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Abstract

Wedescribe a spectrin variant characterized by a truncated
chain and associated with hereditary spherocytosis. The

clinical phenotype consists of a moderate hemolytic anemia
with striking spherocytosis and mild spiculation of the red
cells. We describe the biochemical characteristics of this
truncated protein which constitutes only 10% of the total
,8 spectrin present on the membrane, resulting in spectrin
deficiency. Analysis of reticulocyte cDNA revealed the dele-
tion of exons 22 and 23. Weshow, using Southern blot analy-
sis, that this truncation results from a 4.6-kb genomic dele-
tion. To elucidate the basis for the decreased amount of the
truncated protein on the membrane and the overall spectrin
deficiency, we show that (a) the mutated gene is efficiently
transcribed and its mRNAabundant in reticulocytes, (b)
the mutant protein is normally synthesized in erythroid pro-

genitor cells, (c) the stability of the mutant protein in the
cytoplasm of erythroblasts parallels that of the normal (8
spectrin, and (d) the abnormal protein is inefficiently incor-
porated into the membrane of erythroblasts. Weconclude
that the truncation within the spectrin leads to inefficient
incorporation of the mutant protein into the skeleton despite
its normal synthesis and stability. We postulate that this
misincorporation results from conformational changes of
the spectrin subunit affecting the binding of the abnormal
heterodimer to ankyrin, and we provide evidence based on

binding assays of recombinant synthetic peptides to inside-
out-vesicles to support this model. (J. Clin. Invest. 1995.
96:2623-2629.) Key words: hereditary spherocytosis *

spectrin * deletion * erythrocyte membrane - cytoskeleton

Introduction

The erythrocyte skeleton that laminates the inner side of the
red cell membrane is formed by the noncovalent interaction
between four major proteins: spectrin, actin, protein 4.1, and
protein 4.9 (reviewed in references 1, 2). Spectrin, the most
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abundant skeletal protein, consists of two chains, a and /3,
intertwined in an antiparallel manner to form heterodimers (3,
4) which associate at their head region to form tetramers (5,
6). This skeleton is attached to the membrane mainly by ankyrin
which connects spectrin to the major transmembrane protein,
band 3. This skeletal network plays an essential role in de-
termining the shape and deformability of the red cell (reviewed
in reference 1).

In recent years, mutations leading to deficiency or dysfunc-
tion of these membrane proteins have been associated with
hereditary hemolytic anemias. Different phenotypes have been
described in association with defects of specific proteins or
specific functional domains. Hereditary spherocytosis (HS)'
and elliptocytosis are the two red cell phenotypes best studied
to date.

HS is a common hemolytic anemia (reviewed in reference
1) with a broad spectrum of clinical severity. Two forms of the
disease have been described: a dominant form and a less com-
mon but more severe recessive form (7, 8). Red cells from
HS patients exhibit varying degrees of surface area deficiency
leading to spherocytosis and increased red cell osmotic fragility.
Defects of several red cell membrane proteins have been associ-
ated with the disease. Mirroring the clinical heterogeneity, sev-
eral subsets of patients have been described based on SDS-
PAGEor RIA analysis of the red cell membrane proteins: iso-
lated spectrin deficiency (7-9), combined spectrin and ankyrin
deficiency (10-12), band 3 deficiency (13-16), and defects
of protein 4.2 (17-20) have all been associated with hereditary
spherocytosis. The correlation between these different subsets
and the clinical expression is currently not well established.

Recently, the underlying molecular defects have been eluci-
dated in some cases of hereditary spherocytosis: mutations in-
volving band 3 have been described in patients with HS associ-
ated with band 3 deficiency (20, 21). Likewise, mutations in-
volving the ankyrin gene have been uncovered in patients with
combined spectrin and ankyrin deficiencies (22, 23). In the
majority of patients, these defects are expressed in the heterozy-
gous state. Regarding spectrin, a point mutation of the /3 spectrin
gene causing a defective binding of spectrin to protein 4.1 has
been found in a family with dominantly inherited HS associated
with isolated spectrin deficiency (24, 25). Based on in vitro
peptide expression assays, instability and proteolytic degrada-
tion of this mutated protein was presumed to be the basis for
the spectrin deficiency. So far, no mutations of a spectrin have
been reported. This is not surprising knowing that the / spectrin

1. Abbreviations used in this paper: HS, hereditary spherocytosis; IOVs,
inside-out-vesicles.
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synthesis rate is the limiting factor for spectrin assembly on the
membrane, as the synthesis of a spectrin has been shown to be
threefold that of /3 spectrin (26, 27). Therefore, in contrast to
a spectrin, defects of / spectrin are more likely to be expressed
in the heterozygous state.

