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Abstract

Hereditary spherocytosis (HS) is an inherited disorder of eryth-
rocyte shape associated with spectrin deficiency and hemolytic
anemia. In a subset of patients with the autosomal dominant
form of HS, spectrin displays a reduced capacity to bind protein
4.1 and, therefore, actin; both functions that are critical to the
membrane skeleton. A specific structural defect has not been
identified in the spectrin from these patients. Chymotryptic
digestion of the isolated spectrin chains shows impaired cleavage
of the distal peptide of the beta subunit, the beta IV domain. In
previous work, we have shown that mild oxidation markedly
diminishes the binding capacity of normal spectrin for protein
4.1. Here we observe that chemical reduction of freshly isolated,
untreated HSspectrin dramatically improves its function. Thus,
a primary structural defect in the beta subunit of spectrin in this
subtype of HSmay lead to oxidant sensitivity, and secondarily,
to a functional defect in the binding of spectrin to protein 4.1
and actin.

Introduction

Hereditary spherocytosis (HS)' is a hemolytic anemia charac-
terized by spheroidal cell shape and increased erythrocyte os-
motic fragility. Numerous reports have described altered phys-
iological properties of erythrocytes from patients with HS (for
review, see reference 1), but the primary molecular defect re-
sponsible for this disorder has not been defined. Recent studies
suggest a problem with the erythrocyte membrane skeleton. The
red cell membrane skeleton is the network of proteins underlying
the lipid bilayer that maintains cell shape and membrane stability
(2). The major protein, spectrin, is a heterodimer comprised of
two nonidentical linear subunits designated alpha and beta. Each
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1. Abbreviations used in this paper: buffer A, 10 mMTris, 150 mM
NaCI, 0.1 mMEDTA, pH 8; DFP, diisopropylfluorophosphate; DTT,
dithiothreitol; HS, hereditary spherocytosis; IAEDANS, 5-iodoacetam-
idoethyl)aminonaphthalene-l-sulfonic acid; mBBr, monobromobimane;
NEM, N-ethylmaleimide.

heterodimer self-associates (3) at one end (4) to form tetrameric
(5) and oligomeric species (6, 7). Spectrin tetramers and oligo-
mers are cross-linked by short filaments of F-actin (8-1 1). Protein
4.12 greatly augments spectrin-actin binding (14-19).

Partial deficiency of spectrin has been observed in the red
blood cells of both mutant mice (20-24) and humans (25, 26)
with hereditary spherocytosis. There is a marked degree of de-
ficiency in some patients with the clinically severe, apparently
recessive form of HS (25). Recent studies by Agre and his col-
leagues (26, 27) show a correlation between the degree of spectrin
deficiency and the unincubated osmotic fragility test, a measure
of membrane loss (spheroidicity), as well as clinical severity and
outcome after splenectomy for all patients with HS. In addition,
a specific defect in spectrin function has been observed in three
kindreds with HS. The protein 4.1 binding capacity of spectrin
was found to be diminished (28, 29) because a fraction of spectrin
was unable to bind protein 4.1 (29). This type of HS has been
designated HS(Sp-4. 1) in a system of nomenclature proposed
by Palek and Lux (30) and this molecular defect has only been
observed in a small subset of patients with HS. This defect leads
to a decrement in spectrin-actin binding in the presence of pro-
tein 4.1 (28, 29). Defective spectrin-actin binding may contribute
to the increased membrane mechanical fragility observed (31)
in the individuals from one of these kindreds (29). All other
spectrin functions studied remained intact (29).

In this study, we sought evidence for abnormal structure of
the spectrin isolated from the kindred with HS(Sp-4. 1) described
by Wolfe and co-workers (29). Tryptic digestion with peptide
analysis has been used to demonstrate the structural abnormal-
ities of spectrin in hereditary elliptocytosis and hereditary pyro-
poikilocytosis (32-36), but this method has thus far failed to
demonstrate abnormal structure of spectrin in most patients
with HS. However, by studying the kinetics of enzymatic diges-
tion, we were able to obtain evidence for aberrant structure of
spectrin in HS in the region of the beta IV-T74 domain.3 This
area coincides with the location of the presumed protein 4.1
binding site: the end of spectrin opposite to the oligomerization
site (38), probably the beta-chain (39, 40).

