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Abstract
Calpains are a family of intracellular cysteine proteases activated by calcium. They participate in
many processes including cell motility, cell cycle progression and cell death, in response to
calcium signaling. Because calpain over-activation as a result of calcium dysregulation is a
contributing factor to many disease states, these enzymes are important therapeutic targets.
Within the cell, calpains 1 and 2 are regulated by the protein inhibitor calpastatin. This
unstructured protein is specific for calpain, binds tightly, and recognizes only the activated form
of the enzyme. Detailed kinetic data obtained using surface plasmon resonance allowed the
association and dissociation rates of each of the four calpastatin inhibitory domains to be
measured. Based on this, inhibitory domain 4 was selected to be co-crystallized bound to calpain
2. The X-ray crystal structure of this complex provided both the first view of the active enzyme,
as well as the first view of how it is inhibited. Calpastatin wraps around the enzyme making
contact with each domain. It lies in the active site as a contiguous polypeptide chain and escapes
cleavage by forming a loop away from the catalytic cysteine. In addition to inhibiting substrate
cleavage, calpastatin protects calpain in two ways; it prevents autoproteolysis, and it prevents
calcium-dependent aggregation. The crystal structure of the calpastatin:calpain complex revealed
no obvious reason for this stabilization. To elucidate how this protection occurs, peptides were
synthesized corresponding to conserved subdomains of calpastatin. Surprisingly, each peptide
alone was capable of preventing aggregation in vitro, by blocking hydrophobic patches exposed
upon activation. The increased hydrophobic surface of the activated enzyme may alter calpain’s
affinity for other proteins such as substrates. By binding across many domains of calpain,
calpastatin could act to block protein-protein interactions. These studies have characterized
calpastatin’s interaction with calpain, which will further our understanding of the enzyme’s
regulation and aid in the development of better calpain inhibitors.
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Chapter 1
General Introduction
1.1 Calcium signaling and proteolysis

Calcium is perhaps the most important universal intracellular messenger, playing a critical
role in many cell processes such as fertilization, cell differentiation, cell proliferation,
transcription factor activation, and apoptosis [1]. This versatile messenger binds to many targets
to exert its effects. One such target is calpain, which encompasses a family of cysteine
proteases[2]. Calpain is directly activated by calcium binding at multiple sites. This is a unique
mechanism of regulation among intracellular proteases. Once activated the calpain family
contributes to cell motility and adhesion, cell differentiation, necrosis and apoptosis through
proteolysis. Under normal conditions calpains modulate the activity of their target proteins
through controlled, limited cleavage at specific sites. This is accomplished both through the
cell’s exquisite control of intracellular calcium as well as calpain’s natural protein inhibitor
calpastatin. The interaction of calpain with calpastatin is the focus of my thesis.

1.1.1

Calcium regulation and its role as an intracellular messenger

Most (~99.5-99.9%) calcium within the body is found in bone while the remaining amount is
equally distributed between the extracellular and intracellular spaces [3]. Within the cytosol,
calcium is stored by calcium-binding proteins, as insoluble salts, or is sequestered within
subcellular compartments leaving the cytosolic calcium levels four orders of magnitude lower
than the extracellular levels. The exclusion of the calcium from the cytosol has allowed it to
develop as a universal messenger.
1

1.1.2

Why calcium?

Calcium makes an ideal secondary messenger because of its abundance, and chemical
properties that require it to be maintained at low levels within the cell. Free Ca2+ ions are charged
and do not pass freely across the plasma membrane, allowing exclusion from the cytoplasm as
well as compartmentalization within other subcellular compartments such as the
sarcoendoplasmic reticulum. While other ions are abundant, calcium forms insoluble salts with
many common biological molecules, such as phosphate. This aids in tight regulation of calcium
concentrations within the cell. Thus the cell must maintain low calcium levels within the
cytoplasm.
Perhaps more importantly, calcium can be easily and rapidly coordinated by proteins.
When compared to magnesium or zinc, other divalent cations, calcium has a larger ionic radius (2
Å vs. 1.2 Å for magnesium) that can accommodate 6-8 coordinating ligands. Their geometry of
coordination is more flexible than that of magnesium, which requires six coordinating ligands in
an octahedral configuration, and can be coordinated by carboxylate rich regions of proteins with
high preference over magnesium, and a wide range of binding constants (Figure 1.1).

1.1.3

Calcium regulation within the cell

Calcium is able to act as a universal intracellular signaling molecule because cytoplasmic
calcium concentrations are tightly controlled at concentrations orders of magnitude lower than in

2

Figure 1.1 Coordination of Ca2+ and Mg2+ by calbindin D9k
(A) Crystal structure of magnesium (purple) coordinated by the small intestinal EF-hand protein
calbindin D9k (green) (1IG5)[4]. Coordinating residues labeled and coloured by atom-type
(oxygen red, nitrogen blue, carbon green). Coordinating waters shown in red. Interactions
between the magnesium and the six coordinating ligands are indicated by black dashed lines. (B)
Crystal structure of calcium (orange) coordinated by calbindin D9k (blue) (1ICB)[5].
Coordinating residues are indicated and coloured as in (A) Calcium is coordinated by seven
ligands (black dashed lines).
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Glu65

3a

Glu60

the extracellular fluid (~100 nM vs ~2 mM). In order to achieve the steep concentration gradient
of calcium, cells need mechanisms for removing calcium from the cytoplasm while at the same
time allowing controlled release in response to appropriate stimuli.
One way of transporting calcium to the extracellular space is via the sodium/calcium
exchanger (NCX), a protein in the plasma membrane that exchanges one calcium ion for three or
four sodium ions. The exchanger is regulated both by salt and calcium. High intracellular salt
concentrations inhibit transport out of the cell. This inhibition is overcome by an increase in
intracellular calcium levels [6].
The PMCA family of calcium pumps eject calcium from the cytosol across the plasma
membrane in an ATP-dependent process [7]. They are a family of isoforms generated in humans
from three genes by alternative splicing. Some members of the family are tissue-specific. At
least one member, PMCA1, is ubiquitous. They are regulated by many mechanisms including the
calcium-regulated protein calmodulin, and by association with specific lipids.
Calcium can also be removed from the cytoplasm to be stored in the sarcoendoplasmic
reticulum (SER). This is accomplished by SERCA pumps, which are similar to the PMCA family
of calcium pumps. Like the PMCA pumps they are ATP-ases that remove calcium from the
cytosol in an energy-dependent manner. The SER has a high luminal calcium concentration, and
calcium is further buffered by the calcium-binding proteins calsequestrin, triadin, junctin,
junctate, and histidine-rich calcium-binding protein (HRC), allowing the SER to serve as a
calcium store for the cell [8]. The mitochondria also serve as a calcium sink, taking up calcium
by a poorly characterized uniporter and releasing calcium in non-excitable cells via a calcium
antiporter [9].
Calcium can be released into the cytosol via a number of different channels. Voltagegated calcium channels allow the ion to cross the plasma membrane in response to depolarization
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and can be divided into many subtypes based on multiple characteristics [10]. They are similar in
that they have >1000-fold selectivity for calcium over other ions such as sodium and potassium.
Release from intracellular stores is another mechanism of rapidly raising the local
calcium concentrations at specific subcellular locations. The inositol-1,4,5-triphosphate receptors
(InsP3R) allow the release of calcium from the ER using passive diffusion in response to InsP3
signaling [11]. Ryanodine receptors (RyRs) are calcium-activated channels located in the
membrane of the sarcoendoplasmic reticulum near the plasma membrane [12]. A local spike in
cytosolic calcium levels as they enter from L-type voltage-gated calcium channels induces the
ryanodine receptors to release calcium from the SER, a process termed ‘calcium-induced calcium
release’ (CICR). Mitochondria also undergo a membrane permeability transition where large
pores open allowing the release of calcium along with other small molecules <1.5kDa in size [9].
Within the cell, calcium levels exist as ‘microdomains’. Once a calcium channel opens
there is a local concentration spike and a gradient develops; the steepness of this gradient depends
on other factors such as the local concentration of calcium buffers. There are many types of
influx. For example, sparks, sparklets, embers, spikes, and puffs are distinguished by the
amplitude, duration, and intensity of the calcium release [13].

1.2 Cysteine proteases

Proteases function in the cell by catalyzing hydrolysis of the peptide bond between two
amino acids, essentially irreversibly modifying the target protein. They perform a wide variety of
tasks including extracellular matrix digestion, intracellular protein recycling, and limited cleavage
resulting in function modification. They can be divided into 5 major groups (cysteine, serine,
threonine, aspartate, and metalloproteases) named according to the catalytic residue or, in the case
of metalloproteases, atom of nucleophilic attack [14].
5

Cysteine proteases are divided into 6

clans denoted by letter (eg. CA) and further subdivided into 43 families denoted by number (eg.
C1). The calpain family belongs to the papain-related clan CA which also includes cysteine
cathepsins.

1.2.1

Catalytic mechanism of cysteine proteases

Calpain contains the typical cysteine-histidine-asparagine catalytic triad found on most
cysteine proteases, including the heavily studied enzyme papain. Within the active site the thiol
becomes deprotonated by histidine, making the thiolate ion a strong nucleophile. The asparagine
stabilizes the histidine’s protonated imidazolium group. The nucleophilic thiolate ion attacks the
carbonyl carbon of the scissile bond. The electron pair from the oxygen double bond moves to
the oxygen, generating a tetrahedral intermediate. This charged transition state is stabilized by
the oxyanion hole, which is similar among cysteine proteases including calpain. This transition
state collapses, resulting in regeneration of the double bond, protonation of the nitrogen by the
catalytic histidine, and release of the C-terminal product leaving the N-terminal product
covalently attached to the cysteine. Water then acts as the nucleophile attacking the carbonyl
carbon and generating a second tetrahedral intermediate which collapses to release the N-terminal
product [15].

1.2.2

Cathepsins and caspases

Two prominent members of the CA protease clan are the cysteine family of cathepsins
and the calpain family. Cathepsin is a general name given to lysosomal proteases and this
includes cysteine proteases, which will be referred to as cathepsins within this thesis. Cathepsins
and most other members of the CA clan are synthesized as pro-enzymes, catalytically blocked by
6

up to ~100 residues at the N terminus [16]. This pro-region occupies the active-site cleft in the
orientation opposite to that of a substrate, rendering the geometry of the ‘scissile bond’
impossible for nucleophilic attack. In general, papain-like cysteine proteases are 20-30 kDa, with
two lobes (R for right and L for left). The catalytic triad is located at the interface between the
lobes with the cysteine in the N-terminal domain, and histidine and asparagine in the C-terminal
domain [17]. Calpain’s catalytic triad is structurally similar to other ‘papain-like’ proteases and
is located between domains I and II (DI-II) of the calpain’s proteolytic core. They are
fundamentally different from other members of the CA clan because they are activated by
calcium and they are typically not synthesized as pro-enzymes.
Another prominent family of cysteine proteases are the caspases. This family is involved
in inflammation and apoptosis [18]. Caspases are synthesized as pro-enzymes and activated by
proteolytic cleavage. Their role in cell death is intertwined with calpain and there is a great deal
of cross-talk between the two protease families [19, 20].

1.3 The calpain family of proteases

Calpains were first identified in 1964 by Guroff and Guroff [20] and initially named calciumactivated neutral protease. They were later re-named calpain, a combination of cal- for calcium
and the well-known calcium-binding protein calmodulin, and –pain, based on sequence similarity
to the cysteine protease papain [21]. Since then, the calpain family of proteases has grown to
include 14 isoforms in humans, as well as many more in vertebrates, insects, plants, yeast and
fungi [22].
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1.3.1

What defines a calpain

Calpains 1 and 2 are by far the best characterized members of the family. They are each
heterodimers with a unique large subunit containing four domains, and a shared common small
subunit with two domains (Table 1.1) [23]. The two N-terminal domains of the large subunit
comprise the proteolytic core of the enzyme. Analogous to cathepsins the catalytic triad is
positioned at the interface between these two domains. Sequence similarity in these domains is
the common criterion used to define an enzyme as a calpain [24]. Beyond the proteolytic core,
calpains are modular and contain many different domains.

1.3.2

Mammalian family members, classical and non-classical

The mammalian family members can be divided into two groups: the classical calpains
and non-classical calpains (Figure 1.2). Classical calpains contain a large subunit with the
protease core (domains I and II), followed by a C2-like domain III, and a penta-EF hand (PEF)
domain IV. The PEF domain binds to a homologous PEF-domain (domain VI) on the small
subunit, Cpns-1 (formerly called calpain 4) to form a heterodimer. The small subunit also
contains a glycine-rich N-terminal domain V. Calpains 1 and 2 represent the domain structure of
classical calpains, and are ubiquitously expressed. Calpain 2 will be the primary focus of this
thesis.
Other ‘classical’ members of the calpain family share this six-domain structure and were
hypothesized to also form heterodimers with the common small subunit [22, 24]. These include
calpains 8 and 9, which are highly expressed in the gastric system [25-27]; calpain 11 expressed
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Table 1.1 Molecular weights of calpain 2, the small subunit, and calpastatin
Protein
Calpain 2 large

Calpain small subunit

Calpastatin

28 k

70 k

subunit
Molecular Weight

80 k

9

Figure 1.2 The human calpain family
Bar diagram linear representation of the 15 members of the human calpain family. The catalytic
triad (cysteine, histidine, and asparagine) is marked in the protease core (blue and light blue) of
each family member. Calpain 6 lacks both the cysteine and histidine, indicated by red lettering.
Abbreviations used: PEF, penta-EF hand; G-rich, glycine-rich; NS, N-terminal insertion
sequence; IS1 and IS2, insertion sequence 1 and 2; T, tra-3, PBH, palB homologous domain,
SOL, SOL homologous domain; Zn, zinc-finger motif. Adapted from PhD thesis of T.
Moldoveanu
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Calpains
1,2,8,9,11,12,13
Small subunit
Calpain 3
Calpain 5, 6
Calpain 7
Calpain 10
Calpain 15
200 amino acids

10a

in the testes [28]; calpain 12 expressed in the cortex of the hair follicle [29]; and calpain 13 which
has an unknown pattern of expression [30]. Despite sharing the same domain structure as
calpains 1 and 2 the PEF-DIV of calpain 13 predominately formed a homodimer [31]. In the same
study the calpain 9 PEF-DIV formed a heterodimer with the small subunit. This is also true of
calpain 3, which shares the same domain structure as calpains 1 and 2, but homodimerizes and
contains two insertion sequences, one in DII and the other between DIII and DIV [32]. It is
expressed in the muscle, and mutations affecting activity result in Limb-Girdle Muscular
Dystrophy type IIa [33]. Thus, the presence of a PEF domain is not sufficient to determine
whether a calpain will hetero- or homodimerize.
Non-classical members of the calpain family lack a PEF domain and are thought not to
heterodimerize. Calpains 5 and 6 are similar to the Caenorhabditis elegans protein tra-3, and so
their C-terminal domain is referred to as a T-domain [34]. Interestingly, in the case of calpain 6
the catalytic cysteine has been mutated to a lysine, rendering it inactive as a protease [35]. This
isoform has been shown to function in a non-proteolytic role in stabilizing microtubules.

1.3.3

Non-mammalian calpains

Calpain homologues have been found in protozoa, fungi, plants, as well as animals, while
sequences including the PEF domains have been thus-far limited to animals [22, 24]. One of the
best characterized invertebrate calpains is the above mentioned tra-3, which is necessary for sex
determination in C. elegans. [36, 37]. Tra-3 is one of 12 members of the C. elegans family of
calpains. Drosophila melanogaster contains four calpains, two of which, A and B, have been
purified and shown to be calcium-dependent, requiring 2.2 and 3.3 mM Ca2+, respectively, for
half-maximal activity in vitro [38]
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1.4 The best characterized family members, calpains 1 and 2

Calpains 1 and 2 have been the best characterized calpains because they were the first to be
discovered and they are abundant in mammalian tissues. Recombinant expression of rat calpain 2
and the proteolytic core of rat calpain 1 in E. coli allowed for reproducible production of large
quantities of protein, facilitating the first crystal structures of the enzymes [39]. For the purpose
of simplicity, ‘calpain’ will refer to rat calpain 2 unless otherwise stated.

