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Abstract 

Calpains are a family of calcium-dependent cysteine proteases involved in 

intracellular signaling. They participate in many normal cellular processes such as cell 

motility and apoptosis but when over-activated they contribute to diseases ranging from 

ischemic injury to neurodegenerative disorders.  

The major calpain isoforms µ- and m- are large heterodimeric enzymes that are 

subject to autoproteolysis and aggregation when activated by Ca2+. To avoid these 

complications the protease core (domains I and II) has been used to screen inhibitors and 

design substrates. Using the protease core of µ-calpain, I showed that the superior calpain 

substrate, PLFMER, is cut at the intended scissile bond between F and M. Alanine 

substitutions at each position optimized the sequence to PLFAAR, which has a 2.3-fold 

higher turnover rate. The set of substrates derived from this study provided a tool for 

profiling the activity of calpain isoforms. One disadvantage of the protease core is that it 

is less active than the whole enzyme. This was even more apparent with the protease 

cores of the tissue-specific calpains 3, 8, 9 and 15 such that it prevented their use in 

substrate and inhibitor screening.  

The recently solved crystal structure of calcium-bound full-length m-calpain has 

revealed additional sites for the interaction of substrates and inhibitors in the unprimed 

side of the catalytic cleft provided by domain III. To sample these sites, it is necessary to 

prevent the full-length calpain from aggregating and precipitating upon calcium binding. 

I have developed a method here that uses portions of calpastatin (CAST), the natural 
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endogenous inhibitor and stabilizer of calpain, to keep the enzyme soluble. By artificially 

connecting those portions of calpastatin that bind to calpain domains IV and VI, it is 

possible to stabilize the enzyme without blocking its active site. Of the three constructs 

made, 1C-2A, 2C-3A, and 3C-4A, the 3C-4A peptide was shown to completely inhibit 

aggregation of m-calpain at a 1:1 molar ratio, as monitored by turbidity. This mechanism 

of stabilization will permit the use of full-length calpains for the development of specific 

substrates and inhibitors.  
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Chapter 1 

General Introduction 

 

1.1 Calcium Signaling 

The role of calcium in cell signaling was serendipitously discovered over a 

century ago when Sidney Ringer was examining the contraction of isolated rat hearts [1]. 

The hearts would contract well when they were suspended in a saline medium in which 

he used tap water. However, he realized that when distilled water was substituted, the 

heartbeats became very weak and shortly thereafter ceased. He determined that it was the 

calcium in the tap water that was important in contraction of the heart muscle. 

 Calcium is now recognized as the universal information carrier through the entire 

life cycle of a cell and its homeostasis is imperative to normal cell function, as both 

calcium depletion and overload leads to cell death via apoptosis or necrosis [2,3,4,5]. 

Another important feature of calcium is its self-regulation, as it is able to control its own 

influx, thereby effecting downstream events [6,7]. Calcium has also been shown to act as 

a primary messenger through activation of extracellular calcium-sensing receptors in the 

parathyroid and thyroid glands, kidney, osteoblasts, gastrointestinal mucosa, and recently 

in the nervous system [8].  

The most important and best-characterized calcium-binding proteins are the EF-

hand family of proteins. These proteins bind calcium, inducing a conformational change 

which then relays the signal to other target proteins [9]. A classic example of this family 
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is calmodulin. Some of the calpains, the focus of this thesis, have penta-EF-hand (PEF) 

domains, in addition to the protease core with two non-EF-hand calcium-binding sites. 

These two sites act in concert with the PEF domains to cause a conformational change in 

calpain that leads to proteolytic cleavage of target substrates.  

1.2 Calpains 

The name calpain stems from calcium ‘cal’, for its calcium binding characteristic, 

and papain ‘pain’, the classic, much-studied plant thiol protease [10]. Although calpain 

was named after papain, it actually has very low sequence identity to it and other cysteine 

proteases, and therefore has been distinguished as a CLAN CA, family C2, class of 

cysteine protease [11]. Calpain 1 (a.k.a. µ-calpain) was first discovered in rat brain in 

1964 by Guroff [12], followed by the purification and partial characterization of calpain 2 

(a.k.a. m-calpain) in 1976 [13]. Since that time, a total of 14 isoforms of calpain have 

been discovered in mammals (Fig. 1.1). The ubiquitous µ- and m-calpains are known to 

form heterodimers with the small subunit, calpain 4, and are named according to their 

calcium requirement (3-50 µM for µ-calpain and 400-800 µM for m-calpain) [14].  

1.3 Calpain Family in Disease 

Calpains are involved in many cellular processes including, but not limited to, 

cytoskeletal remodeling, cell motility [15], cell cycle progression [16], as well as 

apoptosis and necrosis [17]. Knockout studies have revealed the importance of calpain in  
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Figure 1.1. Mammalian calpain gene family. The typical calpains 1, 2, 3, 8, 9, 11, 12, 13 and 

14 are composed of an N-terminal variable region (red), protease core domains I (blue) and II 

(cyan), a C2-like domain III (green) and PEF domain IV (yellow). Calpains 1 and 2 form a 

heterodimer with the small subunit via the PEF domains IV and VI (orange). Calpains 5, 6, 7, 10 

and 15 have domain deletions and additions, classifying them as atypical. Tissue-specific 

isoforms (3, 8, 9, 11 and 12) are shown in bold. The length of 100 amino acids is shown by the 

bar below DI of the typical calpains.   
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 mice, as the absence of m-calpain [18] and the small subunit [19,20] are embryonically 

lethal. Surprisingly, µ-calpain knockout mice have normal long-term potentiation [21], 

but do lack proper platelet function [22]. The fact that µ-calpain knockouts are not 

embryonically lethal has lead to the hypothesis that µ- and m-calpains are functionally 

redundant and m-calpain may take the place of µ-calpain. However, more recently, 

calpain 1 has been localized to the intermembrane space of the mitochondria [23,24]. 

Thus, the functions of calpains 1 and 2 might be distinct because of compartmentation, 

with calpain 1 being principally involved in apoptosis. Calpain 3 knockout mice have 

been reported to have abnormal sarcomere formation [25] and calpain 10 knockout mice 

are viable but have not yet been characterized [26]. 

Calpains have been implicated in many pathological conditions, where calcium 

homeostasis is disrupted, leading to the mis-regulation of calpain. Chronic 

neurodegenerative disorders including Alzheimer’s [27,28], Parkinson’s [29] and 

Huntington’s [30] as well as ischemic brain, heart and kidney injuries [31] and traumatic 

brain and spinal cord injury are such conditions where calpain activity is up-regulated by 

a sustained increase in intracellular calcium. This results in both specific and non-specific 

cleavage of proteins involved in these processes.   

Although Alzheimer’s disease is far from completely understood, two hallmark 

events have been shown to occur, the formation of amyloid plaques and neurofibrillary 

tangles [32]. The most well-known calpain-specific event is the truncation of p35, the 

regulatory subunit and activator of the serine/threonine kinase Cdk5, by calpain to p25 
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[33]. p25 is more resistant to degradation than p35 and therefore accumulates in the 

brains of patients with AD and constitutively activates and mislocalizes Cdk5 [34]. The 

p25/Cdk5 complex has also been shown to display increased and altered tau 

phosphorylation, leading to reduced association of tau with microtubules and the 

formation of neurofibrillary tangles [34]. 

Since the implications of calpain in disease are extremely diverse and complex, it 

is difficult to determine whether its role is causal or coincidental. One disease where 

calpain is known to have a causal affect is limb girdle muscular dystrophy type 2A 

(LGMD2A), where mutations in the skeletal muscle-specific calpain 3 are known to 

cause this muscle wasting disease. Although our understanding of the roles of calpain in 

disease has come a long way in the past 40 years, a tremendous amount remains to be 

determined. 

1.4 Calpain Structure 

The domain structure of the mammalian calpain gene family is shown in Fig. 1.1. 

The ubiquitous µ- and m-calpains have distinct large subunits, but share a common small 

subunit. The large subunits are composed of an N-terminal anchor helix that interacts 

with domain VI (DVI) of the small subunit in the absence of calcium (Fig.1.2A). This 

helix is amphipathic in µ-calpain and has been found to act as a mitochondrial targeting 

sequence [35]. This sequence is followed by the protease core, domains I and II, where 

the catalytic triad (Cys105, His262 and Asn286 in m-calpain) resides at the interface 
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[36]. DIII is a C2-like domain with an 8-stranded anti-parallel β-sandwich [37,38]. 

Following DIII is the PEF domain IV which has 5 EF-hand motifs, 4 of which bind 

calcium and the 5th forms the heterodimeric interface with the small subunit via pairing 

with the 5th EF-hand of DVI [37,39,40]. The small subunit shared by µ- and m-calpains is 

composed of two domains; a flexible, Gly-rich DV of unknown function and a PEF DVI, 

similar to DIV of µ- and m-calpains. 

With respect to protein structure, the calpain family can be classified as either 

typical or atypical (Fig. 1.1). The typical calpains (3, 8, 9, 11, 12, 13 and 14) have a 

domain structure similar to that of µ- and m-calpains, and are classified by the presence 

of a PEF domain IV.  Although they had a PEF DIV, they do not necessarily 

heterodimerize with the small subunit. Calpain 3, for example, appears to form a 

homodimer of the large subunit, again through the 5th EF-hand of DIV [41]. On the other 

hand, the atypical calpains (5, 6, 7, 10 and 15) are classified based on domain additions or 

deletions to the typical subfamily, specifically, the deletion of the PEF domain IV (Fig. 

1.1).   

1.5 The Mechanism of Activation of Calpain by Calcium 

In papain, the active-site Cys and His are within 3.7 Å of each other, a distance 

that allows the His to deprotonate the Cys-SH, increasing its nucleophilicity (Fig. 1.2A). 

It was shown clearly from the crystallographic structure of m-calpain [37,42] that this 

equivalent inter-atomic distance in the calcium-free form is ~10.5 Å (Fig. 1.2B). This  



 

  

7 

A

B C

10.64 Å

His262

Ser105

Asn286

3.72 Å

Cys115

His272

Asn296

3.79 Å

Cys25

His159

Asp158

A

B C

10.64 Å

His262

Ser105

Asn286

3.72 Å

Cys115

His272

Asn296

3.79 Å

Cys25

His159

Asp158

 

Figure 1.2. The catalytic triad of papain, Ca
2+

-free m-calpain and µI-II. (A) The active site 

Cys25-S of papain is 3.79 Å away from His159-Nδ, demonstrating an aligned active site. (B) The 

unaligned active site of m-calpain. In the absence of calcium, Ser105-O is 10.64 Å away from 

His262-Nδ. (C) Calcium binding to calpain (µI-II shown here) causes a conformational change 

that aligns the active site by bringing Cys115-S within 3.72 Å of His272-Nδ. The protein 

backbone is coloured as shown in Fig. 1.1 [43].  
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distance is much too far for acid-base catalysis to occur between these residues and 

provides an explanation for the inactivity of calpain in the absence of calcium [37]. 

Therefore, it was proposed that the major structural change upon calcium binding must be 

the alignment of the active site. Subsequently, the protease core of µ-calpain (µI-II) was 

shown to bind two calcium ions, one in each of DI and DII [44]. These bind 

cooperatively to peptide loops, which in turn cause conformational changes to the 

protease core that align Cys115 and His272 of the catalytic triad within 3.7 Å of each 

other, as seen in papain (Fig. 1.2C). Calpain was thought to bind one or more calcium 

ions to acidic loops on  DIII [45] but this was not seen in the recent structure of calcium-

bound inactive m-calpain [46]. Up to four calcium ions bind to PEF domain VI in the 

small subunit [47,48], and by inference the same number were thought to bind to the 

homologous PEF domain DIV in the large subunit [42,44]. Conformational changes in 

DVI of the small subunit are very slight, with an 18° change in the angle between the first 

two α-helices of the first EF-hand (EF-1) exposing a hydrophobic surface [47,48].  

Recent structural data from the co-crystallization of CAST and inactive calcium-

bound m-calpain have supported these prior claims (Fig. 1.3B) [46]. The predominant 

structural changes upon calcium binding do not occur within each domain, but in the 

relative positions of the domains to each other, resulting in a more compact protein. The 

changes in DI and DII are exactly the same as shown in the structure of µI-II, to align the 

active site [44]. In addition, the two PEF domains (IV and VI) are shifted up towards the 

active site, which displaces the N-terminal anchor helix [46]. As mentioned above, there  
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+ Ca2+

- Ca2+

+ Ca2+

- Ca2+

 

 

Figure 1.3. Calcium-induced conformational change of m-calpain. (A) In the absence of 

calcium, the N-terminal anchor helix interacts with DVI of the small subunit, and calpain is in an 

extended conformation. (B) Calpain binds two calcium ions in the protease core, one per domain, 

as well as four in each of the PEF domains DIV and DVI. Upon calcium binding, the N-terminal 

anchor helix is released from DVI, there is a rotation of DI relative to DII, and DIV and DVI are 

pushed closer to the protease core, resulting in an overall compaction of the enzyme. This is a 

dynamic process, as the addition of excess EDTA pushes this reaction back to the Ca2+-free form. 

