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Clan

Peptidases and their
proteinaceous inhibitors are
systematically classified by the
online MEROPS database.

A clan is composed of multiple
families, each of which
corresponds to a group of
orthologous peptidases.
Members of a clan share
similar primary and tertiary
structures. This classification
system complements and
extends the previously
established enzyme
classification system, which
includes all enzymes.
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REVIEWS I

Calpain research for drug discovery:
challenges and potential

Yasuko Ono', Takaomi C. Saido? and Hiroyuki Sorimachi’

Abstract | Calpains are a family of proteases that were scientifically recognized earlier than
proteasomes and caspases, but remain enigmatic. However, they are known to participate

in a multitude of physiological and pathological processes, performing ‘limited proteolysis’
whereby they do not destroy but rather modulate the functions of their substrates. Calpains
are therefore referred to as ‘modulator proteases’. Multidisciplinary research on calpains
has begun to elucidate their involvement in pathophysiological mechanisms. Therapeutic

strategies targeting malfunctions of calpains have been developed, driven primarily by
improvements in the specificity and bioavailability of calpain inhibitors. Here, we review the
calpain superfamily and calpain-related disorders, and discuss emerging calpain-targeted

therapeutic strategies.

We dedicate this Review to our late mentor Koichi
Suzuki, who made tremendous scientific contributions
as the world leader in calpain research for four
decades, led us into the world of calpains and died too
soon on 20 April 2010 aged 71 years.

Calpains, discovered in 1964 (REF. 1), are clan CA fam-
ily C02 cysteine proteases (EC 3.4.22.17) defined by
a well-conserved cysteine protease domain called the
CysPc motif?™* (FIG. 1). The word calpain combines ‘cal’ and
‘ain’, which are respectively derived from calcium
and cysteine proteases such as papain and legmain®.
Calpains were previously called Ca**-activated neutral
proteases®’.

Although there are vast numbers of proteases and
proteolytic complexes in biological systems, the calpains
are some of the very few that are directly activated by
Ca*, a primary second messenger in signal transduc-
tion. In addition, calpains are modulator proteases that
perform limited proteolysis to modulate rather than
abolish the function of their substrate. As Ca** signalling
and proteolysis are two widely studied biological pro-
cesses, basic and clinical researchers often find them-
selves trying to fit calpains into their subject of interest.
The identification of calpains as aggravating factors
in human diseases can be attributed to such scientific
curiosity. However, although the vital roles of calpains
in various biological systems are clear, their mechanis-
tic features remain poorly understood. Owing to their
modulatory nature and lack of clear cleavage sequence
specificity, calpains appear to have less precise activity
and to be less amenable to systematic examination than

proteases such as caspases and those involved in the
ubiquitin-proteasome system. Consequently, the bio-
logical functions and therapeutic potential of calpains
remain relatively unexplored.

Calpain-related disorders have a substantial impact
on society. Although some diseases are caused by genetic
defects, many are lifestyle-related® or caused by infection
with a pathogenic microorganism’"’. These diseases are
of growing concern worldwide from both human health
and economic perspectives. Disorders for which calpains
may serve as therapeutic targets include neurodegenera-
tive disorders'*??, cardiovascular diseases?, ischaemic dis-
orders™, arterial sclerosis®?* and cancers®*. Additional
disorders include cataracts®, muscular dystrophies®,
gastric ulcer®, vitreoretinopathy*, oesophagitis**, pul-
monary fibrosis”, diabetes®®*, malaria**, trypanosomi-
asis*, schistosomiasis', candidiasis*’ and periodontitis'.
In most cases of calpain-related disease, calpain activity
is elevated and aggravates symptoms. For example, tran-
sient cerebral ischaemia caused by various insults results
in calpain activation that leads to neuronal cell death*.

Some calpain inhibitors have already been developed
for therapeutic applications. For example, the Aspergillus-
derived calpain inhibitor E-64d (also called loxistatin,
aloxistatin, rexostatine, EST and Estate) was used in clin-
ical trials for Duchenne muscular dystrophy (DMD)*,
and the a-ketoamide inhibitor A-705253 (also known as
BSF 419961 and CAL 9961) has been tested as a treat-
ment for Alzheimer disease (AD)*. More recently, it was
recognized that restoration or compensation of calpain
activity could ameliorate diseases such as limb-girdle
muscular dystrophy type 2A (LGMD2A)* and spastic
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a Human

Conventional calpain subunits:

* CAPN1 or CAPN2 (also known as pCL or mCL, respectively)
* CAPNS1 (also known as 30K)

Unconventional classical calpain subunits:

* CAPN3 (also known as p94)

* CAPNS (also known as nCL-2)
* CAPNQO (also known as nCL-4)
e CAPN11-14

Unconventional non-classical calpain subunits:

* CAPNS (also known as hTRA3)
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Figure 1|Schematic structure of calpains. a | In vertebrates, calpain-1 and
calpain-2 are heterodimers of a large catalytic subunit (CAPN1 and CAPN2,
respectively) and a small regulatory subunit (CAPNS1). Calpain-1 and
calpain-2 are called conventional calpains, with the remaining calpains
known as unconventional calpains (avian calpain-11 (CAPN11-CAPNS1)
may also be called a conventional calpain). Calpains are classified into two
types on the basis of their structure: classical, with domain structures that
are identical to those of CAPN1 and CAPN2, and non-classical. b-f| Among
the non-human calpains shown, only Smp-157500 (the carboxyl-terminal
half is known as Smp-80) of Schistosoma mansoni is a classical calpain.

Plasmodium falciparum and Porphyromonas gingivalis each have only one
calpain, whereas S. mansoni, Trypanosoma brucei and Aspergillus nidulans
have 7, 18 and 2 calpains in total, respectively. For ClpGM6 the number of
repetitions of the GM6 antigen repeat unit could not be determined owing
to an incomplete genomic sequence. ABS, all f-strand structure (found
among several glycosyl hydrolases); CBSW, calpain-type -sandwich
domain; CysPc, cysteine protease domain, calpain-type; GR, glycine-rich
domain; IQ, calmodulin-interacting domain; IS, insertion sequence; MIT,
microtubule-interacting and transport domain; PC, protease core; PEF,
penta-EF-hand domain; SOH, SOL-homology domain; Zn, zinc-finger motif.
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CysPc motif

A protease catalytic domain of
calpains. CysPc-containing
proteases belong to the same
clan as papain, but unlike the
catalytic domain of papain

the CysPc divides into two
separate structures, protease
core 1 (PC1)and PC2, in the
absence of Ca?*. Amino acid
sequence comparisons suggest
that all of the calpain species
for which 3D structures are not
yet solved share similarity in
their CysPc domain.

a-Ketoamide inhibitor

A class of reversible inhibitors
for cysteine, serine or
threonine proteases that add
an electrophile to these active
site amino acid residues. Many
inhibitors of this class have
been developed by
systematically replacing
aldehyde moieties of known
calpain inhibitors with
a-ketoamide, and
subsequently modifying other
positions to improve
effectiveness.

Calpainopathies

Diseases caused by a genetic
defect in a calpain gene. The
pathogenic mechanism can be
either loss of function (for
example, limb-girdle muscular
dystrophy type 2A is caused
by inactivating mutations in the
CAPNS3 gene) or gain of
function (for example,
autosomal dominant
neovascular inflammatory
vitreoretinopathy is caused by
an excessive activation of
CAPNS due to mutations).

Calpain-type p-sandwich
(CBSW). A domain whose 3D
structure, but not primary
sequence, shows overall
similarity to the C2 domain, a
calcium-binding motif found in
protein kinase C,
synaptotagmins and other
calcium-related proteins. The
CBSW domain hasarole in
substrate recognition.

Penta-EF-hand

(PEF). Among the proteins
with Ca?*-binding EF-hand
motifs, those with five EF-hand
motifs in tandem comprise the
PEF family. The fifth EF region
is often involved in homo- or
heterodimerization. Classical
calpains have a PEF domain,
and hence also belong to the
PEF family.

paraplegia®. Therefore, calpain-targeting strategies now
encompass two key approaches: calpain inhibition and
calpain activation (either directly or by replacement).
This Review seeks to address how the wealth of
discoveries gained from calpain research can be trans-
lated into strategies for combating various disorders.
In this regard, we first describe the current state of
calpain research and discuss the pathological roles
of calpain activity. We then assess various therapeutic
strategies that target calpains as defined by three major
approaches: first, the inhibition of human calpains that
aggravate symptoms; second, inhibition of the calpains
of parasites or pathogenic microorganisms to disrupt the
invasion, growth and/or egress of the organism; and, last,
complementation of calpain functions by gene therapy
or gene editing to correct or compensate for a defective
calpain. Importantly, the challenges faced in therapeutic
modulation of calpain activity are discussed.

The calpain superfamily

Human calpains

Calpains exist in almost all eukaryotes and some bacte-
ria, whereas calpains are present in very few fungi and
no calpain gene has been found so far in the genome of
any archaea® . Various motifs or domains (>40) occur
together with the CysPc motif***. Humans express 15
calpain genes, CAPNI to CAPN16 except for CAPN4,
each of which generates one or more transcripts and
constitute a superfamily of more than 50 molecular spe-
cies (for example, CAPN3 has more than 10 variants)**.
Mutations in individual calpain genes are associated with
lethality or disorders known as calpainopathies, indicat-
ing the importance of calpains in mammalian life and
health** (see below and TABLE 1). In non-mammals, cal-
pains have also been genetically shown to be involved
in various biological phenomena, such as optic neuron
development in fruitflies, sex determination in nem-
atodes, alkaline environment adaptation in fungi and
yeasts, and germ cell generation in plants*4>>4%,

Calpain-1 and calpain-2, known as the conventional
calpains, are the most ubiquitous and well-studied
calpain family members, and are activated in vitro by
micromolar and millimolar concentrations of Ca?*,
respectively®. They modulate the structures and func-
tions of their substrates by limited proteolysis>*. There
is along-standing paradox regarding the mechanisms of
calpain-1 (also known as p-calpain) and calpain-2 (also
known as m-calpain) activation: given that physiologi-
cal intracellular Ca** concentrations reach micromolar
levels at most, calpain-1 was thought to be used most
widely in vivo. However, reverse genetics has shown that
CAPNI1-deficient mice are apparently normal®, whereas
CAPN2 deficiency induces embryonic lethality®”*, sug-
gesting that calpain-2 has more important functions
than calpain-1 in vivo. The reason for the discrepancy
between the biochemistry and the biology of calpain-1
and calpain-2 remains largely elusive.

Among the unconventional calpain subunits, CAPNS5,
7,10, 13 and 15 also exist in most cells (called ubiquitous
calpains for descriptive purposes), whereas CAPN3, 6,
8,9, 11, 12, 14 and 16 are expressed predominantly in

REVIEWS

particular tissues and organs (tissue-specific calpains)**.
The tissue-specific calpains, when defective, cause disor-
ders specific to the tissues in which they are expressed.
For example, pathogenic mutations in CAPN3, which
is predominately expressed in skeletal muscle, result in
LGMD2A? (TABLE 1). By contrast, the ectopic expression
of CAPN3 in the heart, another tissue composed of stri-
ated muscle, is lethal, highlighting the need for tightly
regulating calpain expression in specific tissue and cellu-
lar environments***. Intriguingly, despite their presence
in most tissues, pathogenic alterations in CAPNI and
CAPNS lead to deficiencies in specific tissues (neuronal
cells and eyes, respectively)**.

Between 1964 and 1988, calpain research focused
solely on conventional calpains. The first unconven-
tional calpain was identified in 1989 (REF. 60), followed by
the discoveries of others. Since the twenty-first century,
unconventional calpains have become a critical topic
in the calpain field**. An endogenous proteinaceous
calpain inhibitor, calpastatin (CAST), has been found
in mammals and birds, and adds another layer of com-
plexity to the calpain system®'. The inhibitory activity of
CAST is specific for calpains, and it does not inhibit any
other proteases® (see below).

Structures of calpains

The conventional calpains consist of a large catalytic
subunit and a small regulatory subunit (FIC. 1). The
large subunit (CAPN1 and CAPN2 for calpain-1 and
calpain-2, respectively) has an amino-terminal anchor
helix (N region), a CysPc domain composed of protease
core 1 (PC1) and PC2 domains, a calpain-type B-sandwich
(CBSW; previously known as C2-domain-like (C2L))
domain, and a penta-EF-hand (PEF)® domain (PEF(L)).
The common small subunit CAPNS1 is composed of gly-
cine-rich (GR) and PEF(S) domains (FIC. 1) and is essen-
tial for the stability of CAPN1 and CAPN2. Genetic
disruption of CapnsI in mice inactivates both calpain-1
and calpain-2 (REFS 58,63). CAPN3, 8,9 and 11-14 have
domain structures identical to those of CAPN1 and 2,
and are called classical calpain subunits, whereas the
remaining non-classical calpain subunits have another
motif (or motifs) in place of the PEF domain. CAST, the
calpain-specific inhibitor protein, has several splicing
variants, the longest of which consists of N-terminal
non-inhibitory regions and four repeated calpain-
inhibitory domains, which are each composed of three
subdomains: A, B and C*'. Subdomain B interacts with
the CysPc domain, whereas subdomains A and C, which
form a-helices, bind to PEF(L) and PEF(S) of the con-
ventional calpains, respectively, and stabilize the CAST-
calpain complex®.

The 3D structure of calpain-2 was the first to be
reported®-*’. So far, the only calpain for which the com-
plete 3D structure has been solved is calpain-2; however,
3D modelling of other calpains has been accepted as a
rational approach®-"". Four domains of CAPN2 align on
the same surface, which spreads over an imaginary oval
plane. In the absence of Ca*, PC1 and PC2 have open
structures that do not form a catalytic triad®®*”. Activation
by Ca*', surprisingly, does not dramatically change the
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CAPNSI1

(Calpain small subunit 1).

A PEF family member.

A paralogue called CAPNS2
has an unknown function.

Invivo, CAPNST is an essential

component of the two
conventional calpains,
calpain-1 and calpain-2.

However, in vitro, the cysteine

protease domains isolated
from CAPN1 and CAPN2

(mini-calpains) are functional as

active proteases.

Table 1| Calpainopathies

Gene (alternative names)*

CAPN1, Capnl All cells

Capn2 Most cells
Capns1 All cells
CAPN3, Capn3 Skeletal muscle
CAPN5, Capn5 Most cells

Capné Embryonic muscle
CAPN7 Most cells

Capn8 Gastrointestinal tract
Capn9 Gastrointestinal tract
CAPN10 Most cells

CAPN11 Testes

CAPN12 Hair follicles, skin
CAPN13 Most cells

CAPN14 Oesophagus
CAPN15 (SOLH) Most cells

CAPN16 (ADGB, C60ORF103) Testes

Expression preference

Phenotype related to gene mutation

Spastic paraplegia®, platelet dysfunction®® and
spinocerebellar ataxia (hereditary also in dogs)*’%!"!

Embryonic lethal*’*®

Embryonic lethal®*?%

Various muscular dystrophies?-161:26426>
Vitreoretinopathy?*¢>
Hypergenesis?*

NP

Gastric ulcer®

Gastric ulcer®

Type 2 diabetes”?

NP
Congenitalichthyosis?®®
NP

Eosinophilic oesophagitis®
NP

NP

NP, not yet published for human or mouse gene. *CAPN and Capn indicate human and mouse genes, respectively.

overall calpain structure; instead, one Ca®* binds to each
of the PC domains, which causes PC1 and PC2 to connect,
forming the ‘closed’ active structure®® (FIC. 2). Crystal
structures of the active calpain-2-CAST complex show
that the CAST amino acid residues that interact near the
active site of calpain do so mostly through their peptide
bond backbone atoms, whereas the side chains of CAST
are mostly oriented outwards from the structure and
do not engage in atomic interactions with calpain®*°.
This preference for binding to the peptide bond back-
bone atoms may explain the apparently low amino acid
sequence selectivity for calpain substrates.

The cleavage site of a protease substrate can be
described as the bond between amino acid site P1 on the
N-terminal side and P1” on the carboxy-terminal side.
The residues oriented away from the cleavage site are
labelled P2, P3, and so on, and P2’, P3” and so on. The
site in the binding pocket of the protease that binds with
P1 is called S1, and so on. In calpain substrates, P2, P1
and the primed sites interact with CysPc, whereas most
of the unprimed sites in the N-terminal to P2 are recog-
nized by CBSW** (FIC. 2). Together with the 3D struc-
tures of CysPc-inhibitor complexes’ ", these findings
indicate that the P2-S2 interaction between a conven-
tional calpain and its substrate is prominent, similar to
other clan CA proteases such as cysteine cathepsins, and
that the primed sites are also important for the efficient
and specific blockade of calpains by inhibitors.

A recent structural insight worth noting is that of
the complex of calpain with its allosteric inhibitors. To
date, an a-mercaptoacrylic acid derivative (PD150606)
and an oligopeptide (LSEAL) have been proposed to
exert an allosteric inhibitory effect on calpains™~%. Both
molecules bind to hydrophobic clefts in the calpain PEF
domains in a manner similar to the CAST subdomains

A and C. However, a recent study showed that PD150606
inhibits calpains by directly interacting with the CysPc
domain, and that LSEAL does not inhibit calpains
in vitro”. As discussed below, the mode of inhibition by
PD150606 remains elusive.

The 3D structure of calpain has revealed new strate-
gies for inhibitor design. For example, the specific inhibi-
tion of calpain by CAST is enabled by the core inhibitory
sequence within subdomain B of CAST, which is posi-
tioned beyond the active site®®. This finding has led to
a new concept for inhibitor design, in which molecules
such as macrocyclic peptides are of interest. In addi-
tion, although the available structural data are currently
limited, examining differences among the CysPc struc-
tures from different calpains is possible: for example,
the domain rotations of PC1 and PC2 relative to each
other”##8! (F|G. 2). Such information can direct the design
of specific inhibitors and/or substrates for each calpain
species (BOX 1).

Substrate specificities of calpains

The identification of calpain substrates has revealed
several signal transduction-related molecules for which
proteolysis by calpain results in functional alterations.
One interesting substrate is p35, which can be converted
by calpain to p25, an activator of cyclin-dependent
kinase 5 (CDK5) that may be involved in memory for-
mation®’. Another interesting substrate is interleukin-1a
(IL-1a)®, an inflammation-related cytokine in humans.
IL-1 is secreted after its cleavage by caspase 1, whereas
IL-1a is cleaved by calpain® and then transported out
of the cytoplasm by an as yet unknown mechanism. In
addition, cleavage of the MYC oncoprotein by calpain is
a critical step in transforming the functions and local-
ization of this key molecule in cancer cell survival®>-*".
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CAST
(P1—P10)

H CAPN1, Ca?
[] CAPNS, Ca?

Il CAPN2, Ca>*
B CAPNO, Ca*

Il CAPN2, Ca?
M CAST, Ca?*

Figure 2 | Cross-eye stereo view of CAPN1, 2, 8 and 9. The cysteine protease (CysPc) domain of CAPN1, the large
catalytic subunit of calpain-1 (RCSB Protein Data Bank (PDB) ID: 1TL9), CAPN8 (PDB ID: 2NQA) and CAPN9 (PDB ID: 2POR)
are shown in complex with leupeptin (shown by stick models) and Ca?* (shown by balls). The CycPc and calpain-type
B-sandwich (CBSW) domains of CAPN2 (PDB ID: 3BOW (red) and 3DFO (purple)) in a complex with calpastatin

(CAST; indicated by dark green tubes; right to left corresponds to amino terminus to carboxyl terminus) and Ca** were
superimposed at the protease core 1 (PC1) and PC2 regions. The amino acid alignment (data not shown) according to
these superimpositions indicates that the amino acid residues proximal to CAST are well conserved among CAPN1, 2,3, 8
and 9, except that several amino acid residues in CBSW (corresponding to S3-510) are divergent in CAPN3. Structures
generated by MOE Ver.2015.10 (Chemical Computing Group Inc., Montreal, Quebec, Canada).

The calpain-mediated cleavage of dysferlin, a gene prod-
uct responsible for LGMD2B, also exemplifies the trans-
formative nature of calpain. The C-terminal C2 domains
of dysferlin are released by calpain in response to mem-
brane injury, and these domains function as effectors
in a membrane repair cascade®®. Finally, one of the
best-known calpain substrates is spectrin, an important
membrane cytoskeletal maintenance protein (spectrin-a
chain non-erythrocytic 1 is also known as a-fodrin). The
calpain-dependent proteolysis of spectrin is closely asso-
ciated with neuronal cell death®. Spectrin is proteolysed
at a specific site by calpain-1 and calpain-2 (REFS 91,92),
as well as by other calpains®.

Elucidating substrate specificity at the molecular
level has been a challenge in calpain research, although
it is emerging as an attractive subject for bioinformat-
ics studies. Initial studies at the protein and amino acid
sequence levels revealed the limited nature of the proteo-
Iytic activity of conventional calpains®. A few years later,
a position-specific scoring matrix analysis revealed the
amino acid residue preference at each position around
the cleavage site, which provided the first theoretical
information regarding the substrate specificities of
calpains®. Further studies were carried out using pep-
tide libraries’®*® and/or machine learning®®'*, which
yielded calpain cleavage site predictors that were suffi-
ciently accurate for practical use”® 2. A comprehensive
kinetics analysis of peptide-array substrates showed that
in addition to P2, the P3’ and P4’ sites are important for
the cleavage efficiency of calpains®. These features may
provide directions for peptide-based inhibitor design.

