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ABSTRACT 

 

The calpain family of intracellular Ca2+-dependent cysteine proteases is involved 

in a number of intracellular signaling processes. Calpain hyperactivity has also been 

implicated in ischemic injury, neurodegenerative diseases and cataract formation. 

However, the specific function of calpains in these normal and diseased states remains 

unclear. Competitive inhibition of calpain is useful for studying their functions and can 

lead to pharmacological treatments, while monitoring their activity with activity-based 

probes (ABPs) can reveal how calpain is regulated and be applied to screen for inhibitors 

in vivo. But these strategies are complicated by the similarity of the calpain active-site 

when compared to other intracellular cysteine proteases. Therefore, there is a need to 

design inhibitors and ABPs that selectively target calpain. Using X-ray crystallography, 

the interactions between the calpain active-site and each of two reversible inhibitors was 

studied. This led to the discovery of novel non-covalent aromatic stacking and hydrogen 

bonding interactions between the primed-side adenine group of one inhibitor and indole 

ring of an active-site Trp residue in µ-calpain. A substrate-based competition assay later 

confirmed that these interactions provided this compound with an inhibitory advantage 

over the other, which lacked any primed-side interactions, thereby providing insight into 

the development of new, more specific reversible calpain inhibitors. Next, a fluorescent 

ABP, containing features borrowed from an irreversible and presumably calpain-specific 

inhibitor, was evaluated for its ability to detect calpain activitiy. Although this probe 

appropriately targeted the calpain active site in its Ca2+-activated form, it was unable to 
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detect calpain activity in a cell extract. Nevertheless, the results of this study have yielded 

insights into ways of improving the calpain detecting ability of this ABP.  
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Chapter 1 

General Introduction 

 

1.1. PROTEASES 

 

Proteases, also known as peptidases or proteinases, are the class of enzymes that 

catalyze the hydrolysis of peptide bonds. Through bioinformatic analysis of the human 

genome, approximately 2% of all genes code for proteases (1) (in comparison to the 1.7% 

of all genes coding for kinases) (2). Further evidence to demonstrate their importance in 

human biology can be found within the SwissProt database, where 18% of all the 

sequences are described as undergoing some form of processing by proteases (3). 

Through evolution, proteases developed different catalytic mechanisms to achieve 

the hydrolysis of their substrates. Not surprisingly, their classification was originally 

based on the residue that was directly responsible for hydrolysis. This yielded six 

appropriately-named classes: serine, cysteine, threonine, metallo, aspartyl and glutamyl 

proteases. But over time, as enzymes possessing the same type of catalytic residues but 

using different catalytic mechanisms were discovered (4, 5), the limitations of this 

classification approach became evident.   

Today, the most respected and widely used procedure to classify proteases is the 

MEROPS system (3), which employs a hierarchical, structure-based classification 

process. Although the original classification based on catalytic type is maintained, 

proteases within the same catalytic group are subclassified into families on the basis of 

statistically significant similarities in the residue sequences of their catalytic domains and 
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evidence of a common evolutionary ancestor. Families are then further grouped into clans 

if tertiary structure similarities indicate a common evolutionary origin. In addition, each 

family and clan is assigned a holotype, or “type-protease” that best exemplifies the 

members within that particular classification group.  

Using different catalytic mechanisms, proteases specifically cleave their protein 

substrates in the middle (referred to as endopeptidases) and/or from the N or C termini 

(referred to as aminopeptidases and carboxypeptidases, respectively) (6). For a long time, 

their primary role was thought to be that of intracellular protein turnover and protein 

degradation during food digestion. However, pioneering work into the mechanism of 

blood clotting ultimately led to the discovery of protein activation via limited proteolysis, 

indicating that protein cleavage by proteases is a subtle, yet effective means of regulation 

(7). Since then, the ability of proteases to regulate the perpetuation of a signal cascade by 

proteolysis has led to the discovery of their involvement in controlling numerous 

physiological processes such as cell proliferation, apoptosis, DNA replication, wound 

healing and the immune response (6). Unlike other methods of signal transduction 

though, involving reversible processes such as phosphorylation or glycosylation, the 

proteolysis of a protein messenger is essentially irreversible, thereby necessitating tight 

intracellular control. As a result, proteases reside within cells as inactive zymogens until 

they are activated through one of several mechanisms, which can include binding to a 

cofactor (such as Ca2+), exposure to different conditions (such as pH), or cleavage by 

another protease (as is observed in caspase 3 activation) (6).   

 

  



 3

1.2. TARGETING PROTEASES AS A THERAPEUTIC STRATEGY 

 

Under homeostatic conditions, protease signaling pathways are tightly regulated 

and work properly. However, when regulation fails, the result is either inadequate or 

excessive proteolysis. Inadequate proteolysis, arising from diminished levels of protease 

activity, is usually caused by insufficient activation (8), excessive inhibition (9) or 

genetic irregularities (1) and will not be further discussed. In contrast, excessive 

proteolysis can be the result of numerous endogenous and/or exogenous factors, all of 

which lead to overactivation of the protease signaling pathways and ultimately can cause 

cancer as well as neurological, inflammatory, cardiovascular, bacterial, viral and parasitic 

diseases (10). In this situation, because the inhibition of overactive proteases can halt 

excessive proteolysis and lead to therapeutic benefits, there has been a great deal of 

interest in designing drugs to target these enzymes. 

 One such example of protease inhibition leading to a clinical benefit is the 

blockage of the angiotensin-converting enzyme (ACE). As one of the major enzymes in 

the renin-angiotensin system, ACE converts angiotensin I into angiotensin II, resulting in 

blood vessel constriction and increased blood pressure (11). By stopping this rise in blood 

pressure, ACE inhibitors have become widely used in treating hypertension as well as the 

other associated cardiovascular complications such as heart failure and myocardial 

infarction. In fact, with annual sales nearing US$7 billion, these inhibitors represent one 

of the most successful clinical applications of protease inhibition (10). 

 A second equally successful clinical example of protease-targeted therapy is that 

of inhibitors directed against the human immunodeficiency virus-1 protease (HIV PR). 
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HIV PR is an aspartic protease that processes newly synthesized viral polyproteins, 

creating the mature protein components required to form an infectious HIV virion (12). 

Since a lack of effective HIV PR impairs the virus’s ability to replicate, inhibitors of this 

enzyme have been developed to slow the rate of viral replication in infected patients. 

These inhibitors now represent one of the first-line therapies for HIV treatment. 

 With the success of ACE and HIV PR inhibitors, it is not surprising that research 

in the design of new inhibitors for the more than 50 different proteases identified as 

disease-causing targets has intensified. In fact, many novel protease inhibitors have 

already progressed beyond the laboratory research stage and are now in clinical trials. 

These include vildagliptin, an inhibitor of the serine aminopeptidase DPPIV, to treat type 

2 diabetes (13), AAE581, an inhibitor of human Cat K, for treating osteoporosis (14), and 

Aliskiren, which offers an alternative to ACE inhibitors by inhibiting renin (15). Clearly, 

protease inhibition will be a valuable strategy for treating a variety of common diseases 

that affect millions of people worldwide. 

 

 

1.3. INTRODUCTION TO CALPAINS 

 

One group of enzymes, which has received a great deal of research attention and 

represents the focal point of this thesis, is the calpain family of cysteine proteases. 

Calpains are classified under the C2 family in the MEROPS database; but because they 

share structural similarities with papain and possess catalytic residues in the order Cys, 

His and Asn within its sequence, calpains are further grouped into the CA clan. The 
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characteristic that distinguishes calpains from other members of the C2 protease family is 

their dependence on calcium for activation. As a result, calpains are able to convert a 

localized intracellular calcium concentration increase into a proteolytic signal within 

diverse signal transduction pathways (16). 

First identified in 1964 as a neutral, calcium-activated proteolytic enzyme (17), 

these proteases were soon isolated from rabbit skeletal muscle and shown to irreversibly 

activate a phosphorylase kinase within the tissue (18). Further characterization of its 

intracellular localization, calcium requirement for activity and limited proteolysis of 

substrates suggested that this enzyme’s role was more related to regulation than 

catabolism. Eventually, with the determination of its sequence, this protease was named 

“calpain” to recognize it as a hybrid form of calmodulin, a Ca2+-regulated signaling 

protein, and papain, the cysteine protease in papaya (19). 

  

 

1.4. PROTEIN STRUCTURE OF CALPAINS 

 

As the first two calpain isoforms to be discovered, the ubiquitously expressed µ- 

and m-calpain have received the greatest amount of attention and not surprisingly, are the 

two most extensively characterized forms. Referring to the multi-micromolar (µ-calpain) 

and sub-millimolar (m-calpain) Ca2+ concentrations required for their catalytic activity in 

vitro, these two heterodimeric isoforms comprise a large, catalytic (~80kDa) subunit and 

a small, regulatory (~28kDa) subunit (16). The large subunit contains an N-terminal α-
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helix, followed by four distinct domains (DI-IV), while the small regulatory subunit is 

divided into two domains (DV-VI) (Figure 1.1A). 

The first two domains (DI and II) comprise the proteolytic core and form a 

catalytic cleft at their interface. They contain a Cys:His:Asn catalytic triad that is typical 

of other cysteine proteases, with the active site cysteine in DI and the histidine and 

asparagine residues in DII (16). Unexpectedly, crystal structure analysis of µ-calpain’s 

protease core revealed that peptide loops within DI and II can each bind one Ca2+ ion 

during activation (20) (Figure 1.1B). Domain III consists of an eight-stranded β-sandwich 

structure similar to that found in C2 domains. It has been shown to form extensive 

contacts with domain II (21) and is hypothesized to bind membrane phospholipids (16). 

The final domain in the large subunit, DIV, contains five EF-hand motifs, the first four of 

which contain Ca2+ binding sites, while the fifth facilitates heterodimerization between 

the two subunits via its interactions with a homologous motif in domain VI. Within the 

small subunit, a glycine-rich domain (DV), which is thought to be unstructured, is N-

terminal to domain VI. Like DIV in the large subunit, DVI also possesses five EF-hands, 

four for binding Ca2+ and a fifth to complete the heterodimerization interface (Figure 

1.1C).  

In addition to µ- and m-calpain, twelve other isoforms have been identified in 

humans (16). Six of these are classified as “typical” (calpains 3, 8, 9, 11, 12, and 13), 

since they possess the same domain arrangement as that observed in the large subunit of 

µ- & m-calpain (22). Although the subunit organization of the other “typical” calpains 

has yet to be determined, the presence of EF-hand motifs in these isoforms suggest that 

they also form dimers, but are not necessarily limited to dimerization with the small 
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Figure 1.1. Structural representations of domains in µ- and m-capain. (A) Bar 

diagram of m-calpain’s domain organization. The large subunit encompasses DI-DIV 

while the small subunit is divided into DV and DVI. The catalytic triad (C, H, and N) 

within the protease core (DI-DII) as well as the C2-like (DIII), penta-EF-hand (DIV and 

DVI) and Gly-rich (DV) domains are shown. (B) Crystal structure of m-calpain’s 

proteolytic core in the active, Ca2+-bound form. Ca2+ is represented by gold spheres. 

The side chains of the catalytic triad residues are also shown. (C) Crystal structure of m-

calpain’s inactive, Ca2+-free form. The three-dimensional domain arrangement and 

proposed Ca2+-binding sites are shown. Colouring of the domains in (B) and (C) are 

consistent with that in (A). These figures were adapted and modified from Moldoveanu et 

al. (20) and Hosfield et al. (23). 
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Figure 1.1 
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subunit (22). The six other isoforms (calpains 5, 6, 7, 10, 14, and 15), termed “atypical”, 

lack EF-hand motifs; consequently, their ability to form dimers is questionable (22). The 

previously mentioned observation that Ca2+ binds to two non-EF-hand peptide loops in 

the proteolytic domains of µ-calpain suggests that this cation plays an important role in 

regulating calpain activity, regardless of whether EF-hand motifs are present (20). In line 

with this suggestion is the observation that residues coordinating calcium in the protease 

core are highly conserved in the calpain family (20). 

 

 

1.5. PROCESS OF CALCIUM-INDUCED CALPAIN ACTIVATION 

 

Although a step-by-step mechanism of Ca2+-induced activation has yet to be 

firmly established, structural analyses of m-calpain (23) and the protease core of µ-

calpain (20) have revealed that the activation mechanism for these two isoforms involves 

a complex series of conformational changes, which affect the interactions between the 

various domains. In the absence of Ca2+, the large subunit’s N-terminal helix interacts 

with DVI of the small subunit to presumably constrain DI, while DII is likely restricted 

by its interactions with DIII. Consequently, domains I and II are slightly separated, 

preventing the active site Cys residue from forming the catalytic triad with His and Asn 

(20). In the presence of Ca2+ however, µ- and m-calpain undergo a putative two-stage 

activation mechanism. In stage 1, Ca2+ binding to the four available EF-hands in each of 

DIV and DVI initiates a series of conformational changes that release the restraints on the 

two catalytic domains. This includes freeing the anchor helix from its contact with the 
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small subunit. Some researchers even claim that these events trigger dissociation of the 

small and large subunits (24, 25). In stage 2, cooperative Ca2+ binding to DI and DII 

facilitates the realignment of these catalytic domains into a proteolytically active 

conformation (20). Once calpain is activated by these conformational changes, the large 

subunit’s N-terminal helix is susceptible to autoproteolysis, which is claimed to lower the 

Ca2+ requirements for subsequent activation (26). 

Since key residues within the Ca2+-binding loops and elsewhere in the protease 

domains are well conserved among calpains, this activation mechanism would likely be 

applicable to “atypical” calpains and those lacking a small subunit. In these cases, the 

first stage might simply be bypassed so that only the second stage is required to initiate 

their proteolytic activity (20). 

 

 

1.6. PROTEOLYTIC MECHANISM OF CALPAIN 

 

Based on structural similarities within the active sites of cysteine proteases, the 

thoroughly studied catalytic mechanism that papain employs to hydrolyze peptide bonds 

can also be extended to active, Ca2+-bound calpain (27). Before catalysis can begin, the 

normally weakly nucleophilic thiol group of the active site Cys must first be converted 

into a highly nucleophilic thiolate ion. Achieving this conversion requires the two other 

residues in the catalytic triad: Asn and His. Through electrostatic interactions, Asn 

stabilizes the correct tautomeric form of the side chain in His so that its imidazolium 

group can facilitate the formation and stabilization of the thiolate ion (Figure 1.2). Once 
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Figure 1.2. Catalytic mechanism employed by cysteine proteases. The thiolate ion of 

the active site Cys attacks the carbonyl carbon of the scissile amide bond to form a 

tetrahedral transition state. Collapse of this transition state releases the C-terminal 

product and forms the acyl-enzyme intermediate. Subsequent attack of the acyl-enzyme 

intermediate by a water molecule yields another tetrahedral transition state, which later 

collapses to liberate the N-terminal product and regenerated enzyme. Residue number 

corresponds to µ-calpain/µI-II. Dashed lines represent hydrogen bonds. Teal coloured 

atoms and bonds are those of the enzyme, while maroon coloured bonds are those of the 

peptide substrate/product.  



