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The spectrins are a family of widely distributed filamentous proteins. In association with actin, spectrins
form a supporting and organizing scaffold for cell membranes. Using antibodies specific for human brain
a-spectrin (a-fodrin), we have cloned a rat brain a-spectrin cDNA from an expression library. Several closely
related human clones were also isolated by hybridization. Comparison of sequences of these and other
overlapping nonerythroid and erythroid a-spectrin genes demonstrated that the nonerythroid genes are strictly
conserved across species, while the mammalian erythroid genes have diverged rapidly. Peptide sequences
deduced from these cDNAs revealed that the nonerythroid a-spectrin chain, like the erythroid spectrin, is
composed of multiple 106-amino-acid repeating units, with the characteristic invariant tryptophan as well as
other charged and hydrophobic residues in conserved locations. However, the carboxy-terminal sequence
varies markedly from this internal repeat pattern and may represent a specialized functional site. The
nonerythroid a-spectrin gene was mapped to human chromoL me 9, in contrast to the erythroid a-spectrin
gene, which has previously been assigned to a locus on chromosome 1.

The spectrins are filamentous proteins found in the corti-
cal cytoplasm of eucaryotic cells. Although spectrin was
initially identified as a structural component unique to eryth-
rocytes, recent work has identified immunologically cross-
reactive counterparts in most nonerythroid tissues (for re-
views, see references 2 and 23). Preliminary studies of the
nonerythroid spectrins suggest that these proteins are mem-
brane skeleton components with functional activities similar
to those described for erythrocyte spectrin. These include
calmodulin binding, cross-linking of actin filaments, and
attachment to membrane receptors (3, 13, 20, 26, 28). The
proteins that have been characterized appear to be long,
rodlike molecules composed of two nonidentical subunits.
Avian spectrins share a common a-chain of M, 240,000 that
associates with a number of different tissue-specific P-
subunits (14). The mammalian erythroid and nonerythroid
a-chains are similar in molecular weight, but are structurally
distinct and share only weak immunological cross-reactivity
(14, 16, 27). In this paper we report the results of structural
comparison of a spectrin derived from the molecular cloning
of several cDNAs encoding carboxy-terminal portions of the
major mammalian nonerythroid a-spectrin (a-fodrin). Anal-
ysis of these clones has enabled a direct comparison to be
made of the primary structures of a-spectrin in several
species and tissues.

MATERUILS AND METHODS
Isolation of cDNA clones. Screening for cDNA recombi-

nant DNA bacteriophages expressing nonerythroid a-
spectrin with antibodies involved the use of a Xgtll library
constructed from mRNA derived from 1- and 2-week-old rat
brains (generously provided by N. Davidson and A. Dow-
sett, California Institute of Technology). Escherichia coli

* Corresponding author.
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tional Institute of Allergy and Infectious Diseases, Bethesda, Md.
20892.

Y1090 cells, infected with these phage, were used as the host
and plated at a density of 3 x 104 PFU/150-mm plate.
Procedures used for growth, induction, and antibody screen-
ing of recombinant phage have been previously described
(33, 34). The antibody used has been previously character-
ized (16) and shown to react primarily against the a-subunit
of brain spectrin (a-fodrin). Prior to use, 5 ml of antiserum
was diluted 1:50 with 50 mM Tris hydrochloride (pH 8)-150
mM NaCI-3% bovine serum albumin and preabsorbed with 2
ml of a boiled Y1090 bacterial cell lysate. This reagent was
capable of detecting 10 ng of purified human fodrin spotted
onto nitrocellulose under the conditions used for screening.
Bound antibodies were detected with 125I-labeled Staphylo-
coccus aureus protein A (106 cpm per filter) as previously
described (33, 34).
The immunoreactive rat brain cDNA clone (RBF2) was

used to infect and lysogenize E. coli Y1089 cells (33). The
inducible galactosidase anti-a-fodrin immunoreactive fusion
protein, produced by these lysogens, was analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and immunoblotting procedures (33).
The EcoRI-digested insert of RBF2 (2.5 kilobases [kb])