The protein backbone is coloured as shown in Fig. 1.1. Calcium ions are illustrated as grey 

spheres [37,46].  
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is exposure of hydrophobic pockets in DIV and DVI on binding calcium. These provide 

binding sites for the amphipathic helices in the conserved A and C sub-domains of CAST 

while the conserved B sub-domain binds to the newly formed catalytic cleft. These 

structural data have given scientists in the calpain field answers that have been long 

sought after, the conformational changes that occur in the entire enzyme upon calcium 

binding, as well as the mode of interaction and inhibition of calpain by its specific 

inhibitor, CAST. 

1.6 Tissue-Specific Calpains 

The calpain family members can also be classified based on their expression, as 

either ubiquitous or tissue-specific. For example, the tissue-specific calpains 3, 8, 9, 11 

and 12 are predominantly expressed in skeletal muscle, stomach, digestive tract, testes 

and hair follicles, respectively [49]. 

Calpain 3 (a.k.a. p94) has a similar domain structure to µ- and m-calpains (54 and 

51% sequence identity respectively) [50], with the exception of two unique insertion 

sequences, IS1, in DII, and IS2, situated between DIII and DIV. It is extremely unstable 

when recombinantly expressed and undergoes rapid autolysis, which is avoided when it is 

expressed with the deletion of IS1 and IS2 [51]. This instability has also been shown 

during isolation of calpain 3 from skeletal muscle, while it remains stable in intact 

muscle. This property has been attributed to its interaction with connectin through IS2 

[52]. As mentioned in section 1.3, mutations in the calpain 3 gene are known to cause 

limb girdle muscular dystrophy type 2A (LGMD2A) [53,54]. These mutations result in 
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calpain 3 deficiency that eventually leads to LGMD2A, although the exact mechanism by 

which this occurs is not known [55].     

The stomach-specific calpain 8 (a.k.a. nCL-2) has been shown to be localized in 

pit cells of the stomach as well as goblet cells in the upper half of the villi in the 

duodenum [56]. A novel function for calpain 8 has been identified in membrane 

trafficking in mucus cells through its interaction with, and proteolysis of, β-COP of the 

COP1 coatomer complex [56]. The digestive tract-specific calpain 9 (a.k.a. nCL-4) is also 

located in goblet cells, although in the lower half of the villi [56]. Unlike most calpains, 

calpain 9 is down-regulated in human gastric cancer tissue [56,57].  Consistent with this 

result, mouse NIH3T3 fibroblast cells with antisense-induced calpain 9 deficiency, 

underwent cellular transformation and tumorigenesis [58]. 

The function and pathological roles of the tissue-specific calpains 11 and 12 

remain elusive. Calpain 11 is expressed predominantly in the testis and has been 

postulated to be involved in the regulation of signal transduction events of cytoskeletal 

remodeling during meiosis, spermiogenesis and sperm function, based on its tissue 

location and temporal distribution [59]. Calpain 12 is highly expressed in the cortex of 

the hair follicle, but its function remains to be determined [60]. Due to the tissue-

specificity of these calpains, they are promising targets for gene disruption and the 

elucidation of their function may be pharmacologically significant.   
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1.7 Active-site Specificity and Substrate/Inhibitor Design 

The development of calpain- and isoform-specific inhibitors is not only important 

for potential pharmacological treatments, but also for a greater understanding of the 

physiological roles of the calpain family members. The main problem associated with the 

development of calpain inhibitors is the cross-reactivity with other cysteine proteases, 

which share some common features in their active sites. The only known specific 

inhibitor of calpain is CAST, which interacts with heterodimeric calpains through the 

PEF domains IV and VI as well as the catalytic active-site cleft [46]. Although CAST has 

an extremely specific interaction with calpain, it is postulated only to inhibit the 

heterodimeric calpains, and then only after they have been activated by calcium. Even the 

individual inhibitory domains of CAST are too large at 10-15k Da to introduce into the 

cell as drugs and as intrinsically unstructured proteins they are extremely susceptible to 

proteolysis.  

An obvious target for inhibitor development is the active site. Small 

peptidomimetic molecules could potentially be developed that take advantage of small 

differences in preferences between each calpain family member. The crystal structure of 

µI-II has provided a means for the development of specific active-site inhibitors, as it is 

stable in the presence of calcium, thereby capturing an aligned catalytic triad [44]. 

Structures of µI-II in complex with inhibitors have suggested ways in which more 

specific calpain inhibitors can be produced [61]. The two archetypal cysteine protease 

inhibitors, E-64 and leupeptin, were shown to interact with only one side (unprimed) of 
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the active-site cleft of µI-II [43] and further studies revealed a way to design inhibitors 

that interact with both sides of the active site to provide increased specificity [62].      

Calpains cleave extended regions in their target substrates but do not have 

absolute sequence specificity, unlike proteases such as trypsin or chymotrypsin. 

Nevertheless, calpains have preferences at each position of the active-site [63]. A library-

based approach has previously been used to determine these preferences at positions 

flanking both sides of the active site to produce optimal substrate and inhibitor sequences 

for µI-II [63,64,65]. This method can be extended to other calpain isoforms, in order to 

better understand their physiological function and develop isoform-specific therapeutic 

agents.    

1.8 Active-Site Nomenclature 

The catalytic cleft of calpain contains an active cysteine, which undergoes 

covalent catalysis with its target substrates and, in some cases, its inhibitors. Flanking the 

cysteine are sites on both sides of the cleft, which can accommodate neighbouring 

residues of the substrate. For the purposes of clarity and consistency, Schechter and 

Berger proposed a nomenclature for the subsites of the catalytic cleft of proteases (S) as 

well as the positions of the sequences that interact with it (P) [66]. In the case of cysteine 

proteases, the region that is N-terminal to the active-site cysteine is designated as the 

unprimed side of the active site, with each subsite labelled S1-S3. The primed side of the 

active-site is the region that is C-terminal to the cysteine, and aptly named the S1’-S3’ 
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subsites. Similarly, the amino acid residues of target substrates have been labelled 

according to the subsite they interact with, P3-P3’. This nomenclature will be used 

throughout the thesis.  

1.9 Autolysis and Aggregation 

As previously mentioned in section 1.5, calpain binds calcium in the protease core 

as well as domains IV and VI, thereby activating the enzyme through a structural change. 

Upon calcium binding, two hallmark events occur that make calpain difficult to work 

with: autolysis and aggregation.  

The events of autolytic cleavage of calpain are well documented and begin with 

the release of the N-terminal anchor helix, effectively lowering the calcium requirement 

of m-calpain from 400-800 µM to 50-150 µM [67]. The calcium requirement of µ-calpain 

is not lowered until the autoproteolytic release of DV of the small subunit, when it is 

decreased from 3-50 µM to 0.5-2.0 µM [68]. Further autolysis occurs in flexible loops 

between DII and DIII, which releases a calcium-dependent weakly active protease core, 

as well as between DIII and DIV.  

Calpain is unstable in the presence of calcium, even when it is inactivated by the 

mutation of the active-site cysteine to a serine. Previous structural studies have shown 

that calcium binding causes a conformational change in which hydrophobic patches are 

unveiled in domains IV and VI, providing possible sites for aggregation [69]. The 

mechanism by which aggregation occurs is very poorly understood and more insight 
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would be advantageous for crystallographic studies, as well as inhibitor and substrate 

specificity. This instability of calpain is known to be prevented by its endogenous 

inhibitor, CAST [70].  

1.10 Calpastatin 

Calpastatin (CAST) was first discovered in the mid 1970s when an unexpected 

lack of calpain activity was detected in porcine skeletal muscle [13]. This activity was not 

restored until calpain was isolated out of solution by precipitation [71]. The reason for 

this inactivity was the presence of a trypsin-labile, heat-resistant factor [71], later named 

CAST by Takashi Murachi in 1979 (see ref. [72]). It is a multidomain [73,74,75,76], 

unstructured protein [77] and the only known natural endogenous inhibitor that is specific 

for calpain [73].  

CAST has at least 9 different isoforms due to the use of different promoters 

[78,79,80] as well as alternative splicing mechanisms [81,82]. They are each unstructured 

in aqueous solution and are typically composed of four homologous inhibitory domains 

(I-IV) and an N-terminal L (or XL in the case of one isoform) domain that has no 

inhibitory activity (Fig. 1.4A) [75]. It was later determined that in each domain, there are 

three conserved sub-domains: A, B and C [83,84]. Sub-domains A and C are known to 

form amphipathic α-helices upon the recognition of calpain in its calcium-bound form 

and interact with DIV of calpain and DVI of the small subunit, respectively [46,85,86]. 

This interaction is facilitated by the calcium-induced conformational change of calpain  
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Figure 1.4. Domain structure of CAST and its interaction with calpain. (A) Rat CAST is 

composed of an N-terminal L domain, followed by four inhibitory domains that each have A 

(turquoise), B (orange) and C (yellow) subdomains. Residue numbers marking the beginning of 

the A subdomain of each inhibitory domain are written below the bar diagram. (B) Graphical 

representation of CAST binding to four calpain molecules. The A (turquoise) and C (yellow) 

subdomains interact with DIV and DVI, respectively, and the B (orange) subdomain interacts 

with the calpain active site [87]. Calpain domains are coloured as in Fig. 1.1.    
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 and resulting open conformation of EF-1 of both domains, exposing hydrophobic 

binding pockets for sub-domains A and C [46,69]. Domains I-IV were discovered to each 

bind calpain simultaneously, thereby providing inhibitory activity for up to four calpain 

molecules at once (Fig. 1.4B) [88,89]. There was some controversy over where the B 

sub-domain interacted [44,69,90], but with recent structural findings it was shown to be 

located in the active-site of calpain, where it exerts its inhibitory activity [46].   

Since CAST interacts with the PEF domains in both the large and small subunits, 

it is expected to inhibit only those calpains that, first have a PEF domain IV, and 

secondly form a heterodimer with the small subunit. Currently, µ- and m-calpains are the  

only known typical isoforms that are inhibited by CAST. Since information is lacking on 

the other typical members of the calpain family as to whether or not they homo- or 

heterodimerize, it remains to be determined which of these would be expected to bind 

CAST. According to this classification, the atypical calpains (5, 6, 7, 10 and 15) would 

not interact with or be inhibited by CAST, as they lack a PEF domain IV (Fig. 1.1).  

The two largest obstacles in working with calpain have been its aggregation and 

autoproteolytic properties, as outlined in section 1.9. CAST seems to solve this problem 

by trapping calpain in a stable calcium-bound state, making it an excellent candidate to 

stabilize active, full-length calpain for in vitro experiments such as crystallography, 

inhibitor and substrate profiling and whole-cell screening.  In order to do this, CAST 

would have to be re-routed out of the active site, to preserve calpain activity, which will 

be the focus of chapter 4 of this thesis. 
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Chapter 2 

Relative Activity of Calpains 3, 8, 9 and 15 and Inhibitor Profiling of 

Calpain 8 

 

2.1 Preface 

This chapter will be combined with additional information on the structure of mini-

calpain 8 solved by the Structural Genomics Consortium in Toronto, Ontario. 

Jacqueline Kelly was responsible for the mutagenesis of mini-calpain 8, activity assays of 

the mini-calpains as well as the profiling of the S2 position of mini-calpain 8. The 

experiments were performed under the supervision and guidance of Dr. Peter L. Davies 

with insight from Dr. Dominic Cuerrier. The protease cores were expressed and purified 

by Dr. Tara Davis at the Structural Genomics Consortium in Toronto, Ontario.  

2.2 Abstract 

  Calpains are calcium-dependent proteases that carry out limited proteolysis on 

many substrates in response to increases in intracellular calcium levels. Since various 

calpain isoforms are involved in pathological conditions such as Alzheimer`s disease, 

Type 2 diabetes, cancer, and LGMD2A, the development of specific small-molecule 

inhibitors is of pharmacological significance. The protease core of calpain 1 (µI-II) has 

been used to screen substrate and inhibitor libraries without the complications of 

autoproteolysis. Here we have explored the extension of this approach to a number of 
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tissue-specific calpains. The relative activities of several calpain cores were compared by 

looking at the time course for their digestion of inactivated m-calpain. One of the more 

active of these cores was that of stomach-specific calpain 8. Its inhibitor specificity was 

profiled with a synthetic peptidomimetic library of epoxide-based compounds that target 

the active site. The library probed the P2 position with both (R,R) and (S,S) 

stereochemistry of natural and non-natural amino acids. Calpain inhibition was analyzed 

by the extent of proteolysis of inactive m-calpain on an SDS-PAGE gel by the protease 

core of calpain 8. The stomach-specific calpain had similar inhibitor specificity at the P2 

position as µI-II, particularly with the natural amino acids. However, the observed amino 

acid preferences for calpain 8 were weaker than for µ-calpain, which might reflect the 

overall lower activity of the calpain 8 core.  