In addition, previous studies established that gentle chemical
oxidation of normal spectrin reduced its protein 4.1 binding
capacity (41), similar to the functional defect in HS(Sp-4. 1)
spectrin. Chemical reduction fully reversed the functional defect

2. System of nomenclature for red cell membrane proteins by Fairbanks
et al. (12), as modified by Steck (13).
3. Spectrin structure has been described as a linear sequence of enzyme-
resistance polypeptides (domains), with five on the alpha-chain and four
on the beta-chain (37). Each domain can be designated by (a) its chain
of origin, (b) its place in sequence in that chain by a Roman numeral,
(c) the enzyme used for digestion (T = trypsin, C = chymotrypsin), and
(d) the molecular weight in kD.
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in the oxidized spectrin (41). Similarly, we now find that chemical
reduction of HS(Sp-4. 1) spectrin restores its protein 4.1 binding
capacity to nearly normal levels. Hence, it is likely that the
structural defect in the beta IV domain identified here exerts its
effect on spectrin-protein 4.1 interactions through the mecha-
nism of increased lability to oxidant damage.

Methods
Purification of spectrin dimer. Blood samples were obtained from a family
with HS(Sp-4. 1), previously described (29). The affected individuals in-
clude the mother, age 33 yr, reticulocyte count 2.1%, status postsple-
nectomy, and two daughters, aged 5 and 6 yr, with reticulocyte counts
15.7 and 5.6%, respectively, both unsplenectomized at the time of this
study. Hemoglobin-depleted membranes were prepared as described (12),
in 5 mMsodium phosphate, 0.5 mMEGTA, pH 8. Diisopropylfluo-
rophosphate (DFP; 1 mM) was used to inhibit proteolysis. The mem-
branes were dialyzed against 0.1 mMEDTA, 0.1 mMsodium phosphate,
10 Mg/ml phenylmethylsulfonylfluoride, 0.5 mMsodium azide, pH 8,
for 12-16 h at 4VC. They were then incubated at 370C for 20 mi,
followed by centrifugation at 100,000 g for 1 h. The supernatant was
chromatographed as described (42).

Preparation of F-actin. Actin was purified from rabbit muscle as
described (43) with three cycles of polymerization-depolymerization. F-
actin (2.5 mg/ml) was prepared by addition of potassium and magnesium
chloride to 50 mMand 2 mM, respectively, in 2 mMTris, 0.2 mM
calcium chloride, 0.2 mMATP, 1 mMdithiothreitol (DTT).

Purification of protein 4.1. Protein 4.1 was purified from human
erythrocytes as described (38, 44).

Spectrin: protein 3 ratio determination. Freshly prepared hemoglobin-
depleted membranes were solubilized and run on a 3.5-17% exponential
gradient sodium dodecyl sulfide (SDS)-polyacrylamide gel as described
(12) and modified (25). The Coomassie Blue-stained bands of spectrin
and protein 3 were cut from eight to ten lanes of membranes, the dye
eluted with 25% pyridine, and the relative protein content estimated by
spectrophotometry (45).

Limited tryptic digestions. Spectrin (0.5-0.8 mg/ml), in 10 mMso-
dium phosphate, 40 mMNaCl, pH 8, was digested with trypsin-N-tosyl-
L-phenylalanine chloromethyl ketone (TPCK; Worthington Diagnostics,
Freehold, NJ) with a ratio of trypsin to spectrin of 1:20 (wt/wt), for 90
min on ice (46). The digestion was terminated by the addition of 1 mM
DFP (for a two-dimensional gel) or by boiling for 5 min in gel sample
buffer (for a one-dimensional gel). The one-dimensional gels were scanned
with a soft laser densitometer (Zeineh, Biomed Instruments Inc., Ful-
lerton, CA). Two-dimensional gel electrophoresis (for a domain map)
was performed by the method of O'Farrell (47) as modified by Speicher
et al. (37).

One-dimensional spectrin peptide maps with enzymes other than
trypsin. Samples of spectrin dimer (0.5-0.9 mg/ml in 10 mMTris, 150
mMNaCl, 0.1 mMEDTA[buffer A]) were digested with various enzymes
for 2 h on ice at the following enzyme/substrate ratios (wt/wt): alpha-
chymotrypsin (Worthington Diagnostics), 1:20; S. aureus V8 protease
(Miles Laboratories Inc., Naperville, IL), 1:20; proteinase K (Boehringer
Mannheim Biochemicals, Indianapolis, IN), 1:200; submaxillaris protease
(Pierce Chemical Co., Rockford, IL), 1:20. The reaction was terminated
by boiling in solubilizing solution. 50-100 M&g of each digest was loaded
on a 5%/10% (stacking/separating) discontinuous SDS-polyacrylamide
slab gel (48).

