
Caveolae: Endothelial model, «budding» assay 
and proposed physiological function

Transcytosis in vascular endothelia

p24ςTMED proteins: Are these lectins?

Klaus Fiedler



Endothelial Caveolae: Model

Fiedler andcollaborators, 1998-2002
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The Cell Surface of Endothelia

Cell
Surface

General
Lipid Rafts

Cholesterol

Caveolin-1/
Reggies
Caveolae

ESA-Reggie
Rafts

Coat

This cell surface was analyzed by
select purification 

Luminal
Apical

Basal
Abluminal

Clathrin-
Coated

Caveolin-1

The silica procedure was used for this endothelial membrane 
isolation from an animal source

Galectins in protein surface 
stabilization or internalization

Clathrin
CCV



Immunoisolations from Rat Lung: Quantitative Results

EM:                PV-1

Various         Cholesterol 
Procedures

Caveolin-1
Includes some caveolin-2

Reggie-1b, g Actin NAD(P)H cytochrome 

b5 reductase

ATP-Synthase

b

Annexin A5Cytochrome b5 

Caveola

The subunit composition
of ATP-synthase has not
been exactly determined

Ponceau S, Coomassie-Blue and Silver Stain

Cholesterol likely binds
to caveolin-1 super-
stoichiometrically

Half-maximal raft binding 
of Anx 5 at 1 mM Ca2+; 
half-maximal binding at 
~150 mM Ca2+ to PS-
containing vesicles

Immunoisolations were carried through with 
ŎŀǾŜƻƭŀŜ ǊŜƭŜŀǎŜŘ ōȅ ǎƻƴƛŎŀǘƛƻƴ ƻǊ άǾŜǎƛŎƭŜ 
ǳƴǘŜǘƘŜǊƛƴƎέ



The Immunoisolation of Caveolae was Achieved with Cytosol Incuba-
tion Mimicking a Budding Reaction and Immunobeads

Western blot
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120 kDa

80 kDa

60 kDa

45 kDa

35 kDa

32 kDa

Caveolin-1

21 kDa

18 kDa

12 kDa

*
*

Likely enriched proteins

The cytosolic and membrane 
proteins were not identified

Membranes on isolated silica beads/cytosol and cytosol alone 
were incubated in a budding reaction
(see next slide)  

Caveolae/caveolin would 
possibly reconstitute from 
cytosolic lipids and soluble 
proteins

IgG HC

IgG LC

*

Proteins in the 50 kDa and 30 
kDa range could not be 
delineated due to co-
migration of IgG subunits



The Immunoisolation of Released Caveolar Membranes Demonstrated
the Abundance of ESA/Reggie-1

0

0.2

0.4

0.6

0.8

1

1 2 3 4

Caveolin-1 Reggie-1

Quantification

O
p

tic
a

l 
D

e
n

si
ty

The reggie-1/ESA that was co-isolated was 
enriched 0.54-fold relative to P1membranes, in 
the following experiments enrichment was 
quantified relative to floated membranes which 
corresponded also to the input of membranes 
(SM) here!
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The Immunoisolation of Released Caveolar Membranes Demonstrated
the Abundance of ESA/Reggie-1

IgG LC

IgG HC

Blocking Agent
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A quantity of the previous experiment (same gel) was resolved on SDS-PAGE and silver-stained

Reggie-1/Flotillin-2/
ESA

Caveolin-1

ά.ǳŘŘƛƴƎ wŜŀŎǘƛƻƴέ
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200
nm

P1

Lung membranes (Silica perfusion)

Fixed in 3% glutaraldehyde, 50 mM Na+-
cacodylate pH 7.2, 1 mM MgCl2, 1 mM CaCl2, 
90 mM KCl

Reggie is migrating in the area of 
IgG heavy chain on this 1D gel

Untethering Reaction

bovine liver cytosol
(high salt preparation) GPS

bovine brain cytosol
(high salt preparation) CW

Western
blot cav1

¢ƘŜ ŀǎǎŀȅ ǎŜŜƳŜŘ ǘƻ ŦǳƴŎǘƛƻƴΧ



Interactome That we Found in Caveolae from an Animal Source

Flot1

Cyb5r3

Cav2Anxa5

Atp5f1b

Flot2

Cav1

Actb

Coimmunoprecipitation

Immunoisolation

Coimmunoprecipitation +
Immunoisolation

Anxa5  Annexin A5
Actb bActin
Atp5f1b  bATP-synthase
Cav1  Caveolin-1
Cav2  Caveolin-2
Cyb5r3  Cytochrome b5

