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ABSTRACT: Alternative splicing of pre-mRNA transcripts afandf spectrin has emerged as an important
generator of diversity in this gene family, yet the functional consequences and extent of this diversity
remains unknown. We have cloned and characterized full-leagitrspectrin cDNA from human fetal

brain (GenBank U83867 and U26396). On the basis of the predicted amino acid sequence, 11 amino acid
substitutions, presumably representing polymorphisms, have been identified that distinguishgpectrin

from human lung fibroblastI spectrin. In addition, human fetal brain spectrin displays a novel five
amino acid insertion in repeat 15 that arises from alternative mRNA splicing and that distinguishes this
spectrin from lung fibroblastII spectrin. This discovery, together with two previously identified regions

of alternative mRNA splicing imI spectrin suggest that as many as eight different splice forms of the
mature protein might exist if all combinations (at inserts 1, 2, and 3) of alternative mRNA splicing are
utilized. To assess this possibility, the tissue distribution of alternative exon usage was investigated by
semiquantitative PCR with intron-jumping primer sets. Tissues examined were from mouse and included
heart, kidney, lung, liver, thymus, spleen, brain, ovary, testis, and skeletal muscle, as well as mouse
embryonic tissue. Transcripts both with and without insert 1, representing a 60 bp insertionodithin
spectrin repeat 10, were identified in all tissues. In contrast, transcripts with insert 2, the novel 15 bp
insertion reported here, were only expressed in brain, heart, skeletal muscle, and embryonic tissue. In all
tissues examined only transcripts positive for insert 3, an 18 bp insertion in repeat 21, were amplified,
even under conditions in which a 30% level of insert 3 negative transcript could be easily detected in
artificially prepared control samples. All combinations of insert 1 and insert 2 were identified together in
individual transcripts, verifying at least four distinct isoformsodfl spectrin. These have been named
olIZ1 throughallZ4, in accord with current spectrin naming conventions. Dynamic molecular modeling

of the 15th repeat unit incorporating insert 2 predicts that the spliced sequence forms a loop between
helices A and B, and suggests that this insert might constitute a novel protein interaction site. The presence
of this sequence inl1=3 andallZ=4 spectrin suggests a specialized and heretofore unanticipated function
for the 15th repeat of this molecule.

The spectrin-actin cytoskeleton, first identified in the muscle cells10, 11), and spectrins other thagfIl may also
erythrocyte, is a ubiquitous and central component of the be present in the Golgi compartment of epithelial cellg (
machinery by which cells organize their surface and internal 13). Beyond distinct gene utilization, additional spectrin
membranes (for reviews, see ré&fs4). As nonerythroid cells  diversity arises from alternative mRNA splicing. Recognized
have been examined, an increasing appreciation of thehuman spectrin isoforms include two formsfif spectrin,
molecular diversity of the spectrin skeleton has emerged. In derived from differential exon utilization at the COOH-
the human erythrocyte, the spectrin functional unit is terminus {4—18); two SII isoforms, derived from alternative
composed of two nonidentical but homologous subunits, exon utilization at the Nkiterminus (9; Forget et al.,
termedal and I, arising from genes on chromosomes 1 unpublished observations); and two regions of alternative
(5) and 14 6), respectively. At the plasma membrane of most splicing inall spectrin, one in the tenth repeat unit and the
nonerythroid tissues is a similar spectrin heterocomplex, other in repeat unit 2116). With the possible exception of
composed obdI andpIl subunits, the product of genes on COOH-terminal alternative splicing ifl spectrin, which
chromosomes 97§ and 2 B), respectively. Associated with  places a pleckstrin homology domainfihi=2 spectrin that
the Golgi and other vesicular compartments of the cell is is capable of binding PtdingP(20, 21), the functional
BIII spectrin, a third form of unique spectrin that arises from consequences of this structural diversity remains unclear.

a gene on chromosome 19)(Additional forms of spectrin The present report describes the complete cloning and
also may exist, since antigenically unique isoforms have beencharacterization of human fetal brairil spectrin cDNA.
detected in association with the acetylcholine receptor in |n addition to several single-base divergences from human
lung fibroblasts spectrial cDNA sequence, that presum-
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encode a five residue insertion @dI-spectrin’s repeat unit CCAGCACGCCAACG-3, reverse primer (5SGCTGACT-
15. Dynamic molecular modeling of this insertion predicts TCTCATGGCTCGA —3).
that the novel (inserted) sequence extends the interhelix loop PCR reactions were performed in a Perkin-Elmer ther-
between helices A and B of the 15th repetitive unit. The mocycler using a “Touchdown Low” program, during which
tissue utilization of insert 2, as well as the utilization of two the annealing temperature was reduced from 50 t&CGiih
other previously described inserts that also arise by alternativeincrements of 2C/cycle, followed by 30 cycles at a 4Z
MRNA processing, are evaluated by RT-PCR. Surprisingly, annealing temperature. The PCR products were analyzed
we find that insert 2 generates a unique isoformadf using 12% Tris-borate EDTA (TBE)polyacrylamide gels
spectrin expressed only in brain, muscle, and embryonic and visualized by ethidium bromide and ultraviolet light. All
tissue, while the other transcripts are more widely distributed. PCR products were immediately subcloned into the pCR2.1
These results thus identify a signature sequence that is uniqug¢TA) cloning vector from Invitrogen (San Diego, CA), for
to brain and muscledl spectrin. We hypothesize that this subsequent sequencing to verify the validity of the amplified
sequence bestows anll spectrin a novel ligand-binding  sequences.
capacity. PCR Calibration To quantitatively assess the levels of
The cDNA sequence of human fetal brain spectrin has transcript present in the various tissues for each spectrin
been deposited in GenBank as accession numbers Ug3867soform, control mixtures containing known quantities of