Wehave studied a truncated /3 spectrin associated with a
phenotype of HS with overall spectrin deficiency. Southern blot
analysis of the patient's genomic DNArevealed that this trunca-
tion is the result of a large genomic deletion causing an in-
frame deletion of two exons at the transcriptional level. Because
the mutant protein constitutes only 10% of the total /3 spectrin
present on the membrane, we conducted biosynthetic studies to
explain the decrease in the amount of the truncated protein and
the overall spectrin deficiency. Weshow that the mutant gene
is normally transcribed and its message is stable in reticulocytes
and that the synthesis and stability of the mutant protein is the
same as that of its normal counterpart in the cytoplasm of ery-
throid progenitors. However, we show that, despite its normal
synthesis and stability, the abnormal /3 spectrin is inadequately
incorporated into the membrane of erythroblasts. Because the
deletion involves repeated segments 12 and 13 located near the
ankyrin-binding site, we propose that conformational changes
of the protein lead to a defective binding of the mutant spectrin
to ankyrin, thereby reducing the recruitment of a spectrin-
,/ spectrin heterodimers containing the mutant spectrin to the
membrane. Weprovide data, based on binding of recombinant
synthetic peptides to inside-out-vesicles (IOVs), to corroborate
this model.

Methods

Patient. The family under study consists of three members: the mother
and the father are asymptomatic and present no detectable hematologic
abnormalities. Their daughter initially presented at age 7 with an aplastic
crisis with a hemoglobin of 4.4 g/dl and a reticulocyte count of 2. The
physical examination revealed splenomegaly. After recovery from this
acute event, her hemoglobin remained around 10-11 mg/dl, with a
mean corpuscular volume of 82, a reticulocyte count between 10 and
20%, a bilirubin - 1.8 mg/dl, and a lactate dehydrogenase level around
900 IU/liter. Her peripheral blood smear shows marked spherocytosis
with moderate spiculation, and her red cell osmotic fragility is markedly
increased.

Erythrocyte membrane protein analysis. The methods used for anal-
ysis of the erythrocyte membrane proteins have been described pre-
viously and include (a) erythrocyte membrane preparation (28, 29);
(b) analysis of the red cell membrane proteins by SDS-PAGE (3.5-
17% gradient Fairbanks gels and 10% Laemmli polyacrylamide gels)
(30); (c) immunoblotting using polyclonal antibodies raised against a
spectrin, 63 spectrin, and ankyrin (28); (d) spectrin extraction at 4°C
(28) and relative determination of spectrin dimers and spectrin tetramers
by nondenaturing gel electrophoresis (31); and (e) second dimension
SDS-PAGEof spectrin dimers and spectrin tetramers initially separated
by nondenaturing gel electrophoresis at 4°C. For this assay, the spectrin
dimer and tetramer bands were cut off the nondenaturing tube gels and
run on 10% polyacrylamide Laemmli gels.

PCRamplification of reticulocyte /3 spectrin cDNA. 5 jtg of total
RNA isolated from reticulocytes (32) were reverse transcribed using
random primers. The /3 spectrin cDNA segments extending from exons
21-25 and exons 21-26 were amplified by the PCRusing two sets of
primers respectively: sense primer K 11 on exon 21 (5 '-TGGACCTCC-
TGGAACCCCTA-3') with antisense primer 352 on exon 25 (5 '-ACA-
TGTTCTCCAGCTTGCG-3')and sense primer 296 on exon 21 (5'-
TCCAGAGCCAAGCTGCAGAT-3')with antisense primer 297 on
exon 26 (5 '-TCCTTCCACTCGGCGATGGT-3') shown in Fig. 2. The

fragments resulting from this amplification were fractionated on a 1%
agarose gel and stained with ethidium bromide.

