to that observed in  
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Figure 2-3. Reconstitution of purified bimane-labeled β2AR (mB-β2AR) and Gs into 
rHDL particles. (A-B) Bimane emission spectra of reconstituted mB-β2AR with Gs in the 
absence of agonist or nucleotides (black), and in the presence of increasing 
concentrations of GTPγS (A) and GDP (B) (red spectra). All spectra were normalized to 
the unliganded, uncoupled state of mB-β2AR (value obtained upon addition of 10 µM 
GTPγS. (C-D) Normalized change in fluorescence intensity (C) and the λmax (D) for mB-
β2AR-Gs in response to different amounts of guanine nucleotides.  
 

unliganded receptor before reconstitution. GTPγS is more potent at uncoupling mB-β2AR 

from Gs compared with GDP, consistent with previous studies indicating that Gs coupled 

to the β2AR has a higher affinity for GTPγS than for GDP (32). The concentration 

dependent effects of GTPγS and GDP on intensity and λmax of mB-β2AR are shown in 

Fig. 2-3C and D. The effect of GDP on mB-β2AR-Gs fluorescence may be unexpected 
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given the prevailing view that the receptor binds preferentially to Gs-GDP and induces 

GDP release. If mB-β2AR and Gs-GDP form a complex, this complex does not exhibit 

properties of the active state complex as defined above, because cytosolic concentrations 

of GDP can disrupt Gs dependent high-affinity agonist binding (32). An alternate 

explanation for these observations is that the β2AR binds to and stabilizes a small fraction 

of nucleotide-free Gs that is in equilibrium with Gs-GDP.  

Gs induces a high affinity state for the agonist ISO (Ki 1.6 nM in the presence of 

Gs compared with 840 nM in the presence of Gs and GTPγS, or mB-β2AR alone (Fig. 2-

4A), comparable to what is observed with unlabeled receptor (70). Thus, modification of 

C265 with bimane does not interfere with G protein coupling. Using these reconstitution 

conditions, we observed that more than 80% of mB-β2AR is in the G protein-dependent 

high-affinity agonist binding state.  

Figure 2-4B shows a time course of the effect of 200 nM GTP, GTPγS, and GDP 

on mB-β2AR fluorescence intensity measured at 450 nm. As expected, all guanine 

nucleotides induce a rapid increase in fluorescence consistent with the disruption of the 

active-state m-Gs complex. The effect at this concentration is larger for GTP and GTPγS 

compared with GDP. After the initial increase in fluorescence, we observe a decrease in 

fluorescence for GTP, but not for GDP or GTPγS. This decrease can be explained by the 

ability of Gs to hydrolyze GTP, but not GDP or GTPγS. Thus, on the initial dissociation 

of the mB-β2AR-Gs complex, GTP is hydrolyzed to GDP and some of the mB-β2AR can 

reassociate with Gs.  

These fluorescence studies show that mB-β2AR and Gs form an active-state 

complex  in the absence of agonist. The agonist ISO and Gs induce similar changes in the 
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fluorescence intensity and λmax of the mB-β2AR. These changes are consistent with the 

movement of the fluorophore to a more polar environment that could be achieved by a 

clockwise rotation and/or outward movement of TM6 relative to TM3 and TM5 (Fig. 2-

1D). This movement is in agreement with the changes observed in rhodopsin by double 

electron resonance (DEER)  

 

 

 
 
 
Figure 2-4. rHDL-mB-β2AR-Gs coupling. (A) Isoproterenol inhibition of [3H]DHAP 
binding to rHDL-mB-β2AR in the presence (red) or absence (black) of Gs. Inset shows 
the effect of 10 µM GTPγS on isoproterenol binding affinity for preformed rHDL-mB-
β2AR-Gs. (B) Time-scan of fluorescence monitored at 450 nm. The effect of 200 nM 
GTP, GTPγS, GDP on preformed rHDL-mB-β2AR-Gs are compared. GTP induced 
dissociation of mB-β2AR and Gs followed by reformation of the complex after GTP 
hydrolysis.  

 

spectroscopy (44), as well as conformational differences between opsin and rhodopsin 

(49), and previous biophysical and mutagenesis studies on the β2AR (59, 102, 103). The 

fact that both Gs and the agonist ISO induce similar conformational changes in 

fluorescence is compatible with the hypothesis that they independently induce similar 

changes in receptor structure and is consistent with the allosteric effect of G on agonist 
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high affinity of agonists on Gs activation. Nevertheless, we cannot exclude the possibility 

that similar changes in mB-β2AR fluorescence could result from different conformational 

changes in the β2AR. 

 

The Effect of Ligand Efficacy on mB-β2AR-Gs Coupling 

 The efficiency with which mB-β2AR couples to Gs in rHDL particles in the 

absence of agonist reflects the intrinsic basal activity of the receptor. The high effective 

local concentration of Gs and the capacity to trap mB-β2AR in this active Gs-coupled 

state in the absence of guanine nucleotides has allowed us to visualize this complex. In 

cells, however, GDP concentrations exceed 10 µM (93, 94), levels that would destabilize 

this complex as shown by the capacity of GDP to reverse the effects of Gs on mB-β2AR 

(Fig. 2-3A). Nevertheless, our ability to trap this complex and monitor it through a 

conformationally sensitive fluorescent reporter allows us to examine the effects of ligand 

efficacy on the formation and stability of this otherwise transient complex. For the 

purpose of our discussion, we will assume that a decrease in intensity and increase in λmax 

of mB-β2AR-Gs is a reflection of the stability of the active-state complex. This 

assumption is based on the observation that conditions known to disrupt interactions 

between β2AR and Gs such as GTPγS and detergents result in an increase in intensity and 

a decrease in λmax (Fig. 2-3A). However, we acknowledge that changes in λmax and 

intensity may not reflect a proportional change in the affinity of β2AR for Gs. Moreover, 

it is possible that β2AR and Gs remain associated in a manner that is not detected by 

bimane labeled C265. 
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Agonist 

 In Fig. 2-5 we compare the effects of an agonist, a neutral antagonist, and an 

inverse agonist on mB-β2AR-Gs. Because there is a slight variability in receptor to G 

protein stoichiometry between reconstitutions, these comparisons were performed on the 

same preparation. Fig. 2-5A shows the baseline spectrum of the mB-β2AR-Gs complex 

before (black) and after (gray) the addition of 10 µM GTPγS, which completely 

dissociates the complex. The reconstitutions are typically contaminated with a low 

concentration of GDP needed to stabilize purified Gs. This residual GDP can be removed 

by the addition of apyrase, a non-selective nucleotide pyrophosphatase. As shown in Fig. 

2-5A, a 40-minute treatment with apyrase reverses the uncoupling effect of residual GDP 

resulting in a small decrease in the intensity of mB-β2AR (blue spectrum). The addition 

of the agonist ISO after apyrase treatment causes a further decrease in intensity and a 

rightward shift in λmax (Fig. 2-5A-green spectrum). The fact that ISO induces a change in 

fluorescence intensity on top of that induced by Gs and apyrase suggests that a higher 

fraction of mB-β2AR couples to Gs in the presence of agonist and/or the conformation of 

the β2AR in the presence of agonist and Gs is different from that in the presence of Gs 

alone. The maximal effect of ISO on mB-β2AR-Gs fluorescence occurs at a lower agonist 

concentration than observed in the absence of Gs (Fig. 2-4A).  

 

Neutral Antagonist 

 By definition, neutral antagonists inhibit binding of agonists, partial agonists, and 

inverse agonists at the orthosteric-binding site of GPCRs, but do not alter their basal 

receptor activity. It has been difficult to identify true neutral antagonists for the β2AR, as 
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most compounds display some partial agonist or inverse agonist activity when applied in 

sensitive signaling assays (104, 105). Nevertheless, alprenolol comes very close to 

exhibiting the properties of a neutral antagonist, having only very weak partial agonist 

activity or weak inverse agonist activity, depending on the assay. Alprenolol has no 

significant effect on the fluorescence of mB-β2AR alone. The effect of alprenolol on mB-

β2AR-Gs was examined following the removal of residual GDP with apyrase. As shown 

in Fig. 2-5B, alprenolol (purple spectrum) induces a small decrease in the intensity and 

red shift in the λmax of mB-β2AR-Gs that has been treated with apyrase. Thus, alprenolol 

does not induce dissociation of the mB-β2AR-Gs complex, and may enhance mB-β2AR-

Gs coupling to a small extent, perhaps related to a low partial agonist activity (105).  

 

Inverse Agonist 

 In contrast to neutral antagonists, inverse agonists inhibit basal, agonist-

independent activation of G proteins. Although the precise mechanism for the action of 

inverse agonists is not completely understood, they may prevent receptor-G protein 

complex formation, destabilize preformed complexes, or both. Here we studied the effect 

of ICI-118, 551 (ICI), one of the most efficacious inverse agonists for the β2AR, on mB-

β2AR fluorescence (Fig. 2-5C, red). mB-β2AR was first treated with apyrase to remove 

residual GDP. Following a 60-min incubation at room temperature, ICI induced only a 

small reversal of the fluorescence change induced by Gs and apyrase (compare blue and 

red spectra). These data show that ICI is much less effective at disrupting pre-formed 

receptor-G protein complexes than is GTPγS (Fig. 2-5A).     
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Figure 2-5. The effect of ligands having different efficacies on the stability of mB-β2AR-
Gs. Emissions scans were performed on mB-β2AR-Gs complex obtained from a single 
reconstitution. For each treatment (apyrase, ISO, alprenolol, ICI or GTPγS), a baseline 
scan was performed on mB-β2AR-Gs alone (black), and subsequent scans were taken 10 
mins after the addition of 10 µM GTPγS to mB-β2AR-Gs (grey). This treatment 
uncouples Gs from mB-β2AR. The blue spectrum shows the effect of a 40-min incubation 
of mB-β2AR-Gs with apyrase to remove residual GDP. (A-C) The effect of ligands was 
determined after 40-min pretreatment with apyrase (blue) followed by a 60 min-
incubation with the ligand. A: ISO, green; B: alprenolol, purple; C: ICI, red. This 
experiment is representative of 3 independent experiments.  
 

 

The Effect of Ligands on β2AR-Gs Complex Formation 

The relatively subtle effect of ICI on the stability of the receptor-G protein 

complex does not explain the inhibitory effect of ICI observed in signaling assays. An 

alternative mechanism for ICI efficacy is that the ICI-bound β2AR does not couple 

efficiently to Gs. To monitor the effect of ICI on the association of β2AR and Gs we 

incubated mB-β2AR reconstituted in rHDL in the presence or absence of ligands. We 

then added purified Gs and monitored changes in fluorescence. It should be noted that the 
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amount of Gs that can be added is limited by the detergent in the Gs preparation, 

consequently the Gs-induced changes in mB-β2AR are not as large as those observed 

before, where the reconstitution was done in the presence of a detergent binding resin. In 

the absence of ligand, Gs coupling to the β2AR results in an 18% decrease in intensity and 

a 5 nm red shift in λmax (Fig. 2-6A). The addition of 1 µM ISO to mB-β2AR resulted in 

25% decrease in intensity and a 7 nm red shift in λmax. The addition of Gs resulted in a 

further decrease in both intensity and λmax (Fig. 2-6B). In contrast, no change in 

fluorescence was observed following the addition of Gs to mB-β2AR that had been 

incubating for 15 min with 1 µM ICI (Fig. 2-6C). Like ICI, the neutral antagonist 

alprenolol had no effect on mB-β2AR fluorescence. However, in contrast to ICI, 

alprenolol did not prevent Gs-induced changes in mB-β2AR intensity and λmax (Fig. 2-

6D). In fact, these changes were larger than those observed for unliganded mB-β2AR, 

suggesting that alprenolol has partial agonist activity. We also examined carazolol, the 

less efficacious inverse agonist used to obtain the crystal structures of β2AR. We 

observed a small (approximately 3%) decrease in intensity, but no change in λmax 

following incubation with 1 µM carazolol (Fig. 2-6E). Gs induced a further 5% decrease 

in intensity and a 2-nm shift in λmax. In comparison to unliganded receptor (Fig. 2-6A), 

carazolol appeared to partially inhibit Gs-induced changes, but it was not as effective as 

ICI. These results show that the inverse agonist ICI is most efficacious in preventing Gs-

induced changes in mB-β2AR, underlying its effectiveness as an inverse agonist in 

signaling assays.  
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 It should be noted that the lack of changes in mB-β2AR fluorescence on binding 

to ICI does not necessarily mean that ICI does not induce or stabilize a conformation 

distinct from unliganded receptor. It only suggests that conformational changes occurring 

on ICI binding may not result in a change in the environment around bimane on C265. 

Previous studies using different fluorescent approaches observed conformational changes 

on binding ICI to the β2AR (106) and yohimbine for the α2A adrenergic receptor (107). 

The fact that ICI prevents Gs-induced conformational changes observed in the absence of 

ligand is consistent with a distinct conformation that is incompatible with G protein 

binding.  
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Figure 2-6. The effect of ligand efficacy on Gs induced changes in mB-β2R fluorescence. 
Initial emission scans (black spectra) of mB-β2R were obtained, and then scans were 
repeated after 15 min incubation with the indicated ligands (blue spectra). A concentrated 
solution of Gs was added (1:100 dilution of an 8 mg/ml solution), and emission scans 
were repeated after 8 min (red spectra). Preliminary studies showed that the effect of Gs 
was complete at 6 min. Ligands: A, no ligand; B, agonist-isoproterenol (ISO); C, inverse 
agonist-ICI 118, 551; D, antagonist-alprenolol (Alp); E, inverse agonist-carazolol (Cz). 
These scans are representative of 3 independent experiments.  
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Discussion 

Structural Insights into the Active State Complex, Basal Activity, and Ligand 
Efficacy         

 The mechanism by which Gs couples to agonist-free receptor is not known. 

However, the recent structure of a complex between opsin and the carboxyl-terminal 

peptide of transducin, suggests that substantial conformational changes are needed in the 

inactive structure of the β2AR to permit similar docking of the carboxyl terminus of Gαs 

(Fig. 2-1 C and D). Evidence from fluorescence lifetime studies on purified β2AR shows 

that the unliganded receptor is structurally dynamic (108) and exists in an ensemble of 

basal conformational states (Fig. 2-7). Although an active state represents a minor 

fraction of this ensemble (Fig. 2-7A), this state would be stabilized by binding to either 

the agonist ISO (Fig. 2-7B) or the G protein Gs (Fig. 2-7C).  

 As shown in Fig. 2-5A, the agonist ISO (green spectrum) induces a further 

decrease in the fluorescence intensity and increase in the λmax of the mB-β2AR-Gs 

complex. This result could be because of a change in the equilibrium favoring the 

formation of the complex (Fig. 2-7D), or to a further change in the structure of the mB-

β2AR-Gs complex. Nevertheless; these observations have implications for our efforts to 

obtain a high-resolution structure of the active state of the β2AR and possibly other 

GPCRs. Saturating concentrations of an agonist alone (Fig. 2-7B) cannot induce the same 

change in intensity and λmax as that stabilized by both Gs and ISO (Fig. 2-7D). The 

results are in agreement with earlier fluorescence lifetime studies on the β2AR showing 

that the agonist ISO does not stabilize a single active conformation (108).  



	
  
	
  

34	
  

 Analogous to agonists, the inverse agonist ICI binds to and stabilizes a minor 

fraction of the ensemble of basal conformational states, in this case corresponding to an 

inactive conformation (Fig. 2-7E). The capacity of ICI to prevent formation of the mB-

β2AR-Gs complex (Fig. 2-6C) suggests that the conformation stabilized by the inverse 

agonist cannot couple to Gs (Fig. 2-7F) or it could couple but just not cause a change in 

bimane fluorescence. Similarly, the fact that 1 µM ICI (100-fold greater than the Kd) has 

little effect on the pre-formed mB-β2AR-Gs complex (Fig. 2-5C) suggests that it cannot 

bind to Gs coupled to β2AR (Fig. 2-7F). This result is in agreement with predictions of 

the extended ternary complex model (109, 110) and previous studies showing that 

binding site for [3H]-ICI-118, 551 were reduced in cells expressing high levels of Gs (~ 

49% less) (111). These effects can also be rationalized in light of the crystal structure of 

the inactive, inverse agonist-bound β2AR. ISO is ~40% smaller in volume that the inverse 

agonist carazolol present in the β2AR crystal structure. Thus, the binding site of the ICI-

bound receptor will have to readjust to satisfy all of the binding interactions predicted for 

the agonist ISO (42).  

 

Relevance to Cellular Signal Transduction 

 We were able to characterize the properties of the mB-β2AR-Gs complex by 

reconstituting purified β2AR and Gs under conditions that would not be found in living 

cells. Reconstitutions were performed at low GDP concentrations, and GDP was further 

reduced using apyrase. In the presence of apyrase, virtually all Gs will be in the 

nucleotide-free state (Fig. 2-7H). Thus, it is possible to trap both unliganded and agonist-

bound mB-β2AR-Gs complexes. Under these conditions, the inverse agonist is unable to 
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disrupt the complex (Fig. 2-7G), most likely because of allosteric effects of the G protein 

on the ligand-binding pocket. However, in the context of a cell, where concentrations of 

GDP may exceed 10 µM, the formation of an active state β2AR-Gs complex will be a 

relatively rare event governed by 2 equilibriums: 1 for the conformational transition to an 

active state of the receptor (Fig. 2-7A), and 1 for the formation of the nucleotide free Gs 

(Fig. 2-7H). Once the nucleotide-free β2AR-Gs complex is formed, it would be rapidly 

disrupted on binding of either GDP or GTP. Thus, although ICI may not be able to 

disrupt the β2AR-Gs complex, these complexes are relatively rare and short-lived. ICI 

efficacy is due primarily to binding to the receptor and stabilizing a conformation that is 

unable to couple to Gs (Fig. 2-7E). In contrast, agonists facilitate the formation of the 

complex by increasing the fraction of β2AR in an active conformation (Fig. 2-7B), and 

possibly by stabilizing a conformation in the β2AR that allosterically reduces the affinity 

of Gs for GDP.  

 In conclusion, our studies examine the allosteric interaction between ligand 

binding and Gs coupling by using a conformational reporter on the β2AR, and they 

provide a structural framework for understanding the concept of basal activity and ligand 

efficacy. Agonists and Gs induce similar changes in the fluorescence intensity and λmax of 

mB-β2AR-Gs, suggesting they may induce a similar conformational change involving 

TM6. The complex formed between the β2AR and Gs in the absence of agonist is stable in 

the absence of guanine nucleotides. A neutral antagonist has little effect on the formation 

of the β2AR-Gs complex, whereas an inverse agonist prevents complex formation. 

Neither agonist nor inverse agonist promotes complex dissociation, whereas both GDP 

and GTP rapidly reverse Gs induced changes in mB-β2AR fluorescence. These findings 
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provide insights into the structural basis of drug efficacy, that is, how different chemical 

structures are ultimately translated into divergent behaviors through the modulation of the 

interaction between the receptor and the G protein.  