2.3 Introduction 

Calpains are a family of cysteine proteases that are activated by an increase in 

intracellular calcium levels. The human genome consists of 14 calpain isoforms that can 

be classified according to their expression, either ubiquitous (calpains 1, 2, 5, 7, 10, 13, 

14 and 15) or tissue-specific (calpains 3, 8, 9, 11 and 12)  [14,49,91]. Although the 

ubiquitous calpains 1 and 2 (aka. µ- and m-calpains, respectively) have been well 

characterized to date, much is to be learned of the remaining calpain isoforms. It is 

known that calpain 3 is expressed in skeletal muscle and is mutated in LGMD2A [53,54] 

and calpains 8 and 9 are predominantly localized to the stomach [92] and digestive tract 

[93], respectively. It has been proposed that, in the presence of calcium, calpain 8 cleaves 
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βCOP in pit cells and plays an important role in membrane trafficking of mucus cells 

[56,92]. Also, calpain 9 has been demonstrated to be down-regulated in gastric cancer 

[57,94] and has a role in the suppression of tumorigenesis [57,58,94].  

The calpain gene family can also be broken down into typical, those with a 

similar domain structure to µ- and m-calpains, or atypical. Calpain 15 is classified as 

atypical with a distinctive domain structure and undetermined function and protease 

activity [49]. It is composed of N-terminal zinc finger repeats, followed by a conserved 

protease core domain (DI-II) and a C-terminal SOL homology domain [95].  

To help better understand the physiological roles of these enzymes and to aid in 

potential drug discovery, it would be useful to have isoform-specific small-molecule 

inhibitors. In an attempt to develop such inhibitors, the active-site specificity must be 

characterized. This has previously been done for the protease cores of µ-calpain (µI-II) 

and a G203A mutant of the m-calpain protease core (mI-II G203A), where a 

peptidomimetic epoxide library of inhibitors was used to profile their active-site 

preferences [64]. The use of mini-calpains in biochemical characterization offers many 

advantages, including their ease of expression, resistance to autoproteolysis, and simpler 

crystallization compared to the full-length calpains. Here we have examined the protease 

cores of several calpain isoforms for their relative activity and profiled the active site of 

the tissue-specific calpain 8 using an epoxide library of inhibitors. 

2.4 Materials and Methods 
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2.4.1 Materials 

Inactive rat m-calpain (mC105S) and the protease core of rat µ-calpain (µI-II) 

were expressed in E. coli and purified as previously described [37,44]. The triple-wide 

gel electrophoresis apparatus was obtained from C.B.S. Scientific (Solana Beach, CA). 

The positional-scanning epoxide libraries were synthesized as described elsewhere [96], 

and used from 50 mM stocks in 100 % DMSO. The structures and names of the non-

natural amino acids used are provided in the supplementary table to Cuerrier et al. 2007 

[64]. The protease cores of calpains 3, 8, 9 and 15 were provided by the Structural 

Genomics Consortium (Toronto, ON). 

2.4.2 Mutagenesis 

Site-directed mutagenesis using the QuikChange kit (Stratagene, CA) was 

performed on mini-calpain 8 to mutate Gly203 to Ala. The primers used for the mutation 

were 5' CCACAGTGGAGGCCTTTGAGGATTTCAC 3' (sense) and 5' 

GTGAAATCCTCAAAGGCCTCCACTGTGG 3' (anti-sense) with the Ala mutation 

(underlined in bold) that introduced a StuI cut site AGG/CCT for screening clones.  

2.4.3 Relative Activity Measurements on Protease Cores   

A solution containing 1 mg/mL of inactive m-calpain (mC105S) and 1 mg/mL of 

calpain protease core (either calpain 3, 8 wild type, 9 or 15) was made in reducing buffer 

(50 mM HEPES-NaOH pH 7.8 and 10 mM DTT). Equal amounts of this solution and 

reducing buffer containing 100 mM CaCl2 and 5 % DMSO were used to initiate 
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digestion. The reaction proceeded at 30 °C and was quenched with 100 mM EDTA and 

3X SDS-PAGE sample buffer (150 mM Tris-HCl (pH 6.8), 300 mM DTT, 6 % SDS, 0.3 

% bromophenol blue, and 30 % glycerol) at 0, 0.5, 1, 3.5, 5, 8.5 and 25 h after initiation. 

A control reaction was run where equal amounts of reducing buffer were added in the 

absence of calcium. The samples were run on an SDS-PAGE gel to compare the extent 

and rate of digestion of the 80 kDa large subunit of mC105S. 

2.4.4 Inhibitor Profiling 

Digestions were set up as above with the addition of 0.24 mM of the library of 

epoxide inhibitors with 19 natural and 42 non-natural amino acids at the P2 position with 

(R,R) or (S,S) stereochemistry. The reaction was incubated at 30 °C for 25 h and 

quenched with 100 mM EDTA and 3X SDS-PAGE sample buffer. A triple-wide gel 

apparatus was used to run up to 65 samples on a 12 % polyacrylamide gel. Densitometry 

analysis was done on the 80 kDa band using the free open source Image J software 

(http://rsb.info.nih.gov/ij/). The background intensity above each band was subtracted 

from every lane. The reactions were compared by assigning to each a preference equal to 

its fold-over average inhibition, the average being 1.0.        

2.5 Results and Discussion 
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2.5.1 Mini-calpains 3, 8 and 9 are Less Active than µI-II  

Inactive m-calpain (mC105S) was used as a substrate for the protease cores to 

determine the activity of mini-calpains 3, 8, 9 and 15 relative to µI-II (Fig. 2.1).  For 

mini-calpain 8, there are three protein bands present at zero time (Fig. 2.1B). Bands (i) 

and (vi) are the large and small subunits, respectively, of the substrate, and band (iv) is 

that of the mini-calpain enzyme.  After 1 h, three digestion products appear. Band (ii), 

just below the 80 kDa band, contains domains I-III. A domain I-II fragment of the 

mC105S substrate appears just above that of mini-calpain (band iii). The other, just above 

the 21 kDa small subunit band, is domain IV- the other cleavage product (band v). These 

digestion products increase in intensity during the course of the digestion and do not 

appear in the absence of calcium (control data shown in Fig. 2.3). The extent of digestion 

of the substrate by mini-calpain 8 after 25 h is roughly half that seen after just 0.5 h when 

µI-II is used as the enzyme (Fig. 2.1A). The digests produced by mini-calpains 3 and 9 

are qualitatively the same as that produced by mini-calpain 8 but they proceed at about 

one third of the rate seen with mini-calpain 8 (Fig. 2.1C and 2.1D, respectively). Indeed, 

the domain I-II digestion product is barely visible even after 25 h of digestion. In this 

assay, mini-calpain 15 was shown to be inactive over a 25 h period (Fig. 2.1E). The 

activity of mini-calpain 15 has not yet been determined and it may be that this isoform 

does not function as an enzyme, mC205S has no recognition sites for it, or that it requires 

the whole protein for activity [49].  
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Figure 2.1. Inactive m-calpain (mC105S) hydrolysis activity assay of mini-calpains 1 (A), 8 

(B), 3 (C), 9 (D) and 15 (E). This assay monitors the digestion of the 80 kDa large subunit of 

mC105S (band i) by mini-calpain (band iv) into its cleavage products: Domains I-III (band ii), I-

II (band iii), and IV (band v). Band vi represents the small subunit. Each digestion was done at 30 

°C in the presence of 50 mM CaCl2 and 0.5 mg/mL of each mini-calpain and mC105S. Sample 

(10 µL) was added to 10 µL of SDS-PAGE loading buffer and loaded on a 12 % polyacrylamide 

gel. The time of digestion is listed in hours above each lane and the calcium controls are shown in 

Fig. 2.3.  
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2.5.2 Mutation of Mini-calpain 8 Increases its Activity 

In the protease core of rat m-calpain, G203 destabilizes part of helix α7 in the absence of 

the supporting domains III, IV and VI (small subunit) causing Trp 106 to swing into the 

active site, resulting in a decrease in activity (Fig. 2.2A) [97]. In fact, its activity is only 1 

% of µI-II, which has an Ala at position 203, and Trp116 pointed away from the active 

site (Fig. 2.2B). The recent structure of calcium-bound full-length m-calpain displays the 

stabilization of this helix by the presence of DIII, DIV, and DVI, even with a Gly at this 

position (Fig. 2.2C). In an attempt to increase the activity of mini-calpain 8, the Gly at 

position 203 in the conserved helix α7 was mutated to an Ala. The activity was increased 

about two-fold, a much lower effect that was seen in mI-II (Fig. 2.3). A closer look at the 

structure (PDB entry 2NQA) revealed that the Trp at residue 106 was not protruding into 

the active site in the presence of the destabilized helix α7, as was seen with mI-II (Fig. 

2.2D). This supports the smaller difference in activity upon mutation of G203 to an Ala 

seen with mini-calpain 8 than with mI-II.      

2.5.3 Mini-calpain 8 has Preferences for Leu, Ile and Val at the S2 Subsite  

Of the tissue-specific mini-calpains, the core of calpain 8 was the only one with 

sufficient activity to attempt inhibitor profiling. Specificity at the P2 site was determined 

by profiling the digestion of mC105S by mini-calpain 8 with a peptidomimetic library of 

compounds, containing a fixed amino acid at the P2 position and an equimolar mix of 

natural residues at the P3 and P4 positions with both (R,R) and (S,S) stereochemistry at  
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Figure 2.2. The effect of the stability of α7-helix on Trp106 (purple) in mI-II (A), µI-II (B), 

m-calpain (C) and mini-calpain 8 (D). Leupeptin is shown in the active site of all 4 structures, 

Trp106 is coloured purple and position 203 is coloured yellow. (A) In the absence of supporting 

DIII-DVI, G203 of mI-II destablizes α7-helix, causing Trp106 to swing into the S2 pocket of the 

active site, decreasing its activity [97]. (B) Position 203 of µI-II is occupied by a helix-stabilizing 

Ala and Trp116 is positioned away from the active site. (C) In full-length m-calpain, the presence 

of DIII-DVI stabilize α7-helix even with G203, causing Trp106 to face away from the active site. 

(D) The protease core of calpain 8 has a Gly at this conserved position that disrupts α7-helix but 

does not cause Trp106 to swing directly in the active site, it is pushed downwards instead. The 

PDB entries are 1mdw, 1tl9, 1df0 and 2nqa, for the x-ray crystallographic structures of mI-II, µI-

II, m-calpain and mini-calpain 8, respectively. The protein backbone is coloured as shown in Fig. 

1.1. 
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Figure 2.3. Autolysis assay of mini-calpain 8. The time points are listed in hours and the 

autolysis fragments are the same as shown in Fig. 2.1. (A) The control hydrolysis of mC105S (0.5 

mg/mL) by µI-II (0.5 mg/mL) after 30 min with (+) and without (-) 50 mM CaCl2 at 30 °C. (B 

and C) The hydrolysis from 0 to 25 h for 0.5 mg/mL wild type (WT) (B) and mutant (G203A) 

mini-calpain 8 (C) at 30 °C. Sample (10 µL) was added to 10 µL of SDS-PAGE loading buffer 

and loaded on a 12 % polyacrylamide gel 
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the epoxide warhead (Fig. 2.4). SDS-PAGE shows differential digestion of the mC105S 

80 kDa band by mini-calpain 8 into its cleavage products, as described in section 2.4.1 

(Fig. 2.5). Using the library with (S,S) stereochemistry, a preference was demonstrated at 

the P2 site of the inhibitor for the branched aliphatic natural amino acids Leu, Ile and Val, 

and also a slight preference for Trp. This preference was similar to that observed with µI-

II (Fig. 2.6). The library with (R,R) stereochemistry showed similar preferences as the 

(S,S) library, although the difference is much smaller (Fig. 2.6). The non-natural amino 

acid profiles showed similar preferences for numbers 2, 8, 16, 18, 19, 23, 27 and 42 for 

the (S,S) library as previously determined for µI-II and mI-II [98], but failed to pull out 

preferences for the (R,R) library (Fig. 2.7). This demonstrates that mini-calpain 8 is  

calpain-like, as it exhibits similar preferences at the P2 site to both µI-II and mI-II. The 

preferences were much lower for mini-calpain 8 than for µI-II and mI-II, which may 

reflect its lower activity. 

