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Abstract

|2,3

Membrane (lipid) rafts and caveolae, a subset of rafts, are cellular domains that concentrate plasma membrane
proteins and lipids involved in the regulation of cell function. In addition to providing signaling platforms for
G-protein-coupled receptors and certain tyrosine kinase receptors, rafts/caveolae can influence redox signaling.
This review discusses molecular characteristics of and methods to study rafts/caveolae, determinants that
contribute to the localization of molecules in these entities, an overview of signaling molecules that show such
localization, and the contribution of rafts/caveolae to redox signaling. Of particular note is the evidence that
endothelial nitric oxide synthase (eNOS), NADPH oxygenase, and heme oxygenase, along with other less well-
studied redox systems, localize in rafts and caveolae. The precise basis for this localization and the contribution
of raft/caveolae-localized redox components to physiology and disease are important issues for future studies.

Antioxid. Redox Signal. 11, 1357-1372.

Introduction

THE PLASMA MEMBRANE OF CELLS HAS TWO KEY FUNC-
TIONS: (a) separation, via a lipid/protein barrier, of the
intracellular and extracellular environments, and (b) provi-
sion of a cellular domain that can sense changes in the external
environment and initiate events that alter cellular physiology
(i.e., cell transport, cell-to- cell communication, and signal
transduction). An essential aspect of those functional re-
sponses is the localization of molecules within the membrane
that recognize external stimuli and then communication of the
recognition events to constituents located in the plasma
membrane or other cellular compartments. Initial ideas re-
garding the plasma membrane were advanced by the de-
scription in the early 1970s of the fluid mosaic model (151),
which envisaged that plasma membranes were akin to lipid
seas with floating proteins. Although a useful conceptuali-
zation, the fluid mosaic model had several limitations in terms
of explaining function of the plasma membrane: for example,
it did not define the physical nature of the “mosaics” nor did it
recognize the complexity of organization of certain constitu-
ents, such as those involved in signaling pathways. The model
largely ignored the existence of caveolae (“little caves”), flask-

like invaginations of the plasma membrane (Fig.1), which had
first been described in the 1950s (108, 172). Indeed, caveolae,
along with membrane (lipid) rafts, the latter being regions
without membrane indentations but that akin to caveolae, are
enriched in lipids such as cholesterol and glycosphingolipids
and provide a platform in the floating sea that anchors
membrane proteins. Such proteins can recognize external
stimuli and in addition, can transduce signals to modulate
cellular activity. In the early 1990s, it was appreciated that
caveolae were a specialized version of membrane/lipid rafts
that contain the protein caveolin (shown to be important for
producing the membrane invagination) and that rafts and
caveolae share numerous biochemical characteristics, in-
cluding detergent insolubility and decreased density (17, 29,
49). These entities are thus specialized regions of the plasma
membrane that contribute to certain aspects of cell physi-
ology, including the compartmentation of signal transduction
events. This review will focus on a description of molecular/
biochemical characteristics of membrane rafts/caveolae,
methods to study these entities, properties that determine the
localization of molecules in these microdomains, an overview
of signaling entities known to localize to rafts/caveolae, and
the contribution of rafts/caveolae to redox signaling.
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Molecular/Biochemical Characteristics
of Membrane Rafts/Caveolae

After the discovery of caveolae in the early 1950s (108, 172),
studies over the next several decades were primarily limited
to the ultrastructural assessment of the expression of caveolae
or changes in their expression under various conditions. A
substantial literature identified caveolae in a large number of
cell types and changes in caveolae in pathologic settings (e.g.,
muscular dystrophy, hypertension, and ischemia) (1, 15, 103,
135, 136). Because they are not readily identifiable by mi-
croscopy, membrane/lipid rafts eluded such description.
However, in the 1980-1990s plasma membrane rafts were
recognized to share certain properties with caveolae. Filipin, a
cholesterol marker, was shown to stain distinct, tightly clus-
tered regions of plasma membranes, suggesting that such
membranes are not homogenous mixtures of lipids, but in-
stead, organized in a compartmental manner (145). Analysis
of microsomes prepared from bovine luteal cell membranes
revealed enrichment of sphingomyelin and cholesterol and
decreased temperature sensitivity, results suggesting higher
order organization of those membranes (42); such findings
provided a conceptual framework for “lipid rafts” (67, 74).

More recent work involving the use of newer methodolo-
gies, including electrospray/mass spectrometric analysis, has
revealed important difference in lipid composition in different
portions of the plasma membrane (Table 1), such that the
extracellular face is enriched in cholesterol, sphingolipids, and
glycosphingolipids while ethanolamine-containing glycer-
ophospholipids are predominantly found on the cytoplasmic
face of the plasma membrane (121); differences in lipid pro-
files can be accentuated by methods used to isolate rafts (i.e.,
use of detergent vs. nondetergent methods) and rafts were
shown to contain biologically active lipids and precursors
such as arachidonic acid (121, 124). Rafts in polymorphonu-
clear leukocytes (PMN) contain lactosylceramide, a neutral
glycosphingolipid, that helps regulate superoxide generation
(60, 174). A key limitation of “component” analyses is the

TaBLE 1. Lirips ENRICHED IN MEMBRANE RAFTS
AND/OR CAVEOLAE
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Sphingomyelin

