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ABSTRACT: Alternative splicing of pre-mRNA transcripts ofR andâ 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-lengthRΙΙ spectrin 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 distinguish thisRΙΙ spectrin
from human lung fibroblastRΙΙ 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 fibroblastRΙΙ spectrin. This discovery, together with two previously identified regions
of alternative mRNA splicing inRΙΙ 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 insertion withinRΙΙ
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 isoforms ofRΙΙ spectrin. These have been named
RΙΙΣ1 throughRΙΙΣ4, 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 inRΙΙΣ3 andRΙΙΣ4 spectrin suggests a specialized and heretofore unanticipated function
for the 15th repeat of this molecule.

The spectrin-actin cytoskeleton, first identified in the
erythrocyte, is a ubiquitous and central component of the
machinery by which cells organize their surface and internal
membranes (for reviews, see refs1-4). As nonerythroid cells
have been examined, an increasing appreciation of the
molecular diversity of the spectrin skeleton has emerged. In
the human erythrocyte, the spectrin functional unit is
composed of two nonidentical but homologous subunits,
termedRΙ and âΙ, arising from genes on chromosomes 1
(5) and 14 (6), respectively. At the plasma membrane of most
nonerythroid tissues is a similar spectrin heterocomplex,
composed ofRΙΙ andâΙΙ subunits, the product of genes on
chromosomes 9 (7) and 2 (8), respectively. Associated with
the Golgi and other vesicular compartments of the cell is
âΙΙΙ spectrin, a third form of unique spectrin that arises from
a gene on chromosome 11 (9). Additional forms of spectrin
also may exist, since antigenically unique isoforms have been
detected in association with the acetylcholine receptor in

muscle cells (10, 11), and spectrins other thanâΙΙΙ may also
be present in the Golgi compartment of epithelial cells (12,
13). Beyond distinct gene utilization, additional spectrin
diversity arises from alternative mRNA splicing. Recognized
human spectrin isoforms include two forms ofâΙ spectrin,
derived from differential exon utilization at the COOH-
terminus (14-18); two âΙΙ isoforms, derived from alternative
exon utilization at the NH2-terminus (19; Forget et al.,
unpublished observations); and two regions of alternative
splicing inRΙΙ spectrin, one in the tenth repeat unit and the
other in repeat unit 21 (15). With the possible exception of
COOH-terminal alternative splicing inâΙ spectrin, which
places a pleckstrin homology domain inâΙΣ2 spectrin that
is capable of binding PtdInsP2 (20, 21), the functional
consequences of this structural diversity remains unclear.

The present report describes the complete cloning and
characterization of human fetal brainRΙΙ spectrin cDNA.
In addition to several single-base divergences from human
lung fibroblasts spectrinRΙΙ cDNA sequence, that presum-
ably represent polymorphism’s in this gene, we identify a
novel 15 bp region introduced by alternative mRNA splicing
after codon 1586 (insert 2). This insertion is predicted to
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encode a five residue insertion inRΙΙ-spectrin’s repeat unit
15. Dynamic molecular modeling of this insertion predicts
that the novel (inserted) sequence extends the interhelix loop
between helices A and B of the 15th repetitive unit. The
tissue utilization of insert 2, as well as the utilization of two
other previously described inserts that also arise by alternative
mRNA processing, are evaluated by RT-PCR. Surprisingly,
we find that insert 2 generates a unique isoform ofRΙΙ
spectrin expressed only in brain, muscle, and embryonic
tissue, while the other transcripts are more widely distributed.
These results thus identify a signature sequence that is unique
to brain and muscleRΙΙ spectrin. We hypothesize that this
sequence bestows onRΙΙ spectrin a novel ligand-binding
capacity.

The cDNA sequence of human fetal brain spectrin has
been deposited in GenBank as accession numbers U83867
and U26396.

MATERIALS AND METHODS

All DNA manipulations, including PCR amplifications,
restriction enzyme digestion’s, plasmid preparation, vector
construction, subcloning and sequencing, followed standard
methods unless otherwise specified (22).

