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Abstract

The β1-adrenergic receptor (β1AR) belongs to the large family of G protein-coupled receptors. It
is activated by epinephrine and norepinephrine and thus has a central role in mediating the effects
of the sympathetic nervous system. β1AR is the predominant adrenergic receptor in the heart,
where it mediates positive inotropy and chronotropy. Thus, it is the most important target receptor
for β-adrenergic antagonists, which are widely used in the treatment of cardiovascular diseases.
Furthermore, β1AR is also expressed in the brain, where it has a crucial role in regulating memory
formation and synaptic plasticity. Human β1AR (hβ1AR) has two polymorphisms, one at each
terminus. The carboxyl-terminal (C-terminal) Arg389Gly8.56 polymorphism has previously been
shown to have functional significance.

Despite the clinical importance of hβ1AR, its biosynthetic profile and post-translational
processing have not been well characterized to date. The aims of the present study were to shed
light on these events, focusing on the limited proteolysis of hβ1AR and the impact of β-adrenergic
ligands on receptor processing. In addition, the C-terminal polymorphism and its associations with
certain parameters were investigated in a population consisting of survivors of acute myocardial
infarction (AMI).

By using a heterologous expression system, hβ1AR biosynthesis was revealed to be efficient
and rapid. The N-terminus of the mature receptor was modified with O-glycans and one N-glycan,
but despite these modifications it was subject to cleavage at the cell surface that resulted in two C-
terminal fragments. The cleavage was mediated by a metalloproteinase, and importantly, it also
occurred in vivo. Moreover, receptor activation enhanced the cleavage, which suggests that it
represents a novel regulatory mechanism of hβ1AR. Interestingly, those ligands that enhanced the
cleavage stabilized intracellular hβ1AR precursors, possibly via a pharmacological chaperone
activity. Thus, the present study demonstrates that β-adrenergic ligands can have different
regulatory effects on distinct hβ1AR forms. 

Among the AMI survivors, the Arg3898.56 homozygotes had significantly increased left
ventricular mass indexes, when compared to the Gly3898.56 carriers, which suggests an
association between Arg3898.56 and left ventricular hypertrophy (LVH). When euglycemic and
diabetic patients were analyzed separately, the association existed among the euglycemic patients
but was not present in diabetic patients. Diabetes is one of several risk factors that have previously
been shown to influence the progression of LVH. Here, diabetes was shown to have a stronger
effect on the development of LVH, when compared with the Arg3898.56 variant of hβ1AR.

Keywords: biosynthesis, down-regulation, G-protein-coupled receptors, glycosylation,
left ventricular hypertrophy, limited proteolysis, metalloproteinases, myocardial
infarction, pharmacological chaperones, single nucleotide polymorphism, up-
regulation, β-adrenergic antagonist, β1-adrenergic receptor
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Tiivistelmä
β1-adrenerginen reseptori (β1AR) kuuluu laajaan G-proteiineihin kytkettyjen reseptorien perhee-
seen. β1AR on tärkeässä asemassa sympaattisen hermoston toiminnassa. Sydämessä β1AR on
vallitseva adrenerginen reseptori, ja sydänlihaksen supistusvireys sekä -taajuus voimistuvat
β1AR:n aktivaation kautta. Siten se edustaa sydän- ja verisuonisairauksissa käytettävien β-sal-
paajien tärkeintä kohdereseptoria. β1AR:n luontaisia agonisteja ovat lisämunuaisytimestä ja her-
mopäätteistä vapautuvat adrenaliini ja noradrenaliini. Sydänlihaksen lisäksi β1AR:a ilmenne-
tään myös aivoissa, jossa reseptorilla on keskeinen asema muistin ja synaptisen muovautuvuu-
den kannalta. Ihmisen β1AR (hβ1AR) sisältää kaksi polymorfismia, joista toinen
(Arg389Gly8.56) sijaitsee reseptorin karboksyyli- (C-) terminaalissa solulimassa. Tällä polymor-
fismilla on havaittu olevan toiminnallista merkitystä.

Vaikka hβ1AR:n kliininen merkitys on huomattava, sen biosynteesistä ja translaationjälkei-
sestä muokkauksesta ei ole tähän mennessä ollut juurikaan tutkimustietoa. Tämän väitöskirja-
työn tavoite oli kuvata näitä tapahtumia ja erityisesti keskittyä hβ1AR:n solunulkoisen amino-
(N-) terminaalin rajoitettuun proteolyysiin. Lisäksi haluttiin tutkia, onko β-adrenergisillä ligan-
deilla vaikutusta reseptorin prosessointiin. Tutkimuksen kliinisessä osiossa kartoitettiin C-termi-
naalisen polymorfian yhteyttä valikoituihin muuttujiin aineistossa, joka koostui akuutin sydänin-
farktin (AMI) sairastaneista potilaista.

hβ1AR:n biosynteesin havaittiin olevan tehokas ja nopea heterologisessa systeemissä. Kyp-
sän reseptorin N-terminaalissa havaittiin useita O-kytkennäisiä ja yksi N-kytkennäinen glykaa-
ni. Glykosyloinnista huolimatta N-terminaali pilkkoutui solun pinnalla, mikä tuotti kaksi solu-
kalvolla sijaitsevaa, C-terminaalista reseptoripalasta. Pilkkoutumista, joka havaittiin myös in
vivo, katalysoi metalloproteinaasi. Reseptorin aktivaatio kiihdytti pilkkoutumista, joka siten
todennäköisesti edustaa uudenlaista hβ1AR:n säätelymekanismia. Ligandit, jotka kiihdyttivät
pilkkoutumista, toisaalta stabiloivat solunsisäisiä hβ1AR:n epäkypsiä muotoja toimien luultavas-
ti ns. farmakologisina kaperoneina. Näin ollen väitöskirjatyö osoittaa, että β-adrenergisillä ligan-
deilla voi olla erilaisia säätelyvaikutuksia eri hβ1AR-muotoihin.

Kliinisessä tutkimuksessa Arg3898.56-homotsygooteilla potilailla havaittiin merkittävästi
suurentunut vasemman kammion massaindeksi Gly3898.56-kantajiin verrattuina, mikä puoltaa
Arg3898.56-polymorfismin ja vasemman kammion hypertrofian (LVH) välistä yhteyttä. Kun
euglykeemisiä potilaita ja diabeetikkoja tutkittiin erikseen, yhteys ilmeni vain euglykeemisessä
ryhmässä. Diabetes on riskitekijä, joka vaikuttaa LVH:n kehittymiseen. Tässä tutkimuksessa dia-
beteksellä havaittiin olevan voimakkaampi vaikutus LVH:n kehittymiseen Arg3898.56 -polymor-
fismiin verrattuna.

Asiasanat: biosynteesi, farmakologiset kaperonit, G-proteiiniin kytketyt reseptorit,
glykosylaatio, metalloproteinaasit, rajoitettu proteolyysi, sydäninfarkti,
vaimennussäätely, vasemman kammion hypertrofia, yksittäisen nukleotidin polymorfia,
ylössäätely, β-adrenerginen antagonisti, β1-adrenerginen reseptori
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1 Introduction 

The β1-adrenergic receptor (1AR) belongs to the large family of G-protein-

coupled receptors (GPCRs), which are involved in signaling from the 

extracellular compartment to the inside of the cell. GPCRs are characterized by 

seven transmembrane domains, which span the plasma membrane leaving the 

amino-terminus (N-terminus) in the extracellular space and the carboxyl-terminus 

(C-terminus) in the cytoplasm. GPCRs perform a variety of vital functions and 

their ligand structures are diverse. Nearly one half of the drugs on the market act 

through GPCRs (Drews & Ryser 1997), which illustrates their significant role in 

medicine. 

β-adrenergic receptors (βARs) are the most extensively studied GPCRs. 

1AR is expressed mainly in the heart, brain and lungs (Frielle et al. 1987), and 

also in several other tissues (Hellgren et al. 2000). 1AR is activated by 

endogenous catecholamines mediating the effects of the sympathetic nervous 

system. It is a target for widely used synthetic β-adrenergic antagonists, also 

referred to as β-blockers. Because they antagonize the deleterious effects of 

catecholamines, conventional antagonists are utilized extensively in the treatment 

if a range of cardiovascular illnesses including hypertension (HT), arrhythmias, 

chronic heart failure (CHF), and coronary artery disease (CAD) (López-Sendón et 
al. 2004, Satwani et al. 2004). 1AR agonists (sympathomimetics) are also used 

clinically, for example, in acute heart failure and resuscitation. 

The human 1AR (h1AR) has two polymorphic sites, the N-terminal amino 

acid (aa) 491.23, which is either serine (Ser) or glycine (Gly) and the C-terminal aa 

3898.56, which is either arginine (Arg) or Gly (Maqbool et al. 1999) [superscripts 

refer to the Ballesteros-Weinstein numbering (Ballesteros & Weinstein 1995)]. 

The C-terminal polymorphism has been shown to have an effect on receptor 

signaling properties (Mason et al. 1999), but the role of this polymorphism and its 

association with cardiovascular diseases remains largely unclear. 

The pharmacology and signaling properties of 1AR are well characterized, 

while the biochemistry of this receptor has been poorly understood to date. In 

order to ascertain the function of the sympathetic nervous system in its entirety, it 

is important to understand also the biosynthesis and processing of 1AR. This 

study was carried out to elucidate these aspects of h1AR, and furthermore, to 

focus on the impact of -adrenergic ligands on h1AR processing. Moreover, the 

role of the C-terminal polymorphism was evaluated in a clinical study population 

that consisted of acute myocardial infarction (AMI) survivors. 
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2 Review of the literature 

2.1 G-protein-coupled receptors 

GPCRs, also named seven-transmembrane or serpentine receptors, are integral 

heptahelical membrane proteins. They form a cylindrical, bundle-like structure, in 

which the seven transmembrane -helices are arranged in an anticlockwise 

manner within the cellular membrane (Baldwin 1993, Unger et al. 1997). GPCRs 

are capable of transducing extracellular signals via heterotrimeric guanine 

nucleotide-binding proteins (G-proteins) that consist of α-, β- and γ-subunits. 

Recent evidence indicates that activation of GPCRs also elicits signaling cascades 

independently of G-proteins. In the classic G-protein signaling pathway, G-

proteins elicit downstream responses that control the activity of various effectors, 

such as enzymes or ion channels, via catalysis of the guanosine diphosphate 

(GDP)–guanosine triphosphate (GTP) exchange and second-messenger 

generation (Offermanns 2003, Oldham & Hamm 2008). All GPCRs share a 

structure consisting of an extracellular N-terminus, three loops in both 

intracellular and extracellular compartments, seven highly conserved 

transmembrane α-helical domains, and a cytoplasmic C-terminus (Baldwin 1993) 

[Figure (Fig.) 1]. GPCRs are activated by a vast array of stimuli: photons, 

odorants, nucleotides, nucleosides, lipids, Ca2+ ions, biogenic amines, peptides 

and proteins, which all cause conformational changes in their target receptor and 

thus lead to intracellular protein-protein interactions (Bockaert & Pin 1999). It has 

been estimated that nearly half of all available therapeutic drugs act via GPCRs 

(Drews & Ryser 1997). In humans, there are five distinct GPCR families: 

Glutamate, Rhodopsin, Adhesion, Frizzled/Taste2 and Secretin (the GRAFS 

classification system) (Fredriksson et al. 2003) (Fig. 2). This classification has 

been determined on the basis of the primary aa sequence and structural similarity. 

The Rhodopsin family is the largest and most diverse, consisting of four groups: 

, , , and . The adrenergic receptors belong to the group  (Fredriksson et al. 
2003), which includes the majority of drug-targeted receptors (Tyndall & 

Sandilya 2005). In humans, the total number of known and verified full-length 

GPCRs is 799. The majority of these belong to the Rhodopsin family 

(Fredriksson et al. 2003, Gloriam et al. 2007). 
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Fig. 1. Basic structure of G-protein-coupled receptors (GPCRs). GPCRs consist of 

seven highly conserved, membrane-spanning -helices and three loops in both 

extracellular and intracellular compartments. The amino-terminus (N-terminus) is 

located in the extracellular space and the carboxyl-terminus (C-terminus) is in the 

intracellular space. 

Fig. 2. Phylogenetic relationships of the five GPCR families. The Rhodopsin family is 

further divided into four groups: , , , and . Modified from Fredriksson et al. (2003). 
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2.1.1 Function 

GPCRs are named for their ability to recruit and elicit the activation of G-proteins. 

Classical GPCR signaling involves a ternary complex consisting of a receptor, an 

agonist (stimulative ligand), and a G-protein. Agonist-induced GPCR activation 

involves rotation of certain transmembrane helices (Farrens et al. 1996, Park et al. 
2008, Scheerer et al. 2008, Lebon et al. 2011, Rasmussen et al. 2011, Rosenbaum 

et al. 2011, Warne et al. 2011, Xu et al. 2011), which is assumed to lead to 

opening of a G-protein binding site on the intracellular surface of the receptor. 

Our understanding of GPCR activation is largely based on studies with rhodopsin. 

Its activation involves cis/trans isomerization of the covalently bound ligand, 11-

cis-retinal, which is converted in situ to all-trans-retinal (Park et al. 2008). It is 

important to note that rhodopsin differs from other GPCRs by carrying a 

permanently bound ligand. Rhodopsin activation involves straightening of the 

cytoplasmic end of the 6th transmembrane helix and an outward movement of this 

region with respect to the 3rd transmembrane helix. In the inactive rhodopsin, 

there is a hydrogen bond between the cytoplasmic sides of transmembrane helices 

3 and 6, and this bond, the so-called ionic lock, is broken upon activation due to 

the aforementioned movement of the 6th transmembrane helix of opsin. 

Additionally, a smaller movement and rotation of the 5th transmembrane helix 

occurs. These changes lead to the creation of a cleft for the -subunit of the G-

protein transducin (Park et al. 2008, Scheerer et al. 2008). Once the GPCR–G-

protein-coupling has been enabled, this interaction induces a conformational 

change in the -subunit of the G-protein, a step which leads to a release of GDP 

followed by the binding of GTP. After this, the GTP-bound -subunit dissociates 

from the receptor, and the -dimer is also released. The -subunit, as well as the 

-dimer, modulate several cellular signaling pathways by interacting with 

intracellular or membrane-bound effectors that alter the concentration of second 

messengers. A GTPase activity, which is inherent to the -subunit, terminates the 

G-protein activation and enables the -subunit and the -dimer to reassociate 

(Offermanns 2003, Oldham & Hamm 2008). The G-protein cycle is illustrated in 

Fig. 3. 
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Fig. 3. The guanine nucleotide-binding protein (G-protein) cycle of GPCRs, which 

occurs as a consequence of agonist binding. Signal transduction is mediated by 

heterotrimeric G-proteins, consisting of an α- subunit and a βγ-dimer, which both 

regulate the action of various intracellular, membrane-bound or soluble effectors. The 

α- and γ-subunits are anchored to the plasma membrane via 

palmitoylation/myristoylation and prenylation, respectively (zigzag line). GDP, 

guanosine diphosphate; GTP, guanosine triphosphate; Pi, inorganic phosphate. 

Modified from Offermanns (2003). 
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G-protein-dependent signaling 

As described in the previous chapter, binding of an agonist induces 

conformational changes in the GPCR structure, which involves creation of a cleft 

for the G-protein (-subunit) on the cytoplasmic side. There are 21 distinct G-

protein -subunits, six - and 12 -subunits (Downes & Gautam 1999). This 

multiplicity allows the formation of many combinations, which confers increased 

diversity and specificity of the GPCR-/G-protein signaling. G-proteins fall into 

four subgroups. Gi/0 proteins inhibit the intracellular effector adenylyl cyclase 

(AC), which leads to a decrease in the concentration of cyclic adenosine 

monophosphate (cAMP), an important second messenger. The Gs protein, in 

contrast, stimulates AC, which subsequently leads to accumulation of cAMP. 

Gq/11 proteins activate phospholipase C and G12/13 proteins activate small Rho 

guanine exchange factors (Simon et al. 1991). Additionally, there are several 

other effectors that can be activated or inhibited by Gα proteins. The -dimer 

also has important functions (Offermanns 2003, Oldham & Hamm 2008). Several 

GPCRs are capable of simultaneous interaction with distinct G-proteins [e.g. 

(Xiao et al. 1995)], leading to activation of multiple effectors with distinct 

efficacies and/or potencies. 

G-protein-independent signaling 

During the last decade, GPCRs have also been found to mediate signals 

independently of G-proteins. Some researchers thus prefer using the terms seven-

transmembrane receptors or serpentine receptors instead of GPCRs, which is 

slightly misleading since it suggests that receptor signaling is limited to G-

proteins. Most GPCRs form complexes with β-arrestins following agonist binding 

and phosphorylation of GPCRs by G-protein-coupled receptor kinases (GRKs) 

(Tobin et al. 2008, Luttrell & Gesty-Palmer 2010). For a long time it has been 

clear that β-arrestins have a central role in GPCR desensitization (termination of 

G-protein activation, i.e. attenuating receptor signaling) (Lohse et al. 1990), 

endocytosis (targeting of the receptors to clathrin-coated pits for internalization) 

(Ferguson et al. 1996), and down-regulation [mediating persistent loss of 

(functional) cell surface receptors] (Kohout et al. 2001). Moreover and 

importantly, about a decade ago researchers became aware of the signal 

transducing role of β-arrestins. They provide a scaffold for e.g. components 

involved in the mitogen-activated protein kinase (MAPK) signaling pathway, a 
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cascade which leads to activation of MAPKs [extracellular signal-regulated 

kinase (ERK1/2) or c-Jun N-terminal kinase 3] (Luttrell & Gesty-Palmer 2010) 

(Fig. 4). Thus, β-arrestins are capable of eliciting G-protein-independent signal 

transduction. They recruit kinases of the MAPK pathway directly to the agonist-

occupied receptors (Sun et al. 2007, Luttrell & Gesty-Palmer 2010) and the 

signaling complexes are able to stay active for a long period (Luttrell & Gesty-

Palmer 2010). Moreover, β-arrestin recruitment is not an exclusive property of 

agonists: some inverse agonists act as partial agonists (see below the ligand 

definitions) by signaling via β-arrestin (Azzi et al. 2003).  

Furthermore, there is evidence that GPCR signaling can be both G-protein- 

and β-arrestin-independent. There are examples of direct receptor interaction with 

components of Janus protein kinase/signal transducers and activators of 

transcription (JAK/STATs), Src-family tyrosine (Tyr) kinases and PSD-95/Discs-

large/ZO-1-homology (PDZ) domain-containing proteins (Sun et al. 2007). 

When GPCRs are in a ligand-free, basal state, they exist in an equilibrium of 

different conformations. GPCR ligands stabilize different intramolecular 

interactions and establish a new conformational equilibrium (Bokoch et al. 2010). 

Roughly, ligands can be divided into four subgroups: full agonists, partial 

agonists, inverse agonists (inhibiting ligands), and neutral antagonists 

(Rosenbaum et al. 2009). However, considering the complexity of the signaling 

depicted above receptor pharmacology appears to be much more complex and 

subtle. The concepts of “ligand bias” and “pluridimensional efficacy” were 

launched some years ago, to signify that ligands can have different efficacies for 

the many behaviors that the receptor exhibits. For example, ligands can behave as 

an agonist toward one signaling pathway and as an antagonist or even an inverse 

agonist on another pathway in the same cell (Azzi et al. 2003, Galandrin & 

Bouvier 2006, Kenakin 2011). 
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Fig. 4. β-arrestin-mediated, G-protein-independent signaling of GPCRs. β-arrestin 

binds to a GPCR after the receptor has been phosphorylated by the G-protein-coupled 

receptor kinase (GRK) at receptor C-terminus. This terminates G-protein-mediated 

signaling. Consequently, β-arrestin acts as a scaffold and recruits components of the 

mitogen activated protein kinase (MAPK) pathway (ERK1/2 in this case). Subsequently, 

GPCRs are endocytosed. The signaling complexes stay stable in endosomes with 

some GPCRs. Modified from Luttrell et al. (2001). 
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more palmitoylated cysteine (Cys) residue(s) in several GPCRs. Palmitoylation is 

involved in signal transduction and receptor trafficking (Qanbar & Bouvier 2003). 

A conserved Cys residue is present in the 3rd transmembrane helix and 

another in the 2nd extracellular loop, and in most GPCRs, these are linked by a 

disulfide bond (Baldwin 1993, Bockaert & Pin 1999, Peeters et al. 2011). Other 

disulfide bonds are also found. For example, an additional bond in β1AR and 

β2AR stabilizes a short α-helical domain in the 2nd extracellular loop, that 

participates in ligand binding (Rosenbaum et al. 2007, Warne et al. 2008). 

Moreover, the human A2A adenosine receptor (hA2AR) has two additional 

disulfide bonds between the 1st and 2nd extracellular loops, and a fourth disulfide 

intraloop bridge in the 3rd extracellular loop (Jaakola et al. 2008). The disulfide 

bonds are involved in the packing and stabilization of GPCRs.  

A great majority of GPCRs have at least one consensus sequence for N-linked 

glycosylation in their extracellular domains (Landolt-Marticorena & Reithmeier 

1994) [asparagine (Asn)XSer/threonine (Thr), where X cannot be proline (Pro)] 

(Aebi et al. 2010). Usually the N-glycosylation site is located in the N-terminus, 

but approximately one third of the Rhodopsin family GPCRs possess one or more 

consensus sequences for N-glycosylation in their 2nd extracellular loop (Conner et 
al. 2007).  

The cytoplasmic C-terminus and the 3rd intracellular loop, and occasionally 

the 1st and 2nd intracellular loops carry sites for phosphorylation (Tobin et al. 2008) 

that are essential in GPCR desensitization.  

Considering GPCRs in the Rhodopsin family, a signature triplet sequence, 

usually the DRY motif [aspartic acid (Asp)ArgTyr], can be found immediately 

downstream from the 3rd transmembrane helix. This motif is involved in receptor 

activation and G-protein interaction [e.g. (Scheer et al. 1996)]. In addition, two 

conserved motifs have been identified to be involved in receptor activation-

associated conformational changes: the 6th transmembrane helix possesses a 

CWXP motif [Cystryptophan (Trp)XPro], and the cytoplasmic end of the 7th 

transmembrane helix carries a NPXXY motif (AsnProXXTyr) (Nygaard et 
al. 2009, Standfuss et al. 2011). Moreover, conserved Pro residues can be found 

in transmembrane helices 5, 6 and 7 (Baldwin 1993, Nygaard et al. 2009). They 

provide flexible hinges, essential in switching from one conformation to another. 

Fig. 5 illustrates the two-dimensional structure of GPCRs. 

The ligand-binding site varies between the different GPCR families, and there 

is also intrafamilial variation. Most of the GPCRs in the Rhodopsin family have a 

defined ligand-binding pocket, localized within the membrane-embedded region 
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in a cavity formed by four transmembrane helices near the extracellular surface of 

the receptor (Fredriksson et al. 2003, Cherezov et al. 2007, Rasmussen et al. 2007, 

Jaakola et al. 2008, Warne et al. 2008). There are, however, some exceptions: for 

example, glycoprotein hormone receptors have a ligand-binding domain in the 

extracellular N-terminus (Fredriksson et al. 2003). Secretin, Glutamate and 

Frizzled/Taste2 family members also carry ligand-binding sites in their N-

terminus (Fredriksson et al. 2003). Moreover, GPCRs in the Adhesion family 

apparently do not bind ligands within the transmembrane region (Bjarnadottír et al. 
2004). 

Recent advances have significantly increased our understanding of the 

structural biology of GPCRs. Bovine rhodopsin was crystallized in 2000 

(Palczewski et al. 2000). The x-ray crystal structure of the first non-rhodopsin 

GPCR, the modified human 2AR (h2AR), was solved after decades of effort 

(Cherezov et al. 2007, Rasmussen et al. 2007). Rhodopsin is very abundant in the 

retina and thus easily available in high concentrations (which is essential for 

obtaining enough protein for the study of crystal structures), whereas GPCRs for 

diffusible hormones and neurotransmitters are expressed at low concentrations. 

Additionally, they are generally less stable than rhodopsin, which provides further 

difficulties in solving their crystal structures. So far, in addition to bovine 

rhodopsin and h2AR, crystal structures are available for hA2AR (Jaakola et al. 
2008), squid rhodopsin (Murakami & Kouyama 2008), human dopamine D3 

receptor (Chien et al. 2010), human chemokine CXCR4 receptor (Wu et al. 2010), 

histamine H1 receptor (Shimamura et al. 2011), and importantly, turkey β1AR 

(tβ1AR) (modified avian receptor) (Warne et al. 2008). These GPCR crystal 

structures have revealed structural conservation extending from the orthosteric 

ligand-binding site in the transmembrane core to the cytoplasmic G-protein-

coupling domains, although the extracellular surfaces are diverse (Bokoch et al. 
2010, Peeters et al. 2011). Very interestingly, also the first crystal structures of 

ligand-activated receptors are beginning to be available for some GPCRs, also for 

tβ1AR, which was described in the beginning of this year (Warne et al. 2011). 

Evidence accumulated during the past two decades has revealed that GPCRs 

are prone to form dimers, both homo- and heteromers and even high-order 

oligomers (Milligan 2007, Ambrosio & Lohse 2010). For example, purified 

hβ2AR has been suggested to exist as tetramers in reconstituted lipid vesicles 

(Fung et al. 2009). Interestingly, according to the same study, inverse agonists 

seem to promote the formation of complex hβ2AR oligomers, whereas other 

ligands have little effect on oligomerization. It is possible that ligand-induced 
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changes in homomerization alter the interaction between the receptor and 

intracellular signaling components (Fung et al. 2009). It has been suggested that 

dimerization may play a role in signal transduction, and it is sometimes important 

for receptor localization. For some GPCRs, dimer formation is necessary for the 

receptor to reach the cell surface (Bulenger et al. 2005). However, the general 

importance of dimerization still remains largely unclear (Milligan 2007). 

Fig. 5. Schematic representation of GPCR structure among Rhodopsin family 

members. One N- and one O-linked glycan are shown. Distinct monosaccharides are 

presented as circles or diamonds. The N-glycan/glycans is/are attached in the NXS/T 

sequence in the N-terminus or extracellular loop(s). The conserved disulfide bond 

between C residues in the 3rd transmembrane helix and the 2nd extracellular loop is 

shown. The zigzag line anchoring the receptor C-terminus represents palmitoylation, 

attached to one or more C residue(s). The conserved DRY, CWXP and NPXXY motifs, 

important in receptor activation, are shown. The most conserved amino acid (aa) 

residues are shown in each transmembrane helix [numbers refer to the Ballesteros-

Weinstein numbering of GPCR aas (Ballesteros & Weinstein 1995)]. P residues provide 

hinges that allow the receptor to switch its conformation during activation. C, cysteine, 

D, aspartic acid; F, phenylalanine; N, asparagine; P, proline; R, arginine; S, serine; T, 

threonine; W, tryptophan; Y, tyrosine. Modified from Nygaard et al. (2009). 
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2.1.3 Biosynthesis 

GPCRs are co-translationally inserted into the endoplasmic reticulum (ER), which 

is a part of the early secretory pathway. The ER is a lamellar cellular organelle 

associated with ribosomal protein synthesis, modifications and folding. Insertion 

of proteins into the ER occurs in an unfolded state via an aqueous channel, the 

Sec61 translocon (Rapoport 2007). Most GPCRs have no distinct signal sequence 

for ER translocation; instead, the 1st transmembrane helix seems to act as an ER-

targeting sequence (Friedlander & Blobel 1985, Wallin & von Heijne 1995). Once 

nascent GPCRs enter the ER, they are subject to a few posttranslational 

modifications, such as disulfide bond formation (Hatahet & Ruddock 2007) and 

N-linked glycosylation (Aebi et al. 2010).  

The ER milieu is oxidative and thus supports disulfide bond formation 

(Hwang et al. 1992). Furthermore, the ER contains enzymes that are involved in 

catalyzing the thiol-disulfide exchange. These oxidoreductases, capable of 

reducing and oxidizing protein disulfide bonds, belong to the protein disulfide 

isomerase (PDI) family (Hatahet & Ruddock 2007). PDI is the best-known 

member of this family (Freedman et al. 1994). Another family member, ERp57, 

takes part in disulfide bond formation of glycoproteins (Oliver et al. 1997). As 

explained in chapter 2.1.2., most GPCRs contain at least one disulfide bond, 

which is formed between the conserved Cys residues between the 3rd 

transmembrane helix and the 2nd extracellular loop. 

As described in chapter 2.1.2., most GPCRs carry one or more N-

glycosylation sites in their N-terminus and/or the 2nd extracellular loop. N-linked 

glycans are linked to nascent polypeptides in the ER by oligosaccharyltransferase, 

which transfers core glycans onto target Asn residue(s). N-glycosylation is unique 

to the ER and it represents the most common covalent protein modification in 

eukaryotic cells. Core glycans are composed of a branched oligosaccharide unit 

consisting of three glucoses (Glc), nine mannoses (Man) and two N-

acetylglucosamines (GlcNAc), thus forming the glycan Glc3Man9GlcNAc2 (Figs. 

5 and 6). The two terminal Glc residues are subsequently removed by 

glucosidases I and II to generate the monoglucosylated form Glc1Man9GlcNAc2. 

This form is recognized by the ER molecular lectin chaperones calnexin and 

calreticulin that have a central role in glycoprotein folding (see below). Further 

removal of the terminal Glc by glucosidase II abolishes the lectin interaction 

(Aebi et al. 2010) (Fig. 6). 
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N-glycosylation is essential for the proper folding of glycosylated proteins 

(Aebi et al. 2010). Possible additional effects, for example on GPCR function, 

have been widely investigated but still remain debatable. As Table 1 indicates, the 

roles of N-glycosylation are dependent on receptor species, and can be presumed 

to depend also on the expression system. 

Table 1. Sites and possible roles of N-glycosylation in selected G-protein-coupled 

receptors (GPCRs). 

Receptor N-glycosylation site Suggested role of N-glycosylation 

 

Reference(s) 

h2AR N-terminus*, 2nd EC loop** facilitation of cell surface 

expression*, down-regulation** 

Rands et al. (1990)*,  

Mialet-Perez et al. (2004)** 

hPAFR 2nd EC loop facilitation of cell surface expression García Rodriguez et al. 

(1995) 

hVIP1R  N-terminus, 2nd EC loop facilitation of cell surface expression Couvineau et al. (1996) 

rAT1aR N-terminus, 2nd EC loop facilitation of cell surface expression Deslauriers et al. (1999) 

hAT1R  N-terminus, 2nd EC loop facilitation of cell surface expression Lanctôt et al. (1999) 

rEP3-R N-terminus, 2nd EC loop facilitation of cell surface expression Böer et al. (2000) 

hCRLR N-terminus facilitation of cell surface expression, 

normal ligand binding 

Bühlmann et al. (2000) 

hPAR2 N-terminus, 2nd EC loop facilitation of cell surface expression, 

normal signaling 

Compton et al. (2002) 

hOR N-terminus maintenance of stability Li et al. (2007) 

hTAS2Rs 2nd EC loop facilitation of cell surface expression Reichling et al. (2008) 

hRXFP1 N-terminus facilitation of cell surface expression, 

normal signaling 

Yan et al. (2008) 

hH4R N-terminus facilitation of cell surface expression Schneider et al. (2009) 

hOR N-terminus maintenance of stability, normal 

ligand binding 

Markkanen & Petäjä-Repo 

(2008) 

hSR N-terminus, 2nd EC loop normal signaling Pang et al. (1999) 

P2Y12R N-terminus normal signaling Zhong et al. (2004) 

Edg-1 N-terminus ligand-induced endocytosis Kohno et al. (2002) 

h1AR  N-terminus homomerization He et al. (2002) 

AT1(A)R, angiotensin 1(A) receptor; CRLR, calcitonin receptor-like receptor; EC, extracellular; Edg-1, 

sphingosine 1-phosphate receptor; h, human; H4R, histamine H4 receptor N-terminus, amino-terminus; 

PAFR, platelet-activating factor receptor; PAR2, proteinase-activated receptor 2; P2Y12R, adenosine 

diphosphate receptor; r, rat; rEP3-R, EP3-subtype of prostaglandin E2 receptor; RXFP1, relaxin 

receptor; SR, secretin receptor; TAS2Rs, bitter taste receptors; VIP1R, vasoactive intestinal peptide 1 

receptor; 1AR, 1-adrenergic receptor; 2AR, 2-adrenergic receptor; OR,  opioid receptor; OR,  

opioid receptor 
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Fig. 6. Processing of an N-linked oligosaccharide in the endoplasmic reticulum (ER). 

Core N-linked glycan, Glc3Man9GlcNAc2, attached to the NXS/T consensus sequence, 

is composed of two N-acetylglucosamines (GlcNAc), nine mannoses (Man) and three 

glucoses (Glc). The two terminal Glc residues are removed by glucosidases I and II to 

create a Glc1Man9GlcNAc2 glycan, which is recognized by lectin chaperones calnexin 

and calreticulin. Removal of the remaining single Glc by glucosidase II abolishes 

lectin interaction. On the other hand, UDP-glucose:glycoprotein glucosyltransferase 

(UGT1) is able to reglucosylate the substrate if it recognizes that the substrate 

glycoprotein is incompletely folded. ER α1,2-mannosidase I (ERManI) and ER 

degradation enhancers, mannosidase α-like proteins (EDEMs), that remove the 

terminal Man residues one-by-one, facilitate targeting the glycoprotein to ER-

associated degradation, ERAD. The single Glc necessary for ER lectin chaperone 

binding is highlighted. Modified from Aebi et al. (2010). 
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transiently associate with nascent glycoproteins by binding to the 

monoglucosylated N-linked oligosaccharide Glc1Man9GlcNAc2 (Aebi et al. 2010). 

Calnexin and calreticulin also form complexes with the thiol-disulfide 

oxidoreductase ERp57 (Oliver et al. 1999), which is involved in glycoprotein 

disulfide bond formation and is unique to the ER (Oliver et al. 1997). The lectin 

interaction terminates after glucosidase II has removed the remaining Glc residue, 

as depicted above (Aebi et al. 2010) (Fig. 6). If the protein is not completely 

folded, uridine 5’-diphosphate- (UDP-) glucose:glycoprotein glucosyltransferase 

(UGT1) (Trombetta & Parodi 1992) reglucosylates it, after which the lectin 

association can continue (Aebi et al. 2010). UGT1 is a folding sensor that detects 

nonnative protein structures. Additionally, glycoproteins in the ER are exposed to 

ER 1,2-mannosidase I (ERManI) and ER degradation enhancers, mannosidase 

-like proteins (EDEMs), which are able to remove the terminal Man residues 

one-by-one. This modification makes the glycoprotein a better substrate for 

glucosidase II, a weaker substrate for UGT1 and thus a weaker ligand for lectins 

(Aebi et al. 2010, Bagola et al. 2011). As a result, removal of the terminal Man 

residues by ERManI and EDEMs direct folding-defective glycoproteins to the 

ER-associated degradation, ERAD, although this modification alone is not 

sufficient for ERAD targeting (Bagola et al. 2011). Fig. 6 illustrates the 

processing of an N-linked oligosaccharide involved in glycoprotein QC in the ER. 

The molecular chaperones binding protein (BiP) (Flynn et al. 1991) and 

glucose regulated protein (GRP-) 170 (Spee et al. 1999) recognize hydrophobic 

patches in incompletely or misfolded proteins and help to cover them. In addition, 

the ER molecular chaperone repertoire involves the GRP-94, peptidyl-prolyl-

isomerases, and the PDI family members that include e.g. PDI (Freedman et al. 
1994) and ERp57 (Oliver et al. 1997) that are unique to the ER (Hatahet & 

Ruddock 2007). In the case of GPCRs, it has been proposed that receptor 

dimerization also plays a role in the QC (Salahpour et al. 2004). 

