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It is a capital mistake to theorize before one has the data. Insensibly one begins to 

twist facts to suit theories, instead of theories to suit facts. 

- Sherlock Holmes 
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ABSTRACT 

Somatostatin (SST) is a peptide hormone that was originally identified in the 

hypothalamus and subsequently found throughout the central nervous system and in 

various peripheral organs. Generally classified as an inhibitory factor, SST is secreted by 

endocrine, neuronal and immune cells and acts to regulate cell secretion, 

neurotransmission and cell proliferation. There are five receptor-subtypes known to 

engage SST, termed SSTR1-5, all belonging to the superfamily of G-protein coupled 

receptors (GPCRs). Within the past few years, there has been a preponderance of 

evidence to suggest the importance of GPCR dimerization in receptor-biogenesis, 

regulation and pharmacology. It has been previously reported in our laboratory, that 

human (h) SSTR5 homo- and heterodimerizes with hSSTRl in an agonist-regulated 

manner. However, it was unclear as to the contribution of each subtype in the formation 

of the hSSTRl/hSSTR5 heterodimer, the possible molecular determinants involved and 

the effects of heterodimerization on the pharmacology of the receptors. Furthermore, the 

dimerization properties of other hSSTRs including their heterodimerization remain 

undetermined. Here, we demonstrate that agonist binding to hSSTR5 and not hSSTRl 

modulates the formation of the heterodimer, with particular emphasis on its carboxyl-

terminal tail in specifying the interaction. We also determined the mechanics of the 

hSSTR2 homodimer, unlike the previous hSSTRs investigated, forms constitutive dimers 

that dissociate into monomers following activation with agonist. This feature is important 

for receptor trafficking, as preventing their dissociation impairs agonist-mediated 

endocytosis. Lastly, we investigated the heterodimerization of hSSTR2 and hSSTR5, an 

interaction that, like the hSSTRl/hSSTR5 heterodimer, is subtype-specific, requiring 

selective-activation of hSSTR2 and not hSSTR5. The heterodimer exhibited enhanced 

signalling characteristics including, prolonged activation of MAP kinases and an increase 

in the induction of the cyclin-dependent kinase inhibitor p27Kipl. These enhanced 

properties of the heterodimer conferred an extended growth inhibitory response. 

Dimerization of GPCRs, with particular emphasis on heterodimers, generates novel 

receptors with unique properties distinct from those of the individual receptor 
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monomers/homodimers. An understanding on the mechanisms involved in GPCR 

dimerization could provide a rationale in future drug design. 



La somatostatine (SST) est une hormone qui a ete identifiee premierement dans 

l'hypothalamus et retrouvee plus tard dans le systeme nerveux central et divers organes 

peripheriques. SST est secretee par les neurones, les cellules endocriniennes et 

immunitaires et agit comme inhibiteur des voies impliquees dans la neurotransmission, la 

secretion et la proliferation des cellules. II existe cinq sous-types de recepteurs de SST, 

nommes SSTR1 a 5, tous appartenant a la famille des recepteurs couples aux proteines G 

(RCPG). De nombreuses etudes suggerent que la dimerisation des RCPG est importante 

pour la biogenese, la regulation et la pharmacologic de ses recepteurs. Precedemment, 

nous avons rapporte que la forme humaine du recepteur sous-type 5 de la somatostatine 

(hSSTR5) homodimerise tout en presentant la capacite de former des heterodimeres avec 

hSSTRl apres son activation par SST. Cependant, nous connaissons peu sur la 

contribution de chaque sous-type dans la formation de l'heterodimere hSSTRl/hSSTR5, 

sur les facteurs moleculaires qui y sont impliques et les effets de l'heterodimerisation sur 

la pharmacologic des recepteurs. De plus, la dimerisation des autres sous-types de 

hSSTR et leur heterodimerisation restent indeterminees. Dans cette etude, nous 

demontrons que la liaison specifique de l'agoniste au recepteur hSSTR5 module 

l'heterodimerisation dependante elle-meme du domaine C-terminal du recepteur. Nous 

avons aussi determine les mecanismes de formation de l'homodimere du recepteur 

hSSTR2 qui possede la particularity unique de se dissocier en monomere apres 

l'activation par un agoniste. Cet aspect est essentiel dans l'internalisation des recepteurs. 

Enfin, nous avons etudie l'heterodimerisation des recepteurs hSSTR2 et hSSTR5 dont 

l'interaction est sous-type-specifique et exige seulement l'activation du hSSTR2. Nous 

avons identifie que l'heterodimere hSSTR2/hSSTR5 est implique dans la signalisation, il 

induit l'activation prolongee des MAP kinases et augmente l'induction de p27Kipl. Ces 

proprietes de l'heterodimere conferent une reponse prolongee et inhibitrice de la 

croissance. La dimerisation des RCPG, tout particulierement des heterodimeres, permet 

de generer des recepteurs originaux avec des proprietes uniques et distinctes des autres 
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recepteurs monomeres/homodimeres. Une comprehension des mecanismes impliques 

dans la dimerisation des RCPG pourrait etre une etape essentielle pour la conception des 

drogues futures. 
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SECTION 1: PRELUDE 

The physiological function and survival of cells is dependent on their ability to 

respond appropriately to stimuli within their surrounding environment. The 

communication that occurs with the environment and even between neighbouring cells is 

achieved primarily by cell surface receptors that are responsible for organizing complex 

networks of intracellular signalling proteins. The largest and most diverse family of cell 

surface receptors is the G-protein coupled receptor (GPCR) superfamily. The human 

genome comprises approximately 1000 members that respond to an astonishing variety of 

extracellular stimuli namely light, ions, small molecules, peptides, hormones and 

proteins. Upon activation, GPCRs initiate a cascade of responses by regulating a class of 

three-subunit proteins termed G-proteins, named for their binding to guanosine 

triphosphate (GTP). However, evidence has demonstrated GPCR signalling independent 

of G-protein activation, underscoring the complex nature of these receptors. It is 

estimated that over 50% of the drugs on the market today are targeted against GPCRs. 

This translates into annual revenues in excess of $40 billion, representing a valuable 

player in the human therapeutic market. It is no wonder why research in developing new 

and more potent drugs directed against GPCRs is ongoing. A better understanding on the 

structure, function and signalling pathways of GPCRs could improve the treatment of 

various diseases. 
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SECTION 2: RATIONALE AND OBJECTIVES 

The biological effects of somatostatin (SST) were first encountered unexpectedly 

in the late 1960's. In two unrelated studies, one by Krulich et al. [Krulich et al., 1968] 

who reported on a growth hormone (GH)-releasing inhibitory substance from 

hypothalamic extracts and the other, by Hellman and Lernmark [Hellman and Lernmark, 

1969], on the presence of a potent insulin inhibitory factor from the extracts of pigeon 

pancreatic islets. However, the inhibitory substance was not officially identified until 

1973 by Guillemin's group [Brazeau et al., 1973]. In both synthetic and naturally 

occurring forms, this tetradecapeptide originally coined as somatotropin release-

inhibitory factor (SRIF, SST-14) was shown by Brazeau et al. to be the substance in 

controlling hypothalamic GH release. This single achievement not only pioneered SST 

research but was also duly recognized, as Guillemin shared the 1977 Nobel Prize in 

Medicine. The following years bequeathed an exponential increase in SST-related 

studies. It soon became clear that SST-synthesis was not restricted to the hypothalamus. 

Its production is widely distributed throughout the central nervous system (CNS), 

peripheral neurons, the gastrointestinal tract and the pancreatic islets of Langerhans 

[Arimura et al., 1975; Dubois, 1975; Hokfelt et al., 1975; Luft et al., 1974; Orci et al., 

1975; Patel and Reichlin, 1978; Pelletier et al., 1975; Polak et al., 1975], In fact, SST-

like immunoreactivity can be found throughout various tissues of vertebrates and 

invertebrates, including the plant kingdom {reviewed in [Patel, 1992; Tostivint, 2004]}. 

Given its broad anatomical distribution, it is no wonder why SST produces a wide 

spectrum of biological effects. Generally regarded as an inhibitory factor, SST can 

function either locally on neighbouring cells or distantly through the circulation, to 

regulate such physiological processes as glandular secretion, neurotransmission, smooth 

muscle contractility, nutrient absorption and cell division {reviewed in [Barnett, 2003; 

Patel, 1992; Patel, 1999; Patel et al., 2001; Reichlin, 1983a; Reichlin, 1983b]}. 
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These extraordinary efforts into the biology of SST could not have been possible 

if it were not for the availability of stable and potent analogs, given that SST has an 

extremely short plasma half-life [Weckbecker et al., 2003]. In 1978, while working at 

Sandoz (later Novartis, Basel, Switzerland), Vale et al. reported on the first SST-analog, 

an octapeptide with full SST-like biological activity, derived from a cyclic cysteine-

bridged hexapeptide backbone [Vale et al., 1978]. Further modification of the peptide by 

the introduction of two D-amino acid isomers and L-threoninol at the C-terminal, 

provided increased metabolic stability even in the midst of aggressive media such as 

gastric juices at elevated temperatures [Bauer et al., 1982]. This improved octapeptide 

was coded as SMS 201-995 or octreotide, and developed under the name Sandostatin®. 

In 1988, Sandostatin gained its first FDA approval for the symptomatic treatment of 

gastroenteropancreatic tumours. Today, the inhibitory actions of SST-analogs are applied 

in several clinical scenarios, including, the suppression of tumoural hormone hyper-

secretion (acromegaly, neuroendocrine tumours, pancreatic tumours, carcinoid tumours), 

gastrointestinal bleeding, dumping syndrome and pancreatitis {reviewed in [Lamberts et 

al., 1996; Weckbecker et al., 2003]}. 

Despite the marked achievement in the development of octreotide, it was not until 

the early 1990's, that the structure of the first SST receptor (SSTR) emerged by molecular 

cloning [Yamada et al., 1992]. Subsequent cloning revealed five distinct SSTR genes, an 

amount that was greater than predicted from pharmacological and biochemical criteria at 

the time {reviewed in [Patel, 1997; Patel et al., 1995; Reisine and Bell, 1995]}. The 

conceptualization behind the development and successful deployment of octreotide, was 

only later identified by its preferential-binding to SSTR2 [Patel, 1997; Reisine and Bell, 

1995; Weckbecker et al., 2003], as many tumours express this receptor-subtype [Gardette 

et al., 2004; Hofland and Lamberts, 2003; Lamberts et al., 2002]. Rational approaches to 

developing peptide and non-peptide analogs that bind more selectively soon followed 

{reviewed in [Weckbecker et al., 2003]}. However, it soon became clear that SSTRs 

would often show overlapping patterns of distribution in a tissue specific manner, which 

raised questions on the relevance of receptor-co-expression and the importance of target 

specificity, given the similarities in receptor-signalling. Nevertheless, reports have 

surfaced describing activation of putative second messengers as well as differential 
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cellular and physiological responses in cells bearing more than one receptor-subtype 

when treated with SST agonists [Ben-Shlomo et al., 2005; Bruns et al., 2002; Cattaneo et 

al., 2000; Danila et al., 2001; Fedele et al., 2007; Florio et al., 2003b; Jaquet et al., 2005; 

Jaquet et al., 2000; Ren et al., 2003; Saveanu et al., 2001; Saveanu et al., 2006; Shimon et 

al., 1997a; Shimon et al., 1997b; Tulipano et al., 2001; Zatelli et al., 2004; Zatelli et al., 

2005a]. Recently, the trafficking and desensitization of SSTR2 following its selective 

activation was shown to be affected when SSTR5 was co-expressed, however the 

mechanism for this behaviour had yet to be described [Sharif et al., 2007]. 

All five SSTR subtypes are members of the superfamily of G-protein coupled 

receptors (GPCRs) {reviewed in [Olias et al., 2004; Patel, 1999]}. An abounding amount 

of reports has challenged the age-old notion that GPCRs exist and function as monomeric 

entities at the cell surface. It is now clear that many {reviewed in [Bai, 2004; Breitwieser, 

2004; Franco et al., 2003; Hansen and Sheikh, 2004; Kroeger et al., 2003; Milligan, 2008; 

Prinster et al., 2005; Terrillon and Bouvier, 2004]} but not all GPCRs function 

exclusively as dimers [Bayburt et al., 2007; Grant et al., 2004b; Gripentrog et al., 2003; 

James et al., 2006; Meyer et al., 2006; Patel et al., 2002a; Rasmussen et al., 2007; 

Whorton et al., 2007; Whorton et al., 2008]. SSTRs are no exception, as our laboratory 

including others have demonstrated their ability to form both homo- and heterodimers, 

with members of the same or distantly related receptor-families [Baragli et al., 2007; 

Duran-Prado et al., 2007; Grant et al., 2004a; Grant et al., 2004b; Patel et al., 2002a; 

Pfeiffer et al., 2001; Pfeiffer et al., 2002; Rocheville et al., 2000a; Rocheville et al., 

2000b]. This thesis investigates the functional and pharmacological relevance of human 

(h) SSTR dimerization and is a continuation on the ground work described by M. 

Rocheville [Rocheville, M (2002) Ph.D. thesis (McGill University, Montreal, Canada)], 

in our laboratory. 

M. Rocheville had previously characterized the homodimerization of hSSTR5 and 

determined it to be regulated by agonist-binding [Rocheville et al., 2000b]. This was 

demonstrated using both Western blotting and photobleaching fluorescence resonance 

energy transfer (pbFRET) microscopy, a technique implemented in our laboratory to 

study the dimerization of GPCRs {reviewed in [Patel et al., 2002b]}. She had also 
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indirectly shown that hSSTR5 could heterodimerize with hSSTRl using a functional 

complementation assay, where a signalling defective hSSTR5 could regain functionality 

when co-expressed alongside a functional hSSTRl [Rocheville et al., 2000b]. 

Furthermore, she had extended the repertoire of hSSTR signalling, by demonstrating the 

ability of hSSTR5 to heterodimerize with the dopamine D2 receptor, enhancing the 

pharmacological properties of both receptor-subtypes [Rocheville et al., 2000a]. 

Following my introduction into the laboratory, we had demonstrated using both pbFRET 

microscopy and the more sophisticated two-photon fluorescence correlation spectroscopy 

approach, that although hSSTR5 can heterodimerize with hSSTRl in an agonist-regulated 

manner, hSSTRl remains monomeric when expressed separately despite treatment with 

agonist [Patel et al., 2002a]. Nevertheless, given the inability of hSSTRl to 

homodimerize, it remained unclear as to whether its selective-activation could stabilize 

hSSTRl/hSSTR5 heterodimers, what molecular determinants may be involved in SSTR 

dimerization and the effects of hSSTRl/hSSTR5 heterodimerization on the pharmacology 

of the receptors. In addition, the dimerization properties of the remaining hSSTR family 

including the possible pharmacological, cellular or physiological impact on biology have 

yet to be reported. 
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SECTION 3: GENERAL INTRODUCTION 

A) Somatostatin and its Receptor Family 

Somatostatin processing 

It has been over three decades since the discovery of somatostatins (SSTs), a 

family of cyclopeptide hormones that are mainly produced by normal endocrine, 

gastrointestinal, immune and neuronal cells {reviewed in [Barnett, 2003; Brazeau et al., 

1973; Patel, 1992; Patel, 1999; Patel et al., 2001; Reichlin, 1983a; Reichlin, 1983b]}. 

SST is synthesized as two bioactive products, the form originally identified in the 

hypothalamus consisting of 14 amino acids, SST-14, and its congener, SST-28, 

subsequently discovered to contain an extension at the N-terminus [Pradayrol et al., 1980] 

(Fig. 3.1 A, B). Elucidation of the biosynthesis of both forms of SST, like other protein 

hormones [Hook et al., 1994], revealed a larger inactive precursor molecule, 

preprosomatostatin (PPSST), which is processed by post-translational enzymatic cleavage 

to yield the active polypeptides [Goodman et al., 1981; Goodman et al., 1980; Joseph-

Bravo et al., 1980; Oyama et al., 1980; Patzelt et al., 1980; Shields, 1980; Zingg and 

Patel, 1982]. In the early 1980s, development of recombinant DNA technology, allowed 

for the isolation and cloning of human and rat cDNAs encoding PPSST [Funckes et al., 

1983; Goodman et al., 1982; Shen et al., 1982], This work revealed the sequence and 

structure of PPSST, a polypeptide consisting of 116 amino acids. Enzymes implicated in 

the processing of PSST belong to the subtilisin/kexin-related, Ca2+-dependent class of 

serine proteinases, collectively termed precursor convertases [Seidah and Chretien, 1999; 

Zhou et al., 1999], Although there are seven known mammalian precursor convertases, a 
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Figure 3.1. 

Somatostatin processing. 

A, Prosomatostatin is processed into two bioactive forms, SST-14 and SST-28. B, Amino 

acid sequence of somatostatin isoforms depicting the cysteine bridge maintaining its 

cyclic structure and the pharmacophore (red). 
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select few have been shown important in PSST processing {reviewed in [Mouchantaf et 

al., 2004]}. Processing of PSST primarily occurs at the C-terminal end generating the 

two bioactive forms. SST-14 is generated by dibasic cleavage at an Arg-Lys residue, 

whereas endoproteolysis of a monobasic Arg site produces SST-28 [Bersani et al., 1989; 

Patel and O'Neil, 1988]. In addition, a secondary monobasic site was determined in 

PSST, cleavage of which results in the generation of a 10-amino acid peptide termed 

antrin (PSSTi-io), named after its initial discovery in the gastric antrum, for which it 

showed the highest concentration [Benoit et al., 1987], Although antrin has no known 

function, it has been isolated in all SST-producing tissues [Rabbani and Patel, 1990; 

Ravazzola etal., 1989]. 

Due to differential processing of PSST, various mixtures of SST-14 and SST-28 

are produced in mammalian tissues [Patel et al., 1981], SST-14 is largely present in 

pancreatic islets, stomach and neural tissues; it is the prominent form in the retina, 

peripheral nerves and enteric neurons [Patel et al., 1981]. In the brain, SST-28 accounts 

for approximately 20 to 30% of total SST-like immunoreactivity. In the periphery, SST-

28 synthesis predominates in intestinal mucosal cells as the terminal biosynthetic product 

following PSST processing [Baskin and Ensinck, 1984; Patel et al., 1981]. Although only 

SST-14 and SST-28 are the known biologically active forms of PSST, other products 

have been identified in circulation following processing, however; their biological 

function remains uncertain as they are devoid of any known activity [Ensinck et al., 1989; 

Patel and O'Neil, 1988; Patel et al., 1981; Rabbani and Patel, 1990; Ravazzola et al., 

1989; Shoelson et al., 1986], 

Somatostatin distribution 

The production of SST occurs at high densities in cells throughout the CNS, the 

peripheral nervous system, the endocrine pancreas and the gut, in addition; to small 

numbers in the thyroid, adrenals, submandibular glands, kidney, prostate, placenta, blood 

vessel walls and immune cells [Aguila et al., 1991; Arimura et al., 1975; Dubois, 1975; 

Finley et al., 1981; Fuller and Verity, 1989; Hokfelt et al., 1975; Johansson et al., 1984; 
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Patel, 1992; Patel and Reichlin, 1978; Pelletier et al., 1975; Polak et al., 1975; Reichlin, 

1983a; Reichlin, 1983b]. Within the CNS, neurons and fibers positive for SST are 

abundantly dotted, the notable exception being the cerebellum [Finley et al., 1981; 

Johansson et al., 1984], More specifically, brain regions such as the hypothalamus, the 

deep layers of the cortex, the limbic system and all levels of the major sensory pathway 

are rich in SST-producing neurons. In a subpopulation of C cells in the thyroid, SST 

coexists with calcitonin [Reichlin, 1983a; Reichlin, 1983b]. At least in rats, total body 

SST can be divided as follows: gut accounts for the majority of SST, approximately 65%, 

the brain for -25%, the pancreas for ~5%, while the remaining organs account for the 

residual 5% [Patel and Reichlin, 1978]. 

Somatostatin physiology 

The physiological role of hypothalamic SST is well established {reviewed in 

[Barnett, 2003; Patel, 1992; Patel, 1999]}. As early as week 10 of gestation, SST is 

detected in the foetal hypothalamus [Bugnon et al., 1978]. It is there where its release 

regulates the secretion of GH from the pituitary, the counterbalance being growth 

hormone-releasing hormone (GHRH), which is detected in the hypothalamus at week 18 

of gestation [Bresson et al., 1984]. In adults, GH secretion occurs at a basal rate 

throughout the day. The major role of hypothalamic SST is the tonic inhibition of both 

basal and GHRH-stimulated secretion of GH from anterior pituitary somatotrophs 

[Barinaga et al., 1985]. Somatostatinergic neurons emanate from the anterior 

hypothalamus and project to the median eminence, where SST is released into 

hypophyseal portal vessels to interact with pituitary somatotrophs [Barnett, 2003; Patel, 

1992]. SST and GHRH pathways interact with each other at both their point of 

convergence at the level of the pituitary and through direct neural connections within the 

hypothalamus [Horvath et al., 1989]. Thus, SST inhibits the secretion of GH via a direct 

interaction on the pituitary and indirectly through suppression of GHRH release 

[Katakami et al., 1988; Tannenbaum et al., 1990]. Two secretory feedback loops exist 

that modulate SST release: the short loop, where SST is negatively regulated by GHRH 
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[Katakami et al., 1988] but subject to positive-feedback by GH [Berelowitz et al., 1981a]; 

the long loop, where insulin growth factor type 1 (IGF-I) produced by GH acting on the 

liver, provides a positive influence [Berelowitz et al., 1981b]. This mechanism in 

regulating GH release is further supported in SST knockout mice, as nadir GH levels are 

consistently higher in these animals compared to their wild-type counterparts [Low et al., 

2001]. In addition, secretion of hypothalamic SST can be further promoted by dopamine, 

substance P, neurotensin, glucagon, hypoglycaemia, various amino acids, acetylcholine, 

a2-adrenergic agonists, vasoactive intestinal polypeptide (VIP) and cholecystokinin; it is 

however inhibited by glucose [Berelowitz et al., 1982; Chihara et al., 1979; Reichlin, 

1983a]. Similar mechanisms also exist in the hypothalamic control of thyroid-stimulating 

hormone (TSH) secretion [Arimura and Schally, 1976; Ferland et al., 1976; James et al., 

1997; Reichlin, 1983a; Reichlin, 1983b; Rodriguez-Arnao et al., 1981; Samuels et al., 

1992; Siler et al., 1974; Tanjasiri et al., 1976; Vale et al., 1975], 

In addition to its actions on the pituitary, SST functions as a neurotransmitter in 

the brain with effects on cognition, locomotor, sensory and autonomic functions 

{reviewed in [Barnett, 2003; Epelbaum et al., 1994; Patel, 1992; Reichlin, 1983a; 

Reichlin, 1983b]} (Fig. 3.2). SST inhibits the release of dopamine from the midbrain, the 

secretions of norepinephrine, thyroid-releasing hormone, corticotrophin-releasing 

hormone including its own secretion from the hypothalamus. As previously indicated, it 

inhibits both the basal and stimulated secretion of GH and TSH, but has no effects on the 

release of luteinising hormone, follicle-stimulating hormone, prolactin or adrenal 

corticotrophin hormone under normal physiological conditions. SST has direct effects on 

the thyroid by inhibiting the release of T4, T3 and calcitonin from thyroid parafollicular 

cells stimulated by TSH. It acts on the adrenals to inhibit angiotensin II stimulated 

aldosterone secretion and acetylcholine stimulated medullary catecholamine secretion. 

SST inhibits the secretion of renin in the kidneys when stimulated by hypovolemia, 

including the inhibition of antidiuretic hormone-mediated water absorption. Within the 

gastrointestinal tract, virtually every gut hormone has been shown to be inhibited by SST 

including gastric acid, pepsin, bile and colonic fluid. SST also has a generalized 

suppressive effect on the motor activity within the gastrointestinal tract, such that it 



Figure 3.2. 

Schematic depicting the hormonal actions of somatostatin. 
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inhibits gastric emptying, gallbladder contraction and small intestinal segmentation. In 

the pancreas, SST is an endogenous islet hormone. Its actions on the pancreas were first 

noted within the year of its discovery by two groups, following infusion in humans and 

baboons [Alberti et al., 1973; Koerker et al., 1974]. Somatostatin regulates the secretion 

of hormones from several tissues, including neurotransmission. When synthesized and 

released from 5 cells of pancreatic islets, SST causes suppression of the synthesis and 

secretion of both insulin and glucagon, including the inhibition of pancreatic polypeptide 

[Ballian et al., 2006; German et al., 1990; Kendall et al., 1995; Kleinman et al., 1995; 

Nelson-Piercy et al., 1994; Philippe, 1993; Redmon et al., 1994; Zhang et al., 1991] (Fig. 

2.2). SST is also known to block the release of several growth factors and cytokines 

[Blum et al., 1992; Elliott et al., 1994; Hayry et al., 1993]. More recently, the 

antisecretory properties of SST were demonstrated to affect ghrelin release [Barkan et al., 

2003]. Additional effects of SST include vasoconstriction and an antiproliferative effect 

on immune, intestinal mucosal, cartilage and bone precursor cells [Aguila et al., 1996; 

Karalis et al., 1994; Patel, 1992; Reichlin, 1983a; Reichlin, 1983b; Takeba et al., 1997; 

Weiss et al., 1981]. Interestingly, a downregulation in SST expression has been 

associated with Alzheimer's disease. The brains of mice that were deficient in SST 

showed a greater accumulation of AP42, the main contributor to Alzheimer's disease, due 

to a decrease in neprilysin activity [Saito et al., 2005]. When either SST was 

administered or neprilysin was directly activated, decreases in the aggregation of AP42 

was observed [Saito et al., 2005]. 

Somatostatin regulation 

Given its widespread distribution and its interaction with various bodily systems, 

it is no wonder that SST can be regulated by a broad array of secretagogues; from ions 

and nutrients to neuropeptides, neurotransmitters, hormones, growth factors and cytokines 

{reviewed in [Barnett, 2003; Patel, 1992; Patel et al., 2001; Reichlin, 1983a; Reichlin, 

1983b]. For instance, membrane depolarization stimulates SST release from both 

neurons and peripheral SST-secreting cells. However, the effects of nutrients such as 
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glucose, amino acids and lipids, on SST secretion appears to be tissue-specific, a 

predominant feature in the triggering of SST release from 8 cells in pancreatic islets. 

Contrarily, the secretion of hypothalamic SST is inhibited by glucose but insensitive to 

aminogenic agents. On the other hand, gut SST is promoted by luminal but not 

circulating nutrients. The effects of glucocorticoids are distinct, however, and employ a 

biphasic effect on SST secretion: stimulatory at low doses and inhibitory at high doses. 

Almost every neurotransmitter or neuropeptide tested has been shown to exert some sort 

of effect on SST secretion with a certain degree of tissue specificity. In particular, 

glucagon, GH-releasing hormone, neurotensin, corticotrophin-releasing hormone, 

calcitonin gene-related peptide and bombesin are potent stimulators of SST secretion, 

while opiate and GABA are inhibitors [Epelbaum et al., 1994; Patel, 1992; Patel et al., 

2001]. With regards to the hormones investigated, thyroid, GH, IGF-I and insulin 

augment SST release from the hypothalamus [Barnett, 2003; Patel, 1992; Patel et al., 

2001]; insulin, leptin and epinephrine inhibits its release from the pancreas and 

hypothalamus respectively [Barnett, 2003; Patel, 1992; Patel et al., 2001]. Inflammatory 

mediators have also shown differential effects on SST secretion: IL-1, IL-6, IL-10, INF-y 

and TNF-a stimulate SST release while TGF-p inhibits it [Elliott, 2004; Quintela et al., 

1997; Scarborough et al , 1989], 

In addition to modulating SST secretion, many of the same agents also regulate 

gene expression. For instance, various members of the growth factor and cytokine 

family, glucocorticoids, testosterone, estradiol, insulin, leptin, TGF-P and NMDA 

receptor agonists affect steady state SST mRNA levels {reviewed in [Patel, 1992; Pateli, 

1999; Patel et al., 2001]}. The typical transcriptional unit of a mammalian SST gene 

consists of two exons separated by an intron {reviewed in [Patel et al., 2001; Vallejo, 

2004]. Several intracellular mediators are known to affect SST gene function and 

include, cAMP, cGMP, nitric oxide, Ca2+ and activators of protein kinase C [Aguila, 

1994; Frankel et al., 1982; Kanatsuka et al., 1981; Montminy et al., 1986; Patel et al., 

1991]. Immediately upstream of the start transcription site contains a variant of the 

TATA box element, followed by a cAMP response element (CRE), two glucocorticoid 

response element (GRE) nonconsensus sequences and an insulin response element. 
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Tissue-specific promoter elements are also present that work in concert with the CRE to 

impart high levels of constitutive gene activity. Finally, two silencer elements located 

within the promoter mediate repression of SST gene transcription [Patel et al., 2001; 

Vallejo, 2004], 

A new member in the somatostatin family? 

A little over a decade ago, cDNA encoding a peptide was cloned from rat brain 

tissue with structural similarity to SST [Tostivint et al., 1996]. This new peptide termed 

cortistatin (CST), due to its predominantly cortical expression, is synthesized from a 

larger precursor molecule, preprocortistatin. Enzymatic cleavage gives rise to two 

products, CST-14 and CST-29. Of the fourteen amino acids pertaining to CST-14, eleven 

are identical to SST-14. A human form was also identified, but unlike the rat homolog, it 

contains seventeen residues (hCST-17) [Fukusumi et al., 1997]. However, unlike SST, 

CST has potent sleep-promoting activities when infused into rat brain ventricles, a 

property achieved by its antagonizing effect on the neurotransmitter acetylcholine on 

cortical excitability [de Lecea et al., 1996]. Recently, CST mRNA has been demonstrated 

in various peripheral organs and hence, not restricting its expression to the CNS [Dalm et 

al., 2004; Papotti et al., 2003; Xidakis et al., 2007]. Furthermore, a biological relevance 

for CST outside the CNS has been recently confirmed, as similar observations have been 

obtained in comparison to SST-analogs in measures of endocrine function [Gottero et al., 

2004], 

Somatostatin receptors 

The identification of high-affinity plasma membrane SST receptors (SSTRs), was 

first described in 1978, using the rat pituitary GH4C1 cell line by whole-cell binding 

analysis [Schonbrunn and Tashjian, 1978]. However, it was soon apparent that more than 

one class of SSTR existed, based upon differential binding affinities and potencies for 

SST-14 and SST-28 in brain, pituitary and islet cells [Mandarino et al., 1981; Srikant and 
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Patel, 1981]. These studies including one by Tran et al., further categorized SSTRs into 

two subclasses based on their affinity for the then available SST-analogs octreotide and 

seglitide: SRIF I, that bound SST-analogs and SRIF II, the group that was insensitive to 

these compounds [Reisine and Bell, 1995; Tran et al., 1985], Using a variety of 

techniques such as binding analysis, covalent crosslinking and purification of solubilised 

receptor including in vivo and in vitro autoradiography, the expression of SSTRs was 

demonstrated at various densities in the brain, gut, pituitary, thyroid, adrenals, endocrine 

and exocrine pancreas, kidneys and immune cells {reviewed in [Olias et al., 2004; Patel, 

1997; Patel, 1999; Patel et al., 1995; Reisine and Bell, 1995]}. Several tumour cell lines 

have also demonstrated to be rich sources of SSTRs and include, AtT-20 mouse pituitary 

tumour cells, hamster insulinoma and Rin m5F islet tumour cells, AR42J and Mia PaCa 

pancreatic tumour cells and human breast cancer, neuroblastoma, glioma, leukemic and 

myeloma cell lines {reviewed in [Patel, 1997; Patel, 1999; Patel et al., 1995; Reisine and 

Bell, 1995]}. Photoaffinity labelling and purification studies, revealed the existence of 

several SSTR species in the range of 32-85 kDa in a tissue-specific manner [Patel et al., 

1995; Patel et al., 1990; Reisine and Bell, 1995], 

Fourteen years following the discovery of high-affinity SSTR binding sites on 

whole-cell membranes [Schonbrunn and Tashjian, 1978], the first SSTR sequence was 

resolved by molecular cloning [Yamada et al., 1992]. It was not long before the identity 

of five distinct SSTR genes become available {reviewed in [Olias et al., 2004; Patel, 

1997; Patel, 1999; Patel et al., 1995; Reisine and Bell, 1995]. Using the mRNA from 

human islets, the first two SSTRs were cloned and termed SSTR1 and SSTR2 [Yamada et 

al., 1992]. The sequences of the remaining SSTRs were soon elucidated (SSTR3, SSTR4 

and SSTR5) as identified in human and rodent tissue [Patel, 1997; Patel et al., 1996; Patel 

et al., 1995]. SSTRs encoded from the human genome are all nonallelic, and map to 

separate loci on different chromosomes. With the exception of SSTR2, which gives rise 

to two spliced variants, SSTR2A and SSTR2B, SSTRs are intronless. SSTR2A and 

SSTR2B differ only in the length of their carboxy-terminal segments (C-terminus). All 

SSTR subtypes display seven a helical transmembrane (TM) segments typified by G-

protein coupled receptor (GPCR) topology (Fig. 3.3). GPCRs are grouped into three 
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Figure 3.3. 

Schematic representation of the structure of SSTR2A. 

Possible glycosylation and phosphorylation sites including a palmitoyl membrane-

anchorage site are shown. 
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distinct families, A, B and C on the basis of their sequence similarity. Family A, the 

largest group, also known as the rhodopsin-like family, includes rhodopsin, the adrenergic 

receptors, the olfactory and many other non-olfactory members including the SSTR 

family. Family B, consists of approximately two dozen members including the 

gastrointestinal peptide hormone receptor family (secretin, glucagon, vasoactive intestinal 

peptide and growth-hormone releasing hormone), corticotrophin-releasing hormone, 

calcitonin and parathyroid hormone receptors. Family C, which contains only a few 

members including, the metabotropic glutamate receptor family, the G A B A B receptor and 

the calcium-sensing and taste receptors. This family of GPCRs is typified by a large 

extracellular amino terminus, which appears critical for ligand binding. 

SSTRs range in size from 356 to 391 amino acid residues and have an overall 

sequence identity of 39-57%, with most of their divergence presented in the amino- and 

C-terminal segments [Patel, 1997; Patel, 1999; Patel et al., 1996; Reisine and Bell, 1995]. 

A highly conserved motif, YANSCANPI/VLY, in the seventh TM has been identified in 

all SSTR subtypes in every species, and serves as a signature sequence for this family of 

receptors. N-linked glycosylation sites have been identified within the amino-terminus 

and second extracellular loop (ECL) of all five human (h) SSTRs. Several putative 

phosphorylation recognition sites have been identified in the C-terminus, second and third 

intracellular loops (ILs) for protein kinase A, protein kinase C and calmodulin kinase II 

for all hSSTRs. Interestingly, hSSTR3 is the only hSSTR that does not contain a cysteine 

residue downstream from the seventh TM for purposes of palmitylation and hence 

membrane anchoring however, it does possess an unusually long C-terminus, which may 

be a characteristic of its unique signalling properties [Sharma et al., 1996; Sharma et al., 

1999; Sharma and Srikant, 1998a]. In addition to these classical GPCR features [Pierce et 

al., 2002; Qanbar and Bouvier, 2003], various others have been identified including a 

PDZ (postsynaptic density-95/discs large/ZO-1) recognition domain in the C-terminus of 

all SSTR subtypes [Kreienkamp et al., 2004]. Several PDZ interacting proteins have been 

discovered, specific to each of the five subtypes, presumably implicated in the 

chaperoning, scaffolding and transport of SSTRs [Kreienkamp et al., 2004]. 
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Development of somatostatin receptor ligands 

All five hSSTR subtypes bind SST-14 and SST-28 with nanomolar affinity, the 

exception is hSSTR5, which binds SST-28 with a 5- to 10-fold higher affinity than SST-

14 (see Table 3.1). CST also interacts with all five SST receptors with nanomolar 

affinities [Spier and de Lecea, 2000]. Administration of SST produces a wide spectrum 

of effects that occur mainly at the site of injection and are short-lived. This is the result 

of peptidases found in blood and tissues [Benuck and Marks, 1976; Marks et al., 1976], 

making the circulation half-life of SST extremely short (1.1 to 3 min) [Schusdziarra et al., 

1977]. Not surprisingly, circulating SST levels are relatively low, ranging between 14 

and 32.5 pg/ml [Ensinck et al., 1989; Gyr et al., 1987; Peeters et al., 1981; Penman et al., 

1981; Shoelson et al., 1986; Skamene and Patel, 1984; Tsuda et al., 1981; Vasquez et al., 

1982]. An intense investigation has surrounded the development of compounds with 

selective actions and metabolic stability to be used in both investigational and clinical 

settings [Lamberts et al., 1991; Reisine and Bell, 1995; Weckbecker et al., 2003]. 

Various hexa- and octapeptide derivatives were synthesized, the most potent of which 

maintained the P-turn of the original SST molecule, the biologically active core or 

pharmacophore. Structure-function studies determined that amino acid residues Phe7, 

Trp8, Lys9 and Thr10, are necessary for biological activity, although residues Phe7 and 

Thr10 could undergo minor substitution. The first FDA approved SST analog SMS 201-

995 (octreotide, Sandostatin®), is an octapeptide, BIM 23014 (lanreotide, Somatuline®), 

eventually followed. These analogs are prepared in long-acting formulations for 

diagnosis and treatment of various disorders including, gastrointestinal, islet cell, gut and 

pituitary tumours [Lamberts et al., 1991; Lamberts et al., 1996; Weckbecker et al., 2003]. 

Both lanreotide and octreotide exhibit high-affinity binding to SSTR2 and intermediate 

binding to SSTR3 and SSTR5 (see Table 3.1). In 2005, RC160 (vapreotide, Sanvar®), an 
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Table 3.1. 

Binding-affinities of endogenous, synthetic and non-peptide somatostatin agonists. 

Binding Constants (nM) 

Agonists Receptors 

SSTR1 SSTR2 SSTR3 SSTR4 SSTR5 

Endogenous 

SST-14 0.1-2.26 0.2-1.3 0.3-1.6 0.3-1.8 0.2-0.9 

SST-28 0.1-2.2 0.2-4.1 0.3-6.1 0.3-7.9 0.05-0.4 

hCST-17 7 0.6 0.6 0.5 0.4 

Synthetic 

Octreotide 290-1140 0.4-2.1 4.4-34.5 >1000 5.6-32 

Lanreotide 500-2330 0.5-1.8 43-107 66-2100 0.6-14 

Vapreotide >1000 5.4 31 45 0.7 

SCH-275 3.2-4.3 >1000 >1000 4.3-874 >1000 

SOM-230 9.3 1 15 100 0.16 

Non-neptide 

L-797,591 1.4 >1000 >1000 170 >1000 

L-779,976 >1000 0.05 729 310 >1000 

L-796,778 >1000 >10000 24 >1000 >1000 

L-803,087 199 >1000 >1000 0.7 >1000 

L-817,818 3.3 52 64 82 0.4 

Adapted from [Florio, 2008; Patel, 1999]. 
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SST-analog with similar binding affinities to SSTR2, 3 and 5 like lanreotide and 

octreotide but moderate affinity to SSTR4 [Patel, 1999], was granted approval for 

indication of acute oesophageal variceal bleeding secondary to portal hypertension [Patch 

and Burroughs, 2002]. In an attempt to reduce size but maintain metabolic stability, an 

SST mimic was achieved based on a cyclohexapeptide template termed MK-678 

(seglitide), showing slightly higher-affinity and selectivity to SSTR2 than SSTR3 and 

SSTR5. As previously mentioned, SSTR2, -3 and -5 can be categorized as group SRIF I, 

based upon their ability to bind octapeptide analogs, however, analogs that bind receptors 

in group SRIF II (SSTR1 and SSTR4), would only become available in the mid 90's 

[Liapakis et al., 1996], The analog Des-AA^'^D-Trp8 IAMP9] SST (SCH-275), was 

reported to have high-affinity for SSTR1 and moderate affinity for SSTR4 [Liapakis et 

al., 1996; Patel, 1997] (see Table 3.1). Recently, the highly potent and stable 

cyclohexapeptide SOM230, designed by Novartis, is a near-universal agonist, the first of 

its kind, demonstrating high-affinity for SSTR1, 2, 3, and 5 [Bruns et al., 2002; 

Weckbecker et al., 2002]. SOM230 has demonstrated to be effective in regulating 

pituitary control in rats, dogs and monkeys including its control in patients with 

acromegaly and Cushing disease [Bruns et al., 2002; Labeur et al., 2006; Weckbecker et 

al., 2002; Weckbecker et al., 2003]. Despite the achievement of SSTR-analogs with 

group selectivity, there has been moderate success in the development of peptide analogs 

with receptor-specificity. Several analogs have been devised however; there specificity in 

targeting receptor-subtype ranges between 20-50 fold [Olias et al., 2004; Patel, 1999; 

Weckbecker et al., 2003]. A breakthrough in SST agonist design came from the Merck 

Research Group, using the backbone of peptide agonists for molecular modelling; they 

constructed subtype-selective nonpeptide agonists by combinatorial chemistry [Rohrer et 

al., 1998], Of the five nonpeptide agonists, three of the compounds, L-797,591, L-

779,976 and L-803,087 display high-selectivity and low nanomolar binding affinity for 

SSTR1, SSTR2 and SSTR4 respectively. The compound L-796,778 binds to SSTR3 with 

approximately 50-fold selectivity while the SSTR5 subtype-agonist, L-817,818, displays 

dual selectivity for SSTR1 (see Table 3.1). 
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With respect to the development of SST antagonists, the field has been lagging. 

The first SST peptide antagonist developed, CYN-154806, a cyclic octapeptide, displayed 

high-affinity for SSTR2 however, exhibited intermediate affinity for SSTR5 [Bass et al., 

1996; Feniuk et al., 2000]. Unfortunately, follow up studies demonstrated near full 

agonism in a cAMP-accumulation assay [Nunn et al., 2003]. Using the same backbone 

design as CYN-154806, a high-affinity SSTR3 antagonist was developed and inhibited 

the effects of SST-14 in a functional assay for cAMP [Reubi et al., 2000]. In a unique 

design, open-chain octapeptide antagonists BIM 23056, BIM 23627 and BIM 23454 

selected for their preferentially binding to SSTR5 and SSTR2 respectively, however, both 

compounds do show partial affinities for the other subtypes to various degrees [Shimon et 

al., 1997a; Tulipano et al., 2002]. The first high-affinity nonpeptide antagonist was 

designed for SSTR3 with greater than 1000-fold selectivity [Poitout et al., 2001]. An 

SSTR1 nonpeptide antagonist SRA880, was recently characterized in vitro to have 

modest selectivity of up to 100-fold [Hoyer et al., 2004], 

Somatostatin receptor localization 

The expression of SSTR subtypes has been well characterized in human and 

rodent tissue including various tumours and tumour cell lines by a multitude of 

techniques such as Northern blot, RT-PCR, ribonuclease protection assay, in situ 

hybridization and immunocytochemistry have been extensively reviewed elsewhere 

[Barnett, 2003; Gardette et al., 2004; Kreienkamp et al., 2004; Moller et al., 2003; Patel, 

1997; Patel, 1999; Patel et al., 1996; Patel et al., 1995; Reisine and Bell, 1995], The 

distribution is widespread, with localization throughout the CNS, periphery, often 

overlapping in subtype expression depending on tissue- and species-type. The mRNA 

expression of SSTR1-5 in the rat has been localized to brain regions such as the cerebral 

cortex, striatum, hippocampus, amygdale, olfactory bulb and preoptic area [Bruno et al., 

1993]. Comparing the individual expression patterns of each receptor-subtype revealed 

SSTR1 to predominate in the brain, with expression in the pituitary, islets and adrenals. 

SSTR2 is also abundantly expressed throughout the brain, including the pituitary, islets 
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and adrenals. SSTR3 is densely expressed in the cerebellum but in moderate amounts 

throughout the rest of the brain. However, it is highly expressed in the spleen, kidneys 

and the liver. Compared to the other SSTR subtypes, SSTR4 is poorly expressed in the 

brain. It is however abundant in the heart and occurs at moderate levels in the lungs and 

islets. SSTR5 is sparsely expressed throughout the brain but is especially prominent in 

the pituitary, intestine and islets. 

As previously mentioned, co-expression of SSTR subtypes is often seen to various 

degrees depending on tissue and cell type {reviewed in [Barnett, 2003; Gardette et al., 

2004; Kreienkamp et al., 2004; Moller et al., 2003; Patel, 1997; Patel, 1999; Patel et al., 

1996; Patel et al., 1995; Reisine and Bell, 1995]}. Overlapping patterns of SSTR 

distribution has been demonstrated throughout the CNS. Colocalization of SSTR1 and 

SSTR2 mRNA can be found in GHRH-producing arcuate neurons [Tannenbaum et al., 

1998]. In the adult human pituitary, SSTR1, 2, 3 and 5 are expressed whereas all five are 

found in the pituitary of rats [Bruno et al., 1993; Day et al., 1995; O'Carroll and 

Krempels, 1995; Panetta and Patel, 1995]. Although the five receptors have been 

identified in the pituitary, the primary subtypes expressed are SSTR5 and SSTR2 [Day et 

al., 1995; Kimura et al., 1998]. In the periphery, human pancreatic islets were shown to 

express all five subtypes but colocalization was strongly identified for SSTR1 and SSTR5 

in insulin-secreting P-cells, to a lesser extent SSTR1 and SSTR2 [Kumar et al., 1999]. 

The same authors also reported on the colocalization of SSTR2 and SSTR5 in glucagon-

producing a-cells, an occurrence that was only identified in up to a third of the 

population. Elsewhere, in rat testis, SSTR 1-3 displayed overlapping distribution patterns 

in Sertoli and germ cells, a property that was dependent on the stage of the seminiferous 

epithelium cycle [Zhu et al., 1998]. 

The expression of SSTRs in neoplastic tissue has been the forefront of current day 

investigation, as their densities are found to be much higher than in normal tissue. The 

first evidence for the expression of SSTRs in human tumours appeared as early as 1984 in 

GH-secreting pituitary adenomas [Reubi and Landolt, 1984]. The identification of 

differential SSTR subtypes initially appeared in 1987 from autoradiographic studies on 

neuroendocrine tumours [Reubi et al., 1987]. Since then, many tumours have been shown 
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to express SSTRs, a characteristic often exploited for both diagnostic and treatment 

purposes [Barnett, 2003; Gardette et al., 2004; Kreienkamp et al., 2004; Moller et al., 

2003; Patel, 1997; Patel, 1999; Patel et al., 1996; Patel et al., 1995; Reisine and Bell, 

1995; Reubi et al., 2004]. SSTRs are often highly expressed in neuroendocrine tumours, 

in particular, GH-secreting pituitary adenomas and gastroenteropancreatic tumours. 

Several other tumours known to express SSTRs include neoplasias of the brain, breast 

carcinomas, lymphomas, renal cell cancers, mesenchymal tumours, prostatic, ovarian, 

gastric, hepatocellular and nasopharyngeal carcinomas. Although the most prevalent 

subtype expressed in human tumours is hSSTR2, the appearance of other subtypes is 

often found, a property originally identified in pituitary adenomas [Greenman and 

Melmed, 1994a; Greenman and Melmed, 1994b; Miller et al., 1995; Panetta and Patel, 

1995; Schaer et al., 1997] and gastroenteropancreatic tumours [Jais et al., 1997; Schaer et 

al., 1997; Wulbrand et al., 1998]. Over the past several years, a profusion of studies have 

been published addressing the variable expression of SSTR subtypes in a large variety of 

cancers [Barnett, 2003; Gardette et al., 2004; Kreienkamp et al., 2004; Moller et al., 2003; 

Patel, 1997; Patel, 1999; Patel et al., 1996; Patel et al., 1995; Reisine and Bell, 1995; 

Reubi et al., 2004], The knowledge gained by these studies has been instrumental not 

only for investigational purposes but to decipher the use of SST-analogs in both 

diagnostic (tumour imaging by radio-labelled analogs) [Kwekkeboom et al., 2004] and 

therapeutic applications. 

Regulation of somatostatin receptor genes 

One major factor affecting the potency of SST is the expression of cell surface 

receptors. Hormones have been shown to have a profound impact on SSTR gene 

regulation. For instance, oestrogen induces SST binding sites in cultured rat prolactinoma 

cells via up-regulation of SSTR2 and SSTR3 [Visser-Wisselaar et al., 1997], Similarly, 

both in vitro and in vivo studies have demonstrated the ability of oestrogen to induce the 

transcription and up-regulation of SSTR2 and SSTR3 in rat pituitary cells [Djordjijevic et 

al., 1998; Kimura et al., 1998]. While SSTR1 transcripts were found to be up-regulated 
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by both oestrogen [Kimura et al., 1998] and testosterone [Senaris et al., 1996] in the rat 

pituitary, SSTR5 mRNA was in fact down-regulated [Kimura et al., 1998], In MCF-7 

breast cancer cells, oestrogen was reported to simulate SSTR2 gene expression [Xu et al., 

1996]. In two other breast cancer cell lines T47D and ZR75-1, oestrogen was found to 

increase and decrease SSTR binding sites respectively [Van Den Bossche et al., 2004]. 

Investigation on the subtypes involved by Western blotting revealed an up-regulation of 

SSTR2 in T47D cells and a down-regulation of SSTR5 in ZR75-1 cells following 

oestrogen treatment [Van Den Bossche et al., 2004]. In mouse TtT-97 thyrotrophic 

tumour cells, thyroid hormone increases the synthesis of SSTR1 and SSTR5 transcripts 

[James et al., 1997]. The effects of glucocorticoids on SSTR gene expression are 

somewhat unique: transient exposure induces SSTR1 and SSTR2 mRNA, while 

prolonged exposure inhibits transcription [Xu et al., 1995]. Other factors affecting SSTR 

gene transcription include cAMP, gastrin, epidermal growth factor and even SST itself 

[Bruno et al., 1994a; Patel et al., 1993; Vidal et al., 1994]. Finally, food deprivation and 

even diabetes in rat models have shown decreases in mRNA transcripts for SSTR1, 2 and 

3 in the pituitary and SSTR5 in the hypothalamus [Bruno et al., 1994b]. Investigation on 

the promotors of each subtype and specific elements involved in their regulation has been 

described [Meyerhof, 1998; Moller et al., 2003; Olias et al., 2004; Patel, 1999], 

Somatostatin receptor signalling 

The signal transduction pathway of SSTRs is rather complex however, for the 

most part, it begins by activation of G-proteins. In the classical model of GPCR 

activation, agonist-binding induces a conformational change that transcends to G-proteins 

resulting in their activation {reviewed in [Lefkowitz, 2004; Pierce et al., 2002]}. The G-

protein is comprised of three subunits: the a subunit (Ga) and the (3 and y subunits (GPy) 

which are tightly bound. There are fifteen a subunits, five P subunits and fourteen y 

subunits known to date. Activation of the G-protein heterotrimer is preceeded by the 

nucleotide exchange of GDP for GTP, resulting in the dissociation of the complex and 

allowing the Ga and GPy subunits to be free to propagate their signal. The G-proteins are 
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generally referred to by their Ga subunits and therefore, can be classified under four 

categories based on function: Gas, stimulate adenylate cyclase; Gaj/0, inhibit adenylate 

cyclase and activate inwardly rectifying potassium channels; Gaq, activate phospholipase 

Cp; and G12, activate Rho guanine-nucleotide exchange factors. 

Binding of SSTRs by SST ligands modulates the activates of Several key 

enzymes, including adenylate cyclase, phosphotyrosine phosphatases (PTPases) and 

mitogen-activated protein kinase (MAPK) along with changes in the intracellular levels 

of calcium and potassium ions, as typified by activation of calcium and potassium 

channels, including the regulation of the sodium/proton antiporter (Fig. 3.4) [Barnett, 

2003; Csaba and Dournaud, 2001; Moller et al., 2003; Olias et al., 2004; Patel, 1997; 

Patel, 1999; Patel et al., 1996; Patel et al., 1995; Reisine and Bell, 1995], The type of 

signal that prevails is dependent on several factors such as the SSTR subtype(s) 

expressed, signalling elements, SSTR internalization, desensitization, and/or receptor 

crosstalk. The ability of SST to block regulated secretion from various cell types is 

typified in part by its effects on the synthesis and release of two important mediators, 

cAMP and calcium respectively. Adenylate cyclase was the first effector enzyme to be 

identified and regulated by SSTRs [Patel et al., 1994]. All five SSTR subtypes negatively 

couple to the enzyme by activating pertussis-toxin (PTX) sensitive Goij G-proteins, a 

property observed in various cell types [Meyerhof, 1998]. In an attempt to elucidate the 

most relevant G-protein subtypes involved in SSTR-mediated inhibition of adenylate 

cyclase, the subtypes Gotu, Gaj2 and Goij3 were identified, as determined by targeted-

disruption using either antiserum or G-protein antisense plasmids [Gu and Schonbrunn, 

1997; Liu et al., 1994; Tallent and Reisine, 1992], SSTRs are coupled to several types of 

potassium channels and include the delayed rectifier, inward rectifier, ATP-sensitive 

potassium channels and large-conductance calcium-activated BK channels [Akopian et 

al., 2000; de Weille et al., 1989; Sims et al., 1991; Wang et al., 1989; White et al., 1991], 

The G-protein subtype Gai3 and possibly its interacting Py dimer pair are implicated in 

potassium channel regulation [Takano et al., 1997]. SSTRs have also been shown to 

directly modulate high-voltage-dependent calcium channels via Ga02 [Ikeda and 

Schofield, 1989; Kleuss et al., 1991]. SSTRs may also inhibit calcium currents by 
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Figure 3.4. 

Schematic representation of SSTR signalling pathways. 

SSTR signalling cascades leading to the modulation of hormone secretion, cell growth 

and apoptosis are shown. 
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activation of cGMP protein kinase, through the induction of cGMP to regulate channel 

phosphorylation [Meriney et al., 1994]. Aside from regulating channels to control ion 

flux, SSTRs have also been shown to couple to Na+/H+ exchangers (NHEs) [Barber et al., 

1989; Hou et al., 1994; Lin et al., 2003; Smalley et al., 1998; Ye et al., 1999] to modulate 

such features as cell adhesion, migration and proliferation [Putney et al., 2002]. SSTR1 

was the first subtype to specifically-regulate NHE-1, decreasing the extracellular 

acidification rate (ECAR) when transfected in either fibroblast Ltk" or HEK-293 cells 

[Hou et al., 1994], It was later determined that SSTR3 and SSTR4 also contribute but not 

SSTR2 and SSTR5 [Lin et al., 2003], 

SSTRs activate a number of phosphatases that have been implicated in cell growth 

{reviewed in [Csaba and Dournaud, 2001; Moller et al., 2003; Olias et al., 2004; Patel, 

1999]}. For instance, the SH2 domain containing tyrosine phosphatases, SHP-1 and 

SHP-2, which play a role in cell growth and differentiation, are known to be recruited by 

various SSTR subtypes. Both phosphatases are rapidly recruited to the membrane of 

breast cancer cells upon stimulation with SST [Srikant and Shen, 1996]. More 

specifically, SHP-1 has been demonstrated to co-precipitate with SSTR2 in a constitutive 

manner, suggesting its importance in the formation of signalling complexes [Hortala et 

al., 2003; Lopez et al., 1997]. Furthermore, the activation of SHP-1 was shown to be 

highly dependent on the recruitment of SHP-2 through phosphorylation of tyrosine 

residues present at the C-terminal portion of the receptor, implying the importance of both 

phosphatases in SSTR signalling [Ferjoux et al., 2003]. A receptor-like PTP known as 

PTPr), has also been demonstrated to be an important player in the cytostatic effects of 

SST, particularly since its expression is necessary for the control of thyroid tumor and 

human glioma cells [Florio et al., 2001; Florio et al., 1997; Massa et al., 2004a; Massa et 

al., 2004b]. Recently, a signalling complex involving JAK2, SHP-2 and c-src was 

demonstrated in the SSTR1-mediated activation of PTPr) [Arena et al., 2007], In addition 

to tyrosine phosphatases, the activation of serine/threonine phosphatases has also been 

demonstrated to be recruited by SSTRs. Modulation of the N- and L-type calcium 

channels and potassium channels have been shown to be dependent on the activation of 
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phosphatase 2A (PP2A) and calcineurin (PP2B) in several cell types such as sympathetic 

neurons, pancreatic alpha cells and pituitary tumour cells. Evidence on the importance of 

PP2B recruitment by SSTR activation comes from studies on the regulation of 

neurotransmitter release and exocytosis in sympathetic neurons and pancreatic alpha cells 

respectively [Gromada et al., 2001; White et al., 1991; Zhu and Yakel, 1997]. 

Several important yet recently identified signalling cascades found downstream of 

SSTR activation are the mitogen-activated protein kinases (MAPK) [Bousquet et al., 

2001; Csaba and Dournaud, 2001; Moller et al., 2003; Olias et al., 2004; Patel, 1999; 

Weckbecker et al., 2003]. SSTR activation [Florio et al., 1999; Lahlou et al., 2003] or 

inhibition [Cattaneo et al., 1999; Dent et al., 1997; Douziech et al., 1999; Florio et al., 

2001; Florio et al., 2003a] of MAPKs has been demonstrated to be mediated by PTPases. 

In case of SSTR5, the inhibition of MAPKs was related to the activation of a cGMP-

dependent pathway when expressed in CHO-K1 cells [Cordelier et al., 1997]. In addition 

to PTPases, recruitment of phosphoinositide-3 kinase has also been shown fundamental in 

the activation of MAPKs. For instance, studies involving human SSTR4 [Smalley et al., 

1999], rat SSTR2B [Sellers et al., 2000] or mouse SSTR2A [Lahlou et al., 2003] have 

underscored its relevance. 

Relevance of SSTRs in cancer 

As previously mentioned, a number of cancer cells overexpress SSTRs, with more 

than one subtype often being expressed. As early as the 1980s, the antiproliferative 

effects of the SST-analog octreotide were being recognized for treatment of hyper-

secreting tumours of the pancreas, intestine and pituitary {reviewed in [Lamberts et al., 

1991; Lamberts et al., 1996; Weckbecker et al., 1993]}. It was noted that not only was 

treatment blocking hormone secretion but was also causing variable tumour shrinkage 

through a distinct antiproliferative effect. The antiproliferative effects of SST 

demonstrated in normal dividing cells such as intestinal mucosal cells, activated 

lymphocytes, inflammatory cells, as well as in experimental tumour models for example 

solid tumours of transplanted rat mammary carcinomas and finally cultured cells derived 
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from both endocrine and epithelial tumours (pituitary, thyroid, breast, prostate, colon, 

pancreas, lung and brain) {reviewed in [Csaba and Dournaud, 2001; Lamberts et al., 

2002; Moller et al., 2003; Olias et al., 2004; Patel, 1999; Weckbecker et al., 2003; Zatelli 

et al., 2006]}. The antiproliferative effects of SST on normal or transformed cells can be 

directed by cell growth arrest and/or apoptosis; several SSTR signalling pathways have 

been implicated (Fig. 3.4). 

A large body of evidence implicates PTPs as central mediators in the 

antiproliferative effects of SSTRs. SSTR subtypes activate different PTPs, resulting in 

varying effects on downstream effectors such as MAPKs, ultimately, regulating the 

induction of cyclin-dependent kinase inhibitors p27Kipl and p21Cipl/Wafl. In the mid 80's, 

a role for PTPases in SST-mediated antiproliferation of pancreatic cancer cells was 

postulated on the basis of an inhibition toward epidermal growth factor receptor 

phosphorylation patterns [Hierowski et al., 1985], All five receptor subtypes display 

some capacity to activate PTPs [Buscail et al., 1994; Florio et al., 1994; Reardon et al., 

1997; Sharma et al., 1996; Sharma et al., 1999], whether the PTPases are cytosolic 

[Bousquet et al., 1998; Florio et al., 2000; Reardon et al., 1997; Srikant and Shen, 1996] 

or membrane localized as demonstrated with PTPq [Florio et al., 2001; Florio et al., 1997; 

Massa et al., 2004a; Massa et al , 2004b], An increase in the PTP SHP-1 has been 

reported in several different cancer cell lines including pituitary adenomas, pancreatic 

cancers, medullary, breast and prostate carcinomas following SST treatment [Douziech et 

al., 1999; Ferjoux et al., 2000; Thangaraju et al., 1999; Theodoropoulou et al., 2006; 

Zapata et al., 2002; Zatelli et al., 2005b]. Consequently, SHP-1 activation is a critical 

factor in SSTR2-mediated cell growth arrest [Bousquet et al., 1998; Lopez et al., 1997; 

Theodoropoulou et al., 2006]. In fact, a multi-effector complex between c-src and SHP-2 

was determined central in the recruitment and activation of SHP-1 following stimulation 

of SSTR2 [Ferjoux et al., 2003]. Ultimately, SHP-1 activation results in growth factor 

receptor signalling inhibition by dephosphorylating its substrates [Bousquet et al., 1998; 

Lopez et al., 1997]. Other inhibitory pathways of SHP-1 include the activation of nNOS 

by its dephosphorylation, resulting in an increase in cGMP formation and subsequent 

induction of p27Kipl and cell cycle arrest [Lopez et al., 2001]. 
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In a similar vein, activation of SSTR1 has also been shown to recruit SHP-2 and 

c-src for its antiproliferative activity [Florio et al., 2000; Florio et al., 1999; Reardon et 

al., 1997]. Activation of SHP-2 by SSTR1 was reported to orchestrate antiproliferation 

by mediating the dephosphorylation of growth factor receptors for EGF, insulin and 

platelet derived growth factor (PDGF), with the consequent inhibition of Ras and MAPK 

activity [Cattaneo et al., 2000]. However, unlike SSTR2, the final effector PTP for 

SSTR1 is not SHP-1 but the membrane-bound PTPq [Arena et al., 2007; Florio et al., 

2001; Florio et al., 1997; Massa et al., 2004a; Massa et al., 2004b]. 

Recently, SSTR2 was shown to inhibit the activity of phosphatidyl inositol 3 

kinase (PI3K), thereby, preventing the activation of AKT in both pituitary and insulinoma 

tumor cells [Grozinsky-Glasberg et al., 2008a; Theodoropoulou et al., 2006]. The 

PI3K/Akt signalling pathway has been demonstrated to poromote the survival, 

proliferation, angiogenisis and motility for tissue invasion of cancer cells and therefore, 

provides an important target in tumor control [Altomare and Testa, 2005]. 

Although typically involved in cell growth and proliferation [Dhanasekaran et al., 

1995], the activation of the MAPKs as demonstrated via distinct SSTRs can be associated 

with cell growth inhibition [Alderton et al., 2001; Florio et al., 1999; Lahlou et al., 2003; 

Sellers et al., 2000]. Stimulation of SSTR2 was shown to inhibit the proliferation of 

CHO-K1 cells by activating two members of the MAPK family, extracellular-regulated 

kinase-1 and -2 (ERK1/2) and p38, upstream the activation of the cyclin-dependent 

protein kinase inhibitor p21cipl/WAFl [Alderton et al., 2001; Sellers et al., 2000]. 

Similar findings were also reported upon activation of SSTR1 [Florio et al., 1999]. 

Contrarily, the antiproliferative actions of SSTR5 do not require activation of MAPKs but 

rather inhibition [Cordelier et al., 1997]. Pathways suggested to be implicated in SSTR5-

mediated antiproliferation include one involving phospholipase C/inositol 

phospholipid/Ca [Buscail et al., 1995] and the other involving the induction of the 

retinoblastoma tumour suppressor protein (Rb) and p21 [Sharma et al., 1999]. In rare 

instances, SST may actually stimulate cell growth, an anomaly shown to occur by MAPK 

activation via human SSTR4 [Sellers et al., 2000], 
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In addition to the cytostatic effects of SST, apoptosis or programmed cell death, 

has also been observed to contribute to the antiproliferative response following treatment. 

Apoptosis was first demonstrated in AtT-20 and MCF-7 cells when treated with 

octreotide [Pagliacci et al., 1991; Sharma and Srikant, 1998b; Srikant, 1995]. In MCF-7 

cells, SHP-1 is necessary for SSTR-mediated apoptotic signalling [Liu et al., 2000; 

Sharma and Srikant, 1998b]. Because both cell types express more than one SSTR, it is 

not possible to assign which subtype may be contributing to apoptosis. When CHO-K1 

cells were individually transfected with each receptor-subtype, apoptosis was uniquely 

triggered by human SSTR3 [Sharma et al., 1996]. The events preceding apoptosis 

following hSSTR3 activation include activation of tumour suppressor protein p53 and 

pro-apoptotic protein Bax [Sharma et al., 1996]. However, recent reports have described 

p53-independent apoptosis via SSTR2 in HL-60, human pancreatic adenocarcinoma and 

human somatotroph tumour cells [Ferrante et al., 2006; Guillermet et al., 2003; Teijeiro et 

al., 2002], 

Unlike the direct effects of SST on tumor cell proliferation mentioned above, SST 

can indirectly control tumor growth and development by inhibiting angiogenesis. 

Antiangiogenic activity was first described by Woltering et al., using a chicken 

corioallanthoic membrane model, a property that was further supported by the findings 

conducted in vitro and in vivo with SST and its analogs [Albini et al., 1999; Barrie et al., 

1993; Danesi et al., 1997; Danesi and Del Tacca, 1996; Dasgupta and Mukheijee, 2000; 

Florio et al., 2003a; Garcia de la Torre et al., 2002; Koizumi et al., 2002; Murray et al., 

2004; Zalatnai and Timar, 2002]. Three different pathways have been proposed and may 

operate concurrently to achieve the antiangiogenic activity of SSTRs. First, activation of 

SSTRs may directly inhibit the proliferation, migration and invasion of endothelial cells 

to the tumor. Second, SST may regulate the secretion of angiogenic promoting factors 

such as vascular endothelial growth factor (VEGF) and basic fibroblast growth factor 

(bFGF). Third, SST may modulate the activation of monocytes, cells that are although 

important in the immune response, their migration in the peritumoral region can produce 

pro-angiogenic factors resulting in neovascularisation (reviewed in [Florio, 2008]. SST 

may also indirectly regulate tumor growth by inhibiting the synthesis and/or secretion of 
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growth factors and hormones such as EGF, transforming growth factor, insulin, prolactin, 

GH and IGF-I [Susini and Buscail, 2006]. 

The first conclusive evidence that SST-analogs can have antiproliferative 

properties in the clinic, came from a multicenter randomized trial recruiting 32 

acromegalic patients with hyper-secreting pituitary adenomas [Thapar et al., 1997]. 

These patients demonstrated an 83% reduction in mean growth fraction when compared 

to untreated controls, suggesting that octreotide had exerted an antineoplastic effect on 

somatotroph adenomas. In a separate study by Losa et al., the Ki-67 index, a nuclear 

protein expressed only in dividing cells, was significantly lower in the GH hyper-

secreting adenomas of patients pre-treated with octreotide compared to untreated controls 

[Losa et al., 2001]. Many trials have since been undertaken demonstrating the effects of 

SST-analog therapy on tumour shrinkage in acromegalic patients. Typically, patients 

receiving SST-analogs as primary therapy show reductions of up to 50% in tumour 

volume [Bevan, 2005; Melmed et al., 2005]. In regards to the antiproliferative effects of 

SST-analogs in the treatment of patients with other types of tumors evidence is scanty. In 

approximately half of patients with gastrointestinal neuroendocrine tumors, stabilization 

of tumor growth was apparent for duration of 8-16 months however, tumor shrinkage was 

achieved in only 10%-20% of cases [Eriksson and Oberg, 1999]. In a study with patients 

diagnosed with malignant gastrinoma, treatment with the long-acting formulation of 

octreotide demonstrated an antiproliferative response in approximately 50% of the 

subjects [Shojamanesh et al., 2002], Although SST-analogs are effective in the 

symptomatic treatment of neuroendocrine tumors, a family of tumors which originate 

from various endocrine glands including the pituitary, parathyroid, adrenals, endocrine 

islets, in addition to exocrine cells from the digestive and respiratory tracts [Grozinsky-

Glasberg et al., 2008b; Grozinsky-Glasberg et al., 2008c], SST-analog therapy is rarely 

curative. 
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Agonist-regulation of somatostatin receptors 

The initial responses following activation of SSTRs diminish with continued 

exposure to SST [Csaba and Dournaud, 2001; Moller et al., 2003; Olias et al., 2004; 

Patel, 1997; Patel, 1999]. This feature is shared by many GPCRs and is a requirement for 

terminating signalling. This process can be divided into two general steps: 

desensitization and internalization. Desensitization is the result of rapid attenuation of 

receptor function, usually by phosphorylation of its c-tail, causing uncoupling of the 

receptor from its respective G-protein. This property can be mediated by second-

messenger kinases, such as protein kinase A or protein kinase C, or through a distinct 

family of G-protein-coupled receptor kinases termed GRKs, and is typically followed by 

internalization [Pierce et al., 2002; Premont and Gainetdinov, 2007]. Internalization is a 

process by which the receptor is redistributed away from the surface and brought into the 

cell, also known as endocytosis {reviewed in [Claing et al., 2002; Pierce et al., 2002]}. 

The process of internalization can be divided into three different pathways: clathrin-

coated pits, caveolae, and uncoated vesicles [Claing et al., 2002; Pierce et al., 2002]. The 
) 

least understood method by which GPCRs internalize involves caveolae. This 

mechanism involves membrane invaginations that are rich in both caveolin and 

cholesterol [Nichols, 2003]. Several GPCRs have been demonstrated to undergo 

caveolae-dependent internalization and include the endothelin and vasoactive intestinal 

peptide receptors [Claing et al., 2000] in addition to the chemokine receptors [Neel et al., 

2005]. The most investigated and best-understood mechanism involved in GPCR 

internalization is the (3-arrestin-dependent mediated pathway, which occurs via clathrin-

coated vesicles [Claing et al., 2002; Lefkowitz and Shenoy, 2005; Pierce et al., 2002]. 

