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Abstract of the Dissertation 

Influence of membrane heterogeneity of G-protein coupled receptor signaling 

by 

Rhodora Cristina Calizo 

Doctor of Philosophy 

in 

Biochemistry and Structural Biology 

Stony Brook University 

2013 

 

A highly crowded and heterogenous environment is the emerging picture of the plasma 

membrane that would explain the efficiency and fidelity of many signal transduction processes. 

We determined the effect of plasma membrane heterogeneity on the function and diffusion of 

components from two class A G protein coupled receptor (GPCR) pathways, the bradykinin type 

2 (B2R)/Gαq and the mu-opioid receptor (µOR)/Gαi pathways, as well as the epidermal growth 

factor receptor. In the first part of this dissertation, we describe the effect of nanoscale plasma 

membrane heterogeneity, as exemplified by caveolae domains, on the B2R and µOR pathways. 

We find that caveolae domains increase the signaling potential of the B2R/Gαq pathway but not 

the µOR/Gαi pathway. FRET studies suggest that components of the B2R/Gαq pathway reside 

closer to caveolae domains compared to those of the µOR/Gαi pathway and this proximity 

mediated by molecular interactions of Gαq with Cav1. Diffusion measurements of these 

membrane proteins by Fluorescence Correlation Spectroscopy (FCS) and Fluorescence Recovery 

After Photobleaching (FRAP) show a discrepancy in the apparent diffusion coefficients obtained 
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from the two methods which may be due to the geometry of caveolae domains. By FCS, an 

increased apparent diffusion was found for both B2R and Gαq in the presence of caveolae which 

may be due to the confined, anomalous diffusion of the membrane proteins due to Cav1 

interactions.  These studies make the prediction that Gαq-coupled receptors localize close to 

caveolae domains and their signaling properties impacted by the presence of caveolae domains, 

as compared to Gαi coupled receptors. In the second part of this dissertation, we describe studies 

on the effect of cell shape on the distribution of the EGFR and B2R. By numerical simulation 

with experimental validation with fluorescence imaging, we find that cell shape can influence the 

balance of reaction-diffusion processes of activated membrane receptors, causing a spatial 

gradient of receptors on the plasma membrane. Studies of membrane heterogeneity on the 

B2R/Gαq and EGFR pathways may have implications on the mechanotransduction and 

mechanosensing of many cells including cardiac, vascular and smooth muscle cells. 
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CHAPTER I – GENERAL INTRODUCTION 

 

The plasma membrane is a highly complex environment. As opposed to the classical 

model of Singer and Nicholson depicting the plasma membrane as a two dimensional fluid 

wherein proteins and lipids freely diffuse laterally and are randomly distributed (Singer and 

Nicolson 1972), the plasma membrane has been revealed to be a crowded place with a high 

degree of organization and heterogeneity. The heterogeneity may be caused by the natural 

tendency of membrane proteins to form oligomers because of their α-helical or β-barrel 

structures, which can further oligomerize to form protein domains (Popot and Engelman 1990), 

as well as the presence of lipids that segregate into regions that have distinct properties called 

lipid rafts (Brown and London 1998, Simons and Gerl 2010). Furthermore, the function and 

mobility of plasma membrane components may also be influenced by the cytoskeleton where a 

majority of plasma membrane components are anchored (Sheetz 2001, Jaqaman and Grinstein 

2012). An increasing number of studies have suggested the compartmentalization of proteins and 

lipids on the plasma membrane, as evidenced by their anomalous diffusion on the plasma 

membrane (Kusumi, Nakada et al. 2005) or their visualization in higher resolution imaging 

techniques (Fotiadis, Liang et al. 2003, Fotiadis, Jastrzebska et al. 2006). The 

compartmentalization of plasma membrane components could diminish the diffusion time of a 

membrane protein in order to encounter its binding partners as well as decrease the chances of 

non-specific binding of a membrane protein with other unrelated membrane proteins. Simple 

diffusion cannot account for the kinetics observed in G-protein coupled receptor (GPCR) signal 

transduction events. The signaling cascade of light perception mediated by rhodopsin is triggered 

within 1 millisecond of light activation and downstream events such as the closing of cGMP 
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gated ion channels are completed within 200 ms (Makino, Wen et al. 2003). For the β2-

adrenergic receptor pathway in native systems, the stoichiometry of GPCR to its corresponding 

G protein is 1:100. This low stoichiometry between GPCR to its downstream effectors suggests 

that compartmentalization of GPCR signaling components occurs at the plasma membrane 

(Ostrom, Post et al. 2000). Compartmentalization of membrane proteins may exist to facilitate 

and increase the fidelity and efficiency of these signaling cascades. Although plasma membrane 

organization appears to be a straightforward consequence of the properties of proteins and lipids, 

studies on how membrane proteins are organized on the cell membrane were hampered over the 

years because of several reasons. Firstly, membrane proteins often require a lipid environment to 

fold and function properly. The plasma membrane is challenging to mimic because of the 

diversity of lipids that constitute it, and there is a gap in knowledge how proteins themselves 

modify the properties of the membrane. Secondly, the size of complexes and membrane domains 

such as lipid rafts and protein domains are in the order of tens to hundreds of nanometers. Light 

microscopy techniques, especially fluorescence imaging, have greatly facilitated the study of 

membrane proteins in intact cells. However, because of the diffraction of light, conventional 

light microscopy techniques have an intrinsic resolution limit of approximately 250 nm, causing 

these domains to be “invisible” by light microscopy.  

In recent years, fluorescence microscopy advanced rapidly, providing the specificity 

and sensitivity needed to visualize and study membrane domains. In this thesis, fluorescence 

techniques that have sufficient nanometer sensitivity or temporal resolution were used to study 

the effect of caveolae domains and cell shape on several receptors (i.e. Bradykinin 2 Receptor, µ-

opioid receptor, Epidermal Growth Factor Receptor) and their downstream effectors. Förster 

Resonance Energy Transfer (FRET) microscopy has a sensitivity of 10 nm and can probe 
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protein-protein interactions in live cells. Fluorescence Recovery after Photobleaching (FRAP) 

and Fluorescence Correlation Spectroscopy (FCS) determine the mobilities of membrane 

proteins in intact cells and has a sensitivity / temporal resolution in the order of micro to 

milliseconds. The use of these techniques prevents any artifacts that may arise because of cell 

disruption or detergent solubilization. Since these techniques are performed on live, intact cells, 

these techniques give a picture of how these proteins behave in the highly complex, mammalian 

cell membrane system. 

 

CAVEOLAE DOMAINS 

One of the most well-characterized membrane domains are caveolae. Caveolae are 50-

100 nm membrane invaginations discovered more than 50 years ago in electron micrographs 

((Anderson 1998, Stan 2005, Parton and Simons 2007)). Caveolae are present in a wide variety 

of differentiated mammalian cell types including endothelial, epithelial, adipocytes, fibroblasts 

and muscle cells. Caveolae are structurally composed of caveolin and cavin proteins, as well as 

enriched in certain lipids such as cholesterol and sphingomyelin, as will be discussed in 

subsequent sections. 

 

Caveolin proteins 

An important milestone in caveolae biology is the discovery of caveolin proteins. 

Caveolin-1 was first discovered as one of the phosphorylated proteins in chicken embryo 

fibroblasts transformed with the v-Src oncogene (Glenney and Zokas 1989) and was also found 
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to be the major protein component of caveolae (Rothberg, Heuser et al. 1992). Caveolins are 21-

24 kDa integral membrane proteins that form a hairpin loop in the plasma membrane, with both 

the C and N termini exposed to the cytoplasm. There are three members of the Caveolin family 

of protein in vertebrates: caveolin-1 (Cav1), caveolin-2 (Cav2) and the skeletal muscle specific 

caveolin-3 (Cav3) (Tang, Scherer et al. 1996).  Cav1, or Cav3 in striated muscle cells, is 

necessary for the formation of the protein coat on caveolae domains. Cav1 is present as two 

isoforms α and β, which differ by their N-termini. Both are products of alternate initiation sites 

during transcription of Cav1 (Kogo and Fujimoto 2000). In some cell lines, expression of Cav1 

is sufficient to make caveolae domains de novo (Fra, Williamson et al. 1995). In striated muscle 

cells, Cav3, which has 61% sequence similarity with Cav1,  forms the caveolae coat (Scherer, 

Lewis et al. 1997). Although Cav1 and Cav3 have high sequence similarities, they differ by their 

N-terminal regions, with Cav1 having a longer N-terminus than Cav3. Cav2 hetero-oligomerizes 

with Cav1 but by itself is not necessary and sufficient to form caveolae domains (Sargiacomo, 

Scherer et al. 1995) and has 30% sequence similarity with Cav1.  Although So far there has been 

no caveolin structure obtained in membranes, some information can be gleaned from the amino 

acid sequence of caveolin proteins. For instance, all caveolin proteins have a central 33-amino-

acid long hydrophobic domain that adopts a hairpin conformation and leaves the N and C termini 

of the protein facing the cytoplasm (Dietzen, Hastings et al. 1995, Monier, Parton et al. 1995). 

All caveolin proteins also have a hydrophilic amino-terminal sequence FEDVIAEP, called the 

“caveolin signature motif” (Scherer, Okamoto et al. 1996, Tang, Scherer et al. 1996, Williams 

and Lisanti 2004). However, the function of this sequence to caveolin function is still not known 
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.  

 

 

Figure I-1. Caveolae domains. A and B show caveolae in adipocytes. C shows a caveola with 

the typical flask shaped invagination with caveolin proteins inserted on the inner leaflet of 

caveolae domains. The caveolin protein has a "hairpin" membrane topology with the N and C 

termini exposed to the cytoplasm and the intramembrane domain embedded in the membrane. 

The C terminus of caveolin is triply palmitoylated while the N terminus has a putative 

scaffolding domain and cholesterol binding region. D shows how individual caveola can form 

numerous invaginations. Reprinted by permission from Macmillan Publishers Ltd: Parton 

and Simons, Nat. Rev. Mol. Cell Biol. 8, 186 (2007).  

A 

B 

C 
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Caveolin scaffolding domain. 

Caveolin proteins have been shown to compartmentalize and concentrate signaling 

molecules via a particular amino acid sequence called the caveolin scaffolding domain (CSD) 

(Couet, Li et al. 1997). CSD is a ~20 amino acid, aromatic rich region at the N-terminus of Cav1 

or Cav3 which may interact with an aromatic-rich caveolin binding motif (CBM) on a binding 

partner with a common consensus sequences [(ΦXΦXXXXΦ, ΦXXXXΦXXΦ or 

ΦXΦXXXXΦXXΦ) where Φ is an aromatic acid and X is an unspecified amino acid)].  Various 

signaling molecules including G-protein subunits, eNOS and small GTPases are thought to bind 

Cav-1 through the CSD. The Cav-3 is similar to Cav-1 CSD and was shown to also interact with 

β-dystroglycan as well as a variety of signaling proteins including eNOS, PKC, G-proteins and 

Src family kinases (Song, Scherer et al. 1996, Sotgia, Lee et al. 2000). 

 

Lipid composition of caveolae.  

Purified caveolae domains are enriched in glycosphingolipids, cholesterol and lipid-

anchored membrane proteins (Anderson 1998). These biochemical characteristics are similar to 

detergent resistant membrane (DRM) fraction of cells which is related to lipid rafts (Brown 

2006). Because of the biochemical similarities of purified caveolae fractions and detergent 

resistant membranes, caveolae are believed to be a subset of lipid rafts. Maintenance of caveolae 

structure is also dependent on cholesterol (Rothberg, Heuser et al. 1992, Hailstones, Sleer et al. 

1998). Cholesterol depletion such as treatment of cells with methyl-β-cyclodextrin flattens  or 

collapses the caveolar structure (Rothberg, Heuser et al. 1992) with proteosomal degradation of 

cavin-2 (Breen, Camps et al. 2012) and increased mobility of caveolin (Pelkmans and Zerial 
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2005). Caveolins also have specific interactions with cholesterol. Cav1 binds at least 1 mole of 

cholesterol per mole of protein and cholesterol binding promotes the oligomerization of Cav1 

(Murata, Peranen et al. 1995, Hailstones, Sleer et al. 1998).  Cav1 and Cav3 (but not Cav2) are 

also palmitoylated at the C-terminal region. Palmitoylation is believed to cause the partitioning 

of proteins to lipid rafts (Levental, Lingwood et al. 2010) or cholesterol-rich membrane domains. 

Several glycosphingolipids (such as GM1 and GM3) as well as sphingolipids (such as 

sphingomyelin, ceramide and gangliosides) are enriched on the outer leaflet of caveolae domains 

(Parton 1994, Kabayama, Sato et al. 2007). The enrichment of these molecules is also a 

characteristic of lipid rafts, which make caveolae domains a specialized subset of non-planar 

lipid rafts.  

 

Cavin proteins. 

Recently, another family of resident proteins in caveolae domains called cavins were 

found (Hill, Bastiani et al. 2008, Liu and Pilch 2008). The cavin family of proteins, comprised of 

polymerase I-transcript release factor (PTRF or cavin-1), serum-deprivation response protein 

(SDPR or cavin-2), and sdr-related gene product (cavin-3), are soluble proteins with putative 

nuclear localization sequences, leucine zipper and PEST domains (sequences that are enriched in 

proline, glutamic acid, serine and threonine). Cavin-1 was originally discovered as a 

transcription factor regulatory protein. Without cavin-1, formation of caveolae is dramatically 

reduced and Cav1 exhibits lateral mobility and does not form caveolae structures associated with 

a flat plasma membrane (Hill, Bastiani et al. 2008).  
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Cavin-2 and Cavin-3 were originally discovered as Protein Kinase C substrates. The 

expression profiles of Cavin-1, Cavin-2 and Cavin-3 parallels the expression level of Cav1. 

Cavin-4, however is enriched in skeletal and cardiac muscles (Bastiani, Liu et al. 2009). Both 

Cavin-1 and Cavin-2 are necessary for the formation of caveolae. Cavin1 is necessary for 

targeting the cavin complex to the plasma membrane while Cavin-2 is necessary for membrane 

curvature and invaginations. Cavin-3 and Cavin-4 have other important functions in the cavin 

complex. Cavin-3 regulates endocytosis of caveolae and limits the intracellular trafficking of 

Cav1 positive vesicles (McMahon, Zajicek et al. 2009). Cavin-4 increases the differentiation of 

myoblasts into myotubes (Bastiani, Liu et al. 2009).   

The cavin complex comprises of 60-80 cavin molecules (Hayer, Stoeber et al. 2010). 

The interactions of cavin proteins with Cav1 is necessary for cavin recruitment on the plasma 

Figure I-2. Caveolae and their resident proteins. Figure shows how cavin proteins are 

recruited on caveolae domains. The cavin proteins are soluble proteins that interact with 

caveolin proteins to stabilize caveolae. Reprinted by permission from The Company of 

Biologists Ltd: Bastiani M and Parton R, J Cell Sci 123(22) 3831 (2010)). 



 

9 
 

membrane. Cav1 and cavin associate on the plasma membrane but not on the golgi complex 

suggesting that the incorporation of the cavin coat takes place at a later stage in caveolae 

biogenesis. It is postulated that cavin proteins may be necessary for the ability of caveolin 

proteins to form stable caveolae (Hill, Bastiani et al. 2008) 

 

Caveolae biogenesis. 

Studies using Fluorescence Recovery After Photobleaching (FRAP) and Fluorescence 

Loss in Photobleaching (FLIP) in cells that express Cav1-eGFP suggest that caveolae form static 

and stable structures at the plasma membrane (Thomsen, Roepstorff et al. 2002, Pelkmans and 

Zerial 2005). Although most of caveolin formed are incorporated in stable caveolae domains, an 

intracellular pool of caveolins is always present in the golgi complex as well as in the endocytic 

compartments (Glenney and Soppet 1992, Kurzchalia, Dupree et al. 1992, Liu, Rudick et al. 

2002).   

Caveolins are synthesized in the endoplasmic reticulum as an integral membrane 

protein (type II transmembrane protein) and adopts a hairpin configuration in which both N and 

C termini are exposed to the cytoplasm. The caveolin protein inserts into the membrane of the 

endoplasmic reticulum in a signal recognition particle (SRP) dependent manner. Cav1 then 

undergoes the first stage of homo-oligomerization in the ER forming an 8S complex which is 

composed of approximately 7-14 Cav1 molecules, which then exits the ER due to a DXE 

sequence on the N-terminus of Cav1 (Monier, Parton et al. 1995). This complex then goes to the 

golgi complex via the COPII machinery. At the golgi complex, the 8S caveolin complexes 

undergo another round of oligomerization. Several caveolin mutations disrupt the transport of 
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caveolin from the Golgi to the plasma membrane (Kirkham, Nixon et al. 2008). After exiting the 

golgi complex, the caveolin oligomers further assemble into 70S complexes with a molecular 

weight of 3.3 MDa. The formation of a 70S complex which is composed of ~160 Cav1 and Cav2 

molecules is believed to be a mature caveola. Using Total internal reflection (TIRF) microscopy 

of fluorescently tagged Cav1, it has been suggested that approximately 144 Cav1 molecules are 

incorporated into one caveola structure (Pelkmans and Zerial 2005). The caveolin complex docks 

on the plasma membrane and recruits several lipids such as sphingomyelin, glycosphingolipids 

(GD3, GM1 and GM3), ganglioside and cholesterol to form a specialized lipid domain. Once on 

the plasma membrane, caveolae are highly stable and long-lived and do not participate in 

constitutive endocytic pathways (Thomsen, Roepstorff et al. 2002, Pelkmans, Bürli et al. 2004, 

Tagawa, Mezzacasa et al. 2005).  

 

Phenotypes of caveolin knockdown mice.  

Studies of caveolin knockout mice provide the most compelling evidence that Cav1 and 

Cav3 are necessary for the formation of caveolae domains. Because of the involvement of 

caveolae domains and caveolin in several signaling pathways, knockout of caveolin gene and 

disruption of caveolae domains are expected to have pleiotropic effects. Surprisingly, caveolin 

deficient mice are viable and fertile but have numerous tissue-specific abnormalities. These 

studies suggest that there are numerous compensatory mechanisms for caveolae function. Cav1 

null (Cav-1 -/-) (Drab, Verkade et al. 2001, Razani, Engelman et al. 2001), Cav3 null (Cav-3 -/-) 

(Hagiwara, Sasaoka et al. 2000, Galbiati, Engelman et al. 2001), Cav1/Cav3 double knockout 

(Park, Woodman et al. 2002) and Cav2 null (Cav-2 -/-) (Park, Woodman et al. 2002) mice have 
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been produced. Cav1 null mice display pulmonary fibrosis, hypertension and cardiac 

hypertrophy and lose Cav2 expression (Razani, Engelman et al. 2001). The acetylcholine and 

NO pathways are also hyperactivated resulting in increased relaxation of isolated aortic rings of 

Cav1 null mice (Drab, Verkade et al. 2001). Furthermore, a weaker calcium dependent 

contractile response to angiotensin II, endothelin-1 and phorbol mice were found in the vascular 

smooth muscle cells of Cav1 null mice. Cav-1 null mice are also leaner especially when 

challenged by a high-fat diet, display elevated levels of free fatty acids and triglycerides, 

decreased leptin and ACRP30, although there are no changes in insulin, glucose and cholesterol 

levels (Park, Woodman et al. 2002). These results all point to numerous vascular and lipid 

metabolism defects when the Cav1 gene is knocked out. 

Mice with no Cav3 gene (Cav3 -/-) are also viable but showed muscle degeneration in 

the diaphragm and soleus muscles. The T-tubule system in cardiomyocytes are also disorganized 

and the dystrophin-glycoprotein are excluded from lipid raft domains (Hagiwara, Sasaoka et al. 

2000). Two T-tubule marker proteins, namely the dihydropyridine receptor -1α and ryanodine 

receptor), are mislocalized in cardiomyocytes of Cav3 null mice. Interestingly, mice 

overexpressing Cav3 have the same phenotype as Cav3 deficient mice. Transgenic mice 

overexpressing Cav3 exhibit hypertrophic, necrotic and regenerating skeletal muscle fibers with 

downregulation of dystrophin, suggesting that Cav3 may play a role in scaffolding of the 

dystrophin complex in the sarcolemma. (Galbiati, Engelman et al. 2001). These observations 

suggest the proper amount of Cav3 is required for normal muscle function.  

Cav-1/Cav-3 double knockout mice are truly caveolae deficient. These mice develop 

severe cardiomyopathy and reveal a dramatic increase in ventricular wall thickness and exhibit 

hypertrophy, disorganization and degeneration of cardiac myocytes and exhibited skeletal 
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defects (Park, Woodman et al. 2002). These findings underline the importance of caveolae in the 

cardiovascular system.  

Cav2 knockout mice have unaltered number of caveolae demonstrating that Cav2 is not 

necessary for formation of caveolae (Park, Woodman et al. 2002). Cav2 null mice do not exhibit 

vascular and lipid metabolism defects as Cav1 null mice but display pulmonary dysfunction with 

alveolar septal thickening and exercise intolerance. Since these mice displayed normal number of 

caveolae, these results suggest that Cav2 may perform functions other than those related to 

caveolae.  

 

Implications of caveolae structure on biophysical studies of caveolae domains 

Caveolae were originally found to have 50-100 nm invaginations (Yamada 1955) but 

later studies show that the dimensions are closer to 60-80 nm (Bastiani and Parton 2010). Using 

ultrastructural 3D studies of caveolae domains in endothelial cells showed a neck size of ~50 nm 

and a depth of ~ 50 nm (Figure I-4). These studies also suggest that Cav1 are distributed 

uniformly on an entire caveola (Richter, Floetenmeyer et al. 2008). If approximately 144 Cav1 

molecules are equally distributed in a cup-shaped volume similar to caveolae, two adjacent Cav-

1 molecules are within 10 nm of each other. FRET, which is sensitive to molecular interactions 

or proximity related changes within 10 nm, can therefore be used to see interaction of Cav1 with 

a caveolae associating molecule, or other proteins residing or in close proximity to caveolae 

domains.  
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In certain types of endothelial cells, caveolae have specialized structures called 

stomatal diaphragms. The stomatal diaphragm is a special caveolae sub-domain, which is 

composed of a thin (~5 -6 nm) protein barrier in the caveolar neck. This protein barrier is 

characterized by the presence of plasmalemmal vesicle associated protein (PLVAP, gp68, PV1). 

