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1. Introduction

Once the basic mechanisms for coding and synthesizing proteins were understood, it became
necessary to learn how they are targeted, incorporated and retained in the place of the cell where
they function. To understand why this knowledge has now become so important, we will sketch
the main experimental models of the cell developed after the Second World War (Fig. 1).

(1) The biophysicist’s cell. the measurement of unidirectional fluxes and microelectrodes to study
transporting mechanisms and the electrical potential across the cell membrane, led to depict
the cell as a single compartment, filled with a well-stirred solution. Solutes were assumed to
have chemical activities identical to their concentrations, and diffusion coefficients to be so
much higher than membrane permeability, that the only restriction to their movement was
thought to be due to the mechanisms of penetration into the cell.

(2) Ling’s cell. In 1962 Gilbert N. Ling summarized the evidence indicating that macromolecules
in the cytoplasm have enough net electric charges and hydrogen binding sites to insure that no
water molecule nor solute would be free as it would be in a biophysicist’s cell (Fig. 1, upper

right).
(3) The biologist’s cell. Electron microscopy demonstrated that the nucleus occupies a

considerable space of the cell, and the rest of the cytoplasm is almost completely filled with
structures such as mitochondria, cisternae of the endoplasmic reticulum, the Golgi apparatus,
lysosomes, endosomes, microtubes, microfilaments, etc. (Fig. 1, bottom left).

(4) The biochemist’s cell. After the Second World War most chemical studies of the cell started by
mincing tissues with scissors and blenders, followed by a thorough homogenization in which
most cell structures were destroyed. The introduction of cell fractionation and immunomicro-
scopy indicated that different protein species tended to be associated with a specific cell
organelle. This demonstrated that the thousands of molecular species contained in the cell are
secluded in separated chemical and physical compartments, and therefore do not interfere
with each other.

(5) The physiologist’s cell. The use of tracers indicated that most biological molecules are only
transient dwellers of specific compartments, implying that they are continually arriving from
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and departing to other cell compartments. Furthermore, the life of a cell is a cyclic process, in
whose steps the expression of some molecular species changes, so that each species has to be
synthesized, delivered, and retrieved from the specific compartments where it belongs. This led
to the concept that ribosomes, microtubules, microfilaments, vesicles and the rest of the
cellular structures are not ‘‘things’’, but the frozen image of vertiginous processes. Structures
like microtubes and the Golgi apparatus are literally shattered and reassembled in each cell
cycle. Furthermore, until a few decades ago, a worldview based on the concept of body and
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Fig. 1. Working models of the cell after the Second World War. Upper left: for biophysicists it was enough to assume

that the only relevant feature of the cell is its plasma membrane containing specific translocating mechanisms. The

cytoplasm was supposed to be a well-stirred solution where diffusion coefficients have an infinite value, activities were

identical to concentrations, and the nucleus as well as other organelles were not taken into consideration. Upper right:

Gilbert N. Ling disregarded the membrane as the seat of translocating mechanisms. He considered that the cytoplasm is

an entangled mesh of macromolecules with enough fixed electric charges and hydrogen binding sites to insure that water

and ions would not be entirely free. Bottom left: cell biologists observed that the cell contains densely packed organelles,

such as the nucleus, endoplasmic reticulum, Golgi apparatus, lysosomes, endosomes, peroxisomes, mitochondria,

microfilaments, microtubes and shuttling vesicles. Bottom center: biochemists demonstrated that different organelles

have different molecular species, membranes have domains, and proteins have different life spans. Bottom right:

physiologists study the mechanisms and signals that enable a given protein species to move through a labyrinth of

organelles, and travel from the point of synthesis to very specific targets.

M. Cereijido et al. / Progress in Biophysics & Molecular Biology 81 (2003) 81–115 83



soul, justified a sharp division into an anatomy that studied ‘‘structures’’ as opposed to a
physiology that studied ‘‘pure functions’’. Today, the study of biology at cellular and molecular
levels shows that functions comport a feverish change of the structure of molecules, channels,
receptors and other ephemeral arrangements. In this sense, protein targeting is the set of signals
and mechanisms that forces a given protein species to reach a highly specific site of the cell, and
remain for a while as part of the structure while performing a strictly defined function.

1.1. The roles of protein targeting

The understanding of protein targeting would benefit from a brief description of a few
co-involved phenomena:

(a) Restrictions: substances in a test tube have an enormous degree of freedom. In living systems
instead, their fate is severely restricted in physical and chemical compartments, and molecules
that run away from the compartment where they belong, are swiftly destroyed, so that
substances cannot deviate from the constrained routes that constitute their characteristic
metabolic pathways. Moreover, restrictions enormously increase the possibility of the
remaining degrees of freedom, and are responsible in part for the remarkable efficiency of life
processes (see Pattee, 1971). Differentiation, the execution of the information contained in the
genome to produce an adipocyte or a neuron, a fly or an elephant, is a wonder of selective
repression (Wolffe and Matzke, 1999). Targeting prevents a given molecular species from
ending up in a multitude of ‘‘wrong’’ organelles, and permits it to reach the precise location
where it works.

(b) Economy: The assembly of a given membrane structure, e.g. a multimeric ion channel, a
hormone receptor, the budding site of a yeast cell, is far more efficient when its molecular
components are delivered and restricted to the same point, than if they were spread at random
after synthesis, and had to diffuse throughout the cell, and later on meet by chance by
diffusing in the plane of the membrane.

(c) Polarity: in the last century and a half it became obvious that the function of some cells is entirely
vectorial. Such was the case of neurons that integrate exquisite circuits, and epithelial cells that
transport substances in the inward or the outward direction (Cereijido et al., 2001). In the last 20
years, though, it was realized that all cells—even single ones—have some degree of polarization
(Cereijido et al., 1998, 2000; Shoshani and Contreras, 2001; Tkacz and Lampen, 1972).

Taken together, these considerations indicate that, for life to proceed, once a protein is
synthesized, it has to be addressed to the point where it works. Upon arrival, proteins have to be
recognized, regardless of whether they are ‘‘immigrants’’ that will be incorporated and retained to
participate in the processes taking place in that particular compartment, or ‘‘messengers’’ that
only convey a signal.

2. Toolbox

Understanding of the mechanisms involved in targeting and retention depends on some basic
molecular concepts that we will review briefly in this section:
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2.1. Configurations and functions

The shape adopted by a peptide and thereby its function, as well as its associations with other
molecular species, depend primarily on its sequence of amino acids and a balance of intricate
interactions between its thousands and thousands of atoms. This configuration is not static, but
changes according to a multitude of circumstances, such as the type of solvents, presence of
mobile ions, vicinity of other molecules, phosphorylations, etc. The complexities of these
interactions can be understood in terms of affinities and repulsions that attract or separate the
different segments of the peptide. This interrelationship between composition, configuration and
function can be illustrated with the potassium channel called ‘‘Maxi-K’’. Each of its four
monomers has a site with affinity for the other like-monomers that joins them forming a tetramer.
The center of this tetramer is hydrophilic and forms a pore used by K+ ions to cross the
membrane. When this pore is in the ‘‘closed’’ configuration, a change in the electrical potential
difference across the membrane can perturb the aminoacids bearing a net electric charge
constituting the fourth transmembrane domain of each subunit1 (‘‘voltage gating’’). The
perturbation is transmitted throughout the peptide backbone of the protein, causing the
aminoacids forming the pore (30–40 aminoacid residues away) to adopt the ‘‘open’’ configuration,
and allowing K+ ions to cross the membrane. In turn, the aminoacids at the NH2 terminus of
each monomer hide their hydrophobic regions from water, adopting the shape of a ball, that is
tethered to the rest of the molecule by a chain of aminoacids. This ball has an affinity for the
aminoacids forming the pore, but only has access to it when the pore opens (‘‘activation’’). In this
moment the ball docks, clogs the pore, and blocks the passage of K+ ions (‘‘inactivation’’).

