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FACS   Fluorescence activated cell sorting 

FBA   Filter-binding assay 
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GFP   Green fluorescent protein from Aequorea victoria 

GPCR   G protein-coupled receptor 

G protein  Guanine nucleotide-binding protein 

GTPγS   Guanosine-5’-O-(3-thiotriphosphate) 

HA   Hemagglutinin 

HEK   Human embryonal kidney 

HRP   Horseradish peroxidase 
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HTS   High throughput screening 

i1   First intracellular loop of GPCR  

IgG   Immunoglobulin G 

Kd   Equilibrium dissociation constant 

LCP   Lipidic cubic phase 

MCS   Multiple cloning site 

MEM   Minimum essential media 

NHS   N-hydroxysuccinimide 

Ni-NTA  Nickel-nitrilotriacetic acid 

OF   Over-expression factor 

PACAP  Pituitary adenylate cyclase-activating polypeptide  

PKC   Phosphokinase C 

PLC   Phospholipase C 

PM    Plasma membrane 
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PNS   Peripheral nervous system 

PVDF   Polyvinylidene fluoride 

RE   Restriction enzyme 
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RX [3H]RX821002  
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SDS-PAGE  Sodium dodecyl sulphate-polyacrylamide gel electrophoresis 

SFV   Semliki forest virus 

SPA   Scintillation proximity assay 

SPR   Surface plasmon resonance 

TM   Transmembrane domain 

UK-14,304  5-Bromo-6-(2-imidazolin-2-ylamino) quinoxaline / Brimonidine 

VIP   Vasoactive intestinal peptide 
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1. ABSTRACT 
 The superfamily of GPCRs, characterized by the presence of seven alpha helical 

transmembrane domains, consists of more than 600 genes and constitutes the fourth 

largest subclass in the human genome. These receptors are involved in the signal 

transduction machinery and are the targets for pharmaceutical industries. More than 50% 

of all important drug targets are membrane proteins, thus illustrating the importance of 

this class. Though a huge amount of information has been obtained by genome 

sequencing, aided by bioinformatics, proteomics and functional analysis of various genes, 

still a full understanding of how GPCRs work continues to be elusive due to lack of three 

dimensional structures. This is mainly due to the lack of robust expression systems 

producing sufficient quantities of the protein for structural studies. Thus, development of 

potential systems for expression of the membrane proteins is important. Moreover the 

screening of many compounds in a fast, easy and efficient manner is also very important 

for drug development. 

 The present study focuses mainly on the over-expression of α2-ARs, which are 

members of the GPCR superfamily, in a variety of expression systems including E. coli, 

Yeast, Baculovirus and Mammalian (SFV / CHO). Based on earlier results, I describe 

here the successful development of the SFV / CHO system for expression and production 

of α2-ARs. I have also successfully expressed the α2-adrenergic receptors in Baculovirus 

infected Sf9 cells. A comparative study between these expression systems has allowed 

me to describe the advantages and disadvantages of each system. Expression of wild type 

and deletion constructs, ligand binding activity and pharmacological profiles, receptor 

localization with eGFP fluorescence and purification studies are also described. The 

equilibrium dissociation constant values for the receptor subtypes expressed in different 

systems correlate well with each other and with literature values. Deletion constructs 

show unaltered ligand binding. Using the fluorescence properties of eGFP, I could 

demonstrate the presence of the expressed receptors in intracellular compartments apart 

from the plasma membrane. The receptor was purified either with an immunoaffinity 

column or with a Ni-NTA column.  
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 The second main goal of the present study was to develop new binding assay 

systems for α2-ARs, which can be used for high-throughput assays of membrane-bound, 

detergent-solubilized, reconstituted as well as soluble α2-ARs. I have successfully 

developed a Scintiplate based solid phase ligand binding assay platform for high 

throughput screening of potential leads. A more sensitive label-free detection system for 

real time kinetics and binding of small molecules is described using the Biacore system 

exploiting surface plasmon resonance technology. This technology can also be used for 

high throughput screening. Using the Biacore system, I have also been able to detect 

ligand binding to solubilized α2-AR for the first time. 

 

 

Keywords: α2-adrenergic receptors, G protein-coupled receptor (GPCR), Semliki forest 

virus, CHO cells, Baculovirus, Over-expression, High throughput screening, Scintillation 

proximity assay (SPA), Surface plasmon resonance (SPR) 
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2. REVIEW OF LITERATURE 
 

2.1. α2-adrenergic receptors, the integral membrane proteins of 

GPCR superfamily 

2.1.1. The GPCR superfamily 

Membrane bound cell surface receptors are involved in communication between the 

external environment and the biological factory housed within the cell. This 

communication network is characterized by the presence of  these membrane-bound 

receptors which are dedicated to recognizing intracellular messenger molecules 

(hormones, neurotransmitters, growth and development factors) and several sensory 

messages (such as light, odors) (Bockaert et al., 1999). Membrane-bound receptors 

belong to a diverse range of protein families, but the most common family is the G 

protein-coupled receptor (GPCR) superfamily (Bockaert et al., 1999).  

 

All GPCRs are characterized by the presence of a hydrophobic core composed of seven 

transmembrane α-helices (TM I - TM VII). These TMs are connected by three 

intracellular (i1 - i3) and three extracellular (e1 - e3) loops (Baldwin, 1993). It has been 

estimated that more than 50% of drug targets of the present day pharmaceutical industry 

includes GPCRs (Flower, 1999), and several ligands for GPCRs are found in the top-100-

selling pharmaceutical products (Fredriksson et al., 2003). 

 

GPCRs are highly conserved through evolution. They are expressed in almost all 

organisms ranging from yeast to human beings and are encoded by almost 1% of the 

human genome. In vertebrates, this receptor family has 1000-2000 members, including 

more than 1000 genes coding for odorant and pheromone receptors (Bockaert et al., 

1999). In Caenorhabditis elegans, the genome encodes about 1100 GPCRs (5% of the 

genome); i.e. the GPCR family is the most common one (Bargmann, 1998). GPCRs have 

been reported to be the oldest machinery for signal transduction and they occur in plants 

(Plakidou-Dymock et al., 1998), yeast (Dohlman et al., 1991) and the slime mould 
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Dictyostelium discoideum (Devreotes, 1994) as well as in protozoa and the earliest 

diplobastic metazoan (Vernier et al., 1995; New et al., 1998). A relatively early 

evolutionary origin of this group of molecules is suggested due to their presence in the 

genomes of bacteria, yeasts, plants, nematodes and other invertebrate groups (Kroeze et 

al., 2003). 

 

The classification of the GPCR superfamily has been daunting and there are different 

schools of thought. Fredriksson et al. (2003) reported the first phylogenetic study of the 

entire superfamily of GPCR in a single mammalian genome and their analysis supports 

the existence of five main families of human GPCRs: the glutamate, rhodopsin, adhesion, 

frizzled/taste2 and secretin families. However, based on amino-acid sequence similarity, 

the GPCRs can be grouped into three distinct families: A, B and C (Pierce et al., 2002). 

Family A is the largest group and includes receptors for light (rhodopsin) and adrenaline 

(adrenergic receptors) and indeed most other 7TM receptor types, including the olfactory 

receptor subgroup. Family B includes receptors for gastrointestinal peptide hormone 

family (secretin, glucagons, vasoactive peptide, growth-hormone-releasing hormone, 

corticotrophin-releasing hormone, calcitonin and parathyroid hormone). The relatively 

small family C contains the metabotrophic glutamate receptors, the GABAB receptor, the 

calcium-sensing receptor and some taste receptors. In all these three families, there is 

25% sequence identity in the transmembrane region, but very little similarity outside the 

7TM architecture. 

 

However, receptors from different families share no sequence similarity and so there is an 

alternative grouping based on ligand binding site, receptor function and ligand structure 

as reviewed by Bockaert et al. (1999). Under this scheme, family 1 contains most GPCRs 

including receptors for odorants. Subgroup 1a contains GPCRs for small ligands 

including rhodopsin and β-adrenergic receptors. For this group, the ligand binding site is 

localized within the 7TMs. Subgroup 1b contains receptors for peptides whose binding 

site includes the N-terminus, the extracellular loops and the superior parts of TMs. 

Subgroup 1c contains GPCRs for glycoprotein hormones. These receptors have a large 

extracellular domain and a binding site which is mostly extracellular, and is in contact 
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with at least the extracellular loops e1 and e3. Family 2 GPCRs have morphological 

similarity with subgroup 1c, but lack sequence homology. The ligands for this family 

include high molecular weight hormones such as glucagons, secretin, VIP-PACAP, and 

the Black widow spider toxin, α-latrotoxin. Family 3 GPCRs comprise the metabolic 

glutamate receptors (mGluRs), the Ca2+-sensing receptors, putative pheromone receptors 

and GABAB receptors. Family 4 GPCRs comprise the pheromone receptors (VNs). 

Family 5 includes ‘frizzled’ and ‘smoothened’ receptors involved in embryonic 

development and cell polarity segmentation. Based on the above discussion, a 

classification scheme for the GPCRs is shown below. 

 

 

 

 
 

Scheme of classification for GPCRs 

Classification of the GPCR Superfamily 

Phylogenetic study 
on human genome 

Amino acid sequence 
analysis 

Based on ligand binding site, 
receptor function and ligand 
structure 

 Glutamate 
 
 Rhodopsin 
 
 Adhesion 
 
 Frizzled / Taste 2 
 
 Secretin 

Family A: Receptors for 
light (rhodopsin), 
adrenaline (adrenergic & 
other 7TM receptor types) 
 
Family B: Receptors for 
gastrointestinal peptide 
hormone family (secretin, 
glucagons, calcitonin, 
parathyroid hormone) 
 
Family C: Metabotrophic 
glutamate receptors, GABA 
receptors, calcium sensing 
receptors and taste 
receptors 

Family 1: 
       1a: Rhodopsin, Adrenergic  
       1b: Peptides, cytokines 
       1c: Glycoprotein hormones 
 
 
Family 2: Receptors for secretin, glucagons  
etc. 
 
 
Family 3: Glutamate receptors, calcium  
sensing receptors, GABA receptors 
 
 
Family 4: Pheromone receptors 
 
 
Family 5: Frizzled and smoothened  
receptors 
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2.1.2. α2-AR subtypes, cloning and pharmacology 
 
The adrenergic receptors (ARs) are located throughout the body on neuronal and non-

neuronal tissue where they mediate a wide range of responses to the endogeneous 

catecholamines adrenaline and noradrenaline and play important roles in the regulation of 

diverse physiological systems, many of which are therapeutically useful and clinically 

exploited. The therapeutically useful drugs targeting adrenergic receptors include 

antihistamines, antidepressants and antihypertensives. All the three subtypes of the α2-

ARs appear to couple to the same signaling systems in the native target cells which 

include inhibition of adenyl cyclase, activation of receptor operated K+ channels and 

inhibition of voltage gated Ca+2 channels (Limbird 1988; Saunders et al., 1999). 