 12

Figure 1.2 
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the active-site cysteine residue has been “primed”, the enzyme-substrate (Michaelis) 

complex is formed, enabling the nucleophilic thiolate ion to attack the carbonyl carbon of 

the amide bond that is being cleaved. The resulting tetrahedral transition state is 

stabilized by both the catalytic Cys residue’s amide nitrogen and the side chain of a 

nearby Gln. Soon afterwards, the transition state collapses to form a C-terminal product, 

which is released, and a thioester acyl-enzyme intermediate. This acyl-enzyme 

intermediate is subsequently attacked by a water molecule to form another tetrahedral 

transition state, which later collapses to liberate the N-terminal product and regenerated 

enzyme (27).  

 

    

1.7. ROLE OF CALPAINS IN PHYSIOLOGY AND PATHOLOGICAL DISEASES 

 

Under normal physiological conditions, where Ca2+ homeostasis is maintained, a 

transient increase in cellular Ca2+ concentration within a limited area of the cell could 

activate a localized pool of calpains. Once activated, calpains catalyze the specific and 

limited cleavage of target proteins to advance any number of cellular processes and signal 

transduction pathways. Although many of these targets and pathways have yet to be 

completely characterized, calpains have nevertheless been shown to be actively involved 

in physiological processes such as regulation of gene expression (28), cell cycle 

progression (29), apoptosis (30) and remodeling of cytoskeletal attachments to the plasma 

membrane (31).  
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However, problems arise when cells lose their ability to regulate Ca2+ influx 

(following ischemic or cerebral injury for instance). The resulting rapid and sustained 

influx of Ca2+ into the cell leads to calpain hyperactivation, which causes uncontrolled 

proteolysis and irreversible cell damage. More importantly, amplification of this damage 

to the tissue level has been linked to complications associated with a number of 

pathological conditions such as stroke (32), myocardial ischemia (33), Alzheimer disease 

(34), Duchenne’s muscular dystrophy (35) and cataract formation (36). Therefore, the 

exogenous regulation of calpain activity, using small-molecule inhibitors, holds great 

promise as a potential treatment for these diseases. In fact, several calpain inhibitors have 

already demonstrated their therapeutic benefit in animal models. For instance, post-

ischemic administration of the synthetic compound MDL-28170 was shown to decrease 

brain damage in a rat model of ischemia (37), while another compound, AK-295 

protected against neuronal damage after cerebral artery occlusion in rats (38). With 

respect to cataract formation, a compound called SJA-6017 effectively reduced lens 

opacity in rat and sheep cataract models (39). Therefore, if calpain-specific small 

molecule compounds can developed, they will not only be useful for treating the 

aforementioned illnesses, but may also provide a better understanding of calpain function 

under normal and disease states. 

 

 

1.8. NOMENCLATURE TO DESCRIBE PROTEASE ACTIVE-SITE SPECIFICITY 
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Through studies on the specificity of papain in 1967, it was discovered that the 

active-site of this enzyme demonstrated residue preferences beyond the two amino acids 

that formed the scissile bond (40). Therefore, to facilitate discussions on the specificity of 

papain and other enzymes demonstrating this behavior, a nomenclature system was 

developed to describe the residue positions of enzyme substrates relative to the 

interacting sites within the catalytic cleft. Based on this system, amino acids on the N-

terminal side of the scissile bond were designated as P unprimed (or P) positions, while 

those on the C-terminal side of the cleaved bond were referred to as P primed (or P′) 

positions (Figure 1.3). Moreover, each residue position was assigned a numerical number 

in sequential order to describe its distance from the scissile bond. This number also 

corresponds with the subsite (identified as S unprimed or S primed) within the enzyme’s 

active site that interacts with the particular residue. For example, P3′ represents the third 

residue position on the C-terminal side of the scissile bond and would interact with the 

S3′ subsite. In other words, SX(′) is the protease subsite that interacts with residue PX(′) in 

a substrate.  

 

  

1.9. COMPETITIVE INHIBITORS OF CYSTEINE PROTEASES 

 

The protease active-site has long been an attractive target for inhibitor 

development, mainly due to the presence of a natural ligand-binding pocket and catalytic 

residues to facilitate the chemical reaction. In fact, these two properties, which typify the 

active-site of proteases, have had a large influence on the way competitive inhibitors are 
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Figure 1.3. Nomenclature system used to describe the substrate specificity and 

subsites of proteases.   
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Figure 1.3 

 

+NH3 - -P3 – P2– P1 -- P1΄– P2΄– P3΄- - COO-

P-unprimed P-primed

S3 S2 S1 SS1΄ S2S2΄ S3S3΄

protease

scissile bond (in a peptide substrate)
or

warhead group (in an inhibitor)

+NH3 - -P3 – P2– P1 -- P1΄– P2΄– P3΄- - COO-

P-unprimed P-primed

S3 S2 S1 SS1΄ S2S2΄ S3S3΄

protease

scissile bond (in a peptide substrate)
or

warhead group (in an inhibitor)
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designed today. In general, synthetic active-site directed inhibitors are designed with two 

main regions: an electron-deficient functional group (known as the warhead), which 

reversibly or irreversibly attaches to the catalytic residue(s), and an address region, which 

provides specificity for the appropriate enzyme target and places the warhead in the 

position needed for catalysis (41).  

Inhibitors of cysteine proteases are no exception to this generalization, featuring 

warheads that are designed to exclusively target the catalytic thiol. Transition-state 

analogues, such as aldehydes and α-ketoamides are one such group of warheads. They 

achieve inhibition by forming a stable, yet reversible covalent bond with the catalytic 

cysteine. Irreversible inhibition of cysteine proteases has also been made possible with 

epoxide and acyloxymethyl ketone (AOMKs) warheads. In the case of epoxides, 

irreversibility arises because the conformationally strained epoxide ring is opened (42), 

while with AOMKs, their reaction with the active-site thiol is irreversible due to the 

formation of a stable leaving group (41). 

In contrast to warheads, which are usually electrophilic functional groups, the 

address regions in inhibitors are typically peptidyl in nature. With a peptidyl address 

region, the inhibitor is able to form stabilizing non-covalent interactions with the cysteine 

protease active-site that are normally used to achieve substrate binding. These include 

main- and side-chain interactions between the ligand and active-site residues at the S2, S1 

and S1′ subsites (43). Interactions between the active-site and inhibitor’s P3 and P2′ 

residues also occur, but are spread out over a larger area and are thus less significant. 
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1.10. PROGRESS IN THE DEVELOPMENT OF CALPAIN INHIBITORS 

 

With the similarities in the active sites of cysteine proteases, many of the 

strategies used to design general inhibitors for this enzyme class have therefore been 

applied to inhibit calpain. For instance, studies have confirmed that the S1 and S2 

subsites in calpain’s catalytic cleft also interact with the backbone and side-chain of 

ligands, with the S2 subsite in µ- and m-calpain showing a strong preference for 

hydrophobic residues (44). Furthermore, potent inhibition of these two isoforms was 

achieved when Leu was present as the inhibitor’s P2 amino acid (45). As a result, many 

initial calpain inhibitors were designed by attaching a cysteine-protease specific warhead 

to a short unprimed-side address region containing a Leu residue at the P2 position. 

These included the previously mentioned MDL-28170 and SJA-6017 compounds, both of 

which are aldehyde-based inhibitors (46). To improve on the membrane permeability and 

metabolic stability of peptidyl aldehyde inhibitors, the α-ketoamides warhead was 

subsequently used as a substitute. Two examples of peptidyl α-ketoamide inhibitors are 

AK275 and the commercially available AK295, both demonstrating not only improved 

membrane permeability, but also greater calpain inhibitory potency versus the peptidyl 

aldehydes (47). Irreversible inhibition of calpain has also been made possible by using an 

epoxysuccinyl warhead in place of the α-ketoamide group. E-64 and its more cell 

permeable version, E-64D, are two such epoxide-based compounds that are well known 

to inhibit calpain (48). Although less research has been devoted to testing AOMK-based 

compounds, several studies have indicated that they, like the epoxide compounds, are 

also effective at inhibiting calpain (49, 50). 
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As newer calpain inhibitors were being developed, the use of a P2 Leu in the 

unprimed-side address region continued to be popular, since the choice and position of 

this residue provided an effective and dependable starting-point for potently inhibiting 

calpain (51). However, it was eventually discovered that calpain’s strong preference for 

hydrophobic residues at the P2 position was actually shared among other cysteine 

proteases, particularly the cathepsins (52). In addition, studies had shown that calpain’s 

S1 and S3 subsites could accommodate a wide variety of different residues, without the 

same degree of specificity exhibited by the S2 subsite (53, 54). This suggested that only a 

limited degree of calpain specificity could be obtained with an unprimed-side address 

region. Predictably, attention has now shifted to exploring the primed-side active-site of 

calpain, with the intention of developing an address region to target this area. If an 

appropriate primed-side address region can be designed and subsequently attached onto 

an existing calpain inhibitor, then this new compound should possess greatly improved 

calpain selectivity. Such a compound would not only be a useful tool for revealing the 

specific cellular functions of calpain, but could also act as a lead for pharmacological 

therapy against diseases associated with calpain overactivation.  

                                                                                                                                                     

 

1.11. ACTIVITY-BASED PROBES: A TOOL FOR STUDYING PROTEASES IN VIVO  

 

Although selective calpain inhibition provides a means for probing the enzyme’s 

cellular function, this approach may only yield a partial understanding of the enzyme’s 

role in normal physiology and disease states. Instead, a more holistic understanding of 
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calpain’s role within the cell can be achieved by monitoring its activity under different 

conditions. Such is the aim of activity-based proteomics, which attempts to directly 

quantify and localize protein activities in vivo (55). 

To facilitate the detection of enzyme activities, the field of activity-based 

proteomics employs the use of so-called activity-based probes (ABPs). These small 

molecules usually consist of three basic elements: a warhead group to covalently and 

irreversibly attach to a residue within the enzyme’s active-site, an analytical tag to 

identify and/or purify the modified enzyme and a linker region between the warhead and 

tag to provide selective interactions with the enzyme’s binding pocket (56).  

The warhead group is a critical portion of the ABP; it must be reactive enough to 

modify the enzyme’s catalytic residue but possess the necessary selectivity to react 

preferentially with the target enzyme inside a cell. Furthermore, it must do so only when 

the enzyme is in its active state (56). To achieve these criteria, most ABPs employ the 

electrophilic warhead groups derived from irreversible enzyme inhibitors (41). In 

particular, probes designed to label members of the caspase and papain family of cysteine 

protease use epoxides and AOMKs as the warhead (57). 

The choice of an appropriate reporter tag is also an important aspect of ABP 

design. Its characteristics, such as charge, polarity, structure, chemical reactivity and 

especially size, can influence and even detrimentally impact the ABP’s reactivity towards 

its target enzyme (58). Radioactive and fluorescent reporters (59, 60) are two commonly 

used ABP tags. Both enable the detection of labeled proteins following one- or two-

dimensional gel electrophoresis, while cell-permeable fluorescent tags can even facilitate 

the direct detection of enzyme activities in vivo (59). Another commonly used tag is 
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biotin. In addition to allowing detection of biotinylated probe-labeled proteins via 

western blotting procedures, it has the added usefulness of being able to isolate probe-

modified proteins on a streptavidin column (55). Not surprisingly, the biotin tag has been 

used more frequently than its radioactive and fluorescent counterparts.  

Besides acting as a bridge between the warhead and reporter tag, the linker region 

must serve a number of important functions for the ABP. In its most basic form, the 

linker serves to prevent steric hindrance from the tag that might impair the probe’s 

reactivity (56). The linker can also contain other functional groups to simplify the 

isolation of probe-tagged enzymes. For instance, the inclusion of a tobacco etch virus 

protease cleavage site in this region provided an easier way to elute biotinylated probe-

labeled proteins from a streptavidin column, a process that would normally have required 

harsh, denaturing reagents (61). Most commonly though, the linker region is peptidyl in 

nature to facilitate interactions with the enzyme’s binding pocket and therefore provide 

the probe with specificity for a certain enzyme target (57). In essence, the linker region 

can be made to mimic the address region normally found within small-molecule enzyme 

inhibitors. 

 

 

1.12. DISCOVERIES THAT HAVE BEEN MADE WITH A CYS PROTEASE ABP  

 

One particular ABP, which has been widely used and has produced a number of 

significant discoveries, is DCG-04. With an epoxysuccinyl warhead, joined to a linker 

region containing most notably, a P2 Leu, this ABP was designed to target papain family 
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cysteine proteases (62). Part of its success was also attributed to the ability of synthetic 

chemists to readily attach a biotinylated, radioactive or fluorescent tag on it, thereby 

making this ABP high versatile.  

Due to its small size and membrane-permeable properties, one major application 

of DCG-04 is in the visualization and localization of enzyme activities within living cells. 

By using the fluorescent version of DCG-04, Greenbaum et al. were able to directly 

visualize cathepsin activity in the lysosomal compartments of living dendritic cells (63). 

This same fluorescent probe allowed Baruch et al. to show that the activity of a cysteine 

protease, Lp82, was both spatially and temporally correlated with the formation of 

cataracts (64). 

The identification of proteases involved in causing several human diseases has 

been another achievement of DCG-04. For instance, this probe revealed that falcipain 1, a 

cysteine protease found in the human malaria parasite Plasmodium falciparum, was the 

only active enzyme while the parasite was invading human erythrocytes (65). In another 

study, the use of DCG-04 in mouse models of pancreatic and cervical cancer 

demonstrated that cathepsin cysteine proteases were not only upregulated, but were 

directly involved in tumour cell proliferation and vasculature development (66).  

Since DCG-04 competes with small-molecule inhibitors for the active-site of 

cysteine proteases, this probe has also been useful as a tool for screening inhibitors of 

drug targets. Instead of having to overexpress and purify the enzymes of interest, as is the 

case with conventional screening methods, the use of ABPs allows inhibitors to be tested 

in parallel with all proteins in a complex cellular proteome, either within a cell extract or 

directly in the cell. As a result, ABPs offer the advantage of enabling a simultaneous 
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evaluation of both the potency and specificity of potential inhibitors (56). Such was the 

case, in both the malaria and cancer studies, where the use of fluorescent DCG-04 led to 

the discovery of potent and specific inhibitors for the disease-causing proteases. 

