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ABSTRACT 

From schizophrenia to asthma, GPCRs have an important role in drug therapy. 

This work focuses on the AT1R; a GPCR with widespread use in the treatment of 

cardiovascular disease. Specifically, this work examines the structural aspects of 

AT1R dimerization, which has been shown to have profound effects on receptor 

pharmacology. We hypothesized that AT1R homomer formation is driven by 

hydrophobic amino acids that are exposed to the phospholipid bilayer. A three-

dimensional homology model of the AT1R was developed and subsequently 

validated by a recently published crystal structure. This model was used to guide 

site-directed mutagenesis, and BRET was used to characterize receptor mutants. 

The data presented herein demonstrates that hydrophobic amino acids within 

TMs III, IV, V, VI, and VII contribute to AT1R-AT1R affinity. These findings 

provide the first glimpse at AT1R homomer structure using GOMoDo and may 

provide a foundation for the development of drugs that target AT1R dimers. 
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CHAPTER 1  INTRODUCTION 

1.1 G PROTEIN-COUPLED RECEPTORS 

More than 800 receptors belong to the G protein-coupled receptor (GPCR) 

superfamily, and it is one of the largest protein families encoded by the human 

genome1-3. The GPCR signature can also be found in the genome of every known 

eukaryotic species, highlighting the evolutionary significance of these integral 

membrane proteins4. Over half of human GPCRs are thought to be involved in 

the olfactory system1; however, receptor function can range from 

phototransduction5 to bronchodilation6. This vast diversity has given the GPCR 

superfamily a central role in drug therapy. Indeed, nearly half of all 

pharmaceuticals on the market target only a small fraction of these receptors7,8. 

Thus, it can be speculated that, with further characterization, the GPCR 

superfamily will be an important tool for disease treatment for years to come.  

Current use of GPCRs in drug therapy includes almost every organ system. 

Diseases affecting the respiratory, cardiovascular, and central nervous systems 

are perhaps the most notable. Among the most common GPCR targets are the 

angiotensin II type 1 receptor (AT1R), the dopamine receptor, the 5-

hydroxytryptamine receptor, and the adrenergic receptors. Blockade of the AT1R, 

for example, is widely used for the treatment of hypertension, congestive heart 

failure, and diabetes mellitus-induced renal damage9. While antagonists of the β1- 

and/or β2-adrenergic receptors (β1/β2AR) are used to treat coronary heart 
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disease, hypertension, and congestive heart failure10, β2AR agonists are central in 

the treatment of asthma and chronic obstructive pulmonary disease11. Looking at 

the central nervous system, dopamine receptor antagonists are used for the 

treatment of schizophrenia, while agonists of the same receptor are used for the 

treatment of Parkinson’s disease12.  

The widespread use of GPCRs as drug targets is derived in large part from the 

flexibility of GPCR signaling. In the canonical model of GPCR signaling, activated 

GPCRs act as guanine nucleotide exchange factors that promote the switch of 

GDP to GTP within the α subunit of specific heterotrimeric G proteins (Gαβγ; 

Figure 1A). These GTP-bound G proteins go on to activate numerous intracellular 

effector proteins, which ultimately yield a physiological response13. In recent 

years, however, the canonical model of GPCR signaling has been modified as it 

has become apparent that GPCRs are also capable of signaling without the use of 

G protein transducers13. The discovery of GPCR signaling via a class of adaptor 

proteins known as arrestins (Figure 1B) has broadened our understanding of 

GPCR signaling, and it has highlighted the functional diversity among this 

superfamily of receptors.  
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Figure 1 Canonical GPCR signaling pathways. (A) General overview of 
G protein-mediated signaling by GPCRs. (B) Overview of arrestin-
mediated signaling by GPCRs. Adapted by permission from 
Macmillan Publishers Ltd: Nature Reviews Molecular Cell Biology 
(Ritter et al., 2009)13, Copyright © 2015.  

1.2 GPCR CLASSIFICATION 

Function, however, is not the sole source of variability among GPCRs. Structural 

diversity within the GPCR superfamily creates a significant challenge for receptor 

classification and, indeed, several classification systems have emerged over the 

years. Some of these systems are based on structural features, such as the 
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location of the binding pocket, while others are based on phylogenetic data14. 

Kolakowski (1994) developed one of the first GPCR classification systems for the 

GCRDb database, and it consisted of seven distinct classes (A-F and O) organized 

according to sequence identity15. While this database has since become obsolete, 

the Kolakowski classification system has been modified to include six classes (A-

F), and it has been incorporated into the current database known as the GPCR 

Database (GPCRDB)16.   

The A-F system divides the GPCR superfamily into six classes based on sequence 

identity within the transmembrane region. These families are better known as the 

Class A rhodopsin-like receptors, Class B secretin-like receptors, Class C 

metabotropic glutamate receptors, Class D pheromone receptors, Class E cAMP 

receptors, and the Class F frizzled/smoothened receptors. These six classes are 

further divided into subclasses, which are denoted by roman numerals. Class A is 

the largest family of receptors as it encompasses over 80% of all GPCRs. 

Members of this family are functionally diverse and tend to bind peptides, 

biogenic amines, or lipid-like ligands17. Class B receptors bind larger peptides 

such as secretin, parathyroid hormone, glucagon, and calcitonin18, while Class C 

receptors bind glutamate, an excitatory neurotransmitter19. The Class F 

frizzled/smoothened receptors are a minor family; however, they have a key role 

in animal development through Wnt binding and hedgehog signaling20. Despite 

the A-F system being designed to incorporate both vertebrate and invertebrate 

GPCRs, some classes do not include human GPCRs at all. Classes D and E, for 

example, consist of fungal pheromone receptors and cAMP receptors, which are 
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involved in chemotaxis. Neither of these classes are expressed in humans. 

Overall, this diversity complicates GPCR classification, and it has led to the 

development of systems that classify only human GPCRs.  

Human GPCRs are most often organized using a five family system known as the 

GRAFS classification system.1 This system was established by Fredriksson et al. 

(2003), and it has since been used extensively in other studies1,14,21. The five 

families that make up the GRAFS system are known as the glutamate, rhodopsin, 

adhesion, frizzled/taste2, and secretin families. Similar to the A-F system, this 

five family system of classification is based primarily on sequence data within the 

transmembrane (TM) region; however, the GRAFS system goes one step further 

in organising GPCRs into distinct phyla1. Despite this, each GPCR within a given 

GRAFS family may possess a unique signalling capability by coupling with 

specific G protein subtypes, signaling via distinct G protein-independent 

pathways, and binding only specific ligands22. The sheer number and diversity of 

members among the rhodopsin family alone highlights the challenges associated 

with classifying GPCRs based solely on sequence data. A better understanding of 

tertiary receptor structure may facilitate classification given the subtle differences 

in structure that lead to such a multifaceted functionality22.  

1.3 GPCR STRUCTURE 

Despite having limited sequence homology, every GPCR has a similar topology 

that consists of seven TM-spanning (7TM) α-helices that form a barrel-like 

structure connected by three extracellular loops and three intracellular loops23. 
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Typically, the 7TM region is enriched with hydrophobic amino acids, and it 

provides an ideal environment for small molecule binding (photons, biogenic 

amines, nucleosides, and sphingosine 1-phosphate)24. Upon ligand binding, the 

7TM region relays conformational changes to the intracellular face of the 

receptor, activating the signaling cascade. In addition to the 7TM region, GPCRs 

possess an extracellular N-terminus, and an intracellular C-terminus. The 7TM 

region tends to be more conserved when compared to the loops and termini; 

however, this sequence identity only exists within any given receptor class22,25. 

While the length of each terminus can vary significantly, a total length of 200-

300 amino acids is characteristic of GPCRs26.   

Several regions and motifs have been identified as key in determining GPCR 

function. The extracellular surface, for example, has been shown to be highly 

variable among GPCRs, and it has an important role in binding larger molecules 

such as peptides and glycoproteins (oxytocin, vasopressin, opioids, thyrotropin-

stimulating hormone, and follitropin-stimulating hormone)24. The N-terminus 

and second extracellular loop (ECL2) are often shown to influence solvent 

accessibility of the binding pocket22. Looking at the N-terminus, it tends to be 

more structured in rhodopsin as a result of glycosylation, and it serves to limit 

accessibility of the binding pocket. Within the same receptor, ECL2 forms a β-

sheet that renders the covalently bound ligand, 11-cis retinal, inaccessible to 

solvents27,28. However, looking at the β-adrenergic receptors and the adenosine 

receptor A2a (ADORA2A), the N-terminus lacks a predominant secondary 

structure, and it does not impede solvent accessibility.  Likewise, ECL2 of the β1- 
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and β2-adrenergic receptors (β1/β2AR) forms an α-helix that does not influence 

accessibility of the binding pocket. Looking at the ADORA2A, ECL2 has no 

predominant secondary structure and, similarly, it does not prevent solvent 

accessibility.  

At the intracellular surface, there are some key structural features that influence 

GPCR activity22. The E/DRY motif on TMIII, for instance, holds members of the 

rhodopsin family in the inactive state by forming an “ionic lock” with a glutamate 

residue on TMVI29. Looking at the β2AR, mutation of the E/DRY motif leads to 

constitutive activity30,31. Further analysis has indicated that full and partial 

agonists act to disrupt this interaction in the β-adrenergic receptors as well as 

ADORA2A. This leads to destabilization of the inactive-state conformation and 

results in receptor activation. A conserved tyrosine that resides in an α-helix 

found in intracellular loop 2 (ICL2) of the β1AR and the ADORA2A is also known 

to form a hydrogen bond with the E/DRY motif on TMIII. Much like the 

glutamate residue found on TMVI, this residue serves to hold the receptor in the 

inactive state. The fact that this tyrosine is not found in the β2AR , but it is found 

in the β1AR , may explain why the β2AR  has a higher basal activity compared to 

the β1AR22. 

Another common structural feature at the intracellular surface of some GPCRs is 

known as the NPxxY motif32. Found at the cytoplasmic end of TMVII and similar 

to the E/DRY motif, the NPxxY motif contributes to conformational changes that 

result in receptor activation. This motif has been identified in rhodopsin, the 
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β2AR, the thyrotropin receptor, and the muscarinic acetylcholine receptor M3 

(M3R), to name a few32-35. The proline residue found in this motif promotes 

distortion of the TMVII α-helix, and it forms a water pocket lined by TMII, 

TMIII, TMVI, and TMVII. Ordered water molecules found in this pocket are 

thought to stabilize the inactive state conformation of the receptor; however, the 

weak nature of these interactions is thought to allow for rapid toggling from the 

inactive state to the active state upon ligand binding36,37. 

1.4 EMERGENCE OF THE GPCR OLIGOMERIZATION PARADIGM  

Evidence for receptor tyrosine kinase oligomerization preceded that of GPCR 

oligomerization by more than a decade38-40. Early studies involving radioligand 

binding41-43, radiation inactivation44-47, and receptor crosslinking48 provided data 

that pointed to the existence of high order GPCR structures49; however, the 

notion of GPCR oligomerization only began to garner support in 1993 when 

Maggio et al. developed two chimeric receptors39. These mutants, dubbed the 

α2/M3 and M3/α2 receptors, were comprised of the α2c-adrenergic receptor and 

the M3R with TMs VI and VII swapped between each GPCR. Characterization of 

these mutants demonstrated that both receptors were binding-deficient and non-

functional when expressed alone. However, it was noted that receptor 

coexpression reinstated ligand binding and receptor function that was 

comparable to the wild-type (WT) receptors39. This was the first trans-

complementation experiment that involved GPCRs, and it served as a catalyst for 

further studies in the field of GPCR oligomerization50. 
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A few years later, the concept of GPCR dimerization gained momentum when 

Hébert et al. (1996) demonstrated that a peptide derived from TM VI of the β2AR 

was sufficient to disrupt β2AR dimerization as visualized using a western blot51. 

Remaining doubts were minimized in 1998 when it was shown that 

heterodimerization is a requisite for proper gamma-aminobutyric acid B receptor 

(GABABR) trafficking and signalling52-54. Specifically, these studies showed that 

two GABABR subtypes, GABABR1 and GABABR2, are non-functional when 

expressed individually; however, the receptors were shown to regain function and 

bind GABA with high affinity when coexpressed. A C-terminal interaction was 

reported between the two receptors in human embryonic kidney (HEK) cells53, 

and both genes were shown to be expressed in individual neurons54. This was the 

first time GPCR dimerization was shown to have functional consequences in vivo 

and, since this time, an entire field of research has been devoted to GPCR 

oligomerization50,55-57. 

1.5 PHARMACOLOGICAL ASPECTS OF GPCR OLIGOMERIZATION  

One of the first studies to highlight the pharmacological consequences of GPCR 

dimerization came from Barki-Harrington et al. (2003)58. This study 

demonstrated that a single antagonist was sufficient to inhibit both AT1R and 

β2AR signalling. When examining mouse cardiomyocytes, it was shown that 

angiotensin II (Ang II)-induced contractility is attenuated by selective inhibition 

of the β2AR with propranolol. Interestingly, propranolol-mediated inhibition was 

virtually identical when either Ang II or isoproterenol, a potent β2AR agonist, 
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were used to stimulate contractility58. These experiments indicated that a trans-

inhibitory mechanism must exist between the AT1R and the β2AR. Confocal 

microscopy suggested that an interaction between the AT1R and the β2AR is the 

underlying mechanism of trans-inhibition as the two receptors were shown to co-

localize. To determine whether or not this finding was physiologically relevant, 

the researchers demonstrated that an isoproterenol-induced increase in heart 

rate can be reduced in mice that are pretreated with valsartan, an angiotensin 

receptor blocker58. It was hypothesized that this trans-inhibition occurs via 

functional uncoupling of the G protein from the adjacent receptor. Indeed, pre-

treatment of cardiomyocytes with either valsartan or propranolol respectively 

disrupts either isoproterenol- or angiotensin-mediated [35S]GTPγS binding to Gα 

at the adjacent receptor. This inhibition was also observed in downstream 

signalling, with isoproterenol-stimulated cAMP formation and angiotensin-

stimulated inositol-phosphate (IP) accumulation being disrupted by antagonist 

binding at the adjacent receptor58. This study was one of the first in-depth 

examinations of the pharmacological consequences of GPCR oligomerization, and 

several others have emerged in recent years. 

