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ABSTRACT An electrophoretically fast-moving
variant of the spectrin 8-chain was discovered in the
erythrocyte membranes of a woman and her father
who both exhibited elliptocytosis and mild hemolytic
anemia. This abnormal g'-subunit (M, = 214,000) co-
existed with a decreased normal B-chain and repre-
sented about half of the total 8-chains in the mem-
brane. In contrast to the spectrin 8-chain, the §'-chain
was phosphorylated neither in the membrane by en-
dogenous protein kinases nor in solution by pure mem-
brane casein kinase whether or not the spectrin was
dephosphorylated by erythrocyte cytosolic spectrin
phosphatase.

The presence of the 8-chain was associated with a
defective self-association of spectrin dimer to form
tetramer as manifested by: (a) an excess of spectrin
dimer in the 4°C spectrin crude extract, (b) a defective
self-association of the spectrin dimer in the 37°C crude
spectrin extracts.

Gel electrophoretic analysis of the tetramer and di-
mer species isolated from the proband’s 4°C extract
showed that the tetramer contained trace amounts of
the B'-chain, whereas in contrast, a large proportion
of §'-chain was present in the dimer. These results
demonstrated the responsibility of the 8'-chain for the
defective reassociation of spectrin dimer into tetramer.

The study of this abnormal spectrin confirms the
participation of spectrin 8-chain in dimer-dimer as-
sociation and strongly suggests that the phosphoryla-
tion sites of the normal B8-chain are located at the end
of the molecule involved in the dimer-dimer inter-
actions.
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INTRODUCTION

Hereditary elliptocytosis (HE)! is a genetic disorder
characterized by the presence of elliptically shaped
erythrocytes in peripheral blood. The erythrocyte
shape is largely determined by a submembranous net-
work of proteins, named the “membrane skeleton,”
which laminates the internal side of the membrane.
The membrane skeleton is experimentally defined as
the structure remaining after extraction of ghosts with
Triton X-100 (1) and is mainly composed of spectrin,
actin, and protein band 4.1. Spectrin, the major com-
ponent, is a heterodimer composed of two subunits,
o (M, = 240,000) and 8 (M, = 220,000). Several studies
have shown that the spectrin dimer in the membrane
is associated head-to-head to form tetramers that are
linked into a two-dimensional network by actin oligo-
mers and protein band 4.1 (2-11). In HE, elliptocytic
shape is related to a membrane skeleton abnormality
because elliptocytes are converted to elliptocytic ghosts
or elliptocytic membrane skeletons (12). According to
recent works, HE now appears to be a heterogeneous
disorder associated with different molecular abnor-
malities of membrane proteins, mainly spectrin and
protein band 4.1. The absence of protein band 4.1 in
HE has been so far reported in three different families
(13-16) and Tchernia et al. (14) recently developed
arguments for a close relationship between the lack of
protein band 4.1 and the erythrocyte membrane in-
stability. A spectrin molecular abnormality was sus-
pected in some cases of HE, because spectrin had an
increased susceptibility to thermal denaturation (12)

! Abbreviations used in this paper: HE, hereditary ellip-
tocytosis; K,, association constant; PMSF, phenylmethylsul-
fonylfluoride.
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and its reassociation from dimer to tetramer was de-
fective (17, 18). Coetzer and Zail (19) found that spec-
trin was more susceptible to tryptic digestion in some
cases of HE, and Liu et al. (20) recently showed that
partial tryptic digestion of spectrin in some variants
of HE (type I) resulted in the increase of a 73,000-
dalton component and in the concomitant decrease of
an 80,000-dalton peptide that has been reported to
represent the portion of the a-chain involved in spec-
trin tetramer formation (21).

In other cases of HE the primary defect could be
due to a decreased number of ankyrin binding sites
to protein band 3 leading to a defective anchorage of
the skeleton to the integral proteins and lipid bilayer,
which would account for the membrane instability and
the hemolysis (22).

We report herein the first shortened spectrin 8-chain
variant (M, = 214,000) associated with HE and char-
acterized by the lack of a peptide bearing the phos-
phorylatable site of the chain and responsible for a
defective self-association of the spectrin dimer.