PV1 is a 60 kDa single span, type II membrane glycoprotein that forms homodimers. The 

distribution of both stomatal diaphragm and PV1 are similar, suggesting that PV1 is necessary 

for the formation of stomatal diaphragm (Stan 2002, Stan, Tkachenko et al. 2004). Thus, the 

neck may be a sub-domain of caveolae domain that has a specialized environment and 

composition. 

 

Role of caveolae domains in signaling.  

Despite its discovery more than 50 years ago and studies unveiling the structure, 

composition and biochemistry of caveolae, the function of caveolae is still not clearly 

understood. Caveolae have been associated with many functions in the cell including 

endocytosis, transcytosis, cholesterol and lipid metabolism, mechanotransduction, cell 

proliferation and cell signaling.  

Figure I-3. Dimensions of a caveola averaged over different cell types as determined by 

high-resolution electron microscope tomography. Reprinted by permission by John Wiley 

& Sons, Inc.: Richter T et al. Traffic 9:895 (2008) 
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One of the most important and common roles ascribed to caveolae is its role in 

modulating membrane signal transduction processes by sequestering membrane signaling 

proteins (Sargiacomo, Sudol et al. 1993, Chun, Liyanage et al. 1994, Lisanti, Scherer et al. 1994, 

Schnitzer, Oh et al. 1995). Several signaling proteins such GPI-anchored proteins (Sargiacomo, 

Sudol et al. 1993), IP3 Receptors (Schnitzer, Oh et al. 1995), heterotrimeric G proteins e.g. 

(Chang, Ying et al. 1994, Li, Okamoto et al. 1995), small G-proteins such as Ras (Song, Li et al. 

1996) and endothelial nitric oxide synthase (eNOS) (Shaul, Smart et al. 1996) among others have 

been shown to localize in caveolae domains. The enrichment of signaling proteins in caveolae 

domains led to the "caveolae signaling hypothesis" which postulates that caveolae are signaling 

platforms that sequester membrane signaling molecules for a faster and more directed signaling 

effect. (Anderson 1993, Lisanti, Scherer et al. 1994)  

 

G-protein coupled receptor (GPCR). 

An important class of signaling proteins that are proposed to localize in caveolae 

domains are G-protein coupled receptors and their downstream signaling components (for 

review, see (Chini and Parenti 2004, Insel, Head et al. 2005, Patel, Murray et al. 2008)). GPCRs 

comprise the largest family of membrane proteins with more than 700 genes encoded in the 

human genome. They are also the target of more than 30 % of known drugs making them an 

important pharmaceutical target. GPCRs can sense a wide variety of extracellular signaling 

including light, hormones, lipids, peptides and odorants. GPCRs can be classified according to 

their pharmacological properties into four main families: class A rhodopsin-like, class B 

secretin-like, class C metabotropic glutamate/pheromone and frizzled receptors (class F) (Pin, 
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Neubig et al. 2007). The structure of a GPCR can be divided into three parts (Figure I-5): 1) an 

extracellular region which consists of the N-terminus and three extracellular loops (ECL1-

ELC3), 2) the transmembrane regions which consists of seven α-helices (TM1-TM7), and 3) the 

intracellular region consisting of three intracellular loops (ICL1-ICL3), an intracellular 

amphipathic helix (H8) and the C-terminus (for review of the structure of class A GPCRs, see 

(Venkatakrishnan, Deupi et al. 2013)). Since we are interested in how caveolae domains may 

modify the interactions of GPCRs with its downstream binding partners, we will concentrate on 

the structure of the intracellular loops and C-terminal region which is composed of ICL1-3, H8 

and the C-terminus. From current crystal structures of GPCRs, ICL1 is usually 6 amino acids 

long and contains a helical turn. The length of ICL2 is usually one or two-turns of alpha helix 

and forms a salt bridge with Asp of the DRY motif in the TM3, which is a highly conserved 

region in class A GPCRs. Most Class A GPCR structures have a short ampiphatic helix (H8) on 

their C-termini, which also have palmitoylation sites. According to crystal structures of β-2 

adrenergic receptor in complex with Gαs, H8 does not contact the G –protein (Rasmussen, 

DeVree et al. 2011). The ICL3 and C-terminal tail are long and variable regions and are 

intrinsically disordered in many GPCRs. Furthermore, several residues in the C-terminal tail of 

beta-2 AR are post-translationally modified and can be phosphorylated and interact with many 

downstream effectors such as β-arrestin. This makes the C-terminal tail and H8 available to 

interact with other membrane proteins such as caveolin.  
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Of interest to us are two class A (rhodopsin-like) GPCRs:  bradykinin 2 receptor 

pathway and the µ-opioid receptor. We use both GPCRs as our model systems for the Gαq / 

PLCβ and Gαi/ adenylyl cyclase pathways respectively.  

 

Bradykinin 2 Receptor. 

Bradykinin Receptors belong to class A GPCRs, and are activated by the agonist 

bradykinin. Bradykinin signaling is implicated in pain, inflammation, vasodilation and 

hypertension (for Review see (Marceau and Regoli 2004, Leeb-Lundberg, Marceau et al. 2005)). 

These receptors signal through the Gαq / PLCβ pathway leading to the increase of intracellular 

Ca
2+ 

and IP3. Bradykinin receptors also signal through the Phospholipase A2 pathway causing an 

increase of arachidonic acid (Burch and Axelrod 1987). Bradykinin 2 receptor and endothelial 

Figure I-4. Main structural features of a G-protein coupled receptor protein showing an 

extracellular N-terminus, 3 extracellular loops (ECL), 3 intracellular loops (ICL) and an 

intracellular C terminus.  
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nitric oxide synthase (eNOS) pathway are also associated through the agonist bradykinin. 

Bradykinin activates the release of nitric oxide (NO) from endothelial cells, activating the eNOS 

pathway (Palmer, Ferrige et al. 1987). There are two types of bradykinin receptors, Bradykinin 1 

Receptor (B1R) and Bradykinin 2 Receptor (B2R). B2R is expressed in vascular cells, fibroblasts, 

epithelial cells, nervous cells and various tumor cells. B2R is constitutively expressed and 

desensitizes rapidly, as opposed to B1R, which requires induction to be expressed and has limited 

desensitization (Leeb-Lundberg, Marceau et al. 2005). B2R is post-translationally modified on 

the extracellular domain by glycosylation and disulfide bond formation similar to most class A 

GPCRs. B2R also has a acylation motif (CxxxGC) on the C terminal tail which has shown to be 

palmitoylated by mass-spectrometry (Soskic, Nyakatura et al. 1999).  

Several studies have suggested that B2R resides in caveolae. By density gradient 

fractionation and radioligand labeling of B2R, De Weerd and Leeb-Lundberg showed that 

bradykinin addition promotes sequestration of B2R, Gαq and Gαi in caveolae in DDT1 MF-2 

smooth muscle cells (de Weerd and Leeb-Lundberg 1997). In the basal, unstimulated state, B2R, 

Gαq and Gαi and are also enriched in caveolin fractions. By immuno-electron microscopy, 

Haasemann et al. found that Cav1 and B2R are distributed similarly on caveolae structures on the 

plasma membrane of A431 cells upon agonist addition (Haasemann, Cartaud et al. 1998). In 

human airway smooth muscle cell (HSM), plasma membrane caveolin-1 colocalized with B2R, 

Muscarinic 3 receptor (M3R) and Histamine 1 Receptor (H1R) Receptors as well as STIM1, 

TRP4 and TRP6. Disruption of caveolae by treatment with methyl-β-cyclodextrin or transfection 

with Cav1 siRNA attenuated the agonist mediated calcium release in B2R, M3R and H1R, with 

B2R showing the most dramatic effect (Prakash, Thompson et al. 2007). The presence of 

caveolae could impact the function of B2R. In endothelial cells, ATP, bradykinin or thrombin 
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stimulation induced calcium waves that specifically originate from caveolin-rich edges, which 

was dependent on intracellular calcium. Treatment with the microtubule disruption colcemid, 

altered Cav1 and calcium initiation sites concomitantly (Isshiki, Ando et al. 1998).  

 

µ-Opioid Receptor. 

µ-opioid receptor is one of four class A GPCRs that is stimulated by opiates. The other 

ones are kappa (κOR), delta (δOR) and nociceptive (NOR) opioid receptors. µ-Opioid receptor 

induces analgesia, bradycardia, hyphothermia and indifference to environmental stimuli.   It is 

coupled to Gαi / Gαo which upon activation inhibits adenylyl cyclase and voltage gated Ca
2+

 

channels. It is also known to stimulate G-protein activated inwardly rectifying K
+
 channels 

(GIRKs) and PLCβ. Like other Class A GPCRs, the C terminal tail of the µ-opioid receptor has a 

putative palmitoylation site (Waldhoer, Bartlett et al. 2004). 

Co-immunoprecipitation studies show that µ-opioid receptors localize in Cav1 enriched 

lipid rafts (Zhao, Loh et al. 2006, Berg, Zardeneta et al. 2007) and colocalize with Cav3 

microdomains in adult cardiomyocytes (Head, Patel et al. 2005). Although caveolin expression 

has not been fully elucidated in the nervous system where µOR is most abundant (Gaudreault, 

Blain et al. 2005), it is up-regulated in aging brains (Kang, Chung et al. 2006) and its down-

regulation induces demyelination of neurons (Yu, Rouen et al. 2008).  These observations imply 

that Cav1 may be indirectly involved with promoting changes in plasticity, neuro-protection, 

neuro-degeneration and aging.  
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Heterotrimeric G-proteins. 

Heterotrimeric G-proteins are the intracellular binding partners of G-protein coupled 

receptors. They are composed of α, β and γ subunits.  The intracellular loops of the activated 

GPCR act as a guanine exchange factor (GEF) to the GDP bound α subunit, catalyzing its 

exchange from GDP to GTP. Gα (GTP) and Gβγ then stimulate downstream effectors. There are 

21 Gα subunits encoded by 16 genes, 6 Gβ subunits encoded by 5 genes and 12 Gγ subunits 

(Downes and Gautam 1999). There are four main classes of the heterotrimeric G proteins based 

on their Gα subunit: Gαs, Gαi, Gαq and Gα12. The Gα subunit has a conserved protein fold 

composed of a GTPase domain and a helical domain. The GTPase domain hydrolyses GTP and 

contains switches I, II and III which undergo a major conformational change upon binding with 

GDP or GTPγS. The helical domain is a six α-helix bundle that forms a lid over the nucleotide-

binding pocket. All Gα subunits except Gαt are palmitoylated at the N-terminus, while Gαi is 

myristoylated at the N-terminus in addition to being palmitoylated. Gαq and Gαq are both dually 

palmitoylated. Gαq is palmitoylated at cysteines 9 and 10 (Chen and Manning 2001, Smotrys and 

Linder 2004) while Gαs is palmitoylated at its N-terminal cysteine and N-terminal glycine 

(Kleuss and Krause 2003).    

The Gβ subunit has a seven-bladed β propeller structure each of which is composed of 

a WD40 sequence repeat. The α helical N-terminus of Gβ forms a coiled-coil interaction with the 

N-terminus of Gγ while the C terminus of Gγ binds to blades five and six. Gγ subunits are post-

translationally modified at their C-termini with either a farnesyl (Gγ1, Gγ8, Gγ11) or  

geranylgeranyl moiety (Zhang and Casey 1996).  
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Upon activation of the GPCR, both Gα and Gβγ activate effector molecules. The 

effector recognition site in all Gα sites is in the C-terminal half of α2 (switch II) together with 

α3-helix (Sprang, Chen et al. 2007). Each class of Gα target different effectors while Gβγ target 

similar effectors.  

For the Gq pathway, Gαq(GTP) activates phospholipase C β (PLC β). Binding of Gαq to 

PLC β enhances the GTPase activity of the α subunit, turning off Gαq. PLC β in turn cleaves 

phosphatidylinositol 4,5 bisphosphate (PIP2) into diacylglycerol (DAG) and inositol triphosphate 

(IP3). DAG and IP3 activate Protein Kinase C (PKC) and stimulate the release of intracellular 

Ca
2+

 (Rhee 2001).  

For the Gs pathway, Gαs(GTP) stimulates adenylyl cyclase (AC) causing an increase in 

intracellular cAMP concentrations. Different ACs have varying affinities for Gαs, which may 

cause a variation in cAMP levels. Furthermore, different isozymes of ACs are present in 

different cell types. The varying degrees of affinities of ACs to Gαs in different cell types are 

abolished in the presence of 100 µM forskolin, which can regulate coupling of Gα subunits to 

ACs (Cabrera-Vera, Vanhauwe et al. 2003). In the second chapter, cAMP assays are performed 

to observe the difference in cAMP levels upon morphine stimulation in the presence and absence 

of caveolae. Cells were treated with 100 µM forskolin to have a maximal cAMP signal and to 

abolish the affinities of different ACs present in the cells.  

For the Gi pathway, Gαi(GTP) inhibits AC causing a decrease in intracellular cAMP.  

The inhibitory action of GPCRs on AC activity can be blocked by pertussis toxin which 

catalyzes the ADP-ribosylation of Gαi. The AC inhibition of Gαi – coupled receptors are isozyme 

specific and also cell-type specific (Defer, Best-Belpomme et al. 2000). Gαi, acts as a 



 

21 
 

noncompetitive inhibitor of Gαs-stimulated AC5 and AC6 but has no effect on AC2 and AC8. 

Like Gαs, the cAMP profile of Gαi may therefore vary on different cell type depending on which 

ACs are present in the cell.  

The Gβγ subunit can also play roles in cAMP levels. Gβγ can activate AC2 and AC4 

but only in the presence of Gαs. The Gβγ subunit can also directly inhibit AC1 activity resulting 

in a further decrease in cAMP compared to the actions of Gαi alone (for review please see 

(Defer, Best-Belpomme et al. 2000).) 

The Gα subunit of the heterotrimeric G-proteins have also been found to colocalize in 

caveolae domains. Gαi2, Gαq/11, Gαs, Gαi3 are enriched in caveolae fractions (Sargiacomo, Sudol 

et al. 1993, Chang, Ying et al. 1994, Li, Okamoto et al. 1995). However, there is confusion in the 

literature regarding which Gα subunits localize in caveolae domains. Freeze-fracture 

immunoelectron microscopy by Nomura et al. found that Gαi2a is enriched only by approximately 

two-fold, as opposed to the 3-40 fold enrichment reported from biochemical fractionation studies 

(Nomura, Inuo et al. 1997). Using subcellular fractionation and confocal microscopy in lung 

tissue, endothelial and epithelial cells, Gαq without Gβγ, was found to interact with caveolin, 

while Gαi, Gαs as well as Gβγ colocalize with GPI anchored proteins associated with non-

caveolae lipid rafts (Oh and Schnitzer 2001).   

In our lab, we have found that Gαq has a specific interaction with Cav1. The presence of 

Cav1 decreases FRET between Gαq (GTP) and Gβγ upon B2R stimulation, with concominant 

prolongation of calcium signaling (Sengupta, Philip et al. 2008). This result suggests that the 

presence of Cav1 prolongs the lifetime of Gαq(GTP), causing a sustained Ca
2+

 signal. In adult 

cardiomyocytes that amply express Cav3, a peptide that disrupts interaction between Gαq and 
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Cav3 extinguishes calcium waves that are not seen in neonatal cardiac myocytes, which do not 

have caveolae. This results suggest that caveolae might play a role in regulating basal calcium 

activity in cardiomyocytes (Guo, Golebiewska et al. 2011).  

 

 

CELL SHAPE AND RECEPTOR GRADIENT ON THE PLASMA MEMBRANE 

 

Cell shape may also regulate GPCR distribution on the plasma membrane. Studies of 

cell shape are an empirical and straightforward way of determining how cells behave under 

different conditions and it is for this reason that pathology uses cell morphology as a diagnostic 

tool to assess tissue disease states. Drastic changes in cell morphology are indicators of 

oncogenic transformation by Ras as it transforms from a normal, spread out, circular morphology 

to a fusiform and elongated shape with compact nuclei and disrupted cytoskeleton (Kim, Burns 

et al. 1999). An earlier study demonstrates that cell shape is tightly coupled to DNA synthesis 

and growth in non-transformed cells (Folkman and Moscona 1978). It can therefore be 

hypothesized that cell shape can modulate signal transduction processes and may even be used as 

a repository of signaling information.  

Numerous studies have suggested that signaling proteins and formation of 

microdomains are influenced by cell shape and size. Most of these studies were carried out by 

controlling the microenvironment by performing experiments on cells cultured in micropattern 

substrates. Micropattern technology involves the fabrication of substrates to which cells can 
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attach and take on different shapes (Théry 2010). Control of the cell shape, in particular 

alignment and constriction, can induce myogene differentiation of bone-marrow-derived human 

mesenchymal stem cells, with an upregulation of myogenic gene markers upon incubation in 

well-aligned, constricted micropatterns. The authors hypothesize that lineage commitment of 

mesenchymal stem cells can be induced by controlling the micropattern (Yu, Chua et al. 2013). 

Cell confinement can control the development of three-dimensional epithelial cell polarity by 

modulating the initial steps in the formation of the central lumen into the apical membrane 

(Rodriguez-Fraticelli, Auzan et al. 2012, Rodriguez-Fraticelli and Martin-Belmonte 2013). Cell 

shape also affects cell locomotion. The authors found that the direction and speed of cell 

migration can be controlled by manipulating the divergence angles and the widths of the 

micropatterns respectively (Yoon, Kim et al. 2012). In neuronal cells, glutamate treatment and 

electrical stimulation results in the enrichment of PKC in membrane regions with smaller 

surface to volume ratios such as synaptic spines and dendritic branches compared to regions with 

higher surface to volume ratios such as cell soma or thicker branches (Craske, Fivaz et al. 2005).  

Cell shape is controlled by many factors including interactions of small GTPases with 

the cytoskeleton (Sheetz 2001, Hall 2012), membrane dynamics (endocytosis and exocytosis) 

and membrane tension to name a few (Diz-Muñoz, Fletcher et al. 2013). The cell senses these 

factors collectively to respond to the environment by changing its shape or motility. Rho family 

of GTPases control cytoskeletal remodeling. There are 20 Rho GTPases in mammals. RhoA, 

Rac1 and Cdc42 are the three best characterized Rho GTPases (Hall 2012). Cell shape is also 

influenced by membrane tension (reviewed in (Diz-Muñoz, Fletcher et al. 2013)). One of the 

ways for the cell to regulate membrane surface area is by exocytosis, stimulated by high 

membrane tension and clathrin-coated endocytosis, stimulated by low membrane tension. These 
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two opposing forces maintain membrane homeostasis (Sheetz 2001). Recently, caveolae have 

been shown to play a role in the control of membrane tension by acting as membrane reservoirs 

enabling cells to accommodate sudden changes in membrane tension (Gervásio, Phillips et al. 

2011, Sinha, Köster et al. 2011). Increase in cell tension by cell stretching or hypo-osmotic shock 

causes disassembly of caveolae suggesting that caveolae are capable of buffering plasma 

membrane tension.   

Theoretical models integrate the above mentioned factors to collectively simulate 

forces that control cell shape and motility (for review (Holmes and Edelstein-Keshet 2012)). One 

of them is the perimeter model, which represents the cell as a closed curve. The boundary is 

identified as the cell membrane and the 2D interior of the shape is identified as the cytosol. One 

such application that uses the perimeter model is the Virtual Cell suite (Loew and Schaff 2001). 

In chapter 4 of this dissertation, Virtual Cell was used to model different cell shapes and to 

perform numerical simulations of the concentration of growth factor receptor and GPCR in the 

basal and stimulated states.  

One of the ways that membrane heterogeneity could arise is through the changes in 

membrane curvature. It can be hypothesized that the curvature of the plasma membrane results in 

spatial gradients of activated signaling components on the plasma membrane due to the balance 

of reaction-diffusion processes along the plane of the membrane (Rangamani, Lipshtat et al. in 

press). In chapter four of this dissertation, this hypothesis was tested numerically and 

experimentally. Numerically, reaction-diffusion formulations were used to analyze the effect of 

cell shape of the boundary on the spatial distribution of activated signaling components in the 

plane of the plasma membrane and in the cytoplasm as a function of time. To test this 

experimentally, the concentration of membrane signaling components in different cell shapes are 
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quantified using imaging and correlation methods. The ellipsoid cell shape is closest to the 

fusiform shape, which is a characteristic of neoplastic transformed cells, while the circular, 

spheroidal cells are associated with normal cell shape. From these studies we can answer the 

question whether cell shape could modulate receptor distribution on the plasma membrane.  

 

FLUORESCENCE METHODS USED IN THIS DISSERTATION 

 

Förster/Fluorescence Resonance Energy Transfer Microscopy (FRET) 

Förster Resonance Energy Transfer (FRET) is a non-radiative energy transfer that occurs 

between an excited donor (D) molecule and an acceptor (A) molecule in a ground state. The rate 

of energy transfer depends on the overlap between the donor emission and the acceptor 

excitation spectra, quantum yield of the donor, the orientations of the donor and acceptor dipoles 

and the distance between the donor and acceptor molecules (Lakowicz 2006). The relationship 

between the rate of energy transfer,   , from donor to acceptor is given by the equation  

  ( )   
 

  
(
  

 
)
 

      (1) 

where    is the lifetime of the donor emission in the absence of acceptor,    is the Förster 

distance, and the r is the distance between the donor and the acceptor.  The distance at which the 

efficiency of energy transfer is 50% efficient is called the Förster radius. For a eCFP / eYFP 

FRET pair, the Forster radius is ~ 50 Å. There are many modes of FRET microscopy in use (for 

Review see (Sun, Wallrabe et al. 2011)).  In this dissertation, sensitized emission is used, which 
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measures the amount of acceptor emission which results from energy transfer from the donor 

emission. The eCFP/eYFP FRET pair was used to tag two proteins and study their interactions. 

