
CALPAIN 2 ACTIVATION, AUTOLYSIS, AND SUBUNIT 
DISSOCIATION 

 

 

 

by 

 

Jordan Chou 

 

 

 

 

 

A thesis submitted to the Department of Biochemistry 

In conformity with the requirements for 

the degree of Master of Science 

 

 

 

 

 

Queen’s University 

Kingston, Ontario, Canada 

(October, 2010) 

 

Copyright © Jordan Chou, 2010 



 ii 

Abstract 

Calpains are calcium-dependent, intracellular, multi-domain cysteine proteases 

involved in many physiological functions regulated by calcium signaling, including cell 

motility. How calpains are activated in the cell is still unknown because the resting 

intracellular concentration of Ca2+ is orders of magnitude lower than that needed for half-

maximal activation of the enzyme in vitro.  

Several stratagems by which calpains might overcome this Ca2+ concentration 

differential have been proposed. It is possible that post-translational modifications like 

phosphorylation, or accessory proteins that bind to calpain, might facilitate the enzyme’s 

activation at lower than optimal Ca2+ concentrations. Autoproteolysis (autolysis) and 

subunit dissociation are two other proposed activation mechanisms that could release 

constraints on the calpain core by breaking the link between the anchor helix and the 

small subunit to allow the active site to form.  

By measuring the rate of autolysis at different sites in calpain, it was 

demonstrated that while the anchor helix is one of the first targets to be cut, several other 

potentially inactivating autolysis sites, particularly in Domain III, can also be cleaved 

within the first minute. Thus autolytic activation would go hand in hand with 

inactivation. By fractionating and identifying calpain 2 autolysis fragments, I show that 

the small subunit does not dissociate away from the large subunit, but is proteolyzed to a 

40-45 k heterodimer of the penta-EF-hand Domains IV and VI. It is likely that this 

autolysis-generated heterodimer has previously been misidentified as the small subunit 

domain VI homodimer that would be produced by subunit dissociation. A calpastatin 
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affinity column was constructed and used to capture recombinant calpain 2 from bacterial 

cell lysate. This affinity column provides a tool to screen for and capture calpain 

complexed to potential binding partners in the presence of Ca2+. Here I propose a model 

for calpain 2 activation in vitro that does not involve autolysis, subunit dissociation, or 

calpain activators. 
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Chapter 1 

Introduction and Literature Review 

 

1.1 Cysteine proteases 

 

Proteases (also known as peptidases, proteinases or proteolytic enzymes) 

represent a class of enzymes that function in the cell by catalyzing hydrolysis of peptide 

bonds, essentially irreversibly modifying the target protein. Today, the most widely used 

system to classify proteases is the MEROPS database, which groups proteases based on 

similarities in organization of the active site, structure, and evolutionary origin [1]. 

Proteases can be divided into 5 major groups: cysteine, serine, threonine, aspartate, and 

metalloproteases, named according to the catalytic residue. Cysteine proteases are 

divided into 6 clans (e.g. CA) based on evolutionary relationship, and further subdivided 

into 43 families (e.g. C2) based on homology and sequence similarity.    

Members belonging to clan CA, including papain, cathepsins and calpains, share 

structural and evolutionary similarities and possess the catalytic residues cysteine, 

histidine, and asparagine [2]. These three catalytic resides, termed “the catalytic triad”, 

have the cysteine toward the N-terminal end, and histidine/asparagine toward the C-

terminal end of the catalytic core of the enzyme [3].   

Papain, a cysteine protease found in papaya, and cathepsins, mammalian 

lysosomal proteases, are both found in the C1 family and were the first studied members 

of the clan CA. Papain and cathepsins are made as inactive precursors with a propeptide 
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(~60-110 residues) at their N terminus [4]. For example, papain and various cathepsins 

have propeptides that cover their active sites and needs to be removed in order for the 

proenzymes to become activated enzymes and cleave substrates (reviewed in [5]). In 

contrast, calpains are fundamentally different from other members of the CA clan 

because they are activated by calcium (Ca2+) and are normally not created as proenzymes 

with propeptides. 

 

1.2 Introduction to calpains 

 

Calpains, belonging to the C2 family and not C1 like papain and cathepsins, are a 

family of intracellular cysteine proteases that are found in both vertebrates and 

invertebrates. They were initially named calcium activated neutral protease (CANP), but 

were later renamed calpain, for their requirement for calcium and homology to papain 

[6]. Calpain 1 was first discovered in rat brain in 1964 [7]. This was followed by the 

purification and partial characterization of calpain 2 [8, 9]. Since then, a total of 14 

isoforms of calpain have been discovered in mammals (see section 1.3) as well as many 

more in insects, nematodes, plants, and fungi [10]. Further characterization of calpains’ 

Ca2+ requirement for activity and their specific cleavage of substrates suggested that these 

enzymes’ roles were more regulatory than catabolic. They catalyze the limited proteolysis 

of protein substrates when activated by Ca2+, essentially converting local cellular Ca2+ 

signals into a wide range of cellular responses, including cell motility, cell cycle 
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regulation, transcriptional regulation, signal transduction, and apoptosis [11]. It is clear 

that calpains’ many roles and functions are important because over-activation or 

inactivation of calpains contributes to many diseases (see section 1.4). 

Calpains 1 and 2 are the most studied and best characterized members of the 

family. They both form heterodimers with an identical small subunit, also known as 

calpain 4. These two isoforms, particularly calpain 2, will be the focus of this thesis.    

 

1.3 Calpain isoforms: typical and atypical 

 

The 14 mammalian calpain isoforms can be divided into two groups: the “typical” 

and “atypical” calpains (Figure 1.1). Nine of these isoforms (calpains 1, 2, 3, 8, 9, 11, 12, 

13, and 14) are classified as typical because they have penta-EF-hand domains (PEF-

domains). In calpains 1 and 2, the PEF-domain binds to a homologous PEF-domain 

(Domain VI) on the 28 k small subunit, to form a heterodimer. However, it has yet to be 

determined how many of these typical calpains dimerize with the small subunit via their 

EF-hand domains. Ravulapalli et al. showed that calpain 3 homodimerizes, calpain 9 

heterodimerizes with the 28 k subunit, and calpain 13 prefers to homodimerize, but can 

also heterodimerizes with the small subunit [12]. More recently, Hata et al. proposed that  
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Figure 1.1 Calpain isoforms showing the domain arrangement of human calpains (I-
IV coloured dark blue, light blue, green and yellow, respectively). Calpain 5, 6, 7, 10, and 
15 are the “atypical” calpains while the remaining isoforms are the “typical” calpains. 
Abbreviations used are: NS - N-terminal insertion sequence; IS1 and IS2 - Insertion 
sequences 1and 2; T - TRA3-specific domain; A - Anchor sequence; MIT - microtubule 
interacting and trafficking molecule domain; PBH - PalB homologous domain; Zn - Zinc-
finger motif; SOH - SOL homologous domain; G-rich - glycine rich. Adapted from Ph.D. 
thesis of Dr. R. Ravulapalli.  
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calpain 9 heterodimerizes with calpain 8 [13]. Thus, the presence of a PEF-domain is not 

sufficient to determine whether a certain calpain isoform will heterodimerize with the 

small subunit or homodimerize with itself. The five other isoforms (calpains 5, 6, 7, 10, 

and 15) are classified as atypical because they have different domain compositions and 

do not have a PEF-domain; for example, calpain 15 has an N-terminal Zn-finger domain 

while calpain 10 has two C2-like domains in tandem (Figure 1.1). Thus, it is likely that 

these atypical calpains do not heterodimerize with the small subunit.  

Another distinguishing feature separating the different types of calpain isoforms is 

that some isoforms are tissue-specific. For example, calpain 3 is a tissue-specific isoform 

found in skeletal muscle tissue, calpain 8 is mainly expressed in stomach tissue, calpain 9 

in the digestive tract, calpain 11 in testes, calpain 12 in hair follicle, and calpain 13 in 

lung and testes [14]. The most well studied isoforms, calpains 1 and 2, are ubiquitously 

expressed.  

 

1.4 Calpains and disease 

 

The direct or indirect involvement of calpains in many diseases, due to over-

activation or inactivation, emphasizes the importance of calpains. Inappropriate calpain 1 

and 2 activity has been associated with many conditions including, but not limited to, 

Alzheimer’s disease, Parkinson’s disease, neuronal ischemia (stroke), traumatic brain 

injury, myocardial infarction (heart attack), and cataract formation [15-21]. A deficiency 
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of calpain 3, due to inactivating mutations, has been shown to cause limb girdle muscular 

dystrophy type 2A [22]; down-regulation of calpain 9 has been associated with gastric 

cancer [23]; and mutations in the calpain 10 gene is thought to be associated with Type 2 

diabetes mellitus since calpain 10 has been proposed to play a role in insulin secretion 

[24, 25]. 

 

1.5 Structure and domains of calpains 1 and 2 

 

Calpains 1 and 2 are heterodimers of an 80 k catalytic large subunit (Domains I – 

IV) and a 28 k regulatory small subunit (Domains V – VI) (Figure 1.2). Domains I and II, 

the “protease core”, contain the catalytic triad residues: the active site cysteine in Domain 

I involved in covalent catalysis and the histidine/asparagine pair in Domain II involved in 

deprotonating/reprotonating the cysteine during acid-base catalysis. Domain III, the C2-

like domain, has been suggested to play a role in regulating calpain activity via 

electrostatic interactions with other domains [26], and interactions with cell membranes 

by phospholipid binding [27]. The last domain in the large subunit, Domain IV, has five 

EF-hands. The first four EF-hands contain Ca2+ binding sites while the fifth EF-hand, the 

one closest to the C terminus, is involved in heterodimerization of the large and small 

subunits of calpain [26, 28-31]. Domain V, at the N terminus of the small subunit of 

calpain, is glycine-rich and may have an unordered structure. Domain VI of the small 

subunit is homologous to Domain IV of the large subunit and forms a tight interaction  
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Figure 1.2 Bar diagram showing the domain organization of recombinant calpain 2 
(m-calpain). Domains I – IV are in the large subunit while Domain VI is in the small 
subunit. The anchor helix, catalytic triad (C, H, and N) within the protease core (I-II), C2-
like (III) and penta-EF-hand domains (IV and VI) are shown. Dark vertical bars in 
Domains IV and VI represent EF-hands. Domain V is not shown because the small 
subunit was N-terminally truncated for recombinant calpain (adapted from [11]).  

 



 

 8 

with Domain IV through the pairing of their penta-EF-hands; thus Domains IV and VI 

are often termed the PEF-domains.  

The crystal structure of the apo-form of calpain 2 [26, 28] revealed that the 

catalytic triad is misaligned prior to activation. In the absence of Ca2+, the anchor helix at 

the N terminus of Domain I of the large subunit interacts with Domain VI of the small 

subunit. Along with the penta-EF-hand heterodimerization between Domains IV and VI, 

the anchor helix effectively circularizes all six domains and helps to structurally restrain 

calpain in an inactive conformation. 

 In addition, the apo-structure of calpain 2 revealed a unique trait. Unlike other 

cysteine proteases, such as papain and cathepsins, the N-terminal residues of calpain are 

not sterically blocking the active site. Essentially, calpain has an anchor helix instead of a 

propeptide.  

 

1.6 Calpain activation 

 

Structural information obtained on calpains 1 and 2 have revealed that the 

activation mechanism for these typical calpains involves a series of conformational 

changes, which affect the interactions between various domains (Figure 1.3).  