1.4.1

Structure

The first detailed structural information about the calpain family began with the
crystallization of DVI homodimers, with and without calcium [40, 41]. Each molecule of the
dimer contained four-EF hands that paired up and bound calcium. As well, a novel fifth EF-hand
formed the dimeric interface. Because DIV and DVI are so similar it was postulated that the
heterodimeric interface of the whole enzyme would also be through pairing of the fifth EF-hands.
The crystal structures of the inactive calpain 2 heterodimer [42, 43] did in fact show this
heterodimeric interface and the domain boundaries were changed slightly from what was
predicted from the amino acid sequence (Figure 1.3) [44]. It showed that the N-terminal 23
residues of the large subunit form an alpha-helix that interacts with the small subunit. DI has
elements of the equivalent domain in papain but with additional structure. The catalytic triad is
positioned at the interface between DI and DII, which is similar to other papain-like enzymes.
DIII was identified as an 8-strand anti-parallel beta-sandwich similar to a C2 domain. It makes
contacts with DII and DIV, the PEF-hand domain homologous to DVI. DIV is connected to DIII
via a 15-residue ‘transducer’ region, and DIV contacts DVI on the small subunit through the
pairing of the fifth EF-hand, forming the major heterodimeric interface.
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Figure 1.3 Crystal structure of rat calpain 2
Cartoon representation of the crystal structure of rat calpain 2 (1DF0) and linear representation of
the sequence, coloured according to domain. N-terminal anchor sequence, red; domain 1, dark
blue; domain II, light blue; domain III, green; transducer arm, purple; domain IV, yellow; domain
VI, orange. Absent from the cartoon representation is glycine-rich DV that was absent from the
construct used for crystallization. The residues that make up the catalytic triad are indicated, with
the active site cysteine replaced by a serine in this inactive mutant [39]. This figure is adapted
from Hosfield et al. [42].
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Two revelations were provided by this first crystal structure of the entire enzyme. The first
was that calpain is not a pro-enzyme in the sense that the N-terminal residues sterically block the
active site rending it inactive. The second was that without calcium the two proteolytic domains
were held apart and rotated such that the catalytic triad was misaligned effectively preventing
hydrolysis. The N-terminal 19 residues are cleaved non-obligatorily by autoproteolysis following
activation, however this N-terminal alpha-helix is not within reach of the active site cysteine, and
must be removed by intermolecular cleavage [45]. This lack of a pro-region makes calpains
unique among cysteine proteases. Similarly, in the available cysteine protease structures the
active site is aligned and the cysteine is deprotonated by the histidine that is ~3.7 Å away (Figure
1.4). With inactive calpain, the catalytic cysteine was protonated and the histidine was ~10.5 Å
away. Additionally, tryptophan 288 acts as a wedge between domains I and II, blocking proper
assembly of the catalytic triad.

1.4.2

Mechanism of activation by calcium

Calpains 1 and 2 were previously known as µ- and m-calpain respectively due to the
differences in their calcium requirement for half-maximal activity (50 and 300 µM) [46]. With
the first crystal structures of the DVI homodimers it was clear that each PEF domain (IV and VI)
was capable of binding four calcium ions; EF-hands 1, 2 and 3 bound at ‘physiological’ levels (1
mM) while EF-hand 4 bound much less tightly and was occupied at higher levels (200 mM)[40,
47].
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Figure 1.4 Catalytic triad of apo-calpain 2 and holo-calpain 1
(A) Cartoon representation of the protease core of rat calpain 2 (1DF0)[42]. Residues of the
catalytic triad are indicated and coloured by atom type (oxygen red, nitrogen dark blue) along
with tryptophan 288 that acts as a wedge between domains I (blue) and II (light blue) in the apo
form. The distance between the “catalytic” serine and histidine is marked by black dashed lines.
(B) Cartoon representation of the protease core of calcium-activated calpain 1 (1KXR)[48].
Coloured as in (A) with the catalytic triad residues and tryptophan 298 are labeled (note, 298 is
the equivalent of 288 in calpain 2). Calcium ions are represented as gold spheres.
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provided two novel findings; that the C-terminal domains contained 5 EF-hands, as opposed to
the previously suggested four, with the 5th forming the dimer interface, and that calpain likely
binds at least 8 calcium ions, as opposed to the previously suggested 5-6 [49]. By inactivating the
calcium binding sites through site-directed mutagenesis, Dutt et al. were able to show calcium
bound cooperatively [50]. Even after inactivating multiple EF-hand sites on the large and small
subunits calpain retained some activity against the protein substrate casein, albeit at much higher
calcium ion concentration.
This inability to completely abolish calcium-dependent activity should have been an
early hint that the protease is regulated by calcium at additional sites. The crystal structure of the
protease core of calpain 1 (µI-II or mini-calpain) showed that calcium bound at two non-EF hand
sites, one in each domain [48]. With calcium bound, the domains rotate relative to one another;
tryptophan 298 moves from acting as a wedge between domains to lying in the active site cleft;
and the catalytic triad becomes aligned (Figure 1.4). This rearrangement produces a catalytic
triad and oxyanion hole very similar to other members of the papain-like cysteine protease clan.
Perhaps more remarkably, µI-II behaves as a calcium-dependent protease with calpain-like
specificity, albeit with much lower specific activity.

1.4.3

Autolysis

While calpains are not pro-enzymes they do autolyze rapidly in the presence of calcium. The
N-terminal anchor helix is rapidly removed from the large subunit and the glycine-rich DV of the
small subunit is also lost [45, 51]. These are followed by less well-characterized cleavages that
eventually result in the loss of the large subunit, and in the case of calpain 2 loss of catalytic
activity. While autolysis does not initially activate calpain it is reported to reduce the calcium
requirement for activation [46].
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1.4.4

Heterodimer stability

In additional to autoproteolysis, in vitro calpain studies are also complicated by possible
dissociation of the heterodimer and by aggregation. Subunit dissociation has been a controversial
area of calpain research. Many labs have observed calcium-dependent dissociation of the large
and small subunits and this has been proposed by some researchers as a necessary step in calpain
activation [52-55]. Conversely, other studies show no dissociation [56]. One argument against
subunit dissociation has been that mutations to the small subunit EF-hand calcium binding sites
affect the calcium-requirement for activation [50]. This should not be a factor if the small subunit
dissociates. In vitro, the role of the small subunit in calpain activation has been further
complicated by calpain’s calcium-dependent aggregation. When exposed to high calcium
concentrations in vitro calpain forms visible aggregates. These have been proposed to be
primarily the large subunit, which is unstable when not heterodimerized [52, 57].

1.5 Mini-calpains

In addition to providing us with detailed structural knowledge of the activated calpain active
site, mini-calpains have provided a wealth of other information. This is in part because they do
not suffer from aggregation or autoproteolysis, and thus are better suited to use in crystallography
and to determine enzyme kinetics.
The development of mini-calpain has allowed the co-crystallization of calpain with the
inhibitors: ZLAK-3001 (2R9C), ZLAK-3002 (2R9F)[58], an epoxysuccinyl-type inhibitor
WR18(S,S) (2NQG), WR13(R, R) (2NQI)[59], SNJ-1715 (2G8E), SNJ-1945 (2G8J)[60],
ZLLYCH2F (1ZCM)[61], leupeptin (1TL9), and E-64 (1TL0)[62].
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1.6 Exogenous calpain inhibitors and their mechanisms of inhibition

1.6.1

Active site targeted inhibitors, peptidyl epoxides, peptidyl aldehydes, peptidyl
alpha-ketoamides, non-peptide inhibitors

Calpain inhibitors that target the active site generally do so by attacking the thiol group.
These inhibitors typically contain a chemical “warhead” that reacts irreversibly or reversibly with
the thiol as well as a peptide address region. Common types of calpain inhibitor warheads include
epoxides, aldehydes, and alpha-ketoamides [63]. The peptidyl portion of the inhibitor directs and
positions the warhead in the active site by forming specific hydrogen bonds in addition to other
interactions. Small molecule calpain inhibitors suffer from a lack of specificity, with inhibitors
showing at least some reactivity towards other cysteine proteases.

1.6.2

Allosteric inhibitors LSEAL, PD150606

While the active site of calpain is similar to other cysteine proteases the penta-EF hand
domains are not, and two inhibitors that bind allosterically in DVI (and likely DIV) have been
identified. These are PD150606, a non-peptidyl small molecule, and LSEAL, a penta-peptide
developed through phage display. The crystal structure of PD150606 (3-(4-iodophenyl)-2mercapto-(Z)-2-propenoic acid) bound to DVI of calpain has been solved, and it has been shown
to occupy a hydrophobic pocket that becomes exposed once the PEF domain binds calcium [64].
The NMR structure of LSEAL bound to DVI has also been solved and it is shown to interact with
this same hydrophobic pocket [65]. It is not clear, however, why binding to these sites should
result in calpain inhibition.
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1.7 Protein protease inhibitors

While proteases are critical to cellular processes they are potentially hazardous if
unrestrained. Because of this, most proteases are synthesized with an auto-inhibitory pro-region
that prevents activity until the protease is activated. Activated proteases are further kept in check
by their protein inhibitors. The MEROPS database lists 67 inhibitor families that inhibit serine,
cysteine, aspartic and metalloproteases [2].
The most extensively studied protein protease inhibitors are those that inhibit serine
proteases. A common mechanism of inhibition, shared by 18 family members, is the Laskowski
or canonical mechanism of inhibition [66]. From the protease-inhibitor complex structures we
know these inhibitors are roughly globular, composed of beta-sheet, alpha-helix, or a mix of
alpha/beta, with a protruding loop [67]. This loop sits in the active site mimicking a substrate. It
can be cleaved as a substrate but this occurs very slowly, and the cleaved inhibitor continues to
occupy the active site cleft (Figure 1.5).
Non-canonical serine protease inhibitors typically block cleavage by the insertion of their Nterminal residues into the active site, forming a beta-sheet on the unprimed side of the cleft,
without necessarily directly interacting with or blocking the catalytic serine. The specificity and
tightness of binding is increased by additional sites of interaction away from the active site cleft.
Cystatins are protein inhibitors to many members of the ‘papain-like’ clan of cysteine
proteases. Like the non-canonical serine protease inhibitors they prevent access to the catalytic
residue by sterically blocking the active site [68-70]. The cystatin superfamily can be divided
into three subgroups; cystatins, stefins, and kininogens. Cystatins and stefins bind their protease
targets through two hairpin loops that bind the unprimed side of the active site cleft, and an Nterminal sequence that binds the primed side. Like the non-canonical serine protease inhibitors
the catalytic residue is too far from the inhibitor to make a nucleophilic attack.
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Figure 1.5 Examples of inhibitor-protease complexes
(A) Cartoon representation of the crystal structure of human stefin B (cyan) bound to the cysteine
protease papain (green) (1NB5)[71]. The catalytic cysteine is shown in purple. (B) Cartoon
representation of CMTI-I (cyan) bound to the thiol protease β-trypsin (1PPE)[72]. The catalytic
serine is shown in yellow. (C) Inhibitor IA3 (cyan) bound to the aspartic protease, protease A
(green) (1DPJ) [73]. The catalytic aspartic acids are shown in yellow.
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Kininogens are expressed by the liver and present in the plasma as part of the kallikrein-kinin
system. Cleavage of kininogen by kallikrein releases bradykinin, a mediator of inflammation
[74]. Kininogens contain three cystatin-like domains [70]. The first and second domains both
inhibit cysteine proteases, while the second domain is also capable of inhibiting calpain.
However, because kininogens are present in the extracellular fluid and calpains are strictly
intracellular, kininogen would not regulate calpain activity except in abnormal circumstances
where calpain is released from the cytosol.
Another protein inhibitor that sterically blocks the active site is IA3, the inhibitor to yeast
protease A, an aspartic acid protease found in Saccharomyces cerevisiae [73]. This inhibitor lacks
secondary structure on its own, but once bound to the protease it becomes an amphipathic alphahelix that occupies the active site cleft. The side chains of the inhibitor make numerous contacts
with the enzyme and also hold it ~5 Å away from the catalytic residues, too far for cleavage to
occur. Interestingly, this inhibitor does not inhibit other proteases, possibly because it does not
adopt secondary structure, instead making it an ideal target for degradation.

1.8 Calpastatin

Calpastatin is the protein inhibitor of calpains 1 and 2, and possibly other members of the
calpain family (Table 1.1) [75]. It is extremely specific, showing no inhibition towards other
‘papain-like’ proteases. This is in contrast to cystatins, which are not typically specific to a single
target. In addition, the inhibitory portions of calpastatin only bind to calpain once it has been
activated by calcium. In the absence of its activated binding partner calpastatin is largely
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unstructured in solution, although it does have a propensity to form alpha-helices in the presence
of TFE [76, 77].

1.8.1

Domain Structure of calpastatin

Calpastatin is composed of five domains: an N-terminal domain L of unclear function,
and four homologous inhibitory domains [75]. Within each inhibitory domain there are three
regions of conserved sequence, termed subdomains A, B and C. Subdomains A and C bind to the
penta-EF hand domains IV and VI of calpain, respectively. They increase the affinity of
calpastatin for calpain while subdomain B is responsible for inhibition [78].
In 2003, the crystal structure of a 19-residue peptide corresponding to subdomain C
bound to the small subunit homodimer was solved [64]. When bound to calpain the unstructured
C subdomain becomes an amphipathic alpha-helix. It sits in a hydrophobic cleft that opens
through a calcium-dependent shift in alpha-helices one and two, with conserved hydrophobic
residues of calpastatin occupying pockets on calpain that become exposed. These include the
same binding site occupied by the allosteric inhibitors PD150606 [64] and LSEAL [65], although
the C-subdomain on its own shows no inhibition of calpain activity [79]. Because subdomains A
and C are similar, and DIV is homologous to DVI, the authors also modeled subdomain A bound
to DIV [64].
The binding site and mechanism of inhibition by subdomain B has been difficult to
elucidate. Each B subdomain contains a conserved seven-residue motif T-I-P-P-E-Y-R which is
necessary but not sufficient for inhibition [79, 80]. By including the preceding 16 residues, the
B-subdomain is capable of inhibiting calpain in the absence of subdomains A and C, albeit with
lower affinity [78]. NMR studies of this subdomain revealed the presence of a type 1 beta-turn at
residues IPPEYR of the TIPPEYR motif [76], and beta-alanine scanning revealed two areas of
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particular importance to inhibition, the conserved LG upstream of the TIPPEYR sequence, and
the first proline of the TIPPEYR motif [81, 82]. Several pieces of evidence suggested that
calpastatin might inhibit calpain by an allosteric mechanism. Calpastatin does not inhibit the
protease core of calpain [48]; calpain could be covalently modified by the small molecule
inhibitor E-64 when bound by calpastatin [83]; and calpastatin had been cross-linked to DIII at a
location far from the active site [84].

1.8.2

Calpastatin isoforms arising from alternative splicing and alternative use of
promoters

Calpastatin exists as a single gene that has been described in human, mouse, rat, cow, and pig
genomes [85-89]. Multiple isoforms of the protein are generated through the use of four different
promoter regions, as well as alternative splicing. Many isoforms arise as a result of variation in
domain L. Isoforms can be divided into four groups based on the start codon; types I and II both
begin in domain XL (the N-terminus of domain L initially found in bovine constructs), type III
begins at domain L, and type IV lacks the L-domain entirely and begins at inhibitory domain 2
[90].

1.9 The physiological roles of the calpain/calpastatin system within the cell

The roles of calpains within the cell are poorly understood. They are known to be involved in
many cellular processes including cell motility [91], cell cycle progression [92], and cell death
[93]. Through the use of increasingly specific calpain inhibitors, calpastatin over-expression,
and siRNA, we are gaining a greater understanding of their roles as well as differentiating
between the roles of calpains 1 and 2 [94].
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Calpain over-activation as a result of calcium dysregulation contributes to many disease
states, including cell death following ischemia-reperfusion as a result of heart attack and stroke,
Alzheimer’s disease, and cataract formation [95-97]. In addition, calpain defects at either the
gene or protein level are known to cause disease. The best characterized of these is Limb-Girdle
Muscular Dystrophy type IIa which results from amino acid changes that affect the activity of
calpain 3 [33]. Down-regulation of calpain 9 has been linked to gastric cancer [98], increased
expression of calpain 6 in uterine cervical cancer cells has been suggested to inhibit apoptosis and
support tumorigenesis [99], and polymorphisms in intron 3 of calpain 10 are associated with
increased risk of type 2 diabetes [100].

1.9.1

Some roles and biological targets of calpain

While many of the functions of calpain within the cells remain unclear, several targets
have been discovered that highlight some of the roles of the calpain family. For example, through
cleavage of the classical, calcium-sensitive members of the protein kinase C (PKC) family in a
variable region between the kinase domain and the regulatory domain, calpains catalytically
activate the kinase and function as part of a signal transduction pathway [101, 102]. This
cleavage is mediated by both calpains 1 and 2. These kinases phosphorylate many targets
including members of signaling networks such as IP3R and Ryanodine receptors [102]. Calpains
are also involved in the regulation of gene expression. Calpain cleaves and activates the tumor
suppressor p53, and this can be blocked by overexpression of calpastatin [103].
Calpains 1 and 2 cleave many members of the caspase family of proteases, resulting in
caspase inactivation and the promotion of necrosis [104], as well as activation and promotion of
apoptosis [105, 106]. They also contribute to cell death following brain ischemia through
cleavage of the NCX3 calcium pump near the high affinity calcium-binding site. This renders it
24

unable to extrude calcium across the plasma membrane, further activating calpains and
contributing to neuronal cell death [107]. Calpains also regulate PMCA pumps 1, 2, and 4
possibly contributing to pump turnover [108]. This cleavage results in release of the autoinhibitory calmodulin-binding domain [109] and is postulated to occur through calpains
recognition of these domains [110].

1.9.2

What the calpain knockout mice and cell lines show

Mouse fibroblasts lacking the calpain small subunit (Cpns-1) grew normally in cell
culture, but the loss was embryonically lethal [111, 112]. Knockout of the calpain 1 large subunit
resulted in decreased platelet aggregation and clot retraction, but mice displayed normal bleeding
and no other defects were observed [113]. Knockout of calpain 2 was embryonically lethal preimplantation, further underscoring the different functions of calpains 1 and 2 [114]. Calpain 5
null mice are viable, fertile, and appear normal, although a small portion were runted at birth, and
most of the runted pups did not survive to adulthood [115]. The deletion of calpain 3, or loss of
proteolytic function through mutation of the active site cysteine, leads mice to develop mild
muscular dystrophy, similar to LGMD2A caused by calpain 3 mutations in humans [116, 117].
One difficulty in interpreting the calpain knockout phenotypes is the large number of calpain
isoforms and the possibility that some may compensate for a missing calpain.

