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Preface

This volume is the first book-length survey of caveolae and lipid rafts. Interest has
developed rapidly in the role of these surface microdomains in such diverse fields
as transmembrane signaling, cell locomotion, vascular relaxation, senescence, and
the uptake and exit from cells of viruses and bacteria. Individual chapters in this
volume cover areas as diverse as the forces that induce and maintain membrane
invaginations, and the clinical relevance of multiprotein complexes at the cell sur-
face, defects in which are associated with cancer, and Alzheimer’s and prion-de-
pendent diseases.

The book includes contributors from twelve countries. This reflects the growth
and spread of these studies over the last twenty-five years, since the recognition of
free cholesterol/sphingolipid (FC/SPH) rich cell microdomains as a distinct class
of cell-surface structures. The historical origin of this concept is presented in the
Overview by Drs Meder and Simons. Their chapter places caveolar and lipid rafts
in context as biological membranes with special roles in information transfer
across the plasma membrane, and between cell compartments. Other contribu-
tions described research, in a number of cases for the first time, in key areas of the
molecular physiology of lipid-protein complexes in rafts and caveolae.

One area addressed in several chapters is the physical nature of FC/SPH-rich
microdomains, their origin, and their lifetimes as independent structures within
the cell membrane. Are planar lipid rafts, and invaginated caveolae, variations of a
common theme? Can they be interconverted? Contributions by Dr Mayor and col-
leagues and by Drs Sens and Turner on the biophysics of lipid rafts and caveolae
respectively, break new ground in describing the techniques now available to ana-
lyze these structures. They also summarize the physical forces sustaining them in
the cell membrane.

A second group of chapters describes how these physical forces at the surface
regulate cell behaviour. The chapter by Dr van Deurs and colleagues addresses one
of the most important of these, the significance of caveolae in endocytosis, a path-
way alternate to that mediated by clathrin-coated pits. The balance of evidence
indicates that though caveolae are usually relatively stable, they can be induced to
bud off by a variety of physiological and pathological stimuli. The chapter by Drs
Park and Cho reviews the role of caveolae in maintaining cell shape, and promot-
ing locomotion, though their interaction with the actin skeleton.

X1
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Preface

A third group of contributions deals with recent research on the factors control-
ling the level of lipid (especially FC) and protein (especially the structural protein
caveolin) in cell surface caveolae. Drs Everson and Smart summarizes research
indicating that caveolins play key roles in FC homeostasis and intracellular trans-
port, in addition to promoting caveola formation at the cell surface. The chapter by
Drs C. and P. Fielding describes mechanisms by which the level of FC at the cell
surface affects the structure and function of caveolae, and re-examines the concept
of caveolin as scaffold. Data from these and other laboratories have shown that the
composition of caveolae is dynamically regulated, and can respond to the extrac-
ellular environment as well as the current internal needs of the cell.

One of the best characterized functions of FC/SPH-rich domains is to serve as
an assembly point for the multiprotein complexes that promote signal transduc-
tion. Recent research has identified structural features that contribute to the as-
sembly of these complexes. These include reversible covalent modifications, such
as changes in protein phosphorylation and acylation, that promote assembly and
disassembly, leading to signal propagation to the nucleus. The chapter by Dr Dam-
janovitch and colleagues gives a detailed review of the most recent data on these
events in lipid rafts. Dr Mastick and colleagues dissect the regulatory role of cav-
eolin within caveolae during signaling via transmembrane growth factor recep-
tors.

Perhaps the most detailed of all investigation in the field of caveolae has con-
cerned the mechanism by which the activity of endothelial nitric oxide synthase
(eNOS) a major determinant of vascular relaxation, is regulated by its association
with caveolae. The chapter by Dr Feron, based on the work of his own and other
laboratories, describes in detail the complex relationship between e-nos, caveolin
and FC.

A final group of chapters discusses the roles of FC/SPH rich domains in human
disease. Drs David and Liscovitch discuss the roles of caveolin and caveolin in
cancer cells, and show that under different conditions both positive and negative
pathways can be identified. The chapter by Dr Zurzolo and colleagues describes
the recently identified roles of FC/SPH domains in the pathophysiology of prion-
based and Alzheimer’s diseases.

The present volume has two main purposes. It brings together current hypoth-
eses about the structure and functions of lipid rafts and caveolae by leading ex-
perts. These ideas will be of interest to biophysicists, biochemists, cell biologists
and clinicians who study biological membranes. The book also provides a conven-
ient reference work summarizing published work in this rapidly growing area. We
hope that this will assist the research of a new generation of investigators drawn to
this subtle but fascinating field, with its ramifications in many areas of current
biology.

San Francisco, December 2005 Christopher J. Fielding
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Lipid Rafts, Caveolae, and Membrane Traffic

Doris Meder and Kai Simons

1.1
Introduction

Cell membranes are dynamic assemblies of a variety of lipids and proteins. They
form a protective layer around the cell, but also mediate the communication with
the outside world — that is, neighboring cells in a tissue, hormones and growth
factors arriving with the blood supply, or pathogens trying to enter the system. The
unique feature of cell membranes is that their lipid and protein constituents can
self-assemble into 5 nm-thin, two-dimensional fluids composed of two apposing
lipid monolayers that form a hydrophobic interior and two polar interfacial regions
oriented towards the aqueous medium. This organizing principle — the lipid bi-
layer — is the oldest, still valid molecular model of biological structures. The first
model that incorporated proteins was proposed by Danielli and Davson, and as-
sumed that the bilayer was made up entirely of lipids and that proteins covered the
two polar surfaces [1]. Some 40 years later, the fluid mosaic model of the cell
membrane proposed by Singer and Nicolson [2] was a conceptual breakthrough.
Amphipathic membrane proteins were recognized to reside within, and even
span, the whole bilayer that was depicted as a dynamic structure, the components
of which are laterally mobile. However, the view that the lipids in the bilayer
mainly serve as a homogeneous solvent for proteins [2] has been proven to be too
simplistic. Lipids are not only distributed asymmetrically between the two leaflets
of the bilayer, but also within the leaflet they are heterogeneously arranged [3]. This
chapter will recapitulate the history and recent advances in membrane biology
including the lipid raft concept, and then summarize current views on the func-
tions of rafts and caveolae in membrane traffic.

1.2
Basic Organization Principles of a Cell Membrane

The lipid bilayer is a two-dimensional fluid, where lipid molecules exchange slowly
between leaflets but are mobile within the leaflet. This mobility consists of two parts:
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o the “translational freedom” of a molecule — that is, its lateral mobility; and
o the “configurational freedom” that is, the ability to flex parts of the molecule and
to rotate bonds in its carbon backbone.

Synthetic bilayers change from a liquid state with high translational and configura-
tional freedom into a rigid gel state at a characteristic freezing point. Cell mem-
branes at physiological temperatures are almost always in the liquid state, but can
contain regions with high configurational order, as will be described later. Im-
portantly, the lipid bilayer of cell membranes is asymmetric, with a different lipid
composition in the two leaflets. The main lipid components of cellular membranes
are glycerophospholipids, with the most abundant species being phosphatidylcho-
line (PC) in the exoplasmic leaflet and phosphatidylethanolamine (PE) and phos-
phatidylserine (PS) in the inner leaflet, as well as sphingolipids with glycosphingo-
lipids and sphingomyelin (SM) mostly localized to the exoplasmic leaflet. Sterols
make up the third lipid class, and are present in both leaflets. Mammalian cell
membranes contain only one sterol, namely cholesterol, but probably more than
thousand different glyco- and sphingolipid species, emerging from the combinato-
rial propensity to assemble lipids from different backbones linked in different
ways with two varying hydrocarbon chains and a vast number of headgroups. A
large number of flippases and translocators tightly control the asymmetric dis-
tribution of all these lipids across the bilayer [4].

Lipids are differentially distributed between cellular organelles. The endoplas-
mic reticulum and the Golgi-complex contain mainly glycerophospholipids and
only small amounts of sphingolipids, whereas the plasma membrane is relatively
enriched in SM and glycosphingolipids [5]. Also within the membrane plane of
one organelle, lipids are believed to be heterogeneously arranged. Caveolae — small
invaginations of the plasma membrane — are enriched in glycosphingolipids [6],
and phosphatidylinositol-3’-phosphate (PI(3)P) is concentrated in subdomains of
early endosome membranes [7]. Recently, vacuole-fusion in yeast has been shown
to be controlled by microdomains of ergosterol, diacylglycerol and phosphoinosi-
tide-3-and-4-phosphate [8]. Furthermore, membranes are differentially susceptible
to extraction by detergents such as Triton X-100 or CHAPS at 4 °C, with some
proteins and lipids being completely solubilized and others forming so-called “de-
tergent-resistant membranes” (DRM; for a review, see [9]). These findings sug-
gested that cell membranes contained microdomains in which lipids were more
tightly packed and thus not accessible to the detergent, although it is widely ac-
cepted that DRMs do not have an exact in-vivo correlate but are defined by being
formed during the detergent treatment [10]. These microdomains were later
termed “rafts” and were described as sphingolipid-cholesterol assemblies contain-
ing a subset of membrane proteins [11]. Currently, the raft hypothesis is heavily
debated [12-14], with the main discussion points being the methodologies to study
rafts and the size of the domains (see below). The core of the raft concept is that
cell membranes phase-separate into different domains and that this is a lipid-
driven process. In light of the ongoing discussion in the field, the following sec-
tions will provide an overview about what is known about phase separation, first
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discussing the studies conducted in model membrane systems and later in cell
membranes.

1.3
Evidence for Phase Separation in Model Membrane Systems:
Liquid-Ordered and Liquid-Disordered Phases

Various model membrane systems have been used by physicists and chemists to
study phase separation in lipid mixtures. They are either monolayers or bilayers.
Monolayers are either assembled at an air-water interface with the packing density
of the lipids being adjusted by applying lateral pressure, or on a supporting lipid
monolayer that is fixed to a solid support. Bilayers are used in the supported ver-
sion as described above, or in the form of vesicles. The most commonly used
vesicles are large or giant unilamellar vesicles (LUV or GUYV, respectively) com-
posed of only a single bilayer, but also multilamellar vesicles (MLV) are used. The
basic principles were first established in simple binary lipid mixtures, but recently
ternary mixtures which more closely mimic the composition of the cell plasma
membrane have been used. The mixtures usually contain one lipid with a high
melting temperature (T,,), one with a low T, and cholesterol. GUVs are probably
the system closest to a cell membrane, because artifacts from a support are ex-
cluded. Still, cell membranes are asymmetric with different lipid compositions of
the outer versus the inner leaflet, while the GUVs used so far were all symmetric.
Since maintaining an asymmetric lipid distribution is energy-consuming, perhaps
by reconstituting lipid translocators into liposomes this drawback can be overcome
in the future. Although model membrane systems produce very simplified pic-
tures of cell membranes, there are many examples of a close correlation with
experimental data obtained in living cells [14].

Ipsen et al. were the first to describe the formation of a liquid-ordered phase by
cholesterol and saturated phospholipids [15,16]. This phase can coexist with other
lipid phases, and its characteristics are described as follows: the translational order
of lipid molecules within the liquid-ordered phase is similar to that in a fluid
bilayer state, whereas the configurational order of the hydrocarbon chains com-
pares more to that in a gel state. The formation of the liquid-ordered phase was
attributed to the unique chemical nature of cholesterol (for a review, see [17]), but
later it was shown that all natural sterols promote domain formation and that also
small amounts of ceramide (3%) can stabilize domains formed in vesicles [18].
Leventis and Silvius showed that the interaction of cholesterol with different lipid
species is dependent on the nature of their hydrocarbon chains and, to a lesser
extent, also on their headgroup. The interaction preference decreases with
SM >PS>PC>PE and with increasing unsaturation of the acyl chains [19].
Whereas the kink in unsaturated hydrocarbon chains is likely to hinder tight pack-
ing with the flat sterol ring of cholesterol, the reason for the preferential inter-
action of cholesterol with SM is still a debated issue.

The first visualization of “raft-like domains” in model membranes was achieved
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by Dietrich et al. [20]. They visualized liquid ordered domains in supported bi-
layers and GUVs composed not only of synthetic lipid mixtures but also of lipid
extracts from brush border membrane, the apical membrane of intestinal cells.
Domain formation was cholesterol-dependent, since domains disappeared after
treatment with the cholesterol-extracting drug methyl-B-cyclodextrin. Another big
step forward was the establishment of a ternary phase diagram of SM/PC/choles-
terol at the physiological temperature of 37 °C [21]. This predicts the coexistence of
liquid-ordered and liquid-disordered phases for a wide range of compositions
mimicking those occurring in the plasma membrane of cells. Most domains ob-
served in model membranes are rather large (i.e., several micrometer in diameter)
or they start small when they are being formed and then grow continuously by
collision and fusion as the system reaches equilibrium [22]. Contrary to this, raft
domains in cells are believed to be small, most likely because the cell membrane is
not at equilibrium (see below). Interestingly, fluorescence resonance energy trans-
fer (FRET) measurements on vesicles composed of a ternary lipid mixture mimick-
ing the outer leaflet of the plasma membrane revealed heterogeneities (i.e., do-
mains) of sizes in the tens of nanometer range at 37 °C [23]. Large domains were
observed with the same lipid mixture only below 20 °C.

A slightly different interpretation of liquid-liquid immiscibility observed in
model membranes was proposed by McConnell and colleagues. These authors
argue for the formation of “condensed complexes” between cholesterol and SM
rather than a liquid-ordered phase or domain. The name originates from the ob-
servation that cholesterol and SM occupy less surface area when mixed together
compared to the sum of the areas occupied by each component alone before mix-
ing. Such a complex is supposed to contain 15-30 molecules with a fixed stoichio-
metry of 2:1 (SM: cholesterol). These complexes could exist in quite high concen-
tration without necessarily leading to a phase separation (for a review, see [24]).
However, the condensed complex theory was developed on monolayer membranes
and has not yet been validated for bilayers.

Taken together, there is clear evidence for lipid-driven domain formation in
model membrane systems mimicking the outer leaflet of the plasma membrane.
On the contrary, domain formation could not be observed in lipid mixtures mim-
icking the inner leaflet of the plasma membrane [25]. The intermolecular forces
leading to phase separation are van der Waals interactions between saturated acyl
chains and cholesterol, as well as forces such as hydrophobic shielding or the
“umbrella effect”, described for cholesterol filling the holes left between the acyl
chains of glycosphingolipids with large headgroups [26]. However, none of the
systems described so far has included proteins in their analysis, and the question
remains whether proteins choose the domain they partition into, or whether they
organize a domain around them.

Partitioning experiments have been performed, in which proteins were reconsti-
tuted into model membranes, and their phase distribution was analyzed. In this
way, glycosyl-phosphatidyl-inositol (GPI)-anchored placental alkaline phosphatase
(PLAP; [27,28] and Thy-1[29] were shown to partition into the liquid-ordered
phase, and the chain length of the GPI-anchor was shown to be important for
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partitioning of the protein [30]. Similarly, peptides modified with prenyl groups
were excluded from liquid-ordered domains, while peptides modified with choles-
terol or palmityl chains partitioned significantly into the ordered phase [31]. Parti-
tioning studies with synthetic transmembrane peptides revealed that longer trans-
membrane domains are incorporated better into liquid-ordered domains than
shorter versions [32]. Another important determinant for the partitioning of a mol-
ecule is the size and orientation of its dipole moment [33]. The membrane dipole
moment is stronger in ordered phases where the dipoles are better aligned. Only
molecules displaying a dipole moment with the same orientation as the dipolar
potential of the membrane, are predicted to be able to enter the ordered phase.
Nevertheless, our knowledge about lipid-transmembrane protein interactions is
still scarce and this area of research is a major challenge.

1.4
Evidence for Phase Separation in Cell Membranes: The “Raft Concept”

There are several indications for cell membranes being inhomogeneous fluids and
for the existence of lipid-driven phase separation. One key finding was the selective
co-clustering of certain membrane components and segregation from others upon
application of antibodies to living cells. Co-clustering of lipids was first observed in
lymphocytes, where one ganglioside species was capped with antibodies and an-
other species was found to redistribute into the cap [34]. It was then shown that
simultaneous addition of two antibodies against apparently homogeneously dis-
tributed surface antigens could, in selected cases, lead to their co-clustering and in
other cases to their segregation [35]. These findings were explained by certain pro-
teins residing in small raft domains that are below the light microscopic resolution
in size, and others residing outside the raft domains. Upon cross-linking by anti-
bodies the small raft domains coalesce into visible, stable clusters that contain
several different raft proteins. The antigens that were previously in the non-raft
environment are excluded from the coalescing domains and thus form separate
clusters upon cross-linking. How these large-scale domains containing multiple
raft components could be formed in a homogeneous membrane without the occur-
rence of phase separation is not obvious, and an alternative explanation for this
phenomenon has not been put forward. Since then, two techniques have been
used to directly assess liquid order in living cells. Gidwani et al. measured the
steady-state anisotropy of the lipid-probe DPH-PC, which is sensitive to choles-
terol-induced liquid order. With this approach, they found that approximately 40 %
of the plasma membrane of mast cells is in a liquid-ordered state [36]. More re-
cently, Gaus et al. were able to directly visualize liquid-ordered domains in living
macrophages on the light microscopic level. They applied two-photon imaging of
the amphiphilic dye LAURDAN, which changes its emission peak depending on
the state of its lipid environment [37].

Other techniques have also been employed for assessing raft domains in living
cells, most of them analyzing the distribution and dynamics of membrane pro-
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teins rather than lipids. Pralle et al. measured the local diffusion of a bead attached
to a single protein molecule in the plasma membrane of fibroblasts within an area
smaller than 100 nm in diameter [38]. In this way, diffusion was not hindered by
cytoskeletal constraints but was supposed to be free. Proteins previously shown to
be resistant to detergent extraction diffused three times slower than detergent-
soluble proteins. After cholesterol depletion, the former diffused as fast as the
latter. The first group of proteins was thus assumed to reside in a raft environment
and to diffuse together with the whole raft entity. After destruction of this entity by
cholesterol extraction the proteins behaved as if they were diffusing in a non-raft
environment. From the viscous drag and from the diffusion coefficient, the size of
the raft entities was calculated to be approximately 50 nm in diameter. Extrapolated
from average protein and lipid densities in cell membranes, one raft entity was
calculated to contain roughly 3000 lipid molecules and 10-20 proteins.

Remarkably, Prior et al. come to a very similar size for raft domains formed in
the cytoplasmic leaflet of the plasma membrane using a completely different tech-
nique [39]. They ripped plasma membrane sheets off adherent cells and labeled
them with gold-coupled antibodies against H-Ras and K-Ras, supposed to reside
inside and outside of raft domains, respectively. Statistical analysis of the distribu-
tion of the gold particles revealed that 35% of H-Ras labels were clustered in
domains of roughly 44 nm diameter. These domains were cholesterol-dependent.
Furthermore, cross-linking of GPI-anchored green fluorescent protein (GFP-GPI)
in the exoplasmic leaflet resulted in co-localization of the H-Ras clusters with the
formed GPI-patches, but did not change their size. However, 20% of the non-raft
protein K-Ras was also found to be clustered in domains of 32 nm diameter, al-
though these domains were cholesterol-independent. H- and K-Ras had been re-
ported to occupy distinct domains in the plasma membrane before [40]. Recently,
single molecule imaging of H-Ras revealed cholesterol and actin dependent do-
mains as large as 250 nm [41].

An often-applied technique trying to visualize raft domains in vivo is that of
FRET. Hetero-FRET, which detects energy transfer between two different fluor-
ophores, has not proven successful [42—-44], most likely because the probability
that donor and acceptor are in the same microdomain is very low. Even cross-
linking one raft marker by antibodies does not lead to appreciable recruitment of
others [45]. Recently, Mayor and coworkers refined their previous analysis [46] us-
ing homo-FRET (i.e., energy transfer between two fluorophores of the same kind)
to study clustering of GPI-anchored proteins in the plasma membrane [47]. By
measuring the anisotropy decay over time, these authors found that 20-40 % of the
GPI-anchored proteins are present in small complexes of two to four molecules,
while the remainder is randomly distributed as monomers. The limitation of
FRET measurements becomes obvious in these studies. The technique provides
information about “closeness” on a very small scale (5 nm), but is not suited for
visualizing bigger entities.

The fact that raft domains are difficult to visualize in vivo has led to a number of
alternative explanations, mostly describing smaller entities and, most importantly,
describing the formation of these entities as a protein-driven, induced event. The
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smallest entity was proposed by Kusumi and colleagues, who have pioneered sin-
gle-particle tracking with ultra-high sampling frequencies of 40 000 Hz. The spa-
tial resolution achieved with this frequency is 20 nm, meaning that if the domains
were significantly larger and the probe resided either inside or outside the domain
for several consecutive steps, then different diffusion behaviors could be observed.
Since however raft and non-raft markers displayed the same diffusion character-
istics, it was postulated that rafts are extremely small, namely molecular complexes
of at least three membrane components, one of which comprises a saturated acyl
chain or cholesterol. Stabilized raft domains accessible to diffusion measurements
would only form by clustering following stimulation (for a review, see [48]). Ander-
son and Jacobson have put forward the lipid shell hypothesis, in which roughly 80
lipid molecules are supposed to surround a raft protein and form a shell of 7 nm
diameter [49]. The shells would be thermodynamically stable structures resulting
from specific binding interactions between proteins and lipids, and could target
the protein into larger raft-domains. How the larger raft domains form and why
the raft-protein must assemble a shell of raft-lipids around it before it can enter a
raft-domain remain open questions.

The size of raft domains is heavily debated and, as a consequence of the different
measurements, their existence is questioned. Consensus is reached in that the
proposed domain sizes of 200 nm or larger based on single-particle tracking ex-
periments [50,51] were most likely clustered rafts, formed and stabilized by the
multi-valent beads used for the tracking. Also, the 50-nm raft calculated from the
viscous drag experiments by Pralle et al. [38] could have been a stabilized raft in
which the altered dynamics due to the optical trap led to enlargement of a pre-
viously smaller structure. This leaves us with a domain size between the 5 nm
derived from the FRET measurements [47] and the <20 nm derived from the high-
speed single particle tracking studies [52]. Better estimates will have to await the
development of new methods which can finally assess the size of isolated raft
domains in vivo.

In light of the co-clustering data [35], the visualization of distinct liquid-ordered
domains in living cells [37], and the evidence that isolated cell membranes phase
separate in vitro [20], it seems reasonable to assume that native cell membranes
can display phase separation. One explanation for the formation of small and
transient domains in the plasma membrane lies in its composition. In contrast to
ternary lipid mixtures in model systems, the plasma membrane is composed of
hundreds of different lipid species and, in addition to that, a variety of proteins.
Viewed over a large scale, the complexity of the plasma membrane should counter-
act phase separation, buffer fluctuations, and in fact protect the cell against rapid
phase transitions in response to small changes in the environment. If every fusion
or budding event led to a phase transition, it would be difficult to prevent leakages
through the bilayer and keep the membrane tight. Viewed on a smaller scale how-
ever, the picture can appear very different. Local impurities or changes in mem-
brane composition can allow coalescence and separation of domains containing
reaction partners and thus provide a regulatory principle.
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1.5
Raft Domains are Clustered to Exert their Function

While the steady-state existence, size and shape of liquid-ordered domains in cells
remains the subject of debate, agreement has been reached on the fact that raft
domains coalesce upon cross-linking to form signaling and possibly also sorting
platforms [53-55]. Cross-linking is achieved by multivalent ligands binding to sur-
face receptors or by cytoplasmic scaffolding proteins. The initial cross-linking
event is thought to increase the number of contact sites between raft proteins and
lipids, which leads to a potentiation of the formerly weak interactions. The pre-
viously small raft domains coalesce and form large, more stable entities. It is the
clustered state in which rafts are accessible to microscopy.

Cross-linking of raft antigens not only leads to co-clustering of raft components
within one leaflet, but also influences the organization of the opposing monolayer.
Cross-linking of the exoplasmic GPI-anchored PLAP led to partial co-clustering of
the src-kinase fyn in the cytoplasmic leaflet of Jurkat cells [35, 56]. Cross-correla-
tion analysis revealed co-distribution of an inner leaflet raft protein with FceRI
transmembrane receptors that were cross-linked by binding of their multivalent
ligand IgE, as well as with antibody cross-linked raft markers of the exoplasmic
leaflet, such as the GPI-anchored protein Thy-1 or the ganglioside GD1p, [57]. The
finding that clustering not only leads to lateral coalescence of small raft domains in
the exoplasmic leaflet, but also in the cytoplasmic leaflet, strengthens the hypoth-
esis that clustered raft domains provide a platform for bringing together signaling
complexes and propagating signals into the cell (reviewed in [58]). Interestingly,
also in symmetric model bilayers, liquid-ordered domains have always been ob-
served to coincide in both leaflets [20, 59]. How the connection of the inner leaflet
and the outer leaflet is achieved, remains an open question. Interdigitation of the
often long fatty acid chains of glycosphingolipids has been proposed to enforce a
higher order also in the cytoplasmic leaflet. Alternatively, or additionally, trans-
membrane proteins could mediate transbilayer coupling.

Many signaling processes have been proposed to depend on the clustering of raft
domains [60,61] (see also Chapter 7), the T-cell synapse being the prime exam-
ple [62,63]. According to a recent study by Douglass et al., the initial stage of signal-
ing complex assembly does not require rafts but is rather dependent on protein-
protein interactions [64]. Studies by Magee et al., on the other hand, have shown
that raft clustering independent of protein-protein interactions can activate signal-
ing pathways downstream of the T-cell receptor [65]. These authors observed that
incubating T cells at 0 °C leads to coalescence of raft components into visible
domains on the plasma membrane. At the same time, chilling activates the signal-
ing cascade, leading to increased tyrosine phosphorylation and ERK activation. The
cold-induced, protein-independent coalescence of raft domains is a clear indicator
for a phase separation phenomenon, since it is well established that the phase-
separated domains are larger at lower temperature and fragment at higher tem-
perature due to the increase in Brownian motion [66]. However, it is not yet clear
which role this raft coalescence would play in T-cell signaling under physiological
conditions.
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The formation of large, clustered raft domains is easiest imagined to occur by
coalescence of pre-existing, small rafts. However, a recent study on model mem-
branes of different compositions argued that phase separation can be induced by
cross-linking one component in a previously homogeneous membrane [67]. GUVs
composed of PC, SM and cholesterol exhibit phase separation into a liquid-ordered
and a liquid-disordered phase, depending on the ratio of the components. When a
small amount of the ganglioside GM1 is included in the vesicles, its cross-linking
with the pentavalent cholera toxin B subunit leads to coalescence of the GM1-
containing phase into larger, visible domains. Hammond et al. showed that do-
mains can not only be formed at GUV compositions that displayed phase separa-
tion prior to clustering, but also at compositions very close to the phase transition
boundary in which no previous phase separation was detected [67]. The local in-
crease in GM1 concentration following the cross-linking might have been enough
to cross the boundary and cause the membrane to phase separate.

1.6
The Apical Membrane of Epithelial Cells: A Percolating Raft Membrane at 25 °C

Columnar epithelia lining the kidney, intestine or pancreas are composed of a
single layer of polarized cells. They have evolved to create stable apical and baso-
lateral membrane domains, which are sealed off from each other by a tight junc-
tion barrier. While the basolateral domain of columnar epithelia faces the under-
lying extracellular matrix and the blood supply, the apical membrane is the one
facing the lumen of the renal tubules, of the intestine, or of the pancreas. It has
long been known that apical and basolateral membrane domains have a distinct
protein composition [68,69]. However, lipids are also distributed differently be-
tween the apical and the basolateral membrane. The lipids found in the basolateral
membrane resemble those found in the plasma membrane of an unpolarized cell,
whereas the apical membrane contains much more glycosphingolipids [70]. In the
brush border membrane of the intestine, glycosphingolipids account for more
than 30% of the total lipid amount [71]. Considering that they reside exclusively in
the exoplasmic leaflet, more than 50% of the lipids in the exoplasmic leaflet
should be glycosphingolipids, and together with cholesterol they should leave very
little space for glycerophospholipids. Glycosphingolipids mainly contain two long,
saturated hydrocarbon chains, as opposed to glycerophospholipids which usually
contain unsaturated acyl chains [72], and have been proposed to form a liquid-
ordered phase together with cholesterol. It was this segregation of raft lipids in the
outer leaflet of the apical membrane from the more phosphatidylcholine-enriched
basolateral membrane that prompted Simons and van Meer to postulate the ex-
istence of lipid platforms involved in the biogenesis of the apical membrane [70]
and has led to the formulation of the raft hypothesis [11].

Recently, we have experimentally explored the domain organization of the apical
membrane of epithelial cells in comparison to that of a fibroblast plasma mem-
brane by measuring long-range diffusion of several fluorescent membrane pro-
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teins using fluorescence recovery after photobleaching (FRAP) [73]. By using this
technique, the diffusion of millions of proteins can be examined at the same time
in a noninvasive manner. As previously reported [74], all proteins display free dif-
fusion with 100 % recovery in the fibroblast plasma membrane. In the apical mem-
brane of epithelial cells, however, we could distinguish two populations of proteins
on the basis of their distinct diffusion characteristics at 25 °C. One group displayed
free diffusion with recoveries close to 100 %, whereas the other group displayed
anomalous diffusion [75, 76] with limited recovery. This is indicative of a phase-
separated system, in which there are (at least) two coexisting phases — one which
has a mass fraction just high enough to be continuous (percolating) over the entire
membrane surface, and the other being present in isolated domains [77]. Within
the percolating phase, long-range diffusion is unconstrained, results in complete
recovery, and can be described with a single apparent diffusion coefficient [78, 79]
— as observed for the first group of proteins. In the non-percolating phase, proteins
will be obstructed in their long-range diffusion, resulting in either incomplete or
extremely slow recovery [78, 79] — as observed for the second group of proteins.
Strikingly, all proteins falling into the first group have been proposed to reside in
rafts, while all members of the second group have been proposed to reside outside
of rafts. This may suggest that at 25 °C the apical membrane of epithelial cells is a
percolating raft phase with isolated non-raft domains.

Phase separation likely exists also in fibroblasts, with the domain organization of
the two membranes being inverted. The fact that in the fibroblast plasma mem-
brane the raft and non-raft proteins diffuse with the same kinetics does, however,
not contradict the existence of phase separation. Rather, the results can be ex-
plained on the basis of partition coefficients. From all we know, a limited set of
proteins has the features required to be accommodated in the ordered lipid envi-
ronment of a raft domain. While non-raft proteins that lack these features are
largely excluded from rafts — that is, non-raft proteins have a low propensity to
partition into the surrounding raft phase in the apical membrane of epithelial cells
— raft proteins might have a preference for raft domains, but can easily partition
into a less-ordered, non-raft environment — that is, raft proteins are not limited to
raft domains in the plasma membrane of fibroblasts [28, 80, 81]. With the addi-
tional notion that raft domains in fibroblasts are believed to be small and highly
dynamic, the differences between the long-range diffusion paths of raft and non-
raft proteins in the fibroblasts plasma membrane become too small to be acces-
sible to FRAP measurements.

1.7
Caveolae: Scaffolded Membrane Domains Rich in Raft Lipids

Caveolae were first defined morphologically by Palade, who observed plasma
membrane invaginations in endothelial cells under the electron microscope [82].
He later named them “plasmalemmal vesicles” [83], implying that they would
shuttle molecules across the cell. The name “caveolae” (little caves) was however
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coined two years later by Yamada, who described invaginations on the surface of
gallbladder epithelial cells [84]. Although he did not distinguish between coated
and uncoated invaginations, the name “caveolae” was later specifically attributed to
flask-shaped invaginations of 50 to 100 nm diameter that were devoid of the cla-
thrin-coat, but instead displayed a characteristic striated coat [85]. While research
on clathrin-coated pits and vesicles was rapidly progressing, caveolae long re-
mained elusive.

This was changed when, almost 40 years after the morphological description,
caveolin was identified as the major protein constituent of caveolae [86, 87]. Subse-
quently, two additional caveolin genes were cloned, so that the original caveolin
was from then on referred to as caveolin-1. Caveolin-2 was co-purified with cav-
eolin-1 from adipocytes [88], and its expression pattern overlaps with that of cav-
eolin-1. The two proteins are most abundant in endothelial cells, fibroblasts and
adipocytes, and they form stable hetero-oligomeric complexes in vivo [89]. Cav-
eolin-3 shows a high degree of sequence similarity with caveolin-1, but its expres-
sion is restricted to muscle cells in which there is low caveolin-1 expression [90].
Both caveolin-1 and -2 have a smaller B-isoforms in addition to the full-length a-
isoform. Caveolin-1 assumes an unusual topology in that it is an integral mem-
brane protein [91] but does not span the bilayer. Instead the central hydrophobic
domain is thought to form a hairpin structure which inserts into the cytoplasmic
leaflet, leaving both the N- and C-terminus in the cytoplasm [87].

A characteristic feature of caveolins is their propensity to form high molecular-
weight homo- and hetero-oligomers. Highly stable caveolin-1 oligomers of 14 to 16
monomers, dissociating only upon harsh detergent treatment at elevated tempera-
tures, were found to be assembled relatively rapidly after synthesis of caveolin-1 in
the endoplasmic reticulum and prior to Golgi exit [92]. The domain responsible for
the oligomerization was mapped to the N-terminus [93]. The N-terminus has also
been shown to target caveolin-1 to caveolar invaginations at the plasma mem-
brane, since its absence results in Golgi retention [94, 95]. This ensures that only
caveolin oligomers, not monomers, are transported to the plasma membrane. In
addition to homo-oligomerization, caveolin-1 can form similarly stable hetero-oli-
gomers with caveolin-2, which are localized mainly to plasma membrane caveo-
lae [89]. In the absence of caveolin-1, caveolin-2 is not able to oligomerize and is
retained in the Golgi in the form of monomers and dimers [96-98], again indicat-
ing that only the oligomeric form is transported to the plasma membrane.

The fact that caveolin-1 immunostaining decorated the striated coat around
plasma membrane caveolae [86], together with the observation that it self-assem-
bled into filaments in vitro [92] indicated that it indeed was an integral coat compo-
nent. Since then, the function of caveolae became very closely linked to the func-
tion of caveolin, and it was shown that formation of the stable plasma membrane
invaginations depended on caveolin expression. Cells not expressing caveolin-1
(e.g., lymphocytes) lacked cell-surface caveolae, and the expression of caveolin-1 in
these cells was sufficient to induce their formation [99]. Quantification of the num-
ber of caveolin-1 molecules per caveolae by fluorescence intensity distribution
measurements revealed that the uniform size of caveolae as seen by electron mi-
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croscopy results from a quantal assembly mechanism in which 144 + 39 caveolin-1
molecules are incorporated into a single caveola [100]; caveolin-2 was not assessed
in this study. Caveolin-1 filaments had previously been proposed to assemble from
heptamers, measuring 10 nm in diameter [101]. If this model were true, then 144
caveolin-1 molecules would form a filament of roughly 200 nm length, enough to
surround an invagination of 50-100 nm diameter with a circumference of
150-300 nm once. The structure and composition of the caveolar coat are far from
being understood (see also Chapter 2) but, most likely, caveolin-1 is not the only
coat component. Other open questions are, where is the coat assembled and what
is the assembly mechanism?

Caveolin-1 has been shown to bind cholesterol and the ganglioside GM1, both in
vitro and in vivo [102, 103]. Cholesterol-binding occurs with high affinity, resisting
even harsh detergent treatments [103]. The lipid composition of caveolae is thus
similar to that of lipid rafts, and it can be extrapolated that the caveolar membrane
should also display properties of a liquid-ordered phase. However, a detailed lipid
composition of isolated caveolae is still lacking. The strong interaction with two
bona fide lipid raft components predisposes caveolin-1 for the role as a raft-cluster-
ing agent. Similar to clustered rafts, caveolae have been proposed to function as
signaling platforms [104] (see also Chapters 5, 6, and 11). The clear parallels in
lipid composition and the partial co-purification of lipid raft and caveolar compo-
nents in DRMs [105, 106], or in membranes of low buoyant density [107], has often
led to an equation of the two membrane systems. However, we will continue to
refer to caveolae as plasma membrane invaginations scaffolded by the caveolin-
coat. The stable membrane curvature of caveolae could be a result of two contribu-
tions. Curvature could be induced by: (1) the high cholesterol concentration [108];
and (2) the insertion of caveolin-1 into the cytoplasmic leaflet of the bilayer, which
would increase the surface area of the cytoplasmic leaflet relative to that of the
exoplasmic leaflet and thus promote inward bending of the membrane. This stabi-
lization of a curved membrane structure and the presence of caveolins would
distinguish caveolae functionally from lipid rafts.

1.8
Caveolae and Lipid Rafts in Membrane Traffic

Membrane traffic mediates the exchange of components between the different
cellular organelles. Membrane proteins and lipids are synthesized in the endo-
plasmic reticulum and from there are transported to their subcellular sites of ac-
tion [109, 110]. While peripheral membrane proteins as well as single lipids bound
to lipid transfer proteins can shuttle between different membranes via the cyto-
plasm or through contacts between membranes [4], most membrane turnover is
mediated by vesicular traffic. Directed vesicular transport involves several regu-
lated steps:
o lateral sorting of membrane components according to their destination (i.e., the
concentration of cargo following the same pathway and its segregation from
cargo following different pathways);
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e stabilization of a membrane domain destined for trafficking;

¢ bending of the membrane domain into the shape of a vesicle or tubule;

e pinching off from the donor compartment;

o traffic through the cytoplasm by passive diffusion or motor-protein-mediated
transport along microtubules or actin filaments;

e fusion with the acceptor compartment; and

e release of the cargo.

The best-understood sorting mechanism for transmembrane proteins employs re-
cyclable protein coats, such as clathrin-, COPI- or COPII-coats [111, 112] (Fig. 1.1,
left panel). In this case the cargo proteins contain specific sorting signals in their
cytoplasmic domains, which are bound by adaptor molecules, to which the coat
proteins are recruited. Oligomerization of the coats leads to bending of the mem-
brane domain into a vesicle, which is pinched off by the action of the GTPase
dynamin and released into the cytosol. Here the coat disassembles, enabling the
vesicle to fuse with its target membrane. This protein-driven mechanism operates
by active inclusion of certain components and is not very efficient at excluding.

For other sorting events in membrane traffic, the lipid bilayer itself has been
proposed to play the decisive role, and proteins only regulate what lipids can do on
their own [113]. From theoretical considerations and model membrane studies it is
known that if phases with different properties coexist in the same membrane, then
the mismatch of interactions at the phase boundary leads to the so-called “line
tension” — the two-dimensional equivalent of surface tension. Multiplied with the
length of the phase boundary it gives rise to the “line energy”. One way to mini-
mize line energy is therefore to minimize the contact between phases. In the case
of domains in cell membranes, this can be achieved by fusion of many small
domains into one large domain, and bending the domain out of the surrounding
bulk membrane [114]. The bending energy needed to curve the membrane as the
domain buds out counteracts the line energy. As the bending energy increases and
the line energy decreases, the domain reaches a stable curvature when the sum of
the two energies is minimal. For small domains this can be when the domain is
still connected to the bulk membrane, but above a critical domain size budding
becomes energetically favorable. This mechanism is termed “domain-induced
budding” (Fig. 1.1, right panel) and is initially achieved purely by lipid-driven
phase separation [114]. However, in order to attain directionality in the budding
process (i.e., budding towards the cytoplasm in most cases in cells) and also ki-
netics that are compatible with the cell’'s needs, proteins will have to control this
process.

The fact that lipids are unevenly distributed between the two surfaces, the apical
and the basolateral membrane domains, of epithelial cells [70] together with the
finding that newly synthesized glucosyl-ceramide upon leaving the Golgi complex
becomes two- to three-fold enriched in the apical versus the basolateral plasma
membrane [115], has led to the proposal that lipids are also sorted by vesicular
traffic. Interactions between glycosphingolipids and apical proteins were postu-
lated to aid the assembly of sphingolipid microdomains in the Golgi that would
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concentrate apical cargo as the first step in vesicle formation [70]. This mechanism

has two important features which distinguish it from the coat-mediated sorting:

o It also allows for the sorting of lipids.

o It works by actively excluding cargo that does not belong into the pathway and
thus prevents the transported membrane from being diluted with inadequate
material.

It has been shown previously, that basolateral proteins are excluded from the apical
membrane [116], whereas the converse is not true [69, 117]. Physiologically this is
sensible, since the apical membrane facing the lumen of an organ must be ex-
tremely resistant to external aggression by bile salt detergents, digestive enzymes
or low pH, and its composition must therefore be tightly controlled. Whilst it is
known that basolateral delivery depends on the interaction with adaptor pro-
teins [118], domain-induced budding seems to be a mechanism ideally suited for
delivery to the apical membrane.

Since these microdomains, or rafts, are believed to be small and dynamic, they
must be clustered by proteins such as multivalent ligands or caveolin in order to be
able to form a bud and later a vesicle or tubule. In apical raft delivery this has been
postulated to be mediated by lectins or other multivalent cargo receptors [119, 120].
Raft and caveolar endocytosis is triggered by multivalent cargo, the best described
being Simian virus 40 and cholera toxin [121-124], both of which bind several
GM1 molecules [125]. Here, the caveolar coat is not necessary for the membrane
bending or vesicle formation, since rafts can endocytose upon clustering by a virus
or toxin and be delivered to specific destinations in the cell without caveolin [124].
In fact, the internalization has been shown to be faster in the absence of cav-
eolin [126]. Caveolin might thus not be necessary for the endocytic event as such,
but rather add another level of regulation to this pathway, which is required for the
efficient sorting of some ligands [127].

Indeed, caveolae membrane traffic does display special features that set it apart
from other membrane traffic mechanisms. Caveolae were previously believed to be
static structures [128], simply increasing the cell-surface area and keeping raft

Fig. 1.1 Two paradigms of cargo sorting and vesicle formation P
in membrane traffic: inclusion due to sorting signals followed
by coat-driven budding (left), or exclusion due to phase sepa-
ration and domain-induced budding (right). In the left col-
umn, proteins containing the appropriate cytoplasmic sorting
signals (regardless of if they are residing in a raft or non-raft
domain) are bound by adaptor proteins, on which the coat
proteins assemble. For the clathrin-coat, membrane bending
and subsequent budding is believed to be driven by a confor-
mational change in the coat protein. In the right column, raft
proteins are clustered by oligomerizing ligands or cytoplasmic
scaffolding proteins, thereby excluding the group of non-raft
proteins. Membrane bending and budding is driven by the
need to minimize the line energy acting at the domain bound-

ary.
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membrane available on the cell surface. Recently, it became evident that even in
unstimulated fibroblasts and epithelial cells, 30% of the caveolae undergo local
kiss-and-run cycles with the plasma membrane in which they pinch off and fuse
again close to the original site [100]. Upon receiving a trigger for endocytosis,
caveolae switch from this short-range cycling to long-range cycling, resulting in an
intermixing of cell-surface and intracellular caveolar vesicle pools and transport to
caveosomes or endosomes [100]. During the trafficking event, the caveolar coat
seems to stabilize the clustered raft domain within the bilayer, so that it stays intact
even after fusion with the acceptor compartment and can be re-used for multiple
rounds of membrane trafficking [127]. Cargo release at the target compartment
must therefore also follow different principles than in the clathrin-coated vesicle
traffic where the coat disassembles before fusion. Caveolae apparently keep their
cargo sequestered, until its release is triggered by a compartment-specific cue.
Cholera toxin is released upon encounter of a low pH environment in early endo-
somes, but stays sequestered in caveolae in the neutral environment at the plasma
membrane or in caveosomes. This type of membrane traffic seems especially
suited for the sorting of non-membrane spanning cargo, in particular glycosphin-
golipid-binding ligands [127].

The vesicle fusion machinery on the target compartment also has been proposed
to be organized into domains of different lipid composition. The apical t-SNARE
syntaxin 3 was proposed to reside in raft domains [129]. More recent investigations
have claimed that indeed different SNARESs are compartmentalized in the plasma
membrane with the help of lipid domains, with syntaxin 3 residing in raft do-
mains, syntaxin 2 being excluded from raft domains, and syntaxin 4 being equally
distributed between the two [130]. In polarized epithelial cells, syntaxin 4 resides
on the basolateral surface, whereas syntaxin 2 and 3 are localized to the apical
surface [131]. The data would thus imply, that there could be two pathways traffick-
ing to the apical side of epithelial cells — one raft- and one non-raft pathway. In-
deed, it was previously observed that two different apical proteins, sucrase-iso-
maltase and lactase-phlorizin-hydrolase, use separate containers for transport to
the apical membrane of Madin-Darby canine kidney (MDCK) cells, and the ex-
istence of two different pathways was proposed [132].

Research on rafts and caveolae is entering a new phase. The technologies that
have been used to study these membrane domains are being revised, and new
technologies must be developed. If rafts are small and dynamic, many of the stan-
dard techniques that have been employed to visualize them (e.g., FRET, single
particle tracking, FRAP in most cases) can not provide anything else but negative
results because they are not suited for the size and time resolution needed. An-
other critical point is the purification methods used to isolate rafts or caveolae. The
two were often confused with each other since they were supposed to co-frac-
tionate when isolated based on detergent insolubility or light buoyant density. It is
now accepted that these fractions are useful to obtain information about the pro-
teins found in them, but since they form during the purification process, they can
not be assumed to represent an equivalent of any pre-existing cellular domain,
neither rafts nor caveolae [10]. Instead, new approaches have been taken — for
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example, to isolate plasma membrane fragments with small antibody-coated
beads [133]. Techniques such as this must be developed in order to obtain pure raft
and caveolae fractions that can be used to analyze their lipid and protein composi-
tion. With the new mass spectroscopic techniques it should then be possible to
compare the lipidome of rafts and caveolae with each other to determine how
similar they actually are, and also to compare them with the lipidome of the

plasma membrane. Only then will we have a chance to assess properly the involve-

ment of lipids in processes such as raft dynamics, raft clustering, and to address

the special functions of caveolae.

Abbreviations

DRM detergent-resistant membrane
FRAP fluorescence recovery after photobleaching
FRET Forster’s resonance energy transfer
GFP green fluorescent protein

GPI glycosyl-phosphatidyl-inositol

GUV giant unilamellar vesicles

LUV large unilamellar vesicles

MDCK  Madin-Darby canine kidney

MLV multilamellar vesicles

PC phosphatidylcholine

PE phosphatidylethanolamine

PI(3)P  phosphatidylinositol-3’-phosphate
PLAP placental alkaline phosphatase

PS phosphatidylserine

SM sphingomyelin

Tm melting temperature
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The Forces that Shape Caveolae

Pierre Sens and Matthew S. Turner

2.1
Introduction

Caveolae are Q-shaped invaginations of the plasma membrane, found in many
types of cells [1]. Caveolae are enriched in cholesterol, and have a membrane com-
position similar to that of lipid rafts [2]. In addition, caveolae show a high concen-
tration of the protein caveolin, a hairpin-structured membrane protein possessing
a hydrophobic domain [32 amino acids (AA), flanked by two hydrophilic termini
(N-terminal: 101 AA, C-terminal: 43 AA)] [3]. Both termini of caveolin extend from
the cytosolic side of the membrane, conferring a strong asymmetrical structure to
the caveolar domain. The goal of this chapter is to provide an overview of the
possible physical effects that can stem from both of these characteristics of cav-
eolae, namely the composition difference with the rest of the plasma membrane
(“raft-aspect”) and their patent asymmetry (“hairy-aspect”).

Although Caveolae were first observed more than 50 years ago, many of their
properties and functions remain unknown. Caveolae formation seems to require
the presence of the protein caveolin [4] and is very dependent on the cholesterol
level in the cell [5]. There is also evidence that caveolin is coupled to other types of
membrane deformation (e.g., tubular structures in endothelial cells [6]). These are
strong indications that at least some biological functions of caveolae rely heavily
upon their biophysical properties. Plasma membranes typically resist bending,
and the formation of membrane invaginations requires the action of mechanical
forces on the membrane. Even though caveolae are very complex biochemical ob-
jects, they are bound to obey the laws of physics. We must therefore understand
the origin of the forces at play in the formation of the invaginations if we are to
understand how, and why, caveolae form. As we make progress towards this we
may gain important insights into the biological functions of caveolae. Indeed,
since caveolae are inherently coupled to the mechanical state of the plasma mem-
brane, one may envision that the cell has taken advantage of this coupling, and
may use caveolae as mechano-sensors or mechano-regulators for the plasma
membrane. Before discussing these possibilities in Section 2.6, we will first
review some of the physical concepts behind the formation and structure of mem-
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brane domains and how this relates to the physical properties of membrane pro-
teins.

The description present ed relies on coarse-grained physical models where the
molecular structure of the membrane and proteins is only taken into account in an
approximate way. This is justified by the fact that caveolae (of size ~100 nm) are
much larger than the size of the individual caveolin proteins and of the thickness
of the plasma membrane (~5 nm). This physical description is based on the well-
known properties of fluid bilayer membranes, described in Section 2.2. Following
this, two different points of view are taken to describe the formation and invagina-
tion of caveolae. In Section 2.3, caveolae are regarded as membrane domains that
are chemically immiscible in the plasma membrane. This neglects effects asso-
ciated directly with the details of domain composition. It is assumed there that
membrane phase separation into domains does n't depend on the mechanical
properties of the membrane, although the domain shape might. This description
somewhat overlooks the importance of the protein caveolin in the formation of
caveolae. In an attempt to approximate the complexity of the biological membrane,
theoretical physicists have studied the behavior of membrane inclusions, and in
particular how protein aggregation is coupled to membrane deformation, and vice-
versa. These models are briefly overviewed in Section 2.4, and applied to the partic-
ular case of caveolin aggregation in caveolar membranes in Section 2.5, by taking
some account of the protein structure. The final section includes a discussion of
how such a description relates to the “life” of caveolae at the plasma membrane of
cells. Finally, we speculate on further possible biological functions of caveolae.

2.2
Physical Modeling of Lipid Membranes

Mathematical models of deformable, fluid membranes have been available for
many years [7,8], and have been successfully compared with experimental results,
both on artificial [9] and biological [10] membranes. At the most fundamental level
these theories rely on the single basic principle underlying statistical mechanics:
that the probability of observing a given membrane deformation depends on the
energy change involved in making this deformation [11]. The higher the energy,
the less likely the deformation. Statistical mechanics tells us that the probability p;
of an event i is related to its energy F; according to:

pi ~€xp

-t | 1)

This probability compares the deformation energy F; to some energy source in the
system. This energy is written F to remind us that it is a free energy and therefore
includes changes in entropy, as well as internal and chemical energies [12]. Reac-
tions that reduce the entropy of the system are disfavored in the same way as are
those that involve a spontaneous increase in the energy by, for example, disrupting
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chemical bonds. Strictly speaking, Eq. (1) only holds for (sub)systems that are at
equilibrium but this can often be a reasonable approximation, for example for
small patches of membrane that can move and relax quickly, even though it may be
inappropriate for the cell as a whole. In passive systems, the only energy source
comes from the thermal fluctuations of energy kT, where kg is the Boltzmann
constant and T is the temperature (in Kelvin). Biological systems are called “ac-
tive”, because chemical energy, coming from, for example, ATP hydrolysis, can be
harnessed by specific enzymes (molecular motors) to perform mechanical work.
The cell membrane is generally the site of many active processes, including cytos-
keleton polymerization and ion pumping. One may adopt the approach that these
active processes provide an effective “membrane” temperature T,, > T[13], and it
is this that appears in Eq. (1).

In practice, much information can be obtained by the study of membrane de-
formations that minimize the membrane energy (those having the higher proba-
bility to occur). One contribution to membrane energy can arise from any change
in the area of the cell, which must act against tension in the membrane. This is
reminiscent of the work required to deform a child’s balloon, for example by
pinching a small patch of its surface between the fingers. As with any interface, a
lipid membrane bears a “surface tension” (denoted y throughout), which is the
energy cost per unit area associated with decreasing the membrane area. However,
while the surface tension observed at a water air interface is of the order 107"
] m™2, and typically dominates any other type of deformation energy, the surface
tension of lipid bilayers can be extremely low (107 ] m™2 in very floppy artificial
systems, and ~10~> ] m~? for the plasma membrane). As the surface tension is low,
other modes of deformation can also play an important role. One such mode is the
energy associated with bending the membrane. A symmetrical bilayer membrane
prefers to be flat, so that both monolayers have the same structure. Bending the
membrane one way or the other breaks this symmetry, and costs an energy which
varies quadratically with the membrane curvature (deformation) C. This is funda-
mentally analogous to the fact that the energy of an ideal spring varies with the
square of its extension (known as Hooke’s law), and is ultimately the reason why
any flexible material that is bent will spring back into its original shape. If the
membrane is asymmetrical, and cell membranes are indeed rather asymmetrical,
it may prefer a non-zero curvature. This means that the membrane energy might
be minimized by, and the membrane therefore most happy with, a non-zero curva-
ture. This curvature is called the “spontaneous curvature” Co. In this case, the
deformation energy is again quadratic, but now is the difference between the
membrane’s (local) curvature and its spontaneous curvature. This can also be
identified with a version of Hooke’s law. While the membrane tension tells us how
much the energy increases when the membrane area is increased, the energy
increase caused by a deviation from the preferred membrane curvature is con-
trolled by the “bending rigidity”, conventionally denoted k. Adding the curvature
energy to the energy of membrane tension, the total energy of a patch of mem-
brane of area S, with a curvature C is
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F=yS+3 KS(C~ Cof? @)

A Typical value for the bending rigidity of biomembranes [10] is k = 20 kgT. It is
convenient to measure energies in units of the thermal energy scale which, at
room temperature is, kT = 4 x 107! J. Thus, 1 k] mol™ = 0.4 kgT.

In this chapter, we will be mostly concerned by the flask-shaped membrane
deformations mimicking the caveolae (Fig. 2.1). For simplicity, we will assimilate
the invagination to a spherical cap of constant curvature. In practice, there exists a
membrane neck connecting the concave central cap to the flat surrounding mem-
brane. Specialized proteins are likely to be present near the caveolae neck [14], and
this is not included in the present models. From Eq. (2), the energy of a spherical
membrane (with no spontaneous curvature), is Fynere = (¥S + 87k). The energy of
large patches is dominated by membrane tension, and the energy of small patches
by membrane rigidity. Clearly, this has strong consequences for the stability of
membrane invaginations in general, and of caveolae in particular. Indeed, small
invaginations all have the same energy (~87k), which is dominated by the bending
energy of the membrane. Large invaginations on the other hand, have an energy
which increases with their size (~yS), and are much less likely to be observed. The
cross-over size between small and large invaginations in the physical sense corre-
sponds to an area S ~ 87k/y. Choosing a bending rigidity x ~ 20kgT and a surface
tension y ~ 10~ ] m™2, the cross-over size corresponds to a sphere of radius R ~
120 nm. The fact that this scale is close to the typical size scale of the invaginations
is very encouraging for our physical approach. It indicates that even such simple
physical arguments can reveal a competition between different physical energies
(and hence forces) that could give rise to invaginations with roughly the observed
size.

Of course biological membranes have a complexity that is not reflected in the
seminal elastic model of Eq. (2). In particular, the complex lipid composition (up to
25 different lipid species), the inclusion of a host of membrane proteins (~30% of
the whole genome), and the support of the membrane cytoskeleton. The question
of how to incorporate the two former features will form the subject of most of the
following text. The cytoskeleton provides a visco elastic scaffold to the cell, and is
able to exert direct forces to the membrane. Cytoskeletal anchoring of the plasma
membrane is crucial to the membrane’s mechanical behavior. The breaking of

Fig. 2.1 Sketch of a spherical membrane cap. The membrane
curvature C is roughly constant over the deformed area S
which has radius of curvature (the radius of the circle passing
through the cap) 1/C, as shown. Inset: the bilayer structure of
a lipid membrane.
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some anchoring sites upon cell deformation and membrane extension is a major
component of the energy cost of such deformations. In particular, cytoskeleton
anchoring can account for up to 75% of the measured tension of cell mem-
branes [15]. Here, we adopt the philosophy that the cytoskeleton acts to maintain
the plasma membrane under tension, but does not exert direct forces to pull flask-
shaped invaginations from the membrane. In fact, we will find that a consistent
physical explanation of invagination can be constructed without the cytoskeleton
playing any direct role in the formation of caveolae.

23
Caveolae as Invaginated Lipid Rafts

Caveolae are one example of lipid domains in the cell membrane [2]. These do-
mains and other lipid “rafts” are characterized by a high concentration of choles-
terol and saturated lipids. Although many controversies exist regarding the size
and lifetime of lipid rafts, the morphology of caveolae seems much better defined.
One likely reason for this is the stabilization of these membrane domains by the
protein caveolin, and in particular the fact that they are invaginated. In this sec-
tion, we present some general physical arguments concerning the behavior of
membrane domains in a flexible, fluid lipid bilayer [16], without discussing the
origin of their formation. Here, we assume that the phase separation is driven by
chemical incompatibility between the raft and the non-raft phase, regardless of the
mechanical state of the membrane. In Physical terms, chemical incompatibility
can be accounted for by an energy cost of creating an interface between the two
phases. Since the membrane is in two dimensions, the interface between the two
phases is a line, and the immiscibility parameter is a “line tension”, termed o. For
a given domain size, the line energy is the smallest when the interface is smallest,
meaning that we can expect domains to be circular with a radius R = v/S/r (S is the
domain area). Unless the line tension is very small, in which case the rafts are very
small and their shape can fluctuate significantly. This signifies that they are only
weakly phase separating from the non-raft membrane and are close to dissolving
back into it.

Figure 2.2 illustrates how chemical incompatibility alone can have a strong influ-
ence on the domain shape. Indeed, a flat domain (Fig. 2.2a) has a large interface
with its surrounding, costing a line energy of order oR. If the domain is large, this
can be quite a large energy, and may cause the domain to bud off the membrane in
an attempt to reduce the size of the interface to the membrane neck connecting
the bud to the rest of the membrane. On the other hand, an invaginated domain
costs the energy of bending the membrane into a spherical shape. The bending
energy of a sphere is proportional to the bending rigidity of the membrane «, and
it has the remarkable feature that it does not depend on the size of the sphere for a
symmetrical domain (it is equal to 87k). Since the line energy increases with do-
main size, and the bending energy does not, there is a critical domain size for
which we can expect the domain to invaginate spontaneously [16] (Fig. 2.2c). The
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domain size at which this occurs is of the order R ~ 4k/o. The actual value of the
physical parameters k and o vary from membrane to membrane, but we have a
good idea of the order of magnitude of such parameters. The bending rigidity of
biological membrane is typically of the order x ~ 20kgT. The line tension arises
from unfavorable contacts at the molecular scale (the size of a lipid molecule, or
the thickness of the bilayer). It is estimated to be of the order o ~ kgT/nm, although
its actual value is very sensitive to the nature of the two phases in contact (in a raft,
it is the contact between liquid-ordered and-liquid disordered lipid phases). Using
those numbers, the critical size for domain invagination is R = 80 nm (correspond-
ing to a spherical bud of radius 40 nm). Caveolae are precisely in this range of size,
which is a good indication that the physical phenomena of membrane bending
energy and raft line energy play a crucial role in caveolae formation and stability.
One possible picture of the formation of caveolae is the following [16] (see
Fig. 2.2). Imagine a given amount of caveolin, cholesterol, and raft-forming lipids
(in particular sphingolipids), dispersed in the cell membrane. With time, these
various components diffuse into the membrane and find each other, forming
growing membrane domains. Although the rate of this phase separation might be
quite slow [17], domains should eventually grow to a large size if they are not
perturbed by other dynamical phenomena at the cell membrane, and even more so
if the presence of caveolin promotes the phase separation. Membrane recycling,
endocytosis, and exocytosis might perturb domain growth, and may be invoked to
explain the small size of the non-caveolae rafts observed in vivo (see [17].) When
domains grow beyond the critical size discussed above (Fig. 2.2), they are at their
lowest energy N and therefore most stable N when invaginated rather than flat.
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Such a scenario is still qualitatively valid if the membrane supports a tension
and the domain has a spontaneous curvature. In this case, however, the critical
budding size depends upon the membrane tension. Indeed, work against mem-
brane tension must be performed to invaginate a domain, and this stabilizes the
flat shape. As a result, this simple theory applied to caveolae would predict that the
size of the invagination increases with membrane tension. However, caveolae have
very similar sizes across several cell types that can, presumably, bear different
membrane tensions. As will be seen in Section 2.5, this indicates that the structure
of the protein caveolin might play a crucial role in controlling the size of the
invaginated domains.

24
Membrane Inclusions

Membrane proteins have hydrophobic regions inserted within the lipid bilayer,
and this insertion may perturb the bilayer structure. For example, a mismatch in
thickness between the hydrophobic core of the protein and that of the bilayer has
an associated energy cost. It implies either that some hydrophobic residues are left
unshielded from contact with water, or that the membrane (or the protein) changes
its thickness to obtain a good match [18]. The consequence of hydrophobic mis-
match may be protein clustering, as shown in Figure 2.3a,b. Clustering may occur
even in the absence of direct (specific) interaction between the proteins, as the
result of an effective attraction mediated by the membrane. As shown in Figur-
e 2.3a,b, the membrane order is locally perturbed in the vicinity of the inclusion
(the figure shows a local stretching of the lipid tails, to accommodate the hydro-
phobic thickness of the membrane). Bringing two inclusions together reduces the
membrane area that needs to be perturbed and hence reduces the energy of mem-
brane deformation. The result of this is an effective force that brings the proteins
together.

An important phenomenon in the context of caveolae and their asymmetric
membranes is when protein clustering is coupled to a change of membrane mor-
phology. This can be expected for very asymmetric proteins, or for peripheral pro-
teins that mostly extend on one side of the membrane. Such asymmetric mem-
brane proteins can be thought of as imprinting a local spontaneous curvature (the
Co term in Eq. (2) to the neighboring membrane (Fig. 2.3c). The membrane is
locally curved near the protein, which again leads to a frustration of the bilayer
order. As it is the case for hydrophobic mismatch, some of the frustration can be
released if the proteins aggregate. In this case however, the concentration of a large
number of proteins over a limited membrane area leads to a morphological change
of the membrane, which adopts the preferred curvature of the proteins (Fig. 2.3d).
As will be discussed in Section 2.5, this phenomenon, called “curvature instability”
in the physics literature [19], is likely to play an important part in the formation of
caveolae. The caveolin proteins found in caveolae are very good candidates for such
large morphological changes for two reasons. On the one hand, both their hydro-
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phobic termini face the cytoplasm, which makes their interaction with the neigh-
boring membrane very asymmetric. A similar situation can to some extent be
reproduced in artificial systems, by mixing bilayer-forming lipids with hydrophilic
polymers (typically polyethylene glycol) with a hydrophobic anchor attached. Lipid
membranes with a grafted (but mobile) polymer chain can be obtained in such
mannet, and it has been shown theoretically [20], and observed experimen-
tally [21], that such a membrane can exhibit a phase separation. Another reason to
expect membrane deformation near caveolin proteins is the fact that they are
known to form homo-oligomers of about 15 proteins. This is due to specific bio-
chemical interactions between caveolin via a short section of the N-terminal cyto-
plasmic domain, quite close to the transmembrane domain [3]. As shown in Sec-
tion 2.5, this oligomerization may have much to do with the success of caveolin in
aggregating and promoting membrane invagination. By concentrating the caveo-
lin, oligomerization also concentrates the effect of the membrane asymmetry over
a small membrane area, creating a large asymmetric pressure.



