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ABSTRACT 
G protein-coupled receptors (GPCRs) are the largest family of cell-surface 

receptors. They transduce the signaIs mediated by a diverse range of signalling 

molecules, including ions, amines, and peptides, as well as photons, to mediate 

intracellular functions. These receptors play a fundamental role in many physiological 

responses such as cardiovascular functions. To remain responsive to their environment, 

cells must find a way to rapidly desensitize and resensitize their activated GPCRs. 

Desensitization of receptors, for instance, involves the phosphorylation of receptors by 

G protein-coupled receptor kinase (GRKs) followed by the recruitment of t3arrestin. 

This interferes with the binding of the G prote in (the signalling effector). t3arrestin then 

targets the receptors to the clathrin endocytosis pathway, and serves as an adaptor 

linking receptors to other signalling pathways. Intemalization of receptors serves not 

only to rem ove desensitized receptors from the plasma membrane, but also to engage 

receptors in the resensitization pathway. 

The intemalization of Angiotensin II (Ang II) type 1 receptor (A TIR) is 

controversial and poorly described. Therefore, our laboratory studies the mechanisms 

behind ATIR intemalization. The agonist-induced intemalization of AT1R begins with 

the formation of a complex including t3arrestin, the clathrin adaptor AP-2, and the 

tyrosine prote in kinase, c-Src. In tum, this c-Src recruitment regulates the clathrin

mediated intemalization of ATIR by controlling the formation of endocytic complexes 

during endocytosis. Indeed, the recruitment of c-Src is involved in the dissociation of 

AP-2 during receptor intemalization. Based on our evidence that AP-2 and c-Src can 

be found in the same complex, we suggested that AP-2 could be phosphorylated by c

Src. Indeed, we found that Ang II induced the c-Src-mediated tyrosine phosphorylation 

of the beta-subunit of AP-2 Ct32-adaptin). We were able to map one of the tyrosines in 

t32-adaptin and assess its role in regulating the binding of its principal partner: 

t3arrestin. The phosphorylation state of t32-adaptin dictates its association profile with 

t3arrestin: when phosphorylated it reduces its binding to t3arrestin. Finally, we 

proposed a model for A TI R intemalization. Overall, these studies are significant 

because they allow a better understanding of the underlying mechanism that regulates 

the initial steps of clathrin-coated vesicle endocytosis of AT 1 R. 
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RÉsuMÉ 

Les récepteurs couplés aux protéines G (RCPG) représentent la plus grande 

famille de récepteurs. Ces récepteurs exercent un rôle fondamental dans toutes les 

grandes fonctions de l'organisme comme la régulation du système cardiovasculaire. La 

désensibilisation se traduit par une perte progressive du signal cellulaire induit par un 

récepteur lors d'une stimulation répétée. Ce phénomène de régulation est essentiel 

pour contrôler la durée de l'activation cellulaire induite par un récepteur et empêcher 

les effects toxiques dû à une stimulation excessive. L'événement le plus précoce au 

cours de la désensibilisation est la phosphorylation des RCPG par les kinases GRK. 

Ces phosphorylations favorisent la translocation des (3arrestins vers les récepteurs 

permettant ainsi de bloquer la liaison des protéines G. Les beta-arrestins servent alors 

de pont moléculaire entre les récepteurs et les molécules de la machinerie de 

l'endocytose. L'internalisation des récepteurs, non seulement sert pour oter de la 

membrane plasmique le récepteur, mais également pour engager le récepteur dans la 

voie de resensibilisation. 

Les mécanismes d'internalisation du récepteur de l'Angiotensine II de type 1 (ATIR) 

étant peu décrite et très controversée, nous avons décidé d'étudier son mode 

d'internalisation. Nous avons tout d'abord démontré que (3arrestin sert de molécule 

adaptatrice pour le récepteur A TIR; puis que la stimulation de ce récepteur induit le 

recrutement de la kinase c-Src et de la protéine adaptatrice de la clathrine AP-2, 

formant ainsi un complexe. C-Src régulerait la formation de ces complexes par 

l'intermédiaire de son activité kinase en induisant la dissociation de AP-2 pendant 

l'internalisation. Étant donné que Src et AP-2 sont retrouvés dans le même complexe, 

Src pourrait alors phosphoryler AP-2. En effet, nous avons observé que l'activation de 

ATIR induit aussi la phosphorylation sur tyrosine de la sous-unité (3 de AP-2 ((32-

adaptine). Nos études nous ont permis d'identifier le site de phosphorylation qui a pour 

rôle de diminuer son association avec les (3arrestines. Finalement, nous proposons un 

modèle pour l'internalisation du récepteur AT!. L'ensemble de ces études nous a 

permis d'accroître nos connaissances dans la compréhension des mécanismes régulant 

les étapes précoces de l'endocytose du récepteur ATIR par les vésicules tapisées de 

clathrine. 
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Section 1 : Literature review 

1. G Protein-coupled Receptors : an overview 

The evolution of multicellular organisms has been highly dependent on the 

capacity of cells to perce ive their environment. A major discovery of the last 15 years 

was the membrane-bound receptors which are dedicated to recognizing extracellular 

messenger molecules (such as hormones, neurotransmitters, growth and developmental 

factors), and several other sensory messages (such as light, odours and gustative 

molecules). These receptors belong to the most common family of surface receptor: 

the G protein-coupled receptor (GPCR) family. G protein-coupled receptors form a 

large superfamily of over 800 genes (1) encoding seven-transmembrane (7TM) 

receptors [also referred to as seven-membrane-spanning receptors]. They mediate a 

wide variety of biological processes ranging from neurotransmission and hormonal 

control of virtually aIl physiological responses, to perception of taste, smeIl, light and 

pain. 7TM receptors are commonly referred to as GPCRs, based on the notion that 

most of them interact with one or more members of the intracellular guanine 

nucleotide binding signal transducing proteins (i.e. G proteins). Upon stimulation, 

heptahelical receptors undergo conformational changes that allow binding of 

heterotrimeric G proteins, usually within the intracellular domains of the GPCRs, 

leading to the activation of different effectors and signalling pathways (2, 3). Effectors 

generate second messengers, which in tum regulate a wide variety of cellular processes 

including cell growth and differentiation. 

1.1. Classes of G Protein-coupled Receptors 

The general structure of a GPCR consists of a central core domain comprising 

seven transmembrane helices (TM-I through -VII) connected by three intracellular (il, 

i2 and i3) and three extracellular (el, e2 and e3) loops (4) (Figure 1). According to 

their genetic and structural characteristics, GPCRs can be grouped into three distinct 

families: A, Band C (Figure 2). Each family shares over 25% sequence identity in the 

transmembrane core region and also a set of highly conserved residues and motifs. 
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Section 1 : Literature review 

Figure 1. Schematic representation of the seven transmembrane spanning domains (1-
VII) of a characteristic G protein-coupled receptor, forming transmembrane helices 
and alternating extracellular (el-e3) and intracel/ular (il-i3) sequences. 

Family A is the largest group so far. It contains receptors that are activated by a 

broad variety of stimuli including photons for the light receptor (rhodopsin), odorants, 

as weil as hormones and neurotransmitter agonists (such as dopamine and serotonin). 

These include the adrenergic receptor and most other 7TM receptor types which 

encompass the olfactory subgroup. The olfactory subgroup contains nearly 350 non

olfactory 7TM, recognizing more than 80 ligands (5). This class of receptor is 

characterized by several highly conserved amino acids and a disulphide bridge 

connecting the first and second intracellular loop (i 1 and i2). Most of theses receptors 

also have a palmitoylated cysteine in the C-terminal tail, which serves as an anchor to 

the plasma membrane (represented with zigzag on Family A, Figure 2). 

Family B contains only about 25 members, including the gastrointestinal 

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

(VIP) and growth-hormone-releasing hormone), corticotropin-releasing hormone, 

calcitonin and parathyroid hormone. For this receptor family, which is activated by 

large peptides, the relatively long N-terminal domain contains at least six highly 

conserved cysteine residues which play a role in binding of the ligand (6). The 

palmitoylation site is missing and the conserved residues and motifs are different from 

the conserved residues in family A. 

Family C contains the metabotropic glutamate receptor family (mGluRs), the 

GABAB receptor, and a receptor activated by extracellular Ca2
+ (calcium-sensing 
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receptor), as weil as sorne taste receptors. This family is very particular in that the 

different rnernbers share a large extracellular N-terminus and C-terminal tail that 

seerns to be crucial for ligand binding and activation. The ligand binding dornain 

(represented as a circ\e on Farnily C, Figure 2) is located in the N-terminus, which was 

dernonstrated by the resolution of the rnGluR crystal structure (7). A unique 

characteristic of these receptors is that the third intracellular loop (i3) is short and 

highly conserved. 

FamllyA FamllyB 

Family A FamilyB Family C 

Rhodopsin-like G1ucagon-like Metabotropic-Iike 

Rhodopsin a-latrotoxin mGluR4 

LH-hCG PTH and PTHRP mGluR2 

Angiotensin Secretin mGluRl 

Thrombin VIP Ca 2+ sensing 

Adenosine (A2) PACAP Pheromone VRI 

Adrenergic (132) G1ucagon Pheromone Go VN2 

Serotonin (5-HT) CRF Pheromone GoVNl 

Muscarinic Taste 

Bradykinin GABAB 

Dopamine 

Figure 2. Three main GPCRfamilies and their principal members 
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1.2. GPCRs ligands 

The idea that drugs bind to specific sites or receptors on cell surfaces stemmed 

originally from the work of Paul Ehrlich, who postulated that the cells of a mammalian 

organism carry a great number of side chains (receptors) on their surface (reviewed in 

(8)). The term 'receptive substance' was then used by John Langley and further 

developed by Sir Henry Dale as molecules in cells that bound a pharmacological 

substance (9). The further development of quantitative methods by which the 

properties of different ligands can be evaluated from the measurement of functional 

responses in isolated tissues led to the classification of GPCR ligands into three classes 

(see Figure 3) : 1) agonists, which increase the number of active receptor states to 

induce a biological response; 2) inverse agonists, which decrease the proportion of 

active receptor states and thereby, reduce basal receptor activity; and 3) antagonists, 

which inhibit the action of other ligands (reviewed in (10)). The majority of the drugs 

classified today as antagonists are actually inverse agonists (lI). Only a ligand 

inhibiting drug action without an effect on the receptor coupling to G prote in should be 

referred to as a neutral antagonist, instead of an antagonist. 

BASALSTATE DRUG 

Figure 3. Classification ofGPCR ligands 

Although the chemical diversity of GPCRs ligands is exceptional, sorne 

receptors are still orphan receptors. These are GPCRs identified within the human 

genome that encodes proteins that possess the caracteristics of classic seven 

transmembrane spanning domains, but for which no natural nor synthetic ligands have 
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been identified. Although CUITent estimates vary, there are probably still more than 150 

human orphan receptors. 

1.3. GPCR signalling 

ln the latel9S0s, studies by Sutherland and others demonstrated that a range of 

hormones was able to stimulate the production of cyclic AMP (cAMP) through the 

adenyl (now adenylyl) cyclase enzyme (12). It was not evident at that time, however, 

that this was a GTP-dependent process that required the intermediate G prote in. This 

led to a minimalist model from a multi-subunit enzyme formed by a regulatory subunit 

for hormone binding, and a catalytic subunit for the production of cAMP. This model 

was infeITed by Rodbell et al (13-15). Their studies with isolated fat cells showed that 

five different hormones acted at independent binding sites to stimulate a corn mon 

adenylyl cyclase molecule. The role of GTP in hormonal stimulation of adenylyl 

cyclase was then discovered by Rodbell's group. In 1971, Rodbell et al. first proposed 

the existence of a guanine nucleotide regulatory prote in that served as a transducer 

between hormone receptors and effectors (16). The basic findings were that without 

GTP in the medium, glucagon exerted little effect on adenylyl cyclase activity, and 

that GTP dramatically decreased the binding kinetics of the hormone to its receptor at 

the same concentrations required for hormonal stimulation of the enzyme. In 1974, 

Rodbell's group proposed that the actions of hormone and GTP in stimulating adenylyl 

cyclase were interdependent (17), and thus suggested that hormones act by regulating 

the effect of GTP on adenylyl cyclase. Later, independent studies from the laboratories 

of Lefkowitz (18) and Gilman (19) revealed that the effects of GTP on the [3-

adrenergic receptor were restricted to the binding of agonists. The G protein was later 

purified, named Gs, and shown to be a heterotrimeric complex comprising a., ~ and y 

subunits (reviewed in (20». Today, many studies on different types or classes of 

receptors have shown that receptor binding affinities for agonists are regulated by 

guanine nucleotides (21). 

ln the classical model of GPCR action in their activated (agonist-bound 

receptor) conformation, they catalyze exchange of guanosine 5' -diphosphate (GDP) 

tightly bound to the Ga. for guano sine S'-triphosphate (GTP). This in tum leads to the 
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activation of the a subunit and its dissociation from the G prote in f3y complex (Figure 

4) (20). However, much controversy has been raised conceming the issue of whether 

physical dissociation of a from ~y actually occurs during G prote in activation. The 

issue remains unclear. The nature of the second messenger pathways activated in 

response to agonist binding to a G-protein-linked receptor is essentially determined by 

the type of G protein or other proteins coupled to each particular receptor. To date, 20 

a, 6 ~, and Il y subunits have been cloned. On the basis of sequence similarity, the 

Ga-subunit has been divided into four families (Gs, G j , G1I/q and GI2-13) and this 

classification has served to define both receptor and effector coupling. 

,~ 

f 
J 

Figure 4. The regulatory cycle of a G protein involving both GTP-induced 
activation and subunit dissociation and GTPase-dependent inactivation and 
subunit reassociation. The unoccupied receptor (1) interacts with a specific 
agonist leading to the activation of the receptor. The receptor can then interact 
with the trimeric GafJy complex (2) promoting Mg/+ -dependent GDP->GTP 
exchange and subunit dissociation (4), allowing interaction with effectors (3,5). 
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The Gs proteins are coupled to the stimulation of adenylyl cyclase (AC); 

Gi proteins are coupled to the inhibition of AC as weIl as to activation of G 

protein-coupled inwardly rectifying potassium (GIRK) channels; G111q proteins are 

coupled to the activation of phospholipase C13; and GI2-13 proteins are coupled to 

the activation ofRho guanine nucleotide exchange factors (GEFs). 

1.3.1. Gs pathway 

Gs activates adenylyl cyclase (AC) (22) to enhance the synthesis of the 

second messenger cyclic AMP (cAMP) (Figure 5). This increase in cAMP in tum 

activates protein kinase A (PKA), which is a serine/threonine kinase that 

phosphorylates many different substrates, including GPCRs, other protein kinases 

like mitogen-activated protein kinase (MAPK), and transcription factors. This Gas 

prote in subclass is ADP-ribosylated by bacterial toxins from Vibrio cho/erae 

(cholera toxin or CTX) (23). Cholera toxin catalyses adenosine diphosphate 

(ADP)-ribosylation of an arginine residue present within the GTP-binding domain 

of Gas in a ligand-independent fashion. The CTX -induced modification of the Ga

subunit considerably decreases its intrinsic GTPase activity, causing constitutive 

activation of the prote in. Mutation of the same arginine residue also inhibits 

GTPase activity, leading to a comparable constitutive activation (24). 

1.3.2. Gi pathway 

This pathway was originally identified by the ability of Gai to inhibit 

AC and thus reduce cAMP (Figure 5). Signalling through this pathway is inhibited 

by pertussis toxin, which (ADP)-ribosylates the Ga-subunit at its C-terminal 

region and thus prevents it from interacting with the receptor. This Gai prote in 

subclass is ADP-ribosylated by bacterial toxins from BordeteUa pertussis 

(pertussis toxin or PTX) (25) on the fourth cysteine residue from the C-terminus. 

This modification leads to uncoupling of the G prote in from the receptor without 

modifying other functions such as the guanine nucleotide exchange or GTPase 

activity. 
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1.3.3. Gq pathway 

The Gq pathway is the classical pathway that is activated by calcium

mobilizing hormones and stimulates phospholipase Cp (PLC-P) (reviewed in (26)) 

which catalyzes the hydrolysis of the lipid phosphatidylinositol 4,5-biphosphate 

(PI 4,5-P2) to form two second messengers, inositol 1,4,5-trisphosphate (IP3) and 

diacylglycerol (DAG) (Figure 5). The effect of IP3 is to increase intracellular Ca2+ 

through release from internaI stores, and DAG recruits protein kinase C (PKC) to 

the membrane and activates it. 

1.3.4. G12 and Gu pathway 

The Gl2 and G13 proteins were discovered through sequence similarity 

to known Ga proteins. In many cases, direct interactions with effectors are not yet 

fully established. So far, Gal2 has been reported to directly interact with a GTPase

activating protein for Ras (Figure 5), RasGAP, and Bruton's tyrosine kinase (Btk) 

(27). Ga13 directly interacts with and activates a guanine nucleotide exchange 

factor for the GTPase Rho (Figure 5), pl15RhoGEF, and thus activates Rho 

leading to a variety of effects such as Na +H+ exchange (reviewed in (28». 

1.3.5. Gf3- and y pathways 

Gf3y-subunits are tightly bound to each other through noncovalent 

hydrophobie interactions; the complex is resistant to tryptic cleavage and can be 

dissociated only by treatment with denaturating agents (29). Although the diversity 

in Gp and y-subunits may theoretically yield up to 30 or more different py 

complexes, not aIl the possible pairs can combine, and sorne f3-subunits are more 

able to interact and form stable combinations with particular y-subunits than others 

(29). In sorne systems, the activation of particular effectors by the Gf3y complex is 

conditioned by Ga, whereas in others it seems to be independent. The GPy 

heterodimer also has the capacity to directly couple to at least four effectors 

including PLC-p, K+ channels, AC, and phosphatidylinositol 3-kinase (PI3K) (30) 

and also proteins containing a PH domain. Numerous proteins involved in cellular 
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signal transduction have been shown to contain sequences homologous with a 

"domain" originally identified in the protein "pleckstrin" (pleckstrin homology 

domain; PH domain) and subsequently found in the G beta gamma interaction 

region of the beta ARK sequence (31). Recently, it has also been shown that G[3 

can migrate between subcellular compartments (32), such as between the 

cytoplasm and the nucleus, or plasma membrane, depending on the type of stimuli 

(33). The G[3y complex as a negative scaffold can bind, for example, the 

glucocorticoid receptor, and suppress its transcriptional activity (33). 

2. Inactivation mechanisms of GPCRs 

GPCRs are subject to three principal modes of regulation : 1) desensitization, in 

which receptors bec orne refractory to continued stimuli; 2) endocytosis or 

internalization, whereby receptors are removed from the cell surface, and 3) down 

regulation, in which total receptor levels are decreased (reviewed in (34». 

2.1. GPCR desensitization 

Following receptor activation by an agonist, the receptor undertakes the process 

of desensitization, defined as the "off switch" of aIl receptor functions triggered by the 

agonist at the plasma membrane. Therefore, GPCRs control their own responsiveness 

to dampen the physiological response to the continued presence of the stimulus (35). 

This process is the consequence of a combination of different mechanisms. One of the 

first steps involves the functional "uncoupling" of the G proteins from the receptors. 

The cloning of the [32-adrenergic receptor ([32-AR) in 1986 and its shared homology 

with the rhodopsin receptor (36), allowed the discovery that both receptors become 

phosphorylated in a stimulus-dependent way, and that this phosphorylation seemed to 

be related to the process of receptor desensitization. Desensitization is fairly rapid 

(seconds to minutes) and thought to be mediated through phosphorylation of serine and 

threonine residues by G protein-coupled receptor kinases (GRKs), second messenger-
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dependent prote in kinases such as cAMP-dependent kinase (PKA), and/or prote in 

kinase C (PKC) (37-41). 

2.1.1.Receptor phosphorylation by second messengers : heterologous 

desensitization 

PKA and PKC are phosphotransferases that catalyze the transfer of the y

phosphate group of A TP to serine and threonine residues contained within specific 

amino acid consensus sequences of proteins. They can phosphorylate a receptor even 

in the absence of agonist occupancy of the receptor, resulting in "heterologous" 

desensitization (reviewed in (42». These prote in kinases are activated in response to 

GPCR-stimulated increases in intracellular second messengers such as cAMP, Ca2
+, 

and diacylglycerol (DAG), and participate in GPCR signalling by mediating the 

phosphorylation of the receptor itself or other downstream target proteins. In the latter 

case, receptors that have not been activated by a ligand may become desensitized by 

activation of these prote in kinases. PKA-mediated receptor phosphorylation has also 

been shown, in the case of the [32-AR, to switch the coupling of the receptor away 

from Gs in favour of enhanced coupling to Gj (43). Several other receptors, including 

the prostacyclin receptor, also seem to undergo such PKA-mediated switching in their 

G protein-coupling specificity (44). 

2.1.2.Receptor phosphorylation by G protein-coupled receptor kinases: 

Homologous desensitization 

By the mid-1980s, it had become clear that both rhodopsin (45) and the 

~2-AR (46) were phosphorylated in a stimulus-dependent manner, and that this 

phosphorylation seemed to be related to receptor inactivation or desensitization. In the 

case of rhodopsin, the enzyme responsible for the phosphorylation was referred to as 

rhodopsin kinase (47). In the case of the ~2-AR, a novel cAMP-independent kinase 

[called the ~-adrenergic receptor kinase (~ARK)] appeared to contribute to agonist

dependent phosphorylation of the receptor (48). Now 7TM receptors are traditionally 
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thought to signal by means of activation of heterotrimerÏc G proteins and then, to be 

desensitized by G protein-coupled receptor kinases (GRKs) which are recruited to and 

specifically phosphorylate only agonist-occupied receptors leading to "homologous 

desensitization" (48, 49). 

2.1.2.1.GRK Family 

GRKs phosphorylate GPCRs at both serine and threonine residues 

localized within the third intracellular loop (i3) or C-terminal tail domain (50). 

Although no putative GRK phosphorylation consensus motifs have been identifie d, 

localization of amino acidic residues flanking repeated serines/threonines to the site of 

phosphorylation seems to favour GRK2-mediated phosphorylation (51). So far, only 

GRKs selectively phosphorylate agonist-activated receptors, whereas second 

messenger-dependent kinases can phosphorylate receptors in the presence or absence 

of an agonist. Seven mammalian GRK genes have been identified, sorne of which 

undergo alternative splicing to generate different isoforms (50,52). The GRKs consist 

of three distinct domains: the kinase domain, the N-terminal RGS (regulator of G 

protein signalling) domain and the C-terminal domain which contributes to the plasma 

membrane targeting of the kinase (Figure 6). The function of RGS proteins is to 

inhibit the activity of the Ga-subunit by acting as GTPase-activating proteins (GAPs) 

(53). The specificity of GRKs in vitro has not yet been defined, but tissue distribution 

as weil as levels of expression probably contribute to their specificity in vivo (54-56). 

However, recent studies show that different GRKs induce distinct signalling upon 

Angiotensin II type 1 receptor (ATIR) or V2 vasopressin receptor (V2R) activation, 

and suggest that GRK2 and -3 will antagonize the effects of GRK5 and -6 (57, 58). 

Several factors control the activity of the kinases towards the receptors. Principally the 

activated conformations of the receptors themselves, and allosterically activate the 

enzymes (55). 
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GRK 

RGSdomain 

Figure 6. Schematic representalion of the domains for GRKI-GRK7. The Regulatory 
G prote in signalling domain (RGS) and the catalylic domain are common to ail GRKs. 
The C-terminal domain contains either a PH domain and a farnesylated or 
palmytoylated sequence, depending of the GRK subtype (modifiedfrom Fergusson SS 
(34)). 

GRKs also associate with the plasma membrane by various mechanisms, in order to be 

in close proximity with the activated-receptor. For example, GRK2 and GRK3 interact 

with the prenylated GrJy subunits, whereas GRKI is farnesylated, and GRK4 and 

GRK6 are palmyotylated for their insertion into the plasma membrane. A regulatory 

complexity is added by the fact that both PKA and PKC can phosphorylate and 

activate GRK2 by promoting its Gj3y-mediated membrane association (59, 60). 

Based on sequence homology, the seven GRKs have been divided into three 

subfamilies : i) GRK 1 (Rhodopsin kinase) and -7 are localized to retina, ii) GRK2 (13-

adrenergic receptor kinase, j3ARK1) and -3 (j3ARK2), which interact with rJy; iii) and 

the membrane-associated GRK4, -5 and -6 (55). 

(i) GRKI and GRK7 subfamily 

ln unstimulated cells, GRKI is Iocalized to the cytosoI and translocates 

to bind its substrate in response to agonist activation of the rhodopsin receptor. This 
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translocation at the plasma membrane is facilitated by the post-translational 

farnesylation of its carboxyl-terminal CAAX motif (61), whereas its activity can be 

regulated by the calcium sensor protein recoverin (62). Protein famesylation is 

catalyzed by prote in famesyltransferase, and plays important roles in the membrane 

association and prote in-prote in interaction of a number of eukaryotic proteins 

(reviewed in (63». 

(ii) GRK2 and GRK3 subfamily 

For these protein kinases, the translocation to the plasma membrane is 

regulated in part by their association with the py-subunit of G proteins (64) which is 

mediated by a 125 amino acid region stretch in the C-terminus of the kinases. Plasma 

membrane targeting is also influenced by phosphatidylinositol 4,5-bisphosphate 

binding to the pleckstrin homology (PH) domain of the kinases (65). The PH domain 

acts as a membrane adaptor, linking proteins to the membrane surface via its binding 

to different phospholipids (66). GRK2 activity can also be influenced by 

phosphorylation. MAPK decreases its efficacy towards GPCR substrates (67). In 

contrast, PKC phosphorylation potentiates GRK2 activity (59, 68). Moreover, c-Src, 

via its recruitment to the agonist-dependent binding of J3arrestin to GPCRs, 

phosphorylates GRK2 on tyrosine residues and targets GRK2 for degradation (69, 70). 

(iii) GRK4, GRK5 and GRK6 subfamily 

ln the absence of GPCR activation by an agonist, these GRKs are 

localized to the plasma membrane. Both GRK4 and GRK6 are palmitoylated on C

terminal cysteine residues (54) facilitating their functional activity to phosphorylate 

GPCRs (71). GRK5 association with the plasma membrane is thought to be mediated 

by electrostatic interaction between 46 highly basic amino acid residues contained in 

the C-terminus of the kinase and membrane phospholipids (54). GRK5 activity can be 

influenced by phosphorylation of different protein kinases such as PKC, which reduces 

its activity (72). 
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GRK-phosphorylation of receptors is not sufficient for 

desensitization, but rather serves to create high affinity sites to promote the recruitment 

of the cytoplasmic accessory proteins, arrestins, and target the receptors for 

internalization via clathrin-coated pits. The arrestin protein was first identified by 

Herman Kuhn in 1986 as, "a 48K prote in", bound to the phosphorylated rhodopsin, 

thereby interfering with its coupling to transducin (73). The prote in was later renamed 

arrestin (74). Therefore it was postulated that the GRK-mediated phosphorylation of 

clusters of serine and threonine residues in the C-terminal tails of sorne receptors may 

regulate the stability of receptor/arrestin complexes (75). For most receptors, the 

determining factor for 13arrestin interaction is the phosphorylation status of the 

activated GPCR. Thus impairment of receptor phosphory1ation by mutagenesis of key 

serine/threonine residues generally leads to diminished 13arrestin binding after 

stimulation of the M2 muscarinic cholinergie receptor, rhodopsin, the A Tl R or the 

V2R (75-78). The arrestin recruitment in turn induces desensitization by preventing 

further coupling to G proteins (79, 80). 

2.1.2.2.Arrestin Family 

13arrestins are divided into two major classes, visual and nonvisual, 

on the basis of their localization. Four distinct mammalian arrestin proteins are 

known, two of which (visual and cone arrestins) are restricted to the phototransduction 

pathway (42). Two somatic forms, 13arrestin 1 (arrestin 2) and 13arrestin 2 (arrestin 3) 

are ubiquitously expressed and are thought to regulate signalling as weIl as 

internalization of many different GPCRs (52). 13arrestin 1 and 2 have highly 

homologous structures, sharing 78% amino acid identity (81, 82). Several alternative 

splice variants have been described including variants of visual arrestin (83), 13arrestin 

1 and 13arrestin 2 (84). Numerous reports have addressed whether these two isoforms 

serve different roles in receptor internalization or whether they are functionally 

redundant (85-88). 
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A-Beta-arrestins and their interacting proteins 

Beta-arrestins preferentially bind to agonist-activated and GRK-phosphorylated 

GPCRs, as opposed to second messenger protein kinases that recognize 

phosphorylated or non-phosphorylated receptors (79). J3arrestins contain a specifie 

region that links GPCRs to components of the clathrin-dependent endocytic 

machinery. The general model is that J3arrestins function as adaptor proteins that 

support the assembly of a multi-protein complex on the receptor and initiate both the 

internalization of receptor and signalling via the recruitment of other signalling 

molecules independent of second messengers. The first indication that J3arrestins 

specifically target GPCRs for endocytosis via the clathrin-coated vesicles was 

confirmed by studies which showed that J3arrestin interacts directly with clathrin (89) 

and AP-2 (90, 91), both components of the endocytic machinery. Since the discovery 

of J3arrestins as proteins that desensitize receptor dependent-second-messenger 

signalling, several new roles and J3arrestin interacting proteins have been identified 

(Table 1). They also bind to other cellular components involved in the modulation of 

vesicular trafficking, including the ATPase prote in NSF (N-ethylmaleimide-sensitive 

fusion prote in) (92), small GTPases such as ARF6 (93) and the E3 ubiquitin ligase 

Mdm2 (94). Recently, J3arrestins were also described to homo- and hetero-oligomerize 

in living cells; however the biological relevance of this interaction in vivo remains 

unclear (95). 
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parrestin isoform Binding Partner Residues References 

parrestin 1,2 Src-SHl, Src-SH3 1-185 pro9i Pro i2i , (96,97) 

parrestin 2 ASKI 1-185 (98) 

parrestin2 JNK3 Arg l96 Serl97 Serl98 (98,99) 

parrestin2 Mdm2 1-185 (100) 

parrestin2 Mdm2 (E3 Ub lig) 1-260 (101 ) 

parrestin2 Smo (102, 103) 

parrestin2,1 padaptin2 Arl94 Arl96 (90, 104) 

parrestin 1 ,2 Clathrin Leu374 Ile Glu Phe377 (105) 

parrestin2 Phosphoinositides Lys233 Arg237 Lys251 (106) 

parrestinl NSF (92) 

parrestin 1,2 ARF6 (1) 319-418 (93) 

parrestin2 PP2AJAkt (107) 

parrestin 1,2 PDE4D (108) 

parrestin 1 ,2 IkBa (109, 110) 

parrestinl Fgr (111) 

parrestinl Hck (111) 

parrestinl Yes (112) 

parrestin 1,2 ERK2 (113, 114) 

parrestin 1,2 cRafl (113) 

parrestinl RhoA (115) 

parrestin 1,2 RalGDS (116) 

parrestin2 ARNO (93) 

parrestin2 MKP7 165-239 (99) 

parrestin 1,2 parrestin 1,2 (95) 

parrestin2 FilaminA 1-80 (117) 

visual arrestin Microtubules (118) 

Table 1: The different fbrrestin-interactingproteins 
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As shown in figure 7, the parrestin domain involved in clathrin binding 

is localized to amino acids 373-377 in parrestin 2 (l05). The parrestin domain 

involved in binding the p2- subunit of AP-2 (p2-adaptin) is in the C-termini of 

parrestin 1 and 2 (91). In particular, two arginine residues (R394 and R396) in 

parrestin 2 mediate the binding of p2-adaptin in vitro (90, 104). A phosphate sensor 

region localizes to the linker between the N and C domains and forms part of the polar 

core of the protein. Interactions between the C-terminal tail and the phosphate sensor 

region that maintain arrestin in an inactive state are disrupted upon receptor binding, 

allowing arrestin to bind with high affinity to the phosphorylated receptor (reviewed in 

(119». 

parrestin 

Ndomaln 

Src binding domain 
Phosphate S9MOf domain 

410 

Clathrin AP-2 (J}2-Adaptin) 
binding binding 
damain domain 

Figure 7. Schematic representation of the principal binding sites on fhrrestin. 

Based on their capacitiy to bind phosphorylated-GPCR, clathrin or AP-2, three 

dominant-negative arrestin mutants have been described in sequestration studies. The 

carboxyl-terminal clathrin-binding domain of either parrestin 1 (residues 319-418) or 

parrestin 2 (residues 284-409) binds to clathrin but interacts only weakly with 

phosphorylated receptors which are completely devoid of ligand binding. The j3arrestin 

1 V53D mutant, which contains a Val to Asp mutation in its N-terminus, binds weB to 

clathrin, but is defective in interacting with phosphorylated agonist-activated GPCR. 
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However, how the specifie ~arrestin 1 V53D mutation functions as a dominant 

negative remains to be elucidated. 

B-Differential affinities of the arrestins for GPCRs 

Following agonist-dependent GRK-phosphorylation of ~2-AR as weil as other 

receptors, the ~arrestin proteins are recruited from the cytosol to the plasma membrane 

(75, 120, 121). Using fluorescence microscopy to visualize the distribution of GFP

tagged ~rrestin 1 or 2 (i.e. translocation assay), it was shown that these proteins 

possess distinct preferences for different receptors, allowing them to distinguish two 

classes of G protein-coupled receptors based on their differential binding avidities for 

~rrestin 1 and 2 (121). The first class receptors (i.e. Class A) including ~2-AR, ).1-

opioid, endothelin type A (ETA), dopamine type l, and alb-adrenergic receptors 

(Table 2), were demonstrated to interact with ~arrestin 2 at a higher affinity than with 

~rrestin 1. However, because the interaction is of relatively low affinity for the 

receptor, both ~rrestins dissociate from the receptor as the coated pit pinches off as a 

coat vesicle, and the receptor intemalizes without the ~arrestins. A second class of 

receptors (i.e. Class B) including AT1R, V2R, neurotensin, thyrotropin-releasing 

hormone, and neurokinin type 1 receptors, did not discriminate between ~arrestin 1 

and 2, and showed high affinity for both proteins (121) (Table 2). ~arrestin does not 

dissociate from receptors at the plasma membrane, and internalizes with them into 

endosomes where they remain stably associated for prolonged periods (Table 2). 

Apparently, the density of GPCR phosphorylation sites within the C-terminus may be 

involved in regulating the stability of the ~arrestin interaction with receptors (122). 

The ability of beta-arrestin to remain associated with receptors was shown to be 

mediated by specifie clusters of serine and threonine residues located in the receptor 

carboxyl-terminal tai!. These clusters are remarkably conserved in their position within 

the carboxyl-terminal domain and serve as primary sites of agonist-dependent receptor 

phosphorylation (122). The C-terminal domain of ~arrestin also determines the 

stability of the interaction. Indeed, a ~arrestin mutant truncated at residue 383, thus 
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lacking the AP-2 binding site, binds the [32-AR (class A) with high affinity and 

trafficks into endosomes (122). Removal of the [3arrestin carboxyl terminus may 

constitutively expose the high affinity receptor binding site and allow the mutant 

[3arrestin to bind with higher avidity to GPCRs. 

ClassA 

B2-adrenergic (121) 

j..I-opioid (121) 

endothelin type A (121) 

dopamine type 1 (121) 

al b-adrenergic (121) 

lysophosphatidic acid (124) 

leukotriene B4 receptor 1 (125) 

apelin (126) 

Class B 

angiotensin II type 1 (121) 

vasopressin type 2 (121) 

neurotensin 1 (121) 

thyrotropin-releasing hormone (121) 

neurokinin type 1 (121, 123) 

proteinase-activated receptor 2 (114) 

orexin-l (126) 

Table 2. Classification ofreceptors according to their affinitiesfor {XIrrestin 1 
and 2. 

Another level of complexity maybe added by the fact that sorne 

receptors form an intermediate (i.e. Class C) between class A and class B. These 

receptors are intemalized with [3arrestin into endos ornes, suggesting a higher avidity 

for [3arrestin. However, [3arrestin dissociates rapidly from the receptors in endosomes, 

and receptors are recycled back to the plasma membrane (127). 