Agonist-induced signaling changes are not the only pharmacological 

consequences of GPCR oligomerization. It has been shown that GPCRs 

themselves can act as allosteric modulators of other receptors upon complex 

formation. For example, the bradykinin B2 receptor (B2R) increases AT1R 

signaling via heteromer formation, even in the absence of Ang II47. On the 

contrary, an interaction between the AT1R and the angiotensin II type 2 receptor 
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(AT2R) has been shown to reduce AT1R signaling independent of downstream 

crosstalk59. Similarly, the somatostatin receptor 2A has been shown to act as a 

negative allosteric modulator of the somatostatin receptor 360. This evidence 

suggests that there is therapeutic potential in the modulation of GPCR 

oligomerization as it may be an alternative approach for modulating GPCR 

signaling.  

While GPCR oligomerization can lead to changes in both basal and ligand-

stimulated signaling, it has also become apparent that agonists can influence the 

receptor-receptor interaction itself. For example, treatment with a dopamine D1 

receptor (D1R) agonist has been shown to decrease heteromer formation between 

the adenosine receptor A1 (ADORA1) and the D1R. On the contrary, treatment 

with an ADORA1 agonist increases this complex formation61. Another example of 

this phenomenon can be observed with the thyrotropin-releasing hormone 

receptor 1. Here, ligand binding potentiates receptor dimerization62. However, 

the opposite holds true for the δ-opioid receptor63, the κ-opioid receptor64, and 

the neuropeptide Y Y4 receptor65, which transition from dimers to monomers in 

the presence of agonist. While the phenomena mentioned above represent some 

of the most profound oligomerization-induced changes in GPCR pharmacology, a 

comprehensive list of GPCR-GPCR interactions and their corresponding 

pharmacological effects can be found in Table 1. 
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Table 1 Summary of the known pharmacological effects of GPCR 
complex formation. 

GPCR Complex Pharmacological Effect of Complex 
Formation 

5-Hydroxytryptamine 2A 
receptor − dopamine D2 
receptor66,67 

Increased binding affinity and decreased 
signaling by dopamine D2 receptor agonist 

Adenosine A1 receptor – 
adenosine A2A receptor68 

Decreased binding affinity and agonist 
signaling 

Adenosine A1 receptor − β2-
adrenergic receptor69,70 

Decreased β2-adrenergic receptor signaling 
upon coactivation 

Adenosine A1 receptor – 
dopamine D1 receptor61 

Decreased dopamine D1 receptor signaling 
upon coactivation 

Adenosine A2A receptor – 
cannabinoid receptor type 171 

Coactivation of adenosine A2A receptor 
required for cannabinoid receptor type 1 
signaling  

Adenosine A2A receptor – 
dopamine D2L receptor72-77 

Decreased agonist binding affinity and 
cointernalization 

α1A-adrenergic receptor − α1B-
adrenergic receptor78,79 

Increased binding affinity and decreased 
signaling by dopamine D2 receptor agonist 

α1A-adrenergic receptor − 
histamine H1 receptor80 

Increased signaling  

α1B/β2-adrenergic receptor − α1D-
adrenergic receptor81,82 

Increased cell surface expression and 
increased signaling of α1D-adrenergic 
receptor  

α2A-adrenergic receptor − β1-
adrenergic receptor83 

Cointernalization  

α2A-andrenergic receptor – μ-
opioid receptor84 

Decreased α2A-adrenergic receptor signaling 
with morphine stimulation 



   

 13  

GPCR Complex Pharmacological Effect of Complex 
Formation 

Angiotensin II type 1 receptor − 
bradykinin B2 receptor47,85,86 

Increased binding affinity and signaling of 
angiotensin II 

Angiotensin II type 1 receptor − 
β1/β2-adrenergic receptor58 

Decreased signaling in the presence of 
antagonist  

Angiotensin II type 1 receptor – 
dopamine D– receptor87 

Decreased dopamine D2 receptor signaling 
in the presence of angiotensin II type 1 
receptor antagonist 

Angiotensin II type 1 receptor – 
cannabinoid receptor type 188 

Increased angiotensin II signaling and G 
protein switch (cannabinoid receptor type 1 
controls G protein signaling) 

Angiotensin II type 1 receptor − 
angiotensin II type 2 receptor59 

Decreased signaling of the angiotensin II 
type 1 receptor  

β1-adrenergic receptor −            
β2-adrenergic receptor 89 

Increased signaling in the presence of 
agonist, but decreased binding affinity  

β2-adrenergic receptor –             
δ-opioid receptor90 

Cointernalization 

β2-adrenergic receptor – 
oxytocin receptor91 

Decreased agonist signaling 

Cannabinoid receptor type 1 – 
dopamine D2 receptor92-94 

Decreased agonist binding and G protein 
switch (Gαi/o to Gαs) 

Cannabinoid receptor type 1 –  
δ-opioid receptor95,96 

Cannabinoid receptor type 1 expression 
increased at cell surface, agonist signaling 
via cannabinoid receptor type 1 decreased, 
and δ-opioid receptor binding affinity 
increased by cannabinoid receptor type 1 
agonist 

Cannabinoid receptor type 1 –   
μ-opioid receptor96 

Decreased signaling in the presence of 
agonist 
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GPCR Complex Pharmacological Effect of Complex 
Formation 

C-C chemokine receptor type 2 − 
C-C chemokine receptor type 
597,98 

Decreased agonist binding 

C-C chemokine receptor type 2 − 
μ-opioid receptor99 

Decreased signaling 

C-X-C chemokine receptor type 
2 – δ-opioid receptor100 

Increased δ-opioid receptor signaling in the 
presence of C-X-C chemokine receptor type 
2 antagonist  

δ-opioid receptor – κ-opioid 
receptor64 

Decreased binding of  selective agonist and 
antagonist, but increased binding of 
partially selective ligand 

δ-opioid receptor – μ-opioid 
receptor101-105 

Increased binding affinity and signaling by 
combination of μ-agonist and δ-antagonist. 
G protein switch from Gαi to Gαz, and Gαi to 
β-arrestin). Decreased internalization 

δ-opioid receptor – dopamine D1 
receptor106 

G protein switch with a preference for Gαi 
over Gαs 

Dopamine D1 receptor – 
dopamine D2 receptor107-109 

G protein switch from Gαi/o to Gαq/11 with 
cointernalization 

Dopamine D1 receptor – 
dopamine D3 receptor 110,111 

Increased agonist binding and increased 
dopamine D1 receptor signaling  

Dopamine D1/D2 receptors – 
histamine H3 receptor112 

Decreased signaling by histamine H3 
receptor agonists 

Dopamine D2 receptor – 
dopamine D2 receptor113 

Ligand dependent changes in signaling 

Dopamine D2 receptor – 
dopamine D3 receptor114,115 

Increased binding of agonists selective for 
the dopamine D3 receptor 
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GPCR Complex Pharmacological Effect of Complex 
Formation 

Dopamine D2 receptor – 
somatostatin receptor type 5116 

Increased agonist binding and signaling 

Dopamine D2L receptor – 
neurotensin receptor 1117 

Decreased agonist binding with neurotensin 
receptor 1 coactivation 

μ-opioid receptor − somatostatin 
receptor type 2A118 

Cointernalization  

Somatostatin receptor type 1 − 
somatostatin receptor type 5119 

Cointernalization 

Somatostatin receptor type 2 − 
somatostatin receptor type 360 

Increased somatostatin receptor type 2A 
signaling and decreased somatostatin 
receptor type 3 signaling. Decreased 
internalization in the presence of agonist 

Vasopressin V1A receptor – 
vasopressin V2 receptor120 

Cointernalization and increased binding  to 
β-arrestin 

1.6 TECHNIQUES USED TO CHARACTERIZE GPCR OLIGOMERS 

1.6.1 Immunoblotting and Coimmunoprecipitation  

Common biochemical approaches such as non-denaturing polyacrylamide gel 

electrophoresis (PAGE), immunoblotting, and coimmunoprecipitation (coIP) 

have played a key role in the identification and investigation of GPCR oligomers. 

PAGE coupled with immunoblotting is perhaps the most minimalist among these 

approaches. This technique is based on the asssumption that GPCRs will migrate 

as complexes during PAGE, and that these complexes will appear as 

immunoreactive bands with a molecular weight that is two or more times larger 
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than that of each monomeric receptor49. There are, however, some limitations to 

consider when using this approach. With untagged receptor homomers, for 

example, it is difficult to determine whether or not the additional molecular 

weight is derived from a receptor-receptor interaction or a receptor-protein 

interaction. It can also be difficult to obtain an antibody with specificity for 

untagged receptors121. As a result, many studies have exploited heterologous 

expression of tagged GPCRs. With differentially tagged receptors, each GPCR can 

be probed individually to determine whether or not both GPCRs of interest 

appear at the predicted molecular weight of the oligomer. This approach is 

commonly used in studies involving coIP51,64,122. 

With coIP, cell lysates are probed with a receptor- or epitope-specific antibody, 

and the immunoprecipitated protein is analyzed using PAGE and 

immunoblotting. The appearance of an immunoreactive band for the secondary 

receptor is indicative of either a direct or indirect interaction between each 

receptor. It is most common to use coIP for the examination of heterologous 

expression systems with epitope-tagged receptors; however, coIP has also been 

used for the examination of GPCR oligomer formation in native tissues. This has 

played a key role in strengthening the notion that GPCR oligomerization occurs 

in vivo, and it has demonstrated that oligomerization is not simply an artifact of 

heterologous expression49,123-125. Overall, biophysical methods have been used to 

characterize over 50 endogenous and exogenous GPCR-GPCR complexes. A 

comprehensive list of these complexes can be found below (Table 2). 
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Table 2 GPCRs shown to form homomeric and heteromeric 
complexes using biochemical methods.  

GPCR Receptor Expression 

5-Hydroxytryptamine 2A receptor − 
dopamine D2 receptor66,67 

Exogenous 

5-Hydroxytryptamine 4 receptor –                 
5-hydroxytryptamine 4 receptor 126 

Exogenous 

Adenosine A1 receptor – adenosine A1 
receptor127  

Endogenous 

Adenosine A1 receptor − adenosine A2A 
receptor68 

Exogenous 

Adenosine A1 receptor − dopamine D1 
receptor61 

Endogenous, Exogenous 

Adenosine A2A receptor – cannabinoid 
receptor type 171 

Endogenous 

Adenosine A2A receptor – dopamine D2L 
receptor72-77 

Endogenous, Exogenous 

α1A- adrenergic receptor – α1A- adrenergic 
receptor 79 

Exogenous 

α1A-adrenegic receptor − α1B-adrenergic 
receptor78,79 

Exogenous 

α1B-adrenergic receptor – α1B-adrenergic 
receptor79 

Exogenous 

α1B/β2-adrenergic receptor − α1D-adrenergic 
receptor82 

Exogenous 

α2A-adrenergic receptor − β1-adrenergic 
receptor83 

Exogenous 
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GPCR Receptor Expression 

Angiotensin II type 1 receptor – angiotensin 
II type 1 receptor 59 

Endogenous, Exogenous 

Angiotensin II type 1 receptor – angiotensin 
II type 2 receptor59,61 

Endogenous, Exogenous 

Angiotensin II type 1 receptor – bradykinin 
receptor B247,85,86 

Endogenous, Exogenous 

Angiotensin II type 1 receptor − β1-/β2-
adrenergic receptors58 

Exogenous 

Angiotensin II type 1 receptor – cannabinoid 
receptor type 188 

Exogenous 

Angiotensin II type 1 receptor – dopamine D– 

receptor87 
Endogenous, Exogenous 

β2-adrenergic receptor – β2-adrenergic 
receptor 51,128,129 

Exogenous 

β2-adrenergic receptor – δ-opioid receptor90 Exgenous 

β2-adrenergic receptor – oxytocin receptor91 Exogenous 

Calcium-sensing receptor – calcium-sensing 
receptor 130,131 

Endogenous, Exogenous 

Cannabinoid receptor type 1 – δ-opioid 
receptor95 

Exogenous 

C-C chemokine receptor 2 – C-C chemokine 
receptor 2132 

Endogenous, Exogenous 

C-C chemokine receptor 5 – C-C chemokine 
receptor 5133 

Exogenous 

C-X-C chemokine receptor 1 – C-X-C 
chemokine receptor 1134 

Exogenous 
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GPCR Receptor Expression 

C-X-C chemokine receptor 2 – C-X-C 
chemokine receptor 2134,135 

Exogenous 

C-C chemokine receptor 2b – C-C chemokine 
receptor 597,98 

Exogenous 

C-C chemokine receptor 5 – μ-opioid 
receptor99 

Exogenous 

C-X-C chemokine receptor 2 – δ-opioid 
receptor100 

Exogenous 

δ-opioid receptor – δ-opioid receptor 63,104,136 Exogenous 

δ-opioid receptor – κ-opioid receptor64 Exogenous 

δ-opioid receptor – μ-opioid receptor101-105 Endogenous, Exogenous 

Dopamine D1 receptor – dopamine D1 
receptor 137 

Exogenous 

Dopamine D1 receptor – dopamine D2 
receptor107-109,138 

Endogenous, Exogenous 

Dopamine D1 receptor – dopamine D3 
receptor110,111 

Endogenous, Exogenous 

Dopamine D2 receptor – dopamine D2 
receptor139,140 

Exogenous 

Dopamine D2L receptor – neurotensin 
receptor 1117 

Exogenous 

Dopamine D3 receptor – dopamine D3 
receptor 141 

Endogenous, Exogenous 

κ-opioid receptor – κ-opioid receptor 64 Exogenous 
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GPCR Receptor Expression 

κ-opioid receptor – μ-opioid receptor142  Exogenous 

Melatonin M1 receptor – melatonin M1 
receptor143 

Exogenous 

Melatonin M2 receptor – melatonin M2 
receptor 143 

Exogenous 

Metabotropic glutamate receptor 1 – 
metabotropic glutamate receptor 1144 

Endogenous, Exogenous 

Metabotropic glutamate receptor 5 – 
metabotropic glutamate receptor 5145 

Endogenous, Exogenous 

µ-opioid receptor – µ-opioid receptor 104 Exogenous 

µ-opioid receptor – somatostatin receptor 
2A118 

Exogenous 

Muscarinic acetylcholine receptor M3 – 
muscarinic acetylcholine receptor M3146 

Exogenous 

Neuropeptide Y Y4 receptor – neuropeptide 
Y Y4 receptor 65 

Exogenous 

Oxytocin receptor – vasopressin V1A/V2 
receptors147 

Exogenous 

Somatostatin receptor 2 – somatostatin 
receptor 360 

Exogenous 

Somatostatin receptor 2A – somatostatin 
receptor 2A 60,62 

Exogenous 

Somatostatin receptor 5 – somatostatin 
receptor 5119 

Exogenous 

Thyrotropin receptor – thyrotropin receptor 
148   

Exogenous 
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GPCR Receptor Expression 

Thyrotropin-releasing hormone receptor 1 – 
thyrotropin-releasing hormone receptor 162 

Exogenous 

While coIP has proven to be invaluable for the study of GPCR oligomers, there 

are some caveats to consider when using this technique149. For example, the use 

of a detergent during cell lysis may increase the likelihood of protein aggregate 

formation49,150,151. This is especially true given the hydrophobic nature of GPCRs. 

