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ABSTRACT: Loss-of-function mutations in calpain 3 have been shown to cause limb-girdle muscular
dystrophy type 2A (LGMD2A), an autosomal recessive disorder that results in gradual wasting of the
muscles of the hip and shoulder areas. Due to the inherent instability of calpain 3, recombinant expression
of the full-length enzyme has not been possible, making in Vitro analysis of specific LGMD2A-causing
mutations difficult. However, because calpain 3 is highly similar in amino acid sequence to calpain 2, the
recently solved crystal structure of full-length, Ca2+-bound, calpastatin-inhibited rat calpain 2 has allowed
us to model calpain 3 as a Ca2+-bound homodimer. The model revealed three distinct areas of the enzyme
that undergo a large conformational change upon Ca2+ binding. Located in these areas are several residues
that undergo mutation to cause LGMD2A. We investigated the in Vitro effects of six of these mutations
by making the corresponding mutations in rat calpain 2. All six mutations examined in this study resulted
in a decrease in enzyme activity. All but one of the mutations caused an increased rate of autoproteolytic
degradation of the enzyme as witnessed by SDS-PAGE, indicating the decrease in enzyme activity is
caused, at least in part, by an increase in the rate of autoproteolytic degradation. The putative in ViVo
effects of these mutations on calpain 3 activity are discussed with respect to their ability to cause LGMD2A.

The first member of the calpain family of Ca2+-activated
neutral cysteine proteases was identified over 40 years ago
in the soluble fraction of rat brain extracts (1). Since then,
homologues of the enzyme have been found in diverse
organisms, often with multiple isoforms present within
individual species (2) or even within a single gene. To date,
14 calpain genes have been found in humans, 4 in Drosophila
melanogaster and 12 in Caenorhabditis elegans. With their
ability to cleave a wide variety of target proteins in a limited
and specific manner in response to Ca2+ signaling, the
calpains play a key role in the regulation of many cellular
processes including cell motility (3), signal transduction (4),
cell cycle progression (5), apoptosis (6), and gene expression
(7). Not surprisingly, several pathologies have been linked
to the misregulation of other calpains, and these include type
2 diabetes (8, 9), limb-girdle muscular dystrophy (10),
Alzheimer’s disease (11, 12), cataract formation (13, 14),
and multiple sclerosis (15), among others.

The most extensively studied members of the calpain
family are calpains 1 and 2, also known as µ- and m-calpain,
respectively. They are ubiquitously expressed in all tissues,

and each forms a heterodimer with the inappropriately named
calpain 4, which is in fact the small subunit of the protease
otherwise referred to as CAPNS1 (2). In addition to calpains
1, 2, and 4, calpains 5, 7, 10, 12, and 13 are also ubiquitously
expressed. While primarily cytosolic in nature, a proportion
of some calpain isoforms have also been identified in specific
subcellular organelles. Recent studies have shown that
calpain 1 localizes between the inner and outer mitochondrial
membrane (16, 17), while calpain 10 localizes to the matrix
of the mitochondria (18), suggesting that compartmentaliza-
tion might feature in the regulation of the ubiquitously
expressed isoforms of these enzymes.

The remaining calpains (3, 6, 8, 9, and 11) have tissue-
specific distributions (2). Calpain 3, initially referred to as
p94, is the best studied of this group. It is a 94-kDa skeletal
muscle-specific isoform of calpain that localizes to several
regions of the sarcomere by binding the giant sarcomere
protein, titin (19). It is thought that this interaction regulates
the proteolytic activity of calpain 3 by sequestering the
enzyme and helping to maintain it in an inactive form until
required in the cell. To date, there are over 440 documented
mutations in CAPN3, the gene encoding calpain 3, that cause
limb-girdle muscular dystrophy type 2A (LGMD2A, OMIM
253600) (10, 20) (http://www.dmd.nl/CAPN3). LGMD2A
is an autosomal recessive form of limb-girdle muscular
dystrophy characterized by the gradual atrophy of muscles
in the hip and shoulder areas: the limb-girdle. While many
types of pathogenic mutations have been described, close to
50% are missense mutations (212 out of 440), many of which
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cause inactivation of the enzyme. It is hypothesized that loss
or inactivation of calpain 3 leads to an accumulation of
damaged and/or misfolded protein that impairs muscle
structure or growth, causing atrophy and eventually LGMD2A
(21). Besides proteolysis, calpain 3 may have additional
functions, such as binding AHNAK or other proteins of the
cytoskeleton, in addition to titin.

Hindering our ability to understand how these missense
mutations cause LGMD2A is the lack of a three-dimensional
structure of calpain 3. The full-length enzyme is inherently
unstable in Vitro due to its rapid autolytic degradation (22).
However, based on its amino acid sequence similarity to both
calpains 1 and 2 (54% and 51%, respectively), it is likely
that calpain 3 adopts the same overall fold as the large
subunit of the ubiquitously expressed isoforms of the enzyme.
This consists of four domains (I-IV) with the proteolytic
activity residing in the papain-like domains I and II.
Heterodimerization of the enzyme occurs mainly via pairing
of the penta-EF-hand (PEF)1 domain IV of the large (80-
kDa) subunit with the homologous PEF domain of the small
(28-kDa) subunit.