Despite the successes of DCG-04, it must be remembered that this ABP targets 

cysteine proteases in a relatively non-specific manner and would likely be unsuitable for 

calpain-directed studies. However, if modifications could be made to this ABP to 

increase its calpain specificity, then the modified probe would become a very useful tool 

for studying calpain within its natural cellular environment.    

 

 

1.13. DESIGNING INHIBITORS AND ABPs TO SPECIFICALLY TARGET THE 

CALPAIN ACTIVE-SITE  

 

 As long as the specific functional role of calpain remains poorly understood, there 

exists a need to develop inhibitors and ABPs that are both potent and specific for this 

enzyme. Reversible inhibitors are useful, not only as leads for potential pharmacological 

treatments, but also for gaining insight into the roles of calpains in physiology and 

pathology, while irreversible ABPs represent an effective tool for complementing 

inhibitors in the study of calpain. In particular, by directly monitoring their activity in 

vivo, ABPs would provide a better understanding of calpain’s cellular function and offer 

an approach to screening potential inhibitors within the natural environment of a cell. 

Although there are inhibitors and ABPs that can target calpain, these compounds possess 

broad specificity and therefore inhibit other cysteine proteases to varying degrees. As a 
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consequence of the ability of different cysteine proteases to accommodate the same 

inhibitor or ABP, the development of compounds specific to calpain has remained a 

major challenge.   

 This thesis is therefore focused on the design and evaluation of inhibitors and 

ABPs to target the calpain active site, with the intention of applying the information 

gained from these studies towards developing compounds with improved calpain 

specificity. By using a substrate-based analysis approach along with X-ray 

crystallography, a better understanding of inhibitor interactions with the µ-calpain active-

site was achieved. In addition, the application of biochemical gel-based analysis and 

imaging strategies helped reveal the potential and shortcomings of a calpain-targeting 

ABP.  

 With the limited calpain specificity exhibited by reversible inhibitors containing 

unprimed-side address regions, researchers have now begun trying to develop primed-

side address regions for these compounds. Although previous studies have shown that the 

addition of primed-side address regions can increase the potency of inhibitors towards 

calpain (54, 67, 68), no crystallographic analysis was performed in these studies to 

identify the protein-inhibitor interactions that accounted for this advantage. Since the 

recombinantly expressed protease core of µ-calpain (µI-II) readily crystallizes with 

inhibitors in its Ca2+-bound form (44, 69), it was therefore used to study the interactions 

between the calpain active-site and each of two primed-side extending α-ketoamide-

based inhibitors, which were structurally identical except for their primed-side groups. 

Analysis of the two co-crystal structures revealed that the primed-side adenine moiety of 

one inhibitor facilitated aromatic stacking interactions with the active-site of µI-II. 
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However, these interactions were absent with the other inhibitor, which possessed a 

primed-side piperazyl ring. In addition, a FRET-based substrate assay revealed that the 

adenine-containing compound was a more effective calpain inhibitor when compared to 

the piperazyl-containing compound. A complete description of the protein-inhibitor 

interactions, along with a discussion of the potential applications of the aromatic stacking 

can be found in chapter 2. 

 Although the epoxide-based E-64 compound is a potent and irreversible inhibitor 

of calpain (48), the presence of a P2 Leu in the unprimed-side address region causes it to 

target cysteine proteases promiscuously. Recently though, a library-based screen of 

epoxide-based compounds containing different unprimed-side address regions revealed 

that the presence of Trp, Arg and His in the P4, P3 and P2 positions, respectively, 

conferred significant calpain specificity over two cathepsin isoforms (70). In addition, the 

preference for His over the more commonly used Leu residue at the P2 position was 

described to be a consequence of the epoxide warhead’s stereochemical orientation, 

which enabled unique interactions with the S2 subsite. Therefore, the WRH motif was 

incorporated into an epoxide-based fluorescent ABP under the presumption that this 

unprimed-side address region would provide the probe with the necessary specificity to 

target calpain within a complex cellular proteome. Using 1-dimensional gel 

electrophoresis and fluorescent imaging, this ABP was first tested with purified m-

calpain to confirm its ability to tag calpain. The ABP was then reacted with an extract 

made from calpain overexpressing cells to evaluate its ability to specifically detect this 

enzyme. The results of this analysis, along with the challenges encountered are presented 

in chapter 3. 
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Chapter 2  

 

Co-crystal structures of primed side-extending α-ketoamide inhibitors reveal novel 

calpain-inhibitor interactions 

 

Preface: 

This chapter has been accepted for publication in the Journal of Medicinal Chemistry:  

Qian, J., Cuerrier, D., Davies P. L., Li, Z., Powers, J. C., and Campbell, R. L. (2008) Co-

crystal structures of primed side-extending α-ketoamide inhibitors reveal novel calpain 

inhibitor interactions. 

 

Jin Qian performed the fluorimetric analysis of µI-II and m-calpain inhibition by 

ZLAK-3001 and ZLAK-3002. Co-crystals were generated by Jin with assistance from 

Dr. Dominic Cuerrier using inhibitors that were provided by Dr. James C. Powers of 

Georgia Tech University (Atlanta, USA). Data collection was performed by Jin, in 

consultation with Dr. Marc Allaire of the National Synchrotron Light Source and Dr. 

Robert L. Campbell. Crystallographic structure determination was achieved by Jin under 

the guidance and supervision of Dr. Robert L. Campbell. The manuscript was principally 

written by Jin Qian, with editorial input from Dr. Robert L. Campbell, Dr. Peter L. 

Davies, Dr. Dominic Cuerrier and Dr. James C. Powers.  
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2.1. ABSTRACT 

 

 Calpains are intracellular cysteine proteases that catalyze the cleavage of target 

proteins in response to Ca2+ signalling. When Ca2+ homeostasis is disrupted, calpain 

over-activation causes unregulated proteolysis, which can contribute to diseases such as 

post-ischemic injury and cataract formation. Potent calpain inhibitors exist, but of these 

many cross-react with other cysteine proteases and will need modification to specifically 

target calpain. Here, we present crystal structures of rat calpain 1 protease core (µI-II) 

bound to two α-ketoamide-based calpain inhibitors containing adenyl and piperazyl 

primed-side extensions. An unexpected aromatic-stacking interaction is observed 

between the primed-side adenine moiety and the Trp298 side chain. This interaction 

increased the potency of the inhibitor towards µI-II and heterodimeric m-calpain. 

Moreover, stacking orients the adenine such that it can be used as a scaffold for designing 

novel primed-side address regions, which could be incorporated into future inhibitors to 

enhance their calpain specificity. 
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2.2. INTRODUCTION  

 

In response to Ca2+ signaling, the calpain family of intracellular cysteine proteases 

catalyzes the limited cleavage of target proteins, resulting in changes to processes such as 

gene expression, cytoskeleton remodeling and apoptosis (16). Problems arise following 

ischemic or cerebral injury, when cells lose their ability to regulate Ca2+ influx to the 

cytoplasm. The elevated Ca2+ concentration leads to calpain hyperactivation, which 

causes uncontrolled proteolysis and irreversible cell damage. Since their overactivation 

has been linked to the development of pathological conditions such as stroke, Alzheimer 

disease, Duchenne muscular dystrophy and cataractogenesis, calpains represent an 

important class of targets for pharmacological inhibition (22, 71). 

To date, all known calpain isoforms are multidomain enzymes (72), with a 

catalytic cleft located at the interface between domains I and II (23). These two domains, 

which encompass the enzyme’s proteolytic core, must each bind one Ca2+ ion to facilitate 

the rearrangement of the catalytic triad and substrate binding pocket into an active 

conformation (73). Although the various other domains also contribute somewhat to 

calpain activation, the susceptibility of full-length calpain to autolysis, subunit 

dissociation and aggregation following Ca2+ activation has complicated its study in the 

full-length form (25). The protease core though, remains resistant to autolysis and 

maintains its Ca2+-dependent activity, albeit, at a significantly reduced level (20). In 

addition, because of the relative ease with which they can be expressed in E. coli and 

crystallized, these protease cores have become an invaluable tool for the structure-based 

design of calpain inhibitors (74). While two structures have been reported for the Ca2+-
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activated human protease core (75, 76), in our hands, the rat protease core has been much 

easier to purify and crystallize. The sequences for the protease cores of rat and human 

calpains 1 and 2 show a high degree of identity (87% between rat and human calpain 1 

and 70% between rat calpain 1 and human calpain 2). Furthermore, because the active 

site clefts are particularly well conserved, the rat calpain 1 structure remains a suitable 

model for designing and studying inhibitors of calpain. 

Of the reversible inhibitors that have been developed to target calpains, most are 

peptide analogues containing an electrophilic warhead group to covalently modify 

calpain’s active site thiol (41, 51, 74). Although aldehyde and α-ketoamide functional 

groups have been widely used as warheads, the latter has emerged as the superior form 

with respect to both metabolic stability and cell permeability (51). However, the poor 

specificity of α-ketoamide inhibitors continues to limit their applicability as potential 

therapeutic agents (22). Consequently, there has been an increasing focus on designing 

peptidyl “address regions” flanking the warhead to target the inhibitor to the calpain 

active site. To improve specificity, these “address regions” are designed to correspond 

with calpain’s residue preferences at each position in a peptide substrate. For instance, µ-

calpain’s protease core (µI-II) demonstrates a preference for hydrophobic residues on the 

N-terminal (unprimed) side of the scissile bond (77), specifically phenylalanine and 

leucine at the P1 and P2 positions, respectively. The crystal structure of µI-II in complex 

with 3 (SNJ-1945) (69), a peptidyl α-ketoamide containing this optimized selection, 

shows each of the two side chains interacting with the substrate binding cleft (69), thus 

showing how this unprimed “address region” can target the warhead to calpain’s active 

site. By itself though, this unprimed “address region” is insufficient to confer specificity 
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towards calpain since the P2 leucyl side chain is also accommodated by a hydrophobic 

pocket in other cysteine proteases (52). Hence, there is an advantage to developing an 

additional optimal “address region” on the C-terminal (primed) side of the warhead. If the 

“address regions” on both the unprimed and primed sides can be incorporated into a 

single inhibitor, it would possess a substantially improved ability to specifically target 

calpain. 

Previous studies on calpain inhibitors have shown that the extension of an 

inhibitor into the primed region can increase the inhibitor potency. For instance, Li et al. 

(54) showed that the inclusion of an arylalkyl primed-side substituent often improved the 

potency towards both calpains 1 and 2 as well as cathepsin B. In particular, the best 

primed-side substituent on the α-ketoamide was a (CH2)3-Phe group. In another study, 

Chattergee et al. (67) examined the effect of different primed-side extending biaryl 

sulfonamides and found that the inclusion of a spacer between the two aryl motifs 

reduced the inhibitory activity. Donkor et al. (68) studied a series of inhibitors containing 

polar substituents in the P1′ position within the linker to a phenyl group. They modeled 

the polar group as interacting with Glu261, which we later showed to reside in a flexible 

loop (69). The common feature amongst these reports though, is that an aromatic moiety 

within the primed side was potentially beneficial to inhibitory activity. However, without 

crystal structures of these inhibitors bound to calpain, it is difficult to identify the 

interactions that these primed-side substituents might make with the active site. 

Here, we present the crystal structures of µI-II bound to two α-ketoamide 

inhibitors 1, 2 (Figure 2.1), each possessing substituents that extend deeper into the µI-II 

primed side cleft than previously observed. These structures also show the movement of a  
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Figure 2.1. Chemical structures of 1 and 2, the two α-ketoamide calpain inhibitors 

used in this study. Both compounds contain a P1 α-aminobutanoic acid and P2 leucine 

residue, but the primed side extension of 1 ends with an adenine group, while that of 2 is 

terminated by a piperazine ring. The structure of the commercially available calpain 

inhibitor AK-295 is also shown for comparison. 



 33

Figure 2.1 
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flexible gating loop out of the binding pocket in the presence of a ligand moiety 

stretching into the S-primed subsites. More importantly, the structure of µI-II bound to 1 

demonstrates a novel non-covalent interaction between µI-II and the inhibitor, where the 

aromatic adenine moiety of 1 stacks against a conserved tryptophan in the catalytic cleft 

of µI-II and forms a hydrogen bond to the side chain of Glu300. These interactions may 

explain why 1 inhibits µI-II activity more potently than the nearly identical compound 2, 

which possesses a non-aromatic primed side substituent. The information gained from 

these structures should provide valuable insights for developing more specific inhibitors 

that can simultaneously target both the unprimed and primed subsites of calpains.   
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2.3. EXPERIMENTAL PROCEDURES 

 

2.3.1. Materials.  

 The rat µI-II construct is composed of Gly27-Asp356 from rat µ-calpain and 

contains an N-terminal Met and C-terminal Leu-Glu-(His)6 tag. The full-length rat m-

calpain, comprised of the 80 and 21 kDa subunits, contains the C-terminal Lys-Leu-Ala-

Ala-Leu-Glu-(His)6 tag. Both constructs were recombinantly expressed in E. coli and 

purified as previously described (20, 78). The calpain substrate (EDANS)-EPLFAERK-

(DABCYL) was synthesized at the Alberta Peptide Institute (Edmonton, Alberta, 

Canada) and in the Peptide Synthesis Laboratory of the Protein Function Discovery 

Facility at Queen’s University (Kingston, Ontario, Canada). All other reagents were 

obtained from common sources. 

 

2.3.2. Synthesis of the α-Ketoamide Compounds. 

 3-(Benzyloxycarbonyl-L-leucylamino)-N-(3-(6-amino-9H-purin-9-yl)propyl)-2-

oxopentanamide (1, Z-Leu-Abu-CONH-(CH2)3-adenin-9-yl). A mixture of adenine (4.05 

g, 30 mM), 1-bromo-3-chloropropane (21.3 g, 13.4 mM), and potassium carbonate (10.4 

g, 75 mM) in DMF (200 mL) was stirred at room temperature under argon for 4 days, 

filtrated and evaporated to dryness. The crude product was washed with water and dried. 

Recrystallization from ethanol gave 9-(3-chloropropyl)adenine in 59% yield.  

The 9-(3-chloropropyl)adenine (1.9 g, 9 mM) and sodium azide (1.75 g, 27 mM) 

in DMF was stirred at 80 °C for 24 h, cooled to room temperature and filtered. The solid 

was washed with CH2Cl2. The solvent was removed from the combined filtrates and the 
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residue was taken up in water with sonication. The aqueous layer was extracted with 

CH2Cl2 (3 x 60 mL). After removing solvent the crude product was recrystallized from 

ethanol to give 9-(3-azidopropyl)adenine as a white crystalline solid in 81% yield. 

