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Mammalian cells require extracellular calcium ion toundergo
rapid plasma membrane repair seconds after mechanical dam-
age. Utilizing transformed fibroblasts from calpain small sub-
unit knock-out (Capns1�/�) mouse embryos, we now show that
the heterodimeric, typical subclass of calpains is required for
calcium-mediated survival after plasma membrane damage
causedby scraping a cellmonolayer. Survival of scrape-damaged
Capns1�/� cells was unaffected by calcium in the scraping
medium, whereas moreCapns1�/� cells survived when calcium
was present. Calcium-mediated survival was increased when
Capns1�/� cells were scraped in the presence of purified m- or
�-calpain. Survival rates of scraped Capns1�/�, HFL-1, or Chi-
nesehamster ovary cellsweredecreasedby the calpain inhibitor,
calpeptin, or the highly specific calpain inhibitor protein, cal-
pastatin. Capns1�/� cells failed to reseal following laser-in-
duced membrane disruption, demonstrating that their
decreased survival after scraping resulted, at least in part, from
failed membrane repair. Proteomic and immunologic analyses
demonstrated that the known calpain substrates talin and
vimentin were exposed at the cell surface and processed by cal-
pain following cell scraping. Autoproteolytic activation of cal-
pain at the scrape site was evident at the earliest time point
analyzed and appeared to precede proteolysis of talin and
vimentin. The results indicate that conventional calpains are
required for calcium-facilitated survival after plasmamembrane
damage and may act by localized remodeling of the cortical
cytoskeleton at the injury site.

Cells in multicellular organisms are constantly exposed to
mechanical stresses and must repair plasma membrane breaks
to survive (1, 2). Sustained breaks in the plasmamembrane lead
to loss of intracellular contents and necrotic cell death (3, 4).
Calcium entry through a disruption triggers intracellular vesi-
cles to fuse homotypically with each other, creating a “patch”

(5). This multivesicle patch is then thought to rapidly fuse with
the plasma membrane by a presently unknown mechanism to
restore membrane integrity. It has been demonstrated that
repair of breaks in skeletal muscle sarcolemma require the cal-
cium and phospholipid-binding protein, dysferlin (6). Loss-of-
function mutations of the latter are responsible for limb girdle
muscular dystrophy type 2B (7). Inability of dysferlin-negative
muscle fibers to undergo routine repair of sarcolemma disrup-
tion, it is hypothesized, leads to the muscle wasting observed in
limb girdle muscular dystrophy type 2B patients. More
recently, the calcium and phospholipid-binding protein
annexin-A1 has been shown to accumulate at plasma mem-
brane injury sites in BSC-1 andHeLa cells, where it may initiate
fusion events (8). Given the importance of extracellular calcium
in membrane repair, it is conceivable that other calcium and
phospholipid-binding proteins, including calpain proteinases,
could be involved in this process. In fact, previous studies have
indicated that calpain activity is required for the calcium-stim-
ulated healing of transected invertebrate giant axons (9) and
neurites of differentiated PC12 cells (10). However, the slow
resealing response in the neuronal processes (minutes) would
not be likely to salvage a significant fraction of cells injured
directly on the cell body and may differ mechanistically from
the much faster response of fibroblasts and other cells (sec-
onds) in resealing membrane disruptions.
Calpains are nonlysosomal, cysteine proteinases found in all

animal cells. There are 14 calpain gene family members repre-
sented in the human genome (11). Dysfunction of calpain-3 in
humans leads to limb girdlemuscular dystrophy 2A (7, 12). The
calpain gene family can be subdivided into typical calpains
(containing domain IV, composed ofmultiple EF-hand calcium
binding motifs) and atypical calpains. The most abundant cal-
pains in most tissues are the typical �- and m-calpains (also
called calpain-1 and -2, respectively). Both are heterodimers
composed of catalytic large subunits and a small, noncatalytic
subunit that is required for expression of proteinase activity.
TheCapns1 gene (also called Capn4) encodes the calpain small
subunit. Both calpains require calcium ion for activity in vitro.
However, their calcium affinities differ considerably. The
�-calpain isozyme requires �5–50 �M calcium ion for half-
maximum activity in vitro, whereas m-calpain requires �200–
800 �M calcium (11). Because of its high calcium requirement,
it is difficult to envision an intracellular role for m-calpain. It
has been reported that m-calpain is converted to a calcium-
independent form by epidermal growth factor receptor-
dependent phosphorylation (13). Exposure to extracellular
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calcium concentrations would potently activate m-calpain.
However, there have been few published reports of its presence
in the extracellular space (14–16).
Purified m- and �-calpains catalyze proteolysis of many pro-

teins. Physiologic substrates have been difficult to define, but
cytoskeletal proteins have emerged over the years as likely tar-
gets for calpain in cells (17, 18). Recently, talin has been identi-
fied as a physiologic calpain substrate. Talin is an important
regulator of integrin function and actin cytoskeleton remodel-
ing during formation of attachment plaques (19). Its proteolytic
modification by calpains to produce a 190-kDa fragment is
important in regulating deadhesion from the substratum dur-
ing fibroblast migration (20). The 190-kDa fragment was not
detected in protein immunoblots of lysed primary fibroblasts
from Capns1�/� mouse embryos (21), and these cells did not
migrate as rapidly as wild-type fibroblasts. The defective dead-
hesion and migration are thought to derive from differences in
cortical cytoskeletal remodeling, especially in formation and
disassembly of adhesion plaques. It has been suggested that
calpain-mediated cleavage of talin may be necessary for adhe-
sion plaque disassembly (21).
Cytoskeletal remodeling is important in the mechanism for

patching wounded plasma membrane (22), and exposure to
extracellular calcium concentrations upon membrane disrup-
tion would favor activation of intracellular calpains, especially
m-calpain. We here show, using loss of function (including
Capns1-null cells) and gain of function models, that calcium-
mediatedmembrane repair depends upon activation of the typ-
ical calpains. We have also begun to identify candidate proteo-
lytic substrates of wound-activated calpains.