In the absence of Ca2+, the N-terminal anchor helix interacts with Domain VI of 

the small subunit, which circularizes the domain arrangement of calpain and imposes 

constraints on the protease core (Domains I and II) to be held in the open, inactive  
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Figure 1.3 Representation of the crystal structure of recombinant rat calpain 2 in 
the absence and presence of Ca2+ [26, 30, 31]. For clarity, calpastatin is not shown in 
the Ca2+-bound form. Ca2+ ions are shown as black spheres. Left: In the absence of Ca2+, 
the N-terminal anchor helix interacts with Domain VI of the small subunit, and calpain is 
in an open conformation. Right: Calpain binds two Ca2+ ions in the protease core, one per 
domain, as well as four in each of the PEF-domains IV and VI. Upon Ca2+ binding, there 
is a rotation of Domain I relative to II, and Domains IV and VI are pushed closer to the 
protease core, resulting in an overall compaction of the enzyme. 

Anchor 

Helix 

Calcium Free Calcium Bound 
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conformation [26, 28]. Consequently, Domains I and II are slightly separated, preventing 

the active site Cys residue located in Domain I from forming the catalytic triad with His 

and Asn, which are located in Domain II; the Cys is far away from the His (~10 Å) 

(Figure 1.4). Also, there is a wedge (tryptophan 288) between Domains I and II, blocking 

the formation of the catalytic triad.  

In the presence of sufficient Ca2+, calpain undergoes a concerted activation 

mechanism. This is a reversible process, as the addition of excess EDTA pushes this 

reaction back to the Ca2+-free, inactive form. Initially, Ca2+ initiates a series of 

conformational changes that release the restraints on the protease core. This includes 

freeing the anchor helix from its contact with the small subunit. There is much debate and 

proposals regarding exactly how the structural constraints on the protease core is relieved 

including autoproteolysis (autolysis) of the anchor helix and subunit dissociation, both of 

which will be discussed in detail. Once the imposed structural constraint on the protease 

core is relieved, binding of two Ca2+ to the protease core results in: 1) the rotation of 

Domain I relative to Domain II, 2) the tryptophan wedge moving from being between 

Domains I and II to lying along the active site cleft, and 3) the realignment of the 

catalytic triad into a proteolytically active conformation [30-32]. This brings the active 

site Cys within ~3 Å from the His, as seen in other cysteine proteases (Figure 1.4).    

Other conformational changes associated with Ca2+-binding to calpain are subtle 

conformational changes that expose the hydrophobic clefts (where calpastatin binds) in 

Domains IV and VI, and a shift in these PEF-domains that bring them closer towards the  
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Figure 1.4 Cartoon representation of the protease core of rat calpain 2 in the 
absence and presence of calcium (top, 1DF0 [26]; bottom, 3BOW [30]). Catalytic triad 
residues are coloured in red, the wedge tryptophan in orange, and Ca2+ atoms are 
represented by grey spheres. In the absence of Ca2+, the catalytic cysteine (serine 105 in 
the structures) and histidine are separated by a distance of ~10 Å, and the wedge 
tryptophan blocks the catalytic cleft. In the presence of Ca2+, the distance between 
cysteine and histidine decreases to ~3 Å and the wedge moves to lie flat on the side of the 
active site cleft.   
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protease core [30, 31]. Rather than altering the domains, calpain activation changes the 

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

Calpain has 10 total Ca2+ binding sites: two Ca2+ ions in the protease core, one per 

domain, as well as four in each of the PEF-domains [30, 31]. All binding sites seem to 

contribute to activation of calpain as Ca2+ binding to calpain is highly cooperative [33] 

(Figure 1.5).   

 

1.7 Calpastatin 

 

Calpains in the cell must be inactive most of the time because, if all the calpains 

were constitutively active, many cellular proteins would be prematurely cleaved. 

Regulation of these enzymes in vivo is not well understood. However, a portion of this 

regulation can be attributed to calpastatin, an endogenous inhibitor of calpain.    

Calpastatin (CAST), the best known and most well-studied calpain inhibitor, is an 

unstructured protein in solution that reversibly binds to calpains 1 and 2. It is a multi-

domain protein with four independently active inhibitory regions in tandem, each of 

which can bind and inhibit one calpain. It is the one, well-known, endogenous inhibitor 

that is specific for calpain [34]. Inhibition occurs when there are adequate amounts of 

Ca2+ present because calpastatin can only bind to the active form of calpains. Thus, the 

Ca2+ concentration needed for calpain-calpastatin interaction depends on the calpain 

isoform [11]. Unlike calpains, calpastatin seems to be present only in vertebrate tissues.  
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Figure 1.5 Requirement of recombinant rat calpain 2 activity for calcium. The 
sigmoidal curve shows positive Ca2+-binding cooperativity. The authors reported the 
enzyme activity values as percent of the maximum activity observed (10 units/assay), as a 
function of free Ca2+ concentration [33]. 
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Nine different calpastatin isoforms have been found in different tissues, and they appear 

to originate from a single calpastatin gene by alternative splicing and the use of different 

promoters [35-37].  

One molecule of calpastatin can simultaneously bind and silence four calpain 

molecules [38]. In addition to its four independent inhibitory domains (CAST 1-4) that 

are homologous to one another, it has a domain (L) at the N-terminus of unknown 

function [39]. Each CAST domain has a different affinity for calpain: CAST 1 has the 

strongest affinity for calpain 2 while CAST 2 has the weakest (Table 1). Also, it is 

possible that the four different inhibitory domains (CAST 1-4) in calpastatin might 

preferentially interact with different isoforms of calpain [38]. Binding of calpain by each 

CAST domain occurs through 3 conserved subdomains (A-C), each of which is encoded 

by a single exon [40] (Figure 1.6). It was previously shown that subdomain A bound to 

Domain IV of calpain [41], and subdomain C bound to Domain VI [42], as α-helices in a 

Ca2+-dependent manner. Subdomain B contains a conserved sequence, “TIPPXYR” 

where X is normally D, E, or K, that seems to be essential for inhibitory activity [43-45]. 

Studies have shown that the 27-residue sequence from subdomain B of calpastatin: 

DPMSSTYIEELGKREVTIPPKYR is the minimum effective peptide inhibitor of calpain 

[40]. A number of kinetic studies have shown that inhibition by calpastatin segments 

containing subdomain B is competitive, suggesting that it interacts in some way with 

calpains at a place close to the active site [39]. However, it had also been suggested that 

subdomain B functions allosterically since it did not inhibit the protease core of calpain 

[32].  
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Table 1 Kinetic parameters for the interaction of calpain with the 4 different 

calpastatin domains [38].  

 

Calpastatin domain kon (M
-1s-1) koff (s

-1) Kd (M) 

1 2 x 107 9 x 10-5 4.5 x 10-12 

2 3 x 106 1 x 10-2 4 x 10-9 

3 5 x 106 3 x 10-3 6 x 10-10 

4 6.5 x 106 3 x 10-4 5 x 10-11 
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Figure 1.6 The domain structure of human hepatic calpastatin (CAST). L, 1, 2, 3, 
and 4 are the domains within calpastatin, while A, B, and C are three subdomains within 
each inhibitory domain. Residue numbers marking the beginning of the A subdomain of 
each inhibitory domain (CAST 1-4) are written below the bar diagram. The A and C 
subdomains interact with Domains IV and VI of calpain, respectively, while the B 
subdomain interacts with the active site cleft (adapted from [11]).  
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The recently solved crystal structure of calpastatin-bound calpain shows that 

subdomain B blocks the active site of calpain by binding in the catalytic cleft and looping 

out and around the active site cysteine [30, 31]. This loop-out allows subdomain B to 

inhibit calpain, while at the same time escape proteolytic cleavage. The structure also 

confirms that subdomains A and C form α-helices that bind to exposed hydrophobic 

clefts on Domains IV and VI of calpain as previously predicted [41, 42, 46].      

 

1.8 Calcium requirements of calpains 1 and 2 

 

Calpains are optimally active at physiological pH and ionic strength, but require 

Ca2+ concentrations that are several orders of magnitude higher than the resting levels 

present in the cytoplasm, where calpains are mainly localized [11]. This factor alone 

prevents calpains from arbitrarily cleaving proteins. Clearly, in addition to calpastatin, 

Ca2+ also plays an important role in calpain activation and regulation in vivo. 

Calpains 1 and 2 have identical 28 k small subunits, but their 80 k large subunits 

are different. This presumably accounts for the differential Ca2+ requirement for 

activation. Calpains 1 and 2 was previously termed µ-calpain and m-calpain, 

respectively, because 101 micromolar Ca2+ is needed for half-maximal activation of 

calpain 1, while 10-1 milli molar is needed to activate calpain 2 [11]. As mentioned above, 

eight of the ten Ca2+ binding sites are EF-hand motifs, and they all contribute to 

activation. In addition, previous studies suggest that EF-hand 3 has the highest affinity 
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for Ca2+ and provides the main driving force for calpain activation [29]. Further studies 

involved constructing hybrids of calpains 1 and 2, gradually converting EF-hands 1-3 

from calpain 2-like to calpain 1-like [47]. Interestingly, the hybrid’s Ca2+ requirements 

decreased progressively towards that of calpain 1 as the proportion of calpain 1’s 

sequence increased from 0 to 90%.  

The Ca2+ requirement problem is that the resting cytosolic Ca2+ concentration 

(~0.1 µM) is orders of magnitude lower than that required for half-maximal activity of 

either calpain 1 (~50 µM) or calpain 2 (~500 µM) in vitro [11, 48]. There have been 

several proposed mechanisms to explain calpain activation and how calpains overcome 

this Ca2+ barrier in the cell. These attempts include phosphorylation, calpain activators, 

autolysis, and subunit dissociation.   

 

1.9 Calpain 2 phosphorylation 

 

Phosphorylation of calpain has been suggested to facilitate the enzyme’s 

activation at the low Ca2+ concentrations seen in the cell. Isolation of calpains from 

bovine skeletal muscle, bovine cardiac muscle, human placenta, and human platelets, 

show that calpain 1 has nine (2 Tyr, 3 Thr, and 4 Ser) while calpain 2 has eight (2 Tyr, 3 

Thr, and 3 Ser) potential phosphorylation sites [11]. These sites are clustered, in areas of 

the calpain heterodimer. For calpain 2, there are four phosphorylated residues in Domain 

I, one at the end of Domain II, and three in Domain III. Not all sites are phosphorylated 
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in all molecules; on average, calpain contained 2–4 phosphates/molecule. The Domain III 

sites at 369/370 are usually phosphorylated, but the other sites are phosphorylated less 

frequently [11].  

Phosphorylation was linked with calpain 2 activation when it was shown that EGF 

(Epidermal Growth Factor) activated calpain-meditated cell motility through the 

ERK/MAPK pathway [49, 50]. Well’s group showed that plasma membrane-localized 

EGFR drove calpain activity, whereas internalized EGFR, although still able to activate 

ERK (Extracellular-signal-Regulated Kinase), did not activate calpain [51]. Later, they 

proposed that PIP2 is required for calpain 2 activation in response to EGF [52]. Thus, 

their model stated that ERK phosphorylation indirectly activated calpain 2 by allowing 

Domain III to attain a more favorable membrane-interacting conformation. This post-

translational modification would therefore help translocate calpain to the plasma 

membrane for increased levels of PIP2 binding.  

