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Calpains are intracellular, calcium-activated cysteine pro-
teases. Calpain-3 is abundant in skeletal muscle, where its muta-
tion-induced loss of function causes limb-girdle muscular dys-
trophy type 2A. Unlike the small subunit– containing calpain-1
and -2, the calpain-3 isoform homodimerizes through pairing of
its C-terminal penta-EF-hand domain. It also has two unique
insertion sequences (ISs) not found in the other calpains: IS1
within calpain-3’s protease core and IS2 just prior to the penta-
EF-hand domain. Production of either native or recombinant
full-length calpain-3 to characterize the function of these ISs is
challenging. Therefore, here we used recombinant rat calpain-2
as a stable surrogate and inserted IS1 into its equivalent position
in the protease core. As it does in calpain-3, IS1 occupied the
catalytic cleft and restricted the enzyme’s access to substrate
and inhibitors. Following activation by Ca2�, IS1 was rapidly
cleaved by intramolecular autolysis, permitting the enzyme to
freely accept substrate and inhibitors. The surrogate remained
functional until extensive intermolecular autoproteolysis inac-
tivated the enzyme, as is typical of calpain-2. Although the
small-molecule inhibitors E-64 and leupeptin limited intermo-
lecular autolysis of the surrogate, they did not block the initial
intramolecular cleavage of IS1, establishing its role as a propep-
tide. Surprisingly, the large-molecule calpain inhibitor, cal-
pastatin, completely blocked enzyme activity, even with IS1
intact. We suggest that calpastatin is large enough to oust IS1
from the catalytic cleft and take its place. We propose an expla-
nation for why calpastatin can inhibit calpain-2 bearing the IS1
insertion but cannot inhibit WT calpain-3.

Calpains are intracellular cysteine proteases transiently acti-
vated as a result of calcium influx into the cell (1–3). Calpains
play diverse roles in intracellular calcium signaling by catalyz-
ing the limited cleavage of a wide range of protein substrates (4).
In mammals, calpains exist as a family of over a dozen isoforms,
all but one of which share a two-domain protease core (PC)2 (5).

Many of these isoforms have a C-terminal penta-EF hand (PEF)
domain, which serves as a dimerization module via EF-hand
pairing (6 –9). Calpain-3 is a “tissue-specific” calpain abundant
in skeletal muscle and is one of the PEF domain-containing
calpain family members (10, 11). This calpain shares a similar
domain organization and �50% sequence identity with the cat-
alytic subunits of the ubiquitous calpain-1 and -2 (Fig. 1).

Calpain-3 has three unique sequences (NS, IS1, and IS2) that
are not found in any of the other calpain family members
and have no known homologs. These three extra sequences
increase the molecular mass of calpain-3 from 80 to 94 kDa,
which is why the enzyme is also referred to as p94 (10, 12). NS is
a long N-terminal leader sequence, which replaces the N-ter-
minal anchor helix of the large subunits of calpain-1 and -2. In
the protease core, IS1 is a 48-residue insertion sequence. It occu-
pies a region adjacent to the catalytic cleft, beginning after Asp267,
within the PC2 domain (13). A second insertion sequence (IS2) lies
in the region linking the calpain-type �-sandwich domain (CBSW)
and the large-subunit PEF(L) domain (14). These distinctive
regions are likely to be responsible for the unique characteristics of
calpain-3.

Unlike the ubiquitously expressed calpain-1 and -2, which
form heterodimers of a large and small subunit (8, 9), calpain-3
forms a homodimer via the pairing of its fifth EF-hand (15–19).
Using the calpain-2 structure (8, 9, 20) as a guide, a model for
the calpain-3 homodimer places a protease core at either end of
the multidomain structure (17). Calpain-3 is encoded by a sin-
gle gene (CAPN3), in which loss-of-function mutations have
been linked to the progressive muscle degenerative disease limb
girdle muscular dystrophy type 2A (LGMD2A) (21, 22).
Although the functions of the enzyme remain poorly under-
stood, calpain-3 is crucial for adult muscle physiology and
homeostasis. Sarcomeric proteins such as nebulin (23), myosin
(24), filamin C (25, 26), and titin (26, 27) have been shown to be
in vivo substrates of calpain-3 and serve either a structural or
contractile role in muscle fibers. In particular, calpain-3 has
been reported to be tightly associated with the large sarcomeric
protein, titin, via the enzyme’s IS2 (28). It is speculated that one
of calpain-3’s primary functions in the sarcomere may be to rid
the cell of damaged proteins and in this way contribute to muscu-
lar maintenance and integrity following eccentric, as opposed to
exhaustive, exercise (29–37). Calpain-3 may also play a role in
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mechanical signal transduction and the promotion of muscle fiber
elasticity (11, 38).

Another striking feature of calpain-3 is its rapid autolysis
both in vivo and in vitro (39 –41). With a half-life of less than 10
min, recovery of intact calpain-3 from muscle extracts has been
difficult, even in the presence of the cysteine protease inhibitors
E-64 and leupeptin (39, 41, 42). Attempts to produce recombi-
nant whole calpain-3 have also been hampered by similar auto-
proteolytic degradation (16). The IS1 region in calpain-3 has
been shown to be the principle site of autoproteolysis and rea-
son for the instability of the enzyme. This has been interpreted
as a degradative process. However, mounting evidence suggests
that intramolecular autolysis of IS1 is required to activate cal-
pain-3 (11, 16, 26, 43– 46).

In the conventional calpain-1 and -2 the Ca2�-dependent
alignment of the active site is an intrinsic part of the activation
mechanism (47, 48). The same is true for calpain-3 (13). Char-
acterization of the recombinant proteolytic core of calpain-3,
containing both the NS and IS1 regions, demonstrated that,
upon Ca2� activation, rapid autolysis at a specific N-terminal
site of IS1, located at or near Tyr274, is required before the
enzyme can become available for substrate hydrolysis and/or
accessible to inhibitors (16, 45, 46). Recently, Ye et al. (13)
determined several X-ray crystal structures of the calpain-3
protease core. One of these structures showed that, in the
Ca2�-bound form, IS1 is cleaved near its N terminus, leaving
behind eight IS1 residues in the active-site cleft. A second inter-
molecular cleavage occurs sometime later, at Arg315 (45). Ala-
nine substitution of Tyr274 has been shown to prevent both
autolytic and proteolytic activity (26). Thus, the N-terminal
region of IS1 appears to act as an internal propeptide, pro-
ducing an activation mechanism unique to calpain-3. It is
also a region that contains pathogenic mutations responsible
for LGMD2A (49, 50).

In muscle tissue, the predominant form of calpain-3 is its
intact form bound, presumably, to titin (29, 53). Rapid autolysis
of calpain-3 can be prevented by the deletion of these insertion
regions, as seen with the autoproteolytically resistant alterna-
tively spliced variant, Lp82, lacking IS1 and IS2, which has been
characterized in rat lens (54).