EXPERIMENTAL PROCEDURES

Materials—SV40T2-transformed mouse Capns1�/� and
Capns1�/� fibroblasts were kindly provided by Drs. John Elce
and Peter Greer (Queen’s University, Kingston, Ontario, Can-
ada). The thiol-reactive biotinylation reagent, maleimide-
PEO2-biotin (MPB) was obtained from Pierce (catalog number
21902). Commercial antibodies included 8d4 anti-talin mouse
monoclonal and goat polyclonal anti-vimentin, obtained from
Sigma. Anti-�1-integrin mouse monoclonal was purchased
from Santa Cruz Biotechnology (catalog number sc-8978).
Mouse monoclonal antibodies against bovine calpain small
subunit and human calpastatin were prepared in house and
have been previously described (23). Chicken antibody against
rat m-calpain was a gift from Dr. Kevin Wang (University of
Florida).
Cell Culture—SV40T-transformed mouse fibroblasts were

routinely cultured in Dulbecco’smodified Eagle’s medium con-
taining 10% FBS. Neonatal cardiac myocytes, isolated as previ-
ously described (24), were cultured in 4:1 Dulbecco’s modified
Eagle’s medium/M199 medium without serum. Human skin
fibroblasts (ATCC CRL 1782) and HFL1 human lung fibro-
blasts (ATCCCRL153) were cultured in Iscove’s modified Dul-
becco’s medium containing 10% FBS. EcR-Chinese hamster

ovary cells conditionally expressing full-length human large
calpastatin (25) were routinely cultured in Ham’s F-12medium
containing 10% FBS. Calpastatin expression was induced,
where indicated, by 5 �M ponasterone A in the same medium.
For the cell scraping protocol, cells were usually grown in
12-well plates to �70–90% confluence. For biotinylation and
isolation of cell surface proteins from scraped cells, fibroblasts
were cultured in 150-mm dishes.
Laser Injury—Cells cultured in 35-mmdishes were subjected

to laser wounding at 37 °C in the presence of FM1-43 dye. Dye
uptake was monitored by time lapse image acquisition and
image analysis as previously described (22).
Scrape Injury—Culture medium was removed by aspiration

and replaced with 100 �l of Dulbecco’s PBS containing 5.6 mM

glucose and 0.33 mM pyruvate, pH 7.0 (scraping buffer), pre-
warmed to 37 °C. For most experiments, the scraping buffer
contained either 2mM calcium acetate (Ca2�), or 2mM calcium
acetate and 5mMEGTA (Ca2�/EGTA). The latter buffer results
in a free calcium ion concentration of about 10�8 to 10�7 M,
approximating basal free calcium levels inmost cells. Cells were
immediately scraped with a sterile plastic cell scraper (Corning
Costar catalog number 3010) for seven passes over a period of
�3 s. Further handling of the scraped cells depended on the
experiment and will be discussed in the appropriate sections
below. To assess the effect of the calpain inhibitor, calpeptin, on
survival, the cells were preincubated with calpeptin for 30 min
to 1 h before scraping, and calpeptin was also included in the
scraping buffer.
Immunodetection of Vimentin on the Surface of Scratched,

Resealed Cells—BSC-1 renal epithelial cells, a model cell type
for investigating scrape injury of monolayers (26), were
scratched in the presence of FDx as previously described (22).
Briefly, the cells were plated on sterile coverslips and allowed to
attach overnight. The cell monolayer was scratched at 37 °C
with a sterile 18-gauge needle in the presence of FDx in scraping
buffer and washed with ice-cold scraping buffer after 30 s to
remove FDx. The cells were fixed without permeabilizing and
immunostained with goat anti-human vimentin, followed by
rhodamine isothiocyanate-labeled anti-goat second antibody.
FDx retention in re-sealed cells, and vimentin surface labeling
were determined by fluorescence microscopy.
Cell Viability—Routinely, viability after cell scraping was

assessed by the spectrophotometric MTT reductase method,
employing an absorptionwavelength of 590 nm (27). Cells were
scraped as described above and incubated in scraping buffer for
various times at 37 °C. Dulbecco’s modified Eagle’s medium
containing 10% FBS was added, and the cells were cultured for
4–12 h beforeMTT reductasemeasurement. Inmany different
experiments, variation within this 4–12-h interval did not sig-
nificantly affect the recovery ofCapns1�/�orCapns1�/� fibro-
blast viability. Microscopic inspection of cultures prior to the
MTT assay affirmed that the variation in color was associated
with increase or decrease of cell number and not relative cellu-
lar content of MTT reductase. Nevertheless, to formally verify
the suitability of the MTT assay to assess viability within the
parameters of our studies, a clonal survival assay was carried
out (Fig. 1B). The percentage of cell survival was calculated as

