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Caspase-7 is an executioner caspase that plays a key role in
apoptosis, cancer, and a number of neurodegenerative diseases.
The mechanism of caspase-7 activation by granzyme B and
caspase-3 has been well characterized. However, whether other
proteases such as calpains activate or inactivate caspase-7 is not
known. Here, we present that recombinant caspase-7 is directly
cleaved by calpain-1 within the large subunit of caspase-7 to
produce two novel products, large subunit p18 and p17. This
new form of caspase-7 has a 6-fold increase in Vmax when com-
pared with the previously characterized p20/p12 form. Zymog-
raphy revealed that the smaller caspase-7 product (p17) is
18-fold more active than either the caspase-3-cleaved product
(p20) or the larger calpain-1 product of caspase-7 (p18). Mass
spectrometry and site-directed mutagenesis identified the cal-
pain cleavage sites within the caspase-7 large subunit at amino
acid 36 and 45/47. These proteolysis events occur in vivo as indi-
cated by the accumulation of caspase-7 p18 and p17 subunits in
cortical neurons undergoing Ca2� dysregulation. Further,
cleavage at amino acid 45/47 of caspase-7 by calpain results in a
reduction in nuclear localization when compared with the
caspase-3 cleavage product of caspase-7 (p20). Our studies sug-
gest the calpain-activated form of caspase-7 has unique enzy-
matic activity, localization, and binding affinity when compared
with the caspase-activated form.

Apoptosis is a well-defined cellular destruction pathway
that primarily utilizes a family of cysteine proteases, the
caspases (1, 2). This cell death program can be initiated by
cell death receptor activation (extrinsic pathway) or a variety
of drugs or cellular stresses (intrinsic pathway) leading to
activation of apical caspase-8, -9, and/or -10 (1, 3, 4). These
initiator caspases in turn directly activate the executioner
caspases, caspase-3 and -7, which through proteolysis of
defined substrates are responsible for the dismantling of the
cell and subsequent death (3, 4). Granzyme B, released by
cytotoxic T lymphocytes to protect the host from pathogens
and tumor cells, can also initiate this apoptotic cascade and
therefore is considered an apical caspase mimic (5–7). All
caspases, as well as granzyme B, preferentially cleave after
aspartic acid residues, with many having well-defined con-
sensus sequences, making substrate cleavage sites easy to
predict and establish (3, 4, 7, 8).

Caspases exist in a latent form prior to activation. Both the
initiator and executioner caspases are synthesized as a single
chain protein, which require proteolytic cleavage to become ac-
tive. Procaspase-7 is expressed as a 303-amino acid residue
polypeptide chain. The activation and regulation of execu-
tioner caspase-7 by caspases and granzyme B has been exten-
sively studied. Caspase-7 requires cleavage by caspase-3 and
caspase-8/-10 or granzyme B, for activation (6, 9). Current
evidence suggests that caspase-3 initially cleaves off the first
23 amino acids (propeptide, 2 kDa), followed by caspase-
8/-10 or granzyme B cleaving between the large (20 kDa) and
small (12 kDa) subunit after amino acid 198 to activate the
enzyme. The large subunit containing the catalytic His-237
and Cys-285 (caspase-1 numbering convention), and the
small subunit are involved in the formation of the substrate-
binding region. In vitro, granzyme B can also activate
caspase-7 independently of caspase-3, but this does not
appear to occur in vivo (5, 6). Currently, there is no evidence
that other classes of proteases play a role in activating or
modulating caspase-7 activity.
Changes in intracellular Ca2� levels influence apoptosis in a

number of cell types (10–13). Because inmany of these apopto-
tic cell models the Ca2�-dependent cysteine proteases, cal-
pains, are activated upstream of caspases (14–16), it is possible
that calpains may activate and/or modulate caspase activity via
direct cleavage. Studies directed at understanding calpainswith
respect to caspase activation are limited. Calpain-2 was shown
to cleave procaspase-9, decreasing its activity (17). In the same
study, calpain-2 treatment cleaved procaspase-7 to produce a
single, novel fragment, but in this case the effect on enzymatic
activity was not investigated (17). To improve our understand-
ing of calpains and the role of calcium in cell death, we carried
out studies directed at understanding how calpains activate or
modulate caspase activity. We found that calpain treatment
produced a large increase in caspase-7 activity. Calpain cleaves
procaspase-7 to produce two large subunits of 18.5 and 17.2
kDa, the smaller of which has a robust increase in activity rela-
tive to the 20-kDa large subunit produced by caspase-3 cleavage
of caspase-7. Both calpain cleavage sites in caspase-7 are iden-
tified using mass spectrometry.N-methyl-D-aspartate-induced
Ca2�-dependent cell death in primary cortical neurons pro-
duced calpain-derived caspase-7 cleavage products in vivo.
Lastly, the strictly cytosolic localization of the smaller calpain
fragment confirms that a previously identified nuclear localiza-
tion signal (18) is involved in caspase-7 cytosolic/nuclear distri-
bution. Our data suggest that increases in Ca2� leading to acti-
vation of calpainsmay significantlymodulate caspase-7 activity
and thus, apoptosis.
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MATERIALS AND METHODS