 

 

 

 

Figure 2-7. Conceptual model depicting the dynamic behavior of β2ARs. In the absence 
of a ligand, the β2AR exists in an ensemble of basal states in dynamic equilibrium (cyan 
background). Agonists and inverse agonists bind to and stabilize distinct substates. The 
nucleotide-free form of the G protein Gs can also bind to and stabilize an active state of 
the β2AR (green background). The different equilibrium processes between the receptor 
and its ligands and the receptor and the G protein Gs are displayed (A–H) and are 
described in detail in the text. Note that for each of these equilibriums, the relative size of 
the arrows indicates the displacement of the reaction.  
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Materials and Methods 

 For this thesis I purified all preparations of Apo A-I and CFP-β2AR. I also 

performed all vesicle and rHDL reconstitutions, radioligand binding assay (initially with 

the assistance of Matthew Whorton), and some fluorescence spectroscopy studies.  

Purified heterotrimeric Gs were generously provided by Diane Calinski and Brian DeVree 

from the University of Michigan. Drs Xiao-Ji Yao and Soren Rasmussen from Stanford 

University purified and bimane-labeled the β2AR. They also performed some 

fluorescence spectroscopy assays.  Xavier Deupi from the Universitat Autonoma de 

Barcelona generated a model for the activated β2AR, based on the opsin structure. 

 

Materials 

 G protein baculoviruses encoding Gαs, His-6-Gβ1 and Gγ2 were provided by Dr. 

Alfred G. Gilman (UT Southwestern, Dallas, TX).  All lipids were purchased from 

Avanti Polar Lipids (Alabaster, AL). Dodecylmaltoside (DDM) was obtained from 

Dojindo Molecular Technologies (Gaithersburg, MD). Sodium cholate was purchased 

from Sigma.  ±-alprenolol, (-)-isoproterenol, and ICI-118 551, were obtained from Sigma 

(St. Louis, MO). [3H] Dihydroalprenolol and [35S]GTPγS were obtained from Perkin 

Elmer (Foster City, CA). Monobromobimane was purchased from Invitrogen (Carlsbad, 

CA). All other reagents of analytical grade were of obtained from Fisher Scientific 

(Pittsburg, PA). 

 

 

 



	
  
	
  

38	
  

Expression, Purification and Labeling of β2AR 

 A modified version of the β2AR where 4 reactive cysteines were mutated (C77V, 

C327S, C378A, and C406A) was made. The modified β2AR was expressed in Sf9 insect 

cells by using recombinant baculovirus and solubilized using methods previously 

described (99). The DDM solubilized receptor was purified by sequential M1-Flag 

antibody affinity and alprenolol affinity chromatography as described (99).  Briefly, 

CaCl2 was added to the DDM solubilized extract to a final concentration of 1 mM and 

loaded to the M1-Flag column. The receptor was eluted from the flag resin with 20 mM 

HEPES pH 7.5, 100 mM NaCl, 0.1% dodecylmaltoside (Buffer A) with 1 mM EDTA. 

The concentration of functional, purified receptor was determined using a saturating 

concentration (10 nM) of [3H] DHAP as previously described (112). Flag purified 

receptor was then purified by alprenolol-Sepharose chromatography as described (112).   

The receptor was eluted from alprenolol-Sepharose with Buffer A with 300 µM 

alprenolol and 1 mM CaCl2 and loaded directly onto M1-Flag resin. The M1-Flag resin 

was washed with Buffer A to remove free alprenolol and eluted with Buffer A plus 1 mM 

EDTA. Two liters of sf9 cells typically yield 500 µl of a 5 µM solution of β2AR. 

The purified β2AR and monobromobimane were mixed at the same molarity and 

incubated overnight on ice in the dark. The fluorophore-labeled receptor was purified 

immediately before use by gel filtration.  

 

Purification of Recombinant ApoA-I 

 Wild type human apoA-I was purified from expired serum as previously 

described (70). A recombinant apoA-I with an N-terminal 43 amino acid deletion and a 
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hexa-histidine tag (Δ(1-43)-His6-apoA-I) was expressed using a pET15b vector to 

transform competent Escherichia coli cells (BL21). Cells were resuspended and lysed by 

gently vortexing in 10 mM Tris-HCl pH, 8.0, 100 mM NaH2PO4, 6 M guanidine 

hydrochloride (GuHCl), 1 % Triton X-100. Lysate was fractionated by centrifugation at 

10, 000xG and the supernatant was loaded onto a Ni-NTA column by gravity flow. The 

column was washed with 10 mM Tris-HCl, pH 7.0, 100 mM NaH2PO4, 6 M guanidine 

hydrochloride, 1 % Triton X-100 and then with 50 mM NaH2PO4, pH 8.0, 300 mM NaCl 

and 1 % Triton X-100. Bound Δ(1-43)-his6-apoA-I was eluted with 50 mM NaH2PO4, pH 

8.0, 300 mM NaCl, 250 mM imidazole, 1 % Triton X-100. Peak fractions were further 

purified on a Superdex 75 gel filtration chromatography column in 20 mM HEPES, pH 

8.0, 100 mM NaCl, 1 mM EDTA, 20 mM sodium cholate. Pooled apoA-I was then 

dialyzed against 20 mM HEPES, pH 8.0, 100 mM NaCl, 1 mM EDTA, 5 mM sodium 

cholate. Purified apoA-I was concentrated to ~10 mg/mL and stored at -80°C until use.  

 

In vitro Reconstitution of β2AR into rHDL 

 High-density lipoproteins were reconstituted in vitro according to a protocol 

adapted from Jonas (113).  Briefly, a mixture of POPC and POP (3:2 molar ratio) in 

combination was used to mimic the zwitterionic environment of a cell membrane (114). 

A typical rHDL reconstitution consisted of the following components: 24 mM detergent 

(cholate or DDM), 8 mM lipids, and 100 µM apoA-I. Lipids were solubilized with a 

solution of 20 mM HEPES, pH 8.0, 100 mM NaCl, 1 mM EDTA and 50 mM detergent. 

To reconstitute the bimane labeled β2AR (mB- β2AR), purified apo A-I was added to at 

least 10-fold excess ([apoA-I]:[β2AR]) to receptor preparations diluted in solubilized 
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lipids. Following an incubation of 1-2 hrs at the TM of the lipid combination, samples 

were added to an equal volume of hydrated BioBeads (BioRad) for an additional 3 hrs to 

remove detergents, resulting in the formation of rHDL particles. Samples were stored on 

ice until used. If necessary, β2AR-rHDL particles were separated from receptor-free 

rHDL by M1-anti-Flag immunoaffinity chromatography. Purified β2AR-rHDL particles 

were eluted with EDTA (10 mM) and stored on ice until further use.  

 

Saturation Radioligand-Binding Assays 

 Binding reactions were prepared in 100 µl volumes in 96 well plates. Samples 

were incubated with various concentrations of β2AR antagonist [3H] dihydroalprenolol 

([3H]DHAP) (0.1-20nM) in 50 mM Tris-HCl, pH 8.0, 150 mM NaCl (TBS) [or TBS with 

1 % DDM for detergent solubilized binding). Nonspecific binding was determined in the 

presence of 10 µM propranolol.  Receptor particles were incubated for 90 minutes at RT 

for saturation isotherms. For separating free [3H]DHAP from bound, the samples were 

filtered on glass fiber plates.  

 For glass filtering, GF/B 96 well filter plates (Whatman) were used in conjunction 

with a vacuum manifold. Wells were preweted with 0.3 % polyethyleneimine (PEI) for 

30 minutes. Samples were applied and washed 3X with 200 µl of TBS. Scintillation 

mixture cocktail was added (Microscint0, Packard) and plates were counted on a 

TopCount scintillation counter (Packard). Specific binding was determined by subtracting 

nonspecific binding from total binding.  
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G protein Reconstitution 

 Purified Gs heterotrimer (115) (stored in 0.02% DDM) was reconstituted into 

preformed impure β2AR-rHDL particles (containing excess empty rHDL particles) at an 

initial R:G ratio of 1:10. Concentrated Gs stocks were added such that the DDM was 

diluted at least 200-fold to reduce the DDM concentration to well below the CMC (0.12-

0.18 mM or 0.006% in NaCl containing buffer). This had no effect on the integrity of the 

particles, as assessed by size exclusion chromatography (not shown). Treatment of Gs-

reconstituted samples with BioBeads, to remove trace amounts of DDM, before gel 

filtration chromatography had no effects on the results. Nucleotide-free β2AR-Gs 

complex was prepared by incubating with 1 unit of apyrase (NEB, Ipswich, MA) in the 

presence of 1 mM MgCl2 (final concentration) for 30 minutes at room temperature. 

 

Agonist Competition Assays 

  Agonist competition assays were preformed on G protein-reconstituted samples 

under similar conditions as used in the saturation binding assays except that a fixed 

concentration of [3H] DHAP (2 nM) was competed with various concentrations of 

isoproterenol (1 X 10-12 – 1 X 10-3 M) with or without the addition of 10 µM GTPγS. 

Binding reactions contained 0.02% ascorbic acid to prevent oxidation of the 

isoproterenol. Samples were incubated for 90 minutes at RT and then filtered on glass 

fiber plates as above. Normalized data were fitted to a two-site competition-binding 

model using Prism (GraphPad).  
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Fluorescence Spectroscopy 

 Fluorescence spectroscopy experiments were performed on a Spex FluoroMax-3 

spectrofluorometer (Jobin Yvon, Inc) with photon counting mode by using an excitation 

and emission bandpass of 4 nm. For each scan, the final concentration of receptor ranges 

from 50-100 nM. For emission scans, excitation was set at 370 nm and emission was 

measured from 435-485 nm with an integration time of 0.5 s/nm. To determine the effects 

of ligands, the spectra were taken after 15 minutes incubation with the drugs. For time 

course experiments, excitation was set at 370 nm, and emission was monitored at 450 

nm. All experiments were performed at 25°C (RT), and the sample underwent constant 

stirring. Fluorescence intensity was corrected for dilution by ligands in all experiments 

and normalized to the initial value. Fluorescence intensity was corrected for background 

fluorescence from buffer and ligands in all experiments. All of the compounds tested had 

an absorbance of <0.01 at wavelengths between 370 nm and 485 nm at the used 

concentrations, excluding any inner filter effect in the fluorescence experiments.  
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CHAPTER 3 

ALLOSTERIC REGULATION OF AGONIST, INVERSE AGONIST AND 
ANTAGONIST BINDING TO THE β2AR BY G PROTEINS 

 

Introduction 

 The recognition of hormones by G protein-coupled receptors and the occupation 

of solvent accessible surfaces within the binding pocket by ligands serve as the basis for 

their affinity, specificity and efficacy. The diverse binding pockets offered by the 

complex superfamily of GPCRs make these cell-surface receptors prime therapeutic 

targets. Recent crystallographic evidence highlights the network of van der Waals 

contacts and ionic interactions between ligands and residues within the receptor core 

containing the binding pocket. A comparison of the structures of the inactive 

photoreceptor, rhodopsin and ligand-bound forms of the three receptors (all inverse 

agonists) β2-adrenergic receptor (β2AR), β1-adrenergic receptor (β1AR) and adenosine 

A2 receptor (A2AR) (84-86) with that of the ‘post’ photo-activated form of rhodopsin, 

opsin (116) reveals striking differences within the receptor core.  Alteration of the 

structure of the receptor core leads to dramatic rearrangement of the intracellular face of 

the receptor and facilitates binding of the C-terminal region of the G protein α- 
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subunit. These data suggest that the inactive state of the photoreceptor, like the state 

stabilized by an inverse agonist bound to hormone receptors, is incompatible with 

productive interactions with G proteins. Indeed, photoactivation of rhodopsin induces or 

stabilizes an active conformation of the receptor and therefore promotes G protein 

interactions, where G proteins modulate agonist binding in a thermodynamic-cooperative 

manner.  

 The behavior of neutral antagonists, however, is quite puzzling, as it is 

hypothesized that they maintain high affinity binding properties without displaying 

intrinsic effects on G protein activation. Most neutral antagonists, like inverse agonists, 

take the advantage of the large surface area within the binding site to enhance binding 

affinity and do not stabilize conformations that allow G protein coupling.  

 One property that many agonists display upon binding is their capacity to inhibit 

radio-labeled antagonist probes in a multiphasic manner, displaying a nucleotide-

sensitive high affinity state and a nucleotide-insensitive low affinity state. The biphasic 

agonist inhibition curve and the nucleotide-dependent shift of the high affinity site to the 

low affinity site serve as the basis for the Ternary Complex Model (TCM) of GPCR 

activation (23, 117).  The TCM is based on the assumption that radiolabeled antagonists 

bind independently of the G protein-coupling state of the receptor and that binding may 

be competitively inhibited by agonists with high affinity.  However, increases in 

antagonist and inverse agonist binding due to the addition of guanine nucleotides are 

present in the literature (32-34, 118-122).  Indeed, observed increases in radiolabeled 

antagonist binding are significant enough to force investigators to normalize their data in 
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order to compare the affinities of competing ligands in the presence or absence of 

nucleotides.  

 We have previously demonstrated that the nucleotide-free form of the G protein-

receptor complex represents the high affinity agonist state, consistent with the notion that 

G proteins allosterically enhance agonist binding (63).  In addition, we demonstrated that 

the efficacy of the inverse agonist to decrease G protein activation is based on the 

capacity of the inverse agonist to stabilize an inactive conformation of the receptor. 

Productive G protein-receptor interactions would therefore be prevented by the stabilized 

inactive receptor conformation. These data would imply that inverse agonist binding, as 

with agonist binding, must be modulated by G protein coupling and therefore display 

biphasic binding in competition assays with radiolabeled antagonists. However, ICI-118, 

551, the most efficacious inverse agonist for the β2AR, potently prevents G protein-

induced formation of the active formation of β2AR, but displays single-phase inhibition 

of [3H] dihydroalprenolol binding (123, 124).   

 Taken together these data prompted the question as to whether radiolabeled 

antagonist probes for GPCRs truly evaluate the multiple conformations receptors may 

adopt. Here we investigate the central dogma of GPCR binding theory and determine 

whether antagonist binding, like that of agonists and inverse agonists, are altered by 

interactions with G proteins. We demonstrate that the neutral antagonists for the β2AR, 

alprenolol binds with high affinity but in a conformational-dependent manner, preferring 

the native receptor. In its coupled state, i.e. when bound to a G protein in the G protein’s 

nucleotide-free state, alprenolol is incapable of binding to the β2AR.  
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Results 

Formation of the Nucleotide-Free β2AR-Gs Complex in rHDL 

 We have previously reported the identification of a nucleotide-free form of the 

β2AR-Gs complex in rHDL particles by fluorescence spectroscopy using the 

conformational sensor bimane-labeled β2AR (63). Next we established that the non-

selective nucleotide phosphatase, apyrase, facilitates the removal of high amounts of 

nucleotide (100 µM GDP) in conditions that resemble those from reconstituted β2AR-Gs 

complex in rHDL. Analysis of GDP hydrolysis to GMP was completed within 10 min as 

demonstrated by an ion exchange chromatography (Mono Q) separation (Fig. 3-1A black 

vs. blue trace). Addition of a 10-fold excess of pyrophosphate (PPO4) that is thought to 

bind the active site of apyrase inhibited nucleotide hydrolysis (Fig. 3-1A red trace). 

However, PPO4 was not used in subsequent experiments due to its interaction with Gs that 

could affect our results.  

Apyrase-treated β2AR-Gs-rHDL was subjected to anti-Flag affinity 

chromatography to remove apyrase and the products of the GDP degradation (GMP and 

PO4
-). Nucleotide-bound states of the G protein were assessed through monitoring both 

the kinetics and degree of [35S]GTPγS binding.  

In the absence of ligand, [35S]GTPγS binding to β2AR-Gs appeared to be complete 

within the first time point measured accurately (10 s), suggesting that the half time of 

association of [35S]GTPγS is less than 5 seconds. The kinetics of GTPγS binding appear 

to superimpose on top of increases in bimane fluorescence in response to the addition of 

GTPγS to β2AR-Gs in rHDL, the rate of which appears to be diffusion limited (Fig. 3-

1B). Thus, to a first approximation the rapid binding event suggests that the complex is 
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devoid of nucleotide, based on the limited temporal resolution of the technique employed 

that consists of series of mixing and filtration steps. [35S]GTPγS binding to the 

reconstituted complex yields a final R:G ratio of 1:0.95 (50 fmol:59 fmol), suggesting 

that up to 95 % of the β2AR-rHDL particles contain a single-functional G protein. This 

suggests that only those G proteins associated with the β2AR will bind [35S]GTPγS within 

this time frame in the absence of ligands (agonists). The total G protein content was 

determined following particle disruption and solubilization with detergent C12E10. The 

preparations used in these series of experiments have a R:G ratio of ~1:3. 

 

 
Figure 3-1. The β2AR-Gs complex is nucleotide-free.  Removal of nucleotides by 
apyrase treatment. A) Ion exchange chromatogram (Mono Q) after hydrolysis of 100 µM 
GDP to GMP by apyrase in 10 mins at RT. Pyrophosphate inhibits apyrase-mediated 
GDP hydrolysis.  B) Nucleotide uptake kinetics.  Uncoupling of Gs from bimane-β2AR 
(mB-β2AR) with 10 µM GTPγS induces an increase in bimane fluorescence as describe 
previously (inset, (63)).  The rapid GTPγS-induced increase in bimane fluorescence (red 
tracing) is superimposable onto the rapid binding of [35S]GTPγS measured by filter 
binding.  The rapid binding strongly suggests that the G protein in the β2AR-Gs complex 
is nucleotide-free.  
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Nucleotide Sensitivity of Antagonist Binding to the β2AR-Gs Complex 

 After isolation of the nucleotide-free β2AR-Gs complex, we investigated how 

removal of nucleotide influences [3H]dihydroalprenolol ([3H]DHAP) binding to the 

reconstituted complex in rHDL. A series of experiments were devised where a β2AR 

preparation experiences G protein coupling, removal of free GDP (through the addition 

of apyrase), followed by the re-addition of high concentrations of GDP. The capacity of 

[3H]DHAP to bind to the β2AR was assessed at each step as illustrated in Figure 3-2 and 

3-3. Figure 3-2 clearly illustrates that the addition of as little as 100 nM GDP to 

reconstituted β2AR-Gs complex in rHDL results in increased  [3H]DHAP binding. 

Removal of free GDP appears to decrease antagonist binding where the decrease occurs 

in a time-dependent manner. The release of nucleotide appears to be rate-limiting since 

apyrase is capable of completely hydrolyzing 100 µM GDP within 10 mins under 

identical assay conditions (Fig. 3-1A).  

The release of nucleotide, as a result of the formation of the G protein-receptor 

complex is due to the basal receptor activity. Only through the subsequent addition of 

high concentrations of GDP (100 µM) can [3H]DHAP binding be restored, albeit not 

completely. Apyrase will likely continue to degrade GDP during the entirety of the 

equilibrium of the binding assay. To date there is no known apyrase inhibitor that can 

effectively inactivate the enzyme without having adverse effects on receptor activity 

and/or ligand binding capabilities.  
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Figure 3-2. Role of nucleotides on [3H]DHAP binding to β2AR-Gs: Removal of 
nucleotides by apyrase treatment.  Purified Gs was added to reconstituted β2AR and 
allowed to incubate as described in the Materials and Methods section.  Samples were 
incubated with 100 nM GDP then subjected to apyrase treatment for various times (as 
indicated).  Following apyrase treatment 100 µM GDP was added to the sample. All the 
samples were assayed for their capacity to bind 2 nM [3H]DHAP after each sequential 
step. 
 