Southern analysis of genomic DNA. Probes were labeled with [32p] -

dATP by random priming (Megaprime DNA labeling system; Amer-
sham International, Little Chalfont, UK). Genomic DNAwas isolated
from PBMCsas described previously (33). 10 pg of genomic DNA
was digested with two restriction enzymes independently (XbaI and
EcoRI). The resulting fragments were fractionated on a 0.7% agarose
gel, transferred to a nylon membrane (Zetaprobe; Bio-Rad Laboratories,
Inc., Richmond, CA) by nonalkaline Southern blotting, and hybridized
to the probe as described (34).

PCRamplification of 6 spectrin genomic DNA. Genomic DNAwas
isolated from peripheral blood leukocytes as described previously (33).
Two sets of primers were used independently: sense primer K 1 on exon
21 (5 '-TGGACCTCCTGGAACCCCTA-3')with antisense primer 300
on exon 24 (5 '-CCGCAAATGTCGCTTCAGCA-3')and sense primer
296 on exon 21 (5'-TCCAGAGCCAAGCTGCAGAT-3') with anti-
sense primer 300 on exon 24 (Fig. 3).

Subcloning and sequencing of amplified DNA. DNAfragments gen-
erated by PCR amplification were fractionated on a 1% agarose gel,
purified using the Geneclean system (Bio 101, La Jolla, CA), and
subcloned into the pCRII cloning vector (Invitrogen Corp., San Diego,
CA). After transformation in competent Escherichia coli cells, the re-
combinant DNAclones were sequenced by the dideoxynucleotide se-
quencing method of Sanger et al. (35).

cDNA quantitation by PCR. mRNAwas prepared from peripheral
blood reticulocytes and reverse transcribed to cDNAusing random prim-
ers. To quantify the relative amounts of the normal and abnormal tran-
scripts, we amplified by PCRa cDNAsegment overlapping the truncated
fragment using primers 296 and 297 located on exons 21 and 26, respec-
tively (data not shown). This amplification results in an 888-bp DNA
fragment from the normal allele, and a 519-bp fragment from the trun-
cated allele. A 500-,l reaction mixture containing 50 mMKC1, 10 mM
Tris-HCl, 2 mMMgCl2, 0.1% gelatin, 100 pmol of each primer, 0.2
mMradioactive dATP, 0.2 mMof the other dNTP, and 2 U of Taq
polymerase was aliquoted in 15 PCRtubes. A 30-cycle PCRamplifica-
tion was initiated. The tubes were removed successively at the end of
each cycle between cycles 15 and 30. The DNA fragments resulting
from this amplification were fractionated on a 5% polyacrylamide gel
overnight at 180 V, and their amount quantified by exposure of the gel
to autoradiography followed by densitometric analysis of the film. Also,
after localization by autoradiography, the bands were cut off the gel,
and the radioactive signal was quantified by beta spectrometer. The
relative abundance of the truncated band to the normal band was deter-
mined for each one of the 15 samples.

In vitro assay of spectrin synthesis, stability, and incorporation into
the membrane. The methods used for this assay have been extensively
described elsewhere (36). Briefly, they include (a) a two-phase liquid
culture system for the maturation of erythroid progenitors using the
system described by Fibach et al. (37) and (b) pulse label and pulse
chase experiments of late erythroblasts isolated from liquid culture fol-
lowed by immunoprecipitation of spectrin from the cytoplasmic and
skeletal fractions using affinity-purified antispectrin antibodies by the
method described previously (36).

Bacterial expression of recombinant proteins. cDNA was prepared
from the patient's reticulocytes. Using sense primers El (5 '-GCTGGA-
TCCATGGAGGACCAGCTGCGG-3')and antisense primer E2 (5'-
CGCGAATTCCTGGGTCCGGCGCCCGGC-3')attached to linkers
containing BamHI and EcoRI restriction sites, respectively (under-
lined), fragments overlapping the deleted region were amplified by the
PCR. Two fragments corresponding to the normal and the truncated
mutant alleles were subcloned into pGEX-2T. After transformation into
strain DH5a E. coli, the expression of the recombinant peptides was
induced by isopropyl-/3-D-thiogalactopyranoside, and the normal and
truncated peptides were recovered separately from bacterial lysates using
glutathione agarose beads as described (38). The two synthesized pep-
tides extend from residues 1397 to 1898 of the ,B spectrin protein,
therefore containing the ankyrin-binding domain of spectrin. The choice
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of these specific peptides (i.e., from residues 1397 to 1898) was based
on the fact that the binding of the normal peptide to IOVs has been
extensively studied and reported previously (39).