and U26396. cDNA, representing the presence or absence of each insert,
were prepared and evaluated over a range of PCR amplifica-
MATERIALS AND METHODS tion and gel loading conditions. Favorable conditions were

) . . ) o identified (as above) that yielded an approximately linear

All DNA manipulations, including PCR amplifications,  gmpiification response for allII inserts and which were
restriction enzyme digestion’s, plasmid preparation, vector yithin a linear range of densitometric responsiveness after
construction, subcloning and sequencing, followed standardghgiym bromide staining of the gels. Using these conditions,
methods unless otherwise specifi@) a series of 10 standard samples, containing mixtures of insert

Cloning and Characterization of Human Fetal Braidl positive vs insert negative cDNA in ratios ranging from 0:1
Spectrin.The isolation of cDNA clones encodindl spectrin o 1:0, were evaluated in conjunction with each tissue insert
from a human fetal brain library (StratagenehZAP has  analysis, and the standard curves derived from these ampli-
been previously reported?§). The initial probe used to fications were evaluated by nonlinear regression analysis.
identify fetal spectrin clones were isolated by hybridization The resultant fitting coefficients were then used in the
with ana-[*?P]JdCTP random labeled 1.7 Kb PCR fragment evaluation of the isoform ratios in the tissues.
constructed from primers based on the published human lung  Analysis of Spectrin Isoform Pairindviouse embryonic
all spectrin sequence (nucleotides 243211) (5). All mRNA was RT-PCR'd by oligo(dt) using Superscript Second
positive purified plagues were subcloned in vivo into Strand Amplification System (Life Technologies). The
pBluescript directly from thel ZAP vector using helper  various primers used are summarized in Table 1. A PCR
phage R408, following the protocol accompanyingA#AP reaction was initially performed using upstream primers
product literature. Clone sizes were approximated by restric- which encompassed or deleted the insert 1 sequence (primers
tion digests withEcoR1. The ends of each clone were number 34 105 and 34 106, respectively) and a downstream
sequenced using T7 and T3 primers, and the overlappingprimer (primer number 13 623), which encompassed insert
clones were aligned. Clones used for assembly were ex-2. These PCR reactions were then analyzed by southern
panded, and large-scale plasmids were prepared (Qiagen) angotting using sequence specific oligos as probes. The oligos
completely sequenced by the dideoxy chain-termination (all approximately 50 bp in length) were labeled by Amer-
methods using Sequenase v 2.0 (United States Biochemicalsham’s direct nucleic acid labeling and detection system
(24). Primer walking and extension was used to complete (RPN) according to manufacture’s protocol. To maintain the
the sequence of the full-length gene. At least two independentspecificity and the minimum length (50 bp) of the probes
clones were sequenced in both directions to confirm regionsfor this method of labeling, irrelevant sequence was added
containing polymorphic nucleotides. to the ends of certain primers (indicated in by underline).

Isoform AnalysisTotal mouse RNA was obtained from Oligo’s used as probes which were in the minug form
Ambion (Austin, TX). Reverse transcription was performed were constructed by looping out the insert sequence.
on 5ug of total RNA with either oligo-d{,-1s or random Molecular Modeling The predicted structural conse-
hexamers, utilizing the Superscript Il Second Strand Am- quences of the alternative sequencesui spectrin were
plification System (Life Technologies). PCR was performed modeled following the procedure used to predict the structure
in a 100uL reaction mixture using L of the RT-cDNA, of the calpain cleavage site ¢dl spectrin 3). Briefly, the
0.5 ug of the specific internal primers, 04L Taq poly- sequence of a repeat of interest was aligned by the program
merase (Perkin-Elmer), 1.5 mM Mggland 200 mM Best fit (25) with the sequence of the 14th repeat unit of
dNTP’s. Primers were chosen so as to flank known regions Drosophila all spectrin, for which the three-dimensional
of alternative splicing, and hence were “intron-jumping”. The structure has been determin@s), This allowed the assign-
specific primers used for each transcript were insert 1, ment of specific residues to each of the three helices in the
forward primer (5GGTGGAAAGTGGAAGTGAACGATC- spectrin repeat unit. These residues were then substituted at
3), reverse primer (sTGCTGTAGTTCATTCGCTTCACGG- their homologous positions in the three-dimensional crystal
3); insert 2, forward primer (SGGATGAGATTGAGGCT-
TGGATC-3), reverse primer (SGTCGATAACCCCACG- ! Abbreviations: RPN, Amersham’s direct nucleic acid labeling and
GATCCGG-3); insert 3, forward primer'5sGGAGTTTGC- detection system; TBE, 12% Tris-borate EDTA.
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Table 1: Oligonucleotides Used for RT-PCR Analysis of Specific Spectrin Isoforms