Plasmids and Enzymes—Caspase-1 through caspase-3 and
caspase-5 through-10 plasmids and active caspase-7, -8, -10,
and -11 were gifts fromGuy Salvesen. Caspase-4 plasmid was a
gift from Jean-Louis Lalanne. Mouse caspase-12 and human
caspase-13 plasmids were cloned into pcDNA3 by PCR ampli-
fication and sequenced. Procaspase-7, truncated caspase-7,
active caspase-1 through caspase-6 and granzyme B were pur-
chased fromBiomol. Calpain-1was obtained fromCalbiochem,
and calpain-2 was obtained from Sigma.
Mutagenesis of Caspase-7 Construct—Site-directed muta-

genesis was used to identify and evaluate calpain cleavage of
caspase-7. Amino acids 35–37, 44–46, and 46–48were deleted
individually in the pcDNA3-caspase-7-FLAG construct (9).
Amino acids 43–46 were subsequently deleted from the
pcDNA3-caspase-7 (�46–48)-FLAG construct to produce a
�43–48mutant. The aspartate at amino acid 23wasmutated to
an asparagine in pcDNA3-caspase-7-FLAG construct to use as
control. Sites were deleted or mutated by polymerase chain
reaction mutagenesis using the following primers: caspase-7
�35–37, F 5�-GGTCCTCGTTTGTACCGTCCAAGAAGAA-
GAAAAATGTC-3�, R 5�-GACATTTTTTCTTCTTCTTGG-
ACGGTACAAACGAGGACC-3�; caspase-7 �44–46, F 5�-
GTAAGAAGAAGAAAAATGTCTCCATCAAGACCACCC-
GGG-3�, R 5�-CCCGGGTGGTCTTGATGGAGACATTTTT-
CTTCTTCTTAC-3�; caspase-7�46–48, F 5�-GAAGAAAAA-
TGTCACCATGAAGACCACCCGGGACCGAG-3�, R 5�-CTC-
GGTCCCGGGTGGTCTTCATGGTGACATTTTTCTTC-
3�; caspase-7 �43–45, F 5�-CAGTAAGAAGAAG-AAAAAT-
AAGACCACCCGGGACCGAG-3�, R 5�-CTCGGTCCCGG-
GTGGTCTTATTTTTCTTCTTCTTACTG-3�; D23N, F 5�-
GCAAATGAAGATTCAGTGAATGCTAAGCCAGACCG-
GTCC-3�, R 5�-GGACCGGTCTGGCTTAGCATTCACTGA-
ATCTTCATTTGC-3�. Polymerase chain reactions were
performed using 100 ng ofDNA, 5.0�l of 10�Pfu buffer (Strat-
agene), 0.2 mM dNTPs (Promega), 125 ng each of forward and
reverse primers (Integrated DNA Technologies), 5.0% Me2SO,
and 1.0�l Pfu polymerase (Stratagene) for 16 cycles at 96 °C for
1 min, 55 °C for 1 min, and 65 °C for 20 min, then 65 °C for 7
min. Plasmids were DpnI (Promega)-treated, transformed into
XL1-Blue supercompetent cells (Stratagene), and purified
using the QIAprep Spin Miniprep Kit (Qiagen). Mutations
were confirmed by DNA sequencing.
Caspase-7C-terminalConstructs—Caspase-7 constructs repre-

senting the C terminus of caspase-7 after cleavage with calpain
(amino acids 37–303 and 48–303) or caspase-7 (amino acids
24–303) were made utilizing the pcDNA3-caspase-7-FLAG con-
struct (9). The caspase-7 C-terminal products were amplified
using polymerase chain reaction with the following primers:
caspase-7 24–303, F 5�-AAACTAGGTACCTAGGCCATGG-
CTAAGCCAGAC-3�; Cs7 37–303, F 5�-AAACTAGGTACC-
TAGGCCATGAGTAAGAAGAAG-3�; Cs7 48–303, F 5�-AAA-
CTAGGTACCTAGGCCATGATCAAGACCACC-3�; caspase-
7-FLAG, R 5�-TGCATGCTCGAGCTACTTGTCATCGTCG-
TCCTT-3�. Polymerase chain reactions were performed using
100 ng of pcDNA3-caspase7-FLAG, 5.0 �l of 10X Pfu buffer
(Stratagene), 0.2 mM dNTPs (Promega), 100 ng each of forward

and reverse primers (Integrated DNA Technologies), 5.0%
Me2SO, and 1.0 �l Pfu polymerase (Stratagene) for 30 cycles at
95 °C for 1min, 56 °C-62 °C for 1min, and 72 °C for 3min, then
72 °C for 10min. Sampleswere purified using theQiaquick PCR
Purification Kit and Qiaquick Gel Extraction Kit (Qiagen).
DNA inserts were then cleaved with Xho1/KPN1 (Promega),
re-purified, and ligated to an Xho1/KPN1-treated pcDNA3
plasmid using T4 DNA ligase (Promega) overnight at 16 °C.
Final constructs were verified using DNA sequencing.
In Vitro Protein Synthesis and Cleavage—Caspase constructs

were translated with 35S-labeledmethionine (Promega coupled
kit) and incubated with 9.0 units of calpain-1 in Nonidet P40
buffer (19) with 5�Mdithiothreitol (DTT)2 and 20mMCaCl2 at
30 °C for 30 min. Reactions were terminated by addition of
EDTA, SDS sample buffer, and boiling. One unit of calpain is
defined as the amount of enzyme that will hydrolyze 1 pmol of
Suc-LLVY-AMC in 1 min at 25 °C using the Fluorogenic Cal-
pain Activity Assay kit (Calbiochem).
Caspase Activity Assays—Purified procaspase-7, ��

caspase-7 (no prodomain) or active caspases were treated with
calpain-1 (9.0 units) or calpain-2 (100 units) for 30min at 30 °C
in Nonidet P40 buffer with 5 �M DTT and 20 mM CaCl2. In
some cases, samples were co-incubated with granzyme B (200
units). One unit of granzyme B is defined as the amount of
enzyme that will hydrolyze 1 pmol of Ac-IEPD-pNA in 1min at
30 °C. Following incubation, caspase activity was measured
using appropriate fluorescently tagged substrates. Substrates
used were: Ac-YVAD-AFC (Biomol) for caspase-1, -4, -5, and
-11, Ac-VDVAD-AMC (Biomol) for caspase-2, (z-DEVD)2-
R110 (Cell Technology, Inc) and Ac-DEVD-AMC (Biomol) for
caspase-3 and -7, Ac-IETD-AMC (Biomol) for caspase-6 and -8
and Ac-LEHD-AFC (Biomol) for caspase-10. Change in fluo-
rescence was measured in a caspase assay buffer (20 mM Pipes,
pH 7.2, 100mMNaCl, 1%CHAPS, 10% sucrose, 10mMDTT) at
37 °C for 1 h in a SpectraMAX Gemini fluorimeter (Molecular
Devices Corporation). A Student’s t test or one-way analysis of
variance with Tukey’s multiple comparison test was used to
determine statistical significance.
WesternAnalysis—Superfect reagent (Qiagen) was used for

