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A B S T R A C T In hereditary pyropoikilocytosis (HPP)
the erythrocyte membrane skeleton exhibits mechan-
ical instability that can be correlated to defective self-
association of spectrin heterodimers. To detect struc-
tural changes in the functional domains of HPPspec-
trin we have examined the peptide pattern produced
by limited tryptic digestion of spectrin extracts from
two families that contain three HPPpatients. Limited
tryptic digestion of all three HPP patients revealed a
similar and reproducible decrease in the staining in-
tensity of an 80,000-, and 22,000-, and an 88,000-dal-
ton polypeptide with a concomitant increase in a
74,000- and a 90,000-dalton polypeptide as compared
with controls. Only changes in the 80,000-, and 74,000-,
and 22,000-dalton polypeptides could be correlated to
defective spectrin self-association and the amount of
spectrin dimers in 0°C extracts of the HPP patients and
their affected kindred. Similar results were obtained
when the tryptic digests were analyzed by two-dimen-
sional isoelectric focusing/sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis with the affected 74,000-
and 80,000-dalton polypeptides focusing into multiple
spots ranging in isoelectric point from 5.3-5.4. When
HPP spectrin dimers and tetramers were separated and
subjected to trypsin digestion, changes in the 80,000-,
74,000-, and 22,000-dalton polypeptides were found pre-
dominantly in the spectrin dimer pool. Similar results
were obtained for spectrin from two of the probands'
mother, whomwe have identified as an HPPcarrier. We
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conclude that these HPP patients contain a population
of normal, (principally tetrameric) and mutant (princi-
pally dimeric) spectrin. The latter is characterized by a
defective spectrin dimer self-association due to confor-
mational changes that affect the 80,000-dalton domain.

INTRODUCTION

Normal erythrocyte morphology and structural integ-
rity is maintained, in part, by a submembrane skeleton
comprised primarily of spectrin, actin, and polypep-
tide 4.1 (1-5). As recently reviewed, the prevailing
evidence suggests that the major structural subunits
of the skeleton are heterodimers of spectrin a- and
#-chains, which by head-to-head self-association form
tetramers and, possibly, higher oligomers (1-5). The
tetramers, in turn, are thought to be assembled into
a two-dimensional network via their interaction with
band 4.1, which binds to the distal end of the het-
erodimers and facilitates their binding to actin oligo-
mers.

Under conditions that thermodynamically favor
preservation of the native species, spectrin is extracted
from normal erythrocyte ghosts as tetramers and high-
molecular weight complex with only a small percent-
age (5±2%) in the heterodimer state (4-6). In contrast,
in the erythrocytes from patients with hereditary py-
ropoikilocytosis (HPP)' and some forms of hereditary
elliptocytosis (HE) the percentage of spectrin in the

Abbreviations used in this paper: DFP, diipopropyl fluo-
rophosphate; DTT, dithiothreitol; HE, hereditary ellipto-
cytosis; HPP, hereditary pyropoikilocytosis; SDS-PAGE, so-
dium dodecyl sulfate polyacrylamide gel electrophoresis;
TPCK, L-(tosylamido-2-phenyl) ethyl chloromethyl ketone.
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heterodimer state increases to 30-38% and 15-30%,
respectively (7-9). The increased level of heterodimers
correlates well with the mechanical instability of the
HPP membrane skeletons, presumably owing to the
reduced ability of spectrin to cross-link other skeletal
components.

Limited tryptic digestion of spectrin has been used
to identify some of the functional domains of spectrin
(10, 11). An 80,000-dalton terminal portion of the a-
chain has been reported to contain the domain in-
volved in tetramer formation (11-13). Further tryptic
cleavage of the 80,000-dalton fragment to 74,000 dal-
tons destroys the ability of this fragment to bind to
native spectrin, suggesting that a terminal 6,000-dal-
ton portion is essential for preservation of function
(13). Recently, an atyptical tryptic peptide pattern has
been observed in one patient out of four studied with
HE (14). Digestion of spectrin from patients with he-
reditary spherocytosis, with a variety of enzymes, re-
portedly produced normal peptide patterns (14, 15).
In this paper we report on the peptide patterns pro-
duced by limited tryptic digestion of spectrin from
two families with HPP.