Erythrocyte IOVs binding assays. Spectrin- and actin-depleted IOVs
were prepared as described previously (40). Spectrin dimers extracted
from erythrocyte ghosts were purified on sucrose gradient as described
elsewhere (41) and iodinated as recommended by the manufacturer
(Bolton-hunter reagent 25I kit; ICN Radiochemicals Div., ICN Bio-
chemicals Inc., Irvine, CA). The competitive inhibition of binding of
iodinated spectrin to IOVs by each of the two synthetic peptides was
explored and compared as described by Van Bennett and Branton with
minor modifications (41). In brief, 15 Mgof IOVs and a fixed amount of
radiolabeled spectrin (7 Mg) were incubated for 90 min with increasing
amounts of each peptide (0.05-20 Mg) in 200 Ml of 10 mMNa2HPO4,
150 mMNaCl, 1 mMEDTA, and 1 mMDTT, pH 7.4. After incubation,
the solutions were layered on 0.2 ml of 20% sucrose in polyethylene
microfuge tubes, and the peptide-bound IOVs recovered in the pellet
after centrifugation, at 18,000 rpm for 30 min. The microfuge tubes
were then frozen in liquid nitrogen, and the tips containing the pelleted
IOVs were sectioned and their radioactivity measured to estimate the
amount of iodinated spectrin bound.

Results

Biochemical characterization of the mutant 6 spectrin
Analysis of the patient's red cell membrane proteins by 3.5-
17%gradient SDS-PAGErevealed an additional band migrating
close to band 2.1 (data not shown). When analyzed on a 10%
Laemmli gel, this extra band could be clearly separated from
the ankyrin/spectrin band. (Fig. 1 A). Western blot analysis
using polyclonal antibodies raised against a spectrin, spectrin,
and ankyrin revealed the spectrin origin of this extra band
(Fig. 1 B). The apparent molecular mass of this truncated P
spectrin protein was 205 kD and constituted 10% of the
spectrin present on the membrane. Quantitation of the total
amount of spectrin on the membrane (including the truncated
spectrin) using densitometric analysis of SDS-PAGEgels and
expressed as the ratio of spectrin to band 3 revealed a significant
decrease in spectrin (spectrin to band 3 ratio of 0.84, normal:
0.97±0.10). This spectrin deficiency is even more pronounced
when the truncated spectrin is excluded (spectrin/b3 of 0.80).
Both parents had a normal amount of spectrin on the membrane
as assessed by this method. Nondenaturing gel electrophoresis
of spectrin extracts performed at 4°C showed a highly reproduc-
ible increase in the percentage of spectrin dimers out of the total
pool of spectrin (i.e., spectrin dimers and spectrin tetramers)
averaging 18% (normal being < 10%) (Fig. 1 C). The two
dimensional analysis by SDS-PAGE of spectrin dimers and
spectrin tetramers showed the dimeric fraction to be enriched
in the truncated protein (Fig. 1 D).

Characterization of the molecular defect underlying the
truncated spectrin
After preparing cDNA from the patient's reticulocytes, PCR
amplification of overlapping fragments spanning the entire
spectrin cDNA was carried out. Amplification of the sequence

derived from exons 21-25 using sense primer kI 1 and antisense
primer 352 as described above revealed three fragments in the
patient (Fig. 2 A), one of expected size (685 bp) and two
shorter fragments (- 550 and 316 bp). This finding was con-

firmed using a second set of primers (primers 296 and 297
described in Methods) which amplified a cDNA fragment ex-

