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Abstract

Wereport here a unique variant of alpha spectrin in a kindred
with hereditary elliptocytosis. This novel red blood cell-mem-
brane protein migrated to a position between the normal alpha-
and beta-spectrin subunits in SDSpolyacrylamide gel electro-
phoresis. It was identified as an alpha spectrin by its binding to
anti-alpha spectrin antibodies, by the absence of a phosphory-
lation site, and by the normal 1:1 stoichiometry between total
alpha- and beta-spectrin molecules. The quantity of the alpha-
spectrin mutant, expressed as a percentage of the total alpha
spectrin, varied from 9.9-45.2% among six affected individuals.
Two-dimensional electrophoretic analysis of spectrin tryptic di-
gests was qualitatively normal but showed a decreased quantity
of a normal alpha IV fragment. The variable quantity of alpha-
spectrin mutant among family members correlated directly with
the increased percentage of spectrin dimers in cold low ionic
strength spectrin extracts (r = 0.92) and inversely with red blood
cell ghost mechanical stability (r = -0.98). The data suggest
that this new alpha-spectrin mutant is responsible for decreased
spectrin dimer-dimer association and for red cell instability in
affected individuals.

Introduction

The erythrocyte membrane skeleton plays an important role in
the maintenance of red blood cell (RBC)' shape, deformability,
and stability (1-3). Spectrin, the principal protein of the mem-

brane skeleton, is composed of alpha and beta subunits. These
two filamentous polypeptides are aligned side by side to form
spectrin heterodimers, which in turn self-associate to form spec-

trin tetramers and higher molecular weight oligomers. Spectrin
also binds to another skeletal protein, actin, in the presence of
a third protein, band 4.1, to form a richly anastamosing network
adjacent to the inner aspect of the membrane lipid bilayer. The
skeleton is anchored to the bilayer by yet another protein, an-
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kyrin, which binds to both spectrin and the integral protein,
band 3.

Abnormalities in the skeleton or its attachments have been
discovered in a number of congenital hemolytic anemias. For
example, molecular defects described in kindreds with hereditary
elliptocytosis (HE) include a quantitative deficiency of protein
4.1 (4), defective ankyrin-band 3 binding (5), and a number of
qualitative defects in spectrin (6-16). Most of alpha- and beta-
spectrin defects in HE result in diminished self-association of
affected spectrin heterodimers (7-16), leading to reduced for-
mation of higher molecular weight forms of spectrin and, thus,
to skeletal instability. Several previously described defects in al-
pha spectrin have been distinguished from one another by dif-
fering patterns of spectrin peptides generated by limited tryptic
digestion (6, 10-14). One beta-spectrin mutant exhibited defec-
tive binding to ankyrin (1 1), while several others displayed ap-
parent alterations in molecular weight as estimated by SDS
polyacrylamide gel electrophoresis (PAGE) (15, 16).

Wenow report a new alpha-spectrin defect in a family with
HE. This mutant alpha spectrin is unique because of its anom-
alous migration on SDSPAGE. A marked heterogeneity in the
relative quantity of the alpha-spectrin mutant was found among
affected family members. The strong correlation of the quantity
of the mutant polypeptide with the extent of defective dimer-
dimer association and with skeletal instability underscores the
importance of an intact spectrin complex for normal skeletal
function.

Methods

Clinical material. Nine family members spanning three generations were
available for study. These individuals are indicated in the pedigree (Fig.
1), and representative hematologic values for each are listed in Table I.