transient transfections in human embryonic kidney 293T
cells with the pcDNA3-caspase7-FLAG constructs described
above. Primary cortical cultures were made from ED16 mice
and treated with AraC for 24 h at 3 DIV. Cultures were
treated with 0, 100, or 250 �M N-methyl-D-aspartate for 3 h
at 12 DIV. Cells were lysed with mammalian protein extrac-
tion reagent (MPER, Pierce) or fractionated into cytoplasmic
and nuclear fractions with the NE-PER nuclear and cytoplas-
mic reagents (Pierce) in the presence of protease inhibitors
(Complete mini, Roche Applied Science). Protein was deter-
mined using a BCA assay kit (Pierce). In some cases, samples
were treated with 0.9 to 12.0 units of calpain-1 at 30 °C for 10 to
30 min with or without co-incubation with 200 units of gran-

2 The abbreviations used are: DTT, dithiothreitol; CHAPS, 3-[(3-cholamidopro-
pyl)dimethylammonio]-1-propanesulfonic acid; MALDI-TOF, matrix-as-
sisted laser desorption/ionization-time of flight; vMALDI, vacuum matrix-
assisted laser desorption/ionization; LTQ, linear trap quadrupole; PARP,
poly(ADP-ribose) polymerase.
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zyme B. Samples were boiled in NuPAGE sample buffer
(Invitrogen) with 50 mM DTT, resolved on a 12% polyacrylam-
ide gel and transferred to nitrocellulose. Blots were probedwith
the following antibodies: polyclonal caspase-7 9492 (1:200, Cell
Signaling), polyclonal-cleaved caspase-7 9491S (1:200, Cell Sig-
naling), polyclonal DYKDDDDK tag 2368 (1:200, Cell Signal-
ing), polyclonal DYKDDDDK tag T503 (4.0 �g/ml, Signalway
Antibody), monoclonal �-tubulin T-6119 (1.0 �g/ml, Sigma),
polyclonal calreticulin (1:20,000, Stressgene), and polyclonal
poly(ADP-ribose) polymerase SA-253 (PARP; 1:3000, Biomol).
Proteins were subsequently visualized using an enhanced
chemiluminescence kit (Thermo Scientific).
Mass Spectrometry—Purified active caspase-7 was incubated

with calpain-1 (9.0 units) at 30 °C for 30 min in 50 mM Hepes,
pH 7.4, 250 mM NaCl, 5 mM EDTA, 20 mM CaCl2, and 5 �M

DTT. The samples were concentrated and purified using Zip-
TipC4� pipette tips (Millipore) prior to mass spectrometric
analysis following manufacturer’s instruction. Mass spectra of
the samples were obtained by matrix-assisted laser desorption
ionization time-of-flight (MALDI-TOF) mass spectrometry on
a Voyager DESTR plus instrument (Applied Biosystems) using
3.5-dimethoxy-4-hydroxycinnamic acid (sinapinic acid) as the
matrix. Cytochrome c (Sigma)was used as external standard for
calibration.
For the vMALDI experiment, �N caspase-7 was incubated

with calpain-1 (9.0 units) at 30 °C for 30 min in 50 mM Hepes,
pH 7.4, 250 mM NaCl, 5 mM EDTA, 20 mM CaCl2, and 5 �M

DTT. The samples were then concentrated and purified using
ZipTipC18� pipette tips (Millipore) prior tomass spectrometric
analysis following manufacturer’s instruction. Mass spectra of
the samples were obtained on a vMALDI-linear trap quadru-
pole (LTQ) mass spectrometer (Thermo Fisher) using manual
data acquisition. Threshold values of 1800 counts for MS and
80 counts for MS2 were applied to collect spectra. Parent ion
isolation width is 3m/z units. Fragmentation setting of activa-
tion Q � 0.25, activation time � 30 ms, and relative collision
energy of 30% were used. vMALDI-LTQ data were searched
against a custom data base containing full-length human
caspase-7 using an in-house licensed bioinformatics data base
search engine system Mascot version 2.2.04 (Matrix Sciences,
London, UK) with the no enzyme option selected.
Caspase Zymography—Purified active caspase-7 was incu-

batedwith calpain-1 (9.0 units) and 20mMCaCl2 at 30 °C for 30
min. Following addition of Tris-glycine SDS sample buffer
(Invitrogen), samples were separated on a 14% Tris-glycine
denaturing polyacrylamide gel (Invitrogen) and then renatured
for 2 h at room temperature in Zymogram Renaturing Buffer
(Invitrogen) supplemented with 1% CHAPS, 10% sucrose, and
10mMDTT. Gel was then incubated for 1 h in a buffer contain-
ing 100mMTris, pH 8.0, 1% CHAPS, 10% sucrose, 10mMDTT,
and the fluorescent caspase-7 substrate Ac-Asp-Glu-Val-Asp-
MCA (100�M, Peptides International), and caspase activitywas
visualized at 365 nm using a light source (Alpha Innotech
Corp.). Gels were subsequently fixed in a 10%MeOH, 7% acetic
acid solution and stained overnight in SYPRO Ruby gel stain
(Molecular Probes) to visualize total protein.