METHODS

Case report

Elliptocytosis (80%) was discovered in 1978 in a White
female born in 1952 who displayed chronic asthenia, fre-
quent headaches, and splenomegaly. Her father, who is el-
liptocytic (see below) and her father’s ancestors are from the
“Département du Cantal” in the central part of France. Her
mother and her mother’s ancestors are from the “Départe-
ment de la Lozére,” a nearby department in the same region.
The proband is unaware of jaundice in the neonatal period.
At the time of elliptocytosis discovery, hematological pa-
rameters were as follows: hemoglobin, 11.6 g/100 ml; mean
cell volume, 90 um®, mean cell hemoglobin concentration,
35.6 g/100 ml; reticulocytes, 163,000/ mm?; nonconjugated
bilirubin 2.0 mg/100 ml. Radioisotopic analysis revealed an
important shortening of the erythrocyte survival: t,;, Cr®
= 11 d (normal, 24-34 d) and splenic sequestration. Osmotic
fragility was normal: initial hemolysis, 0.55% sodium chlo-
ride (controls, 0.43-0.52% sodium chloride); total hemolysis,
0.25% sodium chloride (controls, 0.25-0.31% sodium chlo-
ride); 50% hemolysis, 0.44% sodium chloride (controls, 0.37-
0.43% sodium chloride). Hemoglobin analysis and erythro-
cyte enzymes G6PD and PK were normal. Splenectomy,
which was carried out soon after discovery of the disease,
showed an intrasplenic hematoma and greatly improved the
clinical and hematological conditions of the patient (he-
moglobin 138 g/100 ml, mean cell volume 78 pm®, mean cell
hemoglobin concentration 33.7 g/100 ml, reticulocytes
54,000 mm?®). The proband inherited elliptocytosis from her
father born in 1920, in whom the condition is clinically silent
(hemoglobin, 14.5 g/100 ml; mean cell volume, 89 pm?; re-
ticulocytes 150,000/mm?). The proband’s mother has normal
erythrocyte shape and parameters (hemoglobin 14.5 g/100
ml mean cell volume 91 pm3; mean cell hemoglobin con-
centration 33 g/100 ml). The sister, the two brothers, and
one paternal aunt of the proband have normal hematological
values without elliptocytosis.
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Materials

Phenyl methyl sulfonyl fluoride (PMSF) was from Sigma.
Acrylamide, ammonium persulfate, TEMED, sodium do-
decyl sulfate (SDS), and Coomassie Brilliant Blue were from
Bio-Rad Laboratories, Richmond, CA. **PO, (1 mCi/ml) as
Orthophosphate carrier-free, in dilute HCI and [y*2P]JATP
(1 mCi/ml, 3,000 Ci/mmol) were purchased from the
Amersham International, Buckinghamshire, England, Se-
pharose CL4B was from Pharmacia Fine Chemicals, Uppsala
1, Sweden.

Methods

Blood samples were collected on heparin and used within
24 h. Morphology of the erythrocytes was studied on blood
films stained with May Grunwald Giemsa.

Erythrocyte thermal stability study. Erythrocytes were
washed in phosphate-buffered saline, pH 7.4, 290 mosmol,
and resuspended in the same buffer; the cells (1% suspension)
were incubated at various temperatures between 41 and
49°C in a temperature-controlled (£0.1°C) water bath. Cells
were held at the selected temperature for up to 30 min and
fixed immediately in an equal volume of 1% glutaraldehyde
in phosphate-buffered saline. Morphology of fixed samples
was determined by phase-contrast light microscopy.

Preparation of the erythrocyte membranes. Blood sam-
ples were centrifuged and the buffy coat was removed.
Erythrocytes were washed thrice in 5 mM NaPO,, 150 mM
NaCl, pH 8.0. Ghosts were prepared according to Dodge et
al. (23) except that 0.1 mM PMSF was added in the lysis
buffer.