name identity nt sequence'{3) use
41 846 insert 2+ forward 4742 ATCCCACCAACATCCAGCTTTCCAAGCTGCTGAGCAAGCACCAGAAGCAC probe
41 947 insert 2+ reverse 4791 GTGCTTCTGGTGCTTGCTCAGCAGCTTGGAAAGCTGGATGTTGGTGGGAT probe
41848 insert - forward 3140 ATGCATGCAGCAGATTGACAATTCAGTATCATTCTCTGCTGGAATGCATGC probe
41 849 insert - reverse 3234 GCATGCATTCCAGCAGAGAATGATACTGCTTGTCAATCTGCTGCATGCAT probe
41850 insert 2- forward 4742 GATCGATCATCCCACCAACATCCAGAGCAAGCACCAGAAGCAGATCGATC probe
41851 insert2-reverse 4789 GATCGATCGCTTCTTGGTGCTTGCTCTGGATGCTTGGTGGGATGATCGATC probe

41 665 insert 1 forward 3157 ACACGCATAACTAAGGAGGCCGGCAGTGTATCTCTGCGTATGAAGCAGGTGGAAGAACTA probe

41 670 insert - reverse 3204 TAGTTCTTCCACCTGCTTCATACGCAGAGATACACTGCCGGCCTCCTTAGTTATGCGTGT probe

34105 insert & forward 3148 GACAATCAGACACGCATAAC PCR

34106 insertt- forward 3148 GACAATCAGTATCATTCTCTGCTG PCR

13 623 oll downstream 4925 CCAGGCGGGCCTTGACAGCATCCTC PCR
reverse

ATG contained 2477 residues with a predicted molecular mass of
0 1, ? ? ‘: ? ? Z ?kbl 285095 Da. This is to be compared with human lung
5"+’r".".'."I'.".'.”.'l'i'.'i'.'I'.'i'.'."l'.".'.‘ L ERERY LR R | 8 fibroblast sequence with a predicted 2472 residues and a

50 257 #18431 calculated molecular mass of 283 964 Da; chicken bwdin
#8321 #10811 spectrin sequence of 2477 codons with a molecular mass of
#2511 285 369 Da 28); and Drosophila all-spectrin containing

#19511 2415 residues with a predicted mass of 278 364 Z8). (

—t18531 Compared to the human lung sequence, human fetal brain
#6211 spectrin displayed 19 nucleotide substitutions, several of
#91211 which resulted in alternative amino acid usage (Figure 2 and
#18311 Table 2). All nucleotide differences were confirmed in at
— #8101 least two and usually three independent clones from the fetal
#5211 brain library. Several of these nucleotide substitutions also
#9931 generated altered enzyme restriction sites, and were addition-
FiGURe 1: The cloning of human fetal bramll spectrin. Screening  ally verified in some cases by their sensitivity (or lack of
of a human fetal brain library forlI spectrin identified 39 clones.  sensitivity) to the appropriate enzyme (data not shown). Since

Representative clones used to establish and verify the complete;i \ya5 a5 possible that the variances from the fibroblast
cDNA sequence of the brain isoform all spectrin are depicted.

The complete cDNA sequence derived from the clones shown may SEUENCe arose from sequencing errors in the latter, an effort
be accessioned from GenBank, U83867. was made to verify the sequence of the original fibroblast

clones. Repeat sequencing of the only available original clone
structure of theDrosophila spectrin; also inserted but not (clone 2.7A, kindly provided by Dr. Bernard Forget),
structured were the additional residues provided by the representing bases 2128885, found no differences from
alternative splice. This entire structure was then placed in athe reported sequence. Thus, the divergences at least within
6 A water shell and dynamically modeled and energy this region (at nucleotides 2209, 2631, and 3899) must
minimized as before (for more complete description of the represent true polymorphisms. It cannot be definitely deter-
method used, see re?8 and27). Resultant structures were mined at this point whether the other divergences from the
displayed using the Biosym software package operating onpublished lung fibroblast sequence represent true polymor-
a Silicon Graphics IndigoExtreme workstation. phisms or sequencing errors in the original report.