The 9-(3-azidopropyl)adenine (0.5 g, 2.3 mM) and 5 % palladium on carbon (0.5 

g) in methanol was reacted with hydrogen gas at room temperature for 22 h. The catalyst 

was removed by filtration, and the solvent removed to give 9-(3-aminopropyl)adenine as 

a white solid in 76% yield. 1H NMR (DMSO-d6): 1.80 (m, 2H, CH2), 2.45 (m, 2H, CH2), 

3.35 (S, 2H, NH2), 4.20 (m, 2H, CH2), 7.20 (s, 2H, NH2), 8.10 (s, 2H, CH). MS (ED+): 

193.0. 

The ketoamide product Z-Leu-Abu-CONH-(CH2)3-adenin-9-yl was obtained from 

9-(3-aminopropyl)adenine and the ketoacid Z-Leu-Abu-COOH (45) using the 

EDC/HOBt coupling method, purified by column chromatography on silica gel with 

85:15 CH2Cl2:MeOH as the eluant, then recrystallized from CH3COOEt/hexane to give a 

white solid (27% yield). 1H NMR (CDCl3): 0.91 (m, 9H, CH3 of Val and Abu), 1.60-1.80 

(m, 5H, CH2 and CH of Leu and Abu), 2.00 (m, 2H, CH2), 3.20 (2H, CH2), 4.24 (m, 3H, 

CH2 and α-H), 5.11 (s, 2H, Z), 5.20 (m, 1H, α-H), 6.20 (s, 1H, NH), 6.80 (b, 1H, NH), 

7.20-7.40 (m, 6H, Ph and NH), 7.85 (d, 1H, CH of adenine), 8.36 (d, 1H, CH of adenine).  

3-(Benzyloxycarbonyl-L-leucylamino)-N-(3-(4-methylpiperazin-1-yl)propyl)-2-

oxopentanamide (2, Z-Leu-Abu-CONH-(CH2)3-(4-methylpiperazin-1-yl). A solution of 

N-(3-bromopropyl)phthalimide (8.04 g, 30 mM) in xylene (60 mL) was added dropwise 

to a solution of 1-methylpiperazine (6.61 g, 66 mM) in xylene (90 mL) at 70 °C. After 

the addition was complete, the mixture was heated under reflux for 20 h. A precipitate 

was removed by filtration and the filtrate was concentrated. The crude product was 
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purified by silica gel chromatography with 9:1 CH2Cl2:MeOH to give the product N-(3-

(4-methylpiperazin-1-yl)propyl)phthalimide as an oil in 72% yield. 

A solution of N-(3-(4-methylpiperazin-1-yl)propyl)phthalimide (6.2 g, 21.6 mM) 

and hydrazine monohydrate (1.13 g, 26 mM) in ethanol (60 mL) and methanol (60 mL) 

was refluxed for 4 h. After cooling to room temperature, concentrated HCl (2.4 mL) was 

added and the mixture heated under reflux for another 1 h. After removing the solvent, 

water (100 mL) was added, the mixture stirred and insoluble material removed by 

filtration. Solid K2CO3 (1.2 eq) and CH2Cl2 (100 mL) was added to the aqueous layer, the 

mixture stirred, and filtered. The organic layer was washed with water (3 x 20 mL). The 

combined aqueous layers were washed with Et2O. Water was removed from the organic 

layers, they were then dried and evaporated to give 1-(3-aminopropyl)-4-

methylpiperazine as an oil in 39% yield. 1H NMR (CDCl3): 1.55 (m, 2H, CH2), 2.20 (s, 

3H, CH3), 2.34 (t, 2H, CH2), 2.67 (t, 2H, CH2). MS (ES+): 157.9. 

The ketoamide Z-Leu-Abu-CONH-(CH2)3-(4-methylpiperazin-1-yl) was 

synthesized from 1-(3-aminopropyl)-4-methylpiperazine and Z-Leu-Abu-COOH (45) 

using the EDC/HOBt coupling method, purified twice by column chromatography on 

silica gel using 80:20 CH2Cl2:MeOH and 85:15 CH2Cl2:MeOH as the eluant to give a 

yellow semi-solid in 16% yield. 1H NMR (CDCl3): 0.91 (m, 9H, CH3 of Val and Abu), 

1.60-1.80 (m, 5H, CH2 and CH), 2.00 (m, 2H, CH2), 2.44 (s, 3H, CH3 of piperazine), 

2.50-2.65 (m, 8H, CH2 of piperazine), 3.30 (m, 2H, CH2), 4.20 (m, 3H, CH2 and α-H), 

5.10 (s, 2H, Z), 5.15 (m, 1H, α-H), 6.70 (b, 1H, NH), 7.20-7.30 (m, 6H, Ph and NH), 8.60 

(b, 1H, NH).  
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2.3.3. Fluorimetric analysis of µI-II and m-calpain inhibition by 1 and 2. 

 Enzymatic activity was monitored in real-time using a 1.5 mL quartz cuvette and 

a Perkin-Elmer LS50-B Luminescence Spectrophotometer. Duplicate assays were 

performed with 1.3 µM (EDANS)-EPLFAERK-(DABCYL) (77) and 125 nM µI-II or m-

calpain in a buffer solution containing 50 mM HEPES-HCl (pH 7.7) and 10 mM DTT. 

The reaction was initiated at the 420 s time mark using 4 mM CaCl2 and monitored at 

excitation and emission wavelengths of 335 nm and 500 nm, respectively. After a waiting 

period of 100 s, the inhibitor solution (either 1 or 2 dissolved in DMSO) was added at a 

concentration of 1 µM (for the m-calpain assays) or 50 µM (for the µI-II assays). Control 

assays were performed by adding an equivalent volume of DMSO after the 100 s delay. 

 

2.3.4 Determination of µI-II-ZLAK-3001 and µI-II-ZLAK-3002 crystal structures.  

 A solution of 325 µM µI-II in 10 mM HEPES-HCl (pH 7.7) and 10 mM DTT was 

first incubated with 2 mM 1 or 2 at room temperature for 30 min. This solution was then 

mixed with an equal volume of a precipitant solution to cover conditions that expanded 

around 1.5-2.0 M NaCl, 10 mM CaCl2, and 0.1 M MES (pH 5.75-6.5). Using the hanging 

drop vapour diffusion method, crystals were obtained and subsequently soaked in a 

solution of the mother liquor supplemented with 20% glycerol, prior to data collection. 

Crystallographic data was collected at beamline X6A at the National Synchrotron Light 

Source, Brookhaven National Laboratory. The processing of data was performed using 

Mosflm (79) and Scala (80) from the CCP4 program suite (81). The inhibitor-bound 

structure was solved using the Ca2+-bound µI-II (PDB entry 1KXR) as the model for 

molecular replacement in MOLREP (82). The molecular topology descriptions of the 
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inhibitors 1 and 2 were generated with the Dundee PRODRG2 server (83). Model 

refinement and building were performed using REFMAC5 (84) and Coot (85), 

respectively. The structures shown in Figures 2.3 through 2.6 were prepared with 

PyMOL (86). 
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2.4. RESULTS 

 

2.4.1. Evaluating the inhibitory potency of 1 and 2 on µI-II and m-calpain. 

 Upon calcium-activation, the rate of cleavage of the FRET substrate by m-calpain 

(Figure 2.2A) was approximately four times higher than that catalyzed by µI-II (Figure 

2.2B). In the absence of either inhibitor, the autolytic inactivation of m-calpain caused the 

fluorescence intensity to plateau after just a few minutes of reaction. However, this 

autolytic inactivation was not observed with µI-II. Upon addition of either inhibitor, the 

increase in fluorescence was immediately attenuated, albeit more noticeably with m-

calpain. For both m-calpain and µI-II, 1 caused a more distinct attenuation of 

fluorescence when compared to 2, indicating that the former is a more potent calpain 

inhibitor. 

 

2.4.2. X-ray crystal structures of the complexes of µI-II with 1 and 2.  

Owing to its stability and resistance to autolytic inactivation (20), µI-II was used 

to form calpain-inhibitor complexes with 1 and 2. A summary of crystallographic data 

collection and refinement statistics is presented in Table 2.1. Within the catalytic cleft of 

µI-II, the electron density of each inhibitor was clearly observed in the inner S-unprimed 

and S-primed subsites (Figure 2.3A and 2.3B). Electron density was weakest around the 

P3 phenyl ring of both inhibitors, suggesting that this group was more flexible and 

formed limited interactions with the S3-unprimed region. Nevertheless, when compared 

to the previously solved structures of µI-II bound to leupeptin or the α-ketoamide 

inhibitor 3 (69), the position of the P3 phenyl ring in 1 and 2 was consistent with that of  
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Figure 2.2. Inhibitory effect of 1 and 2 on m-calpain (A) and µI-II (B). Duplicate 

assays were performed by adding 1.3 µM (EDANS)-EPLFAERK-(DABCYL) (1), 125 

nM calpain (2) and 4 mM CaCl2 (3), then averaged to yield the plots shown. Autolytic 

inactivation of m-calpain, but not µI-II, was observed when no inhibitor was added (87). 

Immediately following addition of each inhibitor (4), the increase in fluorescence 

intensity was attentuated. Compound 1 (Y) caused a more distinct attenuation of 

fluorescence in both the m-calpain and µI-II assays, indicating that it is a more potent 

inhibitor when compared to 2 (Z). 

 

 

 



 42

Figure 2.2 
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Table 2.1. Summary from data collection and structure refinement.  

 µI-II-1 complex µI-II- 2 complex 
 
Crystal Parameters 
 

Space group P212121 P212121 
a (Å) 40.43 40.57 
b (Å) 70.25 70.57 
c (Å) 110.41 110.41 

 
Data collection Statistics 
 

Resolution limit (Å) 1.80-59.23 (1.80-1.90) 1.60-35.29 (1.60-1.69) 
No. of measured reflections 196538 (28320) 229854 (15208) 
No. of unique reflections 29796 (4224) 40801 (4932) 
Completeness (%) 99.2 (98.4) 96.0 (82.6) 
I/σI 35.1 (15.1) 17.9 (1.6) 
Rmerge (%) 4.0 (12.2) 7.8 (60.2) 

 
Refined Structural Model 
 

Resolution range (Å) 1.80-27.22 (1.80-1.847) 1.60-35.29 (1.60-1.642) 
Size of free reflection set 
(%) 5 (5) 5 (5) 

Rwork 15.6 (16.9) 19.8 (33.8) 
Rfree 19.6 (24.1) 22.2 (34.7) 
No. of atoms (no H) 
protein/solvent/Ca2+/Cl-

/glycerol 
2644/305/2/3/12 2663/268/2/3/12 

Bond angle rmsd (deg) 1.47 1.273 
Bond length rmsd (Å) 0.016 0.012 
Average B-factor (Å2) 14.3 15.8 
B-factor from Wilson plot 
(Å2) 13.0 17.5 
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Figure 2.3. Crystal structures of 1 and 2 bound to the active site of µI-II. The 

electron density of 1 (calculated with coefficients 2mFobs – DFcalc, Φcalc and contoured 

at 1σ) and the inhibitor’s polar contacts with µI-II are shown in panels A & C, 

respectively, while those for 2 are shown in panels B & D. The carve feature of PyMOL 

(81) was used to limit the display of electron density to a distance of 2 Å from the 

inhibitors. Bonds are colored by atom type: carbon=gray (µI-II), carbon = green (1), 

carbon = cyan (2), nitrogen = blue, oxygen = red, sulfur = orange. The peptide subsites 

are labeled below panel C. 
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Figure 2.3 
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the P3 diethylene glycol in 3 and the P3 leucyl group in leupeptin; all four P3 groups 

overlap closely along the surface of domain I (Figure 2.4A). 

Both inhibitors 1 and 2 are stabilized within the active site through interactions 

that are conserved in the structures of µI-II bound to leupeptin or 3. On the unprimed 

side, hydrogen bonds are formed between the inhibitor’s peptide backbone atoms (amide 

nitrogen and carbonyl oxygen of the P2 residue and amide nitrogen of the P1 residue) and 

Gly208 and Gly271 in the catalytic cleft (Figure 2.3C and 2.3D). At the α-ketoamide 

warhead of 1, 2 and 3, the newly formed hydroxyl group, which arises from nucleophilic 

attack by the active site thiol, forms a hydrogen bond with the imidazole ring of His272, 

while the carbonyl oxygen of the carboxyamide provides further stabilization via two 

polar contacts with Gln109 and Cys115. 

As would be expected from the highly conserved hydrogen bonding interactions, 

a high degree of structural alignment was observed at the P2 leucine of each of the 

inhibitors 1, 2, 3 and leupeptin (Figure 2.4A). In fact, the backbone and side chains adopt 

nearly identical conformations. This strong overlap continued into the backbone of the P1 

residue and its respective side chain β- and γ-carbons. In addition to the conserved 

hydrogen bonds, another contributing factor to the high degree of structural alignment is 

the narrowness of the binding pocket around the P1 residue. As described by Cuerrier et 

al., (69) this narrow pocket imposes restrictions on the ability of the P1 residue to rotate 

around the Cα-Cβbond. 
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Figure 2.4. Structural overlap of calpain inhibitors, achieved by aligning the 

polypeptide chain of each structure. Inhibitors are shown as sticks and accompanied by 

a surface representation of µI-II from the µI-II-1 complex. Atoms are coloured as in 

Figure 2.3. (A) The overlap of 1, 2, 3 and leupeptin shows a high degree of structural 

alignment from the P3 to the P1 residue. The hydrophobic pocket formed at Ala262, 

Ile263 and Val269 is highlighted in light green. (B & C) Orientation of terminal primed 

side ring groups of 1 and 2 relative to Trp298 in µI-II. A transparent surface 

representation of µI-II is also shown. (B) Primed-side aromatic stacking interaction 

between the adenine moiety of 1 and Trp298. (C) This stacking interaction is absent for 

the non-aromatic piperazyl group of 2. Atoms are coloured as for Figure 3.  
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Figure 2.4 
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While the leupeptin and 3 structures are terminated at, or shortly after the 

warhead, 1 and 2 possess much longer primed side extensions. Interestingly, the greatest 

degree of structural divergence between these two inhibitors is concentrated within this 

region. Structural alignment deteriorates substantially in the 3-carbon chain that lies on 

the C-terminal side of the warhead and is ultimately transmitted to the terminal ring 

groups (Figure 2.4A). It appears that the primed-side 3-carbon chain in 1 may adopt a 

different conformation from that of 2 in order to facilitate an aromatic stacking 

interaction between the adenine moiety of 1 and the side chain of Trp298. As shown in 

Figure 2.4B, it stacks in a coplanar conformation with respect to tryptophan’s indole 

group, leaving a gap of only 3.5 Å between the two and allowing the formation of a 

hydrogen bond to Glu300. Neither this coplanar stacking nor any polar contacts were 

observed between the non-aromatic piperazyl ring of 2 and the primed side pocket 

(Figure 2.4C). The absence of this stacking interaction and a hydrogen bond to Glu300 

therefore likely accounts for the weaker electron density around the piperazyl ring when 

compared to that of the adenine moiety (Figure 2.3A and 2.3B). 