The propositus, 1112, a 23-mo-old boy, exhibited anemia, hyperbili-
rubinemia requiring phototherapy, and striking RBCpoikilocytosis at
birth. His anemia reached a nadir (hemoglobin [Hgb] 7.9 gm/dl, retic-
ulocyte count 13.7%) at 6 wk of age and then gradually improved without
specific therapy. Simultaneously, RBCmorphology evolved from poi-
kilocytosis (Fig. 2 A) to elliptocytosis (Fig. 2 B) and hyperbilirubinemia
disappeared. The only sibling, III,, a 4-yr-old boy who had hyperbili-
rubinemia at birth, now exhibits elliptocytosis without poikilocytosis.
The mother, II2, of German/English/Irish descent, exhibited hyperbili-
rubinemia at birth and hemolytic anemia (Hgb 8.5 gm/dl, reticulocytes
15%) during her pregnancy with the propositus. Currently, her RBC
morphology is that of elliptocytosis (Fig. 2 C). The father, III, of English
descent, is hematologically normal (Fig. 2 D). The maternal grandfather
of the propositus, I, underwent splenectomy at age 27 yr. His 5"Cr RBC
survival studies demonstrated a tj/2 of 13 d (control 26-30 d) before
splenectomy and a t/2 of 30 d post-splenectomy.

Other family members, not available for study and not included in
Fig. 1, include five siblings of the maternal grandfather, four of whom
have HE. Of these four, three have undergone splenectomy, and the
other has splenomegaly. Their mother, the great-grandmother of the
propositus, also had elliptocytosis.
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Figure 1. Pedigree of kindred with HE. Half-solid circles, individuals
with elliptocytosis; open circles, individuals with normal erythrocytes.
Note that 113 is depicted as having HE because both mutant alpha
spectrin and increased spectrin dimers are present in his erythrocytes.
However, his elliptocyte count is not significantly elevated.

Materials. Electrophoresis reagents were purchased from Bio-Rad
Laboratories, (Richmond, CA); Tris-HCI, phenylmethylsulfonyl fluoride
(PMSF), diisopropylfluorophosphate, horseradish peroxidase-conjugated
sheep anti-mouse antibodies, and 4-chloronaphthol from Sigma Chem-
ical Co. (St. Louis, MO); and Seakem agarose from FMCCorp., Marine
Colloids Div., (Rockland, ME). 2-Mercaptoethanol was purchased from
Eastman Kodak Co., (Rochester, NY). 32P (H3PO4) came from ICN
Biomedicals Inc. (Irvine, CA). Horseradish peroxidase-conjugated goat
anti-rabbit IgG antibodies were purchased from Pel-Freeze Biologicals
(Rogers, AR).

Phlebotomy and routine hematologic studies. Blood samples were
obtained by routine phlebotomy under a protocol authorized by the
Committee on Human Experimentation, University of California (San
Francisco, CA). EDTAanticoagulant was used for routine blood counts,
reticulocyte determinations, and blood group phenotyping. For all other
studies, samples were anticoagulated in acid citrate dextrose and stored
at 40C until studied. Morphologic and heat fragmentation studies were
performed within 12 h and all other studies within 48 h of phlebotomy.

Morphology and RBCthermal stability. RBCmorphology was de-
termined by review of Wright-stained peripheral blood smears as well
as by Nomarski interference phase-contrast microscopy of fresh RBCs
fixed in 1% glutaraldehyde in phosphate-buffered saline (pH 7.4, 290
mosmol). Elliptocytes were counted by measuring the length and width
of 200 fixed RBCs. Cells with a width-to-length ratio of < 0.78 were
classified as elliptocytes (17). The susceptibility of RBCsto heat-induced
budding and fragmentation was assessed by incubating washed cells for
10 min at temperatures varying in 1VC increments from 450 to 50'C
(18). The lowest temperature at which 10% or more of the cells showed

Table I. Blood Counts in Family with HE

Sample Hgb MCV Reticulocytes Elliptocytes*

gidl fl X103/mm3 %

II 16.7 95 44.9 61.5
12 14.3 85 71.5 8.0
II, 15.0 89 55.6 1.0
I12 13.6 90 37.7 87.0
II3 16.3 92 160.3 7.5
114 18.0 91 1.0
lIs 15.1 84 71.5 25.0
III, 11.8 79 72.0 32.5
III2 11.8 73 132.6 25.0

* Normal range, 1-8%

budding was determined by examining fixed cells with phase-contrast
microscopy.

