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ABSTRACT 

A typical mammalian cell plasma membrane displays a high level of plasticity 
counter balanced with stability. The plasma membrane show various kinds of 
invaginations to meet physiological demands of the cells such as nutrient uptake, 
receptor signaling etc. An example of one such invagination observed in many cell 
types is “Caveola”. Caveolae are bulb shaped invaginations of the plasma membrane 
enriched in sphingolipids and cholesterol. Each individual caveola is in equilibrium 
with multi caveolar assemblies and exhibits various dynamics ranging from stable 
association with cell surface to the “kiss and run” type and internalized caveolae 
called cavicle. The principle protein components of caveolae involve caveolin1, 2 
and 3, cavin 1, 2, 3 and 4 along with EHD2, PACSIN2 and dynamin. Caveolin1 acts 
as the hallmark of caveolae, whereas caveolin3 and cavin4 are limited to muscle 
cells. Caveolae are appreciated as important plasma membrane structures in 
maintaining cellular homeostasis of many cell types. Its dysfunction is associated 
with several human diseases such as cancer, vascular diseases, lipid and muscular 
dystrophies. 

This thesis aims to understand the assembly of caveolae and the molecular 
machineries involved in the regulation of caveolae dynamics. In particular, we have 
focused on the mechanism of cavin coat assembly, the influence of cavin3 in the 
regulation of caveolae dynamics, along with the mechanistic cycle of EHD2.  

Cavins form characteristic striations around caveolae, and in this work we showed 
that the N-terminus of cavin3 interacts with the trimeric N-terminus of cavin1 in 
competition with the N-terminus of cavin2 to form cavin sub-complex. We also 
observed that cavin3 interacts with caveolin1 in a cholesterol dependent manner and 
cavin3 may promote scission by acting as a positive regulator of caveolae dynamics, 
opposite to the cellular function of EHD2. The stringent roles of cavin3 and EHD2 
control the equilibrium between stably cell surface associated caveolae and the “kiss 
and run” type of caveolae, undergoing rounds of fission and fusion. Our results 
demonstrated the molecular composition of the caveolae coat at a domain level with 
the stoichiometry of cavin sub-complexes. We also showed the function of cavin3 in 
the regulation of caveolae dynamics at the plasma membrane.  

Previous work from our lab showed that EHD2 is a dimeric ATPase localised to the 
caveolae neck and confines caveolae to the cell surface. In the present study, we 
showed that EHD2 oligomerized in an open conformation stabilized by ATP and in 
a G-domain loop dependent manner. The oligomerization of EHD2 in cells is finely 
tuned by the N-terminal region and the C-terminal EH domain, where both of these 
regions act as negative regulators of membrane binding. Our results showed the 
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stringent regulation of EHD2 oligomerization and its importance with respect to 
various statuses and/or function of caveolae. 

In summary, the current study provides a novel insight into the assembly of cavin 
coat and protein machineries involved in the regulation of caveolae dynamics. In 
addition, it also contributes to the understanding of the molecular mechanism of 
ATPase activity of EHD2.  
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INTRODUCTION 

Cells are the basic units of all living organisms. One of the fundamental design of 
the cell is to separate the outside from the inside, permitting specific uptake of 
essential substances and exit of certain molecules. In this context, the constant need 
for exchange of vital molecules at the cell surface in a mammalian cell forms the 
basis for endocytosis and exocytosis, through which cells communicate with its 
surrounding environment. The involvement of the cell surface as a gateway of 
communication generates membrane vesicles that are transported from the surface 
and secretory vesicles carried to the cell membrane. The constant activity of these 
processes maintains the equilibrium of the cell’s surface area. Different protein 
machineries rigorously regulate the generation, and subsequent transport of vesicles, 
and any hindrance to these processes leads to impairment of cellular homeostasis. 

Plasma membrane 

The plasma membrane is the outermost boundary of mammalian cells, composed of 
a bilayer of different lipids, in which various protein molecules are embedded [1-3]. 
According to the fluid mosaic model, the plasma membrane is highly fluid in nature, 
and the protein molecules present in the lipid bilayer show lateral mobility within 
the membrane [3]. Along with phospholipids (phosphatidylserine (PS), 
phosphatidylethanolamine (PE), phosphatidylcholine (PC) and phosphatidylinositol-
derivatives) and sphingolipids (sphingomyelins), the lipid bilayer also consists of 
glycolipids and cholesterol. The fluidity of the cell membrane is influenced by the 
length and degree of unsaturation of the fatty acids, together with the presence or 
absence of cholesterol. Proteins (integral membrane proteins, lipid-anchored 
proteins and peripheral proteins) makeup 50% of the cell membrane weight. 
Carbohydrates, most abundantly as glycoproteins, are present on the extra-cellular 
surface of the plasma membrane. The amount of glycoproteins and the sort of 
carbohydrate present depends on the cell type [1,3]. The two monolayers of the lipid 
bilayer are asymmetric in their lipid composition [5]. In many cells, 
phosphatidylcholine and sphingomyelins are positioned in the outer leaflet of the 
membrane, whereas phosphatidylserine and phosphatidylethanolamine are located in 
the inner leaflet, creating a charge difference between the two halves. The 
asymmetry of the lipid bilayer is functionally important; many cytosolic proteins get 
recruited to the cell surface by binding to the lipid head groups found in the 
cytosolic inner leaflet [1, 4, 5]. 

Recent research on plasma membrane has significantly refined the perception of 
“fluid mosaic model” and several lines of evidence show the presence of specific 
membrane domains termed as membrane rafts within the lipid bilayer [6,7]. These 
microdomains are small (less than 200 nm size), heterogeneous, and enriched with 
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cholesterol and sphingolipids [8, 9]. In the lipid rafts, sphingolipids laterally 
associate with cholesterol molecules to form closely packed assemblies that have 
different properties in comparison to the surrounding less ordered phospholipid 
bilayer. The differential property of lipid rafts attracts certain transmembrane and 
peripheral membrane proteins. Glycosylphosphatidylinositol (GPI) anchored 
proteins are predominantly found in the outer membrane leaflet of lipid rafts, 
whereas proteins modified by post-translational modifications- palmitoylation and 
myristoylation, are targeted to the cytoplasmic membrane leaflet [10-13]. A highly 
debated, but frequently used method is the application of detergents like Triton X-
100 (at 4°C) to dissolve lipid bilayers and isolate membrane rafts as detergent-
resistant membrane (DRM) fractions. Isolation of lipid rafts as DRM fractions has 
been widely used to estimate different array of proteins that are proposed to 
associate with these types of plasma membrane fractions [14-20]. Many recent 
studies on live cell plasma membrane involving high-resolution techniques such as 
stimulated emission depletion far-field fluorescence nanoscopy and time-lapse in 
situ atomic force microscopy directly confirm the presence of microdomains [21, 
22]. 

Invaginations of the cell surface 

A typical mammalian cell plasma membrane demonstrates different types of 
invaginations to maintain cellular homeostasis (For examples see Figure 1). 
Endocytosis is the process of cellular uptake of essential substances from outside the 
cell by invaginations of the plasma membrane. It involves sorting of cargo 
molecules along with constituents of plasma membrane such as proteins and lipids.  
Endocytosis has a broad functional role such as nutrient uptake, receptor signaling, 
cell migration, neurotransmission, pathogen entry and cell polarity [23-25]. 
Different types of endocytic pathways are distinguished based on the morphology of 
the plasma membrane invagination, specific cargo and protein machineries involved 
[25-27]. In recent years, the significant role of lipids in the endocytosis mechanism 
is well appreciated. The lipid raft-dependent pathways are important for lipid bound 
ligands such as bacterial toxins and viruses [28-30]. 