reductase
Flot1  Flotillin1
Flot2  Flotillin2

Cytochrome b5 we have 
recently found by comparative 
2D-gel analysis



A Molecular Hypothesis with Respect to Vasoregulation was Proposed 

Preponderant Action
of ATP

Preponderant Action
of ATP

Moreover, during pathological conditions such as in subarachnoid hemorrhage red cells release ATP and constrict arterioles directly via muscle P2X and P2Y2 receptors; see Fiedler 
(2002), Chatenay-Rivauday et al. (2004), Burnstock (2008), some data were taken from von der Weid et al. (1993), Evans and Kennedy (1994), Hoyer et al. (1997), Hansen et al. (1999)

Relaxation of the
Blood Vessel

Constriction of the
Blood Vessel

Coupling by Tensegrity

PKC and PKA activity/
balance in the muscle cell
layer regulate constriction 

See also Chi and Pizzo (2006)

2003 Model



ATP
ADP

Adventitia

Smooth Muscle

Endothelium

Vasorelaxation Vasoconstriction

Damaged/dysfunctional
endothelium-platelet
aggregation

Sympathetic nerves
Varicosities

ATP

ADP

ATP UTP

UTP

UTP UDP

ATP
ADP

ATP
ADP

P2X1

P2Y2

P2Y4

P2Y6

NPY

a1

P2X1

ATP
NA
NPY

ado

ado

Shear
stress

EDDFs are
derived from
the endo-
thelium

EDDFs have so far not 
been frequently listed

P2X4

P2Y1

P2Y2

P2Y4

P2Y6

A2A/B

A2A/B

EDHF
NO
PG

Adapted from 
Ralevic and Dunn, 2015

The role of P2X and P2Y1 
receptors in the nervous 
system is particularly well 
understood

Example of Current Insight on P2X- and P2Y-Receptor Involvement in
Blood Vessels: See Hypothesis



The Molecular Hypothesis May be of Importance in Lung Physiology:
Hormones and Factors That Regulate Blood Flow

ω Pulmonary Constrictors

low PAO2

endothelin

serotonin

prostaglandins

thromboxane A2

a-adrenergic catecholamines

angiotensin

leukotrienes

neuropeptides

histamine

high CO2

Å Pulmonary Dilators

high PAO2

prostacyclin

dopamine

nitric oxide

acetylcholine

bradykinin

b-adrenergic catecholamines

ATP

ATPis added to treat pulmonary hypertension after 
cardiac surgery (see Burnstock 2008) and in cardiac 
resynchronization in sinus arrhythmia or reentrant 
tachycardia (see Otomo et al. 2008)

The role of caveolaein hypoxia may be seen in the 
regulation or function of dihydroceramide desaturases 
in oxygen sensing (DEGS1/2 or DES1/2; see Devlin et al. 
2011)



Of Prime Interest: Risk of Atrial Fibrillation - Physiological Function 
of Caveolin and Indications from Genetics

Vatta et al. 2006
Holm et al. 2010
Ellinor et al. 2012
Verweij et al. 2018

P

R

Q
S

T

PR
QT

It was found that caveolins are frequently associated with altered PR and QT times and affect atrial fibrillation (cav3, 
cav1/2). Ion channels are also bound by caveolins or are localized to caveolae (TRPV4, TRPC1/4, Na+/K+-ATPase, f-
channels, Cav1.2, Kv1.5, kir6.2, Nav1.5 and NCX), and recently it was found that cav1/2 are associated with heart rate 
increase and recovery in exercise in the autonomous regulation of the nervous system (this may also relate to the 
early finding of cav1 in neurons/DRGs).

ECG

Long- or short-QT syndromes are 
often associated with rare 
mutations in ion channel genes

See MR-Egger regression concerning arrhythmic 
ŎƘŀƴƎŜǎ ŀƴŘ ōƭƻƻŘ ǇǊŜǎǎǳǊŜ ƛƴ ǘƘŜ άhǳǘƭƻƻƪ ƻƴ 
/ŀǾŜƻƭŀŜέ



flot1a        flot1b       flot2a       flot2b

A Study in the Model Organism Zebrafish Confirms the Widespread 
but Selective Expression of Caveolin Genes

Klein et al.  http://www.tinyurl.com/scZfish2018

cav1
cav2
cav3 Epidermal

Enveloping Layer Epidermis

Blood

Endothelial

Heart

Fin Bud

Muscle

A widespread expression of flotillins/reggies
has previously been expected and results in the
single-ŎŜƭƭ ƎǊŀǇƘ ǿƛǘƘ ǇŜǊƛǇƘŜǊŀƭ άƭŀōŜƭέΥ