Cloning and Characterization of Human Fetal BrainRII
Spectrin.The isolation of cDNA clones encodingRΙΙ spectrin
from a human fetal brain library (Stratagene) inλ-ZAP has
been previously reported (23). The initial probe used to
identify fetal spectrin clones were isolated by hybridization
with anR-[32P]dCTP random labeled 1.7 Kb PCR fragment
constructed from primers based on the published human lung
RΙΙ spectrin sequence (nucleotides 2455-4211) (15). All
positive purified plaques were subcloned in vivo into
pBluescript directly from theλ ZAP vector using helper
phage R408, following the protocol accompanying theλ ZAP
product literature. Clone sizes were approximated by restric-
tion digests withEcoR1. The ends of each clone were
sequenced using T7 and T3 primers, and the overlapping
clones were aligned. Clones used for assembly were ex-
panded, and large-scale plasmids were prepared (Qiagen) and
completely sequenced by the dideoxy chain-termination
methods using Sequenase v 2.0 (United States Biochemical)
(24). Primer walking and extension was used to complete
the sequence of the full-length gene. At least two independent
clones were sequenced in both directions to confirm regions
containing polymorphic nucleotides.

Isoform Analysis.Total mouse RNA was obtained from
Ambion (Austin, TX). Reverse transcription was performed
on 5 µg of total RNA with either oligo-dt(12-18) or random
hexamers, utilizing the Superscript II Second Strand Am-
plification System (Life Technologies). PCR was performed
in a 100µL reaction mixture using 5µL of the RT-cDNA,
0.5 µg of the specific internal primers, 0.5µL Taq poly-
merase (Perkin-Elmer), 1.5 mM MgCl2, and 200 mM
dNTP’s. Primers were chosen so as to flank known regions
of alternative splicing, and hence were “intron-jumping”. The
specific primers used for each transcript were insert 1,
forward primer (5′-GGTGGAAAGTGGAAGTGAACGATC-
3′), reverse primer (5′-TGCTGTAGTTCATTCGCTTCACGG-
3′); insert 2, forward primer (5′-GGATGAGATTGAGGCT-
TGGATC-3′), reverse primer (5′-GTCGATAACCCCACG-
GATCCGG-3′); insert 3, forward primer 5′-GGAGTTTGC-

CCAGCACGCCAACG-3′, reverse primer (5′-GCTGACT-
TCTCATGGCTCGGΑ-3′).

PCR reactions were performed in a Perkin-Elmer ther-
mocycler using a “Touchdown Low” program, during which
the annealing temperature was reduced from 50 to 42°C in
increments of 2°C/cycle, followed by 30 cycles at a 42°C
annealing temperature. The PCR products were analyzed
using 12% Tris-borate EDTA (TBE)1 polyacrylamide gels
and visualized by ethidium bromide and ultraviolet light. All
PCR products were immediately subcloned into the pCR2.1
(TA) cloning vector from Invitrogen (San Diego, CA), for
subsequent sequencing to verify the validity of the amplified
sequences.

PCR Calibration. To quantitatively assess the levels of
transcript present in the various tissues for each spectrin
isoform, control mixtures containing known quantities of
cDNA, representing the presence or absence of each insert,
were prepared and evaluated over a range of PCR amplifica-
tion and gel loading conditions. Favorable conditions were
identified (as above) that yielded an approximately linear
amplification response for allRΙΙ inserts and which were
within a linear range of densitometric responsiveness after
ethidium bromide staining of the gels. Using these conditions,
a series of 10 standard samples, containing mixtures of insert
positive vs insert negative cDNA in ratios ranging from 0:1
to 1:0, were evaluated in conjunction with each tissue insert
analysis, and the standard curves derived from these ampli-
fications were evaluated by nonlinear regression analysis.
The resultant fitting coefficients were then used in the
evaluation of the isoform ratios in the tissues.

Analysis of Spectrin Isoform Pairing. Mouse embryonic
mRNA was RT-PCR’d by oligo(dt) using Superscript Second
Strand Amplification System (Life Technologies). The
various primers used are summarized in Table 1. A PCR
reaction was initially performed using upstream primers
which encompassed or deleted the insert 1 sequence (primers
number 34 105 and 34 106, respectively) and a downstream
primer (primer number 13 623), which encompassed insert
2. These PCR reactions were then analyzed by southern
blotting using sequence specific oligos as probes. The oligos
(all approximately 50 bp in length) were labeled by Amer-
sham’s direct nucleic acid labeling and detection system
(RPN) according to manufacture’s protocol. To maintain the
specificity and the minimum length (50 bp) of the probes
for this method of labeling, irrelevant sequence was added
to the ends of certain primers (indicated in by underline).
Oligo’s used as probes which were in the minus (-) form
were constructed by looping out the insert sequence.