2 The abbreviations used are: SV40T, simian virus 40 large T-antigen; FBS, fetal
bovine serum; FDx, fluorescein-labeled dextran; MTT, methylthiotetrazole;
MPB, maleimide-PEO2-biotin; PBS, phosphate-buffered saline.
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the A590 value of scraped cell assays divided by theA590 of non-
scraped cells from the same culture plate multiplied by 100.
Biotinylation and Subsequent Affinity Isolation of Cell Sur-

face Proteins—Fibroblasts grown in 150-mm dishes were
scraped in 1.0 ml of scraping buffer with or without additions,
using a large cell scraper (Corning Costar catalog number
3011). At various times thereafter, a freshly prepared aqueous
solution of MPB obtained from Pierce was added to a concen-
tration of 2 mM, and the samples were immediately placed on
ice. The maleimide functional moiety of MPB is expected to
react with the normally reduced Cys side chains of intracellular
proteins exposed at membrane tears. Unless otherwise stated,
all further stepswere at 4–7 °C. After 60min, dithiothreitol was
added to 20 mM to quench unreacted MPB, followed by a fur-
ther 10-min incubation. To remove cell debris, the cells were
washed by centrifugation three times at 200� g for 2min in 1.5
ml of scraping buffer containing calcium. In some experiments,
the first 200 � g supernatant was saved for preparation of a
200–21,000 � g pellet membrane fragment fraction. The
washed cells were resuspended in 1 ml of PBS, SDS was added
to 0.2%, and the samples were heated to 60 °C for 5 min. Triton
X-100 was added to 1%, and the lysates were left refrigerated
overnight. The lysates were centrifuged at 100,000 � g for 30
min, and 50 �l of UltraLink Neutravidin Plus� gel (Pierce) was
added to the resultant supernatants (�1 ml). The gel slurries
were rotated in the cold for 4 h to allow adsorption of biotiny-
lated proteins. The gels were collected by centrifugation at
2000 � g for 1 min and washed with 1.5 ml of PBS containing
0.1% SDS and 1% Triton X-100. After four more washes with
PBS containing 1% Triton X-100, the gel beads were resus-
pended in 150 �l of 3� diluted SDS-sample buffer (Invitrogen)
and heated to 70 °C for 20 min. The gels were removed by cen-
trifugation, and the proteins extracted in the SDS-sample
buffer were employed in gel electrophoresis and protein immu-
noblotting studies. Nonscraped control cells were carried
through all steps of the above protocol, except that they were
not scraped before placing on ice. Instead, they were scraped in
the cold 10 min after the addition of dithiothreitol to quench
MPB.
Electrophoresis and Protein Immunoblotting—Samples were

electrophoresed in Invitrogen precast 10% polyacrylamide gels
and electrophoretically transferred to nitrocellulose. Except
where otherwise indicated, a volume equivalent to 10% of the
total sample was loaded on the gel. Therefore, each isolated cell
fractionwas normalizedwith respect to total cell number in the
experiment.
An antibody was produced that recognizes vimentin only

after cleavage by calpain. Rabbits were immunized against the
short peptide SSVPGVC coupled through the carboxyl-termi-
nal Cys to BSA. This peptide corresponds to the amino termi-
nus of the major fragment of vimentin generated by cleavage
with calpain (28) and is conserved inmouse and human vimen-
tin. The antibody only recognized cleaved vimentin and
detected the predicted 46-kDa fragment on immunoblot anal-
ysis (supplemental Fig. S1). Because it is not produced by cleav-
age after an aspartyl residue, the calpain-specific cleavage site
should not be a good substrate for caspases, and indeed it is not
a known primary caspase cleavage site in vimentin (29). More-

over, the antibody did not recognize vimentin fragments gen-
erated by proteasome, the other major cytosolic protease in
animal cells, or by the model cysteine protease ficin (supple-
mental Fig. S1). A trace of the 46-kDa fragment was detectable
after cleavage with clostripain, another cysteine protease, but
only at the 5 min digestion time point. In contrast, calpain
cleavage generated a relatively stable fragment that was evident
after 50 min of digestion. Hence, the generation of the stable
46-kDa vimentin fragment appears to be a good marker for
calpain-mediated degradation of vimentin.
Proteomic Analysis—Approximately 10 �g of biotinylated

protein isolated from 1-min scraped Capns1�/� fibroblasts
was subjected to SDS-PAGE and colloidal Coomassie Blue
staining. Bands were cut from the gel and digested with
sequencing grade, modified trypsin (Promega) overnight at
37 °C. Peptides were extracted with 60% acetonitrile, 0.1%
trifluoroacetic acid and concentrated to �15 �l using a vac-
uum centrifuge. A 2-�l aliquot of the sample was separated
on a reverse phase column (75-�m inner diameter � 5 cm �
15 �m Aquasil C18 Picofrit column; New Objectives). The
eluent was directly introduced into an ion trap mass spec-
trometer (LCQ-Deca XP Plus; Finnigan) equipped with a
nanospray source. The mass spectrometer was operated on
a double play mode where the instrument was set to acquire
a full MS scan (400–2000 m/z) and a collision-induced dis-
sociation spectrum on the most abundant ion from the full
MS scan. Collision-induced dissociation spectra were either
manually interpreted or searched against an appropriate
nonredundant data base using the TurboSEQUEST
program.
Scrape Loading Fibroblasts—Fibroblasts were cultured in

6-well plates until�80% confluent. All procedureswere carried
out at 37 °C. Medium was removed, and the cells were washed
twice with 2 ml of PBS. After the PBS was thoroughly removed
by aspiration, 40 �g of purified bovine m-calpain, 40 �g of
human erythrocyte �-calpain, or 50 �g of human erythrocyte
calpastatin, isolated as previously described (30), were added in
200 �l of scraping buffer containing 100 �M EGTA. Control
samples contained buffer alone. The cells were scraped and
incubated for 10min to allow entry of the exogenous calpain or
calpastatin. To allow membrane resealing, the volume was
adjusted to 4 ml, and calciumwas added to 2mM. After 10 min,
the samples were centrifuged at 200� g, the supernatants were
removed, and the cells were resuspended in 0.5 ml of Hanks’
balanced salt solution containing 0.1% trypsin and 0.04%
EDTA. After 15min, the cells were centrifuged, and the trypsin
solution was aspirated. The cells were resuspended in 8 ml of
Dulbecco’s modified Eagle’s medium containing 10% FBS
(calcium concentration, 2 mM) and plated in 12-well plates at
1 ml of cell suspension/well. Samples of nonscraped control
cells were plated at the same density. MTT reductase activity
was determined 4 or 12 h later, as indicated for the specific
experiment.
Statistical Analysis—Where indicated, statistical compari-

sons utilized Student’s unpaired, two-tailed t test, with graphic
results expressed as mean � S.D. A p value less than 0.05 was
considered statistically significant.
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RESULTS