tending from exons 21 to 26 (Fig. 2 A). Further analysis of
the 316-bp abnormal PCRproduct revealed a 369-bp in-frame
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Figure 1. Biochemical analysis of the red cell membrane proteins. (A)
SDS-PAGEanalysis (10% Laemmli gel) of the red cell membrane
proteins of the patient (P) and both parents (F and M) revealing an
extra band (/3' spectrin) migrating below the ,B spectrin/ankyrin band
in the patient; (B) Western blot analysis of red cell membrane proteins
separated on a 10% Laemmli gel, using an antibody directed againstB
spectrin. Note the truncated band (,B' spectrin) in the patient (P) absent
from the normal sample (N); (C) Electrophoresis under nondenaturing
conditions of spectrin extracted from the membrane at 4°C showing a
reproducible increase in the spectrin dimer to tetramer ratio in the patient
(P) (18% spectrin dimer, SpD) compared to the normal control (N)
(< 10% spectrin dimer); (D) second dimension SDS-PAGEof spectrin
dimers and tetramers separated in the first dimension under nondenatur-
ing conditions at 4°C. Note that the dimeric fraction is enriched in the
truncated band compared to the tetrameric fraction.

deletion of the sequence normally contributed by exons 22 and
23 (Fig. 2 B). The corresponding portion of the protein repre-
sents most of repeated segment 12 and the NH2-terminal portion
of repeated segment 13 (Fig. 2 C). The intermediate size frag-
ment (- 550 bp) represents a heteroduplex of the normal and
truncated DNAfragments.

To elucidate the underlying molecular defect, genomic
DNA, prepared from the three family members, was analyzed
by Southern blot hybridization using two restriction enzymes
independently (EcoRI and XbaI) and a cDNAprobe extending
from exon 21 to exon 24. With both restriction enzymes, we
found an additional band of lower molecular weight in the
affected family member, suggesting the occurrence of a 4.6-kb
deletion within one of the two alleles in this patient (data not
shown). Neither parents showed the same abnormality, sug-
gesting a de novo mutation in the proband. To confirm this
result, we amplified by PCRa genomic DNAsegment extending
from exon 21 to exon 24 using two pairs of primers indepen-
dently: sense primer K1l with antisense primer 300 and sense
primer 296 with antisense primer 300 (Fig. 3). As the size of
the amplified fragment would exceed 8 kb in the normal allele,
no PCRproduct was expected from this amplification using a
normal individual genomic DNA. Indeed, no PCRproduct was
obtained from the normal control (C). However, in the patient,
this amplification yielded bands of 710 and - 650 bp with
the two sets of primers, respectively (P). Sequencing of the
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Figure 2. PCRamplification of reticulocyte spectrin cDNA. The
sequences corresponding to exons 21-25 and 21-26 of the spectrin
cDNA were amplified in the three family members using two sets of
primers, respectively: primers KI with 352 and primers 296 with 297
shown in the diagram. The first lane is the molecular weight marker
(MW). Note in both series of amplifications the fragment which is
truncated by 369 bp in the patient only (P). The third band of intermedi-
ate size present in the patient represents a hybrid band between the
normal and the truncated one. (B) Subcloning and sequencing of the
685-bp fragment in the patient revealed the normal sequence corre-

sponding to exon 21-25 of the ,/ spectrin cDNA (data not shown).
However, the sequence corresponding to exons 22 and 23 were deleted
from the 316-bp fragment as shown. This deletion of 369 bp did not
alter the reading frame. (C) Schematic representation of spectrin
showing the region deleted from the protein (shaded area). This corre-

sponds to most of repeated segment 12 along with part of the first helix
of repeated segment 13. The ankyrin-binding site has been localized to
repeated segment 15.

650-bp fragment revealed the normal sequence corresponding
to exons 21 and 24 on either sides connected through normal
boundaries to introns 21 and 23, respectively. Therefore, the
deletion includes part of intron 21, exon 22, intron 22, exon 23,
and part of intron 23.

Molecular basis for the spectrin deficiency
To explain the imbalance between the amounts of the normal
and the truncated spectrin present on the membrane, we have
addressed several possibilities: (a) instability and degradation of
the transcriptional message, and (b) defective synthesis, stability,
or incorporation into the membrane of the truncated protein.