When the sequence oflI spectrin is aligned with respect

RESULTS to the phasing of the structural repeat uri6), several
Cloning and Characterization of Human Fetal Braidl interesting features emerge (Figures 2 and 3). Putative

Spectrin. Previously, we have identified a series of 39 sequence repeat units 9 and 10 together appear to form only

overlapping clones encoding human fetal brali spectrin, a single structural repeat unit, with the SH3 domain and its

and have characterized one of these (clone 18531) agmmediate downstream flanking sequence arising within a
encoding the regions aill spectrin involved with calim- ~ segment joining helices B and C. Also within this structural
odulin binding andu-calpain cleavage2@). In the present  Unitis an alternative transcript (insert 1) that is predicted to
study, we extend our analysis of these clones and presengrise by interrupting helix C in a fashion analogous to the
the complete structure of this gene. Thirty-nine positive Positioning of the calpain cleavage and calmodulin binding
clones were obtained spanning the entire length of the site found in repeat 112().

publishedall human lung sequence, except for the N-  Human Fetal Brairoll Spectrin Contains a Nel Inserted
terminal first 75 nucleotides (Figure 1). Théénd of the Sequence in Repeat 1Sequence analysis of the complete
gene was obtained by PCR using an upstream primer derivedull-length oIl spectrin gene detected an insertion of 15
from the S-untranslated region of the lung sequence and a nucleotides in repeat 15, resulting in a predicted amino acid
reverse sense primer starting at nt 547, encompassing thesequence that contained an additional five residues. This
uniqueMunl site, thereby allowing the convenient assembly sequence was not present in the reported huoddriung

of the full-lengthall product. The entire full-length cDNA  spectrin sequence nor in the sequence fidnesophila
was sequenced from the assembled product (Figure 2). TheSurprisingly, a comparison with the sequence of chicken
derived amino acid sequence of human bralh spectrin brain spectrin revealed a homologous region inserted at
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Ficure 2: The derived amino acid sequence of human bedihspectrin, compared to that of human lua§l spectrin (5). Residues

(total = 11) of the lung isoform (dashes) that differ from those in fetal brain are shown. In this alignment, the sequence of hunodh brain
spectrin has been aligned so as to reflect the phasing of the triple helical repeat structure of each spectrin unit, based on the positioning of

helices A (shaded gold), B (shaded red), and C (shaded blugosbphilaall spectrin’s 14th repeat unit [shown at the bottdf)[. The

number of each structural repeat unit is shown at the left. Residue positions are shown on the right. When aligned on the basis of structural
repeats, it is apparent that repeat 9 consists of only 2/3 of a repeat unit, with the balance of this structural unit contributed by sequence in
the terminal portions of putative repeat unit 10. Most of the other sequence in what was previously considered part of repeat 10 [(marked
with an asterisk (*)] is nonhomologous, consisting of the SH3 domain and in some isoforms insert 1. Also of note is the positioning of

insert 2 that arises near the junction between helices A and B in repeat 15, and insert 3 predicted to arise from helix A of repeat 21. The

primary site cleaved by-calpain and the calmodulin binding domain (CaM) are indicated.
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proteins that might display the 5 residue insert 2 motif

Table 2: Divergence between Human Brain and LatigSpectrin .
revealed no homologies.

nt AL—B codon amino acid Insert 2 ofall Spectrin Is Restricted to Brain, Muscle,
433 —c TTG-CTG Ltol and Embryonic TissuedJtilizing RT-PCR with primers
450 C-G AAC-AAG Nto K . : . _
1493 C TTC-TCC FtoS flanking the regions of interest, total RNA from a series of
1647 CT GAC-GAT DtoD mouse tissues was screened for the expression of the three
1767 C GTG-GTC VtoV known alternative transcript sequences (Figure 4). To
gggi A(f:é g&fé& Xttg"A calibrate these RT-PCR studies, a series of cDNAs either
3899 T ACC-ATC Ttol with or without insert 1, insert 2, or insert 3 were mixed in
4889 (4874) A-G AAT-AGT NtoS varying proportions, and then amplified and quantified by
4938 (4923) A-G CAA—CAG QtoQ densitometry in parallel with the determination of the tissue
5023 (5008) A-T ATT-TTT ltoF samples. Precautions were taken to ensure that the densito-
28% ggg; AC__’% GCA-GAC AtoD m_etric signgls were in a Ii_near range_of response; at times,
5768 (5753) CA GCC-GAC AtoD this necessitated evaluating gels with different levels of
7056 (7041) TG GAT-GAG DtoE loading. The resulting standard curve of optical density for
7057 (7042) GT GGCITC GtoF each amplimer vs its relative abundance was then fit by
;gg? ggig; Aci¥ ATC-TAC oY nonlinear regression_ and the coefficj_ents optained useq to
7358 (7343) A « evaluate the proportion of insert positive vs insert negative

transcripts in each tissue extract. Transcripts with or without

aNucleotide positions are numbered according to the bedih . . . :
insert 1 were present in approximately equal amounts in

spectrin sequence (lung positions in brackets). Abbreviations: (L), lung;

(B), brain; A, change. heart, kidney, ovary, testis, and embryo. Lung, liver, thymus,
spleen, brain, and skeletal muscle expressed predominately
A 10531072 tose-1587 2231220 t_he insert{-) is_of_orm (Figure 4B). Sequence analysis con-
v al i firmed the anticipated structure of these PCR products. A
Ne-{ifzlsfa]sfe [ 7]e Joro s Trzhofua [1she fi7frero fojar [ - coom larger PCR product evident in Figure 4 (marked by *) was
SH3 |°?M Cat+ also sequenced, and was found not to contain spectrin
tetramer calpain

sequence. Transcripts with insert 2, the novel sequence
identified here in humamdI spectrin, were the only ones