The authors also identified the phosphorylation site that promoted activation: 

Ser50 [53]. They propose that indirect activation of calpain 2 by ERK and subsequent 

cell motility are dependent on this site, since replacement of the serine with glutamic 

acid, mimicking phosphorylation, resulted in ERK-independent activity of calpain 2. In 

addition, a serine to alanine mutant, representing a permanently non-phosphorylated site, 

resulted in the cells failing to undergo EGF-induced motility that normally accompanied 

calpain activation. Surprisingly, this group claimed that calpain 2 can be activated by 

phosphorylation at this site, in the absence of Ca2+ [53]. However, these Ser50 calpain 
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mutants were subsequently shown to have the same specific activity and Ca2+ 

requirement in vitro as the wild-type enzyme [54].   

In contrast, phosphorylation of calpain 2 residue Ser369 in Domain III by PKA 

(Protein Kinase A) was reported to inhibit activation of calpain 2 [55]. The authors 

hypothesized that phosphorylation of Ser369 by PKA would restrict domain movements 

and freeze calpain 2 in an inactive state. This was later supported by mutagenesis studies 

in which Ser369 to Asp or Glu mutations both yielded inactive calpain 2 [54].  

 

1.10 Calpain activators 

 

Since there is such a large difference between the Ca2+ concentration found in the 

cell and that needed to activate calpains 1 and 2 in vitro, other groups have attempted to 

explain calpain activation and regulation by proposing various binding partners in vivo 

that help activate calpains. Pontremoli and coworkers have proposed several calpain 

activators that lower the Ca2+ requirement of either calpain 1 or 2.  

Pontremoli et al. suggested that isovalerylcarnitine (IVT), an as yet 

uncharacterized “heat stable small molecular weight protein”, and Acyl-CoA-binding 

protein (ACBP), are activators of calpain 2, but not calpain 1 [56-58]. It was reported that 

these three factors increased the affinity calpain 2 has for Ca2+ by 10-fold, 50-fold, and 

more than 50-fold respectively. Increasing calpain’s Ca2+ sensitivity will lower the Ca2+ 
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concentration required for activity. Despite the passage of considerable time, none of 

these findings has been reproduced or supported by other laboratories. 

Proteins that interact with and reduce the Ca2+ requirement for only calpain 1 and 

not calpain 2 have also been studied. A “Calpain Activator” homodimer protein with a 

molecular weight of 30 kDa had been isolated from bovine brain and studied by the same 

group [59]. This protein was reported to decrease the Ca2+ requirement of calpain 1 by 

10-fold. Similar to ACBP, “Calpain Activator” was also dose-dependent and active at a 

1-to-1 activator-to-calpain molar ratio. Since 1-to-1 molar ratios of either “Calpain 

Activator” or ACBP were required, it was reasoned that these two activators did not just 

catalytically modify calpains (i.e., phosphorylation), but had to physically bind to the 

calpains in order to activate it [11].  

Researchers have found that several phospholipids lower the Ca2+ concentration 

required for activity of both calpain 1 and 2, with phosphatidylinositol (PI) being the 

most effective [60]. These authors showed that PI was more effective at reducing the 

Ca2+ requirement of calpain 2 than of calpain 1. However, they could not pinpoint the 

exact amount of reduction in Ca2+ requirements because they experienced activity 

variation (20-30%) among different protein aliquots, despite the fact that all samples 

came from the same protein preparation.  

The drawback of many of these studies was that they were done under conditions 

in vitro that are not physiological. For example, studies with IVT, “heat stable small 

molecular weight protein”, and phosphatidylinositol required large molar ratios of 

activator-to-calpain for the Ca2+ requirement to be decreased [56, 57, 60], an unlikely 
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event in vivo. Therefore, critics have raised the possibility that non-specific effects were 

involved since such large amounts of binding partners were needed [11]. For 

phosphatidylinositol, it had also been shown that even with the assistance of PI, the Ca2+ 

concentrations found in cells are still not adequate for calpain activity. To further address 

this problem, it was suggested that calpains interact with phospholipids in cellular 

membranes, thus bringing the enzyme to an area close to Ca2+ channels, where Ca2+ 

influx occurs, thereby solving the Ca2+ requirement problem.   

 Other groups have proposed mechanisms independent of binding partners in 

which calpains 1 and 2 can overcome the Ca2+ concentration barrier and activate in the 

cell. The two commonly proposed mechanisms are autolysis and subunit dissociation, 

both of which are foci of my thesis.  

 

1.11 Autolysis of calpains 1 and 2 

 

Upon Ca2+ binding and activation, calpain undergoes autolysis, in which the 

enzyme starts cleaving itself. For calpain 1, autolysis reduces the mass of the 80 k subunit 

to 76 k, and reduces the mass of the 28 k small subunit to 21 k. Amino acid sequencing 

studies showed that the N-terminal 27 amino acids are removed from the large subunit, 

and the N-terminal 91 amino acids (the entire Domain V) are removed from the small 

subunit during autolysis [61]. After Domain V of the small subunit has been autolyzed, 
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the Ca2+ requirement of calpain 1 was reportedly decreased from ~50 µM to 0.5-2.0 µM 

[62, 63].    

Similarly, for calpain 2, autolysis reduces the mass of the 80 k subunit to 78 k, 

and reduces the mass of the 28 k small subunit to 21 k. The N-terminal 19 amino acids 

(the anchor helix) are cleaved from the large subunit [64], and the entire Domain V is 

once again removed from the small subunit during autolysis [61]. The Ca2+ requirement 

of calpain 2 is decreased from ~500 µM to 50-150 µM [63].  

For both calpain 1 and 2, it has been reported that autolysis does not affect the 

specific activity of either isoforms [63]. For calpain 2, the small subunit seems to 

autolyze more rapidly than the large subunit [64]. After autolysis of the anchor helix and 

Domain V, this process is then followed by less well-characterized cleavages that 

eventually result in the loss of the large subunit.   

Thus, by lowering the Ca2+ requirement needed for activation [60, 63-67], 

autolysis of calpains 1 and 2 became a frequently cited explanation for overcoming the 

Ca2+ concentration barrier in the cell. Autolysis of the anchor helix would provide some 

relief of structural constraints, allowing the protease core to adopt the active 

conformation (Figure 1.7).  
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Figure 1.7 A previously proposed model of calpain activation by autolysis. Five of 
the six calpain 2 domains are labeled as DI-DIV and DVI (Domain V was not seen 
because an N-terminally truncated small subunit was used for this study). Autolysis is 
represented by the central arrow, and the 5th EF-hand pairing interaction between 
Domains IV and VI is represented as black bars ( = ). Upon activation by Ca2+, the 
anchor helix is autolyzed, resulting in relief of structural constraints and formation of 
catalytic cleft (indicated by a shallow ‘V’). Autolysis is the cause of general activation.  
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1.12 Subunit dissociation 

 

Subunit dissociation, where the small subunit separates from the large subunit and 

forms small subunit homodimers (Figure 1.8), is another published mechanism that is 

thought to facilitate calpain activation. Subunit dissociation has been a controversial area 

in calpain research ever since Suzuki and coworkers first proposed this phenomenon [68] 

to explain the dimers observed upon Ca2+ addition. Some labs have observed subunit 

dissociation and proposed that this is a necessary step in calpain activation [14, 69-72], 

while others showed that dissociation of the two subunits resulted in aggregation of the 

80 k large subunit and loss of activity [73]. In theory, loss of the small subunit would 

break the circularization of calpain domains and should relieve any constraints on the 

protease core, allowing the realignment of the core domains required for activation [32]. 

However, other groups have found that the small subunit does not dissociate [74, 75]. 

Mutations on the small subunit EF-hands affect the Ca2+ requirement of the whole 

enzyme, which suggests that the small subunit remains bound to the large subunit during 

activation [29]. Recently, the Ca2+-bound structure of calpain 2 [30, 31] showed that the 

small subunit is present in the activated enzyme, and that it makes new heterodimeric 

interactions after activation. 

Furthermore, researchers have recently reported that autolysis and subunit 

dissociation are not mutually exclusive, claiming that autolysis induces subunit 

dissociation [76, 77]. In both cases, removal of either the anchor helix or the small  
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Figure 1.8 A previously proposed model of calpain activation by subunit 
dissociation. Five of the six calpain 2 domains are labeled as DI-DIV and DVI (Domain 
V was not seen because an N-terminally truncated small subunit was used for this study). 
The 5th EF-hand pairing interaction between Domains IV and VI is represented as ( = ), 
and the dissociation of this interaction is indicated by dotted arrows. Upon activation by 
Ca2+, the relief of structural constraints in the protease core (DI + II) originates from the 
small subunit (DVI) dissociating from the large subunit. A pair of small subunits then 
interacts with one another to form the small subunit homodimer. The dotted line indicates 
the unstructured anchor helix. 
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subunit could in principle release structural constraints on the protease core, allowing 

activation.  

 

1.13 Objectives 

 

1). Since calpain 2 autolysis leads to the eventual loss of the catalytic large subunit, my 

first objective is to see what role, if any, autolysis has to play in activation. To 

accomplish this, I plan to determine which sites on calpain are susceptible to autolysis in 

addition to the anchor helix and Domain V. Also, I will determine if certain sites/domains 

on calpain 2 are statistically more prone to be autolyzed.    

 

2). My second objective is to investigate subunit dissociation, if it really occurs, and if it 

is involved in calpain 2 activation. More specifically, I plan to determine if the small 

subunit dissociates either in the presence or absence of autolysis, as has been previously 

claimed. I plan to accomplish this by fractionating and separating autolyzed calpain 

fragments to see if the small subunit homodimer is present.     

 

3). My third objective is to use a calpastatin affinity column to see what other binding 

partners and activators calpain might interact with in vivo. Calpastatin affinity column 

will be constructed by immobilizing calpastatin to a column matrix in order to capture 

calpain complexed to its potential binding partners. Using this matrix, I will have an 
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opportunity to identify proteins that lower the Ca2+ requirement, should they exist, and 

characterize these new interactions.   



 

 29 

Chapter 2 

Materials and Methods 

 

2.1 Rat calpain 2 protein purification 

 

Recombinant rat calpain 80 k large subunit and N-terminally truncated 21 k small 

subunit (lacking Domain V) were co-expressed in E. coli BL21(DE3) cells and purified 

as previously described [78]. Briefly, after induction with IPTG, the expressed calpain 

was purified on DEAE–Sepharose, Ni-NTA, and Sephacryl-200 columns at 4 °C, and 

then Q-Sepharose FPLC at room temperature. All purification steps were performed in 

the presence of 10 mM β-mercaptoethanol and 5 mM EDTA to prevent autolysis except 

during the Ni-NTA column step. After the final purification step, calpain was 

concentrated to ~80 mg/mL in storage buffer (10 mM HEPES, pH 7.4, 10 mM DTT) with 

an Amicon Ultra 30K concentrator (Millipore). Aliquots (2 mg) were stored at −80°C. 

 

2.2 Autolysis time course assay 

 

Purified calpain 2 (70 µg) was diluted into 100 µL of Buffer A (50 mM Tris-HCl 

pH 7.6, and 10 mM β-mercaptoethanol) and autolysis was initiated by the addition of 

CaCl2 to a final concentration of 1 mM. Aliquots (7 µg) were removed from the reaction 
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at various time points (1, 2, 5, 10, 15, 20, 40, and 180 min) and mixed with 10 µL of SDS 

loading buffer containing 25 mM EDTA to stop the reaction. Time point samples were 

then analyzed by 10% (w/v) SDS-PAGE. Autolysis samples prepared for mass 

spectrometry analysis were digested in 50 mM HEPES pH 7.6, and 0.1 mM dithiothreitol 

without any obvious difference in the pattern of cleavage products. 