If proteins succeed in achieving their native conformation, they are packed 

into coat protein complex II (COPII) coated vesicles, in which they leave the ER 

at the exit sites and are further transported to the Golgi apparatus. If the folding 

fails, misfolded proteins are targeted to ERAD: proteins first remain in the ER, 

and they are eventually disposed of. The disposal begins by retrotranslocating the 

misfolded proteins to the cytosol across the ER membrane, after which a 

misfolded protein is polyubiquitinated at lysine (Lys) residues. Polyubiquitination 

serves as a degradation signal and thus the substrate protein is subsequently 

degraded by the cytoplasmic 26S proteasome (Bagola et al. 2011). If misfolded or 
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unfolded proteins accumulate in the ER lumen, an unfolded protein response 

(UPR) is induced. This increases the amount of ER membrane, up-regulates the 

ER molecular chaperones, decreases translation and ER translocation, and 

enhances ERAD. Chronic UPR can lead to cell apoptosis (Bernales et al. 2006). 

Both ERAD and UPR serve to eliminate misfolded or unfolded proteins. 

The stringent QC system serves as a guardian against aberrant cellular 

activity and toxicity: it ensures that only correctly folded proteins can exit the ER 

and enter the secretory pathway. Most studies concerning GPCRs are focused on 

signal transduction and processing at the cell surface, whereas much less is 

known about the biosynthesis and posttranslational modifications of GPCRs. 

However, the folding efficiency (maturation) of the GPCRs varies enormously. 

Some mutant, but importantly, also wt GPCRs, have been shown to mature 

inefficiently: only a fraction of the translated receptors passes the QC and is 

transported to the cellular membrane. For example, in the case of human  opioid 

receptor (hOR), less than half of receptor precursors achieve the proper 

conformation (Petäjä-Repo et al. 2000), and misfolded or incompletely folded 

receptor species are retrotranslocated to the cytosol, deglycosylated, 

polyubiquitinated and finally degraded (Petäjä-Repo et al. 2001). Even a lesser 

amount, only one-fifth of rat luteinizing hormone receptor (rLHR) precursors, are 

able to attain the mature conformation; the rest are degraded by the proteasome 

(Pietilä et al. 2005). Table 2 lists the GPCRs that have been characterized to 

mature inefficiently. These GPCRs are misrouted presumably because of 

misfolding and following rejection by QC. 
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Table 2. Inefficiently maturing GPCRs. 

Receptor Reference(s) 

hOR Petäjä-Repo et al. (2000) 

rLHR Pietilä et al. (2005) 

the long isoform of hD2R Fishburn et al. (1995) 

hD4R Van Craenenbroeck et al. (2005) 

hPaelR Imai et al. (2001) 

hGnRHR Janovick et al. (2002) 

hCB1 Andersson et al. (2003)  

hFSHR Cohen et al. (2003) 

rTRHR Cook et al. (2003) 

mORs Lu et al. (2003) 

murine V2R Wüller et al. (2004) 

rabbit B1R Fortin et al. (2006) 

hκOR Chen et al. (2006b) 

Asn107 variant of  hNPSR Clark et al. (2010) 

B1R, kinin B1 receptor; CB1, cannabinoid receptor 1; D2/4R, dopamine D2/4 receptor; FSHR, follitropin 

receptor; GnRHR, gonadotropin-releasing hormone receptor; LHR, luteinizing hormone receptor; mORs, 

mouse olfactory receptors; NPSR, neuropeptide S receptor; PaelR, Pael receptor; TRHR, thyrotropin-

releasing hormone receptor; V2R, vasopressin V2 receptor  

Pharmacological chaperones of GPCRs 

As described above, folding of a nascent polypeptide is a complex event, which 

mostly depends on the primary aa sequence and the surrounding environment 

(Anfinsen 1973). It has been estimated that at least one-third of newly synthesized 

proteins are misfolded and degraded (Schubert et al. 2000). As it is evident that 

inefficient folding is also a common feature among several GPCRs, researchers 

have begun to be aware of the pharmacological intervention possibilities that the 

stringent ER QC provides. To date, there are many reports concerning membrane-

permeable GPCR ligands, so-called pharmacological chaperones, which are able 

to specifically enhance the correct folding of GPCRs in the ER (Morello et al. 
2000a). According to the pharmacological chaperoning theory, hydrophobic 

ligands that bind to their target protein inside the cell, usually in the ER, can 

stabilize incompletely folded proteins early during their biosynthesis, and assist 

them in achieving the required conformation for ER export (Morello et al. 2000a, 

Leskelä et al. 2007). The first study concerning pharmacological chaperoning of 

GPCRs was published about a decade ago (Morello et al. 2000b). It was shown in 

this pioneering study that several naturally occurring human vasopressin V2 
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receptor (hV2R) mutants that misfold and are retained in the ER can be rescued to 

the cell surface by selective, nonpeptidic V2R antagonists. In addition to GPCRs, 

pharmacological chaperones have also been described for several other proteins, 

for example the mutant cystic fibrosis transmembrane conductance regulator 

(CFTR) (Springsteel et al. 2003) and mutant lysosomal -galactosidase A (-Gal 

A) (Fan et al. 1999). The concept of pharmacological chaperoning is in most 

cases related to mutant proteins, but as mentioned in chapter 2.1.3., some wt 

proteins (GPCRs) have also been shown to fold inefficiently in the ER and 

several of them have been successfully rescued with pharmacological chaperones. 

This was first reported for hδOR (Petäjä-Repo et al. 2002). Later, 

pharmacological chaperoning of wt GPCRs has been extended to human 

gonadotropin-releasing hormone receptor (hGnRHR) (Janovick et al. 2002), 

murine vasopressin V2 receptor (V2R) (Wüller et al. 2004), human dopamine D4 

receptor (Van Craenenbroeck et al. 2005), rat kinin B1 receptor (Fortin et al. 
2006), human κ opioid receptor (hκOR) (Chen et al. 2006b) and human 

neuropeptide S receptor (Clark et al. 2010). Thus, inefficient maturation of 

GPCRs is perhaps more common than has been anticipated and pharmacological 

chaperoning may take part in regulating the number of cell surface receptor levels 

of many GPCRs, especially when the enormous number of clinically used ligands 

are considered (Leskelä et al. 2007). The clinical significance of pharmacological 

chaperones may thus be remarkable. Considering mutant proteins that tend to 

misfold and thus be rejected by the ER QC in inherited conformational diseases, 

the therapeutic potential of pharmacological chaperones appears promising. One 

of the best known examples among conformational diseases is cystic fibrosis (CF), 

which results from expression of a mutant CFTR, a transmembrane chloride 

channel. CF is characterized by disabled chloride secretion by epithelial cells, 

which leads to pulmonary obstruction due to thick and viscous mucus. The major 

CFTR mutant is misfolded in the ER and thus rejected by the QC system leading 

to ERAD (Kopito 1999). Small membrane-permeable molecules have been 

identified that stabilize mutant CFTR in the ER and enable it to reach the cellular 

surface with sufficient activity (Springsteel et al. 2003). Another well-known 

example is Fabry disease, a glycosphingolipid metabolism disorder which 

involves mutant -Gal A, and which eventually results in renal failure, AMI and 

strokes. Mutant -Gal A is trapped in the ER (Ishii et al. 1996) but it can be 

functionally rescued with enzyme inhibitors (Fan et al. 1999). Considering mutant 

GPCRs, to date there are four examples of conformational diseases in which 

intervention with pharmacological chaperones may be possible. These diseases 
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include hypogonadotrophic hypogonadism [hGnRHR (Janovick et al. 2002, 

Janovick et al. 2003)], nephrogenic diabetes insipidus [hV2Rs (Morello et al. 
2000b)], retinitis pigmentosa [human rhodopsin (Noorwez et al. 2003)] and early-

onset obesity [human melanocortin-4 receptor (René et al. 2010)]. These mutant 

GPCRs can be rescued from the ER to the cell surface with certain cell-permeable 

ligands in heterologous expression systems. So far, only one small clinical trial 

has been performed concerning pharmacological chaperones of GPCRs. This 

study included five patients suffering from nephrogenic diabetes insipidus, each 

of whom carried mutant hV2R. Treating the patients with a nonpeptide V2R ligand 

decreased urine volume and water intake, and increased urine osmolality (Bernier 

et al. 2006).  

Fig. 7 illustrates the action of pharmacological chaperones. 

Fig. 7. A schematic presentation of the action of a pharmacological chaperone on 

GPCRs. An incompletely folded GPCR retained in the ER can be stabilized with a 

membrane-permeable, nonpeptidic ligand, which assists in receptor folding. After this 

the receptor passes the ER quality control and is transferred to the Golgi apparatus 

and finally to the target, the plasma membrane. Modified from Bernier et al. (2004). 

ER exit 

There are two theories about ER-to-Golgi trafficking: the bulk flow model, which 

does not require any specific motifs in secreted proteins or cargo receptors, and 

the cargo capture model, which suggests that proteins proceeding along the 

secretory pathway are recognized by escort cargo receptor proteins that pack the 
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secreted proteins at ER exit sites and COPII vesicles. In the bulk flow model, 

incompletely folded and misfolded proteins are retained in the ER whereas in the 

cargo capture model, mature and correctly folded proteins with certain signal 

motifs are recognized by cargo receptors and protein transport along the secretory 

pathway is thus actively promoted (Barlowe 2003, Thor et al. 2009). This topic 

still remains rather controversial. However, several ER export signal motifs have 

been suggested. In the case of GPCRs, it seems that a part of the C-terminus, 

more specifically the 8th helix, is involved in the receptor’s exit from the ER and 

its progress along the secretory pathway. The N-terminus has also been proposed 

to play a part in ER exit. The putative ER export signals have been suggested on 

the basis of results obtained from directed mutagenesis. It is possible, however, 

that mutating critical aa residues actually leads to folding problems and the 

receptor is retained in the ER because of misfolding rather than disruption of the 

ER export signal motif. Another explanation would be a loss of the receptor’s 

ability to heteromerize. Table 3 summarizes the suggested ER export signal 

motifs in GPCRs. 

The COPII coat consists of three proteins: Sar1, Sec23Sec24 and Sec1331. 

Sec24 and Sar1 have been suggested to contribute to cargo recognition (Barlowe 

2003). It is unclear, however, whether GPCRs interact directly with COPII 

complex proteins via their putative ER export signal motifs mentioned above. It 

has been proposed that GPCRs could interact with escort proteins, which bind 

GPCRs in the ER and escort them further along the secretory pathway (Achour et 
al. 2008, Ritter & Hall 2009). Table 4 lists the GPCR escort proteins that have 

been described to date. 

Table 3. Suggested ER exit signal motifs in GPCRs. 

Motif Characterized GPCR(s) Location Reference(s) 

F(X)6LL rAT1R, rα2BAR, hα1BAR, hβ2AR C-terminus Duvernay et al. (2004), 

Duvernay et al. (2009b) 

FN(X)2LL(X)3L hV3R C-terminus Robert et al. (2005) 

E(X)3LL hV2R C-terminus Schülein et al. (1998) 

F(X)3F(X)3F rD1R C-terminus Bermak et al. (2001) 

K/R(X)4K/RXK/R hIP C-terminus Donnellan et al. (2011) 

L rα2BAR, hα1BAR, hβ2AR, hAT1R 1st IC loop Duvernay et al. (2009a) 

12 terminal aa residues α2BAR N-terminus Dong & Wu (2006) 

aa, amino acid; C-terminus, carboxyl-terminus; E, glutamic acid; F, phenylalanine; IC, intracellular; IP, 

prostacyclin receptor; K, lysine; L, leucine; N, asparagine; R, arginine; V3R, vasopressin V3 receptor; 

α1/2BAR, α1/2B-adrenergic receptor 
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Table 4. Suggested GPCR escort proteins. 

Escort protein Interacting GPCR(s) Reference(s) 

DRiP78 rD1R Bermak et al. (2001) 

Ran-binding protein 2 (Ran-BP2) vertebrate rhodopsin Ferreira et al. (1996) 

dynein light chain component t complex testis 

expressed-1 homologue (Tctex-1) 

vertebrate rhodopsin Tai et al. (1999) 

glandular epithelial cell protein 1 (GEC1) hκOR Chen et al. (2006a) 

receptor for activated C-kinase 1 (RACK1) TP Parent et al. (2008) 

ubiquitin-specific-processing protease 4 (USP4) A2AR Milojevic et al. (2006) 

melanocortin 2 receptor accessory protein (MRAP) Mc2R Metherell et al. (2005), 

Roy et al. (2007) 

receptor transporting proteins (RTPs) and receptor 

expression-enhancing proteins (REEPs) 

odorant GPCRs, 

hTAS2Rs 

Saito et al. (2004), 

Behrens et al. (2006) 

ODR-4 odorant GPCRs Dwyer et al. (1998) 

M10 and M1 families of major histocompatibility 

complex (MHC) class Ib molecules 

murine V2Rs Loconto et al. (2003) 

receptor-activity-modifying proteins (RAMPs) CRLR McLatchie et al. (1998) 

tubulin α2BAR Duvernay et al. (2011) 

A2AR, adenosine 2A receptor; D1R, dopamine D1 receptor; Mc2R, melanocortin 2 receptor; TP, 

thromboxane A2 receptor; V2R, pheromone receptors 

2.1.4 Intracellular processing beyond the ER 

When COPII coated vesicles arrive in the Golgi, they fuse with target membrane 

elements in the ER-Golgi intermediate compartment (ERGIC). In the Golgi, 

GPCRs are sorted to be targeted to the plasma membrane (Castro-Fernández et al. 
2005). Before this, however, GPCRs are further processed in the Golgi. The N-

linked glycans are trimmed to complex oligosaccharides, a process which 

involves several enzymes distributed throughout the Golgi (Kornfeld & Kornfeld 

1985). Moreover, the possible O-glycans are added. In contrast to N-linked 

glycosylation, only a handful of GPCRs have been identified to carry O-linked 

glycans. These include hδOR (Petäjä-Repo et al. 2000, Markkanen & Petäjä-Repo 

2008), hV2R (Sadeghi & Birnbaumer 1999), hκOR (Li et al. 2007), human CC 

chemokine receptor 5 (hCCR5) (Farzan et al. 1999, Bannert et al. 2001), and 

human bradykinin B2 receptor (hB2R) (Michineau et al. 2006), as well as octopus 

rhodopsin and chicken iodopsin (Nakagawa et al. 2001). O-glycans in GPCRs 

have been described to be mucin-type, hence, they contain an O-glycosidic 

linkage between the hydroxyl groups of Ser or Thr residues and N-

acetylgalactosamine (GalNAc). The determination of mucin-type arises from 
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mucins, which are highly O-glycosylated proteins that are abundant in secretions 

and mucous membranes. Unlike N-glycosylation, a conserved glycosylation motif 

for O-glycosylation is lacking. It begins by the transfer of GalNAc from UDP-

GalNAc to a Ser/Thr residue, which involves the catalytic action of polypeptide 

N-acetyl--D-galactosaminyltransferases (Jensen et al. 2010). The functional 

significance of this modification remains elusive to date. Considering GPCRs, it 

has been shown for hCCR5 that O-glycosylation, in particular sialylated moieties, 

contribute to the high affinity binding of chemokines (Bannert et al. 2001) but in 

the case of hV2R, removal of O-glycans did not affect ligand binding (Sadeghi & 

Birnbaumer 1999). Furthermore, it has been suggested for hB2R that O-

glycosylation participates with disulfide bonding in receptor dimerization 

(Michineau et al. 2006). O-glycans of several other proteins located at the cell 

surface have been shown to protect the protein from excessive proteolytic 

cleavage. For example, O-glycosylation protects the transferrin receptor, which is 

a transmembrane protein, from cleavage (Rutledge et al. 1994). The same 

protective role applies also to the copper transporter protein (Maryon et al. 2007, 

Maryon et al. 2009). 

Some GPCRs, mainly in the Rhodopsin family, have been shown to be 

modified with palmitoylation (Qanbar & Bouvier 2003). This modification 

involves palmitic acid, which is covalently but highly dynamically and reversibly 

attached to one or more Cys residues in the receptor proximal C-terminus. hδOR 

is palmitoylated constitutively during or shortly after ER exit (Petäjä-Repo et al. 
2006). h1AR is palmitoylated at two Cys residues at the conventional GPCR 

palmitoylation site and additionally in one Cys at an atypical site, which lies more 

distal in the C-terminus. Palmitoylation of the more proximal site occurs before 

processing of the receptor in the medial Golgi, whereas the distal site is 

palmitoylated later in the secretory pathway (Zuckerman et al. 2011). 

Palmitoylation is essential for efficient receptor transport inside the cell. 

Moreover, palmitoylation can also take place at the cell surface, where it is 

regulated in a receptor activation-dependent manner, suggesting an important role 

in signal transduction (Petäjä-Repo et al. 2006). The attached palmitic acid at the 

conventional palmitoylation site has been proposed to promote the formation of 

one kind of 4th intracellular loop of GPCRs through anchoring in the membrane. 

It may thus have an effect on the local conformation of the receptor C-terminus 

and may control the interaction of GPCRs with regulatory proteins (Moench et al. 
1994). In addition to being a probable regulator in signal transduction, 

palmitoylation plays various other roles in receptor function, such as 
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desensitization, endocytosis, trafficking and targeting of GPCRs (Qanbar & 

Bouvier 2003, Zuckerman et al. 2011). 

2.1.5 Processing at the cell surface 

Desensitization, endocytosis, recycling and degradation 

When a given GPCR has reached the cell surface and has been bound by an 

agonist, it is modified by rapid phosphorylation within seconds  a modification 

related to a desensitization process (Luttrell & Gesty-Palmer 2010). 

Desensitization attenuates G-protein mediated signaling (Bouvier et al. 1988) and 

represents an important physiological feedback mechanism that protects against 

GPCR overstimulation. Desensitization can be divided into heterologous 

desensitization, mediated by second messenger-dependent protein kinases A and 

C (PKA and PKC) (Benovic et al. 1985, Luttrell & Gesty-Palmer 2010), and 

homologous desensitization, which involves GRKs and β-arrestin (Sibley et al. 
1985, Luttrell & Gesty-Palmer 2010). GPCRs are phosphorylated at intracellular 

Ser and Thr aa residues at the 3rd intracellular loops and C-terminus by PKA and 

PKC, and at the C-terminus by GRK (Tobin et al. 2008). Considering 

heterologous desensitization, the bound agonist is not required (Benovic et al. 
1985, Luttrell & Gesty-Palmer 2010), whereas in homologous desensitization, 

GPCRs are preferentially in their agonist-occupied conformation (Sibley et al. 
1985, Luttrell & Gesty-Palmer 2010). Importantly, overall GPCR signaling does 

not terminate in β-arrestin binding and attenuation of G-protein interaction; as 

explained in chapter 2.1.1., β-arrestins are capable for acting as scaffolds for G-

protein-independent signaling after desensitization (Luttrell & Gesty-Palmer 

2010). 

In addition to desensitization, agonist exposure usually leads to receptor 

endocytosis, an event that regulates receptor density at the plasma membrane 

(Hanyaloglu & von Zastrow 2008). This was first demonstrated for frog β2AR 

(Chuang & Costa 1979). Endocytosis, also named internalization or sequestration, 

requires GRK-mediated receptor phosphorylation and β-arrestin in most cases 

(Hislop & von Zastrow, Hanyaloglu & von Zastrow 2008, Tobin et al. 2008). 

Endocytosis is remarkably slower when compared to the preceding, rapid 

desensitization process, and occurs over a period of minutes after agonist 

stimulation (Luttrell & Lefkowitz 2002). Endocytosis usually occurs by targeting 
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the phosphorylated GPCRs into clathrin-coated pits, which are pinched off from 

the cellular membrane by a GTPase called dynamin (Sorkin & von Zastrow 2009). 

After endocytosis, clathrin-derived vesicles fuse with early endosomes, and then 

there are two options for further receptor processing: they are either recycled back 

onto the plasma membrane (functional resensitization) or degraded (Hanyaloglu 

& von Zastrow 2008, Sorkin & von Zastrow 2009). As mentioned in chapter 

2.1.1., β-arrestin-mediated signaling can continue in endosomes for a long period 

(Fig. 4) (Luttrell & Gesty-Palmer 2010). 

If GPCRs are targeted for degradation, endosomes mature into multivesicular 

bodies and late endosomes that finally fuse with lysosomes containing proteolytic 

enzymes responsible for degradation, resulting in GPCR down-regulation. 

Lysosomal targeting usually involves cytoplasmic ubiquitination of GPCRs as 

well as the accompanying β-arrestin at Lys residues (Shenoy et al. 2001, Hislop et 
al. 2009). Thus ligand-induced ubiquitination has a key role in the degradation 

pathway of GPCRs, and it can mediate other functions in GPCR trafficking as 

well. Several endosome-associated sorting proteins that are required for transport 

(ESCRTs) have been described. ESCRTs, as their name implies, sort ubiquitinated, 

and in some cases also non-ubiquitinated GPCRs into lysosomes. In addition to 

ubiquitination, other protein interactions that determine the endocytic pathway 

have been characterized (Hanyaloglu & von Zastrow 2008, Hislop et al. 2009, 

Sorkin & von Zastrow 2009). 

Receptor recycling, which involves functional resensitization, occurs either 

rapidly or slowly depending on the GPCR involved. β2AR, α1B-adrenergic 

receptor (α1BAR), dopamine D1 receptor, endothelin A receptor and µ opioid 

receptor tend to be rapidly resensitized and recycled, whereas angiotensin 1A 

receptor, V2R, thyrotropin-releasing hormone receptor, substance P receptor and 

neurotensin receptor 1 are slow recyclers and also more prone to degradation. The 

affinities of the receptors for the distinct β-arrestin species determine whether the 

recycling is fast or slow (Oakley et al. 2000). A remarkable number of GPCRs 

require specific cytoplasmic sequences for recycling, and many of these recycling 

sequences correspond to PDZ domain-containing protein ligands. Recycling 

sequences interact with different sorting proteins that redirect the receptors back 

onto the plasma membrane (Hanyaloglu & von Zastrow 2008). 
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Extracellular cleavage 

Another type of processing that has a potential role in GPCR regulation at the cell 

surface is proteolytic cleavage of the receptor. Some GPCRs in the Rhodopsin 

family are prone to metalloproteinase-mediated cleavage at their N-termini at the 

cell surface. These receptors include bovine and human endothelin B receptor 

(ETBR) (Kozuka et al. 1991, Grantcharova et al. 2002), murine thyrotropin 

receptor (TSHR) and human TSHR (hTSHR) (Couet et al. 1996, Ando et al. 2002, 

Kaczur et al. 2007), and human protease-activated receptor 1 (hPAR1) (Ludeman 

et al. 2004, Boire et al. 2005), which represents the main receptor for thrombin. 

hPAR1 has an intrinsic cleavage site in the N-terminus, which (after thrombin-

mediated cleavage) serves as a tethered ligand. Additionally, hβ2AR down-

regulation has been suggested to occur in the absence of endocytosis, and receptor 

N-terminal cleavage at the cell surface was proposed as the underlying 

mechanism (Jockers et al. 1999). Furthermore, bovine and human V2R is cleaved 

at the cell surface between the 2nd transmembrane helix and the 1st extracellular 

loop (Kojro & Fahrenholz 1995, Kojro et al. 1999). Moreover, human parathyroid 

hormone receptor (hPTHR), which belongs to the Secretin family, is subjected to 

cleavage by a member of a disintegrin and metalloproteinase (ADAM) family or a 

matrix metalloproteinase (MMP). hPTHR cleavage occurs in its large N-terminus 

at the cell surface (Klenk et al. 2010). The rat calcium-independent receptor of -

latrotoxin (CIRL), an orphan GPCR that is expressed in the brain, is also 

subjected to limited proteolysis at the cell surface. CIRL, a member of the 

Adhesion family, consists of two subunits, an extracellularly orientated p120 and 

an integral membrane protein p85, which are separated by the intracellular 

cleavage of the receptor precursor that is characteristic for GPCRs in this family. 

However, the p85 subunit is prone to a second cleavage step at the plasma 

membrane (Krasnoperov et al. 2009). Cleavage of human ETBR (hETBR), 

hTSHR and bovine V2R is activation-dependent and follows agonist binding 

(Kojro & Fahrenholz 1995, Couet et al. 1996, Grantcharova et al. 2002, Kaczur et 
al. 2007), although this is not completely clear in the case of hTSHR (Chazenbalk 

et al. 2004). Interestingly, in contrast, cleavage of hPTHR can be inhibited by an 

agonist, and furthermore, hPTHR is stabilized after prolonged agonist stimulation 

(Klenk et al. 2010). In the case of hPAR1, MMP I is able to mediate the cleavage 

and activation of hPAR1, leading to invasion and metastasis of tumor cells (Boire 

et al. 2005). Cleavage of hPAR1 occurs after PKC activation (Ludeman et al. 
2004).  
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2.2 The 1-adrenergic receptor 

1AR belongs to the subfamily of adrenergic receptors, which is part of group α 

in the GPCR Rhodopsin family (Fredriksson et al. 2003). Adrenergic receptors 

include ARs, 1-adrenergic receptors (α1ARs) and 2-adrenergic receptors 

(α2ARs) (Fig. 8). Adrenergic receptors were pharmacologically divided into αARs 

and ARs more than 60 years ago (Ahlquist 1948). Twenty years later, the AR 

subgroup was reported to consist of 1AR and 2AR (Lands et al. 1967), and 

another decade later the αARs were divided into α1ARs and α2ARs (Berthelsen & 

Pettinger 1977). 

Adrenergic receptors are ubiquitously expressed almost everywhere in 

peripheral tissues and several neuronal cell populations within the nervous system. 

They are activated by the endogenous catecholamines epinephrine (adrenaline), 

which is a hormone secreted from the adrenal medulla and distributed via the 

circulation, and norepinephrine (noradrenaline), representing the primary 

neurotransmitter of the sympathetic nervous system (Bylund et al. 1994). 1AR is 

one of the three AR subtypes (1AR, 2AR and 3AR) (Bylund et al. 1994) and 

is expressed mainly in the heart, blood vessels and brain (Frielle et al. 1987), as 

well as in several other tissues (Hellgren et al. 2000). 1AR and 2AR are 

clinically the most important AR subtypes. 1AR represents the predominant 

AR in the heart [ 70% 1AR and 30% 2AR], where it mediates positive 

inotropy (increase in force of contraction), chronotropy (increase in cardiac rate) 

and lucitropy (myocardial relaxation) (Brodde 1991, Rockman et al. 2002, 

Brodde et al. 2006). Thus, it is the most important target receptor for β-blockers, 

widely used in cardiovascular diseases such as CHF, CAD, HT, and arrhythmias. 

Furthermore, 1AR has essential functions in the brain, where it has a crucial role 

in regulating memory formation and synaptic plasticity (Cahill et al. 1994). The 

mechanisms regulating 1AR are therefore of considerable interest. 1AR is 

chiefly located in or around the synaptic cleft, whereas 2AR is situated remote 

from adrenergic nerve terminals. Because of this different distribution, 1AR is 

stimulated primarily by norepinephrine whereas 2AR tends to be activated 

mainly by circulating epinephrine. 2ARs are present also in the presynaptic 

region, where they may have a role in norepinephrine release. Norepinephrine has 

a higher affinity for 1AR, whereas epinephrine has equal affinities for both 

subtypes (Reiter 2004). 

The intronless gene encoding h1AR was identified in 1987 (Frielle et al. 
1987) and localized to 10q2426 (Hoehe et al. 1995). It encodes a 477-aa 
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membrane protein that carries two common nonsynonymous single nucleotide 

polymorphisms (SNPs), one in the extracellular N-terminus: aa 491.23, which is 

either Ser or Gly; and another in the intracellular proximal C-terminus near the 7th 

transmembrane helix: aa 3898.56, which is either Arg or Gly (Maqbool et al. 1999). 

Fig. 8. The human adrenergic receptors. 

2.2.1 Function 

According to the classical G-protein signaling pathway, 1AR couples upon its 

activation with the Gαs protein, which in turn activates AC. This leads to cAMP 

accumulation in the cytoplasm. Downstream events in the Gαs signaling pathway 

involve stimulation of PKA, which phosphorylates key target proteins, e.g. the L-

type calcium channel, phospholamban and troponin I (Steinberg 1999). However, 

after heterologous desensitization which terminates Gαs signaling, 1AR is also 

able to couple to the Gαi protein (Martin et al. 2004). As mentioned in chapter 

2.1.1., GPCRs, including 1AR, can also elicit signals independently of G-

proteins. Some adrenergic ligands have been shown to display distinct signaling 

profiles towards the AC and MAPK signaling pathways (Galandrin & Bouvier 

2006, Galandrin et al. 2008). In the case of some β-adrenergic ligands, the MAPK 

signaling pathway has been shown to be activated via β-arrestin, which involves 

epidermal growth factor receptor (EGFR) transactivation (Noma et al. 2007, Kim 

et al. 2008). It has been suggested that the β-arrestin/EGFR mediated signaling 
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promotes activation of cardioprotective pathways, in contrast with the classical 

Gαs protein-dependent signaling, which is deleterious when continued chronically, 

for example, in CHF (Noma et al. 2007). Furthermore, β-arrestin has also been 

shown to provide a scaffold for Ca2+/calmodulin kinase II (CaMKII) and the 

exchange protein directly activated by cAMP (Epac). 1AR stimulation induces 

the formation of a complex, which involves β-arrestin, CaMKII and Epac, and 

this results in activation of the CaMKII signaling pathway. (Mangmool et al. 2010) 

After prolonged Gαs-mediated activation in CHF, 1AR expression is down-

regulated and the positive inotropic response is reduced (Bristow et al. 1986). 

This has been proposed to represent a protective response, acting as a guardian 

against prolonged sympathetic stimulation. However, several studies that have 

utilized heterologous expression systems have suggested that 1AR may be more 

resistant to agonist-mediated desensitization (Rousseau et al. 1996), endocytosis 

(Suzuki et al. 1992, Green & Liggett 1994, McLean & Milligan 2000, Shiina et al. 
2000, Xiang et al. 2002, Liang et al. 2004) and down-regulation (Suzuki et al. 
1992, McLean & Milligan 2000, Dunigan et al. 2002, Liang et al. 2003), when 

compared with h2AR, which is one of the most extensively studied GPCRs. One 

study has revealed that binding of β-arrestin (which involves the 3rd intracellular 

loop and the C-terminus of 1AR) is inefficient in the case of 1AR (Shiina et al. 
2000). The aforementioned resistance is an extraordinary feature among GPCRs 

and suggests that 1AR might be regulated differently from 2AR. Both 1AR and 

2AR have specific motifs in their C-termini [GluSerLysvaline (Val) (ESKV) 

and AspSerSerleucine (Leu) (DSSL) sequences, respectively] that are able to 

bind the so-called PDZ domain-containing proteins. However, the interactions are 

not identical between the two AR subtypes, which may be one explanation for 

the differences in the desensitization/endocytosis/down-regulation profiles. Table 

5 summarizes the present knowledge of the PDZ-domain containing proteins that 

have been characterized to interact with the C-terminal ESKV sequence of 1AR. 

The number, as well as the roles of these proteins can be assumed to increase in 

the future and thus provide new information about the regulation of 1AR. 
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Table 5. PSD-95/Discs-large/ZO-1-homology (PDZ) domain-containing proteins that 

interact with the C-terminal ESKV sequence of 1-adrenergic receptor (β1AR). 

PDZ-domain containing protein Impact on β1AR Reference(s) 

postsynaptic density-95 protein (PSD-95) agonist-induced 

endocytosis ↓, 

Gαs/Gαi signaling ↓ 

Hu et al. (2000), 

Xiang et al. (2002) 

membrane-associated guanylate kinase inverted-2 (MAGI-2) agonist-induced 

endocytosis ↑ 

Xu et al. (2001) 

MAGI-3 ERK1/2 signaling ↓ He et al. (2006) 

cAMP-dependent Ras exchange factor (CNrasGEF) Ras signaling ↑ Pak et al. (2002) 

GAIP-interacting protein, C-terminal (GIPC)  ERK1/2 signaling ↓ Hu et al. (2003) 

cystic fibrosis transmembrane conductance regulator-

associated ligand (CAL) 

surface expression ↓ He et al. (2004) 

A-kinase anchoring protein 79 (AKAP79) recycling ↑ Gardner et al. (2007) 

2.2.2 Protein structure 

The recently solved high resolution crystal structure of the modified t1AR is 

considered to be a landmark among researchers working with 1AR (Warne et al. 
2008). The crystallization was successful after stabilizing the naturally unstable 

t1AR by truncations and the introduction of thermostabilizing point mutations 

(C-and N-terminally truncated receptor, in which a part of the 3rd intracellular 

loop was also deleted and eight point mutations were introduced) (Serrano-Vega 

et al. 2008). t1AR was chosen for crystallization because it is more stable than 

h1AR (Parker et al. 1991). The receptor was selected to be in its antagonist 

conformation by crystallizing the protein in complex with cyanopindolol, which 

has a high affinity for the receptor and which further increases receptor 

thermostability. The t1AR ligand-binding pocket was found to comprise 15 aa 

residue side chains in four transmembrane helices. These aa residues include 

Trp1173.28, Thr1183.29, Asp1213.32 and Val1223.33 in the 3rd transmembrane helix; 

phenylalanine (Phe) 2015.32 and Thr2035.34 in the 2nd extracellular loop; alanine 

(Ala) 2085.39, Ser2115.42 and Ser2155.46 in the 5th transmembrane helix; Trp3036.48, 

Phe3066.51, Phe3076.52 and Asn3106.55 in the 6th transmembrane helix; and 

Asn3297.39 and Tyr3337.43 in the 7th transmembrane helix. The corresponding aa 

residues in h1AR are Trp1343.28, Thr1353.29, Asp1383.32, Val1393.33, Phe2185.32, 

Thr2205.34, Ala2255.39, Ser2285.42, Ser2325.46, Trp3376.48, Phe3406.51, Phe3416.52, 

Asn3446.55, Asn3637.39 and Tyr3677.43, respectively. The 2nd extracellular loop 

participates in ligand binding by defining the entrance to the ligand-binding 
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pocket. The 2nd extracellular loop was stabilized by two disulfide bonds and a 

sodium ion. A short well-defined -helix in the 2nd intracellular loop was found to 

interact directly by means of a Tyr residue with the highly conserved DRY-motif 

at the end of the 3rd transmembrane helix (Warne et al. 2008). t1AR and h1AR 

share 69% sequence identity (Frielle et al. 1987), which rises to 82%, when the 

N- and C-termini and most of the 3rd intracellular loop are excluded. Thus, the 

transmembrane regions of h1AR are suspected to be very similar to those of 

t1AR (Warne et al. 2008). 

In addition to recent crystallization studies with t1AR, biochemical data 

concerning h1AR ligand binding have also been reported. The results from a 

mutagenesis study (Baker et al. 2008) that was completed before the first 

structural information about t1AR (Warne et al. 2008) was published gave 

analogous findings about the critical amino acids involved in ligand binding, 

although not all aa residues described in the structural report were studied. In 

addition, Ser2295.43 in the 5th transmembrane helix was found to have a role in 

certain situations. Accodring to older studies, the 2nd transmembrane helix also 

plays a role in the binding of 1AR selective agonists (Isogaya et al. 1999, 

Sugimoto et al. 2002). The presumed ligand-binding pocket for h1AR, based on 

t1AR crystallization studies (Warne et al. 2008, Warne et al. 2011), is presented 

in Fig. 9. 

When the crystallographically identified orthosteric ligand-binding pockets of 

1AR and 2AR are compared, 15 of the 16 aa residues (94%) are identical. 

Therefore, it will be very challenging to identify subtype-selective drugs. 

