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Abstract

Introduction Calpains are intracellular Ca?*-dependent cysteine proteases with 15 known
members in the enzyme family. They act as regulatory enzymes, their cleavage modifies the
function of their substrates. As their substrates have important roles in many physiological
processes, adequate function of calpains is mandatory for normal cellular functions. Adverse
operation of them is often related with diseases (e.g. neurodegenerative disorders, cancer, type
2 diabetes mellitus or limb-girdle muscular dystrophy type 2A).

Areas covered Herein, the authors give an overview about calpains, their structure,
physiological and pathological functions. The challenges in the drug discovery of calpain
inhibitors and activators are enlightened by summarising examples that eventuated good
candidates. Going through these examples new and applicable strategies are discussed.
Expert opinion Calpain enzymes are attractive targets to design inhibitors or activators for
drug development. This research area has high potential, although it has many challenges. The
selective and targeted inhibition or activation of calpains is needed. Thus the studies focused
on the improvement of these properties of drug candidates.

Keywordscalpain, cysteine proteases, calpastatin, calpain inhibitor, calpain activator,
structure-activity-relationship (SAR)

Article highlights

e Calpains are intracellular cysteine proteases with very diverse physiological roles.

e Aberrant activity of them; over- or under activation; is often involved in pathological
functions and thus in disease.

e Specific and effective inhibitors may be potent candidate to treat these diseases.

e Peptide and peptidomimetic inhibitors were developed to increase the specificity and

potency using different strategies.



e Activators can be used in treatment of diseases with low calpain activity.
e In case of both inhibitors and activators, targeted activity and high selectivity are

desired.
1. Introduction

In 1964 a new neutral Ca" ion activated proteinase was described [1]. That was only the first
member of an enzyme family that was first called Ca-activated neutral proteases. When Ca?*
ion concentration requirement was determined, the first identified two members were named
as p- and m-calpain [2,3]. Calpains are intracellular enzymes and modulate the function of
their substrate proteins by limited proteolysis. This regulatory effect plays crucial roles in
several cellular processes. Hence their activation and inactivation are under tight control.
Disturbance in their normal action, increased or decreased activity, is involved in the
development of pathological symptoms and has important role in many diseases. This makes
them promising therapeutic targets, although there are several challenges in the drug design of
calpain inhibitors or activators. In this review the calpain enzyme family, their structure and
physiological functions are described. The pathological malfunctions, caused by the altered
calpain activity, are highlighted to demonstrate the potency of these enzymes as targets for
drug development. After historical introduction of calpain inhibitors, the strategies of
development of inhibitors or activators are in the focus. We also place emphasis on the dual
behaviour of calpains; as both over- and under activation may cause alteration in
physiological functions.

2. The Calpain family
2.1 Structure of calpains

Calpain enzymes are intracellular Ca* ion activated neutral cysteine proteases (Clan CA,

family C02, EC 3.4.22.17) [4]. The first two described members of this family were the



calpain 1 and 2 [4]. These proteases, called conventional calpains, are ubiquitous and well-
studied members. Their activation needs micro- and millimolar concentration of Ca?" ion in
vitro respectively [5]. They were called p- and m-calpain based on this sensitivity for Ca?*
ion. Both enzymes form heterodimers with a small regulatory subunit (calpain 4), and
expressed in all tissues, while many of the later described members have tissue specific
distribution (calpain 3, 6, 8, 9 11, 12, 15 and 16) [6] (Table 1). There are 15 calpain genes in
the human genome (CAPN1 to CAPN16, no CAPN4). Calpains are classified as classical or
non-classical calpains based on their domain structure; on what kind of conserved protein
domains are attached to the well-conserved cysteine protease domain (CysPc) (Fig. 1A) [7].
The CysPc domain in calpain is composed of protease core 1 (PC1) and PC2 domains. Amino
acids that form the catalytic triad were in distinct domains; the Cys is in the PC1 while the His
and Asn are in the PC2 domain. The calpain 6 is the only member that does not have a
catalytic triad; there is Lys instead of Cys. In the absence of Ca?* ions these two domains are
far from each other and thus the catalytic triad is not assembled [8]. Both domains can bind
Ca?" ion and that results in structural changes opening of the active site cleft and assembling
the catalytic triad [9] (the relationship between the structure and activity is well summarised
in Ref [10]). Although the whole 3D structure of only calpain 2 is known (Fig. 2A) [9,11],
using this for 3D modelling of other calpains is an accepted strategy [12,13].

2.2 Physiological role of Calpains

2.2.1 Regulation of enzyme activity

Calpains are expressed in different organisms, for example in human, invertebrates, yeast,
other fungi and bacteria. These intracellular enzymes cleave their substrate proteins in well-
determined manner. This limited proteolysis activates or deactivates the substrate proteins,
thus calpains have regulatory or signalling function, rather than protein digestion in cells like

proteasomal or lysosomal enzymes do. Because of this, their activity should be under strong



control in cells. Two proteins of calpain regulation are well-studied and play vital roles. One
is the small regulatory subunit (calpain 4) that is necessary to stabilise the structure of at least
calpain 1 and 2 [14]. The other protein is the calpastatin that has inhibitory effect on dimeric
calpains (e.g. calpain 1 and 2) [15]. Beside them, the Ca®" ion concentration is the main
factor. At increased Ca?* ion concentration these enzymes are activated, although this happens
only at high concentration (3-50 uM and 0.4-0.8 mM for calpain 1 and 2, respectively) in
vitro. This is highly above the intracellular Ca?* ion concentration (<0.05 pM). Thus, other
mechanisms should be involved in the activation of calpains (e.g. relocalisation into
mitochondria or nucleus; membrane binding, phosphorylation) [16].

2.2.2 Studying the function of calpains

In the first experiments, calpain functions were assumed from the intracellular role of in vitro
identified substrate proteins; or changes in the cell properties caused by calpain inhibitors.
Nowadays, as there are no very specific calpain inhibitors available, at least for calpain
isoforms, silencing of activity or using transgenic mice are the commonly applied techniques.
As the two conventional calpains (1 and 2) are present in all cells, their functions are the most
extensively studied. Although more than 100 proteins were identified as calpain substrates in
vitro [4], this does not imply that calpain cleavage also happens in cells (e.g. some
extracellular proteins are cleaved by calpain in vitro too).

2.2.3 Biological functions of conventional calpains; Calpain 1 and 2

The earliest specified and most studied actions are their role in cytoskeletal remodelling and
cell motility [17]. In these events, calpains regulate the attachment of cytoskeletal proteins to
the cell membrane or the focal adhesion disassembly [18]. As many enzymes (Kinases,
phosphatases) and cytoskeletal proteins involved in signal transduction are cleaved by

calpains, they are supposed to be involved in signal transduction [19-21] too.