Coat proteins 

Among the various endocytic pathways, the mechanism of clathrin-coated vesicle 
internalization is by far the best understood. However, our awareness and 
understanding of non-clathrin mediated pathways, such as caveolae and clathrin 
independent carriers (CLICs) have recently expanded. [31-35]. 
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Caveola clathrin coated pit CLICs

Plasma membrane

 

Figure 1: Schematic representation of the major endocytic pathways of the plasma membrane observed in 
a typical mammalian cell (simplified). The various endocytic pathways differ with respect to the size of 
the endocytic vesicle, type of cargo and the mechanism of vesicle formation.   

Clathrin-mediated endocytosis (CME) function as a “housekeeping” endocytic 
portal in many cell types. Some of the best understood cargos for CME are the 
receptors for low-density lipoprotein, transferrin and growth factors [36]. CME is a 
multistep process that involves more than fifty proteins. It begins with cargo 
selection at the cell surface by adaptor proteins, and subsequent polymerization of 
the clathrin coat, followed by dynamin mediated scission of the clathrin-coated 
vesicle. Finally, auxilin and heat shock cognate protein 70 (Hsc70) take part in 
uncoating the endocytic vesicle. The clathrin coat is central to CME, and it’s 
assemble unit, the clathrin triskeleton is composed of three copies each of clathrin 
heavy chain (CHC) and clathrin light chain (CLC). The three CHC functions as the 
structural backbone of the clathrin lattice, whereas the three CLC regulate the 
assembly of the clathrin coat. The clathrin triskeleton does not bind directly to 
membranes and the recruitment of clathrin to the cell surface is dependent on key 
adaptor protein, adaptor protein 2 (AP-2) and accessory proteins. A network of 
relatively weak interactions between the different coat components drives the 
assembly process in a feed-forward mechanism where AP-2 and CHC serve as hubs. 
The result is a membrane curvature generation and stabilization into a relatively 
uniformly shaped vesicular structure. At the final stage, dynamin oligomerizes 
around the vesicle neck causing scission from the plasma membrane. Assembly of 
the coat is dependent on phosphatidylinositol(4,5)bisphosphate (PI(4,5)P2), since 
several of the coat-components interact directly with this lipid. This is subsequently 
used for the uncoating of the vesicle, where the phosphatase synaptojanin cleaves 
PI(4,5)P2, and thereby relieves the entire coat [35-39]. 

In an analogy to CME, it is believed that the assembly of coat proteins drives other 
types of invaginations of the plasma membrane. For example, when observed by an 
electron microscope (EM), caveolae appear to display a coat, judged by the striated 
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pattern on the caveolae-bulb [40].  The caveolae coat is composed of caveolar 
proteins (see later sections). A clathrin and caveolae independent pathway, clathrin-
independent carriers (CLICs) are involved in the internalization of 
glycosylphosphatidylinositol-anchored proteins (GPI-APs) via uncoated tubular 
invaginations. CLICs show dynamin-independent scission, and some of the cargos 
assigned to CLICs are fluid phase markers, like the cholera toxin sub unit B and 
CD44. The CLIC pathway is regulated by actin dynamics along with ADP-
ribosylation factor 1(ARF1) and cell division control protein 42 homolog (Cdc42) 
and more recently addressed GTPase regulator associated with focal adhesion 
kinase-1 (GRAF1) [35, 41-47]. Although the overall contribution of CLIC pathway 
to total endocytosis may vary depending on the cell type, this pathway seems to play 
a major role in the turnover of the plasma membrane. 
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CAVEOLAE  

Caveolae overview 

Caveolae are flask shaped plasma membrane invaginations with a diameter around 
50-100 nm. They are present in many mammalian cell types and abundantly found 
in the endothelial cells and adipocytes, where they represent up to 50% of the 
plasma membrane [48-50]. Caveolae can be considered as a type of lipid raft 
(microdomain) since they are enriched in cholesterol and sphingolipids [48, 51]. At 
the plasma membrane, caveolae can exist as individual membrane entities or as 
multiple assemblies to form caveolae rosettes [52]. The association with the cell 
surface can range from stable assemblies to a dynamic “kiss and run” type, 
undergoing several rounds of fission and fusion with the membrane [53-55]. 
Caveolae functions in diverse cellular and physiological processes such as lipid 
homeostasis, mechanosensation, signaling and endocytosis, although the exact role 
of caveolae as endocytic carriers is debated [48, 50].  

 

(A)

(B)

0.2 μ m  

Figure 2: (A) Electron micrograph of a fibroblast in cross section displaying caveolae as omega (bulb) 
shaped invaginations in the plasma membrane. (B) Quick-freeze, deep-etch electron micrograph of 
caveolae at the cytoplasmic side of the plasma membrane. The characteristic striations running over the 
entire caveolae bulb represents the caveolae coat. Note that caveolae differs from clathrin-coat pits (top 
right panel B) in both size and architecture (Adapted with permission from [40]). 
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Electron microscopic analysis of caveolae revealed a striated pattern on their 
cytoplasmic surface proposed to represent the “caveolae coat” in analogy with CCV 
coat (Figure 2) (see next sections) [40, 56-58].  

Caveolae biogenesis and dynamics 

The generation of caveolae is a multistep process that involves oligomerization of 
caveolin1 and association of cavin family proteins at the cell surface. Although the 
mere expression of caveolin1 can form caveolae like structures in heterologous 
systems, the cavin family proteins are indispensable in the mammalian cells for the 
assembly of caveolae [59-64]. 

Caveolins are synthesized as integral membrane proteins in endoplasmic reticulum 
(ER), and immediately after expression, they undergo oligomerization. Caveolins 
traffic to the cell surface through the Golgi complex. At the Golgi complex, 
caveolins undergo a conformational change, and associate with cholesterol and 
sphingolipids. Association of caveolins with cholesterol forms high order oligomers, 
imparting detergent resistance [65]. Interestingly, the cavin-family proteins do not 
associate with caveolin1 at ER or Golgi, and are found only with the cell surface 
caveolin1. [60, 65].  

 
 

 

 

 

 
 

 

 

 

Figure 3: Graphical representation of a caveola, showing EHD2 oligomers at the neck. Characteristic 
striations running over the entire bulb depicting either cavin1-cavin2 or cavin1-cavin3 complex as 
indicated in two different colors. 
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A recent study reported a quantitative estimation of caveolae coat proteins and 
according to this study, cavin1 associates with caveolin1 in a 1:4 ratio, and cavin1 
molecules form complexes with either cavin2 or cavin3 in a ratio of 2:1 or 3:1 [66].     
The whole caveolae coat was predicted to consist of 150-200 caveolin1 and 50 
cavins [67]. The number of caveolin1 molecules per caveolae correlates with the 
earlier report [55]. Nevertheless, the stoichiometry of cavins, in relation to the cavin 
hetero-complex formation needs more experimental clarification. This is important 
for the overall understanding of the caveolae coat, since the ratio of cavins 
influences the caveolae coat formation, and in turn caveolae functions [68, 69]. 