Separation of spectrin alpha- and beta-chains. The alpha- and beta-
chains of spectrin were separated by a modification of the urea-DEAE
chromatography method of Yoshino and Marchesi (49) using high-per-
formance anion exchange liquid chromatography (HPLC). The initial
elution buffer was 20 mMTris, 1 mMEDTA, 3 Murea, pH 8, and the
final elution buffer included 0.4 MNaCl. The spectrin was fractionated
using a HPLCsystem (Waters Associates, Milford, MA) and a Bio-Gel
TSKDEAE-5PW75 X 7.5-mm HPLCcolumn (Bio-Rad Laboratories,
Richmond, CA), equilibrated in 62% initial buffer/38% final buffer kept
at 4VC. A 20-min linear gradient was applied to 45% initial/55% final

buffer, maintained at this level for 20 min, and then a gradient (curve
7, slightly concave) was applied up to 100% final buffer. The fractions
from the two peaks were examined on an SDSgel for purity, and fractions
of > 90% purity were pooled and dialyzed against 20 mMTris, pH 8,
then concentrated by ultrafiltration to 0.1-0.5 mg/ml.

Limited proteolytic digestion of the individual alpha- or beta-chains.
The individual chains (concentration 0.15 mg/ml), isolated from normal
spectrin and spectrin from the individual with HS, were subjected to
digestion by trypsin or chymotrypsin in a 1:20 ratio of enzyme to substrate
(wt/wt) for 45 min at 00C. The digestion was terminated by boiling. The
peptides were examined by electrophoresis on a 5%/12% (stacking/sep-
arating) discontinuous SDSgel (48).

Thin-layer chromatography of chymotryptic digestions. The 88K
chymotryptic peptide (beta-C88) from normal beta spectrin and the beta-
IV-T74 peptide from normal spectrin were excised from SDSgels (one-
dimensional for the first two and two-dimensional for the third). The
gel slices were then treated sequentially with methanol and isopropanol
as described (50) and lyophilized. The peptides were radiolabeled with
12'1 (Amersham Corp., Arlington Heights, IL) and chloramine T (Pierce
Chemical Co.), then digested with alpha-chymotrypsin, and mapped on
thin-layer cellulose plates (Eastman Kodak Co., Rochester, NY) using
high voltage electrophoresis versus ascending chromatography, as de-
scribed (37). The plates were then exposed to x-ray film (XAR-5; Eastman
Kodak Co.) at -60°C using fluorescence-intensifying screens.

Monoclonal antibody staining of chymotrypsin digestions. Spectrin
low ionic strength extracts were prepared at 37°C as previously described
(41). The protein concentration of each sample was adjusted to 0.8 mg/
ml and the buffer was adjusted to buffer A by additions from stock
solutions. The extracts were then digested with alpha-chymotrypsin in
a ratio of 1:17 (wt/wt) for various times (0-6 h) on ice. Digestion was
terminated by treatment with 1 mMDFP, followed by immediate fizing
and lyophilization. The peptides were dissolved in SDS-gel sample buffer,
and identical volumes of each sample were applied to the SDS-poly-
acrylamide gels, 5% stacking/12% separating (48). After gel electropho-
resis, the proteins were electrophoretically transferred to nitrocellulose
paper (51) for 4 h at 65 V in 25 mMTris, 192 mMglycine, and 20%
methanol. A monoclonal antibody designated IVC9 (52) directed against
the COOH-terminal (proximal) portion of the human spectrin beta IV-
74K peptide, was used as the first antibody to stain the nitrocellulose
blots together with a Vectastain Kit (Vector Laboratories, Inc., Burlington,
CA) utilizing biotinylated anti-mouse IgG second antibody, avidin, bi-
otinylated horseradish peroxidase, and chloronaphthol color reagent The
amount of immunoreactive peptide present was determined by densi-
tometric scanning of the photographic negatives of the stained nitrocel-
lulose transfers.

Spectrin-actin-protein 4.1 binding assay. Normal or HSspectrin (0-
20 ug) was incubated with F-actin (45 Mg) in the absence or presence of
protein 4.1 (6 Mg) for 90 min at 21°C in a total volume of 80 ul as
described (44), but omitting DTT. Alternatively, the same assay was
performed with spectrin that had been treated with 25 mMDTT for 1
h at 0°C.