There is some evidence that calpain 1 and 2 take part in the regulation of cell cycle (via cyclin
D1) [22], cell proliferation (cleavage of p53) [23], transformation (by v-Src) [24], neural stem
cell differentiation [25]. The latest is very interesting, because calpain 2 triggers, while
calpain 1 represses it. Besides the role in cell differentiation, calpains have essential functions
in the nervous system, like nerve-cells development [26]. There is increasing evidence that the
two ubiquitous isoforms (calpainl and 2) have distinct impact on the memory formation and
neurodegeneration [27,28]. They also play different roles in the angiogenesis. Vascular
endothelial growth factor (VEGF) evoked only calpain 2 and not calpain 1 activation in
angiogenesis [29]. It seems that VEGF is the main activator of calpain 2 in endothelial cells
[30]. Calpains are involved in wound healing and embryonic development under
physiological conditions via angiogenesis [31,32]. During wound healing, in contrast with
calpain 2, calpain 1 enhances the dissociation of vessels in the middle or late stage [33]. In
embryonic development, calpains contribute to the formation of adequate vasculature for
organ development [32]. The mutant embryos died at midgestation and had abnormal
cardiovascular system. Later it was shown that only knockout of calpain 2 resulted in the
death of embryos [34,35], while embryos without calpain 1 were viable and fertile [36]. The
role of calpains in the embryonic development is reviewed in Ref [37].

Studies showed that calpains are important effectors of the immune response. Their activity is
essential for protein secretion by macrophages [38], for the regulation of NLRP3
inflammasome [39], in pyroptosis [40] and T-cell activation [41].

2.2.4 Physiological functions of unconventional calpains

Although more unconventional calpains have been identified lately, their physiological
functions are poorly described. One of the most studied isoforms is calpain 3, which is
especially abundant in skeletal muscle. Unlike calpain 1 and 2, this isoform is a homodimer,

thus the small regulatory unit is not necessary for its activity [42]. The structure of its protease



core domain has been determined [43]. Although our knowledge about its physiological role
is not complete, its missing activity (proteolytic and non-proteolytic), caused by mutation, is
responsible for muscular dystrophies (e.g. limb-girdle muscular dystrophy type 2A
(LGMD2A)) [42]. Calpain 5 is mainly expressed in the retina and in the synapses of
photoreceptors. Similarly to calpain 3, our knowledge is restricted about its normal functions,
but several mutations are known which disturb its activity and thus result in pathological
alterations (e.g. vitreoretinopathy) [44,45]. Calpain 8 and 9 are dominantly expressed in the
stomach. Mice without these enzymes are susceptible to ethanol-induced gastric ulcer,
indicating that both proteins play protective roles in the gastric mucosa [46]. These enzymes
form a protease complex, “G-calpain” with dual enzyme activity. Calpain10 is a non-classical
calpain and was proved to be the first susceptibility gene for type 2 diabetes mellitus. There is
evidence that it has a role in insulin secretion and insulin-stimulated glucose uptake [47].

2.3 Role in diseases

The disturbance in the calpain activity often results in pathological disorders in cells and thus
play critical role in diseases [48] (Table 2). Often the turmoil in Ca?* ion homeostasis is
behind the abnormal calpain behaviour. Sometimes the normal activity is not well-known, but
symptoms caused by increased or decreased calpain action are well-studied. For example,
there are some indications that calpains may have a role in apoptosis under physiological
conditions, but their activity in cell death in degenerative diseases is well-described [49,50].
2.3.1 Symptoms caused by overactivated calpain

In degenerative disorders (e.g. Alzheimer’ disease (AD), degenerative vascular disorders,
skeletal muscle atrophy), it is proved that disturbance in intracellular Ca?*ion homeostasis
results in overactivation of calpains and then cell death [51-53].

It is well documented that increased calpain activity plays crucial role in the pathogenesis of

Alzheimer's disease [51]. Different signals increase the Ca?* ion concentration and thus the



overactivated calpains act in more than one way (e.g. producing amyloid beta (AP), T
hyperphosphorylation, impairing learning and memory ability) to produce the syndromes of
AD. Calpains have many substrates taking part in the AD pathology. The overactivated
calpain cleaves p35, the neuron-specific Cyclin-dependent kinase 5 (CDK5) activator, into
p25 which is a more potent CDKS5 activator [54]. The prolonged activity of CDK5 enhances
the production of beta APP cleaving enzyme 1 (BACEL), thus increasing the formation of

AB40 and AB42 [55]. The produced AB can trigger the Ca®* ion influx and thus increases the

calpain activity [56]. The CDK5 and glycogen synthase kinase-3 (GSK3) can be activated by
calpain [54,57], and these kinases among others are responsible for the phosphorylation of t
protein [58,59]. Finally this intracellular hyperphosphorylated t protein makes neurofibrillary
tangles.

Enhanced calpain activity has important effects in several chronic vascular degenerations (e.g.
atherosclerosis, aneurysms, diabetic angiopathy/retinopathy) (reviewed in Ref [52]). Calpain
1 and 2 are involved in angiotensin Il induced atherosclerosis [60,61], and some evidence
suggests that calpain 2 also has a role in this via the proteolysis of VE-cadherin causing
barrier dysfunction between endothelial cells [62]. Calpains may also regulate the fate of VE-
cadherin by proteolytic cleavage of its C-terminal [63]. It is worth noting that calpain 6, a
non-classical and unique calpain without proteolytic activity, takes parts in atherosclerosis via
binding to splicing factor CWC22 and inhibiting its nuclear translocation [64].

Although calpain 1 and 2 are mainly localised in cytoplasm, they are present in the
mitochondria too. The activity of calpains in cardiomyocyte mitochondria are increased under
different stress conditions. In a recent study it was demonstrated that increased mitochondrial
calpain 1 activity is connected with myocardial injury and heart failure by disrupting ATP

synthase [65].



Myofibrils in skeletal muscle contain many proteins which can be cleaved by calpains. Thus,
increased calpain activity leads to the releasing of myofilaments and small protein fragments
which are hydrolyzed by the ubiquitin system. Meanwhile this calpain cleaves heat shock
protein90 and thus reduces the Protein kinase B (Akt) activity in the muscle. Both events
result in muscle atrophy. (reviewed in Ref[53]).