However, in the extracellular loops 2 and 3, only 17 of the 39 residues (44%) are 

identical (Bokoch et al. 2010). The overall homology of these two ARs is 54% 

(Frielle et al. 1987). Thus, the extracellular surface provides a more promising 

site for the development of receptor subtype-selective drugs (Rosenbaum et al. 
2007, Warne et al. 2008, Bokoch et al. 2010). Researchers are now beginning to 

pay more attention to the extracellular surface of the GPCRs, although so far little 

is known about their functional role in receptor activation or about 

conformational coupling of this surface to the ligand-binding pocket (Bokoch et 
al. 2010). In bovine rhodopsin, the 2nd extracellular loop folds between the 

connected transmembrane domains and participates in forming the binding site 

(Palczewski et al. 2000). Furthermore, structural studies with the modified tβ1AR 

revealed that the 2nd extracellular loop participates in ligand binding (Warne et al. 
2008). With directed mutagenesis, it has also been shown to contribute to ligand 

binding in human and mouse α2AAR (Laurila et al. 2007). In two studies, ligand 
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binding to h2AR caused conformational changes in the receptor N-terminus and 

extracellular loops, as was revealed by conformation-specific antibodies (Ab) and 

nuclear magnetic resonance, respectively (Gupta et al. 2007, Bokoch et al. 2010). 

Fig. 9. A helical wheel diagram showing schematically the ligand (antagonist) binding 

pocket of β1AR. The receptor is viewed from above (extracellular side). Each large 

circle represents a transmembrane helix (H17). The ligand-binding pocket consists of 

15 aa residues distributed in transmembrane helices 3, 5, 6 and 7, and the 2nd 

extracellular loop. The aa residues and numbers refer to hβ1AR. The numbers in 

parentheses refer to Ballesteros-Weinstein numbering of GPCR aas (Ballesteros & 

Weinstein 1995). A, alanine; V, valine; other aa abbreviations are described in Fig. 5. 

Modified from Gether (2000) and Warne et al. (2008). 

h1AR has been shown to carry one N-linked glycan at Asn15 (Rybin et al. 2000, 

He et al. 2002). About a decade ago, h1AR was shown to form homomers, and it 

was claimed that the single N-linked glycan is involved in h1AR 

homomerization (He et al. 2002). Later h1AR was revealed to heteromerize with 

h2AR (Mercier et al. 2002) and α2AAR (Xu et al. 2003). In h1ARh2AR 

receptor heteromers, the former inhibits the agonist-promoted endocytosis of the 

latter, and its ability to activate the ERK1/2 MAPK pathway (Mercier et al. 2002). 

Considering h1ARα2AAR receptor heteromers, α2AAR is able to regulate h1AR 

endocytosis and ligand binding (Xu et al. 2003). 

As mentioned before, 1AR is known to be very unstable in detergents 

(Serrano-Vega et al. 2008) and prone to metalloproteinases. Metalloproteinase-
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mediated N-terminal cleavage of the receptor was first reported for t1AR 

expressed in erythrocytes (Jürss et al. 1985). Many mammalian species, including 

rats, rabbits, dogs, pigs and humans, have also been characterized to express 

several 1AR forms in endogenous tissues (Stiles et al. 1983), and the same 

phenomenon has been described for a number of heterologous expression systems 

expressing h1AR (McLean & Milligan 2000, Dunigan et al. 2002, Liang et al. 
2003). Hence, the susceptibility of 1AR to limited proteolysis appears to be an 

evolutionally conserved property. However, 1AR proteolysis has not been 

detected in vivo and is regarded as an artifact, which occurs during sample 

preparation. However, as described in chapter 2.1.5., several GPCRs are prone to 

limited proteolysis at the cell surface. hETBR (Grantcharova et al. 2002), hTSHR 

(Couet et al. 1996, Kaczur et al. 2007), bovine V2R (Kojro & Fahrenholz 1995) and 

hPTHR (Klenk et al. 2010) are cleaved following agonist binding. To date, 

proteolytic cleavage of 1AR has not been investigated in detail. 

As explained in chapter 2.2.1., the C-terminus of 1AR contains an ESKV 

sequence that is involved in interactions with PDZ domain-containing proteins, 

which bind to the receptor C-terminus and have divergent roles in receptor 

signaling and trafficking. By contrast, the extracellular N-termini of the two ARs 

have not been considered to have a significant role in the activation and 

regulation of the receptors. Both 1AR and 2AR have relatively short N-termini 

which do not contain any functional domains with conserved motifs as opposed to 

some GPCRs, e.g. in the Adhesion receptor family (Fredriksson et al. 2003, 

Lagerström & Schiöth 2008). 

An h1AR schematic snake diagram, which is drawn on the basis of the 

observed t1AR crystal structure (Warne et al. 2008), is presented in Fig. 10. 
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Fig. 10. Two-dimensional presentation (snake diagram) of the human β1-adrenergic 

receptor (hβ1AR). The aa residues are indicated with their single-letter codes. The 

polymorphic sites are presented in squares and the more common aa residues, S491.23 

and R3898.56 are shown [superscripts refer to the Ballesteros-Weinstein numbering 

(Ballesteros & Weinstein 1995)]. The aa residues in transmembrane domains 3, 5, 6 

and 7 and the 2nd extracellular loop, that form the ligand-binding pocket (Warne et al. 
2008, Warne et al. 2011), are highlighted. The N-linked high-Man glycan, attached to 

N15 (He et al. 2002) is shown. The structure of the oligosaccharides is described in Fig. 

5. The two disulfide bonds (Warne et al. 2008) are indicated with lines. The 

palmitoylation anchors, attached to C3928.59, C3938.60 and C4148.81 (Zuckerman et al. 
2011), are indicated with zigzag lines. S3126.23 in the 3rd intracellular loop, involved in 

heterologous desensitization (PKA-/PKC-mediated phosphorylation) (Hausdorff et al. 
1990), is shaded. The conserved DRY, CWXP and NPXXY motifs, as well as the PDZ-

domain binding sequence [glutamic acid – serine – lysine – valine (ESKV)] in the C-

terminus, are also shaded. There are short α-helices in the 2nd extracellular loop, 2nd 

intracellular loop, and the proximal C-terminus (8th helix). Modified after Warne et al. 
(2008). E, glutamic acid; G, glycine; H, histidine; I, isoleucine; K, lysine; L, leucine; M, 

methionine; Q, glutamine; other aa abbreviations are described in Figs. 5 and 9. 
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2.2.3 Ligands 

Like several other GPCRs, 1AR displays basal, agonist-independent endogenous 

activity, also named constitutive activity (Lattion et al. 1999, Engelhardt et al. 
2001, McLean et al. 2002). As explained in chapter 2.1.1., transmembrane helices 

3 and 6, which in rhodopsin have been shown to be connected with a salt bridge 

(ionic lock) at their cytoplasmic ends in the inactive state, play a crucial role in 

GPCR activation. Upon activation, the 6th transmembrane helix moves outward 

away from the 3rd transmembrane helix and the ionic lock is broken. These 

findings are based on studies with light-activated rhodopsin (opsin) (Park et al. 
2008, Scheerer et al. 2008). Recent structural studies with modified t1AR 

suggest that when 1AR is at its antagonist conformation, there are two distinct 

conformations for the cytoplasmic end of the 6th transmembrane helix: bent and 

straight. The bent state enables ionic lock formation, whereas in the straight state 

it cannot form because of the long distance between the 3rd and 6th transmembrane 

helices. However, the interaction even in the bent stage is much weaker as 

compared with rhodopsin, which explains the relatively high constitutive activity 

of 1AR. (Moukhametzianov et al. 2011) 

Because of its constitutive activity, 1AR has four types of ligands. Full 

agonists (e.g. the natural catecholamines epinephrine and norepinephrine) 

stabilize active 1AR conformations. They increase signaling and are capable of 

maximal receptor stimulation by eliciting biological responses above the basal 

activity. Partial agonists also stabilize active receptor conformations but are 

unable to elicit full activity even at saturating concentrations. Inverse agonists, i.e. 

inhibiting ligands, stabilize conformations that decrease the basal, agonist-

independent activity. Neutral antagonists prevent other ligands from binding to 

1AR, however, they do not have an impact on the endogenous activity of 1AR. 

The principle of the response of each ligand type is schematically presented in Fig. 

11. 

However, the aforementioned classification is rather old-fashioned because it 

takes into account only one signaling route, usually the G-protein signaling 

pathway. In reality, receptor pharmacology is much more complex. As mentioned 

in chapter 2.1.1., the concepts “ligand bias” and “pluridimensional efficacy” 

(Galandrin et al. 2007, Kenakin 2011) were launched some years ago, and 1AR 

is one of the receptors which has been investigated when different signaling 

pathways and the effect of distinct ligands on them are studied. When the AC and 

the MAPK effector systems were investigated in 1AR expressing cells, it was 
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shown that although some compounds displayed similar efficacies toward the two 

pathways, others had complex efficacy profiles (Galandrin & Bouvier 2006). 

Thus, ligand efficacy and selectivity toward GPCRs cannot be defined based only 

on the ligand-receptor couple but should always include the effector system as 

well (Galandrin et al. 2007). In the next chapters the terms “antagonists” and 

“agonists” refer to the classical G-protein signaling pathway and clinical use. In 

reality, truly neutral antagonists are few and far between and they are suspected to 

fall into the category of inverse agonists or partial agonists (Kenakin 2004).  

Fig. 11. Schematic presentation of the GPCR ligand efficacy classification. Many 

GPCRs, including 1AR have been detected to display basal, agonist-independent 

activity (constitutive activity), which can be inhibited by inverse agonists. Neutral 

antagonists have no effect on the basal activity. Agonists are able to evoke maximum 

receptor stimulation and partial agonists, as their name implies, elicit partial receptor 

stimulation. Neutral antagonists can reverse both agonist and inverse agonist 

responses. Modifed from Rosenbaum et al. (2009). 

Antagonists 

β-adrenergic antagonists, often named β-blockers, have a major role in treating 

various cardiovascular pathologies. They have antiischemic, antiarrhythmic and 

antihypertensive properties, and their action is based on the prevention of the 

cardiotoxic effect of catecholamines. In reality, most clinically used β-blockers 

are suspected to act as inverse agonists rather than antagonists (Kenakin 2004). β-

blockers have been shown to be beneficial in treating patients with AMI and acute 
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prevention of sudden cardiac death (SCD) in different clinical settings. 

Furthermore, β-blockers are also indicated as a prophylactic in non-cardiac 

surgery on high cardiac risk patients (López-Sendón et al. 2004, Reiter 2004). 

Taking CHF as an example of the aforementioned cardiovascular diseases, 

the first evidence of beneficial effects of β-blockers were reported in the 1970’s 

(Waagstein et al. 1975). Since then, in large trials named CAPRICORN, 

COPERNICUS, MERIT-HF and CIBIS-II, some β-blockers, namely carvedilol 

(Packer et al. 1996, The CAPRICORN Investigators 2001, Packer et al. 2001), 

metoprolol (MERIT-HF Study Group 1999) and bisoprolol (CIBIS-II 

Investigators & Committees 1999) have been verified to provide long-term 

reduction in total mortality, cardiovascular mortality, SCD and death due to 

progression of the disease (Satwani et al. 2004). Furthermore, β-blocker therapy 

with these drugs reduces hospitalizations, improves the functional class and leads 

to fewer cases of worsening of the heart failure in CHF patients (Packer et al. 
1996, CIBIS-II Investigators & Committees 1999, MERIT-HF Study Group 1999, 

The CAPRICORN Investigators 2001, Packer et al. 2001). This has been 

observed among patients of different age, gender, functional class, left ventricular 

(LV) ejection fraction (EF), ischemic or non-ischemic etiology of the disease, 

diabetics and non-diabetics. Although β-blocker therapy has been related to 

improved survival in the aforementioned large placebo-controlled mortality trials, 

black patients may be an exception: in the BEST trial black CHF patients did not 

experience a beneficial effect of the β-blocker therapy (The Beta-Blocker 

Evaluation of Survival Trial Investigators 2001, Shekelle et al. 2003). 

β-blockers can be classified e.g. based upon their selectivity on β1AR, 

vasodilating effects, α1/2AR blockade, intrinsic sympathomimetic activity (ISA), 

vasodilating activity (mainly via antagonizing α1AR), β2AR agonism, 

pharmacokinetics, metabolism and lipid solubility. ISA means that some β-

blockers are able to cause partial receptor activation upon occupation of the 

ligand-binding pocket (López-Sendón et al. 2004, Reiter 2004). β-blockers can be 

divided into subgroups also on the basis of e.g. the MAPK signaling activity 

(Galandrin & Bouvier 2006, Galandrin et al. 2008), which was explained in 

chapters 2.1.1. and 2.2.1. or non-conventional partial agonism (Kaumann 1989), a 

peculiar phenomenon related to some β-adrenergic antagonists. The concept of 

non-conventional partial agonism is described in the next chapter (Agonists). 
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Agonists 

β-adrenergic agonists, clinically also called sympathomimetics, are widely used in 

pulmonary diseases treating e.g. bronchial asthma and chronic obstructive 

pulmonary disease. They are targeted to act on pulmonary 2AR. In addition to 

the treatment of pulmonary diseases, sympathomimetics are used to treat acute 

heart failure and resuscitation where they target 1AR. 

The response produced by a given agonist depends upon its affinity, efficacy 

(ability to induce a response), number of receptors available, the efficiency of 

receptor-effector coupling, effector response and possible desensitization 

(Kenakin 2002). As already mentioned, full agonists and partial agonists bind and 

stabilize the active conformation of the receptor and cause a conformational 

change. Recently, crystal structures for modified, full and partial agonist-bound 

t1ARs were presented (Warne et al. 2011). The overall agonist-bound structure 

was similar to the antagonist-bound structure (Warne et al. 2008). However, it 

was discovered that full (isoproterenol, carmoterol) and partial (dobutamine, 

salbutamol) agonists cause rotamer conformational changes of both Ser2115.42 and 

Ser2155.46 or only Ser2115.42 in the 5th transmembrane domain, respectively 

(Warne et al. 2011). These rotamer changes probably represent the “tipping point” 

of receptor activation: they are likely to cause strengthening of the interface 

between the transmembrane helices 5 and 6, and weakening of the interface 

between transmembrane helices 4 and 5, respectively. The combined effects of the 

aforementioned steps are likely to facilitate the subsequent movements of 

transmembrane helices 5 and 6, which are postulated to be splayed apart by 

repacking of their hydrophobic aa residues, as in the case of rhodopsin and 2AR 

activation. Additionally, small rotations in helical hinge regions similar to those in 

rhodopsin and 2AR are assumed to take place (Altenbach et al. 2008, Rasmussen 

et al. 2011, Sprang 2011, Warne et al. 2011). Finally, by these means, an agonist 

creates a cavity between transmembrane helices 5 and 6 at the intracellular side, 

and the C-terminus of a G-protein is able to enter, bind the receptor and elicit 

intracellular signal transduction (Sprang 2011). In addition to the rotamer changes 

that are assumed to cause subsequent movements in transmembrane helices 5 and 

6, agonist binding also induces a slight contraction of the 1AR ligand-binding 

pocket, in contrast to antagonists (Warne et al. 2011). 

In reality, many ligands that are considered as β-blockers, actually elicit small 

agonistic responses at the AC pathway (Baker et al. 2003, Kaumann & Molenaar 

2008). A decade ago, h1AR and rat 1AR (r1AR) were proposed to display two 
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different active conformations (Konkar et al. 2000). An “extra”, low affinity site 

for certain ligands, so-called non-conventional partial agonists (Kaumann 1989) 

was suggested. In addition to antagonizing 1AR, 1000-fold higher concentrations 

of these ligands can provide agonistic actions on it (Konkar et al. 2000, Arch 

2004). Before discovering the two distinct agonistic conformations of 1AR, the 

stimulative effects of the non-conventional partial agonists were interpreted to be 

mediated through a fourth βAR subtype (“β4AR”) (Granneman 2001). CGP-

12177, originally introduced as an antagonist (Staehelin et al. 1983) but later 

depicted to act as an agonist at high hβ1AR concentrations (Pak & Fishman 1996), 

was the first ligand shown to bind the low affinity site and thus activate 

hβ1AR/rβ1AR (Konkar et al. 2000). Later, in ferret hearts, human atrial 

myocardium and a heterologous hβ1AR expression system, pindolol was also 

proved to bind this site and cause receptor activation (Lowe et al. 2002, Baker et 
al. 2003, Joseph et al. 2003). Besides acting via the low affinity site, pindolol is 

also able to stimulate β1AR through the classical catecholamine site (Baker et al. 
2003). CGP-12177 and pindolol have been shown to provide positive inotropy 

and lucitropy via the cardiac hβ1AR/rβ1AR low affinity site (Zakrzeska et al. 
2005, Molenaar et al. 2007). Furthermore, propranolol also binds to the low 

affinity site of hβ1AR to some extent, i.e. having minor partial agonistic features. 

Metoprolol and bisoprolol, however, have not been observed to bind to the low 

affinity site. CGP-20712 is able to bind there but does not cause any stimulatory 

effect (Baker et al. 2003). It is not known whether timolol binds to the low 

affinity site but it has been characterized to have very weak partial agonistic 

activity (Lattion et al. 1999). The activating effect of the non-conventional partial 

agonists is rather resistant to antagonism by classical β-adrenergic antagonists: 

over 10-fold higher concentrations have been shown to be needed to inhibit the 

agonistic responses provided by CGP-12177 as compared to the isoproterenol-

mediated response (Konkar et al. 2000, Lowe et al. 2002). There is a possibility 

that catecholamine binding site- and low affinity site-activated 1ARs couple to 

the Gαs protein by different means (Joseph et al. 2004b). It is unclear whether the 

two active conformations of β1AR have clinical relevance. 

According to a study, in which targeted mutagenesis and molecular modeling 

were used to characterize the secondary binding site, the aa residues that are 

involved in the interaction between CGP-12177 and the low affinity binding site 

overlap with the classical ligand-binding pocket. However, the polar interactions 

with Asp1383.32 and Asn3637.39 are probably different from the interactions of the 

classical antagonists. Asp1383.32 was shown to be necessary for both sites (Baker 
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et al. 2008), but another study reported that Asp1383.32 is necessary for ligand 

binding only in the conventional catecholamine binding site (Joseph et al. 2004a). 

Furthermore, it is possible that CGP-12177 induces a rotamer change in 

Asn3446.55 and/or Phe3416.52 that can be transmitted to Trp3376.37. This can, in 

turn, lead to receptor activation (Baker et al. 2008). 

2.2.4 Ligand-induced up-regulation of β1AR 

Long-term treatment with several β-blockers has been shown to lead to β1AR up-

regulation (Haeusler 1990). This was first shown by studying rat myocardium and 

the effect of propranolol (Glaubiger & Lefkowitz 1977, Aarons & Molinoff 1982, 

Warner et al. 1992, Horinouchi et al. 2007) and atenolol (Horinouchi et al. 2007) 

on βAR density. In rats, propranolol has also been demonstrated to enhance βAR 

expression in the lungs (Aarons & Molinoff 1982), and the cerebral cortex (Wolfe 

et al. 1978). This phenomenon has been shown to occur in humans as well: 

studies with CAD patients have demonstrated the up-regulating effect of 

propranolol, sotalol, metoprolol, atenolol (Michel et al. 1988, Brodde et al. 1990), 

pindolol (Michel et al. 1988) and bisoprolol (Brodde et al. 1990) on the 

myocardial hβ1AR. Furthermore, metoprolol (Heilbrunn et al. 1989, Sigmund et 
al. 1996) and carvedilol (in combination with a ventricular assist device) (Milting 

et al. 2006) are able to partially normalize the hβ1AR expression level in the 

myocardium among patients that suffer from severe heart failure. Additionally, 

metoprolol-induced restoration of the cardiac β1AR density has been shown with 

diabetic rats (Sharma et al. 2008). 

Up-regulation of β1AR has been related to the so-called -blocker withdrawal 

syndrome, also called the hypersensitivity phenomenon, which sometimes occurs 

in patients after abrupt discontinuation of -blocker medication (Aarons & 

Molinoff 1982, Reithmann et al. 1987). -blocker withdrawal can lead to fatal 

outcomes, even AMI or SCD, when up-regulated β1ARs are exposed to 

endogenous catecholamines after β-blockade removal (Prichard & Walden 1982, 

Psaty et al. 1990). The mechanism of the up-regulation still remains elusive. 

Some studies have indicated that it occurs as a consequence of the transport of 

intracellular receptors to the cell surface (Maisel et al. 1987, Ohkuma et al. 2006). 

Transcriptional enhancement has also been detected in two studies (Plante et al. 
2004, Ohkuma et al. 2006) while others have not noticed any changes in the β1AR 

messenger RNA level (Milting et al. 2006, Horinouchi et al. 2007). 
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At least some of the benefit from β-blocker therapy in CHF has been 

suggested to be related to an effect of the myocardial surface β1AR density and of 

the subsequent response to agonist stimulation in those patients with persistent or 

worsening symptoms (Heilbrunn et al. 1989), as 1AR expression is known to be 

down-regulated in CHF (Bristow et al. 1986). Generally with CHF patients, β-

blocker therapy must be initiated in small doses that are gradually increased to 

minimize the potential adverse effects that may occur after the withdrawal of the 

homeostatic action of the endogenous catecholamines. Similarly, care must be 

taken in withdrawal of β-blockers to avoid the aforementioned -blocker 

withdrawal syndrome (Prichard & Walden 1982, Psaty et al. 1990). 

2.2.5 Polymorphic variants and their significance 

As mentioned in chapter 2.2., h1AR carries two major nonsynonymous SNPs, 

one in the extracellular N-terminus: aa 491.23, which is either polar Ser or neutral 

Gly (Maqbool et al. 1999, Börjesson et al. 2000); and another in the intracellular 

proximal C-terminus near the 7th transmembrane helix: aa 3898.56, which is either 

positively charged Arg or neutral Gly (Maqbool et al. 1999) (Fig. 10). The 

Arg389Gly8.56 has an impact on the signaling properties of 1AR: the Arg3898.56 

receptor interacts more readily with the G-protein (Mason et al. 1999). At the N-

terminal polymorphic site (aa 491.23) the minor allele is Gly491.23, the allele 

frequency of this polymorphic variant being 1216% among Caucasians and 

Asians, and 1328% in African Americans (Johnson & Terra 2002, Small et al. 
2003, Kirstein & Insel 2004, Leineweber et al. 2004). At the C-terminal 

polymorphic site (aa 3898.56) the minor allele is Gly3898.56 with 2434% allele 

frequency in Caucasians and Asians, and 3946% in African Americans. h1AR 

polymorphisms are currently not considered to be disease-causing genes, 

specifically with regards to cardiovascular diseases such as HT, CAD or CHF. 

However, they might affect drug responses (Brodde 2008).  

In spite of being the minor allele at position 3898.56, the Gly3898.56 variant 

was the variant that was originally cloned and is thus called the wt 1AR, a 

designation that is rather misleading (Frielle et al. 1987). The codon 491.23 and 

codon 3898.56 polymorphisms are in a linkage disequilibrium so that the diplotype 

Gly49Gly1.23/Gly389Gly8.56 occurs very rarely, if at all (Johnson & Terra 2002, 

Terra et al. 2005). 
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Ser49Gly1.23 polymorphism 

The Ser49Gly1.23 polymorphism is located at the h1AR extracellular N-terminus. 

Studies in recombinant expression systems suggest that the Gly491.23 variant is 

more susceptible to agonist-promoted down-regulation or desensitization, 

whereas the Ser491.23 variant is resistant (Levin et al. 2002, Rathz et al. 2003). 

The Gly491.23 variant has been demonstrated to have characteristic features of a 

constitutively active receptor. In cells expressing the Gly491.23 variant, both basal 

and agonist-stimulated AC activities were higher than in cells expressing the 

Ser491.23 variant. The Gly491.23 form was more sensitive to the inhibitory effect of 

metoprolol and also displayed increased affinity for agonists (Levin et al. 2002). 

Because of this strong regulation of the Gly491.23 receptor form, it has been 

considered the myocardium-protective variant. It has been speculated that the 

difference between the Gly491.23 and the Ser491.23 variant regulation might be 

associated with altered N-glycosylation: some of the Ser491.23 receptor was found 

to exist in a highly glycosylated form, which is not present in the Gly491.23 form 

(Rathz et al. 2002). 

There are numerous clinical association studies concerning the h1AR 

Ser49Gly1.23 polymorphism, but they are rather contradictory and not reviewed 

here. 

Arg389Gly8.56 polymorphism 

The Arg3898.56 polymorphic variant is often called a “gain-of-function” h1AR 

form, because it has been shown to exhibit markedly, even three- to fourfold 

higher, isoproterenol-induced AC activation when compared with the Gly3898.56 

variant in Chinese hamster fibroblasts (Mason et al. 1999) and Chinese hamster 

ovary (CHO) cells (Joseph et al. 2004b). The basal AC activity is also slightly 

higher with the Arg3898.56 receptor form (Mason et al. 1999, Rathz et al. 2003). 

However, there is evidence that agonistic actions mediated by non-conventional 

partial agonists (CGP-12177) are not equally distorted in the Gly3898.56 variant 

(Joseph et al. 2004b). The Arg3898.56 shows greater short-term agonist-promoted 

desensitization (Rathz et al. 2003). In the hearts of young transgenic mice that 

express either Arg3898.56 or Gly3898.56 variants in the ventricles, the Arg3898.56 

variant displayed enhanced signaling as compared to its allelic counterpart. 

However, in older mice there was a phenotypic switch: the Arg3898.56 form 

underwent enhanced desensitization (Mialet Perez et al. 2003, Rathz et al. 2003). 
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The same group has also reported a difference in the cardiac GRK activity 

between six-month-old Arg3898.56 and Gly3898.56 mice after AMI and reperfusion: 

among Arg3898.56 individuals the GRK activity was enhanced, whereas Gly3898.56 

mice did not show any increase. A difference in ERK2 phosphorylation, which 

increased in Arg3898.56 hearts was also observed (Akhter et al. 2006). 

Some ex vivo studies have been performed to investigate the role of the 

h1AR Arg389Gly8.56 polymorphism. Right atria samples from Arg3898.56 

homozygous patients undergoing coronary artery bypass grafting surgery showed 

significantly increased inotropic potency for agonists as compared to Gly3898.56 

homozygotes (Sandilands et al. 2003). The difference in agonist-stimulated 

inotropy has been seen also in isolated right ventricular trabeculae: inotropic 

potency and maximal positive inotropic effects of isoproterenol were larger in 

individuals that were Arg3898.56 homozygotes when compared to Gly3898.56 

carriers (Liggett et al. 2006). 

In vivo studies have shown that subjects homozygous for h1AR Arg3898.56 

exhibit a greater response to infused dobutamine in terms of cardiac contractility 

(La Rosee et al. 2004, Bruck et al. 2005), systolic blood pressure (SBP) (La 

Rosee et al. 2004), heart rate (HR) (Bruck et al. 2005), and plasma-renin activity 

(Bruck et al. 2005). Furthermore, healthy subjects homozygous for Arg3898.56 

respond better to atenolol (Sofowora et al. 2003, Kurnik et al. 2008), metoprolol 

(Liu et al. 2003, La Rosee et al. 2004, Bruck et al. 2005) and bisoprolol (La 

Rosee et al. 2004, Bruck et al. 2005) when compared to Gly3898.56 homozygotes.  

Frequent clinical association studies concerning the h1AR Arg389Gly8.56 

polymorphism and e.g. blood pressure (BP), HR, HT, clinical response of β-

blocking, CHF, and CAD are inconclusive (Brodde 2008). For example, three 

studies have shown that the 1AR Arg3898.56 homozygotes have an increased risk 

of developing essential HT among Scandinavians (Bengtsson et al. 2001), 

Japanese (Shioji et al. 2004), and Chinese (Peng et al. 2009). On the other hand, 

there are several studies that have detected no difference in BP levels between the 

Arg389Gly8.56 polymorphic variants (O'Shaughnessy et al. 2000, Ranade et al. 
2002, Johnson et al. 2003, Filigheddu et al. 2004, Karlsson et al. 2004). In one 

study, metoprolol induced a greater reduction in 24 h and daytime diastolic blood 

pressure (DBP) among Arg3898.56 homozygotes when compared to Gly3898.56 

carriers (Johnson et al. 2003). In another study, metoprolol again induced a larger 

decrease in DBP, SBP and mean arterial pressure among Arg3898.56 homozygotes 

as compared with Gly3898.56 homozygotes, and the responses of Arg389Gly8.56 

heterozygotes were intermediate, suggesting a possible dose-effect (Liu et al. 



 62

2006). However, three studies did not find any influence of the Arg389Gly8.56 

polymorphism on the antihypertensive effects of atenolol or bisoprolol 

(O'Shaughnessy et al. 2000, Filigheddu et al. 2004, Karlsson et al. 2004). 

2.3 Cardiac left ventricular hypertrophy 

Cardiac LVH represents an important risk factor for an adverse outcome in 

patients, both with or without CAD (Ghali et al. 1992). The development of LVH 

partly represents an adaptive response to HT (Savage et al. 1979), but it can also 

develop for other reasons. LVH is an independent risk factor for SCD, CHF, CAD 

and stroke, and it has been associated with diabetes mellitus (DM) and glucose 

intolerance in several epidemiological investigations (Galderisi et al. 1991, Lee et 
al. 1997, Devereux et al. 2000, Ilercil et al. 2001, Tenenbaum et al. 2003). 

Interestingly, the association between DM and LVH seems to be stronger in 

women than in men (Galderisi et al. 1991, Ilercil et al. 2001, Tenenbaum et al. 
2003). LVH can also be explained by genetic factors to a certain extent (Tanase et 
al. 1982, Nunez et al. 1996, Schunkert et al. 1999) and its heritability has been 

estimated to vary between 0.170.69 (Post et al. 1997, Swan et al. 2003, Bella et 
al. 2004). hβ1AR has been considered to represent a potential candidate gene for 

LVH (Stanton et al. 2002, Swan et al. 2003, Meyers et al. 2007, Biolo et al. 2008). 

2.4 Diabetes 

DM is a common, chronic diagnosis that requires complex care, including several 

issues beyond glycemic control. In Finland, almost 300,000 individuals have been 

diagnosed with DM, and the estimation of undiagnosed cases is around 200,000. 

The incidence of DM is increasing, and the main reasons for this are excess 

nutrition, especially unnecessary fats, low physical activity and aging (the Finnish 

Diabetes Foundation 2011). At present, DM is known to incorporate a cluster of 

distinct diseases, which all share an elevated blood glucose concentration as their 

common feature. According to the World Health Organization, there are four main 

forms of DM: type 1 DM, type 2 DM, gestational DM (GDM) and DM caused by 

other reasons. Type 1 and 2 DM are also named juvenile- and adult-onset DM, 

respectively. In type 1 DM, the metabolic dysfunction is caused by damage to the 

insulin producing -cells located in the pancreas (islets of Langerhans) due to 

autoimmune inflammation, which leads to an absolute lack of insulin. Type 2 DM 

is a consequence of reduction in the impact of insulin on the liver, adipose tissue 
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and muscles (insulin resistance) and simultaneous insufficient insulin excretion. 

GDM occurs during pregnancy, and women who have been diagnosed with GDM 

have in later life a 510% and a 50% risk of developing type 1 or 2 DM, 

respectively. The fourth DM form includes several DM subtypes, in which the 

disease is due to e.g. genetic defects in insulin action or -cell function, diseases 

of the exocrine pancreatic tissue, or it is induced by chemicals (American 

Diabetes Association 2009). Patients with DM have a significantly higher risk for 

and a higher mortality from cardiovascular diseases, including CAD. DM 

accounts for 10% of the population risk of the first AMI. In addition to 

conventional risk factors such as HT and hypercholesterolemia, there are several 

mechanisms that may contribute to the increased atherosclerosis in DM patients, 

including e.g. endothelial dysfunction, hypercoagulability due to increased 

platelet activity and aggregation, poor glycemic control, smoking, obesity and 

lack of physical activity (Shen et al. 2007, Triplitt 2008). As depicted above in 

chapter 2.3., DM and glucose intolerance have been associated with LVH in 

several epidemiological investigations (Galderisi et al. 1991, Lee et al. 1997, 

Devereux et al. 2000, Ilercil et al. 2001, Tenenbaum et al. 2003). 

Interestingly, 1AR expression has been shown to be markedly decreased in 

the hearts of diabetic patients (atrial appendages). The mechanism behind this is 

not clear but elevation of circulating blood glucose is suspected to affect the 

protein structure, which can lead to transcriptional or posttranscriptional 

modifications (Dinçer et al. 2003). Multiple studies have documented mortality 

reductions with the implementation of β-blockers and they are recommended for 

all patients with DM, if there are no contraindications (Gottlieb et al. 1998). 
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3 The aims of the research 

1AR is expressed chiefly in the heart, where it mediates increases in cardiac rate, 

force of contraction and myocardial relaxation, and in the brain, where it has a 

crucial role in regulating memory formation and synaptic plasticity. It is activated 

by the endogenous catecholamines epinephrine and norepinephrine. 1AR 

represents the target receptor for β-blockers, which are widely used to treat 

various cardiovascular diseases such as CHF, CAD, HT, and arrhythmias. 1AR is 

known to be very unstable in detergents and prone to limited proteolysis, which 

has for the present been considered to take place in vitro during sample 

preparation. Moreover, long-term usage of β-blockers is known to up-regulate 

h1AR. The h1AR C-terminal polymorphic variant, Arg3898.56, has been 

designated a “gain-of-function” h1AR form, because it has been shown to 

exhibit markedly increased agonist-induced AC activation as compared to its 

allelic counterpart, Gly3898.56. 

This research was based upon the aforementioned facts. In spite of the 

clinical importance of h1AR, its biogenesis and processing along the secretory 

pathway has remained poorly characterized. Furthermore, the limited proteolysis 

has not been studied in detail. In addition, the mechanism of the β-blocker-

mediated up-regulation has remained unclear, and the results of clinical 

association studies concerning the C-terminal Arg3898.56 polymorphic form have 

not been consistent, regardless of the intensified signaling properties of this 

variant. 

The specific aims of this research were: 

1. to characterize the specific steps that take place during the biogenesis of 

h1AR (I), 

2. to investigate the limited N-terminal cleavage of h1AR (I, II), 

3. to investigate whether β-adrenergic ligands have an impact on the N-terminal 

cleavage of h1AR (I, II), 

4. to determine if β-adrenergic ligands can stabilize the h1AR or act as 

pharmacological chaperones (II), 

5. to delineate any associations between the h1AR C-terminal Arg3898.56 

variant and clinical, biochemical or echocardiographic parameters of AMI 

survivors (III). 
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4 Materials and methods 

4.1 Materials (I, II, III) 

Oligonucleotides were purchased from Sigma and deoxynucleotide triphosphates 

(dNTPs) were from GE Healthcare. DNA polymerase was from Applied 

Biosystems (AmpliTaq Gold) or Biotools. Restriction endonucleases Nhe I, Avr 

II, Hind III, Kpn I and Bcg I were from New England BioLabs. T4 DNA ligase 

was from Applied Biosystems. Plasmids pcDNA5/FRT/TO and pOG44 were 

from Invitrogen. Antibiotics penicillin, streptomycin, zeocin, blasticidin S, 

hygromycin and tetracycline were from Invitrogen or InvivoGen. Flp-In-293 and 

Flp-In-CHO cells were from Invitrogen. Lipofectamine 2000 was from Invitrogen. 