Capns1�/� mouse embryos, which lack m- and �-calpain
activity, die in utero after embryonic day E10.5 (31). Whereas
SV40T-transformed Capns1�/� embryonic fibroblasts differ
little from their Capns1�/� counterparts in general growth
properties (31), upon closer examination, they have a decreased
clonal growth rate (25), compromised haptokinetic migration,
and loss of central focal adhesions (21) compared with SV40T-
transformed Capns1�/� fibroblasts. Cells in culture are sub-
jected to plasma membrane wounding as they divide and
migrate (32–34). To determine if cell membrane repair was
compromised in Capns1�/� fibroblasts, we first applied a
standard cell woundingmethod, scraping from the substratum,
and measured survival. In eight independent experiments,
scraping wild-type fibroblasts in the presence of calcium led to
a highly significant increase in viability, relative to cells scraped
in the presence of Ca2�/EGTA (Fig. 1A). This observation is
consistent with a large volume of previously published work
demonstrating a calcium-dependent healing process in a vari-
ety of cell models (2). In contrast, the Capns1�/� fibroblasts
displayed virtually no increased viability when scraped in the
presence of calcium, as determined by the MTT reductase
method. We utilized a clonal survival assay experiment to vali-
date the results of the MTT studies (Fig. 1B).
If active calpain is required for calcium-enhanced survival

after membrane disruption, then inhibition of calpain activity
in Capns1�/� fibroblasts should eliminate the survival advan-
tage. Exposure of the cells to 20�M calpeptin immediately prior
to and during scraping eliminated the calcium effect on cell
viability (Fig. 1C). In contrast, calpeptin treatment did not fur-
ther decrease Capns1�/� fibroblast survival. Importantly, 10
�M calpeptin produced half-maximal inhibition of calcium-de-
pendent cell survival and �70% inhibition of calpain activity in
Capns1�/� cells (not shown). Although calpeptin is not strictly
specific for calpains, the concentrations of calpeptin used in our
studieswerewell below those required to inhibit the other iden-
tified calpeptin targets, proteasome (35) and phosphotyrosine
phosphatases (36). In another experiment, Capns1�/� fibro-
blasts were scraped in the presence of purified m- or �-calpain,
allowing their entry at the site of plasmamembrane disruption.
Their introduction by this method significantly enhanced
survival in medium containing calcium (Fig. 1D). Calcium
enhancement of survival after membrane damage was rapid.
The addition of excess EGTA only 5–10 s after scraping in the
presence of calcium had little effect on survival (Fig. 1E). In
summary, these studies indicate that the calcium-dependent
activation of typical calpains rapidly imparts a survival advan-
tage to Capns1�/� fibroblasts following plasma membrane
damage.
Calpains may have specific effects in transformed cells that are

not apparent in similar nontransformed cells (37). To address this
issue, calcium- and calpain-dependent recovery of MTT activity
after scraping was tested in two nontransformed cells: primary
neonatal rat cardiomyocytes and normal human skin fibroblasts
(Fig. 1F). In these experiments, the level of damage was greater
thanobserved for scraped SV40T-transformed fibroblasts.Never-
theless, the increased recovery of MTT activity observed after

scraping in the presence of calcium was completely abolished by
including 20 �M calpeptin in the scraping buffer. In most cells, a
highly specific inhibitor protein, calpastatin, regulates calpain
activity. Calcium-dependent cell survival of HFL1 normal human

FIGURE 1. Calcium-dependent survival of scraped SV40T-transformed
mouse fibroblasts depends on calpain activity. A, Capns1�/� and
Capns1�/� fibroblasts were cultured to 70% confluence in 12-well culture
plates and scraped in the presence of Ca2�/EGTA or 2 mM calcium acetate.
Cell viability was assessed by MTT reductase activity 12 h later. Results are
representative of eight independent experiments. *, p � 0.001 versus all other
experimental conditions (n � 3). B, clonal survival assay. Cells were scraped in
the presence of calcium or Ca2�/EGTA and incubated for 10 min at 37 °C. They
were trypsinized for 15 min and plated in triplicate 60-mm culture dishes at 25
cells/dish, based on the cell density before scraping. Seven days later, colo-
nies having at least 16 cells were scored. NS, not scraped. *, p � 0.05 versus
Capns1�/� scraped in Ca2�/EGTA (n � 3). C, fibroblasts were preincubated
with or without 20 �M calpeptin for 1 h and then scraped in 100 �l of calcium-
containing buffer with or without 20 �M calpeptin. After 10 min at 37 °C, 1.4
ml of culture medium was added, and MTT reductase activity was measured
after 4 h. *, p � 0.02 versus all other experimental conditions (n � 3).
D, Capns1�/� cells were scraped in the presence of purified bovine m-calpain
(m) or human �-calpain (�) or without additions (c) as described under
“Experimental Procedures.” Twelve hours later, MTT reductase activity was
measured. The percentage survival is relative to a nonscraped culture of iden-
tical density, diluted and replated at the same density as the scraped samples.
*, p � 0.02 versus c (n � 4). **, p � 0.001 versus c (n � 4). E, Capns1�/�

