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Abstract. We report the complete sequence of Dro-
sophila alpha-spectrin and show that it is similar to
vertebrate nonerythroid spectrins. As in vertebrates,
the alpha subunit consists of two large domains of
repetitive sequence (segments 1-9 and 11-19) separated
by a short nonrepetitive sequence (segment 10). The
106-residue repetitive segments are defined by a con-
sensus sequence of 54 residues. Chicken alpha-
spectrin (Wasenius, V.-M., M. Saraste, P. Salven, M.
Eramaa, L. Holm, V.-P. Lehto. 1989. J. Cell Biol.

108:79-93) shares 50 of these consensus positions.
Through comparison of spectrin and alpha-actinin se-
quences, we describe a second lineage of spectrin seg-
ments (20 and 21) that differs from the 106-residue
segments by an 8-residue insertion and by lack of
many of the consensus residues. We present a model
of spectrin evolution in which the repetitive lineage of
spectrin segments and the nonrepetitive lineage of seg-
ments found in spectrin and alpha-actinin arose by
separate multiplication events.

HE amino acid sequences of the erythroid alpha- and

beta-spectrin subunits include ~18 tandem repeats of

106 amino acid segments that presumably account for
the observed shape of the molecule (Speicher and Marchest,
1984). The amino acid sequence has been confirmed by
DNA sequence analysis (Wasenius et al., 1985; Birkenmeier
et al., 1985) and sequence data for vertebrate nonerythroid
spectrin cDNA has since been obtained. Partial sequences
of nonerythroid spectrin from rat brain (Leto et al., 1988),
human fibroblasts, frog and chicken brain (McMahon et al.,
1987) and, most recently, the full length sequence of chicken
brain alpha-spectrin (Wasenius et al., 1989) indicate that
these molecules are also composed largely of 106 amino acid
repetitive segments.

We recently described the purification, cloning of cDNAs
and immunofluorescence localization of spectrin in Dro-
sophila (Dubreuil et al., 1987; Byers et al., 1987, 1989;
Pesacreta et al., 1989). Here we assemble complete cDNA
sequence data for the alpha subunit of Drosophila spectrin.
Our results, which show that this protein is strikingly similar
in invertebrates and vertebrates, imply an important conser-
vation of spectrin function. In addition, other studies have
shown that alpha-spectrin-like sequences occur in alpha-acti-
nin and dystrophin (Baron et al., 1987; Koenig et al., 1988;
Davison et al., 1989). We have recently identified a region
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of sequence similarity between Drosophila beta-spectrin and
alpha-actinin (Byers et al., 1989) that complements the re-
gion of similarity between alpha-spectrin and alpha-actinin.
These observations are incorporated into a model of the
structure and evolution of spectrin.

Materials and Methods

Isolation of cDNA Clones and Sequencing Strategy

Isolation of cDNA clones 9 and 10 was previously described (Byers et al.,
1987). Clones 9 and 10 were used to generate sequence data from 6,733
bases of the alpha-spectrin coding sequence (Fig. 1). The remaining 5’ and
3’ sequence was obtained from full-length alpha-spectrin cDNA that was ob-
tained from a size-fractionated 0-4 h Drosophila embryo library (Brown and
Kafatos, 1988). Briefly, uncut plasmids were fractionated on a 0.8% low-
melt agarose gel (NuSieve GTG, FMC Bioproducts, Rockland, ME) that
was subsequently cut into 12 slices representing different size classes. Plas-
mids from the six largest classes were transfected into Escherichia coli
DH5alpha, plated, and colonies were transferred in duplicate to nylon mem-
branes (GeneScreen; DuPont Co., Wilmington, DE). The filters were
probed with a 32P-labeled 255-bp Hind I fragment of cDNA clone 10
(Fig. 1), and eight colonies were identified from sized fractions that in-
cluded 6-10-kb inserts. Two of these clones (N1 and N8) were found to en-
code the full-length spectrin protein sequence. Sequence data for the region
upstream from clone 10 was obtained using spectrin-specific primers on
both clones N1 and N8. N1 and N8 are identical between residues 244 and
868 (Fig. 1), but restriction mapping revealed that these two clones have
different 3’ ends. The 3’ termini of clone N1, clone 9, and a third embryonic
cDNA (Fig. 1, SM) occurred within an A-rich region of the N8 3’ noncoding
sequence that probably serves as an alternate priming site for reverse tran-
scription during cDNA synthesis. Thus, the observed heterogeneity be-
tween 3’ ends appears to be an artifact of cDNA cloning rather than a differ-
ence in spectrin mRNAs.
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Figure 1. cDNA map of Drosophila alpha-spectrin. Two alpha-spec-
trin cDNAs (clones 9 and J0) were initially isolated from a Dro-
sophila head cDNA library in lambda gtll (Byers et al., 1987).
Clones NI and N8 were selected from a 0-4 h Drosophila embryo
library using a Hind Il fragment of clone 10 as probe. The complete
sequence of clones 9 and 10 was obtained by dideoxy, double-strand
DNA sequencing of both DNA strands. The cDNA sequence was
completed using the full-length clones NI and N8 and spectrin
specific primers on both DNA strands. The positions of the start
codon (ATG), stop codon (TAA), and the Eco RI site were deter-
mined by DNA sequencing. SM is a 3’ terminal Eco RI fragment
of a third embryonic cDNA clone.