was used as a hybridization probe to screen a human
neuroblastoma cDNA library (19) (a generous gift of F. W.
Alt, Columbia University) constructed in Charon 16a. The
32P-labeled RBF2 probe (specific activity, >5 x 108 cpm/p.g)
was synthesized with random hexamer oligonucleotide prim-
ers as described previously (7). Hybridization screening was
performed in 50% formamide solution at 42°C for 20 h,
followed by washes in 2x SSC (1 x SSC is 0.15 M NaCl plus
0.015 M sodium citrate [pH 7]) - 0.1% sodium dodecyl
sulfate at 37°C and in 0.2x SSC-0.1% sodium dodecyl
sulfate at 50°C.
DNA sequencing. All EcoRI-derived insert cDNA frag-

ments were subcloned into M13 vectors (mpl8 and mpl9) for
sequencing. The DNA sequence was obtained from both
strands by using standard dideoxynucleotide-terminated re-
action procedures (24). Interior portions of cDNAs were
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FIG. 1. Alignment of homologous nonerythroid and erythroid a-spectrin cDNAs. The assignment of repeat numbers (106 amino acids in
length) is based on comparison with previously assigned repeats sequenced in erythrocyte a-spectrin (5, 30, 31). The rat nonerythroid
a-spectrin (RBF2) cDNA (2.5 kb) contains sequence encoding repeats 17 to 21, followed by approximately 1 kb of untranslated sequence and
a poly(A)+ 3' terminus. The homologous human neuroblastoma cDNAs, NBF1 (3.7 kb) and NBF4 (1.2 kb), selected by hybridization
screening with RBF2 as a probe, share a common 3' terminus. The relative positions of the human and rat sequences, as well as previously
published chicken smooth-muscle (4, 32) and mouse and human erythroid (10) sequences, were determined by using the University of
Wisconsin Genetics Computer Group Bestfit analysis program. Calculated homologies between all genes and predicted protein structures are
given in Table 1.

sequenced from a series of deleted M13 subclones which
were generated by T4 DNA polymerase exonuclease diges-
tions as described previously (6). Sequences were compared
and aligned by using the sequence analysis software package
of the University of Wisconsin Genetics Computer Group.
Chromosome mapping. Chromosome mapping was done

first by Southern blot analysis ofDNA from Chinese hamster
x human somatic hybrid cell lines (9-12). BglII-digested
DNA (10 ,ug per lane) was separated by electrophoresis,
transferred to nitrocellulose, and hybridized with rat brain
a-spectnn probe (RBF2) or the human probe (NBF1) as
described previously (1). The RBF2 probe was labeled as
described previously (7). The human neuroblastoma a-
spectrin cDNA probe was synthesized from a single-
stranded template of NBF1 which was subcloned into the
vector M13 as described previously (24). Faint bands were
confirmed by longer exposure times. The chromosome locus
was independently assigned by direct in situ hybridization to
human metaphase chromosomes (15). In these studies the
probe was prepared from RBF2 (2.5-kb insert) labeled by
nick translation with [3H]dCTP, [3H]dTTP, and [3H]dATP.

RESULTS AND DISCUSSION
The initial cloning involved the use of antibodies reactive

primarily against the major isoform of human brain a-
spectrin (16) to probe a rat brain cDNA library constructed
in the expression vector Xgtll (33, 34). One immunopositive
clone was selected from a screening of 8 x 105 recombi-
nants. This clone, designated RBF2, contained a 2.5-kb
cDNA insert and was used as a hybridization probe to screen

a human neuroblastoma cDNA library (19), from which
several candidate clones were selected. These human
cDNAs ranged in size from 1.2 to 3.7 kb.
The human and rat cDNA inserts were subcloned into the