Stractan density gradient centrifugation. Separation of RBCs ac-

cording to their buoyant density was accomplished by discontinuous
stractan density gradient centrifugation as described by Clark and her
co-workers ( 19). Five subpopulations of RBCswere harvested from each
gradient and ghosts were prepared as described below.

Analysis of RBCmembrane proteins. Leukocytes and platelets were

removed by passing blood through columns of alpha cellulose and mi-
crocrystalline cellulose (20). RBCghosts were then prepared at 0-40C
as described by Dodge et al. (21), with 0.2 mMPMSFadded to minimize
proteolysis.

Fairbanks nonlinear 3.5-17% polyacrylamide gradient SDSslab gels
(22) were used for electrophoretic examination of RBCmembrane pro-
teins and to quantitate the spectrin to band 3 ratio. Ghosts or whole
RBCwere diluted 1:5 in SDSsample buffer (23). After electrophoresis
and staining with Coomassie Blue (22), relative quantities of spectrin
subunits were determined by densitometric scanning. The spectrin to
band 3 ratio was determined by excising the stained bands (spectrin and
band 3), eluting the dye in 25% pyridine overnight, and reading the
absorbance at 605 nm (24).

For immunological analysis, RBCmembrane proteins were trans-
ferred from SDSslab gels onto nitrocellulose paper (0.45-nm pores) by
overnight electroelution (25, 26). After blocking the remaining binding
sites with bovine serum albumin (BSA) the papers were incubated over-

night with anti-spectrin antibody. Polyclonal rabbit anti-spectrin anti-
body was obtained from Joel Chasis. Polyclonal rabbit anti-beta spectrin
antibody, polyclonal rabbit anti-alpha spectrin antibody (specific for the
alpha I tryptic domain), and monoclonal mouse anti-alpha spectrin an-

tibody (specific for the alpha IV domain) were provided by S. C. Liu
and Jiri Palek. After antibody binding, the papers were incubated for 4
h at room temperature with horseradish peroxidase-conjugated goat anti-
rabbit or sheep anti-mouse IgG antibodies. Staining was accomplished
with 4-chloronaphthol and hydrogen peroxide.

Membrane protein phosphorylation. Washed erythrocytes were in-
cubated for 16 h at 37°C in normal saline with 50 mMimidazole (pH
7.4), 31 mMglucose, 5 mMadenosine, 250 U/ml penicillin, 250 U/ml
streptomycin and 1 mCi 32P (H3PO4) per cubic centimeter of packed
RBC(27). After the incubation, the RBCs were washed three times in
normal saline. Ghosts were prepared as above and membrane proteins
electrophoresed into a Fairbanks nonlinear 3.5-17% acrylamide gradient
SDS slab gel. Autoradiographs were made by 2-h exposure of Kodak
XAR-2 X-ray film to the dried gels in an intensifying cassette.

Spectrin analysis. RBCmembrane ghosts were prepared at 0-4°C
as described above. PMSF(0.2 mMfinal concentration) was added to
all preparative solutions to prevent proteolysis. Spectrin extract was ob-
tained from fresh ghosts by low ionic strength extraction for 16 h at 0-
4°C according to Lawler and his colleagues (28). The fraction of spectrin
in the dimeric form was determined by low temperature (0-4°C), non-

denaturing 2.5% acrylamide, and 0.3% agarose composite gel electro-
phoresis (29). Spectrin dimers and tetramers were quantitated by den-
sitometry and the percentage of spectrin in the dimeric form calculated
(18). For analysis of the alpha- and beta-subunit composition of spectrin
dimers and tetramers, spectrin extracts were first subjected to nonde-
naturing gel electrophoresis and then analyzed in the second dimen-
sion in nonlinear 4.5-17% polyacrylamide gradient Laemmli SDS slab
gels (23).

