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SCAFFOLDING 1 

NANOCELLBIOLOGY: CELL SURFACE PORTALS – CLATHRIN-COATED PITS, 
LIPID RAFTS, CAVEOLAE, AND POROSOMES 

A new field in biology, nanocellbiology (nano cell biol-
ogy), has emerged from the successful use of atomic force 
microscopy, in combination with electron microscopy and 
other methods, in understanding the structure and dynamics 
of cells and biomolecules at nanoscale resolution (1-3) (Fig-
ure 1). 

Human “love to knowledge” (from Bulgarian “lyuboz-
nanie” - “lyubov”, love, “znanie”, knowledge) led to the 
whish to “see inside” the body of organisms. Initially, this 
was achieved by the dissection of human cadavers performed 
by the pioneer anatomist Andreas Vesalius. Later on the mi-
croscope was invented. In 1609, Galileo was among the first 
to use a telescope as an instrument to observe stars and plan-
ets. The names „telescope“ and „microscope“ were coined for 
Galileo‘s instrument, in 1611. Illustrations of insects made 
using one of Galileo‘s microscopes, were published in 1625, 
and appear to have been the first clear documentation of the 
use of a microscope. Later on Antonie van Leeuwenhoek and 
Robert Hooke also made observations with microscope. Us-
ing “magnifying glasses”, Hooke observed small box-like 
compartments in cork, and introduced the term “cells”, in his 
book Micrographia published in 1665. 

Figure 1. Methods in Nano Cell Biology, Dedicated in memory 
of George E. Palade (1912-2008), the father of modern cell 
biology. Academic Press, Elsevier 2008; 90:1-505. Author: 
Bhanu P. Jena, George E. Palade University Professor of 
Physiology, Department of Physiology, School of Medicine, 
Wayne State University, Director, NanoBioScience Institute, 
Center for Macromolecular Structure-Function: A Nanometer 
and Femtosecond Scale Bioscience and Engineering Center, 
Detroit, Michigan, USA. E-mail: bjena@med.wayne.edu
Web: http://www.med.wayne.edu/physiology/facultyprofile/jena

About 280 years later, the transmission electron micro-
scope was invented. Hence, on July 6, 1944 in Rockefeller 
Institute for Medical Research, New York, NY, Albert Claude 
made the first 13 micrographs taken from (cultured) cells. 
Thirty years later, in 1974, Albert Claude, Christian de Duve 
and George Palade shared the Nobel Prize for Physiology or 
Medicine. For the discovery of a new cell world, revealing 
membrane-bound organelles (mitochondria, endoplasmic re-
ticulum, Golgi complex, lysosomes, caveolae) and cytoskel-
etal elements (filaments and microtubules). 

The plasma membrane (plasmalemma, cell surface) is a 
complex lipoprotein structure surrounding the cells in all 
living organisms. Cells have constant need for the build-
ing components of life: amino acids, lipids, carbohydrates, 
and nucleic acids. To sustain this need, they rely on uptake, 
recycling, synthesis, and degradation. Cells ingest fluid, 
small molecules, macromolecules, bacteria and viruses by 
endocytosis, that is, transport into the cell from the plasma 
membrane (Table 1). It is mediated by cell surface “portals” 
including clathrin-coated pits, lipid rafts, caveolae, and poro-
somes. These are multifunctional nanodomains with unique 
molecular architecture. 
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CLATHRIN-COATED PITS AND VESICLES

Coated pits and vesicles were first seen with electron micro-
scope by Thomas Roth and Keith Porter in 1964. The impor-
tance of them for the clearance of low-density lipoprotein 
(LDL) from blood was discovered by Joseph Goldstein and 
Michael Brown in 1976, and awarded Nobel prize for Physi-
ology or Medicine in 1985, because of its antiatherogenic 
potential (Fig. 2).