RESULTS

Activity of Caspase-7 Is Increased by Calpain-1 Cleavage—
Previous studies have demonstrated that calpains are activated
upstreamof caspases in a variety of cell models (14–16). There-
fore, we tested whether calpains can directly cleave caspases
and the impact of cleavage on caspase activity. In vitro-trans-
lated 35S-labeled procaspases were treated with calpain-1 (Fig.
1). Calpain-1 is a ubiquitously expressed calpain familymember
requiring micromolar Ca2� levels for activation. A large num-
ber of caspases were cleaved by calpain, although the number of
cleavage products was distinct for each caspase. Some caspases
(caspase-1 and -8) had numerous cleavage products while other
caspases (caspase-4, -5, -7, -10, -12, and -13) had one or two
defined cleavage products. The remaining caspases tested
(caspase-2, -3, -6, and -9)were resistant to calpain cleavage (Fig.
1). Preincubation with calpain-2, which requires millimolar
Ca2� levels for activation, produced the same cleavage patterns
(data not shown).
Active caspases were also preincubated with calpain-1 to see

the effect on activity. The activities of the majority of caspases
were unchanged by calpain-1 preincubation (Fig. 2A; n � 3).
Interestingly, the activity of caspase-1, one of the caspases that
had numerous calpain cleavage products, was reduced by 69%
following calpain-1 treatment (Fig. 2B; n � 3; *, p � 0.001).

Surprisingly, the activity of active caspase-7 and active
caspase-10 increased following calpain-1 pretreatment (Fig.
2C). Caspase-7 activity increased 4-fold (n � 3, ***, p � 0.001)
and caspase-10 activity increased 27% (n � 3, **, p � 0.01) (Fig.
2C). A similar increase in caspase-7 activity was also observed
following incubation with calpain-2 (data not shown). Addi-
tional experiments with active caspase-7 showed that varia-
tions in calpain-1 preincubation times (5 min to 1 h) and
increases in the amount of calpain added did not further
increase caspase-7 activity (data not shown).
Calpain-1 pretreatment produced two defined cleavage

products and a substantial increase in caspase-7 activity. There-
fore, we tested whether calpain-1 could activate procaspase-7
alone, because granzyme B can independently activate pro-

FIGURE 1. Calpain-1 cleaves procaspases. In vitro-translated 35S-labeled
procaspases were treated with active calpain-1 to determine which caspases
are calpain substrates. Each caspase, with and without calpain treatment, was
run on a single gel and developed by autoradiography. All of the caspases
were run on four separate gels.
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caspase-7 in vitro (5). When pro-
caspase-7 was preincubated with
calpain-1, caspase-7 was not acti-
vated as measured by a DEVD-rho-
damine fluorescent substrate (Fig.
3A). As expected, granzyme B incu-
bation alone activated procaspase-7
(Fig. 3A; n � 3, ###, p � 0.001) and
calpain-1 and granzyme B co-incu-
bation increased the activity by 2.4-
fold (Fig. 3A; n � 3, ***, p � 0.001).
When purified caspase-7 without
the prodomain (�N caspase-7, first
23 amino acid removed) was prein-
cubated with calpain-1 there was
also no evidence of calpain-1 inde-
pendently activating �N caspase-7
(Fig. 3B). As with procaspase-7,
when �N caspase-7 was incubated
with granzyme B there was a signif-
icant increase in activity (Fig. 3B;
n � 3, #, p � 0.05) and co-incuba-
tion with granzyme B and calpain-1
led to a 3.3-fold increase in
caspase-7 activity relative to prein-
cubation with granzyme B alone
(Fig. 3B; n� 3, ***, p� 0.001). From
these results it is clear that calpain-1
can only increase the activity of

caspase-7 following granzyme B cleavage and activation
between the linker of the small and large subunit.
Calpain-1 Produces Two Caspase-7 Cleavage Products with

the Smaller Fragment Displaying Increased Activity—To iden-
tify the number and size of calpain cleavage products, purified
procaspase-7 and �N caspase-7 was cleaved with increasing
amounts of calpain-1, and protein was visualized with a Coo-
massie Blue stain (Fig. 4A). Two calpain cleavage products were
produced, both smaller than �N caspase-7 and caspase-3-
cleaved caspase-7 protein. Cleavage appeared to occur sequen-
tially with lower amounts of calpain-1 producing the larger cal-
pain fragment and higher amounts of calpain-1 producing
more of the smaller calpain product. To determinewhich of the
two calpain fragments produced are active, zymography of
active caspase-7 with and without calpain-1 pretreatment was
performed. After running samples on a denaturing gel, caspases
were renatured and exposed to a DEVD fluorescently tagged
substrate (Ac-DEVD-MCA) to visualize caspase-7 activity.
Prior to calpain treatment, the caspase-3-cleaved active prod-
uct of caspase-7 appeared as a blurry, faint activity band at �19
kDa (Fig. 4B). Following calpain-1 treatment, the faint 19-kDa
activity band disappeared and a distinct, robust activity band
appeared at �15 kDa (Fig. 4B). Subsequent SYPRORuby stain-
ing demonstrated that calpain treatment resulted in the disap-
pearance of caspase-3-cleaved large subunit, p19 and the
appearance of p16 and p15 (Fig. 4B, apparentmigration on gel).
While the larger calpain fragment, p16, appeared to have low
activity, relatively equivalent to the activity observed for the
caspase-3 fragment, the smaller calpain fragment had robust

FIGURE 2. Calpain-1 pretreatment affects the activity of a small number of active caspases. Active
caspases were incubated with calpain-1 and then caspase activity was measured using a fluorescently labeled
substrate with the peptide sequence relevant to each caspase. Results are presented as the % activity of the
calpain-1-pretreated sample relative to the activity of the untreated active caspase. Calpain pretreatment
resulted in no change in activity for the majority of caspases (A; n � 3), a dramatic reduction in caspase-1
activity (B; n � 3, ***, p � 0.001) and a significant increase in caspase-7 and -10 activities (C; n � 3, ***, p � 0.001,
**, p � 0.01).