Molecular Modeling. The predicted structural conse-
quences of the alternative sequences inRΙΙ spectrin were
modeled following the procedure used to predict the structure
of the calpain cleavage site inRΙΙ spectrin (23). Briefly, the
sequence of a repeat of interest was aligned by the program
Best fit (25) with the sequence of the 14th repeat unit of
Drosophila RΙΙ spectrin, for which the three-dimensional
structure has been determined (26). This allowed the assign-
ment of specific residues to each of the three helices in the
spectrin repeat unit. These residues were then substituted at
their homologous positions in the three-dimensional crystal

1 Abbreviations: RPN, Amersham’s direct nucleic acid labeling and
detection system; TBE, 12% Tris-borate EDTA.
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structure of theDrosophila spectrin; also inserted but not
structured were the additional residues provided by the
alternative splice. This entire structure was then placed in a
6 Å water shell and dynamically modeled and energy
minimized as before (for more complete description of the
method used, see refs23 and27). Resultant structures were
displayed using the Biosym software package operating on
a Silicon Graphics Indigo2 Extreme workstation.

RESULTS

Cloning and Characterization of Human Fetal BrainRΙΙ
Spectrin. Previously, we have identified a series of 39
overlapping clones encoding human fetal brainRΙΙ spectrin,
and have characterized one of these (clone 18 531) as
encoding the regions ofRΙΙ spectrin involved with calm-
odulin binding andµ-calpain cleavage (23). In the present
study, we extend our analysis of these clones and present
the complete structure of this gene. Thirty-nine positive
clones were obtained spanning the entire length of the
published RΙΙ human lung sequence, except for the N-
terminal first 75 nucleotides (Figure 1). The 5′-end of the
gene was obtained by PCR using an upstream primer derived
from the 5′-untranslated region of the lung sequence and a
reverse sense primer starting at nt 547, encompassing the
uniqueMunI site, thereby allowing the convenient assembly
of the full-lengthRΙΙ product. The entire full-length cDNA
was sequenced from the assembled product (Figure 2). The
derived amino acid sequence of human brainRΙΙ spectrin

contained 2477 residues with a predicted molecular mass of
285 095 Da. This is to be compared with human lung
fibroblast sequence with a predicted 2472 residues and a
calculated molecular mass of 283 964 Da; chicken brainRΙΙ
spectrin sequence of 2477 codons with a molecular mass of
285 369 Da (28); and Drosophila RΙΙ-spectrin containing
2415 residues with a predicted mass of 278 364 Da (29).

Compared to the human lung sequence, human fetal brain
spectrin displayed 19 nucleotide substitutions, several of
which resulted in alternative amino acid usage (Figure 2 and
Table 2). All nucleotide differences were confirmed in at
least two and usually three independent clones from the fetal
brain library. Several of these nucleotide substitutions also
generated altered enzyme restriction sites, and were addition-
ally verified in some cases by their sensitivity (or lack of
sensitivity) to the appropriate enzyme (data not shown). Since
it was also possible that the variances from the fibroblast
sequence arose from sequencing errors in the latter, an effort
was made to verify the sequence of the original fibroblast
clones. Repeat sequencing of the only available original clone
(clone 2.7A, kindly provided by Dr. Bernard Forget),
representing bases 2128-4885, found no differences from
the reported sequence. Thus, the divergences at least within
this region (at nucleotides 2209, 2631, and 3899) must
represent true polymorphisms. It cannot be definitely deter-
mined at this point whether the other divergences from the
published lung fibroblast sequence represent true polymor-
phisms or sequencing errors in the original report.

When the sequence ofRΙΙ spectrin is aligned with respect
to the phasing of the structural repeat unit (26), several
interesting features emerge (Figures 2 and 3). Putative
sequence repeat units 9 and 10 together appear to form only
a single structural repeat unit, with the SH3 domain and its
immediate downstream flanking sequence arising within a
segment joining helices B and C. Also within this structural
unit is an alternative transcript (insert 1) that is predicted to
arise by interrupting helix C in a fashion analogous to the
positioning of the calpain cleavage and calmodulin binding
site found in repeat 11 (23).

