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Abstract. We have determined the nucleotide se-
quence coding for the chicken brain a-spectrin. It is
derived both from the cDNA and genomic sequences,
comprises the entire coding frame, 5’ and 3’ untrans-
lated sequences, and terminates in the poly(A)-tail.
The deduced amino acid sequence was used to map
the domain structure of the protein. The a-chain of
brain spectrin contains 22 segments of which 20 cor-
respond to the repeat of the human erythrocyte spec-
trin (Speicher, D. W., and V. T. Marchesi. 1984. Na-
ture (Lond.). 311:177-180.), typically made of 106
residues. These homologous segments probably ac-
count for the flexible, rod-like structure of spectrin.
Secondary structure prediction suggests predominantly
a-helical structure for the entire chain.

Parts of the primary structure are excluded from the
repetitive pattern and they reside in the middle part of

the sequence and in its COOH terminus. Search for
homology in other proteins showed the presence of the
following distinct structures in these nonrepetitive
regions: (a) the COOH-terminal part of the molecule
that shows homology with c-actinin, (b) two typical
EF-hand (i.e., Ca**-binding) structures in this region,
(c) a sequence close to the EF-hand that fulfills the
criteria for a calmodulin-binding site, and (d) a do-
main in the middle of the sequence that is homologous
to a NH,-terminal segment of several src-tyrosine ki-
nases and to a domain of phospholipase C. These
regions are good candidates to carry some established
as well as some yet unestablished functions of spec-
trin. Comparative analysis showed that a-spectrin is
well conserved across the species boundaries from
Xenopus to man, and that the human erythrocyte
a-spectrin is divergent from the other spectrins.

network underlying the plasma membrane (for a re-
view see Marchesi, 1985). It was considered to be
specific for red blood cells until spectrin-like proteins were
detected immunologically in many types of cells (Goodman
et al., 1981; Levine and Willard, 1981; Bennett et al., 1982;
Burridge et al., 1982; Glenney et al., 1982a.b; Repasky et
al., 1982; Kakiuchi et al., 1982; Lehto and Virtanen, 1983).
At present we know several proteins related to the red blood
cell spectrin. Their kinship has been primarily investigated
by peptide mapping and immunological techniques (Repasky
et al., 1982; Glenney et al., 1983; Glenney and Glenney,
19844, b; Harris et al., 1985). These studies have shown that
spectrins in different tissues occur as heterodimers and pos-
sess a common (a, M, from 230 to 260 kD) and a variant
(B or v, M, from 220 10 260 kD) subunit (Lazarides and
Nelson, 1985). The latter show a high degree of variation
while the common subunits are much alike in different types
of cells (Glenney et al., 1982b). The mammalian erythroid
a-chain is, however, a deviant member of the family and
diverges from the others by its immunological and structural
properties (Glenney and Glenney, 1984a; Harris et al.,
1985).
The first spectrin-like molecule to be detected outside the
realm of the red blood cells was found in brain (Levine and
Willard, 1981; Goodman et al., 1981) and is also called fo-

SPECTRIN is the major constituent of the cytoskeletal
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drin (Levine and Willard, 1981) or calspectin (Kakiuchi et
al., 1982). Recently it has been shown that mammalian brain
contains two isoforms of spectrin (Lazarides and Nelson,
1983; Lazarides et al., 1984; Riederer et al., 1986; Virtanen
etal., 1986), one located primarily in the axons and the other
in the cell bodies and dendrites. Another spectrin-like pro-
tein that is more thoroughly characterized, was detected in
the avian intestinal tissue (Glenney et al., 1982b). This ter-
minal web (TW) 260/240-protein differs from the others by
its location in the terminal web of the enterocytes, distant
from the plasma membrane.

First data on the primary structure of spectrin were
presented by Speicher et al. (1983). They sequenced some
tryptic peptides of the human erythrocyte spectrin a- and -
chains. The sequences revealed repetitive structure where
each unit typically consists of 106 amino acids. However, the
compiled fragmentary data cover only ~48% of the a- and
18 % of the B-chain (Speicher and Marchesi, 1984). The first
cDNA sequence of a nonerythroid spectrin was determined
by us for a clone isolated from a chicken gizzard expression
library (Wasenius et al., 1985). This 1.5-kb sequence
showed that the basic architecture of the erythroid spectrin
(i.e., the multiply repeated 106-residue motif) is also found
in the nonerythroid spectrins. This finding was confirmed by
Birkenmeier et al. (1985). Later, McMahon et al. (1987),
Leto et al. (1988), and Giebelhaus et al. (1987) have provided
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partial sequences of human spectrin, rat and human spec-
trins, and of Xenopus oocyte spectrin, respectively.

In this paper we present the primary structure of a-spec-
trin, based on the cDNA and genomic sequences, and map
its domain structure. The primary structure reveals a multi-
domain molecule. It is mostly comprised of regular homolo-
gous repeats but also contains in its middle and COOH-ter-
minal parts nonrepetitive sequences. The latter show sequence
similarities to some functionally defined proteins and may
thus carry specific functions of spectrin.

Materials and Methods

General Methods and Reagents

General procedures, such as isolation of DNA, restriction enzyme diges-
tions, PAGE and agarose gel electrophoresis, purification of DNA frag-
ments from the gels, and nick translation of the probes, were performed by
standard methods (Maniatis et al., 1982). Restriction and modification en-
zymes and polymerases were purchased from Boehringer Mannheim Bio-
chemica GmbH (Mannheim, FRG) unless indicated otherwise and radio-
nucleotides from Amersham International (Amersham, UK).

Isolation of cDNA and Genomic Clones

A cDNA library was made in lambda gtl0 phage as described (Huynh et
al., 1985). Total RNAs were prepared from various tissues of 14-d chicken
embryos by a modified guanidine isothiocyanate/cesium chloride method as
described earlier (Chirgwin et al., 1979). Poly (A)*-RNA was isolated by
two cycles on an oligo-dT-cellulose column (Pharmacia Fine Chemicals,
Piscataway, NJ). The RNA isolated from brain was used for cDNA synthe-
sis. This was carried out by RNase H method (Gubler and Hoffman, 1983)
using oligo-dT (Promega Biotec, Madison, WI) as a primer. cDNA was then
treated with Eco RI-methylase, Eco RI linkered, digested with Eco RI, and
size selected on a Sepharose CL-4B column (Pharmacia Fine Chemicals).
c¢DNA fragments over 1 kb were ligated overnight at 14°C to the Eco
RI-digested and phosphatase-treated lambda gtl0 vector (Promega Biotec)
and packaged into virus particles. Escherichia coli c600hfl host cells were
transfected and plated. A chicken genomic library was constructed by using
the DNA isolated from the brains of 14-d-old chicken embryos. The DNA
was partially digested with Eco RI, ligated into lambda gtiO-vector, pack-
aged, and transfected into E. coli c600hfl cells following the procedures de-
scribed for cDNA library construction (see above).

The cDNA library was spread on culture plates, replicated onto nitrocel-
lulose filters which were then screened by hybridization with nick-translated
18-3a clone (Wasenius et al., 1985). Screening of ~1.8 x 10% plaques un-
der stringent conditions (final wash with 0.1x SSC, 0.1% SDS at 65°C for
1 h) yielded 23 positive clones. The positive clones were localized, picked
up, and plaque purified. The isolated iambda DNAs were digested with Eco
RI to release the inserts. These fragments were isolated from agarose gels
by trapping to strips of DEAE-nitrocellulose filters and subcloned into M13
vectors for subsequent sequence analysis. A “sublibrary” was prepared
using a specific oligonucleotide primer (5‘CTCTTCCAGAAGATTCT3)
(see Fig. 1) and screened as described in the text. The genomic library was
screened using some clones from the 5' end of spectrin cDNA to obtain
clones that cover further the 5' end of the coding sequence. Inserts were iso-
lated and cloned for sequence analysis as above.

DNA Sequence Analysis

Sequencing of the DNAs subcloned into M13 mpl8 and mpl9 vectors was
performed by Sanger’s dideoxy chain termination method (Sanger et al.,
1980 Biggin et al., 1983) with both the Kienow fragment of DNA polymer-
ase I (Bethesda Research Laboratories, Gaithersburg, MD) and modified T7
DNA polymerase from United States Biochemical Corp. (Cleveland, OH).
Exo IlI-nuclease technique was used to generate deleted inserts (Henikoff,
1984). M13 universal primer and several specific primers were used.