fibroblasts were scraped in the presence of buffer containing 2 mM calcium or
Ca2�/EGTA as indicated on the x axis. EGTA was added to 5 mM either 0.1 min
or 10 min after scraping in calcium buffer, as indicated in the figure. Medium
was added to the samples, and MTT reductase activity was measured 4 h later.
*, p � 0.01 versus Ca2�/EGTA (n � 3). **, p � 0.005 versus Ca2�/EGTA. F, human
skin fibroblasts (HF) or neonatal rat cardiomyocytes (RC) were scraped in 2 mM

calcium, Ca2�/EGTA, or 2 mM calcium plus 20 �M calpeptin (Ca2�/CP).
Medium was added after 10 min, and MTT reductase activity was measured
12 h after scraping. *, p � 0.02 versus Ca2�/EGTA or Ca2�/CP (n � 4).
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lung fibroblasts was compromised by the addition of purified cal-
pastatin in the scrapingmedium(Fig. 2A). Regulated expressionof
calpastatin in a transfected Chinese hamster ovary cell line also
decreased survival (Fig. 2B). Thus, the intracellular balance of cal-
pain and calpastatin levels may influence survival after plasma
membrane damage.
To further investigate the failure of Capns1�/� cells to sur-

vive scraping injury, we measured the acute consequences of
calpain loss of function on membrane resealing. It might be
argued that the previously noted defects in cortical cytoskeletal
organization (21) could result in a greater susceptibility of
Capns1�/� fibroblasts to scrape damage. When scraped in the
presence of trypan blue, �95% of Capns1�/� and Capns1�/�

cells were positive for this cell-impermeant dye (Fig. 3A). Thus,
although we cannot rule out a subtle effect of calpain loss of
function on membrane fragility, the decreased survival of
Capns1�/� fibroblasts after scrape damage did not simply
reflect a greater fraction of cells, compared with wild type,
undergoing gross membrane damage. Capns1�/� fibroblasts
appeared to reestablish impermeance to trypan blue more rap-
idly than Capns1�/� fibroblasts (Fig. 3A), consistent with their
increased survival. To visualize real time resealing in injured
fibroblasts, we used a laser-based assay (5) tomeasure resealing
kinetics. In this assay, staining of internal membranes, due to
entry of an otherwise membrane-impermeant dye, FM1-43, is
monitored microscopically over time after the laser disruption
(2). Resealing blocks further dye entry through the disruption
and hence halts cell staining. Measured whole cell fluorescence
therefore plateaus upon the completion of resealing. Although
theCapns1�/� fibroblasts resealedwithin 30 s after laser injury,
as indicated by the plateau in fluorescent staining (Fig. 3, B and
C; supplemental Video 1), Capns1�/� fibroblasts continued to
take up FM1-43 dye for at least an additional 2 min (Fig. 3;
supplemental video 2). These results indicate resealing failure
in the Capns1�/� cells.

To identify cytoskeletal calpain substrates at the site of
plasma membrane damage, fibroblasts were incubated with

MPB at various times after scraping and placed on ice to pre-
vent endosomal uptake of the reagent. Biotin-labeled surface
proteins were then affinity-purified by adsorption to Neutravi-
din gel as described under “Experimental Procedures.” As
anticipated, given the lack of maleimide-reactive sulfhydryl
groups on the undamaged cell surface, there was relatively little
labeling of nonscraped cells (Fig. 4A,NS lanes). The major pro-
tein isolated from scraped cells was vimentin, as revealed by
mass spectrophotometric analysis (not shown). Highmolecular
mass proteins (�100–250 kDa) were also evident in the biotin-
labeled fractions of both Capns1�/� and Capns1�/� fibro-
blasts, and they comprised a complex mixture of proteins that
were not sufficiently resolved to permit analysis by mass spec-
trophotometry.We confirmed that vimentin and the 100–250-
kDa proteins were biotinylated by probing protein blots with
alkaline phosphatase-labeled streptavidin (not shown). Thus,
they were not fortuitously co-purified with biotinylated surface
proteins after cell lysis. Consistent with the membrane reseal-
ing and cell survival studies, much less protein was labeled in
wild-type fibroblasts, indicating rapid repair of membrane
damage. Scraping of wild-type cells in the presence of Ca2�/
EGTA or the addition of calpeptin to the calcium-containing

FIGURE 2. Calpastatin decreases calcium-dependent survival after scrap-
ing. A, HFL1 human lung fibroblasts were scraped in the presence of calcium
alone (C), Ca2�/EGTA (E), calcium plus 20 �M calpeptin (CP), or calcium plus 4
�M calpastatin (CS). MTT reductase activity was measured after 6 h. *, p �
0.001 versus all other experimental conditions (n � 4). B, Chinese hamster
ovary cells stably transfected with calpastatin under control of the insect
ecdysone receptor were cultured for 4 days with or without 5 �M ponasterone
A to induce calpastatin expression. The cells were scraped in the presence of
calcium with or without 20 �M calpeptin, and MTT reductase activity was
measured after 6 h. *, p � 0.02 versus all other experimental conditions (n � 3).