In summary, the relative activity of the protease cores of calpains 3, 8, 9 were 

determined to be very low and statistical analysis was therefore not pursued. The low 

activity of the isoforms as well as the difficulty in profiling mini-calpain 8 stresses the 

need for the isolation of the full-length enzymes for inhibitor and substrate profiling. The 

whole enzymes are expected to have a higher activity as well as provide additional 

preferences at the unprimed side of the active site by the close association of domain III.   
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Figure 2.4. Structure of the peptidomimetic epoxide library. A fixed amino acid is at the P2 

scanned position (X) and a mix of natural amino acids at the P3 and P4 sites. Natural amino acids 

except methionine and cysteine, with the addition of norleucine as well as the non-natural amino 

acids were scanned at the P2 position. The library contained both (S,S) and (R,R) stereochemistry 

at the epoxide warhead to increase the potential for specificity [64]. 
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Figure 2.5. SDS-PAGE of mC105S hydrolysis by mini-calpain 8. The hydrolysis of 0.5 

mg/mL mC105S by 0.5 mg/mL mini-calpain 8 was done in the presence of a peptidomimetic 

library of epoxide inhibitors (0.24 mM) probing the S2 subsite of mini-calpain 8 with natural 

(top) and non-natural (bottom) amino acids with (R,R) (coloured red) and (S,S) stereochemistry 

at the epoxide warhead [(R,R) stereochemistry not shown for the non-natural amino acid gel]. 

The bands are as described in Fig. 2.1. SDS-PAGE loading buffer (5 µL) was added to 5 µL 

sample and loaded onto 12 % polyacrylamide gel. The gel was stained with Coomassie Blue. (+) 

no inhibitor; (-) no calcium; N.L norleucine; Lep leupeptin. 
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Figure 2.6. Profiling the S2 subsite of mini-calpain 8 with the natural amino acids. Inhibitor 

profiles of the P2 (R,R) (A) and (S,S) (B) natural amino acid library with mini-calpain 8 (top) 

compared to µI-II (bottom left) and mI-II G203A (bottom right) [64]. Residue preference = fold-

over average inhibition where average is equal to 1.0 (black line). Error bars correspond to +/- 

one standard deviation based on three separate experiments.  
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Figure 2.7. Profiling the S2 subsite of mini-calpain 8 with the non-natural amino acids. 

Inhibitor profiles of the P2 (R,R) (A) and (S,S) (B) non-natural amino acid library with mini-

calpain 8 (top) compared to µI-II (bottom left) and mI-II G203A (bottom right) [64]. Residue 

preference = fold-over average inhibition where average is equal to 1.0 (black line). Error bars 

correspond to +/- one standard deviation based on three separate experiments.  
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Chapter 3 

Profiling of calpain activity with a series of FRET-based Substrates 

3.1 Preface 

This chapter has been submitted to FEBS letters. 

Kelly, J.C., Cuerrier, D., Campbell, R.L., and Davies, P. (2008). Profiling of calpain 

activity with a series of FRET-based substrates. FEBS Letters. Submitted. 

Jacqueline Kelly was responsible for completing the digestion and mass spectrometry 

analysis to confirm the cleavage site of PLFMER. Dr. Dominic Cuerrier profiled the 

alanine scanning variants of PLFAER with µI-II, which was repeated by Jacqueline who 

extended this approach to the full-length µ- and m-calpains. The experiments were 

performed under the guidance of Dr. Peter L. Davies with advice from Dr. Robert L. 

Campbell and Dr. Dominic Cuerrier. Most of the alanine variants were synthesized by the 

Alberta Peptide Institute (Edmonton, Alberta) and the others were synthesized in-house. 

Mass spectrometry was performed by Dr. YiMin She (Queen’s University, Kingston, 

Ontario). The manuscript was written by both Jacqueline Kelly and Dominic Cuerrier 

with guidance from Dr. Peter L. Davies with editorial input from Dr. Robert L. Campbell. 
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3.2 Abstract 

Calpains are intracellular proteases that selectively cleave proteins in response to 

calcium signals. Although calpains cut many different sequences, residue preferences 

within peptide substrates were recently determined and incorporated into a superior 

FRET-based substrate (PLFAER). Here we show PLFAER is cleaved by calpain at the 

intended F-A scissile bond. Sequential replacement of individual residues by alanine 

reduced activity except with PLFAAR, which is cleaved 2.3 times faster than PLFAER. 

The rates of hydrolysis of the alanine-substituted substrates were used to compare calpain 

substrate preferences. These profiles for full-length µ- and m-calpains were similar and 

closely matched that of the protease core of calpain 1.    

3.3 Introduction 

Calpains are intracellular cysteine proteases that are activated by calcium to make 

discrete cuts in a wide variety of protein substrates as directed by calcium signaling. 

Physiological roles for these select cleavages include the promotion of cell motility [15], 

cell division [16], granule secretion [99] and apoptosis [17]. Many of the well-

documented calpain substrates are cytoskeletal proteins such as MAP2 [100], tau [101], 

talin [102], spectrin, integrin [103] and vimentin [14]. Compilations of their cut sites 

reveal very little sequence specificity other than a preference for a hydrophobic residue 

(particularly Leu) in the P2 position [63,104,105]. However, it is also true that little 

attention has been paid to the issue of how quickly individual sites are cleaved. Thus the 

consensus sequence compiled by Tompa et al. includes all documented protein cleavage 
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sites irrespective of whether they are cut rapidly or slowly [100]. As with any protease, 

cleavage of folded proteins is limited to discrete unstructured sections that generally 

occur in loops, linker regions and termini. This might account for the abundance of 

proline in the consensus sequence, since this amino acid disrupts secondary structure. 

 In view of these limitations, we earlier examined the sequence specificity of 

calpain by experimentation [63] using the degenerate peptide library method pioneered 

by Turk et al. (2001) [65]. This showed that there were preferred residues at the P1' (Met 

or Ala), P2' (Glu) and P3' (Arg) positions in calpain peptide substrates. The incorporation 

of this primed side sequence into a second degenerate peptide library led to the 

identification of optimal residues at the unprimed positions. These were primarily 

aliphatic and aromatic residues, including Leu at P2. The combination of preferences 

gave rise to a hexapeptide Pro-Leu-Phe-Met/Ala-Glu-Arg sequence that was incorporated 

into a FRET substrate with an N-terminal EDANS donor group and a C-terminal 

DABCYL quencher. When this was compared to other hexapeptide FRET substrates, it 

was found to be cleaved by the protease core of µ-calpain eight times more rapidly than 

the consensus cleavage sequence Pro-Leu-Lys-Ser-Pro-Pro and 18 times more rapidly 

than the spectrin cleavage sequence Glu-Val-Tyr-Gly-Met-Met [63]. The superiority of 

PLFAER as a calpain substrate was confirmed by Polster et al. who compared it to other 

known calpain substrate sequences [106]. This group used the increased specificity of 

PLFAER to produce a biomarker derivative that has improved cell permeability. Through 

slight modifications, they also reduced its digestibility by trypsin and chymotrypsin.  



 

  

36 

 In the present study, we set out to further characterize this kinetically optimized 

substrate. We validated the preferred substrate sequence by confirming its cleavage at the 

intended scissile bond between Phe and Met. Confirmation of the optimal fit of each 

residue was performed by replacing them in turn with alanine, resulting in the discovery 

that the sequence Pro-Leu-Phe-Ala-Ala-Arg is an even better substrate for the calpain 

protease core (µI-II). Lastly, we used this set of FRET peptides to show that µ- and m-

calpain have similar substrate preferences and that the protease core of µ-calpain has only 

slightly different substrate preferences to those of the whole enzyme.  

3.4 Materials and Methods 

3.4.1 Materials 

The FRET substrates, (EDANS)-EPLFAERK-(DABCYL), (EDANS)-

EPLAAERK-(DABCYL), (EDANS)-EPAFAERK-(DABCYL), (EDANS)-EALFAERK-

(DABCYL), (EDANS)-EPLFMERK-(DABCYL), and (EDANS)-EPLFGERK-

(DABCYL) were synthesized by the Alberta Peptide Institute (Edmonton, Alberta). The 

FRET substrates (EDANS)-EPLFAARK-(DABCYL) and (EDANS)-EPLFAEAK-

(DABCYL) were synthesized in-house. Bold type indicates the residue substituted into 

the original (EDANS)-EPLFAERK-(DABCYL). µ-Calpain was purchased from 

Calbiochem (cat# 208712). The recombinant protease core (µI-II), and m-calpain were 

prepared as described previously [37,44].   
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3.4.2 Determination of the Cleavage Site within the PLFAER Substrate 

The substrate (EDANS)-EPLFMERK-(DABCYL) was incubated at a 

concentration of 50 µM with 3.2 µM µI-II in cleavage buffer (50 mM MOPS pH 7.6, 100 

mM NaCl, 10 mM CaCl2, 0.1% β-ME) and allowed to react to completion. Similarly, an 

undigested control reaction in Ca2+-free conditions was prepared in 50 µM (EDANS)-

EPLFMERK-(DABCYL) and 3.2 µM µI-II  in control buffer (50 mM MOPS pH 7.6, 100 

mM NaCl, 1 mM EDTA and 0.1% β-ME). Digestion was monitored by a Perkin Elmer 

LS50B luminescence spectrometer with excitation and emission wavelengths of 335 nm 

and 500 nm, respectively. The reaction was allowed to go to completion, until no further 

increase in fluorescence was seen, and the sample was flash frozen with ethanol/dry ice 

and stored at -20 °C.  Both samples were analysed on an Applied Biosystems/MDS Sciex 

QSTAR XL QqTOF mass spectrometer with a nano-ESI source.  

3.4.3 Effect of Individual Residue Substitutions on Cleavage Kinetics using µI-II, µ- 

and m-calpain 

The rate of hydrolysis of the FRET substrates by µI-II was monitored by fluorescence in 

a 1 mL cuvette as described above. Readings were obtained at 1 s intervals. The cuvette 

contained 2, 5 or 10 µM substrate, 0.71 µM µI-II in 50mM Tris-HCl pH 7.6 and 10 mM 

DTT and the reaction was initiated by 5 mM CaCl2 in a final volume of 1 mL. The 

amount of substrate digested per relative fluorescence unit (RFU) was calculated for each 

individual substrate by using a control that was digested to completion with papain. 

Briefly, substrate (2 µM) in control buffer was analyzed in the fluorimeter with and 
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without 0.35 µM papain and the change in fluorescence per µMole substrate was 

calculated (Equation 1). 

 

 Fluorescence yield per µM = (RFUdigested – RFUundigested)/2µM              Equation 1 

 

 These values were then used to calculate initial rates of hydrolysis by calpain and 

were normalized relative to the initial rate of hydrolysis of PLFAER at the same substrate 

concentration (all reactions were performed in the linear portion of the Michaelis-Menten 

curve, where [S] << Km). A correction factor for the inner filter effect was also 

incorporated as shown below. This experiment was repeated with µ- and m-calpain with 

the exception that 0.13 µM enzyme was used for both and 1 mM CaCl2 was used with µ-

calpain. 