Calpastatin is a naturally occurring intrinsically disordered
protein that has a complex inhibitory interaction with Ca2�-
activated calpain. The calpain– calpastatin system protects the
cell from pathological conditions, where unregulated calcium
signals promote calpain overactivation (4, 55). Calpastatin
consists of four homologous, tandemly repeating inhibitory
domains (domains 1– 4) and an N-terminal domain that lacks
inhibitory function (domain L) (56 –58). Therefore, whole cal-
pastatin can simultaneously bind up to four calpains (59). Each
inhibitory domain is subdivided into three subdomains, A, B,
and C. Subdomains A and C form amphipathic �-helices upon
binding to the PEF domains of Ca2�-activated calpain-2 (20,
60) and, by inference, to calpain-1. The B subdomain, equidis-
tant from A and C, is responsible for the inhibitory activity of
calpastatin. This region can be truncated to a 27-residue pep-
tide (B-27), which interacts much more weakly with calpain
than it does when the anchoring A and C regions are present
but still inhibits the enzyme (61, 62). The mechanism of cal-

pastatin inhibition, as demonstrated by the crystal structure of
recombinant rat calpain-2 in complex with different calpastatin
inhibitory domains (PDB entries 3BOW and 3DFO), revealed
that calpastatin occupies both the prime and unprimed sides of
the active-site cleft, and, although the calpastatin backbone
passes through the active site, it escapes cleavage by looping out
and around the active cysteine (20, 63). By recognizing multiple
lower-affinity sites present on the calcium-bound calpain sur-
face, in addition to the binding of the A and C helices to hydro-
phobic pockets in the PEF(L) and PEF(S) domains, a tight and
specific calcium-dependent interaction is formed (20, 59). To
date, calpain-3 has not been shown to be regulated by calpasta-
tin inhibition, but rather the inhibitor has been speculated to be
a calpain-3 substrate (64).

Here, we describe the expression, purification, and char-
acterization of a chimeric rat calpain-2–IS1 construct as a
surrogate for calpain-3 to characterize the unique functions
of IS1. We demonstrated that, as with calpain-3, IS1 occu-
pies the catalytic cleft of the enzyme, restricting the access of
substrates and small-molecule inhibitors. At the higher calcium
concentrations needed to activate calpain-2, IS1 undergoes rapid
intramolecular cleavage, after which the enzyme can accept sub-
strates and inhibitors. Treatment with small-molecule inhibitors
prevents the intermolecular autoproteolysis typically seen with
calpain-2, but does not prevent the initial intramolecular cleavage
of IS1. Furthermore, we reveal that calpastatin completely inhibits
calpain-2–IS1 activity even when IS1 is intact, suggesting that the
B-peptide of calpastatin is able to displace IS1 from the catalytic
cleft.

Results

Expression and purification of a recombinant calpain-2
containing IS1

To help deduce the role(s) of IS1, we inserted human cal-
pain-3 IS1 into the corresponding region of recombinant rat
calpain-2 (Fig. 1). This surrogate was chosen because it can be
stably produced in Escherichia coli and requires higher calcium
concentrations for activation than calpain-3. This made it less
likely that the enzyme would be prematurely activated and
autolyzed during production and purification. We found that
inclusion of IS1 into calpain-2 did not significantly alter the
enzyme’s solubility, yield, or stability. Following production
and purification, an intact large-subunit band was detected by
SDS-PAGE, which was slightly larger than 80 kDa, by the size of
IS1 (Fig. S1D). Thus, as predicted, the higher calcium concen-
trations required for activation of calpain-2 protected the IS1
insert from spurious autoproteolysis.

IS1 lies in the active-site cleft but does not impede the
Ca2�-mediated conformational change needed for
calpain activation

Having produced an intact calpain-2 containing IS1, we next
examined the impact IS1 had on calpain-2 activation. During
calpain-2 activation, Trp288 is displaced from its solvent-ex-
posed position between the PC1 and PC2 domains into a hydro-
phobic pocket (47). This is a key step in permitting the two
protease core domains to assume the catalytically competent
arrangement of the active site. To make sure that IS1 does not
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impede this conformational change, tryptophan fluorescence
of calpain-2 and calpain-2–IS1 was measured as a function
of calcium concentration. The resting fluorescence emission
spectrum of calpain-2 in EDTA produced a peak fluorescence
of 344 RFU at 340 nm (Fig. 2A). In the presence of IS1, the peak
tryptophan fluorescence at 340 nm was only 135 RFU, about 2.5
times less than that of calpain-2 (Fig. 2B). This suggests that IS1
lies within or in close proximity to the active-site cleft, thereby
suppressing some of the tryptophan fluorescence from Trp288.
Upon activation of calpain-2 with Ca2�, a 1.2-fold increase in
fluorescence was produced. Although the resting tryptophan
fluorescence of calpain-2–IS1 is considerably less than that of
calpain-2, it also underwent a 1.2-fold increase in fluorescence
when activated by Ca2�. This suggests that, although total tryp-
tophan fluorescence is reduced in the calpain-2–IS1 surrogate,
IS1 does not inhibit the conformational change associated with
Ca2� activation.

To see if IS1 sits protected within the active-site cleft, we next
compared the time-course tryptic digestion of calpain-2–IS1
with that of calpain-2. SDS-PAGE showed that approximately
half of the 80-kDa catalytic subunit of calpain-2 was digested
within 40 min, producing a 45-kDa fragment, which is the pro-
tease core (PC1 plus PC2). The �21-kDa PEF(S) small-subunit
band was present at the start of digestion and remained con-
stant. Just above it at �23 kDa, the PEF(L) domain was pro-
duced during digestion and increased in intensity due to cleav-
age of the linker region between the PEF(L) and CBSW domain
(Fig. 2C). Calpain-2–IS1 generated a different profile when
digested with trypsin. The catalytic subunit of calpain-2–IS1
was more susceptible to digestion and was cleaved to com-
pletion within 20 min, generating 55-kDa (large subunit dis-
tal to the IS1 cut), 30-kDa (PC1 domain), and 23-kDa (PEF(L)
domain) fragments.

Although the tryptophan fluorescence results put part of IS1
in or within the vicinity of the active site, its high susceptibility
to rapid proteolytic digestion by trypsin suggests that much of
the remainder of IS1 is likely flexible and solvent-exposed.

To evaluate how IS1 might bind the catalytic cleft in cal-
pain-2, we used the recently solved crystal structure of the cal-
pain-3 protease core (13) (PDB code 6BDT) as a guide to model
the N-terminal region of IS1 into the active-site cleft of calci-
um-activated calpain-2 C105S (20) (PDB code 3BOW). These
two crystal structures were overlapped by the PyMOL program
to find the best possible three-dimensional match. In Fig. 3A,

the calpain-3 residues, with the exception of the IS1 peptide,
were removed from the match. No further analysis was neces-
sary to see the interactions of IS1 with the catalytic cleft of
calpain-2. Residues that belong to IS1 are shown in calpain-3
numbering and denoted with an asterisk. This model indicated
that the calpain-2 active site can make several contacts with the
IS1 backbone analogous to those made by calpain-3 (Fig. 3).
However, four additional contacts are made at Asn271, Tyr274,
and Gly275 by calpain-3, which are not present in the model
(Table 1). Given that Asp104 and Ser105 occupy the same posi-
tions and similar orientations in calpain-2 as their correspond-
ing residues, Asp128 and Ser129, in calpain-3, it is likely that
similar contacts are generated with the IS1 peptide backbone at
Tyr274* and Gly275*. Asp104 and Ser105 are within the range
generally accepted for hydrogen bonding (Table 1). These and
some other bonds are not shown in the calpain-2 model for
clarity. The only significant difference between the contacts
made by IS1 with the active sites of calpain-2 and -3 is a hydro-
gen bond from the Asn223 side chain of calpain-3, which is
obviously not present in the corresponding residue (Ala199) of
calpain-2.