Most crucial in performing sensitized emission FRET is correcting for the spectral overlaps, 

which contaminates the signal of the sensitized emission channel. There are two spectral 

overlaps that need to be corrected: 1) the overlap of the donor emission with the acceptor 

detection channel that causes spectral bleedthrough, and 2) the overlap of the acceptor excitation 

with the donor excitation spectra, causing cross-excitation. The raw FRET image can be 

corrected for the above-mentioned spectral overlaps using Precision FRET (PFRET) algorithm 

(Chen, Elangovan et al. 2005). PFRET calculation is based on post-acquisition image analysis 

that corrects for the contaminating signal using singly labeled reference samples. PFRET is 

defined as: 

                          (2) 

where UFRET is the uncorrected FRET, DSBT is the donor spectral bleedthrough, and ASBT is 

the acceptor spectral bleedthrough. DSBT is the donor emission bleedthrough to the acceptor 

emission channel and can be corrected by a donor-only sample, by measuring the amount of 

donor emission signal that leaks through the acceptor channel. ASBT is the signal bleedthrough 

coming from the cross-excitation of the acceptor from the donor excitation. It is corrected by 

using a sample with only the acceptor (acceptor-only sample), and the amount of acceptor 

emission upon excitation with the donor wavelength is measured. The amount of acceptor 

species is determined by exciting the acceptor with the acceptor excitation wavelength.  It is 

notable that since the images of the sample containing both donor and acceptor are corrected 

using images of different samples (donor only and acceptor only controls), individual pixel 

locations cannot be compared. In this algorithm, pixels with matching fluorescence and in the 
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same intensity range are compared. Therefore, this method also takes into account the expression 

levels of the acceptor and the donor. This approach works on the assumption that doubly labeled 

samples and acceptor and donor only controls are imaged under the same conditions and exhibit 

the same bleedthrough dynamics. Therefore, all settings used for taking control images should be 

used for the sample images, including laser power, PMT voltages, magnification, zoom, in the 

case of performing FRET in confocal laser scanning microscope.  

 The DSBT can be obtained by the following equations: 

  ( )   
∑   
    
   

∑   
   
   

  

    ( )   ∑ (     ( ))
   

   
 

      ∑     ( )
   

   
 

 Where j is the jth range of intensity, rd(j) is the donor bleed-through ratio for the jth 

intensity range, m is the number of pixel in ‘a’ for the jth range, where ‘a’ is the image 

containing donor only, excited at the donor wavelength and the signal collected at the donor 

emission wavelength and ‘b’ is the same sample containing donor only, excited at the donor 

wavelength and the signal collected at the acceptor emission wavelength, a(i) is the intensity of 

pixel (i),    DSBT(j) is the donor bleed-through for the range j, n is the number of pixel in ‘e’ for 

the jth range, where ‘e’ is the image containing both donor and acceptor, excited at the donor 

wavelength and the  signal collected at the donor emission wavelength, e(p) is the intensity at 

pixel (p), k is the number of range and DSBT is the total donor bleedthrough.  
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 The ASBT can be obtained similarly: 

  ( )   
∑   
    
   

∑   
   
   

 

    ( )   ∑ (     ( ))
   

   
 

      ∑     ( )
   

   
 

 Where j is the jth range of intensity, ra(j) is the acceptor bleed-through ratio for the jth 

intensity range, m is the number of pixel in ‘d’ for the jth range, where ‘d’ is the image 

containing acceptor only, excited at the acceptor wavelength and the signal collected at the 

acceptor emission wavelength and ‘c’ is the same sample containing acceptor only, excited at the 

donor wavelength and the signal collected at the acceptor wavelength, d(i) is the intensity of pixel 

(i), ASBT(j) is the donor bleed-through for the range j, n is the number of pixel in ‘g’ for the jth 

range, where ‘g’ is the image containing both donor and acceptor, excited at the acceptor 

wavelength and the  signal collected at the acceptor emission wavelength, g(p) is the intensity at 

pixel (p), k is the number of range and ASBT is the total acceptor bleedthrough.  

The energy transfer and distance from sensitized emission is  

     (
   

  
) (3) 

Where     is the pixel intensity a donor image in the presence of acceptor, while    is the 

intensity in the absence of acceptor. Since PFRET is the energy transfer from the donor emission 

to the acceptor,    
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                (4) 

Equation (3) can therefore be expressed as 

     
   

[         (     )]
      (5) 

Where     is the spectral sensitivity for donor and acceptor channel images. The distance 

between donor and acceptor, r 

     {(
 

 
)   }

   

       (6) 

 For a comprehensive discussion of the determination of spectral sensitivity, please see  

(Chen, Elangovan et al. 2005). 

 

Fluorescence Recovery After Photobleaching (FRAP).   

Fluorescence Recovery After Photobleaching (FRAP) is a technique to determine the 

mobilities of fluorophore-tagged proteins. A region of the cell expressing the fluorophore-tagged 

protein is bleached using high-powered laser, and the time dependent recovery in fluorescence is 

observed, as the non-bleached population diffuses into the bleached region using low-powered 

laser (for review (Reits and Neefjes 2001, Sezgin and Schwille 2011)).  Two parameters can be 

obtained from a FRAP curve: the diffusion coefficient and the mobile fraction of the 

fluorescently labeled protein. 

The mobile fraction is defined as 

  
(      )

(      )
 (7) 
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where    is the fluorescence in the bleached region after full recovery,    is the pre-

bleaching fluorescence, and    is the fluorescence right after bleaching.  

For membrane proteins diffusing on the plasma membrane, unrestricted two-

dimensional diffusion is assumed. Diffusion coefficient D, is related to the diffusion time    by 

the modified Einstein equation for two-dimensional diffusion.  

   
   

  
 (8) 

where   is the radius of the of the laser beam at     intensity and γ is a correction 

factor to account for the amount of bleaching.   

FRAP is suited for processes on a second scale while FCS is suited for microsecond 

time scale processes. A FRAP curve might contain information regarding binding as well as 

diffusion. Since FRAP averages over many molecules, extensive modeling may be necessary to 

interpret the FRAP curve.  

 

Fluorescence Correlation Spectroscopy (FCS). 

Another technique to determine the mobility of membrane proteins is by Fluorescence 

Correlation Spectroscopy (FCS). FCS is based on the analysis of time-dependent intensity 

fluctuations as a fluorophore diffuses into and out of diffraction limited spot produced by a 

focused laser beam.  The excitation or detection volume has a shape of an ellipsoid with a radius 

of 200-300 nm radius and a height of 2 µm, and has a volume of approximately 1 fL. The signal 

fluctuations contain information such as the average deviation from the mean, amplitude and 

frequencies. The amplitude is linearly reciprocal to the concentration of the fluorophore, while 
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the frequency contains information about the diffusion rates of the fluorophore. Fast diffusing 

particles give rise to faster signal fluctuations while slower or bigger particles have slower 

fluctuations. This information can be more easily extracted by obtaining the autocorrelation 

function   ( ) of the fluorescence fluctuations.  To obtain the autocorrelation function, the 

product of two channels separated by a certain lag time, τ, is normalized by the square of the 

average intensity and is plotted against the logarithm of the increasing lag time.   

 ( )  
〈 ( )   (    )〉

〈 〉 
    

〈  ( )    (    )〉

〈 〉 
     (9) 

For three-dimensional diffusion, using complex mathematics that are described 

elsewhere (Lakowicz 2006, Weidemann and Schwille 2009), the autocorrelation function can be 

written as 

  ( )      
  (   

 

  
)
  

(   
 

    
)
    

    (10) 

where      is the effective number of molecules in the confocal volume,    is the 

diffusion time, which is the fluorophore’s time of transit in the focus and S is the structural 

parameter which describes the shape of the detection volume (i.e the ratio of the axial and lateral 

radii,    
  

  
 ). The fluorescence autocorrelation curve from equation (9) is fitted to (10) to 

obtain    which is related to diffusion coefficient, D. 

    
  

 

  
  

Although FCS can be used to study any process that results in intensity fluctuations, we 

used FCS mainly to study diffusion on the membrane. In this case, the autocorrelation function is 

fitted to a modified version of (10), which assigns a fixed high value for the structural parameter 
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S, which is a pseudo- two dimensional diffusion, correcting the three-dimensional diffusion into 

a two-dimensional diffusion.    

Aside from obtaining diffusion coefficients, FCS can also measure binding kinetics, 

rotational diffusion and macromolecule dynamics. While FRAP can measure processes on the 

seconds time scale while FCS is sensitive to events occurring from tens of nanoseconds to 

millisecond making both methods complementary.  

 

RESEARCH AIMS INCLUDED IN THIS DISSERTATION 

Do B2R and µOR and their Gα binding partners localize to caveolae domains? This 

question is addressed by measuring the colocalization and distance between Cav1 and a 

fluorescently labeled protein by using immunofluorescence and FRET respectively. More 

importantly, are the functions of these GPCR pathways modified in the presence of caveolae 

domains?  To answer this question, assays utilizing the Cav-1 deficient FRTwt cell and a sister 

cell line stably transfected with Cav1, FRTcav+, were used to assess the effect of Cav1 on the 

function of these receptors. These topics are discussed in Chapter 2.  Does the presence of 

caveolae change the mobilities of B2R, µOR and their downstream Gα binding partners? This 

question is addressed in Chapter 3. Does cell shape have an effect on the cell surface distribution 

of different membrane proteins? This question is addressed in Chapter 4. The future directions 

and general discussion of this dissertation is in Chapter 5.  
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CHAPTER II – INFLUENCE OF G-PROTEINS IN G-PROTEIN COUPLED 

RECEPTOR-CAVEOLAE LOCALIZATION 

 

ABSTRACT 

Caveolae are membrane domains that may influence cell signaling by sequestering 

specific proteins such as G-protein-coupled receptors (GPCRs). While previous reports largely 

show that Gαq subunits, but not other G-proteins, interact strongly with the caveolae protein, 

Caveolin-1 (Cav1), the inclusion of GPCRs in caveolae is controversial. Here, we have used 

fluorescence methods to determine the effect of caveolae on the physical and functional 

properties of two GPCRs that have been reported to reside in caveolae, bradykinin receptor type 

2 (B2R), which is coupled to Gαq, and the μ-opioid receptor (μOR), which is coupled to Gαi. 

While caveolae do not affect cAMP signals mediated by μOR, they prolong Ca
2+

 signals 

mediated by B2R. In A10 cells that endogenously express B2R and Cav1, downregulation of 

Cav1 ablates the prolonged recovery seen upon bradykinin stimulation in accord with the idea 

that the presence of caveolae prolongs Gαq activation. Immunofluorescence and Förster 

resonance energy transfer (FRET) studies show that a significant fraction of B2R resides at or 

close to caveolae domains while none or very little μOR resides in caveolae domains. The level 

of FRET between B2R and caveolae is reduced by downregulation of Gαq or by addition of a 

peptide that interferes with Gαq-Caveolin-1 interactions, suggesting that Gαq promotes 

localization of B2R to caveolae domains. Our results lead to the suggestion that Gαq can localize 

its associated receptors to caveolae domains to enhance their signals. 

____________________ 

*Reprinted with permission from Biochemistry Vol 51 (47), R.C. Calizo and S. F. Scarlata, “A 

role for G-proteins in directing G-protein-coupled receptor-caveolae localization”, pp. 9513-

9523. Copyright 2012 American Chemical Society.  
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INTRODUCTION 

 

Caveolae are 50-100 nm membrane domains that were discovered in electron 

micrographs more than 50 years ago (Anderson 1998). Many proteins that reside in caveolae 

domains are signaling proteins which has led to the speculation that caveolae may be involved in 

the formation of signaling domains in the membrane (Anderson 1993, Lisanti, Scherer et al. 

1994).  Membrane domains may sequester signaling proteins from a distinct pathway and 

facilitate rapid and efficient signaling. However, despite numerous studies suggesting the 

enrichment of various signaling proteins in caveolae domains, there is still no consensus which 

signaling proteins are sequestered in caveolae domains. Limitations of the various methods used 

may be the reason for contradictory results. Immunofluorescence methods may not have 

sufficient spatial resolution that is compatible with the size of caveolae domains and 

fractionation studies require cell membrane disruption which would also disrupt the weak 

interactions of signaling proteins within the membrane domains.  

An important class of signaling proteins that target caveolae are G-protein coupled 

Receptors (GPCRs) (Chini and Parenti 2004, Insel, Head et al. 2005).  GPCR signaling occurs 

through a series of molecular interactions that begin with the binding of an extracellular agonist 

which cause a conformational change on the GPCR so the signal is transmitted to downstream 

effectors in the cytoplasm through the activation of heterotrimeric G-proteins (Alberts, Bray et 

al. 1994). A variety of GPCRs and G-protein subunits have been reported to be in caveolae 

domains (Schnitzer, Oh et al. 1995, Oh and Schnitzer 2001, Insel, Head et al. 2005). There is 

recent evidence that components of G-protein coupled receptor signaling reside in pre-formed 
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complexes and that Cav1 may alter their interactions by binding to some of the signaling 

components (Dowal, Provitera et al. 2006, Philip, Sengupta et al. 2007). Caveolae may play a 

significant role in GPCR signaling by altering the receptor association with agonists, G-proteins 

and with other GPCRs by homo and hetero-oligomerization. Previous studies have suggested 

that Gαq subunits reside in caveolae domains whereas Gαo, Gαi, and Gβγ subunits prefer non-

caveolae domains (Oh and Schnitzer 2001). Our laboratory has shown that Gαq and Gβγ localize 

in caveolae domains in the basal state (Sengupta, Philip et al. 2008). Activation of Gαq causes a 

conformational change that causes it to strengthen its interaction with Cav1, promoting the 

release of Gβγ from caveolae domains and extending the time of Gαq activation (Sengupta, 

Philip et al. 2008, Guo, Golebiewska et al. 2011). This stabilization of activated Gαq results in a 

prolonged calcium response which is believed to be a combination of the stabilization of the 

activated state of Gαq and the extended time for Gβγ recombination. This effect of prolongation 

of recombination time is not seen in other Gα families.  

 In this dissertation chapter, we determined whether the presence of caveolae can alter the 

function and membrane properties of two class A GPCRs, the µ-opioid receptor (µOR), which is 

coupled to Gαi and the bradykinin type 2 receptor (B2R), which is coupled to Gαq.  Both 

receptors have been reported to localize in caveolae. We study these receptors in Fisher rat 

thyroid (FRTwt) cells, which do not express any Cav1 and do not exhibit any caveolae domains, 

and a sister cell line which is stably transfected with canine Cav1 (FRTcav+) and displays 

caveolae domains (Lipardi, Mora et al. 1998, Mora, Bonilha et al. 1999). Additionally, FRT cells 

do not have endogenous µOR or B2R, the contribution of which could complicate analyses of 

FRET measurements and functional assays. 
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 µOR is a target of opiates and other analgesics. µOR activates Gαi, which inhibits 

adenylyl cyclase resulting in a decrease of cellular cAMP (Law, Wong et al. 2000). Using co-

immunoprecipitation methods, µOR has been shown to localize to caveolin-related lipid rafts 

(Zhao, Loh et al. 2006, Berg, Zardeneta et al. 2007), and has been shown to localize in Cav3 

microdomains in adult cardiomyocytes (Head, Patel et al. 2005). B2R is a key mediator of the 

inflammation response. B2R signals through Gαq, which activates PLCβ and resulting in an 

increase in the intracellular calcium levels and activation of protein kinase C (PKC). B2R is 

constitutively expressed in a wide variety of cells, while B1R expression is limited (Faussner, 

Bathon et al. 1999).  Previously, we have found that in the presence of Cav1, activation of Gαq 

by muscarinic receptors results in a prolonged calcium response as a result of a sustained 

activated Gαq signaling (Philip, Sengupta et al. 2007). Thus, caveolae may promote 

inflammatory responses through a sustained and synergistic B2R signaling.  

 Here, we have used fluorescence methods to study the influence of caveolae domains on 

the function and membrane properties of the µOR and B2R signaling pathways. The use of 

fluorescence methods allows us measure receptor localization and dynamics in live cells in real 

time, eliminating problems associated with cell disruption. We find that the function and 

localization of µOR are largely unaffected by the presence of caveolae. Alternately, B2R-Gαq 

signaling is affected by the presence of caveolae domains. Our FRET studies suggest that 

receptors do not directly localize to caveolae but require Gαq to scaffold them to caveolae 

domains.  
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MATERIALS AND METHODS 

 

 FRTwt and FRTcav+ cells and canine caveolin-eGFP DNA were gifts from Dr. Deborah 

Brown (Stony Brook University). µOR-eYFP, µOR-eCFP and Gαi-eYFP wer e from Dr. 

Lakshmi Devi (Mount Sinai Medical Center, New York, NY). Gαq-eGFP and Gαq-eYFP were 

from Catherine Berlot (Geisinger Research). B2R and B2R-GFP were from F. Leeb-Lundberg 

(University of Texas Health Science Center). The plasmid of eCFP and eYFP linked by a 12-

amino acid peptide chain as a positive control for FRET experiments was from J. Pessin (Albert 

Einstein College of Medicine, Bronx, NY). mCherry-Cav1, eYFP-Cav1 and eCFP-Cav1 were 

constructed from canine Cav1-eGFP by excising it as a XhoI and BamHI fragment and 

subcloning it into the same sites in pmcherry-C1, pEFYP-C1 and pECFP-C1 (Clonthech). 

Sequencing these plasmids showed an in-frame fusion of mcherry, eYFP or eCFP at the N-

terminus of Cav1 and a six-amino acid linker (SGSRAA) between the Cav1 and fluorophore 

constructs.  

 

Cell Culture.  

Fisher Rat Thyroid cells (FRTwt) and a sister cell line stably transfected with canine 

Cav1 (FRTcav+) have been described previously (Lipardi, Mora et al. 1998, Mora, Bonilha et al. 

1999). Fisher rat thyroid cells were grown in F-12 Coon’s Modification Media (Sigma) 

supplemented with 10% FBS and 1% Penicillin/Streptomycin. FRTcav+ cells were grown in the 

same media supplemented with 0.2 mg/mL G418. Immunofluorescence of Cav1 was routinely 

performed to check for the expression of Cav1 in FRTcav+ cells. FRTwt and FRTcav+ cells 
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were transfected by Lipofectamine according to manufacturer’s instructions. Briefly 1 x 10
5
 cells 

were incubated in the DNA – Lipofectamine complex  (1 µg DNA : 3 µL lipofectamine) in 

complete antibiotic-free media and assayed 48 hours after transfection. Expression levels of 

GFP-tagged proteins were compared by measuring the intensities of cells under the same 

viewing conditions and by western blot using GFP antibody. A10 (rat aortic smooth muscle 

cells) and HEK 293 were maintained in DMEM (Gibco) supplemented with 10% FBS and 1 % 

Penicillin/Streptomycin. HEK293 cells were transfected by Fugene according to manufacturer’s 

instructions using a µg DNA: µL Fugene ratio of 1:3. Expression of Cav1 in A10 cells was 

downregulated by treating cells with siRNA from Dharmacon, Inc. according to the 

manufacturer’s instructions. Briefly, 1 x 10
5
 cells were seeded in 6-well plates and transfected 

with the lipid-siRNA complexes with 25 nM Cav1 siRNA. Cells were grown in complete 

antibiotic-free media (DMEM supplemented with 10% FBS) and assayed 48-hours post-

transfection. The efficiency of downregulation was determined by immunofluorescence using 

anti-Cav1 antibody bound to Alexa-647 conjugated secondary antibody in which the 

fluorescence intensities per cell of wild-type A10 cells ( n = 11; 43 + 13%) versus the Cav1 

knockdown ( n = 17; 21 + 7% ) cells imaged under the same conditions were obtained and 

compared. These measurements showed Cav1 knockdown efficiency of approximately 51%. 

Western blot analyses were also performed to compare Cav1 levels.  

 The levels of expression of Cav1 in FRTcav+ cells and in transfected HEK293 cells were 

found to be similar to the endogenous level of expression of Cav1 in NIH3T3, A10 and MDA 

MB-231 cells by Western blotting. Additionally, B2R expression levels in transfected FRT cells 

were found to be similar to endogenous levels in NIH3T3 cells and A10 cells. Similar expression 

levels of cells transiently transfected with B2R and cells endogenously expressing B2R (NIH3T3 
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and A10 cells) correlate with the comparable extents of calcium release upon stimulation with 

bradykinin.  

 

FRET Spectroscopy of Membrane Fractions.  

HEK293 cells were separately transfected with either B2R-eYFP, µOR-eYFP or eCFP-

Cav1 using Fugene according to manufacturer’s instructions. Forty eight hours post-transfection, 

approximately 3 x 10
7 

cells transiently expressing expressing B2R-eYFP, µOR-eYFP or eCFP-

Cav1 were homogenized in ice-cold lysis buffer [250 mM sucrose, 20 mM HEPES (pH 7.4), 1.5 

mM MgCl2, 1 mM EDTA, 1 mM EGTA, protease inhibitor cocktail, 1% Triton-X, 0.5 % NP-40 

and 1 mM DTT]. The membrane fractions were collected by centrifugation at 50,000g for 1 hour 

at 4° C. The concentrations of B2R-eYFP and eCFP-Cav1 were found to be 0.12 µM and 0.30 

µM respectively, by Western blot analysis using GFP antibody as a probe and soluble GFP as the 

protein standard.  Expression and purification of recombinant Gαq and Gαi through baculovirus 

infections of Sf9 cells have been described previously (Runnels and Scarlata 1999). Gαq and Gαi 

were activated by incubation in 1 mM GTPγS in 50 mM HEPES, 100 mM NaCl, 4 mM MgCl2, 1 

mM DTT, and 50 mM (NH4)SO4 for 1 hour at 30 °C. B2R-eYFP (5 nM) and eCFP-Cav1 (10 nM) 

were titrated and purified Gαq or Gαi. FRET measurements between B2R-eYFP or µOR-eYFP 

and eCFP-Cav1 were performed by monitoring the increase in the emission of eYFP (560 nm) 

upon excitation of eCFP (450 nm) and normalized using the intensities of eYFP emission upon 

eYFP excitation. 
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Ca
2+

 Measurements.  