Where low detergent concentrations have been shown to exaggerate these 

interactions via protein aggregate formation, high detergent concentrations have 

been shown to disrupt the hydrophobic interactions between oligomers149. 

Theoretically, the former conditions would yield false positives, while the latter 

would yield false negatives. Some have circumvented this problem by developing 

a control that involves expressing each GPCR in individual cell populations and 

mixing these cells prior to lysis. Indeed, it has been shown that complexes can 

only be obtained when receptors are expressed in the same cell64,121. Moreover, it 

has been shown that receptor-receptor interactions observed via coIP can be 

disrupted by reducing agents. For example, the calcium-sensing receptor and the 

metabotropic glutamate receptor 1 appear as dimers in the absence of a reducing 

agent; however, in the presence of a reducing agent, these receptors appear as 

monomers130,144. This demonstrates that covalent linkages exist between GPCRs 

prior to solubilisation, and cell lysis does not necessarily result in non-specific 

receptor interactions. Ultimately, with proper controls, coIP can be used to 

identify GPCR oligomers. However, it is inherently limited in its ability to detect 
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small changes in receptor-receptor affinity, and biophysical methods have 

emerged as a quantitative alternative for examining these structures.   

1.6.2 Resonance Energy Transfer 

Biophysical techniques based on resonance energy transfer (RET) have emerged 

as important tools to complement and, sometimes, replace biochemical 

techniques in the examination of GPCR oligomerization152. These techniques 

involve the transfer of energy from a donor fluorophore to an acceptor 

fluorophore and, thus, require the heterologous expression of fluorophore-tagged 

proteins. Despite this, RET-based techniques are advantageous because they can 

be used to examine proteins that are expressed in intact, living cells153. This 

alleviates some of the solubilisation issues that arise with the biochemical 

methods mentioned above, and it provides a much more quantitative means for 

assessing protein-protein interactions. RET has played a prominent role in the 

examination of GPCR oligomerization in recent years154. A list of GPCR-GPCR 

complexes that have been observed using RET can be found in Table 3. 
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Table 3 A list of GPCRs shown to form dimers and oligomers 
using resonance energy transfer 

  Receptor  

5-hydroxytryptamine 2A receptor – dopamine D2 receptor66,67  

5-hydroxytryptamine 4 receptor − 5-hydroxytryptamine receptor 4126  

Adenosine receptor A1 − adenosine receptor A2a68 

Adenosine receptor A2a – cannabinoid receptor type 171 

Adenosine receptor A2a – Dopamine D2L receptor72-77 

α1A-adrenergic receptor − α1B-adrenergic receptor78,79 

α2A-adrenergic receptor – μ-opioid receptor84 

Angiotensin II type 1 receptor – bradykinin B2 receptor47,85,86 

Angiotensin II type 1 receptor – cannabinoid receptor type 188 

β1-adrenergic receptor − β1-adrenergic receptor128,129 

β2-adrenergic receptor − β2-adrenegic receptor51,128,129 

β2-adrenergic receptor – oxytocin receptor91 

Cannabinoid receptor type 1 – dopamine D2 receptor92-94 

Cannabinoid receptor type 1 – δ-opioid receptor95,96 

Cannabinoid receptor type 1 – μ-opioid receptor96 

Cholecystokinin 2 receptor – μ-opioid receptor155 

C-C chemokine receptor type 2b – C-C chemokine receptor type 597,98 
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In order for RET to occur, an overlap of 30% or more is required between the 

emission spectrum of the donor fluorophore and the absorption spectrum of the 

acceptor fluorophore156. Additionally, specific spatial requirements must be met 

in order of achieve this energy transfer. First, RET can only occur when the two 

tags come within a distance of 100 Å of one another157. Second, RET is dependent 

Receptor 

C-X-C chemokine receptor type 1 – C-X-C chemokine receptor type 1134 

C-X-C chemokine e receptor type 2 – C-X-C chemokine receptor type 2134 

C-X-C chemokine receptor type 2 – δ-opioid receptor100 

δ-opioid receptor – μ-opioid receptor101-105 

Dopamine D1 receptor – dopamine D2 receptor107-109 

Dopamine D1 receptor – dopamine D3 receptor110,111 

Dopamine D1/D2 receptors – histamine H3 receptor 112 

Dopamine D2 receptor – dopamine D3 receptor114,115 

Κ-opioid receptor – μ-opioid receptor142 

Melatonin M1 receptor – melatonin M1 receptor143 

Melatonin M2 receptor – melatonin M2 receptor143 

Neuropeptide Y Y4 receptor – neuropeptide Y Y4 receptor 65 

Vasopressin V1A receptor – vasopressin V2 receptor120 

Vasopressin V1A/V2 receptors – oxytocin receptor147 
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on the relative orientation of each tag. Specifically, the emission and absorption 

dipoles of the donor and acceptor fluorophores must be oriented at an angle 

other than 90°, otherwise self-cancelling oscillations occur, and RET is 

abolished154,157. Ultimately, a ratio of acceptor emission to donor emission can be 

calculated, and this ratio indicates whether or not there is a protein-protein 

interaction. With this in mind, it is important to note that a low RET ratio does 

not necessarily mean that there is no interaction. This could simply indicate that 

the spatial requirements for RET, which are mentioned above, have not been 

met. Likewise, a high RET ratio does not necessarily mean a direct interaction is 

occurring between the two proteins of interest. This could mean that the 

receptors are within close enough proximity for RET to occur, but the interaction 

is indirect. Despite this, RET is thought to be ideal for the study of GPCR dimers 

because, looking at the crystal structure of rhodopsin, the centre-to-centre 

distance between two monomers within a dimer is predicted to be 40-50 Å158,159. 

This leaves little room for indirect interactions to be observed between two 

GPCRs. 

There are two common variations of RET. These techniques are known as 

fluorescence resonance energy transfer (FRET; Figure 2C) and bioluminescence 

resonance energy transfer (BRET; Figure 2A & B). As outlined above, both 

techniques require two tags that are compatible for energy transfer; however, 

they differ in the sense that FRET utilizes an external light source and a 

fluorescent protein as the energy donor, while BRET utilizes a bioluminescent 

molecule as the energy donor160. With BRET, an enzyme known as Renilla 
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luciferase (Rluc) occupies the role of the energy donor as it hydrolyzes a substrate 

known as coelenterazine. This reaction results in the emission of energy, which is 

subsequently transferred to the acceptor molecule on the interacting protein. In 

the case of BRET1, yellow fluorescent protein (YFP) acts as the acceptor molecule 

(Figure 2B) and, in the case of BRET2, green fluorescent protein (GFP) acts as the 

acceptor molecule (Figure 2A).  

 

Figure 2 Schematic and graphical representation of biophysical 
techniques based on resonance energy transfer. (A) BRET2 

involves the transfer of energy for Rluc to GFP. This technique has 
the highest peak-to-peak resolution between the donor and 
acceptor spectra. (B) BRET1 involves the transfer of energy between 
Rluc and YFP. The resolution between acceptor/donor emission 
spectra is lower in BRET1 when compared to BRET2. This decreases 
signal-to-noise ratio. (C) FRET differs from BRET in the sense that 
it uses GFP as the energy donor and YFP as the energy acceptor. 
The spectral resolution between these two tags is the lowest among 
all of the techniques mentioned above. This, and the use of an 
external light source, gives FRET the lowest signal-to-noise ratio. 
Adapted by permission from FASEB Office of Publications: The 
FASEB Journal (Breton et al., 2010)152, Copyright © 2015. 
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Among the three techniques outlined in Figure 2, BRET2 is the most sensitive 

because there is a higher peak-to-peak resolution between the emission spectrum 

of the energy donor and the emission spectrum of the energy acceptor. This 

results in a higher signal-to-noise ratio. Based solely on the signal-to-noise ratio, 

FRET is the least favourable technique. Additionally, BRET is often chosen over 

FRET because it does not rely on an external light source. As with any 

fluorescence technique, the use of an external light source in FRET can lead to 

fluorophore photobleaching as well as autofluorescence160. The autofluorescence 

of molecules that are external to the FRET system increases noise and, 

ultimately, decreases FRET sensitivity. While FRET has more use in the 

visualization of subcellular protein localization, BRET is often chosen for its 

quantitative advantages.   

Mercier et al. (2002) were the first to use a BRET saturation assay to 

quantitatively assess the specificity of a GPCR-GPCR interaction129. With this 

approach, different cell populations are transfected with a constant amount of 

donor-labelled protein and increasing amounts of acceptor-labelled protein. In 

the event of a specific interaction, each donor-labelled protein eventually 

becomes saturated with acceptor-labelled proteins, and the BRET ratios plateau. 

On the contrary, with non-specific interactions, the BRET signal increases in a 

nonsaturable, quasi-linear fashion as the concentration of acceptor-labelled 

protein increases129. Overall, BRET saturation experiments are particularly useful 

because they provide a BRET50 value. This value represents the acceptor/donor 



   

 28  

ratio that provides 50% of the maximal BRET response, and it is inversely 

proportional to the affinity between each GPCR.  

1.6.3 Functional Complementation 

While biochemical and biophysical approaches have successfully demonstrated 

that GPCRs can be found within close proximity of one another, functional 

complementation studies have demonstrated that direct interactions do occur 

between GPCRs55. With functional complementation, two non-functional 

receptor-G protein complexes are coexpressed with the assumption that function 

will be restored should an interaction occur. Each of the fusion proteins used in 

functional complementation assays consist of either a non-functional receptor 

and a functional G protein, or a functional receptor and a non-functional G 

protein. By coexpressing these two complexes, one of two outcomes can be 

achieved. In the case of non-interacting receptors, signaling is not reconstituted. 

In the case of interacting receptors, however, signaling is reconstituted. While 

functional complementation was initially observed with endogenous GABAB 

receptors52-54, it has since been shown with heterologous expression of α1A-

adrenergic −histamine H1 receptor heteromers80, δ-opioid−D1R heteromers106, 

and dopamine D2 receptor (D2R) homomers113. While functional 

complementation can distinguish between direct and indirect interactions, it is 

limited in its ability to detect small changes in receptor-receptor affinity. When 

quantifying the affinity between two receptors, biophysical methods are more 

advantageous.   
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1.6.4 Receptor Crystallization 

The first glimpse of the 7TM architecture of GPCRs came in 1993 with the 

analysis of two-dimensional rhodopsin crystals161,162. Almost a decade later, in 

2000, the first three-dimensional crystal structure of rhodopsin emerged158. This 

stands as the first three-dimensional GPCR crystal structure to be solved22. Since 

this time, 25 three-dimensional GPCR crystal structures have been elucidated 

(Table 4), and only a handful of these are receptor dimers.  
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Table 4 List of GPCRs with a known high resolution crystal 
structure. 

GPCR Elucidation Date 

Rhodopsin158 2000 

β2-adrenergic receptor163 2007 

Adenosine A2A receptor164 2008 

β1-adrenergic receptor165 2008 

C-X-C chemokine receptor type 4166 2010 

Dopamine D3 receptor167  2010 

Histamine H1 receptor168  2011 

δ-opioid receptor169 2012 

κ-opioid receptor 170 2012 

µ-opioid receptor171  2012 

Muscarinic acetylcholine receptor 
M2172 

2012 

Muscarinic acetylcholine receptor 
M3173  

2012 

Neurotensin receptor 1174 2012 

Nociceptin/orphanin FQ receptor175  2012 

Protease-activated receptor 1176 2012 

Sphingosine-1-phosphate receptor 1177 2012 
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GPCR Elucidation Date 

5-hydroxytryptamine receptor 1B178 2013 

5-hydroxytryptamine receptor 2B179 2013 

C-C chemokine receptor type 5180 2013 

Corticotropin-releasing factor 1 
receptor181  

2013 

Glucagon receptor182 2013 

Smoothened receptor183 2013 

Metabotropic glutamate receptor 1184 2014 

Purinergic P2Y12185 2014 

Angiotensin II type 1 receptor186 2015 

Several obstacles complicate GPCRs crystallization. First, GPCRs have low 

endogenous expression levels, which makes heterologous expression essential for 

the production of large quantities of receptor. Furthermore, these flexible 

proteins must be isolated from the plasma membrane in a functional and 

biochemically stable form. Once stable crystallization is achieved, diffraction 

properties must be optimized in order to produce a high quality structure of the 

receptor. However, recent acceleration in the publication of GPCR crystal 

structures demonstrates that here has been some progress in the field187.  
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1.6.5 Summary  

Functional complementation was one of the earliest techniques used to 

characterize GPCR oligomers. While this approach is credited with stimulating 

interest in the field of GPCR oligomerization, it has only provided indirect 

evidence of this phenomenon. More recent studies have turned to biochemical 

and biophysical methods, which have provided direct evidence of receptor-

receptor interactions. These techniques have led to the widespread acceptance of 

GPCR oligomerization; however, there are some caveats to consider when using 

these approaches. Adequate controls and, sometimes, a combination of different 

methods are required to ensure experimental reliability. This additional burden, 

coupled with the ongoing challenges associated with receptor crystallization, has 

led to a broad push for the development of computational techniques that can be 

used to model GPCRs. 

1.7 COMPUTATIONAL TECHNIQUES USED TO MODEL GPCRS 

Given the technical challenges associated with elucidation of tertiary and 

quaternary GPCR structure187, there has been a growing push towards 

computational modelling of GPCRs188. The GPCR Online Modeling and Docking 

server (GOMoDo) was developed by Sandal et al. to address this issue189. This 

web-based program serves as a single, user-friendly interface for GPCR modelling 

and ligand docking. While there were no novel modelling programs developed 

specifically for GOMoDo, the server is unique because it is the first web-based 

platform to incorporate multiple pre-existing bioinformatics tools for GPCR 
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modelling189. Using the GOMoDo interface, non-expert researchers can produce a 

robust sequence alignment190-193, compile and assess a series of homology models 

based on existing GPCR crystal structures194-197, and perform ligand docking 

using either blind198 or information-driven docking199-201.  