C-Arrestins: their relevance in the internalization 

[3arrestin plays a key role in coordinating processes during receptor 

intemalization across different species such as Mus musculus (87, 128, 129), 

Drosophila melanogaster (130) and the zebrafish Brachydanio rerio (103). The 

functional specificity of the various arrestins in the overall desensitization is supported 

by in vivo experiments derived from knockout animaIs in which arrestin genes have 

been inactivated by homologous recombination. [3arrestin 1 knockout (-/-) mice 
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display altered cardiac responsiveness to ~2-AR stimulation (128). ~estin 2 

knockout (-/-) mice exhibit a potentiation and prolongation ofthe analgesic effect of 

morphine, suggesting a role in Il-opioid receptor desensitization in the central nervous 

system (129). However, a double knockout of both l3arrestins is embryonic lethal 

(113). Similarly, knockout (-/-) of Kurtz, a ~estin analogue in Drosophila 

melanogaster, is lethal during embryogenesis (130). Recently, Wilbanks et al. (103) 

were able to show that knocking-down ~arrestin2 in zebrafish embryo affects the 

Hedgehog (Hg) signalling pathway during embryogenesis. The Hg signalling pathway 

uses the GPCR, Smoothened, and is fundamental in development in which any 

deregulation in its signalling is associated with malignancies. 

ln addition, the recent diseovery of short interfering RNAs (siRNA) 

to induee sequence-specifie gene silencing in cells without initiating the non-specifie 

gene silencing pathways (131) has become a remarkable tool to study the real impact 

of depleting one prote in in cells without generating knockout animaIs. Using a 

different approach with antisense to reduce l3arrestin levels in eells it was found that 

reduetion l3arrestin impairs l32-AR desensitization and internalization, but has no effect 

on the internalization of either M2 or M3 muscarinic receptors (132). However, 

because l3arrestin expression was not completely eliminated by this method, Kohout et 

al. (87) generated mouse embryonic fibroblast (MEF) eell lines from knockout (KO) 

animaIs, whieh lack one of the ~arrestins (~arrestin l-KO and ~arrestin 2-KO) or both 

(l3arrestin 1/2-KO). Internalization of the l32-AR was compared to the A TIR for the 

different eell lin es deseribed above. They demonstrate that the sequestration of various 

receptors is regulated differently by the two ~arrestin proteins. The internalization of 

l32-AR is dramatically affected in l3arrestin 2-KO white in ~arrestin l-KO the levels of 

receptor internalization are normal. For AT 1 R, in contrast internalization is slightly 

reduced in the ~arrestin l-KO cells and unaffected in the ~arrestin 2-KO cells. 

However, in the l3arrestin 1/2-KO cells both receptors show a dramatically reduced 

intemalization, which can be restored by reintroducing l3arrestin 1 and 2, suggesting 

that both isoforms are able to support receptor internalization. Similarly, siRNA 
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depletion of f3arrestin 1 and 2 shows patterns in desensitization and internalization 

identical to those observed in MEF cells (133), confirming the important role for 

f3arrestin in GPCR internalization. Today, it is well-appreciated that most GPCRs are 

regulated by GRKs and arrestins. Details of which kinases phosphorylate which 

receptors in any given tissue, however, remain largely unknown. 

3. Receptor internalization 

3.1. Molecular mechanisms involved in G protein-Coupled Receptor 

Endocytosis 

Several mechanisms modulate GPCR responsiveness following agonist 

occupancy, including agonist-induced receptor desensitization, endocytosis (or 

sequestration), and resensitization (or degradation). The intrinsic properties of 

receptors to interact with other regulatory proteins such as arrestin control the rate of 

agonist-induced turnover, as weIl as the fate of receptors (recycling versus 

degradation) after endocytosis. Although arrestins play a pivotaI role in agonist

stimulated signalling and regulation of most GPCRs, several alternative pathways have 

been described (134). These include internalization in arrestin- and clathrin

independent manners. 

3.1.1. Arrestin- and dynamin-dependent endocytosis 

Clathrin-mediated endocytosis is the well-described mechanism for the 

entry of molecules into cells. This pathway is characterized by the recruitment of 

soluble clathrin from the cytoplasm to the plasma membrane. Clathrin-binding 

adaptors, such as the adaptor-protein 2 (AP-2), are the key components of this 

pathway. They bind directly to clathrin (135), as weIl as other endocytic regulatory 

proteins and cargo to stimulate the formation of the clathrin coat (136). In this 

pathway, receptor phosphorylation by GRKs enhances binding of [3arrestins, which 

serves to quench agonist-mediated G protein signalling, and acts as a scaffold 

intermediate with two components of the clathrin-coated-pit machinery: AP2 and 
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clathrin, to stabilize the association with clathrin-coated pits (CCPs). In this mode l, the 

clathrin adaptor complex AP-2 plays a central role in CCP formation and function, 

being responsible for the assembly of clathrin triskelia at the plasma membrane and 

selection of cargo receptors that will be intemalized by forming clathrin-coated 

vesicles (CCVs). CCVs are so-called because the main component of the coat is 

clathrin, which forms a polymeric scaffold on the vesicle inner surface. 

3.1.1.1.Adaptor c1athrin protein family 

Clathrin coats were identified by their distinctive appearance In 

electron microscopy. The presence of clathrin lattices that form characteristic open 

hexagonal and pentagonal facets of the coat are depicted in Figure 8A. A clathrin coat 

is a three-dimensional (3D) array of triskelia. Each triskelion is made of three 1,675-

residue clathrin heavy chains (CRCs, approximately 190-kDa) and three 25-29-kDa 

clathrin light chains (CLCs) (Figure 8B). 

A B 

Figure 8: The architecture of clathrin. A, Clathrin barrel with a single triskelion 
highlighted. B, Schematic representation of a clathrin triskelion. The triskelion is 
composed of 3 heavy chains and 3 light chains (not shown). Each heavy chain 
comprises ankle, distal, knee and proximal segments to form a clathrin leg (137). 
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In vitro, purified clathrin can spontaneously assemble into cages or, in the 

presence of adaptor proteins, into coats. The clathrin coat is assembled on the 

cytoplasmic face of the plasma membrane by the recruitment of the adaptor complex 

AP. The characteristic of an adaptor is to bind endocytic cargo and serve as a link 

between the substrate for internalization and coat components (138). At least 20 

endocytic accessory factors contribute to clathrin-mediated endocytosis, and many of 

these factors are clathrin adaptors themselves (reviewed in (139». The AP-2 complex 

was the first prote in characterized as an 'adaptor'(l36), and it is a member of the 

highly conserved adaptor family. Within this family, AP-2 is specifically found at the 

plasma membrane whereas, AP-l, -3 and -4 have been shown to localize both to the 

endosomes and the Trans Golgi Network (140). APs are heterotetrameric proteins, and 

to date, four APs are identified (APl-4). Ali APs have two large subunits of 100-130 

kDa (r and ~l in AP-l, a and ~2 in AP-2, () and ~3 in AP-3, and e and ~4 in AP-4). 

They also contain a medium subunit of approximately 50 kDa (J.ll for AP-l, J.l2 for 

AP-2, J.l3 for AP-3 and J.l4 for AP-4) and a small subunit of about 20 kDa (crI for AP

l, cr2 for AP-2, cr 3 for AP-3, and cr4 for AP-4). The large subunits can each be divided 

into a trunk domain separated from an appendage domain (referred to as an 'ear' 

domain) by a protease-sensitive linker (referred as a 'hinge' domain) (Figure 9). 

AP-2 

Ear 

Hinge 

Trunk 

[ 
R<:orr.iMdin binding 

interacts wi1h 
V"X containing 
motif 

Figure 9. Representation of the heterotetrameric AP-2 complex with its ~ {J2, p2 et 
a2 subunits. AP-2 links the clathrin to the membrane through interactions of its p2 
and a subunits with lipids. 
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AP-2 adaptors play a central role in CCV formation by linking the endocytic 

cargo to the clathrin coat, and also by interacting with a number of proteins involved in 

the regulation of CCV formation (See Table 3) (138). The assembly of the CCP is 

facilitated by cytosolic proteins that form a dynamic network of prote in-prote in 

interactions by associating with multiple partner proteins during the different steps of 

endocytosis. For example, a J3arrestin R396A mutant, which cannot interact with AP-2, 

does not support the sequestration of agonist-activated J32AR into plasma membrane 

puncta (90) and suggests that the interaction of J3arrestin with AP-2 is important for 

endocytosis. 

Each AP-2 subunit has a distinct function (See Table 3). Via its f.12 subunit, 

AP-2 binds to the tyrosine-base internalization motifs on cargo molecules, NPXY 

(where N, P and Y are asparagine, proline and tyrosine residues, respectively, and x 

represents any amino acid) (141, 142). These motifs determine which vesicular traffic 

pathway is used to transport a particular molecule, and hence determine its final 

destination. 
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AP·2 subunit Bind to References 
a Auxilin (143) 

a AAKI (143) 

a Stonin (143) 

a Synaptojanin 1 (143) 

a NECAPI (143) 

a Eps15 (144, 145). 

a AP180 (146) 

a PIP2 (147) 

a Dynamin (148) 

a Amphiphysin (146) 

a Clathrin (149) 

a Sorting nexin 9 (150) 

a Dab2 (151) 

p2 (E849 and E902) parrestin 1 ,2 (152) 

p2 Epsin (153) 

p2 AP180 (153) 
p2 (L<I>x<l>D/E) Clathrin (135) 
132 (D253 F259 L 262 and R266) ARR (154) 

p2 Sorting nexin 9 (150) 

~ PIP2 (147) 

~ (Yxx<l» TiR (155) 
~ (Yxx<l» EGFR (156) 

~ AAKI (157, 158) 

~ (Yxx<l» alaAR+PAR (159, 160) 

Table 3: The different AP-2-interaeting proteins and their identified interae/ing 
regions (if> is an amino acid with a hydrophobie side group). 
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The interaction of clathrin with AP-2 is via the clathrin box motif LcI>xcI>DIE 

(where L, D and E are leucine, aspartic acid and glutamic acid respectively; x 

represents any amino acid and cI> any hydrophobie amino acid), in the hinge region of 

132-adaptin (135). The a-subunit binds to clathrin, dynamin (148) and Epsl5 (144, 

145). Sorne studies also indicate that the phosphorylation of AP-2, induced by u

adaptin-associated kinase-l (AAK1), cou Id regulate its binding to endocytic cargo 

(157, 158, 161). The 132-adaptin subunit is essential for clathrin coat formation and 

interacts with clathrin through dileucine motifs (reviewed in (162». Furthermore, the 

use of siRNA against the a and 112 subunits has shown that the AP-2 complex is 

required for the formation ofmost plasma membrane-associated ceps (163, 164). The 

depletion of the different subunits of the AP-2 complex has been reported to be 

embryonically lethal (See Table 4) and thus supports different role of AP-2 such as 

embryogenesis. 
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Complex Organism Methodology Phenotype 

ex "'-U;;/elurllJgasler P-elcmcllt c:nhanccr tJap insertion Several alleles - most severe are embryonic lethal, 
synapses devoid ofvesicles 

CI. C elegans dsRNAi Embryonic lethal, inhibition ofyolk endocytosis 

112 C elegans dsRNAi 50% embryonic lethal, dumpy phenotype 

0'2 C elegans dsRNAi 50% embryonic lethal, dumpy phenotype 

a2 S. cerevisiae Targeted disruption None observed 

N CI. S. cerevisiae Targeted disruption None observed '-0 

p2 S. cerevisiae Targeted disruption None observed 

112 S. cerevisiae Targeted disruption None observed 

112 M musculus Targeted disruption Embryonic lethal 

Table 4. Genetic analysis ofthejunction of AP-2 complex. 
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3.1.1.2.Src 

The list of GPCR-activated signalling pathways in which f3arrestins 

have been implicated includes not only components of the clathrin-endocytic 

machinery, but also signalling molecules such as the non-receptor tyrosine prote in 

kinase Src family (165-171). The Src family ofnon-receptor protein-kinases consists 

of 9 members: Blk, Fgr, Fyn, Hck, Lck, Lyn, Src, Yes and Yrk. Src family protein 

kinases exhibit a highly conserved structural organization that includes a myristoylated 

N-terminal domain to facilitate its attachment at the plasma membrane, followed by 

the SH3 domain recognizing a proline rich region in target proteins, the SH2 domain 

recognizing tyrosine phosphorylated residues, the tyrosine kinase domain (SHI) and a 

C-terminal tail (Figure 10) (172). Thus, targeting of Src family protein kinase is 

accomplished through protein-protein interactions involving the phosphotyrosine

binding Src homology domain 2 (SH2) and proline-rich domain-binding SH3 domains 

common to all members of the family. 

c-Src 

SH1 

Y418 

) 
actiwJ/e$ the lùnaIe 
when phœphoryIated 

2SO 536 
jKiïîâiîîliïâlîi ! 

V418 

c-Src K298R M --W ! 

ATP_f __ 
lSO S36 

SH 1-KO 1 . jfiiiiiÎÎÎÎÎÎ'q! 
K298R 

Figure 10. Representation of the non receptor tyrosine kinase c-Src and its different 
domains. The SH3 domain is /ocated between amino acids 91 and 151, the SH2 
domain is /ocated between 151 and 250 and the cata/ytic domain is /ocated between 
250 and 536. SH1 corresponds to the isolated cata/ytic subunit containing the kinase 
activity. An additiona/ mutant, c-Src K298R, contains a point mutation in the ATP 
binding site and in its small cata/ytic region SH1-KD (KD: Kinase Dead) (96). 
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Apart from targeting c-Src, the SH2/SH3 domain mediated-interaction also 

induce c-Src activation by destabilizing the domain that maintains it inactive. The Src 

tyrosine kinase activity is regulated by tyrosine phosphorylation at two sites, Tyr418 

and Tyr530
, with opposing effects. First, under basal conditions Tyr530 is 

phosphorylated and induces a conformational change in the C-terminal tail of the 

molecule to interact with the SH2 domain of Src. This interaction results in the 

suppression of its protein kinase activity (173). The dephosphorylation of Tyr530 opens 

the conformation of c-Src, thereby allowing the protein kinase activity (174). Second, 

the phosphorylation of Tyr418 in the activation loop of the prote in kinase domain up

regulates the enzyme activity. When this site becomes phosphorylated, it is displaced 

from the substrate binding pocket, allowing the kinase access to substrates. Thus, when 

Tyr418 is phosphorylated, it is a positive regulator of Src activity, and when 

dephosphorylated, it is a negative regulator of c-Src activity. Introduction of a kinase 

dead mutation (K298R, where K represents a lysine and R an arginine residue) into the 

ATP binding site of c-Src prote in also completely eliminates kinase activity by 

blocking the hydrolysis of ATP (96, 171). Once activated, prote in kinases catalyze the 

following reaction: 

MgATP + protein-OH-7 Protein-OPOl- + MgADP + W 

Recent evidence suggests that c-Src recruitment to the endocytic complexes 

may play a role in the activation of the endocytic machinery (170, 171, 175). Upon 

stimulation of the J32AR, c-Src rapidly associates with the receptor in a J3arrestin

dependent manner (97). c-Src mutants devoid of catalytic activity that can interact with 

J3arrestin (SHI-KD) function as dominant-negative inhibitors of clathrin-mediated 

intemalization of receptors (96, 170). AIso, several new substrates for the c-Src 

phosphorylation of proteins involved in the endocytic machinery have been identified 

(Table 5). 
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Src family Phosphorylation Substrates References 

Sre Dynamin Y 231 y39i (170) 

Sre Caveo1in y14 (176) 

Sre GRK2 (69,177) 

Sre Angiotensin II type 1 reeeptor (178) 

Sre ASAPI (179) 

Table 5. Src and its principal substrates involved in endocytosis of receptors 

Today, c-Src is described as a protein kinase playing pleiotropic roles such as 

the regulation of the early steps of GPCRs intemalization, but also as a signalling 

protein regulating MAPK activation following GPCR activation. Indeed, c-Src activity 

is required not only for GPCR-mediated stimulation of the Ras pathway leading to the 

activation of MAPK (165-169), but also for j32AR endocytosis, where in MEF cells 

deficient of Src-family tyrosine kinases (SYF cells) the intemalization was abolished 

(180). 

3.1.1.3. Dynamin 

During receptor intemalization, it was initially thought that 

j3arrestin participated in the de novo formation of CCPs (89, 181). However, recent 

evidence shows that j3arrestin targets receptors to existing pits at the cell surface and 

engages them in the intemalization process (182, 183). Although this issue remains 

controversial, the general model for receptor intemalization from the plasma 

membrane is that the formed pits progressively invaginate and are finally released into 

the cytosol as a free CCV, a step which requires the activity of dynamin. Dynamin is a 

GTPase involved in the pinching off of clathrin-coated vesicles from the plasma 

membrane (184). Dynamin was discovered in a mutant of Drosophila melanogaster, 

known as Shibire, which became paralysed at high temperatures (185). By performing 

an electron microscopy study of Shibire flies, Kosaka et al., discovered that high 
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temperatures blocked the endocytosis of clathrin-coated pits and thus paralyzed flies. 

This makes ceUs unable to recycle synaptic vesicles leading to the depletion of these 

vesicles, blockage of synaptic transmission, and then paralysis. Using microscopy, the 

clathrin-coated pits appeared as deep coated pits with long necks formed on 

presynaptic membranes (186). Apparently, Shibire ceUs had a defect in the fission of 

coated vesicles from synaptic membranes. When the mutated gene in Shibire was 

finaUy identified and cloned (187), it was found to encode dynamin, a large GTPase 

that was originaUy identified as a microtubule-binding prote in (188). 

Dynamin is now considered to activate effectors of the fission machinery 

that yield CCV. Three mammalian dynamin isoforms have been identified : neuronal 

dynamin-1, ubiquitously expressed dynamin-2, and dynamin-3, which is expressed in 

testes, neurons, and lungs (189). Comparison of the primary sequences shows that aU 

dynamin isoforms contain three highly conserved GTP-binding motifs necessary for 

guanine-nucleotide binding and hydrolysis. The GTPase activity of dynamin IS 

stimulated by self-oligomerization once 'a critical mass is reached' (reviewed ID 

(190)). A lysine-to -alanine substitution (K44) in the first GTP-binding motif yields a 

dominant negative dynamin mutant, which is strongly impaired in GTPase activity and 

reduced in GTP affinity (187). A second important regulator of dynamin function is 

PIP2 (191, 192). AU three dynamins contain a PH domain that is able to bind PIP2 

(Figure Il). 

Oynamin 

Oynamin K44A 

1 ••• 

1 
,t l 

GTPue 
domain 

PH Pro6nI'Hich domain 
domain 

GTPase binding 
site ~naclive 
mula/ion) 

-,! 

Figure Il. Representation of Dynamin and its dominant negative (K44A) construct. 
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The binding of PIP2 to dynamin strongly increases GTPase activity and 

serves to target dynamin to the plasma membrane for its assembly at the neck of the 

clathrin-coated vesicles (191, 192). A single point mutation (K535A) in the PH domain 

of dynamin-l has a dominant negative effect on endocytosis in cells (193). There is 

also a proline-rich domain that binds to a SRC-homology 3 (SH3) domain, which is 

found in proteins of the endocytic machinery such as amphiphysin, and endophilin 

(194). Dynamin is also regulated by tyrosine phosphorylation during p2-AR 

internalization. The proposed mode! is that parrestin will act as an adaptor/scaffold to 

bind c-Src, allowing the phosphorylation of dynamin (170). Abn and collaborators 

identified two tyrosines (Y231FN597F) in dynamin and, when mutated, cannot be 

tyrosine phosphorylated by c-Src and thus inhibited the agonist-induced internalization 

of the p2-AR. These data suggest that tyrosine phosphorylation of dynamin plays an 

important role in endocytosis. 

3.1.2. Arrestin independent, dynamin-dependent internalization 

Although the general model for GPCR internalization involves both 

f3arrestin and dynamin, sorne receptors are internalized via the clathrin-coated vesicle 

pathway independently of parrestin (195-199) using an alternative endoeytic pathway. 

This pathway is eharaeterized by bloekage of GPCR internalization with dominant

negative dynamin, but not with dominant negative parrestin. For example, 

overexpression of the dominant negative mutants parrestin (parrl V53D, truncated 

parr 1 (319-418) and parr2 (284-409)) do not affect the internalization of the 5-

Hydroxytryptamine 2A (5-HT2A) reeeptors, while overexpression of dominant 

negative dynamin (K44A) signifieantly impairs receptor endocytosis (200). Similar 

results were obtained for Ml and M3 musearinic reeeptors (195) and suggest that the se 

reeeptors might use a dynamin-dependent internalization pathway independent of 

parrestin. Interestingly, recent evidence suggests that the 5-HT2A (201), the muscarinic 

(202) and the Endothelin type B (ETB) receptors are internalized via specifie 
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structures called caveolae (203). Caveolae are morphologically distinct from CCVs, 

but their formation is reported to be dynamin-dependent (204). Caveolae are 

specialized domains of the plasma membrane containing as a principal component the 

integral membrane prote in caveolin-l. One biochemical piece of evidence that 

caveolae mediates the uptake of molecules in cells cornes from the observation that 

sorne GPCRs were found in caveolae structure: M2 muscarinic receptor (205), p2-AR 

(206), bradykinin receptor (B2R) (207), ETA receptor (208) and ETB receptor (203). 

There is also evidence that caveolin-l directly interacts with a number of signalling 

proteins, including Ga.-subunits, non-receptor tyrosine kinases-like Src, PKA, and 

PKC (209, 210). For the cholecystokinin (CCK) receptor, which is internalized via 

both caveolae and clathrin-coated pit pathways, treatment with inhibitors of the 

clathrin-coated pit pathway induced GPCR internalization for almost all CCK 

receptors (211). These results suggest that the caveolae pathway is able to fully support 

internalization, and also that the CCK receptor can utilize both endocytic pathways. 

It has long been known that GPCRs can internalize by different 

pathways in distinct cells (212), but the physiological significance ofthese differences 

has only recently begun to emerge. For example, it has been shown that, in the case of 

CCK receptor type A, the clathrin-coated pit-dependent pathway leads to lysosomal 

compartments, whereas caveolae-mediated endocytosis does not (211). However, 

switching the internalization pathway of the ET A receptor from caveolae to CCP does 

not alter its lysosomal destination (213). Finally, the molecular basis of this 

intemalization switch has been elucidated for Pl-AR, which enters via both the 

caveolae and the CCPs. In this case, PKA phosphorylation directs the receptor to a 

CCP, whereas GRK phosphorylation of the receptor directs it to caveolae-mediated 

endocytosis (214). These findings may explain how the levels of j3arrestins or GRKs in 

distinct ce lis lines determine the different endocytosis pathways of specifie GPCRs, as 

has been shown for the GnRH receptor (215). The receptor GnRH, when expressed in 

both COS-7 and HEK 293 ce lis, preferentially undergoes a rapid agonist-induced 

intemalization in a caveolae-like, dynamin-dependent manner, but upon j3arrestin 

overexpression GnRH-Rs appeared to mobilize to the j3arrestin-mediated endocytic 

- 35 -



Section 1 : Literature review 

pathway (215). However, the exact molecular mechanisms of the caveolae-mediated 

endocytosis remain to be defined. 

3.1.3. Arrestin and dynamin independent endocytosis 

Other receptors appear to be internalized via a third endocytic pathway, 

which does not require ~arrestin or dynamin. Upon agonist activation, the secretin 

receptor is phosphorylated by GRKs and stimulates translocation of ~arrestin to the 

cell surface. Expression of dominant negative ~rrestin and dynamin, however, does 

not affect internalization (216). Similarly, the M2 muscarinic (77, 217, 218), the B2R 

(219), and the N-formyl peptide receptors (220) are other examples of G prote in

coupled receptors, which are internalized in a ~arrestin- and dynamin-independent 

fashion (219-222). The exact mechanism and nature of vesicles responsible for the 

internalization of these receptors remain to be defined. 

3.2. The fate of internalized receptors 

Once internalized, receptors are targeted to specialized intracellular 

compartments where they are dephosphorylated and recycled back to the plasma 

membrane, or processed by the degradation pathway. Clearly, the sequences of the 

exposed intracellular domains of a GPCR, and the pattern of phosphorylation sites, and 

thus the binding properties of ~rrestins, coordinate the intracellular trafficking of the 

intemalized receptor. Recently, ~rrestin ubiquitination and de-ubiquitination were 

shown to correlate with different receptor trafficking patterns (101, 223). Conjugation 

of ubiquitin, a 76-amino acid polypeptide, to lysine residues, was found to function as 

a sorting signal for receptor degradation in lysosomes (reviewed in (224». Transient 

~rrestin ubiquitination correlates with class A and more permanent ~estin 

ubiquitination with class B receptor endocytosis (101). It has also been shown that 

Mdm2-mediated ubiquitination of ~arrestin 2 is necessary for ~2AR intemalization but 
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ubiquitination of the receptor by a second ubiquitin ligase mediates receptor down

regulation (94). Similarly, other GPCRs were found to be ubiquitinated, such as 

CXCR4 (225), Il- and o-opioid (226), and V2 receptors (227). 

Two different types of GPCRs intemalized via the same endocytic pathway 

may be targeted to different intracellular compartments and recycled to the cell surface 

with different kinetics. For example, in HEK 293 ceIls, p2-adrenergic and o-opioid 

receptors are intemalized via the clathrin-coated vesicle pathway (228). While almost 

aIl of the P2-ARs are recYcled to the cell surface within minutes, o-opioid receptors are 

targeted to lysosomes for degradation (228). Interestingly, studies of chimeric 

receptors have shown that interchanging the C-terminal tail can change the fate of 

receptors. Indeed, a mutant p2-AR containing the V2R C-terminal tail is recycled to 

the cell surface with kinetics similar to the vasopressin receptor (75). Moreover, the 

same phenomenon has been observed with other receptor chimeras such as the p2-AR 

and the ATIR (229), the ETA and ETB receptors (230), the gonadotropin-releasing 

hormone and the thyrotropin-releasing hormone receptors (231); as weIl as, the 

protease-activated receptor 1 and substance P receptor (160, 232). Therefore, 

molecular determinants present within the C-terminal tail of GPCRs appear to contain 

domains responsible for determining the fate of receptor. 

Studies of the V2R as weil as other GPCRs have implicated a cluster of serine 

residues in the receptor tail as an important motif involved in intracellular receptor 

trafficking (75, 233-235). Receptors possessing this domain interact with high affinity 

to parrestin. Upon agonist binding, phosphorylation of the V2R within the serine 

cluster is believed to promote the formation of a stable complex between the receptor 

and parrestin. Together, the receptor/parrestin complex is intemalized and targeted to 

endosomes where they are retained for long periods of time before being recycled to 

the cell surface. Removal or addition of such serine/threonine clusters in certain 

receptors such as the p2-AR, the neurotensin, the oxytocin, the ATIR, and the 

neurokinin type 1 receptors is sufficient to alter the kinetics ofreceptor recycling (122) 

Other proteins have been shown to bind to the tail of a variety of GPCRs 

thereby regulating receptor trafficking (236-238). One such example is the binding of 

the Na+lH+ exchanger regulatory factor (NHERF), which binds to the p2-AR tail via 
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prote in-prote in interaction domains (i.e PDZ domain) (236-238). PDZ domains contain 

-80-90 residues and bind to the C-terminal 4-5 residues of their target proteins, 

frequently transmembrane receptors or ion channels. The consensus binding sequence 

contains a hydrophobie residue, commonly Val or Ile, at the very C-terminus. This 

interaction is important for post-endocytic sorting of the receptor (237). More recently, 

determinants including the last three amino acids of the C-terminal tail of the j32-AR 

also bind to N-ethylmaleimide-sensitive fusion prote in (NSF), another protein involved 

in vesicular trafficking (239). Mutations in the j32-AR tail that affect NSF binding, but 

not the interaction with NHERF, reduce receptor internalization and totally prevent 

receptor recycling from the endocytic compartments. Thus, the post-endocytic fate of 

the j32-AR appears to be dependent on the ability of the receptor to interact directly 

with different intracellular proteins. These interactions between receptors and sorting 

molecules remain to be characterized. 

3.3. Internalization for desensitization, resensitization or signalling 

It is well-recognized that the clathrin-mediated endocytosis serves a number of 

purposes, including regulation of cell surface prote in expression levels in order to 

modulate cellular responsiveness to ligands (82), localization of intracellular signalling 

complexes to receptor-bearing endosomes (119), degradation (also known as down 

regulation) of GPCRs to effect long term desensitization (212), and processing of 

receptors for recycling to the cell surface to initiate continued signalling (34). 

3.3.1. GPCR internalization for desensitization 

For a long time, GPCR internalization has been considered a 

mechanism for receptor desensitization, due to the uncoupling of the receptor from its 

effector (240). In this way, GPCR removal from the cell surface cou Id provide a 

mechanism to protect cells against receptor overstimulation. In response to agonist

stimulation, many GPCRs are internalized but are not recycled back to the plasma 

membrane (75, 160, 229, 232). In sorne cases, internalized GPCRs such as the 
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protease-activated receptor (PAR) (160) and ETB (241) are targeted to lysosomes for 

degradation. Other GPCRs, such as AT1R, are intemalized and retained within the 

endosomes (229, 232) (Figure 12). 

Figure 12. GPCR internalization for desensitization 

GPCR intemalization for desensitization is mainly controlled by 

j3arrestins. Since the discovery of j3arrestin as proteins acting in concert with GRK to 

desensitize receptors (242), ~arrestin 2 was cloned (79), the crystal structure was 

solved (243), and ~arrestin 2 was originally classified as a desensitization prote in (42). 

The desensitization function of j3arrestin has been demonstrated by Attramadal et al. 

(81), using purified j3arrestin 1 and ~arrestin 2 proteins. They were able to block the 

GTPase activity of Gs induced by the ~2-AR with each ~arrestin in vitro. In addition, 

numerous reports show that reduction of endogenous j3arrestin expression affects 

receptor desensitization (87, 132, 133). 

3.3.2. GPCR internalization for resensitization 

Resensitization can blocked by pharmacological treatment, such as 

hypertonic sucrose which is used to block receptor intemalization without affecting G 

prote in coupling or desensitization (244-246). GPCR resensitization thus protects cells 

against prolonged receptor unresponsiveness. The mechanism by which the 

resensitization of many GPCRs is achieved is thought to be agonist-dependent 

intemalization and targeting of receptors to endosomes. It has been shown that ~2-AR 
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isolated from endosomes exhibited a lower phosphorylation stoichiometry than 132-AR 

isolated from the plasma membrane (36), and that endosomes are enriched in 

phosphatase activity (247). These results suggest that GPCRs are dephosphorylated in 

endosomes and recyc1ed back to the cell surface to be available for a new round of 

agonist activation (232, 248) (Figure 13). Therefore, GPCR resensitization not only 

requires the j3arrestin-dependent targeting of receptors to the CCPs and their 

endocytosis to endosomes, but receptors also require 13arrestin release to be 

dephosphorylated and then recycled back to the cell surface. The exclusion of 

j3arrestin from CCVs was proposed to facilitate the 132-AR dephosphorylation by 

allowing receptor exposure to specifie protein phosphatase (PP2A) (229). Furthermore, 

the association ofphosphatase with the 132-AR requires the acidification of the receptor 

in the endosomes (248). 

Clathrln-c:oated pit 

Figure 13. GPCR internalization for resensitization 

GPCR internalization and dephosphorylation in endosomes is not the only mechanism 

by which GPCR resensitization is achieved. Indeed, because the protease-activated 

receptors (PARs) are degraded in lysosomes (249), these receptors use alternative 

mechanisms for resensitization. The first mechanism is the de nova synthesis of new 
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receptors, and the second is the maintenance of an intracellular pool of receptors that 

can be mobilized to replace degraded receptors (250, 251). 

Interestingly, in COS-7 cells, J32-AR resensitization does not occur unless 

J3arrestins are overexpressed (181) suggesting that J3arrestin not only plays a role in 

GPCR desensitization but also in resensitization. Therefore, the capacity of a GPCR to 

become resensitized may depend on the prote in expression levels of different 

regulators of intracellular trafficking. Moreover, heterodimerization of receptors, 

shown between the J..l-opioid and substance P (NK 1) receptors can alter the J..l-opioid 

resensitization profile (252). While heterodimerization revealed no changes of the 

ligand binding and signalling properties, J..l-opioid/NKI heterodimerization change the 

trafficking with J3arrestin of the J..l-opioid from class A to class Band thus, delays 

recycling and resensitization. In addition to J3arrestin, the internalization of the J32-AR 

and the D2 dopamine receptor depends on the small GTPases Rab5 and Rab4 (253, 

254). Rab5 regulates the movement and fusion of vesicles to endosomes and also the 

formation of vesicles at the plasma membrane (254). Rab4 regulates the recycling of 

J32-AR back to the plasma membrane and is required for J32-AR resensitization (254). 

Therefore, receptors may use distinct mechanisms to be resensitize. 

3.3.3. GPCR internalization for signalling 

Activation of MAPKs via G protein-mediated pathways has been 

studied for many GPCRs (255). The activation of MAPK (p44/p42) by J32-AR 

involves the PKA-phosphorylation-dependent switch of J32-AR coupling from Gs to Gi 

activation (43). It has also been proposed that the MAPK activation induced by GPCR 

requires both endocytosis and J3arrestin proteins (111, 218). 

As mentioned previously, arrestin proteins were originally identified 

based on their role in GPCR desensitization. The roles of J3arrestin have since been 

expanded to include several additional functions. One function is its ability to serve as 

a scaffold for two mitogen-activated prote in kinase (MAPK) cascades by linking 
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GPCRs to the extracellular-signal regulated kinase (ERK) cascade (113, 114,256) and 

the c-jun N-terminal kinase type 3 (JNK3) cascade (257) (Figure 14). 

Figure 14. GPCR internalizationfor signalling 

The MAP kinases are a family of conserved serine/threonine kinases 

that are involved in the transduction of signaIs regulating cell growth, division, 

differentiation and apoptosis. MAP prote in kinase activity is regulated by a series of 

parallel kinase cascades comprising three protein kinases that successively 

phosphorylate and activate the downstream effector. Raf phosphorylates and activates 

MEK, and MEK phosphorylates and activates ERKlMAPK, causing dissociation from 

MEK and translocation to the nucleus. Recent data shows that ~rrestin interacts 

directly with both Raf-l protein kinase and MAPK in response to the activation of 

PAR2 (114). The activation of PAR2 prevents the translocation of MAPK to the 

nucleus; this in tum blocks cell proliferation. In contrast a PAR2 receptor mutant 

defective in ~arrestin-binding, stimulates MAPK activation and cell proliferation. 

Similar results were also observed for other GPCRs such as A TIR, V2R and ~2AR 

(113,258,259). However, in the case of ATIR, it has been suggested that ~arrestin 1 

may inhibit the ~rrestin 2-mediated ERK activation (260), indicating that the two 

forms of ~estin might have different functions in regulating ERK signalling. A 
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recent study showed that GRK5 and -6 induced j3arrestin 2-mediated ERK signalling 

upon V2R activation, and suggested that the specificities of GRK phosphorylation can 

coordinate j3arrestin-mediated signalling (58). Using Gs knockout MEF cells, Shenoy 

et al also demonstrated that the J32AR can signal to ERK via a GRK5/6 and J3arrestin

dependent pathway, independently of G prote in coupling (261). However, the roles of 

j3arrestin as endocytic versus scaffolding protein in GPCR-mediated activation of 

MAPK remains understudied. 

ln addition to MAPK, J3arrestin was shown to be essential for the 

agonist-dependent formation of a complex containing J32AR, j3arrestin and c-Src (97). 

Similar results have been obtained with the NKI (262) and the CXCR-l (111). The 

j3arrestin/c-Src interaction involves the association of the j3arrestin N-terminus with the 

Src homology 1 (SHI) domain of c-Src (96). j3arrestin-mediated Src recruitment has 

been implicated in several GPCR-mediated signalling events, including tyrosine 

phosphorylation of dynamin (96); and the activation of the ERKIMAPK cascade (97, 

114). Furthermore, J3arrestin mutants defective in their ability to interact with c-Src, 

blocked J32-AR-mediated MAPK activation (97). These results suggest that j3arrestin 

initiates alternative signal transduction cascades in which desensitized receptor and 

J3arrestin act as scaffolds. Recent reports have extended the role of signalling for 

j3arrestin to other receptors such as IGFIR (263) and the single-TM Notch (264). In 

these particular cases, J3arrestin allows the recruitment of the ubiquitin-ligase to 

promote receptor degradation. 

Another function for J3arrestin is to serve as a messenger in controlling 

transcription of target genes. This hypothesis cornes from the observation that j3arrestin 

was able to shuttle between the cytoplasm and the nucleus (85, 86). This was further 

demonstrated for the o-opioid receptor (DOR) where the agoni st-activation of DOR 

was shown to induce the nuclear translocation of j3arrestin 1, and thus the j3arrestin

dependent histone H4 acetylation resulting in the transcription of specific target genes 

(265). However, it remains to be determined by which mechanism J3arrestin mediates 

this epigenetic signalling pathway. 
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4. One particular GPCR : The Angiotensin II type 1 receptor 

4.1. The discovery of ATIR 

ln 1897, Tiegerstedt and Bergman found that crude saline extracts from the 

kidney contained a pressor substance that they named renin. In 1940, Braun

Menendez, as weIl as Page and Helmer reported that renin was an enzyme that acted 

on a plasma prote in substrate to catalyze the formation of the actual pressor material, a 

peptide that was named hypertensin by the former group and angiotonin by the latter. 