Glycosphingolipids

Ethanolamine glycerophospholipids
Phosphotidylserine

Arachidonic acid
Phosphatidylglucoside
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Lactosylceramide
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FIG. 1. Electron microscopy of
pulmonary artery smooth muscle
cells depicting typical flask-like
caveolar invaginations (A), grape-
like clusters (B), or intracellular
vesicles (caveosome, C).

inability of the methods to unequivocally differentiate be-
tween lipid rafts and caveolae, since most methods used to
study rafts and caveolae have been based on exploiting
properties that depend on their (similar) lipid compositions.
However, despite this limitation, considerable data reveal
that not all portions of the plasma membrane are equivalent
and that this inequality has functional consequences. Ex-
pression of these lipid entities is not restricted to mammalian
cell membranes: plant membranes have such domains and
these can be modified in their lipid content by outside stimuli
(93). Such findings underscore the widespread expression of
these membrane regions and their contribution to the regu-
lation of cellular and organismal function.

As noted above, caveolae are considered to be a subset of
lipid/membrane rafts and are 50-100 nm flask-like invagina-
tions of the plasma membrane. Lipid rafts cannot be identi-
fied separately from other portions of the plasma membrane;
their size is unclear and rafts of different sizes may exist:
biochemical assessments of the diffusion of glycosylpho-
sphatidylinositol (GPI)-linked proteins (68, 144, 147) have
estimated a size between 100 and 200 nm. Subpopulations of
rafts have been proposed, in part based on their size, con-
stituents, and functional properties (92, 117). Rafts and ca-
veolae are dynamic entities, forming and dissipating in
response to various stimuli (159) and as a consequence of
internalization, a clathrin (coated pit)-independent mecha-
nism of endocytosis of plasma membrane constituents.
Raft/caveolae-mediated endocytosis can facilitate transport
of entities to other cellular regions and across the cell (trans-
cytosis) (38, 91, 96, 101). Co-expression of the proteins flo-
tillins 1 and 2 in rafts /caveolae may enhance the accumulation
of intracellular vesicles and this assembly may be a common
feature of rafts and caveolae (32). Caveolins can be secreted
into the extracellular space and thereby, contribute to the
regulation of survival and growth of tumors (7, 156, 157).
Further studies are needed to determine the triggers and
functional activities of caveolae and raft components in in-
tracellular and extracellular locations.

Caveolins (cavs) are structural proteins that provide an
important, defining feature of caveolae and were initially
thought to be specific markers of caveolae (79, 94, 97). The
three different isoforms of cavs (Cav-1, -2, and -3) (170) are
differentially expressed in cells: Cav-3 is restricted to skeletal,
cardiac, and some smooth muscle, Cav-1 is more ubiquitously
expressed, while expression of Cav-2 generally parallels that
of Cav-1. Cav-1 and -2 share similar chromosomal location
(7q31.1) whereas Cav-3 is located on a different chromosome
(3p25) (26, 152). The cavs are highly conserved among species
(170) with Cav-1 and Cav-3 sharing 65% identity and 85%
similarity in protein sequence (Fig. 2). Transcriptional regu-
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lation occurs via sterol response elements for Cav-1 and an
interaction of myogenin and inhibitor of transcription-2 (Id2)
for Cav-3 (9, 30). Cav monomers range in molecular weight
from 18kDa to 24 kDa, with Cav-3 being the smallest and
Cav-1 the largest (25, 170); the monomers are organized into
multimers in the plasma membrane (94, 138, 140, 167). Cav-1
is expressed as two different mRNA and protein species (x and
p isoforms) that derive from the same gene but have alter-
nate start sites: the o form is full-length and the f form has a
truncated amino terminus (76, 141). The participation of these
two variants in homo/hetero-oligomers and specific impact
on functional activities of cavs/caveolae are not clear. Studies
with siRNA or knockout mice have revealed insights re-
garding the role of different cavs in caveolae formation and
physiology (Table 2).

Caveolin proteins are highly structured and composed of
four functional domains (Fig. 3). The caveolin scaffolding
domain (CSD, amino acids 82-101 in Cav-1 and 55-74 in Cav-
3) is a particularly important region within cavs because it is
thought to mediate the interaction with various partners; the
CSD contains consensus motifs comprised of aromatic ring-
containing amino acids interspersed with other amino acids
(16). By virtue of protein—protein interaction, which is thought
to occur via hydrophobic-hydrophobic interaction between
cavs and partners, cells enrich the expression of binding
partners in caveolae. Cav-2 contains regions of similar ho-
mology, but unlike Cav-1 and Cav-3, does not have the ability
to bind partners (16). An oligomerization domain (amino
acids 61-101) partially overlaps with the CSD and facilitates
oligomerization of cav monomers with one another (138).
Cav-1 and -2 form hetero-oligomers and Cav-3 forms homo-
oligomers or hetero-oligomers with Cav-1 (94, 138, 140, 167).
The expression of Cav-1 and -3 appears to be mutually
exclusive but the expression and localization of Cav-2 is de-
pendent on Cav-1 (21, 109, 110, 112, 129). However, the ex-
pression of Cav-2 is not expendable: mice in which Cav-2 is
deleted have a pulmonary hypertensive phenotype, even
though such Cav-2 knockouts have similar expression of Cav-
1 and formation of caveolae (130). Cavs are predicted to have
a transmembrane domain (TMD, amino acids 102-134),
which is a hydrophobic hairpin loop inserted in the cyto-
plasmic face of the plasma membrane that segments the car-
boxy and amino termini and makes both cytoplasmic (78,
170). Although it has been proposed that the TMD is not es-
sential to membrane localization of cavs (18), other data in-
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dicate that amino and carboxy regions just proximal to the
TMD and the CSD are key to such localization (142).