 

Ahlquist (1948) divided the adrenoceptor family into two subtypes, α- and β-adrenergic 

receptors, based on the rank order potency of agonists: ephinephrine = norepinephrine > 

isoproterenol for the α-AR family, and isoproterenol > epinephrine > norepinephrine for 

the β-AR family. These two subtypes were further distinguished from each other by use 

of selective antagonists, propranodol for the β-AR and phentolamine for the α-AR family 

(Saunders et al., 1999). About a quarter of a century later, the α-AR family were 

classified based on their anatomical location (Langer, 1974). The α-ARs located on the 

peripheral sympathetic nerve terminals were designated α2-adrenoceptors and those 

located post-synaptically were designated α1-adrenoceptors. This classification scheme 

was, however, confounded by the presence of α2-adrenoceptors in nonsynaptic locations, 

such as platelets and also at post-synaptic sites (Berthelsen et al., 1977). The two 

subgroups are better distinguished and characterized by their pharmacological properties. 

The α1-AR subpopulations can be activated by phenylephrine and methoxamine, and can 

be selectively blocked by prazosine in low concentrations, whereas the α2-AR 

subpopulation can be activated with α-methylnorepinephrine, apraclonidine, UK-14,304 

or B-HT 920, and competitively antagonized with low concentrations of rauwolscine, 

yohimbine or idazoxan (Ruffolo et al., 1994). 
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With the development in molecular cloning, the nomenclatures of the AR subtypes were 

refined. The adrenergic receptor family expanded to include three subtypes of β receptors 

(Emorine et al., 1989), three subtypes of α1 receptors (Schwinn et al., 1990) and three 

subtypes for α2 receptors (Lomasney et al., 1990) (Fig. 1). The α1-adrenoceptor subtypes 

were classified into three groups known as α1c-AR, α1b-AR and α1a-AR, based on their 

chromosomal location, whereas their corresponding gene products were designated as 

α1A-AR, α1B-AR and α1D-AR respectively, based on pharmacological studies (Bylund, 

1992; Insel, 1993; Ruffolo et al., 1994). The β receptors were classified as β1-AR, β2-AR 

and β3-AR (Peroutka, 1994).  

 

 
Fig.1. The current scheme of classification for adrenergic receptors. 

 

Three human α2-adrenergic receptor subtypes, designated by their chromosomal location 

α2-C10, α2-C2 and α2-C4, have been cloned (Kobilka et al., 1987; Regan et al., 1988; 

Lomasney et al., 1990). They are the pharmacologically defined subtypes α2A, α2B and 

α2C respectively (Bylund et al., 1992). There are some reports of existence of a fourth 

subtype of α2-adrenergic receptor, α2D, but is generally acknowledged that it is the rodent 

α1-adrenoceptor α2-adrenoceptor β-adrenoceptor 

Adrenergic Receptors

α1A-AR α1B-AR α1D-AR β1-AR β2-AR β3-AR 

α2A-AR α2B-AR α2C-AR 
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homologue of the human α2A-AR subtype (MacDonald et al., 1997). The general 

biochemical properties of the three subtypes of human α2-adrenergic receptor are briefly 

described (Table I). 

 

Table I: Biochemical properties of human α2-adrenergic subtypes** 

 

 α2A-AR (α2-C10) α2B-AR (α2-C2) α2C-AR (α2-C4) 

Molecular Size (Mr) 49500 49500 50700 

Total No. of Amino acids (aa) 450 450 461 

No. of aa in Amino terminal 33 12 51 

No. of aa in 3rd intracellular loop 157 179 148 

No. of aa in Carboxy terminal 20 21 21 

Glycosylation Amino terminus 

(Asn-10, Asn-14) 

--- Amino terminus 

(Asn-19, Asn-33) 

Palmitoylation Endofacial 

carboxy terminus 

Endofacial 

carboxy terminus 

--- 

% amino acid sequence similarity 

in TM region to α2B-AR 

74 --- 75 

 

** Swiss-Prot (www.expasy.ch) 

 

 

Orthologues of human α2-adrenergic receptor subtypes have been cloned from a variety 

of species (Table II). In addition, single counterparts have also been identified for some 

of the subtypes (Scofield et al., 2002). A recent report also indicated the presence of 

counterparts for all three mammalian α2-adrenergic receptor subtypes in a non-

mammalian, distantly related vertebrate, the zebrafish (Ruuskanen et al., 2004). The 

protein sequences in the TM regions of the zebrafish α2-ARs are 80% to 87% identical 

with their mammalian counterparts.  
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Table II: The human α2-adrenergic receptor subtypes and their orthologues, defined by 

molecular cloning 

 

Human subtypes1 α2A-AR α2B-AR α2C-AR 

Mouse subtypes2,3 Mα2-10H Mα2-2H Mα2-4H 

Guinea pig subtypes4 gp-α2A gp-α2B gp-α2C 

Rat subtypes5,6,7 RG20 RNGα2 RG10 

 

 1Bylund et al., 1992; 2Link et al., 1992; 3Chruscinski et al., 1992; 4Svensson et al., 1996; 
5Lanier et al., 1991; 6Zeng et al., 1990; 7Voigt et al., 1991 

 

 

2.1.3. Location, function and therapeutic applications of the α2-AR 
subtypes  

The subtypes of the human α2-adrenergic receptor are widely distributed in the central 

nervous system (CNS) as well as in the peripheral nervous system (PNS). The tissue 

distribution in the brain has been studied by in situ hybridization, autoradiography and 

immunolocalization (Table III). α2A-AR is abundant in the locus ceruleus (Sallinen et al., 

1997); α2B-AR seems to be expressed in the thalamic nuclei (Scheinin et al., 1994, 

Sallinen et al., 1997) and α2C-AR is present in the basal ganglia, olfactory tubercle, 

hippocampus and the cerebral cortex. When compared with mRNA studies, the data 

indicate that the localization patterns in the CNS are unique for all the three subtypes 

(Saunders et al., 1999). Immunohistochemical mapping is also emerging as a powerful 

technique in elucidating the tissue distribution. The peripheral tissue distribution was 

determined with radioligand binding assays or with pharmacological studies. These 

indicate the presence of α2-ARs in human platelets, submandibular gland, spleen, kidney, 

endothelial cells, epithelial cells, ileum, vas deferens, adipocytes and neonatal rat lung 

(Ruffolo et al., 1994; Valet et al., 1998).  
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Table III: Tissue distribution of α2-ARs in the central nervous system 

 

 1Saunders et al., 1999; 2Sallinen et al., 1997; 3Scheinin et al., 1994; 4,*Wang et al., 1996; 
5Weinshank et al., 1990; 6Nicholas et al., 1993; *Aoki et al., 1994; *Hieble et al., 1995; 
*Rosin et al., 1996 

 

α2-ARs have also been observed in coronary arterioles (Bockman et al., 1993; Jones et 

al., 1993), salivary gland (Bylund et al., 1980; Lanier et al., 1991), stomach (Wang et al., 

1997), eye (Huang et al., 1995; Stamer et al., 1996) and the cells of the pancreas (Wang 

et al., 1994; Lockette et al., 1995). 

 

All the three subtypes of α2-AR appear to couple to the same signaling systems, which 

include inhibition of adenyl cyclase, activation of receptor-operated  K+ channels, and 

α2-AR 

subtypes 

Based on in situ hybridization, 

autoradiography, immunolocalization* 

Based on mRNA studies 

α2A-AR1,2,3,4,6 Locus ceruleus (acts as presynaptic and 

somatodendritic autoreceptor) 

mRNA enriched in locus 

ceruleus and in regions of 

brainstem; midbrain, 

hypothalamus, amygdala, 

hippocampus, spinal cord, 

cerebral cortex, cerebellum 

α2B-AR1,2,3,5 Thalamic nuclei Olfactory system, thalamus, 

pyramidal cell layer of 

hippocampus, cerebellar 

Purkinje layer 

α2C-AR1,3,5 Basal ganglia, olfactory tubercle, 

hippocampus, cerebral cortex 

Midbrain, thalamus, amygdala, 

dorsal root ganglia, olfactory 

system, hippocampus, cerebral 

cortex, basal ganglia 
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inhibition of voltage-gated Ca2+ channels (Limbird, 1988). Reports of additional coupling 

mechanisms have been described in heterologous cell systems expressing cDNAs 

encoding α2-AR subtypes which include coupling to mitogen activated protein kinase 

(Alblas et al., 1993; Flordellis et al., 1995; Stamer et al., 1996; Richman et al., 1998), 

phospholipase A2 (Jones et al., 1991), phospholipase C (Seuwen et al., 1990; Koch et al., 

1994; Dorn et al., 1997) and phospholipase D (MacNulty et al., 1992). 

 

The α2-adrenergic subtypes play a pivotal role in a myriad of diverse cell functions and 

physiological actions and hence have long been potential targets for drug development 

(Ruffolo et al., 1994; Ruffolo et al., 1995; Lakhlani et al., 1997; Arnsten, 1998). In the 

CNS these receptors play an important role in regulating neurotransmitter release, and 

their importance in regulating the release of both noradrenaline and serotonin has resulted 

in investigation and development of α2-antagonists such as idazoxan for use in treatment 

of depression. These receptors also mediate central cardiovascular responses, and α2-

agonists such as clonidine are useful in the treatment of hypertension and bradycardia 

(Robinson et al., 1998). Tizanidine, a structural analogue of clonidine, is an effective 

muscle relaxant, useful in treatment of spasticity resulting from stroke, cerebral trauma or 

multiple sclerosis (Bes et al., 1988; Eyssette et al., 1988; Hutchinson, 1989). Guanfacine 

and gunanbenz have been used in the therapy of withdrawal syndromes and as analgesics, 

in addition to lowering of blood pressure (Ruffalo et al., 1994). p-Aminoclonidine 

(apraclonidine) and brimonidine (UK-14,304) are used as eye drops to treat glaucoma; 

these drugs decrease the intraocular pressure by reducing aqueous humour production 

(Serle et al., 1991). In addition, exploitation of the sedative properties of α2-agonists 

mediated by the somatodendritic autoreceptors of locus ceruleus has resulted in the 

development of veterinary sedatives and anesthetics such as dexmedetomidine, 

detomidine and xylazine. The α2-agonists also have analgesic properties being mediated 

by the α2-adrenoceptors in the spinal cord. However, the currently available α2-drugs 

cannot differentiate between the three subtypes, leading to major side-effects. For 

instance, stimulation of α2-ARs by agonists decreases blood pressure and heart rate, thus 
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limiting their use. New data, including ligand-binding and structural insights, should 

enable design of subtype specific drugs and alleviate the above mentioned problems. 

 

 

2.1.4. G proteins: coupling, activation and signal transduction 

The α2-adrenergic receptors as well as other members of the GPCR superfamily primarily 

elicit responses to external stimuli via coupling to heterotrimeric G proteins (guanine 

nucleotide-binding proteins). G proteins transmit signal in response to diverse 

biologically active molecules. They receive the information via GPCRs and transduce the 

signals to various intracellular effectors. They are heterotrimeric and composed of a 

guanine nucleotide-binding α subunit and a high-affinity dimer of β and γ subunits. Gα 

subunits are commonly classified into four subfamilies based on their amino acid 

sequences and function: the Gi, Gq, Gs and G12 subfamilies (Fig. 2).  

 

In the inactive state, the G protein exists as a trimer containing the α, β and γ subunits. 