These two terms persisted for nearly 20 years until it was agreed to rename the pressor 

substance angiotensin and to calI the plasma substrate angiotensinogen. By the mid-

1950s, two forms of angiotensin were recognized: a decapeptide (angiotensin 1) and an 

octapeptide (angiotensin II) formed by proteolytic cleavage of angiotensin 1 by an 

enzyme termed angiotensin-converting enzyme (ACE). As with other peptide 

hormones, Ang II was postulated to act on a receptor located on the plasma membrane 

of its target celIs. It was not until the end of the 1980s that tools became available to 

demonstrate the existence of at least two receptor types in many tissues (reviewed in 

(266». These receptors are termed ATlR, for Angiotensin II type 1 receptor which 

encompasses two subtypes (ATl A and ATlB, in rat and mice) and the ATIR, for the 

Angiotensin II type 2 receptor. 

4.2. Angiotensin II 

Clinical and experimental studies show that angiotensin II (Ang II) (Figure 15), 

the major renin-angiotensin system effector, has an important role in biological 

processes. These processes include blood pressure control through vascular muscle 

contractility, aldosterone secretion from adrenal glomerulosa celIs, and ion transport in 

renal tubular cells (Figure 16) (reviewed in (267». Pharmacological inhibition of the 

renin-angiotensin system attenuates the development of renal lesions in several 

experimental models of renal injury and progressive loss of renal function in 

individuals with chronic kidney disease (CKD) (268).1t has been suggested that Ang II 

causes renal in jury through renal hemodynamic effects and stimulation of kidney 
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growth, but the molecular pathways underlying these phenomena remain largely 

unknown. 

Asp-Arg-Val-Tyr-Ile-His-Pro-Phe 

Figure 15. The sequence of the human Angiotensin II 

There is considerable information on the structure-activity relationships of 

angiotensin-related peptides with regard to activity at receptors for angiotensin II 

(269). In general, phenylalanine in position 8 is critical for most agonist activity, and 

the aromatic residues in positions 4 and 6, the guanido group in position 2, and the C

terminal carboxyl are thought to be involved in binding to the receptor site. Position 1 

is not critical, but replacement of aspartic acid in position 1 with sarcosine enhances 

binding to angiotensin receptors and slows hydrolysis by rendering the peptide 

refractory to a subgroup of aminopeptidases (angiotensinase A). Such a substitution, 

combined with that of alanine or isoleucine in place of phenylalanine in position 8, 

yields potent angiotensin II receptor antagonists. 
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The various components of the cascade leading to the formation of Angiotensin 

II were characterized, including angiotensinogen, angiotensin converting enzyme 

(ACE), and angiotensin l, II (Figure 17) (266). Briefly, sympathetic stimulation (acting 

via f31-adrenergic receptors), renal artery hypotension, and decreased sodium delivery 

to the distal tubules stimulate the release of renin by the kidney. Renin is an enzyme 

released from the kidney that acts upon the circulating substrate angiotensinogen, 

which undergoes proteolytic cleavage to form the decapeptide angiotensin 1. Then 

angiotensin-converting enzyme (ACE) removes the carboxy-terminal dipeptide of 

angiotensin 1 to pro duce the octapeptide angiotensin II. The major determinant of the 

rate of angiotensin II production is the amount of renin released by the kidney. 

Ang II has several very important functions, which are depicted in figure 16 

(266). It constricts resistance vessels thereby increasing systemic vascular resistance 

and arterial pressure; acts upon the adrenal cortex to release aldosterone, which in tum 

acts upon the kidneys to increase sodium and fluid retenti on; stimulates the release of 

vasopressin (antidiuretic hormone, ADH) from the posterior pituitary which acts upon 

the kidneys to increase fluid retenti on; stimulates thirst centers within the brain; 

facilitates norepinephrine release from sympathetic nerve endings and inhibits 

norepinephrine re-uptake by nerve endings, thereby enhancing sympathetic adrenergic 

function; and stimulates cardiac and vascular hypertrophy. Angiotensin II is also 

involved in the development of cardiovascular diseases such as hypertension and 

atherosclerosis. 
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4.3. ATIR signalling 

Two major subtypes of Ang II receptors expressed in mammalian tissues are 

the ATlR and AT2R, with about 30% sequence identity (267). The ATl receptor is 

359 amino acids long, while the AT2 receptor consists of 363 amino acids. ATlR is 

principally coupled to Gq, leading to the activation of phospholipase C. It may also be 

coupled to Gj. Agonist-induced Gq activation results in activation of PLCj3, which 

catalyses the PIP2 into IP3 and DAG. DAG directly activates PKC, whereas IP3 induces 

the release of Ca2
+ from intracellular stores (reviewed in (267». For A T2R, the precise 

functions and intracellular signalling pathways have not been clearly defined. 

ATlR also activates intracellular signalling pathways such as ERK1I2 (258) and 

JAKISTAT (270). Ang II was shown to activate ERK1I2 by two distinct mechanisms 

(258). Upon agonist stimulation, ERK1I2 are immediately and transiently activated via 

the G protein-dependent pathway, whereas j3arrestin-mediated ERK1I2 activation is 

relatively slow but persistent (258). These results suggest that the cellular response 

mediated by two distinct pools of ERK1I2 activated via j3arrestin and G protein must 

be distinct. However, the specifie downstream substrates for the j3arrestin-dependent 

ERK activity remain to be determined. Stimulation of ATlR induces the j3arrestin

recruitment of the MAPK and JNK3 (257). However, j3arrestin's role in recruiting this 

protein kinase remains to be determined. The ATlR-mediated activation of ERK1I2 

can also occur via different pathways that include PKC, RaslRaf (271), Pyk2 (272) and 

growth factor tyrosine protein kinases (273). 

ATlR also induces the activation of the JAKISTAT pathway (274).The JAK 

protein kinases activate STAT (signal transducers and activators of transcription) and 

promote their migration to the nucleus to induce gene transcription (275). The binding 

of ATlR to the intracellular tyrosine prote in kinase JAK 2 requires a motif in the 

ATlR C-terminus, y319IPp322 (274). However, no correlation between j3arrestin and 

JAK activation has been reported yet for the internalization of receptor. 

Interestingly, the ATl receptor can form homodimers (276) and heterodimers with 

various other receptors, such as the bradykinin B2 receptor (277), the AT2R (278) and 

the j32AR (279). These dimers may affect receptor signalling as weil as receptor 

internalization or cell surface targeting (280). Sorne pathophysiological evidence 
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suggests that the AT1R homodimers contribute to an enhanced monocyte adhesiveness 

of hypertensive patients, thereby possibly sustaining the process of atherogenesis by 

chronic sensitization of circulating monocytes (276). 

4.4. ATIR endocytosis 

Ang II binding causes rapid intemalization ofthe ATIR (reviewed in (281)). 

However, studies on endogenous A T2R have demonstrated that AT2R is 

intemalization deficient (282). So, this present paragraph will focus on the agonist

induced intemalization of A TI R. The intemalization of A TI R was previously shown 

to be unaffected by dominant negative forms of l3arrestin or dynamin (222, 283). 

However, contradictory data have recently suggested that l3arrestin proteins regulate 

endocytosis of this receptor. In j3arrestin double knockout ce Ils (j3arr 1/2-KO), 

intemalization decreased by approximately 80%. These results suggest that in these 

cells, the ATIR is primarily intemalized in a j3arrestin-dependent manner (87). 

Furthermore, this pathway was also confirmed by Gaborik et al. (284), who found that 

in three different cell types, the intemalization of the ATIR is dependent on j3arrestin 

and dynamin. These contradictory data suggest that multiple mechanisms might exist 

for the intemalization of this receptor. However, at physiological hormone 

concentrations, endocytosis of ATIR occurs predominantly via a j3arrestin- and 

dynamin-dependent mechanism (76,87,229,284). 

4.5. Molecular basis of ATIR internalization 

Ang II binding to the A TI R induces a conformational change that results in 

isomerization of the receptor to its active conformation and acceleration of its 

intemalization. Antagonists such as Losartan impair the AngIl-mediated receptor 

intemalization (285). Several point mutations of the A TIR cause impairment of 

receptor intemalization and signal generation (Figure 18): 
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Substitution of aspartic acid residue (ASp74) in the second transmembrane helix 

disrupts G prote in coupling of the ATIR (286), but the intemalization is slightly 

impaired (285). The ATIR mutation of the conserved tyrosine (Tyr302) or other amino 

acids in the NPXY sequence in the seventh transmembrane helix, causes a relatively 

minor effect on receptor intemalization but affects the G prote in activation (287). A 

serine-threonine-rich region in the cytoplasmic tail, which includes the Ser335 _ Thr336_ 

Leu337 sequence and the presence of proximal amino acids in the cytoplasmic tail , 

including leucine (Leu316) and tyrosine (Tyr319) have also been shown to be important 

for ATIR intemalization (288). Despite the difficulties in detecting endogenous A TIR, 

it has been shown using epitope-tagged receptors that A TIR is indeed phosphorylated. 

These studies have shown that the agonist-induced phosphorylation of A TIR is 

initially mediated by PKC, GRK2 and GRK5 (289,290). Furthermore, two residues 

Se?35 -Thr336 were found to be rapidly phosphorylated after receptor activation (291). 

4.6. The fate of the receptor 

A TI R is co-Iocalized in endosomes with j3arrestin, indicating that the receptor 

maintains its active conformation for sorne time after the formation of endocytic 

vesicles (232). A TIR are then trafficked through early endosomes (Rab5) and sorne of 

them associate with Rab7 in late endosomes (292). During this transition, vesicular 

acidification can promote the dissociation of the ligand and receptor recycling through 

Rabll in recycling vesicles (292). The ATIR possibly recycles to the plasma 

membrane in astate uncoupled from G proteins; the affinity of the recycled-ATIR for 

the Ang II was shown to be reduced (293). 
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4.7. Role of ATIR internalization in transgenic mice 

Mice lacking both isoforms, ATlAR and ATlBR, have a severe phenotype with 

abnormalities in renal structure/function, and low blood pressure (294). In previous in 

vitro studies, ATl-i2m (a receptor mutant in its intracellular second loop) is incapable 

of activating Gaq and Gai, but retains the ability to activate effectors such as Src and 

ERK (295). However, the physiological roles of these activated-effectors following 

ATIR stimulation remain unclear. Recently, it was demonstrated that the i2m mi ce 

display a pronounced cardiac phenotype as compared to wild-type mice (296). These 

data suggest a possible role for ATlR intemalization independently of G prote in 

signalling in the regulation of cardiac ion channels. These results may reveal an 

unexpected physiologic role for ATlR intemalization in cardiac function, which 

remains to be defined. 
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Section II : Rationale and Objectives 

The general aim of this thesis is to advance our understanding of the 

mechanisms regulating GPCR internalization. Growing interest in this field is due to 

their involvement in the regulation of a number of functions, including cardiovascular 

responsiveness. Following their activation, the se receptors enter the cells, a process 

named receptor internalization. This process requires receptor desensitization which 

is achieved by receptor phosphorylation, sequestration and internalization. In this 

manner, receptors are removed from the surface and transferred into cells. Inside the 

cells, receptors are embanded into small membrane vesicles (endosomes) which may 

be recycled back to the plasma membrane in order to renew their fully functional 

coupling with proteins and effectors (i.e. resensitization). GPCR expression can also 

be regulated by a process of down-regulation which is a terminal stage of receptor life 

where receptors are degradated in lysosomes. 

The current proposed model for GPCR internalization is essentially based on 

132-AR studies. Briefly, following agonist stimulation, GPCRs undergo conformational 

changes that allow binding of G proteins, leading to the activation of different effectors 

and signalling pathways (2). The desensitization process is then activated (Figure 1). 

One of the first steps involves the functional "uncoupling" of the G proteins from the 

receptors. The receptor is subsequently phosphorylated by GRKs to enhance the 

binding of (3arrestins (step 1). 13arrestins act as scaffolding intermediates with 

components of the clathrin-coated-pit machinery, thus stabilizing association with 

clathrin-coated pits (CCPs) (steps 2 and 3). The formed pits progressively invaginate 

and are finally released into the cytosol as a free CCV (step 4), a step which requires 

the GTPase activity of dynamin to pinch off clathrin-coated vesicles from the plasma 

membrane (184). This signal cornes from phosphorylation of dynamin by Src, which is 

itself recruited to and activated by GPCR-bound 13arrestin (96). Clathrin-coated 

vesicles are then uncoated after endocytosis and fuse with early endosomes (step 5). 

The early endosome controls the activity and the destination of proteins in the 

compartment. Therefore endosomes are a key control point for sorting receptors, 

which can be directed to recycling endosomes and back to the cell surface (step 6), or 

directed ta lysosomes for degradation (step 7). 
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Internalization and recycling of GPCRs. Upon agonist binding, receptors are phosphorylated by GRKs 
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coated-pits (step3 and 4). Once clathrin coated vesicles are formed (step4), the receptor is then 
internalized into endosomes (step5) where it is dephosphorylated before returning to the cel! surface 
(step6), or the receptor is degradated to lysosomes (step7). 
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The mechanisms that activate and deactivate A Tl Rare complex, involving 

(3arrestin binding to the phosphorylated receptors and thus, promoting G-protein 

uncoupling and intemalization. Beta-arrestins are also now thought to function as 

scaffolds that recruit regulatory molecules to the receptor. The proteins that interact 

with ATlR via ~arrestin are unknown and important to characterize. For instance, the 

~arrestin-mediated intemalization of ATlR is controversial and poorly described. In 

addition, the involvement of signalling molecules such as c-Src in receptor 

intemalization has only been reported for a few receptors. In an attempt to better 

characterize ATIR intemalization, we searched, in our first study, for possible 

functional protein interactions regulating the endocytic complex formation during 

receptor intemalization. Two main studies were critical in establishing our hypothesis. 

The first study describes the recruitment of c-Src protein kinase to ~arrestin to further 

regulate ~2-AR intemalization (97). The second study shows that the activation of the 

~2-AR promotes the recruitment of the clathrin adaptor AP-2 to ~rrestin for CCV 

formation (90). These findings constituted evidence that the formation of an endocytic 

complex tightly regulates GPCR intemalization. Thus, we investigated whether 

~rrestin cou Id serve as an adaptor for both AP-2 and c-Src during the intemalization 

of a controversial receptor: the ATlR. We first decided to determine if the agonist

stimulation of ATlR cou Id lead to the formation of ~arrestinlAP-2 complex with c

Src. We worked on the assumption that AP-2, c-Src and ~arrestin could be present in 

the same endocytic complex and indeed, we found, in cells, that Angiotensin II 

promotes this endogenous complex formation. Using active or inactive c-Src prote in 

kinase mutants, we determined that c-Src functions as an adaptor to stabilize the AP-

2/~rrestin association but also as a protein kinase to regulate this interaction. To 

further understand the importance of this interaction, we performed siRNA 

experiments to reduce c-Src expression in cells and determine its impact on the 

complex formation and also on receptor intemalization. This work is presented, in 

section III, with the first manuscript entitled, 'c-Src regulates AP-2 interaction with 

beta-arrestin and the Angiotensin II type 1 receptor during clathrin-mediated 

intemalization'. This paper shows that (3arrestins interact with both c-Src and AP-2 in 

response to the activation of ATlR to regulate receptor intemalization. 
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ln our first study, we have demonstrated the agonist-mediated formation of an 

endocytic complex containing c-Src, I3arrestin and AP-2 during ATIR internalization. 

Thus, our objective in section IV was to understand the regulation of that complex 

formation. A few examples of the phosphorylation mechanisms occurring during 

GPCR internalization were previously reported. Indeed, dynamin was shown to be 

tyrosine phosphorylated, and to regulate J32-AR internalization (170). We started our 

study by investigating whether the activation of ATIR cou Id induce the 

phosphorylation of the endocytic J3arrestin partner: AP-2, and, if so, to identify the 

tyrosine residue(s). Interestingly, we found that activation of ATIR with Ang II 

promotes the tyrosine phosphorylation of AP-2. We then further characterized the role 

of this phosphorylation during receptor internalization. One possibility was that the 

phosphorylation of AP-2 could modify the interaction between proteins in the 

endocytic complex. Because of our previous findings showing that the protein kinase 

activity of c-Src controis the I3arrestin/ AP-2 association, we decided to assess the 

effect of AP-2 phosphorylation on its binding with J3arrestin first in vitro and secondly 

in vivo by BRET assay. This study is presented in section IV with the second 

manuscript entitled, 'c-Src-mediated phosphorylation of J32-adaptin reveals a role in 

the formation of the Barrestin/AP-2 endocytic complex during Angiotensin Type 1 

Receptor Internalization'. This paper describes how c-Src regulates the early steps of 

A TIR internalization via the clathrin-coated vesicles and shows that the beta-subunit 

of AP-2 (J32-adaptin) is tyrosine phosphorylated upon ATIR activation to regulate its 

interaction with Barrestin. 

ln light of the literature review presented in a section l, and the two 

manuscripts in section III and IV, 1 will propose a model for ATIR intemalization via 

clathrin-coated vesicles. The possible mechanisms for c-Src activation, the implication 

ofthese findings, and their physiological relevance are discussed in section V. 
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CONNECTING TEXT 

The following section III entitled, "c-Src regulates AP-2 interaction with beta

arrestin and the angiotensin II type 1 receptor during c1athrin-mediated 

intemalization", demonstrates the now well-appreciated role for j3arrestin as an adaptor 

during GPCR endocytosis. Our objective was to show that c-Src was aiso a key player 

in j3arrestin-dependent intemalization. Indeed, in the Iiterature, it has only been shown 

for j32-AR that j3arrestin serves as a scaffoid to recruit c-Src (97) but it was unc1ear 

whether other GPCRs such as the ATIR couid also induce the j3arrestin-mediated c

Src recruitment. It was reported separately for the j32-AR that j3arrestin, in an agonist

dependent fashion, recruits the c1athrin-adaptor AP-2 (91). However, it was unknown 

if the A TIR aiso recruits AP-2 and if so, whether the j3arrestinlc-Src complex was 

necessary for AP-2 association. Taken together, it was of great interest to study: 

1) whether AP-2 cou Id be recruited to the ATIRlj3arrestin compIex. 

2) c-Src effects on the early events of ATIR intemalization: the 

j3arrestinlAP-2 complex formation 

2) the role for c-Src in the c1athrin-mediated A TI R internalization 
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SECTION III 

C-SRC REGULATES AP-2 INTERACTION WITH BETA
ARRESTIN AND THE ANGIOTENSIN II TYPE 1 
RECEPTOR DURING CLATHRIN-MEDIATED 
INTERNALIZATION. 

Reproduced with permission from Delphine Fessart, May Simaan and Stéphane A. 

Laporte. 2005; c-Src regulates AP-2 interaction with beta-arrestin and the angiotensin 

II type J receptor during clathrin-mediated internalization. Molecular Endocrinology 

19,491-503. Copyright 2005 by The Endocrine Society, aIl rights reserved. 
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ABSTRACT 

Beta-arrestins are multifunctional adaptors involved in the intemalization and 

signaling of G protein-coupled receptors (GPCRs). They target receptors to clathrin

coated pits (CCPs) through binding with clathrin and AP-2 complex. They also act as 

transducers of signaling by recruiting c-Src kinase to certain GPCRs. Here we sought 

to determine whether c-Src regulates the recruitment of AP-2 to Barrestin and the 

Angiotensin II (Ang II) type 1 receptor (ATIR) during intemalization. We show that 

the agonist stimulation of native ATIR in vascular smooth muscle cells (VSMCs) 

induces the formation of an endogenous complex containing c-Src, Barrestins and AP-

2. In vitro studies using co-immunoprecipitation experiments and a yeast three-hybrid 

assay reveal that c-Src stabilizes the agonist-independent association between 

Barrestin2 and the B-subunit of AP-2 independently of the kinase activity of c-Src. 

However, while c-Src expression promoted the rapid dissociation of AP-2 from both 

Barrestin and ATIR following receptor stimulation, a kinase inactive mutant of c-Src 

failed to induce the dissociation of AP-2 from the agonist-occupied receptor. Thus, the 

consequence of c-Src in regulating the dissociation of AP-2 from the receptor was also 

examined on the intemalization of ATIR by depleting c-Src in HEK 293 cells using a 

small interfering RNA strategy. Experiments in c-Src depleted cells reveal that ATIR 

remained mostly colocalized with AP-2 at the plasma membrane following Ang II 

stimulation, consistent with the observed delay in receptor intemalization. Moreover, 

co-immunoprecipitation experiments in c-Src depleted HEK 293 cells and VSMCs 

showed an increased association of AP-2 to the agonist-occupied ATIR and Barrestin, 

respectively. Together our results support a role for c-Src in regulating the 

dissociation of AP-2 from agonist-occupied ATIR and Barrestin during the clathrin

mediated intemalization of receptors, and suggest a novel function for c-Src kinase in 

the intemalization of ATIR. 
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INTRODUCTION 

G protein-coupled receptors (GPCRs) are integral membrane proteins that are 

responsible for controlling an array of physiological responses such as 

phototransduction, olfaction, neurotransmission, vascular tone, cardiac output, and 

pain. The intensity and the duration of a response are dependent on the balance that 

exists between mechanisms that regulate the coupling of the receptors to their 

downstream effectors and those that terminate the signaling. Mechanisms that rapidly 

tum off signaling include desensitization, whereby receptors become refractory to 

subsequent stimuli, and intemalization, where receptors are removed from the plasma 

membrane (a process also referred to as sequestration or endocytosis) (1, 2). 

Intemalization of GPCRs can lead to the reestablishment of the cellular response by 

the recycling of receptors to the plasma membrane, or the prevention of further 

signaling by targeting receptors for degradation. 

Homologous desensitization and intemalization of receptors involve common 

and distinct steps. Agonist stimulation of GPCRs promotes the phosphorylation of 

receptors by G protein-coupled receptor kinases (GRKs), and the recruitment of non

visual arrestin proteins (Barrestinl and Barrestin2) to the phosphorylated receptors (1). 

Beta-arrestins bind to the agonist-occupied GPCR to prevent second-messenger 

signaling, and act as adaptors to target desensitized receptors to clathrin-coated 

vesicles (CCVs) at the plasma membrane (i.e. clathrin-coated pits; CCPs) for 

intemalization (3, 4). The involvement of Barrestins in the intemalization of the B2-

adrenergic receptor (B2AR) and the Angiotensin II (Ang II) type 1 receptor (ATIR) 

has been demonstrated using different approaches, and more recently by gene 

disruption and post-transcriptional silencing of Barrestins (5, 6). In the case of the 

B2AR, Barrestins are believed to link the agonist-occupied receptors to CCPs by 

interacting through their C-terminal domains with both clathrin and the B-subunit of 

the heterotetrameric adaptor AP-2 complex (B2-adaptin) (7-10). Many studies indicate 

that ATIR can intemalize via CCVs in both heterologous and endogenous systems 

(11-15) but the underlying mechanisms regulating Barrestin-mediated endocytosis of 

AT1R and other GPCRs still remain poorly understood. 
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In addition to their roles in GPCR desensitization and internalization, recent 

evidence indicates that Barrestins can also participate in receptor signaling by 

functioning as adaptors for the recruitment of signaling molecules to agonist-occupied 

receptors (16). For instance, Barrestins have been shown to recruit the non-receptor 

tyrosine kinase c-Src to the B2AR (17) and the neurokinin-l receptor (NK-l) (18). 

The Barrestin-mediated recruitment of c-Src to the agonist-occupied B2AR regulates 

the function of the endocytic prote in dynamin, a GTPase involved in the fission of 

CCPs from the plasma membrane (8, 17). Given the dual adaptor role for Barrestins in 

the internalization and signaling of GPCRs, we hypothesize that c-Src cou Id also 

regulate the recruitment of other endocytic proteins like AP-2 to the agonist-induced 

AT1R1Barrestin complex, and consequentIy impact the early steps of receptor 

internalization. 
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RESULTS 

Angiotensin II promotes the formation of an endogenous complex containing c

Src, j3arrestin and AP-2. We have previously shown that the internalization of 

certain GPCRs, via the clathrin pathway, requires the recruitment of Barrestin to the 

receptor, and the interaction of Barrestin with the heterotetrameric AP-2 complex (via 

its B-subunit, i.e. B2-adaptin) (9). More recently, it has been suggested by different 

groups that Barrestins act as signaling adaptors for the recruitment of c-Src family 

kinases to sorne GPCRs (17-19). In order to determine whether c-Src cou Id 

participate in the association between Barrestin and AP-2, we first examined in an 

endogenous system, whether the agonist stimulation of ATIR promoted the 

formation of a complex containing c-Src, Barrestin, and AP-2. Vascular smooth 

muscle cells (VSMCs) expressing endogenous A TI R (around 100 finol/mg of total 

prote in as estimated by radio ligand binding experiments; data not shown) were serum 

starved for 12 h and then either left untreated or treated with Ang II for 5 min at 

37°C. Cells were then solubilized and endogenous c-Src was immunoprecipitated. 

Interacting proteins in the complex were identified by Western blot analysis using 

antibodies against the alpha subunit of AP-2 and Barrestin (Fig. 1). Results show that 

in the absence of agonist stimulation, little Barrestin and no AP-2 complex were 

detected in the c-Src immunoprecipitates. However, following agonist stimulation of 

native A TIR, a robust association of both Barrestin and AP-2 was observed with c

Src. These results show that the agonist stimulation of A TIR in a native system like 

VSMCs promotes the formation of an endogenous complex including c-Src, 

Barrestin, and AP-2. 

c-Src increases the association between j3arrestin and j32-adaptin 

independently ofi ts kinase a ctivity. The Ang II-mediated formation of a complex 

containing Barrestin, AP-2 and c-Src in VSMCs, and the recent demonstration that c

Src and Barrestin associate with each other when overexpressed in COS-7 cells (20), 

suggest that c-Src is involved in stabilizing the association between Barrestin and AP-

2. We therefore reasoned that by increasing the expression of c-Src in cells, we could 

induce the agonist-independent association between Barrestin and AP-2. To test this 
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possibility, COS-7 cens were transfected with Flag-tagged Barrestin2 and increasing 

amounts of HA-tagged c-Src, and the level of endogenous AP-2 (as assessed by the 

presence of B-subunit of the AP-2 complex, i.e. B2-adaptin) in the Barrestin 

immunoprecipitates was identified by Western blot analysis (Fig. 2A). In the absence 

of c-Src overexpression (Fig. 2A, first lane), no B2-adaptin was detected in the 

Barrestin immuno-complex. However, increasing the expression of c-Src resulted in 

the increased formation of a BarrestinlAP-2 complex. We next examined whether this 

c-Src-mediated GPCR-independent association between Barrestin2 and AP-2 was 

dependent on the kinase activity of c-Src. To this end, we overexpressed Barrestin2-

Flag and B2-adaptin in COS-7 cens with either wild type c-Src or a mutant that mimics 

the activated form of c-Src (c-Src-Y530F) or the kinase dead c-Src-K298R (Fig. 2B 

and 2C), and assessed the ability of the different c-Src constructs to promote the 

association between B2-adaptin and Barrestin. We first determined the relative level of 

kinase activity of the different c-Src constructs by probing the total lysates from cens 

expressing wild type and c-Src mutants using an anti-phosphotyrosine antibody (Fig. 

2B). The expression of wild type c-Src and c-Src-Y530F had similar effects on the 

pattern of prote in phosphorylation, whereas almost no phosphorylation of proteins was 

detected in cens overexpressing c-Src-K298R, suggesting that at the levels of c-Src 

and c-Src-Y530F expression, both kinases had a similar activity in cens. 

Subsequently, the se different constructs were overexpressed in COS-7 cens, and the 

amounts of AP-2 and c-Src associated to the immunopurified Barrestin2 complexes 

were analyzed. Although we found that ail c-Src constructs were able to associate 

with Barrestin2, only wild type c-Src and the K298R mutant promoted the formation of 

a ternary complex that included B2-adaptin and Barrestin (Fig. 2C). These results 

imply that the kinase activity of c-Src is not required to promote the agonist

independent association of AP-2 with Barrestin2. 

To verify that c-Src directly contributed to the formation of a ternary complex 

with Barrestin2 and B2-adaptin, and also to confirm that this complex formation is 

independent of c-Src kinase activity, we used a modification of the yeast two-hybrid 

system (yeast three-hybrid). We have previously shown using a similar assay that the 
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interaction between Barrestin and B2-adaptin could be detected (8, 9). We expressed 

Barrestin2 fused to the DNA binding domain (DBD) of GAL4 and B2-adaptin fused to 

the activation domain (AD) of GAL4, and assessed the effect of c-Src expression on 

the transactivation of the auxotrophic mS3 and the reporter lacZ genes (Fig. 3C). The 

expression vectors for Barrestin2 and the B2-adaptin were co-transformed into yeast 

strain PJ69-4a with the empty vector p426-ADH or with the p426-ADH-c-Src mutant 

(c-Src-G2A,-Y416F,-Y527F). This mutant lacks the myristoylation site, to reduce its 

membrane association, and is mutated on tyrosines 416 and 527 to prevent tyrosine 

phosphorylation, and hence the activation of c-Src (21). Yeasts were transformed with 

the expression vector for Barrestin2 alone (Fig.3A, lane A), or with B2-adaptin (lane B), 

c-Src (lane C) or B2-adaptin and c-Src together (lane D). Cells were serially diluted 

and spotted onto plates lacking leucine, tryptophan, and uracil supplemented or not 

with histidine (Fig.3A, left panel and right panel). As shown here, the overexpression 

of Barrestin2 and B2-adaptin is sufficient to induce yeast growth on selective media 

lacking histidine (Fig. 3A right panel, lane B). The expression of c-Src with both 

Barrestin2 and B2-adaptin promoted the faster growth of yeasts (Fig. 3A right panel, 

compare lane D to lane B), suggesting that c-Src stabilizes the BarrestinlB2-adaptin 

interaction. We also quantified the interaction between Barrestin2 and B2-adaptin 

using a lacZ reporter assay. Our results show that expression of c-Src with Barrestin2 

and B2-adaptin induced a 2-fold and a 4-fold increase in the B-galactosidase activity as 

compared to yeasts expressing Barrestin and B2-adaptin, or yeasts expressing Barrestin 

and c-Src, respectively (Fig. 3B, D vs Band D vs C, respectively). These results 

indicate that the expression of c-Src in yeast stabilizes the ternary complex containing 

Barrestin2 and B2-adaptin. As expected, we did not find that the expression of the c

Src mutant increased the tyrosine phosphorylation of total yeast protein (data not 

shown). Altogether, these results demonstrate that the interaction between Barrestin 

and B2-adaptin can be stabilized in the presence of c-Src, and support our previous 

observations that the kinase activity of c-Src is not necessary to induce the agonist

independent formation of the complex. 
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The c-Src-mediated formation of a j3arrestin/AP-2 comp/ex requires an intact j32-

adaptin binding domain onj3arrestin. We have previously shown that B2-adaptin binds 

directly Barrestin2 through a critical arginine residue (R396) present in the C-terminal 

domain of Barrestin (8). This region also contains a motif for the binding of clathrin 

(LIEF, residues 374-377) (7-9, 22). Therefore, we used different Barrestin2 mutants 

impaired in B2-adaptin binding (Barr2 R396A), impaired in both c1athrin and B2-

adaptin binding (where the hydrophobic residues of LIEF motif were substituted for 

alanines, Barr2-R396A,-AAEA) or a truncated form of Barrestin2 lacking both sites 

(Barr2-T372), and assessed the ability of c-Src to promote the agonist-independent 

binding of B2-adaptin to the different Barrestin mutants. COS-7 cells were transfected 

with either Flag-tagged Barrestin2 or mutants, with or without HA-c-Src, and the 

amount of endogenous AP-2 in the Barrestin immunoprecipitates was determined by 

Western blot analysis (Fig. 4). As previously observed and shown here, the 

overexpression of HA-c-Src induced the association of AP-2 with Barrestin2 (Fig. 4 

and Fig. 2). However, c-Src failed to promote the robust association of AP-2 to the 

different Barrestin2 mutants as compared to wild type Barrestin2 (Fig. 4). These results 

demonstrate that the c-Src-induced formation of a BarrestinlAP-2 complex requires an 

intact B2-adaptin binding site on Barrestin2 C-terminal domain. 

The kinase activity of c-Src is required to promote the dissociation of AP-2 from 

j3arrestin2 and agonist-occupied A TIR. We have previously shown for sorne GPCRs 

internalizing via CCVs, such as the B2AR that the recruitment of AP-2 to Barrestin and 

to the receptor required agonist activation (9). We therefore first verified whether the 

agonist stimulation of A TIR could induce the recruitment of AP-2 to Barrestin and the 

receptor (Fig. 5). COS-7 or HEK 293 cells were used to express Flag-tagged 

Barrestin2 and wild type ATIR, or Flag-tagged ATIR alone. cens were serum-starved 

and then stimulated with Ang II for different periods of time (Fig. 5A and B, 

respectively). Barrestin2 in COS-7 cens or ATIR in HEK 293 cens was then 

immunoprecipitated and the amount of endogenous AP-2 in the complexes, as detected 

by the presence of B2-adaptin, was determined by Western blot analysis (Fig. 5A and 

B, lane 1-3). In unstimulated cells, little association of AP-2 to Barrestin and ATIR 
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was observed, consistent with what we observed for other GPCRs (9). Stimulation of 

receptors induced the recruitment of AP-2 to both Barrestin and the receptor in a time

dependent manner reaching a maximum after 5 min of agonist treatment (Fig. 5A and 

B, lane 1-3). Association of AP-2 with Barrestin was transient and the complex was 

lost after 15 min of agonist treatment (data not shown). The time frame of AP-2 

recruitment to AT1R in HEK 293 cens (Fig SB) was similar to that observed for the 

interaction between Barrestin and AP-2 in COS-7 cens (Fig 5A) or in HEK 293 cens 

(data not shown). Together, these results suggest that AP-2 is recruited to the same 

A TlRlBarrestin complex. Indeed, in a different set of experiments, when the agonist

occupied ATlR was immunoprecipitated, both Barrestin and AP-2 were found in the 

same receptor complex (data not shown). 

To elucidate the mechanism by which c-Src regulates the agonist-mediated 

formation of this endocytic complex, we next assessed the effect of overexpressing c

Src on the association of AP-2 with Barrestin and A TlR fonowing receptor 

stimulation. When c-Src was overexpressed, AP-2 was already detected in the 

Barrestin immunoprecipitates in the absence of agonist treatment, and almost amounted 

to levels of stimulated receptors in the condition where c-Src was not overexpressed 

(Fig. SA, compare lane 3 with 4). Agonist-stimulation did not promote further 

recruitment of AP-2 to Barrestin, but instead induced the rapid dissociation of the 

complex, which was complete after 2 min of agonist treatment. The overexpression of 

c-Src also promoted a basal association of AP-2 with ATlR. Similar to the experiment 

with Barrestin, Ang II stimulation induced the rapid dissociation of AP-2 from the 

receptor (Fig SB). AP-2 interaction with ATlR was completely lost after S min of Ang 

II stimulation. Our data indicate that c-Src overexpression promotes the rapid 

dissociation of AP-2 from agonist-occupied AT1R and Barrestin complexes. 

To determine whether the kinase activity of c-Src is involved in regulating the 

dissociation of AP-2 from the agonist-stimulated receptor, we overexpressed the 

kinase inactive c-Src-K298R and assessed the recruitment of AP-2 to the agonist

occupied ATlR. HEK 293 cens were transfected with Flag-ATlR and c-Src-K298R, 

and the amount of endogenous AP-2 in the receptor immunoprecipitates was 

determined by Western blot analysis (Fig. SC). The overexpression of c-Src-K298R 
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induced a basal association of AP-2 with the receptor, similar to that observed with 

wild type c-Src (compare Fig. 5C and 5B). However, whereas c-Src induced the rapid 

dissociation of AP-2 from agonist-occupied receptor (Fig. 5B), the stimulation of 

ATIR in cells expressing c-Src-K298R promoted both an increased and sustained 

association of AP-2 with the receptor. Altogether, these results indicate that the kinase 

activity of c-Src promotes the dissociation of AP-2 from Barrestin and ATlR only 

when receptors are activated by the ligand. 

Depletion of c-Src affects the redistribution of agonist-bound AT1R inside the 

cell and the dissociation of AP-2 from the receptor and fiarrestin. We next examined 

the effect of depleting c-Src on the agonist-mediated endocytosis of ATlR using a 

small interfering RNA strategy (siRNA). HEK 293 cells were transfected with HA

ATlR and siRNA for human c-Src (siRNA-c-Src), and the ability ofsiRNAs to silence 

the expression of c-Src was compared to cells transfected with the receptor and either 

pcDNA3.l (Mock) or siRNA for GAPDH (siRNA-GAPDH) (Fig. 6A). siRNA-c-Src 

reduced the expression of endogenous c-Src by more than 65 % and 55%, respectively, 

compared to either mock or the nonsilencing control siRNA-GAPDH. The silencing 

of c-Src showed significant selectivity and did not affect the expression of B2-adaptin 

and ATlR (Fig. 6A, and results not shown, respectively). We next investigated using 

confocal microscopy, the effect of siRNA-c-Src on the early events of ATlR 

intemalization following agonist stimulation. HEK 293 cells were transfected with 

HA-ATlR and GFP-B2-adaptin as a marker of AP-2 complex (22,23) with or without 

siRNA-c-Src, and cells were labeled at 14°C for receptor detection. The redistribution 

of labeled-ATlR and GFP-B2-adaptin was visualized after a 5 min treatment of cells 

with Ang II at 37°C. In the absence of agonist, A Tl R was found at the plasma 

membrane in punctuate structures, and little colocalization of the receptor with GFP

B2-adaptin was observed (Fig. 6B, upper panel). Agonist treatment of cells for 5 min 

induced the rapid endocytosis of labeled-ATlR from the plasma membrane into 

intracellular vesicles with no noticeable redistribution of B2-adaptin fluorescence. In 

c-Src depleted cells and in the absence of Ang II stimulation, ATlR was found at the 

plasma membrane and did not colocalize with GFP-B2-adaptin even though 
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qualitatively more B2-adaptin fluorescence was detected at the plasma membrane. 