Polyacrylamide gel electrophoresis. Disk SDS-polyacryl-
amide gel electrophoresis was carried out according to Fair-
banks et al. (24) with 0.1% SDS. Slab gel electrophoresis was
performed according to Laemmli (25) using a 5-15% poly-
acrylamide gradient gel. Gels were stained by Coomassie
Blue (24) and dried under vacuum with a Bio-rad apparatus.
Autoradiographies were done by exposing the dried gel to
a Kodak X-OMAT AR film (Eastman Kodak Co., Rochester,
NY) with a Cronex lighting-plus intensifying screen (DuPont
Instruments, Wilmington, DE) at —70°C in an x-ray expo-
sure holder. Stained gels and autoradiograms were scanned
at 550 and 750 nm, respectively, in a DU8 Beckman spec-
trophotometer (Beckman Instruments, Inc., Fullerton, CA).
M, value of the abnormal spectrin 8-chain was estimated by
measuring its relative mobility and comparing it with a cal-
ibration plot of log M, vs. relative mobility, established with
the following proteins: spectrin (240,000 and 220,000), pro-
tein band 4.1 (80,000), actin (43,000) and glyceraldehyde-
3-phosphate dehydrogenase (34,000).

Phosphorylation of the intact erythrocytes. Erythrocytes
were washed three times in cold 5 mM NaPO, pH 7.4, 150
mM NaCl. Washed erythrocytes were mixed with a solution
of equal volume containing 20 mM NaPO, pH 7.4, 130 mM
NaCl, 5 mM glucose, and 100 pCi carrier-free *PO, added
for each ml of suspension. After a 4-h incubation time at
87°C the erythrocytes were washed in cold 5 mM NaPO,,
pH 7.4, 150 mM NaCl. Then the ghosts were prepared ac-
cording to Dodge (23).

Phosphorylation of membrane proteins. Ghosts (23)
were washed twice in 5 mM Tris-HCI, 1 mM EDTA pH 7.5.
Autophosphorylation of membrane proteins was done with
Y[*?PJATP according to Guthrow et al. (26) with and without
cyclic AMP. Incubations for phosphorylation of 100 ug mem-
brane protein were carried out for 10 min at 30°C in 200



ul of a medium containing 50 mM acetate buffer pH 6.5,
10 mM magnesium acetate, 0.3 mM EGTA, 2.5 uM v[**P]ATP
and when necessary 5 uM cyclic AMP. Membrane proteins
were estimated spectrophotometrically at 280 nm in 1% (wt/
vol) SDS assuming an Ej}%, (280 nm) of 10.0. For an overall
phosphorylation assay, the reaction was stopped by addition
of 4 ml of 7.5% trichloracetic acid and 0.2 ml of bovine
serum albumin (6.3 mg/ml) was added as a carrier protein.
After centrifugation the precipitate was dissolved in 0.2 ml
of 1 N NaOH and the same procedure was repeated twice.
Finally, 10 ml of Dimilume scintillation liquid (Packard In-
strument Co., Inc., Downers Grove, IL) was added and ra-
dioactivity was counted in a ABAC SL 3000 Intertechnique
scintillation counter (Roche Bioelectronic Kontron, Mon-
tigny le Bretonneux, France). Overall phosphorylation was
expressed as picomoles of radiophosphorus transferred from
ATP to 1 mg of membrané proteins per 10 min. For elec-
trophoresis, the reaction was stopped by adding a stock so-
lution giving final concentrations of: 2% SDS, 5% S-mercap-
toethanol, and 10% sucrose. The samples were then boiled
for 5 min.

Phosphorylation of purified spectrin dimer by purified
membranous casein kinase of human erythrocyte was per-
formed as previously described (27). When necessary, de-
phosphorylation of spectrin dimer prior to its phosphoryla-
tion was done by incubating the protein with human cyto-
solic erythrocyte phosphatase (28) during 1 h at 37°C in 20
mM Imidazol buffer pH 7.4, 100 mM KCI, 4 mM B-mer-
captoethanol. '

Gel filtration. Gel filtration of membrane extracts pre-
pared by incubation of ghosts at low ionic strength at 4°C
was carried out as follows: ghosts were washed twice in 0.3
mM NaPO,, 0.3 mM PMSF, pH 7.6, dialyzed at 4°C for
18 h against the same buffer, and centrifuged at 38,000 rpm
for 1 h at 4°C in a 50 Ti Beckman rotor. The supernatant
was applied to a Sepharose CL4B column (50 cm X 1 cm)
previously equilibrated with a 10-mM Tris HCI buffer con-
taining 150 mM KCl, 5 mM EDTA, and 0.1 mM S-mercap-
toethanol, pH 7.6. The column was eluted at 3 ml/h and
1.0-ml fractions were collected. Protein in the effluent was
automatically monitored by absorbance at 280 nm.