2.5 Caveolae as a Thermodynamic Phase Separation of Membrane Proteins

25
Caveolae as a Thermodynamic Phase Separation of Membrane Proteins

Simple mixtures of two or more material components can reside in a variety of
states or “phases”. The simplest of these is the mixed state, when all components
are evenly mixed throughout the system. However, if molecules of one component
have a sufficiently large mutual attraction for one another, or equivalently a suffi-
ciently large repulsion from the remainder, they can “phase separate”. There can
then be large regions that are rich in this component suspended in a background
which contains relatively little of it. It is this effect that causes oil to de-mix from
water at room temperature but it is a far more generic effect than is often realized.
It is now clear that there are components in the plasma membranes of cells that
phase separate, for example, into caveolae. This is a slightly unusual phenomenon
in that the phase-separated domains are typically only 100 nm across rather than
macroscopic in size, but the principle is the same.

There is now good evidence that caveolin proteins form homo-oligomers [3] con-
taining approximately 15 molecules. Whilst this is not a necessary feature for the
generation of bending forces, which require only a molecular asymmetry between
the two sides of the membrane, it may act to amplify those forces by increasing the
density of interacting cytoplasmic domains (see Fig. 2.4).

It has been suggested [22] that the mechanism by which caveolin homo-oligo-
mers form is reminiscent of micellization on a membrane. Usual in spherical
surfactant micelles are formed by the aggregation of amphiphilic molecules which
experience a mutual attraction between their hydrophobic tails [8]. Such micellar
aggregates do not grow indefinitely because of the packing and stretching con-

Fig. 2.4 Sketch indicating the origin of the exert forces on the membrane. Even disor-
forces that act to bend the membrane near dered coils have their configurational entropy
an asymmetric membrane protein (left), or restricted by the presence of the membrane.
homo-oligomer thereof (center), with This restriction is large for a planar mem-
domains extending on one (cytoplasmic) side  brane but is reduced if the interface bends
only. The cytoplasmic domains may be away from the coils, leaving more room in
entirely disordered, resembling a random coil ~ which to fluctuate. This means that the pro-
(as shown), or may contain some folded teins exert forces that give rise to “bending
structure(s) forced into dense contact within moments” (as shown, right).

the oligomer. In any case these domains
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straints of their tails. The same is true of caveolin. It has been determined that
there is an attractive interaction between N-terminal segments of caveolin [3] and,
as the aggregate grows, an increasing number of the caveolins enjoy such contacts.
Eventually the repulsive forces between the greatly confined cytoplasmic domains
is enough just to balance the force of attraction experienced by the next caveolin
molecule that seeks to join the aggregate and, at this point, the optimal size has
been reached. For caveolin oligomers this size appears to be ~15 molecules. Given
the size of the cytoplasmic domains this indicates that the N-terminal attractive
domains probably give rise to a substantial attraction, perhaps of the order of
10kgT [22]. This, in turn, results in substantial repulsive forces between the cyto-
plasmic domains in the oligomers which acts to “amplify” the bending forces
indicated in Figure 2.4.

In the same way that there exists a critical micelle concentration (cmc) in surfac-
tant systems there is a similar concentration at which caveolin oligomers will start
to form. For simplicity we denote this the cmc. Above this concentration there will
be a few single caveolin molecules on the membrane at concentrations equal to
that of the cmc, with the remainder forming as many oligomers (micelles) as are
required to incorporate all the caveolin. Given that caveolins experience a sub-
stantial attraction, their cmc is probably so low that oligomers will always form at
physiological concentrations. However, there is another scale of self assembly
which also, in its way, involves a concentration that resembles a cmc. This is a
critical budding concentration (cbc) which lies above the cmc. Below the cbc all
oligomers exist on a roughly flat membrane, whilst above it the flat membrane
supports oligomers at, or very close to the cbc, while the remainder of the oligo-
mers form buds that each have an area fraction of oligomers ¢* > @g,.. As more
oligomers are added to the membrane, more N but similar N buds are formed. We
are able to establish the cbc by comparing the free energy of a membrane bearing
buds to one which does not. In the following section it will be assumed implicitly
that the cbc is exceeded and hence buds form.

A free inclusion, as shown in Figure 2.4 (left and center panels), is one which is
not anchored to any external structure such as the cytoskeleton. In this case it is
further possible to prove that there can be no net overall force acting to move the
membrane up or down, nor torques which tilt it left or right. This is a direct
consequence of Newton’s third law: The membrane cannot experience a force (or
torque) without another body or structure experiencing one that is equal and oppo-
site. If there is no such structure there can be no such forces. This leaves the
bending moment shown in Figure 2.4 (right panel) as the dominant mechanism
for local membrane deformation [23]. The inclusion pushes down on the mem-
brane with its “arms” and pulls up with its “body”, but it is not connected to any
other structure.

We propose to investigate how an asymmetric inclusion such as the protein
caveolin (or an oligomer thereof) can generate a local curvature in the membrane,
and how this curved membrane can then provide an environment preferred by
other identical curvature-sensitive caveolin molecules. Whilst this approach has
the advantage of providing a formal method for calculating the size of a caveolae
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bud directly from physical arguments, it suffers from the limitation that several

parameters are known only to within an order of magnitude. Its utility should

therefore be understood in the following terms:

e It represents a check on whether invaginations of 100 nm diameter might possi-
bly be driven by the physical process described. In particular, since we find that
this is indeed plausible, it provides a mechanism for the formation of caveolae
that explicitly does not involve cytoskeletal forces playing any significant role.

e Such a model is then able to predict how the stability and size of the invagina-
tions will vary with the control parameters, for example, surface tension, mem-
brane rigidity and the tendency of any inclusions to curve the membrane. We are
then able to compare these predictions with experiments involving several mu-
tant caveolins.

Whilst an exact calculation of these bending forces is difficult there is one calcula-
tion that can at least give us an indication of the magnitude of such forces. This,
involves treating the cytoplasmic tails as random coils. In this case there are well-
established rules from the theory of polymers [24,25] that allow these bending
forces to be calculated exactly [20,23,26]. The basic principle is that the chains gain
more configurational entropy if they locate next to a convex surface rather than a
flat one. This is formally equivalent to saying that each caveolin oligomer imprints
a local spontaneous curvature Co on the membrane, which is of order Co ~ fo/x,
where f; is a characteristic force exerted on the membrane by the cytoplasmic tails
(“arms”) of the caveolin oligomer, of the order 10pN [22].

One final physical “ingredient” is required in order to complete our model for
the formation of caveolae. It is necessary to include the effect of mixing » caveolin
oligomers, each of areas s, and hence area fraction ¢ = ns/S, on the surface of a
caveolae. Simplistically, we view the surface of the caveolae as being made up of
two components, caveolin oligomers (with fraction @) surrounded by the rest of
the caveolar membrane (with fraction 1-¢). The energy of the membrane de-
formation is given by Eq. (2), where the spontaneous curvature of the bud in-
creases with the density of caveolin, and is equal to Cop. Assuming that these
components have no interactions of longer range than g, then this is a classical
two-component ideal mixture. The free energy of mixing of this fluid is well
known [12,22], contains similar contributions from the oligomer and non-oligo-
mer membrane patches, and has the natural feature that it is very costly to remove
all of either component. Indeed, the energy required to do this actually increases
without bound as ¢ or 1 — ¢ = 0. For inclusions that interact with one another the
interaction energy includes a contribution that scales like the density of oligomer —
oligomer interactions (~¢?).

The formation of buds is controlled by a variety of physical processes that have
been introduced above. These can be combined into a single equation for the free
energy per caveolin oligomer on a caveolae of radius R containing oligomers with
area fraction @. This merely encodes mathematically all of the physical contribu-
tions to the energy discussed earlier in this section. These are:

e The existence of a spontaneous curvature, indicating that energy is gained when
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() (b)
(©) (d)
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Fig. 2.5 The origin of the contributions to curvature when they are present. (c) There is
total free energy. (a) Energy is gained by an energy cost when the area of the sphere is
bending the membrane in response to the removed from the cell membrane against
bending moments exerted by the caveolin surface tension. (d) There is an energy cost
oligomers. (b) There is an energy cost when associated with both mixing of and interac-
the membrane is bent away from its pre- tions between inclusions on the sphere
ferred shape: flat in the absence of caveolin surface. The latter increases with the area
and at precisely the preferred (spontaneous) fraction of buds.

the bud, with curvature 1/R bends in response to the bending moments of the
oligomers; this is the only effect which drives bending of the membrane.

o The energy cost of bending a membrane away from its preferred shape. If there
are no oligomers, the membrane would like to remain flat. When it forms a bud
it need not always have a curvature exactly equal to its spontaneous curvature
and this, similarly, costs bending energy.

o The energy cost of drawing the area of the bud away from the remainder of the
cell membrane into the bud; this involves doing work against the membrane
tension y.

e Finally, the repulsion between caveolin oligomers and the mixing energy must
be included. The origin of all of these contributions is sketched in Figure 2.5.

The preferred caveolae state can be obtained by identifying the minimum of this
free energy which, in turn, yields predictions for the preferred caveolae bulb radius
R* and oligomer density ¢* (see Fig. 2.6). The invagination radius decreases with
increasing caveolin density, so that the curvature of the bud approaches the sponta-
neous curvature of the caveolar membrane: C* = Cyp*.

These results follow from the same model for the bud as a nearly-closed sphere
attached to the membrane by a small neck, as was introduced in Section 2.4. We
find that a physical description of caveolae can yield predictions for such observ-
able quantities as the caveolae radius R that are in good agreement with observa-
tions. In this model we find that the primary reason why caveolae form is because
of the coupling between membrane curvature and protein density: proteins accu-
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Fig. 2.6 Variation of the preferred radius of of inclusions, expressed as the area fraction
the caveolar bulb R with surface tension of Qcbe, and the area fraction of oligomers on
the membrane. The size of the caveolae buds, @*. For all but the smallest tensions
reduces with increasing tension for small our simple two-component model predicts
tensions, but at larger tensions reaches a that the caveolae should be almost entirely
preferred value that is rather insensitive to covered with caveolin oligomers, at a concen-
tension. The two sketches of the calveolar tration ¢* s~ that is always above that of the
bulb indicate this, with darker shading repre-  surrounding membrane between caveolae

senting higher density of caveolin. Inset: The Pebe -
variation of the critical budding concentration

mulate to a curved membrane (bud), stabilizing its shape and thereby attracting
more proteins. If the formation of a curved membrane is too energetically costly
because of a high surface tension, the domains are destabilized [22].

Also, we can again return to make contact with caveolae as lipid rafts. The con-
sensus seems to be that these are the only rafts for which the identity and stability
is not controversial. They are large, comparatively easy to observe, and very stable.
We take this as evidence that the particular membrane curvature of caveolae stabi-
lizes the phase separation into buds, a mechanism which is entirely consistent
with the results of our physical analysis of their stability. Further evidence for a
coupling between caveolae and membrane curvature can be found in the fact that
an increase of the number of caveolae can enhance other types of membrane
deformation, namely endothelial capillary tubule formation [6].

Finally, our theory provides a framework with which to seek to understand cav-
eolae formation in mutant caveolin systems [27]. Mutants lacking the mutually
attractive domain of the N-terminus are still able to drive membrane invagination,
but with a much larger size R = 1 um. This is consistent with the fact that the force
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exerted by isolated proteins should be an order of magnitude smaller than the
force exerted by oligomers which results in a 10-fold increase in bud radius. Other
mutants lacking the mutually attractive C-terminus also form larger buds. We
would understand this as being due to a weaker oligomer — oligomer attraction,
resulting in a lower density of caveolin in caveolae andtherefore larger buds.

The origin of the striated texture observed on the surface of caveolae [1], which
superficially resembles tree bark, is still not understood. It may be that such struc-
tures are due to the spatial organization of caveolin oligomers on the surface of
these “gnarly buds”. If this is the case it may not be immediately obvious how
circularly symmetric oligomers can organize themselves into asymmetric phases
consisting of long, linear structures. However, it is now known that caveolin pro-
teins also interact via the distal regions of their C-termini tails [3]. This attraction,
together with a purely physical, membrane-mediated, longer-range repulsion that
it is possible o estimate [23] could lead to a phase separation of the caveolin oligo-
mers with caveolin-dense regions (stripes) coexisting with a caveolin-poor surface.
Such phenomena have been studied in physically similar systems [28], and a rea-
sonable conclusion would be that these structures may occur naturally as a result
of a balance between a short ranged (C-terminal) attraction and a longer-ranged
(membrane deformation-mediated) repulsion.

2.6
Caveolae and Membrane Tension: Mechano-Sensitivity and Mechano-Regulation

So far, we have two possible mechanisms by which invaginated membrane do-
mains may form at the plasma membrane. The raft model of Section 2.3 tells us
that a phase separation in the membrane promotes membrane curvature because
of chemical immiscibility, the driving force is the domain line tension. The curva-
ture instability model of Section 2.5, takes the point of view that membrane curva-
ture promotes the phase separation because of the aggregation of proteins into
patches of preferred curvature, the driving force being the protein spontaneous
curvature. In both cases, the tendency to membrane invagination must overcome
the membrane tension, which favors a smooth, flat membrane, and in both cases,
increasing the membrane tension may lead to the flattening of the invagination.
Figure 2.7 shows the effect of membrane tension on the energy of flat and in-
vaginated domains for the raft model. Atlow tension, chemical incompatibility and
the asymmetry of the membrane conspire to promote domain invagination, the
budded state being the most stable state. At large tension, budding the domain
costs too much energy, and invaginated domains flatten. Flat caveolae have indeed
been reported in the literature [29], although they appear much less common than
their invaginated counterparts. Figure 2.7 shows that an additional complexity
arises from the fact that there is an energy barrier between the flat and budded
states. This means that intermediate states (such as the hemispherical state — f=
0.5 of Fig. 2.7) are very unfavorable. This fact has two very important physical
consequences. On the one hand, this means that the transition from invaginated
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Fig. 2.7 Variation of the energy of a domain
as a function of the domain shape for differ-
ent membrane tension. The shape is charac-
terized by a single parameter 3, which
vanishes for a flat domain and is equal to
unity for a fully budded domain (correspond-
ing to a closed sphere, a state that can be
attained only if the domain endocytoses). The
energy plot shows the domain energy (in keT
unit) for a domain of size R = 100 nm, of line
energy 0 = ksTnm, and of bending rigidity »
=20 kgT. The energy is shown for three differ-
ent membrane tensions. Under low tension
(red), the domain tends to bud to minimize
contact with the surrounding phase, and the
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minimum of energy is for f=1. As the
membrane tension increases (green), the en-
ergy of the budded domain increases with re-
spect to the energy of the flat domain. At
even higher tension, the flat domain be-
comes the minimum of energy. Flattening the
invagination requires an energy barrier (AF)
to be exceeded. The transition over an energy
barrier (inset) is activated by thermal fluctu-
ations, and requires a time that increases ex-
ponentially with the height of the barrier (see
text). The higher the membrane tension, the
lesser the time needed to operate the flatten-
ing of the invagination.

to flat domains does not occur continuously. Instead, the domains will abruptly
snap open when the membrane tension is raised to a sufficient value. We argue
below that interesting biological functions for caveolae could stem from this phys-
ical fact. Furthermore, we have seen in Eq. (1) that states of high energy are ex-
ponentially unlikely, which means that the passage of a barrier AF requires an
appropriate thermal fluctuation. This is a rare event which occurs only after a time
proportional to ¢*/¥8Tm_ This means that the response of caveolae to a mechanical
perturbation is sensitive to the time scale over which this perturbation occurs.

A new putative function of caveolae at the plasma membrane emerges from
these physical considerations, in addition to their supposed role in cell signaling
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and cholesterol transport (to cite only a few). Specifically, this is a possible role in
cell mechano-sensitivity and mechano-regulation. Although direct experimental
evidence of such role is lacking at this time, Figure 2.7 provides a clear picture of
the effect that membrane tension should have on caveolae. The one remaining
question at this stage is the level of membrane tension required to affect caveolae
morphology. We are able to relate this tension to relevant physical parameters of
the caveolar membrane, such as the line tension, bending rigidity, and sponta-
neous curvature [22,30]. The expected values for these parameters leads to the
identification of a characteristic membrane tension that can be observed in cells.
At present, however, these parameters are not known with sufficient precision for
the theory to produce quantitatively precise predictions.

We may however investigate some biological consequences of the disruption of
caveolae at high membrane tension. In that respect, the scenarios presented in
Sections 2.5 and 2.3 are somewhat different. If the very formation of the caveolin
raft is coupled with membrane curvature (which is what the thermodynamic
model of Section 2.5 predicts), increasing the membrane tension will lead not only
to flattening of the invagination but also to dispersion of the caveolin aggregate.
One can relate this phenomenon to a putative function of caveolae in cell signal-
ing, which is to hold signaling components inactive until they are released and
activated by an appropriate stimulus [31]. The thermodynamical model of Sec-
tion 2.5 suggests that an increase in the mechanical tension of the cell membrane
could provide such a stimulus. If, on the other hand, the phase separation leading
to caveolin aggregates is independent of the shape of the membrane, the caveolin
rafts will remain regardless of the membrane mechanical tension. Their morphol-
ogy will however change upon tension increase, as is described Figure 2.7.

The morphological changes of caveolae with the tension of the plasma mem-
brane provides the basis for mechanical regulation at the cell membrane. It is
known that the tension of a cell increases if it is mechanically perturbed [32], and
that cells have developed regulatory mechanisms to accommodate mechanical per-
turbations [32,33]. Caveolae might play a role in this mechanism, and many pathol-
ogies associated with caveolin seem to involve the mechanical behavior of the cell.
One can cite their involvement in various muscular diseases [34], and defects in
vascular relaxation and contractility in mice deficient of caveolin-1 [4]. There is an
increase of the number of caveolae in Duchénne muscular dystrophy [35], and
such an increase has also been observed in cells subjected to long-lasting shear
stress [36]. Furthermore, there exists evidence that caveolin can contribute sig-
nificantly to cell-cycle regulation [37], and cell entry into mitosis can be inhibited
by artificially maintaining a high level of caveolin prior to mitosis. One can argue
on the basis of physical arguments that the coexistence of flat and invaginated
membrane domains regulates cell membrane tension [30]. Figure 2.8 shows that
the mechanism of a perturbation of the cell membrane area can be buffered by the
flattening and invagination of domains. By this mechanism, caveolin expression
could regulate and buffer the membrane tension of cells by controlling the num-
ber of caveolae at the cell membrane. Along with many other factors, this could be
one reason why caveolin is down-regulated prior to mitosis [37], as a means low-
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Fig. 2.8 The possible involvement of caveolae
in mechanical regulation at the cell mem-
brane. (Left) A mechanical perturbation is
said to be positive if membrane area is taken
out, and negative if it is put in. In the
absence of invaginations, such perturbation
would influence the membrane tension
(visualized as a spring of various length),
increasing it for positive perturbation, and
decreasing it for negative perturbation. The
presence of membrane invaginations, for
which caveolae are a good candidate, allow

buffering of the changes in membrane
tension, as positive perturbations flatten the
invagination (P1) prior to tension increase
(P2), and negative perturbation leads to
more invagination (N1), before it starts
affecting the tension (N2). (Right) Variation
of membrane tension with perturbation in
the absence of invagination (dashed line),
and with invagination (solid line). The mem-
brane reservoir in the invagination helps keep
the tension unaltered.
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ering membrane tension by releasing the membrane area stored in caveolae,
thereby assisting cell division. This is consistent with the fact that caveolin-1
knockout mice show an increased rate of cellular proliferation [4].

Compensatory pathways exist for cells lacking caveolin that do not exhibit cav-
eolae at their plasma membranes [4]. In order to investigate further the possible
role of caveolae in tension regulation, one potentially promising line of research
might be to perturb (e.g. mechanically) cells that do have caveolae, and to observe
the effect of that perturbation on caveolae before any alternative regulatory mecha-
nisms can have a significant effect.

2.7
Conclusions

Fluid membranes can be described using physical laws. The membrane has some
tension which resists the formation of invaginations of finite area. The area of each
invagination must be removed from the rest of the cell membrane under tension
in order to form a bud. The membrane has a rigidity which parameterizes the
stiffness of the membrane. Patches (rafts) on the membrane which have a distinct
chemical composition also experience a line tension that acts at the interface of the
patch with the rest of the membrane. This line tension acts to minimize the length
of the contact line and tends either to make the domain circular or to form a bud,
with a much reduced contact region near the neck of the bud. Finally, membrane
inclusions such as caveolin that are distributed asymmetrically in the membrane
can always be expected to make the membrane curve. It is argued that the predom-
inantly random coil of the N-terminal section of caveolin acts to bend the mem-
brane away from it and hence favors the formation of endo, rather than exo, buds.
These physical ingredients can be combined in simple theories to understand
when, and if, caveolae-like invaginations should be stable and, if so, at what length
scales. The characteristic scales that arise from comparing surface tension and line
tension with rigidity both are in the 100 nm range, and thereby provide an early
hint that a balance between the various physical effects listed above could be ex-
pected to give rise to invaginations similar to caveolae. We describe how this can be
analyzed in more detail, leading to a theory for the stability of the buds under
variation of surface tension. We find that buds of a single characteristic size stabi-
lized by line tension can act as mechanical tension regulators and how these could
very effectively buffer the cell’s tension in the physiological range.

Abbreviations
AA amino acid

cms critical micelle concentration
cbe critical budding concentration
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The Biophysical Characterization of Lipid Rafts

Pranav Sharma, Rajat Varma, and Satyajit Mayor

3.1
Introduction: The Fluid Mosaic Model and Membrane Domains

In an influential review in the early 1970s, Singer and Nicolson summarized the
available information on the property of the lipid bilayer, and proposed a “fluid
mosaic” model of the plasma membrane [1]. These authors suggested that bio-
logical membranes are two-dimensional fluids of lipids, in which integral mem-
brane proteins are dissolved; peripheral proteins are attached to the surface of the
membrane and protein milieu (Fig. 3.1). Lipids and proteins were proposed to
have unrestricted lateral mobility, but restricted transverse mobility. These con-
siderations were construed to result in a homogeneous distribution of lipids and
proteins in biological membranes. However, the spatial and temporal inhomoge-
neity of lipids, while not explicitly advocated, was certainly not ruled out. In fact,
domain models of cell membranes, as mosaic rather than fluid, have existed for a
long time, based primarily on the properties of lipids in artificial liposome mem-
branes [2,3]. The fluid-mosaic model of Singer and Nicolson also considered the
possibility of small membrane domains in the fluid cell membrane bilayer. How-
ever, all these models of cell membranes did not focus on relating any specific
biological functions that required domain formation.

3.2
The Origin of the Raft Hypothesis

Membrane heterogeneities resurfaced primarily as a necessity to explain a specific
biological observation of preferential sorting of glycosphingolipids to apical mem-
branes in polarized epithelial cells [4]. This idea was finally developed into a notion
of lipid rafts by Simons and coworkers, and was centered on cholesterol-containing
domains as the cornerstone of the raft model of life in a living cell membrane [5]
(Fig. 3.2A).

Lipid rafts were hypothesized as specialized regions of cell membrane where
sphingolipids and cholesterol come together as a result of chemical affinity and/or
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Fig. 3.1 The fluid-mosaic model of the suggest that proteins are dissolved in a two-
plasma membrane. In this famous model, dimensional fluid. They also considered the
Singer and Nicholson summarized experi- possibility of small membrane domains
mental observations from studying diffusion (~100 nm at most) in the fluid cell mem-

processes in cell and artificial membranes to  brane bilayer.

their preferential packing. These regions could include or exclude other lipids and
proteins, and this specific segregation was proposed to mediate their biological
function [5]. Lipid rafts have been implicated in a variety of functions such as
sorting, endocytosis, signaling, and cell migration [6]. Although lipid rafts are im-
plicated in many fundamental biological functions, there is significant confusion
in their definition, evidence for their existence, and their precise role in biological
function. Numerous models to explain their structure and function have been
proposed and are summarized in Figure 3.2.

Lipid rafts have been studied and defined with a variety of techniques, and this
has resulted in various terminologies such as ‘microdomains’, detergent-insoluble
glycolipid/glycosphingolipid-enriched complexes/membranes (DIGs), and deter-
gent-resistant membranes (DRMs). In order to avoid confusion, the term “lipid
rafts” in this chapter will be used henceforth as a general description of lipid-based
membrane heterogeneity, and wherever necessary followed by the method used to
define it.

This chapter focuses on the biophysical tools that have been used to examine
membrane heterogeneities.



Fig. 3.2 Current raft models. (A) The most
commonly cited hypothesis for membrane
rafts proposed by K. Simons (Dresden, Ger-
many) [5] depicts rafts that are relatively large
structures (~50 nm), enriched in cholesterol
and sphingolipid (SL), with which proteins
are likely to associate. (B) Anderson and
Jacobson visualize rafts as lipid shells which
are small, dynamic molecular-scale assem-
blies in which “raft” proteins preferentially
associate with certain types of lipids [83]. The
recruitment of these “shells” into functional
structures could be a dynamic and regulated
process. (C) Another point of view is that a
large fraction of the cell membrane is raft-like
and exists as a “mosaic of domains”; cells
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domains via a cholesterol-based mecha-
nism [84]. (D) Actively generated spatial and
temporal organization of raft components. A
different picture that is consistent with data
from GPl-anchored protein studies in living
cells suggest that pre-existing lipid assem-
blies are small and dynamic, and coexist with
monomers [30]. They are actively induced to
form large-scale stable “rafts”. Black circles =
GPl-anchored proteins; red and pink circles =
non-raft-associated lipids; yellow circles =
raft-associated lipids; green = cholesterol.
Scale bar =~5 nm. (Reprinted with permis-
sion from [30].)
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Fig. 3.3 (A) Membrane topology of GPl-anchored proteins in
comparison to transmembrane (TM) proteins and fatty-acid
linked proteins. (B) Core residues of the GPI-anchor.
(Reprinted with permission from [7].)

33
The Role of Lipid-Anchored Proteins in the Development of the Membrane Raft
Hypothesis

Before reverting to the heart of the matter, it is useful to examine why glycosyl-
phosphatidylinositol (GPI)-anchored proteins have been used as markers for rafts.
GPI-APs are a class of extracytoplasmic proteins that undergo a post-translational
lipid modification that results in the exchange of an often perfectly competent
hydrophobic transmembrane protein anchor with a glycolipid, the GPI-anchor [7]
(Fig. 3.3). The GPI-anchor is the sole anchor by which most of these proteins
attach to membranes, and often is required for targeting to plasma membrane
after their synthesis and post-translational lipid modification in the endoplasmic
reticulum (ER) [8]. Diverse proteins are GPI-anchored, and thus the GPI-anchor
has been implicated in providing functions such as specific sorting in the secretory
and endocytic pathway [7,9], and signaling [6,10-12]. In addition, in most cells
almost all of the GPI-anchored proteins are present in DRMs. The requirement for
maintenance of specific lipid composition for these special sorting and signaling
characteristics, and the fact that the GPI-anchor did not extend beyond the first
leaflet of the bilayer, provided the impetus to examine the distribution of GPI-
anchored proteins in cell membranes as indicators of lipid-based heterogeneity
markers. Similar arguments are applicable to other lipid-tethered proteins where
the lipid anchor appears to specific sorting and signaling specificity to the lipid-
tethered proteins in question [13].
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3.4
The Case For and Against DRMs as Evidence for “Rafts” in Cell Membranes

For a long time, the existence of DRMs was thought to reflect “lipid rafts” in
biological membranes, and this is still one of the most widely used methods to
define lipid rafts. This was despite the notion that many membrane-associated
proteins and lipids interacting with the cytoskeleton directly or via complexes
could be resistant to detergent extraction [14,15]. Studies examining the interac-
tion of detergent with membranes are about as old as models that predicted the
fluid nature of biological membranes [16]. Membranes of Semliki Forest virus
were treated with different detergents, and various stages of virus membrane dis-
sociation (following detergent treatment) were investigated for understanding vi-
rus function [17-19]. Simons and coworkers, following their studies on the prefer-
ential apical transport of some proteins and glycosphingolipids [4], suggested that
there may be a correlation between apical transport of these proteins and glycos-
phingolipids. This makes apical sorting of GPI-APs along with glycosphingolipids
among the first biological function proposed for lipid rafts. Simons and coworkers
proposed that glycosphingolipid-enriched patches might act as a sorting platforms
for proteins that are preferentially sorted to apical compartments. In addition, GPI-
APs and several sphingolipids were shown to become resistant to cold Triton-X
100 solubilization (also referred to as DRMs) in the trans-Golgi network (TGN)
before their delivery to apical membranes in polarized epithelial cells [20,21]. The
roots of the widespread use of cold nonionic detergent as an evidence of mem-
brane inhomogeneities or lipid rafts (thus referred to as DRMs or DIGs) and its
link to biological function may be partially traced to this seminal study. Brown and
Rose showed that the cold detergent-insoluble complexes from lysates of polarized
Madin-Darby canine kidney (MDCK) cells contained moderate amounts of apically
delivered protein human placental alkaline phosphatase (PLAP) along with other
GPI-APs. These detergent-insoluble membranes were concentrated in glycosphin-
golipids, but proteins destined for delivery to basolateral compartments were miss-
ing. This led the authors to speculate that these cold detergent-insoluble com-
plexes could form the sorting platforms, as suggested by Simons and coworkers,
for the apical delivery of PLAP.

The idea of DRMs as a biochemical purification of a specific membrane domain
in living cells was reinforced from the studies investigating the phase behavior of
lipids in membranes. Constituent lipids determine the state of membrane; lipids
with saturated long acyl chains exists in the “gel state” with restricted lateral mobil-
ity and long range order because they are able to tightly pack the hydrocarbon
chains of the lipids, whereas lipids with unsaturated (kinked) acyl chains exist as a
“liquid crystalline state” with faster lateral mobility because they are unable to pack
in the same fashion. Clearly, thermal effects determine in which state(s) these
lipids may exist, and also the phase diagram of coexisting phases [22]. Extensive
studies with artificial lipid membranes has suggested that lipids in the liquid crys-
talline state can exist in a liquid-disordered (la) or liquid-ordered (l,) state [23],
differentiated only by local order parameter. A lo state is characterized by a gel-like
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short-range local order but liquid crystalline state-like translational mobility.

Sphingolipids with saturated long acyl chains and short rigid cholesterol undergo

preferential packing into 1, phases [24,25]. The arguments that biological mem-

branes contain patches of lo domains in otherwise ld membranes are supported by
the following observations:

1. There is a coexistence of 1, and 14 phases in model membranes.

2. Model membranes known to be in 1, state are insoluble in cold, nonionic de-
tergent (e.g., Triton X-100), and the physical state of model membranes treated
with cold detergent were similar to that of the I, state.

3. A fraction of the lipids in biological membranes are insoluble in cold nonionic
detergent.

This physical picture provided the much-needed rationale to relate the existence of
these detergent-insoluble complexes to ‘rafts’ in cell membranes, leading to a flood
of reports investigating the components of cold detergent-insoluble membranes
and linking them with biological function; indeed, several studies on the “pro-
teome” of DRMs are also available today [26,27]. Even to date, detergent insolu-
bility remains the most widespread method of identifying association with lipid
rafts.

Despite numerous studies involving detergent insolubility on cells and artificial
membranes, there remains a lack of understanding of phase behavior, composi-
tion, and also physical principles governing the association of lipids in the mem-
branes of living cells. It would be difficult to consider the treatment of membranes
with detergent as being nondisruptive. However, the phenomena of detergent in-
solubility could result from the chemical interaction (or possibly lack of it) of
certain lipids with detergents. So, the interpretation of this technique rests heavily
on the premise that detergent insolubility reflects some “chemical interaction”
between lipids that existed in live cells prior to detergent treatment. This “chemical
interaction” needs to be over and above the chemical interaction of various lipids to
the detergent itself. To date, we lack a direct correlation between live cell lipid raft/
microdomain organization and the resulting detergent-insoluble complexes. In
the absence of any clear understanding of the relationship between “a priori” live
cell organization and resulting phenomena of cold detergent insolubility, the sug-
gestion that cold detergent insolubility reflects presence of some organization on
living cell is, at best, speculative.

Support for these suspicions came from the studies of Heerklotz [28], who exam-
ined the phase transitions and phase structures of model lipid membranes using
microcalorimetry and solid state nuclear magnetic resonance (NMR) [28]. When
examining vesicles composed of an equimolar mixture of 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (PC), egg sphingomyelin (SM) and cholesterol, Heer-
klotz did not find any significant fraction of membrane in ordered state at 37 °C.
However, the addition of increasing amounts of the detergent Triton X-100, or a
lowering of the temperature, promoted the formation of ordered domains in these
membranes, which were resistant to subsequent detergent extraction procedure.
Hence, instead of reflecting upon the ordering of lipids in membrane, Triton X-100
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could cause the formation of such ordered domains. In a follow-up study, Heer-
klotz et al. showed that very small transition energies are required to induce
changes in the size and abundance of ordered domains in artificial model mem-
brane systems [29]. Hence, the perturbations caused by incorporating detergents
could result in artifacts, especially in studies involving artificial lipid membranes.
In biological membranes with complex lipid mixtures and proteins, there is a
possibility of some component(s) acting as a stabilizer of the lipid domains, but the
use of detergents to probe this situation is fraught with the concerns raised above.
At best, DRM-association reveals a biochemical propensity that may be associated
with ordered lipid domains [9,30].

3.5
Why Are Biophysical Studies Useful for Understanding Lipid Rafts?

Given the large size (larger than the limit of resolution of light microscopy) of
membrane heterogeneities observed in artificial model membranes, one would
expect to observe them in biological membranes with reasonable ease. However,
even with the spectrum of protein- and lipid-related techniques available, ranging
from electron microscopy, optical tweezers and single molecule studies to bio-
chemical detection, the direct visualization of lipid rafts has been elusive. An asso-
ciation of proteins expected to be present in lipid rafts or DRMs is not detectable by
using biochemical procedures such as SDS-PAGE, which indicates that an associa-
tion between raft constituents — if present — is weak, noncovalent, and/or tran-
sient.

Within the resolution of light microscopy, DRM constituents such as GPI-an-
chored proteins appear to be diffusely distributed [31], indicating that if segregated
“raft” structures exist they must be smaller than the resolution of light microscopy
(at best 200 nm). Studying the distribution of GPI-anchored proteins by electron
microscopy (EM), which has the correct scale of detection, also failed to detect any
clustering of lipid raft constituents [31-33]. Elaborate fixation procedures and the
efficiency of labeling with electron-dense tags might be possible causes of this loss
of detection sensitivity [34]. As each technique is scrutinized for its suitability for
raft detection, it has become clear that these structures — if they exist — are ex-
tremely difficult to visualize and/or detect in direct manner.

In the absence of any other option, indirect methods remain in widespread use
to define the constituents and structure of lipid rafts; biophysical studies hold the
promise of understanding lipid rafts. In the following sections a variety of different
biophysical techniques used to study lipid rafts are discussed, together with an idea
of their impact on our understanding of “raft” structures in living cell mem-
branes.

The biophysical techniques used to examine the organization of lipid-based
components may be divided into two types:

o those based on studying the diffusion characteristics of membrane components,
based on the assumptions that raft-association will be detected as a change in
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local membrane viscosity, or will generate large-sized entities that should show
deviations from diffusive behavior attributable to monomer diffusion; and

o those based on detecting enhanced proximity between raft-associated mole-
cules.

3.6
Diffusion-Based Measurements

Two main types of diffusion measurement have been analyzed, namely single
molecule-based methods such as single-particle tracking (SPT), and ensemble-
based methods such as fluorescence recovery after photobleaching (FRAP) or fluo-
rescence correlation spectroscopy (FCS).

3.6.1
Single-Molecule Studies

Single-particle tracking studies, which involves observing the motion of a single
molecule tagged with nanometer-sized colloidal gold or fluorescent dye [35], has
been used to elucidate the fine structure of biological membranes (Fig. 3.4). Sheets
and coworkers used video-enhanced bright field microscopy on 40-nm colloidal
gold labeled to antibodies against Thy-1 or cholera toxin B (CtxB) subunit to study
the movement of Thy-1 or GM1 respectively, in C3H 10T1/2 fibroblasts [36]. They
divided the observed motion of molecules into four categories: fast diffusion; slow
diffusion; confined diffusion; and stationary at 6.6 s time scale (200 frames at video
rate of 30 frames per second). While significantly higher fraction of Thy-1 and
GM1 showed confined diffusion (37 % and 35 %, respectively), only 16 % of fluor-
escein phosphatidylethanolamine (fl-PE; phospholipid analogue) molecules dis-
played confined diffusion. Moreover, the treatment of cells with a glycosphingo-
lipid inhibitor (which reduced the glycosphingolipid level by ~40%) reduced the
fraction of Thy-1 (28 %) molecules undergoing confined diffusion. This indicates a
role of glycosphingolipids in the reduced mobility of Thy-1. At this timescale of
6.6 s, Thy-1 and GM1 were found in transient confinement zones (TCZs) averag-
ing 325 to 370 nm in diameter. At the 60 s observation window, Thy-1 and GM1
were confined to TCZs for 7-9 s, with an average diameter of between 260 and
330 nm. Interestingly, the extraction with cold Triton X-100 did not affect either
fraction of molecules showing confined diffusion or diameter of confined region.
The authors concluded that these confined reasons might be in-vivo correlates of
detergent-insoluble complexes. The same group conducted a further character-
ization [37] and found that the lipid analogues 1,2-dio-leoyl-sn-glycero-3-phosphoe-
thanolamine-fluorescein (FL-DOPE) and 1,2-dipalmitoyl-sn-glycero-3-phosphoe-
thanolamine-fluorescein (FL-DPPE) spent significantly less time in TCZs com-
pared to Thy-1 and GM1. For Thy-1, the confinement times were significantly
reduced upon cholesterol depletion. The authors investigated the mobility of Thy-1
within the TCZs at a higher time resolution, by capturing data using a high-speed
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when receptor molecules form oligomers
upon liganding or crosslinking. The receptors
may be GPl-anchored receptors or transmem-
brane receptors with some affinity to choles-
terol and saturated alkyl chains. Oligomer-
ized receptors may then induce small but st-
able rafts around them, perhaps due to the
slight reduction in the thermal motion
around the cluster and the subsequent as-
sembly of cholesterol. Given the rather stable
oligomerization of the receptor molecules,
the type (b) raft may be stable for minutes,
although the associated raft-constituent mol-
ecules may be exchanged frequently between
the raft and the bulk domains. Type (c) struc-
tures may be formed around these receptor
rafts. (Image reprinted with permission

from [85].)

digital video camera (500 frames per second for up to 10 s). The diffusion coeffi-
cient within TCZs was reduced by a factor of ~2 compared to the one outside of the
TCZs. In another study, the diffusion of GPI and transmembrane-anchored forms
of neural cell adhesion molecule (NCAM) was studied in NIH-3T3 fibroblasts [38].
Surprisingly, a similar confinement was shown for GPI as well as the transmem-
brane forms of NCAMs.

Schutz et al. used the single-particle tracking of lipid labeled with fluorescent
dye, a method referred to as “single dye tracing” [39]. In this approach, dilute
quantities of Cy5-labeled, saturated lipid probe 1,2-dimyristol-sn-glycero-3-phos-
phoethanolamine (DMPE-Cy5) and a mono-unsaturated lipid probe DOPE-Cy5
were introduced into human coronary artery smooth muscle (HASM) cells. The
single dye tracing data indicated rapid and confined diffusion for DMPE-Cy5 with
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a long residence time and a confinement area in the order of ~600-700 nm. By
contrast, DOPE-Cy5 displayed a relatively unconfined diffusion within the mem-
brane.

Pralle et al. examined the viscous drag of GPI and transmembrane-anchored
proteins in regions much smaller than TCZs (as defined by video-based single-
particle tracking experiments [40]). These authors performed high-resolution parti-
cle tracking with a bead (labeled with antibody as well as a fluorophore) held by
laser trap and bound to membrane protein, and then observed the amplitude of
fluctuations of a 2-mm bead in a laser trap of defined spring constant. The ampli-
tude of fluctuations in turn may be related to the local viscosity by the Saffman-
Delbruk model of diffusion in two dimensions [41]. The authors reported that raft
proteins (by cold detergent-insolubility criterion) such as hemagglutinin (HA),
PLAP or chimeric YFPGLGPI (a GPI-anchored protein containing the signal se-
quence of lactase-phlorizin hydrolase (LPH) fused to yellow fluorescent protein;
YFP) experienced an approximately three-fold higher viscous drag than non-raft
LYFPGT46 (YFP ectodomain fused to the transmembrane domain of the LDL
receptor). Cholesterol depletion resulted in a significant decrease in the viscous
drag of HA and GPI-APs, whereas viscous drag of LYFPGT46 was unchanged after
cholesterol depletion. By applying the Saffman-Delbruck model for diffusion in
biological membranes, Pralle et al. estimated the size of rafts as being
~26 + 13 nm. However, the application of this theory to membrane diffusion in an
heterogeneous environment is fraught with complications, and even if applicable
the extremely insensitive relationship between particle size and diffusion coeffi-
cient [Diffusion coefficient « In (1/R)] makes the estimation of size inaccurate.

Kusumi et al. [42] presented a comprehensive review of the various factors that
might influence the diffusion of a protein in the plasma membrane (Fig. 3.4).
These authors suggested that there might be two different types of raft in the
plasma membrane: (1) steady-state rafts or “reserve rafts” that exist at all times;
and (2) “clustered rafts”, which are more stable long-lived structures that might be
created when processes such as signaling are initiated. Kusumi et al. also defined
all possible physical interactions that take place between lipids and proteins that
would give rise to segregation and, most importantly, associated lifetimes to each
of these processes that are critical when designing any type of experiment to detect
such structures. For many years Kusumi’s group has focused its efforts on under-
standing the diffusion of proteins in membranes, by using single-particle track-
ing [43]. This technology allows single particles to be tracked at a time resolution of
25 ms, whereupon most proteins and lipids are seen not to undergo free unre-
stricted diffusion but rather to diffuse freely into small compartments between 30
and 250 nm in size that are bounded by cytoskeletal “fences”. The proteins and
lipids cross these fences at a frequency ranging from 1 to 25 ms, depending on the
cell type [43]. Such a phenomenon is called “hop diffusion”, and the frequency
with which molecules hop from one compartment to the other is called the “rate of
hop diffusion”. Both theoretical models and experiments appear to coincide in this
understanding of the structure of the cell membrane where the plasma membrane
is actively partitioned by the cytoskeleton that it rests on into membrane skeleton
pickets and fences.
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When such experiments were performed on GPI-anchored proteins, the latter
were found to have a rate of hop diffusion that was indistinguishable from that of
phospholipids [42]. Surface scanning resistance (SSR) measurements are per-
formed by coating a bead with antibodies to a receptor on the cell surface, and this
bead is held by a laser trap while the stage is scanned in two dimensions [44]. The
resistance felt by the bead is reflective of the barriers to diffusion present on the
cell surface, and can be used to determine the linkages of the receptor to the
cytoskeleton. SSR measurements performed on Qa-2 (GPI-anchored MHC class I)
revealed that, using a low concentration of antibodies on the bead, the barriers
encountered by the bead were similar to that observed by a monomeric GPI-
AP [45]. When a higher concentration of antibody was used, it resulted in cross-
linking of Qa-2 and the barriers observed were indicative of an association with a
transmembrane protein that has linkage with the actin cytoskeleton. This result
was surprising, and questioned most existing models of rafts. The authors inter-
preted their results by saying that these were the representatives of reserve rafts
that consisted of a very small number of GPI-anchored proteins having a hop
diffusion rate of 25 ms on average. If the fraction of molecules that resided in
aggregated species was small, then in single-particle measurements the probability
of labeling those species is also lowered and it becomes difficult to obtain statisti-
cally significant data on those events.

As indicated above, by using single-particle tracking, albeit at a lower time reso-
lution, Jacobson and coworkers reported a phenomenon for raft-like molecules.
They found that GPI-anchored proteins — but not other transmembrane proteins —
underwent slow diffusion in small zones that were 200 nm in size [36,38, 86],
called TCZs. Kusumi and coworkers clarified that these TCZs could not be com-
pared to the membrane compartments that they observed because the time resolu-
tion of the two techniques was very different [42]. It is also possible that due to the
inability to have single antibody per gold particle, Jacobson and co-workers might
have observed diffusion of small clustered molecules. The issue of multi-valency of
the tagging particle remains a matter of great concern in the correct interpretation
of results from these techniques [46].

3.6.2
Fluorescence Recovery After Photobleaching

Fluorescence recovery after photobleaching (FRAP) is a well-established technique
which is used to study the lateral mobility and fluorescence dynamics of proteins
in membranes [47,48]. After labeling of the surface molecules with a fluorescent
tag, a defined micrometer-sized area on the cell membrane is photobleached (irre-
versible photo-destruction) within a very short time, using a focused laser beam.
This is followed by an observation of the recovery of fluorescence in the bleached
area (by diffusion of fluorescent molecules from neighboring regions). Two pa-
rameters may be obtained from a rigorous analysis of the data: (1) the rate(s) of
recovery, which results in an estimation of a rate of diffusion; and (2) the immobile
fraction. The rates of fluorescence recovery are used to estimate the diffusion
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constants, whereas the discrepancy between fluorescence intensity before photo-
bleaching and after complete recovery of fluorescence provides the fraction of im-
mobile molecules [48]. Although this procedure does not throw light on the mo-
tion of individual molecules, one clear advantage of FRAP over single molecule
methods is its superior statistical confidence resulting from the averaging of large
number of diffusion events. Since the technique results in the destruction of fluor-
ophores to achieve the measurement, there are issues regarding the damage
caused by this photobleaching phenomenon. In addition, the time scales and sen-
sitivity of the technique are limited by instrumentation, and the many different
models of diffusion may be used to explain the recovery characteristics. A prior
physical picture of the diffusion process is usually essential in deciphering the
data [49-51].

In one of the earliest FRAP studies of DRM-associated proteins, Ishihara et al.
showed that although Thy-1 exhibited a diffusion constant similar to that of labeled
lipids, while up to 50% of the protein was immobile on the surface of various cell
types [52]. Hannan et al. [53] also showed the presence of an immobile fraction of
GPI-APs on the surface of MDCK cells. When placed in perspective of recent
developments in the picket-fence model, this immobile fraction would include the
proteins which diffused within pickets but were restricted in mobility at larger
timescales. Moreover, the results did not provide the immobile fraction of “non-
raft” protein for comparison. Oliferenko et al. [54] performed FRAP measure-
ments on a transmembrane-anchored lipid raft (DRM-associated) marker CD44
expressed in EpH4 cells (polarized mammary epithelial cells). These authors
found that CD44 was significantly immobilized compared to a transferrin receptor
(TfR), which is not present in lipid rafts (recovery after saturation being ~19% and
~50%, respectively). Cholesterol depletion and treatment with latranaculin A (an
actin-disrupting agent) led to comparatively higher mobile fractions of CD44 (28 %
and 40 % recovery respectively compared to ~19 % for untreated CD44). Oliferenko
et al. took these results as evidence of the presence of CD44 in lipid rafts, but the
alternative possibility of CD44 being retained by pickets and fences better than TfR
(perhaps through selective interaction) could not be ruled out. Cholesterol deple-
tion and actin disruption could merely perturb pickets and fences by acting on the
cytoskeleton [55]. Shvartsman et al. investigated the diffusion of influenza HA
tagged with various anchors [56], and found that DRM-associated wild-type and
GPI-anchored forms of HA diffused more slowly than an HA mutant that was not
associated with the DRMs. However, the diffusion became comparable following
the depletion of cholesterol from the cells. In cells that coexpressed the wild-type
and GPI-anchored forms of HA, the patching of one form by using antibodies
slowed down the diffusion of the other, thus indicating the anchor- (and hence raft-)
dependent interaction between the two forms.

Using FRAP, Henis and coworkers [57,58] examined the lateral diffusion con-
stants of wild-type and activated H-Ras and K-Ras (lipid-linked small GTPases
which associate with the inner leaflet of the membrane). Whilst wild-type H-Ras
was found to a greater extent in DRMs, the other isoforms (wild-type K-Ras, acti-
vated H-Ras and activated K-ras) were not at all detergent-insoluble, suggesting a



3.6 Diffusion-Based Measurements

functional potential of the “lipid raft” association [59]. Interestingly, these authors
did not report any significant difference in the lateral mobility of any of the pro-
teins. Only wild-type H-Ras showed an increased lateral mobility upon cholesterol
depletion. Moreover, the lateral mobility of activated H-Ras and K-Ras increased
with expression level in a saturable manner, whereas the lateral mobility of wild-
type H-Ras was independent of its expression level. These complicated results
again highlighted the lack of a precise understanding of detergent insolubility. A
more comprehensive understanding of the nature of the domains that these small-
molecule GTPases occupy was reviewed recently [13].

3.6.3
Fluorescence Correlation Spectroscopy

Fluorescence correlation spectroscopy (FCS) provides information on the diffusion
of fluorescently tagged molecules by observing the correlation of fluorophore fluc-
tuation through a small optically delimited detection volume [60—65]. The resultant
fluorescence fluctuations provide an autocorrelation curve, which could be used to
calculate diffusion constant of the molecules. Whilst FCS retains the statistical
advantages of FRAP, it can be performed with dilute fluorophores and with rela-
tively less laser power. This makes it more suitable for live cell studies, with lesser
photo-damage and lower fluorophore concentrations, closer to that of endogenous
molecules [60,63,66].

Korlach et al. used giant unilamellar vesicles (GUVs) containing various mix-
tures of dilauroyl phosphatidylcholine (DLPC), dipalmitoyl phosphatidylcholine
(DPPC) and cholesterol. These authors imaged coexisting phases (resulting from
phase separation) with confocal fluorescence microscopy using differential probe
partitioning of fluorescent probes 1,1’-dieicosanyl-3,3,3’,3’-tetramethylindocarbo-
cyanine perchlorate (Dil-C20) and 2-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-
s-indacene-3-pentanoyl)-1-hexadecanoyl-sn-glycero-3-phosphocholine (Bodipy-PC).
The identified phases were characterized by measuring translational diffusion of
Dil-C20 by FCS measurements. The probe displayed fast mobility in fluid mem-
brane phases, and slower mobility in ordered membrane phases. Cholesterol was
found to induce changes in coexisting phase domains. In binary mixtures of
DLPC/cholesterol, the fluid phase of DLPC that contained a higher cholesterol
content displayed slower diffusion coefficients for Dil-C20. However, by confocal
fluorescence microscopy these phases appears identical.

In a similar study, Kahya et al. studied phases in GUVs prepared from ternary
mixtures of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), SM and choles-
terol [67]. Dil-C18 was largely excluded from the SM-rich regions, in which the raft
marker ganglioside GM1 was localized when visualized with CtxB subunit. The
cholesterol content was found to be critical for the phase separation into a liquid-
disordered, DOPC-enriched phase exhibiting high probe mobility and a dense,
liquid-ordered, SM-enriched phase. The addition of cholesterol led to increased
probe mobility for the liquid-disordered, DOPC/cholesterol mixture and decreased
probe mobility for the liquid-ordered, SM/cholesterol mixture. Bacia et al. per-

57
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formed FCS on a raft marker GM1 probed with fluorescently labeled CtxB subunit
and compared it with a non-raft marker dialkylcarbocyanine (Dil) [68]. In homoge-
neous GUVs, both probes displayed slightly different diffusion (attributed to fac-
tors other than membrane composition). Both probes also showed significantly
different diffusion in GUVs that contained a raft lipid mixture (unsaturated phos-
phatidylcholine, cholesterol and SM). CtxB-GM1 diffused significantly more slowly
than Dil, consistent with its presence in liquid-ordered domains. The depletion of
cholesterol by methyl-B-cyclodextrin (mbCD) resulted in an increased mobility of
CtxB-GM1, consistent with the disruption of liquid-ordered domains. Similarly,
CtxB-GM1 displayed extremely slow diffusion compared to Dil in rat basophilic
leukemia (RBL) cells. However, there was no increase in the mobility of CtxB-GM1
by depletion of cholesterol using mBCD. In contrast, disruption of the cytoskeleton
by treatment with latrunculin A resulted in a higher mobility of CtxB-GM1. The
authors speculated that these results could arise if some skeleton rafts remained
associated with the cytoskeleton after cholesterol depletion, but they did not con-
duct an experiment in which cholesterol was depleted along with cytoskeleton
disruption. A further increase in mobility could have suggested a hierarchical or-
ganization of CtxB-GM1 into cholesterol- and cytoskeleton-dependent structures.
Bacia et al. also showed that the SNARE proteins syntaxin and synaptobrevin,
when reconstituted into GUVs, were preferentially present in liquid-ordered
phases. Interestingly, Lang et al. showed that syntaxin does not co-patch with typ-
ical raft markers such as GPI-linked proteins, and does not co-fractionate with
DRMs [69], whereas others showed that SNAREs are highly enriched in
DRMs [70,71]. Although these results related to DRM association are ambiguous,
they demonstrate the gap between data obtained from model membranes and
from biological membranes. In an interesting follow-up study, Bacia et al. exam-
ined the role of sterol structure in phase separation in GUVs [72]. Sterol structure
was shown not only to influence phase separation but also to cause remarkable
differences in the curvatures of GUVs. Whereas both cholesterol and lophenol
induced positive curvature and outward budding of liquid-ordered phases, lanos-
terol and cholesteryl sulfonate treatment resulted in a negative curvature and in-
ward budding of liquid-ordered phases.

One of the major criticisms of diffusion-based studies is lack of understanding
of diffusion process in membranes with complex lipid mixtures, though a recent
study conducted by Hac et al. showed some progress in this direction [73]. These
authors studied diffusion in two-component binary lipid membranes as a function
of composition (fraction of two lipids) and temperature. They performed Monte
Carlo simulations using the thermodynamic properties of lipid mixtures (meas-
ured by calorimetry) to predict FCS autocorrelation profiles resulting from diffu-
sion in the lipid mixtures. The predicted FCS data agreed very well with data
obtained experimentally. Although biological membranes are far more complex
than a two-component system, these studies at least provided some ground rules
for an understanding of diffusion in biological membranes.
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3.7
Proximity Measurements

Proximity measurements between two or more fluorophore-tagged molecules us-
ing the well-understood characteristics of fluorescence — namely energy transfer
(Foerster’s resonance energy transfer; FRET) — is another popular method of deter-
mining whether molecules are brought into nanometer proximity of each other.
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FRET may be theoretically described as an interaction between a dipole (excited
state of a fluorophore) and an induced dipole (nearby ground-state fluorophore).
This interaction decays extremely sharply with distance (1/R6), which provides this
technique with the characteristics of a spectroscopic ruler in a typical range of 1 to
10 nm for organic fluorophores [74]. Since there is a transfer of energy between an
excited-state fluorophore (donor) and a ground-state fluorophore (acceptor), the
detection of this phenomenon may be related to changes in donor characteristics
(donor lifetime, bleaching rate, or net fluorescence emission intensity or aniso-
tropy) or acceptor characteristics (emission intensity or anisotropy) (for a review,
see [75]). In the detection of “rafts” — which are defined by this technique as an
anomalous proximity between fluorophore-tagged molecules — two types of FRET
experiments have been carried out, with differing results. In hetero-FRET, the
donor and acceptor are of different molecular and spectral characteristics, whereas
in homo-FRET the donor and acceptor are the same species. In all cases the extent
of energy transfer was dependent upon spectral overlap between the donor and
acceptor species, the distance between dipoles, and the orientation of dipoles with
respect to each other (Fig. 3.5).

3.71
Proximity Measurement Using Homo-FRET

Homo-FRET measures the loss of fluorescence anisotropy, resulting from the
FRET process. It is a relatively less well-known approach to FRET, and is also
referred to as depolarization-FRET [74,75]. In this type of FRET, fluorescence emis-
sion excited by polarized light is measured for the extent of loss of fluorescence
anisotropy using appropriately placed excitation and emission polarizers (Fig. 3.6).
Due to a finite spread of allowed angular dependence between the donor and
acceptor fluorophores, there is a significant transfer of energy between those do-
nor and acceptor fluorophores that are not aligned to each other, and this results in
an instantaneous loss of emission anisotropy. This loss can be measured in the
steady state as a change in anisotropy of fluorescence emission in the presence or
absence of nearby fluorophores, or alternatively in the time domain (during the
lifetime of the fluorophore) as a rapid decay of emission anisotropy.

Using this technique in the steady-state measurement, Varma and Mayor [76]
demonstrated the presence of lipid-dependent protein clusters on the surface of
living cells. Since the extent of depolarization (or loss of anisotropy) resulting from
FRET is dependent on distance (limited by Ro; [74]), increasing depolarization
would be seen with increasing concentration. Using this assay, Varma and Mayor
showed that fluorophore-tagged Folate Receptor (FR-GPI; a model GPI-AP) is or-
ganized in clusters maintained by cholesterol levels in the membrane, whereas the
same FR ecto-domain — when linked to two different transmembrane domains —
showed random organization. Cholesterol depletion led to a disruption of the clus-
ters formed by FR-GPI. Later, Sharma and coworkers showed that GFP anchored
to cell membranes via a GPI-anchor (GFP-GPI) and mYFP-GPI (mYFP is mono-
meric version of YFP; [77]) were also organized in cholesterol-dependent sub-reso-
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lution clusters, showing that mere GPI-anchoring could result into this sub-resolu-
tion clustering [78].

Although steady-state anisotropy measurement is a valuable tool for the study of
sub-resolution nanometer-scale homotypic interactions of molecules in living
cells, time-resolved data provide additional information that is not available from
steady-state measurements. Steady-state anisotropy reports a time-averaged pic-
ture of the fluorescence anisotropy displayed by the molecules in a population. It is
difficult to interpret the multiple states/possibilities that could result in this aver-
age value for the population. It is worthwhile considering the possibility of the
existence of dimers (for simplicity) in a population. Steady-state anisotropy meas-
urements would be capable of reporting homo-FRET between dimers, but they
would not allow any distinction to be made between the multiple possibilities that
could result in particular homo-FRET efficiency. In a situation where a homo-
FRET efficiency of 50% is recorded, this could result either from 50% FRET effi-
ciencies between all molecules, or 100% FRET efficiencies between half of the
molecules. Steady-state anisotropy measurements would not be able to distinguish
between the two possibilities. Time-resolved anisotropy measurements would pro-
vide the distinct decay profile for each of the above distributions, and also provide
an estimate of the fraction of molecules in the clustered organization. Moreover,



62| 3 The Biophysical Characterization of Lipid Rafts

anisotropy decay rates associated with FRET can also be used to estimate the inter-
fluorophore distances. In addition to FRET distances, time-resolved anisotropy is
also capable of resolving multiple sources of depolarization arising from segmen-
tal motion or the rotation of a molecule. Hence, time-resolved anisotropy measure-
ments provide additional information related to the fraction of molecules in cluster
and intermolecular distances between molecules undergoing FRET.

Sharma and coworkers performed homo-FRET detection with time-resolved ani-
sotropy measurements to obtain further information on the structure of GPI-AP
organization [78]. Time-resolved anisotropy measurements on GFP-GPI and
mYFP-GPI expressed in living cells showed that they were present in extremely
high-density clusters, with ~20-40% of molecules present in the clusters and the
remainder as monomers. The estimated structure of GFP-GPI clusters (with
~30% of molecules in clusters) was verified with results obtained with FR-GPI
using the method of anisotropy photobleaching (for a description, see [78]). How-
ever, neither method could provide an estimate of cluster size. Sharma et al. also
developed a novel tool to estimate cluster size at nanometer scale that required the
measurement of homo- as well as hetero-FRET efficiencies. GPI-APs display sig-
nificant homo-FRET, but hetero-FRET was not detected between GPI-APs using
multiple methods of detection. In order to explain this discrepancy, Sharma et al.
performed theoretical modeling of hetero-FRET efficiencies. Initially, they calcu-
lated the efficiency of hetero-FRET for variable donor:acceptor ratios, cluster sizes
and fractions of molecules in clusters. The calculations showed that small clusters
with a lesser fraction of molecules accounted for the lack of hetero-FRET. As ex-
pected from theoretical calculations, the formation of heptamers of GPI-APs by
aerolysin toxin [79] resulted in hetero-FRET detection. This methodology provides
an upper bound on the cluster size (less than four molecules). The challenge now
lies in using other techniques to detect these clusters. Using this information, FCS
is a likely candidate if a suitable model for the diffusion of different species can be
incorporated into theoretical analyses of the correlation function.

3.7.2
Proximity Measurement Using Hetero-FRET

Another FRET technique which has been used extensively to detect proximities
between fluorophores is that of hetero-FRET [80]. Several hetero-FRET methods
exist (see Fig. 3.5), and most have been applied to study GPI-anchored proteins (for
a review, see [75]). In the early studies, Kenworthy and Edidin [80], when examin-
ing FRET between donor and acceptor labeled antibodies against 5’-nucleotidase
(5'-NT; a GPI-AP), reported that most proteins on the surface of fixed cells were
monomers. These authors overexpressed the large quantities of proteins in MDCK
cells and found that FRET, as reported by the acceptor photobleaching method
(measuring donor dequenching after photobleaching of acceptor), was dependent
on the density of the labeled acceptors. A comparison of data with theoretical
predictions for FRET in membranes ruled out any significant clustering between
5-NT. In order to address the discrepancy between their results and those of
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Varma and Mayor, Kenworthy et al. investigated FRET between FR-GPI in unfixed
living cells [81] and failed to detect any significant clustering. These authors also
examined FRET between either glycosphingolipid GM1 (as probed by the binding
of fluorophore-labeled CtxB) or GM1 and GPI-AP. Although FRET was detected in
each case (indicating the presence of these molecules in proximity to each other),
the data ruled out any significant clustering as predicted by theoretical modeling.
It is interesting to note however, that Kenworthy et al. also failed to detect any
significant dimerization of CD59 as reported by Hatanaka et al. using cross-linking
and biochemical (PAGE) detection [82]. However, all of these results showing a
lack of hetero-FRET detection were consistent with the predictions of hetero-FRET
modeling described by Sharma et al. [78]. Taken together, the results of these stud-
ies provide a complex picture of GPI-anchored protein organization, and also gen-
erate new tools and concepts for an understanding of the organization of “raft”
components in membranes.