Quantitation of spectrin mRNAand stability. Wefirst exam-

ined the stability of the mRNAby relative quantitation of cDNA
as described in Methods. The PCRamplification of the patient's
cDNA, using primers 296 and 297 flanking the deleted segment,
yields two fragments, one of 888 bp corresponding to the normal
allele and a 5 19-bp fragment corresponding to the mutant allele.
The relative amount of these two products was examined after
each PCR cycle between cycles 15 and 30 as described in
Methods. Wefind that the ratio of the truncated to the normal
band remains fairly constant around 1.4 (data not shown). This
result suggests that the mRNAgenerated by the transcription
of the mutant spectrin gene is stable and present at least in

Primer P2i9-) Figure 3. PCRamplifi-K1 1-300 295i300
c "1 P c1'cation of /3 spectrin ge-

nomic DNA. Using two
sets of primers indepen-
dently (sense primer KI 1

-710 bp--i! _
-ON

with antisense primer
300 and sense primer 296
with antisense primer
300) shown on the dia-

KI 2We gram, PCRamplification
=~~M2:3 24 of genomic DNAfrom

\7 / 300 the patient (P) and a
Deleob control sample (C) was

carried out. Bands of - 710 bp and 650 bp were obtained with the two
sets of primers, respectively, in the patient only. As expected, no product
is seen in the control sample as the estimated sizes of the amplified
fragments exceed 8 kb in the normal allele. Subcloning and sequencing
of the 650-bp fragment revealed the normal sequence corresponding to
exons 21 and 24 on either sides connected through normal boundaries
to introns 21 and 23, respectively, confirming the deletion of part of
intron 21, exon 22, intron 22, exon 23, and part of intron 23.

the same amount as the normal transcript in the cytoplasm of
reticulocytes.

Synthesis, stability, and membrane incorporation of spec-
trin. After excluding instability of the mutant mRNA, we ana-
lyzed the protein synthesis using an in vitro liquid culture sys-
tem allowing the isolation of late erythroblasts from peripheral
blood BFU erythroblasts. Pulse label experiments described in
Methods reveal that, in the erythroblast cytosolic fraction, the
truncated /3 spectrin is readily immunoprecipitated and is as
abundant as the normal protein. Likewise, the high ratio of a
spectrin to 3 spectrin, indicating an excessive synthesis of a
spectrin (26, 27), is unperturbed (Fig. 4 A). However, these
experiments also show that the truncated /3 spectrin is virtually
absent from the skeletal fraction (Fig. 4 A). In this fraction,
the a spectrin to / spectrin ratio is one, reflecting the fact that,
on the membrane, spectrin is present as heterodimers or higher
order oligomers. The pulse chase experiments of the newly
synthesized cytosolic spectrin show that at 0 min (i.e., at the

A B Figure 4. Synthesis, sta-
Sketon CytOsol Cytosol bility, and membrane in-

0'3_ 60_ 12
corporation of spectrin in
the patient's erythro-

_ blasts. Using a liquid cul-
ture system, erythro-
blasts were obtained
from peripheral blood
BFU erythroblasts. (A)

Pulse label Pulse Chase
In the pulse label experi-
ment, erythroblasts were

labeled for 90 min with [35S] methionine before isolation of the skeletal
and cytosolic fractions of the cells, followed by immunoprecipitation
of spectrin. The autoradiogram shows that despite its normal presence
in the cytosolic fraction, the truncated protein is almost absent from the
skeletal fraction, suggesting a defective incorporation into the skeleton.
(B) In the pulse chase experiment, erythroblasts were labeled for 15
min. Further incorporation was stopped by the addition of unlabeled
methionine. The cytosolic fraction was isolated and spectrin immuno-
precipitated after incubation for different time intervals (0, 30, 60, and
120 min). The autoradiogram shows that at 0 min (i.e., after 15 min
of labeling), the normal and truncated 63 spectrin are present in equal
amounts and degrade with a similar rate over the ensuing 120 min.
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Figure 5. Binding of synthetic peptides to IOVs. (A) SDS-PAGEgel
stained with Coomassie blue of purified spectrin extracts (Sp) and nor-
mal (N) and truncated (T) synthetic peptides. Both peptides were syn-
thesized as described in Methods. They both extend from residues 1397-
1898 of the ,6 spectrin molecule. (B) Typical inhibition curve of spectrin

binding to IOVs by the synthetic peptides: the recombinant synthetic
peptides were tested for their ability to competitively inhibit the binding
of iodinated purified spectrin to IOVs. As shown, the normal protein
(.) is capable of rapid and effective inhibition of the spectrin binding
(with a maximal inhibition of - 75% at high concentrations), while
the truncated protein (0) exhibits minimal inhibition within the same
concentration range. This curve is representative of four independent
experiments.