Study of spectrin dimer-dimer association in solution and
determination of equilibrium constant Ka. Ghosts were
washed twice in 0.3 mM NaPO,, pH 7.6. Packed membranes
were then incubated in 3 vol of 0.3 mM NaPO,, 0.3 mM
PMSF, 0.1 mM EDTA, pH 7.6 for 30 min at 37°C. After
cooling in ice, the vesicles were spun down at 150,000 g for
60 min at 4°C. The supernatant containing crude spectrin
(37°C extract) was carefully removed and dialyzed over-
night at 4°C against 100 vol of 5 mM NaPO,, 0.3 mM PMSF,
150 mM NaCl, pH 7.6. After estimation of the protein con-
centration by absorbance at 280 nm, taking an E}%, (280 nm)
of 10.7 (29) and adjustment of the required concentrations,
each sample of dialyzed proteins was incubated for 180 min
at 30°C, to induce spectrin dimer to tetramer transforma-
tion. After cooling, each incubated sample (mean volume
0.5 ml, concentration range 0.5-2 mg/ml) was applied to a
10-30% (wt/vol of dialysis buffer) linear sucrose gradient
(with a 50% wt/vol sucrose cushion). Ultracentrifugation was
performed in a SW 40 Beckman rotor at 40,000 rpm for
15 h at 4°C. Gradients were eluted at 4°C from the top to
the bottom and the absorbance was automatically monitored
at 280 nm. The fraction a of spectrin converted into tetramer
after 180 min incubation at 30°C was determined from the
sedimentation profile by measuring the areas under the
peaks corresponding to spectrin dimer (D) and tetramer (T).

Spectrin B-chain Variant Associated with Hereditary Elliptocytosis

a is given by the ratio T/D + T. Writing c for the total molar
concentrations of spectrin (expressed as a dimer of molecular
weight 460,000), K, is given by a/2c (1 — a)*.

Binding of spectrin to spectrin-depleted membranes.
Spectrin-depleted inside-out vesicles were prepared from
normal ghosts by incubation at 37°C for 30 min in 30 vol
of 0.5 mM Tris HCIl, 1 mM EDTA, 0.2 mM dithiothreitol,
0.2 mM PMSF, pH 8.0. After centrifugation at 38,000 rpm
(50 Ti Beckman rotor) for 30 min, the pellet was passed five
times through a 27-gauge needle. This method led to ex-
traction of 90% of spectrin and formation of small vesicles
that morphologically are inside-out (30). Assay of spectrin
binding to membrane vesicles was performed essentially as
described by Bennett and Branton (31) with some modifi-
cations. Spectrin dimer (20-50 ug) were incubated for 90
min at 4°C in a 0.6-ml vol. containing 200 ug of inverted
vesicle membrane proteins, 10 mM Tris HCI, 150 mM NacCl,
1 mM MgCl,, 0.2 mM dithiothreitol, pH 7.6. Free and ves-
icle-bound spectrin were separated by sucrose gradient ve-
locity sedimentation, using the same method as described
for study of spectrin dimer self-association, except that the
sucrose gradient was made in 10 mM Tris HCI, 150 mM
NaCl, 1 mM MgCl,, 0.2 mM dithiothreitol, pH 7.6. The
amount of free spectrin was estimated by measuring the area
of the spectrin peak. Each patient’s binding assay was com-
pared to a control performed at the same time.

RESULTS

Blood cell morphology. As illustrated in Fig. 1,
appreciable numbers of elliptocytes as well as frag-
mented erythrocytes are seen in the proband, in
stained blood films. The same pattern is observed in
the proband’s father (not shown).

Erythrocyte thermal stability. Erythrocyte ther-
mal stability of the Proband’s elliptocytes has been
measured at several temperatures (see Methods) and
no abnormal fragmentation has been detected. How-
ever, at the temperature of 47°C, more echinocytic
forms (which characterize the morphological step be-
fore fragmentation) were seen in the proband than in
the control.

Y

FIGURE1 Morphology of erythrocytes from the proband
(X600).
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FIGURE 2 SDS polyacrylamide gel electrophoresis and au-
toradiography. A, Gel electrophoresis pattern using the 5-
15% Laemmli gradient system of erythrocyte membranes
from the control (C), the proband (P), the proband’s father
(F), the proband’s sister (S); lanes a and b correspond re-
spectively to the 4 and the 37°C extracts of the proband. B,
autoradiograms of the autophosphorylated membranes from
a control (C), the proband (P), the proband’s father (F); a:
without cyclic AMP, b: with cyclic AMP. Constant amount
of membrane proteins and radioactivity were applied to the
polyacrylamide gel.