Human disorders involving calpains
Calpain-associated diseases can be categorized into three
types according to the way calpain is involved in their
pathogenesis: those caused or exacerbated by human
calpain activities (type 1; for example, neurodegenera-
tive and cardiovascular disorders, ischaemia, cancers and
cataracts); those caused by parasites or pathogenic micro-
organisms that use the host’s and/or their own calpains
for infection and survival (type 2; for example, malaria,
trypanosomiasis, schistosomiasis, candidiasis and per-
iodontitis); and calpainopathies caused by deficiencies
in calpain genes (type 3; for example, muscular dystro-
phies, vitreoretinopathy, gastric ulcer and oesophagitis)
(TABLES 1,2). Representative examples are described below.

Many studies of calpain-related disorders have used
transgenic mice. For example, mice deficient in calpain-1
and/or calpain-2 and mutant mice that lack or overex-
press CAST (Cast™~ and transgenic CAST mice, respec-
tively)**193-1% Together with antibodies that recognize
activated CAPNI (REF. 106) or calpain-cleaved spectrin'?’,
these mouse models have been valuable tools for reveal-
ing clear cause-and-effect relationships in neurodegen-
erative and other disorders. However, there is growing
awareness that transgenic mice are an idealized and sim-
plified experimental system and that the results obtained
using these systems must be carefully interpreted.

Neurodegenerative disorders

Several reports have indicated that calpain may have a
major aggravating role in the pathogenesis of AD**%8-110,
For example, calpain-1 is hyperactivated in the AD brain'®,

NATURE REVIEWS | DRUG DISCOVERY

ADVANCE ONLINE PUBLICATION | 5

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



http://www.rcsb.org/pdb

REVIEWS

Box 1| Improving the specificity of human calpain inhibitors

Most calpain inhibitors (Supplementary information $1,52 (figure, table)) are not specific and block other proteases
such as cysteine cathepsins. Calpastatin (CAST) is the only absolutely specific inhibitor for classical calpains: calpain-1
(CAPN1-CAPNS1) and calpain-2 (CAPN2-CAPNS1), calpain-8 (CAPNS),), calpain-9 (CAPN9-CAPNS1), and calpain-8/9
(CAPN8-CAPNOY; also known as G-calpain)>**©12%3; however, it does not inhibit calpain-3 (CAPN3)%2>4. The mini-calpain
mutants cysteine protease (CysPc)-only CAPN1 and CAPN2 are also not effectively inhibited by CAST?*>%¢, The calpain
amino acid residues proximal to the bound CAST are well conserved among CAPN1, 2, 3, 8 and 9, except that several
amino acid residues of the calpain-type p-sandwich (CBSW) domain that contact CAST at the P3-P10 sites are divergent
in CAPN3. The alignment of the CBSW domain relative to the CysPc domain may also be different between CAPN3 and
other calpain subunits. Thus, the CAST-CBSW interaction appears to be key for CAST specificity.

The existence of CAST indicates that there is a solution to developing absolutely specific calpain inhibitors. A
relatively long peptide bridging CysPc and CBSW may be required. Once an inhibitor is discovered, issues such as its
stability and bioavailability in vivo, membrane penetrability and production cost need to be examined. With regard to
these issues, secondary-structure-fixed inhibitors (CAST peptidomimetics and macrocyclic peptides) discussed in the
main text!$819°192 and calpain-derived inhibitory peptide'® appear to be promising. Currently, although the specificity of
these peptide inhibitors is satisfactory, their stability in vivo, bioavailability, cost to synthesize and/or cell penetrability

need to be improved for their application as therapeutic agents. Among these inhibitors, f-strand-fixed macrocyclic
inhibitors can be relatively easily applied for proteases other than calpains (such as cathepsins L and S, and
proteasomes) by substituting amino acid residues'®'. This approach may be applied for isoform-specific calpain

inhibitors (see below).

Almost all calpain inhibitors are active site-directed, which is one of the reasons for their poor specificity for calpains.
Because protease core 1 (PC1) and PC2 need to connect to be active, inhibiting this connection, for example, by an
intercalation between PC1 and PC2, may result in supremely specific inhibitors for calpains. Similarly, other allosteric
inhibitors discussed in the main text are also worth pursuing’®***'%¢, Alternatively, when the involvement of cysteine
proteases other than calpains cannot be ruled out owing to a lack of inhibitor specificity, inhibitors specific for cysteine
cathepsins can be tested for their ability to suppress disorders that are ameliorated by nonspecific calpain inhibitors.
Specific inhibitors for cathepsins B, K, S and L are available (CA-074, odanacatib, CLIK-060 and CLIK-148,
respectively)?*’?*®. Comparing the effects of these cathepsin inhibitors with those of calpain inhibitors such as ALLNal
and MDL28170 may help to identify the responsible protease (or proteases) for various phenomena. Specifically
targeting inhibitors by conjugating them with molecules with an affinity for particular sites or tissues — for example,
carnitine (muscle)'?, taurine (neuron)?* or pregabalin (brain)*** —is another promising method.

At the molecular level, some differences in the substrate specificities of calpain-1 and calpain-2 have been recently
revealed®, and distinct biological functions of these calpains have also been reported***?’-¢°, Thus, differential
inhibitions of calpain-1 and calpain-2 may improve the efficacy of some calpain-targeted drugs. One of the peptidyl
a-ketoamide derivatives shows more than 100-fold selectivity for calpain-2 over calpain-1 (mCalp-I; Supplementary
information S2 (table))*'?%2. Although a calpain-1-specific inhibitor has not yet been found (PD151746 shows only
modest selectivity for calpain-1 over calpain-2, of approximately 20-fold; see Supplementary information S2 (table)),
the existence of mCalp-l indicates that such inhibitors are worth seeking.

and calpain inhibitors can improve memory and syn-
aptic function in mice overexpressing the amyloid pre-
cursor protein (APP), a model of AD'®. This view was
supported by findings that CAST deficiency induces the
hyperphosphorylation of tau, somatodendritic atrophy,
early lethality, augmented amyloid-p (Ap) amyloidosis
and elevated neuroinflammation in APP-overexpressing
mice'®”. However, most of these phenotypes could not
be reproduced using a second-generation mouse model
of AD, which accumulates Ap,, without overexpressing
APP; thus, the role for calpain in AD pathogenesis was
challenged®”'°. A recent study has shown that over-
expression of APP and presenilin in mice causes calpain
activation, indicating that preclinical studies should not
unduly rely on overexpression paradigms'''. Nevertheless,
CAST deficiency accelerates AP amyloidosis and neuro-
inflammation in the second-generation mouse model,
indicating that the calpain-CAST system may regulate the
fundamental pathological processes of AD*!1°,

Calpain activity also appears to be an important
player in other neurodegenerative diseases. For example,
CAST overexpression reduces protein aggregation and
synaptic impairment in mouse models of Parkinson dis-
ease (PD)". In addition, the calpain-dependent cleavage

of TDP43, a 43kDa heterogeneous nuclear ribonucleo-
protein that binds to the TAR DNA sequence and reg-
ulates transcription and RNA splicing, is an essential
contributor to amyotrophic lateral sclerosis (ALS) aeti-
ology". Furthermore, CAST deficiency aggravates the
pathology and symptoms of animal models of spino-
cerebellar ataxia type 3 (REF. 16).

Calpain inhibition may also be therapeutically ben-
eficial in lissencephaly, a developmental brain disorder
caused by defective neuronal migration'. Turnover of
one of the responsible gene products, LIS1, is regulated
by calpain proteolysis, and a heterozygous loss of LISI
results in insufficient amounts of LIS1 protein, causing
defective intracellular microtubule network (homo-
zygous loss results in lethality)'*. Administration of
calpain inhibitors to LisI*'~ mice (a model of lissenceph-
aly) after disease onset significantly rescued defects in
brain functions related to motor behaviour and glucose
metabolism'*". Calpain inhibitors tested in LisI*~ mice
include small interfering RNA (siRNA) targeted against
Capnsl, ALLNal (also known as calpain inhibitor I; an
inhibitor of calpain-1 and calpain-2 and cysteine cathep-
sins) and SNJ1945 (a cell-permeable second-generation
inhibitor of calpain-1 and calpain-2)'*".
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Table 2 | Diseases involving calpains and their therapeutic strategies

Disease

Related calpain protein or
gene (source)

Disease with a primary cause other than calpains

Atherosclerosis
Brain ischaemia

Cardiovascular disorders

Cataracts

Neurodegenerative disorders (e.g.
Parkinson disease, amyotrophic
lateral sclerosis, spinocerebellar
ataxia type 3 and lissencephaly)

Retinitis pigmentosa

Cancers
Alzheimer disease
Muscular dystrophies

Disease model

Cardiac scar

Dilated cardiomyopathy
Infectious disease

Fungalinfection (opportunistic
infection)

Malaria

Periodontitis

Trypanosomiasis and leishmaniasis
(e.g. African sleeping sickness)

Schistosomiasis
Calpainopathies

Autosomal dominant neovascular
inflammatory vitreoretinopathy

Eosinophilic oesophagitis
Gastric ulcer

Limb-girdle muscular dystrophy
type 2A

Spastic paraplegia 76
Type 2 diabetes

Calpain-1 and -2 (human, mouse)
Calpain-1 and -2 (human, mouse)

Calpain-1 and -2 (human, mouse)

Calpain-1 and -2 (human, mouse)

Calpain-1 and -2 (human, mouse)

Calpain-1 and -2 (human, mouse)

Calpain-1,-2, CAPN3 and CAPN9
(human, mouse)

Calpain-1 and -2 (human, mouse)

Calpain-1 and -2 (human, mouse)

Calpain-1 and -2 (human, mouse)

Calpain-1 and -2 (human, mouse)

PalB/Rim13 (fungus)

Calpain-1 and -2, Pf-calpain
(human*, mouse*, parasite)

Tpr (bacteria)

Calpain-1 and -2, ClpGM6
(human*, mouse*, parasite)

Smp-157500 (parasite)

CAPNS5 (human, mouse)

CAPN14 (human, mouse)
CAPNS8, CAPN9 (human, mouse)
CAPNS3 (human, mouse)

CAPN1 (human, mouse)
CAPN10 (human, mouse)

Effect of activity Calpain-related Refs
therapeutic candidates
Aggravating or causative  Calpain inhibitors 25
Aggravating or causative  Calpain inhibitors 24,44
Aggravating or causative  Calpain inhibitors 23,39,114,116,
117,119
Aggravating or causative  Calpain inhibitors 92,134,136-139
Aggravating or causative  Calpain inhibitors 14-17,19
Aggravating or causative  Calpain inhibitors 141,142
Preventive, aggravating Calpain inhibitors and/or 29,85,86,145,
or causative gene therapy 147-159
May be aggravating or Potentially calpain 20,110
causative inhibitors
May be aggravating or Potentially calpain 130
causative inhibitors
Preventive Potentially gene therapy 120
Preventive Potentially gene therapy 121
Aggravating or causative  Calpain inhibitors 181,182
Aggravating or causative  Calpain inhibitors 41,178
Aggravating or causative  Calpain inhibitors 12
Aggravating or causative  Calpain inhibitors 180
Aggravating or causative  Vaccine (rSm-p80) 10,225
Aggravating or causative  Calpain inhibitors 34,167
Preventive Potentially gene therapy 35,36
Preventive Potentially gene therapy 33
Preventive Potentially gene therapy 32
Preventive Potentially gene therapy 48
Not definable Unclear 251,252

Pf, Plasmodium falciparum; rSm-p80, recombinant Smp-157500 (carboxy-terminal 80 kDa fragment). *Calpains in host cells — that is, human or mouse — are used by

the parasite.

Brain ischaemia

Brain ischaemia is caused by various insults, includ-
ing cerebral infarction, haemorrhage, vasospasm and,
sometimes, cardiac infarction. Brain ischaemia results in
neuronal glucose starvation, ATP depletion and a rise
in Ca* levels*. Transient cerebral ischaemia in gerbils
is accompanied by calpain activation, which occurs in
two phases: an immediate activation of calpain in hippo-
campal CA3 neurons followed by substantial calpain
activation in CA1 neurons approximately 7 days later'*2.
This process results in an overall delay in cell death of

CA1 neurons, which can be blocked by administering
the experimental calpain inhibitor ALLNal*.

However, calpain is not easy to activate under physi-
ological conditions. For example, almost lethal doses of
kainic acid are required to achieve the forced activation
of brain calpain, even in Cast”~ mice'®. The observa-
tion that calpain is not widely activated in the brain
supports the idea that if spatiotemporally restricted in
the brain for a short period, a calpain-specific inhibitor
would generate only minor side effects on physiological
processes, at least in the experimental context.
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Cardiovascular disorders

One of the pathological mechanisms underlying many
acute cardiovascular disorders®'"?, including ischaemia—
reperfusion and pressure-overload models, is thought to
involve the calpain-mediated proteolysis of myocardial
proteins'*!'"*. Accordingly, calpain inhibitors are able
to ameliorate symptoms of these disorders in animal
models (TABLE 3). A protective effect of ALLNal, but not
of a broad caspase inhibitor, on the myocardial injury
and mitochondrial dysfunction caused by ischaemia—
reperfusion revealed that calpain activation can result in
cell death independent of caspases''®. More specifically,
mitochondrial calpain-1 was suggested to be involved in
cardiac injury'"’; this injury could be prevented by the
calpain inhibitor MDL28170, a cell-penetrating dipepti-
dyl aldehyde inhibitor that also acts on cysteine cathep-
sins'®. MDL28170 is also called calpain inhibitor III (see
Supplementary information S1,S2 (figure, table)).

Another calpain inhibitor, A-705253, a benzoyla-
lanine-derived a-ketoamide inhibitor with improved
water solubility, metabolic stability and cell permeability,
exhibited protective effects on heart functions and global
haemodynamics in a porcine myocardial ischaemia—
reperfusion model'”. Results from mice in which calpain
activity was genetically inhibited by transgenic CAST
expression or Capnsl disruption also suggested that
calpain is an aggravating factor in the chronic cardiac
complications associated with type 1 diabetes or angio-
tensin II infusion®*. Furthermore, the calpain inhibitors
ALLMal, calpeptin and BDA-410 suppress atherosclero-
sis in Ldlr™", Apoe™ and angiotensin II-treated Ldlr~'
mice by blocking the proteolysis of vascular endothelial
cadherin and/or spectrin®? (TABLE 3).

Although calpain inhibition appears to be a promis-
ing approach for the treatment of several cardiovascular
disorders, some adverse effects of calpain inhibition have
been reported. For example, dilated cardiomyopathy
and impaired scar healing are observed in transgenic
CAST mice, in which endogenous calpain activity is
reduced®®. In addition, cardiac-specific CapnsI~~
mice, although healthy under normal conditions, show
cardiac dysfunction under pressure overload''. These
studies suggest that calpain activation is required under
some pathological conditions to overcome cardiotoxicity.

One possible mechanism by which calpain protects
heart function is related to its role in membrane repair®'2.
Meanwhile, studies using human blood cells and mouse
models have indicated that calpain has opposing effects
on inflammation and immune processes depending on the
context, such as its localization'. In addition, an upregula-
tion of CAPN2 was associated with the effect of a potential
cardioprotective reagent, which is being considered for use
in combination chemotherapeutic drug therapy'*. Further
clarification of the precise targets and timing of calpain
activity will help us to evaluate the balance between the
possible benefits and limitations of calpain inhibition.

Myopathies

In DMD, the activities of conventional calpains are
upregulated due to aloss of Ca’* homeostasis®'"*. Several
muscle proteins are substrates of calpains; thus, increased

calpain activity is thought to exacerbate symptoms. In
fact, studies using the dystrophin-deficient DMD mouse
model, mdx mice, demonstrated that the increased cal-
pain activation in necrotic muscle fibres was corrected
in CAST overexpression in mdx mice, accompanied by
the amelioration of the dystrophic phenotype'®*'#. Thus,
proposed pharmacological approaches for ameliorating
DMD have long included calpain inhibition. For exam-
ple, the ability of inhibitors such as E-64d and leupep-
tin to delay muscle degeneration has been extensively
studied*>'?® (see below). Promising results in model
animals have led to further studies seeking to improve
the bioavailability of these inhibitors in skeletal muscle
tissues'”.

More recent studies using mdx mice'® and a golden
retriever DMD model'”, however, did not support the
long-standing view that the pharmacological inhibition
of calpains ameliorates DMD pathology. These studies
showed that a decrease in calpain activity does not nec-
essarily improve muscle functions, and also warned that
chronic calpain inhibition by either inhibitor adminis-
tration or CAST overexpression induces a compensa-
tory upregulation of calpains. Thus, the outcomes of
such treatments or conditions need to be carefully and
consistently analysed'.

Meanwhile, a-klotho, defects in which causes senes-
cence, is specifically suppressed in the muscles of mdx
mice after the clinical onset of muscular dystrophy, and
transgenic a-klotho expression rescues the muscle atro-
phy phenotype in these mice'*!. The a-klotho protein
modulates Ca** homeostasis, and KI”~ mice exhibit
overactivated calpain-1 and phenotypes reminiscent of
ageing-related disorders. Such phenotypes include infer-
tility, body weight loss, multiple organ atrophies, ectopic
calcification and bone mineral density reduction'*.
These symptoms are ameliorated by the administration
of the calpain inhibitor BDA-410 (REF. 133), implicating
a role for a-klotho in regulating calpain activity (TABLE 3).
Downregulation of a-klotho is also found in muscle
biopsies from patients with DMD'?!, suggesting that cal-
pain inhibition might be more therapeutically effective if
combined with another treatment that compensates for
a deficiency in a-klotho function.

Ophthalmic diseases

Cataracts, a prominent age-related disease, result from
the aggregation of crystallines, which is caused by oxida-
tive damage and/or by over-proteolysis by calpains and
other proteases®. Calpain-2 has a major role in human
cataractogenesis by proteolysing the major lens proteins
a- and B-crystallins'*, whereas variants of CAPN3, such
as Lp82, and CAPNI10 are also involved, especially in
rodent models'*. In transgenic mice expressing K6W
mutant ubiquitin in the lens, the altered ubiquitin—
proteasome system causes calpain hyperactivation,
resulting in disease progression'*. Thus, the develop-
ment and application of calpain inhibitors for the treat-
ment of cataracts has been an active topic in calpain
research. In vitro, a preventive effect of calpain inhibitors
against cataractogenesis in cultured rat lenses was first
demonstrated for E-64 (REF. 137), and later for SJA6017
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Table 3 | Selected in vitro and in vivo studies (since 2010) of calpain inhibition in disease

Disease/
phenomenon

Inhibitor or vaccine

ALLNal Coxsackievirus

B3 infection and
replication

Uterine implantation

Lissencephaly

ALLNal, PD150606 Retinitis pigmentosa

ALLNal, calpeptin Oestrogen-

mediated cancer
metastasis

Calpeptin Parkinson disease

Multiple sclerosis

Idiopathic
inflammatory
myopathies

Idiopathic pulmonary
fibrosis

Melanoma cell survival

MDL28170, calpeptin

MDL28170 Cardiac

ischaemia-reperfusion

Chronic heart failure

Leishmaniasis

Chagas disease

Pre-eclampsia

Spinal cord injury
MDL28170, mCalp-I

LTP

AK295, calpastatin
peptide (CAST)

Retinitis pigmentosa

Model

H9c2 cells

Mice

Lis1*~ mice

Royal College of
Surgeon’s rats

Oestrogen and
pure anti-oestrogen
fulvestrant (ICl 182
780)-treated MCF-7
cells

MPTP-induced acute
Parkinsonian mice

EAE in Lewis rats

IFNy- or TNF-treated
rat L6 myoblasts

Bleomycin-induced
pulmonary fibrosis in
mice

Cisplatin-treated Me21
melanoma cells

Mice

Cardiomyocytes of
dogs of chronic heart
failure

Invitro growth of
promastigotes of
L. amazonensis

T. cruzi epimastigotes
infection in vitro
BeWo cells

Rats with spinal cord
transection

Rats

C3H rd1/rd1 mice

Target*

Calpains

Calpains
(CAPN2)

Calpains

Calpains

CAPN1

Calpains

Calpains

Calpains

Calpains

Calpains

CAPN1

Calpains

L. amazonensis
calpain®

T.cruzi
calpain®

Calpains
Calpains

CAPN1 and
CAPN2

Calpains

Effects

« | Virus titre
« | Autophagy

« | Implantation

* No change in LIS1 cleavage

« | Spectrin-a cleavage

« | Hyperexcitability (spontaneous and
miniature excitatory postsynaptic current)

« | Retinal cell apoptosis

« | Cell-Matrigel adhesion

« | Glial activation

» T cellinfiltration
» I Neuronal death
« J Gait deficit

« | Gliosis

» | Loss of myelin

» | Axonal damage

» | Inflammation and microgliosis in optic nerve

» J MHC class |- and inflammation-related
transcription factors
« | Apoptosis

« J Lung fibrosis

« | Bleomycin-induced transcriptional
upregulation of CAPN1, CAPN2, IL-6, TGF{1,
angiopoietin 1 and collagen type | al