The server also incorporates a program known as Volume Area Dihedral Angle 

Reporter (VADAR), which can be used for quantitative structural analysis of 

selected GPCR models202. This program is particularly helpful as it can be used to 

predict exposed residues that may be involved in GPCR dimerization. By rolling a 

virtual hydrogen atom around the exterior of the receptor, an algorithm 

calculates the accessible surface area (ASA) of each amino acid side chain within 

the protein. Those with a high ASA are assumed to be highly exposed, and those 

with a low ASA are assumed to be buried deep within the receptor. Therefore, 

ASA can be used to predict which amino acids have the highest potential to 

participate in complex formation. 

In order to develop a three-dimensional model of a GPCR using GOMoDo, the 

user may either select a GPCR sequence from a database that is provided or input 

an amino acid sequence that was obtained from an external source. Given this 

information, the server uses a program known as HHsearch to develop a profile-

profile comparison191. This differs from traditional sequence-sequence 

alignments because it represents both the query and database sequences as 

sequence profiles. These profiles are derived from an alignment of multiple 

related sequences, which accounts for the degree of conservation at specific 
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positions within the protein. This allows for the identification of conserved motifs 

such as the transmembrane helices that are characteristic of GPCRs. As a result, 

HHsearch has been identified as one of the most effective protein comparison 

tools to date203. 

Following analysis with HHsearch191, a program known as MODELLER is used to 

produce a comparative model of tertiary receptor structure194. GOMoDo provides 

MODELLER with the alignment that was processed via HHsearch and, given this, 

the program calculates a three-dimensional model of the GPCR. The model is 

calculated using a method referred to as the satisfaction of spatial constraints196. 

With this method, the location of each atom within the receptor is predicted 

using a set of geometric criteria. These criteria are derived from a template GPCR 

with a known tertiary structure. GOMoDo compiles a series of three-dimensional 

models for the target receptor, with each model being based on experimental data 

from another GPCR189. MODELLER assesses each model using two scoring 

functions. These functions are known as the discrete optimized protein energy 

(DOPE) and the GA341 scores.  

The DOPE score is a statistical potential based on atomic distance204. Scoring 

parameters are derived from a sample of 1472 existing crystal structures. The 

DOPE score is particularly useful as it can be used to assess either the entire 

model or discrete regions of the model.  This allows for the identification of 

problematic regions within the model. Just as native structures have the lowest 

free energy of all states under native conditions, models that are closest to the 
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native state, as determined statistically, have lower DOPE scores204. Similar to 

the DOPE score, the GA341 score is a statistical potential that is used to assess 

model quality205. However, unlike the DOPE score, the GA341 score is based on 

sequence identity between the target and template. A high degree of sequence 

identity between the model and template results in a higher GA341 score206.  

By plotting the normalized DOPE score for each model as a function of the GA341 

score, GOMoDo allows users to select the best template and, therefore, model 

based on energetics and sequence identity. With successful modelling, there is a 

relatively loose negative correlation between the normalized DOPE score and the 

GA341 score. If there appears to be a positive correlation or no correlation at all 

between these scoring functions, modelling may be deemed unsuccessful. A low 

normalized DOPE score and high GA341 score is indicative of a high quality 

model; therefore, when looking at a plot of these scoring functions, the best 

models can be found at the lower right corner of the Cartesian plane189. 

1.8 THE RENIN-ANGIOTENSIN-ALDOSTERONE SYSTEM AND THE HUMAN 

AT1R 

The renin-angiotensin-aldosterone system (RAAS) is an important endocrine axis 

that has a key role in cardiovascular function. This system differs from most 

endocrine mediators because the synthesis of its main peptide hormone, Ang II, 

is extracellular. Through the synthesis of Ang II, the RAAS provides tight 

regulation of arterial pressure, and it has emerged as an important tool for the 

treatment of cardiovascular disease207. 
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The RAAS begins with the synthesis of an enzyme known as renin in the renal 

glomerulus. This enzyme is synthesized as a proenzyme or precursor protein, and 

it is activated by the proteolytic cleavage of 43 N-terminal amino acids. The 

activated enzyme is stored by juxtaglomerular cells and secreted into circulation 

in a calculated manner207. There are four factors that influence renin secretion. 

These include renal perfusion pressure, NaCl concentration, stimulation via the 

sympathetic nervous system, and feedback from Ang II208. Regulation of renin 

secretion is the main regulatory checkpoint of the RAAS207. 

Upon activation and secretion, renin catalyzes the conversion of angiotensinogen 

to Ang I (Figure 3). Plasma levels of angiotensinogen, which is secreted by the 

liver, are relatively stable; however, synthesis can be increased in response to 

glucocorticoids, sex hormones, and Ang II209. While increased levels of 

angiotensinogen are associated with an increased risk of hypertension, there is 

some evidence to suggest that decreased renin secretion serves as a mechanism to 

compensate for this. Following the conversion of angiotensinogen to Ang I, an 

enzyme known as angiotensin converting enzyme (ACE) catalyzes the conversion 

of Ang I to Ang II. This enzyme is expressed on the surface of vascular endothelial 

cells, renal proximal tubule cells, and neuroepithelial cells. Aside from catalyzing 

the synthesis of Ang II, ACE also catalyzes the inactivation of vasodilator 

molecules such as bradykinin and kallidin. Ultimately, this shifts the balance of 

vascular tone from vasodilation to vasoconstriction.  
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Figure 3 Overview of the RAAS. Angiotensinogen is secreted from the 
liver and converted to Ang II by a series of proteolytic cleavages 
within the plasma. Ang II serves as the ligand for the AT1R, which 
promotes vasoconstriction, Na+/H2O retention, and an increase in 
blood pressure. Reprinted by permission from Macmillan 
Publishers Ltd: Nature Reviews Drug Discovery (Zaman et al., 
2002)210, Copyright © 2015.  
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Ang II-mediated signalling via the AT1R uses a variety of cellular mechanisms to 

produce an increase in blood pressure (Figure 4)210. The classical effect of Ang II 

is seen with vascular smooth muscle cells. Here, Ang II-induced AT1R signaling 

results in intracellular Ca2+ release and cellular contraction. Ultimately, this 

culminates in vasoconstriction. In the kidneys and adrenal glands, Ang II-

mediated signaling via the AT1R results in Na+/H2O retention, which increases 

blood volume.  More recent evidence suggests that Ang II-mediated signaling also 

has a neurogenic component. In the central nervous system, signalling of the 

AT1R has been shown to increase cardiac output and water ingestion. All of these 

phenomena produce an increase in blood pressure and can contribute to 

cardiovascular disease210. Furthermore, studies have shown that Ang II-

stimulated AT1R signalling results in both cardiac hypertrophy and vascular 

stiffness. This provides an explanatory mechanism for cardioprotective effects of 

AT1R blockade211.   
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Figure 4 Overview of the mechanisms by which the AT1R regulates 
blood pressure. Upon binding Ang II, the AT1R has various 
effects that increase blood pressure. Within the vasculature, Ang II 
promotes vasoconstriction via AT1R. Secondary sites of AT1R 
expression include the kidney and central nervous system, which 
contribute to an increase in blood pressure by promoting Na+/H2O 
retention and an increase in cardiac output.. Reprinted by 
permission from Macmillan Publishers Ltd: Nature Reviews Drug 
Discovery (Zaman et al., 2002)210, Copyright © 2015.  

1.9 AT1R STRUCTURE 

Until recently, there has been very little success in elucidating AT1R structure. In 

fact, the majority of the work presented herein was performed in the absence of a 

published crystal structure. However, with the advent of a technique known as 

serial femtosecond crystallography, Zhang et al. (2015) have produced a crystal 

structure of the human AT1R in complex with a selective antagonist known as 
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ZD7155186. These results show that the AT1R has a prototypical GPCR structure 

consisting of an extracellular N-terminus, three extracellular loops, 7TM α-

helices, three intracellular loops, and an intracellular C-terminus186. As a class A 

GPCR, it shares a high level of sequence identity with the chemokine receptors 

(36% shared with C-X-C chemokine receptor type 4 [CXCR4]) and the opioid 

receptors (33% shared with the κ-opioid receptor)166,170. Looking at the overall 

fold of the receptor, again, it is highly similar to the chemokine and opioid 

receptors. In particular, the root-mean-square deviation (RMSD) for 80% of α-

carbon atoms within the AT1R crystal structure is 1.8 Å from those of the κ-opioid 

receptor186,212. This signifies that 80% of AT1R α-carbons fall within an average 

distance of 1.8 Å from those of the κ-opioid receptor.  

In terms of structural features that modulate AT1R signaling, Asn111 (TMIII) and 

Asn295 (TMVII) have been shown to stabilize the inactive state conformation of 

the receptor via hydrogen bonding. Indeed, binding of Ang II to the WT receptor 

has been shown to disrupt the interaction between Asn111 and Asn295 to allow 

Asn295 to interact with Asp74 within TMII. Accordingly, mutation of Asn111 and 

Asn295 has been shown to result in constitutive activation of the receptor213,214.  

Interestingly, Asp74, Asn111, and Asn295, coupled with Trp253 from the WxP 

motif and Asn298 from the NPxxY motif, have been identified as a putative 

sodium binding pocket in the AT1R215. This sodium pocket is highly conserved 

when compared to the crystal structure of the δOR216; however, in the AT1R, 

Asn295 is expressed in lieu of a serine residue186. This suggests that the hydrogen 
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bond between Asn111 and Asn295 may be influenced by sodium binding, 

resulting in a destabilization of the inactive state. This may provide a structural 

mechanism for the increase in blood pressure that is associated with high dietary 

sodium intake 217. 

1.10 PHARMACOLOGICAL RELEVANCE OF AT1R DIMERIZATION 

The specific expression of GPCR oligomers in certain tissues or disease states 

provides an excellent opportunity for drug development. Theoretically, these 

drugs would be highly selective and have fewer adverse effects when compared to 

their non-selective counterparts55. Looking at the AT1R, this opportunity 

presents itself with the existence of AT1R - B2R heterodimers. Expression of 

these complexes is elevated in pre-eclampsia and experimental hypertension, 

where they increase Ang II sensitivity and promote an increase in blood 

pressure85,218. Selective blockade or disruption of these heterodimers could 

provide a novel means for treating these diseases. However, there is a lack of 

structural data that could be used to design drugs selective for these complexes. 

First, the AT1R homomer interface must be elucidated in order to identify 

receptor-specific mechanisms of complex formation.  
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1.11 OBJECTIVES 

The objectives of this study were two-fold and can be summarized as follows: 

1. Develop a three-dimensional model of the AT1R to identify amino acids 

that are potential contributors to receptor homomerization. 

2. Use site-directed mutagenesis to characterize specific combinations of these 

amino acids in terms of their effect on receptor-receptor affinity. 
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CHAPTER 2  MATERIALS AND METHODS  

2.1 REAGENTS 

Reagents were obtained as follows: Human AT1R cDNA was obtained from 

OriGene Technologies (Rockville, MD, USA). The pcDNA 3.1(+) mammalian 

expression vector, heat inactivated fetal bovine serum (FBS) and penicillin-

streptomycin (PS) were purchased from Life Technologies, Inc. (Burlington, ON, 

Canada). Polyethylenimine (PEI) was purchased from Polysciences, Inc. 

(Warrington, PA, USA), and coelenterazine-400a was purchased from Cedarlane 

Labs (Burlington, ON, Canada). Phusion® High-Fidelity PCR Kit, T4 DNA Ligase 

Kit, and all restriction endonucleases were obtained from New England BioLabs® 

Inc. (Ipswich, MA, USA). Dulbecco’s Modified Eagle’s Medium (DMEM), 

Angiotensin II human, and all other chemicals were purchased from Sigma-

Aldrich Canada (Oakville, ON, Canada) unless otherwise noted.  

2.2 IDENTIFICATION OF CANDIDATES FOR MUTAGENESIS 

GOMoDo was the primary interface used to perform all modelling and analysis of 

the AT1R189. A FASTA formatted amino acid sequence was obtained from the 

UniProt database for the human AT1R219. This sequence was used as an input for 

GOMoDo. After performing two rounds of sequence alignment using BLAST192, 

PSI-PRED was used to add secondary structure information to the alignment via 

GOMoDo193. GOMoDo developed a hidden Markov model (HMM) using 

HHmake, and suitable templates for modelling were selected from a database of 
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GPCR HMMs using HHsearch190,191. MODELLER was used to develop three-

dimensional homology models of the AT1R without loop refinement. The 

GOMoDo output included a list of all models and respective scoring data 

obtained from MODELLER194. The best model was chosen based on the lowest 

normalized DOPE score and highest GA341 score189.  

VADAR was used to assess this model by producing a Ramachandran plot and 

calculating fractional ASA202. The Ramachandran plot was used to validate the 

selected model, and fractional ASA data was used to determine which amino 

acids were exposed to the phospholipid bilayer. Fractional ASA is similar to 

absolute ASA; however, this value represents the absolute ASA of an amino acid 

divided by the ASA of the same amino acid surrounded by two glycine 

residues202. This accounts for size variations that exist between amino acids. 

Visual inspection of the model was used to identify the fractional ASA at which 

amino acids were exposed to the phospholipid environment. While there is no 

theoretical fractional ASA value that distinguishes between buried and exposed 

residues220, visual inspection determined that a fractional ASA of 0.3 was a 

suitable threshold to systematically identify amino acids that were exposed to the 

membrane. Amino acid groups with a fractional ASA greater than 0.3 and a 

similar orientation with respect to one another were selected as candidates for 

mutagenesis. Amino acid candidates were only selected for mutagenesis if they 

were found in the TM region, which was defined by UniProt219.  
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2.3 CLONING AND SITE-DIRECTED MUTAGENESIS  

The stop codon was removed from the AT1R cDNA construct (Origene 

Technologies) using a Phusion® High-Fidelity PCR Kit (New England Biolabs® 

Inc.). As an addition to the EcoRI cut site that was present upstream of the AT1R 

gene, an XhoI cut site was inserted downstream of the AT1R gene using 

polymerase chain reaction (PCR). The receptor was subcloned into the EcoRI-

XhoI cut sites of a pcDNA 3.1(+) (Life Technologies) mammalian expression 

vector using T4 DNA Ligase (New England BioLabs® Inc.). The recombinant 

DNA was used as a template for mutagenesis. Mutants were developed using the 

QuikChange™ site-directed mutagenesis method that was designed by Stratagene 

(La Jolla, CA, USA). This protocol was modified to allow for the use of Phusion® 

High-Fidelity DNA Polymerase, which is manufactured by New England 

BioLabs® Inc.. Components of the reaction are outlined in Table 5, and reaction 

conditions are summarized in Table 6.  
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Table 5  Composition of mutagenesis reactions that were 
performed according to the Stratagene QuikChange™ 
mutagenesis protocol. 