 

2.3 Calpain 2 autolysis site determination by mass spectrometry 

 

A simplified overview of the autolysis site identification process performed by 

our collaborators (Francis Impens and Kris Gevaert, University of Ghent) is shown in 

Figure 2.1. 

Time course samples were analyzed following modification of N-terminal 

peptides as previously described [79]. Briefly, aliquots containing ~1.2 nmol of calpain 

and its autodigestion products were dissolved in 500 µL 2M guanidinium hydrochloride 

in 50 mM sodium phosphate (pH 8.0). Trideuteroacetate-N-hydroxysuccinimide (AcD3-

NHS, final concentration of 12.5 mM) was added to each sample to modify α- and ε-

amines during a reaction for 2 h at 30 °C. Hydroxylamine (final concentration of 75 mM) 

and glycine (final concentration of 25 mM) were added and samples were incubated for 

20 min at room temperature to reverse potential O-trideutero-acetylation on Ser, Thr or 

Tyr residues and quench non-reacted NHS-ester, respectively. Samples were desalted on 

NAP-5 columns (GE Healthcare Life Sciences) and recollected in 1 mL of 20 mM  
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Figure 2.1 Simplified schematic representation of the method by which calpain 2 
autolysis sites were identified. An autolysis site is represented by the blue scissors; 
trypsin digestion sites are represented by small black scissors; and acetylation is 
represented as ‘Ac’.       
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ammonium bicarbonate (pH 8.0). Samples were boiled for 5 min, put on ice for 5 min 

and digested overnight at 37 ºC with 2 µg trypsin (Promega Sequencing Grade Modified 

Trypsin).  Without any pre-enrichment for N-terminal peptides, 100 µL of each sample 

was acidified with 2 µL formic acid and used for LC-MS/MS analysis on a Thermo LTQ-

Orbitrap XL mass spectrometer (2 µL of each sample was injected) which was operated 

as described before [80]. Recorded MS/MS spectra were searched using a locally 

installed version of Mascot algorithm in the rat subsection of the Swiss-Prot database. 

The following search parameters were used: the protease was set to ArgC/P with up to 

one missed cleavage allowed, fixed trideutero-acetate modification of lysine residues, 

variable  trideutero-acetate modification of peptide N-termini, variable oxidation of 

methionine residues to methionine-sulfoxide, a precursor mass tolerance of 10 ppm and a 

fragment mass tolerance of 0.5 Da. Two additional searches were performed to allow 

identification of neo-N-terminal peptides resulting from calpain autolysis. In these, 

Mascot’s semi-ArgC/P protease settings were used and further peptide-centric databases 

holding all possible neo-N-termini from rat proteins were generated using the DBToolkit 

software as described previously [81, 82]. Following Mascot database searches, peptides 

trideutero-acetylated at their α-amine were used to report calpain autolysis sites. 
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2.4 Size-exclusion chromatography 

 

Calpain 2 (0.37 mg) was autolyzed for more than 3 h in 0.5 mL of Buffer B (50 

mM Tris-HCl pH 7.6, 10 mM β-mercaptoethanol, and 1 mM CaCl2) to generate fully 

autolyzed calpain products. The digest was then run onto a Superdex 75 10/300 GL 

column (S-75) that was equilibrated in Buffer B and coupled to the AKTA FPLC system 

(GE Healthcare Life Sciences). The column flow rate was set at 1 mL/min and 1 mL 

fractions were collected. Fractions corresponding to the peak of absorbance seen at 280 

nm were pooled, and 500 µL of this aliquot was concentrated using Vivaspin 500 (GE 

Healthcare Life Sciences) at 15,000 x g for analysis by SDS-PAGE. 

 

2.5 Phenyl Sepharose chromatography 

 

Fully autolyzed calpain (0.7 mg) was loaded onto a Phenyl FF (low sub) column 1 

mL (GE Healthcare Life Sciences) in Buffer C (25 mM Tris-HCl pH 7.6, 600 mM NaCl, 

10 mM β-mercaptoethanol, and 1 mM CaCl2) at a flow rate of 1 mL/min.  The column 

was washed with 2 column volumes of Buffer C and then eluted with a gradient from 0 to 

100% Buffer D (25 mM Tris-HCl pH 7.6, 400 mM NaCl, 10 mM β-mercaptoethanol, and 

2 mM EDTA) over 20 column volumes. Fractions (1 mL) containing protein peaks as 
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detected by absorbance at 280 nm were concentrated in Vivaspin 500 tubes and analyzed 

by SDS-PAGE.  

 

2.6 Anion-exchange chromatography 

 

Calpain (1.5 mg) was fully autolyzed in 2.0 mL of Buffer B before the products 

were injected into a Mono Q 5/50 GL column (GE Healthcare Life Sciences). The 

column was washed with 10 column volumes of Buffer B before elution with a gradient 

from 0 to 100% of Buffer B + 500 mM NaCl at 1 mL/min. Fractions (1 mL) 

corresponding to protein peaks were collected, concentrated in Vivaspin 500 tubes, and 

analyzed by SDS-PAGE.  

 Pure truncated small subunit (DVI) was diluted into Buffer B, loaded, and eluted 

off the Mono Q column in an identical manner.   

 

2.7 Trypsin digestion and identification of calpain peptides by MALDI-TOF mass 

spectrometry  

 

After SDS-PAGE analysis, protein bands were carefully excised and destained in 

50 mM ammonium bicarbonate/ 50% acetonitrile. The samples were then reduced with 

DTT (dithiothreitol), alkylated with iodoacetamide, digested with 6 ng/uL trypsin 
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(Promega Sequencing Grade Modified Trypsin) for 5 h at 37 °C, and recovered from the 

gel with three extractions of 1% formic acid/ 2% acetonitrile.                                                                

Extracted peptides were mixed into the matrix solvent (5 mg/mL of α-cyano-4-

hydroxycinnamic acid in 70% acetonitrile, 0.1% trifluoroacetic acid, and 10mM di-

ammonium citrate) in a 1:1 ratio. A spot of this final preparation at 1 pmol/uL was air 

dried and MALDI-TOF mass spectra were acquired and analyzed on Voyager DePro 

(Applied Biosystems Corporation) using Data Explorer Version 5.1 software (Applied 

Biosystems Corporation). Spectra were acquired in positive-ion reflector mode. Peptide 

peaks with a signal to noise ratio of greater than 2:1 were selected for SwissProt database 

search. Search parameters were set for trypsin with up to one missed cleavage, fixed 

carbamidomethyl modification of cysteine, variable oxidation of methionine, and mass 

accuracy of 50 ppm.   

 

2.8 Constructing calpastatin affinity and guard (BSA) columns 

 

K-coil affinity tag was commercially synthesized (Acetyl-CGGG(Norleucine)-

KVSALKE KVSALKE KVSALKE KVSALKE-amide) so that the E/K-coiled-coil 

system [83] could be used to immobilize calpastatin. Next, Immobilized Disulfide 

Reducing Gel (Pierce) was used, according to manufacture’s instructions, to reduce any 

disulfide bonds formed between the K-coils that had a terminal Cys for attachment to the 

matrix. Upon reduction, the free sulfhydryl was used to covalently immobilize 0.5 mg of 
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K-coil to 0.5 mL gel bed volume of agarose beads using SulfoLink Coupling Gel (Pierce) 

according to the manufacture’s instructions. Domain I of calpastatin with the E-coil 

affinity tag (CAST1+E-coil) was purified as previously described [38]. The immobilized 

K-coil was incubated with 2.2 mg of CAST1+E-coil (~1:1 molar ratio of K-

coil:CAST1+E-coil) on a nutating mixer for 1 h at room temperature to immobilize 

Domain I of calpastatin to the column. After washing out residual calpastatin, the 

calpastatin affinity column (CAST column) was stored at 4 ºC for future use.    

In addition, the guard column was constructed by immobilizing 2 mg of Bovine 

Serum Albumin (BSA) to the agarose beads using the same procedure as described above 

for K-coil.  

 

2.9 Preparing bacterial cell lysate proteins 

 

E. coli BL21(DE3) cells expressing recombinant calpain 2 were inoculated into 

100 mL of LB media containing 100 µg/mL of ampicillin and kanamycin. After IPTG 

induction, the bacterial cells were grown overnight at 37 ºC and centrifuged at 3500 RPM 

with a JS-4.2 rotor (Beckman Coulter) for 30 min to pellet the cells. Cells were then 

resuspended in 15 mL of Equilibration Buffer EDTA (50 mM Tris-HCl pH 8.5, 5 mM 

EDTA, 150 mM NaCl, 2% glycerol, and 10 mM β-mercaptoethanol) with one tablet of 

COMPLETE EDTA-free protease inhibitor cocktail (Roche Applied Science), lysed via 

sonication for three 40 s intervals at 30% amplitude with Sonic Dismembrator Model 500 
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(Fisher Scientific), and ultra-centrifuged at 52,000 RPM with a Type 70 Ti rotor 

(Beckman Coulter) for 30 min to obtain the soluble proteins. This resulted in 15 mL of E. 

coli soluble proteins with strong calpain 2 expression as well as inactivated/inhibited 

proteases. 

 

2.10 Capturing proteins with calpastatin affinity column 

 

Steps were performed at 4 ºC to slow residual proteolytic activity. Bacterial 

soluble proteins (0.5 mL) were mixed with the guard (BSA) column resin for 1 h to 

adsorb and remove non-specific binding proteins. After 1 h, the unbound fraction (Guard 

FT) was collected for subsequent steps and 3 uL of 1 M CaCl2 was added to it, resulting 

in 1 mM free Ca2+ overall. This Ca2+-containing sample was then immediately mixed 

with the CAST column resin. After 1 h, the materials that did not bind to CAST were 

removed (CAST FT) by separating the protein-containing buffer from the resin. The 

CAST column resin was then washed three times with 0.5 mL of Equilibration Buffer 

Calcium (50 mM Tris-HCl pH 8.5, 1 mM CaCl2, 150 mM NaCl, 2% glycerol, and 10 

mM β-mercaptoethanol) and eluted with 0.5 mL of Elution Buffer (50 mM Tris-HCl pH 

8.5, 25 mM EDTA, 500 mM NaCl, 2% glycerol, and 10 mM β-mercaptoethanol). As a 

negative control, the same steps were repeated with a few changes: i) 1 M CaCl2 was not 

added to the 0.5 mL Guard FT and ii). The CAST column resin was washed three times 

with 0.5 mL of Equilibration Buffer EDTA instead of Equilibration Buffer Calcium.  
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The CAST column was also used to analyze calpain 2 autolysis products using the 

same procedure; however, this time the guard column was not used.  
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Chapter 3 

Results 

 

3.1 Calpain is rapidly autolyzed upon calcium addition 

 