« | Activation of caspases 3 and 7
« | Cisplatin-induced apoptosis
« T Autophagy

« | Spectrin or junctophilin 2 cleavage
« { Damage on mitochondrial function

» L Augmentation and altered kinetics of late
Na* current

» T Apoptosis (cell cycle arrest and DNA
fragmentation)

« | Attachment to insect midgut
« | Differentiation
« L Viability

« | Apoptosis-inducing factor cleavage

"

» | Cleavage of a-subunit of voltage-gated Na
1.6 channel

« J Persistent inward Na* current

| Spasms

o LLTP

» 4 SCOP degradation (MDL28170, but not
mCalp-I)

« 4 PTEN degradation (mCalp-I)

« | Photoreceptor cell death (AK295, short
term; CAST, short and long term)
« T Photoreceptor cell death (AK295, long term)

Refs

11

246

267

268

269

270

271,
272

273

274

160

117,
275

276

173

277

278
249

261

279
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Table 3 (cont.) | Selected in vitro and in vivo studies (since 2010) of calpain inhibition in disease

Inhibitor or vaccine Disease/
phenomenon

SNJ1945 Multiple sclerosis
Retinal ischaemia
Lissencephaly
Cardiac
ischaemia-reperfusion
Corticalimpact
traumatic brain injury

BDA-410 Machado—Joseph
disease
Ageing-related
syndromes
Sickle cell disease
Abdominal aortic
aneurysms and
atherosclerosis

CYLA Retinal ischaemia

A-705253 Alzheimer disease

(BSF419961)
Alzheimer disease
Alcoholism

Macrocyclic Cataracts

aldehyde (CAT811)

NH,-GRKKRRQRRR-  Retinitis pigmentosa

PPQPDALKSRTLR-

COOH (Tat-pCL),

PD150606

Dipeptidyl Malaria

a,p-unsaturated ester

Model

EAE in mice

Rats

Lis1*~ mice

Rats
Mice

Lentiviral expression
of 72xGln-ataxin 3 in
mice

KT~ mice*

Hbbsnsesnde SAD1 mice

Hypercholesterolaemic
Ldl”~ mice

Rats

NMDAR-mediated
neurodegeneration
and AB-induced
synaptic deficits in
mice

Mice harbouring
APP:K670M or
APP:M671L,

presenilin 1:M146V and
tau:P301L mutations

Cue-induced
reinstatement of
alcohol-seeking
behaviourin
post-dependent
Wistar rats

Lambs with inherited
cortical cataracts

Rats expressing
rhodopsin:S334ter

P falciparum
parasitaemia in human
erythrocytes or Hela
cells

Target*

Calpains

Calpains

Calpains

Calpains

Calpains

Calpains

CAPN1

CAPN1

CAPN1

Calpains
Calpains

Calpains

Calpains

Calpains

CAPN1

Possibly
Pf-calpain

Effect

« | Paralysis,
» 1 T,1andT,17 cellinflammatory responses
« | Induction of calpain

« T Electrophysiological function of inner retinal
layers
« | Loss of cone-ON bipolar and amacrine cells

« J LIS1 cleavage

« T Corticogenesis,

« T Behavioural performance
« T Brain metabolism

« | Spectrin-a and SERCA2A cleavage
« T Left ventricular function

« | Spectrin-a cleavage

« | Ataxin 3 cleavage
» | Cerebellar degeneration
« { Motor behavioural deficits

« T Reproductive ability

« T Body weight

« | Organ atrophy

« | Ectopic calcifications

« | Bone mineral density reduction
» | Pulmonary emphysema

« | Senile atrophy of skin

» TRBC morphology
= L RBC density
» | Hypoxia-induced RBC dehydration

« | Spectrin-o cleavage
« { Abdominal aortic width
« | Atherosclerotic lesions

« T Electrophysiological function of retina

« | Neuronal cell death
« | Caspase 3 activation
« | Deficits in synaptic transmission

« | Tau hyperphosphorylation
« | Proteolytic cleavage of CDK5 subunit p35
top25

« J Cue-induced reinstatement of
alcohol-seeking behaviour

« J Alcohol (but not saccharine)-deprivation
effects

* No significant induction of NMDAR-mediated
side effects (psychostimulant, cognition-
impairing psychotomimetic effects)

« | Lens cytoskeletal protein cleavage
« | Cataract development

« | Retinal apoptosis

« | Parasite survival

Refs

22

280

17

281

282

283

133

220

26

218
284

46

285

139

286

287
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Table 3 (cont.) | Selected in vitro and in vivo studies (since 2010) of calpain inhibition in disease

Inhibitor or vaccine Disease/ Model Target*
phenomenon

Hypervalent Malaria P, falciparum Possibly

organotellurium parasitaemiainhuman  Pf-calpain

compound (RF19) erythrocytes

rSm-p80 Schistosomiasis Baboon or hamster Smp-157500

(recombinant (S. mansoni

protein) calpain)

Effect Refs
« | Parasite survival 219
| Adult worms and eggs in tissues (hamster) 10,
« | Egg excretion in faeces and urine (baboon) 225

« T Protective immune response

AB, amyloid-p; APP, amyloid precursor protein; CDK5, cyclin-dependent kinase 5; EAE, experimental autoimmune encephalomyelitis; IFN, interferon; IL, interleukin;
L. amazonensis, Leishmania amazonensis; LTP, long-term potentiation; MHC, major histocompatibility complex; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine;
NMDAR, N-methyl-p-aspartate receptor; P, falciparum, Plasmodium falciparum; PTEN, phosphatase and tensin homologue; RBC, red blood cell; S. mansoni;
Schistosoma mansoni; SCOP, suprachiasmatic nucleus circadian oscillatory protein; SERCA2A, sarcoplasmic reticulum Ca?* ATPase; T. cruzi, Trypanosoma cruzi; TGF,
transforming growth factor; T, T helper; TNF, tumour necrosis factor. *No specific calpain was targeted in the study unless specified. fInvolvement of other cysteine
peptidases has not been excluded.

Macrocyclic inhibitor
Macrocyclic structures
introduced into linear peptides
or compounds often improve
potency by providing
well-defined conformations,
such as o-helices and B-strands
in the case of peptides, thereby
facilitating interactions with
their targets, which include
proteases. This strategy has
been used to develop
improved calpain inhibitors.

(REF. 92), a more potent calpain inhibitor with good cell
penetrability. Recently, a more specific macrocyclic inhib-
itor, CAT811 (ointment form), was tested on a sheep
model of heritable cataract development; the inhibitor
successfully slowed the development of the disease'**'*
(BOX 1; TABLE 3; Supplementary information S1 (figure)).

Calpain is also a therapeutic target for retinitis pigmen-
tosa, which is caused by defects primarily in rhodopsins
but also in various other genes, including those encoding
carbonic anhydrase, pre-mRNA processing factors and
phosphodiesterases'® (TABLE 3). Retinitis pigmentosa is
characterized by photoreceptor cell death, which results
from calpain-mediated apoptosis induction'!, increased
lysosomal membrane permeability'*> and/or downregu-
lated heat shock protein 70 (HSP70)'*. Thus, combining
calpain inhibitors with inhibitors of cathepsin and caspase,
as well as HSP70 inducers, could be an effective strategy
for relieving the symptoms of retinitis pigmentosa.

Cancer
The calpain-CAST system has demonstrated oppos-
ing roles in cancer®. In many cases, the upregulation of
CAPN1, CAPN2 and/or CAPNSI is observed, whereas
CAST is increased in others”!*44 Activation of cal-
pain-1 and calpain-2, and the proteolytic products of their
substrates, have critical roles in cancer cell survival. For
example, MYC-nick, a calpain-mediated cleavage prod-
uct of the MYC proto-oncoprotein, promotes cytoskeletal
remodelling, is upregulated in cancer cells and facilitates
cell growth under hypoxia and nutrient deprivation, lead-
ing to malignancy®*>*. Calpain-CAST is also involved
in pathological angiogenesis, which is often observed in
tumours. This angiogenesis is promoted by a loss of CAST,
which amplifies the activity of calpain-2 (REF. 147). In addi-
tion, an accelerated calpain-mediated cleavage of receptors,
such as the androgen receptor'*® and human epidermal
growth factor receptor HER2 (also known as ERBB2)',
contributes to cellular resistance to anticancer therapies.
Calpain-1 and calpain-2 also regulate cellular machineries
for drug efflux and hence reduce the efficacy of antitumour
therapeutics such as tanespimycin, an HSP90 inhibitor
derived from the antibiotic geldanamycin®.

Recently, calpain-1 activity was shown to be important
in the treatment for myelodysplastic syndrome (MDS)™.
MDS is a haematopoietic stem cell disorder characterized

by ineffective haematopoiesis and a tendency for acute
myeloid leukaemia progression. Lenalidomide, a syn-
thetic glutamic-acid-derived immunomodulatory drug,
is used to treat MDS as well as multiple myeloma'*'. The
sensitivity of myeloid cells to lenalidomide is dependent
on calpain-1 but not calpain-2 activity, and suppression
of CAST increases the susceptibility of MDS to lenalid-
omide™. These results indicate that in the treatment
of MDS and possibly multiple myeloma, sufficient cal-
pain-1 activity in the target myeloid cells is required for
malignant cells to respond to treatment.

Unexpectedly, the unconventional CAPN3 (also
known as p94) and CAPNO9 (also known as nCL-4) have
also been pathologically implicated in cancers. For exam-
ple, CAPN3 is highly expressed in melanoma cell lines'**
and is downregulated in response to interferon-y treat-
ment'*’. CAPN3 is also found in bovine bladders with
urothelial tumours'*. Conversely, the CAPN3 isoforms
hMp84 and hMp78 are upregulated in human melanoma
cell lines treated with cisplatin to induce apoptosis, and
downregulated in biopsies from human malignant mel-
anocytic lesions'*. Consistent with these observations,
overexpressing hMp84, but not inactive hMp84:C42S, in
melanoma results in cell death'*.

CAPNS (also known as nCL-2) and CAPNY are pre-
dominantly expressed in the gastrointestinal tract, and
CAPNO9 but not CAPNS is suggested to be involved in
the suppression of tumorigenesis'**'*%. Recently, down-
regulation of human CAPNY, but not CAPNS, was shown
to correlate with unfavourable prognosis in patients with
gastric cancer'®. An expression study using stable human
gastric cancer cell lines (MGC80-3 and MKN-45) showed
that CAPN9 but not CAPNS induced G1 cell cycle arrest
and caspase-mediated apoptosis'®.

Other studies have suggested that calpain is required for
apoptosis induced by the anticancer drug cisplatin in var-
ious cancer cell models'**'%, and that calpain inhibition is
both beneficial and detrimental depending on the stage of
tumour progression'®. Thus, further studies are required
to clarify whether calpains can both promote and suppress
tumour growth and metastasis in different settings. More
systematic studies examining, for example, whether the
involvement of calpains depends on the cell type and/or
calpain species, should clarify whether calpain-targeted
strategies would be beneficial in cancer therapies.
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Neglected tropical diseases
Among various parasitic and
infectious diseases, 17
diseases have been recognized
by the World Health
Organization as targets for
which control would promote
an exodus from poverty
somewhere in the world.

Calpainopathies

LGMD?2A, the first calpainopathy. An important
function of calpains was confirmed when CAPN3 was
identified as the responsible agent for LGMD2A?2%3161,
Prompted by this groundbreaking discovery, the term
calpainopathy was explicitly defined as a disease condi-
tion that results from mutations in calpain genes. CAPN3
is predominantly expressed in skeletal muscle and was the
first non-ubiquitous member of the calpain superfamily
to be reported®. LGMDs are characterized by their selec-
tive effect on the proximal muscles of limb girdles'® (see
also the Calpain 3 page of the Leiden Muscular Dystrophy
website; see Further information). Worldwide, LGMD2A,
an autosomal recessive LGMD, is the most frequent form
of LGMD, and the rate of LGMD2A occurrence in some
regions is much higher than average'®.

In LGMD2A, CAPN3 is devoid of protease function®.
This finding is in stark contrast to the general concept
that the pathology of muscular dystrophies is aggra-
vated by a secondary overactivation of conventional cal-
pains®*. Moreover, studies using various mouse models
of LGMD2A have revealed that CAPN3 also has a role as
a regulatory component for Ca’* release from sarcoplas-
mic reticulum in muscle cells in a manner independent
of its protease activity'*>'%*, Therefore, inhibiting CAPN3
would not be effective for LGMD2A and in fact could be
detrimental (for an exception, see below).

Accordingly, the objectives of CAPN3-targeted
therapy for LGMD2A are to restore or compensate for
the loss of CAPN3 function®. To achieve these goals,
essential questions that remain to be answered include
how CAPNS3 functions both as a protease and as a non-
proteolytic modulator in muscle cells, what the in vivo
targets of CAPN3 activity are, and in which biological
pathways CAPN3 plays a part.

Other calpainopathies. CAPN5 is responsible for auto-
somal dominant neovascular inflammatory vitreoret-
inopathy (ADNIV)*7!. CAPNS5 is expressed in most
tissues, especially in the central nervous system'*>°¢.
So far, R243L, L244P and K250N have been identified
as ADNIV-causative CAPN5 mutations. Among these,
R243L appears to be hyperactive, and transgenic mice
overexpressing CAPN5:R243L show an ADNIV-like
phenotype'?, whereas Capn5~~ mice exhibit no appar-
ent phenotype'®. Therefore, inhibiting CAPN5 (also
known as hTRA3) in the retina is a possible therapeu-
tic strategy for ADNIV; however, whether the Ca**-
dependent proteolytic activity of CAPNS5 is similar to
those of conventional calpains needs to be explored.
Alternatively, a mutant CAPN5-specific siRNA may be
considered as a therapeutic approach.

CAPN14 has been identified as a genomic locus that
is specifically associated with another calpainopathy, the
allergic disorder eosinophilic oesophagitis®**. CAPN14
is predominately expressed in the oesophagus and is
upregulated in eosinophilic oesophagitis or by IL-13
stimulation®. Intriguingly, an eosinophilic oesophagitis-
associated risk single-nucleotide polymorphism (SNP)
in CAPNI4 is intronic and decreases the expression
level of CAPN14. The characterization of the protease

activity of CAPN14 and its possible substrates suggests
that downregulation of CAPN14 compromises the cellular
responses to IL-13 signals, whereas excess CAPN14 activ-
ity impairs epithelial barrier function'®. The restoration
of CAPN14 may therefore represent a logical therapeutic
strategy, but its potential cytotoxicity must be monitored.
Intriguingly, although the human CAPNI14 gene is local-
ized to a genomic region that is syntenically conserved
in mice and rats, mouse or rat Capnl4 cannot be found.
This finding suggests that another calpain species in some
rodents assumes the functions of CAPN14 and/or that
the calpain-related aspect of the eosinophilic oesophagitis
pathology does not present in these rodents.

More recently, another calpainopathy was reported:
spastic paraplegia 76, a neurological disorder linked
to CAPNI (REF. 48). Pathogenic mutations in CAPN1
and other experimental evidence indicate that spastic
paraplegia 76 is caused by a loss of calpain-1 function.
Although no gross neurological abnormality is apparent
in the constitutive CapnI~~ mouse, calpain-1 is known to
have a neuroprotective role and to contribute to synaptic
plasticity'®'®. In addition, missense mutations in CAPN1
are associated with spinocerebellar ataxia in dogs'”® and
humans'”. Taking this evidence together, it is strongly
anticipated that calpain-1 will be a target not only for
inhibition but also for genetic restoration therapeutic
strategies.

Finally, with regard to additional potential calpainop-
athies, functional effects of SNPs in CAPN8 and CAPN9
merit attention. CAPN8 and CAPNDY are expressed in the
gastrointestinal tract, especially in the mucus-secreting
cells of the stomach, where they function as a hetero-
dimer in complex with each other (called calpain-8/9
or G-calpain (G for gastric))*. Capn8~~, Capn9~ and
Capn8C19S/C19%8 mice are significantly more susceptible
to gastric ulcers induced by ethanol stress than wild-type
mice®. Importantly, several SNPs that inactivate CAPN8
or CAPNO exist, suggesting that a susceptibility to gastric
ulcers can be predicted by these SNPs. Therefore, strat-
egies that compensate for and/or activate calpain-8/9,
depending on the effect of the SNP, would be logical
directions for treatment.

Infectious diseases

Parasitic diseases. Calpains expressed in parasites play
crucial parts in their pathogenicity; thus, calpains rep-
resent promising anti-disease targets. Notably, calpains
are involved in the pathogenicity of trypanosomiasis'’?,
leishmaniasis!’»!”® and schistosomiasis!”#, which are
among the neglected tropical diseases recognized by the
World Health Organization'”.

Malaria caused by Plasmodium falciparum is one of
the most serious parasitic diseases'”®. P. falciparum uses
aspartyl and cysteine proteases to degrade host haemo-
globins and to survive as a parasite'”’, and Pf-calpain is
essential for the life cycle of the parasite in cells'”®, sug-
gesting that these proteases are promising drug targets.
Although host calpain-1 is reported to be required for the
efficient egress of P, falciparum™, the invasion and growth
of parasites in erythrocytes from wild-type and Capnl~"-
mice show no significant difference'”.
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Table 4 | Selected calpain-related therapeutic agents

Compound
(alternative names)
ABT-957

ABT-957

Olesoxime
Olesoxime

Olesoxime

Cyclosporine A

E-64d (EST, Estate,
loxistatin and
rexostatine)

AK-295 (CX295)
C-101 (myodur and
CLA)

CYLA

C-201 (neurodur and
CLA)

CEP-3453
CEP-4143

Calpeptin (IPSI-001)

Calpeptin (IPSI-001)

A-705239
(BSF 409425)

A-705253 (CAL 9961
and BSF 419961)

Ala-1.0 (leupeptin
linked to pregabalin)

rAAV2/1-CAPN3

* Sm-p80-pcDNA3
* Sm-p80-VR1020

rSm-p80

Company or institute
AbbVie

AbbVie

Trophos

F. Hoffmann-La Roche
Trophos

Edward Hall, University of
Kentucky

Taisho Pharmaceutical

Alkermes
CepTor

The State University of
New York

CepTor

University of Pennsylvania,

Teva

Cephalon

Medical University of
South Carolina

Washington University
School of Medicine

Abbott

Christian-Albrechts
University of Kiel

City University of

New York, Institute

of Basic Research

in Developmental
Disabilities, The State
University of New York

French National Center
for Scientific Research
(CNRS)

Texas Tech University
Health Sciences Center

Texas Tech University
Health Sciences Center

Disease
Alzheimer disease
Alzheimer disease

Relapsing-remitting
multiple sclerosis

Spinal muscular
atrophy

Amyotrophic lateral
sclerosis

Traumatic brain
injury

Muscular dystrophy

e Stroke
e Cataracts

Muscular dystrophy

* Multiple sclerosis
e Retinalischaemia

* EAE
® Acoustic trauma

Ischaemic stroke
Spinal cord injuries

Multiple sclerosis

Wolfram syndrome

* Acute myocardial
infarction

* Cerebrovascular
diseases

Acute myocardial
infarction

o Stroke

 Alzheimer disease

* Muscular
dystrophy

Muscular dystrophy

Schistosomiasis

Schistosomiasis

Phase

Phase |,
terminated

Phasel,
terminated

Phase I,
completed

Phase lI/Ill,in
progress

Phase II/11l,
completed

Phase I/1l, in
progress

Phase I,
discontinued

Preclinical,

discontinued

Preclinical,
discontinued

Preclinical

Preclinical

Preclinical

Preclinical,
discontinued

Preclinical

Preclinical

Preclinical

Preclinical

Preclinical

Preclinical

Preclinical

Preclinical

Details

Randomized, multiple-dose-escalation safety,
tolerability and pharmacokinetics study

Randomized, multiple-dose-escalation safety
and efficacy study

Randomized, single-dose safety study

Single-dose safety, tolerability and efficacy
study

Multicentre, open-label safety extension study

Randomized, pharmacokinetics and
pharmacodynamics study; evaluated by
calpain-mediated cytoskeletal breakdown
products

Effective for protease inhibition to delay
muscle protein degradation and disease
progression

Systemic inhibition of calpain to suppress side
effects of cancer therapy on sensory neurons

Increased myofibre diameter in mdx mice and
low toxicity for rats

Capable of crossing the blood-brain barrier
through taurine transporter and effective for
retinal ischaemia-associated lesions

Aldehyde form of CYLA,; effective for slowing
EAE progression in mice and treating acoustic
trauma in chinchillas

Neuroprotective 22 h post-ischaemia
treatment in a rat model

Pre-injury treatment exhibited
neuroprotection in rat model

Reduction of demyelination and axonal
damage to treat multiple sclerosis-associated
optic neuritis

One of disease-responsible gene products,
WEFS2, downregulates CAPNS1 via the
ubiquitin—proteasome system

Preserved respiratory functions of
mitochondria from the heart challenged by
ischaemia-reperfusion

Pre-infarction administration inhibited calpain
and cardiac hypertrophy

Intraperitoneal administration immediately
after controlled cortical impact decreased
neurodegeneration in a rat model

Intramuscular delivery of CAPN3 gene
corrected dystrophic features of LGMD2A
model mice

Longevity of production of Sm-p80-specific
antibodies (1-8 years) was demonstrated

Effect of vaccination to acute and chronic
infection was shown

EAE, experimental autoimmune encephalomyelitis; LGMD2A, limb-girdle muscular dystrophy type 2A.