Components Volume Final Concentration 

5X GC Buffer 10.0 µl 1X 

10 mM dNTP Mixture 1.0 µl 200 µM each 

Primer Mix (10 µM each) 2.5 µl 0.5 µM each 

DMSO (100%) 1.5 µl 3% 

WT AT1R pcDNA 3.1(+) (10 ng/µl) 5.0 µl 1.0 ng/µl 

Phusion® High Fidelity DNA 
Polymerase 

0.5 µl 1.0 unit 

Double Processed Tissue Culture 
Water 

29.5 µl n/a 

Table 6 Outline of reaction conditions that were used during site-
directed mutagenesis with Phusion® High-Fidelity DNA 
Polymerase.   

Step Temperature Time Cycle Count 

Initial Denaturation 98 °C 30 sec 1 

Denaturation 98 °C 10 sec 

35 Annealing Variable 30 sec 

Extension 72 °C 3.75 min 

Final Extension 72 °C 10 min 1 

Hold 4 °C ∞ 1 

Forward and reverse oligonucleotide primers were designed for three mutant 

receptors (C76S AT1R; L154,158A AT1R; L202,F206,I210A AT1R) using the 

online QuikChange™ Primer Design software that is provided by Agilent 
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Technologies (http://www.genomics.agilent.com/primerDesignProgram.jsp). 

The annealing temperature was determined for each pair of oligonucleotides 

using a web-based melting temperature (Tm) calculator designed by Thermo 

Fisher Scientific (http://www.thermoscientificbio.com/webtools/tmc). 

Successful mutagenesis was confirmed using the automated DNA sequencing 

service that is offered by Genewiz, Inc. (South Plainfield, NJ, USA). Receptors 

containing the desired amino acid substitutions were tagged with either GFP10 or 

Rluc2 at the C-terminal domain between the XhoI-XbaI cut sites. Four additional 

mutant receptors (I150,L154A AT1R; I151,L155,158A AT1R; L247,F251,I258A 

AT1R; I286,F293,L297A AT1R) were synthesized by Genewiz (South Plainfield, 

NJ), and tagged with either GFP10 or Rluc2 at the C-terminus as described 

above. 

2.4 CELL CULTURE AND TRANSFECTION 

Human embryonic kidney (HEK) 293A cells were cultured in Dulbecco’s 

Modified Eagle’s Medium (DMEM) that was supplemented with 10 % (v/v) fetal 

bovine serum and 1% penicillin streptomycin. Cells were seeded in 6-well plates 

and incubated at 37 °C in a humidified environment of 5% CO2. After 24 hours, 

when each culture reached approximately 75% confluence, the cells were 

subjected to polyethylenimine (PEI)-induced transfection. Transfection solutions 

were prepared such that there was a 3:1 ratio of PEI:DNA in each well. The 

transfection solution was removed after 24 hours and replaced with DMEM that 

was supplemented as described above. Following an additional 24 hour 
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incubation period, the supplemented medium was replaced with minimal 

DMEM. A 24 hour starvation period was completed in the presence of this 

minimal medium. All experiments were performed 72 hours post-transfection.  

2.5 RECEPTOR EXPRESSION 

Cells were divided among the wells of a 6-well plate, and transfected with 1.0 µg 

of a specific AT1R-GFP10 construct. Following transfection, each well was 

harvested with 1 mL PBS (1X) and subjected to centrifugation (2.35 x 103 g). The 

resulting cell pellets were resuspended with 90 µL PBS (1X) and transferred to a 

96-well plate. Overall receptor expression was quantified using fluorescence 

spectroscopy. The PerkinElmer EnVision 2104 Multilabel Reader was used to 

quantify GFP10 fluorescence (RFU) with an excitation filter set at 410 nm, and an 

emission filter set at 515 nm. Wallac EnVision Manager software was used to 

process the data output. These values were analyzed using GraphPad Prism. 

2.6 DOSE-RESPONSE EXPERIMENTS 

Ang II-induced β-arrestin1-Rluc2 recruitment to each mutant and WT AT1R-

GFP10 construct was examined using a dose-response experiment. Recruitment 

was quantified using BRET2 at a fixed acceptor/donor ratio of 6.o. Cells were 

verified for successful transfection using fluorescence microscopy, and nine doses 

of human Ang II (Sigma-Aldrich Canada) were diluted using water to yield 

concentrations that ranged from 0 µM to 1 µM. These solutions were added to the 

corresponding wells of a 6-well plate, and stimulation took place over a 10 minute 
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period at 37 °C and 5% CO2. Cells were harvested with 1 mL ice-cold PBS (1X) 

and subjected to centrifugation at 2.35 x 103 g. The resulting cell pellets were 

resuspended with 90 µL PBS (1X) and transferred to a 96-well plate. A 10 µL 

aliquot of coelenterazine 400a (50 µM) was added to each well to yield a final 

concentration of 5 µM per well. BRET2 was quantified using the PerkinElmer 

EnVision 2104 Multilabel Reader with emission filters set at 410 nm and 515 nm 

to observe donor and acceptor emission, respectively. Wallac EnVision Manager 

software was used to process BRET2 ratios (acceptor emission : donor emission). 

These values were analyzed using GraphPad Prism. 

2.7 BRET2 SATURATION EXPERIMENTS  

BRET2 saturation experiments were performed using a recombinant human 

AT1R that was tagged with either a C-terminal GFP10 or a C-terminal Rluc2. The 

amount of transfected AT1R-Rluc2 (donor) was held constant at 1.00 µg/well 

while the amount of transfected AT1R-GFP2 (acceptor) ranged from 0.25 µg/well 

to 5.00 µg/well in a six-well plate. The cells were verified for successful 

transfection using fluorescence microscopy and harvested with 1 mL PBS (1X). 

Following centrifugation (2.35 x 103 g), cell pellets were resuspended with 90 µL 

PBS (1X) and transferred to a 96-well plate. A 10 µL aliquot of coelenterazine 

400a (50 µM) was added to each well to yield a final concentration of 5 µM per 

well. BRET2 was quantified using the PerkinElmer EnVision 2104 Multilabel 

Reader with emission filters set at 410 nm and 515 nm to observe donor and 

acceptor emission, respectively. Wallac EnVision Manager software was used to 
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process BRET2 ratios (acceptor emission : donor emission). These values were 

analyzed using GraphPad Prism. 
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CHAPTER 3  RESULTS  

3.1 A WORKING MODEL OF THE AT1R 

The FASTA sequence for the AT1R was obtained from the UniProt database 

(UniProt ID: P30556)219. This sequence was entered into GOMoDo189, and a 

series of 46 models were generated based on 23 GPCR templates. These models 

were assessed based on normalized DOPE204 and GA341205 scores. A low 

normalized DOPE score and high GA341 score is indicative of a high quality 

model. With a normalized DOPE score of 0.032 and a GA341 score of 0.929, the 

δ-opioid receptor (δOR; PDB ID: 4N6H)216 was selected as the best template for 

AT1R modelling (Figure 5). 
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Figure 5 Normalized DOPE score plotted as a function of the GA341 
score for various models of the AT1R. The side panel 
identifies each model by Protein Data Bank codes for the various 
GPCR templates used. Scores represent the quality of each model 
based on 1 of 23 GPCR templates with known structures. A low 
normalized DOPE score and a high GA341 score is indicative of a 
high quality model. The δOR (denoted by an arrow; PDB ID: 4N6H) 
was selected as the best template for modelling the AT1R. The 
model developed using this template received a normalized DOPE 
score of 0.032 and a GA341 score of 0.929. This graph was 
generated using GOMoDo.189 

The PyMOL Molecular Graphics System (Version 1.7.6) was used to produce a 

visualization of the selected model (Figure 6A). A simple visual inspection shows 

an N-terminus, seven α-helical domains separated by six loops, and a C-

terminus. These structural features are typical of a GPCR. A Ramachandran plot 
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was developed to supplement this data with a quantitative measure (Figure 6B). 

Looking at the plot, there is a dense cluster of amino acids with ϕ angles of 

approximately -75° and ψ angles of approximately -25°. This backbone geometry 

is typical of α-helices, which are the distinguishing features of a GPCR. Very few 

amino acids were disallowed based on backbone geometry, suggesting that a 

suitable model was produced. 

 

Figure 6 A model of the AT1R was successfully developed using 

GOMoDo. (A) Pymol was used to produce a visualization of the 

AT1R using PDB coordinates obtained from GOMoDo. GOMoDo 

produced this model using MODELLER, with the δORselected as a 
template. (B) A Ramachandran plot provides a graphical 

representation of the backbone dihedral angles for amino acid 

residues found in this model of the AT1R. The pattern depicted in 
this graph is typical of GPCRs. Most amino acids in the model have 

backbone dihedral angles that are found in α-helices while some 

have backbone dihedral angles that are typical of β-sheets. Very few 
amino acids were disallowed based on the geometry of their 

backbone.  

A B 
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3.2 CANDIDATES SELECTED FOR MUTAGENESIS 

In the absence of a crystal structure, TMs were defined using the UniProt 

database219. These domains were classified as follows: TMI (F28-V52); TMII 

(V65-Y87); TMIII (I103-I124); TMIV (L143-P162); TMV (I193-S214); TMVI 

(I241-L262); TMVII (I276-C296). VADAR was used to quantify the fractional 

ASA of amino acids within these regions. The visual representation of the model 

was inspected, and it was noted that amino acids that were exposed to the 

phospholipid environment generally had a fractional ASA greater than 0.3. 

Therefore, all amino acids with a fractional ASA greater than 0.3 were identified 

as candidates for mutagenesis. Those amino acids that were selected for 

mutagenesis either had the potential to form a covalent linkage or were highly 

hydrophobic.  

3.2.1 Candidates in TMI 

While 48% of the amino acids found in TMI have a fractional ASA greater than 

0.3, none of these candidates were selected for mutagenesis. This decision was 

guided by data found in the literature that suggests other TMs have a more 

prominent role in class A GPCR dimerization166,171,221. Nonetheless, these 

candidates ought not to be ruled out as potential participants in homomer 

formation and have been noted for future studies. The fractional ASA for amino 

acids located in this region can be found in Figure 7A. Likewise, a visual 

representation confirming the exposure of these amino acids can be found in 

Figure 7B.  



   

 55  

 

Figure 7 TMI is highly exposed to the phospholipid bilayer, with 
48% of amino acids in this region having a fractional ASA 
greater than 0.3. (A) A bar graph summarizing the fractional 
ASA of amino acids found in TMI. Twelve of these amino acids have 
a factional ASA higher than 0.3 (red bars). (B) Visualization of these 
amino acids (red) confirms their exposure to the phospholipid 
environment.  

3.2.2 Candidates in TMII 

In terms of fractional ASA, amino acids found in TMII enjoy relatively low 

exposure to the phospholipid bilayer. Only 22% of amino acids found in TMII 

have a fractional ASA greater than 0.3 (Figure 8A). Given this, and the very few 

studies that have implicated TMII in dimerization171, it was not the main focus of 

this study. However, there was an exposed cysteine found at position 76 with 

TMII. This residue was targeted for mutagenesis because of its potential to 

stabilize AT1R-AT1R interactions via disulphide bond formation. A visualization 

of C76 along with other exposed residues located in TMII can be found in Figure 

8B. While L79 has a fractional ASA greater than 0.3, it was not considered to be a 
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candidate for mutagenesis because it is not exposed to the membrane 

environment in the visual representation of the model. 

 

Figure 8 Amino acids in TMII have little exposure to the 
phospholipid bilayer as only 22% of these residues have a 
fractional ASA greater than 0.3. (A) A bar graph summarizing 
the fractional ASA of amino acids found within TMII. Amino acids 
with a fractional ASA higher than 0.3 are highlighted by red bars. 
The amino acid that was selected for mutagenesis (C76) is denoted 
by an asterisk. (B) A visual depiction of the model highlights this 
candidate as red spheres.  

3.2.3 Candidates in TMIII 

TMIII has the highest buried surface area among all TMs. Only 9% of amino 

acids in this region have a fractional ASA that exceeds 0.3.  Figure 9A provides a 

graphical representation of the fractional ASA of amino acids located in TMIII. 

Visualization of the receptor (Figure 9B) shows that only two exposed residues 

are found in TMIII and, due to the conformation of this domain, these amino 
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acids have two distinct orientations. The first, I103, is oriented in the direction of 

TMII, and the second, I124, is oriented in the direction of TMIV and V. Despite 

being implicated in dimerization of CXCR4166, TMIII was not the focus of this 

study given its relatively low exposure to the phospholipid bilayer. 

 

Figure 9 TMIII has the highest buried surface area of all AT1R TM 
domains. (A) Graphical representation of fractional ASA for all 
amino acids found in TMIII. Amino acids with a fractional ASA that 
exceeds 0.3 are labelled red. (B) A visual representation of the AT1R 
shows only two amino acids with an fractional ASA greater than 
0.3.  

3.2.4 Candidates in TMIV 

TMIV is one of the most noteworthy regions of the AT1R when it comes to 

dimerization. While there is a lack of direct evidence to guide studies surrounding 

AT1R dimerization, a molecular dynamics simulation of the δOR has suggested 

that TMIV plays an integral role in this phenomenon221. Given the structural 
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similarities that have led to the use of the δOR as a template for AT1R modelling, 

we focused on this region for mutagenesis. As shown in Figure 10A, 60% of the 

amino acids found in TMIV have an accessible surface area that exceeds 0.3. 

Three combinations of five amino acids in this domain were selected for 

mutagenesis. Combination selection was based on the orientation of each amino 

acid side chain in respect to one another. This approach was used to characterize 

the exact nature of the potential interface at TMIV as it has been proposed that 

this region acts as a “hinge” in δOR dimers221.  

Looking at a visual representation of the model (Figure 10B), there are two 

possible orientations that the amino acids within TMIV can face. The first is in 

the direction of TMIII (green), and the second is in the direction of TMV (blue). 