bacteriophage M13 and sequenced (6, 24). The alignment of
these genes with the carboxy-terminal portion of the ca-chain
(Fig. 1) was based on the following information. Clone RBF2
contained one long open reading frame encoding 475 amino
acids followed by 1 kb of untranslated sequence and a poly
(A)+ 3' terminus. Galactosidase induction of strain Y1089,
transfected with the RBF2 phage, led to the expression of a
galactosidase- anti-brain-a-spectrin reactive fusion protein
of a size consistent with a sequence encoding the carboxy-
terminal 50 kilodaltons of the oa-subunit. The human clones
(NBF1 and NBF4) shared a common 3' terminal sequence
and were identical throughout the region of common over-
lap, except for 50 base pairs at the 5' terminus of NBF4,
which showed an abrupt departure from this pattern and was
presumed to be a cloning artifact. The peptide sequence
deduced from the larger human clone, NBF1, aligned ex-
actly with a 21-residue peptide derived from a terminal
tryptic fragment of human brain a-spectrin (A. S. Harris, S.
Keithan, D. W. Speicher, and J. S. Morrow, unpublished
data), thus confirming that these cDNAs encode the predom-
inant isoform of nonerythroid a-spectrin. The rat and human
cDNAs exhibited extensive homology throughout their over-
lapping sequences. Comparison of both these genes with
another previously reported spectrin gene, cloned from
chicken gizzard cDNA (4, 32), revealed the same striking
pattern of strict structural homology within this protein

FIG. 2. Homology among nonerythroid a-spectrins. (a) Nucleotide (A to C) and deduced amino acid (A' to C') sequences for human, rat,
and chicken (4, 32) nonerythroid a-spectrins. Only rat and chicken sequences which differ from human sequences are given. Bases are
numbered starting at the 5' end of clone RBF2. (b) Two-dimensional matrix comparison (22) of deduced peptide sequences from rat and
chicken a-spectrin. With the homology search program COMPARE (University of Wisconsin Genetics Computer Group), matches of 8 or
more identical residues in a window of 30 were scored. The boundaries of repeats were based on homology to repeating units defined in
erythroid spectrin (30, 31). Repeats 20 and 21 have diverged from the regular 106-amino-acid repetitive pattern and display the poorest
homology with other internal repeats.
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TABLE 1. Summary of homologies among nonerythroid and
erythroid a-spectrinsa

% Nucleotide
a-Spectrin Replacements

Nucleotides Proteins Syn Nonsyn

Nonerythroid
Rat versus human 89 97 10.1 1.1
Rat versus chicken 81 96 17.2 1.8
Human versus chicken 82 95 16.3 1.8

trythroid
Human versus mouse 82 83 11.4 6.7

Nonerythroid versus erythroid
Human repeat 16 52
Human repeat 19 54
Rat versus mouse 66

a Homologies are expressed as percent identities; mutations are designated
as either synonymous (Syn) or nonsynonymous (Nonsyn). Calculations are
derived from the regions of common overlap illustrated in Fig. 1.

family. A representative comparison of these genes and the
closely homologous proteins which they encode is given in
Fig. 2a. This analysis demonstrated that the majority of base
changes occurred at the third position of degenerate codons.
Thus, the chicken and rat cDNA sequences, which are 81%
homologous, encode proteins which are greater than 96%
identical. The few nonsynonymous mutations observed be-
tween species were predominantly conservative amino acid
substitutions and were uniformly dispersed throughout the
entire lengths of overlapping sequences. Thus, minimal
structural and functional differences between species are
predicted. These strict homologies stand in marked contrast
to the divergence seen among erythroid spectrins of different
species. Recent data derived from erythroid a-spectrin
cDNA clones (5) show a significantly greater frequency of
interspecies nonsynonymous base replacements. Thus,
mouse and human erythrocyte a-spectrin cDNAs, which are
82% homologous, predict proteins that are only 83% identi-
cal. The data in Table 1, which summarize these and other
patterns of homology, illustrate how rapidly the mammalian
erythroid a-spectrins have evolved at the amino acid level
relative to their more highly conserved nonerythroid coun-
terparts.
A distinctive property of erythrocyte spectrin, consistent

with its rodlike shape, is its repetitive internal structure (30,
31). Peptide sequences derived from both a- and p-subunits
were compatible with a common structural motif: both
chains were composed of multiple 106-amino-acid repeating
units which were predicted to fold into triple-helical seg-
ments interrupted by turns and nonhelical connecting re-
gions. The same repetitive structure was noted in the peptide
sequence deduced fromn the chicken smooth-muscle cDNA

FIG. 3. Homologous internal repeat structure of rat brain a-
spectrin. The origin of each repeat is defined by homology to
erythroid structures (30, 31). Arrows above the sequences designate
most strongly conserved residues characteristic of erythroid spec-
trirt homologous repeats. Two frame shifts (one residue in the first
half and several residues in the second half) are required to align
some highly conserved residues (underlined) in repeat 20. Carboxy-
terminal repeat 21 shows greatest variance and requires an addi-
tional frame shift to align the conserved cluster WIQE (residues 45
to 48) in register with the other repeats.
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(4, 32) and was also found to be a feature of the mammalian
nonerythroid a-spectrin sequences reported here.