After agonist stimulation ofreceptors for 5 min, ATIR was found mainly at the plasma 

membrane and mostly colocalized with GFP-B2-adaptin (Fig. 6B, lower panel). The 

higher incidence of A TI R colocalization with B2-adaptin at the plasma membrane in c

Src-depleted cens is consistent with a role of c-Src in regulating the dissociation of 

AP-2 from the receptor. In order to verify that c-Src depletion affected the 

dissociation of AP-2 from ATIR, we performed co-immunoprecipitation experiments 

on cens that were transfected using the same conditions as for the confocal 

experiments (Fig. 6C). Results show that in cens with reduced c-Src expression, a 

robust increase in the agonist-mediated association of AP-2 with the immunopurified 

ATIR was observe d, as compared to non-depleted cens (mock) and GAPDH-depleted 

cens. We also assessed the effect of reducing c-Src expression on A TIR 

intemalization by radio-ligand binding assay using 125I_AngII. As shown in Fig. 6D, 

agonist stimulation of HEK 293 cens expressing the ATIR alone promoted the rapid 

intemalization of receptor-ligand complex inside the ceIl, which reached a maximum 

after only 5 to 10 min of agonist stimulation. The nonsilencing control siRNA

GAPDH did not affect the rate or the extent to which ATIR intemalizes. However, 

reducing the endogenous expression of c-Src delayed receptor endocytosis, and 

maximal intemalization was reached only after lOto 15 min of Ang II stimulation 

(Fig. 6D). Intemalization was significantly reduced in c-Src-depleted ceIls as 

compared to non-depleted cells (ATIR alone) at 2 and 5 min of receptor stimulation 

(34± 3% vs 52± 2%; and 41± 2% vs 63± 4%, respectively). The half-time of ATIR 

intemalization (the time to which 50% of receptors were intemalized) in c-Src

depleted ceIls increased 2-fold as compared to non-silenced cells (Fig. 6D). The delay 

in the initial rate of A TIR intemalization observed in c-Src-depleted ceIls suggests that 

c-Src is involved in the early events of receptor intemalization. 

To substantiate the role of c-Src in regulating the association of AP-2 with 

ATIRlf3arrestin complexes, we depleted c-Src expression in an endogenous system 

like the VSMCs. CeIls were first treated with control anti-sense DNA (CTL-l) or anti

sense DNA for c-Src (AS-l), and the amount of c-Src expression was assessed. As 

shown in figure 7A, AS-l selectively decreased by more than 60% the expression of c-
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Src, whereas the CTL-I had no effect on the expression of the protein. We next 

performed co-immunoprecipitation experiment to assess the effect of reducing c-Src 

expression on AP-2 association with endogenous j3arrestin folIowing A Tl R 

stimulation. VSMCs transfected with either AS-l or CTL-l were left unstimulated or 

stimulated with Ang II for 5 min, and the level of AP-2 (as assessed by the presence of 

the B2-adaptin) in the j3arrestin immunoprecipitates was evaluated by Western blot 

analysis (Fig. 7B). Ang II stimulation induced a rapid association of AP-2 with 

j3arrestin. However, the extent to which AP-2 associated with Barrestin was greater in 

c-Src depleted VSMCs than in control celIs. AlI together the results support the role of 

c-Src in regulating the dissociation of AP-2 from A TlR and Barrestin during the 

intemalization of receptors. 
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DISCUSSION 

Here we show that AP-2 is recruited to Barrestin and ATlR after receptor 

stimulation, extending previous studies that ATlR intemalizes through the c1athrin 

pathway (11-15). More importantly, we provide evidence that c-Src regulates the 

binding of AP-2 to Barrestin and agonist-occupied ATlR. Indeed, we demonstrate that 

c-Src can form a stable complex with AP-2 and Barrestin, and that its kinase activity is 

required to promote the agonist-mediated dissociation of AP-2 from both Barrestin and 

ATlR during receptor intemalization. In support of these results, is our finding that 

depleting c-Src expression in cells increases the binding of AP-2 with the agonist 

stimulated A Tl Rand Barrestin, and prevents the rapid redistribution of the agonist

bound receptor inside the cell. 

The recruitment of AP-2 to Barrestin is mediated by the agonist stimulation of 

GPCRs (9). Interestingly, c-Src overexpression was sufficient to promote the stable 

association between AP-2 and Barrestin, and ATlR without inducing receptor 

endocytosis (results not shown). This effect was independent of the kinase activity of 

c-Src, but required the presence of an intact B2-adaptin binding site on Barrestin. It 

was recently suggested, based on the crystal structure of Barrestin that the activation of 

receptors is necessary to induce favorable conformational changes in Barrestin required 

to unveil the B2-adaptin binding site in the C-terminal domain of Barrestin (24). Our 

results suggest that c-Src binding to Barrestin induces a conformational change in 

Barrestin allowing the agonist-independent binding of AP-2 to Barrestin and ATlR. 

Interestingly, a mutant that mimics the activated form of c-Src (c-Src-Y530F) was 

unable to promote the association of AP-2 to Barrestin. One explanation may be that c

Src-Y530F cannot induce the appropriate conformation in Barrestin to promote the 

binding of B2-adaptin to Barrestin, even though we found that c-Src-Y530F still 

associated with Barrestin. Another possibility is that this c-Src mutant, because of its 

potentially increased kinase activity, induces the phosphorylation of protein(s) 

involved in the dissociation of AP-2 from Barrestin, thus preventing the formation of a 

temary complex. This latter possibility raises the question of what proteins c-Src is 
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targeting? One potential candidate is the 6-subunit of the AP-2 complex itself. It was 

recently reported that EGFR activation cou Id induce the tyrosine phosphorylation of 

62-adaptin (25). Whether c-Src phosphorylates 62-adaptin or other endocytic proteins 

following ATIR stimulation, and to what extent this phosphorylation plays a role in 

regulating the dissociation of AP-2 from 6arrestin and the receptor remain to be 

determined. 

The recruitment of signaling effectors into CCPs has been shown to affect 

components of the clathrin coat and to regulate the efficient agonist-dependent 

endocytosis of receptors. The presence of c-Src into CCPs affects coat proteins such 

as dynamin and clathrin (17, 26). For instance, EGFR stimulation induces the c-Src

dependent phosphorylation of dynamin and clathrin, which plays a role in EGFR 

endocytosis (26, 27). For GPCRs such as the 62AR, the agonist-dependent binding of 

6arrestin to receptors induces the formation of a complex containing 6arrestin and c

Src (28). The 6arrestin-mediated recruitment of c-Src to 62AR brings the kinase in 

close proximity of dynamin, and regulates the function of dynamin through 

phosphorylation (17). Our results suggest another function for the 6arrestin-mediated 

recruitment of c-Src. In this paradigm, the agonist stimulation of A TI R promotes the 

translocation of6arrestin to the receptor, and the recruitment ofboth c-Src and AP-2 to 

the A TIR (Fig. 8). The binding of c-Src to 6arrestin and AP-2 would then stabilize the 

endocytic complex, and allow the receptor to be efficiently targeted to the CCP. The 

Ang II-mediated recruitment of c-Src into the CCP would serve to regulate the 

dissociation of AP-2 from 6arrestin, and may phosphorylate other proteins of the coat 

to ensure efficient endocytosis of ATIR. In this regard, it will be of interest to 

examine whether the stimulation of ATIR triggers the phosphorylation of dynamin 

and clathrin, and to which extent these c-Src-mediated events contribute in regulating 

the dissociation of AP-2 from the receptor/6arrestin complex, and affect the 

intemalization of A TIR and/or other GPCRs that intemalize in a 6arrestin- and a 

clathrin-dependent manner. 
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Several lines of evidence suggest that for efficient c1athrin-mediated 

intemalization, the endocytic proteins that are recruited into CCPs for initiating 

endocytosis must ultimately dissociate from the intemalizing vesic1e (29, 30). For 

instance, the dissociation of AP-2 from its intemalized CCV is believed to be 

necessary to allow the recycling of the c1athrin adaptor for further rounds of CCP 

formation and receptor intemalization. Thus, preventing the dissociation of AP-2 from 

Barrestin and/or ATIR would presumably affect the intemalization of receptors. In 

support of this is our finding that AP-2 association with A TIR and Barrestin increases 

when c-Src expression was reduced in cells, and that under such condition the 

intemalization of receptors was delayed. The accumulation of AP-2 to the receptor at 

the plasma membrane may ultimately impede the formation of subsequent CCPs, and 

slow down receptor intemalization. Further studies will be necessary to determine the 

extent to which c-Src participate in the assembly and disassembly of CCPs and the 

intemalization of other GPCRs. 

In summary, our results provide a novel function for c-Src in the formation of 

endocytic complexes during the intemalization of A TI R. They also provide another 

mechanism by which Barrestin, through the recruitment of signaling effectors like c

Src; can regulate the intemalization ofreceptors through the c1athrin pathway. 
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EXPE~NTALPROCEDURES 

Materials - Angiotensin II was purchased from Sigma Chemical Co. [1251]_ 

Angiotensin II (1000 Cilmmol) was obtained from Dr Gaétan Guillemette (Université 

de Sherbrooke, QC, Canada) and prepared as previously described (31). Antibodies 

against B-adaptin, a-adaptin, were from BD Transduction Laboratories, the c-Src 

SRC2 and HA rabbit antibodies were from Santa Cruz Biotechnology, the mou se anti

HA clone 12CA5 was from Roche, the FLAG antibody was from Sigma-Aldrich, and 

the c-Src antibody GDll and the anti-phosphotyrosine 4G 10 were from Upstate 

Biotechnology. The rabbit polyclonal Barrestin antibody (AICT) was kindly provided 

by Dr Marc G. Caron (Duke University, NC). 

Plasmids and eonstruets - The HA-tagged c-Src and the HA-tagged c-Src-Y530F 

mutant were a gift from Dr William E. Miller (University of Cincinnati, OH). HA

tagged c-Src-K298R mutant was generated by polymerase chain reaction (PCR) using 

the full-Iength HA-tagged c-Src in pcDNA3. A PCR fragment was amplified using a 

forward primer containing the mutation coding for the substitution K298R and a 

BamHI restriction site, and a reverse primer overlapping the Kpnl site in c-Src. The 

fragment was digested with BamHI and KpnI, and replaced into c-Sre eut with the 

same enzymes. Flag-tagged Barrestin R396A, and R396A1AAEA were generated by 

replacing an XhollXbaI fragment from the rat Barrestin2 wild type with a PCR product 

containing the mutations and the Flag sequence. The truncated Flag-tagged Barrestin2 

(Barr2-T372) was generated by PCR using a similar cassette replacement strategy to 

in sert the Flag sequence after K372 in Barrestin. The p426-ADH-c-Src was generated 

by excising the avian c-Src mutant (c-Src-G2A,-Y416F,-Y527F) from the p413-Gall 

vector (kindly provided by Dr Serge Lemay, McGill University, QC, Canada) with 

BamHI and SalI, and cloning the fragment into p426-ADH (kindly provided by Dr 

Bernard Turcotte, McGill University, QC, Canada) using the same restriction sites. 

Green-fluorescent-tagged B2-adaptin (GFP-B2-adaptin) construct was described 
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elsewhere (9). All constructs were analyzed by DNA sequencing (Service d'analyse et 

de synthèse d'acides nucléiques, Université Laval, QC, Canada). 

Cell Culture and Transfection - Human embryonic kidney cells (HEK 293) were 

grown in Eagle's minimal essential medium (MEM, Gibco) supplemented with 10% 

(v/v) heat-inactivated fetal bovine serum (FBS, Gibco) and gentamicin (100 flglml, 

Gibco). HEK 293 cells seeded in a 100 mm dish, at a density of 2.5x1 06 cells/dish, 

were transiently transfected using a conventional calcium phosphate co-precipitation 

method. One to five flg of DNA were mixed in a solution containing 125 mM CaCh 

in HEPES-Buffered Saline (25 mM HEPES pH 7.4, 140 mM NaCl, 0.75 mM 

Na2HP04) for 5 min, and the mixed solution was then added to cells. Green monkey 

kidney cells (COS-7) were grown in Dulbecco's modified Eagle's medium (DMEM, 

Gibco) supplemented with 10% (v/v) heat-inactivated FBS and gentamicin (100 

flglml). Transient transfections of COS-7 cells seeded in 60 mm dishes (at a density of 

1x106 cells/dish) were performed using Lipofectamine 2000 (lnvitrogen) according to 

the manufacturer's recommendations using a 1:3 ratio ofDNAILipofectamine in Opti

MEM (Gibco). Twenty-four hours post-transfection, HEK 293 and COS-7 cells were 

serum-starved for 12h in DMEM before performing the experiments. For vascular 

smooth muscle ce Ils (VSMCs; kindly provided by Dr Sylvain Meloche at the IRCM, 

QC, Canada), cells were grown in DMEM low glucose with 10% (v/v) heat-inactivated 

calf serum (Gibco) and gentamicin (100 flglml), and they were serum-starved in 

DMEM low glucose for 12h before performing the experiments. 

Immunoprecipitation and Western blot experiments - HEK 293 or COS-7 cells were 

left untreated or treated with Ang II (100 nM) at 37°C for the indicated period oftime. 

Following agonist stimulation, the reaction was stopped on ice by washing cells with 

Ïce-cold Phosphate-buffered saline (PBS). Cells were then solubilized in P-RlPA 

buffer (1 mV100 mm dish) (20 mM TrisHCl pH 7.4, 150 mM NaCl, 1% Nonidet-P40 

(v/v), 0.1 % deoxycholate (w/v), 1 mM CaCh) containing 0.1 mM sodium 
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orthovanadate, 1 mM phenylmethylsulfonyl fluoride, 25 Jlg/ml leupeptin, 25 Jlg/ml 

aprotinin, and 1 mM pepstatin A for 30 min at 4°C. Celllysates were centrifuged for 

30 min at 21,000 x g and the supematants were incubated with anti-Flag (30 Jlg/ml, 

Sigma) or c-Src antibody (3 Jlg/ml, clone GD11, Upstate) with 20 Jll of a 50% slurry 

mixture of prote in NG Sepharose beads for 2 h at 4°C. Beads were washed three 

times with P-RIPA, and denatured in Laemmli buffer (2X) (250 mM TrisHCl pH 6.8, 

2% SDS (w/v), 10% Glycerol (v/v), 0.01% Bromophenol Blue (w/v), 5% B

mercaptoethanol (v/v». Proteins were separated on a 10% SDS-polyacrylamide gel 

(PAGE) before being transferred onto nitrocellulose membranes (Amersham 

Biosciences). Membranes were then blocked with a solution ofPBS pH 7.4 containing 

0.05% Tween20 (v/v) (PBS-T) supplemented with 10% skimned milk (w/v). Prote in 

detection on membranes was assessed using either anti-c-Src antibody (1 Jlg/ml, clone 

GDll; or 0.2 Jlg/ml, SRC2), Flag antibody (2.5 Jlg/ml), HA antibody (0.2 Jlg/ml), 

phosphotyrosine antibody (0.2 Jlg/ml, clone 4G 1 0), B2-adaptin antibody (0.2 Jlg/ml, B

adaptin), B-adaptin antibody (0.25 Jlg/ml), Barrestin antibody (diluted 1/5,000; A1CT) 

in PBS-T containing 1% bovine serum albumin (BSA, fraction V; Sigma) (w/v) and 

1 % skimned milk (w/v). After 1 h incubation with the different primary antibodies, 

membranes were washed three times in PBS-T before being incubated at room 

temperature with horseradish peroxidase (HRP) conjugated goat anti-mouse antibody 

(diluted 1/10,000; Sigma), or HRP-goat anti-rabbit antibody (diluted 1/10,000; Sigma) 

for 30 min. Immunoreactivity was visualized by enhanced chemiluminescence 

according to the manufacter's instructions (SuperSignal, Pierce). 

Immunofluorescence Experiments - HEK 293 cells were grown on 22 mm2 cover slips 

in 6-well plates (250,000 ce ils/weil), and transfected with GFP-B2-adaptin (O.5Jlg) and 

HA-AT1R (1.5 Jlg). For AT1R immuno-detection, cells were pre-incubated for 1 h at 

14°C with a mouse anti-HA antibody (20 Jlg/ml, 12CA5), followed by incubation at 

14°C for 1 h with a secondary goat anti-mouse antibody conjugated to AlexaFluor 568 

(8 Jlg/ml, Molecular Probes). Labeled cells were stimulated at 37°C with 100 nM Ang 

II for 5 min, and fixed for 15 min at room temperature with a solution of 4% 

paraformaldehyde (w/v) in PBS. Cover slips were mounted with GelTol Aqueous 
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Mounting Medium (IMMUN ON). Confocal images of labeled cells were acquired 

with a Zeiss LSM-510 META laser-scanning microscope using a 60x oil immersion 

lens. GFP-B2-adaptin and AlexaFluor 568-labeled receptor fluorescence was 

visualized using the multi-track mode with dual laser excitation (488 and 543 nm), and 

emission (BP 505-520 for GFP, and LP 560 for AlexaFluor 568) filter sets. Final 

figures were collated using Adobe Photoshop 7.0 and Illustrator 10.0 (Adobe, San 

Jose, CA). 

Three-hybrid assay - Yeast two-hybrid MatchMaker System 2 (Clontech) was used 

with minor modifications to create a three-hybrid assay that allowed the detection of a 

temary complex between Barrestin2, B2-adaptin and c-Src. Constructs for GAL4-DBD 

Barrestin2 in pAS2-l and GAL4-AD B2-adaptin in pACT-2 were described elsewhere 

(9). PAS2-1-Barrestin2 and pACT-2-B2-adaptin vectors were cotransformed with the 

empty vector p426-ADH or the p426-ADH-c-Src into the yeast strain PJ69-4a using 

the PEG/lithium acetate method (Clontech). Yeast colonies were grown on medium 

lacking tryptophan, leucine and uracil for the selection of transformants expressing the 

bait vector (pAS2-1-Barrestin2), the prey vectors (pACT-2 or pACT-2-B2-adaptin), 

and the bridge vector with or without c-Src (p426-ADH-c-Src or p426-ADH). Protein

prote in interaction was assessed using the HIS3 auxotrophic complementation, and a 

lacZ reporter assay. For the B-galactosidase assay, three colonies of each 

transformation were selected and grown on YPD medium at 30°C ovemight. The next 

day, the yeast cultures were diluted to an Atioo of 0.2 in synthetic dropout medium (SD) 

lacking tryptophan, leucine and uracil, and grown for another 7 h at 30°C. Cultures 

were serially diluted at an A600 of 0.1, 0.002 and 0.004, and 10 III of cell suspension 

were spotted onto medium lacking leucine, tryptophan and uracil (-Leu/-Trp/-Ura) for 

selection ofyeasts expressing the bait, the prey and the bridge vector, respectively, and 

selected onto medium lacking leucine, tryptophan, uracil and histidine (-Leu/-Trp/

Ura/-His) for the detection of interactions between Barrestin2 and B2-adaptin. 

Histidine complementation was assessed in presence of2.5 mM 3-amino-l,2,4-triazole 

(3-AT, Sigma). Beta-galactosidase activity was measured using the ONPG assay (0-
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nitrophenyl B-D-galactopyranoside, Clontech). Brietly, yeasts were grown on a 

selective medium to an A600 of 0.8-1.2, and cells from a 2 ml culture were collected by 

centrifugation. Pelleted cells were washed with co Id Z-buffer (60 mM Na2HP04, 40 

mM NaH2P04, 100 mM KCI, 1 mM MgS04, and 30 mM B-mercaptoethanol, at pH 

7.0), and vigorously resuspended in 800 ~l of Z-buffer containing 0.1 % SDS (w/v) and 

0.5% CHCh (v/v). Colorimetric reaction was started at 30°C by adding 160 ~l of 

ONPG (4 mg/ml) to permeabilized cells. The reaction was stopped with 400 ~l of 

Na2C03 (1 M) when yellow coloration started to appear. The activity was measured at 

~20 and Miller units were calculated from the equation (Units=1000x (A4201 volume 

of cells assayed x time ofrun x ~oo)). 

SiRNA and antisense experiments - All double-stranded siRNAs were synthesized 

using the Silencer™ siRNA kit (Ambion®) according to the manufacturer's 

instructions. Twenty-one-mer oligonucleotides corresponding to the sense and anti

sense sequences of the human c-Src mRNA were screened for unique sequence in the 

National Center for Biotechnology Information database by using the BLAST search 

algorithm (accession number BC011566). The target mRNA identified for c-Src is 5'

AAG CAC UAC AAG AUC CGC AAG -3', and corresponded to the position 607-628 

(relative to the start codon) of c-Src. An extension that corresponded to the T7 

promoter primer sequence (5'-CCT GTC TCT-3') was added at the 3' end of the sense 

and anti-sense sequence. Control siRNA sense and anti-sense oligonucleotides for 

GAPDH were provided in the kit. 

For AT1R immunoprecipitation experiments, HEK 293 cells were seeded at a 

density of 400,000 cells/well in 24-well plates, and transfected with Lipofectamine 

2000. Brietly, pcDNA3.l encoding the HA-AT1R (0.375 ~g/well) was added with 

pcDNA3.1 (0.375 ~g/well), siRNA-GAPDH (0.375 ~g/well) or siRNA-c-Src (0.375 

~g/well) and mixed with Lipofectamine 2000 (using a ratio ofDNAILipofectamine of 

1 :2) in Opti-MEM. Complexes of DNAILipofectamine were added to cells in MEM 

without serum, and transfection was carried out for 12 h. The next day, media was 

replaced with complete MEM medium supplemented with 10% FBS (v/v) and 

gentamicin (1 00 ~g/ml). 

- 79-



Section III : Manuscript 1 

For immunofluorescence experiments, cells were seeded in 6-well plates, at a 

density of 300,000 cells/well, and transfected with HA-AT1R (0.25 Ilg/well) and GFP

B2-adaptin (0.125 Ilg/well) with or without siRNA-c-Src (0.375 Ilg/well) using the 

same DNAlLipofectamine ratio as described above. 

For AT1R internalization experiments, HEK 293 cells were seeded at a density of 

70,000 cells/well in 24-well plates, and transfected with Lipofectamine 2000 as 

described above using the same DNAlLipofectamine ratio. Briefly, pcDNA3.1 

encoding the HA-AT1R (0.125 Ilg/well) was added with pcDNA3.1 (0.5 Ilg/well), 

siRNA-GAPDH (0.5 Ilg/well) or siRNA-c-Src (0.5 Ilg/well) and mixed with 

Lipofectamine 2000 in Opti-MEM. Transfection was carried out for 12h before 

replacing the medium with complete MEM supplemented with 10% FBS (v/v) and 

gentamicin (100 Ilg/ml) and performing the experiment 72 h post-transfection. 

For experiments depleting c-Src in VSMCs, an anti-sense oligonucleotide strategy 

was used. Control scramble phosphorothioate (CTL-1, 5'-GTC TTA GCC GGG ATC 

CGC TA-3') and anti-sense oligonucleotides complementary to the sequence of the rat 

c-Src mRNA (AS-l, S'-TT GCT CTT GTT GCT GCC CAT-3', accession number 

NM_031977) were designed and synthesized by Alpha DNA (Montreal, QC, Canada). 

VSMCs were seeded at a density of 2x106 cells in 10 cm dishes and transfected with 

anti-sense DNAs using Lipofectamine 2000 as described previously. Briefly, c-Src 

AS-1 (1.2-6.0flg, representing a final concentration of 50-250 nM in 4 ml) or CTL-l 

(1.2 -2.4flg; 50-100 nM in 4 ml) were mixed using a ratio of 

oligonucleotidelLipofectamine of 1:2 in Opti-MEM. Complexes were added to ce Ils in 

DMEM (Gibco) without serum and transfection was carried out for 36 h before 

performing the experiments. 

Internalization assay - Receptor internalization was performed as described previously 

with minor modifications (31). Briefly, HEK 293 cells seeded in 24-well plates were 

transfected with HA-AT1R with or without siRNAs. Thirty-six hours post

transfection ce Ils were incubated at 37°C in DMEM containing 20 mM HEPES pH 

7.4, 0.1 mg/ml Bacitracin (Sigma) and 0.2% BSA (w/v), in presence of 0.11 nM of 

e25I]-Angiotensin II for the indicated period of time. Incubation was stopped on ice 
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by rapidly washing the cells three times with either ice-cold PBS to remove the 

unbound Ang II or ice-cold acid buffer (0.2 N acetic acid pH 3.5, 150 mM NaCl) to 

remove both the unbound and the cell surface receptor-bound agonist. Cells were then 

solubilized in 0.5 N NaOH, 0.05% SDS (w/v), and the radioligand content was 

evaluated by gamma-counting. Percent of receptor internalization was calculated from 

the ratio of acid-resistant binding over total binding (PBS wash). Data were analyzed 

by non-linear regression using Prism4 (GraphPad Software). 

Data Analysis- Intensity of the signais from Western Blots was determined by 

densitometric analysis using Alpha Innotech Fluorochem imaging system (Packard 

Canberra), and was represented as the mean ± S.E.M of at least three independent 

experiments. For densitometry analysis of Western blot and B-galactosidase assay, 

data were analyzed statistically by one-way ANOVA followed by a Bonferroni post

test for multiple comparisons, or by one-tail t test for single comparison. Means were 

considered significantly different when p values were at least below 0.05. 
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Fig. 1. Ang fi promotes the formation of an endogenous eomplex eontaining e

Sre, Barrestin, and AP-2. Vascular smooth muscle cells (VSMCs) were left 

untreated (-) or treated (+) with Ang Il (100 nM) for 5 min at 37°C after serum 

starvation overnight. Endogenous c-Src was immunoprecipitated (IP) with the GD Il 

antibody, and proteins in the complex were detected by Western blot using c-Src 

(SRC2, Santa Cruz Biotechnology), Barrestins (Al CT), and the a-subunit of AP-2 (BD 

Transduction Laboratories) antibodies as described in Experimental Procedures. Also 

presented are blots from whole cell extracts (Total, right panel) probed with the same 

antibodies. Blots are representative of three independent experiments. 
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Fig. 2. c-Src overexpression increases the association between 8arrestin and AP-2 

independently of the c-Src kinase activity. A, COS-7 cells were transiently 

transfected with Flag-Barrestin2 and increasing amounts of HA-c-Src. Beta-arrestin 

was immunoprecipitated (IP) with Flag antibody (Sigma) and the amount of 

endogenous AP-2, as assessed by the presence of B2-adaptin in the Barrestin 

immunoprecipitates was analyzed by Western blot using a B2-adaptin (BD 

Transduction Laboratories) antibody. Whole cell extracts (Total) were also blotted for 

detecting the level of c-Src expression using the HA (Santa Cruz Biotechnology) and 

B2-adaptin (BD Transduction Laboratories) antibodies. B, COS-7 cells were 

transfected with Flag-Barrestin2, B2-adaptin and pcDNA3.1 (Mock) and either HA-c

Src, HA-c-Src-Y530F or HA-c-Src-K298R. Whole cell extracts (Total) were analyzed 

by Western blot (WB) with the anti-phosphotyrosine (P-Tyr) antibody 4G 1 0 (Upstate 

Biotechnology). C, Cells were transfected as in (B), and Flag-Barrestin was 

immunoprecipitated (IP) with the Flag antibody (Sigma), and complexes were 

analyzed by Western blot for the detection of Barrestin, B2-adaptin and c-Src 

expression using the antibodies against Flag (Sigma), B2-adaptin (BD Transduction 

Laboratories), and HA (Santa Cruz Biotechnology), respectively. Whole cell extracts 

(Total) were also blotted with anti-HA (Santa Cruz Biotechnology) and anti-B2-adaptin 

(BD Transduction Laboratories) antibodies, for detection of the different c-Src 

constructs and the B2-adaptin, respectively. Data are representative of at least three 

independent experiments. 
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Fig. 3. c-Src increases the interaction between 8arrestin and 82-adaptin in yeast. 

A, DNA encoding the hybrid prote in Barrestin2 (GAL4 DBD-Barr2) was transformed in 

the yeast straÏn PJ69-4a alone (lane A), or with the hybrid prote in B2-adaptin (GAL4 

AD B2-Ad) (lane B), c-Src (lane C), or B2-adaptin and c-Src together (lane D) as 

described in Experimental Procedures. Transformants were serially diluted (at an A600 

of 0.1, 0.002, 0.004, respectively) and 10 /lI of cell suspension were spotted onto 

selective medium lacking leucine, tryptophan and uracil (-Leu/-Trp/-Ura), or lacking 

leucine, tryptophan, uracil and histidine (-Leu/-Trp/-Ura/-His). Protein-protein 

interaction was assessed for histidine complementation in presence of 2.5 mM 3-AT 

(A) and for B-galactosidase activity (B). Beta-galactosidase activity is expressed as 

Miller units as described in Experimental Procedures, and represents the mean ± 

S.E.M ofthree independent transformations in triplicates. C, Schematic representation 

of temary complex formation between the two hybrid proteins, Barrestin2 and B2-

adaptin, and the bridge prote in c-Src. Results show that the expression of c-Src with 

the two hybrid proteins (column D) increases the B-galactosidase activity by 4-fold and 

2-fold as compared to conditions when Barrestin2 and c-Src (column C), or Barrestin2 

and B2-adaptin (column B) were expressed together. B2-adaptin expression al one or 

with c-Src did not increase significantly the B-galactosidase activity as compared to 

condition expressing Barrestin2 and c-Src (data not shown). ** p<O.OI and *** 
p<O.OOI determined by one-way ANOVA, and was considered highly significant. 
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Fig. 4. Effeet of e-Sre expression on A P-2 association with 8 arrestin mutants 

laeking 82-adaptin and/or clathrin binding sites. A-B, COS-7 cells were transiently 

transfected with either FIag-Barrestin2 or FIag-Barrestin2-R396A, Flag-Barrestin2-

R396A1AAEA, FIag-Barrestin2-T372, with or without HA-c-Src. Barrestin2 wild type 

or mutants were immunoprecipitated with an anti-Flag antibody (Sigma), and the 

endogenous AP-2 in the immunoprecipitates was detected by Western Blot using B2-

adaptin (BD Transduction Laboratories) antibody. Whole cell extracts (Total) were 

blotted with anti-HA (Santa Cruz Biotechnology) antibody for c-Src detection, and 

with the same anti-B2-adaptin antibody as described above. B, Results are expressed 

as the foid increase association of AP-2 with Barrestin2 in presence of c-Src (+) as 

compared to conditions where c-Src was not overexpressed (-), and represent the mean 

± S.E.M of at least three independent experiments. * indicates p<O.05 and ** p<O.Ol 

as compared with wild type Barrestin determined by one-way ANOV A test. 
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Fig. 5. c-Src promotes the dissociation of AP-2 from the agonist-occupied ATIR 

and 8arrestin. COS-7 cells were transfected with A TI Rand Flag-6arrestin2 with or 

without c-Src (A), or HEK 293 cells were transfected with Flag-ATIR with or without 

c-Src and c-Src-K298R (B-C). Cells were serum-starved 12 h before being stimulated 

with Ang II (1 IlM) for the indicated time, and 6arrestin2 (A) or A TIR (B-C) were 

immunoprecipitated (lP) using an anti-Flag antibody (Sigma). Immunoprecipitates 

were analyzed by Western blot for the detection of associated endogenous AP-2 using 

an antibody against 62-adaptin (BD Transduction Laboratories). Whole cell extracts 

(Total) were also probed for the detection of c-Src using the GDII antibody (Upstate) 

and 6arrestin using the anti-Flag antibody (Sigma), and endogenous AP-2 using the 

BD Transduction Laboratories antibody. Data represent the relative amount of 62-

adaptin found in ATIR and 6arrestin2 immunoprecipitates following agonist

stimulation of receptors after normalizing for equal amounts of 62-adaptin present in 

total proteins, and are the mean ± S.E.M ofthree independent experiments. 
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Fig. 6. Depleting c-Src in ceUs affects the agonist-mediated internalization of 

ATIR and its association with AP-2. A, HEK 293 cells were transiently transfected 

with HA-A TIR with pcDNA3.1 (Mock), siRNA-GAPDH, or siRNA-c-Src. A, 

Seventy-two hours after transfection, total celllysates were analyzed by Western blot 

for the expression of endogenous c-Src using the GDII (Upstate) and the B2-adaptin 

(BD Transduction Laboratories) antibodies. B, HEK 293 ce Ils were transfected with 

HA-ATIR and GFP-B2-adaptin, and either pcDNA3.1 (upper panels) or siRNA-c-Src 

(iower panels). Cells were serum-starved for 12 h before being incubated with anti

HA antibody (l2CA5, Roche) and with a secondary goat anti-mouse antibody 

conjugated to AlexaFluor 568 (Molecular Probes) as described in the Experimental 

Procedures. Cells were then washed, and were either left untreated or treated with 

Ang II (l/lM) for 5 min at 37°C. The distribution ofHA-ATIR and GFP-B2-adaptin 

was visualized by confocal microscopy. For each experiment, 25 different fields 

containing 1 to 2 cells were analyzed. Shown are representative images of receptor 

immuno-fluorescence (red) and GFP-B2-adaptin fluorescence (green) of three 

independent experiments. Colocalization (yellow) ofGFP-B2-adaptin with the receptor 

is indicated by arrows. C, HEK 293 cells were transiently transfected with HA-ATIR 

with either pcDNA3.1 (Mock), siRNA-c-Src, or siRNA-GAPDH. Cells were serum

starved as previously described before being stimulated with Ang II (l /lM) for 5 min. 

ATIR was immunoprecipitated (lP) using an anti-HA antibody (Roche), and the 

immunoprecipitates were analyzed by Western blot for the detection of associated AP-

2 using the B2-adaptin antibody (BD Transduction Laboratories). Whole cell extracts 

(Total) were also probed for the expression of endogenous c-Src using the GDll 

(Upstate) and the B2-adaptin (BD Transduction Laboratories) antibodies. Blots are 

representative of two independent experiments. D, For receptor internalization, cells 

were transfected with ATIR alone (.) and with either siRNA-c-Src (~) or siRNA

GAPDH (0). Cells were incubated with [125I]_Ang II (0.11 nM) at 37°C for the 

different period of time, and the percent of receptor internalization was calculated as 

described in Experimental Procedures. Data are the mean ± S.E.M of three to five 

independent experiments, and were analyzed using Prism4 (GraphPad 4 Software). * 
indicates p<0.05 siRNA-c-Src vs ATIR alone determined by an unpaired t test. 
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Fig. 7. Depleting c-Src in VSMCs increases the AngII-mediated AP-2 association 

with 8arrestin A, VSMCs cells were transfected or left untransfected (Mock) with 

either anti-sense oligonucleotides for the rat c-Src (AS-I) or control oligonucleotides 

(CTL-I). Thirty-six hours after transfection, total cell lysates from VSMCs were 

analyzed by Western blot for the expression of endogenous c-Src using the GDII 

(Upstate) and B2-adaptin (BD Transduction Laboratories) antibodies. B, VSMCs were 

transfected with oligonucleotides for 36 h in serum-free medium as described in the 

Experimental Procedures. Cells were then stimulated with Ang II (l IlM) for 5 min, 

and Barrestin was immunoprecipitated (IP) using the A 1 CT antibody. Proteins in the 

immunoprecipitated complexes were analyzed by Western blot for the detection of 

associated AP-2 using the B2-adaptin antibody. Whole cell extracts (Total) were also 

probed for the detection of endogenous c-Src using the GDll (Upstate), Barrestin 

(AICT) and B2-adaptin antibodies. Shown in A and B are representative blots of 4 

independent experiments. DATA were quantified, and presented as the relative 

amount of c-Src found in cells, after normalizing to the total amount of B2-adaptin (A), 

and the fold increase over basal of the associated B2-adaptin with Barrestin (B). * 
indicates p<O.05 AS-I vs CTL-I determined by one-tail paired t test. 
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Fig. 8. Proposed model for the role of c-Src in the regulation of the interaction 

between AP-2, ATIR and 6arrestin du ring receptor internalization. Agonist 

stimulation of A TIR promotes the recruitment of a temary complex containing c-Src, 

AP-2 and Barrestin. The complex would then be targeted to CCPs, and the presence of 

multiple receptor complexes in addition to the recruitment of other endocytic proteins 

into the CCP would trigger the intemalization of the coated vesicle. During A TI R 

intemalization, c-Src could promote the dissociation of AP-2 from the 

receptor/Barrestin complex to allow the recycling of AP-2 for further rounds of coat 

formation and ATIR targeting to CCPs. ATIR, Angiotensin II type 1 receptor; A, 

agonist. 
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CONNECTING TEXT 

The following section entitled, ~-S rc-mediated phosphorylation of AP-2 regulates its 

dissociation from Barrestin During Angiotensin Type 1 Receptor Internalization", 

characterizes one mechanism regulating the formation of the endocytic complexes 

during internalization. In section III, our findings demonstrate that following Ang II 

stimulation of the A TIR, j3arrestin forms a complex with the non-receptor tyrosine 

kinase c-Src and AP-2. The kinase activity of c-Src seems to regulate this endocytic 

complex (association versus dissociation). This is consistent with the observation 

reported in the literature showing that ~2-adaptin is tyrosine phosphorylated upon 

EGFR stimulation (297). Taken together, these data suggested that c-Src may 

phosphorylate AP-2 and thus, might be involved in the formation of endocytic 

complexes. Therefore, our aims were to determine: 

1) whether Angiotensin II mediates c-Src-dependent phosphorylation of AP-2, 

and if so, where the phosphorylation occurs, and 

2) whether phosphorylation may regulate the formation of the ~arrestin-scaffold 

complex. 
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SECTION IV 

C-SRC-MEDIATED PHOSPHORYLATION OF AP-2 
REGULATES ITS DISSOCIATION FROM 8ARRESTIN 
DURING ANGIOTENSIN TYPE 1 RECEPTOR 
INTERNALIZATION. 