Computer Analysis

Nucleotide sequencing was aided by the Staden programs (Staden, 1987).
Amino acid sequence homologies were studied with a computer program,
DIAGON (Staden, 1982); the parameters in dot matrix analyses are
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specified in the figure legends. Secondary structure was predicted using the
algorithm of Garnier et al. (1978). Search for homologous sequences was
carried out using the protein identification resource, PIR (database 12.0,
March 1987), as a reference.

Oligonucleotide Synthesis

Deoxyoligonucleotides were synthesized with synthesizer (model 381A;
Applied Biosystems, Inc., Foster City, CA).

Results

Isolation of cDNA and Genomic Clones for Brain
«-Spectrin
Brain was chosen for the construction of the cDNA library
on the basis of its relatively high content of spectrin mRNA;
this was found by Northern hybridization of mRNAs from
various tissues with the a-spectrin probe 18-3a (not shown).
The library was screened by hybridization with the same
probe. The longest cDNA insert detected was ~4.7 kb. The
nucleotide sequence analysis revealed that its 3’ end cor-
responded to the poly(A)*-tail of the mRNA. The clone
contains an authentic Eco RI site that divides it into two
halves which are designated CLONE IA and CLONE IB in
Fig. 1. The 18-3a sequence is present in the middle of the
CLONE 1, confirming that the isolated clone represents
a-spectrin; it is marked with a dashed overline in Fig. 2
(nucleotides 5,041-6,459). Sequencing errors in the 5’ end
of the published 18-3a sequence (Wasenius et al., 1985) and
in the 12 carboxy-terminal residues in our previously pub-
lished partial sequence (Wasenius et al., 1987) are corrected
in Fig. 2.

We were unable to isolate from the original cDNA library
clones that would extend the sequence further into the 5' di-
rection. Thus a 17-mer primer (S'CTCTTCCAGAAGATTCT?3')

CLONEIB , CLONE 1A
CLONE i '
CLONE G/f (=7kb)
_/__. =
PRIMER A
-~ — - -+ < ‘e 4 — <
- > -

EP BH H P B P
I

oAl
I I I |

0 1 2 3

Yo

11 |
4 5 6 7 kb
Figure 1. Restriction enzyme map and sequencing strategy for the
a-spectrin cDNA and genomic clones. The mapped restriction sites
are Bam HI (B), Eco RI (E), Hind UI (H), Pst 1 (P), and Sph I
(§). The dideoxy chain termination method (Sanger, 1980) was ap-
plied on CLONE I which was divided in two halves (CLONE 14
and IB) by an authentic Eco RI site. A 17-mer oligonucleotide
primer A was used to prime a sublibrary which was screened with
the CLONE IB; thus, the CLONE II that spans most of the frame
coding for the NH,-terminal sequence was isolated. A genomic li-
brary was constructed from the DNA isolated from embryonal
brain tissue and screened with the 5’ end fragments of the CLONE
1. The genomic clone CLONE G/, that contains the 5’ end of the
coding frame was partially sequenced by specific priming. Arrows,
the consensus sequence obtained for both strands.
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was designed complementary to the 5’ end of the CLONE IB
(Fig. 1) and used as a primer to produce a sublibrary using
the RNase H method described in Materials and Methods.
The sublibrary was screened with the CLONE IB as a probe.
From it a new clone (CLONE II) that overlaps the original
4.7-kb clone was obtained.

To obtain clones covering the 5’ end of the coding sequence
further, the genomic library was screened with some 5’ frag-
ments of the CLONE II as probes. This yielded a ~7-kb
genomic clone (CLONE G/1) that overlaps the CLONE Il by
~650 bp.

The restriction map and the sequencing strategy of the
CLONES 1, II, and G/I are summarized in Fig. 1.

The Nucleotide and Deduced Amino Acid Sequence of
the Brain c-Spectrin

The nucleotide sequence of the entire coding region was ob-
tained from the two overlapping cDNA clones and from a
partial sequence of the genomic clone. Also, the entire un-
translated 3' region was sequenced. Fig. 2 shows the con-
sensus nucleotide and deduced amino acid sequences. The
former comprises 7,774 bp and contains an open reading
frame (7,431 nucleotides) that codes for 2,477 amino acid
residues yielding a mol mass of 285,369 for the translation
product. The putative initiation codon is 124 bases from the
5' end of the shown sequence. It is flanked by a sequence that
is in good agreement with the Kozak’s rule for the functional
initiation codon (Kozak, 1986). This ATG codon is preceded
by a typical TATA box (between —45 and —40) and a CAAT
box (—111 to —108). After the stop codon, there is a 219-bp
untranslated 3’ sequence with a poly(A)-tail. The polyade-
nylation signal AATAAA occurs 19 bp from the poly(A)-tail
(nucleotides 7,606-7,611). These signals are underlined in
Fig. 2. The Eco RI site in CLONE I was not overlapped by
sequencing. However, a previously determined homologous
sequence has already covered this site (McMahon et al.,
1987).

Repetitive Structure of the o-Spectrin

Internal repeats were systematically studied using a com-
puter program, DIAGON (Staden, 1982). Fig. 3, depicting
a diagonal plot, shows that the molecule is composed of ho-
mologous NH,- and COOH-terminal halves indicated by a
long contiguous diagonal line (Fig. 3, arrow), and of multi-
ply repeated, homologous units indicated by the numerous
parallel evenly spaced lines. These basic repeats are desig-
nated o, a2, a3, etc. following the nomenclature introduced
by Speicher and Marchesi (1984). They encompass ~80%
of the molecule excluding two regions (in a10 and a11) in the
middle and one (in a21 and «22) at the carboxy-terminal part
of the protein (Fig. 4). The latter are revealed as “white
strips” in the dot matrix, which indicates that they are differ-
ent from the other segments.

The optimal alignment of the homologous repeats is shown
in Fig. 4. The particular alignment (a1 begins with the amino
acid residue 15) has been chosen to make it match with the
published pattern of Speicher and Marchesi (1984) and of
Wasenius et al. (1985). This leaves 14 NH,-terminal resi-
dues as an overhang, designated ol. Most of the repeats
(02-5, o7-9, al2-14, and «16-18) are 106 amino acids long,
thus conforming to the common repetitive pattern of the
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spectrin structure (Speicher and Marchesi, 1984; Wasenius
et al. 1985). One gap is required for the optimal alignment
in ol and «6. «15 is longer than the other repeats due to the
unique insertion in position 70 (Fig. 4).

The alignment shows a faithful occurrence of certain
amino acids in the fixed positions in most of the repeats (Fig.
4). These include isoleucine (in positions 1 and 46), trypto-
phan (12 and 45), leucine (15 and 26), arginine (22), aspartic
acid (38), glutamic acid (48), lysine (71), and histidine (72
and 101). The amino-terminal ends of the repeats seem to be
more strongly conserved than the carboxy-terminal ends.

The segments 20 and 21 are longer and show a lower
degree of homology to the other repeats. In addition, the seg-
ments called w10 and o22 are qualitatively different from the
rest of a-spectrin chain. Another “nonhomologous” region
can be found as an extension of the a1l unit.

In Table I all the pairwise comparisons of the units al-o22
are shown. The highest degree of homology is seen between
the repeats in the corresponding positions of the amino- and
carboxy-terminal halves of the molecule; the a2-a8 stretch
is closely related to a sequence covering all-al7 (Fig. 3, ar-
row). This may be a track left by the latest duplication event
in the evolution of spectrin (see Discussion). This compari-
son also shows that the divergent regions «10 and o22 are
totally unrelated to the homologous repeat units and to each
other.

Secondary structure prediction was carried out using the
algorithm of Garnier et al. (1978; and data not shown). It re-
vealed predominantly «-helical structure. Some of the ho-
mologous repeats (a2, a4, aS, all, al4, ol6, o18, «20, and
a21} show an a-helical structure without any or with only a
slight tendency to breaks. In al, a3, ab-~a9, al2, «l3, and
«l5, on the other hand, several helix-breaking turns and coil
structures are predicted. In many repeats they tend to cluster
around the positions 58-68 and 80-85.

