
REVIEW ARTICLE

The spectrin–ankyrin–4.1–adducin membrane skeleton:
adapting eukaryotic cells to the demands of animal life

Anthony J. Baines

Received: 23 June 2010 /Accepted: 5 July 2010 /Published online: 29 July 2010
# Springer-Verlag 2010

Abstract The cells in animals face unique demands beyond
those encountered by their unicellular eukaryotic ancestors.
For example, the forces engendered by the movement of
animals places stresses on membranes of a different nature
than those confronting free-living cells. The integration of
cells into tissues, as well as the integration of tissue function
into whole animal physiology, requires specialisation of
membrane domains and the formation of signalling com-
plexes. With the evolution of mammals, the specialisation of
cell types has been taken to an extreme with the advent of the
non-nucleated mammalian red blood cell. These and other
adaptations to animal life seem to require four proteins—
spectrin, ankyrin, 4.1 and adducin—which emerged during
eumetazoan evolution. Spectrin, an actin cross-linking pro-
tein, was probably the earliest of these, with ankyrin, adducin
and 4.1 only appearing as tissues evolved. The interaction of
spectrin with ankyrin is probably a prerequisite for the
formation of tissues; only with the advent of vertebrates did
4.1 acquires the ability to bind spectrin and actin. The latter
activity seems to allow the spectrin complex to regulate the
cell surface accumulation of a wide variety of proteins.
Functionally, the spectrin–ankyrin–4.1–adducin complex is
implicated in the formation of apical and basolateral domains,
in aspects of membrane trafficking, in assembly of certain
signalling and cell adhesion complexes and in providing
stability to otherwise mechanically fragile cell membranes.
Defects in this complex are manifest in a variety of hereditary
diseases, including deafness, cardiac arrhythmia, spinocere-

bellar ataxia, as well as hereditary haemolytic anaemias. Some
of these proteins also function as tumor suppressors. The
spectrin–ankyrin–4.1–adducin complex represents a remark-
able system that underpins animal life; it has been adapted to
many different functions at different times during animal
evolution.
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Discovery of the spectrin–ankyrin–4.1–adducin system

Mammalian red blood cells have no nuclei or other internal
organelles; thus, they have no major biosynthetic repair
mechanisms. Despite this, they survive in circulation for
about 120 days. This implies that their membranes have
some adaptation that allows them to survive for this length
of time—an unsupported lipid bilayer would be unable to
endure the rigours of circulation.

Spectrin

Membranes can be isolated from human erythrocytes by
hypotonic lysis (Dodge et al. 1963): since they retain the
“ghostly” outline of the original cell, these are usually referred
to as ghosts. Ghosts, however, become unstable when they are
exposed to very low ionic strength, slightly alkaline solutions:
for example, incubation of ghosts at 37° for 30 min in a
solution of 0.1 mM sodium phosphate pH 8 results in rapid
fragmentation of the membranes and the formation of inside–
out vesicles (Steck et al. 1970). Among the proteins that are
released from red cell membranes under these conditions are a
pair of high molecular weight polypeptides named spectrin
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(Marchesi and Steers 1968; Tillack et al. 1970; another word
for a ghost is a spectre, hence spectrin). These high
molecular weight peptides are referred to now as α- and
β-spectrins (280 and 246 kDa based on their sequences),
although other literature named them band 1 and band 2,
respectively, because they were represented in the two
highest molecular mass proteins on sodium dodecyl sul-
phate (SDS) polyacrylamide gels (Fairbanks et al. 1971).

Analysis of the 37°C extract of red cell membranes
indicated that α- and β-spectrins formed a dimer (Gratzer
and Beaven 1975; Ralston 1975; Shotton et al. 1978;
Ungewickell and Gratzer 1978; Ralston and Dunbar 1979).
However, if the extraction was done at 4°, spectrin was
recovered predominantly as a tetramer comprising two
dimers. Careful analysis of the chemical equilibrium between
dimers and tetramers revealed that tetramers were the most
abundant physiological form of spectrin; however, at 37°C,
when spectrin was diluted by being removed from the
membrane, the tetramers rapidly dissociated to dimers (e.g.
Ungewickell and Gratzer 1978). Higher-order oligomers could
also form; thus, in whole red cells, the highly concentrated
nature of spectrin attached to the membrane means that there
is an equilibrium between dimers, tetramers, hexamers and so
on, with the tetramer apparently most abundant (Morrow and
Marchesi 1981; Shahbakhti and Gratzer 1986).

Ankyrin—a linker between spectrin and the membrane

Spectrin seems to be important to the integrity of the red cell
membrane, since its loss from the membrane results in
fragmentation. How is it attached to the membrane? Bennett
and Branton (1977) conducted a pioneering series of experi-
ments in which they demonstrated that, in physiological salt
solutions, spectrin can bind to the cytoplasmic face of
inside–out vesicles. The “spectrin receptor” was a protein
since it was susceptible to proteolysis and present at
approximately one per tetramer (Bennett and Stenbuck
1979a). This receptor was identified as the protein ankyrin
(Bennett and Stenbuck 1979a, 1980b; Yu and Goodman
1979). Ankyrin itself could be removed from membranes
with concentrated salt solutions and thus was a peripheral
protein. An “ankyrin receptor” was identified as Band 3, an
anion (HCO3

-/Cl-) exchanger essential in carbon dioxide
transport processes (Bennett and Stenbuck 1979b, 1980a).
More recently, it has become clear that ankyrin binds a
number of other transmembrane proteins including the
Rhesus complex which probably functions as a transporter
for small neutral substrates (Nicolas et al. 2003).

4.1, adducin and the actin junctional complex

Along with spectrin, some other proteins are released from
the membrane in very low salt solutions. Among these is

actin (Tilney and Detmers 1975). Mature human erythro-
cytes contain essentially only β-actin (Pinder et al. 1978b).
Does spectrin bind actin? Early data indicated that spectrin
could interact with actin although the mode was unclear
(Pinder et al. 1975; Tilney and Detmers 1975; Kirkpatrick
1976; Sheetz et al. 1976) and the affinity was very weak
(Ohanian et al. 1984). Furthermore, spectrin could act as a
bridge between cytoplasmic actin and the membrane
(Cohen et al. 1978; Cohen and Foley 1980; Fowler et al.
1981). The weak affinity prompted a number of workers to
investigate whether there were factors that modulated the
interaction with F-actin. Among the other proteins present
in the red cell membrane low ionic strength extract is
protein 4.1, which appears on SDS gels as a closely spaced
doublet of bands at approximately 80 kDa (Yu et al. 1973).
Protein 4.1 binds to spectrin (Tyler et al. 1980) and
promotes the binding of spectrin to actin (Ungewickell et
al. 1979; Fowler and Taylor 1980). Ohanian and coworkers
(1984) quantified the interactions: in the absence of 4.1, the
spectrin–F-actin interaction was characterised by a Ka
approximately 1×103 M-1; in its presence, a ternary
complex formed with an affinity around 1012 M-2.

Two further polypeptides present in the low salt extract
had apparent molecular masses around 110 kDa. These
were found to represent subunits of a calmodulin-binding
phosphoprotein that contained a spectrin–actin-binding
activity (Palfrey and Waseem 1985; Gardner and Bennett
1986; Ling et al. 1986; Mische et al. 1987). These were
named α- and β-adducin because they can “adduce” (Latin
adducere: ad-, to bring to + ducere, to lead) the formation
of a spectrin–actin complex (Gardner and Bennett 1987).
The protein is primarily a heterotetramer, and the interac-
tion of the two subunits is required for high-affinity
spectrin/actin binding (Matsuoka et al. 2000). The
calmodulin-binding activity is confined to a basic 22 amino
acid sequence near the C-terminal which has close
sequence similarity to the calmodulin-binding region of
myristoylated alanine-rich C-kinase substrate (MARCKS;
Matsuoka et al. 1996). Its protein interactions are also
regulated by protein kinase C, protein kinase A and by rho-
kinase (Matsuoka et al. 1996, 1998; Waseem and Palfrey
1988, 1990; Kimura et al. 1998).

Further actin-binding proteins identified in the low salt
extract protein include 4.9 (also known as dematin; Beaven
et al. 1985a; Siegel and Branton 1985; Husain-Chishti et al.
1989), tropomyosin (Fowler and Bennett 1984) and
tropomodulin (Fowler 1990).

The triton-resistant cytoskeleton and the state of erythrocyte
actin

Further evidence for the presence of complexes between
spectrin, ankyrin, 4.1, F-actin and other proteins came from
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extraction of red cell membranes with the detergent Triton
X-100. The Triton X-100 insoluble residue represents a
cytoskeletal structure, which retains the core cytoskeletal
proteins plus a number of transmembrane proteins (Yu et al.
1973). Fractions of, for example, the anion exchanger band
3 (Yu et al. 1973; Sheetz 1979), glycophorin C (Reid et al.
1990) and Rhesus complex (Bruce et al. 2003) are retained
in the detergent cytoskeleton: these can be removed by
washing with concentrated salt solutions in the presence of
detergent, a treatment which also removes ankyrin. The
resulting high salt cytoskeleton, or shell, retains spectrin,
4.1, adducin and proteins of the actin complex (Sheetz
1979).

Electron microscopy of cytoskeletons or shells revealed
a more or less hexagonal network of long spectrin filaments
(mainly, tetramers, plus hexamers and higher-order
oligomers) interconnected by junction points (Byers and
Branton 1985; Beaven et al. 1985b; Liu et al. 1990a; Ursitti
and Fowler 1994). Ankyrin-based complexes sat near to the
sites where spectrin dimers formed tetramers (Liu et al.
1987), consistent with the electron microscopy of purified
spectrin–ankyrin complexes (Tyler et al. 1979). Actin as
well as its other binding partners was found at junction
points where spectrin molecules come together (Ursitti and
Fowler 1994).

An unusual aspect of the actin junction points is that no
long actin filaments were visible in intact preparations
(Tilney and Detmers 1975; Byers and Branton 1985). This
is not because erythrocyte actin is incapable of forming
long filaments: limited proteolysis releases constraints on
actin polymerisation, and long filaments are then readily
formed (Tilney and Detmers 1975). Pinder and Gratzer
(1983) investigated the nature of actin in red cell mem-
branes and concluded that it was restricted to short
filaments (12 to 16 monomers) that would be of the right
length to accommodate a single tropomyosin. The minus-
ends of the filaments are blocked by tropomodulin (Fowler
1990). Whether the plus-ends were capped depended on
whether the ghosts were prepared in the presence of Mg2+:
the plus-end was uncapped in the absence of Mg2+; the
presence of 2 mMMg2+ in the lysis buffer was found to
preserve the actin filaments in a capped state (Kuhlman
2000). The plus-end capping was found to be attributable to
adducin, which was released from the membranes in the
absence of Mg2+.

Several factors probably contribute to keeping the actin
filaments short in the junctional complex. The plus-end
capping activity of adducin together with tropomodulin
may cap the filaments in red cells (Kuhlman et al. 1996).
Spectrin and 4.1 together have an F-actin severing and
capping activity (Pinder et al. 1984). In addition, the
ubiquitous capping protein capZ is present in red cells
(Kuhlman and Fowler 1997). However, capZ appears to be

displaced from the end of actin filaments by adducin, and in
mature cells, it is only cytoplasmic (Kuhlman and Fowler
1997).

In summary, we now have a picture of a red cell
cytoskeleton that forms a roughly hexagonal array on the
cytoplasmic face of the membrane. Spectrin filaments are
cross-linked by actin-containing junction points. Ankyrin
forms an adaptor between spectrin and the membrane;
ankyrin cross-links links with transporters that include the
Rhesus complex and the anion exchanger. In addition, as
will be described below, the actin junctions are also linked
to the plasma membrane via transmembrane complexes.
Moreover, spectrin and protein 4.1 bind PIP2 (An et al.
2005a, 2006b). Spectrin also binds to some aminophos-
pholipids including phosphatidylserine (Haest et al. 1978;
Mombers et al. 1979; Cohen et al. 1986; Michalak et al.
1993; An et al. 2004). The interaction of spectrin with
aminophospholipids modulates membrane stability (Manno
et al. 2002). A minority of β-spectrin is palmitoylated in
red cells, and this seems to strengthen its association with
the membrane (Mariani et al. 1993).

Genes and proteins

Spectrins

The sequences of human α- and β-spectrin from red blood
cells were first obtained by direct protein sequencing
(Speicher et al. 1983; Speicher and Marchesi 1984) and,
subsequently, by cDNA cloning (Linnenbach et al. 1986;
Cioe et al. 1987; Winkelmann et al. 1988, 1990a; Sahr et al.
1989, 1990;). More recently, the sequences of spectrin
genes from many different organisms have been revealed
by genomics.