 The inner filter effect for the 1 mL cuvette in the Perkin Elmer LS50B 

luminescence spectrometer was corrected for by determining the change in fluorescence 

caused by 0.5 µM EDANS FRET donor at each substrate concentration as described 

previously by Liu et al., 1999 [107] . Fluorescence was monitored at excitation and 

emission wavelengths of 335 nm and 500 nm respectively for PLFAER at 0, 0.5, 1, 2, 5, 

8 and 10 µM in buffer 3.  EDANS (0.5 µM) was then added and the change in 

fluorescence was determined for each substrate concentration. A correction factor was 

calculated for each individual substrate and applied to the rates of hydrolysis (Equation 

2).  
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 Correction = RFUEDANS (at each substrate concentration)                         Equation 2 

                          RFUEDANS (in the absence of substrate) 

3.5 Results and Discussion 

3.5.1 Determination of the Substrate Cleavage Site 

 The FRET substrate (EDANS)-EPLFMERK-(DABCYL) was hydrolyzed by the 

calpain protease core, µI-II, until there was no further increase in fluorescence. The 

digestion products were analyzed by MALDI-MS together with an undigested control 

(Fig. 3.1). The control demonstrated a peak at m/z 775 corresponding to the uncleaved 

FRET substrate with a +2 charge. There were no detectable signals at m/z values 

corresponding to potential cleavage products. In the digested sample, there was no sign 

of the substrate peak at m/z 775 (+2 charge), which indicates that the digestion had gone 

to completion. Instead, a primary cleavage site of the substrate between F and M was 

demonstrated by peaks at m/z 753 (EDANS-EPLF, +1), 377 (EDANS-EPLF, +2), 408 

(MERK-DABCYL, +2) and 272 (MERK-DABCYL, +3) (Fig. 3.1). A minor peak with 

m/z 342 corresponds to ERK-DABCYL, representing a secondary cleavage site between 

M and E at the P1' and P2' positions, respectively. The absence of a peak corresponding 

to (EDANS)-EPLFM identifies this cleavage as secondary to the P1-P1' hydrolysis. The 

[M+H]+ values of the observed peaks correspond well with the theoretical values with 

similar systematic errors (Table 3.1). The primary cleavage site revealed through mass  
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Figure 3.1. NanoESI-MS spectrum of the cleavage products from the hydrolysis of 

(EDANS)-EPLFMERK-(DABCYL) by µI-II. Peaks at m/z of 753.3 and 377.2 represent the 

(EDANS)-EPLF product with a +1 and +2 charge respectively. Mass to charge ratios of 407.7 

and 272.1 indicate the c-terminal end of the substrate (MERK-(DABCYL)) with a +2 and +3 

charge respectively. A secondary cleavage is also shown between the P1' Met and P2' Glu at a 

m/z of 342.2   
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1548.713(EDANS)-EPLFMERK-(DABCYL)

1171.608PLFMERK-(DABCYL)

1169.512(EDANS)-EPLFMER

1074.555LFMERK-(DABCYL)

1013.411(EDANS)-EPLFME

961.471FMERK-(DABCYL)

884.368(EDANS)-EPLFM

0.011814.391 (+2, +3)814.403MERK-(DABCYL)

0.008753.320 (+1, +2)753.328(EDANS)-EPLF

0.01683.352 (+2)683.362ERK-(DABCYL)

606.259(EDANS)-EPL

554.320RK-(DABCYL)

493.175(EDANS)-EP

398.219K-(DABCYL)

396.122(EDANS)-E

∆[M+H]+Observed [M+H]+

(ion state)
Theoretical 

[M+H]+
Potential Hydrolysis Product 

1548.713(EDANS)-EPLFMERK-(DABCYL)

1171.608PLFMERK-(DABCYL)

1169.512(EDANS)-EPLFMER

1074.555LFMERK-(DABCYL)

1013.411(EDANS)-EPLFME

961.471FMERK-(DABCYL)

884.368(EDANS)-EPLFM

0.011814.391 (+2, +3)814.403MERK-(DABCYL)

0.008753.320 (+1, +2)753.328(EDANS)-EPLF

0.01683.352 (+2)683.362ERK-(DABCYL)

606.259(EDANS)-EPL

554.320RK-(DABCYL)

493.175(EDANS)-EP

398.219K-(DABCYL)

396.122(EDANS)-E

∆[M+H]+Observed [M+H]+

(ion state)
Theoretical 

[M+H]+
Potential Hydrolysis Product 

 

 

 

Table 3.1. Potential and observed FRET substrate hydrolysis products. The FRET substrate 

(EDANS)-EPLFMERK-(DABCYL) was fully digested by µI-II in the presence of 10 mM CaCl2 

and analysed by Nano.ESI-MS. All product masses are represented in their mono-protonated 

form ([M+H]+ and the systematic error between the observed and theoretical [M+H]+ values is 

shown (∆[M+H]+). 
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spectrometry between F and M supports the inferred position of the scissile bond 

obtained through substrate profiling [63]. 

3.5.2 Efficacy of Ala and Met at the P1΄ Position 

The peptide sequence PLFMER is rapidly cleaved by µI-II at the F-M bond, but 

the extent to which each residue contributes to substrate recognition and binding in the 

context of the whole peptide is unknown. Although it is assumed that each side-chain 

makes a positive contribution to the reaction based on previous research [63], this claim 

has been tested here. We initially looked at the preference between Met and Ala at the P1' 

position, where these two residues were strongly favoured in the study by Cuerrier et al., 

2005 [63]. Although Met had been selected over Ala in a ratio of 4:3, in the context of the 

whole peptide (Table 3.2), it was found to have only a slightly higher (though not 

statistically significant) rate of hydrolysis compared to PLFAER (Fig. 3.2). The latter 

substrate is preferred over the former for routine assays because Met is susceptible to 

oxidation. PLFMER, however, was used in the mass spectrometry analysis of the 

preferred cleavage site because the mass differences in the expected cleavage products 

were more distinct with Met in the P1' position. 

3.5.3 Effect of Individual Residue Substitutions on Cleavage Kinetics 

 To evaluate the contribution of specific residues in the other positions of the 

optimal sequence, a series of alanine-substituted FRET substrates was synthesized. For 

the P1' position already represented by alanine, a glycine substitution was made. The rate 
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0.91+/-0.061.94+/-0.312.84+/-0.35A

Selectivity RatioAmino 
Acid

P3’P2’P1’

0.47+/-0.160.67+/-0.300.33+/-0.04G

2.91+/-0.770.91+/-0.162.39+/-0.02R

0.35+/-0.292.13+/-0.570.74+/-0.13E

1.56+/-0.312.34+/-0.244.05+/-0.47M

0.91+/-0.061.94+/-0.312.84+/-0.35A

Selectivity RatioAmino 
Acid

P3’P2’P1’

0.47+/-0.160.67+/-0.300.33+/-0.04G

2.91+/-0.770.91+/-0.162.39+/-0.02R

0.35+/-0.292.13+/-0.570.74+/-0.13E

1.56+/-0.312.34+/-0.244.05+/-0.47M

 

 

 

Table 3.2. Preference for each amino acid at P1'-P3' positions of the hexapeptide substrate. 

The abundance of Met (M), Ala (A), Glu (E), Arg (R) and Gly (G) at the P1’, P2’ and P3’ 

positions of the hexapeptide substrate, using a substrate library approach, shown as a selectivity 

ratio. The selectivity ratio is defined as the ratio of the abundance of the residue observed at the 

position to the abundance of the residue expected in the absence of any specificity (For more 

information on the methods see [63]).  
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of the hydrolysis of these substrates by µI-II, µ- and m-calpain was determined and 

compared to the unsubstituted PLFAER substrate. The PLFAER sequence was designed 

from data obtained using µI-II [63]. With this protease construct, alanine-substitutions of 

the P2-Leu and the P1-Phe had the greatest detrimental effect on substrate hydrolysis, 

with corresponding substrates demonstrating 4 % and 8 % of the rate of hydrolysis of the 

unsubstituted substrate, respectively (Fig. 3.2A). This is consistent with these two 

subsites interacting with a large hydrophobic surface area in the substrate binding pocket, 

as observed from the P2-Leu P1-Phe sequence of inhibitor SNJ-1945 in complex with µI-

II [62], and highlights the importance of these two positions on cleavage kinetics.  The 

P3'-Arg to Ala substitution reduced the rate of hydrolysis to 20 %, demonstrating the 

importance of this relatively distal primed-side position. Substitution of the P1'-Ala by 

Gly showed a similar detrimental effect (28 %), possibly by increasing the 

conformational flexibility of the peptide. Alanine-substitution of the P3-Pro only had a 

minor impact (73 %). Nevertheless, the presence of the P3-P1' and the P3' residues of the 

unsubstituted substrate were all preferred over their Ala or Gly replacements, confirming 

the positive effect of the side-chains.  

 Interestingly, the P2'-Glu to Ala substitution improved the cleavage of the 

substrate (2.3-fold), suggesting that Ala is preferred at this position in the context of the 

whole peptide. In retrospect this result is not in conflict with the original specificity 

profiles [63], as the P2' position demonstrated selectivity for Ala and Met in addition to 

Glu (Table 3.2). The reason Glu was incorporated at the P2' position was because the  



 

  

45 

A

B

Preference

C

0 1 2 3
Preference

PLFAER ---
PLAAER ---

PAFAER ---
ALFAER ---

PLFMER ---
PLFGER ---
PLFAEA ---
PLFAAR ---

0 1 2
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PLFAAR ---
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PLAAER ---
PAFAER ---
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PLFAAR ---

A

B

Preference

C

0 1 2 3
Preference

PLFAER ---
PLAAER ---

PAFAER ---
ALFAER ---
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Figure 3.2. Relative initial rates of the hydrolysis of the substituted FRET substrate series 

by µI-II (A), µ-calpain (B) and m-calpain (C) normalized relative to PLFAER (preference 

=1.0). Each substrate was analyzed in duplicate for µ-calpain, and triplicate for µI-II and m-

calpain at 2, 5 and 10 µM. The internal peptide sequence of the substrates are shown with the 

substituted amino acid underlined, red and in bold. The peptide with the internal sequence 

PLFAER corresponds to the unsubstituted substrate. Error bars correspond to +/- one standard 

deviation.    
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presence of Ala and Met in the second cycle was misinterpreted as carry over from the 

first cycle of the Edman degradation reaction, possibly due to incomplete coupling or 

cleavage [63]. Therefore, contrary to initial expectations, the sequence PLFAAR is 

cleaved more rapidly, and corresponds to a better calpain substrate than the sequence 

PLFAER.        

 Using the panel of alanine-substituted sequences, the substrate cleavage profiles 

for µ- and m-calpain were found to be very similar (Fig. 3.2). Moreover, they are 

qualitatively similar to that of µI-II with a few distinctions. The P3-Pro to Ala 

substitution appears to have slightly improved rates of hydrolysis by the full-length 

calpains (1.4- and 1.1-fold for µ- and m-calpain respectively compared to 0.73-fold with 

µI-II). This may be attributed to the added rigidity provided by the proline, which may 

force the Glu and EDANS fluorophore into a less favourable position within domain III 

that flanks the active site. Since the active site of µI-II is open on the unprimed side due 

to the lack of domain III, it is less restrictive at this position. Also, the P1'-Ala to Gly 

substitution is not as detrimental in the full-length enzyme as was shown with µI-II (1.2- 

and 0.71-fold for µ- and m-calpain respectively, compared to 0.28-fold with µI-II). It has 

been suggested that the active-site conformation of µI-II is more labile than in full-length 

calpain because it lacks the support of the other domains. Indeed, the crystallization of 

calpain protease cores is facilitated by having covalently bound inhibitors in the active 

site cleft to make stabilizing contacts with the flanking domains I and II [43,62,108]. 

Therefore, the full-length enzyme is likely to tolerate the loss of a side chain in P1' better 
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than the less stable protease core µI-II.  

 The P2'-Glu to Ala substitution was found to produce a higher rate of hydrolysis 

compared to the original substrate with both µ- and m-calpain as well as with µI-II. Thus, 

PLFAAR is a superior substrate sequence for the whole enzyme of both major calpain 

isoforms as well as the protease core. Now that we have improved the PLFAER substrate 

that already showed superiority to other synthesized substrates, PLFAAR can be 

stabilized as described by Polster et al. and tested as a biomarker for calpain activity in 

cells [106].  

 In summary, we have demonstrated by mass spectrometry that the FRET 

substrate, (EDANS)-EPLFMERK-(DABCYL), is cleaved by µI-II between the F and M 

residues. Alanine-scanning variants were used to validate the importance of the P3-Pro, 

P2-Leu, P1-Phe and P3'-Arg. Also, an improved sequence, PLFAAR, was determined to 

have a 2.3-fold increase in initial rates of hydrolysis by µI-II relative to the original 

PLFAER sequence. Full-length µ- and m-calpain were profiled with these alanine-

scanning variants, for comparison with the protease core profile. The profiling shows that 

the two major calpains have very similar substrate preferences. In addition, with two 

minor exceptions, these substrate preferences are retained in the protease core that lacks 

the support of domains II, IV, V and VI. Profiling with these FRET substrates can 

potentially be extended to the other calpain isoforms. These non-classical calpains may 

exhibit different active-site specificities, which can be used in the development of 

isoform-specific calpain inhibitors.  
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Chapter 4 

 

The Stabilization of Calcium-bound Calpain by Calpastatin Peptides 

 

4.1 Preface 

This chapter will form the basis of a manuscript on the stabilization of calcium-bound 

calpain.   

Kelly, J., Hanna, R., Davies, P.L. (2008). The stabilization of calcium-bound calpain by 

calpastatin peptides.  

Jacqueline Kelly was responsible for cloning and purification of the CAST C-A peptides 

as well as the enzyme and gel autolysis assays. The turbidity assays were done with 

assistance from Rachel Hanna. The concentrations of the CAST C-A peptides were 

determined by amino acid analysis performed by The Advanced Protein Technology 

Centre (Hospital for Sick Children, Toronto, ON). The experiments were performed 

under the supervision and guidance of Dr. Peter L. Davies with helpful input from Rachel 

Hanna. The chapter was written by Jacqueline Kelly with insight from Dr. Peter L. 