DNA Sequencing

DNA inserts were subcloned into the Bluescript vector (Stratagene, La Joila,
CA) using either XL-1 Blue (Stratagene) or 71-18 as host. Nested deletions
of clones 9 and 10 and the 3’ Eco RI fragment of clone N8 were generated
by Exo I digestion as described by Henikoff (1984). A deletion series was
generated from each end of each clone to allow sequencing of both DNA
strands. The sequence of clones N8 and N1 in the region upstream of clone
10 and downstream of clone 9 were obtained using spectrin-specific syn-
thetic primers. DNA to be used for double strand sequencing was prepared
by the boiling method (Holmes and Quigley, 1981) as described by Strata-
gene. Sequencing reactions were carried out using the dideoxy chain termi-
nation method (Sanger et al., 1977) with a Sequenase kit from United States
Biochemical Corp. (Cleveland, OH) according to their instructions using
alpha [33S]JdATP (New England Nuclear Research, Boston, MA). The
priming reaction was modified as follows: ~2 ug of purified double
stranded DNA was mixed with 2 pmol of primer, denatured at elevated pH

(Chen and Seeburg, 1985), precipitated with ethanol, resuspended in Se-
quenase buffer, and incubated at 37°C for 15 min.

DNA sequence was assembled and analyzed using the Bionet national
computer facility and the University of Wisconsin Genetics Computer
Group (UWGCG) sequence analysis package (Devereux et al., 1984). Dot
matrix comparisons were done with the UWGCG programs “compare” and
“Dotplot.” A comparison window of 100 residues was used with a varied
stringency as stated in the figure legends. All of the comparisons were based
on amino acid identity. Stringency refers to the number of identical matches
required to generate a signal. The program placed a dot at the position of
each amino acid identity within each window of comparison. Structural
predictions using the Garnier method {Garnier et al., 1978) were done with
the program “Pepplot.” The molecular weight of alpha-spectrin was pre-
dicted using the Bionet program Amino Acid Composition.

Oligonucleotide Synthesis

Sequencing reactions with clones 9 and 10 were done with either the M13
primer or T3 primer. Sequencing reactions upstream and downstream of the
clone 9 and 10 boundaries were done with spectrin-specific oligonucleotide
primers on both DNA strands. Primers were synthesized on a DNA syn-
thesizer (Cyclone; Milligen/Biosearch Division, Burlington, MA) using
nucleotide phosphoramidites from Fisher Scientific Co. (Pittsburgh, PA) or
Cruachem, Inc. (Bend, OR).