Mammals have seven spectrin genes: two α-genes
(SPTA1 and SPTAN1 encoding αI- and αII-spectrins,
respectively), four “conventional” β-genes (SPTB,
SPTBN1, SPTBN2 and SPTBN4 encoding βI to βIV,
respectively) and SPTBN5 encoding one β-heavy (βV)-
spectrin. Invertebrates have a single α-, “conventional” β-
and βV-spectrin genes. During the evolution of the
invertebrates, there were two rounds of whole genome
duplication (the 2R hypothesis), i.e. for each ancestral gene,
vertebrates could have up to four paralogues (Kasahara
2007). The expectation of four paralogues seems to be met
by the conventional β-genes, but not by the α- or βV-
genes, which are clearly not advantageous when retained in
full complement. Moreover, the duplication of α genes that
we see represented in mammalian genomes is a late
evolutionary event. The genomes of amphibia, birds and
reptiles only contain single α-spectrin genes, and it seems
that the duplication of α occurred with the advent of the
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mammals since it is found in all three branches of the
mammalia (Salomao et al. 2006). In the lineage leading to
the bony fish, a further round of duplication occurred (Van
de Peer 2004), but it does not seem to have been
advantageous to retain function of all the duplicates: for
example, a duplicate of the α-gene is present in zebra fish
as a non-expressed pseudogene (Salomao et al. 2006).

Spectrins can be defined by their domain structure. The
bulk of the polypeptide comprises successive repeating
units of approximately 106 amino acids (Speicher and
Marchesi 1984; Fig. 1a,c). These repeating units are now
referred to as spectrin repeats: these are folded as triple
helical bundles (Yan et al. 1993; Pascual et al. 1996).
Typically, α-spectrin contains about 20 complete repeats,
conventional β16 and β-heavy about 29. In spectrin chains,
successive triple helices connect through the junction of
helix C of one repeat to helix A of the next in an
uninterrupted helix (see Fig. 1; e.g. Kusunoki et al. 2004).
In addition, as explained more fully below, partial triple
helices define the sites where spectrin dimers self-associate.

At the N-terminus of β, there is a pair of calponin
homology (CH) domains which together form an actin-
binding domain (ABD; Karinch et al. 1990; Carugo et al.
1997; Banuelos et al. 1998). The ABD also binds 4.1, and
the formation of a three-way complex between 4.1, spectrin
and actin effectively strengthens the interaction of spectrin
with actin (An et al. 2005a). The ABD also binds the lipid
PIP2, and this promotes 4.1 binding (An et al. 2005a;
Fig. 1b).

In α-spectrins, there is an SH3 domain inserted between
repeats 9 and 10 (Musacchio et al. 1992). At the C-terminus
is a calmodulin-like domain which contains four EF hands,
of which two bind calcium (Trave et al. 1995). These have
recently been reported to bind erythrocyte protein 4.2
(Korsgren et al. 2009).

To form a dimer, α- and β-spectrin chains interact via two
repeats close to the C-terminus of α (repeats 20 and 21) and
the N-terminus of β (repeats 1 and 2; see Fig. 1 and Ursitti et
al. 1996; Viel et al. 1998). This forms an anti-parallel dimer,
with the calmodulin-like domain opposed to the ABD.

To form a tetramer, at the other end of the dimer, the
partial repeats in both α (repeat 1) and β (repeat 17) can
interact with the corresponding partial repeats in another
dimer to form a tetramer (Tse et al. 1990; Kotula et al.
1993; Cherry et al. 1999; Ipsaro et al. 2010). Thus, the
tetramer is formed by “reconstituting” a full triple helix
from the pair of partial triple helices (Fig. 1f).

Repeats 14 and 15 of the conventional β-spectrins bind
ankyrin (Kennedy et al. 1991; Davis et al. 2008; Ipsaro et
al. 2009; Stabach et al. 2009). Because there are two β-
spectrins in each tetramer, each tetramer potentially binds
two ankyrins: there is evidence of cooperativity between
ankyrins in binding to spectrin (Cianci et al. 1988; Fig. 1d).

In α, the region between repeats 9 and 11 (which
includes the SH3 domain) contains a plethora of binding
sites. These include sites for binding the lipid phosphati-
dylserine (An et al. 2005b). The proteins that interact here
include the non-receptor tyrosine kinase src (Nicolas et al.
2002; Nedrelow et al. 2003), a low molecular weight
tyrosine phosphatase (Nicolas et al. 2002), tes and evl
(Rotter et al. 2005; Bournier et al. 2006) and e3b1
(Ziemnicka-Kotula et al. 1998). These interactions of the
SH3 domain may be linked to the control of cell motility
(Merilainen et al. 1993). In addition, a differentially spliced
sequence binds calmodulin in αII-spectrin (Simonovic et al.
2006).

The C-terminal region of β-spectrins can be subject to
differential messenger ribonucleic acid (mRNA) splicing,
which regulates both membrane binding and regulatory
properties (Winkelmann et al. 1990b; Hayes et al. 2000).
The ancestral β-spectrin common to all eumetazoans
contained a C-terminal pleckstrin homology domain which
binds to PIP2 via its head group IP3 (Macias et al. 1994;
Zhang et al. 1995; Fig. 1e). This domain, additionally,
seems to have a role in sorting spectrins in polarised cells
(Das et al. 2008). In mammalian βI- and βII-spectrins,
splicing can eliminate the PH domain and replace it with a
short, relatively unstructured region containing phosphory-
lation sites (Winkelmann et al. 1990b; Hayes et al. 2000;
Tang and Speicher 2004; Bignone et al. 2007). These short
C-termini seem to have arisen independently after the
duplication events encompassed in the 2R hypothesis, and
certainly, the sequences, gene structures and phosphoryla-
tion sites in these regions are quite different from each other
(Bignone et al. 2007). The function of phosphorylation of
the short βI-spectrin C-terminal region is not known; it
does not appear to regulate the formation of tetramers
(Ungewickell and Gratzer 1978; Shahbakhti and Gratzer
1986), but it seems to be linked to the mechanical
properties of red cell membranes (Manno et al. 1995). On
the other hand, phosphorylation of the short βII-spectrin
has a functional correlate, namely, regulation of the
interaction of formation of spectrin tetramers (Bignone et
al. 2007). Phosphorylation of the short C-terminal region by
protein kinase A leads to a reduction in the affinity of αII
and βII at the site where tetramers form. This phosphory-
lation appears to occur during neurite outgrowth.

Although there are multiple vertebrate spectrin polypep-
tides, detailed biochemical and biophysical comparisons
between them remain incomplete. The best characterised
polypeptides in those terms are the two mammalian α-
spectrins (αI- and αII-spectrins) and βI- and βII-spectrins.

When spectrin was isolated from red cells at 37°C, it was
recovered as a dimer (Ungewickell and Gratzer 1978). On
the other hand, when spectrin was isolated from the brain,
primarily, it was a tetramer (Bennett et al. 1982a; Glenney
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Fig. 1 The structure of spectrin. a A spectrin dimer. Spectrin α- and
β-chains associate side-by-side and antiparallel. Sites of interaction
between the chains are indicated with a grey box. Some examples of
protein and lipid interaction sites are also annotated. b The actin-
binding domain of β-spectrin. A model is shown generated by Phyre
of the CH1 and CH2 domains. Sequences equivalent to known actin-
binding sites in utrophin are shown in yellow. Note that this structure
also binds 4.1 and PIP2. c The structure of two spectrin triple helical
repeats. The structure shows repeats 8–9 of βI-spectrin. C1167, in the
linker region between the two tandem triple helices, is indicated: this
residue becomes available to chemical modification when red cell
membranes are subject to shear stress. From the PDB file 1S35. d The
structure of the interactive domains in spectrin and ankyrin. The

binding site in β-spectrin for ankyrin is located in repeats 14–15. The
region in ankyrin that binds spectrin is the ZU5 domain. Two residues
which when mutated give rise to hereditary pyropoikilocytosis are
indicated: these destabilise spectrin repeats adjacent to the binding
site. From the PDB file 3KBU. e The Pleckstrin homology domain.
The domain is shown in cartoon representation with IP3 bound. From
the PDB file 1BTN. f The structure of the site where spectrin tetramers
form. To form a spectrin tetramer by the interaction of two dimers, a
single helix from α interacts with two helices from β to recapitulate a
full triple helix. Two residues which when mutated disrupt the
formation of tetramers are indicated: mutations at these sites can
result in elliptocytosis. From the PDB file 3LBX

The spectrin–ankyrin–4.1–adducin membrane skeleton: adapting eukaryotic cells to the demands of animal life 103



et al. 1982d; Davis and Bennett 1983). This is because the
principal constituents of each (αI–βI from red cell; αII–βII
from brain) vary in their relative affinity at the site were
tetramers form. Experiments with fragments of spectrin
containing the binding sites indicated that as monomers, αI
and βI associate with KD approximately 800 nM (Kotula et
al. 1993; Nicolas et al. 1998; Cherry et al. 1999; Bignone
and Baines 2003). By comparison, equivalent fragments of
αII- and βII-spectrins associated with KD approximately
10 nM (Bignone and Baines 2003). The affinity is primarily
dictated by the partial repeats (one helix from α and two
from β) that directly associate to recapitulate a full triple
helix. In addition, experiments with chimeras revealed that
the adjacent full triple helical repeat affected affinity as well
(Bignone and Baines 2003).

The relatively low affinity of the red cell spectrin
tetramer raises the question of whether or not spectrin
tetramers—- even though they are highly concentrated on
red cell membranes—- dissociate during circulation.
Mohandas and co-workers (An et al. 2002) have investi-
gated this by sealing into ghosts fragments of spectrin that
contain the partial repeats. They found that at 37°, the
partial repeats became incorporated into the membrane, i.e.
they associated at the ends of spectrin dimers. As a result,
the fragments acted as dominant negative inhibitors of the
formation of tetramers. Furthermore, these fragments acted
to destabilise the red cell membrane, and their affinity was
reflected in their potency in this respect. Fragments of αI-
spectrin were two orders of magnitude less potent in terms
of destabilising red cell membranes against shear stress than
fragments of αII-spectrin (Salomao et al. 2006).

In evolution, αI-spectrin arose by duplication of the pre-
existing α-spectrin gene at about the same time as non-
nucleated mammalian red cells appeared (Salomao et al.
2006). Evidently, it has been neo-functionalised to support
the rapid making and breaking of spectrin tetramers in non-
nucleated red cells undergoing shearing forces in circulation.

The biophysical properties of αI- and αII-spectrins vary.
Experiments to measure the thermal denaturation of fragments
of spectrin polypeptides revealed that, in general, the triple
helical repeats in αII-spectrin denature at a higher temper-
atures than those of αI-spectrin (An et al. 2006a, c). In
particular, in αI and βI, some repeats in the centre of the
molecule are probably on the edge of being unfolded even at
37°. αI repeats 4, 6, 8, 11 and 12 all had mid-points of
thermal denaturation below 37°. Experiments on a construct
of βI-spectrin repeats 5–9 showed substantial loss of α-
helicity even below 37°. Even more strikingly, in this
construct, two repeats lost resistance to pulling in the atomic
force microscope at or below 33°, indicating that, physio-
logically, they are probably in a relatively unfolded state.

To test the state of these repeats in whole membranes,
Johnson et al. (2007b) investigated the accessibility of

cysteine residues. In the linker region between βI-spectrin
repeats 8 and 9, cysteine 1167 is occluded in the folded
structure (PDB: 1 S35; Fig. 1c). When red cell membranes
were subjected to a shear stress, this cysteine became
available to a chemical reagent. In all, at least six cysteines
became available for chemical modification upon shearing
the cell membranes. The implication here is that spectrin
responds to the shearing forces encountered in circulation
by at least partially unfolding and acting to some extent as a
spring. In this sense, spectrin has the potential to act as a
sensor for mechanical forces acting on a cell membrane.
Mutations that affect folding also have an effect on red cell
stability. The mutation Q471P in αI-spectrin is in the linker
between repeats 4 and 5. The effect of this mutation is to
destabilise the folding of spectrin; this manifests itself in the
hereditary haemolytic anaemia elleptocytosis (Johnson et
al. 2007a).