Refs

288

289

290

291

292,293

294

A

295

127

217,218

214

296

297

272

298

199,200

299

216

300

226,301

225
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Another parasite spread by insects is Trypanosoma,
which causes African sleeping sickness (Trypanosoma
brucei transmitted by Glossina spp. (tsetse fly)),
Chagas disease (Trypanosoma cruzi transmitted by
Reduviidae spp. (assassin fly)), kala-azar and Oriental
sore (Leishmania donovani and Leishmania major trans-
mitted by Phlebotominae spp. (sand fly)), as well as other
diseases'”. Surprisingly, these parasites have 18-27
calpain genes*, one of which, ClpGMS, is involved in the
morphology determination of T. brucei'®. ClpGM6 is
an 820kDa protein containing three copies of the CysPc
and CBSW domains, and >70 repeats of the GM6 motif
(a 68 amino acid residue unit) (FIG. 1). It is still unknown
whether trypanosomal calpains function as proteases
because most of them lack the conserved active site
cysteine residue®.

The blood flukes Schistosoma mansoni, Schistosorma
japonicum and Schistosoma haematobium are trans-
mitted by Planorbidae spp. (planorbid or ramshorn
snails) and cause schistosomiasis, which can include
hepatosplenic inflammation, liver fibrosis and bladder
cancer'’. S. mansoni harbours seven genes that encode
calpains, four of which are classical calpains and one is a
CAPN7 homologue. At least one of the classical calpains,
Smp-157500 (FIC. 1), may be essential for the pathogenicity
of this parasite given that it is an effective target for vac-
cines'® (TABLES 3,4 and see below). The physiological
functions of these calpains, however, are still elusive™.

Fungal and bacterial infections. Of the 449 whole-
genome-sequenced fungus genera, 431 have one or more
calpain-encoding genes; important exceptions include
Schizosaccharomyces, Encephalitozoon and Pneumocystis
(see MycoCosm of the US Department of Energy’s Joint
Genome Institute Genome Portal; Further information).
Candidiasis, cryptococcosis, aspergillosis, coccidioido-
mycosis and trichophytia are caused by infection with
the fungi or yeasts Candida spp., Cryptococcus spp.,
Aspergillus spp., Coccidioides spp. and Trichophyton spp.,
respectively, of various human tissues, such as the lung,
mouth and skin®. These infections cause serious prob-
lems, especially in immunocompromised individuals,
such as HIV-infected or organ transplant patients.

To infect human tissues, the pathogens described
above adapt to the environmental pH by a mechanism
that uses their own calpains, PalB/Rim13 (REFS 181,182).
RIM13 is the only Saccharomyces cerevisiae gene that
encodes a calpain'®, and palB is one of the calpain genes
of Aspergillus nidulans'*; they are both orthologues of
human CAPN?7. The involvement of Rim13 and PalB in
alkaline adaptation signalling was discovered in A. nid-
ulans and S. cerevisiae, followed by elucidation of the
detailed process®™. A pH sensor (consisting of Rim21/
Dfgl6/PalH (7 spanners), Rim8/PalF (arrestin-like) and
Rim9/Pall (chaperone)) transduces an alkaline signal
to a proteolytic complex with the aid of ESCRT (endo-
somal sorting complex required for transport)-1, II and
I1I. In this process, Rim20/PalA and Ygr122w/PalC are
induced to act as a scaffold for the proteolytic activation
of Rim101/PacC (transcription factor) by Rim13/PalB*.
Thus, this signalling is called the Rim101 pathway.

Among the few bacterial calpains®, Tpr of Porphy-
romonas gingivalis, which causes periodontitis, is
required for the survival and infection ability of the bac-
teria, and was shown to be a Ca?*-dependent cysteine
protease with both autolytic and substrate (for example,
fibrinogen) proteolysing activities'”.

Strategies for therapeutics

As discussed above, there are three types of calpain-related
human disorders: those exacerbated by human calpain
activities (type 1); those caused by pathogenic microorgan-
isms that use the host’s and/or their own calpains for infec-
tion and survival (type 2); and those caused by calpain gene
deficiencies (type 3). For most of the type 1 and some of the
type 2 disorders, inhibitors for the conventional calpains are
the first therapeutic choice. Some microorganisms in type 2
disorders can infect or survive using their own calpains,
which may therefore represent ideal specific targets. For type
3 disorders with defective calpains, gene therapy to restore
calpain activity should be considered as a potential thera-
peutic approach. In addition, some type 3 disorders result
in hyperactivation of calpains due to a gain-of-function
mutation'?, for which the inhibition or reduction of calpain
activity would be a logical therapeutic strategy.

Inhibiting conventional calpain activities
First-generation calpain inhibitors include leupeptin and
E-64, originating from actinomycete and fungus, respec-
tively, and their derivatives. These inhibitors exhibit lit-
tle specificity for calpains and show broad inhibitory
activity against not only clan CA proteases'® but also
matrix metalloproteinase 2 (REF. 185) (BOX 1; TABLE 3;
Supplementary information S1,S2 (figure, table)).
Nevertheless, leupeptin and its modified versions have
been studied extensively and evaluated in pilot clinical
trials™®. One of these products, C-101 (also known as
myodur; see below), although discontinued as a clinical
candidate, represents an important approach to effec-
tively deliver a drug to muscle cells by taking advan-
tage of a receptor-ligand interaction'?” (see below)
(Supplementary information S1 (figure)). Meanwhile,
E-64d was shown to prolong the lifespan of a dystrophic
hamster, UM-X7, and was used in clinical trials up to
phase III in the 1980s*. Unfortunately, the results were
inconclusive, and the trials were discontinued in 1992
(REF. 187). Several attempts to improve the specificity of
these molecules resulted in second-generation inhibi-
tors such as SJA6017 (REF. 92) and PD150606 (REF. 76).
However, these agents were still not sufficiently specific
to distinguish calpains from other proteases. Although
endogenous CAST is currently the only absolutely spe-
cific inhibitor for classical calpains, strategies to improve
inhibition are emerging (BOX 1).

Indeed, advances in structural biology have ena-
bled logical structure design, which has led to a group
of promising third-generation inhibitors with fixed
secondary structures. Although proteases are known
to generally recognize B-strands'®, most of the small-
molecule protease inhibitors are conformationally flex-
ible. This flexibility induces cooperative effects between
the protease and the inhibitor (so-called induced fit'®),
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Intrinsically unstructured
protein

A protein that does not
possess a fixed or stable 3D
structure (also called an
‘intrinsically disordered
protein’). Some of these
proteins remain unstructured
even in their functional state,
whereas others adopt a fixed
structure after binding to
another protein. For example,
calpastatin has tandemly
repeated calpain inhibitory
sequences, neither of which
assumes a defined structure
unless calpastatin is bound to
calpain.

resulting in unexpected enzyme-inhibitor interactions
at adjacent or even remote locations from the active site
and, therefore, a loss of inhibitory specificity. This effect
can be avoided by restricting the secondary structure
of the inhibitor molecule. Among several attempts to
achieve this goal, stable B-strands were achieved by the
macrocyclization of inhibitor peptides'*!%1!,

Notably, although CAST is an intrinsically unstructured
protein, the 3D structure of a calpain-2-CAST complex
shows that a-helix and p-turn structures in CAST sub-
domain B induced by its binding to the active site of cal-
pain-2 have essential roles in its specific inhibition. Thus,
peptides made to mimic these structures by crosslink-
ers'? or by cyclization'®® are inherently specific to cal-
pains (with inhibition constant (K)) values of 10-20 pM)
(Supplementary information S1 (figure)).

In addition, an alternative approach is provided by a
calpain-derived inhibitory peptide for mitochondrial cal-
pain-1 that specifically blocks calpains'”. Mitochondrial
calpain-1 is associated with the molecular chaperone
ERp57 via the CBSW domain of CAPN1 (REF. 194).
Because inhibiting ERp57 destabilizes mitochondrial
calpain-1 (REF. 194), synthetic peptides were screened for
their ability to competitively inhibit the ERp57-CBSW
interaction. This screen identified PDALKSRTLR, an
oligopeptide corresponding to a linker region between
the PC2 and CBSW domains of CAPNI1 that inhibited
mitochondrial but not cytosolic calpain-1 (median
inhibitory concentration (IC,)) of 112nM)"*. A form
of this peptide N-terminally conjugated with the cell-
penetrating HIV-1 Tat sequence (GRKKRRQRRRPPQ)
prevented photoreceptor cell death in retinal dystrophic
rats (TABLE 3), with no inhibition of cathepsin L, papain
or proteasomes'*. This strategy is ideal in its specificity,
and may be applicable to other calpains: for example,
for the development of a peptide that interferes with the
PEF(L) and PEF(S) interaction of conventional calpains.

As described above, the development of allosteric
inhibitors of calpains is another important area for
improving specificity. For this endeavour, elucidation of
the precise inhibitory mechanisms of a-mercaptoacrylic
acid derivatives, such as PD150606, is urgently required.
Intriguingly, the dimerization of PD150606 and its
derivatives via disulfide formation significantly increases
their calpain inhibitory activity (for example, the IC;,
values of PD150606 and its dimer are 5.0 M and 7.5nM,
respectively)'”®. The dimerized molecules bind to the
PEF domain similarly to PD150606 but more stably'*,
although their inhibitory mechanisms are unclear. These
studies have opened up a new direction for calpain-
specific inhibitor development, in which the inhibitors
are directed to regions other than the active site.

As a promising example, a novel allosteric site and its
small-molecule inhibitor, NSC13345, for cathepsin K, a
cysteine cathepsin with 3D structural similarity to the
calpain CysPc domain, were discovered by computa-
tional methods'°. NSC13345 inhibits cathepsin K by
binding to a relatively flat side surface of the p-strand-rich
region that harbours the active site histidine and aspar-
agine residues, corresponding to the PC2 domain
of calpains'®®. Therefore, similar methods should be
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applicable to finding calpain-specific allosteric sites and
their docking molecules. Further information about the
recent progress on calpain inhibitors can be found in
other detailed and comprehensive reviews*'¥"'%.

Preclinical and clinical agents in development. Calpain
inhibitors are continuing to be developed therapeutically,
and some of them are currently being tested in clinical
trials (TABLE 4). Two structurally related a-ketoamide cal-
pain inhibitors, A-705239 (also known as BSF 409425)
and A-705253, show promise because of their improved
water solubility, cell permeability and metabolic stability
over other inhibitors, although they have some limita-
tions with regard to specificity (Supplementary infor-
mation S1,S2 (figure, table))'*. Administering A-705239
after an induced traumatic brain injury in rats rescued
brain cells, proving the biological efficacy of the drug'”.
In another disease model, acute myocardial infarction
induced by ischaemia-reperfusion in a rabbit heart, the
infarct size was reduced and the respiratory function
of mitochondria was preserved when A-705239 was
included throughout the procedure*”. An improved
derivative of A-705239 developed by AbbVie, ABT-957,
had been in the first sets of clinical trials as a treatment for
cognitive disorders until recently'¥*2°!-23 (TABLE 4). The
exact structure of ABT-957 has not yet been disclosed.

A neuroprotective cholesterol derivative, olesoxime
(Supplementary information S1 (figure)), which has been
subjected to clinical trials as a therapeutic reagent for
motor neuron diseases such as ALS*, spinal muscular
atrophy (SMA)**>*% and relapsing-remitting multiple scle-
rosis®”, was recently shown to suppress calpain activity in
a rat model of Huntington disease*®*”. The precise mode
of action of olesoxime is currently elusive, but as it binds
to outer mitochondrial membrane proteins and inhibits
the efflux of apoptotic factors under neurotoxic or cyto-
toxic conditions in vitro®'’, calpains are probably not its
direct target. The safety and suitability of olesoxime for
oral delivery have been demonstrated in clinical trials*®'!
(TABLE 4). A beneficial clinical outcome, such as a retarda-
tion of disease progression, was observed in a SMA trial
focusing on the early phase of disease onset*”, but not in
an ALS trial assessing survival at the end stage of the dis-
ease?'!. These results suggest that the neuroprotective effect
of olesoxime depends on the timing of its administration
during disease progression. Although the calpain activity
in olesoxime-treated neurodegenerative diseases other
than Huntington disease awaits investigation, it is possible
that one of the main neuroprotective actions of olesoxime
depends on calpain suppression. Notably, survival of motor
neuron (SMN) protein, a gene product responsible for
SMA, is a calpain substrate?'?, and calpain upregulation has
been reported in an ALS mouse model®"?, suggesting that
other calpain inhibitors may also be effective for treating
these diseases as well as Huntington disease.

In parallel with the efforts to refine the core struc-
ture of calpain inhibitors, the covalent attachment of
a tag motif to an inhibitor molecule that causes it to
accumulate in a region of interest, such as muscle cells,
has been examined'””?'*', Among these compounds,
C-101 is a modified leupeptin linked to carnitine, which
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is efficiently targeted to skeletal muscle tissue, where the
carnitine receptor OCTN2 (also known as SLC22A5) is
expressed'?. At the preclinical level, C-101 increased
the fibre diameter in the skeletal muscle of mdx mice,
indicating its promise as a therapeutic reagent for mus-
cular dystrophies'”’. However, the preclinical trial for
this product was discontinued, and other variants that
have been examined at the preclinical level await further
evaluation. These inhibitors include C-201 (also known
as neurodur)?*, GABAdur?"” and Ala-1.0 (REF. 216),
which are attached to taurine or the anti-epileptic drug
pregabalin and are designed to elicit neuroprotection
by limiting calpain activation (Supplementary informa-
tion S1 (figure)). CYLA is a diethyl acetal of C-201 that is
converted to an active form after undergoing hydrolysis
in vivo. Delivery of CYLA to the brain and prevention of
axon injury was demonstrated in a mouse model of mul-
tiple sclerosis?’”. CYLA is also reported to prevent retinal
cell degeneration in a rat model of retinal ischaemia®®.

Targeting calpain pathways in infectious diseases
Malaria and sickle cell disease. As the malaria-causing
Plasmodium parasite requires proteases, including
Pf-calpain, for its survival, these proteases represent
promising drug targets. Conventional calpain inhibitors
also inhibit Pf-calpain: ALLNal and ALLMal suppress
the erythrocyte invasion of P falciparum®, and BDA-410
blocks parasite growth in vitro and in vivo®. In addition,
hypervalent organotellurium compounds inhibit the
Pf-calpain-like activity?"® (TABLE 3). These potential drug
candidates should be tested for their specificity using
recombinant Pf-calpain™.

Sickle cell disease (SCD) is caused by pathogenic
mutations of the B-globin gene (HBB) and is accompa-
nied by malaria resistance. Dense sickle cells are a hall-
mark of human SCD and show reduced levels of CAST**.
Notably, the oral administration of BDA-410 in a mouse
model of SCD (SAD mice) ameliorates sickle cell den-
sity and hypoxia-induced erythrocyte dehydration®*.
The proposed molecular mechanisms of sickle cell defi-
ciency include the perturbation of PRX2 (also known
as calpromotin), which protects against oxidative stress,
and the upregulation of a Ca**-activated K* channel
(Gardos channel) by overactivated calpain-1 (REF. 220).
Consistent with this scenario, Gardos channel activity is
suppressed in Capnl~~ mouse erythrocytes?'. However,
the Capnl™ mouse erythrocytes become deformed upon
Ca’*-ionophore-induced echinocyte formation®'. Thus,
further investigations of the effects of calpain-1 inhibition
on erythrocytes need to be conducted before applying
calpain inhibitors to treat SCD.

Trypanosomiasis and leishmaniasis. MD128170 shows
trypanocidal effects without significant toxicity to the
host cells'” (TABLE 3). Treating Leishmania amazonensis
promastigotes with 30 uM (double the IC,, dose) of
MDL28170 efficiently suppresses their growth and via-
bility, and induces an apoptosis-like cell morphology
accompanied by cell cycle arrest and DNA fragmenta-
tion'”. ALLNal, however, suppresses the apoptosis-like
cell death of L. donovani induced by miltefosine (another

trypanocidal agent), and E-64 has no effect*?. These
studies collectively suggest that the target of MDL28170
is unlikely to be calpain activity, but that Trypanosomal
calpain-like molecules, such as CAP5.5 (TbCALPI;
FIG. 1), that lack protease activity may act as cytoskeletal
modulators'®*??. Although there is evidence to suggest
that trypanosomal calpains would be good drug targets,
inhibitors such as MDL28170 also act on host calpains,
and detailed studies are needed to determine how the
pseudo-proteolytic trypanosomal calpains function and
how calpain inhibitors act against them.

Schistosomiasis. There is currently no vaccine for schis-
tosomiasis for human use. However, one of the leading
candidate target molecules for a schistosomiasis vaccine
is Sm-p80, a C-terminal portion of the S. mansoni cal-
pain Smp-157500 (FIC. 1). Smp-157500 is exposed on the
membrane surface and has an important role in the sur-
face membrane renewal and recycling of the parasite to
evade the host immune response'®**. Although the precise
function of Smp-157500 is currently elusive, baboon vac-
cination data for Sm-p80 are promising'®** (TABLES 3,4).
Baboons chronically infected with S. mansoni were treated
with a recombinant Sm-p80 protein (rSm-p80) or an
Sm-p80-expression DNA vector plasmid along with adju-
vants (Toll-like receptor 4 agonist-based glucopyranosyl
lipid (GLA-SE) or aluminium hydroxide (alum))*°. Among
several combinations, rSm-p80 plus GLA-SE was the most
effective, resulting in the production of immunoglobulin
A (IgA) in addition to IgG and IgM, a 36% reduction in
the number of worms, and 54% and 33% reductions
in the amounts of tissue and faecal eggs, respectively™. The
same strategy was also effective in baboons and hamsters
infected with S. haematobium, the Sm-p80 amino acid
sequence of which is 95% identical to that of S. mansoni*.
Surprisingly; the elicited Sm-p80-specific IgG in vaccinated
baboons was still detected 5-8 years after immunization®®.
These studies support the testing of an Sm-p80 vaccine in
human clinical trials.

Diseases caused by fungi, yeasts and bacteria. Inhibitors
specific for calpains in fungi, yeast and bacteria are prom-
ising therapeutics for diseases caused by these pathogens.
For example, C. albicans infects and lives on mucosal
surfaces of the human gastrointestinal and genitourinary
tracts by expressing several genes for alkaline adapta-
tion, such as superoxide dismutase 4 (SOD4) and SOD5
and aspartyl proteases (SAP5 and SAP6), causing can-
didiasis'. Deletion of RIM101 effectively disrupted this
infection by downregulating Rim101-induced genes”.
Similarly, Cryptococcus neoformans uses the Rim101 path-
way for infection, and causes life-threatening meningitis in
immunocompromised humans'®. Rim13 proteins of these
yeasts are homologues of PalB and CAPN?7 (also known
as PalBH), which constitute the most divergent calpain
subfamily, and have further diverged CysPc domains even
compared with that of human CAPN7 (~20% identity)*.
Thus, it is possible to design inhibitors specific to
these yeast Rim13 proteins without inhibitory activity
to human CAPN7, which is thought to be essential for
human cellular functions®”’. However, so far, no inhibitor
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Box 2 | Activators of calpains

Many enzymes have efficient activators, such as phorbol esters and diacylglycerol for
protein kinase C, AMP for AMPK, and the small GTPase RAC for NADPH oxygenase.
Calpain activators could be used, for example, to increase calpain activity in attenuated
activity-type calpainopathies and in some cardiovascular disorders requiring a transient
activation of calpains. The conventional calpains are activated by Ca’*, Mg?* and
phospholipids, which are common activators for various enzymes, and hence could not
be used as a specific activator. Although activator macromolecules for calpains (UK114,
acyl CoA-binding protein, DNA and calpastatin fragments, among others) have been
reported, none of them has survived further analysis. Why is a calpain activator so

elusive?

One possible reason is that calpain activity has to be strictly suppressed in the cell. In
fact, conventional calpains proteolyse more than 40% of the peptide bonds of most
polypeptides when exhaustively reacted in vitro (F. Shinkai-Ouchi, Y.O., T.C.S. and H.S.,
unpublished observations). Thus, there are multiple safety features that regulate the
activity of conventional calpains, such as the very high [Ca?] requirement for full
activity and the lack of an active site conformation in the absence of Ca*. In addition,
the deep active site cleft is inaccessible for many structured polypeptides, and the
specific inhibitor calpastatin is expressed in excess amounts in most cells. However, the
recently reported intermolecular complementation phenomenon of CAPN3 (REF. 232)
provides a potential new direction for the development of a calpain activator, in that
some parts of calpain itself might function as an activator.

Intermolecular
complementation

(iMOC). A phenomenon in
which single-polypeptide-
derived fragments, none of
which are capable of
expressing the activity of the
original protein, reconstitute
the original activity through
spontaneous and noncovalent
interaction under physiological
conditions. In this process, the
amino acids essential for the
activity are provided by
different fragments.

has been designed, and no 3D structures have been deter-
mined for Rim13. These topics are challenging but urgent
for future study. Conventional calpain inhibitors may also
be effective in controlling these diseases. For example,
Shigella flexneri, a dysentery-causing bacteria, does not
have its own calpain but escapes from the host immunity
by activating conventional calpains®®.