Analysis for disulfide bonds. To identify the spectrin peptides con-
taining disulfide bonds, freshly isolated spectrin was first cleaved into
domains with trypsin, then treated with 1 mMN-ethylmaleimide (NEM)
(Pierce Chemical Co.) in 0.1 Msodium phosphate, pH 7, at 0°C for 1
h to block free sulfhydryl groups. From the time of spectrin extraction,
all buffers were degassed under nitrogen to prevent in vitro oxidation,
and the periods of time for dialysis at 40C were limited to 6 h. The NEM-
treated peptides were dialyzed against buffer A, then reduced with 20
mMDTTat 0°C for 1 h, and dialyzed against 0.1 Msodium phosphate,
pH 7. Finally, they were modified with 3 mM5-(iodoacetamido-
ethyl)aminonaphthalene-1-sulfonic acid (IAEDANS) (Molecular Probes
Inc., Junction City, OR) in 0.1 Msodium phosphate, pH 7, for 1 h on

ice, then dialyzed against 50 mMammoniumbicarbonate, pH 8, frozen,
and lyophilized. The peptides were analyzed using the two-dimensional
domain mapgel, described previously. The gel was photographed under
shortwave UV light as soon as possible, to minimize photobleaching of
the fluorescence.
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Results

There is also partial spectrin deficiency in HS(Sp-4. 1), as in all
other forms of HS. By quantitation of spectrin and protein 3
with dye elution, we determined a spectrin-to-protein 3 ratio of
1.0 1±0.01 (SD) for the two normal individuals and 0.80±0.03,
0.81±0.04, and 0.84±0.05 (SD) for the HS(Sp-4. 1) family mem-

bers (mother, older daughter, younger daughter, respectively).
The alpha IV and alpha V domains of HSspectrin appear

more rapidly than normal during tryptic digestion. The two-di-
mensional domain mapof the HS(Sp-4. 1) spectrin did not reveal
qualitative changes in the peptide pattern (Fig. 1). However,
there was a quantitative difference in the- relative amount of two
domains, the alpha IV-T52 and alpha V-T4 1, which was evident
even after a standard 90-min limited digestion. These two poly-
peptides appeared more intense after Coomassie Blue staining
than the same domains from a normal individual (Fig. 1),
whereas all the other domains were of approximate equal inten-
sity. Limited digestions with other enzymes (data not shown)
did not reveal reproducible major differences. The abnormal
tryptic sensitivity of HS(Sp-4. 1) spectrin was emphasized by a

time course analysis employing one-dimensional peptide maps
(data not shown). The alpha V domain appeared earlier, and
both the alpha IV and alpha V domains were generated more

rapidly (or degraded more slowly) (Fig. 2). The stain intensity
for the alpha IV peptide was greater than that of the alpha V
because in a one-dimensional gel analysis, there is contribution
to the staining in this region from the alpha III domain, which
is also 52 kD. This domain appears early in the digest and persists
at a relatively constant level (Fig. 1, triangle). The contribution
of the alpha III is indicated in Fig. 2 by a dashed line, with the
contribution of the alpha IV domain superimposed above it.

Only the beta-spectrin subunit is abnormal when isolated
chains are enzymatically digested. To identify the site of putative
structural change responsible for the differences in rate of tryptic
digestion of intact dimeric spectrin, each of the isolated spectrin
subunits was examined by tryptic and chymotryptic digestion.
With trypsin, no differences were observed between normal and
HS(Sp-4. 1) spectrin alpha- or beta-subunits (Fig. 3 A). Similarly,
the peptides produced by limited chymotryptic digestion of the

- 80K -

- 52K-

O(~~~~~~ !~~ [o~~~l4f
~~WI

ED

alpha-subunit from either normal or HS(Sp-4. 1) spectrin ap-
peared identical (Fig. 3 B). However, there was a striking dif-
ference between chymotryptic digestion patterns of the normal
and HS beta-spectrin. A peptide of 74,000 D (beta-C74) was
present in larger quantity in digests of the normal subunit,
whereas a peptide of 88,000 D (beta-C88) predominated in
comparable digests of the HS spectrin beta-subunit (Fig. 3 B).
Again, this difference represents a quantitative distinction.

Whenthese two peptides were analyzed by two-dimensional
thin-layer cellulose peptide mapping, it was apparent that the
beta-C74 from the normal spectrin was almost identical to the
beta IV-T74 (Fig. 4, A and B). Furthermore, the map of the
beta-C88 peptide generated from the HS spectrin contained all
the spots present in the beta-C74 map (Fig. 4, B and C). In
addition, the map of the beta-C88 contained three additional
spots that were coincident with the mapof the beta III-T33 (Fig.
4 D), indicating that the beta-C88 peptide not only contained
the beta C-74, but also extended into the region of spectrin char-
acterized as beta III-T33. Two additional spots on the beta IV-
C88 map not present in either the beta III or beta IV maps were
found in a map of a beta-T 104 peptide (data not shown). This
peptide overlaps from the beta II through part of the beta IV
domain. Presumably, the additional spots on the map of beta-
C88 present on the map of beta-T104 but not on the maps of
beta-C74 or beta-T33 arose from the peptide joining the beta
III and beta IV domains. Thus, the rate of normal cleavage at
the beta III-IV junction which generates beta-C74 is impaired
for the spectrin from patients with HS(Sp-4. 1).