Spectrin polypeptides can also form “mixed” tetramers.
This was indicated first by the observation that chicken
epithelial spectrin has a common α-subunit, but two β-
subunits (i.e. basolateral βII and apical TW-260/βV; Glenney
et al. 1982a). In vitro, the subunits of native spectrin
tetramers can readily be separated by the use of moderate
concentrations of urea, followed by hydroxyapatite chroma-
tography (Yoshino and Marchesi 1984). After separation,
they could reform tetramers once returned to physiological
salt solutions. Davis and Bennett (1983) showed that the
separated subunits of spectrin purified from brain (i.e. mostly
αII- and βII-spectrin) could form hybrid tetramers with
erythrocyte αI- and βI-spectrins. In many tissues, multiple-
spectrin genes are expressed: can they form mixed tetramers?
Clark et al. (1995) showed by immunoprecipitation that
spectrin from cerebellum could contain hybrid tetramers in
which two different spectrin β-subunits could co-exist.

Ankyrins

Vertebrates have three ankyrin genes (ANK1-3) encoding
ankyrin-R, ankyrin-B and ankyrin-G, respectively.
Ankyrin-R is the mammalian erythrocyte ankyrin (Lux et
al. 1990; Otto et al. 1991; Peters et al. 1995; Kordeli et al.
1995). Invertebrates generally have a single ankyrin, but in
the lineage from which arthropods descend, a gene
duplication occurred, thus they have two ankyrins (Hortsch
et al. 2002; Hopitzan et al. 2006).

Ankyrins are subject to regulation by extensive differ-
ential mRNA splicing, but their canonical forms (about
200–250 kDa) have a common domain structure (Fig. 2).
An N-terminal region contains 24 ank repeats, short helix–
loop–helix structures which form ligand-binding sites
(Michaely et al. 2002; Fig. 2a and b). Ank repeats are
widespread in evolution, and very commonly, groups of 2–
4 sequential ank repeats can bind ligands with high affinity
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(Li et al. 2006; Stumpp and Amstutz 2007; Lowe et al.
2008). Because canonical ankyrins contain 24 repeats, they
have the potential to cross-link more than one membrane
protein: as an example of this, in heart, ankyrin-B forms a
complex with the Na/Ca exchanger (NCX1), IP3 receptor
and the Na/K-ATPase (Mohler et al. 2003).

More centrally, a ZU5 domain binds spectrin (Ipsaro et
al. 2009, 2010; Fig. 2c). This domain was originally
defined as common to ZO-1 and Unc5-like netrin receptors
(Interpro: IPR000906). It is about 150 amino acids in length
and is folded with a core containing two β-sheets; two short
helices abut one face of the sheets, the whole structure
being connected by a series of solvent-exposed loops
(Ipsaro et al. 2009). A death domain, a bundle of six α-
helices, which forms another site for protein–protein
interactions, is found more towards the C-terminus (Mohler
et al. 2002; Del Rio et al. 2004; Fig. 2d).

Beyond these common elements of structure in the
canonical forms, there is tremendous sequence variation via
differential mRNA splicing. For example, some forms lack
the ank repeats in part or in whole (e.g. Peters et al. 1995;
Gagelin et al. 2002; Hopitzan et al. 2005). In the case of
some small isoforms found in muscle saroplasmic reticulum
(ank1.5, 17.5 kDa), a short N-terminal transmembrane

segment anchors it to the membrane, but it lacks all the
canonical domains (Bagnato et al. 2003; Kontrogianni-
Konstantopoulos et al. 2003; Porter et al. 2005). However,
some muscle ankyrins contain a 76 amino acid domain that
binds obscurin and (possibly) titin (OTBD; Hopitzan et al.
2006; Borzok et al. 2007). In giant ankyrins, differentially
spliced inserts raise the size to over 400 kDa: in the case of
the giant ankyrin-G found at nodes of Ranvier, the insert is
thought to be extended, potentially allowing this polypep-
tide to communicate between the plasma membrane and
deep into the interior of the axon (Kordeli et al. 1995).

Protein 4.1

Protein 4.1, like spectrin and ankyrin, appeared early in
animal evolution; single copies characterise all known
invertebrate eumetazoan genomes (Hoover and Bryant
2000). As with spectrin and ankyrin, vertebrates have more
copies of 4.1 genes. All four have been retained: the gene
EPB41 encodes 4.1R; EPB41L1 encodes 4.1N; EPB41L2
encodes 4.1G; EPB41L3 encodes 4.1B (Conboy et al.
1986; Parra et al. 1998, 2000; Tran et al. 1999; Walensky et
al. 1999). Protein 4.1R is so named because it is the
abundant red cell 4.1, although it is expressed in many

Fig. 2 Ankyrin structure. a The domain structure of ankyrin. The
domains common to ankyrins include ank repeats, ZU5 and death
domains. The ank repeats bind membrane proteins (some examples—
the Rh proteins, clathrin, L1/neurofascin—are indicated). The 24
tandem repeats can be divided into four domains (D1–D4), which
have distinctive activities. The ZU5 domain binds spectrin (see
Fig. 1). The death domain binds fas. In some muscle forms of the
protein, a domain that binds obscurin and titin (OTBD) can be present.

Many further splice variants of ankyrin occur. For example, the ank
repeats can be lost by mRNA splicing; a large insert between the ZU5
and death domains is present in giant forms. b The structure of ank
repeats. Each repeat is a helix–loop–helix structure. From the PDB file
1N11. c The ZU5 domain. From the PDB file 3F59. d The death
domain. Residue R1423 is required for the interactive properties of
this domain. From the PDB file 2YVI
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other cell types. The other three are essentially absent from
red cells, but expressed widely in other cell types (Taylor-
Harris et al. 2005a).

The four vertebrate proteins have a common domain
structure (Fig. 3). Two of these domains—the 4.1 protein,
ezrin, radixin and moesin (FERM) domain (Chishti et al.
1998) and the C-terminal domain (CTD; Scott et al. 2001)—
can bind transmembrane proteins, and one—the spectrin–
actin-binding (SAB) domain (Correas et al. 1986a, b;
Discher et al. 1993, 1995)—provides the cytoskeletal
linkage. Protein 4.1N is an exception to the last of these:
its SAB is so divergent that it does not bind spectrin–actin
(Gimm et al. 2002). Adjacent to the FERM domain is a
FERM-adjacent (FA) domain (Baines 2006).

The FERM domain is so named because it is common to
4.1 (four-point-one), ezrin, moesin and radixin (Chishti et
al. 1998). The fold consists of three globular units of
approximately 100 amino acids each arranged as a
cloverleaf-like structure (Han et al. 2000a). The N-
terminal lobe (lobe A) has a ubiquitin-like fold, the central
lobe (lobe B) has an α-helical fold like acyl-CoA-binding
protein, and the C-terminal lobe (lobe C) has a fold like a
pleckstrin homology domain (Han et al. 2000b). Since the
determination of the structures of prototypical FERM
domains, it has become apparent that FERM domains are
widespread in evolution, and can be very divergent in
sequence, while retaining the same fold (Tepass 2009).

Interspersed between the common domains are uncon-
served regions that show far less sequence identity between
the individual proteins. These regions, U1, U2 and U3, are
generally not well understood in terms of their functions. In
4.1R, the U1 region binds calmodulin (Leclerc and Vetter
1998) and the centrosomal P4.1-associated protein (CPAP;
Hung et al. 2000). This region has also been reported to
modulate nuclear import of 4.1R (Gascard et al. 1998,
1999; Luque and Correas 2000), suggesting regulation of
protein 4.1 properties and function through intramolecular

interactions between functional domains. Protein kinase C-
dependent phosphorylation of a Ser residue within the FA
region has been established to modulate interactions of
adjacent FERM and SAB domains with selected binding
partners (Manno et al. 2005). The U2 region has also been
recently reported to confer upon 4.1B its anti-proliferative
properties (Robb et al. 2005). As yet, no function has been
assigned to the U3 region.

In the case of 4.1R, the major 80 kDa erythrocyte form
appears as two closely spaced bands on SDS gels, known
as a and b forms. They are related by deamidation of two
asparagine residues, a process that occurs progressively as
red cells age (Inaba et al. 1992). In this sense, the 4.1Ra:
4.1Rb ratio is a marker for red cell age (Inaba et al. 1992).

One of the common aspects of the 4.1 proteins is that
they are subject to extensive tissue- and development-
specific mRNA splicing. This is best established for 4.1R,
where of the >20 exons of the gene, more than half are
subject to splicing (Conboy 1999). This regulates cytoskel-
etal interaction and intracellular targeting (Conboy 1999;
Gascard et al. 1999; Luque et al. 1999; Luque and Correas
2000). In the kidney (Ramez et al. 2003; Gascard et al.
2004) and heart (Taylor-Harris et al. 2005b), all the 4.1
proteins are subject to splice regulation, and this now
appears to be common to most, if not all, tissues (Parra et
al. 2004).

The FERM domain represents a site where numerous
regulatory pathways converge. It has binding sites for
calmodulin (Nunomura and Takakuwa 2006), phosphati-
dylserine (An et al. 2001) and PIP2 (An et al. 2006b);
phosphorylation affects its activities (Manno et al. 2005), as
noted above; and the U1 region, which is alternatively
spliced, regulates its activities (Nunomura et al. 2009). As
we shall see below, the FERM domain contains distinct
binding sites for several membrane proteins, and these are
differentially regulated by these factors. The FERM domain
itself can also be spliced: the N-terminal lobe can be lost if

Fig. 3 The general domain structure of protein 4.1. a The distinctive
domains of protein 4.1 are a FERM domain that binds certain
membrane proteins, calmodulin and PIP2; a FERM adjacent (FA)
domain which, in 4.1R, is a substrate for phosphorylation by protein
kinase A and protein kinase C; a spectrin actin-binding (SAB)
domain; and a C-terminal domain (CTD) which binds certain

membrane proteins. Between the major structural domains are regions
relatively conserved between 4.1 proteins (U1–U3). U1, also known
as the headpiece, also binds Ca2+/calmodulin. b The structure of the
FERM domain. A surface rendering is shown. Sites associated with
the interactions of AE1 (the anion exchanger band 3), glycophorin C
(GpC), p55 and PIP2 are indicated. From the PDB file 1GG3
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initiation of translation is begun in exon 8 (Gascard et al.
1998; Luque et al. 1998). The 4.1 FERM domain therefore
represents a most unusual nexus of regulation in response
to signals regulating gene expression, signalling through
protein kinases and Ca2+ and via the availability of
phosphorylated lipids.

Adducin

Vertebrates have three adducin genes (ADD1–3, encoding
α, β and γ polypeptides, respectively; in bony fish, some
duplicates of these genes exist; Joshi et al. 1991; Lin et al.
1995; Tisminetzky et al. 1995; Katagiri et al. 1996; Citterio
et al. 1999); invertebrates have just one adducin gene (e.g.
the hu-li tai shao gene in Drosophila melanogaster; Yue
and Spradling 1992).

Vertebrate adducin is a heterotetramer of α–β or α–γ
polypeptides (Matsuoka et al. 2000). Each polypeptide
comprises three regions: an N-terminal globular head
region that is resistant to limited proteolysis and has an
aldolase-like fold (aldolase-II superfamily), a short inter-
connecting (neck) region; and a protease-sensitive tail
which contains a MARKS-like domain that binds calmod-
ulin and can be phosphorylated by protein kinase C
(Fig. 4).

The tail domain seems to provide multiple protein–
protein interactive sites including those for spectrin and
actin. However, it appears to require dimerisation/oligomer-
isation to be functional: this is driven by the neck domain
(Matsuoka et al. 2000). Calmodulin and protein kinase C
are negative regulators of adducin interactions with spectrin
and actin (Matsuoka et al. 1996, 1998).

Adducin is an F-actin plus-end capping protein (Kuhlman
et al. 1996), and it promotes the binding of spectrin to actin
(Gardner and Bennett 1987; Li et al. 1998). The regulation of
adducin’s plus-end capping activity may be of relevance in
motile cells and tissue development, since Ca2+ signals
would be predicted to expose the plus-ends of actin
filaments. Adducin associates with the sides and plus-ends
of actin filaments, both alone and with enhanced affinity in
the presence of spectrin (Li et al. 1998). Thus, a major mode
of association of adducin and spectrin is in a ternary complex
at the plus-ends of actin filaments.

In D. melanogaster, hu-li tai shao (hts) mutations give
rise to sterile females (Yue and Spradling 1992; Whittaker
et al. 1999; Petrella et al. 2007). In oogenesis, mitotic germ
cells contain a specialised organelle, the fusome. Post-
mitotic cells lose the fusome as F-actin-rich ring canals
form. Hts mutants affect both the fusome and ring canals.
Surprisingly, the fly adducin encodes a polyprotein (Ovhts)
which is cleaved to yield products that associate with the
ring canal late in the oogenesis process (Ov-hts-RC) or the
fusome (Ovhts-fus) earlier. Hts mutations result do not
accumulate F-actin, and ring canal development is arrested.