FIGURE 3. Calpain-1 pretreatment increases the activity of granzyme
B-activated caspase-7. Caspase-7 was incubated with calpain-1 alone, gran-
zyme B alone, or calpain-1 and granzyme B together, and activity was meas-
ured using a rhodamine-DEVD substrate. Granzyme B pretreatment
increased the activity of procaspase-7 (A; n � 3, ###, p � 0.001) and truncated
(�N) caspase-7 (B; n � 3, #, p � 0.05). In addition, calpain-1 pretreatment
increased the activity of granzyme B-activated procaspase-7 (A; n � 3, ***, p �
0.001) and granzyme B-activated �N caspase-7 (B; n � 3, ***, p � 0.001). RFU
is the relative fluorescent units.
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activity. Quantification of the change in caspase-7 activity
intensity normalized to protein levels using densitometry dem-
onstrates that the smaller calpain fragment is 18.4-fold more
active than the caspase-3 fragment. Because the smaller, highly
active calpain band was also present in the untreated active
caspase-7 sample, this suggests that a calpain-like proteolysis
may occur in the bacterial system used to make purified active
caspase-7. Alternatively, production of a secondary translation
product initiated at Met45 may be responsible for this product
(9). Calpain-1 run alone does not have activity (data not shown).
In addition, the caspase-3-cleaved fragment and calpain-1-
cleaved fragment that was not processed between the large and
small subunit was observed around 34 kDa in small quantities
(Fig. 4B). Both proteins have low activity levels, suggesting that
cleavage between the large and small subunit is necessary for
the increase in activity observed with the calpain-1-cleaved
large subunit.
Next we evaluated if calpain-cleaved caspase-7 cleaves en-

dogenous protein substrates. Cellular lysates were treated with
active caspase-7 (0–250 nM) incubated with and without cal-
pain-1. The amount of PARP cleavage, a well-characterized
substrate of caspase-7, was quantified using Western blot
analysis and densitometry. Calpain-activated caspase-7
resulted in increased levels of cleaved PARP (54.3%) when
compared with caspase-7 untreated (29.8%) (Fig. 4C).

Because calpain cleavage of caspase-7 increased PARP pro-
tein processing, this suggests that calpain-cleaved caspase-7
is active against known caspase-7 substrates.
Identification of Three Calpain Cleavage Sites in Caspase-7

by Mass Spectrometry—To identify the calpain cleavage sites
in caspase-7, matrix-assisted laser desorption ionization
time-of-flight (MALDI-TOF) mass spectrometry was per-
formed using active caspase-7 treated with and without cal-
pain-1. Untreated active caspase-7 has two distinct peaks at
12,558 and 19,918 Da, representing the small and large sub-
unit, respectively (Fig. 5A, top graph). When caspase-7 was
cleaved with calpain-1, two new peaks at 18,534 and 17,245
Da were observed (Fig. 5A, bottom graph). Expansion of the
smaller peak exposed an additional peak very close in size
(17,245 and 17,459 Da, Fig. 5A, inset). When calpain-1 was
run alone, no peaks below 30 kDa were observed (data not
shown). Based on the assumption that cleavage occurs near
the N terminus of the large subunit, because the active cysteine
is close to the C terminus (Fig. 5B), mass spectrometry masses
were used to accurately predict calpain cleavage sites in the
large subunit near the N terminus. Protein calculation software
predicted that cleavage after Phe-36 would produce an
18,535-Da protein, cleavage after Met-45 would produce a

FIGURE 4. Calpain-1 cleavage of caspase-7 produces two novel cleavage
products. A, purified procaspase-7 and truncated (�N) caspase-7 was treated
with calpain-1 or caspase-3. Samples were run on a denaturing gel, and proteins
were visualized using a Coomassie Blue stain. All samples were run on a single gel.
B, activity of active caspase-7 	 calpain-1 treatment was analyzed by zymogra-
phy, followed by protein quantitation using SYPRO Ruby Stain on the exact
same gel. Top arrowhead indicates caspase-3-truncated caspase-7, and lower
arrowhead indicates calpain-1-truncated caspase-7 (containing both large
and small subunits). Upper arrow indicates caspase-3 derived caspase-7 large
subunit and lower arrows indicate calpain-1-derived caspase-7 large subunits.
C, calpain pretreatment of active caspase-7 increases the amount of caspase-
7-mediated PARP cleavage. Arrow indicates caspase-7 cleavage product of
PARP. Samples were run on two separate gels.

FIGURE 5. Mass spectrometry predicts three calpain cleavage sites in
caspase-7. A, active caspase-7 	 calpain-1 pretreatment was analyzed by
MALDI-TOF mass spectrometry for protein fragmentation with the x axis rep-
resenting protein size in Da. Insert above lower graph shows an expansion of
the double peak observed at around 17,245 Da. The doubly charged molec-
ular ions [MH2�] are indicated by asterisks, and a 1-point external calibration
against cytochrome c was used. B, amino acid sequence of the caspase-7 large
subunit with predicted calpain cleavage sites highlighted in blue, a putative
nuclear localization signal highlighted in red and the active cysteine high-
lighted in green.
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17,490-Da protein and cleavage after Ser-47 would produce a
17,246-Da protein. The calculated mass of two of these frag-
ments is within 1 Da of themeasuredmass and the third within
31 Da. Also, two of these cleavage sites are composed of three
amino acid sequences, which are predicted calpain cleavage
sites (Fig. 5B, LFS and TMR in blue) (20).
Sequencing the Calpain Cleavage Sites by vMALDI-LTQTM