Electrophoresis data. Slab-gel electrophoretic pat-
terns of the red cell membranes of the proband and
her father (Fig. 2) are characterized by the presence
of an abnormal component migrating just below the
spectrin doublet and by a decrease in the proportion
of the spectrin 8-chain. In disk SDS-PAGE performed
according to Fairbanks with 0.1% SDS the abnormal
component (M, = 214,000) is clearly distinct from

A

=7

FIGURE 3 SDS polyacrylamide gel electrophoresis densito-
metric tracings (according to Fairbank’s method) of: A, con-
trol ghosts, B, proband’s ghosts.
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band 2.1 (ankyrin). Scanning of the disk gels (Fig. 3),
limited to the spectrin region, shows in normal ghosts
that spectrin a-chain represents 44%, 8-chain 39.5%,
and ankyrin 16.5% of the total spectrin area. In con-
trast, a-chain represents 41.5%, (3-chain 23.5%, the
abnormal component 8’ 18.5%, and ankyrin 16.5% in
whole ghosts of the proband and her father and the
sum of normal and abnormal 8-chains is equal to the
percentage of B-chains found in controls. The §'-chain
is also found in the 4°C and 37°C extracts obtained
from the proband’s ghosts (Figs. 2, 5). These data lead
us to consider the abnormal component 8’ as a short-
ened spectrin 8-chain.

A typical elution profile from a gel filtration column
of normal 4°C extracts (prepared by dialysis of ghosts
at 4°C) is shown in Fig. 5. The leading peak contains
a complex of spectrin-actin-protein band 4.1, whereas
the second peak consists mainly of spectrin tetramer.
However, the analysis of the normal 4°C extract by
sucrose gradient velocity sedimentation reveals that
10% of the total amount of protein layered on the
gradient is a dimeric specie (result not shown). In con-
trast the elution profile from gel filtration of the pro-
band’s 4°C extracts shows three peaks (Fig. 4): the
leading peak (83.6%) and the second peak (32%) cor-
respond respectively to the oligomeric complex and
to the spectrin tetramer; the third peak (34.4%) consists
of spectrin dimer. Each peak was subjected to elec-
trophoretic analysis and scanned (Fig. 5). The pro-
band’s oligomeric complex contains 50% spectrin a-
chain, 40% normal B-chain, and 10% §'-chain; spectrin
tetramer displays 51% a-chain, 46% B-chain, and 3%
@'-chain. In spectrin dimer, a-chain represents 54%,
B-chain 21%, and f'-chain 25%. However, separation

CONTROL
(XT3

[

PROBAND

Wl-t

ABSORBANCE AT 280 am
&
.
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ABSORBANCE AT 280 nm
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FRACTION NUMBER

FIGURE 4 Gel filtration (Sepharose CL4B column) of normal
and proband 4°C extracts. Elution profile of hydrosoluble
proteins extracted at 4°C. Peaks a, b, ¢, contain respectively:
oligomeric complexes, spectrin tetramer and spectrin dimer.
The profile of normal ghosts is indicated by the broken line
and is quantitated on the left-hand orinate (5.5 mg layered
on the column). The profile of the proband’s ghosts is in-
dicated by the full line and is quantitated on the right-hand
ordinate (2 mg layered on the column).



between tetramer and dimer species was not com-
pletely achieved and we further purified the proband’s
dimer spectrin peak by sucrose gradient velocity cen-
trifugation. In such conditions pure dimer isolated
from contaminated tetramer contains 51% a-chain,
13.4% B-chain and 35.6% f'-chain (Fig. 5), the 8- to
B'-ratio allows us to estimate that this pure dimer con-
tains 27% of normal afB-spectrin dimer, and therefore
73% of af’-spectrin dimer.