When a signal impinges on the exterior surface of a cell, it induces a conformational 

change in the GPCR and that in turn activates the bound heterotrimeric G protein, which 

undergoes an activation-inactivation cycle. In the basal state, the GDP-bound α-subunit 

and the βγ-complex are associated together. Upon activation, exchange of GDP with GTP 

takes place, which in turn leads to the dissociation of the α-subunit and the βγ-complex. 

The GTP-bound α-subunit and the βγ-complex now interact with and modulate the 

behavior of downstream effectors of the signaling cascade. The very low intrinsic 

GTPase activity of the G protein α-subunit hydrolyses GTP back to GDP and Pi, thus 

terminating G protein activation. The now-inactive α subunit reassociates with the βγ 

subunits. This reassociation of the heterotrimeric G protein via the hydrolysis of the GTP 

represents the inactivation mechanism. The effector molecules stimulated as a result of G 

protein activation include adenyl and guanyl cyclases, phosphodiesterases, phospholipase 

A2, phospholipase C (PLC) and phosphoinositide 3-kinases (PI3Ks). This leads to the 

activation or inhibition of a variety of second messengers like cAMP, cGMP, 
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diacylglycerol, inositol (1,4,5)-triphosphate, phosphatidyl inositol (3,4,5)-triphosphate, 

arachidonic acid and phosphatidic acid, in addition to changes in intracellular calcium 

levels as well as opening and closing of a variety of ion channels (Marinissen, et al., 

2001; Offermanns, 2003; Kozasa, 2001). Which particular second messenger pathway is 

activated depends on the receptor G-protein coupling and is receptor subtype specific.  

 

 
 

 

2.2. Heterologous expression of GPCRs 

Over-expression of GPCRs is required for structure-function studies.  Information on 

GPCR-mediated signal transduction pathways are available; however, the ligand-

α β γ

N 

C

e1 e2 e3 

i1 i2 

i3 

G-protein 

GDP 
β γ 

Ion 
Channels, 
PI3K, PLC, 
adenyl 
cyclase 

αi 

αq αs
α12 

Adenyl cyclases, 
inhibition of cAMP 
production, 
ion channels,  
phosphodiesterase 

PLC-β 
DAG 
Ca+2 

PKC 

Adenyl cyclases 
increase in cAMP 
concentration

RhoGEFs 
Rho 

GTP 
GTP GTP

GTP 

Extracellular 

Intracellular 

Biogenic amines 

Peptides and proteins 
Lipids

Purines & nucleotides 

Excitatory amino acids and ions

Fig. 2. The diversity of GPCR signaling pathways. 



 

 21

recognition mechanism and the conformational changes occurring upon binding of the 

ligand remain unexplored. These studies are mainly hindered by the lack of structural 

information for GPCRs. To date, only one atomic resolution structure of a GPCR, the 

inactive form of bovine rhodopsin, has been successfully obtained (Palczewski et al., 

2000). The lack of structural data on GPCRs mainly arises due to the membranous nature 

of these proteins and their very low known natural abundance. Consequently, purification 

from natural sources is impossible. In order to gain structure-function information on 

GPCRs, heterologous expression is the most important step and it is essential to develop 

highly efficient expression systems.  

 

There are some factors which need to be taken into consideration during the expression of 

GPCRs. Theoretically, the closer a receptor is to its native environment, the higher are the 

chances of expressing it properly. Post-translational modifications also play a critical role 

in the function of these receptors, and hence, this factor should be taken into 

consideration while making a choice for the expression system.  

 

For the expression systems, a mathematical value for overexpression, the Over-

expression factor (O.F.), has been defined where an O.F. of one corresponds to a system 

where purification may succeed. An O.F. of one is assigned where the level of expression 

is sufficient to obtain 1 mg of GPCR / 5 l of culture. In terms of pmol of GPCR / mg of 

membrane protein, an O.F. of one corresponds to 13, 5 and 26 pmol/mg for E. coli, yeast 

and higher eukaryotic (mammalian, insect) expression systems. The calculation is based 

on an average molecular weight for a GPCR of 45 kDa. The O.F. thus gives the ratio 

between the reported expression level and that what is required to produce 1 mg in 5 l of 

culture medium (Sarramegna et al., 2003). The O.F. gives an idea about the performance 

of the expression system for the protein being expressed; the higher the O.F., the more 

likely that the protein can be successfully purified.  
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2.2.1. Expression hosts for GPCR studies 

Various expression systems have been tried for expression of GPCRs. Bacterial 

expression based on Escherichia coli has been one of the most widely studied because of 

its ease of availability, handling and scale up; and furthermore it is cheap to grow (Tate et 

al., 1996; Drew et al., 2003; Sarramegna et al., 2003). However, this system has turned 

out not to be suitable for expression of mammalian transmembrane proteins due to the 

lack of post-translational modifications (e.g. glycosylation, fatty acid acylation, and 

phosphorylation) and the processing events required for correct folding of mammalian 

proteins.  Also, the lack of G-proteins and effectors in the prokaryotic bacterial system 

affects the properties of the expressed GPCRs (Tate et al., 1996; Drew et al., 2003). The 

accumulation of expressed proteins in inclusion bodies (in a misfolded state) is yet 

another drawback, as it is very difficult to recover functional protein. In addition, 

insertion of the recombinantly expressed mammalian proteins into bacterial membranes 

has caused toxicity in host cells (Tate et al., 1996; Drew et al., 2003). The expression 

levels observed in E. coli for several mammalian GPCRs vary between 0.2 and 16 

pmol/mg of the membrane protein, which is rather low (Sarramegna et al., 2003).  

 

Yeasts are unicellular eukaryotes which can easily be grown in large-scale cultures. They 

combine the advantages of short generation times (2 h) and growth in simple media. Easy 

handling and rapid genetic manipulation, the presence of endogenous GPCRs and G-

proteins and the potential to perform eukaryotic post-translational modification renders 

yeast as one of the organisms of choice for over-expression (Reiländer et al., 1998; 

Sarramegna et al., 2003; Tate et al., 1996). The commonly used yeast utilized for the 

production of GPCRs include Saccharomyces cerevisiae, Schizosaccharomyces pombe 

and the methylotropic Pichia pastoris (Reiländer et al., 1998). Lactococcus lactis has also 

been reported as a host system for expression of functional membrane proteins (Kunji et 

al., 2003). High levels of heterologous expression in yeast have been obtained with β2-

adrenergic receptor, with the expression level being 115 pmol/mg of the membrane 

protein, for an O.F. 23. However, the level of expression of other GPCRs expressed in 

this system varies between 0.02 pmol/mg and 40 pmol/mg. In the case of human µ-opioid 
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receptor, an expression level of 100 pmol/mg has been obtained with an O.F. 20 using P. 

pastoris (Sarramegna et al., 2003). Though yeast has been rather widely used for 

production of GPCRs, there are four important issues. First, the yeast is surrounded by a 

tough cell wall which must be disrupted in order to extract the membranes and 

intracellular proteins. In addition, protease-deficient strains should be used and protease 

inhibitors should be included during breakage of the cells. Second, the lipid composition 

of yeast membranes is different from that of mammalian cells. The low cholesterol 

content or even the presence of ergosterol results in altered binding properties of the 

expressed GPCRs (Tate et al., 1996). Third, though the yeast system is capable of 

performing eukaryotic post-translational modification, the composition and quantity of N-

glycans added by yeast are different from that of mammalian cells, and this can be 

problematic when specific oligosaccharide structures are essential for GPCR 

functionality. (Fourth and) finally, during large scale production, an appropriate ligand 

should be added to the growth medium and the pH should be maintained at the optimal 

value for the receptor in study.  

 

A few other systems have been used for the expression of GPCRs. Archaebacteria such as 

Halobacterium salinarium have been used to express two receptors successfully, the β2-

adrenergic receptor and the yeast α-mating factor receptor (Sarramegna et al., 2003). H. 

salinarium has the capacity to express large quantities of bacteriorhodopsin; and it was 

assumed that this system could express other transmembrane mammalian proteins. 

However, this was not the case and even chimeras of bacteriorhodopsin and mammalian 

transmembrane proteins resulted only in modest expression levels (Turner et al., 1999).  

 

In addition to Baculovirus/insect cell (see next section), there are other insect systems. 

For instance, the extracellular part of the luteinizing hormone (LH receptor) has been 

expressed in a non-functional form in a caterpillar expression system (Pajot-Augy et al., 

1995). In addition, there is a new system for expression of GPCRs in fly eyes (Eroglu et 

al., 2002). The Drosophila melonogaster metabotropic glutamate receptor (DmGluRA) 

was expressed by this novel strategy in good yields (170 µg/g fly heads) and was purified 

to homogeneity.  



 

 24

 

Finally, expression of GPCRs to study functional coupling has been reported in Xenopus 

oocytes. This system requires mRNA injection into each oocyte, and so large-scale 

production is not possible. The first cloned and sequenced muscarinic acetylcholine 

receptor (mAChR) was initially characterized by expression in Xenopus oocytes (Kubo et 

al., 1986).  

 

 

2.2.2. Expression of GPCRs in Baculovirus 

The insect cell based baculoviral system provides an alternative approach for expression 

of GPCRs. The advantage of the baculovirus expression system is that it expresses the 

majority of GPCRs in a functional form and at levels 10-100 fold higher than those 

observed in cells and tissues endogenously expressing them (Tate et al., 1996; Bouvier et 

al., 1998). In this system, the protein production results from infection of insect cells by 

recombinant viruses encoding the gene(s) of interest. The Baculovirus Autographica 

californica multiple nuclear polyhedrosis virus (AcMPPV) has been most widely used for 

the expression of GPCRs in insect cells (usually using Spodoptera frugiperda, Sf9 cells) 

(Bouvier et al., 1998). In most cases, the expression is driven by the polyhedrin or the 

p10 promoter (Massotte, 2003), both of which are ‘very late’ promoters and are switched 

on only about 24 h post viral infection. The expression of the recombinant proteins under 

the control of very late promoters generally peaks 48-72 h post infection. The virus 

undergoes a lytic cycle and the cells die about 4-5 days post infection (Massotte, 2003; 

Pfeifer, 1998).  

 

The insect cells are easy to grow, can adapt to serum-free media and growth can be scaled 

up with ease. These cells can also perform post-translational modifications such as fatty 

acid acylation, phosphorylation and glycosylation. The recombinant proteins exhibit 

characteristics very similar to their native counterparts. In addition, co-expression of 

GPCRs and mammalian G-proteins is possible in this system allowing in vivo analysis of 

the specificity of interactions with G protein subtypes (Tate et al., 1996). A large number 
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of GPCRs have been successfully expressed using this system with levels as high as 10-

100 pmol/mg of membrane protein. The receptors which were recombinantly expressed 

at such high levels include β-adrenergic, serotonin, muscarinic, dopamine, neurokinin 

and chemokine receptors (Bouvier et al., 1998; Massotte, 2003; Sarramegna et al., 2003). 

The expression levels sometimes depend on receptor subtype as well as the presence and 

position of a fusion tag (Sarramegna et al., 2003). One drawback of this system is that it 

often gives rise to heterogeneous proteins, arising out of poor glycosylation, which results 

in altered binding properties (Reiländer et al., 1991; Sarramegna et al., 2003). Also, due 

to low cholesterol abundance in insect cells, alteration in GPCR binding has been 

observed with oxytocin receptor (Gimpl et al., 2000; Sarramegna et al., 2003). Co-

expression of various chaperones, peptidases, foldases and glycosylating enzymes has 

been shown to improve the secretion, processing and glycosylation of heterologous 

proteins expressed in the baculovirus system (Ailor et al., 1999). 