For both inhibitor-bound structures, although the electron density of µI-II was 

strong in most areas, the density was observed to be considerably weaker between 

residues 251-261, which comprise a known flexible loop region. Fitting these residues to 

the available density resulted in a loop that adopted an “open” conformation, with Glu261 

displaced away from the S1′ subsite. This “open” conformation closely resembles the one 

reported in the structure of 3 bound to µI-II, but contrasts with the “closed” conformation 

observed in the leupeptin-bound structure (Figure 2.5). 
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Figure 2.5. Overlay of four µI-II structures, showing the two possible conformations 

of the gating loop (residues 256-261). Glu261 in µI-II and the bound inhibitor 1 are 

shown as sticks. The primed side extensions of 1 and 2 cause Glu261 in the gating loop to 

be displaced, resulting in an “open” conformation. This “open” conformation closely 

resembles that of the structure of µI-II bound to 3, where a P1′-cyclopropyl group causes 

Glu261 to be displaced. When bound to leupeptin, which lacks a primed side extension, 

the gating loop is in a “closed” position, with Glu261 blocking the S1′ subsite. The 

polypeptides are coloured as follows: green = µI-II-1 complex, cyan = µI-II-2 complex, 

magenta = µI-II-3 complex, yellow = µI-II-leupeptin complex. 
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Figure 2.5 
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2.5. DISCUSSION 

 

 As noted in previously solved µI-II structures, residues 251-261 in domain II 

comprise a flexible loop that possesses weak electron density and is considered to act as a 

gate for the catalytic cleft (69, 73, 76). When µI-II is bound to an inhibitor that extends 

only into the unprimed side, such as leupeptin, the flexible “gating” loop adopts the 

“closed” conformation, with Glu261 obstructing the S1′ subsite (Figure 2.5). However, in 

the presence of an inhibitor such as 1 or 2, which possesses a primed side group that 

extends into the S2′-subsite, the loop is oriented away from the active site in a much more 

“open” manner. This “open” conformation was first observed in the structure of µI-II 

bound to 3, where the inhibitor’s P1′ cyclopropyl group was thought to displace Glu261 

from the S1′ site (69). Although the purpose of the “open” and “closed” loop 

conformations has yet to be determined, it is possible that they could be signalling 

different catalytic stages, possibly via interactions with domains (eg. domain III) that are 

absent in the isolated proteolytic core. The open loop conformation for instance, might be 

signalling the initial substrate-binding event where the polypeptide chain would stretch 

across the cleft. However, once catalysis has yielded the acyl-enzyme intermediate, 

which no longer possesses a primed side extension, the loop may close to signify the near 

completion of catalysis. 

In addition to providing insight about the flexible gating loop, the crystal 

structures produced from this study also revealed the importance of the newly discovered 

aromatic stacking interaction between the primed-side adenine moiety of 1 and the indole 

ring of Trp298. This class of non-covalent interactions, commonly referred to as π-π 
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stacking, has been widely documented in protein-ligand complexes, especially when the 

ligand is comprised of nucleic acids (88-93). One study in particular examined the 

stacking interactions between adenine and aromatic residues in the active site of DNA 

glycosylases (94). Since these enzymes remove damaged bases during the first step of 

base excision repair (95) and have aromatic residues lining their active sites, it was 

thought that π-π stacking was responsible for substrate recognition and stabilization. By 

examining the available crystal structures of DNA glycosylases and performing 

computational analyses of the aromatic interactions, it was determined that out of the four 

aromatic amino acids (His, Phe, Tyr and Trp), the strongest stacking with adenine 

occurred in the presence of tryptophan, an apparent consequence of its side chain’s large 

surface area and dipole moment (94). Furthermore, the optimal vertical separation 

between tryptophan and adenine was determined to range from 3.5 Å to 3.6 Å, which 

matches the distance observed in the complex of µI-II with 1. 

Based on the energetic consequences of π-π stacking and considering that 1 and 2 

differ only with respect to their terminal primed side ring groups, the aromatic interaction 

therefore may explain the greater inhibitory potency of 1 over 2 observed in the 

fluorimetry assays (Figure 2.2). Through this stacking, the terminal primed side end of 1 

is held more rigidly in place and likely works in conjunction with the unprimed side polar 

contacts to properly orient the α-keto carbonyl relative to the active site thiol (Figure 2.3). 

In contrast, the absence of this aromatic interaction in the structure of µI-II with inhibitor 

2 causes the piperazyl ring to exhibit greater flexibility, which could be transmitted 

towards the warhead group, thereby impairing the α-keto carbonyl from achieving the 

necessary orientation required for potent inhibition. 
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Incidentally, the residue that facilitates the π-π stacking interaction, Trp298, is 

also involved in the later stage of active site assembly, where its side chain undergoes a 

radical change in position (73). Upon binding of the second and final Ca2+ ion to the µ-

calpain protease core, the indole ring of Trp298 moves from its initial wedge-like 

position between the catalytic domains into the orientation observed in the inhibitor-

bound structures. In this position, it helps shield two of the three catalytic triad residues 

(His272 and Asn296) from solvent exposure and thus facilitates catalysis. Therefore, the 

π-π stacking is done by Trp298 in its catalytically active conformation, suggesting that 

inhibitor 1 binds preferentially to the Ca2+-bound, active form of calpain. 

Although the π-π stacking interaction on the primed side cleft is promising from 

the perspective of structure-guided drug design, it alone is expected to be insufficient to 

specifically target calpains since other cysteine proteases also possess a tryptophan 

residue that resides in a similar position to that in the catalytic conformation of calpain 

(73). As shown in Figure 2.6, when the structures of the leupeptin-bound papain, human 

liver cathepsin B and E-64-bound cathepsin K are aligned with that of the µI-II-1 

complex, the analogous tryptophan residue in these other cysteine proteases could still 

interact with the adenine ring of 1, albeit perhaps less optimally when compared to 

Trp298. What the other papain-like cysteine proteases lack, though, is a residue 

equivalent to Glu300, so they would be unable to form a hydrogen bond to the amino 

group of the adenyl moiety. Along these lines, the stacked adenine ring could still be used 

as a scaffold for other functional groups, which could form contacts with structural 

features that are unique to calpain’s primed side cleft. For instance, the shallow 

hydrophobic pocket formed by Ala262, Ile263 and Val269 (Figure 2.4A) is not observed 
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Figure 2.6. Overlay of Trp298 in the µI-II-1 complex. µI-II in white, 1 in green with 

the corresponding tryptophan in papain (magenta), cathepsin B (yellow) and cathepsin K 

(cyan). This overlay was achieved by first aligning the three catalytic site residues 

(cysteine, histidine, tryptophan) of papain, cathepsin B and cathepsin K with those of the 

µI-II-1 structure. Inhibitor 1 and the overlaid cysteine, histidine and tryptophan residues 

are shown as sticks. The relatively similar alignments between the tryptophans suggests 

that aromatic stacking, by itself, will be insufficient to specifically target an inhibitor into 

the calpain active site. The PDB entries for the cysteine proteases are as follows: papain 

bound to leupeptin (1POP), human liver cathepsin B (1HUC) and cathepsin K bound to 

E-64 (1ATK). Nitrogens are coloured blue, while oxygens are red. 
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Figure 2.6 
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in the primed side cleft of papain, cathepsin B or cathepsin K. Therefore, addition of an 

aliphatic extension to the adenine ring could facilitate interactions with the hydrophobic 

pocket. In addition, the replacement of the primary amino group with a positively 

charged substituent on the adenine moiety of 1 could enhance the electrostatic contacts 

with the Glu300 side chain. Modification of compound 1 to exploit these calpain-

exclusive interactions holds promise for the development of new potent and selective 

inhibitors. 

In conclusion, we have demonstrated that interactions with calpain’s S-primed 

subsites represent an important aspect of inhibitor design that should not be ignored. As 

was highlighted in the two crystal structures, the aromatic stacking interaction between 

the primed-side adenine ring of ZLAK-3001 and Trp298, along with the hydrogen 

bonding between the adenine and Glu300 in µI-II, provided the inhibitor with a decisive 

potency advantage over an equivalent inhibitor lacking a terminal aromatic group. Being 

the first non-covalent interactions reported on the primed side of a calpain-inhibitor 

complex, the two high-resolution structures described in this study should contribute 

greatly to the field of structure-guided drug design and in particular, to the development 

of potent and specific inhibitors of calpains. 
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Chapter 3  

 

Evaluation of a prototype activity-based probe as a tool for detecting calpain 

activity in vivo 
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3.1. ABSTRACT  

 

Determining the physiological role of proteins requires ways of studying their 

location and relative activity within the cell. To facilitate these in vivo investigations, 

researchers have developed small-molecule reporters that can identify proteins based on 

their activity. These so-called activity-based probes (ABPs), which are often designed by 

attaching a tag to an existing small-molecule inhibitor, have already revealed the function 

of many previously poorly-understood cysteine proteases. This suggests that if a calpain-

specific ABP could be developed, it would be a valuable tool for studying calpain in vivo. 

Recently, a compound containing an epoxysuccinyl warhead in the R, R stereochemical 

configuration and a WRH-motif in the unprimed side address region was shown to have a 

25-fold preference for µ-calpain and a 120-fold preference for m-calpain over cathepsins 

B, L and K. These calpain-specific properties were incorporated into a prototype ABP 

that was tested in this study for its ability to detect calpain activity. Although the probe 

tagged the Ca2+-bound form of the enzyme when tested with purified recombinant rat m-

calpain, it was unable to detect calpain activity in an extract made from 293T cells 

transfected with calpain genes. Nevertheless, the insight gained from this study will aid in 

the development of a modified probe that will be able to detect calpain activity in vivo. 



 60

3.2. INTRODUCTION 

 

In the postgenomic era, researchers are challenged with the task of determining 

the cellular functions of proteins under both normal and pathological conditions (96-98). 

As a result, proteomic techniques such as 2-dimensional gel-electrophoresis (99) and 

isotope-coded affinity tagging (100) have been developed to provide a means of 

monitoring changes in protein expression levels. However, it has become clear that 

protein abundance does not necessarily correlate with protein activity, since many 

enzymes are tightly regulated post-transcriptionally (56). Moreover, because it is the 

activity of proteins, rather than their expression level, that dictates their cellular function, 

efforts are being made to develop proteomic approaches that can directly quantify protein 

activities (57). 

 One such new approach to proteomics involves the use of small molecules termed 

activity-based probes (ABPs) that can be used to identify and/or isolate proteins based on 

their activity. These probes usually contain a reactive functional group to covalently 

modify the target enzyme’s catalytic residue, a tag to detect the modified enzyme and a 

linker that connects these two regions and enhances the probe’s specificity towards a 

particular enzyme class (57). 

Of the enzymes classes that have been the target of ABP design, the cysteine 

proteases are one of the two groups that have received the greatest attention (the other 

group being serine proteases) (57). Considering that this class of enzymes, which uses 

covalent catalysis, has for a long time been a target of inhibitor design, numerous 

mechanism-based functional groups that target cysteine proteases already exist. 
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Therefore, the simple inclusion of a tag allows inhibitors to be converted into ABPs for 

cysteine proteases. For instance, the broad-spectrum cysteine protease inhibitor E-64 was 

used as a design scaffold for a cysteine protease ABP called DCG-04 (Figure 3.1A). This 

probe contains an epoxysuccinyl warhead to covalently and irreversibly modify the active 

site thiol, a linker region with a P2 Leu to improve target specificity and a biotin group, 

which can either be used as an affinity tag or replaced with a fluorescent probe for in vivo 

visualization (101).  

By using DCG-04, Joyce et al. were able to define the functional roles of 

cathepsin family proteases in tumour progression and angiogenesis (66), while 

Greenbaum et al. identified the falcipain 1 cysteine protease as being responsible for red 

blood cell invasion during human malarial infections (65). Remarkably, the fluorescent 

tag-containing version of this probe was able to effectively evaluate the activity of 

enzymes within intact cells, showing that cathepsin activity resides in lysosomes, and 

disappears when cells are treated with a cysteine protease inhibitor (62). This same 

fluorescent-ABP was even successfully used for in vivo imaging studies in a pancreatic 

cancer mouse model, revealing that cathepsin activity was elevated in tumour cells (66). 

In both in vivo studies, DCG-04 also enabled researchers to screen for small molecule 

inhibitors within intact cells, thereby allowing them to simultaneously evaluate the 

potency and specificity of inhibitors within a complex cellular proteome. 

Based on the success of DCG-04 in studying papain family cysteine proteases, it 

was presumed that if a similar but more calpain-specific ABP could be developed, then 

this calpain probe would be able to elucidate their function in pathological conditions, 

facilitate in vivo visualization of their activity, reveal their pattern of cellular localization 
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Figure 3.1. Chemical structures of epoxide-based ABPs. (A) DCG-04 contains (from 

left to right) a reporter tag (R-group), an amino hexanoic acid spacer, an unprimed-side 

address region with Tyr and Leu in the P3 and P2 positions, respectively, and an 

epoxysuccinyl warhead in the R, R stereochemical configuration. (B) The epoxide-based 

inhibitor developed by Cuerrier et al. that demonstrated 120-fold better specificity for m-

calpain over cathepsins B, L and K, and 25-fold better specificity for µ-calpain over the 

same three cathepsins (70). This inhibitor has the same warhead as DCG-04, but 

possesses Trp, Arg and His in the P4, P3 and P2 positions of its unprimed-side address 

region. (C) The prototype ABP that was evaluated in this study for its ability to 

specifically detect calpain activity. It is composed of BODIPY fluorophore and an amino 

hexanoic acid spacer that links it to the inhibitor designed by Cuerrier et al. The 

fluorophore is excited at 532 nm and emits at 580 nm. 
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Figure 3.1 
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and enable small molecule inhibitor screens for these enzymes in a manner similar to that 

achieved by DCG-04. It was recently demonstrated that a compound containing an 

epoxysuccinyl warhead in the R, R stereochemical configuration with W, R and H in the 

P4, P3 and P2 positions, respectively (Figure 3.1B) exhibited 120-fold better specificity 

for m-calpain over cathepsins B, L and K, and 25-fold better specificity for µ-calpain 

over the same three cathepsins (70). Although both calpain isoforms demonstrated a 

preference for His over the more well known Leu residue at the P2 position, this 

difference was accounted for by the epoxide warhead’s R, R stereochemistry, which 

facilitated unique interactions between His and the S2 subsite. This suggested that, if 

applied to the design of an epoxide-based ABP, the WRH-motif could confer an ABP 

with the necessary specificity to study calpain activity in vivo. 