There are two subtypes of [3-arrestin, p-arrestin-1 and p-arrestin-2, both of which are 

ubiquitously expressed. A third type of arrestin known as visual arrestin is exclusively 

expressed in the retina where it was originally identified [Lefkowitz and Shenoy, 2005; 

Pierce et al., 2002]. This process of internalization is initiated by the recruitment of p-

arrestin to the phosphorylated portion of the receptor [Lohse et al., 1990], This in turn 

engages the receptor into the clathrin-coated pit machinery, as p-arrestin is known to 

interact with several components involved in this process including the heavy chain of 
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clathrin itself, the p2-adaptin subunit of the clathrin adaptor protein AP-2, the small 

guanosine triphosphatase ARF6 and its guanine nucleotide exchange factor ARNO, the 

N-ethylmaleimide-sensitive fusion protein (NSF) in addition to constituents of the inner 

leaflet of the cell membrane itself [Claing et al., 2002; Lefkowitz and Shenoy, 2005; 

Pierce et al., 2002]. The final step to internalization requires the actions of a GTPase 

known as dynamin, as it is responsible for pinching off the pits to generate endosomes. 

There are two general types of P-arrestin-mediated internalization that depend on its 

avidity for the receptor: class A, P-arrestins bind transiently to the receptor, target it to 

clathrin-coated pits and dissociate during receptor-internalization; class B, p-arrestin 

remains tightly bound to the receptor and does so throughout the internalization process 

for extended periods of time, from which the receptor can be sorted to lysosomes where it 

is degraded. The end result is that class A receptors, such as the P2-adrenergic receptor, 

are recycled more quickly to the cell surface, as their fate is not tied to P-arrestin sorting; 

whereas class B receptors, for example, the V2R vasopressin receptor, are slowly recycled 

and often end up being degraded [Claing et al., 2002; Lefkowitz and Shenoy, 2005; 

Pierce et al., 2002]. 

In the early 1980's, it was appreciated that SSTRs can undergo agonist-induced 

uncoupling from their G-proteins, a property demonstrated in AtT-20 cells [Reisine and 

Axelrod, 1983]. It wasn't long before agonist-induced internalization was documented 

and shown to occur in cells from the rat anterior pituitary and islet, mouse AtT-20 cells 

and human pituitary and islet tumour cells [Amherdt et al., 1989; Holland et al., 1999; 

Hofland et al., 1995; Morel et al., 1985]. However, a rather unusual occurrence 

developed following prolonged agonist exposure (24-48 hrs) in GH4C1 and Rin m5f cells, 

SSTRs were found to increase at the cell surface [Presky and Schonbrunn, 1988; Sullivan 

and Schonbrunn, 1988]. Although the underlying mechanisms are still unclear, agonist-

induced up-regulation has been observed by several other GPCRs [Cox et al., 1995; 

Hukovic et al., 1996; Ng et al., 1997; Presky and Schonbrunn, 1988; Tannenbaum et al., 

2001] and may play a role in long-term drug therapy. A hunt for the specific receptor-

subtypes mitigating these events is underway. The results are confounding, as studies 

have revealed differences that were not only dependent on receptor-subtype but also the 
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species from which the receptor is derived. Despite these differences, two important 

conclusions can be made based upon the subgroup of SSTRs examined: SRIF1 receptors 

(SSTR2, SSTR3 and SSTR5) internalize readily following agonist treatment, whereas 

SRIF2 receptors (SSTR1 and SSTR4) are rather resistant to agonist-induced 

internalization. 

Initial evidence for the desensitization and internalization of SSTR2 following 

agonist treatment in vivo came from rat brain slices [Boudin et al., 2000]. Around the 

same time, it was also observed that SSTR2 internalized when activated in primary 

cultured hippocampal neurons using fluorescently-labelled SST ligands [Stroh et al., 

2000a]. Stereotactic injections of the SST-analog octreotide in the rat parietal cortex 

[Csaba et al., 2001] and endopiriform nucleus [Csaba and Dournaud, 2001] demonstrated 

that SSTR2 internalized via a clathrin-mediated pathway. Similar mechanisms were also 

described for the internalization of SSTR2 in vivo, as demonstrated by studies in the rat 

forebrain [Schreff et al., 2000], dorsolateral septum [Csaba et al., 2002] and arcuate 

nucleus of the hypothalamus [Csaba et al., 2003]. When transfected in either CHO-K1, 

HEK-293 or even pancreatic P-cells, human and rat SSTR2 internalize in response to SST 

stimulation [Cescato et al., 2006; Hukovic et al., 1996; Roosterman et al., 1997; Roth et 

al., 1997b], via a clathrin-dependent pathway. Furthermore, endocytosis of SSTR2 was 

also demonstrated in glioma and neuroblastoma cells that endogenously express the 

receptor [Koenig et al., 1997; Krisch et al., 1998]. In other cell types, the densitization, 

internalization and phosphorylation of rat SSTR2 was observed [Hipkin et al., 1997; 

Hipkin et al., 2000; Roosterman et al., 1997]. The phosphorylation of SSTR2 was related 

to its internalization of clathrin-coated pits and shown to occur at both the C-terminal 

portion and the intracellular loop of SSTR2. Both protein kinase A and protein kinase C 

play a role in the phosphorylation and internalization of SSTR2 [Hipkin et al., 2000; 

Oomen et al., 2001]. Interestingly, although p-arrestin subtype-1 was found to desensitize 

mouse SSTR2 transfected in CHO-K1 cells, it was not implicated in its internalization. 

Recently, both GRK2 and P-arrestin subtype-2 were shown to be actively involved in the 

phosphorylation and clathrin-mediated internalization of the receptor when expressed in 

HEK-293 cells, respectively [Tulipano et al., 2004]. The same authors also described a 
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region in the C-terminal portion of the receptor as a recognition site for GRK2 

phosphorylation. SSTR2 can therefore be classified a class B receptor, as SSTR2 forms 

stable associations with P-arrestin throughout its sequestration and localization in 

endosomes [Tulipano et al., 2004]. 

The regulation of SSTR3 is very similar to that of SSTR2. Both human and rat 

forms rapidly internalize following agonist stimulation in various transfected cell lines 

[Cescato et al., 2006; Hukovic et al., 1996; Roosterman et al., 1997; Roth et al., 1997b]. 

The receptor is phosphorylated at the C-terminus, a critical determinant for agonist-

induced internalization [Roth et al., 1997a; Tulipano et al., 2004]. Internalization follows 

a clathrin-mediated pathway, a property dependent on the recruitment of P-arrestin 

[Kreuzer et al., 2001; Tulipano et al., 2004], Desensitization of the receptor follows a 

slow recovery rate, as demonstrated by its effector coupling to adenylate cyclase 

[Roosterman et al., 1997; Roth et al., 1997b]. This could be explained by the high avidity 

of P-arrestin binding to the receptor, however; both proteins are found colocalized in 

intracellular endocytic compartments for relatively short time periods [Kreuzer et al., 

2001; Tulipano et al., 2004], Given that the receptor is more prone to degradation unlike 

SSTR2, it is more probably that sequestration to lysosomes dictates its slow recovery 

[Tulipano et al., 2004], 

The final receptor in the SRIF1 class, SSTR5, undergoes differential regulation in 

a species-specific manner. For instance, human SSTR5 is rapidly internalized following 

activation with either SST-14 or SST-28 when expressed in CHO-K1 cells [Cescato et al., 

2006; Hukovic et al., 1996; Hukovic et al., 1998]. Desensitization has also been observed 

as demonstrated by a reduced ability to couple to adenylate cyclase following pre-

stimulation, a property highly dependent on the structural domains present at the C-

terminus [Hukovic et al., 1998]. The loss of cell surface receptors for rat SSTR5 is rather 

moderate compared to its human counterpart, as a rapid recycling rate has been described 

for this difference [Stroh et al., 2000b], Similar to human SSTR5, the rat homologue also 

undergoes agonist-regulated desensitization [Roosterman et al., 1997; Roth et al., 1997b; 

Stroh et al., 2000b]. More recently, the interaction of P-arrestin with SSTR5 has been 

described [Grant et al., in revision; Tulipano et al., 2004], and although rat SSTR5 can be 
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categorized as a class A receptor as determined by its transient association with P-arrestin 

[Tulipano et al., 2004], its human homologue does not show any interaction [Grant et al., 

in revision]. The species-related differences in the regulation of human and rat SSTR5 

may in part be explained by their differential association with P-arrestin. 

As previously mentioned, the SRIF2 class of SSTRs (SSTR1 and SSTR4) are 

generally resistant to internalization but not desensitization by agonist. For instance, 

when transfected in CHO-K1 cells, rat SSTR1 is quickly phosphorylated but slowly 

sequestered within cells [Liu and Schonbrunn, 2001]. Similarly, activation of 

endogenously expressed SSTR1 in both neurons of the hippocampus and cortex of rat, did 

not cause its internalization [Stroh et al., 2000a]. The up-regulation of SSTR binding 

sites in GH4C1 cells was attributed to the presence of SSTR1, as these cells 

predominantly express this subtype [Presky and Schonbrunn, 1988]. A similar 

occurrence was observed for hSSTRl when expressed in CHO-K1 cells, where up-

regulation rather than down-regulation predominates followed prolonged agonist 

exposure [Hukovic et al., 1996]. Further examination revealed that the up-regulation of 

hSSTRl was not dependent on de novo synthesis, but rather on dephosphorylation of 

amino acid residues present at the C-terminus and the recruitment of pools of intracellular 

receptor [Hukovic et al., 1999]. However, when hSSTRl was expressed in COS-7 cells, 

only a small fraction of receptor-bound ligand was internalized with the majority of 

receptor remaining within or just beneath the cell membrane [Nouel et al., 1997]. 

Contrary to human SSTR1, hSSTR4 does show moderate levels of internalization 

when expressed in CHO-K1 cells, however; compared to hSSTRl, prolonged treatment 

with agonist does induce its up-regulation [Hukovic et al., 1996]. The low level of 

internalized hSSTR4 observed following agonist stimulation was attributed to a rapid 

recycling rate [Smalley et al., 2001]. Species-related differences have been documented 

between the regulation of human and rat SSTR4 homologues. For instance, rat SSTR4 

does not internalize when transfected in either HEK-293 or rat insulinoma cells following 

agonist-activation [Smalley et al., 2001]. Interestingly, internalization is apparent when 

part of the C-terminal portion of the receptor is removed, suggesting a negative-

regulatory motif involved in controlling the internalization of rat SSTR4 [Roosterman et 



55 

al., 1997; Roth et al., 1997b]. Further investigation using rat SSTR4 mutants, revealed 

threonine 331 as the residue most accountable for inhibiting internalization [Kreienkamp 

et al., 1998]. Taken together, the in vitro analysis of rat SSTR4 is in good agreement with 

in vivo results, as intracerebroventricular administration of SST-14 does not promote its 

sequestration [Schreff et al., 2000]. Despite the variability in the trafficking of SSTR1 

and SSTR4, it is clear that neither of them depend on interaction with P-arrestin for 

internalization [Tulipano et al., 2004]. 
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B) GPCR Dimerization and Techniques used in their Investigation 

Early evidence for the dimerization of GPCRs 

There are various ways in which GPCRs can be regulated, several of them have 

already been discussed and include desensitization, sequestration, down-regulation or 

even up-regulation. However, one mode of GPCR regulation that has only recently been 

recognized is dimerization/oligomerization. It is well known that many different cell 

surface receptors form oligomeric structures as a prerequisite for signal transduction. The 

receptor tyrosine kinase superfamily is a prime example. For instance, the inactive state 

of the epidermal growth factor receptor is a monomer; activation by ligand causes it to 

stabilize into a dimeric form, a necessary step for signal transmission [Schlessinger, 2002; 

Ward et al., 2007]. On the other hand, the insulin receptor does not require ligand to 

dimerize as it is itself, a preformed dimer of two different isoforms linked by disulphide 

bonds. However, ligand-binding does induce conformational changes that activate its 

cytoplasmic kinase domain to initiate signal transduction [Ward et al., 2007]. GPCRs 

were largely accepted to exist as monomeric entities at the cell surface, existing in a 1:1:1 

stoichiometric ratio with respect to the ligand and G-protein that they couple to however; 

initial evidence has suggested a role for dimerization in receptor-function in the early 

80's. Using antibodies to crosslink gonadotropin-releasing hormone receptors, Conn et 

al., converted an antagonist to an agonist [Conn et al., 1982]. This effect was specific to 

the use of divalent antibodies and not monovalent Fab fragments, implying that receptor-

aggregation is necessary for activation [Conn et al., 1982; Hazum and Keinan, 1985]. 

Similar work on the luteinising hormone-releasing hormone receptor demonstrated 

dimerization, as induced by antibody crosslinking in pituitary cells, caused their 

activation [Gregory et al., 1982]. In rat Leydig cells, the same situation arose when using 

antibodies against the luteinising hormone receptor, as aggregation was suggested to 

mediate receptor-activation [Podesta et al., 1983; Podesta et al., 1986]. The earliest direct 

physical evidence for GPCR dimers came from investigation on immunoaffinity 



57 

chromatography and Western blotting of lung f^-adrenergic receptors [Fraser and Venter, 

1982] and covalent cross-linking of angiotensin II to its binding sites in rat adrenal 

membranes [Paglin and Jamieson, 1982]. Additional evidence for the dimerization of 

GPCRs came from radiation inactivation and photoaffinity labelling experiments, where a 

number of receptors were demonstrated to be larger than predicted based on simple 

monomeric structures {reviewed in [Hebert and Bouvier, 1998]}. However, not all 

GPCRs studied gave size estimates corresponding to their dimeric forms and therefore, 

made conclusions on the functional significance for these higher order species 

ambiguous. 

Development of recombinant DNA expression systems rekindled interest in 

readdressing the functional significance for GPCR dimers. Various GPCR mutant or 

chimeric constructs could be reconstituted when co-transfected in cells. For instance, 

when two functionally inactive GPCR chimeras, one possessing the first five 

transmembrane domains (TMs) of the 012-adrenergic receptor and the last two TMs of the 

muscarinic m3 receptor and vice versa, allowed for restoration of both receptors [Maggio 

et al., 1993]. Similar results were demonstrated for the angiotensin II receptor however, 

in this case, trans complementation of two defective binding mutants rescued binding 

[Monnot et al., 1996], Several other GPCRs have been reported to behave in a similar 

fashion, namely the luteinzing hormone [Osuga et al., 1997] and vasopressin V2 

[Schoneberg et al., 1997; Schoneberg et al., 1996] receptors. In addition to 

complementation assays, ligand binding on purified GPCRs has also presented with 

cooperativity binding data that could easily be explained by formation of dimeric or even 

oligomeric receptor-complexes {reviewed in [Hebert and Bouvier, 1998]}. 

Following the development of receptor epitope tagging, the use of highly-specific 

antibodies targeting the tagged portion of GPCRs was employed, thereby minimizing 

crossreactivity often seen when using prepared antisera. SDS-resistant receptor species of 

molecular masses equivalent to dimers or even higher order oligomers have been 

identified on Western blots for various GPCRs [Alblas et al., 1995; Ali et al., 1994; 

Debburman et al., 1995; Giannini et al., 1995; Herberg et al., 1984; Ng et al., 1993; Ng et 

al., 1994a; Ng et al., 1994b; Pickering et al., 1993; Schreurs et al., 1995; Vasudevan et al., 
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1995]. Interestingly, many of the GPCRs tested were not dependent on the formation of 

disulfide bonds, in particular, dimers of the dopamine D2 [Ng et al., 1996], olfactory 

[Nekrasova et al., 1996] and (32-adrenergic receptors [Hebert et al., 1996], as their 

interactions were unaffected by reducing agents. However, disulfide bonding does appear 

important for the stabilization of the M5 metabotropic glutamate [Kunishima et al., 2000; 

Romano et al., 1996] and extracellular calcium-sensing receptor-dimers [Bai et al., 1998; 

Ward et al., 1998], 

The first study to provide convincing evidence on the functional significance for 

GPCR dimers came from experiments on the [^-adrenergic receptor in the laboratory of 

M. Bouvier [Hebert et al., 1996]. In this study, Hebert et al. studied the effects of a 

peptide mimicking TM VI of the (^-adrenergic receptor. What they found was quite 

intriguing, as treatment of (32-adrenergic receptor expressing cells with the peptide, 

blocked dimerization and agonist-induced signalling. Furthermore, the effect was 

specific to peptides corresponding to TM VI of the receptor, as other TM peptides had no 

effect. Ligand also played part in the equilibrium of the complex; treatment with the 

agonist isoproterenol stabilized the dimers and prevented the TM peptide from interfering 

whereas inverse agonists were found to favour the stability of monomers. A functional 

role for the dimerization of 8-opioid receptors was also reported, however, in this case, 

agonist treatment resulted in the dissociation of pre-existing dimers, a property that when 

perturbed, disrupted receptor-internalization [Cvejic and Devi, 1997]. 

The GABAB receptor story: A common theme in family C GPCRs 

Despite these efforts, most attempts to characterize the occurrence of GPCR 

dimers were criticized as being an artefact of over expression, as hydrophobic proteins 

such as GPCRs, are prone to aggregation when solubilised from highly expressing cell-

expression systems. It wasn't until the cloning and characterization of the G A B A B 

receptor, a member of the class C superfamily of GPCRs, that the importance of GPCR 

dimerization began to percolate within the greater scientific community. The first 

G A B A B cDNA cloned was in 1997, and termed G A B A B R 1 [Kaupmann et al., 1997]. 
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However, although the receptor was capable of binding GABA agonists when expressed 

in various cell-types, it was largely non-functional and incapable of efficiently coupling 

to potassium channels. 

In addition, it was not efficiently transported to the cell surface and as a result was 

largely retained intracellularly. The following year, a second G A B A B subtype was cloned 

and termed G A B A B R 2 , however; unlike G A B A B R I , this receptor-subtype could traffic to 

the cell surface but did not bind G A B A agonists. It was only following the co-

expression of both receptor-subtypes did the formation of a fully functional G A B A B 

receptor emerge that efficiently trafficked to the cell surface [Jones et al., 1998; 

Kaupmann et al., 1998; Kuner et al., 1999; Martin et al., 1999; Ng et al., 1999; White et 

al., 1998]. Assembly and cell surface targeting of the G A B A B receptor occurs primarily 

at its carboxyl-terminus [Kuner et al., 1999; Pagano et al., 2001; White et al., 1998], 

although it has been demonstrated that heterodimerization can occur through other 

regions such as their transmembrane domains [Calver et al., 2001; Pagano et al., 2001]. 

The carboxyl-terminus of G A B A B R I possesses a motif that causes retention in the 

endoplasmic reticulum, however, this motif is masked by interaction with the C-terminus 

of G A B A B R 2 [Kuner et al., 1999; Pagano et al., 2001; White et al., 1998]. These studies 

were the first to provide strong evidence on the importance of GPCR dimerization in 

receptor transport and function. 

A similar scenario has also been reported for the taste receptors, also members of 

class C GPCRs, where heterodimerization between receptor-subtypes plays an important 

part in receptor function. For instance, the two cloned taste receptors, T1R1 and T1R2, 

were unresponsive to sweet stimuli when expressed alone in heterologous cells [Hoon et 

al., 1999]. A third taste receptor termed T1R3, was later cloned by six independent 

groups, yet still unresponsive to sweet stimuli when independently expressed in 

heterologous cells [Bachmanov et al., 2001; Kitagawa et al., 2001; Max et al., 2001; 

Montmayeur et al., 2001; Nelson et al., 2001; Sainz et al., 2001], It was only following 

the co-expression of both T1R2 and T1R3 that the addition of sweet tastants caused 

receptor-activation [Nelson et al., 2001], suggesting heterodimerization in the formation 

of functional sweet taste receptors. Curiosity led to the discovery of yet another 
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functional heterodimer, T 1 R 1 / T 1 R 3 , however, in this case the stimulus was not 

sweeteness but for the sensation known as "umami", a stimulus brought on by the amino 

acid monosodium glutamate [Zhao et al., 2 0 0 3 ] . Although the molecular determinants in 

the heterodimerization of T 1 R 1 / T 1 R 3 and T 1 R 2 / T 1 R 3 have not been fully elucidated, the 

interactions are specific; as no other G P C R investigated to date could form an association, 

much like the specificity seen in the formation of the G A B A B R heterodimer. 

In addition to the G A B A B and taste receptors, other members of the class C family 

of GPCRs have also been reported to exist as dimers. For instance, western blot analysis 

of the calcium-sensing receptor and the metabotropic glutamate receptor subtype-5 in 

whole-cell lysates, demonstrated these receptors to exist as constitutive disulfide-linked 

dimers [Bai et al., 1998; Bai et al., 1999; Jensen et al., 2002; Pin et al., 2005; Romano et 

al., 1996]. Furthermore, crystal-structure analysis of the large N-terminal portion of the 

metabotropic glutamate receptor subtype-1, revealed it to exist as a dimer hinged by 

disulfide bonding [Kunishima et al., 2000]. 

Resonance Energy Transfer techniques to study GPCR dimers 

Despite the accumulation of evidence on the dimerization of GPCRs, scepticism 

still lingered on the relevance of these interactions in vivo, especially in regards to the 

class A subfamily of GPCRs, as they do not possess a large extracellular domain to 

support disulfide linkage. Therefore, a more sensitive and less invasive technique had to 

be developed in order to monitor GPCR interactions in intact cells. In 2000, the call was 

answered by three independent groups by adopting techniques of resonance energy 

transfer (RET) [Angers et al., 2000; Overton and Blumer, 2000; Rocheville et al., 2000b]. 

The use of fluorescence techniques in examining the properties of proteins in living cells 

has exploded in the past few years. There have been major advancements in the 

application of steady-state and time-resolved digital imaging techniques, as well as the 

development of convenient probes suitable for in vitro and in vivo labelling [Giepmans et 

al., 2006]. Fluorescence has become one of the most prominent technologies in 

biomedicine. In particular, the application of RET techniques has been instrumental in 
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the study of molecular biology. The potential of RET lies in the fact that it can yield both 

static information and insight into the internal mobility and flexibility of bimolecular 

systems. RET is a process of nonradiative energy transfer, the exact theory of which was 

correctly explained for the first time by Forster over 60 years ago [Forster, 1946; Forster, 

1947; Forster, 1948]. The process of RET occurs whenever the emission spectrum of a 

fluorophore termed the donor, overlaps with the absorptive spectrum of another 

fluorophore termed the acceptor. It is important to reiterate that the process does not 

involve emission of light from the donor. The reabsorption process is however dependent 

on the overall concentration of the acceptor. The extent of the energy transfer is 

determined by the distance between the donor and acceptor in addition to the spectral 

overlap of the two fluorophores. The equation for the transfer of energy of a single 

donor-acceptor pair at a fixed distance is given as follows: 

E = R0
6 

Ro6 + r6 
(3.1) 

where Ro is the Forster distance and r is the distance between the donor (D) and the 

acceptor (A). Transfer efficiency is typically measured by the fluorescence intensity of 

the donor (FD), in the absence and presence (FDA) of the acceptor: 

E - FD- FDA ~ 1 - FDA 

(3-2) 
Fd FD 

The extent of the energy transfer therefore depends on the sixth power of the distance (r) 

of the two fluorophores. It is of great avail that the distances between which RET occurs, 

10 to 100 A , happens to be comparable in size to biological macromolecules. Hence, 

RET can be considered a spectroscopic ruler for measurements of distances between sites 
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on proteins. The principle forms of RET applied to investigate the dimerization of 

GPCRs is fluorescence resonance energy transfer (FRET) and bioluminescent resonance 

energy transfer (BRET). In FRET, the donor molecule needs to be excited by an external 

light source, contrary to BRET, where the donor molecule is intrinsically luminescent 

{reviewed in [Harrison and van der Graaf, 2006; Milligan, 2004a; Milligan and Bouvier, 

2005; Persani et al., 2007; Pfleger and Eidne, 2005]}. In both BRET and FRET, the 

emission and excitation wavelengths of both the donor and acceptor respectively, must 

overlap to a certain extent but avoiding excessive overlap to improve signal-to-noise 

ratios. 

Bioluminescence Resonance Energy Transfer (BRET) 

One of the more common RET techniques in the study of GPCR dimerization is 

BRET, partly because it does not require the use of expensive microscopes but rather a 

spectrophotometer. The donor used in BRET is Renilla luciferase (Rluc), an enzyme 

isolated from the marine sea pansy. Rluc it is not intrinsically fluorescent, but requires 

the addition of a substrate, colentrazine, that it oxidizes producing light emission in the 

blue wavelength (395 nm). The acceptor is generally either green fluorescent protein 

(GFP) or its variant, yellow fluorescent protein (YFP). If the donor is within close 

proximity to the acceptor, energy transfer occurs exciting the acceptor molecule. There 

are two versions of BRET; the original version, pioneered by Xu et al. [Xu et al., 1999], 

utilizes enhanced YFP (eYFP) as the acceptor, and the revised version known as BRET . 

BRET2 was developed by Perkin Elmer Life Sciences and employs modified variants of 

GFP and colentrazine, GFP2 and DeepBlueC respectively, allowing GFP to be excited at 

410 nm to give better spectral resolution. 

Because it is necessary to produce fusion proteins between the GPCRs of interest 

and either Rluc, eYFP or GFP2, the technique can only be performed in recombinant cell 

systems. The fusion proteins are then transfected into cells, typically by way of transient 

transfection, where they are then placed in either a cuvette or multiplate reader, and then 

read at their respective wavelengths following the addition of colentrazine. The first 
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study to employ the BRET technique in the study of GPCR dimerization, was on the p2-

adreneric receptor, in the lab of M. Bouvier [Angers et al., 2000]. Using first generation 

BRET, they demonstrated that the P2-adreneric receptor exists as constitutive dimers in 

live cells, confirming previous co-immunoprecipitation data, and that agonist binding can 

increase their RET signal. Furthermore, they also applied the technique to demonstrate 

the transient agonist-regulated interaction of P-arrestin to the receptor. Although the 

technique has its advantages, there is one intrinsic disadvantage when studying GPCRs; 

BRET cannot discriminate between dimers present at the cell surface or those present 

during synthesis in the endoplasmic reticulum. 

Fluorescence Resonance Energy Transfer (FRET) 

As previously stated, FRET unlike BRET requires an external light source to 

excite the donor molecule. There are various forms of FRET, however, all of which 

apply the same underlying principle: measure the transfer of energy from a donor to an 

acceptor fluorophore, during its excitation. One form of FRET that is analogous to the 

BRET technique involves the tagging of GPCRs with GFP variants, usually at the 

carboxyl-terminus. The commonly used GFP variants in this case are cyan fluorescent 

protein (CFP) and YFP; however, GFP has been used in place of YFP as they have 

sufficient spectral overlap [Stanasila et al., 2003]. Cells transfected with the recombinant 

fusion proteins can either be measured in cuvettes, similar to the BRET technique, or by 

using confocal or widefield microscopes and analyzed using imaging software. In the lab 

of K.J. Blumer, application of FRET using CFP and YFP tagged versions of a GPCR was 

was first described on the a-factor receptor, a product of the STE2 gene from 

Saccharomyces cerevisiae [Overton and Blumer, 2000]. In their study, CFP was excited 

with a A,max of 440 nm and emission was detected by scanning fluorometry. Fluorescent 

emission due to FRET was quantified by subtracting the emission spectrum of cells 

expressing the CFP fusion alone, and the emission spectrum of cells expressing only the 

YFP fusion protein, from the emission of cells co-expressing CFP and YFP fusion 

proteins. The efficiency of FRET was quantified by dividing the integrated FRET curve 
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by the integrated emission curve obtained from direct excitation of YFP at 490 nm. In 

this fashion, the authors were able to detect a strong FRET signal on the surface of 

transfected cells, indicative of constitutive dimerization. 

Although FRET has its advantages, such as being able to discriminate a FRET 

signal from the cell surface and intracellular compartments, it does have its 

disadvantages. One problem associated with direct FRET intensity measurements is the 

noise or false signals obtained by the autofluorescence of intrinsic cellular proteins. To 

overcome this problem, variants of FRET have been applied and include time resolved 

FRET (trFRET), first employed to study the dimerization of GPCRs in 2001 in the lab of 

G. Milligan, while investigating the human 8-opioid receptor [McVey et al., 2001]. This 

technique takes advantage of the prolonged fluorescent characteristics of lanthanide 

compounds, such as europium (donor) and allophycyanin (acceptor), thereby allowing 

excitation and detection to be temporally separated eliminating the presence of 

autofluorescence. Unlike the FRET performed using GFP variants, the fluorescent 

molecules used in trFRET are usually conjugated to antibodies, allowing one to 

specifically target the receptor at the cell surface. 

Photobleaching FRET (pbFRET) 

Another technique that also overcomes the problems of direct FRET 

measurements is photobleaching FRET (pbFRET), which exploits the photobleaching 

process of fluorophores. The application of pbFRET was originally developed by Jovin 

et al. in the early 90's [Gadella and Jovin, 1995; Kubitscheck et al., 1991; Young et al., 

1994], but only introduced to study the dimerization of GPCRs in the laboratory of Y.C. 

Patel, in 2000 [Rocheville et al., 2000a; Rocheville et al., 2000b]. Photobleaching is an 

irreversible process that involves the photochemical destruction of a fluorophore and 

always occurs in its excited state. Donor photobleaching FRET is the process of 

photobleaching the donor fluorophore under the intense illumination of its excitation 

wavelength, while measuring the changes in the intensity of its fluorescence in the 

absence or presence of the acceptor fluorophore. If the acceptor is in close enough 
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proximity to the donor, (10-100 A), FRET occurs and competes with the photobleaching 

process, decreasing the rate of photobleaching. The FRET efficiency, assuming a single 

exponential decay, can be calculated as follows: 

E = 1 - x D 

— (3.3) 
TD+A 

where E is the FRET efficiency and to, the photobleaching decay rate of the donor in the 

absence and TD+A, presence of the acceptor [Patel et al., 2002b]. One advantage in using 

this method is that the time constants are measured in the second to minute range unlike 

regular FRET, which occurs in nanosecond time scale, thereby omitting the need for 

complex digital imaging instrumentation. The strategy used for detecting the 

dimerization of hSSTRs by pbFRET is shown in figure 3.5. Cells were stably-transfected 

to control for receptor expression, with tagged hSSTRs, in this case hemagglutinin (HA) 

and targeted with anti-HA monoclonal antibodies conjugated to either fluorescein 

isothiocyanate as the donor or rhodamine as the acceptor. Decreases in the donor 

fluorescence intensity under prolonged exposure to excitation light are monitored, first in 

the absence, then in the presence of the acceptor. As mentioned above, any decreases in 

the fluorescence decay indicates that the receptors were in close enough proximity to 

allow for FRET. Given the small distance that is needed for FRET to take place, it can be 

assumed that the receptors are in association. The pbFRET technique is not restricted to 

the use of conjugated antibodies, as fluorescently labelled ligands [Grant et al., 2004b] 

and receptors fused with variants of GFP [Dinger et al., 2003] have been used. 

Protein Complementation Assays (PCAs) 

In addition to the RET techniques aforementioned, protein complementation 

assays can also be employed to monitor the interaction of GPCRs [Hu et al., 2002; Hu 

and Kerppola, 2003; Remy and Michnick, 2006; Stefan et al., 2007], Essentially, PCAs 
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Figure 3.5. 

An example employing pbFRET microscopy to study GPCR dimerization. 

Antibodies conjugated to either donor or acceptor fluorophores are targeted towards 

receptors X and Y respectively. A, If there is no interaction between the two receptors, 

the donor fluorophore photobleaches at a given rate when under continuous illumination 

of its excitation wavelength. B, Interaction between receptors X and Y permits the 

transfer of excitation energy or quenching of the donor fluorophore by the acceptor, 

reducing the donor photobleaching decay rate. 
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involve the reconstitution of a functional protein by the sum of its parts. For instance, 

both luciferases of the species Renilla reniformis and Gaussia princeps can be split into 

two complementary fragments and fused to two proteins that associate. If these proteins 

interact, a functional luciferase enzyme ensues that can be measured [Remy and 

Michnick, 2006; Stefan et al., 2007]. In a similar approach, fluorescent proteins such as 

GFP can be divided into two parts and measured for reconstitution when fused to proteins 

that associate [Hu et al., 2002; Hu and Kerppola, 2003]. Although considered a type of 

PCA, the reconstitution of fluorescent proteins is commonly referred to as bimolecular 

fluorescence complementation (BiFC). 

Dimerization of family A GPCRs revisited 

Many of the GPCR dimers previously investigated by Western blot have been 

verified using the newly available RET techniques. It has been determined that GPCR 

dimerization can occur in live or on the surface of intact cells. However, mechanisms 

believed to govern the interaction of several of the previously reported GPCRs were 

reinterpreted based on newly available data. It has been suggested that dimerization may 

play a role in all stages of the GPCR life cycle, from ontogeny to activation and 

internalization [Breitwieser, 2004; Bulenger et al., 2005; Hansen and Sheikh, 2004; 

Milligan, 2004b; Milligan, 2008; Park et al., 2004b; Terrillon and Bouvier, 2004]. 

Several studies have indicated that dimerization of GPCRs occurs early during synthesis, 

implying that it might represent a constitutive phenomenon. Furthermore, mutant 

receptors of vasopressin V2 [Zhu and Wess, 1998], thyroid-stimulating hormone 

[Calebiro et al., 2005], luteinizing hormone [Tao et al., 2004], gonadotropin-releasing 

hormone [Brothers et al., 2004], dopamine D3 [Karpa et al., 2000], chemokine CCR5 

[Benkirane et al., 1997; Shioda et al., 2001], frizzled 4 [Kaykas et al., 2004], 

melanocortin-4 [Biebermann et al., 2003] and rhodopsin [Colley et al., 1995], have all 

been shown to behave in a dominant-negative fashion with respect to their wild-type 

counterparts by preventing their expression at the cell surface. However, recent studies 
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have suggested that heterodimerization between the 8-opioid and |x-opioid receptors 

occurs only after cell-surface delivery [Law et al., 2005]. 

Several members of the family A superfamily of GPCRs have been shown to form 

constitutive dimers irrespective and unresponsive to ligand binding [Ayoub et al., 2002; 

Babcock et al., 2003; Canals et al., 2003; Dinger et al., 2003; Floyd et al., 2003; Issafras 

et al., 2002; Jensen et al., 2002; Overton and Blumer, 2000; Stanasila et al., 2003; 

Terrillon et al., 2003; Trettel et al., 2003]. In addition, atomic force microscopy has 

shown that rhodopsin and opsin form constitutive dimers in dark-adapted native retinal 

membranes [Fotiadis et al., 2003; Liang et al., 2003]. Although constitutive dimerization 

may be the general consensus within the family C class of GPCRs, it is not a feature 

consistent amongst family A receptors, as ligand binding has been shown to promote 

[AbdAlla et al., 2004; AbdAlla et al., 1999; Angers et al., 2000; Baneres and Parello, 

2003; Cornea et al., 2001; Grant et al., in revision; Grant et al., 2004b; Hanyaloglu et al., 

2002; Horvat et al., 2001; Hunzicker-Dunn et al., 2003; Jiang et al., 2006; Kearn et al., 

2005; Mellado et al., 2001b; Patel et al., 2002a; Pello et al., 2008; Rocheville et al., 

2000a; Rocheville et al., 2000b; Rodriguez-Frade et al., 2004; Roess and Smith, 2003; 

Tao et al., 2004; Wurch et al., 2001; Zhu et al., 2002] or even dissociate [Berglund et al., 

2003; Cheng and Miller, 2001; Cvejic and Devi, 1997; Devost and Zingg, 2004; Duran-

Prado et al., 2007; Gines et al., 2000; Grant et al., 2004a; Latif et al., 2002] GPCR dimers. 

Additional support for the dynamic nature of GPCR dimers at the cell surface has been 

noted using synthetic peptides to disrupt their interaction [Hebert et al., 1996; Hernanz-

Falcon et al., 2004; Ng et al., 1996; Overton et al., 2003]. Furthermore, selective-

internalization of individual protomers of heterodimers have been shown to occur 

following their activation [Gines et al., 2000; Law et al., 2005; McGraw et al., 2006; 

Pfeiffer et al., 2001]. For instance, selective activation of SSTR2 in the SSTR2/SSTR3 

heterodimer resulted in its internalization, without affecting the cell surface localization 

of SSTR3 [Pfeiffer et al., 2001]. Similarly, heteromeric complexes between dopamine 

D1 and adenosine Al receptors, were found to disappear when treated with D1 receptor 

agonists by forming intracellular clusters that were devoid of Al receptors [Gines et al., 

2000]. The jx- and 5-opioid receptor heterodimer was also shown not to endocytose as a 
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complex but yet internalize as monomers when activated by agonists [Law et al., 2005], 

Although formation of the prostaglandin-EPj and (32-adrenergic heterodimer directly 

decreased P2-adrenergic receptor coupling to Gas; cross-regulation was not involved in 

attenuating P2-adrenergic receptor-function, as desensitization and internalization were 

factors affecting only the activated protomer [McGraw et al., 2006]. Finally, in a recent 

report, stabilization of the chemokine CXCR4 and 8-opioid receptor occurs following 

their co-stimulation and not their selective activation, a property that silenced receptor-

signalling [Pello et al., 2008]. Taken together, these results provide evidence that GPCR 

dimers are not necessarily static complexes, in which both protomers are fixed to regulate 

as a unit. Confounding the issue further is that dimerization itself may not be a property 

consistent amongst GPCRs, as several receptors including hSSTRl [Grant et al., 2004b; 

Patel et al., 2002a], the N-formyl peptide receptor [Gripentrog et al., 2003] and the 

neurokinin-1 receptor [Meyer et al., 2006] have been shown to exist and function as 

monomers. Furthermore, contrary of previous reports, employing a more rigorous 

approach to detecting protein-protein interactions using the BRET technique, revealed 

the P2-adrenergic receptor to exist as a monomer [James et al., 2006]. In addition, recent 

evidence has demonstrated the p2-adrenergic receptor to efficiently couple with Gas G-

proteins as monomers, when reconstituted in high-density lipoprotein particles [Whorton 

et al., 2007]. In a similar report, rhodopsin was also demonstrated to efficiently couple to 

transducin as a monomer [Bayburt et al., 2007; Whorton et al., 2008]. Finally, high-

resolution crystallographic analysis of the P2-adrenergic receptor, the second GPCR to be 

crystallized since rhodopsin in 2000 [Palczewski et al., 2000], revealed it to exist as a 

monomer in its inactive state [Rasmussen et al., 2007], However, in a comparative study 

by a second group of authors, dimers were present but highly dependent on cholesterol 

for packing [Cherezov et al., 2007]. 

Molecular determinants implicated in the dimerization of rhodopsin-like family A 

GPCRs are variable, as they appear to be specific to the subfamily of GPCRs 

investigated. Key contributions by transmembrane domains I, IV, V and VI in various 

GPCRs have been reported [Guo et al., 2005; Hebert et al., 1996; Hernanz-Falcon et al., 

2004; Klco et al., 2003; Liang et al., 2003; Ng et al., 1996; Overton et al., 2003; Thevenin 
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et al., 2005]. Although not exclusive to the transmembrane regions, other determinants 

have been shown to contribute to dimerization and include the amino-terminal [AbdAlla 

et al., 1999; Overton and Blumer, 2002] and carboxyl-terminal portions of GPCRs 

[Cvejic and Devi, 1997; Fan et al., 2005; Grant et al., 2004b; Sarmiento et al., 2004]. 

Dimerization of the angiotensin II ATI receptor was shown to occur by the intracellular 

factor XIII transglutaminase via glutamine residue 315, in the carboxyl-terminal tails of 

agonist occupied receptors [AbdAlla et al., 2004]. Additionally, high-resolution 

crystallographic analysis of the (32-adrenergic receptor, has revealed a single ionic 

interaction between the amine group of Lys60 of transmembrane domain helix I and the 

carboxylate of Glu338 in helix VIII at the carboxyl-terminal region of the symmetry-

related receptor [Cherezov et al., 2007], However, as previously mentioned, crystal 

packing was highly dependent on cholesterol, with over 70% of the contact surface 

between receptor-monomers being mediated by lipid [Cherezov et al., 2007]. Evidently, 

cholesterol is known to play a role in (32-adrenergic receptor signalling; depleting 

cholesterol from cells increases G-protein coupling. Interestingly, one may speculate 

dimerization to impart negative cooperativity on (32-adrenergic receptor signalling. 

Epitopes that dictate a heteromeric interaction are often times less apparent. For 

instance, formation of the human adenosine A2A and dopamine D2 heterodimer was 

determined on the basis of electrostatic interactions between an arginine-rich epitope in 

the third intracellular loop of the D2 receptor and two epitopes in the carboxyl-terminus 

of the A2A receptor, one containing adjacent aspartates residues and the other a 

phosphorylated serine residue [Ciruela et al., 2004]. Interestingly, dephosphorylating the 

serine residue of the A2a receptor C-tail epitope prevented the formation of the 

heterodimer, suggesting phosphorylation/dephosphorylation events as a mechanism of 

regulation [Ciruela et al., 2004], Although ligand was not involved in the regulation of 

the heterodimer, it did however, modulate the extent of co-aggregation, suggesting a role 

for agonist in the formation of higher order receptor complexes [Hillion et al., 2002]. 

Surprisingly, in the heterodimerization of jx- and 8-opioid receptors, G-protein itself was 

identified as a chaperone in stabilizing the interaction. When attempts were made to 

uncouple Ga, G-proteins using PTX, the heterodimer was abolished [Law et al., 2005]. 
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Furthermore, the receptors internalized as monomers, suggesting that receptor activation 

by agonist was also capable of disrupting the complex. The importance of G-proteins in 

the heterodimerization of and 8-opioid receptors is also indirectly supported by 

findings involving carboxyl-terminal truncations, as removal of the carboxyl-terminus of 

either receptor impairs their interaction and signalling [Fan et al., 2005], 

Pharmacology and signalling of GPCR dimers 

The first study to provide strong evidence for the pharmacological diversity of 

GPCR dimers was in the laboratory of L. Devi, while investigating the 8- and K-opioid 

receptor heterodimer [Jordan and Devi, 1999]. Cells co-expressing 8- and K-opioid 

receptors exhibited little affinity for receptor-specific agonists but co-administration lead 

to a synergistic effect on ligand binding. Indeed, this has been demonstrated within the 

entire opioid receptor-family by co-expressiing various receptor-pairs {reviewed in 

[Jordan et al., 2000; Rios et al., 2001]}. These studies suggested that dimerization, in 

particular heterodimerization, could provide cooperativity to ligand binding. 

Notwithstanding, the heterodimerization of other GPCR subtypes have been shown to 

alter the potency of agonists in signal generation. For instance, the heterodimerization of 

several other receptor combinations including the dopamine D2 and hSSTR5 [Rocheville 

et al., 2000a] and the hSSTRl and hSSTR5 [Rocheville et al., 2000b] heterodimers were 

also reported to enhance GPCR signalling [AbdAlla et al., 2000; Baragli et al., 2007; 

Gomes et al., 2004; Scarselli et al., 2001; Waldhoer et al., 2005; Yoshioka et al., 2001; 

Zhu et al., 2005]. However, not all heterodimers are accompanied by enhanced 

pharmacology as negative cooperativity has been observed [AbdAlla et al., 2001a; El-

Asmar et al., 2005; McGraw et al., 2006; Pello et al., 2008; Pfeiffer et al., 2001; Sohy et 

al., 2007; Urizar et al., 2005], For example, McGraw and colleagues demonstrate that 

activation of the PGE2 receptor, EPi, on airway smooth muscle cells, reduced the 

bronchodilator response to a P2-adrenergic agonist by uncoupling its interaction with Gas 

G-proteins, thereby attenuating the production of cAMP [McGraw et al., 2006]. This 

cross-talk of the EPi receptor on P2-adrenergic receptor sijgnalling was mediated by 
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heterodimerization and required both receptors to be activated simultaneously. In a 

recent report, heterodimerization between the chemokine GXCR4 and the 5-opioid 

receptors in immune cells suppressed signalling [Pello et al., 2008]. Interestingly, this 

suppression of signalling occurred following simultaneous addition of their respective 

ligands and not when the receptors were individually activated. 

It has been suggested that a GPCR dimer acts as a footprint suitable for binding a 

single G-protein a, P, y-heterotrimer, based on structural analysis of the rhodopsin 

[Filipek et al., 2004; Fotiadis et al., 2004], the BLT1 leukotriene B4 receptor [Baneres 

and Parello, 2003], the aib/aia-adrenergic receptor [Hague et al., 2004], the metabotropic 

glutamate receptor [Goudet et al., 2005] and the G A B A B receptor [Galvez et al., 2001; 

Havlickova et al., 2002] dimers. This holds particular interest for GPCR heterodimers, as 

they could provide a docking interface with different G-protein selectivity. For instance, 

the (i-opioid and S-opioid receptors normally couple to Gaj G-proteins and are therefore 

sensitive to pertussis toxin treatment, however; when these receptors are co-expressed, 

the resulting heterodimer is insensitive to pertussis toxin treatment [George et al., 2000], 

Similarly, heterodimerization between Al and P2Y1 receptors results in preferential 

coupling of Gaj and not Gaq, their cognate G-protein [Yoshioka et al., 2001]. Concurrent 

stimulation of both chemokine receptors CCR2 and CCR5 and not their selective-

activation, results in the formation of heterodimers that preferentially couple to Gaq/i i 

[Mellado et al., 2001b]. The consequences of this switch in G-protein coupling, from the 

pertussis toxin sensitive Ga; to Gaq, is a delay in phosphatidyl inositol 3-kinase activation 

and an increased calcium flux, triggering cell adhesion rather than chemotaxis [Mellado 

et al., 2001b]. The protease-activated receptor-1 (PARI) and PAR3 heterodimer shows 

preferential coupling to Gai2/i3, compared to the concomitant activation of Gaq and 

Gai2/o typically seen following activation of PARI [McLaughlin et al., 2007]. It was 

surmised that PAR3 acts as an allosteric modulator of PARI, selectively increasing its 

coupling to Gai2/i3, leading to increases in the permeability of endothelial cells 

[McLaughlin et al., 2007]. These results have particular interest, as targeting PAR3 may 

alleviate symptoms such as vascular inflammation and lung injury associated with 

thrombosis. Co-activation of dopamine D1 and D2 receptors results in the generation of a 
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phospholipase-C-mediated Ca2+ signal. Although the D1 receptor is usually associated 

with Gas coupling and the D2 receptor with Gaj coupling, co-activation of both subtypes 

results in coupling to Gaq [Lee et al., 2004], Recently, the selectivity of the D1-D2 

heterodimer to couple to Gaq following co-stimulation of the individual protomers was 

demonstrated in murine brain, providing physiological evidence for the interaction 

[Rashid et al., 2007]. 

Aside from G-protein coupling, other signalling factors such as MAPKs and even 

cell growth have been shown to be affected by dimerization. Co-expression of the 

orexin-1 receptor with the cannabinoid CB1 receptor, increased the potency of the peptide 

orexin-A to phosphorylate MAPKs by 100-fold, an effect that was blocked by the 

addition of a CB1 antagonist [Hilairet et al., 2003]. These results provide impetus to the 

development of cannabinoid antagonists for the treatment of obesity, as the orexin-1 

receptor is involved in feeding. Heterodimerization between Pi- and P2-receptors in 

HEK-293 cells, inhibits MAPK stimulation by the P2-adrenergic receptor [Lavoie et al., 

2002]. Contrarily, heterodimerization between cholecystokinin receptors type A and B 

enhances signalling and promotes cell growth when expressed in CHO-K1 cells [Cheng et 

al., 2003]. 

As previously mentioned, convincing evidence on the importance of GPCR 

dimerization and signalling, came from the study by Hebert et al., upon investigation of 

the P2-adrenergic receptor [Hebert et al., 1996]; addition of a peptide corresponding to the 

sixth transmembrane domain of the p2-adrenergic receptor, blocked dimerization and 

signalling. However, recent evidence has suggested that dimerization of the P2-

adrenergic receptor is not necessary for G-protein coupling and that the minimal 

functioning unit of the receptor is a monomer [James et al., 2006; Whorton et al., 2007]. 

Furthermore, the neurotensin NST1 receptor can also function as a monomer at low 

receptor concentrations and its dimerization at higher receptor levels, results in decreases 

in nucleotide exchange at the level of the G-protein. Whether or not Family A GPCRs 

can all function as monomers remains to be determined. 
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Effects of dimerization on cellular trafficking of GPCRs 

A common occurrence following activation of family A GPCRs is their 

endocytosis or internalization, a well characterized process typically involved in signal 

attenuation. It has been demonstrated that GPCR dimers internalize as a complex. For 

instance, studies on the yeast a-factor pheromone receptor have demonstrated it to 

internalize as a dimer [Yesilaltay and Jenness, 2000]. Contrarily, although both the 5-

opioid receptor and hSSTR2 form dimers at the cell surface in the absence of agonist, 

ligand-binding elicits their dissociation into monomers [Cvejic and Devi, 1997; Grant et 

al., 2004a]. This property was determined to be important for receptor trafficking, as 

blocking of which, impedes agonist-induced internalization [Cvejic and Devi, 1997; 

Grant et al., 2004a]. However, most of the observations documented on the changes in 

GPCR trafficking by dimerization have been shown for heterodimers. Several 

heterodimers were demonstrated to co-internalize as a unit following activation of either 

one or both protomers. These receptor combinations include hSSTRl and hSSTR5 

[Rocheville et al., 2000b], the a2A- and P]-adrenergic receptors [Xu et al., 2003], the <xia 

and oiib adrenergic receptors [Stanasila et al., 2003], the P2-adrenergic and 8-opioid 

receptors [Jordan et al., 2001] the SSTR2 and ji-opioid receptors [Pfeiffer et al., 2002], 

and the adenosine AJA and dopamine D2 receptors [Hillion et al., 2002], In the case of the 

Pi- and P2-adrenergic heterodimer, Pi prevented the internalization of the P2-receptor 

[Lavoie et al., 2002]. Similarly, heterodimerization between the P2- and the P3-adrenergic 

receptors abrogated the sequestration of the P2-receptor following activation, reflecting a 

possible dominant effect of the P3 subtype on P2, given its resistance to internalization 

[Breit et al., 2004]. The internalization of the P-alanine-responsive Mas-Related Receptor 

MrgD, is restricted when it heterodimerize with its closely related family member, MrgE. 

Reductions in the sequestration of MrgD was associated with an increased potency of 

ERK1/2 and a maintenance in the capacity of P-alanine to elevate intracellular calcium 

[Milasta et al., 2006]. The physiological relevance for the effects of dimerization on the 

desensitization/resensitization cycle remains to be determined. In case of the neurotensin 

receptors, heterodimerization between NTS1 and NTS2 influenced the subcellular 

distribution and capacity to down-regulate agonist-stimulated NTS1 [Perron et al., 2007]. 
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In some instances, dimerization alters the association of P-arrestin, a protein intimately 

involved in coordinating the desensitization and internalization of GPCRs [Claing et al., 

2002; Pierce et al., 2002]. Although the vasopressin Via and V2 receptors form 

heterodimers that co-internalize upon activation, their endocytic/recycling pathway 

follows that of Via, as determined by the association of P-arrestin [Terrillon et al., 2004]. 

Physiological relevance of GPCR dimers 

The physiological relevance of GPCR dimers has always been an underlying issue since 

most of these studies have been performed in heterologous expression systems. In 

addition, expression levels of GPCRs in these systems are often times well above the 

physiological range. For instance, in one study, the P2-adrenergic and 8-opioid receptors 

were shown to form heterodimers when co-expressed in HEK-293 cells [Jordan et al., 

2001]. These receptors were also found to internalize as a complex following their 

activation [Jordan et al., 2001]. However, a more recent study failed to show 

heterodimers between the two receptors, when receptor expression-levels approximated 

physiological values [Cao et al., 2005]. Random interactions between various GPCRs 

were also detected in cell-expression systems where over-expression was a factor [Salim 

et al., 2002]. Because GPCRs are inclined to spuriously interact at higher expression 

levels, interpretation on their physiological relevance has been questionable. Despite 

these challenges, there have been notable examples where dimerization of GPCRs has 

been shown in physiologically relevant cells and tissues. For several years, the 

dimerization within the opioid receptor family has been recognized as a model to generate 

novel receptors with distinct signalling capabilities; with particular relevance in 

improving morphine-based analgesia by limiting tolerance and dependence [Gomes et al., 

2004; He et al., 2002; He and Whistler, 2005; Jordan and Devi, 1999]. Recently, these 

claims have come to fruition, as an agonist with selectivity to an opioid receptor 

heterodimer has been identified. The ligand 6'-guanidinonaltrindole, is both a spinally 

selective analgesic and a preferentially agonist to the 8-K-opioid heterodimer [Waldhoer 

et al., 2005]. 
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An important receptor in the regulation of hypertension is the ATI angiotensin II 

receptor [Schiffrin, 2002]. There has been considerable evidence supporting a role for the 

homo- and heterodimerization of ATI receptors in cardiovascular disorders. 

Heterodimerization between the ATI and bradykinin B2 receptor provided increases in 

ATI receptor signalling and altered its internalization [AbdAlla et al., 2001b; AbdAlla et 

al., 2000], Furthermore, heterodimers were found to exist in vessels and platelets in 

patients with preeclampsia [AbdAlla et al., 2001b; Quitterer et al., 2004]. Recently, 

AT1/B2 heterodimers were also identified in angiotensin II hypersensitivity in 

spontaneously hypertensive rats [AbdAlla et al., 2005], providing a mechanism in the 

pathogenesis of hypertensive renal disease with glomerulosclerosis. In addition to 

heterodimerizing with the B2 bradykinin receptor, ATI has also been shown to form 

constitutive dimers with the ^-adrenergic receptor in cardiomyocytes [Barki-Harrington 

et al., 2003]. Dual inhibition of the ATI and [^-adrenergic receptors were shown to occur 

by a single antagonist, involving receptor-G-protein uncoupling. Thus, it is suggested 

that (3-adrenergic antagonists may serve a dual role in the treatment of heart failure by 

blocking (^-adrenergic and ATI receptor signalling. Aside from its suggested role in the 

pathogenesis of hypertension, ATI receptors have also been implicated in the onset of 

atherosclerosis in hypertensive models and patients [AbdAlla et al., 2004]. In these cases, 

a transglutaminase, Factor XIIIA, was found to crosslink ATI receptor dimers. It is 

suggested that elevated levels of cross-linked ATI receptor dimers present on monocytes 

of hypertensive patients chronically sensitizes them, thereby sustaining the process of 

atherogenesis by enhancing their adhesiveness [AbdAlla et al., 2004], 

Heterodimerization of the adenosine A2A and dopamine D2 receptors has been 

demonstrated to occur in heterologous cell expression systems, neuroblastoma cells and 

the striatum [Canals et al., 2003; Ciruela et al., 2004; Hillion et al., 2002; Kamiya et al., 

2003], Functional studies have demonstrated a reciprocal inhibitory interaction between 

A2A and D2 receptors on adenylate cyclase coupling [Ferre et al., 1997; Kull et al., 1999]. 

Electrophysiological and behavioural studies have also shown an inhibitory response of 

A2 a receptor agonists on D2 receptor recognition and signalling [Stromberg et al., 2000; 

Tanganelli et al., 2004], Contrarily, A2 a receptor antagonists increase locomotion in 

reserpinized mice and produce contralateral rotational behaviour in rats following 
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treatment with sub-threshold doses of L-DOPA or the D2-receptor agonist quinpirole 

[Tanganelli et al., 2004]. It is of interest that A2 a receptor antagonists have demonstrated 

antiparkinsonian actions in experimental models [Agnati et al., 2003; Bibbiani et al., 

2003; Ferre et al., 1997; Ferre et al., 1992; Fuxe et al., 1998; Fuxe and Ungerstedt, 1974], 

as blockade of A2 a receptors in the A2a/D2 receptor heteromer may increase the 

therapeutic index of L-DOPA and D2 receptor agonists, providing novel therapeutics in 

the treatment of Parkinson's disease. 

Dimerization of SSTRs 

Physical evidence for the dimerization of SSTRs was first introduced in 2000 by 

Rocheville et al. using a combination of pharmacological, biochemical and biophysical 

techniques [Rocheville et al., 2000a; Rocheville et al., 2000b]. In these studies, it was 

determined that human SSTR5 dimers could be stabilized following agonist treatment in a 

dose-dependent fashion. Furthermore, using a functional complementation technique 

with a signalling deficient variant of SSTR5, receptor-activation could be restored when 

SSTR1 was introduced, presumably due to heterodimerization [Rocheville et al., 2000b]. 

Heterodimerization was suggested to be a specific process as signalling by the SSTR5 

variant could not be reconstituted by SSTR4 expression. Human SSTR1 is known to be 

resistant to agonist-mediated internalization however, in cells co-expressing both SSTR1 

and SSTR5, internalization could be observed [Rocheville et al., 2000b]. In a related 

study, the homo- and heterodimerization of SSTR1 and SSTR5 were specifically shown 

in live cells using a combination of RET techniques [Patel et al., 2002a]. In these studies, 

although SSTR5 was demonstrated to form both homo- and heterodimers with SSTR1 in 

an agonist-regulated fashion, SSTR1 remained as a monomer when expressed alone 

despite its activation with agonist. This was the first study to demonstrate using RET 

techniques that not all GPCRs require dimerization to function, as several other groups 

would later show [Gripentrog et al., 2003; Meyer et al., 2006; Whorton et al., 2007]. It 

was also determined that SSTR dimers could be occupied by more than one ligand 

molecule. In the human pancreas, both SSTR1 and SSTR5 are highly co-expressed in p-
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cells suggesting a role for heterodimerization in the control of insulin secretion [Kumar et 

al., 1999]. Two other members of the SSTR family were shown to dimerize in the 

laboratory of S. Schulz, namely SSTR2 and SSTR3 [Pfeiffer et al., 2001], In their 

investigations, rodent SSTR2 and SSTR3 where demonstrated to form constitutive 

homodimers and heterodimers when co-expressed in HEK 293 cells. Interestingly, in 

cells co-expressing SSTR2 and SSTR3, the SSTR3-selective agonist L-796,778 displayed 

marked reductions in binding affinity, suggesting negative cooperativity of SSTR2 on 

SSTR3. Furthermore, GTP binding, inhibition of adenylate cyclase and phosphorylation 

of ERK1/2 by the heterodimer reflected the characteristics of SSTR2 when expressed 

alone in the same cells. However, unlike SSTR2, the SSTR2/SSTR3 heterodimer 

displayed a strong resistance to agonist-induced desensitization [Pfeiffer et al., 2001], 

The physiological relevance for these observations remains unclear however, both 

receptors colocalize in tissues such as the pancreas, the anterior lobe of the pituitary 

[Pfeiffer et al., 2001] and in medullablastoma tumoural cells [Cervera et al., 2002], The 

SSTR2-mediated inactivation of SSTR3 may explain the absence of SSTR3 binding sites 

in the cerebellum of developing rats, as mRNA levels for both SSTR2 and SSTR3 are 

highly expressed in early development [Viollet et al., 1997]. 

SSTRs have not only been shown to form dimers within their family but also with 

other related members, such as the dopamine and opioid receptor families. For instance, 

when expressed in CHO-K1 cells, human SSTR5 and human dopamine (D2R) could be 

triggered to heterodimerize when activated by either a dopamine- or a SST-related agonist 

[Rocheville et al., 2000a]. Furthermore, heterodimerization provided positive 

cooperativity to SST binding, a property that was also related to enhanced receptor-

signalling. Immunohistochemical analysis made evident the possibility of identifying 

these heterodimers under normal physiological conditions, as colocalization of both 

SSTR5 and D2R were shown in a subset of neurons from both the cortex and striatum of 

the rodent [Rocheville et al., 2000a]. Recently, a physical interaction between human 

SSTR2 and D2R was documented and shown to be regulated by agonist-binding [Baragli 

et al., 2007]. Interestingly, unlike the SSTR5/D2R heterodimer, positive cooperativity 

was a property observed for D2R, as the binding affinity of dopamine was markedly 
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enhanced by agonist-bound SSTR2 [Baragli et al., 2007]. There have been several 

indications suggesting a functional linkage between the somatostatinergic and 

dopaminergic systems. For instance, dopamine enhances SSTR-mediated inhibition of 

adenylate cyclase in rat striatum and hippocampus [Rodriguez-Sanchez et al., 1997], 

Additionally, SSTR2 has been shown to mediate striatal dopamine release [Hathway et 

al., 1999]. Although SSTRs are the primary targets in the medical treatment of 

acromegaly caused by growth-hormone hyper-secreting pituitary adenomas, the 

dopamine agonist, cabergoline, provides effective control in 29-39% of patients [Abs et 

al., 1998; Cozzi et al., 1998]. Incidentally, combination treatment of SST and dopamine 

agonists has been shown to be more effective than the activation of SST-analogs alone 

[Marzullo et al., 1999]. The recent development of chimeric molecules that target both 

SSTR2 and D2R attest to these findings and suggest an interaction between both 

receptors to account for their behaviour [Jaquet et al., 2005; Saveanu et al., 2006; 

Saveanu et al., 2002]. 

Finally, the SST-analog octreotide, has been observed to behave as an antagonist 

in morphine-dependent individuals [Maurer et al., 1982] and patients undergoing 

morphine withdrawal have presented with reduced vomiting following octreotide 

administration [Bell et al., 1999]. Since both receptors, SSTR2 and the jx-opioid receptor, 

have been shown to be co-localized in neurons of the locus coeruleus [Pfeiffer et al., 

2002], a region of the brain implicated in opioid dependency and withdrawal [Gold et al., 

2003], it is not unreasonable to assume that heteromeric interactions may exist. Indeed, 

when expressed in HEK-293 cells, heterodimerization between SSTR2 and the jx-opioid 

receptor (|xOR) could be demonstrated [Pfeiffer et al., 2002]. Although it was determined 

that ligand binding profiles of either the SST-analog L-779,976 or the jxOR agonist 

DAMGO were unaltered by heterodimerization, receptor regulation such as 

phosphorylation, desensitization and internalization were affected. For instance, binding 

of either L-779,976 or DAMGO to the heterodimer resulted in cross-phosphorylation of 

each receptor-subtype [Pfeiffer et al., 2002], Furthermore, this form of heterologous 

desensitization translated into a loss of coupling to adenylate cyclase and a diminished 

MAPK signalling response. Interestingly, co-internalization of SSTR2 and |xOR was only 
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observed following stimulation of SSTR2 and not by activation of the fiOR agonist 

DAMGO [Pfeiffer et al., 2002], These results implicate SSTR agonists in the 

stabilization of this heterodimer. A similar finding was reported for the SSTR2/SSTR3 

heterodimer, however, in this case, activation of SSTR2 resulted in its selective-

internalization while SSTR3 was maintained at the cell surface [Pfeiffer et al., 2001]. 
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SECTION 4: MANUSCRIPTS 

A) Ligand binding and receptor-specificity in the dimerization of human SSTR1 

and SSTR5 

We had previously described the homo- and heterodimerization of hSSTRl and 

hSSTR5, however; it remained unclear as to whether both receptor-subtypes are equally 

capable of inducing a heteromeric interaction following their selective-activation and as 

to which molecular determinants may be responsible for mediating their association. In 

the present manuscript, we report on the specificity of agonist-bound hSSTR5 and not 

hSSTRl in orchestrating heterodimerization. Furthermore, we provide additional 

evidence to the monomeric nature of hSSTRl, a receptor that does not dimerize in 

monotransfected cells. Finally, the same molecular determinant implicated in resisting 

the agonist-induced internalization of hSSTRl also prohibits its dimerization. 

Manuscript: Grant, M., Patel, R.C. and Kumar, U. (2004) The role of subtype-specific 

ligand binding and the C-tail domain in dimer formation of human somatostatin receptors. 

J Biol Chem, 279, 38636-38643. 
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SUMMARY 

G-protein coupled receptors (GPCRs) represent the largest and most diverse 

family of cell surface receptors. Several GPCRs have been documented to dimerize with 

resulting changes in pharmacology. We have previously reported by means of 

photobleaching fluorescence energy resonance transfer (pbFRET) microscopy and 

fluorescence correlation spectroscopic (FCS) analysis in live cells, that human 

somatostatin receptor (hSSTR) 5 could both homodimerize, and heterodimerize with 

hSSTRl in the presence of the agonist SST14. In contrast, hSSTRl remained monomelic 

when expressed alone regardless of agonist exposure in live cells. In an effort to 

elucidate the role of ligand and receptor-subtypes in heterodimerization, we have 

employed both pbFRET microscopy and Western blot on cells stably coexpressing 

hSSTRl and hSSTR5 treated with subtype-specific agonists. Here we provide evidence 

that activation of hSSTR5 but not hSSTRl is necessary for heterodimeric assembly. This 

property was also reflected in signalling as shown by increases in adenylyl cyclase 

coupling efficiencies. Furthermore, receptor c-tail chimeras allowed for the identification 

of the c-tail as a determinant for dimerization. Finally, we demonstrate that 

heterodimerization is subtype-selective involving ligand-induced conformational changes 

in hSSTR5 but not hSSTRl and could be attributed to molecular events occurring at the 

c-tail. Understanding the mechanisms by which GPCRs dimerize holds promise for 

improvements in drug design and efficacy. 

1 The abbreviations used are: 

GPCR(s), G protein coupled receptor(s); hSSTR, human somatostatin receptor; SST, somatostatin; HA, 
hemagglutinin; CHO, Chinese hamster ovary; pbFRET, photobleaching fluorescence resonance energy 
transfer; FITC, fluorescein isothiocyanate; TR, texas red; FCS, fluorescence correlation spectroscopy; TM, 
transmembrane domain 

<X> The terms dimerization and oligomerization are used interchangeably. 
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INTRODUCTION 

In recent years, G-protein coupled receptors (GPCRs) - once believed to exist at 

the plasma membrane as monomers - have been shown to assemble on the membrane as 

functional homo- and heterodimers [Agnati et al., 2003; Angers et al., 2002]. 

Dimerization0 of GPCRs has been shown to affect a multitude of receptor functions 

including ligand binding, signalling, receptor-desensitization and receptor trafficking 

[Agnati et al., 2003; Angers et al., 2002], The influence of GPCR dimerization have 

shown to include cellular immunity, neurotransmission [Agnati et al., 2003], taste [Li et 

al., 2002; Nelson et al., 2002; Nelson et al., 2001] and disease [AbdAlla et al., 2001b], 

Although the mechanism by which GPCR dimerization occurs remains obscure, one 

model suggests that ligand binding of cell surface receptors induces a conformational 

change that favours dimer formation; while the other suggests that dimerization is an 

exclusive event occurring early on during receptor biogenesis most probably in the ER 

and is a necessary event for proper receptor trafficking and function. 

This latter model has been suggested for members of the class C subfamily of 

GPCRs, which include the GABAergic receptors [Jones et al., 1998; Kaupmann et al., 

1998; White et al., 1998], calcium sensing receptor [Bai et al., 1998; Jensen et al., 2002], 

the metabotropic glutamate receptor [Romano et al., 1996] and the sweet taste receptors 

[Li et al., 2002; Nelson et al., 2002; Nelson et al., 2001], However, this paradigm of 

GPCR assembly is not consistent amongst the class A/rhodopsin-like family of GPCRs. 

Several reports have shown that agonist plays an active role in GPCR dimerization at the 

plasma membrane, suggesting an equilibrium between GPCR dimers/monomers that can 

be regulated by ligand occupancy. These receptors include the human somatostatin 

receptors (hSSTRs) [Patel et al., 2002a; Rocheville et al., 2000b], dopamine D2 receptor 

[Wurch et al., 2001], gonadotrophin-releasing hormone receptor [Cornea et al., 2001; 

Horvat et al., 2001], luteinizing hormone/chorionic gonadotrophin hormone receptor 

[Roess et al., 2000], bradykinin B2 receptor [AbdAlla et al., 1999], thyrotropin-releasing 

hormone receptor [Kroeger et al., 2001], cholecystokinin receptor [Cheng and Miller, 
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2001], thyrotropin receptor [Latif et al., 2002] and the chemokine receptors [Mellado et 

al., 2001b; Rodriguez-Frade et al., 1999; Vila-Coro et al., 2000; Vila-Coro et al., 1999], 

We have previously reported that hSSTRs, known to modulate neurotransmission, 

cell secretion, and cell proliferation [Moller et al., 2003; Patel, 1999] are capable of 

undergoing both homo- and heterodimerization at the cell membrane [Patel et al., 2002a; 

Rocheville et al., 2000a; Rocheville et al., 2000b]. Recently, we have demonstrated 

ligand-dependent homo- and heterodimers on the plasma membrane in live cells in both a 

homogeneous and heterogeneous receptor expressing cell line, using both single- and 

two-photon dual color fluorescence correlation spectroscopy (FCS) with cross-correlation 

analysis (a method that discriminates based upon molecular size, number density and 

average brightness/particle in femtoliter confocal volumes) [Patel et al., 2002a]. One of 

the receptor sub-types, hSSTRl, did not form homodimers in either the absence or 

presence of ligand. In contrast, hSSTR5 showed robust dimerization upon agonist 

exposure. When both receptors were co-expressed in the same cell, we were able to 

observe two populations of dimers, hSSTR5 homodimers and hSSTRl/hSSTR5 

heterodimers [Patel et al., 2002a]. However, it remains unclear as to whether one or both 

receptor-subtypes are capable of promoting heterodimeration and which receptor motifs 

may be attributed to this behavior. 