Davies.  
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4.2 Abstract 

Calpains are non-lysosomal cysteine proteases activated by intracellular influxes 

of calcium.  Over-activation of the calpains by misregulated calcium levels contributes to 

many pathological conditions and is one reason to develop pharmacological inhibitors of 

these enzymes. To avoid problems with autolysis and calcium-induced precipitation that 

hamper work with the full-length enzymes, this has previously been pursued with the 

protease cores of calpain. However, they are much less active than the full-length 

enzymes and are missing a domain that contributes to inhibitor specificity. Here we have 

explored the use of segments of the natural inhibitor, calpastatin, to prevent calcium-

induced calpain precipitation. Peptides that span the three different, contiguous C and A 

sub-domains of calpastatin, while omitting the inhibitory B sub-domain, were made and 

mixed with calpain at different ratios. All three C-A peptides inhibited precipitation at a 

2.5:1 molar ratio of peptide to enzyme as monitored by optical density at 320 nm. Peptide 

3C-4A was the most effective of the three and prevented the onset of precipitation even at 

a 1:1 molar ratio. In addition, the peptides did not affect the activity of calpain or its 

inhibition by leupeptin. Although the peptides are cleaved by active m-calpain, they 

continue to protect the enzyme from aggregation and precipitation. This method increases 

the opportunities for using full-length calpains in in vitro experiments such as X-ray 

crystallography and active-site profiling of substrates and inhibitors. 
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4.3 Introduction 

Calpains are a family of cysteine proteases that perform limited proteolysis of 

their target substrates in response to increases in intracellular calcium levels [14]. Since 

calpains become unregulated and over-activated in many disorders such as reperfusion 

injury following stroke and heart attack, Parkinson’s disease and Duchenne muscular 

dystrophy, they are key targets for the development of small-molecule inhibitors [109]. 

One obstacle to the use of calpains in drug development has been their instability and 

tendency to aggregate when their cofactor, calcium, is present. This problem has partly 

been resolved with the use of the protease core (DI-II) of calpain, which is stable and 

active in the presence of calcium [44]. The protease core of µ-calpain (µI-II) has been 

used to determine optimal inhibitor and substrate sequences at the active site [64,63]. 

Unfortunately, the protease cores are much less active than the full-length calpains. For 

example, µI-II is only 2-3 % as active as the whole enzyme [97]. They also lack the 

additional specificity provided by DIII at the unprimed side of the active site. Therefore, 

the stabilization of full-length calpains would allow one to work with the whole enzymes 

in the presence of calcium and may accelerate the development of calpain-specific 

substrates and inhibitors. 

Calpastatin is the only known inhibitor that is specific for the heterodimeric calpains. It 

can interact with up to four calpain molecules at one time [87] because it contains four 

homologous tandemly arranged inhibitory domains (CAST1-4). Each CAST domain 

interacts with calcium-bound calpain through three well conserved sub-domains: A, B 
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and C (Fig. 4.1A) [75,83,84,110] . Recently, calcium-bound m-calpain was co-

crystallized in complex with CAST4 (Fig. 4.1B) [46]. The X-ray crystal structure of the 

complex revealed an aligned active site where sub-domain B of CAST bound, escaping 

cleavage by looping out around the active-site cysteine, and exerting its inhibitory affect 

by blocking access to substrates. This structure also confirmed the presence of small 

hydrophobic patches exposed upon calcium binding in DIV of the large subunit and DVI 

of the small subunit. CAST sub-domains A and C form amphipathic α-helices and make 

hydrophobic contacts with these regions in DIV and DVI, respectively [46,85,86,111].  

It has been proposed by other researchers that the instability of calcium-bound 

calpain may involve the dissociation of the small subunit, leading to aggregation 

[112,70]. If so, it is possible that CAST helps stabilize calpain because it physically links 

the two subunits together. It is also possible that the exposed hydrophobic patches formed 

during the activation of calpain by calcium might promote aggregation when they are not 

bound and covered by CAST [46]. In the present study, we propose a mechanism by 

which calpain can be stabilized in the presence of calcium using a portion of its natural 

inhibitor while keeping the active site clear (Fig. 4.1C). The inter-domain regions of 

calpastatin that link the A and C sub-domains of CAST from one domain to the next (1C-

2A, 2C-3A and 3C-4A) were recombinantly produced to provide a physical link between 

the PEF domains (DIV and DVI) (Fig. 4.1A). Although the dissociation constants 

between calpain and each CAST domain have previously been determined by surface 

plasmon resonance, the C-A linkers between each domain are hybrid molecules and have  
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Figure 4.1. The proposed mechanism of calpain stabilization using CAST. (A) The domain 

structure of CAST including an N-terminal L domain followed by 4 homologous domains each 

consisting of A, B and C sub-domains. The regions highlighted with a red rectangle are the C-A 

peptides that were cloned to stabilize calpain and the number of amino acids for each peptide is 

written below. (B) The x-ray crystallographic structure of CAST bound to m-calpain. CAST is 

shown in purple with cylindrical helices and labelled sub-domains. The dashed line corresponds 

to floppy regions not resolved in the x-ray structure [46] (C) A model of the proposed mechanism 

of stabilization by the CAST C-A peptides. The active site that is normally occupied by the B 

sub-domain of CAST is free in this model. N- and C-termini of CAST are shown. 
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not been assessed in this way [87]. Therefore, each C-A peptide was tested for its degree 

of calpain stabilization.    

 

4.4 Materials and Methods  

4.4.1 CAST C-A Peptide Cloning 

DNAs coding for the CAST C-A peptides, 1C-2A, 2C-3A and 3C-4A, (Fig. 4.1) 

were amplified by polymerase chain reactions (PCR) using the following primers: 

CATTGCATATGATGGGAATCGACCATGCTATAG (sense 1C-2A); 

TCGATCTCGAGGTCTGGCTGCCGGGTGC (anti-sense 1C-2A); 

CATTGCATATGTGCCTGAGTGAGTCAGAGC (sense 2C-3A); 

TCGATCTCGAGTTCTGGATCTTCTTTCCTTGTC (anti-sense 2C-3A); 

CATTGCATATGGAACAACTTCCACCCTTAAGCG (sense 3C-4A); 

TCGATCTCGAGTGGTTTGTTCTCATCTGGATCAG (anti-sense 3C-4A). The DNAs 

coding for CAST 2C-3A and the pET24a vector (Novagen) were digested with NdeI and 

XhoI and directly ligated such that the expressed protein has a C-terminal His tag. The 

DNAs coding for CAST 1C-2A and 3C-4A were TA cloned into Top 10 cells 

(Invitrogen), released from the intermediate vector by digestion with NdeI and XhoI, gel 

purified and ligated into the NdeI and XhoI cut sites of the pET24a vector (Novagen).  
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4.4.2 Protein Expression and Purification 

Recombinant calpains, both active m-calpain (m80k/21k) as well as inactive 

(C105S 80k/21k) m-calpain, with their N-terminally truncated small subunit were 

expressed and purified as previously described [37,113]. CAST C-A plasmids were 

transfected into Escherichia coli BL21 (DE3) cells (Novagen) by electroporation. A 

single colony was used to inoculate LB media (25 mL) with kanamycin selection for 

growth overnight before starting a 1 L culture with LB/kanamycin broth. The cells were 

grown to an OD 595 nm of 1.0 at 37 °C. CAST C-A expression was initiated with 0.4 mM 

IPTG for 3 h. The cells were resuspended in lysis buffer (25 mM Tris-HCl pH 7.6, 5 mM 

EDTA, 5 % glycerol, 10 mM β-mercaptoethanol, 100 µM PMSF) and lysed via 

sonication. The supernatant was heated to 85 °C for 15 min and the insoluble particulates 

of denatured protein were removed by centrifugation. The soluble fraction was loaded on 

a 5-mL Ni2+-chelating agarose resin column (Qiagen). The column was washed with two 

column volumes of 25 mM Tris-HCl pH 7.6, 2 % glycerol, 500 mM NaCl buffer and 

eluted with 250 mM imidizole in the same buffer. The elution fractions containing the 

CAST C-A peptides were identified by SDS-PAGE, concentrated and flash frozen. 

4.4.3 CAST C-A Peptide Amino Acid Analysis 

The CAST peptides have unusual amino acid compositions and two of the three 

peptides do not absorb at 280 nm. For these reasons, the concentrations of each peptide 

were determined using amino acid analysis. The Advanced Protein Technology Centre 

(Hospital for Sick Children, Toronto, ON) performed the analyses. 
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4.4.4 Monitoring Aggregation of mC105S by Turbidity 

 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 

mC105S with a 1-, 1.25-, 2.5- and 5-times molar ratio of CAST C-A peptides (4, 5, 10, 

and 20 µM, respectively) in 50 mM Tris-HCl pH 7.6, 10 mM DTT. Lastly, CaCl2 was 

added to a final concentration of 4 mM. The plate was shaken in a Powerwave XS 

Microplate spectrophotometer (Bio-Tek Instruments) for 10 s prior to each reading taken 

at intervals over 2 h at room temperature. Controls lacking calcium and CAST C-A were 

also done as described above.  

4.4.5 The Effect of CAST C-A Peptides on m-Calpain Activity 

The hydrolysis of 10 µM (EDANS)-EPLFAER-(DABCYL) by 0.2 µM m-calpain 

was monitored on a Perkin Elmer LS50B luminescence spectrometer in the presence of 2 

µM CAST C-A peptide in buffer containing 50 mM Tris-HCl pH 7.6, 10 mM DTT, and 4 

mM CaCl2. The excitation and emission wavelengths were 335 and 500 nm, respectively. 

A calpain control in the absence of CAST C-A was also done. The digestion was repeated 

as described above with the addition of 0.5 mM leupeptin 3 min after initiation of the 

reaction.  

4.4.6 The Effect of CAST C-A Peptides on m-Calpain Autolysis 

Autolysis of m-calpain in the presence of calcium with or without leupeptin was 

monitored by SDS–PAGE. A solution of 9 µM m-calpain in autolysis buffer (50 mM 
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HEPES, 100 mM NaCl, and 20 mM DTT) and 25 µM CAST C-A was added to an equal 

volume of calcium buffer (autolysis buffer + 10 mM CaCl2) and incubated at room 

temperature. Aliquots (20 µL) were taken at 0, 1.5, 3, 5, 10, 15, and 30 min and added to 

20 µL 3X SDS-PAGE sample buffer (150 mM Tris-HCl pH 6.8, 300 mM DTT, 6 % 

SDS, 0.3 % bromophenol blue, and 30 % glycerol). The samples were heated at 95 °C 

and 10 µL was loaded on a Tris-tricine SDS 12 % polyacrylamide gel.  

4.5 Results  

4.5.1 Purification and Validation of the C-A Peptides 

The first step in the purification of the CAST C-A peptides was the heat denaturation of 

most E. coli proteins (Fig. 4.2A, lanes 1, 2). This step was very efficient as the C-A 

peptides lack secondary structure and are extremely heat stable, while most other 

contaminants denatured, aggregated and were removed by centrifugation. The soluble 

portion following heat treatment was subject to a Ni2+-affinity column, since the C-A 

peptides were cloned with a C-terminal His-tag (Fig. 4.2B). Most of the remaining 

contaminants were removed in the flow through and column washes (Fig. 4.2B, lanes 2-

4) resulting in the elution of the CAST 1C-2A peptides (Fig. 4.2B, lanes 5-9). The 

expression and purification from 1 L of culture, yielded 20 mg, 22 mg, and 10 mg of 

CAST 1C-2A, 2C-3A and 3C-4A, respectively, and the concentrated samples of each C-

A peptide were shown to be >95 % pure based on SDS-PAGE (Fig. 4.2C). The expected 

molecular weights for CAST 1C-2A, 2C-3A, and 3C-4A were 9535, 7169, and 10823,  
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Figure 4.2. Purification of CAST 1C-2A. Lane M refers to the molecular weight markers. For 

(A) and (B), 10 µL of sample was added to 10 µL of SDS-PAGE loading buffer and 10 µL was 

run on a 12 % polyacrylamide SDS-PAGE gel. (A) Lane 1, cell lysate; Lane 2, supernatant of 

heated sample. (B) Ni2+-affinity Column. Lane 2, flow through of Ni2+ column; Lanes 3 and 4, 

Ni2+ column washes; Lanes 5-9, Ni2+ column eluted fractions. (C) Concentrated peptides (1 µg). 

Lane 2, CAST 1C-2A; Lane 3, CAST 2C-3A; Lane 4, CAST 3C-4A.   
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respectively, and were measured to be about 11000, 9000, and 14000, respectively by 

SDS-PAGE.    

 The concentrated C-A peptides were sent for amino acid analysis to the Advanced 

Protein Technology Centre (Hospital for Sick Children, Toronto, Ontario). The number 

of each amino acid in the peptides was calculated using the DNA sequences and 

compared to the observed values based on the amino acid analysis (Table 4.1). This was 

done to validate the concentration obtained by this method and as a check on purity. The 

amino acid analyses of Ser, Met, and Lys were shown to be outliers based on the 

expected values and were not included in the calculated concentration. The His-affinity 

tag is represented in the amino acid analysis as six His residues.   