Results

The Predicted Amino Acid Sequence of Drosophila
Alpha-Spectrin

The composite length of clones N1 and N8 (Fig. 1) is consis-
tent with the major 8-kb mRNA species detected in Northern
blots of S3 cell RNA and fly head RNA (not shown). The
¢DNA sequence of Drosophila alpha-spectrin contains one
long open reading frame of 7,245 bases that encodes a poly-
peptide 2,415 residues long. The predicted molecular mass
of Drosophila alpha-spectrin is 278,364, which is somewhat
larger than estimates based on mobility in SDS gels (234-kD
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Figure 2. Identification of repetitive domains within alpha-spectrin. @ and b, The full-length sequence of alpha-spectrin was compared
with itself in windows of 100 residues at low stringency (a, 20 identical matches/window) or high stringency (b, 34 matches/window).
A dot marks the position of each amino acid identity within the region of comparison. ¢, The coding region of the alpha-spectrin DNA
sequence was also compared with itself using a window of 100 residues and a stringency of 56 nucleotide matches. The solid arrow marks
a line of duplication between segments 2-8 and 11-17. The open arrow marks the duplication line of segment one.
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consensus of the repetitive segments was based on the occurrence of a specific residue or conservative substitution (alternates) in at least
half of the segments. Conserved residues that occur in at least 15 segments are indicated by a vertical bar. ¢, A 59-residue consensus was
determined from the chicken alpha-spectrin sequence (Wasenius et al., 1989) using the same criteria as for the Drosophila consensus.

for Drosophila alpha-spectrin; Dubreuil et al., 1987). The

molecular mass of chicken alpha-spectrin is also larger than

estimates based on gel mobility (Wasenius et al., 1989).
Dotplots of the predicted amino acid sequence (Fig. 2, a

and b) demonstrate the presence of two major repetitive do-
mains within alpha-spectrin. The first begins at the amino
terminus of the protein and extends to about residue 1,000,
thus defining repetitive segments 1-9. A similar pattern con-

Table I. Conservation of Consensus and Nonconsensus Residues between Drosophila and Chicken Alpha-Spectrin

At Drosophila consensus positions

(A) Consensus (B) Chicken (C) Nonconsensus (D) Chicken (E) Chicken matches (F) Total (G) Total
Segment residues consensus residues nonconsensus at nonconsensus nonconsensus percent
(residues) in fly matches in fly matches positions matches similarity
1 (105) 36 36 18 17 18 35 68
2 (106) 38 37 16 12 22 34 67
3 (106) 44 39 10 4 23 27 62
4 (106) 32 28 22 17 27 44 68
5 (106) 39 37 15 13 33 46 78
6 (105) 36 35 18 11 16 27 60
7 (106) 42 38 12 7 26 33 67
8 (106) 39 37 15 10 23 33 66
9 (106) 37 33 17 13 27 40 69
11 (108) 35 28 19 7 14 21 45
12 (106) 40 34 14 6 26 32 62
13 (106) 29 28 25 18 29 47 71
14 (106) 37 36 17 8 25 33 65
15 (107) 38 38 16 14 27 41 76
16 (106) 39 37 15 5 28 33 66
17 (106) 37 36 17 9 29 38 70
18 (106) 41 35 13 5 26 31 62
19 (107) 35 35 29 12 25 37 68
20 (114) 19
21 (114) 15
Totals: 627 308 188 444 632
Dubreuil et al. Structure of Drosophila Alpha-Spectrin 2199



tinues between residues 1,100 and 2,000, defining repetitive
segments 11-19. At low stringency (Fig. 2 a) nearly all of the
repetitive segments show similarity to one another with a pe-
riodicity of 106 residues.

The protein sequence can be aligned in a vertical register
of repeating segments (Fig. 3 a) beginning with residue 18.
Most of the segments are 106 residues in length and are num-
bered using the nomenclature of Speicher and Marchesi
(1984) so that the first repetitive segment is numbered “1.”
The repetitive segments are defined by a consensus of con-
served residues at 54 positions within the repeating unit (Fig.
3 b). A consensus residue is defined as one that occurs in at
least half (9 out of 18) of the repeats. Vertical bars indicate
the more stringent consensus positions that are conserved in
15 out of the 18 repeating segments. Only one position is con-
served in all of the repetitive segments: the tryptophan at po-
sition 45. Five types of conservative substitution have been
allowed in the determination of consensus positions: lysine
and arginine often appear to be interchangeable, as do giu-
tamic and aspartic acid. These residues are indicated by a
“+” or “~", respectively, in the consensus. Likewise, leucine
and isoleucine, tyrosine and phenylalanine, and serine and
threonine have been grouped together as indicated in Fig. 3
b. Segments 1-19 (excluding segment 10) include from
29-44 (average = 37 + 4, Table I) of these consensus
residues.