In the present study, using subtype-specific agonists and both photobleaching 

fluorescence resonance energy transfer (pbFRET) and Western blot analysis, we 

demonstrate that ligand-bound hSSTR5 but not hSSTRl can promote the 

heterodimerization of hSSTRl/hSSTR5. Moreover, using receptor c-tail chimeras, we 

were able to abrogate the homodimerization of hSSTR5 and induce the formation of 

hSSTRl homodimers. The hSSTR5 subtype-specific analog of somatostatin, SMS 201-

995, displayed a relatively poor signaling profile for hSSTR5 expressed alone despite 

having nanomolar binding affinity. Accordingly, coexpression with hSSTRl resulted in a 

robust signaling efficiency by SMS 201-995 that correlated in part with its ability to 

induce heterodimerization. Finally, we demonstrate that not all agonists can induce 

heterodimerization, which was dependent upon ligand-occupancy of a specific receptor-

subtype that can lead to alterations in pharmacology. 
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EXPERIMENTAL PROCEDURES 

Materials and Antisera 

The peptides SST-14, D-Trp-SST-14, SST-28 and [Leu(8)-D-Trp-22, Tyr-25]-

SST-28 (LTT-SST-28) were purchased from Bachem, Torrance, CA; Octreotide [SMS 

(201-995)] was given by Sandoz, Basel, Switzerland and des-AA1,2'5-[D-Trp8IAmp9] SS 

(SCH-275) was a gift from Dr. J. Rivier, Salk Institute. Fluorescein-, rhodamine-

conjugated and unconjugated mouse monoclonal antibodies against hemagglutinin (HA) 

(12CA5) were purchased from Roche Molecular Biochemicals, Mannheim, Germany. 

Anti-c-myc monoclonal antibody was purchased from Sigma-Aldrich, Inc., St. Louis, 

MO. Rabbit polyclonal antibodies directed against the NH2-terminal segment of hSSTRl 

was generated and characterized as described [Kumar et al., 1999]. Protein A/G-agarose 

beads were purchased from Oncogene Research Products, La Jolla, CA. 

SSTR Constructs and Expressing Cell Lines 

Stable transfections of CHO-K1 cells expressing hSSTR5, hSSTRl and both HA-

tagged hSSTR5 and hSSTRl and c-myc-tagged hSSTR5 were prepared by Lipofectamine 

transfection reagent as previously described [Rocheville et al., 2000b]. Chimeric 

receptors R1CR5 and R5CR1 were constructed by interchanging the c-tail of each 

receptor with one another. R1CR5 was created by adding the c-tail of hSSTR5, the last 

46 residues, to hSSTRl after residue 331. Similarly, R5CR1 includes the remaining 60 

residues of hSSTRl joined to hSSTR5 following residue 318 [Hukovic et al., 1999]. 

Clones were selected and maintained in CHO-K1 medium containing Hams F12 with 

10% fetal bovine serum and 700 (ig/ml neomycin. Stable transfections of CHO-K1 and 

HEK-293 cells co-expressing hSSTR5 and hSSTRl were made using the vectors 

pCDNA3.1/Neo (neomycin resistance) and pCDNA3.1/Hygro (hygromycin resistance) 

such that hSSTR5 was cloned into pCDNA3.1/Hygro and hSSTRl was cloned into 

pCDNA3.1/Neo. Stable transfections were selected in CHO-K1 medium containing 700 
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Hg/ml of neomycin with 500 |j.g/ml of hygromycin or, HEK-293 medium containing 700 

(xg/ml of neomycin and 400 |ig/ml of hygromycin. 

Fluorescent SST Ligands 

Fluorescent labeled SST ligands were prepared by N-terminal conjugation of D-

Trp-SST-14 to fluorescein by use of Fluoroscein Isothiocyanate (SST-FITC) and SST-14 

to Texas Red by use of Texas Red succinimidyl ester (SST-TR). The reaction of the dye 

with the ligand was performed in 0.2 M sodium bicarbonate pH 7.5 for four hours at 4°C 

in the absence of light. The reaction was stopped with 1.5 M Hydroxylamine followed by 

HPLC separation as previously described [Nouel et al., 1997]. 

Binding Assays 

Cells Were harvested, homogenized using a glass homogenizer and membranes 

were prepared by centrifugation as previously described [Hukovic et al., 1999; Rocheville 

et al., 2000b]. Binding studies were performed with 20-40 |ig of membrane protein 

collected from CHO-K1 cells stably expressing the receptor constructs, and 125I-labeled 

LTT-SST-28 radioligand (-60 pM) in 50 mM HEPES, pH 7.5, 2 mM CaCl2, 5 mM 

MgCl2, 0.5% bovine serum albumin, 0.02% phenylmethylsulfonyl fluoride, and 0.02% 

bacitracin (binding buffer) for 30 min at 37°C. Incubations were terminated by the 

addition of ice cold binding buffer. Membrane pellets were quantified for radioactivity 

using a LKB gamma counter (LKB-Wallach, Turku, Finland). Binding data were 

analyzed with Prism 3.0 (Graph Pad Software, San Diego, CA) by non-linear regression 

analysis. 
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Coupling to Adenylyl Cyclase 

Cells were grown in 6-multiwell plates and tested for receptor coupling to 

adenylyl cyclase by incubation for 30 min with 20 (iM forskolin and 0.5 mM 3-isobutyl-

1-methylxanthine with or without agonists (10"u - 10"6 M) at 37°C as previously 

described [Hukovic et al., 1999]. Cells were then scraped in 0.1 N HC1 and quantified for 

cAMP by radioimmunoassay using a cAMP Kit (Inter Medico, Markham, ON) following 

the manufacturer's guidelines. Data were analyzed by non-linear regression analysis 

using Prism 3.0 (Graph Pad Software, San Diego, CA). SEMs are representative of at 

least three independent experiments. 

PbFRET Microscopy and Immunocytochemistry 

PbFRET experiments were performed on CHO-K1 cells as previously described 

[Patel et al., 2002a; Patel et al., 2002b; Rocheville et al., 2000a; Rocheville et al., 2000b] 

stably co-expressing HA-hSSTR5 and hSSTRl, and mono-expressing hSSTR5, hSSTRl 

and the receptor chimeras. The effective FRET efficiency (E) was calculated in terms of 

a percent based upon the photobleaching (pb) time constants of the donor taken in the 

absence (D - A) and presence (D + A) of acceptor according to E = 1 - (TD-A/ TD+A) X 

100. CHO-K1 cells expressing HA-hSSTR5 and hSSTRl were grown on glass coverslips 

for 24 hrs, treated with different concentrations of agonist for 15 min at 37°C and fixed 

with 4% paraformaldehyde for 20 min on ice and processed for immunocytochemistry. 

Antibodies used were mouse monoclonal anti-HA antibody conjugated to Rhodamine 

directed to HA-hSSTR5 and rabbit primary antibody followed by secondary anti-rabbit 

IgG antibody conjugated to fluorescein directed to hSSTRl. PbFRET in CHO-K1 cells 

expressing hSSTRl, hSSTR5 and the chimera receptors was performed using 

fluorescently labelled SST ligands. Cells were grown on coverslips as mentioned above, 

treated with either 20 nM of SST-FITC or 20 nM of SST-FITC and 20 nM SST-TR. Both 

reactions, either antibody or ligand resulted in specific staining at the plasma membrane. 

The plasma membrane region was used to analyze the photobleaching decay on a pixel-

by-pixel basis as described earlier [Patel et al., 2002b; Rocheville et al., 2000b]. 
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Co-Immunoprecipitation and Western Blot 

Membranes from HA-hSSTRl, HA-SSTR5 and HA-hSSTRl/c-myc-hSSTR5 

stably transfeeted in HEK-293 cells were prepared using a glass homogenizer in 20 mM 

Tris-HCl, 2.5 mM Dithiothreitol (DTT), pH 7.5 as previously described [Rocheville et al., 

2000b]. The membrane pellet was washed and resuspended in 20 mM Tris-HCl, pH 7.5 

in the absence DTT. Membrane protein (300 |xg) was treated with SST-14 (0 and 10"6M) 

in binding buffer (50 mM Hepes, 2 mM CaCl2, 5 mM MgCl2, pH 7.5) for 30 min at 37 

°C. Following treatment membrane protein was solubilized in 1 ml RIPA buffer (150 

mM NaCl, 50 mM Tris-HCL, 1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate, pH 8.0) 

for 1 hour at 4 °C. Samples were centrifuged and lysate was collected and incubated with 

1 jag of anti-HA antibody overnight at 4 °C. Antibody was immunoprecipitated with 20 

|xl of Protein A/G-agarose beads for 2 hours at 4 °C. Beads were then washed three times 

in RIPA buffer before being solubilized in Laemmli sample buffer containing 62.5 mM 

Tris-HCl (pH 6.8), 25% glycerol, 2% SDS, 0.01% Bromophenol Blue and 710 mM 2-

mercaptoethanol (Bio Rad, Hercules, CA). The sample was heated at 85°C for 5 min 

before being fractionated by electrophoresis on a 7% SDS polyacrylamide gel. The 

fractionated proteins were transferred by electrophoresis to a 0.2 jjm nitrocellulose 

membrane (Trans-Blot Transfer Medium, Bio-Rad) in transfer buffer consisting of 25 

mM Tris, 192 mM glycine and 20% methanol. Membrane was blotted with anti-HA 

antibody (dilution 1:5000) for detection of HA-hSSTRl and HA-hSSTR5 from single 

expressions, and anti-c-myc antibody (1:5000) for detection of c-myc-hSSTR5 from co-

expressions. Blocking of membrane, incubation of primary antibodies, incubation of 

secondary antibodies and detection by chemiluminescence were performed following 

WesternBreeze® (Invitrogen Life Technologies) according to manufacturer's 

instructions. Images were captured using an Alpha Innotech FluorChem 8800 (Alpha 

Innotech Co., San Leandro, CA) gel box imager and densitometry was carried out using 

FluorChem software (Alpha Innotech Co.). 
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RESULTS 

Ligand-Dependent Heterodimerization of hSSTRl and hSSTR5 by pbFRET 

To study the heterodimerization of hSSTRs, we stably-expressed hSSTR5 with an 

N-terminal HA tag and wild-type hSSTRl in CHO-K1 cells (Bmax 395 ±12 fmol/mg of 

protein; KD 2.3 ±0.1 nM). Cells were treated with various concentrations of the agonists: 

SST-14, SST-28 - endogenous agonists for both the receptors, SCH-275 (subtype-agonist 

for hSSTRl) and SMS 201-995 (subtype-agonist for hSSTR5) for 15min. Treatment was 

terminated by putting the cells on ice, washing once with PBS followed by fixing in 4% 

paraformaldehyde for 20 min. To determine the physical association between the two 

receptors, we performed pbFRET microscopy on the cells by using a primary antibody 

followed by a secondary antibody conjugated with fluorescein (donor) to hSSTRl and an 

anti-HA monoclonal antibody conjugated with rhodamine (acceptor) to hSSTR5. A panel 

of images depicting the co-expression of both receptor-subtypes within the same cell is 

shown in figure 4A.1. The decrease in donor fluorescence intensity due to 

photobleaching during prolonged exposure to excitation light was monitored in the 

absence and presence of acceptor fluorophore. Delays in the photobleaching decay of the 

donor in the presence of the acceptor related to an increase in FRET efficiency. Because 

FRET occurs at distances between 10-100 A, it is a direct measure of protein-protein 

interaction. By taking a series of digital photographs, we analyzed the photobleaching 

decay of the donor on the surface of cell membranes on a pixel-by-pixel basis (Figs. 

4A.1B and C). Cells were treated with different concentrations of four agonists which 

displayed differences in their ability to induce heterodimerization. As shown in figure 

4A.2, in absence of agonist, a low relative FRET efficiency (<3%) was present in each 

condition. Treatment of SST-14 resulted in a concentration-dependent increase in 

heterodimer formation as indicated by increases in FRET efficiency. A maximum of 13.0 

±1.1% at 10"6 M was achieved possibly suggesting a saturation in the response (EC50 of 

3.4 ±2.1 nM) (Fig. 4A.2A). A similar phenomenon was observed for SST-28, which also 

induced a concentration-dependent increase in FRET efficiency however with greater 
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efficacy (EC50 0.14 ±0.04 nM) (Fig. 4A.2B). This may indicate that SST-28 is a more 

potent agonist at inducing heterodimerization than is SST-14. The hSSTR5 subtype-

agonist SMS 201-995, although capable of promoting heterodimerization, did so at much 

higher concentrations as determined by its EC50 value (EC50 119 ±16 nM) (Fig. 4A.2C). 

One possible explanation for this event could be that SMS 201-995 favors the formation 

of hSSTR5 homodimers than heterodimers, however, further studies are required. In 

contrast, treatment with the hSSTRl subtype-agonist SCH-275, did not result in 

significant increases in FRET efficiency (Fig. 4A.2D). These results demonstrate that 

hSSTRl is unable to promote heterodimerization. To further illustrate the active 

contribution of hSSTR5 in heterodimerization, we performed Western blot and co-

immunoprecipitation on membranes prepared from cells either individually or co-

expressing the two receptors. 

Western blot on ligand-activated hSSTRs 

To verify the receptor subtype actively involved in the heteromeric assembly of 

hSSTRl and hSSTR5, we performed co-immunoprecipitation and Western blot on 

membranes from HEK-293 cells mono- and co-expressing the two receptors. In the 

absence of SST-14, hSSTR5 was found mainly as a monomer (-55 kDa) (Fig. 4A.3). 

Treatment with SST-14 resulted in the formation of dimers (-110 kDa) including higher 

order oligomers (Fig. 4A.3). A similar phenomenon was reported for hSSTR5 transfected 

in CHO-K1 cells, whereby agonist induced the dimerization of the receptor [Rocheville et 

al., 2000b]. Unlike hSSTR5, hSSTRl did not form dimers in response to agonist nor was 

it self-associated under basal conditions (Fig 4A.3). This is in agreement with a previous 

report on hSSTRl showing that it remained monomeric even in the presence of agonist in 

live cells using FCS [Patel et al., 2002a]. Co-immunoprecipitation of membranes 

expressing both receptor subtypes resulted in the detection of a weak band in the absence 

of agonist, however, upon agonist stimulation a strong signal was detected (-115 kDa) 

indicating heterodimeric interaction (Fig. 4A.3). Taken together these results and those 



93 

obtained by pbFRET (Fig. 4A.2), suggest that hSSTRl is not actively involved in 

heterodimeric assembly. 

Membrane Binding Analysis of the hSSTRl and hSSTR5 Heterodimer 

To determine whether heterodimerization altered the binding properties of the 

receptors, we compared the binding constants for each agonist. Membranes were 

collected from CHO-K1 cells stably expressing hSSTRl, hSSTR5 and from cells co-

expressing the two receptors. Saturation analysis with the radioligand 125I-LTT-SST-28 

gave a Bmax of 415 ±14 fmol/mg of protein and a KD of 0.49 ±0.08 nM from membranes 

of the co-transfectants and Bmax and KD values of 284 ±5 fmol/mg, 1.4 ±0.05 nM and 231 

±25 fmol/mg, 1.1 ±0.15 nM for membranes transfected with hSSTR5 and hSSTRl 

respectively. Binding constants represented as K values for each of the four agonists 

from each receptor species are shown in Table 4A.1. Heteromeric assembly of 

hSSTRl/hSSTR5 did not result in changes in the Ki values for SST-14 as determined by 

the lack of statistical significance when compared to the individual receptors. Although 

the Kj value for SST-28 was lower for the heterodimer than for the individual receptors, 

indicating a higher affinity, the difference was approximately two fold in comparison to 

hSSTR5 and four fold to hSSTRl. For the subtype-specific agonists SMS 201-995 and 

SCH-275, Kj values were slightly higher for the heterodimer than for the individual 

hSSTRs. Based on our results heterodimerization did not markedly alter the binding 

properties of the receptors. 

Signalling of the Heterodimer 

To determine the signalling properties of the heterodimer we measured cAMP 

accumulation. HSSTRs are well known to inhibit cAMP production through Gocj/0 

coupling [Patel, 1999], we monitored the dose-dependent effect of all four agonists on the 

inhibition of forskolin-stimulated cAMP production in CHO-K1 cells mono or co-

expressing hSSTRl and hSSTR5. Cells were treated with each of the four agonists with 
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the indicated concentrations in the presence of forskolin (20 |xM) and measured for 

cAMP. Treatment of cells with SST-14 or SST-28 co-expressing hSSTRl/hSSTR5 

resulted in greater signalling efficiencies when compared to treatment of cells expressing 

either receptor separately (Figs. 4A.4A and B; Table 4A.2). The signalling efficiency of 

SMS 201-995 in cells expressing hSSTR5 was greatly enhanced upon hSSTRl co-

expression (Fig. 4A.4C). It has been previously reported that SMS 201-995 poorly 

stimulates hSSTR5 when expressed in CHO-K1 cells contrary to its relatively high 

binding affinity to the receptor [O'Carroll et al., 1994]. To verify that our results were not 

dependent on the cell type, we stably-expressed hSSTR5 in HEK-293 cells and performed 

the same signalling experiments using SMS 201-995. The results were similar to those 

obtained in CHO-K1 cells therefore indicating that this property was independent of cell 

type (data not shown). Treatment with the subtype-specific agonist SCH-275 did not 

demonstrate changes in signalling efficiency for hSSTRl expressed alone or when co-

expressed with hSSTR5 (Fig. 4A.4D). 

To determine if heterodimerization resulted in a synergistic effect on adenylyl 

cyclase coupling efficacy, we compared the total inhibition of forskolin-stimulated cAMP 

production achieved by saturating concentrations of ligand from both the mono- and 

coexpressing cell lines. The maximum inhibition achieved in cells expressing hSSTR5 

was approximately 85% as determined by treatment with SST-14 and SST-28 

(endogenous ligands) using 1 joM concentrations (Figs. 4A.5A and B). The subtype 

agonist SMS 201-995 did not reach this receptor maximum at 1 JJ.M concentrations (Fig. 

4A.5C) despite receptor saturation. The total inhibition reached by cells expressing 

hSSTRl was approximately 25%, in agreement with what has been previously reported 

(Fig. 4A.5D) [Hukovic et al., 1999]. When both receptors were co-expressed the total 

inhibition achieved was approximately 50% for the agonists SST-14, SST-28 and SMS 

201-995 but was unchanged upon treatment with SCH-275 (~25%). These results 

correlate with our pbFRET and Western blot data indicating that stimulation of hSSTRl 

specifically was not sufficient to promote heterodimerization and therefore did not result 

in changes in signalling. Although the maximum inhibition achievable was lower for the 

heterodimer, the efficiency for inducing maximum stimulation was higher for agonists 
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capable of inducing heterodimerization (Fig. 4A.4). This indicates that 

heterodimerization may not always result in a synergistic effect on coupling efficiency 

contrary to what we have previously reported for the dopamine receptor 2 and hSSTR5 

heterodimer [Rocheville et al., 2000a], This does not rule out other possible efficacies 

that may be altered such as MAP kinase activation. 

Homo-dimerization of hSSTRl, hSSTR5, hSSTR5-c-tail-Rl and hSSTRl-c-tail-R5 

Using Labelled Ligands 

To determine the possible molecular determinants involved in the 

heterodimerization of hSSTRl and hSSTR5, we compared the pbFRET results using 

labelled ligands in CHO-K1 cells individually expressing hSSTRl, hSSTR5 and two 

chimeric receptors: hSSTR5 possessing the c-tail of hSSTRl (R5CR1) and hSSTRl 

possessing the c-tail of hSSTR5 (R1CR5). The R5CR1 chimera was created by replacing 

c-tail residues 319-363 and swapping them with residues 332-391 of the hSSTRl c-tail. 

Similarly, R1CR5 was created by exchanging the same residues. The chimeric receptors 

were correctly targeted to the plasma membrane as determined by saturation binding 

analysis and forskolin-stimulated cAMP inhibition analysis [Hukovic et al., 1999]. As 

previously reported, replacement of the hSSTR5 c-tail with the c-tail of hSSTRl 

completely abolishes agonist-mediated internalization [Hukovic et al., 1999], The 

R5CR1 chimera mimicked the properties of hSSTRl, suggesting the presence of negative 

internalization signals in the c-tail of hSSTRl sufficient to block the internalization of 

hSSTR5. Similarly, replacement of the hSSTRl c-tail with that of hSSTR5 not only 

mimicked that signalling properties of hSSTR5 but also its internalization characteristics 

[Hukovic et al., 1999]. We have previously reported that hSSTRl does not undergo 

homo-dimerization contrary to hSSTR5 which is fully capable of dimerizing [Patel et al., 

2002a; Rocheville et al., 2000b]. Therefore, using the chimeric receptors, R5CR1 and 

R1CR5, we proceeded to determine whether these receptors reflected their wild-type 

counterparts in undergoing homodimerization. Labelled ligands were generated by 

conjugation of Fluorescien Isothiocyanate to SST-14-D-Trp8 as the donor, and Texas Red 
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- succinamidyl ester to SST-14 as the acceptor. In this fashion, the labelled conjugates 

gave comparable binding affinities, similar to unconjugated SST-14, to be used together 

in our pbFRET studies (data not shown). CHO-K1 cells stably expressing any of the four 

receptors were grown on coverslips and then incubated with either the donor ligand alone 

or the donor ligand with the acceptor ligand, each at a concentration of 20 nM. As shown 

in figure 4A.6, the FRET efficiencies of hSSTRl and R5CR1 were comparable 

suggesting the absence of homodimerization, contrary to the FRET efficiencies obtained 

for hSSTR5 and R1CR5 (21.5 ±1.7% and 14.9 ±2.8%) indicating homodimer formation. 

Taken together, these results suggest that the c-tail of hSSTRl responsible for the 

inhibition of internalization and upregulation may be also responsible for its inability to 

homodimerize. 
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DISCUSSION 

There have been several reports documenting GPCR heterodimerization but the 

mechanism underlying such an event remains largely unknown [Agnati et al., 2003; 

Angers et al., 2002]. To our knowledge this is the first time that heterodimerization has 

been shown to be modulated by subtype specific agonists and more specifically through 

the occupancy of one receptor subtype over another. Using pbFRET microscopy, we 

were able to demonstrate that both the agonists, SST-14 and SST-28, endogenous ligands 

for both receptor subtypes, induced a dose-dependent increase in FRET efficiency. These 

agonists were able to efficiently induce heterodimerization at values corresponding to 

their binding constants. Co-immunoprecipitation and Western blot also demonstrated 

increases in heterodimeric interaction when agonist was present. However, this was not 

the case when specific activation of the individual receptor subtypes was involved. 

Selective activation of hSSTRl by SCH-275 did not result in changes in FRET efficiency 

nor did it present as a dimer or higher order oligomer on immunoblots, an indication that 

hSSTRl by itself is monomeric and unable to induce heterodimerizaton. In contrast, 

selective activation of hSSTR5 resulted in increases in FRET efficiency and therefore 

could be the active subtype involved in this heterodimeric assembly. Immunoblots of 

hSSTR5 demonstrated it as being monomeric in basal conditions but displayed profound 

changes in receptor stoichiometry ranging from receptor dimers to higher order oligomers 

upon agonist activation. However, for both SST-14 and SST-28, the ligand-induced 

FRET based efficiency was several fold higher (3.4 ±2.1 nM and 0.14 ±0.04 nM 

respectively) when compared to SMS 201-995 (119 ±16 nM). This difference could be 

the result of activation of both receptor subtypes simultaneously that allow 

conformational changes to better stabilize the heterodimer. Another possibility could be 

that stimulation of hSSTR5 alone could preferentially form homodimers at lower 

concentrations of agonist followed by heterodimer formation at higher concentrations. In 

our previous study using live cells expressing hSSTRl and hSSTR5 at least three 

populations of receptors may exist upon stimulation with SST-14; hSSTRl monomers, 

hSSTR5 homodimers and hSSTRl/hSSTR5 heterodimers [Patel et al., 2002a]. It would 
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be interesting if indeed stimulation of hSSTR5 alone preferentially stabilizes 

homodimers, then one could develop ways of tailoring such processes. A similar scenario 

has been described for the chemokine receptors CCR2 and CCR5 [Mellado et al., 2001b]. 

In cells coexpressing the two receptors, selective activation of either receptor alone 

resulted in homodimerization whereas co-administration of agonist for both receptors 

induced heterodimerization. 

Binding constants for all four agonists for the heterodimer in comparison to the 

individual receptors did not reveal any marked differences. There was however a small 

but significant rightward shift in the binding curve for SMS 201-995 towards the 

heterodimer, indicating a decrease in binding affinity but was less apparent for SCH-275. 

Finally, the endogenous ligands SST-14 and SST-28 bound to all three receptor 

combinations (hSSTRl, hSSTR5 and hSSTRl/hSSTR5) with similar affinities. These 

results indicate that interacting receptor pairs may not always have a profound effect on 

ligand-binding sites. 

Heterodimerization was however, reflected by changes in receptor signalling 

(Figs. 4A.4 and 4A.5). The maximum coupling efficacy determined by inhibition of 

forskolin-stimulated cAMP production was approximately 50% for the heterodimer as 

determined by the agonists SST-14 and SST-28. These results cannot be accounted for 

by the additive stimulation of both receptor subtypes separately because the maximum 

stimulation of hSSTR5 and hSSTRl alone was approximately 80% and 25% respectively. 

In this context, only SMS 201-995 but not SCH-275 was able to attain this maximum 

inhibition in cotransfected cells, possibly indicating that SCH-275 was unable to induce 

heterodimerization. By monitoring coupling efficiency, we determined whether EC50 

values also contributed to these changes in signalling. Using the subtype-specific agonist 

for hSSTRl, we were unable to observe alterations in the signalling profiles for hSSTRl 

expressed alone or when coexpressed with hSSTR5. In contrast, activation of hSSTR5 by 

SMS 201-995 resulted in a robust increase in coupling efficiency when both hSSTR5 and 

hSSTRl were coexpressed. This property correlated in part with the ability of SMS 201-

995 to induce heterodimerization. The alteration in maximum coupling efficacy 

associated with heterodimerization may have functional implications. One possible 
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consequence may be associated with the poor response of human prolactinomas to SMS 

201-995 treatment. Human prolactinomas are pituitary adenomas that hyper secrete 

prolactin and predominantly express hSSTRl and hSSTR5 [Jaquet et al., 1999; Shimon et 

al., 1997b]. In cultured studies of human excised prolactinomas, tumours that displayed 

increased expression of hSSTRl fared poorly to treatment with SMS 201-995 in 

controlling prolactin release compared to those expressing lower levels of hSSTRl 

regardless of hSSTR5 expression [Jaquet et al., 1999], However, a direct association 

between heterodimerization and treatment outcome in prolactinomas would be necessary 

to validate such claims. 

HSSTRl is the only member of the human SSTR family that does not internalize 

but up-regulates at the cell surface in response to prolonged agonist exposure [Hukovic et 

al., 1999], Knowing that the c-tail of hSSTRl is responsible for its ability to upregulate 

at the cell surface, we proceeded to determine whether it also mediates its monomeric 

state. Using receptor c-tail chimeras, whereby the c-tails of both receptors were 

interchanged, we attempted to characterize a putative interface involved in somatostatin 

receptor dimerization. Replacement of the c-tail for hSSTR5 with that of hSSTRl was 

enough to antagonize homodimerization of hSSTR5. Moreover, when the c-tail of 

hSSTR5 was in place of the c-tail for hSSTRl, hSSTRl was capable of forming 

homodimers. Surprisingly, the molecular determinant responsible for the upregulation of 

hSSTRl was also responsible for preventing its homodimerization. Unlike hSSTRl, 

hSSTR5 does internalize and homodimerize when in the presence of agonist, yet these 

properties were both inhibited when the c-tail of hSSTRl was added. It is not the first 

time that the c-tail has been suggested to be implicated in the heterodimerization of 

GPCRs. The G A B A B receptor is a heterodimer composed of the subtypes G A B A B R I and 

G A B A B R 2 [Jones et al., 1998; Kaupmann et al., 1998; White et al., 1998], Initial 

attempts in its cloning have shown that heterologous expression of the individual receptor 

subtypes were found essentially either retained in the ER (GABABR1) or expressed at the 

cell surface but functionally inactive (GABABR2). When both receptors were co-

expressed, a retention sequence found in the c-tail of G A B A B R I was masked through c-

tail interaction with G A B A B R 2 . This allowed for proper trafficking and functioning of 
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the G A B A B receptor. Similarly, the c-tail of the 8-opioid receptor was found necessary 

for dimerization and when perturbed through c-tail deletion internalization was impaired 

[Cvejic and Devi, 1997]. However, this does not rule out other possible domains that 

may also be contributing to dimerization such as the transmembrane region [Hebert et al., 

1996; Overton et al., 2003; Pagano et al., 2001]. 

Although a general mechanism such as preformed or ligand induced dimer 

formation does not seem to be exclusively valid, our study highlights the importance of 

ligands, especially receptor specific ligands, in dimer formation. It is noteworthy that 

hSSTRl homodimers cannot be formed, yet ligand bound hSSTR5 forms heterodimers 

with hSSTRl. Indeed, the ligand bound hSSTRl/hSSTR5 heterodimer is more stable as 

demonstrated by pbFRET and signaling efficiencies of SST-14 and SST-28 suggesting a 

preferred conformational state resulting from ligand binding. These findings are 

consistent with earlier results with dopamine 2/hSSTR5 [Rocheville et al., 2000a] and 

hSSTRl/hSSTR5 [Patel et al., 2002a] heterodimers in which a dimer containing one or 

two ligands could be established. 

In conclusion, we have demonstrated that activation of hSSTR5 but not hSSTRl 

was capable of promoting hSSTRl/hSSTR5 heterodimerization. These results also 

demonstrate that agonist-mediated heterodimerization may occur through ligand 

occupancy of only one receptor subtype. Furthermore, this process resulted in changes in 

maximum coupling efficacy and coupling efficiency with little changes in ligand binding. 

We have also demonstrated that the c-tail of hSSTRl was responsible for preventing 

dimerization. However, further studies are required to define any specific residues or 

motifs that may account for this inhibition of interaction. Our data provide direct 

biophysical and functional evidence that heterodimerization is a receptor and ligand 

specific process. We recognize the importance of the c-tail in receptor internalization, G-

protein coupling, and dimer formation. A detailed understanding of the significance on 

the inter relationship(s) among these events are lacking and need to be elucidated. 
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FIGURE LEGENDS 

Figure 4A.1. 

Confocal microscope images and a representative histogram time constant plot from 

pbFRET microscopy from CHO-K1 cells stably expressing HA-hSSTR5 and 

hSSTRl. 

A, confocal photomicrographs illustrating the colocalization of hSSTRl and HA-SSTR5 

in CHO-K1 cells. Cells were incubated with primary rabbit polyclonal anti-hSSTRl 

followed by secondary anti-rabbit fluorescein-conjugated antibody shown in green, anti-

HA rhodamine-conjugated monoclonal antibody to HA-hSSTR5 shown in red and 

colocalization of the two images shown in yellow (scale bar 25 jj,m). B, photobleaching 

of fluorescein (donor) in the absence of rhodamine (acceptor), top panel. In this 

representation, cells were treated with 1 JJ.M of SST 14, fixed and followed by donor 

photobleaching with 488 nm light. A sequence of 20 images was captured, of which only 

a selected few are shown here. A histogram time constant plot was calculated based on a 

pixel-by-pixel basis of a selected area on the cell surface. The mean time constant of 21.9 

±0.3s is shown as a black bar taken by averaging the time constants from a Gaussian 

distribution. C, in this representation, cells treated with 1 jxM of SST14 were 

photobleached in the presence of the acceptor molecule. The top panel shows the visual 

delay in photobleaching of the donor and below is the histogram time constant bar plot 

displaying an increase in the mean time constant (25.1 ±0.4 s). 
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Figure 4A.2. 

Concentration-dependent increase in effective FRET efficiencies from CHO-K1 cells 

stably expressing HA-hSSTR5 and hSSTRl by different agonists. 

Cells were treated with the indicated concentrations of each agonist and analyzed by 

pbFRET microscopy. The calculated FRET efficiencies (%) and EC50 values for each 

agonist (A) SST-14 (3.4 ± 2.1 nM), (B) SST-28 (0.14 ± 0.04 nM), (C) SMS 201-995 (119 

± 1 6 nM) were plotted and analyzed by a sigmoidal dose-response equation using Graph 

Pad Prism 3.0. D, treatment with SCH-275 did not result in a significant increase in 

FRET efficiency. Data were analyzed by ANOVA, posthoc Dunnett's and compared 

with basal conditions without treatment. Means ± SEMs are representative of three 

independent experiments performed in triplicate; * p<0.05, ** p<0.01. 
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Figure 4A.3. 

Western blot and co-immunoprecipitation of HEK-293 cells stably expressing HA-

hSSTRl, HA-hSSTR5 and co-expressing HA-hSSTRl and c-myc-hSSTR5. 

A, membranes from HEK-293 Cells stably expressing HA epitope-tagged hSSTR5 were 

treated with or without 1 jaM SST-14 for 30 min before being separated on a SDS-

polyacrylamide gel. HSSTR5 can be seen mainly as a monomer (~55 kDa) but upon 

treatment with agonist self-associates into dimers (-110 kDa) and higher order oligomers. 

B, immunoblot of membranes expressing HA epitope-tagged hSSTRl in the absence or 

presence of 1 (iM SST-14 appearing at -58 kDa. C, membranes co-expressing HA-

hSSTRl and c-myc-hSSTR5 were incubated with or without SST-14 (1 |iM) for 30 min, 

solubilized and immunoprecipitated with anti-HA antibody against hSSTRl. 

Immunoblotting was performed with anti-c-myc antibody for detection of hSSTR5. Note 

the formation of heterodimers upon agonist treatment. Immunoblots are representations 

of three independent experiments. 
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Figure 4A.4. 

Adenylyl cyclase coupling efficiency of the hSSTRl/hSSTR5 heterodimer. 

CHO-K1 cells monotransfected with hSSTRl (T) and hSSTR5 (•) or cotransfected with 

both receptors (•) were treated with forskolin (20 pM) alone or in combination with the 

indicated concentrations of the agonists {A) SST-14, (B) SST28, (C) SMS 201-995 and 

(Z>) SCH275 for 30 min. Treatment of cells with forskolin alone was taken as 0% 

inhibition and treatment of forskolin with 1 |j.M concentrations of agonist was taken as 

100% inhibition. The data represent means ± SEM from three independent experiments 

performed in triplicate. 
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Figure 4A.5. 

Total inhibition of forskolin-stimulated cAMP production. 

Maximum coupling efficacy was calculated by treating cells with concentrations of 1 |xM 

of each agonist (A) SST-14, (B) SST-28, (C) SMS 201-995 and (D) SCH-275 in the 

presence of forskolin for 30 min and compared to cells stimulated with forskolin alone. 

Treatment of cells monotransfected with hSSTRl and hSSTR5 were compared 

statistically to cotransfectants. Statistical significance was determined by ANOVA, 

posthoc Dunnetts, whereby control was taken as forskolin stimulation alone. There were 

no statistical differences resulting from treatment with SCH275. Means ± SEMs 

represent three independent experiments. * p<0.05, ** p<0.01, compared with 

cotransfectants. 
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Figure 4A.6. 

The characterization of the functional importance of the c-tail in the 

homodimerization of hSSTRl and hSSTR5 by pbFRET microscopy. 

CHO-K1 cells stably expressing either hSSTRl, hSSTR5, R1CR5 or R5CR1 were treated 

with 20 nM of SST-FITC (donor) or with 20 nM of SST-FITC and SST-TR (donor + 

acceptor) and processed for pbFRET microscopy (see text for "Experimental 

Procedures"). Note the significant changes in FRET efficiencies upon c-tail 

transposition. Homodimerization of hSSTRl is promoted through c-tail replacement with 

hSSTR5. 
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Table 4A.1 

Comparison of the potencies of SST agonists for binding to membranes expressing 

hSSTRl, hSSTR5 and hSSTRl/hSSTR5. 

Competition analysis on membrane preparations from CHO-K1 cells stably expressing 

hSSTRl, hSSTR5 and coexpressing the two receptors (hSSTR5/Rl). K, values expressed 

in nM are the inhibitory concentration required for half-maximal inhibition of 125I-LTT-

SST-28 binding. Means ± SEMs represent three independent experiments performed in 

triplicate. 

Agonists 

Receptors SST-14 SST-28 SMS 201-995 SCH-275 

hSSTRl - 0.20 ±0.01 2.14 ±0.40 >1000 4.10 ±0.56 

hSSTR5/Rl - 0.49 ±0.09 0.50 ± 0.04 45.1 ±7.4 11.4 ±0.39 

hSSTR5 - 1.25 ±0.22 0.95 ±0.11 8.23 ±0.84 >1000 
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Table 4A.2 

Comparison of adenylyl cyclase coupling efficiencies by SST agonists. 

CHO-K1 cells stably expressing hSSTRl and hSSTR5 or coexpressing both receptors 

(hSSTR5/Rl) were treated with given concentrations of each agonist in the presence of 

forskolin and measured for cAMP accumulation. EC50 values represented in nM are the 

half-maximal inhibition of forskolin induced cAMP production. Means ± SEMs 

represent three independent experiments performed in triplicate. 

Agonists 

Receptors SST-14 SST-28 SMS 201-995 SCH-275 

hSSTRl - 1.21 ±0.38 5.19±0.23 >1000 4.93 ±1.12 

hSSTR5/Rl - 0.37 ±0.05 0.10 ±0.03 12.8 ±4.3 7.56 ±1.50 

hSSTR5 - 2.85 ±1.31 0.32 ±0.11 643 ± 99 >1000 
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B) Ligand binding and receptor-dissociation are implicated in the 

, internalization of hSSTR2 

In the previous chapter, the dimerization properties of hSSTRl and hSSTR5 were 

described, including the effects of different agonists on regulating their 

heterodimerization. Our next step was to investigate the dimerization properties of 

hSSTR2, a receptor-subtype that is frequently expressed in many types of tumours, 

particularly those of neuroendocrine origin, such as growth hormone-hypersecreting 

pituitary adenomas. Additionally, it is the primary target of currently available 

somatostatin analogs. In our investigations, we were surprised to determine that this 

receptor exists at the plasma membrane as a homodimer in the absence of agonist 

treatment, a feature unlike the other two receptors that we have studied. Interestingly, 

hSSTR2 homodimers dissociate into monomers when activated by agonist, a property that 

when prevented, abrogates agonist-mediated internalization. The dissociation of hSSTR2 

dimers is not restricted to human receptors, as a similar observation has recently been 

reported for porcine SSTR2. These results provide yet another mechanism of protein-

protein interaction amongst this family of receptors. 

Manuscript: Grant, M., Collier, B. and Kumar, U. (2004) Agonist-dependent 

dissociation of human somatostatin receptor 2 dimers: a role in receptor trafficking. J Biol 

Chem, 279, 36179-36183. 
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SUMMARY 

G-protein coupled receptors (GPCRs) represent the largest and most diverse 

family of cell surface receptors. Several GPCRs have been documented to dimerize with 

resulting changes in pharmacology and signaling. We have previously reported by means 

of photobleaching fluorescence resonance energy transfer (pbFRET) microscopy and 

fluorescence correlation spectroscopic (FCS) analysis in live cells, that human 

somatostatin receptor (hSSTR) 5 could both homodimerize, and heterodimerize with 

hSSTRl in the presence of the agonist SST-14. By contrast, hSSTRl remained 

monomeric when expressed alone regardless of agonist exposure in live cells. However 

the effect of agonist on other hSSTR members remains unknown. Using pbFRET 

microscopy and Western blot, we provide evidence for agonist-dependent dissociation of 

self-associated hSSTR2 stably expressed in CHO-K1 and HEK-293 cells. Furthermore, 

the dissociation of the hSSTR2 dimer occurred in a concentration-dependent manner. 

Moreover, blocking receptor dissociation using a cross-linker agent perturbed receptor 

trafficking. Taken these data together, we suggest that the process of GPCR dimerization 

may operate differently, even amongst members of the same family, and that receptor 

dissociation as well as dimerization may be important steps for receptor dynamics. 

i 
2 The abbreviations used are: 

GPCR(s), G protein coupled receptor(s); hSSTR, human somatostatin receptor; SST, somatostatin; HA, 
hemagglutinin; CHO, Chinese hamster ovary; HEK, human embryonic kidney cells; pbFRET, 
photobleaching fluorescence resonance energy transfer; FITC, fluorescein isothiocyanate; Rh, Rhodamine; 
FCS, fluorescence correlation spectroscopy. 

Dimerization and oligomerization are used interchangeably. 
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INTRODUCTION 

G-protein coupled receptors (GPCRs) represent approximately 1% of the human 

genome, an estimate exceeding 800 genes [Pierce et al., 2002]. The initial notion once 

stated that GPCRs are present on the membrane as monomelic entities in a 1:1 

stoichiometric ratio with their G-protein has been reinterpreted. Several studies have 

shown using a combination of techniques such as co-immunoprecipitation, 

bioluminescence resonance energy transfer (BRET) and fluorescence resonance energy 

transfer (FRET), that at least some GPCRs assemble on the membrane as functional 

homo- and heterodimers [Agnati et al., 2003; Angers et al., 2002; Bai, 2004]. 

Dimerization of GPCRs has been shown to affect a multitude of receptor functions 

including ligand binding, signalling, receptor-desensitization and receptor trafficking 

[Agnati et al., 2003; Angers et al., 2002; Bai, 2004; Mellado et al., 2001a], 

The mechanism by which GPCR dimerization occurs remains obscure and 

controversial. One model suggests that ligand binding induces a conformational change 

in the receptor that favours dimer formation. In contrast to this model, the presence of 

GPCRs which may be assembled as preformed dimers have been shown for members of 

the class C subfamily, which include the GABAergic receptors [Jones et al., 1998; 

Kaupmann et al., 1998; White et al., 1998], calcium sensing receptor [Bai et al., 1998; 

Jensen et al., 2002], the metabotropic glutamate receptor [Romano et al., 1996] and the 

sweet taste receptors [Li et al., 2002; Nelson et al., 2002; Nelson et al., 2001]. However, 

this paradigm of GPCR assembly is not consistent amongst the other families of GPCRs 

[Agnati et al., 2003]. Several reports have shown that agonist plays an active role in 

GPCR dimerization at the plasma membrane, suggesting equilibrium between GPCR 

dimers/monomers that can be regulated by ligand occupancy. These receptors include the 

human somatostatin receptors (hSSTRs) [Patel et al., 2002a; Rocheville et al., 2000b], the 

dopamine D2 receptor [Wurch et al., 2001], the gonadotrophin-releasing hormone 

receptor [Cornea et al., 2001; Horvat et al., 2001], the luteinizing hormone/chorionic 

gonadotrophin hormone receptor [Roess et al., 2000], the bradykinin B2 receptor 

[AbdAlla et al., 1999], the thyrotropin-releasing hormone receptor [Kroeger et al., 2001], 
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the human cholecystokinin receptor (CCKR) [Cheng and Miller, 2001], the human 

thyrotropin receptor (TSHR) [Latif et al., 2002], the chemokine receptors [Mellado et al., 

2001b; Rodriguez-Frade et al., 1999; Vila-Coro et al., 2000; Vila-Coro et al., 1999], the 

mouse 5-opioid receptor (8-OR) [Cvejic and Devi, 1997] and the rhesus neuropeptide Y4 

receptor (rhY4R) [Berglund et al., 2003]. 

We have previously reported that hSSTRs are capable of undergoing both homo-

and heterodimerization at the cell membrane [Rocheville et al., 2000a; Rocheville et al., 

2000b]. Recently, we have demonstrated agonist-dependent homo- and heterodimers on 

the plasma membrane in live cells using FCS [Patel et al., 2002a]. One of the receptor 

sub-types, hSSTRl, did not form homodimers in either the absence or presence of agonist 

in contrast to hSSTR5, which showed robust dimerization upon agonist exposure. When 

both receptors were co-expressed in the same cell, two populations of dimers were 

observed, hSSTR5 homodimers and hSSTRl/hSSTR5 heterodimers [Patel et al., 2002a]. 

The affect of agonist on other members of the hSSTR family is currently unknown. 

In the present study using both Western blot and pbFRET analysis, we determined 

the effect of agonist on hSSTR2 dimerization. We show that agonist induces a 

dissociation of preassembled hSSTR2 dimers in a concentration-dependent manner. This 

effect was inhibited when cell membranes were pretreated with a cross-linking agent. 

hSSTR2 undergoes internalization upon exposure to agonist however; inhibition of dimer 

dissociation resulted in impaired receptor internalization. Finally, our data provide 

evidence suggesting that agonist-dependent dissociation of self-associated dimers may be 

a requirement for proper receptor trafficking. 
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EXPERIMENTAL PROCEDURES 

Materials 

The peptides SST-14 and [Leu(8)-D-Trp-22, Tyr-25]-SST-28 (LTT-SST-28) were 

purchased from Bachem, Torrance, CA. Fluorescein- and rhodamine-conjugated and 

non-conjugated mouse monoclonal antibodies against hemagglutinin (HA) (12CA5) were 

purchased from Roche Molecular Biochemicals, Mannheim, Germany. FITC-conjugated 

goat anti-mouse affinity-purified secondary antibody was purchased from Jackson 

ImmunoResearch Laboratories, West Grove, PA. The cross-linking agent 

bis(sulfosuccinimidyl) suberate (BS ) was purchased from Sigma, St. Louis, MO. 

SSTR Constructs and Expressing Cell Lines 

Stable CHO-K1 and HEK-293 cells . expressing HA-tagged hSSTR2 were 

prepared by Lipofectamine transfection reagent as previously described [Rocheville et al., 

2000b]. Stable transfections were made using the vectors pCDNA3.1/Neo (neomycin 

resistance), Invitrogen, Carlsbad, CA. Clones from CHO-K1 cells were selected and 

maintained in medium containing Hams F12 with 10% fetal bovine serum and 700 (J.g/ml 

neomycin. Clones from HEK-293 cells were selected in Dulbecco's Modified Eagle 

Medium containing 10% fetal bovine serum and 700 |_ig/ml neomycin. 

PbFRET Microscopy 

PbFRET experiments were performed at the plasma membrane of CHO-K1 cells 

as previously described [Patel et al., 2002a; Rocheville et al., 2000a; Rocheville et al., 

2000b]. In brief, CHO-K1 cells expressing HA-hSSTR2 were treated with different 

concentrations (0, 10"10, 5xl0"9, 10"7and 10"6M) of agonist for 10 min at 37°C, fixed with 

4% paraformaldehyde in PBS for 20 min on ice and processed for immunocytochemistry. 
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Immunocytochemistry was performed using monoclonal anti-HA antibodies conjugated 

to FITC and Rhodamine for the donor and acceptor respectively, before being subjected 

to pbFRET analysis. The effective FRET efficiency (E) was calculated from the average 

photobleaching time constant of the donor obtained in the absence (xaVe D-A) and presence 

of the acceptor (TAVE D+A) according to E = 1 - (TD-A/ TD+A) X 100. 

Western Blot Analysis 

Membranes from HA-hSSTR2 stably transfected in HEK-293 cells were prepared 

using a glass homogenizer in 20 mM Tris-HCl, 2.5 mM Dithiothreitol (DTT), pH 7.5 as 

previously described [Rocheville et al., 2000b]. The membrane pellet was washed and 

resuspended in 20 mM Tris-HCl, pH 7.5 in the absence DTT. Membrane protein (50 jag) 

was treated with SST-14 (0, 10~10, 10"8 and 10"6 M) in binding buffer (50 mM Hepes, 2 

mM CaCl2, 5 mM MgCl2, pH 7.5) for 30 min at 37 °C. When the cross-linking agent BS3 

was used, membranes were pretreated with 5 mM BS for 1 hour at 4°C, and this reaction 

was terminated by the addition of 50 mM Tris-HCl, pH 7.5 for 15 min at 4°C. After 

treatment with SST-14, membrane protein was solubilized in Laemmli sample buffer 

containing 62.5 mM Tris-HCl (pH 6.8), 25% glycerol, 2% SDS, 0.01% Bromophenol 

Blue and 710 mM 2-mercaptoethanol (Bio Rad, Hercules, CA). The sample was heated 

at 85 °C for 5 min before being fractionated by electrophoresis on a 7% SDS 

polyacrylamide gel. The fractionated proteins were transferred by electrophoresis to a 0.2 

|am nitrocellulose membrane (Trans-Blot Transfer Medium, Bio-Rad) in transfer buffer 

consisting of 25 mM Tris, 192 mM glycine and 20% methanol. Membrane was blotted 

with anti-HA mouse monoclonal antibody (dilution 1:5000). Blocking of membrane, 

incubation of primary antibodies, incubation of secondary antibodies and detection by 

chemiluminescence were performed following WesternBreeze® (Invitrogen Life 

Technologies) according to manufacturer instructions. Images were captured using an 

Alpha Innotech FluorChem 8800 (Alpha Innotech Co., San Leandro, CA) gel box imager 

and densitometry was carried out using FluorChem software (Alpha Innotech Co.). 
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Internalization by Radioligand and Immunocytochemistry 

Receptor internalization was assessed as previously described [Hukovic et al., 

1996]. CHO-K1 cells stably expressing HA-hSSTR2 were cultured in 6 well plates to 

-90% confluency (-1.5 x 106 cells/well). On the day of the experiment, medium was 

removed and the cells were washed twice with Dulbecco's Phosphate Buffer Salt Solution 

(D-PBS) and incubated overnight at 4°C in binding buffer (50 mM HEPES, pH 7.5, 2 mM 

CaCb, 5 mM MgC^, 0.5% bovine serum albumin, 0.02% phenylmethylsulfonyl fluoride, 

and 0.02% bacitracin) with 125I-LTT-SST-28 (200 000 cpm) with or without 1 p.M SST-

14 to account for non-specific binding. Cells were washed two times in D-PBS and 

warmed to 37°C for various times (0, 15, 30, 60 min) to initiate internalization. For cross-

linking experiments, cells were pretreated with 1 mM BS in D-PBS for 1 hour at 4°C, 

and this reaction was terminated by washing the cells first with D-PBS followed by the 

addition of 50 mM Tris-HCl, pH 7.5 for 15 min at 4°C. Surface bound radioligand was 

removed with 1 ml of acid wash buffer (20 mM Na acetate in lx Hank's solution, pH 5.0) 

for 10 min. Internalized radioligand was measured as acid resistant counts taken after 

removing cells with 1 ml of 1 N NaOH. Radioactive fractions were quantified for 

radioactivity using a LKB gamma counter (LKB-Wallach, Turku, Finland). Each 

experiment was performed three times in triplicate. 

For internalization by immunocytochemistry CHO-K1 cells stably expressing HA-

hSSTR2 were grown on coverslips and treated with SST-14 (1 |xM) for 30 min at 37°C. 

When cross-linker agent was indicated, cells were treated with 1 mM BS3 for 1 hour at 

4°C prior to SST-14 addition. Reaction was terminated with 50 mM Tris-HCl, pH 7.5 for 

15 min at 4°C. Cells were washed two times in D-PBS and fixed for 20 min at 4°C with 

4% paraformaldehyde. After three subsequent washes in D-PBS cells were incubated in 

5% normal goat serum (NGS) in D-PBS for 1 hour followed by incubation with anti-HA 

monoclonal antibody (1:1000) in 1% NGS overnight at 4°C. Unless indicated, 

permeablization of cells was performed using 0.2% Triton XI00 in D-PBS for 10 min 

followed by three washes in D-PBS prior to incubation with antibody. Cells were then 

washed three times in D-PBS followed by incubation with FITC-conjugated goat anti-

mouse secondary antibody (1:800) for 1 hour. After two washes in D-PBS cells were 
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mounted and viewed under a Leica DML microscope attached to a Cool Snap CCD 

camera. 
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RESULTS 

Ligand-Dependent Dissociation of hSSTR2 Homodimers by pbFRET and Western 

blot 

CHO-K1 cells were stably-expressed with an N-terminal HA-tagged hSSTR2 

(Bmax 435 ±33 fmol/mg of protein; KD 0.3 ±0.1 nM). Cells were treated with different 

concentrations of SST-14 and processed for hSSTR2 localization to study pbFRET 

microscopy. PbFRET microscopy was determined by the photobleaching decay of donor 

on the cell surface by using monoclonal anti-HA antibodies conjugated with either 

fluorescein (donor) or rhodamine (acceptor). As shown in figure 3B.1A, in the basal 

state, the cell surface presented with a high relative FRET efficiency, suggesting the 

presence of homodimers as compared to SST-14 treated cells. Treatment with SST-14 

induced a concentration-dependent decrease in FRET efficiency from a maximum of 11.7 

±1.1% under basal conditions to 2.1 ±0.9% with 1 nM SST-14 (Table 4B.1, Fig. 4B.1A). 

Our data indicate that unlike the other two hSSTRs, hSSTRl and hSSTR5, hSSTR2 is 

self-associated and dissociates upon agonist activation. Since FRET is sensitive to 

distance, changes in FRET efficiency can be perceived as either dissociation of dimers or 

changes in receptor conformation. In order to confirm whether ligand activated hSSTR2 

is associated with changes in dimer to monomer formation we performed Western blot. 

Membranes from HEK-293 cells stably expressing HA-hSSTR2 (Bmax 2608 ±206 

fmol/mg of protein, KD 0.4 ±0.1 nM), chosen for their higher expression levels, were 

treated with various concentrations of SST-14 before being processed for Western blot. 

In the absence of agonist, hSSTR2 was present in both dimeric (120 kDa) and monomeric 

(60 kDa) forms (Fig. 4B.1B). Treatment of hSSTR2 membrane with SST-14 induced a 

concentration-dependent decrease in dimer formation (Fig. 4B.1B). Increasing 

concentrations of SST-14 gradually decreased the ratio of hSSTR2 dimers/monomers 

(Fig. 4B.1C). Dissociation of the dimeric complex could be prevented when membranes 

were pretreated with the cross-linking agent BS (Fig. 4B.1D). Western blot in 

combination with pbFRET analysis support the notion that hSSTR2 is a self-associated 
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dimer under basal conditions but upon ligand activation preferentially dissociates into 

monomers. It is unclear as to why there was an appreciable amount of monomeric 

receptor found by Western blot. One reason could be due to a solubilization artifact, 

since receptor dimers can be affected by the concentration of detergent used. Another 

reason could be due to the higher expression levels achieved in HEK-293 cells compared 

to that in CHO-K1 cells, used in order to perform Western blot. Perhaps the monomeric 

receptors represent an immature intracellular pool that is only functional when the 

receptors are in dimeric form present at the cell surface. With the exception of the 8-OR 

[Cvejic and Devi, 1997], little has been shown to support the functional significance for 

the dissociation of GPCR dimers. To determine whether dissociation of the dimeric 

complex is associated with changes in receptor properties, we proceeded to investigate 

receptor internalization. 

Internalization of hSSTR2 

CHO-K1 cells stably expressing HA-hSSTR2 were grown on coverslips and 

treated with 1 |_iM SST-14 for 30 min with or without prior treatment of BS . Since BS 

is a hydrophilic lipid impermeable cross-linking agent and was shown to inhibit agonist-

induced hSSTR2 dissociation (Fig. 4B.1D), only dimeric receptors at the cell surface 

would be affected upon treatment. Under basal conditions, hSSTR2 was mainly localized 

at the cell surface with little or no cytoplasmic localization of receptor in permeablized 

cells (Fig. 4B.2A, left). Treatment with SST-14 (1 jxM) resulted in the internalization of 

hSSTR2 with decreases in cell surface expression (Fig. 4B.2A, middle). Internalization 

of receptor was appreciably inhibited when cells were treated with cross-linker prior to 

the exposure of SST-14 (Fig. 4B.2A, right). Thus, we demonstrate that internalization of 

hSSTR2 can be inhibited when receptor dissociation is blocked. To determine whether 

receptor internalization was either completely blocked or delayed, we measured 

internalization kinetics. 

Cells expressing hSSTR2 were treated with or without 1 mM cross-linker BS to 

determine the effect of inhibiting receptor dissociation on the kinetics of internalization. 
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We used the radioligand 125I-LTT-SST-28, an agonist to hSSTR2, to measure 

internalization kinetics. Receptor binding was not inhibited upon treatment with BS . A 

maximum internalization was achieved at approximately 30 min when measured up until 

1 hour. This internalization rate was significantly altered when cells were pretreated with 

BS3, consistent with the immunocytochemistry that inhibition of dimer dissociation 

impairs receptor trafficking (Fig. 4B.2B). 
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DISCUSSION 

The mechanisms underlying dimerization have become paramount in the 

elucidation of GPCR function. There are two general models that have been proposed for 

the dimerization of GPCRs that has resulted in contentious debate (for reviews see 

[Agnati et al., 2 0 0 3 ; Angers et al., 2 0 0 2 ; Bai, 2 0 0 4 ] ) . One model states that GPCRs are 

pre-assembled dimeric complexes occurring earlier on following their synthesis in the 

ER, without any ensuing effect upon ligand treatment in altering the dimeric state of the 

receptor. An example that has been well documented in this regard is the G A B A B 

receptor, a relative of the class C subfamily of GPCRs [Jones et al., 1998; Kaupmann et 

al., 1 9 9 8 ; White et al., 1 9 9 8 ] . In this example, the heterodimerization between the 

G A B A B R I and G A B A B R 2 receptor subtypes was shown to be a prerequisite for the 

proper trafficking and functioning at the cell surface [Jones et al., 1998; Kaupmann et al., 

1 9 9 8 ; White et al., 1 9 9 8 ] . The other model states a ligand-dependency for GPCR 

dimerization and has been documented for several GPCRs; therefore, a ligand-

independent constitutive receptor dimerization paradigm cannot be universally accepted 

for all receptors [Agnati et al., 2 0 0 3 ; Angers et al., 2 0 0 2 ] . In fact, there have been 

conflicting reports on the same receptor subtype concerning its dimerization properties, as 

to whether ligand has a direct effect or not. Cvejic and Devi have reported that ligand-

activated mouse 5-OR causes dissociation of receptor dimers to monomers in stably 

transfected cells using co-immunoprecipitation [Cvejic and Devi, 1 9 9 7 ] . On the contrary, 

Milligan and coworkers found that the human 5-OR displayed constitutive dimerization 

irrespective of ligand occupancy using both BRET and FRET techniques in transiently 

transfected cells [McVey et al., 2 0 0 1 ] . Whether these discrepancies are due to the types 

of techniques employed, transfections or species of receptor used is uncertain. In a recent 

report, transiently transfected cells resulted in the formation of mostly dimeric immature 

intracellular human lutropin receptors that exhibited no effect upon ligand treatment [Tao 

et al., 2 0 0 4 ] . However, when stably transfected, mature cell surface monomeric receptors 

were mainly present and displayed ligand-induced increase in dimer formation. 

Therefore, it was suggested that these promiscuous interactions were occurring at the 
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level of the ER in transiently transfected cells due to the accumulation of immature 

receptors [Tao et al., 2004]. 

We have previously reported that hSSTR5 can both homo- and heterodimerize 

with hSSTRl and dopamine 2 receptor, in a ligand-dependent manner in stably 

transfected cells [Patel et al., 2002a; Rocheville et al., 2000a; Rocheville et al., 2000b]. 

However, the functional significance for these observations remains unclear. 

Dimerization of the P2-adrenergic receptor was suggested to be a requirement for receptor 

activation [Hebert et al., 1996]. Furthermore, using a coumermycin-gyrase B-induced 

dimerization system on the platelet-activating factor receptor (PAFR), coumermycin-

induced dimerization was sufficient to cause the desensitization and internalization of 

PAFR in an agonist-independent fashion [Perron et al., 2003]. Taken together this would 

suggest that dimerization plays a key role in receptor activation and internalization 

although, this has not been exemplified for all GPCRs. 

In the present study, hSSTR2 was found to be a self-associated dimer at the cell 

surface in stably transfected cells using pbFRET microscopy. This technique was 

advantageous for probing receptors present only at the cell surface. Furthermore, these 

observations were also confirmed using Western blot analysis. Ligand activation of 

hSSTR2 resulted in the dissociation of receptor dimers to monomers as shown using both 

techniques. Other GPCRs have also been reported to undergo ligand-induced dissociation 

and include the 5-OR [Cvejic and Devi, 1997], the CCKR [Cheng and Miller, 2001], the 

TSHR [Latif et al., 2002] and the rhY4R [Berglund et al., 2003], With the exception of 

the 5-OR, little has been shown to address the functional significance for the dissociation 

of receptor dimers. To address this issue for hSSTR2 we monitored the effect of blocking 

receptor dissociation on internalization kinetics. Using a cell-impermeable cross-linking 

agent to prevent receptor dissociation, we found that in the presence of agonist, receptor 

internalization was impaired. Similarly, Cvejic and Devi have also shown impaired 

receptor trafficking when 8-OR dissociation was not implicated [Cvejic and Devi, 1997]. 

Whether ligand-dependent receptor dissociation is involved in all SSTR2 species 

remains obscure. In a report on rat SSTR2, self-associated receptors were shown using 



130 

Western blot however, agonist treatment did not have a considerably affect on receptor 

dimers [Pfeiffer et al., 2001]. Interestingly, the same group also reported on a 

SSTR2/SSTR3 heterodimer that, when treated with either a selective agonist for SSTR2 

or SST-14 (agonist to both receptors), resulted in the dissociation of the heterodimeric 

complex and selective internalization of SSTR2 [Pfeiffer et al., 2001]. A similar 

phenomenon was shown for the dopamine D1 and adenosine Al receptor heterodimer, 

where treatment with a D1 receptor agonist caused dissociation of the heteromeric 

complex [Gines et al., 2000]. 

In conclusion, we show that hSSTR2 preferentially exists as dimers at the basal 

state but upon stimulation with agonist dissociates into monomeric receptors. Moreover, 

dissociation of receptor dimers is important for efficient receptor trafficking as inhibiting 

dimer dissociation alters internalization kinetics. These data provide a new level of 

understanding in the functioning of hSSTRs and may help elucidate the functional 

properties of other GPCRs. 
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FIGURE LEGENDS 

Figure 4B.1. 

Agonist-dependent dissociation of the hSSTR2 dimer. 

A, CHO-K1 cells stably expressing HA epitope-tagged hSSTR2 were subjected to 

pbFRET analysis using anti-HA monoclonal antibodies conjugated with either FITC 

(donor) or Rh (acceptor) as described under "Experimental Procedures". Control 

represents the FRET efficiency of cells that have not been treated with SST-14. Cells 

were treated with SST-14 for 10 min before being processed for pbFRET microscopy. 

Means ±SEMs represent three independent experiments each taken from approximately 

40-50 cells. B, HEK-293 cells stably expressing HA epitope-tagged hSSTR2 were 

treated with the indicated concentrations of SST-14 for 30 min before being processed 

and separated on a 7% SDS-polyacrylamide gel. Represented blot taken from three 

independent runs. C, Immunoblots from (B) were quantified for changes in the 

dimeric monomeric ratio after SST-14 treatment by densitometry using FluorChem 

software. D, Immunoblot from membranes of HEK-293 cells stably expressing HA-

hSSTR2 incubated with 5mM BS3 prior to treatment with or without 1 SST-14. 

Membranes were separated on a 7% SDS-polyacrylamide gel. Immunoblot is a 

representation of three independent runs. 
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Figure 4B.2. 

Internalization of hSSTR2. 

A, Immunocytochemistry of CHO-K1 cells stably expressing HA-hSSTR2 in the absence 

(control) or presence of 1 (J.M SST-14 with or without pretreatment of ImM BS3. Non-

permeablized cells (NP) represent cell surface distribution of receptor and permeablized 

cells (P) represent internalized receptor. Arrows indicate both surface and internalized 

receptors. Magnification 630x. B, Internalization kinetics of HA-hSSTR2 stably 

expressed in CHO-K1 cells using the radioligand 125I-LTT-SST-28 as described in 

"Experimental Procedures". Internalization rate of hSSTR2 without (•), or with (0) 

pretreatment of ImM BS . 
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Table 4B.1. 

Concentration-dependent decrease in FRET efficiencies. 

CHO-K1 cells expressing HA-hSSTR2 were treated with the indicated concentrations of 

SST-14 and subjected to pbFRET analysis as described in "Materials and Methods". 

Symbols are represented as follows: D-A and D+A correspond to donor in the absence 

and presence of acceptor respectively; Ta Vg, mean of n photobleaching time constants; n, 

number of cells analyzed; E, average effective FRET efficiency. Means ±SEMs represent 

three independent experiments. 

SST-14 

Concentration 
TaVg n E (%) 

Control D-A 13.6 ±0.3 48 

D+A 15.4 ±0.3 48 11.7 ± 1.1 

10"10 D-A 13.2 ±0.3 48 

D+A 14.0 ±0.4 48 5.7 ± 1.3 

5 x 10"9 D-A 13,4 ±0.4 48 

D+A 13.8 ±0.2 48 2.9 ± 1.2 

10"7 D-A 14.1 ±0.3 48 

D+A 14.3 ±0.3 48 1.4 ± 1.1 

io-6 D-A 14.2 ±0.4 48 

D+A 14.5 ±0.2 48 2.1 ±0.9 
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C) Association with hSSTRS affects the cell signalling, receptor recycling and 

growth inhibitory properties of hSSTR2 

Having identified the dimerization properties of hSSTR2 and hSSTR5, our next 

inquiry was to investigate whether these two receptors interact and to determine the 

functional relevance for their heterodimerization. These receptors are predominantly co-

expressed in growth hormone-hypersecreting pituitary adenomas and several lines of 

evidence have already inferred a putative association between these two subtypes [Ben-

Shlomo et al., 2005; Ren et al., 2003; Sharif et al., 2007], however; a direct physical 

interaction remains to be determined. In the final chapter of this section, we describe the 

hSSTR2/hSSTR5 heterodimer. Interestingly, its regulation is mediated by agonist but in 

an hSSTR2-selective manner. Furthermore, cell signalling, receptor-recycling and 

growth inhibition of hSSTR2 are properties affected upon heterodimerization. 

Manuscript: Grant, M., Alturaihi, H., Jaquet, P., Collier, B. and Kumar, U. (in revision) 

Cell Growth Inhibition and Functioning of Human Somatostatin Receptor Type 2 are 

Modulated by Receptor Heterodimerization. Mol Endocrinol. 
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SUMMARY 

Somatostatin (SST) -analogs have been successfully used in the medical treatment 

of acromegaly, caused by growth hormone hyper-secreting pituitary adenomas. Patients 

on SST-analogs rarely develop tachyphylaxis despite years of continuous administration. 

It has been recently proposed that a functional association between SST receptor (SSTR) 

subtypes 2 and 5 exists to account for this behaviour, however; a physical interaction has 

yet to be identified. Using both co-immunoprecipitation and pbFRET microscopy 

techniques, we determined that SSTR2 and SSTR5 heterodimerize. Surprisingly, 

selective-activation of SSTR2 and not SSTR5 or their co-stimulation, modulates the 

association. The SSTR2-selective agonist L-779,976, is more efficacious at inhibiting 

adenylate cyclase, activating ERK1/2 and inducing the cyclin-dependent kinase inhibitor 

p27Kipl, in cells expressing both SSTR2 and SSTR5, compared to SSTR2 alone. 

Furthermore, cell growth-inhibition by L-779,976 treatment was markedly extended in 

co-expressing cells. Trafficking of SSTR2 is also affected upon heterodimerization, an 

attribute corresponding to modifications in P-arrestin-association kinetics. Activation of 

SSTR2 results in the recruitment and stable-association of P-arrestin, followed by 

receptor-interaalization and intracellular receptor pooling. Contrarily, heterodimerization 

increases the recycling rate of internalized SSTR2 by destabilizing its interaction with P-

arrestin. Given that SST-analogs show preferential-binding to SSTR2, these data provide 

a mechanism for their effectiveness in controlling pituitary tumours and the absence of 

tolerance seen in patients undergoing long-term administration. 

3 The abbreviations used are: 

GPCR(s), G protein coupled receptor(s); SSTR, human somatostatin receptor; SST, somatostatin; HA, 
hemagglutinin; HEK, human embryonic kidney; pbFRET, photobleaching fluorescence resonance energy 
transfer; MAPK, mitogen-activated protein kinase; ERK, extracellular signal-regulated kinase; FBS, foetal 
bovine serum. 
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INTRODUCTION 

Somatostatin (SST) is a peptide hormone that was originally identified in the 

hypothalamus and subsequently found throughout the central nervous system and in 

various peripheral organs [Patel, 1999]. Generally classified as an inhibitory peptide, 

SST is secreted by endocrine, neuronal and immune cells and acts to regulate cell 

secretion, neurotransmission and cell proliferation. The physiological role of 

hypothalamic SST on the pituitary is well established: SST inhibits the basal and 

stimulated release of growth hormone (GH) and thyroid-stimulating hormone, including 

the secretions of prolactin and ACTH [Patel, 1999]. SST activity is mediated by five 

specific receptor subtypes (SSTR1-5) that are differentially expressed in a tissue-specific 

manner, often with overlapping patterns of distribution [Moller et al., 2003; Patel, 1999]. 

All SSTRs possess seven-transmembrane spanning domains and are linked to G-proteins; 

therefore, belonging to the superfamily of G-protein coupled receptors (GPCRs) [Moller 

et al., 2003; Patel, 1999]. Many tumors have been shown to express SSTRs, the highest 

density of which is seen in tumors of neuroendocrine origin [Lamberts et al., 2002]. 

SST-analogs such as lanreotide and octreotide, are frequently administered as first 

line treatment in acromegaly, caused by growth hormone (GH) hyper-secreting pituitary 

adenomas to regulate endocrine function [Tichomirowa et al., 2005]. Over 90% of 

patients on SST-analogs show decreases in circulating GH levels, while approximately 

70% of those achieve biochemical normalization. In addition, SST-analog therapy 

frequently results in tumour shrinkage in roughly 50% of patients [Bevan, 2005; Ferrante 

et al., 2006; Lamberts et al., 2002; Melmed et al., 2005; Resmini et al., 2007; Zatelli et 

al., 2006]. Surprisingly, patients rarely show desensitization to treatment despite years of 

continuous administration, a property not shared upon treatment of other endocrine 

tumors [Hofland and Lamberts, 2003]. The mechanisms underlying this discrepancy are 

poorly understood, however; a functional association between SSTR2 and SSTR5, the 

primary SSTRs expressed in GH secreting pituitary adenomas [Jaquet et al., 2000; Park et 
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al., 2004a], has been proposed to account for these actions, yet a direct physical 

interaction remains to be identified [Sharif et al., 2007]. 