2.2. Ion selectivity

Actual calculation of the mind boggling interactions between the different atoms of the four
subunits that bring about tetramerization, gating, activation and inactivation of the Maxi-K
channel that we used above is very complicated, takes powerful computers and sophisticated
methods, such as conformational space annealing (CSA) and algorithms (e.g. Empirical
Conformational Energy Program for Peptides), and are still in the hands of a relatively few
specialists (see Lee et al., 1998). However, since these concepts are essential to understand the
processes of targeting and selective retention, we can grasp them by describing the basic ideas of
ion selectivity put forward by Eisenman (1962). These authors proposed that, in order to exchange
an absorbed ion Iþ for a mobile ion Jþ in the solution, ion Iþ has to detach itself from the fixed
negative charge X� and undergo hydration, and ion Jþ has to detach itself from water molecules
and attach to charge site X�: This involves a certain change in free energy, DGij; and consists
essentially of two components: the difference in free energies of hydration of the ions Iþ and Jþ;
that is a well known quantity available in textbooks, and the difference of free energies of their
interaction with the fixed anion X�: The free energies of interaction between X� and the cations is

1To picture the field strength of the sensed by a charged amino acid in the plasma membrane, imagine that at the

electrical potential of 100mV across the 50 (A thick lipid sheet of the membrane of a neuron, imposes an electric field of

2000 volts per centimeter. This field is roughly 200 times stronger than the field that moves whole proteins in a gel of

electrophoresis.
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given in first approximation by the distances at which their electric charges can interact, i.e. their
radii: Fig. 2 shows that according to Coulomb’s Law, the larger the radius, the weaker the
attraction between the fixed and the mobile charges. Therefore, one may take an anionic site X�

of radius r� and calculate the DGij of exchange between K+ (taken as reference) for another
cation (say Na+) (Fig. 3). Then repeat the calculation for the DGij between K+ and some other
cation (Cs+, Rb+, Li+ or H+), then do this all over for another value of r�. This generates a
series of isotherms like the ones depicted in Fig. 3. Each time two isotherms cross, the order of
selectivity changes. These calculations can be also performed for a fixed cationic Xþ site that
selects among mobile anions present in the solution. Likewise, it can be carried out for mobile
divalent ions and for sites that do admit water, as well as for biological and non-biological
systems. For a review of biological selectivity see Diamond and Wright (1969) and Cereijido and
Rotunno (1970).
Of course, carboxyl and the amino groups of a protein do not actually have a spherical shape.

Yet it is possible to calculate for them an equivalent radius (see Eisenman, 1962). Furthermore, the
force field of these fixed ions belonging to a protein is not constant, but can vary according to the
status of the whole molecule (vide infra). In addition, the processes summarized in this section are
not only valid for substances with a net electric charge, but also for molecules that can establish
hydrogen bonds at one or several points, so that these notions can be used to understand the
interactions between the different segments of a protein, as well as the interactions of this protein
with water, sugars and other components, including its relationship with other protein species in a
scaffold.

2.3. Proteins

The name protein2 appeared for the first time in 1838 in a paper by Gerrit Mulder. ‘‘protein’’
relates to Proteus, a minor sea god or ‘‘Old Man of the Sea’’ of Greek mythology, who knew the

r
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pK = 4.76                        pK < 1
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Fig. 2. Inductive effect. Molecules of acetic (left) and trichloroacetic acids (right), where dots represent the electronic

cloud of the acid group, and r� and r+ the equivalent radiuses of the acid group and the proton respectively (not to

scale). In the case of trichloroacetic acid, the pull of the electrons exerted by the three chloride atoms (black arrow) has

increased r� (white arrow), weakened the attraction between the acid and the proton, and increased its chances of

breaking loose.

2From the Greek proteiox, meaning ‘‘in the lead’’, or ‘‘holding first place’’.
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future but adopted various shapes to escape those that questioned him. Homer’s odyssey relates
that king Menelaus encountered Proteus on the island of Pharos off the coast of Egypt, held the
god fast and forced him to answer. So to chemists of the 19th century protein was a suitable name
for molecules whose shapes and other properties changed with the method of purification, ionic
composition of the solvent, etc., in particular because, for a while, they thought that they were
dealing with a single molecular species, regardless of the source (milk, egg, muscle, etc.). It took
more than a century to ‘‘force’’ proteins to reveal the secret of their changing shapes and
properties and, as we shall discuss below, this ability to change shapes and properties is crucial to
understand targeting, selective retention, and thereby the fate of a protein.

2.4. The inductive effect

Fig. 2 depicts a molecule of acetic acid in which the dots represent the electronic cloud
surrounding the oxygen of the carboxyl of acetic and trichloroacetic acids. When the hydrogen
atoms on the methyl group are replaced by chlorine, the electrons of the molecule are ‘‘sucked’’
toward these chlorine atoms. The electron density at the carboxyl group is therefore reduced, with
the consequence that the attraction between this group and the proton weakens. The fact that
trichloroacetic acid has three chlorine atoms where the acetic acid has three hydrogens lower its
attraction for protons at the other end of the molecule, reflected in their pK: 4.76 and less than 1
respectively. At the beginning of the 20th century G.N. Lewis used the concept of induction to
characterize the change of reactivity of a chemical group produced by the introduction in the
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Fig. 3. Cation selectivity expressed in a logarithmic scale as DGij ; as a function of the anionic strength represented by

r�, the equivalent ionic radius of the anion. Anionic strength decreases from left to right. The lower the value of an

isotherm, the most preferred is the ion with respect to K+. Each time isotherms cross each other, the order of selectivity

changes (vertical dotted lines). Thus, order of selectivity a is H+>Na+>K+, order b is Na+>H+>K+, c is

Na+>K+>H+, and d is K+>Na+>H+ (After Eisenman, 1962).

M. Cereijido et al. / Progress in Biophysics & Molecular Biology 81 (2003) 81–115 87



molecule of another chemical group which, as in the case of acetic/trichloroacetic, may be located
at a considerable distance from the first.
The peptide backbone of a protein can easily transmit the inductive effect throughout its

molecule (Figs. 4 and 5). Methyl groups (CH2) instead act as insulators, so the changes in
reactivity of the chemical groups at the end of their amino acids will depend on their nature, and
on how many CH2 groups are interposed between the peptide backbone and the functional group.
Gilbert N. Ling (1962) used these concepts to propose his ‘‘Association-Induction Hypothesis’’ to
account for the changes in the assembly of proteins, very much as pins would change their
associations according to the induction caused by a magnet. Since the groups of a protein sense
the induction effects, they would change their reactivity accordingly, modify the selectivity for
other groups, and change the shape and properties of the whole molecule (Fig. 5). Accordingly,
the hydrogen and hydrophobic bonds that a protein molecule establishes within their different
parts as well as their surroundings, arrange its structure into well known structures known as
a-helices, b-sheets, loops, turns, fingers, cages, whose description falls beyond this article.
Of course these considerations on ion selectivity and its effects on the structure/function of

proteins also hold when the mobile cation is H+ (Fig. 4), and its consequences permit us to
visualize the profound modifications that even small changes in pH have on the configuration and
function of proteins.

In summary the chemical reactions taking place in a cell are compatible with life, because the
thousands of different intervening protein species are secluded in chemical and physical
compartments. This requires that, once a given type of protein is synthesized, it should be
addressed and retained in a specific compartment. In this section we have briefly reviewed the
basis of the affinity that a given part of the protein may have with another part of the same
protein, and thereby impose on the whole molecule a configuration in space. It can also be used to

N C CH

H O

CH2

N C CH

H O

CH2

N C CH

H O

CH2

CH2

Functional groups

Saturated carbon

Polypeptide chain

Fig. 4. The basis of inductive effects in peptides. Above: a peptide segment with the three relevant parts for the inductive

effect: the polypeptide chain, that transmits easily and through the whole length of the molecule the inductive effect;

saturated carbons that do not transmit the inductive effect easily, and the functional groups (represented by geometrical

figures) of the different aminoacids forming the peptide, that interact with water, solute ions, etc. Below: simplified

representation of a segment.
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grasp the sudden and transient affinity of one of its parts for other molecules in the vicinity. This
glimpse of selectivity and inductive effects may also help us to understand why two different
proteins (A and B) may coexist in a free state, without interacting, until a change in pH, Ca2+

concentration, the arrival of a third protein, or the phosphorylation/dephosphorylation of one of
them may induce association in a scaffold, or develop an attraction for a particular docking place
in the membrane.
Targeting and retention are studied in an enormous variety of cells, animal species, genes and

proteins. Fortunately, certain genes, signals and mechanisms are homologous in different model
systems. The mass of information available precludes a thorough review, so we will only deal with
paradigmatic cases. But even with this format, we are forced to restrict this article to the plasma
membrane of mammalian cells, and only allude to other systems when these shed light on the
former.