Deglycosidases Endo-β-N-acetylglucosaminidase H (Endo H), peptide-N-

glycosidase F (PNGase F), O-glycosidase, and neuraminidase were obtained from 

Roche Applied Science. Tunicamycin, phorbol-12-myristate-13-acetate (PMA), 

and forskolin were products from Sigma. EZ-linked sulfo-N-hydroxysuccinimide 

(NHS) biotin and immobilized streptavidin were from Pierce. FLAG and c-Myc 

peptides were obtained from Sigma or were synthesized at the Biocenter Oulu 

Protein Analysis Core Facility. The -adrenergic ligands used in this thesis are 

listed in Table 6 and their structural formulas are shown in Fig. 12. The opioid 

receptor agonist Leu-enkephalin and the antagonist naltrexone were obtained 

from Sigma and Tocris, respectively. Cell culture reagents were from 

BioWhittaker, Invitrogen, or Sigma. TAPI-1 (tumor necrosis factor-α protease 

inhibitor-1: N-(R)-[2-(hydroxyaminocarbonyl)methyl]-4-methylpentanoyl-l-

naphthylalanyl-l-alanine,2-aminoethyl amide, GM6001, and its inactive form 

(negative control) were obtained from Calbiochem, and bisindolylmaleimide I 

was from Alexis. Brefeldin A (BFA) and n-dodecyl-β-D-maltoside (DDM) were 

from Enzo Life Sciences. N-ethylmaleimide (NEM), cycloheximide (CHX) and 

saponin were from Sigma. All the other reagents were of analytical grade and 

purchased from various commercial suppliers. The Abs used in this thesis are 

indexed in Table 7. 
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Table 6. Ligands used in the thesis. 

Ligand Action on 1AR Non-conventional partial 

agonism 

Supplier Article 

AC pathway MAPK pathway 

R-/S-propranolol I-AGO1,5; P-AGO2,5 P-AGO1 yes5 Tocris I, II 

S-propranolol P-AGO2 P-AGO1 n.d. Tocris II 

R-propranolol P-AGO2 P-AGO1 n.d. Tocris II 

isoproterenol F-AGO1,3,5 F-AGO1 no3,4,5,6 Tocris I, II 

dobutamine P-AGO3 n.d. no3,6 Tocris I 

CGP-20712 N-ANT2,5,6, n.d. no5 Tocris I, II 

pindolol P-AGO4,5,7 n.d. yes4,5,7 Tocris II 

metoprolol I-AGO1 N-ANT1 no5 Sigma II 

bisoprolol I-AGO1 N-ANT1 no5 Sigma II 

timolol P-AGO2 n.d. n.d. Sigma II 

CGP-12177 N-ANT5, P-AGO3,4,5,7 n.d. yes3,4,5,7 Sigma II 

1) Galandrin & Bouvier (2006); 2) Lattion et al. (1999); 3) Konkar et al. (2000); 4) Lowe et al. (2002); 

5) Baker et al. (2003); 6) Baker (2005b); 7) Joseph et al. (2003); F-AGO, full agonist; I-AGO, inverse 

agonist; N-ANT, neutral antagonist; n.d., not determined; P-AGO, partial agonist 

4.2 DNA constructs (I, II) 

A DNA construct encoding wt hβ1AR with a cleavable influenza hemagglutinin 

(HA) signal peptide (KTIIALSYIFCLVFA), N-terminal Myc epitope tag 

(EQKLISEEDL), and C-terminal Flag epitope tag (DYKDDDDK) was created. 

This construct was used in most experiments. Complementary DNA (cDNA) for 

hβ1AR (GenBankTM accession number P08588) (a generous gift from Professor 

M. Bouvier, Montreal, Canada) was amplified by polymerase chain reaction (PCR) 

using the oligonucleotides 5′-TCGCCCGCTAGCATGGGCGCGGGGGTGCTC-

3′ and 5′-CGCCGGCCTAGGCACCTTGGATTCCGAGGC-3′, digested with Nhe 

I and Avr II, ligated into the pFT-SMMF vector digested with the same restriction 

endonucleases, and transformed into Escherichia coli (E. coli) JM109. The pFT-

SMMF vector was modified from the pcDNA5/FRT/TO© vector (Invitrogen). 

First, the pcDNA5/FRT/TO© vector was digested with Hind III and Kpn I, after 

which the DNA sequence 5′-AAGCTTGCCACCATGAAGACGATCATCGCC 

CTGAGCTACATCTTCTGCCTGGTATTCGCCGAGCAAAAGCTCATTTCTG 

AAGAGGACTTGGCTAGCATCGATCCCGGGATGCATCCTAGGGACTCAA

GGACGACGATGACAAGTGAGGTACC-3′ was inserted into the vector after 

cleavage with Hind III and Kpn I. The pFT-SMMF vector was transformed into E. 
coli JM110. The hβ1AR construct with a mutated cleavage site [Arg31 histidine 
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(His)1.05, Leu32Ala1.06 (R31H,L32A)] was created from the wt hβ1AR construct 

by site-directed mutagenesis using the QuikChange mutagenesis kit (Stratagene) 

with the oligonucleotide 5′-GGCCACCGCGGCGCATGCGCTGGTGCCCGC-3′ 

and the complementary oligonucleotide according to the manufacturer’s 

instructions. The N-terminally truncated hβ1AR constructs were cloned by PCR 

amplification from cDNAs encoding methionine (Met) 32–447 and Met53–447, 

using the oligonucleotides 5′-GTCGAAGCTTATGCTGCTGGTGCCCGCG-3′ or 

5′-GTCGAAGCTTATGCTGTCTCAGCAGTGGACAG-3′ and 5′-CGCCGGCCT 

AGGCACCTTGGATTCCGAGGC-3′, followed by digestion with Hind III and 

Avr II, and ligation into the pFT-SMMF vector digested with the same restriction 

endonucleases. The DNA construct for the N-terminally HA-tagged wt h1AR in 

pcDNA3 was obtained from Professor M. Bouvier (Lavoie et al. 2002). All the 

aforementioned hβ1AR constructs contain a Ser at position 491.23 and an Arg at 

position 3898.56. A DNA construct encoding hδOR was prepared by following the 

procedure described above for wt hβ1AR: cDNA for hδOR (GenBankTM accession 

number U10504) (a generous gift from P. Walker, AstraZeneca R&D Montreal, 

Montreal, Canada) was amplified by PCR using the oligonucleotides 5′-

CGCGCTAGCATGGAACCGGCCCCCTCC-3′ and 5′-GCCCCTAGGGGCGG 

CAGCGCCACCGCC-3′, ligated into the digested pFT-SMMF vector and 

transformed as with the hβ1AR construct. The hδOR construct carried Cys at aa 

position 27. To create the hδOR construct with Phe at aa position 27, which was 

more suitable in this thesis the QuikChange site-directed mutagenesis kit with 

oligonucleotide 5′-CCTACCCTAGCGCCTTCCCCAGCGCTGGCGC-3′ and the 

complementary oligonucleotide was used. The hδOR construct also contained a 

cleavable HA signal peptide, N-terminal Myc epitope tag, and C-terminal Flag 

epitope tag. 
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Fig. 12. Structural formulas of the ligands used in the thesis. 

4.3 Cell lines and cell culture (I, II) 

Cells were cultured at 37 °C in a humidified atmosphere of 5% CO2. Dulbecco’s 

modified Eagle’s medium (DMEM), supplemented with 10% (w/w) fetal bovine 

serum (FBS), 100 units/ml penicillin, 0.1 mg/ml streptomycin (complete DMEM), 

and the appropriate selection antibiotics, was used for the human embryonic 

kidney (HEK) 293i-derived cell lines. The medium was supplemented with zeocin 

(100 μg/ml) and blasticidin S (4 μg/ml) for the maintenance of the HEK293i cells 

that express the Tet repressor and with zeocin (100 μg/ml) for the Flp-In-293 cells 

(Invitrogen). Flp-In-CHO cells were cultured in Ham's F-12 nutrient mixture, 

supplemented with 10% (w/w) fetal bovine serum, 2 mM glutamine, 100 units/ml 

penicillin, 0.1 mg/ml streptomycin, and 100 μg/ml zeocin. The HEK293i cell line 

was established by introducing the pcDNA6/TR plasmid into the Flp-In-293 cells 

according to the manufacturer's instructions and selecting and maintaining the 
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cells under zeocin and blasticidin S in the concentrations mentioned above. Stable 

cell lines with inducible hβ1AR and hδOR expression were established by co-

transfecting the hβ1AR or hδOR construct and the pOG44 plasmid into HEK293i 

cells with the Lipofectamine 2000 transfection reagent under blasticidin S (4 

μg/ml) and hygromycin (400 μg/ml) selection. The achieved cell lines were 

isolated and expanded. They were tested for zeocin sensitivity, β-galactosidase 

activity and tetracycline-inducible expression of the receptor by radioligand 

binding and Western blot (WB) analyses. For maintenance of the isolated clones, 

the hygromycin concentration was lowered to 100 μg/ml. The selected clones 

were sensitive to zeocin, lacked β-galactosidase activity, and showed very low 

basal but highly inducible hβ1AR expression. After a 24 h induction, the maximal 

binding capacity (Bmax) of the hβ1AR expressing clone that was routinely used for 

the experiments (I, II) reached 160 pmol/mg, as determined by saturation binding 

assays with [3H]dihydroalprenolol, and the calculated binding affinity for 

[3H]dihydroalprenolol (Kd) was 2.9 nM (I). In the case of hδOR, Bmax reached 58 

pmol/mg and the Kd for [3H]diprenorphine was 1.5 nM (Leskelä et al. 2009).  

The cells for the experiments were plated onto culture flasks/plates (25 × 

106 cells/75-cm2 flask or 100-mm plate or 1.5 × 106 cells/25-cm2 flask) and 

cultured for 3 days. Receptor expression was induced by adding tetracycline (0.5 

μg/ml unless otherwise indicated) into the medium for different periods of time, 

usually 6, 12, 16 or 24 h. Metalloproteinase inhibitors (I) were added to the 

culture medium 60 min before tetracycline, except in the metabolic labeling 

experiments (see below). Ligands (II) were added 60 min after tetracycline to a 

concentration of 0.00110 µM (routinely 10 µM), again except in metabolic 

labeling (see below). In the case of hδOR (internalization control, II), the cells 

were induced for 6 h, treated with 20 µg/ml CHX for 12 h and then with 10 µM 

Leu-enkephalin for 30 min. 

For transient transfections, Flp-In-293 (3 × 106) and Flp-In-CHO (8 × 106) 

cells were plated onto 100-mm and 145-mm culture plates, respectively, and 

cultured for 24 h. The medium was changed to Opti-MEM (Invitrogen), 4% (w/w) 

FBS 4 h before transfection. Lipofectamine 2000 transfection reagent (5.5 μl) and 

h1AR constructs (5.5 μg) were incubated separately in Opti-MEM (500 μl) for 

5 min and then mixed and incubated for 25 min before adding to cells. After 4 h, 

the medium was changed to complete DMEM, and the cells were harvested 20 h 

later. 

Cells were harvested on ice in cold phosphate-buffered saline (PBS), quick 

frozen in liquid nitrogen and stored thereafter at 70 C.  
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Table 7. Antibodies used in the thesis. 

Antibody Clonality Supplier Usage Article 

anti-FLAG M2 monoclonal Sigma WB, FC I, II 

anti-FLAG M2 resin monoclonal Sigma IP I, II 

anti-HA HA-7 monoclonal Sigma WB I 

anti-c-Myc 9E10 monoclonal Santa Cruz Biotechnology WB, FC II 

anti-c-Myc A14 polyclonal Santa Cruz Biotechnology WB I, II 

anti-c-Myc resin polyclonal Sigma IP I 

anti-hβ1AR (hβ1AR C-terminus) polyclonal Santa Cruz Biotechnology WB I 

anti-Na+/K+ ATPase monoclonal Sigma WB II 

HRP-conjugated goat anti-mouse IgG  Invitrogen/Bio-Rad WB I, II 

HRP-conjugated donkey anti-mouse F(ab)2 

IgG 

 Jackson Immunochemicals WB I, II 

HRP-conjugated donkey anti-rabbit F(ab)2 IgG  Jackson Immunochemicals WB I, II 

HRP-conjugated goat anti-rabbit IgG  Bio-Rad WB II 

PE-conjugated rat anti-mouse IgG1  BD Biosciences FC II 

FC, flow cytometry; HRP, horseradish peroxidise; IP, immunoprecipitation; PE, phycoerythrin; WB, 

Western blot 

4.4 Metabolic labeling with [35S]methionine/cysteine (I, II) 

Prior to pulse-chase labeling, the stably transfected cells were treated with 0.5 

μg/ml tetracycline for 16 h and then incubated in Met- and Cys-free DMEM for 

60 min (depletion) before labeling in fresh medium containing 75 μCi/ml 

[35S]Met/Cys (EasyTagTM Express 35S-protein labeling mix, 1175 mCi/ml; 

PerkinElmer) for 15 min. After washing twice with the chase medium (complete 

DMEM supplemented with 5 mM Met), the cells were chased for various periods 

of time before harvesting. Transiently transfected cells were labeled in a similar 

manner 20 h after transfection. In the case of BFA-treated cells, the drug was 

added to the depletion medium to a final concentration of 5 μg/ml and was 

maintained thereafter. When studying β1AR N-terminal cleavage (I), the βAR 

agonists isoproterenol (0.001–10 μM) and dobutamine (10 μM), the PKC 

activator PMA (0.5 μM), and the AC activator forskolin (15 μM) were added to 

the chase medium 45 min after the pulse, and the βAR antagonist CGP-20712 (10 

μM), the metalloproteinase inhibitor GM6001 (10 μM), and the PKC inhibitor 

bisindolylmaleimide I (10 μM) 30 min after the pulse. When studying the 

stabilization effect of the ligands (II), the ligands were added either to the chase 

medium usually at the beginning of the chase or alternatively during the chase or 

to PBS before harvesting the cells. When the ligands were added to PBS, the cells 
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were incubated on ice for 30 min before removal of PBS and harvesting the cells. 

The induction time for the tunicamycin-treated cells was 14 h, and the drug was 

added simultaneously with tetracycline to a concentration of 5 μg/ml, after which 

it was increased to 25 μg/ml during depletion, which was extended to 150 min. 

The chase was performed in the absence of the drug.  

4.5 Radioligand binding assays (I, II) 

Saturation and competition binding assays were carried out using 1–5 μg of 

membrane protein in a final volume of 300 l of buffer A (Table 8), containing 

0.1% (w/v) bovine serum albumin (BSA). For saturation binding experiments, 

triplicate samples were incubated with increasing concentrations (0.0721 nM) of 

[3H]dihydroalprenolol (PerkinElmer, 97.7 or 117.8 Ci/mmol). The nonspecific 

binding was determined in the presence of 10 μM unlabeled R-/S-propranolol. For 

competition experiments, quadruplicate samples were incubated with 12 nM 

[3H]dihydroalprenolol and increasing concentrations (0.1 pM100 µM) of 

unlabeled ligands. After incubation at 22 C for 90 min, the membranes were 

harvested with cold 25 mM Tris-HCl, pH 7.4, by rapid filtration over glass fiber 

filters (Filtermat B; PerkinElmer) presoaked in 0.1% (v/v) polyethyleneimine 

using a Brandel MWR-96T harvester. MeltiLex B/HS scintillator (PerkinElmer) 

was melted onto the dried filters using a MeltiLex Heat-Sealer (PerkinElmer). 

Finally, the radioactivity was measured with a Wallac MicroBeta TriLux 

scintillation counter (PerkinElmer). 

4.6 Preparation and solubilization of membranes and whole cell 
extracts (I, II) 

Cells were homogenized for radioligand binding assays in buffer A (Table 8) and 

for immunoprecipitation or direct WB in buffer B (Table 8). For some 

experiments (I) the metalloproteinase inhibitors ethylenediaminetetraacetic acid 

(EDTA) and 1,10-phenanthroline were omitted or replaced with 10 μM inactive 

or active GM6001 or 10 μM TAPI-1. Homogenization of the cells was performed 

with a Polytron homogenizer (Ultra-Turrax T-25; Ika) using three 5 s bursts at 

19,000 rpm. The homogenates were centrifuged at 1,000 x g for 5 min, and the 

pellets were rehomogenized and centrifuged. The combined supernatants were 

centrifuged at 45,000 x g for 20 min. The final pellets containing crude membrane 

fractions were washed twice and used immediately or stored at 70 C. Protein 
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concentration was determined using the Bio-Rad DC protein assay kit with BSA 

as a standard following the manufacturer’s instructions. The membranes were 

solubilized or total cellular lysates were prepared in buffer C (Table 8). The 

membranes were suspended with a 26G needle and a 1 ml syringe, after which the 

suspension was mixed on a magnetic stirrer for 60 min at 4 °C. Solubilized 

receptors were collected by centrifugation at 100,000 × g for 60 min (the pellet 

was discharged). Total cellular lysates were prepared by mixing thawed cells for 

30 min at 4°C in buffer C, after which the insoluble material was removed by 

centrifugation at 16,000 × g for 30 min. Alternatively, the membranes were 

solubilized directly in sodium dodecyl sulfate (SDS) sample buffer (62.5 mm 

Tris-HCl, pH 6.8, 2% (w/v) SDS, 10% (v/v) glycerol, 0.001% (w/v) bromophenol 

blue) by incubating samples for 15 min at 22 °C, and for 5 min at 95 °C. 

4.7 Immunoprecipitation of solubilized receptors (I, II) 

Solubilized h1ARs were immunoprecipitated by using immobilized anti-FLAG 

M2 or anti-c-Myc Ab. A total of 20 μl of anti-FLAG M2 or anti-c-Myc 9E10 Ab-

coupled resin equilibrated in buffer C supplemented with 0.1% BSA (w/v) was 

used to purify the receptor from a sample containing 200300 µg total protein. 

The resin was incubated with the supernatant overnight at 4 °C with gentle 

agitation, pelleted, and washed twice with 500 μl of buffer C and four times with 

500 μl of buffer D (Table 8). The receptor was eluted by incubating the resin for 

10 min at 4 °C with 100 μl of buffer D containing 200 μg/ml of FLAG peptide or 

c-Myc peptide. This was repeated three times, and the eluates were combined. For 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), 100 μl 

of the combined eluates was concentrated to 25 μl by membrane filtration over 

Microcon-30 concentrators (Millipore), and 25 μl of SDS sample buffer was 

added. Alternatively, the immunoprecipitated receptors were eluted directly in 

SDS sample buffer by incubating samples for 15 min at 22 C, and for 5 min at 

95 C.  
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Table 8. Principal buffers used in the thesis. 

Buffer Formula Usage Article 

A 25 mM Tris-HCl, pH 7.4, 5 mM MgCl2, 2 mM 

ethylenediaminetetraacetic acid (EDTA), 5 µg/ml leupeptin, 5 

µg/ml soybean trypsin inhibitor (STI), 10 µg/ml benzamidine 

homogenization of the cells 

for radioligand binding 

assays 

I, II 

B 25 mM Tris-HCl, pH 7.4, 20 mM N-ethylmaleimide (NEM), 2 

mM EDTA, 2 µg/ml aprotinin, 0.5 mM phenylmethylsulfonyl 

fluoride (PMSF), 2 mM 1,10-phenanthroline, 5 µg/ml 

leupeptin, 5 µg/ml STI, 10 µg/ml benzamidine 

homogenization of the cells 

for WB or fluorography 

I, II 

C 25 mM Tris-HCl, pH 7.4, 0.5% (w/v) n-dodecyl-β-D-maltoside 

(DDM), 140 mM NaCl, 2 mM EDTA, 2 µg/ml aprotinin, 0.5 mM 

PMSF, 2 mM 1,10-phenanthroline, 5 µg/ml leupeptin, 5 µg/ml 

STI, 10 µg/ml benzamidine 

solubilization of the 

membranes or preparation 

of cellular lysates 

I, II 

D 25 mM Tris-HCl, pH 7.4, 0.1% (w/v) DDM, 140 mM NaCl, 2 

mM EDTA, 2 µg/ml aprotinin, 0.5 mM PMSF, 2 mM 1,10-

phenanthroline, 5 µg/ml leupeptin, 5 µg/ml STI, 10 µg/ml 

benzamidine 

washing and elution of the 

immunoprecipitates 

I, II 

E 50 mM Na3PO4, pH 5.5, 0.5% (w/v) DDM, 1% (v/v) β-

mercaptoethanol, 50 mM EDTA, 0.2 mM PMSF, 2 mM 1,10-

phenanthroline, 5 µg/ml leupeptin, 5 µg/ml STI, 10 µg/ml 

benzamidine 

Endo H digestion I, II 

F 50 mM Na3PO4, pH 7.5, 0.5% (w/v) DDM, 1% (v/v) β-

mercaptoethanol, 50 mM EDTA, 0.2 mM PMSF, 2 mM 1,10-

phenanthroline, 5 µg/ml leupeptin, 5 µg/ml STI, 10 µg/ml 

benzamidine 

PNGase F digestion I 

E 50 mM Na3PO4, pH 7.5, 0.5% (w/v) DDM, 1% (v/v) β-

mercaptoethanol, 50 mM EDTA, 0.2 mM PMSF, 2 mM 1,10-

phenanthroline, 5 µg/ml leupeptin, 5 µg/ml STI, 10 µg/ml 

benzamidine 

O-glycosidase and 

neuraminidase digestion 

I 

4.8 Deglycosylation of immunoprecipitated receptors (I, II) 

Immunoprecipitated receptors were deglycosylated after elution from the Ab 

affinity resin with 1% (w/v) SDS in 50 mM sodium phosphate, pH 7.5, by 

incubating the samples for 15 min at 22 C, and for 5 min at 95 C. Before the 

enzymatic removal of N-linked and O-linked glycans, the eluates were diluted 

7.5-fold and 5.5-fold, respectively. Endo H and PNGase F digestions were 

performed in buffer E and F, respectively (Table 8). The digestions with O-

glycosidase and neuraminidase were carried out in buffer G (Table 8). Endo H, O-

glycosidase and neuraminidase were added to a final concentration of 50 mU/ml. 
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The final concentration of PNGase F was 50 U/ml. The samples were incubated at 

30 C for 16 h and the reactions were terminated by adding SDS sample buffer. 

4.9 Cell surface biotinylation (I) 

To perform cell surface biotinylation, cells on culture flasks were gently washed 

three times with prewarmed Dulbecco’s PBS, cooled on an ice-cooled metal plate 

and incubated for 30 min in Dulbecco’s PBS containing 0.5 mg/ml of sulfo-NHS-

biotin. Excess biotin was quenched by adding Tris-HCl, pH 7.4, to a final 

concentration of 50 mM and further incubating the cells for 10 min. After this, the 

cells were gently washed twice with cold Dulbecco’s PBS and harvested. The 

membranes were prepared and solubilized as described above, and the cell surface 

receptors with biotin label were isolated using immobilized streptavidin or anti-c-

Myc Ab. A total of 25 l of resin was used for 200 g of solubilized membrane 

proteins [in buffer C (Table 8) with 0.1% (w/v) BSA]. The resin was incubated 

with the solubilized membranes for 2 h at 4 C with gentle agitation, collected by 

centrifugation and washed five times with 500 l of buffer C. Proteins with biotin 

label were eluted with 100 l of SDS sample buffer containing 50 mM 

dithiothreitol (DTT). First, the resin was incubated for 15 min at 25 C and then 

for 5 min at 95 C. In the case of cell surface proteins from metabolically labeled 

cells, the solubilized receptors were subjected to two consecutive purification 

steps. The first purification was performed with either immobilized streptavidin 

or anti-FLAG M2 Ab affinity resin. The samples were then eluted with 100 l of 

1% (w/v) SDS, 25 mM Tris-HCl, pH 7.4, and the eluates were diluted with 900 l 

of buffer C prior to subjecting the samples to the second purification step with 

anti-FLAG M2 Ab. 

4.10 SDS-PAGE, Western blotting, and fluorography (I, II) 

Prior to SDS-PAGE, the samples were reduced by heating for 2 min at 95 °C in 

the presence of 50 mM DTT. SDS-PAGE was performed on a Bio-Rad Mini-

PROTEAN 3 cell apparatus (10% SDS-polyacrylamide gels) using reagents from 

Bio-Rad or Amresco (NextGel system). Broad Range molecular weight standards 

from Bio-Rad were used as markers and were stained with Ponceau S (Sigma) 

after blotting. Proteins were electroblotted onto Immobilon P (Millipore) or 

ProBlott (Applied Biosystems) membranes using a Bio-Rad Mini Trans-Blot cell 

apparatus at 35–50 V for 16 h at 22 C or 100 V for 60 min at 4 °C. The blots 
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were probed with anti-FLAG M2 (0.10.5 μg/ml), anti-c-Myc A14 (1:10,000), 

anti-c-Myc 9E10 (1:1,0001:10,000), anti-hβ1AR (1:100), anti-HA (1:1,000) or 

anti-Na+/K+ ATPase (1:150,000) Abs, followed by horseradish peroxidase-

conjugated goat anti-mouse (1:5,000 and 1:10,0001:15,000 for ECL and ECL 

Plus, respectively), donkey anti-mouse F(ab)2or donkey anti-rabbit F(ab)2 Abs 

(1:15,000 for ECL and 1:100,000 for ECL Plus, respectively) or goat anti-rabbit 

IgG (1:5,000 and 1:10,000 for ECL and ECL Plus, respectively). ECL or ECL 

Plus detection reagents (GE Healthcare) were used to reveal the blots. When 

appropriate, the blots were stripped using Millipore’s Re-Blot Plus solution 

according to the manufacturer’s instructions. Gels that contained radiolabeled 

samples obtained from metabolic pulse-chase labeling experiments were treated 

with EN3HANCE® (PerkinElmer) according to the manufacturer's instructions. 

After this, they were dried and exposed at −70 °C for 12 h–five days using 

Biomax MR (Eastman Kodak Co.) and intensifying screens. The relative 

intensities of the bands on the autoradiograms and ECL films were analyzed by 

densitometric scanning with the Umax PowerLook 1120 color scanner, Image 

Master 2D Platinum 6.0 software and quantification was performed using Scion 

Image 4.02 software. Local background was subtracted from each lane. The data 

were analyzed using the GraphPad Prism 4 software. 

4.11 N-terminal sequencing of cleaved h1AR fragments (I) 

For N-terminal sequencing, homogenization of cells was performed using buffer 

B without EDTA or 1,10-phenanthroline. The subsequent two steps of receptor 

purification using anti-FLAG M2 Ab affinity resin was performed as described in 

chapter 4.9. Purified receptor fragments on ProBlott membranes were stained 

with Coomassie Blue as instructed by the manufacturer. The fragments, which 

became clearly visible after staining (purified from 5 × 10 cm2 culture flasks), 

were excised and subjected to automated Edman degradation on the protein 

sequencer ProciseTM 492 (Applied Biosystems). The aa residues sequentially 

removed from the N-terminus were identified by reverse-phase high performance 

liquid chromatography.  

4.12 1AR sequence alignment (I) 

Multiple 1AR sequence alignment was performed using CLUSTALW (Thompson 

et al. 1994) and MACAW (Schuler et al. 1991), with manual adjustment. 
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4.13 Flow cytometry (II) 

Cells were cooled on ice and carefully detached from culture flasks with ice-cold 

PBS. For surface receptor detection, one million cells per sample were incubated 

for 30 min on ice with monoclonal anti-c-Myc 9E10 Ab [1:1,000 in PBS with 1% 

(v/v) FBS]. When detecting the intracellular or total pool of receptors, the cells 

were first permeabilized with 0.5% (w/v) saponin in PBS containing 1% (v/v) 

FBS, in which the cells were incubated for 10 min on ice. Thereafter, 0.1% 

saponin was maintained in the subsequent treatments to prevent closure of the 

membrane pores. After permeabilization, the cells were treated either with anti-

FLAG M2 Ab [1 g/ml in PBS with 0.1% (v/v) FBS and 0.1% (w/v) saponin] or 

with anti-c-Myc 9E10 Ab [1:1,000 in PBS with 1% (v/v) FBS and 0.1% (w/v) 

saponin] for 30 min on ice. The residual unbound primary Ab was removed and 

the cells were further incubated for 30 min on ice in the dark with 0.5 g/ml 

phycoerythrin- (PE-) conjugated rat anti-mouse IgG1 Ab in PBS with 1% (v/v) 

FBS [and 0.1% (w/v) saponin in the case of intracellular/total receptor detection]. 

Ten thousands cells from each sample were counted for analysis, and the cells 

were fixed with 2% (w/v) paraformaldehyde in PBS with 1% (v/v) FBS [and  

0.1% (w/v) saponin in the case of intracellular/total receptor detection]. Analyses 

were done with the BD Biosciences FACSCaliburTM flow cytometer. Cells were 

excited with a 488-nm argon ion laser, and PE emission was detected with a 

585  21-nm band-pass filter and a 670-nm long-pass filter, respectively. Data 

analyses to quantitate changes in fluorescence values were performed using the 

CellQuestTM Pro 4.02 software (BD Biosciences). For the calculations, the mean 

fluorescence of cells stained only with PE-conjugated secondary Ab was 

substracted from the mean fluorescence of cells treated with primary and 

secondary Abs. 

4.14 Patient population (III) 

The population for the genotyping study (III) was recruited between 19962000. 

This single-center, prospective study, the Multiple Risk Factor Analysis Trial 

(MRFAT), was carried out at the Institute of Clinical Medicine, Department of 

Internal Medicine, Division of Cardiology, University of Oulu (Tapanainen et al. 
2001). The aim of the MRFAT study was to determine the prognostic power of 

several non-invasive risk markers of mortality among AMI survivors. The 

patients were recruited to participate during the first week after the AMI. 
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Diagnosis of AMI was confirmed with two of the three following criteria: 1) chest 

pain or dyspnea lasting for at least 30 min; 2) elevation of myocardial enzymes up 

to  2 x the upper limit of the reference value, which could not be attributed to 

any other condition; and 3) ischemic electrocardiogram (ECG) changes on 

admission or any later change in the ECG caused by AMI. The exclusion criteria 

were age over 75 years, unstable angina pectoris at recruitment, nonsinus rhythm 

on ECG, dementia, alcoholism and drug abuse or any other condition that could 

impair capacity for informed consent. Patients who had undergone coronary 

bypass surgery before hospital discharge or were not discharged alive were not 

included in the study. To optimize treatment, β-blocker drugs were given to all 

patients, and angiotensin-converting enzyme (ACE) inhibitors were given to 

patients with an EF of 40% or less, whenever there were no contraindications for 

such medications. The dose of β-blocker therapy was adjusted to achieve a resting 

HR between 50 and 60 beats per min, when possible. All patients were required to 

give informed consent, and the study was approved by the ethical committee of 

the institution.  

4.15 Genomic DNA isolation and determination of the β1AR 

Arg389Gly8.56 genotype (III) 

A total of 452 consecutive series of patients from the MRFAT study population 

were investigated for the β1AR C-terminal Arg389Gly8.56 genotype. Blood 

samples were collected from the patients in EDTA vacuum tubes after an 

overnight fast, after which the blood samples were stored at 70 C. Genomic 

DNA was isolated from thawed samples at the Institute of Clinical Medicine, and 

stored at −20 °C. 

The Arg389Gly8.56 polymorphism was determined by using a PCR-restriction 

fragment length polymorphism (PCR-RFLP) assay, a modified PCR-technique 

described previously (Maqbool et al. 1999). The PCR sense oligonucleotide used 

in the amplification was 5′-CGCTCTGCTGGCTGCCCTTCTTCC-3′ and the 

antisense oligonucleotide was 5′-TGGGCTTCGAGTTCACCTGCTATC-3′. The 

amount of genomic DNA template was 4 ng in each PCR reaction. 1% 

dimethylsulfoxide was added in each reaction. 

As mentioned above, the previously described technique had certain 

modifications. The original PCR protocol was insufficient to produce a reliable 

amount of amplified DNA, perhaps because the sequence was very GC rich (72% 

of the nucleotides were G or C). This feature applies to the entire hβ1AR encoding 
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gene (70% of the nucleotides are G or C). Our modified PCR protocol was 

designed to gradually lower the annealing temperature in a “touchdown” manner 

(Table 9). 

Table 9. PCR protocol used in hβ1AR Arg389Gly8.56 genotyping. 

Temperature Time Step Number of cycles 

94 °C 5 min initial denaturation  

94 °C 30 s denaturation  

60 °C 60 s annealing 5 

72 °C 60 s extension  

94 °C 30 s denaturation  

59 °C 60 s annealing 5 

72 °C 60 s extension  

94 °C 30 s denaturation  

58 °C 60 s annealing 26 

72 °C 60 s extension  

72 °C 10 min final extension  

4 °C until digestion cooling  

After PCR, the DNA was digested with Bcg I (1 U/reaction) and agarose gel 

electrophoresis was performed on the digested samples. In the case of Gly3898.56 

homozygotes, the sample remained as a single 530 base pair (bp) fragment. In 

Arg389Gly8.56 heterozygotic samples, two smaller 342 and 154 bp bands become 

visible in addition to the 530 bp fragment. In Arg3898.56 homozygotes, the 530 bp 

fragment was lost and only the 342 and 154 bp fragments were detected 

(Maqbool et al. 1999). 

4.16 Biometric and laboratory methods (III) 

Height and weight were measured for each patient. BP levels were obtained in a 

supine position following a 5 min resting period. These were done by a registered 

nurse at the Institute of Clinical Medicine. Blood samples were collected from the 

patients after an overnight fast by a registered laboratory technician at the 

Institute of Clinical Medicine. The fasting glucose, total cholesterol, HDL 

cholesterol, LDL cholesterol and triglyceride levels were measured at the Institute 

of Diagnostics, Department of Clinical Chemistry at Oulu University Hospital 

using standard enzymatic methods. Body mass index (BMI) was obtained from 

the ratio of weight (kg) to height squared (m2).  
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4.17 Echocardiography and variable calculation (III) 

Cardiac LV parameters were measured with two-dimensional guided M-mode 

echocardiography following the American Society of Cardiology/American Heart 

Association guidelines from each patient within 27 days after AMI. 

Echocardiographic studies were performed at the Institute of Clinical Medicine, 

Department of Internal Medicine, Division of Cardiology at Oulu University 

Hospital. LV internal dimension (LVID), interventricular septal thickness (IVS) 

and LV posterior wall thickness (LVPW) were measured at end-diastole (d) and 

end-systole (s). Considering each parameter, three distinct measurements were 

done and the averages were calculated. Left centricular mass (LVM) was 

calculated from LVIDd, LVPWd and IVSd using the equation described 

previously (Devereux et al. 1986). This method gives values, which have been 

confirmed to be closely related to the necropsy LV weight. To obtain LVMI, LVM 

was divided by height2.7. 

4.18 Data analysis (I, II, III) 

The data were analyzed using GraphPad Prism 4 software (I, II) and SPSS 

17.0/PASW 18.0 software packages (III), and when appropriate, the SamplePower 

2.0 software (III). Before analyzing the fluorography or WB samples (I, II) with 

GraphPad Prism 4, the relative intensities of the receptor bands on the 

fluorograms or ECL were analyzed as described in chapter 4.10. When analyzing 

the metabolic pulse-chase labeled samples (I, II), the values were normalized to 

the labeling of the receptor precursors at the end of the pulse or to a nontreated 

control sample (which was set to 100%). The WB data (II) were normalized using 

values obtained for the loading control, Na+/K+ATPase. When analyzing the flow 

cytometry samples (II) with GraphPad Prism 4, the values were normalized to 

control sample that was set to 100%. When analyzing the radioligand binding 

data (II), the one-site binding (hyperbola) and one-site and two-site competition 

binding models were used. The data were analyzed by using either the repeated 

measures two-way analysis of variance (ANOVA) followed by the Bonferroni’s 

multiple comparison post hoc test (I), the two-way ANOVA followed by the 

Bonferroni’s multiple comparison post hoc test (II), the Student’s paired t-test (I) 

or the Student’s one-sample t-test (II). When analyzing the parameters from the 

MRFAT study population (III) with SPSS 17.0/PASW 18.0, the population was 

divided into two or three groups according to the β1AR C-terminal Arg389Gly8.56 
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genotype (Arg3898.56 homozygotes and Gly3898.56 carriers, or Arg3898.56 

homozygotes, Arg389Gly8.56 heterozygotes and Gly3898.56 homozygotes, 

respectively). The Student’s two-tailed t-test was used to compare the quantitative 

parameters between the groups. Categorical variables were compared using the χ2 

analysis. Analysis of covariance (ANCOVA) was used for comparison of the 

echocardiographic variables between the genotype groups. Using ANCOVA, the 

β1AR Arg389Gly8.56 polymorphism was set as a fixed factor. Age and BMI were 

added as co-variables to adjust the results. Nominal p values are presented 

throughout, i.e. without correction for multiple testing, as recommended 

(Rothman 1990). The p values < 0.05 were considered significant. 
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5 Results 

5.1 Biosynthesis and post-translational processing of h1AR (I) 

5.1.1 Characterization of expressed h1AR species 

h1AR, with N- and C-terminal Myc and Flag epitope tags, respectively, was 

expressed in stably transfected tetracycline-inducible HEK293i cells. WB analysis 

of solubilized membranes from 24 h induced cells detected only one major 

specific band with an apparent relative molecular mass (Mr) of 69,000 with anti-

c-Myc Ab (I, Fig. 1A, lane 2). This species was also recognized with anti-FLAG 

M2 Ab (I, Fig. 1A, lane 4), which suggests that it represents the full-length 

receptor. The anti-FLAG M2 Ab also detected two smaller, N-terminally 

truncated Mr 54,000 and Mr 47,000 species (I, Fig. 1A, lane 4), which varied in 

intensity and appearance in different experiments. The relative abundance of the 

three h1AR forms detected with the anti-FLAG M2 Ab was not dependent on 

receptor expression level (I, Fig. 1B). Hence, the Mr 54,000 and Mr 47,000 

species were interpreted to represent proteolytic, N-terminally cleaved fragments 

of the full-length Mr 69,000 species. 