The domain organization of calpain 3 is identical to that
of the large subunits of calpains 1 and 2. However, this
isoform has three additional sequences unique among the
calpain family: NS, IS1, and IS2. IS1 and IS2 are different
48-residue insertion sequences present within domain II and
in the linker between domains III/IV, respectively, while NS
is a 52-residue N-terminal addition to the enzyme that takes
the place of the anchor helix in calpain 2. Both NS and IS1
are cleaved intramolecularly, which is proposed to activate
the enzyme (23), while IS2 appears to target the enzyme to
titin in the sarcomere (19). Several naturally occurring splice
variants of the protein have been identified that lack the NS,
IS1, and/or IS2 sequences. Lp82 is a rodent lens-specific
splice variant of calpain 3 lacking all three sequences (24).
The human isoform of Lp82 is not expressed due to the
accumulation of frame-shift mutations in the gene (25).
However, studies have shown rodent Lp82 to be stable and
enzymatically active in the lens, indicating a regulatory/
localization role for the insertion sequences as opposed to a
distinct structural role. Differentially regulated expression
of additional calpain 3 isoforms lacking one or several of
these unique elements during development or muscle matu-
ration has also been observed (26, 27).

Also distinct to calpain 3 is its ability to homodimerize
via its PEF domain IV (28). This is in contrast to calpains 1
and 2, which heterodimerize with the small subunit. While
no definitive structural data exist for dimerization of the
whole enzyme, recombinantly expressed isolated calpain 3
domain IV behaves as a dimer as indicated by both gel
permeation chromatography and analytical ultracentrifugation
(29). Modeling of a calpain 3 PEF domain IV homodimer
based on the rat small subunit crystal structure indicated the
dimerization interface is well conserved between the two,
lending further support for the ability of p94 to homodimerize.

Crystal structures of rat and human calpain 2 have been
solved in the absence of Ca2+ (30, 31). Based on the high
degree of sequence similarity between calpain 2 and calpain
3, the former structure was used as the template for a calpain
3 model in an attempt to understand and explain the
significance of some of the missense mutations that cause
LGMD2A (32). The model was successful in identifying
some specific mutations located at points along the protein
that might affect domain-domain interactions and disrupt
alignment of the active site, thereby inactivating the enzyme
and causing LGMD2A. However, this model of calpain 3
was based on a Ca2+-free template, and as the crystal
structure of the isolated proteolytic core has subsequently
shown (33), there is a large interdomain rotation that occurs
in the enzyme upon binding of Ca2+ ions that functions to
align the active site of the protein.

Recently, the crystal structures of full-length rat calpain
2 bound by either the first or fourth inhibitory repeat of its
endogenous inhibitor calpastatin were solved (34, 35). In
addition to identifying a novel inhibitory mechanism, the
active Ca2+-bound conformation of the enzyme was revealed
for the first time. There were very few changes in the
structure of individual calpain domains. However, there were
large shifts in the relative position and orientation of each
domain within the protein. For example, the PEF domains
moved closer to the proteolytic core of the enzyme and
caused displacement of the N-terminal anchor helix, creating
a more compact shape compared to its Ca2+-free counterpart.
Also, a basic loop located within domain III of the enzyme
was found to interact with and stabilize the active site.

In this study, the recently solved Ca2+-bound structures
of calpain 2 have been used as a template for a Ca2+-bound
homodimeric model of calpain 3. This has allowed us to
explain additional LGMD2A-causing missense mutations in
the enzyme that were previously difficult to rationalize. Also,
the modeling of calpain 3 in the Ca2+-free state was revisited
to accurately compare the apo and holo forms of the enzyme.
Three regions of calpain 3 were identified that undergo a
large conformational shift upon the binding of Ca2+. These
contain several amino acids that, when mutated, cause
LGMD2A. The recombinant expression of full-length human
calpain 3 in Escherichia coli has not been possible because
of the enzyme’s instability. However, some LGMD2A-
causing mutations have been investigated by mutating the
corresponding residues in rat calpain 2 (32, 34). Most
recently, Moldoveanu et al. (34) replaced arginine residues
located in and around the basic loop of domain III of calpain
2 with alanine to simulate mutations that cause LGMD2A.
A significant decrease in activity of the mutants was observed
along with an increase in Ca2+ requirement. Here we have
made exact substitutions to match LGMD2A mutations in
three different regions of the enzyme. The mutants analyzed
in this study also demonstrate decreased enzyme activity.
However, our data indicate the decrease in activity in all
three regions is due, at least in part, to an increased rate of
autolytic degradation of the enzyme.

MATERIALS AND METHODS

Homology Modeling of Calpain 3. The crystal structures
of human calpain 2 (PDB 1KFU) and rat calpain 2 bound to
rat calpastatin inhibitory repeat 4 in the presence of Ca2+