 The ability to observe a nucleotide effect on [3H]DHAP binding appears largely 

dependent on the basal activity of the β2AR and propensity to induce GDP dissociation 

from Gs and on the availability of GDP. Since no exogenous GDP is added to our assays 

the effective GDP concentration is equal to the concentration of G protein added to the 

mixture (~1-3 nM). As GDP is being released through basal receptor activation, it is 

therefore diluted to levels below its affinity leaving the G protein nucleotide-free. This 

nucleotide-free form of the G protein is stabilized by the active conformation of the 

β2AR, and vice-versa. It is this nucleotide-free form of the β2AR-Gs complex that 

represents the high affinity agonist state of the β2AR (63).  
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It is well established that high-affinity agonist binding may be disrupted by 

guanine nucleotides binding to G protein α-subunits. Heterotrimeric G protein α-subunits 

bind several forms of guanine nucleotides but display a higher affinity for the 

triphosphate forms. Here we demonstrate that GTPγS binds with a higher apparent 

affinity than GDP (EC50 ~ 35 ± 14 nM and ~384 ± 131 nM, respectively) to the 

nucleotide-free forms of Gs, as indicated by the capacity of the guanine nucleotides to 

increase [3H]DHAP binding (Fig. 3-3). Although the affinity difference between GDP 

and GTPγS for Gs is documented (32), the affinities for the nucleotide-free form (in the 

lower nanomolar range as reported here) have not. The difficulty in generating affinities 

for the nucleotide-free Gα-subunits is likely related to the inability to isolate a 

nucleotide-free form of the G protein.  

 

 

 

 

 

 

 

 

Figure 3-3. Role of nucleotides on [3H]DHAP binding to β2AR-Gs: Dose response. 
Concentration-dependent effect of nucleotides on [3H]DHAP binding to the β2AR-Gs 
complex. Apyrase-treated β2AR-Gs in rHDL was assayed for its capacity to bind 2 nM  
[3H]DHAP at increasing concentrations of either GDP or GTPγS. [3H]DHAP binding is 
expressed as a percent of maximal binding defined by GTPγS binding (maximal binding 
observed).  
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 Saturation isotherms on apyrase-treated and purified β2AR-Gs complexes in rHDL 

suggest that [3H]DHAP binds with comparable affinities in the absence or presence of 10 

µM GTPγS: 0.41 ± 0.10 nM and 0.66 ± 0.77 nM, respectively (Fig. 3-4A-B). However, 

uncoupling Gs from the β2AR, through the addition of guanine nucleotides (GTPγS), 

results in a dramatic increase in the maximal number of [3H]DHAP binding sites (Bmax 

~ 16.6 ± 1.9 fmol), compared to control (Bmax ~ 5.5 ± 0.52 fmol). Non-apyrase treated 

and freshly reconstituted β2AR particles containing Gs, or purified β2AR-Gs complexes in 

rHDL assayed in the presence of 100 nM GDP reveals significantly diminished effects of 

GTPγS on [3H]DHAP binding (Fig. 3-4C & D). 
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Figure 3-4. Addition of nucleotides increases the apparent Bmax for [3H]DHAP but has no 
effect on its affinity.   A-B) Purified Gsαβ1γ2 (Gs) was added to β2AR reconstituted in 
rHDL and later treated with apyrase, as described in the Materials and Methods section.  
Empty rHDL particles were separated from β2AR-containing particles by anti-FLAG 
immunoaffinity column.  Mixtures of reconstituted β2AR-Gs and β2AR alone were 
incubated with increasing concentrations of [3H]DHAP as indicated.  Non-specific 
binding was determined using 10 µM propranolol. [3H]DHAP binding is expressed in 
fmoles B) Data presented as percent of maximal binding defined by the total binding 
observed in the presence of GTPγS (highest binding observed). C) [3H]DHAP saturation 
analysis of mixtures of reconstituted β2AR-Gs and β2AR as in A) but in the presence of 
100 nM GDP.   D) [3H]DHAP saturation analysis of β2AR reconstituted in HDL with Gs 
were performed immediately  after reconstitution (without apyrase).  
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These data suggest that the nucleotide-free G protein stabilizes a form of the receptor that 

is less capable of binding [3H]DHAP. Only upon uncoupling of the G protein, through the 

addition of guanine nucleotides can [3H]DHAP binding be fully restored.  

 The conformational selectivity that Gs imparts on [3H]DHAP binding is not an 

artifact of the rHDL reconstitution system since similar effects of nucleotides can be 

observed  in vesicle reconstitutions with model bilayers, native lung membranes and in 

Sf9 cells co-expressing β2AR, and Gs heterotrimer (Fig. 3-5A-C). Freshly reconstituted 

β2AR in lipid vesicles revealed no qualitative difference in the number of receptor sites or 

any differences in Kd for [3H]DHAP (not shown). Enriching the nucleotide-free form of 

the complex through pre-incubation of receptor and G protein, or by accelerating the 

process with the addition of apyrase, decreases the Bmax for [3H]DHAP by approximately 

~47%, consistent with observations in rHDL particles. The change in Bmax observed in 

vesicles is not as dramatic as in reconstituted β2AR and Gs in rHDL particles. This 

discrepancy may be accounted for the inaccessibility of G proteins to the luminal side of 

the vesicle that contains the intracellular face of the receptor or perhaps the larger surface 

area of the vesicles. The inner diameter of the membrane portion of an rHDL particles is 

~ 85 Å (125) which is similar to the Gsαβ1γ2 heterotrimer (> 80 Å from tip to tip). By 

spatially restricting the trimer to a β2AR-containing rHDL particle we maintain a high 

β2AR:Gs stoichiometry, increasing the probability that the receptor may productively 

collide with Gs and lead to GDP release from the α-subunit, as in the presence of apyrase, 

a stable complex between the nucleotide-free Gs and β2AR may be isolated.   
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Figure 3-5. The nucleotide-free β2AR-Gs complex may be observed in reconstituted 
phospholipid vesicles, native and over-expressing β2AR membrane preparations. A) 
Saturation isotherm of β2AR and Gs heterotrimer reconstituted in phospholipid vesicles. 
The sample was treated with apyrase and analyzed by radioligand binding with 
[3H]DHAP. There was an ~ 47 % increase in Bmax upon addition of GTPγS. B) as in A. 
After apyrase treatment the β2AR-Gs complex was treated with 100 nM GDP to restore 
antagonist binding. [3H]DHAP binding presented as percent of maximal binding defined 
by the total binding observed in the presence of GPγS (highest binding observed). C) 
Membranes prepared from baculovirus-infected Sf9 cells expressing β2AR and 
Gsαβγ were washed several times and assessed for their capacity to bind 2 nM 
[3H]DHAP. Uncoupling of Gs from β2AR with 10 µM GTPγS resulted in an increase in 
[3H]DHAP binding consistent with the β2AR-Gs complex in rHDL particles. D) 
Homogenized lung tissue was treated with apyrase and antagonist binding was assessed 
as the other samples.  
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The Nucleotide-Free β2AR-G Protein Complex and High Affinity Agonist Binding 

The determination of agonist affinity for binding GPCRs is often derived from 

their capacity to competitively inhibit [3H]antagonist binding. The dependence of G 

proteins on agonist binding is often inferred from their sensitivities to guanine 

nucleotides. In the absence of additional nucleotide agonists inhibit antagonist binding in 

a biphasic manner, with a Khigh and Klow that are typically separated by two or more 

orders of magnitude. The high affinity agonist site (Khigh) is profoundly sensitive to the 

addition of nucleotides, and therefore reinforces the notion that G proteins stabilize 

agonist binding.  

Analysis of isoproterenol inhibition of [3H]DHAP binding to apyrase-treated 

nucleotide-free preparations yielded a monophasic inhibition curve with a Ki 175 ± 120 

nM, resembling that obtained after the addition of GTPγS, Ki of 140 ± 118 nM (Fig. 3-

6A). Upon addition of nucleotide (GTPγS) the maximal number of [3H]DHAP binding 

sites increased by ~45%, consistent with the previous effects observed (Fig. 3-6A inset). 

This effect is also observed in (diluted) untreated membrane preparations from Sf9 cells 

co-expressing β2AR and Gs (Fig. 3-6B inset) where the addition of nucleotide resulted in 

a ~45% increase in binding sites. The natural loss of bound GDP (and antagonist) in these 

preparations is a result of the release of nucleotide from the β2AR-Gs•GDP complex in 

order to reach equilibrium with its surrounding environment.   

Interestingly, addition of a low concentration of GDP (10 nM) to the nucleotide-

free β2AR-Gs complex restored the biphasic nature of the curve with an observed Khigh of 

1.5 ± 1.8 nM and a Klow of 190.5 ± 130.9 nM (Fig. 3-6A), in good agreement with 

reported values (126). Addition of GTPγS to the sample resulted in a monophasic 



	
  
	
  

56	
  

inhibition curve (Ki of 108.4 ± 117.1 nM). Furthermore, restoring the nucleotide pool 

increased the percentage of high affinity sites present. The fact that no high affinity 

agonist binding was observed in the nucleotide-free preparations is consistent with the 

hypothesis that [3H]DHAP is incapable of binding the same conformation of β2AR that 

agonists bind to. This suggests that [3H]DHAP can only compete with agonists when the 

receptor population is in the low affinity-uncoupled state. 

 
Figure 3-6.  Failure to detect high affinity agonist (isoproterenol) inhibition of 
[3H]DHAP binding to the nucleotide-free β2AR-Gs complex.  A) Inhibition of [3H]DHAP 
binding to the nucleotide-free β2AR-Gs complex in rHDL by increasing concentrations of 
isoproterenol (ISO) in the absence (open symbols) or presence of 10 µM GTPγS (closed 
symbols).  The addition of GTPγS exposed ~45 % more [3H]DHAP binding sites.   A 
(inset) The data are expressed as percent maximal binding in the absence of GTPγS to 
illustrate that the remaining [3H]DHAP binding following nucleotide loss can only be 
inhibited by isoproterenol with low affinity (Ki ~175.1 ± 120.1 nM), identical to the 
GTPγS-uncoupled β2AR (Ki~ 140.1 ± 118.1 nM). Addition of 10 nM GDP restores the 
biphasic nature of the curve and allows detection of maximal binding sites. B) The 
nucleotide effect is observed in Sf9 membranes that have not been treated with apyrase 
demonstrating that this phenomenon occurs in different systems. Inset B) Data 
normalized to absence of GTPγS to illustrate difference in Bmax.  Data were fit to a 
single site using GraphPad. 
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Consistent with these observations, non-isotopically labeled alprenolol (1 mM) 

failed to inhibit binding of tritiated agonist, [3H]epinephrine (30 nM), to the nucleotide-

free β2AR-Gs complex, in contrast to agonists epinephrine (1 mM) and isoproterenol (1 

mM) (Fig. 3-7).  

 

 

 

 

 
 

 

 

Figure 3-7. Alprenolol fails to inhibit [3H]epinephrine binding to reconstituted and 
apyrase-treated β2AR-Gs complex.  Inhibition of [3H]epinephrine (30 nM) by unlabeled 
epinephrine (EPI, 1 mM), isoproterenol (ISO, 1 mM) or alprenolol (ALP, 1 mM).  Data 
are expressed as percent of maximal binding in the absence of inhibitor. 
 

The Behavior of Inverse Agonists 

 We previously demonstrated that the efficacy of inverse agonists to decrease basal 

receptor activity is dependent on their capacity to prevent G protein-dependent changes in 

receptor conformation. Moreover, we demonstrated that inverse agonists have little 

ability to disrupt a pre-formed nucleotide-free G protein-receptor complex (63). These 

data suggest that in preparations where mixtures of coupled and uncoupled receptors may 

be present (i.e. as a nucleotide-free R:G complex), multiple affinity states for inverse 
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agonists should be observed. Inverse agonist, ICI-118, 551 was assessed for its capacity 

to inhibit [3H]DHAP binding to apyrase-treated β2AR-Gs in rHDL. ICI-118, 551 inhibits 

[3H]DHAP with a high affinity (Ki of 7.8 ± 0.2 nM) whether coupled to a G protein 

(nucleotide-free) or in its uncoupled state in the presence of GTPγS (Ki of 3.4 ± 0.1 nM) 

and fails to display multiple affinity states (Fig. 3-8). The fact that ICI inhibits 

[3H]DHAP binding at a single site whether the receptor is coupled or not suggests that 

both  drugs compete for similar inactive conformations of the receptor. These data are in 

good agreement  with our previous findings that ICI-118, 551 and alprenolol cannot 

disrupt the nucleotide-free G protein-receptor complex.  

 

 

 

 

 

 

 

 

 

Figure 3-8. Inverse agonist ICI-118,551 inhibits [3H]DHAP binding with high affinity to 
the uncoupled β2AR.  Inhibition of [3H]DHAP binding to reconstituted and apyrase-
treated β2AR-Gs complex by increasing concentrations of ICI-118,551 in the absence 
(closed circles) or presence of 10 µM GTPγS (closed circles).  Data are normalized and 
expressed as a percent of maximal binding in the absence (7.8 ± 0.2 nM) or presence of 
GTPγS (3.4 ± 0.1 nM).  (Inset) The data are expressed as a percent of maximal binding in 
the presence of GTPγS to emphasize the inability of [3H]DHAP to bind to the nucleotide-
free β2AR-Gs complex.  Data were fit to a single site using GraphPad (n=3). 
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Allosteric Regulation of [3H]DHAP Binding by Antibodies Directed Against the 
Agonist-Bound β2AR  

 
 

 Camelid antibodies (nanobodies) raised against an agonist-bound, active 

conformation of the β2AR (NB80), behave much like G proteins and support high affinity 

agonist binding (48). The crystal structure of the β2AR bound to NB80 reveals an overall 

transmembrane domain structure resembling the opsin-transducin C-terminus structure 

(48) . We tested the capacity of NB80 to alter [3H]DHAP binding to the β2AR 

reconstituted in rHDL. Figure 3-9 illustrates the capacity of NB80 to inhibit [3H]DHAP 

binding to the β2AR with an apparent Ki 2.9 ± 0.48 µM. Primarily for solubility reasons 

NB80 can completely inhibit [3H]DHAP binding, in contrast to G protein. The high 

detergent concentration that accompany high G protein concentrations make G protein 

titrations significantly more challenging since the detergent can perturb the rHDL 

particles itself and alter receptor stability. NB80 and antibodies in general are extremely 

soluble and do not introduce deleterious detergent effects. NB80 appears to induce a 

similar conformation of the β2AR as nucleotide-free G protein bound in complex with the 

β2AR, both of which are incompatible with [3H]DHAP binding.  
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Figure 3-9. The active conformation of β2AR is incompatible with [3H]DHAP binding.  
A) Nanobody (NB80) allosterically inhibits [3H]DHAP binding to the β2AR similar to 
nucleotide-free G proteins.  Reconstituted β2AR was incubated with 2 nM [3H]DHAP in 
the presence of varying concentrations of a nanobody directed against the activated β2AR 
(NB80, (48)) NB80 inhibits [3H]DHAP binding with a Ki 2.9 ± 0.48 µM. B) & C) 
Crystallographic evidence suggests that alprenolol is unable to bind the activated 
conformation of the β2AR.  B) Crystallographic evidence recently reported by Wacker et 
al. (127) suggests that alprenolol binds to the inactive conformation of the β2AR, similar 
to ICI-118,551.  Demarcated are sidechains of residues Ser203 and Ser207 located 
approximately 3.5 Å away from the phenyl ring of alprenolol.  C) Recently defined 
crystal structure of the active conformation of the β2AR bound to agonist (BI-167107) 
and a camelid antibody (nanobody, NB80) raised against the agonist-bound β2AR (48).  
Superimposition of the alprenolol-bound structure reveals the collapse of the agonist site 
including the movement of TM5 and hence Ser203 and Ser207 by approximately 0.5 Å. 

 

S207 

S203 

D113 Alprenolol 

ICI-118,551 

3.6 

3.5 

2.9 

S207 

S203 

D113 Alprenolol 

BI-167107 

3.0 

3.0 

2.8 
3.0 

!"

#"

$"



	
  
	
  

61	
  

Discussion 

 Classical pharmacology has provided the essential tools by which quantitative 

studies of ligand affinity and efficacy can be measured using indirect means (128, 129). 

Among the most widely used functional assay platforms for GPCRs is the radioligand 

binding assay (130). Here, quantitative analysis of the receptor’s capacity to selectively 

bind radiolabeled ligands, usually antagonists, and the capacity of drugs to inhibit the 

radiolabeled probe binding serve as the basis for defining the receptor type. Accurate 

estimations of affinities of unlabeled competing drugs may also be ascertained, an 

extremely valuable parameter when considering novel therapeutic drugs. For GPCRs the 

intrinsic activity of some ligands, particularly agonists, may be assumed by their pattern 

of inhibition of the radiolabeled antagonist probe.  

 GPCRs are dynamic membrane proteins that oscillate between an ensemble of 

inactive and active states, many of which may be sampled and stabilized by hormones 

and ligands (108, 131, 132). In addition, GPCRs can be allosterically modulated by 

protein-protein interactions such as those with G proteins and arrestins. The allosteric 

role that G proteins impart on hormone binding to GPCRs has long been described 

pharmacologically. Indeed, agonist binding stabilizes a receptor conformation that 

facilitates G protein binding and subsequent release of GDP from the G protein α-

subunit. Likewise, G protein association appears to stabilize a receptor conformation that 

supports high affinity agonist binding, an event that may be relieved upon uncoupling via 

the addition of GTP or non-hydrolyzable analogues of GTP. The high affinity agonist 

binding site, usually gleaned by high affinity inhibition of radiolabeled antagonist binding 
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helped to form the basis for the “ternary complex” model, originally proposed by De 

Lean et al., to describe G protein activation (23). 

 Biophysical analysis of the G protein-receptor complex, using a conformational 

sensor on the β2AR, reveals that the nucleotide-free form of the bound G protein 

stabilizes the high affinity agonist site (63). Logically one should therefore observe that 

once achieving this state, agonists should competitively inhibit radiolabeled antagonist 

binding with high affinity. Indeed, high affinity agonist binding observed through 

inhibition of radiolabeled antagonist is a common feature of G protein coupling of many 

receptors, as it is usually guanine nucleotide-sensitive. 

  However, a common feature observed with many GPCRs is a guanine nucleotide-

dependent increase in radiolabeled antagonist or inverse agonist binding (33, 120-122). 