end of the 15-min labeling period), the normal and the truncated
proteins are present in equal amounts in the cytoplasm of eryth-
roblasts and that the rate of degradation of the mutant protein
parallels that of its normal counterpart during the ensuing 120
min of the chasing period (Fig. 4 B). Therefore, we can con-
clude from these experiments that, despite normal synthesis and
stability in the cytoplasm of erythroblasts, the truncated
,/ spectrin is inadequately incorporated into the membrane
skeleton.

Defective binding of the mutant peptide to IOVs. Because
of the proximity of the / spectrin deletion to the ankyrin-binding
domain located within repeated segment 15, we postulated that
the binding of the mutant spectrin to ankyrin may be affected.
To test this hypothesis, we expressed in E. coli as described in
Methods, two synthetic peptides extending from residue 1397-
1898, one corresponding to the normal /3 spectrin sequence,
and the other containing the deleted portion (Fig. 5 A). These
two peptides contain repeated segments 15 and 16, where the
ankyrin-binding domain of spectrin has been localized. They
both react with antibodies directed against /3 spectrin. The
choice of these specific peptides (i.e., from residue 1397 to
1898) was based on the extensive data available regarding the
binding of the normal peptide to IOVs (39). Weanalyzed the
competitive inhibition of the binding of iodinated, purified spec-
trin dimers to IOVs by each of the two synthetic peptides. In
support of the proposed model, we find that the normal peptide
is capable of rapid and effective inhibition of spectrin binding
to IOVs (with a maximum inhibition of 75% at high concentra-
tions), while the truncated peptide is only capable of minimal
inhibition at the same concentrations (Fig. 5 B). This result
shows that the binding of the synthetic peptide to IOVs is af-
fected by the presence of the deletion described in this paper
and supports the model which is proposed that attributes the
spectrin deficiency on the membrane to a defective binding of
the mutant spectrin to ankyrin.

Discussion

To date, only one mutation of spectrin has been reported in
association with HS (25). This mutant / spectrin exhibited a

defective binding to protein 4.1, but the relation between the
reported NH2 terminal mutation and the spectrin deficiency is
unclear. Here, we describe a second mutant spectrin underlying
a phenotype of HS with partial spectrin deficiency. The mutant
protein is characterized by a truncated /3 chain resulting from
a large genomic deletion which includes exons 22 and 23 of
the 63 spectrin gene. The resulting mutant /3 spectrin protein
lacks 123 amino acids (residues 1492-1615). The normal 3
spectrin can be divided into three structural domains (42). The
middle domain, or domain II, consists of 17 homologous re-
peated segments and contains the ankyrin-binding site of /
spectrin localized to the 15th repeated segment (39). The dele-
tion described in this paper constitutes most of the 12th repeated
segment along with one-third of the adjacent 13th repeated
segment.

Wefind that, despite its normal synthesis and stability in the
cytoplasm of erythroblasts, the truncated protein is inefficiently
incorporated into the erythroblast skeleton. Wepostulated that
this aberrancy in the vicinity of the ankyrin-binding site pro-
duces conformational changes of / spectrin that may affect
the binding of the abnormal heterodimer to the membrane or,
considerably less likely, may affect the efficiency of the trun-
cated protein to associate with a monomers to form spectrin
heterodimers. Wehave provided evidence, based on synthetic
peptide-binding assays, that the former mechanism may indeed
be implicated in the spectrin deficiency.