3.8
Conclusions

Although it is easy to lose one’s way when interpreting the many biophysical
approaches of analyzing the existence of lipid rafts, few conclusions could be
drawn without significant dissent. Model membrane studies are vital in under-
standing lipid-lipid and lipid-protein interaction, but there is still a long way to go
in understanding multicomponent complex biological membranes. This could be
analogous to the “three-body problem” where the gravitational interaction of three
masses is surprisingly difficult to solve. In the light of information that small
transition energies could bring about remarkable structural changes, there may be
serious problems in extending model membrane studies to biological membranes.
This includes all model membrane studies which support the concept of “deter-
gent-insoluble” complexes to describe lipid rafts. Although diffusion-based studies
provide valuable live cell data, they have several drawbacks. It is not easy to inter-
pret results from diffusion data due to a poor understanding of: (1) the diffusion of
molecules in complex biological membranes; (2) the ultrastructure of biological
membranes; and (3) interaction of the cytoskeleton with biological membranes.
Diffusion data might provide a valuable time-kinetics, though it is difficult to de-
duce structural information from diffusion data with current theoretical under-
standing. Although homo-FRET-based studies provide an excellent source of struc-
tural information on proximity relationships derived by lipidic interactions, the
relatively longer time scales of measurement mask the temporal information. In
the absence of any ideal “sub-resolution ultra-fast imaging” technique, it is desir-
able to study chosen model raft components in a model cellular system with availa-
ble biophysical techniques, and appropriate functional consequences.
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Abbreviations

AP anchored protein

CtxB cholera toxin B

DIG detergent-insoluble glycolipid
Dil dialkylcarbocyanine

DLPC dilauroyl phosphatidylcholine
DPPC dipalmitoyl phosphatidylcholine

DRM detergent-resistant membrane

EM electron microscopy

ER endoplasmic reticulum

FCS fluorescence correlation spectroscopy

FL-DOPE 1,2-dio-leoyl-sn-glycero-3-phosphoethanolamine-fluorescein
FL-DPPE 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-fluorescein

fl-PE fluorescein phosphatidylethanolamine
FRAP fluorescence recovery after photobleaching
FRET Foerster’s resonance energy transfer

GPI glycosyl-phosphatidylinositol

GUV giant unilamellar vesicle

HA hemagglutinin

HCASM human coronary artery smooth muscle
LPH lactase-phlorizin hydrolase

mBCD  methyl-B-cyclodextrin

MDCK  Madin-Darby canine kidney
NCAM  neural cell adhesion molecule
NMR nuclear magnetic resonance
5-NT 5’-nucleotidase

PAGE polyacrylamide gel electrophoresis

PC phosphocholine

PLAP placental alkaline phosphatase
RBL rat basophilic leukemia

SM sphingomyelin

SPT single-particle tracking

SSR surface scanning resistance
TCZ transient confinement zone
TfR transferrin receptor

TGN trans-Golgi network

YFP yellow fluorescent protein
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4
The Role of Caveolae and Noncaveolar Rafts in Endocytosis

Bo van Deurs, Frederik Vilhardt, Maria Torgersen, Kirstine Roepstorff, Anette M.
Hommelgaard, and Kirsten Sandvig

4.1
Introduction

Endocytosis is involved in multiple cellular processes, including the uptake of
transport proteins, uptake of “opportunistic ligands” such as bacterial and plant
toxins and viruses, attenuation of signaling activity, receptor recycling and resensi-
tization, down-regulation of cell contacts during epithelial-to-mesenchymal transi-
tion, antigen uptake and processing in MHC class II-expressing cells, transcytosis
and delivery of antibodies to the newborn baby, and synaptic function. About
15-20 years ago it was frequently — and persistently — claimed that only one endo-
cytic mechanism existed, namely the one mediated by clathrin-coated pits and
vesicles. However, in studies in which clathrin-dependent uptake was inhibited by
potassium depletion and acidification of the cytosol, it became clear that clathrin-
independent endocytic mechanisms also must be taken into consideration [1-6].
That different forms of clathrin-independent endocytosis exist is now well-estab-
lished. Thus, although the clathrin-mediated endocytic machinery is by far the
most well-studied type of endocytosis [7-9], a plethora of clathrin-independent en-
docytic mechanisms also appears in today’s literature; however, the underlying
molecular machinery is far from being clarified [10-16]. One such clathrin-inde-
pendent endocytic mechanism can involve caveolae.

Caveolae are small, 50- to 70-nm membrane invaginations that are present on
the plasma membrane of many different cell types [17]. Caveolae are often clus-
tered within a short stretch of the plasma membrane, and they can even form
large, sometimes branched invaginations deeply into the cytoplasm (Fig. 4.1). In
vivo, caveolae are particularly abundant in adipocytes, endothelial cells, fibroblasts
and smooth muscle cells, but they are also found in, for instance, the basal layer of
epithelial cells in stratified epithelia [18]. In contrast, they are scarce or absent in
hematopoietic cells and neurons, for example. In vitro, the presence of caveolae is
more unpredictable because cultured cells do not always reflect the caveolin/cav-
eolae status of the tissue of origin. In addition, the caveolin/caveolae status of the
cells of origin is often unknown, not least when cells derive from cancers [17].
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Fig. 4.1 Electron micrographs of human
myoepithelial cells grown in a chemical-
ly defined medium in the absence of in-
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Moreover, cells may express cav-1 without having structurally identifiable caveolae
(our unpublished results). Also, the culture conditions may influence whether
caveolae are frequent or absent in one and the same cell line [19] (Fig. 4.1).

Caveolae are a subset of lipid rafts which, in addition to an enrichment in choles-
terol and sphingolipids, are characterized by the protein caveolin. There are three
members of the caveolin family, caveolin-1 and -2, which are (co)expressed in
many cell types, and caveolin-3 that is specific for muscle cells. Caveolin-1 and
caveolin-2 exist in different isoforms. The caveolins form a characteristic hairpin
loop into the membrane lipid bilayer, exposing both the N- and C-termini to the
cytoplasm. In the N-terminal region the caveolin scaffolding domain is responsible
for the interaction with numerous other proteins. The C-terminal region is at-
tached to the membrane by palmitoyl anchors. Expression of caveolin-1 can be
sufficient to generate caveolae, although other factors than caveolin may be in-
volved. For instance, in polarized epithelial cells such as intestinal Caco-2 cells,
expression of caveolin-1 results in formation of caveolae only at the basolateral
surface [20].

Caveolae seem to represent a kind of multifunctional platform as they have been
implicated in such different functions as cholesterol transport, calcium transport
and homeostasis, signaling, regulation of endothelial nitric oxide synthase (eNOS)
activity, and tumor suppression [17,21-27]. In addition, it has been debated over
the years whether caveolae are also involved in endocytosis, although the many
other functions of caveolae would contradict such a role. Historically, the reason
for believing that caveolae could be involved in endocytosis comes from their char-
acteristic, invaginated shape as seen in the electron microscope and, more recently,
because dynamin, a GTP-binding protein involved in the formation of clathrin-
coated vesicles, has been found in association with caveolae [28,29] (see Section
4.8). Since caveolae also bind a variety of ligands that become internalized (e.g.,
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cholera toxin; see Section 4.5), it is tempting to conclude — by analogy to clathrin-
coated pits — that they are endocytic, although the question of whether they are
actually able to pinch off and deliver material to intracellular compartments has
often been ignored. Recent studies, including electron microscopy (EM) and live
cell digital imaging, strongly indicate that the answer to the question of whether
caveolae are endocytic structures or not, is far from a simple “yes” or “no”, but
more complex [30]. Therefore, in the present chapter we will treat these aspects of
caveolar biology and present a working model that includes the various findings
and speculations (see Section 4.10).

4.2
Caveolae are Largely Immobile, Nonendocytic Membrane Domains

In the discussion of whether caveolae are endocytic structures, or not, it is im-
portant to distinguish between constitutive endocytosis and stimulated endocyto-
sis. Similarly, frequency and time are also important parameters in relation to
endocytic processes. Hence, if a certain endocytic mechanism operates rarely and
very slowly it does not add much to the cell’s total internalization of membrane,
receptors and ligands. Moreover, such a mechanism can be very difficult to doc-
ument.

It was shown recently that caveolae, in contrast to clathrin-coated pits, are not
involved in efficient, constitutive endocytosis in nonstimulated cells [31]. This was
in part documented by using photobleaching approaches on different cell lines
expressing N- and C-terminally green fluorescent protein (GFP)-tagged caveolin-1
(GFP-tagged caveolin). Caveolin which was found to be incorporated into caveolae
at the plasma membrane was highly immobile, whilst some intracellular, caveolin-
1-associated structures were dynamic.

The basic idea of using GFP-tagged caveolin fusion proteins and photobleaching
techniques such as fluorescence recovery after photobleaching (FRAP) to evaluate
whether caveolae are involved in efficient, constitutive endocytosis operating as a
parallel internalization mechanism to that of clathrin-coated pits is as follows.
Fluorescent caveolin becomes incorporated in caveolae at the plasma membrane,
as well as in presumptive caveolar endocytic and recycling vesicles. If caveolae are
involved in efficient, constitutive endocytosis, then there will be a rapid turnover of
caveolae at the plasma membrane. If a group of fluorescent caveolae at the plasma
membrane is bleached, then it will be rapidly replaced by new fluorescent caveolae,
a process that is reflected in a rapid recovery of fluorescence intensity in the
bleached field of interest. Alternatively, if caveolae are immobile structures at the
plasma membrane — that is, there is no internalization/recycling or lateral mobility
of caveolin/caveolae taking place — then the bleached field of interest will remain
bleached over time. A prerequisite indeed is that the expressed fluorescent cav-
eolin behaves as endogenous caveolin, namely that it becomes associated with
caveolae and that it does not change the amount of caveolae at the plasma mem-
brane. This was tested by using quantitative immunogold labeling electron micros-
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copy [31]. Moreover, no differences were found between results obtained with N-
and C-terminally tagged caveolin-1.

FRAP experiments applying bleaching fields over both the cell periphery/plasma
membrane and the interior of Hela cells, A431 cells, and Madin-Darby canine
kidney (MDCK) cells revealed that the fluorescence recovery at the plasma mem-
brane was very low compared to that of the interior of the cells [31]. This means
that caveolin-associated membrane inside the cell (for instance, associated with the
trans-Golgi network (TGN) or caveosomes; see Section 4.7) is mobile, whereas
caveolae at the plasma membrane are highly immobile. Thus, the experiments
revealed that the mobile fraction of fluorescent caveolin associated with internal
structures was about 80%, which is quite comparable to the value obtained for
other membrane proteins moving without constraints [32]. However, the mobile
fraction of fluorescent caveolin associated with caveolae at the plasma membrane
was as low as about 5-20%, a value comparable to that of E-cadherin after this
adhesion molecule has become trapped by the actin cytoskeleton to form immobile
structures [33]. Also, the low diffusion coefficient obtained for caveolae-associated
fluorescent caveolin was in the same order of magnitude as that of E-cadherin.

An alternative approach to FRAP in the study of the mobility of a fluorescent
fusion protein is that of fluorescence loss in photobleaching (FLIP). Here, a certain
region of interest is exposed to several bleaching cycles, and the fluorescence in-
tensity in the region of interest as well as of the entire cell is measured. When FLIP
is applied to a fluorescent-caveolin-expressing cell it is striking that there is basi-
cally no fluorescence recovery in the region after the first bleaching cycle, and the
fluorescence intensity of the entire cell falls very slowly [31]. Importantly, in partic-
ular the fluorescence signal deriving from caveolae at the plasma membrane (seen
as strongly fluorescent dots or elongated structures at the rim of the cells; the
resolution of the confocal microscope does not allow distinction to be made be-
tween single caveolae and clusters of caveolae) was hardly influenced by the
bleaching cycles. This confirms the FRAP data, and further stresses that caveolin/
caveolae are highly immobile. When, for comparison, FLIP was applied to GFP-
Rab7-expressing cells, a completely different result was obtained. Thus, within
each bleaching cycle large amounts of GFP-Rab7 diffused into the bleaching re-
gion, and the fluorescence level of the entire cell fell continuously. In fact, the
GFP-Rab7-expressing cells could be completely fluorescence-depleted by FLIP [31].
This is in agreement with Rab7’s properties as a small, mobile GTPase that rapidly
switches between being membrane-associated and, after GTP hydrolysis, cytoso-
lic [34].

Like noncaveolar rafts, caveolae are cholesterol-based structures, and cholesterol
depletion with methyl-B-cyclodextrin (mpCD) leads to the disappearance of cav-
eolae [35-37]. When cholesterol is removed from fluorescent caveolin-expressing
cells, FLIP revealed a gradual disappearance of the distinct caveolin fluorescence at
the plasma membrane. Thus, caveolin exhibits an increased mobility after choles-
terol depletion, possibly due to a loss of caveolae. Also, a much more efficient
removal of fluorescence from the bleaching region was obtained compared to con-
trol cells [31]. These findings support the notion that cholesterol plays an impor-
tant role in the maintenance of caveolar integrity.
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Moreover, the actin cytoskeleton may help to stabilize caveolae at the plasma
membrane [38,39]. Thus, we have shown previously by using a yeast two-hybrid
system that the actin-binding protein filamin is a binding partner for caveolin-1.
Activation of Rho leads to reorganization of the actin cytoskeleton and subse-
quently to the reorganization of caveolae [39]. This was further substantiated in
FLIP studies of fluorescent caveolin-expressing cells treated with the actin-depoly-
merizing drug cytochalasin D. Here, the normal fluorescent staining of caveolae at
the plasma membrane was perturbed and caveolae began to move laterally and to
cluster in the plasma membrane [31].

Taken together, the results of these studies show that plasma membrane-asso-
ciated caveolin-1 is a highly immobile molecule, and that caveolae are not involved
in efficient constitutive endocytosis. Furthermore, the actin cytoskeleton plays an
important role in keeping caveolae immobilized. However, it should be empha-
sized that this immobility of caveolae in the normal steady-state situation is not
incompatible with a role of caveolin and caveolae in endocytosis under special
conditions where profound changes of the actin cytoskeleton takes place (see Sec-
tion 4.4). This makes the unraveling of caveolar function even more intriguing.

4.3
Caveolae May Show Local, Short-Range Motility: A Role in Transendothelial
Transport?

In the above-mentioned bleaching studies a special FRAP protocol was included in
which the entire interior of the cells was bleached, leaving only a narrow, fluores-
cent rim of GFP-tagged caveolin at the cell periphery [31]. These FRAP experi-
ments highlighted two important points:

o The total fluorescence intensity of the peripheral rim including caveolae at the
plasma membrane decreased only very slowly, further supporting the notion
that caveolae are not becoming efficiently internalized (see also Section 4.6).

o There was a lively activity of the fluorescent caveolae at the cell periphery, al-
though they did not disappear from the periphery (see Ref. [31], Fig. 5, online
movie).

Whether this reflects that caveolae (or groups of caveolae) actually pinch off and re-
fuse with the plasma membrane without really moving away from the subplasma-
lemmal zone (for example, because they are tethered by the actin cytoskeleton), or
it reflects movements in the plasma membrane with its population of caveolae as
such, was not clear. However, such continuous recycling of caveolae immediately
beneath the plasma membrane was recently demonstrated [40].

A short-range motility and fission-fusion processes may be highly relevant in
order to understand the function of caveolae in transendothelial transport, or
transcytosis. In endothelial transcytosis [41] caveolae are thought to give rise to free
vesicles at one (lumenal or ablumenal) pole and thereafter move to and fuse with
the opposite pole, thereby being involved in the exchange of macromolecules be-
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tween the blood and the connective tissue. Although it is widely accepted, a major
problem with the concept of transendothelial transcytosis in its strict meaning is
that truly free, caveolar vesicles have been difficult or impossible to demonstrate
ultrastructurally, both in conventionally fixed and rapidly frozen tissue [42-44].
However, considering that the distance between the lumenal and ablumenal mem-
branes in the flattened endothelial cell is often around 200 nm, a short-range mo-
tility of the 50-70 nm caveolae or chains of caveolae and their apparent ability to
fuse and detach again might explain how caveolae could be involved in trans-
endothelial transport by a “kiss-and-run” activity, even without ever pinching off to
form free, endocytic vesicles [17]. Such a process would most likely have to be
highly regulated. In fact, the caveolar membrane and the endothelial cell cyto-
plasm contain the required molecular machinery [28,45,46], and transendothelial
transport of albumin has been shown to require interaction of the albumin-dock-
ing protein pg60 with caveolin and activation of Gi-coupled Src kinase signal-
ing [47]. Unfortunately, recent studies on caveolin-1-deficient mice have not clar-
ified the role of caveolae in transendothelial transport. Thus, although lacking
caveolae, these mice do not show any marked reduction in the transport of albu-
min [48,49]. This is most likely because caveolae also plays a more indirect role in
vascular permeability. Vasorelaxation and permeability is regulated by eNOS,
which is interacting with, and negatively regulated by, caveolin associated with
endothelial caveolae [50]. In caveolin knockout mice, the microvasculature has
even been reported to be hyperpermeable because of “opened” intercellular spaces
and tight junctions apparently caused by uncontrolled release of and signaling via
nitric oxide [51]. This hyperpermeability blurs any possible reduction in the cav-
eolae-mediated transendothelial transport in the knockout mice.

4.4
An Internalization Wave of Caveolae can be Stimulated by Virus

Studies on the entry of simian 40 (SV40) virus by Pelkmans and coworkers [52—54]
have documented that caveolae can actually play a role in nonconstitutive endocy-
tosis. Thus, after binding of SV40 virus to the cell surface via the MHC class I
molecule, the virus particles move laterally in the plasma membrane to end up in
caveolae. Although these caveolae are initially immobile, the virus initiates a com-
plex signaling cascade leading to a profound disorganization of the cortical actin
cytoskeleton and a transient recruitment of the GTP-binding protein dynamin
known to be involved in membrane fission (see Section 4.8). Importantly, without
SV40-stimulation, less than 10% of the caveolae were associated with dynamin.
These changes, in turn, resulted in a wave of incoming caveolar vesicles contain-
ing virus where reorganized actin filaments formed “tails” necessary for internali-
zation of the SV40-containing caveolae [53]. Subsequently, the virus was delivered
to caveosomes (see Section 4.7) and transported further downstream to the endo-
plasmic reticulum (ER). However, a delay of several hours then occurs before cav-
eolin returns from the caveosomes to the plasma membrane in vesicles now de-
void of virus particles [52].
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It is interesting to note that antibody-induced crosslinking of MHC class I mole-
cules (the SV40 receptor) results in an accumulation of MHC class I clusters in
“small uncoated surface invaginations” identical to caveolae, as reported 25 years
ago by Huet and coworkers. No clusters were found in clathrin-coated pits. From
the caveolae-like invaginations the clusters were apparently internalized and deliv-
ered to lysosomes [55]. It is therefore tempting to speculate that it is the same
underlying mechanism that is responsible for caveolae-mediated uptake of SV40
virus particles after their binding to MHC class I and of MHC class I clusters
generated by antibody crosslinking.

Echovirus 1 is also taken up by caveolae, and binds to the collagen receptor a1
integrin [56]. Interestingly, recent studies revealed that a,B; is localized to non-
caveolar rafts, but that antibody crosslinking clustered a,p: in caveolae, which
subsequently became internalized and delivered the integrin to caveosome-like
structures. This internalization is dependent on protein kinase Ca activity [57]. In
the same study it was revealed that oV integrin clusters are not taken up by cav-
eolae, but via clathrin-coated pits and vesicles. The common human polyomavirus
BK also seems to become internalized by caveolae [58]. It should be stressed, how-
ever, that several types of virus are internalized in a clathrin-dependent manner,
the classical example being Semliki Forest virus [59], although other recent exam-
ples include rubella virus [60] and bovine viral diarrhea virus (a pest virus) [61].

In an ultrastructural study, Parton and co-workers [62] found that the treatment
of cells with the phosphatase inhibitor okadaic acid leads to aggregation and sub-
sequent internalization of caveolae, and that the process is dependent on an intact
actin cytoskeleton since treatment with cytochalasin D could prevent it. These
results suggest that okadaic acid somehow induces a reorganization of actin. The
okadaic acid-induced internalization of caveolae was later confirmed by FLIP stud-
ies on fluorescent caveolin-expressing cells. Thus, after okadaic acid treatment,
plasma membrane caveolin/caveolae gradually disappear from the plasma mem-
brane and aggregate in the perinuclear region, and the mobility of caveolin clearly
increased so that the repeated bleaching cycles almost completely extracted the
entire cellular fluorescence signal [31].

Finally, a rather special example of a caveolin/caveolae-stimulated internaliza-
tion should be mentioned. Thus, FimH-expressing Escherichia coli are, via binding
of the bacteria to CD48 on macrophages and mast cells, apparently able to recruit
and cluster caveolae, eventually leading to the formation of intracellular, bacteria-
containing compartments [63,64].

4.5
Role of Caveolae in Endocytosis of Cholera Toxin

In addition to the recent studies on internalization of virus mentioned above,
studies on cholera toxin (CT) uptake have also been important for the ongoing
discussion of the role of caveolae in endocytosis. CT belongs to a large group of
protein toxins with enzymatically active A-moieties, and B-moieties that act as
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ligands and bind to cell- surface components. These toxins must be endocytosed
before they exert their toxic effect(s). In the case of CT, the B-moieties bind to the
ganglioside GM1 and, following internalization and transport via the Golgi com-
plex to the ER, the A-moiety is translocated to the cytosol where it affects the
activity of adenylyl cyclase [11].

Although clathrin-mediated and clathrin- and caveolin-independent endocytosis
can play a role in the uptake of CT [65-69], this does not in any way exclude a role
of caveolae as well, and it is widely believed that caveolae or caveolae-like structures
are the major vehicle for CT internalization and the subsequent delivery to the
TGN [70-74]. The main reason for this is that CT binds to GM1, which is in part
present in caveolae [68,75]. However, the consequences of caveolae-mediated CT/
GM1 internalization for the cell’s steady-state balance of membrane-associated
caveolin and caveolae have generally been ignored. In principle, two possibilities
for CT-stimulated internalization of caveolae exist. Binding of CT to GM1 may
induce a wave of caveolae internalization as described above for SV40 and okadaic
acid, leading to down-regulation of caveolae at the plasma membrane. Alterna-
tively, CT could induce a constitutive internalization mechanism for caveolae in-
cluding an efficient recycling of caveolae or caveolin back to the plasma mem-
brane. This would not lead to a depletion of the plasma membrane pool of cav-
eolae, but requires a rapid replacement of those CT-containing caveolae that be-
come internalized with new, empty caveolae.

The first report of a major role for caveolae in CT endocytosis was an ultra-
structural study published in 1982 by Montesano et al. [72]. Here, the authors used
CT-B chain (CT-B)-gold and found that the conjugate preferentially bound to cav-
eolae at 2 °C. Interestingly, they noticed an increase in CT-B-gold in caveolae rela-
tive to CT-B-gold bound to noncaveolar plasma membrane over time at 37 °C.
These observations were originally interpreted as the result of an up-concentration
of CT in endocytic caveolae. However, an alternative explanation could be selective
internalization of CT bound to the noncaveolar plasma membrane. In fact, CT/
GML1 in caveolae could represent an immobilized fraction of the ligand-receptor
complex. In the study by Montesano et al., CT-B-gold was only found very rarely, if
ever, in clathrin-coated pits. However, other studies have documented small, but
significant amounts of CT-B-gold [68], as well as biotin-GM1 detected by antibiotin
antibodies conjugated to gold [75] in clathrin-coated pits. CT-B-HRP has also been
localized to clathrin-coated pits [66]. Parton [68] was in fact very careful not to draw
too far-reaching conclusions based on the preferential localization of CT-B to cav-
eolae, and stressed that at least some GM1 must be internalized by clathrin-coated
pits. We would like to emphasize that the finding that only minimal CT-B can be
observed at any given time point in clathrin-coated pits does not exclude a sig-
nificant role for the coated pits in CT-B uptake. Thus, clathrin-coated pits are
highly dynamic structures with a half-life of minutes at the cell surface [8], and CT-
B may continuously move into newly formed clathrin-coated pits to become effi-
ciently internalized. This is in agreement with the findings that clathrin-dependent
endocytosis can account for about 50 % of CT internalization [66,76].
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Several uptake mechanisms have been described for CT and these may — to
some extent — be cell type-dependent. Thus, CT can be internalized both by cla-
thrin-dependent and -independent mechanisms, and the effect of cholesterol-bind-
ing drugs (nystatin, filipin, cyclodextrin) on CT-internalization varies [65—
67,71,77,78]. In studies with dominant negative mutants of epsin and eps15 (mole-
cules required for clathrin-mediated endocytosis), Nichols et al. [67] found that a
proportion of CT-B is internalized by clathrin-coated pits. Moreover, Shogomori
and Futerman [65] reported that although CT-B is present in detergent-insoluble
rafts or microdomains, it becomes internalized by a raft-independent mechanism,
presumably via clathrin-coated pits. The same is true for the epidermal growth
factor receptor [79]. Recently, Hansen et al. [69] showed that CT bound to GM1
localized to a detergent-insoluble, raft-like fraction of the enterocyte brush border
membrane, and was subsequently internalized by a cholesterol-independent, but
clathrin-dependent mechanism. It could be argued that uptake mediated by cla-
thrin-coated pits would not lead to delivery of cargo to the TGN. However, Shiga
toxin, which binds to globotriasylceremide (Gb3), is internalized via clathrin-
coated pits and vesicles by an as-yet unknown mechanism [80] and subsequently
transported to the TGN and the ER [81]. In accordance with this, expression of
antisense clathrin heavy chain inhibits the toxicity of Shiga toxin [82]. Interestingly,
Shiga toxin-HRP, like CT-B-HRP, also accumulates in caveolae at 37 °C (our un-
published data). It should be noted that ligands taken up from caveolae and cla-
thrin-coated pits can ultimately be located in the same endosome (see Section
47).

In our attempts to characterize the endocytic mechanisms of CT uptake [66],
Caco-2 cells were transfected with caveolin, leading to the formation of basolateral
caveolae in the otherwise caveolae/caveolin-negative, highly polarized cell line [20].
This did not change the uptake or effect of CT. Furthermore, treatment of the cav-
1-expressing Caco-2 cells with the cholesterol-binding drug filipin only reduced
internalization of CT slightly (<20%), suggesting that although caveolae may be
involved in CT endocytosis, they do not play a major role. In contrast, cholesterol-
depletion with mBCD, a treatment that both removes caveolae and inhibits the
formation of deeply invaginated clathrin-coated pits and subsequently coated vesi-
cle formation [37,83], resulted in a 30-40 % reduction in CT uptake [66], indicating
that coated pits/vesicles also play a role, though not exclusive, in CT uptake. Sim-
ilarly, in baby hamster kidney (BHK) cells expressing antisense clathrin heavy
chain [84], endocytosis of CT was reduced by about 50 %. Moreover, in HelLa cells
expressing the dominant-negative dynamin mutant K44A, a 50-70% reduction in
CT uptake was seen [66]. In these cells both endocytosis mediated by caveolae and
by clathrin-coated pits/vesicles are inhibited, as well as possible caveolin- and cla-
thrin-independent mechanisms that may depend on dynamin. In BHK and HeLa
cells, in which either antisense clathrin or the dominant-negative dynamin mutant
was expressed, CT is still internalized after cholesterol depletion with mBCD [85].
In a recent report it was similarly shown that the overexpression of dominant
mutants that inhibit clathrin-, caveolin- or Arf6-dependent endocytic pathways
does not prevent CT uptake and trafficking to the Golgi and ER, or CT cytotoxicity.
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Interestingly, even under conditions where all three endocytic pathways were in-
hibited simultaneously, CT has a toxic effect [86]. Importantly, it must be borne in
mind that the blocking of one or more pathways may lead to up-regulation of other
pathways that are normally quiescent [87], or it may induce new pathways [88].
Taken together, these results suggest that CT can be internalized by caveolae and
clathrin-coated pits/vesicles as well as by one or more mechanism not involving
these structures. However, caveolae do not seem to play a major role in the up-
take.

In order to further analyze the importance of caveolae in CT-uptake, and not
least to evaluate the internalization efficiency of CT bound to GM1 inside and
outside caveolae, we incubated HeLa cells with red fluorescent CT-B on ice and
subsequently at 37 °C for various periods of time (between 0 and 120 min), fol-
lowed by fixation and immunocytochemical detection of caveolae using an anti-
body against endogenous caveolin-1. A partial co-localization of CT-B and caveolin
on the cell surface following labeling at 0 °C was seen. However, upon heating to
37 °C, CT-B was internalized and gradually accumulated in the perinuclear region.
After 30 min and more, some — but not all — of the internalized CT-B was co-
localized with TGN38, a marker of the TGN (Fig. 4.2A), while a small fraction of
CT was still seen at the plasma membrane where it apparently co-localized with
caveolin. Interestingly, during this CT-B uptake, no change in the distribution of
endogenous caveolin was detected, irrespective of the time of CI-B incubation. At
all time points (0-120 min) the peripheral rim of caveolae remained stable. In
blind experiments, where the microscope operator only examined caveolin in the
confocal microscope and was unaware of the incubation time with CT-B at 37 °C,
no difference between the time points could be established. Similarly, no differ-
ences in the distribution of caveolae could be observed when cells were incubated
with the holotoxin (CT A+B chain) (our unpublished data).

Since the individual cells bound CT-B to varying degrees, and some were un-
labeled, such cells could serve as internal controls for a changed pattern in the
distribution of endogenous caveolin stimulated by CT-B binding. Importantly, at
all incubation times the caveolar localization was the same, irrespective of the
GM1 expression level of the cell and consequently the degree of CT-B binding
(Fig. 4.2B). Taken together, these data strongly indicate that CT-B uptake does not
cause a synchronized wave of caveolae internalization. To further analyze the effect
of CT-B uptake on the distribution of caveolae, we expressed GFP-tagged caveolin-
1 fusion proteins [31] in Hela cells and human skin fibroblasts. When these cells
were incubated with CT-B on ice and subsequently incubated at 37 °C for various
periods (0-120 min), and then fixed and examined in the confocal microscope,
results similar to those with endogenous caveolin were obtained: CT-B became
internalized and accumulated in the TGN over time, while the pattern of caveolar
expression was unchanged — no wave of incoming caveolae or caveolin stimulated
by CT-B was observed (Fig. 4.2C and D). When the pattern of CT-B internalization
in cells expressing GFP-tagged caveolin was compared to that of nontransfected,
neighboring cells in the same culture, no differences were seen (Fig. 4.2C). Thus,
the expression of GFP-tagged caveolin does not influence CT-B uptake and trans-
port.
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Fig. 4.2 (A) Hela cells were labeled with
Alexa 594 CT-B (red) on ice for 1 h, washed,
and incubated at 37 °C for 2 h to allow inter-
nalization of CT-B. The cells were subse-
quently fixed and immunolabeled for endoge-
nous caveolin-1 (white) and TGN-38 (green).
After 2 h, the majority of CT-B has been inter-
nalized to the TGN. (B) Hela cells were
allowed to internalize CT-B for 2 h, as
described above. The cells were subsequently
fixed and immunolabeled for endogenous
caveolin-1 (green). The panel shows two cells
expressing GM1 that have internalized CT-B,
and adjacent cells that have not internalized
CT-B. The cellular distribution of caveolin-1 is

the same, irrespective of whether the cells
have internalized CT-B. (C) Hela cells trans-
fected with Cav-GFP were allowed to internal-
ize CT-B for 2 h, as described above. The
panel shows two transfected cells and adja-
cent, nontransfected cells. The pattern of in-
ternalized CT-B is the same in transfected
and nontransfected cells. (D) Hela cells
transfected with Cav-GFP and incubated with
CT-B for 5 to 30 min at 37 °C. While CT-B
moves from the cell surface to the perinu-
clear region (the TGN), the distribution of
Cav-GFP-labeled caveolae is not changed.
Scale bars =20 um.
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Fig. 4.3 Electron micrographs of BHK cells
incubated with a CT-B-HRP conjugate. (A)
Cells were incubated at 0 °C with the conju-
gate, which is seen all over the cell surface
including some caveolae. (B,C) Cells have

gest that the CT-B-HRP has become internal-
ized by a caveolae-independent mechanism.
However, on very rare occasions unlabeled
caveolae can be seen (arrow in C). These cav-
eolae most likely are formed after the surface-

been incubated with the conjugate at 0 °C for
1 h, then washed and further incubated for
30 min at 37 °C. Very little or no labeling is
seen at the cell surface, except in caveolae,

associated CT-B-HRP conjugate was internal-
ized, and may represent a substitution for a
rare caveola that has been involved in conju-
gate uptake. Scale bar =200 nm.

which are heavily labeled. Such images sug-

Next, the internalization of CT-B in relation to caveolae was followed over time in
HelLa cells and human skin fibroblasts by photobleaching techniques (our un-
published results). For this purpose, cells expressing GFP-tagged caveolin were
preincubated for 1 h at 4 °C with CT-B, washed and further incubated for 5-10 min
in CT-B-free medium at 37 °C on stage to stabilize the culture. The cells were then
exposed to a modified FRAP protocol where the entire cytoplasm was bleached in
both the red and the green channels, leaving only the most peripheral rim of
fluorescence corresponding to the plasma membrane (see also Ref. [31]). Fluores-
cence recovery in the cytoplasm was then followed over time. The rationale of this
type of experiment is that if CT-B binding stimulates caveolae to become con-
stitutively internalized and replaced by a recycling mechanism, then the GFP-
tagged caveolae at the plasma membrane should disappear and be replaced by
caveolae which are not labeled - that is, the peripheral fluorescence should de-
crease and the intracellular fluorescence increase. It was, however, striking that
although CT-B appeared in vesicles in the bleached interior of the cells, GFP-
tagged caveolin did not, but rather remained at the cell periphery. These findings
strongly suggest that (GFP-tagged) caveolae are not efficiently internalized and
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recycled in response to CT-binding but are more likely stable, plasma membrane-
associated structures.

These findings were further supported by EM observations on HeLa cells show-
ing that even after 30-120 min of CT-B-HRP internalization, caveolae were often
distinctly labeled by CT-B-HRP although the remaining plasma membrane was
unlabeled (Fig. 4.3). This emphasizes that at time points where the main, mobile
GM1/CT-B fraction has been internalized by a caveolae-independent mecha-
nism(s), a nonmobile fraction is still present on the cell surface, trapped in the
caveolae. It was also possible by using EM to detect the internalized CT-B-HRP in
the TGN [17]. The number of caveolae at the cell surface of cells pulse-chased with
CT-B-HRP for 30 min at 37 °C was the same as in control cells not exposed to CT-
B-HRP (our unpublished results).

Furthermore, since it has been reported that expression of the K44A dominant-
negative dynamin-1 mutant inhibits caveolae-mediated internalization of CT-B in
endothelial cells [28], we also quantified the number of caveolae in Hela K44A
cells expressing the mutant — that is, in cells grown without tetracycline. Inter-
estingly, although expression of the dynamin mutant leads to a two- to three-fold
increase in the number of clathrin-coated pits at the cell surface as expected [66],
the number of caveolae at the cell surface was unchanged, indicating that caveolae
are not constitutively internalized by a dynamin-dependent mechanism. In K44A
cells grown both in the presence or absence of tetracycline and incubated for
30 min at 37 °C with CT-B-HRP, practically all caveolae were labeled (our unpub-
lished observations).

4.6
A Small Fraction of Caveolae may become Constitutively Internalized

Clearly, the possibility cannot be excluded that a few caveolae (or clusters of cav-
eolae) pinch off occasionally and therefore participate in the delivery of CT and
other molecules to intracellular compartments, although this must — in terms of
endocytic activity — be relatively insignificant. Recent studies conducted by Kirk-
ham et al. [76] showed that a very small fraction (or a subpopulation) of caveolae is
actually internalized constitutively. These authors developed an ultrastructural as-
say which made it possible to quantitate free, budded caveolae versus surface-
connected caveolae. For this, they used CT-B-HRP as an endocytic marker, and
quenched the HRP reaction of labeled structures connected to the cell surface with
ascorbic acid, which is membrane-impermeable. This was combined with an im-
munolabeling protocol that allowed them to show that truly free caveolae-like vesi-
cles containing the HRP reaction product were in fact caveolae. In this way, it was
shown that about 2% of the total population of caveolae bud off per minute.
Interestingly, the internalization of prion proteins that are GPI-anchored also
appears to be a rather slow or inefficient process that can be mediated by cav-
eolae [89]. Thus, in an immunogold labeling pulse-chase experiment it was found
that approximately 90 % of the caveolae at the plasma membrane that were labeled
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after a 10-min period were still labeled after a 50-min chase; only about 10% of all
caveolae were internalized per hour. This slow internalization may be constitutive,
although it cannot be excluded that it is somehow stimulated by the prion proteins
because the caveolae-mediated pathway was not observed for several other GPI-
anchored proteins [89].

In our FRAP experiments in which the interior of the cells were bleached, only
leaving a narrow, fluorescent zone of GFP-tagged caveolin structures, the fluores-
cence disappeared only very slowly from the peripheral zone (see Fig. 5t in
Ref. [31]). Based on extrapolations of such data, the fluorescence would disappear
completely from the periphery within about 3 h. Taken together, the described EM
and FRAP data are consistent with a very slow, constitutive internalization of
caveolae.

4.7
Caveosomes: Intracellular Caveolin-Associated Structures

In addition to reaching the TGN, internalized CT is also found in caveosomes [90],
the organelle reached by internalized SV40 virus [52]. The caveosome is a non-
acidic, caveolin-associated compartment that does not stain for EEA1, a marker of
early endosomes reached by the clathrin-dependent endocytic pathway. Moreover,
caveosomes do not accumulate Lysotracker, a lysosomal marker, and they do not
stain for TGN46 and mannosidase II, both of which are Golgi markers [52]. Evi-
dence that the clathrin-dependent endosome pathway and the caveolin-dependent
caveosome pathway somehow merge are accumulating [91,92]. Moreover, in stud-
ies with SV40 virus and CT it was recently reported that these caveolar markers are
transported by a Rab5-dependent pathway to early endosomes and that early endo-
somes and caveosomes may even communicate via this Rab5 pathway [91]. An
important difference between the two ligands is that the Rab5-dependent step is
required for CT transport to the Golgi complex, but not for SV40 entry into the
ER.

These studies further stress the important notion that because a certain ligand
initially is seen in caveolae, and later on also in intracellular compartments asso-
ciated with caveolin, the ligand has not necessarily been internalized and trans-
ported to the compartment by caveolae. For instance, transforming growth factor
beta (TGFp) was found to localize to both rafts/caveolae and clathrin-coated pits at
the cell surface [93]. Moreover, after internalization, TGFp was seen in caveolin-
positive vesicles as well as in vesicles staining for EEA1. It was therefore concluded
that two endocytic pathways for TGFf} were operating in parallel: one mediated by
clathrin-coated pits and vesicles and leading to endosomes and subsequently to
TGFP signaling; and one mediated by rafts/caveolae leading to caveolin-positive
vesicles (caveosomes?) involved in receptor degradation and turnover. However,
caveolae could in fact bind TGFB without being involved in endocytosis, and all
internalized receptors could have been taken up by endocytic noncaveolar rafts or
clathrin-dependent endocytosis, leading to endosomes. These endosomes, in turn,
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may exchange material with caveolin-positive vesicles or even with caveosomes via
intracellular, caveolin-associated carrier vesicles.

4.8
The Role of Dynamin in Caveolar Function

From the sections above, it is clear that dynamin is central in the discussions on
caveolar endocytosis, and this GTP-binding protein therefore warrants further at-
tention in this chapter. It is well established that dynamin plays a role in the final
scission of clathrin-coated vesicles to form free endocytic vesicles [94,95], and it
has also been reported to be important for the fission of caveolae [28,29]. However,
the role of dynamin associated with caveolae can be complex. Dynamin is an actin-
interacting protein which, for example, binds to cortactin. Indeed, recently dyna-
min was found to be involved in the regulation of actin polymerization during
micropinosome comet formation — that is, the formation of rapidly moving vesi-
cles propelled forward by an actin treadmilling machine [96]. Additionally, caveolin
interacts with the actin cytoskeleton via filamin, and reorganization of the actin
cytoskeleton leads to redistribution of caveolae [39]. Depolymerization of the actin
cytoskeleton with cytochalasin D leads to an increase in caveolar mobility, and it
has therefore been suggested that the normal immobility of caveolae is due to an
anchoring role of actin filaments [31]. Dynamin could be a partner in such stabili-
zation of caveolae. As mentioned above (see Section 4.4), Pelkmans et al. [53]
found a pronounced SV40 virus-induced reorganization of the actin cytoskeleton
and showed that dynamin is transiently recruited to SV40 virus-containing cav-
eolae, which are subsequently internalized. Hence, it could be speculated that the
internalization of caveolae, induced for instance by SV40 virus or okadaic acid [62],
leads to a reorganization of the actin cytoskeleton mediated by dynamin. In fact,
cytochalasin D inhibits the okadaic acid-stimulated uptake of caveolae [62], and
there is an increasing body of evidence that actin plays a key role in endocyto-
sis [62,97-99]. Therefore, the possible association of dynamin with caveolae does
not per se indicate that these caveolae are going to pinch off unless other processes
such as actin reorganization have also been initiated in response to a specific
stimulation. In agreement with this and, as pointed out above, we found no accu-
mulation of caveolae at the plasma membrane in cells expressing dominant-neg-
ative dynamin, as would have been expected if dynamin was constitutively mediat-
ing scission of caveolae (our unpublished observations).

4.9
Caveolin Immobilizes Rafts/Caveolar Invaginations

In addition to the actin cytoskeleton, which seems to be involved in the immobility
of caveolae (see Section 4.2), caveolin-1 itself apparently immobilizes caveolae.
Thus, Le et al. [100] and Nabi and Le [14] suggested that lipid rafts can invaginate
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in a cholesterol-dependent but caveolin-independent way to give rise to caveolae-
like invaginations of the plasma membrane, which become rapidly internalized in
a dynamin-dependent way. Such endocytic raft structures may then be immobi-
lized by caveolin-1 and only become internalized after specific stimulation (e.g.,
virus binding). Pang et al. [77] recently showed that the content of GM1 varies
among cells, and that cells with a low GM1 content also had a relatively low CT
uptake which was independent of caveolin-1 expression.

It remains an open question as to whether there exist subpopulations of cav-
eolae, or a subpopulation of caveolae-like invaginations with so little caveolin that
it cannot be immobilized, but rather is endocytic [12]. Such a subpopulation could
account for the small fraction of caveolae that appears to become constitutively
internalized (see Section 4.6).

As mentioned above (see Section 4.5), CT-B can be internalized by mechanisms
that are caveolin-, clathrin- and dynamin-independent [66]. Although such an en-
docytic mechanism (or several mechanisms) is far from well characterized, it is
clear that for instance other protein toxins may enter cells in such a manner [11]. It
should be noted that caveolin-, clathrin- and dynamin-independent endocytosis is
not necessarily dependent on lipid rafts [37], but one such internalization pathway
could be via a noncaveolar, raft-based and cholesterol-dependent mecha-
nism [101,102]. For example, in a study on lymphocytes it was found that after
ligand stimulation the interleukin-2 receptor became internalized in a clathrin-
and caveolin-independent, but dynamin-dependent way via detergent-resistant
membrane domains [102]. It should be stressed, however, that noncaveolar rafts,
which do not form characteristic, regular, 50- to 70-nm invaginations during their
pinching-oft [14,100] (in contrast to caveolae or caveolae-like invaginated rafts) are
poorly defined morphologically. This indeed makes the study of a possible role of
noncaveolar rafts in endocytosis difficult. Several years ago we identified small,
uncoated endocytic vesicles which differed from coated pits/vesicles and caveolae
ultrastructurally [103]. In a recent study, Kirkham et al. [76] found that CT was
mainly internalized in a clathrin-, caveolin-, and dynamin-independent way by
means of uncoated tubular or ring-shaped structures, as identified ultrastructu-
rally. These structures also contained GPI-anchored proteins. That uptake of this
type of protein can occur independently of clathrin, caveolin and dynamin is in
agreement with our study of a GPI-anchored diphtheria toxin receptor [104]. The
mechanism reported by Kirkham et al. [76] was operating both in primary fibro-
blasts from wild-type and cav-17/"(cav-1-null) mice. Moreover, it was recently re-
ported also that SV40 virus can be rapidly internalized in both cav-1-null and wild-
type fibroblasts in a caveolin-, clathrin- and dynamin-independent manner [105].

The special caveolar lipid-environment appears to be of functional importance
for caveolae-mediated endocytosis. Thus, increasing the cellular cholesterol level
increases caveolae-mediated uptake of albumin and lactosylceramide. A similar
effect is seen after the addition of exogenous lactosylceramide or GM1. In fact, the
balance between the cellular amount of caveolin and glycosphingolipids may be of
vital importance for the ability of caveolae to pinch off. In control cells, increasing
the amount of caveolin-1 leads to a decrease in the caveolar-mediated endocytosis
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of albumin. In contrast, increasing both the amount of caveolin-1 and glycos-
phingolipid leads to an increased endocytosis of albumin, presumably because in
the latter case the correct balance between caveolin-1 and glycosphingolipids is
maintained [106].

4.10
A 2005 Consensus Model for Caveolar Endocytosis

Based on the various findings presented here, we propose the following model for
a role of caveolae and noncaveolar rafts in endocytosis (see also Ref. [30]). Non-
caveolar lipid rafts, perhaps smaller than caveolae, fuse laterally and form pre-
endocytic domains that may pinch off by both dynamin-dependent and -independ-
ent mechanisms. Such rafts may also become associated with caveolin. This asso-
ciation leads to a stable, defined curvature and size of the raft, and to a reduced
ability to pinch off. The newly formed caveolae become associated with the actin
cytoskeleton via filamin and are now immobilized. However, a small fraction of
these caveolae may actually become constitutively internalized, perhaps as a
means of caveolin turnover, either because they have not been sufficiently im-
mobilized by the actin cytoskeleton and/or they contain too little caveolin. Mole-
cules present in such caveolae may therefore become internalized. Moreover, cav-
eolae may be involved in local, short-range motility, possibly including fission and
fusion processes. Finally, in some cases — for example, after virus stimulation — a
signaling cascade may be initiated, leading to reorganization of the actin cytoskele-
ton and recruitment of dynamin, and a subsequent wave of internalized caveolae,
which are only very slowly replaced. Considering all the other functions ascribed to
caveolin/caveolae at the plasma membrane (see Section 4.1), such a massive, long-
lasting down-regulation of caveolae can, however, hardly be considered a physio-
logically desirable situation for the cell.
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Abbreviations

BHK baby hamster kidney

CT cholera toxin

EM electron microscopy

eNOS endothelial nitric oxide synthase
ER endoplasmic reticulum

FLIP fluorescence loss in photobleaching
FRAP fluorescence recovery after photobleaching
Gb3 globotriasylceremide

GFP green fluorescent protein

mBCD  methyl-B-cyclodextrin

MDCK  Madin-Darby canine kidney

TGFp transforming growth factor beta
TGN trans-Golgi network
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5
Role of Cholesterol in Signal Transduction from Caveolae
Christopher J. Fielding and Phoebe E. Fielding

5.1
Introduction

Caveolae are free cholesterol/sphingolipid (FC/SPH)-rich microdomains of the cell
surface that are assembly sites for many transmembrane signaling complexes.
Other proteins associated with caveolae include the transporters of some small
ligands (glucose, inorganic ions) and catalysts of cell FC homeostasis. The highest
levels of caveolae are found in differentiated primary cells, including pulmonary
type-1 cells, adipocytes, endothelial cells, smooth muscle cells, and fibroblasts. In
blood lymphocytes and many transformed and cancer cell lines, caveolae are
sparse or may be completely absent.

While there is no broadly accepted nomenclature, many investigators now recog-
nize two classes of FC/SPH-rich microdomains, caveolae and lipid rafts
(Fig. 5.1) [1-3]. Caveolae are invaginated, and contain unique structural proteins
(caveolins) that play an essential role in maintaining membrane curvature (see
Chapter 2). The mean diameter of caveolar pits is ~60-80 A. A second class of
proteins (dynamins) is present in the necks of caveolae [4], but these are also pre-
sent in other structures, such as clathrin-coated pits. The central role of caveolins-
[particularly caveolin-1, the largest (22 kDa) caveolin-family protein] in maintain-
ing the structure of caveolae is shown by their disappearance from the cell surface
if the expression of caveolin is knocked down in wild-type cells [5]. This is con-
firmed by the absence of caveolae from caveolin-1 —/- cells [6,7]. The structural
significance of FC in caveolae is shown by the flattening that first occurs when the
plasma membrane is FC-depleted [8,9]. The caveolin skeleton remains at the cell
surface. Caveolae reappear when FC is replaced in the plasma membrane. Addi-
tional loss of FC may be followed by disassembly of caveolin multimers [10].
Whilst the transfer of caveolin between the cell surface and intracellular pools can
be demonstrated using inhibitors of microtubule assembly, it is unclear whether
this normally occurs.

Under physiological conditions the caveolin skeleton at the surface of living cells
appears to be relatively long-lived. Individual caveolae can be identified at the cell
surface over periods of hours or days [11]. In contrast, FC and signaling proteins
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CAVEOLA NON-CAVEOLA
NON-RAFT

[\ caveolin
® FC
A& SPH
A

GPL

Fig. 5.1 The equilibrium between invaginated caveolae and
planar lipid rafts. The model suggests that interconversion of
lipid rafts and caveolae proceeds via equilibration in free-cho-
lesterol (FC)-poor microdomains of the plasma membrane.

move in and out of caveolae much more rapidly (in some cases over a few minutes)
in response to signal transduction, mitosis, and cell migration [12,13]. Caveolae are
defined here as invaginated cell-surface microdomains stabilized with caveolin
whose association with more labile complexes of lipids and other proteins re-
sponds to physiological stimuli. Almost all research investigations into the rela-
tionship between caveolin and FC have focused on caveolin-1.

Lipid rafts have a similar diameter to caveolae, but are planar and lack caveolin
(see Fig. 5.1). Most studies of lipid rafts have been carried out in cells that lack
appreciable levels of caveolin or caveolae; however, even in cells rich in caveolae,
some caveolin-free lipid rafts are probably present. Glycosylphosphatidylinositol
(GPI)-anchored proteins are enriched in lipid rafts, and reduced or absent in cav-
eolae [1,2,14]. The lifetime of lipid rafts appears to be orders of magnitude less
than that of caveolae. Single molecules of GPI-anchored protein move between
rafts with a ty,, of seconds or minutes (see Chapter 3), though rafts incorporating
multi-protein signaling complexes may be more stable. FC/SPH-rich microdo-
mains with physical properties similar to those of lipid rafts form spontaneously in
synthetic lipid bilayers to an extent dependent on the levels of FC and SPH, and
reflecting the separation of a FC-rich liquid-ordered (L) phase [15-17]. In addition
to GPI-anchored proteins, many acylated proteins are raft-associated. It seems
likely that acylation is an important promoter of the association of signaling pro-
teins in FC/SPH-rich raft membrane domains.

Much less is known of the organization of lipids in caveolae, but almost certainly
there are significant differences from that in lipid rafts. In particular, it is not clear
that the lipids of caveolae represent a L, phase. This need not imply that there is no
exchange of lipids between caveolae and rafts, but it could involve equilibration
with non-raft membrane microdomains (see Fig. 5.1). The properties of caveolae
and lipid rafts are reviewed in Chapters 2, 3, and 7. Here, the focus is on the



5.2 Lipids of Caveolae |93

regulatory role of FC, and in particular its interaction with signaling proteins and
caveolin.

5.2
Lipids of Caveolae

The lipid composition of caveolae has been determined in only a few cases. The
results of early studies in this area are difficult to interpret due to the presence of
the detergents that are now recognized to modify the native distribution of lipids
and proteins in membrane fractions [18]. A second problem has been the combi-
nation of caveolae and lipid rafts in a FC/SPH-rich “lipid raft” plasma membrane
fraction, in which the contribution of caveolin-containing vesicles was undeter-
mined. An additional variable has been the extent to which a “rim” of circum-
ferential membrane and “neck” joining the caveolar bulb to the cell surface was
included with the membrane “bowl” which made up the rest of the caveolar sur-
face [1]. Recently, techniques for detergent-free isolation of caveolae from the cell
surface have been described [19]. One detailed recent report is of the composition
of caveolae from primary rat adipocytes [18]. These were purified from a total
plasma membrane fraction by gradient ultracentrifugation, and then by immuno-
precipitation with caveolin antibody.

Caveolae contain significantly higher levels of FC and sphingomyelin than do
unfractionated plasma membranes. That of glycerophospholipids is essentially un-
changed, so the total number of lipid molecules per unit area is increased
(Fig. 5.2). The level of gangliosides is higher in caveolae than in plasma mem-

O Non-caveolar membrane
8 Caveolar membrane

N
o
o

150

100

[2a]
o

Molecules/100nm?2 membrane

FC SPH GPI

Fig. 5.2 Composition of total plasma membrane and purified
caveolae from rat adipocytes. Data are expressed per 100 nm
plasma membrane (from [18]). FC = free cholesterol; SPH =
sphingolipids; GPL = glycerophospholipids.
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branes overall, though it represents only a small part (about 1%) of the total sphin-
golipid present. The major ganglioside of adipocytes is GM3. The same has been
found for other differentiated peripheral cells rich in caveolae. GM1, though often
identified as a specific marker for caveolae by its reaction with cholera toxin, in
primary adipocytes was enriched only 2.6-fold in this fraction.

Additional analyses were reported from a line of human epidermal carcinoma
(KB) cells stably transfected with mouse caveolin-1 cDNA [20]. The membrane
fraction in this study was not immunopurified, and so probably included some
caveolin-free lipid rafts. Nevertheless, as in the adipocyte study, the caveola-en-
riched fraction of KB cells contained increased levels of FC and sphingomyelin,
relative to the rest of the plasma membrane. An unexpected finding was the en-
richment there of arachidonyl ethanolamine plasmalogens, though this was also
found in the raft fraction from a control, caveolin-free KB cell line.

Another unexpected finding was the rapidity with which FC moved between
caveolae and other microdomains or extracellular acceptors in response to signal
transduction [21]. FC was transferred readily to either cyclodextrin, a synthetic ex-
tracellular FC acceptor, or lipid-poor high-density lipoprotein, prebeta-HDL [22,23].
Dehydroergosterol, a fluorescent sterol marker for FC, was transferred more rap-
idly from of a caveola-rich fraction of fibroblast-derived l-cells than from other
membrane domains [24]. In synthetic membranes, the effect of lowering FC is to
decrease membrane stiffness and increase diffusion rates from the bilayer [25,26].
In contrast, FC depletion from caveola-rich membranes, which are linked to the
sub-skeleton via the actin-family protein filamin [27] led to increased membrane
stiffness [28,29].

Further evidence for a unique organization of FC in caveolae was presented in a
recent study of the water permeability of caveolae from rat lung. This was 5- to
10-fold greater than that of noncaveolar membranes of comparable lipid composi-
tion [30]. Aquaporin has been reported in lung caveolae [31], but aquaporin did not
significantly stimulate water flux in caveolae in this study [30]. If confirmed with
caveolae from other cells, this observation could help to explain the rapid changes
in FC in caveolae to physiological stimuli [21] compared to the stability of their
caveolin skeleton [11]. FC-FC bonds within caveolae appear to be weaker than in
other membrane microdomains.

Taken together, these data suggest that the organization of FC in caveolae and
lipid rafts is fundamentally different. FC and SPH are enriched in both (relative to
other membrane fractions), but within caveolae FC is labile not stabilized and the
lipid bilayer is more, rather than less, permeable to water. The key factor may be
that caveolin binds FC directly [31-33]. If this is correct, the properties of FC in
lipid rafts would be determined mainly by its interaction with other lipids partic-
ularly SPH; in caveolae, they would be determined mainly by caveolin [13,33].

In addition to the major lipid classes (FC, sphingolipids, glycerolipids), caveolae
also contain relatively high levels (compared to other plasma membrane fractions)
of signaling lipids, including phosphatidic acid, diglyceride, ceramide and asialo-
gangliosides. Most of these are probably generated in situ since caveolae are en-
riched in phospholipase D2 [34], lipid phosphate phosphohydrolase [35], sphingo-
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myelinase and ceramidase [36,37] and sialidase [38] While the primary role of
these lipids appears to be in signaling, some may also act locally to regulate the
composition and properties of caveolae. Ceramide generated by extracellular bacte-
rial sphingomyelinase reduced the interaction of FC and caveolin [39]; however,
whether the low levels of bioactive lipids present under physiological conditions
would be sufficient for such effects to be significant remains uncertain.

5.3
Proteins in Caveolae

Caveolar membranes contain one or more members of small (18-22 kDa), highly
conserved proteins of the caveolin family of which caveolin-1 is the major struc-
tural protein of caveolae in cells other than striated muscle. It is present in two
isoforms that may represent different gene transcripts [40]. The longer (o) isoform
is the major species in most cells. A second family member (caveolin-2) plays a
role at the cell surface that is secondary, because caveolae are not detected in
caveolin-1 —/— cells, despite the expression of caveolin-2 [41]. Caveolin-3 is the
major caveolin of striated muscle cells [42]. A central domain in each caveolin
(represented by residues 110-132 in caveolin-1) is highly hydrophobic. Both N-
and C-termini are cytoplasmic [43]. This suggests that the protein penetrates (but
does not traverse) the plasma membrane bilayer.

In fixed membranes from rat adipocytes or human fibroblasts, myc-tagged cav-
eolin-1 was present in the necks but not the bulbs of caveolae [44]. In contrast, in
quick-frozen unfixed membranes from 3T3-L1 mouse fibroblastic cells, caveolin-1
was identified as a belt around the caveolar bulb, but was absent from the neck that
joins it to the plasma membrane [10]. In both cell lines, the depletion of mem-
brane FC with an extracellular acceptor (cyclodextrin) led to disassembly of cav-
eolin multimers and flattening.

The caveolin(82-101) domain has been implicated in self-recognition of caveolin
monomers, leading to assembly of a supportive structural basketwork. Based on an
estimate of the predicted a-helical content of the caveolin-1 peptide including resi-
dues 79-96, it was proposed that filaments made up of caveolin heptamers formed
a basketwork surrounding the caveola [45]. However, short peptides can readily
assume many different conformations, and secondary structure predictions for the
79-96 aa region in the context of the full primary sequence suggest a more com-
plex structural situation. Other evidence discussed below suggests the presence of
significant tertiary structure within the N-terminal half of caveolin-1. High-resolu-
tion three-dimensional structural analysis of caveolin will almost certainly be
needed to distinguish these alternatives.

The composition of multi-protein complexes containing caveolin in living cells
remains a contentious issue. Several dozens of proteins covering a wide range of
functions at the cell surface have been identified at one time or another in purified
membranes containing caveolae. It has been difficult to prove the existence of
many of these in caveolae in living cells. Several factors have contributed to this
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situation. In earlier research, the range of factors that could modify native com-
plexes in plasma membrane fractions, including detergents and cross-linking anti-
bodies, was not fully appreciated. Major differences between cell lines in the pro-
tein composition of caveolae also were not recognized. Proteins in caveolae in
primary cells may be found in caveolin-free lipid rafts or nonraft membrane do-
mains in transformed and continuous cell lines, many of which express few, if any,
caveolae [46—48]. Growth conditions can have major effects on the structure of
caveolae, and on the distribution of caveolin between caveolae and other micro-
domains [49]. Expression of caveolin in cell lines that are normally caveolin-defi-
cient (e.g., FRT cells) may lead to the appearance of only a few cell-surface cav-
eolae; most of the caveolin expressed accumulates on intracellular membrane vesi-
cles [50]. The sum of these factors means that the distribution of membrane pro-
teins between caveolae and other cell-surface domains, and the influence of FC, is
highly dependent on the cell or tissue used, technical details of fractionation, and
the conditions of analysis.

This being said, certain classes of signaling proteins in tissues and primary cells
have been repeatedly shown, by using several different techniques, to be reliably
caveola-associated. The following criteria have been used in this chapter to assess
if a multi-protein complex including caveolin represents a bona fide caveolar com-
plex: co-localization with caveolin at the cell surface by confocal microscopy; recov-
ery in caveolar vesicles in the absence of detergents; co-precipitation with caveolin
antibodies from caveolae; and competitive displacement by caveolin peptides.

In addition to caveolin, caveolae contain other structural proteins which are
insufficient by themselves to support membrane invagination, but are possibly
important for the biological properties of these domains. Flotillins are a conserved
protein family first identified as co-precipitates with caveolin in cells that had been
extracted with Triton X-100 and octyl glucoside. Most recent research identifies
these proteins mainly in association with GPI-anchored proteins in caveolin-free
lipid rafts [51]. Annexins are Ca**-binding proteins. Annexin-2 forms a stable cyto-
plasmic chaperone complex with caveolin-1 in mammalian cells in culture and in
zebrafish in vivo (see Chapter 8). However, the inclusion of these proteins in cav-
eolae at the cell surface has not yet been conclusively shown.

It is a characteristic of many differentiated peripheral cells that mitosis is
strongly dependent on the activity of protein growth factors. These serve as ligands
for transmembrane receptors. The protein kinase activity of these receptors initi-
ates signaling cascades that terminate in the activation of nuclear transcription
factors. The anchorage-independent growth of virally-transformed and cancer cells
reflects their independence from exogenous growth factors, consistent with the
frequent reduction of caveolin in cancer cells, and the role proposed for caveolae in
growth control and cell attachment [49,52]. Hyperplasia reported in multiple tis-
sues in caveolin-1 —/— mice [6,7] similarly reflects the impairment of normal
growth regulation.

Transmembrane signaling kinases have been localized to caveolae in many dif-
ferent peripheral cell lines, using many different criteria. Receptor proteins for the
platelet-derived, epidermal and vascular endothelial growth factors (PDGF, EGF,
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VEGF) co-purified with the caveolar membrane fraction, and were co-precipitated
with caveolin-1 antibodies. PDGFR co-purified with caveolae in 3T3 cells [53,54],
normal human fibroblasts [55] and human vascular smooth muscle cells [50].
EGFR co-purified with caveolae in primary human fibroblasts [55] and in a mouse
fibroblast (3T3) line [56], but not laryngeal (Hep-2) or epidermal (A431) cancer cell
lines [57,58]. VEGFR co-purified with caveolae and caveolin in both bovine aortic
and human umbilical endothelial cells [59-61].

Additional evidence of a structural and functional association of caveolin with
growth factors comes from studies of its (Y14)-phosphorylation, mediated by non-
receptor c-Src family kinases, which are themselves substrates for the tyrosine
kinase activities of PDGFR, EGFR, and VEGFR (see Chapter 6). These data provide
strong support for the existence of functional complexes between caveolin-1, trans-
membrane kinases, and nonreceptor signaling kinases such as c-Src and Fyn in
living cells [62]. Membrane transporter proteins are also frequently recovered in
preparations of caveolae. Glucose (Glut-4) transporters were localized to caveolae
in 3T3 cells [63]. Potassium (K+(KATP), Na+, and Ca** channels were found in this
fraction in SMC [64,65].

ATP-binding cassette transporter-Al (ABCA1) ferries phospholipids and possi-
bly FC across cell membranes, but it was not found with caveolin in detergent-
extracted membranes [66]. However, the opposite result was more recently ob-
tained, under detergent-free conditions, using the plasma membrane fraction of
rat endothelial cells, after purification with caveolin antibody [67]. These contrast-
ing data illustrate the ambiguity in protein composition data of caveolae from
detergent-treated membranes.