Moreover, without an explanation for the enhanced [3H]antagonist binding observed with 

the addition of non-hydrolyzable GTP analogues in agonist competition assays many 

investigators express their data as a percent of maximal binding (i.e. with GTP 

analogues). Normalizing the data provides a facile comparison of the high and low states 

and a prediction of the G protein coupling efficiency. However, the fact that 

[3H]antagonists poorly bind to the nucleotide-free complex suggests that the true fraction 

of the high affinity agonist-bound form is not even sampled by the radiolabeled 

antagonist and is therefore largely underestimated. Although high affinity agonist binding 

is occurring it is just not revealed by the [3H]antagonist probe. In the extreme case where 

removal of all free GDP is aided by apyrase treatment, virtually all high affinity agonist 

binding is eliminated when it’s assessed using the [3H]DHAP probe (Fig. 3-6).  
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 Under conditions where GDP concentrations are above its apparent affinity for Gs 

[3H]DHAP can exist in equilibrium with the receptor and G protein. The G alpha subunit 

in this case can cycle between GDP and empty states and allow the heterotrimer to exist 

in equilibrium between the receptor-coupled and –uncoupled forms. Here, agonists, 

receptors, and G proteins should participate in equilibrium more amenable to allow 

[3H]antagonists to reveal many conformational states of the receptor.  

 The fact that nucleotides play such a strong role in agonist and antagonist binding 

suggests that ligand binding should take into account free nucleotide concentration. 

Typical membrane fractions prepared in a laboratory setting remove free nucleotide 

simply by cell lysis, sedimentation of particulate fractions (containing membranes) and 

by dilution in assays. The concentration of nucleotide is likely to be several orders lower 

than intracellular concentration of nucleotide (20 µM for GDP and 200 µM for GTP (93, 

94)) and perhaps closer to the concentration of GTP-binding proteins themselves. 

Moreover, conditions for radioligand binding assays often require extended incubations 

in order to achieve “equilibrium”. The propensity of GPCRs to couple to G proteins as a 

result of basal receptor activity will accumulate nucleotide-free G protein-receptor 

complexes in such membrane preparations.  

 Recent crystallographic evidence may provide a structural rationale for the poor 

capacity of [3H]DHAP to bind to the G protein bound β2AR. Alprenolol appears to bind 

in a remarkably similar overall manner to the inverse agonist-bound forms (ICI-118, 551 

or carazolol) (42, 83, 127) (Fig. 3-9B). Both ligands appear to induce a closed 

conformation at the intracellular face of the receptor, prohibiting productive G protein 

interactions. In collaboration with Dr. Brian Kobilka (Stanford University) we have 
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recently elucidated the crystal structure of an agonist-bound β2AR in a complex with a 

camelid antibody (nanobody, NB80), specifically raised against an active, agonist-bound 

conformation of β2AR (48). Interestingly, the conformation-specific NB80 supports high 

affinity agonist binding much like G proteins. The NB80-bound β2AR, like the 

nucleotide-free G protein, stabilized the active conformation and likewise explains why 

[3H]DHAP binds so poorly.  

 The overall structure of the agonist-and NB80-bound β2AR is reminiscent of the 

opsin-transducin C-terminus complex, where TM5 and TM6 undergo dramatic spatial 

alterations including rotations and translations to permit G protein C-terminus binding. 

Analysis of the agonist-binding site stabilized by NB80 reveals a significant collapse in 

comparison to the alprenolol-bound conformation ((48, 127) and Fig.3-9C). With D113 

anchoring the amine of agonist BI167107 (and alprenolol) the inward translation of TM6 

by 1-1.5 Å in the active conformation would likely not support alprenolol binding. S203 

and S207 would be less than 3 Å from the phenyl ring of alprenolol, which in the 

alprenolol-bound β2AR structure is greater than 3.5 Å away. The proximity of the serine 

residues may thus confer unfavorable steric clashes with alprenolol and thus diminish the 

affinity of alprenolol for the β2AR-Gs bound.  

 In light of the existence of a receptor-G protein complex that is both nucleotide-

free and unable to bind antagonist, revisiting some of the basic assumptions about GPCR 

allostery and ligand binding are required. Specifically, the nature of the G protein-

induced agonist high affinity state must be elaborated. The fact that a GPCR has (at least) 

two conformational states is undisputable (43, 63, 96, 133, 134). Current theory 

postulates that the inactive ‘R’ state, binds agonists with relatively low affinity whereas 
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the ‘R*’ state binds agonist with high affinity. Our previous assumption relied on the 

capacity of antagonists to bind both states with approximately equal affinity and not alter 

the distribution of R and R* states. Agonists may therefore freely compete with 

[3H]antagonists for both the R and R* states, which we have now shown not to be the 

case. Moreover, the proportion of the R* state may be influenced by basal receptor 

activity. In either case, progression to R* catalyzes guanine nucleotide exchange (GDP 

release) on the G proteins. For agonist binding, formation of the nucleotide-free G 

protein-receptor complex stabilizes the R* state and cooperatively favors agonist binding, 

slowing the off-rate and hence increasing agonist’s affinity. In contrast, inverse agonists 

bind with high affinity to- and stabilize the ‘R’ or similar states that are incapable of 

catalyzing nucleotide exchange on G proteins. The data presented here, however, implies 

that antagonists such as alprenolol do not sample all conformational states equally and 

therefore cannot under equilibrium conditions accurately depict the multiple binding 

states of agonists. Of course these problems may be taken into account through factoring 

in free nucleotide concentration, either by including their concentration in the 

thermodynamic equations or by assuming that they are in moderate excess.  

 In summary these observations have significant implications in GPCR research 

reinforcing the concept that most ligands, if not all, have varying degrees of intrinsic 

activity. The intrinsic activity of antagonists is extremely relevant as most ligand probes 

were designed to take advantage of their “neutral” properties. The fact that these probes 

selectively bind and stabilize specific receptor conformations (usually inactive) suggests 

that they may not sample active conformations, the state that promotes high affinity 

agonist binding. Finally, the nucleotide state of the G protein, and hence the 
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concentration of free GDP, is an extremely important component that influences this 

active conformation.  

 

Materials and Methods 

For this thesis I purified all preparations of Apo A-I and CFP-β2AR. I also 

performed all vesicle and rHDL reconstitutions, radioligand binding assay (initially with 

the assistance of Matthew Whorton), and some fluorescence spectroscopy studies.  

Purified heterotrimeric Gs were generously provided by Diane Calinski and Brian DeVree 

from the University of Michigan. Drs Xiao-Ji Yao and Soren Rasmussen from Stanford 

University purified and bimane-labeled the β2AR. Dr. Xiao-Ji Yao performed one 

fluorescence spectroscopy assay.  Purified NB80 was generously provided by Dr. J.J 

Fung, a fellow in the Kobilka laboratory. 

 

Materials 

 Recombinant AcMNPV baculoviruses encoding Gαs, his-6-Gβ1 and Gγ2 were 

provided by Dr. Alfred G. Gilman (UT Southwestern, Dallas, TX).  All lipids were 

purchased from Avanti Polar Lipids (Alabaster, AL). Dodecylmalltoside (DDM) was 

obtained from Dojindo Molecular Technologies (Gaithersburg, MD). Sodium cholate was 

purchased from Sigma.  ±-Alprenolol, (-)-isoproterenol, ±-propranolol and ICI-118 551, 

were obtained from Sigma (St. Louis, MO). [3H]Dihydroalprenolol, [3H]epinephrine and  

[35S]GTPγS were obtained from Perkin Elmer (Foster City, CA). Recombinant potato 

apyrase was purchased from New England Biolabs (Ipswich, MA). All other reagents of 

analytical grade were of obtained from Fisher Scientific (Pittsburg, PA). 
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Expression, Purification and Labeling of β2AR 

 A modified version of the β2AR where 4 reactive cysteines were mutated (C77V, 

C327S, C378A, and C406A) was made. The modified β2AR was expressed in Sf9 insect 

cells by using recombinant baculovirus and solubilized using methods previously 

described (99). The DDM solubilized receptor was purified by sequential M1-Flag 

antibody affinity and alprenolol affinity chromatography as described (99).  Briefly, 

CaCl2 was added to the DDM solubilized extract to a final concentration of 1 mM and 

loaded to the M1-Flag column. The receptor was eluted from the flag resin with 20 mM 

Hepes, pH 7.5, 100 mM NaCl, 0.1% dodecylmaltoside (Buffer A) with 1 mM EDTA. 

The concentration of functional, purified receptor was determined using a saturating 

concentration (10 nM) of [3H] Dihydroalprenolol as previously described (112). Flag 

purified receptor was then purified by alprenolol-Sepharose chromatography as described 

(112).   The receptor was eluted from alprenolol-Sepharose with Buffer A with 300 µM 

alprenolol and 1 mM CaCl2 and loaded directly onto M1-Flag resin. The M1-Flag resin 

was washed with Buffer A to remove free alprenolol and eluted with Buffer A plus 1 mM 

EDTA. Two liters of Sf9 cells typically yield 500 µl of a 5 µM solution of β2AR. 

The purified β2AR and monobromobimane were mixed at the same molarity and 

incubated overnight on ice in the dark. The fluorophore-labeled receptor was purified 

right before use by gel filtration.  

 

Purification of Recombinant ApoA-I 

 Wild type human apoA-I was purified from expired serum as previously 

described (70). A recombinant apoA-I with an N-terminal 43 amino acid deletion and a 
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hexa-histidine tag (Δ(1-43)-his6-apoA-I) was expressed using a pET15b vector to 

transform competent Escherichia coli cells (BL21). Cells were resuspended and lysed by 

gently vortexing in 10 mM Tris-HCl pH 8.0, 100 mM NaH2PO4, 6 M guanidine 

hydrochloride (GuHCl), 1 % Triton X-100. Lysate was fractionated by centrifugation at 

10, 000 G and the supernatant was loaded onto a Ni-NTA column by gravity flow. The 

column was washed with 10 mM Tris-HCl, pH 7.0, 100 mM NaH2PO4, 6 M guanidine 

hydrochloride, 1 % Triton X-100 and then with 50 mM NaH2PO4, pH 8.0, 300 mM NaCl 

and 1 % Triton X-100. Bound Δ(1-43)-his6-apoA-I was eluted with 50 mM NaH2PO4, pH 

8.0, 300 mM NaCl, 250 mM imidazole, 1 % Triton X-100. Peak fractions were further 

purified on a Superdex 75 gel filtration chromatography column in 20 mM Hepes, pH 

8.0, 100 mM NaCl, 1 mM EDTA, 20 mM sodium cholate. Pooled apoA-I was then 

dialyzed against 20 mM Hepes, pH 8.0, 100 mM NaCl, 1 mM EDTA, 5 mM sodium 

cholate. Purified apoA-I was concentrated to ~10 mg/mL and stored at -80°C until use.  

 

In Vitro Reconstitution of β2AR into rHDL 

 High-density lipoproteins were reconstituted in vitro according to a protocol 

adapted from Jonas (113).  Briefly, a mixture of POPC and POP (3:2 molar ratio) in 

combination was used to mimic the zwitterionic environment of a cell membrane (114). 

A typical rHDL reconstitution consisted of the following components: 24 mM detergent 

(cholate or DDM), 8 mM lipids, and 100 µM apoA-I. Lipids were solubilized with a 

solution of 20 mM Hepes pH 8.0, 100 mM NaCl, 1 mM EDTA and 50 mM detergent. To 

reconstitute the bimane labeled β2AR (mB- β2AR), purified β2AR was added to at least 

10-fold excess ([apoA-I]:[β2AR]) to receptor preparations diluted in solubilized lipids. 
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Following an incubation of 1-2 hrs at the TM of the lipid combination, samples were 

added to an equal volume of hydrated BioBeads (BioRad) for an additional 3 hrs to 

remove detergents, resulting in the formation of rHDL particles. Samples were stored on 

ice until used. If necessary, β2AR-rHDL particles were separated from receptor-free 

rHDL by M1-anti-Flag immunoaffinity chromatography. Purified β2AR-rHDL particles 

were eluted with EDTA (10 mM) and stored on ice until further use.  

 

G Protein Reconstitution in rHDL 

 Purified Gs heterotrimer (115) (stored in 0.02% DDM) was reconstituted into 

preformed impure β2AR-rHDL particles (containing excess empty rHDL particles) at an 

initial R:G ratio of 1:10. Concentrated Gs stocks were added such that the DDM was 

diluted at least 200-fold to reduce the DDM concentration to well below the CMC (0.12-

0.18 mM or 0.006% in NaCl containing buffer). This had no effect on the integrity of the 

particles, as assessed by size exclusion chromatography (not shown). Treatment of Gs-

reconstituted samples with BioBeads, to remove trace amounts of DDM, before gel 

filtration chromatography had no effects on the results. Nucleotide-free β2AR-Gs 

complex was prepared by incubating with apyrase (NEB, Ipswich, MA) in the presence 

of 1 mM MgCl2 for 30 minutes at room temperature. 

 

Reconstitution of β2AR and Gs in Vesicles 

Lipid stock mixtures of DOPC (3 mg/mL) and CHS (0.3 mg/mL) were prepared 

in 20 mM HEPES, pH 7.5, 100 mM NaCl including 1% OG, as previously described. The 

lipid stocks were removed from storage, vortexed, and sonicated for 30 min in an ice 
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bath. The reconstitution mixture was prepared in 20 mM HEPES, pH 7.5, 100 mM NaCl 

+ 0.1% DDM containing a 10-fold dilution of the lipid stock and β2AR ± Gs. The final 

DOPC and CHS concentrations in this mixture were 0.3 and 0.03 mg/mL, respectively. 

The reconstitution mixture was inverted several times and incubated for 2 h on ice. 

Detergent removal and concomitant formation of vesicles were attained by gel filtration 

chromatography on a Sephadex G-50 Fine (GE Healthcare, Piscataway) column (135, 

136) 

 

Saturation Radioligand-Binding Assays 

 Binding reactions were prepared in 100 µl volumes in 96 well plates. Samples 

were incubated with various concentrations of β2AR antagonist [3H] dihydroalprenolol 

([3H]DHAP) (0.1-20 nM) in 50 mM Tris-HCl, pH 8.0, 150 mM NaCl (TBS) in the 

presence or absence of nucleotide (GTPγS or GDP). Nonspecific binding was determined 

in the presence of 10 µM propranolol.  Receptor particles were incubated for 90 minutes 

at RT for saturation isotherms. For separating free [3H]DHAP from bound, the samples 

were filter on glass fiber plates.  

 For glass filtering, GF/B 96 well filter plates (Whatman) were used in conjunction 

with a vacuum manifold. Wells were pre-wet with 0.3 % polyethyleneimine (PEI) for 30 

minutes. Samples were applied and washed 3X with 200 µl of TBS. Scintillation mixture 

was added (Microscint0, Packard) and plates were counted on a TopCount scintillation 

counter (Packard). Specific binding was determined by subtracting nonspecific binding 

from total binding.  
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[35S]GTPγS Binding 

Purified Gs (100 nM final) was added to β2AR reconstituted in rHDL· (50 nM 

final) as above.  ISO-stimulated [35S]-GTPγS-binding assays (10 µM ISO) were 

performed on nucleotide-free β2AR-Gs in rHDL essentially as described by Asano et 

al.(136).  The reactions were initiated by the addition of isotopically diluted [35S]GTPγS 

(100 nM).  Reactions were terminated at different times (between 15 s and 5 min) by the 

addition of ice-cold 20 mM HEPES, pH 8.0, 100 mM NaCl, 1 mM EDTA (HNE) with 10 

mM MgCl2.  Free [35S]GTPγS was removed by rapid filtration.   

 

Agonist Competition Assays 

  Agonist competition assays were preformed on G protein-reconstituted sample 

under similar conditions as used in the saturation binding assays except that a fixed 

concentration of [3H] DHAP (2 nM) was competed with various concentrations of 

isoproterenol or ICI-118, 551 (1 X 10-12 – 1 X 10-3 M) with or without the addition of 10 

µM GTPγS (in the presence or absence of GDP). Binding reactions contained 0.02% 

ascorbic acid to prevent oxidation of the isoproterenol. Samples were incubated for 90 

minutes at RT and then filtered on glass fiber plates as above. Normalized data were fit to 

a two-site competition-binding model using Prism (GraphPad). 
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CHAPTER 4 

CONCLUSIONS 

Summary and Discussion 

 Historically, G protein-coupled receptors have been studied and considered great 

drug targets in pharmacology due to their abundance in humans. The human genome 

project identified more than 800 different GPCRs genes and currently over 30% of the 

drugs in clinical practice exert their effects on them. The molecular mechanisms involved 

in receptor functions, particularly the molecular modes of receptor activation, G protein 

recognition and activation, have therefore become the research focus of an increasing 

number of labs. Still after decades of research the mechanism by which Gs couples to 

agonist-free receptor is still unknown.  

The emergence of various crystal structures of ligand-bound GPCRs (41, 42, 85, 

86) and the recent structure of a complex between opsin and the carboxyl-terminal 

peptide of transducin (40) have given insights into the mechanisms by which G proteins 

couple to their partner receptor. In addition, fluorescence lifetime (108) data has shown 

that receptors exist in an ensemble of various conformations and that each conformation 

is stabilized or favored by specific ligands and/or G proteins. A part of our work focused 

on the isolation and characterization of these conformations.
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We were able to characterize the properties of a fluorescently labeled receptor 

(mB-β2AR) in complex with Gs in rHDL particles. This system allowed us to incorporate 

monomeric and functional mB-β2AR into a homogenous lipid bilayer that allows access 

to both receptor termini allowing the interaction with both ligands and protein partners.  

The bimane spectra illustrate how G protein binding stabilizes an active 

conformation that resembles the agonist-bound form of β2AR. Interestingly, the addition 

of the agonist isoproterenol to a pre-formed mB-β2AR-Gs complex induces a more 

dramatic change in the spectrum (further decrease in fluorescence intensity and increase 

in the λmax). This could indicate that the presence of agonist favors the formation of the 

β2AR-Gs complex or that the receptor conformation in the presence of both differs from 

that of each of them alone. The effect of G protein and isoproterenol can be abolished by 

adding saturating amounts of GDP or GTPγS as demonstrated by the reversal of the 

bimane spectra to that of the β2AR alone.  

 The behavior of inverse agonists is fascinating, as it seems that these ligands 

stabilize specific inactive conformations. Our results indicate that the inverse agonists ICI 

118, 551 and carazolol bind to the receptor alone and upon binding stabilize a 

conformation that cannot couple to G proteins. Similarly, addition of saturating amounts 

of ICI had no effect on the pre-formed β2AR-Gs complex suggesting that it cannot bind to 

Gs-coupled β2AR. These results are in agreement with what is observed in functional 

assays, as it is observed that inverse agonists block the binding of other ligands and 

decrease the basal activity of receptor. Also, previous studies demonstrated that the 
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number of binding sites for [3H] ICI-118, 551 was reduced in cells overexpressing Gs 

(111).  

 Reconstitutions of β2AR-Gs treated with apyrase made possible the isolation of 

the nucleotide-free β2AR-Gs complex, unliganded or agonist-bound. Under these 

conditions, antagonist (alprenolol) and as previously mentioned, ICI-118, 551 are unable 

to disrupt the pre-formed complex even after long incubations with saturating amounts, 

most likely because of the allosteric effects of the G protein on the ligand-binding pocket. 