Restoring intrinsic functions of calpains

LGMD2A is the most thoroughly studied human cal-
painopathy confirmed to be caused by the genetic
loss-of-function of a calpain gene (CAPN3), and is there-
fore the leading example for which the complementa-
tion of calpain activity would be an appropriate therapy.
Among other calpainopathies reported so far, those
caused by defects in CAPNI (REF. 48), CAPN8 (REF. 33),
CAPN9 (REF. 33) and CAPN14 (REFS 35,36) would also
require restoration by complementation.

There are several challenges facing the diagnosis
and treatment of LGMD2A. A definitive diagnosis of
LGMD2A requires the identification of pathogenic
mutations in CAPN3, which encompasses more than
60kb, and this test is time consuming and costly. A fre-
quently used alternative is to check the CAPN3 protein
by western blot analysis. However, a normal level of
CAPN3 is found in ~30% of patients with LGMD2A'®,
and clinicians need to be aware of this fact when using
this method. Analysing the Na*-dependent autolytic
activity, a unique feature of CAPN3 (REF. 229), to assess
the activity of CAPN3 would be a better diagnostic
method. Furthermore, the nature of the protease activity
of CAPN3 remains unclear: that is, where it is activated,
in what forms and under what circumstances.

Gene therapy. Gene therapy is currently the most practical
approach for calpain replacement because the sizes of cal-
pains (~100kDa) are appropriate for viral vectors, and no
activators for these calpains are currently available (BOX 2).

REVIEWS

In the course of developing strategies for correct-
ing genetically defective CAPN3 by gene transfer, it
was revealed that skeletal but not heart muscle has
the capacity to regulate CAPN3, and that freely active
CAPNS3 can be detrimental to tissues in which it is
accidently expressed**. To address this issue, skeletal-
muscle-specific promoters and/or cardiac-specific gene
suppression by microRNAs are effective strategies that
do not decrease the expression level of the transferred
CAPNS3 gene in skeletal muscle* (TABLE 4).

Therapeutic strategies to correct causative gene muta-
tions by gene editing techniques combined with the use of
patient-derived induced pluripotent stem cells are also on
the horizon?*!. Therapies for calpainopathies, depend-
ing on the nature of the affected tissues and the mutation,
could greatly benefit from such advancements. More than
one-third of the cases of LGMD?2A are caused by mis-
sense mutations'® (see also Further information), which
are appropriate for gene editing therapy.

Intermolecular complementation of CAPN3. An alterna-
tive approach to correct CAPN3 activity is suggested by
an unusual activation ability of CAPN3. CAPN3 under-
goes rapid autolysis; however, it was recently discovered
that the protease activity, including its autolytic activity,
can be restored through the intermolecular complementa-
tion (iMOC) of autolysed fragments**2. Such iMOC had
only previously been described for some proteases of
viruses, the self-remodelling of which is involved in effi-
cient infectivity**. The iMOC of CAPN3 is thought to be
a mechanism for regulating its activity and localization®.
Therefore, in some specific cases, it might be possible to
correct dysfunctional CAPN3 mutants by delivering a
defined region of CAPN3, which is not in itself active
because it is not the whole molecule*>?*.,

Inhibition of LGMD2A mutant CAPN3. An in vitro
study indicated that some LGMD2A mutant CAPN3
proteins, such as those mutated in the PEF domain,
have accelerated autolytic activity, so they cannot func-
tion owing to their rapid autodegradation®*. It may
therefore be possible to use partial inhibitors that slow
down this autolysis but do not competitively inhibit
the protease activity. For example, PD150606 binds to
PEF domains™, although its primary site of action is
the CysPc not the PEF domain (see above)”. One of
the amino acid residues, F226 of PEF(S), that contacts
PD150606 or its derivatives, is conserved in the PEF(L)
of CAPN3, a region of LGMD2A pathogenic mutation
(F7791)%%¢ (see also Further information). Therefore,
PD150606 and/or its derivatives may alter the activity
of PEF-domain-mutated CAPN3 proteins with mod-
erate efficiency. In addition to LGMD2A caused by
hyper-autodegrading CAPN3 mutations, some other
conditions may be ameliorated by inhibiting CAPN3.
For example, tibial muscular dystrophy is primarily
caused by mutations in the titin (TTN) gene, which in
turn dysregulate CAPN3 (REF. 237). Cardiomyopathy
phenotypes collaterally caused by misexpression of
CAPN3 in heart muscle, which is a problem in applying
gene therapy for LGMD2A®, could also be prevented by
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inhibiting CAPN3 in the heart (TABLE 4). In these cases,
the development of CAPN3-specific inhibitors would
be helpful.

Increasing muscle mass. A different approach to treat
LGMD2A, as well as other muscular dystrophies, is to
promote muscle development and regeneration, as is
the aim of anti-myostatin treatment®*?*. In this respect,
CAPNE6 (also known as CANPX), the only naturally pro-
teolytically inactive human calpain (FIG. 1), represents a
unique factor regulating skeletal muscle mass*. Capn6
gene-disrupted mice exhibit skeletal muscle hypergenesis,
and mice with myostatin (Mstn) gene disruption exhibit
increased muscle mass?**?*!. Therefore, counteracting
CAPNG6 and/or its downstream molecules, which largely
remain elusive, by specific antibodies or siRNA may ame-
liorate the phenotypes of muscular dystrophies. The effect
of CAPNG6 inhibition on muscular dystrophies, which
may vary depending on the genes responsible for disease,
the model animal and/or the methodology of inhibition,
as has been reported for myostatin®****, warrants further
investigation.

Challenges in targeting calpains

The conventional calpains are expressed in almost all
cells. However, because their physiological roles are
generally auxiliary, their inhibition does not cause seri-
ous problems under normal conditions. This finding
explains the rationale for using conventional calpain
inhibitors to treat various diseases that are aggravated
by calpain activity. However, calpain activity is required
for some processes that involve the orchestration of
multiple molecular functions. Therefore, the safety
of chronically inhibiting calpain activity must be con-
sidered. Indeed, detrimental effects of calpain inhibition
on cardiomyocytes™'?!, the immune system 2123244245,
uterine implantation?*® and cancer suppression'**1%>-1%
have already been reported (TABLE 3). The use of calpain
inhibitors and potential side effects must also be stud-
ied under various conditions: for example, under a per-
turbed immune system due to disease, the environment
and/or ageing.

Another issue is that in some studies of acute disor-
ders, such as cardiovascular disorders, the calpain inhib-
itors are administered ex ante, which does not happen in
actual therapy. The effects of calpain inhibition initiated
after disease onset would be of more practical value.
Except for preventing the effects of infectious diseases or
the manifestation of disease symptoms, most therapies
target calpains at the postsymptomatic stage. To identify
useful clinical treatments, the efficacy and safety of these
therapies should be evaluated using model systems that
reflect the symptomatic context of the disease.

As discussed above, achieving specificity when tar-
geting calpains is challenging. Indeed, many of the
first-generation calpain inhibitors were nonspecific
and targeted other proteases'’®. A calpain inhibitor can
be useful for disease treatment, for purely scientific
experiments or both. The difference is exemplified by
in vitro specificity versus practical in vivo effects's. In
vitro specificity is gradually being addressed by inhibitor

chemistry inspired by structures and other new approaches
(see above and BOX 1). Promising strategies include
restricting secondary structures of inhibitors!?#1318192,
learning from the 3D structure of calpain-CAST com-
plexes'®®12, allosteric inhibition, including the idea of
intercalation between PC1-PC2 or PEF(L)-PEF(S), and
use of cathepsin-specific inhibitors*”4,

Understanding calpain substrate specificities is
another key concern, particularly when considering
potential off-target effects when attempting to target cal-
pains. However, this knowledge is lacking, and solving
calpain substrate specificity remains a key priority in the
field. As discussed above, CysPc domains are structurally
nonspecific with respect to recognizing substrate amino
acid residue side chains®®. Although bioinformatics
studies have achieved practically usable predictors for
calpain substrate cleavage sites® %%, a constitutive princi-
ple of how calpains recognize substrates is far from clear.

Another consideration is that in vivo, calpain inhibi-
tion alone may not be completely effective in treating a
disease. Rather, a strategy combining calpain inhibition
and other therapeutic protocols may be more beneficial.
For this approach, the molecular context of functions of
the targeted calpain, including the presence of other drugs
and the disease condition, needs to be thoroughly exam-
ined. The same principle holds true in designing gene
therapies, and information about how the responsible
calpains function needs to be constantly updated. Recent
reports showing additive effects of calpain inhibition and
other drugs are promising examples of this strategy: for
example, MDL28170 in combination with the existing
ALS therapeutic drug riluzole*, or genetic disruption
plus an HSP90 inhibitor®.

Conclusions and perspectives

Proteases have proved to be effective targets in various
diseases™’. However, the paucity of information about the
substrate specificity of calpains as a protease family has
severely limited our understanding of calpain functions.
This issue has been appreciably overcome in the past
decade or 5064,65,75,95,96,98'

When targeting calpains, inhibition, activation and
restoration represent therapeutic options depending on
the disease. Promising strategies and inhibitors found to
date could be improved through continued basic research.
Importantly, the specific and selective manipulation of
calpain activities is an increasing research trend. As cal-
pain research proceeds, we need to continuously examine
whether newly developed calpain inhibitors are applica-
ble for therapy, and whether gene therapies for calpain-
opathies are a feasible therapeutic option.

The pathological mechanisms of known calpainopathies
have also been extensively studied using state-of-the-art
techniques combined with mouse genetics and genome-
wide analyses. An exception is the poorly understood role
of CAPN10 in the pathology of type 2 diabetes mellitus,
an important research topic with substantial implications
for modern society®"*2

The targeting of calpains in causative organisms for
infectious diseases is highly challenging because the
structures of these calpain species are markedly divergent
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from those of conventional calpains. There is therefore an
urgent need to systematically advance this field to aid the
development of potential novel therapies.

Translational research involving calpains is still at the
development stage. To advance, we need to learn more
about the calpains themselves, as well as their impact on
various physiological systems and molecular pathways
and events. The ambiguous impression we have of cal-
pains may simply reflect the fact that they have not yet
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Supplementary Figure 1. Calpain inhibitors and related molecules
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SUPPLEMENTARY INFORMATION

Supplementary Figure 1 (continued)
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Supplementary Figure 1 (continued)
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Supplementary figure legend
Supplementary Figure 1: Calpain inhibitors and related molecules

Examples of calpain inhibitors and related molecules are numbered here approximately in the order

of their discovery/synthesis (the earliest discovered are at the top, as in Supplementary Table 1).

Note that they are not actually specific for calpains. Descriptive names of the smaller molecules are

as follows (for their properties, see Supplementary Table 1):

1. leupeptin, Ac-L-Leu-L-Leu-L-argininal

2. E-64, [(2S,3S)-3-carboxyoxirane-2-carbonyl]-L-Leu-(4-guanidinobutyl)amide)?3

3. E-64c, [(2S,3S)-3-carboxyoxirane-2-carbonyl]-L-Leu-(3-methylbutyl)amide*

4. E-64d (loxistatin), [(2S,3S)-3-ethoxycarbonyloxirane-2-carbonyl]-L-Leu-(3-methylbutyl)amide)*

5. ALLNal (calpain inhibitor (CI-) I, MG101), Ac-L-Leu-L-Leu-L-norleucinal®

6. ALLMal (CI-11), Ac-L-Leu-L-Leu-L-methional®

7. MDL28170 (CI-llI), Z-L-Val-L-phenylalaninal®

8. calpeptin, Z-L-Leu-L-norleucinal’

9. MG132, Z-L-Leu-L-Leu-L-leucinal®

10. CI-1V, Z-L-Leu-L-Leu-L-Tyr-CH,F®1°

11. AK269, Z-L-Leu-L-Phe-CONH-CHs"3

12. AK275 (CI-X), Z-L-Leu-L-Abu-CONH-CoHs't1°

13. CI-V, morpholinoureidyl-L-Val-L-homophenylalanyl-CH,F*

14. mCalp-1 (No. 18), Z-L-Leu-L-Abu-CONH-CH,-CgHs-3,5-(OCH3),**

15. AK295 (CI-XI), Z-L-Leu-L-Abu-CONH-(CH2)s-morpholing!?1317

16. CI-XII, Z-L-Leu-L-norvaline-CONH-CH,-2-pyridyI'®

17. PD150606, 3-(4-iodophenyl)-2-mercapto-(Z)-2-propenoic acid®

18. PD151746, 3-(5-fluoro-3-indolyl)-2-mercapto-(Z)-2-propenoic acid*®

19. SJA6017 (CI-VI), 4-fluorophenylsulfonyl-L-Val-L-leucinal®

20. CEP-3122, CH3-SO,-D-phenylmethylserine-L-phenylalaninal®!
(CEP-3453 is the HSO3 addition of CEP-3122%%)

21. MDL 104903, [1-[(5-hydroxy-4-phenyl-methyl-3-oxazolidinyl)carbonyl]-2-ethylpropyl]carbamic
acid phenylmethyl ester?®

22. BDA-410, (2S)-N-[(1S)-1-[(S)-hydroxy(3-0xo-2-phenyl-1-cyclopropen-1-yl)methyl]-2-methyl
propyl]-2-benzenesulfonylamino-4-methylpentanamide®*-2

23. SJA7019, chloroacetic acid N’-[6,7-dichloro-4-(4-methoxyphenyl)-3-oxo-3,4-dihydro
quinoxalin-2-yl]hydrazide?’

24. SJA7029, chloroacetic acid N’-(6,7-dichloro-4-phenyl-3-0x0-3,4-dihydroquinoxalin-2-yI)
hydrazide?’

25. SNJ1715, (2S)-4-methyl-2-(3-phenylthioureido)-N-[(3S)-tetrahydro-2-hydroxy-3-furanyl]
pentanamide?®

26. SNJ1757, (2S,55)-5-benzyl-6-hydroxy-2-(2-methylpropyl)-3-morpholinone?

1
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27. SNJ1945, [(1S)-1-([((1S)-1-benzyl-3-(cyclopropylamino)-2,3-dioxopropyl)amino]carbonyl)-3-
methylbutyl]carbamic acid 5-methoxy-3-oxapentyl ester®

28. SNJ2008, [(1S)-1-[([(1S)-1-benzyl-3-(cyclopropylamino)-2,3-dioxopropyl]amino)carbonyl]-3-
methylbutyl]carbamic acid 2-(pyridin-2-yl)ethyl ester!

29. A-705239 (BSF 409425), N-(1-carbamoyl-1-oxohex-1-yl)-2-[E-2-(4-dimethylaminomethyl
phenyl)ethen-1-yl]benzamide®?

30. A-705253 (BSF 419961, CAL 9961), N-(1-benzyl-2-carbamoyl-2-oxoethyl)-2-[E-2-(4-diethyl
aminomethylphenyl)ethen-1-yl]Jbenzamide®

31. BN 82270 (No. 7), phenothiazine-L-Leu-2-hydroxytetrahydrofuran®

32. C-101 (Myodur), L-aminocarnitylsuccinyl-L-Leu-L-argininal dichloride3* (Counter ions (CI°) are
depicted as associated, but not covalently connected, objects in the structures).

33. C-201 (Neurodur), L-cysteyl-L-Leu-L-argininal®® (CYLA is diethyl acetal of C-201%¢)

34. GABAdur, pregabalin-L-Leu-L-argininal®

35. olesoxime (TRO19622), (3Z)-N-hydroxycholest-4-en-3-imine3®

37. macrocyclic aldehyde (No. 2d, CAT811), ((7S,10S,13S)-7-formyl-10-isobutyl-9,12-dioxo-2-oxa
-8,11-diaza-bicyclo[13.2.2]nonadeca-1(18),15(19),16-trien-13-yl)-carbamic acid benzyl ester®®

38. indole-containing 18-membered aldehyde (No. 1c), (S)-N-[(S)-4-methyl-1-oxopentan-2-yl]-2,
16-dioxo-3,20-diazabicyclo[15.2.1]icosa-1(19),17-diene-4-carboxamide*

39. dipeptidyl a,p-unsaturated ester (No. 8), (E)-ethyl-4-(2-(benzyl-oxycarbonyl-amino)-4-methyl
pentanamido)-5-phenylpent-2-enoate®.,

For the following larger molecules, molecular ID used in the first paper reporting their synthesis is

as follows:

36. hypervalent organotellurium compound, No. 11%2 or RF19%

39. a-helical peptide (Ac-IPPKYCELLC-NH,), No. 3¢*

41. macrocyclic B-turn peptide (PGALK), c*[PGALK]®.

Stick representations (C: grey, N: blue, O: rouge, F: lime, S: yellow, CI: green, I: dark red, Te:

turquoise, H: not shown) and 2D chemical structures were energy minimized and drawn by MOE

Ver. 2015.10. In the structure of 39 and 41, a ribbon scheme and/or hydrogen bonds are shown.

Abbreviations: Abu, a-aminobutylic acid residue; Ac, acetyl; Z, benzyloxycarbonyl.
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Supplementary Table 1: Properties of calpain inhibitors

Ki and I1C50 values vary substantially depending on the reference. The values shown here are from the references
indicated. Numbers (No.) correspond to those in Supplementary Figure 1.

Composition

per: Ki, lower: IC50 if otherwise indicated) (nM)

L 1 .,| Inhibitory activity (u
No. | Inhibitor Formula Mr | Year™ Mode C17 Cc23 papain |CathB™ |CathL | Trypsin|Others Ref.
1 Leupeptin CaoH3sNsOs | 426.56/1969 |R 320 430 - 6 35 plasmin: Ki=3.4x10° 15.20,
351 176 1.5x10° |27 - kalikrein: Ki>1.9x10° M40
2 E-64 C15H27N505 357.41 1978 | 800*5 - - - 248
1.0x10°  [2.6x10° [290 800
3 E-64c C15H26N205 314.38(1980 (I 960" - - - 3448
1.5x10%™ 4.4x10° |240 90
4 E-64d (loxistatin) |Ci7H3oN,Os | 342.44{1986 |I (active only after 4
hydrolysis (=E-64c))
5 ALLNal (CI-I, CoH37N304 383.53(1986 |R 86 192 2.2x10° (22 >5x10° |thermolysin: Ki >5x10° |[5194
MG101) 310 160 45x10° |- - MMP2: 1C50=2.19x10*
calcineurin/CaM: Ki
>2x10°
6 ALLMal (CI-1) |[Cy9H3sN30,S | 401.57|1986 |R - - - 5
250 140 3.6x10°
7 MDL28170 (CI- | CH2N,0, 382.46{1988 |R 7 - 25 >2x10° |plasmin: Ki=2.7x10° 646,50
1) - 100 - - kalikrein: Ki>5x10°
8 Calpeptin CaoH3N,O, | 362.47|1988 |R - - - Proteasome: Ki=1.1x10° | "%t
52 34 138 Immunoproteasome:
Ki=1.0x10°
9 MG132 CaHaiN3Os | 475.63|1991 |R 10 20S proteasome: 851,52
1.2x10° I1C50=100, Ki=6.9x10°
10 Cl-Iv C3oHaoN3OgF | 557.66{1991 |1 = k= 9.10
2.9x10%™ 6.8x10°
11 AK269 Ca6H33N30s 467.57[1993 |R 200 39 4.5x10* |6.0x10° 1,18
12 AK275 (CI-X) Ca1H31N30s 405.50{1993 |R 250 210 9.3x10* [2.4x10° 1.18
13 Cl-v CaH3oNsO4F | 407.49(1994 |1 - - ca.70% inhibition of 1653
~10 ~100 total cysteine protease
activity from rat kidney
by oral administration
(10.0mg/kg).
14 |mCalp-1 (No. 18) |CxHsN;O; | 527.62[1996 |R 940 25 - 1854
2.3x10° 22 1.8x10°
15 AK295 (CI-XI) Ca6HaoN4Og 504.63{1996 |R 140 41 6.9x10° 18
16 CI-X1I C6H34N4Os 482.58(1996 |R 19 120 750 18
17 PD150606 CyH;0,SI 306.12{1996 |R 210 370 >5x10°  [1.3x10° >5x10° |thermolysin: Ki=2.0x10° [1°4°
- - - - - MMP2: 1C50=9.3x10°
calcineurin/CaM: Ki=1.3
x10*
18 PD151746 C1HgNO,SF | 237.25[1996 |R 260 5.3x10° [>5x10° |[>2x10° >5x10° |thermolysin:Ki >5x10° |°
- - - - - calcineurin/CaM: Ki
>8.5x10*
19 [SJA6017 (CI-VI) [Ci7H2sN,0,S | 372.461997 |R - - - 20S proteasome: 02829
F 22 49 6.9 1C50>10°
20 CEP-3122 Ca0H24N0sS | 404.49|11998 (R 8 5 32 1C50 of CEP3453 for 22
- - - C1: Ki=15, for CathB:
Ki=15
21  |MDL104903 CxHN,Os | 412.49(1999 |R 33 z
22 |BDA-410 C26Hz2N,OsS | 484.62(1999 |R 130 630 - - thrombin, CathG, 242555
21 21 400 1.6x10° proteasome: Ki=1.0x10°
CathD: Ki=9.1x10°
23 SJA7019 Ci17H13N4O3 427.67{1999 |1 - - - o
Cly 7 64 1.5x10°
24 |SJA7029 Ci6H1uN,O, | 397.65/1999 |I - - - 2
Cls 120 170 4.2x10°
25  |SNJ1715 Ci7H25N305S | 351.47|2003 |R - - 20S proteasome: 8
86 190 1C50>10°
26 |SNJ1757 Ci5H21NO; 263.34/2003 |R - - - ®
700 930 >1x10°
3
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27 SNJ1945 CasH37N30; 491.58| 2005 - - 30
170 99

28 SNJ2008 C27H34N4O5 494.59| 2006 - - 3156
29 17

29 A-705239 (BSF | C2sH31N30; 421.54|2003 13 27 22 proteasome: Ki=4.0x10° |%257
409425) - - -

30 A-705253 (BSF | C3oH33N30; 483.61| 2003 27 62 149 proteasome: Ki=2.6x10* |%257
419961, CAL - - -

9961)
31 BN 82270 CasH29N30sS | 483.59| 2004 - Dual inhibitor for 33,58

>1x10° calpains (active after
hydrolysis of the acetyl
group) and lipid
peroxidation. Cellular
calpain inhibition:
1C50=1.33x10* Fe?"
induced lipid
peroxidation in rat brain
microsomes inhibition:
1C50=1.55x10%
permanent hearing and
hair cell loss of guinea
pigs induced by sound
trauma: 1C50=4x10°

32 |C-101 (Myodur) |C,sHsN,Os | 588.58(2005 spectrin breakdown (145 %

Cl, kDa): IC50=3.7x10*

33 C-201 (Neurodur) | C1sH30NsOS | 422.51|2005 (no Ki or IC50 data) %

- CYLA C19H40N6OS | 496.63|2006 Total calpain amounts in |
spinal cord homogenates
were reduced ca. a half
after 2 mg/mouse/day
administration. (active
only after hydrolysis
(=C-201))

34 GABAdur Ca0H35N6Os 442.56(2007 (no Ki or IC50 data) s

35 |Olesoxime C27HasNO 399.66|2007 i 7 mitochondrial 38,5960
(TRO19622) translocator protein 18

kDa and its ligand,
PK11195, binding:
1C50=3~5x10*

36  |Hypervalent CisH130Cl3Te| 443.23|2009 - k= k= CathS: k=2.0 x10° 4243
organotellurium 20078 7.9 x10° |9.4x10° CathK: k=3.8 x10°
compound (No.