In previous studies, t1AR has been shown to be prone to limited proteolysis 

at its N-terminus (Jürss et al. 1985). Additionally, metalloproteinase inhibitors 

attenuated t1AR proteolysis (Benovic et al. 1983, Stiles et al. 1983, Jürss et al. 
1985). Therefore, the possible proteolytic cleavage of h1AR by 

metalloproteinases was also tested. The cleaved h1AR forms were remarkably 

more abundant when the metalloproteinase inhibitors routinely used, EDTA and 

1,10-phenanthroline, were omitted from the homogenization buffer (I, Fig. 1C, 

lanes 1 and 5, respectively). The cleavage was also attenuated by GM6001 and 

TAPI-1, which are hydroxamate metalloproteinase inhibitors (I, Fig. 1C, lanes 3 

and 4, respectively). Thus, it was concluded that the N-terminal cleavage of 

h1AR is mediated by a MMP or a protease that belongs to the ADAM 

metalloproteinase family. 

The susceptibility of h1AR to N-terminal cleavage was independent of the 

Myc and Flag epitope tags or the cell line used to express the receptor. When the 

N-terminally HA-tagged receptor was transiently expressed in Flp-In-293 or Flp-

In-CHO cells, two h1AR forms were detected with an Ab directed against the 
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receptor C-terminus (I, Fig. 1D, lanes 6 and 8), whereas only one species was 

detected by the anti-HA Ab (I, Fig. 1D, lanes 2 and 4).  

When the solubilized receptors were immunoprecipitated with either anti-c-

Myc or anti-FLAG M2 Ab and subjected to WB with anti-c-Myc Ab, only the 

full-length h1AR forms were detected. The Mr 69,000 species was detected after 

both purifications (I, Fig. 2A, lanes 2 and 4), and additionally a faint Mr 54,100 

species became visible (I, Fig. 2A, lanes 2 and 4). This species was sensitive to 

Endo H (I, Fig. 2B, lane 2), and represented the h1AR precursor carrying one 

high-mannose-type N-linked glycan at Asn15. The Mr 69,000 form was sensitive 

only to PNGase F (I, Fig. 2B, lane 4), i.e. which suggests it represents mature 

1AR carrying one processed hybrid or complex type N-glycan. 

When the cells were surface-labeled with biotin and the solubilized receptors 

were subjected to WB with anti-c-Myc Ab after purification with anti-c-Myc Ab 

resin or immobilized streptavidin, only the Mr 69,000 form was detected (I, Fig. 

2C, lane 2), confirming that it represents the mature h1AR located at the cell 

surface. 

5.1.2 Maturation of h1AR 

Because the relative amount of h1AR precursors was insignificant, it was 

assumed that h1AR displays fast maturation kinetics, in contrast with hδOR 

(Petäjä-Repo et al. 2000, Leskelä et al. 2009) and rLHR (Pietilä et al. 2005). 

Indeed, using the metabolic pulse-chase labeling technique following anti-c-Myc 

Ab immunoprecipitation, h1AR was found to mature efficiently and display fast 

maturation kinetics (I, Fig. 3A). The h1AR precursor that was dominant after the 

pulse had a half-life of 23 min and disappeared already after a 60 min chase (I, 

Fig. 3C). In proportion, the mature h1AR was detected already after the pulse 

and its maturation half-time was 26 min (I, Fig. 3C). 

To view the appearance of the two cleaved h1AR fragments, the 

metabolically labeled samples were subjected to immunoprecipitation with anti-

FLAG M2 Ab (I, Fig. 3B; II, Fig. 4A, lanes 16). Both fragments became visible 

after 60 min chase, i.e. when the h1AR precursors had disappeared (I, Fig. 3A) 

suggesting that only mature h1AR is prone to N-terminal cleavage. To verify this 

assumption, the anti-FLAG M2 immunoprecipitated samples were digested with 

Endo H. The larger fragment appeared after 15 min chase (I, Fig. 3D, lanes 34) 

and became the predominant form after 60 min, remaining stable thereafter (I, Fig. 

3D, lanes 912). 
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5.1.3 O-glycosylation of h1AR 

As there was a significant size difference between the precursor and mature 

h1AR in spite of the removal of N-linked glycans, and because the N-terminus of 

the receptor contains several Ser and Thr residues (I, Fig. 4), it was assumed that 

h1AR might be O-glycosylated. h1AR was indeed shown to carry several 

mucin-type O-linked oligosaccharides. This was demonstrated by first inhibiting 

receptor N-glycosylation with tunicamycin and then subjecting the non-N-

glycosylated receptors to digestion with O-glycosidase and neuraminidase. 

First, it was confirmed that the tunicamycin treatment was sufficient to result 

in a receptor devoid of N-glycan at Asn15. A pulse-chase labeling and anti-c-Myc 

Ab immunoprecipitation revealed that a Mr 51,000 receptor species was 

converted during a 120 min chase to a Mr 67,000 species (I, Fig. 5A) in 

tunicamycin-treated cells. The Mr 51,000 species was Endo H resistant and it co-

migrated with Endo H digested precursors from the non-treated control cells (I, 

Fig. 5C, lanes 4 and 2, respectively). These findings confirmed that h1AR must 

acquire other modifications, in addition to N-glycosylation, after ER exit. When 

chase samples from tunicamycin-treated cells were subjected to anti-FLAG M2 

immunoprecipitation, a Mr 54,000 fragment became visible (I, Fig. 5B, lane 2), 

indicating that N-glycosylation does not affect h1AR cleavage. 

After tunicamycin treatment, chase samples were treated with neuraminidase 

and O-glycosidase. Both enzymes clearly reduced receptor size (I, Fig. 5D, lanes 

3 and 4), indicating that h1AR has sialylated O-glycans. Based on the specificity 

of O-glycosidase (Umemoto et al. 1977), it can be concluded that O-glycans of 

h1AR are mucin-type, and that they consist of the disaccharide 

GalNAcgalactose (Gal), attached to Ser or Thr. The predicted O-glycosylation 

sites are illustrated in Fig. 13. 

5.2 N-terminal cleavage of h1AR (I, II) 

5.2.1 Cleavage sites 

As it was found that non-N-glycosylated h1AR is also cleaved (I, Fig. 5B, lane 

2), the cleavage site was determined to locate proximal to Asn15. To verify this, 

anti-FLAG M2 immunoprecipitated samples were treated with PNGase F. To 

enhance the cleavage, EDTA and 1,10-phenanthroline were omitted from the 

homogenization buffer. PNGase F concentration-dependently reduced the size of 
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the full-length species to Mr 67,000 but had no effect on the two fragments, as 

predicted (I, Fig. 6A, lanes 15). To further define the cleavage site, we treated 

the immunoprecipitates with neuraminidase and O-glycosidase, which reduced 

the size of the larger, Mr 54,000 fragment to Mr 48,000 (and the full-length Mr 

69,000 species to Mr 61,000) (I, Fig. 6A, lanes 6 and 7). Based on these finding 

the more distal cleavage site was determined to be located proximal to at least one 

of the O-glycosylated Ser or Thr residue, and the more proximal cleavage site was 

deduced to be proximal to all O-glycosylation sites (I, Fig. 4).  

By using N-terminal sequencing of anti-FLAG M2 immunoprecipitated 

samples, the more distal cleavage site was located between Arg311.05 and 

Leu321.06; and the more proximal cleavage site between Pro521.26 and Leu531.27 (I, 

Fig. 4). This finding was verified with two h1AR truncation mutants, lacking the 

N-terminal sequence up to either the more distal (Leu321.06) or the more proximal 

(Leu531.27) cleavage sites. As expected, the larger truncated form was expressed 

in two species, similar in size to the wt h1AR Mr 54,000 and 47,000 species (I, 

Fig. 6B, lane 3), whereas the smaller truncated form was expressed as a single Mr 

47,000 species (I, Fig. 6B, lane 4). The N-terminal cleavage sites of hβ1AR are 

illustrated in Fig. 13. 

We also prepared a mutant construct, in which the Arg311.05 and Leu321.06 

were replaced with His and Ala, respectively. These mutations inhibited the 

appearance of the Mr 54,000 fragment but not the Mr 47,000 fragment (I, Fig. 6C, 

lanes 3 and 6), which suggests that the cleavage at Arg311.05↓Leu321.06 is 

sequence-specific. Moreover, according to this result, the two cleavage steps do 

not occur sequentially but rather represent two independent events (Fig. 14). 

5.2.2 Regulation of the cleavage 

To investigate the possible regulation of N-terminal cleavage, a metabolic 

labeling experiment was performed in the presence of isoproterenol, which was 

added into the culture medium 45 min after the beginning of the chase. The cells 

were harvested 195 min later. A significant concentration-dependent increase in 

the proportion of the larger fragment relative to the full-length species was 

observed (I, Fig. 8A, lanes 26; 8B). Simultaneously, the total amount of h1AR 

decreased slightly (I, Fig. 8A, lanes 26; 8C). The aforementioned changes 

became visible within the first 30 min of incubation and were enhanced with time 

(I, Fig. 8D) but could be inhibited with 10 M GM6001 (which was added to the 

culture medium 15 min before isoproterenol) (I, Fig. 8A, lane 7). Dobutamine 
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also enhanced the cleavage (I, Fig. 8E), as did various other β-adrenergic ligands 

(II, Fig. 1; Fig. 2A, lanes 111). The enhanced isoproterenol-induced cleavage 

was attenuated by 10 M CGP-20712 (I, Fig. 8A, lane 8). These results suggest 

that the agonist-induced h1AR N-terminal cleavage occurs as a result of direct 

receptor activation. 

To investigate whether the cleavage is under heterologous regulation, we 

added PMA (I, Fig. 8F, lane 2) or forskolin (I, Fig. 8F, lane 4) to the culture 

medium in a pulse-chase labeling experiment. The proportion of the larger 

fragment increased after both treatments, and the PMA-mediated enhancement of 

the cleavage was attenuated by 10 M bisindolylmaleimide I (I, Fig. 8F, lane 3). 

Hence, the cleavage might also be regulated heterologously, involving PKC and 

AC activation. 

To test if the N-terminal cleavage has a role in h1AR down-regulation, we 

transiently transfected the wt h1AR and the R31H,L32A mutant into Flp-In-293 

cells. Isoproterenol-mediated long-term changes were monitored in a pulse-chase 

labeling assay (I, Fig. 9A, 9C). Following a 20 h treatment, cleavage of the wt 

h1AR was enhanced and the amount of total receptor was decreased by 26  6%. 

Cleavage of the mutant was significantly attenuated in the non-treated cells, but 

isoproterenol enhanced the cleavage (26  8% decrease in the amount of total 

receptor) as in the wt h1AR (I, Fig. 9A, 9C). Thus, agonist-induced receptor 

down-regulation does not appear to be dependent on cleavage at the 

Arg311.05Leu321.06 site. There is a possibility that the residual cleavage that takes 

place at the mutated site was sufficient to lead to similar long-term down-

regulation of the R31H,L32A mutant h1AR. However, since the amount of the 

mutant receptor was clearly higher as compared with the wt h1AR (I, Fig. 9A, 

lane 3), and because the total amount of the wt and mutant h1AR decreased by 

55% and 42% within 16 h, respectively (I, Fig. 9B, lanes 2 and 4; 9D), N-terminal 

cleavage may have a role in the general turnover of the mature h1AR.  

5.2.3 Cellular localization of the cleavage 

To identify the exact cellular location where the h1AR N-terminal cleavage 

occurs, other metabolic pulse-chase labeling experiments were performed in the 

presence of BFA, which induces disassembly of the Golgi and thus causes 

intracellular accumulation of newly synthesized proteins (Petäjä-Repo et al. 2002, 

Leskelä et al. 2007). When the samples were immunoprecipitated with anti-

FLAG M2 Ab, h1AR precursors were observed to be converted to a Mr 66,000 
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species (I, Fig. 7B; II, Fig. 4A, lanes 16). No smaller receptor forms were 

detected, in contrast to the non-treated cells (I, Fig. 3B; II, Fig. 4B, lanes 16) or 

the tunicamycin-treated cells (I, Fig. 5B, lane 2). It was demonstrated with cell 

surface biotinylation that the Mr 66,000 form was intracellular (I, Fig. 7C) and 

contained N- and O-linked glycans (I, Fig. 7D) due to the retrotranslocation of 

Golgi enzymes to the ER in BFA-treated cells (Petäjä-Repo et al. 2000). These 

findings led to the assumption that the h1AR N-terminal cleavage takes place in 
vivo after the receptors have been transported through the trans-Golgi network to 

the plasma membrane. 

The location of N-terminal cleavage was investigated further with flow 

cytometry. The receptor expression was induced for 6 h in the absence or 

presence of isoproterenol. Isoproterenol treatment led to a robust decrease in the 

anti-c-Myc Ab detectable receptors in intact cells (II, Fig. 6A, first panel). A 

similar decrease was also seen after permeabilization (II, Fig 6A, second panel). 

These results are in line with the notion that isoproterenol causes h1AR cleavage 

at the cell surface. They also indicate that the 6-h agonist treatment does not 

appear to cause detectable receptor down-regulation. In contrast, there was no 

decrease in the number of receptors detected with anti-FLAG M2 Ab after 

permeabilization, which indicates that the treatment does not cause receptor 

down-regulation (II, Fig. 6A, third panel). 

To exclude the possibility that the evident decrease in the cell surface 

receptors was due to the disappearance of the Myc epitope from the cell surface 

after agonist-mediated receptor endocytosis, we used the Myc and Flag tagged 

hδOR expressing HEK293i cells as a control (Leskelä et al. 2009). hδOR is 

known to be internalized after opioid agonist treatment (von Zastrow et al. 2003). 

There was a dramatic decrease in the anti-c-Myc Ab-detected receptors in the 

intact cells that were treated with the opioid receptor agonist Leu-enkephalin for 

30 min (II, Fig. 6B, first panel) However, there were no notable differences 

between the corresponding control and ligand-treated cells after permeabilization 

with 0.5% saponin, either when anti-c-Myc or anti-FLAG M2 Ab was used (II, 

Fig. 6B, second and third panels, respectively). The small decrease in the number 

of anti-c-Myc Ab-detected hδORs in the ligand-treated cells can be explained by a 

partial agonist-mediated receptor proteolytic degradation that takes place after 

endocytosis (Henry et al. 2011). Thus, it was confirmed that the endocytosed 

receptors in endosomal vesicles can be detected by flow cytometry. These results 

indicate that the N-terminal cleavage of hβ1AR occurs at the cell surface, and that 
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the decrease in the number of cell surface hβ1ARs in the ligand-treated cells 

indeed represents N-terminal cleavage rather than receptor endocytosis. 

Other -adrenergic ligands, namely S-propranolol, bisoprolol and CGP-12177, 

also induced N-terminal cleavage at the cell surface, which was detected with 

flow cytometry (II, Fig. 6C). The effect of S-propranolol, CGP-12177, pindolol 

and timolol on the N-terminal cleavage was observed also with WB and anti-

FLAG M2 Ab detection (II, Fig. 2A, 2C, Fig. 3). These ligands have previously 

been shown to provide agonistic activity towards β1AR on AC or MAPK 

signaling routes (Lattion et al. 1999, Baker et al. 2003, Galandrin & Bouvier 

2006). Thus, they may induce receptor cleavage in a manner similar to the 

classical agonist isoproterenol. 

Fig. 13. Snake diagram of the h1AR construct used in the thesis, showing the N-

terminal influenza hemagglutinin (HA) signal peptide and Myc epitope tag (the small 

black arrow indicates the removal site of the signal peptide), and C-terminal Flag 

epitope tag, as well as the two linker aas between the receptor and each tag 

(hexagonals). Modifications that we detected in the receptor N-terminus are shown: 

the N-linked oligosaccharide at Asn15, sialylated O-linked oligosaccharides (locations 

predicted with the NetOGlyc 3.1 server; Julenius et al. 2005) and the two N-terminal 

cleavage sites (black arrows). Otherwise the figure is identical to Fig. 10. Other 

modifications, the distinct circles and diamonds in the oligosaccharides and 

highlighted aa residues are described in Fig. 5. aa abbreviations are described in Figs. 

5, 9 and 10. 
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5.3 Up-regulation of h1AR with -adrenergic ligands (II) 

Because it was known from previous studies that several β-adrenergic ligands are 

able to up-regulate the β1AR expression level (Aarons & Molinoff 1982, Michel 

et al. 1988, Horinouchi et al. 2007), we tested whether the up-regulation is 

apparent in our expression system. A subset of β-adrenergic ligands was tested. 

The selected drugs have previously been reported to differ in their 

pharmacological properties (Lattion et al. 1999, Baker et al. 2003, Joseph et al. 
2003, Galandrin & Bouvier 2006, Kaumann & Molenaar 2008) and a few of them 

are also used clinically. The cells were induced for hβ1AR expression in the 

absence or presence of the ligands at a saturating concentration (10 μM). Crude 

cellular lysates were then prepared and receptors were analyzed by WB. The 

ligands were shown to differ in their ability to up-regulate the full-length hβ1AR 

and the two fragments: the total amount of these species was enhanced 

significantly by S-propranolol, metoprolol, pindolol, timolol and CGP-12177 (II, 

Fig. 1, Fig 2A, lanes 111; 2B). Similar effects on the amount of hβ1AR precursor 

were detected with anti-c-Myc 9E10 Ab (II, Fig. 1, Fig 2A, lanes 1222). These 

ligands, excluding metoprolol, also significantly increased the relative proportion 

of the larger fragment compared with the full-length hβ1AR (II, Fig. 2C). 

Naltrexone, an opioid receptor antagonist, showed no effect, which suggests that 

the effects were dependent on ligand binding, an assumption which was further 

supported by the observation that the less active enantiomer of S-propranolol, R-

propranolol, was unable to cause any effect. Moreover, the effects were 

concentration-dependent (II, Fig. 3). 

From these results it could be determined that long-term treatment of cells 

with the aforementioned β-adrenergic ligands increased the total receptor number 

and up-regulated the hβ1AR precursors. However, S-propranolol, pindolol, 

timolol and CGP-12177 also decreased the amount of the full-length β1AR by 

increasing the relative proportion of the two N-terminally cleaved fragments (see 

chapter 5.2.2.). The ligands that up-regulated hβ1AR (or enhanced its N-terminal 

cleavage) differ in their signaling activity. However, the ligands that showed the 

most up-regulatory activity display agonistic activity on β1AR, either towards the 

AC or MAPK signaling pathway (Table 6). One putative explanation behind the 

strong up-regulatory effect of agonistic ligands could be the differences between 

the conformational changes evoked by agonists versus antagonists, it is possible 

that the active conformation of hβ1AR is more stable than the inactive hβ1AR 

conformation. 
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5.3.1 In vitro stabilization effect of the tested ligands (II) 

The up-regulation of hβ1AR precursors and mature receptors by the 

aforementioned β-adrenergic ligands suggests that they perhaps function 

intracellularly as pharmacological chaperones and thus stabilize newly 

synthesized receptors in a manner similar to that previously demonstrated for a 

few other wt GPCRs (Petäjä-Repo et al. 2002, Van Craenenbroeck et al. 2005, 

Chen et al. 2006b, Leskelä et al. 2007, Clark et al. 2010). To explore this 

possibility further, metabolic pulse-chase labeling assays were carried out as 

described in chapter 2.1.2., except that the chase was performed in the presence of 

CGP-12177. This treatment led to an increase in both the precursor and mature 

hβ1AR (II, Fig. 4A), which suggests a stabilization effect. The intensity of the 

receptor fragments also increased at the longer chase times (II, Fig. 4A, lanes 

1112). Yet, the maturation was not enhanced, and in peculiar, the intensity of the 

labeled precursors in the pulse samples was less than that in the ligand-treated 

chase samples (II, Fig. 4A, lane 7 vs. lane 8). 

To further study the ligand-mediated stabilization of hβ1AR precursors, and to 

rule out the ligand-induced N-terminal cleavage of the mature hβ1AR, pulse-chase 

labeling assays in the presence of BFA were performed. The addition of CGP-

12177 into the chase medium stabilized the hβ1AR precursors (II, Fig. 4B). As in 

the non-BFA-treated cells, the intensity of the labeled precursors was higher in 

the chase samples compared with the pulse samples (II, Fig. 4B, lane 7 vs. lane 8). 

Moreover, the intensity of the labeled precursors was similar among samples in 

which the ligand was added at different time points into the chase medium and the 

cells were then harvested 2 h after the beginning of the chase (II, Fig. 4C). These 

findings suggest that the ligand stabilizes the labeled hβ1AR during the membrane 

preparation/solubilization/immunoprecipitation steps. To verify this, the ligand 

was added into the ice-cold harvesting buffer of the pulse sample, after which the 

cells were incubated on ice for 30 min before ligand removal. Indeed, the 

intensity of precursors was nearly identical whether the ligand was added to the 

chase medium (15 min chase) or to the harvesting buffer of the pulse sample (II, 

Fig. 4D), i.e. CGP-12177 is able to stabilize the receptor in vitro. Dissociation of 

the ligand from hβ1AR seems to be so slow that it remains bound during 

harvesting and subsequent treatments. This property was also seen when S-

propranolol was added to the harvesting buffer (II, Fig. 4E). It was concluded that 

hβ1AR, like tβ1AR (Serrano-Vega et al. 2008), was very unstable in vitro. 
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5.3.2 In vivo stabilization effect of the tested ligands (II) 

To determine whether hβ1AR up-regulation was entirely due to in vitro 

stabilization, an alternative approach was applied. This included flow cytometry 

of intact cells, thus no in vitro receptor isolation was needed. To exclude N-

terminal cleavage of the full-length mature hβ1AR, expression was induced in the 

presence of BFA for 6 h and in the absence or presence of R-propranolol, S-

propranolol, metoprolol, bisoprolol, CGP-12177 or isoproterenol. After saponin-

mediated membrane permeabilization, the intracellular hβ1ARs were labeled with 

anti-FLAG M2 or anti-c-Myc 9E10 Ab and PE-conjugated secondary Ab, then the 

fixed cells were analyzed. Both Abs detected hβ1AR in the permeabilized cells (II, 

Fig. 5B), which indicates that the plasma membrane and the ER membrane were 

permeabilized, enabling Ab access to intracellular receptors. S-propranolol 

significantly up-regulated hβ1AR in the permeabilized cells, which was detected 

by both anti-FLAG M2 or anti-c-Myc 9E10 Abs (II, Fig. 5B, 5C). A significant 

increase was detected also with metoprolol, CGP-12177 and isoproterenol. The 

results indicate that β-adrenergic ligands also up-regulate the hβ1AR precursors in 
vivo, which suggests that part of the effects seen by WB and metabolic labeling is 

due to in vivo receptor stabilization, possibly via a pharmacological chaperone 

function of the ligands. 

5.3.3 Binding properties of the tested β-adrenergic ligands (II) 

Table 10 shows the calculated affinity constants (Ki) of the tested ligands that 

were obtained from competition binding experiments. The values are comparable 

with those obtained in previous studies. Binding properties were determined after 

6 h induction. [3H]-dihydroalprenolol was used as the radioligand and its 

equilibrium dissociation constant (Kd), estimated from saturation binding 

experiments, was 1.0  0.1 nM. hβ1AR density (Bmax) was 6.0  0.4 pmol/mg of 

membrane protein (n = 4). The competition binding curves for R- and 

S-propranolol, metoprolol, bisoprolol, timolol and isoproterenol were best fitted 

with a one-site binding model, whereas a two-site binding model was used for 

CGP-12177. For CGP-12177, the apparent high and low-affinity Ki values were 

0.28  0.03 nM and 91.2  9.6 nM, respectively. The percentage of high-affinity 

binding sites for CGP-12177 was 77  1%. Data were analyzed by GraphPad 

Prism 4 software and the results of the one-site binding model are presented as 

means  SE of 34 independent experiments, performed in quadruplicates. 



 93

The binding properties of the tested ligands suggest that a high binding 

affinity is necessary, yet not sufficient, for the ligand to cause up-regulation or 

N-terminal cleavage of hβ1AR. 

Table 10. Affinities (Ki values, nM) of the ligands used in the thesis. The first column 

represents the results obtained (II), whereas the columns 17 refer to previous studies. 

Ligand II 1) 2) 3) 4) 5) 6) 7) 

R-/S-propranolol n.d. 1.2/2.8 6.3 6.03 3.6 n.d. n.d. n.d. 

S-propranolol 0.30  0.10 n.d. n.d. 3.39 n.d. 1.8 n.d. n.d. 

R-propranolol 152.50  43.06 n.d. n.d. 437 n.d. n.d. n.d. n.d. 

isoproterenol 47.79  4.17 n.d. n.d. 282 n.d. 224 5.37 n.d. 

CGP-20712 n.d. 2.1/1.6 1.5 20.4 n.d. 4.7 1.5 n.d. 

pindolol 0.72  0.19 1.0/1.4 3.4 n.d. n.d. 2.6 n.d. 2.7 

metoprolol 22.00  6.02 n.d. n.d. 182 204 47.0 55.0 n.d. 

bisoprolol 4.00  0.76 n.d. n.d. n.d. 25 22.4 14.8 n.d. 

timolol 0.55  0.06 n.d. n.d. 6.46 n.d. n.d. 5.37 n.d. 

CGP-12177 see text n.d. 0.9 n.d. n.d. 4.5 0.62 n.d. 

1) Pauwels et al. (1988); 2) Blin et al. (1993); 3) Lattion et al. (1999); 4) Smith & Teitler (1999); 

5) Hoffmann et al. (2004); 6) Baker (2005a); 7) Baker (2010); n.d., not determined 

5.4 The 1AR C-terminal Arg389Gly8.56 polymorphism among AMI 
survivors (III) 

5.4.1 Characteristics of the study population 

The study group consisted of 452 AMI survivors from Northern Finland 

[(MRFAT study carried out at the Institute of Clinical Medicine, Department of 

Internal Medicine, Division of Cardiology, University of Oulu (Tapanainen et al. 
2001)]. When the clinical and biochemical characteristics of the study population 

were analyzed separately for euglycemic and diabetic patients, many differences 

were found between the groups in addition to the history of DM and fasting 

glucose, as predicted. The diabetic group contained significantly more women, 

and logically, the mean age as well as BMI and fasting triglycerides were higher 

when compared with the euglycemic group. Furthermore, among diabetic patients, 

the prevalence of CHF was significantly greater, and therefore the usage of 

diuretics and digoxin, and partly ACE inhibitors or sartans, was more frequent 

than among the euglycemics (III, Table 1). 



 94

5.4.2 Echocardiographic parameters of the study population 

As was expected from the association studies concerning DM and LVH, LVMI, 

and also LVPWd values were significantly higher among patients with DM as 

compared to those of the euglycemic patients (III, Table 2). Power calculations 

revealed that the power to detect differences between the groups was as high as 

100% for both LVMI and LVPWd. 

5.4.3 β1AR Arg389Gly8.56 polymorphism and echocardiographic 
parameters 

In the whole study group, the Arg3898.56 homozygotes were found to have 

significantly increased mean LVMI values when compared to those carrying 

either one or two Gly3898.56 alleles (p = 0.023). In particular, the Arg3898.56 

homozygotes displayed higher IVSd values when compared to the Gly3898.56 

carriers (p = 0.004) (III, Table 3). Power calculations indicated that the power to 

detect differences in LVMI between the Arg3898.56 homozygotes and the 

Gly3898.56 carriers was 67% in the study sample. Moreover, power calculations 

showed that the required sample size for the achievement of power equal to 80% 

would be 580 subjects. For IVSd, the power was calculated to be higher, 90%. 

When the euglycemic and diabetic groups were analyzed separately for the 

Arg3898.56 polymorphism and echocardiograph variables, the Arg3898.56 

homozygotes displayed significantly increased LVMI values compared to the 

Gly3898.56 carriers (p = 0.028) in the euglycemic group, which was similar to the 

values found in the whole study population analysis. Again, particularly the IVSd 

values were higher among the Arg3898.56 homozygotes compared to the 

Gly3898.56 carriers (p = 0.001) (III, Table 4). The calculated powers were 62% for 

LVMI (required sample size for the achievement of 80% power would be again 

580 subjects) and as high as 100% for IVSd. However, there was no difference in 

the LVMI and IVSd values between the diabetic Arg3898.56 homozygotes and 

Gly3898.56 carriers (III, Table 5). 
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6 Discussion 

6.1 N-terminal cleavage of h1AR (I, II) 

With WB, metabolic labeling and flow cytometry, it was shown that the mature 

h1AR is subject to N-terminal cleavage at the plasma membrane both 

constitutively in vitro at Arg311.05↓Leu321.06 and Pro521.26↓Leu531.27, and in a 

regulated manner in vivo at Arg311.05↓Leu321.06. The regulated in vivo cleavage 

was enhanced by ligand treatments as well as by stimulation of downstream 

components of the AC signaling pathway. Moreover, if the cleavage was inhibited 

by mutation of the Arg311.05↓Leu321.06 site, the mature receptor was stabilized. 

Hence, N-terminal cleavage, which was previously considered to be an artifact 

that occurred during sample preparation, seems to have a functional role. 

Cleavage was shown to be mediated by a metalloproteinase from the MMP or the 

ADAM family and it resulted in the formation of two membrane-bound, N-

terminally truncated fragments of h1AR.  

There are no previous reports regarding the regulated in vivo N-terminal 

cleavage, although the cleavage itself is not a novel finding: as mentioned in 

chapter 2.2.2., it has been reported for various mammalian 1AR species (as a 

presumed in vitro phenomenon). However, several of our findings support the 

notion of regulated receptor cleavage. First, only the mature receptor was prone to 

cleavage, which took place only after the receptor had reached the cell surface. 

Secondly, the cleavage was attenuated by the addition of the metalloproteinase 

inhibitors GM6001 and TAPI-1 to the culture medium. Thirdly, the cleavage was 

potentiated by receptor activation, either by ligand-mediated stimulation or 

stimulation of PKC and AC. Ligand-mediated cleavage was, at least in the case of 

the full agonist isoproterenol, concentration- and time-dependent and it was 

inhibited by the β1AR specific neutral antagonist CGP-20712. A few -adrenergic 

antagonists, a majority of which have in fact been reported to induce receptor 

activation (Lattion et al. 1999, Baker et al. 2003, Galandrin & Bouvier 2006), 

were also shown to mediate the N-terminal cleavage. 

As described in chapter 2.1.5., there are a few examples of GPCRs that are 

cleaved at the cell surface. Additionally, in the case of ETBR, TSHR and V2R, the 

cleavage appears to be activated by agonist binding (Kojro & Fahrenholz 1995, 

Couet et al. 1996, Grantcharova et al. 2002, Kaczur et al. 2007, Klenk et al. 
2010). Regulated cleavage of GPCRs may in reality represent a more common 
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property than has previously been postulated. In the case of h1AR, N-terminal 

cleavage may provide a means of altering h1AR density at the cell surface and it 

may thus regulate the ligand-mediated responses. As already mentioned in chapter 

2.1.1., several studies have reported the resistance of h1AR to agonist-mediated 

desensitization (Rousseau et al. 1996), endocytosis (Suzuki et al. 1992, Green & 

Liggett 1994, McLean & Milligan 2000, Shiina et al. 2000, Xiang et al. 2002, 

Liang et al. 2004) and down-regulation (Suzuki et al. 1992, McLean & Milligan 

2000, Dunigan et al. 2002, Liang et al. 2003) when it is compared with h2AR. 

Endocytosis and targeting to lysosomal degradation is probably the principal 

manner of cell surface GPCR disposal (Hanyaloglu & von Zastrow 2008). 

However, it has been suggested for h2AR that receptor down-regulation might 

also occur without endocytosis via receptor degradation that takes place at the cell 

surface (Jockers et al. 1999). In the case of h1AR, the aforementioned peculiar 

features of receptor resistance towards desensitization, endocytosis and down-

regulation suggest that the N-terminal cleavage of h1AR may indeed have a 

significant role in attenuating signal transduction. This hypothesis is supported by 

the observation that the mature receptor is stabilized after the Arg311.05↓Leu321.06 

cleavage site is mutated. Hence, limited proteolysis may play a role in the 

turnover of h1AR located at the cell surface: removal of the N-terminus of the 

h1AR may be an initiator of receptor degradation.  

As explained in chapter 2.2.2., the h1AR ligand-binding pocket is embedded 

within the receptor helical bundle and involves 15 aa residues in transmembrane 

helices 3, 5, 6 and 7, and in the 2nd extracellular loop (Warne et al. 2008, Warne et 
al. 2011). As the receptor N-terminus and the ligand-binding pocket are separated, 

it is not obvious why agonist binding and receptor activation should lead to 

enhanced cleavage of the receptor in the N-terminal domain. Recent structural 

studies with GPCRs have indicated that agonist binding induces the helices 5 and 

6 to move apart (Sprang 2011). This may further induce a reflectional change in 

the N-terminal conformation, which may in turn increase the susceptibility of the 

N-terminal domain to cleavage. Previous findings on metalloproteinases support 

this hypothesis: it is known that metalloproteinase-mediated cleavage is 

dependent on the conformation rather than the primary structure of the substrate 

protein (Huovila et al. 2005). It has been shown that activation-induced alterations 

in receptor conformation occur in the N-terminus of many GPCRs belonging to 

the Rhodopsin family (Gupta et al. 2007, Gupta et al. 2008); a finding which also 

supports the aforementioned assumption. An N-terminally directed anti-δOR Ab 

was found to recognize post-activation-mediated changes in the C-terminus of 
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δOR, and this feature was impaired when the phosphorylation sites at the δOR C-

terminus were mutated (Gupta et al. 2008). Considering the present work with 

h1AR, it can be hypothesized that if changes in h1AR phosphorylation have an 

effect on the N-terminus, the increase in receptor N-terminal cleavage caused by 

activation of the downstream signaling pathway components could be mediated 

by a mechanism similar to that of agonist-induced cleavage. Alternatively, it can 

be hypothesized that the enhanced cleavage results from an increase in the 

functional activity of the metalloproteinase responsible, which could be mediated 

via enzyme phosphorylation by a kinase that is activated by the second 

messengers. For example, ERK is known to phosphorylate ADAM-17 at Thr735 

after PMA treatment (Díaz-Rodríguez et al. 2002). This modification is a key step 

and obligatory in inducible maturation and trafficking of the ADAM-17 to the cell 

surface (Soond et al. 2005). However, these mechanisms that may regulate h1AR 

N-terminal cleavage are highly speculative, and future studies are necessary. 