Comparison of the inactive (83, 84) and active (48) structures of the β2AR suggests that 

G protein coupling may cause the extracellular domain of the receptor to collapse thus 

restricting access to the ligand binding pocket. This would explain the inability of 

alprenolol to disrupt the pre-formed complex but bind with high affinity to receptor 

alone. We set out to characterize the nucleotide-free β2AR-Gs complex using radioligand 

binding studies. 

The G protein in the ternary complex that constitutes the high-affinity agonist 

state is believed to be nucleotide-free and in its trimeric form. Association of the α-

subunit with the βγ-dimer is modified by receptor-interaction and GDP presence. 

Although it was believed that GDP binding was dependent on agonist-occupied receptor, 

our data suggests otherwise. The nucleotide-free β2AR-G protein complex is active and 

can re-bind nucleotide in the absence of agonist (ISO) most likely due to its basal 

activity. Furthermore, antagonist binding to β2AR-G protein complex depends on the 

presence of guanine nucleotide.  
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The nucleotide-free β2AR-Gs complex was also observed in native membranes 

(lung) and Sf9 membranes over-expressing β2AR and Gs, demonstrating the 

generalizability of our results. As observed with reconstituted rHDL, the addition of 

nucleotides to these preparations revealed more [3H]DHAP binding sites  (increases Bmax) 

confirming that the presence of GDP (and/or GTPγS) restores antagonist binding. Our 

findings imply that alprenolol is not a “neutral” antagonist as it can discriminate and 

prefer certain receptor conformations.  A similar behavior is observed with inverse 

agonists: radioligand binding assays reveal that ICI-118, 551 appears to inhibit 

[3H]DHAP binding to the uncoupled receptor in a competitive manner, binding with high 

affinity to receptor alone. In contrast, agonists bind to all active conformations regardless 

of the amount of nucleotide present. [3H]Epinephrine was able to bind to the nucleotide-

free β2AR-Gs complex but could not be displaced by alprenolol but only by other agonists 

such as isoproterenol or “cold” epinephrine. It should be noted that we are not discarding 

the possibility that a receptor population was not bound by [3H]Epinephrine as its Kd has 

not been accurately determined, for the purpose of this study we assumed saturation.  

Finally, analysis of agonist inhibition of antagonist binding to the nucleotide-free 

β2AR-Gs complex displayed a monophasic curve with a low affinity site that resembled 

the uncoupled receptor. In addition, it also showed ~30-50% less maximal binding sites 

that the uncoupled complex (treated with 10 µM GTPγS) suggesting that antagonists do 

not bind a distinct receptor population. Addition of nucleotide restores the biphasic nature 

of the curve and increased the number of binding sites detected confirming that 

antagonists are not able to detect the nucleotide-free complex. In summary, we have been 
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able to isolate the β2AR-Gs (nucleotide-free) high-affinity complex that cannot bind 

antagonists.    

 

Implications for GPCR Research (and Drug Discovery) 

The characterization of ligand affinity and efficacy has been classically done 

using guanine nucleotide binding assays (129) and allosteric competition assays (130). 

The former assay is attractive because guanine nucleotide exchange is a proximal step to 

receptor activation and is not subject to regulation by other pathways (129, 137). 

However, competition assays offer a more accurate estimation of drug affinity, which is 

extremely valuable when considering potential therapeutic drugs.  

 These findings have significant implications on in vitro GPCR research, more 

specifically in sample preparation. Membrane protein research is highly dependent on our 

ability to purify and functionally reconstitute these proteins in membrane-like systems. 

Such preparations will be used in screens such as those previously mentioned. In order to 

arrive at an accurate affinity value one must be certain that all the active receptors are 

being labeled.  If the probe, such as a ‘neutral’ antagonist, is used in an attempt to label 

all receptor sites it is not likely to detect all receptor conformations. Assessing the 

affinities of a competing ligand, particularly if the competing ligand is an agonist, may 

produce a misleading IC50, and Ki value. As demonstrated in this study, agonist 

isoproterenol inhibited the ‘neutral’ antagonist [3H]DHAP with low affinity at the 

nucleotide-free G protein•receptor complex. Primary screens are often designed to find 

candidate drugs using functional assays in cells. These assays should not be affected, as 
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the guanine nucleotide concentrations in the cell are in the micromolar range, making the 

formation of a stable nucleotide-free receptor-G protein complex difficult (93, 94). 

However, a critical step in these screens is the subsequent hit validation using binding 

assays that estimate the EC50 (Ki). The EC50 (Ki) not only confirms the functional assay 

but also ensures that the dose required for a full response falls in a reasonable range for 

therapeutics. Incorrect Ki values could lead to the disposal of a potential therapeutic drug.  

Once again demonstrating the importance of guanine nucleotide in ligand binding.  

 

Implications for GPCR Theory 

The isolation of the high-affinity nucleotide-free β2R-Gs complex, which cannot 

bind antagonists, has opened some gaps in the current theory of allosteric binding. The 

concepts of GPCR basal activity and the G protein high-affinity state must be re-

evaluated in order to fit with our current results.  

The fact that GPCRs exist in an ensemble of various conformational states has 

been demonstrated. Current theory postulates that one conformational state, the inactive 

‘R’ state, binds agonist at a relativity low affinity and, the active ‘R*’ state, binds agonist 

at a high affinity. Supposedly, antagonists are able to bind both states with approximately 

equal affinity, thus occupying the orthosteric binding site without altering the distribution 

of R and R* states. This prevents the receptors from binding any other drugs while still 

allowing a certain percentage of the receptor population to enter the R* state needed to 

catalyze guanine nucleotide exchange on the G protein, leading to a basal level of 

activation. In contrast, inverse agonists stabilize either the R or other states that are not 
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able to catalyze nucleotide exchange on the G protein. Binding of a G protein will also 

stabilize the R* state, allowing the allosteric modulation of agonist binding to GPCRs by 

the G protein.  

Under this theory, the interpretation of an agonist competition assay with a 

radiolabeled antagonist is seen as two affinity sites, one that corresponds to G protein-

coupled and another for uncoupled-receptors. The observed Ki of the sample treated with 

GTPγS is just as expected if there was no G protein at all in the sample, since it has all 

been functionally dissociated by addition of the non-hydrolyzable GTP analogue. The 

two observed Ki’s in the samples treated with moderate amounts of GDP correspond to 

the proportion of receptor that is not associated with G protein (Klow) and the proportion 

of the receptor that is pre-coupled with G protein (Khigh). However, this theory does not 

take into account the nucleotide state of the G protein regarding allosteric communication 

with the orthosteric binding site, but rather views nucleotide exchange as a separate 

reaction that is only catalyzed by the GR* state but does not affect ligand binding. 

The finding that antagonists cannot bind to the state of the receptor that can also 

catalyze nucleotide exchange requires modification of this theory. The interpretation for 

the Ki with GTPγS and the Klow with GDP are similar to current theory, with the only 

difference being that there is no antagonist bound R* state. The Khigh involves an initial 

population of antagonist-bound R state associated with GDP-bound G protein. The G 

protein loses the guanine nucleotide, allowing it to interact with the unliganded R* state 

that stabilizes the nucleotide-free state of the G protein. The stabilized, unliganded R* 

state then binds free agonist at a high affinity. It should be noted that for this particular 

assay, the association between receptor and Gs-GDP-liganded receptor could be either a 
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distinct conformational state or simply reflect the fact that G protein and receptor are 

‘near’ each other (i.e., able to collide with one another in the time frame of the assay).  

However, other evidence suggests the existence of a GDP bound pre-association 

of receptor and G protein. Also, the assay cannot suggest the nature of the agonist-bound 

Khigh complex, be it receptor bound to nucleotide-free G protein, liganded receptor-GDP-

G protein, or simply dissociated agonist-bound R* and G protein. Finally, the gap 

between the maximal amount of bound antagonist in the nucleotide containing samples is 

interpreted as that any proportion of the sample that starts as a R* state stabilized by 

nucleotide-free G protein will never be detected in the assay, as it has no chance to bind 

radiolabeled antagonist. 

In light of these new data, the question that comes up is how would an antagonist 

allow for the basal level of GPCR activation if it does not bind to (and therefore select 

against) the R* state of the receptor? The question is discussed below, primarily for 

ligands that bind to the GPCR orthosteric site. Ligands that bind to allosteric sites and 

extended N-terminal domains may influence the system in much different ways, although 

it is highly likely that most or all of such ligands must pass conformational information 

through the orthosteric site in order to communicate with cytoplasmic GPCR effector 

proteins.  

An emerging idea in GPCR pharmacology is that from a mechanistic standpoint, 

true neutral antagonists are extremely rare (perhaps non-existent). Certainly, there are 

drugs that cause negligible changes in GPCR activation, but still prevent other drugs 

affecting the receptors. However, when examined in detail with ever improving 
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techniques, we find that many antagonists must be re-classified as weak partial agonists 

or inverse agonists. Our in vitro binding data suggests that alprenolol behaves as an 

inverse agonist.   

Even more dramatic reclassification of antagonists happens when considering 

more than a single signaling output. Recent studies have shown that GPCRs can signal 

through multiple pathways in both G protein dependant and independent manners. Thus, 

in order to really understand what a drug does upon receptor binding, we must look 

simultaneously at a number of distinct signaling outputs. By doing this we can observe 

that the classification of drugs for one output of GPCR signaling often has little 

predictive power for activity measured with another output. Viewed from this 

perspective, the finding that antagonist binding is incompatible with the traditional 

assumption that GPCR basal activity is due to an inherent tendency of the receptor to 

enter the R* state in the absence of agonist is not surprising. Instead, antagonist binding 

probably causes real changes in GPCR signaling, but the sum of all the various signaling 

inputs and outputs ends up being similar enough to the unliganded basal activity of the 

receptor that overall activation level is considered negligible. 

  One possibility for rationalizing both the phenomenon of GPCR basal activity and 

the inability of antagonist to bind the R* state is a departure from the traditional 

assumptions but potentially modest explanation. It could be that the receptor-GDP⋅G 

protein complex is both a distinct conformational state and resembles the source of 

GPCR basal activity. Most importantly, recent studies on rhodopsin have observed a 

transient state of the receptor, metarhodopsin-Ib, that is bound to GDP-heterotrimeric 
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transducin (138) . Other studies have long implicated the existence of some type of pre-

association between receptor and G protein.
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APPENDIX 

FORMATION AND STABILITY OF A GPCR-ARRESTIN 2 COMPLEX IN 
RECONSTITUTED HIGH-DENSITY LIPOPROTEINS 

 

Introduction 

 Three families of regulatory proteins modulate signal transduction by the G 

protein-coupled receptors: G proteins, GPCR kinases (GRKs) and arrestins. Activation of 

a GPCR by an agonist promotes a conformational change that leads to coupling and 

subsequent activation of the heterotrimeric G protein (dissociation into the α-GTP and βγ 

subunits, each of which signals to downstream effectors) (139). The transduction cascade 

is terminated by receptor phosphorylation (by GRKs) followed by arrestin recruitment 

and receptor internalization that leads to its degradation or recycling to the membrane 

(Fig. A-1) The mammalian arrestin family is composed of four members: arrestin 1 and 4 

are confined to retinal rods and cones respectively, and arrestin 2 (β-arrestin 1) and 

arrestin 3 (β-arrestin 2) are ubiquitously expressed (140). 

 In addition to its role in desensitization, it is now appreciated that arrestin binding 

initiates different signaling cascades. These signals are often both spatially and 

temporally distinct, and result in unique cellular and physiological consequences from 

those regulated by G proteins. The role of arrestins acting as signal transducers through 
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Figure A-1. Regulation of GPCR trafficking by GRKs and arrestins. Agonist (star) 
binding to GPCR leads to receptor activation, G protein coupling, and signal 
transduction. GRKs then phosphorylate the agonist-activated GPCR on intracellular 
domains, promoting arrestin recruitment. Arrestin binding to the receptor inhibits G 
protein coupling and terminates signaling (desensitization). Receptor/arrestin complexes 
are targeted to clathrin-coated pits where they interact with different components of the 
internalization machinery. Internalized GPCRs are sorted to either degradation or 
recycling compartments. Image adapted from Diane Calinski, University of Michigan.  
 

the formation of scaffolding complexes with accessory effector molecules such as Src, 

ERK1/2, JNK3 and MAPK is becoming increasingly recognized (9, 141-143). 

 The potential signaling diversity of GPCRs suggests the existence of multiple 

“discrete” active receptor conformations. Each conformation can be stabilized by specific 

ligands that direct distinct signaling responses. These ligands that directly target GPCRs 

have been classically described as agonists, antagonists or inverse agonists for G protein 

signaling. Agonists are defined as drugs that can stabilize the active receptor 

! 

ß " 

GDP GTP 

GRK 
P 

P P P 
P P 

  arrestin 

P 
P P 

  arrestin 

P P P 
 arrestin 

!"#$#%&'()

*"(+,-,./')

/+)



	
  
	
  

84	
  

conformation, which promote G protein activation. In contrast, inverse agonists stabilize 

the inactive conformation thereby reducing G protein signaling (144). Antagonists 

theoretically bind all receptor conformations indiscriminately having no effect on basal 

activity but blocking further activation by agonists. The fact that arrestins are capable of 

initiating distinct signaling pathways through GPCRs independently of G proteins has 

established the need to re-evaluate all drugs and has introduced the term of biased 

agonism.  

 Biased agonism refers to the preferential activation of one of a number of possible 

downstream pathways of a receptor by a particular ligand (140). Over the last decade a 

diversity of biased ligands for GPCRs have been identified that selectively activate G 

proteins or arrestins, and several of them seem to have distinct functional consequences 

when compared to traditional ligands (15). For example, the compound ICI-118, 551, is a 

well established inverse agonist for the β2AR that leads to down-regulation of adenylyl 

cyclase levels (145), yet it induces ERK phosphorylation that completely depends on 

arrestin-3 expression (8). Moreover, arrestins have been implicated in numerous aspects 

of physiology and pathophysiology of disease (146). All these findings make the arrestin-

receptor complex a tempting target for more detailed characterization that could lead to 

new therapeutics.  

To date, it is still not exactly clear how arrestins interacts with the cytoplasmic 

face of a GPCR. Even more, the stoichiometry of the arrestin-GPCR complex in cells has 

not been determined accurately and some conflicting models have been proposed (147, 

148). Interestingly, arrestins have been shown to allosterically regulate hormone binding 

to GPCRs, in a similar fashion to G proteins (149). An interaction with nM affinity has 
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been demonstrated between arrestin and purified β2AR reconstituted into phospholipids 

vesicles.  Unfortunately the heterogeneous nature of phospholipid vesicles makes it 

impossible to delineate even basic questions about the interaction, such as the β2AR-

arrestin stoichiometry.  Any structural information would therefore be difficult to assess. 

In order to understand this ternary complex we utilized the rHDL system to 

characterize the interaction between the β2AR and arrestin 2 from a functional and 

structural perspective. We used mB-β2AR reconstituted in rHDL to investigate arrestin 

interactions.  Our goal was to determine how arrestin may induce changes in bimane 

fluorescence as a result of conformational changes in mB-β2AR structure upon binding as 

well as ligand binding.  Ongoing studies in the lab are trying to determine the affinity 

between the β2AR receptor, in various phosphorylated states, with arrestin isoforms and 

mutants using various approaches. Immunoprecipitations and size exclusion 

chromatography will be used to verify complex formation in a qualitative manner and we 

will determine its affinity with the Flow Cytometry Protein Interaction Assay  (FCIP) 

(150) . In addition, the high degree of efficiency of receptor reconstitution and 

homogeneity of β2AR-HDL preparations suggest that it may be useful for structural 

studies.  

 

Results 

rHDL Particles as a Mean to Study the β2AR-Arrestin 2 Complex 

 In order to isolate and characterize the β2AR and arrestin 2 complex we took 

advantage of the rHDL system. We first tested if the rHDL particles would interact non-

specifically with arrestin. To address this issue we incubated empty particles (only 
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containing the lipids: POPC and POPG) with a high concentration of arrestin (50 µM). 

Analysis of the sample with size exclusion chromatography (SEC) showed two distinct 

peaks that eluted at the predicted molecular weights (chromatogram not shown). The 

fractions corresponding to the two peaks with high absorbance were analyzed by SDS-

Page to confirm the identity of the proteins. The peaks corresponded to two distinct 

proteins. Each ran as a single band at the expected molecular weight when compared to 

the marker (Fig. A-2). This data suggests that arrestin 2 and the main components of 

rHDL particles do not interact under the conditions used for this assay.  

 

Figure A-2. Arrestin 2 and rHDL do not interact. Empty rHDL particles were prepared 
with POPC and POPG (3:2 ratio) at the exact conditions used to make β2AR containing 
ones. The empty rHDL particles were incubated with arrestin 2  (50 µM) for 30 mins at 
4°C and then resolved by SEC (Superdex 200). SDS-Page (12.5 % gel) confirmed the 
presence of both proteins at the expected molecular sizes for Δ1-43 apo A-I and arrestin 
2, 25.5 kDa and 46.9 kDa respectively.   
 

Arrestin Recruitment: Conformational Changes on the Receptor 

 Most signal transduction mechanisms are guided by ligand-induced 

conformational changes in the receptor, which are then transmitted, to downstream 

effectors, resulting in a specific signal output.  Plasma membrane translocation of arrestin 

to activated receptor and its signaling capabilities even in the absence of receptor-G 
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protein interaction suggests the existence of receptor conformations that are specific for 

arrestin binding. In order to elucidate distinct arrestin-binding conformations. We decided 

to use site-specific labeling of the β2AR with bromobimane together with rHDL particles 

to investigate β2AR–arrestin 2 active-state. This system was previously used to 

characterize the conformational changes that the β2AR undergoes upon treatment with 

ligands and/or G proteins (63).   

 Although it has been established as a critical step in arrestin recruitment, it is still 

unknown the extent to which receptor phosphorylation is necessary for, or contributes to, 

arrestin signaling pathways. To address this issue we decided to start our studies with 

arrestin mutants that were previously shown to bind receptor indiscriminately of their 

phosphorylation state. Arrestin 2–382, was shown to exhibit phosphorylation-

independent receptor binding due to the removal of the key regulatory residues that keep 

arrestin in its basal conformation (151).  

 The bimane-labeled β2AR (mB-β2AR) was incorporated in particles and the 

response to arrestin 2-382 was determined in the absence or presence of the agonist 

isoproterenol.  Addition of the phosphorylation-independent mutant (Arrestin 2-382) did 

not cause a significant change in fluorescence intensity on the mB-β2AR spectra at low 

ratio, 2:1 arrestin 2-382. Increasing the ratio of arrestin to receptor to 20:1 caused a 14% 

decrease in fluorescence intensity and a slight leftward shift in the λmax. Interestingly, 

addition of saturating amounts of the agonist isoproterenol together with an excess of 

arrestin 2-382 causes a moderate decrease in the fluorescence intensity. The fact that 

arrestin induces a change in fluorescence intensity on top of that induced by ISO suggests 
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that arrestin binding might contribute to stabilizing an active receptor conformation (Fig. 