 

 

2.2.3. Expression of GPCRs in mammalian cells 

Expression of GPCRs in mammalian cells means that the recombinant protein 

environment is closest to the native one. Such cells have the following advantages. The 

lipid composition is close to native; the cells can perform all the types of complex post-

translational modifications required; and finally the cells have endogenous G-proteins, 

which in turn interact with the expressed GPCRs and thus trigger the signal transduction 

cascade. 

 

High-level expression for functional studies is possible in mammalian cells using either 

transient or stable expression systems. In transient expression systems, cells are 

transfected with the gene encoding the GPCR of interest either with a plasmid or with a 

recombinant virus. In this case, the expression levels are high, but the gene delivery 

efficiency varies between the cell lines. On the other hand, stable cell lines are rather 

time-consuming to establish, the expression levels are modest, and expression may not be 
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stable, as the expression cassette that is integrated into the whole genome often gets 

inactivated or deleted (Sarramegna et al., 2003; Lundström, 2003a).  

 

The cell lines which have been used for expression of GPCRs include COS, CHO, BHK 

21, HEK 293, and G3. Usually the expression levels are in the range of 5 – 10 pmol/mg 

of membrane protein and vary widely from one GPCR to another (Sarramegna et al., 

2003). High levels of expression have been reported for rhodopsin (10 mg/ml) and also 

for β2-adrenergic receptor where the levels were 200 pmol/mg of the membrane protein 

(Sarramegna et al., 2003).  

 

 

2.2.4. SFV based expression of GPCRs  

Semliki Forest virus (SFV) vectors have been widely used for recombinant expression of 

a large number of membrane proteins and GPCRs (Lundström, 2003a). SFV vectors 

belong to the family of alphaviruses, which are enveloped positive-strand RNA viruses 

and have been exploited as expression vectors (Smerdou et al., 1999; Frolov et al., 1996; 

Liljeström, 1994). As expression systems, alphaviruses offer several advantages. These 

include i) a broad host range including cells of avian, insect and mammalian origin; ii) 

high levels of protein expression generated from high levels of cytoplasmic RNA; iii) 

small genome size allowing easy manipulation of the viral genome.  

 

The genome of the SFV is a polyadenylated single-stranded RNA molecule of positive 

polarity (Fig. 3). Productive infection can be initiated either by infection or by 

transfection of a cell by viral RNA. In the infected cell, two-thirds of this RNA (the 5’ 

end) is directly translated to produce the viral replicase (polymerase complex), which 

replicates the genomic RNA via a minus-strand intermediate. This intermediate also 

functions as a template for the synthesis of a subgenomic RNA, which is colinear with 

the last third (the 3’ end) of the viral genome. This subgenomic transcript, also known as 

26S RNA, is translated into the structural proteins of the virus. The structural proteins are 

initially translated as a polyprotein (NH2-C-E3-E2-6K-E1-COOH), where C refers to the 
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capsid protein, and E3, E2, 6K and E1 refers to envelop proteins. The polyprotein is 

cleaved both during and after translation to produce the mature products. The cleavage at 

the C-E3 site is mediated by a chymotrypsin-like protease activity residing in the C-

terminal end of the C (capsid) protein. The E3 and E2 proteins, initially made as 

precursor (known as p62 or PE2), are further processed by a furin-like activity late during 

the release of virus from infected cells. The C protein complexes with new viral genomes 

to form cytoplasmic nucleocapsid structures, while the spike proteins p62 and E1 

dimerize after translocation to the endoplasmic reticulum (ER). They are then routed to 

the cell surface, where budding occurs. On its way to the cell surface, p62 is cleaved into 

its mature form E2 by a host cell protease (Smerdou et al., 1999; Frolov et al., 1996; 

Liljeström, 1994; Sjöberg et al., 1994). 

 

A main feature of the SFV expression system is the in vivo packaging of recombinant 

RNAs into infectious viral particles with a helper construct. This expression system is 

based on a modified cDNA copy of the SFV viral genome where the genome is split on 

two plasmids as cDNA molecules (Liljeström et al., 1991). The first one, which is the 

cloning vector, contains the four non-structural SFV genes (nsP1-4), which code for the 

replicase complex, the subgenomic promoter and the 5’ and 3’ ends of the genome 

required for replication. The subgenomic 26S promoter is located at the 3’ end of the 

nsP4 gene and drives the expression of the foreign gene of interest which is placed 

downstream of the nsP4. The second vector, which is the helper (helper 1), contains the 

SFV structural genes and the 5’ and 3’ ends of the genome required for the replication 

(Fig. 3). RNA from these two vectors is synthesized in vitro from plasmids which contain 

these sequences under the SP6 promoter, and transfected into BHK cells either by 

electroporation or lipofection for in vivo packaging of recombinant SFV particles. The 

replicase amplifies both the RNA species. 
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The idea of having the helper function encoded by a separate molecule is to achieve, 

through trans-complementation, selective packaging of only recombinant RNAs into 

SFV particles. Thus, only the replicase-containing RNA is packaged into viral particles, 

as the helper vector lacks the capsid packaging signal. When these resulting viral 

particles are used for infection, only replicase and heterologous gene products are 

expressed, and since no structural proteins can be produced, no new particles are 

generated. However, recombination through strand-switching between two types of RNA 

species can lead to the formation of wild-type virus during a packaging reaction resulting 

in the formation of replication proficient virus (RPV) (Berglund et al., 1993). To avoid 
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this problem, a second-generation helper vector, pSFV-Helper2, was developed in which 

three point mutations were introduced in p62, thus abolishing its intracellular cleavage. 

Consequently, “conditionally-infectious” virus particles are generated (Smerdou et al., 

1999; Ehrengruber, 2002), which require in vitro incubation with α-chymotrypsin for 

restoration of their activity (Berglund et al., 1993; Lundström et al., 1999; Smerdou et 

al., 1999; Ehrengruber, 2002). The modification of the helper-1 system into the helper-2 

system means the SFV system is now classified as Biosafety level 1 (Ehrengruber, 2002). 

 

The expression levels for GPCRs using the SFV system have been promising (Table IV). 

For instance, 20 mg of 5-HT3 receptor was produced in an 11.5 l bioreactor (Lundström 

et al., 2001). The expression levels also varied in various cell lines depending on the time 

for post-infection (Lundström et al., 2001). In addition, because of the high level of over-

expression, some of the expressed proteins are localized in intracellular compartments 

(Lundström, 2003a). Fusion of the SFV capsid protein with the gene of interest has 

significantly increased expression levels in the case of the human neurokinin-1-receptor 

(hNK1R) (Lundström et al., 2001) and the transferrin receptor (Sjöberg et al., 1994). The 

capsid is then cleaved auto-catalytically (Lundström, 2003b).  
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Table IV: Expression of membrane proteins based on SFV system** 

 

Membrane Protein Host Cell Expression Levels 

Adrenergic receptor α1B, α2B, β2 BHK, COS 40-200 pmol/mg 

Adenosine A1, A2a, A2b BHK, CHO 20-50 pmol/mg 

A3 BHK, CHO 1.5 pmol/mg 

Histamine H2 COS 80 pmol/mg 

Metabotropic mGluR1 BHK, CHO 120 pmol/mg 

Serotonin5-HT1, 6, 7 BHK, CHO, HEK293 20-50 pmol/mg 

Cannabinoid R1 BHK, CHO 20 pmol/mg 

Dopamine D2, D3, D4 BHK, CHO 20-50 pmol/mg 

Neurokinin NK1, NK2 BHK 40-60 pmol/mg 

Galanin R1, R2, R3 BHK, CHO 20-50 pmol /mg 

Endothelin A, B BHK, COS 20 pmol/mg 

Prostaglandin E2ep4 BHK, CHO 3 pmol/mg 

Opiod receptors δ, κ, µ BHK, CHO, HEK293, C6 20-50 pmol/mg 

Glutamate R8 CHO 10-13 pmol/mg 

Chemokine CCK-1, CCK-2 BHK 3 pmol/mg 

Interleukin IL8A, IL8B BHK 1 pmol/mg 

Somastostatin 2 CHO 20 pmol/mg 

 

**Lundström et al., 2003a; Sarramegna et al., 2003 
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2.3. Localization of expressed receptors 
 

2.3.1. Trafficking and Localization of membrane proteins upon 
expression 

Like other membrane proteins, GPCRs are synthesized and modified in the ER, 

transported to the Golgi apparatus for additional post-translational modifications (such as 

glycosylation) and finally transported to the plasma membrane, the site of their final 

functional destination. The pathway from the ER via the Golgi apparatus is often referred 

to as the default pathway because proteins do not seem to require any special signals to 

traverse this pathway. Receptors at the PM may undergo internalization upon stimulation 

by agonists, and be transported to the lysosomes for degradation or recycled back to the 

PM (Duvernay, et al., 2004). This process of GPCR trafficking is a highly regulated and 

dynamic process. Not much literature is available on the exact pathway by which the 

GPCRs are translocated upon synthesis to the PM, as the majority of studies are directed 

towards receptor internalization, recycling and degradation (Wu et al., 2003). A recent 

literature finding (Tan et al., 2004) demonstrates trafficking of GPCRs to the cell surface, 

stabilization there and agonist-regulated turnover.  

 

From studies by Wu et al. (2003) and Duvernay et al. (2004), it is evident that different 

receptors have different pathways for their transport to the PM. For example, the α2B-AR 

transport from the ER to the cell surface is apparently mediated through a Rab1-

independent non-conventional pathway, unlike other GPCRs like AT1R and β2-AR 

where transport is dependent on Rab1 function. The Rab proteins are Ras-like small 

GTPases that regulate vesicular protein transport.  

 

Membrane proteins are supposed to be localized in the PM upon synthesis and transport. 

However, membrane proteins have often been observed in intracellular compartments, 

especially when the membrane protein has been over-expressed in a heterologous system 

(Lundström et al., 2001; Monastyrskaia et al., 1999; Massotte, 2003). Rat odorant 

receptor localization has been identified in the ER using immunofluorescence and 
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confocal microscope (Monastyrskaia et al., 1999). Over-expression of the NK1 receptor 

also showed localization in intracellular membrane structures (Lundström et al., 2001). 

Dense intracellular labeling with eGFP has also been observed with human µ-opioid 

receptor over-expressed in Pichia pastoris (Sarramegna et al., 2002). There are certain 

disease states which also lead to the mislocalization of GPCRs, including retinitis 

pigmentosa, hypogonadotropic hypogonadism and X-linked nephrogenic diabetes 

insipidus (Tan et al., 2004). 