In the absence of Ca2+, the inactivity of calpain 2 was represented by two clear 

protein bands on the representative SDS-PAGE: one at 80 k corresponding to the large 

subunit (Domains I-IV) and the other at 21 k corresponding to the N-terminally truncated 

small subunit (Domain VI) (Figure 3.1, lane 0). Within 1 min of Ca2+ addition, calpain 

autolysis products became visible. As autolysis progressed, the amount of 80 k large 

subunit gradually decreased to about 50% after 5 min and to 5-10% after 20 min. At the 

same time, autolysis products at 40 k and several around 20 k gradually appeared and 

became more prominent during the digestion. After 40 min, the reaction was almost 

complete as indicated by the near disappearance of the large subunit and appearance of 

considerable amounts of 20 k and 40 k autolysis products. As can be seen from the 

digestion pattern, many sites on calpain 2 were susceptible to autolysis; however, unlike 

calpain 1, autolysis of calpain 2’s anchor helix could not be seen by SDS-PAGE as a shift 

in mobility of the 80 k band. Therefore, an alternative method was necessary to monitor 

its loss.     
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Figure 3.1 Representative autolysis profile of rat calpain 2 shown by SDS-PAGE. 
Numbers above each lane of the protein gel represent individual time points (min) of the 
digest after Ca2+ addition. Molecular weights for two of the protein standards (M) are 
shown on the left-hand side of the gel. Equal amounts of protein (~7 µg) were run in each 
lane. 0 = control (no Ca2+); A = calpain 2 fragments generated after 3 h of autolysis.    
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3.2 Identification of autolysis sites – anchor helix and Domain III experience 

autolysis within one minute 

 

To determine which sites in calpain 2 were susceptible to autolysis, neo-N-termini 

exposed at various time points by autolysis were mass-tagged at their α-amine by 

trideuteroacetylation. Subsequent trypsin digestion and LC-MS/MS analysis resulted in 

the identification of trideutero-acetylated peptides indicative for calpain autolysis sites 

(Figure 3.2). By counting the number of trideutero-acetylated peptides starting at every 

position in the protein sequence (spectral counts), it can be seen that three sites in the 

anchor helix (residues 4, 10 and 15), numerous sites in Domain III, and one site in 

Domain IV (residue 612) experienced autolysis within 1 min. Analysis of longer time 

points revealed that the anchor helix was autolyzed early on, since cleavage was slowing 

down at residues 4 and 10 while holding steady at residue 15. At most sites in Domain 

III, cleavage was steady or increased slightly. But at residues 388 there was a significant 

increase in cutting over time, with a redoubling of the spectral counts at each interval 

from 1 to 40 min. Some sites (250, 514 and 526), located outside of Domain III, only 

became susceptible to cleavage after 40 min as if they were exposed by earlier autolysis 

at other sites.  
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Figure 3.2 Spectral counts representation of autolysis sites in rat calpain 2. Residue 
numbers are listed according to the corresponding Swiss-Prot entry (Q07009). Spectral 
counts represent the number of trideutero-acetylated peptides per autolysis site and show 
the relative abundance of the different sites in each sample. Only sites with spectral 
counts greater than 1 for at least one of the time points analyzed are shown. All four 
autolysis time points (1, 5, 10 and 40 min) indicated extensive autolysis activity in 
Domain III, the boundaries of which are shown by the rectangle above the histogram.  
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3.3 Identification of autolysis sites – another quantification method 

 

Ion intensity measurement, based on the sum of peak areas of the extracted ion 

chromatograms of trideutero-acetylated peptides starting at the same position, was used 

as a different quantification method to evaluate calpain 2 autolysis sites (Figure 3.3). 

Again, it could be seen that both the anchor helix and Domain III experienced autolysis 

within 1 min of Ca2+ addition. While autolysis in the anchor helix slowed down, sites in 

Domain III, especially at residue 388, continued to be rapidly digested with time, in line 

with the spectral counts analysis. Not many differences were observed with the latter 

method except for the autolysis site at residue 360 in Domain III. Even though this site 

was not identified by the spectral counts analysis, it gave a strong ion intensity signal (see 

supplementary data for complete tables of spectral counts and ion intensities). A 

graphical comparison of the autolysis sites determined by the two different quantification 

methods shows that most of the sites cluster in Domain III (Figure 3.4). 
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Figure 3.3 Ion intensity representation of autolysis sites in rat calpain 2. Residue 
numbers are according to the corresponding Swiss-Prot entry (Q07009). Ion intensity, 
another quantification method, is based on the sum of the peak areas of the extracted ion 
chromatogram of trideutero-acetylated peptides starting at the same position. Only sites 
with ion intensities above the 1 x 106 threshold for at least one of the time points are 
shown. All four autolysis time points (1, 5, 10 and 40 min) indicated extensive autolysis 
activity in Domain III, the boundaries of which are shown by the rectangle above the 
histogram.  
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Figure 3.4 Graphical domain summary of the sites of autolysis determined by the 
two quantification methods: spectral counts and ion intensity. Longer arrows 
represent sites that statistically experience more autolysis than the rest of the enzyme. 
Domain III is extensively autolyzed. A = anchor helix; L = linker; DI-DIV = Domains I – 
IV.   
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3.4 Using autolyzed calpain to explore subunit dissociation 

 

When calpain was autolyzed for more than 3 h there was no trace of the 80k large 

subunit or indeed of any fragments larger than 40 k (Figure 3.1, lane A). Completely 

autolyzed calpain consisted of two main products: the putative protease core (Domain I 

and II) at around 40 k, and several protein species similar in size to the small subunit at 

around 20 k. To explore the possibility that subunit dissociation was facilitated by 

autolysis, several chromatographic methods were explored to cleanly fractionate the 

different autolysis products for identification.    

 

3.5 The 20 k calpain autolysis products behave as dimers as shown by size-exclusion 

chromatography 

 

 Calpain 2 autolysis products were analyzed by size-exclusion chromatography to 

see if any of the 20 k products were monomers. A Superdex-75 column was chosen for 

this purpose because it has an optimal separation range between 3 – 70 k. Completely 

autolyzed calpain was loaded onto the S-75 column in the presence of Ca2+ and eluted as 

one broad peak at approximately 45 k (Figure 3.5A). No peaks were detected around 80 k 

or 20 k. SDS-PAGE analysis of this peak showed that no autolysis peptides were missing 

(Figure 3.5B). Although unsuccessful in resolving the autolyzed calpain, size-exclusion 

chromatography demonstrated that all the autolysis products were extremely  



 

 47 

 

 

Figure 3.5 Size-exclusion chromatography analysis of autolyzed rat calpain 2. A) 
Size-exclusion elution profile of calpain 2 that had undergone complete autolysis. The 
elution volumes of the protein markers BSA (67 k) and chymotrypsinogen A (25 k) are 
indicated by dotted lines. Fractions corresponding to the peak at ~ 45 k (S-75) were 
pooled, concentrated, and analyzed by SDS-PAGE. B) SDS-PAGE analysis of the 
completely autolyzed sample before (A) and after (S-75) it was run on size-exclusion. M 
= protein markers; 2 = intact calpain 2.         
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close in size, as indicated by the breadth of the one elution peak. In addition, this study 

confirmed previous observations that the globular 20 k peptides were dimers, not 

monomers, and they were close in size to the putative protease core at 40 k.  

 

3.6 Phenyl Sepharose chromatography separates the protease core from the dimers 

 

The previously solved active calpain 2 structure with calpastatin bound [30, 31] 

revealed the formation of hydrophobic clefts that bind calpastatin when calpain 2 

becomes active in the presence of Ca2+. Taking advantage of these exposed clefts, 

hydrophobic chromatography was used to fractionate the calpain autolysis products. 

Autolyzed calpain was loaded onto the Phenyl Sepharose column in the presence of Ca2+. 

The unbound material washed off with Ca2+-containing running buffer as a sharp peak, 

but the bound proteins could only be eluted with EDTA (Figure 3.6A). The two resulting 

protein peaks showed a distinct separation of autolyzed calpain products: the sharp wash 

peak represented a homogeneous sample of the protease core, while the broad EDTA- 

eluted peak corresponded to the 20 k protein dimers as seen by SDS-PAGE (Figure 

3.6B). Even with extremely shallow gradients of 1 mM CaCl2 to 1 mM excess EDTA 

(represented by -1 mM CaCl2) over the course of 20 column volumes (Figure 3.6A), I 

was unable to sub-fractionate the dimers. The very instant Ca2+ was chelated, the dimer 

fraction eluted as one peak. However, using this method, separating the putative protease 

core from the putative PEF-domain dimers was successful. 
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Figure 3.6 Hydrophobic interaction chromatography analysis of autolyzed rat 
calpain 2. A) Fully autolyzed calpain 2 chromatographed on Phenyl Sepharose. The 
dotted line indicates the free Ca2+ concentration in the column as it was slowly chelated 
by the addition of EDTA in the gradient. Negative molar amounts of CaCl2 = excess 
EDTA. B) SDS-PAGE analysis of the completely autolyzed sample before (A) and after 
(W and E) fractionation. M = protein markers; W = wash; E = elute.     
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3.7 Calpastatin affinity column capture of calpain 2 and 1 proteolysis fragments 

 

A calpastatin affinity column (CAST column) was constructed and used to 

fractionate calpain 2 autolysis products. Autolyzed calpain 2 fragments were mixed with 

the CAST column resin in Ca2+. Unbound samples were washed off with Ca2+-containing 

running buffer before bound products were eluted with EDTA. Similar to the results from 

Phenyl Sepharose chromatography, it could be seen that the CAST column does not bind 

to the protease core of calpain 2 (Figure 3.7, lane 3), but it does bind to the PEF-domain 

dimers (lane 5). It was likely that both the phenyl group and calpastatin targeted the same 

exposed hydrophobic clefts on Ca2+-bound calpain [30, 31].   

A separate, identical run with the protease core of calpain 1, µI-II [32], confirmed 

that the CAST column does not bind the protease core of either calpain 2 or 1 (Figure 3.7, 

lane 9).  

 

3.8 The PEF-domains in autolyzed calpain remain as heterodimers 

 

The PEF-domains IV and VI of calpain 2 have a slight difference in pI. This slight 

difference should be sufficient to resolve homodimers of these domains from a 

heterodimer. Calpain 2 autolysis products were loaded onto a Mono Q anion exchange 

column in the presence of Ca2+ and washed briefly before gradual elution with increasing  
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Figure 3.7 Ability of the calpastatin affinity column to capture PEF-domain dimers. 
SDS-PAGE analysis of fractions from the CAST column loaded with autolyzed calpain 2 
(left) or the protease core of calpain 1 (right). The location of the core and PEF-domains 
(Domains IV and VI) are indicated by arrows. M = protein markers; A = calpain 2 
autolysis fragments; FT = flow through; W = wash; E = elute.   
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[NaCl] (Figure 3.8A). The four peaks (E1, E2a, E2b, and E3) were eluted at NaCl 

concentrations of 110 mM, 275 mM, 295 mM, and 350 mM respectively. These four 

fractions and the wash peak that did not stick to the column were collected for SDS-

PAGE analysis. Other chromatography runs at slightly different pH values gave similar 

profiles (data not shown). A separate identical run using truncated small subunit (DVI) 

instead of autolyzed calpain showed that, unlike the autolysis products, the small subunit 

does not bind to the column.  

 SDS-PAGE analysis of these samples showed that each peak was a mixture of 2-4 

protein species (Figure 3.8B). Peaks E1, E2a and E2b each contained 3-4 bands that were 

in the range of ~20 k. The three in peak E1 were on average smaller than those in peaks 

E2a and E2b, although there was some overlap in sizes. There was complete overlap in 

the sizes of proteins in the E2a and E2b peaks. Peak E3 contained the putative protease 

core that appeared to have been cleanly separated from the PEF-domain dimers, but it did 

contain one other band running at approximately 20 k. It is important to note that no 

protein was detected in the unbound fraction (Wash) either by visual inspection of the 

SDS-PAGE or by Bradford protein assay. In addition, a sample of the small subunit 

(DVI) was included as reference on the gel. As can be seen, several protein bands in 

peaks E2a and E2b were larger in size compared to the 21k small subunit, and therefore, 

were likely to have originated from the large subunit of calpain.   