Therefore, using a prototype ABP, composed of a BODIPY fluorophore linked to 

the WRH motif and epoxysuccinyl (R, R) warhead (Figure 3.1C), we performed a 

preliminary analysis to assess its calpain detection ability. A simple SDS-PAGE assay 

was used to show that with a purified preparation of m-calpain, the probe was specific for 

the catalytic cysteine in the Ca2+-activated form of the enzyme. However, the SDS-PAGE 

assay revealed that the ABP was unable to detect calpain activity in an extract made from 

293T human embryonic kidney (HEK) cells. These cells, which had been transfected 

with genes coding for µ- and m-calpain, were confirmed to possess calpain activity, albeit 

at relatively low levels. Despite the ABP’s shortcomings, the information gained from 

this preliminary study should provide insight for design modifications to the probe that 

will improve its calpain detection ability.  
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3.3. EXPERIMENTAL PROCEDURES 

 

3.3.1. Materials.  

Rat m-calpain (active and inactive C105S mutant) were recombinantly expressed 

in E. coli and purified, as described previously (20, 78). Cell extracts, derived from 293T 

HEK cells that had been transfected with the stably expressing rat calpain genes capn1 

(large subunit of µ-calpain), capn2 (large subunit of m-calpain) and capn4 (calpain small 

subunit), were a gift from Dr. Peter Greer (Queen’s University, ON). These cells were 

lysed in a buffer containing 50 mM HEPES, 150 mM NaCl, 10% (v/v) glycerol, 1% (v/v) 

Triton X-100, 5 mM EDTA, 0.1% (v/v) 2-ME and 0.5 mM PMSF. One cell extract 

preparation was lysed in a buffer containing the previous reagents as well as 5 µg/mL 

leupeptin. Protein marker solution (effective size range of 2-212 kDa) was purchased 

from New England Biolabs (Pickering, ON). The fluorescent-ABP, composed of an 

epoxysuccinyl warhead in the R, R stereochemical configuration with W, R and H in the 

P4, P3 and P2 positions, respectively, and a terminal BODIPY fluorophore, was a gift 

from Dr. Matthew Bogyo (Stanford University, CA). Fluorescent imaging was performed 

in a Light Tools Research imaging cabinet with a dual illumination source and 540 nm 

excitation filters (California, USA). Images were captured on a Hamamatsu Orca/ER 

camera with a 580 nm emission filter in front of the lens (Hamamatsu City, Japan). Image 

Pro Plus 6.0 (Maryland, USA) was the software used to manipulate the camera. All other 

reagents were obtained from common sources. 

 

3.3.2. SDS-PAGE analysis of recombinant m-calpain tagging by the ABP.  
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ABP tagging of m-calpain was performed in buffer solutions containing 50 mM 

MOPS-HCl (pH 7.0), 10 mM DTT and 2 mM CaCl2, with the control assays lacking 

CaCl2. The fluorescent-ABP was then added to the buffer solutions to achieve final 

concentrations of 4.76, 47.6 or 476 µM. Recombinant m-calpain (active or inactive 

C105S mutant) was subsequently added and mixed with the contents of each assay tube 

to achieve a total concentration of 4.33 µM and volume of 21 µL. Assay tubes were 

allowed to incubate for 20 min under aluminum foil to prevent photobleaching of the 

ABP’s fluorophore. At the end of the incubation period, 10 µL of a solution containing 

the 3X SDS-PAGE sample buffer (200 mM Tris-Hcl (pH 6.8), 6% (w/v) SDS, 30% 

glycerol, 0.03% (w/v) bromophenol blue) and 0.1% (v/v) 2-ME was added to each assay 

tube to stop the tagging reaction. A Tris-Tricine gel was prerun with 0.1% (v/v) β-

propionic acid for 20 min at 125 V before 10 µL aliquots from each assay tube were 

loaded into the gel. After electrophoresis of the gel in the absence of visible light, 

fluorescent imaging, followed by Coomassie blue staining, were performed. 

 

3.3.3. SDS-PAGE analysis of cellular calpain tagging by the ABP.  

The buffer solutions were similar to those described for ABP-tagging of 

recombinant m-calpain, except that the CaCl2 concentration was increased from 2 mM to 

5 mM. Fluorescent-ABP was added to assay tubes to yield a final concentration of 40 

µM. The 293T cell extract, which was lysed in the leupeptin-free buffer solution, was 

added to achieve protein quantities of 40, 80 or 160 µg in the assay tubes. Recombinant 

m-calpain (2.5 µg) was used for control assays. The remainder of the procedure was 

identical to that described in the previous section.  
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3.3.4. Casein zymography analysis of the 293T cell extract.  

The stacking and resolving portions of the gel were prepared as described by 

Croall et al. (102) Two different 293T cell extracts were obtained, one that had been 

prepared with 5 ug/mL leupeptin in the lysis buffer and the other with a leupeptin-free 

lysis buffer. The casein gel was prerun for 30 min at 125 V using a buffer solution with 

the HEPES-imidazole concentrations described by Croall et al. as well as 0.5 mM EDTA 

and 0.1% (v/v) 2-mercaptoethanol. The 293T cell extracts were loaded onto the gel to 

obtain a protein quantity of 40 µg, while recombinant m-calpain quantities ranging from 

0.004-4 µg were pipetted into separate gel lanes to gauge the level of calpain activity in 

the 293T cell extracts. Following electrophoresis, calpain activity was developed 

overnight in a solution of 25 mM Tris-HCl, 25 mM MOPS, 5 mM CaCl2 and 0.1% (v/v) 

2-ME, with one or two changes of this developing buffer. Finally, gels were stained with 

Coomassie blue to reveal cleared areas of calpain activity.  
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3.4. RESULTS 

 

3.4.1. Evaluating fluorescent-ABP tagging of recombinant m-calpain by SDS-PAGE. 

Prior to testing its ability to selectively tag cellular calpain, an SDS-PAGE 

approach was used to confirm the ABP’s efficacy as a tool for visualizing calpain 

activity. As shown in the lower (Coomassie blue-stained) panel of Figure 3.2, in the 

absence of the ABP and Ca2+, the recombinant m-calpain is resolved into two fragments 

corresponding to its large (80kDa) and small (21kDa) subunits (lane 1). In lane 2, 

incubation of m-calpain with 0.95 mM CaCl2 leads to considerable digestion of the 80 

kDa band, yielding a number of smaller autolysis fragments. These included small 

quantities of two fragments at about 50 and 60 kDa, a large amount of a 36 kDa 

fragment, and three fragments of intermediate quantity at 25, 22 and 18k Da. This 

autolysis pattern was observed again in lane 3, when m-calpain was reacted in a solution 

with the same CaCl2 concentration and 5% DMSO, which was the organic solvent used 

to dissolve the ABP in subsequent assays. However, in the presence of 476 µM ABP and 

Ca2+, no autolysis fragments were observed; only the large and small subunit bands are 

present. More importantly though, fluorescent imaging of the gel (upper panel) revealed 

bright fluorescence originating from the large subunit band. When the ABP concentration 

was diluted by 10-fold and 100-fold in lanes 6 and 7, respectively, the autolysis 

fragments gradually reappeared, while digestion of the large subunit band and a 

concomitant decrease in its fluorescence intensity were apparent. Not surprisingly, out of 

lanes 5-7 the weakest fluorescence intensity and greatest degree of large subunit digestion 

and autolysis fragmentation was observed in lane 7, where the ABP concentration was
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Figure 3.2. SDS-PAGE-based autolysis assay. Fluorescence imaging of the gel (upper 

panel) was performed prior to Coomassie blue staining (lower panel) and was used to 

confirm ABP labeling of the m-calpain large subunit. In lanes 1-7, the reaction was 

performed with recombinant m-calpain, while that in lane 8 was performed with the 

inactive C105S mutant (mC105S). The presence or absence of 0.95mM Ca2+ and the 

ABP concentrations used in the assays are indicated. Molecular mass markers were 

electrophoresed to the right of lane 9.  
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Figure 3.2 
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lowest. Lanes 4 and 8 were included as controls and contained the same ABP 

concentration as lane 6. In lane 4, m-calpain was incubated with the probe in the absence 

of Ca2+, while in lane 8, the inactive C105S mutant m-calpain was reacted with the ABP 

and Ca2+. Both these control lanes lacked autolysis fragments and produced minimal 

fluorescence.   

 

3.4.2. Evaluating fluorescent-ABP tagging of cellular calpain by SDS-PAGE. 

Using the same SDS-PAGE and fluorescence-imaging strategy described 

previously, the ABP was subsequently tested for its ability to specifically detect calpain 

activity in an extract made from calpain overexpressing 293T cells. As shown in the 

Coomassie blue-stained gel of Figure 3.3, proteins from a wide range of molecular 

weights can be detected in 40 µg of cell extract, with most falling within the 34.6-116 

kDa range (lane 1). A control assay (lane 7), where recombinant m-calpain was incubated 

with excess ABP and Ca2+, acted as a reference for the location of the probe-labeled 

80kDa subunit. In lane 2, where the cell extract was reacted with 40 µM ABP, the 

expected fluorescence in the 80 kDa region was unfortunately not observed; instead, only 

a faint band of fluorescence between 36-56 kDa was detected. Increasing the quantity of 

calpain by doubling and quadrupling the amount of cell extract in the reaction (lanes 8 

and 9, respectively) did not have much effect on the fluorescence pattern either. In an 

attempt to boost calpain activation in the extract, 5 mM of Ca2+ was included with the 

cell extract and ABP (lane 4), but this strategy still did not change the fluorescence 

pattern. Similarly, the inclusion of 2.5 µg of recombinant m-calpain with the extract and 

ABP, shown in lane 3, did not produce any new fluorescent bands. Disappointingly, a 
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Figure 3.3. Evaluating the ABP’s ability to specifically detect calpain activity in a 

cell extract. Like the previously described autolysis assays, Coomassie blue staining 

(lower panel) and fluorescence imaging (upper panel) were employed in an attempt to 

detect ABP-tagged calpain in an extract made from calpain expressing 293T cells. The 

contents of each assay loaded in lanes 1-9 and the concentration of reagents are indicated 

below the lower panel. The same recombinant m-calpain that had been used in the 

autolysis experiments was added to the control assays, which correspond to lanes 5-7. 

Molecular mass standards are shown for reference to the right of lane 9. 
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Figure 3.3 
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fluorescent 80kDa subunit band was only observed for the other control assay (lane 5), 

where the cell extract was reacted with recombinant m-calpain, ABP and Ca2+. 

 

3.4.3. Assessing calpain activity in the 293T cell extract using casein zymography. 

In light of the SDS-PAGE experiments with 293T cell extracts, a casein 

zymogram assay was conducted to confirm the presence of calpain activity in the extract 

and evaluate the relative level of calpain activity. As shown in lane 1 of Figure 3.4, 40 µg 

of fresh cell extract produces two clearing bands, with the upper and lower bands 

corresponding to µ- and m-calpain activity, respectively. Although the cell extract in this 

lane was lysed in a buffer containing 5 µg/mL leupeptin, the clearing pattern was nearly 

identical to that in lane 2, which contained fresh cell extract that had been lysed in a 

leupeptin-free buffer. The cell extract in lane 3 was used in the previously described 

SDS-PAGE assay and subsequently stored for one month at -20 °C prior to performing 

this zymogram. Not surprisingly, the degree of clearing and thus calpain activity was 

decreased when compared to the fresh extracts in lanes 1 and 2. For comparison 

purposes, purified (recombinant) m-calpain quantities ranging from 0.004-4 µg were 

present in lanes 4-10. As expected, lower m-calpain quantities produced less clearing, 

with quantities of 0.02 µg or less producing no clearing. Comparing lanes 1 and 2 with 

the m-calpain dilution series reveals that the level of activity in the cell extract is 

equivalent to roughly 0.02-0.1 µg of purified m-calpain.  
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Figure 3.4. Casein zymogram showing calpain activity in the 293T cell extract. 

Regions of clearing represent localized areas of calpain activity. In lanes 1-3, where 40 

µg of cell extract was present, m-calpain (thick arrow) migrates further than µ-calpain 

(thin arrow) due to its greater net negative charge. The cell extract in lane 1 was lysed in 

a buffer containing 5 µg/mL leupeptin, while that in lane 2 was lysed in a leupeptin-free 

buffer. The extract in lane 3 was used in the previously described SDS-PAGE assay and 

subsequently stored for one month at -20 °C prior to performing this zymogram. As 

expected, recombinant m-calpain (lanes 4-10) migrates farther than the cell extract m-

calpain due to the omission of domain V in the recombinantly expressed form.  
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Figure 3.4 
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3.5. DISCUSSION  

 

As described in previous studies that examined the autoproteolytic nature of m-

calpain, three major additional fragments, at 35, 22 and 18 kDa, were observed on SDS-

PAGE after this isoform was allowed to autolyze to completion (103, 104). The largest 

fragment was reported to contain domains I and II, the two catalytic domains, as well as a 

portion of the short α-helix that lays on the N-terminal side of domain I. The 22 and 18 

kDa fragments on the other hand, correspond with domains IV and VI, respectively, 

which are the two Ca2+-binding penta-EF hand domains that facilitate dimerization 

between the large and small subunits. These fragments, along with others, were indeed 

observed in the control assay (lane 2, Figure 3.2), where recombinant m-calpain had been 

incubated with 0.95 mM Ca2+ for 20 min. This autolysis fragmentation pattern therefore 

provided a means of evaluating calpain activity in subsequent assays involving the 

fluorescent ABP.  

First, a control assay (lane 3, Figure 3.2) was performed to evaluate the effect of 

DMSO on m-calpain activity. Since this organic solvent was used to dissolve the ABP 

and would be present at a concentration of 5% in experimental assays, it was reassuring 

to see that DMSO had no observable effect on calpain activity, as indicated by the 

resulting autolysis pattern, which was identical to the previous Ca2+-control assay. 

Having established that 5% DMSO does not impair the enzyme’s activity, it was 

therefore clear that the absence of autolysis fragments in lane 5 (where m-calpain was 

reacted with Ca2+ and 476 µM of ABP) was entirely caused by covalent attachment of the 

probe to calpain’s active-site cysteine. In addition, because only the large subunit was 
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shown to emit fluorescence, this provided further evidence that the ABP targets the 

calpain active site. Furthermore, since the autolysis pattern gradually reappeared while 

the fluorescence intensity decreased in lanes 6 and 7, where the ABP had been diluted by 

10- and 100-fold, respectively, this indicated that the ABP targets calpain’s active site in 

a concentration-dependent manner. Examination of the other control lanes provided 

further insight into the probe’s targeting properties. For instance, reacting the ABP with 

m-calpain in the absence of Ca2+ yielded essentially no fluorescence from the 80kDa 

subunit, demonstrating that the probe will only tag calpain in its Ca2+-bound, active form. 