Spectrin dimer to tetramer transformation in so-
lution. Crude spectrin extracted from ghosts incu-
bated in low-ionic strength buffer at 37°C is mostly
dissociated into dimer (82). The transformation of
spectrin dimer into tetramer does not involve regu-
latory proteins (30) and is directly studied in 37°C
extracts. After incubation at 30°C for 180 min (at
which time equilibrium is reached in our hands) to
induce dimer to tetramer transformation, the samples
are cooled on ice and then ultracentrifuged in sucrose
gradients, and eluted at 4°C. At this temperature in-
terconversion between the two species (dimer and tet-
ramer) is very slow (33) and separation of dimer from
tetramer does not result in redistribution and gives the
true proportions of the two species. Fig. 6 shows typical
sucrose gradient distribution profiles of spectrin dimer
and tetramer. These profiles are highly reproducible
and using different concentrations of extracted pro-
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D E F

FIGURE 5 SDS polyacrylamide gel electrophoresis densito-
metric tracings of: A, control 4°C extract, B, proband’s 4°C
extract, C, D, and E, respectively: oligomer peak, spectrin
tetramer peak, and spectrin dimer peak, each isolated by gel
filtration of the proband’s 4°C extract (see Fig. 4). F, Pure
spectrin dimer further isolated from E by sucrose gradient
velocity centrifugation.
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FIGURE 6 Elution profiles of sucrose gradient velocity cen-
trifugation. 400 ul of a 37°C low ionic strength extract (1
mg/ml) were layered on the sucrose gradient; full line, nor-
mal 37°C extract; broken line, father’s 37°C extract. A sim-
ilar profile was obtained with the proband’s 37°C extract
(not shown). D, dimer peak; T, tetramer peak.

15mi

teins (0.5-2 mg/ml) we have found the association
constant (K,) for normal spectrin to be 5 (+0.27) X 10°
M™! (n = 38). In the two related cases of HE reported
herein, the K, was similarly decreased to a value of
2.8 (+0.3) X 10° M™! (n =4). Dimer and tetramer
peaks isolated at equilibrium after dimer to tetramer
conversion in the 37°C extracts of the proband’s father
was analyzed by gel electrophoresis and displayed,
respectively, 19 and 7% B'-chain.

Protein phosphorylation. Overall auto-phosphor-
ylation of ghosts from the proband, her father and
sister gives normal results (Table I). However auto-
radiograms of the proband’s and her father’s auto-
phosphorylated membrane proteins (Fig. 2) show that
B’-chain is not phosphorylated and that the spot given
by the normal B8-chain is decreased. The same results
were obtained after phosphorylation of the intact
erythrocytes of the proband with ®*Pi. In addition the
percentage of f'-chain estimated on the Coomassie

TABLE 1
Autophosphorylation of Ghosts

uM ¥P incorporated by mg protein in 10 min

—cAMP +cAMP
Proband 183 212
Proband’s father 228 269
Proband’s sister 175 211
Controls (20) 204 219, 5
s =27,2 s = 30
(E = 165-265) (E = 170-265)
711
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FiGURE 7 SDS polyacrylamide gel electrophoresis and the
corresponding autoradiograms of proband’s spectrin dimer.
The proband’s spectrin dimer was purified from the 4°C
extract by gel filtration and sucrose gradient velocity sedi-
mentation (see Fig. 4). Phosphorylation of the spectrin dimer
with [**PJATP was performed using pure membrane casein
kinase in solution (see ref. 27). In order to reach a better
separation between a-, 8-, and §'-bands longer running times
than those described in Methods were used. A and C, gel
electrophoretic patterns of control dimer and proband’s di-
mer, respectively. B and D, corresponding autoradiograms.

stained gel remained constant (data not shown). Phos-
phorylation of the proband’s sister’s spectrin $-chain
is normal. The proband’s chromatographically isolated
dimer, further purified by sucrose gradient velocity
sedimentation, was phosphorylated by purified casein
kinase obtained from human erythrocyte membranes
(27). The autoradiogram shows that the g'-chain, as in
the endogenous phosphorylation, is not phosphory-
lated (Fig. 7). After treatment with cytosolic human
erythrocyte phosphatase in conditions where ~70%
of 32y-ATP prelabeled normal spectrin is dephosphor-
ylated, the proband’s spectrin §'-chain remained not
phosphorylatable (data not shown). '

Binding assay of spectrin dimer to spectrin-de-
pleted normal inside-out vesicles. Binding assays
were performed using spectrin dimer isolated by su-
crose gradient velocity sedimentation after dimer to
tetramer conversion of spectrin obtained (37°C ex-
traction) from the proband and her father. These ex-
periments were done using two concentrations of spec-
trin dimer (as described in Methods).