Coated pits and vesicles mediate protein sorting in the 
endocytic and secretory pathways, that is, at plasmalemmal 
and Golgi complex level, respectively. The coat protein was 
first isolated in brain samples by Barbara Pearse and named 
clathrin (4). The main scaffold component of clathrin coat 
is the 190 kD protein called clathrin heavy chain and the 25 
kD protein called clathrin light chain, which form three-leg-
ged trimers, called triskelions, the major structural blocks of 
coated pits and vesicles (Fig. 3-5).

Coat proteins include: clathrin, coat protein-I (COP-I), 
COP-II, and caveolins. Clathrin coats are involved in two 
transport steps: (i) receptor-mediated endocytosis from the 
plasma membrane to early endosome, and (ii) transport from 
the trans-Golgi network (TGN) to endosomes. Whereas 
COP-I and COP-II-coated vesicles operate at endoplasmic 
reticulum-Golgi part of the secretory pathway; for caveolins 
see below. 

Clathrin, together with clathrin-associated proteins, e.g., 
adaptins – AP1-6, AP50 (5), has a unique function to form a 
coat attached to the cytoplasmic face of plasma membrane, 
forming a pit that further invaginate to pinch off with help of 

dynamin (a cytoskeletal protein GTP-ase), and become free 
clathrin-coated vesicles. The assembly of a coat of coated 
vesicles takes approx. 1 min, and several hundred to a thou-
sand or more can form every minute. Briefly, at a structural 
level, the first steps of clathrin-mediated endocytosis are: 
coating of localized domains, coated pits, coated vesicles, 
uncoating of vesicles, early endosomes. This process occurs 
continuously in non-dividing cells, but is shut down during 
mitosis, when clathrin concentrates at spindle body stabiliz-
ing its microtubules (6). One of clathrin-associated protein, 
epsin 1, directly modifies membrane curvature and facilitate 
the formation of clathrin-coated pits (7). Of note, gene which 
encodes the protein enthoprotin, a clathrin-associated pro-
tein, has been shown to be involved in the genetic suscepti-
bility to schizophrenia (8). Other examples of clathrin-relat-
ed diseases include Alzheimer’s  and prion disease (9-11; for 
lipid rafts, see 12).

Endocytosis is a dynamic and regulated phenomenon, so 
extensive in many cells that a large fraction of the plasma 
membrane is internalized every hour. To make this possible, 
most of the plasmalemma components that are endocytosed 
are continually returned to the cell surface by exocytosis, a 
process dubbed endocytic-exocytic cycle, which is largely 
mediated by clathrin-coated pits and vesicles. Once inter-
nalized, the coat of the coated vesicles rapidly, with 10-15 
seconds, via clathrin-uncoating ATPase (mnemonically, 
“striptase”), shed their clathrin coat, and fuse to generate 
early endosomes.

Table 1. Endocytic pathways

Pinocytosis (fluid-phase endocytosis)
Receptor-mediated endocytosis
 Clathrin-mediated
 Lipid raft-dependent
 Caveolar endocytosis
 Transcytosis (caveolae-mediated)
 Potocytosis (caveolae-mediated)
 Flotillin-mediated (non-clathrin, non-caveolar) 
 Phagocytosis*

* This endocytic pathway, as well as ion and water channels, which may also be considered cell surface “portals”, are out of the scope of 
Scaffolding 1.
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Figure 2. Normal and mutant LDL re-
ceptors. A. LDL receptor binding to a 
coated pit in the plasma membrane of a 
normal cell. The human LDL receptor 
is a single-pass transmembrane glyco-
protein. B. A mutant cell in which the 
LDL receptors are abnormal and lack 
the site in the cytoplasmic domain that 
enables them to bind to adaptins in the 
clathrin-coated pits. Such cells bind 
LDL but cannot internalize it. In most 
human populations, 1 in 500 individu-
als inherits one defective LDL receptor 
gene and, as a result, has an increased 
risk of a heart attack caused by athero-
sclerosis. From: Bruce Alberts, Dennis 
Bray, Julian Lewis, Martin Raff, Keith 
Roberts, and James D. Watson. Molec-
ular Biology of the Cell. 2002. 