Linear Ion Trap—The MALDI-TOF data on calpain-treated
caspase-7 samples suggest that cleavage occurs at Phe-36,Met-
45, and Ser-47. However, this does not give sequence informa-
tion. Therefore, analysis was performed on a vMALDI-LTQTM

quadrupole linear ion trap of caspase-7 treated with and with-
out calpain. Fig. 6A shows the MS spectra of untreated
caspase-7. Upon treatment with calpain is the appearance of a
peak atm/z 1450.83 (Fig. 6B). This peak was not present in the
untreated caspase-7 sample (Fig. 6A). This peptide was selected
for MS/MS analysis to determine the sequence of the cleavage
product. As shown in Fig. 6C, the tandemmass spectra of pep-
tide AKPDRSSFVPSLF (m/z 1450.83) corresponds to cleavage
at amino acid Phe-36.
Confirmation of the Three Calpain Cleavage Sites in

Caspase-7 by Site-directedMutagenesis—Calpain cleavage sites
are notwell conserved and recognition of the substrate depends
on the three-dimensional structure of the substrate protein
(20).We and others (17, 19) have previously shown that mutat-
ing a single amino acid is not adequate to prevent recognition of
the substrate. Therefore we used deletion analysis in which we
removed three amino acids in the region of cleavage. Controls
for this approach are deletions in adjacent protein sequence,
which are not recognized by calpains. We made deletions in
caspase-7 at amino acids 35–37 (LFS site) and amino acids
46–48 (RSI site). Caspase-7, caspase-7 �35–37, and caspase-7
�46–48 C-terminal FLAG-tagged constructs were expressed
in 293T cells. 293T lysates expressing wild-type or mutant
caspase-7 proteins were treated with exogenous calpain-1. Cal-
pain-1 treatment indicates that deletion of amino acids 35–37
eliminates production of the larger calpain fragment (supple-
mental Fig. S1A, top arrow) consistent with themass spectrom-
etry data mapping cleavage at amino acid Phe-36. Deletion of
amino acids 46–48 significantly reduces production of the
smaller calpain fragment suggesting cleavage occurs at Met-45
(supplemental Fig. S1A, bottom arrow). To confirm the calpain
cleavage sites, C-terminal constructs of the predicted calpain
fragments were made containing the C-terminal FLAG-tag
(amino acids 37–303 and 48–303). The caspase-3-derived frag-
ment was also made as a control (amino acids 24–303). When
293T lysates expressing these C-terminal calpain constructs
were run on a gel with calpain-cleaved caspase-7, the calpain
fragments appeared to be the same size as the C-terminal cal-
pain constructs (supplemental Fig. S1B). We made deletion
mutants at amino acids 44–46 (TMR site) as well as amino
acids 43–48 (RSI and TMR site). Caspase-7, caspase-7�35–37,
caspase-7 �43–48, caspase-7 �44–46, and caspase-7 �46–48
C-terminal FLAG-tagged constructs were expressed in 293T
cells and lysates and the deletion spanning both sites (�43–48)
showed the greatest overall reduction in product (data not
shown). These results suggest the smaller calpain product may
be produced by calpain cleavage at both sites: Met-45 and Ser-

47. These results could be influenced by altered conformation
of the protein because of the deletion.
Calpain-1 Products of Caspase-7 Are Produced in Vivo—Be-

cause all of our experiments utilized in vitro systems, we inves-
tigated if calpain-derived caspase-7 products are produced in a
cellular environment. Primary cortical neuronal cultures were
treated with N-methyl-D-aspartate (NMDA; 0, 100, or 250 �M)
for 3 h to increase Ca2� levels and activate calpains (21–24).
Treatment withNMDA resulted in an increase in both calpain-
derived caspase-7 products (Fig. 7, arrows). Untreated lysates
were also exogenously treated with calpain-1 as a positive con-

FIGURE 6. Sequencing of the calpain-1 cleavage site in caspase-7.
A, vMALDI-LTQ MS of �N caspase-7. B, vMALDI-LTQ MS of �N caspase-7
treated with calpain-1. A peptide resulting from calpain-1 cleavage appears
at m/z 1450.83. C, vMALDI-LTQ MS/MS of the calpain-1 cleavage product,
peptide AKPDRSSFVPSLF (m/z 1450.83). *, impurity in �N caspase-7 prepara-
tion. #, peak present in calpain-1 preparation.
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trol (Fig. 7). The caspase-3 product of caspase-7 was also
increased (Fig. 7, arrowhead). These data support that calpain
products of caspase-7 are produced in vivo.
Smaller Calpain Fragment of Caspase-7 Has Decreased

Nuclear Localization—Caspase-7 has been reported to have
cytoplasmic, endoplasmic reticulum, and nuclear localization
depending upon the cell type andmode of apoptotic induction.
Therefore, we evaluated the localization of caspase-7 cleavage
products. Particularly relevant to this experiment is the puta-
tive nuclear localization signal (Fig. 5B, KKKK amino acids
38–41) that is removed upon calpain cleavage (18). Caspase-7
zymogen, caspase-3 fragment (amino acids 24–303) and cal-
pain fragments (amino acids 37–303 and 48–303) were
expressed in 293T cells, followed by cytosolic/nuclear fraction-
ation. The caspase-7 24–303 fragment and caspase-7 37–303
fragment had an increased level of nuclear localization relative
to procaspase-7. Consistent with deletion of a nuclear localiza-
tion signal at amino acid 38–41, the caspase-7 48–303 frag-
ment, the smaller calpain-derived fragment, was found in the
cytoplasm (Fig. 8). This suggests that the putative nuclear local-
ization signal may be necessary for caspase-7 to enter the
nucleus and plays an important role in caspase-7 localization as
the active protein is formed.
The p17/p12 Caspase-7 Has Unique Substrate Specificity

Comparedwith the p20/p12 Form—Our results suggest the cal-
pain-activated form of caspase-7 may have unique catalytic
activity. Therefore, we examined the substrate specificity of the
caspase-3-activated form of caspase-7 relative to the calpain
form of caspase-7. We hypothesized that the p17 large subunit
may influence the turnover distinctly from the p20 large sub-
unit. We examined substrates for all three classes of caspases
and found that DEVD-AMC and VDVAD-AMC where good
substrates for caspase-7 p17 or p20 (Table 1). Strikingly, the
caspase-7 p17/p12 increased 6-fold in Vmax when compared
with p20/p12 form for the DEVD-AMC. The affinity Km
decreased 2.4-fold but the kcat increased 6.1-fold (Table 1).
Interestingly when we examined a caspase-2 substrate,
VDVAD-AMC, we found the calpain form of caspase-7 (p17/
p12) has an increased Vmax (3-fold) and higher affinity for the
substrate (lower Km) and increased kcat (3-fold). Our results

suggest that the calpain-cleaved form of caspase-7 has a unique
specificity.

