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ABSTRACT: Calpain-catalyzed proteolysis ofRII-spectrin is a regulated event associated with neuronal
long-term potentiation, platelet and leukocyte activation, and other processes. Calpain proteolysis is also
linked to apoptotic and nonapoptotic cell death following excessive glutamate exposure, hypoxia, HIV-
gp120/160 exposure, or toxic injury. The molecular basis for these divergent consequences of calpain
action, and their relationship to spectrin proteolysis, is unclear. Calpain preferentially cleavesRII spectrin
in Vitro in repeat 11 between residues Y1176and G1177. Unless stimulated by Ca++ and calmodulin (CaM),
âII spectrin proteolysisin Vitro is much slower. We identify additional unrecognized sites in spectrin
targeted by calpainin Vitro andin ViVo. Bound CaM induces a secondRII spectrin cleavage at G1230*S1231.
âII spectrin is cleaved at four sites. One cleavage only occurs in the absence of CaM at high enzyme-
to-substrate ratios near theâII spectrin COOH-terminus. CaM promotesâII spectrin cleavages at
Q1440*S1441, S1447*Q1448, and L1482*A1483. These sites are also cleaved in the absence of CaM in
recombinantâII spectrin fusion peptides, indicating that they are probably shielded in the spectrin
heterotetramer and become exposed only after CaM bindsRII spectrin. Using epitope-specific antibodies
prepared to the calpain cleavage sites in bothRII and âII spectrin, we find in cultured rat cortical neurons
that brief glutamate exposure (a physiologic ligand) rapidly stimulatesRII spectrin cleavage only at
Y1176*G1177, whileâII spectrin remains intact. In cultured SH-SY5Y cells that lack an NMDA
receptor, glutamate is without effect. Conversely, when stimulated by calcium influx (via maitotoxin),
there is rapid and sequential cleavage ofRII and thenâII spectrin, coinciding with the onset of nonapoptotic
cell death. These results identify (i) novel calpain target sites in bothRII and âII spectrin; (ii) trans-
regulation of proteolytic susceptibility between the spectrin subunits in vivo; and (iii) the preferential
cleavage ofRII spectrin vsâII spectrin when responsive cells are stimulated by engagement of the
NMDA receptor. We postulate that calpain proteolysis of spectrin can activate two physiologically
distinct responses: one that enhances skeletal plasticity without destroying the spectrin-actin
skeleton, characterized by preservation ofâII spectrin; or an alternative response closely correlated with
nonapoptotic cell death and characterized by proteolysis ofâII spectrin and complete dissolution of the
spectrin skeleton.

Spectrin is the major component of the cytoskeletal
network associated with the plasma membrane of vertebrate
cells (for reviews see refs1-3). While seven spectrin genes
exist, encoding two variants of an alpha spectrin and five
beta spectrins, the most common form of this protein is a
heterotetramer ofRII/âII spectrin. Together with actin and
a host of adapter proteins, spectrin controls the distribution
of many integral and peripheral membrane proteins, and
possibly also the distribution of certain phospholipids.
Mutations in spectrin or its associated adapter proteins
typically destabilize the membrane, and their absence is often

embryonically lethal (4, 5). Calcium-dependent proteolytic
modification of RII-spectrin by any of several calpain
proteases is linked to platelet activation (6), neutrophil
degranulation (7), the onset of long-term potentiation in
hippocampal neurons (8-11), dendritic and postsynaptic
density remodeling (12-14), crystalline lens maturation (15),
and receptor-mediated endocytosis (16). Calpain activation
occurs in response to fibrinogen binding to the integrin
glycoprotein IIb-IIIa in platelets (6, 17) and to NMDA-
stimulation of responsive neurons (9, 18-21). Beyond these
putative physiologic processes, calpain processing of
RII-spectrin also follows hypoxic or ischemic injury (22-
34). In the brain, calpain activation is associated with
excitatory amino acid toxicity, as occurs experimentally after
treatment with kainate or NMDA (18, 19, 35-37), and may
be accentuated by the action of HIV-1 gp120/160 (38-40).
Calpain-cleavage of spectrin has been observed during
apoptosis in monocytic U937 cells (41) and in neurons
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(42, 43). The molecular basis for these divergent conse-
quences of calpain action, and their relationship to spectrin
proteolysis, is unclear.

Previously this laboratory determined that a central region
within repeat unit 11 ofRII spectrin is hypersensitive to a
variety of proteases, includingµ-calpain (44), and demon-
strated that the preferred site of calpain cleavage is between
Y1176*G1177, immediately adjacent to the calmodulin binding
domain in this protein (45, 46). Epitope-specific antibodies
recognizing the in Vitro generated cleavage fragments
established that cleavage also occurs at this sitein ViVo (47),
and mutational analysis revealed that the specificity of
calpain for this site is determined by complex conformational
rather than linear sequence determinants (48). The sensitivity
of this site to cleavage is regulated at the substrate level by
the phosphorylation of Y1176, a process mediated by src-
family kinases and low-molecular-weight phosphotyrosine
phosphatase (LMW-PTP) (49, 50).

Calpain also cleavesâII spectrin, but at leastin Vitro does
so efficiently only when CaM is bound to theRII subunit in
the RII/âII heterodimer (46), an event that induces a
substantial conformational change in sequences associated
with the CaM-binding site (51).1 Other cleavages ofâII
spectrin by calpain also exist (52, 53), yet beyond the
identification in fusion peptides of a susceptible site near
the COOH-terminus (A2067) of âII spectrin (53), the precise
locus of any calpain-cleavage site inâII spectrin or its CaM-
dependency is unknown.In Vitro studies have established a
complex relationship between calpain cleavage of spectrin,
Ca++, CaM binding, and the ability of spectrin to oligomer-
ize, bind actin, and bind to membranes (52, 54). These studies
suggest that calpain cleavage ofRII spectrin converts this
molecule into a reversible Ca++ and CaM-regulated actin
cross-linking protein, whereas coincident calpain-cleavage
of the âII subunit irreversibly disassembles the spectrin-
actin cortical membrane skeletal lattice. Thus, two calcium-
dependent processes, calmodulin binding and calpain pro-
teolysis, unless suppressed by tyrosine phosphorylation of
RII spectrin (49, 50), act synergistically to regulate the
proteolysis of spectrin and the organization and integrity of
the cortical membrane skeletal lattice.

