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Introduction
A development from work with the plasma membrane of hu-
manerythrocytes over the past two decades has been discovery
of the spectrin-based membrane skeleton, elucidation of its or-
ganization, and isolation and cloning of the major constituent
proteins. The membrane skeleton of erythrocytes has already
had implications for hematologists in that defects of proteins
involved in the membrane skeleton have been found to result
in hereditary hemolytic anemias. The spectrin skeleton also
has a much broader relevance with components highly con-
served from Drosophila to manthat are expressed in many cell
types. Physiological functions of spectrin skeletons in different
cells are likely to be diverse but to involve the basic role of
providing order for integral membrane proteins within the
plane of the lipid bilayer and of coupling membrane proteins to
components of the cytoskeleton. The focus of this review will
be on the current status of nonerythroid spectrins and anky-
rins, which are proteins that couple certain integral membrane
proteins to spectrin. Newdevelopments with mutant mice will
be described suggesting that the same genes for certain erythro-
cyte proteins are expressed in brain and can play a role in
neurological disease.

Overview of the Membrane Skeleton
of HumanErythrocytes
The spectrin skeleton can be viewed as a system of interacting
proteins coordinated into an integrated structure. The skeleton
thus is intermediate in complexity between a multisubunit en-
zyme and an organelle such as the endoplasmic reticulum.
High resolution electron microscopy of the stretched mem-
brane skeleton has provided striking images of a regular lattice-
like organization with five to six rod-shaped spectrin molecules
attached to short actin filaments 30-50 nm in length to form a
sheet of five and six sided polygons (1, 2) (Fig. 1).

Spectrin, the major structural component of this network,
is a flexible rod-shaped molecule comprised of two subunits
aligned side-to-side to form heterodimers and head-to-head
into tetramers (Fig. 2). Spectrin requires additional proteins to
form a membrane skeleton. Two classes of protein interactions
have been identified as essential for assembly of spectrin tetra-
mers into a membrane-associated network:

Linkage of spectrin to the membrane. Spectrin molecules
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have two distinct sites of interaction with integral membrane
proteins that are likely to occur simultaneously. A major mem-
brane attachment is provided by high-affinity association of the
beta subunit of spectrin with ankyrin at a site located in the
midregion of spectrin tetramers. Ankyrin is a peripheral mem-
brane protein which, in turn, is associated with the cytoplasmic
domain of the anion exchanger. Another association of spec-
trin with the membrane is mediated by protein 4.1 which is
located at the ends of spectrin molecules and recognizes mem-
brane sites that may include glycophorin C and the anion ex-
changer.

Association of multiple spectrin molecules with actin to
form a two-dimensional meshwork. Spectrin molecules are
cross-linked at their ends by association with actin. Several
accessory proteins are found at these spectrin-actin junctions
including protein 4.1 and protein 4.9. Other proteins are also
candidates to participate in spectrin-actin interactions includ-
ing adducin (3), tropomyosin (4), and a tropomyosin-binding
protein named tropomodulin (5). Spectrin and the erythrocyte
membrane have been the subject of several recent reviews
(6-10).

Defects or deficiency in erythrocyte membrane skeletal
proteins result in abnormally fragile red cells and mild to severe
hereditary hemolytic anemias in humans and mice. These stud-
ies establish the principle that the membrane skeleton is essen-
tial for normal survival of erythrocytes in the circulation and
that defects in structural proteins can be the basis for disease
(reviewed in reference 1 1).

The Spectrin Family
Spectrin (also referred to as fodrin) includes a group of plasma
membrane-associated proteins that are present in most verte-
brate tissues (12) (Table I). Spectrins have also been character-
ized in nonvertebrates including Drosophila (13, 14) and
echinoderms (15) and must have evolved before the divergence
of arthropods. Spectrins have the following consensus proper-
ties: (a) Morphology of an extended, flexible molecule - 200-
260 nm in length comprised of two distinct extended rod-
shaped subunits of mol wt 225,000-430,000. The subunits,
termed alpha and beta, are aligned laterally in an antiparallel
arrangement to form heterodimers and head-head into tetra-
mers 200 nm in length in the case of the most commonform
of spectrin. (b) Ability to associate with and cross-link actin
filaments. (c) A calmodulin-binding site located in the midre-
gion of the alpha subunit of most spectrins. Calmodulin-bind-
ing sites are missing, however, in the case of alpha spectrins of
mammalian erythrocytes and Drosophila. (d) An ankyrin-
binding site located on the beta subunit of most spectrins at a
site in the midregion of the tetramer (16, 17).