Figure 3. An inside-out (cytoplasmic) view of a clathrin-coated pit illustrated by John Heuser’s method, quick freeze-deep etch 
electron microscopy in 3-D scale. Pentagonal and hexagonal pattern of the coat is revealed. From: www.heuserlab.wustl.edu
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Figure 5. Clathrin-
coated vesicles 
shown by Heuser’s 
method. From: 
www.heuserlab.
wustl.edu

Figure 4. Triskelions, major molecular 
constructs of the coat of clathrin-coat-
ed vesicles, as illustrated by Heuser’s 
method. From: www.heuserlab.wustl.
edu
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LIPID RAFTS AND CAVEOLAE

Endocytosis of various proteins, including signaling recep-
tors and glycosylphosphatidylinositol (GPI)-linked proteins, 
occurs in the absence of functional clathrin-coated pits. Most 
of these molecules are found in lipid rafts, which suggests 
that at least some clathrin-independent endocytic pathways 
may be lipid raft-mediated. 

Lipid rafts are plasma membrane nanodomains (about 50 
nm in size) enriched in cholesterol and sphingolipids that are 
involved in the lateral compartmentalization of molecules at 
the cell surface. Caveolae are caveolin-1-enriched invagina-
tions of the plasma membrane that form a subdomain of lipid 
rafts (Fig. 6). Endocytosis of rafts, including caveolar and 
noncaveolar  variety, is characterized by its cholesterol and 

dynamin sensitivity, that is, both cholesterol and dynamin de-
pletion inhibits raft-mediated endocytosis. 

The term caveolae coined from Latin means “little caves”. 
It was introduced by Palade in 1953 and Yamada in 1955, 
who have described them as 50-100 nm vesicular invagina-
tions of the plasma membrane in endothelial cells. Among 
the important milestones in the understanding of caveolae 
is the discovery of a family of proteins that are intimately 
involved in caveolar function, the caveolins. Caveolae and 
their caveolins are involved not only in endocytosis but also 
lipid homeostasis, vesicular trafficking, signal transduction, 
and tumorigenesis. Caveosomes are caveolin-1-containing 
endosome.

Figure 6. Scheme of lipid raff and caveola. A. Lipid rafts: the liquid-ordered phase is dramatically enriched in cholesterol 
(shown in yellow) and exoplasmic oriented sphingolipids (shown in orange). In contrast, the liquid-disordered phase is com-
posed essentially of phospholipids, such as phosphatidylcholine, phosphatidylethanolamine, and phosphatidylserine (shown 
in green). B. Caveola: the liquid-ordered and liquid-disordered phases are illustrated as in panel A. Upon integration of the 
caveolin-1 protein, liquid-ordered domains form small cave-shaped invaginations called caveolae. Caveolin-1 monomers as-
semble into discrete homooligomers (shown as dimers for simplicity) containing 14-16 individual caveolin molecules. Adjacent 
homooligomers are thought to pack side-by-side within caveolae membranes thereby providing the structural meshwork for 
caveolae invagination. Caveolin-1 oligomers are red. From reference 18.  
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Research in the past decade has shown that caveolae are 
biochemically indistinguishable from lipid rafts and are com-
posed of a similar local enrichment of cholesterol and sphin-
golipids. The primary difference between these two entities 
is the invaginated, vesicular morphology of caveolae, due to 
the presence of a set of proteins unique to caveolae but absent 
from lipid rafts, namely, caveolins.

Caveolae have also been implicated in the transcytosis of 
macromolecules across endothelial cells and in the receptor-
mediated uptake of 5-methyltetrahydrofolate. Structural stud-
ies indicate that caveolae are decorated on their cytoplasmic 
surface by a unique array of filaments or strands that form 
striated coat. The exposure of membranes to cholesterol-
binding drugs caused invaginated caveolae to flatten and the 
striated coat to disassemble. Antibodies directed against a 22 
kD substrate for v-src tyrosine kinase in virus-transformed 