METHODS
Clinical material. Three HPP patients from two unre-

lated Black families and their relatives were examined. Their
clinical data fulfilling the criteria of HPP have been de-

scribed (8, 16). A summary of the clinical and biochemical
data is shown in Table I. Venous blood from these patients
and their kindred was collected into sterile tubes containing
citrate - phosphate - dextrose, or anticoagulant - citrate - dex-
trose, put on ice, and transported in insulated containers
from Birmingham, AL, to Boston, where it was kept at 40C
and analyzed no later than 3 d. A control sample was sent
along each time.

Spectrin extraction. Erythrocyte ghosts were prepared
by the method of Dodge et al. (17). The ghosts were washed
once in 0.1 mMNaPO4(pH 8.0) and resuspended in an equal
volume of 0.1 mMNaPO4 (pH 8.0), 0.1 mMEDTA, and 0.1
mMf9-mercaptoethanol. Extracts that were subjected to col-
umn chromatography also contained 0.1 mMphenylmethy-
sulfonyl fluoride and 0.1 mMN-a-p-tosyl-L-lysine chlore-
methyl ketone HCI. After incubation at 0°C for 16 h or at
37°C for 20 min the samples were centrifuged at 250,000
g for 35 min, the supernatant was decanted and adjusted to
a final concentration of 40 mMTris and 20 mMsodium
acetate buffer (pH 7.4) containing 10 mMdithiothreitol
(DTT). These extracts were subjected to limited tryptic
digestion or further fractionated by gel filtration chromsa-
tography on a column (2.1 X 49 cm) of Sepharose 4B or den-
sity gradient centrifugation on linear 5-20% sucrose gra-
dient-s for 15 h at 200,000g. Both separations were per-
formed at 4°C in 10 mMNaPO4 (pH 7.4), 150 mMNaCl,
5 mM,B-mercaptoethanol, and 5 mMEDTA.

Limited tryptic digestion. The protein concentration was
determined with the Bio Rad protein assay kit (Bio-Rad
Laboratories, Richmond, CA) using bovine serum albumin
as standard. The spectrin extracts and purified fractions were
adjusted to the same protein concentration before treatment
with L-(tosylamido-2-phenyl)ethyl chloromethyl ket6ne
(TPCK) trypsin (1:10, 1:25, 1:50, 1:100, 1:200, or 1:400 wt/

TABLE I
Summary of Clinical and Biochemical Data

Tryptic fragments"
Temperature Stability of Sp-D in

Subject Age Clinical presentationt stability§ triton shellsil 0°C extractsl 80,000 74,000 22,000

yr %

Family E
Grandmother (G.E.) >50 N N N 5±2 N N N
Father (D.C.) >30 N, with HbC trait N N 5±2 N N N
Mother (C.E.) >30 N, with HbC trait N 1 20±2 1 t 1
Sister (M.E.) 12 N N NA 8±3 N N N
Half-brother (J.E.) 6 N N NA 10±3 N + N
Proband (N.E.) 14 HPP, HbCC 460C U 38±2 Ul ft U

Family B
Father (F.B.) >30 N N N 5±2 N N N
Mother (E.B.) >30 N N 1 20±2 1 t 1
Proband (A.B.) 1.5 HPP 450C U 30±4 11 tt U
Proband (D.B.) 4 HPP 450C U 34±4 U i U

All of the subjects in this study are Black.
N, normal.

§ Temperature at which abnormal erythrocytes fragment and form membrane projections.
From reference 8. The mechanical stability of triton shells was classified as normal (N), slightly decreased (1), or considerably decreased

(U). NA, data not available.
IT From reference 8.
e The quantity of affected peptides was classified as normal (N), slightly increased (+), increased (T), decreased (1), considerably increased
(tt), or considerably decreased (U).
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wt) for 20 h at 0°C. Digestion was terminated by addition
of 1 mMdiisopropyl fluorophosphate (DFP) or by heating
the samples to 100°C for 1 min in the presence of 1% sodium
dodecyl sulfate (SDS) and 20 mMDTT.