Beta-subunit digestion by chymotrypsin of the HS(Sp-4.1)
spectrin heterodimer is also impaired. In contrast to the chy-
motryptic digestion pattern of the isolated beta-subunit, the pat-
tern of the intact spectrin dimer from the individual with HS
appeared rather similar to that of the normal (Fig. 5 A). This is
likely to be due the presence of contaminating peptides in the
74-kD region, such as the alpha I-T74 (53). The use of the
monoclonal antibody designated IVC9 (52) directed against the
beta IV-T28 peptide near the COOH-terminal end of the beta
IV-T74 domain allowed this assumption to be examined. This
antibody thus allowed the generation of the beta IV domain to
be specifically followed by immunoblotting. These results are

Figure 1. Two-dimensional domain maps of nor-
mal (left) and HS(Sp-4. 1) (right) spectrin. Spectrin
was digested for 90 min with trypsin 1:20, (wt/wt,
enzyme-to-substrate) in 10 mMsodium phosphate,
40 mMNaCl, pH 8, on ice. 200 Ag of peptides
were applied to isoelectric focusing gels and then
run on a discontinuous SDS-polyacrylamide 10-
15% gradient gel (method of Speicher et al., 1982).
The regions outlined by rectangles are magnified
below. The alpha IV-T52 is enclosed by a rectangle
in lower panels, and the alpha V-T41 is enclosed
by an ellipse. Note the greater amounts of these
two peptides present in the HS(Sp-4. 1) (right) spec-
trin as compared with the normal control (left).
The alpha III-T52 is enclosed by a triangle for
comparison.
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1c Figure 2. Kinetics of digestion of al-
140- pha IV and alpha V domains in nor-
.} HNSZN mal and HS(Sp-4.1) spectrin. Upper

,00l two lines represent the intensity of the
52-kD peptide on a one-dimensional

Ii 60 HS map and the differences represent the
8 /

O
N

" differences in the amounts of the al-N
20 pha IV-T52. The only 52-kD peptide

that appears different on a two-dimen-
0 2 4 6 sional domain map is the alpha IV-o Time (h) T52. The baseline (dashed line) is

raised due to the high intensity of the
alpha III-T52 peptide, of equal intensity in the normal and HS, as
seen by the spots enclosed by triangles on Fig. 1. The lower two curves
represent the intensity of the 41-lkD peptide on a one-dimensional
map, corresponding to the alpha V-T41 on a two-dimensional map.
(Open circles) HS(Sp-4.1); (closed circles) density of the Coomassie
Blue-stained band (arbitrary units derived from the weights of the
peaks cut from the paper tracing). Note that both the alpha IV and
alpha V domains are in greater quantity at earlier times in the HS
spectrin sample.

shown in Fig. 5 B and indicate that even for intact heterodimer,
there was delayed generation of the beta IV domain. The blots
show the late appearance of 70-, 65-, and 37-kD peptides in one
of the three members of the family with HS, compared with a
normal control (Fig. 5 B). Similar results were obtained for the
other two affected family members, whereas spectrin from an
unaffected relative (father) was normal. The 70/65 kD chymo-
tryptic peptides appear to be the equivalent of the 74/70 kD
tryptic peptides (52, 54) of the beta IV domain recognized by
the IVC9 monoclonal antibody. Note that the peptide pattern
for the beta-chain is different for the digestion of the intact dimer
as compared with the isolated beta-chain. Significantly, the gen-
eration of the beta IV domain only displayed biphasic kinetics
for the individuals with HS (data not shown). 50% of the 70/65
kD polypeptide was generated rapidly in these patients at a rate
that paralleled the production of this domain in normal indi-
viduals. Peptides immunoreactive with beta IV appeared in the
individuals with HS at 4-5 h, suggesting the presence of two
classes of spectrin in the patients with HS: one with normal
digestion kinetics and a second with a slower rate of generation
of the beta IV domain.