A-3). Although these data are encouraging and imply that addition of isoproterenol could 

promote and stabilize the formation of an arrestin-β2AR complex more experiments need 

to be done before stating a concrete hypothesis. To this end we decided to repeat these 

experiments using various ligands under different conditions that would resemble those 

found in the natural environment inside the cell.   

 

Figure A-3. The effect of arrestin 2-382 on the mB-β2AR conformation. Initial emissions 
scans (blue spectra) of mB-β2AR were obtained. A) Addition of increasing amounts of 
arrestin 2-382 to pre-formed rHDL-mB-β2AR particles. Addition of a 20-fold excess of 
the arrestin mutant caused a slight decrease in fluorescence intensity. B) rHDL-mB-β2AR 
± arrestin 2-382 at various ratios were incubated with isoproterenol. After 20 mins the 
fluorescence intensity of the β2AR spectra decreased as previously observed (63). The 
presence of arrestin 2-382 caused a further decrease in the fluorescence intensity.  

 

 The role of phosphorylation in arrestin recruitment and endocytosis was 

demonstrated by the finding that GRK2 overexpression promoted agonist-induced 

internalization of the M2 muscarinic acetylcholine (M2) receptor, whereas expression of 

catalytically inactive GRK2 inhibited internalization (152). Since, numerous studies have 

demonstrated that GRK-mediated phosphorylation promotes endocytosis. Yet its role in 
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signaling is controversial as it has been showed that some GPCRs like the AT1AR can 

recruit/signal through arrestin regardless of the phosphorylation state of the receptor 

(153). However, for the β2AR it was proven necessary, a mutant that lacks both GRK and 

PKA phosphorylation sites was incapable of recruiting arrestin, and could not mediate 

arrestin-dependent ERK activation. In light of these observations we measured the 

conformational changes of the phosphorylated-β2AR reconstituted in rHDL in the 

absence or presence of WT arrestin would be more physiologically relevant. 

 rHDL-β2AR was phosphorylated in the presence of GRK2  with or without the 

β1γ2 subunits of the Gs heterotrimer. It has been shown that GRK2 interacts with β1γ2 

(154) and this interaction leads to an increase in phosphorylation levels (155). Western 

blot analysis with a phospho-serine (355, 356) antibody specific for the phosphorylated 

form of the β2AR (156) shows a robust increase in the level of phosphorylation of the 

receptor when compared to a non-treated sample that showed basal phosphorylation. 

Addition of isoproterenol caused a further increase in the phosphorylation levels, more 

than GRK2 alone. The most dramatic increase in phosphorylation was observed in the 

presence of agonist, kinase and the β1γ2 subunits (Fig. A-4). These results show that the 

β2AR incorporated into rHDL particles can be phosphorylated in vitro by GRK2 and that 

kinase activity is enhanced by the presence of the β1γ2 subunits. Moreover, these results 

are in agreement with published data that states that agonist binding induces a receptor 

conformation suitable for GRK2 recruitment and binding.  
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Figure A-4. Phosphorylation of the β2AR in rHDL by GRK2.  The β2AR was 
reconstituted in rHDL particles and phosphorylated with GRK2 in the presence of agonist 
± β1γ2. Western blot analysis A) Anti-flag B) Anti-pS(355-356). Lanes 1-4: rHDL-β2AR 
with β1γ2 1) β2AR:GRK2 (1:10), 2) β2AR:GRK2 (1:5), 3) No GRK2, 4) No Iso. Lanes 5-
8: rHDL-β2AR alone 5) β2AR:GRK2 (1:10), 6) β2AR:GRK2 (1:5), 7) No GRK2, 8) No 
Iso. Lane 9: GRK2 alone. Primary Ab: Anti-flag (1:5,000), Anti-pSer(355-356) (1:2, 
000). Secondary: Goat anti mouse (1:10, 000) for both.  
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Discussion 

 In light of our current knowledge of the different functions of the GPCRs-arrestin 

complex a logical step is the evaluation of the conformational changes they imposed on 

each other upon binding. We have previously taken advantage of fluorescence 

spectroscopy to answer a similar question but looking closely at the GPCR-G protein 

complex specifically monitoring the interactions between the β2AR and Gs. The study of 

a β2AR-arrestin 2/3 complex in rHDL will provide insights into distinct receptor 

conformations that will be invaluable in the design of new drugs specially biased 

agonists.  

 Our preliminary data suggests that arrestin 2-382 binding induces a modest 

decrease in the fluorescence intensity and a decrease in λmax indicative of an outer 

movement of TM6; this change suggests the formation of a β2AR-arrestin 2-382 

complex. Interestingly, using a 200-fold excess of arrestin caused a slight increase in 

fluorescence intensity, opposite of what was observed at the lower concentrations. This 

could be due to steric hindrance induced by arrestin on the receptor. A possible 

explanation for this response is that the amount of protein used was too high and it 

created a constraint that prevented the changes in the bimane environment required to 

observe a difference in the spectra.  

The addition of isoproterenol together with arrestin 2-382 (20-fold excess) 

promotes a larger change in the bimane spectra (decrease in fluorescence intensity and 

increase in λmax). The formation of an active receptor conformation would be in 

agreement with data that states that isoproterenol can be an agonist for arrestin 
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recruitment leading to ERK1/2 activation (10).  However this change is not as dramatic 

as the one induced by Gs, suggesting that the conformation adopted by the β2AR in the 

presence of arrestin differs from the one observed in the presence of G protein. More 

experiments looking at the interaction between phosphorylated β2AR, WT arrestin and 

different ligands will be instrumental in determining if this change is significant. Also, 

we cannot discard the possibility that the formation of this complex does not lead to an 

outer movement of TM6, explaining the lack of change in bimane fluorescence. In this 

case, we would need to look at different transmembrane domains to find out which ones 

undergo conformational changes that can be monitored with our system.  

We are still in the process of optimizing the assay. Different receptor 

concentrations are being tested to ensure optimal signal that will allow detection of any 

changes in the fluorophore environment. The preliminary western blot data on receptor 

phosphorylation is encouraging.  However, with this assay we cannot accurately 

quantitate phosphate levels. This experiment has to be done in the presence of a tracer 

such as radiolabeled [32P] ATP (phosphate donor) that will allow a quantification of 

phosphate moles. Additionally more studies have to be conducted to assesses how the 

presence of GRK2 and/or β1γ2 will affect subsequent experiments. β1γ2 has post-

translational modifications that allow it to be embedded in the membrane making its 

removal difficult. Our rHDL particles have a Stokes radius of 10 nm; such a constricted 

environment will promote an interaction with the receptor thus likely having an effect on 

bimane spectra. Finally, we will be performing agonist affinity shift assays in which we 

will evaluate the ability of arrestin 2/3 to form a high-affinity complex with the 

monomeric β2AR.  
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 The goal of these experiments is to define the allosteric interaction between ligand 

binding and arrestin recruitment by using a conformational reporter on the β2AR in hopes 

of getting a better understanding of the concept of biased agonism. The ability of biased 

ligands to differentiate between arrestin and G protein functions at the receptor level is an 

emerging area of research. Understanding the molecular and structural framework will 

allow us to delineate the physiological consequences of these two signaling mechanisms. 

We expect that a better definition of arrestins and G proteins role in GPCR signaling will 

facilitate the development of improved therapeutic agents that target this receptor family 

with improved specificity, efficacy and fewer side effects.   

 

Materials and Methods 

I purified apo A-I, CFP-β2AR, and arrestin 2 (WT and Δ 382). I also did the 

rHDL reconstitutions and the fluorescence spectroscopy studies. Helen (X.J. Yao) and 

Soren Rasmussen from Stanford University purified and bimane-labeled the β2AR.  

 

Expression, Purification and Labeling of β2AR 

 A modified version of the β2AR where 4 reactive cysteines were mutated (C77V, 

C327S, C378A, and C406A) was made. The modified β2AR was expressed in Sf9 insect 

cells by using recombinant baculovirus and solubilized using methods previously 

described (99). The DDM solubilized receptor was purified by sequential M1-Flag 

antibody affinity and alprenolol affinity chromatography as described (99).  Briefly, 

CaCl2 was added to the DDM solubilized extract to a final concentration of 1mM and 
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loaded to the M1-Flag column. The receptor was eluted from the flag resin with 20 mM 

Hepes, pH 7.5, 100 mM NaCl, 0.1% dodecylmaltoside (Buffer A) with 1 mM EDTA. 

The concentration of functional, purified receptor was determined using a saturating 

concentration (10 nM) of [3H] Dihydroalprenolol as previously described (112). Flag 

purified receptor was then purified by alprenolol-Sepharose chromatography as described 

(112).   The receptor was eluted from alprenolol-Sepharose with Buffer A with 300 µM 

alprenolol and 1 mM CaCl2 and loaded directly onto M1-Flag resin. The M1-Flag resin 

was washed with Buffer A to remove free alprenolol and eluted with Buffer A plus 1 mM 

EDTA. Two liters of sf9 cells typically yield 500 µl of a 5 µM solution of β2AR. 

The purified β2AR and monobromobimane were mixed at the same molarity and 

incubated overnight on ice in the dark. The fluorophore-labeled receptor was purified 

right before use by gel filtration.  

 

Purification of Recombinant ApoA-I 

 Wild type human apoA-I was purified from expired serum as previously 

described (70). A recombinant apoA-I with an N-terminal 43 amino acid deletion and a 

hexa-histidine tag (Δ(1-43)-his6-apoA-I) was expressed using a pET15b vector to 

transform competent Escherichia coli cells (BL21). Cells were resuspended and lysed by 

gently vortexing in 10 mM Tris-HCl, pH 8.0, 100 mM NaH2PO4, 6 M guanidine 

hydrochloride (GuHCl), 1 % Triton X-100. Lysate was fractionated by centrifugation at 

10, 000 G and the supernatant was loaded onto a Ni-NTA column by gravity flow. The 

column was washed with 10 mM Tris-HCl, pH 7.0, 100 mM NaH2PO4, 6 M guanidine 

hydrochloride, 1 % Triton X-100 and then with 50 mM NaH2PO4, pH 8.0, 300 mM NaCl 
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and 1 % Triton X-100. Bound Δ(1-43)-his6-apoA-I was eluted with 50 mM NaH2PO4, pH 

8.0, 300 mM NaCl, 250 mM imidazole, 1 % Triton X-100. Peak fractions were further 

purified on a Superdex 75 gel filtration chromatography column in 20 mM Hepes, pH 

8.0, 100 mM NaCl, 1 mM EDTA, 20 mM sodium cholate. Pooled apoA-I was then 

dialyzed against 20 mM Hepes, pH 8.0, 100 mM NaCl, 1 mM EDTA, 5 mM sodium 

cholate. Purified apoA-I was concentrated to ~10 mg/mL and stored at -80°C until use.  

 

In Vitro Reconstitution of β2AR into rHDL 

 High-density lipoproteins were reconstituted in vitro according to a protocol 

adapted from Jonas (113).  Briefly, a mixture of POPC and POP (3:2 molar ratio) in 

combination was used to mimic the zwitterionic environment of a cell membrane (114). 

A typical rHDL reconstitution consisted of the following components: 24 mM detergent 

(cholate or DDM), 8 mM lipids, and 100 µM apoA-I. Lipids were solubilized with a 

solution of 20 mM Hepes pH, 8.0, 100 mM NaCl, 1 mM EDTA and 50 mM detergent. To 

reconstitute the bimane labeled β2AR (mB- β2AR), purified β2AR was added to at least 

10-fold excess ([apoA-I]:[β2AR]) to receptor preparations diluted in solubilized lipids. 

Following an incubation of 1-2 hrs at the TM of the lipid combination, samples were 

added to an equal volume of hydrated BioBeads (BioRad) for an additional 3 hrs to 

remove detergents, resulting in the formation of rHDL particles. Samples were stored on 

ice until used. If necessary, β2AR-rHDL particles were separated from receptor-free 

rHDL by M1-anti-Flag immunoaffinity chromatography. Purified β2AR-rHDL particles 

were eluted with EDTA (10 mM) and stored on ice until further use.  
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Purification of Arrestin 2 

Recombinant arrestin 2 and arrestin 2-382 were expressed using a modified 

pGEX4T-1 vector (GST tag and thrombin site removed) to transform competent 

Escherichia coli cells (BL21). Both isoforms were purified as described (157) but with 

modified procedures. Cells were grown in LB (Luria Broth) containing 0.1 mg/mL 

ampicillin at 30°C for 6-8 hours (O.D.600 ~ 0.1-0.4) then induced with 30 µM IPTG for an 

additional 12-16 hours. The cells were harvested by centrifugation; the pellet was 

resuspended in 50 mM Tris-HCl, pH 8.0, 5 mM EGTA, 1 mM DTT, 2 mM benzamidine, 

1 mM PMSF, 10 µM leupeptin, 0.7 µg/mL pepstatin, 5µg/mL chymostatin and lysed 

using a French Press. The lysate was centrifuged (12, 000 rpm for 60 mins), and the 

supernatant protein was then precipitated with (NH4)2SO4 (35 g/100 mL of supernatant). 

The sample was centrifuged (13, 000 rpm for 30 mins), and the pellet was dissolved in 

column buffer A (10 mM Tris –HCl, pH 7.5, 2 mM EDTA, 2 mM EGTA, 1 mM DTT, 2 

mM benzamidine, 1 mM PMSF, 10 µM leupeptin, 0.7 µg/mL pepstatin, 5µg/mL 

chymostatin) and clarified by centrifugation (19, 000 rpm for 20 mins). The supernatant 

was dialyzed against column buffer A containing 100 mM NaCl. The sample was then 

loaded on a heparin-Sepharose column and eluted with a 150-700 mM linear NaCl 

gradient in column buffer A. Peak fractions were pooled, concentrated using an Amicon 

Ultra 10, 000 MW, and prepared for phenyl-Sepharose column by adding (NH4)2SO4 to a 

final concentration of 1 M. The sample was loaded into the phenyl-Sepharose column, 

and eluted with a 1-0 M (NH4)2SO4  gradient in column buffer B (50 mM NaPO4, pH 7.5, 

200 mM NaCl, 2 mM EDTA, 2 mM EGTA, and protease inhibitors. Peak fractions were 

pooled and dialyzed overnight against 20 mM Hepes, pH 7.2, 200 mM NaCl, 1 mM 
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EDTA. The sample was concentrated, aliquoted, frozen in liquid nitrogen and stored at -

80°C until needed. Protein purity was ~ 95%, based on SDS-Page and Coomasie blue 

staining, and typical yields were 5-10 mg of purified arrestin-2/L of culture. Note: For 

different isoforms and mutants with low expression levels and/or in vivo proteolysis 

problems, grow the cultures for 10-12 hours without IPTG, and then add 20-30 µM IPTG 

and grow for an additional 3-5 hours. 

 

Immunoblotting 

Antibody for the Flag epitope was obtained from Invitrogen (Carlsbad, CA). β2AR 

phosphorylation was detected with anti-phospho-Ser(355, 356) β2AR antibody that was 

kindly provided by Dr. Richard Clark (The University of Houston, Texas). Aliquots (10 

µL) of samples were resolved on SDS-polyacrylamide 12.5 % gels and transferred to 

PVDF membranes for immunoblotting. The membranes were probed with the 

monoclonal β2AR anti-phosphoserine-specific antibody pSer(355,356) at a dilution of 

1:2,000. The membranes were stripped and re-probed with Anti-Flag (1:5,000). Blots 

were washed three times and incubated with the appropriate secondary antibodies [goat 

anti-mouse IgG horseradish peroxidase at a 1:10,000 and detected by ECL Plus 

chemiluminescence reagents. 

 

 

 

 



	
  
	
  

98	
  

REFERENCES 

1. Kolakowski, L. F., Jr. (1994) GCRDb: a G-protein-coupled receptor database, 
Receptors Channels 2, 1-7. 

2. Overington, J. P., Al-Lazikani, B., and Hopkins, A. L. (2006) How many drug 
targets are there?, Nat Rev Drug Discov 5, 993-996. 

3. Sprang, S. R. (1997) G protein mechanisms: insights from structural analysis, 
Annu Rev Biochem 66, 639-678. 

4. Thomsen, W. J., Jacquez, J. A., and Neubig, R. R. (1988) Inhibition of adenylate 
cyclase is mediated by the high affinity conformation of the alpha 2-adrenergic 
receptor, Mol Pharmacol 34, 814-822. 

5. Neubig, R. R., Gantzos, R. D., and Thomsen, W. J. (1988) Mechanism of agonist 
and antagonist binding to alpha 2 adrenergic receptors: evidence for a precoupled 
receptor-guanine nucleotide protein complex, Biochemistry 27, 2374-2384. 

6. Ribas, C., Penela, P., Murga, C., Salcedo, A., Garcia-Hoz, C., Jurado-Pueyo, M., 
Aymerich, I., and Mayor, F., Jr. (2007) The G protein-coupled receptor kinase 
(GRK) interactome: role of GRKs in GPCR regulation and signaling, Biochim 
Biophys Acta 1768, 913-922. 

7. Costa, M. B., Cavalcanti Neto, P. F., Martelli, C. M., Stefani, M. M., Maceira, J. 
P., Gomes, M. K., Schettini, A. P., Rebello, P. F., Pignataro, P. E., Ueda, E. S., 
Narahashi, K., and Scollard, D. M. (2001) Distinct histopathological patterns in 
single lesion leprosy patients treated with single dose therapy (ROM) in the 
Brazilian Multicentric Study, Int J Lepr Other Mycobact Dis 69, 177-186. 

8. Azzi, M., Charest, P. G., Angers, S., Rousseau, G., Kohout, T., Bouvier, M., and 
Pineyro, G. (2003) Beta-arrestin-mediated activation of MAPK by inverse 
agonists reveals distinct active conformations for G protein-coupled receptors, 
Proc Natl Acad Sci U S A 100, 11406-11411. 

9. Gesty-Palmer, D., Chen, M., Reiter, E., Ahn, S., Nelson, C. D., Wang, S., 
Eckhardt, A. E., Cowan, C. L., Spurney, R. F., Luttrell, L. M., and Lefkowitz, R. 
J. (2006) Distinct beta-arrestin- and G protein-dependent pathways for 
parathyroid hormone receptor-stimulated ERK1/2 activation, J Biol Chem 281, 
10856-10864. 

10. Shenoy, S. K., Drake, M. T., Nelson, C. D., Houtz, D. A., Xiao, K., Madabushi, 
S., Reiter, E., Premont, R. T., Lichtarge, O., and Lefkowitz, R. J. (2006) beta-



	
  
	
  

99	
  

arrestin-dependent, G protein-independent ERK1/2 activation by the beta2 
adrenergic receptor, J Biol Chem 281, 1261-1273. 

11. Lefkowitz, R. J., Rajagopal, K., and Whalen, E. J. (2006) New roles for beta-
arrestins in cell signaling: not just for seven-transmembrane receptors, Mol Cell 
24, 643-652. 

12. Zamah, A. M., Delahunty, M., Luttrell, L. M., and Lefkowitz, R. J. (2002) Protein 
kinase A-mediated phosphorylation of the beta 2-adrenergic receptor regulates its 
coupling to Gs and Gi. Demonstration in a reconstituted system, The Journal of 
biological chemistry 277, 31249-31256. 