4.5.2 CAST C-A Peptides Inhibit the Ca
2+

-Induced Insoluble Aggregation of 

mC105S  

To test the effect of the CAST C-A peptides on the stability of calpain without the 

added complication of autolysis, the inactive m-calpain that has the active-site cysteine 

mutated to a serine (mC105S) was used. The time of onset and rate of insoluble 

aggregation of mC105S were monitored by turbidity at 320 nm (Fig. 4.3). In the absence 

of calcium and CAST, there was no increase in OD 320 nm during the 200 min of the 

experiment (Fig. 4.3A). In the presence of calcium, aggregation occurred that was visible 

to the eye and was plotted as an increase in turbidity. The onset was rapid and turbidity 

reached a peak value after 15 - 20 min. The reversibility of this aggregation was shown  
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Expected Observed Expected Observed Expected Observed
Ala 7 7.0 5 5.3 9 8.8

Asx 7 6.6 4 3.9 15 15.5

Glx 13 13.4 8 10.5 12 12.6

Ser 10 8.3 5 4.2 10 8.0

Gly 6 6.1 3 3.6 3 3.4

His 7 6.7 6 5.8 7 8.3

Arg 3 3.2 2 2.2 3 3.9

Thr 6 5.3 3 2.8 3 3.2

Pro 4 4.3 5 5.2 12 12.2

Tyr 0 0.2 1 1.2 0 0.1

Val 4 4.8 4 4.5 3 3.5

Met 3 1.4 2 1.2 1 0.3

Ile 2 1.7 2 1.9 1 0.8

Leu 5 5.2 6 5.6 13 11.8

Phe 1 0.8 1 0.8 3 2.1

Lys 7 3.5 6 2.0 3 2.1

Cys 1 0.1 1 0.0 0 N/A

Trp 0 N/A 0 N/A 0 N/A

Total 86 78.7 64 60.9 98 96.4

Amino 
Acid

1C-2A 2C-3A 3C-4A

 

  

Table 4.1. Validation of the CAST C-A amino acid analysis. The number of each amino acid 

in the three C-A peptides as expected from the DNA sequence and observed from the amino acid 

analysis.  
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Figure 4.3. Monitoring calpain aggregation by turbidity. (A) Aggregation of 4 µM mC105S in 

the presence ( ) and absence ( ) of 4 mM CaCl2. Excess EDTA (8 mM) was added to the 

calcium control 75 min after the initiation of the reaction. (B–E) Turbidity monitored in the 

presence of a 5:1 (B), 2.5:1 (C), 1.25:1 (D) and 1:1 (E) molar ratio of CAST C-A to mC105S. In 

each case, reactions with CAST 1C-2A ( ), 2C-3A ( ) and 3C-4A ( ) as well as a no-CAST 

control ( ) were performed.   
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by the sharp return to baseline absorbance following the addition of excess EDTA (final 

concentration 8 mM) at 80 min. After EDTA was added, there was no further increase in 

turbidity during the remaining 120 min of the experiment. 

All three CAST C-A peptides inhibited the calcium-induced aggregation of mC105S at 

5:1 and 2.5:1 molar ratios of CAST to mC105S (Fig. 4.3B and C, respectively). In these 

experiments, the calcium control consistently reached a maximum turbidity after 15-20 

min. The gradual decline in OD 320 nm thereafter can be attributed to the formation of 

fewer but larger aggregates resulting in a net decrease in the amount of light scattering. 

This is consistent with the greater fluctuations seen in the turbidity values towards the 

end of the experiment.   

It was not until a 1.25:1 molar ratio of CAST to mC105S was used that some 

aggregation occurred with the CAST 1C-2A and 2C-3A peptides. However, these 

calpastatin fragments caused a substantial delay in the onset of precipitation of ~100 and 

~60 min, respectively. In addition, the amount of turbidity seen with CAST 1C-2A and 

2C-3A only reached 8 % and 36 % of the control reaction, respectively. At a 1.25:1 molar 

ratio of peptide to enzyme, CAST 3C-4A completely inhibited the formation of 

aggregates (Fig. 4.3D). This trend continued when the molar ratio of CAST to mC105S 

was further reduced to 1:1. With CAST 1C-2A the delay in the onset of measurable 

aggregation fell to ~50 min and the final optical density relative to the control reaction 

rose to ~68 % (Fig. 4.3E). With CAST 2C-3A, the delay was determined to be ~30 min 

with the final OD 320 nm reaching ~80 % of the control reaction. Surprisingly, even with a 
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1:1 ratio, CAST 3C-4A inhibited aggregation as monitored by turbidity for at least 200 

min. 

4.5.3 CAST C-A Peptides Stabilize m-Calpain in the Presence of Ca
2+ 

while Keeping 

the Active Site Clear 

To determine the effect of the CAST C-A peptides on the specific activity of calpain, a 

FRET-based assay using the substrate, (EDANS)-EPLFAER-(DABCYL), was performed 

(Fig. 4.4). The plot of relative fluorescence units as a function of time of reaction traced a 

rectangular hyperbola that was approaching a plateau at 12 min. The presence of any of 

the three CAST C-A peptides did not affect the rate at which calpain  

cleaved the FRET substrate, as the slope of the reaction curves were superimposable over 

the control reaction (Fig. 4.4). In addition, leupeptin quickly and completely inhibited the 

enzyme, further demonstrating that the C-A peptides do not block the active site or cause 

a conformational change that would disrupt the alignment of the catalytic triad. 

Therefore, we have shown that the peptides inhibit aggregation and precipitation, while 

keeping the active site clear to interact with target substrates as well as active-site 

inhibitors.  

Since the CAST peptides are unstructured, they are expected to be proteolytic 

targets of calpain. Therefore, the extent of digestion of the C-A peptides as well as their 

effect on autolysis of calpain was monitored by SDS-PAGE (Fig. 4.5). The no-CAST 

control reaction demonstrated rapid autolysis in the presence of calcium (Fig. 4.5A). 
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Figure 4.4. Monitoring the effect of the CAST C-A peptides on m-calpain activity and 

inhibition as measured with a FRET-based assay. The activity of m-calpain (0.2 µM) in the 

absence of CAST ( ) was compared to its activity in the presence of a 10:1 molar ratio of CAST 

1C-2A ( ), 2C-3A ( ) and 3C-4A ( ) to m-calpain and 4 mM CaCl2. Unfilled symbols 

represent reactions that were inhibited with the addition of 0.5 mM leupeptin (Lep) ~3 min after 

initiation. 
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Figure 4.5. Autolysis of m-calpain in the presence of the CAST C-A peptides monitored by 

SDS-PAGE. The time points listed are in minutes. The zero time lanes for (B), (D) and (G) were 

run on a separate gel. The autolysis fragments of m-calpain (DI-IV, DI-III, DI-II and DVI) and 

bands corresponding to the C-A peptides are labelled with a star (red, green, and blue for 1C-2A, 

2C-3A, and 3C-4A, respectively). Autolysis of 9 µM m-calpain was monitored in the presence of 

4 mM CaCl2 and 25 µM CAST 1C-2A (B), CAST 2C-3A (C) and CAST 3C-4A (D). The effect 

of 0.5 mM leupeptin on autolysis was monitored in the presence of CAST 1C-2A (F), CAST 2C-

3A (G) and CAST 3C-4A (H). Control reactions were done in the absence of CAST C-A (A and 

E). 



 

  

65 

In particular, some protease core (domains I and II) was released within the first few 

minutes of autolysis and there was accumulation of DI-III and DIV as the reaction 

progressed. This autolysis was not noticeably inhibited by the CAST C-A peptides as 

judged by the decrease in the amount of 80k subunit with time and accumulation of 

autolysis products (Fig. 4.5B-D). The CAST C-A peptides were themselves cleaved 

within 1.5 min of the start of the reaction as shown by their disappearance from the gel. 

Given that the peptides are rapidly cleaved by calpain, the addition of an active-site 

calpain inhibitor (leupeptin) reduced the extent of proteolysis (Fig. 4.5F-H). There was 

no decrease in the staining of the 80k large calpain subunit during the 30 min incubation 

and no appearance of the autolysis products seen in Fig. 4.5A-D. CAST 1C-2A was the 

most resistant to proteolysis, as there was very little diminution of the band 

corresponding to the whole peptide (~10 kDa) and appearance of CAST degradation 

products over time (Fig. 4.5F). In the case of CAST 2C-3A, there seems to be an initial 

cleavage in the first minute of the assay that does not undergo further proteolysis in the 

remaining 60 min. This is evident since no increase in intensity of the bands 

corresponding to the cut peptides is shown (Fig. 4.5G). The CAST 3C-4A peptide 

undergoes slow but prolonged digestion, as shown by the disappearance of the band at 

~14 kDa.    

4.6 Discussion 

Autolysis coupled with aggregation and precipitation of calpain in the presence of 

calcium have been major obstacles to the characterization of full-length calpains. To 
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circumvent this instability, some research progress was made using the soluble protease 

cores. Unfortunately, the protease cores are known to be much less active than the whole 

enzyme and, because of the absence of domain III, they lack specificity beyond the P3 

positions of substrates and inhibitors. In this study, we have used the inter-domain 

regions of CAST (1C-2A, 2C-3A, and 3C-4A), a calpain-specific inhibitor that is known 

to stabilize full-length calcium-bound calpain. This region normally resides between 

calpain molecules but was modeled to be long enough to span from DIV to DVI of 

calpain. It was our hypothesis that this would provide a link from DIV of the large 

subunit to DVI of the small subunit, covering hydrophobic pockets that are potential 

points of aggregation. In addition, if subunit dissociation actually occurs coincident with 

aggregation, these peptides may add stability to the interaction of the PEF domains by 

non-covalently cross-linking them. 

While maintaining the calpain stabilization of full-length CAST, the C-A peptides 

of CAST were used to avoid interference with small molecule inhibitors at the active site 

of calpain. This was shown in two ways: the C-A peptides did not affect m-calpain 

activity in the presence of calcium and did not interfere with the inhibition of calpain by 

leupeptin. Although the CAST C-A peptides prevented calpain precipitation and did not 

affect calpain activity, the flexible linker regions were shown to undergo proteolysis. 

These regions are vital to the prevention of calpain precipitation, as the individual C and 

A peptides are much less effective than the C-A linked peptides (Hanna et al., 
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unpublished results). Therefore, their vulnerability to proteolysis should be reduced by 

sequence modification.  

CAST 3C-4A was determined to be the best of the three peptides at preventing the 

precipitation of inactive m-calpain but when assayed with the active isoform, it was 

found to be the most readily proteolysed. This shows perhaps that the 3C-4A peptide has 

a stronger interaction with calpain (a lower KD) than the remaining peptides. 

Unfortunately, the linker region is much longer and more vulnerable to cleavage. As well 

as being the longest peptide, CAST 3C-4A has the most Leu (13 compared to 5 and 6 for 

CAST 1C-2A and 2C-3A, respectively). Leu is extremely favoured at the unprimed side 

of the calpain active site, where S3, S2, and S1 demonstrated a high preference for this 

amino acid, using a substrate library-based approach [63]. Since CAST 3C-4A was the 

most effective at preventing calpain precipitation, it is the obvious candidate for 

modification to protect it from digestion.  

There are several ways to reduce the vulnerability of the C-A peptides to 

proteolysis. The 3C-4A peptide could be further optimized by mutation of the Leu in the 

linker region to less favourable residues such as Pro or Ser [63]. The extended, flexible 

linker regions could be replaced with a rigid secondary structural element, such as a 

helix. This would increase the resistance of the peptides to proteolysis, as calpain prefers 

extended peptide regions. Since CAST 3C-4A was determined to be the best stabilizer of 

calpain and CAST 1C-2A was the most resistant to proteolysis, the linker region of the 

former could be replaced with the latter. This modified peptide could then be tested for its 
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ability to prevent precipitation by turbidity. It may be that length of the 3C-4A linker is 

optimal for preventing aggregation and the 1C-2A linker is too short. In addition to the 

improvement of CAST 3C-4A, any other combination of the C and A peptides could be 

tested for its effectiveness at preventing calpain precipitation while being protected from 

digestion. 