Caveolae exhibit different types of populations at the cell surface. They can range 
from static caveolae without lateral movement, stable caveolae showing movement 
within the plane of the plasma membrane, endocytosed caveolae and caveolae that 
undergo continuous rounds of fission and fusion with the plasma membrane called 
the “kiss and run” type [55]. The most debated argument within the field of caveolae 
is, whether caveolae undergo endocytosis? Lack of specific cargo and drawbacks of 
overexpression of caveolin1 has hindered this study for a long time [48, 50]. It is 
assumed that only 5% of the total caveolae undergo endocytosis, whereas around 
50% of the caveolae are of the “kiss and run” type [55, 70]. Not much is known 
about the mechanism that controls the stable association of caveolae at the plasma 
membrane. However, recent studies from our lab and Ari Helenius’ group showed 
that dimeric ATPase Eps15 Homology Domain containing protein 2 (EHD2) is 
localized to the caveolae neck (Figure 3). EHD2 confines caveolae to the cell 
surface and influence the population of the “kiss and run” type caveolae [71, 72]. 
The exact role of the “kiss and run” type caveolae is not known. Representing about 
half of the total caveolae population, they may have a great impact on the overall 
caveolae turnover and function.  

 

 

 

 

 

 

 



 

8 

CAVEOLAE COAT PROTEINS 

The number of identified proteins that are affiliated to caveolae are limited in 
comparison to that of clathrin-mediated endocytosis. The ability of caveolin1 to 
induce de novo formation of caveolae in cells and electron microscopic studies, 
confirm caveolin1 as an essential component of the caveolae coat [40, 73]. Mass 
spectroscopy proteomic analysis of caveolae purified from human adipocytes 
identified PTRF, SDPR, SRBC and EHD2 might be associated with caveolae 
(described below) [74]. Subsequent work showed that cavins, EHD2, PACSIN2 and 
dynamin are associated to caveolae. The core components of caveolae comprising of 
caveolin1 and cavin family proteins are indispensable for its assembly, architecture 
and functions [66, 69]. The caveolae regulating proteins, EHD2 and PACSIN2 
control the dynamics of caveolae at the cell surface [71,72,77].  In addition, 
PACSIN2 has been reported to be involved in the invagination of caveolae [75,76]. 
Nevertheless, PACSIN2 is not a core component of the caveolae coat [66]. Dynamin 
has been proposed to have a role in the scission of caveolae at the cell surface and 
PACSIN2 is involved in the recruitment of dynamin to caveolae [77]. 

Contrary to the clathrin coat, the caveolae coat does not show cycles of assembly 
and disassembly at the cell surface [48,78]. Once assembled, the caveolae coat 
remains stable and like the clathrin coat, it is also an electron dense coat, and shows 
striations running over the entire caveolae bulb [40, 56, 58, 79]. 

Caveolins 

Three types of caveolins are present in the mammalian cells - caveolin1, caveolin2 
and the muscle tissue specific, caveolin3. Caveolae formation is dependent on 
caveolin1 and 3, whereas caveolin2 is non-essential for caveolae biogenesis, its 
transport to the plasma membrane and stability in cells depends on caveolin1 [48, 
80, 81]. Caveolins expression is not limited only to the mammals. They are found in 
many branches of metazoans such as Caenorhabditis elegans, Xenopus laevis, 
Danio rerio, but are absent in plants and fungi. Caveolins expression does not 
coincide with caveolae formation in all species and the studies in non-mammalians 
indicate that caveolin1 has roles outside caveolae [82-85]. 
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Figure 4: Model-showing topology of caveolin1 as an integral membrane protein. The intra membrane 
domain (hairpin domain) is inserted into the membrane and both the N-terminal and C-terminal region are 
exposed to the cytoplasmic side of the plasma membrane (Adapted with permission from [48]). 

Caveolin1 is a 22kD integral membrane protein, which binds cholesterol to form 
high order oligomers, and its basic function seems to drive membrane curvature [59, 
86, 87]. It is proposed to have a hairpin-like structure, with both of its N-terminal 
and C-terminal regions exposed to the cytosol (Figure 4) [88]. The N-terminal 
region that is soluble in the cytosol consists of amino acids 1-101 and harbors the 
caveolin scaffolding domain (CSD) (amino acids 81-101) [88]. Caveolin1 
oligomerization and caveolae formation is dependent on CSD, and it is proposed to 
be involved in the regulation of several signaling events by direct protein-protein 
interactions. This interaction is believed to be mediated via the CSD and the 
consensus sequence known as caveolin binding motif (CBM, is shown to have one 
of the following sequences - Ω✕Ω✕✕✕✕Ω, Ω✕✕✕✕Ω✕✕Ω or Ω✕Ω✕✕✕✕Ω✕✕Ω 
where Ω is an aromatic residue and ✕ is any amino acid) of the interacting protein 
[88]. Generally, the caveolin-interacting protein is thought to be held in an inactive 
state upon caveolin1 interaction [89-99]. Research from different groups have 
questioned the role of caveolin1 in the regulation of signaling molecules in this 
fashion. Based on the modeling studies, the proposed CBM was observed to be 
buried inside the hydrophobic region of the membrane. Therefore, it would be 
unavailable for the direct interaction with CSD. There is no direct correlation 
between the number of CBM-containing proteins in organisms and abundance of 
caveolae. Moreover, in many signaling proteins, the CBM is inaccessible and does 
not show any conformational change to bind CSD [100, 101]. The membrane 
insertion region or intra membrane domain (IMD) (amino acids 102-137) of 
caveolins is hydrophobic in nature, and is crucial for the formation of caveolae [48]. 
The C-terminus (amino acids 138-178) is palmitoylated and has been proposed to be 
involved in lipid association [48]. Deletion of this region leads to targeting of 
caveolin1 to lipid droplets in the cells [88]. 
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Cavins 

The morphologically distinct bulb shaped caveolae are only observed in the 
vertebrates, coinciding with the expression of the cavin-family proteins [69]. In the 
past decade, work from various groups have shown that the cavin family proteins 
are found to be indispensable for assembly, architecture and function of caveolae in 
the mammalian cells. Originally, each member of the cavin family was characterized 
in various cellular functions entirely unrelated to caveolae [60-64]. 

 

 

Figure 5: Schematic representation of the mouse cavin sequence. Top - Domains showing PEST, LR and 
NLS as predicted ahead of 2010. Bottom - More recent representation of cavin protein domains. Cavins 
showing alternating disordered regions (DRs) and helical regions (HRs). Note the difference in isoelectric 
point (pI) for the disordered region and helical region (Adapted with permission from [64] and [106]). 

The cavin family includes cavin1, cavin2, cavin3 and muscle specific, cavin4. 
Cavin1 was identified as a protein involved in the regulation of the transcription 
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complex release, and hence was officially named polymerase I and transcript release 
factor (PTRF). It is the key cavin protein essential for the formation of caveolae. 
Lack of cavin1 leads to a complete loss of caveolae in the mammalian cell lines and 
mouse models [60, 61]. Cavin2, officially named as serum-deprivation-response 
protein (SDPR), was discovered as a protein induced by serum deprivation, and 
showed high affinity for PS in platelets. It plays a significant role in generating 
invagination of caveolae and loss of cavin2 in mouse models lead to shallow 
caveolae in some tissues [62, 68, 103]. Cavin3 was primarily identified as SDPR-
related gene product that binds to C kinase (SRBC) and it was also known as protein 
kinase C delta-binding protein (PRKCDBP) [104]. Cavin3 was proposed to be 
involved in caveolae trafficking [63]. 