CH

CH

2

2

C DA B

1                        2                         3            4                           5Functional
group

Binding
of 
strong
cation

Protein A

Solute

Protein B
Strong
cation

Remote site

Protein C

Docking
sites

Reacting
sites

Fig. 5. Effects of association, induction and selectivity on the behavior of proteins. Above: a strong cation (e.g. Ca2+,

Mg2+) binds to the first functional group on the left, thus pulling electrons from the rest of the molecule (small black

arrows). This does not affect the selectivity of functional group 2, because it is insulated by two saturated carbons. It

weakens the strength of the positive charge of group 3, with the consequent change in ion selectivity that detaches

cation A+ and binds cation B+. Induction elicits no noticeable change in functional group 4 because it is neutral.

Withdrawal of electrons toward the peptide backbone increases the ionic strength of cationic group 5, changing its

selectivity of anion C� for anion D�. Below: The segment above is represented as a fragment of protein A. Binding of

the strong cation perturbs selectivity at a remote site, that thereby develops an affinity for protein B, which in turns

modifies the affinity of a couple of non-ionic sites at its other end. Binding of the strong cation to protein A may

therefore result in the adsorption of a specific solute, that not necessarily bears a net electric charge. The ensemble may

now generate an affinity for protein C at docking sites, and binding of these sites may allow suitable sites to react.
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3. Signals and mechanisms

As mentioned above, a century ago, the evidence that neurons and epithelial cells function
vectorially led to the conviction that cells must be structurally polarized. Yet only half a century
later Koefoed-Johnson and Ussing (1958) put forward the first successful model of cell asymmetry
to account for the electrical potential difference and Na+ transport across the frog skin. It took
another half a century, to reach the conclusion that, in fact, all cells have some degree of
polarization. This gave to the field its present status: (a) most of the information available derives
from studies of apical/basolateral polarity in transporting epithelial cells, as well as dendrites/
axon polarity in neurons of higher organisms; (b) the signals and mechanisms found tend to be
analogous in the different preparations, indicating that they were well conserved; (c) yet genes
involved in polarity are detected in studies with cells of simpler organisms, such as yeast, C.

elegans and Drosophila, where the role of the coded proteins is still poorly understood; (d)
therefore, one of the most fertile approaches consists in detecting these genes in simple organism,
look for their homologous in higher ones, and investigate the function of the different protein
species in epithelial and neuronal cells. Thus, we have introduced a model system based on the use
of cultured MDCK cells (epithelial) that afford a great proportion of the information discussed
below (Cereijido et al., 1978a, b)3.

3.1. Sorting organelles

Because signals in the molecule to be sorted are incorporated during translation (e.g. a dileucine
motif ) and maturation (e.g. glycosilation, addition of lipid chains), apical or basolateral sorting
can be said to start much earlier than the trans-Golgi network (TGN). However it is in this
structure where proteins to be addressed to a given pole are clearly sorted into different
transporting vesicles (Rindler et al., 1984; Simons and Fuller, 1985).
From the TGN specific proteins follow two main routes, the direct or the indirect ones (Fig. 6).

In the direct route sorted proteins are incorporated into vesicle that carry them right to the apical
or to the basolateral surface (Rodriguez-Boulan et al., 1984; Caplan et al., 1986a). In the indirect
one, proteins are sent first to one surface, are subsequently endocyted and delivered to early
endosomes, where another type of vesicles shuttle them to their final destination (Hubbard et al.,
1989; Casanova et al., 1991; Matter et al., 1994; Mostov et al., 2000).

3.2. Apical sorting

3.2.1. Signals
Apical targeting has been attributed to a number of different types of sorting signals, including

O- or N-linked carbohydrates, specific protein transmembrane determinants in their lumenal or
cytoplasmic segments, glycosylphosphatidylinositol (GPI) anchors, etc. (Rodriguez-Boulan and
Gonzalez, 1999; Table 1). However, there are clear examples where N-glycans and GPI may not
be sufficient to act as apical signals (Benting et al., 1999), and GPI behaves as a basolateral

3For a brief historical description see M. Cereijido, Citation Classics. Current Contents, November 13, 1988, 32 (46)

Piladelphia, Penn.
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determinant (Zurzolo et al., 1993). Kundu et al. (1996), Dunbar et al. (2000) and Slimane et al.
(2001) have found that the transmembrane domain of influenza virus neuroaminidase, H+, K+-
ATPase and dipeptidyl-peptidase respectively contains apical signals; which are independent on
whether the protein associates or not with rafts (vide infra).

3.2.2. Lipid microdomains (rafts) mediated sorting

The packing density of lipid molecules in a monolayer depends on whether their hydrocarbon
chains are saturated, or have kinks due to unsaturation, and whether their electric charges repel or
attract each other. Thus, as molecules of l-a-dipalmitoyl lecithin (DPL) in a monolayer approach
each other in a film balance of the Langmuir type, the lateral pressure increases, but below a
certain distance molecules arrange their polar groups so that positive and negative charges attract,
and hydrocarbon chains approach so closely, that van der Waals forces4 stick them in a tight
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Extracellular
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Fig. 6. Prototypical epithelial cells with apical (green) and basolateral (red ) membrane domains separated by a tight

junction. Newly synthesized membrane proteins are sorted in the Trans-Gogi Network (TGN) and targeted directly to

the apical (1) or basolateral (2) membrane domain. Syntaxin 3 and anexin xiiib are involved in apical delivery, while the

exocyst participates in basolateral targeting. The indirect route (3) starts by addressing all proteins to the basolateral

membrane, endocyting them, and finally sending them to the apical domain through the basolateral early endosome

(BEE), the common endosome (CE) and the apical recycling endosome (ARE). Transcytosis begins by an

internalization from the basolateral membrane to the basolateral early endosome (BEE), or from the apical membrane

to the apical early endosome (AEE). From the BEE or AEE proteins proceed towards the CE, and are transcytosed

from this organelle to the apical or to the basolateral. The route to the apical involves another station: the ARE. Notice

that some proteins are retained in their specific location thanks to their association with the cytoskeleton (bottom left) or

through interactions with proteins in the neighboring cell (bottom center).

4Van der Waals force becomes meaningful at very close intermolecular proximity, because it decays with the sixth

power of distance. For comparison, coulombic forces decrease with the second power of distance.
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packing (see Cereijido et al., 1969). This ordering is reflected in a decrease of entropy (Fern!andez
et al., 1970). Furthermore, in mixed monolayers of membrane lipids with cholesterol the area
may be smaller than the sum of the area of lipid plus the area of cholesterol due to the formation
of complexes (Vanderheuvel, 1967). When only a fraction of the lipids of a leaflet can form
complexes, they compact and segregate in microdomains. This situation seems to occur
spontaneously in the lipid leaflets of some cell membranes (Edidin, 1997; Dietrich et al., 2002).
Proteins that establish protein–lipid interactions either directly (Lisanti et al., 1989; Scheiffele
et al., 1997), or indirectly by protein–protein or protein–carbohydrate interactions (Rodriguez-
Boulan and Gonzalez, 1999), can be incorporated into lipid microdomains of the membranes
of the TGN named ‘‘rafts’’, which are rich in glycosphingolipids and cholesterol. When these
rafts pinch off from the TGN and are addressed to the apical domain, they deliver polarizedly
the molecules they carry (Lisanti et al., 1989; Simons and Ikonen, 1997; Brown and
London, 1998). However, in FRT cells rafts are sent to the basolateral domain (Zurzolo et al.,
1993).

3.2.3. Caveoli
Caveoli are vesicles of 60–90 nm or flask-shaped invaginations of the plasma membrane that

constitute a more stable form of rafts (Rothberg et al., 1992). They are membrane domains

Table 1

Epithelial sorting signals

Signal Protein Location References

Apical

GPI-anchor Decay accelerating factor Membrane Lisanti et al. (1989)

N-glycans Gp80, Erythropoietin Luminal Scheiffele et al. (1995),

Kitagawa et al. (1994)

O-glycans P75 Neurotrophin receptor Luminal Yeaman et al. (1997)

Proteinaceous

signals

Influenza virus hemaglutinin,

influenza neuraminidase, H, K-

ATPase

Membrane Scheiffele et al. (1997), Kundu et al.

(1996), Dunbar et al. (2000)

Rhodopsin (C-terminal), Cytoplasmic Tai et al. (1999), Marzolo et al.