The role of calpains in injury (e.g. stroke, traumatic spinal cord and brain injury) causing
neuronal cell death is also described (reviewed in Ref [66,67]). This is the result of Ca®*ion
flood into neuronal cells overactivates calpains. Often only calpain 2 is responsible for cell
death in these symptoms (reviewed in Ref [68]). The traumatic brain injury (TBI) can evoke
many cascades, which result in further damage in the brain. The Ca?* ion is one of the main
mediators of these processes. Among the Ca?* ion dependent proteases the calpain is the most
important in the proteolysis of neuronal-cytoskeletal elements [69], like the essential
cytoskeletal protein a-ll-spectrin [70]. Recently it was shown that calpain 1 and 2 may have
distinct roles in TBI [71]. The results showed that calpain 1 activity decreased while calpain
2 activity increased neurodegeneration after TBI.

2.3.2 Calpain activity in tumorigenesis

Calpain 1 and 2 are overexpressed in many kinds of tumour cells, and they have different
roles in tumorigenesis (reviewed in ref [72]). Roles of calpains in apoptosis of tumour cells
are contradictory. Dependent on the type of cancer, on the death stimuli, they can help to
survive or to induce apoptosis [73]. In case of tumour surviving they cleave one of the
proteins involved in apoptosis (e.g. cleavage of Myc oncoprotein [74]). Proteolysis of
caspases (e.g. caspase 7 [75]) or anti-apoptotic proteins (e.g. Bcl-2 and Bcl-xL [76]) results in
cell death. They can increase not only the tumorigenesis, but metastasis as well [77]. Besides
calpain 1 and 2, other members also have important roles in numerous cancers. In colorectal

cancer the gene of calpain 4 is overexpressed and it is in good correlation with tumour



progression and poor survival [78]. The overexpression in vitro increased, while knockdown
of this gene decreased the proliferation of cancer cells both in vitro and in vivo. It influences
the expression of MAPK7 (mitogen-activated protein kinase7) kinase via Wnt/B-catenin
pathway. Calpain 4 has roles in other tumours to (e.g. melanoma, ovarian carcinoma) [79,80].
Decreased expression of calpain 9 means bad prognosis in gastric cancer [81]. Although it
forms complex with calpain 8, only the amount and activity of calpain 9 has influence on the
tumour fate. Calpain 9 overexpression arrests cells in G1 phase and attenuates the size of
tumour xenografts in vivo.

Calpain 2 has role in angiogenesis, in which it is activated by VEGF [30] both in
physiological and pathological conditions, e.g. tumour angiogenesis. Recently it was proved
that hypoxia could induce the proteolysis of filamin A by calpain in melanoma cells and thus
it can increase tumour angiogenesis [82].

2.3.3 Diseases with decreased calpain activity

The most studied and best-known disease which is connected to the decreased calpain activity
is the limb-girdle muscular dystrophy. In this disease the activity of calpain 3 enzymes is not
sufficient, because of mutation in its gene (CAPN3 gene) [83].

In diabetes, the growth factors and their receptors (e.g. VEGF, platelet-derived growth factor
(PDGF)/PDGF receptor, FGF/FGF receptor, EGF) are down-regulated, thus there is not
adequate calpain 2 activity for wound healing [31]. Overexpression of calpain 2 promotes the
wound healing in diabetes [84].

The gene of Calpainl0 has been proved to be the first susceptibility gene for type 2 diabetes
mellitus. This enzyme has critical roles in insulin secretion and thus the insulin-stimulated
glucose uptake [47]. Recently it was shown that Calpain 10 cleaved the microtubule-
associated protein 1B (MAP1B) and other MAP1 family members. The cleavage results in a

heavy chain and a light chain, and affects the binding ability of the MAP1B to microtubules.
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Thus, decreased amount of calpain 10 has influence on insulin secretion by abnormal actin
reorganization, coordination and dynamics [85].

These examples show that overactivation of calpains has critical roles in several diseases.
Therefore, inhibitors which can decrease or diminish this overactivation may be useful in the

treatment of these pathological disorders.

3. Inhibitors

Increased calpain activity plays critical role in several pathological disorders resulting in
diseases (e.g. neurodegenerative diseases, cancer). Decreased calpain activity (e.g. gene
knock out) or overexpression of calpastatin may diminish or reduce the symptoms of these
pathological conditions [86-88]. These findings suggest that inhibition of calpain activity is a
promising therapeutic target in these diseases. In calpain regulation there is an endogenous
protein, calpastatin, that is a very specific inhibitor for calpain 1 and 2 [15]. Its use is very
attractive; however, it has several drawbacks as a therapeutic agent (e.g. administration, in
vivo stability and poor internalisation) that come from its protein nature and size. The minimal
inhibitory sequence is a 27-mer peptide that is very good and specific inhibitor [89], but can
poorly internalise into cells. Albeit its usage is not easy, the 3D structure of its inhibition
manner [9,11] may provide a basis for the design of small molecule inhibitors.

Leupeptin (Ac-Leu-Leu-Arg-H), a microbial inhibitor was used to inhibit cysteine proteases
[90] and was the base of the development of MDL 28170 (Z-Val-Phe-H) [91]. Using these
structures several peptidomimetic inhibitors have been developed. These inhibitors have
substrate peptide properties and bind to the active site cleft. At the position of scissile amide
bond, there is a reactive functional group “warhead” like carbonyl group (in aldehyde, o-
ketoacids, a-ketoamides, and a-ketoesters), epoxysuccinate, disulfide group or azaaminoacids
(reviewed in Ref [92,93]). The warhead, an electrophilic functional group, reacts with the

thiol group of Cys in the active site in reversible or irreversible manner.
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Unfortunately, the substrate specificity of calpains depends on the structural features of the
cleavage site rather than on its sequence. Some effort has been done to identify a substrate
sequence with high affinity and selectivity towards calpains [94,95]. These sequences may be

the starting point of inhibitor design.
3.1 Calpastatin based inhibitors

Calpastatin is an endogenous and unique specific calpain inhibitor [15]. Like calpain 1 and 2
it is also expressed ubiquitously. Its expression level is higher than those of calpains [96].
Calpastatin has four repetitive inhibitory domains, each capable of binding to one molecule of
calpain (Fig. 1B) [97]. Each domain comprises of three small subdomains, A, B and C. Only
the subdomain B binds directly to the active site of the calpain and is responsible for the
inhibitory effect [98]. The manner of its inhibition is interesting (Fig. 2B). The calpastatin is
an intrinsically unstructured protein, which can bind reversibly only to calcium bound calpain
[99]. While the inhibitory domain binds to the calpain, it forms three helixes. Two of them are
in the subdomains A and C and these helixes bind to the penta-EF-hand domains (Fig. 2B)
[9,11]. The third, forming a two-turn amphipathic a-helix in the subdomain B on its C-
terminal side, binds next to the active site cleft. The Leu'” occupies the S, while Thr™® the
S’1 subsite. The region between them (Gly*"*-1le-Lys-Glu-Gly!'®) fits into the active site but
forming a kink to avoid proteolysis [11]. Although the full inhibitory domain has a role in the
inhibition, it turned out that a 27-residue peptide corresponding with the subdomain B
sequence (D'PMSSTYIEELGKREVTIPPKYRELLA?) can inhibit the calpain enzyme with
similar efficiency and selectivity as the calpastatin protein [89]. Highlighting the importance
of subdomain B, inhibitors can be synthesized based on its sequence. Studying its inhibitory
mode (the full domain or the subdomain B) and using its 3D structural information we can get