Cavins form high molecular mass, detergent-resistant complexes in the cells. The 
oligomerization of cavins is independent of caveolin1 or plasma membrane [65, 66]. 
By virtue, cavin1 is a homo-trimer and it forms two separate specific sub-
complexes, existing as cavin1-cavin2 or cavin1-cavin3, that represents the 
characteristic striations observed over the entire bulb of caveolae (Figure 3) with 
complete omission of cavin2-cavin3 complex [66, 67]. The expression pattern of 
cavins varies between tissue types, indicating that the ratio of different cavins 
influence cavin coat formation, and overall different functions of caveolae [68]. 

The cavin family proteins were formally presumed to share a common PEST 
(proline, glutamic acid, serine and threonine rich) domain, along with PS binding 
and predicted leucine-rich regions (LR) (Figure 5) [64]. Recently, all cavins were 
shown to share similar patterns of negatively charged disordered regions (DRs) 
alternating with positively charged helical regions (HRs) (Figure 5) [106]. The 
PEST domains inclusive to DRs of cavins are highly susceptible to proteolytic 
degradation, indicating overall regulation of cavin homeostasis and function [107]. 

Figure 6: Crystal structure of mouse cavin1 HR1 domain corresponding to amino acids 45-155 (Adapted 
with permission from [106]). 

Apart from sharing high sequence homology, the cavin family proteins show 
similarities at the structural levels also. Crystallographic analysis of HR1 domain of 
murine cavin1 and zebrafish cavin4a revealed a α-helical trimeric parallel coiled-
coil structure (Figure 6) [106]. 
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Eps15 Homology Domain containing protein 2 (EHD2)  

Eps15 homology domain-containing proteins belong to the dynamin super-family 
based on their structural similarities, although they bind ATP rather than GTP. The 
common features connecting EHDs to dynamins are their low affinity for 
nucleotides, low basal level and lipid binding stimulated nucleotide hydrolysis, and 
their potential to tubulate liposomes in vitro by oligomerization in ring-like 
structures [108]. EHDs were reported to be membrane-remodeling proteins involved 
in recycling endosomes and endosomal sorting [109]. There are four EHDs in 
mammals (EHD1-4), but one in Drosophila melanogaster and Caenorhabditis 
elegans. EHDs harbor a N-terminus GTPase (G) domain, followed by a helical 
domain, a linker region and a C-terminus Eps15 homology (EH) domain, known to 
interact with Asn-Pro-Phe peptide (NPF) motifs (Figure-1a in [108]). 

 

      

EH-domainEH-domain

Lipid binding

G-domain interface

  

Figure 6: Structure of EHD2. Crystal structure of mEHD2 dimer (left) (Adapted with permission from 
[108]). Cartoon representing the architecture of mEHD2 (right).  

EHD2 was first identified as a potential caveolae-affiliated protein, through mass 
spectrometric analysis of purified caveolae [74]. Subsequent work from different 
research groups have shown that EHD2 is localized at the neck of caveolae. It 
regulates caveolae dynamics at the cell surface, and is not involved in the clathrin 
mediated endocytosis or endosomal recycling, as previously reported [71, 72]. 
Unlike EHD1, the EH domain has no role in the localization of EHD2, whereas the 
G-domain loop and ATP binding is essential for caveolar localization [71]. EHD2 is 
not required for assembly of caveolae, rather it confines caveolae to the plasma 
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membrane. Oligomers of EHD2 exhibit dynamic rounds of exchange at the caveolae 
neck and regulate the turnover of caveolae at the cell surface. Depletion of EHD2 in 
cells results in a more dynamic caveolae [71, 72]. It was shown to bind PI(4,5)P2 
containing liposomes and interestingly, recruitment of EHD2 to caveolae has been 
proposed to depend on PI(4,5)P2, nevertheless this needs more evidence [108, 110].  

The crystal structure of the mouse full-length EHD2 bound to AMP-PNP (non-
hydrolysable ATP analogue) indicates that the protein dimerizes via a conserved 
hydrophobic interface in the G-domain, located opposite to the nucleotide binding 
pocket. The two-helix domains that extrude out as a result of dimer formation are 
involved in lipid binding, and generate a highly curved membrane-binding interface. 
The EH domain is positioned on top of the G-domain of the opposing monomer 
binding to GPF motif of the linker region. The entire architecture of dimeric EHD2 
resembles a scissor shape with finger holes as EH domain, screw as G-domain 
interface and the tip of the blades as membrane binding regions (Figure 6) [108]. 

The crystal structure of EHD2 starts from the amino acid residue 19, whereas the N-
terminus residues 1-18 along with the G-domain loop (KPF-NPF loop) were not 
resolved [108]. The N-terminal residues are conserved among EHD family proteins, 
indicating a common function. Recently, by employing electron paramagnetic 
resonance (EPR) in addition to X-ray crystallography, the N-terminus was found to 
be folded into the hydrophobic pocket of the G-domain in solutions, and in the 
presence of the membrane it can insert into the membrane leaflet [111]. 

Protein kinase C and casein kinase substrate in neurons protein 2 
(PACSIN2) 

PACSIN2 is a member of Bin-amphiphusin-Rvs167 (BAR) domain-containing 
superfamily, and extended Fes-CIP4 homology (EFC)/FCH-BAR (F-BAR) domain 
containing subfamily. BAR domain proteins form homo dimers of crescent shape 
and sense or generate membrane curvature. PACSIN2 consists of a N-terminal F-
BAR and a C-terminal SH3 domain. The SH3 domain has been proposed to bind 
dynamin, and the F-BAR domain binds to negatively charged inner surface of the 
plasma membrane [112-115]. 

PACSIN2 interacts directly with the EH domain of EHD2 via the NPF motif [71]. In 
cells, it localizes at the caveolae and also binds the N-terminal region of caveolin1 
and the full length protein induces tubulation of liposomes in the presence of 
caveolin1 [75, 76]. Knock down of PACSIN2 leads to flat caveolae in cell lines and 
it is believed to recruit dynamin at the site of caveolae neck [75-77]. BAR domain 
proteins are known to bind PI(4,5)P2 and interestingly, caveolae are believed to be 
enriched in PI(4,5)P2 [115-117]. Apart from involving in the morphology of 
caveolae, PACSIN2 also has a role in its stability. Phosphorylation of PACSIN2 
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leads to its uncoupling from caveolae and eventually results in more dynamic 
caveolae [77]. 

Dynamin 

Dynamin has been proposed to localize at the neck of caveolae, and is involved in 
the scission of caveolae in a GTP dependent manner. Overexpression of mutant 
dynamin that fails to hydrolyze GTP inhibits caveolae budding from the cell surface 
[118-120]. EHD2 depletion leads to a more dynamic caveolae, whereas dynamin 
depletion seems to result in a more stable caveolae at the cell surface. In the context 
of dynamin’s role as a caveolae scission protein and EHD2 as a caveolae stabilizing 
protein, it is very interesting to understand the overall regulation of caveolae 
dynamics at the cell surface. It has been proposed that brain-expressed EHD1/3 
ortholog in the lamprey giant reticulospinal synapse may inhibit dynamin dependent 
vesiculation, regulating the cellular role of dynamin [187]. Although studies from 
different research groups have characterized the role of dynamin, observations from 
our lab regarding the function of dynamin in relation to caveolae needs further 
clarification. 
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CAVEOLAE IN CELL AND ANIMAL PHYSIOLOGY 

Caveolae are appreciated as an important plasma membrane structure in maintaining 
cellular homeostasis, and are associated with diverse functions that include 
mechanoprotection, lipid homeostasis, endocytosis, plasma membrane organization 
and signaling. Even though caveolin1 knock out mice are viable and fertile, several 
lines of evidence from different laboratories confirm that adipocytes, myocytes and 
endothelial cells are dysfunctional in the absence of caveolae [48, 50]. 