Human Fetal BrainRΙΙ Spectrin Contains a NoVel Inserted
Sequence in Repeat 15.Sequence analysis of the complete
full-length RΙΙ spectrin gene detected an insertion of 15
nucleotides in repeat 15, resulting in a predicted amino acid
sequence that contained an additional five residues. This
sequence was not present in the reported humanRΙΙ lung
spectrin sequence nor in the sequence fromDrosophila.
Surprisingly, a comparison with the sequence of chicken
brain spectrin revealed a homologous region inserted at

Table 1: Oligonucleotides Used for RT-PCR Analysis of Specific Spectrin Isoforms

name identity nt sequence (5′-3′) use

41 846 insert 2+ forward 4742 ATCCCACCAACATCCAGCTTTCCAAGCTGCTGAGCAAGCACCAGAAGCAC probe
41 947 insert 2+ reverse 4791 GTGCTTCTGGTGCTTGCTCAGCAGCTTGGAAAGCTGGATGTTGGTGGGAT probe
41 848 insert 1- forward 3140 ATGCATGCAGCAGATTGACAATTCAGTATCATTCTCTGCTGGAATGCATGC probe
41 849 insert 1- reverse 3234 GCATGCATTCCAGCAGAGAATGATACTGCTTGTCAATCTGCTGCATGCAT probe
41 850 insert 2- forward 4742 GATCGATCATCCCACCAACATCCAGAGCAAGCACCAGAAGCAGATCGATC probe
41 851 insert 2- reverse 4789 GATCGATCGCTTCTTGGTGCTTGCTCTGGATGCTTGGTGGGATGATCGATC probe
41 665 insert 1+ forward 3157 ACACGCATAACTAAGGAGGCCGGCAGTGTATCTCTGCGTATGAAGCAGGTGGAAGAACTA probe
41 670 insert 1+ reverse 3204 TAGTTCTTCCACCTGCTTCATACGCAGAGATACACTGCCGGCCTCCTTAGTTATGCGTGT probe
34 105 insert 1+ forward 3148 GACAATCAGACACGCATAAC PCR
34 106 insert1- forward 3148 GACAATCAGTATCATTCTCTGCTG PCR
13 623 RΙΙ downstream

reverse
4925 CCAGGCGGGCCTTGACAGCATCCTC PCR

FIGURE 1: The cloning of human fetal brainRΙΙ spectrin. Screening
of a human fetal brain library forRΙΙ spectrin identified 39 clones.
Representative clones used to establish and verify the complete
cDNA sequence of the brain isoform ofRΙΙ spectrin are depicted.
The complete cDNA sequence derived from the clones shown may
be accessioned from GenBank, U83867.
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FIGURE 2: The derived amino acid sequence of human brainRΙΙ spectrin, compared to that of human lungRΙΙ spectrin (15). Residues
(total ) 11) of the lung isoform (dashes) that differ from those in fetal brain are shown. In this alignment, the sequence of human brainRΙΙ
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 blue) ofDrosophilaRΙΙ spectrin’s 14th repeat unit [shown at the bottom (26)]. 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 byµ-calpain and the calmodulin binding domain (CaM) are indicated.
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precisely the same locus (28). Since both the chicken and
human mRNAs with this sequence were derived from brain
libraries, it seemed likely that this novel sequence might
represent a relatively brain-specific transcript. To explore
this hypotheses, as well as evaluate the tissue distribution
of the other recognized splice forms ofRΙΙ spectrin (Figures
2 and 3), all clones overlapping in the regions of repeat 11,
repeat 15, and repeat 21, the sites of recognized alternative
splicing events, were examined by cDNA sequencing for the
presence or absence of alternative transcripts, and a variety
of tissues were examined by RT-PCR for transcripts of these
inserts (see below). A total of 10 clones encompassing repeat
15 were examined; in no instances were clones identified in
the brain library that lacked inserts 1, 2, or 3, suggesting
that the dominantRΙΙ transcript in brain contains all three
regions of inserted sequence. A search of GenBank for other

proteins that might display the 5 residue insert 2 motif
revealed no homologies.