Intracellular Ca
2+

 levels in cells were measured by loading cells with Fura-2 AM or 

Calcium Green AM. Cells expressing B2R-GFP or µOR-eGFP were harvested and incubated 

with 1 µM Fura-2 AM in Hanks Balanced Salt Solution (HBSS, Gibco) with 1% BSA.  Cells (1 

x 10
7
) were incubated with 1 µM Fura-2 AM for 30 min, pelleted, washed twice with HBSS, and 

incubated for an additional 15 min for de-esterification of Fura-2 AM. Fluorescence of 

suspended cells were measured using ISS spectrofluorometer. The ratio of fluorescence emitted 

at 510 nm upon excitation with 340 nm and 380 nm was converted to Ca
2+

 using the 

Grynkiewicz equation (Grynkiewicz, Poenie et al. 1985) :  

[    ]    (
      
       

)  

 For adherent cells, calcium changes were measured using 5 µM Calcium Green, or 

Calcium Orange if the cells were already expressing a GFP-labeled receptor. Zeiss Confocor II 

was used using 488 nm Argon ion laser to image calcium green and 543 HeNe laser to image 

calcium orange. Intensities were acquired every 1 second up to 200 seconds.  

  

Intracellular cAMP Measurements.  

µOR-expressing cells were serum-starved and pretreated with 1 mM 3-isobutyl-1-

methylxanthine (IBMX) and stimulated with different morphine concentrations in the presence 

of 10 µM forskolin. Cells were treated with 1% perchloric acid for 1 hour to stop the assay and 

to lyse the cells. Cyclic AMP from cell lysates were measured from the supernatant using a [
3
H] 
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cAMP assay kit (GE Healthcare) following the manufacturer’s instructions. Inhibition of cAMP 

by morphine is expressed as the percent forskolin activation in the absence of agonist.  

  

Immunofluorescence Studies.  

FRTcav+ cells transfected with µOR-eGFP or B2R-eYFP were seeded onto glass bottom 

dishes (MatTek Corp.). Forty-eight hours post-transfection, cells were washed and fixed with 4% 

paraformaldehyde for 1 h and permeabilized with 0.2% NP-40. Cells were incubated with rabbit 

polyclonal anti-Cav1 antibody (N20) (Santa Cruz Biotechnology) and then incubated with 

AlexaFluor secondary antibodies. Fixed cells were imaged with an Olympus Fluoview laser 

scanning microscope equipped with a 488 nm argon ion laser for excitation of eGFP, a 543 nm 

HeNe laser for Alexa594, and a 633 nm HeNe laser for Alexa 647. Z-stack of Cav1 or GFP 

tagged receptors were performed by taking 1 µm confocal slices of the cells. No significant 

bleedthrough was observed from the eGFP or eYFP channel to the Alexa647 channel. 

Colocalization and z-stack analyses were performed using the MacBiophotonics version of 

ImageJ.  

 

FRET Imaging.  

Sensitized emission of FRET was performed with an Olympus Fluoview1000 instrument 

on HEK293 cells co-expressing eCFP- or eYFP-tagged proteins. eCFP and eYFP were excited 

using 458 and 515 nm argon ion laser lines, respectively, and 480-495 and 535-565 nm bandpass 

filters to collect emission images, respectively. The FRET efficiency was calculated by the 
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method used by Chen and co-workers (Chen, Elangovan et al. 2005). Using this algorithm, 

FRET images are corrected for spectral bleedthrough by analyzing images of control cells 

expressing donor proteins alone or acceptor proteins alone with the same intensity distributions 

as the sample. Using controls with the same intensity distributions as the samples, we found that 

FRET efficiency values did not change significantly over a 10-fold range of acceptor:donor 

intensity ratios (e.g., Figure II-5). Background FRET values were obtained by imaging cells co-

expressing eCFP and eYFP. Positive control values were obtained using a dodecapeptide labeled 

with eCFP and eYFP on both ends (i.e, eCFP-X12-eYFP). 

 

Microinjection of HEK293 cells.  

Microinjections were performed on an Axiovert 200M (Zeiss) using InjectMan NI2 with 

a Femtojet pump (Eppendorf). Samples were microinjected into the cytoplasm with a typical 

injection pressure of Pi = 30 hPa, compensation pressure (Pc) of 15 hPa and injection time (t) of 

0.5 s. DAPI dye (0.5 µM) was added to the peptide solution to facilitate viewing of microinjected 

cells. FRET microscopy was immediately performed on microinjected cells that had comparable 

expression levels of B2R-eYFP and eCFP-Cav1. Cells that exhibited drastic change in 

morphology or compartmentalization dyes in vesicles were not included in the analysis.  
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RESULTS 

 

Distribution of Caveolae Domains in Cells.  

Before characterizing the effect of caveolae on the signaling of B2R and µOR in Fisher 

rat thyroid cell lines, we determined the cellular distribution of Cav1 in FRTcav+ cells by 

immunofluorescence (Figure II-1a). FRT cells are derived from FRT-L cells which are polarized 

epithelial cells exhibiting basolateral and apical membranes. Since Fisher rat thyroid cells are not 

maintained under conditions that would cause differentiation in the basal and apical membranes, 

it is possible that FRT cells have lost their polarity, therefore we only call the top and bottom 

membranes instead of apical and basolateral membranes respectively.  We find that Cav1 is 

mainly localized to the bottom membrane closest to the substrate and is sporadically distributed 

on the top membrane. This is in agreement with the work of Mora and others, who found that 

more than ~99% of Cav1 in FRTcav+ cells preferentially go to the bottom membrane (Mora, 

Bonilha et al. 1999). Several studies have suggested that Cav1 may be one of the many protein 

players in focal adhesions and also has been shown to interact with integrins (Salanueva, Cerezo 

et al. 2007). Additionally, Cav1 is localized in regions of cell-cell contact. The observation that 

Cav1 is concentrated in cell contact regions correlates well with the observation that they may 

organize proteins involved in intercellular signaling, such as connexins (Schubert, Schubert et al. 

2002, Langlois, Cowan et al. 2008).  
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a 

b 

Figure II-1.  a - Immunofluorescence image of FRTcav+ cells showing the distribution of 

Cav1 as viewed from the top of the cells.  The right figure is a side view of a cells showing 

that Cav1 is mainly distributed on the bottom plasma membrane. b - Distribution of Cav1, 

µOR and B
2
R in FRT cells.  µOR-eGFP in FRTcav+ cells shows a uniform distribution on 

the top and bottom membranes while the majority of B
2
R-GFP localizes to bottom 

membrane of FRTcav+ similar to Cav1 distribution.  This preferential localization of B
2
R to 

the bottom membrane is not seen when it is expressed in FRTwt cells. 



 

45 
 

 We wanted to determine whether the presence of caveolae impacts the plasma membrane 

distribution of B2R and µOR. We looked at the z distribution of B2R-GFP and µOR-eGFP in 

FRTwt and FRTcav+ cells to see whether they would have a distribution similar to that of Cav1. 

We found that µOR has a uniform plasma membrane distribution on both the bottom and top 

membrane (Figure 1b). Alternatively, B2R largely resides on the bottom membrane, paralleling 

the distribution of Cav1 in contrast to µOR. To verify whether the distribution of B2R is caused 

by the presence of Cav1, we checked the z distribution of B2R in FRTwt cells, which do not have 

caveolae. In FRTwt cells, B2R did not exhibit a preferential localization on the bottom 

membrane. These observations suggest that Cav1 is responsible for B2R localization at the 

bottom of the membrane.  

  

Caveolae Affect Signals from B2R but not from µOR.  

We determined whether the presence of caveolae affect the secondary messengers in the 

signaling of B2R and µOR. Stimulation of µOR by morphine activates Gαi, which inhibits 

adenylyl cyclase, resulting in a decrease of cellular cAMP. We measured the decrease in cAMP  
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Figure II-2. Functional studies of suspensions of FRTwt and FRTcav+ cells transfected with µOR, at identical 

µOR  expression levels, showing the differences in cAMP levels stimulated at four different morphine 

concentrations (see methods) where n=3 independent experiments. Mean+SEM is shown.  b – Determination 

of intracellular Ca
2+

 release (in nM) in cell suspensions upon the addition of 10 µM bradykinin, as measured 

using Fura-2, of FRTwt and FRTcav+ transfected with B
2
R where the expression levels of the receptor were 

similar in both cell types as determined by western blot analysis, where n=3 independent experiments. 

Mean+SEM is shown.   c - Single cell measurements of Ca
2+

 release from FRTwt cells transfected with B
2
R-

GFP and stimulated with 5 µM bradykinin where the curves are an average of responses of 8 cells and S.D. is 

shown. Signal was normalized to each cells’ response to A23187, which gives maximal intracellular Ca
2+

  

Inset - The level of B
2
R-GFP intensity (y-axis) in arbitrary units of the measured cells. 
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in FRTwt and FRTcav+ cells transfected with µOR using a standard radiometric method which 

measures the binding competition between tritiated cAMP and cellular cAMP on a cAMP 

binding protein. We verified that the receptor is expressed at similar levels in both cell types by 

visualizing the fluorescently tagged receptors before proceeding with the assay. The results of 

these studies (Figure II-2a) demonstrate that caveolae do not affect the cAMP response generated 

through µOR and Gαi. For these cell types, stimulation of µOR and Gαi did not increase the level 

of intracellular Ca
2+ 

even at saturating morphine concentrations (0.1 – 50 µM).  

 We have previously found that the affinity between Cav1 and Gαq is strengthened when 

Gαq is activated through muscarinic receptors, resulting in a prolonged Ca
2+ 

signal (Sengupta, 

Philip et al. 2008). Here, we tested whether a similar increase in the level of calcium is seen for 

B2R-mediated Gαq activation. To this end, we measured the change in Ca
2+

 levels with 

bradykinin stimulation in FRTwt and FRTcav+ cells expressing B2R. Again, similar B2R 

expression levels in the two cell lines were verified by fluorescence imaging of the tagged 

receptor (see inset in Figure II-2c). In addition we find that the presence of caveolae significantly 

increases the amount of Ca
2+

 released upon the addition of bradykinin in both calcium assays for 

cells in suspension (Figure II-2b) (t-test; p = 0.007) and single-cell calcium measurements 

(Figure II-2c) (Mann-Whitney test; p = 0.008). In addition to the increase in the intensity and 

concentration of intracellular Ca
2+

 in the presence of Cav1, the duration of increased Ca
2+

 levels 

were prolonged ~2.5 fold.  

Caveolae Affect B2R-Mediated Ca
2+

 signaling in A10 cells.  

To support the idea that B2R signaling can be affected by the presence of caveolae in 

cells that endogenously express both Cav1 and B2R, we carried out studies using rat aortic  
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Figure II-3. Single cell measurements of Ca
2+

, as determined by Calcium green (see 

methods) for wild type A10 cells and cells treated with siRNA(Cav1), and treated with 10 

µM bradykinin. Signal was normalized to each cells’ response to A23187, which gives 

maximal intracellular Ca
2+

. Two wild type traces are shown in open symbols:  (○) is for an 

average of 8 traces for the cell population (~70%) that displayed short recovery while (□) is 

for a sample trace of cells in the 30% population that showed prolonged recovery (~30%).  

(●) is for an average of 7 traces for cells that have been treated with siRNA(Cav1).  SEM, 

which is not shown for clarity,  ranged between 0.6 – 2.5% from the beginning to the 

recovery period for both (○) and (●), and 2.4 – 5.7% for the recovery.  Error for the 

prolonged Ca
2+

 signal was high in the recovery period but always at least 40% higher than 

the short duration cells.  
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smooth muscle cells (A10). In these studies, we compared intracellular Ca
2+

 release in wild type 

cells and cells where expression of Cav1 was downregulated by ~50% [as estimated by 

immunofluorescence and Western blotting] through treatment with Cav1 siRNA. In wild-type 

cells, we find that at least one-third of the cells showed a prolonged Ca
2+

 signal (i.e. > 200 s) 

upon bradykinin stimulation. In the case of Cav1 knockdown cells, none of the ~50 siRNA 

(Cav1) treated cells showed this prolonged Ca
2+

 recovery. In Figure II-3, we show data extracted 

for several cells, although many more were viewed.  

  

Colocalization of B2R and µOR with Cav1.  

The preferential distribution of B2R on the bottom membrane, where Cav1 is also 

localized (Figure II-1b) and strengthened Ca
2+

 signals generated with B2R-Gαq activation (Figure 

II-2b, c) in FRTcav+ cells suggest that B2R, but not µOR interacts with caveolae domains. As a 

first step in determining whether this is the case, we measured the amount of colocalization 

between the receptors and Cav1, using anti-Cav1 antibody and fluorescent protein tagged 

receptors. These results, summarized in Figure II-4, show a significant colocalization between 

B2R-eYFP and Cav1 labeled with anti-Cav1 and Alexa 647 labeled secondary antibody as seen 

on the lateral membrane (0.76 + 0.01; n = 7) compared to a positive control consisting of Cav1-

eGFP labeled with anti-Cav1 labeled with Alexa647 in FRTwt cells (0.93 + 0.01; n = 9) and a 

negative control consisting of Cav1-eGFP stained with Alexa 647 secondary antibody alone 

(0.17 + 0.02; n = 7). In contrast, a smaller amount of colocalization is seen between µOR-eGFP 

and Cav1 (0.51 + 0.01; n = 9). 
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Figure II-4. Summary of colocalization of Cav1 with µOR and B
2
R as compared to 

negative and positive controls, where n=7 for negative control (Cav1-eGFP and 

secondary Antibody (Alexa 647) alone), n=9 for µOR-eGFP, n=7 for B
2
R-eYFP 

unstimulated, n=6 for B
2
R-eYFP stimulated with 1 µM bradykinin for 5 minutes, and 

n=9 for positive control (Cav1-eGFP and Cav-1 Antibody labeled with Alexa647 

conjugated secondary antibody).  Asterisk indicates significant difference from negative 

control while cross indicates significant difference from µOR-eGFP/Cav-1 

Colocalization Values (ANOVA  p < 0.001). b – Sample images of some of the cells 

that were used in the data presented in 3a. 

 



 

51 
 

 

  

Figure II-5. A. Normalized FRET efficiencies (see methods) of eCFP-Cav-1/µOR-eYFP 

(n=9), eCFP-Cav-1/B
2
R-eYFP (n=15), eCFP-Cav1/Gα

q
-eYFP (n=7). Normalization was 

performed using free eCFP and eYFP which showed low FRET efficiency (- Control, 

n=10) and a dodecapeptide with an eYFP and eCFP on either ends which showed high 

FRET efficiency ( + Control, n=8). Asterisk indicates significant difference from negative 

control while cross indicates significant difference from eCFP-Cav1/B
2
R-eYFP values 

(ANOVA p<0.001).  (bottom) Sample raw images of a cell expressing eCFP-Cav1, µOR-

eYFP acceptors and raw FRET (left) and a cell expressing eCFP-Cav1, B
2
R-eYFP and raw 

FRET (right).   We note that previous studies of eCFP-Cav-1 and -Gα
i
-eYFP expressed in 

FRTwt cells gave a FRET efficiency of 4 + 6% (n=3).  b – Plot showing that the FRET 

efficiency between B
2
R-eYFP and eCFP-Cav1 (Box plot, Inset) does not change 

significantly over a 10-fold range of donor /acceptor intensity ratios with the FRET 

algorithm used. 

 

A 
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B2R and µOR Interact Differently with Cav1 as determined by Forster Resonance Energy 

Transfer.  

Concerns with colocalization measurements are the low spatial resolution and the 

dependence on the strength and specificity of the antibodies, as well as the exposure of the 

epitope which may be a problem with integral membrane proteins. To gain more sensitive 

localization information, we used FRET. Cav1 was tagged with an enhanced cyan fluorescent 

protein (eCFP) on its N-terminus, and B2R and µOR were tagged with an enhanced yellow 

fluorescent protein (eYFP) tag on their C-termini. HEK293 cells were chosen for their high 

transfection efficiency and the exclusive plasma membrane distribution of the receptors and G-

proteins. Cells expressing eCFP-Cav1 and B2R-eYFP at similar levels were selected. The 

increase in eYFP emission in the presence of eCFP was then measured using the method of Chen 

and others (Chen, Elangovan et al. 2005). For the eCFP/eYFP pair, the distance at which 50% 

donor fluorescence is lost to transfer is 30 Å, and on the basis of the estimated size of the 

proteins, the presence of FRET should indicate physical association. FRET values for each 

sample were compared to a positive control consisting of free eCFP and eYFP expressed in the 

same cells. Additionally, we verified that a high level of FRET occurs between Cav1-eGFP and 

mCherry-Cav1, showing that the tagged Cav1 proteins can still oligomerize and form caveolae 

domains (Normalized FRET Efficiency = 24.4 + 3.0 , n =  4). FRET results are shown in Figure 

II-5. 

Despite previous data suggesting that µOR localizes in caveolae domains, we could not 

detect significant FRET between Cav1 and µOR. In contrast, B2R and Cav1 display a weak but 

significant and reproducible FRET, suggesting that a population of receptor localizes to these 

domains.  
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Figure II-6.  A -  Raw images showing the change in FRET between eCFP-Cav1 and 

B
2
R-eYFP before and after injection with 200 nM solution of a peptide that disrupts Gα

q
 -

Cav1 association (Cav1 peptide).  We note that the injected cell presented was one that 

gave a FRET value in the upper range for display purposes.  B -  A summary of the 

change in eCFP-Cav1 /B
2
R-eYFP FRET in cells that were not injected (n=15), cells 

injected with the Cav1 peptide (n=9) or a control peptide (n=8). ANOVA calculations 

show significant differences (p<0.001) between uninjected and Cav1 peptide samples, 

and between Cav1 peptide and control peptide data.  
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 The value of Gαq-Cav1 FRET is two-fold higher than the value of B2R-Cav1 FRET 

(Figure II-5). These results might suggest that Gαq has a higher degree of caveolae association or 

interaction with Cav1 than B2R. The higher level of FRET between Gαq and Cav1 than between 

B2R and Cav1 is unexpected because a relatively high level of normalized FRET for B2R-eYFP 

and Gαq-eCFP was observed (i.e. 24.7 + 1.8 for FRTwt and 29.1 + 3.3 for FRTcav+). Moreover, 

we found that in the basal, unstimulated state in HEK293 cells, B2R forms a complex with Gαq 

and Gβγ. Nevertheless, the presence of FRET suggests close association and localization among 

B2R, Gαq and Cav1.    

 

Role of Gαq -Cav1 Interactions in B2R-Cav1 Interactions.  

The FRET studies suggest that Gαq-Cav1 interactions are stronger than B2R-Cav1 

interactions. Gαq-Cav1 interactions may be promoting B2R-Cav1 interactions. If this is the case, 

then disrupting the interactions of Gαq-Cav1 would lessen or eliminate B2R-Cav1 interactions. 

Thus, we measured the amount of FRET between B2R-eYFP and eCFP-Cav1 in the presence and 

absence of a microinjected caveolin peptide (DGIWKASFTTFTVTKYWFYRC)), which 

interferes with the association between purified Gαq and partially purified membrane fractions 

containing overexpressed Cav1 (Sengupta, Philip et al. 2008). This peptide, but not a control 

peptide, with the same length and charge also disrupts Gαq-Cav3 colocalization in cultured cells 

and cardiomyocytes, although there is a possibility that the peptide might disrupt other caveolin 

interactions (Guo, Golebiewska et al. 2011).   
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Figure II-7.  A - Raw images showing the change in FRET between eCFP-Cav1 and B2R-

eYFP in control cells and in cells where Gα
q
 was down-regulated using siRNA B -  A 

summary of the change in eCFP-Cav1 /B
2
R-eYFP FRET in control cells (n=18), and cells 

transfected with Cav1 siRNA (n=28). T-test calculations show significant differences 

(p<0.001) between control and Gα
q
 transfected cells. C – Gαq and actin blots showing the 

siRNA mediated downregulation of Gαq by ~39 + 11% compared to wildtype. 
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HEK293 cells expressing B2R-eYFP and eCFP-Cav1 at similar levels were microinjected with 

200 nM peptide, and changes in B2R-Cav1 FRET were determined (e.g. Figure II-6a). By 

comparing the amount of FRET from microinjected versus uninjected cells to that in cells 

injected with 200 nM control peptide, we found that the cells injected with caveolin peptide had 

significantly lower FRET values (Figure 6b). We compared the amount of FRET from 

microinjected cells with un-injected cells as well as cells injected with 200 nM control peptide, 

which has the same charge and length as Cav1 peptide. We found that cells injected with Cav1 

peptide had significantly lower FRET values (Figure 6b). The FRET values between B2R-eYFP 

and eCFP-Cav1 in microinjected cells were similar to negative control cells, suggesting that the 

amount of Cav1 peptide microinjected is enough to disrupt the entire population of B2R-eYFP 

associated with Cav1. This study suggests that the population of B2R-eYFP that participates in 

the energy transfer from eCFP-Cav1 is mediated by interactions between Gαq and Cav1.  

We further tested whether Gαq mediates the interaction between B2R and Cav1 by 

transfecting HEK293 cells with eCFP-Cav1 and B2R-eYFP and measuring the decrease in the 

level of FRET by siRNA mediated down-regulation of Gαq (Figure II-7). Gαq was down-

regulated by ~39 + 11% as estimated by Western blotting. Downregulation of Gαq did not affect 

the expression levels or cellular localization of eCFP-Cav1 or B2R-eYFP. Our results show that 

reducing the level of Gαq decreases FRET between B2R-eYFP and eCFP-Cav1.  