Cavs undergo covalent modification. Three C-terminal
cysteine residues are each putative palmitoyalation sites
(Cys133, 144, and 156) with Cys133 predominating; however,
palmitoylation does not appear to be necessary for membrane
localization and caveolae formation (20). Cav-1 (at Tyrl4)is a
phosphorylation target of the cellular oncogene Src (83, 134);
Src-mediated phosphorylation alters the properties of Cav-1,
including its interaction with extracellular matrix proteins (43,
44) and has other potential physiological functions (115). Re-
cent data in our laboratory suggest that cavs are sumoylated
(Fuhs and Insel, unpublished observations). Thus, cavs have a
complex structure that influences their localization as well as
their ability to bind various partners and to regulate cell
function.

Studies of mice with knockout or transgenic over-
expression of cavs implicate the expression of caveolin as both
necessary and sufficient for the formation of caveolae. Recent
studies have identified another protein, polymerase 1 and
transcript release factor (PTRF, also called cavin), as a key
component of caveolae. Electron microscopic and immuno-
fluorescence studies indicate that this 60 kDa protein localizes
in caveolae and is as abundant as caveolin in caveolar frac-
tions (165). PTRF appears to be integral to the formation
of caveolae: siRNA that decreases PTRF expression disrupts
caveolae while expression of PTRF can be sufficient to form
caveolae (54, 85). Other recent data reveal that exchange
of cholesterol with its immediate precursor, desmosterol,
changes the heterogeneity of caveolar structure, affinity of
Cav-1 for sterols (i.e., less Cav-1 in caveolae) and the stability
of Cav-1 oligomers (63). These data regarding PTRF and
cholesterol-desmosterol exchange implicate factors other
than cavs in the structure of caveolae. It will be of interest to
determine how PTRF and cavs interact and whether one
component is more important than the other in the formation
of caveolae and in the regulation of cellular function including
signal transduction events that localize to caveolae.

Approaches for the Study of Rafts and Caveolae

Use of appropriate methodology is critical for the as-
sessment of rafts and caveolae. Indeed, some question the
existence of rafts and caveolae as distinct cellular compart-
ments (62, 80, 121). Others emphasize the heterogeneity of raft

Chromosomal
Location
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178 (Cav-1a)
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7q31.1 162

3p25 159 65/85

FIG. 2. Gene structure of the three caveolin isoforms (human) as well as chromosome location, amino acid length, and

sequence identity/similarity among the isoforms.
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TABLE 2. CAVEOLIN KNoCKOUT PHENOTYPES

Cav-1 KO

Cav-3 KO

e Caveolae present in heart and skeletal muscle

Cardiac

¢ Cardiac hypertrophy

* Ischemia/reperfusion injury
e Extracellular matrix

Vascular

¢ Reduced aortic contractile tone

* Impaired angiogenic response

* Neointimal hyperplasia

¢ Altered microvascular permeability due
to tight junction changes

Pulmonary

* Lung remodeling

* Constricted alveolar spaces
* Pulmonary hypertension

Urogenital

* Impaired renal calcium absorption
* Enlarged seminal vesicles
 Bladder hypertrophy

Cancer
* High sensitivity to carcinogens
¢ Increased tumor permeability and growth

Endocrine- Metabolic

* Lipid abnormalities

 Impaired lipolytic activity; altered lipid droplet architecture
* Accelerated mammary gland development

* Exercise tolerance due to restrictive lung disease

* Decreased glucose uptake

Skeletal
* Muscle abnormalities with tubular aggregation

Neuronal

* Neuronal injury with increased infarct volume
and apoptosis

* Behavioral and motor defects

* Caveolae present in all organs except heart
and skeletal muscle

¢ Cardiac hypertrophy
* Ischemia/reperfusion injury

* Lipid abnormalities
* Decreased glucose uptake

¢ Muscle abnormalities with loss
of dystrophin complex

and caveolar domains (51, 92, 122). Several recent articles
describe details for preparation of raft and caveolar micro-
domains (105, 113, 114). Table 3 summarizes several of these
methods and their advantages and limitations.

The absence of a “gold standard” method to assess rafts and
caveolae, and more specifically, the signaling components
within them, has led to controversy regarding the validity of
certain data and conclusions with respect to the role of rafts
and caveolae in cell physiology, including signal transduction
(58, 62, 80, 104, 106, 113, 114, 121, 125). An advantage of
studying caveolae is that, unlike rafts, which are flat struc-
tures within membranes, caveolae have a distinct morphol-
ogy that is readily identifiable by electron microscopy and
more equivocally (given the <100nm size of caveolae) by
other microscopic techniques, for example, anti-caveolin an-
tibodies and immunofluorescence. In the latter case, investi-
gators often equate the expression of cavs with caveolae,
although noncaveolar expression of cavs occurs and varying
results have been noted if different anti-caveolin antibodies
are used (51, 153). Antibody staining of the B subunit of
cholera toxin, an exotoxin from V. cholerae that binds to GM1

ganglioside, a lipid enriched in rafts/caveolae, is another ap-
proach used to assess raft domains (48).