Protein electrophoresis. Digests were electrophoresed on
discontinuous SDS-polyacrylamide tube or slab gels by the
procedure of Laemmli (18). The stacking gel was comprised
of 2.67% acrylamide and 0.10% bisacrylamide and the sep-
arating gel was comprised of 10% acrylamide and 0.38%
bisacrylamide. The gels were stained for protein with Coom-
assie Brilliant Blue or by the silver staining procedure of
Oakley et al. (19). Nondenaturing gel electrophoresis on 0.3%
agarose-2.5% acrylamide gels was performed as described
by Liu et al. (20).

Isoelectric focusing/SDS-polyacrylamide gel electropho-
resis (SDS-PAGE). Digestion of trypsin-treated samples was
terminated by addition of 1.0 mMDFP and the samples
were dialyzed against 9.5 Murea, 2% NP-40, and 5% f3-mer-
captoethanol for 6 h at 22°C. Carrier ampholytes (1.6% pH
5-7 and 0.4% pH 3-10, final concentrations) were added,
and the samples were electrofocused for 16 h at 400 V in 4%
polyacrylamide tube gels (0.4 X 10 cm) containing 1.6% pH
4-6 and 0.4% pH 3-10 carrier ampholytes as described by
O'Farrell (21). SDS-PAGEin the second dimension was per-
formed on 10% acrylamide slab gels (0.3 X 12 X 80 cm) as
described by Laemmli (18). This slab gel apparatus can ac-
commodate six isoelectric focusing tube gels at one time.
Perspective line plots of Coomassie Blue-stained two-di-
mensional isoelectric focusing/SDS-PAGE were generated
using a densitometer equipped with a stage that would step
the gel 1 mmbetween scans. The total protein in a spot was
determined from the summation of the integrated volume
elements in successive scans. The gels were oriented so that
SDS-PAGEwas the scanning dimension and isoelectric fo-
cusing was the stepping dimension.

RESULTS

Reproducibility of tryptic digestion of spectrin
from normal volunteers. Digestion of purified spec-

trin at 0°C with TPCK-trypsin produces a reproduc-
ible spectrum of intermediate size peptides with the
principle species ranging in molecular mass from
20,000 to 120,000 daltons (Fig. 1). The quantity of
material associated with the high-molecular mass
bands (50,000-120,000) decreases with a concomitant
increase in the staining intensity of the low-molecular
mass bands (22,000-54,000) as the enzyme/substrate
ratio was stepwise varied from 1:400 to 1:10. An en-
zyme/substrate ratio of 1:100 was chosen for subse-
quent investigation of patient spectrin because all of
the bands showed good staining intensity and because
changes in the 80,000-dalton peptide reported to be
involved in spectrin tetramer formation could be de-
tected (11-13). While the peptide patterns obtained
from limited tryptic digestion are extremely consistent
for samples extracted, digested, and electrophoresed
concurrently, some variations are observed from one
experiment to the next. For this reason control normal
erythrocytes are always extracted, digested, and elec-
trophoresed along with patient samples. With the ex-
ception of a band at 27,000 daltons, identical peptide
patterns have been obtained when either crude spec-
trin extracts or purified spectrin heterodimers are di-
gested at 0°C for 20 h. In addition, the peptide pattern
was found to be unaffected by conversion of the tet-
ramers to dimers by incubation of the crude spectrin
extracts at 37°C for 20 min (Fig. 2).

The peptide patterns produced by limited tryptic
digestion of 40 normal volunteers were similar and
reproducible (Fig. 1). Although no variations were
observed in the spectrin digests from these individuals
in the 70,000- to 110,000-dalton range, some vari-
ability was found in lower molecular mass polypep-
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110K- 11OK-* m - ' E

80K- 80K-

52K-S S 52K .i ..