new weapons to design effective and specific inhibitors.
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Although calpastatin B peptide is a very efficient inhibitor, it is poorly cell-permeable.
However, it was successfully used to inhibit calpain in live cells or in animal model
[100,101]. To solve this challenge, some conjugates with cell-penetrating peptide were
synthesised [102-106]. Oligoarginines are positively charged cell-penetrating peptides
(CPPs). To enhance the internalization of calpastatin B peptide it was conjugated with
undecaarginine (Argi1) [102]. This synthetic conjugate could inhibit isolated calpain 2 and
calpain activity in primary cultured neurons. Penetratin, another well-known CPP, has been
conjugated via disulphide bridge with the subdomain B peptide [103]. The conjugate retained
the inhibitory potency against calpain 1 and its selectivity over other cysteine proteases. It
showed cell-permeability on LCLC 103H cells (human large cell lung carcinoma), and
inhibited the ionomycine-induced calpain activation in these cells. A shorter segment of the
penetratin was also considered, where a 7-mer from the C-terminal was chosen as a CPP
[104]. The cationic peptide was conjugated to subdomain B, resulting in a cell permeable
inhibitor. The conjugation was done via amide or disulfide bond. Both connection modes
produced effective inhibitors. As the calpastatin protein is more effective inhibitor than its
subdomain B, its fusion protein with Tat peptide (a cell-penetrating peptide) was also studied
[105]. The fused protein was able to inhibit calpain 2 in vitro, but was not able to inhibit
calpain activity in rat primary cortical neurons. As the construct could penetrate into cells, the
localisation of the construct, entrapped in the endosome, hinders the interaction with calpain
enzymes in the cytosol.

An elegant structure-activity analysis was done using B-Ala scan in calpastatin B peptide

[107]. Two “hot spots” were identified in the sequence, Leu**-Gly*? and Thr’-lle-Pro?®. In
another study the importance of Leu'! and Ile'® was proved [108]. The minimal inhibitory
sequence was described as a 20-mer peptide (Ac-SSTYIEELGKREVTIPPKYR) [109]. Using

these results a new cell-penetrating derivative of calpastatin B was synthesised with efficient
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Blood Brain Barrier (BBB) penetration [110]. In this study, the VEALLP?*AVLLALLAP
cell-penetrating peptide was hybridized with calpastatin B peptide (27-mer peptide) in such a
way that the amino acids, VZALLP?, replaced the corresponding amino acids in the
calpastatin B peptide. The construct was able to penetrate through the BBB and inhibit calpain
1. The effect was evident, since the administered construct minimized neurological deficits by
35% and 44%.

From the structure of calpain-calpastatin complex [9,11] it turned out that during the binding
the calpastatin forms three a-helixes and one of them, a two-turn helix binds next to the active
site on the prime side. Unfortunately, this short peptide (IPPKYRELLA) has random coil
structure in solution and does not adopt helical structure. Thus, it does not have any inhibitory
effect [111]. The authors stabilized the peptide by increasing the rigidity via macrocycle
formation by Cys alkylation. Using i, i + 4 m-xylene cross-linker and changing the position of
the two Cys residues in the sequence, macrocycles with different sizes were synthesised. A
derivative in which the Ala and Arg residues were replaced with Cys showed the highest helix
content and inhibitory activity against calpain 1. Beside this helix there are other structural
elements which are important in the calpastatin inhibition and may be templates for specific
inhibitor design. When the calpastatin binds to the calpain, it avoids the cleavage, because the
subdomain B forms a B-turn, at Lys-Leu-Gly-Glu (calpastatin B in inhibitory domain 3) [9].
Using this B-turn forming sequence a set of cyclic peptide library was tested [112]. By
cyclisation the disordered short peptides could be forced into a well-defined structure like -
turn [113]. Furthermore, the cyclisation protects the peptide from proteolysis. Each peptide in
this study had a Pro residue at the N-terminus, where aziridine aldehyde-derived
macrocyclisation was performed. Some peptides were not only effective inhibitors, but also

specific for calpain 2 over other cysteine peptides used.
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These examples demonstrated that the specific inhibitor calpastatin or its inhibitory
subdomain B can be applied as calpain inhibitors, but their delivery should be solved because
of their low permeation. Conjugation with cell-penetrating peptides as delivery vehicles may
increase the cellular uptake. However, they highlight the importance of the size (full
calpastatin protein vs calpastatin B peptide) in the efficient penetration. Targeting CPP may
enhance the specific transportation through the BBB or into specific tissues. Using structural
information of calpastatin’s mode of inhibition also may promote the development of

effective inhibitors.

3.2 Substrate based inhibitors

Design of inhibitors against protease enzymes historically focused on the substrate specificity.
A peptide with electrophilic warhead can fit into the active site cleft as a substrate and thus it
reacts with the amino acid in the active site in a reversible or irreversible manner. Against
cysteine proteases many warheads can be used. Unfortunately, two factors mean serious
challenges in the development of this kind of inhibitors; a) the highly conserved active site
among the members of papain superfamily and b) the binding of small peptides to calpains is
not very strong. Therefore, the selectivity of inhibitors against other cysteine proteases, like
cathepsins may be very important [114]. Inhibition of cathepsin C, L and S induces
immunosuppression, but on the other hand, inhibition of cathepsin B and K is not considered
detrimental. The firstly identified peptide-based inhibitors had several disadvantages, like
poor water-solubility and metabolic stability, low cell-penetration. Thus, one strategy is the
replacement of amino acids in these di- or tripeptide inhibitors (e.g. aldehydes, [115]
leupeptin (Ac-Leu-Leu-Arg-H), MDL28170 (Z-Val-Phe-H)) and thus improve at least the
stability (Fig. 3).