Another recent study showed that a second ABC transporter (p-glycoprotein) can
regulate the distribution of FC across the membrane bilayer [68]. The localization
of p-glycoprotein to caveolae in primary tissues and cells has been shown in several
studies. [47,69,70]. In contrast, in 2780AD ovarian carcinoma cells (which lack
caveolae completely), p-glycoprotein was recovered with lipid rafts [71].

Several other proteins able to modify the level of plasma membrane FC have
been identified less consistently in caveolae. Scavenger receptor BI (SR-BI) cata-
lyzes the selective uptake of cholesteryl esters and FC from HDL. It also plays a key
physiological role in supplying substrate for steroid hormone production by adre-
nal and gonadal cells. SR-BI was identified in the caveolae of both overexpressing
Chinese hamster ovary (CHO) cells and mouse adrenal (Y1) cells on the basis of
immunofluorescence co-localization [72]. A second study using SV-40 transformed
human fibroblasts (W138-VA13 cells) found little SR-BI in caveolae; the majority of
this protein was in microvilli of the cell surface [73]. The transformed cells con-
tained relatively few caveolae. In adrenal cells in vivo, SR-BI was mainly associated
with a novel class of double-membrane channels associated with microvilli con-
taining few, if any, caveolae [74]. The association of SR-BI with caveolae, when
present, remains unsettled at this time. In contrast, the beta-subunit of ATP syn-
thase, identified as a high-density lipoprotein (HDL) binding protein, was localized
to caveolae, and immunoprecipitated with caveolin [75]. These data, and that relat-
ing to ABCA1 [67], suggest that caveolae may be able to regulate their own FC
content.
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One particularly well-characterized complex of caveolar lipids and proteins is
that of FC with caveolin and endothelial nitric oxide synthase (eNOS) Numerous
studies have shown the co-purification of eNOS and caveolin, and its inhibition of
this activity by caveolin peptide [76-80] (see also Chapter 11).

Several proteins which control growth and differentiation by other pathways are
also present in caveolae. These include receptors for bone morphogenetic pro-
teins [81] and the cell-surface receptor proteins for estrogen and vitamin D, identi-
cal to the transcription factors regulated by these hormones in the nucleus
82,83].

To summarize, the distribution of proteins between different cell-surface do-
mains in living cells is not maintained after detergent extraction. Even in the
absence of detergents, the distribution of these proteins in continuous cell lines
may be modified from that found in intact tissues and primary cells. Nevertheless,
a subset of proteins is reproducibly associated with caveolae in tissues and primary
cells. These include transmembrane signaling kinases, eNOS, and some mem-
brane transporters. These caveola-associated proteins are characterized both by
caveolin-binding, and a marked dependence on FC. The structural and functional
relationship between these properties, and its implications, are considered in the
following sections.

5.4
The Caveolin Scaffold Hypothesis

The scaffold hypothesis is a widely cited early interpretation of the link between
caveolin and caveola-associated proteins [84]. This hypothesis proposes that pro-
teins associated in vivo with caveolin can be identified by a “scaffold recognition”
sequence that is responsible for their co-assembly, and identifies the protein-pro-
tein contact domain. Based on the selectivity of a peptide library, the scaffold se-
quence motif was identified as -OxxOxxxx®-, Pxxxx®D xxD- or -ExExxxxQ- where @
is an aromatic amino acid (F, W, or Y) and x is any residue. The orientation of the
signature aromatic amino acids in these linear motifs varies, depending on
whether it forms part of a loop, beta-sheet or alpha-helical sequence within the
tertiary structure of the native protein.

In terms of this definition, caveolin itself contains a scaffold sequence or rather,
two overlapping sequences (Fig. 5.3A). One of these overlaps a sequence (-KogYW-
FYR-) which is implicated in membrane binding (“membrane attachment se-
quence”) [85]. GFP-caveolin peptide lacking this sequence retains about 50% of
membrane binding. One scaffold sequence is mainly predicted as helix, the other
as beta-sheet. The cav(82-101) domain also includes a “cholesterol recognition
amino acid consensus (CRAC-1)” sequence -L/V(x1-4)Y (x1-4)K/R- [86] that par-
tially overlaps the “scaffold” sequences.
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Fig. 5.3 (A) Location of predicted scaffold motifs and FC rec-
ognition sites of the cav(82-101) domain of human caveolin-1
(from [84,86]. (B) Location of amino acid residues needed for
association Gla, eNOS, and FC with caveolin

(from [80,82,85,96])

5.4.1
Does the Scaffold Motif in Signaling Proteins that are Present in Caveolae Represent
the Contact Site of these Proteins with Caveolin?

In the eNOS complex with caveolin (which is perhaps the best-studied example),
the scaffold sequence is -F347SAAPFSGW-. This was recently identified as part of
an internal loop stabilizing the heme prosthetic group [87], and so it is unlikely to
be accessible to caveolin [80]. -F¢s6SYVNPQF- in protein kinase C is within a
closed conformation of the V5/C3/4 domain [88]. The scaffold sequence in endo-
thelin receptor-A (ER-A, -WPFDHNDFGVF-) is part of extracellular loop-1 [89].
Since caveolin lacks an extracellular domain [43], the scaffold motif in ER-A cannot
represent a functional protein-protein contact site. In other cases, structural in-
formation is inadequate to assign the location of the scaffold motif within the
three-dimensional structure of the protein. Overall, however, the experimental data
are lacking that, in a native complex of caveolar proteins, the “scaffold sequence”
identifies a site that binds caveolin.
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Table 5.1 Peptide contributions to free-cholesterol (FC)-bind-

ing sites.

Protein Sequence Reference
NPC2? -V97KEEYPSIK- 91
StARD4? -L210ANFYSDLRK- 92
RORa*® -L285ETCQYLR- 93
Benzodiazepine receptor” -L150NYCVWR- 94

HIV-1 Nef® -L HPEYYK- 95
Caveolin-1" -V93TKYWFYR- 96

* From X-ray crystallography.
b From FC or sterol analogue-binding,

Another test of the scaffold hypothesis for signaling proteins can be made. Does
the presence or absence of a scaffold sequence predict whether a cell membrane
protein binds to caveolin? In Table 5.1, the frequency of scaffold sites was seen to
be one per 541 amino acids within the primary sequence of caveola-associated
signaling proteins. However, a quite similar incidence (one in 493 residues) was
present in lipid-associated proteins not associated with caveolin or caveolae (NPC-
1, HMG-CoA reductase, lecithin:cholesterol acyltransferase, acyl CoA cholesterol
acyltransferase, clathrin heavy chain) (sequences data from GenBank). This find-
ing argues strongly against the diagnostic significance of the scaffold motif in
signaling proteins.

Two rather different questions relate the F,W,Y-rich “scaffold” sequences in
caveolin.

e Is the domain of caveolin that includes these sequences the contact site with
signaling proteins in caveolae?

e If so, are the aromatic amino acids that define the scaffold sequence necessary
for this contact?

There can be little doubt that the central domain of caveolin (cav82-101) is some-
how important in both promoting protein-protein and protein-lipid associations in
caveolae. Evidence supporting this includes its ability both in vitro [90] and in
vivo [78] to compete with caveolin to affect signal protein binding and activity (Ta-
ble 5.1). But is it the pattern of three aromatic residues that is important?

Inconsistent with the scaffold hypothesis, alanine-scanning mutagenesis
showed that an intact scaffold sequence was not required for caveolin-derived pep-
tides to bind to Gla [84]. Within the cav(82-101) domain, only residues -Fo,TVT-
were needed for binding activity (Fig. 5.3B). Nor was a complete scaffold sequence
required to compete with caveolin in displacing eNOS [80]. In a third case, that of
adenyl cyclase [90], a different pattern of amino acids, including elements of the
FC recognition site, was needed for caveolin binding.
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Though information of this same kind is needed for additional proteins, the data
so far argue against the significance of a meaningful “scaffold sequence.” Proteins
bound to caveolin are no more likely to include a scaffold sequence than other
proteins. The scaffold sequences in caveolin appears to be parts of a broader pat-
tern of amino acids within the cav(82-101) domain responsible both for the asso-
ciation of caveolin with signaling proteins, and with FC.

5.5
FC Binding by Proteins Including Caveolin

In contrast to reviews of protein-protein and protein-DNA binding, very few stud-
ies have been made of the structural aspects of FC binding to proteins. The sum of
evidence available suggests that FC lies within a hydrophobic cleft or tunnel, the
sides of which are composed of several different hydrophobic sequences organized
Dby the tertiary structure of the native protein. A positively charged amino acid (K or
R) may contribute to a “charge clamp” stabilizing the 3-OH group. Whilst the
volume of FC has been estimated at 741 A® [91), its binding cavity is usually about
twice as large. There is evidence in some instances that FC itself induces sig-
nificant changes in the shape and size of this cavity. In the case of many of the FC-
binding proteins for which a tertiary structure has been established, one of the
hydrophobic sequences contributing to the FC-binding cavity conforms to the
“cholesterol recognition” consensus motif (-V/Lxi—4 Yxi—4 K/R-) [86] (Table 5.1).

The caveolin central domain (cav82-101) also contains a cholesterol recognition
sequence (CRAC-1) (Fig. 5.3B) that binds FC [96]. The isolated peptide also binds
FC from FC/phosphatidylcholine vesicles to an extent that exceeds FC solubility in
the lipid bilayer. This result, based on tryptophan fluorescence and NOESY data,
indicates the ability of the peptide to induce macromolecular order in FC, possibly
by stabilizing FC-FC links[97]. The sequence required for FC binding
(-V94TKYWFYR-) abuts the residues in cav(82-101) needed for interaction with
signal proteins Gi2a [80] and eNOS [76]. A key question considered later is
whether the binding of protein and FC to the same domain is complementary or
competitive.

Although residues 94-101 within the caveolin(83-102) peptide promote binding
with synthetic FC-containing liposomes, it seems likely that additional hydropho-
bic residues contribute to membrane binding by caveolin in vivo. Phosphorylation
at S80 has a substantial effect on FC binding [50], suggesting a role for neighbor-
ing hydrophobic residues within the sequence -S80FDGLW-. In contrast, phos-
phorylation at Y14 completely inhibited FC binding, which may indicate that the
short hydrophobic sequence -L13YTV- may also contribute. Though the data re-
main limited, it seems likely that the structural basis of FC binding in caveolin
resembles that in other proteins.

Do other proteins present in caveolae bind FC? A number of caveolin-associated
proteins crosslink to the photoactivable FC analogue FCBP [13], and many cav-
eolin-associated proteins including eNOS and PDGFR include one or more “cho-
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Table 5.2 Effects of FC depletion (1) and cav (82-101) on activ-
ities of caveolar proteins.

Activity Effect of FC | Addition of cav (82-101) Reference(s)
Neutral ceramidase 1 109
Adenyl cyclase { l 90
Ca**-act K* channel 1 64
TGFbeta-1 receptor 1 110
Ca**-dependent PLA2 4 l 111, 112
Ca®*-ATPase ! 113
ERK1/2 1 114
p-glycoprotein | 115
Agonist stim cAMP accum T 116
Insulin receptor ! 117
eNOS 1 1 80, 118
PKCa translocation 1 l 119, 120

FC was depleted from cultured cells with beta-methyl cyclodextrin. Cav (82-101) was deter-
mined either in vitro in cultured cell homogenates, or in vivo as a complex with a cell-perme-
able antennopedia peptide.

lesterol recognition” motifs within the primary sequence, though at present experi-
mental data showing if these sequences are involved in FC binding are lacking.

5.6
FC in Caveolae: Effects of Depletion and Loading

It is characteristic of proteins in caveolae that their activities are very sensitive to
membrane levels of FC. In some cases these activities are increased, in other cases
inhibited, when FC is depleted (Table 5.2). Addition of the cav(82-101) peptide —
either in vitro or in vivo — spliced to an antennopedia (AP) “Trojan peptide” [78] also
affects the activity of caveola-associated signaling proteins. In those examples
where comparative data are available, the addition of peptide (at 10-100 pM) in
each case mimics the effect of FC depletion. Is this coincidence, or informative
about the role of FC in this system?

One way to look at the role of FC in caveolar signaling is to modify the level of
FC, and to determine the effects of this on the activity of caveola-associated pro-
teins. Much of the research on the influence of FC on caveolae has been carried
out with cyclodextrins, cyclic oligosaccharides containing six to eight o-1,4-linked-
glycopyranoside units enclosing a central hydrophobic tunnel [98]. These bind
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AP caveolin
peptides

P caveglin o
Fig. 5.4 Alternative mechanisms for the anteonnopedia (AP)-linked caveolin(82-101)
effects of caveolin(82-101) peptide on peptide. B = displacement of PDGFR from its
functional multiprotein complexes in caveo- association with caveolin by AP peptide
lae. Mechanisms shown: A = displacement of  binding to caveolin. C = the same AP-peptide
caveolin from signaling kinase (PDGFR) by acting as a sink for caveolar FC.

small hydrophobic molecules in a reaction depending on the replacement of core
water molecules by the organic ligand. B-Methyl and B-hydroxypropyl cyclodextrins
have an internal cavity of ~0.8 nm. They interact with FC, but not with other
common membrane lipids. Consequently, FC-free cyclodextrins are effective and
selective receptor-independent acceptors of cell FC by diffusion. Conversely, pre-
formed cyclodextrin-FC complexes, or low-density lipoprotein (LDL), can donate
FC to increase levels of FC-rich microdomains, including caveolae. Decreased FC
mediated by cyclodextrin led to the dissociation of signaling proteins from cav-
eolae, disassembly of caveolin multimers [10] and eventually, to a reduction in the
rate of caveolin synthesis by transcriptional down-regulation [99]. In human pri-
mary fibroblasts and smooth muscle cells the chronic effects of FC loading in-
cluded an increase in cell-surface caveolae by transfer of caveolin from intracel-
lular pools [49], increased endocytosis of FC-rich vacuoles [100] and, over time, the
induction of caveolin synthesis at the transcriptional level by a FC-sensitive pro-
moter site [101,102]. In human primary endothelial cells, an increase in caveolin at
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the cell surface in response to LDL was drawn mainly from intracellular
pools [103]. These data suggest that the presence of FC is closely linked to both the
structure and function of caveolae.
Three different mechanisms could give rise to the displacement by caveolin
peptide(82-101) of signaling proteins from their complex with caveolin (Fig. 5.4):
1. Caveolin peptide(82-101) competes with the target kinase, binding caveolin and
generates free kinase.

2. Caveolin peptide(82-101) competes with caveolin to bind the target kinase.

3. Caveolin peptide(82-101) binds FC competitively, displacing it from caveolin,
secondarily dissociating the caveolin-kinase complex.

Since peptides cav(1-101) and cav(1-79) polymerize similarly in vitro [45], FC-
binding to cav (82-101) [96] is unlikely to play a direct role in caveolin self-assem-
bly. These data argue against the first hypothesis. Since the cav(82-101) peptide
mimics caveolin and, like the full-length protein, binds FC, it is difficult to en-
visage a mechanism by which cav(82-101) would reverse the effect of native cav-
eolin. Other evidence supports the hypothesis that cav(82-101) may mimic cyclo-
dextrin by binding FC competitively. The relatively high concentrations of this
freely internalized peptide required for maximal effect (50-100 uM) would be ade-
quate to bind significant amounts of plasma membrane FC. Fo, of intact caveolin
is necessary for the effect of peptide on eNOS [80], and the same residue is re-
quired for FC binding [96]. We suggest that the scaffold peptide cav(82-101) may
act at least in part to competitively sequester caveolar FC.

5.7
FC Changes in Caveolae: Effects of Signal Transduction

The metabolic effects of chronic changes in the FC content of the caveolae can be
explained in terms of competition between binding of protein and binding of FC to
overlapping sequences within a central (resides 82-101) domain of caveolin, How-
ever the content of FC in caveolae also responds both spatially and temporally to
physiological changes at the cell surface, in particular to the binding of protein
growth factors. Could these changing FC levels be involved in regulating the mag-
nitude and duration of signal transduction and possibly, in the case of branching
pathways, its selectivity?

The mechanism of signal transduction via protein growth factors and trans-
membrane receptor kinases is well understood in outline. Ligand binding is cou-
pled to dimerization of the receptor protein, receptor autophosphorylation, and
induction of its activity with downstream kinases, particularly proteins of the c-Src
family (see Chapter 6). This leads to dissociation of signaling proteins from the cell
surface and eventually, to transcriptional activation of a specific pattern of genes
important in mitosis. A consistent feature of ACTH, PDGF, -EGF, VEGF, insulin
and insulin-like growth factor-mediated signaling is that receptor autophosphor-
ylation is followed by the generation of p(Yi4)caveolin, the synthesis of which is
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Fig. 5.5 A multistage caveolin lipidation cycle to explain the
roles of FC at different points in signal transduction from cav-
eolae. LMW-PTP = low molecular-weight phosphotyrosine
phosphatase (from [121]).

mediated by c-Src or a Src-family kinase such as Fyn [50,104-108]. This observa-
tion provides prima facie evidence for the existence of signaling complexes contain-
ing bound caveolin.

In the case of PDGFR, signal transduction was recently shown to be associated
with a loss of FC binding to caveolin, assayed either by co-purification of *H-FC
with caveolin, or by the formation of stable crosslinks between caveolin and a
photoactivable FC analogue, FCBP [50]. A comparable change occurs when VEGF
activates its receptor in human aortic endothelial cells, and confirms that the asso-
ciation of FC with caveolin is quite labile. Even though <1% of caveolin was asso-
ciated with PDGFR, a maximum of 70-80% of caveolin-associated FC was lost in
the course of signal transduction. This is consistent with the concept that FC
bound to caveolin has higher-order effects on membrane FC in caveolae. Reassem-
bly of the PDGFR signaling complex requires the re-establishment of FC levels in
the caveola (Fig. 5.5). Studies of the time course of signaling in the presence and
absence of inhibitors of specific kinases and phosphatases, and substitution within
caveolae of mutant caveolins with altered polarity and FC binding properties, were
carried out.

The yield of caveolin-associated *H-FC or -FCBP under different conditions was
assayed. Recovery of the FC content of caveolae following exposure to PDGF took
30-40 min at 37 °C. The cell became responsive again to PDGF only after the FC
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content of its caveolae was completely recovered. If the activity of the caveola-
associated low molecular-weight phosphotyrosine phosphatase was inhibited by
hydrogen peroxide [121], p(Y14)caveolin accumulated and the caveola did not re-
cover its reactivity with PDGF. If caveolin(S80A), which binds FC more tightly
than the native protein [50] was overexpressed, then although PDGF bound nor-
mally to its receptor, FC was not displaced from this caveolin, and the signal was
not propagated from the PDGF receptor (PDGFR) to c-Src and to caveolin. These
data suggest that, at different steps, FC has positive and negative roles. The pres-
ence of FC is required for the assembly of the transmembrane signaling complex;
after ligand binding, loss of FC is required for signal transduction. Following sig-
nal transduction, FC re-enters the caveola. These observations are incorporated

into Fig. 5.5:

1. A signaling complex containing at a minimum caveolin, FC, a transmembrane
receptor kinase, a Src-family non-receptor kinase is first assembled within cav-
eolae. At least in SMC, caveolin is constitutively phosphorylated at Sgo, influenc-
ing FC binding to the cav(82-101)

2. Addition of ligand leading to receptor and downstream receptor kinase activa-
tion displaces FC from its binding site. Mutant Caveolin(S80A), which cannot
be phosphorylated, does not release FC and signal transduction is inhibited.

3. Loss of FC from caveolin precedes p(Y14)-caveolin synthesis mediated by c-Src
or Src-family kinase. Since the level of p-caveolin, which is normally low, is
dynamically regulated by caveolar LMW-PTP, the rise in p-caveolin which fol-
lows the loss of FC must be the result of either the dissociation of this phospha-
tase, or its inhibition in situ. These alternatives have not yet been distinguished.
p-Caveolin synthesis in response to PDGF was not associated with any detect-
able disassembly of caveolin oligomers, or withdrawal of caveolin from the cell
surface. This is in contrast to what occurs when p(Y14)-caveolin is chronically
increased — for example by vanadate, a nonspecific phosphotyrosine phospha-
tase inhibitor.

4. After dissociation of both FC and downstream kinases, LMW-PTP is reacti-
vated, and reduces p-caveolin levels to baseline. Levels of total caveolin continue
unchanged.

5. FC levels in caveolae (and those of FCBP in cells equilibrated with this photo-
activable FC analogue) are restored only after p-caveolin is hydrolyzed. In cells
exposed to peroxide, phosphocaveolin levels were maintained at their maxi-
mum; FC was not restored to caveolae, and the cells remained insensitive to
PDGF.

6. Finally (at ca. 30 min following initial exposure to PDGF) the cell regains re-
sponsiveness to ligand.

These data indicate that the overall equilibrium between FC-associated and FC-
free caveolin in caveolae is influenced by phosphorylation of both receptor protein
and caveolin at different points in the signaling reaction.
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5.8
Summary

FC binding to caveolin plays important structural and functional roles in caveolae.
Structurally, it is needed to maintain the invaginated form of these microdomains.
Functionally, FC sensitively regulates the activity of caveolin-associated proteins
including signaling kinases, transporters and eNOS. At the molecular level, these
effects are mediated by competition between adjacent caveolin-protein and cav-
eolin-FC binding sites.

Abbreviations

ABCA1  ATP-binding cassette transporter-A1l
AP antennopedia

CHO Chinese hamster ovary

CRAC cholesterol recognition amino acid consensus
EGF epidermal growth factor

eNOS endothelial nitric oxide synthase
ER-A endothelin receptor-A

FC/SPH free cholesterol/sphingolipid

GPI glycosylphosphatidylinositol

HDL high-density lipoprotein

PDGF platelet-derived growth factor
PDGFR PDGF receptor

SR-BI scavenger receptor Bl

VEGF vascular endothelial growth factor
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Phosphorylation of Caveolin and Signaling from Caveolae
Cynthia Corley Mastick, Amy Sanguinetti, Haiming Cao, and Suhani Thakker

6.1
Introduction

Caveolae are specialized invaginated domains of the plasma membrane that act as
organizing centers for signaling molecules. Caveolae are formed in membranes by
the caveolins, a family of three related gene products (caveolins-1, -2, and -3) [1-4].
Caveolins form homo- and hetero-oligomers that make up the characteristic stri-
ated coat of caveolae [5]. Expression of caveolin is necessary and sufficient to in-
duce cell-surface caveolae [6-8]. In addition to their role as coat proteins that drive
the invagination of caveolae, the caveolins are also cholesterol-binding proteins,
and caveolae are highly enriched in cholesterol, glycolipids and sphingolipids,
forming a distinctive domain in the membrane. Lipid-modified signaling mole-
cules, including the tandemly acylated Src-family kinases, are enriched in these
structures due to their affinity for the lipid composition of these domains. How-
ever, cholesterol-enriched lipid-ordered domains, or “rafts” also form independ-
ently of caveolae [9]. The caveolins direct the composition of the signaling com-
plexes organized in caveolae by acting as scaffolding proteins that bind to specific
signaling molecules, which include Gagqi1, endothelial nitric oxide synthase
(eNOS), and Src-family kinases [10-13].

In addition to organizing signaling complexes, the caveolins also participate
directly in signaling cascades as substrates for both tyrosine and serine/threonine
kinases. Caveolin-1 is phosphorylated on a single tyrosine residue (Tyr14) in the
amino-terminus of the protein. This residue is constitutively phosphorylated at low
levels in most cell types, and its phosphorylation increases in response to a num-
ber of stimuli, including insulin and insulin mimetics (IGF-1, sulfonylureas, phos-
phoinositolglycan), angiotensin II, endothelin-1, adrenocorticotropin (ACTH),
platelet-derived growth factor (PDGF), vascular endothelial growth factor (VEGF),
and epidermal growth factor (EGF) (in cells expressing very high levels of the EGF
receptor or expressing mutant forms of the EGF receptor) [14-27]. Phosphoryla-
tion at Tyr14 is also increased in response to cellular stresses, including shear
stress, apoptotic stress, ultraviolet radiation, oxidative stress, and osmotic shock
[24,28-34], in response to integrin activation (i. e., during plating and spreading on
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Fig. 6.1 Signaling pathways leading to and from caveolin
phosphorylation. Hypothesis to be explored: insulin and stress
activate a caveolin-directed tyrosine kinase localized in the
caveolae. Upon activation, this kinase phosphorylates caveo-
lin-1 on Tyr14 (pY14). This leads to activation of downstream
signaling cascades.

fibronectin) [24,34], and when caveolae are triggered to internalize [35-37]. In re-
sponse to some stimuli, such as insulin, oxidative stress and osmotic shock, the
increase in caveolin phosphorylation is robust and sustained, whilst in response to
other stimuli, such as shear stress, PDGF and VEGF, the increase is less intense
and is transient. Caveolin-1 is also phosphorylated on up to five serine/threonine
residues in response to various stimuli [26,31,38,39]. Caveolin-2 is phosphorylated
on two tyrosine residues in its amino-terminal domain, Tyr 19 and Tyr27 [40-43].
Tyr27 in caveolin-2 falls within an amino acid sequence (YADP) that is very similar
to Tyr14 in caveolin-1 (YTVP), and phosphocaveolin-2 is found in complexes with
phosphocaveolin-1. Caveolin-3 lacks a site for tyrosine phosphorylation in its
amino-terminal domain, and it has not been reported to be phosphorylated on
either tyrosine or serine.

The goals of our research in this area have been to: 1) trace the signal transduc-
tion pathways that lead to caveolin tyrosine phosphorylation; and 2) identify signal-
ing cascades that lie downstream of caveolin phosphorylation. These two areas will
form the focus of this chapter (Fig. 6.1). In a very satisfying way, the investigations
in these two areas have come together to provide a very clear picture of at least one
of the roles of caveolin phosphorylation and caveolae in cells.

6.2
Signaling Pathways Leading to Caveolin Tyrosine Phosphorylation

6.2.1
Caveolins-1 and -2 are Phosphorylated in Response to Insulin in Adipocytes

Whilst caveolae are found in many tissues, they are particularly abundant in lung
epithelial cells, endothelial cells, muscle cells, and adipocytes [1,3,4]. In adipocytes,
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they cover a significant fraction (ca. 30%) of the total inner cell surface of the
plasma membrane [44]. In addition, the expression of caveolins-1 and -2 increases
approximately 20-fold upon adipocyte differentiation, with a concomitant 10-fold
increase in cell-surface caveolae [15,45,46]. Consistent with an important role for
caveolae in adipocyte function, adipose tissue is significantly disrupted in caveolin-
1 knockout animals [47-49].

Early studies on isolated caveolin-enriched cell fractions had implicated caveolae
in cellular signaling [50-54]. The abundance of caveolae in adipocytes and muscle
— two of the major target tissues for insulin — together with their potential role in
signaling, suggested that they might play a role in insulin signal transduction. To
investigate this, a simple question was asked: Does stimulation of adipocytes with
insulin lead to an increase in the phosphorylation of any proteins associated with
caveolae? It was found that, in adipocytes, insulin stimulates the tyrosine phos-
phorylation of three proteins in caveolae: caveolin-1, caveolin-2, and a 29-kDa cav-
eolin-associated protein [14,15]. These three proteins are found in SDS-resistant
complexes and can be co-immunoprecipitated. Caveolin phosphorylation shows
two additional interesting properties. The first is that it shows specificity for in-
sulin, and does not occur in adipocytes in response to two other growth factors,
PDGF and EGF, despite the expression of active receptors for all three growth
factors in these cells. This is interesting because stimulation of glucose metabo-
lism also shows specificity for insulin in these cells. Insulin stimulates glucose
transport, glycogen synthesis, and lipogenesis ten to hundreds of fold, while EGF
and PDGF have no effect on these processes [55]. The second interesting property
of insulin-stimulated caveolin phosphorylation is that it is cell type- dependent: it
occurs only in the fully differentiated 3T3-L1 adipocytes, not in the preadipocytes,
despite the expression of both caveolin and active insulin receptor in both cell
types. In fact, caveolin is not phosphorylated in response to insulin in fibroblast
cells engineered to express high levels of the insulin receptor. Differentiation dra-
matically increases the insulin responsiveness of glucose metabolism in these
cells [56]. Unlike phosphorylation of the caveolins, the 29-kDa caveolin-associated
protein was phosphorylated in response to PDGF as well as in response to insulin,
and this phosphorylation occurred in both adipocytes and preadipocytes [14,20]. At
present, the identity of this protein is unknown, but this result indicates that other
growth factors also signal through tyrosine phosphorylation of caveolar proteins.

6.2.2
The Caveolins are not Direct Substrates of the Insulin Receptor

Insulin binding to its receptor at the cell surface causes a conformational change
in the intracellular domain of the receptor, leading to auto-transphosphorylation of
the receptor. This autophosphorylation in turn activates the kinase domain, lead-
ing to the phosphorylation of direct substrates, including insulin receptor sub-
strate-1 (IRS-1). Since the insulin receptor is associated with caveolae [14,57,58], it
was possible that caveolin was a direct substrate of the insulin receptor itself.
Several lines of evidence indicate that this is not the case, however [14,15]. First,
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although caveolin co-fractionates with the insulin receptor, caveolin is phosphory-
lated in vitro under conditions where the insulin receptor in these fractions is
completely inactive (i.e., in the absence of insulin). Therefore, caveolin co-purifies
with a caveolin-tyrosine kinase that is not the insulin receptor. A second line of
evidence comes from the differentiation dependence of caveolin phosphorylation.
Both adipocytes and preadipocytes express caveolin-1, and caveolin-1 co-purifies
with caveolin-directed tyrosine kinase activity in both cell types. Adipocytes and
preadipocytes both express active insulin receptors that phosphorylate direct sub-
strates such as IRS-1 equally well. The insulin receptor co-fractionates with cav-
eolins in both cell types. However, insulin stimulates caveolin phosphorylation
only in adipocytes, not in preadipocytes. The cell type dependence of caveolin
phosphorylation strongly indicates that the insulin receptor is not the insulin-
stimulated caveolin tyrosine kinase, and that differentiation leads to the expression
of signaling molecules that lie downstream of the insulin receptor and couple
activation of the insulin receptor to activation of the caveolin tyrosine kinase.

6.2.3
Src-Family Kinases and Stress-Induced Caveolin Phosphorylation

Signal transduction via transmembrane receptor tyrosine kinases often involves
the activation of additional downstream kinases, both serine/threonine-directed
and tyrosine-directed. A number of studies have implicated Src-family kinases in
tyrosine phosphorylation of caveolin-1. Caveolin-1 was originally identified as a
major tyrosine-phosphorylated protein in v-Src-transformed cells [1,39,59,60]. Cav-
eolin is also highly phosphorylated in cells that overexpress c-Src or c-Fyn, and is
one of the most prominent phosphoproteins detected in these cells [15,16,31,61].
Caveolin-1 binds to and co-purifies with Src-family kinases [10,52,62,63]. Further-
more, caveolin-1 can be directly phosphorylated by Src and Fyn in vitro [16,64].
These data indicated that Src and Fyn are caveolin tyrosine kinases in cells.
Caveolin-1 is phosphorylated in response to a number of cellular stresses, in-
cluding shear stress, oxidative stress, and osmotic shock [24,28-32,34]. These
stresses also activate Src-family kinases, including both Src and Fyn [31,34,65-67].
While overexpression of either kinase is sufficient to cause caveolin tyrosine phos-
phorylation under basal conditions, overexpression of Fyn also caused significant
hyperphosphorylation of caveolin-1 in response to stress [31]. Therefore, whilst
overexpression can activate Fyn to some extent, stress clearly activates the kinase.
These data indicate that Fyn is part of the signaling cascade leading to caveolin
tyrosine phosphorylation in response to stress. Consistent with this, expression of
kinase-inactive Src blocked caveolin phosphorylation in response to osmotic
shock [29]. Furthermore, the small molecule Src-family kinase inhibitors SU6656,
PP2, and PD180970 inhibited both oxidative stress and osmotic shock-induced
caveolin phosphorylation, indicating that both require activation of a Src-family
kinase [31]. Shear stress-induced caveolin phosphorylation was blocked by the
small molecule Src-family kinase inhibitor PP1, and enhanced by inactivation of
Csk, a negative regulator of Src-family kinases [34]. Consistent with the inhibitor



6.2 Signaling Pathways Leading to Caveolin Tyrosine Phosphorylation

data, both oxidative stress and osmotic shock-induced caveolin phosphorylation
were blocked in SYF™/~ cells, a cell line derived from a knockout animal deficient
in three Src-family kinases: Src, Yes, and Fyn [31]. These data show that stress-
induced caveolin phosphorylation requires activation of a Src-family kinase.

Using cell lines derived from single kinase knockout mice (Src™/~, Yes™~, and
Fyn™/"), it was found that expression of Fyn is required for both oxidative stress
and osmotic shock-induced caveolin phosphorylation, while expression of Src and
Yes are not [31]. In fact, phosphorylation in the Src™/~ cells was even higher than
that observed in the cells from wild-type mice. This correlated with an increase in
Fyn expression in these cells relative to wild-type cells. Heterologous expression of
Fyn was sufficient to restore oxidative stress-induced caveolin phosphorylation in
both the Fyn™/~ and SYF~/~ cells, indicating that Fyn can promote the phosphoryla-
tion of caveolin in the absence of Src or Yes. Therefore, Fyn expression is both
necessary and sufficient for stress-induced caveolin phosphorylation.

Both Src and Fyn can directly phosphorylate caveolin, and both are activated in
response to stress, but only Fyn is required for stress-induced caveolin phosphor-
ylation. These data suggest that the Src that is activated in response to stress is
localized to a compartment that does not contain caveolin [31]. Fyn is targeted to
caveolae/lipid rafts due to tandem acylation by myristate and palmitate. Co-localiz-
ation of dually acylated proteins such as Lyn or Fyn with caveolin has recently been
confirmed using fluorescence resonance energy transfer (FRET) [63]. In contrast
to Fyn, Src is only singly acylated with myristate. Singly acylated proteins have less
affinity for membranes and do not co-purify with caveolae/lipid rafts [52,68]. The
behavior of singly acylated proteins, such as Src, was not determined in the FRET
experiment. However, Src can bind directly to caveolin [10]. The present data sug-
gest that there are distinct signaling complexes containing caveolin and Fyn or
caveolin and Src that are differentially activated in response to stress. In the con-
text of cellular stress, Fyn — but not Src — is a caveolin tyrosine kinase. However,
Src may phosphorylate caveolin under other types of stimuli, for example during
cell attachment and spreading on fibronectin [24].

6.2.4
Non-Receptor Tyrosine Kinases and Insulin-Induced Caveolin Phosphorylation

Significant data had linked activation of Src-family kinases to caveolin phosphor-
ylation. Therefore, it was initially hypothesized that a Src-family kinase was the
insulin-stimulated caveolin-tyrosine kinase in adipocytes. Consistent with this,
treatment of isolated caveolar fractions with Src-family kinase inhibitors blocked
caveolin phosphorylation in vitro, indicating that the caveolin kinase activity that
co-purifies with caveolin is a Src-family kinase (CCM, unpublished observa-
tion; [16]). (These inhibitors did not block Src-family kinase activation in intact
adipocytes as measured by kinase autophosphorylation. In contrast, inhibition of
autophosphorylation was readily detectable in fibroblasts. This is a common prob-
lem in adipocytes. Compounds that are sufficiently lipophilic to cross membranes
are often sequestered within the prominent fat droplets in these cells.) The most
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abundant Src-family kinase that co-purifies with caveolin-1 in adipocytes is
Fyn [14,15,69]. Fyn is activated in response to insulin via Src-homology 2 (SH2)
domain-mediated binding to IRS-1 [70]. To determine if Fyn was involved in in-
sulin-stimulated caveolin tyrosine phosphorylation, Fyn was overexpressed in adi-
pocytes [15]. Overexpression of Fyn was sufficient to induce caveolin tyrosine
phosphorylation under basal conditions, and hyperphosphorylation of caveolin-1
in response to insulin. These results verify that Fyn is activated in response to
insulin, and that it is part of the signaling cascade leading to caveolin tyrosine
phosphorylation in response to insulin. However, differentiation does not change
the level of expression of Fyn, and Fyn co-localizes with caveolin-1 in both pre-
adipocytes and adipocytes. Furthermore, overexpression of Fyn in fibroblasts did
not increase basal caveolin phosphorylation or reconstitute insulin-stimulated
phosphorylation. These data indicate that, while Fyn is a part of the insulin-stimu-
lated caveolin phosphorylation pathway in adipocytes, differentiation induces the
expression of an additional protein or proteins required for caveolin tyrosine
phosphorylation.

An additional line of evidence suggested that a second non-receptor tyrosine
kinase may be involved in caveolin phosphorylation. The phosphorylation site on
caveolin-1 (Tyr14, L-Y-T-V-P) is not in the context of a consensus Fyn phosphoryla-
tion site (I/L-Y-D/E-X-L). Tyr14 lies within the motif I/L-Y-X-X-P, a consensus Abl
phosphorylation site [71,72]. Tyr27 in caveolin-2 falls within a similar sequence (E-
Y-A-D-P). It has not been determined whether insulin activates Abl in adipocytes,
although several known Abl substrates are phosphorylated in response to insulin,
including Crk, Cbl, and Dok [73,74]. In addition, the Crk binding partner CAS is
dephosphorylated in response to insulin, consistent with AbI activation [75]. Im-
portantly, differentiation of 3T3-L1 fibroblasts into adipocytes leads to a large in-
crease in Abl expression (CCM, unpublished observation), which may account for
the cell type dependence of insulin-stimulated caveolin phosphorylation.

6.2.5
Abl is a Caveolin Kinase

To determine initially whether Abl phosphorylates caveolin, a fibroblast cell line
expressing a temperature-sensitive form of v-Abl was used [76]. A temperature-
sensitive form of v-Abl was necessary because constitutively active v-Abl leads to
loss of expression of both caveolin-1 and -2 after only a few days [76,77]. (Expres-
sion of v-Src also causes down-regulation of caveolin [60,77]; however, this down-
regulation is secondary to cellular transformation, and is not caused by phosphor-
ylation of caveolin [76].) Caveolin-1 was one of the strongest phosphotyrosine sig-
nals detected in these cells after activation of the kinase. Caveolin-1 was also one of
the most prominent phosphoproteins detected in primary human fibroblast cells
overexpressing c-Abl. Caveolin-2 co-immunoprecipitated with caveolin-1, and was
also phosphorylated under both of these conditions. Abl can directly phosphorylate
caveolin-1 in vitro and in a yeast expression system [76,78]. The phosphorylation of
caveolin-1 by Abl required Tyr14 and did not occur on a fusion protein in which
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this residue was changed to phenylalanine, indicating that the consensus AbI
phosphorylation site is the only site in caveolin-1 phosphorylated by Abl.

To verify that Abl phosphorylates caveolin, fibroblast cell lines derived from an
Abl knockout mouse (Abl™/") were utilized. The same cells reconstituted with Abl
served as controls (Abl*). Although, insulin does not stimulate caveolin phosphor-
ylation in fibroblasts, caveolin is phosphorylated in response to oxidative stress in
these cells [28,29]. Oxidative stress activates Abl [79,80]; therefore, oxidative stress-
induced phosphorylation was a good system initially to test the requirement for
Abl in caveolin phosphorylation [32].

Abl was required for oxidative stress-induced caveolin phosphorylation. Caveolin
was not phosphorylated in response to oxidative stress in the Abl™/~ cells, but
phosphorylation was restored in the Abl* cells. In contrast to caveolin, many other
proteins were phosphorylated on tyrosine in the Abl™/~ cells, indicating that these
cells still respond to oxidative stress, but that phosphorylation of Abl substrates is
specifically lost. The only site of tyrosine phosphorylation of caveolin-1 in response
to oxidative stress is Tyr14, the consensus Abl phosphorylation site. Therefore,
expression of Abl is necessary for phosphorylation of caveolin-1 on tyrosine in
response to oxidative stress, and the only site of tyrosine phosphorylation is a
consensus AbI site. Additionally, overexpression of Abl is sufficient to induce cav-
eolin phosphorylation in some cell types, and purified Abl phosphorylates caveolin
at Tyr14 in vitro. These data indicate that c-Abl is also a stress-induced caveolin-
tyrosine kinase.

6.2.6
Abl and Fyn Cooperate in the Caveolin Phosphorylation Signaling Pathway

The data indicate that expression of both Abl and Fyn is required for stress-in-
duced caveolin phosphorylation. To verify that both Fyn and Abl are required for
caveolin phosphorylation in the same cell, the effect of Src-family kinase inhibitors
on caveolin phosphorylation in the Abl™/~ and Abl* cells was analyzed. Pretreat-
ment of the Abl" cells with SU6656 abolished oxidative stress-induced caveolin
phosphorylation, indicating that both Abl and Src-family kinases are required in
this pathway in a single cell.

One mechanism to explain the requirement for both Abl and Fyn would be that
they act sequentially in a linear pathway. For example, Fyn might activate Abl, and
Abl may be the caveolin kinase (Stress = Fyn — Abl — cav-P). Consistent with this
model, previous studies had shown that Src-family kinase activation leads to Abl
activation in a kinase cascade, and that both Fyn and Src can directly phosphorylate
Abl in vitro [81]. If Fyn does not directly phosphorylate caveolin, then this model
predicts that Fyn overexpression-induced caveolin phosphorylation would require
Abl expression as well. To test this, Fyn was overexpressed in Abl* or Abl~/~ fibro-
blasts. As was observed in fibroblasts from wild-type mice, overexpression of Fyn
was sufficient to induce caveolin phosphorylation in the Abl* cells. However, in-
consistent with a linear pathway from Fyn through Abl, Fyn-induced caveolin
phosphorylation was even higher in the Abl~/~ cells than in the Abl* cells, indicat-
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ing that Abl actually negatively regulates Fyn under basal conditions. Therefore,
overexpression of Fyn can bypass the requirement for Abl in caveolin phosphoryla-
tion. These results indicate that Fyn directly phosphorylates caveolin-1 and does
not require Abl as an intermediary.

In an alternative linear pathway, Abl could be required for Fyn activation (Stress
— Abl - Fyn — cav-P). Inconsistent with this model, however, oxidative stress-
induced activation of Fyn does not require expression of Abl. While overexpression
of Fyn was sufficient to induce caveolin phosphorylation, oxidative stress signifi-
cantly increased this phosphorylation to very high levels in the Fyn overexpressing
cells, indicating further activation of the kinase. This hyperphosphorylation oc-
curred in both the Abl* and Abl™/~ cells. To test if Src-family kinase activity is
required downstream of Abl, the effect of Src-family kinase inhibitors on AbI-
induced caveolin phosphorylation was examined. While SU6656 blocked Fyn over-
expression-induced caveolin phosphorylation, Abl-induced phosphorylation was
unaffected. These results indicate that Abl, like Fyn, acts directly on caveolin and
does not require activation of a downstream Src-family kinase.

6.2.7
Model of the Interaction of Fyn and Abl in Caveolin Phosphorylation

Expression of both Abl and Fyn is necessary for caveolin phosphorylation, and
overexpression of either is sufficient to induce caveolin phosphorylation. There-
fore, the caveolin phosphorylation pathway represents a newly identified signaling
cascade involving both Abl and Fyn. Signaling complexes involving both Src-fam-
ily kinases and Abl have also been identified in a number of other systems [82-89].
Whilst both Abl and Fyn can phosphorylate caveolin directly, it is believed that Fyn
and Abl act synergistically to induce sustained, high-level phosphorylation of cav-
eolin-1. Our model is that Fyn activity is required for the efficient recruitment of
Abl to the caveolae, and that Abl is required for sustained phosphorylation of
caveolin (Fig. 6.2). In this model, activation of Fyn that is resident in the caveolae
leads to phosphorylation of caveolin-1 at Tyrl4. This phosphorylation creates a
binding site for the SH2 protein binding domain of Abl (consensus binding site,
pY¥-X-X-P), and recruitment of Abl into the complexes (domain structure of Abl:
SH3, SH2, kinase domain, tail). Abl then phosphorylates adjacent caveolin mole-
cules in the complex. In this way, the phosphorylation when both kinases are
activated is significantly greater than either alone. Overexpression of Abl causes
activation of Abl and inefficient phosphorylation of caveolin-1, which leads to the
recruitment of Abl into caveolae and more efficient phosphorylation. Overexpres-
sion of Fyn bypasses an inherent limitation on the level of caveolin phosphoryla-
tion that can normally be catalyzed by Fyn alone (see below). This model may also
explain why some stimuli lead to only transient phosphorylation of caveolin, while
others lead to sustained phosphorylation of caveolin. Whilst all activate Src-family
kinases in caveolae and initiate caveolin phosphorylation, they may differ in their
ability to activate and translocate Abl to the caveolae. Our investigations into the
signaling cascades that lie downstream of caveolin phosphorylation strongly sup-
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Fig. 6.2 Fyn and Abl are caveolin tyrosine activation, Fyn phosphorylates caveolin-1 on
kinases. Insulin and stress activate the Src- Tyr14. Tyrosine phosphorylation promotes
family kinase Fyn and autophosphorylation of ~ SH2 domain-mediated binding of Abl. This in
the kinase (pY416). Fyn is localized to lipid turn leads to the phosphorylation of adjacent
rafts via tandem acylation and to caveolae caveolin molecules.

through direct binding to caveolin. Upon

port this model, and give significant insights into the reason that caveolin
phosphorylation by Fyn alone is self-limited and requires the activation of two non-
receptor tyrosine kinases, Fyn and Abl, for sustained high level phosphorylation to
occur.

6.3
Signaling Pathways Downstream of Caveolin Tyrosine Phosphorylation

With the exception of sites within the activation loops of kinases themselves, the
function of tyrosine phosphorylation is to promote protein-protein interactions,
particularly through SH2 protein-binding domains. This in turn leads to the activa-
tion of downstream signaling cascades. Therefore, phosphorylation of caveolin on
tyrosine is likely to be an intermediate step in a signaling cascade occurring within
caveolae. Caveolin-1 phosphorylated at Tyr14 would serve as a docking site for SH2
domain-containing proteins and would recruit proteins into caveolae to activate
downstream signaling cascades (Fig. 6.3).

In order to identify proteins that bind to phosphorylated caveolin-1, a 3T3-L1
adipocyte cDNA library was screened using a novel yeast dihybrid screen [78]. The
Gal4-based yeast two-hybrid system was modified to perform a phosphotyrosine-
dependent dihybrid protein interaction screen. Then, a kinase (Abl) was intro-
duced into the two-hybrid system to phosphorylate the bait protein (caveolin-1),
after which screening was carried out for phosphorylation-dependent protein in-
teractions. Using this system to screen an adipocyte cDNA library, three proteins
were identified that interact with the amino-terminus of caveolin-1: JAB1, TRAF2,
and Csk. Of these three proteins, only Csk contains an SH2 domain.
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Fig. 6.3 Activation of signaling cascades Tyr14. Tyrosine phosphorylation promotes
downstream of caveolin phosphorylation. SH2 domain-mediated protein interactions.
Extracellular signals (insulin and stress) acti- ~ This in turn leads to activation of down-
vate caveolin kinases (Fyn and Abl). This stream signaling cascades within the caveo-
leads to phosphorylation of caveolin-1 on lae.

6.3.1
Csk Binds to Phosphocaveolin

Based on the initial screen, positive proteins could interact with caveolin-1 in a
phosphorylation-dependent or independent manner. In order to counter-screen for
phosphorylation-dependent interactions, the positive clones were transformed
back into yeast that expressed caveolin-1 alone, caveolin-1 and Abl, or the phos-
phorylation mutant caveolin-1/Y14F and Abl. Only the interaction of Csk with
caveolin-1 was completely dependent on phosphorylation. TRAF2 also bound to
non-phosphorylated caveolin-1, although phosphorylation of caveolin-1 increased
the binding of TRAF2 to caveolin-1 approximately three-fold. The proteasome sub-
unit JAB1 interacted with caveolin-1 in a phosphorylation-independent manner.
Previous studies had shown that TRAF2 and caveolin-1 form a complex that
recruits the tumor necrosis factor-alpha (TNFa) receptor after ligand binding [90].
Therefore, focus was centered on Csk. The interaction of Csk with phosphocaveo-
lin in mammalian cells was verified. Phosphocaveolin co-immunoprecipitated
with Csk in cells expressing v-Abl, and was one of only two major tyrosine-phos-
phorylated proteins bound to Csk in these cells [78]. The other phosphoprotein was
paxillin, a multi-domain focal adhesion protein known to bind to Csk through an
SH2 domain-phosphotyrosine interaction. Phosphocaveolin also co-immunopreci-
pitated with Csk in untransfected cells and this association increased after induc-
tion of oxidative stress or shear stress, and in adipocytes after stimulation with
insulin [24,34,78,91]. Csk interacted only with caveolin phosphorylated on Tyr14,
and did not bind to non-phosphorylated caveolin. Csk is one of only two proteins
that are known to bind specifically to phosphorylated caveolin-1; the SH2 domain-
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containing protein Grb7 is the other [16]. Only Csk has been shown to interact
with caveolin-1 in a regulated manner in cells.

6.3.2
Regulation of Src-Family Kinases by Csk

Phosphorylation of caveolin is an ideal mechanism to recruit Csk to its substrates
(the Src-family kinases) that are highly enriched in the caveolae. Csk is a negative
regulator of Src-family kinases [92]. Csk phosphorylates Src-family kinases at an
inhibitory tyrosine (Tyr527 in Src). When this residue is phosphorylated, it binds to
the SH2 domain in the amino-terminus of the kinase, folding it into an inactive
conformation (domain structure of Src-family kinases: SH3, SH2, kinase domain,
regulatory tail with Csk phosphorylation site). The Src-family kinases can be reacti-
vated either through dephosphorylation of this residue, or by displacement of the
C-terminal tail by another phosphoprotein. However, the Src-family kinases are
lipid-modified and localized to the plasma membrane, while Csk is largely free in
the cytosol. Csk must be specifically targeted to its substrates in membranes via an
SH2-domain-mediated interaction with a tyrosine-phosphorylated protein. In
brain and lymphocytes, Csk is recruited to lipid rafts in the plasma membrane
through binding to a transmembrane protein called Cbp that is constitutively
phosphorylated on tyrosine [93,94]. Binding to phosphorylated Cbp also activates
Csk. Phosphocaveolin also targets Csk to its substrates in the plasma membrane.
Src-family kinases are highly enriched in caveolae, both through their lipid mod-
ifications and through direct binding to the “scaffolding domain” of the caveolins.
Therefore, phosphocaveolin is an ideal targeting subunit for Csk. Significantly,
caveolin phosphorylation is stimulated in response to extracellular signals. In con-
trast, Cbp is constitutively phosphorylated, and only transiently dephosphorylated
in response to T-cell activation. Regulated phosphorylation of caveolin represents a
novel mechanism for the regulation of Src-family kinases by extracellular signals
through the recruitment and activation of Csk.

6.3.3
Feedback Inhibition of Fyn Through Activation of Csk

These data support the following model (Fig. 6.4). Activation of Fyn in caveolae by
insulin or stress leads to phosphorylation of caveolin-1 on Tyr14, which leads to the
recruitment of Csk, and phosphorylation and inhibition of resident Src-family
kinases. This feedback mechanism is supported by a number of observa-
tions [24,31]. Oxidative stress simultaneously activates Src-family kinases and their
negative regulator Csk. Induction of oxidative stress leads to concomitant in-
creases in both active site and Csk inhibitory site phosphorylation of Fyn in many
cell types. Basal Csk activity varied from cell type to cell type, but was very low in
fibroblasts from wild-type mice and absent from fibroblasts from Csk knockout
mice. However, basal Src-family kinase activity was low in all cases. Therefore, Src-
family kinases are maintained in an inactive conformation in fibroblasts through a
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Fig. 6.4 Phosphocaveolin recruits Csk to the leading to phosphorylation of Src-family kina-
caveolae, attenuating Fyn. Csk (c-terminal Src  ses at their inhibitory site (pY527) and atten-

kinase) is a negative regulator of Src-family uation of their activity. Csk binds specifically
kinases. Csk must be targeted to its to phosphocaveolin only after stimulation
substrates in membranes via an SH2 with insulin or oxidative stress, and is
domain-mediated interaction with a tyrosine-  activated under these conditions.

phosphorylated protein. This activates Csk,

mechanism that is independent of Csk phosphorylation. In contrast to basal activ-
ity, oxidative stress-induced Src-family kinase activity was much greater in Csk™/~
cells than in Csk*/* cells, indicating that loss of Csk activity leads to dysregulation
of the Src-family kinases, but only after activation. Therefore, Csk plays a mod-
ulatory, not a strictly regulatory role for Src-family kinases in these cells. This is in
marked contrast to the mechanism of regulation of Src-family kinases described in
lymphocytes. In these cells, Src-family kinases are constitutively phosphorylated
by Csk, and activated by dephosphorylation of this site [95].

6.3.4
Phosphocaveolin in the Loop

Csk must be recruited to its substrates via SH2-mediated binding to a tyrosine-
phosphorylated targeting protein. A number of observations implicate phosphoca-
veolin in the feedback inhibition of Src-family kinases [24,31]. Src-family kinases
are highly enriched in caveolae, due to both acylation and direct binding to cav-
eolin. Caveolin-1 is phosphorylated in response to stimuli that activate Fyn, includ-
ing oxidative stress and insulin, and stress-induced phosphorylation of caveolin
requires Fyn. Stress-induced caveolin phosphorylation is self-limiting and attenu-
ated by Csk: caveolin is phosphorylated to a much greater extent in Csk™/~ cells
than in the Csk*/* cells. Csk binds specifically to phosphocaveolin, which is one of
only two tyrosine-phosphorylated proteins associated with Csk in fibroblasts and
adipocytes. Association with Csk increases significantly in response to either in-
sulin or stress. These data indicate that binding to phosphocaveolin is a major
mechanism for the regulation of Csk in response to stress and insulin. Therefore,
the role of caveolin phosphorylation in signal transduction becomes a question of
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the role that regulation of caveolar Src-family kinase activity plays in signal
transduction.

6.3.5
Src-Family Kinases, Csk and Actin Remodeling

Src-family kinases are essential for cell proliferation, differentiation, and adhe-
sion [96]. However, uncontrolled Src-family kinase activity leads to constitutive
activation of mitogenic pathways, tumor promotion, and loss of cell attachment.
Therefore, tight regulation of Src-family kinase activity is essential. The require-
ment for tight control of Src-family kinase activity is readily apparent in the regula-
tion of actin/cell surface/extracellular matrix adhesions [97-100]. Both Src and
Fyn are translocated to newly forming focal contacts during cell spreading. Src-
family kinase activity is essential for the maintenance of these structures: inhibi-
tion of Src-family kinase activity leads to disassembly of adhesions. Paradoxically,
constitutively active forms of Src also disrupt cell adhesion, and therefore the
activity of Src in focal adhesions must be carefully regulated. During cell spreading
there is an initial disruption of plasma membrane-actin attachments to allow
membrane extension at the leading edge of the cell, followed by assembly of focal
contacts and actin filaments behind the leading edge. Src-family kinases are acti-
vated at the cell edge during the initial stage of cell spreading to transiently relieve
actin-induced tension at the plasma membrane, but must then be attenuated to
allow actin reassembly. Attenuation occurs through phosphorylation by Csk. Csk-
deficient cells exhibit unregulated Src-family kinase activity, hyperphosphorylation
of actin-associated substrate proteins, impaired stress fiber formation and defects
in cell adhesion [97]. Interestingly, anti-sense-mediated suppression of caveolin
expression results in similar phenotypes, including elevated Src-family kinase ac-
tivity and loss of cell adhesion [7,101].

6.3.6
Phosphocaveolin is Enriched at Sites of Attachment of the Actin Cytoskeleton to the
Plasma Membrane

Significant data links caveolae and caveolins to the actin cytoskeleton [102,103]. In
confluent, quiescent cells and in tissues, caveolin-1 is primary localized to the
plasma membrane. The caveolin-1 at cell surface is tethered to the actin cytoskele-
ton [104,105]. Caveolin binds to actin through filamin, a protein that regulates
cortical actin assembly [106]. Agents that disrupt the actin cytoskeleton cause rapid
internalization of caveolin [105]. Caveolin-1 also redistributes in response to shear
stress and during cell migration [30,32,107-109]. The muscle specific isoform cav-
eolin-3 is also bound to actin, and loss of caveolin-3 causes a form of muscular
dystrophy due to defects in the anchoring of the actin cytoskeleton to the plasma
membrane [110,111].

Phosphocaveolin is ideally localized to act as the mediator between Src activation
and Csk-induced inactivation in the regulation of actin assembly. Phosphocaveolin
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Fig. 6.5 Caveolin is phosphorylated at actin/plasma mem-
brane attachment sites. Fibroblast cells plated onto fibronectin
for 5 min (top) or 15 min. Actin is labeled with FITC-phalloidin
(green). Phosphocaveolin is labeled with anti-PY14 antibody
and Cy3-labeled secondary antibody (red). The boxed portions
in the right-hand panels are shown enlarged on the left.
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is highly enriched at or near focal adhesions at the ends of the actin stress fib-
ers [18,24,27,29,32,34,35,109]. In migrating non-confluent cells, caveolin is cleared
from the leading edge of the cell and is found predominantly in vesicles at the
trailing edge of the cell. However, phosphocaveolin is highly enriched near form-
ing focal adhesions at the cell edge in actively migrating cells, or in cells spreading
on fibronectin. Double labeling with phalloidin showed that caveolin phosphoryla-
tion occurs at the ends of bundles of actin fibers at the edge of the cell (Fig. 6.5).
The enrichment of phosphocaveolin near focal adhesions and the tight association
of caveolin with cortical actin indicate that phosphorylation of caveolin may reg-
ulate the actin cytoskeleton through Csk-mediated inhibition of Src-family kina-
ses. Consistent with a link between caveolin, Src-family kinases, and the actin
cytoskeleton, integrin signaling through Fyn requires expression of caveolin-
1[62,101].

6.3.7
Abl in the Loop

Our data indicate that activation of Fyn in caveolae would be sufficient to induce
caveolin tyrosine phosphorylation, although this phosphorylation is expected to be
self-limiting and transient due to feedback inhibition through Csk. Both Abl and
Fyn are required for robust, sustained caveolin phosphorylation. Our current
model is that Fyn and ADbI act synergistically in the phosphorylation of caveolin
(Fig. 6.6). Extracellular stimuli such as insulin or stress activate Fyn in caveolae,
which phosphorylates caveolin. This leads to the recruitment of Csk, attenuates
Fyn, and limits the extent of phosphorylation of caveolin. At the same time, these
signals activate Abl which translocates into caveolae where it also phosphorylates
caveolin. Abl is not regulated by Csk, and remains active in these complexes, main-

COOH

4

> Y1
/ Ca,\\‘:':olin

Fig. 6.6 Abl kinase is required for stable
phosphorylation of caveolin. Both Abl and
Fyn are required for caveolin phosphoryla-
tion. Both are caveolin tyrosine kinases and

directly phosphorylate it in vitro. Both are ac-

tivated by oxidative stress. Fyn is resident in
caveolae and may be required for the activa-

tion or recruitment of Abl to caveolae.
Recruitment of Csk to phosphocaveolin
would attenuate Fyn activity, leading to tran-
sient caveolin phosphorylation. Since Abl is

not inhibited by Csk, recruitment to or activa-

tion of Abl in caveolae would induce stable
phosphorylation of caveolin-1.

129



130

6 Phosphorylation of Caveolin and Signaling from Caveolae

taining a high level of caveolin phosphorylation. In the absence of Abl, caveolin
phosphorylation is limited in extent, and is transient. Recruitment/activation of
AD] is required for high-level, sustained phosphorylation of caveolin-1, and sus-
tained inhibition of Src-family kinases. This represents a novel mechanism for the
attenuation of Src-family kinase activity by Abl: phosphorylation of a scaffolding
protein (caveolin) and recruitment of Csk. Paxillin, a substrate of both Abl and Src,
is likely to organize a similar regulatory complex by binding to Abl, Src, and
Csk [112]. Csk is recruited only after phosphorylation of paxillin.

Interestingly, Fyn and Abl are required for opposing stress-induced pathways in
cells. Activation of Fyn is required for the induction of survival pathways [66,113],
whereas activation of Abl induces cell death [114]. Activation of Fyn and Abl are
also temporally different. Fyn is activated rapidly (within minutes), while Abl acti-
vation takes longer (maximum activation after 30 minutes). Low-level exposure to
oxidative stress (low concentration or short duration) stimulates survival pathways,
while higher exposures induce apoptotic pathways [115]. It is possible that low-
level exposures stimulate only Fyn, hence survival pathways, while higher expo-
sures are required to activate Abl and apoptotic pathways. Abl-induced recruitment
of Csk to complexes containing Src-family kinases would be a mechanism to en-
sure that survival pathways are turned off, allowing apoptosis to proceed. Counter-
regulatory effects of Abl and Fyn have been observed in a number of additional
signaling pathways [84,88,89], and negative regulatory circuits involving Abl, Fyn,
and their substrates have been identified genetically in second-site repressor
screens in Drosophila [82,83]. Currently, an Abl-specific inhibitor STI571 (Gleevec)
is used in patients to treat chronic myelogenous leukemia. Therefore, counter-
regulatory complexes containing Src-family kinases and Abl have important ther-
apeutic implications, particularly in the treatment of cancer.

6.3.8
Abl and Actin Remodeling

ADl and Src-family kinases also have opposing effects on the actin cytoskeleton
(ADbI stabilizes/Src destabilizes) and cell migration (Abl inhibits/ Src promotes).
Signaling complexes that regulate focal adhesions are known to contain Abl and
Src-family kinases, as well as substrates for both kinases [85-87]. Abl, Fyn and
their substrates are associated with signaling complexes that organize N-WASP
and Arp2/3 at the cell membrane. As members of this complex, Abl and Fyn play
opposing roles in regulating actin assembly and remodeling. Fyn recruits and
activates N-WASP and ARP2/3 which initiates actin polymerization. Abl inhibits
actin polymerization by phosphorylating and inhibiting enabled (Ena) and activat-
ing profillin. Abl also strengthens focal contacts by inhibiting their breakdown
through an unidentified mechanism. This is may be due to inhibition of Fyn
through recruitment of Csk. Transient Src-family kinase activity is required for
focal adhesion turnover and membrane extension during actin remodeling. Cav-
eolin phosphorylation and recruitment of Csk represent a mechanism through
which temporal and spatial regulation of Src-family kinase activity could be
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achieved during cell migration to allow transient activation then rapid Csk-induced
inactivation of Src-family kinases. Stimulation of caveolin phosphorylation
through recruitment/activation of Abl would inhibit Src-family kinase activity at
focal contacts, stabilizing these structures.