 

 

2.3.1. GFP as a tool to study membrane proteins  

The autofluorescent Green Fluorescent Protein (GFP) from the jellyfish Aequorea 

Victoria has made possible the imaging of proteins at the single cell level. This has 

allowed the understanding of cellular targeting, trafficking, agonist-mediated 

internalization and interactions between proteins. The autofluorescent GFP is 238 

residues long, with the chromophore comprising of a cyclic tripeptide (Kallal et al., 

2000). It emits green light with an emission maximum of 509 nm upon fluorescent 

excitation at 488 nm (Milligan, 1999). GFP fluorescence can be detected by microscopy, 

fluorimetry, and by activated cell sorting (FACS). The advantages of GFP are, first, it is 

autofluorescent and so does not require any cofactors or substrates. Second, it is 

chemically resistant and hence cells can be fixed, and third, there is no non-specific 

fluorescence as the GFP is covalently linked with the protein (Kallal et al., 2000; 

Milligan, 1999). Mutations in particular residues have resulted in enhanced fluorescent 

versions of the GFP known as eGFP (enhanced GFP), with the rise in fluorescence 

intensity being between six and thirty five fold (Milligan, 1999). Many GPCRs have been 

tagged with GFP or with its variants for experimental studies (Kallal et al., 2000).  

 

Apart from being used as a tool for studying receptor localization and trafficking, GFP 

can also be utilized for quantification of receptor expression levels. The eGFP 

concentration of an expressed protein can be determined from its absorbance at 489 nm 

using the molar extinction coefficient of ε = 55,000 M-1cm-1 (Sarramegna et al., 2002; 
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Perret et al., 2003). Moreover, GFP fluorescence is stable in the presence of strong 

denaturing agents such as SDS, a property which is very important in monitoring the 

functional status of a GFP-fused GPCR during solubilization process (Sarramegna et al., 

2002). In addition, GFP can be used with biophysical techniques such as FRET 

(Fluorescence resonance energy transfer) and BRET (Bioluminescence resonance energy 

transfer) (Angers et al., 2001; Milligan, 2004). 

 

 

2.4. Ligand binding studies 

Ligand binding assays have long been the standard methodology for biochemical 

identification and pharmacological characterization of receptors. In these assays, the 

binding affinity between a ligand molecule (which may include neurotransmitters, 

hormones, growth factors, cytokines, drugs, toxins) and their molecular targets (including 

receptors, ion channels, enzymes, and carrier molecules) are evaluated using specific 

radiolabeled ligands (Bylund et al., 1993).  In this technique, a receptor molecule is 

incubated with a suitable radioligand for a defined interval of time, then the ligand-

receptor complex is separated from the free ligand and finally the bound radioactivity is 

measured. The basic requirements of a radioligand binding assay are these: the relevant 

receptor in a native conformation, the radiolabeled ligand, a technique to separate the 

bound from free ligand and instrumentation for detection of the radioactivity in the 

samples.  Other factors which should also be taken into consideration include incubation 

time, buffer, temperature, presence of additives, receptor concentration and concentration 

of the competing nonradioactive drug used for determination of non-specific binding. 

 

 In radioligand binding assays, specific binding is conceptually defined as binding to the 

receptor of interest. Nonspecific binding includes binding to other receptor sites, to glass 

fiber filters and adsorption to tissues. It is determined in the presence of appropriate 

excess of an unlabeled ligand. The specific binding is calculated as the difference 

between the total binding and nonspecific binding. Three major types of experiments are 
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performed with ligand binding assays: saturation, kinetic and inhibition studies. Data 

from saturation binding experiments are used to calculate the Bmax and Kd by nonlinear 

regression analysis of the equation [LR] = (Bmax x [L]) / (Kd + [L]), where [LR] is the 

concentration of the specifically bound radioligand and [L] is the total concentration of 

the ligand. Bmax represents the maximum number of binding sites and is expressed in the 

same units as the Y-axis (picomoles per mg of the protein, sites per cell or radioactive 

counts). Kd is the equilibrium dissociation constant, expressed in molar units and 

represents the concentration of the ligand which occupies 50% of the receptors at 

equilibrium. Ligand-receptor binding can be used to characterize the receptor profiles of 

new drugs by competitive assays, to identify receptors in organs and tissues, to measure 

of drugs and transmitters in body fluid and to evaluate of changes associated with a 

disease state. Apart from characterization of the pharmacological profile for a receptor, 

binding studies are also utilized to determine the specificity and subtype selectivity of 

pharmacological agents. 

 

 

2.4.1. Radioligand binding assays with filter-binding harvester system 

Binding assays using the harvester system to separate the receptor-bound from the free 

radioligand is the one which is most widely used. In this method, after the reaction 

reaches the optimal incubation time, the free ligand is separated from the reaction mix 

through a filter under vacuum. The receptor with the bound ligand is retained on the filter 

while the free ligand flows off and hence is separated. A couple of quick post-filtration 

washes ensure complete removal of the free ligand. These washes can be done assuming 

that the affinity of the receptor for the ligand is high enough. Usually ice-cold buffer is 

used to minimize the dissociation of the ligand-receptor complex. The composition of the 

filter is so chosen that it retains all the membranes and binds very little, if any, free 

radioligand. The filters can be coated to reduce radioligand absorption with BSA or 

gelatin when peptides are used as ligands, or by siliconizing or with other coating 

solutions (Limbird, 1986). The harvester based assay can also be adapted to automation 

where multiple samples can be filtered in a single experiment. Calculating t½  (half-life for 
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dissociation) and assuming that the rate constant for association of the radioligand with 

the receptor is 106 M-1sec-1 (a commonly determined value for binding of small ligands to 

proteins), it is evident that minimum affinity (maximum Kd) of a receptor for a ligand that 

can be identified using vacuum filtration technique is 10-8 M (Table V). It can be 

calculated that a separation procedure must be complete in 0.15 t½  to avoid losing more 

than 10% of the ligand-receptor complex. 

 

Table V: Relationship between allowable separation times and the equilibrium 

dissociation constant (Kd) ** 

 

Kd (M) 0.15 t½   

10-12 1.2 days 

10-11 2.9 hr 

10-10 17.0 min 

10-9 1.7 min 

10-8 10.0 sec 

10-7 0.10 sec 

10-6 0.010 sec 

 

** Limbird, 1986 

 

 

2.4.2. Solid phase binding assays / Scintillation Proximity Assay 
(SPA) 

The Scintillation Proximity Assay (SPA) offers a solid phase platform for radioligand 

binding studies, eliminating the need for separation steps.  It is a homogeneous assay 

technique and has been applied to radioimmunoassay (RIA), receptor-binding assays, 

enzyme assays and molecular-interaction assays, such as protein/protein-binding studies, 

protein-DNA interactions and cellular biochemistry assays (Cook, 1996). SPA requires 

only pipetting; there is no need for a separation step or the use of scintillation cocktails. 
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The amount of radioactive handling and waste generated is highly minimized. This 

technology is ideally suited for automation (using robotic pipetting stations) and when 

coupled to microtiter plate scintillation counters such as Wallac Microbeta™ (Wallac Oy, 

PerkinElmer Life Sciences, Turku, Finland) or TopCount™ (Packard, Meriden, USA), it 

can provide a highly versatile, rapid assay technology for high-throughput screening 

(HTS) (Cook, 1996). SPA is very well suited for screening of multitudes of compounds 

in the pharmaceutical industry.  

 

When a radioactive atom decays, it releases subatomic particles (e.g. β-particles) and, in 

aqueous solution, these particles travel only a limited distance, depending upon the 

energy of the particle. SPA uses only low energy β-emitting isotopes so that the path 

length is short. For instance, when a tritium atom [3H] decays it releases a β-particle. The 

average path length for this particle is 1.5 µm (Table VI). Thus, if this particle encounters 

a suitable scintillant molecule within this distance, the energy of the β-particle will be 

transferred to the scintillant resulting in its excitation and emission of light, which is 

detected using the photomultiplier (PMT) tubes of scintillation counters. Consequently, a 

radioligand close to the scintillant molecule will generate a signal, whereas free ligand 

molecules in solution are too distant from the scintillator molecule to transfer the energy 

and therefore remain undetected (Cook et al, 2002; Bosworth et al., 1989) (Fig. 4). The 

radioligand which generates the signal is actually close to the scintillant, as it is captured 

by the receptor, which in turn is linked to the scintillator coated plate by capture 

chemistry. 
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Table VI: Mean β-particle path length for various isotopes* 

 

Isotope Mean β-Particle Path Length 

[3H] 1.5µm 

[125I] 2e- 1.0µm ; 17µm 

[14C] 50µm 

[35S] 65µm 

[33P] 125µm 

[32P] 2100µm 

 

* Limbird, 1986 

 

SPA can be carried out with scintillating beads or in a microtiter plate wherein the 

scintallator molecule is incorporated. A variant of the microtiter plate in the form of a 

strip has also been tried (MicroBeta™, Wallac Application Note, 1993).  

 

Coupling molecules (e.g. antibodies, streptatividin, wheat germ agglutin, protein A/G) are 

covalently attached to the beads or on the surface of the microtiter plates which allows 

further assay design. 

 

The main factors taken into consideration for development of an assay system based on 

the scintillation proximity principle include assay conditions (buffer, temperature, 

incubation time, effect of agitation), receptor source, receptor expression level and 

isotope choice. The receptors employed in the assay could be from whole cells, from cell 

membranes or soluble recombinant receptors. The expression level should be more than 2 

pmol/mg when [3H] radioligands are used. In case of [125I], expression levels around 200 

fmol/mg are good for binding data. For colored samples, a color quench correction factor 

should be included.   
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β-particles close to the scintillant can excite it, producing light 

 

 
 

 

Radioligand is bound in close proximity                                Unbound radioligand does  

stimulating the scintillator molecule to                                   not stimulate the bead 

emit light 

    

Fig. 4. Diagrammatic representation of SPA. 
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2.4.3. Binding studies based on Surface Plasmon Resonance (SPR) 

Ligand binding studies now exploit the principles of Surface Plasmon Resonance (SPR) 

for studying molecular interactions. In SPR, biomolecular interactions are measured in 

real-time in a label free environment. One of the interacting partners is immobilized on 

the sensor chip, while the other partner is allowed to flow over the sensor surface in 

solution. The response generated upon the interaction is recorded as a sensogram. As a 

quantitative tool, SPR can be used to determine real-time kinetics, affinity and specificity 

for binding interactions, as well as active concentration of biomolecules in solutions.   

 

Surface Plasmon Resonance (SPR) is a physical process that occurs when plane-polarized 

light hits a metal film under total internal reflection conditions (Biacore, Marquart: SPR 

Pages). The metal film should have conduction band electrons which are capable of 

resonating with the incoming light. Silver, gold, aluminium, sodium and indium can be 

used, and the metal should be free of oxides, sulphides and be non-reactant to the 

biological molecules employed in the experimental setup. Gold is the best choice and the 

thickness of the surface of the metal film is about 50 nm. The SPR phenomenon occurs 

when the plasmon (collective oscillations of conduction electrons in a metal) waves are 

excited at a metal / liquid interface (sensor surface). The light source should be 

monochromatic and p-polarized (polarized in the plane of the surface). The light is 

directed at, and reflected from, a surface not directly in contact with the sample. The 

molecules binding at the surface causes a change in the refractive index close to the 

surface which is detected as changes in the SPR signal. These are expressed as Resonance 

Units (RU) where 1RU = 1 picogram / mm2 of the resonance surface. The response 

observed in a SPR signal is directly proportional to the mass change on the sensor surface 

(SPR Pages, Biacore) (Fig. 5).  