In the present study, we identify a second calmodulin-
regulated site targeted by calpain inRII spectrin, and three
novel sites of cleavage inâII spectrin. Using subunit and
cleavage specific antibodies toRII and âII spectrin, we find
that glutamate stimulation of cortical neurons preferentially
inducesRII spectrin cleavage as a very early event, while,
in non-glutamate responsive SH-SY5Y cells, spectrin is
unaffected by glutamate exposure. When calcium is intro-
duced directly into cells by maitotoxin treatment, delayed
cell death ensues on a time scale that correlates with complete
calpain-mediated breakdown of bothRII and âII spectrin,
with RII cleavage again preceding that ofâII spectrin. These
findings together with the earlier data cited above indicate

thatRII spectrin cleavageper seis not cell lethal (21), suggest
that as when spectrin is cleaved by caspase 3 during apoptosis
(55), the advent ofâII subunit cleavage marks an irreversible
transition in the cortical cytoskeleton that may contribute to
impaired cell viability.

MATERIALS AND METHODS

Protein Preparation and Expression of Recombinant
Peptides.Fresh calf brain was obtained from a local abattoir
and was washed in cold 0.32 M sucrose prior to homogeni-
zation. BovineRII/âII spectrin was purified from demyeli-
nated brain membranes by low ionic strength extraction
followed by gel filtration on Sephacryl S-500 HR (56, 57).
Recombinant peptides representing various regions ofRII
andâII spectrin were prepared as glutathione-S-transferase
(GST) fusion peptides inE. coli strains CAG-456 and
W3110, and purified using glutathione-agarose (48, 58).
Purified spectrin and fusion proteins were stored in 40 mM
Tris pH 7.5, 50 mM NaCl, 0.5 mM DTT, 0.1 mM Pefabloc,
0.1 mM benzamidine. Purified porcine erythrocyteµ-calpain
was acquired from Nacalai Tesque, Inc., in Kyoto, Japan.
CaM was from Sigma.

Antibodies.PAb RAF-A is a well-documented polyclonal
rabbit antibody that recognizesRII-spectrin (46, 59). Alter-
natively, for some experiments, the monoclonalRII spectrin
antibody from Chemicon (#1622) was also used. PAb 10D,
a rabbit polyclonal, was prepared to a recombinant peptide
representing residues 1676 to 2204 of humanâII spectrin,
corresponding to sequence repeat unit 13 to the middle of
the COOH-terminal domain III (58). For the PAb’sR-bdp1
andR-bdp2, the synthetic peptides CQQEVY and GMMPRC
respectively were each coupled to keyhole limpet hemocya-
nin (KLH) Via the cysteine residue usingm-maleimidoben-
zoyl-N-hydroxysuccinimide ester, and injected into New
Zealand White rabbits in complete Freund’s adjuvant fol-
lowing previous protocols (59). For the PAbâ-BDP1, the
synthetic peptide CGIEELQ was similarly coupled to ma-
leimide activated KLH (Pierce); IgY was raised in white
leghorn chickens and purified from egg yolk by Aves Labs,
Inc., Tigand, OR. All cleavage-specific rabbit antibodies were
affinity purified against their respective ligands using antigen-
coupled Sepharose in which the peptide was linked via its
terminal cysteine. Antibodies raised in chickens were affinity
purified against peptide coupled by its cysteine to sulfolink
coupling gel (Pierce, Inc.) (60).

Calpain Digestion. Unless otherwise specified, 10µg of
purified spectrin was digested by 0.03µg of µ-calpain in
digestion buffer containing 20 mM Tris pH 7.5, 25 mM
NaCl, 0.15 mM total CaCl2, and 10 mM DTT, with or
without 5 µM CaM (25 µL total volume) at 25 °C.
Proteolysis was terminated by the addition of 5× SDS-
PAGE solubilizing buffer at 95°C for 5 min (61), or at
37 °C for 15 min for samples used for microsequencing.
Digestion patterns were analyzed by SDS-PAGE, followed
either by Coomassie blue staining or by transfer to Immo-
bilon-P membranes (Millipore) for immunoblot detection or
NH2-terminal amino acid sequencing. The apparent sizes of
the digestion products were calculated based on migration
of the standard BioRad high molecular weight markers.
Purified fusion peptides were similarly treated. In the case
of the GST-âII 8-C∆ peptide, 70µg of protein was digested

1 Abbreviations: RII-BDP, RII-spectrin breakdown product;âII-
BDP, âII-spectrin breakdown product.; CaM, calmodulin; DMEM,
Dulbecco’s modified Eagle medium; DTT, dithiothreitol; MDL28170,
carboxybenzyl-Val-Phe-H; MEM, minimum essential medium; MTX,
maitotoxin; NMDA-R,N-methyl-D-aspartate receptor; PAb, polyclonal
antibody; PAGE, polyacrylamide gel electrophoresis; PBS, phosphate
buffered saline; SDS, sodium dodecyl sulfate; Z-D-DCB, carbobenzoxy-
Asp-CH2OC(O)-2,6-dichlorobenzene.
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with 0.3 µg of calpain; digestion was halted by a 10-fold
molar excess of EDTA (relative to total calcium). After
digestion GST containing fragments were adsorbed with 5
mg of glutathione-agarose in the presence of 0.1 mg/mL BSA
by overnight incubation at 4°C so as to facilitate the isolation
of the GST-free COOH-terminal digestion products for
sequencing.

Calpain ActiVation in Cultured Cells.Cerebral cortices
were dissected from E16 to E17 day old Sprague-Dawley
rat fetuses, and hippocampi were dissected from E20-21
day old fetuses, using sterile techniques and triturated to
suspend the cells. Cells were plated at a density of 6-7 ×
105 cells per 35 mm diameter dish. All culture dishes were
precoated with poly-D-lysine (20µg/mL; Mr 30 000-70 000).
Cultures were grown at 37°C, 5% CO2 in DMEM/F-12
medium supplemented with 30 mM glucose, B-27 serum-
free supplement, 40 U of penicillin G sodium per mL and
40 µg of streptomycin sulfate per mL for 4 to 5 days, after
which the medium was changed to Neurobasal Medium
supplemented with B27, 0.5 mM glutamine, 10 U of
penicillin G sodium per mL and 10µg of streptomycin
sulfate per mL. Cultures were maintained by replacing half
of the medium with fresh medium twice weekly. Tissue
culture media and supplements were obtained from Gibco
BRL. Experiments were performed on cortical and hippoc-
ampal cultures after two to three weeksin Vitro. These
cultures consisted of greater than 90% neurons. Cells were
rinsed once with phosphate buffered saline, and once with