B SH3 Cailpam CaM present in brain, while in heart muscle, skeletal muscle, and
insert 1 embryo, both insert 2() and insert 2{) forms were
?D detected. The remaining tissues (lung, liver, thymus, spleen,
L, kidney, ovary, and testis) exclusively expressed transcripts
4 9 e 11 L lacking insert 2. Finally, in all tissues examined only insert
i 3, positive transcripts were identified; control studies indi-

FiGURE 3: Three regions of alternative splicing identified dl cated that insert 3 negative transcripts would have been
spectrin with their relationship to functional domains (cartoon) (A)- detected if they were present at 30% or greater levels in total
Schematic represerjtation of the threg regipns of alternative spliqingspectrin mRNA. Quantitation of these PCR products sug-

in humanodl spectrin, and their relationship to the overall domain - gested that different tissues characteristically express different

structure of spectrin. (B) Detailed schematic of the putative C s L . )
relationship of the nonhomologous sequences within repet4 9 combinations oI spectrin isoforms (Figure 4B), presum

to the alternatively spliced sequences in this region (insert 1) and @0ly to tailor the functional properties of their spectrin
the calmodulin-binding domain. In this region, it is proposed that skeleton to each tissue’s unique requirements. These results
a single basic spectrin repeat unit is formed from homologous also clearly indicate that all combinations of splice forms
s oo ot e s o Drdging inserts 1 and 2 must exist For exampl, n hear
cleavage gitgwithin a nonho?nologous sequence prgposed toparisé'ssue’ nearly 7,0% OMI, spectrn_'] carres msert 2, but less
within helix C of repeat 1133). than 30% of this spectrin contains insert 1 (Figure 4B, lane
1). Thereforepdl spectrin with insert 2 but not insert 1 must
precisely the same locugg). Since both the chicken and exist. Similarly, in brain, almost allI1 spectrin carries both
human mRNAs with this sequence were derived from brain insert 1 and insert 2 (Figure 4B, lane 7). In most tissues,
libraries, it seemed likely that this novel sequence might most of the spectrin carries insert 1 but not insert 2; and
represent a relatively brain-specific transcript. To explore finally, in embryonic tissue, over half of the spectrin contains
this hypotheses, as well as evaluate the tissue distributionneither insert 1 nor insert 2.
of the other recognized splice formsaIl spectrin (Figures To verify these deductions, additional RT-PCR reactions
2 and 3), all clones overlapping in the regions of repeat 11, were carried out on mRNA extracted from mouse embryos,
repeat 15, and repeat 21, the sites of recognized alternativan which the upstream primer was directed against either
splicing events, were examined by cDNA sequencing for the insert 1 itself or the sequence of the same region that lacks
presence or absence of alternative transcripts, and a varietynsert 1. The downstream primer in each case was sequence
of tissues were examined by RT-PCR for transcripts of thesebeyond insert 2. The resulting amplimers were probed by
inserts (see below). A total of 10 clones encompassing repeatSouthern blot for the presence or absence of inserts 1 and 2
15 were examined; in no instances were clones identified in (Figure 5). Also examined in these blots as a control were
the brain library that lacked inserts 1, 2, or 3, suggesting two cDNA constructs representing the region about the first
that the dominantdl transcript in brain contains all three  alternative splice, with or without insert 1. As is evident from
regions of inserted sequence. A search of GenBank for otherthe EtBr stained gel (Figure 5, top), products representing
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Ficure 5: Inserts 1 and 2 appear independently in embryonic
spectrin mRNA. The simultaneous presence of insert 1 and insert
2 in contiguous transcripts was analyzed by a two-step procedure
in which primers (see Table 1) recognizing either insert 1 (lane 1)
or the sequence created by its omission (lane 2) were used in
conjunction with primers downstream of insert 2 to amplify by RT-
PCR embryonic mouse mRNA. Southern blotting of the reaction
products with oligonucleotides specific for insert Dr insert 2-
cDNA were then used to determine what combinations of insert 1
and insert 2 appeared together. Also loaded on these gels were
cDNA constructs representing residues 98077 of spectrin either
with insert 1 (lane 4) or without insert 1 (lane 3). The EtBr-stained
gel demonstrates that all cDNAs were loaded approximately equally.
Note that regardless of whether the amplimer contains insert 1, the
products hybridize with probes specific for both insett@nd insert

2— sequences. The irregular intensity near the position of the
controls (lanes 3 and 4) for the blot with the insert2 probe are
artifact; these constructs do not extend to the insert 2 region. The