34K- - .-- - -

34K- 9__34K_ _ -
- Ina- -_ _ _
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FIGURE 1 Limited tryptic digestion of spectrin from control normal volunteers. Spectrin ex-
tracts from normal volunteers were treated with TPCK-trypsin (1:100) at 0°C for 20 h. 80
ug of protein was loaded onto the tube gels (left) and 60 ug was applied to the wells of the slab
gel (right). The two gel systems were used interchangeably during the course of this study.
The molecular mass is indicated on the left and the positions of variable low-molecular mass
bands are indicated by the arrows on the right.
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FIGURE 2 Nondenaturing agarose-acrylamide gels (left) and
trypsin digests (right) of 0°C spectrin extract before (0°C)
and after (37°C) incubation at 37°C for 20 min. The position
of the spectrin dimers (Sp-D) and tetramers (Sp-T) are in-
dicated.

tides at 34,000, 37,000, 40,000, and 47,000 daltons.
Some individuals were found to have either the 34,000-
dalton polypeptide, the 37,000-dalton polypeptide, or
a variable mixture of both, with the total protein as-

'U,"w

3!ww
_3131313*

sociated with these two bands remaining constant (Fig.
1, lanes FM, LS, and AR). This variance was observed
with a much higher frequency in the normal Black
volunteers. A decrease in the staining intensity of the
47,000-dalton polypeptide was found more frequently
in individuals who had the 37,000-dalton polypeptide
(Fig. 1, lanes FM and KM). The 40,000-dalton poly-
peptide is an extremely minor component of the di-
gests as illustrated in Fig. 1; it is present in lane EC
and absent in lane BB.

Tryptic digestion of HPP patient spectrin. Lim-
ited tryptic digestion of the three HPPpatients (N.E.,
A.B., and D.B.) revealed a similar and reproducible
decrease in the staining intensity of the major poly-
peptide at 80,000 daltons with a concomitant increase
in a 74,000-dalton polypeptide as compared with con-
trols (Fig. 3). Identical results were obtained each time
these individuals were studied over a 12-mo period.
Densitometer scans of Coomassie Blue-stained gels
loaded with an appropriate quantity of protein to give
linear color yield for the 80,000-dalton fragment
('40-50 ,g total protein), indicated that it was re-
duced by 39±7% (mean±SD for six determinations,
two each for N.E., A.B., and D.B.) as compared with
controls (22). However, two-dimensional isoelectric
focusing/SDS-PAGE indicates that densitometer scans

'%
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FIGURE 3 Limited tryptic digestion of HPP spectrin. (A) Spectrin extracts from HPP patient
N.E., her sister (M.E.), half-brother (J.E.), mother (C.E.), grandmother (G.E.), father (D.C.),
and control (C) normal volunteers were prepared, digested, and electrophoresed concurrently.
The positions of variable polypeptides are indicated by the arrows on the right. (B) Spectrin
extracts from HPPpatients A.B. and D.B., their mother (E.B.), their father (F.B.), and a control
(C) normal volunteer were prepared, digested, and electrophoresed concurrently.
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of one-dimensional separations underestimate the
magnitude of the decrease in the affected 80,000-dal-
ton fragments (Fig. 7). In addition to the changes in
these principal polypeptides, a decrease in the staining
intensity of minor bands at 88,000 and 22,000 daltons
with a concomitant increase in a 90,000-dalton poly-
peptide was also observed in tryptic digests of HPP
patient spectrin (Figs. 4 and 5).