Mechanoprotection 

The morphology of caveolae at the cell surface gives an impression of a role as 
physical buffering system of the plasma membrane [121]. Various reports involving 
experiments both in vivo and in vitro confirm that caveolae flatten upon stretching of 
the plasma membrane. Flattening of caveolae due to increased membrane tension 
caused by hypo-osmotic swelling or mechanical stretch protects the cells from 
membrane rupture or cell lysis. The mechanoprotective role of caveolae is much 
appreciated in cardiomyocytes, skeletal muscle tissue, and endothelia, which deals 
with lot of mechanical force [122-129]. Caveolae have also been implicated in 
membrane repair by forming clusters/rosettes at the site of damage and subsequent 
endocytosis of the plasma membrane [130]. 

Lipid homeostasis 

One of the first functions that were ascribed to caveolin1 was the influence on lipid 
trafficking in C.elegans [83, 131]. In addition, lipodystrophy and loss of 
subcutaneous fat are the major phenotypes of mice lacking caveolae [132, 133]. 
Caveolin1 binds cholesterol, fatty acids and has a function in cholesterol trafficking 
[135, 136]. Its loss has been reported to reduce lipid biosynthetic enzymes 
expression levels, and in turn alters the abundance of certain lipid molecules at the 
plasma membrane [137]. Altered trafficking of glycosphingolipids is reported from 
caveolin1 deficient cell lines [70, 138].  All together, caveolae regulate lipid 
composition in the plasma membrane.  

Signaling platform 

Identification of several signaling molecules within the purified caveolae-enriched 
membrane fractions led to the hypothesis that caveolae acts as a platform that 
compartmentalize several signaling components. The long list of signaling 
molecules such as endothelial nitric oxide synthase (eNOS), epidermal growth factor 
receptor (EGFR), insulin receptor and mitogen activated protein kinase was 
proposed to interact through caveolin binding motif (CBM) with the caveolin 
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scaffolding domain (CSD) of caveolin1. Signaling molecules that bind to CSD are 
inactive and upon their release from caveolin1 activate downstream molecules. 
However, recent work has questioned the role of caveolae as an universal signaling 
hub, and many signaling molecules co-purified with caveolin1 may be present due 
to an artifact of the technique, considering caveolae as detergent resistant membrane 
fractions [89-99]. Several line of studies along with the structural analysis of CBM, 
blunt the overall idea of signaling involving CBM interaction with CSD. According 
to the current studies, CBM is not exposed at the surface of many signaling 
molecules, and CSD lie in close proximity with lipid bilayer to be accessed by 
signaling proteins [100, 101]. The entire “signaling hypothesis” of caveolin1 
requires thorough investigation for better understanding. 

Endocytosis and transcytosis 

Caveolae function in endocytosis and its significance has intrigued researchers for a 
long time. Previous studies indicated that various types of cargos, such as the SV40 
virus and cholera toxin were endocytosed by caveolae [120, 139, 140]. However, 
recent reports showed that many of these cargos are taken up by classical endocytic 
pathways, highlighting the complications due to over expression of caveolin1-GFP 
in relation to the study of cargos uptake via caveolae [143]. More experimental 
evidence is required for assigning cargos to caveolae. The overall contribution of 
caveolae to endocytic flux is minimal, and a recent study has suggested that only 5% 
of the total caveolae population takes part in endocytosis, observed at high lipid 
induced level [70]. Recent experiments suggest that caveolae can also act as a 
regulator of clathrin independent endocytosis [144]. In endothelial cells, caveolae 
are shown to be involved in a specialized form of endocytosis called transcytosis. In 
transcytosis, caveolae are believed to mediate the transfer of albumins, low-density 
lipo proteins (LDLs) from apical side of the cell to the opposite side [145-151]. This 
function of caveolae is under scrutiny, and studies from caveolin1 deficient mice do 
not support its role in transcytosis [152, 153]. 

Caveolin and cavin deficient mice 

Despite the fundamental role of caveolins in caveolae biogenesis, all caveolins 
knockout mice including caveolin1 + caveolin3 double knockouts are viable and 
fertile, indicating a surrogate mechanism [156-159]. Caveolin1 knockout mice 
display lipodystrophy, insulin resistance, impaired angiogenic response, 
cardiomyopathy, pulmonary abnormalities and urogenital dysfunctions, and are 
resistant to diet induced obesity [154-157]. Mice lacking caveolin2 show pulmonary 
dysfunction with alveolar septal thickening, hyper-proliferation of endothelial cells 
and exercise intolerance.  All these phenotypes must be due to lack of caveolin2, 
since it do not regulate caveolin1 expression or caveolae abundance; whereas, it is 
degraded in the absence of caveolin1 [160]. Caveolin3 deficient mice show loss of 
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sarcolemma caveolae without affecting the non-muscle caveolae. They exhibit 
muscular dystrophy, myopathic changes of skeletal muscle along with mild to 
moderate cardiomyopathy [158, 159]. Caveolin1 + caveolin3 double knockout mice 
failed to form caveolae in all the cells, and showed phenotypes of both caveolin1 
and caveolin3 single knockouts [159].  

Reports on cavin1 knockout mice demonstrated that cavin1 is necessary for caveolae 
formation whereas mice lacking it were viable, but showed characteristic features of 
lipodystrophy – elevated levels of triglycerides, glucose intolerance, 
hyperinsulinemia, pulmonary hypertension and decreased adipose tissue mass [61, 
161, 162]. There is also a report showing that cavin1 deficient mice exhibits 
perinatal lethality [188]. Cavin2 lacking mice show tissue specific loss of caveolae, 
where the perturbance is observed in lung and adipose tissue, but not in heart and 
skeletal muscle tissue [68]. Studies on cavin2 and cavin3 null mice with relevance to 
physiological significance have not been reported. Although, one study indicates 
severe lipodystrophy along with 40% reduction in body weight in cavin3 knock out 
mice [163]. Contrarily, it was also shown that cavin3 null mice do not affect 
caveolae abundance [68, 164]. 

Caveolin and cavin in human disease 

There is a strong evidence for the role of caveolins and cavins in the development of 
human disease. Caveolin3 gene mutations lead to muscular dystrophy. A substantial 
number of autosomal dominant mutations of caveolin3 have been reported in 
connection to rippling muscle disease, distal myopathy and hyperCKemia [165-
171]. Mutations of the PTRF (cavin1) gene are linked to muscular dystrophy, 
myopathy, cardiac arrhythmias and hyperCKemia [50]. Mutations of this gene result 
in complete absence of cavin1 at the protein level. The complications associated 
with the PTRF (cavin1) gene may be due to secondary deficiency of caveolins [134, 
172-175]. 

Lipid dystrophy, loss of fat mass and adipocyte dysfunction are the major 
phenotypes observed in humans caused by the lack of caveolae. However, mutations 
of caveolin1 in relation to lipodystrophy in humans have not been reported so far, 
but cavin1 gene mutation connected to generalized lipodystrophy is widely reported 
[172-175]. 