6.2 Maturation of h1AR in a heterologous expression system (I, II) 

By using a heterologous expression system (HEK293i cells with inducible 1AR 

expression), it was demonstrated that h1AR has two full-length forms: the 

mature receptor that is located at the cell surface, and the ER-localized receptor 

precursor, the proportion of which is remarkably minor when compared to the 

mature receptor species. This primary finding led us to suspect that maturation of 

h1AR is efficient, in contrast with rLHR and hδOR  two receptor species that 

have been studied in our laboratory and that have been characterized to display 

poor maturation efficiency (Petäjä-Repo et al. 2000, Pietilä et al. 2005, Leskelä et 
al. 2009). This postulation was confirmed with metabolic pulse-chase labeling, 

which showed that h1AR maturation is both efficient and rapid. Regardless, -

adrenergic ligands were able to stabilize the intracellular receptor precursor 

suggesting that they may act as pharmacological chaperones. Other expression 

systems were not used in the present study and it remains to be characterized in 

future studies whether the maturation pattern is similar in e.g. cardiomyocytes, 

which would physiologically provide a better background for 1AR expression. 

6.3 O-glycosylation of h1AR (I) 

With enzymatic deglycosylation experiments, it was demonstrated that in addition 

to one N-linked oligosaccharide at the N-terminus (Asn15), the mature h1AR 
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carries several O-linked glycans. This finding was expected on the basis of the 

considerable molecular weight difference between the precursor and mature 

receptor forms after removal of the single N-linked glycan. On the other hand, the 

receptor N-terminus contains numerous Ser and Thr residues (Figs. 9 and 13), and 

many of them were predicted to be O-glycosylated when the N-terminus was 

analyzed with the NetOGlyc 3.1 server (Julenius et al. 2005). The predicted 

O-glycosylation sites are Thr281.02, Ser371.11, Ser411.15, Ser471.21, and Ser491.23, 

and all of these residues are conserved among mammalian β1ARs (I, Fig. 4). 

Mature h1AR was sensitive to both neuraminidase and O-glycosidase, and when 

taking into account the specificity of O-glycosidase (Umemoto et al. 1977), it can 

be deduced that O-glycans of h1AR are of the mucin-type, and that they consist 

of the disaccharide GalNAcGal, which is sialylated.  

The overall functional significance of O-glycosylation is not known. In 

addition to h1AR, only a few GPCRs in the rhodopsin family are known to carry 

O-linked glycans, as mentioned in chapter 2.1.4. In the case of hCCR5, O-

glycosylation contributes to high affinity binding of chemokines by providing an 

array of negative charges that facilitate electrostatic interactions (Bannert et al. 
2001). On the other hand, studies with V2R have detected no consequences either 

in the level of receptor expression or in its function after mutating the putatively 

O-glycosylated Ser/Thr residues (Sadeghi & Birnbaumer 1999). On the basis of the 

present study with h1AR, no conclusions can be drawn regarding the functional 

role of O-glycosylation, and further studies are necessary. One hypothesis worth 

investigating is that the extensive O-glycosylation might modulate the 

susceptibility of the h1AR N-terminal domain to metalloproteinase-mediated 

cleavage, possibly by restricting the conformational flexibility of the N-terminus 

or by introducing negative charges. O-glycans of several other proteins located at 

the cell surface have been shown to protect the protein from excessive proteolytic 

cleavage [e.g. (Rutledge et al. 1994)]. The clustered Ser residues in the N-

terminus of h1AR (Ser371.11, Ser411.15, Ser471.21, and Ser491.23) are flanked by 

the two proteolytic cleavage sites described in the previous chapter 

(Arg311.05↓Leu321.06 and Pro521.26↓Leu531.27). This finding is indicative of a 

putatively protective role of the O-glycans. 

Since Ser491.23 is very likely to carry an O-linked oligosaccharide (Figs. 9 

and 13), the N-terminal h1AR variants Ser491.23 and Gly491.23 have presumably a 

different O-glycosylation pattern. Whether this polymorphism and the suspected 

difference in O-glycan modifications have some impact on h1AR regulation, has 

not yet been suggested or investigated, but some preliminary experiments 
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concerning this issue have been made in our laboratory. No conclusions, however, 

can be drawn yet. 

Fig. 14. N-terminal cleavage of hβ1AR. The cleavage sites are at R31↓L32 and P52↓L53, 

and at least the former occurs in vivo and is regulated (left panel). By using a mutant 

construct, in which the R31 and L32 site were replaced with H and A, respectively, it 

was shown that the two cleavage steps do not occur sequentially but represent two 

independent events: cleavage was attenuated at R31↓L32 but not at P52↓L53. It is not 

known whether the larger N-terminal fragment, cleaved at P52↓L53 (right panel), is 

further cleaved at R31↓L32. The cleaved fragments could not be purified from the 

culture medium. aa abbreviations are described in Figs. 5, 9 and 10. 

6.4 Ligand-mediated stabilization of h1AR (II) 

As it is mentioned in chapter 2.2.4., long-term treatment with β-blockers causes 

up-regulation of β1AR (Aarons & Molinoff 1982, Michel et al. 1988, Horinouchi 

et al. 2007). Therefore, we tested whether some ligands could act as 

pharmacological chaperones on hβ1AR and whether the up-regulation could be 

explained by enhanced receptor maturation  in spite of the fact that hβ1AR 

maturation is efficient, at least in HEK293i cells (see previous chapter). Indeed, it 

was found that some antagonists that induce agonistic responses (Lattion et al. 
1999, Baker et al. 2003, Galandrin & Bouvier 2006), stabilized the ER-retained 

receptor. Thus, pharmacological chaperoning is probably one mechanism behind 

the ligand-induced up-regulation of β1AR. Moreover, it was interesting that the 

same ligands that were able to stabilize intracellular hβ1ARs cause a somewhat of 

“reverse” effect at the cell surface  they enhanced the N-terminal cleavage. 
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Because of this “side effect” and technical limitations, the detected increases of 

the total hβ1AR population did not achieve statistical significance for most of the 

ligands tested. S-propranolol was the only ligand that significantly up-regulated 

the total hβ1AR level. However, there was a clear trend towards up-regulation 

among the other ligands as well. It can be hypothesized that receptor density after 

ligand treatment also increases at the cell surface, but a notable proportion 

consists of N-terminally cleaved species. 

As explained in chapter 2.1.2. (subchapter Pharmacological chaperones of 
GPCRs), pharmacological chaperoning activity has been shown not only for 

mutant GPCRs but also for an increasing number of wt receptors [e.g. (Petäjä-

Repo et al. 2002, Van Craenenbroeck et al. 2005, Chen et al. 2006b, Leskelä et al. 
2007, Clark et al. 2010)]. The characteristic feature of all these receptors has been 

inefficient folding and maturation. The results from h1AR also provide evidence 

that GPCRs that have no folding difficulties can be stabilized early in the 

secretory pathway. Additionally, ligand-mediated stabilization may be one 

contributing factor behind the resistance of 1AR towards agonist-induced down-

regulation (Suzuki et al. 1992, Dunigan et al. 2002, Liang et al. 2003). 

Quite recently, it was shown that dimerization of homodimerization-

compromized, ER-retained hβ1AR mutants can be rescued with the -adrenergic 

antagonists carvediolol, alprenolol, propranolol, labetalol and metoprolol 

(Kobayashi et al. 2009). There is a possibility that pharmacological chaperoning 

also facilitates dimerization of the wt h1AR. Interestingly, another study, in 

which the ligand-mediated up-regulation of the human nicotinic acetylcholine 

receptor was assessed, reported that agonists were more potent pharmacological 

chaperones compared with antagonists for this receptor, which consists of five 

subunits. It was suggested that the subunits with activated or desensitized 

conformations can assemble more efficiently (Kuryatov et al. 2005). Future 

studies with h1AR will reveal whether this kind of highly hypothetical 

intensified assembly is the mechanism behind the ligand-induced up-regulation. 

Still, the active conformation of h1AR stabilized by the agonists may be more 

stable when compared with the antagonist-stabilized inactive conformation. The 

recent structural studies with t1AR uncovered clear differences in agonist- and 

antagonist-bound structures. For example, full and partial 1AR agonists, but not 

antagonists, induced a contraction of the ligand-binding pocket (Warne et al. 2008, 

Warne et al. 2011). Furthermore, full agonists were able to interact with an 

additional Ser in the sixth transmembrane helix, which was suggested to weaken 

the interaction between helices four and five (Warne et al. 2011). Additionally, 
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there are ligand-dependent differences in the existence of the ionic lock that 

connects the cytoplasmic ends of helices three and six (Moukhametzianov et al. 
2011).  

Some -adrenergic ligands were also observed to stabilize h1AR in vitro. 

Thus, h1AR appears to be very unstable, similar to t1AR, which has been 

shown to be stabilized by receptor-specific ligands that increase receptor thermal 

stability (Serrano-Vega et al. 2008). It has been suggested that the constitutive 

activity of the GPCRs is the primary cause for instability (Milligan & Bond 1997), 

which may also be one of the contributing factors in the case of 1AR. However, 

h1AR displays less constitutive activity than h2AR (Engelhardt et al. 2001), and 

hence it is unlikely to be the only reason. The susceptibility of h1AR to 

constitutive N-terminal cleavage may also have a role in the case of mature cell 

surface receptors, as it was shown in the present study that the receptor carrying a 

mutated Arg31Leu32 cleavage site has a slower turnover compared with the wt 

receptor.  

6.5 Association of the h1AR Arg3898.56 variant with LVH (III) 

It was found that there is an association between the h1AR Arg3898.56 allele and 

LVH among non-diabetic AMI survivors from Northern Finland. Patients that 

were homozygous for the Arg3898.56 allele had significantly higher LVMI as 

compared to the Gly3898.56 carriers. There are four previous studies concerning 

the Arg389Gly8.56 polymorphism and the left ventricular structure. In accordance 

with the present study, a significant association between the Arg3898.56 variant 

and LVH was described in Chinese hypertensive individuals in two independent 

populations (n = 2417 and n = 327) (Fu et al. 2008). In contrast, no relationship 

between LVM and the Arg389Gly8.56 polymorphism was found in a study 

population consisting of 110 healthy Caucasian twin pairs (n = 220) (Swan et al. 
2003). In the third study, the Gly3898.56 homozygotes were observed to have 

higher LVM values when compared to the Arg3898.56 homozygotes among 249 

Caucasian patients suffering from renal failure (Stanton et al. 2002). This study 

consisted of a very specific population: each individual had a proven renal disease, 

and 37% of the patients were on renal replacement therapy, which may explain 

the result that seems physiologically counter-intuitive. In the fourth study, in 

which African American siblings suffering from HT were analyzed, no significant 

association between the Arg389Gly8.56 polymorphism and LVMI was found, but 

the Gly3898.56 allele was significantly associated with a higher mean relative 
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cardiac wall thickness compared to the Arg3898.56 form (Meyers et al. 2007). This 

association was not replicated in another study group consisting of a Hispanic 

cohort. It is important to note that the Gly3898.56 allele is more frequent in black 

populations (Moore et al. 1999, Meyers et al. 2007), which may explain the 

divergent findings. 
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7 Conclusions 

In this work, the biosynthetic profile of hβ1AR was characterized in a 

heterologous expression system. Additionally, several distinct features of receptor 

behavior, which may be relevant to its regulation, were revealed. hβ1AR was 

shown to be efficiently expressed at the plasma membrane and extensively 

glycosylated during its transport there: in addition to one N-glycan, several 

mucin-type sialylated O-glycans are added to the receptor N-terminus. In spite of 

these modifications, the receptor N-terminus appeared to be very prone to 

cleavage at two sites by a metalloproteinase of either the MMP or the ADAM 

family, resulting in the formation of two N-terminally truncated, membrane-

bound C-terminal fragments. The cleavage was found to take place constitutively, 

and importantly, also in a regulated manner: it was enhanced after ligand-

mediated receptor activation or stimulation of downstream components of the AC 

signaling pathway. Inhibition of the cleavage by mutation of the more distal 

Arg311.05↓Leu321.06 cleavage site stabilized the mature hβ1AR. These results 

suggest that the extracellular N-terminus of the hβ1AR has a distinct functional 

role in receptor regulation: the cleavage may be a way of altering the number of 

hβ1AR at the cell surface, thus regulating cellular responsiveness to ligands. 

In addition to their effect on the hβ1AR N-terminal cleavage, some β-

adrenergic ligands were found to stabilize the receptor precursors in the ER. 

Ligands that provided this dual profile, i.e. acted differently on the precursor and 

mature hβ1AR, have previously been described to have agonistic properties. 

Recent pharmacological studies have revealed the complexity of βAR signaling: 

-adrenergic ligands may have different effects on distinct downstream signaling 

pathways. Therefore, the terms “ligand-bias” and “pluridimensional efficacy” 

have been used to describe these characteristics. The present study extends this 

pluridimensionality of β-adrenergic ligands to include the means by which ligands 

are able to mediate regulation of receptor protein levels. 

The main finding from the clinical association study was the apparent 

association of Arg3898.56 homozygotes with LVH among euglycemic AMI 

survivors. This is in line with previous pharmacological studies with the 

Arg3898.56 variant, which has been shown to display increased coupling to Gαs 

and AC stimulation after agonist activation, when compared to the Gly3898.56 

receptor form. The association between the Arg3898.56 variant and LVH was 

absent in diabetic patients, most likely due to the presumably stronger association 

between diabetes and LVH. 



 104

 



 105

References 

Aarons RD & Molinoff PB (1982) Changes in the density of -adrenergic receptors in rat 
lymphocytes, heart and lung after chronic treatment with propranolol. J Pharmacol 
Exp Ther 221(2): 439–43. 

Achour L, Labbé-Jullié C, Scott MG & Marullo S (2008) An escort for GPCRs: 
implications for regulation of receptor density at the cell surface. Trends Pharmacol 
Sci 29(10): 528–35. 

Aebi M, Bernasconi R, Clerc S & Molinari M (2010) N-glycan structures: recognition and 
processing in the ER. Trends Biochem Sci 35(2): 74–82. 

Ahlquist RP (1948) A study of the adrenotropic receptors. Am J Physiol 153(3): 586–600. 
Akhter SA, D'Souza KM, Petrashevskaya NN, Mialet-Perez J & Liggett SB (2006) 

Myocardial 1-adrenergic receptor polymorphisms affect functional recovery after 
ischemic injury. Am J Physiol Heart Circ Physiol 290(4): H1427–32. 

Altenbach C, Kusnetzow AK, Ernst OP, Hofmann KP & Hubbell WL (2008) High-
resolution distance mapping in rhodopsin reveals the pattern of helix movement due to 
activation. Proc Natl Acad Sci U S A 105(21): 7439–44. 

Ambrosio M & Lohse MJ (2010) Microscopy: GPCR dimers moving closer. Nat Chem 
Biol 6(8): 570–1. 

American Diabetes Association (2009) Standards of medical care in diabetes - 2009. 
Diabetes Care 32 Suppl 1: S13–61. 

Andersson H, D'Antona AM, Kendall DA, Von Heijne G & Chin CN (2003) Membrane 
assembly of the cannabinoid receptor 1: impact of a long N-terminal tail. Mol 
Pharmacol 64(3): 570–7. 

Ando T, Latif R, Pritsker A, Moran T, Nagayama Y & Davies TF (2002) A monoclonal 
thyroid-stimulating antibody. J Clin Invest 110(11): 1667–74. 

Anfinsen CB (1973) Principles that govern the folding of protein chains. Science 181(96): 
223–30. 

Arch JR (2004) Do low-affinity states of -adrenoceptors have roles in physiology and 
medicine? Br J Pharmacol 143(5): 517–8. 

Azzi M, Charest PG, Angers S, Rousseau G, Kohout T, Bouvier M & Piñeyro G (2003) -
arrestin-mediated activation of MAPK by inverse agonists reveals distinct active 
conformations for G protein-coupled receptors. Proc Natl Acad Sci U S A 100(20): 
11406–11. 

Bagola K, Mehnert M, Jarosch E & Sommer T (2011) Protein dislocation from the ER. 
Biochim Biophys Acta 1808(3): 925–36. 

Baker JG (2005a) The selectivity of -adrenoceptor antagonists at the human 1, 2 and 3 
adrenoceptors. Br J Pharmacol 144(3): 317–22. 

Baker JG (2005b) Site of action of -ligands at the human 1-adrenoceptor. J Pharmacol 
Exp Ther 313(3): 1163–71. 

Baker JG (2010) The selectivity of -adrenoceptor agonists at human 1-, 2- and 3-
adrenoceptors. Br J Pharmacol 160(5): 1048–61. 



 106

Baker JG, Hall IP & Hill SJ (2003) Agonist actions of "-blockers" provide evidence for 
two agonist activation sites or conformations of the human 1-adrenoceptor. Mol 
Pharmacol 63(6): 1312–21. 

Baker JG, Proudman RG, Hawley NC, Fischer PM & Hill SJ (2008) Role of key 
transmembrane residues in agonist and antagonist actions at the two conformations of 
the human 1-adrenoceptor. Mol Pharmacol 74(5): 1246–60. 

Baldwin JM (1993) The probable arrangement of the helices in G protein-coupled 
receptors. EMBO J 12(4): 1693–703. 

Ballesteros JA & Weinstein H (1995) Integrated methods for the construction of three 
dimensional models and compupational probing of structure function relations in G 
protein-coupled receptors. Methods Neurosci 25: 266–428. 

Bannert N, Craig S, Farzan M, Sogah D, Santo NV, Choe H & Sodroski J (2001) 
Sialylated O-glycans and sulfated tyrosines in the NH2-terminal domain of CC 
chemokine receptor 5 contribute to high affinity binding of chemokines. J Exp Med 
194(11): 1661–73. 

Barlowe C (2003) Signals for COPII-dependent export from the ER: what's the ticket out? 
Trends Cell Biol 13(6): 295–300. 

Behrens M, Bartelt J, Reichling C, Winnig M, Kuhn C & Meyerhof W (2006) Members of 
RTP and REEP gene families influence functional bitter taste receptor expression. J 
Biol Chem 281(29): 20650–9. 

Bella JN, MacCluer JW, Roman MJ, Almasy L, North KE, Best LG, Lee ET, Fabsitz RR, 
Howard BV & Devereux RB (2004) Heritability of left ventricular dimensions and 
mass in American Indians: The Strong Heart Study. J Hypertens 22(2): 281–6. 

Bengtsson K, Melander O, Orho-Melander M, Lindblad U, Ranstam J, Råstam L & Groop 
L (2001) Polymorphism in the 1-adrenergic receptor gene and hypertension. 
Circulation 104(2): 187–90. 

Benovic JL, Pike LJ, Cerione RA, Staniszewski C, Yoshimasa T, Codina J, Caron MG & 
Lefkowitz RJ (1985) Phosphorylation of the mammalian -adrenergic receptor by 
cyclic AMP-dependent protein kinase. Regulation of the rate of receptor 
phosphorylation and dephosphorylation by agonist occupancy and effects on coupling 
of the receptor to the stimulatory guanine nucleotide regulatory protein. J Biol Chem 
260(11): 7094–101. 

Benovic JL, Stiles GL, Lefkowitz RJ & Caron MG (1983) Photoaffinity labelling of 
mammalian -adrenergic receptors: metal-dependent proteolysis explains apparent 
heterogeneity. Biochem Biophys Res Commun 110(2): 504–11. 

Bermak JC, Li M, Bullock C & Zhou QY (2001) Regulation of transport of the dopamine 
D1 receptor by a new membrane-associated ER protein. Nat Cell Biol 3(5): 492–8. 

Bernales S, Papa FR & Walter P (2006) Intracellular signaling by the unfolded protein 
response. Annu Rev Cell Dev Biol 22: 487–508. 

Bernier V, Morello JP, Zarruk A, Debrand N, Salahpour A, Lonergan M, Arthus MF, 
Laperrière A, Brouard R, Bouvier M & Bichet DG (2006) Pharmacologic chaperones 
as a potential treatment for X-linked nephrogenic diabetes insipidus. J Am Soc 
Nephrol 17(1): 232–43. 



 107

Berthelsen S & Pettinger WA (1977) A functional basis for classification of -adrenergic 
receptors. Life Sci 21(5): 595–606. 

The Beta-Blocker Evaluation of Survival Trial Investigators (2001) A trial of the -blocker 
bucindolol in patients with advanced chronic heart failure. N Engl J Med 344(22): 
1659–67. 

Biolo A, Clausell N, Santos KG, Salvaro R, Ashton-Prolla P, Borges A & Rohde LE (2008) 
Impact of 1-adrenergic receptor polymorphisms on susceptibility to heart failure, 
arrhythmogenesis, prognosis, and response to -blocker therapy. Am J Cardiol 102(6): 
726–32. 

Bjarnadottír TK, Fredriksson R, Höglund PJ, Gloriam DE, Lagerström MC & Schiöth HB 
(2004) The human and mouse repertoire of the adhesion family of G-protein-coupled 
receptors. Genomics 84(1): 23–33. 

Blin N, Camoin L, Maigret B & Strosberg AD (1993) Structural and conformational 
features determining selective signal transduction in the 3-adrenergic receptor. Mol 
Pharmacol 44(6): 1094–104. 

Bockaert J & Pin JP (1999) Molecular tinkering of G protein-coupled receptors: an 
evolutionary success. EMBO J 18(7): 1723–9. 

Boire A, Covic L, Agarwal A, Jacques S, Sherifi S & Kuliopulos A (2005) PAR1 is a 
matrix metalloprotease-1 receptor that promotes invasion and tumorigenesis of breast 
cancer cells. Cell 120(3): 303–13. 

Bokoch MP, Zou Y, Rasmussen SG, Liu CW, Nygaard R, Rosenbaum DM, Fung JJ, Choi 
H-J, Thian FS, Kobilka TS, Puglisi JD, Weis WI, Pardo L, Prosser RS, Mueller L & 
Kobilka BK (2010) Ligand-specific regulation of the extracellular surface of a G-
protein-coupled receptor. Nature 463(7277): 108–12. 

Bouvier M, Hausdorff WP, De Blasi A, O'Dowd BF, Kobilka BK, Caron MG & Lefkowitz 
RJ (1988) Removal of phosphorylation sites from the 2-adrenergic receptor delays 
onset of agonist-promoted desensitization. Nature 333(6171): 370–3. 

Bristow MR, Ginsburg R, Umans V, Fowler M, Minobe W, Rasmussen R, Zera P, 
Menlove R, Shah P, Jamieson S & Stinson EB (1986) 1- and 2-adrenergic-receptor 
subpopulations in nonfailing and failing human ventricular myocardium: coupling of 
both receptor subtypes to muscle contraction and selective 1-receptor down-
regulation in heart failure. Circ Res 59(3): 297–309. 

Brodde OE (2008) 1- and 2-adrenoceptor polymorphisms and cardiovascular diseases. 
Fundam Clin Pharmacol 22(2): 107–25. 

Brodde O-E (1991) 1- and 2-adrenoceptors in the human heart: properties, function, and 
alterations in chronic heart failure. Pharmacol Rev 43(2): 203–42. 

Brodde O-E, Bruck H & Leineweber K (2006) Cardiac adrenoceptors: physiological and 
pathophysiological relevance. J Pharmacol Sci 100(5): 323–37. 

Brodde O-E, Daul A & Michel MC (1990) Subtype-selective modulation of human 1- and 
2-adrenoceptor function by -adrenoceptor agonists and antagonists. Clin Physiol 
Biochem 8 Suppl 2: 11–7. 



 108

Bruck H, Leineweber K, Temme T, Weber M, Heusch G, Philipp T & Brodde OE (2005) 
The Arg389Gly 1-adrenoceptor polymorphism and catecholamine effects on plasma-
renin activity. J Am Coll Cardiol 46(11): 2111–5. 

Bulenger S, Marullo S & Bouvier M (2005) Emerging role of homo- and 
heterodimerization in G-protein-coupled receptor biosynthesis and maturation. Trends 
Pharmacol Sci 26(3): 131–7. 

Bühlmann N, Aldecoa A, Leuthäuser K, Gujer R, Muff R, Fischer JA & Born W (2000) 
Glycosylation of the calcitonin receptor-like receptor at Asn60 or Asn112 is important 
for cell surface expression. FEBS Lett 486(3): 320–4. 

Bylund DB, Eikenberg DC, Hieble JP, Langer SZ, Lefkowitz RJ, Minneman KP, Molinoff 
PB, Ruffolo RR, Jr. & Trendelenburg U (1994) International Union of Pharmacology 
nomenclature of adrenoceptors. Pharmacol Rev 46(2): 121–36. 

Börjesson M, Magnusson Y, Hjalmarson A & Andersson B (2000) A novel polymorphism 
in the gene coding for the 1 adrenergic receptor associated with survival in patients 
with heart failure. Eur Heart J 21(22): 1853–8. 

Cahill L, Prins B, Weber M & McGaugh JL (1994) -adrenergic activation and memory 
for emotional events. Nature 371(6499): 702–4. 

The CAPRICORN Investigators (2001) Effect of carvedilol on outcome after myocardial 
infarction in patients with left-ventricular dysfunction: the CAPRICORN randomised 
trial. Lancet 357(9266): 1385–90. 

Castro-Fernández C, Maya-Núñez G & Conn PM (2005) Beyond the signal sequence: 
protein routing in health and disease. Endocr Rev 26(4): 479–503. 

Chazenbalk GD, Chen C-R, McLachlan SM & Rapoport B (2004) Does thyrotropin cleave 
its cognate receptor? Endocrinology 145(1): 4–10. 

Chen C, Li J-G, Chen Y, Huang P, Wang Y & Liu-Chen L-Y (2006a) GEC1 interacts with 
the  opioid receptor and enhances expression of the receptor. J Biol Chem 281(12): 
7983–93. 

Chen Y, Chen C, Wang Y & Liu-Chen LY (2006b) Ligands regulate cell surface level of 
the human  opioid receptor by activation-induced down-regulation and 
pharmacological chaperone-mediated enhancement: Differential effects of nonpeptide 
and peptide agonists. J Pharmacol Exp Ther 319(2): 765–75. 

Cherezov V, Rosenbaum DM, Hanson MA, Rasmussen SGF, Thian FS, Kobilka TS, Choi 
H-J, Kuhn P, Weis WI, Kobilka BK & Stevens RC (2007) High-resolution crystal 
structure of an engineered human 2-adrenergic G protein-coupled receptor. Science 
318(5854): 1258–65. 

Chien EY, Liu W, Zhao Q, Katritch V, Han GW, Hanson MA, Shi L, Newman AH, 
Javitch JA, Cherezov V & Stevens RC (2010) Structure of the human dopamine D3 
receptor in complex with a D2/D3 selective antagonist. Science 330(6007): 1091–5. 

Chuang D-M & Costa E (1979) Evidence for internalization of the recognition site of -
adrenergic receptors during receptor subsensitivity induced by (-)-isoproterenol. Proc 
Natl Acad Sci U S A 76(6): 3024–8. 

CIBIS-II Investigators & Committees (1999) The Cardiac Insufficiency Bisoprolol Study 
II (CIBIS-II): a randomised trial. Lancet 353(9146): 9–13. 



 109

Clark SD, Tran HT, Zeng J & Reinscheid RK (2010) Importance of extracellular loop one 
of the neuropeptide S receptor for biogenesis and function. Peptides 31(1): 130–8. 

Cohen BD, Bariteau JT, Magenis LM & Dias JA (2003) Regulation of follitropin receptor 
cell surface residency by the ubiquitin-proteasome pathway. Endocrinology 144(10): 
4393–402. 

Compton SJ, Sandhu S, Wijesuriya SJ & Hollenberg MD (2002) Glycosylation of human 
proteinase-activated receptor-2 (hPAR2): role in cell surface expression and signalling. 
Biochem J 368(Pt 2): 495–505. 

Conner M, Hawtin SR, Simms J, Wootten D, Lawson Z, Conner AC, Parslow RA & 
Wheatley M (2007) Systematic analysis of the entire second extracellular loop of the 
V1a vasopressin receptor: key residues, conserved throughout a G-protein-coupled 
receptor family, identified. J Biol Chem 282(24): 17405–12. 

Cook LB, Zhu CC & Hinkle PM (2003) Thyrotropin-releasing hormone receptor 
processing: role of ubiquitination and proteasomal degradation. Mol Endocrinol 17(9): 
1777–91. 

Couet J, Sar S, Jolivet A, Hai M-T, Milgrom E & Misrahi M (1996) Shedding of human 
thyrotropin receptor ectodomain. Involvement of a matrix metalloprotease. J Biol 
Chem 271(8): 4545–52. 

Devereux RB, Alonso DR, Lutas EM, Gottlieb GJ, Campo E, Sachs I & Reichek N (1986) 
Echocardiographic assessment of left ventricular hypertrophy: comparison to 
necropsy findings. Am J Cardiol 57(6): 450–8. 

Devereux RB, Roman MJ, Paranicas M, O'Grady MJ, Lee ET, Welty TK, Fabsitz RR, 
Robbins D, Rhoades ER & Howard BV (2000) Impact of diabetes on cardiac structure 
and function: the strong heart study. Circulation 101(19): 2271–6. 

Díaz-Rodríguez E, Montero JC, Esparís-Ogando A, Yuste L & Pandiella A (2002) 
Extracellular signal-regulated kinase phosphorylates tumor necrosis factor -
converting enzyme at threonine 735: a potential role in regulated shedding. Mol Biol 
Cell 13(6): 2031–44. 

Dinçer UD, Güner S, Tay A, Arioglu E, Tasdelen A, Aslamaci S & Bidasee KR (2003) 
Decreased expression of 1- and 2-adrenoceptors in human diabetic atrial appendage. 
Cardiovasc Diabetol 2: 6. 

Dong C & Wu G (2006) Regulation of anterograde transport of 2-adrenergic receptors by 
the N termini at multiple intracellular compartments. J Biol Chem 281(50): 38543–54. 

Donnellan PD, Kimbembe CC, Reid HM & Kinsella BT (2011) Identification of a novel 
endoplasmic reticulum export motif within the eighth -helical domain -H8 of the 
human prostacyclin receptor. Biochim Biophys Acta 1808(4): 1202–18. 

Downes GB & Gautam N (1999) The G protein subunit gene families. Genomics 62(3): 
544–52. 

Drews J & Ryser S (1997) Molecular drug targets. Special pullout. Nature Biotechnology 
15. 



 110

Dunigan CD, Hoang Q, Curran PK & Fishman PH (2002) Complexity of agonist- and 
cyclic AMP-mediated downregulation of the human 1-adrenergic receptor: role of 
internalization, degradation, and mRNA destabilization. Biochemistry 41(25): 8019–
30. 

Duvernay MT, Dong C, Zhang X, Robitaille M, Hébert TE & Wu G (2009a) A single 
conserved leucine residue on the first intracellular loop regulates ER export of G 
protein-coupled receptors. Traffic 10(5): 552–66. 

Duvernay MT, Dong C, Zhang X, Zhou F, Nichols CD & Wu G (2009b) Anterograde 
trafficking of G protein-coupled receptors: function of the C-terminal F(X)6LL motif 
in export from the endoplasmic reticulum. Mol Pharmacol 75(4): 751–61. 

Duvernay MT, Wang H, Dong C, Guidry JJ, Sackett DL & Wu G (2011) 2B-adrenergic 
receptor interaction with tubulin controls its transport from the endoplasmic reticulum 
to the cell surface. J Biol Chem 286(16): 14080–9. 

Duvernay MT, Zhou F & Wu G (2004) A conserved motif for the transport of G protein-
coupled receptors from the endoplasmic reticulum to the cell surface. J Biol Chem 
279(29): 30741–50. 

Dwyer ND, Troemel ER, Sengupta P & Bargmann CI (1998) Odorant receptor localization 
to olfactory cilia is mediated by ODR-4, a novel membrane-associated protein. Cell 
93(3): 455–66. 

Ellgaard L & Helenius A (2003) Quality control in the endoplasmic reticulum. Nat Rev 
Mol Cell Biol 4(3): 181–91. 

Engelhardt S, Grimmer Y, Fan G-H & Lohse MJ (2001) Constitutive activity of the human 
1-adrenergic receptor in 1-receptor transgenic mice. Mol Pharmacol 60(4): 712–7. 

Fan JQ, Ishii S, Asano N & Suzuki Y (1999) Accelerated transport and maturation of 
lysosomal -galactosidase A in Fabry lymphoblasts by an enzyme inhibitor. Nat Med 
5(1): 112–5. 

Farrens DL, Altenbach C, Yang K, Hubbell WL & Khorana HG (1996) Requirement of 
rigid-body motion of transmembrane helices for light activation of rhodopsin. Science 
274(5288): 768–70. 

Farzan M, Mirzabekov T, Kolchinsky P, Wyatt R, Cayabyab M, Gerard NP, Gerard C, 
Sodroski J & Choe H (1999) Tyrosine sulfation of the amino terminus of CCR5 
facilitates HIV-1 entry. Cell 96(5): 667–76. 

Ferguson SS, Downey WE, 3rd, Colapietro AM, Barak LS, Ménard L & Caron MG (1996) 
Role of -arrestin in mediating agonist-promoted G protein-coupled receptor 
internalization. Science 271(5247): 363–6. 

Ferreira PA, Nakayama TA, Pak WL & Travis GH (1996) Cyclophilin-related protein 
RanBP2 acts as chaperone for red/green opsin. Nature 383(6601): 637–40. 

Filigheddu F, Reid JE, Troffa C, PinnaParpaglia P, Argiolas G, Testa A, Skolnick M & 
Glorioso N (2004) Genetic polymorphisms of the -adrenergic system: association 
with essential hypertension and response to -blockade. Pharmacogenomics J 4(3): 
154–60. 



 111

Fishburn CS, Elazar Z & Fuchs S (1995) Differential glycosylation and intracellular 
trafficking for the long and short isoforms of the D2 dopamine receptor. J Biol Chem 
270(50): 29819–24. 

Flynn GC, Pohl J, Flocco MT & Rothman JE (1991) Peptide-binding specificity of the 
molecular chaperone BiP. Nature 353(6346): 726–30. 

Fortin J-P, Dziadulewicz EK, Gera L & Marceau F (2006) A nonpeptide antagonist reveals 
a highly glycosylated state of the rabbit kinin B1 receptor. Mol Pharmacol 69(4): 
1146–57. 

Fredriksson R, Lagerström MC, Lundin LG & Schiöth HB (2003) The G-protein-coupled 
receptors in the human genome form five main families. Phylogenetic analysis, 
paralogon groups, and fingerprints. Mol Pharmacol 63(6): 1256–72. 

Freedman RB, Hirst TR & Tuite MF (1994) Protein disulphide isomerase: building bridges 
in protein folding. Trends Biochem Sci 19(8): 331–6. 

Friedlander M & Blobel G (1985) Bovine opsin has more than one signal sequence. Nature 
318(6044): 338–43. 

Frielle T, Collins S, Daniel KW, Caron MG, Lefkowitz RJ & Kobilka BK (1987) Cloning 
of the cDNA for the human 1-adrenergic receptor. Proc Natl Acad Sci U S A 84(22): 
7920–4. 

Fu C, Wang H, Wang S, Shi Y, Zhou X, Sun K, Chen J, Song X, Xue H & Hui R (2008) 
Association of 1-adrenergic receptor gene polymorphisms with left ventricular 
hypertrophy in human essential hypertension. Clin Biochem 41(10–11): 773–8. 

Fung JJ, Deupi X, Pardo L, Yao XJ, Velez-Ruiz GA, DeVree BT, Sunahara RK & Kobilka 
BK (2009) Ligand-regulated oligomerization of 2-adrenoceptors in a model lipid 
bilayer. EMBO J 28(21): 3315–28. 

Galandrin S & Bouvier M (2006) Distinct signaling profiles of 1- and 2- adrenergic 
receptor ligands toward adenylyl cyclase and mitogen-activated protein kinase reveals 
the pluridimensionality of efficacy. Mol Pharmacol 70(5): 1575–84. 