1 Abbreviations: DTT, dithiothreitol; EDTA, ethylenediaminetet-
raacetic acid; FRET, fluorescence resonance energy transfer; HEPES,
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; MW, molecular
weight; PEF, penta-EF-hand; rfu, relative fluorescence units; RMSD,
root mean square deviation; SDS-PAGE, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis; Tris, tris(hydroxymethyl)amino-
methane.
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(PDB 3BOW) were used as the templates for the Ca2+-free
and Ca2+-bound calpain 3 models, respectively. Using the
program PyMol (36), the large subunit (domains I-IV) of
each template was duplicated and aligned via its PEF domain
IV to the PEF domain IV of the second subunit along the
lines of the domain IV/VI interaction in the heterodimeric
calpain 2, thus creating a large subunit homodimer similar
to that proposed by Ravulapalli et al. (29). The program
Modeler (37) was used to model calpain 3. A structure-based
alignment was created between calpain 3 and each subunit
of the calpain 2 homodimer. This placed the NS, IS1, and
IS2 sequences of calpain 3 into loop regions of the structural
templates, allowing for their omission from the modeled
calpain 3 structures. In particular, elimination of IS1 was
accomplished by joining T273 to Y322 via a peptide bond,
while IS2 was omitted by joining R592 to P641. The program
Gromacs (38) was used for energy minimization. Each
calpain 3 model was solvated in a cube with roughly 150000
water molecules and 18 Na+ ions to neutralize the charge of
the system. Following solvation, each model was energy
minimized via steepest descents for ca. 400 steps or until
convergence (Fmax < 1000).

Construction, Expression, and Purification of Full-Length
Rat Calpain 2 Mutants. Six different rat calpain 2 mutants
(G423R, R417W, R628Q, T344M, D346E, and D362K) were
made using the QuikChange site-directed mutagenesis kit
(Stratagene) according to the manufacturer’s protocol. Each
of the six mutants was expressed and purified as previously
described (39). Samples were analyzed for purity via 10%
(w/v) SDS-PAGE in Tris-Tricine buffer followed by
Coomassie brilliant blue staining.

FRET Kinetic Studies. Rat calpain 2 (either wild type or
mutant) (50 nM) was used to digest 10 µM FRET-based
substrate PLFAER (40) in 1 mL of buffer A (100 mM
HEPES-HCl (pH 7.4), 1 mM DTT). CaCl2 was added to a
final concentration of 1 mM to initiate the reaction, and
fluorescence was monitored as a function of time using a
PerkinElmer LS-50-B fluorometer at an excitation wave-
length of 335 nm and an emission wavelength of 505 nm.
The rate of increase in fluorescence over the first 25 s after
calcium addition was used to determine the initial activity.
A total of three measurements were averaged to determine
the activity of each mutant.

Autolysis Assay. Aliquots of purified rat calpain 2 (either
wild type or mutant) (100 µg) were diluted into 200 µL of
buffer A. Autolysis was initiated by addition of CaCl2 to a
final concentration of 1 mM. Aliquots (5 µg) were removed
from the reaction at various time points (1, 2, 5, 10, 20,
40, and 60 min) and mixed with SDS loading buffer (62
mM Tris-HCl (pH 6.8), 2% (w/v) SDS, 10% glycerol, 14
mM �-mercaptoethanol, 0.01% (w/v) bromophenol blue,
25 mM EDTA) to stop the reaction. Aliquotted time points
were heated at 95 °C for 5 min prior to analysis via 10%
(w/v) SDS-PAGE. All gels were stained using Coomassie
brilliant blue R-250.

RESULTS

Calpain 3 Model. We aligned calpain 3 to the human and
rat calpain 2 large subunits using structure-based amino acid
matching (Figure 1). The alignment shows a high degree of
conservation throughout its length (52% identity, 71%

similarity to both proteins) with the exception of the NS,
IS1, and IS2 sequences. These three sequences, which are
specific to calpain 3 and have no known structural homo-
logues, were placed in solvent-exposed loop regions of the
enzyme, allowing for their omission from both the Ca2+-
free and Ca2+-bound models of calpain 3 without affecting
their overall folds. Specifically, the 52 amino acid NS was
omitted from the N-terminus of the protein, while the 48
amino acid IS1 was placed in a loop region between �-strands
2 and 3 of domain II, and the 48 amino acid IS2 was placed
in the linker between domains III and IV.

Both the Ca2+-free and Ca2+-bound enzyme models
homodimerize by association of their PEF domains (Figure
2). This interaction is almost identical to the domain IV/VI
PEF interaction of calpain 2 in the Ca2+-free and Ca2+-bound
states, respectively. There are no obvious steric hindrances
to modeling calpain 3 as a homodimer via its PEF domain
IV as the amino acids at the dimerization interface are well
conserved, as can be seen in the alignment (Figure 1). The
homodimerization of calpain 3 creates an enzyme with two
active proteolytic sites located at opposite ends of the
structure. This eliminates any obstruction of either active site
from the opposite subunit as each subunit is aligned in an
antiparallel manner as dictated by the nature of the PEF
domain IV interaction.

Calpain 3 was originally shown to bind Ca2+ using 45Ca2+

gel overlay experiments, and its autolytic degradation was
also demonstrated to be Ca2+-dependent (41). We predict
calpain 3 binds Ca2+ in the same manner as rat calpain 2.
We note that the overall amino acid conservation between
the two proteins is 52% but that there is 96% conservation
of Ca2+-coordinating residues between the two proteins
(Figure 1). Our Ca2+-bound model of calpain 3 binds 12 Ca2+

ions in total, with 6 in each individual subunit. The
proteolytic core (domains I-II) binds 2 Ca2+ ions in order
to align the active site, while the PEF domain IV binds 4
Ca2+ ions. We predict calpain 3 to be a homodimer in the
Ca2+-free and Ca2+-bound states. This is based on the
previous work by Ravulapalli et al. (29), where recombi-
nantly expressed isolated calpain 3 PEF domain IV was
shown via both gel permeation chromatography and analyti-
cal ultracentrifugation to be a homodimer in the presence of
either Ca2+ or EDTA.