(1997)

Hepatitis virus antigen Luminal

Basolateral

Tyrosine

motifs YXXFa
Vesicular stomatitis virus G protein,

influenza virus hemaglutinin (Tyr

mutant), LDL receptor

Cytoplasmic Thomas et al. (1993), Brewer and

Roth (1991), Matter et al. (1992)

Dileucine

motifs LL/IL

FcRII-B2 Cytoplasmic Hunziker and Fumey (1994),

Matter et al. (1994)

Other N-CAM140 and 180 kDa forms,

RET-PE2 antigen (EMMPRIM),

Polymeric Ig Receptor

Cytoplasmic Le Gall et al. (1995), Marmorstein

et al. (1998), Casanova et al. (1991)

aYXXF, where X can be polar residues and F is a bulky hydrophobic residue.
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involved in the trafficking and internalization of proteins that associate with glycolipid-rich
regions of the membrane (Parton, 1996) and function in transmembrane signaling events (Lee,
2001). Quite frequently they are found in the basolateral membrane.

3.2.4. Apical non-raft

There are apical membrane proteins that are sorted directly to the apical membrane of MDCK
cells without the participation of rafts. Such is the case of chimeras of dipeptidyl peptidase IV with
GFP (Slimane et al., 2001), as well as alkaline phosphatase (Arreaza and Brown, 1995) and an
enteropeptidase of the enterocyte brush border (Zheng and Sadler, 2002).

3.2.5. Specific proteins of the sorting machinery
VIP17/MAL is a membrane protein found in post-Golgi transport vesicles and the apical

domain of MDCK cells. Its overexpression disturbes the morphology of the MDCK cells by
increasing apical delivery and expanding the area of this domain (Cheong et al., 1999; Puertollano
et al., 2001). Annexin XIIIb localizes to the apical plasma membrane, and is highly enriched in
vesicles targeted to this domain (Fiedler et al., 1995; Lafont et al., 1998).
Vectorial transport to the apical membrane involves transport along microtubules with both

dynein and kinesin as motor proteins, whereas the basolateral surface transport depends on
kinesin alone (Lafont et al., 1994). Myosin-I has been implicated in apical transport of Golgi-
derived vesicles in epithelial cells (Fath and Burgess, 1993). Kreitzer et al. (2000) demonstrated
that kinesin and dynamin are required for different stages of post-Golgi transport.
Docking and fusion models involving soluble N-ethylmaimide-sensitive factor attachment

receptors (SNAREs) are based on the existence of receptors both in the arriving vesicle
(v-SNARE) and in the target membrane (t-SNARE) that recognize each other. This system was
first described in cultured neurons (Sollner et al., 1993) and has syntaxin 3 (a t-SNARE) as one of
its central components. Interestingly, this protein is also present in the apical membrane of
epithelial cells (Delgrossi et al., 1997; Low et al., 1996). When syntaxin 3 is overexpressed in
epithelial cells, it inhibits TGN-to-apical transport and transporting vesicles accumulate
underneath the apical membrane (Low et al., 1998). These cells also contain a v-SNARE
(TI-VAMP=tetanus toxin insensitive vesicle associated membrane protein) in the membrane
of apically targeted vesicles (Galli et al., 1998).

3.3. Basolateral sorting

3.3.1. Signals

Targeting determinants for basolateral sorting are continuous amino-acid sequences in the
cytoplasmic domains of membrane proteins, such as tyrosine-dependent or dileucine-dependent
motifs, frequently followed by a cluster of acidic residues (Matter et al., 1990a, b; Matter, 2000;
Matter and Mellman, 1994) (see table).

3.3.2. The basolateral machinery: clathrine coat mediated sorting
Tyrosine and dileucine-dependent motifs interact with adaptor proteins (AP) of the clathrin

coat (Matter and Mellman, 1994) that constitute a family of four tetrameric complexes named

M. Cereijido et al. / Progress in Biophysics & Molecular Biology 81 (2003) 81–115 93



from 1 to 4. These AP complexes recruit clathrin into budding areas of the vesicle-donor
membrane (Odorizzi et al., 1998; Dell’Angelica et al., 1999; Kirchhausen, 1999).
Subunit m1B of clathrin adaptor complex AP-1 interacts with tyrosine-based sorting signals

(Ohno et al., 1999). LLC-PK1 cells do not express m1B, and therefore missort basolateral proteins
with the tyrosine-based motif (Roush et al., 1998). Folsch et al. (1999) transfected the m1B subunit
into these cells, and observed that these now correctly sort to the basolateral membrane LDL and
transfectin receptors. Simmen et al. (2002) have shown that AP-4 can bind different types of
cytosolic signals known to mediate basolateral transport in epithelial cells. These authors
demonstrated that when subunit m4 is depleted, basolateral proteins are missorted to the apical
membrane.

3.4. Hierarchy of signals

In the absence of specific sorting signals, transmembrane proteins accumulate in Golgi
apparatus, suggesting that none of the routes to the cell surface is an efficient default pathway
(Gut et al., 1998; Wittchen et al., 1999). Basolateral targeting determinants are generally
dominant over apical sorting ones.
Newly synthesized Na+, K+-ATPase is directly addressed to the basolateral membrane domain

in MDCK cells (Caplan et al., 1986a; Gottardi and Caplan, 1993). This targeting seems to be
determined by the impossibility of this enzyme to board the glycosphingolipid (GSL)-rich
rafts that assemble in the Golgi complex, and form vesicles that carry proteins towards the
apical domain. This exclusion may be overcome by endowing the Na+, K+-ATPase with a
sequence signal from the 4th transmembrane segment of the a-subunit of H+, K+-ATPase
(TM4), that suffices to readdress the Na+, K+-ATPase towards the apical domain. Yet, there are
non-gastric H+, K+-ATPases that are addressed towards the apical domain, in spite of lacking
the TM4 signal. Dunbar and Caplan (2001) convincingly suggest that these differences in the
polarized expression of ATPases can be explained as follows: (i) gastric H+, K+-ATPase has the
TM4 apical addressing signal already formed; (ii) non-gastric H+, K+-ATPases lack the TM4
signal, but may form it through a particular twist of the molecule that would join two separated
segments and thereby complete the signal sequence; (iii) also Na+, K+-ATPase lacks a TM4-
signal but, at variance with non-gastric H+, K+-ATPases, it is unable to form one by
reconfiguring the a-subunit in space; therefore only the insertion of a TM4-signal in this ATPase
by molecular engineering achieves its apical expression (Dunbar et al., 2000; Dunbar and Caplan,
2000). Once Na+, K+-ATPase arrives to the basolateral membrane it interacts with ankyrin, and
becomes anchored to the cytoskeleton that stabilizes the enzyme in this position (Hammerton
et al., 1991).
Three different mechanisms have been proposed to explain the expression of Na+, K+-ATPase

at the lateral membrane of epithelial cells (Fig. 7). The first relies on sorting events in the secretory
pathway that segregate newly synthesized proteins into transport vesicles destined for the lateral
domain (Caplan et al., 1986b; Contreras et al., 1989; Gottardi and Caplan, 1993; Zurzolo and
Rodriguez-Boulan, 1993). The second relies on selective stabilization of Na+, K+-ATPase
molecules upon arrival to the lateral domain, whether or not the protein was previously sorted in
the secretory pathway. This model was based on the following series of observations: (a) the Na+,
K+-ATPase co-localized with sites of polarized spectrin/ankyrin assembly at the cytoplasmic face
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of the plasma membrane (Nelson and Veshnock, 1986; McNeill et al., 1990); (b) Na+,
K+-ATPase was shown to physically interact with ankyrin in vitro (Nelson and Veshnock, 1987);
and (c) lateral accumulation of Na+, K+-ATPase was observed in an MDCK cell line that did
not sort this protein in the secretory pathway (Hammerton et al., 1991; Mays et al., 1995). The
third mechanism to account for the polarized distribution of Na+, K+-ATPase stems instead
from the following series of observations: (a) MDCK cells cultured in low Ca2+ establish no tight
junctions and have the Na+, K+-ATPase distributed at random on the plasma membrane but,
upon addition of this ion, cell–cell contacts are established, intracellular enzyme is incorporated to
the plasma membrane, and concentrates in the lateral domain of adjacent cells (Contreras et al.,
1989). (b) MDCK cells (dog) co-cultured with LLC-PK1 (pig), or Ma104 cells (monkey) only
express Na+, K+-ATPase in homotypic MDCK/MDCK borders, but not in heterotypic ones
(MDCK/LLC-PK1 or MDCK/Ma104) (Contreras et al., 1995) (Fig. 7). (c) The b subunit has the
typical structure of an attaching molecule (a short cytoplasmic tail, a single transmembrane
domain, and a long and highly glycosilated extracellular domain) (Gloor et al., 1990). On this
basis, we have suggested that Na+, K+-ATPase is retained at the lateral membrane, because it
depends on the anchorage provided by specific interaction between the b subunits in neighboring
cells (Cereijido et al., 2000). Furthermore, the b-subunit/b-subunit interaction must have a
considerable specificity, as an MDCK expresses its Na+, K+-ATPase at a given border provided