11, RF19)

37  |Macrocyclic CoH3N3Os | 523.63|2009 - - - - pepsin and o- %
aldehyde 220 30 >5x10° |70 chymotrypsin:
(CAT811) IC50>5x10°

38 |Indole-containing |CosHsgNsO4 | 445.60({2012 - - a-chymotrypsin: 4
18-membered 42 66 1C50>2.5x10°
aldehyde (No.1c)

39 a-helical peptide | CgqHogN1,014 | 1321.67|2012 1x10* >1x10°  [>1x10° |[3.9x10* a4
(No. 3¢, Ac- S, - - - -

IPPKYCELLC-
NH,)

40 |Dipeptidyl a,p- |CHauNOs | 466.58]2012 IC50 for P. falciparum |
unsaturated ester growth rate in human
(No.8) erythrocytes=5x10°

1C50 for HelLa cell
growth=3.5x10°

41 [Macrocyclic B~ |CaoHsiNsOs | 622.81/2016 (~50%) [1.7x10% |(~10%) (~100%) =
turn peptide -

(c*[PGALK])
*1: a year of the first report for synthesis or discovery; *2: a mode of inhibition, reversible (R) or
irreversible (1); *3: C1, calpain-1; C2, calpain-2; *4: Cath, cathepsin; *5: for chicken calpain-11; *6:
a rate constant (Ms?) of a reaction, E+1>EIl (E: enzyme, I: inhibitor); *7: showing in vivo
inhibitory activity; *8: for P. falciparum proteases; *9: relative to inhibitory effect observed for C2
under the same condition.
4
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Notes for references

In the original report, leupeptin was shown to have DL-argininal; however, a later study®! showed
that L-argininal, but not D-argininal, has a strong affinity to trypsin. Thus, the structure is shown as
Ac-L-Leu-L-Leu-L-argininal.

The original report was by Saito, M., Higuchi, N., Kawaguchi, N., Tanaka, T. and Murachi, T. at the
4th FAOB Congress in Singapore, November 30, 1986 (Abstracts of Papers, p58).

1118The AK275 was first synthesized as a diastereometric mixture (called CX275); however, since a
later study’* showed that the L, L isomer has inhibitory activity, this active structure is shown here,
and so are for other AK series inhibitors.

18T his reference described synthesis and the effect of morpholinoureidyl-L-Leu-L-homophenylalanyl-
CHzF (mu-L-hF-fmk, P34089), but not those of Val (mu-V-hF-fmk, i.e., CI-V). Since the described
method can be applied to mu-V-hF-fmk (CI-V) and no other reference describing the synthesis of CI-
V was found, this reference is cited here.

2"The original report was by Inoue, J., Cui, Y.-S., Sakai, O., Nakamura, M., Yuen, P.-W., and Wang,
K.K.W. (1999) a-Substituted hydrazides having calpain inhibitory activity, in Proceedings of the
FASEB Summer Conference on Calpains, 1999 June 20-23, Breckenridge, CO.

%4This reference did not mention about the stereochemical analysis, and, thus, the structure is an
estimate from those of L-carnitine and leupeptin.

%This reference did not mention about the stereochemical analysis, and, thus, the structure is an
estimate from those of L-cysteic acid and leupeptin.

3"This reference did not mention about the stereochemical analysis, and, thus, the structure is an
estimate from those of pregabalin and leupeptin.
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284 Y ORI - RYEENIE P OB E
N VBB, VoS4 Y ORRRE L BHEAGRE O BILR,  BHE R FAE R b 12 2 R AR
MhRHe Y bERS L, HEAREOS RO ZZHET 5.

ZRITT b roTE&, AKRETIEAN

X, ZOWHRFEANDOFTRND) BTHITHHDR > TV DD
T, iR, EwaNS, B EENRD T, A
VDAV XY =T - F RS EnIELH L, £
DIZOIDE ) HRHZD L L OEENECR LD
LN ws, o0 OTHEAD ‘EEHE # st
TWiE &z, BREOEE L, HEHZ & 05T
R EOBHIZOWTIZEELZ2DOT, Thbico
WTIRIRE DRI 2BHL TV 5 30 Th
5.

2. ZHEICIIEEDIH B

VIR V19644 (G SCHRIX 1963 4E7 H) 12H)
THE X NZY. B4 A, C. de DuvelfiL: 2390 T —
F77 V=) BEEMSDI1X 196347275, K& L
HH S NIED 72 D1E 20164 7 — NV A FA: - BRFE I
A2 KBS B SR C o3 T & JE B L 72 1990 4
RUBETH B, T/, 7uFT7 V=L LhANN—EPE
HEHH 180T SN LEEZEZD L, A
YIIHBEMRWIHIREZHOMBAN T T T - E v
TENTES. L, ALK T [H 3
A 7] L) BRI — SNTDIZI914ET, ThFET
ANy AR T 0 77— (Ca’"-activated neu-
tral protease : CANP) Oftl, H Vv 2 fkffE7a 577 —
£ (Ca?"-dependent protease : CDP), ¥ F —-¥ifih{bLIHT
(kinase-activating factor : KAF), )V 3 w7 N ARSI 5 A g
BINT- (Ca®*-activated sarcoplasmic factor : CASF) 7 & &
HADANISA YHREDVITHRL T (L HDEETI
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HDHH).

[HN84 V] ) BN 2 X - T19814F
WCELZENDDY THDH. KA —REHEOIL=D
FEIZ b1 > b D5k T )V T calpastatin® (H V734 » DPAE
PR REESY Y878 B) 2FETHwOE, Z2C
A HIRAE L T “calpase” (44 idcalpain TlEho72) &
AIFEL, RASY—IlhSbEREMBIHLALVW ) H
REVWE COPHMEEAESICLVRREhTwsY. L
ML, ZEI0ERELSBAIRT, Z2LTEERBIIZo0
G, IS A v ECANP & BHAFE L T izhic 2 nT
F, BARB LI 2EHICEGRIY 20TV
7EE7wv, RA VML, 9, SRS L7
CANP &\ 9 ZFRT, 19774E 128 AR A% [CANP IZFHE
T ERHNL VAT, vy 7aTrT7—X¥EEILN
b1 LFEL-EIA, LS [EHEFLICSHE
DTN O L TIEHEANOMRZT S VAT 4
Y7aF T =B EIRRARETE LRV LT CIRZFOY TR
s, LaLlbo&db Bl Mg EHEFH.LoR
ENZIEHKI 100mg (FEH A 50~60 KL A & o 45 L2 Pl §
%) OBMZEVPLETH Y, FEBEIZHESNZD1E 1983 4F
DZETHo72% LIHH, HtoR\LE [H L
AV ECTD [HWV] XL R EDTRATA VT
077 —E%ET an” LOEHETHYY, YAFA 70
FT7—EBEIERRE TRV E VS TWARAD, 19814E
DWET [N, V] OFHEEYD I L722 L1, S
TNV =T HhOIRE LR D EHPES v
ERIzDIITHoTz. 0%, 199046 A D T— ¥ 435k
THEMBO—xEwm L, FE10 HOEsHluNS v 78y
BRI % EBR 43 (The 8th International Conference
on Proteolysis and Protein Turnover : ICOP) C, in vivo T®
WAL EFRZN M, mM LX)V D Ca " 2 B L3 5 21
DEEF L LT, wh V8L ¥, m-h Vs 7w ) BN
B ICIEIC B s e, REKR SR EICTI—-Fra
ROBERHCH M T 2 S, AN L SRt
201044 H & 20164E5 HicEhendi L 3z, 5 TIER
FETHNISAL VIOV THIEEwE XD ENTWLE I LT
H59.

ZOHBYE NN L OFRLR K AL Y OABTLIE
SAREAED o728, SlEBEENo0HD (LEHIIE
LTwb). #iTd, HOZBPROIIE2TFTas L
L&, BhOHED RABTIIEZ SR TIE, A5
I w (7259). FFIZEWELEIX (Bok). 5D
Peter L. DaviesTHi-L o 7 v —77 & SARE+TSE N4 Y
@ Wolfram Bode i+ & L[] 7 )V — 78 L HPE L2 H
WoSA Y DONARRERE D E, 20134ED 7 X 1) A FEERA:
WEige S 7 7 L A (Federation of American Societ-
ies for Experimental Biology Science Research Conference -
FASEB SRC) IZBWTHEHEEBED I v v A %247
WHEEFRNORT. MEPIhEREBESELRL, K
L ZDOMABIHES. KEEWVWH &, HEDOHI VIS, VB
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BROWERR (A N84 V-1~16% F AL Y 4) 1, WekEic
MLUWOLN-L ) RELT, BrobtEaeTEdsb L
L, EOSELHHT S & v ) BHEEO 5RO IEA#C
HloT, —H FEL IS V25T 525G 0880
HEEEH WAL E IR TIELWEYE L Tn5.

b9 —HKRFLZELEELT, AN%4 Y (CAPN) Ewn
IFTEERLTBEV. IRNLWEEHIC X - THIW
IR 25, I TIEHEMIS, b NISL Va1 (u-h
VIR A ¥, uCANP, u80K, IV 84 U], CDPI7: & LI
ENTW7z) OfiiE ¥ X 4 VIHEZISHFEPED B % EEHHH
BEATLHEETED, £T5. COFXLVIE, TAY
# NCBI (National Center for Biotechnology Information) @
CDD (Conserved Domain Database) |2 “CysPc” (fif DWE 21
EZIZHRLH AL A%, Cysteine Protease domain, calpain-
type L Vo 72K UA) L LTEBRINTVWLEF—TTH
5.

T/, BERLLTOEEZHEIILTWAWT LITHE
BFELTIELWY., FEIX A8 v ofiZmEE Rz aw
LEZOND TR, BHELL Y 72=y M
BLALOUFEMET S, [HN4 V] w4, 4§
AMCIZ R CER SN AEETEDZRL, L LaDs
B, RN A NISA Vo1, 20 X5 IS B EE, RN
TORKROHEZFFOH D (=HEEDODH % b D 7% 5 intact
GEER) RS, —, BT =y FRARKOREED
AL D DOV TIEBETHAEHVBRTEDE LT
CAPNI, CAPN2D X 9 IZIES. R L THLDIT AW
A%, H V84 »-1=CAPNI1+CAPNSI (CAPNI/S1 & & %
Ft), A IS4 »2=CAPN2+CAPNSI (CAPN2/S1) & 7%
5 (EHH AT UOREIRT, CAPNSIIE, M@0
HEr 7= &, K1).

WA DA N8 V-1, 2B X OCBEO A VISL Vo1
(BWNEAH NN v E20hHRIEE 2 bhTwiz) (1,
HNSA VIR DORIN I b X fET S 72729, con-
ventional (EEHERI) H X4 ¥ EWHEN S, ERDAMNTT
~C unconventional (FEELHERY) A 84 & s (H1).
DT Cid 2SI IAHER 2 e L LT, kD M X4~
W& % HS D V584 ~ % classical (Fr#H) A8 1 »
LIPS, SO IZERMEHICL 2B DT, FEEEIZ
X, HHAEL A VXS EEIC L2 RwE ST, &b
EBWINZAFEL TW B H V73 A ~idnon-classical (FEH i
) A8 A YOCAPNTTH 5 (k). DiiiE, 7v7
4V FF—ECIii>T, HIH % “typical”, FEdr il %
“atypical” & I: A T\ 7225, atypical ® J A3 I3 19 1A AE§
LHDEBMLWEWVS Z LT, classical/non-classical |22 8
L7-.

3. A=N=T773IU—=E0LTOHILINA L DIEE

WHLE A Vo8 4 iE, NEWa~NY v 7 A, CysPe K
A A4 ¥ [PC1B X U'PC2 (protease core domain 13 &£ UF2)
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t k(Homo sapiens) B (x 1’(‘)”35’

1Z#5(Conventional)/7) L/ N1 >/ . <CVS”C>F><’r > PEF(L
S Sn
OAPN (.01 soppst - calpain }-y_‘s’ﬁ"c‘z‘“-—-* 80
(CAPN1/S1, p-calpain)
“Gr_(MEIN

CAPN2 (mCL) ,capns1 = calpain-2 28
(CAPN2/S1, m-calpain) PEF(S)

. R CAPNS1 (30K), CAPNS2 (30K-2)
FEFZZERY (Unconventional) 5 822! (Classical)/7/L/ V1>

CAPNS8 (nCL-2) sn PEF(L
CAPNS (nCL4) } o M ENN 80

CAPN11, 12,13, 14

Cys His Asn PEF(L
CAPN3 (s94 calpain 3 O rern@E ro - EEEm-TAT T IT 9

FEFZZERY (Unconventional)JEH 823 (Non-classical) 1)L/ \ 1 >

CAPNS5 (hTRA-3) CyslLys __His Asn Pé;

CAPNG (CANPX) PO PC2 D 75
Cys His Asn

CAPN7 (PalBH) =it MIT—{ PG PC2 (RSB ECESYE 93
Cys His Asn

CAPN10 (calpain-10) - PG PC2 GOSN GEESED 75

sn
canissory O I O PC GISORID 120
Cys
GAPN1 (demi alpan) e BT {10 @3- 190

BENBEEXVINIEAIVISAZFY

Dom?in: XL L 1 2 3 4
Region: A BC A BC A BC A BC

CAST as—T{ITEITENITIITED 90

{FIMW% = (Schistosoma mansoni)
Cys His Asn PEF(L Cys His Asn PEF(L
Smp_157500 (Sm-p80) PC2 PC2 180

<277 [RHR(Plasmodium falcipa//rum)

His Asn
Prcalpain / S — o —@m— 230
NJJN/ YV —<(Trypanosoma brucei)
CIpGM6 >70 GM6 repeats

Cys GlnAsn Gl Gln Asn
e e DD ke vz @@ 520

771K (Aspergillus nidulans), £ E B2} (Saccharomyces cerevisiae) [EE]

Cys GlnAsn
P —
e —{-ang

Cys His Asn
PalB/Rim13 {5 o W@ 94, 83
B % & (Porphyromonas gingivalis) [{i&] Cys Hishsn
Tor —— e v 55

K1 AL DR A4

WA V-1 &-2134 % CAPN1+CAPNS1 (CAPN1/S1) 4 X UFCAPN2+CAPNS1 (CAPN2/S1) OAF 1 &K T
Y, TEHER] VL 2 eFEh s, ZhUANE [IEER ] Th b, /2, EEMA LSS ¥ LD F 2
A MR 0% [WlH], ) CTrvdoz [FENIEM] LR ZZIRLze MU O A L84 » T
&, Smp 157500 AW MIITH 5. P falciparum & P gingivalis L \Z 57 W3 Va2 FhEn—2 LRk
WS, S. mansoni, T. brucei, A. nidulans \3ZNZFI, IR L72bDEEDEITT, 18,28z T2HT5H. C2:C2
domain, CBSW : calpain-type f-sandwich domain, CysPc - cysteine protease domain, calpain-type, GM6 : GM6 antigen re-
peat unit, GR : Gly-rich domain, IQ : calmodulin interacting domain, IS1/2 : insertion sequence 1/2, MIT : microtubule inter-
acting and transport domain, PC1/2 : protease core domain 1/2, PEF : penta-EF-hand domain, SOH : SOL-homology domain,
Zn : zinc-finger motif.

D Dh 5% b ], CBSW (calpain-type f-sandwich) CAPNS1 & W) FED WSS VBIET W %7 2= > b
A 4 ¥, PEF (penta-EF-hand) K X A ¥ &\ ) #iik % ¥ FFD. CAPNS1IE, NEWIZZ) ¥ D7 5 A %5 (Gly-
D (K1), ANL VABLO2@FANTFT U RBATH Y, rich: GR KA A ¥) %, #PICIEPEF KX 4 Y& 5H, iF
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W 7a=y bOREMICHFEGT L. $72, BIEAET
% H V84 ~-8/9 (CAPNS/9, G- V754 v L HIFR) X
CAPN8 & CAPNI DT U 8K TH 5. ZhLsto s
ISA EMEAEEDSA DT, ENHERTHEDE LT
KiLTDHIEPHEF LW, 7oL 2iE, A g v 38 h
754 »-101%, CAPN3 X CAPNIO Z MY 72 = v M
ORBWHEETHY, TOEKIILEANHETHH. £
D7z, AHKIZCAPN3, CAPNIO & EilTRETH5H. 7
WA Y32 LTI, invitro TIZ CAPN3 D & € Z#Ak
DU REMEARIE SN T WS 25, in vivo TIZRIERTH 5.
E5I, invivoTRIRTZF ¥ (FAF U EBREND)
EDOREIREBTHIEL, 2% < &b invitro TIZPLEIAD
(platform element for inhibition of autolytic degradation)? &
MELTRENRTIRE, MELLTOINVIS, Y 3D%
IR S & % IR DBLETH B.

v MIIZISOANVISL VBIZTFBEEL, BEOER
WAT T4 ABGEY ZFOBIETHH D720, S0LE
DANIS, 2 HDPFFAET B, & b ORI A L3
Y IZIE CysPe @D 9 HIE AL D Cys R IER PC2 % 2o T
55D T S (K1), EAEWWIE, A5 S Vi
FIETRTOEMEY &L —BOEMEWIHFRET 5. €L
T, CysPc KA A VITHAGDLENSEF— 7 OFFIL 40
Rz, TOHIZIEIMIT (microtubule interacting and trans-
port) EF—7, Zn7 4 VH—FF—7, LEFF UHEE
(ubiquitin-associated : UBA) KA A ¥ 7% &EHAEAET 51,

—Ji, AN Y DOHALEER DDz T, AU
LREOAPCLODDH D, ZORIZLZHOLLT, LK
WowTH, WFEEEE (Saccharomyces cerevisiae) X237
VHh Y (dspergillus nidulans) 21X CAPNTHREQ 7 TH 5
Rim13/PalB DSEAET 5 DIZ, 55 Z2iEERE (Schizosaccharomy-
cesl& 5 S. cryophilus, S. octosporus, S. pombe 3 & U'S. poni-
cus) 121X, ANSA VEBIEFVPFIELEZVWI EDHITH
N 4. Riml3/PalB LS. cerevisiae R A. nidulans 75 4= F B 5i

F1 FHERim101 RS T- &, AEWTOF VB S
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DT NA)UNOEEZEE L THEAET 272010
3T FMEERORERE S & LT, BB IR T Riml01/
PacCx7ut ¥ 7 - {HHLT AT ENHMOLNTVS
(§§ 1)11).