6.3.9
Insulin-Induced Actin Remodeling, GluT4 Translocation, and Caveolae

Adipocytes are terminally differentiated and are not dividing. They are also not
migrating or spreading on the extracellular matrix, and they do not have well-
formed stress fibers. Therefore, what is the significance of caveolin phosphoryla-
tion and Csk-induced attenuation of Src-family kinase activity in response to in-
sulin in these cells? Insulin increases glucose transport in fat and muscle cells by
stimulating the translocation of GluT4 from intracellular vesicles to the plasma
membrane. Insulin induces cortical actin remodeling which is required for Glut4
translocation [116,117]. Therefore, the regulation of cortical actin assembly is a key
process in the stimulation of glucose transport by insulin. In a manner analogous
to cell migration, cortical actin remodeling would require that the tension between
the cell surface and the actin cytoskeleton first be transiently relieved, followed by
rapid formation of new initiation sites for actin assembly at the membrane. Based
on other modes of actin remodeling, it is likely that Src-family kinases and Csk
play roles in insulin-induced actin remodeling in adipocytes.

In adipocytes, caveolin is co-localized with actin in unique complexes at the cell
surface [118,119]. Disruption of these complexes, either through expression of
dominant-negative forms of caveolin or by treatment with cyclodextran, blocks
insulin-stimulated cortical actin assembly and GluT4 translocation [120]. Insulin-
stimulated caveolin phosphorylation would activate Csk close to sites of cortical
actin assembly, which would modulate the insulin-induced actin remodeling. Con-
sistent with this, other stimuli that induce GluT4 translocation also stimulate cav-
eolin phosphorylation, including endothelin-1, angiotensin II, and osmotic
stress [14,15,18,28,32].

6.3.10
The Role of Caveolin Phosphorylation in Cells

Our current hypothesis is that caveolin organizes signaling complexes containing
Fyn, Csk, and Abl that regulate cortical actin remodeling. Caveolin phosphoryla-
tion is required for the recruitment of both Csk and Abl into the complexes, which
leads to negative regulation of the Src-family kinases that are resident in the cav-
eolae. When the phosphorylation of caveolin is catalyzed by the Src-kinases them-
selves, this is a mechanism for the transient activation/rapid Csk-induced attenua-
tion of Src-kinases through feedback inhibition. When the caveolin is phosphory-
lated by AbL this regulatory mechanism would inhibit activation of a specific pool
of Src family kinases. This regulatory complex involves the following three steps
(Fig. 6.7):
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1) Signals activate Fyn leading to phosphorylation of substrates
including caveolin-1.
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2) Caveolin phosphorylation recruits Csk and attenuates Fyn activity.

COOH e Fyn
Gl .
e 4 - —| FA formation

® N,

,/\ Y527, \

{ /

\ #
NH2
Caveolin

3) Prolonged signals activate/recruit Abl leading to prolonged caveolin
phosphorylation and attenuation of Fyn.
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Fig. 6.7 Caveolin organizes signaling complexes with Fyn, Csk
and Abl that regulate cortical actin remodeling.

1. Insulin or stress activates Fyn that is resident in the caveolae. This leads to the
phosphorylation of specific Fyn substrates involved in focal adhesion turnover,
cell migration, and cell survival.

2. It also leads to the phosphorylation of caveolin-1 at Tyr14. Caveolin phosphor-
ylation recruits Csk, which attenuates Fyn activity. The transient activation of
Fyn allows for the transient release of actin from the plasma membrane. Fyn
must be then be inactivated to allow subsequent reformation of actin contact
sites.

3. Prolonged signals activate/recruit Abl, leading to high-level, sustained phos-
phorylation of caveolin and sustained attenuation of Fyn. This leads to inhibi-
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tion of focal adhesion turnover and inhibition of cell migration, stabilization of
actin, and can lead to apoptosis.

This model links caveolin phosphorylation to two pathways known to be impacted
by caveolin expression: actin assembly/cell migration and control of cell growth.

6.4
Summary

Two signaling molecules required for caveolin phosphorylation have been identi-
fied: Fyn and Abl. The data suggest a novel mechanism for the attenuation of Src-
kinase activity by Abl: stable tyrosine phosphorylation of a scaffolding protein (cav-
eolin-1) and recruitment of a negative regulator of Src-family kinase activity (Csk).
The unexpected complexity of this pathway has important implications for treat-
ment of diseases, including cancer and diabetes.

Three binding partners for phosphocaveolin have been identified: TRAF2, Grb7,
and Csk. The identification of Csk as a binding partner for phosphorylated cav-
eolin-1 led to a unique model for the function of caveolae in cells. It also demon-
strated the utility of a powerful new technique to identify novel phosphotyrosine-
directed protein interactions.

A novel feedback mechanism for Src-family kinase regulation has been identi-
fied: recruitment and activation of Csk by Src-family kinase substrates such as
caveolin-1. Recruitment and activation of Abl in the complex induces sustained
activation of Csk and attenuation of Src-family kinase activity, consistent with the
counter-regulatory effects of these kinases. This previously undescribed, but sim-
ple, mechanism can explain a number of well-studied observations, including tran-
sient activation of Src-family kinases in forming focal contacts, and the counter-
regulatory effects of Abl and Src-family kinases in cell growth, migration, and actin
polymerization.

A novel role for caveolae and caveolin tyrosine phosphorylation in cells was
proposed: regulation of cortical actin assembly and/or remodeling. The caveolin-
1/Csk/Src family kinase/Abl signaling complex may be involved in transmitting
signals to the actin cytoskeleton (i.e., from integrins or oxidative stress) or trans-
mitting signals from the actin cytoskeleton (i.e., from shear or osmotic stress).

Abbreviations

ACTH  adrenocorticotropin

EGF epidermal growth factor
eNOS endothelial nitric oxide synthase
FRET fluorescence resonance energy transfer

IGF-1 insulin-like growth factor-1
IRS-1 insulin receptor substrate-1
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PDGF  platelet-derived growth factor
SDS sodium dodecyl sulfate

SH2 Src-homology 2

TNFa tumor necrosis factor-alpha
VEGF vascular endothelial growth factor
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Role of Lipid Microdomains in the Formation of
Supramolecular Protein Complexes and Transmembrane
Signaling

Gydrgy Vdmosi, Andrea Bodndr, Gydrgy Vereb, Jdnos Széllosi, and Sdndor Damjanovich

7.1
Introduction

The plasma membrane is the theater of all kinds of material and information
exchange between a cell and its environment — that is, the “outer world”. The
plasma membrane is basically a lipid bilayer that accommodates a significant
number of proteins with diverse structures and tasks necessary for the proper
function of cells. Concepts about the architecture of the plasma membrane have
changed dramatically through the past decades. The “rigid membrane” concept
was replaced by the Singer-Nicolson (S-N) fluid mosaic membrane model in 1972,
which postulated the random distribution and free lateral mobility of proteins in
the unstructured lipid environment [1]. Construction of the S-N model was greatly
advanced by the classical experiment of Frye and Edidin, which demonstrated
intermixing of distinct molecular species in the plasma membrane of heterokar-
yons of human and murine lymphocytes [2]. Although the S-N model was able to
explain many phenomena taking place in the cell membrane, it had a limited
validity. First of all, it was mostly applicable to the quasi-symmetric circulating
blood cells. It has been well known for a long time that cells built into solid tissues
are frequently polarized as required by their physical environment and biological
function, a most extreme example being the organization of brush border cells,
into two discrete regions — the apical and the basolateral — with distinct functions
and thus different lipid and protein composition. The picture of “freely moving
proteins in the uniform lipid sea” was challenged by experimental observations
suggesting the locally restricted mobility of proteins in the lipid bilayer [3,4]. Data
indicating the existence of hierarchically built protein complexes even in non-
polarized cells also contradicted the S-N model [5,6]. As for the concept of “uni-
form lipid sea”, an important step forward was the discovery of sphingolipid- and
cholesterol-enriched lipid domains — that is, lipid rafts — constituting a proof that
phase-separation of lipids observed in model membranes also occurs in the more
complex plasma membrane of living cells [7,8]. All these observations led to the
“membrane microdomain” concept, namely the compartmentalization/organiza-
tion of membrane proteins and lipids into nonrandom, well-defined, yet dynamic
structures, which exist at different time and size scales.
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7.1.1
Lateral organization of membrane proteins

According to our present knowledge, lateral arrangement of membrane compo-
nents — whether proteins or lipids — is a general phenomenon, which is essential
for the proper functioning of both the individual molecules and the whole of the
plasma membrane. Processes associated with the plasma membrane (e.g., signal
transduction, protein sorting, etc.) demand the cooperation of various membrane
proteins and are often accompanied by dynamic rearrangement of the two-dimen-
sional macromolecular patterns at the cell surface. The structured, and at the same
time dynamic, nature of the plasma membrane allows accumulation of relevant
molecules in particular membrane areas whilst excluding others, thus preventing
their interaction [9-11].

The basic organization level of membrane proteins is defined by their molecular
association/physical proximity, and is referred to as nanometer- or small-scale
clusters [6]. These clusters can be formed either in a homologous or heterologous
fashion; that is, their molecular components can be either identical or distinct. The
generalized occurrence of such protein complexes was initially proposed in the
early 1980s, based on the preferential accommodation of the genetically deter-
mined membrane-spanning a-helices of proteins into distinct membrane micro-
domains [12]. This assumption has been supported by a considerable amount of
experimental data. A major asset in studying small-scale protein assemblies was
the adaptation of fluorescence resonance energy transfer (FRET) to cellular sys-
tems (see Section 7.2).

Different types of small-scale protein patterns can be distinguished in the
plasma membrane [5]:

e In many cases, a given “functional unit” comprises several components/sub-
units (e.g., in multi-chain immune recognition receptor complexes [13]).

e External stimuli can also induce cluster formation through reorganization of
membrane proteins in the plane of the plasma membrane (e.g., ligand-evoked
aggregation of the epidermal growth factor receptor [14]).

e Apart from the aforesaid examples, where the individual components are either
preassembled or come together upon ligand binding/external stimuli, co-localiz-
ation of apparently unrelated proteins can also be observed in many cases (e.g.,
association of the insulin receptor and major histocompatability complex (MHC)
I glycoproteins [15,16]). Revealing the co-localization of such proteins may call
our attention to their potential functional relationship.

Beyond the small-scale protein associations (i.e., colocalization on the 1- to 10-nm
scale), clustering of membrane proteins at a second hierarchical level can also be
observed in many cases [5,11,17]. These so-called large-scale clusters can be several
hundred nanometers in diameter and could contain tens to thousands of proteins.
Some of the biophysical methods applicable for studying large-scale protein clus-
ters are summarized in Section 7.2.



7.1 Introduction

7.1.2
Factors controlling the organization of membrane proteins

The mosaic-like organization of lipid structures — that is, the assembly of lipids
with similar physico-chemical character (saturation, length, etc.) — into distinct
domains [4] plays an important role in the formation of both small- and large-scale
protein assemblies. The lipid domain structure of the plasma membrane may
cause selective accumulation of membrane proteins (or their exclusion from dis-
tinct membrane areas) through preferential interaction of the membrane-inter-
acting region of a given protein with a select class of lipids [18]. Lipid rafts, en-
riched in cholesterol and glycosphingolipids, are a special type of lipid do-
mains [4,7]. Lipid rafts were shown to accumulate a set of membrane proteins as
well as cytosolic signaling elements, and were proposed to act as specialized signal-
ing compartments [13,19-23]. There are several vehicles that may help target pro-
teins into lipid rafts:
e a shell of annular lipids encasing the transmembrane segment of pro-
teins [24];
o the addition of a GPI-anchor or saturated acyl chains via post-translational mod-
ification [25-28]; and
e interactions with proteins having a high affinity to the lipid raft environment.

Rafts are complex and dynamic structures which vary both in size and protein
content [10]. By enabling the dynamic association/reassociation of proteins resid-
ing within the same domain, lipid rafts provide a platform for their functional
cooperation. The dynamic exchange of components between rafts with different
composition (or between raft and non-raft regions) as well as the aggregation of
smaller rafts, raft “microdomains” into “macrodomains” also play an important
role in the spatiotemporal organization of plasma membrane-associated processes
taking place in lipid rafts [29].

In addition to lipid domains, cells have other means by which they can control
the formation and maintenance of specific assemblies of membrane proteins (for
reviews, see [3,5,11,30]). Protein-protein interactions — for example, between the
transmembrane a-helices — may also contribute to the stability of protein clusters
and membrane microdomains [31]. Vesicular transport mechanisms can produce
selective accumulation of membrane proteins by means of “directed” transport of
vesicular components to a given membrane region [32,33]. The cytoskeleton may
act either by actively directing redistribution of proteins in the plasma membrane,
or by restricting their motion and trapping them in a given membrane area by
barriers formed from joint structures of the membrane and the cytoskeleton [34].
The assembly of lipid rafts into macrodomains is also governed by the actin cytos-
keleton (see [29] and references therein). The free diffusion of membrane proteins
can also be hindered by interaction with elements of different cytosolic signaling
elements (e.g., G-proteins, kinases). These factors are not independent of each
other and may act in concert to generate supramolecular structures in the plasma
membrane.
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In this chapter selected examples for the existence of hierarchically built protein
complexes are provided. Their regulation by the lipid domain structure of the
plasma membrane and the functional consequences of the formation of protein
clusters in transmembrane signaling will also be discussed.

7.2
Biophysical Strategies for Studying the Lateral Organization of Membrane Proteins

Cell-surface proteins display non-random distribution patterns ranging in size
from a few nanometers to microns. Here, we describe some widely used fluores-
cence-based biophysical methods that can be used to study the different hierarchi-
cal levels of the lateral organization and interactions of membrane proteins. Clas-
sical biochemical and immunological methods (chemical cross-linking, co-immu-
noprecipitation, detergent resistance analysis, etc.) provide valuable information
on the interaction of membrane proteins, but have several drawbacks. First, with
these methods proteins cannot be studied in their native environment. Second, the
use of conventional extraction and isolation procedures inherent to these tech-
niques may also disrupt protein-protein interactions, or may induce the formation
of artificial protein aggregates. These methods provide information only on the
bulk properties of interactions, without resolving cell-to-cell or subcellular varia-
tions. On the other hand, fluorescence-based observations of appropriately labeled
molecules allow the detection of interactions with a subcellular resolution. Fluo-
rescence detection is sensitive (down to the level of single molecules under select
conditions), relatively non-destructive, and specific due to the high affinity of inter-
action between commonly used markers (specific antibodies, toxins, etc.) and their
targets. Genes tailored to code for proteins carrying a fluorescent tag (GFP and its
spectral variants) are routinely used to report on the subcellular distribution of
proteins.

7.2.1
Determination of Domain Size and Overlap between Fluorescence Distributions
using Fluorescence Microscopy

The lateral distribution of cell-surface proteins and their co-localization in mem-
brane microdomains can be studied by digital imaging microscopy with a resolu-
tion of 200-300 nm, as set by Abbe’s law [35]. The application of confocal laser
scanning microscopy or multiphoton excitation [36] greatly improves image sharp-
ness and contrast by excluding photons arising from out-of-focus planes. This
resolution is not sufficient to directly indicate molecular associations; however, it
allows the observation of overlap/segregation between different protein clusters or
lipid microdomains. Quantitative analysis of the size of clusters/microdomains
can be derived from the spatial autocorrelation function of the fluorescence in-
tensity distribution [39]. Using this approach, cluster sizes of predominantly raft-
localized proteins IL-2Ra, HLA I and II, as well as GPI-anchored proteins CD48,
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were determined to be ~600-700 nm, which coincided well with cluster sizes de-
termined from electron microscopic analysis of immunogold-labeled samples.
These domain sizes correlated well with the mean barrier-free path measured for
the MHC I glycoprotein and its truncation mutants [37], as well as dimensions of
confinement zones derived from single particle tracking in which E-cadherin or
epidermal growth factor receptor (EGFR) molecules could freely diffuse [38]. Dis-
ruption of lipid rafts by cholesterol extraction blurred the boundaries of protein
clusters and extended their diameter to ~1000 nm [39].

The extent of overlap between clusters of different membrane proteins and lipid
microdomains can be characterized by the cross-correlation coefficient of the pixel
intensities of individual fluorescence distributions [11,39,40]. For a pair of images
x and y, the cross-correlation coefficient is calculated as:

Z(xij—<x>)(y,.j—<y>)
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(7.1)

where x;; and yj; are fluorescence intensities at pixel coordinates i,j in images x and
y, and <x>, <y> are the mean intensities. The theoretical maximum is C=1 for
identical images, and a value of 0 implies independent localization of the labeled
molecules.

7.2.2
Fluorescence Resonance Energy Transfer (FRET)

Techniques utilizing Forster-type FRET offer convenient tools for mapping the
spatial distribution and molecular vicinity relations of membrane proteins on live
cells in situ, without any major interference with the physiological condition of the
cells. Several techniques have been developed to measure FRET on cell sur-
faces [5,41-43].

FRET is a process wherein energy is transferred non-radiatively from an excited
donor fluorophor to a nearby acceptor via dipole-dipole coupling [44]. In order for
FRET to occur, it is necessary that the dipole moments of the dyes have a proper
relative orientation and the emission spectrum of the donor and the absorption
spectrum of the acceptor molecule overlap with each other [45]. From the point of
view of biological applications, the most important property of FRET is that its rate
is inversely proportional to the sixth power of the donor-acceptor distance; hence,
it is a sensitive tool for the determination of inter- or intramolecular distances in
the 1- to 10-nm range, and can be applied as a “spectroscopic ruler” [46]. The
efficiency of FRET, E, is defined as the fraction of excitation quanta transferred
from the donor to the acceptor, which can be expressed as:

— kFRET — Rf (7.2)
k;+ky +kpr  RS+R
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where R is the donor-acceptor distance, R, is the so-called Forster distance, at
which the FRET efficiency is 50% for the given donor-acceptor pair, and krrep kr
and ky,rare the rate constants of de-excitation by FRET, fluorescence emission and
non-radiative processes other than FRET, respectively. R, is usually 5-10 nm,
which defines the distance range for which FRET is applicable. In practice, the
detection of FRET is based on the measurement of one or more of the following
physical parameters: a) the decreased intensity of the donor (donor quenching); b)
the enhanced emission of the acceptor (sensitized emission); ¢) the decreased
fluorescence lifetime of the donor; d) the increased fluorescence anisotropy of the
donor; or e) the decreased photobleaching rate of the donor.

Measurement of FRET by microscopy provides subcellular mapping of protein-
protein interactions, allowing the visual identification of compartments/organelles
where the interactions of interest take place (for a review, see [47]). Without going
into detail, the most commonly used FRET microscopic methods are described
below.

Based on the simultaneous detection of three (or in the case of using auto-
fluorescence correction, four) fluorescence intensities (autofluorescence, donor
and acceptor channels and FRET channel) at each pixel, and using appropriate
controls for determining the spectral spillover between the channels, FRET effi-
ciency can be measured even at rather low expression levels [48].

With the acceptor photobleaching technique, the extent of donor quenching due
to FRET is detected in a fairly simple way [49,50]. If the acceptor is irreversibly
photodestroyed by selective illumination at the acceptor’s absorption wavelength,
the intensity of the donor increases, and from the extent of increase E can be
calculated:

E=1-1o (7.3)

where Ipa and Ip are the background-corrected donor fluorescence intensities
with and without acceptor — that is, before and after photobleaching. The advan-
tage of the method is its simplicity and its requirement for only donor-acceptor
double-labeled samples.

The donor photobleaching (pbFRET) method exploits the increased resistivity of
the donor to photobleaching in the presence of acceptor. Photobleaching is initi-
ated from the excited state. FRET reduces the fluorescence lifetime of the donor;
that is, the dye spends less time in the excited state, resulting in an elongated
photobleaching time constant:

E=1-To (7.4)
DA
where Tp and Tpa are the photobleaching time constants of the donor in the
absence and presence of acceptor, respectively [50,51].
The fluorescence lifetime of the donor can be directly measured by using the
imaging version of phase fluorimetry, fluorescence lifetime imaging microscopy
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(FLIM) [52]. Lifetime is a fairly robust parameter, which makes FLIM an attractive
method in spite of its relatively complex instrumentation.

Although FRET microscopy has a clear advantage in providing subcellular in-
formation on interactions at microscopic resolution, it requires large numbers of
cells to be evaluated to provide statistically valid data, and this is both time-con-
suming and labor-intensive. To determine small quantitative changes in protein-
protein interactions, at least several hundreds or thousands of cells must be eval-
uated. A suitable alternative is that of flow cytometric cell-by-cell FRET measure-
ment, which provides the mean FRET efficiency for each cell in the analyzed
population [53,54]. The high number of cells that can be analyzed by flow cyto-
metry provides excellent statistics, high accuracy, and reproducibility.

7.2.3
Fluorescence Cross-Correlation Spectroscopy: Analysis of Protein Co-Mobility

Most FRET methods are limited to recording a static picture — a “snapshot” of
molecular proximities of the labeled biomolecules — without being able to report
on the temporal stability of molecular interactions. Co-localization at the nano-
meter scale as revealed by FRET does not necessarily mean that the studied pro-
teins form stable complexes with one another. The co-mobility — that is, the joint
diffusive motion of proteins — is an evidence for their stable interaction, and this
can be investigated by using the dynamic method of fluorescence cross-correlation
spectroscopy (FCCS), the two-channel version of fluorescence correlation spectros-
copy (FCS). A recent compilation on the theory and applications of FCS can be
found in a publication edited by two pioneers of the technique, Rigler and El-
son [55].

In FCS, a laser beam focused to a subfemtoliter volume element excites fluor-
ophores diffusing across the sensitive volume (a prolate ellipsoid defined by the
surface at which the detection efficiency drops to e~ times the value at the center),
giving rise to a fluctuating fluorescence signal. The rate of fluctuations is related to
the mobility of the fluorescing molecules (i.e., the diffusion coefficient). Typically,
the intensity autocorrelation function is calculated from the intensity versus time
signal (either on-line by a dedicated correlator card or off-line), and this function is
fitted according to model functions assuming different mechanisms of diffusion
and accounting for various photophysical processes (singlet-triplet transition, dark
state formation, photobleaching) or chemical reactions (e.g., protonation) taking
place in the system. For a system with n different species diffusing in 2D (the
plane of the plasma membrane) labeled with dyes undergoing singlet-triplet tran-
sition [56], the autocorrelation function is as follows:

T
S F(t)-0 F(t+7)dt =
SF0-SFu+D) IR
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The left part of the equation is the definition of the autocorrelation function: the
square brackets refer to averaging the expression over the duration T of the meas-
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urement, the variable t is the lag time (the time difference between the samples
taken from the F(t) curve), (F) is the mean fluorescence intensity over the studied
time interval, and JF(t) = F(t)—(F) is the deviation of the actual fluorescence in-
tensity from the mean. N is the mean number of molecules in the sensitive vol-
ume, O, is the fraction of molecules in the triplet state, 7, is the phosphorescence
lifetime, 7; is the diffusion time (the mean dwell time of a molecule in the sensitive
volume) and ¢; is the weight of the i species. The diffusion time is inversely
proportional to the diffusion coefficient D

D=0, /4t (7.6)

with o, indicating the lateral radius of the sensitive volume.

Thus, the parameters of major importance derived from the autocorrelation
function regarding protein-protein interactions are the diffusion coefficient and
the local concentration of the labeled molecules. The value of D decreases if the
labeled proteins form aggregates or interact with the cytoskeleton. Another good
measure of the aggregation (homo-association) state of the studied proteins is the
fluorescence intensity of the jointly diffusing units, which is simply the ratio (F)/
N.

The diffusion coefficient has only a weak dependence on the molecular weight
(D o< MW'/3); thus, in a relatively heterogeneous system such as the plasma
membrane of a live cell it is not always possible to distinguish between monomeric
and dimeric states.

In FCCS, two molecular species are labeled with preferably distinctly excitable
and detectable fluorophores. In case the two molecular species are associated, their
joint diffusive motion will result in parallel fluctuations of the fluorescence in-
tensities Fu(t) and Fy(t) in the two detection channels. In this case, the cross-
correlation function G* (7) (see Eq. 7.7) has a nonzero amplitude G* (0), which is
proportional to the concentration ¢y, of the complexed fraction of molecular spe-
cies “a” and “b” (see Eq. 7.8):

(8F, ()-8 F(1+1))
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where ¢, 01 and cp o1 are the total concentrations of molecules a and b in free state
or in complex, and Vg is the so-called effective volume. The actual form of the
cross-correlation function also depends on the geometrical parameters of the laser
foci and the diffusion properties of the different molecular species [57,58].
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7.2.4
Atomic Force Microscopy (AFM)

In the version of this technique applied to cellular imaging, a needle with a sharp
tip (radius of curvature 10-50 nm) is scanned over the cell surface at a pressing
force on the order of 0.1 to 10 pN, and the height of the needle is recorded at each
position, thus generating a topographic image of the soft cell surface. The major
advantage of AFM as compared to other microscopic techniques is that it provides
a better resolution than optical microscopy and yet allows the observation of living
cells, which is impossible with electron microscopy. In order to study the cell-
surface distribution of specific membrane proteins by AFM, immunogold labeling
was applied to provide specificity. This approach was successfully applied to study
distinct hierarchical levels of the cell surface distribution of class I and class II
MHC molecules in immunocompetent cells [59,60].

7.2.5
Scanning Near-Field Optical Microscopy (SNOM)

This technique combines the enhanced lateral and vertical resolution character-
istic of AFM with simultaneous measurements of topographic and optical signals.
SNOM can achieve a spatial resolution beyond the diffraction limit by scanning a
sub-wavelength-sized aperture, confining the excitation beam to the close prox-
imity of the sample. The resolution depends on the size of the aperture and the
distance between the probe and the sample, rather than on the wavelength. The
most commonly used SNOM probe is an aluminum-coated tapered optical fiber
with an aperture <100 nm, positioned very close to the surface (~10 nm). The
position of the probe is controlled by a piezo-electric stand, and the light emitted by
the sample is collected either by an objective or through the same optical fiber.
SNOM can simultaneously map topographic and optical properties with high spa-
tial resolution, has single molecule sensitivity, and is relatively noninvasive. In
addition, by using fluorescent labels it can provide a high level of molecular speci-
ficity. SNOM detected a highly patchy distribution of some fluorescent lipid ana-
logues reflecting a lipid domain structure in fixed, dried cells [61]. The sizes of
these patches were consistent with the sizes of domains implied by measurements
of lateral diffusion with fluorescence photobleaching recovery. SNOM was also
used to observe clustering of fluorescently labeled membrane receptors; clusters of
platelet-derived growth factor (PDGF) receptors down to 80-100 nm diameter
were observed on glioblastoma cells [50], and activation-dependent clustering of
ErbB2 was revealed on breast tumor cells [62].
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73
The Immunological Synapse

One of the best-characterized examples of specialized signaling domains where
the dynamic assembly of both small- and large-scale protein associations have a
crucial role, is the contact region formed between a T cell and a target or an
antigen-presenting cell (APC), termed the immunological synapse (IS) [63,64].
Formation of the IS is initiated by recognition of the peptide antigen presented in
complex with MHC glycoproteins on the APC or target cell by the T cell receptor
complex (TCR) on the appropriate T cell [65,66]. Recognition of the antigen causes
the redistribution of numerous molecules in both cells and leads to the formation
of well-defined junctional structures at the interface of the two cells. Participation
of the TCR along with adhesion and co-stimulatory molecules, co-receptors and
associated cytosolic signaling elements on T cells as well as recruitment of MHC-
peptide complexes and adhesion molecules on APCs can be observed in all
ISs [67—69]. Supramolecular organization of these molecules is generated by their
clustering/segregation at both the micrometer and submicrometer (nanometer)
scale. ISs mature through discrete stages characterized by high-order temporal and
spatial cooperation of multiple elements (membrane proteins, signaling mole-
cules) required for appropriate function [66—68].

Involvement of lipid rafts in T cell signaling in general, and in the IS formation
in particular, has been extensively studied and firmly established [19,29,70,71]. It is
hypothesized that upon synapse formation small, individual rafts are assembled
into raft macrodomains in a process regulated by the actin cytoskeleton [29]. As-
sembly of raft macrodomains occurs in three stages. Engagement of TCR initiates
signals for actin polymerization followed by actin- and myosin-dependent migra-
tion of rafts to the site of cell signaling. Raft microdomains coalesce and, as a
consequence, signaling proteins residing in discrete domains are now proximal
within the same microenvironment, which enhances their interactions and am-
plifies the initial signals resulting in further raft assembly and signal amplifica-
tion. The cascade continues until arrested by stop signals, which might include
protein tyrosine phosphatases [29].

Despite the common features, ISs display diversity both in function and archi-
tecture, depending on the nature of interacting cells and as a consequence, that of
the interacting molecular partners [67-69,72]. In the prototypic “bull-eye” struc-
ture, a central supramolecular activation cluster (cSMAC) containing TCR and
MHC-peptide is surrounded by a pSMAC (peripheral SMAC) of adhesion mole-
cules [63,64,73,74]. The “secretory synapse” formed between cytotoxic T cells
(CTLs) and their targets has a double cSMAC containing the secretory apparatus
juxtaposed with the TCR cluster [75]. The formation of several small, distinct TCR
clusters instead of a large, single one (multifocal synapses) or nonclustered, dif-
fuse distribution of TCR (nonsegregated IS) in the contact zone was also detected
in many cases [69,72]. Dynamic contacts allowing migration (amoeboid move-
ment) of T cells across the surface of the counterpart cells are presumably non-
segregated but at the same time mobile structures (migratory synapses) [76].
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Fig. 7.1 Measurement of MHC | homoasso- positive FRET value (peaking at ~10%) indi-
ciation on OCM-3 uveal melanoma cells. The  cates homoassociation of MHC I. As a pos-

solid line denotes the distribution of FRET itive control, the intramolecular FRET effi-
efficiency values between MHC | molecules ciency between the heavy chain of MHC |
measured by flow cytometry on a cell-by-cell and (32m targeted by Cy3-W6/32 and Cy5-
basis. MHC | was targeted by Cy3- and Cy5- L368 mAbs, respectively, was also determined

conjugated L368 mAbs specific for $2-micro- (dotted line).
globulin (32m, light chain of MHC ). The

The IS may fulfill numerous functions with varying importance for a particular
cell-cell interaction [67,68]. For example, it may enhance and/or prolong signaling,
integrate different signaling pathways, direct granule release and cytokine secre-
tion, terminate signaling processes, and balance enhancing and terminating sig-
nals.

Whereas antigen-induced redistribution of the relevant molecules on T cells has
been extensively characterized (for reviews, see [63,67-69,72]), much less is known
about the behavior of MHC and adhesion molecules or the mechanisms control-
ling their accumulation on target cells or APCs. Therefore, in the following section
focus is centered on data regarding the distribution of MHC as well as intracellular
adhesion molecules (ICAM-1) on APCs and target cells.

By using FRET and lateral diffusion (single particle tracking) experiments, clus-
tering (self-association) of MHC I glycoproteins was observed at the surface of
various human cell types [77-80] (see Fig. 7.1). A recent detergent-solubility analy-
sis of their self-association properties also confirmed that homotypic association is
an inherent property of MHC I (and MHC II) molecules [81], in accordance with
earlier observations of their spontaneous clustering after reconstitution into lipo-
some model systems [82]. Electron and scanning force microscopic experiments
also disclosed the nonrandom (clusterized) organization of MHC I molecules at a
higher hierarchical level: immunogold-labeled MHC I molecules were observed to
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form domains of several hundred nanometers diameter [59]. The degree of MHC I
oligomerization showed good correlation with the expression of free MHC I heavy
chains [lacking f2-microglobulin (B2m); “FHC”]: both of these were significant on
activated or transformed/tumor cells [83]. The two forms of heavy chains partici-
pated in common small- and large-scale clusters at the surface of human B cells, as
revealed by FRET and SNOM experiments [84]. Culturing cells with f2m resulted
in a decreased homotypic association of intact MHC I heterodimers and their
reduced co-clustering with free heavy chains [84]. According to these data, FHCs
likely have an important contribution to MHC I clustering: their involvement
seems to stabilize MHC I clusters and vice versa, their functionally active con-
formation, which is still capable of rebinding f2m, may also be stabilized by partic-
ipation in these clusters [83,84]. Otherwise, FHCs would undergo irreversible de-
naturation and become functionally inactive and/or would be either internalized or
released in a soluble form from the cell surface [85,86].

Clustered cell-surface distribution and anomalous diffusion of MHC II glyco-
proteins as well as their heteroassociation with MHC I were also reported in nu-
merous cell types, including APCs [77,87-89]. Atomic force and electron micro-
scopic data showed that MHC II molecules form homoclusters not only on the
nanometer scale attainable by FRET, but also at a higher hierarchical level, in the
micrometer distance range [60]. Electron microscopy revealed that a fraction of
MHC II molecules was heteroclustered with MHC I at the same hierarchical
level [60]. Molecular associations were detected between the ICAM-1 adhesion
molecules and MHC glycoproteins at the surface of human T and B lymphoma
cell lines [77,90]. In addition, a high degree of ICAM-1 self-association was found
on HUT102 B2 human T lymphoma cells [77]. The above-mentioned association
motifs of ICAM-1 and MHC glycoproteins were also observed on uveal melanoma
and colon carcinoma cells. Interferon (IFN)-y changed the expression levels of
MHC and ICAM-1 molecules as well as inducing the re-arrangement of their
spatial distribution/association patterns on these cells [78,91].

Since clustering of MHC and ICAM-1 molecules could be observed in the
IS [64,74], it is reasonable to assume that in vivo formation of the aforesaid associa-
tion patterns of MHC I, MHC II and ICAM-1 proteins may promote IS formation,
and their high local concentration can significantly increase the avidity of APC-T
cell interaction [63,92]. Indeed, diminishing MHC I oligomerization on target cells
by B2m treatment considerably reduced the efficiency of activation and effector
function of allospecific cytotoxic T lymphocytes [84]. This hypothesis is also sup-
ported by studies with soluble MHC:peptide multimers (dimers, trimers or tetra-
mers) showing that aggregation of MHC molecules may significantly increase the
efficiency of activation/immune response of T cells [93-95].

Although to a different extent, constitutive or inducible association of MHC
glycoproteins and ICAM-1 molecules with lipid rafts could be observed in various
cell types [39,78,90,96—101]. Disruption of lipid raft integrity with filipin or methyl-
B-cyclodextrin caused dispersion of large-scale MHC clusters [39,97] and transloca-
tion of MHC to the soluble membrane fractions [90,96]. Dissociation of small-scale
MHC II clusters was also detected upon cholesterol depletion [97]. These data
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Fig. 7.2 Triple co-localization of lipid rafts, species co-localize are indicated with mixed
ICAM-1 and MHC | on OCM-3 human uveal colors in the overlay image (panel D). The
melanoma cells, as detected by CLSM. Lipid pairwise cross-correlation coefficients

rafts were labeled by Alexa Fluor 488-conju- between the fluorescence distributions indi-
gated cholera toxin B subunit (panel A). cate a high level of co-localization between
ICAM-1 (panel B) and MHC | (panel C) mole-  the observed markers: Cag~0.7, Cac~0.7,
cules were targeted by Alexa 546-MEM111 Cgc = 0.65. The applied colors are pseudoco-
and Cy5-W6/32 mAbs, respectively. Mem- lors. (Scale bar =2 um.)

brane areas where two or three membrane

indicate that lipid raft association is one of the underlying mechanisms responsi-
ble for MHC clustering.

Co-localization of MHC I and ICAM-1 could be observed within lipid rafts of
colon carcinoma and uveal melanoma cells [78,91] (Fig. 7.2). On human B lympho-
blastoid cells, physical association of MHC I and ICAM-1 could be detected both in
detergent-insoluble and in detergent-soluble membranes [90]. The disruption of
raft integrity resulted in a significant loss of MHC I and ICAM-1 from the raft
fraction, but their association was still detectable, implying that this interaction
does not critically depend on the structure of rafts.

The accommodation of MHC and ICAM-1 in lipid rafts has important func-
tional consequences in the process of antigen presentation. Lipid raft-assisted
compartmentation of MHC II was shown to enhance the efficiency of antigen
presentation to CD4* T cells [96,97,102]. This effect was more prominent at low
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antigen doses, suggesting that rafting MHC domains are critical for T cell activa-
tion by rare MHC II-peptide complexes and less important when the antigen den-
sity is high [96,97,102,103]. It was also demonstrated that APC lipid rafts, raft-
associated relevant MHC II-peptide complexes and even immunologically irrele-
vant MHC II molecules accumulate at the IS [103]. Upon maturation of the IS,
relevant MHC II-peptide complexes were sorted to the central region of the inter-
face, while irrelevant MHC II molecules were excluded from this site [103]. Sim-
ilar to T cells, remodeling of the APC surface after the initial TCR signal seems to
be also cytoskeleton-dependent [97].

Co-clustering of ICAM-1 with MHC I in lipid rafts of B lymphoblastoid cells was
also shown to facilitate efficient presentation of viral peptides to CTLs [90]. Raft
accommodation of MHC I-ICAM-1 assemblies enabled specific recruitment of Src
kinases harbored in lipid rafts to these complexes. Since activity of Src kinases
along with preserved integrity of rafts was critical for the CTL response, it can be
suggested that engagement of raft-included MHC I and ICAM-1 initiates intra-
cellular signaling, leading to the concomitant migration of rafts and MHC I-
ICAM-1 assemblies to the area of the initial target cell-CTL contact [90]. This
mechanism could provide the linkage between antigen recognition and early im-
munological synapse formation [90,92].

7.4
Voltage-Gated K* Channels in Lipid Rafts: Possible Involvement in Local Regulatory
Processes

Kv1.3 channels [104,105], the dominant voltage-gated potassium channels of T
lymphocytes, play key roles in the control of membrane potential and calcium
signaling, thereby affecting signal transduction pathways leading to the antigen-
induced activation of these cells [106,107].

Activation of T cells through the TCR generates an oscillatory Ca®* signal, which
is created by a release from the Ca?*-storage compartments of the endoplasmic
reticulum (ER) triggered by IP; and consequential Ca** influx from the extra-
cellular space [108]. The depolarizing Ca** influx must be counterbalanced by the
activation of K* channels, clamping the membrane potential at negative values and
thereby providing a sufficient driving force for further Ca®* entry. Voltage-gated K*
(Kv) channels form highly K*-selective pores that are conformationally switched
open or closed by changes in membrane voltage [109]. In addition to the classical
synapse-forming molecules, recently we described the recruitment of Kv1.3 to the
immunological synapse [110], which may be mediated by its association with lipid
rafts [111,112). Elevation of the cholesterol content of the membrane modulated
the gating properties of these channels [111]. By using confocal laser scanning
microscopy (CLSM) and FRET, we have demonstrated clustering of Kv1.3 channels
and their co-localization with the TCR/CD3 complex in Jurkat cells and human
peripheral CTLs [110,113], indicating a possible crosstalk between the TCR signal-
ing complex and Kv1.3. In nonengaged CTLs, small patches containing Kv1.3 and
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TCR/CD3 complexes were evenly distributed on the cell surface, whereas they
were both enriched at the IS formed at the CTL-target cell interface while main-
taining their molecular proximity [110]. This is in accordance with biochemical
studies suggesting the interaction of Kv1.3 channels with protein kinases, Lck and
PKC, as well as various adaptor molecules, such as hDlg, PSD-95 (95 kDa post-
synaptic density protein), Kvp2, ZIP1 (PKC-(-interacting protein 1) and ZIP2, and
the co-receptor CD4 (for reviews, see [107,114,115]). Physical association of Kv1.3
channels with the TCR might underline the importance of previous findings, in
which regulation of Kv1.3 function by protein tyrosine kinase- and PKC-dependent
phosphorylation was described. Besides the possibility of Kv1.3 channel regulation
during formation of the IS, and the consequent modulation of Ca** signaling,
localization of Kv1.3 in the IS raises the possibility of reciprocal regulation of IS
function by nearby Kv1.3 [115]. For example, conformational changes in mem-
brane proteins driven by the membrane potential might affect the antigen-recogni-
tion process [11,116], or local K* efflux through Kv1.3 might activate the function
of Bi-integrin, a possible determinant of the stability of the immunological syn-
apse [117].

In addition to Kv1.3 channels, a whole class of voltage-gated Kv K* channels are
targeted to lipid rafts, a finding which bridges a gap between classical molecular
immunology and electrophysiology (for a review, see [112]).

7.5
Cell Fusion as a Tool for Studying Dynamic Behavior of Protein Clusters

Whereas the Frye-Edidin experiment proved the lateral redistribution of mem-
brane proteins on the micrometer scale [2], due to technical limitations, it could
not resolve whether intermixing of proteins results from the movement of large-
scale clusters with constant protein composition or instead, proteins could be ex-
changed between clusters at the molecular level by dynamic association-dissocia-
tion events (dynamically changing composition). In order to address this question,
the classical experiment was repeated with some modifications [118]. Intermixing
of membrane proteins was studied on homokaryons of human lymphoblasts
where, before fusion, the two cells were labeled separately with antibodies (or their
Fab fragments) carrying spectrally distinct fluorophores targeting the proteins of
interest. The process of intermixing was monitored by simultaneous application of
photobleaching FRET and SNOM techniques, which provided a resolution power
well beyond that of the original experiment and allowed us to explore the dynamic
behavior of both hierarchical levels of protein clusters (see Section 7.2).

As noted in Section 7.3, clustering of MHC glycoproteins is well-characterized
and has an important role in antigen presentation [59,60,83,84,102]. Both small-
and large-scale clusters of MHC I were found to be dynamic: dissociation and re-
association of small-scale protein complexes and reformation of large-scale asso-
ciations took place after the fusion of cells that were labeled with fluorescein- and
rhodamine-conjugated Fab fragments against MHC I heavy chains. The redistribu-
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tion of micrometer-scale clusters preceded that of the small-scale clusters, corrobo-
rating the hierarchical organization of MHC I [118].

Large-scale homoclusters of MHC II were as dynamic as those of MHC I. Small-
and large-scale heteroclusters of MHC I and MHC II also showed dynamic be-
havior in cell fusion experiments. At the same time, small-scale associations of
MHC II were static as revealed by FRET: intermixing of components did not take
place between nanometer-scale clusters of MHC II even 80 minutes after fu-
sion [118]. This may be explained by the molecular structure of MHC II which, in
its functional dimer form, has two membrane-spanning a-helical transmembrane
domains. It can be hypothesized, that hydrophobic interactions between these do-
mains are strong enough to prevent the mixing of small-scale clusters of MHC
11 [17].

One may picture this situation as overlapping large-scale clusters of MHC I and
MHC II containing dynamic small-scale homoclusters of MHC I and static small-
scale clusters of MHC II. Although the small-scale homoclusters of MHC II are
not dynamic, they engage in dynamic small-scale association with MHC I [118].

There was no difference in the behavior of transferrin receptors and the GPI-
anchored CD48 protein, representatives of nonraft- and raft-associated proteins,
respectively. Therefore, it could be concluded that the lipid microenvironment, on
its own, does not determine the dynamic properties of protein associations. Forces
resulting in protein clustering, whether they are related to membrane trafficking
or to microdomain formation, do not generally inhibit the dynamic exchange of
protein components between protein clusters, if the clusters reside in the same
type of microdomain [118].

As a conclusion, one can say that in the composition of both small- and large-
scale membrane protein clusters dynamism is the rule, rather than the exception.
Whereas preformed large-scale homoclusters of proteins are generally not asso-
ciated in a static manner, and exchange of components between like clusters is
usually observed, tight interactions in the small-scale associations of some pro-
teins could completely block the exchange of these molecules between nanometer-
sized clusters [118].

7.6
Lipid Rafts as Platforms for Cytokine Receptor Assembly and Signaling

Interleukin-2 (IL-2) and -15 (IL-15) are substantially involved in controlling T cell
homeostasis and function [119,120,121]. Their receptors comprise three distinct
components: while the a-chains are cytokine-specific, the B- and y.-subunits are
employed by both IL-2 and IL-15. In addition, the so-called common y.-chain is the
component of a series of other cytokine receptors — that is, the members of the 7.
cytokine receptor family (IL-4, IL-7, IL-9, and IL-21). As a result of combining
various subunits, several forms of receptor complexes with different affinities may
exist at the cell surface. Heterodimerization of the intracellular domains of the -
and y.-chains was found critical for one set of signaling events shared by both
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cytokines. In this case the two cytokines activate similar signaling pathways involv-
ing Janus kinase (JAK1 and JAKS3)-assisted tyrosine phosphorylation of down-
stream signaling molecules (e.g., STAT3 and STATS). Sharing of common re-
ceptor subunits explains the redundancy in the biological actions of IL-2 and IL-15
(e.g., stimulation of T cell proliferation) [119,120]. In addition to the shared func-
tions, they can also exhibit opposing contributions to T-cell-mediated immu-
nity [119,120]. Since IL-2 plays a pivotal role in activation-induced cell death
(AICD), it is critical in the elimination of self-reactive T cells and so in peripheral
self-tolerance. At the same time, IL-15 manifests anti-apoptotic actions and in-
hibits IL-2-mediated AICD. IL-2 and IL-15 play opposing roles in the control of the
homeostasis of CD8" memory phenotype T cells. IL-15 provides potent and se-
lective stimulation of memory phenotype CD8" T cells in vivo, whereas IL-2 in-
hibits the persistence of these cells.

FRET data suggested that, in contrast to the earlier “sequential subunit-organi-
zation” (affinity conversion) model proposing ligand-induced association of ini-
tially separate subunits [122], the three chains of the high-affinity IL-2R (IL-
2Rofyc) complex are preassembled in the plasma membrane of human T lym-
phoma cells even in the absence of IL-2 [123]. Binding of IL-2 or IL-15 was reported
to differentially modulate the conformation of the receptor complex: addition of IL-
2 made the heterotrimer more compact, while IL-15 loosened the interaction/
proximity between the IL-2Ra and vy.-chains [123]. A similar preassembly of the
heterotrimeric IL-15R (IL-15Rafy.), as well as the molecular proximity of IL-15Ra
and IL-2Ra was demonstrated on human T cells expressing all the elements of the
IL-2/IL-15 receptor system [98] (Fig. 7.3). Whereas neither IL-2, nor IL-15 affected
the molecular association of the two a-chains, the interaction between the - and
IL-15Ra subunits became tighter upon IL-15 treatment, as indicated by FRET
measurements. Based on these data, a heterotetrameric model of the IL-2/IL-15R
complex can be envisaged: binding of IL-2 or IL-15 rearranges the subunits to form
the appropriate apy. high-affinity receptor complex, while the other a-chain rotates
or moves away from the site of cytokine-receptor interaction. FRET experiments
also indicated the homodimeric/oligomeric molecular association of IL-15Ra [98].
Homoassociation of IL-2Ra may also occur in T lymphoma cells, although in a cell
type-dependent manner [124].

It was shown by using biophysical (FRET and CLSM) and biochemical ap-
proaches that IL-2/IL-15R subunits are mainly partitioned into lipid rafts in the
plasma membrane of human T lymphoma cells [39,79,98] (see Fig.7.3). These
rafts contained, among others, GM1 gangliosides, the GPI-anchored CD48 protein
and a major fraction of MHC glycoproteins. At the same time the domains con-
taining transferrin receptors (coated pits) were clearly distinct from GM1-contain-
ing lipid rafts (Fig. 7.4).

In addition, the high-affinity IL-2R was shown to be resistant to cold detergent
extraction both in murine and human T lymphoma cells [79,125]. It was also dem-
onstrated that the integrity of lipid rafts has a crucial role in organizing the lateral
distribution of IL-2R and it is also essential for IL-2-mediated signaling [39,79].
Disruption of the native structure of lipid rafts by cholesterol extraction resulted in

157



158 | 7 Role of Lipid Microdomains in the Formation of Supramolecular Protein Complexes

-50 0 50 100
FRET efficiency (%)




7.6 Lipid Rafts as Platforms for Cytokine Receptor Assembly and Signaling

the dispersion of the above raft components and simultaneously abrogated STAT3/
STATS tyrosine phosphorylation related to IL-2 signaling [39,79]. This suggests
that raft integrity is critical in keeping the intracellular domains of the B- and y.-
chains together with the docked JAKs and STATs in a proper, juxtaposed position.
Upon cholesterol depletion, the size of lipid rafts increased and the boundaries of
the microdomains became fuzzier — that is, the compactness and cohesion within
the microdomain declined [39]. This implies that the lipid microenvironment, in
particular cholesterol, might be an important factor in maintaining the integrity of
signaling complexes. Lipid rafts may promote the formation and cytokine-specific
modulation of IL-2R/IL-15R complexes and - and y.-subunit “switching” between
IL-2 and IL-15 receptors as well.

Marmor and Julius proposed a different mode of IL-2R signal regulation by rafts,
based on observations on murine T cells [126]. Whereas IL-2Ra was also found
constitutively enriched in lipid rafts, the B- and y.-chains, along with JAK1 and
JAK3 kinases, were found mostly in the detergent-soluble membrane fractions. IL-
2-mediated assembly of the high-affinity receptor complex as well as activation of
JAKs occurred exclusively in the soluble fractions. As a consequence, disruption of
lipid raft integrity did not impair IL-2R-induced signaling. It was proposed that
sequestration of IL-2Ra. within raft domains of murine T cells hampers its inter-
actions and regulates IL-2 signaling through impeding its interaction with the
signaling By. heterodimer.

A third mechanism for raft-assisted IL-2 signaling is outlined by Goebel et
al. [127]. Using biochemical approaches, these authors demonstrated selective en-
richment of IL-2/15Rp chains, but not cytokine-specific a-chains or y-chains, in
lipid rafts of phytohemagglutinin (PHA)-activated human peripheral T cells. IL-2
stimulation was accompanied by a partial translocation of the B-chains along with
the associated signaling molecules (JAK1, Ick, Grb-2) to the soluble membrane
fraction. Furthermore, disruption of lipid raft integrity attenuated IL-2 signaling.

Fig. 7.3 Co-localization of IL-15Ra and IL-2Ra. ment: Confocal images of IL-15Ra (panel E)

in lipid rafts of FT7.10 T lymphoma cells. and IL-2Ra. (panel F) recorded before accep-
(Panels A-D): Confocal microscopic images tor photobleaching (see Section 7.2 for a de-
of the distribution of IL-15Ra (panel A, Cy3- scription of FRET microscopic methods). Re-
anti-FLAG), IL-2Ra (panel B, Cy5-7G7 B6) ceptor subunits were targeted by Cy3—7A4 24
and GM1 ganglioside, a lipid raft marker (donor) and Cy5-anti-Tac (acceptor) mAbs.
(panel C, labeled by Alexa Fluor 488-cholera Panel G shows the pixel-by-pixel FRET effi-
toxin B). In the overlay image (panel D) ciency map between IL-15Ra and IL-2Ra as
those pixels appearing in white represent co- determined from the donor images taken be-
localization of all three molecules. Confocal fore and after photobleaching. The color code
sections were recorded from the cover slip- ranges between FRET efficiency values of 0
proximal surface of the cell. Pairwise correla- (purple) to 100% (red). Pixels with fluores-
tion coefficients between the different chan- cence intensities lower than the background
nels were fairly high (Cag =0.79, Cac =0.59, threshold are displayed in black. Panel H
Cgc = 0.67), referring to substantial overlap shows the frequency distribution histogram
between the lateral distributions of the stud- of FRET efficiencies in the individual pixels.
ied molecules. (Scale bar =2 um.) Panels The mean FRET efficiency value was 17%.

E-H: Acceptor photobleaching FRET measure-
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Fig. 7.4 Confocal laser scanning microscopy
(CLSM) images of the distribution of trans-
ferrin receptors and GM1 gangliosides. Trans-
ferrin receptors (B), which are enriched in
coated pits, were co-localized poorly with
GM1 gangliosides segregated into lipid rafts
(A). The distinctness of the distributions (C)
clearly indicated segregation of the two types
of membrane domains. The correlation coef-
ficient between the images was C = 0.22.
Transferrin receptors were labeled by Cy3-
MEM75 mAbs, and GM1 was targeted by
Cy5-cholera toxin B.

These authors suggested that sequestration of the B-chains in rafts prior to IL-2
stimulation controls the specific cytokine responsiveness, since it ensures that
pairing with the more “promiscuous” y.-chains only takes place upon binding of
the appropriate ligand [127].

Association of IL-2 receptors with detergent-resistant membrane microdomains
was also reported to define a clathrin-independent endocytotic pathway [128].

Incongruence observed in the raft association of the IL-2/IL-15R system could
indicate that composition of rafts as well as partition of a given protein between the
raft and non-raft membrane regions can exhibit cell- or species-specificity [79,127].
Whether the observed discrepancies are only due to the different experimental
approaches or they are caused by real differences in the observed systems (and if
yes, what is the cause of distinct localization: post-translational modification, lipid
composition or protein-protein interactions) is yet to be determined.

Flow cytometric FRET experiments revealed the co-localization of the IL-2/IL-
15R system and MHC I molecules in the plasma membrane of cells of human T
lymphoma/leukemia origin [39,79,98]. Although the exact role of this co-localiza-
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Fig. 7.5 Mobility and co-mobility measure-
ments by FCS and FCCS. (A) Normalized
autocorrelation curves detected from Cy5-
tagged anti-Tac Fabs free in solution or
bound to IL-2Ra subunits on Kit 225 K6 T
lymphoma cells. The diffusion time of the
antibody decreased by an order of magnitude
upon receptor binding. (B) Cross-correlation
curve measured on Kit 225 FT 7.10 cells be-
tween [L-2Ra and IL-15Ra (labeled with Cy5-
anti-Tac Fab and Alexa 488 anti-FLAG mAbs,

10° 10°

respectively). The nonzero cross-correlation
amplitude suggests that at least a certain
fraction of the proteins form stable com-
plexes for at least the duration of the diffu-
sion time. As a negative control, cross-corre-
lation between transferrin receptors (Trfr) and
IL-2Ro. was determined on K6 cells yielding a
flat correlation curve, which is indicative of
no interaction. Receptors were labeled by
Alexa 488-MEM75 mAb and Cy5-anti-Tac Fab,
respectively.
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tion has not yet been elucidated, a regulatory tyrosine phosphorylation cross-talk,
as suggested earlier for the class I MHC-insulin receptor interaction [15], cannot
be excluded [39,79]. Association of the IL-2/IL-15R with MHC II glycoproteins was
also demonstrated. Co-localization of the elements of the IL-2/IL-15R system with
MHC glycoproteins also takes place in lipid rafts, as revealed by confocal micros-
copy [39,98].

FRET assays do not report on the dynamics and stability of protein-protein inter-
actions. By using FCCS, it was shown that o subunits of IL-2R and IL-15R diffused
together at least for several tens of milliseconds — the time window of an FCCS
experiment (Fig. 7.5). Similar stable association was detected between MHC I and
IL-2Ra or IL-15Ra chains [98]. On the other hand, no cross-correlation could be
detected between IL-2Ra and coated pit-located transferrin receptor molecules
(Fig. 7.5).

An interesting consequence of these results follows from the relative expression
levels of the studied molecules. The ratio of the amount of IL-15Ra, IL-2Ra and
MHC I is ~1:10:50-100 on the Kit 225 FT7.10 T lymphoma cells used in the FCCS
experiments. If complexes of 1:1 stoichiometry were formed between IL-15R0 and
MHC I, then the out-of-complex fraction of MHC I molecules would suppress the
cross-correlation amplitude below the detection level (see Eq. 7.8). This suggests
that higher-order aggregates of MHC class I molecules float together with IL-2 and
IL-15 receptors in large supramolecular complexes in the plasma membrane.
These results are in accordance with previous data on the homoassociation of
MHC I molecules detected by FRET and electron microscopy/atomic force micros-
copy (see Section 7.3) [59,83].

Our observations suggest the possibility of a supramolecular complex of MHC,
ICAM-1 molecules and cytokine receptor subunits that could include all members
of the y. cytokine receptor family in addition to IL-2Ra and IL-15Rq, in particular,
IL-4Ra, IL-7Ra, IL-9Ra and IL-21Ra. Such an association in a lipid raft-accommo-
dated supercomplex could provide one explanation for the functional competition
among cytokines that has been observed on the simultaneous addition of IL-2 and
IL-4 to lymphocytes. Furthermore, the definition of such a supercomplex of cyto-
kine receptors would also add to our understanding of the regulation of lympho-
cyte proliferation and effector immune responses that are mediated by these piv-
otal yc-associated cytokines.

7.7
Organization and Function of Receptor Tyrosine Kinases is Linked to Lipid
Microdomains

Receptor tyrosine kinases are prominent examples of the proteins involved in cell
signaling that form molecular associations and superstructures in the cell mem-
brane. Cooperative interactions between or among receptor tyrosine kinases play a
pivotal role in signal transduction. This includes homo- and hetero-dimerizations
as well as potentially higher-order associations, which may be either dependent or
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independent of ligands. In addition to protein-protein interactions, lipid micro-
domains also play an important role in the organization of superstructures. The
EGF receptor, the insulin receptor, the PDGF receptor, vascular endothelial growth
factor (VEGF) and nerve growth factor (NGF) receptors have been shown to be
localized to low density, cholesterol-rich membrane domains. In all cases, signal-
ing by these receptors can be modulated by changes in cellular cholesterol content.
Thus, raft localization appears to be of functional importance to these receptors
(for a review, see [129]).

One of the best-studied receptors in this respect is the EGF receptor which
belongs to the type I family of transmembrane receptor tyrosine kinases. In addi-
tion to EGFR or ErbB1, the other members of the family are ErbB2 (HER2 or Neu),
ErbB3 and ErbB4 [130-133]. Within a given tissue, these receptors are rarely ex-
pressed alone, but are found in various combinations. Members of the family
display various degrees and combinations of homo- and hetero-associations at the
cell surface, depending on their relative expression levels. ErbB2 is an orphan
receptor: no soluble physiological ligand, specific to ErbB2, has been detected so
far. Despite this fact, ErbB2 participates actively in ErbB receptor combinations,
and receptor complexes including the ErbB2-ErbB3 dimer which appears to be
more potent in mitogenic activity than any other combination [130-134]. Recently,
a molecular model was built for the nearly full-length ErbB2 dimer based on the X-
ray or nuclear magnetic resonance (NMR) structures of extracellular, transmem-
brane and intracellular domains, and intramolecular distances determined by
FRET. Favorable dimerization interactions were predicted for the extracellular,
transmembrane and protein kinase domains which may act in a coordinated fash-
ion in ErbB2 homodimerization, or alternatively in ErbB heterodimeriza-
tions [135].

Molecular-scale physical associations among ErbB family members have been
studied using classical biochemical [136,137], molecular biological and biophysical
methods [48,62,138,139]. When isolated from cells, members of the ErbB family
self-associate (homoassociate) and associate with other family members (hetero-
associate) [136]. However, experiments on isolated proteins are inherently unable
to detect interactions in cellular environments in vivo and in situ, and cannot detect
heterogeneity within or among cells. FRET measurements detected dimerization
of ErbB1 receptors in fixed [138,140] and living cells [140]. FRET was also applied
to monitor the association pattern of ErbB2 in breast tumor cells [48,62,138,139].
There was considerable homoassociation of ErbB2 and heteroassociation of ErbB2
with EGFR in quiescent breast tumor cells. ErbB2 homoassociation was enhanced
by EGF treatment in SKBR-3 cells and in the BT474 subline BT474M1 with high
tumorigenic potential, whereas the original BT474 line was resistant to this effect.
These differences correlated well with EGFR expression. Since these measure-
ments were performed with flow cytometry, one single FRET efficiency value was
obtained for each cell analyzed. In order to reveal heterogeneity in the homo-
association pattern of ErbB2 within a single cell, one of the microscopic FRET
approaches had to be utilized. Donor photobleaching FRET microscopy was used
to visualize FRET efficiency within single cells with spatial resolution limited only
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by diffraction in the optical microscope [48,50,141]. This allows detailed analysis of
the spatial heterogeneity of molecular interactions. Donor pbFRET measurements
showed that ErbB2 homoassociation was also heterogeneous in unstimulated
breast tumor cells; and membrane domains with erbB2 homoassociation had
mean diameters of less than 1 um [62,142]. It was not clear whether the domain
size was imposed by the optical resolution limit of wide-field microscopy in the X-
Y plane or whether it originated from the actual size of ErbB2 aggregates.

In order to refine the size estimate of domains containing ErbB2 molecules, it
was necessary to use SNOM [50,143,144]. This technique is not limited by diffrac-
tion optics, and can readily image objects in the 0.1 to 1 um range, including sub-
pm lipid and protein clusters in the plasma membrane [4] (see Section 7.2). ErbB2
was concentrated in irregular membrane patches with a mean diameter of approx-
imately 500 nm, containing up to 1000 ErbB2 molecules in nonactivated SKBR-3
and MDA453 human breast tumor cells. The mean cluster diameter increased to
600-900 nm when SKBR-3 cells were treated with EGF, heregulin or a partially
agonistic anti-erbB2 antibody. The increase in cluster size was inhibited by an
EGFR-specific tyrosine kinase inhibitor, suggesting that EGFR was somehow in-
volved in organizing this ErbB2 superstructure. Since the domain size was larger
than the resolution limit of confocal microscopy (200-300 nm in the X-Y plane),
we were able to confirm the SNOM results with confocal laser scanning micros-
copy (Fig. 7.6) [142].

The role of lipid rafts in the organization of these EGFR and ErbB2-containing
superstructures has also been revealed in further experiments. The size of lipid
rafts was investigated with dye-labeled cholera toxin B (CTX-B) subunit, which
binds to the glycosphingolipid GM1 ganglioside. In order to study the role of lipid
rafts in the homoassociation patterns of ErbB2, confocal microscopic studies were
performed. The signal from one laser beam was used to monitor lipid rafts, and
signals excited by the other two laser beams to reveal the homoassociation pattern
of ErbB2. Observations suggest that similarly to ErbB1 [129], ErbB2 is localized
mostly in GM1-enriched membrane domains, that are distinct from caveolae.
However, there is a negative correlation between ErbB2 homoassociation and the
local density of the lipid raft marker CTX-B. This environment could alter the
association properties of ErbB2. Since stimulating ErbB2 increases the size of
ErbB2 clusters [142] and lipid rafts [139], the amount of ErbB2 concentrated in
rafts is very likely related to the function of the protein. Localization of ErbB2 in
lipid rafts is dynamic, since it can be dislodged from rafts by cholera toxin-induced
raft crosslinking [139]. Upon crosslinking with CTX-B, GM1 leaves ErbB protein
clusters behind and migrates into caveolae. The association properties and bio-
logical activity of ErbB2 excluded from rafts differ from those inside rafts. For
example, internalization of ErbB2 mediated by 4D5 (the parent murine version of
trastuzumab, a monoclonal anti-ErbB2 antibody used in breast cancer therapy) is
blocked in CTX-B-pretreated cells, while its antiproliferative effect is not. A role of
lipid rafts in limiting autoactivation of the ErbB signaling system is supported by
the increased tyrosine phosphorylation of Shc after removing ErbB proteins from
rafts by CTX-B treatment. On the other hand, lipid rafts are also responsible for
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Fig. 7.6 Scanning near-field optical micros-
copy (SNOM) and confocal laser scanning
microscopy (CLSM) images of TAMRA-4D5-
labeled ErbB2 receptors on SKBR-3 cells.
SKBR-3 cells grown on glass coverslips were
labeled on ice using TAMRA-conjugated 4D5
monoclonal anti-ErbB2 antibody Fab frag-

aperture instrument was used on formalde-
hyde-fixed, dehydrated, air-dried sam-

ples [142]. (B) 1-mm optical sections of live
cells were obtained in CLSM with a Zeiss
LSM 410 instrument. Fluorescence intensity
is displayed in pseudocolor. (Scale
bar=2um.)

ments. (A) For SNOM, a custom-built shared

maintaining ErbB proteins in a growth factor-responsive state. This is supported

by the following results:

o Neither EGF, nor heregulin are able to activate Shc if ErbB proteins are removed
from lipid rafts.

e The formation of heregulin-responsive ErbB2/ErbB3 heterodimers and here-
gulin-induced ErbB2 tyrosine phosphorylation decrease if ErbB proteins are re-
moved from lipid rafts.