An isoleucine at position 150 and a leucine at position 154 were selected to 

represent the TMIII orientation (Figure 10C), while an isoleucine at position 151 

and two leucine residues at positions 155 and 158 were chosen to represent the 

TMV orientation (Figure 10D). One mutant construct was designed to 

incorporate an amino acid from each orientation. A leucine at position 154 was 

selected to represent the TMV orientation, and another at position 158 was 

selected to represent the TMIII orientation (Figure 10E). 
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Figure 10 TMIV is highly accessible to the phospholipid 
environment, with 60% of amino acids in this region 
exceeding a fractional ASA of 0.3. (A) Bar graph summarizing 
the fractional ASA of amino acids found within TMIV. Amino acids 
with a fractional ASA greater than 0.3 are identified by red bars, 
and those that were selected for mutagenesis are denoted by an 
asterisk. (B) Visualization of amino acids with a fractional ASA 
greater than 0.3. Amino acids that were considered to be oriented 
towards TMIII are labelled green, and those that were considered to 
be oriented towards TMV are labelled blue. (C) A combination 
consisting of I150 and L154 were selected to represent the TMIII 
orientation (green). (D) A combination comprised of I151, L155, and 
L158 were selected to represent the TMV orientation (blue). (E) A 
final combination of L154 (blue) and L158 (green) was selected to 
represent the TMIII and V orientations simultaneously.    
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3.2.5 Candidates in TMV 

Similar to TMIV, a molecular dynamics simulation has suggested that TMV may 

participate in dimerization of the δ-opioid receptor221. Furthermore, TMV has 

been shown to provide an interaction interface for dimers of the β1AR222, the 

M3R146, and CXCR4166.  Accordingly, TMV was selected as an area of interest for 

mutagenesis. Looking at amino acid exposure to in this region, 59% were shown 

to have a fractional ASA greater than 0.3 (Figure 11A). Three of these amino acids 

were selected for mutagenesis based on their hydrophobicity and their deep 

location within the TM. These include L202, F206, and I210. A visual 

representation of these amino acids can be found in Figure 11B. 
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Figure 11 TMV is another region with high exposure to the 
phospholipid environment. (A) A bar graph shows that, of the 
22 amino acids found in this TM, 13 have a fractional ASA that 
exceeds 0.3. Amino acids with a fractional ASA greater than 0.3 are 
identified by red bars, and those that were selected for mutagenesis 
are denoted by an asterisk. (B) L202, F206, and I210, which were 
selected for mutagenesis, are depicted as red spheres in this visual 
representation of the AT1R.  

3.2.6 Candidates in TMVI 

TMVI has been shown to form an asymmetrical interface with TMV in a dimeric 

crystal structure of the µ-opioid receptor (µOR)171. For this reason, it was not 

ruled out as a potential interaction interface among AT1R homomers. Among the 

22 amino acids that make up TMVI, 27% have a fractional ASA greater than 0.3. 

These values are summarized in Figure 12A. While a threonine at position 260 

was shown to have a fractional ASA that exceeds the o.3 threshold, visual 

inspection of the model determined that this amino acid was oriented towards 

the interior of the TM bundle. Therefore, it was not deemed to be a suitable 
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candidate for mutagenesis. Three amino acids were selected for mutagenesis 

given their location deep within the TM and their symmetry with a series of 

hydrophobic amino acids within TMVII. These amino acids include L247, F251, 

and I258, which are visualized in Figure 12B.  

 

Figure 12 Approximately 27% of amino acids in TMVI are exposed to 
the phospholipid bilayer. (A) Fractional ASA values for each 
amino acid found in TMVI are plotted in this bar graph. Those 
amino acids with a fractional ASA greater than 0.3 are identified by 
a red bar. Amino acids that were selected for mutagenesis are 
denoted by an asterisk. (B) A visualization of the AT1R shows the 
amino acids in TMVI that were selected for mutagenesis (red 
spheres). These amino acids are L247, F251, and I258. 

3.2.7 Candidates in TMVII 

A third of all amino acids found in TMVII have a fractional ASA larger than 0.3. A 

summary of these values can be found in the bar graph in Figure 13A. While L297 

does not reside within TMVII as defined by UniProt, it does belong to TMIV 
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according to the visual representation of the model (Figure 13B). Given this 

information, and the symmetrical location of L247 (TMVI) and L297 (TMVII), 

this amino acid was selected for mutagenesis. In addition, I286 and F293 were 

selected for mutagenesis given the symmetry observed between these 

hydrophobic amino acids and those found in TMVI. 

 

Figure 13 A third of the amino acids in TMVII have a fractional ASA 
that exceeds the threshold of 0.3. (A) A graphical 
representation of these amino acids and their corresponding 
fractional ASA values can be found in this bar graph. Amino acids 
with a fractional ASA larger than 0.3 are noted by red bars, and 
those that were selected for mutagenesis are denoted by an asterisk. 
(B) A visual representation of the AT1R recapitulates that I286, 
F293, and L297 are exposed to the membrane environement  
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3.2.8 Summary 

Various amino acids were selected for mutagenesis based largely on type and 

fractional ASA. TMs IV and V had the largest percentage of residues with a 

fractional ASA larger than 0.3, suggesting that these TMs enjoy the most 

exposure to the phospholipid bilayer. While two amino acids were initially 

identified as candidates for mutagenesis based on fractional ASA, visual 

inspection of the model excluded these residues due to their orientation in 

respect to the phospholipid bilayer. A summary of all amino acids that were 

selected for mutagenesis can be found in Table 7. 

Table 7 Summary of amino acids that were selected for 
mutagenesis along with their corresponding 
transmembrane domains 

Transmembrane Region Candidates Selected for Mutagenesis 

I N/A 

II C76S 

III N/A 

IV I150, I151, L154, L155, L158 

V L202, F206, I210 

VI L247, F251, I258 

VII I286, F293, L297 
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3.3 RECEPTOR FUNCTION AND EXPRESSION 

In order to assess the overall expression of each GFP10-tagged AT1R mutant, 

GFP10 fluorescence was measured (Figure 14). Fluorescence is represented as net 

relative fluorescence units (RFU), with background fluorescence of the pcDNA 

control subtracted from each value. There was no significant fluctuation in GFP10 

fluorescence when each mutant was compared to the WT receptor (p > 0.05; two-

tailed, unpaired t-test).     
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Figure 14 Overall expression is similar among GFP10-tagged 
receptors. Net GFP10 fluorescence (RFU) does not vary 
significantly between HEK293A cells expressing the WT AT1R-
GFP10 and mutant AT1R-GFP10 constructs (n = 3; p > 0.05; two-
tailed, unpaired t-test). Net fluorescence is defined as total 
fluorescence minus fluorescence of the pcDNA control. Data is 
presented as the mean ± standard error (S.E.). 

In addition to receptor expression, it was important to establish whether or not 

each receptor construct was responsive to Ang II. Responsiveness to Ang II, 

which is an extracellular ligand, would indicate that the receptor is expressed at 

the membrane and that it is functional. To determine this, BRET2 was used to 

quantify Ang II-induced β-arrestin1-Rluc2 recruitment to each GPF10-tagged 

receptor. Interestingly, the dose-response parameters (EMin, logEC50, Emax) for 
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each AT1R mutant were identical to that of the WT receptor (Table 8; p > 0.05; two-

tailed, unpaired t-test). A graphical representation of these results can be found 

in Figures 15-19.  

Table 8 Dose-response parameters suggest that each AT1R mutant 
is similar to the WT receptor in terms of ability to recruit 
β-arrestin1. Values are represented as the mean ± S.E. and are 
each compared to the WT receptor (n = 3; p > 0.05; two-tailed, 
unpaired t-test). 

Receptor 
Construct 

EMin (% Max) logEC50 EMax (% Max) 

WT AT1R-GFP10 79.68 ± 1.81  0.74 ± 0.22 99.99 ± 2.30 

C76S AT1R-GFP10 84.47 ± 1.06  0.88 ± 0.17 99.99 ± 1.45 

I150,L154A AT1R-
GFP10  

77.52 ± 1.20 0.48 ± 0.13 99.99 ± 1.30 

I151,L154,158A AT1R-
GFP10 

78.94 ± 1.02 0.91 ± 0.12 100.00 ± 1.41 

L154,158A AT1R-
GFP10 

75.19 ± 1.23 0.92 ± 0.13 100.00 ± 1.80 

L202,F206,I210A 
AT1R-GFP10 

79.96 ± 1.25 0.87 ± 0.16 100.00 ± 1.69 

L247,F251,I258A 
AT1R-GFP10 

82.82 ± 1.07 0.71 ± 0.15 100.00 ± 1.35 

I286,F293,L297A 
AT1R-GFP10 

82.86 ± 1.11 0.81 ± 0.16 100.00 ± 1.46 
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Figure 15 Dose-response profiles suggest that the C76S AT1R-GFP10 
construct is similar to the WT receptor in terms of its 
ability to recruit β-arrestin1. BRET2 was used to quantify Ang 
II-induced β-arrestin1-Rluc2 recruitment to each GFP10-tagged 
receptor. Recruitment was examined in the presence of nine 
concentrations of Ang II, which ranged from 0 µM to 1 µM.  Values 
are represented as the mean ± S.E. 
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Figure 16 Dose-response profiles suggest that each combination of 
mutants in TMIV is similar to the WT receptor in terms of 
its ability to recruit β-arrestin1. BRET2 was used to quantify 
Ang II-induced β-arrestin1-Rluc2 recruitment to each GFP10-
tagged receptor. Recruitment was examined in the presence of nine 
concentrations of Ang II, which ranged from 0 µM to 1 µM. Dose-
response profiles were generated for the (A) I150,L154A, (B) 
L154,158A, and (C) I151,L155,158A AT1R-GFP10 constructs. Values 
are represented as the mean ± S.E. 
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Figure 17 Dose-response profiles suggest that the L202,F206,I210A 
AT1R-GFP10 contruct is similar to the WT receptor in 
terms of its ability to recruit β-arrestin1. BRET2 was used to 
quantify Ang II-induced β-arrestin1-Rluc2 recruitment to each 
GFP10-tagged receptor. Recruitment was examined in the presence 
of nine concentrations of Ang II, which ranged from 0 µM to 1 µM.  
Values are represented as the mean ± S.E. 
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Figure 18 Dose-response profiles suggest that the L247,F251,I258A 
AT1R-GFP10 construct is similar to the WT receptor in 
terms of their ability to recruit β-arrestin1. BRET2 was used 
to quantify Ang II-induced β-arrestin1-Rluc2 recruitment to each 
GFP10-tagged receptor. Recruitment was examined in the presence 
of nine concentrations of Ang II, which ranged from 0 µM to 1 µM.  
Values are represented as the mean ± S.E. 

  



   

 72  

-10.0
70

80

90

100

110

0.0 2.0 4.0

WT AT1R-GFP10 +  -arrestin1-Rluc2

I286,F293,L297A AT1R-GFP10 +

 -arrestin1-Rluc2

log [Ang II]


-A

rr
e
s
ti

n
1
-R

lu
c
2

R
e
c
ru

it
m

e
n

t 
(%

 M
a
x
)

 

Figure 19 Dose-response profiles suggest that the I286,F293,L297A 
AT1R-GFP10 construct is similar to the WT receptor in 
terms of its ability to recruit β-arrestin1. BRET2 was used to 
quantify Ang II-induced β-arrestin1-Rluc2 recruitment to each 
GFP10-tagged receptor. Recruitment was examined in the presence 
of nine concentrations of Ang II, which ranged from 0 µM to 1 µM.  
Values are represented as the mean ± S.E.  

3.4 BRET2 SATURATION EXPERIMENTS 

A series of BRET2 saturation experiments were designed in order to quantify the 

affinity between the WT Rluc2-tagged receptor and each GFP10-tagged AT1R 

construct. As described in the Materials and Methods, the level of WT AT1R-

Rluc2 pcDNA was held constant at a transfection rate of 1.00 µg/well in a six-well 

plate. The level of WT or mutant AT1R-GFP10 increased from 0.25-5.00 µg/well, 

which yielded 12 acceptor/donor ratios in total. Using GraphPad Prism 5.0, a 

non-linear regression (one-phase decay) was performed, and the BRET50 and 

BRETMax values were established for each receptor pairing. These two parameters 

are useful because BRET50 is inversely proportional to receptor-receptor affinity, 
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and BRETMax is representative of the proximity of each tag, which makes it useful 

in identifying conformational changes that arise as a result of dimerization or 

mutagenesis.  

3.4.1 Mutations in TMII 

C76S was the first mutation to be examined in terms of its effect on AT1R 

homomer formation. Using a BRET2 saturation experiment (Figure 20A), it was 

shown that titration of either the WT or mutant AT1R-GFP10 construct was 

sufficient to produce a saturable curve in the presence of the WT AT1R-Rluc2 

construct. Looking at the negative control (i.e. hERG-GFP10 paired with WT 

AT1R-Rluc2), a non-saturable trend is observed. This indicates that, unlike the 

negative control, both the WT and mutant receptor constructs form a specific 

interaction with WT receptors. Nonetheless, the C76S substitution was shown to 

have no effect on BRET50 (Figure 20B) or BRETMax (Figure 20C) (n = 6; p > 0.05; 

two-tailed, unpaired t-test). This indicates that the C76S mutation has no effect 

on AT1R-AT1R affinity or conformation when compared to the WT receptor. 
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Figure 20 The C76S mutation has no effect on AT1R-AT1R affinity.              
(A) BRET2 saturation experiments were designed such that HEK 
293A cells were transiently transfected with a fixed concentration of 
AT1R-Rluc2 and increasing concentrations of WT or C76S AT1R-
GFP10. BRET2 

efficiency ([BRET2 
Ratio

 
– Background] / Positive 

Control) is plotted as a function of the ratio of GFP10/Rluc2. Six 
replicates were performed for the WT and mutant receptors while 
three replicates were performed for the negative control (hERG-
GFP10). Mean and S.E. are plotted for (B) BRET50  values that were 
calculated using GraphPad Prism 5.0. There was no significant 
difference in BRET50 between the WT and mutant receptors (n = 6; 
p > 0.05; two-tailed, unpaired t-test).  

3.4.2 Mutations in TMIV 

As discussed above, TMIV was one of the main regions of interest for this study. 

I150,L154A AT1R-GFP10 was the first mutant to be characterized. As discussed 

previously, these residues were oriented towards the putative TMIII interface. 

Similar to the other mutants, this construct has no effect on the overall specificity 

of the interaction. In pairing this GFP10-tagged mutant with the WT AT1R-Rluc2 
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construct, a saturable curve was produced (Figure 21A). Mutation of these 

residues did, however, lead to an increase in BRET50 (Figure 21B) (n= 6; p < 0.05; 

two-tailed, unpaired t-test) and, by extension, a reduction in AT1R-AT1R affinity. 

These mutation did not affect the BRETMax value (Figure 21C) (n = 6; p > 0.05; 

two-tailed, unpaired t-test).  