Beta-chain structural abnormality exerts its effect on protein
4.1 binding via a destabilization of spectrin toward oxidant
damage, a process which is reversed by DIT. Previous studies
established that the ability of protein 4.1 to enhance spectrin-
actin binding was exquisitely sensitive to oxidant damage to
spectrin (41). After oxidation of normal spectrin, the functional
defect in protein 4.1-stimulated actin binding could be fully
reversed by reduction with DTT (41). Surprisingly, we found
that DTTalso restored the function of freshly isolated, untreated
HS(Sp-4. 1) spectrin in a spectrin-actin-protein 4.1 binding assay.
Without DTT, the HS(Sp-4. 1) spectrin-actin binding function
in the absence of protein 4.1 was identical to that of normal
spectrin, whereas it was reduced by 63%in the presence of protein
4.1 (data not shown; similar to reference 29). Whenboth normal
and HS(Sp-4. 1) spectrin were treated with 25 mMDTT for 1 h
at 0°C, the function of HS(Sp-4. 1) spectrin improved in a spec-
trin-actin-protein 4.1 assay from 37±12% (SE) to 84±8% (SE)
of the normal function (Table I). This functional improvement
occurred in three independent binding assays. Normal spectrin
also functioned better in the spectrin-actin-protein 4.1 assay

A a 13

#0to 4 92,5 K*9_
- 66K

- 45K

-31K

N S

B a

N S

13

66K

- 45K

-25K

N S N S
Figure 3. Tryptic and chymotryptic digestions of individual alpha- and
beta-chains. (A) Trypsin; (B) chymotrypsin. The spectrin chains were
separated by HPLCurea-DEAE chromatography. They were digested
with enzyme-to-substrate ratios of 1:20 (wt/wt) at 0°C for 45 mi.
First two lanes of each panel are alpha-chains, the second two, beta-
chains. (N) Normal spectrin, (S) HS(Sp-4. 1) spectrin. Note the differ-
ences in the digestion pattern of the beta-chains with chymotrypsin.

after reduction. Its function in the absence of reducing agents
was - 80% of its activity after reduction.

Wethen sought evidence for abnormal disulfide bonds in
HS(Sp-4. 1) spectrin. The disulfide bonds of trypsin-digested
spectrin were labeled with IAEDANS after blocking of the free
sulfhydryls with NEMand reduction of the disulfide bonds with
DTT. The tryptic digestions were analyzed by two-dimensional
electrophoresis (Fig. 6). An LAEDANS-labeled peptide with
22,000 mol wt was visualized in normal spectrin purified and
stored in the absence of reducing agents (Fig. 6 B). In HS(Sp-
4.1) spectrin a similar peptide was present but in much greater
abundance (Fig. 6 C). The Coomassie Blue staining of this region
was generally quite similar, indicating that there was no change
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Figure 4. Cellulose peptide maps of normal beta-C74 and HSbeta-
C88 peptides: comparison with normal tryptic peptides beta HI-T33
and beta IV-T74. (A) Normal beta IV-T74; (B) normal beta-C74; (C)
HSbeta-C88; (D) normal beta m-T33. Upper panels are an artist's
tracing and lower panels are photographs of the autoradiograms. The
peptides mapped in A and B were excised from two-dimensional do-
main maps, whereas peptides mapped in Cand Dwere excised from
one-dimensional gels of the digested individual spectrin chains (Fig. 3
B). The peptide pattern from the beta IV-T74 tryptic polypeptide is
preserved in the beta-C74 chymotryptic polypeptide (solid black
spots). Beta-C88 polypeptide derived from HS spectrin also contains

the basic pattern of the beta IV-T74 (solid spots), as well as additional
spots that appear to derive from the beta HI-T33 polypeptide (hatched
spots). (Stippled spots) Beta Il-T33 polypeptide not included in beta-
C88. (Open circles) Two additional prominent spots present on the
beta-C88 not present on the beta HI or beta IV maps. These two spots
are present on a map of the beta-T104 (data not shown) that overlaps
the beta II, 11, and part of IV, and are not seen on any of the compo-
nent maps, and therefore most likely represent parts of the joining re-
gion between beta III and IV. Thus, the HSbeta-C88 contains the
beta IV-T74 and partially overlaps the beta I-T33.

B
N S N S N S N S N S N S

if- d

- 37

0 2
Time (h)

3 4 5

Figure S. Monoclonal antibody staining of chymotryptic peptides
from normal and HS spectrin. (A) Shows a Coomassie Blue-stained gel
of a 4-h 00C chymotryptic digest of normal and HS spectrin. (B)
Shows the chymotryptic digestions of normal and HSspectrin at var-

ious times of enzymatic digestion, after electrophoretic transfer to ni-

trocellulose paper and staining by the monoclonal antibody IVC9
(51). Note the difference in intensity of the 70- and 65-kD polypep-
tides at early time points and the late appearance of the 37-kD poly-
peptide in the HSspectrin. The same pattern was observed for all
three affected family members with HS(Sp-4. l).
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Table I. Improved Function of HS(Sp-4.1) Spectrin
after Chemical Reduction

Percent of control binding

Without DTT 37±12 (SE)
After pretreatment with DTT 84±8 (SE)