 To support the hypothesis that Gαq is directing B2R-Cav1 interactions, we performed 

spectroscopic FRET of purified membrane fractions from HEK293 overexpressing either B2R-

eYFP or eCFP-Cav1. We then mixed B2R-eYFP and eCFP-Cav1 membrane fractions and added 

Gαq inactive (GDP) or activated, GTP bound Gαq (GTP). The increase in FRET between B2R-

eYFP and eCFP-Cav1 indicates that Gαq promotes association between B2R and Cav1.  
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Addition of 30 nM activated Gαq in the absence or presence of a control peptide resulted 

in an increase in the FRET.  This increase is indicative of B2R-Cav1 association (Figure II-8). 

This increase in FRET was reduced in the presence of caveolin-1 peptide or deactivated 

Gαq(GDP). Addition of activated or deactivated Gαi had no measurable effect on the level of 

FRET. These results show that Gαq promotes association between B2R and Cav1 and that the 

affinity between Cav1 and Gαq(GDP) is not sufficiently high to displace endogenous proteins 

from Cav1. 
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Figure II-8. FRET between B
2
R-eYFP and eCFP-cav1in HEK293 membrane fractions 

mixed with activated (30 nM) (Gα
q
 * or Gα

i
 *) or inactivated Gα

q
 or Gα

i
 (30 nM) in 

the absence and presence of Cav1 peptide (+pep), 200 nM or a control peptide (+ctr), 

200 nM.  FRET efficiencies were calculated from the increase in eYFP emission upon 

eCFP excitation.  Data are shown as Mean+SEM, where n=3 independent experiments.  
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DISCUSSION 

 

In this study, we have determined the influence of caveolae on the properties of two 

GPCRs that are coupled to different Gα subunits. The rationale for this work is to verify 

observations that certain signaling proteins, such as Gαq, partition into caveolae domains that 

may alter their signaling properties. Because many GPCRs that are coupled to Gαi and Gαq have 

been reported to reside in caveolae domains, we wanted to determine the influence of caveolae 

domain on GPCR signaling. In these studies, intact living cells expressing fluorescently labeled 

GPCRs were used, which avoids some of the problems in interpreting results using methods that 

involve cell disruption. It is arguable that fluorescent labels used in live cell studies may 

influence the results. However, the plasma membrane localization and functional studies of these 

proteins argue against this possibility.  

 We first found that Cav1, and presumably caveolae domains, are not evenly distributed in 

Fisher Rat thyroid cells. It is important to note that the localization of caveolae may differ depending 

on a variety of factors, including the cell type, confluency (Volontè, Galbiati et al. 1999), migration 

state (Isshiki, Ando et al. 2002) or its stage in the mitotic cycle (Boucrot, Howes et al. 2011).  In 

FRTcav+, we observe Cav1 mainly on the bottom membrane and in areas of cell to cell contact 

supporting the idea that they may play a role in sensing contact inhibition or cell communication by 

organizing proteins such as connexins (Volontè, Galbiati et al. 1999, Schubert, Schubert et al. 2002, 

Langlois, Cowan et al. 2008). It is notable that in muscle tissue in which cells are arranged in arrays, 

such as cardiomyocytes, caveolae have a dense and fairly uniform membrane distribution along actin 

lines (e.g. (Guo, Golebiewska et al. 2011) (Woodman, Park et al. 2002)). In fluid cells, transformed 
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cells or immortalized cells, caveolae are either absent or their presence is greatly diminished 

(Koleske, Baltimore et al. 1995, Engelman, Wykoff et al. 1997).  We also observe that the 

distribution of B2R on the bottom membrane close to the substrate, mirrors Cav1 in these cells while 

µOR does not.  

 We studied the effect of caveolae on the functional and physical properties of two types of 

GPCRs, B2R and µOR, which have both been implicated to localize in caveolae domains (de Weerd 

and Leeb-Lundberg 1997, Haasemann, Cartaud et al. 1998, Lamb, Zhang et al. 2002, Head, Patel et 

al. 2005, Zheng, Chu et al. 2008). µOR and B2R are coupled to two different families of G proteins, 

Gαi and Gαq, respectively.  Cav1 expression does not appear to affect cAMP signals generated 

through µOR / Gαi.  It is noteworthy that stimulation of µOR / Gαi pathway may also increase 

intracellular Ca
2+

, possibly through co-activation of a Gαq–coupled receptor or by the release of Gβγ 

subunits which can then activate PLCβ2 or PLCβ3 (Philip, Kadamur et al. 2010).  However, in our 

hands, FRTwt and FRTcav+ cells expressing µOR did not exhibit intracellular Ca
2+

 release. In 

contrast, Ca
2+

 signaling through the B2R pathways is clearly affected by the presence of caveolae as 

seen in both single cell and cell suspension measurements similar to the behavior seen for 

muscarinic receptors (Sengupta, Philip et al. 2008).  It is important to note that the effect of caveolae 

on Ca
2+

 release is seen immediately after stimulation and before detachment of B2R from Gαq and 

subsequent sequestration since Gαq-B2R FRET is constant for the first 2 minutes after stimulation.  

This effect of caveolae on Ca
2+

 signals is interpreted to be due to stabilization of the activated state 

of Gαq by strong Cav1 binding and release of G from caveolae domains which lengthens the time 

for recombination of the heterotrimer (Sengupta, Philip et al. 2008). These studies and the ones 

presented here suggest that both B2R and muscarinic receptors may reside in or close caveolae. 



 

61 
 

 We find both receptors colocalize with Cav1.  It is notable that Head and coworkers found 

that µOR and Cav3 colocalize to a higher degree in adult cardiomyocytes (Head, Patel et al. 2005) 

although direct comparison between their studies and ours is difficult since Cav3 shows a much 

higher expression and is uniformly distributed throughout cardiomyocytes as opposed to FRT cells.   

Additionally, the C-terminus of Cav3 is significantly different from Cav1 which may enable direct 

or indirect OR binding.  It is notable that the resolution of colocalization measurements is quite low 

compared to FRET and we could not detect a significant amount of FRET between µOR and Cav1 

but did find a low (~20%) amount FRET between B2R and Cav1.  Additionally, we observed a 

larger amount of FRET between Gαq-Cav1, implying that Gαq is localized within caveolae domains.  

We also observe an equally large amount of FRET between the Gαq and B2R (Fig. 3 and (Philip, 

Sengupta et al. 2007)).  Together with our functional results, these data show that Gαq can interact 

with Cav1 and change its signaling properties while being in close proximity to B2R.  The lower 

FRET observed between B2R and Cav1 compared to Gαq and Cav1 might be correlated to a weaker 

interaction although it could also be traced to orientations of eCFP and eYFP that make transfer less 

favorable.   

 It has been shown that Cav1 stabilizes Gαq–mediated Ca
2+

 signals generated through 

bradykinin in B2R–transfected cells (Sengupta, Philip et al. 2008).  This receptor population is large 

enough to undergo FRET with Cav1 in the nanosecond time scale, and to influence Gαq signaling.  

Gαq / Cav1 FRET is two-fold higher than B2R / Cav1 FRET, despite the high FRET values between 

B2R / Gαq.  One explanation of this result is that GPCRs do not significantly penetrate into Cav1 

domains and their association depends on the strength of their attached Gα family.  Gαq, which 

interacts strongly with Cav1, promotes caveolae localization of its coupled receptors, while Gαi–

coupled receptors, such as µOR have little interaction with these domains.  Our fluorescence and 
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functional studies suggest that the interaction between B2R and Cav1 could be mediated through 

Gq.  We find a loss of B2R /Cav1 FRET when Gq is down-regulated or displaced from caveolae, 

and we find that Gq but not Gi increases FRET between B2R and Cav1.  The idea that G proteins 

mediate receptor association with caveolae is also supported by observations that OR and B2R can 

be pre-assembled with their G protein subunits , and that Gq, but not other G proteins interact with 

Cav1 (Oh and Schnitzer 2001), (Murthy and Makhlouf 2000). Additionally, previous FRET studies 

suggest that Gq can interact simultaneously with G, B2R and Cav1 (Philip, Sengupta et al. 2007, 

Sengupta, Philip et al. 2008).   

 Even though FRT cells have been used extensively to study caveolae, we tested the effects of 

caveolae on Ca
2+

 signals mediated through bradykinin in A10 cells which endogenously express B2R 

and Cav1.  Single cell measurements show two distinct Ca
2+

 responses which we interpret to be due 

to caveolae and non-caveole localized Gαq.  The basis for these two populations is uncertain.  It is 

possible that only ~30% of A10 cells have fully formed caveolae domains where Gαq can properly 

localize and impact the signaling.  Based on the localization of caveolae on plasma membranes, we 

suggest that the caveolae-localized Gαq population is in regions of cell-to-cell contact.  This idea 

leads to the hypothesis that signaling in intercellular regions differ from other regions of the cell.   

 It is possible that instead of stabilizing the activated state of Gαq, Cav1 mediates a step 

downstream of Gq that is coupled to B2R and to muscarinic receptors. We have previously 

found that PLC associates strongly and similarly to Gαq in FRTwt and FRTcav+ cells and since 

the activity of PLCis low in the basal state, then its activity mirrors the activation state of Gq, 

which has been observed to be prolonged in the presence of caveolae (Guo, Golebiewska et al. 

2011).  It is also possible that specific partitioning of PIP2 in caveolae contributes to the observed 

changes in Ca
2+

 release although preferential localization of PIP2 in caveolae domains is 
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controversial (see (Morris, Huynh et al. 2006)).  Interestingly, PIP2 was shown to localize to the 

periphery of caveolae (Fujita, Cheng et al. 2009) where we suggest that Gq -receptors localize.  

Partitioning of PIP2 in the neck of caveolae would be expected to impact the magnitude of 

calcium release which we see in our FRTcav+ cells when stimulated with bradykinin, but we 

find that caveolae impacts the duration of the signal rather than the extent ((Sengupta, Philip et 

al. 2008) and Figure II-2b and Figure II-3).     

 Support for the idea that GPCRs coupled to Gq interact more extensively with caveolae than 

receptors coupled to other G protein families comes from several reports.  Many receptors that are 

reported to be localized and/or internalized via caveolae are coupled to Gq (i.e. B2R (de Weerd and 

Leeb-Lundberg 1997, Haasemann, Cartaud et al. 1998, Ju, Venema et al. 2000, Lamb, Zhang et al. 

2002), endothelin Etb (Teixeira, Chaverot et al. 1999, Yamaguchi, Murata et al. 2003), 

GnRH(Navratil, Bliss et al. 2003, Pawson, Maudsley et al. 2003), serotonin 5HT2 (Dreja, 

Voldstedlund et al. 2002) TRH (Drmota, Novotny et al. 1999) and muscarinic receptor M3 (Gosens, 

Stelmack et al. 2007)).  With the exception of somastostatin SST2 (Krisch, Feindt et al. 1998, 

Mentlein, Held-Feindt et al. 2001)), which was shown by electron microscopy to go to caveolae 

domains upon agonist stimulation, the two Gαi coupled GPCRs that have been reported to be in 

caveolae have been studied using methods that require cellular disruption (sphingosine EDG-1 

(Igarashi and Michel 2000) , muscarinic M2 (Feron, Smith et al. 1997, Dessy, Kelly et al. 2000)).  

Additionally, these receptors may be coupled to Gq as well as Gαi and form heterodimers with 

Gq-coupled GPCRs.  It is also notable that disruption of caveolae domains by methyl--

cyclodextrin attenuated the Ca
2+

 response of the Gq-coupled 5HTA receptor, but did not affect the 

Ca
2+

 release from the Gq coupled α1-adrenergic receptor (Dreja, Voldstedlund et al. 2002).  

However, it is possible that methyl--cyclodextrin treatment does not completely disrupt the strong 
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Cav1- Gq association that results in dissociation of G subunits resulting in prolonged Ca
2+ 

 

signals.   

  Localization of signaling proteins in caveolae would be expected to impact their signaling 

properties if this sequestration prevented or promoted access to proteins in their pathway.  The 

studies here suggest that caveolae may impact Gαq signaling without a direct incorporation of 

GPCRs in the domain.  This idea might explain many of the controversial reports pertaining to 

GPCR–caveolae associations.  Super-resolution studies are underway to better understand the 

organization of these domains. 
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CHAPTER III – DISCREPANCY BETWEEN FLUORESCENCE CORRELATION 

SPECTROSCOPY (FCS) AND FLUORESCENCE RECOVERY AFTER 

PHOTOBLEACHING (FRAP) DUE TO THE PRESENCE OF CAVEOLAE IN 

MEMBRANES  

 

ABSTRACT  

 

Fluorescence recovery after photobleaching (FRAP) and fluorescence correlation 

spectroscopy (FCS) are the two most direct methods to measure the diffusion of molecules in 

intact living cells. Ideally, these methods should produce similar results for an identical system. 

We have used these methods to monitor the diffusion of two G-protein-coupled receptors and 

their associated proteins in the plasma membranes of cells that do not or do contain invaginated 

protein domains called caveolae. FRAP studies show that caveolae domains increase the 

immobile fraction of receptors without significantly changing their mobility. On the other hand, 

FCS studies show an unexpected increase the mobility of caveolae-associated proteins. Our data 

suggest that the geometry of caveolae domains gives rise to a confined diffusion of its attached 

proteins, resulting in an apparent increase in mobility.  

 

 

 

______________________ 

*Reprinted from Analytical Biochemistry, Vol. 440, Issue 1, R.C. Calizo and S. F. Scarlata, 

Discrepancy between Fluorescence Correlation Spectroscopy (FCS) and Fluorescence Recovery 

After Photobleaching (FRAP) due to the Presence of Caveolae in Membranes, pp. 40-48. 

Copyright 2013, with permissionfrom Elsevier. 
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INTRODUCTION  

 

 Fluorescence correlation spectroscopy (FCS) and fluorescence recovery after 

photobleaching (FRAP) are routinely used to measure the diffusion of fluorescent proteins in 

cells.  FRAP monitors the recovery of fluorescence by the diffusion of fluorophores into a region 

that has been bleached by a high intensity laser.  Usually the bleach spot is on the micron scale, 

and the recovery is over a minute depending on the mobility of the fluorophore (Alexrod, Koppel 

et al. 1976).   FCS, on the other hand, monitors the fluctuations of fluorescence intensity as 

molecules diffuse in and out of a small (i.e. ~1fL) confocal volume (Schwille, Haupts et al. 

1999).  The most common type of FCS measurement is single point FCS, which has the 

drawback of being only sensitive to diffusing fluorophores and the immobile population of 

fluorophores are not detected.  Alternately, FRAP measurements give a good indication of the 

population of species that are immobile during the sampling period.  In principle, FCS and FRAP 

should offer similar and complementary information.  However, because the size of the sampling 

areas differs greatly in the two methods, discrepancies may arise due to local structural barriers 

that impede or corral the movement of probes.  This is particularly true on the plasma 

membranes of living cells where diffusion barriers exist (e.g. (Suzuki, Ritchie et al. 2005)).   

 Here, we have used FCS and FRAP to determine the effect of membrane domains called 

caveolae on the diffusion of two related integral membrane proteins.  Caveolae are flask-shaped 

membrane invaginations (see Fig. III-1 (Anderson 1998, Schlegel, Volonte et al. 1998, Parton 

and Simons 2007)) formed from the caveolin and cavin family of proteins (see (Rothberg, Ying 

et al. 1990, Rothberg, Heuser et al. 1992, Monier, Dietzen et al. 1996, Lipardi, Mora et al. 1998, 

Parton and Simons 2007, Hansen and Nichols 2010)).  Caveolae are found on the plasma 
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membrane of many mammalian cells. These domains appear to participate in vesicle trafficking 

and endocytosis.  Additionally, caveolin proteins (i.e. Cav1 and Cav3) may specifically bind to 

other cellular proteins involved in transmission of extracellular signals (e.g. (Rybin, Xu et al. 

2000, Zajchowski and Robbins 2002)).  

 An important class of signaling proteins that may target caveolae are G-protein coupled 

receptors (GPCRs) (Chini and Parenti 2004).  GPCRs are the largest family of mammalian 

receptors that structurally consist of seven transmembrane helices.  When an extracellular agent 

interacts with its specific GPCR, it initiates a series of sequential molecular interactions that 

involve activation of surface associated heterotrimeric G proteins, and subsequent activation or 

inhibition of cytosolic enzymes that result in various cellular responses (Alberts, Bray et al. 

1994).  Many GPCRs and G-protein subunits have been reported to localize in lipid rafts and 

caveolae domains (see (Oh and Schnitzer 2001, Chini and Parenti 2004)).  By corralling GPCRs 

and G proteins, caveolae may impact signaling by promoting their oligomerization, their 

association with agonists, as well their interaction with intracellular G proteins.   

Heterotrimeric G proteins are activated by GPCRs, and consist of a Gα and a Gβγ 

subunit.  There are 4 families of Gα subunits and only the Gαq subtype has been reported to 

reside in caveolae domains (Oh and Schnitzer 2001).  Our laboratory used live cell fluorescence 

imaging to show that in the basal state, GαqGβγ localizes to caveolae domains (Sengupta, Philip 

et al. 2008) due to strong interactions between Gαq and Cav1 (Sengupta, Philip et al. 2008, Guo, 

Golebiewska et al. 2011).  For those studies, we used Fisher rat thyroid (FRTwt) cells with 

corroborating experiments in other cell lines. FRTwt cells do not express detectable levels of 

Cav1 but a sister line that is stably transfected with canine Cav1 (FRTcav+) displays caveolae 

domains as visualized by electron microscopy (Lipardi, Mora et al. 1998, Mora, Bonilha et al. 
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1999).   In this cell line, caveolae appear at high density on the bottom membrane and very little 

on the top membrane. Furthermore, caveolae are enriched in regions of cell to cell contact in 

accord with the observations that they may organize proteins involved in intercellular signaling 

such as connexins (Calizo and Scarlata 2012). 

 Gαq is coupled to many GPCRs and its activation results in an increase in intracellular 

calcium resulting in mitogenic and proliferative changes in the cell (see (Alberts, Bray et al. 

1994)).  One of the more notable GPCRs that is coupled to Gαq is the bradykinin type 2 receptor 

(B2R).  B2R binds the extracellular agonist bradykinin, which is a key mediator of the 

inflammation response (Bachvarov, Houle et al. 2001).  The binding of bradykinin to B2R 

activates Gαq resulting in activation of phospholipase Cβ (PLCβ) enzymes that ultimately results 

in an increase in intracellular calcium and activation of many calcium sensitive proteins.  FRT 

cells do not express B2R receptors allowing us to monitor the effect of caveolae domains on the 

homo-oligomerization of these receptors.   

 We have found that the presence of caveolae greatly impacts B2R/ Gαq signaling 

correlating with a significant increase in calcium release in FRTcav+ cells as compared to 

FRTwt (Sengupta, Philip et al. 2008, Calizo and Scarlata 2012).  Additionally, we have found a 

significant amount of Förster resonance energy transfer (FRET) between eCFP-Cav1 and B2R-

eYFP, and between eCFP-Cav1 and Gαq-eYFP supporting a caveolae localization of these 

proteins (Sengupta, Philip et al. 2008, Calizo and Scarlata 2012).  These studies, as well as 

sedimentation studies, suggest that B2R localizes to caveolae domains (de Weerd and Leeb-

Lundberg 1997).  In contrast, the presence of caveolae does not affect the function of another 

GPCR pathway, the  µ-opioid receptor (µOR) / Gαi system correlating with a lack of FRET 

between these proteins and Cav1 (Calizo and Scarlata 2012).    
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 Here, we have measured the impact of caveolae on the diffusion properties of B2R using 

FCS and FRAP.  While FRAP studies show a small increase in the immobile population of B2R 

in the presence of caveolae, FCS show an unexpected increase in receptor mobility with 

caveolae.  We postulate that this surprising FCS result is caused by confined movement of B2R 

to the periphery of caveolae domains.  

 

MATERIALS AND METHODS 

 

Materials.   

FRTwt and FRTcav+ cells and canine Cav-1-eGFP DNA were gifts from Dr. Deborah 

Brown (Stony Brook University, NY) and were cultured in F-12 Coon’s modified media 

obtained from Sigma as previously described (Sengupta, Philip et al. 2008).  Cells were imaged 

in Leibovitz’s L-15 media from Gibco (see (Lipardi, Mora et al. 1998)) and transfected using 

Lipofectamine (Invitrogen, Inc.) following the manufacturers’ protocol. 

μOR-eGFP and Gαi-eYFP were from Dr. Lakshmi Devi (Mount Sinai Medical Center, 

NY). Gαq-eYFP was from Dr. Catherine Berlot (Geisinger Research).  B2R and B2R-GFP were 

from Dr. Leeb-Lundberg (Lund University, Sweden).  We have found that expressed proteins are 

functional (Philip, Sengupta et al. 2007, Sengupta, Philip et al. 2008, Calizo and Scarlata 2012). 

The membrane marker is an eYFP fused with the first 20 amino acids of GAP-43 and is 

palmitoylated on cysteines 3 and 4 post-translationally (Clontech, Inc.).   
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FRAP measurements.  

FRTwt and FRTcav cells expressing fluorescently tagged proteins were seeded on glass 

bottom dishes (MatTek Corporation). Cells were imaged with a 60x oil objective (N. A. 1.42) 

using Olympus Fluoview1000. For variable radius FRAP (vrFRAP), the focal plane was set on 

either the top or the bottom membranes and circular regions of interest with increasing radii (1 

µm, 2 µm or 3 µm) were selected for bleaching. For areas of bottom membranes and cell to cell 

contact, an approximately 2 μm x 2 μm rectangular region was selected for bleaching.  The 

region of interest was illuminated with high intensity (100% transmittivity) 488 nm Argon ion 

laser for 500 milliseconds and the recovery was observed for 120 seconds under low-intensity 

illumination (2% transmittivity).  Under these bleaching conditions, at least ~50% of the original 

intensity was bleached after 500 ms of the bleaching pulse. To correct for photobleaching, a 

similar region of interest in a non-bleached cell located in the same field of view was selected 

and the time dependent decrease in fluorescence was used to correct the recovery curves.  Cells 

that exhibited cell movement or excessive photobleaching were not considered for the analysis.  