FIGURE 3. Compromised plasma membrane repair in SV40T-transformed
Capns1�/� fibroblasts. A, Capns1�/� and Capns1�/� fibroblasts were
scraped in buffer containing 2 mM calcium acetate or Ca2�/EGTA. At the indi-
cated times after scraping, trypan blue dye was added, and the samples were
assessed microscopically for dye uptake. At least 100 cells were counted for
each of triplicate data points. B, Capns1�/� and Capns1�/� fibroblasts in cal-
cium-containing buffer were injured by a pulsed laser beam in the presence
of cell-impermeant FM1-43 dye. The arrows indicate the sites of laser damage.
The Capns1�/� fibroblasts did not reseal, as shown by increased FM1-43
uptake over a 2-min interval. Bar, 20 �m. C, time course of membrane reseal-
ing after laser injury.
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scraping buffer resulted in increased labeling of surface pro-
teins to approximately the level observed in scrapedCapns1�/�

cells (Fig. 4B).
Trace amounts of cleaved talin were detected in whole cell

lysates of Capns1�/� fibroblasts scraped in the presence of cal-
cium (Fig. 5A). In contrast, talin fragmentation was not
detected in Capns1�/� fibroblasts scraped in the presence of
Ca2�/EGTA and was decreased by scraping in the presence of
20 �M calpeptin. No talin fragmentation was detected in
Capns1�/� cell lysates under any of the experimental condi-
tions. Analysis of biotin-labeled and affinity-purified proteins
demonstrated that talin was exposed after scraping (Fig. 5B).
Unlike the results obtained with the whole cell lysates, much of
the biotin-labeled talin in scraped Capns1�/� cells was present
as the 190-kDa calpain-generated fragment. One minute after

scraping, nearly one-half of the exposed talin was cleaved. By
12–30 min postscraping, the talin signal was reduced (Fig. 5, B
and C), indicating that it had been cleared from the site of dam-
age or masked by an ongoing cell surface repair process. There
was no detectable increase in fragmentation of talin 12 min
after scraping of Capns1�/� fibroblasts (Fig. 5B). As antici-
pated, inclusion of calpeptin prevented cleavage of exposed
talin in scraped Capns1�/� fibroblasts (Fig. 5C). Vimentin was
also processed in scraped Capns1�/� fibroblasts (Fig. 5B, bot-
tom) but to a lesser extent than talin.

Because vimentin was themajor intracellular protein labeled
by MPB after cell scraping, we carried out further experiments
to establish its expression on the outside cell surface after dam-
age and its calpain-dependent processing. BSC-1 cells were
scratch-loaded with FDx as described under “Experimental
Procedures,” allowed to reseal, and immunostained for vimen-

FIGURE 4. Expression of cytoplasmic proteins at the cell surface after
scrape damage. Capns1�/� or Capns1�/� fibroblasts were scraped in the
presence of calcium and labeled at various times thereafter with MPB, as
described under “Experimental Procedures.” Subsequently, cells were
washed and lysed. Biotin-labeled proteins were affinity-purified by adsorp-
tion to Neutravidin gel, and one-tenth aliquots of the affinity-purified pro-
teins were applied to SDS-PAGE and Coomassie-stained. A, time course for
surface expression of Capns1�/� and Capns1�/� cytoplasmic proteins. NS,
not scraped. Lys, 10 �g of total cell lysate protein from Capns1�/� fibroblasts.
Capns1�/� fibroblast lysate gave essentially the same pattern (not shown).
*, the position of protein bands that were detected with Neutravidin gel
alone. B, Capns1�/� fibroblasts were scraped in the presence of Ca2�/EGTA
(E), 2 mM calcium plus 20 �M calpeptin (CP), or 2 mM calcium alone (�). After 12
min, MPB was added, and labeled proteins were subsequently isolated. In this
experiment, the cell lysate was centrifuged at 22,000 � g instead of 100,000 �
g (see “Experimental Procedures”). As a result, additional proteins were
observed (e.g. immediately above the vimentin bands). C, immunodetection
of vimentin (Vim) on the surface of resealed cells. Monolayer BSC-1 cells were
scratched in the presence of FDx, as described under “Experimental Proce-
dures,” washed, and immunostained for vimentin without permeabilization.
The asterisk indicates the scratched region of the coverslip. Cells that reseal
after membrane damage immunofluoresce for trapped FDx and are indicated
by arrows. Note the rhodamine isothiocyanate immunolabeling of vimentin
on the same resealed cells in the right panel.

FIGURE 5. Fragmentation of talin and vimentin after cell scraping. Fibro-
blasts were scraped in the presence of Ca2�/EGTA or 2 mM calcium. After 1
min, SDS-sample buffer was added, and talin cleavage was assessed by
immunoblot analysis. A, whole cell lysates prepared after scraping with or
without 20 �M calpeptin. *, trace amounts of talin fragment detected in the
Capns1�/� fibroblasts scraped in the presence of calcium. Note that calpeptin
attenuated talin cleavage in the Capns1�/� cells scraped in the presence of
calcium. Little cleavage occurred in the absence of calcium, and little cleavage
was noted in Capns1�/� cells in any of the conditions. Nonscraped (NS) con-
trol lysates were loaded on the right side of the gel. B, surface proteins were
biotinylated at the indicated times after scraping and isolated by adsorption
to Neutravidin gel. Note the increased proportion of fragmented talin (aster-
isk) in the Capns1�/� samples compared with the whole cell lysates in A.
Vimentin (vim) was also cleaved in the Capns1�/� sample (lower panel).
C, calpeptin inhibited the accumulation of talin fragment. Capns1�/� fibro-
blasts were scraped and biotinylated as in B, except that 20 �M calpeptin was
included in the scraping buffer where indicated. Note that less talin was iso-
lated 30 min after scraping compared with 12 min.
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tin without permeabilization. In this procedure, cells that suc-
cessfully reseal retain FDx, whereas those that are irreversibly
damaged lose FDx during the subsequent washout and do not
fluoresce. Extracellular vimentin immunolabeling was detected
at the edges of cell wounds that had resealed, as evidenced by
FDx retention in the cells (Fig. 4C), indicating that vimentinwas
externalized upon damage and remained accessible to the anti-
body after successful plasma membrane repair. To show that
calpain directly processed vimentin, we utilized a cleavage site-
specific antibody (see “Experimental Procedures”). The 46-kDa
calpain-specific vimentin fragment was detected in the biotin-
ylated, surface-exposed fraction shortly after scraping HFL1
fibroblasts and was most evident at the 1-min time point (Fig.
6). Calpains rapidly accumulated at the scrape site, and calpain
small subunit underwent very rapid autoproteolytic cleavage to
17–26-kDa fragments, a hallmark of calpain activation (11, 38).
The extensive autoproteolysis only 0.1min after scrape damage
(Fig. 6, SSU panel) is consistent with calpain activation imme-
diately prior to vimentin processing. As anticipated, calpeptin
blocked vimentin cleavage and calpain autoproteolysis. It also
increased the content of calpain associated with the damage
site, as reflected in the increased intensity of calpain-immuno-
reactive bands on the right side of Fig. 6. Thus, inhibition by
calpeptin did not prevent calpain accumulation at the site of
membrane injury but probably prevented its turnover by auto-
proteolysis, allowing accumulation of native calpain.
If calpains rapidly process talin, vimentin, and perhaps other