Cold low ionic strength spectrin extract was also subjected to limited
tryptic digestion. PMSFwas removed by overnight dialysis at 4°C in
200 vol of 20 mMTris buffer (pH 8.0) (30). The protein concentration
of the extracts was determined with the Bio-Rad protein assay (Bio-Rad
Laboratories) using BSAas the-standard. The spectrin extracts were sub-
jected to limited tryptic digestion for 16 h at 4°C using an enzyme to
substrate ratio of 1:100 or 1:200 (wt/wt) (31). Digestion was terminated
by adding diisopropylfluorophosphate to a 1 mMfinal concentration.
The spectrin tryptic fragments were analyzed by two-dimensional elec-
trophoresis. Isoelectric focusing tube gels were prepared by the method
of O'Farrell with modifications (32, 33). The focused proteins were elec-
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Figure 2. Photomicrographs of Wright-stained peripheral blood smears. RBCmorphology in III2 at 7 wk of age showed elliptocytes and numerous
micropoikilocytes with thin budlike projections (A). At 17 moof age his RBCmorphology had evolved to that typical of HE (B). His mother, I12,
also had elliptocytes (C), while his father, III, showed normal RBCmorphology (D).

trophoresed into the second dimension in a linear 10-15% polyacrylamide
gradient SDSslab gel (23).

Erythrocyte ghost mechanical stability. RBCghost fragmentation was
assayed in a Technicon digital-processing ektacytometer (34). Resealed
ghosts were suspended in a dextran solution of 97 cp viscosity (dextran
40,000, 35 g/dl wt/vol, 290 mosmol/kg, pH 7.4). These samples were
subjected to a continuous shear stress of 750 dynes/cm2, which resulted
in progressive fragmentation of the intact membranes into nondeformable
spherical fragments. This process was detected as a decrease in the de-
formability index, which was monitored as a function of time. For com-
parison of the fragmentation of different samples of ghosts, the time
required for ghost deformability to decrease to 60%of its maximal value
(the T60) was determined. The ratio of the observed T6o to that of a
simultaneously run normal control sample was then used to calculate
relative ghost mechanical stability expressed as a percentage of the normal
value.

Results

Table I summarizes routine hematology values. Family members
with elliptocytosis were not anemic, but demonstrated variable
elevations in reticulocyte counts. With the exception of II3, the
percentage of elliptocytes ranged from 25 to 87% in affected
family members, but was <8% in family members without el-
liptocytosis. Blood group phenotyping of all nine family members
was compatible with linkage between elliptocytosis and the Duffy
(Fy) antigen, but was inconclusive due to the limited variability
of phenotypes among individuals (data not shown).

Wedetermined the minimum temperature necessary to in-
duce erythrocyte budding to allow comparison with other spec-
trin defects known to cause elliptocytosis, many of which have

demonstrated an increased sensitivity to heat (6, 8, 11, 12, 15).
Control samples and RBCs from unaffected family members
exhibited budding at 49°C. Erythrocytes from the three family
members with the greatest amount of mutant spectrin (II, IIII,
and 1112) sometimes showed budding at 48°C, but at other times
not below 49°C. The RBCsof other family members with lesser
amounts of the mutant were normal.

SDSPAGEof RBCghost membrane proteins from family
members with elliptocytosis revealed a novel protein that mi-
grated between band 1, or alpha spectrin, and band 2, or beta
spectrin (Fig. 3). Whole RBCs, solubilized in SDSand analyzed
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Figure 3. Erythrocyte
membrane proteins sep-