Each protein band in the four peaks was carefully excised from the gel, digested 

with trypsin, and identified by MS-MALDI peptide mass fingerprinting (see 

Supplementary data for tables of peptides obtained). To be thorough, protein bands that  
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Figure 3.8 Ion-exchange chromatography analysis of autolyzed rat calpain 2. A) 
A280nm profile of autolyzed calpain 2 chromatographed on a Mono Q column (solid line) 
and eluted by a NaCl gradient (dotted line). A second identical run was performed using 
pure small subunit (dashed line) B). SDS-PAGE analysis of the completely autolyzed 
sample before (A) and after (eluted peaks E1, E2a, E2b, E3) fractionation. Protein band 
identification by MS-MALDI peptide mass fingerprinting: yellow arrowheads = Domain 
IV; orange arrowheads = Domain VI; blue arrow = Domains I; teal arrow = Domain II. M 
= protein markers; 2 = intact calpain 2; A = calpain 2 autolysis fragments; DVI = small 
subunit; W = wash                    
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ran close together on the SDS-PAGE “doublets” were excised and analyzed separately. 

Since the results showed that the doublets were always derived from the same domain, I 

hypothesize that the lower band was just a more autolyzed version of the higher one. 

From the peptide identification arrows in Figure 3.8B, it can be seen that autolysis 

products corresponding to Domains IV and VI are always found together. The putative 

protease core in E3 did indeed contain both Domains I and II, but with no trace of 

Domain III. The minor band in E3 running at ~20 k proved to be Domain I.  

 

3.9 Rat calpain 2 sequence coverage 

 

Overall, the peptides obtained from mass fingerprinting covered approximately 

50% of the entire rat calpain 2 sequence (Figure 3.9). Not a single peptide identified by 

MS-MALDI originated from Domain III, presumably due to extensive autolysis in that 

region. If the absence of Domain III is factored in, then the mass fingerprinting covered 

approximately 70% of the remainder of the calpain 2 sequence. 
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Figure 3.9 Sequence coverage of rat calpain 2. All of the autolysis peptides identified 
by MS-MALDI peptide mass fingerprinting are underlined. Lysines and arginines are 
bolded.  
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3.10 Calpastatin affinity column successfully captures recombinant calpain from 

bacterial lysate 

 

To identify novel calpain binding partners that may facilitate the enzyme’s 

activation, the CAST column was designed to capture calpain in complex with binding 

partner(s) (Figure 3.10). As proof of principle, E.coli cell lysate expressing recombinant 

calpain 2 was equilibrated with the CAST column to test its ability to capture calpain. 

Although the column was unable to bind all of the calpain 2 in bacterial lysate (Figure 

3.11, lanes 4-5), a significant amount of calpain was captured with Ca2+ present (lane 6). 

In the absence of Ca2+ (with excess EDTA), calpain did bind to the CAST column 

(Figure 3.11, lane 9). It should be noted that there was more 21 k small subunit retained 

on the CAST column than expected for a 1:1 ratio of subunits in whole calpain. This is 

due to the fact that the small subunit is better expressed than the large subunit in the 

bacterial cells used to produce calpain 2 recombinantly, and that the small subunit binds 

to the CAST column.          

The purpose of the BSA guard column was to filter out non-specific binding, 

thereby reducing false positives in subsequent steps. However, in this particular assay, 

SDS-PAGE was not sensitive enough to see if the guard column was able to reduce the 

amount of non-specific proteins in the lysate (Figure 3.11, lanes 2-3). 
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Figure 3.10 Schematic outline of the E/K-coiled-coil system applied to calpastatin 
affinity column analysis. A) Domain I of calpastatin with the E-coil affinity tag 
(CAST1+E-coil) is mixed with the column resin containing immobilized K-coil.  B) 
CAST1+E-coil binds to the column through the coiled–coil interaction. C) Capture of 
calpain and its binding partner(s) from lysate by immobilized calpastatin in the presence 
of Ca2+. D) Calpain and its binding partner(s) are released from the column for analysis 
by chelating Ca2+ with elution buffer containing EDTA (adapted from [38]). 
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Figure 3.11 Capture of calpain from bacterial cell lysate. SDS-PAGE analysis 
showing the calpastatin affinity column successfully capturing calpain from bacterial cell 
lysate in the presence of Ca2+. M = protein markers; S = E. coli soluble proteins; G = 
guard flow through used for subsequent CAST column steps; FT = flow through; W = 
wash; E = elute. The negative control with EDTA present is shown on the bottom.    
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Chapter 4 

Discussion 

 

4.1 Calpain 2 autolysis is the result of activation, not the cause 

 

4.1.1 Autolysis generates the protease core of calpain 2, which is inactive 

 

Upon activation of calpain 2 by Ca2+ addition, the enzyme autolyzed itself over 

time until the large 80 k subunit disappears. The autolysis product, running at 45 k on 

SDS-PAGE gel, was hypothesized to be the protease core. The mass spectrometry 

peptide fingerprinting results confirmed this hypothesis because only Domain I and II 

peptides were detected from the 45 k protein band. This protease core is inactive, even 

the presence of Ca2+, because the loss of structural support from the neighboring domains 

caused the core to assume the inactive conformation [84]. This study showed that in rat 

calpain 2 there is a critical Gly203 residue that destabilizes alpha helix 7 when the 

structural support by Domains III, IV and VI is lost during autolysis. This causes 

irreversible rearrangement of the hydrophobic core that forces Trp106’s side-chain to 

rotate from its original position into the active site cleft, thereby putting this mini-calpain 

into an inactive conformation. However, only some calpain isoforms have glycine at 

residue 203, others have alanine, resulting in stabilization of alpha helix 7. For example, 
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rat calpain 1 contains an alanine, which allowed its Ca2+-bound active structure to be 

solved [32]. 

 

4.1.2 The anchor helix is not situated for intramolecular cleavage 

 

The previously solved structures of the rat [26] and human [28] inactive calpain 2 

isoforms revealed that the anchor helix is situated well outside of the catalytic cleft. It 

could also be seen from these two 3-D structures that the anchor helix, which is only ~20 

residues long, would be unable to loop into calpain’s catalytic cleft for intramolecular 

cleavage. One of the first autolytic cleavages of the anchor helix occurs right after residue 

9, as shown by both mass spectrometry data and previously by N-terminal sequencing 

[64]. Even if the ~20-residue-long anchor helix became fully extended the calpain 

structures show that this N-terminal peptide is not long enough to loop back into the cleft 

to be cut at this site by intramolecular cleavage.     

This is in contrast to some other cysteine proteases, such as papain and cathepsins 

B and K, where a propeptide is located within the enzyme’s catalytic cleft, and must be 

removed by intramolecular autolysis for the enzyme to be activated [85-87]. Over the 

years, several groups have argued that the major calpains (isoforms 1 and 2) require 

autolysis for activation as well, because cleavage of the anchor helix lowered the Ca2+ 

requirement for activation [60, 63-67].  This was mainly studied in calpain 1 [11, 88, 89] 

where the anchor peptide is long enough that its removal causes a shift in the mobility of 
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the large subunit that can be observed on SDS-PAGE. Subsequently, it was shown that 

the anchor peptide region of calpain 1 was longer than that of calpain 2 because it also 

contains a mitochondrial import sequence [90]. Presented here are additional arguments 

to support the conclusion that calpain 2 large subunit autolysis is an effect of activation, 

and not the cause. 

 

4.1.3 Calpain 2 can be activated without autolysis 

 

The recently determined Ca2+-bound calpain 2 structures in complex with a 

calpastatin inhibitory domain were solved using an enzymatically dead (C105S) mutant 

[30, 31]. Even in the absence of autolysis, calpain 2 was still able to adopt what appears 

to be its active conformation. In this case, release of the anchor helix, rather than 

cleavage, relieved structural constraints and allowed the catalytic cleft to be formed.  

 

4.1.4 Autolysis is too risky as a calpain activation mechanism because many cut sites 

are potentially inactivating  

 

Various loops and extended regions in other domains, particularly Domain III, are 

likely be more susceptible to autolysis than the unreleased anchor helix, which should be 

protected from proteolysis by its alpha-helical secondary structure. Only after calpain 

activation with release of the anchor helix from the small subunit should it become 
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susceptible to proteolysis. The results showed that, in addition to the released, 

unstructured anchor helix, there were many autolysis sites located in Domain III that 

were cleaved within the first minute of digestion. This confirms previous reports that 

Domain III is very susceptible to proteolysis both by calpain [91] and by exogenous 

proteases [92, 93]. Recombinant rat calpain 2 [92] and calpain purified from bovine 

muscle [93] are both cut by the exogenous proteases trypsin and chymotrypsin mainly in 

Domain III with a few cuts in the anchor helix. Although the cut sites identified from 

these two studies differ from the ones identified in this study due to the different cleavage 

specificities of the three enzymes (trypsin, chymotrypsin and calpain), the overall picture 

is clear: Domain III is prone to proteolysis.  Indeed in this study, there was such extensive 

autolysis of Domain III after 3 h that no residual traces of this domain were detected on 

gels by mass spectrometry.  

 

4.1.5 Calpain 2 autolysis is most likely an in vitro phenomenon  

 

In some circumstances calpain 2 autolysis occurs much slower, and that the 

anchor helix and Domain III are still not autolyzed after 5 min of Ca2+ addition [94]. This 

result is to be expected in crude extracts or in the cell itself because removal of all other 

proteins during purification results in calpain concentrations being much higher than 

those found in the cell. Also, the enzyme is surrounded by other calpain molecules, which 

become its substrates rather than the thousands of other proteins that it would normally be 
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next to in the cell, including its natural targets in the cytoskeleton. In my autolysis 

experiments calpain itself is the only substrate present, and after activation of the protease 

it can only cut neighboring calpains, resulting in faster autolysis. Bear in mind also that a 

small amount of autolysis activity may escape detection by SDS-PAGE or 

immunoblotting but will be detected by mass spectrometry. 

 

4.1.6 The autolysis process is irreversible  

 

Autolysis is irreversible and thus unfavorable as an activation mechanism. It 

would be more advantageous for the cell if calpain avoided autolysis in vivo and could be 

used more than once. Release of the anchor helix, instead of autolysis, would also break 

the circularization of calpain domains and allow the protease core to become active. 

Upon Ca2+ removal, the anchor helix could rebind and allow calpain to adopt the inactive 

conformation once again, to allow reuse of the enzyme.     

 

4.1.7 How would the first calpain molecule be activated if activation requires 

autolysis? 

 

Domain III autolysis sites, like those in the anchor helix, are remote from the 

active site and can only be cut by intermolecular autolysis due to structural 
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considerations. From this perspective, I agree with the observation that calpain 2 

autolysis is entirely intermolecular [95], and not intramolecular like that of calpain 3 [96]. 

This begs the question that if autolysis was intermolecular and is required for activation, 

how is the very first calpain molecule activated in the presence of Ca2+? From these 

arguments, it can be concluded that autolysis is not required for calpain 2 activation.   