1.9.3

What calpastatin knockouts show

The initial characterization of calpastatin knockout mice showed no phenotype
differences compared to wild-type mice under normal conditions, possibly indicating that
calpastatin regulates calpain largely under pathological conditions [118]. However, further
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characterization revealed knockout mice show decreased locomotor activity in stressful
environments, increased anxiety-like response, and a decrease in the auditory startle response
[119].

1.9.4

The importance of the calpain/calpastatin ratio

There is increasing evidence that the ratio of calpain to calpastatin as well as the absolute
amounts present in the cell determines proper regulation and function of the system. Calpastatin
activity is decreased in heart tissue following myocardial ischemia-reperfusion (IR) either by
calpain-mediated degradation [120], caspase-mediated degradation [121], or an unknown
mechanism [122]. Transgenic mice engineered to over-expression calpastatin showed improved
post-ischemic recovery, decreased troponin 1 degradation [123], reduced caspase 3 activity,
reduced TNF-alpha expression [94], and reduced perivascular inflammation [124] underscoring
the importance in the calpain/calpastatin ratio as well as calpain’s role in cell death following IR.
Transgenic mice engineered to develop Alzheimer’s-like plaques show increased calpain
and decreased calpastatin levels in affected regions of the brain [125-127]. Interestingly, when
calpastatin was over-expressed calpain 1 and 2 levels increased, indicating that the inhibitor may
also play a protective role within the cell, protecting against autolysis [125]. Calpastatin is also
upregulated in dividing and newly divided cells, limiting calpain activation and making them
more resistant to injury from hepatotoxic drugs [128].

1.10 Research Objectives
The importance of calpastatin to the regulation of the calpain family warrants a detailed
understanding of how it exerts its effects. The objective of my thesis research is to characterize
the interaction of calpain 2 with calpastatin. As described in chapter 2, surface plasmon
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resonance was used to measure the affinity of calpain 2 for each of the four calpastatin inhibitory
domains. This allowed for detailed comparisons between the inhibitory domains, and guided my
selection of the tight-binding CAST4 for co-crystallization with calpain 2. This choice ultimately
led to solving the X-ray crystal structure of CAST4 bound to calpain 2. Chapter 3 describes the
atomic-level details of this interaction. Here the objectives were to determine the mechanism of
inhibition of calpain, and the reason why calpastatin is absolutely specific for its target. For the
first time calpastatin was conclusively shown to sterically block the active site through a novel
mechanism. Although calpastatin makes contact with every domain of calpain it appeared to
recognize the calcium-activated structure of the enzyme without inducing any structural changes
upon binding. This inspired the investigation into how calpastatin stabilizes calpain in the
presence of calcium, given that the inhibitor does not affect the enzyme’s structure.
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Chapter 2
Calpastatin simultaneously binds four calpains with different kinetic
constants
Preface:
This chapter was published in FEBS Letters
Hanna, R.A., Garcia-Diaz, B.E., and P.L. Davies. Calpastatin simultaneously binds four calpains
with different kinetic constants. FEBS lett. 581, 2894-2898.
Rachel Hanna performed the cloning, protein purification, and performed experiments under the
guidance of Dr. Beatriz Garcia-Diaz and Dr. Peter L. Davies. Kim Munro from the Protein
Function Discovery facility assisted with operation of the BIAcore machine. The manuscript was
written by Rachel Hanna with input from Dr. Beatriz Garcia-Diaz and Dr. Peter L. Davies.

2.1 Abstract
Calpastatin is the endogenous, specific protein inhibitor of the calcium-dependent
protease, calpain. Using an active site knock-out calpain 2 mutant we have studied the enzyme’s
calcium-dependent binding to calpastatin by surface plasmon resonance without the complication
of proteolysis. Calpastatin was capable of simultaneously binding four molecules of calpain. Its
four inhibitory domains (CAST1, 2, 3, and 4) were individually expressed in Escherichia coli and
the kinetics of their interaction with calpain was separately compared. Their Kd values ranged
from picomolar to nanomolar in the order CAST1>4>3>2. They have similar kon values but the
koff values ranged over three orders of magnitude and can account for the differences in affinity.
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2.2 Introduction
Calpains are a family of cytosolic Ca2+-dependent cysteine proteases that have been best
characterized in animals, but are also found in plants, yeast and even bacteria [23]. They
modulate many cellular processes by limited cleavage of specific protein substrates in response to
calcium signaling. Some of their roles include cytoskeletal remodeling during cell fusion and cell
motility, regulation of cell cycle progression, gene expression, and apoptotic cell death. Calpains
have been implicated in many health problems including heart attack, stroke, limb girdle
muscular dystrophy, cancer and type II diabetes.
The two most extensively studied mammalian isoforms, calpains 1 and 2 (µ- and mcalpain, respectively), are ubiquitously and constitutively expressed. Both are heterodimers, each
with an 80 k large subunit specific to the isoform, and a common 28 k subunit. Regulation of
calpain 1 and 2 in vivo is poorly understood. The process of calpain activation remains elusive,
as the overall intracellular calcium levels in vivo are not sufficient to activate calpain in vitro [23,
46, 129]. There is speculation that protein binding partners and/or post-translational modification
are required to lower the calcium requirement for activation. There is also speculation that
calpains are activated at points in the cell by high local levels of calcium transported across the
plasma membrane or released from an intracellular calcium store.
Calpastatin is the endogenous protein inhibitor of calpain [75]. To date it is the only
inhibitor that is completely specific for calpain. It binds and inhibits calpain when calcium levels
are high, but is released when calcium levels fall. Calpastatin contains 5 domains, 4 homologous
domains (CAST1 through 4) of about 140 amino acids in length that are capable of inhibiting
heterodimeric calpains 1 and 2 and a unique N-terminal domain, termed domain L, with no
inhibitory effect [76, 80, 83, 130-132]. Calpastatin is well conserved with greater than 70%
identity across mammalian species. It is encoded by a single gene that has no obvious
homologues.
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Calpastatin is an unstructured protein that has a complex interaction with calpain [133].
Each inhibitory domain contains three well-conserved subdomains, A, B and C [134].
Subdomains A and C interact at nM affinity with the two penta-EF-hand domains of calpain: A
with domain IV on the large subunit of calpain, and C with domain VI of the small subunit [135,
136]. Paradoxically, subdomain B, the subdomain responsible for inhibition, interacts weakly
with calpain in the absence of its flanking A and C regions [39, 79, 137].
Previous work showed that all four inhibitory domains (CAST1 through 4) bind tightly to
calpain, however accurate quantification of their affinity was not published [79, 83]. In this study
we have used surface plasmon resonance to measure the kinetic constants of individual CAST
inhibitory domains and recombinant calpain 2. By using calpain 2 with an active site mutation we
have eliminated the complications of autoproteolysis and inhibitor digestion. In addition, the
binding capacity of calpastatin for calpain was determined.

2.3 Materials and methods
2.3.1

Cloning of individual calpastatin inhibitory domains and calpastatin minus domain
L (CAST1-4) fused to a C-terminal Ecoil peptide
The Ecoil:Kcoil de novo coiled-coil interaction was used to immobilize calpastatin on the

surface of the Biacore CM5 chip so that the calpastatin was flexible and accessible to calpain
(Figure 2,1) [137]. The individual inhibitory domains were amplified by the polymerase chain
reaction (PCR) from a clone of rat calpastatin cDNA lacking domain L (CAST1-4) supplied by
Dr. Simon Arthur using the following primers: 5’CAST1 ATTCCGCTCG AGAAGCTTCC
TAGGCGAACT TTCCCCAGTA GACTT, 3’ CAST1 TTCAGATGAC CCCTTTTAAG TGGATCCTTC
GAAGAGCTCG CCTTA, 5’CAST2 AGAAGCTTCC TAGGTATGTAGGT TGGACAAAAT
CTGC,3’CAST2 CGTCTAAAAC AGGTTGGATG TATGGATCCT TCGAAGAGCT CGCCTTA,
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5’CAST3 AGAAGCTTCC TAGGTGCAGG ACTGGAGAAG TCCTG,3’CAST3 GTCCTGAAGA
GGTCAGGACG TGGATCCTTC GAAGAGCTCG CCTTA, 5’CAST4 ATTCCGCTCG AGAAGCTTCC
TAGGGCTATC CAAGTCTTCT GAGAG, 3’CAST4 GAGAGTCTTC TGAACCTATC GGGATCCTTC
GAAGAGCTCG CCTTA. Inhibitory domains 1 and 4 (CAST1 and -4, respectively) and CAST1-4

were each cloned into the NdeI and XhoI sites of the pET24a expression vector (Novagen), and
inhibitory domains 2 and 3 (CAST2 and -3, respectively) were each cloned into the NcoI and
XhoI sites of the pET24d expression vector (Novagen). Both expression vectors provided a Cterminal histidine tag. Using the AvrII and XhoI sites of the clones, the DNA fragment coding for
the Ecoil peptide was PCR amplified and inserted between the inhibitory domain and the histidine
tag [137].

2.3.2

Protein expression and purification

Recombinant inactive calpain 2 (C105S 80k/21k) was expressed and purified as previously
described [39]. Plasmids containing the CAST1 through 4 + Ecoil and CAST1-4 + Ecoil were
transfected into Escherichia coli BL21(DE3) (Novagen) by electroporation. LB media (25ml)
was inoculated from a single colony for growth overnight under kanamycin selection before
seeding 1L of LB/kanamycin broth. The broth was grown to an OD600 of 0.8-1.0 at 37 °C.
Protein expression was induced by addition of 0.4 mM IPTG for 3 h. The cells were collected,
resuspended in lysis buffer (25 mM Tris-HCl at pH 7.6, 5 mM EDTA, 5% glycerol, 10 mM βmercaptoethanol, 100 µM phenylmethylsulfonyl fluoride) and lysed through sonication. The
soluble fraction was heated to 85 °C for 15 min. Insoluble matter was removed by centrifugation,
and the soluble fraction applied to a 5 ml- Ni2+-chelating agarose resin column (Qiagen). The
column was washed with 2 column volumes of 25 mM Tris-HCl at pH 7.6, 2% glycerol, 500 mM
NaCl buffer containing 5 mM imidazole and eluted with the same buffer containing an additional
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250 mM imidazole. The CAST-containing fractions, identified using A280 and SDS-PAGE
analysis, were aliquoted and flash frozen. Each inhibitory domain was purified in a similar
manner.

2.3.3 Expression and purification of CAST1-4
CAST1-4+Ecoil was produced in the same way as the individual inhibitory domains, except
that the heat-treated supernatant was filtered through a 0.45 µm filter and fractionated by
Sephacryl S-300 (Pharmacia) size-exclusion chromatography on a 120ml HiPrep 16/60 column
eluted with 25 mM sodium acetate (pH 4.5) containing 0.5 M NaCl. Fractions containing
CAST1-4 were identified using SDS-PAGE analysis. Some of the CAST1-4 aggregated and
precipitated under these conditions and was recovered by centrifugation at 16,000 rpm in a
Beckman JA25.5 rotor for 45 min. The pellet was resuspended in denaturing buffer (8 M Urea,
25 mM Tris-HCl pH 7.6, 100 mM NaCl, 2% glycerol, 5 mM imidazole). The resuspended
CAST1-4 was applied to 5 ml of Ni2+-chelating resin, washed with denaturing buffer followed by
10 column volumes of non-denaturing buffer (lacking urea), and batch eluted with 250 mM
imidazole (pH 7.6) in the same buffer.

2.3.4 Real-time binding analysis using biosensor technology
The Ca2+-dependent binding of inactive rat calpain 2 with a truncated small subunit
(C105S 80k/21k) was performed using the BIAcore instrument (Pharmacia biosensor). Kcoil
peptide was immobilized onto the surface of a CM5 biosensor chip via a thio-ether bond from the
N-terminal cysteine using maleimide coupling [138]. Calpastatin-Ecoil constructs were then
injected and bound to the surface of the chip via the Ecoil:Kcoil interaction at a density of about
30 RU [137]. Injections were done at a flow rate of 20 µl/min at a concentration of
approximately 10 ng/ml, in the BIAcore running buffer HBS-EP (10 mM HEPES-HCl pH 7.4,
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150 mM NaCl, 3 mM, 0.0005% v/v surfactant P20 (BIAcore)). To monitor the association and
dissociation of calpain with calpastatin, the running buffer was modified to include 1mM DTT
and a 1 mM excess of CaCl2 over EDTA. Calpain was diluted from a 3 mg/ml stock in HBS-EP
to concentrations 10-fold higher than were tested, and then diluted 10-fold in calcium-containing
buffer immediately prior to injection. Injections were performed at a flow rate of 40 µl/min with
a 300 s association period and a minimum of 200 s for dissociation. The chips were regenerated
by injecting HBS-EP at a flow rate of 40 µl/min until a baseline was reached.

2.4 Results

2.4.1 Purification of calpastatin inhibitory domains
During its purification, CAST1-4 precipitated in the fractions from size-exclusion
chromatography. This precipitate was recovered by centrifugation and refolded. Although much
of the CAST1-4 remained in the supernatant, this fraction was sacrificed because it was
contaminated by calpastatin degradation products that were difficult to remove. The individual
inhibitory domains were substantially purified by the two-step boiling and nickel affinity
chromatography procedure. Further chromatography was unnecessary because the binding
between the Ecoil-tagged CAST and the Kcoil on the chip served as a final highly specific
purification step.
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2.4.2 Determination of the binding constants of the calpastatin inhibitory domains for
calpain 2
The main objective of this study was to measure the affinity of each of the four inhibitory
domains for calpain 2 using surface plasmon resonance. This method allowed direct observation
of the association (kon) and dissociation (koff) of inactive calpain 2 from calpastatin inhibitory
domains immobilized onto the flow cell surface (Figure 2.1). For each of the four inhibitory
domains, when calpain was injected the response units increased with increasing enzyme
concentration (Figure 2.2). Qualitatively, the relative tightness of the interaction of calpain with
each CAST domain is easily observable from the titration curves. When calpain is injected onto
CAST1 the curves increase linearly at the lowest concentrations (200 and 400 pM) and level off
sharply at 40+ and 80+ response units, respectively. At higher concentrations (2 and 4 nM) the
binding signal increases very rapidly and levels off at similar values of 120+ response units. In
contrast, when calpain at concentrations of 330 pM to 3.3 nM is injected onto CAST2, CAST3,
and CAST4 all the binding curves are rectangular hyperbolas that level off at increasingly higher
values. This suggests that CAST1 has the largest kon value and that CAST2, CAST3 and CAST4
have smaller kon values. The kon values calculated using the BIAEVALUATION 3.1 software
suite (Table 2.1) corroborate that CAST1 has the largest kon value (2x107 M-1/s-1), while CAST2
has the smallest kon value (3x106 M-1/s-1). The association constants for CAST3 and CAST4 lie
between those for CAST1 and CAST2 (5x106 and 6.5x106 M-1/s-1, respectively).
When the injection of calpain was stopped at 300s we observed a decrease in response
units of ~ 60% for CAST2 and ~30% for CAST3 at all calpain concentrations. In contrast, for
CAST1 and CAST4 when the injection was stopped the response units remained constant for 200
s after the addition of calpain was stopped, indicating that CAST1 and CAST 4 have much lower
koff values than CAST2 and 3. The large differences in the Kd values of the inhibitory domains are
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Figure 2.1. Schematic outline of the Ecoil:Kcoil system used for kinetic analysis following
the method of Tripet et al. [139]. (A) Preparation of the CM5 chip. Firstly the Kcoil peptide
(red) is immobilized on the chip surface via a thio-ether bond. Calpastatin inhibitory domain(s)
(purple) engineered with an N-terminal Ecoil peptide (green) is then injected and binds to the
chip through the coiled coil interaction. (B and C) Calpain (blue) is injected and binds to the
immobilized calpastatin in the presence of calcium (yellow dots). (D) Calcium is removed by
injecting buffer containing EDTA, signified by a cross on the yellow dot. Calpain dissociates
from calpastatin in the absence of calcium and the calpastatin-bound chip is regenerated.
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Figure 2.2 BIAcore analysis of the Ca2+-dependent interaction of inactive calpain 2 with
bound CAST inhibitory domains. 10 RU of each calpastatin inhibitory domain was
immobilized on the flow cell. For each injection, calpain was diluted at least 10-fold immediately
prior to injection onto the chip in a Ca2+ containing buffer. Each injection lasted 300 s at a flow
rate of 40 µl/min. Calpain was given a chance to dissociate in the presence of calcium for a
minimum of 200 s. Regeneration of the chip after 500 s was performed by repeat injections of
buffer containing EDTA. The average response unit value is plotted for each concentration and
error bars indicating one standard deviation are shown at 50 s intervals. (A) CAST1+Ecoil.
Calpain was injected at concentrations of 200 pM (diamonds), 400 pM (squares), 2 nM (triangles)
and 4 nM (stars). Injections were done in duplicate. (B) CAST2+Ecoil. (C) CAST3+Ecoil. (D)
CAST4+Ecoil. For these three panels calpain was injected at concentrations of 330 pM
(diamonds), 820 pM (squares), 1.65 nM (triangles) and 3.3 nM (stars). Injections were done in
triplicate.