These results emphasize that alterations in the local environment of ErbB2
strongly influence its association properties, which are reflected in its biological
activity and in its behavior as a target for therapy [139].

The results of several studies have implied that integrins and growth factor
receptors cooperate in tumor formation, and have demonstrated the existence of
integrin-growth factor receptor complexes leading to a decreased threshold of
transmembrane signaling [145-147]. Similar to ErbB2, integrins were shown to be
raft-associated [148]. Cooperative signaling between ErbB proteins and integ-
rins [146,149] is a common feature of invasive cancer cells, and association of B-
integrin with ErbB2 proteins could provide a framework in which tumor cell me-
tastasis might be better understood. FRET and confocal microscopic measure-
ments demonstrated an association between ErbB2 and f-integrin in the nano-
meter range and on the scale of membrane microdomains, respectively. Lipid rafts
showed a substantial overlap with both ErbB2- and Bi-integrin-rich microdo-
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mains [150]. These results corroborated the existence of molecular interactions
between ErbB2 and f+-integrins and their association with lipid rafts. Interestingly,
although ErbB2-positive but trastuzumab-resistant breast and gastric cancer cell
lines were found to express a substantially higher amount of Bi-integrin than
corresponding trastuzumab lines, there was no significant difference among them
in the trastuzumab-induced tyrosine phosphorylation of ErbB2, which was proba-
bly caused by the weak functional interaction between the two proteins.

In summary, there is ample evidence for the role of local factors, for example,
the lipid environment, other receptor tyrosine kinases and integrins, in influenc-
ing receptor tyrosine kinase activity and consequential modulation of the ability of
these molecules in driving cellular functions. In addition to a more thorough un-
derstanding of the complexity of the receptor tyrosine kinase signaling networks,
experiments linking lipid rafts and receptor function may facilitate the develop-
ment of more efficient therapeutic strategies targeting receptor tyrosine kina-
ses [150].
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8
Caveolin and its Role in Intracellular Chaperone Complexes
William V. Everson and Eric J. Smart

8.1
Caveolae and Caveolin-1

Our understanding of plasma membrane microdomains in general, and of cav-
eolae and lipid rafts in particular, has grown tremendously during the past few
years. One important paradigm shift occurred with the clear demonstration that
two very similar domains exist on the plasma membrane called caveolae and lipid
rafts [1,2]. Caveolae in most cells and tissues are defined by the presence of a
22-kDa protein called caveolin-1, whereas lipid rafts are defined by the presence of
glycosyl-phosphatidylinositol (GPI)-anchored proteins such as CD55. Caveolae and
lipid rafts are similar in that both types of domain are enriched in cholesterol,
sphingomyelin, and signaling proteins [3]. However, caveolae contain significantly
more cholesterol than lipid rafts, and it is this high relative concentration of cho-
lesterol that is thought to be responsible for the invaginated morphology of cav-
eolae in some cell types [4,5]. In contrast, caveolae that are depleted of cholesterol
can lose their invaginated morphology and flatten within the plane of the plasma
membrane [6]. Thus, the contents of caveolin and cholesterol in cells appear to be
critical elements in the formation, number and morphology of caveolae. The local-
ization of caveolin-1 in caveolae is critical in the organization of caveolae, and this
is a combined result of the effect of caveolin on the cholesterol content, organiza-
tion of the membrane lipid components, and the effect of caveolin as it forms
oligomers and is able to bind to and scaffold other proteins.

Few studies have been conducted in which the levels and distribution of cav-
eolin-1 and the absolute content of cholesterol within caveolae have been analyzed.
Variation has been observed in the content of caveolin in caveolin-expressing cells
and tissues that differ by more than two orders of magnitude. Quite clearly, a
“caveolin-containing” cell that has a relative 100-fold enrichment of caveolin com-
pared to another “caveolin- containing” cell is quite likely to have a dramatically
different organization of caveolae, a different proportion of caveolae within the
plasma membrane, and a different distribution of caveolin-organized domains
within other intracellular membranes causing variation in caveolin’s role in the
regulation of trafficking and signaling pathways. However, few studies have taken
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into account the heterogeneity and functional differences between distinct cell
types. In a parallel argument, cells in which caveolin expression has been lost or
ablated in culture will respond differently, reflecting the alteration of steady-state
equilibria between caveolae domains, lipid rafts, and phospholipids regions of the
plasma membrane and intracellular membranes. Thus, some signaling or traffick-
ing pathways normally regulated by caveolin may show little impact of caveolin
disruption due to compensatory activation of secondary pathways localized to lipid
rafts or even phospholipids domains. A number of ligands that initiate signaling in
caveolae can be internalized by clathrin-mediated endocytosis, although in cav-
eolin-expressing cells the rapid caveolae-mediated endocytic pathway dominates
under normal physiologic conditions. This also holds true for membrane compo-
nents. Overexpression of caveolin-1 changed the uptake of specific glycosphingo-
lipids and shifted GM1 from the clathrin endocytic pathway to a caveolae-endocytic
pathway [7]. The abolition of GPI synthesis to cause cell depletion of GPI-anchored
proteins resulted in an increase in caveolae at the cell surface, indicating that some
type of inverse relationship existed between the amount of lipid rafts and caveolae
expressed on the cell surface [8]. The manipulation of total cell cholesterol content
with cyclodextrin has been shown to have profound effects on caveolae organiza-
tion and localization of caveolae-associated proteins, including caveolin-1. The ef-
fects of cyclodextrin require careful measurement of caveolae cholesterol content
before and after treatment to determine whether such effects either disrupt cav-
eolae or deplete the entire plasma membrane surface of cholesterol [9]. Physio-
logical manipulations, such as the addition of lipoproteins which bind to receptors
and alter cholesterol distribution in caveolae, result in changes in caveolae choles-
terol and caveolin content, and change caveolae signaling and trafficking as a con-
sequence [10,11]. These studies document the importance of careful quantitative
analysis of the level of expression of caveolin protein and the mass of cholesterol in
the cell as a whole, and within the caveolae compartment specifically, to demon-
strate the physiological relevance of altered caveolae cholesterol levels to the
change that occurs in a specific pathway or activity. Otherwise, the change could be
due to alterations in cholesterol levels in noncaveolae membrane domains which
cause a change in a pathway associated with these domains.

Because of the steady-state interactions between caveolae and other membrane
domains, the merging of endocytic pathways and capacity for redundancy in endo-
cytosis, and redundancy in signal transduction that has been identified since the
first null mouse without an obvious phenotype was produced, care must be taken
in interpreting the results of gross manipulations which alter protein and lipid
content of cells and caveolae. In particular, studies in cells in which caveolin is
absent, or in which the expression has been ablated, must be carefully evaluated.
Several studies have been published from which conclusions have been drawn
using negative data about the role (or lack of role) of caveolae and caveolin in a
particular pathway, without having incorporated controls to ensure that the model
system being employed is physiologically relevant or evaluation of changes in the
activity of compensatory, overlapping, or redundant pathways.
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8.2
Caveolin Protein Structure, Domains, and Membrane Interactions

Three caveolins have been identified in mammalian cells, termed caveolin-1, -2,
and -3. Caveolin-1 and -2 are co-expressed in a wide range of tissues, exhibiting
high expression in lung, vascular tissue, fibroblasts and adipocytes, whereas cav-
eolin-3 shows limited expression and is the dominant caveolin in striated muscle.
Caveolin-1, a 21- to 24-kDa protein, is a major integral membrane component of
caveola membranes (Fig. 8.1). Caveolin-1 contains an additional N-terminal 27
amino acids (aa) that are not found in caveolin-3, and is also 16 amino acids longer
than caveolin-2. Thus, all three caveolins resolve at distinct molecular weights by
sodium dodecylsulfate-polyacryamide gel electrophoresis (SDS-PAGE). The pre-
dicted secondary structure of caveolin contains an N-terminal cytoplasmic region,
a membrane-associated domain, and a cytosolic C-terminal tail. All three caveolins
exhibit a similar structure, with the N- and C-terminal ends of the protein in the
cytoplasm flanking a ~20 aa hydrophobic domain that forms a hairpin in the mem-
brane. Several regions of caveolin-1 have been identified that mediate interactions

Cav-2 L] — 1l |
1 14 47 87 110 162

| alphaisoform |

} beta isoform

Domains N-terminus | scaffold | hairpin C-terminus
(cytoplasm) | oligomerization (memb) (cytoplasm)
Cav-1 LLITTTTIET
LT ——— "l ¢ < ¢ |
1 32 61 82 101 125 133 143 156 178
|— alpha isoform |
F beta isoform
E——U o
1 34 55 75 98 106 116 129 151
Fig. 8.1 Caveolin protein structure and terminal cytoplasmic domains, including con-
domains. The distinct functional domains in servation of the position of three cysteines
caveolin-1 (Cav-1) are shown graphically and that are acylated in caveolin-1, as discussed
labeled as described in the text. Both caveo- in the text. Caveolin-2 shows homology in the
lin-1 and caveolin-2 have alternative splice hairpin domain and the N-terminal half of
sites and exist as full-length alpha and trun- the oligomerization domain, but differs sig-

cated beta isomers. Domains showing poten-  nificantly in the primary sequence of the scaf-
tial conservation based on primary sequence folding domain and the C-terminal cytoplas-

homology are aligned for caveolin-3 (below mic domain. All three caveolins contain
Cav-1) and caveolin-2 (above Cav-1). Caveo- unique sequences in the N-terminal region
lin-3 shows high sequence homology in the that aligns with the first 50 amino acids of

hairpin, oligomerization, scaffolding and C- caveolin-1.
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with itself and other proteins. The N-terminal membrane proximal region (resi-
dues 61-101) of caveolin-1 is sufficient to mediate the formation of caveolin homo-
oligomers, and a portion of this controls exit from the Golgi [12]. A part of this
region (residues 82-101) has been termed the “scaffolding domain”, and mediates
the putative interaction of caveolin-1 with signaling molecules such as small GTP-
binding proteins, Src family tyrosine kinases, and endothelial nitric oxide synthase
(eNOS) [13,14]. Other domains within caveolin have also been reported to interact
with and serve as scaffolds to bind signaling molecules to caveolae [15].
Caveolin-1 has three cysteines, caveolin-2 has five cysteines, and caveolin-3 has
eight cysteines. Caveolin-1 and -3 are both highly homologous at the protein level,
with conservation of the location of the three cysteines C-terminal to the hairpin
domain that we have shown are functionally acylated in caveolin-1 (discussed be-
low). Caveolin-2 shows much less homology, and none of its cysteines aligns with
the cysteines in caveolin-1. It is not known whether caveolin-2 or caveolin-3 are
acylated proteins. The potential role of acylation in the control of membrane inter-
actions of caveolin-1 are discussed below, but the acylation and potential functions
associated with acylation in caveolin-2 or caveolin-3 remain to be elucidated.

8.3
Caveolin Expression and Localization in the Cell

Subcellular fractionation, immunofluorescence microscopy and electron micros-
copy with immunogold labeling methods have each been used to examine the
localization of caveolin-1 in different tissues. Early studies isolated caveolae and
lipid rafts based on the resistance of these cholesterol- and sphingolipid-rich do-
mains to solubilization in cold buffers containing Triton X-100 detergent and the
light buoyancy of the fractions on sucrose gradients. A nondetergent methods was
developed that is based on sequential density gradient centrifugation, in which the
plasma membrane is first isolated, after which the caveolae and noncaveolae do-
mains are separated on a second density gradient. An analysis of the purity and
enrichment of the final caveolae fraction showed that this method yields a high-
purity fraction, enriched in caveolae, and containing minimal contaminants
(< 5%) from other organelle fractions [16]. In contrast, when detergents such as
0.1% Triton X-100 are used with density gradient centrifugation to isolate mem-
branes enriched in cholesterol and sphingolipids, the buoyant fractions have been
shown to be a mixture of membranes from multiple organelles. Moreover, during
the isolation procedure mixing of the lipids and artifactual associations of proteins
has been shown to occur. A rigorous technique to isolate caveolae from lung tissue
by using cationic colloidal silica particles showed that starting with the plasma
membrane and avoiding the use of detergent eliminates many of the contaminants
originating from intracellular membranes when detergent-based fractionation
methods are used [17].

The analysis of caveolae distribution within cells has been carried out using
subcellular fractionation with calculation of relative recoveries of material in differ-
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ent fractions, and by immunomicroscopic methods and gene manipulation tech-
niques. When the overall distribution of caveolin was examined to determine
where caveolin is localized by either confocal microscopy or subcellular fractiona-
tion by these more rigorous methods, a substantial quantity of caveolin was found
to be associated with the intracellular membranes, and caveolin-1 has been shown
to be present at some level within most subcellular fractions.

Several studies have identified technical issues that must be considered in the
immunolocalization of caveolin and caveolae-associated proteins. It is well known
that epitopes in proteins can be masked by interactions of the protein with other
proteins, macromolecules such as lipids and membrane surfaces. It appears that
this technical issue is very important in studies on proteins that associate with
cholesterol-/sphingolipid-rich membranes or surfaces rich in neutral lipids. Sev-
eral published studies have reported apparently conflicting results with regard to
the expression or localization of caveolae in cells or tissues. Some of the first
commercially available antibodies against caveolin-1 were known to recognize epit-
opes that were easily hidden when caveolin localized to different intracellular sites.
Methods such as brief treatment with SDS have been employed to allow for anti-
gen retrieval [18], giving antibodies access to epitopes in caveolin on intracellular
membranes in leukocytes. Some apparent discrepancies in these relative expres-
sion or localization studies can be explained by the differences in epitope accessi-
bility dependent on fixation, permeabilization, and the antibody detection methods
employed. A recent study expanded this point to show that a number of current
commercially available antibodies that are in wide use differ in their abilities to
bind to caveolin at distinct sites, and that individual antibodies show distinct local-
ization patterns under different fixation and permeabilization conditions [19].
Again, this study highlighted the importance of careful evaluation of negative data
and the danger of making sweeping conclusions based on negative evidence. Con-
firmation of data interpretation by employment of two or more alternative ap-
proaches — for example, subcellular fractionation, combined with either immuno-
microscopic methods or genetic studies with expression of mutant proteins in cells
or animals — are critical when studies are carried out to evaluate the localization of
caveolin and its relevance to regulation of signaling and trafficking pathways.

Because of the close association between caveolin and cholesterol- and sphingo-
lipid-rich domains, the presence of caveolin in most subcellular fractions and or-
ganelles suggests that specialized membrane domains may be important func-
tional units in many organelles and subcellular fractions. This is in addition to the
prominent roles that have been identified for caveolae in the plasma membrane in
the regulation of signal transduction and rapid endocytosis. Much remains to be
investigated to define the functions of these domains within distinct organelles, or
those involved in specialized trafficking between intracellular organelles based on
either protein or lipid organization of these domains. The results of these studies
clarify the point that negative data alone may be of little value, and that a combina-
tion of antibodies with several methods for fixation, antigen unmasking and detec-
tion of caveolins may be required to evaluate the total distribution of caveolin-1
within the cell.
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8.4
Caveolin Expression and Localization Varies Depending on the Physiological State of
Cells in Culture

The localization of caveolin in cells has been shown to be dependent on culture
conditions, growth state, and the degree of confluence. In studies in which cav-
eolin has been expressed in cells lacking caveolae, such as lymphocytes [20] or
cancer cells [21], caveolin-1 expression resulted in its localization to the plasma
membrane, the formation of caveolae, and the redistribution of other caveolae-
specific proteins to these newly formed caveolae. The level of expression and dis-
tribution of caveolin-1 in isolated versus confluent endothelial cells is dramatically
different. As cells approach confluence, caveolin and cholesterol accumulate at the
lateral borders of endothelial cells, along with other caveolin-associated proteins
and signaling molecules, including annexin II and other caveolae-localized pro-
teins [22]. The organization of caveolae and associated proteins in these lateral
membranes has been well defined in venular endothelial cells (Fig. 8.2). In con-
fluent venular endothelial cells and intact veins, a large tubular vesicular network
forms from endosomes originating from caveolae. This system has been exten-
sively characterized and identified as being critical in transcytosis and leukocyte
extravasation, and is termed the vesicular vacuolar organelle (VVO). The VVO
represents an extensive set of tubules and vesicles that are connected, dynamic,
and extend to take up approximately 18 % of the total volume of the cytoplasm [23—
25]. Several studies have linked caveolin and caveolae to macromolecule transport
across the endothelium [26,27]. The structure and regulation of caveolae and its
associated structures such as the VVO may be important in the functions of cav-
eolin in vivo in control of vessel permeability and leukocyte migration. There is
much that remains to be investigated using appropriate models, as well as studies
in intact vessels and animals.

Both caveolin-1 and caveolin-2 exhibit widespread tissue distribution and ex-
tensive co-localization within the cell [28-31]. Both are found distributed in asso-
ciation with the plasma membrane and with intracellular membranes associated
with several organelles in cells. Caveolin-1 and caveolin-2 also exhibit coordinate
changes in their tissue-specific expression. For example, ablation of caveolin-1 in
the mouse resulted in the widespread down-regulation of caveolin-2 in all of the
tissues in which caveolin-1 was expressed [31]. Mutations in either caveolin-1 or
caveolin-2 cause both proteins to mis-localize and accumulate with newly formed
lipid bodies localized in the perinuclear region of the cell [32,33]. An intriguing
study in cells lacking both caveolin-1 and -2 (LnCaP cells) showed that the forma-
tion of caveolae required expression of both caveolin-1 and caveolin-2, and that the
localization of caveolin-1 to the cell surface required phosphorylation of caveolin-2
at specific sites [21]. However, the caveolin-2 null mouse shows normal caveolin-1
expression and normal caveolae in many tissues [34]. These data are intriguing,
and suggest that much remains to be defined in the specific function, role and
interactions between caveolin-1 and -2 in the regulation of caveolae organization
and associated functions.
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Fig. 8.2 Caveolin-1 is present in multiple sub-
cellular locations. Top panel: a typical immu-
noblot from subcellular fractions isolated
from confluent human umbilical vein endo-
thelial cells (HUVEC). Twelve fractions were
collected and an aliquot, matched for recov-
ery to compare the amount of caveolae in dif-
ferent fractions, loaded into lanes 1-12 (light
to dense fractions). The first two fractions
represent the cytosol (the fraction loaded).
Caveolin was present in fractions 1-2 corre-
sponding to the cytosol (Cyto), fractions 3-5
which contain the plasma membrane and
caveolae (Cav), fractions 6-8 which contain
the Golgi (Golgi), fractions 9-11 which con-
tain the endoplasmic reticulum and micro-
somes (ER/Mc), fraction 12 which contains
the nuclear pellet (not labeled), and the lane
containing the homogenate (H). Bottom
panel: a schematic of caveolin-1-positive
membranes and vesicles in a “typical”
HUVEC. Caveolin localizes to the apical
plasma membrane in small clusters and large
clusters of caveolae (1, 2), to vesicles near

clusters of caveolae (3), to multiple clusters
of vesicles within the cytosol which may cor-
respond to early endosomes (4), a sorting or
recycling compartment(s) (5), vesicles clus-
tered in the perinuclear region (11), to the
vesicular vacuolar organelle (VVO) which
comprises a large volume in the cytosol
adjacent to the lateral membrane, to regions
within lateral membranes (6), regions of the
ER (7) and Golgi (8), and domains within the
basal membrane including focal adhesions
(10). Inset: the inset in the bottom panel
shows a single confocal “slice” obtained from
confluent HUVEC following immunostaining
with caveolin-1 antibody followed by Cy3
fluorophore conjugated to a second antibody.
The location of the nucleus is indicated (N),
and regions with intense staining are marked
which correspond to caveolin-positive mem-
branes and vesicles in large clusters adjacent
to the plasma membrane (2,3,4), the lateral
membrane and VVO (6,9), and the perinu-
clear vesicles (11).
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8.5
Caveolin-1 Expression Confers a New Level of Regulation

Caveolin-1 association with a number of proteins can be inhibitory. Likewise, cav-
eolin expression in tissues in which its expression is normally low results in the
formation of caveolae. The presence of caveolin then causes docking of signaling
proteins, inhibition where proteins were previously constitutively active, and in-
duction of regulatory pathways where they were absent, as a result. For example,
expression of caveolin in hepatocytes causes down-regulation of lipid uptake in the
liver [35], a tissue that is normally active in the uptake of high-density lipoprotein
(HDL), leading to higher circulating levels of lipoproteins as a result. Loss of cav-
eolin in cancer removes a regulatory structure, and the inhibitory activity that
caveolin-1 confers to a number of signaling proteins, resulting in overactivation of
growth signaling. Dysregulation of caveolin-1 is associated with an overactivation
of growth signals in breast [36,37], and prostate cancers [38-40]. Several of the
growth-signaling pathways which are constitutively turned on in prostate cancer,
are found to be associated, and regulated, within caveolae in normal cells. A num-
ber of other proteins have also been suggested to be inhibited by the direct binding
of caveolin-1.

8.6
Caveolae Cholesterol and Caveolin Localization to Caveolae

Soon after caveolin was first cloned, studies with filipin — an antibiotic that specifi-
cally binds cholesterol [41-43] showed that filipin-cholesterol complexes were en-
riched in nonclathrin-coated endosomes and regions of membrane corresponding
to caveolae. This raised the question of how and why cholesterol was enriched in
caveolae. Experimental manipulation of caveolae cholesterol by the addition of
bacterial cholesterol oxidase to the media of cells was used to investigate this ques-
tion [6,44]. Cholesterol oxidase caused rapid oxidation of cholesterol in caveolae,
leading to cholesterol dispersal and the rapid internalization of caveolin-1 [6]. The
removal of cholesterol oxidase from the media allowed the re-formation of cav-
eolae, and both caveolin-1 and cholesterol were restored to caveolae in the plasma
membrane over a period of about 90 minutes. Immunolocalization studies
showed that caveolin-1 moved rapidly out of the caveolae, and was subsequently
found on vesicles in the endoplasmic reticulum-Golgi-intermediate-compartment
(ER-GIC), a region between the Golgi and the endoplasmic reticulum (ER) [6]. This
identified a very rapid pathway connecting the plasma membrane to a region ad-
jacent to the ER, as caveolin totally redistributed within 30 seconds following the
addition of bacterial cholesterol oxidase. Temperature shifting and inhibitors were
employed to define a cycle of caveolin-1 movement from cell-surface caveolae into
the cell and back to the cell surface. Caveolin-1 rapidly translocated first to the
rough ER (within 30 seconds), then slowly over 15-20 minutes to the ER-GIC, to
the Golgi, before finally returning to surface caveolae. An investigation of choles-
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terol changes during the same time course showed that cholesterol followed a
similar pattern of movement out of the caveolae, followed by a slow return to the
caveolae, suggesting that caveolin-1 and cholesterol were linked together in a cycle.
These studies were among the first to reveal a caveolin-trafficking cycle between
cell-surface caveolae and the ER-Golgi membranes, for the transport of both cav-
eolin and cholesterol between the plasma membrane and these perinuclear or-
ganelles.

8.7
Caveolin and Cholesterol Cross Membranes During Trafficking

During the process of vesicle trafficking, membrane topology is normally con-
served — that is, material found in the extracellular (exofacial) leaflet of the plasma
membrane is topologically conserved. For example, it remains associated with the
exofacial leaflet during endocytosis and after fusion with organelles. The exofacial
leaflet is thus the inner leaflet of vesicles and the interior leaflet of organelles such
as the ER. Proteins and lipids associated with the cytofacial leaflet (cytoplasmic
side) remain associated with the cytofacial leaflet of endocytic vesicles, and upon
fusion remain localized with the cytoplasmic leaflet. Surprisingly, during trans-
location of caveolin and cholesterol between the plasma membrane and the ER,
caveolin-1 “flips” across the membrane from the cytofacial leaflet and becomes
associated with the exofacial leaflet of the ER [6,45] rather than the cytosolic leaf-
let.

Early studies which identified caveolin as a transmembrane protein may have
been based on this same process of flipping, as this appears to occur when caveolin
is newly synthesized. Initially, caveolin is transported to the cell surface with cho-
lesterol, but then appears outside the cell, and is subsequently found localized in
the cytofacial leaflet of the plasma membrane in caveolae. This suggests that cav-
eolin-1 has a role in cholesterol trafficking across membranes from one leaflet to
another, and that this flipping function is active at multiple membranes where
cholesterol is transported. Another protein family has been identified that exhibits
this same flipping behavior; this family — the engrailed family of homeoproteins —
associates with caveolae when expressed in COS cells [46,47]. The engrailed pro-
tein, as well as other homeodomain proteins, contains a short domain that has
been identified as a potential flip domain, which may allow their crossing from
one layer to the other in membranes rich in cholesterol [46,47]. Robenek et al. have
recently further characterized the crossing of caveolin-1 from one to another dur-
ing endocytosis using ultrathin cryosectioning, freeze fracture, and immunogold
labeling [45]. During the cycling of caveolin between the plasma membrane and
intracellular sites, caveolin switches from the cytofacial leaflet to the exofacial leaf-
let, and is exclusively localized within the exofacial leaflet in the ER [45]. As men-
tioned above, overexpression of caveolins or expression of specific caveolin mu-
tants causes formation of lipid droplets marked by caveolin localized to the ER, as
lipids accumulated and budded off from the cytofacial leaflet due to the accumula-
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tion of caveolins at the ER [32,33]. Another study extended these observations to
examine the relationship between caveolin-1 and lipid droplet biogenesis originat-
ing in association with the ER [48]. Caveolin-1 was found localized to the surface of
droplets, and also extensively localized to the interior of the droplets, which ex-
hibited a highly organized lamellar structure. However, caveolin-1 was localized
strictly in association with the exofacial leaflet of the ER. The model of lipid bud-
ding as lipids accumulate and aggregate within the cytofacial leaflet would result
in droplets lacking caveolin. There may be differences due to cell type, and droplets
produced for different functional reasons may involve different pathways in their
formation. Lipid droplets that are transient, rapidly induced and critical to in-
flammatory prostaglandin production are likely to differ from lipid droplets in
adipocytes. The specific proteins and mechanisms regulating their formation and
breakdown are also likely to differ. Much remains to be defined before we under-
stand the basic mechanisms regulating lipid storage and specialized lipid-metabo-
lizing organelles, and caveolin has been localized to both types of droplets in spe-
cific cell types.

8.8
Two Chaperone Complexes Regulate a Caveola-Cholesterol Trafficking Cycle

In addition to organizing cholesterol in caveolae, caveolin has been found to play a
specific role in nonvesicular cholesterol trafficking in cells. A direct role for cav-
eolin in trafficking newly synthesized cholesterol from the ER to the plasma mem-
brane was shown in cells which lacked caveolin and in which caveolin was re-
expressed. Radiolabeled tracers and blockers of cholesterol transport were used to
show that caveolin and cholesterol trafficked together from intracellular sites to
cell-surface caveolae [49]. A subsequent study revealed that a chaperone complex
ferries newly synthesized cholesterol from the ER through the cytosol to plasma
membrane caveolae [50]. This chaperone complex was isolated from the cytosol,
distinct from any caveola membrane, plasma membrane, intracellular membrane
or vesicle fraction. The complex was shown to be comprised of cholesterol, cav-
eolin-1 and three additional proteins — cyclophilin A (cypA), cyclophilin 40 (cyp40),
and heat shock protein 56 (hsp56). The activity of this complex could be inhibited
by compounds which bind to and inhibit the function of hsp56 (rapamycin) or
interact with cyclophilins (cyclosporine). Either of these inhibitors prevented the
formation of the chaperone complex and blocked cholesterol movement from the
Golgi to plasma membrane caveolae.

The linkage between caveolin movement in and out of caveolae to caveolae cho-
lesterol homeostasis led to the subsequent identification of a second chaperone
complex which regulates transport of newly delivered cholesterol into the cell. This
second complex consists of cholesteryl ester, caveolin-1, cypA, cyp40, and annexin
I1[10]. HDL can deliver cholesteryl ester to caveolae via scavenger receptor BI (SR-
BI). Cholesteryl ester is then transported via this complex into the cell, where it can
be converted to cholesterol and transported back to the cell surface to caveolae via
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the first chaperone complex. These two complexes provide a nonvesicle pathway
which can regulate cholesterol uptake and delivery from caveolae in fibroblasts and
other caveolin-1-containing cells, but not in cells such as hepatocytes, which nor-
mally contain minimal caveolin-1.

8.9
Caveolae Linked to Nongenomic Actions and Uptake of Estrogen

The initial paradigm of sex hormone action in the cell begins with the delivery of
sex hormones to the cell surface, passage across the plasma membrane, inter-
action with a receptor localized in the cytosol, and transport of the hormone-re-
ceptor complex to the nucleus, where the sex hormone-bound receptor acts to alter
specific gene transcription. During the early 1990s, a few studies showed that the
initial model proposing that the steroid receptor was the cytosolic chaperone for
these hydrophobic compounds (which do not diffuse readily through an aqueous
environment) was in fact incorrect, since the majority of the estrogen receptors
were found exclusively in the nucleus. The initial studies which observed estrogen
receptors within the cytosol were due to an artifact that occurred during process-
ing [51,52]. In the absence of ligand, the receptor had a lowered binding affinity for
DNA, causing the receptor to leak out of the nucleus. Thus, the initial steps that
were posited to explain uptake and transportation across the cytosol to the nucleus
no longer had a mechanistic explanation. Additionally, to date, there is still no
mechanism in place to account for the initial uptake of sex hormone by cells, or to
explain how sex hormones cross the plasma membrane to enter the cell, or what
regulates delivery to the nucleus or sites of nongenomic action. A number of
recent studies have begun to fill in this gap, however. The first point to be made
was that caveolae mark cholesterol-rich membranes which are organized into a
network in the cell, providing an organized set of membranes through which other
sterols can “diffuse”. The second point was the discovery that the estrogen receptor
is found associated with caveolae at the plasma membrane [53-55]. The third point
is the recent finding that activation of nitric oxide by sex hormones requires a
specific pool of estrogen which is tightly associated with HDL [14]. Estrogen is
tightly bound specifically with HDL, and HDL from female mice — but not male
mice — activates eNOS. The activation of eNOS is linked to HDL binding to SR-BI
and SR-Bl-mediated delivery of estrogen to caveolae. This study was the first to
identify caveolae as a putative site of uptake of estrogen into endothelial cells. The
results of these studies, taken together, define an emerging new paradigm of sex
hormone delivery to cells and transport of sex hormones from the plasma mem-
brane to specific intracellular organelles which initiate in caveolae. The role of
intracellular caveolin-associated membranes in estrogen trafficking within the cell
remains to be elucidated. This emerging paradigm of the first steps in estrogen
delivery to cells may represent a new paradigm for the uptake of some other ster-
ols. Recently, vitamin D was shown to bind to a pool of the nuclear vitamin D
receptor, which localizes to caveolae in the intestine [56,57]. Thus, the initial inter-
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action of vitamin D with cells and many of its nongenomic actions appears to
extend this emerging model of sex hormone uptake to a model that may be im-
portant in a broader context of other sterols. In addition, it might also provide
novel insights into the uptake and action of other lipophilic hormones, vitamins,
and nutrients.

8.10
Protein Acylation and Caveolae

Acylation of proteins has been linked to caveolae localization, presumably due to
the direct interaction of acyl chains by intercalation into the organized lipid of
caveolae membranes. Site-directed mutational analysis of eNOS acylation shows
the role of two-site acylation in caveolae association and regulation of eNOS activa-
tion in caveolae [58]. eNOS is myristoylated during post-translational processing
and acylated by covalent attachment of fatty acids at the N-terminus and at a
specific cysteine. Silencing of each of these acylation sites inhibited eNOS activity
to one-tenth of the activity of wild-type eNOS, and silencing of both acylations is
synergistic, resulting in one-hundredth of the activity. The loss of acylation re-
sulted in a loss of association of eNOS with caveolae to the same extent as the loss
of activity.

Caveolin itself is acylated at three cysteines, and acylation has been shown to be
important in the interaction and organization of caveolin and other proteins with
caveolae [59,60]. Acylation is also important in the interaction of caveolin-1 with
cholesterol in chaperone complexes. Site-directed mutagenesis studies have re-
vealed that two of the three acylation sites — Cys143 and Cys156 — are required for
formation and activity of the chaperone complex that delivers cholesterol from the
Golgi to caveolae [61]. The third acylation, at Cys133, is essential for the formation
and activity of the chaperone complex that internalizes cholesterol ester into
cells [10].

A number of studies have shown that acylation of proteins is a factor in raft
association of proteins and in raft signaling. The Src family of protein tyrosine
kinases has been found to contain a number of different acyl groups, with stearate
and oleate derivatives showing decreased affinity for rafts compared to the myr-
istoylated forms [62]. Enzymes have been identified which can de-acylate lipid raft-
associated proteins, such as a recently cloned lysophospholipase/acyl thioester-
ase [63]. We have observed heterogeneity in the acylation of several caveolin-asso-
ciated proteins (unpublished observations). The mechanisms and roles of acyla-
tion in the overall organization and dynamics of caveolae are fruitful areas for
further exploration.
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8.11
Scavenger Receptors Localize to Caveolae

CD36 has been localized to lipid rafts in several tissues, and we and others have
shown CD36 to be localized within endothelial caveolae. CD36 has a putative role
in the control of hypertension, and in angiogenesis [64,65]. CD36 in striated mus-
cle caveolae appears to be important in the uptake and accumulation of fatty acids,
in both skeletal muscle and heart [66,67]. Scavenger receptor class B, Type I is an
82-kDa glycosylated plasma membrane protein that is closely related to CD36 [68-
72]. SR-BI is a transmembrane protein with short cytoplasmic N-terminal and C-
terminal cytoplasmic domains, two transmembrane domains, and a large extrac-
ellular domain comprising the majority of the protein [69,71,72]. SR-BI is a re-
ceptor for HDLs and has broad ligand-binding specificity. In addition to HDL, SR-
BI binds native low-density lipoprotein (LDL), oxidized LDL, acetylated LDL, and
anionic phospholipids, but not the many polyanions that are bound by the type-A
scavenger receptors [73-75]). SR-BI is a physiological receptor for HDL and also
plays a role in regulating plasma cholesterol levels; however, the function of SR-BI
in cells other than hepatic or steroidogenic cells is not well understood. We have
recently shown that SR-BI has additional roles in endothelial cells, regulating
HDL-mediated delivery of estrogen to cells [14], and regulating HDL-mediated in-
hibition of a cell apoptosis pathway involving eNOS [76].

8.12
Cholesterol Homeostasis Regulates Caveolin Localization and Organization of other
Proteins in Caveolae

The cycle of cholesterol movement between cell-surface caveolae and intracellular
pools rich in cholesterol contributes to caveolae cholesterol homeostasis. This cycle
is controlled in a complex fashion that can involve scavenger receptors (SR-BI and
CD-36), lipoproteins, and even sex hormones [11,14,65,77,78]. Many studies using
methyl-beta-cyclodextrin have documented that cholesterol depletion and repletion
cause major changes in the organization of caveolae, caveolin-1 localization to
caveolae, or redistribution to intracellular sites, and resultant effects on numerous
signaling proteins that are found in association with caveolae or bound to caveolae
by caveolin-1. A recent report has shown that shear stress induction of eNOS
activity is also susceptible to disruption of caveolae cholesterol, either by methyl-
beta cyclodextrin depletion, or by cyclosporine A inhibition of caveolin-1-cypA in-
teraction [79]. This indicates that disruption of this chaperone complex cycle con-
tributes to the endothelial pathogenesis which leads to hypertension induced by
cyclosporine.
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8.13
Chaperone Complexes Involved in Cholesterol Transport in Specialized Tissues

The intestine has a major role in the overall regulation of systemic cholesterol
levels. We have identified a third chaperone complex that is involved in the net
uptake and transport of cholesterol in the intestine [80]. Annexin II and caveolin-1
form a chaperone complex with cyp40 and cypA that binds cholesterol in the
intestine. Ablation of annexin II or caveolin-1 in the zebrafish disrupted choles-
terol uptake. Further, the drug ezetimibe decreased cholesterol levels in the circula-
tion by disrupting intestinal cholesterol transport. Ezetimibe also disrupted this
novel annexin II-caveolin-cholesterol chaperone complex. However, the interaction
of annexin II with caveolin-1 in this intestinal complex is quite different from the
two chaperone complexes described previously. Annexin II and caveolin-1 appear
to form a heterodimeric band which is stable to heat, SDS and reducing agents,
and was also immunoreactive against both annexin II and caveolin-1 and resolved
as a complex at 55-58 kDa on SDS gels. This band, after digestion and analysis,
yielded several peptides corresponding to regions of each individual protein, and
its size was consistent with that of a heterodimeric complex. This novel complex is
not limited to zebrafish, however. In mouse intestine, a band that corresponds to
this heterodimeric complex, along with immunoreactive bands corresponding to
the monomeric forms of each protein were also found. Recently, another protein —
NPC1 like 1 protein, has been found in intestine, and shown to regulate intestinal
cholesterol and sitosterol uptake [81,82]. NPC-1 fibroblasts (which lack functional
NPC-1, the first protein in this family) show a block in cholesterol transport caus-
ing accumulation of cholesterol-rich late endosomes [83]. In these cells, both cav-
eolin and annexin II exhibit elevated expression and accumulation with cholesterol
in late endosomes. Further studies will be needed to determine the relationship
between these two overlapping pathways and their roles in intestinal cholesterol
trafficking.

8.14
Caveolin is Linked to Additional Sterol and Lipid Uptake and Trafficking Pathways

Several additional studies have indicated new roles for caveolin and associated
proteins in the intracellular transport of cholesterol and the specific uptake of
lipids. Caveolin-1 and SCP-2 directly interact in L-type fibroblasts, and co-localize
both at the plasma membrane and in the cytosol [84]. The interplay between these
nonvesicle trafficking pathways and vesicle-mediated transport in control of cho-
lesterol trafficking and caveolae structure and organization will provide fruitful
ground for further exploration.
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8.15
Conclusions

Over a decade ago, caveolin was identified as a marker of caveolae and was found
to be present in most cell types. Investigations of caveolae and lipid rafts over the
past decade have resulted in more than 3500 publications which have brought
tremendous change to our understanding of the organization of membranes and
the functional organization of signaling and trafficking pathways within the cell. A
new paradigm of the cell membrane consisting of multiple functional and struc-
tural domains has replaced the simple phospholipid bilayer model. This has also
brought a conceptual paradigm shift of examining the integration of pathways
linked through caveolae across the whole cell. The next frontier will involve the
progression to models that are sufficiently sophisticated to provide a mechanistic
understanding of the integration of pathways across tissues and organ systems.
These investigations will be aided by use of cell- and tissue-specific knockout and
knockin models which will, in turn, lead to a new level of integration in our under-
standing of the molecular events underlying diseases such as diabetes, inflamma-
tion, vascular disease, and cancer.

Abbreviations
cyp40 cyclophilin 40

cypA cyclophilin A
eNOS endothelial nitric oxide synthase

ER endoplasmic reticulum

ER-GIC endoplasmic reticulum-Golgi-intermediate-compartment

GPI glycosyl-phosphatidylinositol

HDL high-density lipoprotein

hsp heat shock protein

HUVEC human umbilical vein endothelial cells

LDL low-density lipoprotein

PM plasma membrane

SDS- sodium dodecylsulfate-polyacryamide gel electrophoresis

PAGE

SR-BI scavenger receptor Bl

VVO vesicular vacuolar organelle
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The Roles of Caveolae and Caveolin in Cell Shape, Locomotion,
and Stress Fiber Formation

Sang Chul Park and Kyung A. Cho

9.1
Introduction

Molecular mechanistic studies of senescent phenotypes such as morphological
alteration and deterioration in physiological function have led to the finding that
the caveolin molecule might play a prime determinant role in the bimodal nature
of the aging process [1,2]. The defective endocytosis system in the aged organism,
which is due to an imbalance or dysregulation of the signal transduction system
for the entry and relay of signals, was seen to be the basis of the gate theory of
aging, with special emphasis being placed on the role of prime modulator mole-
cules to determine the senescent phenotype [3]. Although having been proposed
previously as a candidate for a prime modulator molecule [4], caveolin has more
recently been suggested as being a possible determinant of the morphological
adjustment of senescent cells via modulation of the cytoskeleton, as well as having
a role as a functional modulator [5].

Various cellular processes such as differentiation, apoptosis, migration, trans-
formation and cellular senescence require morphological changes with cytoskele-
tal rearrangement. In this context, a new proposal has been made that caveolins
might play a role in morphological determination via actin remodeling through the
modulation of polarity and Rho GTPase activity [6,7]. Thus, the activity of caveolin
as a modulator of polarity and Rho GTPase activity might provide a novel — albeit
somewhat intriguing — approach to study the crosstalk of cellular function and
structure relationships.

9.2
Caveolin and Polarity

Animal cells adopt a vast diversity of shapes, ranging from the relatively simple-
looking columnar epithelial cell to the highly complex branched structure of a
neuron. Shape and migration are highly dependent on the external environmental
conditions for the directional cues that drive intracellular polarity. All eukaryotic
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Caveolin-1

Leading edge

Protrusion

Fig. 9.1 Cellular motility. Cells move through the polarized and
dynamic re-organization of the actin cytoskeleton, involving a
protruding force at the front (blue arrows), combined with a
contractile force in the cell body (green double-headed ar-
rows). Caveolin-1 (red) accumulates at the leading edge and
involves polarization during cell movement. N = nucleus.

cells are able to polarize in response to cues at the plasma membrane, for example
during the budding of yeast, asymmetrical cell division, and mammalian cell dif-
ferentiation [8].

Caveolin-1 may play an important role in cell motility because it exhibits ante-
rior-posterior polarization during cell migration. Caveolin-1 was found to accumu-
late at the leading edge of cultured fibroblasts [9] and human umbilical vein
smooth muscle cells [10]. Caveolae and lipid rafts also exhibit pronounced polarity
during cell migration (Fig. 9.1), with raft-associated ganglioside GM1 being found
at the leading edge of human adenocarcinoma MCF-7 cells, when stimulated with
insulin growth factor-1 (IGF-1) [11]. Endothelial cells (ECs) exhibit a polarized dis-
tribution of caveolin-1 when traversing a filter pore [12]. In these cells, caveolin-1
seems to be released from the caveolar structure in the cell rear and to be re-
localized at the cell front; this is in contrast to the situation that occurs during
planar movement, when caveolin-1 is concentrated at the rear of endothelial cells,
co-localized with caveolae. Phosphorylation of the Tyr14 residue of caveolin-1 is
also required for polarization of the protein during transmigration [12]. Therefore,
the localization and phosphorylation of caveolin might play a crucial role in the
polarity of cellular morphological changes, although the molecular mechanism
involved is, as yet, unclear.
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9.3
Caveolin and Rho-family GTPases

Rho GTPases participate in the regulation of polarity, microtubule dynamics and
cell shape, the latter property being regulated by the Rho GTPases adjusting the
organization of the actin cytoskeleton. For example, Cdc42 induces filopodia, Rac
induces lamellipodia, and Rho induces focal adhesion and associated stress fib-
ers [13] (Fig. 9.2).

Rho GTPases are a group of molecular switches which control complex cellular
processes. They cycle between two conformational states: one state is bound to
GTP (the “active” state), and the other state is bound to GDP (the “inactive” state),
although both states hydrolyze GTP to GDP. The active GTPases recognize target
proteins and generate a response until GTP hydrolysis returns the switch to the
GDP state.

In order to drive the processes in precise fashion, the activities of Rho GTPases

Lamellipodium

\ / Actin filament

Rho-GDP r~

Cdc42-GDP

Actin stress fiber

Q
Filopodium —— ° / Lamellipodium

WAL,

/ — Rho
Focal adhesion - GTPases

Fig. 9.2 Rho GTPases and caveolae. Rho GTPases induce
morphological changes via the formation of filopodia, lamelli-
podia, focal adhesion and actin stress fiber. Rho GTPases are
recruited into the caveolae, where their activities are regulated
by caveolin-1. Caveolin-1 can interact with the integrin o sub-
unit and Fyn, leading to stable focal adhesion formation.
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must be tightly controlled spatiotemporally within the cells. Recent studies have
suggested that the function of Rho GTPases may be deeply related with caveolae or
lipid rafts. In endothelial cells, sucrose gradient density centrifugation studies
have revealed that a significant proportion of RhoA and Cdc42 are localized within
caveolae-enriched membrane domains. Moreover, caveolin-1 is directly bound with
RhoA but not with Cdc42 [6]. In neonatal rat cardiomyocytes, the initiation and
transduction of stretch-induced RhoA and Racl activation requires caveolar com-
partment [7]. However, in unstretched cardiomyocytes RhoA and Racl were
detected in both the caveolae and noncaveolar fractions. RhoA and Racl was acti-
vated within 4 minutes by stretching, then inactivated after 15 minutes, and subse-
quently became dissociated from the caveolae. In addition, treatment with methyl-
B-cyclodextrin (mBCD), a caveolae-disrupting agent, inhibits the stretching-in-
duced RhoA and Racl activation [7]. Moreover, integrins influence the targeting of
Rac and Rho GTPases to the plasma membrane via lipid raft or caveolae and their
coupling to downstream effector molecules [14]. In migrating cells, integrins inter-
act with caveolae or lipid rafts to mobilize the activated GTP-bound Rac and Rho to
the plasma membrane.

As illustrated in Figure 9.2, caveolin-1 is involved in the regulation of cellular
morphological changes via the modulation of Rho GTPases activity. Senescent
human diploid fibroblasts (HDFs) show an altered cellular morphology of flat-
tened and enlarged cell shape, in contrast to the small, spindle shape of young
cells. In senescent HDFs, the activities of Racl and Cdc42 are significantly in-
creased, and overexpression of active Racl and Cdc42 in young HDFs resulted in
senescence-like morphological changes. We have observed that the active forms of
Racl and Cdc42 are localized in caveolae and interact directly with caveolin-1 in
senescent HDFs [5]. Interestingly, it has been suggested that caveolin-1 is required
for filopodia formation, which may enhance the invasive ability of lung adenocarci-
noma cells, though the level of caveolin itself is relatively low [15]. These results
suggest that caveolin might involve the determination of cell shape and migration
through polarity arrangement and the regulation of Rho GTPases activity.

9.4
Caveolin and Focal Adhesion Complex

When cells come into contact with the extracellular matrix (ECM), they usually
extend filopodia. Then, integrins located at the tip of filopodia bind to the ECM and
initiate the formation of focal adhesions. Actin-rich lamellipodia are then gen-
erated as the cell spreads on the ECM [16]. As the integrins bind to the ECM they
become clustered in the plane of the cell membrane and associate with the cytoske-
letal and signaling complex that promote the assembly of actin filaments. The
reorganization of actin filaments into larger stress fibers in turn causes more clus-
tering of integrins, thus enhancing the matrix binding and organization by in-
tegrins in a positive feedback system. As a consequence, the ECM proteins, in-
tegrins and cytoskeletal proteins assemble into aggregates on each side of the
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membrane, these aggregates being termed “focal adhesions”. Several integrins
have been found to associate laterally with caveolin-1, at least in primary cells (see
Fig. 9.2) [17,18]. Although the biochemical nature of this interaction is not yet
clear, inhibition of caveolin expression suppresses the formation of focal adhesions
and actin stress fibers [5,17].

Integrins activate a variety of protein tyrosine kinases, including focal adhesion
kinase (FAK), which may be recruited and acquire tyrosine kinase activity by its
interaction with integrins. Subsequently, FAK can phosphorylate other cytoskeletal
proteins. In addition to the activation of FAK, some B, and oy integrins can activate
the tyrosine kinase Fyn and the adapter protein Shc. In this pathway, caveolin-1
appears to function as a membrane adaptor, which couples the integrin a-subunit
to Fyn [19]. In senescent HDFs, the inhibition of caveolin-1 expression can disrupt
focal adhesion and actin stress fiber, most likely due to the de-phosphorylation of
FAK [5]. In NIH-3T3 cells, caveolin-2 undergoes Src-induced phosphorylation on
Tyr19, which is localized near to the focal adhesion, and remains associated with
the caveolae [20].

9.5
The Dynamics of Caveolin and Actin

Ultrastructural and biochemical analyses have implicated the actin cytoskeleton as
having a role in caveolae function [21-24]. Caveolin is also involved in dynamic
actin remodeling in endocytosis or molecular trafficking.

In adipocytes, the stimulation of glucose uptake by insulin is achieved via the
translocation of intracellular glucose transporter 4 (GLUT4) to the cell-surface
membrane. Insulin-induced GLUT4 translocation in adipocytes requires dynamic
actin remodeling at the inner surface of the plasma membrane (cortical actin) and
in the perinuclear region [25]. In particular, the treatment of adipocytes with the
actin-depolymerizing agents cytochalasin D and latrunculin A or B, and the actin-
stabilizing agent jasplakinolide, all lead to the inhibition of insulin-stimulated
GLUT4 translocation [25-29].

Caveolin-1 mediates the translocation of GLUT4 through direct binding with
actin filaments in adipocytes. In differentiated adipocytes, the stress fiber F-actin
becomes small patches of punctate actin that are co-localized with the caveolin-
positive clusters. In adipocytes, caveolin-actin structures are disrupted by mBCD
(which in caveolae causes cholesterol depletion) [30]. Taken together, these results
suggest that, in adipocytes, caveolin-1 may play an important role in the transloca-
tion of GLUT4 through direct binding with actin.

The F-actin cross-linking protein filamin was identified as being a ligand for
caveolin-1 by using a yeast two-hybrid screen [31]. The N-terminus of caveolin-1
binds to both nonmuscle and muscle filamin, indicating that such interaction
might not be cell type-specific. Caveolin-1 is present in filamin-positive patches at
the plasma membrane, and is co-aligned with actin stress fibers upon Rho stimula-
tion. Filamin plays a role in cell locomotion and mechanoprotection, and also as a
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cytoskeletal linker for transmembrane proteins such as integrins and glycoprotein
I complex in platelets. Therefore, the interaction of caveolin-1 with filamin sup-
ports one of the possibilities that caveolin-1 is linked to the cortical actin cytoskele-
ton via filamin.

Caveolin-1, in addition, can indirectly regulate actin remodeling by the activation
of Rho family small GTP-binding protein TC10 upon insulin-stimulation in adipo-
cytes. The translocation of GLUT4 requires both phosphatidylinositol (PI) 3-ki-
nase-dependent pathways for activation of Akt [32-34], and a PI3-kinase-independ-
ent pathway for the activation of TC10 [35-37]. Recently, both PI3-kinase and TC10
have been reported as being involved in the regulation of actin cytoskeleton re-
arrangement in various cell types [25,38,39]. TC10 is mainly localized to the cav-
eolae, and subsequently caveolin-1-enriched caveolae are required for the activa-
tion of TC10 through a CAP-Cbl signaling pathway [35,36]. Insulin stimulates the
phosphorylation of another insulin receptor substrate, the proto-oncogene c-
Cbl [40]. Once phosphorylated, Cbl can recruit the SH2-containing adapter protein
CrKII to caveolae along with the guanine nucleotide exchange factor C3G. The
latter then appears to activate TC10 [35]. Although the action of TC10 remains
unknown, a potential clue towards understanding its physiological function comes
from the role of Rho proteins in modulation of the actin cytoskeleton. The inhibi-
tion of Rho function with toxin B, or expression of the amino-terminal domain of
TC10, disrupts the adipocyte actin cytoskeleton and inhibits GLUT4 translocation.
Moreover, the dominant-negative mutant of TC10 disrupts caveolae-associated F-
actin structures in adipocytes [41]. The disruption of caveolae with cholesterol-
depleting drugs or by overexpression of the inhibitory forms of caveolin-1 com-
pletely blocks TC10 activation, as well as the stimulation of glucose transport by
insulin [36]. However, direct evidence for an interaction between TC10 and cav-
eolin-1 remains vague.

9.6
Caveolae-Dependent Endocytosis via Actin Stress Fiber

Recently, caveolae-mediated endocytosis has been implicated in the internalization
of certain membrane components, extracellular ligands, bacterial toxins, and sev-
eral nonenveloped viruses [42,43]. Simian virus 40 (SV40) utilizes endocytosis
through caveolae to achieve infectious entry into host cells [44,45]. After binding to
the caveolae, the virus particles induce the transient breakdown of actin stress
fibers. Actin is then recruited to virus-loaded caveolae as actin patches are respon-
sible sites for actin “tail” formation. Latrunculin A (an actin monomer-sequester-
ing drug) and jasplakinolide (an actin polymer-stabilizing drug) both reduced virus
internalization by 60-65% during the later stages of the entry process [46]. This
result suggests that actin might function as a scaffold to restrict the lateral mobility
of the caveolae. These events are dependent upon the presence of cholesterol and
the activation of tyrosine kinases, which phosphorylate proteins in caveolae. SV40
particles induce tyrosine phosphorylation of proteins at virus-loaded caveolae, and
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thereby inhibition of tyrosine kinases inhibits the caveolae- mediated internaliza-
tion of the virus. These findings indicate that the phosphorylation of caveolae
proteins is essential for the formation of caveolae-derived endocytic vesicles and
for viral infection into the cell [46]. Therefore, it is possible that tyrosine phosphor-
ylation of caveolae-associated proteins might trigger the recruitment of compo-
nents for F-actin assembly [46,47].

9.7
Summary

The roles of caveolin and caveolae in a variety of cellular processes have been
reassessed. In particular, responsibility for the regulation of cellular shape deter-
mination, migration and stress fiber formation has been reviewed. The mode of
cellular polarity can be partially explained by the recruitment and polarization of
intracellular caveolin, which might be responsible in turn for cellular motility
(Fig. 9.3). Likewise, the interaction of caveolin with Rho GTPases might affect the
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relevant activities for microtubule dynamics, actin remodeling and migration, re-
sulting in cellular morphological changes as well as locomotive activity. Moreover,
caveolin’s interaction with the focal adhesion kinase complex and actin cytoskeletal
structures resulted in the modulation of molecular trafficking for many biolog-
ically active molecules. These findings of caveolin function led us to explain, in
part, the bimodal nature of changes in structure and function in senescent pheno-
types. In this context, the role of caveolin as a determinant of structural change in
the senescent cell highlighted the novel modality for the modulation of age-related
morphological alteration as well as functional deterioration through the simple
adjustment of caveolin status.

In conclusion, it is possible that the status of caveolin — via its interaction with
actin cytoskeletal structures, focal adhesion kinase complex and Rho GTPases —
may affect a variety of cellular processes such as signaling modulation, viral in-
fectivity, hormone sensitivity, transformability, invasiveness and neuronal capacity,
among a broad spectrum of cellular phenomena.

Abbreviations

EC endothelial cell
ECM extracellular matrix
FAK focal adhesion kinase

GLUT4  glucose transporter 4
HDF human diploid fibroblast
IGF-1 insulin growth factor-1
mBCD  methyl-B-cyclodextrin
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SV40 Simian virus 40
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10
Lipid Rafts in Trafficking and Processing of Prion Protein and
Amyloid Precursor Protein

Daniela Sarnataro, Vincenza Campana, and Chiara Zurzolo

10.1
Introduction

Extensive evidence has accumulated in recent years that several human disorders
have the same molecular basis, namely, a change in the conformation of a protein.
These disorders have been named “conformational diseases” [1], and the most
important among them are prion and Alzheimer diseases. Prion diseases have
been proposed to be caused by the transconformation of the cellular prion protein
PrP€ into a protease-resistant and readily aggregated isoform (PrP5%) which accu-
mulates in the brain. However, controversy exists regarding exactly where and how
in the cell this conversion occurs. Conversely, in Alzheimer’s disease (AD) muta-
tions in genes encoding three different proteins, amyloid precursor protein (APP)
and presenilins 1 and 2 have been shown to lead to the overproduction and accu-
mulation in the brain of the amyloid peptide A that converts from a soluble form
into amyloid fibrils. During its biogenesis, APP undergoes sequential enzymatic
cleavages, and a critical question for understanding the pathogenesis of Alzhei-
mer’s disease is where, and at what rate, AP is produced in neurons. In the case of
prion diseases, it has been postulated that missorting of APP or altered intra-
cellular trafficking of AP could play a key role in the pathogenesis of AD (2,3).

Lipid rafts, which are small membrane patches of highly ordered saturated lipids
and cholesterol, have been proposed to play a role in the biogenesis of both these
neurodegenerative disorders because they might represent a preferential site for
the formation of the pathological forms of the prion protein and amyloidogenic
AB. Thus, for both conformational diseases it appears that the intracellular traffick-
ing of PrP¢ and APP, and their association with rafts, have a predominant role in
their related pathogenesis. Here, we review the latest findings on these two funda-
mental aspects.
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10.2
Lipid Rafts and Caveolae

10.2.1
Biochemical Properties and Functions

Lipid rafts have been defined as islands of highly ordered saturated lipids and
cholesterol that are laterally mobile in the plane of a more disordered fluid bilayer
of largely unsaturated lipids [4-6]. Because of their ability to segregate functional
proteins, lipid rafts have been proposed to play a central role in many cellular
processes, including intracellular signaling and protein and lipid sorting [4,5]. In
particular, Simons and Ikonen in 1997 postulated that, in polarized epithelial cells,
rafts can act as sorting platforms for inclusion of proteins into apical post-trans-
Golgi network (TGN) sorting vesicles. Later studies subsequently provided evi-
dence for the role of lipid rafts in signaling, as in the case of IgE receptor (FcRI)
and T-cell antigen receptor (TCR) [7,8].

Association with detergent-resistant membranes (DRM) is a useful criterion to
estimate whether a protein associates with lipid rafts [6]. After solubilization of
membranes or cells with Triton X-100 at 4 °C, raft-associated proteins and lipids
remain insoluble and can then be floated to low density by sucrose density gra-
dient centrifugation. If cholesterol is extracted by using methyl-B-cyclodextrin
(mBCD) or is complexed by saponin, the raft proteins usually (but not always)
become detergent-soluble [9].

Constitutive raft residents include glycophosphatidylinositol (GPI)-anchored
proteins (e.g., the prion protein), double acylated proteins (e. g., tyrosine kinases of
the Src family), palmitate-anchored proteins and transmembrane proteins (e.g., B-
secretase; BACE) [5].

One source of confusion in the field of rafts has been the inter-relationship
between rafts and caveolae. Indeed, for a long time these two terms have been used
interchangeably. However, this issue has now been clarified by the analysis of
caveolin knockout mice [10,11].

Caveolae appear as “smooth” uncoated-pits of 50- to 100-nm flask-shaped in-
vaginations of the plasma membrane, originally identified by electron microscopy
in a wide variety of tissues and cell types [12,13]. They represent a morphologically
identifiable subset of lipid rafts identified by the coat protein, caveolin. Whilst the
biochemical composition of lipid rafts and caveolae is thought to overlap, these
microdomains are not equivalent [14].

Caveolar invagination is possibly driven by the polymerization of caveolins, of
which there are three types: caveolin-1, -2, and -3. Caveolin-1 appears to have a
central role in the formation of caveolae, because it was shown that cells without
caveolin-1 lacked morphological caveolae, and that reintroduction of the protein
was sufficient to generate caveolae [15,16].

Caveolae usually remain attached to the cell surface, but their internalization can
be stimulated under certain conditions; for example, by Simian virus-40
(SV40) [17] or by treatment with the phosphatase inhibitor okadaic acid [18,19].
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Both caveolae and rafts mediate the internalization of sphingolipids and sphingo-
lipid-binding toxins, GPI-anchored proteins [20], and the autocrine motility factor
(AMF).

Internalizations via caveolae or via lipid rafts are fundamentally similar proc-
esses, defined by their clathrin independence and sensitivity to cholesterol deple-
tion. However, the cholesterol-dependent invagination of rafts occurs independ-
ently of caveolin-1 and of dynamin 2, a GTPase, localized at the neck of the cav-
eolae [21] which regulates their internalization. Interestingly, in some cases cav-
eolin-1 acts as a negative regulator of the budding of caveolar invaginations but
caveolae become competent for endocytosis after specific signalling stimuli [22].

Caveolae/raft dysfunction has been implicated recently in the pathogenesis of
different human diseases. Several groups of pathogens, including bacteria, prions,
viruses, and parasites appear to hijack lipid rafts during internalization [23-25]. In
this chapter, we illustrate the proposed role of lipid rafts in the trafficking and
processing of PrP¢ and APP and in the pathogenesis of their related diseases.

10.3
PrP© and Prion Diseases

Transmissible spongiform encephalopathies (also known as prion diseases) have
become an interesting example of how lipid rafts are involved in regulating protein
trafficking and processing (for a review, see [26]). Prion diseases include a large
group of neurodegenerative disorders including scrapie in sheep and goats, bovine
spongiform encephalopathies, chronic wasting disease in deer and elk, and
Creutzfeldt-Jakob disease (CJD) in humans [27-29]. These pathologies are caused
by an agent consisting of a protein which is usually referred to as a prion (“protei-
naceous infectious only”) [27]. The prion diseases are often (but not always) charac-
terized by the cerebral accumulation of a protease-resistant, misfolded isoform of
the prion protein (PrP), the so-called PrP5¢ (for scrapie PrP), which is derived from
the normal isoform of the cellular glycoprotein PrP¢ (for cellular PrP)[27,30].
Compared to PrP<, the PrP5¢ form has an increased content of B-sheet structures
and is partially resistant to proteinase K digestion; therefore, it aggregates and
accumulates in the brain [27]. Thus, this conformational change of PrP has been
proposed to be the cause of the disease.

Prion diseases can be of infectious, sporadic and genetic origin. In the case of
infectious diseases, a direct interaction between the pathogenic PrP5¢ template and
the endogenous PrP¢ substrate is proposed to drive the formation of nascent in-
fectious misfolded prions [27]. In contrast, in the genetic forms of the diseases,
mutations present in the gene of PrP¢, Prpn [27,31], can directly and spontaneously
induce alterations in PrP¢ conformation. The exact mechanism by which PrP€ is
converted into PrP5¢ is not yet known, but several lines of evidence suggest that
lipid rafts are involved [32,33].