Together, these results indicate that IS1 could occupy the
calpain-2 catalytic cleft in a similar manner and location as it
does in calpain-3, and likely with comparable affinity. This sug-
gests that calpain-2 is a useful surrogate for the study of IS1
function.

Rapid autoproteolytic cleavage of IS1 activates calpain-2–IS1

Because IS1 does not impede the calcium-mediated con-
formational change needed for calpain-2 activation, we next
examined the impact of IS1 on substrate recognition
and turnover. Substrate hydrolysis by calpain-2–IS1 was mea-
sured using an internally quenched FRET substrate (EDANS)-
EPLFAERK-(DABCYL) (65). The rate of proteolysis was mea-
sured as the increase in fluorescence emission of EDANS at
500 nm (Fig. 4A). Upon the addition of 5 mM CaCl2, hydro-
lysis of the FRET substrate by calpain-2 produced a fluores-
cence progression curve with an initial rate of substrate turn-
over that began to diminish within a minute to form a
characteristic rectangular hyperbola. The shape of the
enzyme activity curve early in the reaction phase is attrib-
uted to ongoing enzyme depletion by intermolecular autopro-
teolysis rather than substrate depletion or end product inhi-
bition. In contrast, calpain-2–IS1 showed a much slower

Figure 1. Domain architecture of calpain-1, -2, and -3 and calpain-2–IS1. The domain nomenclature is based on the structures of calpain-1 and -2, where
PC1 (orange) and PC2 (yellow) represent the protease core, CBSW (green) represents the calpain-type �-sandwich, and PEF (blue) represents the large (L) and
small (S) subunit penta-EF hand domains. The catalytic triad residues of the cysteine protease core are indicated by C, H, and N. The unique insertion sequences
of calpain-3 are shown in gray. The 48-residue IS1 was inserted in calpain-2 after Tyr250.
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initial rate of substrate hydrolysis, which then increased to
produce a slight sigmoidal curvature within the first 300 s of
the reaction. By the 300-s mark, the surrogate enzyme had
produced 70% of the activity of calpain-2 but was continuing
at a faster rate as it entered the hyperbolic phase. The gap in
activity had narrowed by 600 s. Extrapolation predicts that
the two reactions would reach a similar maximal fluores-

cence of �900 RFU. This is consistent with the activation
profile of an enzyme containing a propeptide. IS1 appears to
restrict the access of substrate to the catalytic site, indicating
that autoproteolytic cleavage of IS1 is required before sub-
strate binding. Similarly, IS1 must also interfere with cal-
pain-2 autoproteolysis, resulting in a prolonged half-life of
the surrogate as compared with calpain-2.

Figure 2. Intrinsic tryptophan fluorescence and tryptic digestion of Ca2�-activated calpain-2 and calpain-2–IS1. A and B, the intrinsic tryptophan
fluorescence emission spectra of 50 �M inactive C105S calpain-2 (A) and calpain-2–IS1 (B) titrated with 50 �M to 5 mM Ca2�. Measurements were made at an
excitation wavelength of 280 nm and were carried out in 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, and 0.1% �-mercaptoethanol. Error bars, S.D (n � 3). C and D,
SDS-PAGE analysis of the tryptic digestion of 5 �M Ca2�-activated inactive C105S calpain-2 (C) and 5 �M inactive C105S calpain-2–IS1 (D). Reactions were carried
out in 50 mM HEPES-NaOH (pH 7.4), 5 mM CaCl2, and 0.1% �-mercaptoethanol. Reactions were initiated by adding 0.1 �M trypsin and were stopped at each time
point by the addition of SDS-PAGE loading buffer and heating at 95 °C.

Figure 3. The N-terminal portion of IS1 modeled into the calpain-2 catalytic cleft produces interactions similar to those in the active site of the
calpain-3 protease core. A, model of the N-terminal portion of IS1 (green) from Asn271* to Gly275* (calpain-3 numbering) in the active site of calpain-2 C105S
protease core (PDB code 3BOW). B, X-ray crystal structure of the calpain-3 protease core C129S (PDB code 6BDT) (13). Residues belonging to the PC1 domain
are shown in orange, and those belonging to the PC2 domain are shown in yellow. Dotted lines represent hydrogen bonding between IS1 and the calpain-2
and/or -3 catalytic cleft. Key binding residues are represented as sticks. Oxygen atoms are colored red, and nitrogen atoms are colored blue.
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Because inclusion of IS1 seemed to extend the lifetime of the
enzyme, we next investigated the effect of IS1 cleavage on the
autolysis of calpain-2–IS1. Autolytic fragments were separated
by SDS-PAGE and identified by LC-MS. We found that, upon
the addition of Ca2�, the 80-kDa catalytic subunit of calpain-2
was rapidly autolyzed with a half-life of about 5 min (Fig. 4B).
There was a shortening of the large subunit to �75 kDa, which
overlapped with the release of the protease core at �45 kDa.
Several smaller-molecular mass species between 20 and 25 kDa
were also produced as the CBSW domain was digested to leave
the PEF(L) domain, which was largely intact (Fig. 4B).

Similar to its tryptic digestion, calpain-2–IS1 produced a dif-
ferent autolytic fragmentation pattern as compared with cal-
pain-2 (Fig. 4C). The intact large subunit of calpain-2–IS1 was
rapidly cleaved within the first minutes of the reaction, similar
in time scale with the sigmoidal region of the activity profile
(Fig. 4A), generating a �30-kDa fragment that corresponded to
the PC1 domain plus a small portion of the N-terminal region of
the PC2 domain, to just inside IS1. This is consistent with what
occurs in the protease core of calpain-3, where IS1 is cut at its
N-terminal cleavage site in an intramolecular fashion (45, 46).
A �55-kDa species, similar to the one produced by trypsin
digestion (Fig. 2D), was also generated. This fragment matched
the remainder of the catalytic subunit, including the ISI C-ter-
minal region, to the PEF(L) domain. This fragment was cleaved
again (Fig. 4B), with a half-life of about 5–10 min. Fragments
between 20 and 25 kDa were produced from this digest and
represent the PEF(L) and PEF(S) domains. Several small-mo-
lecular mass species between 10 and 15 kDa were also gener-
ated, which were from the remaining C-terminal portion of the
PC2 domain up to the CBSW domain. The fact that autolytic
activity of the surrogate enzyme persisted well after the com-
pleted cleavage of intact large subunit indicates that removal of
IS1 does not disable the catalytic core; rather, it serves as an
essential first step in enzyme activation.