Alpha and beta subunits of the spectrin family are homolo-
gous to each other and are primarily comprised of multiple
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Figure 1. Schematic model of the organization of the spectrin skeleton
of human erythrocytes.

versions of a 106-amino acid repeating sequence (18). Closely
related versions of the 106-amino acid repeating sequence of
spectrin subunits are present in proteins such as alpha-actinin
(19) and dystrophin (20) suggesting that these proteins share a
commonevolutionary origin and form a newly defined super-
family of proteins. Structural models have been proposed for
the folding of 106-residue repeats of spectrin into a series of
short alpha-helical segments comprised of either three (18) or
four (21) alpha helices. The proposed series of alpha-helical
units is consistent with the amount of alpha helix predicted
from circular dichroism spectra, and would account for the
reduced length and increased flexibility of spectrin compared
with other coiled-coil alpha-helical proteins.

Mammals express two types of alpha subunit which are
products of distinct genes: a tissue-invariant alpha subunit lo-
cated on human chromosome 9 which is expressed in all mam-
malian tissues except for mature erythrocytes (22), and the
erythrocyte alpha subunit located on human chromosome 1
(23). Birds and presumably other animals have a single alpha
subunit expressed in erythrocytes as well as other tissues.

The beta subunits of spectrin contain most of the recogni-
tion sites of spectrin for other proteins including ankyrin ( 17,
24), protein 4.1 (25), actin (26), as well as the site for ankyrin-
independent association of spectrin with membranes (27). The
beta subunits also are the major source of diversity among
spectrins, with a growing list of variants with specialized func-
tions. The beta subunit family currently includes five isoforms
that are likely to be encoded by distinct genes: (a) BetaG, a
generally distributed tissue invariant polypeptide that binds
preferentially to brain ankyrin as opposed to erythrocyte an-
kyrin. (b) BetaR, first characterized in erythrocytes that also is
expressed as alternatively spliced forms in brain and skeletal
muscle (28). BetaR associates preferentially with erythrocyte
ankyrin compared to brain ankyrin. (c) Betarw, a specialized
subunit associated with terminal web in the apical domain of
intestinal epithelial cells and which is found in birds but not in
mammals (29). BetaTw may lack an ankyrin recognition site
based on in vitro assays (8). (d) BetaNm, a beta-type subunit
identified at neuromuscular junctions based on cross-reactivity

with antibodies (30). The beta-related subunit at neuromuscu-
lar junctions may be an exception to the general rule that beta
subunits are associated with alpha subunits, because no alpha
subunit could be detected by antibodies (30). (e) BetaH, a
430,000-D polypeptide initially discovered in Drosophila (3 1)
that forms tetramers with the alpha subunit that are 260 nmin
length.

Several examples have been noted where two beta subunits
are expressed in same cell but are localized in specialized do-
mains. Avian intestinal epithelial cells have betaTw in their api-
cal domains, whereas betaG is confined to the basolateral do-
mains (29). Purkinje cells in the cerebellum that have betaR in
their cell bodies and beta0 in axons (32, 33). Expression of a
specialized beta subunit is turned on during differentiation of
myoblasts (34), and is likely to be subject to interesting tissue-
specific and developmental controls.

The complete sequence has been determined of cDNAsen-
coding the alpha subunits of spectrin from chicken brain (35),
human erythrocytes (36), Drosophila (14), and human lung
(37). The alpha subunits of tissue spectrins have a very high
degree of conservation of at least 90% identity between verte-
brate species and 63% identity between Drosophila and
chicken. The human erythrocyte alpha subunit, in contrast,
has 50-60% identity with the general human alpha subunit,
and currently represents the most divergent member of the
alpha spectrin family.