We assessed the stereochemical quality of each calpain 3
model using the program Procheck (42). Both the Ca2+-free
and Ca2+-bound models had greater than 97% of their
residues fall within allowable regions of the Ramachandran
plot, indicating high-quality models (data not shown). The
Ca2+-bound and Ca2+-free models of calpain 3 match very
closely with their structural templates. The R-carbon RMSD
of calpain 3 to the rat Ca2+-bound and human Ca2+-free
structural templates after energy minimization was 0.25 and
0.56 Å, respectively, while the Ca2+-bound and Ca2+-free
models of calpain 3 have an R-carbon RMSD of 9.15 Å when
aligned to each other over the entire length of their sequence.
This large difference is the result of the major reorientation
of each individual domain of the enzyme upon the binding
of Ca2+. In particular, all of the major changes observed
upon the binding of Ca2+ by rat calpain 2 are mimicked by
calpain 3. There is a large rotation of domain II in relation
to domain I that aligns the active site of the enzyme. This
rotation, in turn, causes a rotation of the C2-like domain III

Autoproteolytic Inactivation of Calpain 3 Biochemistry, Vol. 48, No. 15, 2009 3459



FIGURE 1: Structure-based amino acid alignment of calpains. Secondary structure elements (R ) R-helix, � ) �-strand) of the Ca2+-bound rat
calpain 2 crystal structure are numbered sequentially above the sequence and are colored according to individual domains (blue ) I, light blue )
II, green ) III, yellow ) IV). Identical residues between the three proteins are highlighted in yellow. Conserved substitutions are highlighted in
orange. Semiconserved substitutions are highlighted in light green. Ca2+-binding residues are boxed in black. Gray residues at the beginning of
the alignment represent NS from calpain 3 and are not aligned to the template sequences due to lack of homology. The boundaries of IS1 and IS2
are indicated by vertical lines. Calpain 3 residues that undergo mutation to cause LGMD2A are indicated by the corresponding mutated residue
below the alignment. An asterisk indicates a residue that can undergo multiple mutations to cause LGMD2A.
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away from domain II and forward (relative to the view of
subunit a in Figure 2) over domain IV. Domain IV is
translated closer to domain I. All of these movements are
easily accommodated in the Ca2+-bound model of calpain 3
and create a more compact structure as compared to its Ca2+-
free counterpart.

As previously mentioned, there are currently over 440
mutations in the calpain 3 gene that are known to cause
LGMD2A, more than half of which are single amino acid
substitutions that can destroy or severely impair the pro-
teolytic activity of calpain 3. These mutations are evenly
spread out across the length of the protein. By mapping their
locations on both the Ca2+-bound and Ca2+-free models of
calpain 3, the majority of these mutations were observed to
be in sites of the protein that do not undergo a conformational
change upon the binding of Ca2+ and therefore are explain-
able with either a Ca2+-free or Ca2+-bound model of calpain
3. However, a close comparison of the two models revealed
three distinct areas of the protein that undergo a large
conformational change upon the binding of Ca2+: (1) the
linker connecting domains II and III, (2) the basic loop
connecting �-strands 3 and 4 of domain III, and (3) the
interface between domains III and IV. These three areas will
be discussed in detail below as will the corresponding rat
calpain 2 mutants that were created to investigate their effects
in Vitro.

Domain II/III Linker Region. There is a 15 amino acid
loop (residues 415-429) that connects domain II to domain
III in calpain 3 (colored pink in Figure 3) in which the
LGMD2A mutations T417M, D419E, and A420D are found.
In the Ca2+-free model, T417 and A420 are solvent-exposed
while the side-chain carbonyl oxygen of D419 hydrogen
bonds with the side-chain amide nitrogen of N415, the first

residue in the loop (Figure 3A). Upon the binding of Ca2+

to the protein, a major reorientation of the loop occurs. The
loop swings down and away from domains I and II (relative
to the view in Figure 3) and toward domain II/III. In
particular, when the Ca2+-free and Ca2+-bound models are
aligned to one another by their respective domain II’s, the
R-carbon of T417 moves 6.7 Å down and away from its
original position, while the R-carbons of D419 and A420
move 15.1 and 18.8 Å, respectively, from their original
position behind the active site of the protein and toward
different regions of domains II and III (Figure 3B). In this
new position, the side-chain hydroxyl group of T417
hydrogen bonds with a side-chain carbonyl oxygen of D419,
which itself is hydrogen bonded to the indole nitrogen of
W429. The main-chain carbonyl oxygen of A420 hydrogen
bonds with the main-chain nitrogen of S423.

This 15 amino acid loop connecting domain II to domain
III appears to allow for the proper rotation of these two
neighboring domains while at the same time stabilizing their
new orientation as several of the other residues in the loop
make both ionic and van der Waals contacts with both
domains II and III (Figure 3B). These include the side-chain
hydrogen bond between K425 and D472, as well as an
extensive hydrogen-bonding network between S260, N415,
E237, L421, A420, and S423. All three of the T417M,
D419E, and A420D LGMD2A mutations would appear to
be well tolerated in the Ca2+-free form of calpain 3. T417
and A420 are each solvent exposed with no particular
neighbor interactions while the D419E mutation should be
easily accommodated as the nature of the D and E side chains
are the same and therefore still able to hydrogen bond with
N415 (Figure 3A). However, in the Ca2+-bound form of
calpain 3, the length of the side chain of D419 appears critical
to form hydrogen bonds to the side chains of T417 and
W429. Mutation to the longer glutamate side chain would
eliminate this interaction and destabilize the loop. The same
can be said for the side chain of T417. Mutation to a Met
residue would eliminate its ability to hydrogen bond with
D419 and therefore destabilize the loop. The significance of
the A420D mutation is still not fully understood as A420
hydrogen bonds with S423 via its main-chain, not side-chain,
carbonyl oxygen. It is possible however, that the negative
charge of the Asp side chain could disrupt the orientation of
the loop in the Ca2+-free form.