The function of the HS(Sp-4. 1) spectrin in a spectrin-actin-protein 4.1
binding assay was tested both without DTT and after pretreatment
with 25 mMDTT. This activity is expressed as percent of the normal
control, also without DTT and after pretreatment with DTT. Note the
restoration of binding function after treatment with reducing agent.

in the digestion pattern caused by oxidation. Extremely light
labeling of other peptides was also visible and these peptides
appeared identical in intensity in normal and HS spectrin. For
comparison, without prior sulfhydryl blocking, most of the
spectrin peptides stained intensely with the sulfhydryl-reactive
fluorescent agent, IAEDANS (Fig. 6 A). These results indicate
that HS spectrin contains a significantly greater amount of ox-
idized sulfhydryl groups, all confined to a single region of the
molecule.

Discussion

Several previous studies of spectrin from individuals with he-
reditary elliptocytosis and hereditary pyropoikilocytosis have
correlated defective dimer-dimer association with changes in
the digestion pattern of one of the domains responsible for that
function, the alpha I-T80 (32-36, 55-58). In contrast, similar
alterations in the spectrin domain map have not been reported
in the autosomal dominant form of HS. There has been one
report of an abnormal alpha-subunit in the recessively inherited
type of spherocytosis (59). In the present study, although there
was no qualitative change in the tryptic domain map in family
members with HS, we did observe a change in the rates of gen-
eration of two domains, alpha IV and alpha V. Enzymatic diges-

A B

Figure 6. Fluorescent domain map of peptides containing disulfide
bonds. (A) IAEDANS-labeled peptides from normal spectrin. (B) Pep-
tides containing disulfide bonds in normal spectrin. (C) Peptides con-
taining disulfide bonds in HS(Sp-4.1) spectrin. A demonstrates the free
sulffiydryl-containing peptides of normal spectrin. In both the normal

tions of the isolated spectrin chains clearly indicate that only
the beta-chain is abnormal. Therefore, the defect of the beta IV
domain most likely causes secondary alterations in the alpha-
subunit, which accounts for its abnormal sensitivity to digestion.

Another possible cause of abnormal enzymatic digestion is
a posttranslational event, such as formation of a disulfide bond.
However, the abnormal digestions described here are probably
not due to oxidation, because chemical oxidation does not per-
turb the domain map (41). In addition, chemical reduction of
HS(Sp-4. 1) spectrin does not restore the tryptic digestion pattern
to normal (data not shown). Thus, the altered kinetics of digestion
probably reflect changes in conformation distinct to those that
result in abnormal sensitivity to oxidation.

A complicating factor for all of these digestions is the. presence
of both normal and abnormal spectrin. The fact that only 40%o
of the spectrin is abnormal must be taken into consideration
when analyzing the data. Unfortunately, we were unable to per-
form these digestions with the functionally abnormal fraction
of spectrin alone because of poor yields of spectrin obtained by
protein 4.1 affinity chromatography. The described method (29)
only results in isolation of microgram quantities of spectrin using
milligram quantities of protein 4.1. Wetried several methods
of immobilizing protein 4.1 to obtain a method with a better
yield, including cyanogen bromide-activated Sepharose 2B,
CNBr-Sepharose 4B (Pharmacia Fine Chemicals, Piscataway,
NJ), Affi-gel 10 (Bio-Rad Laboratories), in addition to Reacti-
gel (Pierce Chemical Co.), but were not successful in improving
the procedure. Without this internal control, we cannot abso-
lutely assign our structural defect to the functionally defective
spectrin. However, the altered digestion does persist in two
members of a second generation within this family, arguing for
linkage to the primary molecular abnormality.

Goodman and co-workers (60) also observed a difference in
the digestion pattern of the beta-chain of spectrin from patients
with HS(Sp-4. 1). They found that enzymatic digestion of 32P-
labeled spectrin from patients with HS(Sp-4. 1) was different in
the distal end region of the beta-chain, opposite the phosphor-
ylation site.

C

and HS(Sp-4. 1) spectrin, there appears to be a disulfide bond in a 22-
kD peptide, with much greater fluorescence intensity in the HS, sug-
gesting that this peptide is more oxidized in the HS(Sp-4. 1) spectrin.
All other minor barely visible spots appear of equal intensity in nor-
mal and HS.