Biochemical analyses of rafts and caveolae, isolated by
using membrane fractionation and density gradient centrifu-
gation, exploit the greater buoyancy of rafts/caveolae that
results from their enrichment in particular lipids. Such frac-
tionation methods are used after cellular disruption by one of
a variety of techniques, which may include nonionic deter-
gents (84, 105). Data derived from such methods do not dis-
tinguish rafts from caveolae, although use of marker proteins
(e.g., cavs) assists in defining caveolae. Flotillins (also called
reggies) are proteins that define a pool (likely membrane rafts)
of noncaveolar membranes that can, akin to caveolae, un-
dergo endocytosis (5, 148). Co-immunoprecipitation of cavs
and cav-localized components is another biochemical ap-
proach for the identification and assessment of such compo-
nents.

Analyses of raft/caveolae domains by proteomic and
lipidomic methods have not yet been widely used to evalu-
ate such domains in a large number of cell types but stud-
ies to date suggest that there are different classes of these
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scaffolding domain (CSD),
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microdomains. It has been proposed that one subset of rafts is
enriched in cholesterol-sphingomyelin—ganglioside-Cav-1/
Src/EGFR (termed the “chol-raft”) and involved in cell sig-
naling but when dysregulated, can alter cell function, such
as by promoting cell transformation and tumor progres-
sion. Another type of raft (the “cer-raft”) is enriched with
ceramide-sphingomyelin—ganglioside-Fas ligand /Ezrin and
promotes apoptosis (92, 117). Such ideas imply that subcel-
lular compartments may have higher order organization that
tailors functional events (such as signal transduction cas-
cades) to specific cellular regions in a dynamic manner (e.g.,
(99, 166)). Proteomic approaches should aid in defining dif-
ferences in the composition of raft/caveolae microdomains,
mechanisms by which proteins enter, are retained, and in
some cases, exit such domains and post-translational modi-
fications of raft/caveolae proteins (154, 155).

Additional ways to assess caveolae and rafts are the use of
pharmacological approaches, knockdown strategies and
knockout mice (55, 58, 113). Pharmacological approaches in-
clude the use of compounds that decrease the content of lipids
that are enriched in rafts/caveolae (e.g., cholesterol and gly-
cosphingolipids). Methyl-f-cyclodextrin (MACD) is com-
monly used to deplete membranes of cholesterol; studies with
MpCD should include an important control: MCD combined
with cholesterol, so as to eliminate a role for other effects of
MpCD (179). Statins, through their ability to block cholesterol
biosynthesis by inhibiting HMGCoA reductase, provide an-
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other way to disrupt rafts/caveolae (e.g., (116)). It is intriguing
to consider whether certain effects of statins, for example in
cardiovascular disorders (46), result from disruption of
rafts/caveolae, although firm evidence for this idea has not
yet been provided.

Techniques that alter expression of cavs have provided
substantial data regarding cell regulation by cavs/caveolae.
One approach to decrease cav expression is the use of siRNA.
Mice that have knockout of one or more of the three cavs
provide in vivo systems to evaluate cavs and caveolae (55,
113). However, full body (non-cell type specific) and lifetime
elimination of cavs in such knockouts may lead to erroneous
conclusions regarding their contribution to functional activi-
ties (58, 98, 159).

Use of multiple techniques to assess rafts/caveolae is pre-
ferred, since no one approach is ideal and complementary
results from more than one technique lends greater confi-
dence to conclusions regarding localization of components,
functional roles of rafts/caveolae, and their contribution in
physiologic and pathophysiologic settings.

Determinants of Localization of Components
in Membrane Rafts/Caveolae

A large number of proteins and lipids, including receptors
and post-receptor components, localize in rafts and/or ca-
veolae, but the precise determinants of this localization are not
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TABLE 3. METHODOLOGIES FOR THE STUDY OF MEMBRANE RAFTS AND CAVEOLAE

Methods Advantages

Disadvantages

Electron microscopy Morphologically identifies caveolae

High resolution with immunogold
labeling

Immunofluorescence Can co-localize proteins with rafts
or caveolae

Can provide quantitative data

Immunoprecipitation Can define specific binding partners

(caveolin for caveolae; flotillin for rafts)

Density gradient Separates rafts/caveolae from other

fractionation portions of membranes
Inexpensive
Proteomic methods  High-throughput

Can characterize a broad spectrum

of proteins found in rafts and caveolae

Knockouts (KO) Facilitates the study of whole
animal/organ function
Commercial availability

of Caveolin-1 KO mice

Pharmacologic
agents (MBCD)

Inexpensive
Easy treatment protocols

Cannot identify lipid rafts

Expensive, especially with use of gold labeling

Time consuming

Difficult to quantitate data

Resolution is low because of the 50-200 nm length
of caveolae/rafts

Relies on specificity of particular antibodies

Unclear meaning of caveolins in noncaveolar locations

Relies on specificity of particular antibodies

Contamination with native antigen complicates analyses

Problems with reproducibility and quantitation
because of multiple wash steps

Cannot distinguish rafts from caveolae

Detergent vs. nondetergent methods can yield
different results

Expensive

Labor-intensive

May be difficult to reproduce

Need for large samples

Total body, lifetime loss of caveolins complicates data
interpretation

Compensation may occur

Difficult to obtain Caveolin-2 and Caveolin-3 KO mice

No raft- KO is available

Nonspecific (i.e, likely alters non-cav/raft membranes
and perhaps other cellular targets)

