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I. INTRODUCTION 

A. Statement of the Problem 

G-protein coupled receptors (GPCRs) constitute the largest family of cell 

surface receptors. Through binding to ligands such as hormones, peptides, 

neurotransmitters, or photons, GPCRs are activated and regulate a variety of 

physiological responses. It has been widely accepted that GPCRs can self

associate as dimers or higher-order oligomers even though protomeric GPCR is 

capable of activating heterotrimeric G proteins and recruiting arrestins. Although 

GPCR complexes have been suggested to possess distinct functional properties 

such as receptor trafficking, receptor phosphorylation, biased downstream 

signaling, and allosteric communication, the stability and the structural 

mechanisms for the dimerization of class A GPCRs have not been extensively 

studied. 

The ~2 adrenergic receptor (~2AR) is a prototype of class A GPCRs and is 

probably the most extensively studied among the currently available high 

resolution crystal structures of GPCRs. However, lack of clear dimer interface 

and the controversy of the stability of ~2AR dimeric complexes brings to the 

question that whether ~2AR self-associate as a stable dimer. 
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B. Statement of Specific Aims 

We have tried to detect the stability of f32AR dimeric complexes with or 

without intervention in living cells by Resonance Energy Transfer (RET). Both 

inward trafficking (internalization) and outward (receptor maturation) trafficking 

are interventions used to dissociate f32AR dimers. The stability of f32AR dimers 

has been monitored by Bioluminescence Resonance Energy Transfer (BRET) 

when one protomeric f32AR is ligand-binding defective while the other is capable 

of binding. We also tried to determine the f32AR dimer stability without any 

intervention by monitoring dimer formation between f32AR protomers synthesized 

at different time and dimer dissociation during receptor diffusion on the plasma 

membrane. In addition, we have detected the affinity between f32AR protomers 

by comparing the BRET saturation curves between f32ARs and other receptor 

combinations in both stable and transient overexpression systems in HEK293 

cells. 

The specific aims are: 

1. To test the hypothesis that f32AR homodimers are not stable and can 

segregate during agonist induced internalization or antagonist facilitated 

forward trafficking. 

2. To test the hypothesis that cell surface f32AR homodimers are in dynamic 

equilibrium with monomers. 

3. To test the hypothesis that the affinity between f32AR protomers is no greater 

than random collisions between any combination of membrane proteins. 
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C. Review of Literatures 

Introduction of G Protein-Coupled Receptors 

G protein-coupled receptors (GPCRs}, characterized by coupling to different 

subtypes of heterotrimeric G proteins and the presence of seven transmembrane 

a helices (7TM) separated by alternating intracellular and extracellular loops, 

constitute the largest family of cell surface receptors in human. Upon binding to 

ligands such as hormones, lipids, peptides, neurotransmitters, odorants, and 

even photons, GPCRs can activate heterotrimeric G proteins which in turn 

activate the downstream effectors and regulate a variety of cellular and 

physiological responses. 

GPCRs are encoded by at least 800 different human genes and can be 

grouped into six classes based on sequence homology and functional similarity: 

class A (rhodopsin-like), class 8 (secretin receptor-like), class C (metabotropic 

glutamate receptor-like), class D (fungal mating pheromone receptor-like) , class 

E (cyclic AMP receptor-like} , and class F (frizzled/smoothened receptor-like) [1-3]. 

Among the six classes, class A, 8 , and Care the three main groups without 

shared sequence homology between classes. Class A is by far the largest group, 

consisting of at least 700 GPCRs, and over half of them are olfactory receptors 

[1]. Most class A GPCR members contain an NSXXNPXXY motif and a DRY 

motif in respectively the 7th and the 3 rd transmembrane domains, which are 

involved in protein stabilization and G protein activation. In addition, the crystal 

structure of bovine rhodopsin indicates the existence of an 81h a helix and 
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palmitoylation sites, which create a fourth intracellular loop shared by other 

GPCRs [4-7]. Although no shared sequence homology has been detected 

between classes, all GPCRs have a common structure, including an extracellular 

N-terminus, an intracellular C-terminus, and seven transmembrane a helices 

(7TM) separated by alternating intracellular and extracellular loops. 

How do GPCRs transmit extracellular stimuli to initiate the downstream 

signaling? Agonist binding induces the conformational change of the receptor 

and shifts the dynamic equilibrium toward the active state. The outward 

movement of the cytoplasmic side of both the transmembrane domain 5 (TM5) 

and the transmembrane domain 6 (TM6) creates the intracellular cavity between 

TM3, TM5, and TM6, which in turn facilitates G protein activation [8-12]. 

Heterotrimeric G proteins consist of three subunits, Ga. G13, and Gy. The G protein 

is inactive and associated with the inactive receptor when the Ga subunit is 

reversibly bound to a guanosine diphosphate (GOP). The active receptor 

functions as a guanine nucleotide exchange factor (GEF) to activate 

heterotrimeric G proteins by facilitating the exchange of a GOP to a guanosine 

triphosphate (GTP) at the Ga subunit [4, 13, 14]. The GTP bound heterotrimeric 

G protein segregate to a GTP-bound Ga subunit and a G13v dimer, followed by 

dissociation from the receptor and signaling to a variety of downstream effectors 

[15-17]. Spontaneous hydrolysis of GTP to GOP allows the regeneration of 

inactive GOP-bound Ga subunits and the following association with G13v subunits 

to form inactive heterotrimeric G proteins, which are able to couple to GPCRs for 

the future activation. The GTP hydrolysis can be promoted with the aid of a 
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family of GTPase-activating proteins (GAPs) named regulators of G protein 

signaling (RGS), thus rapidly inactivating the G proteins and switching off GPCR 

signaling [18]. 

Depending on the heterotrimeric G proteins to which GPCRs couple, 

activation of GPCRs turns on different signaling pathways. There are 21 

members of Ga subunits, 6 members of G~ subunits, and 12 members of Gv 

subunits [19-21]. Ga subunits can be categorized into four groups, Gas. Gailo. 

Gaq/11. and Ga12113· Gas family is responsible for activation of adenylyl cyclase 

(AC), whereas activation of Gallo inhibits the AC. Gaq/11 signals to phospholipase 

C, which in turn cleaves PIP2 into IP3 and diacylglycerol (DAG). Ga12113 is 

involved in Rho family signalings through activation of several GEFs. The 5 G~ 

subunits and the 14 Gv subunits can form stable heterodimers that can only be 

dissociated with harsh detergents [22]. The G~v subunits are able to deactivate 

Ga subunits, activate other second messengers, and gate several ion channels. 

The signaling will finally be attenuated by desensitization (internalization) of 

the active GPCR, which is usually arrestin and clathrin dependent [23-25]. After 

activation and releasing of associated heterotrimeric G proteins, agonist-bound 

GPCRs will then be phosphorylated at serine (Ser) or threonine (Thr) residues in 

the C-terminus by G protein-coupled receptor kmases (GRKs) [26], thus 

enhances the arrestin binding to activated receptors. Arrestin binding not only 

sterically hinders further G protein coupling but also recruits AP2 adaptor protein 

complex and clathrin to the activated receptors, leading to the formation of 

clathrin-coated pits and the receptor internalization [23, 27]. Internalized 
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receptors are first transported to the early endosome, followed by either recycled 

(resensitized) back to the plasma membrane or targeted to the lysosome for 

degradation [28]. The interaction between arrestins and GPCRs may affect the 

decision of the two routes, where stable interaction favors receptor degradation 

and transient interaction leads to recycling of receptors [27, 28]. 

A common feature among GPCRs is the palmitoylation of the C terminus or 

the intracellular loops (ICLs) [7]. The addition and removal of hydrophobic acyl 

groups to the cysteine (Cys) residues are usually catalyzed by 

palmitoyltransferases (PATs) and thioesterases, respectively. Receptor 

palmitoylatlon possesses several functional consequences including receptor 

maturation, cell surface targeting, confinement to the lipid raft, coupling to 

heterotrimeric G proteins, and receptor desensitization [29]. For example, it has 

been reported that mutation of palmitoylation sites results in reduced cell surface 

expression of various GPCRs [30-33]. Confinement of receptors to the lipid raft, 

which is the cholesterol- and sphingolipid-rich microdomain on the plasma 

membrane, facilitates signal transductions because many downstream effectors 

primarily express at the lipid rafts , too [34]. However, despite the fact that 

palmitoylation has been shown involved in several functions, it is unclear how 

palmitoylation exerts these functions and thus no general rules can be applied for 

predictions of the functional relevance of pamitoylatlon on a particular GPCR. 
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Dimerization of GPCRs 

Dimerization is a common prerequisite for many proteins to exert the 

functions [35, 36]. However, as for GPCRs, the questions of whether dimers exist 

under physiological conditions and the necessity of dimerization for proper 

functions are under debate for decades. Since the first report showed the 

dimerization of 132 adrenergic receptors (!32ARs) [37]. more and more evidence 

have been reported to demonstrate the homo- and hetero-dimerization or higher

order oligomerization of GPCRs [38-42]. Now it has been widely accepted that 

GPCRs can self-associate as dimers or higher-order oligomers even though 

monomeric GPCR is capable of activating heterotrimeric G proteins and 

recruiting arrestins [43, 44]. Although GPCR dimeric complexes have been 

suggested to possess distinct functional properties such as receptor trafficking, 

ligand binding affinity, receptor phosphorylation, G protein activation, biased 

downstream signaling, and allosteric communication between monomers [45-51], 

the stability and the structural mechanisms for dimerization of GPCRs have not 

been extensively studied . 

Studies with y-aminobutyric acid receptor type B (GABA8) and 

metabotropic glutamate receptor well demonstrate the necessity of dimerization 

of class C GPCRs to initiate the downstream signaling. GABA8 receptors form 

obligated heterodimers constituted of two subunits, GABA81 which contains 

ligand binding sites and GABA82 that activates G protein. The coil-coil interaction 

between the C-terminal of GABA81 and GABA82 hinders the intracellular retention 

signal in the C-terminal of GABA81 and enables the cell surface targeting of 



GABA81/GABA82 heterodimer [52, 53]. Metabotropic glutamate receptors form 

stable dimers through the disulfide bond between the cysteine residues of their 

bulky extracellular N-terminus, and the dimeric organization of mGiuRs is 

required for the modulation of active and inactive states of the 7TM induced by 

agonists [51 . 54]. However, unlike class C GPCRs the structural mechanisms of 

the dimerization of both class A and class B GPCRs still remain elusive. 

8 

Class A receptors, composed of at least 700 members, represent the largest 

subfamily of GPCRs [55]. Despite several studies suggest the existence and the 

functional relevance of Class A receptor homo-/hetero-oligomerization, there are 

reports showing that several class A GPCR complexes are not 

thermodynamically stable and can be segregated during trafficking (56-58). And 

only the dimer interfaces of CXCR4 receptor and IJ-Opioid receptor have been 

reported in their crystal structures among the currently available -10 GPCR 

crystal structures [59, 60]. 

132AR, a prototype of class A GPCRs, preferentially couples to Gas and Gai. 

and is majorly involved in muscle contraction . Through binding to adrenaline and 

noradrenaline 132AR will activate the Gas which in turn leads to the activation of 

adenylyl cyclase, the accumulation of cyclic AMP (cAMP), the activation of 

protein kinase A (PKA), and the phosphorylation of target protein for the 

downstream signaling [61]. Among the currently available high resolution crystal 

structure, 132AR has been probably the most extensively studied [8, 9, 12, 62, 63]. 

The self-association of 132ARs has been demonstrated via various approaches 

such as coimmunoprecipitation [37], bioluminescence energy transfer [39], and 
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functional rescue of a constitutively desensitized protomer [64]. and the 

functional relevance of ~2AR homodimers has been attributed to the receptor 

trafficking. In addition to the homodimerization, ~2ARs have been suggested to 

associate with several different GPCRs such as ~1AR [65-67], ~3AR [68], AT1 

angiotensin receptor [69], and opioid receptors [70]. These heterodimers are 

suggested to be functional relevant on pharmacological properties and trafficking 

ability. However, no clear dimer interface of ~2AR has been ever suggested. And 

the controversy of the stability of ~2AR dimeric complexes brings the question 

that whether ~2AR self-associate as a stable dimer [45, 58, 71]. 

GPCRs regulate a large number of physiological responses. In addition to 

the fact that GPCRs are targets of almost 50% of commercially available drugs 

[72], the allosteric communication between protomers raises the chance for new 

drug targets. Thus the understanding of the structural mechanisms of the 

dimerization of GPCRs may give insights to the drug discovery. 

Resonance Energy Transfer (RET) 

GPCR dimerization/oligomerization has been research interest for two 

decades. Most of the receptor-receptor interactions are identified and 

characterized by biochemical assays such as Western blots, co

immunoprecipitation, pharmacological assays such as ligand binding , biophysical 

methods such as bimolecular fluorescence complementation (BiFC), 

fluorescence recovery after photobleaching (FRAP), single molecule imaging, 

high-resolution microscopy, or more indirect strategies such as functional 
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complementation. However, none of these methods offer a spatial resolution high 

enough to conclude a real interaction , these methods instead can only provide 

indirect evidence and usually generate ambiguous results due to their potential 

limitations while studying membrane proteins. In order to prove the existence of 

direct interaction between receptors in intact living cells, Resonance Energy 

Transfer (RET) methods have been widely applied in the field of GPCR 

dimerization/oligomerization [73, 74]. 

All RET-based methods rely on a naturally occurring phenomenon named 

Forster resonance energy transfer (formalized by Theodor Forster) [75], where 

energy transfer from a donor fluorophore in the excited state to an acceptor 

fluorophore in the ground state occurs through nonradioactive electric dipole field 

coupling when two molecules are in close proximity (usually 10 A- 100 A) [76-78]. 

The energy transfer efficiency (E) is dependent on the separation distance (R) 

between the donor and the acceptor with an inverse 61
h power relationship, which 

can be stated as E = 1 I (1 + (R/R0)6) where R0 is the distance at which the E is 

equal to 0.5 [75]. R0 is usually dependent on both the spectra overlap between 

the donor emission spectrum and the acceptor excitation spectrum [79]and the 

relative orientation between the donor emission dipole field and the acceptor 

excitation dipole field (the energy transfer is maximal when the two fields are 

parallel and is minimum when they are perpendicular) [80-82]. Thus the process 

can be described in details: after being excited, the donor produces an oscillating 

electric dipole field which decays with distance; the acceptor can then interact 

with the field and be excited if it is in close proximity and contains energy levels 
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within the frequencies of the donor electric dipole field . The RET signal is then 

usually referred to as the evidence of direct interaction between the donor and 

the acceptor because of its high spatial resolution (1 0 A- 100 A). which is higher 

than those provided by confocal microscopy (250 nm) and high-resolution 

microscopy (30nm) [74]. 

Labeling of proteins of interest with donors or acceptors can be carried out by 

either biochemical methods or molecular engineering. Depending on the types of 

acceptors and donors applied in the experiments, RET assays can be sorted into 

three types: fluorescence resonance energy transfer (FRET), bioluminescence 

resonance energy transfer (BRET), and time-resolved fluorescence resonance 

energy transfer (TR-FRET) [73, 74, 81]. 

Fluorescence resonance energy transfer (FRET) 

FRET is carried out by two fluorophores with spectra overlap between 

emission spectrum of the energy donor and excitation spectrum of the energy 

acceptor. Though any pairing with spectra overlap is suitable for FRET, synthetic 

compounds such as Cy3 and Cy5, and green fluorescent protein (GFP) variants 

such as cyan fluorescent protein (CFP) and yellow fluorescent protein (YFP) are 

probably the most widely used pairs [83]. 

The use of external light source not only interferes with the signal recording, 

i.e., decreases the signal to noise ratio, but raises the probability of FRET signal 

contamination from either direct excitation of the acceptor or the bleed-through 

from the donor emission [84, 85]. Photobleaching of the acceptor provides a 
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control to confirm the reliability of the FRET signal. Acceptor photobleaching will 

extinguish FRET signal as no energy transfer will occur, thus any signal 

observed reflects bleed-through from the donor emission. Also, photobleaching 

of the acceptor will lead to increased donor emission because of the incapability 

of the acceptor to quench the donor if the FRET signal is resulted from the 

interaction between the two partners [41 , 86-88]. 

FRET has been conducted to report the dimerization/oligomerization of 

GPCRs with different labeling approaches such as fusion proteins with variant 

GFPs fused to GPCRs, fluorophore conjugated antibodies, and fluorophore 

conjugated ligands. Since FRET only occurs if donor- and acceptor-labeled 

proteins are within a distance of 100 A, it is usually referred to as the evidence of 

direct interaction between GPCRs, in other words, GPCR 

dimerization/oligomerization . However, not only specific association brings 

GPCR protomers into close proximity but non-specific random collision provides 

chance for energy transfer from donor-labeled protomers to acceptor-labeed 

protomers. Hence, controls of FRET between non-interacting proteins are 

necessary. 