Comparison of Various o-Spectrins

Alignment of the present sequence with the known partial se-
quences of various a-spectrins is shown in Fig. 5. The pub-
lished Xenopus oocyte a-spectrin sequence (Giebelhaus et
al., 1987) corresponds to the residues 568-1,021, the human
fibroblast «-spectrin sequence (McMahon et al., 1987) to
the residues 676-1,599, and the rat brain «-spectrin sequence
(Leto et al., 1988) to the residues 1,776-2,250. The frag-
ments of the human erythroid a-spectrin sequence (Speicher
and Marchesi, 1984) cover scattered parts along the chicken
sequence except the COOH terminus.

Comparison between our sequence and the human fibro-
blast a-spectrin reveals that these sequences are practically
identical. It also confirms that the 60-bp insert found in one
of the clones of McMahon et al. (1987) represents the pre-
dominant transcript and is not a cloning artifact since the
same sequence is present here (amino acid residues 1,053-
1,073). The observation of McMahon et al. (1987) that there
is a 36 amino acid extension in «l1 (residues 1,168-1,204 in
our sequence) is also corroborated by our sequence.

Xenopus sequence covers only ~17% of the current se-
quence in the middle part of the molecule. It also shows vir-
tual identity with the chicken brain a-spectrin sequence.

Human erythroid o-spectrin has a significantly lower
similarity to the chicken brain sequence than the human
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AAGRAGGACACACCAATGRCCAGCARRCAAACRAARAAAACCAGETYCTTCT Y TCATGGATCTCTTCCTACCTTTGT TTIATARTACAAACARRCGT TRRCTGAGTGCTTTTTGCTTTCA
-124

M DPS G Y KVIETHA ARETDTIGO QERIRTQ QRV1IDRYEHERTEK L R R QO K
GAAAATGGATCCAAGTGGGGTARAAGTGTTGGAARCAGCAGAAGAT]

+1

LEDSYRTPFQFT F QR E L G K W I Q XL Qg1 S D ENY KD P 8 N L Q
ACTCGAAGATTCCTATCGGTTCCAGTTCK’TCCAGOGTGATGCAGATGAGCTGGGAAAATGGA CCAAGAGAAACTCCAGATAGCATCTGATGAMATTAO\MGACCCAAGCAATTTACA

G KL ¢QKHQATFEH BAEVOQANSGATIVEKTLDETG GUNOQMINETSGUHTFASEST
TGCAGAAGCACCAGGCCTTTGAAGC TGAGGTGCAGGCCAAT TCAGGGGC TATCGT TAAGCTGGATGAGACTGGARATCAGATGATCAATGAAGGCCATTTTGCATC TGARAC

I RTRILGQETLERLWETLTULTLEIZ KMREZEKG GV K
CATAAGAACTCGTCTACAGGAGCTGCACCGACTATGGGAGTTACTGCTGGAAAAR

L ¢ A QK LV OQTFTULRE E
f'AAG(‘TGTTGCMGCACAGAAGCTGGTGCM\TTCTTACGGGMTGTGA

DVMDWINDKEAIVTSEELGQD
AGATGTCATGCGACTGGATCAATGACAA T¢

E HVEV L QRKZEKT FEETFOQTHDTIL A
TTGGACAGGACT TAGAGCATGTTGAGGTT TTGCAGAAGAAR T TTGARGAGT TCCARACAGATCTGGC

A HEERVNEWUV F A G K L I QEQHPEEETLTITZE KS S SE KA QDEUVNH RSWOQR
AGCTC ATGAAGTGAACCAGTTCGC! ARCTTATCCAGGAACAGCACCCTGAGGAGGAACTTATARAGTCCARRA(C ARTGCARGCTGGCAGCG

LKGLAQQRQGKLFGAAEVQRFNRDVDETISWIKEKGQLMA
TCTTAAGGGGCTTGCCCARCAGAGGCAAGGAAAACTCTTTGGGGCAGC TGARGT TCAGCGC TTCAAC TATCAGC AGH TGATGGC

S DDF &GRDILASVYVQALTULTR RIEKIETESGTLE DLAATFTHHSHIEKVUYVYEKATLTCHATEA ATD
CTG\GATGACTTTGGCAGAGACTTGGCCAGCGTGCAAGCTTTACTACGTMGCATGAAGGCCTGGN\AGAGA TCTTGCAGCTTTCCACC ARGGCCCTCTGTGCAGAAGCTGA

Q¢ I N A S Q I VKREU ETLTIANWE QTIZRTTULAzRAREUZRIUEARTILTND
CCGTTTSCABCM\TCTCACCCTATAMTGCTTCTCAN\TTCAAGTGAAACGGGAGGAACTGATTGCCAACTGGGAGCAGATCCQ\ACTCTGGCABO\GAGAGGCATGCTCGCCTTMTGA

S YRLQRPFULADT FRUDTILTSWUV TEMEKH®AZALTINADETLANTDVYVAGA ATEA ATL
CTCCTACAGGTTGCAGCGCT TTCTTGCAGAT T TCCGGGACCTCACTAGC TGGGTARC! AGGCTCTGATAAATGCT TTGCCA GGCTGGAGCAGARGCCCT

L D RHQEH BRI K GETIDAEBTEDST FRSADTE S
C ATCAGGARCAT, TGATGCTC TTCAGATCTGC

A L L AAGEYASTDTEV K
GRGTCTGGGCAGGCT TTGC TTGCAGCTGGGCACTATGCTTCTGATGARGT TAR

E KL TIULSDEU®RSA ALTILTETLUWETLRIBRGU QYTZ ETGQCMDTL
TGACTATCCTCIC TCTGCCTTGCTGGARCT.

L F Y RDTECQV
TTCGCAGGCAACAGTATGAGCAGTGCATGGATCTGCAGCTTTTCTACAGAGATACTGAACAAGT

D NWMS K QEARTFULILNETUDTILGDSULDSVEH ADTLTLZEXKTEKHEHETDTFTETZ KT STLSHAZOQ
TGACAAC' AARCAAGAAGCTTTTCTGCTGAACGARGACCT TGGTGATTCTCTGGATAR TCTTCTAA ATGA 'TTTGAGAAATCCCTAAGTGCTCA

E E X I TAULDETFHBARTI KUILTIOQNNIEYA AMDIPDVYVAT RIRDATLTLSZ RTRUENATLHEH
AAATCACAGCAL! 'GAGTTTGCTACTARACTGATTCAARATAACCAT TATGCCATGGATGACGTTGCTACGCGC) TCTTCTGAGTCGCCGAARTGCTCTTCA

ERAMIEKRRAOQLAD S F HL QQFF RD SDETLZE KSWVNETEKMEKTHABRARTTDE
TGAAAGAGCCATGAAGCGCCGTGCCCAACTGGCAGACTCTTTCCATC TCCAGCAGT T T TTCAGGGACTC TGATGAAC TTGGGTTARTGARAARATGARAACTGCTACCGATGA

A Y KD P S NILQGXKV QKHQAFEU BETLSA ANZ QSRIUDALTEIZEKA EAEZG I XTILI1I
GGCTTACARGGATCCATCCAACTTGCAAGGTARAGTTCAGAAGCATCAGGCT TTTGRAGCAGAGC TTTCTGC TAATCAGAGTCGTAT TGATGCAC! TGGCCAGA, 'TGAT

D VNUHYASDEVAARMEDNEUVTISILWIEKTEKTLULEA BATETILTEKTGTITZE XKTILURERANZ¢Q
TGRTGTCARTCACTATGCATC! AGCTCGCATGAATGRAGTCATCAGCTTGTGGARGAAACT TCTGGAAGCCACCGRGC TCARRGGTATAAAGC TGCGTGAAGCCAATCA