We created the T417M (T344M) and D419E (D346E)
mutations in rat calpain 2 (corresponding rat calpain 2 mutant
site in parentheses). Each mutant enzyme was purified to
homogeneity, and their total yields were determined to be
60% and 40% of wild-type yields, respectively (Table 1).
The proteolytic activity of each mutant in comparison to the
wild type was determined by measuring their relative ability
to cleave the FRET-based PLFAER peptide. Cleavage of the
peptide results in the relief of fluorescence quenching,
causing a measurable increase in fluorescence as a function
of time. The T344M and D346E mutants had only roughly
30% and 55% of initial wild-type activity, respectively (Table
1). Also, each mutant lost the ability to hydrolyze the
PLFAER peptide approximately 3.5× faster than wild type
(500 s for both T344M and D346E vs 1800 s for wild type),
as demonstrated by their earlier plateau of fluorescence in
Figure 4. Since calpain is known to autolyze in the presence
of excess Ca2+, our data suggest that the T344M and D346E

FIGURE 2: Ca2+-free and Ca2+-bound homodimeric models of
calpain 3. Calpain 3 was modeled as a homodimer in both the Ca2+-
free and Ca2+-bound form by association of the PEF domain IV
from each subunit. Domains are colored as follows: I ) blue, II )
light blue, III ) green, and IV ) yellow. Ca2+ ions are indicated
by red spheres. Arrows point to the theoretical locations of NS,
IS1, and IS2, as well as the active site for both subunits of the
Ca2+-bound model. a ) subunit a of the calpain 3 homodimer, while
b ) subunit b of the calpain 3 homodimer.

Autoproteolytic Inactivation of Calpain 3 Biochemistry, Vol. 48, No. 15, 2009 3461



mutants might be autolyzing at a faster rate as compared to
wild type. We therefore monitored the autolysis of both wild-
type and mutant calpain 2 enzymes in the presence of excess
Ca2+ via SDS-PAGE.

The autolysis profile of wild-type calpain 2 is shown in
Figure 5A. Two distinct bands are visible at the 0 time point
control (no Ca2+ added), one at 80 kDa and the other at 21
kDa. These bands correspond to the large and small subunits
of calpain 2, respectively. Upon Ca2+ addition, the enzyme
began to autolyze as can be seen by the decreased intensity
of the 80-kDa and, to a lesser extent, the 21-kDa subunits
and the appearance of several intermediate bands. These
include one at ∼50 kDa, another at ∼40 kDa, and four others

between 20 and 26 kDa. The autolysis profile of the
T344M mutant revealed a much faster rate of autolysis as
compared to wild type, as evidenced by the almost complete
disappearance of the large 80-kDa band after 20 min (Figure
5B). The amount of residual 80-kDa subunit in T344M after
10 min is equivalent to the amount left in the wild type after

FIGURE 3: Domain II/III linker. Ca2+-free (A) and Ca2+-bound (B) models of calpain 3 highlighting the 15-aa loop (colored magenta) that
connects domain II to domain III. The three LGMD2A-causing mutations (T417M, D419E, A420D) located in this loop are shown in their
nonmutated forms and are colored in white, except for O atoms (red) and N atoms (blue). Hydrogen bonds between atoms are indicated by
black dashed lines. Other residues in the domain II/III linker that play critical roles in the correct orientation and stabilization of the loop
are colored in magenta. Residues that interact with but are located outside of the domain II/III linker are colored according to their domain
of origin as described in Figure 2.

Table 1: Yield and Average Initial Activity for Wild-Type and Mutant
Calpain 2 Enzymes

calpain 2 mutationa

corresponding
position in
calpain 3

yield
(mg of

protein/L
of E. coli
culture)

av initial
rate (rfu/s)

wild type 5 1.3 ( 0.1
G423R (basic loop) G496 4 0.84 ( 0.04
R417W (basic loop) R490 3 N/A
R628Q (domain III/IV interface) R748 3 0.19 ( 0.01
T344M (domain II/III linker) T417 3 0.36 ( 0.02
D346E (domain II/III linker) D419 2 0.7 ( 0.4
D362K (domain III/IV interface) E435 1 1.0 ( 0.3

a Mutation location in parentheses.

FIGURE 4: Hydrolysis of FRET-based PLFAER peptide. Catalytic
activity of wild-type and mutant calpain 2 enzymes was monitored
by cleavage of the (EDANS)-PLFAER-(DABCYL) peptide,
resulting in the relief of fluorescence quenching (40). Relative
fluorescence units (rfu) vs time (s) is plotted for each enzyme.
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40 min. Also, the 50-kDa band visible on the wild-type
profile after 1 min and which intensifies throughout the
course of the digestion is much fainter in the T344M
autolysis profile and disappears completely after 15 min. A
novel band is seen in the T344M autolysis profile at roughly
30 kDa that is not seen in the wild-type profile. A similar
autolysis profile was observed for the D346E mutant (data
not shown). Taken together, both the fluorescence and

autolysis data indicate the T344M and D346E mutations
cause calpain 2 autolysis to proceed at an increased rate as
compared to wild type, resulting in premature inactivation
of the enzyme.