 

In a standard experiment involving biomolecular interaction, the sequential steps are as 

follows: immobilization, association, steady state, dissociation and finally regeneration. A 

wide range of sensor chips are available depending upon the experimental design 

including NTA for capture of poly His groups, SA for capture of biotin, C1 for phage 
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binding, HPA for lipid capture and CM5 for general applications. The experiments are 

performed under a constant temperature, because the refractive index varies with 

temperature (Marquart: SPR Pages).  

 

 
   

 

Fig. 5. Schematic representation of the SPR phenomenon. 

 

The SPR technology has a wide range of applications, including real time monitoring of 

DNA manipulation, concentration measurements of unpurified proteins, interaction 

analysis of membrane-bound receptors and their ligands, kinetics of receptor-ligand 

interactions and competitive kinetic analysis of interaction between low molecular weight 

ligands in solution and surface immobilized receptors (Stenlund et al., 2003; Nakatani et 

al., 2001; Papo et al., 2003; Rich et al., 2002). Finally, screening for ligands to ‘orphan 

receptors’, epitope mapping and studies of complex biomolecular assemblies can be 

performed with SPR. 
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2.5. GPCR drugs 

The GPCRs are the single richest receptor target for drug discovery 

(www.researchandmarkets.com) known as ‘the targets of today’s drugs and tomorrow’s 

blockbusters’. Recent market analysis reveals that GPCR-directed drug discovery is in its 

infancy and has tremendous potential. More than 25% of the 200 best selling modern 

drugs available in the market today (Table VII) modulate GPCRs. They are used to treat 

medical conditions such as cardiovascular disease, gastrointestinal problems, allergies 

and cancer (www.researchandmarkets.com).  

 

However, there is still a huge untapped potential for GPCR-based drug discovery. GPCR-

oriented research is a ubiquitous feature of target identification and drug design programs 

for most pharmaceutical companies (Flower, 1999). With the development of new assay 

systems, cell-based methods, ultra-HTS platforms for target identification and screening, 

and High Content Screening (HCS) systems, the drug-discovery for GPCRs is a top 

agenda in the pharmaceutical sector (Gurwitz et al., 2003; Nambi et al., 2003; Thomsen 

et al., 2004). 

 

GPCRs are important drug targets because of their wide regulatory role in mammalian 

signal transduction. Not surprisingly, there are many hereditary diseases associated with 

GPCRs, including color blindness, stationary night blindness, retinitis pigmentosa, 

nephrogenic diabetes insipidus, isolated glucocorticoid deficiency and hyperfunctioning 

thyroid adenomas (Flower, 1999).  

 

Emerging GPCR targets are the ‘orphan GPCRs’. About 150 GPCRs are called ‘orphans’ 

(Wise et al., 2004) because they are activated by none of the primary messengers known 

to activate GPCRs in vivo (Lin et al., 2004) and so have no known functions. Recently, 

the predicted orphan receptors are now being used to find ligands in a process called 

reverse pharmacology – reverse in the sense that classical pharmacology uses bioactive 

ligands to identify the receptor (Mertens et al., 2004). The emerging pharma sector is 
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investing huge amounts in uncovering the functions of these orphan GPCRs in the living 

cell (Cellomics Europe).  

 

Table VII: Top-selling drugs targeting GPCRs** 

 

Drug GPCR target Chemical name Problem treated 

Alphagan Adrenoceptor Brimonidine Glaucoma 

Proventil Adrenoceptor Salbutamol Respiratory 

Serevent Adrenoceptor Salmeterol Asthma 

Clozaril Dopamine  Clozapine Schizophrenia 

Zyban Dopamine Bupropion hydrochloride Smoking cessation  

Allegra Histamine Fexofenadine hydrochloride Allergy  

Patanol Histamine Olopatadine Conjunctivitis 

Pepcid Histamine Famotidine Gastroesophageal reflux disease 

Zantac Histamine Ranitidine hydrochloride Ulcer 

Lupron LH-RH Leuprolide Cancer 

Atrovent Muscarinic  Ipratropium bromide Chronic pulmonary disease 

Detrol Muscarinic Tolterodine Incontinence 

Duragesic Opioid µ Fentanyl Pain 

Plavix P2Y12 Clopidogrel Stroke 

Xalatan Prostanoid Latanoprost Glaucoma 

Buspar Serotonin Buspirone Depression 

Imitrex Serotonin Sumatriptan Succinate Migraine 

Remeron Serotonin Mirtazapine Anxiety 

Risperdal Serotonin Risperidone CNS 

Zofran Serotonin Ondansetron Nausea 

 

**Flower, 1999; Thomsen et al., 2004; Nambi et al., 2003 
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3. AIMS OF THE PRESENT STUDY 
 

My major goal was over-expression of the α2-adrenergic receptors for structural and 

functional studies. Moreover, development of assay systems for fast screening of ligands 

and demonstration of activity in the solubilized state were necessary for successful 

elucidation of the functional states and to take a step towards purification, reconstitution 

and crystallization.  

 

The present study had the following aims: 

1. To develop an over-expression system for α2-ARs based on the SFV / CHO 

system, to study the receptor’s pharmacological profile, ligand-binding and 

localization in the over-expressed state. 

2. To develop an over-expression system for α2-ARs based on the insect cell 

Baculovirus system, and to compare the ligand-binding assays, pharmacological 

profile and localization of the over-expressed receptor with the SFV / CHO 

system. 

3. Membrane preparation, solubilization studies and purification of α2B-AR 

expressed in either system using affinity tags. 

4. Development and optimization of a solid phase assay platform for ligand-binding 

assays and for high throughput analysis. 

5. Development and optimization of an assay system for binding studies in the 

detergent-solubilized state.  
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4. MATERIALS AND METHODS 
 

Experimental methods used in this dissertation work are listed in table VIII, and detailed 

descriptions are found in the original publications or references therein, as indicated. 

Methods other than those mentioned in Studies I-IV are described below. 

 

Table VIII: Methods used in the present study 

 

Methods Publication 

Baculovirus molecular biology and transfection III 

SFV molecular biology and transfection  II, I 

Cell culture (Mammalian and Insect) II, III, IV 

Protein expression II, III, I 

Preparation of membrane I, II, III, IV 

Solubilization  III 

SDS-PAGE II, III, IV 

Western Blot II, III, IV 

Harvester based ligand binding assays  I, II, III, IV 

Solid phase ligand binding assays I, II 

Scintillation Proximity Assay I, II 

Fluorescence microscopy II, III 

Immunogold electron microscopy II 

Drug Screening I, II, III 

Surface Plasmon Resonance / Biacore III 

 

 

Circular Dichroism measurement - Samples of the three subtypes of α2-ARs (whole 

membrane receptor & detergent-solubilized receptor) were prepared for CD analysis by 

dilution, either with or without detergent, in a buffer containing 50 mM Tris, pH 7.4, 10 

mM MgCl2 and 1 mM EDTA. Buffer controls with or without detergent were prepared in 
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parallel. Spectra were recorded at 25o C using a Jasco spectropolarimeter. The CD of each 

sample was measured in 0.1 cm path length cells from 195 to 250 nm. Eight spectra were 

accumulated for each sample and were averaged and corrected by subtraction of the 

corresponding buffer spectra. Values for α-helicity from the experimental data were 

calculated using the k2d program. 
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5. RESULTS 
Brief descriptions of the main results are given here together with additional views that 

are not emphasized in the original publications. Detailed discussions are found in the 

original publications. 

 

5.1. Expression of recombinant α2-adrenergic receptor subtypes 

(II, III, I) 

The recombinant human α2-adrenergic receptor subtypes and variants were successfully 

expressed in the mammalian SFV / CHO system as well as in the Baculovirus / insect cell 

system (II, III, I). The expression levels obtained with the SFV system ranged up to 176 

pmol/mg of the membrane protein. Based on the calculation proposed by Sarramegna et 

al. (2003), I calculated the O.F. for the various receptor subtypes that have been produced 

with the SFV system and with the Baculovirus system (Table IX).  

 

O.F.s between 0.4 and 2.9 were obtained using the Baculovirus system, and between 1.9 

and 6.7 for the SFV system. Fusion of the capsid protein of SFV did not enhance the 

expression levels, unlike for some other GPCRs (Lundström et al., 2001).  

 

Western blot analysis with appropriate antibodies showed that the receptor subtypes are 

expressed at their expected molecular weights in both the SFV and the Baculovirus 

systems (Fig. 3, II; Fig. 2, III). Aggregates, multimers, proteolytic fractions and slow 

migration in gels were observed with the receptor subtypes, as commonly observed with 

membrane proteins.  



 

 47

Table IX: Expression levels for α2-adrenergic receptor subtypes produced in SFV / CHO 

system and Baculovirus / insect cell system 

 

Expression Levels  Receptor subtype 

 

 SFV / CHO system 
(pmol/mg 

membrane protein) 

O.F. Baculovirus system 
(pmol/mg 

membrane protein) 

O.F. 

HA-α2A-AR-eGFP n.d. --- 63.8 2.4 

HA-α2C-AR-eGFP n.d. --- 13.3 0.5 

HA-α2B-AR-eGFP n.d. --- 42.3 1.6 

α2B-AR-WT 173 6.6 n.d. --- 

α2B-AR-eGFP 177 6.7 n.d. --- 

CAP-α2B-AR 122 4.6 n.d. --- 

His6-α2B-AR 51 1.9 77.3 2.9 

α2B-AR-5D n.d. --- 21.3 0.8 

α2B-AR-6D n.d. --- 11.1 0.4 

α2B-AR-5D-His6 n.d. --- 51.3 1.9 

n.d., not determined; HA, Hemagglutinin; eGFP, enhanced Green Fluorescent Protein; CAP, Capsid protein; O.F., 

Over-expression Factor 

 

 

When I expressed the HA-α2B-AR-eGFP construct in the Baculovirus system, the protein 

was cleaved into two bands as detected by anti-HA antibody and anti-α2B-AR antibody 

(III). From the Western blot and fluorescence measurements (III), it is clear that one of 

the cleavage site lies in the 3rd intracellular loop and the other in the C-terminal 

extramembranous part of the protein. The band at about 50 kDa (Fig. 2, III) is the wild 

type protein, in this case the cleavage being at the C-terminal part of the protein. The 

smaller band (Fig. 2, III) is the product obtained from cleavage at the third intracellular 



 

 48

loop. The stretch of Glutamic acid residues (298-309) is probably the site of cleavage 

within the 3rd intracellular loop.  

 

 

5.2. Localization and pharmacological profile of expressed α2-

adrenergic receptor subtypes (II, III, I) 

Localization studies were done using eGFP fused to the C-terminus of α2B-AR both in the 

SFV system and in the Baculovirus system. In both cases, the receptor is localized in the 

internal membrane structures in addition to the plasma membrane (Fig. 5, II; Fig. 3, III). 

Similar results are also obtained with immunogold electron microscopy (Fig. 5, II). Time-

course optimization data for expression in both systems were also obtained using the 

fluorescence properties of eGFP. It was found that 24 hr was the optimal time point for 

harvest in the SFV system, whereas the optimal time for protein production was around 

48 hr for the Baculovirus system (Fig. 2b, II; Fig. 1, III). 