The high sensitivity to both the relative orientation and separation distance 

between two partners enables inter- and intramolecular FRET to report ligand

induced conformational changes of monomeric GPCRs [89, 90], ligand-induced 

association between monomeric GPCRs [91], as well as the allosteric 

communication between protomers in GPCR dimeric complexes [92]. However, 

the change in FRET (LlFRET) observed in response to ligand binding does not 
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reflect the absolute extent of conformational change (or ligand-induced 

association) in GPCRs as the extent of ilFRET is also dependent on the basal 

FRET, which is determined by both the relative orientation and initial separation 

distance between the donor and the acceptor. To be more specific, ilFRET 

resulted from the conformational change (or ligand-induced association) will be 

limited if the two energy transfer partners are in very close proximity with close

to-maximal energy transfer efficiency, whereas the same conformational change 

(or ligand-induced association) will lead to significant ilFRET if the distance 

between donor and acceptor is within R0 with about 50% of the maximal energy 

transfer efficiency. Therefore, ilFRET observed in response to ligand binding 

requires careful interpretation as it is usually amplified or attenuated due to high 

sensitivity of FRET to both the relative orientation and the separation distance 

between donors and acceptors. 

Time-resolved fluorescence resonance energy transfer (TR-FRET) 

Time-resolved FRET (TR-FRET} is characterized by the use of long-lived 

lanthanides, more specifically terbium and europium, as energy donors and the 

short-lived classic fluorophores as energy acceptors. Long-lived lanthanides 

possess emission time constants in the range of milliseconds whereas classic 

fluorophores usually have emission time constants in the range of nanoseconds, 

thus a time delay (usually around 50 JlS) between donor excitation and 

measurements of acceptor emission is allowed. This time delay helps filter out 



the fluorescence resulted from the background and the direct excitation of the 

acceptor, therefore provides better signal to noise ratios [93-95]. 
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Another feature regarding lanthanide donors is the complicated emission 

spectra with multiple peaks at different wavelengths. Both terbium and europium 

are excited at 300-350 nm and emit with several fluorescent peaks which allow 

pairing with various acceptors. For example, terbium cryptate (Lumi4-Tb) exhibits 

a complex emission spectrum peaking at 490, 550, 585, and 620nm [96), which 

is compatible with Cy5-, dye 647-, and fluorescein-like fluorophores. Compared 

to donor and acceptor pairs applied in BRET and FRET, both terbium and 

europium exhibit relative low fluorescence bleed through at emission 

wavelengths of paired acceptors, resulting in a better signal to noise ratio. 

Lanthanides could be complexed within both chelates and cryptates for 

labeling of protein of interest [93]. However, only cryptates are commonly used in 

TR-FRET because complexation of lanthanides within chelates is reversible and 

may be affected by the presence of other ions, whereas cryptates provide 

irreversible and more stable cage for lanthanides. It is noteworthy that chelates 

and cryptates not only serve as lanthanides carriers, but contribute to the 

excitation of lanthanides as they absorb light and transfer the energy to 

lanthanides. Labeling protein of interest with lanthanides-complexed chelates or 

cryptates can be achieved by several strategies, either covalent or non-covalent 

[74]. 

Non-covalent labeling of GPCRs usually relies on fluorophore-conjugated 

antibodies and fluorophore-conjugated ligands. As specific antibodies against 
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native GPCRs are limited, an epitope is usually fused to the N-terminus of 

GPCRs for antibody recognition. Since the first report showing the self

association of o opioid receptors using fluorophore-conjugated antibodies [97], 

the strategy has been applied to indicate homodimerization of GPCRs such as 

a.1 A and a.1 B adrenergic receptors [98, 99], V1 a and V1 b vasopressin receptors 

[100, 101]. and various mGiu receptors [102-104] as well as heterodimerization 

between GPCRs such as GABA81 and GABA82 receptors [1 05], a.2A and 

adenosine A1 receptors [106], and CXCR1 and CXCR2 chemokine 

receptors[1 07]. One advantage of antibody labeling is the ability to label cell 

surface receptors because antibodies are large and membrane impermeable. 

However, as antibodies are large, they may hinder receptor association and 

ligand binding. In addition, antibodies may induce receptor association as they 

are bivalent. Fluorophore-conjugated ligands offered the opportunity to 

investigate the association of wild-type GPCRs in both cell cultures and native 

tissues, and this strategy has been applied on several GPCRs such as 02 

dopamine receptor, V1 a and V2 vasopressin receptors, and oxytocin receptor 

[1 08). However, as negative cooperative ligand binding of agonist exists in many 

GPCRs [48, 109, 11 0]. the use of fluorophore-conjugated antagonist is preferred. 

Covalent labeling of GPCRs consists in fusion of either a self-labeling protein 

[111 , 112] or a sequence recognized by enzymes [113] to the N-terminus of 

receptors. Self-labeling proteins such as SNAP [114], CLIP [115], and HaloTag 

[116] can catalyze the transfer of a fluorophore-conjugated group from the 

substrate to themselves with relatively high efficiency. The strategy has been 
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widely used to demonstrate the self-association of GPCRs such as oxytocin, 

vasopressin, dopamine, and muscarinic receptors and the formation of higher

order GABA8 tetramers. One advantage of covalent labeling is that the size of 

the labeling peptide is generally smaller than antibody, which decreases the 

steric hindrance for receptor association. Another advantage is the relatively fast 

and irreversible labeling of receptors. The other advantage is the availability of 

identical substrates conjugated with various donors and acceptors, and the 

availability of substrates for cell surface or intracellular labeling . 

To sum up, TR-FRET offered a flexible strategy to observe the self

association of GPCRs. The ability to label cell surface receptors helps limit FRET 

signals to mature receptors on the plasma membrane, preventing the signal 

contamination from immature or unfolded receptors retained in the ER or other 

intracellular compartments. However, the use of long-lived lanthanides allows a 

relative long measurement timescale, which in turn allows membrane proteins 

freely diffuse for a certain distance on the plasma membrane and potentially 

increases the chance of random collisions [117]. Thus FRET between donor- and 

acceptor-labeled proteins may be enhanced by diffusion-enhanced FRET (DE

FRET). 

Bioluminescence resonance energy transfer (BRET) 

BRET is another RET based assay with a luciferase as an energy donor and 

a compatible fluorescent protein as an energy acceptor. In the presence of 

oxygen, the luciferase is able to catalyze the oxidation of its substrate with 
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emission of luminescence that excite the fluorescent protein acceptor, thus the 

acceptor emission will be observed if the donor and the acceptor are in close 

proximity. A particular advantage of BRET over other RET based methods is the 

use of bioluminescence as the energy donor as it does not need direct excitation 

by exogenous light sources, which in turn prevents potential direct excitation of 

the energy acceptor and hence provides a better signal-to-noise ratio [118]. 

Different energy transfer partners could be used in BRET assays. The most 

commonly used BRET donor is Rluc8 adapted from Renilla luciferase (Riuc), 

whrch is usually paired with either enhanced YFP (eYFP) or GFP2 in the 

presence of different luciferase substrates h-coelenterazine or DeepBiueC, 

respectively [119, 120]. With oxidation of h-coelenterazine, the Renilla luciferase 

emits luminescence peaking at 480 nm at which the eYFP is able to be excited, 

and the eYFP emission peaking at 530 nm could be detected if the donor and the 

acceptor are in close proximity. This BRET1 pairing provides sufficient quantum 

yield of energy transfer with relative high background signal due to the broad 

overlap between the emission spectra of the donor and the acceptor. On the 

other hand, the oxidation of OeepBiueC by the Renilla luciferase generates a 

blue-shifted luminescence peaking at 395 nm at which allows energy transfer to 

GFP2 with emission peaking at 510 nm. Thrs BRET2 pairing provides better 

spectral resolution as the emission spectra between the donor and the acceptor 

are well separated and hence offers improved signal-to-noise. However, the 

oxidation of DeepBiueC results in much lower luminescence intensity compared 

to h-coelenterazine and thus higher donor expression level is required. With 
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distinct spectral characteristics of donors and acceptors, BRET1 and BRET2 

could be combined to detect the interaction between three proteins of interest 

simultaneously or sequentially in the same cell population via addition of h

coelenterazine and DeepBiueC simultaneously or sequentially [121], respectively. 

Furthermore, the FRET assay could be applied between the two acceptors in 

BRET1 and BRET2 as they are spectrally compatible for energy transfer, and this 

enable the detection of stoichiometry of protein complexes. 

BRET has been widely used to determine dimerization/oligomerization of 

GPCRs since the publication of the first report observing interactions between 

Rluc8- and eYFP labeled f32ARs [39]. BRET is typically conducted in a titration 

manner as the ratio does not provide quantitative information regarding the 

affinity between Rluc8- and eYFP- labeled GPCRs. With increasing expression of 

acceptor- labeled GPCRs while maintaining constant expression of donor

labeled GPCRs, BRET ratio will asymptotically approach to maximum. A 

saturated hyperbolic curve will then be obtained with increasing acceptor-to

donor (AID) ratios. Thus acceptor-to-donor ratio at which BRET reaches its half

maximum serves as a tool to determine the affinity between donor- and acceptor

labeled GPCRs [66]. However, as non-specific BRET (a.k.a. bystander BRET) 

can also occurs by random collision between proteins localized in the same 

membrane compartment, more experiments are usually required to determine 

the interaction between GPCRs [58, 122]. 
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II. MATERIALS AND METHODS 

Plasmid DNA constructs 

A plasmid encoding Rluc8 was provided by Dr. Sanjiv Sam Gambhir (Stanford 

University, Palo Alto, CA). Venus-Kras was provided by Dr. Stephen R. Ikeda 

(NIAAA, Rockville, MD). Arrestin2 (319-418) was provided by Dr. Jeffrey L. 

Benovic (Thomas Jefferson University, Philadelphia, PA). A plasmid encoding 

giantin was provided by Dr. Takanari Inoue (Johns Hopkins University, Baltimore, 

MD). V-TRAF-Riuc8 was provided by Dr. Stephen Ikeda (NIAAA, Rockville, MD). 

Mouse opsin (mOps) was provided by Dr. Marina Gorbatyuk (University of 

Florida, Gainesville, FL). Sanp-J32AR was obtained from New England Biolabs 

(Ipswich, MA). Plasmids encoding GPCRs were obtained from the Missouri S&T 

eDNA Resource Center (Rolla, MO). Rluc8 and Venus fusion receptors were 

made by attachment of Venus or Rluc8 to the C-terminus of each receptor with or 

without a GGSG linker. All constructs were made using an adaptation of the 

QuikChange (Stratagene, La Jolla, CA) mutagenesis protocol, cloned into 

pcDNA3.1 or pcDNA5 (Invitrogen, Carlsbad, CA, USA), and were verified by 

automated sequencing. 
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Cell culture 

HEK 293 cells (ATCC) and Flp-ln T-Rex HEK 293 cells (Invitrogen) were 

propagated in plastic flasks or on 0.5 mg/ml polylysine-coated glass coverslips 

according to the supplier's protocol. Cells were cultured in minimum essential 

medium with L-glutamine, supplemented with 10% FBS, 4mM glutamine, and 1% 

penicillin/streptomycin mixture at 5% C02, 37 oc. In addition to supplementation 

above, 15 ~g mr1 blasticidin and 100 ~g mr1 zeocin (before selection) and 100 

~g ml 1 zeocin (after selection) are supplemented in growth medium for Flp-ln T

Rex HEK 293 Cells. 

DNA transient transfection 

Plasmid DNA is diluted in 150mM NaCI, mixed with linear polyethyleneimine 

(MW 25,000; Polysciences Inc., Warrington, PA) at an N/P ratio of 20, and 

incubated for 15 minutes to form PEl-DNA complexes. For HEK 293 cells, the 

PEl-DNA complexes are added directly to the growth medium and experiments 

were performed after 24 or 48 hours transfection. For simultaneous transient 

transfection and stable induction on Flp-ln T-Rex HEK 293 cells inducibly 

expressing I32AR-V, the express1on of 132AR-V was induced with tetracycline (0-

0.1 ~g mr 1
) for 48 hours and the same transfect1on protocol was applied 0-36 

hours after induction. Thus experiments were performed 48 hours after 132AR-V 

induction (12-48 hours after transient transfection). Up to 3~g of plasmid DNA 

was added in each well of a 6-well plate (or 0.75~g for each well of a 24-well 
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plate), and the total amount of plasmid DNA for each set of experiment was kept 

constant by adding pcDNA3.1 vector. 

Generation of Stable Flp-lnTM T-RExTM 293 Cells 

Flp-ln T-Rex HEK 293 Cells were maintained in growth medium, supplemented 

with 15 ~g mr1 blasticidin and 100 ~g mr1 zeocin. To generate Flp-ln T-Rex 293 

cells inducibly expressing SNAP-~2AR or ~2AR-V, cells were transfected with a 

1:9 ratio of SNAP-~2ARIFRT/TO or ~2AR-V/FRT/TO and p0G44 in growth 

medium using linear polyethyleneimine at an N/P ratio of 20. 24 hours after 

transfection, cells were reseeded in medium supplemented with 100 ~g mr1 

hygromycin B and 15 ~g mr1 blasticidin but without zeocin to select stably 

transfected cells. Positive cell colonies were collected as a pool and screened by 

fluorescence microscopy. For inducible expression of SNAP-~2AR , cells were 

exposed to 0-0.1 ~g mr1 tetracycline for 24 hours or in a time course manner up 

to 24 hours. On the other hand, expression of ~2AR-V was induced by exposing 

cells to 0-0.1 ~g mr1 tetracycline for 48 hours. 

Confocal imaging 

Confocal images were acquired using a Leica (Wetzlar, Germany) SP2 scanning 

confocal microscope and a 63X, 1.4 NA objective. Cerulean, Venus, Alexa488, 

and FM1-43 were excited with the 458 nm, 514 nm, 488 nm, and 458 nm lines of 

an ArKr laser, and detected at 465-490 nm, 520-550 nm, 520-550 nm, and >550 

nm, respectively. 
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Bioluminescence resonance energy transfer 

Cells were washed and harvested by tnturating in PBS. Suspended cells were 

transferred to black 96-well plates. Fluorescence and luminescence 

measurements were made using a photon-counting plate reader (Mithras LB940; 

Berthold Technologies GmbH, Bad Wildbad, Germany). Coelenterazine h (5 mM; 

Nanolight Technologies, Pinetop, AZ) was added to all wells immediately prior to 

making BRET measurements. The raw BRET signal was calculated as the 

emission intensity at 520-545 nm divided by the emission intensity at 475-495 

nm. Net BRET was this ratio minus the same ratio measured from cells 

expressing only the BRET donor (Riuc8). Fluorescence intensity was measured 

at 520-545 nm after excitation at 485nm prior to addition of coelenterazine h, and 

the background autofluorescence was by the same amounts of HEK293 cells 

expressing only the BRET donor. All measurements were made at room 

temperature. 

Quantification of cell surface B2ARs by ELISA 

Cells were washed with PBS then blocked with ice-cold PBA (1% bovme serum 

albumm, 0.1% sodium azide in PBS) for 30 minutes. Cells were incubated with 

1:1000 M2 anti-FLAG monoclonal antibody (Stratagene, La Jolla, CA) in PBA for 

30 mmutes at room temperature, washed three times with PBS, then incubated 

with 1:1000 HRP-conjugated goat anti-mouse secondary antibody (Jackson 

lmmunoResearch, West Grove, PA) in PBA for 30 minutes at room temperature. 

After washing with PBS cells were detached from plates and distributed into 



23 

white 96-well plates. Chemiluminescent substrate (Pierce SuperSignal ELISA 

Pico, Thermo Fisher Scientific, Rockford, IL) was added according to the 

manufacturer's instructions. Readings were background-subtracted using 

samples exposed only to the secondary antibody. Signals were normalized to cell 

number, which was estimated from measurements of FM1-43 fluorescence. 

Radioligand binding 

Flp-ln T-Rex HEK 293 cells inducibly expressing SNAP-~2AR or ~2AR-V were 

seeded onto 24-well plates at a density of 2 x 105 cells per well for 24 hours. 

Expression of SNAP-~2AR or ~2AR-V was induced by incubating with 

tetracycline (0-0.1 J..tg mr1
) for 24 or 48 hours, respectively. After induction cells 

were incubated in MEM containing 30 nM [3H]-CGP12177 for 90 minutes at room 

temperature. Cells were washed twice with ice cold MEM, and surface-bound 

ligands were extracted with 0.5 ml of 1 M NaOH for 2 hours at room temperature. 

Radioactivity was counted by liquid scintillation counting in 3.5 ml of Ecoscint A 

(National Diagnostics, Inc., Atlanta, GA). Nonspecific binding was determined in 

the presence of 20 IJM alprenolol. Binding sites per cell was calculated by 

comparing the radioactivity of each well with the known input of 0.6 pmol, and 

dividing by cell numbers in each well. 

Receptor binding sites per cell= ((0.6X I x •nput) x6.0221415x1011
) I N 

Where X represents the radioactivity per well , x •nput represents the radioactivity of 

the input, and N represents the number of cells per well. 
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For Flp-ln T-Rex ~2AR-V cells, Venus fluorescence per cell was measured from 

parallel cells and was related to binding sites per cell by linear regression, which 

was then used to convert Venus fluorescence to binding sites per cell. 