The structure of MDL 28170 was used to develop peptidomimetic inhibitors. The purpose of

these studies was to find more selective and stable inhibitors. The strategy was to replace

15



amino acids in the P.-P3 position in the well-known MDL-28170. Chromone skeleton was
selected and substituted carboxamide was used as the reactive warhead [116]. Replacement of
Val residue with chromone ring produced a cyclic derivative of MDL 28170 (1) with similar
potency to MDL 28170, with improved selectivity against cathepsin B and cathepsin L.
Replacement of the oxygen atom in the pyran ring with -NH group, using 4-quinolinone ring
(2), provides the construct with an additional donor for H-bonding. That may improve the
binding to the active site [117]. Although these constructs were potent, their activity was less
than that of chromone based ones. Furthermore, acyclic construct based on these two
structures were considered with more flexibility [118]. The proposed constructs were
expected to interact with high potency due to their acyclic structures. Substituents on the
aromatic ring (no substituents were added to the Phe aromatic ring) were considered as H-
bond acceptors or donors, and methoxy substituents had a positive effect on the inhibition (3).
Using similar strategy, a selective and metabolically stable inhibitor was developed, A-
1212805 (ABT-957, Alicapistat) [119]. Starting from the structure of MDL28170 it was
noticed that benzoyl modified phenylalanine derivatives can be potent inhibitors [120].
Although it had uM K; value, modification of the benzoyl ring in ortho position could
increase the inhibitory potency. The naphthalene derivatives were the best with nM K; value.
The comparison of inhibitors with aldehyde and ketoamide warhead showed no differences in
the calpain inhibition. This means that ketoamide group instead of aldehyde may enhance the
stability of the inhibitors. The most potent inhibitor was selective against cathepsin B and L.
Derivatives with phenylvinyl substituent in the benzoyl moiety andaminomethyl residue as
para-substituents were good inhibitors with oral bioavailability, water solubility and metabolic
stability [121]. One of them, (N-(1-benzyl-2-carbamoyl-2-oxo-ethyl)-2-[(E)-2-(4-
diethylaminomethylphenyl)-vinyl]benzamide (A-705253)), showed efficacy in experimental

traumatic brain injury in rats. In some studies this kind of inhibitors was active in AD-relevant
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animal models (e.g. decreased the tau hyperphosphorylation, neurodegeneration) [122,123].
Although it was used promisingly in these studies, it was poorly selective against cathepsin
enzymes. This requirement induced further optimalisation of inhibitor A-705253 [124]. By
the modification of the structure a very active and specific in vitro peptidomimetic inhibitor
was obtained (N-(4-Amino-3,4-dioxo-1-phenylbutan-2-yl)-2-(3-(4-fluorophenyl)-1H-pyrazol-
1-yDnicotinamide (A-953227)). Unfortunately, in in vivo studies the ketoamide group could
be observed and this transformation decreased dramatically its bioavailability. Although
modification of the ketonamide group reduced the inhibitor potency, it may enhance the in
vivo stability [125]. The collected information about structure-activity relationship (SAR) was
used to develop ABT-957 [119]. This drug was used in clinical phase 1 studies for studying
its activity in treatment of Alzheimer disease [126]. Unfortunately, it was ineffective on REM
sleep parameters, which indicates that its concentration in the central nervous system was not
adequate, although it was effective in animal models [119].

These selected examples highlight the commonly used strategies, using systematic chemical
modifications, to improve the pharmacophore properties of calpain inhibitor. In these studies
the starting compound was a well-characterised inhibitor and it was modified to cover
different chemical spaces. The resulted SAR data directed the further optimization. Another
strategy to get more efficient drug-like inhibitors can be the modification of inhibitors with
targeting moieties that may enhance the penetrating ability through cell membrane or blood
brain barrier (BBB) (Fig. 4). For example, to improve the internalisation into the muscle cells,
peptide based inhibitors with a-ketoamide functional group on the C-terminal were modified
by groups that may increase the penetration [127]. The retained inhibitory potency for treating
muscular dystrophy was an important aspect of modification. Using the MDL28170 as a
template the best capping group in P3 position was selected based on the in vitro inhibitory

ability in muscle cells. Then the P2 and P1 residues were optimised. The potency of
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derivatives was characterised on calpain 1 and on some other cysteine proteases to describe
the selectivity. One of the best derivatives was further improved to increase its cell-
permeability into muscle cells (4) [128]. The best compound showed therapeutic efficacy in
muscle dystrophy using mouse model.

AK925 (Z-Leu-D,L.-Abu-CONH-R; Abu is a-aminobutyric acid) is a peptidomimetic o-
ketoamide calpain-1 and calpain-2 inhibitor that demonstrates neuroprotection against brain
ischemia [129]. However, the construct could not penetrate through the BBB. In order to
synthesise a permeable construct, nucleobases, such as adenine and 2-methoxyadenine were
incorporated into the structure, because choline transporters would transport these conjugates
through the BBB [130]. The nucleobases were coupled to the primed region, since inhibitors
that extend to the primed region are more potent [131]. This modification resulted in potent
inhibitors that are able to cross the BBB (5). This strategy was used to develop Gabadur
[132]. This construction was designed based on the structure of leupeptin. The N-terminal
leucine was substituted by pregabalin via succinic-acid linker. The pregabalin, which is a
substrate of system L-amino acid transporters, increased dramatically the blood-brain
penetrating ability opposed to the poorly permeable leupeptin molecule. The inhibitor with
rapid BBB penetrating ability was successfully used in animal models of traumatic brain
injury [133], and Parkinson’s disease/dementia with Lewy bodies [134].

As it became more evident, calpain isoforms often have distinct roles in physiological and
pathological conditions. Sometimes their activity has opposite effect (e.g. calpain 1 and 2 in
nervous system [27]). Thus, finding isoform selective calpain inhibitors is very attractive, and
may result in a breakthrough in calpain research. These kinds of inhibitors can strengthen the
therapeutic potency of calpain inhibitors. Although this research area is very challenging,
there are some promising endeavouring. Targeting the mitochondrial calpain 10, peptide

screen was used to identify selective inhibitors [135]. In this screen, hexapeptides were tested.
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The initially described CYGRKK peptide was further improved. The role of some amino
acids in the potency was investigated and a 5-mer peptide was found as the most potent
(CYGAK). Its dimer was selective and potent towards mitochondrial calpain 10 over calpain
1. Unfortunately, it could inhibit calpain 10 activity only at higher concentration in cellular
models than that needed for isolated mitochondria. To improve the potency against cellular
calpain 10, molecular modelling was done on a homology model of the calpain 10 active site
[136]. Although using the interacting residues of the peptide a better inhibitor was found
(CYGADbuK), it could not inhibit mitochondrial calpain 10 in cells. Increasing lipophilicity by
conjugation of oleic acid enhanced this ability.