 

4.2 The case against subunit dissociation 

 

4.2.1 Small subunit remains associated in the presence of calcium 

 

A number research groups have previously claimed that, in the presence of Ca2+, 

calpain’s small subunit dissociates away from the large subunit, thereby resulting in the 

formation of active calpain [14, 68-72]. These dissociated small subunits then form 

homodimers. Recent work from our laboratory using a combination of size-exclusion 

chromatography and multi-angle light scattering showed that an enzymatically dead 

calpain mutant was intact both with and without Ca2+ present [Hanna et al. unpublished]. 

Analysis of calpain that was aggregated and precipitated in the presence of excess Ca2+ 

revealed that the small subunit was still associated with the large subunit in a 1:1 

stoichiometry. Therefore, subunit dissociation was not seen for inactive calpain lacking 

domain V.  
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4.2.2 After autolysis, small subunit still remains associated  

 

Two reports published after the first calpain structures became available [26, 28] 

have stated that subunit dissociation occurs in the presence of autolysis but is not needed 

for activation of calpain [76, 77]. In this study, wild-type calpain 2 and its autolyzed 

products was used to see if subunit dissociation was observed in the presence of Ca2+ and 

autolysis.  

The most convincing evidence that the small subunit of calpain does not 

dissociate from the rest of the enzyme has come from anion-exchange chromatography. 

Pure small subunit homodimer [97] did not bind to the column, whereas autolyzed 

calpain 2 products did bind with differing affinities. This suggests that none of the 

autolyzed species are the small subunit homodimer expected from subunit dissociation. 

For further verification, the different autolyzed products separated by anion-exchange 

chromatography and then SDS-PAGE were analyzed and identified by peptide mass 

fingerprinting. The fact that the identified peptides originating from Domain IV and 

Domain VI were always found together, and none of the fractions corresponded to 

peptides solely from the small subunit, confirmed earlier results that the small subunit 

stayed with the large subunit. This study shows that subunit dissociation does not occur 

during autolysis of recombinant calpain 2 lacking Domain V 
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4.2.3 Extensive interaction between Domains IV and VI 

 

It has been previously reported that while the first four EF-hands are involved in 

Ca2+-binding, the fifth EF-hands of both Domains IV and VI are the ones primarily 

responsible for the heterodimerization of the large and small subunit of calpain [29]. 

However, looking at the interface between Domains IV and VI of the Ca2+-bound 

structure of calpain 2 [30, 31], it can be seen that in addition to the fifth EF-hand, a large 

portion of Domain IV makes interactions and contacts with Domain VI (Figure 4.1). It is 

unlikely that these two domains will dissociate from one another under native conditions. 

 

4.3 Mechanism of calpain 2 activation 

 

4.3.1 Some limitations of this study 

 

Due to the fact that the calpain 2 used in these experiments was expressed in an E. 

coli system, it is unlikely that any post-translational modifications made in the bacteria 

are relevant to the state of calpain in mammalian cells. Therefore, possible effects of 

phosphorylation on calpain activation were not explored (see section 1.9). In addition, the 

expression system with E. coli was unable to express full-length calpain 1, only its  
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Figure 4.1 Surface representation of Domains IV and VI showing their interactions. 
Domain IV of the large subunit is colored yellow, Domain VI of the small subunit is 
colored orange, and Ca2+ ions are colored green. Adapted from the Ca2+-bound calpain 2 
structure [30, 31].  
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protease core (µI-II) [32]. Thus, calpain 1 autolysis could not be explored, since the core 

lacks Domain III and the PEF-domains.         

It has been proposed previously that autolysis of the small subunit is the first 

autolysis event, and sensitizes calpain towards Ca2+ [61]. However, this autolysis could 

not be detected because an N-terminally truncated version of the small subunit (21 k 

instead of the wild-type 28 k) was used in this study.  

 

4.3.2 Calpain 2 activation model 

 

Here I propose a revised model for calpain 2 activation. When calpain 2 is in the 

presence of sufficient Ca2+ to occupy a quorum of the ten known binding sites, the anchor 

helix is released, thereby allowing the catalytic cleft to be formed through the concerted 

binding of two Ca2+ to the protease core after which the enzyme becomes active (Figure 

4.2). Judging by the sigmoidal shape of calpain activity plotted as a function of [Ca2+], 

this is a highly cooperative process [33].  

In vitro with enriched preparations of calpain, the disordered anchor helix and 

Domain III is then intermolecularly autolyzed by neighboring calpains, resulting in two 

main products: the protease core (Domains I and II) and the heterodimer (Domains IV 

and VI). Domain III can be so extensively autolyzed that it is reduced to the level of 

small peptides. In contradiction of some previous reports by other groups, I maintain that  
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Figure 4.2 Proposed calpain 2 activation model. Five of the six calpain 2 domains are 
labeled as DI-DIV and DVI (Domain V was not seen because an N-terminally truncated 
small subunit was used for this study). Autolysis is represented by solid arrows, and the 
5th EF-hand pairing interaction between Domains IV and VI is represented as ( = ). Upon 
activation by Ca2+, the anchor helix is released allowing the catalytic cleft to be formed. 
The disordered anchor helix (dotted line) and Domain III are extensively autolyzed in 
vitro resulting in two main products: the protease core (DI + DII) and the heterodimers 
(DIV + DVI). Autolysis is the result of general activation. 
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autolysis occurs only after calpain has become active. Even then calpain autolysis is 

probably not a physiological response but a pathological one.  

I suggest that under normal conditions in vivo, small pockets of the cell’s calpain 

are transiently activated in the immediate vicinity of a Ca2+ influx. After proteolyzing its 

natural substrates, calpain is deactivated by the loss of Ca2+ to diffusion before the 

enzyme can find and cut another calpain in an intermolecular reaction. If high levels of 

Ca2+ persist, calpain might be bound and silenced by calpastatin until the Ca2+ levels fall. 

While not ruling out post-translational modifications, such as phosphorylation, and 

calpain binding partner(s) as activation aides, my model describes the simplest scenario 

where calpains in the immediate vicinity of a localized pulse of Ca2+ are transiently 

activated and then deactivated before intermolecular autolysis can do any damage to the 

enzyme.   

 

4.3.3 Heterodimer versus homodimer 

 

Theoretical calculations comparing the properties of the homodimer (Domain VI) 

and the heterodimer (Domains IV and VI) using their protein sequences reveal that these 

two complexes are extremely similar in size and charge (Table 2). Indeed, as shown 

experimentally by size-exclusion, Phenyl Sepharose, calpastatin affinity, and anion-

exchange chromatographies, Domain IV of the large subunit has strikingly similar size, 

hydrophobicity, and charge when compared to Domain VI of the small subunit.  
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Table 2 Protein sequence-based theoretical calculations of rat calpain 2 homodimer 
and heterodimer. These calculations show the high degree of similarities between 
Domain VI homodimer and Domains IV-VI heterodimer.     

 
 

 

 

 

 

 

Size 368 residues (~42 k) 354 residues (~41 k) 

pI 5.1 5.0 

Sequence identity - 74% 

 

Homodimer 

DVI DVI 

Heterodimer 

DVI DIV 
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Differentiating between homodimers and heterodimers of these two domains was 

especially difficult because antibodies targeting one domain cross-reacted with the other 

due to their structural similarities and affinity tags were cleaved by autolysis (data not 

shown). However, the sequence identity between Domains IV and VI is low enough that 

mass spectrometry can identify each domain, allowing differentiation between the two in 

this study. Still, it would not be surprising if researchers have previously misinterpreted 

the autolysis-generated heterodimer product identified in this study as the homodimer 

from subunit dissociation.  

 

4.3.4 Capture and identification of calpain activators 

 

The step-by-step mechanism of Ca2+-induced activation has yet to be firmly 

determined since it was shown that neither autolysis nor subunit dissociation facilitated 

calpain 2 activation. Next, the possibility that calpain needs binding partner(s) in order to 

overcome the Ca2+ concentration barrier and become active in the cell was explored. The 

initial strategy to capture and identify calpain activator(s) using a calpain affinity column 

was unsuccessful due to the fact that calpain did not remain immobilized to the resin 

using the E/K-coiled-coil system (data not shown). Therefore, calpastatin affinity 

columns were constructed to bind calpain and thus indirectly capture calpain binding 

partner(s). The coiled-coil system was used so that the immobilized protein, calpastatin, 

will be unrestricted and fully accessible for binding. The column was successful in 
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isolating recombinant calpain from other proteins in E. coli cell lysate, and no other 

protein was retained on the column with calpain. This was to be expected because calpain 

is not normally found in E.coli. Bacterial cell lysate was just used to test the column’s 

ability to capture calpain. The next step is to capture and identify calpain binding 

partner(s) and activator(s) in mammalian cell lysate using the CAST columns.     

 

4.4 Conclusions 

 

Given the disagreement in the literature about the contribution of autolysis, 

subunit dissociation, and binding partners to calpain activation, I set out to investigate 

these processes:  

 

1). Mass spectrometric analysis of the early-stage calpain 2 autolysis products showed 

that the anchor helix was cleaved somewhat faster than other autolysis sites, but 

numerous sites in Domain III were also cut during the initial stages of autolysis. Since 

cleavage of Domain III in calpain 2 can release inactive protease core, and cuts here 

occur within the same time-frame as anchor helix cleavage, autolysis is unlikely to have 

evolved as a mechanism for calpain activation.       

 

2). Careful separation of end-stage calpain autolysis products by size-exclusion, Phenyl 

Sepharose, calpastatin affinity, and anion-exchange chromatographies, followed by 
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analysis with mass spectrometry peptide mass fingerprinting showed that the PEF-

domains remained together as heterodimers without any sign of dissociation or 

reorganization into homodimers.  

 

3). Calpastatin was successfully immobilized to resin, using the E/K coiled-coil system, 

in order to capture calpain complexed to potential binding partner(s). This calpastatin 

affinity column was successful in binding to recombinant calpain 2 from E.coli cell 

lysate. However, due to the fact that E.coli does not normally express calpain, it is 

important to next test mammalian tissues and cell lines with the calpastatin column in 

order to capture potential calpain binding partner(s) and activator(s).          

 

4.5 Future Directions 

 

In this study, I have shown that one of the main reasons autolysis is highly 

unlikely to be a calpain 2 activation mechanism is because Domain III is a hotspot for 

autolytic cleavage. Without Domain III supporting the protease core, the enzyme loses 

structural support and activity [84]. However, autolysis is a big problem in 

crystallography trials of the activated enzyme because it creates heterogeneity that works 

against crystal formation. It is also a problem for inhibitor assays because calpain rapidly 

loses activity through autolysis. One long-term objective is to slow calpain autolysis by 

mutating sites on Domain III that are particularly susceptible to cleavage. Although 
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previous mutagenesis work on Domain III resulted in calpain mutants being more prone 

to autolysis [98], I plan to make changes to sites in Domain III guided by calpain’s 

consensus substrate sequence [99]. More specifically, key residues will be mutated away 

from calpain’s preferred substrate sequence towards more unfavorable residues, 

ultimately making calpain less of a target from itself. This autolysis-resistant calpain will 

be useful in future applications including calpain inhibitor screens and crystallography 

trials.     
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Appendix A 

Supplementary data 

Table A1 Spectral counts for each autolysis time point. These represent the number of 
trideutero-acetylated peptides per calpain residue following the autolysis site. They show 
the relative abundance of the different sites in each time-point sample (see Figure 3.2).      