TR-FRET measurement 

Flp-ln T-Rex HEK 293 cells inducibly expressing SNAP-~2AR were seeded onto 

24-well plates at a density of 2 x 105 cells per well for 24 hours. Expression of 

SNAP-~2AR was induced by exposing cells to tetracycline (0-0.1 ~g mr1
) for 24 

hours. After induction cells were incubated simultaneously with Lumi4-Tb (20 nM) 

and SNAP-Red (80 nM) diluted in growth medium for 2 hours at 37 oc. 5% C02. 

Cells were washed and triturated in PBS before transferred to a white 96-well 

plate. FRET intensity was determined as emission intensity at 665 nm and FRET 

ratio was calculated as the emission intensity at 665 nm divided by the emission 

intensity at 620 nm. Unitary FRET efficiency was calculated as E=1-('tAol't o}, 

where 'tAo represents the fluorescence decay time constant of SNAP-Red in the 

presence of Lumi4-Tb over 2500 ~sand -c0 represents the luminescence decay 

t1me constant of Lumi4-Tb alone. 

For sequential labeling experiment, SNAP-~2ARs were induced by tetracycline 

(0.1 ~g ml 1
) for 24 hours. Cells were labeled with only SNAP-Red (80 nM) for 2 

hours and washed by MEM before additional induction for 1-3 hours in the 

presence or absence of cyclohexamide (1 0 ~g ml 1
). Newly synthesized 

receptors were then labeled with only Lumi4-Tb (20 nM) for 15 mins. Cells were 



washed, suspended in PBS and were distributed to a white 96-well plate for 

measurement. 
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For BG blockage experiment, expression of SNAP-~2AR was induced by 

exposing cells to tetracycline (0.1 J..lg mr1
) for 24 hours. Additional induction for 8 

hours was allowed, and cells were incubated with BG (20 J..lM) 0-8 hours 

immediately after the beginning of additional induction. Cells were then stained 

with Lumi4-Tb (20 nM) and SNAP-Red (80 nM). Cells were washed, triturated in 

PBS, and transferred to a white 96-well plate for measurement. 

Flow cvtometry 

After 48 hours of either transient transfection on HEK 293 cells or simultaneous 

tranfection/induction on ~2AR-V inducible cells, expressions of ~2AR-V and 

SNAP-~2AR-Riuc8 on individual cells were observed by flow cytometry. Cells 

were labeled with SNAP-Red (80 nM) in complete growth medium for 2 hours at 

37 °C. Cells were washed with PBS for 3 times, harvested and fixed with 4% 

paraformaldehyde in PBS. Flow cytometry detection was made using a 

FACSCalibur (BD, San Jose, CA) with both 488 nm and 633 nm lasers for the 

excitation of Venus and SNAP-Red, respectively. Venus was detected at 530/16 

nm (Fl 1) and SNAP-Red was detected at 661/16 nm (Fl4). Positive expression 

was determined by correctmg the background s1gnals from untransfected 

HEK293 cells labeled with SNAP-Red. HEK 293 cells transiently expressing 

SNAP-~2AR-V were analyzed as the indicator for the 1:1 stoichiometry between 

~2AR-V and SNAP-~2AR-Riuc8 . Flow cytometry was performed with the same 
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excitation and detection amplifier settings through all experiments to ensure the 

detection consistency. Data analysis was made with FlowJo (Tree Star, Ashland, 

OR). 
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Ill. RESULTS (I) 

Agonist-induced internalization dissociates J32AR homodimers 

It is generally accepted that GPCRs can self-associate as dimers or higher

order oligomers before delivery to the cell surface, and these dimeric complexes 

are thought to remain intact in signaling and trafficking until they are degraded. 

However, the conclusion becomes controversial due to reports showing that 

several class A GPCR complexes are not thermodynamically stable and can be 

segregated during trafficking. In order to determine the stability of GPCR dimers, 

we chose J32ARs and tried to dissociate J32AR dimeric complexes by agonist

induced internalization. The stability of 132AR dimers was monitored in live HEK 

293 cells by Bioluminescence Resonance Energy Transfer (BRET) when one 

protomeric 132AR is ligand binding defective while the other is capable of ligand 

binding. 

BRET reports B2AR internalization 

BRET is usually used to indicate the spec1fic protein-protein interaction 

whereas BRET generated by non-specific random collision between proteins in 

the same membrane compartment is typically referred to as background . 

However, here we took the advantage of the non-specific BRET resulted from 
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random collisron between 132ARs and different inert subcellular compartment 

markers to report subcellular location of 132AR before and after agonist 

application. The Reni/la /uciferase Rluc8 was fused to the C-terminus of 132AR 

(132AR-Riuc8) as a BRET donor. The fluorescent protein venus was fused to the 

N terminus of the C-terminal fragment of KRas (V-Kras) as a plasma membrane 

associated BRET acceptor, or the venus was fused to the N-terminus of Rab5a 

(V-rab5) as an early endosome (and clathrin-coated pit) associated BRET 

acceptor (Figure 1A. 1 B). 

Both 132AR-Riuc8 and V-Kras were transiently expressed in HEK 293 cells 

and substantial BRET signal was detected due to non-specific random collision 

between these two proteins on the plasma membrane. Stimulation with 132AR 

agonist isoproterenol (1 OJlM) for 30 minutes activated 132AR-Riuc8 and caused a 

significant BRET decrease compared to vehicle-treated controls (Figure 1A left, 

1 C left). The decrease in BRET between 132AR-Riuc8 and V-Kras indicated the 

removal of a fraction of j32AR-Riuc8 from the plasma membrane, which is 

consistent with internalization of the activated 132AR-Riuc8. BRET was measured 

immediately after cells were washed and harvested by isoproterenol-free PBS, 

which prevented interference from continuing activation of cell surface 132AR

Riuc8. The net BRET between 132AR-Riuc8 and V-Kras was 0.26±0.02 in control 

groups and 0.15±0.02 in isoproterenol-treated groups (fiB RET= -0.11 ±0.01 , n = 

5 in quadruplicate, Figure 1 C left). The fraction of the BRET lost after treatment 

with isoproterenol could be referred to as the fraction of activated 132AR-Riuc8 

that internalized. Pretreatment with isoproterenol in the presence of j32AR 



29 

antagonist propranolol (10JlM) inhibited the BRET decrease. Removal of 

isoproterenol for 30 minutes at 37 oc before measurement allowed the recycling 

of internalized J32AR-Riuc8 from the early endosome to the plasma membrane 

and partially restored the decrease in BRET between J32AR-Riuc8 and V-Kras. 

Ligand binding defective J32AR-Riuc8 mutant (D113S) failed to bind isoproterenol 

and thus no significant change in BRET between J32AR-Riuc8 (D113S) and V

Kras was observed after pretreatment with isoproterenol for 30 minutes (Figure 

1 C left). The isoproterenol-induced decrease in BRET between J32AR-Riuc8 and 

V-Kras was concentration dependent (ECso = 75nM, Figure 1 D 



F1gure 1 BRET reports {32AR internalizatiOn 

(A) Schematic illustration of the subcellular location and protein topology of 

{32AR-Riuc8, the plasma membrane associated acceptor V-Kras, and the early 

endosome associated acceptor V-rab5. 

(B) Images of cells expressing cerulean-kras (C-kras) and V-rab5, which resides 

on the plasma membrane and the early endosomes, respectively. Scale bar = 20 

J.lm. 

(C) Changes in BRET between {32AR-Riuc8 or {32AR-Riuc8 D113S and V-Kras 

(left) or V-rab5 (right) after 30 minutes treatment with ISOproterenol (10J1M), or 

w1th ISOproterenol and propranolol (10J1M), or followed by 30 mmutes recovery 

after removal of isoproterenol (n = 5 m quadrup!Jcate, *P<O 05, **P<0.005, 

palfed t-test, net BRET changes in treatment groups compared to zero). 

(D) Dose response curve of changes in BRET (tJ.BRET) between {32AR-Riuc8 

and V-Kras to different concentrations of isoproterenol The smooth line is a 

least-squares fit to a Hill equation (ECso = 75nM, n = 4 in quadruplicate). 

(E) T1me course measurement of net BRET between {32AR-Riuc8 and V-kras 

after treatment with isoproterenol. BRET was measured m the presence of 

propranolol1mmediately after removal of ISoproterenol The smooth line is a 

least-squares fit to a single exponent (r = 13 3 mmutes, n = 4 in quadruplicate). 
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It is possible that the decrease in BRET between 132AR-Riuc8 and V-Kras did 

not result from agonist induced internalization of 132AR-Riuc8 but from a change 

in relative orientation between these two proteins and/or a change in proximity 

between these two proteins due to confinement of activated 132AR-Riuc8 into 

particular microdomains. To rule out these possibilities several experiments were 

conducted. Transient expression of 132AR-Riuc8 and V-rab5 in HEK 293 cells 

produced negligible BRET before isoproterenol treatment because the majority of 

these two proteins reside in different membrane compartments. Reciprocal 

increase in BRET between 132AR-Riuc8 and V-rab5 (an early endosome and 

clathrin-coated pit associated BRET acceptor) was observed following the 

treatment with isoproterenol for 30 minutes, suggesting a fraction of activated 

132AR-Riuc8 internalized through clathrin-coated pits to early endosomes (Figure 

1 A right, 1 C right) . The time course experiment indicated that the isoproterenolol

induced decrease in BRET between 132AR-Riuc8 and V-Kras took place over 30 

minutes, and the presence of 132AR antagonist propranolol during BRET 

measurement did not reverse the decrease in BRET (Figure 1 E). In addition, 

several methods known to inhibit arrestin and dynamin dependent internalization 

were used to inhibit the decrease in BRET between 132AR-Riuc8 and V-Kras. 

Indeed, the isoproterenolol-induced decrease in BRET was significant inhibited 

by pretreatment with hypertonic sucrose (400mM), pretreatment with small 

molecule dynamin inhibitor dynasore (80JlM), incubation of cells at low 

temperature (4 oc), overexpression of dominant negative arrestin2 (319-418), 

and overexpression of dominant negative dynamin K44A (Figure 2A-E). These 
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results suggest that the change in BRET between j32AR-Riuc8 and V-Kras or V

rab5 after isoproterenol treatment is due to the internalization of activated j32AR

Riuc8 but not due to the change in orientation and/or proximity between j32AR

Riuc8 and V-Kras or V-rab5 



F1gure 2. Inhibition of dynamin den pendent mternai1Zat10n blocks isoproterenol

induced BRET change 

Isoproterenol-induced decrease in BRET (%) between f32AR-Riuc8 and V-Kras 

or f32AR-Riuc8 and f32AR-V D113S. Cells were pretreated with vehicle or 

cotransfected with vector plasmid as control groups, or cells were pretreated with 

hypertonic sucrose (400mM) (A, n = 5 and 5), incubated at low temperature (4 °C) 

(8, n = 5 and 6), cotransfected with dominant negat1ve arrestin2 (319-418) (C, n 

= 6 and 6), cotransfected with dominant negative dynamm (K44A) (0, n = 5 and 

5), or pretreated with small molecule dynamm mh1b1tor dynasore (BOpM) (E, n = 4 

and 4) 10f'<O 05, *10f'<O. 005, paired t-test, percent changes m treatment groups 

compared to those of control groups 
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Interaction between active and inactive B2ARs during internalization 

After validating BRET in reporting receptor internalization, we used this 

method to observe the interactions between ~2ARs during internalization. 

Previous studies have suggested that GPCRs traffic as stable dimers, suggesting 

that either inactive protomers impede the internalization of active protomers or 

active protomers promote the internalization of inactive protomers when active 

protomers associate with inactive protomers as dimeric complexes. 

Here, plasma membrane associated BRET acceptor V-Kras was 

coexpressed with Rluc8 labeled ~2AR (either wild-type or ligand binding 

defective mutant 0113S) and unlabeled ~2AR (either wild-type or ligand binding 

defect1ve mutant D113S). To ensure that each Rluc8 labeled ~2AR (wild-type or 

0113S) associates with an unlabeled ~2AR (wild-type or 0113S), five folds 

excess of plasmid DNA encoding unlabeled ~2AR (wild-type or 0113S) was 

transfected . Coexpression of ligand binding defective ~2AR 0113S did not 

impede the isoproterenol-induced internalization of wild-type ~2AR-Riuc8 (BRET 

decreased 44%±3%}, whereas coexpression of wild-type ~2AR modestly 

promoted the internalization of ligand binding defective ~2AR-Riuc8 0113S 

(BRET decreased 6%±1 %) after isoproterenol treatment. Interestingly the 

isoproterenol-induced internalization of ~2AR-Riuc8 in the presence of ~2AR 

0113S was significantly greater than that in the presence of wild-type ~2AR, and 

this may suggest the competition between ~2AR-Riuc8 and ~2AR for the limited 

internalization capacity or the allosteric communication between protomeric 

~2AR-Riuc8 and ~2AR in dimeric complex. In addition, no isoproterenol-induced 
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BRET change was observed when both Rluc8 labeled ~2AR and unlabeled 

~2AR were ligand binding defective (Figure 3A). Our results above indicate that 

active protomeric ~2ARs promoted the internalization of ligand binding defective 

protomeric ~2ARs (0113S) at low efficiency, suggesting that only weak 

interactions exist between active and inactive ~2AR protomers. 

We also repeated the same experiment above with cell surface ELISA, in 

which Rluc8 labeling was substituted with Flag tag epitope. Instead of measuring 

the isoproterenol-induced decrease in BRET between V-Kras and Rluc8 labeled 

~2ARs, the internalization of ~2AR was reported as loss of cell surface Flag 

immunoreactivity by ELISA. The similar four receptor combinations were 

transiently expressed in cells, that is, either Flag-~2AR or Flag-~2AR 0113S was 

coexpressed with unlabeled ~2AR or ~2AR 0113S. The results of this ELISA 

assay were consistent with the BRET results above except that no modest 

internalization of ligand binding defective Flag-~2AR 0113S was observed with 

the coexpression of ~2AR (Figure 38). 

The major limitation of both the BRET and the ELISA experiments above was 

the inability to detect the internalization of active receptors while quantify inactive 

receptors which remains on the plasma membrane at the same time. To better 

monitor the interaction between active and Inactive ~2ARs, BRET and ELISA 

were combined by coexpressing V-Kras with Rluc8 labeled ~2AR (either wild

type or 0113S) and Flag tagged ~2AR (either wild-type or 0113S). This 

combination enabled us to determine the interaction between Rluc8 labeled and 

Flag tagged ~2ARs by monitoring the internalization of these two proteins with 
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two independent methods at the same time. Similar results were obtained, with 

both net BRET and cell surface Flag immunoreactivity significantly decreased in 

response to isoproteronol treatment when both Rluc8 labeled and Flag tagged 

~2ARs were wild-type. However, modest internalization of binding defective 

~2AR D113S in the presence of wild-type ~2AR was only reported by BRET 

(Figure 3C). 



Figure 3 Weak interaction exists between act1ve and mactive protomeric {32ARs 

m dimeric complexes during internalization 

(A) Decrease in BRET (!JBRET) between e1ther wild-type or ligand binding

defective (D113S) {32AR-Riuc8 and V-Kras in the presence of either wild-type or 

D113S unlabeled {32AR after treatment with isoproterenol. Modest but significant 

internalization of {32AR-Riuc8 D113S was observed in the presence of unlabeled 

wild-type {32AR (n = 4). 

(B) Decrease in cell surface immunoreactiVIty of either flag-{32AR or flag-{32AR 

D113S m the presence of either wild-type or D113S unlabeled {32AR after 

Isoproterenol treatment. No internalizatiOn of f/ag-{32AR D113S was observed 

when coexpressed with unlabeled Wild-type {32AR (n = 4). 

(C) Decreases in BRET (left) and cell surface Immunoreactivity (right) in cells 

expressing either {32AR-Riuc8 or {32AR-Riuc8 D 113S wtfh either flag-{32AR or 

flag-{32AR D113S after treatment with isoproterenol (n = 4-5). 

*P<0.05; **P<0.005, paired t-test, !JBRET or% internalization is compared to 

zero. 
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Internalization segregates active and inactive B2ARs 

Our results above showed both no impedance on wild-type ~2AR 

internalization in the presence of inactive ~2AR D113S and modest 

internalization of inactive ~2AR D113S in the presence of wild-type ~2AR , 

indicating the existence of weak interaction between wild-type and ligand binding 

defective ~2ARs in response to isoproterenol, which in turn implied the possible 

segregation of active and inactive ~2ARs during agonist induced internalization. 

However, experiments above did not provide evidence for direct association 

between wild-type and ligand binding defective ~2ARs as dimers or higher order 

oligomers, thus raising the argument that results above actually reflect the limited 

association between these receptors but not the weak interaction between active 

and inactive ~2ARs . 