The midregion of all spectrin alpha subunits includes a se-
quence that has homology with the SH3 portion of the regula-
tory domains of several src-tyrosine kinases and a domain of
the gammaisoform of phospholipase C (35). Other proteins
that have a similar motif include a yeast actin-binding protein
and myosin 1 of Dyctiostelium (38). All of the proteins identi-
fied so far with a SH3 motif have the feature of association with
the membrane cytoskeleton (38). Intriguing possibilities sug-
gested by the sequence homology between spectrin and other
structural proteins with the regulatory domains of tyrosine ki-
nases are that these enzymes are regulated by interactions with
structural proteins or that the SH3 motif is responsible for tar-
geting a variety of proteins to the vicinity of the plasma mem-
brane through association with a commonclass of molecules.

Sequence information for the beta spectrins includes the
complete sequence of human erythrocyte betaR (28), and par-
tial sequences for Drosophila betaG (13) and betaH (31). BetaR
contains three distinct regions: an NH2-terminal domain (resi-
dues 1-272) that is a candidate to contain the actin-binding site
(26), a domain comprising the major portion of beta spectrin
composed of 17 consecutive 106 residue repeats, and a COOH-
terminal domain of 52 residues that is responsible for head-
head association within the NH2-terminus of the alpha sub-
unit. The ankyrin-binding site is likely to be located in repeat
15, which has a stretch of sequence that diverges from the

adducin
protein 4.1
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calmodulin SH3 domain

Figure 2. Schematic model of spectrin structure o symbols represent
106 residue repeats.
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Table I. The Spectrin Family

Subunits* Proteins Tissue

Alpha, Alpha., beta, Generally distributed
Alphas Alphab, beta$ Erythrocytes

Beta, Alpha., beta, Brain, muscle

Beta, Alpha., betatv, Avian intestine
Betart Alpha?, betanm Neuromuscular junction
Beta..
Betanm
Betah§

* Arbitrary nomenclature for the purpose of this review.
$Encoded by the same gene as betar but alternatively spliced with an
extension at the COOH-terminal end (28).
1 Recently discovered in Drosophila (31); localization in vertebrates
not known.

106-residue repeat motif (28). Drosophila beta spectrins both
have high homology within the NH2-terminal actin-binding
domain, with 77% sequence identity (13). The actin-binding
domain of beta spectrin also is conserved between members of
the spectrin/alpha actinin/dystrophin gene family as well as
other actin-binding proteins that associate laterally with actin
filaments including Dictyostelium gelation-factor (39) and
nonmuscle filamin (40).

Ankyrins
Ankyrins, like spectrins, are a family of proteins that are asso-
ciated with the plasma membranes of many types of cells. An-
kyrins have properties that suggest a role as adaptors between
certain integral membrane proteins and the spectrin skeleton.
Erythrocyte ankyrin, the first member of this family to be char-
acterized, provides a high-affinity linkage between spectrin and
the cytoplasmic domain of the anion exchanger (41). Ankyrin
is a large protein of 206-kD that contains three independently-
folded domains: (a) an NH2-terminal 89-kD domain that binds
to the anion exchanger (42); (b) a 62-kD domain (apparent mol
wt 72,000 on SDS gels) that binds to spectrin (43); and (c) a
COOH-terminal 55-kD regulatory region comprised of at least
two domains that modulates activity of the binding domains
(44) (Fig. 3). The complete sequence of human erythrocyte
ankyrin has been deduced from analysis of cDNAwhich en-
codes a protein of 1,881 amino acids from a mRNAof 7 kb
(45, 46).