Pairwise comparison of homology between the sequences
of chicken and rat nonerythroid a-spectrins by two-dimen-
sional matrix analysis (Fig. 2b) illustrates this same internal
repeat structure characteristic of all spectrins. Like ery-
throid spectrin, the nonerythroid a-spectrins showed great-
est internal homology within the first two-thirds of the
repeating unit. Most a-subunit repeats show a regular peri-
odicity of 106 amino acids. However, repeats 20 and 21 are
less conserved and require shifts to align residues in phase
with the most highly conserved residues in other repeats
(Fig. 3). Despite these deviations from the normal repeat
structure, the carboxy-terminal region of the nonerythroid
a-spectrin is as strictly conserved across species as are the
other internal repeats farther upstream (Fig. 2a). The vari-
ability in repeats 20 and 21 may represent alterations in-
volved in a specialized and important function, such as actin
filament binding, which occurs in this region and has re-
mained conserved throughout evolution. A search for ho-
mology (21) between this variable sequence and proteins in
the National Biomedical Research Foundation library did
not reveal any significant relationships with other known
proteins.
Although sequence data are not available from the same

carboxy-terminal portion of the human erythroid a-subunit,
Speicher and Marchesi (30, 31) did note variability in repeat
10 and predicted that through gene duplication the carboxy-
terminal domain might also vary. The carboxy-terminal
domain of the human erythroid p-subunit, which contains
phosphorylation sites, was also noted to vary from the
regular internal repeat structure (30, 31). Thus, departure
from the normal repetitive structural motif at terminal re-
gions may be necessary for specialized functions, which tend
to localize at terminal domains in most spectrin chains (16).
The chromosomal location of the nonerythroid a-spectrin

sequences was determined by Southern blot analysis of
DNA from 20 human x Chinese hamster somatic hybrid cell
lines (9-12) with RBF2 as a hybridization probe (Fig. 4A).

Three restriction fragments, 14, 5.6, and 2.1 kb in size, were
detected in BglII digests of human DNA (Fig. 4A, lane 1).
Chinese hamster DNA (lane 2) yielded fragments of 7, 4.5,
1.8, 1.4, and 0.9 kb. Only the two larger human fragments
were scored in the hybrids. Both were present in all seven
hybrids which had retained an intact copy of human chro-
mosome 9. All other human chromosomes were ruled out by
three or more discordant hybrids. In addition, two hybrids
contained chromosome 9 with partially deleted short arms
(missing region 9pter-p21). Both were still positive for the
human nonerythroid a-spectrin sequences (Fig. 4A, lane 12).
Reprobing the filter in Fig. 4 with the human nonerythroid
a-spectrin cDNA NBF1 confirmed these results. These data
indicate that the human nonerythroid a-spectrin locus
(which is designated SPTAN1) lies within the region 9p2l-
qter.

Independent assignment was obtained by in situ hybrid-
ization (15) of clone RBF2 to human metaphase chromo-
somes. Of 127 silver grains scored over chromosomes in 50
cells, 25 (20%) were at chromosome 9, bands q33-q34 (Fig.
4B). No other significant peaks of hybridization were ob-
served. These in situ hybridization results are consistent
with the presence of a single gene for nonerythroid a-
spectrin and refine its localization to the distal bands of the
long arm of chromosome 9. At least seven other genes have
been mapped to this region, including those for the ABO
blood group (8) and the human homolog of the v-abl onco-
gene (17). Human erythrocyte a-spectrin had been previ-
ously assigned to a locus on chromosome 1, bands q22 to q25
(18). We have not detected any significant cross-hybridiza-
tion with this site on chromosome 1 by our in situ and
Southern blotting studies.
Evidence supporting the notion that erythroid and nonery-