t4 ak arated by nonlinear 3.5-
17% polyacrylamide gra-
dient Fairbanks SDS
PAGE. Lane Ccontains
normal membrane pro-
teins. The other lanes
show membrane pro-
teins from four individ-
uals with elliptocytosis
(lanes 115, 112, HI 1, and
I,). The mutant protein
(am) is present in vari-
able quantity at a posi-
tion between band 1 (al-
pha spectrin) and band
2 (beta spectrin).
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on these gels, also contained the mutant protein. With the ex-
ception of 113, the novel band was not seen in family members
without elliptocytosis, and was never encountered in normal
control samples or in ghosts from other patients with a variety
of hemolytic anemias, including HE. When analyzed by den-
sitometry, the quantity of the normal alpha chain plus the mutant
protein was equal to that of the normal beta chain in each in-
dividual. On Western blots prepared from SDSpolyacrylamide
gels, the mutant band reacted with a polyclonal anti-spectrin
antibody (Fig. 4). The antibody used for this analysis reacted
more strongly with alpha than with beta spectrin, and the rel-
atively intense reactivity of the novel band suggested that it was
an alpha- rather than a beta-spectrin mutant. In other immu-
noblots (Fig. 5), the mutant spectrin reacted strongly to a poly-
clonal antibody to the N terminal region of alpha spectrin (alpha
I tryptic domain) but weakly with a monoclonal antibody to the
alpha IV domain. (The tryptic domain specificity of these two
antibodies was confirmed with immunoblots of two-dimensional
tryptic digest maps.) The mutant protein did not react with a
polyclonal anti-beta spectrin antibody. Finally, because beta but
not alpha spectrin can be phosphorylated in vitro, we incubated
erythrocytes with 32P. Beta spectrin from elliptocytic family
members was phosphorylated, but alpha spectrin and the mutant
protein were not (Fig. 6).

The relative amount of the alpha mutant [alphaM/(alpha
+ alphaM)] varied from 9.9 to 45.2% among the affected family
members (Table II), but remained constant for any given indi-
vidual on serial analysis over a period of 2 yr. In addition, re-
ticulocyte-enriched RBCsubpopulations (from I,) showed no
difference from denser erythrocytes in the relative amount of
the mutant protein. The amount of total spectrin present in the
RBCghosts from affected family members, estimated by mea-
surement of spectrin to band 3 ratios, was normal (0.97-1.06;
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Figure 5. Immunoblots of spectrin. In each of the four immunoblots,
control spectrin is in the left lane and spectrin from HE red cells in
the right lane. Spectrin was reacted with a polyclonal anti-spectrin an-
tibody (A), a polyclonal anti-al antibody (B), a monoclonal'anti-aIV
antibody (C), and a polyclonal anti-(3 spectrin antibody (D). The mu-
tant alpha spectrin (aM) reacted strongly with the polyclonal anti-aI,
weakly with the monoclonal anti-aIV, and not at all with the poly-
clonal anti-f.

control = 1.06). An attempt to examine the migration of the
mutant in an SDS-free gel (titron-urea) was unsuccessful because
spectrin is relatively insoluble in non-SDS systems.

The fraction of spectrin dimers present in cold low ionic
strength spectrin extracts was increased in family members with
elliptocytosis (Table II). The percentage of spectrin dimers cor-
related with the relative amount of the alpha-spectrin mutant
for affected family members (r = 0.92). Two-dimensional PAGE
(Fig. 7), using nondenaturing tube gels in the first dimension
and SDS slab gels in the second dimension showed that most
alpha chain in the increased dimer fraction (from II2) was the
alpha mutant, rather than the normal alpha chain. The mutant
alpha spectrin also was present to a lesser degree in spectrin
tetramers and higher molecular weight oligomers.

Low ionic strength extracts from the three elliptocytic family
members with > 40% alpha spectrin mutant were subjected to
limited tryptic digestion at 4°C for 16 h. The five normal alpha-
spectrin tryptic domains were identified by comparison with
controls and published maps (14, 31). The only abnormality
was a decrease in the smaller of two normal alpha IV fragments
(Fig. 8). Immunoblots of these two-dimensional gels were pre-
pared with the polyclonal anti-alpha I spectrin antibody and no
differences between mutant and control spectrin were observed
(data not shown). In addition, spectrin tryptic fragments (from
I,) were analyzed by SDSPAGEafter 1, 3, and 20 h of digestion
and no difference from control was noted (data not shown).

SDS PAGE
BAND

2-.1_-2.1--

Figure 4. Immunoblot of RBCmembrane proteins separated on SDS
PAGE, transferred to nitrocellulose, and incubated with polyclonal
rabbit anti-human spectrin antibody. The antibody used reacted more
strongly with alpha than with beta spectrin. Erythrocyte membranes
from an unrelated control (lane C) and a family member without el-
liptocytosis (lane II,) contain only normal alpha and beta spectrin.
Erythrocytes from three individuals with elliptocytosis contain a mu-
tant spectrin that is seen between the normal alpha and beta spectrin
and that reacts more strongly than beta spectrin with the anti-spectrin
antibody.