 

Saturation isotherms and equilibrium dissociation constants (Kd) were determined for the 

various constructs expressed in SFV and Baculovirus systems. The receptor affinities 

were essentially the same for all constructs (Table X).  

 

Based on the kinetics of binding (II), I showed that [3H]RX821002 is not a suitable ligand 

for harvester based assays using the human α2B-AR subtype due to its rapid rate of 

association and dissociation (II). Using [35S]GTPγS, I showed that the α2B-ARs expressed 

in SFV were functional (II). Clear functionality was demonstrated for the agonists (−)-

epinephrine, UK-14,304 and clonidine. Epinephrine was a full agonist, UK-14,304 a 

partial agonist, and clonidine a relatively weak partial agonist for α2B-AR-WT and CAP-

α2B-AR. 
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Table X: Comparison of the equilibrium dissociation constant (Kd) 

 

Equilibrium dissociation constant (Kd) (nM) 

SFV / CHO  Baculovirus 

Receptor subtype 

 

 

RW RS RX RW RX 

HA-α2A-AR-eGFP --- --- --- 4.49  ± 0.74 4.32  ± 0.83 

HA-α2C-AR-eGFP --- --- --- 2.02  ± 0.78 6.85  ± 0.78 

HA-α2B-AR-eGFP --- --- --- 4.52 ± 0.16 --- 

α2B-AR-WT 4.80  ± 0.72 0.41  ± 0.08 4.98  ± 0.43 --- --- 

α2B-AR-eGFP 6.29  ± 0.55 0.27  ± 0.07 --- --- --- 

CAP-α2B-AR 5.33  ± 0.56 0.67  ± 0.12 8.80  ± 2.60 --- --- 

His6-α2B-AR 4.18  ± 0.51 --- --- 3.28  ± 0.80 --- 

α2B-AR-5D --- --- --- 4.84  ± 0.04 --- 

α2B-AR-6D --- --- --- 2.73  ± 0.44 --- 

α2B-AR-5D-His6 --- --- --- 5.51  ± 0.58 --- 

RW, [3H]rauwolscine; RS, [3H]RS79948-197; RX, [3H]RX821002  
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5.3. Solubilization and Purification of α2-adrenergic receptor 

subtypes  

Solubilization of α2B-AR subtype expressed in the SFV system was tested with a number 

of detergents and combination of detergents. These included Big CHAP, CHAPSO, n-

dodecyl-β-D-maltoside (DBM), Sodium monolaurate, SDS, Sodium cholate and Triton 

X-100. The best solubilization efficiency of around 50-60% was obtained with a 

combination of Big CHAP and DBM, as determined by Western blot. This solubilized 

receptor preparation was purified using a specific immunoaffinity column (I). The results 

of purification are shown in Fig. 6.  

 

 
 

I was not able to purify the His6-α2B-AR subtype (N-terminal His6 tag) expressed either 

in SFV or Baculovirus system, despite numerous attempts. However, I could purify α2B-

AR-5D-His6 (C-terminal His6 tag) subtype expressed in Baculovirus system by Ni-NTA 

chromatography. Purification of HA-α2B-AR-eGFP with anti-HA antibody was also tried, 

but was discontinued because the protein was cleaved into two fragments (Fig. 2, III).  

 

 

Fig. 6. Western blot for purification 

of recombinant of α2B-AR subtype 

using specific immunoaffinity 

column. The molecular weight 

markers (kDa) are: 106, 84, 50.8, 

35.6, 28.1 and 20.9.  Lane 1: 

Solubilized fraction, lane 2: Pellet, 

lane 3: flow-through, lanes 4-6: 

wash fractions, lanes 7-9: elution 

fractions. 

 1       2       3      4      5     6     7     8    9  
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5.4. Development of Scintiplate Assay (SPA) as a solid phase 
ligand binding platform (I) 

A solid phase ligand binding platform was developed based on the principles of 

scintillation proximity assay (Fig. 7). This method obviated the problems of harvester-

based filter-binding assays and offers a fast and efficient ligand binding system based on 

a microtiter plate. The assay was developed using the human α2B-AR subtype expressed 

from SFV vectors in CHO cells. All the parameters that could affect a binding assay were 

optimized during the development of this system, including incubation time, incubation 

temperature, assay buffer, capture chemistry and concentration of the receptor used.  

 
 

 
Fig. 7. Steps in a Scintiplate Assay. 

Three different antagonist radioligands were used for the 

development of the assay and the Kd values obtained from the 

Scintiplate system correlate well with those obtained from the 

harvester system (I). Phentolamine, a non selective α1 and α2 

antagonist, was used in parallel assays for determination of the non-

specific binding. The capture chemistry which worked best for our 

assay system was antigen-antibody interaction using the 7G1 

primary antibody (Liitti et al., 1997). The main advantage of this 

system is that, since the detection is based on the proximity 

principle, there is no need for a step to separate bound from free 

ligand. This in turn reduces the amount of radioactive substance 

handled and the volume of radioactive waste generated. The assays 

are homogeneous in nature and can be performed quicker: 70-80 

min versus 475 min for filter-binding assays, thus increasing the 

throughput. I nonetheless found that a washing step reduced the 

non-specific binding and eliminated counting efficiency variations. 

A drying step followed by washing removed microscopic droplets, 

reduced the background and increased the sensitivity of the assay.  
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As an application of the system, a qualitative drug screening experiment was performed 

which allowed me to classify the drugs based on their affinity towards the receptor.  

 

 

5.5. Studies with detergent-solubilized receptor using Surface 
Plasmon Resonance (SPR) / Biacore (III) 

For the first time, we observed ligand binding in the detergent-solubilized state with 

human α2-adrenergic receptor subtypes by exploiting the properties of SPR. This clearly 

demonstrates that the receptor is stable upon solubilization in detergents, and can still 

bind ligands. The experiments were performed using a Biacore 2000 and a Biacore 3000. 

The latter gave better sensitivity in detection. I used the antibody-antigen capture system 

to immobilize the receptor using a CM5 sensor chip (Fig. 4, III). Membrane-bound and 

detergent-solubilized receptors were immobilized on the sensor chip, and small molecule 

ligands were passed over it to study the binding interaction. The equilibrium dissociation 

constant (Kd) values obtained from the Biacore system correlate well with our data 

obtained from other ligand binding assay systems and also with literature values (III). A 

drug screening experiment was also performed in an automated mode and the rise in RU 

was within the expected range, depending both on the molecular mass of the ligand and 

on the amount of receptor immobilized on the chip (III).  

 

 

5.6. Drug screening studies (I, II, III)  

Drug screening studies were performed with 20 different compounds (I, II, III) using the 

harvester-based method, SPA and Biacore. The results allowed classification of drugs 

based on their affinities for the receptor subtypes. It also proved that the receptors 

expressed in each of these systems can be used for drug screening. The screening process 

also demonstrated a low-volume high-throughput format for the SPA and Biacore, which 

can be easily applied for large scale screening studies in an automated mode in an 

industrial setting. In study II, I calculated the rank order of inhibition potency for the 
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various drugs and compared the values obtained on the SPA and the harvester systems 

with the literature values. 

 

 

5.7. Circular Dichroism (CD) spectroscopic studies 

Spectra obtained from the CD experiments show that all the three subtypes (both 

membrane-bound and detergent-solubilized) exhibit characteristics of a typical alpha-

helical protein. They have characteristics of a high degree of α-helical secondary 

structure showing minima at around 210 and 220 nm (Fig. 8).  

 

 

 

 
 

Fig. 8. CD spectra of membrane-bound and detergent-solubilized α2-adrenergic receptor 

subtypes. Red: detergent-solubilized α2C-AR, Light blue: detergent-solubilized α2A-AR, 

Deep Blue: membrane-bound α2A-AR, Pink: membrane-bound α2C-AR, Green: 

membrane-bound α2B-AR, Grey: detergent-solubilized α2B-AR. 
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The experimental and theoretical α-helical contents (Table XI) correlate well with each 

other, within the limits of experimental error. The alpha helical content of the receptor 

subtypes in the detergent solubilized state was always greater than compared to the same 

in absence of the detergent. This may be due to the participation of more amino acid 

residues from extramembranous regions of the receptor in the tight and spontaneous 

folding into alpha helices in the presence of detergents. 

 

Table XI: Theoretical and CD-determined values for secondary structure types 

 

Receptor 

Subtype 

% alpha-

helicity 

(theoretical)* 

% alpha-

helicity 

(experimental) 

% β-sheet 

(experimental) 

% Random 

Coil 

(experimental) 

α2A-AR 38.4 28 15 57 

α2A-AR – D# --- 39 17 44 

α2B-AR 37.7 28 16 56 

α2B-AR – D# --- 30 14 56 

α2C-AR 36.8 31 12 57 

α2C-AR – D# --- 59 8 33 

 

* Theoretical values were calculated using the number of amino acids present in the transmembrane helices with 

regard to the total number of amino acids present in the protein.  

# Corresponds to the detergent solubilized state of the receptor subtype 
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6. DISCUSSION 
 

6.1. Expression, localization, pharmacological profile and 
purification studies  

α2-AR subtypes were successfully expressed in the SFV / CHO system and in the 

Baculovirus / insect cell system. More specifically, in the case of the SFV / CHO system, 

the α2B-AR subtype and several variants were expressed including α2B-AR-eGFP, CAP-

α2B-AR and His6-α2B-AR. In the Baculovirus system, all three α2-AR subtypes were 

expressed as fusion proteins with the HA tag at the N-terminus and the eGFP tag at the C-

terminus. In addition, deletion constructs of α2B-AR (5D, 6D and 5D- His6) and His6-α2B-

AR were also expressed in the Baculovirus system. The expression levels obtained in the 

SFV system were as high as 175 pmol/mg of membrane protein, which corresponds to 

about 1% of the total membrane protein. This level of expression is the third highest 

value reported for GPCRs in the SFV system (Sarramegna et al., 2003). Fusion of the 

SFV capsid protein (CAP) to the N-terminus of the α2B-AR did not enhance the yields, 

unlike for other GPCRs (II). One possible explanation is that the capsid inhibits the 

translation of the mature protein product when fused with α2B-AR, which would in turn 

lower the expression level, as compared with the wild type. Alternatively, expression 

levels as high as 175 pmol/mg represent the maximum that the system is capable of 

producing. However, as appropriate, the capsid protein was cleaved off auto-catalytically 

as observed in the Western blot (Fig. 3, II). Probing with specific antibodies 

demonstrated the expression of the subtypes at their expected molecular weights. The 

expression levels obtained are good enough for purification and crystallization studies. 

However, there are difficulties in obtaining the same density from every batch due to 

variation in the in vitro mRNA transcription step. Moreover, production and scale up in 

case of the SFV system is expensive. This is due to higher cost for the reagents used in 

the transcription step, which needs to be performed in large scale for bigger batches.  
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In the Baculovirus system, the expression level varied between 11 and 77 pmol/mg of the 

membrane protein, corresponding to 0.05 to 0.3% of the total membrane protein (III). 