Q Q QF NRNUVEDTIETLWTLYZEVESGHILASTDTDY
ACAGCAGCAATTTAATCGCAATGTAGAAGAC

K DL TSV QDNILGQKK
ACTTGGCTTCTGATGATTATGGARARGATCTTACCAGCGTTCAGAATCTTCAGARGAA

B ALLEARARDVAR AHBGOQDT®PTIDSG T I QA RQVF QDPAGHT FDU RADUNTITZKTEKZKD?OQ
ACATGCCCTGCTAGAGGCAGA TGTTGCTGCCCATCAGGRATCCGATAGATGGCAT TACCATCCAGGCACGCCAGT ICCARGATGC TGGGCACT TTGATGCTGACAATATCARGAAGAAACA

E A L A R Y E AL KDP MV ARK
AGAAGCTTTAGTAGCTCGTTATGAAGCTC'

K L aD S L R L L F RDIZEDETETW
CTATGGTGGCTCGCARGCAGARACTTGCAGATTCTCTTCGCC TGCAGCAGCTTTTCCGTGACATCGAGGATGAAGAGACCTG

I REEKEUPTIA AASTUNURGIE KT DTUILTIUGV QNTULTLIEKIEKUHEHQATLUQATETIHA AGUEHTETFPR
GATCAGGGAAAAGGARCCTATTGCAGCCTCAACAARCCGAGGCAAGGACT TAAT TGGTGTCCAGRATCTGC TARAGAAGCACCAGGCT TTGCAGGCAGAAAT TGCAGGCCATGAGCCTCG

I XAV TQEXKGNAMMVYVYEETGHTFA ARMEDV VI XKTIIZ KT LUNETILUNZ QZEKWDSTILIKABATZKRA
CATTARAGCAGTCACACAAAA TTTGCTGCT TCRAATTGAATGARCTAARCCAARAATGGGACTCTCTGARAGCGAAGGC

S 0 RRQDULEDSULOQ Y F ADANE A S WMZREZKEZ®PTIVGSTTDYG
ATCTCAACGGCGACAGGATCTAGAGGATTCTCTGCAAGC TCAGCAGTATTTTGC TGATGC TRATGAGGCACARTC: AGGAGCCCATTGTAGGCAGCACGGATTATGG

K DED S AEALTULZE XU EKEHEEA ATLMSDTL S A Y S S I QA LREZGOH® A QS CRZQOQ
AARGGATGARGACTCTGCTGAGGCTCTCCTGAAGAAGCATGAAGCT T TGATGTCTGATCT T ICTGL T TACGGCAG TAGCATACAGGCAT TAAGGGAACAGGCCCAGTCC TGRAGGCAACA

VAPTDDETGKELVLALYDYQEKSPREVTMKKGDILTLLNS
AGTTGCTCCCAC TTGTGCTAGCACTC! CTCGG TAT TTCTAACCCTGCTCARCAG

T N KD WWZ KV EV NDWROQEGTFV?PAMBAMMYUVEKIZ KTLTDTEPHAZQ QS

S R ENILTULEEQQ
CACCAACARGGACTGGTGGAAGGT TGAAGT TAACGATCGTCAGGECTTTGTACCAGCTGCCTATGT AGCA

A
AAACTAGATCCTGCCCAGTCTGCATCCL! TCTTCTGGAA

T L I T K EV G S5 V S L RMZEKQ
TTGACAACCAGACTCTCATTAC GGC

EEL Y H $§ L L E L

G S I AL RQEJQTITDN v
TTGCGACAGGAGCAAN! TCTGCGTATGAAACAGGTCGAAGAACTGTATCATTCCCTTCTTGAGCT

AGGCAGCATAGCA!

G E X R K GMULEIZ KS CEKI XFMTLTFREA ANETLU QG QUWTINETZ KEA ARARATLTNETEUV

TAAAGGCATGCTAGAAARRAGCTGCAAGARGT T TATGCT T TTCCGTGAGGCTAATGAGC TTCARC “ART TGCACTCACTAA
G A DULEQVEV L QK F D DF QKDILIKUBARNES SR RTLIE IRXDTIUNIEKTYHANTDTLTES
GGGTGL! T TACAGARGAAGTTTGATGATTTTCAGA TTAARAGCT ACGACTGARGGACATARACAAGGTTGCAAATGATCTGGAGTC

E G LY M A EEV AV EUZSHR{QEUVY GGMMPRDETDSZ KTV VS PWEKSARMMUVY
TGRAGGGCTGATGGCAGAGGARGTGCARGCAGTAGAGCACCAGGARGTCTATGGARTGATGCCCAGAGATGARACTGATTCTARGACAGTCTCTCC! TGCACGTATGATGGT

HTVATFNSII(ELNERWRSLQQLAEERSQLLGSADEVQRFH
ACACACGGTGGCAACATTTAACTCAAT TAAGGAACTGAATGAACGCTGGAGATCCCTGCAGCAGTTGGC: GARGCCAGCTGT AGCGC CCA

R D ADET E W I EEJZ XKNGQALNT?T?DUNYGEHEDTILASUYV QALOQIRNDEGTFE
[o! TGATGAAACAAARGA TCAAGCATTAAATACCGACARCTATGGACATGACTTGGCC AGGCTCTGCAGCGCAAL TTTGA
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TCCAAGMCGGCGTCAGCAGGTTTTGGACCGTTACCACAGGTTCAAGGAGCTGTCTTCTCTGAGGCGCCAAAA +116
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Figure 2. Complete nucleo-
tide and amino acid sequences
derived from the a-spectrin
c¢DNA CLONES I and II and
the genomic CLONE G/I. The
amino acid sequence predict-
ed for the long open reading
frame is shown with the single
letter code. Numbering of the
amino acid sequence begins at
the postulated initiator methi-
onine. For the nucleotides, the
positions upstream of the initi-
ator codon have negative num-
bers. Numbering is shown on
the right. The nucleotide se-
quence from —124 to +82
was obtained from the genom-
ic clone with a specific primer.
The CAAT and TATAAT se-
quences at the 5’ end and the
polyadenylation signal AAT-
AAA at the 3' end are under-
lined. The sequence that is
identical with the partial chick-
en gizzard a-spectrin sequence
(18-3a; Wasenius et al., 1985)
is overlined. The authentic
Eco Rl site at position 3,867 is
underlined.



R DLAALGDI XKV VVYNSLGETH® BQRILTIOQSEPETLAETZDILO QEEZ KT CTETLDNQ 3319
TTGGCAGCTCT AAGGTGAATTCTCTTGGTGAAACTGCCCAGCGTCTGATCCAGTCACATCCAGARCTAGCTGARGATCTTCARGARARATGTACTGAGTTGAACCA 3956

A WS $L GKRADOGOQOREKETZ KTLGDSHBRDTILQRTFTLSDTFRDTILMSWINGTI R 135
AGCCTGGAGT) GTGCTGACCARCGCA 'CTCATGACCTGCAGCGTTTCCTC T “CTTATGTCT ARTGGRATCCG 4076

G L VS S$DETLAIRKDVYVTGAEH ARLTLERUBECOQEHUHRTETIDARAGTTFOQATFE 139
GGGTCTGGTCTCCTCAGATGAACT TGCAARRGATGTGACTGGAGCTGAAGCTCTGT ATCAGGAGCACCGTA( GCACGGGCTGGCACTTTTCAGGCATTTGA 4196

FVANVEEEE)\WINEKHTLVASEDYGDTL)\AIQGLLKKHEALSIS
GITTG' AA, “ATGGATCAAC! TGAC C ACACTTGCTGCTATCCAGGGCTTGCTEGAAGARGCATGAAGC 5756

FETDTPF TV HEXD®RYNDVCHARNGETDTILTITZ X I EKNNIBHEUHEYVENTITA AEKMEKGL 199
ATTCGAGACTGACTTTACTGTCCACAARGAC TGTT TA 'TCATT: TCACCR' “ATTACTGCTAAGATGAAGGGCCT 5876

I(GKVSDLEKAAAQRRAKLDENSAFLQ!‘NNKADVVESWIGEI,999
CAAGGGCAAGGTATCAGATCT AAAGCCGCAGCTC TCTGCCTTCCTCCAGTTCAACTGGAAAGC] GT 5996

XK EN S L XTDJPDP Y GRDUILS SV QETZLLTZE KO OQETTFDAGLRQATFIQQEGTI A 203
GARGGAARACAGCCTGAAGACAGATGATTATGGCCGTGACC TCTCCTCTGTGCARACACTACTCACCAARCAGGARACCTT TGATGC TGGACT TCAGGC T TTCCAGCAGGAGGGAATTGE 6116