The corrected fluorescence recovery was fitted as described previously, using one component 

exponential fit.  Comparison of the normalized FRAP curves was performed using Student t-test 

with a statistical significance of P < 0.010 using SigmaPlot (Jandel Scientific, Inc). 

 

FCS measurements.  

FCS measurements on cells expressing the membrane protein of interest were performed 

on a LSM 510-Confocor 2 system equipped with 40x (N. A. 1.2) water immersion objective. 

GFP and YFP were excited using 488 nm or 514 nm Argon ion laser lines respectively, and the 

fluorescence emission was recorded using an avalanche photodiode through a long pass emission 
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filter.  The beam waist, ω0, and focal volume were calibrated with 10 nM Rhodamine 6G 

solution (D = 2.8 x 10
-6

 cm
2
/s). Measurements of each cell were taken over 30 seconds and 

repeated for more than four times. For each cell, the traces were averaged to obtain the final ACF 

to be used for fitting. The power of the excitation laser was adjusted such that there is sufficient 

signal to noise ratio and minimal photobleaching. Photobleaching was assessed by observing the 

time dependent decrease in intensity of the time trace. This was achieved using 55% output of a 

500 mW maximum output Argon ion laser and 1% transmittivity for both the 488 nm and 514 

nm laser lines.  Traces that showed a decrease or increase of intensity over time were not used 

for analysis. Autocorrelation functions were analyzed using a two-component, pseudo-two 

dimensional diffusion model by modifying the three dimensional diffusion fitting routine 

provided by the Confocor2 software with following equation, and setting the structural parameter 

to quasi-infinite:  

  ( )     
 

 
{(   

 

  
)
  

(   
 

    
)
    

} 

where τ is the correlation time,    is the average time a particle spends in the confocal volume, N 

is the average number of molecules in the confocal volume and S is the structural parameter.  S 

was set to 100 (quasi-infinite) for two-dimensional diffusion. Diffusion Coefficient, D, is 

calculated from the    of a molecule using Einstein relation for diffusion: r
2
 = 4D x    where r 

is the radius of the observation volume. For GFP tagged proteins, a fast component (~100-300 

µs) is attributed to autofluorescence (Brock, Hink et al. 1998) while for YFP tagged proteins, the 

fast component in the time scales of 10-30 µs due to flickering of the eYFP was observed 

(Schwille, Kummer et al. 2000). In both cases, a slow component in the 10-50 ms time range due 

to membrane diffusion could be clearly resolved in the autocorrelation curves.   
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Number and Brightness Analysis.  

Olympus Fluoview FV1000 was used to determine the molecular brightness and number 

(Dalal, Digman et al. 2008, Digman, Wiseman et al. 2009). Data was taken at 12.5 µs/pixel and 

an image series of one hundred slices were acquired in the pseudo-photon counting mode with a 

pixel size of 107 nm using Argon 488 nm laser, 0.1 % transmittivity as previously described 

(Golebiewska, Johnston et al. 2011).  

 

RESULTS 

 

Visualization of caveolae domains.  

 The size of a caveolae domain is too small to observe by fluorescence microscopy (i.e. ~50-

100 nm in diameter, see (Anderson 1998, Schlegel, Volonte et al. 1998, Parton and Simons 2007)).  

In FRT cells, caveolae are concentrated on the bottom membrane as opposed to the top membrane 

(Calizo and Scarlata 2012).  To ensure that we will be viewing caveolae domains in FCS 

measurements, we estimated the number of caveolae that would be illuminated in a confocal volume.  

Confocal imaging of GFP fluorescence in FRTwt cells transfected with Cav1-eGFP suggests that 

82% of the fluorescence intensity is on the bottom membranes (n=20, and Figure III-1).  By 

analyzing the fluorescence intensity of Cav1-eGFP on the bottom membranes of these cells (n=20), 

we estimate that caveolae domains account for ~40% of the bottom and lateral membrane areas.  

Even though this model is based on the diffraction-limited measurements of Cav1-eGFP and should 

be considered only as an estimated assessment of the area, it indicates that there is a high probability  
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Figure III-1. A. Example of the distribution of Cav1-eGFP in the Z direction 

expressed in an FRTwt cell. B. The corresponding image of the cell.  C. Expanded 

view of a region of the image in black and white and binary depiction.  D. Cartoon 

depicting caveolae in an FCS-based illuminated measurement.  
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of viewing caveolae on the basal and lateral membranes in FCS measurements.  Since larger areas 

are bleached in FRAP measurements which may encompass other regions besides the caveolae-rich 

bottom membrane, it is possible that a smaller percentage of caveolae are viewed. 

 

FRAP studies.   

 We determined the impact of caveolae on receptor diffusion by FRAP.  These studies were 

initiated by measuring the diffusion of Cav1-eGFP expressed in FRTwt cells that do not contain 

caveolae.  We find that after bleaching the fluorescence of Cav1-eGFP does not recover over a 100s 

period suggesting an extremely limited diffusion.  This immobility is consistent with Cav1 forming 

protein domains (Figure III-2a).  We then measured the diffusion of a commercially available 

plasma membrane marker consisting of an eYFP linked to a small peptide with two hydrocarbon 

chains that anchor the fluorophore to the membrane surface. This construct is introduced into cells 

by transient transfection (see Methods).  This marker should be freely diffusing on the membrane 

surface and we find that its diffusion is unaffected by the presence of caveolae (Figure III-2b) 

suggesting that caveolae does not affect diffusion of small lipid components.  Additionally, Gαq, 

which is only peripherally bound to the membrane surface is not sensitive to the presence of 

caveolae in FRAP measurements suggesting that surface diffusion of this protein is similar on 

caveolae and non-caveolae surfaces (Figure III-2c).  If B2R is incorporated into caveolae domains, 

we would expect its diffusion to be slower on the bottom membrane where caveolae are localized, 

but not on the top membrane where little caveolae are found.  In accord with this idea, we find either 

no significant or small differences in the diffusion coefficients of B2R in the top membranes of 

FRTwt cells and FRTcav+ cells, which may be attributed to small differences in membrane structure  
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Figure III-2. FRAP measurements of different membrane proteins diffusing on the bottom 

membranes of FRTwt or FRTcav+ cells. Recovery curves of A Cav1-eGFP, B membrane-marker-

eYFP (Clontech, Inc.) and C Gαq-eGFP diffusing in the bottom membrane of FRTwt and FRTcav+ 

cells. The open and closed circles are for data taken in FRTwt and FRTcav+ cells, respectively, 

where n=10-13 (see Table 1).  The data shown are average values and SD is shown. 
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(i.e. curvature of the top membrane since it is not bound to glass, or small folds in the lateral 

membrane etc.) (Figure III-3a-b).Additionally, the recoveries of µOR in the top membranes were 

within error, as were the recoveries of µOR in the absence and presence of caveolae domains (Table 

III-1, Figure III-3a-b).  However, when viewing caveolae-rich FRTcav+ bottom membranes, the 

mobile fractions of both receptors are significantly reduced (Figure III-3c).  Since both receptors 

show high mobility as compared to Cav-1-eGFP and since the presence of caveolae similarly affects 

their diffusion, these results suggest only a weak association of the receptors to caveolae domains.  

FRAP results are summarized in Table III-1.   

  

 The distribution of caveolae is not uniform and diameter of the bleach spot is relatively large, 

and so there is a possibility that diffusion from membrane regions besides the bottom membrane 

contribute to the observed recovery. We repeated the FRAP measurements with increasing radius of 

bleach spot (vrFRAP) on the bottom membrane.  This method has been previously used to 

investigate the lateral confinement of NK2 receptors in HEK293 cells (Cézanne, Lecat et al. 2004) 

and in µOR in a neuronal cell line (Saulière, Gaibelet et al. 2006, Saulière-Nzeh, Millot et al. 2010). 

For receptors exhibiting confined diffusion within a domain size r, the authors found an inverse 

linear relationship between the mobile fraction, M and the radius of the bleach spot:  

          
 

 
 

where    is the permanent mobile fraction. The diffusion coefficients obtained from each size of the 

bleached spot are apparent diffusion coefficients that depend on the domain size, r, the mobile 

fraction and the size of the bleach spot R. We see this relationship between the mobile  
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Figure III-3. FRAP Measurements of B2R and µOR diffusing in the bottom membranes of 

FRTwt and FRTcav+ cells. Recovery curves of A- B
2
R-GFP and B- µOR-GFP diffusing in 

the bottom membrane of (●) FRTwt and (○) FRTcav+ cells showing compiled data (top) 

and sample images (bottom) where n=12,13 (see Table III-1) and the arrow points to the 

bleached spot. C – Comparison of mobile fractions in FRTwt and FRTcav+ cells obtained 

from FRAP curves in A and B.  Data are shown with error in SD. A student t-test was 

performed between FRTwt and FRTcav+ for each membrane protein. Asterisks indicate 

statistical difference in the mobile fractions of membrane proteins between FRTwt and 

FRTcav (p < 0.001).  

 

C 
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Table III-1 FRAP and FCS results for Proteins in FRT cells 

Cell type  Protein  Diffusion Coefficient  Mobile Fraction  (cells)  

a-FRTwt µOR-eGFP 4.7 + 0.9 x 10
-11

  cm
2
/s 0.80 + 0.04 12 

a-FRTcav+ µOR-eGFP  4.1 + 0.7 x 10
-11

 cm
2
/s 0.77 + 0.02 12 

a-FRTwt B2R-GFP 4.6 + 0.6 x 10
-11

 cm
2
/s 

5.0 + 0.6 x 10
-9

 cm
2
/s     

0.80 + 0.03 6 

22 

a-FRTcav+ B2R-GFP 4.3 + 0.6 x 10
-11

 cm
2
/s 

6.3 + 0.7 x 10
-9

 cm
2
/s              

0.79 + 0.04 6 

21 

b-FRTwt  µOR-eGFP  5.7 + 0.7 x 10
-11

 cm
2
/s 

3.2 + 0.2 x 10
-9

 cm
2
/s

 
 

0.66 + 0.04  12  

18 

b-FRTcav+  µOR-eGFP  5.3 + 0.7 x 10
-11

 cm
2
/s 

3.4 + 0.2 x 10
-9

 cm
2
/s        

 
 

0.49 + 0.02  12  

16 

b-FRTwt  B2R-GFP  6.8 + 0.7 x 10
-11

 cm
2
/s 

  

8.1 + 0.8 x 10
-9

 cm
2
/s 

0.64 + 0.03  13 

80  

b-FRTcav+  B2R-GFP  6.0 + 0.8 x 10
-11

 cm
2
/s

  

14.9 + 0.9 x 10
-9

 cm
2
/s

 

0.51 + 0.03  12  

86 

b-FRTwt  mm-eYFP  5.7 + 0.6 x 10
-11

 cm
2
/s 

12.3+0.3 x 10
-9

 cm
2
/s 

0.82 + 0.04  10 

81  

b-FRTcav+  mm-eYFP  5.7 + 0.3 x 10
-11

 cm
2
/s 

9.3 + 0.3 x 10
-9

 cm
2
/s

 
 

0.82 + 0.03  13 

60 

b-FRTwt  Gαq-eGFP  2.0 + 0.2 x 10
-10

 cm
2
/s 

6.2 + 0.3 x 10
-9

 cm
2
/s

 
 

0.64 + 0.03  12 

75 

b-FRTcav+  Gαq-eGFP  2.1 + 0.2 x 10
-10

 cm
2
/s 

11.0+ 0.1 x 10
-9

 cm
2
/s 

0.62 + 0.02  10 

74 
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Table III-1. Diffusion results for proteins and membrane marker (Mm-eYFP) in FRTwt and 

FRTcav+ cells where (a-) denotes the top membrane and (b-) denotes the bottom membrane.  

Values in black and normal font are those derived from FRAP measurements while FCS 

measurements are bold and in red.  Diffusion coefficients assuming a 2 x 2 x 2 µm area reflecting 

the beam dimensions in the x, y and z planes and are thought to be appropriate for viewing 

membrane proteins diffusing in the bottom membrane.  Diffusion coefficients assuming a 2 x 4 

µM area (not shown) were consistently 1.7+ 0.1 fold lower in magnitude and may better diffusion 

in the top membrane that is expected to be curved, but the comparative results are unchanged.  The 

data have a normal distribution as determined by Shapiro-Wilk test, and SEM values are shown.  

Differences in the mobile fractions for µOR and B2R in the bottom membranes of FRTwt and 

FRTcav+ cells are significant (p<0.001) whereas differences for Mm-eYFP and Gαq-eGP are not.  

Statistical analysis for the mobile fraction data can be found in Fig. III-3c.  These results show 

similar FRAP diffusion properties of the receptors in the absence and presence of caveolae. 
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fraction and bleach spot size for both B2R and µOR, but we could not detect significant differences 

in immobile fractions or apparent diffusion coefficients between FRTwt and FRTcav+ cells.  This 

suggests that there are other mechanisms of receptor confinement in the absence of caveolae. We 

also find that the diffusion coefficients obtained using variable radius FRAP are similar to reported 

values (Table III-1 and Figure III-4).  Taken together, the FRAP results are inconsistent with a 

caveolae localization of B2R but instead correlate with a transient localization.    

 

FCS measurements.  

 We measured the mobility of B2R and µOR using single point fluorescence correlation 

spectroscopy (FCS).  Figure III-5 shows an example of raw data and residuals while the compiled 

results are listed in Table III-1.  We found that the apparent diffusion coefficients of µOR-eGFP on 

the bottom membranes of FRTwt and FRTcav+ cells were identical.  Also, the apparent diffusion 

coefficients of B2R-GFP in the top membranes of FRTwt and FRTcav+ cells were similar.  Also, the 

mobility of the membrane marker, mmYFP, slowed in the presence of caveolae (Table III-1).  This 

reduced mobility is interpreted as being due to small amount of incorporation of the palmitoyl 

groups into the domain, as saturated lipids tend to incorporate into caveolae  (Anderson 1998, 

Schlegel, Volonte et al. 1998).  We note that the diffusion coefficients determined by FCS are  faster 

than FRAP measurements (see Table III-1) but are comparable to other reports of GPCR diffusion 

measured by FCS (see compilation in (Philip, Sengupta et al. 2007)).   

 In contrast to observations for diffusion on the top membrane, when we focused on the 

caveolae-rich bottom membrane of FRTcav+ cells, we found a significant shift in the apparent 

diffusion of B2R toward faster mobilities:  D=8.1 + 0.8 x10
-10

 cm
2
/s (n=80) for FRTwt, and D= 14.9 

+0.9 x10
-9

 cm
2
/s (n=86) for FRTcav+ (p = <0.001).  Additionally, we found that the distribution of  
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Figure III-4. FRAP measurements of B2R and µOR in FRTwt and FRTcav+ cells taken at 

different bleach sizes. Recovery curves of A B2R-GFP and B µOR-GFP diffusing in the 

bottom membrane of FRTwt and FRTcav+ cells where the size of the bleach spot was 

varied.  While the calculated mobile fractions decreased ~3 fold with bleach size, no 

significant differences between diffusion coefficients for either receptor in FRTwt and 

FRTcav+ were found.   
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Figure III-5. Representative FCS curves of GPCRs in the bottom membranes of FRTwt and 

FRTcav+ cells A. B2R-GFP B. µOR-eGFP   
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 Figure III-6. Distribution of diffusion coefficients of membrane proteins in the bottom 

membrane of FRTwt and FRTcav+ extracted from FCS data Distribution of diffusion coefficients 

extracted from FCS data showing the broadening towards slower coefficients for membrane marker 

(E), similar coefficients for µOR (B) and Gαi (D) and faster values for B2R-GFP (A) and Gαq (C) in 

the presence of caveolae.  Although the curves are fit to gaussian distributions, no model is intended.   
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B2R diffusion coefficients differ in the two cell types (Figure III-6); a narrow distribution was seen 

for FRTwt cells as compared to a broader distribution in FRTcav+ cells.  Similarly, a shift towards 

faster apparent diffusion coefficients in the presence of caveolae was seen for Gαq–eGFP which has 

been shown to interact with caveolae (6.2+0.3 x 10
-9

 cm
2
/s (n=75) for FRTwt and 11.0 + 0.1 x 10

-8
 

cm
2
/s (n=74) for FRTcav.  As a control, we monitored the diffusion of another G protein that does 

not interact with caveolae, Gαi-eGFP (Oh and Schnitzer 2001) and found that caveolae does not 

affect its apparent diffusion coefficients (1.4+0.1 x 10
-8

 cm
2
/s (n=88) for FRTwt, and 1.6+0.1 x 10

-8
 

cm
2
/s (n=74) for FRTcav+ cells. The unexpected observation that B2R and Gαq appear to diffuse 

more rapidly on the bottom membrane of FRTcav+ cells, whereas µOR and Gαi do not, indicates 

that caveolae are perturbing the movement and/or organization of these proteins (see Discussion). 

 

Number and Brightness (N&B) studies.  

It is possible that B2R exists as an aggregate which can be disrupted by caveolae resulting 

in an increase in mobility.  To determine whether this is the case, we monitored changes in the 

aggregation state of B2R by N&B analysis (Dalal, Digman et al. 2008).  N&B analysis reports on the 

molecular brightness and oligomerization of a fluorescent-tagged protein resulting in higher values 

of molecular brightness values compared to the brightness of a monomeric control.  In these studies, 

brightness was measured by following changes in fluorescence intensity on a confocal microscope 

pixel by pixel over a time series of repetitive scans as previously described (Golebiewska, Johnston 

et al. 2011).  However, we could not detect significant differences in the brightness of the bottom 

membrane populations of µOR in FRTwt or in FRTcav+ cells (29,904+166 versus 29,026+207 

counts/s/molecule) or B2R in FRTwt or in FRTcav+ cells (24,386+418 versus 24,014+704 
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counts/s/molecule).  These results suggest that caveolae is not affecting the homo-oligomerization of 

these receptors. 

 

DISCUSSION 

 

 Several methods have suggested that B2R and Gαq localize to caveolae domains (de Weerd 

and Leeb-Lundberg 1997, Murthy and Makhlouf 2000, Oh and Schnitzer 2001, Lamb, Zhang et al. 

2002, Sengupta, Philip et al. 2008, Calizo and Scarlata 2012).  We have recently presented 

functional and FRET data supporting the idea that a subpopulation of B2R localizes in caveolae 

domains (Calizo and Scarlata 2012).  In this study, we have used diffusion measurements to test this 

idea.  However, rather than support a caveolae localization of B2R, we find a much more 

complicated picture. FRAP measurements showed that the presence of caveolae did not affect the 

diffusion coefficients of the membrane marker, the surface-associated protein Gαq, or the two 

receptors.  The inability of caveolae to affect diffusion of these proteins may be due to the large 

membrane area sampled in FRAP measurements that may include regions containing little caveolae.  

Additionally, the ability of a caveolin molecule in a caveola that contains over 100 caveolins as well 

as other proteins to fully compete with receptors for Gαq, and the ability of Gαq to compete with 

other caveolin proteins in the domain, would most likely not result in a significant drop in Gαq 

mobility.   

 Since Cav1 is essentially immobile, then caveolae should increase the immobile population 

of the proteins.  Although an ~10% increase in immobile population of B2R was observed, a similar  

increase was seen for µOR receptors which do not appear to localize to caveolae domains based on 

functional and FRET studies (Calizo and Scarlata 2012).  Thus, the mechanism underlying the 
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increase in immobile fraction with caveolae might be due to a general diffusion barrier of these 

domains that non-specifically impacts larger transmembrane proteins.  

 While FRAP studies could not detect differences between µOR and B2R, FCS measurements 

which are more sensitive to local diffusion, show that caveolae domains give an apparent increase in 

the mobility of B2R but not µOR. The faster mobility of B2R in the presence of caveolae is 

unexpected since interaction with caveolae would be expected to impede diffusion.  However, since 

caveolae is affecting the rate of B2R diffusion and since Cav1 is close enough to participate in FRET 

with the receptor, we suggest that a novel model for B2R–caveolae localization that may explain 

these seemingly contrary results.  We propose that the faster apparent diffusion of B2R in the 

presence of caveolae results from confined diffusion around the neck region of the domains rather 

than partitioning of the receptor into the domains.  This peripheral association would result in a  

quasi-one dimensional circular diffusion on the caveolae exterior.  How would this affect the 

observed diffusion? In FCS measurements, a membrane area of ~250 nm is illuminated and there is 

the possibility of viewing many caveolae of the bottom membrane since their diameters range from 

50-100 nm and their density is high on the bottom membrane (see Figure III-1).  If the domains are 

totally contained within the FCS illumination volume, their diffusion cannot be detected by FCS 

since FCS is only sensitive to movement of fluorophores in and out of the confocal volume.  

Alternately, if the domains are partially contained in the illuminated area, then the quasi-one 

dimensional diffusion of receptors along the caveolae periphery would give rise to a faster effective 

diffusion in the observation area since its diffusion is confined in the domain periphery.  The  

variation in the number of caveolae, the amount of their circumference illuminated, as well as the 

amount of receptors associated to the periphery would give rise to a broadened distribution of 

observed diffusion coefficients towards faster values which is consistent with Figure III-6.  A 
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peripheral localization would fit well with the functional, FRET and sedimentation studies 

previously described (de Weerd and Leeb-Lundberg 1997, Calizo and Scarlata 2012). This model is 

depicted in Figure III-7. While other interpretations are possible, a quasi-one-dimensional diffusion 

of receptor along the caveolae neck is the simplest.  B2R has been reported to internalize through a 

caveolae pathway (de Weerd and Leeb-Lundberg 1997), and if this were the case, one would expect 

a reduction of mobility with stimulation as the receptor incorporates into caveolae vesicles.  The 

similar value of B2R diffusion properties in the absence and presence of caveolae with bradykinin 

stimulation (Figure III-8) additionally support a peripheral localization.  

 In summary, this study highlights the dependence of diffusion measurements on the 

geometry of proteins diffusing in membranes and other confined systems.  Care must be taken in 

both the analysis and interpretation. 
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Figure III-7. Cartoon describing our proposed model of B2R diffusion in the presence of caveolae.  