 

 Spectral counts 

Calpain 

residue 0 min 1 min 5 min 10 min 40 min 

2 36 12 4 2 2 

3 1 0 0 0 0 

4 0 2 0 0 0 

8 1 0 0 0 0 

10 1 6 3 2 1 

11 1 0 0 0 0 

12 0 1 0 0 0 

13 0 1 1 1 0 

14 0 1 1 1 1 

15 0 3 3 3 2 

24 2 1 1 1 1 

61 0 1 0 0 0 

83 0 0 1 1 1 

117 0 0 0 0 1 

202 0 0 1 1 1 

208 0 0 0 1 1 

210 0 0 0 0 1 

248 0 0 0 1 1 
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250 0 0 0 0 2 

256 0 0 0 0 1 

268 0 0 0 0 1 

360 0 0 1 1 0 

361 0 1 0 0 0 

382 0 3 1 2 2 

384 0 0 0 0 1 

388 0 1 2 6 15 

391 0 0 1 0 0 

393 0 1 1 3 2 

408 0 1 0 0 0 

410 0 0 0 1 1 

411 0 4 4 3 7 

424 0 4 4 1 2 

450 0 1 1 1 1 

462 0 1 1 1 1 

463 0 0 1 0 0 

469 0 0 1 0 0 

470 0 1 1 1 1 

503 0 1 1 0 0 

510 0 0 0 0 1 

514 0 0 0 0 2 

518 0 0 1 1 2 

525 0 1 1 1 0 

526 0 0 0 0 2 

612 0 1 2 3 3 

619 2 0 0 0 1 
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Table A2 Ion intensity for each autolysis time point. This method is based on the sum 
of the peak areas of the extracted ion chromatograms of trideutero-acetylated peptides 
starting at the same residue. This is another quantification method to show the relative 
abundance of different calpain autolysis sites in each time-point sample (see Figure 3.3).      

 

 Ion Intensity 
Calpain 
residue 0 min 1 min 5 min 10 min 40 min 

2 93,964,613 910,643,253 893,480,659 409,425,899 234,346,230 
3 0 0 0 0 0 
4 2,985,089 10,443,667 13,589,975 5,712,183 5,199,774 
8 629,227 9,131,872 7,199,384 7,029,732 16,632,977 

10 120,187 55,716,566 18,029,929 5,383,945 987,501 
11 211,489 0 0 0 0 
12 0 0 0 0 0 
13 6,241 7,100,222 0 0 0 
14 0 4,833,600 4,910,114 2,252,244 1,492,066 
15 0 12,317,555 10,394,625 8,696,061 4,589,588 
24 161,255 995,623 2,351,890 748,791 730,027 
61 0 0 0 0 0 
83 79,481 1,464,333 3,721,920 3,684,106 11,043,429 

117 30,022 331,574 225,450 367,714 467,644 
202 21,303 38,494 390,332 222,827 855,647 
208 0 941,194 942,394 0 0 
210 0 0 0 0 0 
248 0 76,105 0 0 0 
250 13,635 10,939 500,926 762,977 2,920,457 
256 0 1,227,928 1,001,518 833,887 984,974 
268 0 2,947,378 2,551,078 2,010,242 1,212,039 
360 34,411 45,608,869 56,394,782 60,090,528 81,736,745 
361 43,663 856,530 3,796,728 1,741,461 0 
382 55,254 4,696,040 4,457,357 4,357,946 3,602,840 
384 0 20,602 57,356 198,403 289,819 
388 8,711 13,252,278 34,556,564 48,557,869 96,267,101 
391 30,741 366,667 1,600,929 1,396,125 2,384,570 
393 5,216 245,519 2,189,495 4,369,182 13,115,038 
408 0 2,545,282 4,136,903 3,679,504 6,790,868 
410 0 307,047 0 165,413 238,766 
411 37,249 84,823,644 88,305,790 84,090,260 90,862,925 
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424 350,655 52,450,114 80,950,659 82,968,066 79,058,545 
450 0 8,822,599 0 0 0 
462 929,357 0 0 0 0 
463 0 31,482 14,442 5,910 0 
469 2,236 0 0 0 0 
470 0 0 0 0 0 
503 79,885 2,995,703 3,800,037 3,739,150 3,000,352 
510 0 199,497 306,681 436,421 0 
514 17,716 137,061 116,108 198,441 675,634 
518 26,244 0 422,400 363,684 1,023,818 
525 0 24,425,893 10,745,271 11,436,628 33,099,803 
526 78,498 8,512,445 2,471,384 1,999,960 6,956,768 
612 78,498 7,295,490 0 0 0 
619 250,870 710,165 1,897,995 506,680 514,023 
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Table A3 Protein band identification by MS-MALDI peptide mass fingerprinting 
(see Figure 3.8B). Peptides were compared against rat calpain 2 sequence to determine 
which domain(s) a protein band originated from. Lysines and arginines are bolded.      

E1 – Top Band 
35 peptides searched, 19 matched, 1 redundant 
Origin - calpain small subunit, DVI 
-.MHYSNIEANESEEERQFR.K  
R.KLFVQLAGDDMEVSATELMNILN K .V 
K .VVTRHPDLK .T 
R.HPDLKTDGFGIDTCR.S 
K .TDGFGIDTCR.S 
R.SMVAVMDSDTTGK .L 
R.SMVAVMDSDTTGKLGFEEFK .Y 
K .LGFEEFK .Y 
K .YLWNNIK .K  
K .YLWNNIKK .W 
K .KWQGIYK .R 
K .WQGIYK .R 
K .RFDTDR.S 
R.FDTDR.S 
R.SGTIGSNELPGAFEAAGFHLNQHIYSMIIR.R 
R.SGTIGSNELPGAFEAAGFHLNQHIYSMIIRR.Y 
R.YSDETGNMDFDNFISCLVR.L 
R.LDAMFR.A 
 

E1 – Middle Band 
40 peptides searched, 13 matched, 1 redundant 
Origin - calpain small subunit, DVI 
-.MHYSNIEANESEEERQFR.K  
R.KLFVQLAGDDMEVSATELMNILN K .V 
K .VVTRHPDLK .T 
R.HPDLKTDGFGIDTCR.S 
K .TDGFGIDTCR.S 
K .LGFEEFK .Y 
K .YLWNNIKK .W 
K .KWQGIYK .R 
K .WQGIYK .R 
K .WQGIYKR .F 
K .RFDTDR.S 
R.LDAMFR.A 
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E1 – Bottom Band 
40 peptides searched, 21 matched, 5 redundant 
Origin - calpain 2 large subunit 
R.EDIKSDGFSIETCK IMVDMLDEDGSGKLGLKEFYILWTK .I 
K .SDGFSIETCK .I 
K .IMVDMLDEDGSG.K  
K .LGLKEFYILWT.K  
K .EFYILWTK .I 
K .IYREIDVDR.S 
R.EIDVDR.S 
R.SGTMNSYEMR.K  
R.SGTMNSYEMRK .A 
R.KALEEAGFK .L 
K .ALEEAGFK .L 
K .ALEEAGFKLPCQLHQVIVAR.F 
K .LPCQLHQVIVAR.F 
R.FADDELIIDFDNFVR.C 
R.CLVRLEILFK .I 
R.LEILFK .I 
 

E2a – Top Band 
18 peptides searched, 11 matched, 1 redundant 
Origin - calpain 2 large subunit 
K.SDGFSIETCK. I 
K.LGLKEFYILWTK. I 
K.EFYILWTK. I 
K.IYREIDVDR.S 
R.EIDVDR.S 
R.SGTMNSYEMR.K 
R.SGTMNSYEMRK.A 
K.ALEEAGFK.L 
K.ALEEAGFKLPCQLHQVIVAR.F 
K.LPCQLHQVIVAR.F 
 

 

E2b – Top Band 
39 peptides searched, 20 matched, 4 redundant 
Origin - calpain 2 large subunit 
R.EDIKSDGFSIETCK.I 
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K.SDGFSIETCK. I 
K. IMVDMLDEDGSGK.L 
K.LGLKEFYILWTK. I 
K.EFYILWTK. I 
K. IYREIDVDR.S 
R.SGTMNSYEMR.K 
R.SGTMNSYEMRK.A 
R.KALEEAGFK.L 
K.ALEEAGFK.L 
K.ALEEAGFKLPCQLHQVIVAR.F 
K.LPCQLHQVIVAR.F 
R.FADDELIIDFDNFVR.C 
R.CLVRLEILFK. I 
R.LEILFK. I 
R.LEILFK IFK.Q 
 

E2b – Second Band 
24 peptides searched, 13 matched, 4 redundant 
Origin - calpain 2 large subunit 
K.LGLKEFYILWTK. I 
K.EFYILWTK. I 
K. IYREIDVDR.S 
R.SGTMNSYEMR.K 
R.SGTMNSYEMRK.A 
K.ALEEAGFKLPCQLHQVIVAR.F 
K.LPCQLHQVIVAR.F 
R.FADDELIIDFDNFVR.C 
R.CLVRLEILFK. I 
 

E2a – Middle Band & E2b – Third Band 
43 peptides searched, 20 matched, 5 redundant 
Origin - calpain small subunit, DVI 
-.NIEANESEEER.Q 
-.NIEANESEEERQFR.K  
K .VVTRHPDLK .T 
R.HPDLKTDGFGIDTCR.S 
K .TDGFGIDTCR.S 
R.SMVAVMDSDTTGK .L 
R.SMVAVMDSDTTGKLGFEEFK .Y 
K .LGFEEFK .Y 
K .KWQGIYK .R 
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K .WQGIYK .R 
K .WQGIYKR.F 
K .RFDTDR.S 
R.RYSDETGNMDFDNFISCLVR.L 
R.YSDETGNMDFDNFISCLVR.L 
R.LDAMFR.A 
 

E2a – Bottom Band & E2b – Bottom Band 
23 peptides searched, 13 matched, 2 redundant 
Origin - calpain small subunit, DVI 
-.MHYSNIEANESEEER.Q 
K .VVTRHPDLK .T 
R.HPDLKTDGFGIDTCR.S 
K .TDGFGIDTCR.S 
R.SMVAVMDSDTTGK .L 
K .LGFEEFK .Y 
K .YLWNNIK .K  
K .KWQGIYK .R 
K .WQGIYK .R 
K .RFDTDR.S 
R.LDAMFR.A 
 

E3 – Top Band 
28 peptides searched, 17 matched, 2 redundant 
Origin - calpain 2 large subunit 
K.YLNQDYETL.R 
K.ELGPYSSK.T 
K.TRGIEWK.R 
R.PTEICADPQFIIGGATR.T 
K.DGELLFVHSAEGSEFWSALLEK.A 
K. INGCYEALSGGATTEGFEDFTGGIAEWYELR.K 
R.KPPPNLFK. I 
K.GSLLGCSIDITSAADSEAVTYQK.L 
K.GHAYSVTGAEEVESSGSLQK.L 
R.IRNPWGQVEWTGK.W 
R.NPWGQVEWTGK.W 
K.WNDNCPSWNTVDPEVR.A 
R.ANLTER.Q 
R.ANLTERQEDGEFWMSFSDFLR.H 
R.QEDGEFWMSFSDFLR.H 
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E3 – Bottom Band 
7 peptides searched, 4 matched 
Origin - calpain 2 large subunit 
K .YLNQDYETLR.N 
K .ELGPYSSK .T 
K .TRGIEWK .R 
K .RPTEICADPQFIIGGATR.T 
  

 