DISCUSSION

Themajor findings of our study are that (i) caspase-7 is cleaved
at Phe-36,Met-45, and Ser-47 by calpains to form a p18.5 and p17
large subunit (see Fig. 9A); (ii) deletion analysis of caspase-7 at
these three sites prevents processing by calpain; (iii) the p17/p12
formof caspase-7 ismoreactive than thep20/p12; (iv) the catalytic
parameters for the calpain activated formof caspase-7 are distinct;
and (v) localization of caspase-7 is modulated by calpain cleavage.
Therefore, our results indicate that theactivationandregulationof
executioner caspase-7 by calpains is distinct from the activation of
this enzyme by caspases. The activation of caspase-7 by calpain is
summarized in Fig. 9B.

Caspase-7 and caspase-3 are both executioner caspases that
were originally thought to have redundant properties based on
their close phylogenic relationship, structure, and sequence.
While they have a number of similarities, such as identical small
synthetic substrate specificity (25) and sensitivity to the inhib-
itor, XIAP (26, 27), they also have a number of distinct proper-
ties. Caspase-7 is catalytically less active than caspase-3 (28)

FIGURE 7. Calpain fragments of caspase-7 are observed in vivo in cortical
neuronal cultures. Primary cortical cultures were treated with 0, 100, or 250
�M of NMDA for 3 h. Untreated lysates were exogenously treated with cal-
pain-1 as a positive control. A caspase-7 antibody was used to detect full-
length caspase-7, the caspase-3 fragment (arrowhead), and the calpain frag-
ments (arrows). All samples were run on a single gel. Blots were reprobed with
tubulin to demonstrate equal loading.

FIGURE 8. Cleavage at the second calpain site prevents nuclear localiza-
tion. Full-length caspase-7, the caspase-3 fragment (amino acids 24 –303),
the larger calpain-1 fragment (amino acids 37–303), and the smaller calpain-1
fragment (amino acids 48 –303) were expressed in 293T cells. Cells were frac-
tionated into cytoplasmic (C) and nuclear (N) components, and blots were
probed with the caspase-7 antibody to visualize endogenous and expressed
caspase-7 and a FLAG antibody to visualize expressed caspase-7 protein. Suc-
cessful fractionation and equal loading were confirmed by reprobing the
blots with tubulin, calreticulin, and PARP antibodies. Arrows indicate full-
length caspase-7, and asterisks indicate the expressed C-terminal caspase-7
constructs. Control samples were run on a second gel.

TABLE 1
Kinetic parameters of caspase-7 �/� calpain pretreatment
Calpain preincubation in calcium-containing buffer followed by caspase-7 activity
measurement in caspase buffer (see “Experimental Procedures”). kcat values are not
corrected for enzyme purity and fractional activity.

Substrate Enzyme form Vmax Km kcat
M�s
1 �M s
1

DEVD-AMC Caspase-7 3.6 � 10
8 68 0.49
DEVD-AMC Caspase-7 � calpain-1 2.3 � 10
7 163 3.0
VDVAD-AMC Caspase-7 3.9 � 10
8 241 0.53
VDVAD-AMC Caspase-7 � calpain-1 1.2 � 10
7 189 1.6
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and has recently been shown to have a unique set of protein
substrates (29).While caspase-3 and caspase-7 have some com-
mon substrates such as PARP and ROCK I, caspase-3 preferen-
tially cleaves Bid and caspase-9 and caspase-7 more efficiently
cleaves cochaperone p23 (29). Caspase-3 knockouts further
support their unique cellular roles, because a caspase-3-defi-
cient mouse (30) and MCF-7 caspase-3-deficient cells (31)
undergo delayed apoptosis. An important structural difference,
which may explain these functional differences, lies in the
amino acid sequence of theirN-peptide region.While they both
have an aspartate cleavage site close to the N terminus neces-
sary for enzyme activation, caspase-7 has an extra 30 amino
acid stretch that follows containing a putative nuclear localiza-
tion signal (KKKK) (18). This KKKK sequence is a highly con-
served, seen in both human and Xenopus caspase-7, suggesting
it may play an important functional role, although its identifi-
cation as a nuclear localization signal is controversial (9, 18, 32,
33). A further distinction for N terminus of caspase-7 is the
calpain cleavage sites.
The caspase-7 N-terminal peptide is believed to play an

important role in the regulation and localization of caspase-7.
The peptide is highly conserved and removed during apoptosis
by caspase-3.While removal of theN-terminal peptide does not
appear to affect catalytic activity in vitro, it does appear to play
an important role in initiating cell death in vivo showing an

early increase in DEVDase activity and cell death relative to the
caspase-7 zymogen (9). One hypothesis is that the caspase-7
zymogen may be physically sequestered from its activators in
vivo (caspase-8, -9, and -10) and is only released and activated
after N-peptide removal by caspase-3 (9). An alternative expla-
nation is that the caspase-7 zymogen is primarily localized to
the cytosol and caspase-3 cleavage results in increased nuclear
compartmentalization (18), although this change in localiza-
tion has not been observed in some studies (9).
We found that calpains cleave off a larger portion of the