32p AUTO-
RADIOGRAPH

Figure 6. SDSPAGEof
32p phosphorylated
erythrocyte ghosts and
the corresponding auto-
radiograph. The mutant
alpha spectrin is seen
between band 1 and
band 2 in the elliptocy-
tosis sample (lane III,)
but not in an unrelated
control (lane C). Only
band 2 was phosphory-
lated in both control
and elliptocytic erythro-
cytes.
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Table II. Effects of Mutant Spectrin on Spectrin
Dimers and on Ghost Mechanical Stability

Mutant spectrin
am Spectrin Ghost mechanical

Sample a + am dimerse stabjljtyt

% % %of normal

II12 45.2 19.0 12.0
III, 41.7 15.7 10.6
I, 40.1 20.0 10.3
112 27.7 15.1 31.7
13 10.2 8.4 89.4

115 9.9 11.3 99.2
12 0 6.2 111.4
III 0 3.4 94.5
I14 0 3.7 99.5
Controls 0 5.4±1.61 100.0±7.5

* Percentage of spectrin dimers correlated with the amount c
spectrin (r = 0.92).
* Ghost mechanical stability correlated inversely with the am
mutant spectrin (r = -0.98).

±SD.

The mechanical stability of RBCghosts subjected
stant shear stress in the ektacytometer was diminish
portion to the amount of alpha-spectrin mutant preset
ghosts (Table II). The correlation coefficient between,

NONDENATURINGELECTROPHOR

0

COLIJ
w

0
m
a-
0
ar

I-
0

LI

CO
a
CO

T D

Figure 7. Two-dimensional electrophoresis of cold low ionic strength
spectrin extract. In the first dimension, spectrin oligomers (0) have
been separated from tetramers (T) and dimers (D) by nondenaturing
agarose PAGE. The second dimension has separated the alpha spec-
trin from beta spectrin. The top gel shows spectrin from a control sub-
ject. In the bottom gel, which contains spectrin from an individual
with elliptocytosis, the first dimension shows an increase in the per-
centage of spectrin dimers to 15%. The second dimension shows that
most alpha spectrin in the increased dimer fraction is the alpha mu-
tant, rather than the normal alpha chain. Note the presence of small
amounts of mutant spectrin in tetramers and oligomers.

Af mutant

ount of

chanical stability and the amount of alpha-spectrin mutant
was -0.98.

Discussion

The novel membrane protein identified in family members with
elliptocytosis is an alpha-spectrin mutant because (a) it reacted
more strongly than beta spectrin with an anti-spectrin antibody
that has greater affinity for alpha than beta spectrin, (b) it reacted
with a polyclonal anti-alpha spectrin antibody but not with an
anti-beta spectrin antibody, (c) unlike beta spectrin, it could not
be phosphorylated, and (d) the amount of normal alpha spectrin
was decreased by an amount equivalent to the mutant in every
instance, yielding the expected 1:1 stoichiometry between alpha-
and beta-spectrin molecules.

To our knowledge this mutant is the first alpha spectrin to
be described with anomolous migration in SDS PAGE. This
finding is not an artifact of in vitro proteolysis because the quan-
tity of the mutant protein was the same when intact RBCswere
solubilized in SDSfor electrophoresis, thus omitting the ghosting
procedure. In addition, the quantity of the mutant protein for
each individual was constant on repeated assays over a 2-yr time
span.