To better characterize the self-association between ~2AR protomers and the 

possible segregation during internalization, we coexpressed Rluc8 labeled 

~2ARs (either wild-type or D113S) with Venus labeled ~2ARs (either wild-type or 

D113S) and measure the BRET change in response to isoproterenol treatment 

(Figure 4A). If ~2ARs self-associate as stable dimers and traffic as intact dimeric 

complexes, no segregation of active and inactive ~2ARs would occur and thus no 

isoproterenol-induced change in BRET would be detected for all the four 

combinations of donor or acceptor labeled ~2ARs . If ~2ARs self-associate as 

transient dimers and either donor or acceptor labeled ~2AR is inactive, the 

segregation of active and inactive ~2ARs due to isoproterenol-induced 

internalization of active ~2ARs would result in decrease in BRET. 
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No significant difference observed among net BRET signals between wild

type 132AR-Riuc8 and wild-type 132AR-V or 132AR-V D113S (0.2±0.02, n = 27; 

0.18±0.01 , n = 26, respectively; P = 0.19, with unpaired t-test) suggested that the 

ligand binding defective mutation D113S did not interfere with self-association of 

132ARs. When wild-type 132AR-Riuc8 was coexpressed with ligand binding 

defective 132AR-V D113S, stimulation with isoproterenol induced a significant 

BRET decrease (0.15±0.01 ; P<0.001 , paired t-test compared to 0), suggesting 

that a fraction of 132AR-Riuc8 internalized and dissociated from 132AR-V D113S. 

Similar to the isoproterenol-induced decrease in BRET between 132AR-Riuc8 and 

V-Kras, the BRET between 132AR-Riuc8 and 132AR-V D113S decreased over 30 

minutes upon isoproterenol stimulation, and the presence of 132AR antagonist 

propranolol during BRET measurement did not reverse the decrease in BRET 

(Figure 48). In addition, all the five methods used to inhibit the dynamin 

dependent endocytosis significantly inhibited the decrease in BRET between 

132AR-Riuc8 and 132AR-V D113S, and the inhibition by each method was to a 

similar extent observed in the coexpression of 132AR-Riuc8 and V-Kras (Figure 

2A-E). These results suggested that the change in BRET between 132AR-Riuc8 

and 132AR-V D113S resulted from the Internalization of activated 132AR-Riuc8 but 

not from the change in relative conformation I orientation between the two 

proteins Similar results were observed when ligand binding defective 132AR

Riuc8 D113S was coexpressed with wild-type 132AR-V. And no significant change 

in BRET was detected after isoproterenol treatment when both Rluc8 labeled and 

Venus labeled 132ARs were ligand binding defective (Figure 5). In summary, our 
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results above suggest that active ~2AR internalized upon isoproterenol 

stimulation whereas inactive ~2AR D113S remained on the plasma membrane, 

which in turn resulted in the segregation of active and inactive ~2ARs . 



Figure 4 Internalization segregates act1ve and inact1ve {32ARs 

(A) Schematic Illustration of agonist-induced mternallzat1on of {32AR-Riuc8 and 

{32AR-V (left), and dissociation of {32AR-Riuc8 and {32AR-V D 113$ (right). 

(B) Time course measurement of BRET between {32AR-Riuc8 and {32AR-V 

0113$ after addition of isoproterenol. BRET was measured in the presence of 

propranolol (10J.1M) immediately after removal of isoproterenol. The smooth line 

is a least-square fit to a single exponent. (r = 13. 3 minutes; n = 4 in quadruplicate) 

(C) Net BRET between {32AR-Riuc8 and {32AR-V 0113$ mcreased hyperbolically 

w1th mcreasmg expression of {32AR-V 0113$ in both control and isoproterenol 

treatment groups. The smooth lines are least-squares fits to a one site binding 

equation The acceptor/donor mtens1ty rat1o at wh1ch BRET reached half

maximum (BRET 50) was 0. 15 for both groups 
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However. a significant increase in BRET (0.22±0.02; P<0.0001 , paired t-test 

compared to 0) was observed when both Rluc8 labeled and Venus labeled 

~2ARs were wild-type (Figure 5). Two possible explanations could be raised to 

account for this isoproterenol-induced BRET increase. One explanation is that 

agonist binding induced conformational changes of both Rluc8 labeled and 

Venus labeled ~2ARs . thus the two proteins were re-orientated for more efficient 

energy transfer. The other explanation is that both ~2AR-Riuc8 and ~2AR-V 

were activated and clustered into the clathrin-coated pits, which in turn raised the 

probability of random collisions between these proteins and increased the BRET. 

If the increase in BRET between wild-type ~2ARs is due to agonist-induced 

conformational changes of receptors. it should be 1nsensit1ve to low temperature 

and can be blocked by methods known to prevent the formation of clathrin

coated pits. In fact, the BRET increase was significantly inhibited by pretreatment 

with hypertonic sucrose (400mM), incubation at low temperature (4 °C), and 

overexpression of dominant negative dynamin K44A (Figure 5). Surprisingly, the 

small molecule dyanamin inhibitor dynasore instead enhanced the BRET 

increase but not inhibited it. No clear explanation has been made for the 

difference of effects between dynamin K44A and dynasore. It may be because 

the two methods affect different steps of the clathnn-coated pit formation, that is, 

dynasore allows formation of the pits but prevents the pinch-off process whereas 

dynamin K44A prevent the formation of the pits at the beginning. 

Self-association of ~2ARs could result in dimers made up by two donor

labeled ~2ARs . two acceptor-labeled ~2ARs, or one of each donor- or acceptor-
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labeled ~2AR . And BRET between Rluc8 labeled and Venus labeled ~2ARs 

could arise from intra-dimers, intra-tetramers, or random collisions between 

protomers or dimers. Arguments could be made that the isoproterenol-induced 

decrease in BRET between ~2AR-Riuc8 and ~2AR-V D113S (or between ~2AR

Riuc8 D113S and ~2AR-V) is due to disruption of only random collisions but not 

disruption of all the sources from which BRET originated. To clarify whether the 

agonist-induced internalization disrupts only random collisions rather than 

homogenous sources of interactions, we observed BRET between ~2AR-Riuc8 

and ~2AR-V D113S in a titration manner where the expression of ~2AR-V D113S 

increased while the expression of ~2AR-Riuc8 remained constant. The net BRET 

signal will hyperbolically approach an asymptote with increasing expression of 

acceptor-labeled proteins (with constant expressron of donor-labeled proteins) as 

each donor-labeled protein is associated with an acceptor-labeled protein, and 

the acceptor/donor ratio at which BRET reaches its half-maximum (BRET so) can 

then be referred to as an indicator of the interaction affinity between the two 

proteins. Because elimination of signals from only random collisions would 

saturate BRET at a lower acceptor/donor ratio (higher average interaction 

affinity), BRET between ~2AR-Riuc8 and ~2AR-V D113S across a range of 

acceptor/donor ratios were measured with and without isoproterenol treatment. 

Net BRET of both groups of cells increased hyperbolically with increasing 

expression of ~2AR-V D113S and the acceptor/donor ratio at which BRET 

reached half-maximum (BRET so) was 0.15 for both control and treatment groups 

(Figure 4C), suggesting that the isoproterenol-induced decrease in BRET 
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between ~2AR-Riuc8 and ~2AR-V D113S was not due to the removal of random 

collisions nor the agonist-induced change in affinity between ~2ARs 



F1gure 5 Inhibition of internalization inhibits segregation of {32ARs 

Percent change in net BRET between {32AR-Riuc8 and {32AR-V (wtlwt), {32AR

Riuc8 and {32AR-V 0113S (wt!DS), {32AR-Riuc8 0113S and {32AR-V (DS!wt), 

and {32AR-Riuc8 0113S and {32AR-V 0113S (OS/OS) after treatment with 

Isoproterenol. Different methods were used to block the isoproterenol-induced 

internalization, such as hypertonic sucrose (400 mM) (A; n =5-6), incubation at 

low temperature (4 oc) (8; n = 3-6), overexpressJOn of dominant negative 

arrestin2 (319-418) (C; n = 6-7), overexpress10n of dommant negative dynamin 

(K44A) (0, n = 5), dynasore (80 f.JM) (E, n = 3-4) *?<0 05; **?<0.005, paired t

test, percent changes in treatment groups compared to those of control groups. 
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Antagonist-facilitated forward trafficking dissociates ER-retained J32AR 

dimers 

Although it has been reported that the self-association is a prerequisite for 
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cell surface targeting of ~2ARs, our results above indicate that ~2AR dimers are 

not stable and can be segregated by agonist-induced internalization. To answer 

the question that whether ~2AR dimers remain intact during forward trafficking to 

the plasma membrane, we challenge the stability of ~2AR dimers by rescuing the 

cell surface targeting of ER-retained ~2AR (W158A) protomers in the presence of 

bindrng defective and ER-retained ~2AR (0113SNV158A) double mutant 

protomers 

Pharmacological chaperone promotes forward trafficking of ER-retained B2ARs 

It is well established that mature GPCRs are synthesized in the endoplasmic 

reticulum (ER) and modified in the Golgi apparatus before targeting to the cell 

surface. Upon agonist binding, activated GPCRs are phosphorylated and 

recruited to the clathrin-coated pits for internalization. Internalized receptosr will 

first be escorted to early endosomes, and followed by either recycling to the cell 

surface through recycling endosomes or degradation via late endosomes and 

lysosomes (Figure 6A) . The trafficking of GPCRs can be monitored by 

biochemical methods such as coimmunoprecipitation or by different imaging 

techniques; however, several requirements such as cell lysis, intense labors, and 

complicated operation limit the practicability of these methods. On the other hand, 
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taking the advantage of random collisions between receptors and different 

subcellular membrane markers, BRET is able to report the subcellular 

localization and real-time trafficking of receptors in live cells. 
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Although GPCRs need to target to the plasma membrane to respond to 

extracellular stimuli , mutation to several residues may affect the folding of 

receptors and lead to retention in the ER or other intracellular organelles. Unlike 

wild-type ~2ARs which express very well at the plasma membrane, a mutation of 

tryptophan 158 to alanine in the 41
h transmembrane domain of ~2ARs results in 

protein misfolding and ER retention (Figure 68). Tryptophan 158 is universally 

conserved in class A GPCRs (94%) and helps stabilize the structure of ~2AR 

through interaction with cholesterol [123]. BRET between ~2AR-Riuc8 or ~2AR

Riuc8 W158A and different subcellular membrane acceptors indicated the major 

distribution of ~2AR-Riuc8 at the plasma membrane and the retention of ~2AR

Riuc8 W158A in the ER (Figure 6C). Treatment of cells with membrane

permeant ~2AR antagonist alprenolol did not change the subcellular distribution 

of wild-type ~2AR-Riuc8, whereas alprenolol binding stabilized the structure of 

~2AR-Riuc8 W158A, helped it escape from the ER quality control system, and 

promoted its forward trafficking to the Golgi, the plasma membrane, and the 

endosomes (Figure 6C). 



l 



F1gure 6. Alprenolol-facilitated forward trafficking of ER-retained f32AR 

(A) Schematic illustration of alprenolol-faclfitated forward trafficking of f32AR

Riuc8 W158A. Alprenolol binding stabilizes the structure of f32AR-Riuc8 W158A, 

helps it escape from the ER quality control system, and promotes its trafficking to 

the Golgi, the plasma membrane, and the endosomes. 

(B) Confocal images of cells coexpressing plasma membrane marker C-Kras 

with either wild-type f32AR-V or ER-retained f32AR-V W158A. 

(C) Net BRET between either f32AR-Riuc8 (left) or f32AR-Riuc8 W158A (right) 

and different subcellular membrane markers w1th or Without treatment with 

alprenolol (10 pM) for overnight (ER, GA. PM EE, LE, RE denotes endoplasmic 

ret1culum, Golg1, plasma membrane, early endosome, late endosome, and 

recycling endosome, respectively n = 4-11, *p < 0.01, unpaired t-test.) 
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Forward trafficking segregates ER-retained B2AR dimers 

Association between several class A and class C GPCRs as homo- or 

heterodimers has been reported to be necessary for cell surface targeting, and 

these dimeric complexes are thought to remain intact since biosynthesis until 

they are degraded. To challenge the necessity and stability of self-association of 

132AR during forward trafficking, we made another 132AR (W158AID113S) mutant 

which is both ER-retained and ligand binding defective. Significant decrease in 

BRET between 132AR-Riuc8 W158A and the ER marker V-PTP1 b and reciprocal 

increase in BRET between 132AR-Riuc8 W158A and V-Kras were observed after 

incubat1on with 132AR antagonist alprenolol (10 ~M) for 2 or 4 hours, indicating 

the antagonist-promoted forward trafficking of ER-retained 132ARs from ER to the 

plasma membrane. No significant change in BRET between 132AR-Riuc8 

W158A/0113S and either V-Kras or V-PTP was detected after treatment with 

alprenolol for 2 or 24 hours, suggesting that the ligand binding defective mutation 

D113S prevented the alprenolol binding and the subsequent forward trafficking of 

the receptor (Figure 7 A). Significant decrease in BRET between 132AR-Riuc8 

W158A and 132AR-V W158A/0113S was observed after addition of alprenolol for 

2 or 4 hours (Figure 78). This result was consistent with the model that ER

retamed 132AR W158A was rescued to the plasma membrane in response to 

alprenolol, while the binding-defective and ER-retained 132AR W158AID113S 

remained in the ER, leading to the segregation of ER-retained 132AR dimers. 



Figure 7. Alprenolol-promoted forward trafficking segregates ER-retained {32AR 

dimers 

(A) Changes in net BRET (flBRET) between either {32AR-Riuc8 W15BA or {32AR

Riuc8 W158/l.!D113S and either V-PTP1 b or V-Kras were observed after 

treatment with alprenolol. ER-retained {32AR-Riuc8 W15BA was rescued and 

trafficked from the ER to the plasma membrane in response to alprenolol binding, 

whereas {32AR-Riuc8 W158/l.!D113S was remained in the ER. (n = 6, **P <0.001, 

unpaired t-test) 

(B) Decrease in BRET between {32AR-Riuc8 W158A and {32AR-V W158/l.!D113S 

was observed after incubation with alprenolol for 2 or 4 hours, suggesting the 

segregation of ER-retained {32ARs. (n = 4, *P<0.05, **P <0.01, paired t test 

compared to 0) 
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Brefeldin A-induced enlargement of membrane surface area segregates 

J32AR homodimers 

51 

Our results above showed that both agonist-induced internalization and 

antagonist-facilitated forward trafficking were able to segregate f32AR dimeric 

complexes, suggesting that the self-association of f32AR is not permanent and 

may be transient on the cell surface. Neither diffusion of the receptors on the 

membrane nor enlargement of the surface are of membrane should affect the 

self-association of f32ARs if dimers are stable and remain intact all the time. On 

the other hand, both receptor diffusion and membrane enlargement would 

attenuate the self-association of f32ARs if dimers are transient and in dynamic 

equilibrium with monomers. 

The fungal metabolite Brefeldin A is a lactone antibiotic that inhibits the 

function of a guanine nucleotide exchange factor named ARF1 , which in turn 

prevents the formation of GOPII-mediated protein trafficking from the ER to the 

Golgi. In addition to the inhibition of protein trafficking, Brefeldin A also induces 

the collapse of the cis-Golgi stacks, the tubule formation of the cis-Golgi, and the 

followtng fusion between the newly formed Golg1 tubule and the ER membrane. 

Thus by mcubation with Brefeldin A, we are able to enlarge the surface area of 

the ER membrane by fusion with cis-Golgi tubule (Figure SA). Non-specific 

interaction between the ER-associated marker PTP1 b and the Golgi-associated 

marker giantin was used to report the Brefeldin A-induced fusion between the ER 

membrane and the Golgi tubule. Limited net BRET signal was observed in cells 
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expressing donor-labeled giantin and acceptor-labeled PTP1 b as limited random 

collisions between these two proteins localized at different organelles. Incubation 

with Brefeldin A (5 ~g/ml) for 2 hours significantly increased BRET between 

Rluc8-giantin and V-PTP1 b compared to vehicle-treated control , consistent with 

the random collisions between these proteins due to Brefeldin A-induced ER

Golgi fusion (Figure 88 left). Similar results were obtained when V-giantin and 

Rluc8-PTP1 b were coexpressed in cells. Limited net BRET between V-giantin 

and Rluc8-PTP1 b reflected that these two proteins were localized at different 

organelles; increase in BRET in response to Brefeldin A suggested that 

membrane fusion between the ER and the Golgi enabled the non-specific 

interaction between V-giantin and Rluc8-PTP1 b. Substantial BRET was observed 

when Rluc8-giantin and V-giantin were coexpressed in cells, as expected for 

non-specific interaction between these two proteins that are both associated with 

the Golgi. Significant decrease in BRET between Rluc8-giantin and V-giantin was 

observed after Brefeldin A treatment, suggesting that the ER-Golgi fusion 

decreased the density of giantin by increasing the membrane surface area, which 

in turn decreased the non-specific interaction of giantin proteins. Modest but 

significant decrease in BRET between Rluc-PTP1 b and V-PTP1 b was observed 

after treatment with Brefeldin A, consistent with the relatively small decrease in 

PTP1 b density by limited increase in the membrane surface area from the Golgi. 