Mg++-free Krebs’ Ringer medium (20 mM HEPES, 1 mM
Na2HPO4, 128 mM NaCl, 5 mM KCl, 2.7 mM CaCl2, 10
mM glucose, pH 7.2). Then they were incubated in Mg++-
free Ringer medium containing 5µM glycine, with or
without glutamate (50-400 µM) or NMDA (50 µM), at
37 °C, 5% CO2. In the case of the 24 h time course, after
incubating for 30 min with 50µM NMDA in Mg ++-free
Krebs’ Ringer medium containing 5µM glycine, cells were
rinsed to remove the NMDA and the Krebs’ Ringer medium
was replaced with conditioned supplemented Neurobasal
Medium for the remainder of the experiment. 20µM MK801
(from 10 mM stock in water) and 100µg/mL Calpeptin (from
50 mg/mL DMSO stock) were applied to cultures prior to
the addition of glutamate (from 100 mM stock) or NMDA
(from 100 mM stock in 0.01 N NaOH). Controls received
equivalent volumes of diluents. At the end of the experi-
mental time period, the buffer was removed and cells were
extracted with 150µL of 1× Laemmli SDS-PAGE sample
buffer containing 150 mM NaCl, 2 mM EDTA, 2 mM
EGTA, 0.4 mM DTT, 1 mM Pefabloc, 20µg/mL leupeptin,
1 mM benzamidine, 10µg/mL aprotinin. Samples were
heated to 100°C for 10 min.

For maitotoxin experiments, SH-SY5Y cells were grown
in MEM/F12 (1:1) with nonessential amino acids which was
supplemented with 10% fetal bovine serum, 2 mM glutamine,
50 U/mL penicillin G sodium and 50µg/mL streptomycin
sulfate at 37°C, 5% CO2. Experiments were performed in
35 mm dishes containing cultures that were 2/3 to 3/4
confluent. The medium was replaced by 2 mL serum-free
medium containing 2 mM glutamine to which the treatments
were added. Calpain inhibitor (100µg/mL calpeptin from
50 mg/mL DMSO stock) and caspase inhibitor (100µM Z-D-
DCB from 50 mM stock in DMSO) were added to the
medium 15 min prior to treatment with 0.03 nM or 0.04 nM
maitotoxin (from 2µM stock in ethanol) followed by various
times of incubation at 37°C, 5% CO2. Vehicle controls

FIGURE 1: Calmodulin enhancesµ-calpain cleavage of both subunits
of RII/âII spectrin. (CB) Coomassie Blue-stained 7% SDS-PAGE
analysis of purifiedRII/âII spectrin from bovine brain (lane 1)
incubated withµ-calpain (molar E/S) 1:18) in the absence (lane
2) or presence (lane 3) of 5µM calmodulin and 150µM Ca++ for
15 min at 25 °C. Note the accentuation of digestion when
calmodulin is present. Prominent digestion products are apparent
at 166, 150, 145, and 120/116 (fainter bands) kDa. (anti-RII)
Western blot analysis of the same samples with PAb RAF-A,
directed againstRII spectrin. Note the additionalRII spectrin
cleavage product at≈145 kDa induced by CaM. (anti-âII) Western
blot of same samples examined with PAb 10D, which is directed
againstâII spectrin, repeat unit 13 (residue 1676) to L2204 (near
the COOH-terminus). This antibody does not recognize the
prominentâII spectrin BDPs at≈159-166 kDa, but detects the
BDPs at≈116-120 kDa and at 62/58 kDa derived from the COOH-
terminal portions ofâII spectrin. Note that there is minimal cleavage
of âII spectrin in the absence of CaM. The apparent molecular
weights and the subunit of origin of each observed digestion product
are indicated.

FIGURE 2: At high enzyme to substrate ratios, there is limited
cleavage ofâII spectrin in the absence of CaM. Calpain digestion
of RII/âII spectrin (11µg/lane) was carried out for 45 min at
25 °C at the molar E/S ratios indicated, with or without CaM and
0.15 mM Ca++. At high E/S ratios, a≈215 kDaâII spectrin BDP
was generated in the absence of CaM. In the presence of CaM, an
additionalâII BDP of ≈159 kDa was generated. These results were
independent of Ca++ concentration, within the range of 0.15 mM
to 1.5 mM total calcium (data not shown).
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received equivalent volumes of ethanol and/or DMSO. At
the end of the treatment period, the medium containing
floating cells was centrifuged at 1000 rpm for 2 min and
rinsed once with PBS. The remaining adherent cells on the
dish were rinsed once with PBS and pooled with the medium
containing the floating cells prior to centrifugation. The cells
remaining on the dish were extracted with 150µL of 1×
Laemmli SDS-PAGE sample buffer containing inhibitors,
as was used for the primary cultures, and this extract was
combined with the floating cell pellet and heated to 100°C
for 10 min. In parallel experiments, similarly treated SH-
SY5Y cells were analyzed for evidence of cell death by flow
cytometry. Cells collected as above were resuspended in 300
µL of PBS containing 2% goat serum PBS/GS followed by
the addition of 300µL of PBS/GS containing 8µM
Ethidium-1 (final concentration of 4µM). After filtration
through a 35µM nylon mesh filter (BD Falcon) cells were
counted by flow cytometry 10 min after the addition of
Ethidium-1, 30 min after termination of the maitoxin
treatment.