Does not distinguish between rafts vs. caveolae

known. Certain G-protein-coupled receptors (GPCR, also
known as heptahelical receptors or 7-transmembrane, 7-TM,
receptors, based on their membrane topology), receptor ty-
rosine kinases (RTK), and post-receptor signaling compo-
nents show patterns of localization in those microdomains
that differ among different cell types. The mechanism(s) for
such cell-specific expression patterns is/are not known. Pos-
sible explanations include:

Protein—protein interaction

Interactions of particular proteins might be favored be-
cause of charge, size, and/or steric factors, but why such
factors should differ in a cell type-selective manner is not
clear. For GPCR, the ability to form oligomers with different
composition may contribute to such localization (101). It has
been proposed that the localization of RTK in membrane
microdomains is attributable to protein—protein binding that
occurs via sequences in the extracellular domain of the re-
ceptors; for the EGFR a 60-amino acid region mediates tar-
geting to rafts/caveolae (120, 171).

Lipid—protein interaction

Lipid composition is important for rafts and caveolae with
differences among different cell types and in the nature of the
lipids in different portions of the plasma membrane (111, 134).
Although such differences might contribute to changes in
localization of proteins during states of altered lipid compo-
sition, or perhaps to cell-specific patterns of localization, di-
rect evidence for this idea has not been provided. Lipid

modification of proteins, in particular palmitoylation and
myristoylation, contribute, for example, to the localization of
G-protein signaling components in raft/caveolae domains
(69, 127, 131, 132).

Caveolin-associated proteins

Cav-associated proteins might also contribute to differ-
ences in the localization of signaling molecules. As noted
above, the CSD, a hydrophobic region in the cytoplasmic
amino terminal tail that interacts with protein “partners”
through hydrophobic interactions, has been proposed as a—
or perhaps the—critical region by which signaling proteins
interact with cavs (8, 13), but it is difficult to fathom how such
a ~20 amino acid domain (especially because it also, at least
in part, overlaps with the oligomerization domain) accom-
modates such a large number and array of proteins (see
below). Are there other regions on cavs that bind signaling
proteins or is there a supramolecular assembly, whereby
multiple signaling proteins create a “caveolin signaling par-
ticle,” akin to protein complexes involved in other cellular
events (transcription, translation, secretion, efc.)? Use of pro-
teomic methods to analyze cav-bound proteins in cells treated
under various experimental conditions should prove useful in
defining the existence (or not) of “caveolin signaling particles”
and in defining the full range of protein partners in
rafts/caveolae as well as changes in the amount and nature of
such partners that occur in physiological states, with drug
treatments or in disease. Proteomic methods show that a large
number of proteins localize to caveolae (6, 24, 31, 88, 154),
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either by their interaction with the CSD or localization in the
lipid microenvironment of caveolae.

An Overview of Signaling Entities
That Localize to Rafts/Caveolae

Many different types of molecular entities, including mol-
ecules involved in signal transduction, localize in raft and
caveolar domains. The recent application of unbiased, com-
prehensive approaches (.., proteomics and lipidomics), has
begun to reveal the full range of such entities (10, 31, 73, 88,
117, 155). Proteomic analyses suggest that many different
classes of proteins are found in rafts/caveolae, including
GPCR, RTK, and the most well-studied such protein, endo-
thelial nitric oxide synthase [eNOS, NOS3 (22)]. Recent arti-
cles summarize findings related to signaling molecules in
rafts/caveolae (59, 113, 114). Figure 4 describes some key
examples. Future studies are expected to define the role of
such localization in cell regulation by extracellular hor-
mones, growth factors, efc., and differences in localization and
functional roles of components in rafts vs. caveolae. The ad-
vantage of studying cav-localized components is that immu-
nologic tools (e.g., antibodies that immunoprecipitate cavs
and their partners) can be used to identify and isolate such
components. Experimental techniques available for the study
of rafts are limited and this limitation has led to rafts re-
maining controversial as entities in cells (62, 123); thus, future
efforts that aid in the preparation of rafts should help in de-
fining how the raft and caveolae “communities” differ.

Impact of Rafts/Caveolae to Redox Signaling

It was once thought that the generation of reactive species
(oxygen or nitrogen, ROS and RNS, respectively) resulted
predominantly in damage to lipids, proteins, and DNA.
However, with the discovery of the cellular production and
actions of nitric oxide (NO) in the 1980s and more recently, of
the signaling potential of molecules such as superoxide, hy-
droxyl radical, and carbon monoxide (CO), reactive species
can be viewed in two distinct ways: either as nonspecific
generation of such species or via a controlled burst of reactive
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molecules in a restricted space (such as caveolae or lipid rafts)
that would have the potential for cellular regulation, such as
by modifying signal transduction. The remainder of this re-
view will focus on the regulation of localization and physi-
ology of redox signaling by cavs/caveolae/lipid rafts. Specific
enzyme systems, including nitric oxide synthase, NADPH
oxidase, heme oxygenase, and certain less well studied en-
zymes, will be considered. We will also discuss the impact of
association of cellular organelles with caveolae as a possible
determinant in the generation of ROS and how these obser-
vations may relate to physiology and pathophysiology.