13. Daaka, Y., Luttrell, L. M., and Lefkowitz, R. J. (1997) Switching of the coupling 
of the beta2-adrenergic receptor to different G proteins by protein kinase A, 
Nature 390, 88-91. 

14. Lefkowitz, R. J., and Shenoy, S. K. (2005) Transduction of receptor signals by 
beta-arrestins, Science 308, 512-517. 

15. Violin, J. D., and Lefkowitz, R. J. (2007) Beta-arrestin-biased ligands at seven-
transmembrane receptors, Trends Pharmacol Sci 28, 416-422. 

16. Drake, M. T., Violin, J. D., Whalen, E. J., Wisler, J. W., Shenoy, S. K., and 
Lefkowitz, R. J. (2008) beta-arrestin-biased agonism at the beta2-adrenergic 
receptor, J Biol Chem 283, 5669-5676. 

17. Bridges, T. M., and Lindsley, C. W. (2008) G-protein-coupled receptors: from 
classical modes of modulation to allosteric mechanisms, ACS Chem Biol 3, 530-
541. 

18. Parra, S., and Bond, R. A. (2007) Inverse agonism: from curiosity to accepted 
dogma, but is it clinically relevant?, Curr Opin Pharmacol 7, 146-150. 

19. Christopoulos, A. (2002) Allosteric binding sites on cell-surface receptors: novel 
targets for drug discovery, Nat Rev Drug Discov 1, 198-210. 

20. Christopoulos, A., and Kenakin, T. (2002) G protein-coupled receptor allosterism 
and complexing, Pharmacol Rev 54, 323-374. 

21. Clark, A. J. (1933) The mode of action of drugs on cells, The Williams & Wilkins 
company, Baltimore,. 



	
  
	
  

100	
  

22. Thron, C. D. (1973) On the analysis of pharmacological experiments in terms of 
an allosteric receptor model, Mol Pharmacol 9, 1-9. 

23. De Lean, A., Stadel, J. M., and Lefkowitz, R. J. (1980) A ternary complex model 
explains the agonist-specific binding properties of the adenylate cyclase-coupled 
beta-adrenergic receptor, J Biol Chem 255, 7108-7117. 

24. Maudsley, S., Martin, B., and Luttrell, L. M. (2005) The origins of diversity and 
specificity in g protein-coupled receptor signaling, J Pharmacol Exp Ther 314, 
485-494. 

25. Lefkowitz, R. J., Cotecchia, S., Samama, P., and Costa, T. (1993) Constitutive 
activity of receptors coupled to guanine nucleotide regulatory proteins, Trends 
Pharmacol Sci 14, 303-307. 

26. Sagan, S., Chassaing, G., Pradier, L., and Lavielle, S. (1996) Tachykinin peptides 
affect differently the second messenger pathways after binding to CHO-expressed 
human NK-1 receptors, J Pharmacol Exp Ther 276, 1039-1048. 

27. Meller, E., Puza, T., Diamond, J., Lieu, H. D., and Bohmaker, K. (1992) 
Comparative effects of receptor inactivation, 17 beta-estradiol and pertussis toxin 
on dopaminergic inhibition of prolactin secretion in vitro, J Pharmacol Exp Ther 
263, 462-469. 

28. Berg, K. A., Maayani, S., Goldfarb, J., Scaramellini, C., Leff, P., and Clarke, W. 
P. (1998) Effector pathway-dependent relative efficacy at serotonin type 2A and 
2C receptors: evidence for agonist-directed trafficking of receptor stimulus, Mol 
Pharmacol 54, 94-104. 

29. Seifert, R., Gether, U., Wenzel-Seifert, K., and Kobilka, B. K. (1999) Effects of 
guanine, inosine, and xanthine nucleotides on beta(2)-adrenergic receptor/G(s) 
interactions: evidence for multiple receptor conformations, Mol Pharmacol 56, 
348-358. 

30. May, L. T., Leach, K., Sexton, P. M., and Christopoulos, A. (2007) Allosteric 
modulation of G protein-coupled receptors, Annu Rev Pharmacol Toxicol 47, 1-
51. 

31. Blume, A. J., Lichtshtein, D., and Boone, G. (1979) Coupling of opiate receptors 
to adenylate cyclase: requirement for Na+ and GTP, Proc Natl Acad Sci U S A 76, 
5626-5630. 



	
  
	
  

101	
  

32. Seifert, R., Wenzel-Seifert, K., Lee, T. W., Gether, U., Sanders-Bush, E., and 
Kobilka, B. K. (1998) Different effects of Gsalpha splice variants on beta2-
adrenoreceptor-mediated signaling. The beta2-adrenoreceptor coupled to the long 
splice variant of Gsalpha has properties of a constitutively active receptor, J Biol 
Chem 273, 5109-5116. 

33. Burgisser, E., De Lean, A., and Lefkowitz, R. J. (1982) Reciprocal modulation of 
agonist and antagonist binding to muscarinic cholinergic receptor by guanine 
nucleotide, Proc Natl Acad Sci U S A 79, 1732-1736. 

34. Lang, P. H., and Lemmer, B. (1985) Evidence for two specific affinity states of 
3H-antagonist binding to cardiac beta-adrenergic receptors and influence of 
Gpp(NH)p, J Cyclic Nucleotide Protein Phosphor Res 10, 341-360. 

35. Sunahara, R. K., Tesmer, J. J., Gilman, A. G., and Sprang, S. R. (1997) Crystal 
structure of the adenylyl cyclase activator Gsalpha, Science 278, 1943-1947. 

36. Sondek, J., Lambright, D. G., Noel, J. P., Hamm, H. E., and Sigler, P. B. (1994) 
GTPase mechanism of Gproteins from the 1.7-A crystal structure of transducin 
alpha-GDP-AIF-4, Nature 372, 276-279. 

37. Kreutz, B., Yau, D. M., Nance, M. R., Tanabe, S., Tesmer, J. J., and Kozasa, T. 
(2006) A new approach to producing functional G alpha subunits yields the 
activated and deactivated structures of G alpha(12/13) proteins, Biochemistry 45, 
167-174. 

38. Palczewski, K., Kumasaka, T., Hori, T., Behnke, C. A., Motoshima, H., Fox, B. 
A., Le Trong, I., Teller, D. C., Okada, T., Stenkamp, R. E., Yamamoto, M., and 
Miyano, M. (2000) Crystal structure of rhodopsin: A G protein-coupled receptor, 
Science 289, 739-745. 

39. Okada, T., Le Trong, I., Fox, B. A., Behnke, C. A., Stenkamp, R. E., and 
Palczewski, K. (2000) X-Ray diffraction analysis of three-dimensional crystals of 
bovine rhodopsin obtained from mixed micelles, J Struct Biol 130, 73-80. 

40. Scheerer, P., Park, J. H., Hildebrand, P. W., Kim, Y. J., Krauss, N., Choe, H. W., 
Hofmann, K. P., and Ernst, O. P. (2008) Crystal structure of opsin in its G-
protein-interacting conformation, Nature 455, 497-502. 

41. Rasmussen, S. G., Choi, H. J., Rosenbaum, D. M., Kobilka, T. S., Thian, F. S., 
Edwards, P. C., Burghammer, M., Ratnala, V. R., Sanishvili, R., Fischetti, R. F., 
Schertler, G. F., Weis, W. I., and Kobilka, B. K. (2007) Crystal structure of the 
human beta2 adrenergic G-protein-coupled receptor, Nature 450, 383-387. 



	
  
	
  

102	
  

42. Rosenbaum, D. M., Cherezov, V., Hanson, M. A., Rasmussen, S. G., Thian, F. S., 
Kobilka, T. S., Choi, H. J., Yao, X. J., Weis, W. I., Stevens, R. C., and Kobilka, 
B. K. (2007) GPCR engineering yields high-resolution structural insights into 
beta2-adrenergic receptor function, Science 318, 1266-1273. 

43. Farrens, D. L., Altenbach, C., Yang, K., Hubbell, W. L., and Khorana, H. G. 
(1996) Requirement of rigid-body motion of transmembrane helices for light 
activation of rhodopsin, Science 274, 768-770. 

44. Altenbach, C., Kusnetzow, A. K., Ernst, O. P., Hofmann, K. P., and Hubbell, W. 
L. (2008) High-resolution distance mapping in rhodopsin reveals the pattern of 
helix movement due to activation, Proc Natl Acad Sci U S A 105, 7439-7444. 

45. Sheikh, S. P., Zvyaga, T. A., Lichtarge, O., Sakmar, T. P., and Bourne, H. R. 
(1996) Rhodopsin activation blocked by metal-ion-binding sites linking 
transmembrane helices C and F, Nature 383, 347-350. 

46. Oldham, W. M., and Hamm, H. E. (2008) Heterotrimeric G protein activation by 
G-protein-coupled receptors, Nat Rev Mol Cell Biol 9, 60-71. 

47. Vilardaga, J. P., Bunemann, M., Krasel, C., Castro, M., and Lohse, M. J. (2003) 
Measurement of the millisecond activation switch of G protein-coupled receptors 
in living cells, Nat Biotechnol 21, 807-812. 

48. Rasmussen, S. G., Choi, H. J., Fung, J. J., Pardon, E., Casarosa, P., Chae, P. S., 
Devree, B. T., Rosenbaum, D. M., Thian, F. S., Kobilka, T. S., Schnapp, A., 
Konetzki, I., Sunahara, R. K., Gellman, S. H., Pautsch, A., Steyaert, J., Weis, W. 
I., and Kobilka, B. K. (2011) Structure of a nanobody-stabilized active state of the 
beta(2) adrenoceptor, Nature 469, 175-180. 

49. Park, J. H., Scheerer, P., Hofmann, K. P., Choe, H. W., and Ernst, O. P. (2008) 
Crystal structure of the ligand-free G-protein-coupled receptor opsin, Nature 454, 
183-187. 

50. Kobilka, B. (1992) Adrenergic receptors as models for G protein-coupled 
receptors, Annu Rev Neurosci 15, 87-114. 

51. Savarese, T. M., and Fraser, C. M. (1992) In vitro mutagenesis and the search for 
structure-function relationships among G protein-coupled receptors, Biochem J 
283 ( Pt 1), 1-19. 

52. Wess, J. (1998) Molecular basis of receptor/G-protein-coupling selectivity, 
Pharmacol Ther 80, 231-264. 



	
  
	
  

103	
  

53. Strader, C. D., Fong, T. M., Tota, M. R., Underwood, D., and Dixon, R. A. (1994) 
Structure and function of G protein-coupled receptors, Annu Rev Biochem 63, 
101-132. 

54. Liu, J., Conklin, B. R., Blin, N., Yun, J., and Wess, J. (1995) Identification of a 
receptor/G-protein contact site critical for signaling specificity and G-protein 
activation, Proc Natl Acad Sci U S A 92, 11642-11646. 

55. Burstein, E. S., Spalding, T. A., and Brann, M. R. (1998) The second intracellular 
loop of the m5 muscarinic receptor is the switch which enables G-protein 
coupling, J Biol Chem 273, 24322-24327. 

56. Scheer, A., Fanelli, F., Costa, T., De Benedetti, P. G., and Cotecchia, S. (1996) 
Constitutively active mutants of the alpha 1B-adrenergic receptor: role of highly 
conserved polar amino acids in receptor activation, EMBO J 15, 3566-3578. 

57. Rasmussen, S. G., Jensen, A. D., Liapakis, G., Ghanouni, P., Javitch, J. A., and 
Gether, U. (1999) Mutation of a highly conserved aspartic acid in the beta2 
adrenergic receptor: constitutive activation, structural instability, and 
conformational rearrangement of transmembrane segment 6, Mol Pharmacol 56, 
175-184. 

58. Rovati, G. E., Capra, V., and Neubig, R. R. (2007) The highly conserved DRY 
motif of class A G protein-coupled receptors: beyond the ground state, Molecular 
pharmacology 71, 959-964. 

59. Gether, U., Lin, S., Ghanouni, P., Ballesteros, J. A., Weinstein, H., and Kobilka, 
B. K. (1997) Agonists induce conformational changes in transmembrane domains 
III and VI of the beta2 adrenoceptor, EMBO J 16, 6737-6747. 

60. Bourne, H. R. (1997) How receptors talk to trimeric G proteins, Curr Opin Cell 
Biol 9, 134-142. 

61. Iiri, T., Farfel, Z., and Bourne, H. R. (1998) G-protein diseases furnish a model 
for the turn-on switch, Nature 394, 35-38. 

62. Wess, J. (1997) G-protein-coupled receptors: molecular mechanisms involved in 
receptor activation and selectivity of G-protein recognition, FASEB J 11, 346-
354. 

63. Yao, X. J., Velez Ruiz, G., Whorton, M. R., Rasmussen, S. G., DeVree, B. T., 
Deupi, X., Sunahara, R. K., and Kobilka, B. (2009) The effect of ligand efficacy 



	
  
	
  

104	
  

on the formation and stability of a GPCR-G protein complex, Proc Natl Acad Sci 
U S A 106, 9501-9506. 

64. Seddon, A. M., Curnow, P., and Booth, P. J. (2004) Membrane proteins, lipids 
and detergents: not just a soap opera, Biochim Biophys Acta 1666, 105-117. 

65. Baas, B. J., Denisov, I. G., and Sligar, S. G. (2004) Homotropic cooperativity of 
monomeric cytochrome P450 3A4 in a nanoscale native bilayer environment, 
Arch Biochem Biophys 430, 218-228. 

66. Bayburt, T. H., and Sligar, S. G. (2003) Self-assembly of single integral 
membrane proteins into soluble nanoscale phospholipid bilayers, Protein Sci 12, 
2476-2481. 

67. Amin, D. N., and Hazelbauer, G. L. (2010) The chemoreceptor dimer is the unit 
of conformational coupling and transmembrane signaling, J Bacteriol 192, 1193-
1200. 

68. Raschle, T., Hiller, S., Yu, T. Y., Rice, A. J., Walz, T., and Wagner, G. (2009) 
Structural and functional characterization of the integral membrane protein 
VDAC-1 in lipid bilayer nanodiscs, J Am Chem Soc 131, 17777-17779. 

69. Mi, L. Z., Grey, M. J., Nishida, N., Walz, T., Lu, C., and Springer, T. A. (2008) 
Functional and structural stability of the epidermal growth factor receptor in 
detergent micelles and phospholipid nanodiscs, Biochemistry 47, 10314-10323. 

70. Whorton, M. R., Bokoch, M. P., Rasmussen, S. G., Huang, B., Zare, R. N., 
Kobilka, B., and Sunahara, R. K. (2007) A monomeric G protein-coupled receptor 
isolated in a high-density lipoprotein particle efficiently activates its G protein, 
Proc Natl Acad Sci U S A 104, 7682-7687. 

71. Whorton, M. R., Jastrzebska, B., Park, P. S., Fotiadis, D., Engel, A., Palczewski, 
K., and Sunahara, R. K. (2008) Efficient coupling of transducin to monomeric 
rhodopsin in a phospholipid bilayer, J Biol Chem 283, 4387-4394. 

72. Banerjee, S., Huber, T., and Sakmar, T. P. (2008) Rapid incorporation of 
functional rhodopsin into nanoscale apolipoprotein bound bilayer (NABB) 
particles, J Mol Biol 377, 1067-1081. 

73. Tsukamoto, H., Sinha, A., Dewitt, M., and Farrens, D. L. Monomeric rhodopsin is 
the minimal functional unit required for arrestin binding, J Mol Biol. 



	
  
	
  

105	
  

74. Lewis, G. F. (2006) Determinants of plasma HDL concentrations and reverse 
cholesterol transport, Curr Opin Cardiol 21, 345-352. 

75. Kuszak, A. J., Pitchiaya, S., Anand, J. P., Mosberg, H. I., Walter, N. G., and 
Sunahara, R. K. (2009) Purification and functional reconstitution of monomeric 
mu-opioid receptors: allosteric modulation of agonist binding by Gi2, J Biol 
Chem 284, 26732-26741. 

76. Luttrell, L. M., and Lefkowitz, R. J. (2002) The role of beta-arrestins in the 
termination and transduction of G-protein-coupled receptor signals, J Cell Sci 
115, 455-465. 

77. Okada, T., Fujiyoshi, Y., Silow, M., Navarro, J., Landau, E. M., and Shichida, Y. 
(2002) Functional role of internal water molecules in rhodopsin revealed by X-ray 
crystallography, Proc Natl Acad Sci U S A 99, 5982-5987. 

78. Li, J., Edwards, P. C., Burghammer, M., Villa, C., and Schertler, G. F. (2004) 
Structure of bovine rhodopsin in a trigonal crystal form, J Mol Biol 343, 1409-
1438. 

79. Okada, T., Sugihara, M., Bondar, A. N., Elstner, M., Entel, P., and Buss, V. 
(2004) The retinal conformation and its environment in rhodopsin in light of a 
new 2.2 A crystal structure, J Mol Biol 342, 571-583. 

80. Teller, D. C., Okada, T., Behnke, C. A., Palczewski, K., and Stenkamp, R. E. 
(2001) Advances in determination of a high-resolution three-dimensional 
structure of rhodopsin, a model of G-protein-coupled receptors (GPCRs), 
Biochemistry 40, 7761-7772. 

81. Murakami, M., and Kouyama, T. (2008) Crystal structure of squid rhodopsin, 
Nature 453, 363-367. 

82. Shimamura, T., Hiraki, K., Takahashi, N., Hori, T., Ago, H., Masuda, K., Takio, 
K., Ishiguro, M., and Miyano, M. (2008) Crystal structure of squid rhodopsin with 
intracellularly extended cytoplasmic region, J Biol Chem 283, 17753-17756. 

83. Rasmussen, S. G., Choi, H. J., Rosenbaum, D. M., Kobilka, T. S., Thian, F. S., 
Edwards, P. C., Burghammer, M., Ratnala, V. R., Sanishvili, R., Fischetti, R. F., 
Schertler, G. F., Weis, W. I., and Kobilka, B. K. (2007) Crystal structure of the 
human beta2 adrenergic G-protein-coupled receptor, Nature 450, 383-387. 

84. Cherezov, V., Rosenbaum, D. M., Hanson, M. A., Rasmussen, S. G., Thian, F. S., 
Kobilka, T. S., Choi, H. J., Kuhn, P., Weis, W. I., Kobilka, B. K., and Stevens, R. 



	
  
	
  

106	
  

C. (2007) High-resolution crystal structure of an engineered human beta2-
adrenergic G protein-coupled receptor, Science 318, 1258-1265. 

85. Warne, T., Serrano-Vega, M. J., Baker, J. G., Moukhametzianov, R., Edwards, P. 
C., Henderson, R., Leslie, A. G., Tate, C. G., and Schertler, G. F. (2008) Structure 
of a beta1-adrenergic G-protein-coupled receptor, Nature 454, 486-491. 

86. Jaakola, V. P., Griffith, M. T., Hanson, M. A., Cherezov, V., Chien, E. Y., Lane, 
J. R., Ijzerman, A. P., and Stevens, R. C. (2008) The 2.6 angstrom crystal 
structure of a human A2A adenosine receptor bound to an antagonist, Science 
322, 1211-1217. 