Reproduced with pennission from Delphine Fessart, Fadi Hamdan, Michel Bouvier 

and Stéphane A. Laporte. 2006; c-Src-mediated phosphory/ation of f32-adaptin revea/s 

a rote in the formation of the fJarrestin/AP-2 comp/ex During ATIR Internalization. To 

he suhmitted to the Journal of Biological Chemistry. 
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ABSTRACT 

Apart from their role in G protein-coupled receptor (GPCR) intemalization, 

Barrestins serve as scaffold proteins for receptor signaling and intracellular trafficking. 

Recently, we have shown that the stimulation of Angiotensin II type 1 receptor 

(ATIR), in vascular smooth muscle cells (VSMCs), promoted the formation of a 

multimeric complex containing endogenous c-Src, Barrestin and AP-2. Here, we show 

that stimulation of A TI R in either VSMC or COS-? cells promotes the tyrosine 

phosphorylation of B2-adaptin, a subunit of AP-2 complex. Phosphorylation can be 

selectively inhibited by a Src family kinase inhibitor PP2 and by the overexpression of 

a defective c-Src kinase mutant (c-Src-K298R). Moreover, using GST fusion proteins 

and pull-down assays, we identify a critical tyrosine residue in the ear domain of B2-

adaptin (Y?3?) as a target for c-Src-mediated phosphorylation, and show that this 

single phosphotyrosine residue regulates the binding of Barrestin to B2-adaptin. 

Finally, we used a Bioluminescence Resonance Energy Transfer (BRET) assay to 

investigate, in real time and in living cells, the regulatory role of c-Src toward the 

interaction between Barrestin and AP-2. Results show that c-Src dramatically reduced 

the AngII-promoted interaction between Barrestin2 and wild-type B2-adaptin. 

However, c-Src had only a marginal effect on reducing the interaction between the two 

proteins when the Y737 in B2-adaptin was mutated. Taken together, our results 

support a role for tyrosine phosphorylation of the B2-adaptin ear domain in the 

regulation ofendocytic complex formation during ATIR intemalization. 
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INTRODUCTION 

The G protein-coupled receptor (GPCR) family is intrinsically involved in 

many physiological functions including autocrine, paracrine and endocrine processes. 

Following agonist stimulation, the receptor conformation changes, which allow 

activation of G proteins and second-messenger production. Receptors are then 

phosphorylated by G protein-coupled receptor kinases (GRKs) , which lead to the 

recruitment of the non-visual arrestin proteins (Barrestinl and Barrestin2) (1), and 

uncoupling of receptors from their cognate G protein. Consequently Barrestins, target 

GPCRs to clathrin-coated vesicles (CCVs) for receptor intemalization (2, 3). Clathrin

coated vesicles (CCV) mediate the endocytosis of plasma membrane proteins to the 

endosomaVlysosomal system (4) and thus, involve cycles of assembly and disassembly 

of clathrin coat components and their accessory proteins. 

Phosphorylation of proteins is usually described as a process to create high

affinity binding sites for recruiting proteins. However, phosphorylation events have 

been proposed to affect the interactions between proteins involved in endocytosis (5, 

6). For example, in vitro dephosphorylation ofrat brain extracts promotes the assembly 

of dynamin l, synaptojanin, amphiphysin, clathrin and AP-2 into complexes (5). 

Another example was showed with the c-Src-mediated phosphorylation of Caveolin-l 

(7), suggesting a relationship between tyrosine kinase activity and release of caveolae 

from the membrane (8). Indeed, expression of either Y14F caveolin-l or Y597F 

dynamin-2 abolished album in endocytosis, indicating c-Src phosphorylation of these 

residues is required for signaling through caveolae-mediated endocytosis (8). Src 

family tyrosine kinases, which are activated by stimulation of G protein-coupled 

receptors (9-11) or tyrosine kinase receptors (12), also phosphorylate tyrosine residues 

on dynamin (13) important for the intemalization of B2AR and the Ml muscarinic 

receptor (13, 14). Other studies have showed that both epsin and Epsl5 are 

phosphorylated during mitosis and their phosphorylation inhibits binding to the 

clathrin adaptor AP-2 (6). Thus, overall these studies suggest that phosphorylation 

regulates the association and dissociation cycle of the clathrin-based endocytic 

machinery. 
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Phosphorylation and dephosphorylation reactions play an important role in 

regulation of the endocytic machinery but the signaling pathways mediating release of 

AP-2 from the CCV during GPCR endocytosis are poorly understood. No functional 

role for AP-2 tyrosine phosphorylation in GPCR endocytosis has been demonstrated 

yet, therefore our aim was to determine the role of phosphorylation of AP-2 during 

endocytosis of AT1R. We recently showed that c-Src was also involved in regulating 

the stability of endocytic complex during receptor intemalization. Therefore, we 

investigated whether c-Src-dependent phosphorylation of AP-2 represents a potential 

mechanism for controlling the formation of endocytic complexes during the 

intemalization of AT1R. To test our hypothesis, we tirst determined the extent to 

which AP-2 is phosphorylated by c-Src following AT1R activation. We further 

identitied the putative tyrosine-phosphorylated residues within B2-adaptin, one of the 

major binding partners of Barrestin. Finally, we investigated the role of the Src

mediated B2-adaptin phosphorylation in regulating the interaction between AP-2 and 

Barrestin. This study illustrates that a general property of proteins involved in 

endocytosis is to undergo agonist-mediated phosphorylation for disassembly and to 

assemble in a dephosphorylated state. 
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the j3arrestin- and Src-dependent tyrosine 

We first assessed whether the agonist-mediated 

formation of a complex containing Barrestin, AP-2 and c-Src (15) could lead to the 

tyrosine phosphorylation of AP-2. We focused on the phosphorylation of the B

subunit of AP-2, which was shown previously to bind directly to Barrestin (16). 

VSMC cells were stimulated for different periods of time with Ang II, and the 

endogenous B-subunits of the AP proteins were immunoprecipitated using an antibody 

recognizing both the B l-adaptin from AP-l and the B2-adaptin from AP-2. The level 

of tyrosine phosphorylation in the immunopurified B-adaptin complexes was then 

analyzed by Western blot using an anti-phosphotyrosine antibody (Fig. lA, upper 

panel). In conditions where dephosphorylation was prevented (using tyrosine 

phosphatase inhibitors), Ang II induced the phosphorylation of a 105 kDa protein in a 

time-dependent manner. Densitometric analysis (Fig. lA, Graph) revealed that the 

phosphorylation of the 105 kDa prote in increased after 5 min of Ang II stimulation, 

and reached a maximum after 15 minutes of agonist treatment. To confirm that the B2-

adaptin was a target for tyrosine phosphorylation, COS-7 cells were transfected with 

ATlR and Flag-tagged B2-adaptin. The phosphorylation status of the immunopurified 

B2-subunit was assessed using the same conditions as for VSMCs. Results show an 

increase in tyrosine phosphorylation of the B2-subunit that was perceivable after 5 min 

of Ang II treatment (Fig. lB, top panel), and reached a 4-fold increase after 15 min of 

agonist stimulation (Fig. lB, Graph). 

To demonstrate using a different approach that c-Src participates in the tyrosine 

phosphorylation of B2-adaptin we first employed pharmacological inhibitors of 

tyrosine kinase activity. Phosphorylation was assessed following Ang II treatment in 

COS-7 cells transfected with A TlR and Flag-tagged B2-adaptin; either treated with 

DMSO (vehic1e), the c-Src kinase inhibitor (PP2), its inactive analogue (PP3), or the 

epidermal growth factor receptor (EGFR) inhibitor PDl58780 (Fig. lC). Results show 

that PP2 robustly inhibited, by more than 90%, the tyrosine phosphorylation of B2-

adaptin as compared to cells treated with DMSO. PDl58780 and PP3 had no 
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significant inhibitory effects on the Ang II-mediated B2-adaptin phosphorylation, 

suggesting that phosphorylation is not dependent on the transactivation of the EGFR. 

We next used a dominant negative approach to assess the participation of c-Src in B2-

adaptin phosphorylation. COS-7 cells were transfected with A Tl R, Flag-B2-adaptin, 

and either fulliength wild type c-Src or its kinase inactive form, (c-Src-K298R). Cells 

were then left untreated (-) or treated (+) with Ang II for 5 min, and the level of B2-

adaptin phosphorylation in the immunoprecipitates was evaluated by Western blot 

(Fig. ID). Results show that upon agonist addition, B2-adaptin was robustly 

phosphorylated in ce Ils overexpressing c-Src, whereas overexpressing the inactive 

kinase prevented the Ang II-mediated-phosphorylation of B2-adaptin. Taken together, 

these results provide clear evidence for a role of c-Src in the phosphorylation of B2-

adaptin. 

The tyrosine residues 737, 874 and 926 in the C-terminal domain offt2-adaptin 

are putative c-Src phosphorylation sites. The Ang II-mediated phosphorylation of B2-

adaptin observed in VSMCs and COS-7 cells, and the recent demonstration that c-Src 

regulates the dissociation of B2-adaptin from the ATlRlBarrestin complex (15) 

prompted us to investigate whether this phosphorylation process regulates the 

formation of a complex between Barrestin and AP-2. To address this possibility, we 

first sought to identify the putative phosphotyrosine residues within B2-adaptin. We 

focussed on the C-terminal region of B2-adaptin where Barrestin has been shown to 

bind (17). The C-terminus of B2-adaptin is constituted of two distinct interaction 

domains: the hinge and the ear (Fig. 2A). Therefore, we used the B2-adaptin Hinge 

+Ear domain (592-937; B2-ad (H+E)) and B2-adaptin Ear domain (664-937; B2-ad 

(E)), and assessed their ability to be phosphorylated by c-Src in vitro. To this end, 

HEK 293 cells were either transfected with HA-tagged B2-ad (E) or HA-tagged B2-ad 

(H+E), with or without c-Src overexpression. The B2-adaptin constructs were then 

immunoprecipitated, and their tyrosine phosphorylation status was analyzed as 

described previously (Fig. 2B). Under conditions where c-Src was not overexpressed 

in cells (Fig. 2B, left panel), little tyrosine phosphorylation of the two B2-adaptin C-
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terminal constructs was observed. However, overexpressing c-Src resulted in a strong 

increase in the phosphorylation of both B2-adaptin constructs. As shown in figure 3A, 

the Ear domain of B2-adaptin contains 9 tyrosine residues in its sequence. 

Consequently, to determine which tyrosine(s) are the preferred residues for c-Src 

phosphorylation, we generated a series of GST fusion proteins each one of which 

contains a different 9 amino-acid region from B2-adaptin which encompasses the 

different tyrosine residues (Table 1 and Fig. 3A). GST-fusion proteins were 

phosphorylated in vitro using purified c-Src, and their phosphorylation status was then 

analyzed by Western blot (Fig. 3A, lower panel). Results reveal that only three 

potential regions 733-741, 869-877 and 921-929 are substrates for c-Src-dependent 

phosphorylation. To verify that the Y737 and Y874 are phosphorylated, and to 

determine which tyrosine residue in the 921-929 sequence is phosphorylated, we used 

a site-directed mutagenesis approach. We first replaced the tyrosine residues by 

phenylalanines in the GST-733-741 (Y737F), -869-877 (Y874F) and -921-929 

(Y926F) fusion peptides, and assessed their phosphorylation in vitro (Fig. 3B). In 

accordance with our previous fmding (Fig. 3 A), an in vitro kinase assay reveals that 

the Y737 and Y874 are sites for c-Src phosphorylation. The substitution of the tyrosine 

Y926F alone in the 921-929 sequence was sufficient to prevent the phosphorylation of 

the peptide, suggesting that Y928 and Y931 are not preferred sites for c-Src kinase. 

Taken together our results suggest that Y737, Y874 and Y926 are ail putative c-Src 

phosphorylation sites. 

c-Src phosphorylation of Tyrosine 737 impairs the binding of j32-adaptin to 

j3arrestin. We next examined the impact of c-Src-dependent phosphorylation of B2-

adaptin on its association with Barrestins. To this end, GST -fusion proteins of the B2-

ad (E) were first phosphorylated in vitro with c-Src or left unphosphorylated (Fig.4A), 

and incubated with increasing amounts of cells lysates expressing either Flag-tagged 

Barrestin 1 or 2. The amounts of Barrestin associated with GST-fusion proteins were 

then analyzed by Western Blot (Fig. 4B). Barrestinl and 2 pull-down with B2-ad (E) 

augmented proportionally when increasing amounts of Barrestins were incubated with 
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the GST-fusion protein. However, when the B2-ad (E) was tirst phosphorylated by c

Src before being incubated with Barrestins, we observed a substantial reduction in 

pullo-down of both Barrestin 1 and 2-associated proteins, as compared to conditions 

where GST-fusion proteins were left unphosphorylated (Fig 4B, compare right lanes 

with left lanes). These results imply that c-src-dependent phosphorylation of B2-

adaptin decreases its ability to bind Barrestins. 

We next used different GST-B2-ad (E) fusion proteins in which we substituted 

individually the 3 putative tyrosine residues identified previously (Y737F, Y874F and 

Y926F), and determined in vitro their relative level of phosphorylation by Western 

blot before assessing their ability to bind Barrestins (Fig. 5). Although the three GST

fusion proteins mutants were phosphorylated in vitro, we qualitatively observed a 

reduction in Src-dependent tyrosine phosphorylation of the GST-B2-ad (E)-Y737F 

compared to the other two fusion proteins (Fig. 5A). The effect of c-Src-mediated 

tyrosine phosphorylation on the binding of Barrestin with the three different GST

fusion mutants was next examined (Fig. 5B). Results show a clear reduction in the 

binding of Barrestin 1 with both Src-phosphorylated GST-B2-ad (E)-Y874F and -

Y926F, similar to what we observed with phosphorylated wild type GST-B2-ad (E) 

(Fig. 4). Similar results were also observed with Barrestin 2 (data no shown). In 

marked contrast, phosphorylated GST-B2-ad (E)-Y737F showed no decrease in the 

binding of Barrestin l, suggesting that B2-ad (E)-Y737F no longer phosphorylated on 

Tyr737 is not able to dissociate from Barrestin. Overall, our results demonstrate that 

Y737 is a critical residue for the c-Src-dependent regulation of B2-adaptin binding with 

Barrestins. 

c-Src-mediated regulation of ftarrestin/AP-2 interaction requires the 

phosphorylation of ft2-adaptin-Y737 in living cel/s. We next investigated whether c

Src modulates the agonist-induced B2-adaptiniBarrestin interaction in living cells using 

a Bioluminescence Resonance Energy Transfer (BRET) assay. We assessed the 

transfer of energy between R-Iuc-Barrestin2 and the fulliength YFP-tagged-B2-adaptin 

in the absence or presence of c-Src overexpression as previously described (Ham dan et 

al., submitted manuscript). HEK293 cells stably expressing A TlR-FLAG were 
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transfected with Barrestin2-Rluc (the energy donor) and wild type B2-adaptin-YFP (the 

energy acceptor), and stimulated with Ang II up to 20 min during which signaIs were 

recorded. Results show that Ang II induce a rapid increase in BRET-detected signal 

that reached a plateau after 5 min of receptor activation (Fig. 6A). However, the BRET 

signal following Ang II stimulation was substantially impaired when c-Src was 

overexpressed. To further substantiate the effect of c-Src on the interaction between 

13arrestin and the full length 132-adaptin, we used the phosphorylation-impaired 132-

adaptin-Y737F mutant, and compared its association with 13arrestin2 following Ang II 

stimulation (Fig. 6B). HEK 293 cells stably expressing the Flag-tagged A TIR were 

transfected with R-Iuc-13arrestin2 and either the YFP-tagged 132-adaptin wild type or 

the Y737F mutant, with or without c-Src overexpression. The BRET signal was 

measured after challenging the cells with different concentrations of Ang II for 20 

minutes. As shown in Figure 6B, a dose dependent-increase in BRET reaching similar 

BRETmax was observed for the 132-adaptin-YFP and the 132-adaptin-Y737F-YFP 

(0.075 ± 0.07 and 0.073 ± 0.07, respectively). In contrast, the overexpression of c-Src 

decreased the BRETmax by more than 56 % for wild type 132-adaptin, while for the 132-

adaptin-Y737F mutant the BRETmax slightly decreased by less than 22 % (Fig. 6C). 

These results support our in vitro studies showing that Y737F is a critical residue for 

the c-Src-dependent regulation of 132-adaptinlBarrestin interaction in cells. 

jJ2-adaptin-Y737F mutant delays the early steps of A TIR internalization. We 

next investigated, using confocal microscopy the Barrestinl 132-adaptin trafficking 

during the early events of ATIR internalization, and evaluated the impact of the 

Y737F mutant. HEK 293 cells stably expressing the Flag-ATIR were transfected with 

RFP-tagged Barrestin2 and either YFP-tagged-B2-adaptin wild type or the -Y737F 

mutant. The redistribution of Barrestin2-RFP and 132-adaptin-YFP was visualized after 

Ang II treatment of cells at 37°C for the indicated time. In the absence of agonist, 

Barrestin2 (red) was found in the cytosol, and 132-adaptin-YFP (yellow) appears in 

punctuated structures (Fig. 7A, panel D and A respectiveIy). Agonist treatment of cells 

for 2 min induced the rapid translocation of 13arrestin2 from the cytosol to the plasma 

membrane, which colocalized with 132-adaptin at the plasma membrane and also in 
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endocytic vesicles (Fig. 7A, panels B and E). With a longer agonist exposure for 5 

minutes, Barr2-RFP was observed to redistribute from the plasma membrane to 

endocytic vesicles reflecting clathrin-mediated internalization (Fig. 7A, panel F) with 

sorne redistribution of B2-adaptin fluorescence (Fig. 7A, panel C). Although we did 

not observed any major change in the Barrestin/B2-adaptin trafficking for the - Y737F 

mutant (Fig. 7A, panels G-L), the trafficking events were delayed. To evaluate the rate 

Barrestin/ B2-adaptin trafficking, we stimulated the cells with AngII at early time 

points (120s and 300s) and counted the number of cells showing colocalization 

between Barrestin/B2-adaptin at the plasma membrane for the indicated times in 12 

different fields (Fig. 7B). Maximum colocalization between Barrestin and B2-adaptin 

at the plasma membrane was observed for the B2-adaptin-Y73 7F mutant after 2 

minutes of agonist stimulation (54% ± 6.4 and only 16.4% ± 1.2 for the wild-type B2-

adaptin). (Fig.7A-B, Band E as compared to H and K). Even after 5 minutes of 

agonist stimulation we still observed sorne Barrestin/B2-adaptin colocalization at the 

plasma membrane for the B2-adaptin-Y737F (Fig.7A-B, C and F as compared to 1 and 

L). The higher impact of the B2-adaptin-Y737F mutant on j3arrestin trafficking is 

consistent with a role of c-Src-mediated B2-adaptin phosphorylation in regulating the 

dissociation of AP-2 during the early events ofreceptor internalization. 
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DISCUSSION 

Here we demonstrate that e-Sre induces the phosphorylation of B2-adaptin, to 

regulate the association between Barrestin and AP-2. We identified the Tyr737 in the 

ear domain of B2-adaptin as a critical c-Src phosphorylation site. We provide evidence, 

in cens, that the phosphorylation of Y737 alone can regulate the profile of agonist

mediated interaction between Barrestin and AP-2. Our results suggest that the c-Src

mediated phosphorylation of AP-2 represents an important mechanism in controlling 

the Barrestin-dependent intemalization of reeeptors. 

The involvement of Src family kinases during reeeptor intemalization has been 

previously deseribed for different GPCRs (10, 13, 18). Here, we show that the B2-

subunit of AP-2 is a target for tyrosine phosphorylation upon A Tl R activation in either 

an endogenous expressing system such as VSMCs or heterologously expressing COS-

7 cens. Using pharmacological inhibitors and dominant negative approaches, we 

selectively inhibit the c-Src-dependent phosphorylation of B2-adaptin, suggesting a 

specifie role for this kinase in the agonist-mediated phosphorylation of AP-2. The 

activation of e-Sre was not dependent of the transaetivation of EGFR. Interestingly, 

however, it seems to require the binding of c-Src to Barrestin. Indeed, it was 

previously shown that blocking the binding of endogenous c-Src to Barrestin affects 

beta2-adrenergic reeeptor intemalization (19). This Barrestin-mediated recruitment of 

tyrosine kinases and the phosphorylation of key endocytic proteins in the CCV are 

reminiseent of the role played by Barrestin as a signalling scaffold in the 

phosphorylation of dynamin during the intemalization of beta2-adrenergie receptor 

(19). 

The identification of Tyr-737 in B2-adaptin as a major target for c-Src kinase 

supports the role of tyrosine phosphorylation in the regulation of the interaction 

between Barrestins and AP-2. Using BRET to assess the Barrestin/AP-2 complex 

formation in live cens, we show that we could reduee the interaction between the two 

proteins by overexpressing c-Src. Our finding that c-Src still had sorne minor effect on 
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the binding between Barrestin and the Y737F mutant, suggest that other components 

may participate in regulating this interaction. Altematively, c-Src may also target 

other proteins in the complex to control the Barrestin/ AP-2 complex formation. 

The phosphorylation of tyrosine residues by Src family kinases is known to be 

dependent on specific amino acid sequences and to create specific sites for prote in

prote in interactions (20). In this regard, it is interesting to note that the Y737 is highly 

conserved in B2-adaptin from different species, and part of the YMXM consensus 

motif for binding of SH2 containing proteins (See Table 2) (21). The phosphorylation 

of Y737 in B2-adaptin cou Id promote the recruitment of interacting SH2 containing 

proteins to regulate the interaction between Barrestin and AP-2. On the other hand, the 

phosphorylation of this critical residue in B2-adaptin may promote the necessary 

change in the B-subunit conformation to allow the uncoupling of Barrestin from AP-2. 

This c-Src-dependent phosphorylation mechanism leading to the dissociation of 

binding partners was reported for other proteins such as N-cadherin; where the c-Src 

phosphorylation of N-cadherin was shown to reduce its binding to B-catenin (22). 

Tyrosine phosphorylation of Alix by c-Src has also been reported to reduce the 

interaction of this adaptor prote in with Pyk2, and to modulate EGFR intemalization 

(23). 

Prote in phosphorylation is a well-recognized mechanism for coordinating CCV 

formation (5), but the actual involvement of tyrosine phosphorylation as a regulatory 

mechanism for receptor intemalization is only now starting to be appreciated. Studies 

on the B2-AR revealed that the activation of receptors induces the c-Src-dependent 

tyrosine phosphorylation of dynamin (13). On the other hand, work on the EGFR 

reveals that the stimulation of the receptor causes the tyrosine phosphorylation of the 

clathrin heavy chain, and regulates the intemalization of the receptor (12). EGFR 

activation was also shown to promote the tyrosine phosphorylation of B2-adaptin (24). 

This phosphorylation event seems to occur in the N-terminal domain of B2-adaptin, 

although its role in receptor intemalization remains unclear. The recent findings that 

c-Src can be recruited in a complex with Barrestin and AP-2, and that it can 
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phosphorylate specifie proteins of the coat like dynamin and AP-2 itself, is consistent 

with a signaling role of Barrestin in regulating internalization of GPCRs (15, 19, 25). 

In summary, our findings unveil an unappreciated mechanism to explain how 

the binding of the clathrin adaptor prote in AP-2 to Barrestin can be regulated during 

the ATIR internalization. We show that ATIR activation promotes the c-Src

mediated tyrosine phosphorylation of the B-subunit of AP-2. The functional 

consequence of B2-adaptin phosphorylation appears to control the binding of Barrestin 

to AP-2. Thus, Barrestins may act as signalling scaffolds to recruit c-Src, and to 

phosphorylate AP-2, Ieading to the dissociation of AP-2 from Barrestin. This 

mechanism may represent an important step in controlling the stability of endocytic 

complexes during the internalization of GPCRs, and also extend the role of c-Src in 

controlling the phosphorylation status of different proteins of the CCV like the B2-

adaptin during the early steps of receptor internalization. 
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EXPERIMENTAL PROCEDURES 

Materials - Angiotensin II was purchased from Sigma Chemical Co. The inhibitors 

PP2, PP3, and PD158780 were from Calbiochem-Novabiochem. Antibodies against B

adaptin and a-adaptin were from BD Transduction Laboratories, the c-Src SRC2 and 

HA rabbit antibodies were from Santa Cruz Biotechnology, the mouse anti-HA clone 

12CA5 was from Roche, the FLAG and the AP-1I2 antibodies were from Sigma

Aldrich, and the c-Src antibody GD 11, the anti-phosphotyrosine antibody 4G 1 0 and 

purified c-Src were from Upstate Biotechnology. 

Plasmids and constructs - The wild type human ATIR and the Flag-tagged ATIR, the 

Flag-tagged Barrestinl and Barrestin2, the Flag-tagged B2-adaptin, the HA-tagged c

Src, the HA-tagged c-Src-K298R mutant and the wild type c-Src in pcDNA3 were 

described elsewhere (15, 16, 26). The HA-tagged constructs of the hinge and ear 

domain (residues 664-937; B2-ad (H+E)) and ear domain alone of hum an B2-adaptin 

(residues 664-937; B2-ad (E)), and the GST-fusion prote in of the ear domain (GST-B2-

ad (E)) were also described elsewhere (17). Glutathione S-transferase (GST) fusion 

proteins representing different nanopeptides within the ear domain of B2-adaptin (see 

supplementary material, and table 1) and the tyrosine-to-phenylalanine versions 

(Y737F, Y874F, and Y926F) were generated by annealing a sense and antisense 

oligonucleotides (41mers) using standard molecular biology procedures. The double

stranded oligonucleotides sequences of the wild type and tyrosine mutants were design 

to create overhanging BamHI and Xhol sites, and ligated into pGEX-5X2 vector cut 

with the same restriction enzymes. The tyrosine mutants GST-B2ad-Y737F, -Y874F 

were generated by polymerase chain reaction (PCR). Briefly, a first PCR fragment 

was amplified with a forward primer containing the BarnHI restriction site upstream of 

the Valine 664 in B2-adaptin and a reverse primer introducing a Kpn 1 restriction site 

for B2-adaptin-Y737F construct or a Pst 1 restriction site for the B2-adaptin-Y874F 

construct. The second PCR fragments were obtained using a forward primer 

containing the substituted residue and introducing either a silent mutation in position 

G727 to create a Kpn 1 site or at position L868 to create a Pst 1 site, and a reverse 

- 117-



Section IV : Manuscript 2 

primer overlapping the stop codon and introducing a Xho 1 restriction site. These sets 

of PCR fragments were digested with BamHIlKpnI and Kpnl/Xhol, or BamHIlPstl 

and Pstl/Xhol, and then ligated into pGEX-5X2 previously digested with BamHI and 

Xho 1. To generate the GST-132ad-Y926F, a PCR fragment was amplified using a 

forward primer containing a BamHI restriction site upstream ofthe V664 and a reverse 

primer containing the substituted residue Y926F and a Xho 1 restriction site after the 

stop codon. The PCR fragment was digested with BamHI and Xhol and cloned into 

pGEX-5X2 cut with the same enzymes. Flag-tagged 132-adaptin Y737F was generated 

by PCR using a forward primer containing the tyrosine substitution and overlapping 

the existing BspE 1 restriction site, and a reverse primer overlapping the existing Kpnl 

site in 132-adaptin. The PCR fragment was then inserted into Flag-132-adaptin wild type 

previously digested with BspE 1 and KpnI restriction enzymes. 

The yelIow-fluorescent-tagged 132-adaptin (132-adaptin-YFP) was also 

generated by three-way ligation. Briefly, a PCR fragment was amplified with a 

forward primer overlapping the existing Cla 1 restriction site in 132-adaptin, and a 

reverse primer removing the stop codon in 132-adaptin, and introducing a SaI 1 

restriction site. The second fragment was obtained from the digestion of wild type 132-

adaptin in pcDNA3.l with Nhe I and Cla 1 restriction enzymes. The two fragments 

were insert into pEYFP-NI previously digested with Nhe I and SalI. To generate the 

YFP-tagged 132-adaptin Y737F mutant, a BspEl and Kpnl fragment from the Flag

tagged 132-adaptin Y737F was ligated into YFP-tagged 132-adaptin cut with the same 

restriction site. The Renilla reniformis luciferase-tagged-13arrestin2 (Rluc-13arrestin2) 

construct was described elsewhere (Hamdan and Bouvier). AlI constructs were 

confirmed by DNA sequencing (Sequencing Service, Genome Quebec Innovation 

Centre, McGill University, QC, Canada). 

Cell Culture and Transfection - Human embryonic kidney ce Ils (HEK 293) were 

grown in Eagle's minimal essential medium (MEM, Gibco) supplemented with 10% 

(v/v) heat-inactivated fetal bovine serum (FBS, Gibco) and gentamicin (100 Jlg/ml, 

Gibco). HEK 293 celIs seeded in 100 mm dishes, at a density of 2.5xI06 celIs/dish, 

were transiently transfected using a conventional calcium phosphate co-precipitation 
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method as previously described (15). One to five Jlg of DNA were mixed in a solution 

containing 125 mM CaCh in HEPES-Buffered Saline (25 mM HEPES pH 7.4, 140 

mM NaCI, 0.75 mM Na2HP04) for 5 min, and the mixed solution was then added to 

cells. Experiments were performed 36 h after transfection. Green monkey kidney 

cells (COS-7) were grown in Dulbecco's modified Eagle's medium (DMEM, Gibco) 

supplemented with 10% (v/v) heat-inactivated FBS and gentamicin (100 Jlg/ml). 

Transient transfections of COS-7 cells seeded in 60 mm dishes (at a density of lx106 

cells/dish) were performed using Lipofectamine 2000 (lnvitrogen) according to the 

manufacturer's recommendations using a 1:3 ratio of DNAILipofectamine in Opti

MEM (Gibco). AlI experiments were performed 36 h after transfection. Vascular 

smooth muscle cells (VSMCs) were grown in DMEM with 10% (v/v) heat-inactivated 

calf serum (Gibco) and gentamicin (100 Jlg/ml). Cells were serum-starved ovemight 

in DMEM before performing the experiments. 

Immunoprecipitation and Western blot experiments - HEK 293 or COS-7 cells were 

left untreated or treated with Ang II (100 nM) at 37°C for the indicated period oftime. 

Following agonist stimulation, the reaction was stopped on ice by washing cells with 

ice-cold Phosphate-buffered saline (PBS). Cells were then solubilized in P-RIPA 

buffer (1 ml/lOO mm dish) (20 mM TrisHCI pH 7.4, 150 mM NaCI, 1% Nonidet-P40 

(v/v), 0.1% deoxycholate (w/v), 1 mM CaCh), containing 0.1 mM sodium 

orthovanadate, 1 mM phenylmethylsulfonyl fluoride, 25 Jlg/ml leupeptin, 25 Jlg/ml 

aprotinin, and 1 mM pepstatin A, for 30 min at 4°C. Celllysates were centrifuged for 

30 min at 21,000 x g, and the supematants were incubated with anti-Flag (30 Jlg/ml, 

Sigma) or anti-HA (20 Jlg/ml, Roche) conjugated beads, or B-adaptin antibody AP-l/2 

(8 Jlg/ml, AP-l/2, Sigma), with 20 JlI of a 50% slurry mixture of protein AlG 

Sepharose beads for 2 h at 4°C. Beads were washed three times with P-RIPA, 

denatured in Laemmli buffer (2X) (250 mM Tris-HC1 pH 6.8, 2% SDS (w/v), 10% 

Glycerol (v/v), 0.01% Bromophenol Blue (w/v), 5% B-mercaptoethanol (v/v» and 

incubated for 10 min at 65°C. Proteins were separated on a 10% SDS-polyacrylamide 

gel (SDS-PAGE) before being transferred onto nitrocellulose membranes (Amersham 

Biosciences). Membranes were then blocked with a solution ofPBS pH 7.4 containing 
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0.05% Tween20 (v/v) (PBS-T) and 10% dry milk (w/v). Protein detection on 

membranes was assessed using either anti-c-Src antibody (1 Ilg/ml, clone GDll; or 0.2 

Ilg/ml, SRC2), Flag antibody (2.5 Ilg/ml), HA antibody (0.2 Ilg/ml), phosphotyrosine 

antibody (0.2 Ilg/ml, clone 4GI0), B2-adaptin antibody (0.2 Ilg/ml, B-adaptin, BD 

Transduction Laboratories), a-adaptin antibody (0.25 Ilg/ml). After 1 h incubation 

with the different primary antibodies, membranes were washed three times before 

being incubated at room temperature with horseradish peroxidase (HRP) conjugated 

goat anti-mouse antibody (diluted 1/10,000; Sigma), or HRP-goat anti-rabbit antibody 

(diluted 1/10,000; Sigma) for 30 min. Immunoreactivity was visualized by enhanced 

chemiluminescence according to the manufacter's instructions (SuperSignal, Pierce). 

For phosphoprotein detection experiments, COS-7 cells or VSMCs were 

serum-starved overnight, and the next day incubated for 30 min at 37°C in DMEM 

buffered with 20 mM HEPES pH 7.4. Cells were then pretreated with 20 mM 

pervanadate for 10 min before adding Ang II (1 IlM) for the indicated period of time. 

Stimulation was stopped on ice with cold PBS, and cells were solubilized for 30 min at 

4°C in TGH buffer (50 mM HEPES pH 7.4, 1% Triton X-100 (v/v), 10% Glycerol 

(v/v), 50 mM NaCl, 5 mM EDTA) containing inhibitors (0.1 mM sodium 

orthovanadate, 1 mM phenylmethylsulfonyl fluoride, 25 Ilg/ml leupeptine, 25 Ilg/ml 

aprotinin, 1 mM pepstatin A). Lysates were then centrifuged at 21,000 x g for 30 min, 

and the supernatants were incubated for 1 h at 4°C with the anti-Flag conjugated beads 

(30 Ilg/ml, Sigma), or with the B-adaptin antibody AP-1/2 (8 Ilg/ml, Sigma) with 20 III 

of a 50% slurry mixture of prote in AlG Sepharose beads (Roche) for 2 h at 4°C. 

Beads were then washed three times in TGH buffer, denatured in Laemmli buffer (2X) 

and incubated for 10 min at 65°C. Western blots were performed as described above. 

GST Fusion Protein Expression and Pull Down assay - For GST generation, the 

pGEX-5X2 vector bearing the different constructs were transformed inta Escherichia 

coli BL21 cells and grown in LB medium with Ampicillin (100 Ilglml) at 37°C 

overnight. The next day, cell cultures were diluted to an OD6oo of 0.2 in LB with 

Ampicillin and grown until an OD6oo between 0.5 and 0.6. Prote in production was 

then induced using 1 mM isopropyl-l-thio-f3-D-galactopyranoside (lPTG) for 3 h at 
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room temperature. Cells were then pelleted, washed once with PBS and resuspended 

in cold PBS containing 2 mM EDTA, 4 mM PMSF, 1% Triton X-I00 (v/v) 

supplemented with 1 mg/ml lysozyme and incubated 30 min on ice. Cells were then 

sonicated and centrifuged at 21 OOOxg for 30 min. Glutathione-Sepharose 4B beads 

were added to the supernatant and agitated for lh at 4°C. Beads were then washed 

three times with PBS. Protein concentration was determined using a DC protein assay 

kit (Bio-Rad) and the integrity of the GST fusion proteins was analyzed by SDS

PAGE and Coomassie blue staining. 