The degree of similarity between repetitive segments pro-
vides information on their origin. Most of the similarity
points in low-stringency dotplots (Fig. 2 a) result from con-
sensus residues that are shared between segments. Higher
stringency dotplots (Fig. 2 ) score only those segments with
a high degree of similarity at both consensus and noncon-
sensus positions. At higher stringency, a sequence that ex-
tends from segments 2-8 appears to be similar to a sequence
that extends from segments 11-17 (Fig. 2 b, solid arrow). The
line of duplication (which also occurs in chicken alpha-
spectrin; Wasenius et al., 1989) indicates that the two se-
quences probably arose by duplication of a common ances-
tor. Some of the nonconsensus residues that give rise to the
line of duplication are underlined in Fig. 3 a. Further evi-
dence for a duplication event comes from dotplots of the
DNA sequence (Fig. 2 c) that show a line of duplication be-
tween segments 2-8 and 11-17. The sequence corresponding
to segment 1 also shows similarity to segments 6 and 15 in
protein and DNA dotplots (Fig. 2, open arrows).

Segments 10 and 20-22 do not appear to be repetitive ei-
ther by dotplot analysis or by consensus residue content.
Segments 20 and 21 share relatively few consensus residues
with segments 1-19 (Table I) or with each other. As a result,
most of the repetitive segments do not score matches with
segments 20 and 21 in low stringency dotplots (Fig. 2 a). In
addition, eight residues must be deleted to maximize their
alignment relative to the consensus (Fig. 3 a, arrowheads).
Although they were probably derived from the same ances-
tor as the repeating segments, segments 20 and 21 appear to
represent a different lineage of spectrin segments whose se-
quences have not been subject to the same constraints as seg-
ments 1-19. Segments 10 and 22 are not similar in sequence
to any of the other spectrin segments. Thus we consider seg-
ments 10 and 20-22 to be nonrepetitive when compared to
segments 1-9 and 11-19.
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Repetitive Aspects of Spectrin Structure

The current methods of structural prediction are of limited
accuracy when applied to a single sequence, but the average
predicted structure from 18 segments will reveal repetitive
sequence patterns that are likely to be related to spectrin
structure. The amino acid sequence from each repetitive seg-
ment of Drosophila spectrin was divided into blocks of §
residues and scored for the presence or absence of predicted
alpha helical structure or turn sequences. The results for
each block of residues obtained from the Garnier prediction
(using no decision constant) were tabulated in the histograms
shown in Fig. 4. With the exception of residues near posi-
tions 60 and 100, the repetitive segments were predicted to
be largely alpha helical. There was a high probability of turn
structure around positions 59 (a conserved glycine) and 100
where many segments contain a glycine or proline. The Gar-
nier method with no decision constant also predicted that
segment 10 is largely nonhelical with a high probability of
turns throughout. Conversely, segments 20-22 are predicted
to be largely alpha helical with no turn sequences in segment
21 (not shown).
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Figure 4. Predicted structural consensus of the repetitive segments
of alpha-spectrin. Each repetitive segment from Fig. 3 was divided
into sequential 5 residue blocks and scored for the presence of ei-
ther predicted alpha helical sequence (upper) or turn sequences
(lower). Predictions were based on the method of Garnier et al.
(1975) using no decision constant. One or more turn residues in a
block resulted in a turn score for the entire block. A block was only
scored alpha helical if there were three or more helical residues in
a row. Blocks that did not meet either criterion were not included
in the histograms. The segment number (as in Fig. 3) is indicated
in each block.
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Comparison of the Drosophila Spectrin Sequence to
Vertebrate Spectrins

A comparison of partial spectrin sequence data from a num-
ber of sources indicated that while nonerythroid spectrins
are ~90% identical to one another, human erythroid spec-
trin and human nonerythroid spectrin are <60% identical
(McMahon et al., 1987; Leto et al., 1988). Based on full-
length sequence comparisons, we found that the Drosophila
alpha-spectrin sequence is 63% identical to chicken brain
alpha-spectrin (Wasenius et al., 1989) and 46% identical to
human erythroid alpha-spectrin (P. Curtis and B. G. Forget,
Yale University School of Medicine, personal communica-
tion). In both comparisons gaps were considered as noniden-
tical positions.