36

36a

Table 2.1 Kinetic parameters of the individual calpastatin inhibitory domains.
Calpastatin Domain

kon (M-1s-1)

koff (s-1)

Kd (M)

1

2X107

9X10-5

4.5X10-12

2

3X106

1X10-2

4X10-9

3

5X106

3X10-3

6X10-10

4

6.5X106

3X10-4

5X10-11
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mainly a result of the very different koff values that range from 9x10-5 s-1 for CAST1 to 1x10-2 s-1
for CAST2. Despite these differences, each inhibitory domain is considered a tight-binding
inhibitor with Kd values ranging from 4.5 pM for CAST1 to 4 nM for CAST2.

2.4.3 Determination of the binding capacity of full-length calpastatin for calpain 2
In addition to determining the kinetic parameters for the binding of individual calpastatin
inhibitory domains to calpain, we sought to determine how many calpain molecules CAST1-4 can
bind. To study this, inactive calpain 2 was injected at high concentrations over flow cells
containing CAST1 or CAST1-4 (Figure 2.3). Both binding curves have a sharp inflection point,
with the response units increasing rapidly and linearly, and then leveling off after approximately
50s. At 600s the injection was stopped. There was hardly any decrease in response units
observed for CAST1, but a noticeable decrease in response units was seen for CAST1-4. The
decrease in response units for the full-length CAST indicates that both the higher and loweraffinity inhibitory domains are binding calpain. The molar ratio of CAST1-4:CAST1
immobilized on the chip surface was 0.83:1, therefore 0.83 moles of calpain would be expected to
bind to CAST1 for every 4 moles of calpain that binds to CAST1-4. The ratio observed was 0.79
moles of calpain bound per mole of CAST1 for every 4 moles of calpain that bound to CAST1-4,
indicating that each inhibitory domain in full-length calpastatin bound a calpain.

38

Fig. 2.3. BIAcore analysis of the Ca2+-dependent interaction of inactive rat calpain 2 with
CAST1 and CAST1–4. Each inhibitor was immobilized in a separate flow cell and the response
units bound to the chip were recorded. Inactive calpain 2 (32.8 nM) in Ca2+-containing buffer was
injected at a flow rate of 20 µl/min for 600 s. Calpain was given a chance to dissociate in the
presence of Ca2+-containing buffer for a minimum of 200 s. Regeneration was performed by
repeated injections of buffer containing EDTA. Injections were done in triplicate and the resulting
error bars are smaller than the symbols.
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2.5 Discussion
In this study we quantified the kinetic parameters of each calpastatin inhibitory domain’s
interaction with calpain 2. Previous investigations into the binding kinetics had determined that
the CAST inhibitory domains are all tight-binding inhibitors [79, 83]. These studies measured
calpain activity in the presence of calpastatin by following the digestion of casein [140]. This
assay was not sufficiently sensitive to quantify the interaction beyond identifying calpastatin as
an inhibitor with sub-nanomolar affinity for calpain. The relative binding strengths of each
inhibitory domain against calpain 2 were determined in this study, and the Kd values found here
agree with the accepted order of binding strengths (CAST1>4>3>2) [79, 83]. An advantage of
using the BIAcore system to determine kinetic parameters is that both kon and koff values could be
determined from the experimental data, and koff was not calculated from the Kd and kon as in other
methods. Surprisingly, the affinities of the different inhibitory domains vary over three orders of
magnitude as a result of large differences in their koff values, which range from 10-2 to 10-5 s-1. It
should be noted that the koff values for the tightest binding domains, domains 1 and 4, are so small
that they are at the limit of what can be accurately modeled using the BIAcore.
Previous studies determined that endogenous calpastatin inhibited calpain in a 4:1 ratio of
calpain:calpastatin. However, the inhibitory capacity of the calpastatin protein as a whole was
not clear because it is cleaved by calpain or caspase in vitro to the individual CAST domains that
retain inhibitory activity [141-144]. By using an inactive mutant of calpain and the BIAcore
system we were able to test the binding of calpain to calpastatin (CAST1-4) without the
complications of calpastatin digestion. Because the molecular weight of the calpastatin construct
is known, and the response unit value is directly proportional to the protein mass at the surface of
the chip, it was possible to estimate the maximum response units if all four inhibitory domains of
CAST1-4 bind calpain. When the chip was saturated with calpain
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the response units observed corresponded closely with what was to be expected if all four
inhibitory domains bound calpain. This indicates that calpastatin is capable of binding and
inhibiting four molecules of calpain without any modifications through proteolysis.
The presence of multiple isoforms of calpastatin expressed in mammals suggests that the
different domains in calpastatin with seemingly identical function serve different purposes. Four
different promoters and alternative splicing allow for the expression of tissue-specific isoforms
such as erythrocyte calpastatin lacking domain L and inhibitory domain 1, and a testis-specific
isoform that lacks domain L, domain 1 and a portion of domain 2, as well as the ubiquitous
isoform containing all five domains [88, 145, 146]. The specific roles of the different isoforms
remain unclear, and no functional differences between the inhibitory domains have been
discovered. One possibility is the individual CAST domains have different affinities for
heterodimeric “tissue-specific” calpains. Once these isoforms of calpain are isolated or produced
recombinantly the BIAcore system described here provides an excellent system for characterizing
the interactions. This system also provides us with a tool to evaluate the effect of point-mutations
and domain alterations on the kinetic constants with calpain, which may have significant value
for structure-function analysis.
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Chapter 3
Calcium-bound structure of calpain and its mechanism of inhibition by
calpastatin

Preface:
This chapter was published in Nature
Hanna, R.A., Campbell, R.L., and P.L. Davies. Calcium-bound structure of calpain and its
mechanism of inhibition by calpastatin. Nature. (2008) 456, 409-412.
Rachel Hanna performed all of the protein preparations, mutagenesis, crystallization screening,
crystallization optimization, and kinetic characterization of the mutant proteins. Rachel Hanna
solved the structure with the expert guidance and assistance of Dr. Robert L. Campbell. The
manuscript was written by Rachel Hanna with the guidance of Dr. Robert L. Campbell and Dr.
Peter L. Davies.

3.1 Abstract
Calpains are non-lysosomal calcium-dependent cysteine proteinases that selectively
cleave proteins in response to calcium signals[23] and thereby control cellular functions such as
cytoskeletal remodeling, cell cycle progression, gene expression, and apoptotic cell death [91,
147, 148]. In mammals, the two best-characterized members of the calpain family, calpains 1 and
2 (µ- and m-calpain, respectively), are ubiquitously expressed. The activity of calpains is tightly
controlled by the endogenous inhibitor calpastatin, which is an intrinsically unstructured protein
capable of reversibly binding and inhibiting four molecules of calpain, but only in the presence of
calcium [75, 149]. To date, the mechanism of inhibition by calpastatin and the basis for its
absolute specificity have remained speculative [64, 81]. How could this unstructured protein
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inhibit calpains without being cleaved itself? Why is the binding of calpastatin to calpain
dependent on calcium? We answer these questions with the 2.4 Å-resolution crystal structure of
the calcium-bound calpain 2 heterodimer bound by one of the four inhibitory domains of
calpastatin. Calpastatin is seen to inhibit calpain by occupying both the primed and unprimed
sides of the active site cleft. Although the inhibitor passes through the active site cleft it escapes
cleavage in a novel manner by looping out and around the active site cysteine. The inhibitory
domain of calpastatin recognizes multiple lower affinity sites present only in the calcium-bound
form of the enzyme resulting in an interaction that is tight, specific, and calcium dependent. This
crystal structure, and that of a related complex [150] also reveal the conformational changes that
calpain undergoes upon binding calcium, which include opening of the active site cleft and
movement of the domains relative to each other to produce a more compact enzyme.

3.2 Article
The importance of the calpain – calpastatin balance in protection from pathological
conditions where calpain is over-activated is well documented. Neurons could be protected from
excitotoxic cell death after a glutamate-stimulated rise in intracellular calcium levels, either by
over-expression of calpastatin or by expression of a sodium/calcium exchanger that was not
cleavable by calpain [107]. In rat hearts subjected to ischemia/reperfusion injury, over-expression
of calpastatin decreased troponin I degradation and contractile dysfunction [123]. These studies
benefit from the absolute specificity of calpastatin’s inhibition of calpain, something lacking with
the widespread use of low molecular weight calpain inhibitors that typically show some inhibition
of other cysteine proteases [151].

43

Figure 3.1. Schematic representation of the calpain-calpastatin complex. Colouring is the
same as in Figure 3.2; the anchor peptide is shown in red. The glycine-rich DV is indicated in
cyan and was not included in our construct of the small subunit[39]. The CAST4 subdomain B is
illustrated binding in the active-site cleft between domains I and II.
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Calpains 1 and 2 are 100 kDa heterodimers with homologous large subunits comprising four
domains (DI-IV) and a common small subunit with two domains (DV-VI) (Figure 3.1). The
two C-terminal penta-EF hand (PEF) domains, DIV and DVI, form the major heterodimer
interface that holds the two subunits together through the pairing of their fifth EF-hands [42, 43].
Each of calpastatin’s four inhibitory domains contains three regions of conserved sequence;
subdomains A and C bind to DIV and DVI, respectively [133], and subdomain B inhibits calpain
via a previously unknown mechanism. Since the B subdomain was ineffective at inhibiting the
isolated protease core [48] and could be cross-linked to DIII [84] it seemed that the inhibition of
the whole enzyme might be allosteric. Others had speculated that the B subdomain might in some
way block the active site cleft [64].
To resolve these issues we co-crystallized the inactive mutant of calpain 2 (C105S) [39]
with calpastatin inhibitory domain 4 (CAST4) in the presence of calcium (Table 3.1). The 94residue CAST4 binds as an extended polypeptide over the surface of calpain making contact with
each domain of the enzyme (Figures 3.1 and 3.2) and burying approximately 2800 Å2 of the
surface of calpain (Table 3.3). The calcium-bound structure of calpain is more compact than the
apo-form [42, 43] because the PEF domains are shifted towards the protease core (DI-II)
decreasing the radius of gyration from 32.2 Å to 30.8 Å (Figure 3.3). In the process, the Nterminal anchor helix is displaced from its binding site on the small subunit near EF-hand 1 and is
not seen in the electron density, consistent with its tendency to be autoproteolyzed during
activation of the enzyme.
When bound to calpain, subdomain C forms an amphipathic alpha-helix that binds to an
exposed hydrophobic patch on DVI, just as previously described [64] and subdomain A forms a
similar amphipathic alpha-helix that interacts with DIV on the large subunit (Figure 3.4, Tables
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Table 3.1: Data collection and refinement statistics (Molecular replacement)
Data collection
Space group

P21

Cell dimensions
a, b, c (Å)

67.48, 66.99,
108.66

αβγ (°)

90, 100.76, 90

Resolution (Å)

66.96-2.4(2.53-2.4)

Rmerge

8.4(31.7)

I/δ(I)

7.7(2.2)

Completeness (%)

96.7(82.5)

Redundancy

3.6(3.1)

Refinement
Resolution (Å)

66.23-2.4(2.46-2.4)

No. reflections

103122(13919)

Rwork/ Rfree

19.7/25.8(20.9/30.0)

No. atoms
Protein

7384

Ligand/ion

10

Water

174

B-factors
Protein

26.6

Ligand/ion

29.3

Water

23.4

R.M.S. deviations
Bond lengths (Å)

.009

Bond angles (º)

1.23

Molprobity score/percentile

2.5/69%

One crystal was used to solve the structure.
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Figure 3.2. Overview of calpastatin domain 4 (CAST4) bound to calpain 2. The overall
structure of CAST4 (purple) bound to the inactive C105S mutant of calpain 2. CAST4, which is
unstructured in the absence of calpain, forms three alpha -helices when in complex with the
enzyme. Helices in subdomains A and C, which are in contact with DIV (yellow) and DVI
(orange), and the helix in subdomain B, which is in contact with the protease core DI-II (blue and
light blue, respectively) are shown in ribbon representation. DIII is coloured green. Gaps in the
electron density of CAST 4 are indicated by missing residues between D589 and K594, and
between N629 and P654.
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Table 3.2: Surface areas of calpain buried by
calpastatin subdomains
2

Calpastatin subdomain

Buried surface area (Å )

%hydrophobic

A

690

54

B

1630

54

C

480

69
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Figure 3.3. A comparison of calcium-free and calcium-bound calpain structures. (A) The
calcium-free[43] (left) and calcium-bound (right) calpain structures are shown using the same
domain colour scheme as in Figure 1. Electron density for the anchor-helix (red in A, left-hand
panel) was not visible in our structure (A, right-hand panel). The 10 Ca2+ ions are shown as teal
spheres. (B-E) Superimposition of the Ca2+-bound domain structures on the apo forms (dark
pink). (B) DI-II (blue and light blue, respectively); (C) DIII (green); (D) DIV (yellow); (E) DVI
(orange).
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Figure 3.4. Calpastatin sub-domains A and C form alpha-helices when bound to the pentaEF hand domains IV and VI, respectively. (A) Ribbon representation of the DIV penta-EF
hand (yellow) and DVI penta-EF hand (orange) heterodimer with CAST4 subdomain A shown in
purple. Calcium ions are shown as teal spheres Calpastatin can be seen to bind between EFhands 1 and 2 in each penta-EF hand domain. (B) CAST4 subdomain A (grey) bound to calpain
DIV (yellow space-filling). The conserved hydrophobic residues (Leu576, 579, and 583) are
shown sitting in their respective hydrophobic pockets. O and N atoms are coloured red and blue,
respectively. (C) CAST4 subdomain C (purple) bound to calpain (beige space-filling). The
conserved hydrophobic residues (Ile653, Leu 656, Leu660) are labeled. (D) Overlay of CAST4
(purple) with the structure of calpastatin subdomain C of porcine calpastatin (DIC19) (white).
The structures are similar and show the conserved hydrophobic residues of the DIC19 peptide
(Ile703, Leu706, Phe710) and occupying the same hydrophobic pockets as the hydrophobic
residues of CAST4 subdomain C.
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3.3 and 3.4). It is the B subdomain of calpastatin that inhibits calpain [78] while subdomains A
and C increase the overall affinity of the interaction. From the crystal structure we see that the B
subdomain binds to the activated enzyme on either side of the active site cleft (Figures 3.5a, 3.6,
and Table 3.5). On the N-terminal side, the inhibitor forms hydrophobic and electrostatic
interactions with a shallow groove in DIII (Figure 3.5a) that becomes aligned with the catalytic
cleft in the holo form of the enzyme. Continuing on into the unprimed side of the cleft the highly
conserved Leu612 of CAST4 occupies the hydrophobic pocket of the S2 subsite (Figures 3.5b
and 3.7b). This leucine is strongly favoured in m-calpain substrates [152], and frequently appears
in this position in inhibitors, for example leupeptin (Figure 3.7d). Immediately after Leu612 the
backbone of Gly613 twists sharply away from the active site and traces the path of what would
normally be the side chain of the P1 residue (Figure 3.7a, b, Figure 3.8a, b). In this way, the
potentially scissile bond between the P1 and P1' residues is held ~2 Å out of reach of calpain’s
catalytic Cys105 (calpain residues in italics) (Figure 3.7c). This is demonstrated in our structure,
by the proximity of the bond to the Ser105 replacement for Cys105, which, because this is a
calcium-bound structure, is correctly aligned with His262 and Asn286 of the triad for catalysis.
On the C-terminal side of the B subdomain calpastatin forms a two-turn amphipathic
alpha-helix that binds to DI (Figure 3.5d). Another feature of the C-terminal side of the B
subdomain is a seven-residue highly conserved TIPPEYR sequence. The two prolines, Pro620
and Pro621, break the helix and redirect CAST4 into the primed side of the cleft while making
key contacts with Trp288 in DII (Figures 3.5c and 3.9). Trp288 is an important residue in the
calcium-dependent activation of the protease core, since it reorients from lying across the cleft as
a wedge to lining the pocket of the cleft [48]. In particular, the conserved Pro620 stacks against
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Table 3.3: Key contacts made between CAST4 subdomain A and calpain 2.
Calpastatin residue

contact type

Calpain residue

Glu571

main chain – side chain

Gln540

Ala575

hydrophobic

Leu541

Leu576

hydrophobic

Ile556, Leu541

Leu579

hydrophobic

Leu537, Ile556, Leu541,
Trp601

Ser582

hydrogen bond

Trp601, Gln605

Leu583

hydrophobic

Val560, Trp601

Gly584

main chain – side chain

Gln608, Arg612

main chain – side chain

Arg564, Arg612

hydrogen bond

Asp615

Arg586
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Table 3.4: Key contacts made between CAST4 subdomain C and calpain 2.
Calpastatin residue

contact type

Calpain residue

Pro652

hydrophobic

Leu106

Ile653

hydrophobic

Ile125, Val129

Asp654

hydrogen bond

Arg132

Leu656

hydrophobic

Leu110, Ile125, Trp170

Ser657

hydrogen bond

His133

Leu660

hydrophobic

His133, Val129, Trp170

Pro663

hydrophobic

Arg132
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Figure 3.5. Specific interactions of calpastatin with calpain entering and leaving the active
site cleft. The 27-residue B-peptide[81] is coloured as follows: the residues that make the loop
out of the active-site are coloured yellow, the residues N-terminal to the loop are purple, and the
residues C-terminal to the loop are green. Other calpastatin residues are coloured dark grey. (AD) Hydrogen-bond interactions of calpastatin with calpain (coloured as in figure 3.1) are shown
by black dashed lines. O and N atoms are coloured red and blue, respectively.
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Figure 3.6. Conservation of residues in the protease core and domain III of calpain 2 near
where calpastatin binds. In the space filling version of calpain residues conserved between
calpain1 and 2 are indicated in white, and non-conserved residues are coloured according to
similarity of hydrophobicity (yellow-most similar to red-least similar) using a hydrophobicity
matrix. The 27-residue B-peptide[81] is coloured as follows: the residues that make the loop out
of the active-site are coloured yellow, the residues N-terminal to the loop are purple, and the
residues C-terminal to the loop are green. Other calpastatin residues are coloured dark grey.
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Table 3.5: Key contacts made between CAST4 subdomain B and calpain 2.
Calpastatin residue