To rule out the possibility that the change in BRET was an artifact of Brefeldin 

A treatment, BRET between Rluc8-PTP1 b and several acceptor-labeled proteins 

localized at different organelles other than the ER or the Golgi was measured. 
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Net BRET signals in cells coexpressing Rluc8-PTP1 band either V-Kras, V-rab5, 

V-rab7, or V-rab11 were all close to zero, consistent with the fact that PTP, Kras, 

rab5, rab7 and rab11 were localized at different subcellular compartments (PTP, 

Kras, rab5, rab7, rab11 was associated with the ER, the plasma membrane, the 

early endosome, the late endosome, and the recycling endosome, respectively). 

No significant change in BRET between Rluc8-PTP1 b and V-Kras, V-rabS, V

rab7, or V-rab11 has been observed in response to Brefeldin A , suggesting that 

Brefeldin A treatment did not induce membrane fusion between subcellular 

compartments other than the ER and the Golgi (Figure 88 right) . 

To determine the stability of the ER-retained 132ARs (W158A) dimers, donor

labeled 132AR W158A was expressed with acceptor-labeled 132AR W158A. Given 

the fact that W158A mutation was in the 41
h transmembrane domain, which was 

usually not referred to as the dimer interface, 132AR W158A shall not lost its 

ability to self-associate as homodimers. Hence the substantial BRET observed in 

cells expressing 132AR-Riuc8 W158A and 132AR-V W158A reflected the self

association of the ER-retained 132AR W158A but not the non-specific interactions 

between the two proteins colocalized in the ER. Incubation with Brefeldin A 

significantly decreased the BRET between 132AR-Riuc8 W158A and 132AR-V 

W158A (Figure BC), suggesting that 132AR W158A dimers segregated in 

response to the increase in membrane surface area induced by the ER-Golgi 

fusion, that is. the self-association of 132AR W158A was unstable and density

dependent. Similar decrease in BRET between 132AR-Riuc8 W158A and V

PTP1 b was observed after treatment with Brefeldin A, indicating that the ER-
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Golgi fusion indeed decreased the densities of both proteins and hence 

decreased the non-specific interactions between them. Brefeldin A-induced 

increase in BRET between ~2AR-Riuc8 W158A and V-giantin was observed, 

suggesting that the ER-Golgi fusion allowed free diffusion of proteins through the 

newly fused membrane. 



F1gure 8. Brefeldin A-induced enlargement of membrane surface area 

segregates f32AR homodimers 

(A) Schematic illustration of Brefeldin A induced membrane fusion between the 

ER and the Golgi. 

(B) Left, significant increase in BRET was observed between donor-labeled 

giantin and acceptor-labeled PTP1 b after Brefeldin A treatment, consistent with 

the membrane fusion between the two organelles Reciprocal decrease in BRET 

between RlucB-giantin and V-giantin was observed after Brefeldm A treatment, 

suggesting that the ER-Golgi fusiOn decreased the dens1ty of giantin hence 

decreased the non-specific interaction between g1antm protems Right, no 

s1gmficant change in BRET between RlucB-PTP and other membrane associated 

acceptors was observed in response to Brefeldm A treatment, suggesting that no 

membrane fusion between compartments other than the ER and the Golgi 

occurred. (n = 6, *?<0.01, **?<0.001, paired t test compared to 0) 

(C) Significant changes in BRET between f32AR-Riuc8 W158A and either V

PTP1 b, f32AR-V W158A or V-giantin were observed after Brefeldin A treatment, 

suggesting that the self-association of f32AR W158A was unstable and 

dependent on receptor density. (n = 6, *P<O 01, **P<O 001, paired t test 

compared to 0) 
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Cell surface J32AR homodimers are in dynamic equilibrium with monomers 

So far our results indicated that the association of J32ARs is not stable and 

J32ARs may not necessarily traffic as intact dimers. Both agonist-induced 

internalization and antagonist-facilitated forward trafficking successfully 

segregate active and inactive ~2ARs within dimeric complexes. In addition, net 

BRET between ER-retained ~2ARs 0fV158A) deceased in response to the 

brefeldin A-induced fusion between the ER and the Golgi apparatus, suggesting 

that the association of ~2ARs was sensitive to surface area of the membrane and 

may be dependent on receptor density. To better characterize the self

association of ~2ARs , we constructed a tetracycline-inducible SNAP-~2AR cell 

line and monitored the association and stability of ~2ARs at the cell surface by 

time-resolved Fluorescence Resonance Energy Transfer (TR-FRET). 

Generation of Flp-ln T-Rex SNAP-132AR inducible cell line 

SNAP is derived from 0 6-guanine nucleotide alkyltransferase which can be 

covalently labeled with any fluorophore carried by the benzyl group of benzyl

guanine (BG). To detect the cell surface ~2AR , a SNAP-tag was fused to theN 

terminus of a ~2AR. The SNAP-~2AR construct was inserted into the FRT locus 

of the Flp-ln T-Rex HEK293 cells by Flp-med1ated recombination and polyclonal 

colonies of positive cells were then selected by hygromycin B. The expression of 

SNAP- ~2AR was differentially induced by mcubation with increasing 

concentrations of tetracycline. Higher expression of SNAP-~2AR was detected in 
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the presence of 0.1 !lg/ml tetracycline compared to 0.01 !lg/ml tetracycline when 

both conditions were labeled with the same concentration of plasma membrane

impermeable BG-Aiexa488 and imaged under the same excitation laser intensity 

(Figure 9A). Radioligand binding showed that the cell surface expression of 

SNAP-~2AR can be induced from 104 to 1 06 receptors per cell as the 

concentration of tetracycline increased (up to 0.1 !lg/ml) (Figure 98). By 

measuring the cell surface area under hypotonic condition (670 !lm2 per cell , 

Figure 9C), we can calculate the density of cell surface SNAP-~2AR as 40-2000 

receptors/!lm2 or approximately 0.06-3.2% of plasma membrane surface (with 16 

nm2 as the surface area occupied by a ~2AR). 



F1gure 9 Generation of Flp-ln T-Rex SNAP-{32AR mducible cell line 

(A) Cells inducibly expressing SNAP- {32AR with 0 1 J.iglml or 0. 01 f.iglml 

tetracyclme for 24 hours. SNAP- {32ARs were labeled with BG-Aiexa488 and 

images were taken under the same excitatiOn condition. Scale bars, 50 f.im. 

(B) Radioligand binding indicated that cell surface expression of SNAP- {32AR 

increased from 104 to 106 receptors per cell as the tetracycline concentration 

increased from 0 to 0. 1 f.iglml (n = 3 in quadruplicate) 

(C) Flp-m T-Rex SNAP-{32AR HEK293 cells labeled w1th FM1-43 under hypotonic 

conditiOn (90% PBS) The average surface area 1s 670 f.im2 per cell Scale bars, 

50pm 
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Self-association of SNAP- 62AR at the cell surface depends on receptor density 

Our results above showed that treatment with brefeldin A decreased the 

BRET between ER-retained 132ARs fYV158A), 1ndicatrng that self-association of 

ER-retained j32ARs was unstable and sensitive to the enlargement of membrane 

surface area, which further implied that the self-association of j32ARs was 

dependent on receptor density. However, the density-dependent association of 

ER-retained j32ARs may not represent the case of mature j32ARs at the plasma 

membrane. 

To determine the self-association of j32ARs at the plasma membrane, Monte 

Carlo Simulation of TR-FRET between receptors was performed for both 

monomers and stable dimers. Assuming monomers as the general distribution 

pattern of cell surface receptors, receptors existed and remained as monomers 

under different expression levels and only interacted with each other in a random 

manner. Simulated FRET ratio between receptors was close to 0 under low 

expression level as no specific association occurred between receptors, while 

under h1gh expression level the ratio slightly increased due to random collisions 

between receptors (Figure 1 OA). On the other hand, assuming stable dimers as 

the general distribution pattern of cell surface receptors, receptors existed and 

remained as dimers across different expression levels. FRET ratio started high 

(>0 3) 1n low expression level due to self-assoc1ation of receptors, while with 

limited 1ncrease attributed to random collisions between dimers under high 

expression level (Figure 1 OB). However, neither monomers nor stable dimers fit 

the scenano of j32ARs. To monitor j32AR self-association, SNAP-132ARs were 
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labeled simultaneously with TR-FRET donor Lumi4-Tb and TR-FRET acceptor 

SNAP-Red for 2 hours. FRET ratio increased more than 3 folds from -0.05 to 

-0.22 as cell surface expression of SNAP-132AR increased from 104 to 1.5 x 106
/ 

cell (Figure 1 OC), suggesting that self-association of 132ARs at the cell surface 

depends on receptor density. However, as more 132ARs expressed at the plasma 

membrane, not only self-association but also the rate of random collisions 

between receptors increased. To confirm that the increasing FRET ratio reflects 

the self-association of j32AR but not random collision, we detected the 

fluorescence decay of SNAP-Red of both high and low expression levels (under 

induction of 0.1 f.!g/ml and 0.01 f.!g/ml tetracycline, respectively) and converted it 

into the unitary FRET efficiency (E=1-('tAolto) where "to is the time constant of the 

donor emission in the absence of acceptor and "tAD is the time constant of the 

sensitized emission of acceptor in the presence of donor). The similar unitary 

FRET efficiency between the two expression levels (0.66 and 0.63 for high and 

low expression levels, respectively) suggested that the random collision in high 

expression level did not contributed to the FRET ratio (Figure 100). 



F1gure 10 Density dependent self-association of SNAP-f32AR 

(A) Monte Carlo Monte Carlo simulation of TR-FRET for monomeric receptors. 

Left diagram illustrates receptors only mteract w1th each other in a random 

manner, with limited energy transfer in low expression level and low energy 

transfer in high expression level. Right diagram showed that simulated TR-FRET 

ratio was close to 0 under low receptor expression level and slightly increased 

with increasing receptor expression level. 

(B) Monte Carlo simulation of TR-FRET for d1menc receptors. Left diagram 

illustrates receptors existed as d1mers under all expression level with the same 

energy transfer efficiency. Right d1agram showed that Simulated TR-FRET ratio 

was -0.35 at low receptor expression level and slightly mcreased to -0. 4 with 

mcreasmg receptor expression level. 

(C) Left diagram illustrates the transient self-assoc1at10n between SNAP-f32ARs, 

with both increasing dimer formation and increasing energy transfer efficiency as 

the SNAP-f32AR expression level increased. Right diagram showed that TR

FRET ratio increased more than 3 folds from -0.05 to -0.22 with increasing cell 

surface SNAP-132AR expression. 

(D) The fluorescence decay of SNAP-Red of both h1gh and low expression levels 

(under mducflon of 0. 1 Jlglml and 0. 01 Jlglml tetracycline, respectively) in the 

presence of Luml4-Tb and the calculated umtary FRET efficiency (E=1-(rAC!ro)). 
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SNAP-B2AR synthesized at different times can self-associate at the cell surface 

Now that we've shown that j32ARs self-associate at the cell surface as 

density-dependent transient dimers and may segregate upon both agonist

induced internalization and antagonist-facilitated forward trafficking, it raised the 

question that whether mature j32ARs remain intact in high expression level at the 

plasma membrane without any intervention. 

To address this issue, we designed a sequential labeling experiment to 

detect the association between previously synthesized receptors and newly 

synthesized receptors (Figure 11 A). After induction at 0.1 flg/ml tetracycline for 

24 hours we labeled all cell surface SNAP-132ARs with only the TR-FRET 

acceptor SNAP-Red for 2 hours, and allowing additional induction for 1 to 3 

hours. Newly synthesized SNAP-132ARs were then labeled with only the FRET 

donor Lumi4-Tb. For stable dimers, the previously synthesized receptors and the 

newly synthesized receptors would only dimerize with themselves and FRET 

would only be attributed to random interaction between donor-labeled "new" 

dimers and acceptor-labeled "old" dimers. On the other hand, transient unstable 

dimers would allow association between donor-labeled "new" receptors and 

acceptor-labeled "old" receptors and thus efficient FRET could be detected 

(Figure 11 A). We observed increased SNAP-Red intensity as more newly 

synthesized SNAP-132ARs targeted to the cell surface indicated by increased 

Lumi4-Tb Intensity whereas blockage of protein synthesis by pretreatment with 

10 flg/ml cyclohexamide also blocked the increase of SNAP-Red intensity (Figure 

11 B). The result suggested that the newly synthesized SNAP-132ARs were able 
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to transfer energy efficiently to previously existed SNAP-r32ARs. In addition, the 

unitary FRET efficiency (0.67) under additional induction for 3 hours indicated 

that the energy transfer was mainly contributed by self-association of SNAP

r32ARs but not random collision between monomers. suggesting that r32ARs 

synthesized at different times can associate with each other at the cell surface. 



Ftgure 11 Sequential labeling of SNAP-f32AR revealed self-association between 

SNAP-f32ARs synthesized at different ttmes 

(A) Schematic representations of expenment protocol (top) and self-association 

between SNAP-f32ARs (bottom). After 24 hours of induction, cell surface snap

f32ARs were labeled with SNAP-Red for 2 hours and followed by additional 

induction for 1 to 3 hours (or induction was blocked by incubation with 10 f..Lg/ml 

cyclohexamide). The newly synthestzed SNAP-f32ARs were labeled with Lumi4-

Tb for 15 minutes and TR-FRET between SNAP-f32ARs synthesized at different 

time was measured. For constitutive stable dtmers newly synthesized and 

prevtously synthestzed receptors would only assoctate wtth newly synthesized 

and prevtously synthestzed receptors, respecttvely, and ltmtted energy transfer 

would be detected. For transtent unstable dtmers newly synthesized receptors 

would associate with previously synthesized receptors, and efficient energy 

transfer would be detected. 

(B) Left diagram showed the FRET intensity (emission of 665nm, red line) and 

the amount of newly synthesized SNAP-f32ARs (emtssion of 620 nm, blue line) 

increased with additional induction time The FRET mtensity and new SNAP

f32ARs synthesis was blocked by cyclohexamtde Rtght diagram represents the 

fluorescence ttme decay of SNAP-Red under addtttonal mductton for 3 hours. 

Similar umtary FRET effictency to Fig 20 suggests that energy transfer detected 

was from self-associatiOn between SNAP-f32ARs 
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SNAP- B2ARs self-associate with low affinities at the cell surface 

To further detect the stability of ~2ARs homodimers, we designed another 

benzyl-guanine (BG) blockage experiment. After induction at 0.1 1-lg/ml 

tetracycline for 24 hours we titrated the fraction of BG labeled SNAP-~2ARs by 

setting different BG labeling time point (OHR, 2HR, 4HR, 6HR, and 8HR) and 

followed by switching the labeling with both Lumi4-Tb and Snap-Red during the 

additional 8 hours induction (Figure 12A). By titrating the labeling between BG 

and Lumi4-Tb/SNAP-Red under the same SNAP-~2AR expression level, we 

were able to monitor the spontaneous dissociation and self-association of SNAP

~2AR homodimers. For stable dimers, both BG labeled receptors and Lumi4-

Tb/SNAP-Red labeled receptors would remain as intact dimers, and FRET ratio 

would then remain constant regardless of the fraction of receptors labeled by 

Lumi4-Tb/SNAP-Red. On the other hand, spontaneous dissociation of transient 

unstable dimers would allow the association between BG labeled protomers and 

Lumi4-Tb/SNAP-Red labeled protomers, thus as more receptors are labeled with 

BG and incorporate with Lumi4-Tb/SNAP-Red labeled receptors, decreased TR

FRET ratio was observed with decreasing fraction of Lumi4-Tb/SNAP-Red 

labeled dimers. Here we confirmed the BG blockage titration against the labeling 

of Lumi4-Tb/SNAP-Red by Lumi4-Tb intensity, which decreased from 8000 to 0 

(RLU) as BG labeling increased from 0 to 8 hours (Figure 128). TR-FRET ratio 

increased to -0.3 as more SNAP-~2ARs were labeled by Lumi4-Tb/SNAP-Red 

(Figure 128), suggesting the spontaneous dissociation of transient unstable 

SNAP-~2AR dimers and the association between BG labeled monomers and 
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Lumi4-Tb/SNAP-Red labeled monomers. To better characterize the affinity 

between ~2AR monomers we compared the FRET ratio between BG blockage 

titration and tetracycline induction time course (Figure 12C). For tetracycline 

induction time course, SNAP-~2ARs were induced at 0.1 ~tg/ml tetracycline for 0 

to 24 hours and labeled simultaneously with Lumi4-Tb and SNAP-Red. AS 

expected for receptor density-dependent self-association, TR-FRET ratio 

increased with increasing SNAP-~2AR expression indicated by Lumi4-Tb. For 

BG blockage titration, SNAP-~2ARs were first labeled by BG for different time 

lengths and followed by switching the labeling with Lumi4-Tb/SNAP-Red during 

the 24 hours induction. We found that the slope of FRET ratio versus Lumi4-Tb 

curve in BG blockage titration was similar to that of tetracycline induction time 

course even though they had different SNAP-~2AR expression levels, suggesting 

that BG-Iabeled SNAP-~2AR monomers exerted little, if any, self-association 

propensity toward Lumi4-Tb/SNAP-Red labeled SNAP-~2AR monomers, which 

further indicated that the affinity between ~2AR monomers was not as strong as 

what we would expect for strong dimers. 