Inhibition of calpain by E-64 or leupeptin is limited by IS1

To determine whether intramolecular IS1 autolytic cleavage
can be prevented, proteolytic activity of the calpain-2–IS1 sur-
rogate was compared with that of calpain-2 in the presence of
the small-molecule active site– directed calpain inhibitors E-64
or leupeptin. Inhibition by E-64 and leupeptin (Fig. 5A) reduced

the initial rapid rate of reaction (within 5–10 s) of recombinant
rat calpain-2 activity by 68 and 62%, respectively. An approach
to plateau in the calpain-2 activity profile generated by these
inhibitors was obvious by 60 s. In contrast, the initial rate of
reaction of calpain-2–IS1 was not inhibited by leupeptin and
was only marginally affected (5% less) by E-64 (Fig. 5B). How-
ever, an increase in inhibition was observed after the initial
sigmoidal portion of the progress curve, where IS1 is cleaved.
The characteristic approach to the plateau produced by these
inhibitors was delayed. This retardation in the inhibition of
calpain-2–IS1 was similar to the delayed onset of autoproteol-
ysis found for uninhibited calpain-2–IS1 (Fig. 4A), indicating
that IS1 also interferes with the binding of small molecule
inhibitors to the active site. Our results show that E-64 and
leupeptin have little to no effect on the intramolecular cleavage
of IS1. This was confirmed by SDS-PAGE analysis of calpain-
2–IS1 autolysis in the presence of each inhibitor (Fig. 6). Inhi-
bition of calpain-2 autoproteolysis with E-64 and leupeptin
yielded little to no noticeable change in the amount of intact
catalytic subunit, showing that the covalent inhibitors can fully
inactivate the enzyme (Fig. 6, left). However, E-64 and leupeptin
treatment of calpain-2–IS1 were unable to prevent intramolec-
ular IS1 cleavage. With E-64, the amount of intact calpain-2–
IS1 large subunit was reduced by half after 1–2 min and was
barely detectable by 10 min (Fig. 6, right). There was a concom-
itant rise in bands at 55 and 25 kDa, similar to those generated
by the autolysis of untreated calpain-2–IS1 (Fig. 4). With leu-
peptin, half of the catalytic subunit was cleaved within 1 min,
whereas full loss of the intact large subunit of calpain-2–IS1 had
occurred by 5 min. A similar increase in bands at 55 and 25 kDa
was generated.

Complete inhibition of calpain-2–IS1 by calpastatin

Given that the small-molecule inhibitors E-64 and leupeptin
were insufficient to stop IS1 autolysis, a calpain-specific inhib-
itor with improved potency, like calpastatin, may be required.
However, calpastatin has been shown not to inhibit calpain-3
(64); therefore, we set out to determine whether this lack of
inhibitory effect on calpain-3 is due to the presence of IS1 inter-
ference with calpastatin binding to the active-site cleft. Sub-
strate hydrolysis and autoproteolysis of calpain-2–IS1 and cal-
pain-2 treated with the calpastatin inhibitory repeat CAST4

Table 1
Hydrogen-bonding interactions of IS1 (in calpain-3 numbering and denoted by an asterisk) modeled into the calpain-2–IS1 model (PDB code
3BOW) compared with those in the crystal structure of the calpain-3 core (PDB code 6BDT)
For the calpain-2–IS1 model, the residues are given in calpain-2 numbering with their calpain-3 equivalents shown in parenthesis. NA, not applicable.

IS1 (Asn271–Gly275) Calpain-2–IS1 model Distance Calpain-3 structure Distance

Å Å
Side chain of Asn271* Side chain of Arg337 (Lys410) 3.7 Side chain of Lys410 3.1
C�O of Asn271* NA Side chain of Asn223 4.0
Met272* NA NA
NH of Thr273* C � O of Gly198 (Gly222) 3.0 C � O of Gly222 3.3
C�O of Thr273* NH of Gly198 (Gly222) 3.4 NH of Gly222 3.6
NH of Tyr274* C � O of Gly261 (Gly333) 2.8 C � O of Gly333 3.2

Side chain of Ser105 (Ser129) 3.2 Side chain of Ser129 3.5
C�O of Tyr274* NH of Ser105 (Ser129) and 3.0 NH of Ser129 2.8

NH of Asp104 (Asp128) 3.5 NH of Asp128 3.3
Gly275* C� Side chain of His262 (His334) 3.3 (Van der Waals) Side chain of His334 2.9 (Van der Waals)
NH of Gly275* Side chain of Ser105 (Ser129) 3.6 Side chain of Ser129 3.6
C�O of Gly275* Side chain of Trp288 (Trp360) 3.5 Side chain of Trp360 3.4

Side chain of Gln99 (Gln123) 3.1 Side chain of Gln123 3.2

Calpain internal propeptide

17720 J. Biol. Chem. (2018) 293(46) 17716 –17730



were compared. Treatment of calpain-2 at twice the molar ratio
of CAST4 (Fig. 5A) reduced the initial rate of FRET substrate
cleavage to one-third. Surprisingly, CAST4 addition to calpain-
2–IS1 at the same molar ratio (Fig. 5B) resulted in complete
knockout of calpain-2–IS1 activity. This inhibition was corrob-
orated by SDS-PAGE analysis, where no autoproteolytic frag-
ments were produced by either enzyme in the presence of
CAST4 (Fig. 6). Reducing the CAST4 concentration to a 1:1
equivalency resulted in partial expression of calpain-2–IS1
activity and reproduced the typical sigmoidal curvature in the
activity progress curve that is associated with IS1 cleavage
(Fig. 7).

To determine whether the isolated calpastatin inhibitory B
region could have the same effects as the full-length inhibitor,
we treated calpain-2 and calpain-2–IS1 with the 27-residue B
region peptide (B-27) at a molar ratio of 1:4. With calpain-2,
this resulted in 80% inhibition when compared with the reac-
tion rate of the enzyme alone (Fig. 5A). However, the shortened

B-27 peptide proved considerably less effective than intact
CAST4 at limiting IS1 autolysis, reducing calpain-2–IS1 activ-
ity by only 15% (Fig. 5B). As was observed with E-64 and leu-
peptin, increased inhibition of calpain-2–IS1 was only found
following the sigmoidal portion of the progress curve, suggest-
ing that B-27 does not inhibit IS1 cleavage. This was corrobo-
rated by SDS-PAGE analysis, which showed that half of the
intact catalytic subunit of calpain-2–IS1 was cut after 1–2 min
and the remainder was fully cleaved by 5 min (Fig. 6).

Calpastatin pulldown by calpain-2–IS1

Pulldown experiments with N-terminally GFP-labeled
CAST4 added to inactive C105S calpain-2 or inactive C105S
calpain-2–IS1 were performed in the presence of Mg2� or Ca2�

(Fig. 8) to assess calpastatin binding. Because it lacks a His6 tag,
only trace amounts of GFP-CAST bound to the Ni-NTA affin-
ity column, as indicated by low GFP fluorescence at 488 nm in
sample A. Likewise, minimal fluorescence, �150 RFU, was

Figure 4. The proteolytic and autoproteolytic behavior of calpain-2 and calpain-2–IS1. A, hydrolysis of 10 �M small molecule FRET substrate (EDANS)-
EPLFAERK-(DABCYL) by 250 nM calpain-2 (solid black line) and calpain-2–IS1 (dotted black line). Substrate fluorescence was excited at 335 nm and emission was
measured at 500 nm. Reactions were initiated by adding 5 mM CaCl2 and were carried out in 50 mM HEPES-NaOH (pH 7.4) and 0.1% �-mercaptoethanol at room
temperature. Error bars, S.D. (n � 3). B and C, SDS-PAGE analysis of the autoproteolytic cleavage of 5 �M Ca2�-activated calpain-2 (B) and calpain-2–IS1 (C).
Reactions were carried out under the same conditions as above and were stopped at each time point by the addition of SDS-PAGE loading buffer and heating
at 95 °C. The resulting fragments were identified by in-gel tryptic digestion followed by LC-MS. The domain compositions of the autolytic fragments are shown
in diagrammatic form on the right.