Other. Protease inhibitors used were Pefabloc SC (Cen-
terchem Inc.), benzamidine (Sigma), leupeptin (Sigma),
Pepstatin A (Boehringer Mannheim), and aprotinin (Sigma).
NMDA, glutamate, and MK801 were purchased from RBI.
Calmodulin (bovine brain) and maitotoxin were from Sigma,
calpeptin was from Calbiochem, and Ethidium-1 was from
Molecular Probes. Transfers to Immobilon-P PVDF mem-
brane (Millipore, Inc.) for Western blotting were performed
in 25 mM Tris, 192 mM glycine, 10% methanol. Immuno-
blots were blocked with milk buffer (5% Carnation nonfat
dry milk, 0.1% bovine serum albumin Fraction V (Sigma),
0.02% sodium azide in 1× phosphate buffered saline, pH
7.4) for 1 h, incubated in primary antibody diluted in milk
buffer for 1 h, rinsed twice and then washed 1× 15 min
and 2× 5 min in phosphate buffered saline pH 7.4 containing
0.1% Tween 20 (PBS-Tween). After incubation in secondary
antibody (goat anti-rabbit horse-radish peroxidase from
Pierce, or rabbit anti-chicken horse-radish peroxidase from
Accurate Chemical) diluted in PBS-Tween or milk buffer,
respectively, for 1 h followed by four 5 min washes,
enzymatic activity was detected by chemiluminescence (ECL,
Amersham) using Amersham Hyperfilm, or alternatively was
detected colorimetrically with alkaline phosphatase. Estima-
tion of protein was by OD280 and by BCA assay (Pierce).
Microsequencing of digested peptides was performed using
an Applied Biosystems protein sequencer, or alternatively
by Yale’s Keck Biotechnology Resource Laboratory using
similar equipment. Densitometry of gels and fluorograms
were performed on digital images on a Macintosh computer
using the public domain NIH Image or J-image programs
(developed at the U.S. National Institutes of Health and avail-
able on the Internet at http://rsb.info.nih.gov/nih-image/).

RESULTS

Calmodulin Enhances the Susceptibility of BothRII and
âII Spectrin toµ-Calpain.The CaM binding domain inRII
spectrin flanks the site of calpain cleavage and undergoes a
substantial conformational reordering upon CaM binding
(51). Both subunits of spectrin are more susceptible to
cleavage when CaM is bound (45, 46). Figures 1 and 2 reveal
several additional features of this phenomenon; a summary

of RII spectrin breakdown products (BDPs) is presented in
Table 1.

In the absence of calmodulin, the major cleavage product
of spectrin appears at≈150 kDa (RII-BDP150). Based on
its antibody reactivity, this fragment arises exclusively from
RII spectrin, and in the absence of CaM is the only site of
RII spectrin cleavage. Previous peptide mapping studies have
established that the 150 KD band contains both halves of
theRII subunit (45); these are not resolved by SDS-PAGE
despite their differences in true MW. NH2-terminal microse-
quencing ofRII-BDP150 confirmed the cleavage between
Y1176*G1177 (Table 1 and ref45). Other experiments dem-
onstrated that milli-calpain also cleavesRII spectrin at this
site (data not shown). In the absence of CaM, twoâII spectrin
BDPs were substoichiometrically generated, yieldingâII-
BDP220 andâII-BDP215. These appear to be unfavorable
cleavages, presumably with a highKmax, since they are
quantitatively significant only at high enzyme/substrate ratios
as shown in Figure 2. Thus, to achieve quantitative cleavage
of âII spectrin toâII-BDP215 under the conditions used here
requires molar ratios of calpain-to-spectrin of 1:6, whereas
efficient cleavage ofRII spectrin is achieved with at least
an order of magnitude less enzyme (44). Microsequencing
detected no reliable NH2-terminal sequence information from
âII-BDP215.

In earlier studies, we established that CaM bound to the
RII-subunit enhances both the rate ofRII-BDP150 generation
and the rate ofâII-subunit cleavage (46). As reported here,
CaM also renders several new sites inRII and âII spectrin
susceptible to cleavage (Figure 1). InRII spectrin, CaM-
binding generates a new susceptibility to proteolysis at
G1230*S1231, liberating the CaM binding domain and convert-
ing RII-BDP150 toRII-BDP145 (Table 1). It also appears
that RII-BDP150′, the NH2-terminal half ofRII spectrin,
undergoes a second cleavage to generateRII-BDP145′, since
the entire band at 150 kDa disappears coincidently with the
generation of the band at 145 kDa (Figure 2). Since only a
single NH2-terminal sequence was detected by microse-
quencing of the 145 kDa band, it is likely thatRII-BDP145′
is generated fromRII-BDP150′ by additional cleavage near
its COOH-terminus.

In âII spectrin, prominent calpain cleavage products appear
in the presence of CaM near 166 kDa (âII-BDP166, âII-
BDP163, andâII-BDP159), and 120 kDa (âII-BDP120 and
âII-BDP116) (Figures 1, 2). While numerous spectrin BDPs
have been observed in earlier studies with CaM, they have
not been characterized (44, 46) . NH2-terminal sequences
were not detected for theâII-BDP166-159 products; these
fragments were also not reactive with PAb 10D that is
directed against sequence downstream of repeat unit 13 (see
Materials and Methods). Together, these data establish the
origin of âII-BDP166-159 from the NH2-terminal portions
of âII spectrin. Increasing E/S ratios favored the generation
of âII-BDP159 at the expense ofâII-BDP166 andâII-
BDP163, indicating that, once cleavage had occurred,
additional sites near the COOH-terminus ofâII-BDP166
must become susceptible to calpain (also see results below
with the âII-bdp1 antibody). WhileâII-BDP120 andâII-
BDP116 stained poorly by Coomassie blue, they were readily
detected by immunoblotting with PAb 10D (Figure 1). These
two fragments differed in their NH2-termini. Sequencing of
âII-BDP120 yielded cleavage sites of Q1440*S1441 and
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S1447*Q1448. Sequencing ofâII-BDP116 did not yield a
discrete sequence, and consisted of an apparent mixture of
closely related peptides with NH2-termini derived from a
series of cleavages between F1467*M 1468and L1482*A 1483. The
origins for this variability in the terminus ofâII-BDP116
were not determined. Finally, two novel BDPs were detected
at ≈62 and≈58 kDa (âII-BDP62 andâII-BDP58). These
were most apparent after Western blotting with PAb 10D,
revealing their origin from the COOH-terminal half ofâII
spectrin. These were consistently minor products even at high
E/S ratios (Figure 2). The NH2-terminus ofâII-BDP58 was
derived from cleavage between L1482*A 1483, similar to one
of the cleavages responsible forâII-BDP116. Thus,âII-
BDP58 must be derived fromâII-BDP116 by an additional
COOH-terminal directed cleavage (Table 1). The cleavage
responsible for the genesis ofâII-BDP62 was not determined.