Fig. 7. Monolayer of co-culture of COS cells (monkey, red) labeled with CMTMR, and MDCK cells (dog, dark). The

monolayer was stained with a first antibody against the b subunit of the Na+, K+-ATPase of MDCK cells, followed by

a secondary FITC labeled antibody (green). MDCK cells express the Na+, K+-ATPase b subunit in homologous

(dark/dark, white arrows) but not in the hetorologous borders (dark/red, open arrow). The fact that the expression of

this enzyme at a given domain of the plasma membrane depends on the neighboring cell, suggests that Na+, K+-

ATPase may be anchored by b–b interaction. This image was obtained by confocal laser scanning microscopy.
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the neighboring cell is another MDCK cell, but not if it is an LLC-PK1 or an Ma104 one
(Cereijido, 1992; Cereijido et al., 1998, 2000; Contreras et al., 1995, 2002). Of course, the
mechanism based on a specific interaction between the b subunits does not preclude that the
enzyme had been sorted before arriving at the lateral membrane, nor that it becomes immobilized
in this position through a cytoskeleton scaffold at the lateral but not at other membrane domains
where this structure also exist but does not immobilizes Na+, K+-ATPase. An additional
observation that remains to be integrated into this picture is that, in spite of the fact that before
the addition of Ca2+ the MDCK cell has a considerable intracellular pool of Na+, K+-ATPase,
the polarized expression of this enzyme depends on the synthesis of another type of a yet
unidentified protein (Contreras et al., 1989).

4. Docking and retention

Several membrane-associated structures and mechanisms were suggested to perform this
function: (1) Targeting patches for docking and fusion of vesicles carrying apical or basolateral
proteins. (2) A membrane skeleton helping to direct the retention and accumulation of specific
proteins in different membrane domains. (3) Anchorage to extracellular components that retain
and accumulate proteins in specific membrane domains. (4) Tight junctions, that constitute a
physical barrier that prevents the intermixing of membrane proteins as well as lipids in the apical
and basolateral domains.

4.1. Targeting sites

4.1.1. SNAREs and SNAPs
Once a cell–cell contact forms, it immediately attracts and promotes the assembly of arriving

vesicles, forming patches that specify and enhance the efficiency of vesicular trafficking to the
correct surface domain, and prevent docking and fusion to the incorrect membrane domain.
Fusion of intracellular membranes in eukaryotic cells involves several protein families including

SNAREs, Rab proteins, and Sec1/Munc-18 related proteins (Jahn and Sudhof, 1999). SNAREs
form a superfamily of small and mostly membrane-anchored proteins that share a common motif
of about 60 amino acids (SNARE motif). SNAREs reversibly assemble into tightly packed helical
bundles. Assembly is thought to pull the fusing membranes closely together, thus inducing fusion.
SM-proteins bind to certain types of SNAREs and prevent the formation of core complexes (Jahn
and Sudhof, 1999). A basic tenet of the SNARE hypothesis is that the minimal machinery for
membrane fusion is a cognate set of v-SNAREs (VAMP-1 and VAMP-2) and t-SNAREs
(Syntaxin and SNAP-25) on opposing membranes. SNAREs seem to clamp proteins and prevent
them from forming spontaneous assemblies.
Rab proteins are GTPases that undergo highly regulated GTP-GDP cycles (sec4p, rab8, rab10

and rab13). While in their GTP form, they interact with specific effector proteins. Rab proteins
appear to function in the initial membrane contact connecting the fusing membranes, but are not
involved in the fusion reaction itself. Interestingly, rab8 and rab13 are enriched on the plasma
membrane in the apical junctional complex, which includes the tight junctions and the adherens
junctions (Huber et al., 1993). The restricted distribution of similar proteins, such as rab3b,
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depends on cell–cell contact (Weber et al., 1994; Zahraoui et al., 1994). Rab proteins by
themselves cannot mark a site on the plasma membrane for vesicle docking, since before
the arrival of transport vesicles they are not restricted to sites of exocytosis on the plasma
membrane.

4.1.2. The exocyst

Yeasts do not secrete nor bud at random everywhere in the plasma membrane, but at sites
located very precisely (Tkacz and Lampen, 1972; Farkas et al., 1974; Field and Schekman, 1980).
Mutants affecting these processes led to the identification of a series of genes involved in secretion
and budding, such as Sec3p, Sec5p, Sec6p, Sec8p, Sec10p, Sec15p, Exo70p, Exo84p. SEC3, SEC5,
SEC10, EXO70, etc. These proteins form a complex that is called exocyst (TerBush et al., 1996;
Guo et al., 1999a), that is required for the docking of exocytic vesicles, and is present throughout
the life cycle of the yeast (Novick et al., 1980; Finger and Novick, 1998).
Work in this field progressively identifies more components of the exocyst, detects that different

members play special roles, and finds connections of the group with other cellular structures and
processes. Thus the exocyst was identified as an effector for small GTPases, including Sec4, Rho1,
Rho3, Cdc42 and RalA (Lipschutz and Mostov, 2002). Sec10p and Sec15p appear to form a
subcomplex that acts as a bridge between the rab GTPase Sec4p on the vesicle and the rest of the
exocyst (Guo et al., 1999b). Cdc42 in its GTP-bound form interacts directly with Sec3p and
coordinates the vesicle docking machinery and the actin cytoskeleton (Zhang et al., 2001).
Likewise, in mammalian cells, proteins arriving at the membrane do not insert at random

anywhere in the apical or in the basolateral membrane, but in well-defined sites of these
membrane domains. Thus Louvard (1980) found that when antigens belonging to the apical
membrane of MDCK cells are endocyted, they reappear minutes later at the region of the tight
junction, and diffuse thereafter all over the apical domain. Vega-Salas et al. (1988) found that in
cells incubated in Ca2+-free media apical markers are contained in intercellular compartments
and, upon addition of this ion, these compartments fuse to the plasma membrane at a place where
the tight junction is simultaneously being formed. Therefore it comes as no surprise that
mammalian cells have counterparts of the yeast exocyst complex, such as hSec10p (Guo et al.,
1997) and Sec6/8 (Grindstaff et al., 1998). Interestingly, upon initiation of calcium-dependent
cell–cell adhesion, approximately 70% of this complex is rapidly recruited to sites of cell–cell
contact (Grindstaff et al., 1998). Sec6 is another component of the exocyst complex, that appears
to function in synapse formation and synaptic plasticity (Chin et al., 2000). Ral GTPases regulate
targeting of basolateral proteins in epithelial cells, secretagogue-dependent exocytosis in
neuroendocrine cells, and assembly of exocyst complexes (Moskalenko et al., 2002). To target
secretory vesicles to specific domains of the plasma membrane the exocyst complex depends on its
association with microtubules (Vega and Hsu, 2001). Activated RalA may act as an effector for
integrating exocytosis to the cytoskeleton (Brymora et al., 2001; Sugihara et al., 2002).

4.2. Membrane skeleton

Spatial cues, such as Ca-activated cell–cell contacts (Balda et al., 1991, 1993; Cereijido et al.,
2000) trigger the assembly of submembrane patches of cytoskeletal components, that act like
platforms for vesicles targeted from remote cellular origins, like the TGN, the basolateral
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membrane and the nucleus (Drubin and Nelson, 1996; Gonzalez-Mariscal et al., 1999; Islas et al.,
2002). Usually, the affinity of one of the molecules for a given protein species is increased (or
decreased) not only by the interaction with a third protein molecule, but also by phosphorylation,
combination with Ca2+, K+ or Na+, changes in local pH, etc. (Fig. 5), it is well established that
the actin cytoskeleton organizes the microvilli at the apical domain and that this organization is
regulated by the actin-binding proteins fimbrin and villin. Disruption of microtubules and
microfilaments with drugs like colchicine, nocodazole and cytochalasin results in missorting or
reduction of the degree of polarization of HA proteins of influenza virus, but does not interfere
with the delivery of G protein from stomatitis virus to the basolateral surface (Rindler et al.,
1987).
Formation of actin cytoskeleton precedes the assembly of a fodrin-based membrane skeleton at

sites of cell adhesion (Nelson and Veshnock, 1986). Spectrin forms a submembrane protein
scaffold that consist primarily of a2b2 spectrin tetramer crosslinked into a hexagonal lattice by
their interaction with actin filaments. The major attachment between spectrin and the plasma
membrane occurs through the protein ankyrin, which functions as an adapter linking the b
subunit of spectrin to the cytoplasmic domains of integral membrane proteins (Platt et al., 1993).
Fodrin (spectrin) assembles with actin, protein 4.1, aduccin, and some others to form a protein
membrane skeleton. This skeleton is associated with the cadherin/catenin complex, probably
through binding of either actin or fodrin to a-catenin. Ankyrin, on the other hand, binds to
integral membrane proteins, including Na+, K+-ATPase and Cl�/HCO3