contact type

Calpain Residue

Leu596

hydrophobic

Thr455

Asp598

salt bridge

Arg375

Lys599

main chain – main chain

Leu454

Val600

main chain – main chain

Leu454

hydrophobic

Arg457

salt bridge

Arg461

side chain – main chain

Ala458 peptide amide

hydrophobic

Phe465, Phe489

main chain – side chain

Asn376

Ala606

hydrophobic

Phe489

Glu607

main chain – main chain

Phe465

Ser609

main chain – side chain

Asn467

Glu610

side chain – main chain

Ile244 peptide amide, Thr245 peptide

Glu602
Ile604

amide
Lys611

side chain – main chain

Asn467 peptide carbonyl

Leu612

hydrophobic

Gly261, Ala263

main chain – main chain

Gly198

Gly613

main chain – main chain

Gly261

Arg615

side chain – main chain

Asp249

Thr618

main chain – side chain

Trp288

Ile619

hydrophobic

Ala101, Leu102

Pro620

aromatic stacking

Trp288

Pro621

hydrophobic

Trp288

Tyr623

hydrogen bond

His169

side chain – main chain

Gly100

Leu626

hydrophobic

Leu169

Leu627

hydrophobic

Leu63, Leu169

main chain – side chain

Lys161
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Figure 3.7. Close-up of calpastatin at the active site. (A) A representation of calpastatin
(purple) looping away from the mutant active-site serine (orange) of calpain (shown uncoloured
in space-filling mode). Calpastatin side chains are shown with O atoms in red and N atoms in
blue. (B) Electron density at 1 sigma for a 2Fo-Fc map of the loop region (blue mesh). Calpastatin
(purple) backbone O and N atoms are also coloured red and blue, respectively. Calpain (grey)
side chains are identified with black lettering. The side chain O atom of S105 is coloured yellow.
(C) Comparison of the calpastatin loop region (left) with the superimposed leupeptin-bound
structure of calpain 1 protease core[62] (right). The distance between the active-site serine and
the P1 carbonyl of calpastatin is shown by the dotted line (left). The structure of leupeptin (green)
covalently linked to Cys115 of calpain 1 is superimposed on the calpastatin loop (right) to show
how closely the backbone at Gly613 follows the side chain of the P1 arginine of leupeptin. The
P2 leucine of both CAST4 and leupeptin overlap closely.
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Figure 3.8. Close-up stereo view of calpastatin at the active site. The colour scheme is the
same as in Figure 3. (A) A representation of calpastatin looping away from the mutant active-site
serine of calpain (colouring as in Figure 3.7a). (B) Electron density at 1 sigma for a 2Fo-Fc map of
the loop region (blue mesh) in stereo view.
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Figure 3.9. Close-up of the conserved calpastatin TIPPEYR sequence bound to the protease
core of calpain 2. Colouring as in Figure 3.5. Ala101 is shown red.
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Trp288 and helps pin the C-terminal side of the loop on the primed side of the cleft. Additional
hydrophobic contacts come from Ile619 which projects into the cleft and contacts Leu102 and
Ala101 (Figure 3.9). Thr618 (in the TIPPEYR sequence) mirrors Gly613 by exiting the cleft,
oriented such that its side chain projects where the main chain should be, and vice versa (Figure
3.5c).
The Leu612Gly613 dipeptide is well conserved across the four inhibitory domains of
calpastatin and across a variety of species (Gly613 is absolutely conserved), as is the TIPPEYR
sequence (Figure 3.10). In between these conserved sequences is a loop out of four typically
hydrophilic residues (ERDD) between G and T that are not as well conserved. The KLGE
sequence (residues 611-614) forms a type-II beta-turn as suggested by Ishima et al. [76]. The
RDDTI sequence (residues 615-619) forms two overlapping, distorted type-I beta-turns. For this
region to loop out, the flanking portions of the B subdomain (coloured purple and green in Figure
3.5a) must each tightly and independently bind to calpain.
This is indeed a novel mechanism. Among proteinaceous inhibitors of proteases
calpastatin is most similar to cystatins that act as a wedge to block the active site and inhibit
cathepsins [68]. Cystatins bind as two hairpin loops to both the primed and unprimed side of the
active site cleft. Calpastatin is one of only two protease inhibitors that are known to be
intrinsically unstructured proteins when not bound to their cognate targets. The other is IA3 an
inhibitor of yeast proteinase A, but unlike calpastatin, IA3 is a short (68-residue) polypeptide that
is induced to form a nearly perfect helix that blocks the active site of its target [73]. However, in
contrast to all other protein inhibitors, calpastatin binds as a contiguous stretch of polypeptide
across the complete cleft in such a way that the catalytic cysteine is prevented from reaching the
P1 carbonyl. A similar situation exists with the protein phosphatase 1-inhibitor 2 (PP1/I-2)
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Figure 3.10. Sequence alignment of vertebrate calpastatin inhibitory domains. Inhibitory
domains 1 through 4 of human, rat, and chicken calpastatin are aligned. The accession numbers
for these sequences are NP_001741.3, P27321, and XP_424713.1, respectively. The identity level
is indicated in black (100%), green (≥75%), and yellow (≥50%). Regions of alpha-helix in
CAST4 are shown as α1, α2, and α3 above the alignment. The conserved sequence that makes up
subdomain B is indicated above the alignment by the purple bar plus α2.
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complex [153]. Like calpastatin, I-2 is an intrinsically disordered protein that becomes ordered on
binding. It also contacts the enzyme in three regions, but is bound in an almost entirely alphahelical conformation, unlike calpastatin which maintains a large segment containing no regular
secondary structure.
To test our model for the inhibition of calpain by calpastatin we made three mutations. In
the first of these the conserved Gly613 was mutated to Ala to reduce backbone flexibility
rendering CAST4 less able to loop out of the active-site cleft. This single amino acid substitution
increased the IC50 value 2.9-fold from 64 to 182 nM (Figures 3.11 and 3.12a). Secondly, we
inserted a Phe residue between Leu612 and Gly613 (insert-F) to prevent the formation of the type
II beta-turn in CAST4 that holds the glycine away from the catalytic cysteine while placing
phenylalanine in the P1 position where its peptide bond with glycine should be cleavable. This
mutation turned CAST4 from an inhibitor into a substrate. Within a minute of forming the
complex, the mutant CAST4 was cut into two fragments of mass 5068.6 and 5745.1 Da which
correspond to residues 570-613 and 614-664, respectively (Figure 3.12b). Interestingly, despite
being rapidly cleaved this mutant is still a potent inhibitor of calpain with an IC50 of 112 nM,
approximately 1.8 times larger than the wild type’s, which makes it a better inhibitor than the
G613A mutant (Figure 3.11). A third mutation, A101D, was designed to spoil a contact
calpastatin makes with the protease core. In calpain 2, Ala101 is in a hydrophobic patch that
binds calpastatin after the conserved TIPPEYR sequence. Ala101 was mutated to aspartic acid to
test that we had identified the binding site of subdomain B on calpain. The A101D mutation
caused a 2.2-fold increase in the IC50 value of wild-type CAST4 to 146 nM (Figure 3.11).
In addition to uncovering this novel mechanism of protease inhibition, the calpastatin-calpain
structure reveals for the first time the calcium-bound structure of calpain (Figure 3.3). The
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Figure 3.11. Testing the inhibitory mechanism by site-directed mutagenesis. Plot of %
inhibition of active calpain 2 (80k-CHis6/21k) by wild-type CAST4 (blue, upward-pointing
triangles), CAST4 insert-F mutant (red, squares), CAST4 G613A mutant (purple, downwardpointing triangles); and the % inhibition of the A101D mutant of calpain by wild-type CAST4
(green, circles). Each measurement was done in triplicate and the error bars indicate one standard
deviation.
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3.12. Testing the inhibitory mechanism by site-directed mutagenesis. (A-C) Autolysis of the
calpain 2/calpastatin complex composed of the large subunit (80k), small subunit (21k) and
CAST4 (10k). Reactions were stopped with 150 mM EDTA at (1) 0, (2) 1 min, (3) 2 min, (4) 5
min, (5) 10 min, (6) 20 min, (7) 40 min, (8) 60 min, (9) 120 min and analyzed by SDS-PAGE
alongside molecular weight markers (M). (A) Wild-type CAST4. (B) CAST4 G613A mutant.
(C) CAST4 insert-F mutant (Phe inserted between Leu612 and Gly613).
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domains have changed little from the calcium-free form. What have changed in the calciumbound structure of calpain are the relative positions of the domains. In particular, the two PEF
domains are closer to the core and have displaced the N-terminal anchor helix. It is not clear to
what extent release of the anchor helix helps bring the PEF domains closer to the core and to what
extent the domain movement displaces the helix. The overall structural changes are illustrated by
a simulation in which Ca2+ ions are docked to their binding sites. At the 5 mM CaCl2
concentration used for crystallization, four calcium ions are present in both PEF domains. Those
in DVI of the small subunit are in exactly the same locations they were in the calcium-bound DVI
homodimer structure [64]. Those in DIV of the large subunit are in equivalent locations. Rather
surprisingly, despite reports that isolated recombinant DIII can bind Ca2+, there were no calcium
ions in contact with this domain in the CAST4-bound structure [154]. The protease core contains
the two calcium ions, one in each domain, that are responsible for the cooperative assembly of the
catalytic cleft [155]. The arrangement of the core within the whole enzyme is exactly that seen in
the crystal structure of the calcium-bound core alone, which validates the mechanism of
activation that was elucidated with mutants of the isolated core [155].
By comparing the calpain-calpastatin structure to the calcium-bound structures of the
protease core and PEF DVI we see indications that calpastatin recognizes the calcium bound
structure, rather than causing structural changes upon binding. As mentioned, subdomains A and
C bind when calcium causes a shift in the EF hands exposing the hydrophobic areas. Without this
shift there is not sufficient room for these subdomains to bind [64]. In our structure the conserved
hydrophobic residues of subdomains A and C occupy deep hydrophobic pockets in calpain
(Figure 3.3b, c). Likewise, the structural changes that occur when the protease-core binds calcium
align the active site, and in particular causes a large change in the position of Trp288 without
which the B sub-domain could not occupy and bind to the cleft. Also, the rearrangement of the
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domains relative to one another allows the simultaneous interaction of calpastatin with both DIII
and the protease core. This increases the area of interaction, the number of low affinity sites along
the length of CAST4, and thus the overall affinity of CAST for calpain. The fact that calpastatin
binds only after calpain is activated raises the issue of how closely spaced these proteins are in
the cell. Their proximity will likely control the window of opportunity that calpain has for
proteolysis during calcium signalling before being inhibited.
The observed shift in DIII is also interesting from the standpoint of designing specific
inhibitors to counter the overactivation of calpain that occurs in various diseases [23]. Previous
attempts at docking inhibitors have been forced to use the protease core [62] but the structure
reported here will enable the design of inhibitors that can take advantage of the complete active
site cleft.

3.3 Methods Summary
Inactive calpain 2 with its truncated small subunit (C105S-m80k/21k) was expressed and purified
as previously described [39]. Wild-type CAST4 and the mutants were produced in E. coli BL21
(DE3) under kanamycin selection and purified using heat denaturation and HPLC.
To produce the calpain-CAST4 complex 1M CaCl2 was added at 6 µl/min to a mixture of calpain
(~15 mg) and a 2-fold molar excess of CAST4 in 50 ml. The complex was purified using two
column chromatography steps: a Ni2+-chelating column (Qiagen), and Superdex 200 C 26/100
column (GE Healthcare). The pure complex was concentrated to 30-40 mg/ml using an Amicon
Ultra-15 30 k molecular weight cutoff centrifugal filter (Millipore), aliquoted and flash frozen.
The protein solution was added to an equal volume of precipitant solution of 100mM MES (pH
6.5), 25% PEG 1000 (Qiagen).
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Crystallization of the calpain 2 C105S/21k:CAST4 complex was performed by the microbatch
method under paraffin oil (Hampton). Diffraction data on the calpain-CAST4 complex were
collected on a single crystal with approximate dimensions 10 x 50 x 100 µm at the X6A beamline
of the NSLS facility (Brookhaven National Laboratory, Upton, NY). The structure was
determined by molecular replacement using the structure of the calcium-bound protease core [48]
and the domains DIII, DIV and DVI of the structure of calcium-free full-length calpain [43].

3.4 Methods

3.4.1 Data analysis and structure solution.
The oscillation data were processed using HKL2000 [156] and the CCP4 software suite
[157] The structure was determined by molecular replacement using the automated search
method of phaser [158, 159]. The structure was refined with refmac5 using the TLS protocol
[160].
3.4.2 Kinetic Analysis.
Calpain assays of the hydrolysis of a FRET-linked peptide substrate were performed in
triplicate in a final volume of 1ml. The concentrations of inhibitors ranged from 24 nM to 2.2
µM. The concentration of wild-type and mutant calpain 2 was 50 nM. The end-point fluorescence
intensity was measured in a LS 50B fluorimeter (Perkin Elmer). The IC50 values were obtained by
three-parameter sigmoidal fitting using the data graphing software SigmaPlot (Systat Software
Inc.). Calpain was mixed with varying concentrations of CAST in 500 µl 50 mM HEPES-HCl
(pH 7.4). Reactions were initiated by the addition of 500 µl 50 mM HEPES-HCl (pH 7.4), 2 mM
CaCl2, 2 mM DTT, and 10 µM (EDANS)-EPLFAERK-(DABCYL) - the fluorogenic substrate of
calpain [152]. The reaction was allowed to proceed for 20 min and was stopped with 10 µl 0.5 M
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EDTA. Fluorescence intensity was measured using wavelengths of 335 nm for excitation and 505
nm for emission.
3.4.3 Limited proteolysis and identification of cleavage products of the Insert-F mutant.
Proteolytic digestion of the CAST4 Insert-F mutant (40 nM) by calpain 2 (400 nM) was
performed at 22°C in 10 mM HEPES-HCl (pH 7.4), 1 mM dithiothreitol in 200 µl total volume.
Digestion was initiated by the addition of CaCl2 to a concentration of 1 mM and was stopped at 1
min by the addition of EDTA to a concentration of 100 mM. Digestion of the Insert-F mutant was
accessed by 10% SDS-PAGE and Coomassie blue staining. The Insert-F fragments were excised
from the gel and digestion analysis by MALDI-TOF mass spectrometry was performed at the
Protein Function Discovery facility (Queen’s University, Kingston, Canada).
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Chapter 4
The role of calpastatin in calpain solubility and intermolecular
associations
Preface:
This chapter was submitted to the FEBS Journal
Hanna, R.A., Kelly, J.C., and P.L. Davies. The role of calpastatin in calpain solubility and
intermolecular associations. Submitted to FEBS Journal 31 December, 2009. Manuscript
number FJ-09-1496.

Rachel Hanna designed the experiments with Jaqueline C. Kelly and performed all of the
experimentation with the exception of those done with the C-A peptides. The manuscript was
written by Rachel Hanna with editorial input from Jaqueline C. Kelly, Peter L. Davies, Dr.
Domenic Cuerrier and Dr. Christopher M. Hosfield.

4.1 Abstract
The mammalian calpains 1 and 2 are heterodimeric, multidomain cysteine proteases that
are regulated in the cell by calcium signaling to catalyze the limited digestion of target proteins.
Activation of calpain by 1 mM Ca2+ causes a series of conformational changes that expose
hydrophobic clefts, which enable the enzyme to bind tightly to Phenyl-Sepharose resin. Higher
concentrations of divalent metal ions trigger the self-aggregation and precipitation of calpain.
However, standard proteins like bovine serum albumin, ovalbumin and myoglobin do not show
this behaviour nor do they co-precipitate with calpain. Self-aggregation is blocked by
monovalent ions and by calpastatin, calpain’s natural endogenous inhibitor that covers the
hydrophobic patches when it binds to the enzyme. These patches are bound by three conserved
regions of the intrinsically unstructured inhibitor that each form amphipathic alpha-helices on
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contacting Ca2+–activated calpain. Peptide fragments corresponding to these three regions (subdomains A, B, and C) diminish calpain aggregation individually in the order B>A>C, and are
more effective in combination. Calpain self-aggregation requires both opening of the
hydrophobic clefts and exposure of complementary hydrophobic binding sites. This activation
mechanism might allow calpain to function as an adapter protein in binding substrates and ligands
that have exposed hydrophobic peptides. Thus, calpastatin may serve a dual function of
inhibiting active calpain in the cytoplasm while covering the hydrophobic patches that would
otherwise direct the enzyme into associations with various cellular targets. By using the
calpastatin-derived peptides we can effectively prevent calpain aggregation, allowing the active
enzyme to be held in solution for various experiments including crystallization.