Ftgure 12. Benzyl-guanine (BG) blockage experiment and the comparison to 

SNAP-f32AR induction time course revealed low affimty between SNAP-f32AR 

protomers 

(A) Schematic representations of experiment protocol of BG blockage experiment 

(top) and self-association of SNAP-f32AR (bottom). The fractions of benzyl

guanine (BG) labeled and Lumi4-Tb!SNAP-Red labeled Snap-f32ARs were 

titrated by switching the labeling reagents from BG to Lumi4-Tb/SNAP-Red in a 

time course manner. For transient unstable dimers TR-FRET ratio would 

decrease as more receptors are labeled with BG, however, for stable dimers TR

FRET ratio would remain constant regardless of the fractiOn of receptors labeled 

With BG 

(B) Left dtagram showed that the fraction of Lumt4-Tb labeled Snap-f32ARs 

decreased as BG labeling time course prolonged. Right diagram showed that 

TR-FRET ratio increased as more fractions of Snap-f32ARs were labeled with 

Lumi4-Tb (less BG labeled Snap-f32ARs), suggesting the existence of transient 

self-association of {32ARs. 

(C) Companson between Snap-f32AR mduct10n ttme course and BG lockage 

tttrat10n Stmilar slope of FRET ratio to Lumi4-Tb mtensity curves between two 

expenments suggests the existence of low affinity between Snap-f32AR 

protomers 
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IV. RESULTS (II) 

Close examination of t itration BRET in self-association of ~2AR 

Saturation BRET has been well established to study protein-protein 

interactions including the self-association of GPCRs. It is typically conducted in a 

titration manner in which cells are transiently transfected with increasing amounts 

of plasmid DNA encoding the acceptor-labeled protein and a constant amount of 

plasmid DNA encoding the donor-labeled protein. If donor- and acceptor-labeled 

proteins exist as stable dimers, BRET will asymptotically approach to maximum 

as the expression of acceptor-labeled proteins gradually exceeds the expression 

of donor-labeled proteins, and it will saturate at the point where every donor

labeled protein is coupled to an acceptor-labeled protein. A saturated hyperbolic 

curve of BRET versus acceptor-to-donor (A/D) ratio will then be acquired and the 

BRET 50 (the AID ratio at which BRET reaches the half-maximum) can serve as 

the indicator of the affinity between donor- and acceptor-labeled proteins. On the 

other hand, if interaction between donor- and acceptor-labeled proteins only 

occurs in a random manner, BRET (so called bystander BRET) will linearly 

approach to maximum as the expression of acceptor-labeled proteins increase, 

and it will saturate at the point where the expression level of acceptor-labeled 



proteins enables the close proximity between donor- and acceptor-labeled 

proteins by random distribution. 
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It has been stated that the saturated BRET between stable dimers should be 

sensitive to the AID ratio but insensitive to the expression level of acceptor

labeled proteins, whereas BRET between monomers should be sensitive to the 

expression level of acceptor-labeled proteins but insensitive to the AID ratio. 

However, it is worth noting that the conclusion above is based on several 

assumptions. First, it is assumed that the transient transfection leads to 

homogenous expression of donor- and acceptor-labeled proteins on each cell. 

Second, the expression level of donor-labeled proteins is assumed to remain 

constant across the different expression levels of acceptor-labeled proteins. Third, 

it usually underestimates the significance of bystander BRET between stable 

dimers. However, none of the assumptions above is easy to be achieved by 

transient transfection, therefore, the cellular heterogeneity of protein expression, 

the variation of donor expression level, and the bystander BRET should be 

carefully considered in BRET titration assays. 

Here we re-examined the titration BRET in both transient transfection and 

stable expression of acceptor-labeled proteins. And to better understand the 

relationship between the titration BRET and protein association, we compared 

the titrat1on BRET between non-associated proteins and that between potentially 

associated proteins, for instance, ~2ARs . 



Titration BRET between B2ARs differentially saturated after 24 and 48 hours 

transient transfection 
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The titration BRET has been shown to hyperbolically saturate among many 

class A GPCRs, and the BRETso is usually regarded as an indicator of the 

affinities between these receptors. It has been stated that the BRET between 

these GPCRs would saturate as each donor-labeled receptor is associated with 

an acceptor-labeled receptor, and the BRET saturation curve would be only 

sensitive to the AJD ratio but not the absolute expression level of acceptor

labeled receptor. 

Here we examined the titration BRET between ~2ARs by transiently 

transfected cells with increasing amounts of plasmid DNA encoding ~2AR-V and 

a constant amount of plasmid DNA encod1ng SNAP-~2AR-Riuc8 for 24 and 48 

hours (Figure 13A left). Surprisingly, BRET saturated at different asymptotes 

after 24 (BRET Bmax = 0.155) and 48 (BRET smax = 0.321) hours transfection. The 

result was contradictory to the current model of titration BRET as BRET 

saturated at 24 hours should remain constant with increasing expression of 

~2ARs at 48 hours, that is, higher expression of ~2ARs at 48 hours should not 

increase the BRET saturated at 24 hours because each SNAP-~2AR-Riuc8 was 

already associated with a ~2AR-V when BRET first saturated at 24 hours. 

lnterestmgly, the titration BRET between ~2ARs has a linear relationship with the 

absolute level of ~2AR-V expression, that is, cells expressing higher level of 

~2AR-V produced higher BRET (Figure 13A right) . The calibration with Venus

Riuc8 fusion proteins showed the AJD ratio for the 1:1 stoichiometry equaled to 
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0.00405, thus the expression of ~2AR-V exceeded SNAP-~2AR-Riuc8 even in 

the group transfected with least ~2AR-V (Figure 13C), suggesting that the linear 

relationship between titration BRET and the ~2AR-V expression level did not 

resulted from the stoichiometric excess of SNAP-~2AR-Riuc8 . One possible 

explanation for this contradictory result is that ~2ARs self-associate as transient 

dimers and the titration BRET saturates because the expression of SNAP-~2AR

Riuc8 decreases as the expression of ~2AR-V increases, causing the curve of 

BRET versus AID ratio hyperbolic and saturated even ~2ARs form unstable 

dimers. Indeed, the fact that AID rat1o of 1:1 stoichiometry between ~2AR-V and 

SNA-~2AR-Riuc8 was lower than BRET so of both 24 and 48 hours transfection 

suggested that ~2ARs do not form stable dimers. Theoretically for stable dimers 

BRET 50 represents 1:1 stoichiometry between the donor and the acceptor 

because half of donors are associated with an acceptor and thus BRET will be 

half-maximum. Therefore, the titration BRET did not reflect the specific self

association of ~2ARs and was insensitive to AID ratio, but reflected the non

specific interactions (bystander BRET) and thus was sensitive to the expression 

level of ~2AR-V. 

Similar results were observed in BRET between ~2ARs and non-associating 

plasma membrane marker V-Kras (F1gure 138). The titration BRET was first 

saturated after 24 hours transient transfection and saturated at higher BRET ratio 

after 48 hours transfection. Also, the titration BRET was a linear function of the 

expression level of V-Kras. The similarity between titration BRET of both cases 

suggests that ~2ARs do not form stable dimers in cells. 



Figure 13 Titration BRET differentially saturated after 24 and 48 hours transient 

transfection and was linear to the level of acceptor expression 

(A) Left, the titration BRET between SNAP-/32AR-Riuc8 and f32AR-V 

hyperbolically saturated at different asymptotes (BRETeMax) after 24 and 48 hours 

transient transfection. Right, BRET between SNAP-f32AR-Riuc8 and f32AR-V 

increased as a liner function of f32AR-V expression level. Data from three 

independent experiments are superimposed, and the smooth line is fitted to a 

one site binding equation. 

(B) Left, the titration BRET between SNAP-f32AR-Riuc8 and V-Kras 

hyperbolically saturated at different asymptotes (BRETeMaxJ after 24 and 48 hours 

transtent transfection. Right, BRET between SNAP-f32AR-Riuc8 and V-Kras 

increased as a liner function of V-Kras expression level. Data from three 

independent experiments are superimposed, and the smooth line is fitted to a 

one site binding equation. 

(C) Measurement of fluorescence and luminescence of fusion proteins 

possessing a 1:1 stoichiometry of Venus and Rluc8 (V-TRAF-Riuc8 and V-TM

Riuc8) Etther a transmembrane domain (V-TM-Riuc8) or a fragment of TNF 

receptor-associated factor 2(V-TRAF-Riuc8) was mserted between Venus and 

Rluc8 to mmtmtze the mtramolecular BRET Data from the two proteins were 

pooled and fitted to a linear regress/On equatiOn The slope of 0 00405 

represented the AID ratio for the 1:1 stoichtometry of Venus and Rluc8. 



A 

B 

c 

Sna~2AR-Riuc8 / P2AR-V 

0.4 0.30 • 
• 24HR • 2AHR 

48HR 0.25 • ~ • 0.3 • • .-. 
i 0.2 

i 0.20 
.. 

• • • 0.15 • ..... ti .I • 
! 0.1 c 0.10 I· . .. . 

0.05 • 

0.0 0.00 ........---. 
0.00 0.05 0.10 0.15 0 200 400 600 800 1000 

V/Riuc8 (RLU) Venus (RLU) 

Snap132AR-Riuc8 / V-Kras 

1.0 

• 24HR 
0.8 • 48t-R • • • i 0.6 

• 

~ 0.4 

0.2 

0.0 
0.0 0.5 1.0 1.5 2.0 2.5 

V/Riuc8 (RLU) 

V-TRAF-Riuc8 and V-TM-Riuc8 

30 

§25 

r20 
:J 
~ 15 -~ 10 

~ 5 

0 

• 

slope= 0.00405 

• 

0 1000 2000 3000 4000 5000 
Rluc8 (RLU *1000) 

1.0 
• 24HR 

0.8 . ~ ., 
~0.6 • • 

~ • al • • • • 
~0.4 • 

0.2 ' '- I • • 
·' • 

0.0 

~\~~~~~~ 

72 



BRET between 132ARs and other class A GPCRs has a linear relationship with 

stably induced 132AR-V expression 
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Though we have shown that the titration BRET between 132ARs is insensitive 

to the AID ratio and is sensitive to the expression level of 132AR-V in transient 

transfection, it is necessary to confirm these results with stable expression of 

132AR-V as it helps reduce the cellular heterogeneity of acceptor expression. 

We constructed a Flp-ln T-Rex HEK293 cell line which stably expresses 

132AR-V under the control of tetracycline. The expression of 132AR-V was 

differentially induced (4.5x 104
- 2.3x 106 binding sites per cell) by incubating cells 

with a range of tetracycline (0 - 0.1 JJg/ml) for 48 hours. In the meanwhile these 

cells were transiently transfected with a constant amount of plasmid DNA 

encoding 132AR-Riuc8 for 12 - 48 hours during 48 hours induction, leading to a 16 

fold difference in 132AR-Riuc8 expression. For three different 132AR-Riuc8 

expression levels BRET between 132AR-Riuc8 and 132AR-V increased in a similar 

linear relationship with the expression level of 132AR-V (Figure 14A), suggesting 

that the titration BRET was insensitive to the AID ratio. 

The AID ratio for the 1:1 stoichiometry (Venus-Riuc8 fusion proteins) was 

0.00405 (Figure 13C), which was then corrected to 0.01215 for the 33% 

transfection efficiency of 132AR-Riuc8 on the stable 132AR-V cell line, indicating 

that the stoichiometry between 132AR-V and 132AR-Riuc8 exceeded 1:1 for almost 

all the 132AR-V induction levels (from 0.9:1 to 23:1 for highest 132AR-Riuc8 

expression level, and from 39:1 to 598:1 for the lowest 132AR-Riuc8 expression 

level). Thus the linear and unsaturated relationship between BRET and the 
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inducible expression of 132AR-V did not result from the stoichiometric excess of 

132AR-Riuc8. Similar linear relationships between stably induced 132AR-V and 

other five transiently expressed class A GPCR donors (Figure 148-F) were also 

observed, suggest that class A GPCRs do not form stable dimers and interact 

with each other in a random manner. 



F1gure 14. BRET between transiently expressed class A GPCR donors and 

stably expressed f32AR-V has a linear relationship with the expression of f32AR-V 

(A-F) f32AR-Riuc8 and other five class A GPCR donors were transiently 

transfected into stable cells inducibly expressing f32AR-V. Transient transfection 

was performed for different length of time (12 - 48 hours) during the 48 hours 

f32AR-V induction to allow low (light grey), medium (grey), and high (dark grey) 

expression levels of GPCR donors. BRET between Rluc8-labeled GPCRs and 

f32AR-V increased as a similar linear function of f32AR-V expression for the three 

donor expression levels, suggestmg that the titration BRET was insensitive to the 

AID ratiO and the class A GPCRs mteract with each other in a random manner. 

Data from two to seven independent expenments are supenmposed, and the 

expression levels of six GPCR donors are mdicated m each panel (RLUx 1000 

per well). 
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Close examination of protein expression on a cellular basis 

We have shown that the titration BRET between ~2ARs was insensitive to 

the AID ratio and was in an unsaturated and linear relationship with both 

transiently transfected and stably induced ~2AR-V, consistent with the 

hypothesis that ~2ARs do not form stable dimers and only interact with each 

other in a random manner. However, previous studies have provided contrary 

results that the titration BRET between class A GPCRs saturates as the AID ratio 

increases. suggesting that ~2ARs self-associate as stable dimers. 

To uncover the underlying factors that lead to mutually contradictory results 

of titration BRET, we examine the expression of donor- and acceptor-labeled 

~2ARs on a cell-to-cell basis for both stable and transient expression of ~2AR-V 

and try to figure out the effect of the heterogeneous protein expression on 

titration BRET. A constant amount of plasmid DNA encoding SNAP-~2AR-Riuc8 

was either transiently cotransfected with increasing amounts of plasmid DNA 

encoding ~2AR-V on regular HEK 293 cells or transfected alone on stable cells 

inducibly expressing ~2AR-V. For transient expression, SNAP-~2AR-Riuc8 and 

~2AR-V were cotransfected for 48 hours, whereas for stable expression SNAP

~2AR-Riuc8 was transfected for 48 hours with the 48 hours induction of ~2AR-V. 

The expressions of SNAP-~2AR-Riuc8 and ~2AR-V were measured by flow 

cytometry on a cell-to-cell basis after labeling SNAP- ~2AR-Riuc8 with a 

fluorescent substrate SNAP-Red, and the BRET ratio was measured in parallel 

experiments with cells possessing similar SNAP-~2AR-Riuc8 and ~2AR-V 

expression profiles. 
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Both transient cotransfection and inducible expression showed 

heterogeneous expression of SNAP-~2AR-Riuc8 and ~2AR-V, with some cells 

expressing only SNAP-~2AR-Riuc8 , some cells expressing only ~2AR-V, and 

some cells expressing both (Figure 15A-B). And the variability of donor and 

acceptor expression will then make titration BRET measured from populations of 

cells fail to reflect the real interaction between SNAP-~2AR-Riuc8 and ~2AR-V in 

individual cells. Assuming that ~2ARs self-associate as transient dimers and 

interact with each other in a random manner, several findings may help explain 

the difference between our BRET results and those from others, and help 

support the conclusion that stable induction of BRET acceptors is better than 

transient cotransfection for titration BRET. 



Figure 15 Heterogeneous expression of SNAP-{32AR-Riuc8 and {32AR-V in both 

transient cotransfection and stable mduction of {32AR-V 

The express/On of SNAP-{32AR-Riuc8 and {32AR-V was examined on a cell-to

cell basts after either transient cotransfection or stable induction of {32AR-V for 48 

hours. SNAP-{32AR-Riuc8 was labeled with a fluorescent substrate SNAP-Red 

for 2 hours, and the gates were set by labeling untransfected HEK 293 cells with 

SNAP-Red. The plots of each {32AR-V expression level were superimposed as 

contour plots, and each contour line indicated 5% of total cells. 

(A) Transtent transfection of SNAP-{32AR-Riuc8 on cells mducibly expressing 

mcreasing {32AR-V showed heterogeneous expression of both SNAP-{32AR

Riuc8 and {32AR-V, wtfh no obvious correlation between their expressions. 

(B) Cells transtently cotransfected with constant amount of SNAP-{32AR-Riuc8 

and mcreasmg amounts of {32AR-V also showed heterogeneous expression of 

both SNAP-{32AR-Riuc8 and {32AR-V. A posttive correlation existed between 

expression levels of these two proteins, and a negative correlation also existed 

between the expression of SNAP-{32AR-Riuc8 and the amount of plasmid DNA 

encoding {32AR- V used in transient contransfect10n 
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First, we found that the expressions of SNAP-J32AR-Riuc8 and J32AR-V were 

positively correlated in cotransfected cells but not in rnducible cells (Figure 15A

B). For low J32AR-V transfection, 31% of the total SNAP-J32AR-Riuc8 was 

expressed in cells expressing more than 1000 RLU of Venus fluorescence 

intensity; while for high J32AR-V transfection, 35% of the total SNAP-J32AR-Riuc8 

was expressed in cells expressing more than 1000 RLU of Venus fluorescence 

intensity (Figure 16). However, less than 1% and 18% of the total SNAP-J32AR

Riuc8 was expressed in cells expressing more than 1000 RLU of Venus 

fluorescence intensity for low and high J32AR-V induction, respectively (Figure 

16). That is, for transient cotransfection cells that expressed higher J32AR-V 

usually expressed higher SNAP-J32AR-Riuc8 whereas for inducible expression 

cells that expressed higher J32AR-V do not necessary expressed higher SNAP

J32AR-Riuc8. Therefore, BRET measured from populations of cotransfected cells 

was mainly contributed by the subpopulation expressing higher levels of SNAP

J32AR-Riuc8 and J32AR-V, and thus failed to represent the total populations of 

cells. 