There is a preponderance of evidence suggesting the significance of GPCR 

dimerization in receptor-biogenesis, regulation and pharmacology [Prinster et al., 2005; 

Terrillon and Bouvier, 2004]. Moreover, dimerization of GPCRs has been identified in 

various pathological states, suggesting clinical importance for such protein-protein 

interactions [AbdAlla et al., 2001b; AbdAlla et al., 2004]. We have previously reported 

that human SSTRs can form both homo- and heterodimers. In our investigations, SSTR5 

was shown to homo- and heterodimerize with SSTR1, a property that regulated receptor 

internalization and signalling [Grant et al., 2004b; Patel et al., 2002a; Rocheville et al., 

2000b]. Furthermore, we have demonstrated that SSTR2 homodimers dissociate into 

monomers prior to internalization, an aspect that when prevented, altered the 

internalization rate of the receptor [Grant et al., 2004a]. 

In the present study, we demonstrate the existence of SSTR2/SSTR5 heterodimers 

using co-immunoprecipitation and pbFRET microscopy techniques, an occurrence that is 

further augmented by selective activation of SSTR2 and not SSTR5 or their concurrent 

stimulation. Heterodimerization alters the association-kinetics of P-arrestin to SSTR2 and 

augments receptor-recycling. In addition, increases in the efficiency at inhibiting 

adenylate cyclase, activation of MAP kinases and upregulation of the cyclin-dependent 

kinase inhibitor p27Klf>1 are all features observed following heterodimerization. Finally, 

the enhanced properties of the heterodimer conferred an extended growth inhibitory 

response. Taken together, these data provide a mechanism for the effectiveness of 

currently available SST-analogs in treating GH secreting pituitary adenomas, given their 

preferential-binding to SSTR2. 
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EXPERIMENTAL PROCEDURES 

Materials and Antibodies 

The peptides SST-14 and [Leu(8)-D-Trp-22, Tyr-25]-SST-28 (LTT-SST-28) were 

purchased from Bachem, Torrance, CA. The non-peptide agonists L-779,976 and L-

817,818 were provided by Dr. S.P. Rohrer from Merck & Co [Rohrer et al., 1998], 

Fluorescein-conjugated mouse monoclonal antibody against hemagglutinin (HA) 

(12CA5) was purchased from Roche Molecular Biochemicals, Mannheim, Germany. 

Rhodamine-conjugated and unconjugated anti-c-myc monoclonal antibodies and mouse 

monoclonal anti-HA antibody were purchased from Sigma-Aldrich, Inc., St. Louis, MO. 

Monoclonal anti-phospho-ERKl/2 and rabbit polyclonal ERK1/2 antibodies were 

purchased from Cell Signaling Technology, Danvers, MA and monoclonal anti-(3-tubulin 

antibody from Sigma-Aldrich. Monoclonal anti-p27Kipl antibodies were purchased from 

Santa Cruz Biotechnology, Santa Cruz, CA. Protein A/G-agarose beads were purchased 

from Calbiochem, EMD Biosciences, Darmstadt, Germany. DAPI dihydrochloride was 

purchased from Molecular Probes, Inc., Eugene, OR. 

Constructs and Expressing Cell Lines 

Stable transfections of HEK 293 cells expressing amino-terminally HA-tagged 

human SSTR2 (SSTR2), c-Myc-tagged human SSTR5 (SSTR5) or both receptors were 

prepared by Lipofectamine transfection reagent. Constructs expressing SSTR2 were 

made from the pCDNA3.1/Neo vector (neomycin resistance) and SSTR5 from the 

pCDNA3.1/Hygro vector (hygromycin resistance) as previously described [Grant et al., 

2004a; Grant et al., 2004b]. Clones were selected and maintained in Dulbecco's DMEM 

supplemented with 10% fetal bovine serum (FBS) and 700 (j.g/ml neomycin or 400 |o.g/ml 

of hygromycin. Co-transfectants were maintained in medium containing both 700 jxg/ml 

of neomycin and 400 jxg/ml of hygromycin as previously described [Grant et al., 2004a; 

Grant et al., 2004b]. All cells were grown in a 37°C incubator with 5% CO2. Constructs 
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for p - a r r e s t i n 2 - G F P and GRK2 were kindly provided by Dr. Stephane A. Laporte, McGill 

University. 

Saturation Analysis 

Cells were harvested, homogenized using a glass homogenizer and membranes 

were prepared by centrifugation as previously described [Grant et al., 2004a; Grant et al., 

2004b]. Saturation binding studies were performed with 20-40 (ig of membrane protein 
pc 

collected from HEK 293 cells stably expressing the receptor constructs, and I-labeled 

LTT-SST-28 radioligand (50-2000 pM) in 50 mM HEPES, pH 7.5, 2 mM CaCl2, 5 mM 

MgCl2, 0.5% bovine serum albumin, 0.02% phenylmethylsulfonyl fluoride, and 0.02% 

bacitracin (binding buffer) for 30 min at 37°C. Incubations were terminated by the 

addition of ice cold binding buffer. Membrane pellets were quantified for radioactivity 

using a LKB gamma counter (LKB-Wallach, Turku, Finland). Binding data were 

analyzed with Prism 4.0 (Graph Pad Software, San Diego, CA) by non-linear regression 

analysis. 

Coupling to Adenylyl Cyclase and GTP-Binding Assay 

Stably transfected HEK 293 cells were grown in 6-multiwell plates and tested for 

receptor coupling to adenylyl cyclase by incubation for 30 min with 20 forskolin and 
11 7 

0.5 mM 3-isobutyl-l-methylxanthine with or without agonists (10" - 10" M) at 37°C as 

previously described [Grant et al., 2004b]. Cells were then scraped in 0.1 N HC1 and 

quantified for cAMP by radioimmunoassay using a cAMP Kit (Inter Medico, Markham, 

ON) following the manufacturer's guidelines. Samples were measured for radioactivity 

using a LKB beta scintillation counter (LKB-Wallach). Data were analyzed by non-linear 

regression analysis using Prism 4.0 (Graph Pad Software, San Diego, CA). SEMs are 

representative of at least three independent experiments done in duplicate. 
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The GTP-binding assay was performed by measuring the 
amount of [JJS]GTPyS 

(GE Healthcare, Waukesha, WI) bound to membranes from HEK 293 cells stably co-

expressing SSTR2 and SSTR5. In 100 ĵ L GTP assay buffer (20 mM HEPES, 100 mM 

NaCl, 10 mM MgCl2, 10 jaM GDP), 50 ng membrane protein and 10 pM [35S]GTPyS 

were added in culture tubes with or without 10 nM agonist (SST-14, L-779,976 and L-

817,818). The reaction was incubated in a 30°C water bath shaking for 1 hr. To 

inactivate Ga, G-proteins, membrane was pretreated with 0.5 jag activated pertussis toxin 

(PTX) (10 mM DTT, 10 |iM ATP, PBS pH 7.4 for 30 min at 30°C) for 1 hr at 30°C prior 

to GTP binding. The reaction was terminated by the addition of 1 ml ice cold GTP assay 

buffer. Following centrifugation, membrane pellets were washed thrice in assay buffer 

before the addition of 7 ml scintillation fluid and counted using a LKB beta scintillation 

counter (LKB-Wallach). 

PbFRET Microscopy and Immunocytochemistry 

PbFRET experiments were performed on HEK 293 cells as previously described 

[Grant et al., 2004a; Grant et al., 2004b; Patel et al., 2002b]. The effective FRET 

efficiency (E) was calculated in terms of a percent based upon the photobleaching (pb) 

time constants of the donor taken in the absence (D - A) and presence (D + A) of 

acceptor according to E = 1 - (TDV TD+A) X 100. HEK 293 cells were seeded on glass 

coverslips for 24 hrs, treated with 10 nM of agonist for 10 min at 37°C and fixed with 4% 

paraformaldehyde for 20 min on ice and processed for immunocytochemistry. Antibodies 

used were mouse monoclonal anti-HA conjugated to fluorescein directed to SSTR2 as the 

donor and monoclonal anti-Myc conjugated to rhodamine directed to SSTR5 as the 

acceptor. The area consisting of the plasma membrane was used to analyze the 

photobleaching decay rate on a pixel-by-pixel basis as described earlier. 
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Co-immunoprecipitation and Western Blot 

Membrane protein (500 (j.g) from stably transfected HEK 293 cells was treated 

with 10 nM of agonist (SST-14, L-779,976 and L-817,818) in binding buffer (50 mM 

HEPES, 2 mM CaCl2, 5 mM MgCl2, pH 7.5) for 30 min at 37 °C. Following treatment, 

membrane protein was solubilized in 1 ml RIPA buffer (150 mM NaCl, 50 mM Tris-

HCL, 1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate, pH 8.0) for 1 hour at 4 °C. 

Samples were incubated with anti-HA antibody for immunoprecipitation and purified 

with Protein A/G-agarose beads. Purified proteins were fractionated by electrophoresis 

on a 7% SDS polyacrylamide gel and transferred to PVDF membrane (GE Healthcare) as 

previously described [Grant et al., 2004a; Grant et al., 2004b]. Immunoblotting for the 

heterodimer was performed using anti-c-Myc antibody (1:2000). Blocking of membrane, 

incubation of primary antibodies, incubation of secondary antibodies and detection by 

chemiluminescence were performed following ECL Western Blotting detection kit 

(Amersham) according to manufacturer's instructions. Images were captured using an 

Alpha Innotech FluorChem 8800 (Alpha Innotech Co., San Leandro, CA) gel box imager 

and densitometry was carried out using FluorChem software (Alpha Innotech Co.). 

For MAPK signalling, HEK 293 cells stably co-expressing SSTR2 and SSTR5 

were treated with 10 nM of each agonist for the indicated times. The reaction was 

terminated using ice cold Dulbecco's phosphate buffered saline followed by 

solubilization in RIPA buffer. Lysate protein was separated on an 8% polyacrylamide gel 

and transferred to PVDF membranes. Immunoblotting for phosphorylated extracellular 

signal-regulated kinase (ERK) 1/2 was performed using phospho-specific antibodies. 

Phosphorylation levels were quantified by densitometry using FluorChem software and 

normalized for protein loading using |3-tubulin. The same procedure was repeated for the 

expression of p27Kipl however, immunoblotting was performed using monoclonal anti-

p27Kipl antibodies. To standardize for protein loading all membranes were reprobed for 

P-tubulin using Reblot Plus, Chemicon International, Temecula, CA. 
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Assay of P-arrestin Translocation 

HEK 293 cells were seeded in 6-multiwell plates with coverslips for 24 hrs prior 

to transient transfection with SSTR2, SSTR5 or both receptor subtypes along with /?-

a r r e s t i n 2 - G F P (/?-arrestin) and GRK2 cDNAs using Lipofectamine transfection reagent. 

Cells were treated with 10 nM of agonist 48 hrs post-transfection for the indicated times. 

SSTR2 was localized using an anti-HA antibody and anti-mouse IgG conjugated to cy3 

(red) while P-arrestin (green) was identified by direct excitation of the GFP molecule 

using 488 nm laser light. Cells were fixed in 4% paraformaldehyde before being 

subjected to immunocytochemistry and imaged using a Zeiss 510 confocal microscope. 

Cells treated with SST-14 and L-779,976 for 20 min were permeablized using 0.2% 

Triton X-100 for 10 min prior to immunocytochemistry. 

Cell Growth Inhibition 

HEK 293 cells stably expressing SSTR2 and SSTR5 were seeded at a density of 

5000 cells/well in 96-well plates for 24hrs. Cells were then serum deprived for 24hrs 

before treatment with 1 nM of either agonist SST-14 or L-779,976 in the presence of 5% 

FBS for the indicated time periods. As a control, cells were given FBS in the absence of 

drug to compare for cell growth. Cell viability was measured using a standard MTT 

assay protocol. Briefly, 10 jaL of 5 mg/ml MTT (Thiazolyl Blue Tetrazolium Bromide, 

Sigma-Aldrich) solution was added and left to incubate for 2 hours at 37°C and 5% CO2. 

When the formazan precipitate was formed it was dissolved in 100 p.L of detergent 

solution (A^iV-Dimethylform amide, 20% SDS solution). The absorbance was measured in 

a microplate spectrophotometer at 550 nm. 

Statistical Analysis 

Data were analyzed with the indicated tests using Graph Pad Prism 4.0. Statistical 

differences were taken at p values < 0.05. 
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RESULTS 

Agonist-bound SSTR2 modulates heterodimerization 

To determine whether SSTR2 and SSTR5 interact to form heterodimers, we 

selected a HEK 293 cell clone stably co-expressing an HA-tagged SSTR2 and a c-Myc-

tagged SSTR5 for a total expression of 281 ±12 fmol/mg protein. This clone was chosen 

for its relatively low expression levels comparable to physiological conditions 

[Rocheville et al., 2000b] and its approximate 1:1 receptor ratio (SSTR2, 167 ± 3 

fmol/mg protein; SSTR5, 115 ± 2 fmol/mg protein). Heterodimerization was verified by 

co-immunoprecipitating SSTR2 from membrane proteins using an anti-HA antibody and 

immunoblotting for SSTR5 with an anti-c-Myc antibody. Under these conditions, a band 

estimated at 105 kDa was observed and could be identified in the absence of agonist 

treatment (Fig. 4C.1B). The size of the heterodimeric band closely approximated the 

summation of the molecular weights of the monomeric species of SSTR2 and SSTR5, 

individually expressed in HEK 293 cells (Fig. 4C.1A). We have previously demonstrated 

the effect of agonist on the stabilization of the SSTR1 and SSTR5 heterodimer, a property 

that was associated with enhanced signaling. To ascertain whether a similar mechanism 

was involved in the formation of the SSTR2/SSTR5 heterodimer, we selectively activated 

SSTR2, SSTR5 or both receptor-subtypes prior to co-immunoprecipitation. Treatment 

with the SSTR2-selective agonist L-779,976 but not the SSTR5-selective agonist L-

817,818 resulted in a dose-dependent increase in the formation of the heterodimer, a 

result that was significantly greater than basal as determined by densitometry (Fig. 4C.1, 

B and C). Surprisingly, stimulation of both receptor-subtypes with the endogenous pan-

agonist SST-14, did not reveal increases in heterodimerization despite activation of 

SSTR2 (Fig. 4C.1B). The specificity of the heterodimeric band upon co-

immunoprecipitation was confirmed using the reverse combination of antibodies, 

whereby SSTR5 was immunoprecipitated followed by immunoblotting of SSTR2 (Fig. 

4C.2). 
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To determine whether heterodimerization of SSTR2 and SSTR5 was an artifact of 

immunoprecipitation rather than a selective interaction occurring at the cell surface of 

intact cells, we performed photobleaching fluorescence resonance energy transfer 

(pbFRET) microscopy [Grant et al., 2004a; Grant et al., 2004b; Patel et al., 2002b], 

Using an anti-HA antibody conjugated to fluorescein as the donor and an anti-c-Myc 

antibody conjugated to rhodamine as the acceptor, we probed the surface of our stable 

cell line for SSTR2 and SSTR5 respectively (Fig. 4C.3). Under basal conditions, there 

was a small but sustained FRET efficiency, accordant with the co-immunoprecipitation 

data, characteristic of pre-assembled receptor complexes. Concordantly, treatment of 

cells with 10 nM of the SSTR2-selective compound, L-779,976, resulted in a significant 

increase in FRET efficiency over basal that was not apparent with the addition of SST-14 

or the SSTR5-selective compound L-817,818 (Fig. 4C.1D). Although heterodimerization 

between SSTR2 and SSTR5 was unaltered following stimulation with SST-14, 

homodimerization of SSTR5 was observed in a dose-dependent manner (Fig. 4C.1E). 

Taken together, these data indicate the role of ligand-bound SSTR2 in modulating the 

heterodimer. 

Heterodimerization alters the interaction of p-arrestin to SSTR2 

A basic tenet following activation of GPCRs is their eventual desensitization and 

internalization [Tsao et al., 2001]. There have been several instances where the 

heterodimerization of GPCRs has altered the desensitization and internalization profiles 

of one or both protomers involved [Prinster et al., 2005]. To determine whether 

formation of the SSTR2/SSTR5 heterodimer altered receptor-internalization, we first 

monitored for changes in /?-arrestin interaction, a class of proteins known for their 

involvement in the internalization of GPCRs [Lefkowitz and Shenoy, 2005]. Although 

both receptors, SSTR2 and SSTR5 internalize following stimulation with agonist, only 

SSTR2 was found to recruit /?-arrestin (green) to the cell surface of HEK 293 cells (Fig. 

4C.4A). The high affinity of /?-arrestin to SSTR2 was observed subsequent acute 

treatment with both agonists SST-14 and L-779,976 and persisted in the form of 
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endosomes following 20 minute stimulation, consistent with previously reported data 

[Tulipano et al., 2004]. When co-transfected cells were treated with SST-14, /?-arrestin 

translocated from the cytosol to the cell surface within minutes of agonist exposure. 

However, when the cells were stimulated with agonist for a prolonged period, /9-arrestin 

aggregated in the form of stable endosomal complexes (Fig. 4C.4B). Surprisingly, when 

co-transfected cells were subjected to L-779,976, /?-arrestin did indeed concentrate at the 

cell surface nevertheless, it did not sequester in the form of endosomes following 

extended stimulation. This would indicate that heterodimerization interferes with /?-

arrestin/receptor interaction, causing uncoupling soon after the receptor internalizes. 

The transient interaction of /?-arrestin on heterodimerization was elaborated 

further by confocal studies shown in figure 4C.5. When co-transfected cells were treated 

with L-779,976, ^-arrestin and SSTR2 were found to co-localize within five minutes of 

activation but not following a prolonged stimulus despite SSTR2 internalization. 

However, /^-arrestin was found localized with SSTR2 following its internalization when 

stimulated with SST-14 (Fig. 4C.5A). Additionally, the transient nature of /^-arrestin and 

SSTR2 on heterodimerization was supported by co-immunoprecipitation studies (Fig. 

4C.5, B-D). Stable complexes between SSTR2 and /?-arrestin formed following extended 

treatment with L-779,976 in cells expressing SSTR2 alone; however, the interaction 

decreased significantly when SSTR5 was co-expressed. This effect was restricted to the 

SSTR2-specific agonist L-779,976, as treatment with SST-14 in either cell type did not 

alter the co-immunoprecipitation patterns of /?-arrestin (Fig. 4C.5, B-D). 

Interestingly, the heterodimer did not internalize as a complex, a fact that has been 

documented for other GPCR heterodimers [Prinster et al., 2005]. In fact, when co-

transfected cells were treated with L-779,976, only SSTR2 was prompted to internalize 

(Fig. 4C.6). Both SSTR2 and SSTR5 did internalize when stimulated with SST-14, 

agonist to both receptor subtypes (Fig. 4C.6). Although heterodimerization may affect 

the sequestration of /^-arrestin it did not affect the internalization of SSTR5, possibly 

implying the absence of heterologous events. 
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Trafficking of SSTR2 following heterodimerization 

GPCR recycling rates have been causally linked to changes in the association of /?-

arrestin [Lefkowitz and Shenoy, 2005]. Stable associations between /?-arrestin and the 

receptor result in slow recycling rates, contrary to transient interactions, where recycling 

times are shortened. Furthermore, a greater portion of receptor is sent to lysosomal 

compartments to be degraded, when /?-arrestin is stably associated. Given the effects of 

heterodimerization on the association of /?-arrestin to SSTR2, we sought whether these 

changes were also reflected in receptor-recycling rates. HEK 293 cells expressing SSTR2 

or co-expressing SSTR2 and SSTR5, were treated with agonist and imaged by confocal 

microscopy to measure receptor trafficking (Fig. 4C.7). When SSTR2-expressing cells 

were treated with either agonist SST-14 or L-779,976, internalization was evident in 

permeablized cells following a 20 or 40-minute stimulation, accompanied by decreased 

cell surface expression levels (Fig. 4C.7). A similar occurrence transpired when HEK 

293 cells co-expressing SSTR2 and SSTR5 were treated with SST-14 for either 20 or 40 

minutes (Fig. 4C.7). Punctate staining representing internalized receptor was consistently 

found in perinuclear regions. Similarly, perinuclear staining was also portrayed in cells 

co-expressing SSTR2 and SSTR5 subsequent SST-14 treatment. A markedly distinct 

pattern of SSTR2 localization ensued when co-expressing cells were treated with L-

779,976 (Fig. 4C.7). Following 20 minutes of activation with L-779,976, SSTR2 was 

found concentrated intracellularly, however; unlike SSTR2-expressing cells, extended 

stimulation (40 min) presented with an overall decrease in internalized receptor, with 

staining primarily localized around the cell periphery and not perinuclear (Fig. 4C.7). 

Accordingly, co-expressing cells also demonstrated increases in cell surface expression 

following prolonged activation with L-779,976 (Fig. 4C.7). 

Heterodimers potentiate but do not synergize G-protein signalling 

There have been several instances where heterodimerization of GPCRs has lead to 

changes in signalling distinct from that of the individual receptor monomers/homodimers 

[Prinster et al., 2005]. In fact, most of these changes have been documented within 
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immediate effector responses such as, changes in adenylyl cyclase activity. However, 

few reports have shown a physiological implication for GPCR heterodimerization 

[McGraw et al., 2006; Pello et al., 2008; Prinster et al., 2005; Waldhoer et al., 2005]. To 

seek a functional relevance for the SSTR2/SSTR5 heterodimer, we began by studying the 

SSTR-induced inhibition of adenylyl cyclase [Moller et al., 2003; Patel, 1999]. We 

compared the cAMP efficiency curves of all three agonists from HEK 293 cells stably 

expressing one or both of the receptor subtypes. The SSTR2 specific agonist, L-779,976, 

was approximately 20-fold more efficient at inhibiting adenylyl cyclase in co-

transfectants then in cells expressing SSTR2 alone (Fig. 4C.8A; Table 4C.1). This 

increase in potency in co-transfected cells was exclusive to L-779,976 treatment, as the 

EC50 values for either the SSTR5 specific agonist L-817,818 or SST-14 were not 

significantly altered (Fig. 4C.8, B and C; Table 4C.1). Heterodimerization did not result 

in a synergistic effect on adenylyl cyclase coupling, as the total inhibition of cAMP 

synthesis was unchanged (Fig. 4C.8D). Congruently, GTP-coupling as measured from 

the membranes of co-transfected HEK 293 cells, did not significantly differ amongst the 

various agonist treatments (Fig. 4C.8E). Binding of GTP was dependent on the coupling 

of Gaj G-proteins, as the effect was blocked by pre-treatment with pertussis toxin (PTX). 

Although heterodimerization enhanced adenylyl cyclase coupling efficiency, the effect 

was not synergistic, as neither the total inhibition of cAMP synthesis nor the binding of 

GTP were affected. 

Heterodimerization enhances ERK1/2 phosphorylation 

Phosphorylation of ERK1/2 was shown as a prerequisite to the growth inhibitory 

effects of somatostatin, a property predominantly associated with SSTR2 activation 

[Lahlou et al., 2003; Pages et al., 1999]. To determine the effects of SSTR 

heterodimerization on ERK1/2 activity, we measured its phosphorylation in a time-

dependent manner upon activation of SSTR2 in our single and double expressing cell 

lines. Treatment of HEK 293 cells stably expressing SSTR2 with L-779,976 resulted in a 

phosphorylation maximum at approximately five minutes, which receded to basal levels 
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at the end of a forty-minute stimulation period. However, the effect was significantly 

enhanced and prolonged, an event that persisted beyond forty minutes when SSTR5 was 

stably present (Fig. 4C.9, A and B). The phosphorylation of ERK1/2 was highly 

dependent on Ga, G-proteins, as pre-treatment of cells with PTX abrogated the signal 

(Fig. 4C.9A). Alterations in the phosphorylation profiles of ERK1/2 in co-transfected 

cells were not apparent when treated with SST-14, agonist to both receptor subtypes, 

suggesting co-activation is not required to enhance the response (Fig. 4C.9C). 

Interestingly, selective activation of SSTR5 with L-817,818 did not affect ERK1/2 

activation, supporting the importance of SSTR2 in this signaling pathway (Fig. 4C.10). 

Upregulation of p27Kipl and cell growth inhibition are increased on 

heterodimerization 

The growth inhibitory effects of somatostatin and its analogs have been 

characterized on both normal and tumoural cells, a property shown to occur both in vitro 

and in vivo [Lamberts et al., 2002], The intracellular pathway elicited by activation of 

SSTR2 leading to Gi cell-cycle arrest, have involved MAP kinases and upregulation of 

the cyclin-dependent kinase inhibitor p27Kipl [Pages et al., 1999]. Interference of this 

pathway by the MEK1/2 inhibitor PD98059 abrogates p27Kipl upregulation and growth 

inhibition [Lahlou et al., 2003]. To determine the effects of heterodimerization on SSTR2 

evoked p27Kipl expression, we compared the treatments of SST-14 and L-779,976 on 

HEK 293 cells stably expressing SSTR2 alone or in combination with SSTR5. Cells 

were serum deprived for 24hrs prior to incubation with agonist in the presence of foetal 

bovine serum (FBS) to simulate growth conditions. The addition of FBS significantly 

decreases the expression of p27Kipl, a property associated with the growth promoting 

effects of the serum (Fig. 4C.11, A and B). Treating co-expressing cells with SST-14 

produced a concentration-dependent increase in p27K,pl expression, an effect that reached 

a maximum at 100 nM. A similar response was procured with as little as 1 nM of L-

779,976, a 100-fold increase in potency (Fig. 4C.11A). This potency difference was not 

apparent when both agonists SST-14 and L-779,976 were used to treat HEK 293 cells 
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stably-expressing SSTR2 alone (Fig. 4C.11B). As expected, selective stimulation of 

SSTR5 with L-817,818 in co-expressing cells did not affect p27Kipl induction, given its 

inability to activate ERK1/2 (Fig. 4C.12). 

To determine whether increases in the upregulation of p27Kipl were associated 

with changes in cell physiology, we monitored the effects of heterodimerization on cell 

growth. Cell growth was diminished by approximately 50% following a 24-hour 

incubation period with either agonist SST-14 or L-779,976, in cells stably expressing 

SSTR2 alone or in combination with SSTR5 (Fig. 4C.13, A and B). The effect was not 

persistent, as continued treatment with SST-14 resulted in a consistent decline in growth 

inhibition over the course of a 72-hour period, an indication that cell-cycle arrest was 

reversed. However, growth inhibition was sustained following treatment of L-779,976 on 

cells expressing both receptor subtypes, a property associated with the signalling events 

of SSTR heterodimers (Fig. 4C.13B). 
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DISCUSSION 

Somatostatin analogs are the mainstay in the medical treatment of acromegaly, 

because they are safe and well tolerated [Tichomirowa et al., 2005]. Their function is 

highlighted by their effectiveness at normalizing GH and insulin growth factor-1 levels, 

caused by hyper-secreting pituitary adenomas. In addition, patients on SST-analogs have 

shown significant reductions in tumor mass; tumor shrinkage of greater than 50% can be 

seen when SST-analogs are administered as stand-alone therapy, prior to any surgical or 

radiotherapy procedures [Bevan, 2005; Melmed et al., 2005]. These reports have 

broadened the potential use of SST-analogs from hormone regulation to tumor control. In 

addition, GH secreting pituitary adenomas do not undergo desensitization to treatment, as 

acromegalic patients rarely show any signs of tachyphylaxis despite years of SST-analog 

therapy. This property is specific to tumors of the pituitary as neither islet cell or 

carcinoid tumors share this feature; prolonged administration of SST-analogs frequently 

results in desensitization and relapse, as symptoms invariably return [de Herder et al., 

2003; Hofland and Lamberts, 2003; Lamberts et al., 1996], 

The mechanisms underlying resistance to desensitization have not been fully 

elucidated, however; a functional association between SSTR2 and SSTR5, the two 

primary SSTRs expressed in these tumors [Jaquet et al., 2000; Park et al., 2004a], has 

been proposed to account for this behavior [Sharif et al., 2007]. This is unlike islet cell 

tumors or carcinoids of the gut, as SSTR2 expression predominates [de Herder et al., 

2003]. In the report by Sharif et al., the internalization and trafficking of murine SSTR2 

were modulated by the expression of SSTR5 in both ectopically and endogenously 

expressing cell systems [Sharif et al., 2007]. Moreover, the effect was dependent on the 

selective-stimulation of SSTR2 and not both receptor-subtypes. They observed reduced 

receptor-internalization, increased receptor recycling and a decrease in the desensitization 

of SSTR2 in co-expressing cells treated with the selective-agonist L-779,976, compared 

to cells expressing SSTR2 alone or co-expressing cells treated with the pan-agonist SST-

14. Additional support on the importance of both SSTR2 and SSTR5 expression on SST-
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analog therapy comes from a report by Ballare et al., describing an acromegalic patient 

with a tumor harboring a mutant SSTR5 resistant to treatment despite the presence of 

SSTR2 [Ballare et al., 2001]. These reports and others have suggested the formation of a 

putative SSTR2/SSTR5 heterodimer however; a physical interaction has yet to be 

documented [Ben-Shlomo et al., 2005; Ren et al., 2003]. 

Using both co-immunoprecipitation and pbFRET microscopy techniques, L-

779,976 was determined to selectively regulate the SSTR2/SSTR5 heterodimer (Fig. 

4C.1). Neither concurrent stimulation nor selective activation of SSTR5 with SST-14 and 

L-817,818 respectively, stabilized this interaction. Given that SSTR2 exists as a 

homodimer, which dissociates into monomers following activation with agonist [Duran-

Prado et al., 2007; Grant et al., 2004a], it is possible that the uncoupling of the dimer 

could allow for alternative pairing with SSTR5. This could also explain the lower levels 

of heteromeric interaction seen under basal conditions and may suggest that SSTR2 has a 

higher affinity for interacting with itself when inactive. However, this mechanism fails to 

explain why activation by SST-14 does not regulate the heterodimer. One explanation for 

this discrepancy could be that although SST-14 binds both SSTR2 and SSTR5 relatively 

equally, activation of SSTR5 may favor the stabilization of homodimers. Indeed, when 

cells co-expressing SSTR2 and SSTR5 are treated with SST-14, SSTR5 dimers exhibit 

dose-dependent formation (Fig. 4C.1D). Furthermore, this could also explain why 

treatment with the SSTR5-selective compound, L-817,818, does not modulate 

heterodimerization. Selectivity in the heterodimerization of SSTRs has been reported 

earlier upon investigation of a SSTR4/SSTR5 heterodimer; co-activation by SST-14 in 

cells co-expressing both receptor subtypes did not induce an interaction [Rocheville et al., 

2000b], Although co-activation was not favorable for the heterodimerization of SSTR2 

and SSTR5, it has been demonstrated as a requirement in the modulation of other GPCR 

combinations [Gines et al., 2000; Grant et al., 2004b; Jiang et al., 2006; Kearn et al., 

2005; Mellado et al., 2001b; Patel et al., 2002a; Pello et al., 2008; Rodriguez-Frade et al., 

2004; Yoshioka et al., 2002]. For instance, in the heterodimerization of SSTR1 and 

SSTR5, concurrent activation was shown to foster an association [Grant et al., 2004b; 

Patel et al., 2002a]. Heterodimerization between the growth hormone secretagogue and 



156 

dopamine D1 receptors was shown to occur by co-activation using both co-

immunoprecipitation and bioluminescence resonance energy transfer techniques [Jiang et 

al., 2006]. Furthermore, the interaction significantly increased dopamine induced cAMP 

accumulation, a property that is suggested to play an important physiological role given 

that both receptors are co-expressed in neuronal subpopulations. In a recent report, 

heterodimerization of the CXCR4 chemokine receptor and the delta opioid receptor in 

immune cells was stabilized by simultaneous addition of their ligands, whereas individual 

activation caused dissociation of the complex [Pello et al., 2008]. Interestingly, the 

heterodimer suppresses signalling, suggesting a dominant negative effect on receptor 

function [Pello et al., 2008], 

Activated GPCRs undergo desensitization followed by internalization in order to 

terminate signalling; this process usually requires phosphorylation of the receptor by a G-

protein coupled receptor kinase, promoting high-affinity binding of /?-arrestins [Tsao et 

al., 2001]. Once bound, /?-arrestins prohibit the coupling of G-protein to the receptor and 

promote internalization by recruiting several factors involved in this machinery 

[Lefkowitz and Shenoy, 2005]. Only certain members of the somatostatin receptor family 

exhibit high affinity binding to /?-arrestins [Tulipano et al., 2004]. We demonstrate that 

activated SSTR2 and not SSTR5 are capable of initiating an interaction (Fig. 4C.4A). 

This may indicate that although SSTR5 internalizes following activation with agonist, it 

does so without the involvement of /^-arrestin. The mechanisms underlying the 

internalization of SSTR5 are still unclear however, evidence suggests that it may be 

occurring through clathrin-coated pits [Hukovic et al., 1998; Hukovic et al., 1999; Stroh 

et al., 2000b]. GPCRs that do interact with /?-arrestins are further categorized as class A 

or class B, depending on their mode of interaction. Although both classes of GPCRs 

differ in their affinity for ^-arrestin subtypes, they are most notably distinguished based 

on their avidity to /?-arrestin: /?-arrestin rapidly dissociates from class A receptors during 

internalization but remains associated with class B receptors, as it is found co-localized in 

the form of endosomes within cells [Lefkowitz and Shenoy, 2005]. When HEK 293 cells 

expressing SSTR2 are stimulated with either agonist SST-14 or L-779,976 for an 

extended period, /^-arrestin is prompted to aggregate and remain with the receptor 
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throughout internalization. Treatment of cells co-expressing both receptor-subtypes with 

SST-14 results in a similar feature; /?-arrestin and SSTR2 co-localize in the form of 

endosomes. However, when treatment consisted of L-779,976 in lieu of SST-14, SSTR2 

internalized without /?-arrestin associating. In fact, within minutes of treatment /?-arrestin 

translocates to SSTR2 at the cell surface, but quickly dissociates as there is no co-

localization following receptor internalization (Fig. 4C.4B, 4C.5). This is analogous to 

class A receptors where /?-arrestin does not remain as a complex throughout endocytosis. 

Changes in the association of /?-arrestin to the receptor during internalization are 

known to directly affect recycling rates: class A receptors recycle to the plasma 

membrane much quicker than class B receptors and are less likely to be degraded 

[Lefkowitz and Shenoy, 2005]. Indeed, heterodimerization does affect SSTR2 recycling 

rates. Following a 20-minute stimulus with L-779,976, SSTR2 internalizes in both single 

and double expressing cell lines (Fig. 4C.7). However, the striking difference arises 

when co-expressing cells are treated with L-779,976 for extended periods. Under these 

conditions, an increase in the cell surface localization of SSTR2 is observed, with a 

concomitant decrease in intracellular receptor. These results are consistent with those of 

Sharif et al., where extensive loss of cell surface SSTR2 is seen following stimulation of 

co-expressing cells with SST-14 and not with the SSTR2-specific agonist L-779,976, 

which causes SSTR2 to be recycled back to the cell surface [Sharif et al., 2007]. In a 

report by Terrillon et al., a similar incidence was identified with the vasopressin Via 

receptor, where upon heterodimerization with the vasopressin receptor-subtype V2, 

reverted its pattern of /?-arrestin recruitment and endocytic recycling from class A to class 

B [Terrillon et al., 2004]. In case of the neurotensin receptors, heterodimerization 

between NTS1 and NTS2 influenced the subcellular distribution and capacity to down-

regulate agonist-stimulated NTS1 [Perron et al., 2007], Similarly, heterodimerization 

between p-adrenergic receptor subtypes PiAR and P2AR and the SSTR1 and SSTR5 

subtypes affect ligand-induced receptor-internalization [Lavoie et al., 2002; Rocheville et 

al., 2000b], 

Several lines of evidence implicate SSTRs in tumor regulation, in particular the 

subtype SSTR2, as it is well documented for its anti-proliferative effects and commonly 
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expressed in many tumors [Lamberts et al., 2002]. Inhibiting cell proliferation by 

SSTR2-activation involves the upregulation of the cyclin-dependent kinase inhibitor 
2yKipl 

[Pages et al., 1999], an important factor in pituitary tumorigenesis [Bamberger et 

al., 1999; Korbonits et al., 2002; Lidhar et al., 1999; Qian et al., 1996; Qian et al., 1998; 

Takeuchi et al., 1998]. Moreover, a mechanism describing the upregulation of p27Kipl 

involved an ERKl/2-dependent pathway [Lahlou et al., 2003]. Rapid recycling of SSTR2 

could provide a mechanism for the observed increases in ERK1/2 phosphorylation (Fig. 

4C.9). This could also explain the increased potency of L-779,976 to upregulate the 

cyclin-dependent kinase inhibitor p27Kipl and prolong cell growth inhibition (Fig. 4C.11 

and 4C.13). 

The SSTR2/SSTR5 heterodimer also increased the potency of L-779,976 to inhibit 

adenylyl cyclase activity by approximately 20-fold (Fig. 4C.8; Table 4C.1). Similar 

findings were reported for the SSTR1/SSTR5 heterodimer [Grant et al., 2004b] and 

suggest that heterodimerization may also provide positive cooperativity to receptor 

function. Indeed, heterodimerization of several other receptor combinations including the 

dopamine D2 receptor and SSTR5 were also reported to enhance GPCR signaling 

[AbdAlla et al., 2000; Gomes et al., 2004; Rocheville et al., 2000a; Scarselli et al., 2001; 

Waldhoer et al., 2005; Yoshioka et al., 2001; Zhu et al., 2005]. Although changes in /?-

arrestin-association and endocytic recycling following heterodimerization could provide a 

mechanism for the observed increases in ERK activation and p27Kipl upregulation, 

positive cooperativity in G-protein signaling may also contribute (Fig. 4C.8; Table 4C.1). 

A PTX-sensitive Goij G-protein-mediated signaling complex has been described in 

orchestrating ERK 1/2 activation and cell growth inhibition, following activation of 

SSTR2 [Lahlou et al., 2003]. Because the carboxy-terminal tail of GPCRs is an 

important domain with which both G-proteins and P-arrestin interact, it is possible that 

heterodimerization could alter the properties of this motif, allowing for changes in 

cooperativity or /^-arrestin recruitment. Modifications could arise either by structural 

changes in the carboxy-terminal tail itself or through its phosphorylation, as both are 

involved and presumed to affect the avidity of /^-arrestin and G-protein to the receptor 

[Lefkowitz and Shenoy, 2005]. However, despite the possibility that each of the above 
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mentioned mechanisms may contribute to the enhanced signaling observed following 

heterodimerization, further investigation is required to mechanistically link the pathways 

of relevance. Insight on the molecular determinants affected on heterodimerization is 

required given the emerging roles of GPCR interacting proteins on signal transduction 

[Bockaert et al., 2004], 

It is noteworthy that although SSTR2 heterodimerizes with SSTR5, both 

protomers did not internalize as a complex and suggests the process is restricted to only 

the activated protomer (Fig. 4C.6). A similar phenomenon was reported for the 

SSTR2/SSTR3 heterodimer, where selective activation of SSTR2 resulted in its 

internalization without affecting the presence of SSTR3 [Pfeiffer et al., 2001]. 

Furthermore, heteromeric complexes between dopamine D1 and adenosine Al receptors 

were shown to disappear when treated with D1 receptor agonists by forming clusters that 

were devoid of Al receptors [Gines et al., 2000]. The |j.- and 8-opioid receptor 

heterodimer was also shown not to endocytose as a complex but yet internalize as 

monomers when activated by agonists [Law et al., 2005]. Although formation of the 

prostaglandin-EPi and P2-adrenergic heterodimer, directly decreased P2-adrenergic 

receptor coupling to Gas; cross-regulation was not involved in attenuating p2-adrenergic 

receptor-function as desensitization and internalization were factors affecting only the 

activated protomer [McGraw et al., 2006]. These results have important meaning as they 

imply that GPCR heterodimers are not necessarily static complexes, in which both 

protomers are regulated as a unit. 

Since the initial reports providing direct evidence for the heterodimerization of the 

G A B A B receptor, a requirement for proper receptor trafficking and function [Prinster et 

al., 2005], the pursuit of other receptor combinations has been sought. Although many 

such heterodimers have been reported, few have shown functional relevance. This makes 

their occurrence unclear, as there is no supporting evidence documenting an effect on cell 

physiology. In this study, we demonstrate that SSTR2 and SSTR5 form heterodimers, a 

process that leads to alterations in cell growth. Furthermore, agonist and more 

specifically, subtype-specific activation of SSTR2 modulates the interaction. 

Heterodimerization between SSTR2 and SSTR5 may provide a mechanism for the lack of 
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tolerance seen with currently available SST-analogs and their ability in controlling 

pituitary tumour growth. An understanding on the mechanics involved in GPCR 

dimerization could offer a rationale in future drug design. 
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FIGURE LEGENDS 

Figure 4C.1. 

Modulation of SSTR heterodimerization by agonist. 

A, Western blots of membrane proteins (50 |ig) from HEK 293 cells stably expressing 

SSTR5 (lane 1) and SSTR2 (lane 2). B, Co-immunoprecipitation of membranes from 

HEK 293 cells co-expressing SSTR2 and SSTR5 treated with various concentrations of 

the indicated agonist prior to immunoprecipitation with anti-HA antibody. Membrane 

lysates were subjected to Western blotting with anti-c-Myc antibody. A band of 

approximately 105 kDa appeared as the heterodimer. C, Densotometric analysis on 

immunoblots in (B) treated with L-779,976 showing significant increases in 

heterodimerization. Data were analyzed using ANOVA, posthoc Dunnett's to compare 

against basal. D, PbFRET microscopy on HEK 293 cells stably expressing both SSTR2 

and SSTR5 following treatment with 10 nM of the indicated agonists. FRET efficiencies 

were analyzed using ANOVA, posthoc Dunnett's and compared to control. E, Co-

expressing cells treated with various concentrations of SST-14 and processed for pbFRET 

microscopy using anti-Myc monoclonal antibodies conjugated to either fluorescein 

(donor) or rhodamine (acceptor), to measure for SSTR5 dimerization only. Data were 

analyzed using ANOVA, posthoc Dunnett's to compare against basal. Immunoblots and 

means ± SEMs are representative of at least three independent experiments; *, p < 0.05; 

**,p< 0.01; ***,p <0.001. 
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Figure 4C.2 

Co-immunoprecipitation of c-Myc-SSTR5 and HA-SSTR2. 

Co-immunoprecipitation of membranes from HEK 293 cells co-expressing SSTR2 and 

SSTR5 treated with 10 nM of the indicated agonist prior to immunoprecipitation with 

anti-c-Myc antibody. Membrane lysates were subjected to Western blotting with anti-HA 

antibody. A band of approximately 105 kDa appeared following treatment with L-

779,976, representing the heterodimer. Also observed to some extent is the monomeric 

form of SSTR2, just above the heavy chain of IgG (IgGH). 
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Figure 4C.3. 

PbFRET microscopy on HEK 293 cells stably co-expressing SSTR2 and SSTR5. 

A, Confocal microscopic images illustrating SSTR2 using monoclonal anti-HA antibody 

conjugated to FITC/donor (green) and SSTR5 using rabbit anti-c-Myc antibody 

conjugated to rhodamine/acceptor (red) and their colocalization (yellow) in HEK 293 

cells. B, A representation of pbFRET microscopy on HEK 293 cells treated with 10 nM 

L-779,976. A selection of photobleaching micrographs taken from cells incubated with 

donor antibody alone under constant illumination of 488 nm light. Below, a 

representative histogram time constant plot calculated from a portion of cell membrane on 

a pixel-by-pixel basis taken from approximately forty cells. The mean time constant is 

shown in black calculated from a Gaussian distribution curve (18.5 s). C, Photobleaching 

micrographs from cells incubated with both donor and acceptor antibodies showing 

increases in the photobleaching time constant (23.2 s). 
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Figure 4C.4. 

Differential trafficking of//-arrestin by SSTR2 and SSTR5. 

Confocal microscopy of HEK 293 cells transiently transfected with either 1 (xg of (A) 

SSTR2, SSTR5 or (B) a combination of each receptor, 0.25 p.g /?-arrestin2-GFP and 0.5 

(j,g GRK2. Cells were treated with 10 nM of each agonist for the indicated times 48 hrs 

post-transfection (scale bar, 10 pm). 
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Figure 4C.5. 

Heterodimerization alters the association of/7-arrestin to SSTR2. 

H E K 2 9 3 cells were transiently transfected with 1 jig S S T R 2 , 1 [ig S S T R 5 , 0 . 2 5 [ig fi-

arrestin2-GFP and 0 . 5 0 p.g G R K 2 . Cells were treated 4 8 hrs post-transfection with 1 0 nM 

of the indicated agonist. A, Confocal microscopy of cells treated with agonist showing /?-

arrestin (green) and S S T R 2 (red) colocalization. Internalized receptor was imaged 

following cell permeablization (P). Images represent at least three independent 

experiments (scale bar, IOJXM). B , Co-immunoprecipitation of S S T R 2 and ^-arrestin 

from HEK 293 cells stably expressing the indicated receptor subtypes. Cells were treated 

with either S S T - 1 4 or L - 7 7 9 , 9 7 6 for 5 or 2 0 min. Cell lysate was immunoprecipitated for 

S S T R 2 and immunoblotted against P-arrestin. A band at approximately 5 0 kDa is 

represented as /?-arrestin. C and D, Densitometric analysis on immunoblots presented in 

(B). Data are represented as fold increase over control (0 min). Statistical analysis to 

determine significance from control was performed using two-way ANOVA posthoc 

Bonferroni (***, p < 0 . 0 0 1 ) . Means ± SEMs are representative of three independent 

experiments. 
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Figure 4C.6. 

Agonist-promoted internalization of SSTR2 and SSTR5. 

Confocal microscopy of HEK 293 cells stably expressing SSTR2 (red) and SSTR5 

(green) following agonist stimulation. Cells were treated with 10 nM of the indicated 

agonist for 20 min, fixed then permeablized (P) prior to immunocytochemistry. Nuclei 

were counterstained with DAPI (blue). Images are a representation of at least three 

independent experiments (scale bar, 10 pm). 
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Figure 4C.7. 

Heterodimerization increases the recycling of SSTR2. 

Confocal microscopic images of SSTR2 (red) trafficking following agonist stimulation. 

HEK 293 cells expressing SSTR2 or SSTR2 and SSTR5 were treated with 10 nM of 

agonist SST-14 or L-779,976 for 20 or 40 minutes. Immunostaining of SSTR2 was 

performed using monoclonal anti-HA antibody followed by incubation with anti-mouse 

IgG antibody conjugated to fluorescein. Internalized receptor was identified by 

immunocytochemistry in permeablized (P) cells; cell surface localization in non-

permeablized (NP) cells. Nuclei were counterstained with DAPI (blue). Images are 

representative of at least three independent experiments (scale bar, 10 jam). 
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Figure 4C.8. 

Heterodimerization and effector coupling. 

Inhibition of forskolin-stimulated cAMP synthesis in HEK 293 cells stably expressing 

SSTR2 and SSTR5 individually or in combination and treated with increasing 

concentrations of (A) L-779,976, (B) SST-14 and (C) L-817,818 calculated as a percent 

of maximum inhibition. Data were plotted and analyzed following a sigmoidal dose-

response equation using Graph Pad Prism 4.0. D, Total inhibition of cAMP production 

following 10 nM treatment of each agonist in stably transfected cells. E, GTP-binding of 

membranes extracted from HEK 293 cells stably expressing SSTR2 and SSTR5 treated 

with 10 nM of the indicated agonists. Binding was inhibited when membranes were pre-

treated with PTX. Statistical analysis was performed using ANOVA, posthoc Dunnett's 

to compare for significance from PTX treated membranes. Means ± SEMs are 

representative of at least three independent experiments performed in duplicate; ***,p < 

0.001. 
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Figure 4C.9. 

The effects of heterodimerization on ERK1/2 phosphorylation. 

A, HEK 293 cells stably expressing SSTR2 or SSTR2 and SSTR5 were treated with 10 

nM of L-779,976 for the indicated times. In case of pertussis toxin (PTX), cells were 

pretreated 18 hrs prior to agonist stimulation. Cell lysates were subjected to Western 

blotting and immunoblotted for ERK1/2 proteins. B, Densitometry was performed on 

phosphorylated ERK1/2 immunoblots in (A). P-tubulin was used to standardize for 

protein loading. Data were analyzed by ANOVA, posthoc Dunnett's to compare for 

significance over basal; **, p < 0.01. Two-way ANOVA was performed to compare the 

significance of ERK1/2 phosphorylation between mono-transfected and co-transfected 

cells; ##, p < 0.01; ###, p < 0.001. Means ± SEMs are representative of three 

independent experiments. C, HEK 293 cells stably co-expressing SSTR2 and SSTR5 

were treated with 10 nM SST-14 for the indicated times. Cell lysate was collected, 

subjected to Western blotting and immunoblotted for the designated proteins. 
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Figure 4C.10 

The effects of L-817,818 on ERK1/2 phosphorylation in co-expressing cells. 

HEK 293 cells stably co-expressing SSTR2 and SSTR5 were treated with 10 nM of L-

817,818 for the indicated times. Cell lysates were subjected to Western blotting and 

immunoblotted for ERK1/2 proteins. 
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Figure 4C.11. 

Heterodimerization potentiates the upregulation of p27Kipl. 

(A) Upper panel: HEK 293 cells stably expressing SSTR2 and SSTR5 were serum 

deprived for 24 hrs followed by treatment with the indicated concentrations of each 

agonist in the presence of 5% FBS, with FBS alone (FBS) or in its absence (Control) for 3 

hrs. Cell lysates were subjected to Western blot and probed for p27Kipl expression. 

Lower panel: Densitometry on p27Kipl immunoblots standardized for protein loading 

using p-tubulin. Data were analyzed by ANOVA posthoc Dunnett's to determine 

significance of FBS vs. treated (**, p < 0.01). (B) Upper panel: Immunoblot of lysates 

from HEK 293 cells stably expressing SSTR2 and treated with the indicated 

concentrations of each agonist and FBS for 3 hrs. Lower panel: Densitometry on p27Kipl 

immunoblots. Statistical analysis using ANOVA posthoc Dunnett's to determine 

significance of FBS vs. treated (** ,p< 0.01). 
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Figure 4C.12. 

Induction of p27Kipl in cotransfected cells treated with L-817,818. 

HEK 293 cells stably expressing SSTR2 and SSTR5 were serum deprived for 24 hrs 

followed by treatment with 100 nM of L-817,818 in the presence of 5% FBS, with FBS 

alone (FBS) or in its absence (Control) for 3 hrs. Cell lysates were subjected to Western 

blot and probed for p27Kipl expression. 
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Figure 4C.13. 

SSTR heterodimers enhance cell growth inhibition. 

A and B, growth inhibition of stably transfected HEK 293 cells treated with 1 nM SST-14 

and L-779,976 for 24-72 hrs as a percent of control in the presence of 5% FBS. Two-way 

ANOVA was used to determine the significance between drug treatments (*, p < 0.05). 

Means ± SEMs are representative of at least four independent experiments. 
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Table 4C.1 

Comparison of adenylyl cyclase coupling efficiencies by SSTR agonists. 

HEK 293 cells stably expressing SSTR2 and SSTR5 or co-expressing both receptors 

(SSTR2/R5) were treated with various concentrations of each agonist in the presence of 

20 (J.M forskolin and measured for cAMP accumulation. EC50 values represented in nM 

are the half-maximal inhibition of forskolin induced cAMP production. Means ± SEMs 

represent three independent experiments performed in duplicate. 

Agonists 

Receptors L-779,976 SST-14 L-817,818 

SSTR2- 0.84 ± 0.20 0.38 ±0.10 >1000 

SSTR2/R5 - 0.04 ± 0.01 0.46 ±0.10 0.16 ±0.03 

SSTR5 - >1000 1.40 ±0.38 0.25 ± 0.02 
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SECTION 5: DISCUSSION 

Summary 

Our laboratory has previously reported on the homodimerization of hSSTR5, a 

receptor where dimerization is regulated by agonist in a dose-dependent manner 

[Rocheville et al., 2000b]. It was also demonstrated that hSSTR5 could heterodimerize 

with hSSTRl, a property that is similarly regulated by the agonist SST-14 [Patel et al., 

2002a]. Surprisingly, it was revealed that unlike hSSTR5, hSSTRl does not 

homodimerize but remains monomeric regardless of its activation by agonist [Patel et al., 

2002a]. However, given this understanding, it remained unclear as to the importance of 

agonist-activated hSSTRl in the formation of the hSSTRl/hSSTR5 heterodimer, the 

possible molecular determinants implicated in the interaction and the significance of 

heterodimerization on the pharmacology of the receptors. In section 4A, I demonstrate 

using both co-immunoprecipitation and pbFRET microscopy, that either co-stimulation or 

selective activation of SSTR5 but not SSTR1 is capable of modulating heterodimerization 

in stably-co-expressing cells [Grant et al., 2004b]. The intriguing observation that 

hSSTRl is incapable of forming homo- or heterodimers in either an active or inactive 

state (Fig. 4A.2, 4A.3) [Grant et al., 2004b; Patel et al., 2002a] and is the only receptor in 

the hSSTR family that is resistant to internalization and upregulates following prolonged 

agonist treatment [Hukovic et al., 1996; Hukovic et al., 1999], prompted us to investigate 

whether common molecular determinants are involved in these processes. The 

importance of the carboxyl-terminal tail in GPCR dimerization has been demonstrated 

earlier: on investigation of the S-opioid receptor-trafficking [Cvejic and Devi, 1997], in 

the masking of an ER retention motif on heterodimerization of the y-aminobutyric acid 

receptor-subtypes ( G A B A B R ) G A B A B R 1 and G A B A B R 2 [Kuner et al., 1999; White et 

al., 1998] and in generation of the ji- and 8-opioid receptor heterodimer [Fan et al., 2005]. 

Similarly, in line with the results of Fan et al., the heterodimerization between p.- and 8-

opioid receptors could also be modulated by uncoupling of G-protein from the receptors 

[Law et al., 2005]. Given that the carboxyl-terminal tails of GPCRs are important for G-
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protein coupling, a mechanism for the heterodimerization of this receptor pair can be 

described. Furthermore, a detailed account on the heterodimerization of the adenosine 

A2A and the dopamine D2 receptors were shown to occur between the carboxyl-terminal 

tail of A2A and the third intracellular loop of D2 [Canals et al., 2003]. More specifically, 

the interaction was dependent on arginine-rich residues in the intracellular loop of the D2 

receptor with either two aspartate residues or a phosphorylated serine residue in the 

carboxyl-terminal portion of A2A [Ciruela et al., 2004]. Incidentally, when the carboxyl-

terminal tail of hSSTRl was swapped for that of hSSTR5, not only is homodimerization 

possible but internalization of the receptor is also permitted following agonist-binding 

[Grant et al., 2004b; Hukovic et al., 1999]. 

Although heterodimerization did not significantly alter the binding affinities of the 

drugs tested (Table 4A.1), it did affect second messenger signalling. The inhibition of 

adenylate cyclase and cAMP synthesis, a typical hallmark of SSTR activation, is more 

efficient following heterodimerization. More specifically, an approximate 50-fold 

increase in signalling efficiency is seen with the drug octreotide (SMS 201-995) in cells 

co-expressing both hSSTRl and hSSTR5 compared to hSSTR5 alone (Table 4A.2), 

despite its very low affinity to hSSTRl [Patel, 1999]. However, although the signalling 

efficiency is increased the actual efficacy is not, a property that was instead decreased, 

suggesting that the formation of the heterodimer results in a new receptor with distinct 

signalling characteristics (Fig. 4A.5). This alteration in maximum coupling efficacy 

could have functional implications, as human prolactinomas show poor responses to 

octreotide treatment. These tumours originate from the pituitary and hyper-secrete the 

hormone prolactin. Coincidently, prolactinomas predominantly express hSSTRl and 

hSSTR5 [Jaquet et al., 1999; Shimon et al., 1997b]. In cultured studies of human excised 

prolactinomas, tumours that displayed increased expression of hSSTRl responded poorly 

to treatment with octreotide in controlling prolactin release, as opposed to those showing 

lower expression levels regardless of hSSTR5 expression [Jaquet et al., 1999]. 

In section 4B, I describe the dimerization properties of another member in the 

human somatostatin receptor family, the subtype hSSTR2. Many tumours often express 

hSSTR2, especially those of neuroendocrine origin [Lamberts et al., 2002], which is what 
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made this receptor-subtype an appropriate target to investigate. Using both co-

immunoprecipition and pbFRET microscopy techniques, we determined that hSSTR2 

exists at the cell surface as a preformed homodimer [Grant et al., 2004a]. To our 

astonishment, treatment with agonist causes it to dissociate into monomers (Fig. 4B.1). 

Although ligand-induced dissociation has been reported in the regulation of other GPCR 

combinations [Berglund et al., 2003; Cheng and Miller, 2001; Cvejic and Devi, 1997; 

Gines et al., 2000; Latif et al., 2002; Law et al., 2005; Pfeiffer et al., 2001], few have 

shown functional relevance for their occurrence. In the report by Cvejic and Devi, 

dissociation of 5-opioid receptor dimers was reported essential for proper receptor-

internalization. However, regulated dimerization and not dissociation of the platelet 

activating factor receptor and the thyrotropin-releasing hormone receptor were shown to 

increase internalization [Perron et al., 2003; Song and Hinkle, 2005]. Further 

investigation on the dissociation of hSSTR2 dimers, like the 5-opioid receptor, led us to 

conclude its importance in receptor-internalization, as crosslinking hSSTR2 dimers to 

prevent dissociation, drastically impaired its internalization rate (Fig. 4B.2) [Grant et al., i 
2004a]. Interestingly, in a recent report by Duran-Prado et al., dissociation of porcine 

SSTR2 dimers was also determined to be a feature occurring prior, to its internalization 

[Duran-Prado et al., 2007], possibly suggesting a common characteristic for this subtype 

amongst all species. 

Lastly, the physiological relevance for SSTR dimerization was put to the test. We 

focused on the two SSTRs predominantly expressed in GH hyper-secreting pituitary 

adenomas, hSSTR2 and hSSTR5 [Jaquet et al., 2000; Park et al., 2004a], SST-analogs 

are frequently administered as first line treatment in acromegaly, caused by GH hyper-

secreting pituitary adenomas to regulate endocrine function [Tichomirowa et al., 2005]. 

Over 90% of patients on SST-analogs show decreases in circulating GH levels, while 

approximately 70% of those achieve biochemical normalization. In addition, SST-analog 

therapy frequently results in tumour shrinkage in roughly 50% of patients [Bevan, 2005; 

Fen-ante et al., 2006; Lamberts et al., 2002; Melmed et al., 2005; Resmini et al., 2007; 

Zatelli et al., 2006]. It is known that GH secreting pituitary adenomas seldom undergo 

desensitization to treatment, as acromegalic patients rarely show any signs of 
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tachyphylaxis despite years of SST-analog therapy. Interestingly, this property is specific 

to tumours of the pituitary as neither islet cell or carcinoid tumours share this feature; 

prolonged administration usually results in desensitization and relapse, as symptoms 

invariably return [de Herder et al., 2003; Hofland and Lamberts, 2003; Lamberts et al., 

1996]. Although a mechanism for this resistance to desensitization has not been fully 

elucidated, a functional association between SSTR2 and SSTR5, the two primary SSTRs 

expressed in these tumors [Jaquet et al., 2000; Park et al., 2004a], has been proposed to 

account for this behavior [Sharif et al., 2007]. This is unlike islet cell tumours or 

carcinoids of the gut, where SSTR2 expression predominates [de Herder et al., 2003]. 

Additional evidence on the importance of SSTR2 and SSTR5 co-expression on SST-

analog therapy comes from a report by Ballare et al., describing an acromegalic patient 

with a tumour harbouring a mutant SSTR5 resistant to treatment, despite the expression 

of SSTR2 [Ballare et al., 2001], These reports and others, have suggested the formation 

of a putative SSTR2/SSTR5 heterodimer however, a physical interaction had yet to be 

documented [Ben-Shlomo et al., 2005; Ren et al., 2003]. 

In section AC, our first objective was to demonstrate whether hSSTR2 and 

hSSTR5 physically interact, and if so, does agonist-binding regulate the interaction. To 

our surprise, treatment of stably-selected cells, ectopically co-expressing both hSSTR2 

and hSSTR5, with the pan-agonist SST-14, did not modulate heterodimer formation (Fig. 

4C.1 and 4C.2) [Grant et al., in revision]. This is contrary to regulation of the 

hSSTRl/hSSTR5 heterodimer, where treatment with SST-14 enhances its formation 

[Grant et al., 2004b; Patel et al., 2002a; Rocheville et al., 2000b], Similarly, co-

stimulation was a requirement in the stabilization of heterodimers between members of 

other GPCR subfamilies [Gines et al., 2000; Jiang et al., 2006; Kearn et al., 2005; 

Mellado et al., 2001b; Pello et al., 2008; Rodriguez-Frade et al., 2004; Yoshioka et al., 

2002]. However, heterodimerization between dopamine receptor D2 and hSSTR5 

[Rocheville et al., 2000a], dopamine receptor D2 and hSSTR2 [Baragli et al., 2007] and 

prostaglandin-EPl and P2-adrenergic receptors [McGraw et al., 2006] were found to be 

equally fostered following activation of just one of the receptor-protomers. When 
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hSSTR2 or hSSTR5 were selectively activated in our system, only the hSSTR2-specific 

agonist induced the formation of heterodimers (Fig. 4C.1) [Grant et al., in revision]. 

Selective activation of SSTR2 and not concurrent stimulation of both SSTR2 and 

SSTR5, was shown to reduce desensitization and increase the recycling rate of SSTR2 in 

both ectopically and endogenously expressing cells of murine origin [Sharif et al., 2007]. 

Indeed, we have also observed a similar characteristic with hSSTR2, as its recycling rate 

is greatly increased following its selective-activation in co-expressing cells (Fig 4C.7). 

Although the mechanism contributing to this increased recycling rate of SSTR2 remained 

unclear, earlier evidence had implicated P-arrestin in altering the endocytic/recycling path 

of the vasopressin Via and V2 heterodimer [Terrillon et al., 2004]. Because rSSTR2 is 

known to interact with P-arrestin during endocytosis [Tulipano et al., 2004], we sought to 

determine whether there was a link between hSSTR heterodimerization, P-arrestin 

association and receptor recycling. 

GPCRs often require the interaction of P-arrestins to internalize following their 

stimulation. This process is typically promoted by phosphorylation of the carboxyl-

terminal portion of the receptor by a G-protein coupled receptor kinase (GRK). P-
R 

arrestins are responsible for the recruitment of several factors implicated in the 

internalization machinery including clathrin, AP-2 and ARF6, to name a few [Claing et 

al., 2002; Lefkowitz and Shenoy, 2005; Pierce et al., 2002], There are two main types of 

P-arrestin mediated internalization, class A and class B, that are primarily dependent on 

the avidity of P-arrestin to the receptor. Class A GPCRs form transient interactions with 

p-arrestin during internalization, whilst class B GPCRs form stable interactions during 

and following their sequestration. The avidity of P-arrestin to the receptor has direct 

effects on receptor recycling rates, as class A GPCRs recycle back to the cell surface 

more efficiently than class B, which is often times sorted to the lysosomal compartment 

for degradation. Of the SSTRs investigated, only rSSTR2 and rSSTR3 were shown to 

form stable interactions with P-arrestin, indicative of a class B-dependent subtype 

[Tulipano et al., 2004]. In a similar vein, we also demonstrate the ability of hSSTR2 to 

sequester in a complex with P-arrestin following its stimulation with agonist (Fig. 4C.4 

and 4C.5). This interaction occurs in a class B-dependent manner, as both the receptor 



194 

and P-arrestin remain associated during prolonged stimulation, similar to its rat 

homologue. Interestingly, p-arrestin does not remain associated with hSSTR2 in cells 

where hSSTR5 is co-expressed. This phenomenon is specific to the selective-activation 

of hSSTR2 and not the co-stimulation of both receptor-subtypes, as is the case when the 

pan-agonist SST-14 is employed (Fig. 4C.4 and 4C.5). Changes in this pattern of P-

arrestin association following heterodimerization directly affects the recycling rates of 

hSSTR2 (Fig. 4C.7), similar to that observed for murine SSTR2 in ectopically and 

endogenously co-expressing cells [Sharif et al., 2007]. 

The effects of hSSTR2/hSSTR5 heterodimerization extend beyond receptor 

recycling to include modifications in cell signalling and cell growth. Firstly, we 

demonstrate a greater efficiency for G-protein coupling, as the SSTR2-selective agonist, 

L-779,976, is 10-fold more potent at inhibiting adenylate cyclase in co-expressing cells 

than in cells expressing hSSTR2 alone (Fig. 4C.8). Secondly, heterodimers enhance and 

prolong the phosphorylation of MAPKs (Fig. 4C.9), a property that appears to be 

correlated with the desensitization/resensitization of hSSTR2, given that the receptor is 

recycled to the cell surface more efficiently (Fig. 4C.7). Thirdly, L-779,976 is more 

potent at inducing the cyclin-dependent kinase inhibitor p27Kipl in cells where both 

hSSTR2 and hSSTR5 are co-expressed (Fig. 4C.11). This property is specific to the 

formation of heterodimers and not the concurrent stimulation of both receptor-subtypes, 

as is the case with SST-14 treatment. Lastly, heterodimerization demonstrates prolonged 

growth inhibitory characteristics (Fig. 4C.13), an important aspect in tumour control. We 

provide a possible mechanism for the lack of tolerance seen with currently available SST-

analogs in patients with GH hyper-secreting pituitary adenomas. Therefore, SST-analogs 

with superior selectivity for SSTR2 could offer greater therapeutic potential. 

Conclusions 

The concept of GPCR dimerization has come from fable to reality. It is known 

that GPCRs can dimerize however, the debate continues on their physiological relevance. 

Notwithstanding, is the controversy surrounding the concept of dynamically regulated 
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GPCR dimers, most notably by ligand binding. There is, however, little dispute over the 

issue of dimerization within the class C subfamily of GPCRs, as they represent a well-

recognized example of constitutive dimers, where both protomers are linked for the most 

part by disulfide bridging between their large amino-terminal extracellular domains, with 

the exception of the G A B A B receptor heterodimer [Bonde et al., 2006; Brauner-Osborne 

et al., 2007]. Nonetheless, the simplest model describing a GPCR signalling unit has 

been proposed and consists of one G-protein heterotrimer per receptor dimer [Baneres 

and Parello, 2003; Filipek et al., 2004; Fotiadis et al., 2004; Galvez et al., 2001; Goudet et 

al., 2005; Hague et al., 2004; Havlickova et al., 2002]. However, dimerization amongst 

the class A/Rhodopsin-like family of GPCRs is variable, as several recent reports have 

questioned their existence, particularly when receptor expression levels are kept to a 

minimum [Bayburt et al., 2007; Chabre and le Maire, 2005; Gripentrog et al., 2003; 

James et al., 2006; Meyer et al., 2006; Patel et al., 2002a; Rasmussen et al., 2007; 

Whorton et al., 2007; Whorton et al., 2008]. A more conservative approach in addressing 

this issue would be, depending on the receptor-subtype or microenvironment involved, 

GPCRs could adopt various states, albeit monomer/homodimer/heterodimer. Hence, it 

can be argued that dimerization is a form of regulation that is important in but not 

essential to receptor function. 

The topic of GPCR heterodimerization holds particular interest in the 

development of novel therapeutics, as heterodimers have demonstrated changes in 

cooperativity and allosterism [Franco et al., 2007; Milligan, 2008; Prinster et al., 2005]. 

Recently, the opioid agonist 6'-guanidinonaltrindole, was shown to be selective for S-/K-

opioid receptor heterodimers, with functional relevance in vivo [Waldhoer et al., 2005]. 

With respect to hSSTRs, we provide evidence on the unique pharmacological 

characteristics of the hSSTRl/hSSTR5 heterodimer, an interaction that is mediated by 

agonist, more specifically, ligand binding of hSSTR5 [Grant et al., 2004b]. Similarly, the 

hSSTR2/hSSTR5 heterodimer is also modulated by agonist, in this case, the selective-

binding of hSSTR2 [Grant et al., in revision]. Like the hSSTRl/hSSTR5 heterodimer, the 

hSSTR2/hSSTR5 heterodimer presented with a pharmacological profile distinct from 

hSSTR2 and hSSTR5. Moreover, the heterodimer altered downstream signalling 
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pathways, leading to an extended growth inhibitory response. We also determined the 

dimerization properties of hSSTR2, a receptor that, unlike the previous hSSTRs 

investigated, forms constitutive dimers that dissociate following agonist binding [Grant et 

al., 2004a]. This unique feature of hSSTR2 is important for receptor trafficking, as 

preventing its dissociation mitigates agonist-mediated internalization. A schematic 

representing the known hSSTR combinations presented here is shown in figure 5.1. 

It is of interest to map out the remaining possible hSSTR dimers, with particular 

emphasis on the formation of heterodimers. Our investigations on the hSSTR2/hSSTR5 

heterodimer have lead to a probable mechanism for the absence of tolerance seen in the 

treatment of GH hyper-secreting adenomas with clinically available SST-analogs. Future 

studies should include the validation of hSSTR dimers in vivo, as a proof-of-concept, a 

possible task given the development of highly specific anti-hSSTR antibodies for use in 

pbFRET microscopy. An understanding on the mechanisms involved in GPCR 

dimerization could offer a rationale approach in the future design of novel therapeutics. 