In vitro Src kinase assays - For Src kinase in vitro phosphorylation assays, GST

fusion proteins were first washed twice with the kinase reaction buffer (l00 mM Tris

HCI pH 7.2, 25 mM Manganese Chloride, 125 mM Magnesium Chloride, 2 mM 

EDTA), before being resuspended in 50 III of the same kinase buffer supplemented 

with 10 mM ATP, 0.25 mM sodium orthovanadate, 2 mM DIT and lU ofpurified c

Src. Proteins were incubated for 20 min at 30°C, and the reaction was stopped either 

washing the beads with cold TGH buffer, or by adding an equal amount of Laemmli 

buffer (2X) and incubated for 10 min at 65°C. The phosphorylation status of the 

proteins was analyzed by Western Blot using a phosphotyrosine antibody as previously 

described. To assess the effect of B2-adaptin tyrosine phosphorylation on Barrestin 

binding, c-Src from the kinase reaction was first rem ove by washing the beads 3 times 

with co Id TGH buffer containing inhibitors. Similarly the unphosphorylated control 

GST-fusion proteins were washed with TGH buffer. Phosphorylated and 

unphosphorylated proteins (0.5 Ilg) were incubated in 0.5 ml of TGH buffer with 

increasing amounts of cell lysates from HEK293 cells expressing either Flag-tagged 

Barrestinl or Flag-tagged Barrestin2 for lh at 4°C. Beads were spun and washed three 

times with co Id TGH buffer before being re-suspended in Laemmli buffer (2X), and 

then incubated for 10 min at 65°C. Proteins were resolved by electrophoresis on a 10% 

SDS-PAGE gel and analyzed by Western blot for Barrestin detection or stained with 

Coomassie Blue for GST-protein analysis. 
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Monitoring interaction between fiarrestin-Rluc and fi2-adaptin by BRET - HEK293 

cells stably expressing Flag-tagged A TIR were co-transfected in 6-well plates with 1 

Ilg of B2-adaptin-YFP and 1 ° -60 ng of Barrestin2-RIuc, in the presence or absence of 

Illg of c-Src plasmid. Approximately 18 hrs later, cells were detached with trypsin, 

diluted in 2 ml culture medium, and seeded (~ 50,000 cells /well) into 96-well plates 

(white wall, clear bottom) tissue culture plates that had been treated with poly-D

lysine. After 18 hrs, the medium was replaced with 90 III ofPBS containing 0.5 MgCh 

and incubated with or without various concentrations of the agonist for the indicated 

time at room temperature. To measure the BRETt signal, the transparent bottom ofthe 

96-well plate was covered with a white back-tape adhesive (Perkin Elmer) and the 

BRETt substrate for Rluc, coelenterazine-h (nanolight), was added to ail the wells (5 

IlM final concentration), followed by BRETt measurement on the Mithras LB940 plate 

reader (Berthold) that allows the sequential integration of signaIs detected in the 480 ± 

20 nm and 530 ± 20 nm windows for luciferase and EYFP light emissions, 

respectively. In the case of kinetic measurements, coelenterazine-h was added 

simultaneously with the agonist followed by BRET kinetic measurements. The BRETt 

signal was calculated as a ratio of the light emitted by EYFP (530 ± 20 nm) to the light 

emitted by Rluc (480 ± 20 nm) upon adding the coelenterazine-h substrate. Agonist 

promoted BRETt was calculated by subtracting the BRETt ratio obtained in the 

absence of agonist addition from the BRETt signal obtained in the presence of an 

agonist. 

Immunofluorescence Experiments - HEK 293 cells stably expressing the ATI-Flag 

were grown on 22 mm2 coyer slips in 6-well plates (250,000 cells/well), and 

transfected with YFP-B2-adaptin (0.5Ilg) and RFP-Barrestin2 (0.5 Ilg). Cells were 

stimulated at 37°C with 100 nM Ang II for the indicated time, and fixed for 15 min at 

room temperature with a solution of 4% paraformaldehyde (w/v) in PBS. Coyer slips 

were mounted with GelTol Aqueous Mounting Medium (IMMUN ON). Confocal 

images of labeled cells were acquired with a Zeiss LSM-51 0 META laser-scanning 

microscope using a 60x oil immersion lens. YFP-B2-adaptin and RFP- Barrestin2 

fluorescence was visualized using the multi-track mode with dual laser excitation (514 
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and 543 nm), and emission (BP 530-600 for YFP, and LP 560 for AlexaFluor 568) 

filter sets. Final figures were collated using Adobe Photoshop 7.0 and Illustrator 10.0 

(Adobe, San Jose, CA). 

Data Analysis- Intensity of the signaIs from Western Blots was determined by 

densitometric analysis using the MetaMorph Software (Universal Imaging 

Corporation), and are represented as the mean ± S.E.M of at least three experiments. 

For densitometry analysis of Western blot data, were analyzed statistically by one-way 

ANOV A followed by a Bonferroni test for multiple comparisons. Means were 

considered significantly different when p values were at least below 0.05. 
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FIGURE LEGENDS 

Fig. 1. Ang II induces tyrosine phosphorylation of 82-adaptin. A, VSMCs were 

serum-starved overnight and then pretreated with pervanadate for 10 min before being 

stimulated with Ang II (100 nM) for the indicated time. The endogenous B-adaptins 

were immunoprecipitated using an anti-B-adaptin antibody, and the 

immunoprecipitates were analyzed by Western blot (WB) using the anti

phosphotyrosine 4G 10 (upper panel), and the anti-B-adaptin (bottom panel) antibodies. 

B-C, COS-7 cells were transiently transfected with HA-AT1R and Flag-B2-adaptin. 

Twenty-four hours after transfection cells were serum-starved overnight, and then 

pretreated with pervanadate for 10 min before being stimulated with Ang II (100 nM) 

for the indicated time. Flag-B2-adaptin were immunoprecipitated (IP) from celllysates 

using an anti-Flag antibody, and the immunoprecipitates were analyzed as described in 

(A). C, COS-7 cens were first treated as described above, and then incubated for 30 

min with either the vehicle (DMSO) or the c-Src inhibitor (PP2, 4 J-lM) or the EGFR 

inhibitor (PDI58780, 50 nM) or the less active form of PP2 (PP3, 4 J-lM), before 

adding Ang II (100 nM) for 15 min. Densitometry analysis was carried out as 

described in Experimental Procedures, and data are presented as the mean ± S.E.M of 

three independent experiments. They represent the relative amount of B-adaptin 

phosphorylated as compared to non-stimulated cens (A, B), or the percent of B2-

adaptin phosphorylation as compared to vehicle (C), after normalizing for equal 

amount of B-adaptin present in the immunoprecipitates. D, COS-7 cens were 

transiently transfected with HA-AT1R, Flag-B2-adaptin and either c-Src wild type or 

c-Src-K298R (kinase defective mutant). Twenty-four hours after transfection cens 

were serum starved overnight, and then pretreated as described in A-C, before being 

stimulated for 5 min with Ang II (100 nM). Detection of the B2-adaptin in the 

immunoprecipitate and its phosphorylation status were performed as described in A-B. 

** indicates p<O.OI vs DMSO determined by one-way ANOVA, and was considered 

significant. 
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Fig. 2. Tyrosine Phosphorylation of the ear domain of p2-adaptin. A, 

Representation of the different domains of B2-adaptin with the nine putative tyrosine 

phosphorylation sites between the 664-937 amino acid residues. E, HEK 293 cells 

were transfected with the empty vector pcDNA3.1 (Mock) or HA-B2-adaptin 

constructs of the Ear (B2-ad (E» or the Hinge + Ear domains of B2-adaptin (B2-ad 

(H+E», with or without c-Src. HA-tagged B2-adaptin constructs were 

immunoprecipitated (IP) using the anti-HA conjugated beads antibody, and their 

tyrosine phosphorylation status was detected by Western Blot (WB) using an antibody 

against phosphotyrosine residues (P-Tyr). Data are representative of at least three 

independent experiments. 
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Fig. 3. 82-adaptin Tyrosines 737, 874 and 926 are sufficient for phosphorylation 

of 82-adaptin by c-Src. A, Recombinant fusion proteins of 9 amino-acids encoding 

various portions of the Ear domain of B2-adaptin (residues 704-712, 733-741, 811-819, 

869-877, 884-892, 907-915, 921-929 and 927-933; detailed in Table 1) or GST alone 

were subjected to in vitro phosphorylation by purified c-Src kinase. The amounts of 

GST and GST- B2-adaptin fusion proteins were assessed by Ponceau Red. c-Src

phosphorylated proteins were detected by Western Blot (WB) using an antibody 

against phosphotyrosine residues (P-Tyr). B, In vitro phosphorylation by c-Src of 

GST-fusion proteins containing residues 733-741, 869-877, 921-929 and point

mutation mutants where the tyrosine (Y) was replaced by a phenylalanine (F) residue 

to obtain Y737F , Y874F and Y926F mutants, respectively. The amounts of GST and 

GST- B2-adaptin fusion proteins were assessed by Ponceau Red. c-Src-phosphorylated 

proteins were detected by WB using an antibody against phosphotyrosine residues (P

Tyr). Note that the Y737F, Y874F and Y926F mutants do not undergo 

phosphorylation. Data are representative of at least three independent experiments. 

- 132-



A 

8 

Fig. 3 Fessart et al 

707 737 815 874 888 912 926 928 931 
6641x x x x x x x x X 1937 ~2-ad (El 

kDa 107 

81 
c-Src 

GST-peptides 

WB: P-Tyr 

~ .. - - -., - - - - I~ GST-peptides 
Red Ponceau 

WB: P-Tyr 

Red Ponceau 

- 133-



Section IV : Manuscript 2 

Fig. 4. c-Src phosphorylation of 82-adaptin reduces its association with 8arrestin 

1,2. A, GST-fusion proteins of the Ear domain of B2-adaptin (B2-ad (E» were 

phosphOlylated in vitro with purified c-Src (+) or left unphosphorylated (-). The 

amounts of GST- B2-adaptin fusion proteins was assessed by Ponceau Red and c-Src

phosphorylated proteins were detected by Western Blot (WB) using an antibody 

against phosphotyrosine residues (P-Tyr). B, After removing c-Src from the reaction, 

the unphosphorylated (-Tyr) or phosphorylated GST-fusion proteins (+Tyr) were 

incubated with increasing amounts of Flag-tagged Barrestin 1 or 2. The amount of 

Barrestin associated with the GST-fusion proteins was determined by WB using an 

anti-Flag antibody. Whole cell extracts (Total, right panels) were also blotted for 

detecting the level ofFlag-Barrestin 1 or 2 expression using the anti-Flag antibody. The 

amounts of GST- B2-adaptin fusion proteins were assessed by Ponceau Red. Data are 

representative of at least three independent experiments. 
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Fig. 5. 82-adaptin Y737F mutant abrogates the c-Src-induced dissociation of 

8arrestin 1. A, GST-fusion proteins of the Ear domain of B2-adaptin single mutants 

(B2-ad (E) Y737F, B2-ad (E) Y874F and B2-ad (E) Y926F ) were phosphorylated in 

vitro with purified c-Src (+) or left unphosphorylated (-). The amount of GST- B2-

adaptin fusion proteins was assessed by Ponceau Red and c-Src-phosphorylated 

proteins were detected by Western Blot (WB) using an antibody against 

phosphotyrosine residues (P-Tyr). B, After removing c-Src from the reaction, the 

unphosphorylated (-Tyr) or phosphorylated OST-fusion proteins (+Tyr) were 

incubated with increasing amounts of Flag-tagged Barrestin 1. The amounts of Barrestin 

associated with the GST-fusion proteins were determined by WB using the anti-Flag 

and GST antibodies respectively. C, Densitometry analysis was carried out as 

described in Experimental Procedures, and data are presented as the mean ± S.E.M of 

three independent experiments. They represent the relative amount of Barrestin 

associated to OST-B2-adaptin after normalizing for equal amount of GST-B-adaptin 

present in the pull down. Data are representative ofthree independent experiments. 
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Fig. 6. Agonist-promoted interaction between 82-adaptin and 8arrestin2 as 

measured by BRET. A, Association kinetics between B2-adaptin-EYFP and B

arrestin2-Rluc. HEK293 cells stably expressing Flag-AT1R were co-transfected with 

Barrestin2-Rluc and B2-adaptin-YFP in the absence (-) or presence of c-Src (+) and 

BRET1 measurements were done as described in Experimental Procedures. Real-time 

BRET1 measurements were taken at regular intervals for the indicated time period 

directly after the addition of coelenterazine-h and receptor stimulation with Ang n. B, 

Dose-dependent agonist-promoted BRET. HEK293 cells stably expressing Flag-AT1R 

were co-transfected with Barrestin2-Rluc and either B2-adaptin-YFP wild type or -

Y737F mutant, in absence (-) or presence of c-Src (+). AT1R was stimulated with 

increasing concentrations of Ang n for - 20 min at room temperature followed by 

BRET1 measurements. C, Agonist-promoted BRETmax between either B2-adaptin

Y737F-YFP or wiIt type B2-adaptin-YFP and B-arrestin2-Rluc. HEK293 cells stably 

expressing Flag-AT1R were co-transfected with Barrestin2-Rluc and B2-adaptin in 

absence (-) or presence of c-Src (+) and BRET1 measurements were done as described 

in Experimental Procedures. ATIR was stimulated as described in B. Data are pools of 

3-5 independent experiments. 
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Fig. 7. Effeet of the Y737F on the Barrestin/B2-adaptin traffieking upon AngII 

stimulation in eeUs. A, HEK 293 cens expressing the Flag-tagged AT1R were 

transfected with RFP-Barrestin2 and either YFP-B2-adaptin or -Y737F mutant. Cells 

were either left untreated or treated with Ang II (1 ~M) at 37°C for the indicated times. 

The distribution of RFP-Barrestin2 (upper panels D-F) and YFP-B2-adaptin (lower 

panels A-C) was compared with the RFP-Barrestin2 (J-L) in presence of the YFP-B2-

adaptin-Y737F mutant (0-1) and the fluorescence was visualized by Confocal 

microscopy. Shown are representative images of three independent experiments. B, 

Representation of the percentage of cens where a colocalization at the plasma 

membrane between Barrestin and B2-adaptin was observed. Randomly 12 different 

fields per time point were analyzed, with a total of about 30 to 50 cens per condition in 

3 independent experiments. ** p<O.OI determined by one-way ANOVA, and was 

considered highly significant. 
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Table 1. Sequences of the GSTfusion proteins of 10 amino-acids region inj32-adaptin 

664VGOSFIPSSVPATFAPSPTPAWSSGLNOLFELSTGIGMAPGGYVAPKAVWLPAV 
KAKGLEISGTFTHRQGHIYMEMNFTNKALQHMTOFAIQFNKNSFGVIPSTPLAIHT 
PLMPNQSIOVSLPLNTLGPVMKMEPLNNLQVAVKNNIOVFYFSCLlPLNVLFVEOG 
KMERQVFLATWKDIPNENELQFQIKECHLNADTVSSKLQNNNVYTIAKRNVEGQ 
DMLYQSLKLTNGIWILAELRIQPGNPNYTLSLKCRAPEVSQYlYQVYOSILKN 

~2-adaptin residues Sequence 

704-712 PGGy707VAPKA 

733-741 QGHly737MEMN 

811-819 IOVFy815FSCL 

869-877 QNNNVy874TIA 

884-892 QOMLy888QSLK 

907-915 PGNPNy912TLS 

921-929 PEVSQy9261y928Q 

925-933 Qy9261y928QVV93 7 OS 
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Table 2. The Ear region of~2-adaptin (664-937) is highly conserved among the species. 

'\ '1G, ~+ 
Mus musculus VGQSFIPSSVPATFAPSPTPAWSSGLNDLFELSTGIGMAPGGYVAPKAVWLPAVKAKGlEISGTFTHRQ. GHIYMEMNFTNKAlQHMIDFAIQFNKNSFG 
Homo sapiens1 VGQSFIPSSVPATFAPSPTPAWSSGLNDlFELSTGIGMAPGGYVAPKAVWLPAVKAKGlEISGTFTHRQ' GHilt1!EMNFTNKAlQHMIDFAIQFNKNSFG 
Gallus gallus VGQlYlPSSVPATFAPSPTPAWSSGLNDlFELSSGIGMAPGGYVAPKSVWLPAVKAKGLEISGTFSHRQGHI')'f,ilEMNFTNKALQHMIDFAIQFNKNSFG 
Ratlus norvegicus GQSFIPSSVPATFAPSPTPAWSSGLNDLFELSTGIGMAPGGYVAPKAVWLPAVKAKGLEISGTFTH'i9GHI'i'ME~!'IFTNKALQHMIDFAIQFNKNSFG 
Xenopus laevis VGQTFIPSSVPATFAPSPTPAWSSGlNDLFELSSGIGMAPGGYVAPKAVWLPAVKAKGLEISGTFSHRQ'SHIYMDMTFTNKALQHMIDFAIQFNKNSFG 
Danio rerio (zebrafish) VGQNFIPSSVPNTFAPSPTPAALSSGlNDlFELSTGMATATGGYVAAKTVWLPAVKAKGLEISGTFSRR~GMil!D~FTNKALQHMIDFAIQFNKNSFG 

Mus musculus VIPSTPLAIHTPlMPNQSIDVSlPLNTLGPVMKMEPLNNLQVAVKNNIDVFYFSCLIPLNVLFVEDGKMERQVFLATWKDIPNENELQFQIKECHLNADTVS 
Homo sapiens1 VIPSTPLAIHTPLMPNQSIDVSLPLNTLGPVMKMEPlNNLQVAVKNNIDVFYFSCLlPLNVLFVEDGKMERQVFLATWKDIPNENELQFQIKECHLNADTVS 
Gallus gallus VIPSTPLAIHTPLMPNQSIDVSLPLNTLGPVMKMEPLNNLQVAVKNNIDVFYFSCLIPLNVLFVEDGKMERQVFLATWKDIPNENELQFQIKDCHLNADTVS 
Ratlus norvegicus VIPSTPLAIHTPLMSNQSIDVSLPLNTLGPLKMEPlNNLQVAVKNNIDVFYFSCLIPLNVLFVEDGKMERQVFLATWKDIPNENElQFQIKECHLNADTVS 
Xenopus laevis VIPSAPLAIHTPlMPNQSIEI SLPLNTLGPVMKMEPLNNLQVAVKNNIDVFYFSCLlPLHVLFVEDGKMERQVFLATWKDIPNENELQFQIKDCHlNADTVS 
Danio rerio (zebrafish) VIPTTPLPVHTPLMPSQSIDISLPlNTIGPVMKMDPLNNLQVAVKNNIDVFYFSTLIPlNVFFVEDGKMERQVFLATWKDIPNENELQYQIKDCHlNADTVS 

Mus musculus 
Homo sapiens1 
Gallusgallus 
Ratlus norvegicus 
Xenopus laevis 
Danio rerio (zebraflsh) 



Section V: Discussion and Conclusions 

CONNECTING TEXT 

The atm of this thesis was to deserihe the intermoleeular meehanisms 

regulating the early events of GPCR internalization with one particular receptor, the 

Angiotensin II type 1 receptor. This Section V serves to address the aforementioned 

results and compare them to the actual literature. Proposed future directions pertaining 

to sorne specifie points will also he discussed. 

- 144-



Section V: Discussion and Conclusions 

SECTION V 

Discussion and Conclusions 

- 145-



Section V: Discussion and Conclusions 

In general, in receptor-mediated endocytosis, the agonist (A) is bound to 

receptors at the cell surface (see Figure 1, step 1). Once activated, receptors associate 

with a network of regulatory proteins (such as GRK and j3arrestin) via their 

cytoplasmic domains. These proteins, in turn, directly or indirectly bind to c1athrin, 

which forms a cage-like curved pit (Clathrin-coated pit, CCP) at the plasma membrane 

(step 2). As the coat continues to grow, the pit deepens until it pinches off as a c10sed 

vesicle (Clathrin-coated vesic1es, CCV) (step 3). Following internalization, the c1athrin 

coat disassembles (step 4) and the vesic1e fuses with other newly uncoated vesic1es or 

with previously internalized membranes to form early endosomes. In the early 

endosome, sorne agonists are released from their receptors and these endosomes go 

back to the plasma membrane, recyc1ing GPCRs to the cell surface (step 5). Sorne 

receptors, however, interact with a second set of cytosolic proteins that retain them, 

creating a multivesicular endosome. This internaI vesic1e will ultimately be delivered 

to lysosomes for degradation (step 6). Even though several groups have studied GPCR 

internalization via c1athrin-coated vesic1es, a c1ear picture of aIl the proteins involved 

in the mechanisms that regulate GPCR internalization still remains elusive. The work 

accomplished in this thesis de scribes sorne of the intermolecular mechanisms 

regulating the early events of A TIR internalization leading to the formation of CCPs. 

First, j3arrestins play a well-established role in the termination of G prote in coupling 

and receptor signalling. GPCR phosphorylation by GRK and j3arrestin binding are 

central to the processes of homologous desensitization, sequestration, recyc1ing and 

down regulation of most mammalian GPCRs. Moreover, j3arrestins are also now being 

accepted as GPCR signal transducers. The initial evidence suggesting that j3arrestins 

function as signal transducers was the observation that j3arrestin 1 and j3arrestin 2 can 

bind directly to Src and recruit it to agonist-occupied GPCRs (96, 97, 171). 

Furthermore, stimulation of 132 adrenergic receptors results in co-Iocalization of the 

receptor with both j3arrestins and Src in CCPs (97). Similar results have been observed 

with other GPCRs, where j3arrestins are involved in recruiting Src to the neurokinin 

NK-l receptor (262), and to the CXCR-l chemokine receptor (111). Our findings 

reveal that, another receptor, the A TI R (171) also induced the association of c-Src 

with j3arrestin. In addition to Src, we found that j3arrestin recruits and binds the 
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Section V: Discussion and Conclusions 

clathrin adaptor complex AP-2, Via its beta-subunit (p2-adaptin) following ATIR 

activation. This complex appears to be regulated by c-Src prote in kinase activity and 

thus modulates the speed and the rate of A TI R intemalization. Even if we can not 

exclude that blocking c-Src protein kinase activity also inhibits other important 

phosphorylation events (e.g. phosphorylation of dynamin), it appears clearly that c-Src 

plays an important role in receptor endocytosis. Indeed, using siRNA we observed that 

reducing c-Src expression not only affected receptor intemalization but also increased 

AP-2 association with the receptor and trapped AP-2 at the plasma membrane. Overall, 

these results suggest that the temary complex c-Src/ AP-2/l3arrestin is involved in the 

early events of A TIR intemalization: CCP formation. 

The formation of (3arrestinlSrc complexes with desensitized-GPCRs appears to 

initiate a 'second wave' of GPCR signalling. Indeed, several proteins involved with 

GPCR desensitization, endocytosis, and trafficking are also Src substrates such as 

dynamin. Dynamin was found to be tyrosine phosphorylated following activation of 

(32-AR (170) and Ml muscarinic receptor intemalization (303). Src phosphorylation of 

dynamin increases both dynamin self-assembly and GTPase activity, and was reported 

to be required for epidermal growth factor (EGF)-mediated EGF receptor 

intemalization (304). GRK2 appears to be another important substrate for Src: Src has 

been reported to phosphorylate GRK2 following activation of either the (32-AR or the 

CXCR4 receptor (69, 177). Our results provide evidence for a new substrate 

phosphorylated by c-Src: the beta-subunit of AP-2, (32-adaptin. 

While the mechanisms involved in regulating the clathrin-mediated endocytic pathway 

are not fully understood, accumulating evidence suggests that phosphorylation cycles 

may be a key step (300, 305). Indeed, phosphorylation of the clathrin heavy chain 

(175) and the large and medium subunits of AP-2 (306, 307) have been demonstrated 

to be important to the clathrin-mediated intemalization of growth factors and nutrients, 

respectively. However, the phosphorylation of endocytic factors is not limited to the 

major coat components. Many others constituents of the endocytic machinery 

including dynamin1, amphiphysin 1 and 2, synaptojanin, AP180, epsin and eps15, are 

- 148-



Section V: Discussion and Conclusions 

phosphorylated. Although it is clear that phosphorylation plays an important role in 

clathrin-mediated intemalization, a more detailed understanding of the endocytic 

regulatory mechanisms will require the identification of the respective prote in kinases 

that target these endocytic components. Multiple prote in kinases of clathrin-coated 

vesicles have been defined, for example a-adaptin-associated prote in kinase-l (AAK1) 

phosphorylates the Jl2 subunit of AP-2 (158), Src prote in kinase phosphorylates 

clathrin (175) and herein the ~2-subunit of AP-2. While ~2-adaptin appears to be a 

good substrate for c-Src, it was necessary to address the function in clathrin-mediated 

intemalization. Previous observations suggest that the poly-L-Iysine dependent 

phosphorylation of AP-2 prevents its recruitment to clathrin cages (306). Thus, it is 

reasonable to believe that phosphorylation may regulate the ability of ~2-adaptin to 

interact with other endocytic proteins, such as ~rrestin. However, we can not exclude 

the fact that ~2-adaptin phosphorylation may also influence AP-2 localization. 

Previous studies have established that ~2-adaptin is phosphorylated in vivo by a 

staurosporine-sensitive prote in kinase whose function is balanced by the constitutive 

activity of prote in phosphatase 2A (PP2A) (307). They also observed that treatment of 

cells with agents that block PP2A function perturb AP-2 localization at the plasma 

membrane and disrupt transferrin intemalization. Thus, as suggested by Slepnev et 

al. (300), it is possible that one potential mechanism to regulate the cycles of coat 

prote in assembly and disassembly is reversible phosphorylation. 

It remains unclear how Src is activated during ATIR stimulation. To be able to 

answer to this question we performed a preliminary study. Recently, the stimulation of 

a mutant ATIR (Ty~02 Ala or Y302A) with Angiotensin II or a wild-type receptor with 

an Ang II analogue ([Sarl ,VaI5
, DPhe8]AngII) was shown to block the activation of 

classical G prote in but stilllead to ~arrestin2 recruitment and ERK1I2 activation (308), 

suggesting that intemalization by itself can promote intracellular signalling. In order to 

determine if the c-Src-mediated effect on AP-2 phosphorylation was G protein

dependent we used a similar approach with an A TIR mutant, where the tyrosine 302 

was replaced by alanine (Tyr302Ala or Y302A) (Figure 2A). This mutation was first 

described as inhibiting G protein signalling without affecting GPCR intemalization 

(287). We confirmed the effect ofthis mutant by measuring the AngII-induced calcium 
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responses, since the G protein-mediated actions of Ang II are typically transduced by 

Gq (leading to the generation OflP3 and DAG, and the increase ofCa2
+ in cens). When 

HEK293 cens expressing the human ATlR were stimulated with Ang II (100nM), 

calcium levels, as assessed by confocal microscopy with Fluo-3AM dye, did not 

increase over time as compared to cells expressing the wild-type receptor (Figure 2B). 

These results are consistent with the previous finding by Laporte et al. ,(287) showing 

that the mutation Y302A abolishes G prote in coupling to the ATlR. 

We further observed that 13arrestin 2 can still interact with Ang II-stimulated 

Y302A receptors and [Sar1,VaI5
, DPhe8]Ang II-bound to ATlR, using confocal 

microscopy. When 13arrestin2-GFP was coexpressed with the wild-type ATlR (ATlR 

WT) or the mutant Y302A (ATlR-Y302A), as shown previously, Ang II induced the 

translocation of f3arrestin 2-GFP to endocytic vesicles in cells expressing A Tl R 

receptors (Fig. 3A) (121). Similarly, [Sar1,VaI5
, D-Phe8]Ang II also induced the 

recruitment of 13arrestin2-GFP to the plasma membrane and then into vesicles in the 

cells (Figure 3B), indicating that [Sarl,VaI5, D-Phe8]Ang II-bound to ATlR can 

recruit 13arrestin 2 and promote endocytosis in HEK293 cens. These results are 

consistent with a previous report that the mutant Y302A receptor undergoes 

intemalization following Ang II stimulation (287) and that [Sarl,VaI5, D-Phe8]AngII 

can induce ATl receptor intemalization (309). Under these conditions, stimulation of 

the wild-type ATlR with [Sar1,VaI5, D-Phe8]Ang II or the Y302A receptor with Ang 

II, despite theÏr inability to activate G proteins, led to a robust and transient 

phosphorylation of the 132 subunit of the AP-2 complex (Figure 4A and B 

respectively). AIso, AP-2 was found to be recruited to the ATlR following [Sar1,VaI5, 

D-Phe8]AngII stimulation (Fig. 4B bottom panel). The finding that both the wild-type 

ATlR stimulated with [Sar1,VaI5, D-Phe8]AngII and the Y302A mutant receptor 

stimulated with Ang II recruited AP-2 and are phosphorylated on a tyrosine residue in 

its beta-subunit in the absence of detectable G prote in signalling led us to conclude that 

c-Src contributes to the ATlR-induced AP-2 phosphorylation independently of G 

prote in activation. These results are consistent with recent findings where c-Src 

activation was shown to be independent of G prote in signalling upon ATlR 

stimulation (295). 
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Altogether, these results indicate that Ang II-c-Src-mediated 132-adaptin 

phosphorylation is G protein-signalling independent and suggest that it is being 

mediated by l3arrestinlc-Src. Using the catalytic domain of c-Src, SHI (active form) 

and SHI-KD (inactive form) (Figure SA), which retained a strong catalytic activity 

and good l3arrestin binding, we showed that following Ang II stimulation, the 

overexpression of SHI potentiates the AngII-mediated 132-adaptin phosphorylation 

(Figure SB, SHI). Strikingly, when SHI-KD was overexpressed, the 132-adaptin 

tyrosine phosphorylation was dramatically reduced (Figure 5B, SHI-KD) confirming 

the involvment of c-Src/l3arrestin complex in the 132-adaptin phosphorylation 

following AT1R activation. Figure 6 represents a model based on our findings in this 

regard. Following receptor stimulation, GRK phosphorylates the C-tail of the receptor 

allowing the recruitment of I3arrestin and c-Src. l3arrestin serves as an adaptor to 

recruit components of the endocytic machinery such as clathrin and AP-2, and then c

Src phosphorylates 132-adaptin on tyrosine residues to induce its dissociation from 

l3arrestin. Here we show that a c-Src mutant (SHI-KD) that retains the l3arrestini 

binding domain but is catalytically inactive can block the AngII-mediated 132-adaptin 

phosphorylation. This finding implies that 13arrestin-mediated recruitment of c-Src is 

crucial for localizing the tyrosine prote in kinase activity in close proximity with the 

132-adaptin. 

In addition to dynamin, we have now identified another target for c-Src during 

receptor-mediated endocytosis: the beta subunit of AP-2. Overall, these results 

highlight the important role of l3arrestin in recruiting c-Src to the agonist-occupied 

receptor prior to intemalization. Furthermore, our results suggest that the receptor can 

exist in more than one 'active' conformation. Thus, the receptor conformation induced 

by [SarI,VaIS, D-Phe8]AngII in the wild-type receptor, or by the Ang II for Y302A 

mutant receptor, which can stimulate the c-Src-mediated AP-2 phosphorylation, is not 

able to activate G proteins. The demonstration of such functionally distinct active 

conformations, potentially coupled to distinct signalling pathways, gives credibility to 

the development of novel therapeutics that might target only one of several such 

conformations. 
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Fig. 2. Calcium respooses of Fluo-3 AM 00 traosfected HEK 293 cells. A, 

Schematic representation of the amino acid sequence of the human AT 1 R. Mutation of 

the human AT1R was made by replacing Tyr302 with alanine (AT1R-Y302A), as 

previously described by Laporte et al.(287). B, Time response of calcium release in 

HEK293 cens after Ang II stimulation in living cens. HEK293 cens were grown on a 

coverslip and transfected with the wild-type AT1R (AT1R-WT, top panels) or AT1R

Y302A (bottom panels). Before the experiment, cens were washed 3 times with a 

Tyrode solution (5 mM HEPES, 136 mM NaCI, 2.7 mM KCI, 1 mM MgCI2, 1.9 mM 

CaCI2, 5.6 mM glucose, buffered to pH 7.4 with Tris base, and supplemented with 

0.1 % BSA). cens were then incubated for 45 min at room temperature in the dark, and 

then washed twice with Tyrode-BSA buffer, and twice in Tyrode buffer alone. cens 

were then treated with Ang II (1 ~M) at 37°C for the indicated times. Fluorescence 

was visualized by confocal microscopy with the following settings: 488 nm excitation 

and filter set at LP 505. Figures represent the calcium dye distribution as assessed by 

fluorescence intensity. The colour scale represents pseudocolor intensity levels of 

Fluo-3 dye. Shown are representative images ofthree independent experiments. 
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Fig. 3. Agonist-mediated j3arrestin2-translocation assay in HEK 293 cells. A, HEK 

293 cells were transiently transfected with AT1R (top panels) or AT1R-Y302A 

(bottom panels) in presence of GFP-tagged [3arrestin2. cens were then either left 

untreated or treated with Ang II (1 flM) for indicated time at 37°C. The distribution of 

GFP-f3arrestin was visualized by confocal microscopy. For each experiment, 25 

different fields containing 1 to 2 cens were analyzed. Shown are representative images 

of GFP- f3arrestin fluorescence of three independent experiments. B, HEK 293 cens 

were transiently transfected with AT1R in the presence ofGFP-f3arrestin2. cens were 

then either left untreated or treated with Ang II (1 flM) or [Sarl,VaI5, D-Phe8]AngII 

(10 flM) for the indicated time. The distribution of GFP-[3arrestin was visualized by 

confocal microscopy as described in A. 
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Fig. 4. Agonist-mediated ~2-adaptin phosphorylation independently of G protein 

signalling. A, HEK 293 ce Ils were transfected with ATlR-Y02A and Flag-~2-adaptin 

or pcDNA3.1 (Mock). Twenty-four hours after transfection cells were serum-starved 

overnight, and then pretreated with pervanadate for 10 min before being stimulated 

with Ang II (100 nM) for the indicated time. Flag-~2-adaptin were 

immunoprecipitated (lP) from cell lysates using an anti-Flag antibody and 

immunoprecipitates were analyzed by Western blot (WB) using the anti

phosphotyrosine 4G 1 0 (upper panel), and the anti-j3-adaptin (bottom panel) antibodies. 

B, HEK 293 cells were transiently transfected with HA-ATlR and Flag-~2-adaptin. 

Twenty-four hours after transfection cells were serum-starved overnight, and then 

pretreated with pervanadate for 10 min before being stimulated with [Sar1,VaIS, D

Phe8]AngII (10 !lM) for the indicated time. Flag-B2-adaptin or HA-ATl were 

immunoprecipitated (IP). The ~2-adaptin immunoprecipitates were analyzed as 

described in (A), (top panels). The ATlR immunoprecipitates were analyzed for the 

detection of associated-~2-adaptin using an antibody against ~2-adaptin. Whole cell 

extracts (Total) were also probed for the detection of ~2-adaptin using the ~2-adaptin 

antibody, (bottom panels). 
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Fig. 5. l3arrestin/c-Src-mediated 132-adaptin phosphorylation following ATIR 

stimulation. A, Representation of the non receptor tyrosine prote in kinase c-Src and 

its different constructs. SHI correspond to the sm aIl region containing the prote in 

kinase activity and SHIKD to the same region with an inactive kinase (KD) (96). B, 

HEK 293 cells were transfected with AT1R, Flag-132-adaptin and either pcDNA3.l 

(Mock), HA-tagged SHI or HA-tagged SHIKD. Twenty-four hours after transfection 

cells were serum-starved overnight, and then pretreated with pervanadate for 10 min 

before being left untreated or stimulated with Ang II (100 nM) for 5 min at 37°C. 

Flag-132-adaptin were immunoprecipitated (IP) from cell lysates using an anti-Flag 

antibody. Immunoprecipitates were analyzed by Western blot (WB) using the anti

phosphotyrosine 4G 1 0 (upper panel), and the anti-j3-adaptin (bottom panel) antibodies. 

Whole cell extracts (Total) were also probed for the detection of HA-SHI and HA

SHIKD using an anti-HA antibody. 
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Figure 6. Madel for ~arrestin-mediated internalization of AT1R via clathrin-coated pits 

Clathrin-coated vesicle 

Upon agonist binding, receptors are phosphorylated by GRKs leading to the recruitment of ~arrestins (1). Beta-arrestins, through their interaction with clathrin 
and AP-2, target the receptor/arrestin complexes to clathrin coated pits (2). Beta-arrestins also bind c-Src (2 and 3) which was shown to phosphorylate 
dynamin (4), a GTPase that regulates the pinching off trom the cell surface of clathrin coated-pits (5). Src also phosphorylates ~2-adaptin to promote its 
dissociation from ~arrestin. Once clathrin coated vesicles are formed, ~arrestin and c-Src dissociate from AT1 R and the receptor is then internalized into 
endosomes (6) where it is dephosphorylated before returning to the cell surface (7). Colors represent the new elementS added to the proposed model in the 
literature explained at the begining of the thesis (Section 1). 