Recombinant Spectrin Peptides Are CleaVed by Calpain
at the NatiVe Sites.Previous studies established thatRII
spectrin GST-fusion peptides containing repeat unit 11 and
the CaM binding domain are readily cleaved byµ-calpain
(48). In the current study, microsequencing of the calpain
cleavage products derived from digesting GST-RII 9-12

(Figure 3), a fusion peptide encompassing repeat units 9 to
12 (see Figure 8), established that this peptide is cleaved at
a site identical to that of the nativeRII spectrin heterotetramer
(Table 1). Calpain did not appreciably digest peptides GST-
RII 13-18 and GST-RII 18-C (data not shown). Calpain digestion

of GST-âII 8-C∆, a fusion peptide encompassingâII spectrin
repeat units 8 to 17 and a portion of domain III (58), yielded
four cleavage fragments at≈92, ≈88, ≈70, and≈47 kDa
(Figure 3). Because the≈70 and≈47 kDa products are
retained on a glutathione affinity column, they must contain
GST and thus arise from the NH2-terminal portion of the
peptide.

The prominent non-GST containing band at≈92 kDa
displayed two NH2-terminal sequences that were out of
register by seven residues. These results were identical to
the NH2-terminal sequences detected forâII-BDP120 (Table
1). The susceptibility of theâII 8-C∆ peptide to calpain could
not be accounted for by an artifact of its folding, since it
had the sameR-helical content as intact spectrin (≈70%)
by CD measurement (data not shown), and a similar peptide
(âII 8-13) also gave the same digestion pattern (data not
shown). The minor non-GST containing 88 kDa fragment
yielded NH2-terminal sequences identical to those ofâII-
BDP58 and âII-BDP116. Finally, the calpain cleavage
patterns of GST-âIIN-4 and GST-âII 16-C were examined to
better understand the susceptibility of the ends ofâII spectrin
to calpain cleavage. No digestion products were detected in
the GST-âIIN-4 peptide (data not shown). Calpain generated
two prominent digestion products at≈44 and 45 kDa from
GST-âII 16-C. Both of these products were recognized by anti-
GST antibody (data not shown), indicating their origin from
the NH2-terminal portion of the peptide. While the liberated

Table 1: Majorµ-Calpain Generated Spectrin Fragmentsa

fragment NH2-terminal sequence cleavage site assumed end calcd MW

Native Protein
RII-BDP150′ b (MDPSGVKVLE) (start ofRII spectrin -assumed) Y1176 135 800
RII-BDP150 -GMMPRDEXDS VY1176*G1177MMPRDETD N2477 149 311
RII-BDP145 -SAHEVQRFHR QLLG1230*S1231AHEVQRFHR N2477 143 097
RII-BDP145' (MDPSGVKVLE) (start ofRII spectrin -assumed) ND ≈143 000
âII-BDP220 (MTTTVATD) (start ofâII spectrin -assumed) ND
âII-BDP215 (MTTTVATD) (start ofâII spectrin -assumed) ND
âII-BDP166 (MTTTVATD) (start ofâII spectrin -assumed) Q1440 168 286
âII-BDP163 (MTTTVATD) (start ofâII spectrin -assumed) ND
âII-BDP159 (MTTTVATD) (start ofâII spectrin -assumed) ND
âII-BDP120 -XQAQALSQEG EELQ1440*S1441QAQALSQ K2364 106 389

-XEGKSTDEV QALS1447*Q1448EGKSTDEV 105 703
âII-BDP116 -MELLXPXN multiple sequences between K2364 103 424

QTKF1467*M 1468ELLEP to 101 593
HNLL1482*A 1483SKEIHQFN

âII-BDP62 ND ND (between 1676 and 2204) ND
âII-BDP58 -AXKEIXQFNR HNLL 1482*A 1483SKEIHQFN ND

GST-Constructs
GST-RII 9-12 (start ofRII sequence @E837) S1267 76 331
74 kDa -MSPILGYWKI NH2-terminus of GST Y1176 65 779
21 kDa -GMMPRDEX VY1176*G1177MMPRDET S1267 10 570
GST-âII 8-C∆ (start ofâII sequence @A1227) P2189 139 676
92 kDa -SQAQALSQE EELQ1440*S1441QAQALSQ P2189 86 591
92 kDa -QEGKSTDEV QALS1447*Q1448EGKSTDEV P2189 85 905
88 kDa -MELXEXL QTKF1467*M 1468ELLEP P2189 83 626
88 KD -AXKEIXQFN HNLL 1482*A 1483SKEIHQFN P2189 81 795
70 kDa (MSPILGYWKI)c NH2-terminus of GST ND
47 kDa (MSPILGYWKI)c NH2-terminus of GST Q1440 53 102
GST-âII 16-C (start ofâII sequence @V1908) K2364 80 216
45 kDa (MSPILGYWKI)c NH2-terminus of GST ND ND
44 kDa (MSPILGYWKI)c NH2-terminus of GST ND ND
GST-bIIN-4 (no BDP detected) (start ofâII sequence @M1) S688 108 735

a All digestions were carried outin Vitro. Sequence numbering based onRIIΣ1 spectrin (GenBank U83867, ref80) andâII spectrin (GenBank
M96803, ref81). Sequence of GST26 fromSchistosomajaponica(82). X: unidentified residue.b Two cleavage products are present in theRII-
BDP150 band, representingRII residues 1 to 1176 (calculated MW 135 800) and 1177 to 2477 (45). Only one of these is detected by microsequencing
since the NH2-terminus of spectrin is methylated. In separate experiments, we have observed that milli-calpain also cleaves at this site (data not
shown).c Not sequenced; end is assumed based on retention of these peptides on glutathione affinity column (see text). ND: not determined.
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COOH-terminal fragments could not be identified (Figure 3
and Table 1), the fact that this peptide, which begins at V1908,
is cleaved by calpain suggests the presence of additional
calpain sensitive sites near the COOH-terminus ofâII
spectrin. Presumably, these are the sites that generateâII-
BDP62 andâII-BDP58, or âII-BDP220 andâII-BDP215
from intactâII spectrin (Table 1 and Figure 8).