Insert 2 ofRΙΙ Spectrin Is Restricted to Brain, Muscle,
and Embryonic Tissues.Utilizing RT-PCR with primers
flanking the regions of interest, total RNA from a series of
mouse tissues was screened for the expression of the three
known alternative transcript sequences (Figure 4). To
calibrate these RT-PCR studies, a series of cDNAs either
with or without insert 1, insert 2, or insert 3 were mixed in
varying proportions, and then amplified and quantified by
densitometry in parallel with the determination of the tissue
samples. Precautions were taken to ensure that the densito-
metric signals were in a linear range of response; at times,
this necessitated evaluating gels with different levels of
loading. The resulting standard curve of optical density for
each amplimer vs its relative abundance was then fit by
nonlinear regression and the coefficients obtained used to
evaluate the proportion of insert positive vs insert negative
transcripts in each tissue extract. Transcripts with or without
insert 1 were present in approximately equal amounts in
heart, kidney, ovary, testis, and embryo. Lung, liver, thymus,
spleen, brain, and skeletal muscle expressed predominately
the insert(+) isoform (Figure 4B). Sequence analysis con-
firmed the anticipated structure of these PCR products. A
larger PCR product evident in Figure 4 (marked by *) was
also sequenced, and was found not to contain spectrin
sequence. Transcripts with insert 2, the novel sequence
identified here in humanRΙΙ spectrin, were the only ones
present in brain, while in heart muscle, skeletal muscle, and
embryo, both insert 2(+) and insert 2(-) forms were
detected. The remaining tissues (lung, liver, thymus, spleen,
kidney, ovary, and testis) exclusively expressed transcripts
lacking insert 2. Finally, in all tissues examined only insert
3, positive transcripts were identified; control studies indi-
cated that insert 3 negative transcripts would have been
detected if they were present at 30% or greater levels in total
spectrin mRNA. Quantitation of these PCR products sug-
gested that different tissues characteristically express different
combinations ofRΙΙ spectrin isoforms (Figure 4B), presum-
ably to tailor the functional properties of their spectrin
skeleton to each tissue’s unique requirements. These results
also clearly indicate that all combinations of splice forms
bridging inserts 1 and 2 must exist. For example, in heart
tissue, nearly 70% ofRΙΙ spectrin carries insert 2, but less
than 30% of this spectrin contains insert 1 (Figure 4B, lane
1). Therefore,RΙΙ spectrin with insert 2 but not insert 1 must
exist. Similarly, in brain, almost allRΙΙ spectrin carries both
insert 1 and insert 2 (Figure 4B, lane 7). In most tissues,
most of the spectrin carries insert 1 but not insert 2; and
finally, in embryonic tissue, over half of the spectrin contains
neither insert 1 nor insert 2.

To verify these deductions, additional RT-PCR reactions
were carried out on mRNA extracted from mouse embryos,
in which the upstream primer was directed against either
insert 1 itself or the sequence of the same region that lacks
insert 1. The downstream primer in each case was sequence
beyond insert 2. The resulting amplimers were probed by
Southern blot for the presence or absence of inserts 1 and 2
(Figure 5). Also examined in these blots as a control were
two cDNA constructs representing the region about the first
alternative splice, with or without insert 1. As is evident from
the EtBr stained gel (Figure 5, top), products representing

Table 2: Divergence between Human Brain and LungRII Spectrin

nta ∆L-B codon amino acid

433 T-C TTG-CTG L to L
450 C-G AAC-AAG N to K

1493 T-C TTC-TCC F to S
1647 C-T GAC-GAT D to D
1767 G-C GTG-GTC V to V
2209 G-A GTC-ATC V to I
2631 Α-C GCΑ-GCC A to A
3899 C-T ACC-ATC T to I
4889 (4874) Α-G AAT-AGT N to S
4938 (4923) Α-G CAΑ-CAG Q to Q
5023 (5008) Α-T ATT-TTT I to F
5027 (5012) C-A GCΑ-GAC A to D
5028 (5013) Α-C “
5768 (5753) C-A GCC-GAC A to D
7056 (7041) T-G GAT-GAG D to E
7057 (7042) G-T GGC-TTC G to F
7058 (7043) G-T “
7357 (7342) Α-T ATC-TAC I to Y
7358 (7343) T-A “
a Nucleotide positions are numbered according to the brainRΙΙ

spectrin sequence (lung positions in brackets). Abbreviations: (L), lung;
(B), brain; ∆, change.

FIGURE 3: Three regions of alternative splicing identified inRII
spectrin with their relationship to functional domains (cartoon) (A)-
Schematic representation of the three regions of alternative splicing
in humanRΙΙ spectrin, and their relationship to the overall domain
structure of spectrin. (B) Detailed schematic of the putative
relationship of the nonhomologous sequences within repeats 9-11
to the alternatively spliced sequences in this region (insert 1) and
the calmodulin-binding domain. In this region, it is proposed that
a single basic spectrin repeat unit is formed from homologous
sequences in repeats 9 and 10, and this unit is joined to repeat 11
which displays a nonhomologous calmodulin binding and calpain
cleavage site within a nonhomologous sequence proposed to arise
within helix C of repeat 11 (23).