Caveolin1 involvement in cancer has been well documented, and suggested to have 
tissue specific function, either as a tumor suppressor or tumor promoter and 
contrarily, different groups assign opposing roles for the same tissue [176]. 
Caveolin1 acts as a tumor promoter in hepatocellular carcinoma, colon, pancreatic 
and breast cancer, and as a tumor suppressor in colorectal, ovarian, lung and gastric 
cancer [177, 180]. Caveolin1 depleted cells show increased proliferation and 
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promote tumorigenesis [178]. Mutation at caveolin1-P132 corresponding to 
membrane spanning region has been reported in 16% of breast cancer patients [179]. 
Cavin proteins act as tumor suppressor, and their protein levels are downregulated in 
several types of cancers, such as breast, prostate and lung. Several groups have 
addressed the role of cavin1 in prostate cancer; cavin3 down-regulation in 
colorectal, ovarian, lung, gastric and breast cancer [176, 181-183]. Cavin1 acts as a 
tumor suppressor in prostate cancer by decreasing angiogenesis and 
lymphangiogenesis [184, 185]. The role of cavin3 as a tumor suppressor is attributed 
to its function as an extra-cellular matrix regulator [186].  
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AIMS 
 

The aims of this thesis were to understand 

 

1) The caveolae coat and perceive the interactions between proteins of 
caveolae coat at the domain level. 
 

2) The molecular mechanism used by EHD2 and other proteins of caveolae to 
regulate caveolae dynamics. 

 
3) The influence of lipids on the conformation of cavins and EHD2. 
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TOOLS AND METHODS 

Recombinant protein purification 

Recombinant protein expression and purification are one of the basic and 
authoritative techniques in biological science. For the expression of the proteins 
both in vivo and in vitro systems are used.  Some of the in vivo expression systems 
include bacteria, yeast, filamentous fungal cells, cultured insect and mammalian 
cells, whereas in vitro expression involves cell free systems. No single method is 
suitable for every protein and choice of the system is a compromise of purity, yield 
and stability of the protein of interest.  A wide variety of affinity tags are used in the 
purification procedures such as GST, His6-Trx, MBP etc. Some of the tags fused 
with the target protein increase the overall solubility and stability of the protein and 
they can even act as chaperones. 

Fluorescence resonance energy transfer (FRET) 

FRET is a technique to gauge the distance between two chromophores and involves 
the non-radioactive transfer of energy from an excited fluorophore (the donor) to 
another fluorophore (the acceptor). The decrease in the fluorescence of the donor 
leads to a corresponding increase in fluorescence of the acceptor, forming a FRET 
pair (Figure 7). The technique is dependent on the choice of FRET pair, where the 
absorption spectra of the acceptor overlap with the fluorescence emission spectra of 
the donor and effective when the distance of donor-acceptor pair is less than 10 nm. 
In addition, several other parameters also influence the overall FRET efficiency. 
Foster radius is the distance at which energy transfer is 50% efficient between donor 
and acceptor, where (E) is efficiency, (Ro) is the foster radius, and (r) is the distance 
between donor and acceptor. (E) is calculated using the formula  

E=Ro6  / Ro6 + r6 

FRET

Donor Acceptor  

Figure 7: Simplified diagram representing FRET principle 
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The apparent FRET efficiency was calculated using the below formula, where Idonor 
and Iacceptor indicate the fluorescence intensities of the donor and acceptor dye at the 
wavelength of maximum emission. 

E= Iacceptor/Iacceptor + Idonor 

Gas-phase electrophoretic mobility molecular analyzer (GEMMA) 

In biochemical analysis, protein assembly size and relative molecular mass 
determination is of great importance. GEMMA is a differential mobility analysis 
technique used to perform rapid and high resolution sizing of macromolecules like 
proteins, polysaccharides, nucleic acids, and colloids. GEMMA belongs to classical 
mobility based particle sizing technique. It involves aerosolizing of the 
macromolecule, and based on the electrical mobility, the diameter is measured 
which is a fundamental function of a particle size. Advantages of GEMMA include 
high accuracy, and good resolution measurement of multimodal size distributions, 
apart from the determination of molecular weight of proteins. It is fast, reliable and 
utilizes low quantity of the sample material. 

Infrared reflection-absorption spectroscopy (IRRAS) 

Lipid monolayer studies have more advantages than bilayer in terms of regulating 
various physical parameters necessary for understanding the fundamental interaction 
between proteins and membrane surfaces. IRRAS is an unique technique to study 
protein conformation at lipid monolayer films. IRRAS provides a better 
understanding of molecular structure and orientation of proteins from lipid/protein 
monolayer films at the air/water interface, mimicking the physiological conditions. 
Apart from giving structural information at monolayer interface, IRRAS can also be 
useful to study the long-term temporal stability of protein structure in the presence 
or absence of lipids at the interface and examine surface pressure induced secondary 
structure changes in the protein molecule.  

Transmission electron microscopy (TEM) - Negative staining 

TEM negative staining is an effective tool for examining purity, 
homogeneity/heterogeneity, and morphology of large macro molecular assemblies. 
TEM negative staining provides high contrast images in a short time, making it one 
of the routine techniques used to estimate the tubulation property of membrane 
remodeling proteins.  
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Total internal reflection fluorescence (TIRF) microscopy and tracking 

One of the important aspects in this thesis work is to understand the regulation of 
caveolae dynamics, an event that happens very close to the plasma membrane. To 
address this, we employed live cell TIRF microscopy of caveolin1-GFP Flp-In TRex 
cell lines and used Imaris software to track the duration and displacement of 
fluorescent spots. TIRF microscopy facilitates selective visualization of basal 
plasma membrane within less than 200 nm, providing information about the features 
and events at the cell surface of live cells. Imaris is an effective tool to estimate the 
lifetime and dynamics of membrane structures at the cell surface. 
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RESULTS AND DISCUSSION 

Cavin coat  

Morphologically defined caveolae have only been described in vertebrates, which 
correlates with the expression of cavin proteins [69]. Cavins are cytosolic proteins 
that exist as high order oligomers, independent of caveolin1 and plasma membrane. 
Previous work proposed that cavin1 is a homotrimer and cavins exist as two separate 
cavin sub-complexes, either as cavin1-cavin2 or cavin1-cavin3 [66, 67]. Recent 
studies indicate that the characteristic caveolae striations observed using electron 
microscopy are cavin protein complexes [69]. 

To understand the mechanism of cavin oligomerization at the domain level various 
truncates of cavin1, cavin2 and cavin3 proteins were purified including full-length 
cavin proteins (Figure 8). 
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Figure 8: Schematic illustration of full length and various truncated forms of cavin proteins and 
caveolin1 produced and purified in this thesis study. The cavin proteins were truncated based on domains 
representation in [64]. 
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In paper I, we observed that the N-terminal region of cavin1 (1-100) interacts with 
the N-terminal region of cavin2 (1-168) and cavin3 (1-84) using GST pull down 
assays. Immunoprecipitation and co-localization studies in cells confirmed that the 
N-terminal regions of cavin1 and cavin3 interact and this is essential for recruitment 
of cavin3 to the cell surface. Since both the N-terminus of cavin2 and cavin3 bind to 
the same region of cavin1, we examined whether they competed for cavin1 binding. 
Pull down assays involving a mixture of both cavin2 and cavin3, confirmed the 
presence of two distinct hetero-complexes composed of either cavin1-cavin2 or 
cavin1-cavin3 (Paper I). We also observed that cavin2 and cavin3 did not form a 
complex, and that a single complex composed of all the three cavin proteins could 
not be detected. These data refined our understanding of cavin sub complex 
formation, and confirmed previous in vivo observations [66, 67]. 