Strong evidence indicates that the mutant protein is directly
responsible for the elliptocytosis phenotype observed in this

Ito a con- family. With the exception of 113, only family members with

it
in pro- elliptocytosis were found to have the mutant. In addition, the

gt i those quantity of the mutant protein correlated well with other indi-
ghost me- cators of skeletal dysfunction. RBCsfrom these individuals, like

many others with elliptocytosis, contained an increased per-

'ESIS centage of spectnin dimers in cold low ionic strength spectrin
vESIS extracts (7-16), indicating a decreased ability of spectrin dimers

to self-associate and form spectrin tetramers and higher molec-
ular weight oligomers. The direct role of the mutant alpha spec-
trin in defective dimer-dimer association was demonstrated by
showing that the mutant, rather than the normal alpha chain,
predominated in the increased dimer fraction. The role of the
mutant alpha spectrin in defective dimer self-association was

O-CC. also supported by analysis of the variability among family mem-
4- F bers. Those with greater amounts of the mutant protein were

those with a greater percentage of spectrin in the dimeric form.
In other kindreds with HE, impaired spectrin dimer-dimer

association has been linked with membrane skeletal instability
(7, 9, 34). Wemeasured skeletal stability in the ektacytometer
as a function of RBCghost fragmentation. RBCs from individ-
uals with greater amounts of the mutant protein demonstrated
more rapid ghost fragmentation than individuals with less mu-

0(M' tant. Thus, in this family, defective self-association of the (al-
pham-beta) dimer results in membrane skeletal instability. Pre-
sumably, this is responsible for the hemolysis observed in these
individuals.

Palek has separated common HE into nine subtypes (35).
The apparent autosomal dominant inheritance, RBCmorphol-
ogy, and slight reticulocytosis observed in this family best fit the
subtype of commonHEwith minimal hemolysis. However, the
propositus had more severe hemolysis and poikilocytosis in in-
fancy, thus fitting the subtype, commonHEwith infantile poi-
kilocytosis. The history of significant neonatal jaundice in his
brother and their mother suggests that they also may have passed
through a period of infantile poikilocytosis, but this cannot be
confirmed in retrospect. None of the affected individuals is cur-
rently anemic, and there was a poor correlation between the
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Figure 8. Two-dimensional electrophoretic analysis of spectrn extracts
after limited tryptic digestion. In the first dimension, 130 ,g of tryptic
fragments were focused across a pH gradient of 3.5-10. The second
dimension separation is by linear Laemmli SDSPAGE(10-15% acryl-

percentage of mutant alpha spectrin and the number of ellip-
tocytes in the peripheral blood (r = 0.63).

The precise molecular defect remains to be defined. Anom-
alous migration in SDSPAGEsuggests a shortening of the alpha-
spectrin polypeptide. Alternatively, amino acid substitutions that
alter the hydrophobicity of a protein may affect mobility in SDS
PAGEby altering SDSbinding to the protein (36-38). Limited
tryptic digestion of low ionic strength spectrin extracts containing
40-45% mutant spectrin did not show any abnormal peptides.
One possible explanation for this finding is that the site of short-
ening or mutation is a region of the spectrin molecule normally
lost during the overnight tryptic digestion procedure. In an at-
tempt to address this possibility, we analyzed spectrin tryptic
fragments after only 1 and 3 h of digestion and no differences
from control were noted in these less digested samples. Another
possibility is that an abnormal tryptic peptide has gone unde-
tected because of co-migration with a normal fragment. Because
other alpha-spectrin mutants associated with increased spectrin
dimers have demonstrated abnormalities in the 80-kD alpha I
tryptic domain (10, 12-14, 28), we used a polyclonal anti-alpha
I antibody to search for any novel alpha I tryptic fragments that
might have escaped recognition on Coomassie-stained gels. Im-
munoblots of two-dimensional tryptic peptide maps showed that
this antibody reacted normally with the 80- and 74-kD fragments
generated from digestion of patient spectrin, and no abnormal
alpha I fragments were detected.