Galandrin S, Oligny-Longpré G, Bonin H, Ogawa K, Galés C & Bouvier M (2008) 
Conformational rearrangements and signaling cascades involved in ligand-biased 
mitogen-activated protein kinase signaling through the 1-adrenergic receptor. Mol 
Pharmacol 74(1): 162–72. 

Galandrin S, Oligny-Longpré G & Bouvier M (2007) The evasive nature of drug efficacy: 
implications for drug discovery. Trends Pharmacol Sci 28(8): 423–30. 

Galderisi M, Anderson KM, Wilson PW & Levy D (1991) Echocardiographic evidence for 
the existence of a distinct diabetic cardiomyopathy (the Framingham Heart Study). 
Am J Cardiol 68(1): 85–9. 

Gardner LA, Naren AP & Bahouth SW (2007) Assembly of an SAP97-AKAP79-cAMP-
dependent protein kinase scaffold at the type 1 PSD-95/DLG/ZO1 motif of the human 
1-adrenergic receptor generates a receptosome involved in receptor recycling and 
networking. J Biol Chem 282(7): 5085–99. 

Gether U (2000) Uncovering molecular mechanisms involved in activation of G protein-
coupled receptors. Endocr Rev 21(1): 90–113. 



 112

Ghali JK, Liao Y, Simmons B, Castaner A, Cao G & Cooper RS (1992) The prognostic 
role of left ventricular hypertrophy in patients with or without coronary artery disease. 
Ann Intern Med 117(10): 831–6. 

Glaubiger G & Lefkowitz RJ (1977) Elevated -adrenergic receptor number after chronic 
propranolol treatment. Biochem Biophys Res Commun 78(2): 720–5. 

Gloriam DE, Fredriksson R & Schiöth HB (2007) The G protein-coupled receptor subset 
of the rat genome. BMC Genomics 8: 338. 

Gottlieb SS, McCarter RJ & Vogel RA (1998) Effect of -blockade on mortality among 
high-risk and low-risk patients after myocardial infarction. N Engl J Med 339(8): 
489–97. 

Granneman JG (2001) The putative 4-adrenergic receptor is a novel state of the 1-
adrenergic receptor. Am J Physiol Endocrinol Metab 280(2): E199–202. 

Grantcharova E, Furkert J, Reusch HP, Krell H-W, Papsdorf G, Beyermann M, Schülein R, 
Rosenthal W & Oksche A (2002) The extracellular N terminus of the endothelin B 
(ETB) receptor is cleaved by a metalloprotease in an agonist-dependent process. J Biol 
Chem 277(46): 43933–41. 

Green SA & Liggett SB (1994) A proline-rich region of the third intracellular loop imparts 
phenotypic 1-versus 2-adrenergic receptor coupling and sequestration. J Biol Chem 
269(42): 26215–9. 

Gupta A, Décaillot FM, Gomes I, Tkalych O, Heimann AS, Ferro ES & Devi LA (2007) 
Conformation state-sensitive antibodies to G-protein-coupled receptors. J Biol Chem 
282(8): 5116–24. 

Gupta A, Rozenfeld R, Gomes I, Raehal KM, Décaillot FM, Bohn LM & Devi LA (2008) 
Post-activation-mediated changes in opioid receptors detected by N-terminal 
antibodies. J Biol Chem 283(16): 10735–44. 

Haeusler G (1990) Pharmacology of -blockers: classical aspects and recent developments. 
J Cardiovasc Pharmacol 16 Suppl 5: S1–9. 

Hanyaloglu AC & von Zastrow M (2008) Regulation of GPCRs by endocytic membrane 
trafficking and its potential implications. Annu Rev Pharmacol Toxicol 48: 537–68. 

Hatahet F & Ruddock LW (2007) Substrate recognition by the protein disulfide isomerases. 
FEBS J 274(20): 5223–34. 

Hausdorff WP, Caron MG & Lefkowitz RJ (1990) Turning off the signal: desensitization 
of -adrenergic receptor function. FASEB J 4(11): 2881–9. 

He J, Bellini M, Inuzuka H, Xu J, Xiong Y, Yang X, Castleberry AM & Hall RA (2006) 
Proteomic analysis of 1-adrenergic receptor interactions with PDZ scaffold proteins. 
J Biol Chem 281(5): 2820–7. 

He J, Bellini M, Xu J, Castleberry AM & Hall RA (2004) Interaction with cystic fibrosis 
transmembrane conductance regulator-associated ligand (CAL) inhibits 1-adrenergic 
receptor surface expression. J Biol Chem 279(48): 50190–6. 

He J, Xu J, Castleberry AM, Lau AG & Hall RA (2002) Glycosylation of 1-adrenergic 
receptors regulates receptor surface expression and dimerization. Biochem Biophys 
Res Commun 297(3): 565–72. 



 113

Heilbrunn SM, Shah P, Bristow MR, Valantine HA, Ginsburg R & Fowler MB (1989) 
Increased -receptor density and improved hemodynamic response to catecholamine 
stimulation during long-term metoprolol therapy in heart failure from dilated 
cardiomyopathy. Circulation 79(3): 483–90. 

Hellgren I, Sylvén C & Magnusson Y (2000) Study of the 1 adrenergic receptor 
expression in human tissues: immunological approach. Biol Pharm Bull 23(6): 700–3. 

Henry AG, White IJ, Marsh M, von Zastrow M & Hislop JN (2011) The role of 
ubiquitination in lysosomal trafficking of -opioid receptors. Traffic 12(2): 170–84. 

Hislop JN, Henry AG, Marchese A & von Zastrow M (2009) Ubiquitination regulates 
proteolytic processing of G protein-coupled receptors after their sorting to lysosomes. 
J Biol Chem 284(29): 19361–70. 

Hislop JN & von Zastrow M Role of ubiquitination in endocytic trafficking of G-protein-
coupled receptors. Traffic 12(2): 137–48. 

Hoehe MR, Otterud B, Hsieh WT, Martinez MM, Stauffer D, Holik J, Berrettini WH, 
Byerley WF, Gershon ES, Lalouel JM & et al. (1995) Genetic mapping of adrenergic 
receptor genes in humans. J Mol Med 73(6): 299–306. 

Hoffmann C, Leitz MR, Oberdorf-Maass S, Lohse MJ & Klotz KN (2004) Comparative 
pharmacology of human -adrenergic receptor subtypes -characterization of stably 
transfected receptors in CHO cells. Naunyn Schmiedebergs Arch Pharmacol 369(2): 
151–9. 

Horinouchi T, Morishima S, Tanaka T, Suzuki F, Tanaka Y, Koike K, Miwa S & 
Muramatsu I (2007) Different changes of plasma membrane -adrenoceptors in rat 
heart after chronic administration of propranolol, atenolol and bevantolol. Life Sci 
81(5): 399–404. 

Hu LA, Chen W, Martin NP, Whalen EJ, Premont RT & Lefkowitz RJ (2003) GIPC 
interacts with the 1-adrenergic receptor and regulates 1-adrenergic receptor-
mediated ERK activation. J Biol Chem 278(28): 26295–301. 

Hu LA, Tang Y, Miller WE, Cong M, Lau AG, Lefkowitz RJ & Hall RA (2000) 1-
adrenergic receptor association with PSD-95. Inhibition of receptor internalization and 
facilitation of 1-adrenergic receptor interaction with N-methyl-D-aspartate receptors. 
J Biol Chem 275(49): 38659–66. 

Huovila A-P, Turner AJ, Pelto-Huikko M, Kärkkäinen I & Ortiz RM (2005) Shedding 
light on ADAM metalloproteinases. Trends Biochem Sci 30(7): 413–22. 

Hwang C, Sinskey AJ & Lodish HF (1992) Oxidized redox state of glutathione in the 
endoplasmic reticulum. Science 257(5076): 1496–502. 

Ilercil A, Devereux RB, Roman MJ, Paranicas M, O'Grady M J, Welty TK, Robbins DC, 
Fabsitz RR, Howard BV & Lee ET (2001) Relationship of impaired glucose tolerance 
to left ventricular structure and function: The Strong Heart Study. Am Heart J 141(6): 
992–8. 

Imai Y, Soda M, Inoue H, Hattori N, Mizuno Y & Takahashi R (2001) An unfolded 
putative transmembrane polypeptide, which can lead to endoplasmic reticulum stress, 
is a substrate of Parkin. Cell 105(7): 891–902. 



 114

Ishii S, Kase R, Okumiya T, Sakuraba H & Suzuki Y (1996) Aggregation of the inactive 
form of human -galactosidase in the endoplasmic reticulum. Biochem Biophys Res 
Commun 220(3): 812–5. 

Isogaya M, Sugimoto Y, Tanimura R, Tanaka R, Kikkawa H, Nagao T & Kurose H (1999) 
Binding pockets of the 1- and 2-adrenergic receptors for subtype-selective agonists. 
Mol Pharmacol 56(5): 875–85. 

Jaakola V-P, Griffith MT, Hanson MA, Cherezov V, Chien EY, Lane JR, Ijzerman AP & 
Stevens RC (2008) The 2.6 angstrom crystal structure of a human A2A adenosine 
receptor bound to an antagonist. Science 322(5905): 1211–7. 

Janovick JA, Goulet M, Bush E, Greer J, Wettlaufer DG & Conn PM (2003) Structure-
activity relations of successful pharmacologic chaperones for rescue of naturally 
occurring and manufactured mutants of the gonadotropin-releasing hormone receptor. 
J Pharmacol Exp Ther 305(2): 608–14. 

Janovick JA, Maya-Nunez G & Conn PM (2002) Rescue of hypogonadotropic 
hypogonadism-causing and manufactured GnRH receptor mutants by a specific 
protein-folding template: misrouted proteins as a novel disease etiology and 
therapeutic target. J Clin Endocrinol Metab 87(7): 3255–62. 

Jensen PH, Kolarich D & Packer NH (2010) Mucin-type O-glycosylation - putting the 
pieces together. FEBS J 277(1): 81–94. 

Jockers R, Angers S, Da Silva A, Benaroch P, Strosberg AD, Bouvier M & Marullo S 
(1999) 2-adrenergic receptor down-regulation. Evidence for a pathway that does not 
require endocytosis. J Biol Chem 274(41): 28900–8. 

Johnson JA & Terra SG (2002) -adrenergic receptor polymorphisms: cardiovascular 
disease associations and pharmacogenetics. Pharm Res 19(12): 1779–87. 

Johnson JA, Zineh I, Puckett BJ, McGorray SP, Yarandi HN & Pauly DF (2003) 1-
adrenergic receptor polymorphisms and antihypertensive response to metoprolol. Clin 
Pharmacol Ther 74(1): 44–52. 

Joseph SS, Colledge WH & Kaumann AJ (2004a) Aspartate138 is required for the high-
affinity ligand binding site but not for the low-affinity binding site of the 1-
adrenoceptor. Naunyn Schmiedebergs Arch Pharmacol 370(3): 223–6. 

Joseph SS, Lynham JA, Grace AA, Colledge WH & Kaumann AJ (2004b) Markedly 
reduced effects of (-)-isoprenaline but not of (-)-CGP12177 and unchanged affinity of 
-blockers at Gly389-1-adrenoceptors compared to Arg389-1-adrenoceptors. Br J 
Pharmacol 142(1): 51–6. 

Joseph SS, Lynham JA, Molenaar P, Grace AA, Colledge WH & Kaumann AJ (2003) 
Intrinsic sympathomimetic activity of (-)-pindolol mediated through a (-)-propranolol-
resistant site of the 1-adrenoceptor in human atrium and recombinant receptors. 
Naunyn Schmiedebergs Arch Pharmacol 368(6): 496–503. 

Julenius K, Mølgaard A, Gupta R & Brunak S (2005) Prediction, conservation analysis, 
and structural characterization of mammalian mucin-type O-glycosylation sites. 
Glycobiology 15(2): 153–64. 



 115

Jürss R, Hekman M & Helmreich EJ (1985) Proteolysis-associated deglycosylation of 1-
adrenergic receptor in turkey erythrocytes and membranes. Biochemistry 24(13): 
3349–54. 

Kaczur V, Puskas LG, Nagy ZU, Miled N, Rebai A, Juhasz F, Kupihar Z, Zvara A, 
Hackler L, Jr. & Farid NR (2007) Cleavage of the human thyrotropin receptor by 
ADAM10 is regulated by thyrotropin. J Mol Recognit 20(5): 392–404. 

Karlsson J, Lind L, Hallberg P, Michaëlsson K, Kurland L, Kahan T, Malmqvist K, 
Öhman KP, Nystrom F & Melhus H (2004) 1-adrenergic receptor gene 
polymorphisms and response to 1-adrenergic receptor blockade in patients with 
essential hypertension. Clin Cardiol 27(6): 347–50. 

Kaumann AJ (1989) Is there a third heart -adrenoceptor? Trends Pharmacol Sci 10(8): 
316–20. 

Kaumann AJ & Molenaar P (2008) The low-affinity site of the 1-adrenoceptor and its 
relevance to cardiovascular pharmacology. Pharmacol Ther 118(3): 303–36. 

Kenakin T (2002) Drug efficacy at G protein-coupled receptors. Annu Rev Pharmacol 
Toxicol 42: 349–79. 

Kenakin T (2004) Efficacy as a vector: the relative prevalence and paucity of inverse 
agonism. Mol Pharmacol 65(1): 2–11. 

Kenakin T (2011) Functional selectivity and biased receptor signaling. J Pharmacol Exp 
Ther 336(2): 296–302. 

Kim I-M, Tilley DG, Chen J, Salazar NC, Whalen EJ, Violin JD & Rockman HA (2008) 
-blockers alprenolol and carvedilol stimulate -arrestin-mediated EGFR 
transactivation. Proc Natl Acad Sci U S A 105(38): 14555–60. 

Kirstein SL & Insel PA (2004) Autonomic nervous system pharmacogenomics: a progress 
report. Pharmacol Rev 56(1): 31–52. 

Klenk C, Schulz S, Calebiro D & Lohse MJ (2010) Agonist-regulated cleavage of the 
extracellular domain of parathyroid hormone receptor type 1. J Biol Chem 285(12): 
8665–74. 

Kobayashi H, Ogawa K, Yao R, Lichtarge O & Bouvier M (2009) Functional rescue of -
adrenoceptor dimerization and trafficking by pharmacological chaperones. Traffic 
10(8): 1019–33. 

Kohno T, Wada A & Igarashi Y (2002) N-glycans of sphingosine 1-phosphate receptor 
Edg-1 regulate ligand-induced receptor internalization. FASEB J 16(9): 983–92. 

Kohout TA, Lin F-S, Perry SJ, Conner DA & Lefkowitz RJ (2001) -arrestin 1 and 2 
differentially regulate heptahelical receptor signaling and trafficking. Proc Natl Acad 
Sci U S A 98(4): 1601–6. 

Kojro E & Fahrenholz F (1995) Ligand-induced cleavage of the V2 vasopressin receptor by 
a plasma membrane metalloproteinase. J Biol Chem 270(12): 6476–81. 

Kojro E, Postina R, Gilbert S, Bender F, Krause G & Fahrenholz F (1999) Structural 
requirements for V2 vasopressin receptor proteolytic cleavage. Eur J Biochem 266(2): 
538–48. 



 116

Konkar AA, Zhu Z & Granneman JG (2000) Aryloxypropanolamine and catecholamine 
ligand interactions with the 1-adrenergic receptor: evidence for interaction with 
distinct conformations of 1-adrenergic receptors. J Pharmacol Exp Ther 294(3): 923–
32. 

Kopito RR (1999) Biosynthesis and degradation of CFTR. Physiol Rev 79(1 Suppl): S167–
73. 

Kornfeld R & Kornfeld S (1985) Assembly of asparagine-linked oligosaccharides. Annu 
Rev Biochem 54: 631–64. 

Kozuka M, Ito T, Hirose S, Lodhi KM & Hagiwara H (1991) Purification and 
characterization of bovine lung endothelin receptor. J Biol Chem 266(25): 16892–6. 

Krasnoperov V, Deyev IE, Serova OV, Xu C, Lu Y, Buryanovsky L, Gabibov AG, 
Neubert TA & Petrenko AG (2009) Dissociation of the subunits of the calcium-
independent receptor of -latrotoxin as a result of two-step proteolysis. Biochemistry 
48(14): 3230–8. 

Kurnik D, Li C, Sofowora GG, Friedman EA, Muszkat M, Xie H-G, Harris PA, Williams 
SM, Nair UB, Wood AJJ & Stein CM (2008) 1-adrenoceptor genetic variants and 
ethnicity independently affect response to -blockade. Pharmacogenet Genomics 
18(10): 895–902. 

Kuryatov A, Luo J, Cooper J & Lindström J (2005) Nicotine acts as a pharmacological 
chaperone to up-regulate human 42 acetylcholine receptors. Mol Pharmacol 68(6): 
1839–51. 

La Rosee K, Huntgeburth M, Rosenkranz S, Bohm M & Schnabel P (2004) The 
Arg389Gly 1-adrenoceptor gene polymorphism determines contractile response to 
catecholamines. Pharmacogenetics 14(11): 711–6. 

Lagerström MC & Schiöth HB (2008) Structural diversity of G protein-coupled receptors 
and significance for drug discovery. Nat Rev Drug Discov 7(4): 339–57. 

Lanctôt PM, Leclerc PC, Escher E, Leduc R & Guillemette G (1999) Role of N-
glycosylation in the expression and functional properties of human AT1 receptor. 
Biochemistry 38(27): 8621–7. 

Landolt-Marticorena C & Reithmeier RA (1994) Asparagine-linked oligosaccharides are 
localized to single extracytosolic segments in multi-span membrane glycoproteins. 
Biochem J 302: 253–60. 

Lands AM, Arnold A, McAuliff JP, Luduena FP & Brown TG, Jr. (1967) Differentiation 
of receptor systems activated by sympathomimetic amines. Nature 214(5088): 597–8. 

Lattion A-L, Abuin L, Nenniger-Tosato M & Cotecchia S (1999) Constitutively active 
mutants of the 1-adrenergic receptor. FEBS Lett 457(3): 302–6. 

Laurila JM, Xhaard H, Ruuskanen JO, Rantanen MJ, Karlsson HK, Johnson MS & 
Scheinin M (2007) The second extracellular loop of 2A-adrenoceptors contributes to 
the binding of yohimbine analogues. Br J Pharmacol 151(8): 1293–304. 

Lavoie C, Mercier JF, Salahpour A, Umapathy D, Breit A, Villeneuve LR, Zhu WZ, Xiao 
RP, Lakatta EG, Bouvier M & Hébert TE (2002) 1/2-adrenergic receptor 
heterodimerization regulates 2-adrenergic receptor internalization and ERK signaling 
efficacy. J Biol Chem 277(38): 35402–10. 



 117

Lebon G, Warne T, Edwards PC, Bennett K, Langmead CJ, Leslie AG & Tate CG (2011) 
Agonist-bound adenosine A2A receptor structures reveal common features of GPCR 
activation. Nature 474(7352): 521–5. 

Lee M, Gardin JM, Lynch JC, Smith V-E, Tracy RP, Savage PJ, Szklo M & Ward BJ 
(1997) Diabetes mellitus and echocardiographic left ventricular function in free-living 
elderly men and women: The Cardiovascular Health Study. Am Heart J 133(1): 36–43. 

Leineweber K, Büscher R, Bruck H & Brodde OE (2004) -adrenoceptor polymorphisms. 
Naunyn-Schmiedeberg's Arch Pharmacol 369(1): 1–22. 

Leskelä TT, Markkanen PM, Alahuhta IA, Tuusa JT & Petäjä-Repo UE (2009) Phe27Cys 
polymorphism alters the maturation and subcellular localization of the human  opioid 
receptor. Traffic 10(1): 116–29. 

Leskelä TT, Markkanen PM, Pietilä EM, Tuusa JT & Petäjä-Repo UE (2007) Opioid 
receptor pharmacological chaperones act by binding and stabilizing newly synthesized 
receptors in the endoplasmic reticulum. J Biol Chem 282(32): 23171–83. 

Levin MC, Marullo S, Muntaner O, Andersson B & Magnusson Y (2002) The 
myocardium-protective Gly-49 variant of the 1-adrenergic receptor exhibits 
constitutive activity and increased desensitization and down-regulation. J Biol Chem 
277(34): 30429–35. 

Li J-G, Chen C & Liu-Chen L-Y (2007) N-Glycosylation of the human  opioid receptor 
enhances its stability but slows its trafficking along the biosynthesis pathway. 
Biochemistry 46(38): 10960–70. 

Liang W, Austin S, Hoang Q & Fishman PH (2003) Resistance of the human 1-adrenergic 
receptor to agonist-mediated down-regulation. Role of the C terminus in determining 
-subtype degradation. J Biol Chem 278(41): 39773–81. 

Liang W, Curran PK, Hoang Q, Moreland RT & Fishman PH (2004) Differences in 
endosomal targeting of human 1- and 2-adrenergic receptors following clathrin-
mediated endocytosis. J Cell Sci 117(Pt 5): 723–34. 

Liggett SB, Mialet-Perez J, Thaneemit-Chen S, Weber SA, Greene SM, Hodne D, Nelson 
B, Morrison J, Domanski MJ, Wagoner LE, Abraham WT, Anderson JL, Carlquist JF, 
Krause-Steinrauf HJ, Lazzeroni LC, Port JD, Lavori PW & Bristow MR (2006) A 
polymorphism within a conserved 1-adrenergic receptor motif alters cardiac function 
and -blocker response in human heart failure. Proc Natl Acad Sci U S A 103(30): 
11288–93. 

Liu J, Liu Z-Q, Tan Z-R, Chen X-P, Wang L-S, Zhou G & Zhou H-H (2003) Gly389Arg 
polymorphism of 1-adrenergic receptor is associated with the cardiovascular 
response to metoprolol. Clin Pharmacol Ther 74(4): 372–9. 

Liu J, Liu Z-Q, Yu B-N, Xu F-H, Mo W, Zhou G, Liu Y-Z, Li Q & Zhou H-H (2006) 1-
Adrenergic receptor polymorphisms influence the response to metoprolol 
monotherapy in patients with essential hypertension. Clin Pharmacol Ther 80(1): 23–
32. 



 118

Loconto J, Papes F, Chang E, Stowers L, Jones EP, Takada T, Kumanovics A, Fischer 
Lindahl K & Dulac C (2003) Functional expression of murine V2R pheromone 
receptors involves selective association with the M10 and M1 families of MHC class 
Ib molecules. Cell 112(5): 607–18. 

Lohse MJ, Benovic JL, Codina J, Caron MG & Lefkowitz RJ (1990) -arrestin: a protein 
that regulates -adrenergic receptor function. Science 248(4962): 1547–50. 

López-Sendón J, Swedberg K, McMurray J, Tamargo J, Maggioni AP, Dargie H, Tendera 
M, Waagstein F, Kjekshus J, Lechat P & Torp-Pedersen C (2004) Expert consensus 
document on -adrenergic receptor blockers. Eur Heart J 25(15): 1341–62. 

Lowe MD, Lynham JA, Grace AA & Kaumann AJ (2002) Comparison of the affinity of -
blockers for two states of the 1-adrenoceptor in ferret ventricular myocardium. Br J 
Pharmacol 135(2): 451–61. 

Lu M, Echeverri F & Moyer BD (2003) Endoplasmic reticulum retention, degradation, and 
aggregation of olfactory G-protein coupled receptors. Traffic 4(6): 416–33. 

Ludeman MJ, Zheng YW, Ishii K & Coughlin SR (2004) Regulated shedding of PAR1 N-
terminal exodomain from endothelial cells. J Biol Chem 279(18): 18592–9. 

Luttrell LM & Gesty-Palmer D (2010) Beyond desensitization: physiological relevance of 
arrestin-dependent signaling. Pharmacol Rev 62(2): 305–30. 

Luttrell LM & Lefkowitz RJ (2002) The role of -arrestins in the termination and 
transduction of G-protein-coupled receptor signals. J Cell Sci 115(Pt 3): 455–65. 

Luttrell LM, Roudabush FL, Choy EW, Miller WE, Field ME, Pierce KL & Lefkowitz RJ 
(2001) Activation and targeting of extracellular signal-regulated kinases by -arrestin 
scaffolds. Proc Natl Acad Sci U S A 98(5): 2449–54. 

Maisel AS, Motulsky HJ & Insel PA (1987) Propranolol treatment externalizes -
adrenergic receptors in guinea pig myocardium and prevents further externalization by 
ischemia. Circ Res 60(1): 108–12. 

Mangmool S, Shukla AK & Rockman HA (2010) -Arrestin-dependent activation of 
Ca2+/calmodulin kinase II after 1-adrenergic receptor stimulation. J Cell Biol 189(3): 
573–87. 

Maqbool A, Hall AS, Ball SG & Balmforth AJ (1999) Common polymorphisms of 1-
adrenoceptor: identification and rapid screening assay. Lancet 353(9156): 897. 

Markkanen PM & Petäjä-Repo UE (2008) N-glycan-mediated quality control in the 
endoplasmic reticulum is required for the expression of correctly folded  opioid 
receptors at the cell surface. J Biol Chem 283(43): 29086–98. 

Martin NP, Whalen EJ, Zamah MA, Pierce KL & Lefkowitz RJ (2004) PKA-mediated 
phosphorylation of the 1-adrenergic receptor promotes Gs/Gi switching. Cell Signal 
16(12): 1397–403. 

Maryon EB, Molloy SA & Kaplan JH (2007) O-linked glycosylation at threonine 27 
protects the copper transporter hCTR1 from proteolytic cleavage in mammalian cells. 
J Biol Chem 282(28): 20376–87. 

Maryon EB, Zhang J, Jellison JW & Kaplan JH (2009) Human copper transporter 1 
lacking O-linked glycosylation is proteolytically cleaved in a Rab9-positive 
endosomal compartment. J Biol Chem 284(41): 28104–14. 



 119

Mason DA, Moore JD, Green SA & Liggett SB (1999) A gain-of-function polymorphism 
in a G-protein coupling domain of the human -adrenergic receptor. J Biol Chem 
274(18): 12670–4. 

McLatchie LM, Fraser NJ, Main MJ, Wise A, Brown J, Thompson N, Solari R, Lee MG & 
Foord SM (1998) RAMPs regulate the transport and ligand specificity of the 
calcitonin-receptor-like receptor. Nature 393(6683): 333–9. 

McLean AJ & Milligan G (2000) Ligand regulation of green fluorescent protein-tagged 
forms of the human 1- and 2-adrenoceptors; comparisons with the unmodified 
receptors. Br J Pharmacol 130(8): 1825–32. 

McLean AJ, Zeng F-Y, Behan D, Chalmers D & Milligan G (2002) Generation and 
analysis of constitutively active and physically destabilized mutants of the human 1-
adrenoceptor. Mol Pharmacol 62(3): 747–55. 

Mercier JF, Salahpour A, Angers S, Breit A & Bouvier M (2002) Quantitative assessment 
of 1- and 2-adrenergic receptor homo- and heterodimerization by bioluminescence 
resonance energy transfer. J Biol Chem 277(47): 44925–31. 

MERIT-HF Study Group (1999) Effect of metoprolol CR/XL in chronic heart failure: 
Metoprolol CR/XL Randomised Intervention Trial in Congestive Heart Failure 
(MERIT-HF). Lancet 353(9169): 2001–7. 

Metherell LA, Chapple JP, Cooray S, David A, Becker C, Rüschendorf F, Naville D, 
Begeot M, Khoo B, Nürnberg P, Huebner A, Cheetham ME & Clark AJ (2005) 
Mutations in MRAP, encoding a new interacting partner of the ACTH receptor, cause 
familial glucocorticoid deficiency type 2. Nat Genet 37(2): 166–70. 

Meyers KJ, Mosley TH, Fox E, Boerwinkle E, Arnett DK, Devereux RB & Kardia SL 
(2007) Genetic variations associated with echocardiographic left ventricular traits in 
hypertensive blacks. Hypertension 49(5): 992–9. 

Mialet Perez J, Rathz DA, Petrashevskaya NN, Hahn HS, Wagoner LE, Schwartz A, Dorn 
GW & Liggett SB (2003) 1-adrenergic receptor polymorphisms confer differential 
function and predisposition to heart failure. Nat Med 9(10): 1300–5. 

Mialet-Perez J, Green SA, Miller WE & Liggett SB (2004) A primate-dominant third 
glycosylation site of the 2-adrenergic receptor routes receptors to degradation during 
agonist regulation. J Biol Chem 279(37): 38603–7. 

Michel MC, Pingsmann A, Beckeringh JJ, Zerkowski HR, Doetsch N & Brodde O-E (1988) 
Selective regulation of 1- and 2-adrenoceptors in the human heart by chronic -
adrenoceptor antagonist treatment. Br J Pharmacol 94(3): 685–92. 

Michineau S, Alhenc-Gelas F & Rajerison RM (2006) Human bradykinin B2 receptor 
sialylation and N-glycosylation participate with disulfide bonding in surface receptor 
dimerization. Biochemistry 45(8): 2699–707. 

Milligan G (2007) G protein-coupled receptor dimerisation: molecular basis and relevance 
to function. Biochim Biophys Acta 1768(4): 825–35. 

Milligan G & Bond RA (1997) Inverse agonism and the regulation of receptor number. 
Trends Pharmacol Sci 18(12): 468–74. 



 120

Milojevic T, Reiterer V, Stefan E, Korkhov VM, Dorostkar MM, Ducza E, Ogris E, 
Boehm S, Freissmuth M & Nanoff C (2006) The ubiquitin-specific protease Usp4 
regulates the cell surface level of the A2A receptor. Mol Pharmacol 69(4): 1083–94. 

Milting H, Scholz C, Arusoglu L, Freitag M, Cebulla R, Jaquet K, Körfer R, v. Lewinski D, 
Kassner A, Brodde O-E, Kögler H, El Banayosy A & Pieske B (2006) Selective 
upregulation of 1-adrenergic receptors and dephosphorylation of troponin I in end-
stage heart failure patients supported by ventricular assist devices. J Mol Cell Cardiol 
41(3): 441–50. 

Moench SJ, Terry CE & Dewey TG (1994) Fluorescence labeling of the palmitoylation 
sites of rhodopsin. Biochemistry 33(19): 5783–90. 

Molenaar P, Chen L, Semmler AB, Parsonage WA & Kaumann AJ (2007) Human heart -
adrenoceptors: 1-adrenoceptor diversification through 'affinity states' and 
polymorphism. Clin Exp Pharmacol Physiol 34(10): 1020–8. 

Moore JD, Mason DA, Green SA, Hsu J & Liggett SB (1999) Racial differences in the 
frequencies of cardiac 1-adrenergic receptor polymorphisms: analysis of c145A>G 
and c1165G>C. Hum Mutat 14(3): 271. 

Morello JP, Petäjä-Repo UE, Bichet DG & Bouvier M (2000a) Pharmacological 
chaperones: a new twist on receptor folding. Trends Pharmacol Sci 21(12): 466–9. 

Morello JP, Salahpour A, Laperrière A, Bernier V, Arthus MF, Lonergan M, Petäjä-Repo 
U, Angers S, Morin D, Bichet DG & Bouvier M (2000b) Pharmacological chaperones 
rescue cell-surface expression and function of misfolded V2 vasopressin receptor 
mutants. J Clin Invest 105(7): 887–95. 

Moukhametzianov R, Warne T, Edwards PC, Serrano-Vega MJ, Leslie AG, Tate CG & 
Schertler GF (2011) Two distinct conformations of helix 6 observed in antagonist-
bound structures of a 1-adrenergic receptor. Proc Natl Acad Sci U S A 108(20): 
8228–32. 

Murakami M & Kouyama T (2008) Crystal structure of squid rhodopsin. Nature 453(7193): 
363–7. 

Nakagawa M, Miyamoto T, Kusakabe R, Takasaki S, Takao T, Shichida Y & Tsuda M 
(2001) O-Glycosylation of G-protein-coupled receptor, octopus rhodopsin. Direct 
analysis by FAB mass spectrometry. FEBS Lett 496(1): 19–24. 

Noma T, Lemaire A, Naga Prasad SV, Barki-Harrington L, Tilley DG, Chen J, Le 
Corvoisier P, Violin JD, Wei H, Lefkowitz RJ & Rockman HA (2007) -arrestin-
mediated 1-adrenergic receptor transactivation of the EGFR confers cardioprotection. 
J Clin Invest 117(9): 2445–58. 

Noorwez SM, Kuksa V, Imanishi Y, Zhu L, Filipek S, Palczewski K & Kaushal S (2003) 
Pharmacological chaperone-mediated in vivo folding and stabilization of the P23H-
opsin mutant associated with autosomal dominant retinitis pigmentosa. J Biol Chem 
278(16): 14442–50. 

Nunez DJ, Clifford CP, Al-Mahdawi S & Dutka D (1996) Hypertensive cardiac 
hypertrophy - is genetic variance the missing link? Br J Clin Pharmacol 42(1): 107–17. 



 121

Nygaard R, Frimurer TM, Holst B, Rosenkilde MM & Schwartz TW (2009) Ligand 
binding and micro-switches in 7TM receptor structures. Trends Pharmacol Sci 30(5): 
249–59. 

Oakley RH, Laporte SA, Holt JA, Caron MG & Barak LS (2000) Differential affinities of 
visual arrestin, arrestin1, and arrestin2 for G protein-coupled receptors delineate 
two major classes of receptors. J Biol Chem 275(22): 17201–10. 

Offermanns S (2003) G-proteins as transducers in transmembrane signalling. Prog Biophys 
Mol Biol 83(2): 101–30. 

Ohkuma S, Katsura M, Shibasaki M, Tsujimura A & Hirouchi M (2006) Expression of -
adrenergic receptor up-regulation is mediated by two different processes. Brain Res 
1112(1): 114–25. 

Oldham WM & Hamm HE (2008) Heterotrimeric G protein activation by G-protein-
coupled receptors. Nat Rev Mol Cell Biol 9(1): 60–71. 

Oliver JD, Roderick HL, Llewellyn DH & High S (1999) ERp57 functions as a subunit of 
specific complexes formed with the ER lectins calreticulin and calnexin. Mol Biol 
Cell 10(8): 2573–82. 

Oliver JD, van der Wal FJ, Bulleid NJ & High S (1997) Interaction of the thiol-dependent 
reductase ERp57 with nascent glycoproteins. Science 275(5296): 86–8. 

O'Shaughnessy KM, Fu B, Dickerson C, Thurston D & Brown MJ (2000) The gain-of-
function G389R variant of the 1-adrenoceptor does not influence blood pressure or 
heart rate response to -blockade in hypertensive subjects. Clin Sci (Lond) 99(3): 
233–8. 

Packer M, Bristow MR, Cohn JN, Colucci WS, Fowler MB, Gilbert EM & Shusterman 
NH (1996) The effect of carvedilol on morbidity and mortality in patients with 
chronic heart failure. U.S. Carvedilol Heart Failure Study Group. N Engl J Med 
334(21): 1349–55. 

Packer M, Coats AJ, Fowler MB, Katus HA, Krum H, Mohacsi P, Rouleau JL, Tendera M, 
Castaigne A, Roecker EB, Schultz MK & DeMets DL (2001) Effect of carvedilol on 
survival in severe chronic heart failure. N Engl J Med 344(22): 1651–8. 

Pak MD & Fishman PH (1996) Anomalous behavior of CGP 12177A on 1-adrenergic 
receptors. J Recept Signal Transduct Res 16(1–2): 1–23. 

Pak Y, Pham N & Rotin D (2002) Direct binding of the 1-adrenergic receptor to the cyclic 
AMP-dependent guanine nucleotide exchange factor CNrasGEF leads to Ras 
activation. Mol Cell Biol 22(22): 7942–52. 

Palczewski K, Kumasaka T, Hori T, Behnke CA, Motoshima H, Fox BA, Le Trong I, 
Teller DC, Okada T, Stenkamp RE, Yamamoto M & Miyano M (2000) Crystal 
structure of rhodopsin: A G protein-coupled receptor. Science 289(5480): 739–45. 