In another study, development of isoform specific inhibitors was aimed using the interaction
with Sz pocket [137]. Interaction of this site of cysteine proteases with a heterocycle often
resulted in potent inhibitors. Heterocyclic dipeptide aldehydes (9 analogues) were synthesised
and some showed isoform selectivity for ovine calpain 2 (ovine calpain was used because the
inhibitors were studied in ovine model of cataract). To analyse the SAR data, in silico
homology models were generated using h-CAPN1 X-ray crystal structure data. The most
potent and ovine calpain 2 selective inhibitor (6) showed different interaction with the active
site of ovine calpain 1 and 2, explaining its selectivity. This compound could inhibit calcium-
induced opacification in in vitro lens culture assay. In order to increase the potency, more
heterocyclic (furan or thiophene) dipeptide analogues (7) were synthesized [138]. Spacers
were included and the position of the heterocycle (position 2 or 3) in which the peptide is
attached was changed. Relationship was described between the mode of connectivity and
inhibition; compounds in which the peptide is coupled to position 3 were more potent than
compounds in which the connection was in position 2. Moreover, spacing seemed to diminish
the inhibitory effect. Molecular modelling revealed that the peptide backbones of potent

inhibitors adopt the requisite 3-strand conformation.
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The B-strand geometry is a universal conformation that is presented by protease inhibitors
upon binding in the active site [139]. Macrocyclic peptides can adopt B-strand geometry and
can be more selective [140] and potent [141] in contrast to their linear counterparts. Adjusting
the size of the macrocycle the selectivity and the potency of calpain inhibitors can be
modified (8) [142]. Isoform selectivity, calpain 2 over calpain 1 was observed too. In a
different inhibitor a tripeptide was used to form a macrocycle which also presented good
inhibitory potency against calpain 2 (9) [143]. The potency was in good correlation with the
ability of macrocycles to from B-strand geometry. Development of this kind of macrocycle as
a template may give good opportunity to improve inhibitors of different proteases, like
calpain 2 [144].

By extending the structure of inhibitors towards the primed region, their activity and
specificity can be ameliorated. The elongated structure may serve more groups for interaction
and thus may increase the strength and selectivity of binding. There are several warheads (e.g.
azaamino acids, epoxysuccinylogrup) that allow this kind of extension of inhibitors.
Replacing the a-carbon of the amino acid Py with nitrogen atom leads to an azapeptide [145].
Thus the amino acid P1 is formally a derivative of carbazicacid (H_2NNRCOOQOH). These aza-
peptides were able to inhibit serine proteases and some aza-peptides were also examined on
cysteine proteases [146]. To create a set of oligopeptides that may be potent calpain
inhibitors, aza-glycine (NH2-NH-COOH) was inserted into the sequences [147]. The sequence
of these azapeptides was selected based on a potent substrate, TPLKSPPPS [94]. The
replacement of Lys at the P1 position with aza-glycine yielded good inhibitors. Epoxysuccinyl
group presented in an effective and selective cysteine protease inhibitor, trans-L-
epoxylsuccinyl-L-leucylamido-4-guanidino-butane (E-64)[148] (Fig. 5 A)), as warhead
allows the synthesis of inhibitors that are expanded to the primed region. Using this approach,

the aforementioned peptide (TPLKSPPPS) was modified by including an epoxysuccinyl
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group [149]. It was noted that the stereochemistry of the epoxy group is quite important, since
it affects the orientation of the inhibitor in the active site. With the aim to improve the
selectivity and potency of the natural inhibitor E-64, peptidomimetic analogues based on E-64
scaffold were prepared [150]. The design of the analogues focused on investigating the
capping groups at the P3/P4 positions and studying various amino acids at the P2 position. By
screening for different entities at P2 and P3/P4 positions, potent inhibitors that are selective
for calpainl were synthesized (10).

Modelling can provide a valuable tool to develop and design calpain inhibitors. For docking
studies structural data are commonly subtracted from crystal structures of full calpain or its
domain. In a study the structure of the Ca?* ion bound crystal structure of the protease core of
calpain 1 (PDB code 1KXR) was modified. The Ser115 was changed with Cys in this position
to reproduce the structure of the active form [151]. This model was validated by inhibitors
with known potency for docking and then it was used to screen potential inhibitors. In
molecular docking the studied structures were modified only in one position at a time and
tested. Inhibitors with the highest scores were tested for inhibitory action, resulting in
excellent 1Cso values. Additionally, the best inhibitor was able to reduce cataract in ovine
lenses. In another approach a large chemical library from Maybridge database (53 000 drug-
like compounds) was screened [152]. First, compounds were filtered based on their calculated
absorption, distribution, metabolism and excretion (ADME) properties. The remaining
compounds (the standalone library) were subjected to High Throughput Virtual Screening
(HTVS). They were docked into a similar model used in the previous study [151]. Binding
energy calculation and molecular dynamic simulation were applied to find the best
compounds. That was investigated in an in vitro rat model of selenite-induced cataract, and it
exhibited suppression in cataract formation. In a similar study the well-known calpain

inhibitors were used to build up a pharmacophore model (template) which then was used in
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the virtual screening of a Binding Database for ‘hit” molecules (molecules with similar
chemical features than those of the pharmacophore) [153].

Interestingly, computational approaches where also used to search for allosteric inhibitors of
calpain. Using a model based on the structure of PEF, the small subunit of calpain 1, a library
of inhibitors was screened. The study resulted in a good allosteric inhibitor of calpain 1 (see in
the next chapter) [154].

The previous results show how modelling can be a good step in the discovery of potential
calpain inhibitors. Its use gives a notably valuable method to increase the potential chemical

space to identify candidates as good calpain inhibitors.

3.3 Allosteric inhibitors

As the active site cleft among the cystein proteases is homologous, it is very challenging to
increase the specificity for calpains over other proteases. Compounds that can bind to other
positions on the enzyme surface may cause allosteric inhibition and may be more specific.
The first allosteric inhibitor was identified from a 150,000 library, screening calpain 1
inhibition [155]. The structure of the firstly discovered compound was refined and thus an
efficient calpain specific inhibitor, 3-(4-iodophenyl)-2-mercapto-(Z)-2-propenoic acid
(PD150606) was described (Fig. 5 B)). It was supposed to bind to the Ca?* ion binding site of
the enzymes. One derivative, 3-(5-fluoro-3-indolyl)-2-mercapto-(Z)-2-propenoic acid
(PD151746) is approximately 20-fold more selective for calpain 1 (Ki= 0.26 uM) over calpain
2 (Ki= 5.33 uM). The crystal structure of Ca?* ion bound calpain domain VI and PD150606
complex revealed the binding mode of the inhibitor to the penta-EF-hand [156].