RΙΙ Spectrin Isoforms Biochemistry, Vol. 38, No. 48, 199915725



both insert 1+ and insert 1- amplimers were generated in
abundance, and each of these products hybridized with both
insert 2+ and insert 2- specific oligonucleotides. These
results thus directly demonstrate that all expected mRNA

transcripts are present, representing either the presence or
absence of insert 1 and insert 2 simultaneously in a single
transcript. Thus, at least four specific isoforms ofRΙΙ spectrin
are transcribed.

Although no insert 3 negative transcripts were detected
in these studies, a cDNA clone of such a transcript has been
noted in one published study (15), and a nearly identical
sequence constitutes exon 46 in theRΙ spectrin gene (30).
Thus, although only identified in a single report, it remains
likely that this transcript is real and represents an alternative
splice when the corresponding exon (exon 46?) inRΙΙ
spectrin is deleted. Our failure to detect transcripts without
insert 3 suggests that deletion of insert 3 probably represents
a rare message. The minimal detection limit for insert 3 in
the calibrated PCR studies reported here was 30% of the
total spectrin mRNA; while this limit sets a maximal level
for insert 3 (-) transcripts, we suspect that in fact such
transcripts in fact represent significantly less than 30% of
total spectrin mRNA, based on our inability to detect such
a transcript in any of the tissues examined even when using
nested PCR amplification techniques (data not shown). If
insert 3 (-) transcripts do appear with each of the four
isoforms formed by combinations of insert 1 and insert 2,
then in total there are eight isoforms ofRΙΙ spectrin. We
term these isoformsRΙΙ Σ1-8, as depicted in Table 3.

FIGURE 4: PCR analysis ofRII transcripts in tissues (A) RT-PCR
analysis of mouse tissue extracts, using primers specific for each
of the three regions of alternative transcription inRΙΙ spectrin. Top
panel, insert 1; middle panel, inset 2; bottom panel, insert 3. The
mRNA for RT-PCR in each lane was derived from: lane 1, heart;
2, kidney; 3, lung; 4, liver; 5, thymus; 6, spleen; 7, brain; 8, ovary;
9, testis; 10, embryo; 11, skeletal muscle; 12, water only (negative
control); 13, full-lengthRΙΙ spectrin cDNA (positive control). The
size of the expected products for insert (+) or (-) transcripts at
each locus is shown. The validity of all amplified products was
verified by direct cDNA sequencing. A representative gel is shown.
(B) Densitometric analysis of the PCR amplification products
allowed quantitation of the abundance of each insert in the mRNA
extracted from each tissue. In multiple analyses, the abundance of
transcript was compared with standard curves determined by the
parallel amplification of artificial mixtures containing a known
quantity of each transcript. Precautions were also taken by analyzing
gels loaded with different amounts of amplified cDNA, so as to
ensure that each determination fell within the linear range of
densitometric responsiveness. For each tissue, the fraction ofRΙΙ
transcripts that contained either insert 1 (open bars) or insert 2
(shaded bars) is shown. The tissue designations correspond to those
in panel A.