The nature of red cell membrane–cytoskeleton
complexes

Ankyrin-based complex

An interaction between ankyrin and the red cell membrane
was first discovered by Bennett and Stenbuck (1979b): they
found that ankyrin co-immunoprecipitated from red cell
membrane extracts with the anion exchanger. Bruce and
coworkers (2003) analysed the nature of the ankyrin-based
complex using immunoprecipitation and also compared the
protein complexes in human disease conditions character-
ised by mutations in one or other of the genes concerned.
They concluded that ankyrin coordinates the formation of a
complex that they termed a metabolon for carbon dioxide
transport (see Fig. 5a, b). This metabolon is hypothesised to
contain transporters both for carbon dioxide and the product
of the carbonic anhydrase reaction, HCO3

-, as well as
carbonic anhydrase itself. Ankyrin binds to the large N-
terminal cytoplasmic domain of the anion exchanger
(Bennett and Stenbuck 1980a, b). Nicolas et al. (2003)
suggest it binds directly to the Rhesus complex as well, but
Satchwell et al. (2009) consider that the interaction is
indirect via protein 4.2 and CD47 (see below).

Linkage to ankyrin is required for the efficient sorting of
these membrane proteins during maturation of red cells: at
enucleation, in the absence of ankyrin-attachment, the anion
exchanger and Rh complex are missorted to the nuclear

Fig. 4 Adducin structure. The domain structure of an adducin
polypeptide is indicated. Adducins contain a domain homologous to
the aldolase-II family. At the C-terminus is a short basic region that
contains protein kinase substrate sites that is related to the membrane
and calmodulin-binding site in MARCKS: this region is required for
interaction with spectrin and actin; it also binds Ca2+/calmodulin.
Regions showing high sequence similarity between adducin polypep-
tides are indicated in grey boxes. The central one of these forms
oligomers (primarily tetramers). The central region of the protein also
contains phosphorylation sites for the kinase ROCK which regulates
the interaction with spectrin
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remnant (Salomao et al. 2010). It has been suggested that
the Rhesus complex is a transporter for small neutral
molecules. In the kidney, it appears that the Rhesus
complex has a major role in ammonia transport, and in
erythrocytes, it transports ammonia and methylamine
(Kustu and Inwood 2006; Ripoche et al. 2006). Endeward
and co-workers (2008) suggest that Rhesus-null individuals
have a reduction of about 50% in carbon dioxide transport
capacity, indicating that carbon dioxide is a substrate for
transport by the Rhesus complex. On the other hand,
Missner et al. (2008) and Ripoche et al. (2006) consider it
highly unlikely that the Rh complex (or indeed any other
channel) act as physiological CO2 transporters.

The anion exchanger binds carbonic anhydrase II in its
C-terminal region (Vince and Reithmeier 1998; Adachi et
al. 2009). Thus, carbon dioxide entering the cell, potentially
via the Rhesus complex, would be close to carbonic
anhydrase, the product of this reaction being immediately
available for transport out of the cell in exchange for Cl-.
(This description refers to red cells passing through actively
metabolising tissues; the reverse process would apply in
lung tissue).

In addition to the transporters, other transmembrane
proteins are present. Glycophorin A is type 1 transmem-
brane protein, which has a chaperone-like activity for band
3 during trafficking through the secretory pathway and
remains in complex with it in the mature red cell (e.g.
Hassoun et al. 1998; Williamson and Toye 2008). CD47, a
marker-of-self that is suggested to prevent clearance by
macrophages in circulation, is also present in the complex
(Bruce et al. 2002, 2003; Dahl et al. 2004; Satchwell et al.
2009). Protein 4.2, another peripheral membrane protein,
can bind to the cytoplasmic domain of the anion exchanger
as well as CD 47 (Satchwell et al. 2009).

The other substrate for carbonic anhydrase is water.
Aquaporin is present in the red cell membrane (Preston and
Agre 1991; Preston et al. 1992). It is suggested that in
addition to water transport, it provides carbon dioxide
transport capacity that is not accounted for by the Rhesus
complex (Nakhoul et al. 1998; Prasad et al. 1998; Blank
and Ehmke 2003; Endeward et al. 2006), although as with
the Rh complex, this has been disputed (e.g. Ripoche et al.
2006; Missner et al. 2008). Whether or not CO2 is
appreciably transported via AQP1 in erythrocytes remains
a topic characterised by opposing views.

Complexes between the actin-based junction
and the membrane

A large number of proteins are currently suggested to be
associated with the junctional complex; some of these are
indicated schematically in Fig. 5c. Protein 4.1-deficient
human red cells were noted two decades ago to be lacking

in glycophorin C, indicating a requirement for protein 4.1R
in stable membrane accumulation of this type 1 protein
(Reid et al. 1990; Gascard and Cohen 1994). Further
analysis of corresponding knockout mice revealed reduc-
tions in additional proteins including the Rhesus polypep-
tide Rh, Plasmodium falciparum receptor Duffy and
putative transporter XK (Salomao et al. 2008). Although
band 3 was not lost from these membranes, an alteration to
its conformation was suggested by the observation that cell
surface exposure of band 3 antigens was altered (Salomao
et al. 2008). Protein 4.1 binds to the cytoplasmic N-terminal
domain of band 3 (Pasternack et al. 1985; Jons and
Drenckhahn 1992). Since there are multiple (approximately
6) 4.1 proteins per junctional complex (Pinder and Gratzer
1983), the junctional complex has the capacity to cross-link
a large number of membrane proteins.

The activities of 4.1R in binding membrane proteins are
differentially regulated by the presence or absence of the
differentially spliced U1 headpiece and by PIP2 binding.
This has been analysed carefully for interaction with band 3
and glycophorin C: these bind to lobes A and B of the
FERM domain, respectively (Han et al. 2000a). In general,
each signal tends to have opposite effects on FERM domain
interaction with the two membrane proteins. Thus, PIP2
promotes binding to glycophorin C, but inhibits binding to
band 3 (An et al. 2006b). U1 promotes binding to band 3,
but inhibits glycophorin C binding (Nunomura et al. 2009).
The U1 headpiece contains a Ca2+/calmodulin-binding site
(Leclerc and Vetter 1998; Nunomura et al. 2009); in the
presence of Ca2+/calmodulin, neither band 3 nor glyco-
phorin C bind to 4.1R containing the headpiece. In mature
circulating red cells, PIP2 is present on the cytoplasmic
leaflet of the membrane, and little of the isoforms of 4.1R
that contain the headpiece are retained: the net effect is to
promote glycophorin C interaction with 4.1R and to inhibit
binding to band 3. But in erythropoiesis, the U1-containing
isoform of 4.1R is more abundant; thus, it might be
suggested that the band 3 interaction is more important
during this stage (Chasis et al. 1996; Nunomura et al.
2009). This is supported by experiments in zebra fish which
demonstrated a requirement for the 4.1R binding site in
band 3 for mitosis during erythropoiesis (Paw et al. 2003).

The haematological phenotypes of mice deficient in
either dematin or adducin are surprisingly mild (Gilligan et
al. 1999; Muro et al. 2000; Robledo et al. 2008). Partly, this
may be due to compensating up-regulation of γ-adducin in
the case of β-adducin knockout, although α-adducin
knockouts lack all adducin in erythrocytes. But crossing
the two strains gave a strong spherocytosis phenotype.
Chen and co-workers (2007) and Khan et al. (2008) have
identified an interaction of dematin and adducin together
with the glucose transporter Glut1 in humans. Mouse
membranes have a much lower level of Glut1 than human,
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Fig. 5 Major erythrocyte membrane–cytoskeletal complexes. a The
spectrin–actin complex and linkages to membrane macrocomplexes.
Spectrin tetramers are indicated, bound at their ends to short actin
filaments. The actin filaments are long enough to bind a tropomyosin
and are capped at the minus-end by tropomodulin. Proteins 4.1 and
adducin regulate the interaction of spectrin with actin. For simplicity
in this diagram, most of the 4.1 proteins are omitted from the right-
hand junctional complex. Ankyrin links to β-spectrin and joins to
membrane macrocomplexes. b The ankyrin-based complex: a hypo-
thetical CO2 metabolon (Bruce et al. 2003). Ankyrin and protein 4.2
bridge between the anion exchanger band 3 (AE1) and the rhesus
proteins. Although still controversial, as indicated in the text, one view

is that the rhesus complex can act as a CO2 channel. Aquaporin is the
water channel and potentially a CO2 channel as well. Together, these
provide the substrates for carbonic anhydrase, an isoform of which is
bound to the C-terminal region of band 3. The product of the carbonic
anhydrase reaction is HCO3

-, which can be exchanged out of the cell
for Cl-. c The junctional complex. The spectrin–actin junction is
linked to membrane proteins via 4.1, adducin and dematin. Several 4.1
proteins are bound to each junction point; each is capable of
interacting with various membrane proteins. Adducin can bind band
3 (AE1); it also forms a complex with dematin that binds to the
glucose transporter glut1. Note also the overlap in the proteins of the
junctional complex and of the ankyrin-based complex
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and it is suggested that in mouse erythrocytes, adducin and
dematin may bind to other solute transporters.

A further linkage between the junctional complex and
the membrane has been revealed by Low and co-workers
(Anong et al. 2009). They have identified binding between
the anion exchanger band 3 and adducin. Moreover, protein
4.2, which binds to band 3, has recently been found to bind
the C-terminal region of α-spectrin in the EF-hand region
(Korsgren et al. 2009). This part of spectrin is close to the
junctional complex and forms yet another potential linkage
to the membrane. Significantly, mice with a spectrin
mutation that disrupts this interaction (strain sph(1J)/sph
(1J) have very fragile red cells (Korsgren et al. 2009).

In all, it appears that the actin-based junctional complex
coordinates membrane linkages to a large range of
membrane proteins. Some of these appear to have roles in
red cell stability -—for example, rupture of the adducin-
band 3 linkage is reported to weaken red cell membranes
(Anong et al. 2009) and the combined loss of adducin and
dematin alters cell shape and membrane stability (Khan et
al. 2008). On the other hand, only the domain of protein 4.1
that binds to spectrin and actin is required for red cell
membrane stability (Discher et al. 1993); thus, it seems
likely that the function of 4.1-transmembrane protein
complexes is to ensure that transmembrane proteins are
trapped at the cell surface after their synthesis, thus
ensuring the cell surface display of antigens.

Physiological consequences of mutations in red cell
membrane proteins

Two broad classes of phenotypes arise from mutations in
membrane–cytoskeletal proteins (Tse and Lux 1999; An
and Mohandas 2008). One of these classes causes the cells
to lose surface area and so become progressively smaller
and relatively spherical. These give rise to the condition
hereditary spherocytosis (Eber and Lux 2004). The second
class of mutations gives rise to shape changes, and in
particular, they reduce the ability of the cell to reform a
round biconcave disc after passage through narrow capil-
laries. These mutations are characteristic of the condition
hereditary elliptocytosis (Gallagher 2004).

Mutations of the former class are typically associated with
loss of interaction with the ankyrin-based complex (Eber and
Lux 2004). They include mutations close to the ankyrin
binding site in spectrin that destabilise the folding structure in
that region, presumably weakening the interaction when the
cells are subjected to shearing forces in circulation (although
it should be pointed out that in vitro purified fragments of
spectrin that contain these mutations interact with ankyrin
with nearly normal affinity). Mutations in ankyrin itself are
common in human spherocytosis, as are mutations in
transmembrane proteins of the ankyrin-based complex, e.g.

band 3, or loss of Rhesus proteins (the Rhesus-null
phenotype), or protein 4.2. These are sometimes described
as the “vertical” interactions in red cell membranes.

Elliptocytogenic mutations are associated with “horizon-
tal” interactions, i.e. in the formation of the network that
lines the membrane (Gallagher 2004). Typically, these are
associated with the formation of spectrin tetramers, or in the
spectrin–actin-binding activity or abundance of protein 4.1.
In the most severe cases of elliptocytosis, membrane
fragmentation can occur; these aggravated cases are
sometimes described as hereditary pyropoikilocytosis be-
cause the cells become unstable in the warm.

Alterations in the red cell membrane cytoskeleton
in malaria

Malaria remains one of the most deadly human diseases.
The malaria parasite P. falciparum is widely regarded as
one of the strongest forces for evolution of the human
genome since the emergence of our species. Since the
parasite spends part of its life cycle within the red blood
cell, is the erythrocyte cytoskeleton involved in this
process?