The primary structures of vertebrate and invertebrate
alpha-spectrin are remarkably similar: both molecules con-
sist of two large repetitive domains, a nonrepetitive segment
10 and a large carboxy terminal nonrepetitive sequence (seg-
ments 20-22). The position of the carboxy terminus of fly
spectrin is identical to that reported for chicken alpha-
spectrin (Wasenius et al., 1989), and both of these sequences
extend considerably further than the reported carboxy termi-
nal sequence of rat brain alpha-spectrin and human brain
alpha-spectrin (Leto et al., 1988). In segment 10, 56 out of
74 residues are identical between Drosophila and chicken
alpha-spectrin. These residues also correspond to a region
of similarity between v-src, v-crk and phospholipase C
(Lehto et al., 1988). A major difference between fly and
chicken alpha-spectrin is a 2l-residue extension of chicken
segment 10 that is not found in the fly. Another important
difference between the fly and chicken sequences lies in seg-
ment 11: the chicken sequence has a 35-residue extension
that is not present in Drosophila spectrin. The latter region
of vertebrate nonerythroid alpha-spectrins includes a sub-
strate site for calcium-activated protease and a binding site
for calmodulin (Harris et al., 1988). While Drosophila spec-
trin also binds calmodulin in blot overlay experiments
(Dubreuil et al., 1987), it lacks the high-affinity binding site
present in segment 11 of the vertebrate protein and instead
appears to bind calmodulin at a site within segment 15
(Dubreuil, R. R., manuscript in preparation). The exten-
sions of segments 10 and 11 in vertebrate nonerythroid spec-
trins are probably specializations that are important in the
regulation and function of vertebrate spectrin but that are not
important in the general function of spectrin as a component
of the membrane skeleton in invertebrates.

The occurrence of a consensus sequence in Drosophila
alpha-spectrin repeats suggests that certain residues are impor-
tant to the presumed repetitive structure of the molecule. If
so, we expected that chicken alpha-spectrin would have a
similar set of consensus residues. 50 of the 54 consensus po-
sitions found in fly alpha-spectrin are also found in the
chicken sequence (Fig. 3 ¢). Two of the fly consensus posi-
tions are shifted by one residue in the chicken sequence and
two of the fly positions do not appear to be conserved in
chicken. In addition, there are seven consensus positions in
which a residue is conserved in at least 9 out of 18 chicken
repetitive segments, but in fewer than 9 out of 18 fly seg-
ments.

Nonconsensus residues in alpha-spectrin appear to be con-
served between Drosophila and chicken at least as often as

Dubreuil et al. Structure of Drosophila Alpha-Spectrin

consensus residues. In comparing the individual fly and
chicken segments (Table I), we find that most of the con-
sensus positions conserved in any fly segment (column A)
are also present in the corresponding chicken segment
(column B). For example, segment 1 of Drosophila includes
36 of the consensus residues and all of these are present in
chicken segment 1. Where a fly residue in an individual seg-
ment does not match the consensus of other fly segments
(column C), there is often a match between the fly residue
and the chicken residue in the corresponding chicken seg-
ment (column D). In segment 1 from Drosophila, there are
18 nonconsensus residues at consensus positions and 17 of
these residues are identical in chicken segment 1. In addi-
tion, there are a large number of nonconsensus positions that
are conserved between a given fly segment and the corre-
sponding chicken segment (column E). In segment 1, there
are 18 identical nonconsensus positions between fly and
chicken. The sum of the nonconsensus matches at noncon-
sensus positions (column F) and the nonconsensus matches
at consensus positions (column D) is the total number of non-
consensus matches (column F). A comparison of the total
nonconsensus matches (in F) to the number of consensus
matches (in B) shows that consensus and nonconsensus posi-
tions have been equally conserved between vertebrate and in-
vertebrate spectrins. This segment by segment comparison
also shows that a given segment in Drosophila is more simi-
lar to the corresponding segment in chicken alpha-spectrin
than it is to other segments in Drosophila.