A striking feature of the 89-kD domain of ankyrin is the
presence of 22 repeats containing 33-residues that occur in tan-
dem. The repeats contain 15 highly conserved and 18 variable
residues. Related 33-residue motifs are present in a number of
apparently unrelated proteins of broad phylogenetic distribu-
tion (see 45 for references): (a) cytoplasmic domains of mem-
brane proteins involved in cell differentiation including Lin 12
and Glp- 1 of C. elegans, Notch protein of Drosophila and
Xotch of Xenopus (47); (b) cytosolic proteins involved in cell-
cycle regulation such as SWl6 and SWl4 of S. cerevisiae and
CDC10of S. pombe where the 33-residue motif was first noted
(48); (c) the precursor to Nf-kappa B, a ubiquitous transcrip-
tion factor (49, 50). The functional basis for these homologous
sequences is not clear, although a shared interaction with a
commonclass of molecules is a reasonable guess.

The 89-kD domain is globular and has a CDspectrum con-

sistent with 30% alpha helix (42). These physical properties
provide some boundary conditions for predictions of the orga-
nization and folding of the 33-amino acid repeating sequences.
The value of 30% alpha helix implies a single helix of 10 resi-
dues per repeat if it is assumed that each repeat is folded in a
quasiequivalent manner. The globular shape of the 89-kD do-
main suggests that the repeats fold into a sphere and not into an
extended rod as is the case of many proteins with multiple
repeated sequences. It is of interest that another form of an-
kyrin from brain also has 22 repeats of 33 amino acids (Otto,
E., M. Kunimoto, and V. Bennett, manuscript in preparation).
The maximum number of ankyrin repeats thus may be 22 if
the repeats are packed into a sphere.

Immunoreactive forms of ankyrin have been detected asso-
ciated with the membranes of a number of tissues in addition
to erythrocytes by radioimmunoassay, immunoblots of SDS
gels, and immunofluorescence (41, 51). An isoform of ankyrin
has been purified from brain which has properties in common
with erythrocyte ankyrin, although it is the product of a distinct
gene (17) (see below). Brain and erythrocyte ankyrin share phys-
ical properties (asymmetric monomers of mol wt 200,000),
have a similar domain structure, associate with the beta sub-
unit of spectrin at a site close to the midregion of spectrin
tetramers, and both proteins bind to the cytoplasmic domain of
the erythrocyte anion exchanger. The two ankyrins also share
the property of binding to tubulin via the 89-kD domain.

Recent work indicates that erythrocyte and brain ankyrins
are prototypes of two families of ankyrin that have major dif-
ferences in cellular expression and localization (52, 53). Anky-
rinR forms or restricted ankyrins react better with antibodies
against RBCankyrin, are expressed in a limited number of cells
in brain and kidney, and have a highly polarized distribution
within these cells. AnkyrinR in the nervous system is expressed
primarily in neurons, and in kidney is present in high concen-
trations in distal tubule cells and intercalated cells of the col-
lecting duct (52, 54). AnkyrinR forms are localized at special-
ized cell domains such as the node of Ranvier (53), postsynap-
tic membrane of the neuromuscular junction (55), and
basolateral surfaces of epithelial cells (51, 54). AnkyrinR also is
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Figure 3. Schematic model of ankyrin.
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present in nerve cell bodies, at the initial segment of axons,
dendrites, and in unmyelinated axons (53).

Several ion channels colocalize with ankyrinR in specialized
membrane domains and interact with erythrocyte ankyrin in
in vitro assays: the anion exchanger of kidney collecting ducts
(56), the alpha 1 isoform of the Na/K ATPase of kidney (54, 57,
58), and the voltage-dependent sodium channel of brain (59).
A current working hypothesis is that ankyrin plays a role in
either initial targeting of these ion channels to specialized areas
of the cell or in maintaining them once the membrane domains
have assembled.