Late developmental stages
at 24 hours postfertilization
are found in the periphery
of the underlaid gray areaData provided from

Optic Cup

Differentiating
neurons

Macrophage

Neural
crest

Nkx2.5Σ ŀ ǘǊŀƴǎŎǊƛǇǘƛƻƴ ŦŀŎǘƻǊκάƳŜŎƘŀƴƻ-
ǊŜǇǊŜǎǎƻǊέΣ ǿŀǎ ǊŜŎŜƴǘƭȅ ŦƻǳƴŘ ǘƻ ƛƴǘŜǊŀŎǘ ǿƛǘƘ 
flot1 (Dingal et al. 2015) and in these ways 
caveolins and reggies could be involved in 
meso-/ectoderm to heart development 

Brain expression is also found



Caveolin-1: Possible Role in Cycling, Adhesion and Cell Growth
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Cav1 is found to be 
modified on cysteines 
133, 143, 156 and was 
recently shown to be 
acylated by 60% 
stearic- and 40% 
palmitic acid

Cai et al. 2013



Signature-Antibodies

caveolin-1

SVEC4-10 cells
Transformed

Cell nuclei

Approximate size of a single cell

The signal was confined to optical sections of ~2 mm thickness

Would instability of the nuclear envelope allow for an exchange of material with 
the cytoplasm by non-pore import? Yet, a non-classical nuclear localization 
sequence has recently been described in caveolin-2 

Mip

Z-projection

Focal contact-type labeling was not found in all but 
many cells

The perinuclear extension of cells in the z-direction was 
only 150 nm as seen in transmission EM

Cells were plated on collagen I



Nuclear Caveolin-1 Likely Shows a Particular Conformer

Polyclonal antibodies (C13630)

SVEC4-10

Polyclonal Signature-domain anti-
bodies

SVEC4-10

Nuclear localization
with cav-1 antibodies 

FEDVIAEP-
Epitope

TMD
C-ter

Cells Cells
this result was not expected

Results confirming a nuclear 
localization of caveolin:
cav1 - Feng et al. 1999
cav1 - Chatenay-Rivauday et al. 2004
cav1 - Sanna et al. 2007
cav2 - Kwon et al. 2011



Current Structural Insight: the Cav1-Signature Antibody Recognizes an 
Epitope that is Likely Shielded in the Caveolin-1 11-mer

Coulombic surface

Hydrophobicity surface

Cytoplasmic Aspect

Signature Epitope

Interlocking Signature 
Epitopes with 
aid of region 49-60 
(pin motif)

Porta et al. 2022

The (current N-ter.) 310 helix is part of the
KHLNDDVVKIDFEDVIAEPE peptide 
that was used in antibody production 

Control MIPSVEC4-10

Caveolin-Signature Antibodies

CPAE

мκмлΨллл ƻŦ cells 
could be labeled
and was not found
iƴ ǘƘŜ άŦƛǊǎǘ ǇƭŀŎŜέ

Rare Labeling
in Primary Cultures nuclei

focal-contact
labeling

Chatenay-Rivauday et al. 2004 We conclude that the caveolin-1 11-mer is 
dissociated or conformationally altered, or both,
in focal contacts and in cell nuclei of transformed 
cells

other cells were not 
labeled except few
additional cells that 
showed lysosome-like 
staining



Adhesions are Reorganized in Maturation

see Wary et al. 1998, Stan et al. 1999 
and other sources
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Electron Microscopy of Membranes of the Immunoisolation
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Residual Pellicle «Dense Membranes» Starting Material (SM)

~ 100 nm vesicles

This experiment involved the release of membranes as described in our 2004 Mol.Biol.Rep. publication and should have 
appeared in the Supplementary Section (see Fig. 1 g, h) 
Chatenay-Rivauday et al. 2004  

100 nm100 nm100 nm

few vesicles > 200 nm
were also visible

The starting material for this EM analysis was 
collected from a control reaction incubated overnight 
in the absence of antibodies

approx. size of silica particles
50 nm

membrane fragments and presumably cytoskeletal elements 
were visible

Ҧ The immunoisolation efficiency from SM was ~100 % 



Caveolae were Isolated from Lung by an Established and Improved
Procedure: C1Z Beads
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kDa

1        2                                 3          4          5          6          7         8