Endothelial Nitric Oxide Synthase (eNOS)

Among the binding partners of cavs, their interaction with
eNOS has been the most extensively studied (37). Binding of
eNOS to the CSD inhibits enzyme activity (41, 163). Regions
on Cav-3 corresponding to the CSD on Cav-1 produce a
similar suppression of eNOS activity, implying that this is a
conserved binding and regulatory sequence motif in cavs (36).
Loss of caveolin expression increases eNOS activity (128),
consistent with the idea that the binding of eNOS to cavs
negatively regulates this activity. The interaction of eNOS and
cav, with enrichment in the microdomain associated with
reduced enzyme activity, led to the “caveolar paradox,”
whereby enrichment does not lead to enhanced activity (28).
This paradox was resolved by evidence that eNOS is dually
regulated: direct interaction with caveolin under basal con-
ditions maintaining enzyme activity in an inactive state but
enrichment of eNOS in caveolae providing a means for rapid,
high-fidelity response upon stimulation (139).

Recent data have yielded new insights regarding the reg-
ulation of eNOS by cavs and caveolae (59); of particular note is
the observation that endothelial-specific expression of eNOS
and co-localization of eNOS with cavs in endothelial cells is
important for NO-mediated vasodilation and decrease in
blood pressure (27, 98). Recent data suggest that antioxidants
such as resveratrol can enhance the generation of NO and that
this enhancement depends upon the formation of an estrogen
receptor alpha/Cav-1/c-Src complex that leads to increased
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FIG. 4. Schematic depicting caveolae, caveolae— 0 / Ins-R
resident proteins, and proteins interacting with GPCRs PDGF-R
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phosphorylation and activity of eNOS in endothelial cells (75).
Additionally, the flavonoid quercetin and wine polyphenols
have been shown to improve endothelial function by en-
hancing the expression of Cav-1 and reducing the expression
and activity of NADPH oxidase (and superoxide generation)
in spontaneously hypertensive rats (86, 137). Local activation
of eNOS can lead to S-nitrosylation of proteins (61) and eNOS
can participate in the regulation of GPCR desensitization/
internalization via S-nitrosylation of f-arrestin, whereby f-
arrestin associates with eNOS, but upon agonist stimulation
and NO generation the S-nitrosylation disassociates the
eNOS-f-arrestin complex and targets the - arrestin to cla-
thrin (107). Such results suggest that the co-enrichment in
microdomains of eNOS with signaling molecules may help to
both initiate and turn off cellular signaling.

NADPH Oxidase (NOX)

NOX, a multicomponent enzyme system that generates
ROS in the vasculature and immune system consists of
membrane-bound (i.e., gp91phox [and its homologs in vari-
ous cells: Nox1, Nox3, Nox4, and Nox5] and p22phox) and
cytoplasmic subunits (i.e., p47phox, p67phox, and Racl, a
Rho-family GTP binding protein) (4, 12). NOXis thought to be
inactive until cytoplasmic components are recruited to
membrane raft domains, resulting in an active enzyme com-
plex (161, 164). The NOX complex may be preassembled and
functional in caveolae with enzyme activity enhanced by re-
cruitment of additional components (173); an alternative
suggestion is that the NOX complex is maintained in an in-
active state in rafts but activated by disruption of rafts (47).
Lipid rafts control the onset but not the maximal rate of NOX
activity (146). Moreover, tobacco plants which when treated
with cryptogein, a compound that initiates plant defense
mechanisms, also recruit NOX to lipid rafts (93).

NOX plays an important role in cells of the immune system,
PMN and macrophages. Proteinase 3, a serine protease, re-
leased by stimulated PMN localizes in lipid rafts with NOX
complexes (33); this localization and NOX activity can be
perturbed by MBCD, which, as noted above, removes cho-
lesterol from raft domains (19). Mechanistic studies have re-
vealed that interleukin-8 (IL-8) sequentially regulates the
assembly of NOX in lipid rafts and primes the oxidant re-
sponse to be activated by bacterial N-formyl peptides (fMLP):
brief exposure to IL-8 (3min) leads to a Bruton’s tyrosine
kinase (Btk) and extracellular regulated kinase (Erk 1/2)-
mediated phosphorylation of p47phox and translocation of
p47phox and Rac2 to lipid rafts; longer IL-8 incubation
(15min) enhances phosphorylation and translocation of
p67phox to rafts, effects that treatment with MBCD attenuates
(45). Mouse lungs perfused with fMLP-treated PMN prepared
from Cav-1- knockout mice have reduced migration, adhe-
sion, and generation of superoxide compared to PMN from
wild-type mice (57). Exogenous expression of Cav-1 in COS-
phox cells, COS7 cells engineered to express the NOX sub-
units, increases superoxide generation (57), further implicat-
ing Cav-1 in the regulation of NOX action.