Sequence Comparison of Drosophila Alpha-Spectrin
and Alpha-Actinin

Previous studies showed that part of the sequence of alpha-
spectrin was similar to part of the sequence of alpha-actinin
(Wasenius et al., 1989; Baron et al., 1987; Noegel et al.,
1987). To identify the precise boundaries of similarity, alpha-
spectrin and alpha-actinin were further compared by se-
quence alignment (Fig. 5). Because the first 356 residues of
alpha-actinin did not show significant similarity to alpha-
spectrin in dotplots (not shown) the alignment begins at resi-
due 357 of chicken alpha-actinin and residue 1895 of alpha-
spectrin (segment 19). The region of alpha-actinin between
residues 357 and 509 is compared to the alpha-spectrin con-
sensus, since it is actually more similar to the consensus than
to spectrin segment /9. From residue 510 to the carboxy ter-
minus of alpha-actinin (residues 2,040 to the carboxy termi-
nus of alpha-spectrin: segments 20-22), the comparison is
to the actual alpha-spectrin sequence, since the remainder of
alpha-spectrin and alpha-actinin are more similar to each
other than to the repeat consensus. Alpha-spectrin was aligned
with alpha-actinin from Drosophila, chicken, and Dictyo-
stelium (E. Fyrberg, Johns Hopkins University, personal
communication; Baron et al., 1987; Noegel et al., 1987), and
the collated results were used to identify the conserved resi-
dues of all four sequences (Fig. 5, upper case, Conserved).
Additional conserved residues could be identified if Dictyo-
stelium alpha-actinin was omitted from the comparison (lower
case, Conserved). Without Dictyostelium there were 134
matches (25%), and with Dictyostelium there were 70 matches
(13%) out of 546 positions. Segment 3 of alpha-actinin,
which most closely resembles the spectrin repeats, and seg-
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Figure 5. Sequence similarity between alpha-spectrin and alpha-actinin. Drosophila alpha-spectrin was aligned in pairwise combinations
with Dictyostelium alpha-actinin (Noegel et al., 1987), chicken smooth muscle alpha-actinin (Baron et al., 1987) and Drosophila alpha-
actinin (E. Fyrberg, Johns Hopkins University, personal communication) and assembled into a register of all four sequences with appropri-
ate gaps. The region of comparison in alpha-spectrin extends from the beginning of segment 19 (residue 1,895) through the end of the
molecule. The corresponding region in alpha-actinin extends from residue 357 of chicken alpha-actinin through the end of the molecule.
Since the region of alpha-actinin between residues 357 and 509 is actually more similar to the alpha-spectrin consensus than to segment
19, the consensus sequence is included in the lineup through residue 2,040. Beyond residue 2,040, the alpha-spectrin sequence is more
like alpha-actinin than the consensus. Residues shared by all four sequences (upper case), and residues shared by the sequences excluding
Dictyostelium alpha-actinin (lower case) are shown on the Conserved line. Two 8-residue gaps (x) are necessary to align the spectrin con-
sensus with alpha-actinin. In segment 22, the EF hand consensus sequence (Kretzinger, 1980) is shown below the alpha-spectrin sequence.

ment 4 of alpha-actinin include 8-residue insertions (x) rela-
tive to the alpha-spectrin consensus.

The region of similarity between alpha-spectrin segment
22 and alpha-actinin includes two EF hand domains that are
thought to confer calcium sensitivity to the interaction be-
tween Dictyostelium alpha-actinin and actin (Noegel et al.,
1987; Fig. 5). Like vertebrate nonerythroid spectrin
(Wasenius et al., 1989), Drosophila alpha-spectrin includes
EF hand sequences that match the consensus sequence de-

scribed by Kretzinger (1980) for calcium binding domains
(not shown).

A Structural Comparison of Drosophila Spectrin and
Alpha-Actinin

We have incorporated features of the Drosophila alpha-
spectrin sequence into a schematic model that delineates im-
portant structural boundaries within the molecule (Fig. 6).