INLDY T FIMEEREWNT 500, SRt
b—HIZOoWTiE, HREERE, 25123 MIbA vy
O NEELTWDS (F1). S cerevisiae R A. nidulans &
FBOpH 2 KT 5 Y 7 FIVEERZ L MAET S LR
FEZIT VDS, GRS A TV A RELEH 2725
9. F72, pHEALUANOEKICHIET 5 -0 Dfni#ER %
INSFLY TP L TWAIREELH S, WTFhic
LTd», ORiml13/PalB DiEMEALIZIE, Rim20/PalA (43 F
NEWGIZBRO-1 KX £ ¥ v fiiEaFio) L OEAGHRIE
%, BLOZENEAL72ESCRT (endosomal sorting complex
required for transport) [Eifi%% & DM EANEHALETH %
Z L, QESCRTRIIHAF 2O MIED FTHRAES
NTwsbZk, @ FCAPNTIZBIL THBRO-1 KA A ¥
5 YN ETHDHALIX L OB HE S TnB P
CEMS, B NTOHSMICEEENLDNS HIRFESI N
VIFMRER L L CEELEREL S TV B I REEDTE
V. — BT, WFRELE E FIRRD AT BB LA DRI A
BEEZONLGRBERD, @, A4 VR LTHEE
TWIF5D7%, TOZOHMAZHY 72nbDTH 5.

4. AFBENEI_L

H NS4 202D WL IEH MR & H R oW 5 o 2k
VAR SE RN TS, K R A A CEREER D 1
H7 1=y PON-CEKEHIAN, E5ICHIEy 7=y
FOCHNEEHHTANEIIBIZELLEATY S (R2)
HIVEY 2 VOCP MEGEF—T7E L THARER N Y
KEF—T2HOEHTHPEF F AL VIZHNIAL VD
ClZ KA HDON T VB EEZ LN TELD, FEEIZ

3114 S. pombe S. cerevisiae A. nidulans — H. sapiens g
HRaAL > 7 F v % B (o-arrestins) *! Rim8 PalF (a-arrestins) ¥ g-arrestinfk ¥ >~ 7327 &
SPCC1919.12¢*>  Rim21/Dfgl6 PalH (7T™M) *! TGS 5 82 Y
SPCC1739.10 Rim9 Pall —* SUR7/Pall €F— 7 ZHO 3 MEH M & > /%
78
I 325 5% Vps32 Snf7 AN4240.2 CHMP4A ESCRT-IITH§ 5 % 53
ESHRESK o7+~ SPAC2G11.05¢  Rim20 PalA ALIX BRO-1 FA A Y &FpOEY; 8 87 ]
7 - i _* Rim13 PalB CAPN7 Ty 7 —¥
—* Ygri22w PalC —* BRO-1 KA A > % vy Y
TV A ) BREEEIGEAT#E (Zn-finger TFs)*' Rim101 PacC (Zn-finger C2H2 Zn 7 4 ¥ A —WzBRfIKf, 7at
DYRE. TFs) *' VU T RS CTHEELT S

ESCRT : endosomal sorting complex required for transport, TF : $x5 3R 1-, T™ : BiE .

RSSO0 FAEED ), WSS B 0FARE SN TV R,
BRIURTF XN AL v x2E.
RIS BT AFIEL e,
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7O 77—t
(CysPc) KA1~
Cys His Asn PEF(L
e W
~or (MEII pc2

CBSW

PEF(S)

PEF(L)

2 AV’ A v oSTARKEE

CAPNS1 (30K)

PEF(S)

BN V2 OREWALIREE (fE, 1KFU) B X UG LIREE (4, 3BOW, CAST, Ca’* & oSkl fhifiil) oLk
EEY)ARY (CASTHBIER—NV AT 14 v ) BAK+RMF W L Y /R L7z [MOE Ver.2015.10 (Chemical Com-

puting Group Inc., Montreal, Quebec) |2 & % #i].

FKIFFIIE D £ ) EPCIOEME 2 ) A ZTWiRW),

FX A Ofd1E LR EFoRXE —FLTwd (N
CAST - calpastatin, CBSW : calpain-type f-sandwich domain,

GR : Gly-rich domain, PC1/2 : protease core domain 1/2, PEF : penta-EF-hand domain.

7= NOPEF F X A Vidfiltlit (CysPe) F XA
UHhLRRLENTHELTBY, C'OMEDAHEC
FoTHIFLEALVAREELZLSE RN LWL 2
L o7z K512, CysPe KA A YDPClLEPC2E I
I3 FFODC " DPEERET LI L, TOREIZEoT
PC1 & PC2OREDZALL, EEHLSWO TR E NS
Z LB LAz,

W) &, Ca A CysPell A L TV AR WIRETIX
PC12 DECEDSBI VW /ZIRFE L 22 ), GO S LR
W2 DATEE R IREEDHERF S T B, LSS i, M
AN L TB O & 37 E e vwoTHHHEEM
T5ZENRERTD, ZOWEMEHIIEEICHE S L5
VERHLEN) ZLERBLTWEDRES S . Ok
R 7R fEBRBA IR BRI 2 T, MBIC D, 100% D% H
T2 IFIEAEBNICEVC IRENLETH D, W
HLDPRFESEIAHIMELTEY, fExdiEosy 8
TENBT 72 AL W, FERINHE S X7 H VSR
ZF VOB RAAIELTWD, HRETE, “HEOREKE
Ao Tn5b.

HNVISAZ T (CAST) & DBEAERDOWEMER A V34
v2oovifhtgEE (K24), ThbbEHEINHEE %
ADE, TANWRL URED L) IHEEZBEL TV L9008
X< bhb. CASTIZEHF, WHAHEHTRWZSN LN
DHNINA T HRRWEAE Y 237 ETHY, o
Tur7—¥iE—UHELLRVY. W{ODRDRAT T L AN

VT Y MAMFAET A, FEAREE IO O R LEIET
HO, BAWIGTOININL v 1E2% (BLDOENL
HHD) BoMOKTHETZ (K1), ZoMi il
V24 > D CAPN8/9', CAPN9/SI*, CAPN(8),2" & FH%E
T 225 CAPNIIWZH L CIEIEFICIWEREZR-TLE
WESKHETERWR. $72, CysPe F AL V7212
L 72CAPN1 (3 = CAPNI & IER) I Ca? " KFER Cys 7 1
77— CHEEE RS 575, CASTIC & 2 [HEADEZ M
Z13THRo TV D 16D,

CASTIEHE T TS E DR L & b R WRRAEN Y ~
2% 7 & (intrinsically unstructured/disordered protein : TUP ¥
721XIDP) T, Ca¥"#E I X DIHMHIRRBIZ 2 5 72 L%
A e, BYRLEBRNICERSINSL ZDOORSIA, B, C
(1) cEhEnEEY 7 2= I PEF (PEF(L)) KX A
¥, CysPc KA A ¥, filf%7=2=v hPEF (PEF(S)) K
A4 VEMEEHLTWS, 2 ORI CysPe DIEPEHLIMT
WAL BT AEERE A (induced-fit) 2SR 0, —Ef5
o) v 7 A&k UMD S 50 L FKEC, £
DF F TR LEHEMLTLE)IRTF FiEED &
) LWEEE B LD, AL VTN E Y T
B —VIZKBINV—TOREPHRI 5. EOFEE, 7w
NA Y EFSObEENE IR, WhEEHESK
5. 3EHIDI B A, ChRRESETHHENEEL RFT 5
728, PEFNO#EIL, BAEEEOZEN L RO LD DD
WA TIE 2w,
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R3 Huiqf r2 B (CAST) & OB

<« BFH5 (AIH)
— BEFEA(FH)
«— BFHE (FH)
i FEE/EA EOBFIE.
: Le 627\ i
o (PAO? ,A_?g@ EHEEREA),
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O BH7s /B
O Bb7=/B

O taiitr= /B

O Bkt 7S /B

£ SEEEORT

B EEBLE L)
(> EEB L B
— ETEE I

FHTRILF-
(kcal/mol) &3

BNV V2 DIEVEALIRE O AR (K22, 3BOW) 205, CASTZ 3 & RALT, P10-P10'12% 72 % 5%k
EANSA ORI OMEER (ETFREE<45A, AV F—<—05keal/mol) %BEXIWIZE L7 (MOE
Ver2015.1012 X Z3iH). 1 ZEAEDHNISA Y HORIEIZCASTD Ny 7 K=V EFICHEEH LT 5

—7J7, CAPN3 & I = CAPNIACASTIZRHE SN AW
L5, CAST & CBSW K2 A ¥ & OMEAEHOEEN:)

BEN5bH. CASTOMED S, P3B X UP5 LLHT O E
(LB AE D3 SNKIMO T I 2 W% Pl, Z D% P2
L, WiCCeKRmMoT I JEEEPL, FOHAEP2 L
I-5) X CysPe 2> S I1E A L TCBSW F A A » LAHEAEH
LTWwb7e®d, OGP EETHRENZHEICLEL
g &b (M2). I = CAPNIIZIZCBSW F X £ ¥ Af
EEF, CAPN3 TIXIS1 & W) I ABHID 72812, CysPe-
CBSW F A 4 ¥ OO BRI O IE A L 28 4 2 &35
o TWAREMDH B, FDOCASTIZI NS Z [lE
TE&RWVWDESY.

CASTL DB ERDVAEMEENSHL PR 572H 9
—DDRERIE, I NVSA YHIORTREO T I B
BIET LI EACHEMEHL TR, L) HTHA
(B3). CysPc, CBSW F X A ¥~ LM HAEH 5 CASTD T
I BB, ZIBTRTHEHINIIAL U H S AR THMINAL
BLTBY, AWy EEEMHEEH L TWRSDIERT

F FHEBOMHE, BEEFTH-727Y, Zhiud, A
A G BERREIFAET LI ST (72 21,
HHIEAY T BFITBVTIE, —EDOSMETIREEED S
TR AAFAET B), %E@?E/@Rﬂﬁ%%%&w~
NWHRRNZZRE LV E W) BIR () ORERZ2BH & 7%
5. TOHT, HBITHPITP2HAL (CAST TldLeu) DM
Z, RIS HIAHPATH VNS VTR O E T & B
KB Z LCTB Y, #BEICHIESI NAREIRD S
N2 L DHNIXA ¥ HEFR DS P2IBALIC Leu T 7213 Bk
W7 IV BEFHOZLLEDBTH LRV

L2 Laehs, P2l s oBRMEMEEHIZZ L O
Clan CA7 a7 7 —¥ [2934 Y RCysh T 7V v (AT
TV VDR TCys 7T 7 —¥TH LG TH) ok
R, MEROPS (http://merops.sanger.ac.uk/) (Z3B1F %7 F
F—EaBkicka] [T 5720, ThHBHELT
LE). 4bbBIRTIE, [H0N 31 YIEHR]
N5 b DIECAST Z B\ TR THRREICHEDY D 5 & v
bEBEZBV. 20, WA VIHEXORREEDR L
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EVI) I, WO DILFEHEE B EZIAATIE
RENTED, RETIE, WL ODOHERMEALNTY
% (k). HELWRETIEDH 5A%, CAST &\ ) Biiifif
BEVHAET DN, RO OGHER 2 HETIE % <
WD B3T3

5. EERREMICEImMEEIH?

HNSRA X BIES RIS R h, BE
BEAE - B2 451 - T AMEEZL25F. w0z 3
L, AW VIEEV 2L = Tu T T —ETH L0,
ZFOREIENE, Thbb, AL YHEUTD" Y 8y
Ha Lo TUWT 50, LW EHRIEI VS D
EHEORETH AH. WEIE, ZNBLrRhrBIRTE
v (MR X9, Z2bZEL N, VM EIZEA
EARTWRW) ZETHDHH, i, FLOHIEIARZ
TE&7 FEB, A v oIEFERYEOMIEo R IEE
{, EOXHI %y vV EEYGWIT 55, Lwvw)T77u—
FUHHF 0 220 S OYIWEALECHIFNT 2, S 5127
FA VALY M X BRI (72 & 2 3 ARR A 2
THH R R W20 BMrbh &2 Lil, &
NS IFEER DO P2IZBAMED 7 I VAR Z W E v
ZEULRICH. o 72 RE D25 LTy, —J, e
Dav¥a—F LEPHEREOREEY, T T —¥
WFIEICB VT HBMEE L v FEMPEH SR TETW
b, RTPFFIATIT) =% ERFHLT, A4 2D
FERHF R L CTH WL O DA S, LI
THEBOIERICE S TWBE Y 72k 213, foxid, Y
BHIHED R TF K7 LA % o 7258 8 006 P 75 A1 BE

T2 AN I 8F—

(quantitative activity-structure relationship : QSAR) fF#HTIZ &
0, Bt (BT 5 &Pl L7234 % A3EI I S
NDB0) 87.5% &\ B\l & FE O UMbz 7 Il #5 % SE 3
L7z BRIC, SEARREEAH S M2 EN TV AEAITIE, #
HILEIZB U 2 0WEN (047 &b —E) oFHlnsT
BECTdH Y, P2IT R TP B X UPA AR FICEHE T
HHEVH)ZEIWONE RS,

72721, invivollBWTANISA Y RE 5 V5 B
UIlrg 2R, 13EAEHER & SR WRTF N2 YT
FTHREBEIIFLLELZoTWSE ) 2, AL in vitro
THWSA VIHW SR 5wy 87 BRI, B3
L & invivo CHRIERICUIRT STV B LIZRS v, 1§k
M, AN Y ESE YSsEBED X ) ISHIEN
RIEETEh, BEY R0 BELTEDLI LbDEMA
fEHL T2, KW ZRCa IENED L 9 ITELT
L%, BEOEMAED (EbOTHEEEEZ SNDH) U1
TR T 2 2 EDLETH L. FREZ, A28 ¥
LWV BERDIEARW e ARy 7 %G 572012, Lidin
vitro BN RO 2 H NG T RETHAH. EEO
invivo & in vitro COY) LW OHEEN S, A VIS ¥
BhITHbIPRIZ W (RTW) 2tz (F15745Ww)
X/, By 2 EITHT LR, LS
Wby EBEoNs2d L. 728 21EG-7 8
JHEMFRE LTotkie () il 3IeT
SR AEBBEEZ R TI)IC Ao 8n DY, Ak
DOIER (KK) 25, ANNL rOTaFT—EE LToM
HicdiRE77z (BX2) ond Lk

BT e BIETAR L MY 25 SCHK
CAPNI, Capnl gl FEPER RSB, MR 4 (in vitro) 103, 164)
Capn2 E{EE NN G B 165, 166)
Capnsl Esv il G35 167, 168)
CAPN3, Capn3 TN H WM By A a7 4 — et 85, 87, 169, 170)
CAPNS, Capn5 FE A LD TR 90, 95)
Capn6 FATHGA, el FEH WL 139)
CAPN7 13 A O np* —
Capns8 FICEW B i 19)
Capn9 EXM=) B 19)
CAPNI0 1EE A EDOMN 2 FUE PR 55 161)
CAPNI1 FITHH np —
CAPNI2 FICEBE, B fE 196)
CAPNI3 1T A ORI np —
CAPNI4 FlCAHE TP SRR A 5 96)
CAPN15/SOLH 13 & A DN np —
CAPNI16/ADGB/C60rf103 FITH 5 np —

CAPNx B L U Capnx i34 & &, =7 ZADBIET % RT.
np ik b, Y AMWMTTED FEHWEN L.
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6. HIWNAUHPEETEEEEEBE MRE LGMD) 2A% (LGMD2A), HHe B L AE 5
PERY TR I AE  (autosomal dominant neovascular inflam-
HNISA VG T BRBITRD 3@ TR S 5. matory vitreoretinopathy : ADNIV), ffiE (ichtyosis), &f
(D& tOEEHERI A V8 ¥ OIEMEDEREEORE IS5 YRIEERVE A %5 (eosinophilic esophagitis : EoE), i#{nME:
550, FREEMERE, O - HEE RmERE A FEPERFFRIE  (hereditary spastic paraplegia : HSP) 7 &,
A, BRRER L (3) ZFAE L - R VEBE AR & 7 B, DO F § kG
Q) NI VIR T OWREHERIC L > TR 2 #ix FET, E MDA NISAL Y HDEVIZHED A VA VD
P (AN g 78 F =] LIFIENh D, R2). K FARDEAAR B LICWH B D, <5 )T, MY
WY A b a7 4 — (limb-girdle muscular dystrophy : NI —=<E, VA MV—=< ({EMWR) 5E AV

K3 AN YHERI ORI T 2 WG Hoke, 20104 LK)
BHEDAR S NIRBET I FEE G

Wil w27~ (ERA A - B1%) L B i ik
ALLNal a7y F—7 4 )V A B3 &Y X n/a** 171)
(FEAR) CAPN2 172)
¥ IE X n/a 173)
ALLNal, PD150606 e N s SR A 1 X n/a 174)
ALLNal, calpeptin A X CAPN1 175)
Calpeptin IN—=F 2 VI n/a 176)
% VR LIE X n/a 177, 178)
FESEME SR A 1 R X n/a 179)
It A X n/a 180)
MDL28170, calpeptin B E X n/a 181)
MDL28170 oL B 1ML~ PR O CAPNI 54,182)
PR X n/a 183)
V— Y A TE X L. amazonencis 71 W34 147)
7 7 1) 7 MR X T cruzi 1 WINA >~ 184)
T A AE n/a 185)
EogEi X n/a 186)
Calpain inhibitor XI (AK295), #l R 4MIE X n/a 187)
calpastatin peptide (CAST)
SNJ1945 HCsEMEmN g - 2 S biE X n/a 188)
1 X n/a 189)
T n/a 47)
S 1 — P RE n/a 190)
AT o X n/a 191)
BDA-410 ~Hh FVatkIH n/a 192)
TR A X CAPNI 80)
ST AR 1 ERE X CAPNI 193)
WEEBKEIRAEE - 7 7 1 — A PEB)IREE X CAPN1 58)
1LHiE
Macrocyclic aldehyde H Nk X n/a 72)
(CATSI11)
NH-GRKKRRQRRRPP N o 3228 1 X CAPN1 194)
QPDALKSRTLR-coon
(Tat-uCL), PD150606
Dipeptidyl a.f-unsaturated ester ~ 7 7 X PEIININA V(?) 195)
Hypervalent organotellurium <7V X PEANWINA V(?) 145)
compound (RF19)
Sm-p80 (F#Lz ¥ v 87 H) YA MY —<IE X Smp_157500 (S. mansoni 71 V234 ) 150, 151)

*Ix] o, HELARICBWT, FER - RERICHERNZ RS L TCRIREEZA TS 2 E 2 KT.
*n/a  FEED A NN VA TREICRE Sk v,
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hE, BRI % &

INHOEBITH LT, ¥ XD RBREIES T iE 7 A
A FF, (DDIEEALEOEBICH LT, b bk
BA NS Y OMERPEREE R H S, T2, 2)T
FERRE G VXL Y OREREARED L B FNG AL SIS
JHHEEZOND., 20720, BIZTHEFEE ETZOWNE
ZIEHALT 5 2 EDEMOIBHETH 5 5%, WRIGPEALISH
WF BINE AN, YHERPENEEZOND. T2,
g oW EFEMRICHER Lz, iR Lol gt b Rk
ENTWDE (k). ()IZBVWTIE, WhbidNS, Yy v
SNIREEDVZLE N (S1FF) DANIIL VITHL
T(1) & RO BRI TS 5 & & bz, FER - MAEw
HEDH NS v 2 e LzRsks e ShTtn s,
UTTH5HL TSRS, HEHTELL AN, ¥
HBHVIECASTORIZTHE [/ v 7T 7 bddwIdEE
BN VATV 2=y 7 (Tg)] 9 A& w7 E%
1, R EMEICRE L ETIHEFICERLTHS. 2
2L, INOHORIEBHEANILERD &R & 7 572
W, TOF—=FOMPUITEEEET L. DT, £H757T
) — 2 RETHEBH T 525, KHOME L, HE
ETNVIZBWTRE SNzHER & GhbeTERIE L

1) BIVINA VEMICKZERER (MEEHERR, O -
HRE, A, RKHR)

HIVRL F, S OMBERER (TVyng<—
W, N—=F VUM, WRERE, RIBE) ITBWVT,
BERNTELTHESTSORE, 2L, TIVLYN
A —IORIERFICBIT LIV, Y ORBEIZES
2bok, BAETREEZOLNTWA L) THLHY, %
7z, BEMRBOWBE T, HEEETEDO—D2T
HHLSINE—F =7 VSV EF A4 = OFIBEICES L
THY, IS X053 B IEF I 0w
B UNRIETHLIEPHO N7, —FOT YV
WZLIS1 DR R ARRI A R 2 oA T 0 AR T, B
TIPS DLISI 2T TR Y VR HEPART B 720,
NSRS A2 & LBET AL EZONTWS. H
WA VRHER OBFG2 X - TLISI DA % i3 5 &
JERATEA SN D Z &nn, G EEYICREET S 2
WX, BEETFHTAMEIED SR TWS 7,

Z L OEE (BB LOEME) 1I2BWT, Ausgr
DGR & > 23 7 B OME 53 # 7% E12 X ) etk % B L
SRDLIEPIRENTELYY, T2, BIRFELETFT VIS
BT AN YOFEHAEB RN ZZE N TwE. 207
O, TNOLOPEHIITH LT, BIERHZP O AN, V&
YD EAEIRBIRHERMRE D 26T ElfFsh
TWRSN 272, BIZTRE~Y ZADOKBR, CAST
HRENFEBL Te < 7 A DHEARME O HAE & WG S 2R L,
DRI 7% Capnsl 7 v 777 b= AT A b L
XV EERE A2, WCIXEEETH LY, 72,
AL Y DF A L) — e IEHEALAS O IE R R O # 1

wWikic, 72L& ZIXREROREZB L TUETHLIL D
ﬂ_"\‘éhf\/‘zg 6],62>.