A similar result was obtained when the ABP was incubated with the C105S mutant form 

of m-calpain, even though excess Ca2+ was present, thereby indicating that proper tagging 

requires an active-site cysteine residue. 

In light of its success in specifically targeting the catalytic thiol in the Ca2+-bound, 

active form of calpain, it was felt that the ABP would be suitable for detecting calpain 

activity in an extract made from calpain over-expressing 293T cells. Surprisingly though, 

co-incubation of the cell extract and ABP did not yield any fluorescence corresponding to 

the large subunit in lane 2 (Figure 3.3). Suspicious that the level of calpain activity in 40 

µg of extract might be too low to detect, the amount of cell extract was therefore doubled 

and quadrupled for the assays shown in lanes 8 and 9, respectively. However, 

fluorescence corresponding to the 80 kDa subunit could not be seen in either of these 

lanes. The inadequacy of cellular Ca2+ levels was then brought into question, since the 

inclusion of recombinant m-calpain with the cell extract and ABP failed to produce any 

fluorescence in lane 3. Considering that recombinant and natural m-calpain are reported 

to have nearly identical Ca2+ requirements, with both needing 0.35 mM Ca2+ for 50% 
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activity (105), the lack of fluorescence in lane 3 suggested that the endogenous Ca2+ 

levels were not only too low to activate the recombinant m-calpain, but more importantly, 

might be too low to even activate the cellular calpain. Supposedly then, co-incubating the 

cell extract and ABP with excess Ca2+ should activate the cellular calpain sufficiently for 

tagging. Unfortunately, even after applying this strategy, fluorescence in the 80 kDa size 

range was still absent (lane 4). However, it was clear that the probe was not being 

degraded by proteases in the cell extract; otherwise, reacting the extract, probe, 

recombinant m-calpain and excess Ca2+ together would not have caused tagging of the 

recombinant m-calpain large subunit in lane 5.  

Nevertheless, there were still several possibilities to account for the unsuccessful 

attempts at visualizing cellular calpain with the probe. The first explanation concerns the 

exclusion of leupeptin from the buffer used to lyse the 293T cells. Although this broad-

spectrum cysteine protease inhibitor is one of four ingredients commonly added to lysis 

buffers to prevent proteolytic digestion of recombinantly expressed proteins (106), 

leupeptin was excluded from the 293T cell lysis buffer to prevent any unwanted calpain 

inhibition. However, its exclusion from the lysis buffer might have led to excessive 

calpain degradation either by autolysis or other cysteine proteases, resulting in the 

formation of calpain fragments with diminished activity. This might explain the weakly 

fluorescent band of unknown original between 36-56 kDa. Another possible reason for 

the lack of probe-labeled cellular calpain could be related to an inherent weakness of the 

ABP itself. For instance, although Cuerrier et al., demonstrated that an inhibitor with the 

probe’s epoxide warhead and WRH-motif exhibited impressive specificity towards µ- 

and m-calpain over cathepsins B, L and K (70), the ABP could still be non-specifically 
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targeting other cysteine proteases that were not tested in the previously mentioned study. 

Caspase 3 (107) and 6 (108) along with cathepsins D (108) and S (109) are just some of 

the other cysteine proteases found in the same human embryonic kidney cells used in 

these experiments. Therefore, the unidentified band of fluorescence between 36-56 kDa 

could also represent another cysteine protease that has been non-specifically tagged by 

the probe.  

In order to evaluate the level of calpain activity in the cell extract and determine if 

the leupeptin-free lysis buffer caused a marked decrease in activity, a casein zymogram 

was subsequently performed. As described by Raser et al., casein has been widely used 

as a substrate to assay calpain activity since it is rapidly digested by the enzyme into 

multiple short fragments that are not stained by Coomassie (110). When they loaded 

samples of purified µ- and m-calpain into separate lanes of their casein gel, m-calpain, 

with its greater negative charge, migrated faster and thus produced an area of clearing 

lower down in the gel. They also noted that homogenates made from human RBCs, 

leukemic Molt-4 cells, fetal rat cerebrocortical cultures and rat brains each yielded two 

regions of clearing at locations in the gel that corresponded with those from purified µ- 

and m-calpain. Moreover, they confirmed that aspartic and lysosomal cysteine proteases 

did not contribute to the regions of clearing since the casein zymogram was performed at 

pH 7.4, which is beyond optimal acidic range of these enzymes. Therefore, the regions of 

clearing observed in lanes 1-3 of Figure 3.4 were caused exclusively by µ- and m-calpain 

from the 293T cell extract. More importantly, upon comparing lanes 1 and 2, identical 

clearing patterns were produced by the cell extracts, regardless of whether leupeptin was 

present (lane 1) or absent (lane 2). Consequently, the failure of the previously described 
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probe labeling experiments could not be attributed solely to premature autolysis or the 

digestion of calpain by overactive cysteine proteases in the absence of leupeptin. But 

when the clearing bands produced by the extract were compared to the recombinant m-

calpain dilution series, it became clear that the level of calpain activity in 40µg of cell 

extract was comparable to only 0.02-0.1 µg of purified m-calpain. Extending this concept 

to the unsuccessful SDS-PAGE assay implies that the equivalent of 0.02-0.1 µg of 

purified m-calpain was reacted with 40 µM of ABP. In the autolysis assay though, 3.22 

µg of purified m-calpain was incubated with 47.6 µM of ABP to yield a fluorescent band 

of intermediate intensity. Based on these values, the calpain activity in 40 µg of cell 

extract was anywhere from 30-160 times weaker than that of the recombinant calpain 

used to produce a fluorescence signal in the autolysis assay. This suggests another 

possible rationale for the unsuccessful probe labeling experiments; at such low levels of 

calpain activity, the amount of probe-labeled enzyme might simply be too low to detect 

via fluorescence imaging. 

In conclusion, we have shown that an ABP, composed of a BODIPY fluorophore 

and WRH-motif adjacent to an epoxysuccinyl warhead in the R, R stereochemical 

configuration, specifically targets the catalytic cysteine of the Ca2+-bound, active form of 

calpain in a concentration dependent manner when reacted with a purified calpain 

preparation. Moreover, the probe-tagged calpain large subunit was shown to be 

detectable using a simple SDS-PAGE assay. However, when this probe was incubated 

with an extract made from calpain overexpressing 293T HEK cells, the expected probe-

tagged calpain could not be observed after applying the same SDS-PAGE assay. Since a 

subsequent casein zymogram confirmed the presence of low levels of calpain activity in 
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the 293T cells, the unsuccessful attempt at detecting cellular calpain is thought to be 

attributed to an insufficient degree of either sensitivity or specificity for this enzyme. 

Nevertheless, because this represents the first attempt at specifically labeling cellular 

calpain with an ABP, the results of these experiments should provide insight into ways of 

modifying this prototype ABP so that it will eventually possess the necessary sensitivity 

and specificity to detect calpain in vivo. 
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Chapter 4 

General Discussion 

 

 A common feature in previous chapters is their focus on developing and/or testing 

small molecule compounds intended to be specific for the calpain active site. In chapter 

2, the combination of X-ray crystallography and a FRET-based assay resulted in the 

discovery of an aromatic stacking interaction between an α-ketoamide-based reversible 

inhibitor and the primed-side active-site cleft of calpain. This interaction provided an 

inhibitory advantage and yielded insight into new strategies for specifically targeting the 

primed-side active-site cleft of calpain. Chapter 3 described the usefulness and 

shortcomings of an epoxide activity-based probe, which contains a calpain-specific 

irreversible inhibitor as its scaffold. Although valuable findings were made from the 

studies described in the preceding chapters, there are still many opportunities to improve 

on the design of compounds that target calpain. Therefore, the following discussion will 

propose additional strategies to improve the inhibitory specificity of small molecule 

calpain inhibitors and circumvent the challenges associated with calpain-directed ABPs. 

 

 

4.1. POSSIBLE ADDITIONAL ROLES OF GLU261 IN THE GATING LOOP 

 

Having solved the structures of µI-II bound to 1 or 2 (111), a comparison of these 

structures with that of µI-II bound to 3 (69) revealed that the presence of a primed-side 

extension on the inhibitor, regardless of its length, caused the flexible gating loop 
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(composed of residues 251-261) to adopt an open conformation, with Glu261 pointing 

away from the primed-side cleft (Figure 2.5). In contrast, when µI-II was bound to 

leupeptin, a compound that lacks a primed-side extension, the gating loop adopted a 

closed conformation, with Glu261 obstructing the S1′ subsite. The movement of the 

flexible-gating loop and consequent displacement of Glu261 away from the S1′ subsite 

suggests that this conformational change is necessary, not only for the binding of primed-

side extending inhibitors, but also for substrates (since calpain is an endoprotease). 

Presumably, a “closed” gating loop would place the side-chain of Glu261 in a position to 

block substrates from extending into the primed-side cleft, thereby preventing catalysis 

from occurring. Only when the conformation of the gating loop has changed to its “open” 

position can substrates bind properly on both the unprimed and primed-side clefts. This 

will position the scissile bond within close enough proximity to the catalytic cysteine to 

facilitate bond cleavage. Therefore, in addition to its possible role in signaling different 

catalytic stages (as described in chapter 2), the ability of the gating loop to obstruct 

substrate and inhibitor binding in the Ca2+-bound form of calpain suggests an additional 

level of proteolytic activity regulation. In essence, the movement of the gating loop could 

represent another component in the complex regulation mechanism needed to control 

calpain function within the cell. The high degree of conservation of Glu261 in human 

calpain isoforms and those of other organisms (69) hints that the loop does indeed play an 

important functional role in calpain.  

Further evidence to support the importance of the gating loop and Glu261 comes 

from a study where the corresponding residue was mutated to an Asp (E251D) or Ala 

(E251A). The E251D mutant exhibited a similar level of activity compared to the wild-
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type enzyme, which is not surprising because this is a very conservative replacement that 

retains a negative charge. In contrast, the E251A mutant was 3.4 times more active (112). 

It is very unusual for a single amino acid change to increase the activity of an enzyme by 

this much. However, it must be noted that the Glu to Ala mutation is a more radical 

alteration than the Glu to Asp mutation. If the mutation destabilizes the gating loop, then 

the increased activity of the E251A mutant is consistent with the idea that the Glu side-

chain plays an important role in regulating catalysis by blocking the S1′ subsite.  

 

 

4.2. SIGNIFICANCE OF THE AROMATIC STACKING INTERACTION   

 

A brief review of the literature reveals that aromatic stacking interactions similar 

to the one between calpain and 1 have been widely reported in other protein-ligand 

complexes. These include pi-stacking between proteins and nucleic acids (88-93), as well 

as between proteins and adenine-containing ligands other than DNA or RNA (87, 113, 

114). Aromatic stacking also facilitates important interactions between inhibitors and 

disease-causing enzymes. For instance, pi-stacking between a phenyl-containing 

compound and a Tyr residue in the active site of Mycobacterium tuberculosis facilitates 

the inhibition of this bacterium, which causes most cases of tuberculosis (115). Inhibitors 

of aminoglycoside antibiotic kinases, enzymes that reduce the efficacy of antibiotics by 

phosphorylating them, also bind their target via adenine-Tyr stacking (116). 

Clearly, the exploitation of pi-type stacking interactions is an effective means of 

targeting the active sites of enzymes, including calpain. However, as was mentioned in 
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chapter 2, the aromatic stacking between the adenine of 1 and Trp298 of calpain may lack 

specificity because a Trp residue resides in an equivalent position within the catalytic 

cleft of several cathepsins. Consequently, these cathepsins would likely also be able to 

form stacking interactions with 1, suggesting that the inhibitor’s adenine ring, by itself, 

would not necessarily confer specificity towards calpain. Nevertheless, in order to 

quantify the specificity, or lack thereof, towards calpain, kinetic analyses should be 

obtained and compared for the inhibition of calpain and cathepsins B and K by 1 and 2. 

However, an initial attempt to obtain Ki values for recombinant m-calpain inhibition by 1 

and 2 proved to be challenging, likely due to two main reasons. First, the full-length 

calpain is susceptible to autolysis, making it difficult to determine how much activity loss 

is attributable to autolysis in the presence and absence of different inhibitor 

concentrations. Second, the inhibitors were observed to show slow, tight-binding kinetic 

behaviour, thereby complicating the kinetic analysis. One method of simplifying the 

kinetic analysis is to use µI-II instead of recombinant m-calpain. Although this 

substitution limits our understanding of native calpain inhibition, it does provide the 

advantage of preventing any autolysis. 

 

 

4.3. PRIMED-SIDE INHIBITOR MODIFICATIONS TO IMPROVE SPECIFICITY  

 

As revealed through X-ray crystallography, Trp298 in the µI-II active site forms a 

non-covalent aromatic stacking interaction with the adenine moiety in 1 that roughly 

occupies the P2′-P3′ position. Moreover, suggestions were provided in chapter 2 about 
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functional groups that could be attached to the adenine ring to enhance its interactions 

with the calpain active site.  

Consideration should also be given to this inhibitor’s P1′ position, which is 

occupied by an aliphatic chain, since studies have shown that calpain demonstrates 

specificity at this position as well. For example, Donkor et al. showed that within a 

library of α-ketoamide-based inhibitors, the one that contained a P1′-side terminal amine 

group inhibited calpain with greater potency because of its ability to form hydrogen 

bonds with the S1′ subsite (117). Additional studies reported that the S1′ subsite 

demonstrates a preference for polar and in particular, basic functional groups (68). Later 

it was shown that this preference was the result of electrostatic interactions between 

functional groups at the inhibitor’s P1′ position and the side chain of Glu261 while the 

gating loop was in its “closed” conformation. However, as was observed when inhibitors 

extend deeper into the primed side cleft, the gating loop that includes Glu261 is rotated 

away from the S1′ subsite, thereby altering the potential interactions with the P1′ position 

of inhibitors. Nevertheless, because cathepsins, papain and caspases do not possess an 

analogous gating loop in their 3-dimensional structure, further analysis should be 

conducted to determine if certain functional groups attached at the P1′ position of 1 could 

facilitate interactions with Glu261 when in its “open” conformation. Additionally, an 

investigation should be performed to evaluate whether the S1′ subsite demonstrates a 

preference for certain residues when Glu261 is not in proximity. This could be achieved 

by screening a library of ZLAK-3001 variants that contain different residues at the P1′ 

position.  
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4.4. ALLOSTERIC INHIBITORS: AN ALTERNATIVE FORM OF INHIBITION 

 

The thrust of this thesis so far has been on targeting the calpain active site, either 

with peptide-based inhibitors or ABPs. However, because protease actives sites have 

evolved to interact with a general peptide backbone structure, it comes as no surprise that 

improving calpain-selectivity is a challenging task. Further complicating this already 

difficult task is the overlapping substrate specificities exhibited by members of the 

cysteine protease family. In the past few years though, there have been an increasing 

number of studies describing small molecules that achieve protease inhibition by binding 

to allosteric sites away from the catalytic cleft (118). Despite the greater difficulty 

associated with designing and developing these allosteric inhibitors, their potential for 

enhanced enzyme specificity has garnered a great deal of interest from researchers. 