4.2 Introduction
Calpains are a family of intracellular Ca2+ -dependent cysteine proteases that mediate a
proteolytic response to intracellular calcium signals [23]. When calcium levels are transiently
elevated within the cell, calpains selectively cleave protein substrates. In this way they modulate
cellular processes such as cytoskeletal remodeling during cell movement and cell fusion, cell
cycle progression, gene expression and apoptotic cell death [23, 147, 161-163]. When calcium
homeostasis is lost and intracellular calcium levels rise above physiological levels calpain
becomes over-activated resulting in uncontrolled proteolysis. As a result, calpains have been
implicated in many health problems stemming from the loss of calcium control, including
reperfusion injury after heart attack and stroke, Duchenne’s and Becker’s muscular dystrophies,
and cataract formation [23, 95, 97].
Calpains 1 and 2, the two most extensively studied family members, are ubiquitously and
constitutively expressed in mammalian cells. Both are heterodimers, each with an 80k, fourdomain (DI-IV), large subunit specific to the isoform, and a common 28k, two-domain (DV-VI),
70

small subunit. In the apo-form of the enzyme the catalytic cleft, lying at the interface between DI
and DII, is blocked by a conserved tryptophan and the catalytic triad is misaligned [42, 43]. This
inactive form of the enzyme appears to be stabilized by the circular arrangement of its domains.
DI is attached to the penta-EF hand (PEF) DVI of the small subunit via the anchor helix, and DVI
forms an intimate association with the homologous PEF domain (DIV) located at the C-terminal
end of the large subunit. During activation, up to ten calcium ions bind to the heterodimer, four
to each of the PEF domains and two to the ‘protease core’ of the enzyme, DI-II [150, 164].
Activation by calcium is a cooperative process which includes release of the constraints on the
protease core domains DI and DII and the rotation of these two domains relative to one another to
form the active site cleft [48, 165].
While calcium is an absolute requirement for activation, it has also been shown to
destabilize calpain in several ways. The most obvious of these is autoproteolysis. Indeed, calpain
is a particularly good substrate for itself, rapidly cutting the anchor helix, DV of the small subunit
and DIII of the large subunit [45, 166, 167]. The early stages of autoproteolysis have been linked
to a lowering of the calcium requirement for calpain activation [168]. Cleavage of the anchor
helix would appear to remove one the constraints on realignment of the protease core domains
required for enzyme activity.
Exposure to mM Ca2+ also causes calpain to aggregate and precipitate [52, 57]. This is
true even when the complication of autoproteolysis is eliminated by modification of the active
site cysteine [39]. Calcium-induced aggregation of calpain has been a barrier to solving the
crystal structure of the whole enzyme in its active form, and for studying its interaction with
active site inhibitors [52].
Activation of calpain by calcium has been shown by some researchers to result in subunit
dissociation [52-55], and has been suggested as a possible step in the enzyme’s activation within
the cell [48, 169]. Loss of the small subunit would break the circle of domains and should be
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very effective at releasing any constraints on rotation of the protease core domains into the active
configuration.
In mammals, calpains 1 and 2 have a specific protein inhibitor, calpastatin. Calpastatin is
an intrinsically unstructured protein [170] that contains five domains, four homologous domains
of about 140 amino acids in length that can each bind and inhibit one heterodimeric calpain in the
presence of calcium [75], and a unique N-terminal domain, termed domain L, with no inhibitory
effect that may interact with calpain in the absence of calcium [171]. From the recent crystal
structures of calcium-bound calpain inhibited by calpastatin [150, 164] we know that each
inhibitory domain binds as an extended polypeptide, to make contact with all the domains of
calpain (with the exception of DV, which was not part of the calpain construct). Each of
calpastatin’s conserved subdomains (A, B and C) forms a short amphipathic and their hydrophilic
residues are exposed to the solvent. Subdomain A binds to the PEF DIV, subdomain B binds to
DIII and the protease core, and subdomain C binds to the PEF DVI.
Calpastatin has the potential to counter the destabilization of calpain by calcium in
several ways. By inhibiting its enzyme target calpastatin prevents autoproteolysis. Calpastatin
has also been reported to inhibit the calcium-induced aggregation of calpain [52, 54] and by
contacting both the large and small subunit it could act as a tether to inhibit subunit dissociation.
Here we use a novel assay to study calpain aggregation in vitro. As well, we test how calpastatin
protects calpain against aggregation by evaluating the effectiveness of three peptides,
corresponding to subdomains A, B, and C, at stabilizing calpain in the presence of calcium. We
show that each subdomain is capable of protecting against aggregation, and longer constructs,
with higher affinity, are more effective. We show that aggregation is a result of hydrophobic
interaction mediated by divalent cations. The conserved calpastatin peptides bind to and block
hydrophobic clefts which become exposed once calpain is activated by Ca2+. These results have
important implications for the role of calpastatin in vivo, indicating that it may also serve to limit
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interactions between calpain and other elements such as target substrates or the cell membrane, in
addition to blocking the active site.

4.3 Results
4.3.1 Aggregation of calpain by divalent cations requires the active conformation of the
enzyme. To quantify the effect of calcium ions and other reagents on calpain aggregation in vitro
we developed an assay to monitor relative turbidity (optical density at 320 nm) as a function of
time using a plate reader capable of measuring up to 96 samples at once. We tested the effect of
increasing calcium concentrations on the behaviour of calpain (Figure 4.1A). At 1 mM CaCl2 the
OD 320 nm of the calpain solution was zero and remained so for the duration of the experiment
(40 min). This result was indistinguishable from that obtained with the calcium-free control.
When the CaCl2 concentration was elevated to 5 mM the OD 320 nm increased rapidly after 15
min, reached a peak value of 0.4 by 25 min and then decreased slightly, presumably due to the
formation of larger aggregates that settled out of solution. Doubling the CaCl2 concentration to
10 mM caused the OD 320 nm increase to occur earlier at 7 min and reach a higher peak value
(0.7) before slowly decreasing. Increasing the temperature of the incubation from 37 ºC to 45 ºC
had a similar effect to that of doubling the calcium concentration in that the onset of aggregation
as measured by OD 320 nm occurred earlier and reached a higher peak value (Figure 4.1B).
Consistent with this result, reducing the temperature to 25 ºC decreased the peak OD 320 nm
value.
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Figure 4.1. Calpain aggregation as a function of calcium chloride concentration and
temperature. (A) OD 320 nm as a function of time was measured at 37 °C for calpain samples
containing 1 mM CaCl2 (closed squares), 10 mM MgCl2 (open diamonds), 5 mM CaCl2 (upward
closed triangle), and 10 mM CaCl2 (closed circles). (B) OD 320 nm was measured in the
presence of 5 mM CaCl2 at 25 °C (downward closed triangles), 37 °C (closed squares), and 42 °C
(closed hexagons). As a negative control, aggregation was measured at 1 mM CaCl2 and 42 °C
(open circles). Error bars represent one standard deviation.
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To test the effect of another divalent cation, one known not to activate calpain [172], we
repeated the experiment adding MgCl2 in place of CaCl2. Calpain showed no increase in OD 320
nm in the presence of Mg2+ up to concentrations of 10 mM (Figure 4.1A). To test whether this
divalent cation could promote aggregation of activated calpain 2 we added MgCl2 to samples
containing 1 mM CaCl2, which is enough free Ca2+ to fully activate the enzyme [165] but
insufficient to cause aggregation (Figure 4.1A). MgCl2 at 1 mM was insufficient to increase OD
320 nm values above those of the 0 and 1 mM CaCl2 controls (not shown), but at 2 mM there was
a gradual increase in turbidity after 30 min (Figure 4.2). Elevating the MgCl2 concentration to 5
mM (total divalent ion concentration of 6 mM) caused a pronounced rise in OD 320 nm values
that were comparable to those seen with 4 mM CaCl2.
Based on these results we hypothesized that calpain must be activated by Ca2+ for
aggregation to occur; that aggregation is promoted by divalent metal ions; and that it involves the
hydrophobic patches or grooves exposed by Ca2+ activation that are binding sites for calpastatin.
A schematic diagram of this process is shown in figure 3 and it differs from the previous
suggestion that Ca2+–dependent activation causes small subunit dissociation which then leads to
large subunit aggregation [52, 57].

4.3.2 Monovalent cations block the divalent cation-induced aggregation. Once calpain is fully
activated by 1 mM CaCl2, additional CaCl2 and MgCl2 are equally effective at promoting
aggregation. This could be due to the divalent cations either forming charge-charge interactions
that bridge the molecules of calpain together in close contact to increase the likelihood of
hydrophobic interactions, or causing a small conformational change that exposes a section of
calpain that can bind to the exposed hydrophobic clefts (Figure 4.3). To test this part of the
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Figure 4.2. Calpain activation is a prerequisite for divalent cation-mediated aggregation.
OD 320 nm of calpain samples as a function of time was measured in the presence of 1 mM
CaCl2 (closed hexagons), 10 mM MgCl2 (open diamonds), 1 mM CaCl2 plus 2 mM MgCl2
(closed upwards pointing triangle), 1 mM CaCl2 plus 5 mM MgCl2 (open squares), and 4 mM
CaCl2 (closed circles). Error bars represent one standard deviation.
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Figure 4.3 Model for divalent cation-mediated aggregation of active calpain 2. The enzyme
is coloured by domain and labeled accordingly. The V-shaped clefts represent hydrophobic
regions in domains I, IV and VI exposed by calcium activation.
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hypothesis an excess of competing monovalent counter ions were added in the form of 150 mM
NaCl and completely abolished aggregation (Figure 4.4). Despite the presence of 4 mM CaCl2
there was no increase in OD 320 nm above baseline values during the 40 min incubation.

4.3.3 Activation of calpain by Ca2+exposes hydrophobic patches that are masked by
calpastatin binding. The affinity of calpain for Phenyl Sepharose resin was used as a way to
evaluate the exposure of hydrophobic surfaces on the enzyme [173]. When inactive calpain was
loaded on this hydrophobic interaction chromatography column in high salt (1 M NaCl) and the
absence of calcium the enzyme was slightly retarded by the column but did not bind, and was
eluted as the column was washed with loading buffer (Figure 4.5). However, when loaded in
buffer containing 4 mM CaCl2, calpain bound so tightly to the resin that it was not eluted even on
reducing the salt concentration 10-fold to 100 mM. To illustrate the importance of Ca2+
activation for the hydrophobic interaction, different concentrations of the chelating agent EDTA
were included in the reservoir chamber of the gradient maker. For each concentration tested
calpain eluted as a single sharp peak at the point in the gradient where calcium was fully chelated
by EDTA. At the highest EDTA concentration tested (10 mM) calpain eluted early on in the
gradient at 700 mM NaCl. Calpain eluted later in the gradient at 500 and 150 mM NaCl when the
EDTA concentration was dropped to 5 mM and 0.94 mM, respectively. Lastly, a 1:1
stoichiometric complex of calpain and calpastatin inhibitory domain 4 (CAST4) loaded in 4 mM
CaCl2 showed no affinity for the column and eluted as a sharp peak even slightly ahead of the
calcium-free enzyme.
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Figure 4.4 Effects of sodium ions and calpastatin on calcium-dependent calpain
aggregation. OD 320 nm was measured as a function of time for calpain samples containing 4
mM CaCl2 (closed circles), or 4 mM CaCl2 with 150 mM NaCl (open squares), or 4 mM CaCl2
and a 1.25-fold excess of CAST4 (closed upward-pointing triangles). Error bars represent one
standard deviation.
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Figure 4.5 Hydrophobic interaction chromatography of calpain. The hydrophobicity of
calpain in its apo-, holo-, and calpastatin-bound forms was compared using hydrophobic
interaction chromatography. Calpain was loaded onto a Phenyl Sepharose column in 1 M NaCl,
50 mM Tris-HCl pH 7.6, together with either 5 mM EDTA (A) or 4 mM CaCl2 (B-E). Protein
retained on the column was then eluted with a gradient of decreasing NaCl concentration (to a
final concentration of 100 mM) and increasing EDTA (to a final concentration of 10 mM EDTA
for B, 5 mM EDTA for C, or 0.94 mM EDTA for D). Each peak eluted at a salt concentration
that coincided with complete calcium chelation (700 mM NaCl for B, 500 mM NaCl for C, and
150 mM NaCl for D).
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4.3.4 Calpastatin peptides block calpain aggregation. Calpastatin has previously been shown
to stabilize calcium-activated calpain and prevent its aggregation as measured by light scattering
[18]. This allowed the purification of a calpain:calpastatin complex for crystallization [164].
Here we show that even a slight molar excess of (1.25-fold) calpastatin to calpain is sufficient to
stop any aggregation (Figure 4. 4). Calpastatin has been suggested to prevent calpain aggregation
by binding to both subunits and tethering them together [52]. To test this hypothesis we studied
the effect of synthetic peptides corresponding to the conserved subdomains A, B, and C of
calpastatin inhibitory domain 1, that are known to interact tightly with the calcium-bound form of
the enzyme. These subdomains centre on the amphipathic alpha-helices that cover the
hydrophobic clefts exposed by the calcium-induced conformational changes. In the absence of
the peptides, calpain rapidly aggregated and the turbidity increased over the first 10 min of the
incubation (Figure 4.6), as seen previously. After reaching peak turbidity values the OD 320 nm
decreased in an uneven manner consistent with the formation of larger aggregates that settled at
different rates. With the addition of a 1.25-fold molar excess of the peptides, the increase in
turbidity was noticeably delayed for subdomains A and C, and there was less of a decline after
reaching a peak OD 320 nm value (Figure 4.6A). At this 1.25-fold molar excess peptide B was
the most effective of the three peptides at protecting calpain from aggregation, and the OD 320
nm values climbed very slowly to about a third of the levels attained with A and C. At a 2.5-fold
molar excess of each peptide the delay in aggregation was more apparent. Peptides A and C
delayed peak turbidity by several minutes with A being more effective than C, and peptide B
almost completely blocked calpain aggregation (Figure 4.6B). At a 10-fold excess, all but
peptide C protected calpain from becoming insoluble (Figure 4.6C), and even here the
aggregation was greatly delayed and diminished. At a 25-fold excess of the peptides there was no
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Figure 4.6 The effect of conserved calpastatin subdomains on calcium-dependent calpain
aggregation. OD 320 nm as a function of time was measured for calpain in 4 mM CaCl2
supplemented with peptides corresponding to subdomains A (closed downward-pointing
triangle), B (closed square), and C (open downward-pointing triangles). As a positive control the
OD 320 nm of calpain with 4 mM CaCl2 alone was measured (closed diamonds). As a negative
control the OD 320 nm of calpain in calcium-free buffer was measured (open circles). Peptides
were added at a 1.25-fold molar excess over calpain (A), a 2.5-fold excess (B), a 10-fold excess
(C), or a 25-fold excess (D). Error bars represent one standard deviation.
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sign of aggregation and the OD 320 nm values were indistinguishable from those of the calciumfree control (Figure 4.6D).
While the calpastatin peptides are capable of inhibiting aggregation in large excess they
are not nearly as potent as the full-length calpastatin. This is presumably because the dissociation
constant of calpastatin with calpain is so much lower than for any of the individual peptides. To
explore this idea recombinant polypeptides spanning two conserved subdomains (subdomain A to
B, B to C, and subdomain A of one domain to subdomain C of the next) were tested for their
effectiveness at blocking aggregation. At 1.25-fold molar excess each construct was able to
prevent calpain aggregation considerably better than the separate sub-domains (Figure 4.6; Figure
4.7).
To test if this decrease in aggregation was a non-specific result of having additional
peptides present in solution rather than being specific to calpastatin’s interaction with calpain, the
effects of two similarly sized peptides on calpain aggregation were tested. A 10-fold molar
excess of either the 4.3-kDa Kcoil peptide [137] or the amphipathic alpha-helical 3.3-kDa type I
antifreeze protein [174] failed to delay the onset of turbidity, and the maximum amount of
turbidity observed was even slightly higher than for the positive control (Figure 4.8). These
results indicate that the protective effect of the calpastatin peptides was sequence specific.

4.3.5 Calpain aggregates as a heterodimer. Calpain was allowed to aggregate in the absence of
salt with and without Ca2+. Aggregates were removed from solution by centrifugation and the
ratio of large subunit to small subunit was analyzed by SDS-PAGE (Figure 4.9). From this we
see that in the presence of Ca2+ both the pellet and the supernatant contained the same ratio of
large subunit to small subunit (Figure 4.9, lanes 3 and 4) as seen in the starting material (lane 1).
From visual examination of the gel the intensity of the bands was consistent with a 1:1
stoichiometric ratio of large to small subunit. When calpain was allowed to aggregate in the
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Figure 4.7. Efficacy of linked calpastatin subdomains in protecting calpain against calciumdependent aggregation. The change in OD 320 nm over time was measured for samples of
calpain in the presence of 4 mM CaCl2 and a 1.25-fold excess of proteins spanning subdomains
1A-1B (upward-pointing triangles), 1B-1C (open diamonds), 1C-2A (closed circles), 2C-3A
(closed squares), and 3C-4A (open circles).