Section V: Discussion and Conclusions 

The recent use of siRNA against the a and ~2 subunits has shown that the AP-2 

complex is required for the formation of most of plasma membrane-associated CCPs 

(163, 164). However, it remains unclear where the dissociation of AP-2 that we 

observe following its phosphorylation occurs in CCP or CCV? Recent studies have 

contributed sorne elements that address this point. Using a GFP-tagged clathrin light

chain in living cells, various groups showed that clathrin spots at the plasma membrane 

surface can be categorized into four groups. The large st group (approximately 80%) is 

static during the period of observation, new spots can be observed to appear or form, 

approximately 2% of spots move laterally in the plane of the membrane and 

approximately 15% of spots disappear. Those observed disappearing into the cell have 

been suggested to represent nascent CCVs entering the cytosol (310, 311). 

Furthermore, other markers for the endocytic compartment, such as dynamin, have 

been observed disappearing at the same time, place, and rate as the clathrin spots 

(311). Recently, a GFP-tagged a-adaptin was used as an AP-2 marker in living cells. 

Surprisingly, the fluorescence intensity of clathrin and the AP-2 complex were 

comparable in static spots but the AP-2 complex was absent from disappearing clathrin 

spots (310). These unexpected findings suggest that the AP-2 complex is absent from 

forming CCVs and proposes a new model for CCP/CCV formation. In this mode l, the 

AP-2 complex would be involved in the formation of stable platforms for clathrin 

assembly and cargo selection. This model diverges from the previous ones that suggest 

that each formed CCP is progressively transformed into one nascent CCV (162), where 

AP-2 is present ail along the CCV formation process. These models suggest that AP-2 

plays its adaptor function beginning with the early steps of CCP assembly and then is 

incorporated in the vesicle. Finally, in the case of cargo, the fact that activated 

GPCRI~-arrestin complexes are recruited to static pre-existing clathrin spots (182, 

183) suggests that at least in this case, they can correspond to pre-existing platforms 

for cargo selection. In conclusion, there is a clear distinction between the AP-2 content 

in static versus disappearing clathrin spots. These disappearing spots contain endocytic 

cargo but have reduced AP-2 relative to static plasma membrane domains. These 

observations suggested that the AP-2 complex was excluded from the vast majority of 

nascent endocytic vesicles, and led us to hypothesize that the dissociation of 
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phosphorylated-AP-2 that we observe d, occurs in CCPs before the CCVs formation. 

However this point still remains to be determined. 

What is the functional significance of the role for [3arrestin-dependent 

scaffolding complexes in A TIR intemalization? One possibility is that the [3arrestin 

scaffolding complex could serve as a molecular switch for activation of proliferative or 

apoptotic pathways. In sorne cell types, the [3arrestinlSrc complex formation is 

involved in GPCR-mediated activation of the ERK1I2 cascade (97, 114). Indeed, 

studies on the [32AR, suggest that the formation of a receptor/[3arrestinlSrc complex 

directs activation and nuclear translocation of ERK1I2, leading to proliferative effects 

(312). In the case ofNK1, formation of a [3arrestin-containing complex allows nuclear 

translocation of ERK1I2, proliferation, and protection from apoptosis (262). In other 

cell types, [3arrestin binds c-Src, which is believed to be required for CXCL8/1L-8-

mediated chemotaxis of neutrophils (313). This chemotactic effect of the scaffold 

f3arrestin with ERK1I2 was also observed for the PAR2 receptor (314). In support of 

these findings, lymphocytes from [3arrestin 2 knockout mice show significantly 

reduced CXCR4-mediated migration (315). However, sorne results have demonstrated 

that activation of numerous GPCRs in the absence of [3arrestin expression leads to 

cellular apoptosis (316). Thus, the appropriate regulation of GPCRs by [3arrestins 

seems not to be only essential for cell signalling but also for cell survival. 
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Future Perspectives 

The present study characterized the mechanisms regulating the formation of 

endocytic complexes during ATIR internalization. First, the protein kinase c-Src is not 

only recruited to the endocytic complexes in an agonist-dependent fashion, but also 

regulates their formation. One proposed mechanism is that c-Src phosphorylates the 

j32-adaptin and thus induces its dissociation from j3arrestin. Although we were able to 

identify one of the tyrosine residues phosphorylated, we can not favor a common 

mechanism. However, based on the hypothesis that ail GPCRs share a common 

mechanism of activation and j3arrestin-mediated desensitization, it will be of interest to 

assess whether the j32-adaptin phosphorylation is a common mechanism for GPCRs 

and for other receptor types, such as the tyrosine kinase receptors (EGFR). In this 

respect, the development of an antibody directed against the critical phosphotyrosine 

residue will allow us to determine whether this residue on AP-2 is critical for the 

internalization of other GPCRs. 

Protein phosphorylation and dephosphorylation are closely related to signalling 

proteins and can directly mediate prote in-prote in interactions. Thus, prote in tyrosine 

phosphatases, which dephosphorylate signalling molecules, play an important role in 

transducing signais and controlling cellular behaviour. Evidence has shown that SHP2 

could be recruited in an agonist-dependent fashion to GPCRs (317). Furthermore, 

parrestin 2 was recently characterized as a signalling intermediate through a 

kinase/phosphatase scaffold for AktIPP2A involved in the expression of dopamine

associated behaviours (318). Arrestin acts as a positive mediator of dopaminergic 

synaptic transmission. Thus, regarding the role of c-Src in GPCRs intemalization, we 

can speculate that tyrosine phosphatase cou Id also play a role. Indeed, SHP2 has been 

reported to be recruited to the A TIR (319). It will be interesting to assess whether 

SHP2, or even other phosphatases, regulate GPCR endocytosis. 

In what could be qualified as "challenging times", much attention will probably 

be foccussed on deciphering the real-time dynamics of the spatio-temporal movement 

of the j3arrestinlj32-adaptinlSrc complex in living cells in order to advance our 
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understanding of the dynamic of j32-adaptin, and others proteins in CCPs or CCV s. 

The development of fluorescent resonance energy transfer (FRET) and a Src reporter 

(320) will offer the unique opportunity to monitor in intact living cells Src prote in 

protein kinase activity and, finally, to determine whether Src is activated at the plasma 

membrane or inside vesicles. These sophisticated techniques cou Id better define how 

the organization and distribution of the endocytic complex formation are regulated 

during GPCR internalization. What is the temporal recruitment of endocytic proteins 

during receptor internalization? Where are the complexes dissociated? The elegant 

demonstration of the in vivo kinetics during receptor activation recently reported for 

j32-AR by BRET is a good example of the innovative breakthroughs that biophysical 

techniques bring to the field of GPCR internalization (321). The ability to probe for 

three proteins in very close proximity, in the future, will give further insight into how 

these complexes are regulated. 

The other angle of the story that would be particularly interesting is to explore 

the in vivo roles of j32-adaptin dissociation. In others words, how and why do the se 

complexes dissociate? Close examination of AP-l (322), and p-arrestin (323) shows 

that an effective way of regulating compartmental specificity cou Id be 

dephosphorylation or phosphorylation by phosphatases and kinases restricted to 

defined membrane locales. These focal posttranslational modifications cou Id modulate 

the avidity between network members, promoting assembly (and disassembly) of 

sorting lattices only at the appropriate location and time. For example, it has just been 

reported that ArklplPrklp-mediated phosphorylation of a S. cerevisiae endocytic, 

epsl5-like accessory factor governs the post budding inactivation of Arp2/3-dependent 

actin polymerization, preparing the transport vesicle for subsequent fusion (324). 

Except for AP-I, the role of phosphorylation in controlling clathrin-coated vesicle 

formation at the cell surface is relatively unexplored. How endocytic phosphorylation 

cycles are regulated is an important question for the future. Further studies on 

regulatory inputs and control mechanisms are sure to provide important insight into the 

events controlling receptor endocytosis. 
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An alternative explanation for why c-Src phosphorylates 132-adaptin is that the 

c-Src-mediated phosphorylation of 132-adaptin could also promote the recruitment of 

new interacting proteins with an SH2 domain, which is in accordance with the crystal 

structure of 132-adaptin, in which theTyr737 could be accessible (153) (Figure 7). 

Figure 7. Structure of the ear domain of f32-adaptin. Structure of f32-adaptin (residues 
664-937) is shown as ribbon, and the position of the glutamate 849 (Glu849

), the 
glutamate 902 (Glu902

) and the tyrosine 737 mutated for phenylalanine (Phe737
) 

residues are deduced from coordinates of the crystal structure of f32-adaptin 
(deposited at the Protein Data Bank, identification code JE42). The structure and the 
position of different residues were visualized using Swiss-PDB Viewer (Glaxo 
WeI/come Experimental Research). 

Nevertheless, proof of this model will require crystallization of the 

phosphorylated AP-2 complex. Since the crystal structure was obtained for 132-adaptin 

(153), it will be important in future studies to examine the crystal structure of wild

type 132-adaptin as compared to phosphorylated 132-adaptin. A structural approach will 

be useful in demonstrating the ability of phosphorylated 132-adaptin to bind, or not, to 

endocytic proteins. It is not unlikely that a prote in with an SH2 domain would make an 
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excellent binding partner for c-Src phosphorylated tyrosine residue within p2-adaptin. 

One potential candidate is phosphatidylinositol 3-kinase, a key enzyme for the 

generation of phospholipids involved in clathrin-mediated trafficking (325). In 

searching the database for specific consensus sequences for phosphorylated p2-

adaptin, it appears that PI3K could be a good candidate. Recent evidence suggests that 

phosphorylated YMXM motifs play a role in mediating specific interactions with SH2 

domains. In particular, the SH2 domains of PI3K bind to autophosphorylated YMXM 

or YXAM motifs in the platelet-derived growth factor receptor (326-328) and colony

stimulating factor 1 receptor (329), as weIl as in IRS-l itself (330). This is consistent 

with previous studies reporting that PI3K is required for P2-AR endocytosis (331). In 

parallel, to verify and identify new proteins interacting with phosphorylated p2-

adaptin, a proteomics approach would inform us of the partners recruited during AT1R 

endocytosis. 

In conclusion, originally thought only to be important in GPCR desensitization, 

parrestins are now known to be involved in receptor endocytosis, adaptor and kinase 

scaffolding, intracellular trafficking, and most recently, to be required for receptor 

recycling. At present, little is known about the physiological significance of these 

novel parrestin-dependent signalling mechanisms. Recently, using a genomic approach 

to silence predicted human prote in kinases by RNA interference (RNAi), Pelkmans et 

al. (332) evaluated the effect on two endocytic routes: clathrin- and caveolae/raft

mediated endocytosis. Their analysis demonstrates that signalling functions such as 

those controlling cell adhesion, growth and proliferation, are inducible by the 

machinery of endocytosis. Of the 590 human kinases screened (including lipid, 

prote in, carbohydrate and hypothetical prote in kinases), they identified sorne protein 

kinases previously implicated in endocytosis (AAK1, Lck, c-Src, GSK3p, PKC 

isoforms and CK2). They also assigned a prominent role in endocytosis to a number of 

regulators of the actin and tubulin cytoskeleton, as weIl as mitogenic pathways, cell 

growth, proliferation and apoptosis. This promising screen highlights the complexity 

in the regulation of the clathrin-mediated endocytosis and might explain the 

differences observed between receptors. 
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1- In the work reported in Section III, the endogenous formation of a temary endocytic 

complex containing AP-2, l3arrestin and c-Src during AT1R intemalization was 

characterized by co-immunoprecipitation experiments. In addition, in vitro studies 

identified the binding region important for these interactions, and also whether the 

prote in kinase was activated inside the complex by yeast-three hybrid and co

immunoprecipitation assays. In addition, in an agonist-dependent fashion, the prote in 

kinase activity of c-Src involved in the dissociation of the endocytic complex in cells 

was demonstrated by co-immunoprecipitation. These interactions were confirmed with 

two approaches by depleting c-Src expression with siRNA or phosphorotioates 

antisense. Moreover, the impact of reducing c-Src expression on receptor 

intemalization was measured by radioligand binding assay and confocal microscopy. It 

was shown that AP-2 and the receptor are trapped at the plasma membrane in c-Src

depleted cells, and this also reduced the speed and rate of AT1R intemalization 

observed by radioligand binding assay. 

ll- In the work reported in Section IV, it was shown that the beta-subunit of AP-2 was 

tyrosine phosphorylated upon Ang II stimulation by co-immunoprecipitation 

experiments. In addition, using different inactive c-Src prote in kinase constructs and 

co-immunoprecipitation experiments, the c-Src protein kinase was identified as 

responsible for j32-adaptin phosphorylation. The tyrosine residue was identified using 

GST-peptides of a small region of j32-adaptin and in vitro kinase assays. By directed 

mutagenesis, the potential tyrosine residues were mutated and verified by in vitro 

kinase assays in order to assess their phosphorylation status. In addition, the ability of 

phosphorylated j32-adaptin mutants, to bind j3arrestin with an in vitro phosphorylation 

following GST-pull down assays was determined. In living cells, the role of the 

tyrosine phosphorylation of j32-adaptin onto j3arrestin association was confirmed by 

BRET assay. Finally, in order to observe the dynamics of these interactions, confocal 

experiments were performed to observe both j3arrestin and j32-adaptin upon Ang II 

stimulation. 
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c-Src Regulates Clathrin Adapter Protein 2 
Interaction with fl-Arrestin and the Angiotensin 
Il Type 1 Receptor during Clathrin-
Mediated Internalization 
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p-Arrestins are multifunctional adapters involved 
in the intemalization and signaling of G protein
coupled receptors (GPCRs). They target receptors 
to clathrin-coated pits (CCPs) through binding with 
clathrin and clathrin adapter 2 (AP-2) complex. 
They also act as transducers of signaling by re
cruiting c-Src kinase to certain GPCRs. Here we 
sought to determine whether c-Src regulates the 
recruitment of AP-2 to p-arrestin and the angioten
sin Il (Ang Il) type 1 receptor (AT1 R) during inter
nalization. We show that the agonist stimulation of 
native AT1 R in vascular smooth muscle ceUs 
(VSMCs) induces the formation of an endogenous 
complex containing c-Src, p-arrestins and AP-2./n 
vitro studies using coimmunoprecipitation experi
ments and a yeast three-hybrid assay reveal that 
c-Src stabilizes the agonist-independent associa
tion between p-arrestin2 and the p-subunit of AP-2 
independently of the kinase activity of c-Src. How
ever, although c-Src expression promoted the 
rapid dissociation of AP-2 from both p-arrestin and 
AT1R after receptor stimulation, a kinase-inactive 

G PROTEIN-COUPLED RECEPTORS (GPCRs) are 
integral membrane proteins that are responsible 

for controlling an array of physiological responses 
su ch as phototransduction, olfaction, neurotransmis
sion, vascular tone, cardiac output, and pain. The in
tensity and the duratiofl of a response are dependent 
on the balance that exists between mechanisms that 

First Published Online October 21, 2004 
Abbreviations: AD, Activation domain; AP-1/2, clathrin 

adapter protein 1 and 2; Ang Il, angiotensin Il; AS-l, anti
sense DNA for c-Src; ATl R, angiotensin Il type 1 receptor; 
tl2AR, tl2-adrenergic receptor; CCP, clathrin-coated pit; 
CCV, clathrin-coated vesicle; CTL -l, control antisense DNA; 
DBD, DNA binding domain; EGFR, epidermal growth factor 
receptor; GAPDH, glyceraldehyde 3-phosphate dehydroge
nase; GFP, green fluorescent protein; GPCR, G protein-cou
pied receptor; GRK, G protein-coupled receptor kinase; HA, 
hemagglutinin; HEK, human embryonic kidney; siRNA, small 
interfering RNA; SOS, sodium dodecyl sulfate; VSMC, vas
cular smooth muscle cell. 

Mo/ecu/ar Endocrin%gy is published monthly by The 
Endocrine Society (http://www.endo-society.org), the 
foremost professional society serving the endocrine 
community. 

mutant of c-Src failed to induce the dissociation of 
AP-2 from the agonist-occupied receptor. Thus, 
the consequence of c-Src in regulating the disso
ciation of AP-2 from the receptor was also exam
ined on the intemalization of AT1R by depleting 
c-Src in human embryonic kidney (HEK) 293 ceUs 
using a smaU interfering RNA strategy. Experi
ments in c-Src depleted ce Us reveal that AT1 R re
mained mostly colocalized with AP-2 at the plasma 
membrane atter Ang Il stimulation, consistent with 
the observed delay in receptor intemalization. 
Moreover, coimmunoprecipitation experiments in 
c-Src depleted HEK 293 ceUs and VSMCs showed 
an increased association of AP-2 to the agonist
occupied AT1R and p-arrestin, respectively. To
gether, our results support a role for c-Src in reg
ulating the dissociation of AP-2 trom agonist
occupied AT1R and p-arrestin during the clathrin
mediated intemalization of receptors and suggest 
a novel function for c-Src kinase in the intemaliza
tion of A T1 R. (Mo/ecu/ar Endocrino/ogy 19: 491-003, 
2005) 

491 

regulate the coupling of the receptors to their down
stream effectors and those that terminate the signal
ing. Mechanisms that rapidly turn off signaling include 
desensitization, whereby receptors become refractory 
to subsequent stimuli, and internalization, where re
ceptors are removed from the plasma membrane (a 
process also referred to as sequestration or endocy
tosis) (1, 2). Internalization of GPCRs can lead to the 
reestablishment of the cellular response by the recy
cling of receptors to the plasma membrane, or the 
prevention of further signaling by targeting receptors 
for degradation. 

Homologous desensitization and internalization of 
receptors involve common and distinct steps. Agonist 
stimulation of GPCRs promotes the phosphorylation 
of receptors by GPCR kinases (GRKs), and the recruit
ment of nonvisual arrestin proteins (p-arrestin1 and 
l3-arrestin2) to the phosphorylated receptors (1). 13-
Arrestins bind to the agonist-occupied GPCR to pre
vent second-messenger signaling and act as adapters 
to target desensitized receptors to clathrin-coated 
vesicles (CCVs) at the plasma membrane (i.e. clathrin-
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coated pits; CCPs) for internalization (3, 4). The in
volvement of f3-arrestins in the internalization of the 
f32-adrenergic receptor (f32AR) and the angiotensin Il 
(Ang Il) type 1 receptor (AT1 R) has been demonstrated 
using different approaches, and more recently by gene 
disruption and posttranscriptional silencing of f3-
arrestins (5, 6). In the case of the f32AR, f3-arrestins are 
believed to link the agonist-occupied receptors to 
CCPs by interacting through their C-terminal domains 
with both clathrin and the f3-subunit of the heterotet
rameric adapter AP-2 complex ({32-adaptin) (7-10). 
Many studies indicate that AT1R can internalize via 
CCVs in both heterologous and endogenous systems 
(11-15), but the underlying mechanisms regulating 
{3-arrestin-mediated endocytosis of AT1 Rand other 
GPCRs still remain poorly understood. 

ln addition to their roles in GPCR desensitization 
and internalization, recent evidence indicates that 
{3-arrestins can also participate in receptor signaling 
by functioning as adapters for the recruitment of sig
naling molecules to agonist-occupied receptors (16). 
For instance, {3-arrestins have been shown to recruit 
the nonreceptor tyrosine kinase c-Src to the {32AR (17) 
and the neurokinin-1 receptor (18). The {3-arrestin
mediated recruitment of c-Src to the agonist-occupied 
{32AR regulates the function of the endocytic protein 
dynamin, a GTPase involved in the fission of CCPs 
from the plasma membrane (8, 17). Given the dual 
adapter role for f3-arrestins in the internalization and 
signaling of GPCRs, we hypothesize that c-Src could 
also regulate the recruitment of other endocytic pro
teins like AP-2 to the agonist -induced AT1 RI f3-arrestin 
complex, and consequently impact the early steps of 
receptor internalization. 

RESULTS 

Ang Il Promotes the Formation of an Endogenous 
Complex Containing c-Src, p-Arrestin, and AP-2 

We have previously shown that the internalization of 
certain GPCRs, via the clathrin pathway, requires the 
recruitment of {3-arrestin to the receptor, and the in
teraction of f3-arrestin with the heterotetrameric AP-2 
complex (via its {3-subunit, i.e. (32-adaptin) (9). More 
recently, it has been suggested by different groups 
that {3-arrestins act as signaling adapters for the re
cruitment of c-Src family kinases to some GPCRs 
(17-19). To determine whether c-Src could participate 
in the association between {3-arrestin and AP-2, we 
first examined in an endogenous system, whether the 
agonist stimulation of AT1 R promoted the formation of 
a complex containing c-Src, p-arrestin, and AP-2. 
Vascular smooth muscle cells (VSMCs) expressing en
dogenous A T1 R (around 100 fmoVmg of total protein 
as estimated by radioligand binding experiments; data 
not shown) were serum starved for 12 h and then 
either left untreated or treated with Ang Il for 5 min at 
37 C. Cells were th en solubilized and endogenous 
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c-Src was immunoprecipitated. Interacting proteins in 
the complex were identified by Western blot analysis 
using antibodies against the a-subunit of AP-2 and 
f3-arrestin (Fig. 1). Results show that, in the absence of 
agonist stimulation, little f3-arrestin and no AP-2 com
plex were detected in the c-Src immunoprecipitates. 
However, after agonist stimulation of native AT1 R, a 
robust association of both p-arrestin and AP-2 was 
observed with c-Src. These results show that the ag
onist stimulation of AT1 R in a native system like 
VSMCs promotes the formation of an endogenous 
complex including c-Src, {3-arrestin, and AP-2. 

c-Src Increases the Association between p
Arrestin and p2-Adaptin Independently of Its 
Kinase Activity 

The Ang II-mediated formation of a complex contain
ing {3-arrestin, AP-2, and c-Src in VSMCs, and the 
recent demonstration that c-Src and f3-arrestin asso
ciate with each other when overexpressed in COS-7 
cells (20), suggest that c-Src is involved in stabilizing 
the association between {3-arrestin and AP-2. We 
therefore reasoned that, by increasing the expression 
of c-Src in ceUs, we could induce the agonist-inde
pendent association between {3-arrestin and AP-2. To 
test this possibility, COS-7 ceUs were transfected with 
Flag-tagged {3-arrestin2 and increasing amounts of 
hemagglutinin (HA)-tagged c-Src, and the level of en
dogenous AP-2 (as assessed by the presence of 
{3-subunit of the AP-2 complex, i.e. {32-adaptin) in the 
{3-arrestin immunoprecipitates was identified by West
ern blot analysis (Fig. 2A). In the absence of c-Src 
overexpression (Fig. 2A, lane 1), no {32-adaptin was 
detected in the {3-arrestin immunocomplex. However, 
increasing the expression of c-Src resulted in the in
creased formation of a {3-arrestinlAP-2 complex. We 
next examined whether this c-Src-mediated GPCR
independent association between {3-arrestin2 and 
AP-2 was dependent on the kinase activity of c-Src. 

Angll .. 

c-Src ~ 
f3arrestln _ 

a-adaptinr:::w 
IP: c-Src 

1 1 -lIJIII 
Fig. 1. Ang Il Promotes the Formation of an Endogenous 
Complex Containing c-Src, f3-Arrestin, and AP-2 

VSMCs were left untreated (-) or treated (+) with Ang Il 
(100 nM) for 5 min at 37 Cafter serum starvation ovemight. 
Endogenous c-Src was immunoprecipitated (IP) with the 
GD11 antibody, and proteins in the complex were detected 
by Westem blot using c-Src (SRC2, Santa Cruz Biotechnol
ogy), f3-arrestins (A 1 Cl), and the a-subunit of AP-2 (BD 
Transduction Laboratories) antibodies as described in Mate
rials and Methods. Also presented are blots from whole cell 
extracts (Total, right panel) probed with the same antibodies. 
810ts are representative of three independent experiments. 
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Fig. 2. c-Src Overexpression Increases the Association be
tween f3-Arrestin and AP-2 Independently of the c-Src Kinase 
Activity 

A, COS-7 cells were transiently transfected with Flag-f3-
arrestin2 and increasing amounts of HA-c-Src. f3-Arrestin 
was immunoprecipitated (IP) with Flag antibody (Sigma) and 
the amount of endogenous AP-2, as assessed by the pres
ence of f32-adaptin in the f3-arrestin immunoprecipitates was 
analyzed by Westem blot using a f32-adaptin (BD Transduc
tion Laboratories) antibody. Whole cell extracts (fotal) were 
also blotted for detecting the level of c-Src expression using 
the HA (Santa Cruz Biotechnology) and f32-adaptin (BD 
Transduction Laboratories) antibodies. B, COS-7 cells were 
transfected with Flag-f3-arrestin2, f32-adaptin and pcDNA3.1 
(Mock) and either HA-c-Src, HA-c-Src-Y530F or HA-c-Src
K298R. Whole cell extracts (fotaQ were analyzed by Western 
blot (WB) with the antiphosphotyrosine (P-Tyr) antibody 4G1 0 
(Upstate Biotechnology). C, Cells were transfected as in (8), 
and Flag-f3-arrestin was IP with the Flag antibody (Sigma), 
and complexes were analyzed by Westem blot for the de
tection of f3-arrestin, f32-adaptin, and c-Src expression using 
the antibodies against Flag (Sigma), f32-adaptin (BD Trans
duction Laboratories), and HA (Santa Cruz Biotechnology), 
respectively. Whole cell extracts (fotal) were aise blotted with 
anti-HA (Santa Cruz Biotechnology) and anti-f32-adaptin (BD 
Transduction Laboratories) antibodies, for detection of the 
different c-Src constructs and the f32-adaptin, respectively. 
Data are representative of at least three independent exper
iments. 

To this end, we overexpressed {3-arrestin2-Flag and 
{32-adaptin in COS-7 cells with either wild-type c-Src 
or a mutant that mimics the activated form of c-Src 
(c-Src-Y530F) or the kinase dead c-Src-K298R (Fig. 2, 
8 and C), and assessed the ability of the different 
c-Src constructs to promote the association between 
{32-adaptin and {3-arrestin. We first determined the 
relative level of kinase activity of the different c-Src 
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constructs by probing the total Iysates from cells ex
pressing wild-type and c-Src mutants using an anti
phosphotyrosine antibody (Fig. 28). The expression of 
wild-type c-Src and c-Src-Y530F had similar effects 
on the pattern of protein phosphorylation, whereas 
almost no phosphorylation of proteins was detected in 
cells overexpressing c-Src-K298R, suggesting that at 
the levels of c-Src and c-Src-Y530F expression, both 
kinases had a similar activity in cells. Subsequently, 
these different constructs were overexpressed in 
COS-7 cells, and the amounts of AP-2 and c-Src 
associated to the immunopurified {3-arrestin2 com
plexes were analyzed. Although we found that ail c
Src constructs were able to associate with {3-arrestin2, 
only wild type c-Src and the K298R mutant promoted 
the formation of a ternary complex that included {32-
adaptin and {3-arrestin (Fig. 2C). These results imply 
that the kinase activity of c-Src is not required to 
promote the agonist-independent association of AP-2 
with {3-arrestin2. 

To verity that c-Src directly contributed to the for
mation of a ternary complex with {3-arrestin2 and {32-
adaptin, and also to confirm that this complex forma
tion is independent of c-Src kinase activity, we used a 
modification of the yeast two-hybrid system (yeast 
three-hybrid). We have previously shown using a sim
i1ar assay that the interaction between {3-arrestin2 and 
{32-adaptin cou Id be detected (8, 9). We expressed 
{3-arrestin2 fused to the DNA binding domain (DBD) of 
GAL4 and {32-adaptin fused to the activation domain 
(AD) of GAL4, and assessed the effect of c-Src ex
pression on the transactivation of the auxotrophic 
HIS3 and the reporter lacZ genes (Fig. 3C). The ex
pression vectors for {3-arrestin2 and the {32-adaptin 
were cotransformed into yeast strain PJ69-4a with the 
empty vector p426-ADH or with the p426-ADH-c-Src 
mutant (c-Src-G2A, -Y416F, -Y527F). This mutant 
lacks the myristoylation site, to reduce its membrane 
association, and is mutated on tyrosines 416 and 527 
to prevent tyrosine phosphorylation, and hence the 
activation of c-Src (21). Yeasts were transformed with 
the expression vector for {3-arrestin2 alone (Fig. 3A, 
lane A), or with {32-adaptin (Iane B), c-Src (Iane C) or 
{32-adaptin and c-Src together (Iane D). Cells were 
serially diluted and spotted onto plates lacking 
leucine, tryptophan, and uracil supplemented or not 
with histidine (Fig. 3A, left and right panels). As shown 
here, the overexpression of {3-arrestin2 and j32-adaptin is 
sufficient to induce yeast growth on selective media 
lacking histidine (Fig. 3A, right panel, lane B). The 
expression of c-Src with both {3-arrestin2 and {32-
adaptin promoted the faster growth of yeasts (Fig. 3A, 
right panel, compare lanes D and B), suggesting that 
c-Src stabilizes the {3-arrestinl{32-adaptin interaction. 
We also quantified the interaction between {3-arrestin2 
and {32-adaptin using a lacZ reporter assay. Our re
sults show that expression of c-Src with {3-arrestin2 
and {32-adaptin induced a 2- and 4-fold increase in the 
{3-galactosidase activity as compared with yeasts ex
pressing {3-arrestin and {32-adaptin, oryeasts express-
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Fig. 3. c-Src Increases the Interaction between f3-Arrestin 
and f32-Adaptin in Veast 

A. DNA encoding the hybrid protein f3-arrestin2 (GAL4 
DBD-f3arr2) was transformed in the yeast strain PJ69-4a 
alone ~ane A). or with the hybrid protein /32-adaptin (GAL4 AD 
/32-Ad) Qane B). c-Src Qane C). or f32-adaptin and c-Src 
together ~ane D) as described in Materials and Methods. 
Transformants were serially diluted (at an Aeoo of 0.1. 0.002. 
0.004. respectively) and 10 pJ of cell suspension were spot
ted onto selective medium lacking leucine. tryptophan and 
uracil (-Leu/-Trp/-Ura). or lacking leucine. tryptophan. ura
cil and histidine (-Leu/-Trp/-Ural-His). Protein-protein in
teraction was assessed for histidine complementation in 
presence of 2.5 mM 3-AT (A) and for /3-galactosidase activity 
(B). f3-Galactosidase activity is expressed as Miller units as 
described in Materials and Methods. and represents the 
mean ± SEM of three Independant transformations in tripli
cates. C. Schematic representation of temary complex for
mation between the two hybrid proteins. /3-arrestin2 and 
f32-adaptin. and the bridge protein c-Src. Results show that 
the expression of c-Src with the two-hybrid proteins (column 
D) increases the /3-galactosidase activity by 4- and 2-fold as 
compared with conditions when /3-arrestin2 and c-Src (col
umn C). or /3-arrestin2 and f32-adaptin (column B) were ex
pressed together. f32-Adaptin expression alone or with c-Src 
did not increase significantly the f3-galactosidase activity as 
compared with conditions expressing /3-arrestin2 and c-Src 
(data not shown). ". P < 0.01; .... P < 0.001 determined by 
one-way ANOVA. and was considered highly significant. 

ing {3-arrestin and c-Src. respectively (Fig. 3B. D vs. B 
and D vs. C. respectively). These results indicate that 
the expression of c-Src in yeast stabilizes the ternary 
complex containing {3-arrestin2 and {32-adaptin. As 
expected. we did not find that the expression of the 
c-Src mutant increased the tyrosine phosphorylation 
of total yeast protein (data not shown). Altogether, 
these results demonstrate that the interaction between 
{3-arrestin and {32-adaptin can be stabilized in the 
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presence of c-Src. and support our previous observa
tions that the kinase activity of c-Src is not necessary 
to induce the agonist-independent formation of the 
complex. 

The c-Src-Mediated Formation of a fJ-Arrestinl 
AP-2 Complex Requires an Intact fJ2-Adaptin 
Binding Domain on fJ-Arrestin 

We have previously shown that {32-adaptin binds di
rectly {3-arrestin2 through a critical arginine residue 
(R396) present in the C-terminal domain of {3-arrestin 
(8). This region also contains a motif for the binding of 
clathrin (L1EF, residues 374-377) (7-9, 22). Therefore, 
we used different {3-arrestin2 mutants impaired in {32-
adaptin binding ({3arr2 R396A), impaired in both clath
rin and {32-adaptin binding (where the hydrophobie 
residues of L1EF motif were substituted for alanines. 
{3arr2-R396A.-AAEA) or a truncated forrn of {3-arres
tin2 lacking both sites ({3arr2-T372), and assessed the 
ability of c-Src to promote the agonist-independent 
binding of {32-adaptin to the different {3-arrestin mu
tants. COS-7 ce Us were transfected with either Flag
tagged {3-arrestin2 or mutants. with or without HA-c
Src, and the amount of endogenous AP-2 in the 
{3-arrestin immunoprecipitates was determined by 
Western blot analysis (Fig. 4). As previously observed 
and shown here. the overexpression of HA-c-Src in
duced the association of AP-2 with {3-arrestin2 (Figs. 2 
and 4). However, c-Src failed to promote the robust 
association of AP-2 to the different {3-arrestin2 mu
tants as compared with wild-type {3-arrestin2 (Fig. 4). 
These results demonstrate that the c-Src-induced for
mation of a {3-arrestinlAP-2 complex requires an intact 
{32-adaptin binding site on {3-arrestin2 C-terrninal 
domain. 

The Kinase Activity of c-Src Is Required to 
Promote the Dissociation of AP-2 from 13-
Arrestin2 and Agonist-Occupied AT1R 

We have previously shown for some GPCRs internal
izing via CCVs. su ch as the {32AR that the recruitment 
of AP-2 to {3-arrestin and to the receptor required 
agonist activation (9). We therefore tirst verified 
whether the agonist stimulation of AT1 R could induce 
the recruitment of AP-2 to {3-arrestin and the receptor 
(Fig. 5). COS-7 or human embryonic kidney (HEK) 293 
ceUs were used to express Flag-tagged {3-arrestin2 
and wild-type AT1 R, or Flag-tagged An R alone. CeUs 
were serum starved and th en stimulated with Ang JI for 
different periods of time (Fig. 5, A and B, respectively). 
{3-Arrestin2 in COS-7 ceUs or AnR in HEK 293 ceUs 
was th en immunoprecipitated and the amount of en
dogenous AP-2 in the complexes, as detected by the 
presence of {32-adaptin, was determined by Western 
blot analysis (Fig. 5. A and B,lane 1-3). In unstimulated 
ceUs, little association of AP-2 to {3-arrestin and AT1 R 
was observed, consistent with what we observed for 
other GPCRs (9). Stimulation of receptors induced the 
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Fig. 4. Effect of c-Src expression on AP-2 Association with 
f:I-Arrestin Mutants Lacking f:l2-Adaptin and/or Clathrin Bind
ing Sites 

A and B, COS-7 ceUs were transiently transfected with 
either Flag-f:l-arrestin2 or Flag-f:l-arrestin2-R396A, Flag-f:l
arrestin2-R396NAAEA, Flag-f:l-arrestin2-T372, with or with
out HA-c-Src. f:l-Arrestin2 wild type or mutants were immu
noprecipitated with an anti-Flag antibody (Sigma), and the 
endogenous AP-2 in the immunoprecipitates was detected 
by Westem blot using f:l2-adaptin (BD Transduction Labora
tories) antibody. Whole cell extracts [fotal) were blotted with 
anti-HA (Santa Cruz Biotechnology) antibody for c-Src de
tection, and with the same anti-f:l2-adaptin antibody as de
scribed above. B, Results are expressed as the fold increase 
association of AP-2 with /3-arrestin2 in presence of c-Src (+) 
as compared with conditions where c-Src was not overex
pressed (-), and represent the mean :!: SEM of at least three 
independent experiments. " P < 0.05; ", P < 0.01 as com
pared with wild-type f:I-arrestin determined by one-way 
ANOVA test. 

recruitment of AP-2 to both J3-arrestin and the receptor 
in a time-dependent manner reaching a maximum af
ter 5 min of agonist treatment (Fig. 5, A and B, lanes 
1-3). Association of AP-2 with J3-arrestin was transient 
and the complex was lost after 15 min of agonist 
treatment (data not shown). The time frame of AP-2 
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recruitment to AT1 R in HEK 293 ceUs (Fig. 5B) was 
similar to that observed for the interaction between 
f3-arrestin and AP-2 in COS-7 cells (Fig. 5A) or in HEK 
293 cells (data not shown). Together, these results 
suggest that AP-2 is recruited to the same AnRlf3-
arrestin complex. Indeed, in a different set of experi
ments, wh en the agonist-occupied AT1 R was immu
noprecipitated, both f3-arrestin and AP-2 were found 
in the same receptor complex (data not shown). 