� exchanger (Bennett,
1990) and the cell adhesion molecule neuroglian (Dubreuil et al., 1996).
The sequence of the ankyrin binding site of the Na+, K+-ATPase is conserved in Drosophila

(Zhang et al., 1998), and the Na+, K+-ATPase co-distributes with ankyrin and spectrin in
polarized fly cells (Baumann et al., 1994; Dubreuil et al., 1997). Yet, despite these conserved
features, Na+, K+-ATPase polarity was not detectably altered in epithelial cells from null
spectrin mutants (Lee et al., 1993, 1997). These results led to the conclusion that basolateral
accumulation of the Na+, K+-ATPase in Drosophila epithelia did not require a stabilizing
interaction with the spectrin membrane skeleton. Furthermore recent genetic evidence does not
support this role of spectrin (Thomas, 2001).
Protein retention is not exclusive to the basolateral domain. Thus Ezrin is a linker between the

cytoskeleton of the apical microvilli and membrane receptors like Cd44, ICAM-1 and ICAM-2
(Bonilha et al., 1999). Ezrin can also interact with protein EBP-50, one of whose PDZ domains
immobilizes CFTR, the cystic fibrosis receptor (Bretscher, 1999).

4.3. The protein–protein attaching motive PDZ

The name PDZ derives from the first three proteins in which these domains were identified:
PSD-95, DLG and ZO-1. It is also referred to as DHR (Discs Large homology repeat) or GLGF
repeats (after the highly conserved 4-residue domains GLGF sequence within the domain).
It is one of the most common modular domains for protein-interaction. Its primary function
is to recognize specific B5-residue motifs that occur at the C-terminus of target proteins
or structurally related internal motifs. Like many other protein–protein interaction domains,
it is relatively small (o90 residues), has N- and C-termini close to one another in the folded
structure and folds into a compact globular arrangement, consisting of six b-strands (bA-bF) and
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two a-helices (aA and aB). These domains are highly modular and could easily have been
integrated into existing proteins without significant structural disruption through the course of
evolution.
PDZ domains were found in receptors (Yamada et al., 1999), ion channels (Nehring et al.,

2000), ion pumps (Kim et al., 1998), and cell–cell junction proteins (Buchert et al., 1999). Proteins
containing PDZ-domain play a central role in specifying or maintaining polarized membrane
domains. For example, in C. elegans, a complex of three PDZ proteins, LIN-2, LIN-7 and LIN-
10, localizes the LET-23 receptor to the basolateral domain of the epithelial vulval precursors, and
LIN-10 is also required to target the glutamate receptor to the postsynaptic elements of motor
neurons (Kaech et al., 1998; Setou et al., 2000). PDZ-domain proteins also participate in apical
membrane targeting: the Drosophila Discs Lost protein, which contains four PDZ domains, is
required for the apical localization of the transmembrane protein Crumbs and the maintenance of
epithelial polarity (Bhat et al., 1999). But, at least in the case of the GABA transporter, the PDZ
interaction is involved in retention of the protein at the basolateral surface, but not in its targeting
to that surface (Perego et al., 1999). In contrast to the numerous examples in higher eukaryotes,
no PDZ proteins have been implicated in membrane polarization in yeast, suggesting that this
family of proteins has evolved specifically in relationship with the maintenance of multiple
membrane domains.

4.4. Extracellular associations

Interactions of Ca2+-independent cell adhesion molecules with ligands on adjacent cells could
also account for other type of cell polarity. Plasma membrane proteins in non-polarized cells such
as fibroblasts are randomly distributed. Nevertheless, expression of exogenous adhesion proteins
in fibroblasts results in accumulation of these proteins in the contacting plasma membrane
domain (Nagafuchi et al., 1987; McNeill et al., 1990; Matter et al., 1990a, b; Mostov, 1994; Van
Itallie and Anderson, 1997). Interestingly, the expression of endothelial cell adhesion molecule-1
(PECAM-1/CD31) at cell–cell contacts in endothelia, shows this localization even when
transfected into COS or 3T3 cells, suggesting that recruitment of PECAM-1 is an intrinsic
property of the molecule. Sun et al. (2000) studied the localization to cell–cell contacts of mutants
and chimeric constructs transfected in non-PECAM-expressing cells, and found that only
constructs that support PECAM-1 mediated adhesion localize to cell–cell borders.

5. Genes involved in polarity

Since polarity was first noticed as a greatly differentiated trait of neurons and epithelial cells of
higher organisms, and targeting arose as a conceivable mechanism to explain the distribution of
specific proteins in eukariotic cells stuffed full with organelles (Fig. 1), it took a long time to
realize that polarity and targeting are also attributes of single, ancient and simpler cells. Today,
when polarity and targeting are recognized as a fundamental characteristics of all cells, and
information is found to be coded in well conserved genes, the use of simpler organisms offers the
clear advantage of performing genetic studies to detect them.
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Unlike yeast, however, complex eukaryotic cells can manifest multiple axes of polarity,
suggesting that additional mechanisms have evolved to generate more elaborate patterns. Thus,
Rho-family GTPases initially process and reinforce polarity cues by remodeling cortical actin, and
these local asymmetries are subsequently conveyed to the microtubules, membrane and secretory
pathway to generate the final pattern.

5.1. Polarity in Saccharomyces cerevisiae

In the yeast S. cerevisiae, Cdc42 activation in response to positional cues and cell cycle signals is
a crucial factor in the switch from isotropic to polarized growth that occurs when the cyclin-
dependent protein kinase Cdc28 is activated by G1 cyclins (Adams et al., 1990; Ayscough et al.,
1997; Chant, 1999). In budding yeast spatial markers left by previous cell divisions stimulate the
local activation of the Ras-related Rsr1/Bud1 GTPase, which recruits and activates Cdc42 via
interaction with the guanidine nucleotide exchange factor Cdc24 (Park et al., 1999). Polarized
growth in yeast is mediated by a series of steps involving cortical landmarks, Rho GTPases, and a
polarized actin cytoskeleton. Secretion is targeted to the bud or mating projection, allowing
selective growth in that area (Drubin and Nelson, 1996). In haploid cells exposed to mating
pheromone, the protein Far1 interacts with Cdc24 and recruits Cdc42 to the tip of the mating
projections (Butty et al., 1998). The activated GTP-bound form of Cdc42 interacts with several
proteins that are presumed to be effectors that transduce its signal to bring about polarization of
the actin cytoskeleton (Bi et al., 2000). Actin cables are proposed to serve as tracks for vesicle,
organelle, and mRNA transport, whereas cortical actin patches are important for endocytosis
(Pruyne and Bretscher, 2000a, b). Drees et al. (2001) used the two-hybrid screening approach to
analyze the interaction of 54 proteins required for cell polarity development in budding yeast
included Cdc42 and other Rho-type GTPases, their regulators and effectors, actin cytoskeleton-
associated proteins, septin-associated proteins, and proteins involved in secretion. Besides these 54
proteins, they identified another 20 previously uncharacterized ones involved in polarized growth.
The protein–protein interaction map that they describe shows a highly complex process of cell
polarity development involving cortical cues, signaling proteins, the cytoskeleton, and the
secretory apparatus, each of which is itself characterized by considerable complexity. More
experimental work will be required to elucidate the mechanisms that underlie the cell polarity
development due to the vast number of proteins involved.