As calpain 1 and 2 have different Ca®* ion sensitivity, this kind of inhibitors are promising
candidates to develop isoform selective inhibitors. A new series of mercaptoacrylicacid
derivatives was reported. They investigated the effect of halogen substitution in the phenyl- or

indole-ring on the inhibitory activity. The results of this SAR study showed that the
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previously reported PD150606 and PD151746 are members of a larger family of calpain
inhibitors. The bromo-substituted indole derivatives showed the highest inhibitory potential
with sub-nanomolar ICsp range on calpain 1 and the best compounds could inhibit neutrophil
spreading too [157]. As calpain 1 is a potential drug target and its specific inhibitors may have
high influence on the calpain research, structural elements of binding of these molecules was
examined [158]. The co-crystal structure of human calpain PEF(s) and its inhibitor complexes
were described. Two inhibitors were studied, one with indole ring (and (Z)-3-(5-bromoindol-
3-yl)-2-mercaptoacrylic acid, 11) and one with phenyl ((Z)-3-(4-chlorophenyl)-2-
mercaptoacrylic acid, 12). Results showed that mainly the hydrophobic interactions have
impact on the stability of complexes. The indole ring bound more deeply to the Ca?* ion
binding pocket of the PEF, than the phenyl-group. Using this SAR the dimers of some
monohalide-derivatives of phenyl and indole 2-mercaptoacrylic acid were studied [159].
These compounds were synthesized to mimic the binding of calpastatin to the hydrophobic
cave on the PEF(S). The dimers showed approximately 10-200-fold higher inhibitory effect
than the compound with free thiol group. Furthermore, replacement of the disulfide bond with
thioether bond reduced the activity of the compounds. This was explained with the
stereoelectronic behavior of disulfide bond, such as restricted rotation and ~90° dihedral
angel. This geometry increases the number of opportune binding interactions between PEF(S)
and the two aromatic rings.

Later it turned out that PD150606 was able to inhibit the calpain 1 protease core unit without
PEF. This result shows that its inhibitory activity does not require PEF and it has a single
mode of inhibition [160]. Specific calpain 1 inhibitors may be beneficial because they do not
cause undesirable physiological side effects. These kinds of inhibitors were developed using a
structure-based virtual screening protocol [154]. First ~36000 commercial compounds were

studied by docking methods (such as sulphonamide-, amide-, pyridine-, urea- and enamine-
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based compounds). The selected candidates were further analyzed against PAINs [161]. Ten
compounds were selected as potential PEF(s) binding compounds, those cover novel chemical
space among the allosteric inhibitors of calpain 1. Some of them showed allosteric inhibitory
activity in in vitro assays (FRET based inhibition assay on full length calpain-1 complex and
active site domain calpain-1 (without PEF motifs) and TNS displacement assay). The best
compound was an asthma drug, Vidupiprant, which had higher inhibitory activity than
PD150606. This finding is in good correlation with earlier results that anti-inflammatory

drugs could inhibit calpain and thus reduced the allergic inflammation [162].

4. Activators

Although it is a rarer event, but decreased calpain activity also has a role in pathological
conditions (e.g. wound healing in diabetes [31], LGMD2A [42], gastric ulcer [46], tumor
survival [81], diabetes mellitus [47]). Therefore, activation of calpains in these symptoms may
compensate these harmful changes. As calpain activity is under strict control; fully active
calpain may cleave a dozen of proteins; they are silenced in cells. Besides Ca?* ion few
partners are known as activators. Ca?* ion is necessary for the formation of active site cleft in
case of all calpain, but some of them need further process or interaction to reach the full
activity [16]. However, these partners (e.g. phospholipids, kinases, some activator proteins
[163,164]) cannot be easily utilized as external activators. In the endogenous inhibitor protein,
calpastatin, there are three conserved subdomains, A, B and C. The A and C subdomains just
potentiate the inhibitory effect assisting in the binding to calpain but have no inhibitory
activity. It has been demonstrated that peptides corresponding to these subdomains,
calpastatin A and C, enhanced the activity of calpain 1 and 2 [165]. Using these peptides as
activators is hampered by their low internalization. This was improved by conjugation with

cell-penetrating peptide (penetratin [166] and octaarginine [167]). All conjugates retained the
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calpain activator effect and conjugation with octaarginine boosted the calpain activity. That
intensified the neuronal excitability in rat hippocampal slices.

Based on our knowledge, no systematic examination of small compounds as calpain activators
have yet been performed, but some small molecules have been described as activators. A
serine protease inhibitor, ethyl N-allyl-N-[(E)-2-methyl-3-[4-(4-amidinophenoxycarbonyl)-
phenyl]propenoyl]aminoacetate methanesulfonate (ONO-3403) enhanced calpain activity and
had cytotoxicity on NIH3T3 cells [168]. A local anesthetic agent dibucain may also activate
calpain in platelet and causes apoptosis [169]. Two cannabinoids, A°-tetrahydricannabinol and
cannabidiol showed activating effect on calpain 1 enzyme [170]. As in this study four
different derivatives were characterized, from the structural differences between active and
inactive forms some SAR was identified.

In case of LGMD2A, gene therapy was tested transferring calpain 3 gene into muscle cells
using adeno-associated virus vector by intramuscular injection [171]. The gene was stably
expressed in muscle cells with proper protease activity and without any toxicity.
Unfortunately this construct caused dose-dependent mortality after intravenous injection
[172]. In the heart large areas of fibrosis were found which could be in accordance with the
unregulated activity of calpain3. Modification of the vector, inhibited expression of calpain 3
in cardiovascular tissues, eliminated the cardiotoxicity and preserved its in vivo activity.
Although increasing calpain activity may be a promising strategy, it has several drawbacks.
As the general calpain inhibition may not result in serious side effect, in case of activators this

may be more harmful.

5. Conclusions
Calpain enzymes play critical roles in several physiological processes, like cell motility,
signal transduction, cell differentiation and memory formation. In some cases, they have

protecting function (e.g. calpain 8 and 9 in the gastric mucosa). Their importance means that
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alteration in their functions, over- or underactivity, are involved in the development of several
diseases (e.g. neurodegradations, traumatic injury caused cell-death, tumour cell survival,
metathesis). Thus they are very promising therapeutic targets. In the development of their
inhibitors or activators different drug discovery strategies can be used. Dozens of different
inhibitors are described, therefore many SAR data are available. These data can be used to
improve better and more selective inhibitors. Systematic chemical modification is commonly
utilized to refine inhibitor properties. Delivery or targeting well-known inhibitors is another
option. Finally, some examples highlighted the usefulness of molecular docking process.
Albeit inhibitor design attracts more interest, development of activators may also be very
attractive. This area is poorly examined, there was no systematic study performed to get SAR
data, possibly because it is more challenging than the development of inhibitors. The
examples of successful application of calpain inhibitors in in vivo models demonstrate that

these researches remain hot topics in drug discovery.