Basic Loop of Domain III. A 15 amino acid loop (residues
487-501) connects �-strands 2 and 3 of domain III in calpain
3 (colored pink in Figure 6). The mutations R489W/Q,
R490W/Q, R493G/Q, and G496R all locate to this loop and
cause LGMD2A. This loop is positioned just underneath the
active site of the enzyme in both the Ca2+-free and Ca2+-
bound models of calpain 3; however, its conformation is
radically different depending upon the Ca2+-binding state of
the enzyme. In the Ca2+-free model, the loop is unstructured
and the side chains of R489, R490, and R493 point away
from the active site (Figure 6A). In particular, the side chain
of R489 hydrogen bonds with the side-chain carbonyl oxygen
of E568 (located in �-strand 8 of domain III). R490 hydrogen
bonds with what will become the four Ca2+-binding residues
of the second EF hand of domain IV of the opposite subunit.
These include the side-chain carbonyl oxygens of E667,
D705, and D707, as well as the main-chain carbonyl oxygen
of K711. R493 hydrogen bonds with the side-chain carbonyl
oxygen of D665 (itself a Ca2+-coordinating residue in the
first EF hand of domain IV of the opposite subunit) as well
as the main-chain carbonyl oxygens of R490 and K491 (not
shown). Finally, G496 provides flexibility to the loop as it
adopts main-chain φ/ψ angles only allowable for Gly
residues. Upon the binding of Ca2+ to the enzyme, residues
489-495 in the 15 amino acid loop adopt an R-helical
conformation with the side chains of both R490 and R493
pointing toward the bottom of the active site of the enzyme
(Figure 6B). In particular, R490 hydrogen bonds with the
main-chain carbonyl oxygens of A218 and L219, both
located in a loop right below the active site cysteine (C129).
R490 also hydrogen bonds with the side-chain carbonyl
oxygen of E226, located in helix 10 of domain I which is
itself a residue whose mutation to a Lys causes LGMD2A.
R493 interacts with the main-chain carbonyl oxygen atoms
of both K220 and G221, each of which is located in the same
loop that contains A218 and L219, while R489 interacts with
the main-chain carbonyl oxygen of S498 and the side-chain
carbonyl oxygen of D492.

This 15 amino acid loop appears to play a critical role in
the stability of both the Ca2+-free and Ca2+-bound structures
of calpain 3. In the Ca2+-free model, this loop has key
contacts with both domain III and domain IV from the
opposite subunit of the calpain 3 pair, all of which helps to
stabilize the fold of the dimer. The binding of Ca2+ by
domain IV would then displace both R490 and R493 from
EF hands 1 and 2 of the opposite subunit and allow them to
adopt an R-helical conformation that points their side chains
toward the cysteine of the active site, helping to stabilize
this area. The short helix appears to be stabilized by the side
chain of R489 which interacts with D492, via an i, i + 3
salt bridge, and S498 (both residues within the Ca2+-induced
helix) instead of E568 from domain III.

The corresponding R490W (R417W) and G496R (G423R)
mutations were created in rat calpain 2, and the mutated
enzymes were purified to homogeneity. Their respective
yields were 60% and 80% of wild type (Table 1). The G423R
mutant had approximately 65% of initial wild-type activity,
and that activity terminated roughly 6× faster (plateau in

FIGURE 5: SDS-PAGE analysis of selected rat calpain 2 mutants.
The autolysis profile of wild-type calpain 2 is shown in panel A.
PM ) protein markers; C ) control (no added Ca2+). Numbers
above each lane of the (10% w/v) SDS-PAGE gel represent
individual time points (min) of the assay. The MW (×10-3) of each
protein standard is shown down the left-hand side of the gel. Equal
amounts of protein (5 µg) were applied in each lane. The autolysis
profile of the T344M calpain 2 mutant is shown in panel B, while
the autolysis profiles of the G423R and R417W calpain 2 mutants
are shown in panels C and D, respectively.
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fluorescence at 300 s vs 1800 s for wild type) (Figure 4).
The autolysis profile of the G423R mutant showed a rapid
degradation of the 80-kDa large subunit. The amount of
residual 80-kDa subunit in G423R after 2 min is equivalent
to the amount left in wild type after 40 min, and the band
completely disappears after only 5 min (Figure 5C). Also,
there were fewer bands located between the 20-26-kDa size
range as compared to wild type, and there was no 50-kDa
band visible at any time point on the G423R profile as was
seen on the wild-type profile. Like the T344M and D346E
mutants, these data indicate the G423R mutant undergoes
autolysis at an increased rate as compared to wild type, and
this lowers the effective amount of enzyme capable of
proteolyzing target substrate.