Epitope Specific Antibodies Recognize the Calpain CleaV-
age Products ofRII and âII Spectrin.With precise informa-
tion on the sites of calpain cleavage, it is possible to prepare
antibodies to the novel epitopes created by calpain cleavage.
We have previously demonstrated the utility of such antibod-
ies, prepared on the basis of our earlier determination of the
sequences about the calpain cleavage site that generatesRII-
BDP150 andRII-BDP150′ (45, 47); such antibodies enable
the detection of minimal levels ofRII-BDP150/150′ in tissues
and cells (29, 62). The specificity of two antibodies that
detect either the new COOH-terminus or the new NH2-
terminus generated by calpain cleavage ofRII spectrin is
shown in Figure 4. NativeRII/âII spectrin was digested either
with µ-calpain or with trypsin, and then analyzed by Western
blotting either withR-bdp1 antibody, prepared to the novel
COOH-terminal sequence-QQEVY, or with R-bdp2 anti-
body prepared to GMMPR-. Note the absence of reactivity
of either antibody with intact spectrin, and the discrimination
possible between a 150 kDaRII fragment generated by
calpain Vs a similar sized fragment generated by trypsin.
Antibody â-bdp1 was also prepared to the novel COOH-
terminus of theâII-BDP166 peptide. As withR-bdp1 and
R-bdp2, â-bdp1 did not react with intactâII spectrin.
Interestingly, this antibody reacted only withâII-BDP166,
and not withâII-BDP163 or âII-BDP159, confirming the

microsequencing studies indicating that the 163 and 159 kDa
products derived fromâII-BDP166 by additional COOH-
terminal cleavages.

Glutamate/NMDA and Maitotoxin ActiVate Distinct Path-
ways of Calpain CleaVage in Cultured Cells.To determine
how the Ca++ activation of calpain by two distinct pathways
affects the pattern of spectrin cleavagein ViVo, the response
of various cells to either glutamate/NMDA stimulation or
calcium loading (Via maitotoxin) was evaluated. These results
are shown in Figures 5, 6, and 7. In cells containing NMDA
receptors, such as rat cortical or hippocampal neurons,
glutamate stimulates the opening of gated Ca++ channels,
allowing the influx of extracellular Ca++. This process can
activate long-term potentiation (reviewed in refs63, 64).
Figure 5A,B illustrates that brief exposure to glutamate
stimulates calpain cleavage ofRII but not âII spectrin in
cortical neurons, and that onlyRII-BDP150 (but notRII-
BDP145) is generated by such stimulation. This activity is
confined to a small pool of the total spectrin in the cell; the
absence ofRII-BDP145 generation implies that CaM is not
active on spectrin during this period. Conversely, glutamate
did not enhance spectrin cleavage in SH-SY5Y cells, a
neuroblastoma line that lacks NMDA receptors (Figure 5C),

FIGURE 3: Calpain cleavage of recombinant spectrin peptides.
Purified recombinant GST-fusion peptides encompassing the des-
ignated regions ofRII or âII spectrin were digested withµ-calpain
for 15 min at 25°C. Lane 1: starting peptide. Lane 2: peptide
digested with calpain. ForâII 8-C∆, the glutathione-S-transferase-
containing digestion fragments were removed by incubation with
glutathione-agarose beads in the presence of bovine serum albumin,
and the remaining material (the GST-free 92 and 88 kDa fragments)
were analyzed (lane 3). The major detected digestion products for
each peptide are indicated (with apparent size in kDa), as is the
position of bovine serum albumin (BSA). Asterisks identify full-
length fusion peptides. Arrowheads point to autolytic fragments of
calpain. Coomassie Blue-stained SDS polyacrylamide gels are
shown. Duplicate analyses were transferred to Immobilon-P and
the NH2-terminal sequence of the major BDPs determined
(Table 1).

FIGURE 4: Antibodies raised to the novel termini generated in
spectrin byµ-calpain digestion recognize only the calpain processed
RII and âII subunits. (A) Synthetic peptides representing the novel
terminal five residues generated byµ-calpain cleavage of either
RII or âII spectrin (boxes) were conjugated to KLH, and used to
generate rabbit or chicken PAb antibodies to the novel epitopes
created by the cleavages (29, 47). The epitopes used to generate
the antibodiesR-BDP1,R-BDP2, andâ-BDP1, and their loci with
respect to the overall structure of spectrin, are depicted. (B) Western
blots using either PAb RAF-A (anti-RII), PAb 10D (anti-âII), or
the cleavage specific antibodies listed above. Lane 1: intact spectrin
(with some endogenous degradation). Lane 2:µ-calpain cleaved
spectrin. Lane 3: trypsin cleaved spectrin. The weak reactivity with
the R-BDP1 andR-BDP2 antibodies with the intact spectrin and
in trypsin-digested spectrin is due to traceµ-calpain cleaved material
contaminating the original preparation. The PAb 10D used to
immunoblotâII spectrin here only recognizes the COOH-terminal
half of âII spectrin (see text), and thus detectsâII-BDP120 but not
âII-BDP166, which is recognized byâ-BDP1. Note the absence
of reactivity of the BDP antibodies to intactRII/âII spectrin.
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demonstrating the indirect effect of glutamate on calpain
mediated spectrin cleavage.

To better understand the sequential nature of NMDA-
receptor stimulation of spectrin cleavage, the processing of
spectrin in cultured rat hippocampal neurons was examined
at early time points after glutamate or NMDA stimulation
(Figure 6).RII-BDP150′ appeared as early as 4 to 5 min

after the addition of 50µM glutamate. The level of cleavage
reached a meta-stable plateau after 90 min. After this point,
the bdp145 product began to appear, a cleavage that is only
observedin Vitro when CaM is bound toRII spectrin (Figure
1). As shown in Figure 5A, the amount of cleavedRII
spectrin induced in these experiments represents only a very
small fraction of the total protein, and cleavage ofâII spectrin
at these early time-points was not detected (Figure 5). In
control experiments, MK801, a specific NMDA receptor
channel blocker, completely blocked the glutamate-induced
cleavage of spectrin (not shown), indicating that glutamate
was activating calpain processing specifically through the
NMDA receptor (NMDA-R), and not via other types of
glutamate receptors such as the AMPA or kainate receptors.
Thus, Ca++ entry through the activated NMDA-R channel
stimulates within 3-5 min calpain proteolysis of a small pool
of RII-spectrin, and this process occurs without evidence of
either CaM stimulation orâII spectrin cleavage. This
apparent plateau inRII-spectrin cleavage withoutâII-spectrin

FIGURE 5: Glutamate stimulates calpain cleavage ofRII but not
âII spectrin in responsive cells. (A, B) Rat cortical neurons or (C)
neuroblastoma SH-SY5Y cells were incubated for 20 or 45 min
respectively in the presence of increasing concentrations of
glutamate. Equivalent numbers of cells at each glutamate concentra-
tion were harvested and examined by SDS-PAGE and Western
blotting with either PAb RAFA (anti-RII) or R-BDP-1 (A, C) or
PAb 10D (anti-âII)/â-BDP-1 (B). Each lane contains 50µg of total
cellular protein. A control lane (ctrl) contains purified spectrin (with
some endogenous degradation products). The size (kDa) of major
BDPs, as well as several MW markers, is shown. Note that with
glutamate stimulation of cortical neurons, there is activation ofRII-
spectrin cleavage by calpain, but no calpain cleavage ofâII spectrin.
Conversely, in cells that lack significant levels of glutamate
receptors (SH-SY5Y), glutamate stimulation does not activate the
cleavage of spectrin.