6. Expert opinion

Calpain enzymes are a large family of intracellular cysteine proteases. They are involved in
several pathological conditions with their over- or under-activation. This makes them very
interesting and promising therapeutic targets. The main challenges in drug discovery in
connection with them are a) our knowledge about their functions mainly restricted to the
firstly described calpain 1 and 2, thus the other members of the family are poorly examined;
b) they have very similar active site clefts not only with each other, but with other cysteine
proteases as well.

It has been proven that in many cases the inhibition of calpain activity could reduce or reverse
the pathological conditions. Therefor the development of calpain inhibitors is hot research
topic. In the first studies known cysteine protease inhibitors were chemically modified to

achieve calpain selective inhibitor activity. This strategy, the chemical modification of calpain
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inhibitors to cover more different chemical structures, was then used in many studies and
resulted in very good, selective and/or active inhibitors. As our knowledge increased about the
3D structure of calpains and inhibitor bound calpains, these data were used for molecular
docking to speed up the discovery of more diverse chemical space. Combination of these
strategies may produce improved drug-like inhibitors. The third strategy applied on this field
is the conjugation of efficient inhibitors with molecules that can increase pharmacological
properties, stability, targeted localisation, increased cellular-uptake, in vitro and in vivo
stability. For this, a strong requirement is that these attached moieties do not alter the
inhibitory properties, just strengthen the weak features of inhibitors.

The challenges in the inhibitor design are to improve the specificity against other cysteine
proteases or to reach isoform selectivity. The high similarity in the substrate-binding site does
not allow the use of very diverse chemical structures, and thus substrate-like inhibitors rarely
can distinguish these active sites. The specificity may increase using longer inhibitors that can
bind not only to S but S’ site in the cleft. These types of inhibitors have not been fully
examined, therefore further possibility remains for this unutilised potential. Albeit some
allosteric inhibitors for calpain 1 are described, this area also has potential in the future to find
better inhibitors.

Use of activator molecules may be a promising strategy to compensate pathological
symptoms caused by low calpain activity. Thus, development of activators can be an
attractive therapeutic target, but only few compounds have been described and they were
poorly characterised. Their main problem is that their usage needs very cautious approach,
because uncontrolled calpain activation may cause more serious side effects.

In conclusion, calpain modulator molecules, inhibitors or activators, are interesting targets of

drug discovery. There are many promising examples about their usage and good effect in

27



different pathological conditions. The uncovered or rarely researched areas on this field also

increase their potential.
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Table 1 Members of calpain enzyme family

Enzyme Expression Protease activity PEF*
calpain 1 ubiquitous + +
calpain 2 ubiquitous + +
calpain 3 skeletal muscle, lens, + +
retina
calpain 5 ubiquitous + -
calpain 6 embryonic muscles, - -
placenta
calpain 7 ubiquitous + -
calpain 8 stomach + +
calpain 9 digestive track + +
calpain 10 ubiquitous + -
calpain 11 testis n.d. +
calpain 12 hair follicle n.d. +
calpain 13 ubiquitous n.d. +
calpain 14 ubiquitous + +
calpain 15 ubiquitous - -
calpain 16 ubiquitous -

*PEF: penta-EF-hand domain; n.d. no data
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Table 2 Role and activity of calpain isoforms in different disorders

Enzyme Disorder Activity
calpain 1 | myocardial injury and heart failure +
angiotensin Il induced atherosclerosis +
Alzheimer disease +
tumorigenesis +/-
angiotensin Il induced atherosclerosis +
calpain 2 | VE-cadherin causing barrier dysfunction between endothelial cells +
Alzheimer disease +
wound healing in diabetes -
tumorigenesis +/-
limb girdle muscular dystrophy type 2A (LGMD2A) -
calpain 3 | oncogenesis in case of OCM melanoma cells +
calpain 4 | colorectal cancer +
calpain 6 | atherosclerosis +

calpain 8 | gastric mucosal protection (in G-calpain complex form)

calpain 9

51




Table 3 Potency of some calpain inhibitors

Inhibitor aKi(uM) or *ICso (uM) | Calpain | Disease/ Model
Calpain1 | Calpain 2 | specific | phenomenon
PD150606 [155] 0.212 0.372 + Retinitis animal, rat
pigmentosa
[173]
PD151746 [155] 0.26% 5.33? + animal
E64 [174] 3.96%¢ -
Ac-TSLAglySPPPS-NH 14.0° 3.5 n.d.
[147]
NH,-TPL(D-Eps)TPPPS-NH, | > 502 4,24 +
[149]
NH,-TWL(L-Eps)SPPPS-NH, | 17.14 4.05 -
[149]
Calpastatin 1. (rat kidney) 0.0272 0.0922 +
[175]
Alicapistat 0.13% n.d. + Alzheimer clinical
(ABT-957) [119] disease [126] | phasel[126]
DPMSSTYIEELGKREVTIPP | 0.1° 0.02° +
KYRELLA [89]
n.d. no data
A) Structure of a classical calpain B)

- mm
l PCT PE2
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cysteine protease domain penta-EF-hand domain
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Structure of a non-classical calpain ‘
*subdomian C: S®®KPIGPDDAIDALSSDFTS%>
| | |
l PC1 pC2 == CBSW wm  CBSW
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Figure 1 Schematic structure of A) classical and non-classical calpains and B) calpastatin molecule. N: N region; PC1: protease core 1 domain; PC2: protease
core 2 domain; CBSW: calpain-type beta-sandwich domain. In case of calpastatin only the domain I-IV have inhibtory activity and each can binds to a calpain
molecule. *The sequences of subdomains in human calpastatin domain I.
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A) B)

Subdomain B

Calpain 4

Figure 2 3D structure of the complex between calcium-bound calpain-2 and calpastatin. A) the domain structure of

calpain 2, B) the structure of complex between the activated calpain 2- calpain 4 and calpastatin first inhibitory domain. PDB
code 3DF0 [11] Images was created with Swiss-Pdb Viewer.
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Figure 3 structure of substrate based peptide and peptidomimetic calpain inhibitors.
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Figure 4 structure of substrate based peptide calpain inhibitors with BBB permability,
isomer selectivity or B-strand geometry.
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Figure 5 structure of A) inhibitos with epoxy group, and B) allosteric inhibitors.
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