N I T ALEKDGOTULTLAAT KT ETIUGCSI KA AzTIETVRUHEASTILMEKERWNOQILTLANSAA Q79
AAACATCACTGCTCTGAAAGACCAGC TACTGGCAGOCAAACATATCCAATCAAAGGCCATTGAGGT TCGTCACGCT TCCTTGATGARACGC TGGAATCAGCTGCTTGCTARTTCTGCAGE  §236

R K K KL LEAQTETUEHETFR®RTEKVETDTILTFTLTTFA AXKTZ KA ASA ATFNSWFENATEETD L 2119
CAGGAAAAAGAAACTCTTGGAGGCTCAGGAGCACTTC TCTCTICTTGACTTTTGCCAAGARGGCCTCTGCCTTCAAC TGGTT ATGC' CT 6356

T DPVRCHNSLETETZTZ KA ALTREH BAIHDA AEFRSSILSSAQADTFNQ QLA AETL D 259
GACGGATCCCGTGCGCTGCAATTCCCTGGAAGAAATCARAGCACTGCGAGAAGCCCACGATGCCTICCGTTCC TCACT TAGC TCTGCCCAAGC TGACT TCAACCAGCTGGCAGRGCTTGR 6476

R Q I K S FRVASUNEPYTWEFTMEH-BAL T W R LQKIIKERELELQ%IBQ
TCGGCACJ\TCAAGAGCTTCCGTGTAGCCTCCAACCG?I‘AC}CTTGGTTTACTATGGAGGCTCTTGN\GAMCTTGGAGGAATCTGO\GWATTATCAAGGAGCGTGMTTGGAGTTGCJ\ 6596

KEQRRQEENDKLRQEFAQH}\NAFHQWIQETRTYLLDGSCM7239
AGCGGAGGC] ARATGACAAGTTGCGCCAGGAGT TTGCTCAGCATGCTAATGCCTTCCACCAGTGGAT TCAGGAGACARGGACTTACCTGCTAGRTGGGTCCTGTAT  §716

VEESGTLESQLEATKRKHQEIRAMRSQLKKIEDLGAAHEE%Z'IS
GGT GGGAACACT CCAGCTGGAAGCTACTAAACGCARGCACK] CGGGCT SCAGCTS T AGCC 6836

I\LILDNKYTEHSTVGLAQQWDQLDQLGMRMQHNLEQQIQAZ,BIQ
GGCACTTATCTTGGACAACARATACACAGAGCACAGCACCGE TGGGGC TGGCOCAGCAGTGEGACCAGCTTGACCAGC TGGGAATGAGAATGCAGCACAATCTGGAACAGCAGATTCAAGC 6356

RNTTGVTEEALKEFSMMFXHFDKDKSGRLNHQEFRSCLRS?,SSB
TCGAAACACAACTGGAGTCAC AGCATGATGTTCAAGCACT T TGACAAGGACAAATCTGGACGTCTTAATCACCAGGAGTTTARGTCTTGCTTGCGCTC 7)076

F G QQLLARGEHTYH® BSPETITZ XETZ KTLT?DTITLDI QEHRTHDTLEIE KA AWYQRRM 439
ACRGTTTGGACAGCAGCT TCTGGC TCGTGGACACTATGCCAGCCCAGAGAT TAAGGAGAAACTGGATATTC TAGATCAAGAACGGACAGACCTAGAGAAGGCCTGGGTCCAGCGCAGAAT A;ZBQ

M L DQ CLETZLGQLTFIUERDCET QA ARENTUWMAARER RTFTLNTETDI XKTGDS5ULD S 1479
GATGCTAGACCAGTGCT TAGAACTACAGCTGT TTCATCGGGAT TGTGAACAAGC TGAAAAC TUGATGGC TGCCCGAGAGGCGTTCC TARATACAGAAGACAAAGGAGRCTCCTTAGACAS 4409

vV EATLTIIKTEKUHEDTDI KA aATILINVYVQEETEI KTA AVILIQST FADO QTILTIU AR ADHEHYAZK 159
CGTGGAGGCACTCATCAAGARGCATGARGAT TTCGATARAGCAATCAATGTCCAGGARGAGAAAAT TGC TGTICTTGCAGTCTTTTGCTGACCAACTGATTGCTGCTGATCATTATGCARR 4529

G VIANZ RRNEVLDHZ RWRRILIEKA AIQMTIETZXR RSZ KLGESQTUILQQTF S R D 159
AGGAGTCATTGCTAACAGACGCAATGAGGTTC TGGACAGGTGGCGTCGTC TGAAGGCTCAGATGAT TGAGAAGAGATC TAAGC TGGGAGARTCTCAGACCCTCCARCAGTTCAGTCGTGA 4649

v DETIEH AWTISET KTLO QT ASTDESYI XKDPTNTIQLSKILTILSEKHBQEKHBQ A 159
TGTTGATGAARTAGARGCT TGGATCAGTGARAAGCTTCARACTGCAAGTGATGAGTCATATAAGGATCCCACARRCATCCAGCTTTCCARRCTGCTGAGCRAGCACCAGRAGCACCARGE 4796

F EAELBHANADR RTIARGV Y TIEMSGIENT PTILTIET® RTGA AT CAGSEDAVYVZEKA ARIL A 1639
CTTTGAAGCTGAGCTCCACGCCAACGCAGATCGGATTC ATTGARAT ACCCTCTTATTGAA GTGTGCTGGLAGC TCGGCTGGC 4916

ALADOQW®WETFTULVQZEKSSETZ KSO QZXKTLZE KEH SANIZ KU QQNTFNTGTIZ KTDTFTDTF W L 1479
TGCCCTGGCTGACCARTGGGAGT TCCTGGTCCAGARGTCATCAGAGAAGAG TCAGRARCTGAAAGARGCAAATARACAGCAGAATTTCAATACCGGCATCARGGACTTTGATTTCTGGCT 5036

S EVEALTILASEDZYGE KDULASVNDNTILILZXZE KBHQLLEADTISABHBETDRL 19
TTCAGAGGTGGARGCTTTGTTGGCATCTGARGACTAT! ACTTGGCATCAGTGAACAACCTTCTGARGAAGCACCAATTACTGGAAGCTGATATATCTGCTCATGAGGATCGGCT 5156

K D LNSQADSLMTS S ATFDT S Q D KRETTINGRTFAOQRTIZEKSMHARA 5%
GAAGGACCTGAACAGCUAGGCTGACAGTTTGATGACC}\GCAGTGCTTTCGATACCTCCCMGTMAGGATAAACGTGMACTATAMTGGGCGCT.\'CCAGAMATCAAGABCATGGCAGC 5076

A RRAIKTLUNESHRLUEGQTFTFURDMDDETESWIZEKTEZXKI KTILTILVS S ETDY 6 R L9
TGCCCGCLGTGCGAAGCTCAACGAGTCGCACCGCTTGCATCAGT TCT TCCGTGACATGGAT CTGGATCAAAGAGARGAAN TC TATGGCAG 5396

DL TGV QVNTLRIEKTEKTEZ KR RLTEA AETULAARAUHETPATIGQGVYILDTGIZ KZEKTLSDD N 1839
AGACCTGACTGGTGTGCAGARCCTGAGGAAGAARCATAAGCGCTTGGAAGCAGAATTAGCTGCCCATGARCCTGCTATCCAGGGTGT TCTAGACACTGGCAAGARGCTTTCAGATGATAA 5516

TIGKEEIQQRLAQFVDHWKELKQLAAARGQRLEESLEYQQJ,B"B
CACAATT! “AGCAAAGACTGGCTCAGT TTGTGGACCACTGGAAAGAGT TAAAACRGC TGGCAGC TGC TCGGGGGCAACGTC! CAACA 5636

L 6 YDLLPMVETESGETPDTPETFTESTILDTVDPNRDSGHUVSTLQE Y MATF 339
CCTTGGCTATGACCTGCCCATGGT CTGACCCCGARTTTGAGTCTATTCTTGACACTGT TGATCCCARCAGGGATGECCACGTCTCGCTGC ATGGCGTT 7196