propeptide (45–47 amino acids) resulting in a caspase-7 large
subunit that is much more active than its caspase-3-processed
form. Cleavage by calpains may occur before caspase-3 cleav-
age, following caspase-3 cleavage or after caspase-8/-10 or
granzyme B cleavage (Fig. 9B). While these three possibilities
have not been fully explored in vivo, 293T cells expressing
caspase-3-resistant caspase-7 (D23N) and calpain-1 do not
show increases in caspase-3/7 activity relative to vector control,
suggesting that caspase-3 removal of the propeptide precedes
calpain cleavage (data not shown). Procaspase-7 is localized to
both the cytosolic and nuclear compartment suggesting activa-
tion can occur in either compartment. This is consistent with
the localization of caspases and calpains to both subcellular
locations (19). It follows that calpain cleavage of caspase-7 can
occur in either compartment. Caspase-7 can inactivate cal-
pastatin, an endogenous inhibitor of calpains (34). Thus calpain
activation of caspase-7 may initiate a vicious cycle of perpetu-
ally increasing calpain and caspase-7 activity.
Some studies indicate the KKKK motif of caspase-7 influ-

ences nuclear localization (18), while other studies suggest that
the caspase-7 zymogen and its caspase-3 cleavage product are
strictly localized to the cytosol (9, 32, 33). One recent study
found that sumoylation of a lysine in the N-terminal region of
caspase-7, possibly within the KKKK motif, promotes nuclear
localization (35). Our data support its function as a nuclear
localization signal. We found some of the procaspase-7 in the
nucleus. Initial cleavage of caspase-7 by caspase-3 or calpain
produces the same of amount caspase-7 in the nuclear fraction
and further cleavage by calpains eliminates nuclear localization
altogether. One hypothesis to explain this redistribution is that
the caspase-3N-terminal peptide (amino acids 1–23) physically
blocks the KKKK site and that removal of this peptide by
caspase-3 or calpain-1 increases exposure of this site, enhanc-
ing its ability to localize the protein to the nucleus. Subsequent
removal of theKKKKmotif by additional calpain cleavage elim-
inates the ability of the caspase-7 fragment to actively enter the
nucleus, resulting in accumulation of this product in the
cytosol. While our studies corroborate work done with Xeno-
pus caspase-7 protein in a tadpole-derived myoblast cell line
(XT-15–11), with the only clear difference being the amount of
caspase-7 zymogen localized to the nucleus, they conflict with
previous studies using the human caspase-7 protein in a mon-
key kidney cell line (COS-7). One potential explanation for dif-
ferences in localizationmay be the cellularmodel used for these
studies. One concern is that the caspase-7 constructs we used
may be activated and induce apoptosis when expressed at high
levels, potentially affecting their cellular distribution. Because
the endogenous caspase-7 zymogen localized to the nucleus at

FIGURE 9. Diagram of the calpain cleavage sites of caspase-7. A, caspase
propeptide is 34 kDa in length. Cleavage by caspase-3 after D23 and caspase-
8/-10 or granzyme B after D198 releases the active large subunit (p20). Cleav-
age by calpains after Phe-36 produces an 18.5 kDa active large subunit. Fur-
ther cleavage by calpains after Met-45 or Ser-47 produces a 17.4 or 17.2 kDa
large subunit, respectively, which has increased activity and decreased
nuclear localization. B, model of the activation process of caspase-7 by calpain
and caspase-8/-10 or granzyme B.
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the same levels as the overexpressed FLAG-tagged caspase-7
zymogen and the highly active smaller calpain fragment did not
have any nuclear localization, this suggests that overexpression
of caspase-7 did not affect localization.
Interestingly the catalytic parameters are distinct for the

p17/p12 form of caspase-7 when compared with p20/p12 form.
This suggests that the conformation of caspase-7 p20/p12 is
alteredwhen additional cleavage by calpains occurs after amino
acid 45. The atomic structure has been solved for both pro-
caspase-7 and the active form cleaved at amino acid 23 (36, 37).
However, the structures do not reveal density for residues
before Ser-47, and thereforewe cannotmake predictions on the
nature of the structural changes that may occur and alter the
caspase-7 catalytic specificity.
The ability of calpains to cleave and modulate caspase-7

activity is clearly unique. While calpain-1 cleaved a number of
caspases, their activity did not increase. Because caspase-3 has a
similar function and structure, one would expect it might also
be modulated by calpain. Our data indicate this is not the case.
The difference is due to the calpain cleavage sites being located
in the 30 amino acid stretch that is absent in the caspase-3
zymogen. In our studies, mouse cortical cells treated with
N-methyl-D-aspartate, produced the two caspase-7 calpain
fragments indicating that mouse caspase-7 is calpain-sensitive
in both regions. Here we have identified the unique role of
caspase-7 as a coincident detector of Ca2� dysregulation and
caspase activation. This is the first study showing that the two
cell death cascades can directly interact to influence each others
activity and subcellular localization. Our data suggest that
when cellular stressors activate the caspase cascade in the
absence of cytosolic Ca2� increases, caspase-7 is less active and
degrades its specific targets in the cytosol and nucleus. Alterna-
tively, when Ca2� levels are up-regulated in the presence of
caspase activation, the activity of caspase-7 dramatically
increases, leading to caspase-7 degradation of an alternative set
of target proteins exclusively in the cytosol. Further studies will
need to be conducted to determine how calpain cleavage of
caspase-7 affects the timing and progression of cellular destruc-
tion. Because both calpains and caspases are activated in a num-
ber of neurodegenerative diseases (24, 38–43), calpain prote-
olysis of caspase-7 may play an important role in disease
progression. Specific calpain inhibitors may provide a useful
tool in delaying apoptotic cell death in a number of these
diseases.
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