5.2. Drosophila genes involved in epithelial cell polarity

Drosophila genes involved in the establishment of the ectoderm and midgut epithelia during
embryogenesis, epithelial polarity of imaginal discs, and epithelial development of the follicle cells
during oogenesis, shed light on the polarity of epithelia in mammals.
In simple epithelial monolayers, adherens junctions are organized into an adhesive belt-like

structure around the circumference of the cell called the zonula adherens (ZA). The molecular
components of adherens junctions are very similar between vertebrates and invertebrates, with
cadherins and catenins being the heart of an adhesive interaction that connects actin belts of
adjacent cells with each other. Although the ZA forms the most apical junction in Drosophila

epithelia, the ZA do not appear to be always required for the maintenance of membrane
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asymmetry (Wodarz et al., 1995). Septate junction (SJ) in invertebrate, and TJ in mammals, share
some overlapping function in epithelia, which are the control of paracellular transport, and fence
to lateral diffusion of membrane lipids and membrane proteins at the border between the apical
and the basolateral domains. However, TJs are not required for this function in all polarized cells
types, the separation of membrane domains can be maintained in the absence of any junction
(M .uller and Hausen, 1995; Winckler and Mellman, 1999). Many of the molecular components of
vertebrate TJs are conserved in Drosophila, although TJs have not been found by ultrastructural
criteria. Desmosomes are absent from invertebrate epithelia; in addition, cytoplasmic intermediate
filaments, like cytokeratins that anchor in desmosomes, have so far not been found in Drosophila.
The coincidence of generation of apical-basal polarity with cellularization (de novo formation

of a polarized epithelium) in Drosophila embryo suggests that mutations affecting either process
will also affect the other. Genome-wide genetic screens have identified seven loci that are required
zygotically for these processes (Merrill et al., 1988; Wieschaus and Sweeton, 1988). Three of these
genes, nullo, bottleneck (bnk), and serendipity a (sry a) are required for the formation of the highly
organized contractile actin-based network that drives cytokinesis during cellularization (Schejter
et al., 1992).
At least four proteins containing PDZ protein interaction domains are expressed in the

blastoderm during cellularization: Bazooka (BAZ), Canoe (Cno), Polychaetoid (Pyd), and Disc
Lost (Dlt) Pyd represents a Drosophila homologue of the TJ-associated protein ZO-1 and
physically interacts with Cno. AF-6, the human homologue of Cno, also interacts with ZO-1 and
localizes to the submembraneous actin-cytoskeleton associated with TJs. Another four genes,
bazooka (baz), crumbs (crb), shotgun (shg) and stardust (sdt) seem to be specifically involved in the
formation or the maintenance of the surface epithelium.
The maternal expression of two genes is involved in the epithelia generation, DE-cadherin, the

product of the shg locus, and Arm, the fly homologue of b-catenin and product of the armadillo
gene. It has been shown that Arm is required for the generation of the ZA in the early embryo
(Cox et al., 1996; Muller and Wieschaus, 1996).
Adjacent imaginal disc cells exhibit a fully elaborated junctional complex with an apical ZA and

a more basal SJ. In addition to Arm and phosphotyrosyl proteins, the product of the expanded
(ex) locus, as well as Dmerlin and Dmoesin are concentrated in the ZA (McCartney and Fehon,
1996). However, their localization appears to be not tightly restricted to the ZA and extends
further basal (in the case of Ex) or further apical (in the case of Dmoesin). Ex protein is a member
of the large superfamily of band 4.1 proteins. Coracle (Cor), another member of the Protein 4.1
family, is a molecular component of the SJs in the imaginal disc (Fehon et al., 1994). SJs have also
been shown to contain large amounts of Disc Large (Dlg) protein and Neurexin (Nrx) (Woods
and Bryant, 1991; Baumgartner et al., 1996). The lateral plasma membrane of the columnar wing
disc cells is marked by the transmembrane proteins FasIII and Neuroglian, which show only
partly overlapping distributions (Woods et al., 1996). FasIII is present at high levels at the SJ and
at lower levels on the remaining lateral membrane domains. In contrast, Neuroglian is present on
the entire lateral membrane domain, including the region apical to the SJ. The Crb protein is also
expressed in imaginal discs (Tepass et al., 1990). However, its absence does not result in defects in
the wing disc epithelium (M .uller, 2000).
The functions of some of the mentioned molecular components of the SJs have been

investigated. Nrx and Cor are key molecules that are important for the function of SJs.
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In homozygous mutant cor clones, the characteristic ultrastructure of SJs between the cells is lost
and paracellular transport is no longer restricted (Lamb et al., 1998). Cor is required for the
localization of Nrx to the plasma membrane. Similarly, Nrx has been shown to be required
for Cor localization and the maintenance of transepithelial barrier function of glial cells at the
blood brain/barrier (Baumgartner et al., 1996). Despite defects in SJs, cor mutant disc epithelia
maintain normal membrane asymmetry and do not exhibit any changes in the structure of the ZA
nor in the cytoskeleton (Lamb et al., 1998). These results illustrate that the SJs are required for the
gate function, i.e., the restriction of paracellular transport. On the other hand, SJs are not
required for maintenance of apicobasal membrane polarity or the maintenance of adherens
junctions.
In summary, genes involved in the epithelial polarity development in Drosophila could be

separated in defined cellular functions: (1) genes for cell adhesion proteins: armadillo (arm),
dachsous (ds), and shotgun (shg); (2) genes for proteins complex assembly: bazzoka (baz) and
crumbs (crb) and probably stardust (sdt) (Hong et al., 2001; Bachmann et al., 2001); (3) genes
involved in cell signaling brainniac (brn), egghead (egh) and Notch (N); (4) genes for cytoskeleton
proteins: canoe (cno), coracle (cor), expanded (ex), karst (kst) and a-Spectrin; (5) tumor suppressor
genes: discs large (dlg), Dmerlin, fat, l(2)giant larva (lgl) and warts (wts); and (6) genes for
components of septate junctions Neurexin (nrx), and scribble (scrib) (M .uller, 2000).

5.3. Caenorhabditis elegans par genes and their role in mammalian epithelial cell polarity

The past years have revealed that homologs of the C. elegans par (partitioning defective) genes
are also essential for establishing polarity in Drosophila and vertebrate cells. There is growing
evidence that the proteins encoded by these genes interact with key regulators of both the actin
and the microtubule cytoskeletons.
In the nematode worm C. elegans, the zygote acquires polarity along the future anterior-

posterior axis, after sperm entry. Goldstein and Hird (1996) showed that the zygote, anterior-
posterior polarity is determined by the point where the sperm enters the oocyte. Although they
showed that the sperm provides the crucial polarizing signal, the nature of the signal remained a
mystery. Polarization of the zygote does not require the male pronucleus, suggesting the
hypothesis that the sperm centrosome might be responsible for the polarizing activity of the
sperm, (Sadler and Shakes, 2000). The centrosome will organize the mitotic spindle, it has been
proposed that the contact of spindle microtubules with the cortex may promote localization of
protein PAR-2, a posterior cortical marker.
Before the first division of the zygote, distinct anterior–posterior cortical domains are

established characterized by the non-overlapping localization of PAR-3, PAR-6 and PKC-3 to the
anterior cortex and PAR-1 and PAR-2 to the posterior cortex (Rose and Kemphues, 1998). The
products of par genes are not simply markers of the distinct cortical domains they are also
required for establishment of these domains. One general feature of par mutants is the loss of
asymmetry in the first cell division.
The PAR proteins control the asymmetric spindle position determining the pulling force that

positions the spindle poles before first cell division. The net pulling force acting on the posterior
spindle pole is higher than that acting on the anterior spindle pole (Grill et al., 2001).
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In addition to the par genes, several others genes involved in controlling zygote polarity
have recently been identified. Some of the proteins encoded by these genes interact directly
with PAR proteins. This is the case for PKC-3, an atypical protein kinase C (aPKC) isoform
that binds to PAR-3 (Tabuse et al., 1998). The small GTPase Cdc42 binds to PAR-6 (Gotta
et al., 2001) and NMY-2, a non-miscle myosin II heavy chain, binds to PAR-1 (Guo and
Kemphues, 1996).
In the case of mammalian epithelial cells that are highly polarized and have distinct apical and

basolateral plasma membrane domain, the spatial cues that lead to the initial polarization are
cell–cell contacts and cell-extracellular matrix (ECM) contacts. Cell–cell contacts are mainly
mediated by transmembrane adhesion molecules of the cadherin superfamily, whereas cell-ECM
contacts are mediated by transmembrane receptors of the integrin family (Giancotti and
Ruoslahti, 1999; Tepass et al., 2000).
Before the fully polarized epithelial phenotype is established, cadherin-containing cell contact,