Figure 5.1 

Schematic depicting the known hSSTR dimer pairs. 
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Ca lc ium-sens ing recep to r (CASR), exp re s sed in parathyroid g land and kidney, is a critical regula tor of 
extracellular ca lc ium homeos t a s i s . This G protein-coupled recep tor ex is t s at the p lasma m e m b r a n e a s a 
homodimer, a l though it is unclear at which point in the biosynthetic pathway dimerization occurs. To a d d r e s s 
th i s i s sue , we h a v e analyzed wild-type and mu tan t CASRs harbor ing R66H, R66C or N583X-inactivating 
muta t ions identif ied in familial hypocalciuric hyperca lcemia /neonata l s eve re hyperparathyroid pa t ien ts , 
which were transiently expressed in kidney cells . All mutants were deficient in cell signaling r e s p o n s e s to 
extracel lular CASR l igands relative to wild-type. All mutants , a l t hough a s well e x p r e s s e d a s wild-type, 
lacked m a t u r e g lycosyla t ion , indicating impai red trafficking f rom t h e e n d o p l a s m i c re t iculum (ER). 
Dimerized f o r m s of wild-type, R66H and R66C mutan t s were present , but not of the N583X mutant. By immu-
n o f l u o r e s c e n c e con foca l microscopy of non-permeabi l ized cells , a l though cell s u r f a c e exp re s s ion w a s 
observed for t he wild-type, little or none was s e e n for the mutants. In permeabilized cells, perinuclear stain-
ing was observed for both wild-type and mutan ts . By colocalization f luorescence confocal microscopy, the 
mutant CASRs were localized within the ER but not within the Golgi appara tus . By the u s e of photobleaching 
f luorescence r e s o n a n c e energy transfer microscopy, it was demonst ra ted that the wild-type, R66H and R66C 
mutants were dimerized in the ER, whereas the N583X mutant was not . Hence, constitutive CASR dimeriza-
tion occurs in the ER and is likely to be necessary , but is not sufficient, for exit of the receptor from the ER 
and trafficking to the cell surface. 

INTRODUCTION 

Calcium-sensing receptor (CASR) is a plasma membrane G 
protein-coupled receptor (GPCR) that plays a central role in 
regulating extracellular calcium ion concentrations. The 
CASR is expressed abundantly in the tissues and cells 
involved in calcium homeostasis, such as the parathyroid 

glands and in the cells lining the kidney tubule (1). This recep-
tor is responsive to small changes in the circulating calcium 
concentration, and once activated, it inhibits parathyroid 
hormone (PTH) secretion and renal tubule calcium 
reabsorption. 

The key role of this receptor as a 'calciostat' has been 
emphasized, by the identification of naturally occurring 
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inactivating or activating mutations in the CASR gene causing 
hypercalcemic or hypocalcemic disorders, respectively (2-4) . 
Familial (benign) hypocalciuric hypercalcemia (FHH) is 
caused by heterozygous loss-of-function mutations, an asymp-
tomatic condition in most cases (5,6). However, the homozy-
gous form of such mutations causes neonatal severe 
hyperparathyroidism (NSHPT), a rare disorder characterized 
by extreme hypercalcemia and the bony changes of hyperpar-
athyroidism which occur within the first 6 months of life (7). 
So far, over 70 naturally occurring loss-of-function mutations 
have been reported (see the online database at http://www. 
casidb.mcgill.ca) (8). Identification and analysis of these 
mutations has helped to better understand the structure and 
function of the receptor. 

It has been known for some time that growth factor receptors 
of the tyrosine kinase type undergo ligand-induced dimerization 
at the cell surface. More recently, it has been appreciated that 
several GPCRs dimerize and it has been demonstrated 
that the CASR exists as a homodimer on the cell surface and 
that this is not ligand-induced (9). However, it is not clear 
where precisely dimerization of this receptor occurs. 

In the present study, we describe the identification of novel 
mutations in the CASR in individuals with FHH or NSHPT. 
These two mutants (in addition to a previously described 
mutant) were analyzed with respect to cellular and plasma 
membrane expression, cell signaling, colocalization with 
endoplasmic reticulum (ER) and Golgi markers and dimeriza-
tion status as assessed by photobleaching fluorescence reson-
ance energy transfer (pbFRET). In this way, we showed that 
dimers of the CASR are already present in the ER and impli-
cate dimerization as an important early event in the life history 
of this GPCR. 

RESULTS 
Case 1 

This family ( Fig. I) came to attention when the first child, a boy 
(VI-1), of related parents was admitted at 3 months of age with 
complaints of dyspnea, hypotonia, constipation, vomiting and 
failure to thrive. He was hypercalcemic (Table I). This 
patient had hyperparathyroid bone disease and underwent 
total parathyroidectomy. He died from respiratory failure a 
month later, despite being normocalcemic. The second child 
(VI-2), a girl, was born a year later. She was admitted at 2.5 
months of age and immediately underwent total parathyroidect-
omy and heterotopic autotransplantation. She had medical treat-
ment for hypocalcemia and later hypercalcemia and became 
normocalcemic 4 months later. The parents (V-2 and V-6) are 
mildly hypercalcemic (Table 1) with low urinary calcium/creat-
inine clearance ratios (data not shown). 

Case 2 

An individual who was diagnosed with FHH on the basis of 
modest hypercalcemia, inappropriately normal serum PTH 
levels and a low urinary calcium to creatinine clearance ratio. 

Case 3 

The proband of this family was diagnosed with NSHPT at 
birth (10). Before parathyroidectomy, his serum calcium 

level was 19mg/dl and PTH concentration was >800pg/ml 
(normal range 10-65). He is homozygous, and his parents 
heterozygous, for an R66C mutation in the CASR (11). 

Identification of CASR mutations 

Case I. Direct sequence analysis of PCR-amplified CASR 
exons identified a homozygous mutation TR66H, CGT-CAT) 
encoded by exon 3 of the gene in the proband (VI-1) of the 
family. The sister (VI-2) was homozygous and both parents 
(V-2 and V-6) were heterozygous for the mutation that intro-
duced an Afcol enzyme restriction site, not present in wild-type 
DNA. which was useful for mutation confirmation in the 
proband and analysis of family members. This change was 
not found in 100 CASR gene alleles from 50 unrelated 
normal individuals. 

Case 2. Direct sequence analysis of PCR-amplified CASR 
exons in the FHH patient identified a heterozygous mutation 
in exon 7 such that an additional 'T ' was inserted between 
codons 582 and 583, causing a frame shift and introduction 
of a stop codon at position 583 (N583X). This change was 
not found in 100 CASR gene alleles from 50 unrelated 
normal individuals. 

Transfected R66H and 1V583X mutants demonstrate 
impaired cell signaling in response to extracellular 
increases in CASR agonists in HEK293 cells 

The ability of the mutant receptors to respond to extracellular 
increases in CASR ligands relative to wild-type receptor was 
assessed in different systems. To test mitogen-activated 
protein kinase (MAPK) activity, two different assays were 
used. In a trans-reporting system that measures the activity 
of Elk-1, a transcription factor targeted by MAPK pathways, 
the wild-type CASR, when transiently expressed in HEK293 
cells, exhibited a half-maximal response (EC50) of 
3.9 + 0.15 mM (mean + SE) (Fig. 2A) to increasing calcium 
concentrations. In contrast, both the R66H and N583X 
mutants were unresponsive and the R66C mutant was poorly 
responsive even to very high calcium levels (Fig. 2A). 

Also, changes in the activation status of endogenous extra-
cellular kinases 1 and 2 (ERK 1/2) in response to increasing 
extracellular calcium concentrations in HEK293 cells that 
had been transfected with the CASR cDNAs were assessed 
by a western blot assay of the phosphorylated and total ERK 
1/2. This indicated that for the wild-type CASR, increasing 
the extracellular calcium concentration stimulated phosphoryl-
ation of ERK 1/2 with no change in total ERK 1/2 and tubulin. 
However, little or no activation of ERK 1/2 was found for the 
R66C, R66H or N583X mutants (data not shown). 

In addition, increases in intracellular calcium transients in 
response to changes in the extracellular concentration of the 
CASR ligand, gadolinium (Gd3+), were monitored in 
HEK293 cells stably expressing apoaequorin that were then 
charged with coelenterazine to form holoaequorin. In cells 
transiently expressing the wild-type receptor, increases in 
luminescence occurred with increasing extracellular Gd 3 + 

concentrations (EC50, 70 + 3.0 (JLM; mean ± SE). However, 
the R66H and N583X mutants were completely unresponsive 
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Figure 1. Pedigree of family 1 with FHH/NSHPT. Clinical status is indicated by open symbols (unaffected or status not known), hatched symbols (FHH) and 
solid symbols (NSHPT). Further clinical details are given in Table 1. Dotted symbols indicate neonatal death (with unknown serum calcium level). The proband 
is indicated by the arrow. 

Tab le 1. Biochemical characteristics of FHH/NSHPT family 1 members 

Pedigree 
number 

Serum total calcium 
(8.8-10.4 mg/dlf 

Serum phosphate 
(3.72-5.36 mg/dl) 

Serum magnesium 
(1 .46-2 .4 mg/dl) 

Serum PTH 
(10 -62 pg/ml) 

Serum alkaline phosphatase 
( 3 0 - 1 3 0 U/l) 

IV-9 10.6 NDb ND ND 73 
IV-17 10.4 ND N D ND 94 
V-l 11.0 2.1 ND ND ND 
V-2 11.3 3.0 2.48 36.8 ND 
V-3 10.9 1.9 ND 21.2 ND 
V-6 11.2 3.4 2.42 26.3 ND 
V-7 10.8 ND ND ND 80 
V-8 9.8 ND ND ND 64 
VI-1 26.5 1.8 ND 64.1 1023 
Vl-2 22.5 2.0 ND >2500 1399 

a Norma l ranges are in parentheses. 
b Not done. 

and the R66C mutant had much reduced responsiveness to 
Gd 3 + (Fig. 2B). 

Transfected R66H and N583X mutants demonstrate 
little cell-surface expression in HEK293 cells 

To examine whether the mutant CASRs were expressed on 
the cell surface, fluorescence immunocytochemistry was 

performed on HEK293 cells transiently transfected with 
c-Myc-tagged wild-type and mutant CASR cDNAs and then 
permeabilized or not. Cells mock-transfected or transfected 
with empty vector or untagged CASR cDNA showed no 
specific staining with the c-Myc antibody (data not shown). 
Strong cell-surface staining was present in non-permeabilized 
HEK293 cells transfected with the epitope-tagged wild-type 
receptor (Fig. 3A). Permeabilization of such cells revealed 
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F igu re 2. (A) Extracellular Ca 2 + - evoked increases in MAPK. activity in 
HEK.293 cells transiently transfected with either wild-type (WT) or mutant 
(R66C, R66H or N583X) CASR cDNA and a MAPK trans-reporting 
system. Values shown are the mean ± SE of tour estimations. (B) Extracel-
lular Gd 1 ' - evoked increases in intracellular C a 2 + in HEK.293 cells (stably 
expressing apoaequorin) that were transiently transfected with either wild-type 
(WT) or mutant (R66C, R66H or N583X) CASR cDNA and the day a f te r 
charged with coelenterazine-cp to generate holoaequorin. Luminescence 
values shown are the mean ± SE of eight estimations. 

farther intracellular perinuclear staining associated with the 
ER and Golgi apparatus (Fig. 3B). In contrast, non-
permeabilized cells that had been transfected with mutant 
CASR cDNAs demonstrated either no (R66H, N583X) or 
very little (R66C) cell-surface staining, respectively (Fig. 3A). 
However, permeabilized cells transfected with these mutants 
demonstrated intracellular perinuclear staining similar in 
amount to cells transfected with the wild-type (Fig. 3B). The 
HEK293 cell transfection and fluorescence immunocytochem-
istry analysis showed that although all the CASR mutants 
were deficient with respect to cell surface expression, they 
were present intracellularly. 

CASR mutants are found in the ER but not 
in the Golgi apparatus 

To identity where the CASR mutants are present intracellu-
larly, colocalization studies were carried out with specific 
markers for the ER (anti-calnexin antibody) or the Golgi 
apparatus (wheat genii agglutinin conjugated to fluorescein) 
and the CASR (anti-c-Myc antibody conjugated to Cy3) in 
HEK293 cells transiently transfected with either wild-type 

Non-permeabilized Parmeabiiized 
Figu re 3. Plasma membrane and intracellular expression of wild-type and 
mutant CASRs in transfected HEK293 cells. Fluorescence immunocytochem-
istry and confocal microscopy were performed on HEK293 cells transiently 
transfected with wild-type (WT) or mutant (R66H, R66C, N583X) 
c-Myc-tagged CASR c D N A . lmmunostaining was done with c-Myc mono-
clonal antibody 9EI0 , and detection was made with goat anti-mouse F1TC-
conjugaicd secondary antibody. Examples of fields o; non-penneabi l i /ed 
(A) and permeabilized ( B ) cells are shown. 

CASR or one of the mutant CASR cDNAs. In the cells 
expressing the wild-type CASR, localization of the CASR to 
both organelles was demonstrated (Fig. 4A); however, the 
CASR mutant, R66H, although being present in the ER was 
not found in the Golgi apparatus (Fig. 4B). A similar obser-
vation was made for the other CASR mutant, R66C (data 
not shown). 

Transfected R66H and R66C mutants demonstrate 
no or little of the mature (160 kDa) glycosylated form 
although dimerization is unimpaired 

To examine whether the mutant CASRs are expressed nor-
mally and exhibit similar molecular species as wild-type 
CASR, western blot analysis of extracts of HEK293 cells tran-
siently transfected with either the c-Myc-tagged wild-type 
(positive control) or mutant CASR cDNAs or empty vector 
(negative control) was carried out. The CASR molecular 
species were revealed on immunoblots with an antibody 
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FagMre CASR and ER and Golgi apparatus colocalization. Fluorescence 
immunocytochemistry and confocal microscopy were performed on 
HEK293 cells transiently transfected with (A) wild-type (WT) or (IB) R66H 
mutant c-Myc-tagged CASR eDNA. Representative tields are shown tor 
cells incubated with (left panels) anti-calnexin antibody followed by 
FITC-!abeled IgG for ER staining (green) or wheat germ agglutinin conjugated 
to fluorescein for Gulgi apparatus staining (green). Middle panels: 
c-Myc-Cy3-conjugated monoclonal antibody was added to visualize the 
CASR (red). Merging of the right and middle panels is shown in the right 
panels (yellow indicates colocalization). 

against the c-Myc epitope tag. Under the particular western 
blotting conditions used, the wild-type CASR exists in both 
eiononieric and dimeric forms: the monomelic non-
glycosylated species is 120 kDa (but is not present in sufficient 
amount to be revealed on the immunoblot), the core glycosy-
lated (immature) species is 140 kDa and the mature, fully 
glycosylated species, is 160 kDa (Fig. 5A). Immature glycosy-
lation occurs early in the ER, whereas mature glycosylation 
occurs only later after trafficking to the Golgi apparatus. 
Dimeric (or oligomeric) forms of the receptor migrate at a 
size of > 2 8 0 kDa on the immunoblot (Fig. 5A). Both mono-
meric and dimeric species were present in the R66H and 
R66C mutant-transfected cells; however, virtually none or 
little of the 160 kDa species was evident for the R66H or 
R66C mutants, respectively (Fig. 5A). For the N583X 
mutant, a single monomeric species of —75 kDa was observed 
with no dimers present (Fig. 5A). The --75 kDa species was 
reduced to •> 65 kDa by endoglycosidase H (Endo H) treat-
ment revealing it to represent an immature core-glycosylated 
form (data not shown). Under these conditions, no mature 

IFigyme 5. (A) Expression levels of wild-type and mutant CASRs in HEK293 
cells. Western blot analysis was performed on extracts of HEEC293 cells either 
empty-vector transfected (vector) or transiently transfected with wild-type 
(WT) or mutant (R66H, R66C, N583X) c-Myc-tagged CASR cDNA. CASR 
proteins were stained with c-Myc monoclonal antibody 9E10 and endogenous 
proteins (for loading control) were stained with (J-tubulin antibody. (B) 
WE1C293 cells stably expressing c-Myc-tagged wild-type CASR were subj-
ected to cell-surface biotin labeling followed by immunoprecipitation and 
western blotting with the c-Myc monoclonal antibody and {3-tubulin antibody. 

glycosylated species was detected indicating that, if occurring, 
appropriate trafficking of any N583X mutant protein to the cis-
Golgi and release inlo the medium was only taking place at an 
extremely low level. Consistent with this hypothesis, although 
western blot analysis of conditioned medium of 
N583X-transfected cells did identify a single —85 kDa Endo 
H-resistant species (therefore representing a mature glycosy-
lated form), it was present in an amount some 200-fold less 
than a control of exogenously expressed progranulin repre-
senting a known constitutively secreted glycoprotein of 
similar size to the CASR N583X mutant (data not shown). 
Hence, the N583X protein appearing in the medium likely rep-
resented a very minor fraction of the total that had escaped the 
quality control mechanisms that retained the vast majority of 
the N583X mutant within the cell. By biotin cell surface label-
ing of HEK293 cells stably expressing the wild-type CASR, 
followed by immunoprecipitation and western blotting, 
CASR dimers (oligomers) were identified as" the molecular 
species present on the cell surface (Fig. 5B). 

To further characterize the dimerization status of the wild-
type and mutant CASRs, pbFRET microscopy was used. 
The FRET technique is a spectroscopic method for monitor-
ing the energy transfer from an excited molecule (the donor) 
to another molecule (the acceptor) and it occurs when the 
absorption spectrum of the acceptor overlaps with the emis-
sion spectrum of the donor. When used for measuring 
GPCR protein-protein interactions, the technique can dis-
criminate between receptors localized intracellular^ as 
opposed to those that are cell-surface associated. The com-
petitive nature of FRET and photobleaching (irreversible 
loss of a Huorophore's capacity to fluoresce) allows indirect 
measurement of FRET via its effect on donor photobleaching. 
In HEK293 cells transfected with the c-Myc-tagged CASR 
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Figure 6. Confocal microscope images and representative histogram time 
constant plots from pbFRET microscopy of HEK293 cells transiently expres-
sing the c-Myc-tagged CASR R66H mutant. (A) Cells were incubated with 
primary anti-c-Myc mouse monoclonal antibody followed by (i) secondary 
anti-mouse fluorescein-conjuyaicd antibody shown in green or hit anti-mouse 
Cy3-conjugated antibody shown in red and (iii) colocalization of the two 
images shown in yellow. (B> Pliombieaching of fluorescein (donorl in ihe 
absence of Cy3 (acceptor). Top: cells were treated with the appropriate anti-
bodies. lixed and followed by donor photobleaching with 4XS nm tight, A 
sequence of 20 timed images was captured (one image every 4 s with 
exposure time of 3 s), and a subset is shown. Bottom: the time constants 
displayed in the histogram bar plot were calculated on the basis of a 
pixel-by-pixel analysis of a selected intracellular area. The mean time 
constant of 16.8 s is shown as a black bar calculated by averaging the time 
constants from a Gaussian distribution. (C) As in (B), but with photobleach-
ing of fluorescein (donori in rhe presence o f C y } (acceptor). Top: there is an 
obvious visual delay in photobleaching of the donor in the presence of the 
acceptor. Bottom: the histogram time constant bar plot displays the increased 
mean time constant (21.6 s). 

R66H mutant, the staining patterns obtained with anti-c-Myc 
antibodies conjugated to either donor (FITC) or acceptor 
(Cy3) fluorophores colocalized in intracellular compartments 
(Fig. 6A). The photobleaching decay and the associated time 
constants of the donor molecule were calculated from 

30-, 

WT (NPj WT(P) R66H (P) R66C (P) N583X (P) 

Figure 7. Effective FRET efficiencies were determined as described in the 
legend to Fig. 6 and in Materials and Methods in HEK293 cells transiently 
transfected with wild-type CASR (wt) or CASR mutants (R66H, R66C, 
N583X) and permeabilized (P) or not (NP). 

experiments in the absence and presence of the acceptor mol-
ecule, respectively (Fig. 6B and C). Any retardation in photo-
bleaching on exposure to light indicates that the acceptor 
molecules arc in sufficient proximity to donor molecules to 
act as acceptors for energy transfer. Given that the two fluor-
ophores are associated with different receptor molecules, 
receptor association is indicated. A decrease in photobleach-
ing decay rate was observed in the presence of the acceptor 
molecule (Fig. 6C), showing that the donor and acceptor 
molecules were within 100 A of each other, indicative of 
protein-protein interaction. Similar experiments were con-
ducted with HEK293 cells transfected with either wild-type 
CASR or the R66C and N583X mutants. The time constants 
for each condition were averaged over many cells and con-
verted into FRET efficiencies (Fig. 7). Both cell-surtace 
and intracellular wild-type CASR and intracellular CASR 
R66H and R66C mutants exhibited relatively high FRET effi-
ciencies ( ' 17- 20%), an indication that these receptors all 
exist as dimers. The exception was the CASR truncation 
mutant N583X, with a relatively low FRET efficiency 
(~3%) , inconsistent with this receptor molecule existing in 
a dimeric form. 

DISCUSSION 
The fact of dimerization of GPCRs has only been appreciated 
relatively recently, and the mechanisms underlying the process 
of dimerization and its underlying functional significance are 
still being worked out for the different subgroups within the 
GPCR superfamily. GPCR dimerization could potentially 
aflect trafficking to the plasma membrane, ligand binding, 
activation, signaling and desensitization and internalization. 
Some GPCRs dimerize only on the cell surface upon ligand 
activation, whereas others dimerize intracellular^ prior to 
reaching the cell surface. Agonist-induced oligomerization 
has been shown for receptors such as those for somatostatin 
(12,13), thyrotropin-releasing hormone and gonadotropin-
releasing hormone (14). For the CASR, evidence has been pre-
sented that it is present as a dimer on the cell surface, but that 
the calcium ligand does not affect the dimerization status (9). 

In ihe presenl studv, we identified two novel inactivating 
CASR mutations R66H and N583X in FHH and/or NSHPT 
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patients. CASR mutants harboring these mutations along with 
another one representing the previously identified R66C 
mutation were characterized functionally and compared with 
the wild-type CASR in a number of ways. The CASR can 
couple to different types of G protein and activate multiple 
signaling pathways. Coupling to the pertussis, toxin-
insensitive Gq/n stimulates phospholipase C-mediated inositol 
trisphosphate (IP3) formation with intracellular Ca 2 + mobiliz-
ation and PKC activation, which contributes to stimulation of 
the MAPK cascade (15). Some evidence has been presented 
that activation of the MAPK pathway is relevant to the 
control of parathyroid secretory function by the CASR 
(16,17). In the present study, changes in intracellular Ca 2 + 

(using an aequorin assay) and MAPK activation (both exogen-
ous and endogenous) were measured in response to increases 
in the CASR agonists G d 3 + or Ca 2 + . All three CASR 
mutants were defective with respect to cell signaling when 
compared with the wild-type. The complete lack of activity 
would be expected in the case of the N583X truncation 
mutant. The absent or markedly reduced activity of the 
R66H and R66C mutants, respectively, is consistent with 
the fluorescence immunocytochemical analysis of non-
permeabilized cells that showed no or little cell-surface stain-
ing for all the mutants compared with the wild-type CASR. 

However, the immunocytochemistry confocal microscopy 
of permeabilized cells did show that all three mutants were 
well expressed intracellularly similar to the wild-type. There-
fore, these particular mutants belong to a class of CASR 
mutants that are retained within the cell and are unable to 
traffic normally to the cell surface. Previously, we had 
shown that other inactivating mutations, G549R and 
C850_851 ins/fs, were only present intracellularly and not at 
the cell surface (18). 

The CASR undergoes core (immature) N-linked glycosyla-
tion in the ER. Once properly folded, the core-glycosylated 
receptor transits to the Golgi apparatus where it undergoes 
mature glycosylation and is then expressed at the cell 
surface. The N-glycosylation with complex carbohydrates is 
important for cell-surface expression of the CASR but is not 
critical for signal transduction (19). Enzymatic deglycosylation 
experiments on extracts of HEK293 cells transfected with wild-
type or mutant CASRs have defined the molecular species 
observed by immunoblotting analysis (18,20). The 160 kDa 
species is the fully glycosylated (mature) form, whereas the 
140 kDa species is the immature core-glycosylated form. 
From the immunoblot analyses of the present studies, it is 
clear that the N583X truncation mutant does not achieve 
mature glycosylation essentially at all and that the R66H and 
R66C mutants undergo either no or little mature glycosylation, 
respectively. This is consistent with the results of the fluor-
escence immunocytochemistry and indicate that the mutants 
were all defective in trafficking to the plasma membrane. 

Colocalization experiments were performed with the wild-
type CASR and the mutants with markers specific for the 
ER and Golgi apparatus. Although the wild-type CASR was 
clearly localized to both organelles, none of the mutants was 
found in the Golgi, but only in the ER, indicating an impair-
ment in their cellular trafficking. 

Many studies have documented, by immunoblot analysis of 
parathyroid or kidney tissues or HEK293 cells transfected with 

the wild-type CASR cDNA, molecular species of > 2 8 0 kDa. 
These represent dimers (or higher order oligomers) that are 
resistant to complete denaturation under the conventional 
SDS-PAGE conditions used. The CASR dimerizes through 
multiple types of intermolecular interactions including 
disulfide linkages involving CI29 and C131 (21,22) and non-
covalent interactions between LI 12 and LI56 on each 
protomer, all within the extracellular domains (23). Mutation 
of some but not all of these interacting sites does not disrupt 
dimer formation but may lead in some cases to enhanced cell-
signaling activity (23). In the present study, by immunoblot 
analysis of extracts of HEK293 cells transfected with the 
N583X truncation mutant cDNA, no dimeric form of the 
receptor was evident, only a monomeric species of 
—75 kDa. This would be consistent with the view that, in 
addition to the interactions between the dimer interface in 
the extracellular domains (— 600 amino acids) of the two pro-
tomers, non-covalent interactions involving other parts of the 
molecule are likely to be important (24,25). In contrast, the 
R66H and R66C mutants, although having almost no mature 
monomeric forms, had significant amounts of SDS-resistant 
dimeric forms similar to wild-type. By biotin cell-surface 
labeling of HEK293 cells that stably express the c-Myc-tagged 
CASR followed by immunoprecipitation with c-Myc antibody 
and immunoblot with streptavidin, it was confirmed that the 
CASR is present predominantly at the cell surface as a dimer. 

With the naturally occurring CASR mutants that are 
retained intracellularly, two of which (R66H and R66C) that 
could dimerize and one (N583X) that could not, the issue of 
intracellular dimerization of the CASR was explored further 
by using the biophysical pbFRET method. In this context, 
the N583X mutant is valuable as a negative control. The 
FRET efficiency (E) depends on the distance between and 
the orientation of the chromophores, with enhanced resolution 
up to 100 A. Hence, E is related to the level of dimerization. A 
two-state model is assumed in which receptors exist in one of 
two populations in either a monomeric or a dimeric state. 
FRET occurs only in a receptor dimer composed of one 
donor and one acceptor-labeled receptor. When donor and 
acceptor molecules are close enough, the acceptor fluorophore 
offers an alternate route for the deactivation of the energeti-
cally excited state of the fluorophore, which leads to slower 
photobleaching. an intrinsic property ol' a fluorophore charac-
terized by the fading of the fluorescent signal when continu-
ously exposed to excitation light of the donor molecule (13). 

In the present study, a c-Myc epitope-tagged CASR was 
used. Only one monoclonal anti-Myc monoclonal antibody 
molecule can be bound per receptor molecule. If when recep-
tors are incubated with both FITC- and Cy3-conjugated mono-
clonal antibodies, donor and acceptor, respectively, and a 
slower rate of photobleaching is observed in comparison to 
when only the donor FfTC-conjugated antibody is used, then 
dimerization is indicated. The present experiments demon-
strated that R66H and R66C mutants present in the ER, 
exist, like wild-type CASR, as dimers. 

Dimers of the CASR have been identified in detergent 
extracts of rat kidney medulla (26), and the use of the 
bioluminescence resonance energy transfer technique in cells 
expressing GFP-tagged CASR has indicated the presence of 
dimers (27). In the present study, we provide firm evidence 
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of constitutive dimerization of the CASR in the ER. In addition, 
the finding of dimerization of mutant CASRs that are retained 
in this organelle suggests that although dimerization of the 
CASR may be necessary, il is not sufficient Cor the exit of the 
receptor from the ER and trafficking to the cell surface. 

MATERIALS AND METHODS 
Subjects 

All subjects gave informed consent for the study that was 
approved by the respective institutional Ethics Committees. 

Reagents 

The c-Myc 9E10 mouse monoclonal antibody was from Santa 
Cruz Biotechnologies, the calnexin antibody (28) was kindly 
provided by Dr Eric Chevet (McGill University), the wheat 
germ agglutinin conjugated to fluorescein was as described 
(29), PhosphoPlus p44/42 MAP Kinase (Thr202/Tyr204) anti-
body kits were from Cell Signaling Technology, Beverly, MA, 
USA, the HA-tagged progranulin expression vector was kindly 
provided by David Baranowski and Dr Hugh P.J. Bennett 
(McGill University) and the pGL3 promoter plasmid was 
from Promega. 

Sequence analysis of the CASR gene 

Leukocyte DNA was isolated using standard methods. Exons 
2 - 7 of the CASR gene were amplified as described (181. 
Gel purified PCR products were directly sequenced. 

Site-directed mutagenesis 

The Quick Change Site-Directed Mutagenesis kit (Stratagene, 
La Jolla, CA, USA) was used. For each mutation, the primers 
were complementary with the mutant sequence placed in the 
middle. The primers were annealed to the template 
(c-Myc-tagged human CASR cDNA in pcDNA3.1), and 12 
rounds of extension were performed with Pfu Turbo DNA 
polymerase, followed by digestion of the template with Dpn\ 
enzyme. The reaction was used to transform an Escherichia 
coli strain (XLI-Blue) that can incorporate nicked DNA and 
repair it, and colonies were screened by restriction enzyme 
digestion for the presence of the mutation. The correctness 
of all constructs was confirmed by sequencing. 

Transient transfection of human CASR cDNA 

Human embryonic kidney (HEK293) cells (provided by NPS 
Pharmaceuticals Inc., Salt Lake City, UT, USA) were cultured 
in 100 mM plates and transfected with human CASR cDNA 
(8 |xg) using PolyFect transfection reagent. Forty-eight hours 
after transfection, cells were harvested for total celluiar 
protein extraction and western blot analysis of total cell 
extracts was performed with the c-Myc 9E10 monoclonal anti-
body (18). All experiments were repeated at least three times 
and membranes were stripped and re-probed with |3-tubulin 
mouse monoclonal antibody as a loading control. 

Stable HEK293 cell lines expressing cDNA for wild-type 
CASR, empty vector and/or apoaequorin 

HEK293 cells (that do not express CASR) were cultured in 
DMEM growth medium containing 10% fetal bovine serum. 
Cells were transfected with plasmid pcAEQ (30) that has the 
apoaequorin gene inserted in pcDNA3.1 (kindly provided by 
Drs A.D. Conigrave and A.H. Franks, University of Sydney, 
Australia), wild-type CASR or empty vector pcDNA3.1. 
Seventy-two hours after transfection, a medium containing 
500 p.g/ml of G418 was used to select only plasmid expressing 
cells. Non-transfected cells were used as a control. The selec-
tion medium was changed every 3 days and resistant colonies 
were maintained for 2 weeks. Several G418-resistant well-
isolated colonies were selected for each cell line. The 
expression of apoaequorin, CASR and GAPDH was assessed 
by RT-PCR, in the case of the CASR, using primers 
located in different exons (4 and 6), and western blot analysis 
(data not shown). Mock-transfected or empty vector-
transfected HEK293 cells were used as a control. 

Cytoplasmic-free Ca 2 + changes measured 
by aequorin luminescence assay 

FIEK-293 cells stably expressing aequorin were transiently 
transfected with wild-type or mutant CASR cDNA and 
pGL3 promoter plasmid and aliquoted into 96-well plates 
24 h later. The next day, cells were rinsed once and charged 
for 1 h at 37°C in a buffer [20 mM HEPES, pH 7.4, 125 mM 
NaCI, 4 mM KC1, 1.25 mM CaCl2, 1 mM MgSO„, 1 mM 
NaH2P04 , 0.1% bovine serum albumin (BSA), 0.1% dextrose] 
containing 5 p.M coelenterazine (cp form, Molecular Probes, 
Inc., Eugene, OR, USA) to form holoaequorin (30). The char-
ging solution was then replaced with solution containing a low 
calcium concentration (20 mM HEPES, pH 7.4, 125 mM NaCI, 
4 mM KCI, 0.5 mM CaCl2, 0.5 mM MgCl2, 0.1% dextrose, 
0.1% BSA). Transfected cells were exposed to increasing 
Gd 3 + concentrations (25—400 (JLM) and luminescence measure-
ments were made (Fluostar Optima; BMG Labtech). Light 
emission was recorded at 0.5 s intervals for 30 s. The 
maximum response (for either wild-type or mutant CASR 
cDNA) was normalized to that with the empty vector 
pcDNA3.1. All the experiments were done with eight repli-
cates per sample and repeated three times. Normalization for 
transfection efficiency was made to luciferase activity 
(pGL3) assay. 

MAPK assays 

MAPK activity induced by activation of the CASR was 
assessed in two ways. Amounts of endogenous phosphorylated 
extracellular signal-regulated kinases 1 and 2 (ERK 1/2) were 
assessed as described (31). In brief, HEK293 cells were tran-
siently transfected with wild-type or mutant CASR cDNAs in 
six well plates. Forty-eight hours later, cells were serum-
starved for 18 h and the medium was renewed for 2 h before 
cells were treated with various CaCl2 concentrations 
(0.5-10 mM) for 5 min. Cells were lysed with a buffer con-
taining sodium ortho-vanadate and complete protease inhibitor 
tablets. Whole cell extract proteins were separated by 10% 
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SDS-PAGE and phosphorylated and total ERK 1/2 were 
detected using the PhosphoPlus p44/42 MAP Kinase 
(Thr202/Tyr204) antibody Kit (Cell Signaling Technology) 
according to manufacturer's instructions. 

Exogenous MAPK activity was assessed as described (32). 
In brief, a trans-reporting system (Stratagene) was used to 
measure the activity of Elk-1, an ETS domain transcription 
factor targeted by MAPK pathways. HEK293 cells were tran-
siently cotransfected with vectors expressing wild-type 
(0.5 p,g) or mutant receptor (0.5 p,g) plus Elk-1 reporter con-
structs. The next day, cells were serum starved in DMEM 
containing 0.5 mM CaClj for 8 h and cultured in various con-
centrations of CaCl2 ranging from 0.25-15 MM for 16 h. The 
cells were washed in phosphate-buffered saline (PBS) and 
lysed on ice. Luciferase activity was measured using 45 JJLI 
cell lysate and D-luciferin using a Fluostar Optima. Luciferase 
activity was normalized to p-galactosidase activity. 

Fluorescence immunocytochemistry and confocal 
microscopy 

HEK293 cells were transiently transfected with either 
c-Myc-tagged wild-type or mutant CASR cDNA as described 
(33). Forty-eight hours after transfection, the PBS-washed 
cells were fixed in 4% paraformaldehyde. Cells were permea-
bilized with 0.1% Triton X-100 in PBS for 15 min if required. 
Washed cells were incubated in 5% goat serum for 1 h and 
then at 4 C overnight with 9E10 c-Myc monoclonal antibody 
at a 1:250 dilution. Washed cells were incubated for 1 h 
with a goat anti-mouse FITC-conjugated antibody (Molecular 
Probes, Inc.). Slides were mounted with mount medium and 
dried overnight at room temperature. Confocal images of 
labeled cells were acquired with a Zeiss LSM 510 META 
laser-scanning microscope (Carl Zeiss, Jena, Germany) using 
a 60 x oil immersion lens. FITC fluorescence was visualized 
using a singletrack mode with laser excitation (488 nm) and 
emission (LP 505) filter sets. 

For the ER and Golgi colocalization studies, the protocol 
was similar to that described above except, after permeabili-
zation, cells were washed and incubated in 10% goat serum 
for I h and then, incubated either with affinity-purified 
anti-calnexin antibody (aC4) (28), followed by FITC-labeled 
donkey anti-rabbit IgG for ER staining, or with wheat germ 
agglutinin conjugated to fluorescein for Golgi apparatus 
staining (29). In both cases, c-Myc-Cy3-conjugated mono-
clonal antibody was added to visualize the CASR. For ER 
staining, cells were washed and then incubated with second-
ary antibody for 1 h and mounted and visualized by confocal 
microscopy. 

Biotinylation of cell surface CASR and 
immunoprecipitation 

HEK293 cells stably transfected with either the c-Myc-tagged 
wild-type CASR construct or the empty vector were treated as 
described (34). Cell-surface proteins of the intact cells were 
labeled with membrane-impermeant Biotin-7-NHS using a 
Cellular Labeling Kit (Roche Molecular Biochemicals). Cells 
were washed once with PBS and treated with 50 jig/ml 
Biotin-7-NHS in biotinylation buffer for 15 min at room 

temperature. Reactions were stopped by adding 50 MM NH4C1 
and incubating on ice. The cells were washed twice with PBS 
and solubilized with 1 ml of lysis buffer per well containing 
50 mM iodoacetamide and protease inhibitor mixture. 

For immunoprecipitation, total protein of the whole cell 
lysate was incubated with a protein A-agarose suspension 
for 3 h at 4°C. Beads were pelleted by gravity centrifiigation 
and supernatants were transferred to fresh tubes. After 
adding c :Myc 9E10 monoclonal antibody, the mixtures were 
incubated for 1 hour at 4DC. Protein A-agarose was added 
and incubation continued overnight at 4°C. Complexes were 
centrifuged and supernatants removed. The beads were 
washed three times and gel-loading buffer was added and pro-
teins denatured at 100°C for 3 min. After centrifiigation, ali-
quots of the supernatants were analyzed by electrophoresis 
through SDS 4 - 1 2 % gradient gels. Gels were blotted onto 
PVDF membranes, incubated with blocking buffer to 
prevent non-specific binding of conjugate or substrate. The 
biotin-labeled proteins were reacted with a streptavidin-POD 
enzyme conjugate and visualized with a western blotting 
chemiluminescent reagent. 

Immunocytochemistry and pbFRET microscopy 

For pbFRET microscopy, HEK293 cells were transiently trans-
fected with either c-Myc-tagged wild-type or mutant CASR 
cDNAs. Forty-eight hours later, cells were fixed with 4% paraf-
ormaldehyde in PBS on ice for 20 min. Cells were permeabi-
lized with 0.2% Triton X-100 for intracellular localization of 
the receptors. Immunocytochemistry was performed with 
monoclonal anti-c-Myc antibody conjugated to either FITC or 
Cy3 corresponding to donor or acceptor, respectively, before 
being subjected to pbFRET analysis (12,35). The effective 
FRET efficiencies (E) were calculated according to the 
average photobleaching time constant of the donor obtained in 
the absence (TAVE D-A) and presence of the acceptor (r a v e D + A ) 
using the equation E = 1 - ( r D _ A / r D + A ) x 100 (12). 
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Abstract: We report the synthesis, biological activity and 
conformational analysis of analogs of the cyclic hexapeptide 
L-363,301, c(Pro6-Phe7-D-Trp8-Lys9-Thr,0-Phe11l (numbering as in 
the native hormone somatostatin-14). The o-Trp in position 8 was 
replaced with (2R,3S)- and (2R,3R)-p-MeTrp respectively, with an 
added methyl group in the beta position of Trp. The objective of 
our study was to determine the potency and selectivity generated 
by the added constraint in the beta position of the D-Trp upon 
binding to human somatostatin receptors hsst1-5. We synthesized 
the building blocks enantioselectively and incorporated them into 
the peptides by SPPS. Competition binding assays revealed that 
both compounds 2 and 3 were selective for hsst2 over hsst5. The 
(2R,3S) analog 2 was approximately 30 times more potent at hsst2 
than the (2R.3R) analog 3. Interestingly, the (2R,3R) compound 
showed no binding affinity at hsst5. 
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Introduction 

Somatostat in, a peptide that regulates m a n y physiologic 

funct ions, was discovered in 1973 as the factor responsible 
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for inhibit ion of growth hormone (GH) f rom the pi tui tary 
| i). In humans , it is found in two forms: somatostat in-14 
(SS-14), wi th 14 a m i n o acids, and SS-28, extended at the N-
te rminus (2). T h e hormone inhibits endocrine and exocrine 
secretions of GH, insulin, glucagon, amylase, and others. It 
is involved in neurotransmission, neuromodulat ion, inhi-
bition of gastric acid, and other hormones f rom the gut (3). 

T h e biologic effects of somatostat in follow from the 
interaction wi th G protein-coupled receptors in the gas-
trointest inal tract, the pancreas, the pituitary, and the brain 
(4). Various t umors also express somatos ta t in receptors {5). 
Five receptor subtypes have been cloned and characterized: 
ss t i and sst2 |6), sst3 (7,8], sst4 I9], and ssts | i o , n ) . It has 
been a priority to identify the funct ions of each receptor (3). 
The receptor subtypes have been classified into two sub-
families according to their structure and pharmacology (i2 | . 
The first subfamily, denoted SRIF,, includes sst2, sst3, and 
s s t j . In general, synthet ic octapeptide and hexapeptide 
analogs of somatos ta t in (e.g. octreotide, L-363,301) bind 
to this subfamily of receptors w i th high affinity. The 
other subfamily, SRIF2/ includes receptors s s t i and sst4, 
whose funct ions are less well known. Octapeptide and 
hexapeptide analogs such as octreotide and L-363,301 do 
not bind significantly to the SRIF, subfamily. T h e receptors 
in each subfamily show marked sequence similarit ies 
wi th in the subfamily, especially wi thin the t ransmembrane 
regions [sequence homologies of 90% for sst2/sst3/sst5 and 
80% for ss t i / ss t4 ; sequence homology between the two 
groups of receptors were only 50-70% wi th in the trans-
membrane regions (12)). 

Many analogs which are smaller and long-acting com-
pared wi th the nat ive peptide have been synthesized and 
reviewed (13,14). An issue that received constant a t tent ion 
was the elucidation of the 'bioactive conformat ion ' of the 
hormone and its analogs. The 'bioactive conformat ion ' was 
defined by Veber (15) as ' the conformation of the peptide 
which interacts wi th the receptors to produce the effects 
characteristic to the peptide'. Because the nat ive peptide is 
large and flexible, i ts s tudy by nuclear magnet ic resonance 
(NMR| methods is very difficult. To c i rcumvent the flexi-
bility problem, the s t ructure was constrained through syn-
thesis of cyclic analogs with smaller ring sizes and/or the 
incorporation of side chain-modified amino acids (smaller 
modified peptides may have better pharmacokinet ic prop-
erties as well). Several publications by the Goodman group 
(16,17), a s w e " a s the novel scaffold approach of Hirsch-
m a n n et al. (18,19), have demonstrated that the backbone of 
L-363,301, a highly potent cyclic hexapeptide analog of so-
matos ta t in c[Pro6-Phe7-D-Trp8-Lys9-Thr'°-Phe"] 1 (Table i ; 
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Table 1. Binding constants3 for p-methylated analogs (17) 

Number Analog ICS0 (HM) 

1 cIPro-Phe-o-Trp-Lys-Thr-Phe], L-363,301 1 

2 clPro-Phe-(2rt,3S)-|J-Me-Trp-Lys-Thr-Phe] <1 

3 c(Pro-Phe-(2ft,3R)-p-Me-Trp-Lys-Thr-Phe] >1000 

4 c[Pro-Phe-(2S,3R)-(l-Me-Trp-Lys-Thr-Phe] 10 

5 c[Pro-Phe-(2S,3S)-(J-Me-Trp-Lys-Thr-Phe] >1000 

a. Assays w e r e carr ied o u t o n m e m b r a n e s of m o u s e of AtT-20 
cells, conta in ing mix tures of receptors . 

numbering refers to the order of a m i n o acids in nat ive 
somatostatin), is not in itself impor tant for binding to re-
ceptors, but rather serves as a scaffold to main ta in the side 
chains in the 'correct ' three-dimensional array. T h e role of 
the side chains for binding to somatos ta t in receptors is 
crucial. To obtain information on the bioactive conforma-
tion of the side chains, Huang et al. f rom our group (17) 
have synthesized analogs of L-363,301 incorporating a- and 
p-methylated residues at posit ions 7, 8, and 11. These 
analogs displayed very different in vitro-binding affinities. 
Other groups, such as the Hruby group, have successfully 
and extensively applied the p-methyla t ion approach 
(20-23). T h e amino acid p-Me-Trp was also used by Merck 
to obtain potent pept idomimet ic and nonpeptide, subtype-
selective analogs (24-26I, and by the El lman group in the 
synthesis of interesting scaffold-based p-turn mimet ics 
(27,28). Other a m i n o acids wi th modified side chains, such 
as 4-(N-isopropyl)-aminomethylphenylalanine (IAmp| and 
P-Me-naphthylalanine (P-Me-Nal) were used by the Rivier 
group to obtain hss t i - (29-32), hsst3- (33), and hsst4-
selective somatosta t in analogs (34-36). Researchers at 
Novartis recently used several side chain-modified amino 
acids to synthesize a 'universal ' analog, SOM 230, which 
was more stable and more potent at receptors hss t i and 
hssts than octreotide (37,38). 

Huang et al. (17) studied the above methyla ted com-
pounds incorporating constrained side chain conforma-
tions. These studies were based on the premise that direct 
information on the possible 'bioactive conformat ion ' can be 
obtained f rom the constrained side chains . Also, analogs 
with increased potency and selectivity are likely to result 
by constraining the side chains to adopt a s t ructure close to 
the 'bioactive conformat ion ' . The design rationale for the 
P-methylated residues was inspired f rom the point of view 
of both the ligand and the receptor. T h e p-methyl group 
introduces a topologic effect, reducing the flexibility of the 
side chain, specifically constraining it to prefer a particular 
rotamer. The p-methyl group also int roduces a chiral effect. 
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There are different steric effects on a receptor surface, 
depending on the configurat ion of the P-carbon a tom. The 
added steric bu lk will affect binding to the receptor favo-
rably or not, depending on configuration. 

T h e m o s t in teres t ing effects on binding were observed for 
t he compounds conta in ing P-Me-Trp (Table t | . Compound 
2, w i th (2R,3S)-P-Me-Trp8, had a higher binding affinity 
than t h e s tandard compound 1. Compound 3, w i th (2R,3R|-
P-Me-Trp8 , displayed a binding affinity about an order of 
magni tude lower than 1. Compound 4 was less potent than 
the s tandard compound, while compound 5 was m u c h 
weaker . These s ignif icant changes in binding affinity sug-
gested critical topochemical requirements for the side chain 
groups. T h e conformat ions of these compounds were stud-
ied by one-dimensional (1D) and two-dimensional (2D) 
N M R . Conclus ions regarding the bioactive conformat ions 
of these compounds were drawn, and a mode l for the 'bio-
act ive conformat ion ' of t he ma in chain and side chains was 
generated. T h e mos t act ive pept idomimet ic was compound 
i incorporat ing (2R,3S|-p-methyltryptophan. It was found 
tha t t he backbone conformat ion was no t dis turbed by the 
p-methylat ion. However , p-methylat ion strongly affected 
the conformat iona l preferences of the side chains. T h e 
'bioactive conformat ions ' of the side cha ins Phe7 , Trp8 , 
Lys9, and P h e " (which cons t i tu te the pharmacophore! were 
de te rmined by conformat ional analysis. It was concluded 
tha t t he analogs had t w o possible conformat ions available: 
a ' folded' and a ' f la t ' topology. It was shown tha t the 'folded' 
confo rmat ion is the bioactive one. O the r features of the 
bioactive conformat ion include the side chains of P-Me-
Trp 8 and Lys9 in close proximity. The side chain of Phe1 1 is 
also close to the Trp-Lys side chains, facili tated by the 
' folded ' (or 'cup-shaped'] backbone s t ructure . There is a pH' 
t u r n about Trp8-Lys9 and a pVI turn around Phe "-Pro 6 . 

T h e above s tudy was a significant contr ibut ion in the 
field of somatos ta t in research. However, a t the t ime the 
s tudy was carried out, the five subtypes of somatosta t in 
receptors were no t readily available. T h e authors of tha t 
paper refer to a ' somatos ta t in receptor' . T h e biologic testing 
was performed on membranes of AtT-20 cells, which were 
s h o w n to express several somatos ta t in and p-adrenergic 
receptors (19,39). 

In the present study, we desired to establish the binding 
profile of l igands 2 and 3 at each individual receptor sub-
type, in part icular hss t2 and hssts , to bet ter understand the 
conformat iona l requi rements at each receptor subtype. We 
chose to s tudy the (2R,3S) analog as it appeared to be more 
po ten t than the reference compound L-363,301. We also 
s tudied the (2R,3R) analog as a negative control. This 

knowledge in turn can lead to the synthes is of more 
select ive and potent analogs, wi th increased activity and 
reduced side effects. 

Amino acid and peptide synthesis 

T h e bui lding blocks, Fmoc-(2R,3S)-p-Me-Trp(N in-Boc)-OH 
and Fmoc-(2R,3R)-P-Me-Trp|N i n-Boc)-OH were synthesized 
according to a procedure elaborated by Hruby and 
co-workers (40) and revised for the synthes is of Fmoc-
(2S,3S)-p-Me-Trp(N in-Boc)-OH (41). We combined and 
adapted the two methods to obtain the (2R,3S)- and (2R,3R|-
P-Me-Trp diastereomers. T h e synthesis of the two amino 
acids, based on a chiral auxiliary approach, is i l lustrated in 
Figs 1 and 2. This synthesis me thod is enantioselective, 
d i f ferent f rom the one used by Huang et al. (17). Indeed, the 
previous synthesis used the me thod of Snyder (42), result ing 
in t w o pairs of diastereomers: the threo pair [(2R,3S) + 
|2S,3R|] and the erythro pair [ |2R,3R| + (2S,3S)]. Each pair 
was used in the const ruct ion of t he peptides, and the 
abso lu te s tereochemistry of each individual building block 
e luc ida ted at the end of the synthesis . Mixtures of linear 
peptides, partially deprotected, had to be separated by high-
pe r fo rmance liquid chromatography (HPLC), followed by 
cycl izat ion in solution, followed by ano the r deprotection, 
and finally another HPLC purif icat ion to obtain the desired 
peptides. T h e building blocks were added thi rd in the pep-
t ide sequence. This strategy exposed the acid-sensitive Trp 
side cha in to a few acid deprotection steps during the solid 
phase pept ide synthesis (SPPS) using Boc-protocols. 

In the present strategy, we synthesized each P-Me-Trp 
bui ld ing block separately, then incorporated t h e m as the 
last a m i n o acid in the sequence on a s imply constructed 
pept ide cha in (we are indebted to the Hruby group for their 
effor ts to accomplish the synthesis of enant iomerical ly 
pure p-methylated amino acids, wh ich were very useful to 
adopt for th i s project 's goals). We did th i s to take advantage 
of t h e observation tha t having a D-Trp as a 'head ' amino 
acid provided the best cyclization yield in a hexapeptide 
soma tos t a t i n analog sequence (43). Also, adding the syn-
thes ized building block last was hoped to min imize side 
reac t ions on the indole ring or loss of mater ia l because of 
loss of pept ide f rom the resin. We used a Rink acid resin, 
requir ing Fmoc protocols. This resin provided the added 
advantage that the linear peptides could be cleaved off 
easily w i t h dilute acid (10% AcOH/d ich lo romethane 
(DCM)] as opposed to HF, and the side chains remained 
protected. T h e cyclization reactions were carried out in 
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Figure 1. S y n t h e s i s of Fmoc- |2R,3S}- |}-Me-
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Figure 2. S y n t h e s i s of Fmoc- (2R,3R)-P-Me-

Trp (Boc ) -OH. 
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solut ion, but with linear peptides with protected side 
chains, which gave excellent cyclization yields (e.g. 74% for 
2R, 3R). Finally, only one HPLC purification was required. 

1 9 

T h e indole nitrogen of trans-3-indole-acrylic acid was 
protected under mild condit ions with Boc, which prevents 
side reactions on the indole ring during the synthesis. T h e 
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Boc-protecting group also presents the advantage that it is 
compatible wi th peptide synthesis by Fmoc strategy. The 
chiral oxazolidinone, R-|-)-4-phenyl-2-oxazolidinone or 
S-(+)-4-phenyl-2-oxazolidinone, was coupled to the carb-
oxylic acid by the mixed anhydride route using pivaloyl 
chloride and LiCl as a promoter . To obtain the (aR,3S) iso-
mer, the p-methyl was introduced by an asymmetr ic 
Michael conjugate addit ion in the presence of a methyl-
copper organometallic reagent generated by the reaction of 
methylmagnesium bromide and CuBr-dimethylsulf ide 
complex. T h e amino group in the oc-position was introduced 
via a potassium imide-enolate azide formation reaction, in 
the presence of KHMDS and triisopropylbenzenesulfonyl 
azide (TIPSNj; 44). T o obtain the (2R,3R| isomer, the ste-
reochemistry at the a- and p-positions was set in a one-pot 
fashion as follows. The addition of the methylcuprate to the 
enone-imides generated an a-methylated meta l enolate 
intermediate stabilized by chelation. The enolate was 
trapped wi th NBS as the bromine electrophile, thus func-
tionalizing the P position. In the next step, the bromine was 
displaced wi th the azide group using NaN } . The removal of 
the chiral auxiliary was achieved by basic hydrolysis wi th 
LiOH in tetrahydrofuran |THF) /H 2 0 and 30% hydrogen 
peroxide. For both enant iomers , the azido acids were 
reduced by hydrogenation over 5 % Pd/C. The amino groups 
of both amino acids were Fmoc-protected. It has been es-
tablished previously that these reactions occurred with high 
stereoselectivity in favor of the desired products. Therefore, 
we did not determine the diastereomeric excess for each 
step. In all cases, the optical rotation values of the purified 
intermediates were in the range of the published data. 

The peptides were synthesized by solid phase techniques, 
using the Fmoc strategy as illustrated in Fig. 3. 

The side chain-protected linear peptides were cleaved 
from the resin by t rea tment with 10% AcOH/DCM, to 
produce the free carboxylic acid-terminus. The cyclization 
took place in solution, in the presence of DPPA/NaHCOj . 
The cyclic peptides were deprotected with trifluoroacetic 
acid (TFA) and purified by reverse phase (RP)-HPLC. 

Conformational studies 

The 1D and 2D NMR measurements were carried out by 
Elisabetta Bosa on a 500 MHz Bruker (Billcrica, MA, 
USA) AMX 500 (500 MHz) machine. The chemical shifts 
for the peptides are shown in Tables 2 and 3. Mara Fabbri 
carried out computer simulations on an SGI irix 6.5 
workstation, using the insight ii and discover programs 
for the energy minimization, dynamics calculations and 
visualization. The details of this study are presented in 
the Experimental Section. 

Results 

Biologic activity 

The peptides were subjected to competitive-binding assays 
at cloned receptors h s s t i - 5 using 125I-LTT-SST28 as the 
radioligand. The data are given in Table 4. We report 
binding affinity results at receptor subtypes h s s t i - 5 . 

o 
FmocHN^A 

a) 20% piperidine/DMF 
b) 2 e q Fmoc-AA 

2 e q PyBOP 
1 e q HOBt 
4 e q DIEA 

NH2-Lys(Boc)-Thr(fiu)-Phe-Pro-Phe 

c) 20% piperidine/DMF 21 

Figure 3. S y n t h e s i s of c j ( i R , 3 S | - P - M e - T r p -

Lys -Thr -Phe -Pro -Phe ) i . T h e | 2 R , 3 R | b u i l d i n g 

b l o c k w a s a t t a c h e d f o l l o w i n g a s i m i l a r pro-

c e d u r e , t o o b t a i n 3. 

Fmoc-(2R3S)-p-MeTrp(Boc)-OH 
PyBOP/HOBt/DlEA 

Fmoc(2fl,3S)-p-MeTrp(Boc)-Lys(Boc)-Thr(/Bu)-Phe-Pro-Ph& 

22 

20% piperidine/DMF NH 2 - (2H,3S)-p-MeTrp(Boc)-Lys(Boc)-Thr(Eu)-Phe-Pro-Phe-C 

23 

10% AcOH/DCM NH2-(2H,3S)-0-MeTrp(Boc)-Lys(Boc)-Thr(lBu)-Phe-Pro-Phe-OH 

24 
DPPA/NaHCO;j/DMF 

4 C 

TFA/DCM/anisole 

c|(2fi,3S)-|J-MeTrp(Boc)-Lys(Boc)-Thr(fiu)-Phe-Pro-Phel 

25 

c((2fl,3S)-p-MeTrp-Lys-Thr-Phe-Pro-Phe] 
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Table 2. Chemical shifts for (2fi,3S)-0-Me-Trp-containing peptide 2 
(dimethyl sulfoxide. PMSO; 500 MHz) 

R e s i d u e p . p . m . 

Pro 6 

a 3.74 

P 1.75, 1.08 

Y 1.54, 1.35 

S 3.24, 3.15 

Phe 7 

NH 7.43 

a 4.73 

P 2.97, 2.89 

P-Me-Trp8 

NH 8.53 

a 4 .43 

P 3.21 

p-Me 0.94 

Lys9 

NH 8.22 

a 3.38 

P 1.36, 1.14 

Y 0.36, 0.31 

6 1.14 

s 2.48, 2.41 

Thr ' ° 

NH 6.94 

a 4.13 

P 3.88 

y 0.98 

P h e " 

NH 8.31 

a 4.24 

P 2.86 

T h e data |Table 4) reveal that both the |2R,3S) 2 and 

(2R,3R) 3 analogs are selective at hsst2. 

T h e (2R,3S| compound 2 has about t he same potency as 

c o m p o u n d 1, and similar selectivity as compound 1 at hsst2 

compared w i t h h s s t j . Compound 3 is 31 t imes less potent 

than c o m p o u n d 2 at hsst2, and 45 t imes less potent than 

compound 1. However , compound 3 main ta ins nanomolar-

binding aff in i ty at hsst2, and thus is hsst2-selective. Inter-

estingly, compound 2 showed an increase in binding affinity 

at hss t4 compared wi th 1. 

In s u m m a r y , we obtained analogs that are potent and 

selective at hss t2 , w i th an order of magni tude difference in 

binding aff in i ty be tween the (iR,3S) and (2R,3R| analogs. 

Table 3. Chemical shifts for (2/?.3fl)-f)-Me-Trp-containing peptide 3 
(dimethyl sulfoxide, PMSO; 500 MHz) 

R e s i d u e p . p . m . 

Pro 6 

a 3.67 

P 1.65, 1.27 

y 1.49. 1.29 

8 3.19, 3.06 

Phe 7 

NH 6.73 

a 4.44 

P 2.69. 2.29 

P-Me-Trp8 

NH 8.37 

a 4.73 

P 3.26 

P-Me 1.30 

Lys® 

NH 9.00 

0( 4.05 

P 1.83, 1.58 

Y 1.45, 1.38 

5 1.54 

£ 2.76 

Thr ' ° 

NH 7.05 

a 4.15 

P 4.04 

Y 0.98 

P h e " 

NH 8.13 

a 4.22 

P 2.85 

Molecular dynamics simulations 

We were interested in correlating the biologic activities 

w i th conformat ions . We subjected the compounds to a 

10 ns-long free dynamics s imulat ion. T h e s imulat ion 

revealed tha t in the (2R,3S) analog 1, t he p h a r m a c o p h o r e 

side cha ins of p-Me-Trp and -Lys remained in close 

proximi ty and parallel (average distance of 5 A between 

the center of mass of Trp and the y-proton of the Lys] 

th roughout the 10 ns s imulat ion (Fig. 4), whi le in the 

(2R,3R) compound they were extended away f rom each 

o ther (average distance between the center of mass of Trp 

and the y-proton of Lys of 9-10 A; Fig. 5). There were a 
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Table 4. Binding affinity data to cloned somatostatin receptors hsst1-5 

IC50 (nwi) 

Compound hssti hsst2 hsstB hsst4 hsst5 

SS-14 0.17 ± 0 . 1 1.2 ± 0.4 0.11 ± 0 . 1 0.14 ± 0 . 1 0.53 ± 0.2 

L-363,301, 1 897 ± 97 0.16 ± 0 . 1 917 ± 131 756 ± 6 39 ± 6 

(2R.3S) ana log , 2 969 ± 18 0 .23 ± 0.1 >1000 242 ± 6 68 ± 13 

(2R.3R) ana log , 3 915 ± 69 7.2 ± 1 . 5 >1000 936 ± 155 >1000 

R S i s o m e r 

2.D»I«P f C O t O ' 6,0 D tfi> 
T i m e r s ) 

Figure 4. D i s t a n c e b e t w e e n t h e c e n t e r of m a s s of Txp a n d t h e y -pro ton 

of t h e Lys d u r i n g t h e 10 n s s i m u l a t i o n of t h e (2R,3S) p e p t i d e 2. 

*w eoo 
I n l i n e 

Figure 6. T o t a l energy of t h e (2R,3S) p e p t i d e 2 s a m p l e d a n d m i n i m i z e d 

e v e r y 10 ps. 

RR itemcr 

000 s.W H? »mw m i * MOIO5 IMIP" 
Time CP*) 

Figure 5. D i s t a n c e b e t w e e n t h e T r p c e n t e r of m a s s and t h e y -p ro ton of 

t h e Lys s ide c h a i n d u r i n g t o n s s i m u l a t i o n of t h e 12R, 3R) p e p t i d e 3. 

few low-energy conformat ions available to the (2R,JS| 

analog (Fig. 6). T h e (2R,3R) analog evolved in a s tepwise 

fashion f r o m a high-energy s ta te to a lower energy con-

format ion , w h i c h was preferred for the rest of t h e s imu-

lat ion (Fig. 7). T h i s showed tha t the (aR,3S) analog 2 is 

more flexible t h a n the (2R,3R) analog 3. T h e lowest 

energy con fo rma t ions for t h e (2R,3S) compound 2 corres-

ponded to a n average d is tance of 5 A between the center 

of mass of T r p and t h e y-proton of the Lys. T h e resul ts 

of th i s s tudy are in accord w i t h our previous model of 

F r a m e 

Figure 7. T o t a l energy of t h e (2R,3R) p e p t i d e 3 s a m p l e d a n d m i n i m i z e d 

e v e r y t o p s . 

the 'bioactive conformat ion ' of L-363,301 analogs 

(17,45), described recently as the ss t2/ss t5-binding model 

132) . 

Discussion 

We synthes ized p-methylated analogs of Trp enantioselec-

tively and incorporated t h e m in to the cyclic hexapeptide 

L-363,301. The binding potenc ies and select ivi t ies of 

c(Pro-Phe-|2R,3S|-p-Me-Trp-Lys-Thr-Phe] (2) and c[Pro-Phe-
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|2R,3R]-P-Me-Trp-Lys-Thr-Phe] (3) at somatosta t in recep-
tors h s s t i - 5 were determined, to re-examine the int r iguing 
results we obtained when the individual receptors were not 
available. In those studies, t he |2R,3S) analog 2 was more 
potent than the parent peptide 1, while the |2R,3R) analog 3 
was m u c h less active. We hoped to establish the role of t he 
added fl-methyl group upon binding. In the present tests, 
both compounds bound to receptor hsst2 in nanomola r 
range. There was, however, a 31 -fold difference in binding 
potency at hsst2, in favor of t he |2R,3Sj compound 2. T h e 
analogs proved selective for hss t2 over hssts (1), whereas 
compound 3 was about twice less selective than L-363,301. 
Standard compound L-363,301, binds well to both receptors 
hss t2 and hssts (46). C o m p o u n d 3 lost binding aff in i ty at 
hss t s . 

Through molecular dynamics s imulat ions we observed 
tha t the (2R,3S) analog is more flexible than the (2R,3R|, bu t 
keeps its pharmacophoric side chains of D-Trp and Lys in a 
close spatial array. In contrast , t he |2R,3R] analog evolves to 
a stable low-energy conformat ion in which the pharmaco-
phoric side chains are not close to each other. These char-
acterist ics probably account for the observation tha t the 
binding aff ini ty of the (2R,3S] molecule is higher. Statisti-
cally, the (2R,3S) molecule adopts the 'bioactive confor-
ma t ion ' mos t of the t ime, being constrained w i t h the 
pharmacophoric side chains close to each other. T h e N M R 
data supports the findings related to the proximity of the 
side chains (Tables 2 and 3). There is an upfield shif t for the 
y-proton of Lys in the (2R,3S| compound 2, indicat ing a 
shielding effect of the a romat ic ring of Trp in close prox-
imi ty to the Lys. There is a downfield shift of the same 
proton in the (2R,3R| analog 3 showing the a romat ic ring 
does not exert an inf luence and mus t be far f rom the Lys 
side chain. In the (aR,3S) analog 2, there are NOEs be tween 
the protons of the Lys side chain and the D-Trp side chain. 
These NOEs are absent in the case of the |2R,3R| c o m p o u n d 
(see Supplementary material). 

Thus , synthesis, binding affinity data, NMR, and 
molecular modeling studies have shown that the difference 
in one chiral center at the D-Trp side chain has a marked 
effect on the behavior of L-363,301 analogs. T h e compounds 
were observed during a 10 ns dynamics s imulat ion. T h e 
(2R,3S) compound appeared to be more flexible, convert ing 
back and forth between a few low-energy conformat ions . 
All throughout the s imulat ion, t he side chains of P-Me-Trp 
and -Lys stayed and in close proximity. It has been accepted 
tha t these two side chains in proximity const i tu te part of 
the 'bioactive conformation ' , wh ich is found in all cyclic 
peptide analogs of somatos ta t in active at hsst2 and hss t s 

(17,45,47). In contrast, the (2R,3R) molecule is more rigid in 
the sense that it prefers a low-energy conformat ion where 
the P-Me-Trp and -Lys side chains are s i tuated far f r o m each 
other. T h e 31-fold difference in activity at hsst2 may arise 
because energy is required to force the side cha ins in the 
(2R,3R) molecule to be parallel and in close proximity . 
Therefore, this molecule is less active than the (2.R, 3S) 
molecule, showing only approximately 10-nm aff in i ty at 
hsst2 and no affinity at h s s t s . It appears that a deviat ion 
f rom the conformation wi th the pharmacophor ic side 
chains being close together has a lowering effect on binding 
at hss t s . T h e change in chiral i ty at the Cp f rom S to R 
brought wi th it a change in the preferred lowest energy 
conformation, which caused an order of magni tude loss of 
binding at receptor hsst2 and a loss of binding at all 
receptors in general. T h i s rather small s t ruc tura l 
change had a significant effect upon somatos ta t in receptor 
affinity. 

It is difficult to compare the present biologic resul ts w i th 
results obtained in the past paper that generated th is s tudy 
(17), because the past biologic tests were carried out w i t h a 
mix ture of receptors. While compound 2 main ta ined high 
potency at hsst2 and hssts , it was not more potent than 
L-363,301 as before. C o m p o u n d 3 was not act ive at recep-
tors h s s t i , 3, 4, and 5, but stil l main ta ined binding aff ini ty 
at hsst2. The present result confirmed that 2 was more 
active than 3 at hsst2, and showed that 3 was inact ive at 
hss t s . O u r previous 'bioactive conformat ion ' model is 
confirmed. In the past paper, it was not possible to explain 
why certain compounds could theoretically a t t a in the 
'bioactive conformat ion ' and yet to be completely inactive. 
The present results show tha t some binding aff ini ty 
remained at hsst2 for the compound wi th the unfavorable 
chirali ty at the P-position of Trp, which indicates t he role of 
the added methyl group in modula t ing the binding potency 
to hss t2 and hss ts . A comparison between our previous 
ss t2/ssts pharmacophore model and the models for s s t i and 
sst4 selectivity of octapeptides can be found in a recent 
publicat ion of the Rivier group (32). 

In conclusion, the pept idomimet ic analog of L-363,301 
containing the (2R,3S)-P-Me-Trp diastereomer 2 possesses 
the 'correct ' combinat ion of features that allow it to bind to 
the hsst2 receptor subtype in subnanomolar range. These 
features include a ' folded' backbone, wi th side cha ins of 
p-Me-Trp8 and Lys9 close to each other and to P h e " . T h e 
methy l group modulates binding affinity by inf luenc ing the 
orientat ion of the pharmacophore side chains. T h i s f inding 
has consequences for t he fu tu re design of hsst2-select ive 
somatos ta t in analogs. 
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Experimental Section 

General procedures and notes 

Reagents were purchased from Sigma-Aldrich (St Louis, 
MO, USA| and Acros Organics (Pittsburgh, PA, USA| and 
used without fur ther purification. Tetrahydrofuran was 
dried by refluxing over sodium/benzophenone. D C M 
was dried by refluxing over CaH2 . Triethylamine (TEA] 
was refluxed over CaH, . Reactions were carried out under 
an inert a tmosphere (N2). The N,N-dimethylformamide 
(DMF) was purchased from Fisher Scientific (Pittsburgh, 
PA, USA) and treated with sodium aluminosil icate 
molecular sieves (4 A pore diameter| obtained f rom Sigma 
and Amberli te (Bio Rad, Hercules, CA, USA] IR120 (plus) 
cation-exchange resin, strongly acidic. Protected amino 
acids, Rink acid resin and PyBOP were purchased from 
Calbiochem-Novabiochem AG (San Diego, CA, USA|. 
The reactions were monitored by TLC carried out on EM 
Science Merck (San Diego, CA, USA| silica gel coated on 
a luminum plates (0.2 m m thickness, 60 F254) using UV 
light (254 nm) as the visualizing agent and 10% ninhyd-
rin in ethanol, bromocresol green in ethanol, 7% etha-
nolic phosphomolybdic acid and a solution of 1 g vanill in 
in 10 mL EtOH with 10 mL H 2 S 0 4 ('vanillin stain') and 
heat as developing agents. Silica gel 60 (230-400 mesh] 
purchased f rom EM Science was used for column chro-
matography. T h e Kaiser test (48] was used as a qualitative 
assay for the presence or absence of free amino groups 
during reactions on solid phase. 

The NMR spectra were obtained on a Varian HG-400 
(400 MHz) and a Bruker AMX 500 (500 MHz) spectrom-
eters. Chemical shif ts (8) are reported in parts per mil l ion 
Ip.p.m.] relative to residual undeuterated solvent as an 
internal reference. The following abbreviations were 
used to explain multiplicities: s, singlet; d, doublet; 
t, triplet; q, quartet; dd, doublet of doublets; m, mu l t i p l e s 
b, broad. 

Optical rotat ions were measured using a Perkin-Elmer 
(Wellesley, MA, USA] 241 polarimeter. Infrared (IR) spectra 
were obtained wi th a Nicolet-Magna-IR (Madison, WI, 
USA) 550 Series II spectrometer. Mass spectroscopic (MS] 
analyses (ESI, MALDI-FTMS) were carried out by the MS 
laboratory at The Scripps Research Institute, La Jolla, CA, 
USA. 