Calpain internal propeptide

J. Biol. Chem. (2018) 293(46) 17716 –17730 17721



Figure 6. Calpain-2 and calpain-2–IS1 autoproteolysis in the presence of inhibitors E-64, leupeptin, CAST4, and B-27. Left and right, SDS-PAGE analysis
of the autoproteolytic cleavage of 5 �M Ca2�-activated calpain-2 (left) and calpain-2–IS1 (right) in the presence of 50 �M E-64, 50 �M leupeptin, 10 �M calpastatin
CAST4, and 10 �M calpastatin B-27. Reactions were initiated by adding 5 mM CaCl2 and were carried out in 50 mM HEPES-NaOH (pH 7.4) and 0.1% �-mercap-
toethanol at room temperature. Reactions were stopped at each time point by the addition of SDS-PAGE loading buffer and heating at 95 °C. Major bands in
the digest are identified to the right of the gels. SDS-PAGE analysis of the uninhibited autolytic digestion of calpain-2 and calpain-2–IS1 is shown in Fig. 4.

Figure 5. Calpain-2 and calpain-2–IS1 FRET substrate hydrolysis assay in the presences of inhibitors. A, the hydrolysis of 10 �M FRET substrate (EDANS)-
EPLFAERK-(DABCYL) by 250 nM calpain-2 (black circles) in the presence of 5 �M E-64 (white triangles), 5 �M leupeptin (black squares), 500 nM CAST4 (white
diamonds), and 1 �M B-27 (black triangles). Substrate fluorescence was excited 335 nm, and emission was measured at 500 nm. Reactions were initiated by
adding 5 mM CaCl2 and were done in 50 mM HEPES-NaOH (pH 7.4) and 0.1% �-mercaptoethanol at room temperature. B, hydrolysis of (EDANS)-EPLFAERK-
(DABCYL) by 250 nM calpain-2–IS1 in the presence of E-64 (white triangles), leupeptin (black squares), CAST4 (white diamonds), and B-27 (black triangles).
Reactions were carried out under the same conditions as above. Error bars, S.D. (n � 3).
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observed when GFP-CAST was mixed with column-bound cal-
pain-2 in the presence of Mg2� (sample D). When mixed with
column-bound Ca2�-activated calpain-2, a 7-fold increase in fluo-
rescence was found (sample E). As expected, the pulldown exper-
iment showed that calpastatin tightly associates with only the
Ca2�-activated form of the enzyme. Pulldown of GFP-CAST with
calpain-2–IS1 also showed little to no fluorescence in the presence
of Mg2� (sample F). When the enzyme was Ca2�-activated, a
�30-fold increase in GFP fluorescence was detected (sample G).
Column-bound protein was eluted and analyzed by SDS-PAGE,
where a GFP-CAST band at 52 kDa was only found in the Ca2�-
activated calpain-2 and calpain-2–IS1 lanes (Fig. 8B). GFP-CAST
pulldowns showed that calpastatin can tightly bind calpain-2–IS1
C105S, when Ca2�-activated, even with IS1 intact.

To characterize how calpastatin may outcompete IS1 for
binding to the calpain-2 catalytic cleft, we overlapped the crys-
tal structures of recombinant rat calpain-2 in complex with
calpastatin (PDB code 3BOW) and the recently solved crystal
structure of the calpain-3 protease core (PDB code 6BDT) (13,
20). We found that the backbone of the N-terminal portion of
IS1 and the inhibitory B region of calpastatin occupy the same
subsites within the active-site cleft and that their side chains
project in similar orientations (Fig. 9). The overlapping struc-
tures show that the side chain of calpastatin Glu614, which is
part of the inhibitory loop, projects away from the active-site
cysteine (Ser129) and overlaps well with Tyr274*, the first residue
upstream of the IS1 autoproteolytic cleavage site. The side
chain of calpastatin Lys611 overlaps well with IS1 Met272*, also

projecting away from the active site. Calpastatin Leu612 occu-
pies the P2 subsite and overlaps with IS1 Thr273*.

The results of the calpastatin pulldown experiments coupled
with the high degree of similarity in active-site interactions of
calpastatin and IS1, as indicated by the overlapped crystal struc-
tures, suggests that, in the presence of Ca2�, calpastatin forms
tight interactions with calpain-2 that are sufficient to displace
IS1 from its catalytic cleft. Taken together, these results dem-
onstrate that calpastatin has the potential to be a potent cal-
pain-3 inhibitor and that IS1 is not responsible for the failure of
calpastatin to inhibit calpain-3.

Discussion

Recombinant rat calpain-2 serves as surrogate for the study of
a calpain-3 insertion sequence

Efforts to recover whole calpain-3 have been hampered by
rapid autodegradation of the enzyme, even in the presence of
calpain inhibitors (16, 39 – 41). The IS1 region, located in the
protease core of calpain-3, appears to be an obligate site of
autoproteolysis for making the enzyme more accessible to sub-
strates. Although this autolytic cleavage has been considered to
be degradative, there would be no enzyme activity without it.
Therefore, the difficulties attributed to autolytic degradation
during the recovery of whole calpain-3 from tissue, or by
recombinant methods, is likely due to intermolecular autolysis
at other sites, like those in the CBSW domain or within IS2.

The recently solved crystal structure of the calpain-3 prote-
ase core (containing IS1) in the Ca2�-bound state has provided
useful information for the design of isoform-specific inhibitors.
However, one drawback of this structure is that it yields no
information about the catalytic cleft subsites beyond the S4
area, where in the whole enzyme, contact with the CBSW
domain would be made. Just looking at the core alone can
potentially bias the development of substrates and/or inhibitors
(13, 47, 66 –70). To circumvent issues associated with the puri-
fication of labile intact whole calpain-3 and reliance on just the
calpain-3 protease core, we used recombinant rat calpain-2 to
mimic whole-calpain-3 activity and to act as a functional sur-
rogate for the study of IS1.

The large catalytic subunit of calpain-2 shares a similar
domain organization and �50% sequence identity with cal-
pain-3 (10, 71), suggesting that calpain-2 can accommodate IS1
without disruption of its three-dimensional structure. Whole
rat calpain-2 crystal structures of both the Ca2�-free (8, 9) and
Ca2�-bound (20, 63) states have been solved, and the latter
overlaps well with the recently solved calpain-3 protease core
structure (13). The higher calcium requirement for half-maxi-
mal calpain-2 activation (200 –1000 �M), as compared with cal-
pain-1 (20 –75 �M) and -3 (90 –150 �M) (44, 72, 73), should help
protect IS1 from spurious autolysis without requiring a change
of the catalytic Cys to Ser or Ala (4, 44). Also, large quantities of
recombinant rat calpain-2 enzyme have been easily produced in
E. coli (74), which is not the case with calpain-1 and -3.