FIGURE 6: NMDA receptor stimulation selectively activates the
calpain-processing ofRII spectrin at early time points in neurons.
(top) Rat hippocampal cultures were incubated with 50µM
glutamate for the times indicated (0 to 120 min). Control cells were
incubated either for 0 min or for 120 or 60 min with vehicle alone
or with MK801, a specific blocker of the NMDA receptor. Samples
were examined forRII and âII spectrin cleavage by Western
blotting. There was no significantâII spectrin cleavage under these
conditions (see Figure 5); MK801 completely blocked all cleavage
(not shown). Densitometic analysis of theR-bdp1 blots revealed a
biphasic response inRII spectrin cleavage, with a 3-5 min lag
before the onset of proteolysis, and a metastable plateau at about
90 min. After this time point (arrow), theR-bdp-145 proteolytic
product began to appear, a putative marker of CaM stimulation of
RII spectrin cleavage. In parallel experiments with cortical neurons
carried out for longer periods after NMDA stimulation (inset),âII
spectrin cleavage began to accelerate at about 2 h, and the calpain-
mediated proteolysis of both subunits progressed to completion over
a 12 h period. The graph presents mean values( SD, N ) 3.
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cleavage is transitory. Prolonged stimulation with NMDA
receptor agonists or at levels that rapidly induce neurotoxicity
induces the complete cleavage of bothRII and âII spectrin
by calpain over a 12 h period (Figure 6, inset).

Calcium entry into SH-SY5Y cells treated with maitotoxin
in the presence of normal culture medium had quite a
different effect on spectrin breakdown (Figure 7). Maitotoxin
is a marine toxin that opens L-type voltage-sensitive and
receptor-operated calcium channels in the plasma membrane.
It specifically activates calpain but not caspase and induces
nonapoptotic cell death (65, 66). Within 60 min of maitotoxin
treatment, there is extensive calpain mediated cleavage of
RII spectrin, as detected both by PAb RAFA and byR-bdp1
(Figure 7A,B). Interestingly, while the generation of the
R-bdp145 fragment (a marker of calmodulin actionin Vitro)
is not appreciably delayed, there is delayed onset of
proteolysis ofâII spectrin. All of this breakdown can be
attributed to calpain (vs caspase), since it is totally inhibited
by a calpain inhibitor (Figure 7A, inset, lane 3) but not by
a caspase inhibitor (Figure 7A, inset, lane 4). These results
suggest that a sequentialRII/âII cleavage process similar to
that we previously identified to be under the control of CaM
in Vitro (46) is activein ViVo. Finally, in parallel experiments,
the extent of cellular death was monitored after maitotoxin
treatment by the ability of the cells to stain with Ethidium-1
(Figure 7B). Progressive cell death occurs over the period
in which RII and âII spectrin are being rapidly cleaved.
While the correlation is not precise, it is noteworthy that
while all RII spectrin is proteolyzed by 90 min, cell death
continues to occur correlating with the onset and continued
proteolysis ofâII spectrin.

DISCUSSION

This report identifies five novel sites of calpain-catalyzed
cleavage inRII and âII-spectrin; establishes thatin ViVo (as
in Vitro) the proteolysis ofâII spectrin istrans-regulated by
CaM binding to theRII subunit; and establishes a correlation
betweenâII spectrin proteolysis and conditions eliciting
nonapoptotic cell death. These conclusions are supported by
several lines of evidence: (i) NH2-terminal microsequencing
identifies a second calpain cleavage site inRII spectrin at
G1230, immediately downstream of the primary calpain
cleavage site at Y1176 and the CaM binding domain ofRII-
spectrin; (ii) this site is only cleaved when CaM is bound;
(iii) microsequencing identifies a prominent CaM dependent
cleavage site inâII spectrin at Q1440, and secondary cleavage
sites at S1447 and L1482; (iv) additional, less favorable,
cleavages have been identified inâII spectrin including a
cleavage near the COOH-terminus that may include one
(A2067) previously identified (53); and (v) recombinantâII
spectrin peptides display identical calpain cleavage sites
whose susceptibility (in the absence of a pairedRII subunit)
is CaM independent. These cleavages are summarized in
Figure 8. Experiments in cultured cells using subunit or
epitope-specific antibodies establish a close correspondence
between the proteolytic products observedin Vitro and those
generatedin ViVo, and demonstrate that calpain cleavage of
RII spectrin can be activated in responsive cells by physi-
ologic receptors without cell death, such as by low-level
stimulation of glutamate receptors. Presumably, the early and
localized low-level cleavage of justRII spectrin occurs in
response to specific signals in susceptible cells and allows

FIGURE 7: Maitotoxin treatment of SH-SY5Y cells leads to
sequential cleavage ofRII/âII spectrin and cell death. (A) Cultured
SH-SY5Y cells were treated with 0.04 nM maitotoxin, and the time
course of spectrin breakdown was monitored by Western blotting
after SDS-PAGE analysis of cell lysates (20µg/lane) with PAb
RAFA (anti-RII spectrin);R-bdp-1 antibody; and PAb 10D (anti-
âII spectrin). Control cells were incubated for 3 h without
maitotoxin (ctrl). Duplicate experiments are shown for each time
point. Note the rapid breakdown ofRII spectrin vs the delayed loss
of âII spectrin. The positions of MW markers (÷1000) are depicted
on the right; prominent bdp’s are marked on the left. (B)
Densitometric evaluation of the extent of spectrin breakdown of
the gels shown in (A). The extent of maitotoxin-induced cell death
was also evaluated in parallel experiments of maitotoxin treated
cells, as measured by flow cytometry after Ethidium-1 staining.
Data points are the mean( SD of three determinations. Background
cell death (nonviable cells att ) 0) was subtracted from all points.
(Inset) Western blot with PAb RAFA of SH-SY5Y cells after 0.03
nM maitotoxin treatment,( inhibition of calpain or caspase. The
maitotoxin induced cleavage of spectrin was entirely inhibited by
the calpain inhibitor calpeptin, but not by the caspase inhibitor Z-D-
DCB. Lane 1: control SH-SY5Y cells. Lane 2: cells after 3 h of
maitotoxin treatment. Lane 3: 3 h, maitotoxin+ calpeptin. Lane
4: 3 h, maitotoxin+ caspase inhibitor.
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for membrane receptor rearrangements. While the correlation
of RII spectrin processing and/or calpain activation in
response to low level stimulation has been variably noted in
several previous studies (9, 18-21, 67), the participation of
âII spectrin cleavage in this process has gone unexamined.
It is thus interesting that under conditions promoting
glutamate toxicity, or actions directly inimical to the cell
such as Ca++ loading (e.g., by maitotoxin) (55), we
consistently find both very high levels of spectrin proteolysis
and cleavage of both theRII and âII subunits.