Pang RT-K, Ng SS-M, Cheng CH-K, Holtmann MH, Miller LJ & Chow BK-C (1999) 
Role of N-linked glycosylation on the function and expression of the human secretin 
receptor. Endocrinology 140(11): 5102–11. 

Parent A, Laroche G, Hamelin E & Parent J-L (2008) RACK1 regulates the cell surface 
expression of the G protein-coupled receptor for thromboxane A2. Traffic 9(3): 394–
407. 



 122

Park JH, Scheerer P, Hofmann KP, Choe H-W & Ernst OP (2008) Crystal structure of the 
ligand-free G-protein-coupled receptor opsin. Nature 454(7201): 183–7. 

Parker EM, Kameyama K, Higashijima T & Ross EM (1991) Reconstitutively active G 
protein-coupled receptors purified from baculovirus-infected insect cells. J Biol Chem 
266(1): 519–27. 

Pauwels PJ, Gommeren W, Van Lommen G, Janssen PA & Leysen JE (1988) The receptor 
binding profile of the new antihypertensive agent nebivolol and its stereoisomers 
compared with various -adrenergic blockers. Mol Pharmacol 34(6): 843–51. 

Peeters MC, van Westen GJ, Li Q & Ijzerman AP (2011) Importance of the extracellular 
loops in G protein-coupled receptors for ligand recognition and receptor activation. 
Trends Pharmacol Sci 32(1): 35–42. 

Peng Y, Xue H, Luo L, Yao W & Li R (2009) Polymorphisms of the 1-adrenergic 
receptor gene are associated with essential hypertension in Chinese. Clin Chem Lab 
Med 47(10): 1227–31. 

Petäjä-Repo UE, Hogue M, Bhalla S, Laperrière A, Morello JP & Bouvier M (2002) 
Ligands act as pharmacological chaperones and increase the efficiency of  opioid 
receptor maturation. EMBO J 21(7): 1628–37. 

Petäjä-Repo UE, Hogue M, Laperrière A, Bhalla S, Walker P & Bouvier M (2001) Newly 
synthesized human  opioid receptors retained in the endoplasmic reticulum are 
retrotranslocated to the cytosol, deglycosylated, ubiquitinated, and degraded by the 
proteasome. J Biol Chem 276(6): 4416–23. 

Petäjä-Repo UE, Hogue M, Laperrière A, Walker P & Bouvier M (2000) Export from the 
endoplasmic reticulum represents the limiting step in the maturation and cell surface 
expression of the human  opioid receptor. J Biol Chem 275(18): 13727–36. 

Petäjä-Repo UE, Hogue M, Leskelä TT, Markkanen PMH, Tuusa JT & Bouvier M (2006) 
Distinct subcellular localization for constitutive and agonist-modulated palmitoylation 
of the human  opioid receptor. J Biol Chem 281(23): 15780–9. 

Pietilä EM, Tuusa JT, Apaja PM, Aatsinki JT, Hakalahti AE, Rajaniemi HJ & Petäjä-Repo 
UE (2005) Inefficient maturation of the rat luteinizing hormone receptor. A putative 
way to regulate receptor numbers at the cell surface. J Biol Chem 280(28): 26622–9. 

Plante E, Lachance D, Gaudreau M, Drolet M-C, Roussel É, Arsenault M & Couet J (2004) 
Effectiveness of -blockade in experimental chronic aortic regurgitation. Circulation 
110(11): 1477–83. 

Post WS, Larson MG, Myers RH, Galderisi M & Levy D (1997) Heritability of left 
ventricular mass: the Framingham Heart Study. Hypertension 30(5): 1025–8. 

Prichard BN & Walden RJ (1982) The syndrome associated with the withdrawal of -
adrenergic receptor blocking drugs. Br J Clin Pharmacol 13(Suppl 2): 337S-343S. 

Psaty BM, Koepsell TD, Wagner EH, LoGerfo JP & Inui TS (1990) The relative risk of 
incident coronary heart disease associated with recently stopping the use of -blockers. 
JAMA 263(12): 1653–7. 

Qanbar R & Bouvier M (2003) Role of palmitoylation/depalmitoylation reactions in G-
protein-coupled receptor function. Pharmacol Ther 97(1): 1–33. 



 123

Ranade K, Jorgenson E, Sheu WH-H, Pei D, Hsiung CA, Chiang F-t, Chen Y-D, Pratt R, 
Olshen RA, Curb D, Cox DR, Botstein D & Risch N (2002) A polymorphism in the 1 
adrenergic receptor is associated with resting heart rate. Am J Hum Genet 70(4): 935–
42. 

Rapoport TA (2007) Protein translocation across the eukaryotic endoplasmic reticulum and 
bacterial plasma membranes. Nature 450(7170): 663–9. 

Rasmussen SG, Choi H-J, Fung JJ, Pardon E, Casarosa P, Chae PS, DeVree BT, 
Rosenbaum DM, Thian FS, Kobilka TS, Schnapp A, Konetzki I, Sunahara RK, 
Gellman SH, Pautsch A, Steyaert J, Weis WI & Kobilka BK (2011) Structure of a 
nanobody-stabilized active state of the 2-adrenoceptor. Nature 469(7329): 175–80. 

Rasmussen SG, Choi H-J, Rosenbaum DM, Kobilka TS, Thian FS, Edwards PC, 
Burghammer M, Ratnala VR, Sanishvili R, Fischetti RF, Schertler GF, Weis WI & 
Kobilka BK (2007) Crystal structure of the human 2-adrenergic G-protein-coupled 
receptor. Nature 450(7168): 383–7. 

Rathz DA, Brown KM, Kramer LA & Liggett SB (2002) Amino acid 49 polymorphisms of 
the human 1-adrenergic receptor affect agonist-promoted trafficking. J Cardiovasc 
Pharmacol 39(2): 155–60. 

Rathz DA, Gregory KN, Fang Y, Brown KM & Liggett SB (2003) Hierarchy of 
polymorphic variation and desensitization permutations relative to 1- and 2-
adrenergic receptor signaling. J Biol Chem 278(12): 10784–9. 

Reichling C, Meyerhof W & Behrens M (2008) Functions of human bitter taste receptors 
depend on N-glycosylation. J Neurochem 106(3): 1138–48. 

Reiter MJ (2004) Cardiovascular drug class specificity: -blockers. Prog Cardiovasc Dis 
47(1): 11–33. 

Reithmann C, Thomschke A & Werdan K (1987) The role of endogenous noradrenaline in 
the -blocker withdrawal phenomenon - studies with cultured heart cells. Klin 
Wochenschr 65(7): 308–16. 

René P, Le Gouill C, Pogozheva ID, Lee G, Mosberg HI, Farooqi IS, Valenzano KJ & 
Bouvier M (2010) Pharmacological chaperones restore function to MC4R mutants 
responsible for severe early-onset obesity. J Pharmacol Exp Ther 335(3): 520–32. 

Ritter SL & Hall RA (2009) Fine-tuning of GPCR activity by receptor-interacting proteins. 
Nat Rev Mol Cell Biol 10(12): 819–30. 

Rockman HA, Koch WJ & Lefkowitz RJ (2002) Seven-transmembrane-spanning receptors 
and heart function. Nature 415(6868): 206–12. 

Rosenbaum DM, Cherezov V, Hanson MA, Rasmussen SG, Thian FS, Kobilka TS, Choi 
H-J, Yao X-J, Weis WI, Stevens RC & Kobilka BK (2007) GPCR engineering yields 
high-resolution structural insights into 2-adrenergic receptor function. Science 
318(5854): 1266–73. 

Rosenbaum DM, Rasmussen SG & Kobilka BK (2009) The structure and function of G-
protein-coupled receptors. Nature 459(7245): 356–63. 



 124

Rosenbaum DM, Zhang C, Lyons JA, Holl R, Aragao D, Arlow DH, Rasmussen SG, Choi 
H-J, Devree BT, Sunahara RK, Chae PS, Gellman SH, Dror RO, Shaw DE, Weis WI, 
Caffrey M, Gmeiner P & Kobilka BK (2011) Structure and function of an irreversible 
agonist-2-adrenoceptor complex. Nature 469(7329): 236–40. 

Rothman KJ (1990) No adjustments are needed for multiple comparisons. Epidemiology 
1(1): 43–6. 

Rousseau G, Nantel F & Bouvier M (1996) Distinct receptor domains determine subtype-
specific coupling and desensitization phenotypes for human 1- and 2-adrenergic 
receptors. Mol Pharmacol 49(4): 752–60. 

Roy S, Rached M & Gallo-Payet N (2007) Differential regulation of the human 
adrenocorticotropin receptor [melanocortin-2 receptor (MC2R)] by human MC2R 
accessory protein isoforms  and  in isogenic human embryonic kidney 293 cells. 
Mol Endocrinol 21(7): 1656–69. 

Rutledge EA, Root BJ, Lucas JJ & Enns CA (1994) Elimination of the O-linked 
glycosylation site at Thr 104 results in the generation of a soluble human-transferrin 
receptor. Blood 83(2): 580–6. 

Rybin VO, Xu X, Lisanti MP & Steinberg SF (2000) Differential targeting of -adrenergic 
receptor subtypes and adenylyl cyclase to cardiomyocyte caveolae. A mechanism to 
functionally regulate the cAMP signaling pathway. J Biol Chem 275(52): 41447–57. 

Sadeghi H & Birnbaumer M (1999) O-Glycosylation of the V2 vasopressin receptor. 
Glycobiology 9(7): 731–7. 

Saito H, Kubota M, Roberts RW, Chi Q & Matsunami H (2004) RTP family members 
induce functional expression of mammalian odorant receptors. Cell 119(5): 679–91. 

Salahpour A, Angers S, Mercier JF, Lagacé M, Marullo S & Bouvier M (2004) 
Homodimerization of the 2-adrenergic receptor as a prerequisite for cell surface 
targeting. J Biol Chem 279(32): 33390–7. 

Sandilands AJ, O'Shaughnessy KM & Brown MJ (2003) Greater inotropic and cyclic AMP 
responses evoked by noradrenaline through Arg389 1-adrenoceptors versus Gly389 
1-adrenoceptors in isolated human atrial myocardium. Br J Pharmacol 138(2): 386–
92. 

Satwani S, Dec GW & Narula J (2004) -adrenergic blockers in heart failure: review of 
mechanisms of action and clinical outcomes. J Cardiovasc Pharmacol Ther 9(4): 243–
55. 

Savage DD, Drayer JI, Henry WL, Mathews EC, Jr., Ware JH, Gardin JM, Cohen ER, 
Epstein SE & Laragh JH (1979) Echocardiographic assessment of cardiac anatomy 
and function in hypertensive subjects. Circulation 59(4): 623–32. 

Scheer A, Fanelli F, Costa T, De Benedetti PG & Cotecchia S (1996) Constitutively active 
mutants of the 1B-adrenergic receptor: role of highly conserved polar amino acids in 
receptor activation. EMBO J 15(14): 3566–78. 

Scheerer P, Park JH, Hildebrand PW, Kim YJ, Krauss N, Choe H-W, Hofmann KP & 
Ernst OP (2008) Crystal structure of opsin in its G-protein-interacting conformation. 
Nature 455(7212): 497–502. 



 125

Schneider EH, Schnell D, Papa D & Seifert R (2009) High constitutive activity and a G-
protein-independent high-affinity state of the human histamine H4-receptor. 
Biochemistry 48(6): 1424–38. 

Schubert U, Anton LC, Gibbs J, Norbury CC, Yewdell JW & Bennink JR (2000) Rapid 
degradation of a large fraction of newly synthesized proteins by proteasomes. Nature 
404(6779): 770–4. 

Schuler GD, Altschul SF & Lipman DJ (1991) A workbench for multiple alignment 
construction and analysis. Proteins 9(3): 180–90. 

Schunkert H, Bröckel U, Hengstenberg C, Luchner A, Muscholl MW, Kurzidim K, Kuch 
B, Döring A, Riegger GA & Hense HW (1999) Familial predisposition of left 
ventricular hypertrophy. J Am Coll Cardiol 33(6): 1685–91. 

Schülein R, Hermosilla R, Oksche A, Dehe M, Wiesner B, Krause G & Rosenthal W 
(1998) A dileucine sequence and an upstream glutamate residue in the intracellular 
carboxyl terminus of the vasopressin V2 receptor are essential for cell surface 
transport in COS.M6 cells. Mol Pharmacol 54(3): 525–35. 

Serrano-Vega MJ, Magnani F, Shibata Y & Tate CG (2008) Conformational 
thermostabilization of the 1-adrenergic receptor in a detergent-resistant form. Proc 
Natl Acad Sci U S A 105(3): 877–82. 

Sharma V, Parsons H, Allard MF & McNeill JH (2008) Metoprolol increases the 
expression of 3-adrenoceptors in the diabetic heart: effects on nitric oxide signaling 
and forkhead transcription factor-3. Eur J Pharmacol 595(1–3): 44–51. 

Shekelle PG, Rich MW, Morton SC, Atkinson CS, Tu W, Maglione M, Rhodes S, Barrett 
M, Fonarow GC, Greenberg B, Heidenreich PA, Knabel T, Konstam MA, Steimle A 
& Warner Stevenson L (2003) Efficacy of angiotensin-converting enzyme inhibitors 
and -blockers in the management of left ventricular systolic dysfunction according to 
race, gender, and diabetic status: a meta-analysis of major clinical trials. J Am Coll 
Cardiol 41(9): 1529–38. 

Shen R, Wiegers SE & Glaser R (2007) The evaluation of cardiac and peripheral arterial 
disease in patients with diabetes mellitus. Endocr Res 32(3): 109–42. 

Shenoy SK, McDonald PH, Kohout TA & Lefkowitz RJ (2001) Regulation of receptor fate 
by ubiquitination of activated 2-adrenergic receptor and -arrestin. Science 
294(5545): 1307–13. 

Shiina T, Kawasaki A, Nagao T & Kurose H (2000) Interaction with -arrestin determines 
the difference in internalization behavor between 1- and 2-adrenergic receptors. J 
Biol Chem 275(37): 29082–90. 

Shimamura T, Shiroishi M, Weyand S, Tsujimoto H, Winter G, Katritch V, Abagyan R, 
Cherezov V, Liu W, Han GW, Kobayashi T, Stevens RC & Iwata S Structure of the 
human histamine H1 receptor complex with doxepin. Nature 475(7354): 65–70. 

Shioji K, Kokubo Y, Mannami T, Inamoto N, Morisaki H, Mino Y, Tagoi N, Yasui N & 
Iwaii N (2004) Association between hypertension and the -adducin, 1-
adrenoreceptor, and G-protein 3 subunit genes in the Japanese population; the Suita 
study. Hypertens Res 27(1): 31–7. 



 126

Sibley DR, Strasser RH, Caron MG & Lefkowitz RJ (1985) Homologous desensitization 
of adenylate cyclase is associated with phosphorylation of the -adrenergic receptor. J 
Biol Chem 260(7): 3883–6. 

Sigmund M, Jakob H, Becker H, Hanrath P, Schumacher C, Eschenhagen T, Schmitz W, 
Scholz H & Steinfath M (1996) Effects of metoprolol on myocardial -adrenoceptors 
and Gi-proteins in patients with congestive heart failure. Eur J Clin Pharmacol 51(2): 
127–32. 

Simon MI, Strathmann MP & Gautam N (1991) Diversity of G proteins in signal 
transduction. Science 252(5007): 802–8. 

Small KM, McGraw DW & Liggett SB (2003) Pharmacology and physiology of human 
adrenergic receptor polymorphisms. Annu Rev Pharmacol Toxicol 43: 381–411. 

Smith C & Teitler M (1999) -blocker selectivity at cloned human 1- and 2-adrenergic 
receptors. Cardiovasc Drugs Ther 13(2): 123–6. 

Sofowora GG, Dishy V, Muszkat M, Xie HG, Kim RB, Harris PA, Prasad HC, Byrne DW, 
Nair UB, Wood AJJ & Stein CM (2003) A common 1-adrenergic receptor 
polymorphism (Arg389Gly) affects blood pressure response to -blockade. Clin 
Pharmacol Ther 73(4): 366–71. 

Soond SM, Everson B, Riches DW & Murphy G (2005) ERK-mediated phosphorylation of 
Thr735 in TNF-converting enzyme and its potential role in TACE protein trafficking. 
J Cell Sci 118(Pt 11): 2371–80. 

Sorkin A & von Zastrow M (2009) Endocytosis and signalling: intertwining molecular 
networks. Nat Rev Mol Cell Biol 10(9): 609–22. 

Spee P, Subjeck J & Neefjes J (1999) Identification of novel peptide binding proteins in 
the endoplasmic reticulum: ERp72, calnexin, and grp170. Biochemistry 38(32): 
10559–66. 

Sprang SR (2011) Cell signalling: Binding the receptor at both ends. Nature 469(7329): 
172–3. 

Springsteel MF, Galietta LJ, Ma T, By K, Berger GO, Yang H, Dicus CW, Choung W, 
Quan C, Shelat AA, Guy RK, Verkman AS, Kurth MJ & Nantz MH (2003) 
Benzoflavone activators of the cystic fibrosis transmembrane conductance regulator: 
towards a pharmacophore model for the nucleotide-binding domain. Bioorg Med 
Chem 11(18): 4113–20. 

Staehelin M, Simons P, Jaeggi K & Wigger N (1983) CGP-12177. A hydrophilic -
adrenergic receptor radioligand reveals high affinity binding of agonists to intact cells. 
J Biol Chem 258(6): 3496–502. 

Standfuss J, Edwards PC, D'Antona A, Fransen M, Xie G, Oprian DD & Schertler GF 
(2011) The structural basis of agonist-induced activation in constitutively active 
rhodopsin. Nature 471(7340): 656–60. 

Stanton T, Inglis GC, Padmanabhan S, Dominiczak AF, Jardine AG & Connell JM (2002) 
Variation at the 1 adrenoceptor gene locus affects left ventricular mass in renal 
failure. J Nephrol 15(5): 512–8. 

Steinberg SF (1999) The molecular basis for distinct -adrenergic receptor subtype actions 
in cardiomyocytes. Circ Res 85(11): 1101–11. 



 127

Stiles GL, Strasser RH, Lavin TN, Jones LR, Caron MG & Lefkowitz RJ (1983) The 
cardiac adrenergic receptor. Structural similarities of 1 and 2 receptor subtypes 
demonstrated by photoaffinity labeling. J Biol Chem 258(13): 8443–9. 

Sugimoto Y, Fujisawa R, Tanimura R, Lattion AL, Cotecchia S, Tsujimoto G, Nagao T & 
Kurose H (2002) 1-selective agonist (-)-1-(3,4-dimethoxyphenetylamino)-3-(3,4-
dihydroxy)-2-propanol [(-)-RO363] differentially interacts with key amino acids 
responsible for 1-selective binding in resting and active states. J Pharmacol Exp Ther 
301(1): 51–8. 

Sun Y, McGarrigle D & Huang X-Y (2007) When a G protein-coupled receptor does not 
couple to a G protein. Mol Biosyst 3(12): 849–54. 

Suzuki T, Nguyen CT, Nantel F, Bonin H, Valiquette M, Frielle T & Bouvier M (1992) 
Distinct regulation of 1- and 2-adrenergic receptors in Chinese hamster fibroblasts. 
Mol Pharmacol 41(3): 542–8. 

Swan L, Birnie DH, Padmanabhan S, Inglis G, Connell JM & Hillis WS (2003) The 
genetic determination of left ventricular mass in healthy adults. Eur Heart J 24(6): 
577–82. 

Tai AW, Chuang JZ, Bode C, Wolfrum U & Sung CH (1999) Rhodopsin's carboxy-
terminal cytoplasmic tail acts as a membrane receptor for cytoplasmic dynein by 
binding to the dynein light chain Tctex-1. Cell 97(7): 877–87. 

Tanase H, Yamori Y, Hansen CT & Lovenberg W (1982) Heart size in inbred strains of 
rats. Part 1. Genetic determination of the development of cardiovascular enlargement 
in rats. Hypertension 4(6): 864–72. 

Tapanainen JM, Still AM, Airaksinen KE & Huikuri HV (2001) Prognostic significance of 
risk stratifiers of mortality, including T wave alternans, after acute myocardial 
infarction: results of a prospective follow-up study. J Cardiovasc Electrophysiol 12(6): 
645–52. 

Tenenbaum A, Fisman EZ, Schwammenthal E, Adler Y, Benderly M, Motro M & 
Shemesh J (2003) Increased prevalence of left ventricular hypertrophy in hypertensive 
women with type 2 diabetes mellitus. Cardiovasc Diabetol 2: 14. 

Terra SG, McGorray SP, Wu R, McNamara DM, Cavallari LH, Walker JR, Wallace MR, 
Johnson BD, Bairey Merz CN, Sopko G, Pepine CJ & Johnson JA (2005) Association 
between -adrenergic receptor polymorphisms and their G-protein-coupled receptors 
with body mass index and obesity in women: a report from the NHLBI-sponsored 
WISE study. Int J Obes (Lond) 29(7): 746–54. 

Thompson JD, Higgins DG & Gibson TJ (1994) CLUSTAL W: improving the sensitivity 
of progressive multiple sequence alignment through sequence weighting, position-
specific gap penalties and weight matrix choice. Nucleic Acids Res 22(22): 4673–80. 

Thor F, Gautschi M, Geiger R & Helenius A (2009) Bulk flow revisited: transport of a 
soluble protein in the secretory pathway. Traffic 10(12): 1819–30. 

Tobin AB, Butcher AJ & Kong KC (2008) Location, location, location...site-specific 
GPCR phosphorylation offers a mechanism for cell-type-specific signalling. Trends 
Pharmacol Sci 29(8): 413–20. 



 128

Triplitt C (2008) Best practises for lowering the risk of cardiovascular risk in diabetes. 
Diabetes Spectrum 21(3): 177–189. 

Trombetta SE & Parodi AJ (1992) Purification to apparent homogeneity and partial 
characterization of rat liver UDP-glucose:glycoprotein glucosyltransferase. J Biol 
Chem 267(13): 9236–40. 

Tyndall JD & Sandilya R (2005) GPCR agonists and antagonists in the clinic. Med Chem 
1(4): 405–21. 

Umemoto J, Bhavanandan VP & Davidson EA (1977) Purification and properties of an 
Endo--N-acetyl-D-galactosaminidase from Diplococcus pneumoniae. J Biol Chem 
252(23): 8609–14. 

Unger VM, Hargrave PA, Baldwin JM & Schertler GF (1997) Arrangement of rhodopsin 
transmembrane -helices. Nature 389(6647): 203–6. 

Waagstein F, Hjalmarson Å, Varnauskas E & Wallentin I (1975) Effect of chronic -
adrenergic receptor blockade in congestive cardiomyopathy. Br Heart J 37(10): 1022–
36. 

Wallin E & von Heijne G (1995) Properties of N-terminal tails in G-protein coupled 
receptors: a statistical study. Protein Eng 8(7): 693–8. 

Van Craenenbroeck K, Clark SD, Cox MJ, Oak JN, Liu F & Van Tol HHM (2005) Folding 
efficiency is rate-limiting in dopamine D4 receptor biogenesis. J Biol Chem 280(19): 
19350–7. 

Warne T, Moukhametzianov R, Baker JG, Nehmé R, Edwards PC, Leslie AG, Schertler 
GF & Tate CG (2011) The structural basis for agonist and partial agonist action on a 
1-adrenergic receptor. Nature 469(7329): 241–4. 

Warne T, Serrano-Vega MJ, Baker JG, Moukhametzianov R, Edwards PC, Henderson R, 
Leslie AGW, Tate CG & Schertler GFX (2008) Structure of a 1-adrenergic G-
protein-coupled receptor. Nature 454(7203): 486–91. 

Warner AL, Bellah KL, Raya TE, Roeske WR & Goldman S (1992) Effects of -
adrenergic blockade on papillary muscle function and the -adrenergic receptor 
system in noninfarcted myocardium in compensated ischemic left ventricular 
dysfunction. Circulation 86(5): 1584–95. 

Wolfe BB, Harden TK, Sporn JR & Molinoff PB (1978) Presynaptic modulation of -
adrenergic receptors in rat cerebral cortex after treatment with antidepressants. J 
Pharmacol Exp Ther 207(2): 446–57. 

von Zastrow M, Svingos A, Haberstock-Debic H & Evans C (2003) Regulated endocytosis 
of opioid receptors: cellular mechanisms and proposed roles in physiological 
adaptation to opiate drugs. Curr Opin Neurobiol 13(3): 348–53. 

Wu B, Chien EY, Mol CD, Fenalti G, Liu W, Katritch V, Abagyan R, Brooun A, Wells P, 
Bi FC, Hamel DJ, Kuhn P, Handel TM, Cherezov V & Stevens RC (2010) Structures 
of the CXCR4 chemokine GPCR with small-molecule and cyclic peptide antagonists. 
Science 330(6007): 1066–71. 



 129

Wüller S, Wiesner B, Löffler A, Furkert J, Krause G, Hermosilla R, Schaefer M, Schülein 
R, Rosenthal W & Oksche A (2004) Pharmacochaperones post-translationally 
enhance cell surface expression by increasing conformational stability of wild-type 
and mutant vasopressin V2 receptors. J Biol Chem 279(45): 47254–63. 

Xiang Y, Devic E & Kobilka B (2002) The PDZ binding motif of the 1-adrenergic 
receptor modulates receptor trafficking and signaling in cardiac myocytes. J Biol 
Chem 277(37): 33783–90. 

Xiao R-P, Ji X & Lakatta EG (1995) Functional coupling of the 2-adrenoceptor to a 
pertussis toxin-sensitive G protein in cardiac myocytes. Mol Pharmacol 47(2): 322–9. 

Xu F, Wu H, Katritch V, Han G-W, Jacobson KA, Gao ZG, Cherezov V & Stevens RC 
(2011) Structure of an agonist-bound human A2A adenosine receptor. Science 
332(6027): 322–7. 

Xu J, He J, Castleberry AM, Balasubramanian S, Lau AG & Hall RA (2003) 
Heterodimerization of 2A- and 1-adrenergic receptors. J Biol Chem 278(12): 10770–
7. 

Xu J, Paquet M, Lau AG, Wood JD, Ross CA & Hall RA (2001) 1-adrenergic receptor 
association with the synaptic scaffolding protein membrane-associated guanylate 
kinase inverted-2 (MAGI-2). Differential regulation of receptor internalization by 
MAGI-2 and PSD-95. J Biol Chem 276(44): 41310–7. 

Yan Y, Scott DJ, Wilkinson TN, Ji J, Tregear GW & Bathgate RA (2008) Identification of 
the N-linked glycosylation sites of the human relaxin receptor and effect of 
glycosylation on receptor function. Biochemistry 47(26): 6953–68. 

Zakrzeska A, Schlicker E, Kwolek G, Kozlowska H & Malinowska B (2005) Positive 
inotropic and lusitropic effects mediated via the low-affinity state of 1-adrenoceptors 
in pithed rats. Br J Pharmacol 146(5): 760–8. 

Zhong X, Kriz R, Seehra J & Kumar R (2004) N-linked glycosylation of platelet P2Y12 
ADP receptor is essential for signal transduction but not for ligand binding or cell 
surface expression. FEBS Lett 562(1–3): 111–7. 

Zuckerman DM, Hicks SW, Charron G, Hang HC & Machamer CE (2011) Differential 
regulation of two palmitoylation sites in the cytoplasmic tail of the 1-adrenergic 
receptor. J Biol Chem 286(21): 19014–23. 

 

  



 130

 
 



 131

List of original publications 

I  Hakalahti AE, Vierimaa MM, Lilja MK, Kumpula E-P, Tuusa JT & Petäjä-Repo UE 
(2010) Human β1-adrenergic receptor is subject to constitutive and regulated N-
terminal cleavage. Journal of Biological Chemistry 285: 28850–61 

II  Hakalahti AE, Vierimaa MM, Pekkala EH & Petäjä-Repo UE (2011) β-adrenergic 
agonists mediate enhancement of human β1-adrenergic receptor N-terminal cleavage 
and stabilization in vivo and in vitro. Manuscript 

III  Hakalahti AE, Tapanainen JM, Junttila JM, Kaikkonen KS, Huikuri HV & Petäjä-
Repo UE (2010) Association of the beta-1 adrenergic receptor carboxyl terminal 
variants with left ventricular hypertrophy among diabetic and non-diabetic survivors 
of acute myocardial infarction. Cardiovascular Diabetology 9: 42 

Papers I and III are reprinted with permission from the publishers (the American 

Society for Biochemistry and Molecular Biology and BioMed Central, 

respectively). 

Original publications are not included in the electronic version of the thesis. 

  



 132

 



A C T A  U N I V E R S I T A T I S  O U L U E N S I S

Book orders:
Granum: Virtual book store
http://granum.uta.fi/granum/

S E R I E S  D  M E D I C A

1098. Kurola, Paula (2011) Role of pneumococcal virulence genes in the etiology of
respiratory tract infection and biofilm formation

1099. Rimpiläinen, Riikka (2011) Minimized cardiopulmonary bypass in extracorporeal
circulation : A clinical and experimental comparison with conventional techniques

1100. Kubin, Anna-Maria (2011) Characterization of signaling mechanisms regulating
cardiac contractility

1101. Keränen, Anna-Maria (2011) Lifestyle interventions in treatment of obese adults :
eating behaviour and other factors affecting weight loss and maintenance

1102. Pasanen, Annika (2011) Prolyl 3-hydroxylases and hypoxia-inducible factor 3 :
their roles in collagen synthesis and hypoxia response, respectively

1103. Koivisto, Elina (2011) Characterization of signalling pathways in cardiac
hypertrophic response

1104. Harila, Marika (2011) Health-related quality of life in survivors of childhood acute
lymphoblastic leukaemia

1105. Pätsi, Jukka (2011) Catalytic core of respiratory chain NADH-ubiquinone
oxidoreductase : roles of the ND1, ND6 and ND4L subunits and mitochondrial
disease modelling in Escherichia coli

1106. Juuti, Anna-Kaisa (2011) Sleep disorders and associated factors in 56-73 year-old
urban adults in Northern Finland

1107. Marttala, Jaana (2011) First trimester screening and Down syndrome

1108. Kauppila, Anna-Maija (2011) Multidisciplinary rehabilitation after primary total
knee arthroplasty : A study of its effects on health- related quality of life,
functional capacity and cost-effectiveness

1109. Paalanne, Niko (2011) Postural balance, isometric trunk muscle strength and low
back symptoms among young adults

1110. Salminen, Annamari (2011) Surfactant proteins and cytokines in inflammation-
induced preterm birth : experimental mouse model and study of human tissues

1111. Pradhan-Palikhe, Pratikshya (2011) Matrix metalloproteinase-8 as a diagnostic
tool for the inflammatory and malignant diseases

1112. Kaakinen, Mika (2011) Functional microdomains in the specialized membranes of
skeletal myofibres

1113. Nissinen, Antti (2011) Humoral immune response to phosphatidylethanol



A
B
C
D
E
F
G

UNIVERS ITY OF OULU  P.O.B . 7500   F I -90014  UNIVERS ITY OF OULU F INLAND

A C T A  U N I V E R S I T A T I S  O U L U E N S I S

S E R I E S  E D I T O R S

SCIENTIAE RERUM NATURALIUM

HUMANIORA

TECHNICA

MEDICA

SCIENTIAE RERUM SOCIALIUM

SCRIPTA ACADEMICA

OECONOMICA

EDITOR IN CHIEF

PUBLICATIONS EDITOR

Senior Assistant Jorma Arhippainen

Lecturer Santeri Palviainen

Professor Hannu Heusala

Professor Olli Vuolteenaho

Senior Researcher Eila Estola

Director Sinikka Eskelinen

Professor Jari Juga

Professor Olli Vuolteenaho

Publications Editor Kirsti Nurkkala

ISBN 978-951-42-9525-6 (Paperback)
ISBN 978-951-42-9526-3 (PDF)
ISSN 0355-3221 (Print)
ISSN 1796-2234 (Online)

U N I V E R S I TAT I S  O U L U E N S I S

MEDICA

ACTA
D

D
 1115

AC
TA

A
nna H

akalahti

OULU 2011

D 1115

Anna Hakalahti

HUMAN β1-ADRENERGIC 
RECEPTOR
BIOSYNTHESIS, PROCESSING AND
THE CARBOXYL-TERMINAL POLYMORPHISM

UNIVERSITY OF OULU,
FACULTY OF MEDICINE,
INSTITUTE OF BIOMEDICINE,
DEPARTMENT OF ANATOMY AND CELL BIOLOGY;
UNIVERSITY OF OULU,
BIOCENTER OULU


	Abstract
	Tiivistelmä
	Acknowledgements
	Abbreviations
	List of original publications
	Contents
	1 Introduction
	2 Review of the literature
	2.1 G-protein-coupled receptors
	2.1.1 Function
	2.1.2 Protein structure
	2.1.3 Biosynthesis
	2.1.4 Intracellular processing beyond the ER
	2.1.5 Processing at the cell surface

	2.2 The b1-adrenergic receptor
	2.2.1 Function
	2.2.2 Protein structure
	2.2.3 Ligands
	2.2.4 Ligand-induced up-regulation of β1AR
	2.2.5 Polymorphic variants and their significance

	2.3 Cardiac left ventricular hypertrophy
	2.4 Diabetes

	3 The aims of the research
	4 Materials and methods
	4.1 Materials (I, II, III)
	4.2 DNA constructs (I, II)
	4.3 Cell lines and cell culture (I, II)
	4.4 Metabolic labeling with [35S]methionine/cysteine (I, II)
	4.5 Radioligand binding assays (I, II)
	4.6 Preparation and solubilization of membranes and whole cellextracts (I, II)
	4.7 Immunoprecipitation of solubilized receptors (I, II)
	4.8 Deglycosylation of immunoprecipitated receptors (I, II)
	4.9 Cell surface biotinylation (I)
	4.10 SDS-PAGE, Western blotting, and fluorography (I, II)
	4.11 N-terminal sequencing of cleaved hb1AR fragments (I)
	4.12 b1AR sequence alignment (I)
	4.13 Flow cytometry (II)
	4.14 Patient population (III)
	4.15 Genomic DNA isolation and determination of the β1ARArg389Gly8.56 genotype (III)
	4.16 Biometric and laboratory methods (III)
	4.17 Echocardiography and variable calculation (III)
	4.18 Data analysis (I, II, III)

	5 Results
	5.1 Biosynthesis and post-translational processing of hb1AR (I)
	5.1.1 Characterization of expressed hb1AR species
	5.1.2 Maturation of hb1AR
	5.1.3 O-glycosylation of hb1AR

	5.2 N-terminal cleavage of hb1AR (I, II)
	5.2.1 Cleavage sites
	5.2.2 Regulation of the cleavage
	5.2.3 Cellular localization of the cleavage

	5.3 Up-regulation of hb1AR with b-adrenergic ligands (II)
	5.3.1 In vitro stabilization effect of the tested ligands (II)
	5.3.2 In vivo stabilization effect of the tested ligands (II)
	5.3.3 Binding properties of the tested β-adrenergic ligands (II)

	5.4 The b1AR C-terminal Arg389Gly8.56 polymorphism among AMIsurvivors (III)
	5.4.1 Characteristics of the study population
	5.4.2 Echocardiographic parameters of the study population
	5.4.3 β1AR Arg389Gly8.56 polymorphism and echocardiographicparameters


	6 Discussion
	6.1 N-terminal cleavage of hb1AR (I, II)
	6.2 Maturation of hb1AR in a heterologous expression system (I, II)
	6.3 O-glycosylation of hb1AR (I)
	6.4 Ligand-mediated stabilization of hb1AR (II)
	6.5 Association of the hb1AR Arg3898.56 variant with LVH (III)

	7 Conclusions
	References
	List of original publications