The novel allosteric inhibitor of caspase-7 is one such example. Using X-ray 

crystallography, it was shown that this ligand binds to a cysteine residue within an 

allosteric cavity that lies 14Å away from the active site (119). As a consequence of this 

binding, a tyrosine residue at the edge of the allosteric cavity was forced out of its normal 

position, causing an arginine residue within the active site to adopt a conformation that 

blocks substrate binding. In addition, the interactions between the allosteric inhibitor and 

an active-site loop cause the enzyme to be locked in a zymogen conformation. Therefore, 

caspase-7 is effectively maintained as a zymogen by the inhibitor.   

With respect to calpain, it is known that calpastatin, the only endogenous protein 

inhibitor that is exclusively specific for calpain, achieves its function partly by interacting 
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with regions distal to the calpain active site (104). In particular, the three subdomains (A, 

B and C) within each of the four repetitive domains of calpastatin are thought to act in a 

concerted manner to inhibit calpain. Subdomain A binds DIV of the large subunit, while 

subdomain C simultaneously binds DVI (120, 121). This allows calpastatin to get a firm 

grip on calpain, facilitating binding of subdomain B to the active site. 

In terms of synthetic allosteric inhibitors of calpain, only a few have been 

developed to date. Two of these compounds are PD150606 and PD151746, both of which 

are non-peptidyl α-mercaptoacrylic acid derivatives. An initial evaluation revealed that 

these two compounds are approximately 600-times more selective for calpain relative to 

cathepsin family cysteine proteases (122). PD151746 even exhibited a 20-fold preference 

for µ-calpain over m-calpain. Before crystal structures of each compound complexed 

with calpain were available, their ability to act allosterically was demonstrated when 

inhibitor-bound calpain was still able to cleave casein. Once the crystal structure of 

PD150606 complexed to calpain was solved, it was shown that this compound resides 

within a hydrophobic pocket in DVI of the calpain small subunit (123). Although the 

precise mechanism by which PD150606 achieves allosteric inhibition has yet to be 

determined, its demonstrated ability to prevent cataract formation in rat lens models (124) 

and ischemic injury in renal proximal tubules (125) shows that this compound, along with 

other allosteric inhibitors, have value as potential therapeutic agents. 

 

 

4.5. ELUCIDATING CALPAIN FUNCTION WITH THE AID OF ABPs 
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With the promise of calpain-specific inhibitors being able to treat a number of 

pathological conditions, it is not surprising that their design has garnered a great deal of 

attention. However, in order to thoroughly understand how calpains participate in these 

disease states, the functional role of calpain under normal conditions must first be 

elucidated. Although evaluating physiological differences between inhibitor-free and 

inhibitor-treated cells could provide some clues about the cellular functions served by 

calpain, another approach is to directly monitor the enzyme’s activity under different 

conditions using ABPs. 

Considering that ABPs are designed to tag enzymes in their active state, these 

probes can yield a direct readout of relative enzymatic activity within the cellular 

proteome (55). An added advantage is that when linked to a fluorophore, ABPs can 

provide a means of directly visualizing the location of a particular set of enzymes in vivo. 

This is of particular significance to calpains since their subcellular localization and in 

particular, their targeting to the plasma membrane, is speculated to be an additional 

method of activity regulation beyond Ca2+ and calpastatin binding (126). As a result, 

besides being able to elucidate their function, ABPs could also reveal insights into the 

manner in which calpain is compartmentalized and regulated within the cell. To achieve 

these goals, there is a need for an effective ABP that is calpain-specific. The ABP used in 

chapter 3 was made to fill this role, since a seemingly calpain-specific inhibitor 

(containing an epoxysuccinyl warhead and WRH motif) was used as a scaffold for its 

design. However, the experiments in chapter 3 soon revealed that this ABP could not 

detect calpain activity as effectively as was originally anticipated. In particular, the probe 

was perceived to be lacking either the necessary sensitivity or specificity required to 
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detect calpain within a complex cellular proteome. Therefore, the remaining sections will 

discuss possible strategies to improve the ABP’s detection sensitivity and specificity 

towards calpain. 

 

 

4.6. IMPROVING THE DETECTION LIMIT OF THE WRH (R, R) ABP 

 

One limitation of the ABP-directed approach is the lack of signal amplification 

upon tagging of the enzyme. Unlike a substrate-based approach, where the signal 

intensity increases as a result of enzyme catalytic activity, ABPs react with a 1:1 

stoichiometry. Consequently, the signal becomes directly dependent on the enzyme level, 

which in some cases, might be too low to detect using optical imaging devices. This 

could explain the absence of a fluorescence signal when the probe was reacted with the 

293T cell extract, especially since the casein zymogram showed that the calpain activity 

within the cell extract was comparable to only 0.02-0.1µg of purified calpain.  

To evaluate whether this calpain activity level was beyond the detection limit of 

the ABP, the same concentration of ABP used in the cell extract experiment (40µM) 

should be tested with a dilution series of recombinant m-calpain, with protein quantities 

ranging from highs of 2.5µg (clearly detectable by the ABP) to lows of 0.02µg. If the 

lowest protein-quantity assay does not yield any fluorescence, the probe’s signal intensity 

is therefore too low to detect.  

There are, however, several possible ways to boost the strength of the signal 

emitted by the probe. One strategy is to incubate the probe-tagged calpain with BODIPY 
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antibodies that are conjugated to another fluorophore. By doing so, several fluorescent 

anti-BODIPY antibodies would bind to the fluorophore portion of the probe, thereby 

amplifying the signal from probe-tagged calpain on SDS-PAGE. Evidence to support the 

validity of this approach comes from a study that used fluorescent anti-BODIPY 

antibodies to study the membrane-insertion boundaries of the T domain in diphtheria 

toxin (127). Although suitable for detecting probe-labeled calpain within a cell extract, 

the large size of the fluorescent anti-BODIPY molecule would make it difficult to 

internalize into cells during in vivo investigations (128). 

As an alternative to the fluorescent anti-BODIPY approach the probe could be 

tagged with biotin. Calpain tagged by this biotinylated-ABP within a cell extract could 

then be detected by reacting it with a rabbit anti-biotin antibody, followed by a goat anti-

rabbit antibody that is conjugated to horseradish peroxidase for signal amplification and 

visualization on a Western blot.  

Biotinylated-ABP-tagged enzyme can be recovered from a cell extract by simply 

running the extract through a streptavidin-agarose affinity column. In fact, the use of a 

biotinylated version of DCG-04 enabled Kocks et al. to identify and characterize 

previously unknown cathepsin family cysteine proteases in Drosophila S2 cells (129).  

This biotinylated-ABP is not without its drawbacks though. For instance, since 

the affinity between biotin and streptavidin is so strong, harsh denaturing reagents must 

be present in the eluting buffer to release the biotin-labeled protein from the streptavidin 

column. Consequently, contaminating proteins that are non-specifically bound to 

streptavidin elute along with the biotin-labeled protein (130). Such was the case in the 

Kocks et al study where 14 of the 20 proteins eluted by the buffer solution were 
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identified as non-specific contaminants (129). In addition, any endogenously biotinylated 

proteins will also be purified by the streptavidin affinity resin and thus further complicate 

the mass spectrometry analysis (130). Arguably the most important limitation of using 

biotin as an affinity tag for activity-based proteomics is its low cell permeability, which 

hinders its applicability for in vivo research (130). 

To address the limitations of the biotin-streptavidin system and deal with the more 

general challenge of enabling ABPs to penetrate the cell membrane, a two-step labelling 

strategy, which takes advantage of the reaction between a phosphine and azide group, has 

been developed. Rather than having a bulky tag as the analytical handle, a small azide (-

N3) group is used instead (131). This azide group does not interfere with the enzyme-

targeting or cell permeable properties of the probe, but dramatically decreases its size, 

thereby enabling it to penetrate cells more easily. After cells are incubated with this probe 

and subsequently lysed, the resulting extract, containing the probe-tagged enzyme, is then 

subjected to a modified Staudinger ligation reaction, forming a covalent adduct between 

the azide group on the probe and a phosphine reagent, which can be either biotinylated or 

fluorescent. Since both the phosphine and azide groups are abiotic and unreactive 

towards cellular molecules, only the azide-containing probe will be ligated to the 

phosphine reagent. In other words, only the enzymes tagged with the azide-containing 

probe receive the analytical tag. As evidence of its value, this two-step labelling approach 

has been used to produce enzyme activity profiles within cells and following in vivo 

labelling of whole animals (55). Therefore, a modified calpain ABP containing an azide 

group (instead of a fluorophore) to exploit the modified Staudinger reaction could 

represent a more effective tool for detecting cellular calpain activity.   
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4.7. IMPROVING THE SPECIFICITY OF THE WRH (R, R) ABP 

 

Low calpain specificity, resulting in diminished levels of ABP available to tag its 

target enzyme, was another possible explanation for the absence of a fluorescence signal 

in the cell extract experiment. This is unlikely since the WRH (R, R) scaffold, from 

which the ABP was designed, demonstrated a considerable preference for calpain over 

cathepsins B, L and K (70). Nevertheless, partial confirmation of the probe’s inadequate 

calpain-specificity would be obtained if the previously proposed calpain dilution series 

experiment yielded fluorescence from the assays with the lowest protein quantities. In 

essence, such a result would refute the theory that the probe’s signal is too weak for 

detection, thereby placing greater suspicion on the probe’s ability to selectively target 

calpain. A better method of evaluating the ABP’s presumed calpain specificity would be 

to simply react it with other purified Cys proteases, such as cathepsins and caspases, at 

concentrations that are detectable with DCG-04. Following the incubation, samples could 

be subjected to the same SDS-PAGE procedure described in chapter 3. However, if 

intense fluorescent bands are detected on the gel, then modifications to the ABP’s address 

region and/or warhead would be necessary.  

Although modifications could be made to the WRH address region, it must be 

noted that out of a library of epoxide-based inhibitors containing different unprimed-side 

address regions, the WRH motif provided the greatest degree of calpain selectivity over 

cathepsins B, L and K (70). But because the WRH (R, R) compound was only tested on 

three cysteine proteases (cathepsins B, L and K) other than calpain, it alone might not 

provide the ABP with sufficient specificity when exposed to the complex cellular 
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proteome. Therefore, rather than changing this motif, perhaps complementing it with a 

primed-side address region would be a better approach. In support of developing such a 

“double-headed” epoxide-based compound, it was reported that the addition of a Leu-

Pro-OH primed side address region onto the DCG-04 ABP made it 2,300-times more 

specific for Cat B versus Cat C, H, J and Z (132). The basis for this specificity is related 

to a loop structure, unique to Cat B, that protrudes into the S2′ subsite and facilitates H-

bonding interactions with the primed-side Pro residue (133). This suggests that insight 

from the primed-side aromatic stacking interaction described in chapter 2 could 

potentially be applied in the design of a “double-headed” epoxide-based ABP for calpain. 

In addition, the primed-side catalytic cleft of calpain has demonstrated a preference for 

A, E and R in the P1′, P2′ and P3′ positions when present in a peptidyl substrate (77). 

Since this preference is likely to be different when an epoxysuccinyl warhead is present, 

a library screening approach should be used to determine the best residues to incorporate 

on the primed side of an epoxide-based ABP.  

Consideration should also be given to other functional groups, which might be 

better suited than the epoxysuccinyl warhead for targeting calpain. One candidate is the 

AOMK warhead, which demonstrates low reactivity towards weak nucleophiles, but 

efficiently reacts with active site thiol groups (134), making it ideal for targeting cysteine 

proteases (49, 135, 136). Not surprisingly, this functional group has been adapted for use 

in fluorescent-ABPs to study the in vivo activity of cathepsins (101) and caspases (137). 

The structure of these probes is similar to epoxide-based ones in that they both have an 

unprimed-side address region, which lies between the fluorophore and warhead. 

However, the primed-side contains a leaving group, typically a quencher moiety that 
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helps to lower the background fluorescence of untagged probes. During the addition 

reaction, as a covalent linkage is being formed between the warhead and catalytic thiol, 

the quencher group is released. Consequently, AOMK-based ABPs only yield a signal 

after covalently attaching to the protease, resulting in a greater signal to noise ratio. 

Presumably, the same library-screening approach used to develop the WRH motif in 

epoxide-based ABP could also be applied to designing an optimal address region for 

AOMK-based probes. 

 

  

4.8. CONCLUSION AND CONTRIBUTIONS TO CALPAIN RESEARCH 

 

1. The interactions formed by two α-ketoamide calpain inhibitors (1 and 2), each with 

different primed extensions, were revealed by X-ray crystallography.  

2. An unexpected coplanar and non-covalent aromatic stacking interaction was observed 

between the primed-side adenine moiety of 1 and the indole ring of Trp298 in µI-II. This 

adenine moiety also formed a hydrogen bond with the side chain of Glu300. However, no 

interactions were found between the primed-side piperazyl ring of 2 and the primed-side 

cleft of µI-II. A real-time FRET-based assay confirmed that the aromatic stacking and 

hydrogen bonding interactions provided 1 with a decisive inhibitory advantage over 2. 

3. The aromatic stacking interaction, by itself, will likely not confer specificity towards 

calpain since papain as well as cathepsins B and K contain an analogous Trp residue that 

might interact with the adenine group in 1. However, the adenine ring could still be used 



 97

as a scaffold for other functional groups to form contacts with several structural features 

that are unique to the calpain primed-side cleft.  

4. An SDS-PAGE approach was developed to evaluate the efficacy of a fluorescent-ABP 

in detecting calpain activity. The design of the fluorescent-ABP was based on WRH (R, 

R), an epoxide-based inhibitor that demonstrated impressive specificity for calpain. 

5. The fluorescent-ABP was determined to be specific for the active-site cysteine in the 

Ca2+-bound form of calpain. However, due to either inadequate calpain-specificity or 

detection sensitivity, the probe was unable to detect calpain activity in an extract made 

from calpain expressing 293T cells.  
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