ALPHA- SPECTRIN Figure 6. A structural model of alpha-spectrin. The

N ) A A repetitive segments of alpha-spectrin are presented as
AA uniform ellipses and nonrepetitive sequences are pre-
insertions in T sented as rectangles. Shaded ellipses represent alpha-
vertebrates actinin-like segments, which are generally longer than

EF Honds alpha-spectrin repetitive segments because of an 8-resi-
due insert and are only marginally similar to the alpha-
spectrin repeat consensus. All sequence lengths are rep-
L a s 4 s resented uniformly. Vertebrate nonerythroid spectrins
p-spectrin O OOOOIEDD include a 21- and 35-residue extension (arrowheads) rela-
tive to the Drosophila spectrin sequence. All sequences
are presented with the amino terminus (V) to the left. Segments 19-22 of alpha-spectrin resemble segments 4-6 of alpha-actinin. Segments
1-3 of alpha-actinin resemble the first three segments of Drosophila beta-spectrin (Byers et al., 1989). Segment 19 of alpha-spectrin and
segment 3 of alpha-actinin and beta-spectrin are all similar, but the greatest resemblance is between the latter two sequences, which contain
an 8-residue insert relative to the alpha-spectrin repeat consensus. Segments 4 and 5 of beta-spectrin are more closely related to the alpha-
spectrin consensus than to any alpha-actinin sequence (Byers et al., 1989). Inset, structural predictions suggest that Drosophila alpha-
spectrin (like human erythroid spectrin; Speicher and Marchesi, 1984) is arranged in a series of triple barrel alpha-helices connected by
short turn regions. The phase of the structural repeat is somewhat staggered relative to the sequence repeat so that the amino terminal
end of segment 1 projects out of the triple barrel series. Boundaries between sequence repeats are indicated by arrowheads, and alternate
repeats are shaded.
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The model also facilitates a comparison of the relevant do-
mains of alpha-actinin and beta-spectrin (Byers et al., 1989).
Baron et al., (1987) suggest that alpha-actinin is composed
of an amino terminal segment that binds actin, four spectrin
repeat-like segments, and a carboxy terminal segment with
two EF hands (numbered /-6, respectively, in Fig. 6). Seg-
ments 3-6 of alpha-actinin resemble the segments 19-22 of
alpha-spectrin (Fig. 6). The native alpha-actinin molecule is
an antiparallel homodimer, and Noegel et al. (1987) have sug-
gested that EF hand sequences near the carboxy terminus
of the polypeptide interact with the putative actin binding
amino-terminal sequence to regulate the actin-cross-linking
activity of the native molecule. The native spectrin molecule
is a tetramer composed of two antiparallel heterodimers
joined head to head so that each end of the native molecule
includes the carboxy terminus of the alpha subunit and the
amino terminus of the beta subunit. We recently discovered
that the amino terminus of Drosophila beta-spectrin is
closely related to the amino terminus of alpha-actinin (Byers
etal., 1989). These carboxy terminal and amino terminal se-
quence similarities between alpha-actinin and spectrin (Fig.
6) clarify the relationship of the two molecules. Both are ac-
tin cross-linkers with functionally similar ends. But, because
the actin binding domains of alpha-actinin cannot be farther
apart than 40 nm (the length of the alpha-actinin dimer),
whereas the actin binding domains of spectrin may be as far
apart as 180 nm (the contour length of the spectrin tetramer),
these two molecules are likely to have different functional
roles in the cytoskeleton.

An 8-residue insert distinguishes the segments of alpha-
actinin and their homologues in spectrin (which are ~114
residues long; Fig. 6, shaded segments) from the repetitive
106-residue segments. Segments 1-3 of alpha-actinin are
most closely related to beta-spectrin (Byers et al., 1989),
whereas segments 4-6 of alpha-actinin are related to alpha-
spectrin. If all of the segments of alpha-actinin correspond
to the unique 114-residue-long segments of alpha- and beta-
spectrin, what then was the origin of the 106-residue repeat?

Discussion

Evolution of Alpha-Spectrin

Spectrin and alpha-actinin appear to have evolved from a
common ancestral sequence, but the details of their evolution
are obscured by the substantial divergence between individ-
ual segments in both proteins. Nonetheless, we can deduce
some of the evolutionary events that gave rise to the present
day proteins through identification of their common proper-
ties. First, there are two lineages of spectrin segments that
appear to have evolved independently of one another. Both
106-residue and 114-residue segments are found in alpha-
spectrin, but only the latter lineage is found in alpha-actinin.
The distinguishing features of these two lineages have been
maintained through spectrin evolution so that segments 20
and 21 of alpha-spectrin are more like segments 4 and 5 of
alpha-actinin, respectively, than like any other segments of
alpha-actinin or spectrin. Conversely, the 106-residue seg-
ments are characterized by their similarity to one another
and by their differences from the 114-residue segments in
alpha-actinin and spectrin. The divergence of the two line-
ages probably occurred once and the multiplication of the seg-