This study also highlights perhaps the clearest example
yet of trans-regulation between the two spectrin subunits.
Calmodulin binds exclusively to a single site inRII spectrin.
In the presence of bound CaM, new sites inRII spectrin
(G1230) and in âII spectrin (Q1440, S1447, and L1482) become
susceptible to calpain, and the rate of calpain cleavage of
âII spectrin is enhanced many fold. Since recombinantRII
spectrin peptides are not readily cleaved at the G1230 bond
(also see ref48), it follows that CaM must create a new site
favorable for cleavage by altering the tertiary conformation
of RII spectrin about G1230, a finding consistent with the
significant reordering of the 3-D structure of spectrin’s

calmodulin binding domain by bound CaM (51). Conversely,
isolatedâII spectrin recombinant peptides are readily cleaved
by calpain at the same site as in CaM-loadedRII/âII spectrin.
Based on the best available data for the alignment of the
two subunits (68), the preferred sites of cleavage inRII and
âII spectrin appear to be adjacent in the heterodimer (Figure
8). Thus, while conformational distortion ofâII spectrin by
CaM acting through theRII subunit cannot be rigorously
excluded, we favor (on the principle of parsimony) the
interpretation that calpain access to the susceptibleâII
cleavage site is blocked byRII spectrin in the intact
heterodimer, and that this blockage is relieved by the
conformational changes inRII spectrin elicited by CaM (or
possibly by the secondary cleavage ofRII-BDP150 toRII-
BDP145). It is unlikely that the susceptibility of isolatedâII
peptides derives from their failure to form a native-like
structure because they exhibit a level ofR-helix consistent
with intact spectrin (≈70% by CD measurement), and unlike
other proteases the determinants of calpain-specificity reside
not in a linear amino acid sequence but rather in complex
conformational determinants unlikely to be represented in a
denatured peptide (48).

FIGURE 8: Summary of the calpain cleavage sites inRII/âII spectrin. Schematic representation of the structure ofRII-spectrin andâII-
spectrin illustrates the sites of cleavage and size of the proteolytic fragments. Each subunit consists of three structural domains; domain II
contains 21 (R) or 17 (â) structural repeats. Nonhomologous sequence domains are present at either end of each subunit. (A) Cartoon of
RII spectrin subunit with calpain cleavage sites indicated. The calmodulin binding domain and a region of PEST sequence is indicated;
each homologous repeat unit is numbered. (B) Cartoon ofâII-spectrin showing the sites of calpain digestion. (C) Schematic illustration of
the relationship of the major digestion sites in theRâ-spectrin heterodimer. The structural depiction of the spectrin dimer and the alignment
of the two subunits with respect to each other is adapted from Speicheret al. (68). Note the alignment of the majorRII and âII calpain
cleavage sites in the two subunits.
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The correlation ofâII cleavage with cell-lethal manipula-
tion is an interesting one. While glutamate or NMDA
exposure of neurons may induce lethality, this is not an
obligate effect, and at least in the short term these compounds
may activate long-term potentiation and synaptic remodeling
without neuronal death (12, 21, 69). The factors that
determine whether glutamate exposed neurons survive or die
are complex and incompletely understood, and include
changes in nitrous oxide synthetase (70), protein kinase C
(71), the level of intracellular Ca++ and other cations (72,
73), and their interaction with glial cells (74, 75). Our results
suggest that the extent ofâII spectrin cleavage may be
another determining factor. Previously we have established
thatRII spectrin cleavage by calpain modifies spectrin, such
that it becomes a reversible actin cross-linking protein under
the control of Ca++ and CaM (54). The native (noncleaved)
protein constitutively cross-links actin and is not modulated
by Ca++ or CaM. Thus, by activating the calpain cleavage
of RII spectrin, glutamate stimulation of neurons would be
expected to convert a relatively fixed cortical spectrin-actin
lattice into one dynamically regulated by Ca++ and CaM,
presumably facilitating the changes in receptor organization
required for long-term potentiation (76) and synaptic plastic-
ity (12, 77). Conversely, cleavage ofâII spectrin by calpain
in Vitro leads to irreversible disassembly of the spectrin-
actin complex (54) and the loss of membrane anchoring sites
(52), mirroring thein ViVo disruption of the cortical spectrin-
actin skeleton characteristic of hypoxic cells (29, 78), the
early stages of apoptosis (in which both subunits of spectrin
are simultaneously cleaved) (55), or the effects of intracel-
lular calcium loading induced by maitotoxin in the experi-
ments reported here. We hypothesize that these associations
are more than coincidental, and suggest that the cleavage of
âII spectrin, whether by excessive activation of calpain (as
in glutamate toxicity or maitotoxin treatment) or by the action
of caspase during apoptosis (55), contributes to a degenera-
tive process whereby the spectrin-actin skeleton, membrane
integrity, and membrane protein organization are disrupted.
It is also interesting to note that while in this model CaM
acts as both a reversible regulator of skeletal plasticity and
the activator ofâII spectrin cleavage by calpain (with
consequential risk to the cell), it also acts at the same time
to protect spectrin from cleavage by several executioner
caspases (79). Thus, while activating susceptibility to calpain
cleavage, CaM may dampen or abrogate certain apoptotic
processes. The susceptibility of spectrin to calpain cleavage
is also regulated by reversible phosphorylation of Y1176 (49,
50). Thus, the regulation ofRII spectrin proteolysis appears
to be a point of convergence of several signal transduction
pathways. It will be important in future studies to determine
the functional consequences of the various regulated cleav-
ages described here, and whether cells can be rendered less
susceptible to nonapoptotic cell death by specific blocking
of âII spectrin cleavage.
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