Members of the ankyrinB group cross-react better with anti-
bodies against the major form of ankyrin in brain, and are
expressed in most cells of brain and kidney. AnkyrinB is present
in kidney in glomeruli, proximal and distal tubules, and loops
of Henle (52). AnkyrinB in brain is present in glial as well as
neuronal cells, and does not exhibit a high concentration at the
nodes of Ranvier. Neither form of ankyrin is present in inter-
nodal regions of myelinated axons, at least as detected with
available antibodies, even though these areas of the membrane
contain spectrin. One candidate for a membrane attachment
site for ankyrinB forms include a broadly distributed mem-
brane glycoprotein, termed Pgp- 1, gp-85, or CD44 antigen
(60), which is likely to participate in intercellular adhesion.
Another ankyrin-binding protein termed AGP-200 has been
detected in brain (61). Recent experiments in our laboratory
using ankyrinB-affinity columns suggest that multiple mem-
brane proteins recognize this form of ankyrin (62).

Differences in cellular localization of ankyrins may be due
to variations in relative affinities for target proteins. Functional
differences between the ankyrinR and ankyrinB isoforms have
been demonstrated using in vitro assays employing erythrocyte
and brain ankyrin as prototypes of these families. Each type of
ankyrin binds preferentially to a distinct type of spectrin: brain
ankyrin better with the general form of spectrin and erythro-
cyte ankyrin better with erythrocyte spectrin ( 17, 63). The speci-
ficity of ankyrins for spectrin isoforms is likely to be important
in differential targeting of ankyrins at least in brain where both
erythroid and general spectrin are coexpressed in the same cells
but localized in different domains of certain neurons (32, 33).
Membrane binding sites for ankyrins also are distinct in brain
and kidney (52). The specificity of membrane sites for ankyrins
in kidney was not absolute, but reflected differences in relative
affinities. Further evidence for common features in binding
sites was that the cytoplasmic domain of the erythrocyte anion
exchanger displaced membrane binding of both ankyrins.

cDNAencoding ankyrinB from human brain has recently
been cloned and sequenced (Otto, E., M. Kunimoto, and V.
Bennett, manuscript in preparation). Brain ankyrin is encoded
by a gene located on chromosome 4 (Otto et al., manuscript in
preparation), whereas the gene for erythrocyte ankyrin is lo-
cated on chromosome 8 (46). The open reading frame of brain
ankyrin cDNAencodes a protein of 202 kD, which is close to
the size of erythrocyte ankyrin. Two major regions of high ho-
mology to erythrocyte ankyrin are present in the sequence of
brain ankyrin: one involves the 33-residue repeats which are
present in 22 tandem copies in both proteins, and the other
area of homology is located within the spectrin-binding do-
mains. Conservation within the repeat domains of these anky-
rins includes preservation of the number of repeats, and the
feature that the fourth repeat in both proteins is the only repeat
to deviate from the 33-residue periodicity. Moreover, each re-

peat in brain ankyrin is more closely related to the correspond-
ing repeat in erythrocyte ankyrin, strongly suggesting that these
sequences arose by duplication of an ancestoral gene that also
contained 22 copies of this motif.

Two areas of almost complete divergence between the two
ankyrins are at the connection between the 33-residue repeat
domain and the spectrin-binding domain, and in the regula-
tory domains. These areas of sequence differences are candi-
date sites to explain the functional differences between brain
and RBCankyrins.

Howmany different genes encode ankyrins? The informa-
tion to answer this question still is incomplete, although a min-
imum number may be five distinct ankyrin genes. Northern
blots and immunoblots with antibody raised against recombi-
nant proteins indicate that the two ankyrins from kidney are
distinct from both brain and RBCankyrin, and that liver has a
unique form of ankyrin not present in brain, RBCs, or kidney
(Otto et al., manuscript in preparation). Moreover, in brain
tissue, ankyrinR at the node of Ranvier may be encoded by a
different gene than ankyrinR in neuronal cell bodies because
NB/NB mice are missing the major form of ankyrinR but still
express an ankyrin at their nodes of Ranvier (64).

A rational nomenclature to describe these different anky-
rins has not been formulated, and probably will require addi-
tional information. Simply using the tissue origin to designate
ankyrins is not sufficient. For example, the same gene that
encodes erythrocyte ankyrin also is responsible for a form of
ankyrin in the cerebellum and forebrain (64, 65).