The binding of both patients spectrin is identical to
the controls as shown in Table II. Furthermore poly-
acrylamide gel electrophoresis of the vesicles pelleted
after binding shows a similar percentage of g-chain
in the bound-spectrin dimer and in the free spectrin
dimer (Fig. 8). '

DISCUSSION

SDS gel electrophoresis of the membrane proteins from
the erythrocytes of a young woman with elliptocytosis
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and mild hemolytic anemia displayed the presence of
an abnormal component with an M, of 214,000. The
same component was found in erythrocyte membranes
of the proband’s father, who also had elliptocytosis.
We identified this subunit as an abnormal spectrin 8
chain for the following reasons: (a) this component and
spectrin are both extracted in the hydrosoluble pro-
teins; (b) it copurifies with spectrin dimer when hy-
drosoluble proteins are analyzed either by gel filtration
or by sucrose gradient velocity centrifugation; (c) its
presence on the electrophoretic gels is balanced by a
decrease of the normal spectrin 8-chain band since the
sum of normal and abnormal 8-chains (calculated from
scanning) is equal to the control spectrin 8-chain; (d)
this component binds to spectrin-depleted normal in-
side-out vesicles as does normal 8-chain. We concluded
that this abnormal component was a shortened spectrin
B-chain.

Extracts from normal erythrocytes membranes in-
cubated at low ionic strength and 4°C, analyzed either
by nondenaturating gel electrophoresis (34) or, in our
work, by sucrose gradient velocity sedimentation, con-
tain <10% spectrin dimer. In contrast, extracts of the
proband’s ghosts contain one-third of oligomer com-
plex, one-third of tetrameric, and one-third of dimeric
spectrin. In the 4°C extracts the spectrin dimer-tet-
ramer equilibrium is kinetically trapped in its native
state, as in the membrane. This allows us to conclude
that the proband’s membranes contain an abnormal
amount of dimer with a concomitant decrease of tet-
ramer. Furthermore, electrophoresis shows that the
spectrin tetramer peak contains only trace amounts of
B-chain (83%), whereas the dimer peak is mainly com-
posed of abnormal af'-dimer (73%). Self-association
of this af’-dimer is obviously highly defective in the
membrane and apparently explains the excess amount
of dimer in the 4°C extracts; indeed the dimer peak
that represents 34.4% of the total amount of the 4°C
extract layered on the column, contains 27% of normal
af-dimer. We can therefore estimate that 9% of nor-
mal aB-dimer is present in the proband’s 4°C extracts,
which agrees with our results in normals.

TABLE II
Binding of Spectrin Dimer to Spectrin-depleted
Inside-out Vesicles

Spectrin dimer bound (mg/mg of membrane protein)

Spectrin Proband’s
dimer-added Control Proband Control father
4
20 50 60
25 104 100
40 85 85
50 177.5 180




The defect of spectrin self-association suggested by
the increase of spectrin dimer to tetramer ratio in the
proband’s 4°C extracts, was further investigated in
solution. Pure spectrin dimer-tetramer interconversion
in solution has been extensively studied (33) and the
normal K, value (in a physiological ionic strength
buffer at 30°C incubation) was found to be 106 M1,
Our normal K, value (5 X 10° M™!), determined with
37°C extracts, agrees with the value reported by Liu
et al. (34) (72 X 10° M™!) and is the same in patients
with reticulocytosis due to hemolytic anemias not
caused by a primary membrane defect such as au-
toimmune hemolytic anemia, congenital hemolysis
with pyruvate kinase deficiency or B-thalassemia. In
our two cases, the K, value was found to be similarly
decreased (2.3 X 10° M™!), and SDS gel electrophoresis
of spectrin tetramer and spectrin dimer separated at
equilibrium by sucrose gradient velocity centrifuga-
tion shows that tetramer contains about three times
less §'-chain than dimer.

Several pieces of data (24, 35) suggest that spectrin
tetramer is formed by duplicate but independent
paired interactions between terminal peptide domains
of the a- and B-subunits. An 80,000-dalton peptide
isolated from a terminal portion of the a-chain was
shown to bind preferentially to spectrin dimer and
compete with spectrin tetramer (21). In the case re-
ported herein, the defective self-association of spectrin
dimer due to the presence of the #'-chain, demonstrates
the participation of the normal B-chain in the
tetramerization process, which is an argument for the
bivalent nature of the dimer association proposed by
Morrow and Marchesi (36).