As with calpain-2, the calpain-2–IS1 surrogate was stably
expressed and purified from E. coli, yielding similar quantities
of pure protein. The absence of autoproteolytic degradation of
IS1 in the apo state demonstrated that calpain-2 acts as a whole-

Figure 7. Titration of calpain-2–IS1 with calpastatin CAST4. The hydroly-
sis of 10 �M FRET substrate (EDANS)-EPLFAERK-(DABCYL) by 250 nM calpain-
2–IS1 (black line) in the presence of 0.1 �M (dotted line), 0.25 �M (dashed line),
and 0.5 �M (dashed and dotted line) calpastatin CAST4 is shown. Substrate
fluorescence was excited at 335 nm, and emission was measured at 500 nm.
Reactions were initiated by adding 5 mM CaCl2 and were carried out in 50 mM

HEPES-NaOH (pH 7.4) and 0.1% �-mercaptoethanol at room temperature.
Error bars, S.D. (n � 3).
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calpain-3 mimic and surrogate host for the study of the struc-
ture and function of this unique calpain-3 insertion sequence.
With successful production of this enzyme, there is also the
potential to repeat this study with IS2, both alone and in com-
bination with IS1.

IS1 occupies the catalytic cleft of the enzyme but does not
inhibit Ca2�-mediated calpain activation

Ca2�-binding at two sites within the protease core act coop-
eratively to cause a large conformational change that realigns

the catalytic triad residues. Realignment of the core causes
Trp288 to shift from a solvent-exposed position to a hydropho-
bic patch, causing a change in calpain-2 fluorescence (8, 9, 47,
48). In C105S calpain-2–IS1, tryptophan fluorescence is muted,
which we take as an indication that Trp288 is partially quenched
by the nearby side chains or backbone of the IS1 segment, plac-
ing the insertion sequence within the catalytic cleft, even in the
apo-form. Furthermore, upon Ca2� addition, IS1 does not
appear to interfere with the fluorescence change associated
with calpain-2 activation.

Figure 8. GFP-CAST is captured by His-tagged calpain. Pulldown experiments were performed by binding N-terminally GFP-tagged calpastatin CAST4
(GFP-CAST) (A), inactive C105S His6-tagged calpain-2 (B), or inactive C105S His6-tagged calpain-2–IS1 (C) to Ni-NTA–agarose resin. A 1 mg/ml aliquot of
GFP-CAST was mixed with bound calpain-2 in the presence of 50 mM MgCl2 (D) or 50 mM CaCl2 (E). GFP-CAST was also mixed with bound calpain-2–IS1 in the
presence of 50 mM MgCl2 (F) or 50 mM CaCl2 (G). Protein binding was carried out in, and washed with, buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl,
2% (v/v) glycerol, and 5 mM imidazole. A, immobilized calpain–CAST-GFP complex (50 �l) was diluted to 100 �l with wash buffer, and its fluorescence was
measured with excitation at 488 nm and emission at 510 nm in triplicate in a 96-well plate. Error bars, S.D. (n � 3). B, SDS-PAGE analysis of the calpain–CAST-GFP
complex. The black arrow indicates the GFP-CAST band pulled down by calpain binding.

Figure 9. The N-terminal portion of IS1 shows partial overlap with part of the B-peptide of calpastatin in the active site of the calpain-3 protease core.
Superposition of structures of calpain-3 protease core C129S (13) (PDB code 6BDT) and calpain-2 C129S in complex with calpastatin (PDB code 3BOW) shows
that the backbone of the N-terminal portion of IS1 (blue) and the backbone of the B-peptide of calpastatin (magenta) partially overlap in the active site. The
partial overlap of the backbones of IS1 and calpastatin is represented as a cartoon (A) and as sticks (B).
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In the crystal structure of the Ca2�-activated calpain-3 core,
a remnant of the N-terminal region of IS1 was present in the
catalytic cleft (13). Modeling this portion of IS1 into its equiv-
alent position in the calpain-2 catalytic cleft established that
calpain-2 mimics the subsite interactions made by calpain-3
with the backbone and side chains of IS1. Further still, the
model predicted that the backbone of IS1 forms a hydrogen
bond with the side chain of the key Trp288 residue, explaining
how IS1 might suppress tryptophan fluorescence in the Ca2�-
activated form.

Although the model and crystal structure reveal key insights
about IS1 binding to the catalytic cleft, they do not provide
information about the residues downstream of Gly275* or any
potential contacts made by IS1 in the primed side of the active
site. It is conceivable that IS1 may interact with the CBSW
domain right next to PC2. However, we suspect that the central
region of IS1 may interact with a binding partner in the sarcom-
ere. The results of the trypsin proteolysis experiment described
above can be used to explore this possibility. Trypsin digestion
revealed that the central region of IS1 is flexible and solvent-
exposed, making it highly susceptible to proteolytic digestion.
This is consistent with what was described by the SAXS solu-
tion structures reported for the Ca2�-activated and Ca2�-free
calpain-3 protease cores (13). Thus, most of IS1 is unstructured
and unprotected even in the presence of neighboring calpain
domains that are absent from the calpain-3 protease core struc-
ture, meaning that this part of IS1 likely does not bind to calpain
itself. Therefore, the external binding partner scenario seems more
likely. This would explain why the entire IS1 sequence is so well-
conserved in mammals and why there are some LGMD2A muta-
tions in the middle of the insertion sequence (Fig. S2). If IS1 was
unstructured in vivo, it is unlikely that there would be much con-
straint on the sequence.

The N-terminal portion of IS1 plays an autoinhibitory
propeptide role in the activation of calpain-3

As shown above, IS1 occupies the catalytic cleft of the
calpain-2–IS1 protease core, which resulted in a slight sigmoi-
dal shape in the early phase of the substrate hydrolysis reaction.
We attributed this kinetic behavior to the autoinhibitory role of
IS1 (46), where its position in the catalytic cleft interferes with
substrate binding during the early phase of the enzyme reac-
tion. Displacement of IS1 following intramolecular autoprote-
olysis was required before the enzyme could accept substrate
and/or inhibitors, consistent with observations made using cal-
pain-3 (46). Experiments with skinned muscle fibers have
shown that calpain-3 is not activated following transient
increases in Ca2� concentration during normal muscle con-
traction; instead, calpain-3 activation is associated with pro-
longed increases in cytoplasmic Ca2� levels, like those that fol-
low eccentric exercise (29, 33, 34, 37). The autoinhibitory
propeptide function of IS1 could possibly serve as a key protec-
tive feature against spurious calpain-3 activation during the
brief Ca2�-signaling events associated with normal muscle
contraction.

Being a multidomain heterodimer with exposed loops and
linkers, calpain-2 is a prime target for digestion by proteases
(75, 76), including by calpain itself (77, 78). We maintain that

rapid autolysis of calpain-2 is primarily an artifact of its purifi-
cation (2, 79). Similar intermolecular autolytic activity follow-
ing enzyme activation of calpain-3 has been reported, primarily
in the IS1, NS, and IS2 regions (45, 46, 51). Consistent with what
has been previously reported, we found the C-terminal region
of IS1 is a site of intermolecular autolysis. However, cuts here
occur at a much slower rate than the intramolecular propeptide
cleavage near the IS1 N-terminal end. Interestingly, autoinhi-
bition of substrate hydrolysis by IS1 in the early stages of the
reaction is accompanied by a reduced rate of intermolecular
autoproteolysis, producing a less active but longer-lasting
enzyme.