 

Figure 21 The I150,L154A substitutions result in decreased AT1R-
AT1R affinity. (A) BRET2 saturation experiments were designed 
such that HEK 293A cells were transiently transfected with a fixed 
concentration of AT1R-Rluc2 and increasing concentrations of WT 
or mutant AT1R-GFP10. BRET2 

efficiency ([BRET2 Ratio
 
– 

Background] / Positive Control) is plotted as a function of the ratio 
of GFP10/Rluc2. Six replicates were performed for the WT and 
mutant receptors, while three replicates were performed for the 
negative control (hERG-GFP10). Mean and S.E. are plotted for (B) 
BRET50  and (D) BRETMax values that were calculated using 
GraphPad Prism 5.0. The I150L154A mutations result in a 
significant increase in BRET50 (n = 6; *p < 0.05; two-tailed, 
unpaired t-test), but no change in BRETMax (n = 6; p > 0.05) when 
compared to the WT AT1R.  
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The I151,L155,158A mutant was the next construct to be characterized. As 

mentioned above, these amino acid residues were found in TMIV but oriented 

towards TMV. A saturable BRET2 profile was also observed with this mutant 

(Figure 22A), suggesting that it had no effect on the specificity of the receptor-

receptor interaction. However, this mutant did lead to an approximate 2-fold 

increase in the BRET50 value when compared to the WT receptor (Figure 22B) (n 

= 6; p < 0.05; two-tailed, unpaired t-test). This suggests that mutation of these 

residues, the largest number mutated in TMIV, leads to a significant reduction in 

AT1R-AT1R affinity. Mutation of these residues had no effect on BRETMax (Figure 

22C) (n = 6; p > 0.05; two-tailed, unpaired t-test). 
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Figure 22 The I151,L155,158A mutation decreases AT1R-AT1R 
affinity. (A) BRET2 saturation experiments were designed such 
that HEK 293A cells were transiently transfected with a fixed 
concentration of AT1R-Rluc2 and increasing concentrations of WT 

or mutant AT1R-GFP10. BRET2  efficiency values ([BRET2 Ratio – 
Background] / Positive Control) are plotted as a function of the 
ratio of GFP10/Rluc2. Six replicates were performed for the wild-
type and mutant receptors, while three replicates were performed 
for the negative control (hERG-GFP10). Mean and S.E. are plotted 
for (B) BRET50  and (C) BRETMax values that were calculated using 
GraphPad Prism 5.0. The I151,L155,158A mutation results in a 
significant increase in BRET50  (n = 6; **p < 0.01; two-tailed, 
unpaired t-test) but no change in BRETMax (n = 6; p > 0.05). 

L154 and L158 were the last series of amino acids to be examined in the TMIV. 

These amino acids were selected because each side chain has a distinct 

orientation. L154 is oriented toward TMV and L158 is oriented towards TMIII. 

Substitution of both of these amino acids with an alanine residue produced a 

saturable BRET2 curve (Figure 23A). These substitutions also resulted in a 

significant increase in BRET50 (Figure 23B) (n = 6; p < 0.05; two-tailed, unpaired 
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t-test). BRETMax, on the other hand, was not affected (Figure 23C) (n = 6; p > 

0.05; two-tailed, unpaired t-test).  

 

Figure 23 The L154,158A mutation decreases AT1R-AT1R affinity. (A) 
BRET2 saturation experiments were designed such that HEK 293A 
cells were transiently transfected with a fixed concentration of 
AT1R-Rluc2 and increasing concentrations of WT or mutant AT1R-

GFP10. BRET2  efficiency values ([BRET2 Ratio – Background] / 
Positive Control) are plotted as a function of the ratio of 
GFP10/Rluc2. Six replicates were performed for the wild-type and 
mutant receptors, while three replicates were performed for the 
negative control (hERG-GFP10). Mean and S.E. are plotted for (B) 
BRET50  and (C) BRETMax values that were calculated using 
GraphPad Prism 5.0. The L154,158A mutation results in a 
significant increase in BRET50  (n = 6; *p < 0.05; two-tailed, 
unpaired t-test) but no change in BRETMax (n = 6; p > 0.05).  

3.4.3 Mutations in TMV 

TMV is another area of interest when it comes to AT1R homomer formation. The 
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curve (Figure 24A) and, therefore, interact specifically with the WT AT1R-Rluc2 

construct. This mutant was also shown to produce a significant increase in 

BRET50 (Figure 24B) (n = 6; p < 0.05; two-tailed, unpaired t-test). However, it 

yielded no change in the BRETMax value when compared to the WT receptor 

(Figure 24C) (n = 6; p > 0.05; two-tailed unpaired t-test).  

 

Figure 24 The L202,F206,I210A mutation decreases AT1R-AT1R 
affinity. (A) BRET saturation experiments were designed such that 
HEK 293A cells were transiently transfected with a fixed 
concentration of AT1R-Rluc2 and increasing concentrations of WT 

or mutant AT1R-GFP10. BRET2  efficiency values ([BRET2 Ratio – 
Background] / Positive Control) are plotted as a function of 
GFP10/Rluc2 ratios. Six replicates were performed for the wild-type 
and mutant receptors, while three replicates were performed for the 
negative control (hERG-GFP10). Mean and S.E. are plotted for (B) 
BRET50  and (C) BRETMax values that were calculated using 
GraphPad Prism 5.0. The L202,F206,I210A mutation results in a 
significant increase in BRET50  (n = 6; *p < 0.05; two-tailed, 
unpaired t-test) and no change in BRETMax (n = 6; p > 0.05).  
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3.4.4 Mutations in TMVI 

The next area of interest was TMVI. In this domain, L247, F251, and I258 were 

mutated to three alanine residues in order to reduce hydrophobicity at this 

region. Nonetheless, a saturable, thus, specific interaction did occur between the 

mutant and WT AT1R constructs (Figure 25A). Mutation of these amino acids 

was sufficient to increase BRET50 (Figure 25B) (n = 6; p < 0.05; two-tailed, 

unpaired t-test) and, therefore, decrease affinity between the two receptors. 

BRETMax was not perturbed by this series of substitutions (Figure 25C).  
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Figure 25 The L247,F251,I258A mutation decreases AT1R-AT1R 
affinity. (A) BRET2 saturation experiments were designed such 
that HEK 293A cells were transiently transfected with a fixed 
concentration of AT1R-Rluc2 and increasing concentrations of WT 

or mutant AT1R-GFP10. BRET2  efficiency values ([BRET2 Ratio – 
Background] / Positive Control) are plotted as a function of 
GFP10/Rluc2 ratios. Six replicates were performed for the wild-type 
and mutant receptors, while three replicates were performed for the 
negative control (hERG-GFP10). Mean and S.E. are plotted for (B) 
BRET50  and (C) BRETMax values that were calculated using 
GraphPad Prism 5.0. The L247,F251,I258A mutation results in a 
significant increase in BRET50  (n = 6; *p < 0.05; two-tailed, 
unpaired t-test) but no change in BRETMax (n= 6; p > 0.05).  

3.4.5 Mutations in TMVI 

Mutation of I286,F293, and L297 in TMVI was shown to produce a saturable 
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26C) (n = 6; p > 0.05; two-tailed, unpaired t-test),. Looking at the curve itself, 

however, there did appear to be a shift in the saturation point. While not 

significant, this may be related to the fact that the GFP10 tag is found at the C-

terminus of the receptor. Given the direct connection between TMVII and the C-

terminus, mutation of this region is very likely to disrupt the orientation of the 

tag, thus, affect BRET.     
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Figure 26 The I286,F293,L297A mutations decrease AT1R-AT1R 
affinity. (A) BRET2 saturation experiments were designed such 
that HEK 293A cells were transiently transfected with a fixed 
concentration of AT1R-Rluc2 and increasing concentrations of WT 

or mutant AT1R-GFP10. BRET2  efficiency values ([BRET2 Ratio – 
Background] / Positive Control) are plotted as a function of the 
ratio of GFP10/Rluc2. Six replicates were performed for the wild-
type and mutant receptors, while three replicates were performed 
for the negative control (hERG-GFP10). Mean and S.E. are plotted 
for (B) BRET50  and (C) BRETMax values that were calculated using 
GraphPad Prism 5.0. The I286,F293,L297A mutations result in a 
significant increase in BRET50  (n = 6; *p < 0.05; two-tailed, 
unpaired t-test) but no change in BRETMax (n = 6; p > 0.05).  
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disruption of the AT1R homomer interface. Furthermore, there were no 

significant shifts in BRETMax, suggesting that none of the mutations disrupted 

receptor conformation in such a way that would displace GFP10. A summary of 

the BRET parameters for each receptor can be found in Table 9 below. 

Table 9  Summary of BRET50 and BRETMax values derived from 
BRET2 saturation experiments performed for each mutant 
AT1R construct. Values are represented as the mean ± S.E. and 
are each compared to the WT receptor (n = 3; * p < 0.05; ** p< 
0.005; two-tailed, unpaired t-test). 

BRET2 Acceptor  BRET50 BRETMax 

WT AT1R-GFP10 0.885  0.193 0.097  0.004 

C76S AT1R-GFP10 1.462  0.280 0.102  0.005 

I150,L154A AT1R-GFP10 1.589  0.184* 0.113  0.008 

I151,L155,158A AT1R-GFP10 1.922  0.258** 0.105  0.009 

L154,158A AT1R-GFP10 2.648  0.716* 0.104  0.014 

L202,F206,I210A AT1R-GFP10 1.894  0.359* 0.107  0.007 

L247A,F251,I258A AT1R-GFP10 1.928  0.269* 0.100  0.008 

I286,F293,L297A AT1R-GFP10 2.141  0.563* 0.078  0.010 
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CHAPTER 4  DISCUSSION  

4.1 GENERAL OVERVIEW 

Members of the GPCR superfamily make up one of the largest classes of drug 

targets. Some examples of diseases that are treated using GPCR-based therapies 

include schizophrenia, depression, Parkinson’s disease, obstructive pulmonary 

disease, benign prostatic hyperplasia, congestive heart failure, and 

hypertension223. Despite this, we know very few details about GPCR structure. 

The limited body of knowledge that does exist has demonstrated that our original 

understanding of these receptors was oversimplified. We now know that, unlike 

their name suggests, GPCRs can signal independent of heterotrimeric G proteins, 

and they can also form quaternary complexes with unique pharmacological 

properties. These insights have fuelled growth in the field of GPCR research and 

have demonstrated that these receptors will have a prominent role in disease 

treatment for years to come. 

While GPCRs have a central role in disease treatment, the current approach to 

drug design is limited largely by the need to mimic endogenous ligands. Without 

key structural data, progress in the field has been slow. Currently, only 25 high 

resolution crystal structures exist for GPCRs, representing approximately 3% of 

all 800 GPCRs known to humans. This shortcoming is exacerbated when receptor 

dimers and oligomers are included. Indeed, only a handful of crystal structures 

exist for receptor dimers. These include the µOR171, the κ-opioid receptor170, the 
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β1-adrenergic receptor222, and CXCR4166. While there is a lack of structural data, 

there is a considerable body of knowledge surrounding the physiological 

consequences of GPCR dimerization55. These consequences have been outlined in 

Table 1. 

As a means to define the physiological relevance of GPCR dimerization, the 

International Union of Basic and Clinical Pharmacology (IUPHAR) established 

three criteria for assessing GPCR dimers. Two of these three criteria must be met 

in order for a GPCR dimer to be deemed physiologically relevant. These criteria 

include expression of the dimer in native tissues or primary cells, dimer-specific 

qualities such as unique signaling or ligand binding properties, and in vivo 

validation of the dimer in animal models224. Numerous studies have examined 

GPCRs in the scope of these criteria, and several GPCR dimers can now be 

considered physiologically relevant.  

 The pharmacological potential of GPCR dimers is highlighted by the fact that 

some of these structures have been shown to have distinct ligand binding 

properties. The earliest studies to demonstrate this looked at dimerization-

induced alterations in radioligand binding affinity and dissociation constants. 

These efforts challenged the traditional paradigm of a single, independent GPCR 

binding a single ligand. In one study, the δOR and µOR were shown to form 

heterodimers in native tissues. Interestingly, ligand binding at one receptor 

within the heterodimeric complex was also shown to influence ligand binding at 

the adjacent receptor. Specifically, administration of δOR antagonists was shown 
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to increase µOR affinity for morphine and DAMGO101. This phenomenon was 

identified as positive cooperativity. In a more recent study, negative cooperativity 

was observed among heteromers of the dopamine D2L receptor and the 

neurotensin receptor 1. With negative cooperativity, the dopamine D2L receptor 

showed a 34-fold decrease in agonist affinity following administration of 

neurotensin117. Aside from ligand affinity, dimerization has also been shown to 

influence ligand selectivity. Coexpression of the δ- and κ–opioid receptors has 

been shown to decrease receptor affinity for selective agonists and antagonists, 

but increase receptor affinity for partially selective agonists and antagonists64. 

Evidently, the therapeutic potential of GPCR complexes is underappreciated.  

While ligand binding can be influenced by GPCR dimerization, a complete switch 

in signaling can also occur as a result of this phenomenon. In fact, dimerization 

of the dopamine D1 and D2 receptors has been shown to yield a complete switch 

in G protein coupling. When expressed alone, the D1R couples Gαs, and the D2R 

couples Gαi. Heterodimerization of these receptors, however, has been shown to 

result ligand-stimulated Gαq/11 coupling. This leads to the subsequent activation 

phospholipase C and a dramatic increase in intracellular calcium release108. In 

another example, heterodimerization of the cannabinoid receptor type 1 (CB1R) 

and D2R has been shown to result in a G protein switch. When expressed alone, 

the CB1R is coupled to Gαi and inhibits cAMP production via adenylyl cyclase. 

However, coactivation of the D2R and the CB1R results in Gαs coupling and an 

increase in cAMP levels92. Other signaling switches that arise following 

heterodimerization include a switch from G protein signaling to β-arrestin-
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mediated signaling102. This has obvious consequences for GPCR pharmacology 

and, again, provides a potential avenue for drug development.  

GPCR dimerization also has important implications for receptor trafficking. 

Indeed, receptor-receptor interactions have been shown to affect cell surface 

expression, receptor maturation, and ligand-induced internalization among 

GPCRs55. The α1D-adrenergic receptor, for example, has limited activity when 

expressed alone because it is not transported to the cell surface efficiently225. 