Other cell types also localize NOX in lipid rafts /caveolae. In
endothelial cells, various stimuli may form “lipid—raft plat-
forms” that organize NOX components in ceramide-enriched
lipid rafts (64, 82). Formation of such platforms can be initi-
ated by cell death (pro-apoptotic) signals (i.e., Fas ligand,
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endostatin, and tumor necrosis factor alpha [TNF«]) and in-
volves the assembly of larger complexes from individual raft
units (177). In addition to pro-apoptotic signals, lipolysis of
triglyceride-rich lipoproteins can promote aggregation of
lipid rafts and enhance ROS production in endothelial cells,
the latter effect being attenuated by NOX inhibitors (168).
Cav-1 can serve as a sensor of shear stress in endothelial cells
and as a consequence, regulate ROS-mediated signaling via
NOX (90). Thus, numerous stimuli impact on rafts and
modulate NOX in endothelial cells. In vascular smooth mus-
cle Nox1 and Nox4 differentially localize to Cav-1-enriched
regions and focal adhesions, respectively (53). In addition,
Cav-1 appears to be necessary for Racl activation and sub-
sequent activity of NOX in response to angiotensin II type 1
receptors (180). The numerous examples of caveolin-NOX
interactions imply that such interactions are important for the
regulation of cellular superoxide generation.

Heme Oxygenase (HO)

HO, which catalyzes the breakdown of heme to biliverdin,
iron, and carbon monoxide (CO), exists as three membrane-
bound isoforms: HO-1 which is inducible, HO-2 which is
constitutively expressed, and HO-3 which is expressed but
catalytically inactive (160). Among the products generated by
HO, CO is of particular interest because it has signaling po-
tential (70). CO was first shown to enhance long-term po-
tentiation (149, 178) and later to be regulated by NO and
potentially to modulate vascular function (23, 169). HO-1 in
mesangial and endothelial cells interacts with Cav-1 and
Cav-2 and localizes in caveolae in a manner regulated by
various agents; akin to eNOS, HO-1 is negatively regulated by
Cav-1 (66, 71). In vascular smooth muscle cells, loss of Cav-1
or HO-1 leads to increased neointimal formation and CO
promotes antiproliferative effects through Cav-1, specifically
its ability to activate p38 mitogen-activated protein kinase
(72). Cav-1 KO mice are protected from hyperoxic damage in
the lung as a consequence of increased expression and activity
of HO-1, which is limited by Cav-1 expression (65). Such data
suggest that cell-specific expression of cavs and interaction
with partners, such as HO, helps determine responses that
may be specific to a particular cell type.

Numerous enzymes that may interact with each other are
housed in lipid rafts/caveolae, implying that such housing is
likely not mutually exclusive. Compartmented generation of
NO and superoxide by eNOS and NOX, respectively, may
contribute to protein nitration on tyrosine residues; pertur-
bation of raft/caveolae domains with cholesterol-sequestering
agents dissociates those enzymes from the rafts and decreases
their ability to generate reactive species and to nitrate proteins
(173). In macrophages, HO-derived CO can prevent ROS-
mediated recruitment of Toll-like receptor 4 (TLR-4) to lipid
rafts by preferentially inhibiting NOX activity (100). Such data
indicate an interplay among reactive species and their gen-
erating enzyme systems, which, at least in part, may derive
from actions involving rafts/caveolae.

Less Well-Studied Redox Systems

Other pro- or anti-oxidant enzymes (e.g., superoxide dis-
mutases, catalase, thioredoxin reductase, glutathione peroxi-
dase, xanthine oxidase, and myeloperoxidase) have not been
as well studied in terms of their interaction with caveolin and
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localization in lipid rafts/caveoale. One study suggested that
xanthine oxidase-generated ROS is able to limit membrane
localization of Cav-1 and affect eNOS activity (118). In vas-
cular aging, caveolae-localized superoxide dismutase is de-
creased (162). Superoxide dismutase is also reported to be
6-9-fold concentrated in lipid raft domains of the pathogenic
fungus Cryptococcus neoformans (150).

Recent data indicate that ROS balance may be critical for
the formation and dissolution of rafts. In endothelial cells ROS
activate acid sphingomyelinase to induce the formation and
clustering of lipid raft redox platforms, an effect that is
blocked by superoxide dismutase (176). In T lymphocytes,
ROS promote the formation of rafts and this can be attenuated
by scavenging of ROS (87). In hepatocytes, ethanol-induced
oxidant stress has been shown to cluster lipid rafts, a response
that can be reversed by antioxidants (102). Lipid peroxides
can promote the generation of large rafts (3) and such an effect
may help explain the clustering of membrane rafts observed
in at least some of the studies described above. Additional
data are required, especially in terms of defining the role of
ROS and ROS modulating systems and of the regulation of
cellular function by components within lipid rafts/caveolae.
An additional system that requires further study in terms of
rafts/caveolae is the generation and action of hydrogen sul-
fide (81) that can interact with redox systems and might be
localized and regulated by rafts/caveolae.

Raft/Caveolae Association with Cellular Organelles

Recent data indicate that caveolae may form contacts with
other cellular compartment so as to communicate membrane-
derived signals to other parts of the cells. For example, smooth
muscle cells can have “nanocontacts” between caveolae and
the endoplasmic reticulum (40). Other data indicate that ca-
veolins can be found in cells and intracellular regions that lack
caveolae, suggesting roles for caveolins in addition to those
that have been previously emphasized (51). Besides the oxi-
dative enzyme systems described above, mitochondria are a
major source of cellular oxidants, especially in the form of
superoxide and peroxynitrite (39). Of note, mitochondria can
be closely apposed to plasma membrane caveolae (personal
observations, Fig. 5). Although the functional significance
of such co-localization is not known, we hypothesize that
caveolae localize certain enzymes that produce reductive
species (e.g., eNOS/NO, HO/CO) that may modulate the
function of mitochondria and/or that prevent plasma mem-
brane action/damage from mitochondrial-derived oxidants.
It is also possible that mitochondrially-generated ROS mod-
ulate raft/caveolar proteins, including proteins involved in
signal transduction. Studies that investigate such possibilities
will be of interest.