The R417W mutant showed no cleavage of the PLFAER
peptide as no increase in fluorescence was observed upon
Ca2+ addition (Figure 4). Interestingly, the SDS-PAGE
autolysis profile of the R417W mutant (Figure 5D) showed
an extremely rapid partial digestion of the large 80-kDa
subunit of the enzyme immediately upon Ca2+ addition.
However, there was no change in the banding pattern after
about 1 min, indicating no further autolysis. Both the large
(80-kDa) and small (21-kDa) subunits of the enzyme were
still present throughout the time course though, as were bands
at roughly 50 and 40 kDa and approximately four bands
present between the 20-26-kDa range. This mutation caused
an extremely rapid partial degradation of the enzyme which
was then rendered totally inactive.

Domain III/IV Interface. Located at an interior interface
between domains III and IV of calpain 3 are the LGMD2A
mutations E435K, R437C, and R748Q (Figure 7). Both E435
and R437 are located in the first �-strand of domain III while
R748 is located in the second R-helix of PEF-3 of domain
IV. In the Ca2+-free model of calpain 3, E435 has no binding
partners and is solvent exposed, while the side chain of R437
hydrogen bonds with the side-chain carbonyl oxygen of E568
(located in the eighth �-strand of domain III), and the side
chain of R748 hydrogen bonds with the side-chain carbonyl
oxygen of E585 (located in the linker between domains III
and IV) (Figure 7A). After Ca2+ binding, the new orientation
of domain III with respect to domain IV is stabilized in part
by an extensive salt bridge network at their interior interface
involving E435, R437, and R748 (Figure 7B). In this
network, the side chain of E435 hydrogen bonds with the
side-chain amino nitrogen of K487 (located in a loop region
between �-strand 3 and R-helix 3 of domain III) and the
side-chain amino nitrogen of N760 (located in the first
R-helix of PEF-4 in domain IV). Also within this network,
the side chain of R748 hydrogen bonds to both the main-
chain and side-chain carbonyl oxygens of D764 (located in
the same helix as N760) which is itself hydrogen bonded to
K487. The movement of domain III with respect to domain
IV also allows for the side chain of R437 to interact with
the main-chain carbonyl oxygen of K773 while maintaining
its original interaction with the side chain of E568.

FIGURE 6: Domain III basic loop. Ca2+-free (A) and Ca2+-bound (B) models of calpain 3 highlighting the 15-aa loop (colored in magenta)
that connects �-strands 2 and 3 in domain III. The four LGMD2A-causing mutations (R489WQ, R490WQ, R493GQ, G496R) located in
this loop are shown in their nonmutated forms and are colored in white. Other details are as described in the legend to Figure 3.
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The corresponding E435K (D362K) and R748Q (R628Q)
mutations were made in rat calpain 2. After purifying the
enzymes to homogeneity, their respective yields were 20%
and 60% of wild type (Table 1). The R628Q mutant had
only ∼15% of wild-type activity based on initial reaction
rates (Table 1). While R628Q digested the PLFAER peptide
at a much slower rate as compared to the wild type, it
maintained the ability to hydrolyze the peptide over the entire
course of the experiment, as a plateau in fluorescence was
approached but not reached (Figure 4). The autolysis profile
of the R628Q mutant (data not shown) was qualitatively
identical to the wild-type autolysis profile with respect to
the fragments generated and the time over which they were
generated. In particular, a gradual decrease in the intensity
of the bands corresponding to the large and small subunits
of the enzyme was observed, as was a corresponding increase
in the number and intensity of bands representing smaller
breakdown products of the enzyme. These data indicate that
the R628Q mutation did not increase the rate of autolysis of
the enzyme but was able to hinder the enzyme’s ability to
hydrolyze target substrate. This was the only mutant gener-
ated in this study for which this phenomenon was observed.

The D362K mutant had roughly 75% of initial wild-type
activity (Table 1). It lost the ability to hydrolyze the PLFAER
mutant after ∼500 s, which, like the T344M and D346E
mutants, was approximately 3-4 times sooner than with the
wild type (Figure 4). The autolysis profile of the D362K
mutant (data not shown) was essentially identical to that of
both the T344M and D346E mutants. There was almost
complete disappearance of the large subunit band after 20
min, a rapid degradation of the ∼50-kDa band after 15 min,

and the appearance of a ∼30-kDa band not seen in the wild-
type profile. Taken together, these data indicate the D362K
mutation accelerates autolytic degradation and thereby lowers
the amount of active enzyme capable of proteolyzing
substrates.

DISCUSSION

All six calpain 2 mutants examined in this study had lower
activity levels as compared to the wild type, and all but one
(R628Q) were found to have increased rates of autopro-
teolytic degradation. It is not clear that the decreased enzyme
activity is simply a result of increased autoproteolysis,
because these mutations might also affect the alignment of,
or access to, the active site of the enzyme. The R417W
mutant, for example, was found to have an extremely rapid
autoproteolytic degradation followed by complete inactiva-
tion of the enzyme, as is evident by the lack of change in
Coomassie blue-stained fragments following the initial
proteolytic cleavages at the 15 s time point. This would seem
to indicate the mutation not only increases susceptibility to
autoproteolysis but also distorts the active site of the enzyme,
rendering it unable to cleave substrates. It might also indicate
that there is a folding dichotomy within the R417W popula-
tion, undetectable during the course of purification, where
some fraction of the protein is capable of autoproteolysis
and the remaining fraction is inactive. The inability of
R417W to cleave the PLFAER peptide also highlights the
increased autoproteolytic nature of the mutant enzyme, as
any functioning enzyme was quickly autoproteolyzed and
rendered unable to cleave potential substrate.