OD 320 nm for calpain without calcium was

measured as a negative control (open squares). Error bars represent one standard deviation.
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Figure 4.8 Effect of control peptides on the calcium-dependent aggregation of calpain. OD
320 nm as a function of time was measured for calpain with 4 mM CaCl2 alone (closed
diamonds), or 4 mM CaCl2 with a 10-fold excess of K-coil peptide (open circles) or a 10-fold
excess of type I antifreeze protein (open diamonds). As a negative control aggregation of calpain
in calcium-free buffer was measured (open circles). Error bars represent one standard deviation.
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Figure 4.9 Subunit structure of calpain after different exposures to calcium. (A) Calpain
was incubated at room temperature in buffer (50 mM Tris-HCl pH 7.6 and 10 mM 2mercaptoethanol) in the absence (lanes 1 and 2) or presence (lanes 3 and 4) of 10 mM CaCl2 for
15 min. Samples were centrifuged for 15 min. The supernatants (lanes 1 and 3) were removed
and the pellets (lanes 2 and 4) were resuspended in 10 mM Tris-HCl pH 7.6 and 6 M urea. (B)
Calpain (0.3 mg/mL) was incubated as in A along with myoglobin (0.3 mg/mL). Samples were
taken prior to the addition of calcium (lane 5), and of the supernatant (lane 6) and pellet (lane 7)
after the addition of calcium and centrifugation (as in A). Equal volumes were loaded onto the
gel and stained with Coomassie brilliant blue and Amido black. These samples were run
alongside molecular weight markers (lanes marked M).
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presence of other proteins like myoglobin (Figure 4.9B) bovine serum albumin or ovalbumin (not
shown) the resulting precipitates did not include significant amounts of these other proteins but
only calpain (eg. Figure 4.9 lane 7).

4.4 Discussion
By monitoring turbidity at 320 nm we are able to show that calcium-induced activation of calpain
is a precondition for its aggregation by divalent cations. Magnesium ions, which cannot activate
calpain [172] were unable to promote aggregation of the apo-form of the enzyme, even at high
concentrations, but did so after calpain was activated by 1 mM CaCl2. The underlying reason for
divalent metal ion-induced aggregation is the exposure of hydrophobic clefts during calcium
activation. These are subtle structural changes that are hardly detectable on the surface when the
calcium-free and calcium-bound forms of the enzyme are compared. The most pronounced shift
is that observed between the Ca2+-free and Ca2+-bound forms of domain VI [40, 47, 64], (Figure
4.10, panels C and D, respectively). However, these small changes had a profound effect on
calpain’s affinity for Phenyl Sepharose, going from failure to bind in the apo-form to failure to
release the active form from the column until Ca2+ was removed and the enzyme was converted
back to the apo-form. The affinity of these clefts for phenyl groups is consistent with the binding
of the PD150606 (3-(4-iodophenyl)-2-mercapto-(Z)-2-propenoic acid) calpain inhibitor to the
PEF domain in the small subunit (Figure 4.10B) [64].
These same hydrophobic clefts are recognized and bound by calpastatin such that when
calpain is in complex with its inhibitor the enzyme passes straight through the Phenyl Sepharose
column. The clefts exposed by calcium activation are occupied by the conserved A, B and C
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Figure 4.10 Representation of a hydrophobic cleft in calpain 2 coloured by atom type. (A)
View of the open hydrophobic cleft in DVI with a section of calpastatin sub-domain C bound. (B)
The same cleft with PD150606 bound [64]. (C) The same cleft as (A) with calpastatin omitted.
(D) The same cleft as (A) in Ca2+-free calpain 2. Panels were generated using the active structure
of calpain 2 bound by calpastatin (PDB accession number 3BOW) or with the apo-structure of rat
calpain 2 (1DF0). Calpain is coloured by atom type, blue for nitrogen, red for oxygen, and purple
for calcium.
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subdomains of calpastatin [150, 164]. These three regions are unstructured until the inhibitor
comes in contact with its calcium-activated target. At which point amphipathic helices areformed
in each subdomain to bind with their hydrophobic side chains in the clefts (Figure 4.10A).
Exposure of these hydrophobic clefts is consistent with the ability of the small
calpastatin-derived peptides (A, B and C) to prevent aggregation. This effect was dependent on
peptide concentration, consistent with competition for binding between the peptide and
neighbouring calpain molecules. Also, there was a consistent order of effectiveness in blocking
aggregation with peptide B being the most effectual followed by A and then C [78, 133, 134].
Calpastatin polypeptides spanning two conserved subdomains (AB, BC and AC) were more
effective than any of the individual synthetic peptides at preventing aggregation, partly because
they cover two hydrophobic clefts, but also because they presumably bind more tightly.
Interestingly, the polypeptide spanning the two weakest-binding calpastatin inhibitory domains
(C2 and A3) was the least effective at protecting against aggregation. This is consistent with the
differences in effectiveness being partly due to differences in binding affinity. Following this
trend an intact inhibitory domain of calpastatin is even more effective at blocking aggregation
because all three hydrophobic sites are covered and binding affinity is in the picoMolar range
[149].
The affinity of the calcium-induced clefts on calpain for hydrophobic residues is quite
striking. They bind not just the complementary amphipathic helices on calpastatin, but also have
non-specific interactions with phenyl groups on the Phenyl Sepharose column, and the aromatic
inhibitor PD150606. It is not clear what these clefts are binding on calpain, but the indications
are that there are specific interactions. Randomly selected proteins like BSA, egg ovalbumin, and
myoglobin do not bind and aggregate, and non-specific helical peptides do not block aggregation
the way the calpastatin peptides do. Two candidates for binding sites on calpain are amphipathic
helices near the termini of the two PEF domains (IV and VI) (Figure 4.11). Both helices have
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two leucines in an i, i+4 spacing that could dock into the clefts, and both helices are in regions
that undergo transition between apo and calcium-bound conformations of calpain. Indeed, when
calpastatin is not bound to the enzyme these helices are in regions of high B-factor [40, 42, 43,
47]. Because of this, these regions may be may be more likely to unfold, a step that would be
necessary to allow the helices to bind in one of the clefts. Note that the PEF heterodimer
structure of domains IV and VI in Ca2+-activated calpain is not currently available without
calpastatin present, but Fig. 8C shows the Ca2+-bound structure (with calpastatin omitted) of this
heterodimer.
It is quite possible that these calcium-dependent clefts help govern calpain’s sub-cellular
localization [52, 53, 55, 175] after activation by helping calpain to interact with hydrophobic
residues on ligands and substrates [46, 56, 176, 177]. That is to say, calpain might serve as its
own adapter protein. This may explain the ability of inhibitors that bind to these clefts to reduce
cleavage of some protein substrates [64, 178, 179]. For example, the penta-peptide inhibitor
LSEAL, which is similar in sequence to the A and C subdomains of calpastatin, may reduce
cleavage of the protein substrates tau and alpha-synuclein by interfering with hydrophobic
interactions between enzyme and substrate. If so, calpastatin is likely to block the interactions of
various protein substrates with the active enzyme in addition to inhibiting proteolysis at the active
site. The importance of these interactions in the cell could potentially be determined designing
and administering cell-permeable A and C peptides, following the approach used with the B
peptide [180].
It is worth emphasizing that calpastatin does not alter the structure of calpain 2 but rather
it recognizes and binds to the active enzyme. The structure of the calcium-bound 21k homodimer
[40, 47] is very similar to that of the 21k homodimer bound to calpastatin subdomain C [34], and
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Figure 4.11 Hydrophobic interaction sites on calpain 2's penta-EF hand domains. (A)
Domains IV (yellow) and VI (orange) of the calcium-, calpastatin-bound structure of calpain 2
(PDB accession number 3BOW) bound to the amphipathic alpha-helices of the calpastatin
subdomains A and C, respectively. Calpastatin is coloured purple, calcium is coloured pink. (B)
The calcium-free structure of the PEF domains of calpain 2 (PDB accession number 1DF0)
coloured according to B-factor along a spectrum (dark blue indicating low B-factors to red
indicating high B-factors). The side-chains of leucines that occur in i and i+4 positions of helices
in regions of high B-factors are shown in deep purple. (C) The calcium-bound structure of
calpain 2 PEF domains (PDB accession number 3BOW) coloured according to B-factor along a
spectrum (dark blue indicating low B-factors to red indicating high B-factors). The side-chains of
leucines that occur in the i and i+4 positions of helices in regions of high B-factors are shown in
purple.
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the protease core (DI-II) of the enzyme when bound to calpastatin [150, 164] is almost identical
to the protease core crystallized with calcium on its own [48]. In contrast, the active form of
calpain causes three alpha-helical structures to form in what is otherwise an intrinsically
unstructured calpastatin polypeptide [76].
The ability of each calpastatin-derived peptide to prevent aggregation and stabilize
calpain in the presence of calcium has important implications for in vitro calpain research. In
particular, calpain can be stabilized in solution by occupying the hydrophobic clefts in the PEF
domains, while allowing the active site cleft to remain clear. This would be particularly useful
for crystallizing the full-length enzyme with small-molecule inhibitors. This has not been possible
in the past because the high calcium-activated calpain concentrations and wide range of
conditions that must be used to achieve the optimal crystallization conditions cause enzyme
aggregation.

4.5 Experimental Procedures

4.5.1 Protein production and acquisition The inactive mutant of calpain 2 (C105S) and
calpastatin inhibitory domain 4 (CAST4) were produced as described [39, 149]. CAST1 A
(SDKSGVNAALDDLIDTLGE), B (DPMDSTYLEALGIKEGTIPPEYRKLLE), C
(PKPMGIDHAIDALSSDFTC) and K-coil (CGGG(Norleucine)
KVSALKEKVSALKEKVSALKEKVSALKEKVSALKE) peptides were synthesized by
BiomerTechnology (Pleasanton, CA) and purified to >95% purity. All peptides were synthesized
with an N-terminal acetyl group and a C-terminal amide group. The calpain-CAST4 complex was
generated using C105S as described [164]. Type I antifreeze protein was produced as described
[174]. Bovine serum albumin, egg ovalbumin, and myoglobin were purchased from Sigma.
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4.5.2 Calpain turbidity assays The rate and extent of protein aggregation were monitored by
optical density at 320 nm in a 96-well non-binding surface plate (Corning). The wells contained
4 µM C105S in 50 mM Tris-HCl pH 7.6, 10 mM DTT and NaCl ranging in concentration from 0
to 150 mM. The time course of observation was started with the addition of divalent metal ion,
CaCl2 and/or MgCl2 at concentrations up to 10 mM. CAST1 peptides or CAST4 were included at
1.25-, 2.5-, 10- and 25-times the molar ratio of calpain (5, 10, 40 and 100 µM, respectively). The
plate was shaken in a Powerwave XS Microplate Spectrophotometer (Bio-Tek Instruments) for
10 s prior to each reading, taken at one min intervals over 2 h at room temperature. This was to
ensure that aggregates were suspended as uniformly as possible. Controls lacking calcium and
CAST peptides were done as described above. All measurements were done in triplicate.

4.5.3 Hydrophobic interaction chromatography on Phenyl Sepharose Calpain 2 (C105S) was
diluted to a concentration of 1 mg/mL in 1 mL buffer A (50 mM Tris-HCl pH 7.6, 1 M NaCl, 10
mM 2-mercaptoethanol, 4 mM CaCl2). Calpain or the calpain CAST4 complex was injected onto
a 1 mL Phenyl Sepharose FF (low sub) column (GE Healthcare Life Sciences) in buffer A at a
flow rate of 1 mL/min. The column was washed with 5 column volumes of buffer A and then
eluted with a gradient from 0 to 90% buffer B (50 mM Tris-HCl pH 7.6, 10 mM 2mercaptoethanol) over 20 column volumes, where B contained one of the following four
additives: 0.94 mM EDTA, 5 mM EDTA, 10 mM EDTA, or 150 mM NaCl plus 4 mM CaCl2).
Protein elution was monitored by absorbance at 280 nm and analyzed by SDS-PAGE stained with
Coomassie blue.
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Chapter 5
General Discussion

5.1 Application of BIAcore analysis to other members of the calpain family.
While calpastatin clearly inhibits calpains 1 and 2, it does not affect calpain 3 [181], and
its role in regulation of the other calpain isoforms is largely unknown. Isolated reports suggest
that calpastatin acts as an inhibitor to calpains 8 and 9 [25, 26]. These are both members of the
classical calpain family in that they have a C-terminal PEF domain on the large subunit.
However, while calpain 9 heterodimerizes with the small subunit [26, 31], calpain 8 has been
reported to function without the small subunit, and to oligomerize, possibly through domain III
[25]. These reports about calpain 8 appear to conflict with the importance of the small subunit for
calpastatin-mediated inhibition.
The method described in chapter 2 of this thesis can easily be adapted to any calpastatin
binding partner. Calpastatin’s unstructured nature makes it an ideal ligand to be immobilized: it
is flexible at the surface of the BIAcore chip and capable of binding calpain, it can be used for
days at room temperature and will not be affected by denaturation, because it lacks secondary
structure [76]. Also, since we are examining calcium-dependent interactions, regeneration of the
chip can be done gently by the addition of EDTA. This system can then be used to quantitatively
measure the binding affinity of any calpain family member allowing detailed comparison between
calpain isoforms. As well, the relative binding affinity for a given calpain can be compared
across the four calpastatin inhibitory domains. This system requires µg quantities of enzyme to
obtain detailed kinetic information, making it ideally suited for use with calpain isoforms that are
difficult to produce or purify in large quantities.

94

Purified native calpains would contain the catalytic cysteine and with it the risk of
competition between calpastatin/calpain digestion and calpain inhibition. However, because
calpastatin loops away from the active site it can still bind calpain with a small molecule inhibitor
covalently bound to the active site cysteine [83]. The use of an inhibitor such as E-64 would
effectively eliminate the complications of autolysis or calpastatin cleavage, while allowing for
comparison between other E-64-modified calpains. Of particular interest are calpains 9, 11, and
13 that are thought to heterodimerize with the small subunit, and should provide all three highaffinity interaction sites for the calpastatin A, B, and C subdomains. However, this system could
also be used to test for binding of other isoforms of calpain, like calpain 8.

5.2 Potential structural reasons for differences between the calpastatin inhibitory domains

The four inhibitory domains of calpastatin bind calpain with strikingly different affinities
that range over four orders of magnitude [149]. With the solution of the two calpastatin-bound
calpain structures [150, 164] some possible reasons for the different affinities can be proposed.
Residues of subdomain A that occupy the hydrophobic pocket on DIV are well conserved across
the four inhibitory domains in both human and rat calpastatin. The C subdomain is less well
conserved, but when comparing the four inhibitory domains no changes that would obviously
affect the binding affinity of calpastatin for calpain 2 can be seen. However, the B subdomain
contains several notable differences when the lower affinity domains, 2 and 3, are compared to
higher affinity domains, 1 and 4. Perhaps most striking is the substitution of cysteine in place of
the leucine that occupies the P2 subsite in both complex structures. This is an important site of
interaction for small molecule inhibitors of calpain (for example E-64)[62]. As well, this is an
important site of interaction used by the cysteine protease inhibitor family of cystatins [69].
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According to substrate profiling studies, this residue is highly preferred in the P2 position [152].
Thus, substituting a cysteine, which is not a preferred residue in this position, is likely to decrease
CAST 2’s affinity for calpain 2. Calpastatin inhibitory domains 2 and 3 also lack some of the
residues (Figure 3.9) forming the B subdomain alpha-helix that makes contact with DI of calpain.
This would further reduce the contacts made by subdomain B, and lower binding affinity.
These differences found in subdomain B between the higher and lower affinity inhibitory
domains make it likely that this subdomain is largely responsible for the variation in binding
strength. One question that arises is why four similar domains are maintained with such different
affinities? One possible explanation is that these differences are adaptations that allow optimal
binding at the active site cleft of other calpain isoforms. Another is that calpastatin acts as a
calpain buffer within the cell to prevent “all or nothing” inhibition, allowing for gradual
binding/release of calpain as calcium levels rise and fall during signaling events.
Another possible explanation for the existence of four inhibitory domains is that they
bind calpain cooperatively. This possibility was explored using size-exclusion chromatography
(SEC). Calpain and calpastatin were mixed in different ratios (calpain:calpastatin 2:1, 4:1 and
6:1) and the apparent molecular weight of the complex increased as the ratio of calpain to
calpastatin increased. SDS-PAGE analysis indicated the single peaks observed had a uniform
ratio of calpain to calpastatin. Additionally, a peak corresponding to unbound calpastatin was not
observed. These data indicated that calpain did not bind cooperatively, and that the high affinity
inhibitory domains of calpastatin were probably occupied first. An important caveat is that as an
unstructured protein calpastatin elutes at an apparent molecular weight many times its size,
making accurate size estimation impossible. Repeating this experiment using multi-angle light
scattering in-line with SEC should be done to accurately determine the molecular weight and
distribution of the calpain:calpastatin complexes.