Physiology and Pathophysiology of Lipid
Raft/Caveolae-Associated Redox Signaling

Since many molecules that regulate cell function localize in
lipid rafts and caveolae, rafts/caveolae can impact on numer-
ous aspects of physiology and pathophysiology. Many re-
views describe roles for rafts/caveolae in pathological settings
(14, 35, 59, 89, 113). We focus our discussion on pathologies
involving rafts/caveolae that are linked to redox signaling.

Native low-density lipoproteins (nLDL) can induce en-
dothelial dysfunction; this dysfunction is associated with
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FIG. 5. Electron micrograph showing the close apposition
of caveolae (arrowheads) and mitochondria. Scale bar is
equal to 100 nm.

reduced interaction with heat shock protein 90 and nLDL-
induced uncoupling of eNOS (126). In macrophages, oxidized
LDL can derive from raft-derived ROS (via NOX), thereby
increasing the potential for foam cell formation through oxi-
dized LDL uptake and increased formation of ceramide-rich
lipid rafts (143). Additionally, exposure of macrophages to
high glucose concentration can increase oxidant stress, induce
inducible NOS, and decrease Cav-1 expression and caveolae
formation, ultimately resulting in increased apoptosis (50);
apoptosis of macrophages in response to high glucose may
lead to lipid deposition in vessel walls. Atherosclerotic plaque
instability in humans is associated with reduced Cav-1 ex-
pression, suggesting that approaches to increase Cav-1 ex-
pression may be a means to enhance stabilization of such
plaques (133).

The organization of rafts and caveolae in the vasculature
has implications for pathophysiology in different types of
hypertension (11, 59). Decreased expression of Cav and HO
occurs in pulmonary hypertension in association with en-
hanced vascular cell proliferation and the development of
hypertension (2). Similar effects have been observed in Cav-1
KO mice and attributed, at least in part, to a decrease in
production of NO (109). However, endothelial-specific re-
expression of Cav-1 can rescue the pulmonary hypertensive,
as well as other cardiovascular abnormalities in Cav-1 KO
mice (98). Other data indicate that unlike endothelial cells that
have decreased cav/caveolae expression in primary pulmo-
nary hypertension, pulmonary arterial smooth muscle cells
have increased cav/caveolae expression, thus indicating that
there are cell type-specific changes in this disease setting (116).

There is a decline of immune function with age that leads to
a higher propensity for certain types of infections and sec-
ondary diseases. PMN from elderly subjects have a decline in
receptor function as well as altered lipid raft expression (34),
suggesting an association, and perhaps a causal relationship,
between the expression of rafts and altered immune function
in aging (158). In neurons, transmissible spongiform en-
cephalopathies (i.e., prion diseases) result in neuronal loss due
to accumulation of the prion protein PrP(Sc) and a recruitment
of the prion protein/caveolin/Fyn (a Src isoform) complex
that leads to hyperactivity of NOX and ROS-mediated injury
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(95, 119). These events may be the result of accumulation of
protease-resistant N-terminal fragments of the prion protein
that are associated with increased ROS and reduced super-
oxide dismutase and glutathione peroxidase (175). These ob-
servations suggest that altered caveolar/raft organization of
redox signaling can impact on disease settings.

Recent studies have shown that cav and caveolae are in-
tegral for protection from neuronal ischemia and cardiac
ischemic/reperfusion injury, two settings that involve ROS-
induced injury. In neurons exposed to oxygen/glucose dep-
rivation, the loss of Cav-1, either via siRNA or in neurons
isolated from Cav-1 KO mice, eliminates protection, as as-
sessed by assays of necrosis and apoptosis (52). In cardiac
ischemia /reperfusion, loss of Cav-1 or -3 (56, 115) reduces
the response of the heart to protective stimuli while mice
with cardiac myocyte-specific Cav-3 expression are protected
from ischemia/reperfusion (159). Recent studies suggest that
there may be a link between ROS and downstream modu-
lation of protective mediators via cav (77). It will be of in-
terest to determine the cav-dependent mechanisms that
regulate ROS so as to promote organ protection from ische-
mic damage.

Conclusions

Considerably more is known now about the functional
contribution of rafts/caveolae than when caveolae were first
recognized by electron microscopy ~50 years ago. Newer
data have led to the recognition that rafts/caveolae have a
large number of protein and lipid “partners” that localize to
these domains and that many of these partners have impor-
tant roles in cellular regulation. Information remains limited
regarding the precise determinants of raft/caveolae localiza-
tion of proteins and lipids. The absence of universally ac-
cepted and broadly used means to assess rafts has hampered
the accrual of information and conclusions regarding their
roles in cell function. A full understanding of these roles—as
well as those of caveolae—has yet to be discovered, especially
in terms of interaction with components involved in redox
signaling and the contribution of raft/caveolae-localized
components to oxidative injury. Discoveries that define these
roles have the potential to lead to new insights regarding a
number of physiologic processes as well as important dis-
eases—including certain infections, cardiovascular, neuro-
psychiatric, neoplastic, and inflammatory disorders.
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