Sequence alignment of the central portion of IS1 between the
intra- and intermolecular cut sites shows a high degree of con-
servation among mammals (Fig. S2). Also, the sequence of this
region suggests that it has a high propensity to form a �-helix
(46). However, as shown above and by Ye et al. (13), this region
by itself is unstructured and solvent-exposed. We propose that
the central region of IS1 adopts a �-helical structure only when
bound to an as yet unknown partner. We hypothesize that an
IS1-binding protein exists in the sarcomere and helps to protect
calpain-3 from spurious activation (Fig. 10). This partner might
be released from the Ca2�-activated enzyme via a conforma-
tional change or by IS1 cleavage at both the N and C termini,
thereby opening up the catalytic cleft to substrates (Fig. 10B).
But a more attractive possibility is that it could hold the N-ter-
minal portion of the IS1 loop away from the active site, making
it fully accessible to substrates without requiring its cleavage.
The advantage of a nonproteolytic model of calpain-3 activa-
tion is that it can return to the inactive state following calcium
signaling without damage or loss of the enzyme.

Calpastatin as a novel guide to calpain-3 inhibition

LGMD2A is a progressive wasting disease that affects the
proximal limb muscles, eventually leaving patients unable to
walk. So far, around 500 different mutations in calpain-3 are
known to cause LGMD2A (21, 32, 52, 80, 81); a subset of these
predisposes the enzyme to increased autoproteolytic activity
and subsequent inactivation (71, 82, 83). Above, we showed that
autoinhibition of substrate hydrolysis by IS1 reduces the rate of
calpain-2 autoproteolysis, generating a less active but longer-
lasting enzyme. Therefore, we propose that treatment of cal-
pain-3 with reversible inhibitors could prolong the half-life of
the enzyme in patients exhibiting this category of mutation,
thereby improving their outcome.

To date, nonspecific small-molecule calpain inhibitors like
E-64 and leupeptin have not proven effective against the rapid
autolysis of IS1 in calpain-3, requiring its removal before they
can take effect (15, 43, 45, 46, 84, 85). Consistent with this, we
found that treatment of calpain-2–IS1 with E-64 and leupeptin
also proved unsuccessful at significantly reducing the rate of IS1
autolysis. Many of these established calpain inhibitors and their
derivatives occupy the unprimed side of the active-site cleft, in
the S1–S3 subsites (2), where, according to the calpain-3 pro-
tease core crystal structure (13) and calpain-2 model, the IS1
N-terminal region interacts with the catalytic cleft. This implies
that inhibitors that bind to this region of the cleft, like E-64 and
leupeptin, must outcompete the tight interactions made by IS1.

Calpain internal propeptide

J. Biol. Chem. (2018) 293(46) 17716 –17730 17725

http://www.jbc.org/cgi/content/full/RA118.004803/DC1
http://www.jbc.org/cgi/content/full/RA118.004803/DC1


The primed side of the active-site cleft has not traditionally
been targeted by inhibitors. In calpain-1 and -2, the flexibility of
the gating loops is an encouragement to design compounds that
extend into this side of the cleft (67, 69). Our results, consistent
with what was shown by the crystal and SAXS solution struc-
tures of the calpain-3 protease core (13), show that the C-ter-
minal portion of IS1 is highly flexible and may be much more
easily pushed aside to make the primed side of the calpain-3
catalytic cleft more accessible to inhibitors. Tight-binding com-
pounds that occupy both sides of the cleft, as with the naturally
occurring calpain-1 and -2 inhibitor calpastatin, would be ideal.

The advantage of using whole calpain-2 as an IS1 surrogate is
that it can accommodate inhibitors that extend beyond the cat-
alytic core, into regions where contact with the CBSW domain
and PEF domains are made. Inhibitors that make these addi-
tional contacts may be more capable of competing with IS1 for
the active-site cleft. By superimposing the crystal structure of
calpastatin-bound rat calpain-2 (20) with the calpain-3 prote-
ase core structure (13), we found that the backbone of the
N-terminal portion of IS1 and the backbone of the correspond-
ing region of the calpastatin B-peptide occupy nearly identical
positions within the active-site cleft, with their side chains
pointed in the same orientations and with similar subsite inter-
actions, up until the point where calpastatin forms a loop just
out of range of the catalytic Cys. Although calpastatin is not an

endogenous inhibitor of calpain-3, we wanted to determine
whether IS1 is responsible for preventing calpastatin inhibition
of calpain-3 and whether inhibitors that span both sides of the
active-site cleft could limit IS1 propeptide cleavage. We found
that calpastatin completely stopped calpain-2–IS1 substrate
turnover, leaving IS1 intact. This demonstrates that IS1 is not
responsible for the failure of calpastatin to inhibit calpain-3 in
vivo. However, using just the B region (B-27) peptide (61, 62),
we were unable to inhibit IS1 propeptide cleavage, despite the
fact that it also spans both the primed and unprimed sides of the
catalytic cleft. We think the reason CAST is so much more
effective than B-27 is that it is anchored at either end by binding
to the PEF domains, which ensures the correct positioning of its
inhibitory central section for binding the cleft. Therefore, we
propose that calpastatin is indeed capable of inhibiting cal-
pain-3, but does not do so in vivo because calpain-3 forms a
homodimer with only one set of PEFs for the two enzymes (13,
19). Only one CAST can bind to the dimer and thus inhibit only
one of the two protease cores. There would be no binding site
for a second CAST.

Because calpastatin can effectively stop IS1 cleavage in
calpain-2–IS1, we propose that the inhibitory B region could be
used as a novel lead peptide for the design and development of
calpain-3–specific inhibitors for the treatment of LGMD2A.

Figure 10. Calpain-3 structural model and calpain-3 activation schemes. A, the calpain-3 whole-enzyme model based on the calpain-3 homodimer PEF(L)
structure (PDB code 4OKH) (19) (cyan), calpain-3 protease core (PDB code 6BDT) (13), and calpain-2 (20). This model places a protease core at both ends of the
protein, with the protease core domains PC1 and PC2 colored yellow and orange, respectively. The CBSW domain is colored green. Hypothetical positions of IS1
(dark blue) and IS2 (dotted line) are indicated. B, activation mechanism scheme where a binding partner (red) pulls IS1 away from the active site to allow for
access of substrates and/or inhibitors, where IS1 remains intact. C, scheme where the binding partner (red) pulls on IS1 to draw it away from the active-site Cys,
protecting it from autolytic cleavage. Following the conformation change required for activation, the partner releases IS1, so that it may be cleaved. D, the
current in vitro model, were IS1 cleavage is required before substrate can access the active-site cleft.
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Conclusions

The rapid autoproteolytic activity within the unique NS, IS1,
and IS2 regions of calpain-3 has confounded both the structural
and functional study of this enzyme. Here, we have generated a
stable calpain-2–IS1 surrogate for the mimicry of calpain-3 and
for the study of its unique insertion sequences. We established
that, in both calpain-2 and -3, IS1 plays a key autoinhibitory
propeptide role. Its position in the catalytic cleft is responsible
for the occlusion of substrates and inhibitors, rendering weak
inhibitors ineffective against calpain-3 IS1 autolysis. However,
the design of tight-binding calpain-specific inhibitors, like cal-
pastatin and the N-terminal region of IS1, may exhibit suffi-
cient calpain-3 inhibition to extend its half-life in vivo and ame-
liorate the effects of LGMD2A in some patients.