In addition, the expression level of SNAP-J32AR-Riuc8 was negatively 

correlated with the amount of plasmid DNA encoding J32AR-V used in transient 

cotransfection (Figure 158, right panel), that is, the expression of SNAP-J32AR

Riuc8 on individual cells decreased as the amount of plasmid DNA increased. 

The negative correlation plays a critical role in obtaining the saturating titration 

BRET between non-associated proteins because decrease in the expression of 

donor-labeled protein may dramatically increase the AID ratio even the 
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expression level of acceptor-labeled protein remains constant. Therefore, the 

theoretical linear BRET versus AID relationship right-bends as the acceptor 

expression increases, resulting in a hyperbolic and saturating BRET versus AID 

curve in transient cotransfection. 
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Figure 16. BRET was contributed by cells expressmg high levels of {32AR-V after 

transient contransfection 

Total Rlluc81uminescence was represented as cumulative SNAP-Red on cells 

expressing increasing {32AR-V (RLU). For transient cotransfection 31% and 35% 

of the total SNAP-{32AR-Riuc8 were expressed in cells expressing more than 

1000 RLU of Venus fluorescence intensity for low and high {32AR-V expression, 

respectively. However, less than 1% or 18% of the total SNAP-{32AR-Riuc8 was 

expressed in cells expressing more than 1000 RLU of Venus fluorescence 

intensity for low or high {32AR-V induction, respectively. 
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Last but not least, as BRET was dominated by the subpopulation with higher 

donor and acceptor expression, it may be heavily affected by bystander BRET if 

P2ARs self-associate as transient dimers. For high P2AR-V transfection, 50% of 

the theoretical cumulative bystander BRET was contributed by cells 

expressing >2300 RLU of Venus fluorescence intensity; while for high P2AR-V 

induction, 50% of the theoretical cumulative bystander BRET was contributed by 

cells expressing > 900 RLU of Venus fluorescence intensity (Figure 17). 

Moreover, cotransfected cells possessed not only a wider range but also higher 

levels of P2AR-V expression than inducible cells for high P2AR-V expression 

groups (Figure 17). Thus the susceptibility to bystander BRET and the higher 

level of P2AR-V expression may help explain the observation of higher BRET in 

cells transiently expressing P2AR-V. 
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Figure 17. Histogram of {32AR-V expression levels and the theoretical cumulative 

bystander BRET between SNAP-{32AR-Riuc8 and {32AR-V 

Cotransfected cells exhibited not only a wider range but also higher levels of 

{32AR-V expression than inducible cells for high {32AR-V expression groups. And 

50% of the theoretical cumulative bystander BRET was contributed by cells 

expressing more than 2300 RLU or 900 RLU of {32AR-V after transient 

cotransfection or stable induction of {32AR-V, respectively. 
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As the linear relationship between titration BRET and the level of 132AR-V 

expression is possibly resulted from the stoichiometric excess of SNAP-132AR

Riuc8, we made a SNAP- 132AR-V construct to indicate the 1:1 stoichiometry 

between SNAP-132AR-Riuc8 and 132AR-V. The superimposed contour plots 

between cells expressing both SNAP-132AR-Riuc8 and 132AR-V and cells 

expressing SNAP-132AR-V indicated that most cells possessed a stoichiometry 

between 132AR-V and SNAP-132AR-Riuc8 higher than 1:1 in both transient 

cotransfection and stable induction of 132AR-V (Figure 18A-B). 
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Here we have shown that the heterogeneous expression plays an important 

role in interpreting titration BRET experiments. We found that for both transient 

cotransfection and inducible expression the expression of both the donor and the 

acceptor was varied on a cell-to-cell basis and the BRET measured from 

populations of cells was majorly contributed by subpopulations expressing higher 

acceptor levels. In addition, we found that for transient cotransfection the 

expression of the donor decreased as the acceptor expression increased, 

leading to a hyperbolic BRET versus AID curve even with non-specific interaction 

between donors and acceptors. Although it is nearly impossible to achieve 

homogenous expression of donors and acceptors, expressing acceptors under 

stable induction helps limit one variable and simplify the expression conditions. 
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Figure 18. The stoichiometry between f32AR- V and SNAP-f32AR-Riuc8 exceeded 

1:1 in both transient cotransfection and stable induction of f32AR-V 

A SNAP- f32AR-V (grey) construct was made to indicate the 1:1 stoichiometry 

between the acceptor and the donor. The superimposed contour plots indicated 

that most cells exhibited a stoichiometry between f32AR- V and SNAP-f32AR-

RlucB higher than 1:1 in both transient cotransfection and stable induction of 

f32AR-V. 
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V. DISCUSSION 

Self-association of Class C GPCRs has been well documented as an 

irreversible process which happens during biosynthesis. This dimerization 

process is independent on ligand binding and has been suggested to play an 

important role in receptor cell surface targeting, agonist-induced activation, and 

allosteric regulation [52-54]. Despite the fact that monomer GPCRs are capable 

of activating heterotrimeric G proteins and recruiting arrestins, self-association of 

Class A GPCRs remains elusive because contrary results from various 

approaches such as resonance energy transfer, fluorescence recovery after 

photobleaching, disulfide cross-linking, and single molecule imaging have been 

reported [39, 124-126]. One of the most important and controversial questions is 

the stability of Class A GPCR oligomers. Here we have shown that the self

association of ~2ARs is transient and dependent on the cell surface receptor 

density, and these ~2AR dimeric complexes are subject to trafficking-induced 

dissociation. 

Stability and functional relevance of GPCR dimers during receptor trafficking 

Self-association of GPCRs has been suggested to be crucial for receptor cell 

surface targeting and agonist-induced internalization, and these dimeric 

complexes are believed to remain intact during the trafficking process. Studies on 
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melanocortin 1 receptor [127], ~ 1 adrenoceptor (128], and a1 B adrenoceptor 

[129] have shown that the ER-retained mutant protomers exert dominant

negative effect on the cell surface delivery of wild-type protomers. In contrast, 

studies on heterodimers suggest that expression of certain GPCRs can enhance 

cell surface expression of other GPCRs which are poorly-expressed at the 

plasma membrane [130-132] . These reports are consistent with the concept that 

self-association of GPCRs occurs as early as in biosynthesis and these dimers 

remain intact during forward trafficking. In addition to receptor forward trafficking, 

studies on Ste2 receptors in the yeast Saccharomyces cervisiae and human 

~2ARs have shown that activation of one protomer is sufficient to induce the 

internalization of the other internalization- or binding-defective protomers [71 , 

133]. Moreover, studies on heterodimers between opioid receptors and ~2ARs 

have shown similar results that activation of either protomeric opioid receptors or 

protomeric ~2ARs can promote internalization of other inactivated protomeric 

opoid receptors or ~2ARs [70, 134], consistent with the idea that GPCRs 

internalize as intact homo- and heterodimers even only one protomer is activated. 

All these studies support the concept that GPCRs traffic as intact homo- and 

heterodimers. 

Dissociation of B2AR dimers during internalization 

Here we have shown that the agonist treatment resulted in a decrease in 

BRET between active ~2AR (wild-type ~2AR-Riuc8) and inactive ~2AR (~2AR-V 

D113S), and the BRET decrease is concluded as an evidence of the dissociation 
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of 132AR dimers where 132AR-Riuc8 internalized in response to agonist binding 

and 132AR-V 0113S remained at the plasma membrane. However, several 

aspects regarding the experiment need to be further discussed. First, the 

internalization-induced dissociation experiment relies on the assumption that 

neither the point mutation of the ligand binding site nor the fusion of donor (or 

acceptor) to the 132AR affects the self-association (either enhance or reduce). 

Though the titration BRET between 132AR-Riuc8 and 132AR-V 0113S showed 

that the agonist-induced internalization disrupted both specific and non-specific 

rather than only non-specific interactions between the two proteins, more 

complicated scenarios may exist. For example, if the donor-labeled 132AR only 

associates with another donor-labeled 132AR and this 132AR-Riuc8:132AR-Riuc8 

dimers only specifically interact with acceptor-labeled 132ARs within the higher

order oligomers, the BRET 50 will remain the same before and after agonist

induced internalization as the interaction profile remains the same. Thus the 

decrease in BRET between 132AR-Riuc8 and 132AR-V D113S may reflect the 

segregation of 132AR oligomers containing 132AR-Riuc8:132AR-Riuc8 dimers and 

132AR-V 0113S:I32AR-V 0113S dimers but not the dissociation of 132AR

Riuc8:132AR-V 0113S dimers. 

Second, all we can conclude from the results is the dissociation of 132AR 

dimers; however, we don't know whether the dissociated 132AR-Riuc8 protomers 

re-associate with another dissociated 132AR-Riuc8 protomers before 

internalization (if dimer is required for internalization), we also don't know 



whether the internalized ~2AR-Riuc8 protomers re-associate with another 

internalized ~2AR-Riuc8 protomers. 
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Third, we found that BRET between active ~2AR-Riuc8 and active ~2AR-V 

increased in response to agonist treatment, and this increase in BRET was either 

enhanced or inhibited in the presence of small molecule dynamin inhibitor 

dynasore or dominant negative dynamin K44A, respectively. Our interpretation 

for this finding is that the increase in BRET was due to physical crowding of 

active ~2ARs in clathrin-coated pits in response to agonist binding, leading to 

higher chance of non-specific random collisions between ~2ARs . However, some 

questions regarding the phenomenon are unsolved and details are needed to 

fully characterize the whole process. For example, if ~2AR dimers between two 

wild-type ~2AR protomers remain associated during the internalization process, 

physical crowding of ~2ARs should not increase the BRET as each donor

labeled ~2AR is already associated with an acceptor-labeled ~2AR. An 

explanation for this scenario is that ~2ARs self-associate in a transient manner, 

that is, cell surface ~2AR dimers are in dynamic equilibrium with monomers. 

Thus BRET between active ~2ARs would increase as non-specific random 

collisions between monomeric ~2ARs increase due to recruitment to clathrin

coated pits. 

Fourth, the fraction of ~2AR dimers disrupted by agonist-induced 

internalization can be indirectly estimated by the decrease in BRET between 

~2AR dimers. For example, we observed a 25-30% loss of the net BRET signal 

between ~2AR-Riuc8 and ~2AR-V 0113S in response to agonist stimulation. 
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Assuming 50% of the net BRET signal arose from 132ARs in intracellular 

compartments (without access to agonist stimulation), we could estimate that 50-

60% of the 132AR dimers which originally present at the plasma membrane were 

disrupted by internalization as only 50% of the net BRET signal originated from 

the plasma membrane was accessible to agonist stimulation. 

Fifth, here we have shown by cell surface ELISA assay that about 50-70% of 

the cell surface 132ARs internalize upon agonist stimulation, and these numbers 

are comparable to those of previous studies with similar methods. The 

comparable extent of internalization suggested that association with inactive 

132ARs (0113S) does not restrain the internalization of active 132AR (wild-type), 

that is, the affinity between associated 132AR protomers is limited. 

Dissociation of 62AR dimers during forward trafficking 

Point mutations have been reported in many GPCRs and are usually related 

with various congenital diseases. Some mutations lead to receptor misfolding 

and the consequent ER-retention ; however, these misfolded GPCRs may be 

rescued by membrane permeable pharmacological chaperones such as agonists 

and antagonists, and then target to the plasma membrane. For instance, retinitis 

pigmentosa is caused by optin P23H mutation, which results in rhodopsin 

misfolding and the following trafficking defect. The misfolded opsin P23H can be 

rescued with 11-cis retinal , which helps stabilize the structure of opsin P23H and 

facilitate its cell surface targeting [135]. Another example is obesity caused by 

heterozygous null mutations of melanocortin-4 receptor (MC4R), which usually 



lead to protein misfolding and the ER-retention. Treatment with membrane 

permeable MC4R ligands exerts therapeutic effects by enhancing cell surface 

expression of these MC4R mutants [136, 137]. 
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Similarly, a W158A mutation in 132AR results in protein misfolding, the ER

retention, and the following protein degradation. Binding with either agonists or 

antagonists helps stabilize the structure of 132AR W158A and promote its forward 

trafficking to the plasma membrane. Although the W158A mutation resides in the 

4th transmembrane domain, which is one of the putative dimer interfaces, it is 

unlikely that this mutation limits the 132AR dimerization because the W158 is 

hydrophobic and is buried inside the receptor core, with limited effect on the 

structure of 132AR by inwardly moving the 4th transmembrane domain [123]. 

We have also shown that ER-retained 132AR dimers can be dissociated by 

antagonist-facilitated forward trafficking, and this dissociation can be inhibited by 

methods that inhibit receptor forward trafficking (data not shown). However, we 

do not know the fraction of 132AR dimers disrupted by antagonist-induced forward 

trafficking. We also don't know whether forward trafficking of rescue-competent 

132ARs (W158A) co-forward traffic rescue-incompetent 132ARs (D113SNV158A) to 

the plasma membrane. We do not know whether dimerization is a pre-requisite 

for 132AR to traffic to the plasma membrane, nor do we know whether dissociated 

132AR protomers re-associate during trafficking to the plasma membrane. 

Therefore, the antagonist-induced decrease in BRET between rescue-competent 

132AR (W158A) and rescue-incompetent 132AR (D113SNV158A) can only suggest 

the dissociation of these promoters which are initially in close proximity to each 



other, and the dynamics and the functional relevance of P2AR self-association 

remain elusive. 

Putative model of B2ARs segregation during trafficking 
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How do P2AR dimers dissociate during trafficking (both internalization and 

forward trafficking)? The simplest model is that P2ARs self-associate as transient 

dimeric complexes and thus these dimers are in dynamic equilibrium with 

monomers. Recruitment of wild-type or rescue-competent P2ARs to respectively 

clathrin-coated pits or trafficking vesicles would also lead to passive recruitment 

of inactive or rescue-incompetent P2ARs. The degree of passive recruitment is 

then determined by the stability of P2AR dimers, that is, higher dimer dissociation 

rate would result in higher fraction of wild-type or rescue-competent P2ARs in 

clathrin-coated pits or trafficking vesicles, leading to higher selective 

internalization of wild-type or rescue-competent P2ARs and the following 

decrease in BRET. 

Dynamic equilibrium between B2AR dimers and monomers 

Here we have shown that P2ARs self-associate as homodimers in a cell 

surface receptor density dependent manner, and the newly synthesized P2ARs 

can efficiently transfer energy to previously synthesized P2ARs with weak affinity 

between protomers, suggesting that P2ARs form transient dimers and these 

dimers are in dynamic equilibrium with monomers. 
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Previous studies have clearly illustrated the relationship between energy 

transfer and cell surface protein densities [138]. And there are studies suggesting 

that class A GPCRs self-associate despite cell surface expression level under 

transient transfection. However, the major limitation is that receptor expression is 

not uniform for each cell and the self-association detected could be from cells 

expressing high concentration of receptors. We addressed this issue by 

establishing the Flp-ln T-Rex SNAP-P2AR inducible cell line on which the 

expression of SNAP-P2AR can be induced by tetracycline. Combined with the 

radio-ligand binding, we were able to compare the self-association of SNAP

P2ARs to their surface expression level. We found that TR-FRET ratio increased 

with the cell surface expression of SNAP-P2ARs, suggesting that P2ARs self

associate in a cell surface receptor density dependent manner, which is distinctly 

different from stable dimers, such as class C GPCRs. Interestingly, similar results 

of density dependent TR-FRET have been reported for several class A GPCRs 

[1 08, 139], suggesting that transient self-association may be a common feature 

of these receptors. Notably, the radio-ligand binding showed that cell surface 

expression of P2AR is less than 40000 receptors per cell for human bronchial 

smooth muscle cells (data not shown), suggesting that P2ARs may exist as 

monomers under physiological conditions though more complex scenarios may 

also exist. 

In this study we have designed a strategy to study the self-association of 

P2ARs. Taking the advantage the inducible cell line, we are able to observe the 

self-association between P2ARs synthesized at different time and the 
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dissociation of pre-existing ~2AR dimers. We labeled the previously synthesized 

SNAP-~2AR with FRET acceptor SNAP-Red , and allowed additional induction of 

newly synthesized SNAP-~2AR for 1-3 hours. Then the newly synthesized 

SNAP-~2ARs were labeled with FRET donor Lumi4-Tb. The fact that newly 

synthesized SNAP-~2ARs can transfer energy to previously synthesized SNAP

~2ARs indicates the association between receptors synthesized at different time. 