Dubreuit et al. Structure of Drosophila Alpha-Spectrin

ments of each lineage was independent of the other lineage.
Second, the 106-residue repetitive segments found in beta-
spectrin (Speicher and Marchesi, 1984) and alpha-spectrin
probably arose by a single event in a common ancestor,
rather than by independent events in two separate genes.
Thus, alpha- and beta-spectrin may have evolved from a sin-
gle ancestral protein that resembled alpha-actinin.

The distribution of sequence patterns in the repetitive
regions of alpha-spectrin together with the above conclu-
sions have been incorporated into a model of spectrin evolu-
tion (Fig. 7). While steps 5 and 6 are supported by the distri-
bution of unique sequence markers within alpha-spectrin,
steps /-4 are hypothetical in detail but illustrate some of the
problems in spectrin evolution. The evolutionary scheme be-
gins with an alpha-actinin-like molecule with multiple 114-
residue segments: the duplication of 114-residue segments
may have preceded the modification and multiplication of
106-residue segments since the former have diverged from
one another more extensively than the latter. The formation
of separate alpha- and beta-spectrin subunits probably oc-
curred after duplication of the 106-residue repetitive seg-
ment (step 2). Once complete sequence data are available for
beta-spectrin, it should be possible to determine whether the
repetitive regions of beta-spectrin arose by the same mul-
tiplication steps or steps different from those that generated
the repetitive alpha-spectrin segments. Additional duplica-
tion events probably account for the expansion of the repeti-
tive domain of alpha-spectrin (steps 3-5), perhaps through
unequal crossing over of ancestral genes. Dotplots reveal the
boundaries, as judged by sequence similarity, of two rela-
tively recent duplication events (steps 5 and 6). Based on
amino acid sequence similarity (the sequence constellation
around residue 60 and the glycine residue at position 93),
segment | appears to have arisen by duplication of a se-
quence like segments 6 and 15 (step 6). The extent of DNA
sequence similarity between segments 1, 6, and 15 suggests
that this event occurred at about the same time as the large
duplication shown in step 5. The fact that segment 10 is not
repeated in the alpha-spectrin sequence suggests that it was
also acquired relatively late in the evolution of alpha-
spectrin, after multiplication of the repetitive segments.

Implications for a Spectrin Superfamily of Proteins

The presence of spectrinlike sequences in other proteins has
led to the notion that there is a spectrin superfamily whose
members include alpha- and beta-spectrins (erythroid and
nonerythroid), alpha-actinins (muscle and nonmuscle) and
dystrophin (Byers et al., 1989; Davison et al., 1989). In par-
ticular, the conservation of segments 1 and 2 between alpha-
actinin, beta-spectrin and dystrophin (Byers et al., 1989)
suggests that these segments contribute to a common func-
tion of all three proteins, probably actin binding activity.
However, the relative roles of the two subunits (and their cor-
responding amino terminal and carboxy terminal sequences)
in the actin binding activity of spectrins and alpha-actinins
are not yet known.

Spectrin, alpha-actinin, and dystrophin all share repetitive
and nonrepetitive sequence elements. If the common func-
tion of actin binding activity among these proteins is con-
tained in their homologous nonrepetitive sequences, what
then is the function of the repetitive segments? We suggest
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that the repetitive segments serve as molecular spacers that
determine both the positioning of the actin binding sites at
the ends of the molecule and the functional actin cross-
linking distance of these sites. These roles may be clarified
if additional members of the spectrin superfamily are found
occupying presently unknown niches in the eukaryotic cyto-
skeleton. The identification of such proteins would also be
helpful in the elucidation of duplication steps during evolu-
tion of the spectrin superfamily. Finally, the sequences of
spectrinlike proteins from Dictyostelium (Bennett and Con-
deelis, 1989) and Acanthamoeba (Pollard, 1985) should in
the future provide additional insight into the problems of
spectrin evolution and function.
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