A key element of the intra-erythrocytic stage of the
parasite’s life cycle is that the infected cells are sequestered
within the vascular system, thus avoiding the spleen where
they would be more likely to be removed from circulation.
Recent data indicates that several proteins exported from P.
falciparum can bind to the membrane cytoskeleton and by
altering its properties contribute to pathogenesis. The
parasite has evolved mechanisms that make the red blood
cells sticky (i.e. they have increased adhesiveness to
vascular walls) and they become more rigid and less
deformable. Conceptually, the latter could be associated
with alterations to the spectrin system.

A protein that has been associated with alteration to the
erythrocyte’s cytoskeleton apparatus is the ring-infected
erythrocyte surface antigen (RESA). RESA is exported
from the parasite and binds to repeat 16 of β-spectrin (Pei
et al. 2007a). This is directly adjacent to the site where β-
spectrin interacts with α to form tetramers. An active
fragment of RESA stabilises spectrin tetramers in vitro and
also in situ in whole red cell membranes. This is
accompanied by increased rigidity of the cells and also
resistance to thermal degradation. Resealed red cell ghosts
containing the RESA fragment within them also display
resistance to further invasion by P. falciparum merozoites;
thus, RESA confers two advantages on the parasite: first in
stiffening the cells so that they are retained within narrow
blood vessels, and second in preventing further invasion of
the infected cell by other parasites, as well as possibly
protecting the cells against the high temperatures encoun-
tered during febrile crises.
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Later in the parasite’s development, the red blood cell
membrane becomes weakened to enable the escape of the
parasites. A protein potentially implicated in this is P.
falciparum erythrocyte membrane protein 3 (PfEMP3).
PfEMP3 binds to the C-terminal region of α-spectrin, a site
close to the point where spectrin attaches to actin and protein
4.1R (Pei et al. 2007b). An active peptide of PfEMP3
reduces the formation of the spectrin–actin–4.1R ternary
complex in vitro. Erythrocyte ghosts resealed with an active
fragment of PfEMP3 within reveal an extensive reduction in
shear resistance. Since PfEMP3 is expressed in the later
stages of the parasite development, it might be hypothesised
that it contributes to the release of the parasite.

Many other parasite proteins probably interact with the
membrane skeleton. Among them, Pf332 binds actin (Waller
et al. 2010) and mature parasite-infected erythrocyte surface
antigen (MESA) binds protein 4.1R (Waller et al. 2003). The
challenge for the future is to understand the full repertoire of
parasite proteins that interact with the red cell cytoskeleton
and how their expression relates to alterations in the key
parameters that allow effective invasion of cells (presumably
the cytoskeleton has to be penetrated), parasitised cells to
escape immune surveillance and the release of parasites
when they are fully mature. In principle, these interactions
should be targets for drug discovery.

Some mutations in red cell cytoskeleton proteins have
been selected in populations within malaria-endemic
regions. In South East Asia, ovalocytosis arises from band
3 mutations that give stiffer membrane (Liu et al. 1990b;
Mohandas et al. 1992). These have a protective effect on
cerebral malaria. Analysis of populations in Benin, West
Africa, has revealed high levels of hereditary elliptocytosis,
associated with mutations in αI- and βI-spectrins (Glele-
Kakai et al. 1996).

Discovery of spectrin outside red cells
(“non-erythroid” spectrins)

It was clear in the1970s that some nucleated cells could
contain spectrin-like proteins. Pinder et al. (1978a) showed
that the nucleated erythrocytes of some invertebrates
contained immunologically cross-reactive proteins. How-
ever, initial surveys of cultured mammalian cells failed to
reveal spectrins (Hiller and Weber 1977).

This changed with the advent of sensitive immunoblot-
ting methods and immunofluorescence in the late 1970s
and early 1980s. Spectrin was discovered independently by
several investigators and variously termed brain (or non-
erythroid) spectrin (Goodman et al. 1981; Bennett et al.
1982b; Burridge 1982; Lazarides and Nelson 1982), fodrin
(Levine and Willard 1981; Glenney et al. 1982a) or
calspectin (Kakiuchi et al. 1982).

The term fodrin still occasionally use today, and it is
generally taken to refer to polypeptides termed here αII- and
βII-spectrin. Spectrin identified in embryonic liver was
termed “embryonic liver fodrin” or ELF (Mishra et al. 1999).

The identification of spectrin-related proteins in many
tissues strongly implies that spectrin is not simply an
erythrocyte protein but has descended from a lineage of
animal proteins that arose before the advent of erythrocytes.

Gene cloning technology has revealed some of the
evolutionary history of spectrin, ankyrin, 4.1 and adducin,
and since it sheds light on their functions, it is relevant here
to consider a little of this.

The spectrin-associated cytoskeleton in evolution

The evolution of animals required the emergence of
adaptations for, e.g. cell differentiation and polarisation,
the assembly of signalling and cell adhesion systems, as
well as systems that provide the cell with resilience to the
forces engendered by animal motility. Some of these,
surprisingly, arose even before the emergence of metazoa.
For example, in choanoflagellates, colonial protozoa that
are thought to represent a lineage from which metazoa
diverged (King 2005), there are a surprising number of
signalling and cell adhesion systems (King et al. 2003).
This suggests that some of the systems that were prereq-
uisite for the ultimate appearance of animals actually had
functions at a simpler stage of evolution.

Annotation of the genome of the choanoflagellate
Monosiga brevicollis revealed a protein very similar to
spectrin (King et al. 2008). This genome predicted α-, β-
and βV-spectrin chains, although the β-spectrin does not
obviously have an ankyrin-binding site (Baines 2009). It
seems likely that in choanoflagellates, the functions of
spectrin that are required for the formation of tissues had
not yet evolved. However, the presence of an ABD in the
choanoflagellate spectrin, as well as the potential for the
protein to form tetramers, suggests that the fundamental
actin-cross-linking activity of spectrin may have evolved
very early (Baines 2009).

The genomes of other simple animals are now available:
for example, the placozoan Trichoplax adherens (Srivastava
et al. 2008) and sea anemone Nematostella vectensis
(cnidarian; Putnam et al. 2007). Both of these have spectrin
genes (α, β and β-heavy) although only Nematostella has an
ankyrin with the potential to bind spectrin. It appears that
spectrin–ankyrin interactions evolved at a similar time to the
appearance of complex tissues. A protein 4.1 gene is also
present in Nematostella, although it lacks the spectrin–actin-
binding domain. This indicates that protein 4.1 probably
evolved independently of a requirement to bind spectrin;
indeed, the spectrin–actin-binding domain is a late evolu-
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tionary development—Pfam (Bateman et al. 2002) indicates
that this domain probably evolved with the vertebrates.

The spectrin–ankyrin–4.1 system shows a remarkable gain
of function in evolution: the formation of tissues may well
have required an interaction between spectrin and ankyrin,
and the gain of size of the vertebrates seems to have coincided
with the strengthening of the spectrin–actin junction by the
gain of spectrin–actin-binding activity of 4.1.

The protein accumulator model

Both ankyrin and protein 4.1 appear to be necessary for the
stable accumulation of certain membrane proteins at the cell
surface. It was noted above that they are required for the
accumulation of the anion exchanger, Rh complex, Duffy
and others in the mature erythrocyte membrane (e.g.
Salomao et al. 2008, 2010): in their absence, they are lost
being missorted during erythroid maturation. There are also
many examples outside mammalian erythrocytes of a
requirement for these proteins in the correct acculation of
proteins at requisite points on cell surfaces. As will be
detailed further below, ankyrin and 4.1 are required in many
different cell types for the stable accumulation of a wide
variety of transmembrane proteins.

Observations from worms and flies indicate that one of
the functions of spectrin and ankyrin, at least, is to stabilise
cell–cell junctions (e.g. Dubreuil et al. 1996; Hammarlund
et al. 2000; Moorthy et al. 2000; Norman and Moerman
2002), particularly, those based around cell adhesion
molecules of the L1 family. Ankyrin binds to such cell
adhesion molecules and seems to be required for strength-
ening cell adhesions against the forces generated by the
movement of animals (Davis and Bennett 1994; Dubreuil et
al. 1996; Chen et al. 2001). One possibility is that ankyrin
recruits spectrin to sites of activated L1 thereby cross-
linking them: since spectrin tetramers each contain two
ankyrin-binding sites, spectrin has the potential to cross-
link L1 molecules. Individual spectrin tetramers might be
joined together via F-actin, creating a cross-linked “Velcro-
like” adhesion. Weakness of cell junctions in the absence of
spectrin was indicated observations that Caenorhabditis
elegans deficient in β-spectrin was paralysed in part
because muscles pull away from the body wall (Hammarlund
et al. 2000; Moorthy et al. 2000).

In skeletal muscle, there is a role for both ankyrin-B and
ankyrin-G in the organisation and stability of the costa-
meres, sites inking the internal cytoskeleton to the stress-
resilient extracellular matrix. Here, β-dystroglycan and the
dystrophin–glycoprotein complex require ankyrins for
stable targeting to the plasma membrane (Ayalon et al.
2008). β-dystroglycan is a type I transmembrane protein
and binds ankyrin-G. Dystrophin, a giant actin-binding

protein that is part of the spectrin superfamily, binds
ankyrin-B. In the absence of ankyrin-B, both β-
dystroglycan and dystrophin remain intracellular and seem
to require ankyrin-B for delivery to the cell surface. Both
proteins require ankyrin-G for retention at the costamere. β-
dystroglycan and dystrophin are key elements in the
pathogenesis of muscular dystrophy. A Becker muscular
dystrophy mutation E3335N reduced binding of both
ankyrin-G and ankyrin-B to dystrophin.

These observations on cell adhesion also suggest
mechanisms for targeting and accumulating membrane
proteins at points on the cell surface specified by cell
adhesions. Again, since spectrin tetramers bivalent for
ankyrin, it should be possible for spectrin to cross-link
ankyrin-bound cell adhesion molecules to different types of
membrane protein also bound to ankyrin. One such
membrane protein might be the sodium pump. In fruit
flies, β-spectrin is required for accurate targeting of the
sodium pump to the plasma membrane of copper cells in
the gut. One hypothesis is that spectrin can cross-link the
ankyrin-bound pump to cell adhesion molecules that
specify its requisite position (Pinder and Baines 2000). In
the absence of cross-linking to spectrin, the pump does not
receive “permission” to remain at the cell surface.

Protein 4.1 also binds to cell adhesion molecules. Among
these, proteins of the neurexin family in both mammals and
invertebrates bind protein 4.1 (e.g. Baumgartner et al. 1996;
Menegoz et al. 1997; Poliak et al. 1999; Biederer and
Sudhof 2001; Denisenko-Nehrbass et al. 2003; Horresh et
al. 2008; Laprise et al. 2009). The CTD binds a number of
receptors including ionotropic glutamate receptors (Shen et
al. 2000; Coleman et al. 2003) and certain G-protein
coupled receptors (e.g. Binda et al. 2002; Lu et al.
2004a). There is clearly the potential for protein 4.1 to
cross-link receptors to cell adhesion molecules. It is
interesting to note that the spectrin–actin-binding domain
of protein 4.1 is a late evolutionary adaptation of protein
4.1. Indeed, in fruitflies, coracle, the fly 4.1, is clearly not
associated with spectrin (Fehon et al. 1994). The FERM
and CTDs are common to all 4.1 proteins; thus, it seems
likely that cross-linking membrane proteins, rather than
cytoskeleton–membrane interactions is the fundamental
role of protein 4.1.

A cartoon summarising the “protein accumulator” model
is shown in Fig. 6.

A table of some of the transmembrane proteins known to
interact with ankyrin or 4.1 is given in Table 1.

Physiology of the spectrin–ankyrin–4.1–adducin system

In the following section, some elements of the functions of
the spectrin–ankyrin–4.1–adducin complex are discussed in
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relation to the physiology of some key cell and tissue types.
The focus is on epithelia, nerve and cardiac muscle. These
have each been the subject of intense investigation for 2–3
decades and reveal many principles underlying the function
of the spectrin complex. In the space available in this
review, it is not possible to cover function in all tissues;
thus, these have simply been chosen as exemplars.
Nevertheless, the reader should be aware that the proteins
of the spectrin complex are present in all animal cells.

A role for spectrin, ankyrin, adducin and protein 4.1
in the polarisation of function in epithelial cells

(a) Basolateral domain

Since proteins of the spectrin complex arose coincidentally
with the formation of tissues, they might be predicted to
have roles in the formation of apical or basolateral domains.