FIGURE 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 2+ or 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 967-1077 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 insert 2+ and insert
2- sequences. The irregular intensity near the position of the
controls (lanes 3 and 4) for the blot with the insert 2 (-) probe are
artifact; these constructs do not extend to the insert 2 region. The
marker lane is “m”.
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Dynamic Molecular Modeling of the Repeat 15 AlternatiVe
Sequence.The fundamental structural feature of the con-
served spectrin repeat unit is a tripleR-helical motif (26).
The novel insert described here arises in a region of
conserved repetitive sequence within repeat 15, a region
whose secondary and tertiary structural features presumably
preserve this triple helical motif. It was therefore of interest
to understand how the alternatively spliced sequence might
be accommodated into the spectrin repeat structure. Primary
sequence alignment of repeat unit 15 (with or without insert
2) with otherRΙΙ spectrin repeats and with the sequence of
theDrosophilaRΙΙ spectrin 14th unit identified the portions
of each repeat most likely to be involved with forming each
of the three helices (Figure 1). From this analysis, two regions
of sequence divergence in repeat 15 were apparent. The
inserted sequence is predicted to lie within the region joining
helix A to helix B. In addition, several divergent residues
were noted within helix C of this repeat, at codon positions
1629-1630. Using the alignment depicted in Figure 1 and
as a starting point for the modeling calculations, the sequence
of human repeat 15 was superimposed onto the backbone
three-dimensional structure of theDrosophilaspectrin repeat.
Energy minimization and dynamic molecular modeling
algorithms were then used to estimate the probable structural
consequences of each insertion, after first mathematically
heating the subunit to 1000°C to unfold all secondary and
tertiary structure. In these computations, each repeat unit was
modeled as if it were in a 6 Å water shell, a consideration
found necessary in control studies to achieve a minimized
structure by dynamic modeling that is faithful to the known
structure of theDrosophila 14th repeat. This dynamic
modeling approach has previously been used to estimate the
structure of the calmodulin-binding and calpain-cleavage site
in the 11th repeat unit ofRΙΙ spectrin (23), as well as the
structure of the spectrin self-association complex (27, 31).
The predicted structure derived from this approach is shown
in Figure 6 for repeat 15 with and without the insert. The
nonhomologous residues in helix C may distort helix C
slightly, bringing its distal end into closer approximation to
the region of alternative splicing, which is predicted to form
a loop within the sequence joining helix A to helix B. The
inserted sequence itself is predicted to cause a looping out
of the segment joining helix A to helix B, so as to form an
exposed turn with substantial solvent accessibility.

It is interesting to note that the structure predicted by this
energy minimization procedure does not support an alterna-
tive possibility that insert 2 folds into anR-helical structure
that extends either the A- or B-helix. It has been suggested
that the two extra turns present in the B-helix (relative to
the A or C helices) might stabilize the connection between
two successive units (26). Given this, if insert 2 were to

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
structure as depicted in Figure 6. Significantly, in no instance
was the inserted sequence predicted to form or extend an
R-helix. Inspection of this sequence reveals that it is highly
hydrophilic, without the amphipathic character characteristic
of spectrin’s other helices. We therefore consider it unlikely
that the modeling procedure is seriously misrepresenting the
structure of this unit.

DISCUSSION

The complete cDNA sequence of anRΙΙ spectrin derived
from human fetal brain has been determined, and 19 single-
base alterations were identified that distinguish it from the
only other characterized humanRΙΙ spectrin gene (15). These
polymorphisms create several novel restriction enzyme
cleavage sites, as well as 11 amino acid substitutions in the
predicted gene product. More importantly we have identified
a novel 15 bp sequence inserted by alternative mRNA
processing intoRΙΙ spectrin’s 15th repetitive unit. While the
function of this sequence remains unknown, we postulate
that it constitutes a unique binding for a still unknown ligand.
This hypothesis is supported by preliminary surface plasmon
resonance studies that appear to detect such a ligand in whole
brain extracts (unpublished observations). That this insertion
represents the product of alternative splicing is supported
by (i) the presence of this insert in 10 independent clones
isolated from the fetal brain spectrin library; (ii) the identity
of the brain and lungRΙΙ spectrin cDNA sequences outside
of the region of the insertion; (iii) the location of the inserted
sequence precisely at a region homologous to the junction
between exons 32 and 33 of the humanRΙ spectrin gene, a
gene thought to have arisen fromRΙΙ spectrin by gene
duplication (14); (iv) the presence of only a singleRΙΙ
spectrin gene, that appears on chromosome 9 (7); and (v)
the presence of all combinations of insert 1 and insert 2
within single RT-PCR products that bridge both insertion
sites. This novel insert appears to be exclusively expressed
in brain, muscle, and embryonic tissues. Modeling of its
three-dimensional structure suggests that it forms a binding
site for an as of yet unidentified ligand, a result consonant
with the preliminary findings cited above.

With this report, fiveR-spectrins have now been com-
pletely characterized: human fetal brain (this report); human
lung fibroblast (15); human erythrocyte (14); chicken brain
(28); andDrosophila(29). Collectively, these studies estab-
lish that the nonerythroidRΙΙ-spectrins are highly conserved,
with at least 90% identity between vertebrate species and
63% identity between Drosophila and chicken. Conversely,
human erythrocyteRΙ-spectrin shares only 50-60% identity
with humanRΙΙ-spectrin, presumably reflecting the highly
specialized nature of mammalian erythrocytes, where it is
most prominent. What is increasingly apparent from these
studies is the diversity that arises from alternative mRNA
splicing. Three sites of such splicing inRΙΙ spectrin have
now been identified. In addition, as reported here, it appears
that at least inserts 1 and 2 can each be utilized indepen-
dently, creating at a minimum four differentRΙΙ spectrin
transcripts with tissue specific patterns of expression. In