The final products were purified and analyzed by RP-
HPLC using Vydac Protein Peptide C , 8 columns. C o l u m n 
dimensions were 4.5 x 2 5 0 m m (90 A silica, s u m ) for 

analytical and 22 x 250 m m (90 A silica, 10 pm| for pre-
parative HPLC, and UV absorbance was monitored at 
220 n m or 280 nm. A binary system of water wi th 0.1% 
TFA (A] and acetonitrile with 0.1% TFA (B|, was used 
throughout. Preparative HPLC was carried out at 10 mL/ 
min flow rate, on two different instruments. One instru-
ment was a system composed of two Waters (Milford, MA, 
USA) 510 pumps and a dual wavelength UV absorbance 
detector. The other instrument, which was also used for 
analytical purposes as described below, was a Waters Mil-
lenium 2010 system, composed of two Waters 510 pumps, a 
715 Ultra WISP sample injector, and a Waters T M 996 
photodiode array detector (PDA), operated by a NecPower 
Mate (NEC USA, Inc., Melville, NY, USA) 485/33I PC 
compatible computer. Two analytical HPLC profiles of the 
pure compounds were obtained on the Waters Mil lenium 
PDA system, using a linear gradient of 10-90% acetonitri le 
(B| in water (A| over 40 min and an isocratic elut ion at 
1 mL/min flow rate. 

The TIPSN3 was prepared from triisopropylbenzenesulfo-
nyl chloride and sodium azide (49,50]. The nomenclature of 
the compounds was established wi th the Beilstein A u toN om 
feature. 

Synthesis 

Synthesis of Fmoc-(2«,3S)-p-Me-Trp(Boc)-OH (13) 

(1-t-butyloxycarbonyl)indole-3-acrylic acid (7) 
Trans-3-indoleacrylic acid 6 (10.0 g, 53.42 mmol) was sus-
pended in A c C N (250 mL), THF (10 mL) and H s O (10 mL ; 

Fig. 1). The suspension was cooled in an ice bath and TEA 
(15 mL, 106.84 mmol) was added dropwise. The solut ion 
turned clear yellow upon the addition of base. Solid DMAP 
(1.31 g, 10.68 mmol] was added, followed by solid (Boc)20 
(23.32 g, 106.84 mmol) in one portion. The reaction mix-
ture was allowed to stir in the ice bath, under a N 2 atmo-
sphere, slowly equilibrating to room temperature, for a total 
of 4 h. The solvent was removed under reduced pressure 
until a thick yellowish oil remained. Water (250 mL| was 
added, followed by extraction with EtOAc (3 x 50 mL). The 
organic extract was discarded. The aqueous layer was aci-
dified in an ice bath with 6 N HC1, and the resulting yellow 
precipitate filtered through a Buchner funnel and rapidly 
washed wi th water. The precipitate was dried under high 
vacuum overnight, yielding 10.4 g. To obtain additional 
product, the aqueous filtrate was re-extracted wi th EtOAc 
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(3 X 50 mL). The organic layer was dried over Na 2 S0 4 , fil-

tered and concentrated to yield a yellow foam, which was 

dried overnight on a vacuum manifold to yield another 1.0 g 

of product. Therefore, the total yield of product was 11.4 g 

(75%l-
'H-NMR (dimethyl sulfoxide, DMSO| 5 (p.p.m.| 8.26 (s, 

iH| , 8.12 (d, / = 8.4 Hz, lH], 7-95 (d, / = 8 MHz, 1H], 7.80 
(d, 1= 16.8 Hz, lH), 7.41 |t, / = 7.2 Hz, iH|, 7 34 (t, / = 
7.6 Hz, iH), 6.56 (d, J = 17.2 Hz, iH| , 1.63 (s, 9H); ESI |m/z| : 
[M + H]' calcd for C l 6 H 1 7 N 0 4 , expected 288, found 288, 
[M + Na]* expected 310, found 310, [M - H]~ expected 286, 
found 286. TLC (CHCl, : MeOH : C H } C O O H 98 : 2 : 1, 
bromocresol green|, Rt = 0.36. 

(3(2£), 4fl)-3-[3-(A/-(2-t-butyloxycarbonyl)-3-indolyl-1-
oxopropenyl]-4-phenyl-2-oxazolidinone (8) 
An oven-dried, three-necked 500 mL round-bottomed flask 
set up wi th a thermometer adapter and thermometer, was 
cooled under N 2 . The starting material, carboxylic acid 7 
(8.60 g, 29.93 mmol) was rapidly added as a solid, then 
115 mL dry THF were added via syringe and the solution 
cooled to - 7 8 °C. Freshly distilled TEA (13 mL, 
92.08 mmol) was added dropwise (internal temperature 
- 6 0 °C), then pivaloyl chloride (4.5 mL, 34.53 mmol), 
dropwise. The suspension was allowed to stir, warming 
slowly, for 2 h and 30 min (initial temperature - 4 0 °C, final 
temperature - 2 0 °C|. Lithium chloride was added (1.46 g, 
34.53 mmol), followed by (R)-(-)-4-phenyl-2-oxazolidinone 
(3.76 g, 23.02 mmol). The reaction mixture was allowed to 
warm to room temperature, overnight, under N2 . The 
reaction was quenched by addition of 50 mL 0.2 M HC1. 
The solvent was removed under reduced pressure unti l only 
the aqueous layer remained, followed by addition of EtOAc 
(50 mL). T h e aqueous layer was extracted with EtOAc 
(3 x 20 mL|, and the combined organic layer re-extracted 
wi th 0.2 M HC1 ( 5 x 1 5 mL), N a H C O s (3 x 20 mL) and sat. 
NaCI (2 x 20 mL|. After drying over Na 2 S0 4 , the solvent 
was removed under reduced pressure and the residue dried 
on a vacuum manifold overnight to yield 11.1 g crude 
product. The crude product was sufficiently pure to be used 
for the next reaction, alkylation at the p-position. To 
characterize the material, a portion was purified by column 
chromatography using 10% EtOAc/hexanes, followed by 
50% EtOAc/hexanes. 

'H-NMR (CDClj) 8 (p.p.m.) 8.18-7.24 (arom, 10H and 2H, 
olefinic), 5.575 (dd, = 8 Hz, /3 = 4 Hz, iH), 4.74 (t, / = 
8 Hz), 4.32 (dd, iH, / , = 8 Hz, h = 4 Hz), 1.66 (s, 9H); ESI 
(m/z): calcd for C 2 J H 2 4 N 2 O s , [M + H]* expected 433, found 
433, [M + Na|* expected 455, found 455, (M - H]" expected 

431, found 431, [M + Clj expected 467, found 467. TLC 
(EtOAc : hexanes 1 : 1, vanillin), R( = 0.66. 

13(3/?), 4R]-3-[3-(W-(2-t-butyloxycarbonyl)-3-indolyl)-1-oxobutyl)-4-
phenyl-2-oxazolidinone (9) 
In an oven-dried, three-necked 500 mL round-bottomed 
flask was added CuBr-Me2S complex (7.64 g, 37.14 mmol) 
followed by Me2S (37 mL) and THF (100 mL) and the 
resulting clear brown solution was cooled to o °C. After 
stirring for about 10 min, a solut ion of CH3MgBr (3 M in 
ether, 16 mL) was added dropwise. Stirring at o °C was 
continued for 40 min. A solution of starting material 8 
(10.70 g, 24.76 mmol) was dissolved in THF (50 mL), stored 
under N 2 and cooled to o °C. The cooled starting material 
solution was cannulated into the slurry of the copper 
complex and the mixture stirred at o °C for 2 h, then 
overnight, slowly equilibrating to room temperature. The 
reaction was quenched by the slow addition of excess sat. 
NH4C1, and stirred for 30 min. 

The layers were separated and the organic layer washed 
wi th sat. NH4C1 (6 x 25 mL| unt i l the blue aqueous layer 
turned clear, followed by washing with sat. NaCI 
(2 x 25 mL). The organic layer was dried over Na 2 S0 4 , fil-
tered, concentrated and dried overnight on a vacuum 
manifold to yield 10.3 g of crude yellow oil. This was 
purified by column chromatography using 15% EtOAc/ 
hexanes, to yield 4.84 g (44%) whi te foamy solid. 

'H-NMR (CDC1,) 6 (p.p.m.) 8.10 (bs, iH|, 7.59 (d, J = 
4 Hz, iH| , 7.34-7.19 (m, 8H), 5.30 (dd, /, = 8 Hz, /2 = 4 Hz, 
iH), 4.56 (t, / = 8 Hz, iH), 4.22 (dd, = 8 Hz, J1 = 4 Hz, 
iH), 3.58 (m, iH), 3.44 (dd, /, = 16 Hz, /2 = 8 Hz, iH|, 3.22 
(dd, J, = 16 Hz, / , = 8 Hz, iH), 1.64 (s, 9HI, 1.32 (d, / = 
8 Hz, 3H); MALDI-FTMS calcd for C 2 6 H 2 8 N 2 O s [M + Na|* 
expected 471.189, found 471.1870, exact mass error 2.0 mn, 
4.2 p.p.m.; TLC (EtOAc : hexanes 3 : 7), Rj = 0.54; (a]^5: 
-51.7 0 (c = 1, CHClj | . 

(3(2R, 3S), 4R]-3-[2-azido-3-(N-(2-t-butyloxycarbonyl)-3-indolyl)-1-
oxobutyl]-4-phenyl-2-oxazolidinone (10) 
A solution of p-methylated N-acyl-oxazolidinone 9 (2.11 g, 
4.72 mmol) in THF (20 mL) was cooled to - 7 8 °C, under 
N2 . In a 250 mL oven-dried round-bottomed flask was ad-
ded THF (20 mL), and after cooling to - 7 8 °C, KHMDS 
(0.5 M in toluene, 1.5 mL, 7.08 mmol) was added dropwise. 
The solution was stirred at this temperature for 5 min, and 
the cooled starting material solution was carefully cannu-
lated into it while monitoring the temperature. This mix-
ture (A) was stirred for 30 min at - 7 8 °C. Separately, a 
solution of TIPSN, (2.04 g, 6.61 mmol) was prepared in 
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T H F (20 mL] and cooled to - 7 8 °C (B). After 30 min , t h e 

T I P S N j so lu t ion (B) was added to the start ing mater ia l 

enola te so lu t ion (A|, by cannula t ion . T h e reaction was 

a l lowed to proceed for 5 m i n af ter comple te addit ion and 

w a s quenched wi th glacial acet ic acid (1.7 mL, 

29.72 mmol) . T h e react ion mix tu re was stirred under N 2 , 

overnight . To isolate the product , 15 mL of ether and 15 m L 

sat . N a C l were added. T h e layers were separated and the 

aqueous layer was extracted w i t h 1 : 1 e t h e r : T H F 

( 3 x 1 5 mL| . T h e combined organic layer was carefully 

washed w i t h sat . N a H C O j | 6 x 15 mL| , sat. N a C l 

( 2 x 1 5 mL), dried over N a 2 S 0 4 and filtered. The solvent 

w a s removed under reduced pressure and the residue dried 

on a v a c u u m mani fo ld overnight to yield 3.61 g crude yel-

l ow oil. T h e mater ia l was purif ied by co lumn chromatog-

raphy wi th 10-15% EtOAc/hexanes , result ing in 0.89 g 

pure product (40%, wh i t e foam), and 0.54 g mixture. 

' H - N M R (CDCl j ] 8 (p.p.m.] 8.16 (d, J = 8 Hz, lH], 7.62 (d, 

/ = 8 Hz, lH], 7.50 (s, lH], 7.35-7.14 (m, arom, 10H), 5.32 

(d, J = 9.2 Hz, lH), 4.76 (dd, / , = 8 Hz, h = 4 Hz, lH), 3.99 

|dd, = 8 Hz, /2 = 4 Hz, lH), 3.82 (t, / = 8 Hz, lH), 3.60 

(m, lH), 1.65 (s, 9H], 1.54 (d, / = 8 Hz, 3HI; ESI (m/z): 

[M + Na]* calcd for C , 6 H 2 7 N s 0 5 expected 512, found 512; 

[al^5: - 1 6 1 0 (c = 1, CHClj ) ; IR (film o n NaCl plate, per cm] 

2107, 1782, 1733, 1451, 1369, 1155. TLC (EtOAc : hexanes 

3 : 7, vanillin], R( = 0.66. 

(2fi,3S)-2-azido-3-[N-(2-t-butyloxycarbonyl))-3-indolyl]butanoic 

acid (11) 

T h e a-azido-p-methylated N-acyloxazolidinone 10 (0.71 g, 

1.46 mmol ) was dissolved in T H F (22 mL). Water (8 mL) 

was added and the solut ion cooled to o °C under N 2 . A 

so lu t ion of 30% hydrogen peroxide (1.32 mL, 11.68 m m o l ] 

w a s added dropwise, followed by a solut ion of L iOH 

(0.25 g, 5.84 mmol) in H a O (4 mL). T h e mixture was al-

lowed to react for 5 h, under N 2 , s lowly equil ibrat ing to 

r o o m tempera ture . T h e react ion was quenched by addi t ion 

of solid N a 2 S 0 3 . After st irring for 30 min , the THF was 

removed under reduced pressure. T h e remaining aqueous 

layer was cooled in an ice ba th and carefully acidified w i t h 

6 N HC1. T h e product was extracted into E tOAc 

(5 x 20 mL). T h e organic layer was washed wi th sat. N a C l 

(2 x 25 mL], dried over N a 2 S 0 4 and filtered. The solvent 

w a s removed under reduced pressure unt i l a whi te oil re-

mained , 0.77 g. T h e crude product was purified by c o l u m n 

chromatography w i t h 1 : 1 EtOAc : hexanes, followed by 

100% EtOAc, t h e n 0.1% C H 3 C O O H in EtOAc. Af te r 

pur i f ica t ion the product was obtained as whi te oil, 0.31 g 

(65%]. 

' H - N M R (CDClj) 8 (p.p.m.] 8.11 (bs, lH], 7 57-7 22 (m, 

arom, 4H), 4.37 (bs, lH], 3.37 (m, lH), 1.65 (s, 9H], 1.4 (d, 

1 = 8 Hz, 3H); ESI (m/z): calcd for C , 7 H 2 o N 4 0 4 [M + Na[* 

expected 367, found 367, [M - H)~ expected 343, found 343; 

[oc]q : - 4 . 4 0 (c = 0.33, CHClj ] . T L C (EtOAc : hexanes 1 : 1, 

bromocresol green|, l<t = 0.25. 

(2fl,3S)-2-amino-3-[A/-(2-t-butyloxycarbonyl)-3-indolyl]butanoic 

acid (12) 

T h e a-azido-p-methylated carboxylic acid xi (0.30 g, 

0.87 mmol) was dissolved in M e O H (8 mL), and 5% P d / C 

(0.020 g) was added. The flask was evacuated, filled wi th H 2 

and the suspension stirred at room tempera ture for 4 h. T h e 

suspens ion was filtered through Cel i te , which was w a s h e d 

extensively wi th M e O H (10 x 5 mL). After removal of t h e 

solvent under reduced pressure, 0.27 g of whi te solid w a s 

obtained. Th i s was purified by c o l u m n chromatography 

us ing as e luen t C H C l j : M e O H : C H 3 C O O H 7 : 1 : 0.1. 

Af te r removal of the solvent on a rotary evaporator and 

drying overnight, the product resul ted as a wh i t e solid 

(0.23 g, 83%). 

' H - N M R (CD3OD) 8 (p.p.m.] 8.07 (d, / = 8 Hz, iH), 7.72 

(d, / = 8 Hz, iH], 7.49 (s, iH], 7 .30-7.20 (two triplets, a rom, 

2H), 3.89 (bs, 2H), 3.25 (q, iH), 1.62 (s, 9H), 1.34 (d, 3H, 

poorly resolved| ; ' 3 C - N M R (DMSO] 176.2, 148.9, 134.8, 

129.3, 124.1, 123.3, 122.8, 122.2, 119.0, 114.7, 83.3, 57.7, 

31.9, 27.7, 12.5. ESI (m/z) calcd for C 1 7 H 2 2 N 2 0 4 , [M + H]* 

expected 319, found 319, [M + Na]* expected 341, found 

341, [M - H]~ expected 317, found 317. [0]^: -7 .6° (c = 1, 

MeOH| ; IR (film, NaCl plate|: 3443, 2249, 2126, 1723, 1659, 

1579, i 3 7 i , 1162, 1040. TLC: (CHC1, : M e O H : A c O H 

7 : 1 : 0.1, bromocresol green), Ri = 0.18. 

(2fi,3S)-2-(9H-fluoren-9-yl-methoxycarbonylamino)-3-[/V-(2-

tertbutyloxycarbonyl)-3-indolyl]butanoic acid, i.e. W*(Fmoc)-

(2fi, JS)-p-methyl-(Win-Boc)-tryptophan (13) 

T h e a m i n o acid 12 I0.13 g, 0.41 m m o l ) in D M S O (1 mL) a n d 

9 m L A c C N was cooled to o °C. A solut ion of 10% N a H -

C 0 3 (1.85 mL, 2.21 mmol) was added dropwise, fol lowed by 

solid FmocOSu (0.26 g, 0.76 mmol ) . T h e flask was evacu-

ated and filled wi th N 2 and the reac t ion carried out for 4 h, 

s lowly equilibrating to room tempera tu re . The solvent w a s 

removed under reduced pressure, t h e n H 2 0 was added. 

Af te r cooling in an ice bath, the m i x t u r e was acidified w i t h 

0.2 M HC1. T h e resulting wh i t e precipi tate was extracted 

w i t h EtOAc (10 x 10 mL]. T h e organic layer was washed 

w i t h sat . N a C l (3 x 20 mL), dried over N a 2 S 0 4 and over-

night on a vacuum manifold to resul t in 0.32 g crude 

product . Th i s material was puri f ied by co lumn chroma-
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tography wi th 1 : 1 E tOAc : hexanes, then 1% C H j C O O H / 

EtOAc, to provide 0.11 g clear oil (52%). 

' H - N M R (DMSOI 8 (p.p.m.] 8.00 (d, / = 8 Hz, i H | and 

7.81 (d, / = 8 Hz, 3H), 7.66 |d, / = 8 Hz] and 7.60 (d, / = 

8 Hz], 3H together, 7 . s i (s, iH), 7.37-7.19 (m, arom, 7H], 

4.43 (dd, A = 8.8 Hz, U = 4.8 Hz, iH | , 4 1 3 (m, 3HI, 3-59 

(m, iH), 1.52 (s, 9 H), 1.33 |d, / = 8 Hz, 3 H | ; MALDI-FTMS 

(m/z) calcd for C ^ H ^ N ^ O , , , , (M + Na]* expected 563.2152, 

f o u n d 563.2170, exact m a s s error 1.8 mp, 3.2 p.p.m.; ' 3 C-

N M R (DMSO] 8 |p .p .m. | 172.5, 156.1, 148.8, 143.5, 140.4, 

134.5, 129.2, 127.4, 126.8, 125.2, 125.0, 124.1, 122.7, i 2 2 - 3 , 

121.9, 119.9, 119, '14-7, 83.5, 65.8, 58.0, 46.7, 31.8, 27.7, 

15-4; M D : - 4 - i 9 0 (C = 1, MeOH] ; TLC (EtOAc : hexanes 

7 : 3, bromocresol green) Rt = 0.33; (CHC13 : M e O H : 

A c O H 95 : 5 : 1], Ri = 0.33. 

Synthesis of Fmoc-(2R,3R)-p-Me-Trp(Boc)-OH (19) 

(1-t-butyloxycarbonyl)indole-3-acrylic acid (7) 

Trans-3-indoleacrylie acid (10.0 g, 53.42 mmol] was sus-

pended in A c C N (250 mL], THF (10 mL), and H 2 0 (10 mL ; 

Fig. 2). T h e suspens ion was cooled in an ice bath and TEA 

(15 mL, 106.84 m m o l ) w a s added dropwise. The so lu t ion 

t u rned clear yel low u p o n the addit ion of base. Solid D M A P 

(1. 31 g, 10.68 m m o l | was added, followed by solid (Boc)20 

(23.32 g, 106.84 m m o l ] in one port ion. The reaction mix-

ture was al lowed to s t i r in t h e ice bath, slowly equil ibrat ing 

to room tempera ture , for a total of 4 h. The solvent was 

r emoved under reduced pressure unt i l a th ick yel lowish oil 

remained . Water (250 mL) was added, followed by extrac-

t ion wi th EtOAc (3 x 50 mL], The organic extract was dis-

carded. T h e aqueous layer was acidified in an ice bath w i t h 

6 N HC1, and the resul t ing yel low precipitate f i l tered 

th rough a Buchner f u n n e l and rapidly washed wi th water . 

T h e precipi tate was dried under high vacuum overnight , 

yielding 9.4 g. T o ob ta in addi t ional product, the aqueous 

f i l t ra te was re-extracted wi th EtOAc (3 x 50 mL|. T h e 

organic layer was dried over N a 2 S 0 4 , filtered and concen-

trated to yield a yel low foam, which was dried overnight on 

a v a c u u m mani fo ld to yield 3.1 g of product. The combined 

produc ts 9.4 and 3.1 g afforded a total yield of 12.5 g (82%|. 

13(2E). 4S]-3-[3-(W-(2-t-butyloxycarbonyl)-3-indolyl-1-oxopropenyl]-

4-phenyl-2-oxazolidinone (14) 

A n oven-dried, th ree-necked 500 mL round-bot tomed flask 

set up wi th a t h e r m o m e t e r adapter and thermometer , was 

cooled under N , . T h e s tar t ing material , carboxylic acid 7 

(8.70 g, 30.26 m m o l ) was rapidly added as a solid, t h e n dry 

T H F 1115 mL) was added via syringe and the solut ion cooled 

to - 7 8 °C. Freshly disti l led TEA (13 mL, 93.12 mmol ) w a s 

added dropwise (internal t empera ture - 6 0 °C), then piva-

loyl chloride (4.5 mL, 34.53 mmol) , dropwise. T h e suspen-

sion was al lowed to stir, warming slowly, for 2 h and 

30 m i n (initial t empera tu re - 4 0 °C, final t empera tu re 

- 2 0 °C|. L i th ium chlor ide was added (1.48 g, 34.92 mmol] , 

followed by (S)-(+)-4-phenyl-2-oxazolidinone (3.80 g, 

23.28 mmol] . The react ion mix tu re was allowed to w a r m to 

room temperature , overnight , under N 2 . The react ion w a s 

quenched by addi t ion of 50 mL 0.2 M HC1. The solvent w a s 

removed under reduced pressure unt i l only the a q u e o u s 

layer remained, fol lowed by addit ion of EtOAc (so mL). T h e 

aqueous layer was extracted wi th EtOAc (3 x 20 mL], a n d 

the combined organic layer re-extracted w i t h 0.2 M 

HC1 (5 x 15 mL), N a H C O , ( 3 x 20 mL] and sat . N a C I 

(2 x 20 mL], After drying over N a 2 S 0 4 , t he solvent was 

removed under reduced pressure and the residue dried o n a 

v a c u u m manifold overnight to yield 11.8 g crude product . 

The mater ial was puri f ied wi th 15% EtOAc/hexanes to 

yield 7.50 g (75%)-

' H - N M R (CDClj ) 8 (p.p.m.) 8.10-7.24 (arom, 10H and 2H, 

olefinic], 5.45 (dd, = 8 Hz, /2 = 4 Hz, iH), 4.61 (t, / = 

8 Hz, iH), 4.19 (dd, / , = 8 Hz, J, = 4 Hz, iH | , 1.54 (s, 9H); 

ESI (ra/z|: calcd for C 2 s H i 4 N 2 O s , [M + H]* expected 433, 

found 433, [M + Naj* expected 455, found 455, (M - H]~ 

expected 431, found 431, [M + Cl]~ expected 467, found 467; 

[ a g : -2 .94 0 (c = 1, CHC13] TLC (EtOAc : hexanes 1 : 1, 

vanillin), Rf = 0.66. 

[3(2S.3R). 4SJ-3-[2-bromo-3-(rt/-(2-f-butyloxycarbonyl)-3-indolyl)-t-

oxobutyl]-1-oxobutyl]-4-phenyl-2-oxazolidinone (15) 

A solution of CuBr -Me 2 S (5.35 g, 26.01 mmol) in M e 2 S 

(26 mL] and T H F (100 mL] at o °C was treated wi th C I I , 

MgBr (10.4 mL, 31.21 mmol) , dropwise, un t i l t h e m i x t u r e 

tu rned a cons tan t green color. T h e st irr ing was con t inued a t 

o °C for 30 min , then the N-acyloxazolidinone 14 (7.50 g, 

17.34 mmol , in 50 mL THF at o °C| was cannula ted in to 

the green suspens ion slowly, to resul t in a brown slurry. 

T h e slurry was al lowed to react at o °C for 2 h and at r o o m 

tempera ture for 30 min . Meanwhi le , a solut ion of NBS 

(6.17 g, 34.68 mmol ) was prepared and cooled to - 7 8 °C. 

T h e start ing mater ia l mix tu re was cooled to - 7 8 °C and t h e 

NBS solut ion was cannula ted in to it. T h e slurry was s t i r red 

at - 7 8 °C for 2 h and at o °C for 30 min . Solut ions of 

100 mL 0.5 M NaHSO„ and 100 mL sat. NaCI were added, 

the layers were separated (organic layer-dark brown, aque-

ous layer-reddish brown], and the aqueous layer re-extracted 

wi th EtOAc (3 x 50 mL). T h e combined organic layers were 
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washed wi th 0.5 M N a H S O , (3 x 50 mL). T h e organic layer 

was fu r the r extracted wi th sat. NH 4 C1 (4 x 50 mL), fol-

lowed by sat. N a C l ( 3 x 5 0 mL), dried over Na2SO„, filtered, 

concent ra ted and dried overnight to provide 12.3 g crude 

ye l low oil. T h e crude product contained s tar t ing material , 

methyla ted-only p roduc t and desired a-bromo-P-methyla ted 

product . Pur i f ica t ion w a s effected by c o l u m n chromatog-

raphy wi th 15-20% EtOAc/hexanes , and 3.69 g (40%) of 

desired product was obtained, as well as 1.40 g methyla ted-

only product . 

' H - N M R (CDClj ) 5 (p.p.m.) 8.12-7.23 (m, arom, ioH), 

6.13 |d, / = 12 Hz, iH), 5.11 |dd, f , = 8 H z , / 1 = 4 H z , iH), 

4.41 (t, / = 8 Hz, iH), 4.12 (dd, / , = 8 Hz, /2 = 4 Hz, iH), 

3.71 |m, iH), 1.65 |s, 9 H), 1.55 ( < W = 8 Hz, 3 H) ; [a]*: +69° 

(c = 1, CHClj ) ; IR (film, N a C l plate) 2977, 1780, 1731, 1450, 

1367, 1252, 1161, 1070, 749. TLC (EtOAc : hexanes 3 : 7, 

vanil l in | , Rt = 0.66. 

[3(2R.3R), 4S]-3-[2-azido-3-(W-(2-t-butyloxycarbonyl)-3-indolyl)-

1-oxobutyl]-1-oxobutyl]-4-phenyl-2-oxazolidinone (16) 

T h e a-bromo-p-methyl-Af-acyloxazolidinone 15 (1.59 g, 

3.02 mmol) was dissolved in D M S O (25 mL) and N a N 3 was 

added (0.79 g, 12.09 mmol) . The flask was evacuated and 

filled wi th N 2 and t h e react ion was al lowed to st ir at room 

tempera tu re for 7 h. Water (50 mL) was added to the mix-

ture and a precipi ta te formed. The precipitate was extracted 

w i t h EtOAc (5 x 20 mL| . T h e combined organic layer was 

washed w i t h sat. N a C l (2 x 20 mL), dried over N a 2 S 0 4 , 

filtered, concentra ted, and dried overnight to give 1.47 g 

s l ight ly b rown oil. T h e crude product was purified through 

a shor t silica gel c o l u m n using 15% EtOAc/hexanes , to 

r e m o v e t h e b rown impur i ty , and 1.03 g (70%) product was 

obtained. 

' H - N M R | C D C l j ) 8.20-7.22 (m, arom, 10H), 5.59 (d, / = 

8 Hz, iH), 5.50 (dd, / , = 8 Hz, /2 = 4 Hz, iH | , 4.74 (t, / = 

8 Hz, iH), 4.32 (dd, / , = 8 Hz, /2 = 4 Hz, iH), 3.67 (m, iH| , 

1.70 |s, 9H), 1.32 (d, / = 8 Hz, 3H); [ogf: +88° (c = 1, 

CHCl j ) ; IR (film, N a C l plate) 3439, 2977, 2110, 1780, 1731, 

1450, 1367, 1260, 1153, 749. TLC (EtOAc : hexanes 3 : 7, 

vanillin), Rt = 0.42. 

(2fi,3R)-2-azido-3-[N-(2-t-butyloxycarbonyl))-3-indolyl]butanoic 

acid (17) 

T h e a-azido-p-methyl-W-acyloxazolidinone 16 (1.87 g, 

3.82 mmol ) was dissolved in T H F : H 2 0 (60 : 20 mL) and 

the yel low so lu t ion cooled to o °C. A solut ion of L i 0 H H 2 0 

(0.16 g, 15.28 m m o l ) in 1 m L H 2 0 and 30% H 2 0 2 (3.5 mL, 

30.56 mmol ) was p remixed and stirred at o °C for 30 min , 

t h e n added dropwise to the s tar t ing material . Stirring was 

con t inued at o °C for 4 h. Solid N a 2 S O } w a s added and t h e 

suspension was stirred for 30 m i n to q u e n c h the peroxide 

complete ly . T h e T H F was removed under reduced pressure. 

More H 2 0 was added and the mix tu re w a s acidified in an 

ice ba th wi th 6 N HC1. T h e product w a s ext rac ted wi th 

EtOAc (10 x 10 mL). T h e organic layer w a s washed wi th 

sat . NaCl , dried over N a 2 S 0 4 , filtered, concent ra ted , and 

dried overnight, resu l t ing in 1.60 g c rude oil . T h e crude oil 

w a s purified by c o l u m n chromatography w i t h 50% EtOAc/ 

hexanes, followed by EtOAc and 0 .2% AcOH/EtOAc , to 

yield 0.88 g (67%) product . 

' H - N M R (CDClj) 8 Ip.p.m.) 8.04-7.12 (m, a rom, 6H), 4.13 

(d, 7 = 8 Hz, iH), 3.55 |m, iH), 1.58 (s, 9 H) , 1.37 (d, 7 = 
8 Hz, 3HI; ESI (m/z) calcd for C l 7 H 2 O N 4 0 4 (M + N a ] ' 

expected 367, found 367, [M - H]~ expected 343, found 343; 

[agf : +24.6° (c = 1, CHCl j ) ; IR (film on N a C l plate) 2986, 

2117, 1732, 1454, 1366, 1258, 1157, 753. T L C (EtO-

Ac : hexanes 1 : 1 vanillin), Rt = 0.14. 

(2ft, 3R)-2-amino-3-[W-(2-t-butyloxycarbonyl)-3-indolyllbutanoic 

acid (18) 

T h e a-azido carboxylic acid 17 (0.71 g, 2.07 mmol ) was 

dissolved in 10 mL M e O H , and 5% P d / C (0.04 g) was added. 

The flask was evacuated and filled w i t h H 2 and stirring at 

room tempera ture was allowed for 13 h. T h e mix tu re was 

filtered through Celi te , wh ich was washed extensively w i t h 

M e O H (10 x 5 mL). After removal of t h e solvent , 0.53 g 

(8 i%) product was obtained. A sample w a s purif ied using 

C H C l j : M e O H : A c O H 7 : 1 : 0.1 for ana ly t ica l purposes. 

' H - N M R (CDjOD) 8 (p.p.m.) 8.16-7.24 (m, arom, 5HI, 

3.76-3.51 (unresolved broad mul t ip le t , iH), 1.69 (s, 9H), 

1.53 (d, 3H, poorly resolved); the C' ' -proton is possibly 

buried unde rnea th t h e solvent peak a t 3.31 p.p.m.; ' H - N M R 

|DMSO) 8 (p.p.m.) 8.0 (d, 7 = 8 Hz, iH), 7.75 jm, iH), 7 61 

(m, iH), 7.31-7.24 |m, 2H), 3.67 (broad, 2H), 1.60 (s, 9HI, 

1.28 (d, 3H, poorly resolved); ESI (m/z) calcd for 

C , 7 H 2 2 N 2 0 4 [M + H(* expected 319, f o u n d 319, [M + Na]* 

expected 341, found 341, [M - H]~ expected 317, found 317; 

T L C ( C H C l j : M e O H : AcOH 7 : l : 0.1, n inhydrin) , R, = 
0.19. 

(2fi,3«)-2-(9H-fluoren-9-yl-methoxycarbonylamino)-3-[A/-(2-t-

butyloxycarbonyl)-3-indolyl]butanoic acid, i.e. Af (Fmoc)-(2fi,3R)-p-

methyl-(/Vin-Boc)-tryptophan (19) 

T h e free amino acid 18 (crude product f r o m t w o hydrogen-

at ion reactions; (1.03 g, approximately 3.24 mmol) in 

A c C N (100 mL) and D M S O | i o mL) w a s cooled to o °C. A 

solu t ion of 10% N a H C O , (8.2. mL, 9.72 m m o l ) was added 

dropwise, fol lowed by solid FmocOSu (1.97 g, 5.83 mmol) . 
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T h e flask was evacuated and filled wi th N 2 and the reaction 

carried out for 7 h, s lowly equi l ibrat ing to room tempera-

ture . T h e solvent was removed under reduced pressure unt i l 

only D M S O remained. T h e residue was di lu ted wi th H 2 0 

(20 mL). Af te r cooling in an ice bath, i t was acidified wi th 

0.2 M HC1, w h e n a w h i t e precipitate formed. T h e precipi-

ta te was extracted wi th EtOAc (10 x 10 mL). T h e organic 

layer was washed wi th sat. NaCI (3 x 20 mL), dried over 

N a 2 S 0 4 and overnight on the vacuum mani fo ld to result in 

1.81 g crude oil. T h i s mater ial was purified by c o l u m n 

chromatography wi th 1 : 1 EtOAc : hexanes , then 1% 

AcOH/E tOAc , to provide 0.77 g clear oil (approximately 

36% over two steps). 

' H - N M R (DMSOI 5 (p.p.m.) 8.02 (d, [ = 7.6 Hz, iH | , 7.85 

(d, / = 6.8 Hz, 2H), 7.70 (m, 2H), 7 60 (d, / = 7.6 Hz, iH), 

7.54 (d, / = 7 .2HZ | , 7.51 (s, together w i t h t h e previous 

doublet , 2H), 7.36 |m, 2H), 7.31 |t, iH | , 7.24 (m, 3HI, 4.43 

|m, iH), 4.25 |m, iH), 4.17 (m, 2.5H, con ta ins a smal l 

impuri ty) , 3.46 (m, iH), 1.5s (s, 9H), 1.32 (d, J = 8 Hz, 3HI; 

' 3 C - N M R (DMSO) 8 (p.p.m.) 172.2, 161.9 (imp.|, 155.7, 

148.7, 143.3, 140.3, 134.5, 129.2, 127.4, 126.7, i 2 5 - i , 124-9, 

123.9, 122.6, 122.2, 121.6, 119.9, 119.8 (imp.), 119.4, 114-6, 

83.4, 65.8, 57-9, 54-8 (imp.), 46.5, 35.8 (imp.|, 32.5, 27.6, 

17.6; MALDI-FTMS (m/z) calcd for C 3 2 H 3 2 N 2 0 6 , [M + N a f 

expected 563.2152, found 563.2145, exact mass error 

0.7 mp, 1.2 p.p.m.; [ « ) • : +1.70 (c = 0.3, MeOH); TLC |EtO-

Ac : hexanes 7 : 3, bromocresol green), Rt = 0 58; 

(CHC13 : M e O H : A c O H 7 : 1 : 0.1, bromocresol green), 

Rt = 0.75. 

Peptide synthesis 

A R ink acid resin was used. The first a m i n o acid was at-

t ached to the resin via an ester bond (51). Coupl ing of t h e 

first a m i n o acid was carried out as described below. The 

pept ide synthes is is i l lustrated in Fig. 3. 

T o a so lu t ion of resin (loading level 0.52 mmol /g , 4.9 g, 

2.6 m m o l theoret ical loadingl in 50 mL D M F were added 

pyr id ine (1.5 mL, 18.2 mmol , 7 eq), Fmoc-Phe-OH (3.0 g, 

7.8 m m o l , 3 eq | in D M F (25 mL), and 2,6-dichlorobenzoyl 

chlor ide (1.1 mL, 7.8 mmol , 3 eq). The resin was shaken for 

20 h, a n d successively washed wi th DMF, MeOH, and 

D C M . T h i s wash sequence was repeated three t imes. The 

res in was dried in a dessicator, under high vacuum, over-

night . T h e loading level was es t imated fol lowing a proce-

dure described in t h e Novab iochem catalog (2000). Three 

resin samples of around 2.3 mg each were placed in test 

tubes, and 2 mL of freshly prepared 20% piper id ine/DMF 

were added to each. T h e resin was agi ta ted us ing a Pasteur 

p ipe t t e for about 2 min . T h e supe rna tan t was carefully pi-

pe t t ed out and placed in ident ical U V cells. The UV 

absorbance of these solut ions at 290 n m was measured 

(AbsM m p i e) . A solut ion of 20% p ipe r id ine /DMF was used as 

a b l ank (Abs„f|. T h e subs t i tu t ion level was calculated 

accord ing to the formula: Fmoc loading (mmol/g) = 

(Abs s a m p i e -Abs r e ( ) / ( i . 6 s x mg res in | and found to be 

0.45 m m o l / g (87%). T h e unreacted hydroxyl groups on the 

res in were acylated wi th benzoic anhydr ide (2.7 g, 

13 m m o l , 5 eq) in pyr id ine /DMA 1/4 (75 m L | for 2 h. 

Depro tec t ion of Fmoc was carried ou t w i t h 20% piperi-

d i n e / D M F for 30 min . T h e pept ide e longa t ion process was 

c o n t i n u e d by coupling of Fmoc-Pro-OH, Fmoc-Phe-OH, 

Fmoc-Thr(t-Bu)-OH using 2 eq a m i n o acid, 2 eq PyBOP, 

0.75 eq HOBt, 4 eq DIEA. T h e Kaiser tes t w a s used to assess 

t h e comple t ion of deprotect ions/coupl ings , except in t h e 

case of Pro. The subs t i tu t ion level w a s tes ted again af ter 

coup l ing all four a m i n o acids and was found to be 

0.32 mmol /g . 

An example of the chain e longat ion procedure is illus-

t ra ted for Fmoc-Lys(Boc)-OH, w h i c h w a s coupled to the 

te t rapept ide . A port ion of dry peptide-resin Fmoc-Thr(t-Bu)-

Phe-Pro-Phe-resin (1.35 g, 0.43 m m o l peptide) was swelled 

in D C M for 1 h and washed wi th D M F twice . The Kaiser 

tes t w a s negative. Deprotec t ion of Fmoc was carried out 

w i t h 20% piper id ine/DMF for 1 h. T h e resin was washed 

3 x D C M , 3 x DMF, 3 x D C M . T h e Kaiser tes t was posit ive 

for f ree amine . T h e a m i n o acid Fmoc-Lys(Boc|-OH (0.81 g, 

1.72 m m o l , 4 eq) was dissolved in 20 m L DMF. To th is 

so lu t ion were added PyBOP (0.89 g, 1.72 m m o l , 4 eq), HOBt 

(0.12 g, 0.86 mmol , 2 eq), and DIEA (0.6 mL, 3.45 m m o l , 

8 eq) and the mix ture left s tanding for 2 m i n . T h e so lu t ion 

w a s added to the resin and coupl ing was a l lowed to proceed 

overn ight . T h e peptide-resin was washed 2 x DMF, 

2X D C M , 2 x DMF, 2 x D C M and t h e Kaiser tes t was neg-

ative. T h e resin was dried in a dessicator unde r high vac-

c u m overnight , t h e n stored at 4 °C. 

T h e peptide Fmoc-Lys(Boc]-Thr(t-Bu)-Phe-Pro-Phe-resin 

w a s t h u s obtained. A sample of 0.012 g peptide-resin (3.9-

5 x 10 3 m m o l peptide) was used to tes t if the mass of t h e 

pept ide was correct. T h e sample was swol l en in D C M for 

20 m i n . T h e Kaiser test was negative. T h e res in sample was 

s h a k e n wi th 20% piper id ine/DMF for 30 m i n , then washed 

successively wi th D M F and D C M (2 x 2]. T h e Kaiser tes t 

w a s posit ive. T h e peptide-resin w a s dried under high 

v a c u u m overnight. A solut ion of 10% A c O H / D C M was 

added and the resin shaken for 2 h. T h e filtrate was col-

lected and the resin washed three t i m e s w i t h 10% A c O H / 
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D C M . Af te r removal of t h e solvent , H , 0 was added and the 

res idue lyophil ized overnight . A whi te powder was ob-

ta ined. MS: ESI for C 4 l H 6 l N 6 0 9 [M + H|* calcd 794-4, found 

795-4, (M + Na]* 817.5, [M - H]~ 793.4. 

T h i s pept ide n was used as a precursor for coupl ing the 0-

me thy l t r yp tophan bui lding b locks and the procedures are 

i l lus t ra ted in Fig. 3 for t h e ( iR,3S| analog. Similar proce-

dures were followed for t h e (2R,3R| analog. 

Synthesis of cIPro-Phe-(2«,JS)-p-Me-Trp-Lys-Thr-Phel (2) 

Coupling of building block Fmoc-(2R,3S)-|)-Me-Trp(Boc)-OH (13) 

A sample of Fmoc-Lys(Boc]-Thr(t-Bu]-Phe-Pro-Phe-resin 

(0.29 g, 0.093 m m o l peptide] was swollen in D M F for 

15 m i n . T h e Kaiser tes t w a s negat ive. T h e resin was washed 

w i t h D M F once, then s h a k e n for 30 m i n wi th 20% piperi-

d ine in DMF, washed 2 x DMF, 2 x D C M and 2 x DMF. 

T h e Kaiser tes t was posit ive. T h e building block 13 was 

coupled to the resin as follows: Fmoc-|2R,3S|-p-Me-

Trp |Boc)-OH (13] (0.10 g, 0.18 m m o l , 2 eq | was first dis-

solved in DMF. Coup l ing agents PyBOP (0.096 g, 

0.18 m m o l , 2 eq| and HOBt (0.014 g, 0.093 mmol , 1 eq | 

were added, followed by DIEA (66 nL, 0.37 mmol , 4 eq|. 

T h e act ivated amino acid m i x t u r e was added over t h e 

pept ide-resin and the vessel shaken overnight at room 

t e m p e r a t u r e (15 h). T h e resin was washed extensively 

(4 x DMF, 2 x DCM, th ree t imes] and the Kaiser tes t indi-

ca ted t h e coupling was comple te . T h e resin was washed 

w i t h D C M and dried under h igh vacuum overnight. 

A sample was analyzed to conf i rm the coupling of the 

bui ld ing block, A port ion of 0.010 g resin was cleaved wi th 

10% A c O H / D C M for 4 h as above. After lyophil ization, 

0.0055 g pept ide were ob ta ined and analyzed by MS (ESI) 

and H P L C (PDA]. For th i s Fmoc-protected f ragment , the MS 

gave t h e fol lowing resul ts : ESI calcd for [M + H]* 1318, 

[M + Na]* 1340, [ M - H ] - 1316; MALDI-TOF [M + Na] ' 

1340. RP-HPLC (PDA): 4 0 - 9 0 % B, 40 min , X = 220 n m , 

R, = 37.46 min . 

T h e en t i re peptide-resin was t h e n subjected to Fmoc de-

pro tec t ion condi t ions. T h e res in was washed wi th D C M 

and dried in a dessicator unde r h igh v a c u u m overnight. T h e 

side chain-protected l inear pept ide 24 was cleaved f rom the 

resin w i t h 10% A c O H / D C M for 4 h. The f i l t rate was col-

lected and t h e solvent r emoved under reduced pressure. 

Water was added and the so lu t ion lyophilized overnight to 

yield a w h i t e f i lm I0.064 g). T h e pept ide was solubilized in 

6 m L E tOAc and washed th ree t imes wi th 0.1 N HC1 to 

conver t t h e acetate salt in to chlor ide salt. T h e organic layer 

was washed wi th sat. N a C l and dried over N a 2 S 0 4 and dried 

unde r high vacuum overnight . T h e yield was 0.055 g (56% 

rela t ive to theoret ical loading of the resin). MS: 

C s 9 H 8 x N 8 O i ; l , 1094.6057, [M + H]* expected 1096, found 

1096, [M + Na)* expected 1118, found 1118, [M - H]~ 

expected 1094, found 1094; analyt ica l HPLC (PDA) 10-90% 

B, 40 m i n , Rt = 31 min , one major peak. 

Cydization 

T h e l inear, side chain-protec ted peptide (HC1 salt) 24, N H 2 -

(2R,3S)-P-Me-Trp(Boc)-Lys(Boc|-Thr(t-Bu)-Phe-Pro-Phe-OH 

(0.055 g, 0.05 mmol] was dissolved in 50 mL D M F (1 mM) 

and the solut ion cooled to - 2 0 °C in an isopropyl alcohol-

dry ice bath. Solid N a H C O j was added (0.042 g, 0.50 mmol , 

10 eq), followed by dropwise addi t ion of DPPA (43 pL, 

0.20 m m o l , 4 eq). T h e m i x t u r e was stirred 4 days in the 

cold r o o m at 4 °C, unde r N , . T h e D M F was removed under 

reduced pressure and t h e res idue taken up in EtOAc (20 mL] 

and washed wi th H.,0. T h e organic layer w a s washed wi th 

0.2 M HC1 (3 x 5 mL), sat . N a H C O s ( 3 x 5 mL) and sat . 

N a C l ( 2 x 5 mL) and dried over N a 2 S 0 4 . T h e solvent was 

r emoved under reduced pressure arid the residue dried on a 

v a c u u m manifold overn ight to yield an oil (0.071 g). 

Analyt ica l HPLC was used to assess the comple t ion of 

the react ion. The HPLC trace of the crude mater ia l (10-90% 

B over 40 min , I = 220 n m ) showed a ma jo r peak at Rl = 
38.61 m i n (79.7%) and a m i n o r peak R t = 23.29 m i n 

(20.3%). T h e ch roma tog ram was compared w i t h a chro-

m a t o g r a m of the linear, protected pept ide in the same 

condi t ions , R, = 31 m i n . T h e compar i son showed tha t the 

m i n o r peak was not l inear pept ide but an impur i ty , wh ich 

was to be removed at the end of the synthes is by HPLC 

pur i f ica t ion. 

Final deprotection of t h e s ide chains was carried out 

w i t h o u t fur ther pur i f icat ion of the cyclic-protected inter-

med ia t e . 

Final deprotection 

T h e protected cyclic pept ide 25 was cooled in an ice bath. 

T h e 'cleavage cocktai l ' w a s prepared as follows: 10 mL TFA 

were mixed wi th 0.25 m L H 2 0 and 0.1 mL anisole and the 

so lu t ion was chilled to o °C. T h i s so lu t ion w a s added to the 

pept ide and the mix tu re st i rred at o °C for 30 m i n and room 

t e m p e r a t u r e for 30 m i n . T h e TFA was removed under 

reduced pressure. Water w a s added and t h e mix tu re was 
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lyophil ized overnight to afford the product 2 (0.054 g/ 98%). 

T h e product was purif ied by RP-HPLC using 4 5 % B, X = 
280 n m , Rt — 9.10 m i n . T h e f inal yield was 0.010 g (13% 

based on theoret ical loading of the resin). 

Analyt ical HPLC condi t ions : 10-90% B, 40 min , X — 
220 n m , Rt = 21.9 m i n and isocratic 30% B, Rt = 
11.53 m i n -

MS: MALDI-FTMS: [M + H f calcd for C 4 S H S 6 N 8 0 7 

expected 821.4345, found 821.4316, [M + Na]* expected 

843.4164, found 843.4146, exact mass error 1.8 mp, 

2.1 p.p.m. N M R (DMSO, 500 MHz ; Table 2]. 

Synthesis of c[Pro-Phe-(2R,3fi)-p-Me-Trp-Lys-Thr-Phel (3) 

Coupling of building block Fmoc-(2ft,3/?)-p-Me-Trp(Boc)-OH (19) 

T h e bui lding block Fmoc-(2R,3R|p-Me-Trp(Boc | -OH 19 

(0.10 g, 0.18 mmol) was used. T h e procedure w a s s imi lar to 

tha t s h o w n for the i somer |2R,3S| detailed above. A por t ion 

of 0.29 g peptide-resin (0.093 m m o l peptide) w a s employed 

for the synthesis . The bui ld ing block was coupled to t h e 

pept ide for 8 h. T h e pept ide was Fmoc-deprotected as usua l 

and dried in the dessicator overnight. The protec ted l inear 

peptide was cleaved f r o m t h e resin wi th 10% A c O H / D C M 

for 4 h, and the linear, side chain-protected pept ide 24A 

(0.057 g, 58% relative to theoret ical loading of t h e resin) 

was obtained. An analy t ica l PDA ch roma tog ram w i t h 

10-90% B over 40 m i n indicated a major p roduc t a t Rt — 
33.39 m i n (89%), and M S conf i rmed the presence of the 

correct peptide: ESI calcd for C s 9 H 8 j N 8 O l : l [M + H]* 

expected 1096, found 1096, [M + Na|* expected 1118, found 

1118, [M - H]~ expected 1094, found 1094. T h e pept ide was 

dissolved in EtOAc and washed three t imes w i t h 0.1 N HC1 

to convert it to HC1 sal t . 

Cyclization 

T h e side chain-protected l inear peptide 24A (0.054 g) w a s 

al lowed to cyclize for 3 days, using a procedure s imi lar to 

t h e one described above. T h e crude product w a s puri f ied by 

c o l u m n chromatography us ing 7 : 3 EtOAc : hexanes , and a 

w h i t e oil (0.039 S, 74%) was obtained. 

MS: ESI calcd for C ^ H s o N g O , , [M + H]* expected 1077.6, 

found 1077.6, [M + Naj* 1099.5, found 1099.6, [M - H | 

1075.6, found 1075.6; P D A 10-90% B, 40 min , X = 220 n m , 

Rt = 39.67 min . 

T h e cyclic, protected pept ide 25a was t reated w i t h TFA at 

o °C for 30 min , under N 2 / and lyophil izat ion afforded 

crude product 3 (0.022 g). Th i s was purif ied in isocratic 

condi t ions wi th 43% B at X = 280 n m , R, = 10.57 min , and 

0.006 g pure mater ia l (8% based on theore t ica l resin load-

ing) resul ted. 

Analy t ica l condi t ions: PDA, gradient 10-90% B over 

40 m i n , X = 220 min , Rt = 23.51 min , and isocratic, 32% B, 

R, = 20.00 min ; MS: MALDI-FTMS calcd for C 4 5 H s 6 N 8 0 7 

(M + H]* expected 821.4345, found 821.4312, exact mass 

error 3.3 mp, 4.0 p .p .m. N M R (DMSO, 500 M H z ; Table 3). 

Computer simulations 

C o m p u t e r s imula t ions of t h e two pept ide d ias te reomers 

con ta in ing (2R,3S|- a n d (2R,3R)-P-Me-Trp were carried out 

to de t e rmine differences in overall confo rmat ion and energy 

to explain their di f ferent b inding profiles. T h e s imula t ions 

were carried out on an SGI IRIX 6.5 works t a t i on . T h e 

INSIGHT 11 and DISCOVER programs were used for the 

molecu la r mechan ics (energy minimiza t ion) , t h e dynamics 

ca lcu la t ions and visual izat ion. 

T h e in i t ia l s t ruc tures of the t w o i somers were generated 

us ing t h e Biopolymer m o d u l e of INSIGHT II in t roduc ing a 

PIT t u r n in the backbone tors ional angles f r o m t h e Phe 7 to 

the T h r ' ° residues and a pVI tu rn f rom the Phe 1 1 to the Pro6 

residue, in accordance w i t h the exper imenta l data available 

f r o m t h e l i terature (17). 

T h e molecu la r dynamics calculat ions were carried ou t in 

vacuo w i t h the force field CVFF91. A d is tance-dependent 

dielectr ic cons tant (1 x r) was used to take in to accoun t the 

solvent effects. Bonds b e t w e e n a toms were kep t fixed by the 

SHAKE procedure w i t h a relative tolerance of io~3 . Non-

bonded in teract ions were t reated using t h e double cut-off 

m e t h o d wi th two radii of 0.8 and 1.4 A. D u r i n g t h e s imu-

lat ions, the peptide bonds were ma in t a ined in the t rans-

conformat ion . Prior to every molecular d y n a m i c s s imula-

t ion, the sys tem w a s equil ibrated wi th 3 ps in i t ia l iza t ion 

d y n a m i c s fol lowed by a s tep size of 1 fs for a 10 ns s imu-

lat ion, and s t ruc tures were collected every 1 ps. A n archive 

of s t ruc tu res was t h e n created by sampl ing every 10 ps and 

m i n i m i z i n g the sampled s t ruc tu re to convergence (CVFF91 

force field and conjuga te gradients a lgor i thm w i t h conver-

gence cr i ter ion of 0.001 kcal /mol) . 

Biologic tests 

T h e c D N A for h u m a n somatos t a t in receptors (hSSTR) 1 

th rough 4 were subcloned in to the p c D N A 3 . i / N e o expres-
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sion vector. c D N A for hSSTRs was created as a casse t te 

cons t ruc t in pTEJ8 (52). Stable t ransfect ions of C H O - K i 

cells expressing ail five hSSTRs, were prepared us ing 

Superfect t r ans fec t ion reagent (Qiagen, Hilden, Germany) 

fol lowing t h e manufac tu re r ' s guidelines. C l o n e s were 

selected and m a i n t a i n e d in C H O - K i m e d i u m con ta in ing 

H a m s F12 w i t h 10% fetal bovine s e rum and 700 ng /mL 

neomycin . Ce l l s were harvested, homogenized us ing a glass 

homogenizer and m e m b r a n e s were prepared by cent r i fuga-

t ion as previous ly described {52,53). Binding s tud ies were 

performed w i t h 30-40 ng of m e m b r a n e prote in col lected 

f rom C H O - K i cells stably expressing the receptor con-

structs , and 1 2 SI-labeled LTT-SST28 radioligand (approxi-

mate ly 60 pm) in 50 mM HEPES, p H 7.5, 2 mM CaCl 2 , 

5 m M MgCl 2 , 0 .5% bovine s e r u m a lbumin , 0 .02% pheny l -

me thy l su l fony l fluoride, and 0.02% baci t racin (binding 

buffer) for 30 m i n at 37 °C. Incubat ions were t e rmina ted by 

the addi t ion of ice-cold binding buffer. M e m b r a n e pellets 

were quan t i f i ed for radioactivi ty using a LKB-7 counte r 

(LKB-Wallach, Turku , Finland). Binding data were analyzed 

w i t h PRISM 3.0 (Graph Pad Software, San Diego, CA, USA) 

by non l inea r regression analysis. Data are presented as 

m e a n ± SEM and represent three independent expe r imen t s 

per formed in duplicate. 
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G-protein-coupled receptors (GPCRs) represent the 
largest and most diverse family of ceil surface receptors. 
Several GPCRs have been documented to dimerize with 
resulting changes in pharmacology and signaling. We 
have previously reported, by means of photobleaching 
f luorescence resonance energy transfer (pbFRET) mi-
croscopy and fluorescence correlation spectroscopic 
analysis in live cells, that human somatostatin receptor 
(hSSTR) 5 could both homodimerize and heterodimerize 
with hSSTRl in the presence of the agonist SST-14. By 
contrast, hSSTRl remained monomeric when expressed 
alone regardless of agonist exposure in live cells. How-
ever, the effect of the agonist on other hSSTR members 
remains unknown. Using pbFRET microscopy and West-
ern blot, w e provide evidence for agonist-dependent dis-
sociation of self-associated hSSTR2 stably expressed in 
CHO-KI and HEK-293 cells. Furthermore, the dissocia-
tion of the hSSTR2 dimer occurred in a concentration-
dependent manner. Moreover, blocking receptor disso-
ciation using a cross-linker agent perturbed receptor 
trafficking. Taking these data together, we suggest that 
the process of GPCR dimerization may operate differ-
ently, even among members of the same family, and that 
receptor dissociation as well as dimerization may be 
important steps for receptor dynamics. 

G-protein-coupled receptors (GPCRs)1 represent —1% of the 
human genome, an estimate exceeding 800 genes (1). The ini-
tial notion that GPCRs are present on the membrane as mo-
nomeric entities in a 1:1 stoichiometric ratio with their G-
protein has since been reinterpreted. Several studies have 
shown by using a combination of techniques such as co-immu-
noprecipitation, bioluminescence resonance energy transfer, 
and fluorescence resonance energy transfer (FRET) that at 
least some GPCRs assemble on the membrane as functional 

* T h i s w o r k w a s s u p p o r t e d b y C a n a d i a n Institute of Health Research 
G r a n t s M T - 1 0 4 1 1 a n d MT-6911 . T h e cos t s of pub l i ca t ion of t h i s a r t i c le 
w e r e d e f r a y e d in p a r t by t h e p a y m e n t of p a g e c h a r g e s . T h i s a r t i c l e m u s t 
t h e r e f o r e b e h e r e b y m a r k e d "advertisement" in acco rdance w i t h 18 
U.S .C. S e c t i o n 1734 solely to i n d i c a t e t h i s fact . 

Ii To w h o m c o r r e s p o n d e n c e s h o u l d b e a d d r e s s e d : R m . M3.15 , Royal 
Vic tor ia H o s p i t a l , 687 P i n e Ave. W e s t , M o n t r e a l , Q u e b e c H 3 A 1A1, 
C a n a d a . Tel . : 614-842-1231 (ext . 35042) : F a x : 514-843-2819; E - m a i l : 
u j e n d r a . k u m a i @ m u h c . m c g i l l . c a . 

1 T h e a b b r e v i a t i o n s u s e d a r e : G P C R , G-pro te in -coup led recep tor ; 
p b F R E T , pho tob leach ing fluorescence r e sonance energy t r a n s f e r ; GABA, 
y a m i n o b u t y r i c acid; h S S T R , h u m a n s o m a t o s t a t i n r ecep to r ; fi-OR, 
m o u s e ^ opioid recep to r , HA, h e m a g g l u t i n i n ; F I T C , fluorescein isothio-
c y a n a t e ; B S 3 , b i s ( su l fosucc in imidy l ) s u b e r a t e ; H A - h S S T R , H A - t a g g e d 
h S S T R ; D - P B S , Dulbecco 's p h o s p h a t e - b u f f e r e d sa l ine ; LTT-SST-28 , 
lLeu 8 -D-Trp 2 2 ,Ty r z 5 lSST-28 . 

homo- and heterodimers (2-4). Dimerization of GPCRs has 
been shown to affect a multitude of receptor functions, includ-
ing ligand binding, signaling, receptor desensitization, and re-
ceptor trafficking (2-5). 

The mechanism by which GPCR dimerization occurs re-
mains obscure and controversial. One model suggests that li-
gand binding induces a conformational change in the receptor 
that favors dimer formation. In contrast to this model, the 
presence of GPCRs, which may be assembled as preformed 
dimers, has been shown for members of the class C subfamily, 
which includes GABAergic receptors (6-8), calcium-sensing 
receptor (9, 10), the metabotropic glutamate receptor (11), and 
the sweet taste receptors (12-14). This paradigm of GPCR 
assembly, however, is not consistent among the other families 
of GPCRs (2). Several reports have shown that agonist plays an 
active role in GPCR dimerization at the plasma membrane, 
suggesting an equilibrium between GPCR dimers or monomers 
that can be regulated by ligand occupancy. These receptors 
include the human somatostatin receptors (hSSTRs) (15, 16), 
the dopamine D2 receptor (17), the gonadotropin-releasing hor-
mone receptor (18, 19), the luteinizing hormone/chorionic go-
nadotropin hormone receptor (20), the bradykinin B2 receptor 
(21), the thyrotropin-releasing hormone receptor (22), the hu-
man cholecystokinin receptor (23), the human thyrotropin re-
ceptor (24), the chemokine receptors (25-28), the mouse S-opi-
oid receptor (6-OR) (29), and the rhesus neuropeptide Y4 
receptor (30). 

We have previously reported that hSSTRs are capable of 
undergoing both homo- and heterodimerization at the cell 
membrane (15, 31). Recently, we have demonstrated agonist-
dependent homo- and heterodimers on the plasma membrane 
in live cells using fluorescence correlation spectroscopy (16). 
One of the receptor subtypes, hSSTRl, did not form ho-
modimers in either the absence or presence of agonist, in con-
trast to hSSTR5, which showed robust dimerization on agonist 
exposure. When both receptors were co-expressed in the same 
cell, two populations of dimers were observed, hSSTR5 ho-
modimers and hSSTRl/hSSTR5 heterodimers (16). The effect 
of agonist on other members of the hSSTR family is currently 
unknown. 

In the present study using both Western blot and pbFRET 
analysis, we determined the effect of agonist on hSSTR2 dimer-
ization. We show that agonist induced a dissociation of preas-
sembled hSSTR2 dimers in a concentration-dependent man-
ner. This effect was inhibited when cell membranes were 
pretreated with a cross-linking agent. hSSTR2 undergoes in-
ternalization on exposure to agonist, however, inhibition of 
dimer dissociation resulted in unpaired receptor internaliza-
tion. Finally, our data provide evidence suggesting that agonist-
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dependent dissociation of self-associated dimers may be a re-
quirement for proper receptor trafficking. 

EXPERIMENTAL PROCEDURES 

Materials—The pep t ides SST-14 a n d (Leu^D-Trp^ .Tyr 2 5 ! SST-28 
(LIT-SST-28) were purchased from Bachem, Torrance, CA. Fluorescein-
a n d rhodamine -con juga ted a n d non-con juga ted mouse monoclonal a n -
t ibodies a g a i n s t h e m a g g l u t i n i n (HA) (12CA5) were p u r c h a s e d f r o m 
Roche Appl ied Science. F ITC-con juga ted goa t an t i -mouse a f f i n i t y -pu r i -
fied secondary an t ibody w a s p u r c h a s e d f r o m Jackson I m m u n o R e s e a r c h 
Labora to r ies , Wes t Grove, PA. T h e cross- l inking agen t b is(sul fosuccin-
imidyl) s u b e r a t e (BS3) w a s p u r c h a s e d f rom Sigma. 

SSTR Constructs and Expressing Cell Lines—Stable C H O - K 1 a n d 
H E K - 2 9 3 cells express ing HA- tagged h S S T R 2 were p r e p a r e d by Lipo-
fec tAMINE t ransfec t ion r e a g e n t a s descr ibed previously (15). S t a b l e 
t r ans f ec t i ons were m a d e us ing t h e vectors pCDNA3.1/Neo (neomycin 
res is tant®) from Invi t rogen. Clones from C H O - K l cells were se l ec t ed 
a n d m a i n t a i n e d in m e d i u m c o n t a i n i n g H a m ' s F-12 w i th 10% fe ta l 
bovine s e r u m a n d 700 ^g /ml neomycin . Clones from HEK-293 cells w e r e 
se lected in Dulbecco's modified Eag le ' s med ium conta in ing 10% fe t a l 
bovine s e r u m a n d 700 txg/mi neomycin . 

pbFRET Microscopy—pbFRET e x p e r i m e n t s were pe r fo rmed a t t h e 
p l a s m a m e m b r a n e of C H O - K l cells a s descr ibed previously ( 1 5 , 1 6 , 31). 
In brief, C H O - K l cells exp res s ing HA-hSSTR2 were t r e a t e d w i t h dif-
f e ren t concen t ra t ions (0, 10~ l ° , 5 x 10" 9 , 10" 7 , a n d 10~6 M) of a g o n i s t 
for 10 m i n a t 37 °C, fixed w i th 4% pa ra fo rma ldehyde in P B S for 20 m i n 
on ice, a n d processed for immunocy tochemis t ry . Immunocy tochemis t ry 
w a s p e r f o r m e d us ing monoclonal a n t i - H A ant ibodies c o n j u g a t e d to 
F I T C a n d r h o d a m i n e for t he donor a n d acceptor, respect ively, before 
be ing sub jec ted to p b F R E T ana lys i s . T h e effective F R E T eff ic iency (E) 
w a s ca lcu la ted from t h e ave r age photobleaching t ime c o n s t a n t of t h e 
donor ob ta ined in t he absence ( r a v g D _ A ) and presence ( r a v g D A) of t h e 
acceptor, according to t h e e q u a t i o n E = 1 - ( rD_A / rD + A) x 100. 

Western Blot Analysis—Membranes from HA-hSSTR2 s t a b l y t r a n s -
fected in H E K - 2 9 3 cells were p r e p a r e d us ing a glass homogen ize r in 20 
mM Tr is -HCl , 2.5 mM di th io thre i to l , p H 7.5, as described p rev ious ly 
(15). T h e m e m b r a n e pel le t w a s w a s h e d a n d r e suspended in 20 mM 
Tris-HCl , pH 7.5, in t h e absence of d i th io thre i to l . M e m b r a n e p ro te in (50 
txg) w a s t r e a t e d wi th SST-14 (0, 1 0 " l 0 , 10" 8 , and 1 0 - 6 M) in b i n d i n g 
bu f f e r (50 mM Hepes , 2 mM CaCl 2 , 5 mM MgCl2 , pH 7.5) for 30 m i n a t 
37 °C. W h e n t h e cross- l inking a g e n t B S 3 was used, m e m b r a n e s w e r e 
p r e t r e a t e d w i th 5 mM BS 3 for 1 h a t 4 °C, and th is r eac t ion w a s 
t e r m i n a t e d by the addi t ion of 50 mM Tris-HCl, pH 7.5, for 15 m i n a t 
4 °C. Af t e r t r e a t m e n t wi th SST-14, m e m b r a n e protein w a s solubi l ized 
in Laemml i s a m p l e buf fe r con ta in ing 62 .5 mM Tris-HCl, p H 6.8, 25% 
glycerol, 2% SDS, 0.01% b rompheno l b lue , a n d 710 mM 2-mercap toe th -
anol (Bio-Rad). T h e s a m p l e w a s h e a t e d a t 85 °C for 5 min before be ing 
f r ac t iona ted by e lec t rophores is on a SDS-7% polyacrylamide gel . T h e 
f r ac t i ona t ed p ro te ins were t r a n s f e r r e d by electrophoresis to a 0.2-/xm 
ni t rocel lulose m e m b r a n e (Trans-Blo t t r a n s f e r med ium, Bio-Rad) in 
t r a n s f e r buf fe r cons is t ing of 25 mM Tr is , 192 mM glycine, a n d 20% 
me thano l . T h e m e m b r a n e w a s blot ted w i th ant i -HA mouse monoclona l 
an t ibody (di lut ion, 1:5000). Blocking of m e m b r a n e , incuba t ion of pri-
m a r y ant ibodies , incuba t ion of s econda ry antibodies, a n d de t ec t ion by 
chemi luminescence were p e r f o r m e d following Wes te rnBreeze® (In-
vi t rogen) according to t h e m a n u f a c t u r e r ' s ins t ruct ions . I m a g e s w e r e 
c a p t u r e d us ing a n Alpha Inno tech F luo rChem 8800 (Alpha Inno t ech 
Co., S a n Leandro , CA) gel box image r , a n d dens i tomet ry w a s ca r r i ed o u t 
u s ing F l u o r C h e m so f twa re (Alpha Inno tech Co.). 

Internalization by Radioligand and Immunocytochemistry—Recep-
tor in te rna l i za t ion w a s assessed a s descr ibed previously (32). C H O - K l 
cells s t ab ly express ing HA-hSSTR2 were cul tured in 6-well p l a t e s to 
- 9 0 % confluency (—1.5 x 10® cells/well). On the day of t he e x p e r i m e n t , 
m e d i u m w a s removed, a n d t h e cells were washed twice w i t h Dulbecco's 
P B S (D-PBS) solut ion and incuba ted overnight a t 4 °C in b i n d i n g bu f f e r 
(50 mM Hepes , p H 7.5, 2 mM CaCl 2 , 5 mM MgCl2, 0.5% bovine s e r u m 
a l b u m i n , 0.02% pheny lme thy l su l fony l fluoride, and 0.02% bac i t r ac in ) 
w i th 1 2 5I-LTT-SST-28 (200,000 c p m ) w i th or wi thou t 1 MM SST-14 to 
account for nonspecif ic binding. Cel l s w e r e washed two t imes in D - P B S 
a n d w a r m e d to 37 °C for va r ious t i m e s (0, 15, 30, 60 min) to i n i t i a t e 
in te rna l i za t ion . For cross- l inking exper iments , cells were p r e t r e a t e d 
w i th 1 mM BS 3 in D-PBS for 1 h a t 4 °C, a n d th is react ion w a s t e r m i -
n a t e d by w a s h i n g t h e cells first w i th D-PBS followed by the add i t ion of 
50 mM Tr is -HCl , p H 7.5, for 15 m i n a t 4 °C. Surface-bound rad io l igand 
w a s removed w i th 1 ml of acid w a s h buf fe r (20 mM NaOAc in 1 x H a n k s ' 
solut ion, p H 5.0) for 10 min . I n t e r n a l i z e d radioligand was m e a s u r e d a s 
ac id - res i s tan t counts t a k e n a f t e r r emov ing cells wi th 1 ml of 1 N N a O H . 

Radioact ive f rac t ions were q u a n t i f i e d for radioact iv i ty u s ing a n L K B 
g a m m a coun te r (LKB-Wallach, T u r k u , F in land) . Each e x p e r i m e n t w a s 
pe r fo rmed t h r e e t imes in t r ip l ica te . 