Functional Diversity ofAnkyrin Due to Alternative Splicing
of mRNA
Erythrocyte ankyrin has a regulatory region comprising several
domains which are located at the carboxy terminal end of the
polypeptide. One of these domains, located near the carboxy
terminus, is cleaved by calpain and results in an ankyrin with
reduced binding to the anion exchanger in erythrocyte mem-
branes (44). Another regulatory domain is located NH2-termi-
nal to the calpain-sensitive domain. Deletion of this domain
results in a lower molecular weight form of ankyrin present in
human erythrocyte membranes known as protein 2.2. Protein
2.2 results from differential processing of mRNA, because the
missing region, as identified by antibodies, lies internally
within the sequence (45). Moreover, cDNA clones have been
isolated that contain an in-frame deletion of 163 amino acids
that include the portion of sequence missing in protein 2.2
(45, 46).

The alternatively spliced protein 2.2 is an activated ankyrin
with an increased affinity for spectrin and increased association
with the anion exchanger in erythrocyte membranes (44). Pro-
tein 2.2 also expresses a binding site for a major class of uniden-
tified protein sites in kidney microsomes that do not recognize
the larger form of ankyrin (52). The regulatory region thus
defines specificity in binding to membrane sites as well as mod-
ulates affinities. The explanation for increased activities of pro-
tein 2.2 is not known. One possibility is a conformational dif-
ference between 2.2 and intact ankyrin. Another alternative is
that the domain missing in 2.2 occupies binding sites as a pseu-
dosubstrate, as occurs with regulatory domains of several pro-
tein kinases.

The phenomenon of alternative splicing of ankyrin mRNA
is likely to involve regions in addition to the region missing in
protein 2.2 and to be a feature of other members of the ankyrin
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family. In the case of erythrocyte ankyrin, a highly basic stretch
of 32 residues (pl > 10) located at the COOH-terminus of the
regulatory domain is also alternatively spliced (46). Another
candidate site that would have a significant functional conse-
quence would be in the region interconnecting the 89-kD and
spectrin-binding domains. A potential example of splicing in
brain involves ankyrinB which exhibits two sizes of mRNAon
Northern blots that encodes two ankyrins with quite different
regulatory domains (Otto et al., manuscript in preparation).

Mapping the Binding Sites ofAnkyrin
How does ankyrin interact selectively with the anion ex-
changer, Na/K ATPase, and voltage-sensitive sodium channel
as well as other membrane proteins that remain to be identi-
fied? The available evidence, based on examination of the bind-
ing sites of ankyrin for the anion exchanger and Na/K ATPase
supports the view that ankyrin-binding activity evolved inde-
pendently at least in the case of these proteins (42). The anion
exchanger binds exclusively to the 89-kD domain (see below),
whereas the Na/K ATPase binds only weakly to the 89-kD
domain and also associates with the spectrin-binding domain
(66). The Na/K ATPase thus may require contacts with two
and perhaps more domains of ankyrin to form the high-affinity
complex observed with intact ankyrin.

The anion exchanger-binding site of ankyrin is completely
contained within the 89-kD domain of human erythrocyte an-
kyrin and is retained by proteolytic fragments containing only
33-residue repeats (42). The 33-residue repeats thus play a ma-
jor role in association of ankyrin with the anion exchanger. The
issue of whether the repeats are equivalent with respect to bind-
ing to the anion exchanger has been explored using defined
regions of human erythrocyte and brain ankyrins expressed in
bacteria (67). The conclusion was that the repeats are not inter-
changeable and that the 44 residues from 722 to 765 are essen-
tial for high-affinity binding between erythrocyte ankyrin and
the anion exchanger.

The finding that specificity in association between ankyrin
and the anion exchanger is provided by a rather small region of
sequence raises the question of what is the function(s) of the
remaining 20 33-residue repeats of the 89-kD domain. One
possibility is that the other 33-amino acid repeats interact with
proteins distinct from the anion exchanger. The ability to inter-
act with multiple proteins is not required in the context of the
anucleate mammalian erythrocyte. However, the same gene
encoding erythrocyte ankyrin also is expressed in brain (64,
65). The complex environment of the nervous system could
provide a variety of potential ankyrin-binding proteins.