CONTROL

Tryptic digestion of spectrin from other family
members. The asymptomatic mothers (C.E. and E.B.)
of the probands, which we have previously found to
have partially defective association of spectrin dimers
to tetramers (8), displayed a similar diminution of the
80,000- and 22,000-dalton polypeptides and increase
in the 74,000-dalton polypeptide as their affected HPP
kindred, but to a lesser extent (Figs. 3-5). In addition,

80K

174K
52K

22K

E

CY

I0U)
0
D.0
0Go
D
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FIGURE 4 Densitometer scans of the gels in Fig. 5A of trypsin digests of spectrin extracts from
HPP patient N.E., her mother (C.E.), and the control normal volunteer.
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FIGURE 5 Densitometer scans of the gels in Fig. 5B of trypsin digests of spectrin extracts from
HPP patients A.B. and D.B. and their mother (E.B.), father (F.B.), and the control normal
volunteer.

one of the proband's mother (E.B.) lacked both the
88,000- and 90,000-dalton polypeptides, while the
other proband's mother (C.E.), sister (M.E.), and
grandmother (G.E.) all had decreased 88,000- and in-
creased 90,000-dalton polypeptides. The latter two in-
dividuals (M.E. and G.E.) have a normal amount of
spectrin dimer in their 0°C extracts (5±2%) and an
otherwise normal tryptic peptide pattern. Thus, only
changes in the 80,000-, 74,000-, and 22,000-dalton
polypeptides could be correlated to defective spectrin

self-association. The father (F.B.) of two of the pro-
bands (A.B. and D.B.) and the half-brother (J.E.) of
the other had a decrease in the 34,000- and 47,000-
dalton polypeptides and increase in the 37,000-dalton
polypeptides, which was observed in a subpopulation
of the control normal volunteers. The half-brother
(J.E.) also had a small but reproducible increase in the
quantity of 74,000-dalton polypeptides. The other pro-
band's father (D.C.) also produced a peptide pattern
indistinguishable from normal volunteers. Both fathers

1024 J. Lawler, S-C. Liu, J. Palek, and J. Prchal



(F.B. and D.C.) were hematologically normal, had
normal amounts of spectrin dimers (8), and normal
skeletal stability. The probability of fatherhood for
F.B. for the probands A.B. and D.B. was 95.1% based
on HLA typing (23, 24). The paternity testing for D.C.
revealed a probability of >99% based on HLA typing
and hemoglobin electrophoresis (23, 24).

Two-dimensional isoelectric focusing/SDS-PAGE.
Two-dimensional isoelectric focusing/SDS-PAGE re-

sulted in a reproducible separation of the major tryptic
fragments over a range between pH 5.0 and 6.0 (Fig.
6). Although some variations in the minor peptides
were observed in the normal volunteers, the principal
fragments were reproducible and will be- described
here. The 80,000-dalton polypeptides consistently fo-
cused to multiple spots ranging in isoelectric point
from pH 5.3 to 5.4 with an additional spot at pH 5.65
(Figs. 6-8). Two-dimensional analysis of spectrin ex-

tracts from the HPP patients showed a diminution of

the 80,000-dalton spots with an increase in the staining
intensity of spots at 74,000 daltons similar to that ob-
served in one dimension (Figs. 6-8). Only the 80,000-
dalton spots that focused to pH 5.3 to 5.4 were affected
and the 74,000-dalton polypeptides also focused to
multiple spots in this range. Densitometer scans in-
dicate that the amount of protein associated with the
80,000-dalton spots between pH 5.3 and 5.4 was de-
creased by 32-48% in the HPP patients as compared
with controls loaded with comparable amounts of total
protein (Fig. 7). The two related probands (A.B. and
D.B.) also showed a small but reproducible increase
in molecular mass and shift towards higher pH of two
spots at 48,000 daltons (Fig. 8). A spot at 34,000 daltons
displayed a comparable shift towards higher pH (Fig.
8). In the case of the two adjacent 48,000-50,000-dal-
ton spots we cannot determine if both spots shifted in
tandem or if one spot "hopped" over the other. These
variations were not observed in N.E. or her kindred.