Several lines of evidence including crosslinking, gel filtration and GEMMA 
demonstrated that the N-terminal region of cavin1 (1-100) is a trimer (Paper I) 
indicating that this region is sufficient to drive trimerization of cavin1. Gel filtration 
analysis suggested that trimers of the N-terminal region of cavin1 were in an 
extended conformation. Our data is consistent with the crystal structure of HR1 
domain of cavin1 (45-155), a long α-helical homotrimeric coiled-coil protein, which 
was reported at same time by Kovtun et al. [106]. 

Further, we aimed to clarify the stoichiometry of the cavin1-cavin3 hetero-complex.  
GST pull down assays indicated that only cavin1 could form a homotypic complex, 
but not cavin2 or cavin3. GEMMA results confirmed the monomeric status of N-
terminus cavin3. Using cross-linking and pull down assays, we observed that the 
monomeric cavin3 (1-84 or 1-135) interacted with the trimeric cavin1 (1-100) to 
form a tetramer (Paper I). This was later confirmed using longer versions of cavin1 
and cavin3 including their lipid-binding regions (Paper II). In analogy with this, we 
hypothesized that the cavin1-cavin2 hetero-complex might also be a tetramer, since 
cavin2 did not form homotypic complex as observed in the GST pull down assay. 

It was found that cavin3 interacts directly with the scaffolding domain of caveolin1 
in a cholesterol dependent manner (Paper I). The binding between CBM of several 
signaling molecules and CSD has been questioned by several groups, whereas 
cavin3 does not carry any CBM and its interaction is independent of the last seven 
amino acids of the CSD, away from membrane proximity. The interaction of cavin3 
with caveolin1 is not essential for caveolae morphology and its recruitment to 
caveolae. 
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Membrane assembly of cavins 

Caveolae assembly is highly influenced by lipids such as cholesterol and 
sphingolipids. In addition, negatively charged lipids such as PS and PI(4,5)P2 are 
proposed to be enriched in caveolae. Previous studies have shown binding of cavins 
to PS and a recent report proposed that cavins interact with PI(4,5)P2 [69].Yet, very 
little is known about how cavins assemble on membranes.  

To analyze the interaction of cavins with lipid molecules and to map the region of 
lipid binding, we used purified full-length protein and different truncates of cavin1 
and cavin3. Liposome co-sedimentation assays showed that the middle region of 
cavin1 and cavin3 interacted with liposomes made from Folch extract (Paper I). 
Characterization of the N-terminal region of cavin1 (including the HR1) indicated 
that it binds to PI(4,5)P2, in accordance to previous study. Further characterization 
of various truncates of cavin3 in the presence of PI(4,5)P2, PS or Folch liposomes 
indicated that these regions binds to lipids in a cooperative manner. However, 
according to our in vivo studies, PI(4,5)P2 was not essential for the recruitment of 
cavins to caveolae. Taken together, these results showed that both cavin1 and cavin3 
were able to bind directly to charged lipids, whereby multiple regions of the proteins 
were involved in these interactions and that PI(4,5)P2 may not be essential for 
caveolae formation. 

Examination of caveolae enriched membrane (CEM) fractions purified from mouse 
lung showed that treatment with high salt buffer was insufficient to remove the 
cavin coat. This indicated that hydrophobic interactions play a fundamental role for 
the membrane association of cavins. To study this, we focused on the N-terminal 
region of cavin1, and tested if membrane binding induced conformational changes 
in this region of the protein. Indeed, we observed a decrease in helical content upon 
binding of purified proteins to liposomes. Using a monolayer experimental setup, we 
were able to show that the HR1 of cavin1 inserted into the lipid layer. Structural 
analysis using infrared reflection absorption spectroscopy (IRRAS), showed that the 
HR1 bound to the membrane at an angle of approximately 67° relative to the 
interface. These studies together suggested that this region is inserted in the lipid 
layer.  In summary, our results demonstrated that cavins assembly on caveolae is 
dependent on both hydrophilic and hydrophobic interactions, and the HR1 region of 
cavin1 inserted into the membrane (Paper II).  

The N-terminal region of HR1 of cavin1 and other cavins are competent to form 
oligomers (Paper I). However, the stoichiometry of cavin1-cavin3 complex is 
debated. We showed that cavin1-cavin3 is a tetramer (Paper I), whereas Kovtun et 
al. [106] proposed it to be a trimer. In paper II, we used longer versions of cavin1 
and cavin3 including the lipid-binding regions, which conformed that cavin1-cavin3 
complex forms a tetramer. Interestingly, we observed that the hetero-complex 



 

26 

formed by the N-terminal region of HR1 was disrupted upon membrane binding 
(Paper II). This again suggested that this region might be involved in membrane 
insertion. From our data, we cannot conclude whether cavins bind to membranes as 
monomers, or if other regions of the cavin protein maintain the complex upon 
membrane binding. Based on our data, we propose that firstly electrostatic 
interaction dock cavins to the membranes, which is followed by the hydrophobic 
amino acids insertion of HR1 domain. This conformational change in the cavin 
proteins results in alteration of the cavin-complex. This regulatory mechanism for 
the assembly of cavins enables that the hydrophobic region is hidden in solution and 
allowed to insert into the membrane upon initial docking to the membrane. The 
present study is limited to various truncates of cavin proteins in particular to HR1 
domain, more studies involving full-length protein may give better understanding of 
cavin oligomerization in the presence of membranes. 

Open conformation of EHD2 

EHD2 has been proposed to oligomerize at the caveolae neck. The dynamic 
exchange of EHD2 oligomers is thought to regulate the stability of caveolae. 
Although, the structure of dimeric ATPase EHD2 was known almost a decade back, 
characterization of the mechanistic cycle of EHD2 has been challenging. 

In paper III, we aimed to address the following questions:  

1) What are the conformational changes of EHD2 upon membrane binding?  

2) Why is EHD2 an ATPase and what is the exact role of G-domain loop? 

3) What is the role of the EH domain and the N-terminus? 

We showed that EHD2 inserts into the lipid layer in an ATP dependent manner. We 
established an in vitro assay for analyzing oligomerization and showed directly that, 
EHD2 indeed forms oligomers. Oligomerization was found to depend on a loop 
adjacent to the G-domain and ATP was found to promote it. Interestingly, we 
demonstrated that EHD2 inserts into the membrane in an open conformation 
involving a major tilt of the helical domains. Based on in vitro and in vivo assays, 
we found that the autoinhibited closed (crystal structure) conformation of EHD2 is 
mediated by the regulatory N-terminal and EH domains (Paper III). Taken together, 
our results showed that in analogy with other members of the dynamin family of 
large GTPases, EHD2 undergoes a major conformational change during membrane 
association. This data explains how ATP is used to stabilize a membrane inserted 
state of EHD2 that is primed for oligomerization. Intricate regulation of this 
mechanism facilitates specific oligomerization of EHD2 at the caveolae neck.  
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Regulation of caveolae dynamics 

For a long time, caveolae were assumed to be very static plasma membrane 
invaginations, but a couple of decades back it was shown that caveolae are not fixed 
to the cell surface, but exhibit continuous rounds of fission and fusion with the 
membrane (Figure 9). In this instance, the most intriguing question was how 
caveolae dynamics were regulated? Previous reports from our and also from Ari 
Helenius’ lab demonstrated that the dimeric ATPase EHD2 acts as a negative 
regulator of caveolae dynamics [71, 72].  