Reggie-1/Flotillin-2/
ESA

Caveolin-1

Ponceau

121

81

Reggie-1/Flotillin-2/ESA enriched
0.6 xin lane 7 rel. to 5

Reggie-1/Flotillin-2/
ESA

Surprisingly only three 
major proteins were found
including caveolin-1

a
b

Immunoisolations were carried through with a mix 
of protease inhibitors that were reacting with free 
thiol-groups, without reducing agents

M
r
m

a
rk

e
r

few additional proteins
in the 28 ς40 kDa range
are present, but not very 
abundant on this blot

dense and light membranes contain
significant amounts of b/g-actin

*

Unrelated reaction shows large amounts of 
proteins

BSA



These Early Immunoisolations Suggested the Presence of Two 
Types of Membrane Domains: Reggie-1 and Caveolin-Reggie-Domains

Not all Reggie-1/Flotillin-2/ESA-containing
vesicles could be isolated

51
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Reggie-1/Flotillin-2/
ESA

Caveolin-1

121

81
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Reggie-1/Flotillin-2/
ESA

a
b

Western
Note the almost complete absence of caveolin-1 
in the supernatant that remained after the 
reaction and was recentrifuged to pellet 
membranes

No clathrin could be detected on these blots (ICN 
pAb clathrin HC)

The immuno-isolation control showed 
large quantities of caveolin-1 in the 
supernatant

ECL: Long Exposure
1   2                     3     4 5  6 7 8

*



A Molecular Hypothesis with Respect to Vasoregulation was Proposed
and Would Entail the Most Abundant Proteins
The Lane Labeled with the Asterisk was Quantified

Caveolin-1 a/b

ESA/Reggie-1

b/g-Actin

Similar transfer efficiency and stain with Ponceau was assumed 

Stoichiometry of 
the Protomer

1  :  1  :  8

b,g-Actin : Reggies : Caveolin-1

This Quantification was similar to the following determination from silver-stained gradients,
some reggies or actin may have dissociated (stoichiometry of the vesicle mixture 1 : 1.2 : 8.5)

In this lane proteins 
were well resolved



A Gaussian Model Quantification Would Suggest the Reduction of Actin
in the Eupergit Immunoisolated Vesicles

Lane 7 was quantified

Caveolin-1 a/b

ESA/Reggie-1

b-Actin

Stoichiometry of the 
Caveolae Molecular 
Coat

1  :  9  :  135

b,g-Actin : Reggies : Caveolin-1

1  :  1  :  8

b,g-Actin : Reggies : Caveolin-1
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Grey: inferred subunits 

Mixed Vesicles

Immunoisolate

The stoichiometry in octylglucoside detergent-extracts 
(sucrose-gradients/high S-value) was 2 : 2 : 8

ESA/Flotillin-2

b/gActin
Caveolin-1

The accessibilityof caveolin-1 in isolated vesicles (cav1 N1-14 antibody) is not known if the protein is complexed with reggies and actin
(stoichiometry in the immunoisolate ~ 1 : 9 : 135 or 1 : 10 : 156)

g-actin could not be determined by immunoblot, but all actin and reggie proteins were quantified by «optical density»



Caveolae and the Actin Distribution in Endothelial Cells
See Chatenay-Rivauday et al. 2004

mm

cav-1
b-actin

-Gdn

+GdnHCl, 3-Dimensional Reconstruction

In our view, caveolae usually follow the actin-network
in quantity

GdnHCl: Guanidinium-Hydrochloride

F-actin visibility 
was increased in 
this way



In CPAE Cells Caveolin-1, Actin and ESA/Reggie-1 were Co-Localized
Subconfluent cells without collagen I

caveolin-1 ESA tŜŀǊǎƻƴΩǎ w Ґ лΦсп όŀōƻǾŜ ǘƘǊŜǎƘƻƭŘύ

Note the above 
threshold labeled 
ESA-positive 
structures that 
represent no 
caveolae

Settings were 
adjusted to single-
labeled coverslips 
and secondary 
antibodies

caveolin-1 Actin tŜŀǊǎƻƴΩǎ w Ґ лΦнт όŀōƻǾŜ ǘƘǊŜǎƘƻƭŘύ
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New Results Suggest that Mechanotransduction Involves Annexins Via
Regulation of Bilayer Fluidity Gradients

Cytosolic caveolin
may bind cholesterol
and anionic lipids

Luckcuck et al. 1997
Annexin 5 in the 
nucleus of 
developing 
cardiomyocytes

Raouf et al. 2018
Annexin 6
mechanosignaling

Megli et al. 1998
Annexin 5

Bilayer Inner
Fluidity