- -- ISOELECTRIC FOCUSING
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FIGURE 6 Two-dimensional SDS-PAGE/isoelectric focusing of tryptic digests of HPPspectrin.
Tryptic digest of spectrin extracts from HPPpatient N.E., her sister (M.E.), her mother (C.E.),
and a control (C) normal volunteer were electrofocused on pH 4 to 6 gradients as described
by O'Farrell (21). The focusing gels were equilibrated with Laemmli (18) sample buffer and
electrophoresed concurrently on a single 10% slab gel. The arrows indicate position of the
affected 80,000- and 74,000-dalton spots.
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FIGURE 7 Perspective line plots of 80,000- and 74,000-dalton spots from the two-dimensional
isoelectric focusing/SDS-PAGE shown in Fig. 6. The gels were oriented so that SDS-PAGEwas
the scanning dimension and isoelectric focusing was the stepping dimension.

The mothers of the probands had an increase in the
amount of protein associated with the 74,000-dalton
spots and decrease in the 80,000-dalton spots, which
was again intermediate in magnitude between the
HPP patients and controls (Figs. 6-8). Densitometer
scans indicate that the amount of protein associated
with the 80,000-dalton spots between pH 5.3 and 5.4
was decreased by 20-27% as compared with controls
(Fig. 7). The father (F.B.) of two of the probands (A.B.
and D.B.) showed a shift in the spots at 48,000 daltons
comparable to that of his progeny (Fig. 8). This in-
dividual (F.B.) also has an increase in the 37,000-dal-
ton and decrease in the 34,000-dalton polypeptides,
which was frequently observed in normal control vol-
unteers. In two-dimensional isoelectric focusing/SDS-
PAGEthe 37,000- and 34,000-dalton polypeptides fo-
cus to the same isoelectric point. In F.B. they are both

shifted towards higher pH by an amount comparable
to that observed for the 34,000-dalton spot in A.B. and
D.B. The other proband's father (D.C.) produced a
two-dimensional peptide pattern indistinguishable from
controls.

Evidence for the presence of two forms of spectrin
in HPPpatients and carriers. Comparison of the data
presented here with our previous data indicates that
there is a close correlation between the spectrin dimer-
tetramer ratio in 0°C extracts and the amount of
80,000-, 74,000-, and 22,000-dalton polypeptides in
trypsin digestion (8). To further examine this rela-
tionship we separated the spectrin dimers and tetra-
mers by sedimentation on linear 5-20% sucrose gra-
dients and subjected them to trypsin digestion. The
spectrin in 0°C extracts was found to partition equally
into dimer and tetramer for two of the probands (A.B.

1026 J. Lawler, S-C. Liu, J. Palek, and J. Prchal
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FICGUi: 8 Two-dimensional SDS-PAGE/isoelectric focusing of the tryptic digests of the family
B kindred. Tryptic digests of spectrin extracts from HPP patients A.B. and D.B., their mother
(E.B.) and father (F.B.), were electrofocused concurrently on p1-1 4-6 gradients as described
by O'Farrell (21). The arrows indicate the position of the affected 80,000-, 74,000-, 48,000-,
37,000-, and 34,000-dalton spots.

and D.B.) while the third (N.E.) had approximately
twice as much dimer as tetramer (data not shown). An
increased quantity of 74,000-dalton polypeptide and
a decreased quantity of 80,000- and 22,000-dalton
polypeptides was observed in trypsin digests of spec-

trin dimers as compared with tetramers (Fig. 9). This
effect was much more pronounced in extracts from
A.B. as compared with N.E. It is likely that the tet-
ramer peak from patient N.E. is contaminated with
spectrin dimers because there is approximately twice
as much dimer as tetramer in the 0°C extracts and the
peaks therefore do not separate well. The peptide pat-
terns presented in Fig. 9 are different from those in
Figs. 3 and 5 because the total protein concentration
was approximately five times lower in these samples
(the enzyme to substrate ratio is still 1:100) and the
protein bands have been visualized by silver staining.
Similar results were obtained when 0°C extract from
the mother (E.B.) of two of the patients was fraction-
ated by gel filtration. The spectrin dimers produced
a greater increase in the 74,000-dalton polypeptide
and decrease in the 80,000- and 22,000-dalton poly-
peptides as compared with both spectrin tetramers and

high-molecular weight complex (Fig. 9). The decrease
in the 22,000-dalton polypeptide in the dimer peak is
more readily visualized when the enzyme to substrate
ratio is 1:25 (Fig. 9B).