i.e. called adherent junctions, are scattered along the lateral plasma membrane, tight junctions
have not yet formed, and several of its components colocalize with adherens junction components
along the lateral membrane. Later on, adherent junctions coalesce in the apicolateral region of the
plasma membrane and are assembled to form the zonula adherens. At the same time components
of the adherens and tight junctions sort out, and assembly of the tight junction begins (Fleming
et al., 2000).
So, little is known about the mechanisms responsible for separating adherens junction and tight

junction components during establishment of the fully polarized fenotype of epithelial cells.
Several pieces of evidence have shown that a protein complex consisting of mammalian homologs
of PAR-3, PAR-6, Cdc42 and an aPKC is crucial to this process. ASIP/PAR-3, the mammalian
PAR-3 homolog, was first identified as a binding partner of PKCs z and l, the two mammalian
aPKC isoforms (Izumi et al., 1998). Both aPKCs and ASIP/PAR-3 colocalize at the epithelial
tight junction together with the tight junction marker ZO-1 (Izumi et al., 1998). PAR-6 and the
small GTPase Cdc42 are also associated with ASIP/PAR-3 and aPKCs in mammalian epithelial
cells (Qiu et al., 2000; Noda et al., 2001). Over expression of dominan-negative form of aPKC l
resulted in mislocalization of ASIP/PAR-3 and ZO-1 and the transepithelial electrical resistance
broke down, indication that formation of functional tight junctions was impaired (Suzuki et al.,
2001).
It has been reported that an association of ASIP/PAR-3 with JAM-1, a transmembrane

adhesion molecule localized to the tight junction (Ebnet et al., 2001). JAM-1 binds through its
PDZ binding domain to the first PDZ domain of ASIP/PAR-3 and JAM-1 can also bind to the
third PDZ domain of ZO-1. As JAM-1 molecules can dimerize and tend to form large
macromolecular clusters in the membrane, JAM-1 may link the PAR-3/PAR-6/aPKC/Cdc42
complex to the integral tight junction components ZO-1 and claudin.
The kinase activity of aPKC seems to be suppressed when aPKC is associated with PAR-6. This

suppression can be overcome by binding of activated GTP-bound Cdc42 to the CRIB domain of
PAR-6 (Yamanaka et al., 2001). Interestingly, cadherin-mediated cell–cell adhesion can activate
Cdc42, which provides a possible explanation for the close connection between cadherin-mediated
cell adhesion and tight junction assembly. One can speculate that PAR-3, PAR-6 and aPKC form
the core of a protein complex that acts as a scaffold to which additional proteins can be recruited.
At least in mammalian epithelial cells, ASIP/PAR-3 can be anchored in the cortex by binding to
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the transmembrane protein JAM-1. The main effector molecule in the PAR-3/PAR-6/aPKC/
Cdc42 complex may be the aPKC, because it is a protein kinase that can modulate the function of
its targets by phosphorilation. The kinase activity of aPKCs appears to be regulated by PAR-6
together with Cdc42 (Wodarz, 2001).

6. External cues

Polarity is triggered by cell-substrate and cell–cell contacts as well as by hormones and a variety
of factors that differ in nature (Cereijido et al., 1998; Wodarz, 2001).

6.1. Ca2+ activated cell–cell contacts

Tight junctions can be opened and resealed by the removal and the restoration of Ca2+ to the
bathing media (Cereijido et al., 1978a, b, 1981; Meza et al., 1980; Martinez-Palomo et al., 1980;
Citi, 1992). Cells plated at sub-confluence in media with normal Ca2+ concentrations, or at
confluence but in low Ca2+, do not develop TJs (Gonzalez-Mariscal et al., 1985) nor polarize
membrane components like Na+, K+-ATPases (Contreras et al., 1989) and voltage dependent ion
channels (Talavera et al., 1995). When cells are incubated at confluence, the addition of this ion
restores TJs and apical/basolateral polarity. Ca2+ elicits this effect by acting on the cell–cell
attaching molecule E-cadherin (Gumbiner and Simons, 1986; Yap et al., 1997; Gumbiner et al.,
1988; Gumbiner, 2000; Mora et al., 2002; Buchert et al., 1999). Ca2+ is needed on the extracellular
side, as a La3+ blockade of Ca2+ penetration into the cytoplasm fails to prevent the triggering
effect (Contreras et al., 1992; Gonzalez-Mariscal et al., 1990). Ca2+ activates a cascade of
intracellular reactions that includes protein kinase C (PKC), phospholipase C (PLC) and
calmodulin (CaM) (Balda et al., 1991, 1993; Gonzalez-Mariscal et al., 1990; Ponce et al., 1991a, b;
Ponce and Cereijido, 1991; Bilder and Perrimon, 2000; Braga, 1999).

6.2. Interactions with extracellular matrix components (ECM)

Integrins mediated cell adhesion to ECM is particularly important for organizing the apico-
basal axis of epithelial cell polarity. Apical orientation towards the outside of epithelial cells
grown in suspension and forming clumps, is inverted by the addition of collagen (Barriere et al.,
1988; Chambard et al., 1981). Thus the orientation of apical and basolateral membrane domain
depends on the biological compartments separated by the epithelium. Interestingly, intercalated
cells of the collecting tubule exist in a spectrum of types. While the a-form secretes acid by an
apical H+-ATPase and a basolateral anion exchanger which is an alternatively spliced form of the
red cell band 3 (kAE1), the b-form secretes HCO3

� on the opposite membrane (Al Awqati et al.,
2000). A protein, termed hensin, member of the scavenger receptor family, was deposited in the
extracellular matrix of high-density cells that reversed the polarity of the transporters. Hensin also
induces the expression of the microvillar protein villin, and caused the appearance of the apical
terminal web proteins, cytokeratin 19 and actin, all of which led to the development of an
exuberant microvillar structure (Hikita et al., 1999). In addition, hensin causes b cells to assume a
columnar shape. These studies demonstrate that, at least in vitro, the conversion of polarity in the
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intercalated cell, represents a terminal differentiation, and that hensin is the first protein in a new
pathway that mediates this process (Al Awqati et al., 2000; Hikita et al., 1999; Crepaldi et al.,
1994).

7. Pathologies derived from the alteration of polarity

As the intricacies of sorting and retention machineries are unraveled, their failure is associated
to a rapidly growing number of clinical manifestations. We will just mention a few of these
pathologies as examples. (1) In the familial hypercholesterolemia (FH)-Turku a mutation
of glycine 823 residue of the LDL receptor affects the signal required for its basolateral targeting;
the receptor is mistargeted to the apical surface, resulting in reduced endocytosis of
LDL hypercholesterolemia (Koivisto et al., 2001). (2) In the intestinal congenital sucrase-
isomaltase deficiency, a point mutation of glutamine by arginine at residue 117 of sucrase-
isomaltase, affects the access of the O-glycans to a putative sorting element (Spodsberg et al.,
2001). (3) In the polycystic kidney disease, polycystin-1, a component of desmosomal junctions of
epithelial cells involved in tubulogenesis is altered, leading to cystic transformation (Bukanov
et al., 2002). In keeping with the ideas discussed in Fig. 7, in polycystic kidney disease the Na+,
K+-ATPase is not expressed on the lateral, but on the apical domain, due to an aberrant
expression of the b2 subunit (Wilson et al., 2000). (4) The Zellweger syndrome, neonatal
adrenoleukodystrophy, infantile Refsum’s disease, and classical rhizomelic chondrodysplasia
punctata are lethal genetic disorders caused by defects in peroxisome biogenesis. Slawecki et al.
(1995) identified three distinct defects that affect the delivery of the peroxisomal protein of these
patients.

8. Concluding remarks

To appreciate the progress made in the field of targeting in the last decade, one only needs to
remember that not more than 10 years ago it appeared conceivable that a single sorting signal (say
to the apical domain) would suffice to explain polarity, as the basolateral domain would be
reached by default. Furthermore, it was tacitly expected that different cell types would use the
same sorting motif. On the contrary, today we have abundant evidence that there is no universal
signal nor single mechanism, as the requirement of different protein types in a given domain of the
same cell can be different, and require separate modulations along the cell cycle, in response to
functional needs, hormonal challenge, etc. This poses a formidable problem to a reviewer, because
at this moment the field is too vast to enumerate even a small proportion of the findings made,
and too heterogeneous to order the available information according to emerging patterns. This
situation where there is a considerable amount of information but comparatively little knowledge
constitutes a perpetual challenge for research, in particular because any of the signals and
mechanisms discussed may certainly misfunction and provoke diseases. That was also our
justification for restricting this review to the underlying phenomena that we grouped in
‘‘Toolbox’’, and to the paradigmatic examples we have chosen.
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