96

5.3 Comparison between the calpastatin-bound calpain structure and other inhibitor-bound
protease structures.
The wide variety of methods used by proteinaceous inhibitors to silence their proteases
has been reviewed [182, 183] and can be broadly separated into a few strategies. For instance,
pro-peptides can bind in the active site cleft in a reversed orientation compared to a substrate.
There are inhibitors (e.g. staphostatins) that bind in a conformation which is distorted from that of
a substrate, thus decreasing the likelihood of nucleophilic attack on the P1 carbonyl. There are
inhibitors that undergo nucleophilic attack by the active site cysteine, resulting in an inhibitor that
sterically blocks the active site, and there are the serpins that react with the active site nucleophile
and undergo a very large conformational change that in turn causes a large change in the enzyme
to inactivate its active site. Finally there are the cystatins that act to block the active site of
cathepsins by binding on the primed side of the active site, using two hairpin loops, and on the
unprimed side, using its N-terminal sequence. The N-terminal sequence loops away from the
active site such that the P1 carbonyl is held in a position too far from active site cysteine for
nucleophilic attack. This aspect is similar to the way calpastatin avoids becoming a substrate, but
no other inhibitor binds as a contiguous stretch of polypeptide across the complete cleft in such a
way that the active site residue is prevented from reaching the P1 carbonyl.
Unlike the protease inhibitors described above, calpastatin is an intrinsically unstructured
protein. Recently, intrinsically unstructured proteins have been recognized to be functionally
important in a variety of signal transduction roles [184]. Intrinsically unstructured proteins are
thought to possess a significant amount of polyproline II helix structure [185]. While calpastatin
might also assume this structure in the unbound state, there is no polyproline II helix that persists
in the structure of the calpain-bound form of calpastatin. Aside for three short alpha-helical
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sections 80% of the calpain-bound calpastatin contains no regular secondary structure of any
kind.
The interaction of calpastatin with calpain is highly specific because it is made up of
many lower-affinity contacts that together result in a very tight-binding interaction [149]. These
lower-affinity contacts also increase the specificity of calpastatin for the calpain family, in
contrast to cystatins that only make contact with cathepsins at the active site cleft. This strategy
of binding at multiple lower affinity sites is unique to calpastatin among protease inhibitors, but is
used by inhibitor-2 of protein phosphatase 1 [153]. The only other known unstructured protease
inhibitor, IA3, forms a single nearly perfect alpha-helix when bound to the active site of protease
A [73, 186].
The importance of intrinsically unstructured proteins, as well as proteins that contain
unstructured regions <50 amino acids, gained interest since the discovery that they account for up
to ~25% of human proteins[184, 187, 188]. Interestingly, the proportion of proteins containing
unstructured regions positively correlates with the complexity of the organism, with prokaryotes
containing fewer unstructured proteins. The reason for this correlation is not clear. Unstructured
proteins have several characteristics which make them well suited to act as binding partners. They
have the potential to form more than one binding surface in response to different binding partners.
Also, because of this, some are better able to integrate posttranslational modifications into the
binding interface. Intrinsically unstructured proteins lack a traditional hydrophobic core. This
allows a greater proportion of residues to be involved in binding, rather than being required to
maintain tertiary structure, and the protein can be much smaller[187]. This is true of calpastatin,
which makes multiple contacts over a large surface. A structured globular protein with a
hydrophobic core would need to be quite large to present a binding surface capable of making
those contacts.
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5.4 Use of the calpastatin-calpain structure in designing small-molecule inhibitors specific to
calpain
Small molecule inhibitors of calpain that target the active site suffer from a lack of
specificity because the catalytic triad of calpain is similar to that of other papain-like cysteine
proteases [48]. Calpastatin achieves absolute specificity by interacting at multiple lower affinity
sites. Many of these are in regions of calpain that are unique to that family of proteases. Two of
these sites, located in the PEF domains, are far from the catalytic cleft. However, they are
reported to be sites occupied by “allosteric inhibitors” [64, 178], although the mechanism by
which they exert their inhibition is unexplained. Thus, structure-based design of better allosteric
inhibitors is unlikely at this point, particularly because the subdomains A and C do not inhibit
calpain. Other sites of interaction between subdomain B and domains I and III of calpain could
be used to target small molecule inhibitors to the active site with increased specificity. These
areas are more promising because of their proximity to the active site, making it possible to
extend active-site-targeted inhibitors into these areas and improve both the strength of binding
and specificity.
The calcium-dependent domain shifts during calcium activation result in a rotation of
domain III relative to domain II that aligns a shallow groove on domain III with the active site
cleft, effectively extending the cleft on the unprimed side beyond what was previously known.
Calpastatin binds in, and makes extensive contact with, this groove. The S3 subsite is formed at
the interface between DII-III. By designing small molecule inhibitors that bind to this subsite,
calpain specificity could potentially be greatly increased, since this domain does not exist in any
other known papain-like proteases. Indeed, inhibitors that are long enough to extend beyond S3
would be contacting a region not found in other cysteine proteases. Like domain III, part of
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domain I is also structurally unique to the calpain family of proteases [42]. The region of domain
I to which the central alpha-helix of calpastatin binds is a calpain-specific area capable of making
hydrophobic contacts with potential inhibitors.

5.5 Speculation that calpastatin functions to protect calpain
Despite calpastatin’s apparent role as the main intracellular inhibitor of conventional
calpains activity, the calpastatin knock-out mouse is for the most part normal and healthy [118].
This is an apparent contradiction to the growing body of evidence that shows disruption of the
ratio of calpain to calpastatin contributes to cell death in many disease states [94, 120-122, 124,
189]. One possibility is that calpastatin is only required to curb calpain activity when calpain is
over-activated. Without calpastatin, calpain still requires calcium for activation, an ion whose
concentration is tightly regulated within the cell. When calcium is properly controlled this may
be sufficient to control calpain. Once activated, the enzyme is unstable, and can autolyze through
intermolecular contacts resulting in loss of activity. Thus, during prolonged activation, calpain
would self-inactivate unless silenced by calpastatin. It is not clear if autoproteolysis is a natural
process for controlling calpain activity, when calcium regulation is insufficient.
The normalcy of the calpastatin knockout mice is perhaps less surprising when we
consider that calpain 3 is not regulated by calpastatin [181], and many of the other non-classical
members of the family are also likely not be inhibited by it. Apart from GAS2, the only other
identified intracellular protein inhibitor to calpain 2 [190], no other endogenous inhibitors of the
calpains are known. Thus, it is possible that many members of the calpain family function
without a protein inhibitor.
In the case of calpains 1 and 2, however, calpastatin overexpression effectively halts
calpain inactivation through autoproteolysis, and decreases formation of calpain autolysis
products [126]. In line with this observation, calpastatin overexpression has also been shown to
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result in increased residual calpain activity [125] indicating that its role within the cell may also
serve to protect against loss of calpain activity by preventing autoproteolysis.

5.6 Roles of the PEF domains in subcellular localization and substrate recognition
Although there is an extensive list of calpain’s proteolytic targets, many of which are
cytoskeleton proteins, relatively little is known about the specific interactions that govern
calpain’s subcellular distribution. While the PEF domains play a role in the calcium-dependent
activation of the enzyme, the protease core is functional without them, indicating they are not
essential for activity. Indeed, many isoforms of calpain lack them entirely. Roles in targeting
calpain to a substrate [110] and governing subcellular interactions [191] have been proposed for
the PEF domains. The exposure of hydrophobic patches in response to calcium binding is one of
the most notable structural changes associated with activation in these domains. These
hydrophobic clefts contribute to calpain aggregation in vitro, but within the cell, where calpain
concentrations are much lower and there is a complex mixture of proteins, they may serve to
direct calcium-dependent protein-protein interactions. If this is the case, calpastatin, which binds
to these pockets as well as at the active site, may also act to disrupt the enzyme’s interactions and
change its subcellular distribution.
The importance of the PEF domains in directing protease-substrate interactions could
possibly explain the mechanism of the allosteric calpain inhibitors that target these exposed
hydrophobic clefts. By occupying the clefts they may block calpain’s association with its target,
thereby slowing hydrolysis. If this is the case then choice of substrate becomes crucial when
testing the effectiveness of an inhibitor. For instance, an allosteric inhibitor may show no effect
on the cleavage of a small fluorogenic substrate that only occupies the active site cleft, but may
be an effective inhibitor against some protein substrates.
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5.7 Using subdomains A and C to stabilize active full-length calpain 2

Despite considerable efforts to obtain the crystal structure of activated calpain, no such
structure has been solved. This is likely due to problems with aggregation, autolysis, and
potentially subunit dissociation. The problem of autolysis can be overcome by using an inactive
mutant of the enzyme (C105S), unless the aim is to co-crystallize calpain with a covalent
inhibitor. The problem of aggregation is more difficult to overcome because it is exacerbated by
the high protein concentrations typically required to form a crystal and the need to use higher than
physiological calcium levels to ensure all the calpain is in the activated form. The calpastatinbound structure gave the field its first look at the calcium-bound structure of the whole enzyme
minus domain V. This complex was free from the problems of aggregation because calpastatin
occupies the hydrophobic patches in domains I, IV, and VI, and blocks the active site cleft.
By co-crystallizing calpain with subdomains A and C it may be possible to stabilize the
enzyme for crystallization, while at the same time leaving the active site clear to bind small
molecule inhibitors. This is of particular interest in designing inhibitors that target the full-length
enzyme, particularly those that extend far enough to contact domain III.

The work outlined here

provided the first view of a calpain family member as it is inhibited naturally within the cell.
Detailed knowledge of calpastatin’s affinity for calpain, how it binds, and its ability to stabilize
the enzyme will provide a strong base of knowledge for understanding how it regulates calpain.

5.8 Comment on the ability of subdomain B to prevent aggregation
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Despite not making contact with the hydrophobic areas on DIV and VI the B-subdomain is able
to prevent aggregation more effectively than either subdomains A or C. The B-subdomain does
bind to some hydrophobic surface on DI, however, this surface is present on the protease core
which is not subject to aggregation. The B-subdomain also makes extensive contact with DIII.
The role of DIII in calcium-mediated aggregation is unknown. Limited proteolysis studies
indicate that in the presence of calcium, DIII becomes more susceptible to cleavage[192], and
mutations that disrupt the structure of DIII can lead to increased autolysis indicating that in the
presence of calcium DIII changes structurally[193]. However, this domain is little changed in the
calpastatin-bound structure of calpain 2. The disconnect between the studies done in solution and
the crystal structures may be an indication that in solution this domain becomes dynamic when
calpain is in its active form. Calpastatin may act to stabilize the fold observed in the crystal
structure.
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Appendix A
Elucidating the contribution of the B subdomain to calpastatin’s affinity
for calpain
Rationale:
On comparing the highly conserved subdomains of CASTs 1-4, several differences between the
high affinity inhibitory domains (1 and 4) and the lower affinity domains (2 and 3) were noted.
In particular, critical regions of contact in the B subdomain differ between the lower and the
higher affinity domains. The highly conserved leucine that occupies the S2 subsite of calpain is a
cysteine in inhibitory domain 2, and both inhibitory domains 2 and 3 lack the amino acids that
form the alpha-helix that makes hydrophobic contacts with domain I of calpain. To determine the
contribution of this subdomain to overall binding affinity we chose to generate hybrid isoforms
which combined the A and C subdomains of domain 1 with the B subdomain of inhibitory
domains 2, 3 and 4 (Figure A.1).
Experimental procedures:
Restriction enzyme digestion sites for AgeI were introduced into the CAST1+Ecoil
construct [149] through silent mutation with the QuikChange Site-Directed Mutagenesis Kit
(Stratagene) using the following primers: mutation of base 115 5'TGATCCACCATATACCGGTCCAGTAGTTCTGGA-3' along with its reverse complement, and
mutation of base 229 5'-TGAAGCTATCACCGGTCCTCTTCCAGATTCT-3' along with its reverse
complement. The vector containing the CAST1+Ecoil sequence was digested with AgeI (New
England Biolabs), separated from the B subdomain by electrophoresing on a 2% agarose gel, and
extracted using the QIAEX II Gel Extraction Kit (Qiagen). The B-subdomains of CAST2, 3 and
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Figure A.1 Schematic for calpastatin subdomain swaps. (A) Strategy for the production of the
hybrid calpastatin domains. (B) Alignment of the four rat inhibitory domains. AgeI-site lettered
in red. Sequence amplified by PCR shown in bold.
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4 were amplified using the polymerase chain reaction using the following primers: CAST2B
forward 5'-ATCTACCGGTCAAGTCAAAGAGGCAAAAGC-3' and reverse 5'AGATACCGGTTCCATCTTTATCCTTGGCTG-3', CAST3B forward 5’
ATCTACCGGTGATAAAGGCAAGGAGAAAGCT-3' and reverse 5'AGATACCGGTTCCATCCTTATCCTTGACTA-3', and CAST4B forward 5'ATCTACCGGTGATAAAGTAAAGGAAAAAATCAAAGC-3' and reverse 5'AGATACCGGTGTCCTTCCCATCATTATCCAGGA-3'. The amplified DNA was digested with
AgeI, and primers and excised DNA fragments were removed using a PCR cleanup kit (Fisher).
The B-subdomains from CASTS 2, 3 and 4 were ligated to the purified backbone. Plasmids were
transfected into E.coli BL21 cells (Novagen) by electroporation, and the protein was expressed
and purified as described [149].
The Ca2+-dependent binding of each of the hybrid inhibitory domains (CAST2hybrid,
CAST3hybrid, and CAST4hybrid) for the inactive mutant of calpain 2 (C105S/21k)[39] was
monitored using a BIAcore 3000 Surface Plasmon Resonance Spectrophotometer (GE
Healthcare). CAST4hybrid was immobilized on the surface of a CM5 biosensor chip at a density
of 120 response units, CAST2 and 3hybrids were immobilized at densities ranging from 30 to
120 response units, and their association and dissociation from calpain 2 was monitored as
described [149].

Results and discussion:
To measure the binding affinity of calpain 2 for each of the hybrid calpastatin constructs,
I monitored the association (kon) and dissociation (koff) using surface plasmon resonance. The
immobilization of each hybrid inhibitory domain to the surface of the chip was observed by an
increase in response units. In the case of CAST2hybrid and CAST3hybrid multiple surfaces were
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generated for each, ranging from low density (30 response units) to high density (120 response
units). Injection of calpain 2 C105S/21k in the presence of Ca2+ at concentrations up to 22 nM
resulted in no detectable increase in response units. CAST4hybrid was immobilized at high
density (120 response units). For this hybrid domain, when calpain was injected the response
units increased with increasing enzyme concentration (Figure A.2). At low calpain
concentrations (0.9 and 2.25 nM) response units increased linearly with time over the first 300 s
of calpain injection, and remained steady during the 300 s dissociation phase, when calpain was
no longer present in the running buffer. At higher calpain concentrations (4.5, 9, and 22.5 nM)
response units increased until saturation was reached. At higher concentrations, once the
injection of calpain was stopped, there was an initial drop in response units over the first 10s,
after which the response leveled off and became steady over time. The magnitude of the initial
response unit drop was proportional to the concentration of calpain being injected.
On comparing the association and dissociation curves of the CAST4hybrid to those of the
four unaltered inhibitory domains, the curves resemble those of the tight binding domains CAST1
and CAST4. Like CAST1 and CAST4, the increase in response units during the association
phase is almost linear. At lower concentrations they do not reach equilibrium. Calculation of the
kon and koff values using the BIACOREEVALUATION software was attempted. However, due to
the higher density of CAST4hybrid on the surface of the chip these binding constants could not
be reliably calculated. In particular, the initial rapid, though brief, decrease in response units
once the injection of calpain ended suggests that the enzyme was forming non-specific
interactions with the chip, calpastatin, or calpain already bound. Repeating the experiment with a
lower density of CAST4hybrid should yield data from which the kon and koff values could be
calculated.
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Figure A.2 BIAcore analysis of the Ca2+ dependent interaction of inactive calpain 2 with
bound CAST4hybrid inhibitory domain. 30 RU of each the hybrid inhibitory domain was
immobilized on the flow cell. For each injection, calpain was diluted at least 10-fold immediately
prior to injection onto the chip in a Ca2+ containing buffer. Each injection lasted 300 s at a flow
rate of 40 µl/min. Calpain was given a chance to dissociate in the presence of calcium for a
minimum of 200 s. Regeneration of the chip after 500 s was performed by repeat injections of
buffer containing EDTA. The average response unit value is plotted for each concentration and
error bars indicating one standard deviation are shown at 50 s intervals. Calpain was injected at
concentrations of 0.9 nM (green), 2.2 nM (light blue), 4.5 nM (yellow), and 9 nM (blue).
Injections were done in triplicate.
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Strangely, both the CAST2 and CAST3hybrids failed to bind calpain. There are several
possible explanations for this apparent lack of affinity. One is that these constructs were
degraded, resulting in a loss of one or more subdomains, and loss of binding affinity. While
possible, this is unlikely. Each construct purified normally by nickel-affinity chromatography and
bound as expected to the Kcoil-treated sensor chip surface. This indicates that the C-terminal
portions of both proteins were intact. Degradation of the N-terminal portion is possible; however,
the proteins migrated normally by SDS-PAGE. Performing mass spectrometry to obtain the mass
of each of these constructs should be done. Given that both the B and C subdomains bind to
calpain tightly on their own [78, 133], the amount of degradation required to abolish binding
would have to be extensive, and this was not observed (Figure A.3).
A second possibility is that the ‘structure’ of these hybrids has changed from extended
random coil to a pre-molten or molten globule structure. These disordered states are
characterized by more compact shape and intramolecular interactions [185]. The CAST2 and
3hybrids may be adopting conformations in which the conserved subdomains are not free to bind
calpain. In addition to loss of measurable binding affinity, preliminary evidence suggests that
their ability to inhibit calpain is also greatly reduced, although not abolished (data not shown).
Since the B subdomain is capable of inhibition on its own, albeit with lower affinity, this suggests
that it is not accessible in these hybrids. Size-exclusion chromatography could be used to indicate
the shape of these hybrid domains compared to unaltered inhibitory domains, but NMR might be
more informative.
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Figure A.3 SDS-PAGE visualization of purified CAST3hybrid+Ecoil and
CAST2hybrid+Ecoil. Purified CASThybrid+Ecoil domains run alongside CAST2+Ecoil [149].
Lane M, marker; lane 1, CAST2+Ecoil; lane 2, CAST2hybrid; lane 3, CAST3hybrid. Stained
with Coomassie blue.
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