1 2 3 4 5 6 7 8 9 11 marker lane is “m”.
Tissue

Fraction spectrin insert (+)

transcripts are present, representing either the presence or
Ficure 4: PCR analysis ofull transcripts in tissues (A) RT-PCR ~ absence of insert 1 and insert 2 simultaneously in a single
analysis of mouse tissue extracts, using primers specific for eachtranscript. Thus, at least four specific isoformsdf spectrin

of the three regions of alternative transcriptiorod spectrin. Top are transcribed

panel, insert 1; middle panel, inset 2; bottom panel, insert 3. The Alth h . 3 . . d d
mRNA for RT-PCR in each lane was derived from: lane 1, heart; ~ ~\though no insert 3 negative transcripts were detecte
2, kidney; 3, lung; 4, liver; 5, thymus; 6, spleen; 7, brain; 8, ovary; in these studies, a cDNA clone of such a transcript has been
9, testis; 10, embryo; 11, skeletal muscle; 12, water only (negative noted in one published studyl%), and a nearly identical
control); 13, full-lengthodT spectrin cDNA (positive control). The  sequence constitutes exon 46 in thespectrin gene30).

size of the expected products for inset)(or () ranscripts at .5 although only identified in a single report, it remains

each locus is shown. The validity of all amplified products was . . o .
verified by direct cDNA sequencing. A representative gel is shown. lIKely that this transcript is real and represents an alternative

(B) Densitometric analysis of the PCR amplification products splice when the corresponding exon (exon 467?)ail
allowed quantitation of the abundance of each insert in the mRNA spectrin is deleted. Our failure to detect transcripts without
ter);trqggtriep(i U\g;‘ gg&'})gfggmm ':t‘;'rt]'gger daréﬁ%séessaterlgrﬁgggagﬁh%ﬁnsert 3 suggests that deletion of insert 3 probably represents
parallel amplification of artificial mixtures containing a known arare message. The m|r_1|mal detection limit for insert 3 in
quantity of each transcript. Precautions were also taken by analyzingthe calibrated PCR studies reported here was 30% of the
gels loaded with different amounts of amplified cDNA, so as to total spectrin mRNA; while this limit sets a maximal level
ensure that each determination fell within the linear range of for insert 3 () transcripts, we suspect that in fact such
densitometric responsiveness. For each tissue, the fractialof  yanscripts in fact represent significantly less than 30% of
transcripts that contained either insert 1 (open bars) or insert 2 . - -
(shaded bars) is shown. The tissue designations correspond to thos[aptal spe(_:trm MRNA, bas_ed on our |ngb|l|ty to detect Suqh
in panel A. a transcript in any of the tissues examined even when using
nested PCR amplification techniques (data not shown). If
both insert # and insert + amplimers were generated in insert 3 () transcripts do appear with each of the four
abundance, and each of these products hybridized with bothisoforms formed by combinations of insert 1 and insert 2,
insert 2+ and insert 2 specific oligonucleotides. These then in total there are eight isoforms all spectrin. We

results thus directly demonstrate that all expected mRNA term these isoformell 21—8, as depicted in Table 3.
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extend the A helix, it might complex with the B-helix and
thereby reduce or altering intersubunit interactions. Multiple
energy minimization analyses, beginning from different initial
states and with reasonable variations in the amount of water
in the hydration shell, all converged to essentially the same

Table 3: Summary oéIl Spectrin Isoforms

tissue
isoform insert1 insert2 insert3 calcd MW (mostabundant)

allZ1 yes yes yes 285095 brain & muscle

all =2 yes no yes 284539 most tissues . A L . .

al=3 no yes yes 282837 muscle & embryo  Structure as depicted in Figure 6. S_lgnlflcantly, in no instance
allZ4  no no yes 282282 gonads &embryo was the inserted sequence predicted to form or extend an
Q:EZ yes yes no 2288?‘:' 373(351 nott esttagl'_'sr:‘eg a-helix. Inspection of this sequence reveals that it is highly
[od yes no no not establishe HH ; H ; ot
adiS7 o yes no 282174 ot established hydrophilic, without the amphipathic character characteristic