M I S RETEU NV KT S SEZETILIESA ATFRALSSEZRI KTPZYVTEKETETLYOQNTIL T 2438
CATGATCAGCAGGGAARCAGAGAACGTGAAATCCAGK! GCITTCCGTGCCCTCAGCT AGCCTTACGTGACCA CTCTACCAGAACCTGAC 7316

R EQADJYTCTISHMEKEPYMDGE KG®RETLPSHAYDYTIETFTRSILTFUVN®* 3479
CCGGGAGCRGGCCGACTACTGCATTTC TCACATGAAGCCCTACATGGATGOCAAGGGCAGRGARC TTCCTTCTGCCTACGACTACATAGAAT TTACACGTTCACTCITTGTGAATTGATA 9436

CARAACACTAGTACCARAAGRTACAARGAACATGCTCACGTTTGCTGACTATARGCTCTGCATGTGTCTCTCTTTGTGCTCTACARTAATCAATGTTACTTTATGATGTARCCTTARACT 3556

GCTTAGCTTAAARACTCT TAGGGAAGACAAACATATTGCAGTGTGCCTTCAATABAAGT TACTGGTCGAACCACAAARARARRARARRRARARAR 7650
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Figure 3. Dot plot of the «-spectrin amino acid sequence. The
predicted amino acid sequence was compared with itself using the
computer program DIAGON (Staden, 1982). The odd span length
was 21 and the scoring level 250, corresponding to the double
matching probability of <5 x 1075. The lines parallel to the di-
agonal represent repetitive sequences. The residue numbers are in-
dicated on the axes. Bars at «l0-all and at o21-«22 indicate the
longest continuous stretches that fall outside the repetitive pattern.
Arrow, the “duplication” line. (see also Table I).

fibroblast and the frog oocyte spectrins. An unambiguous
alignment between its sequenced fragments and the complete
brain protein could, however, be made. On that basis a new

positioning of the oV domain was found. a-V domain
represents the tryptic 41-kD COOH-terminal peptide of
erythroid «-spectrin (T41), and its amino-terminal end had
been tentatively placed in the al8 segment (Speicher and
Marchesi, 1984). The present comparison, however, unequiv-
ocally places the terminal sequence of this peptide in the
al9 segment as already suggested by Speicher (1986) (the
H-RBC peptide placed in «19; Fig. 5, black arrows). The
erythroid spectrin peptide, which was found to be unrelated
to the typical repeat by Speicher and Marchesi (1984), finds
a match to the boundary of «10 and «11. However, a gap has
to be introduced in it to allow optimal alignment («l10-al1,
Fig. S, asterisksy. This gap corresponds to the 60-bp insert
of McMahon et al. (1987) (see above).

The partial rat brain a-spectrin sequence and the present
one are again for the most part virtually identical. The rat
sequence seems to stop, however, 227 residues short of the
end of the chicken brain spectrin. There appears to be a stop
codon which corresponds to the nucleotides 6,750-6,752 in
our sequence and which causes a termination of the reading
frame 681 nucleotides before the stop codon in the chicken
sequence. There is a difference in the sequences that brings
about this termination: the rat sequence has a T-insert corre-
sponding to the position 6,717 of our sequence. It causes a
shift to a frame which contains a TGA stop codon. We think
that this may represent a sequencing error, since further
downstream in the rat sequence there is an open reading
frame coding for protein that would extend the homology to
the COOH-terminal part of the chicken brain spectrin (see
Discussion).

Distinct Domains in a-Spectrin

Systematic search in protein databases for sequences that are
homologous to spectrin indicated four functionally interest-
ing sites in a-spectrin. Firstly, the COOH terminus of the

Table 1. Quantitation of the Conserved Residues Between the Repeats in Brain a-Spectrin

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
1 X 19 23 18 18 50 17 26 22 5 28 26 17 14 54 16 23 26 16 18 13 5
2 X 28 24 36 19 34 35 27 3 42 31 28 31 27 35 29 34 22 20 12 8
3 X 26 30 16 35 33 37 4 24 54 28 29 28 37 38 37 34 18 10 5
4 X 26 17 20 32 28 4 14 26 56 24 25 24 32 24 19 18 16 3
5 X 20 28 28 37 6 20 31 27 61 24 33 27 27 23 21 9 7
6 X 18 23 21 6 22 21 16 18 48 13 24 21 22 19 12 4
7 X 35 30 4 27 29 21 25 30 50 34 31 30 21 10 7
8 X 3 12 26 24 31 29 33 36 46 35 25 17 1§ 3
9 X 5 27 33 33 31 26 36 33 31 27 20 7 3

10 X 5 4 6 5 7 7 3 7 6 5 8 1

11 X 28 15 22 23 27 22 24 23 18 17 4

12 X 23 27 29 30 27 32 28 22 20 7

13 X 20 25 20 30 22 23 19 12 1

14 X 21 28 24 26 29 17 9 4

15 X 19 26 20 22 18 19 4

16 X 30 35 35 21 13 2

17 X 37 32 15 10 4

18 X 2 21 10 4

19 X 24 15 5

20 X 1w 4

21 X 3

22 X

The numbers are identical residues between each repeat. The “duplication” line shown in Fig. 3 (arrow) is underlined. The segments al-a22 are shown by the

numbers on the top and on the left.
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Figure 4. The alignment of the chicken brain «-spectrin segments o 1-a22. The optimal alignment of the repeats and the intervening non-
homologous regions located by the dot plot in Fig. 3 is shown. The beginning of the first repeat ol is chosen to fit to the corresponding
ol unit of the human erythroid a-spectrin (Speicher and Marchesi, 1984). Asterisks, identical residues between neighboring repeats. The
four-residue insert (SKHQ) of «15 is excluded from it and placed between the ol4 and ol5 lines. Vertical lines, the positions of some
residues which tend to be conserved in most repeats. These residues are underlined. Nonhomologous regions are overlined. Src-like se-
quence (residues 967-1,021), the putative calmodulin-binding site (residues 2,253-2,371), and the EF-hand sequences (residues 2,332-
2,404) are underlined. The domain designation is given to the left. Dashes, gaps created to optimize the alignment.

chain is clearly related to c-actinin. The latter contains three
spectrin repeats as a part of its structure (Wasenius et al.,
1987) and shows in its COOH terminus further homology to
the carboxy terminus of a-spectrin (Fig. 6). Secondly, within
that domain there are two so-called EF-hands (i.e., Ca**-
binding loops) both in a-actinin and «-spectrin (Fig. 7). Be-
fore this sequence, there is, thirdly, a segment that could be
a calmodulin-binding site. Fourthly, in the middle of the se-
quence, the distinct unit «l0 shows a clear homology to the
rc-family of protein kinases and to phospholipase C (PLC).!

Fig. 6 A shows a DIAGON plot that compares the carboxy-
termini of the chicken brain spectrin and the chicken o-acti-
nin. In Fig. 6 B these sequences are aligned to further dem-
onstrate their match; in the alignment 38% of the residues
are identical. This clear match strengthens our interpretation
of the DNA sequence: it is very likely that the stop codon
for the reading frame of a-spectrin has been positioned cor-
rectly.

In Fig. 7 the putative calcium-binding sequences found in
the COOH terminus of spectrin chain are aligned with sev-
eral canonical EF-hand structures. There appears to be two
calcium-binding loops in a-spectrin, as there are in a-acti-

Wasenius et al. Brain Spectrin Primary Structure

nin. The sequences shown in Fig. 7 correspond to a long loop
that connects two helical segments in the binding sites found
in the reference proteins such as parvalbumin and calmodu-
lin (see Vyas et al., 1987).

By visual inspection we located in the end of the a2l do-
main a unique site (residues 2,253-2,371) that contains
clusters of basic and hydrophobic residues. By these criteria
it might represent a calmodulin-binding site (Kemp et al.,
1987). Helical wheel analysis (Fig. 8) reveals its amphi-
pathic nature and net positive charge, which is the consensus
drawn for the calmodulin-binding sites in proteins (Erick-
son-Viitanen and De Grado, 1987).