87. Wu, B., Chien, E. Y., Mol, C. D., Fenalti, G., Liu, W., Katritch, V., Abagyan, R., 
Brooun, A., Wells, P., Bi, F. C., Hamel, D. J., Kuhn, P., Handel, T. M., Cherezov, 
V., and Stevens, R. C. (2010) Structures of the CXCR4 chemokine GPCR with 
small-molecule and cyclic peptide antagonists, Science 330, 1066-1071. 

88. Chien, E. Y., Liu, W., Zhao, Q., Katritch, V., Han, G. W., Hanson, M. A., Shi, L., 
Newman, A. H., Javitch, J. A., Cherezov, V., and Stevens, R. C. (2010) Structure 
of the human dopamine D3 receptor in complex with a D2/D3 selective 
antagonist, Science 330, 1091-1095. 

89. Ross, E. M., Maguire, M. E., Sturgill, T. W., Biltonen, R. L., and Gilman, A. G. 
(1977) Relationship between the beta-adrenergic receptor and adenylate cyclase, J 
Biol Chem 252, 5761-5775. 

90. Hein, P., Frank, M., Hoffmann, C., Lohse, M. J., and Bunemann, M. (2005) 
Dynamics of receptor/G protein coupling in living cells, EMBO J 24, 4106-4114. 

91. Nobles, M., Benians, A., and Tinker, A. (2005) Heterotrimeric G proteins 
precouple with G protein-coupled receptors in living cells, Proc Natl Acad Sci U 
S A 102, 18706-18711. 

92. Gales, C., Rebois, R. V., Hogue, M., Trieu, P., Breit, A., Hebert, T. E., and 
Bouvier, M. (2005) Real-time monitoring of receptor and G-protein interactions 
in living cells, Nat Methods 2, 177-184. 

93. Peveri, P., Heyworth, P. G., and Curnutte, J. T. (1992) Absolute requirement for 
GTP in activation of human neutrophil NADPH oxidase in a cell-free system: role 
of ATP in regenerating GTP, Proc Natl Acad Sci U S A 89, 2494-2498. 



	
  
	
  

107	
  

94. McKee, E. E., Bentley, A. T., Smith, R. M., Jr., and Ciaccio, C. E. (1999) Origin 
of guanine nucleotides in isolated heart mitochondria, Biochem Biophys Res 
Commun 257, 466-472. 

95. Kenakin, T. P. (2008) Pharmacological onomastics: what's in a name?, Br J 
Pharmacol 153, 432-438. 

96. Ghanouni, P., Steenhuis, J. J., Farrens, D. L., and Kobilka, B. K. (2001) Agonist-
induced conformational changes in the G-protein-coupling domain of the beta 2 
adrenergic receptor, Proc Natl Acad Sci U S A 98, 5997-6002. 

97. Swaminath, G., Xiang, Y., Lee, T. W., Steenhuis, J., Parnot, C., and Kobilka, B. 
K. (2004) Sequential binding of agonists to the beta2 adrenoceptor. Kinetic 
evidence for intermediate conformational states, J Biol Chem 279, 686-691. 

98. Swaminath, G., Deupi, X., Lee, T. W., Zhu, W., Thian, F. S., Kobilka, T. S., and 
Kobilka, B. (2005) Probing the beta2 adrenoceptor binding site with catechol 
reveals differences in binding and activation by agonists and partial agonists, J 
Biol Chem 280, 22165-22171. 

99. Yao, X., Parnot, C., Deupi, X., Ratnala, V. R., Swaminath, G., Farrens, D., and 
Kobilka, B. (2006) Coupling ligand structure to specific conformational switches 
in the beta2-adrenoceptor, Nat Chem Biol 2, 417-422. 

100. Ballesteros, J. A., Weinstein H. (1995) Integrated methods for the construction of 
three-dimensional models and computational probing of structure-function 
relations in G protein coupled receptors, Methods Neurosci 25, 366-428. 

101. Pfeifle, B., Pfeifle, R., Faulhaber, J. D., and Ditschuneit, H. (1981) 
Characterization of beta-adrenergic receptors by (3H) isoproterenol in adipocytes 
of humans and rats, Horm Metab Res 13, 150-155. 

102. Jensen, A. D., Guarnieri, F., Rasmussen, S. G., Asmar, F., Ballesteros, J. A., and 
Gether, U. (2001) Agonist-induced conformational changes at the cytoplasmic 
side of transmembrane segment 6 in the beta 2 adrenergic receptor mapped by 
site-selective fluorescent labeling, J Biol Chem 276, 9279-9290. 

103. Ballesteros, J. A., Jensen, A. D., Liapakis, G., Rasmussen, S. G., Shi, L., Gether, 
U., and Javitch, J. A. (2001) Activation of the beta 2-adrenergic receptor involves 
disruption of an ionic lock between the cytoplasmic ends of transmembrane 
segments 3 and 6, J Biol Chem 276, 29171-29177. 



	
  
	
  

108	
  

104. Chidiac, P., Hebert, T. E., Valiquette, M., Dennis, M., and Bouvier, M. (1994) 
Inverse agonist activity of beta-adrenergic antagonists, Mol Pharmacol 45, 490-
499. 

105. Wisler, J. W., DeWire, S. M., Whalen, E. J., Violin, J. D., Drake, M. T., Ahn, S., 
Shenoy, S. K., and Lefkowitz, R. J. (2007) A unique mechanism of beta-blocker 
action: carvedilol stimulates beta-arrestin signaling, Proc Natl Acad Sci U S A 
104, 16657-16662. 

106. Granier, S., Kim, S., Shafer, A. M., Ratnala, V. R., Fung, J. J., Zare, R. N., and 
Kobilka, B. (2007) Structure and conformational changes in the C-terminal 
domain of the beta2-adrenoceptor: insights from fluorescence resonance energy 
transfer studies, J Biol Chem 282, 13895-13905. 

107. Vilardaga, J. P., Steinmeyer, R., Harms, G. S., and Lohse, M. J. (2005) Molecular 
basis of inverse agonism in a G protein-coupled receptor, Nat Chem Biol 1, 25-28. 

108. Ghanouni, P., Gryczynski, Z., Steenhuis, J. J., Lee, T. W., Farrens, D. L., 
Lakowicz, J. R., and Kobilka, B. K. (2001) Functionally different agonists induce 
distinct conformations in the G protein coupling domain of the beta 2 adrenergic 
receptor, J Biol Chem 276, 24433-24436. 

109. Samama, P., Pei, G., Costa, T., Cotecchia, S., and Lefkowitz, R. J. (1994) 
Negative antagonists promote an inactive conformation of the beta 2-adrenergic 
receptor, Mol Pharmacol 45, 390-394. 

110. Bond, R. A., Leff, P., Johnson, T. D., Milano, C. A., Rockman, H. A., McMinn, 
T. R., Apparsundaram, S., Hyek, M. F., Kenakin, T. P., Allen, L. F., and et al. 
(1995) Physiological effects of inverse agonists in transgenic mice with 
myocardial overexpression of the beta 2-adrenoceptor, Nature 374, 272-276. 

111. Azzi, M., Pineyro, G., Pontier, S., Parent, S., Ansanay, H., and Bouvier, M. 
(2001) Allosteric effects of G protein overexpression on the binding of beta-
adrenergic ligands with distinct inverse efficacies, Mol Pharmacol 60, 999-1007. 

112. Kobilka, B. K. (1995) Amino and carboxyl terminal modifications to facilitate the 
production and purification of a G protein-coupled receptor, Anal Biochem 231, 
269-271. 

113. Jonas, A. (1986) Reconstitution of high-density lipoproteins, Methods Enzymol 
128, 553-582. 



	
  
	
  

109	
  

114. Cerione, R. A., and Ross, E. M. (1991) Reconstitution of receptors and G proteins 
in phospholipid vesicles, Methods Enzymol 195, 329-342. 

115. Kozasa, T., and Gilman, A. G. (1995) Purification of recombinant G proteins 
from Sf9 cells by hexahistidine tagging of associated subunits. Characterization of 
alpha 12 and inhibition of adenylyl cyclase by alpha z, J Biol Chem 270, 1734-
1741. 

116. Salom, D., Lodowski, D. T., Stenkamp, R. E., Le Trong, I., Golczak, M., 
Jastrzebska, B., Harris, T., Ballesteros, J. A., and Palczewski, K. (2006) Crystal 
structure of a photoactivated deprotonated intermediate of rhodopsin, Proc Natl 
Acad Sci U S A 103, 16123-16128. 

117. Maguire, M. E., Van Arsdale, P. M., and Gilman, A. G. (1976) An agonist-
specific effect of guanine nucleotides on binding to the beta adrenergic receptor, 
Mol Pharmacol 12, 335-339. 

118. Freissmuth, M., Selzer, E., Marullo, S., Schutz, W., and Strosberg, A. D. (1991) 
Expression of two human beta-adrenergic receptors in Escherichia coli: functional 
interaction with two forms of the stimulatory G protein, Proc Natl Acad Sci U S A 
88, 8548-8552. 

119. Stroher, M., Nanoff, C., and Schutz, W. (1989) Differences in the GTP-regulation 
of membrane-bound and solubilized A1-adenosine receptors, Naunyn 
Schmiedebergs Arch Pharmacol 340, 87-92. 

120. Bylund, D. B., Gerety, M. E., Happe, H. K., and Murrin, L. C. (2001) A robust 
GTP-induced shift in alpha(2)-adrenoceptor agonist affinity in tissue sections 
from rat brain, J Neurosci Methods 105, 159-166. 

121. De Lean, A., Kilpatrick, B. F., and Caron, M. G. (1982) Dopamine receptor of the 
porcine anterior pituitary gland. Evidence for two affinity states discriminated by 
both agonists and antagonists, Mol Pharmacol 22, 290-297. 

122. Prater, M. R., Taylor, H., Munshi, R., and Linden, J. (1992) Indirect effect of 
guanine nucleotides on antagonist binding to A1 adenosine receptors: occupation 
of cryptic binding sites by endogenous vesicular adenosine, Mol Pharmacol 42, 
765-772. 

123. Hoffmann, C., Leitz, M. R., Oberdorf-Maass, S., Lohse, M. J., and Klotz, K. N. 
(2004) Comparative pharmacology of human beta-adrenergic receptor subtypes--
characterization of stably transfected receptors in CHO cells, Naunyn 
Schmiedebergs Arch Pharmacol 369, 151-159. 



	
  
	
  

110	
  

124. Martikkala, E., Lehmusto, M., Lilja, M., Rozwandowicz-Jansen, A., Lunden, J., 
Tomohiro, T., Hanninen, P., Petaja-Repo, U., and Harma, H. (2009) Cell-based 
beta2-adrenergic receptor-ligand binding assay using synthesized europium-
labeled ligands and time-resolved fluorescence, Anal Biochem 392, 103-109. 

125. Segrest, J. P., Jones, M. K., Klon, A. E., Sheldahl, C. J., Hellinger, M., De Loof, 
H., and Harvey, S. C. (1999) A detailed molecular belt model for apolipoprotein 
A-I in discoidal high density lipoprotein, J Biol Chem 274, 31755-31758. 

126. Kent, R. S., De Lean, A., and Lefkowitz, R. J. (1980) A quantitative analysis of 
beta-adrenergic receptor interactions: resolution of high and low affinity states of 
the receptor by computer modeling of ligand binding data, Mol Pharmacol 17, 14-
23. 

127. Wacker, D., Fenalti, G., Brown, M. A., Katritch, V., Abagyan, R., Cherezov, V., 
and Stevens, R. C. Conserved binding mode of human beta2 adrenergic receptor 
inverse agonists and antagonist revealed by X-ray crystallography, J Am Chem 
Soc 132, 11443-11445. 

128. Hill, S. J. (2006) G-protein-coupled receptors: past, present and future, Br J 
Pharmacol 147 Suppl 1, S27-37. 

129. Thomsen, W., Frazer, J., and Unett, D. (2005) Functional assays for screening 
GPCR targets, Curr Opin Biotechnol 16, 655-665. 

130. Ehlert, F. J. (1988) Estimation of the affinities of allosteric ligands using 
radioligand binding and pharmacological null methods, Mol Pharmacol 33, 187-
194. 

131. Bhattacharya, S., Hall, S. E., Li, H., and Vaidehi, N. (2008) Ligand-stabilized 
conformational states of human beta(2) adrenergic receptor: insight into G-
protein-coupled receptor activation, Biophys J 94, 2027-2042. 

132. Baker, J. G., and Hill, S. J. (2007) Multiple GPCR conformations and signalling 
pathways: implications for antagonist affinity estimates, Trends Pharmacol Sci 
28, 374-381. 

133. Wess, J., Han, S. J., Kim, S. K., Jacobson, K. A., and Li, J. H. (2008) 
Conformational changes involved in G-protein-coupled-receptor activation, 
Trends Pharmacol Sci 29, 616-625. 

134. Kobilka, B. K. (2002) Agonist-induced conformational changes in the beta2 
adrenergic receptor, J Pept Res 60, 317-321. 



	
  
	
  

111	
  

135. Fung, J. J., Deupi, X., Pardo, L., Yao, X. J., Velez-Ruiz, G. A., Devree, B. T., 
Sunahara, R. K., and Kobilka, B. K. (2009) Ligand-regulated oligomerization of 
beta(2)-adrenoceptors in a model lipid bilayer, EMBO J 28, 3315-3328. 

136. Asano, T., Pedersen, S. E., Scott, C. W., and Ross, E. M. (1984) Reconstitution of 
catecholamine-stimulated binding of guanosine 5'-O-(3-thiotriphosphate) to the 
stimulatory GTP-binding protein of adenylate cyclase, Biochemistry 23, 5460-
5467. 

137. Harrison, C., and Traynor, J. R. (2003) The [35S]GTPgammaS binding assay: 
approaches and applications in pharmacology, Life Sci 74, 489-508. 

138. Morizumi, T., Imai, H., and Shichida, Y. (2005) Direct observation of the 
complex formation of GDP-bound transducin with the rhodopsin intermediate 
having a visible absorption maximum in rod outer segment membranes, 
Biochemistry 44, 9936-9943. 

139. Shenoy, S. K., and Lefkowitz, R. J. (2005) Seven-transmembrane receptor 
signaling through beta-arrestin, Sci STKE 2005, cm10. 

140. DeWire, S. M., Ahn, S., Lefkowitz, R. J., and Shenoy, S. K. (2007) Beta-arrestins 
and cell signaling, Annu Rev Physiol 69, 483-510. 

141. McDonald, P. H., Chow, C. W., Miller, W. E., Laporte, S. A., Field, M. E., Lin, F. 
T., Davis, R. J., and Lefkowitz, R. J. (2000) Beta-arrestin 2: a receptor-regulated 
MAPK scaffold for the activation of JNK3, Science 290, 1574-1577. 

142. Luttrell, L. M., Ferguson, S. S., Daaka, Y., Miller, W. E., Maudsley, S., Della 
Rocca, G. J., Lin, F., Kawakatsu, H., Owada, K., Luttrell, D. K., Caron, M. G., 
and Lefkowitz, R. J. (1999) Beta-arrestin-dependent formation of beta2 
adrenergic receptor-Src protein kinase complexes, Science 283, 655-661. 

143. DeFea, K. A., Zalevsky, J., Thoma, M. S., Dery, O., Mullins, R. D., and Bunnett, 
N. W. (2000) beta-arrestin-dependent endocytosis of proteinase-activated receptor 
2 is required for intracellular targeting of activated ERK1/2, J Cell Biol 148, 
1267-1281. 

144. Brzostowski, J. A., and Kimmel, A. R. (2001) Signaling at zero G: G-protein-
independent functions for 7-TM receptors, Trends Biochem Sci 26, 291-297. 

145. O'Donnell, S. R., and Wanstall, J. C. (1980) Evidence that ICI 118, 551 is a 
potent, highly Beta 2-selective adrenoceptor antagonist and can be used to 
characterize Beta-adrenoceptor populations in tissues, Life Sci 27, 671-677. 



	
  
	
  

112	
  

146. Luttrell, L. M., and Gesty-Palmer, D. (2010) Beyond desensitization: 
physiological relevance of arrestin-dependent signaling, Pharmacol Rev 62, 305-
330. 

147. Gurevich, V. V., and Gurevich, E. V. (2008) GPCR monomers and oligomers: it 
takes all kinds, Trends Neurosci 31, 74-81. 

148. Park, P. S., Filipek, S., Wells, J. W., and Palczewski, K. (2004) Oligomerization 
of G protein-coupled receptors: past, present, and future, Biochemistry 43, 15643-
15656. 

149. Gurevich, V. V., Pals-Rylaarsdam, R., Benovic, J. L., Hosey, M. M., and Onorato, 
J. J. (1997) Agonist-receptor-arrestin, an alternative ternary complex with high 
agonist affinity, J Biol Chem 272, 28849-28852. 

150. Roman, D. L., Ota, S., and Neubig, R. R. (2009) Polyplexed flow cytometry 
protein interaction assay: a novel high-throughput screening paradigm for RGS 
protein inhibitors, J Biomol Screen 14, 610-619. 

151. Kovoor, A., Celver, J., Abdryashitov, R. I., Chavkin, C., and Gurevich, V. V. 
(1999) Targeted construction of phosphorylation-independent beta-arrestin 
mutants with constitutive activity in cells, J Biol Chem 274, 6831-6834. 

152. Tsuga, H., Kameyama, K., Haga, T., Kurose, H., and Nagao, T. (1994) 
Sequestration of muscarinic acetylcholine receptor m2 subtypes. Facilitation by G 
protein-coupled receptor kinase (GRK2) and attenuation by a dominant-negative 
mutant of GRK2, J Biol Chem 269, 32522-32527. 

153. Qian, H., Pipolo, L., and Thomas, W. G. (1999) Identification of protein kinase C 
phosphorylation sites in the angiotensin II (AT1A) receptor, Biochem J 343 Pt 3, 
637-644. 

154. Daaka, Y., Pitcher, J. A., Richardson, M., Stoffel, R. H., Robishaw, J. D., and 
Lefkowitz, R. J. (1997) Receptor and G betagamma isoform-specific interactions 
with G protein-coupled receptor kinases, Proc Natl Acad Sci U S A 94, 2180-
2185. 

155. Debburman, S. K., Kunapuli, P., Benovic, J. L., and Hosey, M. M. (1995) 
Agonist-dependent phosphorylation of human muscarinic receptors in Spodoptera 
frugiperda insect cell membranes by G protein-coupled receptor kinases, Mol 
Pharmacol 47, 224-233. 



	
  
	
  

113	
  

156. Tran, T. M., Friedman, J., Qunaibi, E., Baameur, F., Moore, R. H., and Clark, R. 
B. (2004) Characterization of agonist stimulation of cAMP-dependent protein 
kinase and G protein-coupled receptor kinase phosphorylation of the beta2-
adrenergic receptor using phosphoserine-specific antibodies, Mol Pharmacol 65, 
196-206. 

157. Gurevich, V. V., and Benovic, J. L. (2000) Arrestin: mutagenesis, expression, 
purification, and functional characterization, Methods Enzymol 315, 422-437. 

 

 