However, heterodimerization of the α1D-adrenergic receptor with the α1B-

adrenergic receptor has been shown to increase α1D-adrenergic receptor 

expression at the cell surface by a factor of 1078. This suggests that the α1B-

adrenergic receptor acts as a chaperone, and it is essential for α1D-adrenergic 

receptor function. In addition to this, receptor dimerization can lead to ligand-

induced cointernalization. Stimulation of the δOR has been shown to decrease 

cell surface expression of both the δOR and the µOR subtypes226. While this has 

implications for the use of morphine as an analgesic, it also highlights the 

previously unrecognized consequences of GPCR dimerization.  

In addition to the altered trafficking patterns observed among GPCR dimers, the 

magnitude of receptor signaling can also change as a result of receptor-receptor 

interactions. Indeed, signaling via either one or two receptors within a dimeric 

complex can be increased or decreased when compared to signaling of the 

respective monomeric constituents. Morphine, which is a µOR agonist, was 

shown to inhibit norepinephrine-induced α2A-adrenergic receptor signaling in 
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cells coexpressing the µ-opioid and α2A-adrenergic receptors. Specifically, α2A-

adrenergic receptor-mediated Gαi activation and ERK1/2 phosphorylation were 

reduced in the presence of morphine84. By contrast, Ang II-mediated AT1R 

signaling was shown to be increased with coexpression of the B2R in vascular 

smooth muscle cells. This increase was observed even in the absence of 

bradykinin, and it has been shown to result in preeclampsia85 and experimental 

hypertension218. The AT1R-B2R complex is of great interest because specific 

targeting or disruption of this dimer may have therapeutic benefits for 

individuals suffering with hypertension and related cardiovascular disease. It was 

also recently demonstrated that the AT1R forms functional heteromers with the 

D2R in the rat striatum. Selective blockade of the AT1R in cotransfected cells was 

shown to block dopaminergic signaling, suggesting that drug therapies targeting 

the RAAS may have off-target effects in the central nervous system87. In light of 

these findings, we sought a better understanding of the structural context of these 

interactions with the goal of identifying the TM regions that are involved in AT1R 

homomer formation.  

4.2 GOMODO CAN BE USED TO DEVELOP AN ACCURATE MODEL OF THE 

AT1R 

Given the obstacles associated with elucidating three-dimensional GPCR 

structure experimentally, many groups have turned to computational methods 

for modelling GPCR structure. Traditionally, this approach required expert 

computer programming skills and was computationally taxing; however, the 
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emergence of several web-based platforms has provided a low-cost, user-friendly 

means for novice researchers to model GPCRs. Here, we used GOMoDo to 

develop a three-dimensional model of the AT1R in the absence of a published 

crystal structure. This modelling was essential for the identification of amino 

acids that were exposed to the phospholipid bilayer and, thus, had the potential 

to participate in AT1R homomer formation. Using this approach, the δOR was 

selected as the best template for AT1R modelling as it had a low DOPE score and 

a high GA341 score (Figure 5). 

After this model was generated, a crystal structure was published for the AT1R 

(PDB ID: 4YAY)186. Interestingly, the model that was based on the crystal 

structure of the δOR was highly similar to the solved crystal structure for the 

AT1R. Using the GPCRDB superimposition tool16, it was determined that there is 

a RMSD of 2.1 Å between the α-carbon atoms of each structure. This value is 

considerably smaller than the 2.9 Å resolution of the crystal structure186. 

Therefore, it was concluded that GOMoDo produced an adequate model of the 

AT1R. By visual comparison alone, it was evident that the model was accurate as 

all amino acids that were selected for mutagenesis were exposed to the 

membrane environment in both the model (Figure 27A) and the crystal structure 

(Figure 27B). This finding is significant because it validates the selection of 

candidates for mutagenesis, and it indicates that GOMoDo can be used for 

similar applications in the future. This is a novel finding as GOMoDo has not yet 

been used for the examination of GPCR homomerization. 
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Figure 27 All amino acids that were selected for mutagenesis are 
exposed in both the model and the crystal structure. (A) A 
visual representation of the AT1R produced using GOMoDo shows 
that all mutated amino acids (red spheres) are exposed to the 
membrane environment. (B) The AT1R crystal structure (PDB ID: 
4YAY)186 shows a similar pattern, with each selected amino acid 
(red spheres) appearing to be exposed to the membrane 
environment. Using the GPCRDB superimposition tool16, it was 
determined that there was a RMSD of 2.1 Å between the α-carbon 
backbone of the model and that of the crystal structure. 

Although GOMoDo was capable of developing an accurate model of the AT1R, 

there are some caveats to consider when using this program. When looking at the 

adhesion family, for instance, there are no complete crystal structures available to 

use as templates for modeling. Therefore, users may have difficulty using 

GOMoDo to model receptors within this family. In fact, 21 of the 25 crystal 

structures available for GPCRs belong to the rhodopsin-like family. This presents 

some challenges for those looking to use GOMoDo to model receptors outside of 

A B 
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this class. The scoring parameters of the AT1R model presented herein may be 

used as a positive control for suitable modeling; however, the usefulness of 

GOMoDo is still limited by the availability of suitable templates for GPCR 

modeling. 

4.3 HYDROPHOBIC RESIDUES WITHIN TMS IV, V, VI, AND VII 

PARTICIPATE IN AT1R HOMOMERIZATION 

Despite the emergence of a three-dimensional structure for the AT1R 

monomer186, very little is known about the three-dimensional structure of 

multimeric AT1R complexes. Based on the data that exists for other multimeric 

class A GPCRs, we hypothesized that the AT1R forms homomeric interactions via 

hydrophobic residues within TMs IV, V, VI, and VII. Indeed, different 

combinations of these domains have been shown to participate in dimerization of 

the µOR171, the β1AR,222 the M3R146, and CXCR4166. There is, however, some 

variation in the specific nature of these interactions.  

When CXCR4 is bound to a small molecule antagonist known as IT1t, dimer 

association was shown to be driven by hydrophobic interactions between amino 

acids at the extracellular end of TMs V and VI166. However, when CXCR4 dimers 

are bound to a cyclic peptide known as CVX15, receptors were shown to interact 

via another interface at the intracellular side of TMIII, TMIV, and ICL2. Binding 

of this bulky peptide was shown to induce a conformational change in the 

extracellular region of TMV and promote contact between the intracellular 

regions of opposing receptors166. It has been speculated that this conformational 
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change alters ligand affinity at the adjacent receptor, and this may provide a 

mechanistic model for the positive and negative cooperativity that can be 

observed among ligands that target other GPCR dimers. The presence of the 

E/DRY motif on TMIII is also notable because, aside from mediating ligand-

induced receptor activation, this motif may provide a mechanism by which ligand 

binding influences the dimer interface and vice versa. Indeed, when CXCR4 

interacts with C-C chemokine receptor type 2 or type 5, negative binding 

cooperativity has been observed between their ligands227-229. Nonetheless, the 

structural details of CXCR4 dimerization appear to be unique. This suggests that 

the mechanisms of dimerization can vary within a single GPCR family, and this 

phenomenon merits further investigation with the AT1R.  

Although a crystal structure does not yet exist for the δOR dimer, there has been 

some recent effort to characterize the interaction interface between these 

receptors. Using a molecular dynamics simulation, it was shown that TMs IV and 

V contribute to a putative interface among δOR dimers221. This finding is highly 

relevant to the current study as the δOR was selected as the best template for 

AT1R modelling (Figure 5). Accordingly, substitution of hydrophobic amino acids 

within TMIV (I150,L154A, I151,L155,158A, and L154,158A) and TMV 

(L202,F206,I210A) led to significant changes in the BRET2 saturation profile for 

each receptor (Figures 21-24). Specifically, each mutant produced a significant 

increase in BRET50, which suggests that reduced hydrophobicity at these regions 

is associated with decreased AT1R-AT1R affinity. Nonetheless, each of these 
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mutants was responsive to Ang II (Figures 16 & 17), which suggests that they are 

functional and expressed at the membrane. 

The µOR (PDB ID: 4DK1) is also among the small number of GPCRs with a 

known quaternary structure171. Coincidentally, it was identified as the second best 

template for AT1R modelling via GOMoDo (Figure 5). Given this, the dimer 

interface of the µOR was also thought to be an accurate predictor of the AT1R 

dimer interface. Similar to CXCR4, the µOR has an asymmetrical dimer interface 

at TMs V and VI. Different from CXCR4, however, this interface is tightly packed 

because it does not rely solely on amino acids within the extracellular region of 

these domains. In addition, two discrete interaction interfaces can be found at 

TMI, TMII, and helix VIII within µOR dimers171. This interface is loosely packed 

when compared to the TMV/VI interface and it was, therefore, assumed to make 

less of a contribution to receptor-receptor affinity. As result, our focus was 

directed to the TMV/VI interface. Interestingly, the BRET2 saturation curves 

found in Figures 24 and 25 demonstrate that mutation of a series of hydrophobic 

amino acids in TMV (L202,F206,I210) and TMVI (L247,F251,I258) is sufficient 

to reduce AT1R-AT1R affinity. Similar to the constructs discussed above, there 

receptor were responsive to Ang II (Figures 17 & 18) and, thus, assumed to be 

functional.  

Data to implicate TMVII in GPCR dimerization is limited, but some studies have 

suggested that it is involved in this phenomenon among certain GPCRs. 

Specifically, Ng et al. (1996) demonstrated that a peptide segment designed to 
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mimic TMVII of the D2R was sufficient to disrupt D2R dimerization230. Likewise, 

a more recent study has indicated that injection of this peptide segment into rate 

brain leads to selective blockade of D2R activity231. Together, this evidence 

suggests that, through dimerization, TMVII has a role in GPCR inhibition, which 

lends support to the notion that GPCR dimers are druggable targets. The data 

presented herein demonstrates that mutation of hydrophobic amino acids found 

in this region (I286,F293,L297A) results in a decrease in receptor-receptor 

affinity (Figure 26). Further characterization of this construct with regards to its 

effect on receptor activity would be an interesting avenue for future studies. 

While the results contained in this study are consistent with information found in 

the literature, this study does not provide information concerned with the overall 

geometry of these interactions. Do TMs V and VI form discrete interaction 

interfaces, or do both TMs form a single, asymmetrical interface? Looking at 

CXCR4 and the µOR, the latter scenario appears to be most likely. However, this 

becomes complicated when data available for the β1AR is considered222. With this 

receptor, TMs IV and V have been shown to form a single interface. While each of 

these TMs appear to contribute to AT1R-AT1R affinity, the exact nature of this 

interaction remains unknown. Do TMs IV and V form a single, asymmetrical 

interface in lieu of TMs V and VI? Do separate interfaces exist within AT1R 

homomers at all? Additional studies are required to answer these questions, but 

theoretical information provides some insight on this topic.  
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4.4 DOES THE AT1R EXIST AS A DIMER OR HIGHER ORDER OLIGOMER? 

In producing a BRET50 value, BRET saturation experiments can be used to 

determine the relative affinity of GPCR-GPCR complexes. By extension, BRET 

saturation experiments can also be used to track the shift from tetramer to 

trimer, trimer to dimer, and dimer to monomer (Figure 28)232. Receptor 

homodimers, for example, have a theoretical BRET50 value of 1. In the current 

study, the BRET50 value obtained for WT AT1R-AT1R complex was 0.885  0.193 

(Table 9). There is no significant difference between this value and the theoretical 

BRET50 value of 1 for receptor homodimers (p >0.05; two-tailed, unpaired t-test). 

Based on this alone, it would appear that the AT1R does not form high order 

oligomers. However, it is important to note that there is no significant difference 

between the theoretical BRET50 value for trimers232 and the experimental BRET50 

value of 0.885  0.193 (p > 0.05; two-tailed, unpaired t-test). This suggests that, 

while sensitive enough to detect increases in BRET50 on that magnitude of 50% or 

more, the BRET2 saturation experiments presented here were not suitable for 

detecting changes smaller than this.   
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Figure 28 Theoretical BRET saturation curves that describe 
oligomer formation232. BRET ratio is plotted as a function of 
acceptor/donor ratios ([A]/[D]). BRET50 is the represented as the 
ratio at which the saturation curve reaches half of the maximal 
BRET response (BRETmax). High order complexes reach BRETmax 

faster and have lower BRET50 values. This material has been 
reproduced under the terms of the Creative Commons Attribution 
License (http://creativecommons.org/licenses/by/3.0/legalcode). 
Copyright © 2012 Drinovec, Kubale, Nøhr Larsen and Vrecl.  

4.5 FUTURE WORK  

Given some evidence to suggest that TMs I and III have a role in dimerization 

among certain GPCRs166,171, we hope to examine these regions in the context of 
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AT1R homomers. Furthermore, we hope to characterize the exact nature of the 

interfaces that have already been examined by looking at different combinations 

of mutations across different TMs. Because BRET50 was increased in the presence 

of almost every series of mutations with the exception of C76S, we propose that 

certain combinations of mutations from different TMs will lead to a further 

reduction and perhaps a complete ablation of BRET. For example, if TMs V and 

VI happen to make up a single, asymmetrical interface, a combination of 

mutations in both of these regions should have no further effect on BRET. 

However, if these TMs make up two discreet interfaces, a combination of 

mutations in both regions should lead to a further reduction and possibly a 

complete disruption of BRET. While this would help distinguish between discreet 

interfaces, it would also provide a glimpse at the overall geometry of AT1R 

homomers. Specifically, it will tell us whether or not the AT1R exists as a dimer or 

a high order oligomer. In the future, we hope to use this data to guide studies that 

examine AT1R heteromers. With the existence of AT1R-B2R heteromers that 

have been implicated in preeclampsia85 and experimental hypertension218, these 

structures would be the next logical target for future studies.  

4.6 CONCLUSIONS 

The AT1R has had a central role in cardiovascular disease treatment for 

decades207. However, the realization that this GPCR forms homomeric and 

heteromeric complexes has complicated our understanding AT1R pharmacology. 

While the AT1R is known to form complexes with a handful of other GPCRs, its 
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interactions with the B2R and the AT2R are perhaps the most notable59,85,218. 

Formation of these complexes has been shown to have profound effects on AT1R 

pharmacology and cardiovascular physiology. With is mind, we set out to 

examine the AT1R homomer interface with the intent of applying this data to 

future studies focused on AT1R heteromers. To our knowledge, this is the first 

time GOMoDo has been used for the characterization of a GPCR homomer 

interface. The recent publication of a crystal structure for the AT1R186 has 

validated this approach. In addition to developing an adequate model of the 

AT1R, our data demonstrates that AT1R-AT1R affinity is reduced by mutation of 

hydrophobic amino acids within TMs IV, V, VI, and VII. This work provides the 

first glimpse at AT1R homomer structure, and it serves as a foundation for the 

development of compounds that target multimeric AT1R complexes.  
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