PrP€ s a cell-surface GPI-anchored protein which is normally expressed in neu-
rons and in a range of non-neuronal tissues, as well as leukocytes [34]. Human PrP
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is the product of a single gene which directs the synthesis of a protein containing
253 amino acids, with five octapeptide repeats near the N-terminus, two glycosyla-
tion sites and one disulfide bridge. The GPI-anchor, which attaches the protein to
the outer surface of the cell membrane, allows its association with rafts.

The role of PrP¢ remains unknown. In 1992, Weissmann’s group [35] generated
PrPnull mice and reported that PrP¢ expression is dispensable for normal devel-
opment and behavior. However, its conservation in different species infers some
relevance in basic physiological processes. PrP¢ has been proposed to be involved
in several functions:

e copper/zinc transport or metabolism [36—38];

e protection from oxidative stress [38];

o cellular signalling [39,40];

e membrane excitability and synaptic transmission [41,42];
e neuritogenesis [43]; and

e apoptosis [44].

Strong evidence for PrP¢ function derives from its interaction with different part-
ners, ligands and/or effectors, such as laminin, BIP, GFAP, and Bcl-2 (for a review,
see [45]), each of which can be relevant for the different proposed function of
PrP<.

Several studies support the possibility that PrP¢ misfolding and/or misfunction
correlate with defects in its trafficking and with its raft association. In particular,
the intracellular localization of some pathological mutants of PrP¢, which cause
inherited prion diseases, has been shown to be altered [31]. Therefore, in order to
understand the mechanism of the disease it is important to understand the rela-
tionships between raft association, intracellular trafficking, proper protein folding,
and the function of PrP“.

10.3.1
The Site of PrP¢ Conversion: The Role of Rafts in the Different Intracellular
Compartments

A major unresolved question is where PrP*-PrP5¢ transconformation occurs. Both
PrP¢ and PrP5¢ have been localized at the plasma membrane and have been shown
to undergo endocytosis [46,47], so it is likely that the plasma membrane and/or the
endolysosomal compartment participate in PrP5¢ formation. In addition, in the
case of inherited diseases, pulse-chase experiments indicate that the pathological
conversion of mutant PrP to the PrP5%like conformer proceeds in a stepwise man-
ner, via a series of identifiable biochemical intermediates, and that one of the
earliest properties of PrP5¢ (i.e., resistance to cleavage by phosphatidylinositol
phospholipase C) is acquired in the endoplasmic reticulum (ER) [31]. Moreover,
the ER could also be implicated in the degradation of misfolded PrP mutants via
the ER-associated degradation (ERAD) pathway [48—50).

Hence, the available data indicate that in the case of genetic prion diseases
originating from PrP mutants (for a review, see [31]), the ER might be directly
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involved in protein transconformation and consequent PrP5¢ formation. Con-

versely, because in infected cells the stimulation of PrP¢ retrograde transport re-

sults in an increase in the PrPS¢ form [51], we recently proposed [26] that in in-
fectious diseases the ER could represent an amplification compartment for PrP5°
produced earlier at other subcellular sites.

Detergent-resistant microdomains in the ER (ER-rafts) could also be involved in
the folding of PrP€[52]. Like neuronal cell lines, epithelial cells synthesize four
different isoforms of PrP¢ corresponding to the unglycosylated, monoglycosylated,
immature diglycosylated, and mature diglycosylated isoforms. Interestingly, it was
found that the immature diglycosylated precursor form of PrP¢ was recovered in a
DRM fraction in the ER. Using cholesterol- and sphingolipid-depleting drugs in
concomitance with pulse-chase experiments, we were able to show that this earlier
raft association was crucial for the correct folding of PrP. Indeed, a portion of the
protein became misfolded in the ER when cholesterol was extracted [52].

The mechanism that underlies the specificity of cholesterol depletion for PrP¢
misfolding could be explained in two ways:

o either cholesterol depletion could perturb the formation of specific DRMs pre-
sent in the ER, leading to an interference of the association of the immature
PrP¢ isoform with rafts; or

e cholesterol itself could be directly involved in the folding of PrP¢ by acting as a
lipochaperone in the ER [53,54].

In contrast with the proposed role for the ER in prion conversion, the results of
several studies have indicated that the conversion of PrP¢ to a protease- and phos-
pholipase-resistant state is an event that occurs after the protein has reached the
cell surface [47,55,56]. Hence, the release of PrP¢ from the cell surface by different
methods [47,55,57] and exposure of PrP¢ to different antibodies [57] prevents PrP5°
formation in infected cells.

Therefore, the current evidence suggests that both the ER and the plasma mem-
brane might be important sites for prion formation, and that they are differently
involved in the genetic and infectious diseases. Whilst in the case of genetic prion
diseases, the ER could be involved in the generation of PrP*¢ or PrP5<like con-
formers from PrP mutants [31], in the case of infectious diseases, the first contact
between physiological and pathological PrP isoforms could occur at the plasma
membrane, although the transconformation might occur later after internaliza-
tion.

After its transport to the plasma membrane, PrP€ is constitutively internalized
and recycles back to the surface [31,46]. The endocytic recycling pathway is of
interest from the standpoint of prion generation, since there is evidence that initial
steps in the conversion of PrP¢into PrP° may take place on the plasma membrane
or following the internalization of PrP¢[47,51,55]. The route and mechanism of
internalization of PrP€ are controversial because both caveolae and clathrin-coated
pits have been shown to be involved (for a review, see [31,46]). Clathrin-coated pits
appear to be primarily responsible for endocytic uptake of PrP¢. This conclusion is
based on immunogold localization of PrP¢ in these organelles by electron micros-
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copy [58,59] and inhibition of PrP¢ internalization by incubating cells in hypertonic
sucrose, which disrupts clathrin lattices [58].

Because PrP¢ lacks a cytoplasmic tail that could interact directly with adaptor
proteins and clathrin [60], several candidate proteins have been proposed to be
PrP-interacting partners mediating its internalization via the clathrin pathway.
Specifically, a basic amino acid motif found in the N-terminal region of
PrP€[31,60,61] has been shown to be essential for coated pit localization and inter-
nalization. In contrast to these studies, the presence of PrP¢ in caveolar-like do-
mains (CLDs) has also been extensively reported [62,63]. In Chinese hamster ovary
(CHO) cells, which express caveolin-1, PrP¢ is enriched in caveolae both at the
TGN and at the plasma membrane and in interconnecting chains of endocytic
caveolae, but it is apparently absent in clathrin-coated pits and vesicles [64].

The initial recruitment of PrP¢ to pre-endocytic membranes may therefore be a
complex event which occurs by more than one mechanism. It is possible that PrP¢
is internalized by default by clathrin-coated vesicles, and that caveolae or CLDs
provide alternative internalization pathways occurring in particular cells or con-
ditions.

These different mechanisms may provide a range of possibilities for protein
conversion and pathological spreading. Indeed, both CLDs and clathrin-coated pits
have been suggested to be involved in PrP¢ to PrP5 transconformation [60,63], but
until the internalization pathway of PrP€ is clarified it will be difficult to establish
the involvement of one or the other pathway in transconformation.

The fact that most PrP¢ molecules reside in raft domains does not argue against
an association of the protein with coated-pits, because only a small fraction of the
PrP¢ molecules are undergoing endocytosis at any one time, and this fraction has
probably left the raft domain to enter the coated pits. In this context, it has been
demonstrated [60] that PrP¢, prior to endocytosis, leaves the detergent-insoluble
raft environment to cluster, along with TfR (the prototypical transmembrane pro-
tein endocytosed by coated pits and excluded by lipid rafts) [65] in non-raft mem-
branes. Thus, PrP¢ on the cell surface rapidly traffics through two very different
membrane environments, probably with different consequences for its conforma-
tional stability.

10.3.2
Role of Lipid Rafts in PrP5¢ Formation

Like other pathogens, infectious prions might use rafts to enter the cells and possi-
bly to initiate and propagate the PrP® to PrP5¢ conversion process that allows prion
amplification [56,66-68]. Several lines of evidences suggest that rafts are candidate
sites for the generation of PrP¢ in infected cells:

e Both PrP¢ and PrP5¢ are recovered in lipid rafts [68].

o Impairment of raft association by drugs that reduce intracellular levels of choles-
terol decrease PrPS¢ formation in infected cells [33]; similarly, removal of PrP¢
from rafts by exchanging its GPI anchor with a transmembrane domain pre-
vents PrP5¢ formation [63].
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e Infectious prion rods were found to contain two sphingolipids, GalCer and
sphingomyelin [69], which are enriched in rafts, suggesting that selected raft
lipids might interact with normal and/or pathogenic prion proteins. In partic-
ular, PrP¢ and PrP5%“associated rafts appear to have different characteristics, be-
ing separated from each other by solubilization and flotation on density gra-
dients [68].

These data suggest either the presence of different kinds of rafts or different char-

acteristics of membrane association of the wild-type and pathological isoforms

with the same raft-type. The exact mechanisms by which rafts could control the
transconformation of PrP¢ to PrP5¢ remains unknown, although different scenar-

ios can be envisaged [26]:

1. Rafts could function as a platform by which PrP¢ is transported to a specific
compartment where the conformational change into PrP5¢ occurs (Fig. 10.1A).
We have shown previously that in transfected cells, cholesterol- and sphingo-
lipid-depleting drugs which impair PrP¢ raft association do not impair its exo-
cytic trafficking to the plasma membrane [70], but rather slow down PrP¢ endo-
cytic trafficking (D. Sarnataro, personal communication), suggesting that rafts
could represent the cellular environment that regulates PrP>¢ biosynthesis dur-
ing endocytosis.

2. Rafts might represent a container of indispensable machinery required for
PrP5¢ formation, such as proteins/lipids, that facilitate the conversion process
(Fig. 10.1B).

3. Rafts could represent a favorable environment for transconformation by facili-
tating a close encounter between the substrate (PrP) and the seed (PrP5¢), and
could act by concentrating PrP¢ and PrP5¢ molecules within confined regions of
the plasma membrane (Fig. 10.1C). The role of rafts as a “meeting place” be-
tween PrP¢ and PrP5¢ is supported by the studies of Baron et al., who have
shown that PrP¢ to PrP5¢ transconformation occurs only when the two protago-
nists of the reaction are inserted into contiguous membranes [32].

4. Rafts might allow a direct interaction of sphingolipids and/or cholesterol with
PrP¢ and/or with PrP5¢, which could affect the conformational stability of PrP©
(Fig. 10.1D). In this case, it is possible that different raft-resident lipids could
act as molecular chaperones to facilitate the unfolding of one or more a-helices
or the refolding into B-sheets of PrP¢. Alternatively, a change in the local envi-
ronment (in terms of enrichment in specific lipids and proteins) could mediate
this process.

10.3.3
Mechanism of Raft Action in Prion Conversion

It has been shown that direct cell-to-cell contact between infected cells and unin-
fected cells (i.e., with PrP° and PrP5¢ being on opposite cell surfaces [71]), can
efficiently induce the passage of prion infection between cells. The importance of
this membrane environment in the conversion reaction has been underscored by
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several studies where specific lipids have been shown to play direct roles as chaper-
ones in protein folding [72,73]. In particular, both PrP¢ and PrP5 can bind to raft-
like membranes enriched in cholesterol and sphingolipids [74]. In order to analyze
the role of lipid rafts in this conformational transition, binding of both the a-
helical-enriched structure (o-PrP) and the B-sheet-enriched form (B-PrP) to model
lipid membranes was recently investigated [75]. The result of these studies indicate
that binding to raft membranes results in a stabilization of a-helical structures,
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while interaction with negatively charged lipid (non-raft) membranes increases f3-
sheet content [74].

This evidence for a “protective role” of rafts in the transconformation process is
further reinforced by the fact that, in a non-cellular assay, PrP¢ within isolated lipid
rafts is highly resistant to conversion to PrP5¢ [32], and inhibition of sphingolipid
synthesis in cells increases the rate of conversion of PrPc [76].

Our own data on the destabilization of PrP¢ folding in cholesterol depletion also
support the hypothesis that the raft environment is necessary to stabilize the
proper PrP¢ conformation, therefore suggesting that transconformation occurs
outside of the rafts, where PrP¢ folding is destabilized and where misfolded PrP
intermediates might be more prone to interact with PrP5¢ and to transconform
(Fig. 10.2). However, the fact that recombinant B-PrP also has a high affinity for
raft-like membranes [75] and that PrP5¢ is also found enriched in rafts [68] leads us
to propose that, together with the protective role in prion transconformation, rafts
could have a second role in promoting aggregation of PrP5¢, In this scenario, PrP5¢
would form outside rafts in a non-protective environment but, once formed, PrP5¢
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would be able to reassociate with the rafts (perhaps different to the rafts where
PrP¢ is found), and this would favor its aggregation (Fig. 10.2).

This hypothesis is also supported by the data of Fantini et al. [77], who proposed
that PrP can maintain a non-pathological conformation by interacting with lipid
rafts through a sphingolipid-binding domain (V3-like domain). Interestingly, in
the E200K PrP mutant, which undergoes PrP transconformation in familial CJD,
this mutation abrogates sphingomyelin recognition. A similar sphingolipid-bind-
ing motif has also been identified in gp120 glycoprotein of HIV and in the B-
amyloid peptide in Alzheimer’s disease, suggesting a role of lipid rafts in the
pathogenesis of these different diseases.

10.3.4
Role of Rafts in Proteolytic Attack on PrP¢

PrP€ is a complex multi-domain protein that contains potential toxic sequences
(PrP€ 106-126) [78]. It has been shown that the PrP¢ 106—126 peptide could trigger
neurotoxicity and lead to an apoptotic response by insertion into membranes [79].
Like APP, PrP¢ undergoes protein kinase C (PKC)-regulated proteolysis by identi-
cal proteases of the disintegrin family, which also inactivate the peptide.

Indeed, the normal cleavage of PrP¢, directed by ADAM10 (a disintegrin and
metalloprotease) occurs inside the 106-126 “toxic” core of the protein, leading to
the formation of a 11- to 12-kDa fragment referred to as N1. This processing also
has a PKC-regulated counterpart regulated by the ADAM17. Interestingly, this
cleavage site is inaccessible in PrPS¢, where the toxic core of the protein remains
uncleaved and might have a function in the production of the PrP5¢ aggre-
gates [80].

PrP¢ is the first example of a GPIl-anchored protein that is a substrate of
ADAM10 and 17, which are the B-secretase enzymes mediating APP cleav-
age [81,82]. The participation of these enzymes in the processing of PrP° is quite
unexpected because ADAM proteases are ectoenzymes (i.e., they have transmem-
brane activities), and substrates of disintegrins are generally transmembrane pro-
teins (e.g., PAPP). Nevertheless, cleavage of both PrP° and APP by ADAM10 and
17 takes place inside the toxic domains of these two proteins. Thus, this proteolytic
attack could be viewed as an inactivating mechanism since it prevents the proteina-
ceous accumulation of AP and prion proteins often detected in affected brains.

To our knowledge, it has not yet been demonstrated whether the proteolytic
attack on PrP€ occurs in lipid rafts, as has been postulated for APP (see below).
However, this is an interesting possibility because in human embryonic kidney
(HEK) cells a minor fraction of the ADAM10 immature proform was raft-asso-
ciated [83] and another member of the metalloprotease family, ADAM19, has been
found to be active in lipid rafts [84].
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Alzheimer’s Disease: The Role of Rafts in APP Trafficking and Processing

10.4.1
The “History” of APP Cleavage

The amyloid B-peptide (AB) is one of the hallmarks of AD. AP derives from a
transmembrane protein, the amyloid precursor protein (APP) [85], through two
sequential cleavages. APP is first cleaved by B-secretase BACE 1 (the B-site APP
cleavage enzyme), in its luminal domain to generate a secreted ectodomain
(SAPPB) and a membrane-bound APP carboxyl terminal fragment (CTE). This
10-kDa C-terminal stub of APP is subsequently the substrate for B-secretase or
presenilin 1 [86], which cleaves the transmembrane domain of APP to release two
AB peptides of 40 and 42 amino acids [85].

In an alternative non pathogenic pathway, APP is cleaved within the AP sequence
by a-secretase (belonging to the ADAM family of metalloproteases), which gen-
erates other secreted derivates known as sAPPo and APP CTFa. Like CTF, CTFa
can be cleaved by y-secretase yielding CTFy and a fragment designated p3 [87].
Since a-cleavage cuts APP within the Ap region it prevents Ap formation and, as a-
and PB-cleavage compete for their substrate APP, it is crucial to understand the
mechanism which regulates and controls the access of these enzymes to APP.

10.4.2
Intracellular Compartments and Ap Generation: Involvement of Lipid Rafts

The broad intracellular distribution of the key proteins involved in AP generation
has made it difficult to identify the intracellular site where this event occurs. APP
is distributed predominantly in the TGN, but significant amounts of the protein
are found at the cell surface and within endosomes [88]. BACE has been placed
within the early endosomes and/or throughout the endosomal-lysosomal system
[88,89], although a predominant TGN localization has also been reported [90,91].
Finally, recent evidence suggests that presenilins are located primarily not only in
the ER and Golgi apparatus but also on the plasma membrane and in the endo-
somes [90-92]. In addition to these different localizations, many reports indicate
that APP, B-secretase and presenilin 1 all reside in rafts [86,93-95]. These findings
led to the proposal that lipid rafts may be a site for the proteolytic processing of
APP [96,97] (Fig. 10.3A). However, the observation that APP is present in DRMs
from brain tissue at levels no higher than several other non-DRM proteins ques-
tions the involvement of lipid rafts in APP proteolytic processing.

The conflicting reports about the presence of APP in DRMs could be explained
by reasoning that APP in DRMs is rapidly processed such that the steady-state
amount of raft-associated protein is lower than it would otherwise be expected.
However, it is possible that APP cleavage occurs outside rafts but that, after its
generation, the A peptide rapidly translocates to the DRM after it is cleaved from
APP because it has a high affinity for cholesterol [98] and ganglioside GM1
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[99,100], both of which are enriched in DRM [62,101] (Fig. 10.3B). Although de-
pleting cells of cholesterol with mBCD has been shown to decrease the production
of AB[102], this effect may not be entirely due to the disruption of lipid rafts,
because such treatment also disrupts clathrin-coated pits [103] in which APP has
been localized [104] (see below).

Rafts could also be involved in the formation of amyloid fibrils, that are one of
the pathological hallmarks of AD [105]. The molecular mechanism of amyloid fi-
bril formation involves a major conformational transition of A, from o-helix to -
sheet [3], thus resembling the PrP-PrP5¢ transconformation. In the case of AD,
the conformational change required for the conversion of soluble peptide into
amyloid fibrils is modulated by pH, A concentration and alteration in the primary
sequence of AP. In addition, two raft lipids (GM1 and cholesterol) bind to AR and
promote fibril formation [86,106]. Furthermore, synthetic lipid vesicles from bo-
vine brain containing gangliosides such as GM1 bind to A, inducing an increased
amount of a-helix at pH 7 and B-sheet at pH 6 [107]. It has also been demonstrated
that a conformationally altered form of A, which acts as a “seed” for amyloid fibril
formation, is generated in cholesterol-rich microdomains [108]. These findings
support the view that lipid rafts could participate in the generation of AP, and that
raft lipids could modulate its conformation.

Moreover, since a sphingolipid-binding domain similar to the V3-like domain of
PrP has been identified in AP, APP and prion proteins might interact with lipid
rafts by a common mechanism [109]. The molecular model proposed in Figure
10.1 to explain the role of lipid rafts in the PrP¢ to PrPS¢ conversion might also
apply for A: in particular, evidence from biochemical, genetic and in-vivo studies
has indicated that apolipoprotein E (apoE) seems to act as a pathological chaperone
in AD amyloidogenesis, promoting fibril formation by inducing or stabilizing f-
sheet conformation [3].

10.4.3
The Role of Rafts in B-Secretase Activity

A fraction of APP and BACE1 were shown to be associated with a raft population
distinct from caveolae in a cholesterol-dependent manner. In particular, BACE1
activity decreases in cholesterol-depleted cells [93,95,102], while a-secretase activity
increases after inhibition of B-secretase under these conditions. The decreased B-
secretase activity after cholesterol depletion could be a result of the reduced
amount of the substrate available for B-secretase cleavage. On the other hand, the
increase in a-cleavage activity may derive from the fact that APP is present in two
cellular pools, in equilibrium with each other — one that is raft-associated and leads
to AP generation, and another that is outside rafts where the major amount of a-
cleavage could take place. Cholesterol depletion would shift the partitioning of
APP from the lipid rafts to the surrounding lipid bilayer, where it would become
more accessible to a-cleavage (see below).

Interestingly, B-cleavage does not appear to be induced by partitioning of APP
and BACE1 into rafts alone, but to be dependent on endocytosis [95]. However, the
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exact cellular site of B-cleavage is not totally clear as it may occur during or after

delivery to the cell surface, and/or during endocytosis [104,110-112] (Fig. 10.4).
In pulse-chase experiments, perturbation of clathrin-dependent and -independ-

ent endocytosis led to a decreased secretion of newly generated AP, while the a-
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cleavage was not affected [113,114]; this suggested that “most but not all” of the f-
cleavage occurs after internalization. Furthermore, since cholesterol depletion is
also known to decrease the rate of endocytosis [103], this also likely contributes to
the decreased B-cleavage. The inhibition of B-cleavage by cholesterol depletion sug-
gests that the processing of APP by BACE1 might critically depend on the lipid raft
environment. Ehehalt et al. [95] proposed that rafts would have to cluster together
to bring APP and BACE1 into the same raft environment in order for B-cleavage to
occur. Hence, APP and BACE1 would meet after endocytosis by coalescence of
BACE1- or APP-containing rafts within endosomes (see Fig. 10.3A). This hypoth-
esis is supported by the fact that the induction of raft clustering at the cell surface
with antibody cross-linking would allow B-cleavage to occur in patches containing
both APP and BACE1 at the plasma membrane, and this could increase A forma-
tion (Fig. 10.3) [95].

In contrast with these findings, Chyung and Selkoe [115] reported that when
dynamin function was inhibited by the K44A mutant in HELA cells, the a-secre-
tase cleavage products of APP increased in the membrane, as well as the total
amount of secreted AP. This could be due to the fact that a-cleavage occurs on the
cell surface [116,117].

To investigate further the significance of lipid rafts in APP B-processing, a GPI
anchor has been added to BACE, replacing the transmembrane and C-terminal
domains in order to target the enzyme exclusively to lipid rafts [118]. Expression of
GPI-BACE substantially up-regulates the secretion of both SAPPf and A over the
levels observed in cells overexpressing wild-type BACE. Furthermore, when lipid
rafts were disrupted by depleting cellular cholesterol levels this effect was reversed.
These results suggest that the processing of APP to the AP occurs mainly in lipid
rafts, and that cholesterol levels are critically involved in regulating the access of a-
and B-secretase to APP.

In another system (and with contrasting results) it has been reported that in
neurons, APP does not seem to have the capacity to be incorporated into choles-
terol-rich environments, even when overexpressed [119] (Fig. 10.3B, panel a). Fur-
thermore, treatment leading to moderate reductions of neuronal cholesterol
(Fig. 10.3B, panel b) in hippocampal membranes in culture resulted in increased
APP B-cleavage, which is inconsistent with the occurrence of BACE1 cleavage of
APP in DRMs. Conversely, a mild reduction of membrane cholesterol resulted in
more BACEL in the soluble fractions, higher BACE1-APP co-localization, and en-
hanced B-processing, whereas a strong cholesterol reduction (Fig. 10.3B, panel c)
resulted in a significant fall in AP generation, as observed previously [95,102] (see
also figure legend for description).

The discrepancy of these results with previous findings [95] could be explained
by postulating that the latter data were obtained in cells that overexpressed APP
and thus contained larger amounts of the protein in DRMs. Alternatively, in the
overexpressing cells, more cleavage may have occurred as a result of excess APP in
non-DRM domains, as suggested by Dotti et al. [119]. Consequently, further stud-
ies are required to understand the role of rafts in APP B-cleavage and the mecha-
nism regulating the trafficking and clustering of APP and BACEL.
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10.4.4
The Role of Caveolae/Lipid Rafts in a-Secretase Activity

Several reports support the view that o-secretase-mediated cleavage of APP occurs
on the cell surface [116,117,120-122]. Furthermore, a recent report showed that in
non-neuronal cells APP is enriched within caveolae and is physically associated by
its cytoplasmic domain with caveolin-1 [97]. The C-terminal fragment resulting
from APP processing by o-secretase is also localized within caveolae-enriched frac-
tions. Importantly, in AD caveolae dysfunction may cause reduced activity of a-
secretase and accumulation of toxic A, and caveolin depletion by antisense oligo-
nucleotides prevented a-cleavage. On the other hand, caveolin overexpression in-
creased the a-secretase-mediated proteolysis of APP [97], strongly suggesting that
a-cleavage could occur in caveolae (Fig. 10.4). However, proteinase inhibitors
added to the cell surface had no effect on APP cleavage, indicating that the bulk of
the processing takes place intracellularly [123-125]. Therefore, a second mecha-
nism should exist that involves an intracellular compartment which may be inde-
pendent of the plasma membrane caveolae. Alternatively, this phenomenon could
be explained by the presence of an intracellular form of caveolae - that is, plasma-
lemmal vesicles. Thus, the a-secretase processing of APP could be regulated by the
cycle of caveolae internalization and recycling. Because a-secretase cleavage occurs
at both Leul7 and Val18 in the amyloid peptide [126], it is also possible to speculate
on the existence of multiple o-secretases which cleave APP at distinct o-sites.

APP is known to transit through clathrin-coated pits and vesicles on its way to
endosomes and lysosomes [127]. It is therefore conceivable that a pool of APP is
localized in caveolae where o-secretase processing takes place, whereas the re-
maining intact APP may be cleared from the cell surface via clathrin-coated pits
and targeted to endosomes and lysosomes for proteolysis (Fig. 10.4).

Furthermore, Kojro et al. [83] found that small amounts of the ADAM10 (with a-
secretase activity on APP) immature proform were associated with rafts in human
embryonic kidney (HEK) cells and that cholesterol depletion by mBCD increased
a-secretase activity. Similarly, filipin treatment, which causes the destruction of
caveolar structures, also led to a substantial increase in a-secretase activity.

These data indicate that only a “minor part” of APP could be cleaved by the a-
secretase within lipid rafts or caveolae microdomains. Moreover, fluorescence ani-
sotropy studies and biochemical assays [83] indicate that increased membrane flu-
idity and impaired APP internalization are responsible for the increased o-secre-
tase activity after acute cholesterol depletion by treatment with mBCD. Specifically,
increased membrane fluidity could increase the lateral movement of APP and the
a-secretase activity within the membrane.

Ledesma et al. [128] have shown that plasmin (a serine protease), which is pre-
sent exclusively in lipid rafts of hippocampal neurons in culture, participates in
APP a-processing directly or through the activation of other proteases (i.e., ADAM
10 [129]). Reduced brain plasmin could be one cause of amyloid plaque formation,
since first, plasmin levels are low in brains affected by AD and some aged humans,
and second, activation of plasmin increases the a-processing of APP and decreases
the levels of AP peptide [128].



10.4 Alzheimer’s Disease: The Role of Rafts in APP Trafficking and Processing

Thus, the formation of amyloid plaques during senescence can be a conse-
quence of a natural decrease in levels and/or activity of plasmin-mediated o-cleav-
age of APP. Genetic predisposition and environmental factors would determine
who suffers down-regulation of plasmin throughout life.

10.4.4.1 The Role of Lipid Rafts in this Event
Ledesma et al. [130] have shown that AD hippocampi show a large disorganization
of membrane lipid rafts and reduced plasmin activity. Raft disorganization could
lead to AD due to a failure in the activation of a plasmin-mediated amyloid clear-
ance pathway. Thus, these findings highlight the importance of correct membrane
organization in the maintenance of amyloid clearance (see Fig. 10.3B).

Such hypotheses are in apparent contradiction with the idea that raft perturba-
tion by cholesterol depletion may prevent AD by reducing the production of AP
[95,102]. The amount of cholesterol removal and the different cell types used may
explain the diverse results of rafts disruption. Hence, plasmin activity was lost
when cholesterol reduction was no higher than 36 % in human samples. In con-
trast, inhibition of AB production was observed in one case after acute removal of
membrane cholesterol (60%) [102] (see Fig. 10.3B), and also in undifferentiated
N2A cells [95]. From these data it is clear that the lack of proper rafts organization
produces changes in different raft-mediated events that might be related to AD
pathogenesis.

10.4.5
The Role of Caveolae/Rafts in y-Secretase Activity

The y-secretase complex was also shown to be associated with rafts [131,132],
mainly in the late-Golgi and post-Golgi-derived vesicles as well as in recycling
endosomes, but not in plasma membrane rafts [95,132,133].

A recent report showed that despite y-secretase cleavage occurring in lipid rafts,
y-secretase catalytic activity is independent of the presence of cholesterol [133,134].
Indeed, although biochemical assays in neuronal cells showed mature y-secretase
to be associated with lipid rafts in a cholesterol-dependent manner when choles-
terol was acutely depleted using mBCD, the quantities of Ap produced were not
altered.

In addition, it has been proposed that y-cleavage of APP could also occur follow-
ing endocytosis, resulting in the intracellular generation of AP that could be either
retained in intracellular compartments or released from recycling endo-
somes [115]. This balance of intracellular versus cell-surface AP generation could
be regulated by the half-life of APP at the cell surface.

The current data therefore support two different possibilities for APP y-cleav-
age:

e vy-cleavage occurs within cholesterol-rich lipid rafts in an intracellular compart-
ment such as early/recycling endosomes, late-Golgi and post-Golgi-derived vesi-
cles; or

e y-cleavage of APP occurs at the cell surface outside rafts (see Fig. 10.4).
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10.4.6
The Contribution of Cholesterol and Sphingolipids in APP Processing

The cholesterol content of lipid rafts has been shown to contribute to the integrity
of raft structure and the function of lipid rafts in signaling and membrane traffick-
ing [4,135]. In addition, the results of several studies have shown that sphingo-
lipids modulate raft functions [136,137].

A very recent report [138] examined the changes in APP processing and AP
generation in sphingolipid-deficient cells, thus demonstrating the importance of
sphingolipid levels for modulating APP processing. In particular, it has been
shown that sphingolipid deficiency enhances sAPPa secretion via activation of the
MAPK/ERK pathway, though the mechanism by which sphingolipid deficiency
enhances ERK activity is as yet unknown. Interestingly, cholesterol depletion is
reported to increase sAPPa secretion rates, although it is not known whether the
MAPK/ERK pathway is involved in this cholesterol depletion-mediated path-
way [83].

Furthermore, the possibility that cholesterol and sphingolipids depletion en-
hances APP o-cleavage in different ways cannot be excluded. Previous reports have
shown that cholesterol depletion causes a decrease in B-cleavage activity and an
increase in o-cleavage activity of APP [102]. In contrast, under conditions in which
cholesterol levels are unchanged and lipid raft dysfunction is caused by sphingo-
lipid depletion, the a-cleavage of APP is enhanced without affecting the -cleavage
activity of APP or the APP level in lipid rafts. These findings could suggest that
sphingolipid depletion may enhance a-cleavage of APP without shifting the intra-
cellular trafficking of APP from the “Ap generation site” (lipid rafts) to the “Ap
nongeneration site” (outside rafts).

Therefore, cholesterol and sphingolipids may play different roles in affecting o-
and B-cleavage of APP. Interestingly, also in the case of prion diseases, the effect of
sphingolipid depletion on the formation of scrapie prion protein is opposite to that
of cholesterol depletion [33,76].

10.5
Conclusions

In this chapter we have examined the intracellular routing and processing of PrP¢
and APP, and have discussed the possible intracellular sites of prion conversion
and A generation. Because the intracellular trafficking and processing of prion
proteins have crucial roles in prion conversion, it is believed that investigations of
the different stages of intracellular trafficking and processing of prion proteins,
together with an analysis of the cellular site involved in the conformational
changes, will help to clarify the mechanisms which regulate prion formation.
Current data suggest that the ER might play a major role in the conversion of
mutant PrP, whilst in the infectious diseases it is the transport of PrP¢ to the
plasma membrane and its subsequent internalization that appear to be require-
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ments for conversion. Furthermore, lipid rafts with which both PrP¢ and PrP5 are
associated also appear to be fundamental for the conversion process. There are
clear indications that rafts play an important role in stabilizing PrP¢ conformation,
thereby exerting a protective role for the disease (see Fig. 10.2). They also appear to
play a crucial role in the pathogenesis of Alzheimer’s disease.

In particular, current evidence indicates that APP a-cleavage could occur both at
the cell surface and intracellularly. Although some of the a-secretases have been
localized in caveolae, the majority of this cleavage seems to occur outside rafts.
Nonetheless, it is clear that membrane and raft integrity play major roles in con-
trolling the balance between a- and B-cleavage which compete for the same sub-
strate. Indeed, a moderate or drastic cholesterol depletion could affect the levels of
these cleavages in different ways, leading to an increment of one or the other
secretase processing, and thereby either incrementing or reducing AB production
(see Fig. 10.3B). The manner in which this occurs and the nature of the major
players is not completely clear, however.

A more meticulous analysis of lipid raft composition, together with the applica-
tion of new methods to investigate the specific location of PrP and APP/Af in
living cells and to reveal conformational changes within the molecules should
provide a better understanding of prion and AP generation. This will lead to a
better understanding of the pathogenesis of prion and Alzheimer’s diseases, and
possibly also to the development of new drugs for the prevention and therapy of
these conditions.
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AMF autocrine motility factor

apoE apolipoprotein E

APP amyloid precursor protein

BIP immunoglobulin heavy chain binding protein
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11
Caveolae and the Endothelial Nitric Oxide Synthase

Olivier Feron

11.1
Introduction

Nitric oxide (NO) is a multifaceted molecule which plays key roles in many bio-
logical situations [1]. Endothelial nitric oxide synthase (eNOS) is the major NOS
isoform responsible for cardiovascular homeostasis. eNOS is a calmodulin-acti-
vated enzyme which consists of an oxygenase and a reductase domain containing
binding sites for a variety of cofactors that promote electron transfer from one
domain to the other, leading ultimately to the conversion of r-arginine to citrulline

and NO [2] (Fig. 11.1).

L-Arginine NO

Reductase Oxygenase

A

NADPH l EMN ~

e 1 o
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L-Arginine NO

Fig. 11.1 Reciprocal regulation of the eNOS
catalytic activity by caveolin (Cav) and cal-
cium-bound calmodulin (CaM). eNOS is a
two-domain enzyme consisting of a reduc-
tase domain containing binding sites for fla-
vin mononucleotide (FMN), flavin adenine
dinucleotide (FAD) and nicotinamide adenine
dinucleotide phosphate hydrogen (NADPH)
and an N-terminal oxygenase domain with
binding sites for heme, L-arginine (Arg) and
tetrahydrobiopterin (BH4). eNOS is active as

Reductase

a dimer: NADPH-derived electrons are trans-
ferred to the flavins and then to the heme
(located on the vis-a-vis monomer) where O,
can be recruited and catalyzes NO synthesis
from L-arginine. Caveolin interaction with the
eNOS oxygenase domain stabilizes the com-
plex and prevents L-arginine binding, whereas
caveolin interaction with the reductase do-
main antagonizes CaM binding and slows
down electron transfer to the oxygenase do-
main, thereby inhibiting NO production.
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Fig. 11.2 The multiple roles of nitric oxide and angiogenesis through basal and stimu-
(NO) in the healthy heart. Endothelial cells in  lated NO production. In cardiac myocytes,
coronary arteries (as in other vascular beds) both eNOS and nNOS are constitutively ex-
constitutively express endothelial nitric oxide pressed and modulate key processes includ-
synthase (eNOS) that regulates critical vascu-  ing excitation-contraction coupling, mito-
lar functions such as contractility, permeabil- chondrial respiration, and receptor-mediated
ity, leukocyte adhesion, platelet aggregation autonomic stimulation.

The principal source of NO within the normal myocardium is the endothelium
of the coronary vasculature. Endothelial cells constitutively express the eNOS iso-
form, which generates NO in response to specific extracellular signals to regulate
vascular smooth muscle tone and thrombogenicity, among other actions [3]
(Fig. 11.2). In addition to coronary vascular (and endocardial) endothelium, both
atrial and ventricular myocytes — including specialized pacemaker tissue — also
express eNOS. Excitation-contraction coupling, modulation of autonomic signal-
ing and mitochondrial respiration are more directly regulated by myocyte-pro-
duced NO [4] (see Fig. 11.2). Amazingly, the same molecule, NO, has been in-
volved in many cardiovascular diseases [5]. A shift from finely regulated NO pro-
duction by eNOS (and neuronal NOS, also expressed in cardiac myocytes) to a
deregulated NO production by the inducible NOS isoform (iNOS) is, indeed, asso-
ciated with a variety of heart diseases. The extent of NO release (e.g., limited for
the two constitutive NOS and in large excess for iNOS) is thought to account for
the differential effects on cardiac function. Recognition of the threshold above
which NO becomes toxic is, however, unclear and certainly appears elusive when
considering, for instance, the potential benefits of nitrates — medications which
deliver large amounts of NO. A safer way of addressing the question of cytotoxic
versus protective effects of NO is to emphasize the qualitative characteristics of NO
release. Consequently, the following paragraphs will emphasize, by a series of
examples, the developing consensual view according to which (in nonpathological



11.2 Caveolin: A Scaffold for eNOS

states at least) NO exerts its regulatory roles by being produced at the right time in
the right place.

11.2
Caveolin: A Scaffold for eNOS

Since NO is a very labile and highly reactive messenger molecule with autocrine
and paracrine functions, the site of NO production should logically have a major
influence on its biological activity. The discovery in 1996 of the location of eNOS in
caveolae [6,7] was therefore viewed as the proof of concept that compartmentation
of the enzyme is critical to fine-tune NO synthesis. This specific locale of eNOS
had been suspected based on the double acylation process that characterizes
eNOS: myristoylation on glycine (at position 2) and palmitoylation on two cy-
steines (at positions 15 and 26). In fact, by using cultured endothelial cells, eNOS
was shown to be preferentially located in caveolae (versus the rest of the plasma
membrane), with each acylation process enhancing the caveolar enrichment some
10-fold [6]. This discovery was rapidly followed by the identification of a tight reg-
ulation between eNOS and caveolin, the structural protein of caveolae. It has been
reported that, in endothelial cells and cardiac myocytes, eNOS was quantitatively
associated with caveolin-1 and caveolin-3, respectively [8]. The determinants of this
interaction subsequently became the focus of studies conducted by several inde-
pendent groups. It was shown, by exploring the differential effects of detergents,
that although eNOS thiopalmitoylation is not absolutely required to induce forma-
tion of the caveolin-eNOS complex, acylation largely facilitates the interaction
between both proteins [9]. The sequences involved in this mutual interaction
were also identified, based on the studies of Lisanti et al., who found a region
within the caveolin sequence that could act as a scaffold for many caveolar pro-
teins [10].

This so-called “caveolin scaffolding domain” (CSD) is a region spanning 20 resi-
dues in the caveolin sequence (mapping to residues 81-101 in the human cav-
eolin-1 sequence) [10]. Using a glutathione S-transferase (GST)-CSD fusion pro-
tein as a bait to select peptide ligands from a bacteriophage display library, Lisanti
and colleagues identified a “caveolin binding motif” (CBM) that appeared to be
present in whole or in part in many proteins located in caveolae (OXPXXXX
DXX®D, where ® represents an aromatic amino acid) [11]. That the interaction with
caveolin involves these consensus sequences is, however, only documented for a
few caveolar residents but among them, stands eNOS [12,13]. Several laboratories
have indeed investigated the molecular determinants of the caveolin-eNOS inter-
action using in-vitro binding assay systems with GST fusion proteins (including
deletion mutants) and an in-vivo yeast two-hybrid system [9,13-15]. The major con-
clusions from these studies are that eNOS and caveolin-1 interact directly rather
than indirectly, and that this interaction involves multiple sites: the oxygenase and
reductase domains of eNOS and the two cytoplasmic domains of caveolin-1. The
CBM (sequence 350-358 FPAAPFSGW) that recognizes the CSD is located in the
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oxygenase domain of eNOS, between the heme and the calmodulin binding do-
mains. This location is adjacent to a glutamate residue (Glu361) necessary for the
binding of 1-arginine, which suggests that caveolin may interfere with heme iron
reduction, similarly to r-arginine-based NOS inhibitors (see Fig. 11.1).

This latter observation led us and others to investigate whether the caveolin-
eNOS interaction was inhibitory. Like all known NO synthases, eNOS enzyme
activity is dependent on calmodulin binding, the activation of which requires an
increase in intracellular calcium. With the discovery of the caveolin-eNOS inter-
action, it appeared that calmodulin acts, in fact, as a direct allosteric competitor
promoting the disruption of the heteromeric complex formed between eNOS and
caveolin in a Ca**-dependent fashion [13,15,16] (Fig. 11.1). Both the CSD and the
CBM domains were shown to be involved. Accordingly, peptides corresponding to
the CSD domain were shown to interact directly with the enzyme and markedly
inhibit NOS activity in endothelial cells [13]. Likewise, site-directed mutagenesis of
the CBM was found to block the ability of caveolin-1 to suppress NO release in
transfection experiments [12].

Using full-length eNOS or truncated enzyme which only expresses the oxyge-
nase domain, studies conducted by Ghosh et al. [17] led to the establishment of a
model, according to which caveolin interaction with the oxygenase domain helps
to target the eNOS-caveolin complex to caveolae. In contrast, caveolin interaction
with the reductase domain is primarily responsible for antagonizing calmodulin
binding and for slowing electron transfer from the reductase, thus inhibiting
heme iron reduction and NO synthesis (see Fig. 11.1).

11.3
The Caveolin-eNOS Regulatory Cycle

Consecutive to disruption of the caveolin-eNOS complex induced by agonist stim-
ulation or shear stress, eNOS has been proposed to traffic intracellularly
(Fig. 11.3). Prabhakar et al. showed that eNOS is de-palmitoylated after prolonged
agonist stimulation, and is no longer selectively sequestered in the caveolae [18].
The acyl-protein thioesterase 1 (APT1) has, indeed, been shown specifically to
promote eNOS depalmitoylation through a Ca**-calmodulin-dependent path-
way [19]. The translocated enzyme then partitions into noncaveolar plasma/intra-
cellular membranes, and also in the cytosol. The interaction of eNOS with Hsp90
and consecutive (de)phosphorylation (see below) is probably also involved in traf-
ficking of the enzyme, but the molecular mechanisms underlying these processes
are still not clearly delineated. By contrast, several lines of evidence have indicated
that, subsequent to the translocation of the enzyme and after the decline in [Ca**];
to basal levels, eNOS may once again interact with caveolin and is then re-targeted
to the caveolae, the process being accelerated (or stabilized) by enzyme palmitoyla-
tion [14]. The long-chain fatty acyl CoA synthetase was recently identified as a key
modulator of eNOS re-palmitoylation [20]. Re-association of eNOS with caveolin
could occur either at the plasma (caveolar) or perinuclear membrane levels, or
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Fig. 11.3 The caveolin-eNOS regulatory cycle (see text for de-
tails). NOSIP = eNOS interacting protein; NOSTRIN = eNOS
traffic inducer.

even in the cytosol through which caveolin complexes may shuttle between the
caveolae and an internalized caveolar vesicle/trans-Golgi network (see Fig. 11.3).

The lag time between the agonist-induced disruption of the caveolin-eNOS inter-
action and the heterocomplex re-formation is thought to be nonexclusively asso-
ciated with eNOS activation. Indeed, the arginine transporter CAT1 being located
in the caveolae [21], the dissociation of the enzyme from its proximity as well as
from several receptors/effectors localized in the caveolae [22,23], is likely to serve
as a feedback mechanism for eNOS activation. Also, because NO activates molec-
ular targets outside the endothelial cell, it seems likely that the intracellular locale
of eNOS could affect the signaling roles of its product (e. g., the paracrine effects of
NO), and thereby modulate the response to extracellular signals. NO finds, indeed,
most of its targets in the proximal myocyte layers or circulating blood cells such as
platelets and red cells. Similarly, it appears logical that the luminal surface of the
endothelium, which is directly exposed to the blood flow and therefore expected to
be sensitive to hemodynamic forces, would be a primary site for the documented
flow-responsive eNOS activity.

The group of Miiller-Esterl has identified, by using yeast two-hybrid screening,
two new proteins named NOSIP (“eNOS interacting protein”) and NOSTRIN
(“eNOS traffic inducer”) that specifically bind to the human eNOS oxygenase do-
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main [24,25] (see Fig. 11.3). Although structurally unrelated, overexpression of
both proteins in eNOS-expressing cells has similar effects: net dissociation of
eNOS from the plasma membrane and inhibition of agonist-induced NO produc-
tion. Some observations indicate that both effects are very likely to be related (e. g.,
NOSIP and NOSTRIN modulate eNOS enzyme activity by uncoupling eNOS from
plasma membrane caveolae). For instance, NOSIP overexpression does not impact
on eNOS activity measured in vitro using a citrulline assay. Also, eNOS binding
sites for caveolin and NOSIP do overlap. Nonetheless, whether NOSTRIN and
NOSIP promote eNOS translocation from the plasma membrane or inhibit the
reverse transport (usually observed after prolonged stimulation) remains un-
known.

Of note, although NOSIP and NOSTRIN share some of their functional features
and are both particularly abundant in vascularized organs, they differ in other
respects [24,25]. Accordingly, while NOSIP overexpression induces eNOS trans-
location to intracellular sites that co-localize with Golgi and cytoskeletal marker
proteins (B-COP and tubulin, respectively), NOSTRIN overexpression largely tar-
gets the enzyme to vesicle-like structures spread all over the cytosol. Also, in endo-
thelial cells, NOSIP is mostly found in the cytosol and the nucleus, whereas NOS-
TRIN is found exclusively in extranuclear locations and at the plasma membrane;
in this context, a positive effect of NOSTRIN to address eNOS to the plasma mem-
brane (caveolae) cannot be excluded.

Importantly, although this chapter is focused on the caveolin-related mode of
regulation of eNOS activity, it should be emphasized that besides the protein-
protein interactions detailed above, eNOS is also regulated by phosphoryla-
tions [26]. Among the putative phosphorylation sites within the eNOS sequence,
two (Ser1177 and Thr495) are currently considered to be critical for eNOS activa-
tion. Ser1177 phosphorylation is proposed to improve electron flux through the
enzyme and to increase its affinity for calmodulin, whereas dephosphorylation of
Thr495 is thought to suppress the steric inhibition for calmodulin association to its
binding site [26] (Fig. 11.3). Accordingly, the phosphorylation of eNOS on Ser1177
has been extensively documented as a major kinase-dependent mode of eNOS
activation, whereas Thr495 has been reported to participate, when phosphorylated,
in the tonic inhibition of eNOS activity. In addition, by directly examining changes
in native eNOS post-translational regulation, we recently found that the scaffold-
ing function of Hsp90 previously identified for Akt [27,28] also applied to the phos-
phatase calcineurin [29,30]. These Hsp90-driven protein-protein associations pro-
vide an explanation for the reciprocal regulation of eNOS on distant phosphoryla-
tion sites (e.g., Akt-dependent Ser1177 phosphorylation and calcineurin-mediated
Thr495 dephosphorylation).

The regulation of eNOS activity/trafficking is very likely to result from the com-
bination of its dynamic interaction with the different partners identified to date
(including caveolin, NOSIP, NOSTRIN and Hsp90) and the phosphorylation pat-
tern of the enzyme. In the following sections, the caveolin-eNOS interaction will
be retained as the main thread, and reference will be made to other modes of
regulation when necessary.
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11.4
Lipoproteins and Caveolin-eNOS Interaction

The observations by Fielding et al. that, in human fibroblasts, high levels of cel-
lular free cholesterol (FC) induce caveolin gene transcription [31,32] led us to ex-
amine whether a similar increase in caveolin abundance in endothelial cells could
account for a reduction in NO production. Accordingly, we exposed endothelial
cells to low-density lipoprotein (LDL)-cholesterol and found that both caveolin
abundance and caveolin-eNOS complex formation were increased [33] (Fig. 11.4).
Furthermore, NO release (under basal and stimulated conditions) was inhibited,
thereby providing some insights for a new pathogenic mechanism linking hyper-
cholesterolemia and endothelial dysfunction. A defect in the NO pathway is, in-
deed, viewed as a hallmark of endothelial dysfunction characterized by an im-
paired endothelium-dependent vasodilation and the unopposed influence of
thrombogenic and proliferative factors on the vessel wall.

In parallel to these observations that cholesterol could lead to eNOS inhibition
through the induction of caveolin expression, Blair et al. [34] documented that

AT
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Non-activable
eNOS

intracellular
sion. The interaction of oxidized LDL (oxLDL)

caveolae
Fig. 11.4 Reversible lipoprotein-dependent

regulation of caveolin-eNOS interaction. High
levels of native LDL stimulate caveolin
transcription and thereby promote the inter-
action of eNOS with the increased caveolin
pool (left). The resulting inhibition of eNOS
activity can be reversed by statins that, by
inhibiting the endogenous synthesis of cho-
lesterol in endothelial cells (as well as indi-
rectly by reducing circulatory LDL-choles-
terol), negatively impact on caveolin expres-

with the CD36 receptor located in caveolae
leads to a marked depletion of caveolar cho-
lesterol and to the translocation of caveolin
and eNOS to intracellular compartments (see
right), wherein basal and agonist-stimulated
NO production are dramatically reduced.
Conversely, HDL, through caveolar SRBI
binding, provisions cholesterol esters to the
cell, thereby reversing the deleterious effects
of oxLDL.
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oxidized LDL (0xLDL) caused the translocation of both eNOS and caveolin from
caveolae to intracellular membranes (Fig. 11.4). These authors further docu-
mented that oxLDL, through class B CD36 receptor binding [35], act as acceptors of
cholesterol, leading to marked depletion of caveolae cholesterol and redistribution
of caveolin and eNOS (but not of other caveolar residents such as PKCa and gang-
lioside GM1). They also showed that when examining the pattern of eNOS activa-
tion upon exposure to acetylcholine, the dose-response curve was shifted to the
right by 100-fold. A recent study by the Lisanti’s group also documented that the
loss of caveolin-1 (as observed in caveolin knockout mice) resulted in a dramatic
down-regulation of CD36 and, importantly, conferred a significant protection
against atherosclerosis in double apoE/caveolin knockout mice [36]. This latter
study confirmed the findings of Kincer et al., who showed that in apoE/CD36
double knockout mice — in contrast to apoE knockout mice — the acetylcholine-
evoked reduction in blood pressure is conserved (as well as the eNOS localization
to caveolae) [37].

Whether such processes of native and oxLDL-dependent regulation of the cav-
eolin-eNOS interaction are reversible was also addressed. Our group showed, both
in vitro and in vivo, that hydroxymethylglutaryl coenzyme A (HMGCoA) reductase
inhibitors (statins) could reduce caveolin abundance [38,39]. In cultured endothe-
lial cells, the reduction in caveolin abundance obtained with atorvastatin was asso-
ciated with a restoration of basal and agonist-stimulated eNOS activity (see
Fig. 11.4) [38]. In dyslipidemic, apolipoprotein (apo) E~/~ mice, the alterations in
heart rate and blood pressure variabilities were corrected by chronic treatment
with rosuvastatin [39]. Our findings also highlighted the therapeutic potential of
statins in diseases other than hypercholesterolemia, such as hypertension or heart
failure. Indeed, we showed that statins could decrease caveolin abundance in en-
dothelial cells and in apoE~/~ mice, independently of the extracellular and plasma
load in LDL-cholesterol, respectively [38,39].

As for the oxLDL-mediated CD36-dependent alteration in caveolin-eNOS biol-
ogy, the reversibility of the phenomenon was documented with high-density lipo-
protein (HDL) that prevented both the depletion of caveolar cholesterol and the
eNOS displacement from caveolae [37]. Amazingly, the provision of cholesterol
esters by HDL binding to the scavenger receptor BI (and not the inhibition of
cholesterol transfer from caveolae to oxLDL) was found to account for the correc-
tion of eNOS mislocalization and the restoration of the acetylcholine-induced acti-
vation of eNOS [40] (see Fig. 11.4). Of note, the eNOS stimulation by HDL was
recently shown to involve Src-mediated signaling [41].

The conclusion to be drawn from the above studies is that both native LDL in
excess and oxLDL contribute to the change in NO production, and therefore ac-
count for the many functional defects associated with NO deficiency. Although the
oxidative stress paradigm is well established as a trigger of the atherosclerotic
process, endothelial dysfunction occurs before the appearance of any ultrastruc-
tural change in the vessel wall. It may therefore be postulated that chronologically,
chronic elevations in serum LDL-cholesterol and then lipoprotein oxidation con-
tribute to caveolin-dependent alteration in NO signaling. Importantly, both phe-
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nomena appear reversible. Physiologically, the beneficial effects of HDL are clearly
emphasized by several studies described herein. Moreover, the pharmacologically
pleiotropic effects of statins can be expected (interestingly) at doses that do not
necessarily require any reduction in LDL correction.

115
Angiogenesis and Caveolin-eNOS Interaction

In 1999, Lisanti and colleagues documented that caveolin-1 was down-regulated by
angiogenic growth factors in subconfluent endothelial cells, but not when these
cells were confluent [42]. These authors further showed that, in contrast, caveolin-
1 protein levels were up-regulated during endothelial cell differentiation and that
expression of caveolin-1 in confluent endothelial cells stimulated endothelial tube
formation [43]. Although, the original observation that growth factor exposure can
down-regulate caveolin expression in endothelial cells remains a matter of debate,
the second set of data (e.g., the role of caveolin in endothelial differentiation/tube
reorganization) was verified by other investigators (but only for the link between a
reduction in caveolin abundance and the inhibition of angiogenesis). Indeed, Grif-
foni et al. found, using caveolin antisense technology, that a reduction in caveolin
abundance reduced vessel formation in the chorioallantoic membrane assay [44].

Consecutively, we found that statins could stimulate tube formation from macro-
vascular endothelial cells cultured on Matrigel® through a decrease in caveolin
abundance (and in its inhibitory interaction with eNOS) [27]. In microvascular
endothelial cells, statins only marginally decreased the abundance of caveolin pro-
tein (that amounted to almost 10-fold the pool of caveolin in macrovascular endo-
thelial cells), and therefore did not impact on the regulation of eNOS activity. In
those endothelial cells, however, statins were shown to stimulate angiogenesis
through eNOS phosphorylation on Ser1177 — a process which is facilitated by the
recruitment of the chaperone protein hsp90 that acts as an adaptor between eNOS
and the kinase. Still, caveolin overexpression or cell loading with caveolin scaffold-
ing domain-derived peptides prevented the ability not only of statins but also of
vascular endothelial growth factor (VEGF) to stimulate in-vitro angiogenesis
(Fig. 11.5). These observations were further confirmed in a mouse model of angio-
genesis (in tumors). In-vivo lipofection of a caveolin plasmid led, indeed, to the
inhibition of both NO-mediated vasodilation and angiogenesis in tumors [45]
(Fig. 11.5).

Paradoxically, we found that in aortic endothelial cells isolated from caveolin-
1-deficient mice (Cav™/") (as well as Cav*/~ mice), VEGF-induced NO production
and endothelial tube formation were dramatically decreased when compared with
Cav*/* endothelial cells (see Fig. 11.5). The VEGFR-2 mistargeting (due to the lack
of caveolin in Cav™/~ mice) was identified as the cause of the incapacity of VEGF to
activate the downstream signaling cascades, including eNOS and ERK activation.
This led to dramatic consequences in a model of adaptive angiogenesis obtained
after femoral artery resection [46]. In fact, contrary to Cav*/* mice, both Cav~/~ and
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statins  PLGEE
A NO-dep. CSD pep.
angiogenesis high LDL

Caveolin abundance
Fig. 11.5 Model of the regulation of angioge-  abundance by recombinant (rec.) caveolin
nesis by caveolin-eNOS interaction. Experi- expression, caveolin scaffolding domain
mentally based relationship between the (CSD) peptides or LDL-cholesterol exposure
abundance of caveolin and the NO-depend- as well as the pro-angiogenic effects of reduc-
ent angiogenesis. Note the position of the ing caveolin abundance (upon statins) until a
“normal” or “physiological” (100% given threshold from which anti-angiogenic
expression) caveolin phenotype within the effects will be observed (similar to those
bell-shaped pattern, emphasizing the anti- obtained with caveolin overexpression).

angiogenic effects of increasing caveolin

Cav*/" mice failed to recover a functional vasculature, as authenticated by laser
Doppler evaluation of the ischemic tissue perfusion and histochemical analyses.
These data recapitulate the findings of Woodman et al., who found in Cav™/~ mice
a dramatic reduction in both vessel infiltration and density in tumor models of
angiogenesis [47]. Interestingly, in aortic endothelial cells isolated from Cav/~
mice, we further documented that recombinant caveolin expression in endothelial
cells helped to redirect the VEGFR-2 in caveolar membranes and to restore the
VEGF/NO and VEGF/ERK signaling cascades. Amazingly, however, when (too-)
elevated levels of recombinant caveolin were reached, VEGF exposure failed to
activate ERK and eNOS [46], these findings being in good agreement with the
experiments of caveolin transfection described above [45] (Fig. 11.5).

A model integrating the “compartmentalizing” effect of caveolin (e.g., receptor-
effector coupling is either prevented or promoted when/where caveolin is down- or
up-regulated) and the “inhibitory” hypothesis (e.g., inhibition proportional to cav-
eolin levels) is described in Figure 11.5.

11.6
Vasodilation, Endothelial Permeability and Caveolin-eNOS Interaction

The role of caveolae in endothelium-dependent and NO-mediated vascular relaxa-
tion was documented in the original papers reporting the phenotype of caveolin-
deficient mice by the groups of Kurzchalia and Lisanti [48,49]. These authors have,
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indeed, evaluated the NO-mediated vasorelaxing effects of acetylcholine on aortic
rings precontracted with phenylephrine (an al-adrenergic vasoconstrictor). Both
groups reported a significantly greater relaxation in Cav-1 null aortic rings at all
acetylcholine concentrations examined. Drab et al. further documented that, in
primary culture of aortic vascular smooth muscle cells, the basal release of NO was
one-third higher than in wild-type cells and the content of cyclic guanosine mo-
nophosphate (cGMP) was about three-fold higher in knockout animals [48]. Raz-
zani et al. also found that, in the presence of the NOS inhibitor L-NAME, the
increase in contractile response to phenylephrine was significantly greater in the
Cav-1 null mice [49].

That eNOS becomes hyperactivated in the absence of caveolin-1 formed the
basis for further studies exploring this paradigm in a variety of biological contexts,
including agonist- and shear stress-induced vasoresponse as well as disease states.
For example, Omura et al. reported that eicosapentaenoic acid stimulated NO pro-
duction and the associated endothelium-dependent relaxation through stimulation
of the dissociation of the caveolin-eNOS complex [50]. Similarly, increasing vas-
cular flow (which is by far the main in-vivo trigger for vasodilation) was shown
rapidly to activate caveolar eNOS by inducing calmodulin-dependent eNOS dis-
sociation from caveolin [51]. By contrast, in a model of portal hypertension, Shah et
al. [52] found that caveolin expression was significantly increased in liver sinusoids
and venules, thereby leading to a significant reduction in NO production. An ab-
normal tight coupling between eNOS and caveolin was also identified by Murata et
al. in a rat model of hypoxia-induced pulmonary hypertension (another disease
state which is in part due to impaired bioactivity of vascular NO) [53]. These au-
thors documented that, in the hypoxic pulmonary artery, the increased caveolin-
eNOS interaction accounted for the impaired eNOS activity in either the presence
or absence of carbachol. In yet another study, Pelligrino et al. attributed the defect
in acetylcholine-induced vasodilation of ovariectomized rat pial arteries to caveolin.
More exactly, they found that the endothelial dysfunction observed in these oper-
ated rats could be reversed by estradiol treatment through a reduction in endothe-
lial caveolin-1 expression [54]. Finally, using isolated tumor arterioles mounted on
a pressure myograph, we documented that local tumor irradiation induced NO-
mediated vasorelaxation through not only an increase in the abundance of eNOS
but also a decrease in caveolin-1 expression [55].

Besides vasodilation, caveolin-eNOS interaction has also been proposed to im-
pact on vascular permeability. Caldwell et al. initially reported that VEGF increased
endothelial cell permeability by an eNOS-dependent mechanism of transcytosis in
caveolae and also, interestingly, that VEGF-R2 and eNOS co-localized with cav-
eolin-1 in plasma membrane caveolae in retinal microvascular endothelial
cells [56]. The same authors then documented that VEGF stimulated the transloca-
tion of eNOS, caveolin-1 and the VEGF receptor into the nucleus [57]. In the con-
text of inflammation and tumor angiogenesis, Sessa’s group also identified a role
for caveolin in endothelial cell permeability. Accordingly, Bucci et al. used two
experimental inflammatory models (subplantar administration of carrageenan and
ear application of mustard oil) to examine the effects of the CSD on induced
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permeability [58]. These authors showed that the systemic administration of CSD-
derived peptides fused with a cellular internalization sequence (derived from the
Antennapedia homeodomain) suppressed acute inflammation and vascular leak to
the same extent as the NOS inhibitor L-NAME. Gratton et al. showed that the same
fusion peptide inhibited eNOS-dependent vascular leakage in tumors and consec-
utively delayed tumor progression in mice [59]; extravasation of plasma proteins is,
indeed, known to contribute to the formation of a provisional matrix required to
initiate neoangiogenesis.

Taken together, these data emphasize the key role of caveolin and caveolae in
regulating smooth muscle relaxation and endothelial permeability. The results of
several studies have also suggested that activated eNOS, as observed in inflamma-
tion, tumors or hypoxia (versus healthy tissues), is particularly sensitive to altera-
tions in the caveolin pool, thereby opening new perspectives of treatments (using,
for example, CSD-derived peptides).

11.7
Caveolin-3-eNOS Interaction in Cardiac Myocytes

To explore the dual roles of eNOS caveolar targeting in cardiac myocytes (e.g.,
compartmentation to facilitate activation upon agonist stimulation and inhibition
of the eNOS catalytic activity in basal conditions), we refer to the paradigm of the
muscarinic cholinergic NO-mediated regulation of heart rate. eNOS activated by
muscarinic cholinergic agonists contributes to the so-called accentuated antago-
nism - that is, the ability of muscarinic cholinergic stimulation to attenuate B-
adrenergic signaling in various models [4]. In order to examine the impact of
eNOS compartmentation in caveolae of cardiac myocytes, we first used neonatal
myocytes isolated from eNOS-deficient mouse, that were transfected with cDNA
constructs encoding either the wild-type eNOS or a myristoylation-deficient eNOS
mutant [23] (Fig. 11.6). These knock-in experiments provided us with myocytes
expressing eNOS protein in either the caveolae or in the cytosolic compartment. In
myocytes expressing wild-type eNOS, a muscarinic cholinergic agonist dramat-
ically reduced the spontaneous heart beat rate (in a cGMP-dependent manner),
whereas in the myr-eNOS myocytes the agonist failed to exert its negative chrono-
tropic effect (Fig. 11.6). The second arm of the caveolae regulation (i.e., that cav-
eolin-3 exerts inhibitory effects on myocyte eNOS) was demonstrated by docu-
menting the blockade of muscarinic cholinergic agonist-induced negative chrono-
tropic effects in cardiac myocytes loaded with caveolin-3 scaffolding domain-de-
rived peptides.