a8 no ho no 281619 not established of spectrin’s other helices. We therefore consider it unlikely
that the modeling procedure is seriously misrepresenting the
Dynamic Molecular Modeling of the Repeat 15 Alterpati  structure of this unit.
SequenceThe fundamental structural feature of the con-
served spectrin repeat unit is a triglehelical motif 26). DISCUSSION
The novel insert described here arises in a region of The complete cDNA sequence of all spectrin derived
conserved repetitive sequence within repeat 15, a regionfrom human fetal brain has been determined, and 19 single-
whose secondary and tertiary structural features presumablybase alterations were identified that distinguish it from the
preserve this triple helical motif. It was therefore of interest only other characterized humadl spectrin genel5). These
to understand how the alternatively spliced sequence mightpolymorphisms create several novel restriction enzyme
be accommodated into the spectrin repeat structure. Primarycleavage sites, as well as 11 amino acid substitutions in the
sequence alignment of repeat unit 15 (with or without insert predicted gene product. More importantly we have identified
2) with otherall spectrin repeats and with the sequence of a novel 15 bp sequence inserted by alternative mRNA
the Drosophilaall spectrin 14th unit identified the portions  processing intall spectrin’s 15th repetitive unit. While the
of each repeat most likely to be involved with forming each function of this sequence remains unknown, we postulate
of the three helices (Figure 1). From this analysis, two regions that it constitutes a unique binding for a still unknown ligand.
of sequence divergence in repeat 15 were apparent. TheThis hypothesis is supported by preliminary surface plasmon
inserted sequence is predicted to lie within the region joining resonance studies that appear to detect such a ligand in whole
helix A to helix B. In addition, several divergent residues brain extracts (unpublished observations). That this insertion
were noted within helix C of this repeat, at codon positions represents the product of alternative splicing is supported
1629-1630. Using the alignment depicted in Figure 1 and by (i) the presence of this insert in 10 independent clones
as a starting point for the modeling calculations, the sequenceisolated from the fetal brain spectrin library; (ii) the identity
of human repeat 15 was superimposed onto the backboneof the brain and lungl spectrin cDNA sequences outside
three-dimensional structure of tBeosophilaspectrin repeat.  of the region of the insertion; (iii) the location of the inserted
Energy minimization and dynamic molecular modeling sequence precisely at a region homologous to the junction
algorithms were then used to estimate the probable structurabetween exons 32 and 33 of the humdnspectrin gene, a
consequences of each insertion, after first mathematicallygene thought to have arisen fromll spectrin by gene
heating the subunit to 100 to unfold all secondary and  duplication (4); (iv) the presence of only a singlell
tertiary structure. In these computations, each repeat unit wasspectrin gene, that appears on chromosome)9and (v)
modeled as if it weren a 6 Awater shell, a consideration the presence of all combinations of insert 1 and insert 2
found necessary in control studies to achieve a minimized within single RT-PCR products that bridge both insertion
structure by dynamic modeling that is faithful to the known sites. This novel insert appears to be exclusively expressed
structure of theDrosophila 14th repeat. This dynamic in brain, muscle, and embryonic tissues. Modeling of its
modeling approach has previously been used to estimate thehree-dimensional structure suggests that it forms a binding
structure of the calmodulin-binding and calpain-cleavage site site for an as of yet unidentified ligand, a result consonant
in the 11th repeat unit oIl spectrin 23), as well as the  with the preliminary findings cited above.
structure of the spectrin self-association compl2x 31). With this report, fiveo-spectrins have now been com-
The predicted structure derived from this approach is shown pletely characterized: human fetal brain (this report); human
in Figure 6 for repeat 15 with and without the insert. The lung fibroblast (5); human erythrocyteld); chicken brain
nonhomologous residues in helix C may distort helix C (28); andDrosophila(29). Collectively, these studies estab-
slightly, bringing its distal end into closer approximation to lish that the nonerythroidlII-spectrins are highly conserved,
the region of alternative splicing, which is predicted to form with at least 90% identity between vertebrate species and
a loop within the sequence joining helix A to helix B. The 63% identity between Drosophila and chicken. Conversely,
inserted sequence itself is predicted to cause a looping outhuman erythrocyted-spectrin shares only 5860% identity
of the segment joining helix A to helix B, so as to form an with humanall-spectrin, presumably reflecting the highly
exposed turn with substantial solvent accessibility. specialized nature of mammalian erythrocytes, where it is
It is interesting to note that the structure predicted by this most prominent. What is increasingly apparent from these
energy minimization procedure does not support an alterna-studies is the diversity that arises from alternative mRNA
tive possibility that insert 2 folds into am-helical structure splicing. Three sites of such splicing @I spectrin have
that extends either the A- or B-helix. It has been suggestednow been identified. In addition, as reported here, it appears
that the two extra turns present in the B-helix (relative to that at least inserts 1 and 2 can each be utilized indepen-
the A or C helices) might stabilize the connection between dently, creating at a minimum four differentll spectrin
two successive units26). Given this, if insert 2 were to  transcripts with tissue specific patterns of expression. In
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Ficure 6: Dynamic molecular modeling places insert 2 between helices A and B of the spectrin structural repeat. The sequence of the 15th
repeat unit ofodI brain spectrin was aligned with the 14th repeat uniDodsophilaalpha spectrin to determine the probable boundaries

of each helix in the repeat unit (see Figure 1). Thereafter, the structure of the human 15th repeat was approximated by dynamic molecular
modeling and energy minimization, as described in Materials and Met@p3wo-axis views of the estimated structurecdil spectrin

repeat 15 with insert 2 (white), positioned between helix A (at top of structure) and helix B (at bottom of structure). Helix C (diagonal,
across structure) is predicted to bend relative toDhesophilastructure due to the presence of a nonhomologous insertion (see Figure 1).
This bend appears to move the point of interaction of the distal end of helix C slightly toward helix B, exposing the region of linkage
between helices A and B and the site of inser(E). Two-axis views of the estimated structurecddil spectrin, repeat 15, without insert