562 P. S. Becker, J. S. Morrow, and S. E. Lux



In summary, the altered kinetics of digestion affecting the
alpha IV and alpha V domains localizes the defect to the end
of spectrin opposite the oligomerization site. Chymotrypsin
digestion of the isolated spectrin chains supports a defect in the
beta-chain, and the two-dimensional cellulose peptide mapping
specifies the proximal region of the beta IV domain. Finally, the
use of the monoclonal antibody directed against beta IV dem-
onstrates that a similar defect exists in all family members af-
fected by HS. This region of structural change correlates exactly
with the location of the putative protein 4.1 binding site. Data
supporting a binding site in the NH2-terminal region of the beta-
chain are as follows: (a) Previous electron microscopy by others
demonstrated that protein 4.1 binds to the tail end of spectrin
(38), opposite to the self-association site. (b) By using a radiolabel
transfer cross-linking agent, we found that the beta-chain of
spectrin appeared to carry the binding site for protein 4.1 (39).
(c) The study of spectrin-actin binding with various spectrin
isoforms demonstrated that the beta-subunit conferred protein
4.1 sensitivity on the spectrin-actin interaction (40).

Wolfe and co-workers (29) observed that 39%of the spectrin
isolated from family members with HSwas defective in its ability
to bind to protein 4.1, somewhat less than the predicted pro-
portion of half if there were one abnormal spectrin gene in an
autosomal dominant disorder. The spectrin content of HS(Sp-
4.1) red cells, 80% of normal, suggests the smaller fraction of
abnormal spectrin is due to selective loss of the abnormal species.
Another possible explanation is that the spectrin must be oxidized
to be functionally defective, and that not all of the structurally
defective spectrin is oxidized. Decreased spectrin could be the
result of decreased synthesis, synthesis of an unstable spectrin,
or impaired binding of spectrin to the membrane. Wespeculate
that in this family, if the spectrin is unable to bind protein 4.1,
it thereby loses one of its membrane attachment sites via protein
4.1 to glycophorin (61) and protein 3 (62). This could cause it
to become detached from the membrane and suffer enhanced
degradation by intracellular proteases. Alternatively, if beta-
spectrin is rate limiting for spectrin assembly to the membrane
(63) then loss of one membrane attachment site could result in
spectrin deficiency. Or, weak spectrin-actin interactions could
lead to membrane fragmentation and loss of spectrin in mem-
brane vesicles. The erythrocyte membranes from this family with
HS(Sp-4. 1) have been shown to have increased mechanical fra-
gility (31, 64), and it is possible that membrane fragmentation
occurs in vivo.

Modification of red blood cells with monofunctional (thiol)
reagents or oxidants leads to a number of physiological changes
in which the red cells appear similar to hereditary spherocytes.
The red cells acquire the following characteristics: spheroidal
shape, increased osmotic fragility, decreased deformability, de-
creased lifespan, and splenic sequestration (65-67). In previous
studies, we found that mild chemical oxidation of spectrin
markedly impaired its ability to bind protein 4.1 (41), similar
to the defect observed for the HS(Sp-4. 1) spectrin. In the absence
of DTT, the function of the HS(Sp-4. 1) spectrin is severely re-
duced (37% of normal). Conversely, treatment of the HS(Sp-
4.1) spectrin with 25 mMDTT restored function improved to
84% of normal. This functional improvement suggests that sus-
ceptibility to oxidant damage contributes to abnormal function.

Wethen sought to determine the location of the disulfide
bond on a spectrin domain map after fluorescent labeling of
thiols that had been in disulfide bonds. Wedid not find evidence
for a disulfide bond in any of the characterized domains of

HS(Sp-4. 1) spectrin. Wefound that a 22,000-D peptide was visible
on a normal domain map under UVlight but had much greater
intensity on the domain map of HS(Sp-4. 1) spectrin. Wedo not
know the origin of this peptide, because many domains have
breakdown products in this molecular weight range (68), but
speculate that it may originate from the alpha IV domain, which
has a doublet breakdown product (69) in precisely the same
location as the doublet 22-kD peptide seen here. The alpha IV
domain was also shown to be one domain (with beta IV) most
sensitive to in vitro oxidation (41). Wesuspect that this 22-kD
peptide contains an oxidant-sensitive site in purified normal
spectrin and is more sensitive in the case of the HS(Sp-4. 1) spec-
trin.

These studies suggest that the primary structural defect of
spectrin in HS(Sp-4. 1) destabilizes the protein and predisposes
it to oxidant injury in a neighboring region, which in turn leads
to loss of protein 4. 1-binding activity. Alternatively, primary
amino acid sequence alteration may produce a conformational
change that brings two SH groups in close proximity, possibly
even by introducing a cysteine. If spectrin in HS(Sp-4. 1) were
similarly oxidized in vivo, its function would be impaired and
this functional defect could play a role in the pathophysiology
of the hemolytic anemia. This role may provide an explanation
for the variability of the clinical severity in HS, because variation
in the redox state of the red cell, which would reflect the function
of other metabolic processes, could affect spectrin function and
thereby the membrane fragility.
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