throid a-chains have diverged recently from a common gene,
as suggested in early reports demonstrating immunological
cross-reactivity (14, 16, 27), has been provided by detailed
comparisons of the deduced nonerythroid peptide sequence
with all available erythroid a-chain sequences (5, 30, 31).
Thus, for example, erythroid a-spectrin repeat 19 (30, 31)
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FIG. 4. Chromosomal mapping of the human nonerythroid a-spectrin gene. (A) Hybridization of 32P-labeled (7) rat brain a-spectrin cDNA
(RBF2) with BglIH-digested DNA (10 ,ug per lane) from human x Chinese hamster hybrid cells and controls. Lanes: 1, human lymphoblastoid
cells; 2, Chinese hamster DNA; 3, 5, 6, 8, 9, and 10, hybrid cell lines containing human chromosome 9; 4, 7, and 11, hybrid lines lacking human
chromosome 9; 12, hybrid with deleted chromosome 9; only 9p21-qter is present. (B) Silver grain distribution along chromosome 9 (total from
50 cells) after in situ hybridization with clone RBF2 labeled by nick translation with [3H]dCTP, [3H]dTTP, and [3H]dATP.

5.6-

2.1-

VOL. 8, 1988



8 LETO ET AL.

showed closest homology (51%) with repeat 19 of the non-
erythroid a-chain. Likewise, repeats 16 and 17 of nonery-
throid a-spectrin showed comparable homology with the
analogous repeats deduced from the mouse and human
erythroid cDNAs (5) aligned in Fig. 1. All other spectrin
repeats showed significantly lower homology (<35%) with
other nonanalogous a-fodrin repeats. Furthermore, interspe-
cies homologies between erythroid and nonerythroid a-
spectrins were consistent with their phylogenetic distances.
Thus, on the basis of the comparison with erythroid a-
spectrin sequences, which show a consistent pattern of
homology with analogous repeats, the nonerythroid a-
spectrin subunit is expected to contain 21 repeating units,
with a variable sequence at the carboxy-terminal domain.
These findings document an extraordinary conservation

among nonerythroid a-spectrins. In contrast, erythroid a-
spectrin has diverged rapidly in mammals. These trends
suggest interesting differences in functional roles for these
proteins in erythroid and nonerythroid tissues. Although the
nonerythroid a-spectrins interact with p-chains that vary in
both size and function, the high degree of conservation in
a-chains is indicative of strong structural and functional
constraints common to all nonerythroid spectrins. These
constraints have been drastically altered by the recent spe-
cialization of mammalian erythrocytes. These cells differ
from other vertebrate erythrocytes in that they lack nuclei,
as well as a number of other cytoskeletal components
including microtubules and intermediate filaments. Thus,
unlike avian erythrocytes, which express the nonerythroid
a-subunit (27), mammalian erythrocytes, in the absence of
other cytoskeletal structures, probably exert new adaptive
pressures on a-spectrin structure and function. Human
erythrocyte spectrin appears to be functionally quite distinct
from the nonerythroid spectrins characterized thus far. Its
divergent functional properties include the ability to self-
associate into complex oligomers (16, 25), weaker subunit-
subunit interactions (23), and loss of a calcium-dependent
calmodulin-binding site on the a-subunit (29). These findings
suggest that a rapid functional divergence among membrane
skeletal proteins has occurred in mammalian erythrocytes in
response to changing demands related to membrane mechan-
ical strength and deformability. In this regard, it is interest-
ing that mammalian erythrocytes vary considerably in size
and shape.
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ADDENDUM IN PROOF
Since submission of this paper, another group, utilizing a

fibroblast-derived a-fodrin cDNA, has assigned the a-fodrin
gene to chromosome 1 (A. P. McMahon, D. H. Giebelhaus,
J. E. Champion, J. A. Bailes, S. Lacy, B. Carritt, S. K.
Henchman, and R. T. Moon, Differentiation 34:68-78, 1987).
Sequence from the 5' end of clone NBF1 (this report) aligns
with 100% homology with the fibroblast cDNA (repeat 10 of
clone 3). Probes from both NBF1 and the fibroblast clone
2.7a recognize the same restriction fragment length polymor-
phism. However, hybridization of probe 2.7a to 11 rodent x

human hybrid DNAs digested with BgIII revealed concor-
dancy of human specific fragments with chromosome 9. A
site of hybridization on chromosome 1 was excluded by four
discordant hybrids.
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