2. (C) Two-axis views of the solvent accessible surface of insert 2. Note that the presence of the insert is predicted to cause a looping out
of the adjacent heliX to helix B joining segment, creating a potential ligand attachment site. The new structure created by insert 2, which
draws from sequences outside the insert, is amphipathic, in that it has one face largely hydrophobic, the other charged.

accord with current spectrin naming conventios3@, 33), such as in studies of cardiac and skeletal mus4e35) or

we term these isoforms of spectredI=1, allX2, ollZ3, of neurons 86). It is also important to note that while this
andallZ4. The precise structure we have assigned to eachreport identifies four different spectrin transcripts that appear
of these transcripts is presented in Table 3. It is also in a tissue specific distribution, the steady-state abundance
surprising in this study that we did not detect using a sensitive of the proteins derived from each transcript has not been
PCR assay differential utilization of insert 3 in any tissue. measured. Thus, whilell spectrin (all isoforms) is a reason-
This insert has only been identified in a single clone derived ably abundant protein in probably all cell types, it remains
from lung fibroblasts 15), and the question remains open unknown if the varioustI spectrin mRNA transcripts iden-
whether it represents a bona fide transcript. However, tified here are translated with equivalent efficiency or if their
inspection of the genomic structure of thé spectrin gene  protein products are all equally stable. The answer to these
suggests that it is, since an almost identical sequencequestions will require isoform-specific antibodies. While the
constitutes exon 46 afl spectrin. If insert 3 irul1 spectrin preparation of such antibodies is underway and preliminary
is real, it must represents a rare form of spectrin and possiblyresults indicate that both insert 1 positive and insert 1
a cell-type specific transcript. We anticipate (but at this point negative protein is present in at least some cells (Cianci and
cannot prove) that insert 3, when it is utilized, will also Morrow, unpublished observations), additional studies will
appear independently of the alternative splices yielding be required to conclusively address these questions and to
inserts 1 and 2. If so, this would mean that there are a total determine whether the protein products of insert 2 and insert
of eight different transcripts ofIl spectrin. The presence 3 also reflect the abundance of their mRNAs.

of such isoform diversity may contribute to the differential A central question that remains is the functional conse-
tissue reactivity often observed with anti-spectrin antibodies, quences otdI-spectrin isoform diversity. Presumably, the
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inserted sequences are altering the function or stability of REFERENCES

the overall molecule. The structural modeling reported here
for insert 2 and our preliminary unpublished observations
that there is a ligand that specifically binds insert 2 in brain
extracts lends credence to this hypothesis. Indeed, the
predicted structure for repeat 15 suggests that complimentary
sequence variations may even have arisen within helix C
that act in concert with the connecting region between helices
A and B (where insert 2 occurs) to accommodate a novel
binding site or its ligand. The structure predicted for insert
2 demonstrates an exposed peptide loop with opposed
hydrophobic and charged faces (Figure 6), reminiscent of
the structure of highly antigenic epitopes that bind antibodies
or the interaction site between p53 and the ankyrin-like p53
BP (37, 38).

In future studies, it will be of interest to identify the nature
of the brain and any muscle specific ligand(s) that interact
with insert 2, as well as inserts 1 and 3. While the roles of
inserts 1 and 3 remain unknown, these splices arise in regions
of the molecule likely to be functionally active (cf. Figures
2 and 3). Thus, insert 1 flanks the SH3 domain odft
spectrin; the primary sites of calpain and caspase 3 cleavage;
and the site of calcium dependent calmodulin bindiB@—

417). In preliminary studies using antibodies specific for insert
1, we have noted that insert 1 may contribute to the control
of the intracellular compartmentalization@fI spectrin, and
anticipate that this insert will turn out to be important for
understanding the dynamics @Il spectrin assembly in vivo.
(Cianci and Morrow, unpublished observations). Finally,
insert 3 is found in repeat 21, a region involved in nucleating
heterodimer assembly during spectrin synthe&®, @nd also

a region flanking two calcium-binding sites similar to those
found in calmodulin 43) and implicated in the interaction
of spectrin with NMDA receptor channeld4).

In summary, the results presented here establish that at
least four distinct isoforms of humanll spectrin are

expressed in various tissues and identify a novel human brain ;¢4

and muscle specific isoform. If additional complexity arises
from alternative transcription at insert 3, which is likely
although not detected in these studies, then eight different
isoforms of all spectrin arise from a single gene on

chromosome 9. The structural consequences of the novel =
insert reported here have also been modeled; these studies;g.

suggest that insert 2 forms a binding site in repeat 15 for an
unknown ligand that is presumably present in brain and

muscle tissue. When these results are combined with the 20-

known transcriptional diversity of thg-spectrin gene family
(reviewed in3, 9, and 45), and the observation that any
pB-spectrin can apparently combine with aayspectrin to
create a functional heterodimer, the combinatorial (and
presumably functional) complexity of the spectrin family is

significant. A challenge in future studies will be to understand 22.

the full complement of ligands that interact with spectrin,
and how their multiple functionality’s contribute to spectrin’s
role as a membrane organizing center at the plasma
membrane and on internal membrangs4, 12, 13).
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