The «10 domain is homologous to proteins belonging to
the family of nonreceptor cytoplasmic tyrosine kinases (src,
syn, fer, Iyn, crk, yes, hck, and Isk) as well as to PLC. Fig.
9 shows the optimal alignment of «10 with these sequences.
The homology resides in a stretch of ~60 residues which oc-
curs in the amino-terminal half of the src-proteins and in the
middle portion of PLC. The degree of similarity ranges from

1. Abbreviations used in this paper: PLC, phospholipase C.
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H-RBC

TQOERROCVI DRYHRFKELS STRRCGKLED SYRFCF FORDADELGKWIQEKLOTASDKT TKDP SNLOGKLOKHOAFEAEVOANSGAT VKL DETANCMINEGHEASET ‘

H~RBC

ERSALLELWELRROOYEQCMDLOT FYRDTEQVDNWMS KOEAF LI NEDLGDS LD SVEALLKKHEDFEKS LSACEEK T TAL DEFATKLTCNNHYAMDD

PR PALYREE OSSR AT e L S I AL D EE A PRI T AT

6 CH-BRATN
XE-OOCYT
H~RBC

7 CH-ERATN
XE-OOCYT

H-FBC

XE-COCYT
B-FIB

XE~-OOCYT
H-FIB
H-ReC

Figure 5. Comparison of the chicken brain a-spectrin (CH-BRAIN; current sequence), Xenopus oocyte a-spectrin (XE-QOOCYT, Giebelhaus

etal., 1987), human fibroblast a-spectrin (H-FIB; McMahon et al.,

1987), rat brain a-spectrin (RA-BRAIN; Leto et al., 1988), and human

red blood cell a-spectrin {H-RBC; Speicher and Marchesi, 1984) sequences. Numbers on the left refer to the repeats of Fig. 4. Asterisks
in the boundary of «10-«l1 in H-RBC indicate the specific 20-residue insert in the nonerythroid proteins. Black arrows, the H-RBC peptide

placed in al9.

24 to 32 % (identical amino acids) and from 30 to 50 % if con-
servative substitutions are counted. The residues with the
consensus sequence ALYDY, KG, and WW in the positions
corresponding to 89-92, 104 and 105, and 118 and 119 in
src, respectively, are especially well conserved.

Discussion

We present here the nucleotide sequence covering the entire
coding frame and the 3’ untranslated region plus a part of the
5’ flanking sequence of the mRNA for the spectrin c-subunit.
The mRNA which was used as a template in the cDNA syn-

The Journal of Cell Biology, Volume 108, 1989

thesis was isolated from the embryonic chicken brain. That
the derived sequence represents the o-chain of brain spectrin
can be deduced from the following: (a) the longest cDNA
clone (4.7 kb) isolated from the primary library hybridizes
to a probe which in our previous study has been shown to
encode a protein that is immunoprecipitated by antibodies
specific to a-spectrin, and the sequence of this probe is em-
bedded in the present cDNA sequence; (b) the obtained se-
quence is more similar to the known «-spectrin than to the
{3-spectrin sequences (not shown); and (c) it shows a higher
degree of homology to the nonerythroid a-spectrin than to
the erythroid spectrin sequences.
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Figure 6. (A) Dot matrix comparison of the chicken «-actinin and a-spectrin. The COOH-terminal end of «-spectrin (residues 2,230-2,477,
horizontal axis) and the «-actinin COOH-terminal end (residues 748-887) were compared for the sequence similarities using the computer
program DIAGON (Staden, 1982). The odd span length was 21 and the scoring level 250 corresponding to the double matching probability
of <5 x 1075. The axes are labeled with residue numbers. (B) Alignment of the COOH termini of o-spectrin and «-actinin. The align-
ment follows the diagonal lines in A. Gaps were introduced to optimize the alignment. Asterisks, identical residues; vertical lines, conserva-
tive substitutions. The first residues taken to the alignment are numbered.

Comparison of Various Spectrins

The analysis of the current sequence establishes some of the
structural principles that have been proposed for the spec-
trins on the basis of partial and fragmentary sequence infor-
mation. First of all, the characteristic 106 amino acid repeat
forms the basic structural motif of the brain o-spectrin. The
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Figure 7. Potential calcium-binding sites in a-spectrin. EF-hand se-
quences of a-spectrin (residues 2,341-2,352 and 2,383-2,394) are
separately aligned and compared with the EF-hand sequences of
known calcium-binding proteins parvalbumin (PALB), troponin C
(TROPQ), intestinal calcium-binding protein (/CaBP), and cal-
modulin (CALMO) (Vyas et al., 1987), and of the putative calcium-
binding sites of the Dictyostelium (Noegel et al., 1987) and chicken
a-actinins (Baron et al., 1987). Only two loops (/II, IV) of troponin
C (TROPO) and calmodulin (CALMO) showing the best matches
are shown. Asterisks above each sequence indicate its identities
with the a-spectrin sequence. The EF-hand consensus sequence
(Tufty and Kretsinger, 1975) is shown in the first line. Calcium-
chelating side chains are marked with x, y, z, —x, and —z. The
numbers on the left and right refer to the sequence positions.
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remarkably precise conservation of its length in 14 out of 20
homologous units indicates that this preservation is of criti-
cal importance for the structure of spectrin. We surmise that
the repeats account for the rod-like shape of the molecule and
that the evolutionary constraint to preserve the 106 amino
acid length is imposed by the formation of multiple contacts

Figure 8. Helical wheel presentation of the putative binding site for
calmodulin in a-spectrin. The numbering corresponds to the inter-
nal residues of a wheel. Hydrophobic residues are circled with con-
tinuous lines and basic residues with dashed lines.
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Figure 9 Homology of the 10 domain to the src-proteins and src-like proteins and to PLC. On the top, the chicken src tyrosine kinase
and a-spectrin are schematically aligned to illustrate the location of this homologous region (OJ) in their linear maps. Modulatory and
kinase refer to the two domains in the src-proteins. The homologous sequences are shown on the bottom. The numbers on the left refer
to the first residues taken to the alignment. Asterisks and vertical lines indicate the identical and conservative substitutions, respectively,
between 10 and each of the sequences. The two numbers on the right are taken from these pairwise comparisons and, again, refer to
the number of identical (asterisks) and total conserved (asterisks and vertical lines) residues. The sequences are taken from the following
references: c-src, Takeya and Hanafusa, 1982; fyn, Kawakami et al., 1986 and Semba et al., 1986; v-src, Takeya and Hanafusa, 1982 and
Taylor and Hanafusa, 1983; fgr, Katamine et al., 1988; /yn, Yamanashi et al., 1987; c-yes, Sukegawa et al., 1987; hck, Quintrell et al.,
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with B-spectrin, which possesses the basically similar struc-
tural principle (Speicher and Marchesi, 1984).

In the chicken brain a-spectrin we can discern 18 repeats
(al-a9, al1-a19) with a relatively high degree of homology,
two repeats (20, a2l) with a lower degree of homology, and
the «10 and 22 segments as well as the 36 residue extension
of the a1 1 that are unrelated to the homologous repeats. This
divides the chain into 22 segments (Fig. 10).

Comparison of the present sequence with the published
spectrin sequences corroborated the early observation (see
McMahon et al., 1987 for detailed analysis) that the
nonerythroid a-spectrins from different species, ranging in
this study from Xenopus to man, show a high degree of
mutual homology while the mammalian erythroid a-spectrin
is a more distant protein. This indicates a rapid divergent
evolution of the latter.

In accordance with McMahon et al. (1987) we found that
the 10 and a1 units contain sequences unrelated to the ho-
mologous repeats. Interestingly, the homology of these seg-
ments between chicken and man is not different from that of
the other domains of spectrin. This suggests that the distinct
characteristics of these domains were established before the
divergence of the human and avian species. Comparison of
these with the corresponding regions of the erythroid spec-
trin is hampered by the paucity of sequence data. Interest-
ingly, however, it seems that the amino acids encoded by the
60 nucleotide insert in the nonerythroid spectrins are lacking
in the erythroid spectrin (McMahon et al., 1987) indicating
a specific function for the a10-«11 domain in nonerythroid
cells.