One may argue that the energy transfer was resulted from random collisions 

between "new" and "old" receptors, but it is not true because the unitary FRET 

efficiency between "new" and "old" SNAP-~2ARs is similar to unitary FRET 

efficiency between SNAP-~2ARs synthesized and labeled at the same time. The 

benzyl-guanine titration experiment helped us further elucidate the transient self

association of SNAP-~2ARs. The fact that FRET ratio increased with the intensity 

of Lumi4-Tb suggests the existence of spontaneous dissociation of Lumi4-Tb

and SNAP-Red-labeled transient dimers and the association between BG labeled 

monomers and Lumi4-Tb- or SNAP-Red-labeled monomers. And the similar 

slope of FRET ratio versus Lumi4-Tb intensity curves between benzyl-guanine 

titration experiment and tetracycline induction time course suggest that affinity 

between ~2AR monomers was not as strong as what we would expect for strong 

dimers. 

The current finding of transient self-association of ~2AR is consistent with our 

previous results showing that internalization can segregate ~2AR homodimers. 

Our results are also in consistency with previous studies on N-formyl peptide 

receptor (FPR) and M1 muscarinic receptor by single molecule imaging and TIRF 
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imaging, respectively [140, 141]. Both FPR receptors and M1 muscarinic 

receptors are in dynamic equilibrium with monomers in a time scale less than 1 

second. However, our results are inconsistent with studies on calss C GABA8 

receptors done by drug-induced receptor cell surface targeting, which suggested 

that previously synthesized GABAs heterodimers did not spontaneously 

dissociate and mix with newly synthesized GABA8 heterodimers [142]. It is not a 

surprise because Class C GPCRs are the only receptors which have been shown 

to have clear covalent interaction between the N-terminus of protomers. 

Lateral diffusion enhances lanthanide-based FRET between membrane proteins 

The use of long-lived lanthanide donors (Lumi4-Tb, t = 2.7ms) allows for a 

delay between excitation and detection of emission and thus substantially 

enhance the signal-to-noise ratio. However, this long excited state lifetime also 

allows membrane proteins to diffuse significant distances on the plasma 

membrane and increase the chance of physical encounter between donor- and 

acceptor-labeled proteins [117], leading to an enhanced energy transfer (Figure 

19A). 

To better characterize the relationship between protein lateral diffusion and 

TR-FRET, we constructed stable cell lines expressmg SNAP-tagged 

glycosylphosphatidylinositol (GPI)-anchored proteins (SNAP-GPI) and SNAP

l32AR under the control of a tetracycline-inducible promoter. These proteins were 

induced for increasing expression levels, and were labeled simultaneously with 

donor (Lumi4-Tb2+) and acceptor (SNAP-Red) fluorophores. TR-FRET between 



96 

SNAP-GPis or between SNAP-~2ARs was then measured under varying 

diffusion conditions. Based on the equation of mean square displacement, 

receptor diffusion on the plasma membrane can be characterized as ,-2 = 4Dt, 

where r stands for the distance of diffusion [143], D stands for diffusion 

coefficient of the receptor on the plasma membrane, and t stands for time length 

of diffusion. With the diffusion coefficient of ~2AR (0.039 1-1m2 s 1) and GPI (0.4 

1-1m2 s 1) on the plasma membrane, movement of the two proteins within TR

FRET detection time window (1.5ms) can then be calculated as r = 

(4x0.039x1 5x1Q 3)
112 = 0.0153 (1Jm2

) orr= (4x0.4x1.5x10.3)
112 = 0.049 (1-1m2

), 

respectively. Thus we could expect that FRET between SNAP-GPI proteins was 

better enhance by later diffusion on the plasma membrane than that between 

SNAP- ~2ARs , and this diffusion-enhanced FRET will be more sensitive to 

changes in protein lateral mobility. 

FRET ratios between SNAP-GPI proteins decreased by 75±2% - 85±1% 

(P<0.01 , n = 3) under a wide range of expression levels when these proteins 

were immobilized by aldehyde fixation (Figure 198, left). Aldehyde fixation also 

decreased FRET between SNAP-~2ARs by 70±11% - 76±1% (P<0.01 , n = 3) 

across different expression levels (Figure 19C, left) We have confirmed that 

aldehyde fixation did not change the acceptor em1ssion after direct excitation, nor 

did 1t change the donor emiss1on 1n the absence of acceptors (data not shown). 

In add1t1on, immobilization by biotin-avidin crosslinking also led to comparable 

decreases in FRET between SNAP-GPI proteins (76±2% - 85±1 %) and that 

between SNAP-~2ARs (57±9%- 59±2%). Moreover, we observed FRET kinetics 
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under different protein mobility by varying the temperature of cells. Cells were 

cooled down on ice and FRET kinetics was measured immediately after re

warming up cells gradually to room temperature. FRET between SNAP-GPI 

proteins and between SNAP-132ARs under highest expression level was 

attenuated at low temperature but increased immediately after gradually warming 

up cells to room temperature, consistent with the concept that TR-FRET 

increases with increasing protein mobility (Figure 198-C, right) . Similarly, the 

sensitivity of FRET to temperature change was inhibited by approaches which 

immobilize protein diffusion. 

The effect of decreased mobility on TR- FRET was evident for both SNAP

GPI and SNAP-132AR across different expression levels, suggesting that lateral 

diffusion significantly enhances energy transfer between membrane proteins. 

Thus, diffusion needs to be considered when interpreting TR-FRET between 

membrane proteins. It is worth noting that under complete labeling of membrane 

proteins this phenomenon provides information about membrane protein 

organization as diffusion can only enhance FRET between donors and acceptors 

that diffuse independently (that is, TR-FRET between donors and acceptors 

originated from stable dimers would be insensitive to protein immobilization). 

Therefore, if the protein labeling efficiency achieves 1 00%, these results further 

suggest that a substantial fraction of GPI-anchored protems and j32ARs exist on 

the cell surface as rapidly-diffusing monomers. 



Figure 19. Diffusion-enhanced FRET between membrane proteins 

(A) Schematic illustration of lateral diffusion between membrane proteins within 

TR-FRET measurement time window. Diffus1on would potentially enhance FRET 

between donor- and acceptor-labeled monomers because of higher chance of 

physical encounter. FRET between dimers would be insensitive to diffusion as 

each donor-labeled protomer already transfers its energy to an associated 

acceptor-labeled protomer. 

(B) - (C) Left, FRET between SNAP-GPI and that between SNAP-{32ARs 

increased with increasing cell surface expression. Immobilization by aldehyde 

fixation or biotin-avidin cross/inking decreased FRET between SNAP-GPI by 

respectively 75±2%- 85±1% or 76±2%- 85±1% and FRET between SNAP-{32AR 

by 70±11%- 76±1% or 57±9%- 59±2% across different expression levels. Right, 

FRET between SNAP-GPI and that between SNAP-{32AR at highest expression 

level was attenuated under cold temperature but increased as a function of time 

for which cells were warmed up at room temperature. Protein immobilization led 

to insensitivity of FRET to changes in temperature. 



98 

A 
Monomers: Stable dimers: 

100 nm s uare 

B SNAP-GPI 

1.5 
High induction 

• cr •' 1.00 r-· ~12 
• Blotln.A"'<in 
4 Aldet¥ie F1xabon t ~ 0.7 

~ 0.9 
I 

~0.50 
. 

• cr i 0.6 
I • l!lobn..AIIdn 

~0 
4 Aldet1)Qe Axlllcf'l 

• 0.3 .... u.. • • • 0.0 0.00 
0 5 10 15 20 0 60 120 180 240 30(1 

&rlace Expression (RLU x1000) Time at RT (sec) 

c 
SNAP-P2AR 

0.30 
High induction 

• cr 

+ ' 
~0.25 • Biotin-Allicin 

~0.20 ~-4 Aldet1)Qe Flxallon 

ID 0.20 f CT 

~0.15 I m 0.1 
Blotln-AVIdn 

t I 4 Aldet¥!e Rxati<lfl 

~ 0.10 
-0.10 • • • ~ 0. t • • • 

u.. 0.05 • • • • • • LL. 

0.00 0.00 
0 3 6 9 12 0 60 120 180 240 30() 

&rlace Expression (RLU x1000) Time at RT (sec) 



Functional relevance of GPCR dimerization 

Transport 
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The function of GPCR dimerization has been described in many aspects, 

such as altered ligand binding affinity, receptor cell surface delivery and retention 

of certain GPCRs [45, 144, 145], modulation of G protein-coupling [146, 147], 

allosteric regulation [48, 68, 148], and promotion or inhibition of agonist-induced 

internalization [65, 70, 149]. Given the fact that GPCRs are major targets of 

many commercially available drugs and many reports have shown specific ligand 

binding characteristics of GPCR homo- and heterodimers, more and more efforts 

are put on the discovery of ligands targeting receptor homo- and heterodimers 

and the allosteric regulation between protomers. 

The association of GPCR dimeric complexes takes place as early as in the 

ER. Chimeric 132AR containing an ER retention motif from the C-terminal tail of 

GABAe1 was trapped in the ER and prevented the cell surface delivery of co

expressed wild-type 132ARs and retained the wild-type 132ARs in the ER [45]. And 

the cell surface delivery of wild-type 132ARs was higher in co-expression with the 

GABAe1 than with the 132ARs containing the C-terminal tail of GABA61 . Similar 

strategy has been applied in the mutant CXCR1 receptor containing an arginine

based ER-retention motif from the a2cAR [1 07]. The mutant CXCR 1 failed to 

export to the cell surface and showed a dommant negative effect on the cell 

surface expression of co-expressed wild-type CXCR1 and CXCR2 receptors. 

Similar results have been reported on other GPCRs such as a2eAR [150] and 

5HT2c receptor [151]. These results are consistent with the suggestion that 
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GPCRs associate to form higher order oligomers in the ER although an 

alternative explanation would be that the accumulation of the ER-retained mutant 

receptors inhibits the biosynthesis and cell surface delivery of wild-type receptors. 

In contrast to the ER retention effects of certain GPCRs, there are reports 

showing that co-expression of one GPCR promotes the cell surface delivery of 

another type of GPCR [130-132]. For example, co-expression of certain GPCRs 

has been suggested to promote the cell surface expression of olfactory receptors 

in heterologoous systems. In addition, several types of adrenergic receptors have 

been shown to enhance the cell surface expression and the function of a10AR. 

Although clear mechanisms of the dominant negative effects on ER retention and 

cell surface delivery remain unclear, it is possibly that the dimerization facilitates 

interactions between GPCRs and ER-resided chaperone proteins in the ER 

quality control system and the processing of glycosylation in the Golgi apparatus. 

Also, it is worth knowing that the quaternary structures of many other cell surface 

receptors, including ion channels, transforming growth factor receptors (TGFRs), 

and ATP binding cassette transporters, are assembled before cell surface 

delivery [152, 153]. 

Ligand binding 

There are two types of allosteric modulation in GPCR homo- and 

heterodimers. One type is that receptor protomers become conduits of the 

allosteric modulation and the ligands act as both the allosteric modulators and 

the targers. It can be the same ligand acts as both the modulator and the target 

within the identical protomers (homodimers), and this is usually referred to as 
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positive or negative cooperativity. In negative cooperativity, the ligand binding to 

the first protomer decreases the ligand binding affinity of the second protomer. 

This model assumes that G proteins are sufficient and act as additional allosteric 

modulators which enhance the agonist binding and provide the conformation of 

the dimer for negative cooperativity between protomers. There is an argument 

that the negative cooperativity is an artifact of membrane preparations where the 

pool of G proteins is limited. However, a study in native tissues by TR-FRET with 

fluorescent ligands provides strong support for negative cooperativity [1 08]. 

FRET observed between fluorescent agonists and antagonists was significantly 

higher than FRET observed between two fluorescent agonists, suggesting that 

only one agonist was bound per dimer, consistent with the negative cooperativity 

between protomers. The same modulation can apply with different ligands act as 

the modulator and the target, respectively, within the identical protomers, and this 

is usually referred to as allosteric regulation between different ligands in the 

homodimers. It can also be different ligands act as the modulator and the target, 

respectively, within different protomers (heterodimers). An example for this is that 

adenosine A2A receptor ligands modulate the affinity of dopamine 02 receptor 

ligands in the A2AID2 heterodimer, which has been suggested to be a 

therapeutic target of Parkinson's disease [154] Similar results have been 

reported in 6 opioid/IJ opioid and 6 opioid/canabinoid CB1 heterodimers [155, 

156]. Another type of allosteric modulation occurs in GPCR heterodimers in 

which one protomer acts as the allosteric modulator whereas the ligand of the 

other protomer acts as the allosteric target, and this is usually referred to as 
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ligand independent allosteric modulation. For instance the dopamine 02 receptor 

selectively decreases the binding affinity of SCH-442416 to the A2A receptor in 

the A2AJD2 heterodimer [157]. The similar effect has been reported in the 

melatonin MT1/orphan GPR50 heterodimer in which the GPR50 receptor 

attenuates the melatonin binding to the MT1 receptor [158]. 

What is the functional significance of the allosteric modulation? As for 

negative (or positive) cooperativity, one could expect that different concentrations 

of the agonist initiate different levels of the downstream signaling. Negative 

cooperativity could provide a protection mechanism against acute increase of the 

endogenous ligands, whereas positive cooperativity could provide an 

amplification mechanism which can amplify the downstream signaling of low 

concentration of ligands. As for allosteric modulation between different ligands in 

the homodimers or heterodimers, this modulation helps to screen out the 

endogenous ligands which are selective for particular dimers. In addition, the 

modulation provides the opportunity for fine-tuning of ligand binding affinities for 

particular dimers. As for ligand independent allosteric modulation, these dimers 

may serve as therapeutic target for disease treatments. 

Transient dimerization of class A GPCRs and its effect on functional relevance 

Debate regarding whether class A GPCRs form dimers has been continued 

for years. Recent publications seem to accept the concept that these receptors 

can associate as homo- or heterodimers or higher oligomers in a transient 

manner. Our BRET results have shown that internalization can dissociate active 
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~2ARs from inactive ~2ARs , which is consistent with transient dimerization of 

~2ARs . Our TR-FRET results also provide the evidence that self-association of 

~2ARs on the plasma membrane depends on the cell surface receptor density, 

and the dimers are in dynamic equilibrium with monomers. Single molecule 

imaging results of N-formyl peptide receptor (FPR), M1 muscarinic receptor 

(M1 R), ~1AR , and ~2AR clearly showed that the dimerization of these receptors 

are transient, with a dimer lifetime of 91 ms, -500ms, -48, and -48, respectively. 

What is the effect of transient dimerization of class A GPCRs on functional 

relevance? As the average dimer lifetime of class A is usually in the milliseconds 

to seconds scale, some of the functions attributed to receptor dimerization need 

to be reconsidered. GPCR dimers were thought to traffic as intact entities during 

trafficking processes, including both cell surface delivery and internalization. And 

the dimerization is also thought to be crucial for cell surface delivery of certain 

class A GPCRs. However, the fact that class A GPCRs associate as transient 

dimers makes these possibilities less likely. Receptor internalization ability 

should not be dependent or affected by homo- and heterodimerization. Reports 

showing different internalization profiles of certain dimers actually reflect the 

affected ligand binding affinity resulted from allosteric communication. Reports 

showing enhanced cell surface delivery of certain class A GPCRs when co

expressed with another type of receptor did not reflect the trafficking of these 

intact homo- and heterodimers. The transient interaction of receptors in the 

biosynthesis process should provide better interaction with chaperone proteins, 

which in turn enhance the receptor cell surface delivery. As for allosteric 
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communication, this modulation should not be restricted though the protomers 

only interact in a transient manner. However, as the transient interaction is 

usually dependent on the cell surface expression level, it is possible that the 

allosteric modulation is not a general scenario in whole cells but only exists in 

certain microdomains containing higher density of receptors. 



VI. SUMMARY 

1. Non-specific BRET is sensitive enough to report both agonist-induced 

internalization and antagonist-facilitated forward trafficking of r32ARs. 

2. Internalization dissociates active and inactive r32ARs. 
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3. Forward trafficking dissociates ER-retamed r32ARs from rescue-incompetent 

r32ARs. 

4. Enlargement of membrane surface area by ER-Golgi fusion dissociate r32ARs. 

5. Mature r32ARs self-associate at the plasma membrane in a density dependent 

manner. 

6. Newly synthesized r32ARs can transfer energy efficiently to previously 

synthesized r32ARs, that is, r32ARs synthesized at different times can 

associate with each other at the plasma membrane. 

7. Cellular heterogeneity plays an important role in canonical interpretation of 

titration BRET experiments, in which BRET was dominated by subpopulations 

expressing higher acceptor levels. 

8. For transient cotransfection the expression of the donor decreased as the 

acceptor expression increased, leading to a hyperbolic BRET versus AJD 

curve even with non-specific interaction between donors and acceptors. 

9. Expressing acceptors under stable induction helps limit one variable and 

simplify the expression conditions. 
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10. Diffusion needs to be considered when interpreting TR-FRET between 

membrane proteins as lateral diffusion significantly enhances energy transfer 

between membrane proteins. 
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