A B2R, with its attached Gαq (orange rectangle) is transiently confined to diffuse on the periphery of 

caveolae (blue dots) due to strong interactions between Gαq. B Cartoon depicts the illumination 

diameter in an FCS measurement focused on a plasma membrane region rich in caveolae (blue dots).  

C Side view of a caveolae domain in which B2R remains in the neck region of the domain.  
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Figure III-8. Diffusion of B2R upon stimulation with bradykinin. Cells were stimulated at t=0 and 

immediately bleached. Intensities were collected at short times before receptor aggregation and 

internalization are seen, and less than ~20% of detachment of G proteins (see Philip et al., 

2007J.Biol.Chem. 282, 19203).  The similarities between the receptor response in FRTwt and FRTcav 

cells, along with the lack of a large and significant  increase in B2R mobility in FRTcav cells, is 

consistent with receptor localization  

outside or on the periphery of caveolae domains (see Calizo & Scarlata, 2012 Biochemistry 51, 9513). 

the lack of a large and significant  increase in B2R mobility in FRTcav cells, is consistent with receptor 

localization  

outside or on the periphery of caveolae domains (see Calizo & Scarlata, 2012 Biochemistry 51, 9513). 
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CHAPTER IV– CONTROL OF THE RECEPTOR GRADIENT ON THE PLASMA 

MEMBRANE BY CELL SHAPE  

 

ABSTRACT 

Micropattern studies have suggested that signaling proteins and microdomains can be 

controlled by the cell shape and size, but little is known about whether the distribution of 

membrane bound receptors is influenced by cell shape. We hypothesize that plasma membrane 

curvature can modulate plasma membrane signal transduction processes. In this study, we use 

analytical approaches and experimental validation by fluorescence correlation spectroscopy 

(FCS) and quantitative immunofluorescence to determine the effect of cell shape on growth 

factor and G-protein coupled receptor (GPCR) signaling. Numerical simulations show the 

formation of transient microdomains of activated receptors in the cell body versus the cell tip.  

The formation of microdomains may be due to the balance of reaction-diffusion processes of 

soluble ligand and membrane-bound receptors along the plane of the membrane. FCS and 

quantitative imaging of epidermal growth factor receptor (EGFR) and bradykinin 2 receptor 

(B2R) show varying diffusion coefficients and receptor concentration in different areas of the cell 

in elongated cell shapes which is not present in circular cells or a membrane protein that does not 

interact with an extracellular ligand, supporting the theory that cell shape may induce the 

transient accumulation of activated receptors in certain regions of the plasma membrane.  This 

membrane heterogeneity may be carried over downstream the signal transduction process. 

_________________ 

* Parts of the results section were taken from Cell. Rangamani, P et al., (in press) Decoding 

Information in cell shape.  Copyright 2013, with permission from Cell Press.  
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INTRODUCTION  

 

Maintenance of the cell shape is a complex phenomenon dictated by the interplay of 

numerous factors including the control of the cytoskeleton (Sheetz 2001, Hall 2012), membrane 

dynamics (endocytosis and exocytosis) and membrane tension (Diz-Muñoz, Fletcher et al. 2013) 

and most importantly, the extracellular matrix (ECM) (Geiger, Bershadsky et al. 2001). The cell 

is highly sensitive to the physical and mechanical cues that it senses from its microenvironment 

provided by the ECM. One way to mimic and reconstitute the properties of the ECM is by cell 

micropatterning. Micropatterning is a method wherein a defined cell adhesion pattern is 

fabricated on a culture substrate (for review see (Théry 2010)). Using this technique, numerous 

studies have demonstrated that the shape and size of the cellular microenvironment can dictate 

cell fate. Control of the cellular microenvironment, in particular alignment and constriction, can 

induce myogene differentiation of bone-marrow derived human mesenchymal stem cells (Yu, 

Chua et al. 2013). Cell shape and confinement can also influence the development of  three-

dimensional epithelial polarity by modulating the initial steps in the formation of the central 

lumen into the apical membrane (Rodríguez-Fraticelli, Auzan et al. 2012, Rodriguez-Fraticelli 

and Martin-Belmonte 2013) as well as microtubule nucleation and organization (Ghosh, Hentrich 

et al. 2013). A study on cell locomotion describes the relationship between the divergence angle 

of the micropattern and the migration speed as well as the relationship between the migration 

speed and the widths of the micropattern (Yoon, Kim et al. 2012). In turn, cell shape can contain 

information about signal transduction processes occurring within the cell. For this reason, 

pathology uses cell morphology as a diagnostic tool to study the disease states of tissues. Cells 

transformed with oncogenic Ras exhibit fusiform and elongated shape with compact nuclei and a 
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disrupted cytoskeleton (Kim, Burns et al. 1999), and is tightly coupled to DNA synthesis and 

growth in non-transformed cells (Folkman and Moscona 1978).  

Several studies suggest that signaling proteins and microdomains can be controlled by the 

cell shape and size (Craske, Fivaz et al. 2005, Schneider, Parrish et al. 2005, Meyers, Craig et al. 

2006).  Glutamate and electrical stimulation results in the enrichment of PKCγ in synaptic spines 

and dendritic branches, which have a higher surface to volume ratio, compared to cell soma or 

thicker branches (Craske, Fivaz et al. 2005). Using a simple mathematical model of the 

antagonistic reactions of a plasma membrane activator such as a guanine exchange factor and a 

cytoplasmic deactivator such as a phosphatase, Meyers et al. (Meyers, Craig et al. 2006) 

demonstrated that as a model cell grows, the cytosolic substrate such as Cdc42 becomes 

progressively dephosphorylated as a result of decreased proximity to the activator. Conversely, 

as the cell flattens such as in the case of filopodia and lamellipodia, the substrate is highly 

phosphorylated. Constraining NIH3T3 fibroblasts on micropattern substrates induces an increase 

of a retrograde flux of actin cytoskeleton which may translate to downstream processes such as 

tyrosine phosphorylation (Guo and Wang 2007). For the β-adrenergic/cAMP/PKA/B-

Raf/MAPK1,2 signaling cascade, microdomain characteristics  are controlled by the cell shape as 

well as the presence of regulatory circuits and reaction rates (Neves, Tsokas et al. 2008). Using 

both simulation and experimental approaches, global activation of the β-

adrenergic/cAMP/PKA/B-Raf/MAPK1,2 pathway resulted in the accumulation of cAMP 

microdomains in distal dendrites but little or no increase in cAMP in the cell body. Although the 

studies above demonstrate the significant role of cell shape on signaling proteins found in the 

cytosol, the effect of cell shape on cell surface proteins has not been fully explored. 
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In this dissertation chapter, we ask the question whether cell shape can affect the cell 

surface distribution of epidermal growth factor receptor (EGFR) and Bradykinin 2 Receptor 

(B2R) in the basal and stimulated states. A combination of numerical simulation approach based 

on reaction-diffusion formulations of activated signaling components (for details, please see 

(Rangamani, Lipshtat et al. in press)) and experimental validation using fluorescence correlation 

spectroscopy and quantitative immunofluorescence were used to study the effect of cell shape on 

the cell surface distribution of EGFR and B2R.  From the numerical simulations, it is 

hypothesized that the curvature of the plasma membrane results in spatial gradients of signaling 

components on the plasma membrane. We validate the hypothesis by quantifying the distribution 

of cell surface receptors and components in different cell shapes in the basal and stimulated 

states by using fluorescence correlation spectroscopy (FCS) and quantitative 

immunofluorescence.  We look at the Epidermal Growth Factor Receptor (EGFR), Bradykinin-2 

Receptor (B2R) to model the EGFR/Ras/MAPK cascade and GPCR pathways respectively. We 

use the ellipsoid cell shape which approaches the fusiform shape characteristic of neoplastic 

transformed cells, while we use the circular shape to model a normal spheroidal cell.  

 

MATERIALS AND METHODS  

 

Materials.  

Micropatterned wells were a kind gift of Dr. Ravi Iyengar (Mt. Sinai Medical Center). 

The micropatterned wells had circular and elliptical wells and were microfabricated with 

standard photolithography techniques (Qin, Xia et al. 2010).   
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Cell culture.  

COS-7 cells were a kind gift of Dr. Susana Neves (Mt. Sinai Medical Center). A10 cell 

line (rat aortic smooth muscle cells) from ATCC and COS-7 cell line were maintained at 37 °C 

in 5 % CO2 supplemented with 10% FBS (Gemini) and 1 % pennicillin-streptomycin (Gibco). 

EGFR-eGFP is a kind gift from Dr. Linda Pike (Washington University School of Medicine, 

MO).  

To seed cells on the micropattern, the micropattern coverslips were pre-treated with 500 

μg/mL gentamicin (Sigma) and 0.5% pluronic F-127 (Sigma) for 1 hour, and washed with 

distilled water three times. Cells were reverse transfected with Fugene HD using manufacturer’s 

instructions (Roche Diagnostics, IN). Briefly, EGFR-eGFP and Fugene HD were complexed in a 

1:3 μg DNA:μL Fugene ratio and incubated with ~70,000 COS-7 cells in suspension. 36 hours 

post-transfection, cells were incubated in serum-starving media (DMEM, 0.1% FBS) for 12 

hours. At least one hour before stimulation, cells were treated with 10 mM NaN3, 2 mM NaF and 

5 mM 2-deoxy-D-glucose to prevent the ATP-dependent internalization of EGFR (Liu, 

Sudhaharan et al. 2007).  

 

Diffusion Measurements of EGFR-eGFP in COS-7 cells. 

Fluorescence correlation spectroscopy (FCS) measurements were performed on cells 

expressing EGFR-eGFP using a Zeiss LSM 510 Confocor-2 system equipped with 40x (N.A. 

1.2) water immersion objective. eGFP was excited using 488 nm Argon ion laser line and the 

fluorescence emission was recorded using an avalanche photodiode through a long pass emission 
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filter. The beam waist, ω0 amd focal volume were determined using 10 nM rhodamine 6G 

solution (D = 2.8 x 10
-6

 cm
2
/s). The power of the excitation laser was adjusted such that there is 

sufficient signal to noise ratio and minimal photobleaching. This was achieved using 55% output 

of a 500 mW maximum output 488 nm argon ion laser and 1% transmittivity. The focal volume 

was focused on either the cell body, which was aligned with the nucleus, or on the cell tip, 

designated as within 5 μm from the apex of the cell shape. A Z-axis scan of the cells showed 2 

peaks corresponding to the basolateral and apical membrane populations of EGFR-eGFP. The 

apical peak was chosen for FCS measurements. Each FCS trace was measured for 20s. EGFR 

was stimulated using 100 ng/ml of EGF. Measurements were started immediately after EGF 

addition and were completed within 8 minutes. Time traces that showed a decrease or increase of 

intensity were not used for analysis. Autocorrelation functions were analyzed using a two 

component, pseudo-two dimensional diffusion model by modifying the three-dimensional fitting 

routine provided by the Confocor2 software, and setting the structural parameter to quasi-

infinite:  

  ( )      
  (   

 

  
)
  

(   
 

    
)
    

 

where τ is the correlation time, τD the average time a particle spends in the confocal volume, N, 

the average number of molecules in the confocal volume and S, the structural parameter, where S 

is set to 100 (quasi-infinite) for 2-D diffusion. Diffusion Coefficient, D, is calculated from the    

of a molecule using Einstein relation for diffusion: r
2
 = 4D x    where r is the radius of the 

observation volume. 

To quantify the number of EGFR-eGFP on the membrane, N was obtained from the fit, 

which is the average number of molecules in the confocal volume. To determine the 

concentration of receptors per unit area, N was divided by the area of the beam waist obtained 
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through the calibration of the confocal volume with Rhodamine 6G (Elson and Webb 1975, Kim, 

Heinze et al. 2007).   

 

Quantitative Imaging of Bradykinin-2 Receptor and membrane-marker.  

A10 cells which endogenously express Bradykinin 2 Receptor were seeded on the 

micropattern coverslips which had been pre-treated with 0.5% pluronic F-127 (Sigma), at a 

density of 70,000 cells/35-mm dish. Before fixing, cells were serum-starved for 12 hours in 

serum-starving media (DMEM, 0.1 % FBS). Bradykinin-2 Receptor was stimulated with 0.1 µM 

Bradykinin for 1 min. Cells were fixed for 20 minutes with 3 % paraformaldehyde, 0.1% 

glutaraldehyde in phosphate buffered saline (PBS). Cells were then permeabilized with 0.2% 

Triton X-100 for 5 minutes and blocked with 3 % bovine serum albumin. Cells were incubated 

with polycolonal anti-B2R (Santa Cruz Biotech, sc-15050) at a concentration of 20 µg/mL for 48 

hours at 4 °C, followed by incubation with polyclonal Alexa 647 secondary antibody 

(Invitrogen) for 30 minutes. After washing, coverslips were mounted using Vectashield 

mounting media (Vector Laboratories).  

To determine the distribution of a membrane marker, A10 cells were transfected with 

pEYFP-Mem (Clontech), which is a doubly palmitoylated fusion protein consisting of the N-

terminal 20 amino acids of GAP43. Cells were transfected with Lipofectamine 2000 using 

manufacturer’s instructions. Briefly, 70,000 cells were incubated with the lipofectamine-DNA 

complex at a ratio of 0.5 µg pEYFP : 1.5 µL Lipofectamine 2000 for 5 hours and then incubated 

in complete antibiotic free media (DMEM with 10% FBS). Transfected cells were detached and 

seeded on the micropattern coverslips after 24 hours and were allowed to attach to the 



 

98 
 

micropattern for at least 18 hours. Cells were then fixed for 20 minutes with 3% 

paraformaldehyde, 0.1 % glutaraldehyde in PBS.  

Imaging was performed using Zeiss Confocal Laser Scanning Microscope equipped 

with a 40x (N.A. 1.2) objective and 643 nm HeNe laser. Z-stack were taken using a slice 

thickness of 0.5 µm.  

Images were analyzed using ImageJ (NIH).  Briefly, small regions of interest (ROIs) of 

the same size (0.7 µm circles) were selected on either the tip of the cell (within 5 µm from the 

cell tip) or the body of the cell (middle of the cell).  This was done for over 10 ROIs and the 

intensities averaged, and then normalized by dividing the average intensities of the region by the 

average intensity of the entire cell. Comparison of the normalized intensities was performed 

using rank-sum test using SigmaPlot (Jandel Scientific, Inc.). 

  

Numerical Simulation. 

Partial differential equations based on the reaction diffusion system were solved using 

the Virtual Cell suite (Loew and Schaff 2001). The number of receptors along the curvature of 

the membrane is modeled as a reaction-diffusion system as Mathieu functions in elliptical 

coordinates for elongated or ellipsoid cells, and Bessel functions in polar coordinates for circular 

cell (Rangamani, Lipshtat et al. in press). 
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RESULTS 

 

Numerical simulations predict a transient accumulation of activated cell surface receptors 

with an extracellular ligand in the cell body for an elongated cell shape.  

In this study, we determine whether cell shape has an effect on the cell surface 

distribution of receptors in the activated, stimulated state. Numerical simulations were performed 

by Rangamani et al. (Rangamani, Lipshtat et al. in press) based on reaction-diffusion 

formulations of a soluble ligand binding to a receptor that diffuses on the plane of the membrane. 

The plasma membrane distribution of the receptor depends on the diffusion coefficient of the 

receptor and the kon of the receptor-ligand complex. Based on this mathematical model, 

numerical simulations were performed on two cell shapes with different eccentricities, ε: a 

spheroidal cell shape, with ε=0 and an ellipsoid cell shape with ε=0.999.  The spheroidal 

geometry models a normal cell whereas an ellipsoid models the fusiform morphology of a 

neoplastic transformed cell (Menezes, Miron-Mendoza et al. 2008). The results of the numerical 

simulation upon receptor activation are shown in Figure IV-1. Figure IV-1A shows the schematic 

of the theoretical model of an extracellular ligand, A, binding to the cell surface and forming an 

activated receptor-ligand complex, B, which diffuses on the plane of the membrane.  The results 

of the numerical simulation performed by Virtual Cell, shows the cell surface distribution of 

receptors in 3D (Figure IV-1B) and 2D (Figure IV-1C) geometries. Results of the simplified 2-D 

simulations allow us to study the effect of curvature variation along a single axis (Figure IV-1B). 

The initial distribution of the cell surface receptor was assumed to be uniform on the plane of the 

plasma membrane, which reflects the basal, unstimulated state. In both 3D and 2D geometries, a  
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Figure IV-1. A. Numerical simulation of the effect of cell shape on the plasma membrane 

distribution of cell surface receptors with an extracellular, soluble ligand and a homogenous 

initial distribution. A. The reaction schematic shows the extracellular component A binding to 

the plasma membrane to form the plasma membrane bound receptor-ligand complex B. Cell 

surface distribution of B in 3D at 10 and 30 s in spherical and ellipsoidal cell shapes. A 

transient spatial heterogeneity is predicted for the elongated cell shape but not for the 

spherical cell shape. C. Distribution of the extracellular ligand, A and membrane bound 

receptor-ligand complex, B, in 2D geometry.  
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transient accumulation of activated receptor in the plasma membrane is predicted in the cell body 

for ellipsoid geometries, but no transient accumulation of receptors is predicted for a spheroidal 

cell shape. 

Diffusion and concentration of EGFR on different regions of the cell.  

We then verified the model experimentally by quantifying the number and concentration of 

EGFR in both the basal and stimulated states in circular and elliptical cellular geometries. We 

performed this by growing COS-7 cells transfected with eGFP tagged EGFR in circular and 

elliptical geometries. We verified that both circular and ellipsoid shapes have the same area 

(2000 µm
2
) in the basal membrane, and the same height (Figure IV-2A). Because of the 

similarities in heights and areas, a two-dimensional model of the cell can be assumed, as 

performed in the simulations. We performed fluorescence correlation spectroscopy (FCS) on the 

tip (defined as within 5 µm from the apex of the cell) and the body of the transfected cell and 

extracted the diffusion coefficient and number of receptors in the confocal volume from the 

autocorrelation function. Results are shown in Figure IV-2. An increased diffusion coefficient 

was observed in the cell tip compared to the cell body in the ellipsoid cells after stimulation, but 

there was no difference between the diffusion coefficients of the cell tip and cell body in the 

basal, unstimulated state. We extracted the effective number of EGFR-eGFP (Neff) from the 

autocorrelation function and estimated the concentration of receptors on the area of the plasma 

membrane (number of receptors/confocal area) in terms of Neff per confocal volume by assuming 

a two-dimensional area on the plane of the membrane. For elongated cells, there was a decrease 

in concentration of EGFR in the stimulated cell tip compared to the unstimulated cell tip, 

suggesting the presence of a concentration gradient of EGFR-eGFP. For circular cells, no  
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Figure IV-2. A.  Volume projection of ellipsoid and circular cell shapes expressing EGFR-eGFP 

showing similar heights.  Number and Diffusion Coefficients extracted from the autocorrelation 

functions of elliptical (B) and spherical cells (C). Representative cells showing the sites where the 

excitation laser was parked for FCS measurement are shown. For elliptical cells, FCS measurements 

were performed on the cell tip and the cell body, while for circular cells, the measurements were 

performed on the cell periphery and the cell body.  
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difference in both diffusion coefficients and number of receptors is observed between the 

periphery and cell body suggesting that a concentration gradient is absent.  

Distribution of B2R in A10 cells.  

The numerical simulations predict that other cell surface receptors which bind to a 

soluble, extracellular ligand will also have a similar gradient distribution upon stimulation. To 

determine if this is true in other cell surface proteins, quantitative immunofluorescence was 

performed on an endogenously expressed G-protein coupled receptor. The probability of artifacts 

because of protein overexpression is also prevented by looking at endogenous proteins instead of 

transient overexpression. We chose A10 cells which is a vascular smooth muscle cell line that 

expresses bradykinin 2-receptor, (B2R) (Calizo and Scarlata 2012). The amount of B2R  was 

quantified using immunofluorescence and confocal imaging. We find that at the basal, 

unstimulated state, there is increased B2R intensity at the tip of the cell than at the body in 

ellipsoid cells. The behavior reverses upon stimulation, with the cell body exhibiting increased 

intensity compared to the cell tip (Figure IV-6). No such difference in distribution was observed 

in circular cells, when we compared the north-south axis to the east-west axis of the cell in both 

the stimulated and unstimulated states. This observation is similar with EGFR and agrees with 

the theoretical model wherein a concentration gradient is observed in greater degree for ellipsoid 

cell shapes compared to circular cell shapes, even for endogenous G-protein coupled receptors.  
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Figure IV-3. A. Comparison of B2R immunofluorescence intensities in circular and elongated cells in the 

basal, unstimulated state. Data are shown as box plots of the intensities in the cell body and cell tip of 

elongated and circular cells, where N = 5 for elongated cells and N = 4 for circular cells. B.  Same as Figure 

3A. but after stimulation of B2R with 100 nM of bradykinin.  N = 8 for elongated cells and N = 5 for 

circular cells. Asterisk indicates a statistically significant difference between the cell body and cell tip 

intensities by Mann-Whitney rank sum test (p < 0.005). 
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Mobility and distribution of fluorescently labeled membrane marker in different cell shapes.  

We further tested the hypothesis from the numerical simulations in other membrane 

proteins that are not cell surface receptors. Because of the absence of the soluble extracellular 

ligands, the model predicts that there will be no concentration gradient on the cell surface. 

Furthermore, we wanted to verify whether the concentration gradient apparent in our 

measurements is not an artifact of the cellular geometry. We repeated diffusion and intensity 

measurements on cells transiently expressing pEYFP-mem, which is a doubly palmitoylated 

marker with the first 20 amino acids of GAP43 tagged with eYFP. No difference was observed 

between the diffusion coefficients of pEYFP-mem on the body and tip of elongated cells. 