Experimental procedures

Materials

The FRET-based peptide substrates (EDANS)-EPLFAERK-
(DABCYL) and (EDANS)-EEVYGMMK-(DABCYL) were syn-
thesized by Biomer Technology (Pleasanton, CA). Recombi-
nant active rat calpain-2 and inactive rat calpain-2 C105S were
prepared as described previously (86). Calpastatin CAST4 was
also prepared in-house as described previously (20). The cal-
pastatin B-27 peptide calpain inhibitor was obtained from Cal-
biochem. Calpain inhibitors E-64 and leupeptin were pur-
chased from BioShop (Ontario, CA).

Construction of calpain-2–IS1 surrogate expression vector

The DNA construct encoding the rat calpain-2 80-kDa large
subunit, with the 48-residue human calpain-3 IS1 (YGTSPS-
GLNMGELIARMVRNMDNSLLQDSDLDPRGSDERPTRT-
IIPVQ) (Fig. S2) DNA sequence inserted after base 750, was
synthesized by GeneArt (Life Technologies, Inc.) with a C-ter-
minal His tag encoded. GeneOptimizer (Thermo Fisher Scien-
tific) was used to codon-optimize the gene for improved
expression in Escherichia coli. The DNA sequence was also
optimized to reduce the formation of RNA secondary structure
that might inhibit transcription and/or translation. The
calpain-2–IS1 construct was inserted into pET-24a(�)
between 5� NdeI and 3� XhoI restriction sites. Site-directed
mutagenesis was performed to also make a C105S calpain-2–
IS1 catalytically incompetent version of the surrogate enzyme.
Positive clones were identified by restriction enzyme digestion
and DNA sequencing (Robarts Research Institute, London,
Canada).

Expression and purification of recombinant calpain-2–IS1 in
E. coli

Plasmids from positive clones were electroporated into the
E. coli BL-21 (DE3) (star) expression cell line transformed with
pACpET-21k, which contains the cDNA encoding the rat cal-
pain small subunit (CAPNS1) with a C-terminal truncation of
the glycine-rich domain (86). Cultures were grown to A600 �
0.6 at 37 °C while shaking at 220 rpm in the presence of 100
�g/ml kanamycin and 100 �g/ml ampicillin. The culture was
chilled to 23 °C, and protein production was induced by adding
0.1 mM isopropyl �-D-thiogalactoside, and expression was con-

tinued overnight at 23 °C with shaking at 220 rpm. The recom-
binant protein was purified following the protocols outlined by
Elce (87) (Fig. S1). Concentrated samples were buffer-ex-
changed into 50 mM HEPES, pH 7.6, and 10 mM DTT, snap-
frozen, and stored at �80 °C until needed. Total protein con-
centrations were measured by absorbance at 280 nm (� � 1.353
M�1 cm�1), and purity was assessed by SDS-PAGE (10% gel).

Fluorescence-based measurements of calpain activity

Ca2�-induced activation, which causes a large conforma-
tional change in calpain-2 and calpain-2–IS1, was measured by
intrinsic tryptophan fluorescence using excitation at 280 nm.
The emission spectrum was recorded from 300 to 400 nm for 50
�M calpain-2 C015S and calpain-2–IS1 C105S inactive mutants
titrated with 50 �M to 5 mM CaCl2 in buffer containing 50 mM

Tris-HCl (pH 7.4), 150 mM NaCl, and 0.1% �-mercaptoethanol.
Hydrolysis of the small molecule FRET-based peptide

(EDANS)-EPLFAERK-(DABCYL) (65) was measured in a
500-�l cuvette using an LS-55 fluorescence spectrometer
(PerkinElmer Life Sciences) with excitation at 335 � 10 nm and
emission at 500 � 10 nm. Measurements were performed in
reaction buffer consisting of 50 mM HEPES-NaOH (pH 7.4) and
0.1% �-mercaptoethanol with 10 �M substrate. The solution
was premixed with a stir bar for 30 s, and the reaction was
initiated by the addition of 5 mM CaCl2. Assessment of calpain
activity was done using 250 nM recombinant rat calpain-2 or
calpain-2–IS1. The reactions were performed for 10 min at
room temperature with constant stirring. Inhibition assays
were conducted using 5 �M E-64, 5 �M leupeptin, 1 �M B-27
calpastatin peptide, or 0.5 �M whole-calpastatin CAST4.

Calpain autolysis SDS-polyacrylamide gels

Calpain autolysis was performed with 5 �M calpain-2 or
calpain-2–IS1 in 200 �l of reaction buffer containing 50 mM

HEPES-NaOH (pH 7.4) and 0.2 mM DTT. Reactions were acti-
vated with the addition of 5 mM CaCl2, and samples were drawn
and the reactions stopped at each time point by adding SDS-
PAGE loading buffer followed by heating at 95 °C. The calpain
autoproteolytic fragments, separated by SDS-PAGE, were iden-
tified by in-gel trypsin digestion and LC-MS (SPARC BioCen-
tre, The Hospital for Sick Children, Toronto, Canada). Inhibi-
tion of autoproteolysis was examined by adding 50 �M E-64, 50
�M leupeptin, 10 �M calpastatin B-27 peptide, or whole-cal-
pastatin CAST4. Trypsin digestion of Ca2�-bound inactive
C105S calpain-2 and calpain-2–IS1 was performed and ana-
lyzed following the same conditions outlined above.

GFP-CAST calpain-2 pulldown assay

Calpastatin CAST4 was N-terminally tagged with GFP by
gene insertion at the 5� NdeI restriction site of its DNA con-
struct. GFP-CAST was produced in E. coli BL-21 (DE3) (star)
expression cell line under kanamycin selection and was purified
by heat denaturation at 68 °C and size-exclusion chromatogra-
phy using a Superdex 75 10/300 GL column (GE Healthcare).

Calpastatin GFP-CAST pulldowns were performed by bind-
ing His6-tagged inactive calpain-2 or calpain-2–IS1 C105S
mutants to 200 �l of packed Ni-NTA–agarose resin suspended
in Ni-buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM
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NaCl, 2% (v/v) glycerol, 5 mM imidazole supplemented with
either 10 mM CaCl2 or MgCl2. The Ni-NTA–agarose resin with
bound calpain was washed three times with Ni-buffer. A 1-ml
aliquot of 1 mg/ml GFP-CAST was applied to the immobilized
calpain and followed by three washes with Ni-buffer. Measure-
ment of GFP fluorescence, with excitation at 488 nm and emis-
sion at 510 nm, was carried out on 50-�l aliquots of the
Ni-NTA–agarose resin suspension diluted to 100 �l with Ni-
buffer on a Molecular Devices Spectra Max M2 fluorescent
microplate reader using a 120-�l half-area 96-well Corning
plate (black). Calpain–CAST-GFP complex bound to the Ni-
NTA-agarose resin was mixed with SDS-PAGE loading buffer,
heated to 95 °C, and assessed by SDS-PAGE
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