However, proposals that spectrin is required for the
formation of all polarised cells were not supported by
knockdown experiments in C. elegans. Elimination of
worm β-spectrin resulted in a variety of phenotypic
alterations—most strikingly in muscle and nerve—never-
theless, epithelia appeared to polarise normally and the
process of secretion appeared unaffected since the cuticle
was deposited normally (Hammarlund et al. 2000; Moorthy
et al. 2000). Similarly, mutations in fruit fly alpha-spectrin
indicated that, although the epithelia formed, spectrin-
stabilised cell–cell junctions are critical to cell shape and
tissue organisation (Lee et al. 1993). However, in mamma-
lian systems, clear evidence has been found for a
requirement for βII-spectrin, ankyrin and protein 4.1 in
the formation of lateral membranes.

Nelson and co-workers identified detergent-resistant
complexes between spectrin, ankyrin, E-cadherin and the
Na/K-ATPase that formed during kidney cell polarisation

Fig. 6 The protein accumulator model for spectrin and ankyrin
function. Adapted from Pinder and Baines (2000). In this model,
interaction of cells via cell adhesion molecules (CAMs) leads to
activation of the CAMs, which then recruit ankyrin from the
cytoplasm. These, in turn, recruit spectrin tetramers which cross-link
the ankyrin-bound CAMs. The cross-links are further strengthened by
spectrin molecules binding to actin filaments. Because spectrin has

two ankyrin-binding sites per tetramer, each spectrin has the potential
to bind additional ankyrins that might be bound to other transmem-
brane proteins, for instance, the Na/K-ATPase. This would trap such
transmembrane proteins and promote their stable incorporation into
the plasma membrane. It could also be imagined that proteins 4.1 and
adducin would modulate the spectrin–actin linkages and trap further
transmembrane proteins in this complex

The spectrin–ankyrin–4.1–adducin membrane skeleton: adapting eukaryotic cells to the demands of animal life 113



(Nelson and Veshnock 1987; Morrow et al. 1989; Nelson
and Hammerton 1989; Nelson et al. 1990).

Over-expression of fragments of spectrin gave disruption
of Caco-2 cell epithelial morphology, indicating a funda-
mental role for spectrin in epithelial biogenesis (Hu et al.
1995). Knockdown of βII-spectrin, ankyrin or 4.1R in
monoloayers of human bronchial epithelial cells results in
loss of lateral membrane and an apparent collapse of these
cells (Kizhatil and Bennett 2004; Kizhatil et al. 2007b;
Yang et al. 2009). The role of 4.1, in particular, is
conserved in evolution since the fruit fly 4.1, coracle,
promotes basolateral membrane stability (Laprise et al.
2009), although this implies spectrin independence of its
function. Interaction of ankyrin with spectrin is clearly
required since a mutant ankyrin-G that does not bind
spectrin cannot participate in lateral membrane biogenesis
(Kizhatil et al. 2007b).

Spectrin, protein 4.1 and ankyrin participate in the
formation of cadherin-based junctions. Ankyrin-G links
βII-spectrin to E-cadherin, and this interaction was found to
be required required for exit of E-cadherin from the Golgi

apparatus and for accumulation of E-cadherin at sites of
cell–cell contact in embryonic cells and cultured epithelia
(Kizhatil et al. 2007a, b; Kizhatil and Bennett 2004). In
4.1R knockout mice, histological examination revealed
impairment of cell–cell junctions in the stomach epithelia,
and the gastric glands were disorganised (Yang et al. 2009).
Protein 4.1R binds to the adherens junction protein β-catenin
(Yang et al. 2009). α-Catenin binds (αII–βII)-spectrin
(Pradhan et al. 2001) at a site close to the N-terminal of
αII-spectrin, i.e. closely adjacent to the site in βII-spectrin
in a spectrin tetramer that binds actin. All these data
indicate an important role for (αII–βII)-spectrin, ankyrin-G
and 4.1R in connecting the cadherin/β-catenin complex to
the internal cytoskeleton and in ensuring the formation and
integrity of adherens junctions.

Adducin seems to have a role in stabilising epithelial
junctions once they have formed. Early observations on
adducin in epithelial cells revealed that it was recruited to
sites of E-cadherin cell adhesions (Kaiser et al. 1989).
Knockdown and rescue experiments suggest it stabilises
junctions once they have formed. Interaction of adducin

Table 1 Some examples of transmembrane proteins interacting with 4.1 and/or ankyrin

Ankyrin 4.1

Ligand-gated channel

GluR1 4.1N (Shen et al. 2000)

GluR3 4.1N (Coleman et al. 2003)

InsP3 receptor Ankyrin-B (Bourguignon et al. 1993;
Mohler et al. 2004a)

4.1N (Maximov et al. 2003)

Voltage-gated channel

Nav1.5 Ankyrin-G (Mohler et al. 2004b) 4.1R (Stagg et al. 2008)

Kv3.1 Ankyrin-G (Xu et al. 2007)

KCNQ2/3 Ankyrin-G (Pan et al. 2006)

Store-operated channel

TRPC4 4.1 (Cioffi et al. 2005)

GPCR

D2 and D3 4.1N (Binda et al. 2002)

mGluR1a 4.1N (Lu et al. 2004a)

Adenosine A1 4.1G (Lu et al. 2004b)

Solute/gas transporter

Erythrocyte/kidney anion exchanger AE1 (Band 3) Ankyrin-R (Bennett and Stenbuck 1979b) 4.1R (Pasternack et al. 1985)

Rh (CO2/NH3) channel Ankyrin-R (Nicolas et al. 2003); Ankyrin-G
(Lopez et al. 2005)

4.1R (Salomao et al. 2008)

Na/Ca exchanger NCX1 Ankyrin-B (Mohler et al. 2003)

CAMs

CD44 (Bourguignon et al. 1992) 4.1R (Nunomura et al. 1997)

Neurexin/CASPR/Paranodin 4.1B (Denisenko-Nehrbass et al. 2003;
Girault et al. 2003)

Neurofascin, L1, NrCAM, NgCAM Ankyrin-G (Davis and Bennett 1994)

E-cadherin Ankyrin-G (Kizhatil et al. 2007a)

CAMs Cell adhesion molecules, GPCR G protein-coupled receptor, NrCAM neuron glia-related CAM, NgCAM neuron–glia CAM
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with sites of cell adhesion was dependent on spectrin, but
the presence of adducin increased detergent resistance of
spectrin (Abdi and Bennett 2008). In the absence of
adducin, the basal surface area was found to expand, and
E-cadherin diffusion was increased (Abdi and Bennett
2008).

The delivery of membrane proteins to apical or basolateral
domains in epithelial cells is of central importance to their
function. As well as E-cadherin, other membrane proteins in
epithelia that require ankyrin linkage for passage through the
secretory pathway and delivery to the basolateral surface
include the Na/K-ATPase (Nelson and Veshnock 1987;
Morrow et al. 1989; Hu et al. 1995; Kizhatil and Bennett
2004). A 25 amino acid cytoplasmic sequence within the
pump has been found to bind to ankyrin. When this sequence
was used to replace the cytoplasmic domain of the VSV G
protein, it conferred ankyrin-R dependence on passage of the
chimera through the Golgi. The Na/K-ATPase also requires a
Golgi form of 4.1B for passage through the secretory
pathway (Kang et al. 2009). These data indicate functions
for 4.1 and ankyrin proteins in a fundamental process,
trafficking of transmembrane proteins, required in all
eukaryotic cells, not just epithelia. Whether this represents
an adaptation of the trafficking apparatus to fit the needs of
vectorial delivery of membrane cargoes in polarised meta-
zoan cells or whether the function of ankyrin/4.1 has been
adapted to play a more fundamental role in membrane
trafficking remains to be seen.

If the spectrin/ankyrin/4.1 complex is damaged in some
way, polarisation might be lost. Several workers have
suggested that this is the case in kidney epithelia after
ischemia (Doctor et al. 1993; Alejandro et al. 1995;
Woroniecki et al. 2003). In ischemic tissues, cytoplasmic
Ca2+ concentrations rise, activating the protease calpain.
Spectrin, ankyrin and 4.1 are all calpain substrates, but a
site in αII-spectrin, in particular, close to the centre of the
polypeptide is exquisitely sensitive to calpain. In ischemic
cells, the spectrin–ankyrin linkage was found to be lost,
even though ankyrin remained bound to the pump.
Breaking of the linkage coincided with loss of the polarised
distribution of the pump (Woroniecki et al. 2003).

It has been speculated that calpain cleavage of spectrin is
important in physiological modelling of tissues during
development. However, mice with a spectrin knock-in that
render them resistant to calpain cleavage develop normally
and have no major phenotypes (Meary et al. 2007), arguing
against such roles.

(b) Apical domain

A role for spectrin in the apical domain of epithelial cells
was suggested by the work of Glenney and co-workers
(1982b) who isolated a spectrin-related protein from
chicken intestinal terminal web: they named this protein

TW-260/240. In the terminal web, it appeared to span the
actin filaments that emerged from the microvilli. The
contour length of the protein was about 263 nm, much
greater than that of spectrin tetramers (approximately
190 nm; Glenney et al. 1982c). The protein appeared to
be a tetramer of elongated subunits and generally resembled
spectrin. The α-subunit (TW-240) by immunological
analysis and peptide mapping seemed to be identical to
the α-subunit of brain spectrin (Glenney et al. 1982c;
Glenney and Glenney 1984), i.e. it was αII-spectrin.
Comparison of the contour length of the intact TW-260/
240 molecule with spectrin indicated that the size of the β-
subunit was probably of the order of 1.7 times greater than
that of red cell β-spectrin (Glenney et al. 1982c). The
sequence of βV-spectrin (or βH-spectrin) contains approx-
imately 1.7 times more amino acids than that of erythrocyte
β-spectrin (Stabach and Morrow 2000); thus, it is likely
that TW-260 actually represents a β-heavy (βH)-subunit
(although the author can find no evidence in the public
databases that TW-260 has been sequenced to date). The
protein did not seem to be linked to membranes in the same
way as red blood cell spectrin, and correspondingly, the β-
subunit (TW-260) did not bind ankyrin (Howe et al. 1985).
Nor, indeed, was its interaction promoted by protein 4.1
(Coleman et al. 1987), although βV-spectrin in cochlear
outer hair cells apparently forms a complex with protein
4.1G (Legendre et al. 2008).

A spectrin-related gene was identified in the karst locus
in fruit flies (Thomas et al. 1998). This gene encoded a high
molecular mass β-heavy subunit: correspondingly, it is
referred to as βH. The equivalent gene in C. elegans is
SMA-1 (McKeown et al. 1998).

Karst mutations are largely larval lethal, although there
are adult escapers with rough eyes (many of which lacked
photoreceptor R7), bent wings, tracheal defects and
infertility (Thomas et al. 1998). In the mid-gut, immuno-
logical analysis revealed that βH-spectrin was a terminal
web protein, indicating its relationship to chicken TW-260
(Thomas et al. 1998). Absence of βH-spectrin was
accompanied by the breakup of the zonula adherens during
mid-oogenesis in follicle cells (Thomas et al. 1998;
Zarnescu and Thomas 1999). It also prevented stable
recruitment of α-spectrin to the apical domain, although it
did not result in loss of apical–basal polarity (Thomas et al.
1998; Zarnescu and Thomas 1999). The fly β-spectrin
interacted with the crumbs protein, an apical transmem-
brane protein required in the assembly of the zonula
adherens, as well as for apical–basal polarity (Medina et
al. 2002). A complex of crumbs, discs lost, moesin and βH-
spectrin was immunoprecipitated from fly embryos, indi-
cating the existence of a multi-protein complex (Medina et
al. 2002). As with the role of β-spectrin in the basal
domain, the role of apical βH seems to be related to
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stabilising a region of cell adhesion. In the retina, the cell
adhesion molecule roughest is required in refinement of the
retinal lattice (Lee et al. 2010). Over-expression of a
fragment of βH-spectrin disrupted the zonula adherens
and displaced roughest (Lee et al. 2010). Combining karst
and roughest mutations gave catastrophic effects on retinal
development, indicating that apical spectrin links to both
zonula adherens assembly and roughest morphogenesis
(Lee et al. 2010).

In C. elegans, the βH-spectrin SMA-1 was also required
for morphogenetic events. SMA-1 mutants elongated more
slowly than wild-type embryos, and SMA-1 was first
expressed in epithelia (McKeown et al. 1998). It appeared
to have a role in the apical domain of epidermal cells, where
it was required to maintain the association between actin and
the apical membrane (McKeown et al. 1998; Praitis et al.
2005). Similarly, in flies, βH-spectrin was required in wound
healing in the software in which an injured epithelial sheet
closes its whole via a “purse-string” mechanism (Campos et
al. 2010). SMA-1 was also required for morphogenesis of
the lumen of epithelial tubes (Gobel et al. 2004).