Such expression levels are good for integral membrane proteins, which are always 

difficult to express and produce. Though the level is two to three fold lower than our 

previously developed SFV expression system (II), the Baculoviral expression system 

should be pursued further because its overall cost is lower and the number of steps 

between generation of construct to protein production is fewer. Moreover, the total 

amount of protein obtained per liter of expression culture in Baculovirus is much more 

than in SFV (Table XIII). 

 

Table XIII: Step-effectiveness and cost comparison between the Baculovirus and SFV 

systems. 

Baculovirus SFV
Recombinant construct ready Recombinant construct ready

Transposition within E. coli DH10Bac cells Have Helper plasmid ready

Blue-white selection of correct colonies RE digestion to linearize recombinant and helper

plasmid, followed by in vitro transcription

Purification of bacmid DNA & transposition in SF9 cells

Recombinant SFV and helper RNA produced

Virus titer generated : Optimization

Transfection of recombinant SFV and Helper RNA

From the virus titer that is produced, depending on the optimal into BHK-21 cells for pakaging reaction to 

titer value, approximately 25-40 l or even more of recombinant generate SFV recombinant particles.

protein can be produced.

Activation of virus stock and infection of CHO cells

**Approximately 100 € of cost is incurred in production of 1 l for protein production.

of the protein and the virus stock is ready for further use.

From 50 µl of a transcription reaction, a maximum
of 1 l of protein can be produced, depending upon
the quality of the virus stock. It is also very difficult
to estimate the virus titer at this step. The whole
process depends upon the in vitro transcription
reaction and this reaction has to be performed
frequently for production of larger volumes of the 
protein.

**Approximately 600-700 € of cost is incurred in  
production of 1 l and moreover, the virus stock needs
to be generated frequently.
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The expressed receptors were localized in the intracellular membranous compartments in 

addition to the plasma membrane, as visualized using eGFP (II, III) for both SFV and 

Baculovirus systems. The main reason for this phenomenon is probably saturation of the 

transport machinery due to the over-expression of these receptors. This has also been 

observed with other GPCRs (Lundström et al., 2001). The large number of receptors in 

the internal compartments could also correspond to those in the exocytic pathway on their 

way to the plasma membrane, or to receptors which have already reached the PM and in a 

second step have entered the endocytic pathway (Perret et al., 2003).  

 

The eGFP acts as an important tool for localization studies and can be used for 

quantification of the expression levels also. Using the green fluorescence, I could 

demonstrate the presence of the receptors in the intracellular compartments other than the 

plasma membrane, the site of usual occurrence. Using the properties of eGFP, I also 

performed time-course optimization for protein production both in case of SFV and 

Baculovirus system (II, III).  

 

Moreover, utilizing the fluorescent properties, steps like solubilization, purification and 

crystallization can also be monitored with eGFP. It would serve as a very important tool 

in LCP also, where the visualization of the crystals is a real challenge.  

 

Ligand binding assays with various radioligands demonstrated that each subtype has 

native pharmacological properties and the values for equilibrium dissociation constants 

(Kd) obtained were in good agreement with literature values. Neither the fusion constructs 

nor the deletion mutants showed any altered binding activity. Fusion of the ~26kDa eGFP 

also did not hamper expression levels, as determined by saturation binding experiments 

(II, III). 

 

The radioligand binding experiments with [3H]RX821002 demonstrated that this ligand is 

not the best choice for determining the pharmacological profile of human α2B-AR using 

the harvester based system (II). This is due to the rapid association and dissociation rates, 

which would result in depletion of the radioligand during the filtration step. The bound 
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ligand decreases exponentially with a time constant of 3.0 min-1. This means that in the 

time frame of 45-60 s needed for the filtration step to occur, the measured ligand binding 

after 45 s will correspond to about 10% of the true (t=0) binding, and after 60 s, just 4% 

of the binding.  

 

I could also clearly demonstrate the functionality of the expressed α2B-AR in SFV system 

using the [35S]GTPγS assay. The high density of the expressed receptors did not interfere 

with G-protein signaling, but the exact relationship between functional coupling 

efficiency and the receptor density was not addressed in this study (II). 

 

I could express His6-α2B-AR in both SFV and Baculovirus system (Table X) at levels 

suitable for solubilization and purification. However, purification repeatedly failed with 

the N-terminal His6 tag constructs. The protein disappeared upon loading onto the Ni-

NTA purification column. One plausible explanation could be that the His6 tag generates 

a positive charge density at the N-terminus, which probably inhibits the interaction with 

the column. Expression and small scale purification of a C-terminal His6 fusion tag (α2B-

AR-5D-His6) was successful in the Baculovirus system. This was the first instance of 

being able to express and purify a His-tagged α2-AR. Purification of HA-α2B-AR-eGFP 

expressed in Baculovirus was carried out with an anti-HA column, but I did not pursue it 

further due to cleavage of the protein into two fragments as detected by anti-HA antibody 

as well as by 7G1 antibody (III). Data from the fluorescence measurements and Western 

blot (III) demonstrated that there are two sites for cleavage: one is located in the i3 and 

the other towards the extramembranous C-terminal part of the protein.  Compared to α2B-

AR, the α2A-AR and α2C-AR were expressed as rather intact species (Fig. 2, III) in the 

Baculovirus system. 
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6.2. Development of Scintiplate Assay 

The Scintiplate assay was developed as a solid phase platform for ligand binding assays, 

overcoming the drawbacks of the traditional harvester based assays. This system was 

developed using scintillating microtitration plates (Scintiplates), in which the wells of the 

microtiter plate had the scintillator molecule incorporated into the plastic. These wells of 

the plate were coated with acceptor molecules to which the ligand binds selectively and 

in a reversible manner. Only the bound ligand is close enough to the scintillator coated 

wells to activate the scintillant and produce light. The process relies on the conversion of 

energy of radioactive decay into light photons that are detected using the photomultiplier 

(PMT) tubes of scintillation counters. The PMT, which consists of a photocathode and a 

series of other electrodes, detects the photons emitted by the scintillant molecules. The 

photocathode converts the photon energy into electrical energy by the emission of 

photoelectrons that pass down a series of electrodes with more electrons being released at 

each stage. There is a measurable pulse at the final electrode, which is proportional to the 

number of photons detected by the photocathode and hence to the energy of the original 

β-particle. 

 

Assays based on scintillation proximity principle are better with Scintiplates rather than 

using scintillation beads because in the latter case, the beads have to be separated and 

spun down before counting which adds an additional step in the process. SPA offers the 

great advantage of direct measurement of the binding reactions without any need for 

separation of the bound ligand from free. It thus operates on a ‘Mix-n-Measure’ format. 

Real time kinetics can be easily monitored using this phenomenon. Receptors with weak 

affinity can also be assayed as there is no filtration step. Moreover, as the time required 

for SPA is much less, large volumes of samples can be handled, thus increasing the 

throughput. A fully optimized receptor binding SPA has a constant and reproducible 

signal : noise ratio. The greater this value is, the easier will be inhibition to observe. Since 

there is no termination step in SPA, the assay must be allowed to reach equilibrium 

before the counts are taken.  
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In this study, the scintillation volume was found to be one factor upon which the counting 

efficiency varies. The volume varies between πr2d (if d << r) and 2/3πr3 (if d > r), where 

‘d’ is the thickness of the scintillating layer and ‘r’ is the radius before which the β-

particle is absorbed. For a filter-binding assay (FBA) with liquid scintillation cocktail, the 

scintillation volume is 4/3πr3. The relative counting efficiency of SPA thus varies from ¾ 

d/r (d << r) to a maximum of ½ (d > r) (Fig. 9) if all other factors are the same. Thus, the 

counts observed in SPA are lower than those from FBA, but this does not pose any 

problem for applications like kinetics, high-throughput screening, generation of dose-

response curves and Kd calculations. 

 

 

 

 

 

 
 

 

Fig. 9. Counting volumes for SPA. 

 

 

6.3. SPR based studies on detergent-solubilized receptor 

Using surface plasmon resonance, I was able to demonstrate for the first time the binding 

of small molecule ligands to the detergent solubilized-state of α2-ARs. This was not 

possible using the filter-binding assay system owing to the small size of the detergent-

solubilized membranes which were not retained by the filters. It was also not possible 

with the SPA system because the detergent interferes with the detectable signal, resulting 
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in a huge background signal that masks the actual counts. The receptor molecules were 

captured on the SPR sensor chip surface (CM5) using antigen-antibody interaction. Using 

this assay, I was able to demonstrate clearly that the receptors could bind the ligand with 

near-native affinity. Thus, even upon de-lipidification, the receptor was present in an 

active state. Since the SPR system does not use any kind of labels (fluorescent tag, 

radiolabel or reporter), there is no interaction between the labels and the biological 

samples under study. This also reduces the work associated with labeling and purifying 

material and also avoids disposal costs of the labels. The assays are real-time and follow 

every step in a multi-step analysis. As this procedure involves surface phase binding, 

non-specific noise can be observed in some cases due to experimental techniques. 

Filtering all liquids, buffers and samples help prevent suspended matter attaching onto the 

surface and producing noise. An automated mode allows the screening of many 

compounds in a high-throughput format.  

 

 

6.4. Implications for HTS assay platforms 

HTS assay platforms form the backbone of the pharmaceutical industry for screening 

multitude of compounds to generate a lead. The demand for low-volume high-throughput 

is on the rise. Along with several systems already available in the market, I present here 

the SPA system and the ligand binding system based on SPR as HTS platforms for varied 

applications like screening of drugs and defining solubilization conditions. These systems 

are simple in nature, amenable to automation, easy to use and offer great promise for the 

HTS market.  
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7. CONCLUSIONS 
Expression of a membrane protein in sufficient quantities, solubilization and purification 

are the most important steps towards elucidation of its structure. Demonstration of its 

activity in various stages of the above processes is essential. Screening of multitude of 

compounds in a fast and efficient manner would enable drug discovery for this protein. 

Taking into consideration the above facts, the present study can broadly be classified as 

‘from the gene to the clinic’. It was anticipated that the research work carried out in this 

thesis would lead us close to the broader goal of elucidating the structure of human α2-

AR subtypes, either alone, or in complex with different ligands or effector proteins. This 

information would further be used for rational drug design of subtype specific agonists 

and antagonists to α2-ARs. Based on the findings in the present study, I achieved the 

following: 

• In house development of SFV based expression system. I successfully expressed 

α2B-AR and its variants in mammalian cells using this system. I obtained high 

levels of expression as compared to all other systems and with regard to the 

values available from literature. I used eGFP fusion to show that the over-

expressed receptors occurred in all membrane compartments. 

• I expressed the α2-AR subtypes (α2A-AR, α2B-AR and α2C-AR) in Baculovirus / 

insect cells as fusion proteins. This system provides an easy and cost-effective 

method for scale-up studies. I again showed that most of the receptors occurred in 

internal membrane compartments, rather than the plasma membrane, using eGFP 

fusion partner. 

• I developed a Scintiplate Proximity Assay (SPA) - a solid phase ligand binding 

platform for α2B-AR. This does not require the separation of bound and free; it is 

fast and homogeneous assay and it is amenable to automation for high throughput 

screening of drugs in an industrial setting.  

• I demonstrated for the first time the binding of a small molecule to the detergent-

solubilized state of α2-ARs and interaction of low-molecular mass-ligands in real 

time in a label-free environment, utilizing surface plasmon resonance. 
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