FIGURE 7: Domain III/IV interface. Ca2+-free (A) and Ca2+-bound (B) models of calpain 3 highlighting the interface between domains III
and IV. The three LGMD2A-causing mutations (E435K, R437C, R748Q) located in this region are shown in their nonmutated forms and
are colored in white. Other details are as described in the legend to Figure 3.
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A large difference was observed between the activity of
the R417W calpain 2 mutant made in this study and the
R417A calpain 2 mutant examined by Moldoveanu et al.
(34). A 50% decrease in activity was seen with R417A, while
a complete abrogation of activity was observed for R417W.
R417 plays a critical role in the stabilization of the active
site of calpain 2, as indicated by the extensive hydrogen
bonding of its side-chain guanidino group to several residues
in its vicinity. Mutating R417 to Ala would eliminate those
stabilizing hydrogen bonds and therefore cause a decrease
in activity, as was observed. However, the R417W mutation
(a naturally occurring LGMD2A-causing mutation) examined
in this study would not only eliminate those key stabilizing
interactions but would also significantly distort the active
site due to the bulky, hydrophobic nature of the Trp side
chain, therefore resulting in much lower activity levels. Also,
R417 interacts with several Ca2+-binding residues located
in EF-hand 2 of the opposite subunit. How the R417W
mutation would affect these contacts and the implications
for folding of the enzyme in the inactive state are unknown.

The R628Q mutant was the only enzyme that did not
undergo an observable change in the rate of autoproteolysis,
even though its activity was only 15% of wild type. This
result is in contrast to that of the D362K mutation (located
in the same area of the domain III/IV interface) that had a
much higher activity level (75% of wild type) but also an
increased autoproteolytic rate. It is not clear at this time how
these two mutations in the same region can produce such
drastically different results.

The exact locations of the autoproteolytic sites of both
the wild-type and mutant calpain 2 enzymes are unknown.
Significant differences were observed in the SDS-PAGE
banding pattern between the wild-type and mutant enzymes
as well as between individual mutants themselves. This
indicates different areas of the enzyme are rendered more
or less susceptible to autoproteolysis based on the type and
location of a specific mutation. It would seem reasonable to
predict that point mutations in both the domain II/III linker
region and the basic loop of domain III would make these
areas more susceptible to autoproteolytic degradation due
to decreased stability and increased disorder of those regions.
This in turn could produce novel band(s) visible by
SDS-PAGE. However, there is a high probability that a
mutation will also affect the ability of the enzyme to cleave
a potential substrate (either itself or another target) as was
the case with the R417W mutant (unable to cleave the
PLFAER substrate, rapid and abrupt termination of auto-
proteolysis). Therefore, just because a mutation could make
an area more susceptible to proteolysis does not mean it will
necessarily be cut.

All calpain 2 mutations produced in this study had
detrimental effects on calpain activity. On the basis of
modeling, we predict the corresponding mutations in calpain
3 would have the same deleterious effects on enzyme activity.
Whether through increased autoproteolysis or decreased
enzyme activity, the putative in ViVo effect of these mutations
would be decreased target substrate proteolysis. One of the
main roles of calpain 3 in ViVo is to eliminate damaged
sarcomeric proteins that, if left untreated, can compromise
the integrity of the sarcomere itself and eventually lead to
loss of muscle contraction (21). Any of the mutant enzymes

from this study would be unable to perform this task,
therefore resulting in LGMD2A.

Calpain 3 has been shown to interact with titin in the
sarcomere through IS2 (43, 44). This interaction is predicted
to maintain the enzyme in an inactive state, incapable of
autoproteolysis, but in close proximity to potential substrates.
While not modeled in this study due to a lack of homologues,
IS2 would theoretically extend from opposite sides of the
homodimeric enzyme. This would allow calpain 3 to bind
titin in one of three different ways: (1) a single IS2 sequence
from one calpain 3 subunit binding to a single titin molecule;
(2) both IS2 sequences from the calpain 3 dimer binding to
a single titin molecule; (3) both IS2 sequences from the dimer
binding to two adjacent titin molecules. It would seem
reasonable to predict that both IS2 sequences of the calpain
3 homodimer would need to be sequestered by titin to prevent
activation of the enzyme. Therefore, binding to two adjacent
titin molecules is an intriguing hypothesis as it would
maintain calpain 3 completely inactive but allow it to respond
to changes in the integrity of the sarcomere. Several proteins
of the sarcomere, especially titin, are susceptible to shear
forces during muscle use due simply to their extreme length.
Once sheared, the local disorganization of the sarcomere
lattice structure increases, allowing for greater mobility of
proteins in the immediate vicinity. Therefore, once damage
has occurred, calpain 3 could be activated by elevated Ca2+

levels (45) with release from titin to perform its proteolytic
duties in the area of the damage. Much work remains to be
done, however, in identifying substrates of calpain 3 in the
sarcomere in order to validate this hypothesis.

In conclusion, we have modeled the muscle-specific human
calpain 3 enzyme using the recently solved Ca2+-bound rat
m-calpain/calpastatin crystal structure. This identified three
areas in the enzyme that undergo a large conformational
change upon the binding of Ca2+. Present within those areas
are several residues that, when mutated, cause LGMD2A.
By making the corresponding mutations in rat calpain 2, a
significant decrease in enzyme activity was observed for all
mutants created; however, for the majority of mutants tested,
the decrease in activity was the result of an increased rate
of autoproteolytic degradation of the enzyme.
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