Sequence analysis has previously suggested a model for the
repetitive segments of spectrin which consists of the folding of
each repetitive segment into a three helix bundle (3). More
recent analysis of crystallized fragments of a spectrin has dem-
onstrated the validity of this model and shown that the repetitive
segments of spectrin preserve a fixed register between the third
helix of one segment and the first helix of the adjacent segment
(43). Interactions between residues at the boundary of these
two helices and residues within the second helix restrict the
segment to segment flexibility and predict that each segment is
axially rotated 600 with respect to the previous one. The deletion
described in this paper markedly disrupts repeated segments 12
and 13. Moreover, this deletion includes on both segments, the
tryptophan at position 45, one of the two most invariant among
the conserved residues throughout /3 spectrin. Therefore, this
truncation would be expected to significantly upset the rigid
phasing which characterizes the normal / spectrin, leading to
a different conformation that may affect the ankyrin-binding
domain of / spectrin and, additionally, may prevent the a spec-
trin-,/ spectrin heterodimer association.

The structural determinants of the ankyrin-binding domain
of /3 spectrin have recently been defined (39). Sequential car-
boxy-terminal and amino-terminal truncations of recombinant
/3 spectrin peptides enabled to localize the ankyrin-binding do-
main of /3 spectrin to the 15th repeated unit. It is easily conceiv-
able that the deletion described in this paper and involving
repeated units 12 and 13 results in a conformational change of
the protein which affects the ankyrin-binding site due to its
close proximity. Similar relatively long-range effects have been
described in the spectrin molecule. Several mutations located
within the second, third, fourth, and even fifth repeated seg-
ments of a spectrin have been described and were shown to
affect the heterodimer self-association site located within the
first triple helical unit (reviewed in reference 44). In these
cases, this effect is believed to occur through conformational
changes of the protein. This model, which is supported by the
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synthetic peptide-binding assays, could readily explain the mis-
incorporation of the abnormal heterodimer into the skeleton
through a defective binding of the mutant protein to ankyrin.

In addition, the side-to-side association of the two subunits
of spectrin in an antiparallel orientation results from very strong
interactions between the two molecules which, in vitro, occur
within seconds (45, 46). Multiple subunit peptides involved in
noncovalent associations between the two chains have been
identified (46, 47). Recently, it was proposed that the hetero-
dimer assembly may be initiated at a single, discrete region on
each subunit directly opposite of each other (46). The unique
conformation of the repeated segments involved in this nucle-
ation site (in the case of P spectrin, repeated segments 1-4)
would initiate the association and determine the phasing of the
subsequent segments interactions. In spectrin Durham, a long-
range conformational modification affecting the nucleation site
on the /3 subunit could result in a marked decrease in its affinity
for the complementary segment on the a subunit. Alternatively,
it is conceivable that despite a normal initiation of the aI/,
subunit binding through the nucleation site the propagation of
this binding might be offset by the disruption in the normal
phasing of the 63 spectrin repeats. The inefficient heterodimer
formation could also lead, in this model, to further misincorpo-
ration of the truncated protein into the membrane skeleton.

The deletion described in this paper also affects the spectrin
heterodimer self-association site. This is suggested by the in-
crease in the dimer to tetramer ratio on the membrane as as-
sessed by the nondenaturing gel electrophoresis of spectrin ex-
tracted at 40C, as well as by the finding that the dimeric fraction
is enriched in the truncated /3 spectrin. Such horizontal defect
is characteristically associated with the phenotype of hereditary
elliptocytosis (48). Wepostulate that this defect is overshad-
owed by the relatively severe overall spectrin deficiency charac-
teristic of the HS phenotype.

It is not surprising that a heterozygous defect of /3 spectrin
would result in expression of the abnormal phenotype. It has
been previously shown that the rate of synthesis of a spectrin
is three times that of / spectrin, and therefore the availability
of /3 spectrin determines the rate of assembly of the spectrin
heterodimers on the membrane (26, 27). Supporting this con-
cept is the previously reported P spectrin mutation associated
with HS (spectrin Kissimmee [25]) that was shown to have an
autosomal dominant pattern of inheritance. It is interesting to
note that, like in the spectrin Kissimmee mutation, the red cell
phenotype described here is characterized by the presence of
acanthocytes.

In summary, we describe a novel truncated ,6 spectrin asso-
ciated with hereditary spherocytosis. Wepropose a new mecha-
nism underlying the spectrin deficiency in HS which is based
on a dysfunctional incorporation of the abnormal /3 spectrin
into the skeleton due to its defective binding to ankyrin.
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