For in te rna l i za t ion by immunocytochemistry, CHO-Kl cel ls s t a b l y 
exp res s ing HA-hSSTR2 w e r e g r o w n on coverslips a n d t r e a t e d w i t h 
SST-14 (1 /zM) for 30 min a t 37 °C. W h e n t h e cross- l inker a g e n t w a s 
indica ted , cells were t r e a t e d w i th 1 mM BS 3 for 1 h a t 4 ®C pr ior to t h e 
addi t ion of SST-14. Reaction w a s t e r m i n a t e d wi th 50 mM Tr is -HCl , p H 
7.5, for 15 min a t 4 °C. Cells were w a s h e d two t imes in D - P B S a n d fixed 
for 20 min a t 4 °C wi th 4% p a r a f o r m a l d e h y d e . Af t e r t h r e e s u b s e q u e n t 
w a s h e s in D-PBS, cells were i n c u b a t e d in 5% no rma l goa t s e r u m in 
D-PBS for 1 h followed by incuba t ion w i t h an t i -HA monoclonal an t i body 
(1:1000) in 1% normal goat s e r u m o v e r n i g h t a t 4 °C. Unless ind ica ted , 
pe rmeabi l i za t ion of cells w a s p e r f o r m e d us ing 0.2% Tr i ton X-100 in 
D-PBS for 10 min followed by t h r e e w a s h e s in D-PBS prior to incuba-
t ion w i th an t ibody. Cells were t h e n w a s h e d t h r e e t imes in D-PBS 
followed by incubat ion w i th F ITC-con juga t ed goa t a n t i - m o u s e second-
a r y an t ibody (1:800) for 1 h . A f t e r two w a s h e s in D-PBS, cells w e r e 
m o u n t e d a n d viewed u n d e r a Leica D M L microscope a t t a c h e d to a Cool 
S n a p C C D c a m e r a . 

RESULTS 

Ligand-dependent Dissociation of hSSTR2 Homodimers by 
pbFRET and Western Blot—CHO-Kl cells were stably ex-
pressed with an N-terminal HA-tagged hSSTR2 (Bmax - 435 ± 
33 fmol/mg of protein, KD = 0.3 ± 0 . 1 nM). Cells were treated 
with different concentrations of SST-14 and processed for 
hSSTR2 localization to study by pbFRET microscopy. pbFRET 
microscopy was determined by the photobleaching decay of 
donor on the cell surface by using monoclonal anti-HA antibod-
ies conjugated with either fluorescein (donor) or rhodamine 
(acceptor). As shown in Fig. 1A, in the basal state, the cell 
surface presented with a high relative FRET efficiency, sug-
gesting the presence of homodimers, compared with SST-14-
treated cells. Treatment with SST-14 induced a concentration-
dependent decrease in FRET efficiency from a maximum of 
11.7 ± 1.1% under basal conditions to 2.1 ± 0.9% with 1 pM 
SST-14 (Table I and Fig. 1A). Our data indicate that unlike 
hSSTRl and hSSTR5, hSSTR2 is self-associated and dissoci-
ates on agonist activation. Because FRET is sensitive to dis-
tance, changes in FRET efficiency can be perceived as either 
dissociation of dimers or changes in receptor conformation. To 
confirm whether ligand-activated hSSTR2 is associated with 
changes in dimer to monomer formation, we performed West-
ern blot. 

Membranes from HEK-293 cells stably expressing HA-
hSSTR2 CBmax = 2608 ± 206 fmol/mg of protein, KD = 0.4 ± 0 . 1 
nM), which were chosen for their higher expression levels, were 
treated with various concentrations of SST-14 before being 
processed for Western blot. In the absence of agonist, hSSTR2 
was present in both dimeric (120 kDa) and monomeric (60 kDa) 
forms (Fig. IB). Treatment of hSSTR2 membrane with SST-14 
induced a concentration-dependent decrease in dimer forma-
tion (Fig. IB). Increasing concentrations of SST-14 gradually 
decreased the ratio of hSSTR2 dimers to monomers (Fig. 1C). 
Dissociation of the dimeric complex could be prevented when 
membranes were pretreated with the cross-linking agent BS3 

(Fig. ID). Western blot in combination with pbFRET analysis 
supports the notion that hSSTR2 is a self-associated dimer 
under basal conditions, but on ligand activation, it preferen-
tially dissociates into monomers. It is unclear why there was an 
appreciable amount of monomeric receptor found by Western 
blot. One reason could be the result of a solubilization artifact, 
because receptor dimers can be affected by the concentration of 
detergent used. Another reason could be the higher expression 
levels achieved in HEK-293 cells compared with those in 
CHO-Kl cells used to perform Western blot. Perhaps the mo-
nomeric receptors represent an immature intracellular pool 
that is only functional when the receptors are in dimeric form 
and are present at the cell surface. With the exception of the 
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FIG. 1. A g o n i s t - d e p e n d e n t d i s s o c i a t i o n o f t h e h S S T R 2 d i m e r . 
A, C H O - K I cel ls s t a b l y e x p r e s s i n g HA epi tope- tagged h S S T R 2 w e r e 
sub j ec t ed to p b F R E T a n a l y s i s u s i n g a n t i - H A monoclonal a n t i b o d i e s 
c o n j u g a t e d w i t h e i t h e r F ITC (donor) or r h o d a m i n e (acceptor ) a s de-
scr ibed u n d e r " E x p e r i m e n t a l P rocedures . " Cont ro l r e p r e s e n t s t h e F R E T 
eff ic iency of cel ls t h a t h a v e n o t been t r e a t e d w i th SST-14. Ce l l s w e r e 
t r e a t e d w i t h S S T - 1 4 fo r 10 m i n before be ing processed for p b F R E T 
microscopy. M e a n s ± S .E . r e p r e s e n t t h r e e i n d e p e n d e n t e x p e r i m e n t s , 
e a c h t a k e n f r o m - 4 0 - 5 0 cells. B, H E K - 2 9 3 cells s t ab ly e x p r e s s i n g H A 
ep i tope - t agged h S S T R 2 were t r e a t e d w i t h t h e ind ica ted c o n c e n t r a t i o n s 
of SST-14 fo r 3 0 m i n be fo re be ing p rocessed a n d s e p a r a t e d on a S D S - 7 % 
po lyac ry i amide gel . T h e r e p r e s e n t e d blot is t a k e n from t h r e e i n d e p e n d -
e n t r u n s . C , i m m u n o b l o t s f r o m B w e r e q u a n t i f i e d for c h a n g e s in t h e 
d imer ic : m o n o m e r i c r a t i o a f t e r SST-14 t r e a t m e n t by d e n s i t o m e t r y u s i n g 
F l u o r C h e m s o f t w a r e . D , i m m u n o b l o t from m e m b r a n e s of H E K - 2 9 3 cel ls 
s t a b l y e x p r e s s i n g H A - h S S T R 2 i n c u b a t e d w i t h 5 mM B S 3 p r i o r to t r e a t -
m e n t w i t h o r w i t h o u t 1 SST-14 . M e m b r a n e s were s e p a r a t e d o n a 
SDS-7% p o l y a c r y i a m i d e gel. T h e i m m u n o b l o t is a r e p r e s e n t a t i o n of 
t h r e e i n d e p e n d e n t r u n s . 

TABLE I 
Concentration-dependent decrease in FRET efficiencies 

C H O - K I cells e x p r e s s i n g H A - h S S T R 2 w e r e t r e a t e d w i t h t h e ind i -
ca t ed c o n c e n t r a t i o n s of S S T - 1 4 a n d s u b j e c t e d to p b F R E T a n a l y s i s a s 
d e s c r i b e d u n d e r " M a t e r i a l s a n d M e t h o d s . " D - A a n d D + A , c o r r e -
s p o n d to d o n o r in t h e a b s e n c e a n d p r e s e n c e of accep to r , r e s p e c t i v e l y ; 
rBVg, m e a n of n pho tob l each ing t i m e c o n s t a n t s ; n, n u m b e r of cel ls a n a -
lyzed; E, a v e r a g e ef fec t ive F R E T efficiency. M e a n s - S .E . r e p r e s e n t 
t h r e e i n d e p e n d e n t e x p e r i m e n t s . 

SST-14 
concentration "avg n E 

Cont ro l D - A 13.6 r 0 .3 48 
D + A 15.4 T 0 . 3 48 11.7 = 1.1 

l O " 1 0 D - A 13.2 r 0.3 48 
D ( A 14.0 r 0.4 48 5.7 = 1.3 

5 X 1 0 " 9 D - A 13.4 r 0.4 48 
D + A 13.8 r 0.2 48 2.9 ::: 1 .2 

10 7 D - A 14.1 r 0 .3 48 
D + A 14.3 • 0 .3 4 8 1.4 :: 1.1 

10 6 D - A 14.2 t 0.4 48 
D + A 14.5 T 0 .2 4 8 2 .1 = 0 .9 

S-OR (29), little has been shown to support the functional 
significance for the dissociation of GPCR dimers. To determine 
whether dissociation of the dimeric complex is associated with 
changes in receptor properties, we proceeded to investigate 
receptor internalization. 

Internalization ofhSSTR2—CHO-KI cells stably expressing 
HA-hSSTR2 were grown on coverslips and treated with 1 /AM 
SST-14 for 30 min with or without prior treatment of BS3. 
Because BS3 is a hydrophilic lipid impermeable cross-linking 
agent and was shown to inhibit agonist-induced hSSTR2 dis-
sociation (Fig. ID), only dimeric receptors at the cell surface 
would be affected on treatment. Under basal conditions, 
hSSTR2 was mainly localized at the cell surface with little or 
no cytoplasmic localization of receptor in permeabilized cells 
(Fig. 2A, left panels). Treatment with SST-14 (1 fiM) resulted in 
the internalization of hSSTR2 with decreases in cell surface 
expression (Fig. 2A, middle panels). Internalization of receptor 
was appreciably inhibited when cells were treated with the 
cross-linker prior to the exposure of SST-14 (Fig. 2A, right 
panels). Thus, we demonstrate that internalization of hSSTR2 
can be inhibited when receptor dissociation is blocked. To de-
termine whether receptor internalization was either com-
pletely blocked or delayed, we measured internalization 
kinetics. 

Cells expressing hSSTR2 were treated with or without 1 MM 
cross-linker BS3 to determine the effect of inhibiting receptor 
dissociation on the kinetics of internalization. We used the 
radioligand ^ I - L T T - S S T ^ , an agonist to hSSTR2, to meas-
ure internalization kinetics. Receptor binding was not inhib-
ited on treatment with BS3. A maximum internalization was 
achieved at —30 min, when measured up to 1 h. This internal-
ization rate was significantly altered when cells were pre-
treated with BS3, consistent with the immunocytochemistry 
results that inhibition of dimer dissociation impairs receptor 
trafficking (Fig. 2B). 

DISCUSSION 

The mechanisms underlying dimerization have become par-
amount in the elucidation of GPCR function. There are two 
general models that have been proposed for the dimerization of 
GPCRs that have resulted in contentious debate (for reviews 
see Refs. 2-4). One model states that GPCRs are preassembled 
dimeric complexes occurring early following their synthesis in 
the endoplasmic reticulum, without any ensuing effect on li-
gand treatment in altering the dimeric state of the receptor. An 
example that has been well documented in this regard is the 
GABAb receptor, a relative of the class C subfamily of GPCRs 
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C o n t r o l SST-14 SST-14 + BS3 

B 

Time (min) 

PIG. 2. I n t e r n a l i z a t i o n of h S S T R 2 . A, immunocytochemis t ry of 
C H O - K l cells s t ab ly express ing HA-hSSTR2 in the absence (Control) or 
presence of 1 FTM SST-14 wi th or wi thout p r e t r e a t m e n t of 1 MM BS3 . 
Non-permeabi l ized (NP) cells r ep resen t cell sur face dis t r ibut ion of re-
ceptor, a n d permeabi l ized (P) cells r ep re sen t internal ized receptor . 
Arrows indicate bo th su r face a n d in te rna l ized receptors. Magnif icat ion 
x630 . B, i n te rna l i za t ion kinet ics of HA-hSSTR2 s tably expressed in 
C H O - K l cells u s i n g t h e radiol igand 1 2 5I-LTT-SST-28 a s described un-
d e r "Expe r imen ta l Procedures ." In te rna l iza t ion r a t e of hSSTR2 wi thou t 
( • ) or w i th ( 0 ) p r e t r e a t m e n t of 1 MM BS 3 . 

(6-8). In this example, the heterodimerization between the 
GABABR1 and GABABR2 receptor subtypes was shown to be a 
prerequisite for the proper trafficking and functioning at the 
cell surface (6-8). The other model states a ligand dependence 
for GPCR dimerization and has been documented for several 
GPCRs; therefore, a ligand-independent constitutive receptor 
dimerization paradigm cannot be universally accepted for all 
receptors (2, 3). In fact, there have been conflicting reports on 
the same receptor subtype, concerning its dimerization proper-
ties, as to whether or not ligand has a direct effect. Cvejic and 
Devi (29) have reported that ligand-activated mouse (5-OR 
causes dissociation of receptor dimers to monomers in stably 
transfected cells using co-immunoprecipitation. On the con-
trary, Milligan and co-workers (33) found that the human 5-OR 
displayed constitutive dimerization irrespective of ligand occu-
pancy, using both bioluminescence resonance energy transfer 
and FRET techniques in transiently transfected cells. Whether 
these discrepancies are caused by the types of techniques used, 
transfections, or the species of receptor used is uncertain. In a 
recent report, transiently transfected cells resulted in the for-
mation of mostly dimeric immature intracellular human 
lutropin receptors that exhibited no effect on ligand treatment 
(34). When stably transfected, however, mature cell surface 
monomeric receptors were mainly present and displayed li-
gand-induced increases in dimer formation. Therefore, it was 

suggested that these promiscuous interactions were occurring 
at the level of the endoplasmic reticulum in transiently trans-
fected cells because of the accumulation of immature receptors 
(34). 

We have previously reported that hSSTR5 can both homo-
and heterodimerize with hSSTRl and dopamine 2 receptor in a 
ligand-dependent manner in stably transfected cells (15, 16, 
31), but the functional significance of these observations re-
mains unclear. Dimerization of the /32-adrenergic receptor was 
suggested to be a requirement for receptor activation (35). 
Furthermore, using a coumermycin-gyrase B-induced dimer-
ization system on the platelet-activating factor receptor, 
coumermycin-induced dimerization was sufficient to cause the 
desensitization and internalization of platelet-activating factor 
receptor in an agonist-independent fashion (36). Taken to-
gether this would suggest that dimerization plays a key role in 
receptor activation and internalization, although this has not 
been exemplified for all GPCRs. 

In the present study, hSSTR2 was found to be a self-associ-
ated dimer a t the cell surface in stably transfected cells as 
observed with pbFRET microscopy. This technique was advan-
tageous for probing receptors present only at the cell surface. 
Furthermore, these observations were also confirmed using 
Western blot analysis. Ligand activation of hSSTR2 resulted in 
the dissociation of receptor dimers to monomers as shown using 
both techniques. Other GPCRs have also been reported to 
undergo ligand-induced dissociation, including the 5-OR (29), 
the human cholecystokinin receptor (23), the human thyro-
tropin receptor (24), and the rhesus neuropeptide Y4 receptor 
(30). With the exception of the 5-OR, little has been shown to 
address the functional significance for the dissociation of re-
ceptor dimers. To address this issue for hSSTR2, we monitored 
the effect of blocking receptor dissociation on internalization 
kinetics. Using a cell-impermeable cross-linking agent to pre-
vent receptor dissociation, we found that, in the presence of 
agonist, receptor internalization was impaired. Similarly, Cve-
jic and Devi (29) have also shown impaired receptor trafficking 
when 5-OR dissociation was not implicated. 

Whether ligand-dependent receptor dissociation is involved 
in all SSTR2 species remains obscure. In a report on rat SSTR2 
(37), self-associated receptors were shown by using Western 
blot, but agonist treatment did not have a considerable effect on 
receptor dimers. Interestingly, the same group also reported a 
SSTR2/SSTR3 heterodimer that, when treated with either a 
selective agonist for SSTR2 or SST-14 (agonist to both recep-
tors), resulted in the dissociation of the heterodimeric complex 
and selective internalization of SSTR2 (37). A similar phenom-
enon was shown for the dopamine D1 and adenosine Al recep-
tor heterodimer, in which treatment with a D1 receptor agonist 
caused dissociation of the heterodimeric complex (38). 

In conclusion, we show that hSSTR2 preferentially exists as 
a dimer a t the basal state but on stimulation with agonist 
dissociates into monomeric receptors. Moreover, dissociation of 
receptor dimers is important for efficient receptor trafficking 
because inhibiting dimer dissociation alters internalization ki-
netics. These data provide a new level of understanding in the 
functioning of hSSTRs and may help elucidate the functional 
properties of other GPCRs. 
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G-protein-coupled receptors (GPCRs) represent the 
largest and most diverse family of cell surface receptors. 
Several GPCRs have been documented to dimerize with 
resulting changes in pharmacology. We have previously 
reported by means of photobleaching fluorescence res-
onance energy transfer (pbFRET) microscopy and fluo-
rescence correlation spectroscopic (FCS) analysis in 
live cells, that human somatostatin receptor (hSSTR) 5 
could both homodimerize and heterodimerize with 
hSSTRl in the presence of the agonist SST-14. In con-
trast, hSSTRl remained monomeric when expressed 
alone regardless of agonist exposure in live cells. In an 
effort to elucidate the role of ligand and receptor sub-
types in heterodimerization, we have employed both pb-
FRET microscopy and Western blot on cells stably co-
expressing hSSTRl and hSSTRS treated with subtype-
specific agonists. Here we provide evidence that 
activation of hSSTR5 but not hSSTRl is necessary for 
heterodimeric assembly. This property was also re-
flected in s ignaling as shown by increases in adenylyl 
cyclase coupling efficiencies. Furthermore, receptor C-
tail chimeras allowed for the identif ication of the C-tail 
as a determinant for dimerization. Finally, we demon-
strate that heterodimerization is subtype-selective in-
volving ligand-induced conformational changes in 
hSSTRS but not hSSTRl and could be attributed to mo-
lecular events occurring at the C-tail. Understanding 
the mechanisms by which GPCRs dimerize holds prom-
ise for improvements in drug des ign and efficacy. 

In recent years, G-protein-coupled receptors (GPCRs),1 once 
believed to exist a t the plasma membrane as monomers, have 
been shown to assemble on the membrane as functional homo-
and heterodimers (1, 2). Dimerization2 of GPCRs has been 
shown to affect a multitude of receptor functions including 

* T h i s w o r k w a s s u p p o r t e d by C a n a d i a n I n s t i t u t e of H e a l t h R e s e a r c h 
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1 T h e a b b r e v i a t i o n s u s e d a r e : GPCR(s ) , G - p r o t e i n - c o u p l e d r ecep toKs) ; 
h S S T R , h u m a n s o m a t o s t a t i n recep tor ; S S T , s o m a t o s t a t i n ; HA, h e m a g -
g l u t i n i n ; C H O , C h i n e s e h a m s t e r ovary ; p b F R E T , p h o t o b l e a c h i n g f luo-
r e scence r e s o n a n c e e n e r g y t r a n s f e r ; F I T C , f l uo re sce in i s o t h i o c y a n a t e ; 
T R , T e x a s r ed ; F C S , fluorescence co r r e l a t i on spec t roscopy; T M , t r a n s -
m e m b r a n e d o m a i n ; GABA, y -aminobu ty r i c ac id . 

2 T h e t e r m s d i m e r i z a t i o n a n d o l i g o m e r i z a t i o n a r e u s e d 
i n t e r c h a n g e a b l y . 

ligand binding, signaling, receptor desensitization, and recep-
tor trafficking (1, 2). The influence of GPCR dimerization was 
shown to include cellular immunity, neurotransmission (1), 
taste (3-5), and disease (6). Although the mechanism by which 
GPCR dimerization occurs remains obscure, one model sug-
gests that ligand binding of cell surface receptors induces a 
conformational change that favors dimer formation; while the 
other suggests that dimerization is an exclusive event occur-
ring early on during receptor biogenesis most probably in the 
ER and is a necessary event for proper receptor trafficking 
and function. 

This latter model has been suggested for members of the 
class C subfamily of GPCRs, which include the GABAergic 
receptors (7-9), calcium-sensing receptor (10, 11), the metabo-
tropic glutamate receptor (12), and the sweet taste receptors 
(3-5). However, this paradigm of GPCR assembly is not con-
sistent among the class A/rhodopsin-like family of GPCRs. 
Several reports have shown that agonist plays an active role in 
GPCR dimerization at the plasma membrane, suggesting an 
equilibrium between GPCR dimers/monomers that can be reg-
ulated by ligand occupancy. These receptors include the human 
somatostatin receptors (hSSTRs) (13, 14), dopamine D2 recep-
tor (15), gonadotrophin-releasing hormone receptor (16, 17), 
luteinizing hormone/chorionic gonadotrophs hormone recep-
tor (18), bradykinin B2 receptor (19), thyrotropin-releasing hor-
mone receptor (20), cholecystokinin receptor (21), thyrotropin 
receptor (22), and the chemokine receptors (23-26). 

We have previously reported that hSSTRs, known to modu-
late neurotransmission, cell secretion, and cell proliferation 
(27,28) are capable of undergoing both homo- and heterodimer-
ization at the cell membrane (13, 14, 29). Recently, we have 
demonstrated ligand-dependent homo- and heterodimers on 
the plasma membrane in live cells in both a homogeneous and 
heterogeneous receptor expressing cell line, using both single 
and two photon dual color fluorescence correlation spectroscopy 
(FCS) with cross-correlation analysis (a method that discrimi-
nates based upon molecular size, number density, and average 
brightness/particle in femtoliter confocal volumes) (14). One of 
the receptor subtypes, hSSTRl, did not form homodimers in 
either the absence or presence of ligand. In contrast, hSSTR5 
showed robust dimerization upon agonist exposure. When both 
receptors were co-expressed in the same cell, we were able to 
observe two populations of dimers, hSSTR5 homodimers and 
hSSTRl/hSSTR5 heterodimers (14). However, it remains un-
clear as to whether one or both receptor subtypes are capable of 
promoting heterodimerization, and which receptor motifs may 
be attributed to this behavior. 

In the present study, using subtype-specific agonists and 
both photobleaching fluorescence resonance energy transfer 
(pbFRET) and Western blot analysis, we demonstrate that 
ligand-bound hSSTR5 but not hSSTRl can promote the het-
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erodimerization of hSSTRl/hSSTR5. Moreover, using receptor 
C-tail chimeras, we were able to abrogate the homodimeriza-
tion of hSSTR5 and induce the formation of hSSTRl ho-
modimers. The hSSTR5 subtype-specific analog of somatosta-
tin, SMS 201-995, displayed a relatively poor signaling profile 
for hSSTR5 expressed alone despite having nanomolar binding 
affinity. Accordingly, co-expression with hSSTRl resulted in a 
robust signaling efficiency by SMS 201-995 that correlated in 
part with its ability to induce heterodimerization. Finally, we 
demonstrate that not all agonists can induce heterodimeriza-
tion, which was dependent upon ligand occupancy of a specific 
receptor subtype that can lead to alterations in pharmacology. 

EXPERIMENTAL PROCEDURES 

Materials and Antisera—The p e p t i d e s SST-14 , o-Trp-SST-14, S S T -
28 , a n d [Leu (8)-D-Trp-22, Tyr -25] -SST-28 (LTT-SST-28) w e r e p u r -
c h a s e d from B a c h e m , T o r r a n c e , CA; O c t r e o t i d e [SMS (201-995)1 w a s 
g i v e n by Sandoz , Base ! , S w i t z e r l a n d a n d des-AA I , 2 , 5 - [D-Trp 8 lAmp 9 lSS 
( S C H - 2 7 5 ) w a s a g i f t from Dr . J . Rivier , S a l k I n s t i t u t e . F luoresce in- a n d 
r h o d a m i n e - c o n j u g a t e d a n d u n c o n j u g a t e d m o u s e monoclonal a n t i b o d i e s 
a g a i n s t h e m a g g l u t i n i n (HA) (12CA5) w e r e p u r c h a s e d f r o m Roche Ap-
pl ied Science. Ant i -c-Myc monoclonal a n t i b o d y w a s p u r c h a s e d f r o m 
S igma-Ald r i ch , inc . R a b b i t polyclonal a n t i b o d i e s d i rec ted a g a i n s t t h e 
N - t e r m i n a l s e g m e n t of h S S T R l w a s g e n e r a t e d a n d cha rac t e r i zed a s 
d e s c r i b e d (30). P r o t e i n A/G-agarose b e a d s w e r e p u r c h a s e d from Onco-
g e n e R e s e a r c h P r o d u c t s , La Jo l l a , C A 

SSTR Constructs and Expressing Cell Lines—Stable t r ans f ec t i ons of 
C H O - K I cells e x p r e s s i n g h S S T R 5 , h S S T R l , a n d bo th H A - t a g g e d 
h S S T R 5 a n d h S S T R l a n d c-Myc- tagged h S S T R 5 were p r e p a r e d by 
L i p o f e c t A M I N E t r a n s f e c t i o n r e a g e n t a s p rev ious ly descr ibed (13). Ch i -
m e r i c r ecep to r s R 1 C R 5 a n d R 5 C R 1 w e r e cons t ruc t ed by i n t e r c h a n g i n g 
t h e C- ta i l of e a c h r ecep to r w i t h one a n o t h e r . R1CR5 w a s c r ea t ed b y 
a d d i n g t h e C- ta i l of h S S T R 5 , t h e l a s t 4 6 r e s idues , t o h S S T R l a f t e r 
r e s i d u e 331 . S imi l a r ly , R 5 C R 1 inc ludes t h e r e m a i n i n g 60 r e s i d u e s of 
h S S T R l j o i n e d to h S S T R 5 fol lowing r e s i d u e 318 (31). C lones w e r e 
se lec ted a n d m a i n t a i n e d in C H O - K l m e d i u m con ta in ing H a m s F 1 2 
w i t h 10% fe ta l bov ine s e r u m a n d 7 0 0 ^ g / m l neomycin . S t ab l e t r a n s f e c -
t i o n s of C H O - K I a n d H E K - 2 9 3 cells co-express ing h S S T R 5 a n d h S S T R l 
w e r e m a d e us ing t h e vectors pCDNA3.1/Neo (neomycin res is tance) a n d 
pCDNA3.1 /Hygro (hygromycin res i s tance) s u c h t h a t hSSTR5 w a s cloned 
in to pCDNA3.1/Hygro a n d h S S T R l w a s cloned in to pCDNA3.1/Neo. S t a -
ble t r ans fec t ions w e r e selected in C H O - K I m e d i u m containing 700 /ig/ml 
of neomycin wi th 500 jug/ml of hygromycin or, HEK-293 med ium con ta in -
i n g 700 n g / m l of neomyc in a n d 4 0 0 /.tg/ml of hygromycin . 

Fluorescent SST Ligands—Fluorescent-labeled S S T l igands w e r e 
p r e p a r e d by N - t e r m i n a l con juga t ion of D-Trp-SST-14 to fluorescein by 
t h e u s e of fluorescein i so th iocyana te (SST-FITC) a n d SST-14 to T e x a s 
R e d by u s e of T e x a s R e d succin imidyl e s t e r (SST-TR). T h e r eac t ion of 
t h e dye w i t h t h e l igand w a s p e r f o r m e d in 0 .2 M sod ium b ica rbona te , p H 
7 .5 for 4 h a t 4 °C in t h e absence of l ight . T h e reac t ion w a s s topped w i t h 
1.5 M h y d r o x y l a m i n e followed by H P L C s e p a r a t i o n a s p rev ious ly 
described (32). 

Binding Assays—Cells w e r e h a r v e s t e d , homogenized u s i n g a g l a s s 
h o m o g e n i z e r , a n d m e m b r a n e s were p r e p a r e d by cent r i f i iga t ion a s p r e -
v ious ly desc r ibed (13, 31). B ind ing s t u d i e s w e r e pe r fo rmed wi th 2 0 - 4 0 
/.<g of m e m b r a n e p r o t e i n collected from C H O - K I cells s tab ly e x p r e s s i n g 
t h e r ecep to r cons t ruc t s , a n d I 2 5 I - labe led LTT-SST-28 rad io l igand ( - 6 0 
pM) in 5 0 mM H E P E S , p H 7.5, 2 mM CaCl 2 , 5 mM MgCl a , 0 .5% bov ine 
s e r u m a l b u m i n , 0 .02% pheny lme thy l su l fony l fluoride, a n d 0.02% baci -
t r a c i n ( b i n d i n g b u f f e r ) for 30 m i n a t 37 °C. I n c u b a t i o n s were t e r m i n a t e d 
by t h e a d d i t i o n of ice-cold b ind ing buf fe r . M e m b r a n e pel le ts w e r e q u a n -
t i f i ed fo r r ad ioac t iv i ty u s i n g a LKB g a m m a counte r (LKB-Wal lach , 
T u r k u , F in l and ) . B i n d i n g d a t a w e r e a n a l y z e d w i t h P r i sm 3.0 ( G r a p h 
P a d S o f t w a r e , S a n Diego, CA) by non - l i nea r regress ion ana lys i s . 

Coupling to Adenylyl Cyclase—Cells w e r e g rown in 6 - m u l t i w e l l 
p l a t e s a n d t e s t e d f o r r e c e p t o r c o u p l i n g to a d e n y l y l cyclase by i n c u b a -
t i o n for 3 0 m i n w i t h 20 v-m forsko l in a n d 0 . 5 mM 3 - i s o b u t y l - l - m e t h -
y l x a n t h i n e w i t h o r w i t h o u t a g o n i s t s (10 l l - 1 0 " 6 M) a t 37 CC a s p r e -
v i o u s l y d e s c r i b e d (31) . Ce l l s w e r e t h e n s c r a p e d in 0 .1 N HCJ a n d 
q u a n t i f i e d fo r c A M P by r a d i o i m m u n o a s s a y u s i n g a c A M P Ki t ( I n t e r 
Medico , M a r k h a m , O N ) fo l lowing t h e m a n u f a c t u r e r ' s g u i d e l i n e s . 
D a t a w e r e a n a l y z e d by n o n - l i n e a r r e g r e s s i o n a n a l y s i s u s ing P r i s m 3 .0 
( G r a p h P a d S o f t w a r e ) . S .E . a r e r e p r e s e n t a t i v e of a t l e a s t t h r e e i n d e -
p e n d e n t e x p e r i m e n t s . 

PbFRET Microscopy and Immunocytochemistry—PbFRET exper i -
m e n t s w e r e p e r f o r m e d on C H O - K I cells a s previous ly descr ibed (13, 14, 

29 , 33) s t ab ly co-express ing H A - h S S T R 5 a n d h S S T R l , a n d mono-ex-
p r e s s i n g h S S T R 5 , h S S T R l , a n d t h e r e c e p t o r c h i m e r a s . T h e e f fec t ive 
F R E T eff ic iency (E) w a s ca lcu la ted in t e r m s of a p e r c e n t b a s e d upon t h e 
p h o t o b l e a c h i n g (pb) t ime c o n s t a n t s of t h e d o n o r t a k e n in t h e a b s e n c e 
(D - A) a n d p r e s e n c e (D +- A) of accep to r a c c o r d i n g to E - 1 - ( r D -
A / r D , A) x 100. C H O - K I cells e x p r e s s i n g H A - h S S T R 5 a n d h S S T R l w e r e 
g r o w n on g l a s s covers l ips for 24 h, t r e a t e d w i t h d i f f e r e n t c o n c e n t r a t i o n s 
of agon i s t for 15 m i n a t 37 °C a n d fixed w i t h 4 % p a r a f o r m a l d e h y d e fo r 
2 0 m i n on ice a n d processed for i m m u n o c y t o c h e m i s t r y . Ant ibod ies u s e d 
w e r e m o u s e monoclonal a n t i - H A a n t i b o d y c o n j u g a t e d to R h o d a m i n e 
d i r e c t e d to H A - h S S T R 5 a n d r abb i t p r i m a r y a n t i b o d y fol lowed by sec-
o n d a r y a n t i - r a b b i t IgG a n t i b o d y c o n j u g a t e d to fluorescein-directed t o 
h S S T R l . p b F R E T in C H O - K l cells e x p r e s s i n g h S S T R l , h S S T R 5 a n d 
t h e c h i m e r a r ecep to r s w a s p e r f o r m e d u s i n g fluorescently labe led S S T 
l igands . Ce l l s w e r e g rown on covers l ips a s m e n t i o n e d above, t r e a t e d 
w i t h e i t h e r 20 nM S S T - F I T C or 20 nM S S T - F I T C a n d 20 nM S S T - T R . 
B o t h reac t ions , e i t h e r an t i body or l i g a n d r e s u l t e d in specif ic s t a i n i n g a t 
t h e p l a s m a m e m b r a n e . T h e p l a s m a m e m b r a n e reg ion w a s u s e d t o 
a n a l y z e t h e pho tob leach ing decay on a pixel-by-pixel ba s i s a s d e s c r i b e d 
e a r l i e r (13, 33). 

Co-immunoprecipitation and Western Blot—Membranes from H A -
h S S T R l , HA-SSTR5 , a n d H A - h S S T R l / c - M y c - h S S T R 5 s t a b l y t r a n s -
fec ted in H E K - 2 9 3 cells w e r e p r e p a r e d u s i n g a g l a s s homogen ize r in 2 0 
mM Tr i s -HCl , 2 .5 mM di th io thre i to l , p H 7.5 a s p rev ious ly descr ibed (13). 
T h e m e m b r a n e pel le t w a s w a s h e d a n d r e s u s p e n d e d in 2 0 mM Tr i s -HCl , 
p H 7.5 in t h e a b s e n c e of d i th io th re i to l . M e m b r a n e p ro te in (300 tig) w a s 
t r e a t e d w i t h SST-14 (0 a n d 10~ 8 M) in b i n d i n g b u f f e r (50 mM H e p e s , 2 
mM CaCla, 5 mM MgCl 2 , p H 7.5) for 3 0 m i n a t 37 °C. Fol lowing t r e a t -
m e n t m e m b r a n e p ro te in w a s so lubi l ized in 1 mi of r a d i o i m m u n e p r e -
c ip i t a t i on a s s a y b u f f e r (150 mM N a C l , 5 0 mM T r i s - H C L , 1% N o n i d e t 
P -40 , 0 .1% S D S , 0.5% s o d i u m deoxycho la te , p H 8.0) for 1 h a t 4 °C. 
S a m p l e s w e r e cen t r i luged , a n d ly sa t e w a s col lected a n d i n c u b a t e d w i t h 
1 ixg of a n t i - H A an t ibody overn igh t a t 4 °C. An t ibody w a s i m m u n o p r e -
c i p i t a t e d w i t h 2 0 /.tl of p ro te in A/G-agarose b e a d s for 2 h a t 4 °C. B e a d s 
w e r e t h e n w a s h e d t h r e e t i m e s in r a d i o i m m u n e p rec ip i t a t ion a s s a y 
b u f f e r be fo re b e i n g solubil ized in L a e m m l i s a m p l e b u f f e r c o n t a i n i n g 
62 .5 mM T r i s - H C l (pH 6.8), 25% glycerol , 2% S D S , 0.01% b r o m p h e n o l 
b lue , a n d 710 mM 2 - m e r c a p t o e t h a n o l (Bio-Rad) . T h e s a m p l e w a s h e a t e d 
a t 85 °C for 5 m i n before be ing fractionated by e l ec t rophores i s on a 7% 
SDS-po lyac ry l amide gel . T h e fractionated p r o t e i n s w e r e t r a n s f e r r e d by 
e l ec t rophores i s to a 0.2 /.«m n i t roce l lu lose m e m b r a n e (Trans -Blo t T r a n s -
fe r M e d i u m , Bio-Rad) in t r a n s f e r b u f f e r c o n s i s t i n g of 25 mM Tr i s , 192 
mM glycine, a n d 20% m e t h a n o l . M e m b r a n e w a s b lo t ted w i t h a n t i - H A 
a n t i b o d y (d i lu t ion 1:5000) for de tec t ion of H A - h S S T R l a n d H A - h S S T R 5 
f r o m s ing le express ions , a n d ant i -c-Myc a n t i b o d y (1:5000) for de t ec t ion 
of c -Myc-hSSTR5 from co-express ions . B lock ing of m e m b r a n e , i n c u b a -
t ion of p r i m a r y ant ibodies , incubat ion of s econda ry ant ibodies , a n d detec-
t ion by chemi luminescence were p e r f o r m e d following Wes t e rnBreeze® 
(Invi t rogen Life Technologies) according to m a n u f a c t u r e r ' s ins t ruc t ions . 
I m a g e s w e r e c a p t u r e d us ing a n Alpha Inno t ech F l u o r C h e m 8800 (Alpha 
Inno tech Co., S a n Leandro, CA) gel box i m a g e r a n d dens i tome t ry w a s 
c a r r i e d o u t u s i n g F l u o r C h e m s o f t w a r e ( A l p h a I n n o t e c h Co.). 

RESULTS 

Ligand-dependent Heterodimerization of hSSTRl and 
hSSTR5 by pbFRET—'To study the heterodimerization of 
hSSTRs, we stably expressed hSSTR5 with an N-terminal HA 
tag and wild-type hSSTRl in CHO-Kl cells (Bmax 395 ± 12 
fmol/mg of protein; KD, 2.3 0.1 nM). Cells were treated with 
various concentrations of the agonists: SST-14, SST-28, endog-
enous agonists for both the receptors, SCH-275 (subtype-ago-
nist for hSSTRl) and SMS 201-995 (subtype-agonist for 
hSSTR5) for 15 min. Treatment was terminated by putting the 
cells on ice, washing once with phosphate-buffered saline fol-
lowed by fixing in 4% paraformaldehyde for 20 miiL To deter-
mine the physical association between the two receptors, we 
performed pbFRET microscopy on the cells by using a primary 
antibody followed by a secondary antibody conjugated with 
fluorescein (donor) to hSSTRl and an anti-HA monoclonal an-
tibody conjugated with rhodamine (acceptor) to hSSTR5. A 
panel of images depicting the co-expression of both receptor 
subtypes within the same cell is shown in Fig. 1. The decrease 
in donor fluorescence intensity due to photobleaching during 
prolonged exposure to excitation light was monitored in the 
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FIG. 1. Confoca l m i c r o s c o p e i m a g e s 
a n d a r e p r e s e n t a t i v e h i s t o g r a m t i m e 
c o n s t a n t p lot from p b F R E T micros -
c o p y f r o m C H O - K l c e l l s s tab ly ex-
p r e s s i n g H A - h S S T R 5 a n d h S S T R l . A, 
confocal photomicrographs i l lustrat ing 
the colocalization of h S S T R l and HA-
SSTR5 in CHO-Kl cells. Cells were in-
cuba ted w i t h p r imary rabb i t polyclonal 
an t i -hSSTRl followed by secondary anti-
rabbi t fluorescein-conjugated antibody 
shown in green, ant i -HA rhodamine-con-
juga ted monoclonal ant ibody to HA-
hS3TR5 shown in red, and colocalization 
of t he two images shown in yellow (scale 
bar 25 .am). B, photobleaching of fluores-
cein (donor) in the absence of rhodamine 
(acceptor), top panel. In th i s representa-
tion, cells were t rea ted wi th 1 /iM SST14, 
fixed and followed by donor photobleach-
ing wi th 488 nm light. A sequence of 20 
images was captured, of which only a se-
lected few are shown here. A histogram 
t ime constant plot was calculated based 
on a pixel-by-pixel basis of a selected a rea 
on the cell surface. The mean time con-
s t a n t of 21.9 0.3 s is shown as a black 
bar t aken by averaging t h e t ime con-
s t an t s from a Gauss ian distr ibution. C, in 
th i s representat ion, cells t rea ted with 1 
fxM SST14 were photobleached in the 
presence of the acceptor molecule. The top 
panel shows the visual delay in photo-
bleaching of the donor a n d below is the 
his togram time constant b a r plot display-
ing an increase in t he mean t ime constant 
(25.1 0.4 s). 
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absence and presence of acceptor fluorophore. Delays in the 
photobleaching decay of the donor in the presence of the accep-
tor related to an increase in FRET efficiency. Because FRET 
occurs at distances between 10-100 A, it is a direct measure of 
protein-protein interaction. By taking a series of digital photo-
graphs, we analyzed the photobleaching decay of the donor on 
the surface of cell membranes on a pixel-by-pixel basis (Fig. 1, 
B and C). Cells were treated with different concentrations of 
four agonists, which displayed differences in their ability to 
induce heterodimerization. As shown in Fig. 2, in absence of 
agonist, a low relative FRET efficiency (<3%) was present in 

each condition. Treatment ofSST-14 resulted in a concentration-
dependent increase in heterodimer formation as indicated by 
increases in FRET efficiency. A maximum of 13.0 x 1.1% at 
1 0 - 6 M was achieved possibly suggesting a saturation in the 
response (EC50 of 3.4 " 2.1 nM) (Fig. 2A). A similar phenome-
non was observed for SST-28, which also induced a concentration-
dependent increase in FRET efficiency however with greater 
efficacy (ECr>0 0.14 ± 0.04 nM) (Fig. 2B). This may indicate that 
SST-28 is a more potent agonist at inducing heterodimerization 
than is SST-14. The hSSTR5 subtype agonist SMS 201-995, 
although capable of promoting heterodimerization, did so at 
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FIG. 2. C o n c e n t r a t i o n - d e p e n d e n t i n c r e a s e in e f f e c t i v e F R E T e f f i c i e n c i e s f rom CHO-Kl c e l l s s tab ly e x p r e s s i n g IIA-hSSTRS a n d 
h S S T R l by d i f f e r e n t a g o n i s t s . Cells were t rea ted with the indicated concentrations of each agonist and analyzed by pbFRET microscopy. The 
calculated FRET efficiencies (%) and E C M values for each agonist (A) SST-14 (3.4 r 2.1 nM), (B) SST-28 (0.14 z 0.04 nM), (C) SMS 201-995 (119 
16 nM) were plotted and analyzed by a sigmoidal dose-response equat ion using Graph Pad Pr ism 3.0. D, t r ea tment wi th SCH-275 did not result 
in a significant increase in FRET efficiency. D a t a were analyzed by ANOVA, posthoc Dunnet t ' s and compared with basal conditions without 
t r ea tment . Means ^ S.E. a r e representat ive of t h ree independent exper iments performed in triplicate; *,p < 0.05; **, p < 0.01. 

much higher concentrations as determined by its EC60 value 
(EC50 119 r 16 nM) (Fig. 2C). One possible explanation for this 
event could be that SMS 201-995 favors the formation of 
hSSTR5 homodimers than heterodimers; however, further 
studies are required. In contrast, treatment with the hSSTRl 
subtype agonist SCH-275, did not result in significant in-
creases in FRET efficiency (Fig. 2D). These results demon-
strate that hSSTRl is unable to promote heterodimerization. 
To further illustrate the active contribution of hSSTR5 in het-
erodimerization, we performed Western blot and co-immuno-
precipitation on membranes prepared from cells either individ-
ually or co-expressing the two receptors. 

Western Blot on Ligarid-activated hSSTRs—To verify the 
receptor subtype actively involved in the heteromeric assembly of 
hSSTRl and hSSTR5, we performed co-immunoprecipitation 
and Western blot on membranes from HEK-293 cells mono- and 
co-expressing the two receptors. In the absence of SST-14, 
hSSTR5 was found mainly as a monomer ( - 5 5 kDa) (Fig. 3). 
Treatment with SST-14 resulted in the formation of dimers 
(—110 kDa) including higher order oligomers (Fig. 3). A similar 
phenomenon was reported for hSSTR5 transfected in CHO-Kl 
cells, whereby agonist induced the dimerization of the receptor 
(13). Unlike hSSTR5, hSSTRl did not form dimers in response to 
agonist nor was it self-associated under basal conditions (Fig. 3). 
This is in agreement with a previous report on hSSTRl showing 
that it remained monomeric even in the presence of agonist in 
live cells using FCS (14). Co-immunoprecipitation of membranes 
expressing both receptor subtypes resulted in the detection of a 
weak band in the absence of agonist, however, upon agonist 
stimulation a strong signal was detected ( 1 1 5 kDa) indicating 
heterodimeric interaction (Fig. 3). Taken together these results 
and those obtained by pbFRET (Fig. 2), suggest that hSSTRl is 
not actively involved in heterodimeric assembly. 

Membrane Binding Analysis of the hSSTRl and hSSTR5 
Heterodimer—To determine whether heterodimerization al-

A B 
HA-HSSTR5 

C HA-hSSTRl/ 
myc-hSSTR5 

250 
146 

9 8 

64 

6 0 

SST-14 (1 MM) + 
IP: HA 
IB: Myc 

FIG. 3. Wes tern blot a n d c o - i m m u n o p r e c i p i t a t i o n o f HEK-293 
ce l l s s tab ly e x p r e s s i n g HA-hSSTRl , HA-hSSTR5, a n d co-ex-
p r e s s i n g HA-hSSTRl a n d c-Myc-hSSTR5. A, membranes from 
HEK-293 cells stably expressing HA epitope-tagged hSSTR5 were 
t rea ted wi th or without 1 SST-14 for 30 min before being separated 
on a SDS-polyacrylamide gel. HSSTR5 can be seen mainly a s a mono-
mer (" 55 kDa) but upon t r ea tmen t with agonist self-associates into 
dimers ( - 1 1 0 kDa) and higher order oligomers. B, immunoblot of mem-
branes expressing HA epitope-tagged hSSTRl in t he absence or pres-
ence of 1 JAM SST-14 appear ing at 58 kDa. C, m e m b r a n e s co-express-
ing HA-hSSTRl and c-Myc-hSSTR5 were incubated with or without 
SST-14 (1 /AM) for 30 min, solubilized, and immunoprecipi ta ted with 
anti-HA antibody against hSSTRl . Immunoblot t ing was performed 
with anti-c-Myc antibody for detection of hSSTR5. Note the formation of 
heterodimers upon agonist t rea tment . Immunoblots a re representa-
tions of three independent experiments. 

tered the binding properties of the receptors, we compared the 
binding constants for each agonist. Membranes were collected 
from CHO-Kl cells stably expressing hSSTRl, hSSTRS, and 
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TABLE I 
Comparison of the potencies of SST agonists for binding to membranes expressing hSSTRl, hSSTR5, and hSSTR l/hSSTR5 

Compet i t ion ana lys i s on m e m b r a n e p r e p a r a t i o n s from C H O - K l cells s t ab ly express ing h S S T R l , hSSTR5, and coexpress ing t h e two receptors 
(hSSTR5/R l ) . A', va lues expressed in nM a r e t h e inhibi tory concentra t ion requ i red for ha l f -maximal inhibition of , 2 5 I -LTT-SST-28 binding. Means 
S.H. r e p r e s e n t t h r e e i n d e p e n d e n t expe r imen t s pe r fo rmed in tr ipl icate. 

Receptors 
Agonists 

SST-14 SST-28 SMS 201-995 SCH-275 

h S S T R l 0.20 r 0 .01 2.14 i 0.40 2:1000 4.10 - 0.56 
h S S T R 5 / R l 0.49 I 0.09 0.50 - 0.04 45.1 - 7.4 11.4 r: 0.39 
h S S T R 5 1.25 r 0.22 0.95 ' 0 .11 8.23 ± 0.84 a 1000 

from cells co-expressing the two receptors. Saturation analysis 
with the radioligand 126I-LTT-SST-28 gave a B m „ of 415 ± 14 
fmol/mg of protein and a KD of 0.49 r 0.08 nM from membranes 
of the co-transfectants and B m a x and K u values of 284 i 5 
fmol/mg, 1.4 - 0.05 nM and 231 x 25 fmol/mg, 1.1 X 0.15 nM for 
membranes transfected with hSSTR5 and hSSTRl respec-
tively. Binding constants represented as if, values for each of 
the four agonists from each receptor species are shown in Table 
I. Heteromeric assembly of hSSTRl/hSSTR5 did not result in 
changes in the Kt values for SST-14 as determined by the lack 
of statistical significance when compared with the individual 
receptors. Although the K, value for SST-28 was lower for the 
heterodimer than for the individual receptors, indicating a 
higher affinity, the difference was 2-fold in comparison to 
hSSTR5 and 4-fold to hSSTRl. For the subtype-specific ago-
nists SMS 201-995 and SCH-275, Kt values were slightly 
higher for the heterodimer than for the individual hSSTRs. 
Based on our results heterodimerization did not markedly alter 
the binding properties of the receptors. 

Signaling of the Heterodimer—To determine the signaling 
properties of the heterodimer we measured cAMP accumula-
tion. HSSTRs are well known to inhibit cAMP production 
through G«i/0 coupling (28), we monitored the dose-dependent 
effect of all four agonists on the inhibition of forskolin-stimu-
lated cAMP production in CHO-Kl cells mono or co-expressing 
hSSTRl and hSSTR5. Cells were treated with each of the four 
agonists with the indicated concentrations in the presence of 
forskolin (20 pM) and measured for cAMP. Treatment of cells 
with SST-14 or SST-28 co-expressing hSSTRl/hSSTR5 re-
sulted in greater signaling efficiencies when compared with 
treatment of cells expressing either receptor separately (Fig. 4, 
A and B; Table II). The signaling efficiency of SMS 201-995 in 
cells expressing hSSTR5 was greatly enhanced upon hSSTRl 
co-expression (Fig. 4C). It has been previously reported that 
SMS 201-995 poorly stimulates hSSTR5 when expressed in 
CHO-Kl cells contrary to its relatively high binding affinity to 
the receptor (34). To verify that our results were not dependent 
on the cell type, we stably expressed hSSTR5 in HEK-293 cells 
and performed the same signaling experiments using SMS 
201-995. The results were similar to those obtained in CHO-Kl 
cells therefore indicating that this property was independent of 
cell type (data not shown). Treatment with the subtype-specific 
agonist SCH-275 did not demonstrate changes in signaling 
efficiency for hSSTRl expressed alone or when co-expressed 
with hSSTR5 (Fig. 4D). 

To determine if heterodimerization resulted in a synergistic 
effect on adenylyl cyclase coupling efficacy, we compared the 
total inhibition of forekolin-stimulated cAMP production 
achieved by saturating concentrations of ligand from both the 
mono- and co-expressing cell lines. The maximum inhibition 
achieved in cells expressing hSSTR5 was -85% as determined 
by treatment with SST-14 and SST-28 (endogenous ligands) 
using 1 ^M concentrations (Fig. 5, A and B). The subtype 
agonist SMS 201-995 did not reach this receptor maximum at 
1 pM concentrations (Fig. 5C) despite receptor saturation. The 
total inhibition reached by cells expressing hSSTRl was -25%, 

in agreement with what has been previously reported (Fig. 5D) 
(31). When both receptors were co-expressed the total inhibi-
tion achieved was - 50% for the agonists SST-14, SST-28, and 
SMS 201-995 but was unchanged upon treatment with SCH-
275 ( -25%). These results correlate with our pbFRET and 
Western blot data indicating that stimulation of hSSTRl spe-
cifically was not sufficient to promote heterodimerization and 
therefore did not result in changes in signaling. Although the 
maximum inhibition achievable was lower for the heterodimer, 
the efficiency for inducing maximum stimulation was higher 
for agonists capable of inducing heterodimerization (Fig. 4). 
This indicates that heterodimerization may not always result 
in a synergistic effect on coupling efficiency contrary to what 
we have previously reported for the dopamine receptor 2 and 
hSSTR5 heterodimer (29). This does not rule out other possible 
efficacies that may be altered such as MAP kinase activation. 

Homodimerization of hSSTRl, HSSTR5, hSSTRS-C-tail-Rl, 
and hSSTRl-C-tail-R5 Using Labeled Ligands—To determine 
the possible molecular determinants involved in the het-
erodimerization of hSSTRl and hSSTR5, we compared the 
pbFRET results using labeled ligands in CHO-Kl cells individ-
ually expressing hSSTRl, hSSTR5, and two chimeric receptors: 
hSSTR5 possessing the C-tail of hSSTRl (R5CR1) and hSSTRl 
possessing the C-tail of hSSTR5 (R1CR5). The R5CR1 chimera 
was created by replacing C-tail residues 319-363 and swap-
ping them with residues 332-391 of the hSSTRl C-tail. Simi-
larly, R1CR5 was created by exchanging the same residues. 
The chimeric receptors were correctly targeted to the plasma 
membrane as determined by saturation binding analysis and 
forskolin-stimulated cAMP inhibition analysis (31). As previ-
ously reported, replacement of the hSSTRS C-tail with the 
C-tail of hSSTRl completely abolishes agonist-mediated inter-
nalization (31). The R5CR1 chimera mimicked the properties of 
hSSTRl, suggesting the presence of negative internalization 
signals in the C-tail of hSSTRl sufficient to block the internal-
ization of hSSTR5. Similarly, replacement of the hSSTRl C-tail 
with that of hSSTRS not only mimicked the signaling proper-
ties of hSSTR5 but also its internalization characteristics (31). 
We have previously reported that hSSTRl does not undergo 
homodimerization contrary to hSSTR5, which is fully capable 
of dimerizing (13,14). Therefore, using the chimeric receptors, 
R5CR1 and R1CR5, we proceeded to determine whether these 
receptors reflected their wild-type counterparts in undergoing 
homodimerization. Labeled ligands were generated by conju-
gation of fluorescein isothiocyanate to SST-14-D-Trp8 as the 
donor and Texas Red-succinamidyl ester to SST-14 as the ac-
ceptor. In this fashion, the labeled conjugates gave comparable 
binding affinities, similar to unconjugated SST-14, to be used 
together in our pbFRET studies (data not shown). CHO-Kl 
cells stably expressing any of the four receptors were grown on 
coverslips and then incubated with either the donor ligand 
alone or the donor ligand with the acceptor ligand, each at a 
concentration of 20 nM. As shown in Fig. 6, the FRET efficien-
cies of hSSTRl and R5CR1 were comparable suggesting the 
absence of homodimerization, contrary to the FRET efficiencies 
obtained for hSSTR5 and R1CR5 (21.5 x 1.7% and 14.9 X 2.8%) 
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FIG. 4. A d e n y l y l c y c l a s e c o u p l i n g 
e f f i c i e n c y o f t h e hSSTR 1/hSSTRS het-
e r o d i m e r . CHO-Kl ceils monotrans-
fected wi th h S S T R l (A) and h S S T R 5 (H) 
or cotransfected with both receptors (©) 
were t r ea ted wi th forskolin (20 >.'.".!) alone 
or in combination with the indicated con-
cent ra t ions of the agonists (A) SST-14, (6) 
SST-28, (C) SMS 201-995, and (D) SCH-
275 for 30 min. T rea tmen t of cells with 
forskolin a lone was t aken as 0% inhibi-
tion and t r e a t m e n t of forskolin wi th 1 JUM 
concentra t ions of agonist was t aken as 
100% inhibit ion. The d a t a represen t 
m e a n s :: S.E. from three independen t ex-
pe r imen t s performed in triplicate. 
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TABLE I I 
Comparison of adenylyl cyclase coupling efficiencies by SST agonists 

CHO-Kl cells s tably expressing h S S T R l and hSSTR5 or coexpressing both receptors (hSSTR5/Rl) were t rea ted with given concentrations of each 
agonist in t he presence of forskolin and measured for cAMP accumulation. E C ^ values represented in nM are the half-maximal inhibition of 
forskolin-induced cAMP production. Means ~ S.E. represent th ree independent experiments performed in triplicate. 

Receptors 
Agonists 

SST-14 SST-28 SMS 201-995 SCH-275 

h S S T R l 
hSSTR5/Rl 
hSSTR5 

1.21 ± 0.38 
0 . 3 7 ' t 0.05 
2.85 ± 1.31 

5.19 ± 0.23 
0.10 r 0.03 
0.32 ± 0 . 1 1 

a 1000 
12.8 • 4.3 
643 r 99 

4.93 ± 1.12 
7.56 i 1.50 

21000 

indicating homodimer formation. Taken together, these results 
suggest that the C-tail of hSSTRl responsible for the inhibition 
of internalization and up-regulation may also be responsible for 
its inability to homodimerize. 

DISCUSSION 

There have been several reports documenting GPCR het-
erodimerization but the mechanism underlying such an event 
remains largely unknown (1, 2). To our knowledge this is the 
first time that heterodimerization has been shown to be mod-
ulated by subtype-specific agonists and more specifically 
through the occupancy of one receptor subtype over another. 
Using pbFRET microscopy, we were able to demonstrate that 
both the agonists, SST-14 and SST-28, endogenous ligands for 
both receptor subtypes, induced a dose-dependent increase in 
FRET efficiency. These agonists were able to efficiently induce 
heterodimerization at values corresponding to their binding 
constants. Co-immunoprecipitation and Western blot also dem-
onstrated increases in heterodimeric interaction when agonist 
was present. However, this was not the case when specific 
activation of the individual receptor subtypes was involved. 
Selective activation of hSSTRl by SCH-275 did not result in 
changes in FRET efficiency nor did it present as a dimer or 
higher order oligomer on immunoblots, an indication that by 
itself is monomeric and unable to induce heterodimerizaton. In 
contrast, selective activation of hSSTR5 resulted in increases 
in FRET efficiency and therefore could be the active subtype 

involved in this heterodimeric assembly. Immunoblots of 
hSSTR5 demonstrated it as being monomeric in basal condi-
tions but displayed profound changes in receptor stoichiometry 
ranging from receptor dimers to higher order oligomers upon 
agonist activation. However, for both SST-14 and SST-28, the 
ligand-induced FRET based efficiency was severalfold higher 
(3.4 ± 2.1 nM and 0.14 ± 0.04 nM, respectively) when compared 
with SMS 201-995 (119 ± 16 nM). This difference could be the 
result of activation of both receptor subtypes simultaneously 
that allow for conformational changes to better stabilize the 
heterodimer. Another possibility could be that stimulation of 
hSSTR5 alone could preferentially form homodimers at lower 
concentrations of agonist followed by heterodimer formation at 
higher concentrations. In our previous study using live cells 
expressing hSSTRl and hSSTR5 at least three populations of 
receptors may exist upon stimulation with SST-14; hSSTRl 
monomers, hSSTR5 homodimers and hSSTRl/hSSTR5 het-
erodimers (14). It would be interesting if indeed stimulation of 
hSSTR5 alone preferentially stabilizes homodimers, then one 
could develop ways of tailoring such processes. A similar sce-
nario has been described for the chemokine receptors CCR2 
and CCR5 (26). In cells co-expressing the two receptors, selec-
tive activation of either receptor alone resulted in homodimer-
ization whereas co-administration of agonist for both receptors 
induced heterodimerization. 

Binding constants for all four agonists for the heterodimer in 
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PIG. 5. Tota l inh ib i t i on o f forsko l in -
s t i m u l a t e d c A M P p r o d u c t i o n . Maxi-
m u m coupling efficacy was calculated by 
t rea t ing cells with 1 /JM concentrat ions of 
each agonist , SST-14 (A), SST-28 (B), 
SMS 201-995 (C), and SCH-275 U » , in the 
presence of forskolin for 30 min and com-
par ing t hem with cells s t imula ted with 
forskolin alone. T rea tmen t of cells mono-
t ransfected with h S S T R l and hSSTR5 
were compared statistically to cotransfec-
tan ts . Stat is t ical significance was deter-
mined by analysis of variance, posthoc 
Dunnet t s , whereby control was taken as 
forskolin s t imulat ion alone. The re were 
no s tat is t ical differences resul t ing from 
t r ea tmen t wi th SCH275. Means ± S.E. 
represent three independent experi-
ments . *, p < 0.05; **,p < 0.01, compared 
wi th cotransfectants . 
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FIG. 6. T h e c h a r a c t e r i z a t i o n of t h e funct iona l i m p o r t a n c e o f 
t h e C-tai l in the h o m o d i m e r i z a t i o n of h S S T R l a n d h S S T R S by 
p b F R E T m i c r o s c o p y . CHO-Kl cells stably expressing e i ther h S S T R l , 
hSSTR5, R1CR5, or RSCR1 were t rea ted with 20 nM SST-FITC (donor) 
or with 20 nM SST-FITC and SST-TR (donor - acceptor) and processed 
for pbFRET microscopy (see text for "Experimental Procedures"). Note 
the significant changes in F R E T efficiencies upon C-tail t ransposi t ion. 
Homodimerization of h S S T R l is promoted through C-tail replacement 
wi th hSSTR5. 

comparison to the individual receptors did not reveal any 
marked differences. There was however a small but significant 
rightward shift in the binding curve for SMS 201-995 toward 
the heterodimer, indicating a decrease in binding affinity but 
was less apparent for SCH-275. Finally, the endogenous li-
gands SST-14 and SST-28 bound to all three receptor combi-
nations (hSSTRl, hSSTR5, and hSSTRl/hSSTR5) with similar 
affinities. These results indicate that interacting receptor pairs 
may not always have a profound effect on ligand binding sites. 

Heterodimerization was however reflected by changes in re-
ceptor signaling (Figs. 4 and 5). The maximum coupling effi-
cacy determined by inhibition of forskolin-stimulated cAMP 
production was -50% for the heterodimer as determined by the 
agonists SST-14 and SST-28. These results cannot be ac-
counted for by the additive stimulation of both receptor sub-
types separately because the maximum stimulation of hSSTR5 
and hSSTRl alone was - 80 and 25% respectively. In this 
context, only SMS 201-995 but not SCH-275 was able to attain 
this maximum inhibition in cotransfected cells, possibly indi-
cating that SCH-275 was unable to induce heterodimerization. 
To further characterize these changes in signaling, we moni-

tored coupling efficiency by comparing EC60 values. Using the 
subtype-specific agonist for hSSTRl, we were unable to observe 
alterations in the signaling profiles for hSSTRl expressed 
alone or when co-expressed with hSSTR5. In contrast, activa-
tion of hSSTR5 by SMS 201-995 resulted in a robust increase in 
coupling efficiency when both hSSTR5 and hSSTRl were co-
expressed. This property correlated in part with the ability of 
SMS 201-995 to induce heterodimerization. The alteration in 
maximum coupling efficacy associated with heterodimerization 
may have functional implications. One possible consequence 
may be associated with the poor response of human prolacti-
nomas to SMS 201-995 treatment. Human prolactinomas are 
pituitary adenomas that hypersecrete prolactin and predomi-
nantly express hSSTRl and hSSTR5 (35, 36). In cultured stud-
ies of human excised prolactinomas, tumors that displayed 
increased expression of hSSTRl fared poorly to treatment with 
SMS 201-995 in controlling prolactin release compared with 
those expressing lower levels of hSSTRl regardless of hSSTR5 
expression (36). However, a direct association between het-
erodimerization and treatment outcome in prolactinomas 
would be necessary to validate such claims. 

HSSTRl is the only member of the human SSTR family that 
does not internalize but up-regulates at the cell surface in 
response to prolonged agonist exposure (31). Knowing that the 
C-tail of hSSTRl is responsible for its ability to up-regulate at 
the cell surface, we proceeded to determine whether it also 
mediates its monomeric state. Using receptor C-tail chimeras, 
whereby the C-tails of both receptors were interchanged, we 
attempted to characterize a putative interface involved in so-
matostatin receptor dimerization. Replacement of the C-tail for 
hSSTR5 with that of hSSTRl was enough to antagonize ho-
modimerization of hSSTR5. Moreover, when the C-tail of 
hSSTR5 was in place of the C-tail for hSSTRl, hSSTRl was 
capable of forming homodimers. Surprisingly, the molecular 
determinant responsible for the up-regulation of hSSTRl was 
also responsible for preventing its homodimerization. Unlike 
hSSTRl, hSSTR5 does internalize and homodimerize when in 
the presence of agonist, yet these properties were both inhib-
ited when the C-tail of hSSTRl was added. It is not the first 
time that the C-tail has been suggested to be implicated in the 
heterodimerization of GPCRs. The GABAb receptor is a het-
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erodimer composed of the subtypes GABABR1 and GABABR2 
(7-9). Initial attempts in its cloning have shown that heterol-
ogous expression of the individual receptor subtypes were ei-
ther found essentially retained in the ER (GABABR1) or ex-
pressed a t the cell surface but functionally inactive 
(GABABR2). When both receptors were co-expressed a reten-
tion sequence found in the C-tail of GABABR1 was masked 
through C-tail interaction with GABABR2. This allowed for 
proper trafficking and functioning of the GABAb receptor. Sim-
ilarly, the C-tail of the 5-opioid receptor was found necessary 
for dimerization and when perturbed through C-tail deletion 
internalization was impaired (37). However, this does not rule 
out other possible domains that may also be contributing to 
dimerization such as the transmembrane region (38-40). 

Although a general mechanism such as preformed or ligand 
induced dimer formation does not seem to be exclusively valid, 
our study highlights the importance of ligands, especially re-
ceptor specific ligands, in dimer formation. It is noteworthy 
that hSSTRl homodimers cannot be formed, yet ligand bound 
hSSTR5 forms heterodimers with hSSTRl. Indeed, the ligand 
bound hSSTRl/hSSTR5 heterodimer is more stable as demon-
strated by pbFRET and signaling efficiencies of SST-14 and 
SST-28 suggesting a preferred conformational state resulting 
from ligand binding. These findings are consistent with earlier 
results with dopamine 2/hSSTR5 (29) and hSSTRl/hSSTR5 
(14) heterodimers in which a dimer containing one or two 
ligands could be established. 

In conclusion, we have demonstrated that activation of 
hSSTR5 but not hSSTRl was capable of promoting hSSTRl/ 
hSSTR5 heterodimerization. These results also demonstrate 
that agonist-mediated heterodimerization may occur through 
ligand occupancy of only one receptor subtype. Furthermore, 
this process resulted in changes in maximum coupling efficacy 
and coupling efficiency with little changes in ligand binding. 
We have also demonstrated that the C-tail of hSSTRl was 
responsible for preventing dimerization. However, further 
studies are required to define any specific residues or motifs 
that may account for this inhibition of interaction. Our data 
provide direct biophysical and functional evidence that het-
erodimerization is a receptor and ligand specific process. We 
recognize the importance of the C-tail in receptor internaliza-
tion, G-protein coupling, and dimer formation. A detailed un-
derstanding of the significance on the interrelationship^) 
among these events are lacking and need to be elucidated. 

Acknowledgments—We t h a n k M. C o r r e i a for s e c r e t a r i a l h e l p a n d 
H . A l t u r a i h i a n d A. A b d a l l a h for t echn ica l a s s i s t a n c e . 

R E F E R E N C E S 

1. Agnati, L. F., Ferre, S., LLuis, C., Franco, R., and Fuxe, K. (2003) Pharm. Rev. 
55, 509-550 

2. Angers, S., Salahpour, A., and Bouvier, M. (2002) Annu. Rev. Pharmacol. 
Toxicol. 42, 409-435 

3. Nelson, G., Hoon, M. A., Chandrashekar, J., Zhang, Y„ Ryba, N. J . P., and 
Zuker, C. S. (2001) Celt 106, 381-390 

4. Nelson, G„ Chandrashekar, J., Hoon, M. A., Feng, L., Zhao, G„ Ryba, N. J . P., 
and Zuker, C. S. (2002) Nature 416, 199-202 

5. Li, X., Staszewski, L„ Xu, H„ Durick, K., Zoller, M„ and Adler, E. (2002) Proc. 

Nail. Acad. Sci. U. S. A. 99, 4692-4696 
6. Abdalla, S., Lother, H., Massiery, A. E., and Quitterer, U. (2001) Nat. Med. 7, 

1003-1009 
7. White, J . H., Wise, A , Main, M. J., Green, A., Fraser, N. J. , Disney, G. H., 

Barnes, A. A., Emson, P., Foord, S. M., and Marshall, F. M. (1998) Nature 
396, 679-682 

8. Jones, K. A., Borowsky, B., Tamm, J . A., Craig, D. A., Durkin, M. M., Dai, M., 
Yao, W. J . , Johnson, M., Gunwaldsen, C-, Huang, L. Y., Tang, C., Shen, Q., 
Salon, J . A., Morse, K., Laz, T., Smith, K. E., Nagarathnam, D., Noble, S. A.. 
Branchek, T. A., and Gerald, C. (1998) Nature 396, 674 -679 

9. Kaupmann, K_, Malitschek, B., Schulcr, V., Heid, J . , Froestl, W., Beck, P., 
Mosbacher, J., Bischoff, S., Kulik, A., Shigemoto, R-, Karschin, A., and 
Bettler, B. (1998) Nature 396, 683-687 

10. Bai, M„ Trivedi, S„ and Brown, E. M. (1998) J. Biol. Chem. 273, 23605-23610 
11. Jensen, A. A., Hansen, J. L., Sheikh, S. P., and Br&uner-Osborne, H. (2002) 

Eur. J. Biochem. 269, 5076-5087 
12. Romano, C„ Yang, W. L., and ffMalley, K. L. (1996) J. Biol. Chem. 271, 

28612-28616 
13. Rocheville, M., Lange, D. C., Kumar, U., Sasi, R., Patel, R. C., and Patel, Y. C. 

(2000) J. Biol. Chem. 275, 7862-7869 
14. Patel, R. C„ Kumar, U., Lamb, D. C„ Eid, J. S„ Rocheville, M„ Grant, M„ Rani, 

A , Hazlett, T„ Patel, S. C„ Gratton, E„ and Patel, Y. C. (2002) Proc. Natl. 
Acad. Sci. U. S. A 99, 3294-3299 

15. Wurch, T„ Matsumoto, A , and Pauwels, P. J . (2001) FEBS Lett. 507,109-113 
16. Cornea, A., Janovick, J. A , Maya-Nunez, G., and Conn, P. M. (2000) J. Biol. 