Interestingly, a large fraction of sarcolemmal m2 muscarinic Cholinergic re-
ceptor (mAchR) was found to be targeted to cardiac myocyte caveolae upon agonist
stimulation [60], thereby reinforcing the role of compartmentation in regulating
NO signaling in myocyte. In a further study, we examined the impact of this
translocation on the mAchR internalization process and the consecutive alteration
in downstream NO signaling [22]. It was found that mAChR stimulation led to the
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Fig. 11.6 The key roles of caveolin-3 and
caveolae in the muscarinic cholinergic
(mAchR) regulation of heart rate. Top left:
Under basal conditions, caveolin-3 maintains
eNOS in its inactivated state and thereby
limits the negative chronotropic effects of
NO. Top right: The m2 mAchR receptor tar-
geting to caveolae upon agonist stimulation
leads to the activation of eNOS through a
local increase in intracellular calcium (the
sarcoplasmic reticulum is in close vicinity to
caveolae) and the consecutive disruption of
the caveolin-3-eNOS heterocomplex: the

myocyte beating rate is slowed (see represen-

tation of heart-beating chart recording).

CSD peptides

MR

Bottom: Proof of principle that eNOS com-
partmentation in caveolae is critical for
mAchR signaling in the heart [23]. Left: In
cardiac myocytes expressing only recombi-
nant myristoylation-deficient eNOS in the cy-
tosol, the coupling between agonist-bound
m2 mAchR receptor and the mutant eNOS is
lost, and no effect on the myocyte beating
rate can be observed. Right: When caveolin-
3-derived peptides (corresponding to the
CSD sequence) are introduced in myocytes,
eNOS is inactivated by this excess inhibitory
clamping, preventing activation of the
m2mAchR signaling cascade and the associ-
ated negative chronotropism.

sequestration of mAchRs through caveolae fission through a dynamin-dependent
GTP-driven process. Repeated stimulations of mAchRs led to a progressive in-
crease in mAchR sequestration (via the detachment of caveolae from myocyte sar-

colemma) and a concurrent stabilization of the inhibitory eNOS-caveolin complex.

These findings suggested that caveolae fission may contribute to G-protein-cou-
pled receptor desensitization and thereby terminate the (initially facilitated) NO

signaling cascade.
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11.8
Conclusions

In this chapter we have reviewed the multitude of evidence that the structural
protein caveolin-1 and the caveolae themselves are essential for the control of NO
production. Although caveolin-deficient mice are viable, there are today clear in-
sights on the deregulation, in these mice, of many biological functions wherein
NO is a key mediator or modulator, including angiogenesis [46,47], vasodila-
tion [48,49], vascular permeability [61,62], lipid metabolism [36], and cardiac biol-
ogy [63,64]. More specifically, we have documented that the caveolar compartmen-
tation of eNOS plays a paradoxical role, both tonically repressing basal eNOS activ-
ity by the enzyme’s interactions with caveolin, and also ensuring the efficient
activation of the enzyme upon agonist stimulation.

No other caveolar protein resident has been so extensively studied as eNOS.
Although many studies remain to be performed to understand the relevance of the
specific locale of the dozens of molecules proposed to be associated with caveolin,
it can be stated that among the responses to the many incoming signals integrated
in the caveolar organelles, endothelial NO production appears as one of the major
signal emanating from these signaling platforms.

Abbreviations

APT1 acyl-protein thioesterase 1

CaM calmodulin

CBM caveolin binding motif

CSD caveolin scaffolding domain
eNOS endothelial nitric oxide synthase
FC free cholesterol

GST glutathione S-transferase

HDL high-density lipoprotein
HMGCoA hexamethylglutaryl coenzyme A
iNOS inducible NOS isoform

mAchR muscarinic cholinergic

NO nitric oxide

NOSIP eNOS interacting protein
NOSTRIN  eNOS traffic inducer

oxLDL oxidized low-density lipoprotein
VEGF vascular endothelial growth factor
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12
The Role of Caveolin-1 in Tumor Cell Survival and Cancer
Progression

Dana Ravid and Mordechai Liscovitch

12.1
Introduction

Multifunctional adaptor proteins may have divergent actions in early versus late
phases of cancer progression, playing both tumor-suppressing and tumor-promot-
ing roles in a context-dependent manner. One such protein is the adaptor and
caveolar coat protein caveolin-1, which is an essential structural constituent of
plasma membrane caveolae (for a review, see [1,2]). The cellular localization of
caveolin-1 is not limited to caveolae in all cells [3], and it exhibits diverse functions
that go beyond its well-characterized role as a component of the caveolar coat (for a
review, see [4]). Caveolin-1 was implicated in tumorigenesis because its expression
is suppressed by oncogenic transformation, and little or no expression of caveolin-
1 was initially found in various human tumors and cancer cell lines [5]. In addi-
tion, caveolin-1 has well-established growth-inhibitory properties, and it has been
suggested to act as a tumor-suppressor protein [5]. However, a general tumor sup-
pressor action cannot easily be reconciled with the fact that, in many other cancer
cell lines and tumor specimens, the expression of caveolin-1 is high [6]. Further-
more, a positive correlation was often noted between the expression of caveolin-1
and the tumor cell grade and progression stage; in certain studies, the expres-
sion of caveolin-1 could be used to independently predict poor disease progno-
sis [6].

How can the divergent, cell type- and tumor stage-dependent changes in cav-
eolin-1 be explained? Previous studies have indicated that in addition to its growth-
inhibitory action, under certain circumstances caveolin-1 acts as a survival-promot-
ing protein [7—14]. The differential expression of caveolin-1 in various tumor cells
and specimens may thus be explained by the ability of caveolin-1 to exert both anti-
proliferative and pro-survival effects. It was previously hypothesized that, during
the early stages of cancer progression (when rapid proliferation is essential for
clonal expansion), expression of caveolin-1 is down-regulated, thus suppressing its
growth-inhibitory actions. Conversely, during the late, advanced stages of the dis-
ease (When survival and stress resistance are paramount), expression of caveolin-1
is up-regulated and it plays a pro-survival role [6,15]. In the following sections we
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shall re-evaluate this hypothesis in view of recent evidence that relates the expres-
sion and function(s) of caveolin-1 to cancer progression and tumor cell survival.

12.2
The Caveolin-1 Gene and its Regulation During Differentiation and Transformation

Caveolin-1, which was first identified as a ~22-kDa, tyrosine-phosphorylated pro-
tein in Rous sarcoma virus-transformed cells [16], was later found to be an essen-
tial constituent of caveolae [17-19]. The caveolar membrane system mediates cer-
tain transport processes, including transcytosis, potocytosis, and clathrin-inde-
pendent endocytosis [20]. Caveolin-1 binds sphingolipids and cholesterol — lipids
that are characteristic constituents of lipid rafts [4]. Caveolin-1 and caveolae are
also involved in mediating cellular cholesterol efflux [19,21].

Caveolin-1 is a member of a gene family that also comprises caveolin-2 and
caveolin-3. Caveolin-2 is co-expressed with caveolin-1 in many cell types, including
mesenchymal, endothelial, epithelial, neuronal, and glial cells [22,23]. Together,
caveolin-1 and caveolin-2 form hetero-oligomeric assemblies that constitute the
filamentous caveolar coat [23,24]. Caveolin-3 is selectively expressed in skeletal and
heart muscle cells, where it appears to substitute functionally for caveolin-1 [25].

Caveolin-1 interacts with numerous proteins via a caveolin “scaffolding” domain
(CSD) that binds short-sequence motifs that are rich in aromatic amino ac-
ids [1,26,27]. The ability of caveolin-1 to interact with many raft-localized signaling
proteins has indicated that it participates in signal transduction, and that its ex-
pression may have a profound effect on cell function and fate. Indeed, the expres-
sion of caveolin-1 is altered dynamically under different physiological conditions,
clearly implicating it as a regulator of cell growth and survival.

The induction of differentiation up-regulates caveolin-1 in various cell
types [3,28-32]. Up-regulation of caveolin-1 is also observed upon acquisition of
cell senescence [33,34]. In contrast, caveolin-1 is down-regulated upon transforma-
tion of fibroblasts by oncogenes such as Bcr-Abl, v-Abl, H-Ras, Polyoma virus
middle T and Crk1 [35], or Neu-T, ¢-Src-Y52F and Myc [36]. These data accorded
well with the many growth-inhibitory effects of caveolin-1 (for reviews, see [5,6])
and its human chromosomal location near a locus (7q31.1/D7S522) that is deleted
in several forms of cancers [37,38]. In addition, genetic knockout of caveolin-1
leads to hyperplasia of pulmonary endothelial cells and mammary gland epithelial
cells [39,40] and results in increased sensitivity to oncogenic and carcinogenic
stimuli [41,42]. Together, these data have led to the suggestion that caveolin-1 may
act as a tumor-suppressor protein [5].

However, as discussed below, this simple hypothesis is unable to explain the
complex pattern of caveolin-1 expression in human tumors and the full range of its
actions in cancer cells.
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12.3
Divergent Expression of Caveolin-1 in Human Cancer: The Case of Lung Cancer

The expression of caveolin-1 in different cancer cell lines and tumor samples was
documented in numerous studies, and the picture that emerges from these studies
is that caveolin-1 expression is highly divergent [6]. Whereas in many cases cav-
eolin-1 expression is down-regulated, in other cancer cells elevated caveolin-1 lev-
els are maintained. High expression of caveolin-1 in cancer cells was initially dem-
onstrated in human multidrug resistant (MDR) cancer cells [43—-45] and in mouse
metastatic prostate cancer cells [46]. Evidence that has accumulated since these
early studies seems to indicate that the expression of caveolin-1 often depends on
the tumor’s stage and grade. In fact, in most cases where this relationship was
examined explicitly, a positive correlation was found between a high expression of
caveolin-1 and advanced tumor cell grade and/or progression stage. Such was the
case in cancers from the breast [46], prostate [46,47], lung [48,49], bladder [50], kid-
ney [51,52] and pancreas [53,54]. Furthermore, in some cases, high expression of
caveolin-1 was shown to be an independent predictor of poor disease progno-
sis [47,49,51-53,55-58].

The divergent pattern of caveolin-1 in human cancer is well represented in stud-
ies of lung cancer tumors and cell lines. Human lung adenocarcinoma- and small
cell carcinoma-derived cell lines exhibited little or no caveolin-1 expression, in
contrast to high levels of caveolin-1 expression observed in CaLu-1 lung squamous
carcinoma cells [59]. However, when compared with normal human lung epithelia,
four other lung squamous cell carcinoma lines expressed reduced levels of cav-
eolin-1 [60]. In another study, low-level caveolin-1 expression was similarly found
in cell lines derived from two lung adenocarcinomas, a bronchioalveolar carci-
noma and a large-cell lung carcinoma, whereas non-small-cell lung carcinoma cell
lines (Hop-62, Hop-92) highly expressed caveolin-1[61]. More recently, it was
found that about 95 % of small-cell lung cancer (SCLC) cell lines exhibit low or no
caveolin-1 expression, whereas a majority (76 %) of non-SCLC lines retained high
caveolin-1 expression [62].

The loss of caveolin-1 expression in SCLC and in primary non-SCLC was verified
immunohistochemically in tumor samples [63,64]. Caveolin-1 expression was re-
ported to be positively correlated with metastatic potential in a series of lung ade-
nocarcinoma cell lines established by selection for increasing invasiveness [48].
The same study found that primary lung adenocarcinoma tumors are largely cav-
eolin-1-negative, but there was a significant trend of increased caveolin-1 expres-
sion in metastatic lung tumors and in their lymph nodes metastases [48]. Caveolin-
1 was prominently down-regulated in primary lung adenocarcinomas, as revealed
by DNA microarray analysis [65,66].

Nevertheless, ~25% of lung adenocarcinomas still expressed high levels of cav-
eolin-1 protein, although this study found no correlation of caveolin-1 expression
with tumor stage or lymph node status [63]. Other analyses of primary lung squa-
mous cell carcinoma specimens revealed that 26-30% were caveolin-1-posi-
tive [49,67]. In these studies there was a significant correlation between caveolin-1
expression and advanced pathologic stage [49,67].
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Furthermore, there was a statistically significant decrease in five-year survival
after complete resection of patients with caveolin-1-positive tumors [49]. Together,
the above data are consistent with a suppression of caveolin-1 gene expression in
primary lung tumors (in particular, SCLC). However, some lung tumors and lung
cancer cell lines are caveolin-1-positive (notably non-small cell lung carcinoma),
and there seems to be a positive correlation between caveolin-1 expression and
advanced cancer pathologic stage or metastatic potential. Thus, the status of cav-
eolin-1 in lung cancer is as complex as it is in other forms of cancer.

12.4
Actions of Caveolin-1 in Cancer Cells: Effects of Heterologous Expression and
Genetic or Functional Suppression

12.4.1
Anti-Proliferative Activity of Caveolin-1

Heterologous expression of caveolin-1 in T47-D human mammary cancer cells
results in a 50% decrease in growth rate and a three- to 10-fold reduction in
anchorage-independent growth [68]. Inhibition of in-vitro anchorage-independent
growth, a parameter that is highly correlated with in-vivo tumorigenesis [69], was
similarly seen in MCF-7 human breast adenocarcinoma cells [11] and SCLC
cells [62]. Caveolin-1 may therefore block a matrix-independent, intrinsic growth
signal (e.g., a signal that emanates from an activated oncogene). Indeed, transient
transfection with caveolin-1 reduces growth rates in human mammary tumor
cells [11,68] and human ovarian carcinoma cells [70]. Accordingly, a mutant cav-
eolin-1 (P132L), identified in about 16% of primary human breast cancer speci-
mens [71], induces morphological transformation in NIH-3T3 cells and supports
anchorage-independent growth of mutant-transfected cells [71]. P132L appears to
act by causing missorting of normal caveolin-1, leading to its retention at a perinu-
clear compartment that is probably the Golgi apparatus [72]. It should be noted
that the occurrence of the P132L mutation in mammary tumors awaits confirma-
tion in non-Japanese breast cancer patients [73,74]. Further support for its growth-
inhibitory action was obtained by analysis of heterozygous and homozygous cav-
eolin-1 knockout mice. Retroviral inactivation of one of the caveolin-1 alleles re-
sults in loss of ca. 50% of caveolin-1 expression and enables anchorage-independ-
ent growth [75]. Likewise, genetic knockout of caveolin-1 results in hyperplasia of
pulmonary endothelial cells and mammary gland epithelial cells [39,40]. Although
spontaneous development of mammary or other tumors was not evident in cav-
eolin-1-null mice [72], caveolin-1 gene knockout results in increased sensitivity to
carcinogenic and oncogenic stimuli [41,42]. Mammary gland tumor-prone MMTV-
PyMT mice exhibit accelerated formation of larger and higher-grade dysplastic
foci [42]. Long-term mammary tumorigenesis in these mice was doubled and lung
metastases were significantly increased [76]. Genetic disruption of caveolin-1 was
shown also to cooperate with loss of the tumor suppressor INK4a. This study
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showed that double knockout of caveolin-1 and INK4a stimulates proliferation of
mouse embryo fibroblasts, greatly increases transformation by an activated onco-
gene (e.g., H-Ras-G12V; v-Src) and results in dramatic stimulation of tumor
growth in vivo [77]. Taken together with the heterologous expression data, these
results implicate caveolin-1 as an important anti-proliferative protein.

12.4.2
Pro-Apoptotic Activity of Caveolin-1

Caveolin-1 can also acts as a pro-apoptotic protein. This was originally observed in
Rat-1 fibroblasts, where overexpression of caveolin 1 sensitizes the cells to both y-
irradiation and ceramide-induced cell death [78]. Elevated sensitivity to apoptotic
stimuli was also reported in caveolin-1-transfected OVCAR-3 ovarian carcinoma
cells [65] and T24 bladder cancer cells [79], and in mouse embryo fibroblasts that
transgenically overexpress caveolin-1 [80]. Activation of caspase-3 was reported to
occur in three OVCA ovarian cancer cell lines upon expression of caveolin-1 [70].
Supporting these data, caveolin-1 antisense-suppressed NIH-3T3 cells were re-
ported to be more resistant to staurosporine-induced apoptosis [79]. Similarly, ret-
roviral disruption of the caveolin-1 gene in L929 murine fibrosarcoma cells caused
resistance to tumor necrosis factor-o (INF-a)-, hydrogen peroxide- and staurospor-
ine-induced apoptosis, whereas forced caveolin-1 expression sensitized HepG2 hu-
man hepatocellular carcinoma cells to TNF-a [81]. Caveolin-1 expression also sen-
sitizes Hela human cervical carcinoma cells to sodium arsenite and hydrogen
peroxide toxicity [82]. In addition, adenoviral overexpression of caveolin-1 was
found to inhibit platelet-derived growth factor (PDGF)-induced proliferation of
primary vascular smooth muscle cells (VSMCs), leading to apoptosis [83]. Col-
lectively, the results of these studies indicate that the growth-inhibitory actions of
caveolin-1 may sometimes be accompanied by a pro-apoptotic activity.

12.4.3
Survival-Promoting Activity of Caveolin-1

Several studies using either overexpression or antisense suppression techniques
demonstrated that caveolin-1 may act as a positive regulator of cell survival in
certain cancer cells. This was first shown in mouse and human prostate cancer
cells, where expression of caveolin-1 protects the cells from androgen deprivation-
induced apoptosis and c-Myc-induced apoptosis, respectively [7,10]. In the former
case, caveolin-1 was secreted from the cells, upon testosterone treatment, acting as
an autocrine or paracrine pro-survival factor [9]. Similarly, overexpression of cav-
eolin-1 in LNCaP human prostate cancer cells significantly reduced thapsigargin-
induced apoptosis [12]. The pro-survival action of caveolin-1 in prostate cancer
cells was recently confirmed in the TRAMP mouse model, where caveolin-1 gene
knockout attenuated tumor progression and metastasis in vivo and stimulated
apoptosis of tumor-derived cells both in vitro and in vivo [84]. We have recently
shown that caveolin-1 expression in MCF-7 cells results in inhibition of anoikis
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(detachment-induced apoptosis) [11] and of detachment-induced activation of
P53 [13]. Interestingly, cellular resistance to anoikis was also recently shown to be
caveolin-1-dependent in pancreatic adenocarcinoma cells [85]. Antisense inhibi-
tion of caveolin-1 expression sensitizes nonmalignant intestinal epithelial cells to
anoikis [14]. Taken together, these data clearly indicate that caveolin-1 can promote
cell survival upon environmental challenge in both normal and cancer cells.

12.5
Molecular Mechanisms Implicated in the Pro-Survival Action of Caveolin-1

The phosphoinositide 3-kinase (PI3K)/Akt cell survival pathway has recently
emerged as a major target for regulation by caveolin-1 in a variety of cancer
cells [12,13,86]. A possible role of caveolin-1 in PI3K/Akt pathway activation was
shown in multiple myeloma cells which, unlike most other hematopoietic-derived
cells, express high levels of caveolin-1 [86]. Caveolin-1 was found to co-localize in
lipid rafts fractions, and to co-exist in an immunoprecipitable complex, with re-
ceptors for insulin-like growth factor-I (IGF-I) and interleukin-6 (IL-6). These cell
survival-inducing factors stimulated c-Src-mediated phosphorylation of caveolin-1
on Tyrl4 and its association with PI3K subunits. The disruption of lipid raft organ-
ization by cholesterol depletion resulted in a redistribution of caveolin-1 and PI3K,
an inhibition of Tyr14 phosphorylation of caveolin-1, and an abrogated IGF-I- and
IL-6-induced activation of Akt and survival, thus confirming that both caveolin-1
and intact caveolae are essential for these processes [86]. Consistent with this con-
clusion, transient expression of caveolin-1 in LNCaP human prostate cancer cells
resulted in elevated Akt phosphorylation and activation and increased resistance to
thapsigargin-induced apoptosis [12]. Similarly, stable expression of caveolin-1 in
MCF-7 human breast cancer cells also resulted in elevated basal phosphorylation
of Akt, concomitantly increasing cellular resistance to anoikis [13].

Interestingly, a correlation between caveolin-1 expression and Akt activation was
also seen in HEK-293 human embryonic kidney cells [82] and L929 mouse fibro-
sarcoma cells [81] although, in the latter two cases, Akt activation was reported to
sensitize the cells to the apoptotic stimuli.

The mechanisms whereby caveolin-1 regulates PI3K/Akt-mediated cell survival
have yet to be fully elucidated. It is clear, however, that caveolin-1 may influence
this important pathway by recruiting and/or modulating its various components at
different levels. First, caveolin-1 may act at the receptor level, as shown in caveolin-
1-expressing MCF-7 cells, in which IGF-I receptor expression is elevated [13]. In
these cells, the up-regulation of IGF-I receptors is associated with enhanced IGF-I
signaling to the Erk1/2 and PI3K/Akt pathways (Fig. 12.1). In endothelial cells,
caveolin-1 promotes the nongenomic action of nuclear receptors such as the estro-
gen receptor-a (ERa), resulting in activation of Akt and endothelial nitric oxide
synthase (eNOS) [87]. Whether a similar mechanism operates in steroid-depend-
ent human cancers, such as breast cancer and prostate cancer, has yet to be deter-
mined. In endothelial cells, caveolin-1 similarly interacts with TNF-o receptors,
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Fig. 12.1 Enhanced IGF-l-mediated signaling blotted with antibodies to the active phos-

in caveolin-1-transfected MCF-7 breast ade- pho-Erk1/2 (pErk1/2), Erk1/2, phospho-Akt
nocarcinoma cells. Cells were serum-starved (pAkt) and actin (loading control) as indi-
for 24 h and then stimulated with 50 ng mL™"  cated. (Figure reprinted, with permission,
human IGF-| for the indicated times. Cell from [13].)

lysates were resolved by SDS-PAGE and then

allowing TNF-a-induced activation of Akt [88]. An essential role of caveolin-1 in
ayf3 integrin-dependent activation of PI3K and Akt upon mechanical stress was
recently noted also in VSMC [89]. In these cells, caveolin-1 is additionally required
for angiotensin II receptor transactivation of the EGF receptor after Racl and
NADPH oxidase activation, resulting in Akt activation [90]. Caveolin-1 is part of a
survival signaling complex comprising urokinase-type plasminogen activator re-
ceptor, integrin o,Bs3/0sP: and the SFK Yes in vitronectin-attached endothelial
cells [91].

As mentioned above, caveolin-1 recruits both regulatory and catalytic subunits of
PI3K upon IGF-I and IL-6 stimulation in multiple myeloma cells [86]. Phosphoino-
sitide-dependent protein kinase-1 (PDK1), which mediates Akt Thr308 phosphor-
ylation was also found physically to interact with caveolin-1 [92]. However, in this
case a caveolin-1 scaffolding peptide suppressed the self-phosphorylation and the
in-vitro kinase activities of PDK1. These results are inconsistent with the data
showing that caveolin-1 significantly increases the activity of PDK1 and Akt [12].
Chun and co-workers suggested that these differences may result from changes in
both subcellular localization and in the affinity to caveolin-1 of PDK1 compared to
other factors (such as the serine/threonine protein phosphatases) [92]. Integrin-
linked kinase has been proposed to serve as an Akt Ser473-kinase, and was found
to interact with caveolin-1 via a CSD-binding motif [93,94]. Intriguingly, another
putative Akt Ser473 kinase, namely DNA-PK, is localized in part in lipid rafts,
although in this case direct interaction with caveolin-1 has yet to be demon-
strated [95].

Finally, caveolin-1 may regulate the PI3K/Akt pathway by affecting lipid and
protein phosphatases that turn the pathway off. Interaction of caveolin-1 via its
CSD with protein phosphatases that dephosphorylate phospho-Akt, namely PP1
and PP2A, results in their inhibition and in consequent activation of Akt in LNCaP
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cells [12]. Caveolin-1 is also associated with the tumor suppressor protein PTEN, a
3-phosphoinositide phosphatase that terminates the PI3K-dependent signal, al-
though in this case the effect of caveolin-1 on PTEN activity has not been deter-
mined [96]. Interestingly, it was shown recently that caveolin-1 knockout up-reg-
ulates PTEN expression in TRAMP mouse prostate tumors, consistent with the
inhibition of tumor progression caused by loss of caveolin-1 in this model [84].

The PI3K/Akt pathway is not the only survival pathway that is regulated by
caveolin-1. Although caveolin-1 usually inhibits growth factor activation of the
mitogenic Erk1/2 pathway, it is required for integrin-dependent activation of Erk1/
2 through a complex that consists of Fyn, Shc, and Grb2 [97,98]. The Erk1/2 path-
way promotes cell survival, at least in some cell types [99,100]. Caveolin-1 is sim-
ilarly required for Bq-integrin-mediated signaling to Src kinases and focal adhesion
kinase (FAK) and, consequently, Bi-integrin-dependent adhesion [101]. Caveolin-1
enables activation of c-Src upon cross-linking of the cell adhesion protein CE-
CAMG6 in BxPC3 human pancreatic adenocarcinoma cells, as well as c-Src-depend-
ent tyrosine phosphorylation of FAK and the consequent inhibition of anoikis [85].
A positive regulatory role of caveolin-1 on survival signaling may also be implied
by data showing that it interacts with a component of the TNF-a-NF«B path-
way [102], and that it may inhibits a caveolae-resident neutral sphingomyelinase
via its CSD sequence [103].

12.6
The Role of Tyr14 Phosphorylation in Caveolin-1-Mediated Signaling

Tyrl4 resides within a consensus motif for c-Src and c-Abl phosphorylation, pre-
sent in caveolin-1la (but not in caveolin-1p), that is phosphorylated in a constitutive
manner in v-Src- and v-Abl-transformed cells [16,104,105]. Phosphorylation of
Tyrl4 in response to cell stimulation has emerged recently as a major switch in
caveolin-1 physiological function. Tyr14 phosphorylation occurs in various cell
types in response to extracellular signal molecules such as insulin [106], IGF-
1[107), EGF [108], fibronectin [109], IL-6 [86], PDGF [110], VEGF [111], and adre-
nocorticotropic hormone (ACTH) [112]. In addition, Tyr14 phosphorylation occurs
in response to cell stressors such as oxidants [113], hyperosmolarity and UV irra-
diation [114], DNA damage-inducing drugs [115], and denial of extracellular matrix
attachment [14].

Although insulin-dependent Tyr14 phosphorylation was initially believed to be
mediated by a Src-family kinase (SFK) [116], more recent studies have shown that
insulin-dependent Tyr14 phosphorylation is insensitive to a general SFK inhibitor,
and suggested instead that it is mediated by the insulin receptor directly [117]. In
contrast, EGF-, IGF-I and IL-6-induced phosphorylation of Tyr14 were inhibited by
the same SFK blocker [86,118]. Similarly, a SFK is clearly involved in hyperosmotic
stress-induced Tyr14 phosphorylation, since it is strongly inhibited by a dominant-
negative form of Src [114]. As noted above, exposure of primary human fibroblasts
to oxidative stress causes Tyr14 phosphorylation, and the SFK Fyn was shown to be
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required for this response [119]. In the same cells, this phosphorylation event also
depends on the presence of c-Abl [120]. The relationship between Fyn- and Abl-
mediated phosphorylation of caveolin-1 is unclear, as both are required for oxidant-
induced Tyr14 phosphorylation, but neither kinase is required for the action of the
other, suggesting that Fyn and Abl do not participate in a linear signaling path-
way [119]. It was proposed that low level of oxidative stress results in the activation
of Fyn and Tyr14 phosphorylation, promoting cell survival, whereas Abl is acti-
vated (and phosphorylates caveolin-1) upon high level of oxidant exposure, leading
to apoptosis [119].

What is the role of the phosphorylation of caveolin on Tyr14? The formation of a
phosphotyrosine residue likely constitutes a binding site for proteins with Src
homology 2 (SH2) and phosphotyrosine binding (PTB) domains. Such proteins,
recruited upon Tyr14 phosphorylation, include Grb7 [105] and Csk [121,122]. The
recruitment of Grb7 to pTyr14 was shown to greatly enhance anchorage-independ-
ent growth in cells co-transfected with Grb7, c-Src, and caveolin-1 [105]. Similarly,
caveolin-1 transfection markedly increased EGF-stimulated cell migration and
this, too, was dependent on the presence of a phosphorylatable Tyr14 [105]. The
recruitment of Csk, which catalyzes the C-terminal phosphorylation of SFK and
inhibits their activity, is likely a part of a negative regulatory loop wherein Csk
limits or abrogates SFK activation in oxidant-stressed cells [122]. In accordance
with this study, crosslinking of the GPI-anchored protein CECAMG6 reduced cav-
eolin-1 Tyr14 phosphorylation, forcing its dissociation from the Csk and thus in-
ducing Src-dependent activation of FAK [85]. Recently, Tyr14 phosphorylation was
found to mediate interaction of caveolin-1 with the membrane type I matrix metal-
loprotease and this interaction, in turn, was shown to correlate with the protease-
induced cell migration [123]. This interesting finding resonates with the fact that
pTyrl4-caveolin-1 is localized in focal adhesions, as shown in Src-transfected
cells [105,124], as well as cells exposed to hyperosmotic and oxidative
stress [114,120], cells plated on a fibronectin matrix [109,122,124], and cells treated
with ACTH [112]. In summary, although the precise mechanisms and role of
Tyrl4 phosphorylation has not been fully resolved, the evidence accumulated so
far clearly implicates this event as critical to at least some of the physiological
functions of caveolin-1. In this context, of particular interest are the differential
actions of caveolin-1a and caveolin-1B, which could be related to the lack of the
Tyrl4 residue in the latter protein.

12.7
Stress-Induced Changes in Caveolin-1 Expression

New evidence shows that not only caveolin-1 may negatively regulate survival and
apoptosis but also that stressful stimuli may, in turn, positively regulate caveolin-1
expression. This phenomenon was shown to occur in NIH-3T3 mouse fibroblasts
exposed to subcytotoxic levels of hydrogen peroxide [34]. Significant up-regulation
of caveolin-1 was observed in mouse macrophages exposed to various unrelated
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apoptotic agents, including simvastatin, camptothecin, or glucose depriva-
tion [125]. In this case, caveolin-1 was found to co-localize with phosphatidylserine
on the cell surface of the apoptotic cells, thus serving as an indicator of macro-
phage apoptosis. Other stress signals that were reported to increase caveolin-1
protein levels included exposure to various cytostatic drugs in lung cancer
cells [45,126,127]. The acute up-regulation of caveolin-1 expression by chemother-
apeutic drugs may be related to the constitutively elevated caveolin-1 levels ob-
served in MDR human cancer cell lines [44,45,128,129] and the correlation of cav-
eolin-1 expression with expression of the MDRI gene in leukemic bone marrow
leukocytes [130]. Another stress condition reported to induce caveolin-1 protein
levels in endothelial cells at Go/G1 cell-cycle phase is hypergravity stress [131]. In
the latter case, the up-regulation of caveolin-1 was associated with the redistribu-
tion of caveolin-1 to an intracellular compartment [131]. Recently, caveolin-1 pro-
tein levels were found to be significantly increased, in a time-dependent manner,
upon detachment of anoikis-resistant breast and MDR colon cancer cells [13]. A
related phenomenon was also shown by immunofluorescence staining of caveolin-
1 in kidneys of acute renal failure rats in vivo, where high-intensity caveolin-1
expression was observed in injured proximal tubules that were losing basement
membrane adhesion or were apoptotic, at one to four days after ischemia-reper-
fusion [132).

The mechanisms involved in the regulation of caveolin-1 expression is response
to stress are poorly understood. TNF-g- and IL-1-induced up-regulation of cav-
eolin-1 in breast and ovarian carcinoma cells is mediated by the NFkB path-
way [133]. A more recent study provides strong evidence implicating FOXO tran-
scription factors, known to be up-regulated upon oxidative stress, in the induction
of caveolin-1 [134]. Finally, p53 was also shown to act as a positive transcriptional
regulator of caveolin-1 expression [60,135].

Taken together, these data indicate that caveolin-1 expression is regulated by
various stress and apoptosis-inducing conditions, suggesting that caveolin-1 may
play an important role in the physiological stress response of both normal and
cancer cells. Additional experiments are required in order to determine the mecha-
nisms involved in caveolin-1 regulation and whether caveolin was functioning as a
pro-survival protein or alternatively, causing apoptosis in these cells.

12.8
Concluding Remarks

The complex picture that emerges from the studies outlined above defies a simple
explanation and indicates, instead, that caveolin-1 plays different roles in early-
versus advanced-stage cancer cells. The growth-inhibitory actions of caveolin-1 are
well established, and involve direct inhibition of mitogenic signaling pathways. It
is likely that, during the early phase of cancer progression, caveolin-1 is down-
regulated in order to suppress its growth-inhibitory actions and to allow rapid
proliferation and clonal expansion.
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Yet, it is clearly evident that caveolin-1 also exhibits pro-survival actions. We
believe that these actions explain why the expression of caveolin-1 is often up-
regulated at late, advanced stages of cancer, when tumor cell survival and stress
resistance are of paramount importance. Although the PI3K/Akt pathway has
been revealed as a major survival pathway targeted by caveolin-1, other pathways
may also participate in mediating survival of malignant cells during advanced
stages of cancer progression. The molecular mechanisms utilized by caveolin-1 to
modulate the activity of these pathways have still to be fully elucidated. Likewise,
an intriguing question — the answer to which remains obscure — is how advanced
stage cancer cells manage to circumvent the anti-proliferative actions of caveolin-
1.

The ability of caveolin-1 to effect both growth-inhibitory and survival-promoting
activities provides a rational explanation for the divergent changes of caveolin-1
expression in different cancer cells and tumor specimens, and revises the currently
dominant view of caveolin-1 as a primarily tumor-suppressor-like protein. Fur-
thermore, the context-dependent dual functionality of caveolin-1 highlights the
potential of multifunctional adaptor proteins to affect cancer cell phenotype in an
unpredictable manner, thus underscoring the complexity of cancer cell biology.
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actin/plasma membrane attachment sites,
phosphorylation 128

actin polymerization 131

actin remodeling 127

— ADbl 130-131

— insulin-induced 131

activation, Csk 125-127

activation-induced cell death (AICD), lipid
rafts 157

acylation, signal transduction 92

AD see Alzheimer’s disease

ADAM10, metalloprotease 214

adaptor proteins, multifunctional 249

adhesion complex, focal 198-199

adhesion molecules, immunological synapse
151

adipocytes

— caveolin 199

— caveolin phosphorylation 117

— signaling pathways 117

adrenocorticotropic hormone (ACTH)
256-257

affinity conversion, lipid rafts 157

AFM see atomic force microscopy

aggregation, membrane proteins 32

aging, gate theory 195

aging process, caveolin 195

AICD see activation-induced cell death

Alzheimer’s disease (AD) 205

— role of rafts 215-223

amino acid (AA), caveolins domains 25

amino-terminus, caveolin-1 123

amphiphilic dye, LAURDAN 5

amyloid B-peptide (Ab) 215-217

amyloid precursor protein (APP)

— cleavage 215-223

— processing 205-223

anchored protein (AP)

— GPI- 8, 54, 63, 92, 207, 214, 257

angiogenesis, caveolin-eNOS interaction
241-242

anisotropy, measurements 61

annular lipids, transmembrane signaling 143

anoikis, cellular resistance 253-254

anomalous diffusion, immunological
synapse 152

antennopedia (AP) peptide 102

anti-proliferative activity, caveolin-1 252

antibodies, diffusion-based measurements 55

antigen-presenting cell, immunological
synapse see APC

antisense suppression techniques, caveolin-1
253

AP see also antennopedia, see anchored
protein

APC, immunological synapse 150

apical membrane

— basolateral protein exclusion 14

— epithelial cells 9-10
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apical t-SNARE, syntaxin 3 16

APP see amyloid precursor protein

arachidonyl ethanolamine plasmalogens 94

ARP2/3, actin polymerization 130

artificial lipid membranes, DRM 50

asialogangliosides, signal transduction 94

asymmetric membrane protein, bending
forces 33-35

atomic force microscopy 149

ATP-binding cassette transporter-Al 97

autocorrelation function, FCS 147

autofluorescence, FRET 146

autophosphorylation, signal transduction 104

b

baby hamster kidney, electron micrographs
80

BACE see B-site APP cleavage enzyme

basolateral proteins, exclusion from apical
membrane 14

bending energy, invaginated membrane
domains 30

bending forces, asymmetric membrane
protein 33-35

bending rigidity, biomembranes 27-28

B-site APP cleavage enzyme (BACE)
215-218

BHK cells see baby hamster kidney

bilayer see lipid bilayer

biomembranes

- bending rigidity 27-28

— see membranes

blocked caveolin phosphorylation 119

Bodipy-PC, fluorescence correlation
spectroscopy 57

breast cancer, caveolin-1 expression 252

budding, coat-driven/domain-induced 15

buds, formation 34-37

bulb radius (preferred), caveolae 36-37

c

C-terminal, caveolins 25, 177

C-terminal region, endocytosis 70

Ca®* signal, voltage gated channels 154

calciumbound calmodulin (CaM) 233

— eNOS enzyme activity 236

CaM see calciumbound calmodulin

cancer progression, role of caveolin-1
249-259

carboxyl terminal fragment (CTF), APP 215

cardiac myocytes

— caveolin-eNOS interaction 244-245

— eNOS expression 234

cargo sorting, membrane traffic 15

caveola-cholesterol trafficking cycle,
regulation 184-185

caveolae 1-17, 131, 175-176

- caveolin oligomer mixing 35

— cholesterol localization 182-183

— constitutively internalization 81-82

— curvature 12

— disruption 40

— endocytosis 69, 75-81

— endothelial nitric oxide synthase (eNOS)
233-246

— FC 102-106

— first observation 25

— formation 30-31

— function 199-200

— invaginated lipid rafts 28-31

— labeling 80

— lipid composition 12

— lipid rafts 206-207

— lipids 93-95

— membrane domains 71

— membrane tension 38-42

— membrane traffic 12-17

- origin of name 10

— preferred bulb radius 36-37

— proteins 95-98

— scaffold motif 99

— scaffolded membrane domains 10-12

— shaping forces 25-42

— signal transduction 91-114

— signaling 115-140

— structure 96

— subpopulations 84

— thermodynamic phase separation of
membrane proteins 35-38

— water permeability 94

— wave 74

caveolar coat protein, caveolin-1 249

caveolar endocytosis, consensus model 85

caveolar function, dynamin 83

caveolar invaginations 84-85

caveolar-like domains (CLDs) 210

caveolar proteins, FC depletion 102

caveolar vesicles, free 73

caveolin 11, 101-102, 175

— contact site 99

— contribution to cell-cycle regulation 40

- homo-oligomers 33

— insulin receptor 117-118

— internalization 127

— intracellular chaperone complexes
175-194

— N-/C-Terminal 25

— overexpression 176



— phosphorylation see caveolin phosphory-
lation

— protein acylation 186

— raft immobilization 84-85

— signal transduction 95

— signaling pathways 116-117

caveolin-1

— expression 251, 257-258

— regulation 250

— role in tumor cell survival and cancer
progression 249-259

— tyrl4 phosphorylation 256-257

caveolin-associated structures, intracellular
82-83

caveolin binding motif (CBM) 235-236

caveolin-eNOS interaction

— angiogenesis 241-242

— cardiac myocytes 244-245

— lipoproteins 239-241

— vasodilation and endothelial permeability
242-244

caveolin-eNOS regulatory cycle 236-238

caveolin family, endocytosis 70

caveolin kinase 120

caveolin localization, caveolae 182-183

caveolin oligomers, mixing on caveolae 35

caveolin phosphorylation 115-140

— adipocytes 117

— blocked 119

— insulin-induced 119

— signaling pathway 121

— stress-induced 118-119

— tyrosine see caveolin tyrosine phosphory-
lation

caveolin protein structure 177-178

caveolin rafts, morphology 40

caveolin scaffolding domain (CSD) 235-236,
250

— pro-survival action of caveolin-1 255

— regulation of angiogenesis 242

— signal transduction 98-101

caveolin systems, mutant 37-38

caveolin tyrosine kinases 123

caveolin tyrosine phosphorylation 256-257

— signaling pathways 116-123

caveolins domains, amino acid 25

caveosomes 82-83

cbe see critical budding concentration

CBM see caveolin binding motif

CD36, scavenger receptors 187

cell compartments see compartments

cell-cycle regulation, contribution of caveolin
40

cell death, activation-induced 157

Index

cell differentiation, caveolin-1 250

cell fusion 155-156

cell membrane

— basic organization 1-3

— mechanical regulation 41

— phase separation 5-7

- rafts 49-51

— see also membranes

cell migration, phosphorylation 130

cell shape, roles of caveolae and caveolin
195-202

cell-surface proteins, distribution patterns
144

cell survival, caveolin-1 253-256

cell types, caveolae 176

cells in culture, physiological state 180-182

cellular motility 196

cellular organelles, membrane traffic 12

cellular stresses, caveolin phosphorylation
118

central supramolecular activation cluster see
cSMAC

ceramidase, signal transduction 95

ceramide, signal transduction 94

chaperone complexes 188

— caveola-cholesterol trafficking cycle
184-185

— intracellular 175-194

chemical affinity, raft hypothesis 45

chemical incompatibility, influence on lipid
domain shape 29-30

chemical interaction, lipid rafts 50

cholera toxin

— endocytosis 75-81

— raft and caveolar endocytosis 14

cholera toxin B, diffusion-based measure-
ments 52

cholesterol

— APP processing 222

— caveolin 183-184

— cell membrane 2

— DRM 50

— fluorescence correlation spectroscopy 57

— lipid rafts 205-206

— low-density lipoprotein (LDL) 239-241

— relative concentration, caveolae 175

— signal transduction 91-114

— ternary phase diagram 4

cholesterol-binding drugs, endocytosis 77

cholesterol-binding proteins, caveolae 115

cholesterol-containing domains, raft
hypothesis 45

cholesterol depletion

— PrP€ conversion 209
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— strong 216

cholesterol homeostasis

— endocytosis 185

- regulation 187

cholesterol localization, caveolae 182-183

cholesterol recognition amino acid consen-
sus see CRAC

cholesterol/sphingolipid-rich microdomains
91

cholesterol transport, specialized tissues 188

chronotropic effects, negative 244-245

clathrin-coated pits

— endocytosis 76

— internalization of PrP¢ 209-210

clathrin-mediated endocytosis, caveolae 69,
176

CLDs see caveolar-like domains

CLSM 165

cluster size, lipid microdomains, ERB2 164

clustered cell-surface distribution,
immunological synapse 152

clustered raft domains 8-9

cmc see critical micelle concentration

co-clustering 154

co-immunoprecipitation, caveolins 117

co-localization

- endocytosis 78

— immunological synapse 153

— lipid rafts 159, 162

— membrane proteins 142

co-mobility, protein 147

coat-driven budding, cargo sorting and vesicle
formation 15

coat proteins, caveolae 115

coats, protein 13

columnar epithelia 9

compartments, intracellular 208-210,
215-217

confluent human umbilical vein endothelial
cells 181

confocal laser scanning microscopy, domain
size 144

conformational diseases 205

conformational transition, PrP¢-PrPS¢
211-214

consensus model, caveolar endocytosis 85

constitutively internalization, caveolae 81-82

contact site, proteins 99

cooperative interactions, lipid microdomains
163

coronary arteries, endothelial cells 234

correlation spectroscopy, fluorescence 57-58

CRAC 98

CRAC-1 101

critical budding concentration (cbc) 34, 37

critical micelle concentration 34

cross-correlation coefficient, fluorescence
distributions 145

CSD see caveolin scaffolding domain

Csk 127, 257

— activation 125-127

— phosphocaveolin 124-125

— Src-family kinases 125

c¢SMAC, immunological synapse 150

CT

— endocytosis 75-76, 78

— internalization by caveolae 81

CT-B, internalization 79, 84

CT-B-gold, endocytosis 76

CT-B-HRP conjugate, incubated BHK cells
80

CTF see carboxyl terminal fragment

CTL, immunological synapse 150

CixB see cholera toxin B

curvature

— caveolae 12

— spontaneous 27

cyclodextrin, FC depletion 104

cyclosporine, chaperone complexes 184

cysteines

— caveolin 178

— protein acylation 186

cytofacial leaflet, endocytosis 183

cytokine receptor assembly, lipid rafts
156-162

cytoskeleton mesh, single-molecule tracking
53

cytotoxic T cell see CTL

d

Danielli-Davson model 1

deformable fluid membranes, physical mod-
eling 26-29

dehydroergosterol, signal transduction 94

depletion, cholesterol 209, 216

— FC 102-104

detergent-free isolation, caveolae 93

detergent-insoluble glycolipid (DIG) 46

detergent-resistant membranes (DRM) 2, 46,
49-51, 206, 209, 215-217

dialkylcarbocyanine see Dil

1,1’-dieicosanyl-3,3,3’,3 -tetramethylindocarbo-
cyanine perchlorate see Dil-C20

differentiated primary cells, signal trans-
duction 91

diffusion-based measurements, raft hypo-
thesis 52-58

diffusion constants, FRAP 56



diffusion process, membranes 58

diffusion time, FCS 148

2-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-
diazas-indacene-3-pentanoyl)-1-hexadeca-
noyl-sn-glycero-3-phosphocholine see
Bodipy-PC

DIG see detergent-insoluble glycolipid

diglyceride, signal transduction 94

Dil-C20, fluorescence correlation spectros-
copy 57

dilauroyl phosphatidylcholine (DLPC),
fluorescence correlation spectroscopy
57

dimerization

— lipid microdomains 163

— signal transduction 104

1,2-dio-leoyl-sn-glycero-3-phosphoethanol-
amine-fluorescein see FL-DOPE

dipalmitoyl phosphatidylcholine (DPPC),
fluorescence correlation spectroscopy 57

1,2-dipalmitoyl-sn-glycero-3-phosphoethanol-

amine-fluorescein see FL-DPPE

dipole moment, molecular 5

diseases

— Alzheimer’s see Alzheimer’s disease

— conformational 205

— prion 205-223

distributions

— clustered cell-surface 152

— fluorescence 144-145

— GM1 gangliosides 160

DLPC see dilauroyl phosphatidylcholine

domain energy, in relation to domain shape
and membrane tension 39

domain-induced budding, cargo sorting and
vesicle formation 15

domain shape

— in relation to domain energy and
membrane tension 39

— lipid 29-30

domain size, determination 144-145

domains

— caveolin 25, 177-178

— caveolin scaffolding see caveolin scaffold-
ing domain

— macro- 143

— membrane 30, 45, 71

— MHC I molecules 152

— micro- see microdomains

- raft 8-9

donor, fluorescence correlation spectroscopy
59

donor channel, FRET 146

donor photobleaching see ppFRET

Index

downstream signaling cascades, tyrosine
phosphorylation 123

DPPC see dipalmitoyl phosphatidylcholine

DRM see detergent-resistant membranes

Ducheénne muscular dystrophy, caveolae
number 40

dynamin

— caveolar function 83

- transendothelial transport 74

dynamin-1 mutant, endocytosis 81

e

Echovirus 1 75

ECM see extracellular matrix

effective membrane temperature 27

EGF 117

— receptor, lipid microdomains 163

— signal transduction 96

electron microscopy, lipid rafts 51

EM see electron microscopy

endocytic machinery 69

endocytic marker, constitutively inter-
nalization 81

endocytic pathways, caveolae 176

endocytic vesicles, free 83

endocytosis 69

— caveolae-mediated 85, 200-201

— cholera toxin 75-81

— independent pathways 84

endoplasmic reticulum (ER), PrP<-PrPs°
transconformation 208

endoplasmic reticulum-Golgi-intermediate-
compartment see ER-GIC

endosomes

— APP cleaving pathways 218

— caveosomes communication 82

endothelial cells, coronary arteries 234

endothelial nitric oxide synthase see eNOS

endothelial permeability, caveolin-eNOS inter-
action 242-244

endothelial tube formation, stimulation by
statins 241

endothelin receptor-A, scaffold sequence 99

endothelium-dependent vascular relaxation
242-243

energy, bending 30

energy barrier, between flat and budded
caveolae states 37-39

energy transfer process, fluorescence 59

eNOS (endothelial nitric oxide synthase) 70

— and caveolae 233-246

— protein acylation 186

— signal transduction 98

eNOS-caveolin interaction
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— angiogenesis 241-242

cardiac myocytes 244-245

lipoproteins 239-241

— vasodilation and endothelial permeability
242-244

eNOS interacting protein (NOSIP) 237-238

eNOS traffic inducer (NOSTRIN) 237-238

epithelia, columnar 9

epithelial cells, apical membrane 9-10

epitope accessibility, caveolae determination
179

ER see endoplasmic reticulum

ER-associated degradation (ERAD) 208

ER-GIC 182

ERAD see ER-associated degradation

ErbB2, lipid microdomains 163

estrogen uptake, caveola 185-186

exclusion, due to phase separation 15

exofacial leaflet, endocytosis 183

expression

— caveolin-1, heterologous 252-254

- caveolin-1, in human cancer 251

— caveolins 178-182

extracellular matrix (ECM) 198-199

extracellular signals, caveolin phosphory-
lation 124

extracytoplasmic proteins, raft hypothesis 48

ezetimibe, cholesterol transport 188

f

FAK see focal adhesion kinase

fatty-acid linked proteins 48

FC

— caveolae 102-104

— changes 104-106

— interactions 94

FC binding

— proteins 101-102

— structural aspects 101

FC depletion, effects on caveolar proteins
102

FC recognition sites, signal transduction 99

FC-rich vacuoles, increased endocytosis 103

FCCS see fluorescence cross-correlation
spectroscopy

FCS see fluorescence correlation spectroscopy

fibroblasts

— phase separation 10

— signaling pathways 125

fibronectin, phosphorylation 128

filamin 127

— identification 199

filipin, cholesterol localization 182

filopodia, focal adhesion complex 198-199

fission-fusion processes, endocytosis 73

FL-DOPE 52

fl-PE 52

FLIP, endocytosis 72

flotillins, signal transduction 96

flow cytometric FRET, lipid rafts 162

fluid membranes, physical modeling 26-29

fluid-mosaic model 45-46

fluorescein phosphatidylethanolamine
see fl-PE

fluorescence correlation spectroscopy (FCS)
57-59, 147

— diffusion-based measurements 52

— mobility measurements 161

fluorescence cross-correlation spectroscopy
(FCCS) 147

— mobility measurements 161

fluorescence distributions, overlap 144-145

fluorescence lifetime, FRET 147

fluorescence loss in photobleaching see FLIP

fluorescence microscopy 144-145

fluorescence recovery after photobleaching
(FRAP) 10, 16, 55-57

— endocytosis 72

fluorescence resonance energy transfer 59,
145

focal adhesion complex, caveolin 198-199

focal adhesion kinase (FAK) 199, 256-257

Foerster’s resonance energy transfer see
FRET

formation

— buds 34-37

— caveolae 30-31, 37-38

- endothelial tube 241

— PrP¢ 210-211

— stress fiber 195-202

— supramolecular protein complexes
141-174

— vesicle 15

Forster distance 146

Forster’s resonance energy transfer see FRET

FRAP see fluorescence recovery after photo-
bleaching

free-cholesterol-binding sites, peptide contri-
butions 100

free endocytic vesicles, caveolar function 83

free energy (F), physical modeling of lipid
membranes 26

FRET 4, 6-7, 16, 145

— efficiency 145

— flow cytometric 162

— immunological synapse 151

— lipid rafts 157

— pb see pbFRET



— proximity measurements 60

frustration, bilayer order 31-32

Frye-Edidin experiment 155

functional multiprotein complexes 103

functional suppression, caveolin-1 in cancer
cells 252-254

functional unit 142

Fyn

— activation 132

— caveolin phosphorylation 121

— expression 119

— inhibition 125-127

— overexpression 122

Fyn-Abl, interaction 122-123

g

gangliosides 93

gate theory of aging 195

gel state, lipids in membranes 49-50

genetic suppression, caveolin-1 in cancer
cells 252-254

GFP 6

— proximity measurements 60

GFP-tagged caveolin 71

giant unilamellar vesicle (GUV)

— fluorescence correlation spectroscopy 57

— membrane model system 3

— raft domains 9

glucose transport, stimulation 131

glucose transporter 4 (GLUT4)

— caveolin 199-200

— translocation 131

glutathione S-transferase (GST)-CSD fusion
proteins 235

glycoproteins, immunological synapse
151

glycosphingolipid GM1 ganglioside, lipid
microdomains 164

glycosphingolipids 9

— raft hypothesis 45

glycosyl-phosphatidyl-inositol see GPI

GM1 gangliosides, distribution 160

GPI, membrane traffic 4, 6-8

GPI-anchor

— proximity measurements 60

— PrP¢ 207-208

— raft hypothesis 48

- transmembrane signaling 143

GPI-anchored proteins 8, 48, 51, 54, 63, 92,

207, 214, 257

caveolae 175

— raft immobilization 84

signal transduction 92

— Thy-1 8

Index

green fluorescent protein see GFP
growth conditions, caveolae structure 96
growth factor, vascular endothelial 241
growth factor-mediated signaling 104
GST see glutathione S-transferase
GTP-binding proteins, TC10 200

GUV see giant unilamellar vesicle

h

H-Ras, FRAP 56

HA, single-molecule tracking 54

hairy-aspect, caveolae 25

HASM 53

HDL see high-density lipoprotein

HDL uptake, caveolin-1 182

heart, role of nitric oxide 234

heart rate regulation, muscarinic cholinergic
244-245

HelLa cells, endocytosis 79

hemagglutinin see HA

hetero-FRET 6

— proximity measurements 62-63

heteroclusters, cell fusion 156

heterodimerization, lipid rafts 157

heterologous expression, caveolin-1 in cancer
cells 252-254

hexamethylglutaryl coenzyme A (HMGCoA)
240

high-density lipoprotein (HDL) 239

— estrogen 185

— signal transduction 94

HMGCoA reductase inhibitors (statins)
240-241

homeoproteins, endocytosis 183

homo-FRET 6

— proximity measurements 60—62

homo-oligomers, caveolins 33

homoclusters

— cell fusion 156

— immunological synapse 152

Hooke’s law, physical modeling of lipid
membranes 27

hop diffusion, single-molecule tracking
54

human cancer, role of caveolin-1 251

human coronary artery smooth muscle see
HCASM

human epidermal carcinoma see KB

human myoepithelial cells 70

human T lymphoma cells, lipid rafts 157

hydrophobic regions, membrane proteins
31

hyperphosphorylation, caveolin phosphoryla-
tion 118
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]

ICAM-1, co-localization 153

IGF-I see insulin-like growth factor-I

IL

— co-localization 159, 162

— raft assisted signaling 159

IL-2, lipid rafts 156-162

IL-6 254-255

immunolocalization, caveolae 179, 182

immunological synapse (IS) 150

inclusions

— due to sorting signals 15

— membrane 31-34

incompatibility (chemical), influence on lipid
domain shape 29-30

independent pathways, endocytosis 84

inducible NOS isoform (iNOS) 234

inhibition, Fyn 125-127

iNOS see inducible NOS isoform

insulin absence 70

insulin in adipocytes, signaling pathways
116-117

insulin-induced actin remodeling 131

insulin-induced caveolin phosphorylation
119

insulin-like growth factor-I (IGF-I) 254-255

insulin receptor, caveolins 117-118

integrins, focal adhesion complex 198-199

interleukin see IL

intermixing, cell fusion 155

internalization 75

— caveolae 81-82

— PrP¢ 209-210

intracellular caveolin-associated structures,
caveosomes 82-83

intracellular chaperone complexes 175-194

intracellular compartments

— amyloid B-peptide (Ab) 215-217

— PrP° conversion 208-210

intracellular polarity 195-196

invaginated caveolae, equilibrium 92

invaginated lipid rafts, caveolae 28-31

invaginated membrane domains, bending
energy 30

invaginations, caveolar 84-85

IS see immunological synapse

k

K-Ras, FRAP 56

K* channels, voltage-gated 154-155
KB, signal transduction 94

kinases 127

— caveolin 120, 129

— caveolin tyrosine 123

— focal adhesion 199, 256-257

— non-receptor tyrosine 119

— phosphoinositide 254-256

— receptor 106

— receptor tyrosine 163-166

— Src-family see Src-family kinase

— tyrosine 116, 119

kiss-and-run, transendothelial transport 74

)

labeled molecules, local concentration 148

lactase-phlorizin hydrolase see LPH

lag time, FCS 148

large unilamellar vesicles see LUV

latranaculin A, FRAP 56

LAURDAN, amphiphilic dye 5

LDL see low-density lipoprotein

line tension 13

linear pathway, caveolin phosphorylation 121

lipid-anchored proteins 48

lipid bilayer 1, 141

— order 31-32

— structure 28

lipid components, cellular membranes 2,
143-144, 175

lipid composition, caveolae 12

lipid domain shape, influence of chemical
incompatibility 29-30

lipid membrane 141

— artificial 50

— bilayer structure 28

— physical modeling 26-29

— see membranes

lipid microdomains 141-174

— receptor tyrosine kinases 163-166

lipid phosphate phosphohydrolase, signal
transduction 94

lipid rafts 1-17, 51-52, 141, 143, 156-162,
175

— biophysical characterization 45-68

— co-localization 153

— invaginated 28-31

— membrane traffic 12-17

— planar 92

— processing of prion protein 205-223

— signal transduction 91

— voltage-gated K* channels 154-155

lipid uptake, caveolin 188

lipids, two-dimensional fluids 45

lipoproteins, caveolin-eNOS interaction
239-241

liquid crystalline state, lipids in membranes
49-50

liquid-disordered phases 3-5



liquid-ordered phases 3-5

— lipid rafts 92

loading, FC 102-104

local motility, endocytosis 73-74

local regulatory processes 154-155

localization

— caveolae 182-183

— caveolin 178-182, 187

— cholesterol 182-183

— co- see co-localization

locomotion, roles of caveolae and caveolin
195-202

low-density lipoprotein (LDL) 103

— cholesterol 239-241

LPH, single-molecule tracking 54

lung cancer, role of caveolin-1 251

LUV 3

lysotracker, caveosomes 82

m

mAchR see muscarinic cholinergic

macrodomains, lipid 143

macrophage apoptosis, mouse 258

Madin-Darby canine kidney (MDCK)

— cells 16, 50

— endocytosis 72

mammary tumor cells, caveolin-1 expression
252

mbCD 58

MCEF-7 cells, caveolin-1 expression 253-254

MDCK see Madin-Darby canine kidney

MDR human cancer cells 258

mean barrier-free path, domain size 144

mechano-regulation/-sensitivity, caveolae
38-42

melting temperature, lipid mixtures 3

membrane-associated proteins 49

membrane cap, spherical 28

membrane components 142-143

membrane crossing, caveolin 183-184

membrane domain shape, influence of
chemical incompatibility 29-30

membrane domains 45

— bending energy 30

— caveolae 71

- nonendocytic 71

— scaffolded see scaffolded membrane
domains

membrane extension, actin remodeling 127

membrane inclusions 31-34

membrane interactions, caveolin 177-178

membrane model, Singer-Nicolson 141

membrane molecules, single-molecule
tracking 53

Index

membrane phases, fluorescence correlation
spectroscopy 57

membrane protein clusters, cell fusion 156

membrane proteins

— aggregation 32

— asymmetric 33-35

hydrophobic regions 31

— lateral organization 144-149

— reorganization 142

— thermodynamic phase separation 35-38

membrane raft hypothesis, development 48

membrane systems, phase separation 3-5

membrane temperature, effective 27

membrane tension

— caveolae 38-42

— in relation to domain energy and shape
39

membrane topology 48

membrane traffic 1-17

— cargo sorting and vesicle formation 15

— caveolae and lipid rafts 12-17

— cellular organelles 12

— GPI 4,6-8

membrane transporter proteins 97

membranes

— cell see cell membrane

— detergent-insoluble 50

— detergent-resistant see detergent-resistant
membranes (DRM)

— diffusion process 58

— lipid see lipid membrane

— plasma see plasma membrane

— see apical membrane

metalloproteases 214

methyl-B-cyclodextrin see mbCD

MHC I

— co-localization 153, 162

— homoassociation 151

— transendothelial transport 75

MHC I glycoprotein, domain size 145

microdomains

— cholesterol/sphingolipid (FC/SPH)-rich
91

- lipid 141-174

— plasma membrane 175

microscopy

— atomic force 149

— confocal laser scanning 144

— electron 51

— fluorescence 144-145

— quantitative immunogold labeling electron
71

migratory synapses, immunological synapse
150
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mitosis, signal transduction 96

MLV 3

model membrane systems, phase separation
3-5

modeling, lipid membranes 26-29

modulation of polarity, caveolin 195-196

molecular specificity, SNOM 149

molecules

— adhesion 151

— dipole moment 5

— labeled 148

— motion 52

- signaling 133

— single, tracking 53-54

motility, caveolae 73-74

multi-protein complexes, signal transduction
95

multifunctional adaptor proteins 249

multilamellar vesicles see MLV

multiphoton excitation, domain size 144

multiprotein complexes, functional 103

multistage caveolin lipidation cycle 105

muscarinic cholinergic (mAchR), heart rate
regulation 244-245

mutant caveolin 180, 252

— caveolae formation 37-38

mYFP-GPI, proximity measurements 60

myocytes, cardiac 234, 244-245

myoepithelial cells, human 70

n

N-terminal

— caveolins 25, 177

- endocytosis 70

N-WASP, actin polymerization 130

NCAM 53

negative data evaluation, caveolae determina-
tion 179

neural cell adhesion molecule see NCAM

nitric oxide synthase (NOS), endothelial
233-246

NMR see nuclear magnetic resonance

NO-mediated vascular relaxation 242-243

non-receptor tyrosine kinases 119

noncaveolar rafts, endocytosis 69

nonendocytic membrane domains, caveolae
71

nongenomic actions, caveola 185-186
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- transendothelial transport 74

Singer-Nicolson fluid mosaic membrane
model, validity 141

single kinase knockout mice 119

single-molecule studies, diffusion-based
measurements 52-55

single-particle tracking 52

— immunological synapse 151

— membrane molecules 53

SM 2-4,9

— DRM 50
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218

v

vascular endothelial growth factor (VEGF)
241-242

— signal transduction 97

vascular functions, heart 234

vascular permeability, transendothelial
transport 74

vascular relaxation, endothelium-dependent
and NO-mediated 242-243

vasodilation, caveolin-eNOS interaction
242-244

VEGF see vascular endothelial growth
factor

venular endothelial cells, caveolin determina-
tion 180

vesicle formation, membrane traffic 15

vesicle trafficking, caveolin 183

vesicular vacuolar organelle see VVO

virus, caveolae wave 74

voltage-gated K* channels, lipid rafts
154-155

VVO, caveolin 180

w

water permeability, caveolae 94

yellow fluorescent protein (YFP), single-
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