Since cavin3 had been proposed to influence caveolae trafficking, we aimed to study 
if this protein as a component of the coat would regulate the dynamics of caveolae. 
We used siRNA-mediated knock down of cavin3 in different cell lines. Surprisingly, 
depletion of cavin3 resulted in stabilization of caveolae at the cell surface; whereas 
depletion of EHD2 resulted in more dynamic caveolae, in accordance to previous 
observation (Paper I). Further analysis of the lifetime of caveolae at the cell surface 
revealed that cavin3-depletion specifically increased the population of stable 
caveolae, whereas it decreased the number of very fast caveolae. The effect of 
EHD2-depletion was limited to the long-lived, stable caveolae. The lateral 
movement of caveolae at the cell surface was significantly increased by EHD2-
depletion but was not affected by the cavin3 depletion (Paper I). Further, we re-
expressed EHD2 or cavin3 in cells, where these proteins had been depleted using 
siRNA. These experiments showed that the effects seen by depletion of EHD2 and 
cavin3 could be rescued by transient expression of the respective protein. 
Interestingly, we noted that re-expression of a truncated version of cavin3, lacking 
the caveolin interacting domain could also rescue caveolae dynamics. This indicated 
that interaction between cavin3 and caveolin1 is not required for its role as a positive 
regulator of caveolae dynamics (Paper I). 

 

Plasma membrane
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Figure 9. Schematic representation of caveola biogenesis and dynamics of caveola (For the sake of 
simplicity only cavins and EHD2 is represented). Cavin1 forms two separate hetero-complexes with 
either cavin2 or cavin3. EHD2 is represented as oligomers at the caveola neck. 

Overall, we conclude that cavin3 and EHD2 have opposite effects on the cell surface 
connected caveolae, where the two proteins participate in maintaining the 
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equilibrium between stable and “kiss and run” types of caveolae. Although the 
precise role of the “kiss and run” type caveolae in the cells is not known, 
understanding the protein machineries involved in the regulation might provide 
more insight. Interestingly, double knock down of cavin3 and EHD2 in cells 
resulted in dynamic caveolae, similar to EHD2-depletion. This indicates that EHD2 
plays a key role in the regulation of caveolae dynamics that cannot be replaced by 
other components in the cell.  

We analyzed the role of regulatory N-terminal region and EH-domain of EHD2 in 
the stabilization of caveolae at the cell surface. Over expression of full-length EHD2 
protein stabilized caveolae. However, caveolae were more dynamic in cells 
expressing N-terminus and/or EH-domain deletion mutants, in comparison to 
control cells. The mutants transiently associate with caveolae and were found on the 
membrane even in the absence of caveolae. This demonstrated that N-terminal 
region and EH-domain regulates the mechanistic cycle of EHD2 in cells, and this is 
fundamental for the cellular role of EHD2. 
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CONCLUSION AND FUTURE PERSPECTIVES 

The studies described in this thesis focused on the mechanism of oligomerization of 
cavins with the intention to better understand the caveolae coat, and to elucidate the 
mechanistic cycle of EHD2. Compared to the extensive research on clathrin-coats, 
little attention has so far been given to the caveolae coat. Even though, caveolae are 
not ubiquitously present, their physiological functions have been appreciated in 
certain cell types. The work conducted has provided information to better 
understand the caveolae structure and function at molecular level.  

The significance of studying the assembly of cavins is attributed to the characteristic 
bulb shape of caveolae. Our results provided more insights into the mechanism of 
the assembly of the cavin coat, and addressed the stoichiometry of the cavin sub-
complexes. Cavin1 is a trimer and forms a homotypic complex, but not cavin2 and 
cavin3. However, the N-terminal regions of all the three cavin proteins are 
competent to form cavin hetero-complexes. In the case of cavin1 and cavin3, we 
have found that the oligomerization region is uncoupled from the lipid-binding 
region. Based on our analysis of the N-terminal region of cavin1, we concluded that 
cavin proteins undergo conformational changes upon membrane binding. The 
hydrophobic amino acid stretch in the N-terminal region of cavins regulates the 
mechanism of oligomerization in the cytosol, but may not at the membranes. 
Moreover, the mechanism of assembly of cavins on the membrane involves both 
hydrophilic and hydrophobic interactions, and cavins may remodel membranes by 
the insertion of hydrophobic amino acids. 

The precise factors, which trigger the recruitment of cavins to the caveolae are yet to 
be identified. It is important to study whether this recruitment is mainly driven by 
caveolin1 or if this is the case, what role lipid molecules and/or the curvature of 
plasma membrane play? Further studies on full-length proteins and mutations of the 
hydrophobic amino acids may provide a better understanding of the proposed wedge 
effect of membrane remodeling by cavin proteins. The ambiguity between our 
observation and Kovtun et al. [106] regarding the stoichiometry of cavin1-cavin3 
hetero-complexes can be resolved by elucidating the structure of cavin1-cavin3 
proteins as a complex.  

The physiological role of caveolae depends on the dynamic balance between various 
states such as stable, “kiss and run” or flat caveolae. Our investigation on the EHD2 
mechanistic cycle provided novel insights into the dynamic exchange of EHD2 
oligomers at the caveolae neck. We demonstrated how EHD2 undergoes 
conformational changes upon membrane binding and clarified the role of ATP 
within this process. It was further addressed, how various domains of the EHD2 
protein function in the regulation of oligomerization and caveolae dynamics. Our 



 

30 

finding that ATP stabilizes the open conformation of EHD2 answers the long 
intriguing question - why are EHDs ATPases? Although, it is now known that ATP 
is required for oligomerization, studies are required to better understand whether 
ATP hydrolysis uncouples the oligomers from the membrane. The conformational 
changes in the protein upon ATP hydrolysis are yet to be determined. An interesting 
aspect to this work would be to examine, whether EHD2 and dynamin function 
reciprocally in the regulation of caveolae dynamics. Although the dynamism of 
EHD2 between an open and closed conformation may suggest a role in the fission 
process, more “kiss and run” type caveolae seem to fuse with the cell surface after 
EHD2 knock down. Unraveling the role of EHD2 as a fission or fusion protein is 
important for the better understanding of the cellular role of EHD2.  Identifying the 
exact factors associated with the recruitment of EHD2 to caveolae will help to 
comprehend the overall caveolae dynamics. 

With around 50% of caveolae population being the “kiss and run” type, it is crucial 
to understand the different molecular machineries that regulate the caveolae 
dynamics at the cell surface. Cavin3 functions as a positive regulator of caveolae 
dynamics, a phenomenon opposite to the cellular role of EHD2. We found that 
cavin3 along with EHD2 controlled the equilibrium between the surface connected 
stable and the “kiss and run” type caveolae. Regulation of caveolae dynamics by 
cavin3 and EHD2 indicated a strong cross talk between the proteins and the 
cytoskeleton. Interestingly, EHD2 knock down increased the lateral movement of 
caveolae, supporting this concept. It is essential to evaluate the physical link 
between cavin3, EHD2 and cytoskeleton components to obtain a better idea of 
factors involved in the stability of caveolae at the cell surface. Although the “kiss 
and run” type caveolae seem to function as a buffering system of the total caveolae 
population at the cell surface, the exact function needs to be examined. It is 
important to understand why caveolae in cells depleted of both cavin3 and EHD2, 
show an EHD2 loss phenotype. An improved assay is required to investigate the 
importance of interactions between the central region of cavin3 and the scaffolding 
domain of caveolin1.  
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