Spectrin and Ankyrin in Specialized Membrane Domains
Isoforms of both ankyrin and spectrin are segregated to special-
ized regions of cell membranes, and may play a role in either
establishing or maintaining local concentrations of integral
membrane proteins. Ankyrin associates and is colocalized with
several polarized membrane proteins, including the anion ex-
changer in basolateral domains of kidney collecting ducts (56),
the voltage-dependent Na channel at nodes of Ranvier of nerve
(54) and the neuromuscular junction (55) and the Na/K ATP-
ase of basolateral domains of kidney distal tubule cells (54, 57,
58). Examples of highly polarized distributions of spectrin are
the concentration of spectrin at the node of Ranvier (68), and
in caps of lymphocytes in tissues (69). Spectrin also is a signifi-

cant component of postsynaptic densities of brain (70). A vari-
ant of the beta subunit of spectrin is associated with the post-
synaptic membrane of the neuromuscular junction and is colo-
calized with acetylcholine receptors (30).

These observations establish that spectrin, either directly or
through ankyrin, has the potential for localization in special-
ized regions of cell membranes. An important issue is whether
spectrin and ankyrin play a role in establishing membrane do-
mains. A range of possibilities include participation in initial
targeting of membrane proteins, stabilization of membrane do-
mains after they have formed, or having a role in both mainte-
nance and initial assembly of membrane domains. A complex
containing the Na/K ATPase, ankyrin, and spectrin has been
isolated from cultured epithelial cells that is detergent soluble
and may represent a precursor to the mature, detergent insolu-
ble assembly of these proteins on the plasma membrane (71).
Ankyrin and the Na/K ATPase thus are likely to associate be-
fore the Na/K ATPase reaches the plasma membrane, al-
though it is not known whether these proteins interact in the
Golgi or endoplasmic reticulum. Howthe ankyrin/ATPase
complex is targeted to basolateral membranes remains an open
question. It seems likely that information from the external
side of the plasma membrane will be involved in the targeting
event.

Clinical Implications
The phenotype of anemia has established the importance of
spectrin and its associated proteins in normal function of eryth-
rocytes. In view of the widespread nature of these structural
systems, it is likely that the spectrin skeleton may be involved
in a spectrum of cell membrane-related diseases in other tis-
sues. Given the diverse nature of these structural proteins, aris-
ing from both multiple genes and alternative mRNAsplicing, a
large number of tissue-specific defects could be foreseen that
would be compatible with survival.

A good starting point in the search for such diseases would
be proteins such as betaR spectrin and ankyrinR which are en-
coded by the same genes in erythrocytes, skeletal muscle, and
some neurons in the central nervous system. The NB/NB
strain of mice, for example, lack erythrocyte ankyrin and also
are deficient in this form of ankyrin in the cerebellum, where it
is almost completely missing from the cell bodies of Purkinje
and granule cells (64, 65). Other ankyrin genes still are ex-
pressed including ankyrin at the node of Ranvier and the major
form of brain ankyrin. These animals develop a tremor and
other signs of cerebellar dysfunction (65). Moreover, the Pur-
kinje cells gradually die until at age 6-9 mo the number is
reduced by 50% (65). A defect in a specific ankyrin gene thus
can lead to neuronal degeneration in these mice and poten-
tially in humans as well. It is of interest that neurological symp-
toms have been reported associated with hereditary spherocy-
tosis (72-75), although these cases may be relatively rare. In
view of the potential for multiple ankyrin-binding proteins
within a neuron, it is likely that defects in ankyrin can occur
which do not alter the activity in erythrocytes but will affect
neuronal function.

A prediction from the NB/NB mouse model is that defects
in some members of ankyrin or spectrin families will result in
degenerative diseases of long-lived cells such as neurons and
muscle cells. These proteins have multiple isoforms that may
be able to compensate in the short term, but may not be able to
prevent cell damage over the course of years. Such degenerative
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diseases may be currently viewed as a normal consequence of
aging.
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