chick embryo fibroblasts decorated the filaments, suggest-
ing that this molecule is a major component of the caveolar 
coat. Accordingly, this protein was named “caveolin” (Fig. 
7). Initially termed VIP21 (vesicular integral-membrane pro-
tein of 21 kD), the caveolin protein family is composed of 
three distinct proteins, caveolin-1, -2, and -3 (Cav-1, -2,-3). 
Cav-1 and -2 are co-expressed in many cell types with espe-
cially high levels in endothelial cells, adipocytes, and type I 
pneumocytes, while Cav-3 is exclusively expressed in skel-
etal and cardiac muscle cells, whereas smooth muscle cells 
express all three caveolins. The caveolins also functioning as 
scaffolding proteins, capable of recruiting numerous signal-
ing molecules to caveolae, as well as regulating their activity. 
Caveolins also interact with a variety of downstream signal-
ing molecules, and hold these signal transducers in the inac-
tive conformation until activation by an appropriate stimulus. 

Figure 7.   Caveolae in the plasma membrane of a fibroblast. A. Electon micrograph showing a  plasmalemma with a very high 
density of caveolae. Note that no cytosolic coat is visible. B. This quick-freeze deep-etch image (Heuser method) demonstrates 
the characteristic “cauliflower” texture of the cytosolic face of the caveolae membrane. The regular texture is thought to result 
from aggregates of caveolin. A clathrin-coated pit is also seen at the upper right. Courtesy of John Heuser, from reference 13. 
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Figure 8. Signaling through caveolae. In this view, two separate receptors are shown docking with a cholesterol and caveolin-
enriched caveola organelle, following ligand-mediated stimulation. The beta-adrenergic receptor (beta-AR; blue) is a conven-
tional G protein-coupled receptor with seven membrane-spanning domains. When stimulated, this receptor initiates a signaling 
cascade conveyed through several caveolae localized proteins, beginning with the activation of Gs subunits. This, in turn, leads 
to the activation of adenylyl cyclase, which increases intracellular cAMP concentrations, resulting in the activation of protein 
kinase A (PKA). On the right, an activated epidermal growth factor receptor (EGF-R) is also shown docking with the caveola, 
leading to the activation of a proliferative pathway involving several caveolae-associated proteins of the p42/44 mitogen-
activated protein kinase cascade (Ras/Raf/MEK/ERK). From reference 19.

Altogether, this led to the proposal of the “caveolae signaling 
hypothesis” (Fig. 8) and implicated caveolae/caveolins in the 
pathogenesis of numerous diseases such as diabetes, cancer, 
atherosclerosis, pulmonary fibrosis, prostate hyperplasia, and 
muscular dystrophies. 

Potocytosis 

Caveolae have also been implicated in a unique form of in-
ternalization, designated potocytosis. First demonstrated by 
Anderson and colleagues (14), potocytosis is the process by 
which cells can transport small molecules (> 1 kD) without 
having to endocytose vesicles to internal endosomal com-
partments. Using microscopy, they revealed that the folate 
receptor, a GPI-linked protein, is mainly localized to caveo-
lae. Caveolae seem to facilitate the uptake of folate by clos-
ing their necks. In this way, a highly concentrated pool of 
folate is created, which is subsequently fluxed to the cyto-
plasm by a three-step process: (i) lowering of caveolar pH by 
a caveolae-localized proton pump, (ii) low pH dissociation of 

folate from its receptor, and (iii) flux into the cytoplasm by a 
caveolae-localized anion carrier. At present, the mechanism 
of the dynamic closing and opening of the caveolar “mouth” 
is not understood. More studies should be conducted before 
potocytosis be considered a process distinct from caveolar 
endocytosis.

Flotillin-mediated endocytosis  
There is evidence for an endocytic mechanism that is distinct 
from both clathrin-coated pits and caveolae. For instance, 
it was shown that the protein flotillin-1 (FLO-1)  resides in 
punctate structures within the plasma membrane and in a spe-
cific population of endocytic intermediates. These intermedi-
ates accumulate both GPI-linked proteins and cholera toxin 
B subunit. Endocytosis in FLO-1-containing intermediates 
is clathrin-independent. Immunoelectron microscopy reveals 
that FLO-1-containing domains seem to bud into the cell, and 
are distinct from clathrin-coated pits and caveolae (15).