The mol mass calculated for our sequence is 285,369. This
is ~10% higher than the highest estimates based on SDS-
PAGE (Bennett et al., 1982). The 22 segments of the brain
a-spectrin are two more than predicted for the erythroid
a-spectrin by Speicher and Marchesi (1984). This discor-
dance may be due to a mispositioning of the NH, terminus
of tryptic fragment T41, belonging to the domain &V, in o18
instead of al9 (see above; Speicher, 1986). If this is taken
into account in the modeling of the molecule, the number of
the repeats in. the human erythroid spectrin amounts to 21.
We suggest that there is another (nonhomologous) segment
in the COOH terminus of erythroid «-spectrin which corre-
sponds to our ¢22. This is based on the following calcula-
tion: positioning of the amino terminus of the T41 in the be-
ginning of the «l9 would give erythroid o-spectrin a
molecular mass of ~ 260 kD (the calculated molecular mass
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Figure 10. A schematic map for the a-spectrin do-
main structure.

of the first 18 segments is 215 kD and that of T41 is 41 kD).
The tryptic peptide, on the other hand, could accommodate
four 106-residue units (4 X ~11 kD =44 kD) raising the total
number of segments to 22.

Secondary Structure

The model for the secondary structure of spectrin by
Speicher and Marchesi (1984) predicts that each repeat may
contain three helices; reverse turns would connect these long
helices, and random coils the adjacent repeats. In our analy-
sis only some of the repeats conform with such a model. Al-
though we can conclude that the present primary structure
is consistent with the predictions of the Speicher-Marchesi
model, it is difficult to predict just three helices within the
repeats. Overall, the sequence data supports the conclusion
from spectroscopic studies (Burns et al., 1983) of the high
a-helicity of spectrin.

The Nonhomologous Segments as the “Carriers” of the
Distinct Functions of Spectrin

In previous studies (Wasenius et al., 1987; Nérvinen et al.,
1987) we have shown that there is an extensive homology be-
tween a-actinin and nonerythroid spectrin (see also Baron et
al., 1987). In the present study, and with more sequence data
available, we can extend this further to the COOH terminus
in both molecules. The comparison shows that the COOH
terminus of «-actinin is colinear with the COOH-terminal
part of a~spectrin comprising the entire «22 domain. This
lends further credence to our proposition that o-actinin can
be viewed as a hybrid molecule composed of an actin-
binding NH,-terminal half and a spectrin-like COOH ter-
minus (Wasenius et al., 1987).

Another specific feature of the 22 is the presence of two
EF-hand structures which are also found in the o-actinin do-
main (Baron et al., 1987; Noegel et al., 1987). In w-actinin
these sites have been thought to exert a calcium-dependent
control on the actin cross-linking. In the antiparallel orienta-
tion of the subunits in «-actinin dimer, the actin-binding
NH; terminus comes near the COOH terminus of the adja-
cent subunit which may then affect the binding (Noegel et
al., 1987). In spectrin, actin binding occurs at the ends of
the tetramers and involves the COOH terminus of the a-sub-
unit and NH, terminus of the S-subunit (Morrow et al.,
1980; Tsukita et al., 1983). Analogously to «-actinin, it can
be surmised that the principal actin binding would occur at
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the NH, terminus of the 8-chain with the COOH terminus
of the a-chain exerting control on the interaction. That spec-
trin can, indeed, bind actin in a calcium-dependent manner,
is demonstrated by the recent finding of Fishkind et al.
(1987) showing modulation of the spectrin-actin interaction
by calcium in sea urchin egg.

Spectrin is also involved in other calcium-regulated events
such as the complex formation with calpactin (Gerke and
Weber, 1984) and the degradation by a Ca?*-regulated pro-
tease (Siman et al., 1984). Furthermore, brain spectrin can
also modulate the Mg?*-ATPase activity of the smooth mus-
cle actomyosin in a calcium-dependent manner (Wagner,
1984; Wang et al., 1987). This calcium sensitivity may at
least partially be conferred by Ca?* binding to the EF-hand
structures in o22.

Nonerythroid spectrins are marked by their capacity to
bind calmodulin to their a-subunit (Glenney et al., 19824,
b; Kakiuchi et al., 1982; Palfrey et al., 1982). The exact lo-
cation of the binding site is, however, not resolved. In the
present sequence there is a domain in o21 that fulfills the
structural criteria proposed for calmodulin-binding sites.
Such a positioning is supported by Carlin et al. (1983) who
found that the major proteolytic breakdown product of fodrin
(spectrin), which represents the COOH-terminal part of the
chain is able to bind calmodulin. Tsukita et al. (1983) have,
however, suggested that the calmodulin-binding site is close
to the amino terminus of the «-chain. Subcloning and ex-
pression of the cDNA containing the putative calmodulin-
binding site will enable us to test our proposal.

An intriguing finding from the homology search was the
similarity between a defined region in «10, in PLC, and in
the amino-terminal half of the src-proteins. The members of
the “src-subfamily” are oncoproteins and all, except for crk,
have kinase activity (Hanks et al., 1988; Mayer et al., 1988),
a feature that has not been associated with spectrin. On the
other hand, many of these proteins (Hunter and Cooper,
1985) are closely associated with the cytoplasmic side of the
plasma membrane. In this regard these proteins are similar
to spectrin.

The function of the 10 domain in spectrin is currently un-
known. Similarly, the specific functions of the homologous
domains in the src-proteins and PLC have not been eluci-
dated. It is clear, however, from the studies with deletion mu-
tants, that the NH,-terminal portion of the src-proteins is
not needed for the tyrosine kinase activity. On the other
hand, the NH,-terminal half has a modifying effect on the
intrinsic kinase activity that resides in the COOH-terminal
half (Jove and Hanafusa, 1987). The NH,-terminal half has
been suggested to recognize or bind the substrates which are
then phosphorylated by the COOH-terminal catalytic do-
main. Hence, the term modulatory (Calothy et al., 1987) or
recognition (Parsons et al., 1984) domain has been coined
to the NH, terminus of the src.

Using this analogy, we may suggest that the «10 domain
in spectrin could serve as a recognition site for some sub-
strates of src tyrosine kinases. One candidate could be cal-
pactin I, also known as p36, which interacts with a-spectrin
(Lehto et al., 1983; Gerke and Weber, 1984) and which is
also a major substrate of src tyrosine kinases (Hunter and
Cooper, 1985). Alternatively, the homologous regions in
spectrin, PLC, and src-proteins could anchor these proteins
to some common cytoskeletal component. This would ex-

Wasenius et al. Brain Specitrin Primary Structure

plain the reduced association of src-protein with cytoskele-
ton when they are deleted for the NH,-terminal modulatory
domain (Hamaguchi and Hanafusa, 1987).

Evolution of Spectrin

It is evident that spectrin has evolved from an ancestral gene
coding for the basic 106-residue repeat by several contiguous
duplications (Speicher and Marchesi, 1984). In our view, the
ancestral repeat unit has first undergone three duplication
steps to reach an 8-repeat stage. Possibly at this stage there
has also been insertion of one more repeat to make a 9-repeat
structure which has then undergone another, final duplica-
tion. Concurrently, the gene has also acquired the non-
homologous domains possibly by exon shuffling. The eluci-
dation at what stage during evolution these divergent regions
have been assimilated by spectrin—whether spectrin has ac-
quired new functions during its recent evolutionary history—
has to await primary structures of spectrins from lower or-
ganisms. The spectrin repeat has also been found in two
other proteins, a-actinin (Wasenius et al., 1987) and dystro-
phin (Koenig et al., 1988). Hence, these proteins may have
evolved from a common ancestor and possess a similar ar-
chitectural design.

The present cDNA sequence of a-spectrin establishes that
the same basic structural principle is found in various types
of spectrin. It also clearly indicates regions which may carry
some important functions of spectrin. Further studies to test
the functional properties of these domains are now greatly
facilitated by the availability of cDNA clones; fragments of
the structure can now be expressed separately, and the pro-
duced polypeptides studied experimentally for the postulated
functions.
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Note added in proof: Recently Harris et al. (Harris, A. S., D. E. Croall
and J. S. Morrow. 1988. J. Biol. Chem. 263:15754-15761) have shown
that one calmodulin-binding site in human fodrin resides in the terminal
portion of the 11th repeat.
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