DISCUSSION

The peptide pattern produced by limited tryptic diges-
tion of spectrin from all three HPP patients in this
study showed a comparable decrease in the 80,000-
dalton polypeptide and increase in the 74,000-dalton
polypeptide (Table I). The 80,000-dalton polypeptide
is equivalent to the functional domain of the a-chain
involved in spectrin dimer-dimer contract described
by Morrow et al. (11) in terms of sensitivity to trypsin,
molecular mass, and isoelectric point. The fact that
the functional domain involved in spectrin tetramer
formation is affected in HPP is consistent with our

previous observation of defective dimer association of
HPP spectrin (8, 11-13). Whether or not the 74,000-
dalton polypeptide (which increases concomitant to
the decrease in the 80,000-dalton polypeptide) is de-
rived from the 80,000-dalton domain is presently not
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FIGURE 9 Limited tryptic digestion of spectrin dimers and tetramers isolated from 0°C extracts
of HPP patients A.B. and N.E. and one of the probands (A.B.) asymptomatic mother (E.B.).
(A) HPP patient (A.B. and N.E.) spectrin dimers (Sp-D) and tetramers (Sp-T) were separated
on linear 5-20% sucrose gradients while spectrin extract from E.B. was fractionated by gel
filtration chromatography on Sepharose 4B. The latter separation permitted the isolation of the
high-molecular weight complex (HMW) but required three to four times more blood than the
sedimentation procedure. Note that the 27,000-dalton band observed in digest of spectrin
extracts but not in digests of purified spectrin is selectively associated with the HMW(Results).
10 lsg of digest was applied to each lane and the peptides were visualized by silver stain. (B)
Isolated Sp-D, Sp-T, and HMWfrom the mother (E.B.) of one of the probands digested at an
enzyme to substrate ratio of 1:25.

certain. This possibility is suggested by the finding that
trypsin is capable of removing a 6,000-dalton terminal
portion of the 80,000-dalton polypeptide (13). The re-
sulting 74,000-dalton polypeptide no longer has the
ability to bind to native spectrin (13). On the basis of
the above data, we propose that HPPspectrin is func-
tionally defective because of a conformational change
that affects the 80,000-dalton dimer contact site, ren-
dering it more susceptible to further degradation to
74,000 daltons. Two-dimensional "fingerprinting" is
currently underway in our laboratory to establish that
the 74,000-dalton polypeptide is in fact derived from
the 80,000-dalton polypeptide.

The decrease in the 80,000-dalton polypeptide and
the quantity of 74,000-dalton polypeptide observed in
tryptic digests of the HPPpatients and the asymptom-
atic carriers was proportional to the amount of dimer
in their 0°C extracts (Table I). The differences ob-
served in the tryptic peptide pattern are not due to
differences in the proteolysis of spectrin dimer vs. tet-
ramer: as shown in Fig. 2 the same peptide pattern is
observed for normal spectrin both in the dimeric and
tetrameric forms. As indicated by the tryptic digestion
of spectrin dimers and tetramers, which were isolated
from 0°C extracts of the HPP patients A.B. and N.E.
and the asymptomatic carrier E.B. the quantity of
80,000- and 74,000-dalton polypeptides reflect the per-
centage of presumed mutant spectrin, which is prin-
cipally in the dimeric form.