cytoskeletal proteins at the site of membrane damage, they
should accumulate at nascent plasma membrane wounds and
escape the inhibitory activity of endogenous calpastatin. To

address this proposition, we compared relative amounts of
vimentin, calpain, and calpastatin in the biotinylated and non-
biotinylated fractions of cells at various times after scraping, as
described under “Experimental Procedures.” In addition, we
were interested in the composition of the cell fragments gener-
ated upon cell scraping that sedimented between 200 and
21,000 � g, and these were analyzed as well. Just as observed in
the mouse cell studies, little of the total HFL1 protein was iso-
lated byNeutravidin affinity purification (Fig. 7A, B lanes), and,
again, vimentin was the major protein present in this fraction.
The cellular proteins that did not bind to Neutravidin gel (N in
Fig. 7A) did not appear to undergo gross proteolytic processing,
consistent with a localized activation of calpains at the site of
plasma membrane damage. Interestingly, the proteins in the
200–21,000 � g membrane fraction isolated from the post-
scraping medium (Fig. 7A, lanes F) were enriched in actin and

FIGURE 6. Calpain accumulated at the scrape injury site and was activated
prior to vimentin cleavage. HFL1 human fibroblasts were scraped in the
presence of calcium with or without the addition of 20 �M calpeptin and
biotinylated with MPB at various times thereafter as described under “Exper-
imental Procedures.” After Neutravidin affinity gel purification, 10 �g of pro-
tein from each sample was electrophoresed, blotted, and immunostained
with antibodies against vimentin (Vim), calpain-cleaved vimentin (vim frag),
m-calpain large subunit, and calpain small subunit (SSU). *, relative migration
of the 46-kDa calpain-generated vimentin fragment. NS, nonscraped.

FIGURE 7. Distribution of calpain and calpastatin to the cell surface and
cell fragment fractions after scrape injury. HFL1 cells were scraped and
biotinylated at various times. The biotinylated proteins were affinity-purified
on Neutravidin gel and subjected to SDS-PAGE in 10% polyacrylamide gels.
The gels were either stained with Coomassie Blue (A) or electroblotted for
immunologic studies (B). Lanes B, proteins purified by Neutravidin affinity
chromatography. Lanes marked n, proteins that did not bind to the Neutravi-
din gel. Lanes F, cell fragments present in the scraping medium after the
60-min labeling period with MPB were obtained in the supernatant of the first
centrifugation step at 200 � g (see “Experimental Procedures”). They were
concentrated by sedimentation at 21,000 � g and heated in 60 �l of SDS
sample buffer for electrophoretic analysis. Note that membrane fragments
are observed in the nonscraped control fraction (NS). As stated under “Exper-
imental Procedures,” these cells were not scraped prior to the addition of
MPB, but they were scraped after the 60-min incubation on ice. Sample loads
were as follows. A, 10 �l/lane; B, 20 �l/lane for lanes B and 5 �l/lane for lanes N
and F. ssu, small subunit.
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had little vimentin (Fig. 7, A and B). Moreover, predominant
135- and 36-kDa proteins were evident, and proteins of this size
are major components of the matrix vesicle particles released
from fibroblasts and other cell types during migration in cul-
ture (32). Matrix vesicle particles sediment between 200 and
21,000 � g, are enriched in actin, and contain little vimentin.
The 135-kDa protein in matrix vesicles has been identified as
integrin-�1 (32), and immunoblot analysis revealed its substan-
tial enrichment in the cell fragment fraction (Fig. 7B).

Both calpain and calpastatin were present in the biotinylated
fraction immediately after scraping (Fig. 7B, 0.1min time point,
lane B). However, both calpain small subunit (ssu) and m-cal-
pain large subunit (m-calp) were more highly enriched in this
fraction relative to calpastatin (cast); there was greater staining
intensity of the two calpain subunits relative to nonbound cal-
pain (compare lanes B and N), whereas calpastatin staining
intensity in the Neutravidin-bound and nonbound lanes was
approximately equivalent. Importantly, as noted in Fig. 6, the
calpain small subunit underwent autoproteolysis, indicating
that the amount of co-localized calpastatin was not sufficient to
totally inhibit calpain activity. Although the content of surface-
labeled calpain appeared to decrease slightly at 12 min post-
scraping, calpastatin immunoreactivity was nearly absent at
this time. The distribution of calpain and calpastatin to the cell
fragment fraction (Fig. 6B, F lanes) was even more striking.
Calpain content was markedly elevated relative to the non-
bound fraction. At the 0.1 min time point, the predominant
form of calpastatin bound to the cell fragments was the 117-
kDa species, which contains an amino-terminal L-domain
responsible for binding to acidic phospholipids (39) and the
cytoplasmic region of plasma membrane L-type calcium
channels (40).