Furthermore, no difference was observed between the intensities of pEYFP-mem in the tip and 

the body in elongated cells. These results suggest that the observed concentration gradient is not 

due to an artifact of the cellular geometry, and also confirms that cell surface proteins that do not 
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Figure IV-4. Comparison of membrane marker intensities in the body and tip of elongated cells 

showing no difference in intensities between the body and the tip of elongated cells. Data is 

shown as a box plot showing the distribution of intensities where N = 10 cells 
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interact with a soluble, extracellular ligand, do not display the concentration gradient observed in 

cell surface receptors.   

 

Distribution of Cav1 in A10 cells.  

Caveolae have been proposed to be a signaling platform which sequesters a multitude of 

signaling proteins including G-protein coupled receptors and their downstream signaling 

components (Anderson 1993, Lisanti, Scherer et al. 1994, Insel, Head et al. 2005). Recently, 

caveolae’s role as a sensor of membrane tension has been suggested in experiments where Cav1 

positive structures disassembles under high membrane tension such as hypo-osmolarity (Hill, 

Bastiani et al. 2008, Liu and Pilch 2008). Cell shape can also cause high membrane tension as 

the cell conforms to an eccentric shape in the micropattern wells. We determined the effect of 

cell shape eccentricity on the distribution of Cav1. We quantified the amount of Cav1 at the 

bottom membrane by converting the images to a binary distribution and quantifying the Cav1 

positive spots. We found the typically punctate distribution of Cav1 and were enriched at the cell 

cortex. A decreased number of Cav1 positive spots were observed in elongated cells compared to 

circular cells. This data is in accord with the observation that high membrane tension, as can be 

caused by increased cell eccentricity, can disrupt caveolae domains. Cav1 did not exhibit a 

concentration gradient of cell surface receptors as with EGFR and B2R.  

 

 

 



 

107 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV-5. A. Comparison of Cav1 marker intensities in elongated and circular cells. Data is 

shown as a box plot showing the distribution of intensities where N = 16 for elongated cells and 

N=12 for circular cells. Asterisk indicates a statistically significant difference between the cell 

body and cell tip intensities by t-test (p < 0.005). B. Actin staining of elongated and circular 

cells showing that actin is on the cell cortex but is not preferentially distributed on any site on 

the plasma membrane. 
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Distribution of actin on different cell shapes.  

We wanted to verify whether the distribution of the receptors at the cell tip or the cell 

body resulted from cytoskeletal rearrangement. To this end, we stained for actin in different cell 

shapes (Figure IV-5B). We found that actin was enriched on the cell cortex and very little was 

found on the cell body. However, actin was not sequestered to any particular site in the cell 

shape. This result suggests that the concentration gradient observed on membrane receptors may 

not be due to actin rearrangement.  

 

DISCUSSION  

 

In this dissertation chapter, the effect of cell shape on the distribution of cell surface 

receptors was studied and verified through simulation and micropattern cell culture methods. 

Numerical simulations and theory support the idea that a concentration gradient of membrane 

receptor exists on the plasma membrane which increases with the eccentricity of the cell shape.  

The theoretical basis of this concentration gradient may be the local competition between 

reaction and diffusion. The balance between the two processes can be described by the Thiele 

modulus, фlocal, which is a term used in chemical engineering to characterize processes that 

involve reaction-diffusion on immobilized surfaces.  

Фlocal =   √
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where kon and DB are the reaction rates and diffusion constants, respectively. The Thiele modulus 

is a periodic function which depends on, Rc which is defined as the distance from the center of 

the ellipse to the membrane. For ellipsoid cells, фlocal fluctuates along the length of the cell shape 

as Rc changes while for circular cells, Rc is constant and фlocal does not change along the 

membrane.  As the eccentricity of the ellipsoid increases, the range in the Rc also increases, 

hence the gradient gets steeper for ellipsoids compared to circular shapes. 

The direct relationship of the steepness of the Thiele modulus gradient with eccentricity 

of the cell shape may explain the transient heterogeneity of activated cell surface receptors in an 

elongated cell shape, which does not appear to be present in a spherical cell shape.  

We tested this for the EGFR/Ras/MAPK1,2  pathway. By fluorescence correlation 

spectroscopy, we find that an EGFR gradient exists on the plasma membrane in ellipsoidal cells 

but none exists on the circular cells. MAPK1,2 activity in the nucleus are increased in elliptical 

cells compared to circular cells, consistent with the model that the plasma membrane gradient 

will be transmitted in the downstream signaling components (Rangamani, Lipshtat et al. in 

press). We tested experimentally whether the model holds true for other cell surface proteins that 

reacts with a soluble, extracellular ligand such as the G-protein coupled receptor B2R. Using 

quantitative immunofluorescence, we find that a receptor gradient exists also exists in ellipsoid 

cells, similar to the EGFR distribution, but none or very little in circular cells and agrees with the 

results of the simulation. We find that this is not true for membrane marker and Caveolin-1 and 

this gradient does not seem to arise because of a cytoskeletal rearrangement.  

This study provides evidence that cell shape can play a role in signal transduction  due 

to the balance of reaction-diffusion processes on the plane of the membrane. This may provide 
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another level of regulation of cell surface protein heterogeneity aside from the presence of lipid 

rafts, cytoskeleton and protein domains such as caveolae. It would be interesting to determine 

how the combination of the factors mentioned above would modify the gradient dynamics of cell 

surface proteins. Studies are underway to determine how caveolae domains would influence the 

G-protein coupled receptor pathway along with cell shape.  
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CHAPTER V – CONCLUSION,  

GENERAL DISCUSSION AND FUTURE DIRECTIONS  

 

 The heterogeneity of the plasma membrane can explain many aspects of signal 

transduction. It can explain the efficiency, divergence, convergence and cross-talk of several 

signaling pathways. Compartmentalization of signaling components could facilitate the 

efficiency and direct signal transduction by bringing related signaling molecules in close 

proximity to each other. Evidence of how membrane heterogeneity influences signaling 

pathways through lipid domains, PIP2 microdomains, cytoskeleton corrals and caveolae are just 

being unveiled in recent years because of the development of techniques that have sufficient 

spatio-temporal resolution leading to a more detailed understanding of the plasma membrane. In 

this thesis, we made efforts to elucidate the influence of membrane heterogeneity on Gαq and Gαi 

signaling pathways by using a variety of fluorescent and imaging experiments that have 

sufficient temporal resolution (FCS) and nanometer sensitivity (FRET microscopy). We also 

included the epidermal growth factor signaling pathway. We were able to demonstrate that the 

nanoscale heterogeneity of the plasma membrane (i.e. caveolae domains) was able to influence 

the G-protein signaling pathway. We also find that the cell microenvironment and shape also 

exerts control on the distribution of plasma membrane proteins. The effects of these membrane 

heterogeneities can propagate downstream the signaling cascade and may ultimately dictate cell 

fate.  

Our initial aim was to determine whether all or some G-protein coupled receptors localize 

to caveolae domains. Furthermore, we wanted to determine whether caveolae domains would 
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affect the secondary messenger signaling downstream of the GPCR pathway. These aims are 

described and discussed in the second chapter of this thesis. We looked at two representative 

GPCR pathways: the B2R / Gαq / PLCβ and the µOR / Gαi / AC pathways. We find that GPCRs 

have different tendencies to localize to caveolae domains: a significant population (~20%) of 

B2R is sequestered in caveolae domains, while none or very little µOR is close to caveolae 

domains. Gαq has two-fold higher FRET efficiency suggesting that it interacts more with Cav1 

than the receptor to which it is coupled to, B2R. We hypothesized that Gαq may act as a scaffold 

between B2R and Cav1 and tested this by disrupting the interaction of Gαq and Cav1, and 

measuring the FRET between Cav1 and B2R. Disruption of the interaction between Gαq and 

Cav1 was achieved either by microinjection of a peptide that competes with the binding between 

Gαq and Cav1, or through siRNA mediated downregulation of Gαq. The decrease in FRET 

between B2R and Cav1 upon disruption of Gαq–Cav1 interaction supports the hypothesis that 

Gαq may scaffold B2R to caveolae domains. The interaction of B2R or Gαq with Cav1 impacts 

the function of this pathway as evidenced by an increased magnitude and duration of Ca
2+

 

response in the presence of Cav1. The same behavior is seen in other Gαq pathways such as the 

muscarinic and histamine receptor pathways, where the Ca
2+

 response was enhanced by the 

presence of caveolae. The study makes the prediction that Gαq coupled GPCRs are more likely to 

localize in caveolae domains and functionally be affected by the presence of caveolae domains. 

It would be interesting to see if other Gαq and Gαi coupled receptors that were not tested in this 

study would exhibit the same increase in intracellular Ca
2+

 release in the presence of caveolae 

and the same degree of proximity to caveolae domains.  

Many GPCRs have been reported to localize to caveolae domains (Chini and Parenti 

2004) but the mechanism of their localization is not well understood. The initial hypothesis was 
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that receptors may direct themselves to caveolae domains, bringing with them their intracellular 

binding partners. From our observations, we found that the reverse is true wherein G proteins can 

direct the receptors to membrane domains.   

What is the basis of sequestration of signaling proteins in caveolae domains? The 

presence of a caveolin binding motif (CBM) in the signaling protein may sequester it to caveolae 

via the caveolin scaffolding domain (CSD) (Couet, Li et al. 1997). B2R, µOR, Gαq, and Gαi all 

have a caveolin binding motifs. Both B2R and µOR have the caveolin binding motif on their C-

termini which may interact with Cav1 molecules on the inner leaflet of the plasma membrane. 

For Gαi the caveolin-scaffolding domain is located in one of the β-strands in the Ras-like 

domain, while for Gαq the region is in a linker region between two alpha helices in the Ras-like 

domain towards the C-terminus. This region is exposed even when it is bound to PLCβ and may 

be accessible for Cav1 binding.   

For future studies, the Cav1 interacting region of Gαq may be swapped with the 

corresponding C-terminal region of Gαi and see if this chimera would still exhibit FRET with 

Cav1. We can also determine whether the presence of this chimera would remove the population 

of B2R associated with caveolae.  

Another possible mechanism of sequestration may be though lipid modification of the 

proteins. Many signaling proteins are lipid modified to facilitate membrane anchorage and to 

bring them closer to their membrane bound substrates. As most Class A GPCRs, both B2R and 

µOR contain the CAAX box palmitoylation sites on their C-terminal domain. Although this site 

has not been shown to be palmitoylated in the case of µOR, this sequence has been shown to be 

palmitoylated in the case of B2R by mass spectrometry.  
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The activity and localization of G-proteins are highly dependent on lipid modification. 

Gαi is a substrate for N-myristolyation through N-myristoyl transferase, but Gαs, Gαq, Gα12 are 

not. Gαi may also be palmitoylated on its N-terminus but this process is dependent on its 

myristoylation state. While myristoylation increases the hydrophobicity of Gαi, it has been 

shown to be insufficient for membrane attachment (Peitzsch and McLaughlin 1993), and may 

require palmitoylation or interaction with geranylgeranylated Gβγ. In the case of Gαi, 

palmitoylation and interaction with Gβγ are two redundant mechanisms to target Gαi to the 

membrane.  

For Gαq and Gαs, palmitoylation is the sole fatty acid modification. As opposed to 

myristoylation, palmitoylation is reversible and is not required for membrane anchorage of both 

Gαq and Gαs. Palmitoylation is necessary for the function of G-proteins. Non-palmitoylated 

mutants of Gαq have a reduced ability to activate PLCβ in vitro. It is possible that palmitoylation 

may serve two different functions for the Gαq and Gαi; for Gαi palmitoylation occurs for 

membrane anchorage, a function which is redundant to that of Gβγ, while for Gαq and Gαs, 

palmitoylation modifies their function or association with other plasma membrane proteins. Gαq 

is doubly palmitoylated at cysteines 9 and 10 (Wedegaertner, Chu et al. 1993). Dual 

palmitoylation has been shown to play a role in the partitioning of proteins into cholesterol rich 

domains such as caveolae. Therefore, the double palmitoylation of Gαq may play a role in its 

own partitioning, as well as its upstream receptor, to caveolae domains. Since Gαs is also dually 

palmitoylated (Kleuss and Krause 2003) and several Gαs receptors also localize to caveolae 

domains, it would also be interesting to test whether Gαs coupled receptors localize to caveolae 

domains through their Gαs binding partners.  
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  How is intracellular calcium release potentiated by the presence of caveolae domains? 

The second chapter of this dissertation, along with previous studies (Sengupta, Philip et al. 2008, 

Guo, Golebiewska et al. 2011) suggest that Cav1 may stabilize the activated state of Gαq and 

prolong the recombination time of the heterotrimer. These results are consistent with the 

increased magnitude and duration of calcium release in the presence of Cav1. While this 

explanation may be consistent with the results, other possible explanations may exist. Several 

downstream effectors may be concentrated in caveolae domains leading to their increased 

activity. While PLCβ does not appear to be sequestered in caveolae domains, PIP2 substrates 

have been found to localize in caveolae domains (Pike and Casey 1996, Fujita, Cheng et al. 

2009). PIP2 has been shown to localize in the neck region of caveolae domains (Fujita, Cheng et 

al. 2009) suggesting that the neck region may be a specialized subdomain. Furthermore, several 

calcium signaling proteins have been found to localize in caveolae domains such as ion channels 

and STIM (Isshiki and Anderson 1999, Daniel, El-Yazbi et al. 2006, Pani and Singh 2009). The 

activation of G-proteins may stimulate certain ion channels and increase calcium flux. All of 

these observations reinforce the idea that caveolae are important sites of calcium signaling as 

proposed by other groups.   

In this study, we have used FRET microscopy techniques to study nanometer-sized 

domains. Although FRET is sensitive to proximity related changes in the order of 5-10 nm, one 

concern with FRET microscopy is that caveolae domains are diffraction limited, such that one 

pixel observed in this particular FRET microscopy method might correspond to an area of the 

membrane that is much bigger than the caveolae themselves resulting in a broadening of the 

FRET values. The pixel size of our FRET microscope is in the order of 167 nm, which is twice 

as big as caveolae domains. One way to overcome this limitation is through the use of super-  
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Cav3 domains in cardiomyocytes 

Conventional TIRF   STORM 

 

Figure V-1. Caveolin-1 and Gαq form similarly sized domains on the membrane surface of A10 muscle cell 

line as seen in super-resolution imaging. STORM imaging of A Gαq and B Cav1 showing ~90 nm and ~70 

nm nanodomains respectively. C Comparison of TIRF and STORM images of Cav3 on cardiomyocytes. 
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resolution imaging which improves the resolution of fluorescence microscopy techniques to 20-

30 nm which is ideal for the size of caveolae domains. We have attempted to perform super-

resolution microscopy by using stochastic optical reconstruction microscopy (STORM) (Rust, 

Bates et al. 2006, Huang, Bates et al. 2009). In this method, organic fluorophores such as oxazine 

and rhodamine dyes are induced to stochastically blink, resulting in a sparse population of 

fluorophores that are on at a given acquisition frame. The exact location of each spot is obtained 

by assuming a Gaussian distribution of the light emitted by the single molecule fluorophore. The 

process is iterated until a dataset consisting of thousands of frames each containing a sparse 

number of molecules is acquired and each spot localized, and gives a super-resolution image. We 

performed preliminary STORM studies looking at Cav1 and Gαq. With Cav1, we were able to 

reconstruct images that showed 70 nm sized clusters which is approximately the size of caveolae 

domains (Figure V-1). We compared this with Gαq and obtained similarly sized clusters (~80 

nm). The similarly sized clusters suggest that both proteins form microdomains. Whether they 

are in the same clusters or not may be answered by performing super-resolution colocalization 

with two color dyes. Another complication of the STORM technique is that the cup-shaped 

geometry of caveolae domains may give rise to out of focus light that may not be resolved using 

the STORM technique. For future directions, it would interesting to determine whether the two-

proteins indeed colocalize by performing 2-color STORM in 3D. 

In the third chapter, we determined the influence of caveolae domains on the mobilities 

of G-protein coupled receptors. The diffusion properties of the B2R / Gαq and µOR / Gαi were 

compared in the presence and absence of caveolae domains. We have used two diffusion 

methods that were expected to give complementary results: FRAP, which requires the 

photobleaching of fluorescently tagged proteins and measurement of the rate of recovery of the 
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unbleached population into the bleached spot, and FCS, which measures the diffusion coefficient 

of a fluorophore as it moves in and out of a small excitation volume. A small (~10%) decrease in 

the mobile fraction extracted from FRAP measurements was observed in FRTcav+ cells 

compared to FRTwt cells for both B2R and µOR receptors, but no difference in mobile fractions 

was observed between FRTwt and FRTcav+ for  mm-eYFP and Gαq.  We attribute this decrease 

in mobile fractions of B2R and µOR in the presence of caveolae, as caveolae acting as diffusion 

barriers for transmembrane proteins but not for peripheral membrane proteins. However, in FCS 

measurements, B2R and Gαq exhibited faster diffusion coefficients in the presence of caveolae 

while the distribution of mobilities of µOR and Gαi were not changed in the presence of 

caveolae. Instead of exhibiting a reduced diffusion coefficient because of interaction with Cav1 

domains as discussed in the first chapters, membrane proteins such as B2R and Gαq that interact 

with Cav1 exhibited higher mobilities in FCS. Caveolae slowed down the doubly palmitoylated 

membrane marker, pEYFP-Mem. Interestingly, this membrane marker has the first 20 amino 

acids of GAP-43 which localize to lipid rafts by virtue of its double palmitoylation motif. 

Therefore, the behavior of pEYFP-Mem is not surprising since Cav1 may also stabilize both 

planar and nonplanar lipid rafts. We propose that the geometry of caveolae gives rise to a 

confined diffusion of its attached membrane proteins resulting in an apparent increase in 

mobility.  

 From the conclusions drawn from chapter 2 and 3, we propose a model of how caveolae 

may sequester GPCR and intracellular binding partners (Figure V-2): Some GPCRs, such as the 

Gαi coupled µOR, does not have any affinity for caveolae domains, by virtue of their Gα 

subunits which do not have preferential interactions with Cav1 and are not sequestered to 

caveolae domains. Gαq, through its specific molecular interaction with Cav1, can scaffold 
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receptors to caveolae domains. The lower FRET values between B2R and Cav1 compared to Gαq 

and Cav1 suggests that the receptors are located farther away from Cav1 molecules than Gαq. 

We propose that the receptors are concentrated in the neck region / periphery of caveolae 

domains while Gαq, can easily access the caveolae bulb. The population of receptors that interact 

with Cav1 domains may be confined in the periphery of caveolae domains and exhibit an 

anomalous diffusion resulting in an increased apparent diffusion coefficient, despite its 

interaction or sequestration by caveolae. Furthermore, Gαq, a peripheral membrane protein, does 

not exhibit entrapment in caveolae domains and can detach and attach to the caveolae surface 

with no significant change in mobile fraction as seen in the FRAP results.  Although other 

models are plausible, we believe that this model can explain the results that we have seen in 

Chapter 2 and 3.   

 

 

 

 

 

Figure V-2. Proposed model of caveolae sequestration of GPCRs and intracellular binding 

partners: G proteins mediate receptor association with caveolae domains. GPCRs coupled to Gαq 

might interact more extensively with cav1 than receptors coupled to Gαi. The localizing effect of 

these proteins by caveolae increases their signaling potential. 
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The current model for the function of caveolae domains is a membrane mechanosensor 

that could disassemble during states of high membrane tension. If membrane tension can 

disassemble caveolae domains, it can also perturb the interactions between Cav1 and protein 

complexes that are attached to Cav1 domains, such as Gαq and its corresponding receptors. The 

B2R / Gαq pathway is involved in mechanosensing in endothelial and vascular smooth muscle 

cells which exhibits elevated IP3, cGMP, PGI2 and NO (Gudi, Clark et al. 1996). It can therefore 

be hypothesized that membrane tension may alter the number of caveolae domains which in turn 

can alter the B2R / Gαq signaling pathway. Furthermore, an agonist-independent activation of 

Gαq due to membrane stretch may occur and the presence of caveolae domains may alter their 

signaling properties. It would be interesting to find out how caveolae can modify the membrane 

tension sensed by the cell through Gαq pathways.  

 On the fourth chapter, the role of cell shape on membrane heterogeneity is explored. 

Using quantitative fluorescence, we were able to show that membrane receptors (EGFR and 

B2R) are not uniformly distributed along the plane of the membrane, but may accumulate 

transiently at certain regions of the cell, such as the cell body. Experimentally, different cell 

shapes were achieved by using micropattern technology and performing quantitative 

fluorescence studies on the cells that have conformed to a particular cell shape. The theoretical 

basis of this concentration gradient is the balance of reaction-diffusion processes. The 

concentration gradient of signaling proteins on the plasma membrane may be carried over to the 

downstream signaling cascade resulting in the formation of signaling microdomains in the 

cytosol. Furthermore, we found that increasing the membrane tension such as increasing the 

eccentricity of cell shape affects the number of caveolae. If caveolae are sites which concentrate 
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signaling proteins, the effect of cell shape could impact the number of signalosomes on the 

membrane and affect the downstream signaling pathways.  

The control of cell shape on the signal transduction of G-protein coupled receptors adds 

another layer of regulation and complexity in the control of membrane domains, aside from well-

established factors such as lipids, proteins and the cytoskeleton.  

For future studies it would be interesting to find out the effect of plasma membrane 

components in combination with the effects of cell shape. We would like to determine the role of 

membrane heterogeneities in either increasing or decreasing the effects of cell shape on 

membrane signal transduction. The effects of the cytoskeletal proteins such as actin on the 

formation of plasma membrane microdomains may be studied as well. It would also be 

interesting to determine the effect of cell shape on the downstream signaling components of B2R 

/ Gαq / PLCβ pathway. In particular, what is the effect of cell shape on the secondary messengers 

calcium and IP3? We can hypothesize that an elongated cell shape, or a shape with a higher 

surface to volume ratio will cause the formation of calcium microdomains, which may be 

visualized using live cell imaging. Since we do not yet know the duration of these microdomains 

inside the cell, and may exist only for a few seconds, these experiments would benefit from 

techniques that have high temporal resolution.  
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