Based on the fact that HPPpatients frequently have
two clinically normal parents, HPP is considered an
autosomal recessive disease; both parents are presumed
heterozygous carriers of HPPand their affected prog-
eny would be homozygous. The molecular character-
ization presented here has some implications regarding
the genetics of this disease. The fact that the increase
in the 74,000- and decrease in 80,000- and 22,000-
dalton polypeptides is confined almost exclusively to
the spectrin dimer pool, both in the HPP patient A.B.
and his asymptomatic mother (E.B.), indicates that
these individuals have two pools of spectrin; the nor-
mal spectrin molecules are principally tetrameric,
while the abnormal spectrin molecules are principally
dimeric. Thus, the data presented here does indicate
that the asymptomatic mothers (E.B. and C.E;) are
heterozygous for HPPand do contain a population of
functionally defective spectrin molecules. These in-
dividuals can be described as carriers of HPP trait. In
the case of the HPPpatients, the heterogenity in tryp-
tic peptide pattern for spectrin dimers and tetramers
isolated from both A.B. and N.E. in conjunction with
the fact that their fathers (F.B. and D.C.) have normal
spectrin dimer levels and normal amounts of 80,000-
and 74,000-dalton polypeptides indicates that these
HPPprobands are not homozygotes for the HPPdefect
(Table I). It is possible that they have inherited a sec-
ond, as yet unidentified, genetic defect from their fa-
thers and are therefore double heterozygotes. This ad-
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ditional defect may involve another structural or reg-
ulatory component of the skeleton or may involve the
structure of spectrin in a way that is undetectable by
peptide mapping of limited tryptic digests (25). The
shift towards higher pH of spots at 48,000, 37,000, and
34,000 daltons in the two-dimensional peptide patterns
of F.B., A.B., and D.B. may be indicative of a second
molecular defect. However, since the two-dimensional
system provides much more information, a larger pop-
ulation of normal volunteers must be studied so that
asymptomatic variants in the normal population may
be identified. An alternative hypothesis is that the pro-
bands in this study have a defect in the biosynthesis
of one of the chains of spectrin in conjunction with the
structural defect associated with HPP. A quantitative
defect in one, of possibly several, genes coding for one
of the spectrin chains (possibly present in the asymp-
tomatic fathers) could be clinically and biochemically
silent. According to this hypothesis the affected HPP
patients may carry both a quantitative defect (pre-
sumably inherited from their asymptomatic fathers)
and a structural defect, which they have inherited
from their mothers. This hypothesis would explain why
the HPP patients have greater amounts of abnormal
spectrin than their asymptomatic mothers. It should
be further pointed out that the mixture of normal and
abnormal spectrin could also result from a posttransla-
tional modification. While dimer to tetramer trans-
formation either in solution (5) or in the membrane
(6) is unaffected by spectrin phosphorylation, the ef-
fect of methylation, acetylation, or proteolytic damage
has not been studied.

The peptide pattern produced by limited tryptic
digestion of HPPpatient extracts was found to be con-
stant during the course of this study. The probands
ranged in age from 1.5 to 14 yr and were from two
unrelated families. In addition, the decrease in me-
chanical stability of triton shells and the increase in
the amount of spectrin dimers present in 0°C extracts
correlated well with the magnitude of changes in the
tryptic peptides (Table I). These changes in the tryptic
peptide pattern have not been found in any other dis-
ease state except for a subpopulation of HE, also char-
acterized by defective spectrin self-association (9). In
contrast to HPP, these patients exhibit an autosomal
dominant mode of inheritance. The increase in the
amount of spectrin dimers in 0°C extracts is compa-
rable to that of the asymptomatic HPP carriers.
Whether or not the same, or a very similar, genetic
defect is involved is uncertain. The possibility that the
same genetic defect is involved is supported by the
following observations that suggest a link between
HPPand some forms of HE: (a) HPP is clinically and
morphologically similar to homozygous, mild HE; (b)
spectrin and erythrocyte heat stability are decreased
in HPP and some forms of HE, particularly during

infancy; and (c) both conditions are present in some
families (26, 27). Weare currently using two-dimen-
sional peptide fingerprinting to compare normal, HPP,
and HE spectrins. If the same genetic defect is present
in HPP and some forms of HE, then it may be that
other, as yet unidentified, factors can affect erythro-
cyte morphology and determine the clinical presen-
tation. We are also studying patients that make the
transition from HPP to HE in their infancy, in an
effort to further elucidate these questions.
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