Very likely, the abnormal dimer excess in the mem-
brane due to defective self-association of the af’-dimer
explains the membrane-skeleton instability and prob-
ably the hemolysis (2, 34). We do not know if the
presence of the #'-chain is responsible for the ellip-
tocytic shape. As pointed out before HE is associated
with different molecular abnormalities such as defec-
tive spectrin self-association (17, 28) or protein 4.1
function (14). In addition, defective spectrin self-as-
sociation has also been found in hereditary pyropoiki-
locytosis (34) a disease closely related to HE and char-
acterized by an exceptional thermal sensitivity of the
erythrocytes, which fragment at 45-46°C (instead of
the usual 49°C) after a 15-min incubation. In our case,
thermal sensitivity of the elliptocytes was normal. Liu
et al. (20) recently showed that partial tryptic digestion
of the self-association defective spectrin in variants of
HE, as in hereditary pyropoikilocytosis, resulted in the
increase of a 73,000-dalton component and in the con-
comitant decrease of a 80,000-dalton peptide suggest-
ing a mutation that affects the dimer contact site of
the a-chain involved in spectrin tetramer formation.

Spectrin B-chain Variant Associated with Hereditary Elliptocytosis

b> p+L'p': 46%

FIGURE8 SDS polyacrylamide gel electrophoresis of the
proband’s free and bound spectrin dimer. Spectrin dimer
was isolated by sucrose gradient velocity sedimentation from
the proband’s 37°C extract, after the extract had been in-
cubated at 30°C for 180 min to induce spectrin dimer to
tetramer conversion. A, free spectrin dimer; B, vesicle-bound
spectrin dimer, (a, b) = corresponding densitometric tracings
restricted to the spectrin area. The ratios of 8 to 8 + ' cal-
culated from these tracings were similar.

Overall phosphorylation of ghosts was normal but
the autoradiograms revealed that the §'-chain was not
phosphorylated. It seems very unlikely that all the
phosphorylatable sites of the 8'-chain are saturated for
the following reasons: the f§'-chain was neither phos-
phorylated in intact erythrocytes nor in solution after
treatment of spectrin with human erythrocyte cyto-
solic spectrin phosphatase. These sites are probably lost
along with the lacking peptide.

Both defective self-association and phosphorylation
of the af’-dimer in this case of spectrin #'-variant im-
ply that the phosphorylation sites are located at the
end of the spectrin B8-chain involved in the dimer-di-
mer interactions. This conclusion is in total agreement
with the recent work of Speicher and Morrow (37),
which demonstrates by peptide mapping studies the
location of the 8-chain phosphorylated domain at the
end of the molecule involved in dimer-dimer inter-
actions. Harris and Lux (38) have previously shown
that the phosphorylation sites are located at the car-
boxy-terminus of the S-chain. Thus, it is possible to
assign this terminus to the end of B-chain involved in
the dimer-dimer association.

It is not surprising to find a normal operational an-
kyrin-binding site in the §'-chain since the high affin-
ity membrane binding site is separated from the 8-
chain phosphorylated segment by a peptide of 28,000
dalton (37).

Elliptocytosis in Caucasians is classically inherited
as a dominant trait; that was also the case of this pa-
tient. The father and daughter are heterozygotes for
the same molecular abnormality since another daugh-
ter’s erythrocytes are normal. The §'-chain represents
~44% of the total spectrin B-chains, which is rather
close to the expected value of 50%. The mechanism
leading to a shortened f'-variant chain is not yet un-
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derstood. It is probably of genetic nature; however we
cannot exclude formally the possibility of a postsyn-
thetic event such as the presence in the erythrocytes
of these patients of an unusual and specific proteolytic
activity, but this seems very unlikely.

Whatever the mechanism, the abnormal g-chain we
observed is the first recognized inherited variant of the
spectrin B-chain. A variant of the a-chain has been
reported by Knowles et al. (39). Certainly other vari-
ants will be described in the future; so we propose to
give the present component the name of ‘“‘variant 8
Le Puy,” which refers to the town where the proband
is living.
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