To elucidate the mechanism by which c-Src regu
lates the agonist-mediated formation of this endocytic 
complex, we next assessed the effect of overexpress
ing c-Src on the association of AP-2 with f3-arrestin 
and AT1 R after receptor stimulation. When c-Src was 
overexpressed, AP-2 was already detected in the 
J3-arrestin immunoprecipitates in the absence of ago
nist treatment, and almost amounted to levels of stim
ulated receptors in the condition where c-Src was not 
overexpressed (Fig. 5A, compare lanes 3 and 4). Ag
onist stimulation did not promote further recruitment 
of AP-2 to f3-arrestin but instead induced the rapid 
dissociation of the complex, which was complete after 
5 min of agonist treatment. The overexpression of 
c-Src also promoted a basal association of AP-2 with 
AT1 R. Similar to the experiment with J3-arrestin, Ang Il 
stimulation induced the rapid dissociation of AP-2 
from the receptor (Fig. 5B). AP-2 interaction with An R 
was completely lost after 5 min of Ang Il stimulation. 
Our data indicate that c-Src overexpression promotes 
the rapid dissociation of AP-2 from agonist-occupied 
AT1 Rand {:l-arrestin complexes. 

To determine whether the kinase activity of c-Src is 
involved in regulating the dissociation of AP-2 from the 
agonist-stimulated receptor, we overexpressed the ki
nase inactive c-Src-K298R and assessed the recruit
ment of AP-2 to the agonist-occupied AT1 R. HEK 293 
cells were transfected with Flag-AT1R and c-Src
K298R, and the amount of endogenous AP-2 in the 
receptor immunoprecipitates was determined by 
Western blot analysis (Fig. 5C). The overexpression of 
c-Src-K298R induced a basal association of AP-2 with 
the receptor, similar to that observed with wild-type 
c-Src (compare Fig. 5, C and B). However, whereas 
c-Src induced the rapid dissociation of AP-2 from 
agonist-occupied receptor (Fig. SB), the stimulation of 
AT1R in cells expressing c-Src-K298R promoted both 
an increased and sustained association of AP-2 with 
the receptor. Altogether, these results indicate that the 
kinase activity of c-Src promotes the dissociation of 
AP-2 from f3-arrestin and AnR only when receptors 
are activated by the ligand. 

Depletion of c-Src Affects the Redistribution of 
Agonist-Bound AT1 R Inside the Cell and the 
Dissociation of AP-2 from the Receptor and 
p-Arrestin 

We next examined the effect of depleting c-Src on the 
agonist-mediated endocytosis of AT1 R using a small 
interfering RNA (siRNA) strategy. HEK 293 cells were 
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Fig. 5. c-Src Promotes the Dissociation of AP-2 from the Agonist-Occupied AT1R and f3-Arrestin 
COS-7 cells were transfected with AT1 Rand Flag-ll-arrestin2 with or without c-Src (A), or HEK 293 cells were transfected with 

Flag-AT1R with or without c-Src and c-Src-K298R (B and Cl. Cells were serum-starved 12 h before being stimulated with Ang 
Il (1 IJ.M) for the indicated time, and ll-arrestin2 (A) or AT1 R (B and C) were immunoprecipitated (IP) using an anti-Flag antibody 
(Sigma). Immunoprecipitates were analyzed by Western blot for the detection of associated endogenous AP-2 using an antibody 
against {32-adaptin (BD Transduction Laboratories). Whole cell extracts (Total) were also probed for the detection of c-Src using 
the GD11 antibody (Upstate) and endogenous AP-2 using the BD Transduction Laboratories antibody. Data represent the relative 
amount of {32-adaptin found in An Rand {3-arrestin2 immunoprecipitates after agonist-stimulation of receptors after normalizing 
for equal amounts of f32-adaptin present in total proteins, and are the mean ± SEM of three independent experiments. 

transfected with HA-AT1 Rand siRNA for human c-Src 
(siRNA-c-Src), and the ability of siRNAs to silence the 
expression of c-Src was compared with ceUs trans
fected with the receptor and either pcDNA3.1 (Mock) 
or siRNA for glyceraldehyde 3-phosphate dehydroge
nase (GAPDH) (siRNA-GAPDH) (Fig. 6A). siRNA-c-Src 
reduced the expression of endogenous c-Src by more 
than 65% and 55%, respectively, compared with ei
ther mock or the nonsilencing control siRNA-GAPDH. 
The silencing of c-Src showed significant selectivity 
and did not affect the expression of {32-adaptin and 
AT1R (Fig. 6A, and results not shown, respectively). 
We next investigated using confocal microscopy, the 
effect of siRNA-c-Src on the early events of AT1 R 
internalization after agonist stimulation. HEK 293 ceUs 
were transfected with HA-AT1 R and green fluorescent 
protein (GFP)-{32-adaptin as a marker of AP-2 com-

plex (22, 23) with or without siRNA-c-Src, and ceUs 
were labeled at 14 C for receptor detection. The re
distribution of labeled-AT1R and GFP-{32-adaptin was 
visualized after a 5 min treatment of ceUs with Ang Il at 
37 C. In the absence of agonist, AT1 R was found at the 
plasma membrane in punctuate structures, and little 
colocalization of the receptor with GFP-{32-adaptin 
was observed (Fig. 6B, upper left pane~. Agonist treat
ment of ceUs for 5 min induced the rapid endocytosis 
of labeled-AT1R from the plasma membrane into in
traceUular vesicles with no noticeable redistribution of 
{32-adaptin fluorescence. In c-Src-depleted ceUs and 
in the absence of Ang Il stimulation, AT1R was found 
at the plasma membrane and did not colocalize with 
GFP-{32-adaptin even though qualitatively more {32-
adaptin fluorescence was detected at the plasma 
membrane. After agonist stimulation of receptors for 5 
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Fig. 6. Depleting c-Src in CeUs Affects the Agonist-Mediated Intemalization of AT1 Rand Its Association with AP-2 
A, HEK 293 ceUs were transiently transfected with HA-An R with pcDNA3.1 (Mock), siRNA-GAPDH, or siRNA-c-Src. Seventy

two hours after transfection, total ceU Iysates were analyzed by Western blot for the expression of endogenous c-Src using the 
GD11 (Upstate) and the f32-adaptin (BD Transduction Laboratories) antibodies. B, HEK 293 ceUs were transfected with HA-AT1 R 
and GFP-f32-adaptin, and either pcDNA3.1 (upper panels) or siRNA-c-Src (/ower panels). CeUs were serum starved for 12 h before 
being incubated with anti-HA antibody (12CA5, Roche) and with a secondary goat antimouse antibody conjugated ta AlexaFluor 
568 (Molecular Probes) as described in Materia/s and Methods. CeUs were then washed, and were either left untreated or treated 
with Ang Il (1 /LM) for 5 min at 37 C. The distribution of HA-AT1R and GFP-f32-adaptin was visualized by confocal microscopy. 
For each experiment, 25 different fields containing one to two ceUs were analyzed. Shown are representative images of receptor 
immunofluorescence (red) and GFP-f32-adaptin fluorescence (green) of three independent experiments. Colocalization (yeflow) of 
GFP-f32-adaptin with the receptor is indicated byarrows. C, HEK 293 ceUs were transiently transfected with HA-An R with either 
pcDNA3.1 (Mock), siRNA-c-Src, or siRNA-GAPDH. CeUs were serum-starved as previously described before being stimulated 
with Ang U (1 /LM) for 5 min. AT1 R was immunoprecipitated (IP) using an anti-HA antibody (Roche), and the immunoprecipitates 
were analyzed by Western blot for the detection of associated AP-2 using the f32-adaptin antibody (BD Transduction Labora
tories). Whole ceU extracts (Total) were also probed for the expression of endogenous c-Src using the GD11 (Upstate) and the 
f32-adaptin (BD Transduction Laboratories) antibodies. Blots are representative of two independent experiments. D, For receptor 
intemalization, ceUs were transfected with AnR alone ~ and with either siRNA-c-Src (â) or siRNA-GAPDH ([]. CeUs were 
incubated with r25lj_Ang Il (0.11 nM) at 37 C for the different period of time, and the percent of receptor intemalization was 
calculated as described in Materials and Methods. Data are the mean % SEM of three to five independent experiments and were 
analyzed using Prism4 (GraphPad 4 Software). *, P < 0.05 siRNA-c-Src vs. AnR alone determined by an unpaired t test. 

min, AT1R was found mainly at the plasma membrane 
and mostly colocalized with GFP-{32-adaptin (Fig. 68, 
lower right pane~. The higher incidence of AT1R co
localization with {32-adaptin at the plasma membrane 
in c-Src-depleted ceUs is consistent with a role of 
c-Src in regulating the dissociation of AP-2 from the 
receptor. To verify that c-Src depletion affected the 
dissociation of AP-2 from AT1 R, we performed coim
munoprecipitation experiments on cells that were 
transfected using the same conditions as for the con
focal experiments (Fig. 6C). Results show that in cells 
with reduced c-Src expression, a robust increase in 

the agonist-mediated association of AP-2 with the 
immunopurified AT1 R was observed, as compared 
with nondepleted ceUs (mock) and GAPDH-depleted 
ceUs. We also assessed the effect of reducing c-Src 
expression on AT1 R internalization by radio-ligand 
binding assay using 1251_Angll. As shown in Fig. 6D, 
agonist stimulation of HEK 293 ceUs expressing the 
AT1 R alone promoted the rapid internalization of 
receptor-ligand complex inside the ceU, which 
reached a maximum after only 5-10 min of agonist 
stimulation. The nonsilencing control siRNA-GAPDH 
did not affect the rate or the extent to which AT1 R 
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internalizes. However, reducing the endogenous ex
pression of c-Src delayed receptor endocytosis, and 
maximal internalization was reached only after 10-15 
min of Ang Il stimulation (Fig. 60). Internalization was 
significantly reduced in c-Src-depleted cells as com
pared with nondepleted ceUs (AT1R alone) at 2 and 5 
min of receptor stimulation (34 ± 3% vs. 52 ± 2%; and 
41 ± 2% vs. 63 ± 4%, respectively). The half-time of 
AT1 R internalization (the time to which 50% of recep
tors were intemalized) in c-Src-depleted cells in
creased 2-fold as compared with nonsilenced ceUs 
(Fig. 60). The delay in the initial rate of AT1 R internal
ization observed in c-Src-depleted ceUs suggests 
that c-Src is involved in the early events of receptor 
internalization. 

To substantiate the role of c-Src in regulating the 
association of AP-2 with AT1R1j3-arrestin complexes, 
we depleted c-Src expression in an endogenous sys
tem like the VSMCs. CeUs were tirst treated with con
trol antisense ONA (CTL -1) or antisense ONA for c-Src 
(AS-1), and the amount of c-Src expression was as
sessed. As shown in Fig. 7A, AS-1 selectively de
creased by more than 60% the expression of c-Src, 
whereas the CTL-1 had no effect on the expression of 
the protein. We next performed coimmunoprecipita-

A 
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tion experiment to assess the effect of reducing c-Src 
expression on AP-2 association with endogenous 
j3-arrestin after AT1R stimulation. VSMCs transfected 
with either AS-1 or CTL-1 were left unstimulated or 
stimulated with Ang Il for 5 min, and the level of AP-2 
(as assessed by the presence of the j32-adaptin) in 
the j3-arrestin immunoprecipitates was evaluated by 
Western blot analysis (Fig. 78). Ang Il stimulation in
duced a rapid association of AP-2 with j3-arrestin. 
However, the extent to which AP-2 associated with 
j3-arrestin was greater in c-Src-depleted VSMCs than 
in control ceUs. AU together, these results support the 
role of c-Src in regulating the dissociation of AP-2 from 
AT1 Rand f3-arrestin during the internalization of 
receptors. 

DISCUSSION 

Here we show that AP-2 is recruited to f3-arrestin and 
AT1 R after receptor stimulation, extending previous 
studies that AT1 R internalizes through the clathrin 
pathway (11-15). More importantly, we provide evi
dence that c-Src regulates the binding of AP-2 to 

+ + 

fJarrestins 

c-Srç 

CTl·l AS-1 

Fig. 7. Depleting c-Src in VSMCs Increases the Angll-Mediated AP-2 Association with ~-Arrestin 
A, VSMCs cells were transfected or left untransfected (Mock) with either antisense oligonucleotides for the rat c-Src (AS-1) or 

control oligonucleotides (CTL-1). Thirty-six hours after transfection, total ceillysates from VSMCs were analyzed by Western blot 
for the expression of endogenous c-Src using the GD11 (Upstate) and ~2-adaptin (BD Transduction Laboratories) antibodies. B, 
VSMCs were transfected with oligonucleotides for 36 h in serum-free medium as described in Materials and Methods. Cells were 
then stimulated with Ang Il (1 pM) for 5 min, and ~-arrestin was immunoprecipitated (IP) using the A 1 CT antibody. Proteins in the 
immunoprecipitated complexes were analyzed by Western blot for the detection of associated AP-2 using the ~-adaptin 
antibody. Whole cell extracts (Total) were also probed for the detection of endogenous c-Src using the GD11 (Upstate), ~-arrestin 
(A 1 Cl) and j32-adaptin antibodies. Shown in A and B are representative blots of four independent experiments. Data were 
quantified and presented as the relative amount of c-Src found in cells after norrnalizing to the total amount of ~2-adaptin (A), and 
the fold increase over basal of the associated ~2-adaptin with ~-arrestin (B) .• , P < 0.05 AS-1 vs. CTL -1 as determined by one-tail 
paired t test. 
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ATlR 

\ 

Clathrin 

Clalhrin<Wted 
vesicles 

Jl 
Fig. 8. Proposed Model for the Role of c-Src in the Regula
tion of the Interaction between AP-2, AT1R, and (:l-Arrestin 
during Receptor Inlernalization 

Agonist stimulation of AT1 R promotes the recruitment of a 
ternary complex containing c-Src, AP-2 and (:l-arrestin. The 
complex would then be targeted to CCPs, and the presence 
of multiple receptor complexes in addition to the recruitment 
of other endocytic proteins into the CCP would trigger the 
internalization of the coated vesicle. During AT1 R intemaliza
tion, c-Src could promote the dissociation of AP-2 trom the 
receptor/ (:l-arrestin complex to allow the recycling of AP-2 for 
further rounds of coat formation and AT1 R targeting to ceps. 
A T1 R, Ang Il type 1 receptor; A, agonist. 

{3-arrestin and agonist-occupied AT1R. Indeed, we 
demonstrate that c-Src can form a stable complex 
with AP-2 and J3-arrestin, and that its kinase activity is 
required to promote the agonist-mediated dissocia
tion of AP-2 from both {3-arrestin and AT1 R during 
receptor internalization. In support of these results is 
our finding that depleting c-Src expression in cells 
increases the binding of AP-2 with the agonist-stimu
lated A T1 Rand {3-arrestin and prevents the rapid re
distribution of the agonist-bound receptor inside the 
cell. 

The recruitment of AP-2 to J3-arrestin is mediated by 
the agonist stimulation of GPCRs (9). Interestingly, 
c-Src overexpression was sufficient to promote the 
stable association between AP-2 and J3-arrestin, and 
AT1 R without inducing receptor endocytosis (results 
not shown). This effect was independent of the kinase 
activity of c-Src but required the presence of an intact 
{32-adaptin binding site on {3-arrestin. It was recently 
suggested, based on the crystal structure of J3-arres
tin, that the activation of receptors is necessary to 
induce favorable conformational changes in {3-arrestin 
required to unveil the {32-adaptin binding site in the 
C-terminal domain of {3-arrestin (24). Our results sug
gest that c-Src binding to J3-arrestin induces a confor
mational change in J3-arrestin allowing the agonist
independent binding of AP-2 to J3-arrestin and AT1R. 
Interestingly, a mutant that mimics the activated form 
of c-Src (c-Src-Y530F) was unable to promote the 
association of AP-2 to {3-arrestin. One explanation 
may be that c-Src-Y530F cannot induce the appropri-
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ate conformation in {3-arrestin to promote the binding 
of J32-adaptin to {3-arrestin, even though we found that 
c-Src-Y530F still associated with (3-arrestin. Another 
possibility is that this c-Src mutant, because of its 
potentially increased kinase activity, induces the 
phosphorylation of protein(s) involved in the dissocia
tion of AP-2 from J3-arrestin, thus preventing the for
mation of a ternary complex. This latter possibility 
raises the question of what proteins c-Src is targeting? 
One potential candidate is the {3-subunit of the AP-2 
complex itself. It was recently reported that EGFR 
activation cou Id induce the tyrosine phosphorylation 
of J32-adaptin (25). Whether c-Src phosphorylates 132-
adaptin or other endocytic proteins after AT1 R stimu
lation, and to what extent this phosphorylation plays a 
role in regulating the dissociation of AP-2 from 13-
arrestin and the receptor remain to be determined. 

The recruitment of signaling effectors into CCPs has 
been shown to affect components of the clathrin coat 
and to regulate the efficient agonist-dependent endo
cytosis of receptors. The presence of c-Src into CCPs 
affects coat proteins such as dynamin and clathrin (17, 
26). For instance, EGFR stimulation induces the c-Src
dependent phosphorylation of dynamin and clathrin, 
which plays a role in EGFR endocytosis (26, 27). For 
GPCRs su ch as the f32AR, the agonist-dependent 
binding of J3-arrestin to receptors induces the forma
tion of a complex containing J3-arrestin and c-Src (28). 
The J3-arrestin-mediated recruitment of c-Src to {32AR 
brings the kinase in close proximity of dynamin, and 
regulates the function of dynamin through phosphor
ylation (17). Our results suggest another function for 
the J3-arrestin-mediated recruitment of c-Src. In this 
paradigm, the agonist stimulation of AT1 R promotes 
the translocation of {3-arrestin to the receptor, and the 
recruitment of both c-Src and AP-2 to the AT1 R (Fig. 
8). The binding of c-Src to J3-arrestin and AP-2 would 
then stabilize the endocytic complex and allow the 
receptor to be efficiently targeted to the CCP. The Ang 
II-mediated recruitment of c-Src into the CCP would 
serve to regulate the dissociation of AP-2 from 13-
arrestin and may phosphorylate other proteins of the 
coat to ensure efficient endocytosis of AT1R. In this 
regard, it will be of interest to examine whether the 
stimulation of A T1 R triggers the phosphorylation of 
dynamin and clathrin, and to which extent these c-Src
mediated events contribute in regulating the dissoci
ation of AP-2 from the receptor/l3-arrestin complex, 
and affect the internalization of AT1R and/or other 
GPCRs that internalize in a J3-arrestin- and a clathrin
dependent manner. 

Several lines of evidence suggest that for efficient 
clathrin-mediated internalization, the endocytic pro
teins that are recruited into CCPs for initiating en do
cytosis must ultimately dissociate from the internaliz
ing vesicle (29, 30). For instance, the dissociation of 
AP-2 from its internalized CCV is believed to be nec
essary to allow the recycling of the clathrin adapter for 
further rounds of CCP formation and receptor inter
nalization. Thus, preventing the dissociation of AP-2 
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from f3-arrestin and/or AT1 R would presumably affect 
the internalization of receptors. In support of this is our 
finding that AP-2 association with A T1 Rand f3-arrestin 
increases wh en c-Src expression was reduced in cells, 
and that under such condition the internalization of 
receptors was delayed. The accumulation of AP-2 to 
the receptor at the plasma membrane may ultimately 
impede the formation of subsequent CCPs, and slow 
down receptor internalization. Further studies will be 
necessary to determine the extent to which c-Src par
ticipate in the assembly and disassembly of CCPs and 
the internalization of other GPCRs. 

ln summary, our results provide a novel function 
for c-Src in the formation of endocytic complexes 
during the internalization of AT1 R. They also provide 
another mechanism by which f3-arrestin, through the 
recruitment of signaling effectors like c-Src, can 
regulate the internalization of receptors through the 
clathrin pathway. 

MATERIALS AND METHODS 

Materials 

Ang Il was purchased from Sigma (St. Louis, MO) [' 251]_Ang Il 
(1000 CVmmol) was obtained from Dr. Gaétan Guillemette 
(Université de Sherbrooke, Québec, Canada) and prepared 
as previously described (31). Antibodies against j3-adaptin 
and a-adaptin were from BD Transduction Laboratories (BD 
Biosciences, Palo Alto, CA), the c-Src (SRC2) and HA rabbit 
antibodies were from Santa Cruz Biotechnology (Santa Cruz, 
CA), the mouse anti-HA clone 12CA5 was from Roche Mo
lecular Biochemicals (Indianapolis, IN), the FLAG antibody 
was from Sigma, and the c-Src antibody GDll and the 
antiphosphotyrosine 4Gl 0 were from Upstate Biotechnology 
(Lake Placid, NY). The rabbit polyclonal j3-arrestin antibody 
(Al CT) was kindly provided by Dr. Marc G. Caron (Duke 
University, Durham, NC). 

Plasmids and Constructs 

The HA-tagged c-Src and the HA-tagged c-Src-Y530F mu
tant were a gift from Dr. William E. Miller (University of Cin
cinnati, Cincinnati, OH). HA-tagged c-Src-K298R mutant was 
generated by PCR using the full-Iength HA-tagged c-Src in 
pcDNA3. A PCR fragment was amplified using a forward 
primer containing the mutation coding for the substitution 
K298R and a BamHI restriction site, and a reverse primer 
overlapping the Kpnl site in c-Src. The fragment was di
gested with BamHI and Kpnl, and replaced into c-Src eut 
with the same enzymes. Flag-tagged j3-arrestin R396A, and 
R396N AAEA were generated by replacing an Xhol/Xbal frag
ment trom the rat j3-arrestin2 wild type with a PCR product 
containing the mutations and the Flag sequence. The trun
cated Flag-tagged j3-arrestin2 (J3arr2-T372) was generated 
by PCR using a similar cassette replacement strategy to 
insert the Flag sequence after K372 in j3-arrestin. The p426-
ADH-c-Src was generated by excising the avian c-Src mutant 
(c-Src-G2A,-Y416F,-Y527F) from the p413-Gall vector 
(kindly provided by Dr. Serge Lemay, McGiII University, Qué
bec, Canada) with BamHI and Sa/l, and cloning the fragment 
into p426-ADH (kindly provided by Dr. Bernard Turcotte, 
McGiII University) using the same restriction sites. Green
fluorescent-tagged j32-adaptin (GFP-j32-adaptin) construct 
was described elsewhere (9). Ail constructs were analyzed by 
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DNA sequencing (Service d'analyze et de synthèse d'acides 
nucléiques, Université Laval, Québec, Canada). 

Cell Culture and Transfection 

Human embryonic kidney ceUs (HEK 293) were grown in 
Eagle's MEM (Invitrogen Life Technologies, Carlsbad, CA) 
supplemented with 10% (voVvoQ heat-inactivated fetal bo
vine serum (FBS, Invitrogen Life Technologies) and gentami
cin (100 /log/ml, Invitrogen Life Technologies). HEK 293 ceUs 
seeded in a lOO-mm dish, at a density of 2.5 x 106 cellsldish, 
were transiently transfected using a conventional calcium 
phosphate coprecipitation method. One to 5 lL9 of DNA were 
mixed in a solution containing 125 mM CaCI2 in HEPES
buffered saline [25 mM HEPES (pH 7.4), 140 mM NaCI, 0.75 
mM Na2HPOJ for 5 min, and the mixed solution was then 
added to ceUs. Green monkey kidney ceUs (COS-7) were 
grown in DMEM (Invitrogen Lite Technologies) supplemented 
with 10% (voVvoQ heat-inactivated FBS and gentamicin (100 
ILQImQ. Transient transfections of COS-7 ceUs seeded in 
60-mm dishes (at a density of 1 x 106 ceUsldish) were per
formed using Lipofectamine 2000 (Invitrogen Life Technolo
gies) according to the manufacturer's recommendations us
ing a 1:3 ratio of DNAlLipofectamine in Opti-MEM (Invitrogen 
Life Technologies). Twenty-four hours post transfection, HEK 
293 and COS-7 ceUs were serum starved for 12 h in DMEM 
before performing the experiments. For vascular smooth 
muscle ceUs (VSMCs; kindly provided by Dr. Sylvain Meloche 
at the Université de Montréal, Québec, Canada), ceUs were 
grown in DMEM low glucose with 10% (voVvol) heat-inacti
vated calf serum (Invitrogen Life Technologies) and gentami
cin (100 /log/ml), and they were serum-starved in DMEM low 
glucose for 12 h before performing the experiments. 

Immunoprecipltation and Western Blot Experiments 

HEK 293 or COS-7 ceUs were left untreated or treated with 
Ang Il (100 nM) at 37 C for the indicated period of time. After 
agonist stimulation, the reaction was stopped on ice by 
washing ceUs with ice-cold PBS. CeUs were then solubilized 
in P-RIPA buffer (1 mVl00 mm dish) [20 mM Tris-HCI (pH 7.4), 
150 mM NaCl, 1 % Nonidet P-40 (voVvol), 0.1 % deoxycholate 
(wt/vol), 1 mM CaCI:zl containing 0.1 mM sodium orthovana
date, 1 mM phenylmethylsulfonyl fluoride, 25 /log/ml leupep
tine, 25 ILQIml aprotinin, and 1 mM pepstatin A for 30 min at 
4 C. CeU Iysates were centrifuged for 30 min at 21,000 x g 
and the supernatants were incubated with anti-Flag (30 ILQI 
ml, Sigma) or c-Src antibody (3 ILQIml, clone GD11, Upstate) 
with 20 jLI of a 50% slurry mixture of protein NG Sepharose 
beads for 2 h at 4 C. Beads were washed three times with 
P-RIPA, and denatured in Laemmli buffer (2X) [250 mM Tris
HCI (pH 6.8), 2% sodium dodecyl sulfate (SOS) (wtlvol), 10% 
glycerol (voVvol), 0.01 % Bromophenol Blue (wtlvol), 5% 
p-mercaptoethanol (voVvoQ]. Proteins were separated on a 
10% SOS-PAGE before being transferred onto nitroceUulose 
membranes (Amersham Biosciences, Arlington Heights, IL). 
Membranes were then blocked with a solution of PBS (pH 
7.4) containing 0.05% Tween 20 (voVvol) (PBS-T) supple
mented with 10% skin milk (wtlvol). Protein detection on 
membranes was assessed using either anti-c-Src antibody (1 
/log/ml, clone GDll; or 0.2 ILQIml, SRC2), Flag antibody (2.5 
lLg/ml), HA antibody (0.2 lLg/ml), phosphotyrosine antibody 
(0.2 /log/ml, clone 4Gl0), j32-adaptin antibody (0.2 ILQIml, 
j3-adaptin), a-adaptin antibody (0.25 lLg/mQ, j3-arrestin anti
body (diluted 1/5,000; A1CT) in PBS-T containing 1% BSA 
(fraction V; Sigma) (wt/vol) and 1 % skin milk (wtlvol). After 1 h 
incubation with the different primary antibodies, membranes 
were washed three times in PBS-T before being incubated at 
room temperature with horseradish peroxidase-conjugated 
goat antimouse antibody (diluted 1/10,000; Sigma), or horse
radish peroxidase-goat antirabbit antibody (diluted 1 110,000; 
Sigma) for 30 min. Immunoreactivity was visualized by en-
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hanced chemiluminescence according to the manufacturer's 
instructions (SuperSignal, Pierce, Rockford, IL). 

Immunofluorescence Experiments 

HEK 293 cells were grown on 22-mm2 coverslips in six-weil 
plates (250,000 celis/welQ, and transfected with GFP-f32-
adaptin (0.5 jLg) and HA-AT1R (1.5 jLg). For AT1R immuno
detection, cells were preincubated for 1 h at 14 C with a 
mouse anti-HA antibody (20 jLQ/ml, 12CA5), followed by in
cubation at 14 C for 1 h with a secondary goat antimouse 
antibody conjugated to AlexaFluor 568 (8 jLQ/ml, Molecular 
Probes, Eugene, OR). Labeled cells were stimulated at 37 C 
with 100 nM Ang Il for 5 min, and fixed for 15 min at room 
temperature with a solution of 4% paraformaldehyde (wVvol) 
in PBS. Coverslips were mounted with GelTol Aqueous 
Mounting Medium (IMMUNON, Thermo Shandon, Pittsburgh, 
PA). Confocal images of labeled ceUs were acquired with a 
Zeiss LSM-51 0 META laser-scanning microscope (Carl Zeiss, 
Jena, Germany) using a 60x oil immersion lens. GFP-f32-
adaptin and AlexaFluor 568-labeled receptor fluorescence 
was visualized using the multitrack mode with dual laser 
excitation (488 and 543 nm), and emission (BP 505-520 for 
GFP, and LP 560 for AlexaFluor 568) filter sets. Final figures 
were collated using Adobe Photoshop 7.0 and lIIustrator 10.0 
(Adobe, San Jose, CA). 

Three-Hybrid Assay 

Yeast two-hybrid MatchMaker System 2 (CLONTECH, BD 
Biosciences), was used with minor modifications to create 
a three-hybrid assay that allowed the detection of a ternary 
complex between f3-arrestin2, f32-adaptin and c-Src. 
Constructs for GAL4-DBD f3-arrestin2 in pAS2-1 and 
GAL4-AD 132-adaptin in pACT-2 were described elsewhere 
(9). PAS2-1-f3-arrestin2 and pACT-2-132-adaptin vectors 
were cotransformed with the empty vector p426-ADH or the 
p426-ADH-c-Src into the yeast strain PJ69-4a using the 
poly(ethylene-glycol) (PEG)/Iithium acetate method (CLON
TECH). Yeast colonies were grown on medium lacking tryp
tophan, leucine, and uracil for the selection of transformants 
expressing the bait vector (pAS2-1-f3-arrestin2), the prey 
vectors (pACT -2 or pACT -2-f32-adaptin), and the bridge vec
tor with or without c-Src (p426-ADH-c-Src or p426-ADH). 
Protein-protein interaction was assessed using the HIS3 
auxotrophic complementation, and a lacZ reporter assay. 
For the 13-galactosidase assay, three colonies of each trans
formation were selected and grown on yeast extract peptone 
dextrose (YPD) medium at 30 C ovemight. The next day, the 
yeast cultures were diluted to an Aeoo of 0.2 in synthetic 
dropout medium lacking tryptophan, leucine, and uracil, and 
grown for another 7 h at 30 C. Cultures were serially diluted 
at an Asoo of 0.1, 0.002, and 0.004, and 10 jLI of cell suspen
sion were spotted onto medium lacking leucine, tryptophan, 
and uracil (-Leu! - Trpl- Ura) for selection of yeasts express
ing the bait, the prey and the bridge vector, respectively, and 
selected onto medium lacking leucine, tryptophan, uracil, 
and histidine (-LeuI-TrpI-Ura/-His) for the detection of 
interactions between 13-arrestin2 and 132-adaptin. Histidine 
complementation was assessed in presence of 2.5 mM 
3-amino-1,2,4-triazole (3-AT, Sigma). 13-Galactosidase activ
ity was measured using the ONPG assay (O-nitrophenyl 13-0-
galactopyranoside, CLONTECH). Briefly, yeasts were grown 
on a selective medium to an Asoo of 0.8-1.2, and cells trom a 
2-ml culture were collected by centrifugation. Pelleted cells 
were washed with cold Z-buffer (60 mM Na2HP04 , 40 mM 
NaH2P04, 100 mM KCI, 1 mM MgS04' and 30 mM 13-mercapto
ethanol, at pH 7.0), and vigorously resuspended in 800 jLI of 
Z-buffer containing 0.1 % SDS (wVvol) and 0.5% CHCI3 (voV 
voQ. Colorimetric reaction was started at 30 C by adding 160 
jLI of ONPG (4 mg/mQ to permeabilized cells. The reaction 
was stopped with 400 jLI of Na2C03 (1 M) when yellow col-
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oration started to appear. The activity was measured at ~20 
and Miller units were calculated from the equation [Units = 
1000 x (~2r1 volume of cells assayed x time of run x YI· 

SiR NA and Antisense Experiments 

Ali double-stranded siRNAs were synthesized using the Si
lencer siRNA kit (Ambion, Austin, TX) according to the man
ufacturer's instructions. Twenty-one-oligomer corresponding 
to the sense and antisense sequences of the human c-Src 
mRNA were screened for unique sequence in the National 
Center for Biotechnology Information database by using the 
basic local alignment and search tool algorithm (accession 
no. BC011566). The target mRNA identified for c-Src is S'
MG CAC UAC MG AUC CGC MG-3', and corresponded to 
the position 607-628 (relative to the start codon) of c-Src. An 
extension that corresponded to the T7 promoter primer se
quence (5'-CCT GTC TCT-3') was added at the 3' end of the 
sense and antisense sequence. Control siRNA sense and 
antisense oligonucleotides for GAPDH were provided in the 
kit. 

For AT1 R immunoprecipitation experiments, HEK 293 cells 
were seeded at a density of 400,000 cells/well in six-weil 
plates, and transfected with Lipofectamine 2000. Briefly, 
pcDNA3.1 encoding the HA-A T1 R (0.375 jLg/welQ was added 
with pcDNA3.1 (0.375 jLg/well), siRNA-GAPDH (0.375 jLg/ 
weil) or siRNA-c-Src (0.375 jLg/well) and mixed with Lipo
fectamine 2000 (using a ratio of DNNLipofectamine of 1 :2) in 
Opti-MEM. Complexes of DNAILipofectamine were added to 
cells in MEM without serum, and transfection was carried out 
for 12 h. The next day, media was replaced with complete 
MEM medium supplemented with 10% FBS (voVvoQ and 
gentamicin (100 jLQ/ml). 

For immunofluorescence experiments, cells were seeded 
in six-weil plates, at a density of 300,000 cells/well, and 
transfected with HA-AT1R (0.25 jLg/well) and GFP-132-adap
tin (0.125 jLg/welQ with or without siRNA-c-Src (0.375 jLQ/ 
weil) using the same DNNUpofectamine ratio as described 
above. 

For AT1R internalization experiments, HEK 293 cells were 
seeded at a density of 70,000 cells/well in 24-well plates, and 
transfected with Upofectamine 2000 as described above us
ing the same DNAlUpofectamine ratio. Briefly, pcDNA3.1 
encoding the HA-AT1R (0.125 jLg/well) was added with 
pcDNA3.1 (0.5 jLQ/well), siRNA-GAPDH (0.5 jLQ/welQ or 
siRNA-c-Src (0.5 jLg/well) and mixed with Upofectamine 
2000 in Opti-MEM. Transfection was carried out for 12 h 
before replacing the medium with complete MEM supple
mented with 10% FBS (voVvol) and gentamicin (100 jLg/mQ 
and performing the experiment 72 h post transfection. 

For experiments depleting c-Src in VSMCs, an antisense 
oligonucleotide strategy was used. Control scramble phos
phorothioate (CTL-1, 5'-GTC TTA GCC GGG ATC CGC TA-
3') and antisense oligonucleotides complementary to the se
quence of the rat c-Src mRNA (AS-1, S'-TT GCT CTT GTT 
GCT GCC CAT-3', accession number NM_031977) were de
signed and synthesized by Alpha DNA (Montreal, Québec, 
Canada). VSMCs were seeded at a density of 2 x 106 cells in 
10-cm dishes and transfected with antisense DNAs using 
Lipofectamine 2000 as described previously. Briefly, c-Src 
AS-1 (1.2-6.0 jLg, representing a final concentration of 50-
250 nM in 4 ml) or CTL -1 (1.2-2.4 jLg; 50-100 nM in 4 ml) were 
mixed using a ratio of oligonucleotideiLipofectamine of 1:2 in 
Opti-MEM. Complexes were added to cells in DMEM (Invitro
gen Life Technologies) without serum and transfection was 
carried out for 36 h before performing the experiments. 

Intemalization Assay 

Receptor intemalization was performed as described previ
ously with minor modifications (31). Briefly, HEK 293 cells 
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seeded in 24-well plates were transfected with HA-AT1 R with 
or without siRNAs. Thirty-six heurs post transfection cells 
were incubated at 37 C in DMEM containing 20 mM HEPES 
(pH 7.4), 0.1 mg/ml Bacitracin (Sigma) and 0.2% BSA (wVvol), 
in presence of 0.11 nM of [1251]_Ang Il for the indicated period 
of time. Incubation was stopped on ice by rapidly washing the 
cells three times with either ice-cold PBS to remove the 
unbound Ang Il or ice-cold acid buffer [0.2 N acetic acid (pH 
3.5), 150 mM NaCI] to remove both the unbound and the cell 
surface receptor-bound agonist. Cells were then solubilized 
in 0.5N NaOH, 0.05% SOS (wVvol), and the radioligand con
tent was evaluated by -y-counting. Percent of receptor inter
nalization was calculated from the ratio of acid-resistant 
binding over total binding (PSS wash). Data were analyzed by 
nonlinear regression using Prism4 (GraphPad Software, San 
Diego, CA). 

Data Analysis 

Intensity of the signais from Western blots was determined by 
densitometric analysis using Alpha Innotech Fluorochem im
aging system (Packard Canberra, Montréal, Québec, Can
ada) and was represented as the mean :!: SEM of at least three 
independent experiments. For densitometry analysis of 
Westem blot and f3-galactosidase assay, data were analyzed 
statistically by one-way ANOVA followed by a Bonferroni 
posttest for multiple comparisons, or by one-tail t test for 
single comparison. Means were considered significantly dif
ferent when P values were at least below 0.05. 
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