Two findings from this study suggest the possibility of an
alpha IV spectrin abnormality. The first is the decrease in the
smaller alpha IV fragment noted in Coomassie-stained gels. The
second finding is the decreased reactivity of the undigested mu-
tant protein with a monoclonal antibody to the alpha IV domain.
It is difficult to draw a firm conclusion from these observations.
The tryptic digest abnormality may be real or merely an artifact
due to subtle differences between samples in the extent of diges-
tion. The decreased affinity of the undigested mutant protein
for the alpha IV monoclonal antibody suggests an alteration of

amide gradient). The five alpha spectrin domains are circled and indi-
cated by Romannumerals. A decrease in the quantity of the smaller
of two aIV fragments is indicated by the arrow.

the relevant epitope in the mutant's alpha IV domain. However,
we do not know the location of this epitope within the alpha IV
domain nor the nature of the mutation in alpha spectrin. There-
fore, we cannot incriminate with certainty the alpha IV domain.
Furthermore, it is unclear how a mutation in the alpha IV do-
main would interfere with spectrin dimer-dimer association, a
function of the alpha I domain.

The striking difference in the amount of the mutant spectrin
present in the various members of this kindred is a surprising
finding in a disorder thought to be autosomal dominant. In three
family members (II, Ill,, and 1112), 40-45% of the alpha spectrin
was mutant protein. This is near the 50% value expected for an
autosomal dominant disorder and similar to that observed in
two other spectrin defects in which the relative amount of mutant
spectrin could be quantitated (15, 39). However, erythrocytes
from the other three affected family members contained con-
siderably less mutant protein (9.9-27.7% of total alpha spectrin).
This variability was not associated with a quantitative deficiency
of total spectrin, as spectrin to band 3 ratios were normal. Thus,
the variable percentage of mutant alpha spectrin reflects a vari-
ability in the actual quantity of the mutant protein among the
affected individuals. Marchesi and her co-workers have recently
described similar variability in a kindred with HE caused by
another alpha-spectrin defect (14). The relative amount of the
intact mutant spectrin was not quantitated, but these individuals
showed a variable susceptibility of the alpha I tryptic domain
to limited tryptic digestion, suggesting varying amounts of mu-
tant spectrin.

It has been demonstrated in both avian (40) and mammalian
(41) erythroid progenitors that alpha spectrin is synthesized in
excess of beta spectrin. Because the membrane skeleton of mature
erythrocytes contains an equal number of each of these com-
plementary chains, it follows that many molecules of alpha
spectrin are never incorporated into the membrane skeleton.
Hence, variability in the relative amount of the mutant protein
detected in circulating erythrocytes does not necessarily indicate
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equivalent variability in the translation of a mutant structural
gene. For example, a decrease in the production of normal alpha
spectrin on one chromosome might be undetectable in an oth-
erwise normal RBCbut would increase the relative amount of
a mutant alpha spectrin inherited on the other chromosome
(35). One difficulty with postulating a second (silent) inherited
defect affecting spectrin synthesis is the need to invoke separate
inheritance of such a defect in two generations (I and III, see
Fig. 1). These two generations both exhibit greater amounts of
the alpha mutant than is seen in the intervening generation (II).
Furthermore, in generation II itself, there is variability in the
amount of mutant spectrin. Clearly, in vitro studies of spectrin
synthesis would be of considerable interest in this family.

Wealso considered the possibility that the variable quantity
of the mutant protein was the result of posttranslational modi-
fication of the alpha spectrin. In a preliminary attempt to address
this issue, we compared the quantity of alpha mutant in eryth-
rocytes separated by buoyant density. No differences in the per-
centage of alpha spectrin mutant were observed in the compar-
ison of these density (age) separated erythrocytes. However, be-
cause membrane skeleton assembly is essentially completed
before extrusion of the nucleus, these data do not exclude the
possibility of posttranslational modification of the alpha spectrin
before its incorporation into the skeleton.

The structural gene for alpha spectrin is located on the q
arm of human chromosome 1 (42) near the gene for the Fy
blood group antigen. Because a gene dictating the posttransla-
tional modification of alpha spectrin might reside on a different
region of chromosome 1 or on another chromosome, we searched
for linkage of the mutant alpha spectrin with the Fy antigen. Fy
phenotyping of family members was inconclusive of linkage to
the elliptocytosis defect. Hopefully, studies of genetic material
from this family will reveal the precise nature and location of
the mutation and help deliniate the mechanism(s) responsible
for the different amounts of mutant protein found in affected
family members.
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