Altogether, see references 13-22 for details.
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POROSOMES

Secretion occurs in all cells of multicellular organisms and 
involves the discharge of secretory products packaged in 
membrane-bound vesicles to the cell exterior (23). Using 
electron microscopy, George Palade described rough endo-
plasmic reticulum-Golgi complex secretory pathway, which 
was further developed by Gűnter Blobel’s signal hypothe-
sis of protein targeting; both scientists were awarded with 
Nobel prize for Physiology or Medicine in 1974 and 1999, 
respectively. Recently, a secretory pathway not involving en-
doplasmic reticulum-Golgi complex has been revealed.  The 
exocytosis of this secretion is mediated by exosomes (multi-
vesicular body-derived microvesicles) and ectosome (plasma 
membrane-shedding microparticles).    In the early 1990’s, 
using atomic force microscopy (AFM) Bhanu Jena and col-
leagues at NanoBioScience Institute, Detroit, Michigan, 
USA have demostrated a novel plasmalemmal structure that 
mediates the final step of exocytosis (24-28). They named it 
porosome, a cup-shaped structure found in various types of 
secretory cells (Fig. 9). The porosome opening to the out-
side is of 150 nm in diameter in acinar cells of the exocrine 
pancreas. Secretory vesicles (granules) of endocrine and exo-
crine cells, including synaptic vesicles of neurons, are trans-
ported to specific sites at the plasmalemma, where they dock 
and fuse with porosomes to release their contents.

At the presynaptic membrane, 12-17 nm in diameter neu-
ronal porosomes are present where synaptic vesicles tran-
siently dock and fuse. And a play between synaptic vesicle 
containing v-SNARE (vesicular-soluble NSF attachment 
protein receptors; NSF stays for N-ethylmaleimide-sensitive 
factor) and the porosome containing t-SNARE (“t” for tar-
get) starts, resulting in a ring formation. The size of the t/v-
SNARE ring is directly proportional to the size of the vesicle 
– here, GTP is needed for active transport through the water 
channel into the vesicle. This results in vesicle swelling and 
an increase in pressure which, in turn, result in the secretion 
of the synaptic vesicle’s contents. Depletion of cholesterol, 
results in the dissociation of some essential components from 
neuronal porosomes, suggesting that cholesterol, as in caveo-
lae, participates as an integral construct of the neuronal po-
rosomes, and is required for their stability (29-31), leading 
Denys N. Wheatley to write an Editorial entitled “Pores for 
thought” (32, also see 33).

Figure 9. Porosome: the secretory machinery at the cell 
plasma membrane. Porosomes in the exocrine pancreas (top 
panels) and neurons (bottom panels). In the top left panel, 
an electron micrograph of a single porosome at the apical 
plasma membrane (PM) of a pancreatic acinar cell is shown. 
Note the porosome membrane (POM, yellow arrowhead) as-
sociated with the membrane of a secretory vesicle (ZGM). A 
circular ring structure (blue arrowhead) forms the neck of 
the porosome complex. On the top right panel, is an atomic 
force micrograph of the apical end of a live pancreatic aci-
nar cell, demonstrating the presence of four porosomes (one 
pointed by the yellow arrowhead). Porosomes in the exocrine 
pancreas range in size from 100–180 nm. In the bottom left 
panel, an electron micrograph of a neuronal porosome (red 
arrowhead) in association with a synaptic vesicle (SV) at the 
presynaptic membrane (Pre-SM) of the nerve terminal, is 
demonstrated. Note a central plug in the porosome complex. 
The bottom right panel is an atomic force micrograph of a 
neuronal porosome at the presynaptic membrane in live cell. 
Note the central plug (red arrowhead). The neuronal poro-
some is an order of magnitude smaller (10-12 nm) than the 
porosome in the exocrine pancreas. From: Bhanu P. Jena, 
NanoBioScience Institute, Wayne State University, Detroit, 
Michigan, USA. 
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