Chen. 276, 2153-2158 
17. Horvat, R. D., Roess, D. A , Nelson, S. E., Barisas, B. G., and Clay, C. M. (2001) 

Mot Endocrinol. 15, 695-703 
18. Roess, D. A , Horvat, R. D., Munnelly, H., and Barisas, B. G. (2000) Endocri-

nology 141, 4518-4523 
19. Abdalla, S„ Zaki, E„ Lother, H„ and Quitterer, U. (1999) J. Biol. Chem. 274, 

26079-26084 
20. Kroeger, K. M., Hanyaloglu, A. C., Seeber, R. M., Miles, L. E. C., and Eidne, 

K. A (2001) J. Biol. Chem. 276, 12736-12743 
21. Cheng, Z-J., and Miller, L. J . (2001) J. Biol. Chem. 276, 48040-48047 
22. Latif, R„ Graves, P., and Davies, T. F. (2002)J. Biol. Chem. 277,45059-45067 
23. Rodriguez-Frade, J. M., Vila-Coro, A. J., de Ana, A. M., Albar, J . P., Mar-

tinez-A, C„ and MeUado, M. (1999) Proc. Natl. Acad. Sci. U. S. A. 96, 
3628-3633 

24. Vila-Coro, A. J. , Mellado, M., de Ana, A. M., Lucas, P., del Real, G., Marti-
nez-A., C., and Rodriguez-Frade, J . M. (2000) Proc. Natl. Acad. Sci. U. S. A. 
97, 3388-3393 

25. Vila-Coro, A. J., Rodriguez-Frade, J . M., de Ana, A. M., Moreno-Ortiz, M. C., 
Martinez-A, C., and Mellado, M. (1999) FASEB J. 13, 1699-1710 

26. Mellado, M., Rodriguez-Frade, J . M., Vila-Coro, A. J. , Fernandez, S., Martin de 
Ana, A , Jones, D. R., Toran, J . L., and Martinez-A, C. (2001) EMBO J. 20, 
2497-2507 

27. Moller, L. S., Stidsen, C. E„ Hartmami, B„ and Hoist, J . J . (2003) Biochim. 
Biophys. Acta 1616, 1-84 

28. Patel, Y. C. (1999) Front. Neuroendocrinal. 20, 157-198 
29. Rocheville, M„ Lange, D. C., Kumar, U„ Patel, S. C„ Patel, R. C„ and Patel, 

Y. C. (2000) Science 288, 154-167 
30. Kumar, U., Sasi, R., Suresh, S., Patel, A., Thangaraju, M., Metrakos, P., Patel, 

S. C., and Patel, Y. C. (1999) Diabetes 48, 77-85 
31. Hukovic, N„ Rocheville, M„ Kumar, U„ Sasi, R., Kbare, S., and Patel, Y. C. 

(1999) J. Biol. Chem. 274, 24550-24558 
32. Nouel, D„ Gaudriault, G„ Houle, M„ Reisine, T„ Vincent, J. P., Mazella, J , 

and Beaudet, A (1997) Endocrinology 138, 296-306 
33. Patel, R. C„ Lange, D. C., and Patel, Y. C. (2002) Methods 27, 240-248 
34. O'Carroll, A-M., Raynor, K., Lolait, S. J., and Reisine, T. (1994) Mol. Pharma-

col. 46, 291-298 
35. Shimon, I., Yan, X., Taylor, J . E„ Weiss, M. H„ CuUer, M. D„ and Melmed, S. 

(1997) J. Clin. Investig. 100, 2386-2392 
36. Jaquet , P., Ouafik, L., Saveanu, A., Gunz, G., Fina, F., Dufour, H., Culler, 

M. D., Moreau, J . P., and Enjalbert, A. (1999) J . Clin. Endocrinol. Metab. 
84, 3268-3276 

37. Cvejic, S. and Devi, L. A (1997) J. Biol. Chem. 272, 26959-26964 
38. Hebert, T. E., Moffett, S„ Monstlo, J . P., Loisel, T. P., Bichet, D. G„ Barret, C„ 

and Bouvier, M. (1996) J. Biol. Chem. 271, 16384-16392 
39. Overton, M. C„ Chinault, S. L., and Blumer, K J . (2003) J. Biol. Chem. 278, 

49369-49377 
40. Pagano, A., Rovelli, G., Mosbacher, J . , Lohmann, T., Duthey, B., Stauffer, D., 

Ristig, D., Schuler, V., Meigel, I., Lampert, C., Stein, T., Prezeau, L., 
Blahos, J., Pin, J . P., Froestl, W„ Kuhn, R„ Heid, J . , Kaupmann, K , and 
Bettler, B. (2001) J. Neurosci. 21, 1189-1202 



www.elsevier.com/locate/mce 

Deficiency of somatostatin (SST) receptor type 5 (SSTRS) is associated 
with sexually dimorphic changes in the expression of 
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Abstract 

The actions of somatostatin (SST) are mediated through five somatostatin receptor subtypes, termed SSTR I-5. Although SSTRs commonly 
display an overlapping pattern of tissue distribution, subtype-selective responses have been shown to occur in the same tissue. In the present 
study, we have investigated the changes in SSTR subtypes at the cellular and molecular level in both the brain and the pancreatic islets 
of mice deficient in SSTR5 (SSTR5KO) Expression levels of insulin and glucagon were also determined in the pancreas of these mice. 
Semi-quantitative RT-PCR and Western blot analysis showed significant increases in the expression of SSTR2 and 3 with a corresponding 
reduction in SSTR4 in the brains of female SSTR5KOs, while no changes were observed in male ICOs. Strikingly, SST mRNA and SST-like 
immunoreactivity (SST-LI) were reduced in the brain of male ICO animals but not in their female counterparts. In male SSTR5KO islets, 
there was an increase in the number of cells immunoreactive for SSTR1-3, whereas in female islets only SSTR3 expression was increased. 
Pancreatic SST-LI and SST mRNA, as well as immunoreactivity for insulin were reduced in male but not in female KO mice. These data 
indicate that deficiency of SSTR5 leads to subtype-selective sexually dimorphic changes in the expression of both brain and pancreatic SSTRs. 
© 2004 Elsevier Ireland Ltd. All rights reserved. 

Keywords: Somatostatin; Somatostatin receptor; Sexual dimorphism; Brain; Pancreas 

1. Introduction 

Somatostatin (SST) is a multifunctional peptide with two 
biologically active forms, SST-14 and SST-28, which are 
synthesized in neurons throughout the brain as well as in 
peripheral tissues such as the pancreas and the gut (Patel, 
1992, 1999; Epelbaum et al., 1994). Acting via a family of 
five G-protein coupled receptors (GPCRs) termed SSTR1-5, 
SST exerts a diverse array of effects that include inhibition 
of endocrine secretion, modulation of neurotransmission, 
and regulation of cell proliferation. SSTRs are typically ex-
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Room M3.15, 687 Pine Avenue West, Montreal, Que., Canada H3A IAI . 
Tel.: +1-514-842-1231x35042x36495; fax: +1-514-843-2819. 

E-mail address: ujendra.kumar@muhc.mcgill.ca (U. Kumar). 
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pressed in target tissues such as the brain, pituitary, pancreas, 
gut, aorta, and immune cells with overlapping patterns of ex-
pression with differences according to sex and species (Patel, 
1997, 1999; Bruno et al., 1993; Feuerbach et al., 2000; 
Fehlmann et al., 2000). In the rat, mRNA for all of the SSTR 
subtypes have been localized in the brain showing patterns of 
regional subtype-selectivity (Bruno etal., 1993; Brederetal., 
1992). SSTR1 is most abundantly expressed in rat brain, fol-
lowed by SSTR2, 5, 3, and 4 (Bruno et al., 1993; Fehlmann 
etal . ,2000; Brederetal., 1992; Kong etal., 1994; Meyerhof 
et al., 1992). In contrast, SSTR5 mRNA is poorly expressed 
in human brain. All five SSTRs are also expressed in the 
pituitary, pancreas, gut, and aorta of both rodent and human 
species (Patel, 1999; Thoss et al., 1996; Kumar et al., 1997, 
1999; Khare et al., 1999; Patel et al., 1995). It has been pro-
posed that SSTR2 mediates the effects of SST on pancreatic 
glucagon whilst SSTR5 plays an important role in regulating 

0303-7207/$ - see front matter © 2004 Elsevier Ireland Ltd. All rights reserved, 
doi: 10.1016/j.mce.2004.02.001 
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insulin secretion (Rossowski and Coy, 1994; Strowski et al., 
2000, 2003; Tirone et al., 2003). However, the finding that 
cells often express multiple SSTR subtypes and the recent 
demonstration that several of the SSTR subtypes associate 
as functional homo- and heterodimers, suggest that members 
of this family may be able to operate in concert (Rocheville 
et al., 2000; Patel et al., 2002). Concerning gender-related 
differences in the expression of SSTRs, it has been reported 
that females from both rat (Kimura et al., 1998) and mouse 
(Low et al., 2001) species display lower levels of mRNA for 
SSTR5 in the pituitary than their male counterparts. Like-
wise, sexual dimorphism has been reported for the expres-
sion of SSTR1-3 in the rat anterior pituitary (Senaris et al., 
1996; Zhang et al., 1999) as well as for SSTR1 expression 
in the arcuate nucleus of adult rats (Zhang et al., 1999). 

A common property of most GPCRs is their ability to 
be regulated by agonist occupancy (Patel, 1999; Dohlman 
et al., 1991). Such agonist-specific regulation involves re-
ceptor desensitization, uncoupling from G-proteins, recep-
tor internalization, degradation and receptor recycling (Patel, 
1999; Patel, 1997; Dohlman et al., 1991). Numerous studies 
of SSTR regulation have shown that agonist-dependent in-
ternalization and desensitization are subtype-specific (Patel, 
1999; Hukovic et al., 1996). We have recently demonstrated 
that mice deficient in SST induced increases in mRNA for 
SSTR 1, 2, and 5 in the brain, whereas SSTR3-5 were down-
regulated in the pancreas (Ramirez et al., 2002). However, 
little is known about whether the expression of a given mem-
ber of a GPCR subfamily influences the pattern of expres-
sion of other receptors within the same family. The lack of 
SSTR2 in rat adrenal gland and pituitary (Hofland et al., 
2000) and the lack of SSTR1 (Kreienkamp et al., 1999) 
in mouse brain however did not alter the expression of the 
other SSTRs. Recently, two SSTR5 knock out models have 
been described (Strowski et al., 2003; Tirone et al., 2003). 
The major inhibitory effect of pancreatic somatostatin on in-
sulin secretion was found to occur via SSTR5 in an isolated 
perfused mouse pancreatic model. However, SSTR5KO dis-
played decreases in circulating basal levels of insulin and 
blood glucose, indicating other possible roles for SSTRS in 
glucose homeostasis besides its regulation in insulin secre-
tion (Strowski et al., 2003). In neither study were female 
KO mice fully examined leaving an open question as to 
whether or not both sexes are equally affected upon SSTR5 
deficiency. 

In the present study, we determined the effect of SSTR5 
deficiency on the expression of other receptor subtypes. 
Although SSTR5KO mice were physically indistinguish-
able from wild-type, its deficiency played a significant role 
on the expression of SSTRs, SST, insulin and glucagon 
in both male and female mice. Unlike the knockout mod-
els for SSTR1 and 2, the deficiency of SSTR5 induces 
subtype-selective sexually dimorphic changes in the ex-
pression levels of SSTRs and SST in both brain and 
pancreas, including changes in the expression of islet 
hormones. 

2. Mater ia ls and methods 

2.1. Generation of SSTR5 deficient mice and 
tissue analysis 

The SSTR5 gene was cloned from a M129VJ mouse 
genomic library constructed in pBluescript SK II ( ± ) 
phagemid (Tirone et al., 2003; Moldovan et al., 1998). 
A targeting vector was constructed that contained a 7kb 
homologue of mSSTR5 DNA flanking both sides of 
the neomycin gene, the positive selection marker. The 
DNA construct was used for electroporation in 129SV 
ES cells (Baylor College of Medicine, Tissue Culture 
Core). Positive ES cells were then microinjected into 
C57/B1/6J blastocysts to generate chimeric mice. Chimeric 
males were then selected and crossed with wild-type 
C57/B1/6J females to assess for germ line transmission. 
Heterozygous mice were cross-bred to generate S S T R 5 + + , 
S S T R 5 + / - , S S T R S - ' - animals. Homozygous male and fe-
male S S T R 5 - ' ' - mice were selected for the study. Animals 
were maintained on a 12 h light/dark cycle and fed standard 
chow. 

SSTR5KO mice were initially screened by Southern blot 
analysis to identify chimeras and subsequent generations 
of homozygous mice were then screened by PCR assays. 
PCR primers for the wt were #1 ACA CCT AGC TGG 
AAT GCC TCA corresponding to bp 265-85 in mSSTR5 
and #2 CAG TAG GAG ACA GCA TTC corresponding 
to bp 546-28 (G1 no. 2209142). PCR primers for the KO 
screen consisted of #1 AAG GCA GTC TGG AGC AT cor-
responding to bp 2281-2297 in the PKG-Neo cassette and 
#2 AAC CTG CGT GCA ATC CAT CTT corresponding to 
bp 2806-2786. PCR amplification was carried out with Taq 
polymerase, dNTPs and MgCl2 for 5 min at 94 °C then 30 
cycles of 94 °C— 1 min, 60 °C—I min, 72 °C— 1 min, and a 
final 6 min at 72 °C. Viable F2 homozygous offspring were 
produced in the normal Mendelian ratios. SSTR5 deficient 
mice presented a gross phenotype similar to that of wt ani-
mals. They had normal gestation, were born normally, grew 
to adulthood and reproduced with no obvious physiologi-
cal abnormalities. SSTR5KO mice and matching wt adults 
(3-6 months old) of both sexes were sacrificed by decapi-
tation. Whole brain and pancreas were removed and frozen 
immediately in liquid nitrogen for total mRNA extraction, 
or placed in 4% paraformaldehyde solution for immunohis-
tological analysis. 

2.2. Reverse transcriptase polymerase chain reaction 
(RT-PCR) of mRNA for SSTR1-5 and SST 

mRNA for SSTR 1-5 and SST was analyzed by 
semi-quantitative RT-PCR as previously described (Khare 
et al., 1999; Low et al., 2001; Ramirez et al., 2002). 
Briefly, samples of brain and pancreas were homogenized 
in Trizol reagent (Life Technologies Inc., Gaithersburg, 
MD) for total RNA isolation by use of the guanidinium 
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isothiocyanate phenolchloroform extraction method. For 
reverse transcription, 10 jjtg total DNA-free RNA was in-
cubated with 400 units Moloney murine leukemia virus 
reverse transcriptase (Gibco-BRL, Paisley, UK) at 42 ° C 
for 30 min in the proper buffer solution. Four microliters 
of resulting cDNA samples were denatured at 94 °C be-
fore initiation of PCR reaction. Primers used for mouse 
SSTR 1-5 and SST were followed as previously described 
(Low et al., 2001; Ramirez et al., 2002). SSTR I- 5 and S S T 
were co-amplified with a-act in as an internal control. 

2.3. Southern transfer and hybridization 

PCR products (30 |xl) were separated by electrophore-
sis on 1.5% agarose gels, transferred to gene screen plus 

hybridization membranes (Bristol-Myers Squibb, Billerica, 
MA), and hybridized with 3 2 P-labeled SSTR1-5 , SST and 
a-act in specific cDNA probes (Ramirez et al., 2002). Au-
toradiograms were scanned and the hybridization signals 
were quantified using the Igor Pro 3.13 Analysis Sof tware 
Package (Wave Metrics Inc., Lake Oswego, OR). Total in-
tensity of the blots (average optical density x area in pix-
els) were corrected for background and used as an index for 
SSTRs and actin mRNAs. Only bands that did not reach sat-
uration density upon X-ray film exposure were subjected to 
quantitative analysis. Values of S S T R 1 - 5 and SST m R N A 
expression were normalized to those of actin m R N A from 
the same samples. All experiments were repeated four t imes 
and each mRNA quantification represented an average of at 
least three measurements. 
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Fig. I. mRNA expression of SSTRs and SST in whole brain. The mRNA expression levels for the SSTRs and SST taken from whole brain extract were 
quantified from a Southern blot hybridization signal produced by an RT-PCR product of either wild-type animals (filled columns) or SSTR5KO animals 
(open columns). The arbitrary units were normalized for background signals and expressed as a ratio of product/p-actin mRNA. The data are represented 
of four separate experiments and each experiment was analyzed in triplicate. * P < 0.05; N.D., not detectable. 
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2.4. Binding analysis 

Brain membranes were prepared as previously described 
(Ramirez et al., 2002). Briefly, whole brains were homoge-
nized in 0.32 M sucrose, 20 mM Tris-HCl, 2.5 mM DTT, pH 
7.5 with a glass homogenizer. After several centrifugation 
steps, the final pellet was resuspended in 20 mM Tris-HCl 
buffer, an aliquot removed for determination of protein con-
tent by the Bradford Method, and the remaining sample was 
kept for saturation analysis of membrane SSTRs. Satura-
tion analysis was carried out in culture tubes using 40 p.g 
of membrane and [ l 2 5I]-LTT-SST-28 radioligand at 3 7 ° C 
for 30 min in the appropriate buffer as previously described 
(Ramirez et al., 2002). Specific binding was defined as the 
difference between the amounts of radioligand bound in 
the absence and presence of lOOnM SST-14 (Bachem, Tor-
rance, CA). Radioactivity associated with membrane pellets 
was quantified using a LKB gamma counter (LKB-Wallach, 
Turku, Finland). Kinetic constants were calculated by non-
linear regression analysis using Graph Pad Prism 3.0 (Graph 
Pad Software, San Diego, CA). Saturation analysis on both 
wi and SSTR5KO membranes were repeated at least four 
times. 

2.5. Western blot analysis 

Brain membranes were prepared from cerebrocortical 
tissue of both wt and SSTR5KO using a glass homoge-
nizer in 0.32 M sucrose, 20 mM Tris-HCl, 2.5 mM DTT, 
pH 7.5 as previously described (Ramirez et al., 2002). The 
membrane pellet was washed and resuspended in 20 mM 
Tris-HCl, 2.5 mM DTT, pH 7.5 in the absence of sucrose. 
Membrane protein (50 pLg) was solubilized in Laemmli 
sample buffer containing 62.5 mM Tris-HCl (pH 6.8), 25% 
glycerol, 2% SDS, 0.01% Bromophenol Blue and 710mM 
2-mercaptoethanol (Bio-Rad, Hercules, CA). The sample 
was heated at 99 °C for 5 min before being fractionated by 
electrophoresis on a 7.5% SDS polyacrylamide gel. The 
fractionated proteins were transferred by electrophoresis 
to a 0.2 (xm nitrocellulose membrane (Trans-Blot Trans-
fer Medium, Bio-Rad) in transfer buffer consisting of 
0.025 mol/1 Tris, 0.192mol/l glycine and 20% methanol. 

Table I 
Binding analysis of SSTRs in whole brain membranes from S S T R 5 + / 4 

and SSTR5 _ / ~ male and female mice 

Kd (nM) #max (fmol/mg protein) 

Male + / + 1.43 ± 0.49 219 ± 25 
Male - / - 1.65 ± 0.43 172 ± 12 
Female + / + 0.70 ± 0.45 86 ± 5.8 
Female — I— 1.35 ± 0.38 224 ± 20» 

Quantification of total SST binding sites in membrane extracted from 
whole mouse brain was earned out by saturation binding using the ra-
dioligand [ l 25t]-LTT-SST-28. Data are expressed as mean ± S.E.M. of 
three independent experiments. 

a P < 0.05 vs. other genotype in the same sex. 

Membrane was blotted with SSTR affinity-purified primary 
antibodies (dilution 1:400) as previously described (Kumar 
et al., 1999). Blocking of membrane, incubation of primary 
SSTR antibodies, incubation of secondary antibodie and 
detection by chemiluminescence were performed following 
WesternBreeze® (Invitrogen Life Technologies) manufac-
turer instructions. Images were captured using an Alpha 
Innotech FluorChem 8800 (Alpha Innotech Co., San Lean-
dro, CA) gel box imager and densitometry was carried out 
using FluorChem software (Alpha Innotech Co.); a-tubulin 
was used as an internal control. 

2.6. Radioimmunoassay of SST 

Immunoreactive SST (SST-LI) was measured using a SST 
radioimmunoassay (R1A) as described earlier (Patel and 
Reichlin, 1978). Brain and pancreas samples were homog-
enized in 1 M acetic acid by sonication, boiled for 5 min, 
sampled for protein quantification using the Bradford As-
say. The remaining extract was centrifuged at 8000 x g 
for 30 min, the supernatant neutralized and sampled using 
RIA. RIA was performed using the rabbit anti-SST antibody 
(R149) directed against the central segment of SST-14. Syn-
thetic SST-14 standards and a bovine serum albumin-coated 
charcoal separation method were used. Antibody R149 rec-
ognizes both SST-14 and SST-28 with equal affinity (Patel 
and Reichlin, 1978). 

2.7. Immunohistochemistry 

Sections of brain and pancreas from wild-type and 
SSTR5KO mice were analyzed for the expression of 
SSTR 1-5 by peroxidase immunohistochemistry. Pancreatic 
samples were further characterized for islet expression of 
insulin, glucagon and SST by indirect immunofluorescence 
method. Anti-peptide rabbit polyclonal antibodies specific 
to SSTR 1-5, SST, insulin and glucagon were produced and 

| ' " l | - l . t I -SST-ZX a d d e d (cpni \ HI l | 

Fig. 2. Saturation isotherms of [125t]-LTT-SST-28 binding to membranes 
prepared from whole brain. Membranes were incubated with increas-
ing concentrations of radioligand and assayed for binding using lOOnM 
SST-14 as the cold peptide to quantify total SSTR population. Male 
wild-type, solid black line, filled circles; male KO, gray solid line, open 
circles; female wild-type, dotted black line, filled triangles; female KO, 
gray dotted line, open triangles. Data represent the mean ± S.E.M. of 
three independent experiments. 
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Fig. 3. Western blot analysis of all five SSTRs taken from whole brain. Western blot analysis on all five SSTRs were preformed on both wild-type 
and knockout mice from both sexes, male and female, using polyclonal SSTR subtype-specific antibodies, (a) Representative blots from one of three 
experiments (upper panels), a-tubulin was assayed for protein loading (lower panels), (b) Bar plots taken by densitometry analysis from SSTR immunoblots 
were normalized for protein loading using a-tubulin. Means ± S.E.M. were taken from three independent experiments; * P < 0.05; N.D., not detectable. 
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Fig. 4. Photomicrographs illustrating immunohistochemicai expression of SSTR I - 5 in brain cortex. SSTRs were visualized in the coronal sections of 
cortex from both wild-type ( S S T R 5 + / + ) and SSTR5KO ( S S T R 5 - / ~ ) male and female mice. SSTRs were visualized as a brown reaction product by 
peroxidase immunohistochemistry using SSTR1-5 subtype-specific rabbit antibodies and secondary anti-lgG rabbit biotinylated antibody followed by 
exposure to avidin-biotinylated-peroxidase complex. Note the significant changes in subcellular expression in cortical layer. Bottom panel depicts the 
number of immunopositive neurons per mm 2 for each SSTR subtype in male and female mice. Magnification lOOx and inset 400x; " P < 0.05. 
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characterized as previously described (Kumar et al., 1997, 
1999; Khare et al., 1999; Ramirez et al., 2002; Patel and 
Reichlin, 1978). Mouse brain and pancreatic tissue sam-
ples were fixed in 4 % paraformaldehyde overnight. Thick 
brain sections (30 -40 |xm) f rom each animal were cut on 
a vibratome and collected in Tris buffered saline (TBS), 
containing 50 m M Tr i s -HCl and 0.9% NaCI, pH7.5. Sec-
tions were then treated with 1.5% H2O2 and 10% methanol 
for 10 min to block endogenous peroxidase. Sections were 
washed in TBS and incubated with 5% normal goat serum 
fol lowed by incubation with primary antibodies to SSTR1-5 
(diluted 1:400) at 4 ° C for 24 h. After washing with Tris 
buffered saline (TBS), sections were incubated with bi-
otinylated goat anti-rabbit secondary antibody (diluted 
1:200) at room temperature for 1.0 h, followed by exposure 
to avidin-biot inylated-peroxidase complex (Vector Labo-
ratories, Burlingamine, CA, USA) in TBS for 1 h at room 
temperature. The final product was revealed by chromogen 
3.3 '-diaminobenzidine (DAB) 0 .5mg/ml (Sigma) contain-
ing 0 .01% hydrogen peroxide yielding a brown-black re-
action p roduc t After three subsequent washes, sections 
were mounted and viewed under a Leica D M L microscope 
attached to a Cool Snap C C D camera. Neurons showing 
SSTRs like immunoreactivity were counted from 10 to 12 
randomly selected areas f rom the cortical region. 

For immunostaining of insulin, glucagon, and SST in pan-
creatic tissue, samples were deparaffinized and incubated in 
5 % normal goat serum for 1 h at room temperature. Sec-
tions were then incubated overnight in the presence of in-
sulin anti-guinea pig (1:800), glucagon anti-sheep (1:1000) 
and SST anti-mouse monoclonal (1:100) antibodies, as pre-
viously described (Kumar et al., 1999). After three washes 
in buffer, sections were incubated with FITC-conjugated 
goat anti-guinea pig, FITC-conjugated goat anti-sheep or 
rhodamine-conjugated goat anti-mouse secondary antibod-
ies to visualize insulin, glucagon and SST, respectively. Sec-
tion were mounted on Immunofluor and visualized using a 
Zeiss LSM 410 inverted confocal microscope (Carl Zeiss, 
Inc., Thornwood, NY) (Kumar et al., 1999). 

Controls used to validate the specificity of the immunore-
activity included pre- immune serum in place of primary 
antibody and primary antibody adsorbed with excess anti-
gen. For quantitative analysis in pancreas, 8 - 1 0 islets were 
selected per slide from which immunopositive cells were 
counted from randomly selected regions. The results are 
presented as percentage of total islet cells; mean ± S.E.M. 
were taken f rom three independent experiments. A mean of 
2044 ± 52 fJ-cells, 584 ± 29 u-cells, and 198 ± 36 5-cells 
were analyzed per experiment. 

2.8. Statistical analysis 

Results are presented as mean ± S.E.M. Statistical com-
parisons between genotypes were made by Student 's un-
paired West. SSTR5KO samples were compared with their 
counter part wt values as paired data groups within the 

same experimental procedure. P values <0 .05 were consid-
ered statistically significant. All tests were performed using 
Graph Pad Prism 3.0, San Diego, CA. 

3. Results 

3.1. Expression of SST and SSTRI-5 in Brain 

SST mRNA was readily detected in brain of all mice 
analyzed in this study. All five SSTR mRNA were de-
tected in whole brain extracts from animals of both sexes, 
with the exception of m R N A for SSTR5 in KO animals 
(Fig. 1). The relative abundance of m R N A for the different 
subtypes were as follows: SST > SSTR1 > SSTR2 > 
SSTR3 > SSTR4 > SSTR5, for wt male animals, and 
SST ^ SSTR1 > SSTR2 > SSTR3 ^ SSTR5 > SSTR4 
for wt females. 

There were no differences in the levels of expression for 
SSTR1 mRNA between wt and KO animals for both sexes. 
In contrast, SSTR2 and SSTR3 m R N A expression was in-
creased in the brain of SSTR5KO female mice, while m R N A 
levels for SSTR4 were reduced. There were no significant 
differences in the expression levels of SSTRs between the 
brains of both male wt and KO animals. As expected, ex-
pression of SSTR5 was undetectable in the brain of KO 
animals. Control female mice displayed lower expression 
levels for SST than males. Surprisingly, there was a dramatic 
reduction in SST m R N A of male KO mice, with no signifi-
cant changes with that in females (Fig. 1). These data indi-
cate that the SSTR5 deficiency induces an upregulation of 
SSTR2 and 3 mRNA, with a downregulation of SSTR4 in fe-
male SSTR5KO mice brain only. Furthermore, SST m R N A 
was only found to be down regulated in male KO brain. 

We further extended our study and analyzed the ex-
pression levels of SSTRs by other approaches. First, 
we estimated the total binding population of SSTRs in 
brain by saturation binding analysis using the radioligand 
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Fig. 5. Somatostatin-like immunoreactivity (SST-LI) in whole brain from 
wild-type and SSTR5KO mice. RIA was used to quantify SST from ho-
mogenate of whole brains from wild-type (filled columns) and SSTR5KO 
mice (open columns). Results are expressed in nanograms (ng) of im-
munoreactive protein per milligram (mg) of total protein. Data are ex-
pressed as mean ± S.E.M. of nine animals, quantified in three separate 
experiments; " P < 0.05. 
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Fig. 6. Immunoperoxidase photomicrographs illustrating the distribution of SSTR immunoreactivity in male and female pancreas. Photographs were 
captured by light microscopy using a Leica DML microscope attached to a Cool Snap CCD camera using a Leica DmLB microscope, (a) Photomicrographs 
show details of immunostaining for SSTRs in selected pancreatic islets of wild-type ( S S T R 5 + / + , left-hand panels) and SSTR5K.O (SSTR5~ / _ , right-hand 
panels) mate mice, (b) Similarly, photomicrographs taken from female mice show details of immunostaining for SSTRs in pancreatic islets of wild-type 
( S S T R 5 + / + , left-hand panels) and SSTR5KOs (SSTR5"* / _ , right-hand panels). All five receptor subtypes displayed specific and selective distribution in 
islets. Magnification 400 x . 



J.L Ramirez el al. Molecular and Cellular Endocrinology 221 (2004) 105-U9 113 

female W+ female 7-

SSTR1 

S S T R 2 

SSTR3 

ib) 

% 
* 1 h > J-

^ J * * . , 

Fig. 6. (Continued). 

S S T R 5 

[ 1 2 5 I ] -LTT-SST-28. Secondly, Western Blot analysis was 
used to quantify the individual expressions of each subtype 
in the brains of both wt and KOs from both sexes. Thirdly, 
we determined SSTR protein expression by immunohis-
tochemistry in brain sections using specific antibodies to 
S S T R 1 - 5 . Control male mice displayed a 2.5-fold higher 
level of SST binding sites in brain compared to females 

(B m a x 219 ± 25 versus 86 ± 5.8, Table 1). Interestingly, 
deletion of the SSTR5 gene resulted in a 160% net increase 
in the level of expression of SST binding sites in female 
SST5KO mice reaching values similar to those found in both 
male genotypes (Fig. 2, Table 1). In contrast to the changes 
in Bmax, the ligand binding affinity (Kd) for the SST binding 
sites was unaffected by SSTRS deficiency (Table 1). 
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In order to quantify the changes in the pattern of ex-
pression of individual SSTRs in the brains of both wt and 
SSTR5KO male and female mice, Western Blot analysis was 
performed. As shown in Fig. 3a and b, Western Blot dis-
played changes in the pattern of expression of SSTRs in fe-
male SSTR5KO animals were comparable as demonstrated 
by Southern blot analysis. More specifically, changes were 
observed for SSTR2-4 in female KOs compared to their 
wt counterparts with no changes in SSTR1. Taken together, 
these results demonstrate that SSTR5 deficiency causes a 
change in the pattern of expression of SSTRs at both the 
mRNA and protein levels in a sexually deterministic manner. 

Peroxidase immunohistochemistry for SSTR 1-5 on coro-
nal sections of cortex from wt and KO male and female 
mice are illustrated in Fig. 4. Consistent with the results ob-
tained by mRNA, binding and Western Blot analysis, there 
were no discernable changes in the intensity or number of 
immunopositive neurons between male wt and SSTR5KO 
mice. There were no apparent differences in immunoreac-
tivity for SSTR1 between female wt and KO brain sections. 

In females, however, there was an apparent increase in the 
intensity of immunostaining for SSTR2 and 3 and a slight 
reduction in the staining for SSTR4. Changes in the subcel-
lular distribution of SSTRs mainly occurred in upper as well 
as in deeper cortical layers (Fig. 4). As expected, SSTRS 
immunoreactivity was undetectable in the brain of KO ani-
mals. No immunoreactivity was seen in the presence of pri-
mary antibody adsorbed with excess antigen, pre-immune 
serum in place of primary antibodies or by the omission 
of primary antibodies (data not shown). Quantitative anal-
ysis of SSTR immunoreactive neurons is shown in Fig. 4 
(bottom panel). 

Changes in the level of expression of brain SST was also 
analyzed using RIA (Fig. 5). In male animals, deletion of the 
SSTR5 gene resulted in a 60% decrease of total SST-like im-
munoreactivity (SST-LI). There were no significant changes 
in brain SST-LI between female wt and KO mice. How-
ever, female wt mice generally displayed lower levels of 
brain SST-LI than male animals as was also demonstrated 
by Southern Blot analysis (Fig. 1). 
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Fig. 7. Quantitative analysis on the expression of SSTRI-5 in pancreatic islet cells. Bars represent the mean ± S.E.M. in percent of cells positive for a 
given SSTR subtype in respect to total number of islet cells. A total of 8 -10 islets were counted per slide in three independent experiments performed 
in triplicate. * P < 0.05; N.D., not detectable. 
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3.2. Pancreatic expression of SSTR1-5 insulin, glucagon 
and SST 

SSTR expression in pancreas of both wt and SSTR5KO 
mice was illustrated by use of peroxidase immunohisto-
chemistry (Fig. 6a and b). Islets of both sexes displayed 
SSTR1 and 2 immunoreactivity concentrated mainly in the 
periphery and to a small extent in some cells scattered within 
the islet. Females of both genotypes exhibited higher levels 
of immunostaining for both of these two receptor subtypes 
than their male counterparts. SSTR3-5 displayed localiza-
tions throughout the islets of male mice, with similar patterns 
of distribution for females save for SSTR3, which was local-
ized mainly in the periphery. Surprisingly, SSTR4 displayed 
intense staining in the majority of islet cells of both sexes 
that differed according to human islets (13). An increase in 
the number of SSTRI and 2 positive cells was shown in islets 
of male KO mice however; in female KOs no changes were 
apparent. The number of SSTR3 positive cells was increased 
in both sexes of the KO mice, however there were no sig-
nificant changes in the number of positive cells for SSTR4 
(Fig. 7). 

Pancreatic SST was analyzed for mRNA expression and 
SST-LI in whole pancreatic extracts. Islets were additionally 
analyzed for the expression of insulin, glucagon and SST 
by semi-quantitative assessment by the identification of flu-
orescently labeled cells, and quantitatively by morphometry 
on the positive islet cell types expressed as a percent of the 
total islet cell population. Both SST mRNA levels (Fig. 8A) 
as well as SST-LI (Fig. 8B) were selectively reduced in male 
pancreas from SSTR5KO animals whilst levels in females 
remained unchanged. Wild-type females showed lower lev-
els of both SST mRNA and SST-LI in comparison to their 
male counterparts. Immunohistochemical analysis of islet 
cells revealed a significant decrease in the intensity of insulin 
and SST immunostaining in male KO mice with only mod-
erate reductions in SST immunostaining in females (Fig. 9). 
No significant changes were observed in glucagon staining 
for either sex. Quantitative analysis of the total number of 
immunopositive cells showed that (}-cells represented ~80% 
of total islet cells whereas a-cells and 8-cells, accounted for 
- 1 8 % and 8%, respectively (Fig. 10). Lack of the SSTR5 
subtype induced a significant decrease in the number of SST 
positive (Fig. 10A) and insulin positive (Fig. 10B) cells in 
male islets. The levels of glucagon from both sexes remained 
the same (Fig. 10C). 

4. Discussion 

Since the initial cloning and pharmacological characteri-
zation of SSTR subtypes, there has been some speculation 
about the physiological significance of the individual re-
ceptors in vivo due to their overlapping expression patterns 
and signaling characteristics. Mice lacking either SSTRI 
(Kreienkamp et al., 1999) or SSTR2 (Strowski et al., 2000) 
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Fig. 8. SST mRNA expression and SST-like immunoreactivity (SST-LI) 
in pancreas of wild-type (filled columns) and SSTR5K.0 (open columns) 
mice. SST mRNA expression was analyzed by semi-quantitative RT-PCR 
from the pancreas of both sexes and genotypes (A). SST peptide from 
pancreas homogenate was quantified by RJA as described in the mate-
rial and methods (B). Mean ± S.E.M. of four independent experiments; 
*P < 0.05. 

have been generated with no aberrant changes in gross mor-
phology. Upon close examination, SSTRI was shown to 
be involved in basal growth hormone release while SSTR2 
demonstrated to be a critical regulator of glucagon secre-
tion and recently, SSTR5 has been shown to regulate insulin 
secretion and glucose homeostasis (Strowski et al., 2003; 
Tirone et al., 2003). However, there is a paucity of literature 
regarding the sexual dimorphism in the expression patterns 
of SSTRs and hormones by loss of one of either factor. We 
have recently shown that somatostatin knock-out (SST-KO) 
mice exhibited sexual differences in the mRNA expression 
for SSTRI, 2, and 5 in the pituitary and the hypothalamus 
(Low et al., 2001). Other hormones such as estrogen have 
been shown to effect the expression of SSTR2 and 5 in the 
pituitaries of rats such that SSTR5 is down regulated and 
SSTR2 is up-regulated (Kimura et al., 1998). Finally, SSTR 1 
mRNA levels have been shown to up-regulate in the presence 
of testosterone in male rat pituitaries (Senaris et al., 1996). 
In the present study, we have demonstrated a sexual dimor-
phism in the expression patterns of SSTRs and SST in the 
brains and in the pancreas of both wt and SSTRS deficient 
mice. Total SST binding sites in the brains of wt animals 
were higher in male compared to female mice. SSTR5 defi-
ciency resulted in an increase in the total SST binding sites 
in the brains of female KO mice to those comparable to wt 
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Fig. 9. lmmunofluorescent photomicrographs of pancreatic islet cells showing the expression of insulin, glucagon and somatostatin. Insulin and glucagon 
positive cells were identified by green immunofluorescence (left-hand panels for insulin, middle panels for glucagon) and SST immunoreactivity was 
localized with red fluorescence (right-hand panels) in both sexes from wt and SSTR.5KO mice. Magnification 400 x . 

males, whereas there were no discernable changes amongst 
male ICO mice and their wild-type counterparts. Receptor 
analysis using RT-PCR, Western blot and immunocytochem-
istry, have shown that the increase in SST binding sites in 
the brains of female KO mice was due to an up-regulation 
of both SSTR2 and 3 despite a down-regulation in SSTR4. 

Total SST mRNA and SST-like immunoreactivity by both 
RT-PCR and R1A analysis, respectively, were lower in the 
brains of female compared to male wt animals. These results 
are consistent with previous studies of both the rat hypotha-
lamus (Argente et al., 1991; Chowen-Breed et al., 1989) and 
the hypothalamus and pituitary of mice (Low et al., 2001). 
Furthermore, SST deficiency resulted in a feminization of 
hepatic gene expression in male mice due to identical pro-
files in GH-regulated hepatic mRNAs as seen in females. 
SST was required for masculinization of the ultradian GH 
rhythm by suppression of interpulsatory GH levels (Low 
et al., 2001) consistent with the notion that SST expression 
is higher in male rather than female mice. Lack of SSTR5 
did not result in significant changes in the expression levels 
of SST in female however; SST was significantly reduced in 

male KOs. On the other hand, we have previously shown that 
male SST-KO mice exhibited an up-regulation of SSTR5 in 
several brain regions (Ramirez et al., 2002) including the pi-
tuitary (Low et al., 2001). There may be an underlying rela-
tionship between the expression patterns of SST and SSTR5 
in the brains of male mice that is absent in females. 

In addition to its implication in physiological and patho-
logical processes in the central nervous system, SST is also 
an important factor in the regulation of pancreatic hormone 
secretion (Patel, 1999; Reichlin, 1983; Patel et al., 2001). In 
our study, mouse islets from both sexes expressed all five so-
matostatin receptor subtypes, in accordance with previously 
reported studies in the rat and human pancreas (Fehlmann 
et al., 2000; Kumar et al., 1999; Patel et al., 1995). Although 
there is no absolute specificity of any SSTR for a given islet 
cell type (Kumar et al., 1999), it has been proposed that so-
matostatin inhibition of insulin release is mainly mediated 
via SSTR5 in rat (Rossowski and Coy, 1994) and mouse 
(Strowski et at., 2000) and via SSTR1 and 5 in human islets 
(Kumar et al., 1999), whereas glucagon secretion is primar-
ily regulated via SSTR2 in all the species (Kumar et al., 
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Fig. 10. immunoquantitative analysis of the expression of SST (A), in-
sulin (B) and glucagon (C) in pancreatic islet cells. Bars represent the 
mean ± S.E.M. in percent of cells positive for a given pancreatic hor-
mone in respect to the total number of islet cells. A total of 8-10 islets 
were counted per slide in three independent experiments performed in 
triplicate. ' P < 0.05. 

1999; Rossowski and Coy, 1994; Strowski etal., 2000). Our 
immunocytochemical studies demonstrated that SSTR4 is 
the most abundant SSTR subtype in mouse pancreas, which 
differs from that previously found in rat and human (Patel, 
1999; Kumar et al., 1999; Patel et al., 1995). These data 
suggest a more important role for SSTR4 in the control of 
mouse pancreatic functions than previously thought. Fur-
thermore, deficiency in SSTR5 resulted in an up-regulation 
of immunopositive cells for SSTR 1-3 in islets of male mice, 
whereas in female mice only SSTR3 was up-regulated. In 
addition, wild-type females presented a higher number of 
immunostained cells for SSTR I - 3 and 5 compared to that 
of males. As demonstrated by the expression patterns of 
SSTRs in the brain, the regulation of the somatostatiner-
gic system in the pancreas is also found to be sexually 
dimorphic. 

The SSTR5 deficient condition resulted in a significant 
reduction in the basal levels of immunodetectable insulin in 
the pancreas of male mice with a decreased expression of 
SST. A similar occurrence has also been reported recently 
by Strowski et al. (2003) upon examination of circulating 
insulin levels in their SSTR5KO model. On the other hand, 
cultured islets from SSTR5KO displayed a higher content of 
insulin when compared to islets from wt animals (Strowski 
et al., 2003). One reason for this discrepancy can be due 
to the culturing conditions themselves, which introduce a 
higher than physiologically relevant glucose concentration 
during incubation, and may possibly mimic a hyperglycemic 
state as previously mentioned (Zhou et al., 2003). In a report 
by Tirone et al. (2003) using an isolated perfused pancreas 
from SSTR5KO mouse, insulin secretion was dysregulated 
upon glucose stimulation and not in a fasted state. Aside 
from its role on insulin secretion, other factors may be reg-
ulated by SSTR5 including insulin sensitivity and glucose 
homeostasis as mentioned by Strowski et al. However, what 
has been reported in male mice may not adequately be re-
flected in female mice as suggested by our results. This is 
based on the lack of differences observed in the expression 
patterns of SST and insulin in the islets of both female wt 
and KO mice. The expression levels for glucagon however, 
remained the same for both sexes between the two condi-
tions wt and SSTR5KO. Further studies are required in or-
der to elucidate the functional role of SSTR5 in pancreas. 
An example of sexually based differences has been shown 
for the free fatty acid-induced insulin resistance model in 
rats (Hevener et al., 2002). In this study, sexual determinants 
were found between male and female rats that were respon-
sible for female tolerance towards insulin resistance from el-
evated free fatty acids. We have also reported gender-related 
differences in the expression of SSTRs in a SST deficient 
mouse model with changes in growth and stress axes (Low 
et al., 2001; Ramirez et al., 2002). Therefore, it would be 
interesting to determine whether our observations in female 
KO mice correspondingly relate to differences in insulin 
sensitivity and glucose homeostasis when compared to the 
male SSTR5KO model described by Strowski et al. 

In conclusion, we have demonstrated that SSTR5 de-
ficiency lead to a subtype-selective sexually dimorphic 
change in the expression patterns of SSTRs in the brain and 
pancreas of mice. SSTR5 may be important in the regula-
tion of brain and pancreatic SST as well as in the regulation 
of insulin in male mice. Despite the obvious overlap in the 
function of SSTRs, this study sheds light on a possible intri-
cate balance between the regulation of somatostatin and its 
receptors in a subtype-, tissue-, species-, and gender-specific 
manner that should not be overlooked. Due to the overlap-
ping expressing patterns and compensatory roles amongst 
SSTRs, double knockouts may be necessary to delineate 
the subtype-selective and tissue-specific roles for these re-
ceptors. However, further studies are required to define the 
molecular mechanism and physiological consequences of 
these observations. 
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Heptahelical receptors (HHRs) are generally thought to function as 
monomeric entities. Several HHRs such as somatostatin receptors 
(SSTRs), however, form homo- and heterooligomers when acti-
vated by ligand binding. By using dual fluorescent ligands simul-
taneously applied to live cells monotransfected with SSTR5 (R5) or 
SSTR1 (R1), or cotransfected with R5 and R1, we have analyzed the 
ligand receptor stoichiometry and aggregation states for the three 
receptor systems by fluorescence resonance energy transfer and 
fluorescence correlation spectroscopy. Both homo- and heterooli-
gomeric receptors are occupied by two ligand molecules. We find 
that monomeric, homooligomeric, and heterooligomeric receptor 
species occur in the same cell cotransfected with two SSTRs, and 
that oligomerization of SSTRs is regulated by ligand binding by a 
selective process that is restricted to some (R5) but not other (R1) 
SSTR subtypes. We propose that induction by ligand of different 
oligomeric states of SSTRs represents a unique mechanism for 
generating signaling specificity not only within the SSTR family but 
more generally in the HHR family. 

Heptahelical receptors (HHRs) constitute the largest single 
family of transmembrane signaling molecules that respond 

to diverse external stimuli such as hormones, neurotransmitters, 
chemoattractants, odorants, and photons. Although these re-
ceptors have been generally thought to function as monomeric 
entities, there is growing evidence that a number of HHRs 
assemble as functional homo- and heterooligomers (1, 2). 
Dimerization seems to be necessary for function of the class C 
subfamily of HHRs comprising the metabotropic glutamate, 
calcium sensing, the GABAB, and pheromone receptors that are 
targeted to the plasma membrane as preformed dimers which 
are stabilized by ligand binding (3-7). Several HHRs such as 
somatostatin receptors (SSTRs), dopamine receptors, gonado-
troph! n-re leasing hormone receptor (GnRHR), luteinizing hor-
mone/chorionic gonadotrophin hormone receptor, and chemo-
kine receptors, however, which belong to the rhodopsin-like class 
A subfamily of HHRs, assemble on the membrane as homo- and 
heterooligomeric species in response to agonist activation 
(8-15). 

In the case of SSTRs, we have shown by photobleaching 
fluorescence resonance energy transfer (pbFRET) that the 
human (h) type 5 receptor (hSSTR5 or R5) exists in the basal 
state as a monomer, and that activation by ligand induces 
dose-dependent oligomerization (8). When coexpressed with 
another SSTR (hSSTRl or Rl ) or an unrelated HHR such as the 
dopamine 2 receptor (D2R), R5 also forms a heterooligomer that 
displays pharmacological properties distinct from those of either 
of the separate receptors (9). Little is known about the stoichi-
ometry of ligand-receptor reactions or the specificity for homo-
and heterooligomeric interactions between two receptors that 
are coexpressed in the same cell. By using dual fluorescent 
ligands simultaneously applied to live cells monotransfected with 
R5 or Rl , or cotransfected with R5 and Rl , we have analyzed the 
ligand-receptor stoichiometry and aggregation states for the 
three receptor systems by FRET and fluorescence correlation 
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spectroscopy (FCS). We demonstrate the presence of mono-
meric, homooligomeric, and heterooligomeric receptor species 
in the same cell cotransfected with two SSTRs. We show that 
both homo- and heterooligomeric receptors are occupied by two 
ligand molecules, and that oligomerization of SSTRs is regulated 
by ligand binding by a selective process that is restricted to some 
(R5) but not other (Rl) SSTR subtypes. 

Methods 

Peptides and Antisera. SST-14, SST-28, and [Leu (8)-D-Trp-22, 
Tyr-25] SST-28 (LTT-SST-28) were obtained from Peninsula 
Laboratories. Anti-hemagglutinin (HA) mouse mAb (12CA5) 
and fluorescein- and rhodamine-conjugated mAbs against HA 
were from Roche Molecular Biochemicals. Rabbit polyclonal Ab 
directed against the NH2-terminal segment of hRl was produced 
and characterized as described (16). 

SSTR-Expressing Cells. Stable Chinese hamster ovary (CHO)-Kl 
cells expressing HA-R5, wild-type (wt) Rl, or coexpressing 
HA-R5/wt Rl were prepared by lipofectin transfection as 
described (8). 

Fluorescent SST Ligands and Binding Studies. F luorescent SST li-
gands were prepared by N-terminal conjugation of SST-14 to 
FITC and Texas red (TR) followed by HPLC separation (17,18). 
Radioligand binding studies were carried out by reacting [1251-
LTT] SST-28 for 30 min at 37°C with cell membrane protein as 
reported (8, 9). 

pbFRET. pbFRET analysis was performed as described (8, 9, 19). 
The effective FR ET efficiency E was calculated from the pb time 
constants of the donor obtained in the absence (D - A) and 
presence (D T- A) of acceptor according to E = 1 - ( T D - A / T D I A ) . 

CHO-Kl cells stably cotransfected with HA-R5 or Rl were 
grown on glass coverslips for 24 h, treated with SST-14 for 30 min 
at 37°C, and fixed and processed for immunocytochemistry. 
HA-R5 and Rl were specifically labeled with FITC and rhoda-
mine, respectively, by using mouse monoclonal HA Abs and 
rabbit polyclonal Rl Ab followed by reaction with conjugated 
secondary Abs. Both reactions resulted in specific plasma mem-
brane staining. The pb decay was analyzed for the plasma 
membrane region on a pixel by pixel basis as well as averaged 
over the entire image. Image analysis procedures and instru-
mental setup are described in ref. 8. 

Abbreviations: HHR, heptahelical receptor; SSTR, somatostatin receptor; pbFRET; photo-
b leach ing f luorescence resonance energy t rans fe r ; FCS, f luorescence correlat ion spectros-
copy; HA hemagglutinin; CHO, Chinese hamster ovary; TF, Texas red; GP, generalized 
polarization. 
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FRET Analysis by Single-Photon Excitation. C H O - K l cells express ing 
SSTRs were cultured in chamber slides, treated with fluorescent 
SST ligands, and examined directly. One-photon experiments 
were performed by using the 488-nm output of an argon-ion laser 
coupled to an Olympus (New Hyde Park, NY) 1 x 70 epifluo-
rescence microscope with confocal optics. The resulting emission 
was separated spectrally and detected on two avalanche photo-
diodes. The sample was scanned through the excitation volume 
by using a Piezo scanner (Physik Instrumente, Karlsruhe/ 
Palmbach, Germany), and an image was recorded. The resolu-
tion of the system is determined by the width of the point-spread 
function of the laser ( - 500 nm for the measurements presented 
here). Each pixel represents a movement of the sample of -200 
nm. Variations in the relative intensity of TR and FITC fluo-
rescence were observed by plotting a generalized polarization 
(GP) image (20). GP is determined as GP = ( / , - /2)/(/i h), 
where l\ and h are the intensities of channel 1 (TR) and 2 
(FITC), respectively. The GP image was obtained by performing 
this operation on each pixel of the two-channel image. The GP 
value ranges from —1 to +1, reflecting the relative intensity of 
each channel ( — 1 and +1 correspond to signal from only the 
FITC and TR channels, respectively, and being a ratio is 
independent of intensity). Changes in GP can arise from (i) 
changes in the ratio of the labeled ligands, («) changes in the 
molecular brightness of either fluorophore, or (iii) changes in the 
FRET efficiency between the fluorescent labels. Different in-
formation can be obtained from the GP image depending on 
which process is dominant. A change in ligand concentration 
cannot lead to a change in GP because the GP function is defined 
to be intensity independent; a change in the ratio of labeled 
ligands can (but does not necessarily have to) lead to a change 
in GP. Because direct excitation of the acceptor is negligible, 
changes in the ratio of donor- and acceptor-labeled ligands 
cannot cause changes in GP. Furthermore, we have no evidence 
for changes in the molecular brightness of the f Iuorophores and 
thus attribute changes in the GP to variations in the FRET 
efficiency of the labeled ligands. To correctly determine the 
FRET efficiency in the presence of direct TR excitation, the 
relative intensity of the two channels in the absence of FR ET was 
taken to be the GP value measured in buffer where the ligands 
do not dimerize. 

Fluorescence Correlation Spectroscopy. CHO-Kl ce|ls expressing 
SSTRs were cultured in chamber slides, treated with dual 
fluorescent SST ligands, and analyzed directly for FCS (21, 22). 
A mode-locked Ti-Sapphire laser, which generated 100 fsec-
wide pulses at an 80-MHz frequency, was used as an efficient 
two-photon excitation light source directed by means of a Zeiss 
microscope to a confocal sample volume. The resulting fluores-
cence was spectrally separated by two avalanche photodiodes. 
The general equation for the normalized correlation function 
expressing the level of correlation between two photons sepa-
rated by a time T is given by 
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with / - j for autocorrelation and i = j for cross correlation. F(t) 
is the fluorescence intensity at time /, and the < > indicate time 
averaging (23). At t = 0 [i.e., G (0), the y intercept of an FCS 
curve], the autocorrelation is inversely proportional to the 
average number of fluorescent particles. For 7 approaching 
infinity, the above equation should vanish because the temporal 
separation of the two photons is large enough that there is no 
longer any correlation between them. Because the excitation 
volume is known, the correlation resulting from the time it takes 
for a dye to cross this volume intrinsically yields a diffusion 
coefficient. In addition, any property that causes fluctuations in 

Fig. 1. pbFRET analysis of R5/R1 receptors. Dose-dependent increase in 
effective FRET efficiency induced by treatment with SST-14 of CHO-K1 cells 
coexpressing HA-R5 and wild-type R1. CHO-K1 cells were treated with increas-
ing concentrations of SST-14 for 30 min at 37°C and analyzed for pbFRET by 
using FITC-labeled mouse monoclonal anti-HA Abs and rabbit polydonal R1 
Ab directed against the receptor N-terminal segment followed by reaction 
with rhodamine-conjugated secondary Ab. Thirty to forty cells were analyzed 
for each experimental condition. 

the fluorescence intensity of the dye at a rate fast enough to 
occur during the fraction of time when the dye is in the excitation 
volume should be observable in the autocorrelation function. 

Results 

Ligand-Dependent Oligomerization of SSTRs: Analysis by pbFRET. T o 
study SSTR homooligomers, we expressed R5 at low levels in 
CHO-Kl cells (Bm„ 160 +- 30 fmol/mg of protein; Kd 1.1 f 0.2 
nM for SST-14 binding) by stable transfection of R5 tagged at the 
NH2 terminus with the nonapeptide of HA (8). By pbFRET, 
using fluorescein (donor)- and rhodamine (acceptor)-iabeled 
monoclonal anti-HA Abs, we have shown that in the absence of 
ligand, the receptor expressed in these cells displays low effective 
FRET efficiency consistent with a monomeric state (8). Addi-
tion of SST-14 induces a dose-dependent increase in FRET 
(ECsu 3.9 + 2.8 nM) (8). Treatment of live R5 cells with the dual 
fluorescent anti-HA Abs for 4 h did not result in any observable 
FRET, indicating that NHi-terminal Ab binding to the receptor 
does not induce aggregation in the absence of SST ligand. To 
characterize SSTR heterooligomers, we stably coexpressed 
HA-R5 with wild-type R1 in CHO-Kl cells. Membrane-binding 
analysis with the common radioligand [,251-LTT] SST-28 gave a 
Bmaj of 250 + 19 fmol/mg of protein and aKd of 0.65 + 0.12 nM 
for SST-14 binding. Physical association of the two receptors to 
form heterooligomers was demonstrated by pbFRET micros-
copy (8,9). As in the case of R5 homooligomers, we found a low 
relative FRET efficiency in the basal state reflecting a low level 
of preformed heterooligomers (Fig. 1). Treatment with SST-14 
induced dose-dependent increase in FRET efficiency with a 
maximum of 12.6 + 1.0% at 10 6 M ( E C 5 0 3.4 + 2.1 nM), 
indicating agonist-induced microaggregation (physical associa-
tion within 100-120 A) of the two receptors to form a 
heterooligomer. 

FRET Analysis of Interaction of SSTR Oligomers with Dual Fluorescent 
Ligands. To determine whether SSTR oligomers interact with two 
ligand molecules, we used a single-photon confocal system with 
two-channel detection (channel 1 for TR and channel 2 for 
FITC) for direct FR ET analysis by using two fluorescent ligands, 
SST-FITC and SST-TR. The two ligands were simultaneously 
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fig. 2. FRET analysis of dual-fluorescent SST ligands interacting with R5, R5/R1, and Rl in live cells. The FITC fluorescence emission (Left). TR fluorescence 
emission (Center), and GP image (Right) are shown for CHO-Kl cells individually transfected with R5 (Top), coexpressing R5/Rl (Middle), or Rl (Bottom). The GP 
image was calculated on a pixel by pixel basis from the FITC and TR images as described (18). The R5 and R5/R1 cells were measured by using singie-photon 
excitation, and the Rl cells were measured with two-photon excitation. |Bar 10 .urn (A-Q and 25 .um (O-f).] 

applied at low concentrations (SST-FITC - 12-15 nM, SST-
TR - 5 nM) to cultured CHO-Kl cells stably expressing HA-R5, 
and signals from both channels were recorded 1-2 min later. The 
relative intensities of the two fluorescent labels were calculated 
for individual pixels in given areas of the cell membrane and 
expressed quantitatively as GP. Confocal images of R5 /CHO-Kl 
cells treated with SST-FITC and SST-TR revealed specific 
labeling and colabeling of plasma membrane receptors by the 
two ligands (data not shown). Selective FITC excitation at 488 
nm resulted in energy transfer from FITC to TR, and hence, a 
quenching of the FITC signal and associated increase in the TR 
emission (Fig. 2A and B). The GP images obtained (Fig. 2C) 
reveal a highly structured but uneven pattern over the cell 
surface with the red areas corresponding to regions of high 
FRET efficiency. 

The results of single-photon experiments with the dual fluo-
rescent SST-FITC and SST-TR ligands applied to HA-R5/R1 
cell cotransfectants are depicted in Fig. 2 D-F. Confocal images 
showed specific labeling of plasma membrane receptors by both 
ligands (data not shown). As in the case of HA-R5, GP analysis 
of R5/R1 cell cotransfectants after simultaneous application of 
the two fluorescent ligands showed strong TR emission from 
channel 1 after FITC excitation (Fig. 2 D and E). The GP image 
(shown in red) over the cell surface for the R5 RL heterooli-
gomer is uneven comparable to that of the R5/R5 homooli-
gomer, but with noticeably reduced GP values (Fig. 2F). 

The histogram of GP values for Fig. 2 C and F masked via 
intensity to include only the membrane region of the cell are 
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shown in Fig. 3A. Analysis of the membrane region revealed a 
broad monophasic curve for the R5 homooligomer with a 
relatively high mean GP value of 0.75. The GP distribution for 
the R5/R1 heterooligomer showed a bimodal curve comprising 
a major peak, with a mean GP value of 0.45, and a smaller peak 
with a mean GP value of 0.75, overlapping the single peak 
obtained with the R5 homooligomer. A distribution of GP values 
in the histogram arises from variations in the number of mono-
meric, homooligomeric, and (when relevant) heterooligomeric 
receptors within each pixel. Although the absolute GP value can 
be affected by direct excitation of the acceptor, crosstalk of the 
donor in the acceptor channel, and fluorescent background, it 
should be stressed that these results depend on the shape of the 
GP distribution function and the relative GP values of the two 
measurements. Provided the amount of direct excitation, back-
ground, and crosstalk are known, FRET efficiency can still be 
calculated. That FRET is observed between the two ligands 
implies they are in close proximity to each other (24, 25). The 
Forster distance for the FiTC/TR donor-acceptor pair is Ro --1 

50 A with an uncertainty of about 5%. Hence, the homo- and the 
heterooligomer must be occupied by the two fluorescent ligand 
molecules, and the ligands must reside within 100 A of each 
other. In view of the limitations and uncertainties in determi-
nation of the donor-acceptor separation, we roughly estimate the 
distance between the two fluorophores in the R5 homooligomer 
to be -50 A, and approximately 60 A in the case of the R5/R1 
heterooligomer (24, 25). Furthermore, the biphasic distribution 
plot obtained for the R5 /R1 cotransfectants suggests a mixed 
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Fig. 3. Calculated FRET efficiencies for R5, R5/R1. and Rl cell lines. Normalized histograms of GP values occurring in the cell portion of the GP images in Fig. 
2 C, F, and I are plotted. The cellular portion of the image was determined by visual assessment. The GP value is a measure of fractional intensity. A GP value 
o f - 1 , 0 , and 1 corresponds to signal entirely in the FITC channel, equally split between the two channels, or entirely in the TR channel, respectively. (A) Histogram 
of the R5 (red line)- and R5/R1 (green line)-transfected ceil lines. Only pixels above a certain threshold intensity in the TR channel were included in the histogram 
to investigate the cell portion of the GP images. (B) Histogram of GP values for R1-transfected cell lines. 

population of both R5/R1 heterooligomers and R5/R5 homo-
oligomers in the same cells. 

Although these results confirm the theoretical prediction that 
cotransfection of R5 with another SSTR subtype to produce a 
heterooligomer should also result in a population of R5 homoo-
ligomers, we were surprised not to see a third peak in the GP 
distribution plot of the R5/R1 cotransfectants corresponding to 
Rl homooligomers. This finding could be the result of an 
absence of Rl homooligomers or an Rl homooligomer peak that 
overlaps the R5/R5 or R5/R1 peaks detected. To distinguish 
between these two possibilities, direct studies were carried out in 
CHO-Kl cells monotransfected with Rl (Zima> 229 * 10 fmol/mg 
of protein; Kd 0.62 i 0.13 nM for SST-14). We first conducted 
pbFRET analysis of HA-R1 stably expressed in CHO-Kl cells 
with fluorescein- and rhodamine-conjugated monoclonal HA 
Abs. We obtained effectively no energy transfer both in the 
absence (1.1 ± 1.1%) and presence (1.0 i 0.7%) of SST-14 (10~6 

M), indicating that unlike RS, Rl exists only as a monomer in 
these cells. This result was confirmed by two-photon experiments 
with the dual fluorescent SST ligands, which showed that 
although both ligands were specifically colocalized on the plasma 
membrane (data not shown), there was no TR emission after 
FITC excitation (Fig. 2 C and H). GP analysis revealed a 
monophasic curve with a negative GP value consistent with the 
absence of FRET between the two ligands (Figs. 21 and 3B). 

FCS Analysis of SSTR Oligomers. Although FRET represents a 
powerful tool for probing dimer formation, it is less effective for 
analyzing monomeric species and for ligand-induced aggregation 
that extends beyond dimerization to oligomer formation. To ad-
dress these issues, we applied two-photon dual color FCS with auto-
and crosscorrelation analysis as described (21). With this method, 
a discrimination based on molecular size, number density, and 
average brightness/particle can be analyzed from experimental 
parameters totally independent of FRET. By using this technique, 
a sharply focused laser beam illuminates a femtoliter confocal 
volume in live cells, and emitted light quanta from single molecules 
are detected over time via a scanning dual channel two-photon 
system (21-23). Fluctuations in fluorescence intensity caused by 
translational and rotational diffusion, chemical reactions, and con-
formational changes of the molecules are revealed by autocorre-
lation analysis. In addition, fluorescence crosscorrelation analysis 
can be used to detect only those molecules that carry two different 
fluorophores so as to monitor oligomerization and aggregation. 
The maximum amplitude of the crosscorrelation function Gi 2 (0) 
is directly proportional to the concentration of double-labeled 
molecules (23). Independent diffusion of two unattached different 
color-labeled ligands into the open two-photon volume will not 
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contribute to the crosscorrelation, because these events are random 
and vanish when averaged. 

Fig. 44 depicts a computer-simulated theoretical crosscorrela-
tion analysis that would result from a purely monomeric sample. 
The simulations were performed by using the "Monte Carlo in a 
Grid" algorithm (26). The parameters selected were closely 
matched to those analyzed experimentally except for the number of 
particles, which was chosen to be much smaller than the experi-
mental value to speed up the simulation time. The sole effect of this 
discrepancy is that the overall magnitude of the autocorrelation and 
crosscorrelation curves is larger in the simulation compared with 
the experiment. Therefore, to compare the results of the simulation 
to the experiment, the ratio of the crosscorrelation amplitude to 
that of the autocorrelation was used. The simulated minimum G) 
2 (0)/Gi (0) value obtained (0.22) is greater than 0 only because 
unavoidable color leakage creates a background level of crosstalk 
between the two channels (Fig. 4/4). Simulated crosscorrelation 
analysis for a purely dimeric sample yields a maximum Gi 2 (0)/Gi 
(0) ratio of 0.71 (Fig. 4B). These values match very well with 
theoretical expectation. The experimental values should lie some-
where between these two extremes, because both monomeric and 
dimeric species are expected lo be present. Consequently, for any 
given pair of experimental autocorrelation curves a maximum 
and minimum crosscorrelation value can be calculated by using 
simulation. 

To determine the oligomerization status of Rl, R5, and 
R5/R1 receptors, SST-FITC and SST-TR (5-15 nM) were 
applied to live CHO-Kl cells expressing Rl or R5, or coexpress-
ing R5/R1 and FCS autocorrelation curves derived from se-
lected cell regions (Fig. 5). Unlike the well defined curves 
obtained for the fluorescent ligands in solution (data not shown), 
sampling of different membrane regions from all three cell lines 
revealed a variation in FCS autocorrelation curves (shown in 
green and red) corresponding to a heterogeneous distribution of 
diffusion constants (Fig. 5 B and D). Crosscorrelation analysis 
(black curves) gave G12 (0) values of 0.02 for the Rl and 0.07 for 
the R5,/Rl-expressing cells. More importantly, the R5/R1-
expressing cells displayed a greater crosscorrelation relative to 
the simulated boundaries (represented by the horizontal blue 
lines in Fig. 5 B and D) than the Rl-expressing cells, suggesting 
a higher level of dimerization/oligomerization for R5/R1 com-
pared to Rl (Fig. 5 B and D). In the case of R5, we were unable 
to obtain sufficiently noise-free curves to enable a crosscorre-
lation calculation, possibly because of the presence of a heter-
ogeneous and highly aggregated system. Overall, these results 
are in agreement with our FRET data showing progressively 
increasing oligomer formation from Rl to R5/R1 and (proba-
bly) R5. 
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Fig. 4. Theoretical auto- and crosscorrelation FCS curves for monomeric and dimeric receptor species derived by using a Monte Carlo in a Grid simulation adapted 
to FCS measurements (using the SIMFCS program written by E.G.). The two-channel autocorrelation curves shown in green and red are coincident because the number 
of particles simulated was equally divided between the two species. (A) For the monomer case, the ratio of G12 (0) (crosscorrelation curve shown in black) toGi(0) should 
theoretically be zero but shows a finite minimum value because of the crosstalk between the two channels. (S) The curves for the dimeric case reveal the maximum 
possible ratio of Gi; (0) to Gt (0). These two scenarios set the minimum and maximum ratios for the set of experimental conditions simulated. 

Discussion 

By using three independent techniques, we present conclusive 
evidence that membrane SSTRs exist in the basal state as a 
monomeric species, and that activation by ligand induces both 
homo- and heterooligomerization. In the case of R5, our FRET 
and FCS results suggest that ligand binding triggers a receptor-
clustering process in the cell membrane that extends beyond 
dimers to higher order oligomers. A similar model of ligand-
induced microaggregation has been proposed for the gonado-
tropin-releasing hormone receptor based on Ab crosslinking and 
pb recovery experiments (10,27). It is possible that ligand-bound 
R5 clusters aggregate in membrane rafts similar to the reported 
association of receptors for IgA, epidermal growth factor, and 
tissue factor, which have been shown to selectively associate with 
such membrane microdomains (28). 

In contrast to R5, R1 did not form a homooligomer. Because 
this receptor binds and signals effectively when expressed as a 
monotransfectant, this means that a monomeric SSTR can be 
active and that homooligomerization is not an obligatory re-
quirement for activation of all SSTRs (29). Interestingly, unlike 
other SSTRs, R1 is resistant to agonist-induced endocytosis but 
is instead up-regulated at the membrane in response to contin-
ued agonist exposure (29). Whether this or another property is 
linked to the inability of R1 to form homooligomers remains to 
be determined. We speculate that ligand-induced conforma-
tional change does not expose a hydrophobic interface, which 
can facilitate dimer formation in the case of Rl. The observation 
that this receptor remains monomeric provides an important 
reference point against which precise molecular parameters such 
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Fig. 5. Experimentally derived auto- and crosscorrelation curves from live R1-
and R5/R1-expressing CHO-Kl cells using dual-color two-photon FCS. (A and Q 
The spots sampled are marked by a pink cross, (fl and D) Autocorrelation curves 
are shown in red and green, and crosscorrelation is shown in black. The R5/R1-
expressing cells have a greater crosscorrelation relative to the simulated bound-
aries (represented by the horizontal blue lines on the y axis) than the R1-
expressing cells, indicating a higher level of dimer/oligomer formation. 
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as aggregation kinetics, conformational states, and translation-
al/rotational diffusion can be evaluated and compared with an 
oligomeric receptor such as R5 in live cells. Interestingly, al-
though R1 did not form a homooligomer when expressed alone, 
it did associate with R5 as a heterooligomer when coexpressed 
with this receptor. Although the precise receptor domains that 
dictate such specificity for oligomerization remain to be eluci-
dated, our distance estimates showing that the relative distance 
between the two ligand molecules in the ligand-bound form of 
the R5/R1 heterooligomer is greater than the distance between 
the same two ligand molecules in the R5 homooligomer suggests 
that the R5 homooligomer is a more compact structure than the 
R5/R1 heterooligomer, assuming that clusters with the same 
stoichiometry are compared. In this particular system, the GP 
data suggest a relationship between the proximity of binding sites 
and ease of dimer formation. The use of fluorescent ligands to 
probe distance relationships at the nanometer level provides a 
powerful approach that could be extended to other HHR 
oligomeric combinations to test the general validity of this 
observation. 

Concerning ligand-receptor stoichiometry, we have described 
pharmacological evidence for the interaction of one ligand per 
receptor oligomer based on functional complementation of two 
partially active R5 mutants where only one of the mutants is 
binding competent, by functional complementation of a signal-
ing-deficient R5 mutant with R1 by using a selective agonist that 
binds to only one of the two receptors, and by demonstrating that 
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