 In conclusion, we have developed a way of stabilizing calpain in the presence of 

calcium while avoiding interference with the active site by using a portion of calpain’s 

natural inhibitor, CAST. The presence of the CAST peptides affects neither calpain 

activity nor inhibition and opens the doors for co-crystallization of full-length calpains 

bound to active-site inhibitors. This will aid in the structure-based design of active-site 

inhibitors that take advantage of added preferences provided by DIII in the unprimed 

positions. 
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Chapter 5 

General Discussion 

5.1 Is This the End of the Road for Mini-calpains? 

The use of the calpain protease cores has facilitated significant advances in the 

characterization of the active site of µ- and m-calpains. Since the full-length calpains 

undergo autoproteolysis and aggregation in the presence of calcium, the protease cores 

have been invaluable in launching the structure-based design of calpain inhibitors. The 

identification of the first four µI-II / inhibitor structures led to insights about structural 

preferences at the active site of calpain [62,64]. For example, the structure of µI-II  bound 

to SNJ 1945 revealed that the primed-side extension of the inhibitor caused a loop 

displacement that exposed new sites for interaction by calpain inhibitors [62]. This was 

further demonstrated in the recent structure of µI-II with an α-ketoamide inhibitor that 

extended into and revealed novel aromatic stacking interactions with the Trp on the 

primed side of the cleft [61]. This compound is being used as a template for the addition 

of functional groups onto the inhibitor that target the primed side to increase its 

specificity and potency. In addition to crystallographic analysis, the protease core 

approach opened the doors to active site profiling with substrate and inhibitor libraries.  

Since the protease cores of calpain resist autoproteolysis, a peptide-library 

approach pioneered by Turk et al. was used in the development of a calpain substrate, 

PLFAER [63]. This was shown to be kinetically superior to substrates built from α-
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spectrin or consensus sequences obtained from substrate alignments [63,65]. It also 

revealed sequence preferences at the primed side of the active site. A further 

improvement of this substrate to PLFAAR revealed a 2.3-fold higher turnover rate when 

tested with µI-II (see chapter 4). 

Sequencing of the human genome has increased the number of known calpain 

isoforms to 14, most of which have not yet been characterized at the protein level. Some 

of these isoforms are implicated in diseases such as gastric cancer (calpain 9) and type II 

diabetes (calpain 10), but their active-site specificity has not been determined. This is 

partly due to their low expression levels, making isolation from tissue difficult. The 

Structural Genomics Consortium (Toronto, Ontario) initiated a project to express and 

purify all human isoforms.  Following our success with the protease cores of µ- and m-

calpains they were able to produce protease cores of human calpains 1, 3, 8, 9 and 15, 

and determine the crystallographic structures of three: mini-calpains 1, 8 and 9 (PDB 

entries 2ARY, 2NQA and 1ZIV, respectively). They found that the protease cores 

crystallized much better with an inhibitor bound to the active site, thereby stabilizing the 

structure.  

Although the protease cores have revealed structural preferences at the active site 

of µ- and m-calpains, there are two main drawbacks to their use. First, they are known to 

be much less active than the parent enzyme. For example, µI-II is only 2-3 % as active as 

µ-calpain [97]. This difficulty was compounded when the activities measured with the 

calpain 3, 8, and 9 protease cores proved much lower than that of µI-II. For this reason, it 
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was difficult to determine inhibitor specificity even at the S2 position of mini-calpain 8. 

For mini-calpain 8, some of the decrease in activity can be credited to the reduced 

stability of the protease core. Specifically, helix α7 in DI is stable in the full-length 

enzyme but collapses when a Gly is present at position 203 within the helix. This 

hypothesis was supported by an increase in activity of mI-II when the Gly at this position 

was mutated to an Ala [97]. Similarly, the activity of mini-calpain 8 was increased, 

although to a lesser extent, by the same mutation (G203A).     

The second drawback associated with mini-calpains is some loss in specificity 

provided by DIII, one of the supportive domains of the large subunit, which affects the 

unprimed side of the catalytic cleft. Cuerrier et al. determined that full-length m-calpain 

produced preferences that were slightly different from mI-II at the unprimed positions, 

especially those further from the active-site cysteine (≥P3) [64]. Preliminary research on 

the non-classical calpain isoforms suggests that although the use of the µ- and m-calpain 

protease cores has been useful in the probing of substrates and inhibitors and for 

structure-based inhibitor design, the use of the protease cores may not be transferable to 

the other calpain isoforms. The different full-length calpain isoforms may demonstrate 

greater sequence specificity than their protease cores when compared to other cysteine 

proteases as well as to the other calpain isoforms.  

5.2 Full-Length Calpains, the Way of the Future 

Given the limitations of protease cores, full-length calpains could be more useful 

for the development of calpain- and isoform-specific substrates and inhibitors. The 
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problems with this approach are that the full-length enzymes autolyze, aggregate, and 

precipitate upon calcium binding. Previous attempts at crystallizing inactive (C105S) 

full-length m-calpain in the presence of calcium have been difficult, due to precipitation 

and proposed subunit dissociation [70]. These problems were circumvented by CAST 

binding as demonstrated by the recent co-crystal structure of calcium-bound m-calpain 

and CAST4 [46]. Although CAST is known to stabilize calpain, it also inhibits it by 

occupying the active site. In this thesis, we have demonstrated a way of using the 

stabilizing property of CAST while avoiding its inhibitory potential. 

Although the CAST C-A peptides inhibited aggregation of inactive calpain, they 

are readily cleaved by the active enzyme. Their unstructured, extended conformation 

renders them susceptible to proteolysis. This vulnerability may be reduced by the 

mutation of residues that are known to be favoured in the active site of calpain. The 

linkers could be scanned for sequences that match the optimal PLFAER and PLFAAR 

cleavage sequences at two or more sites, especially ones that have Leu, Ile and Val in the 

S2 subsite. For example, one of the prominent autoproteolysis sites in calpain between 

domains III and IV is RVFSEK [114]. This matches at two positions with a further three 

conservative substitutions. It would be relatively easy to spoil this cleavage site by 

mutation of VF to hydrophilic residues. The addition of Pro in the peptides may also 

provide protection from proteolysis as cleavage is restricted to the C-terminal side of that 

amino acid. The insertion of secondary structural elements that are resistant to calpain-

mediated cleavage would also decrease digestion of the CAST C-A peptides.  
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The applications of this method of calpain stabilization are numerous, including 

substrate and inhibitor specificity determination at the unprimed side of calpain where 

DIII helps form the S3 and S4 and outer unprimed sub-sites. So long as the CAST C-A 

peptides are protected from calpain digestion; the library-based approaches described 

previously can be extended to the stabilized full-length calpain. Following the 

identification of an optimal substrate sequence, the method developed by Polster et al. 

with PLFAER could be used to produce cell-permeable biomarkers of calpain over-

activation in cells [106].    

In addition, structure-based design of calpain inhibitors with stabilized full-length 

calpain that target both the active site as well as allosteric positions can now be pursued. 

Compounds that have been shown to extend past subsites covered by the protease core 

alone, such as WR13 (R,R) and WR18 (S,S) would be valuable targets for the co-

crystallization with the stabilized whole enzyme [64]. These inhibitors have an N-

terminal Trp where no density appeared in the inhibitor-bound µI-II structure. This can 

be attributed to the lack of DIII, which would provide a site of interaction to hold the 

residue in place in the whole enzyme. In addition, the N-terminal region of SNJ 1945 was 

crystallized in two conformations, suggesting flexibility that may be restricted by DIII in 

the full-length enzyme [62].  

These methodologies can also be extended to other calpain isoforms if they can be 

produced as active enzymes. Unfortunately, these isoforms are extremely difficult to 

produce and purify. Calpain 3 is a case in point where the insertion sequences seem to 
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predispose the enzyme to autoproteolysis [115]. Our laboratory tried to express just the 

protease core of calpain 3 (containing insertion sequence 1) but it was subject to 

inexorable intramolecular autoproteolysis even in the absence of exogenous calcium 

[116]. Because of these problems, it may be useful to produce pseudo-full-length 

calpains. That is, the protease cores of these isoforms could potentially be inserted into 

DIII-DVI of m-calpain. In this way, m-calpain would act as a surrogate stabilizer for 

profiling and structure-based inhibitor design of the non-classical calpain isoforms. This 

may lead to the development of isoform-specific calpain substrates and inhibitors that 

will help clarify their cellular roles.     

5.3 Applications of Allosteric Inhibitor Design 

Much of this thesis has focused on the determination of the active-site specificity 

of calpain isoforms. To date, the search for calpain-specific inhibitors targeting the active 

site has been relatively unsuccessful, mostly due to cross-reactivity with other cysteine 

proteases. The stabilization of full-length calpain by the CAST peptides proposed in 

chapter 4 of this thesis may provide the necessary advantage to begin inhibitor screening 

projects. In particular, the development of inhibitors that inactivate calpain allosterically 

would be of significant pharmacological interest as they would diversify the available 

compounds and be less likely to cross-react with other proteases.    

 Examples of inhibitors that bind distal to the active site include the novel caspase-

1, -3 and -7 inhibitors revealed by disulfide trapping, a fragment-based drug discovery 

approach [117,118]. These compounds interact with a deep cavity at the dimerization 
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interface 15 Å away from the active site and lock the enzymes in an inactive zymogen-

like conformation. Similarly, recent structural data have revealed an allosteric inhibitor of 

the caspase 2 isoform that covalently binds to the dimer interface resulting in slight 

structural changes that promote a zymogen-like conformation, including a displacement 

of 1 Å of the active-site cysteine [119].   

 The development of calpain-specific allosteric inhibitors has been minimal to 

date. Two compounds, PD150606 and PD151746, are examples of such inhibitors that 

target the calcium-binding PEF domains of calpain [120]. PD150606 was determined to 

be an allosteric inhibitor as it did not block or compete with substrate binding at the 

active site [120]. X-ray crystallographic analysis demonstrated that PD150606 interacts 

with the same hydrophobic patch in DVI of calpain as the CAST C peptide [69]. Both 

inhibitors were specific for µ- and m-calpains over other proteases [120].  

It is important to point out that in this thesis neither the C peptide alone nor the C-

A peptides have been shown to alter calpain activity. Two separate groups have published 

contradictory evidence that interaction at the hydrophobic pocket occupied by the CAST 

C peptide affects the activity of calpain. As mentioned above, Wang et al. have proposed 

that PD150606 inhibits calpain through interaction at this site [120]. In addition, Tompa 

et al. have postulated that the CAST C peptide acts as an activator of calpain [121]. It is 

difficult to resolve these hypotheses as they were neither evident in our results nor have 

they been reported elsewhere. With respect to the PD150606 inhibitor, it was crystallized 

with DVI of calpain alone. In order to verify that the inhibitor does not act on another 
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allosteric site within calpain, it should be crystallized with the full-length enzyme. In 

addition, a FRET assay can be done with the protease core of calpain to determine 

whether it can inhibit at a site within DI and DII.     

 The isoform-specific caspase allosteric inhibitors described above demonstrate the 

importance of developing compounds that have an indirect mechanism of action through 

structural rearrangements. With the limited specificity achieved thus far with active-site 

inhibitors of calpain, probing of allosteric compounds may reduce cross-reactivity with 

other cysteine proteases. Since calpains are activated by calcium binding to the protease 

core domains DI and DII as well as the PEF domains DIV and DVI, targeting these sites 

in the calcium-free form might prevent calcium binding and therefore calpain activation. 

 With the recent stabilization of full-length calcium-bound calpain by CAST C-A, 

a screening approach can be attempted to isolate compounds and/or proteins that interact 

with calpain allosterically. This may lead to the development of calpain- and isoform-

specific allosteric inhibitors for pharmacological drug design as well as possible calpain 

binding partners in an attempt to clarify their cellular roles.   

5.4 Summary and Conclusions 

 

1. The mini-calpains 3, 8 and 9 were determined to have much lower activities than µI-II 

when using inactive m-calpain (mC105S) as a substrate. In the same experiment, 

mini-calpain 15 could not digest mC105S, highlighting the inactivity of this isoform. 
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2. The activity of mini-calpain 8 was improved by the mutation of Gly203 to an Ala, 

which is proposed to stabilize a helix in the protease core and prevent Trp106 from 

interrupting the active site.  

3. Mini-calpain 8 was shown to have similar preferences as µI-II and mI-II for small 

aliphatic amino acids at the P2 position.  

4. The site of calpain-mediated cleavage of the FRET substrate (EDANS)-EPLFMER-

(DABCYL) between the F and M residues was confirmed using mass spectrometry. 

5. The FRET substrate, (EDANS)-EPLFAERK-(DABCYL) was further optimized to 

(EDANS)-EPLFAARK-(DABCYL), which was turned-over by µ-calpain 2.3-fold 

more rapidly. 

6. Peptides engineered from the endogenous inhibitor of calpain, CAST, were shown to 

inhibit the aggregation of full-length m-calpain in the presence of calcium. The 

peptides were cloned from the C sub-domain of one CAST domain to the A sub-

domain of the next, producing three peptides (CAST 1C-2A, 2C-3A and 3C-4A). 

CAST 3C-4A was revealed through turbidity analysis to inhibit calpain aggregation at 

a 1:1 molar ratio of peptide to enzyme.  

7. The CAST C-A peptides did not effect either the activity or autolysis of calpain but 

were shown to be cleaved by calpain in the absence of an active-site inhibitor.     
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