In the brush border, βH-spectrin was also found to be
required for maintenance of Rab5 endosomes, and an apical
proton vacuolar-ATPase was lost from both the brush
border and Rab5 endosomes (Phillips and Thomas 2006).
βH-spectrin probably has a role in protein sorting in the
endocytic pathway. Interestingly, a possibly parallel rela-
tionship to protein sorting occurs in mammals where
transient receptor potential channel protein TRPC4 interacts
with βV- and αII-spectrin, and this interaction is required
for intracellular sorting (Odell et al. 2008).

Mechanistically, it is suggested that β-spectrin and βH-
spectrin act in an antagonistic way to balance apical and
basolateral domains (Chen et al. 2009). Epithelial polarity is
generally considered to be governed by three protein
complexes: the apical polarity complexes (par3/par6/aPKC
and crumbs/pals1/patj) and the lateral complex (scribble/dlg/
lgl; Assemat et al. 2008). As noted above, βH-spectrin in
flies interacts with crumbs. Interestingly, human 4.1R binds
tothe human homologue of the Drosophila discs large tumor
suppressor (hdlg; Lue et al. 1994), providing a link to the
lateral polarity complex. A topic for the future will be to
understand better the mechanistic links between the spectrin
cytoskeleton and the polarity complexes, not only in epithelia
but also in additional polarised cells, including nerve cells.

Spectrin, ankyrin and protein 4.1 in nerve cells

Nervous tissue was one of the earliest sources of material
for investigation of spectrin, ankyrin, adducin and protein
4.1 outside red blood cells.

Purification of spectrin from brain revealed that it had an
actin-binding activity (Bennett et al. 1982a; Burridge 1982;

Glenney et al. 1982d; Burns et al. 1983), although unlike
erythrocyte spectrin, it could bind actin with high affinity
even in the absence of protein 4.1; but protein 4.1 still
promoted the binding of brain spectrin to F-actin (Burns et
al. 1983).

An ankyrin was also purified from brain and this was
termed ankyrin-B (B for brain; Davis and Bennett 1984a,
b). This could bind to brain spectrin at a site equivalent to
the ankyrin-binding site in erythrocyte β-spectrin. Brain
ankyrin itself was found to bind to protein sites on brain
membranes stripped of peripheral membrane proteins by
treatment with concentrated potassium iodide solutions
(Davis and Bennett 1986; Davis et al. 1989). The most
abundant binding sites for ankyrin on brain membranes
were identified as polypeptides of the neurofascin/L1
family (Davis and Bennett 1993, 1994), but it was clear
that brain ankyrin bound to other proteins as well including
voltage-gated sodium channels (Srinivasan et al. 1988;
Lambert et al. 1997; Zhou et al. 1998; Garrido et al. 2003).

The significance of βII-spectrin to mammalian tissue
development has been addressed in mice. βII-spectrin
knockout mice die in utero, with major defects in the
formation of the brain, heart and other organs (Tang et al.
2003). By comparison, mice of the βI-spectrin mutant
strain ja/ja, while extremely anaemic from loss of erythro-
cyte spectrin, survive till a few days after birth (Bodine et
al. 1984); this indicates that βI-spectrin is probably not
required for the formation of major brain structures.

Axon outgrowth

Analysis of C. elegans in which spectrin has been knocked
down revealed that, among other phenotypic anomalies
leading to the animal’s paralysis, axons did not find their
targets; they were described as “wandering” (Hammarlund
et al. 2000; Moorthy et al. 2000). Subsequent analysis using
time-lapse microscopy revealed that the axons were able to
form normally and exhibited growth cones, but the axons
broke frequently. After breakage of the first axon out-
growth, more axons formed, seemingly at random over the
nerve cell body, and, where they extended, they were not
guided precisely (Hammarlund et al. 2007). It seems likely
that spectrin is required for maintenance of axon integrity in
the face of the forces generated by the movement of the
animal. To that extent, these data reveal a common theme in
the function of spectrin in both nerve cells and erythrocytes.

In mammals, there is evidence for a requirement for
spectrin function, as well as that of ankyrin, in initiation of
axon outgrowth. Knockdown of ankyrin in rat primary
nerve cells blocked axon outgrowth; this was rescued by
transfection with human ankyrin-GFP, but not by a mutant
that cannot bind spectrin (Nishimura et al. 2003). It is
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suggested that ankyrin recruits spectrin to sites where cell
adhesion molecules are engaged with cell adhesion mole-
cules that permit axon outgrowth; spectrin would therefore
be hypothesised to be recruited to such sites and, in turn,
linked to actin. This would stabilise treadmilling filaments
so that growth at their plusends push out the leading edge
of the cell. It is notable in this context that αII-spectrin
interacts with a number of proteins of the motility apparatus
of crawling cells (Ziemnicka-Kotula et al. 1998; Rotter et
al. 2005; Bournier et al. 2006): this is a topic that remains
to be explored further.

Further evidence for involvement of spectrin in axon
(neurite) outgrowth comes from experiments with the
model cell line PC12. Upon serum starvation and exposure
to nerve growth factor, these rat pheochromocytoma cells
cease proliferating and differentiate into a sympathetic
nerve cell type which extend axon-like neurites (Greene
and Tischler 1976). Transfection of these cells with
fragments of βII-spectrin (which act as dominant negative
inhibitors of tetramer formation) blocked NGF-induced
neurite outgrowth (Bignone et al. 2007). Interestingly, a
mutant resembling a phosphorylated spectrin fragment that
was able to bind α-spectrin only weakly did not block axon
outgrowth; a non-phosphoryatable mutant that bound α-
spectrin strongly (and hence was a strong inhibitor of
spectrin function) was a strong inhibitor of axon outgrowth.
The mutation was at a site recognised by both protein
kinase A and protein kinase CKII: protein kinase A has
attracted much attention in regulation of nerve axon
outgrowth, and it is tempting to speculate that spectrin is
one of its key substrates in this respect.

Assembly of the signalling systems that transmit action
potentials

Nodes of ranvier

The observation in the late 1980s that ankyrin could bind to
voltage-gated Na+ channels (Srinivasan et al. 1988) indicated
a role for the spectrin–ankyrin system in nerve cell signalling.
Subsequently, it became clear that a specialised giant ankyrin,
ankyrin-G 480, which has a large insertion in the C-terminal
region, was enriched at nodes of Ranvier (Kordeli et al.
1995). Ankyrins also bind the nodal Kv3.1 and KCNQ K+

channels (Devaux et al. 2003, 2004; Pan et al. 2006; Xu et al.
2007). Both the K+ and voltage-gated Na+ channels require
ankyrin-G to assemble at nodes (Pan et al. 2006). Both
groups of vertebrate channels contain similar ankyrin-binding
motifs that appear to have evolved subsequent to the
appearance of vertebrates, at a similar evolutionary point to
the appearance of myelin (Hill et al. 2008). Furthermore,
several other key elements of the node—the Na/K-ATPase,

Na/Ca exchanger and L1/neurofascin cell adhesion
molecules—also bind ankyrin (Lambert et al. 1997).

The most abundant spectrin at nodes comprises αII–βIV
polypeptides (Berghs et al. 2000; Jenkins and Bennett
2002; Komada and Soriano 2002; Dzhashiashvili et al.
2007; Uemoto et al. 2007). Mice lacking βIV-spectrin had a
quivering phenotype (qv/qv strain) with auditory and motor
neuropathies, presumably caused by mislocalised channels
that depend on the ankyrin–spectrin complex (Parkinson et
al. 2001; Komada and Soriano 2002).

In the paranodal and juxtaparanodal regions, the abun-
dant spectrins are αII–βII; thus, there is microscale
compartmentation of spectrins with the nodal region
(Ogawa et al. 2006; Voas et al. 2007). The targeting
mechanisms and functional selectivities of the different
spectrin populations have yet to be clearly established.

Proteins 4.1 are also present in nodes of Ranvier at
paranodes and juxtaparanodes. Protein 4.1B bound CASPR1
and CASPR2, two cell adhesion molecules of the NCP
(neurexin/paranodin/CASPR) family at juxtaparanodes
(Gollan et al. 2002; Denisenko-Nehrbass et al. 2003). Protein
4.1B also colocalised with Kv1 (Shaker type) K+ channels at
juxtaparanodes (Poliak et al. 2001; Horresh et al. 2010). It is
thought that 4.1B forms part of a scaffold that controls the
targeting and retention of these membrane proteins at that
point. Interestingly, CASPR2 seemed to be actively retrieved
from plasma membrane in somatodendritic compartments,
and this was required for its axon targeting: interaction with
4.1B seemed essential for this (Bel et al. 2009).

An evolutionary correlate of this has been drawn with
the fruit fly 4.1 coracle. Coracle is enriched in pleated
septate junctions in flies which are the functional equivalent
of the vertebrate tight junctions. Coracle and a group of
transmembrane proteins—the cell adhesion molecules
neurexin and neuroglian (an L1/neurofascin family mem-
ber) and the Na/K-ATPase—formed an interdependent
complex (Genova and Fehon 2003).

A further component of the paranode/juxtaparanode is
β-adducin (Ogawa and Rasband 2009). This polypeptide
colocalised with CASPR2, Kv1.2 and βII-spectrin. How-
ever, it is hard to be sure of the functional significance of β-
adducin at these points since mice deficient in β-adducin
showed no obvious developmental defects: perhaps, as in
erythrocytes (Gilligan et al. 1999), γ-adducin compensates.

In summary, the major transmembrane protein complexes
at nodes of Ranvier, as well as paranodes and juxtaparanodes
that dictate both the ion fluxes underpinning action potential
transmission, as well as the cell adhesions that provide tight
association between the axonal plasma membrane and
myelinating cells, are closely linked to the spectrin–ankyrin–
4.1–adducin complex. It is likely that these interactions
converged in evolution as a prerequisite to the appearance of
salutatory conduction of action potentials.
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Axon initial segment

Nerve cells are highly polarised cells, with a single axon
and multiple dendrites. A key region in determining this
polarity is the axon initial segment (AIS), which acts as a
diffusion barrier between the somatodendritic compartment
and the axon (Ogawa and Rasband 2008). Here, transmem-
brane proteins that are responsible for initiating action
potentials are clustered together with molecules that specify
adhesion to other cells and are linked to the underlying
cytoskeleton, in an array conceptually similar to that
described above for the node of Ranvier. Indeed, the AIS
is also characterised by βIV-spectrin and ankyrin-G
(Jenkins and Bennett 2001).

The key role of ankyrin-G in assembling the AIS is
mediated via its mutually interdependent interactions with
cell adhesion molecules that include the neurofascin/L1
family member Nf186 and the neuron glia-related CAM
(NrCAM; Ango et al. 2004; Dzhashiashvili et al. 2007;
Hedstrom et al. 2007). These interactions are required for
the establishment of the AIS diffusion barrier that separates
axonal and dendritic compartments and clusters the chan-
nels required for action potentials (Lemaillet et al. 2003;
Boiko et al. 2007; Nishimura et al. 2007; Song et al. 2009).

Ankyrin-G binds AIS Na+ and K+ channels and seems to
be intimately involved in generating the clusters required for
action potential firing (Bouzidi et al. 2002; Garrido et al.
2003; Xu and Shrager 2005; Chung et al. 2006; Rasmussen
et al. 2007; Van Wart et al. 2007; Hedstrom et al. 2008). The
importance of these interactions has recently been emphas-
ised by the observation that both βIV-spectrin and ankyrin-G
are targets for the Ca2+-activated protease calpain (Schafer et
al. 2009). Calpain-catalysed proteolysis of these proteins is
observed in AIS of injured nerves and is associated with loss
of neuronal polarity and clusters of Na+ channels. These
observations are consistent with findings on ankyrin-G-
deficient cerebellar nerve cells: these lose polarity and
develop sproutings on their axons resembling dendritic
spines in their morphology, in the presence of dendritic
protein markers and in forming contacts with presynaptic
glutamatergic boutons (Sobotzik et al. 2009).

Similar data have been obtained for small interfering RNA
silencing of ankyrin-G in hippocampal cultures in vitro: these
cells also develop spine-like structures and synapses on their
axons. Somatodenditic markers, such as the K+/Cl- cotrans-
porter KCC2 and the microtubule-associated protein MAP2,
enter the axon (Hedstrom et al. 2008).

Synaptic structure and stability

A role for spectrin in the function of synapses was
suggested by early observations that brain spectrin was a
major calmodulin-binding component of the post-synaptic

density (Carlin et al. 1983). Post-synaptic spectrin interacts
with an extensive PSD cytoskeletal scaffold and directly
with certain receptors including ionotropic glutamate
receptors (Wechsler and Teichberg 1998). In fruit flies, α-
spectrin and β-spectrin are required for normal synaptic
development and organisation (Pielage et al. 2006).