DISCUSSION

In the present study, we have shown that Capns1 ablation
prevented the calcium-dependent resealing of plasma mem-
brane wounds in SV40T-transformedmouse fibroblasts. Previ-
ous studies had provided indirect evidence for a role of one or
more of the calpains in the repair of transected axons and neu-
rites (9, 10).However, the time course ofmembrane resealing in
the cell body of a fibroblast or many other nonneuronal cells
occurs on a seconds time scale (2) rather than on the order of
minutes, as observed for neuronal processes (10). Based on this
and other data, it has been proposed that resealing in neuronal
processes is, in its early phases at least, mechanistically distinct
from that occurring in the “body” of other cell types. In the
neuron, but not other cells so far studied, patch formation
awaits an endocytosis-derived intracellular membrane supply.
Studies of neurons did not determine which step in the reseal-
ing response of the neuron requires calpain. The current inves-
tigation shows that calpain activation within the first few sec-
onds following injury is sufficient to salvage cell viability (Fig.
1E). Its role, as discussed below,may be in the rapid cytoskeletal
remodeling that accompanies the fusion events of plasma
membrane resealing. This is the first investigation to establish a
requirement for Capns1 and probably the typical calpains, m-
or �-calpain, in fibroblast plasmamembrane resealing. Expres-
sion of the other typical calpains appears to be restricted to

specific tissues (41), and to our knowledge, they have not been
found in fibroblasts. Calpains may be required for resealing
membrane breaks in other mammalian cells as well. Prelimi-
nary studies suggest that cardiomyocytes require calpain for
membrane repair (Fig. 1F).
Talin and vimentin fragmentation within seconds after

injury is consistent with the notion that calpain activity is
required for cytoskeletal remodeling immediately after mem-
brane disruption. Previous studies have shown that removal of
the actin cytoskeleton is a critical early event for resealing (22).
Calpain-dependent disassembly of the damaged actin network
may serve to prepare thewound area for subsequent events that
initiate restoration of the cortical cytoskeleton. Indeed, it is well
established in the amphibian oocyte system that wound closure
requires an actomyosin contractile ring that forms de novo at
the site of damage and recruits adjacent cortical actin fibers to
fill in the wound (42). Contractile ring formation requires sev-
eral min. If a similar mechanism exists in fibroblasts and other
somatic cells, calpain-catalyzed cleavage of talin and vimentin
would precede contractile ring formation (Fig. 4A), consistent
with a role for calpain in clearing cytoskeleton remnants at the
damage site prior to formation of a new cortical actin layer.
Although it appears that talin and vimentin are processed by
calpains immediately following injury, it is not presently clear
which of these proteins, if either, must be cleaved to allow
enhanced survival.Moreover, the extent of cytoskeletal remod-
eling that is required for increased survival is also unknown.
Thus, although calpains appear to be activated within the first
measurable time point following injury (Fig. 6, SSU panel, at 0.1
min), maximum vimentin fragment generation seems to take
longer (1 min postscraping in Fig. 6). It is possible that much of
this vimentin proteolysis occurred after the calpain-dependent
survival event, which appeared to require only a brief exposure
to calcium (Fig. 1E). Technical limitations, including the rapid-
ity of calcium effects on survival, have prevented us from pin-
pointing proteolytic events that are required for survival, and
alternative approaches will be necessary to address this impor-
tant issue.
The balance of calpain and calpastatin content at the wound

site is probably important for regulation of membrane repair
(Fig. 2), and calpastatin association with the luminal surface of
the plasma membrane may be especially critical. It has previ-
ously been suggested that calpastatin is localized at the plasma
membrane to prevent spurious activity of calpains in the usual
physiologic setting. For example, association of the 117-kDa
form of calpastatin with L-type calcium channels on the plasma
membranemayprevent their calpain-mediated cleavage during
rapid calcium entry (43). Within the context of the current
study, removal of localized 117-kDa membrane-associated cal-
pastatin is brought about in part directly by mechanical dam-
age, since this form is shed in the membrane fragment fraction
(Fig. 7B, 0.1 min, lane F). This rapid, direct removal of localized
calpastatin could facilitate the calpain-mediated processing of
cortical cytoskeletal proteins during membrane repair. The
membrane fragment fraction described in the present work is
similar in composition to the naturally occurring matrix vesi-
cles shed during cell migration, lending support to the concept
that a similar calpain-mediated membrane resealing may
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accompany cell movement. Further study is required to deter-
mine whether calpain-dependent clearing of residual calpasta-
tin at the injury site is also important.
In summary, we herein provide the first evidence for a rapid,

cell life-sustaining event requiring �- or m-calpain activity.
Moreover, the present findings suggest the need to reassess the
rationale for application of calpain inhibitors as therapeutic
agents to prevent pathologic activation of calpains. As we have
shown here, calpains appear to have immediate protective
effects following mechanical damage of the plasma membrane,
and it may be beneficial to enhance this early function. For
example, membrane-impermeant calpain activators might aid
calpain-dependent repair of plasma membrane tears while
avoiding enhancement of intracellular calpain functions,
including their participation in apoptosis and necrosis. Devel-
opment of such activators could provide valuable therapeutic
agents for treating diseases associated with plasma membrane
fragility, including Duchenne and other muscular dystrophies.
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