Table 3: Summary ofRΙΙ Spectrin Isoforms

isoform insert 1 insert 2 insert 3 calcd MW
tissue

(most abundant)

RIIΣ1 yes yes yes 285 095 brain & muscle
RIIΣ2 yes no yes 284 539 most tissues
RIIΣ3 no yes yes 282 837 muscle & embryo
RIIΣ4 no no yes 282 282 gonads & embryo
RIIΣ5 yes yes no 284 431 not established
RIIΣ6 yes no no 283 876 not established
RIIΣ7 no yes no 282 174 not established
RIIΣ8 no no no 281 619 not established
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accord with current spectrin naming conventions (3, 32, 33),
we term these isoforms of spectrinRΙΙΣ1, RΙΙΣ2, RΙΙΣ3,
andRΙΙΣ4. The precise structure we have assigned to each
of these transcripts is presented in Table 3. It is also
surprising in this study that we did not detect using a sensitive
PCR assay differential utilization of insert 3 in any tissue.
This insert has only been identified in a single clone derived
from lung fibroblasts (15), and the question remains open
whether it represents a bona fide transcript. However,
inspection of the genomic structure of theRΙ spectrin gene
suggests that it is, since an almost identical sequence
constitutes exon 46 ofRΙ spectrin. If insert 3 inRΙΙ spectrin
is real, it must represents a rare form of spectrin and possibly
a cell-type specific transcript. We anticipate (but at this point
cannot prove) that insert 3, when it is utilized, will also
appear independently of the alternative splices yielding
inserts 1 and 2. If so, this would mean that there are a total
of eight different transcripts ofRΙΙ spectrin. The presence
of such isoform diversity may contribute to the differential
tissue reactivity often observed with anti-spectrin antibodies,

such as in studies of cardiac and skeletal muscle (34, 35) or
of neurons (36). It is also important to note that while this
report identifies four different spectrin transcripts that appear
in a tissue specific distribution, the steady-state abundance
of the proteins derived from each transcript has not been
measured. Thus, whileRΙΙ spectrin (all isoforms) is a reason-
ably abundant protein in probably all cell types, it remains
unknown if the variousRΙΙ spectrin mRNA transcripts iden-
tified here are translated with equivalent efficiency or if their
protein products are all equally stable. The answer to these
questions will require isoform-specific antibodies. While the
preparation of such antibodies is underway and preliminary
results indicate that both insert 1 positive and insert 1
negative protein is present in at least some cells (Cianci and
Morrow, unpublished observations), additional studies will
be required to conclusively address these questions and to
determine whether the protein products of insert 2 and insert
3 also reflect the abundance of their mRNAs.

A central question that remains is the functional conse-
quences ofRΙΙ-spectrin isoform diversity. Presumably, the

FIGURE 6: Dynamic molecular modeling places insert 2 between helices A and B of the spectrin structural repeat. The sequence of the 15th
repeat unit ofRΙΙ brain spectrin was aligned with the 14th repeat unit ofDrosophilaalpha 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 Methods.(A) Two-axis views of the estimated structure ofRΙΙ 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 to theDrosophilastructure 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 insert 2.(B) Two-axis views of the estimated structure ofRΙΙ 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 helixΑ 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.
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inserted sequences are altering the function or stability of
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 ofRΙΙ
spectrin; the primary sites of calpain and caspase 3 cleavage;
and the site of calcium dependent calmodulin binding (39-
41). In preliminary studies using antibodies specific for insert
1, we have noted that insert 1 may contribute to the control
of the intracellular compartmentalization ofRΙΙ spectrin, and
anticipate that this insert will turn out to be important for
understanding the dynamics ofRΙΙ 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 synthesis (42), and 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 channels (44).

In summary, the results presented here establish that at
least four distinct isoforms of humanRΙΙ spectrin are
expressed in various tissues and identify a novel human brain
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 RΙΙ spectrin arise from a single gene on
chromosome 9. The structural consequences of the novel
insert reported here have also been modeled; these studies
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
known transcriptional diversity of theâ-spectrin gene family
(reviewed in3, 9, and 45), and the observation that any
â-spectrin can apparently combine with anyR-spectrin 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
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 membranes (3, 4, 12, 13).
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