Recent genetic screens in fruit flies have identified α-
spectrin, β-spectrin and ankyrin-2 as essential components
for normal synaptic stability, with a presynaptic function. A
giant ankyrin-2 (ank2-L: 4,083 amino acids) was distin-
guished in neuromuscular junctions, where it was organised
in a presynaptic lattice on the membrane (Pielage et al.
2008). This protein contains a large insert in the C-terminal
region. Ank2-L was required for synaptic stability: in its
absence, the homophilic cell adhesion molecule fasiclin II
was disorganised, and the presynaptic nerve ending
appeared to disassemble. Correspondingly, electrophysio-
logical analysis indicated major defects in synaptic trans-
mission. In the absence of ank2-L, the presynaptic
microtubule lattice became disorganised. Interestingly, one
of the early observations on the activities of non-erythroid
ankyrins was that they bound microtubules (Bennett and
Davis 1981): this seems to be the functional correlate of
this.

It should be noted that there are several other isoforms of
Drosophila ank2 that are spatially segregated. Ank2-short
(137 kDa) was only found in neuronal cell bodies, while
Ank2-long isoforms (also described at ank2-M: about
400 kDa) were present in axons (Hortsch et al. 2002).

Spectrin/ankyrin/4.1 and the regulation of heart beating

One of the first tissues in which spectrin was discovered
was the heart muscle cells (cardiomyocytes; Goodman et al.
1981). Spectrin appeared in striated muscles to be concen-
trated in regular plasma membrane accumulations named
costameres (Craig and Pardo 1983; Pardo et al. 1983a, b;
Craig and Pardo 1983), aligned with the Z-line and linked
to the internal contractile apparatus via intermediate
filament complexes. Actin is present in costameres, but
unlike the contractile apparatus which contains α-actin,
costameres contain γ-actin (Craig and Pardo 1983).
Externally, they are linked to the stress-tolerant extracellular
matrix via cell adhesion molecules that include integrins
(Hilenski et al. 1992). Since they link the extracellular
matrix to internal actin-rich structures, they are often
likened conceptually to focal adhesions (Samarel 2005).
Costameres represent sites of biomechanical signal trans-
mission, and altered signalling via costameres is associated
with hypertrophy (Sussman et al. 2002).

αI-, αII-, βI- and βII-spectrins are present on cardio-
myocyte plasma membranes (Isayama et al. 1993; Flick and
Konieczny 2000; Hayes et al. 2000; Bennett et al. 2004;
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Baines and Pinder 2005). These proteins are strikingly
compartmentalised: both α-spectrins were present at lateral
plasma membranes and close to T-tubules, but only αII-
spectrin was present at intercalated discs (ID; Baines and
Pinder 2005; Bennett et al. 2006). These are the sites where
contractile forces are transmitted between cells. The
relatively stiff αII-spectrin polypeptide might be hypoth-
esised to be fitted for a role in maintaining plasma
membrane structure at IDs; the relatively springy αI-
spectrin might supplement αII-spectrin on lateral mem-
branes to accommodate the membrane distortions that take
place on contraction. In addition, αII-spectrin was found to
be aligned with the terminal sarcomere in cardiomyocyte
myofibrils, suggesting a mechanism for direct communica-
tion between intercalated disc and contractile apparatus
(Bennett et al. 2006).

βI-spectrin is also present on the plasma membrane;
thus, a proportion of the cardiomyocyte spectrin therefore
presumably is similar to the erythrocyte protein. The βI-
spectrin isoform that is dominant is the long, muscle-
specific form that contains the PH domain. βI-spectrin has
a potential link to cardiomyopathy and heart failure in that
it binds to muscle LIM protein (MLP; Arber et al. 1997;
Flick and Konieczny 2000). MLP binds triple helical repeat
7 of βI-spectrin (Flick and Konieczny 2000).

βII-spectrin is present in two isoforms: the long C-
terminal (βIIΣ1) and the short C-terminal (βIIΣ2) forms.
The plasma membrane form is primarily long; the short
form is mainly internal and associated with Z-disks and M-
lines. αII-spectrin is also a component of the Z-disk
structure as judged by immunoelectron microscopy; thus,
Z-disks probably contain (αII-βIIΣ2)2 tetramers. On the
other hand, at the M-line, there is apparently no α-spectrin;
there have been a number of reports of α-less β-spectrins in
muscles, but the functional significance of these is
unknown (and indeed whether or not there are other
proteins that block the α-binding sites in these β-spectrins).

Ankyrins in heart: ankyrin-linked cardiomyopathies
associated with loss of channel targeting

Ankyrin-B (Mohler et al. 2003) and ankyrin-G (Mohler et
al. 2004b) were found to be expressed in heart, where
immunofluorescence placed them close to T-tubules and
intercalated discs, although relatively little of both was
observed at lateral plasma membranes. Ankyrin-B seemed
to join NCX1, the Na/K-ATPase and IP3 receptor in a
complex that linked between the plasma membrane/T-
tubule and an internal membrane compartment possibly
linked to the sarcoplasmic reticulum (Mohler et al. 2005).
Ankyrin-B mice were haploid-insufficient. Even in the
heterozygous state, ankyrin-B +/- mice had an arrhythmia

and an extended period in the electrocardiogram (ECG)
equivalent to the human QT interval. The arrhythmia
phenotype was exacerbated by exercise. Adrenergic stim-
ulation with exercise led to occasions of sudden deaths. In
this sense, this appeared to be a long QT syndrome and was
originally classified as long QT syndrome type 4 (Mohler et
al. 2003). However, more recently, it has been referred to as
“ankyrin-B syndrome” (Mohler and Bennett 2005). Several
channels, including the NCX1, the Na/K-ATPase and the
IP3 receptor, were not correctly located in these mice (Tuvia
et al. 1999; Chauhan et al. 2000; Mohler et al. 2003).

In a human pedigree with an inactivating mutation
(E1425G) in ankyrin-B, a remarkably similar arrhythmia has
been found, characterised by bradycardia, atrial fibrillation,
cardiac conduction disease and increased risk for catechol-
aminergic sudden death. Ankyrin-B also had a role in sinus
node disease (SND). In the sinoatrial node, NCX1, Na/K-
ATPase and inositol trisphosphate (IP3) receptor all required
ankyrin-B for correct localisation, as did the voltage-gated
calcium channel α-subunit Cav1.3 (Hund and Mohler 2008;
Le Scouarnec et al. 2008). Ankyrin-B therefore has a critical
role in cardiac pacing via its transporter-targeting activity.
One possibility is that ankyrin-B-mediated connection
between these proteins is essential for the efficient extrusion
of calcium from the cell and that the defects in ankyrin-B
syndrome arise from dysregulation of intracellular calcium
homeostasis (Mohler and Bennett 2005).

A second ankyrin-related condition is a variant of
Brugada syndrome, in which the inactivating mutation
E1053K in the voltage-gated Na+ channel Nav1.5 elimi-
nates interaction with ankyrin-G (Mohler et al. 2004b). This
channel is the principal voltage-gated sodium channel in the
heart, and ankyrin binds to it via an intracellular loop
between domains two and three of the channel (Garrido et
al. 2003; Lemaillet et al. 2003). Ankyrin-G is required for
targeting and expression of the channel.

The function of ankyrin in heart clearly demonstrates its
requirement in targeting and localisation pathways for
multiple membrane proteins. These heart complexes are
analogous to those described above in brain; indeed,
complexes of ankyrin-B, NCX1, IP3 receptor and αII–βII-
spectrin can be imunoprecipitated from brain (Lencesova et
al. 2004).

Protein 4.1R and control of heartbeat

All four 4.1 genes are expressed in heart. Of these, 4.1R has
been localised to plasma membrane (including intercalated
discs) and striated structures that are probably T-tubules
(Taylor-Harris et al. 2005b). Homozygous mice deficient
in protein 4.1R had a bradycardia and an extended interval
in the ECG equivalent to the QT period (Stagg et al.
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2008). In this sense, they resembled ankyrin-deficient
mice. Analysis of their physiology revealed defects in
multiple ion transport processes including, among others, a
reduction in the current density for sodium/calcium exchange,
elongation of the period of the action potential and increase in
the persistent sodium current density. The latter was probably
associated with a failure to inactivate Nav1.5 fully. Analysis
of the protein content of the mouse revealed a reduction in
the total content of Nav1.5 as well as a (presumably
compensating) up-regulation of protein 4.1G. It seems very
likely that protein 4.1 and ankyrin have an overlapping
spectrum of roles in the heart in control of the cellular
accumulation and localisation of diverse membrane proteins.
As yet, no human correlate of the mouse data exists. It will
be interesting in the future to establish if mutations in 4.1R
can be associated with human cardiac conditions.

Summary and perspectives

In this review, numerous examples have been cited, which
indicate a very fundamental role for the proteins spectrin,
ankyrin, 4.1 and adducin in the distinctive functions of cells
in animals. We have also seen that there is good evidence
that these proteins arose with the animals and that their
interactions evolved as animals gained tissues, as well as
subsequently during the evolution of the vertebrates. The
implication is that these proteins are very likely to be
essential to all animal life. As a consequence, defects in
these proteins caused by mutation or by modifications, such
as proteolysis, are associated with numerous disease states
ranging from hereditary anaemia to heart disease.

Since their disease associations are so diverse, we can
expect to find new mutations associated with diseases
related to membrane function that have not been expected
until now. The 4.1 proteins are enigmatic in their
relationship to human diseases: while a link to heart disease
is suggested by the mouse 4.1R model (Stagg et al. 2008),
to the author’s knowledge, thus far, no single nucleotide
polymorphism (SNP) analysis links any of the 4.1 genes to
inherited heart disease. Indeed, the only clearly 4.1-linked
condition is hereditary anaemia (Gallagher 2004).

An emerging issue is the relationship between the
spectrin complex and progression through the cell cycle
and, therefore, a potential involvement in cancer. Since the
cell cycle is governed by mechanisms common to all
eukaryotic cells, it might not be expected that animal-
specific proteins would have a major role in such a
fundamental process. But knockdown experiments have
recently revealed a requirement for αII-spectrin in progres-
sion through G1 in WM-266 human melanoma cells
(Metral et al. 2009). The precise implications of this are
not clear at present, since, for instance, fruit flies with α-

spectrin mutations survive until first instar larvae and then
die from defects in tissue organisation (Lee et al. 1993).
Both 4.1R (Robb et al. 2003) and 4.1B (Tran et al. 1999;
Gutmann et al. 2000) have both been implicated as human
tumor (carcinoma) suppressors. Given their functions in the
biogenesis and maintenance of cell adhesions, this is
perhaps not surprising. But in addition, 4.1R is associated
with the mitotic spindles and centrosomes as well as
interphase microtubules of mammalian cells (Correas and
Avila 1988; Mattagajasingh et al. 1999; Perez-Ferreiro et al.
2001, 2004; Delhommeau et al. 2002; Krauss et al. 2004),
and the D. melanogaster orthologue coracle is required for
imaginal cell proliferation (Ward et al. 2001).

One of the problems with investigating the structural/
functional relationships in these proteins is that some of the
most powerful genetic tools are unavailable because of the
animal basis of their function; thus, high throughput tools
using bacteria or yeast are, at present, not usable. However,
the availability of genomewide screens in, for instance, fruit
flies will make identification of further candidate roles for
these proteins faster.

Are these proteins candidates for drug discovery direct-
ly? In principle, one might imagine that these proteins
might be interesting candidates for drug discovery because
of their important roles in establishing signalling systems.
Historically, however, the pharmaceutical industry had little
success with developing medicines based on protein–
protein interaction. It seems rather unlikely that direct drug
discovery will follow from this work (although the author
would be delighted to be proved wrong!).

On the other hand, there are potential applications for these
proteins that so far have not been explored. For example, both
ankyrin and protein 4.1 are required for the cellular
accumulation and intracellular targeting (as well as full
activity) of many membrane proteins, including G protein-
coupled receptors and voltage-gated sodium channels. These
are important targets for pharmaceutical discovery. In pro-
grammes for discovering new medicines, the first step is often
to express the target protein of interest in a recombinant
animal cell. A consideration that must emerge from the work
reviewed here is that the ankyrin/4.1 content of such cells
must be considered in relation to establishing high-level
expression of fully active and regulated target protein.
Likewise, the production of pharmaceutical proteins from
animal cells in culture typically requires large-scale culture
under conditions of quite high shear stress. It may be possible
to engineer animal cells, for production purposes, whose
membranes are fitted to withstand shear forces, taking
advantage of knowledge of the spectrin system.
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