RIS, A IVISA V-CAST RV A DIRERF 55
LZEFEL Mo TBY, £ OWhE, HAOMEST
\Zff > TCAPNI, CAPN2, & %\ i3 CAPNSI @ &t Ds s
ENTWAED, HICCASTOFRME DB SN TWVG S,
T 72, VPAMMEZG & T LK AL N BRI P A A3 CAST
OWHFN X B2 AN Y 2DEHIZ L > TR SN D L v
D HEY 2, JEEHER 5 V8L v TH D CAPNI O B A
MRS B 2 BBZEBICHET 2|EGY 2L, Zofk
B QEVEDSDS A 2 ARAES % 2805 % %) e MR ARARA 1
WZoWnT, Rili Loob#HilzaMirEmshood
5.

H NS 2 HERZ BRBOERICH VLR A L EAT
HoH. UL, FXHNMSL LI ESRENR 2 Y
AF) Y OEENPHNEORR E %2570 TH 5. H—it
RIHERTH % E-64%, SIA6017 (45 )™, %% T
BT RBRR T & RO BHER] (BE=14R) 1200w
THRFEE 7V CTOMBEED A Sz A8 4 Y
EFOBFEEL L TCOFEMAET RS EVGHFO—D LW
5. A, ANSA VIHESEREEZ DN DIREE L
LT, BRTY YRR ARY AT 7=k EOMETE
UK D RIET 2O REMEYNH 5. ZORETIL,
AL YD FRTHAN—ERH T 7T v Hiktk LR
LB 8y avy sy vy HHSPTODFBEAET L
TWBZ e WMERNTTHL INOITHT LHUER
HWSA YHERICHAGDED L\, TR E
INs.

—Ji, T2z AMEH Y A a7 4 — (Duchenne
muscular dystrophy : DMD) 125 5 < # v 8 4f Y OHE IS
IVIERIPEATLEBLONTELD, REDTT A
EFNLO AR (T—=VFr) P —n—) EFLV7 T
DORERIZEBE, HNINL VIZDMDIZB W T 5
LTWThH, EFENETI2ORMBLVWI EARENT
WA 7272L, DMDDX Y7 AEF N (mdx< 7 A) R
DMD EH O EEM TIE, REEOEMLEMRTFENTH S
a-klotho DFEIAWA LCTEY, mdx <7 Al a-klotho & 5§
HELEHYAITT 4 —DFEIRIFEMEIND Z & H
ERNZZENT2™. aklothold Ca® T MEZ O E E 5T
BY., ZORBIZE DD NN, V-1 OBRIELEAL SRS 5
ROFRIEITKELEG L, AV, VHERNIZL > TED
FERDERMENDZ EBWOENERS>TVWEY, 2072
W, YA AT 4 —=12BW T aklotho & il 3 % HHl &
EDWEANISA VIERZFRTAZ L, KERRX) Y
b3 A 000 Lt .

2) HILISA JISF— (LGMD2A, ADNIV, EoE, % Dft)
LGMD i TU I O G 5 IS RER DS+ 2V 2 b o
74 —=TdhDY, LGMD2A I H R LEDOLGMD D 1D
ThHY, HRWICERLEEOHVLGMDTH
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20N 1005 N), WAZE, La=% vEk EFED
Wi T, %0 EVREES (50~10,000 X100 77 A)
AR 19954E, AT ICHR - THILT B CAPN3H
BT OERNLGMD2A % 5| X2 LAY Sh,
HIVISA Y ORERER D e MEEZFISEZ T, whwb
[HNINA ) I8F— | OBRMOBIE 72 5725 LGMD2A
Tld, ZLALDOBA CAPNI DAL L o THBY Y,
CHOZEJMOFHY A M T 4 —TIIEAERI A V8L v
DIEEAERDBEALIZ O Ao TV B HED & T LT
W TH5H. FDH%, LGMD2AY Y AETF IV (Capn3™,
B L O Capn35°15) % H\W72FERIC X ), CAPN3 XY
T 7 7 — EHEEE & IE M M o> Ca? B RE I 3 B
5432 edRENESY. X 5T, LGMD2A DA
CAPN3 Z [HE T 5 DO Tlid% {, CAPN3DOEEZ #Ein Tk
W ETRHEELZENUETHS.

ADNIV (& 8 JBE 70 & LB E % B EE 7 B M fn Mo
BTHY, CAPNSOEAEEETHEW L % o> T 5,
CAPNSXIFIZTRCOMBLICFIT 2%, PHEMZSRT
DREBHE N2 ADNIV Tl Z 1 F TIZ CAPN5 D Ji§
JEPEZE 5 & L CTR243L, L244P, K250N S 2 2 T %
23, 209 B R2AILIIHEEES R O BEIE LA TH B
CEDTRBENTEY, HEEMGEABOBLEA S b BRI
W, GEERIZ, CAPNS:R2L Z5Bl4 % Tg~ 7 AL, Mk
g AP ADNIVERIEIRZ 255 — %, Capn5™~
TREFLZRBAPBE SR TRV ZDTgw 7 X
TIIAEIR DB 72 2 LRI & S B s T 0 6B H)
MWRBO LN THB D, ADNIV ISIE O P HERE < Ml o etk
R T FUBREOIRERATICAER RET VT AL LT
LIEHENTWS. LX) ADNIVOEHEICIE, #E 4
CAPNSiEMEZHET 2 e AR EEZON L. HOIR
RENOIY MADNSE L% b —FT, CAPN5SDEM:%
BRI WA O L R T 5 S EAREE S b,

EoE (&, E4E, MFRMICHERMAME I NTVET
LUV —MoEbERETDH L. 7/ 274 FHEEHF
BTIC X V) CAPNI4 AR T O — 35 2L 8 ¥ (single nucleotide
polymorphism : SNP) 251 A7 RAFD—>2L LCHES I
729097 CAPNI4\Z, in vitro TIZIL-4 12 X o THHFE X
N5, LaL, SUATRBERTER->TWEIEDLD
D, HIVEHERTI o229 L, HEI
o> THHTAHZ L, EcETHRIHUDPEELTBDY, invitro
TRIL-BICE o THRAVPFEINDL I P 0 L
o720, BHEE TIIRERFE LT > 2 AWTH 52,
B A7 BOSNP T, FIENROFBEEIWH 2 T
W5 LW BEIBREWHR SR Z Twh. CAPN4DS T BT
7 =L LTHRIEL TV IREEICDOWT, BTl
BEICORRENTWD., ZDb, 5HOEEMETIC X
), EoEGHDIER L LT, CAPNI4DIGTE (HfE) %K
EF RIS B HERPAZTL s 5.

b hEfEEREE E OB E PG I N TV RS, H
Lo ke & DRI B VT H R R AT 5 CAPNS,
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CAPN9 b {EH IZMH T 2 ', BEETREY T A DFEER
X0, Capn8™~, Capn9™~, & %\ 1L Capn8-'71"S 1%, B
BRI 2 L) 7V a—Ib A ML RIC X B E BIER AS
BHFEIZE WY, F 72, CAPNS L 9l & 1KG-H Vv A
v (CPANS9) 2#TEH L TEBY, —HORETG-H W8
A OBRIZEZDRTLE D Y. §TIZ, & b CAPNS,
CAPN9 L 5 Z { OSNPA ST, Zo—iid
CAPNS, 9DIEEE b ESL"Y. 2F), THS5DSNP%
FOANTA ML AEH MBI OB H 5 W ielE, 2o
L L CTIZLGMD2A & RIS A v oj A4 v iR RIE -
BIGESHNTH S EHRBEENT NS,

T Hilt, CAPNIDSHEH RS BATRETH S
HSP D EE#E T (SPG7612H1Y) & LT S hi ',
F 72, CAPNIDSNPH L F B XA X OF{i/NMZEVEIE
W) Y7 LTWABIERWENE Lo TERZY (%
EXBLOTETVEY TOMTRERID, o ORI
BWTHCAPNI ZHised 5 2 LAY 2 iGE et Th 5
CEIRENT WS, 51T, CAPNI2 DIEVERERIZE B
AHBAEICRI ST 5 L W) b RS h . HENT
13 CAPN12 OJFREAE PRRR RIS AN C,  Mhoo i e B AT H1n
T RE NS Y AE—F —DABCAI2 2 &) DIEfi#EIET
(modifier gene) D FEMED BV, SHROMNTHFEIzNS.

3) AIWNACENUVERREE (PZUT7HOWARE
T)

FAERRHE A L BB VE 2SR 2
BWMTHD., FEITREZ LI, INSOEMITIZSHE
HNISA VTR, ZOWEMEREY: - AEfEIC
HYELRHZRILTBY, BiRAERERENE %o
TWw2 . PTFICRRZEED I B, bYISI Y =i
V=2 axR=THE, BIUOYVA MY =R, MR
B (World Health Organization : WHO) 2 & - T [ A 5
N WEGETR (neglected tropical diseases : NTD) | & 72 &
LN THY, MRATIRADEZE LD TWS, B
LIFTEMAZE T - HHEANEIOHT A 2 245, R L~
TOWURHI) MlA~O—Bh & LTHfF ST 5.

<~ YTIE T¥aIrITLy 7 AMONT W Plasmo-
dium falciparum \ZJEGe L7z 5T I X - THA S 1,
FEER, FIM, W EEDIESEI TR EERFAMIHRO
—DTH 5. P falciparum\Z7272—Fhd b Hh V84 » (PL-
AN NA L) MBS LTE Y, EFICLHAT
BB MIHEE (b b)) ONEZTE Y EPHLLT
HEEEDL720ICEHER AspB LU Cys 707 7 —EH
BiAgshTtsh)'™ choo7usr7—8iad 5
ERIBTE & P EE BB L SN b, —, &
ENTAEED A NN V1 OFRENZDOWTIIAWET, P

Jalciparum DWIHIZLETH B LW G, BXO, £

% JGEST 2851 25 5.
RNV =REBLP) =Y 2 = THER, -7
L V7 M Trypanosoma J& X° Leishmania B \2 & 5 & O T,
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ENENEEOREDNED AH. I d BAIC X - Tl
SN, 72EziE, 77U AMERREE, Yy 2Nk
) A S N7z Tripanosoma brucei \Z & V) F&E, TR & {4
L2 SEE - JEICEL DT, REMWENIDTH 2,
BRI L, ThH0FERIEH VAL VBT 2
18~27HE L BT A, FoIFEALETHEPLEERT
X & Cys, His, F72idAsnf&IEAM0 7 I /7 BRICEHL T
Wa M RROEFRTIE, NSNS Y THY (2
Wiz, FEBIC, FEROENNRICB W TEE R
HoTWB LI THAB B T brucei ® ClpGM6 1%, CysPc
(His—>GInd %\ 1 Cys—Gly) BXUCBSW KA1 ¥ %%
ZEOFOLTOOMIT F AL Y Ofllz, 687 3/ FHhH
AR LLZ=y FAT0MLL AR D K L 72 HE & FEo
820kDaD k¥ ¥ 87 H T, BBELICLHTH 5",
M1BMH]. 4% ZhODRRERIMR S VI3, ¥ 55T
FEIZOWThH, RIS 2RI ESWmE - FHF
BOMEPIREIN TS,

VANV =R, RWIZEM O A W Schistosoma
mansoni, S. japonicum, S. haematobium 3t 7 I F A2 XK 5
TS SITHAE L, JRESHAERE, BF9c, TR - e, JF
W7 EOBMIERZ 235", S mansonilZ-EDD A )V
WA VBT RS, Z0O9) BB LA >
%, —DIZCAPNTRERZ % 2— 32", T2, &
WHRIH NS L v D—D, Smp 157500 (K1) FHLERT 2
F UM E LTHEB SN TWADS, ZoAHEBEREB KX
Fo7KAHTHB.

HE - BERETIE, 20% I (KF#ERRTEY
LIENTHE A OFRBA49 R D 9 L A3E) 34 VR
FA1a¥—=DERWEEINRTWS (L2L, HnssAg
V1, Schizosaccharomyces X2 Pneumocystis 7 EVAIAFTE L
. 3EIBIR). EWEICE, B Okl 2B Lay)
DR (Trichophyton tonsurans 7 &) 75, i EYs
iE, FFICHAERGZ L - TEOEN 2 & eIk 2 5 S 2
3 b D (Candida albicans, Cryptococcus neoformans, Aspergillus
fumigatus, Coccidioides immitis 72 &) 255 E N 5.

HWD% I3MEpH (1) BRETHELTWD Z LN
iz, b MIRRICHFET 27201 ®EpH (RE) Ml
RSN Z TH2LEND L. 1L Z O CTHRET
DN, WD X HIZ, EREOH V8L ¥ Riml3/PalB
THH"'"™W Zhbide PCAPNIOKRERZTH 2
(FD)'". BpHEIS > 2 F VREH O X Rim13/PalB A5 1)
7 Vv — b SN 72H G KT O Rim101/PacC % BLUE LI T -
WAL LT, IS BIEFHOFEIZYDIRZ 5 2
ETH2. Zoh Ay —FiE, HEEEOPIE - 3
B OB E DO TRRN L ENZIRR T DTH
%75, MMEA NV AIZEIR L TANISA 2 NEHALT % 5%
W% BIZFRICHR L2 WD T (BAETHIZIZHE—D) @
BIELTHEETH 5.

PIET L DR SN T B 2 720, MO ANV f VK
T34, BRI TS S LT % 4000 BLE ol

WO ) A EIZbEheT18IZT (SSOMEK) LA
Law2, 2o, b ol - mECHbL 0L
LT, SN =5 &% 23 Porphyromonas gingivalis 353
% Tpr (thiol protease DME) &\ AN/ ¥R E W 7 EIR
FTHRHITOND. Tprid W OEAREPCHHAETH Y, &
B Ca? K AF I e Cys 70 57 7 — B 2 5>, /2, b
FORIRY YNy R EREH LT B0, IENORE
PO RND OIS LI EDRBIN TS P,

7. FIVINA LB E U R R

HNISA VEEBEBOIFE A EIZDOWT, H8L VIR
ERDTRIFE D HE WM & 70 5. BUEHOFRY, EHETF
DRI AR T UL, BIE, EOLXVIELTVWSD
M Fi, WA VEETFARIZEBERE, AL
I8F — OHTLGMD2A I HERE R S FERE S (7 72 & iR &
NTwb, 2%, CAPN3DIEEZH%ET 5 2 LWL E
L b, BAET TOCAPNIIZBT AR, AIRIEMEIC
EDOL) RN AR 5257259 2.

1) HILINL2%ER->D5 1 (TEhIZEEMID)
HE—HARHER (T4 XTF U, E-64%F DiEHAKY)
i, ANSL VICHERTIER L, oot VT T
FT =B DRE LS, LEREY )y AAIT
715 7 —+¥ (matrix metalloproteinase : MMP) 277 7z &
W LTh IRV EREZ R8T, v T, SIA60177 %
PD150606' 72 &0 45 “{ACELEHF ASBIE S T W % 2,
BB ORREEFE 5 Tldnw. Lerl, T0%0
REE A EORIEIC LY, FFEWITHLE 28 =R H]
MR ENTWD, 72k 21, Bl X 9 ICCASTICE S
HRA Y OEX, W RaNY) v 7 ARSI A
BH2AET 2. 2y, XR7F PO —EBIZ5
FHNEEGEZL TaN) v 7 2AfEEZFEL, BV, v
NORERER ISR LS EBMESRTwE Y.
72, REROGTERCZHEAIENNAO T 77 —¥
ANOFEBEDHFIDIZL L, AL VPSR FE
Fh7uT 7 —BIFRN R HER ORI STV
N0 gy 84 Y ERITIE,  FIPIBEER RIS
TEDLDTHERERIE LN TS,
BREOETHLADNERITPIT S XD &, OEHES
TAFATELT, BVSA Y HEGO—EORS] % FHEH
VD L wv) kg e, 2efbid T (—f
DY xR y) LOMEERSEGMICHESNSL L, £
DH WIS VG FDAREEAL - AHELT L L) DT
b, Fro, BAEOEANZ 1ZIFTTHEG & Y
ELTWR 0, HIHEREZ FTIFs2—-HERoTw?
(WA VBT IV BUEEIZE A LT L 2w
L, P2OBUKMERIEETE MO NS VT T 7 —
ETHMAEINTWAERD)., LarL, Bz 1ky 5
LT, BREMEEELILRTELRVWESI D, 2k
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2L, st v oEH bE L, T4 B PCI EPC2ANE
DT Cys-His-Asn 2> 5 % 2 iGtEH L b 24 7 v FEIBIL
TH5Z LT, NEHALIRED A V4 YD PCL & PC2
DEBUCA D IAATZ ORELWRZ HET 2WHIE, 2w
A VZEDLOTHRNZDIDOERD H HDO TRV

—7, HEAZHOTHELNDERICOVWTE, [£Y
AN YO ] &) JUICHE O R D
57259, X< flibh b ALLNal % MDL28170 (%4 71 )V
A VIHERIB L O3 ELIREND) BED, LS4
VHEHDIZEALIEZCys T TV DL B L HET
b, F07z0, HEFNC L LZEWFHRETIE A VN
AT T UVDEGRASTOENT, HDFEFWITho
TOVLMERILD L HITH L. 72 2iE T T vic
& HRERRN 2 HERN (A7 7Y VB, K, S, LI LT,
% % Ca-074, odanacatib, CLIK-060, CLIK-148 72 & 341 5
TV 39) ZHWTHGEET N E TR WVh. ZokE
ALLNal & WO ERH L, EiZH 77 VA ER
TTH LRI E

DR LIS 5908, ﬁﬁ@k A CAST25ME—, 584212
WIS PNHER 55T ThH D, CASTOFEE, &H
AEHNINA VI20T R ET BHFNIFETRETH S 2 &
ZRLTWA. bBEAA, FEMHICHZ S0l
O VEREIE (- i) H5.

b ) —DBERENHEIE, TRATY vy GEEHLE
BRI OEALIAER T %) HEHITHS. INFETIS, o-X
wﬁ7b77uwwﬁﬁw(mw%%&5)ﬁMFﬁx
A VIHEEL, EEAMICANISA VR HET 2 LA
L oTwad™ L ZAHHRE, PDI50606 13 CysPe
FXLYDODHREDIZ AN, OENEZREST S
ZEMS, RIEFVEEEBICEHLTCwS Z EHB L
7200 FRERN S, TR EREIIAHTH S
TANVT A FREEICE) 8L L za- A VA T N T 70
WVEERERE, MBI TEE/HE D VS, VHE
WHERTZEAMESINTWE Y. TS DMEHNIC
M3 2R EHMICOSHL, FilzhTaxr) v 7 HE
#l & BT BB SN D, FEBE, CycPe KX A
EVAAREEOEMT AT T Y VK TIE, AEWIEERFNT
ETT7TOATY) v ZHEHORBIIEILTEBY ™, »
WA 2BV 9Bl LEZL oM 5.

EHICFESL oIy TF A MIS, CAPN6 DI
LWV AT T Y= HBKEW. CAPNGIE, & Ao
4 O THE—HPETL D Cys DS Lys ICER L TH Y, 7°
U7y 7 —¥iikerh Lz =—2 %57 T, KER -
RHAEDORRBRIZHEBL TS, Capn6/ v 777 ]*'\7'7
A TIEEEHOARERBRKIE ) REoB M BLE s
THEY, CAPNGIZBHGOIEMHNCHE G T2 EEZH
N5, 2ok, IFAFF v (HIEZIHET 25
A MNAA4Y) OWH A NS F Y — M8 L EERIZ, DMD
% LGMD2A 12 B\ T CAPN6 DI X 2 i w Wi N AT 15 5%
MFEEGZHWUEELREZ LN TWS, BEFEWZ &1,

715

CAPN6IZ~Y 2707 7 —Y TmRNAAR T 54 ¥ v 7IZBE
LTBY, ZoWHICE Y 770 — 2 EEIREL 2 4 5
YETED20W, FLOERANSL v ELTREL
HEHEZBOT TS

2) FER - REEBEHDOHIVINA L ER>DFH !
(EHIE&EHHN)

WL BY, v MIBEALREEL 26 FTEAEM - 9
Eﬁw$%®%<ukwf%ﬁ»n4/m,if,ﬁm
JEGe e BICOHOBRE RS TV A, TRSIE, BEICIE
CRNANNA Y EFRRIMEE RO LN TFHENS
DT, FEBRFICBIT 2RO ZENE LCOHEFICHE
Thb., MIZiE, v bHNISA VT B HEH N D
DbdHbH. Tz, HEIEHT L MV YHREE
o FREEMAE Y ORKY:, BN, Vv v 7 R
TWBBAITIE, B AL 0T B HEHRDS—H/
BOMREDHITHI LI THEING, 72221F ~7)7
DR & 7 % P, falciparum O Pf-71 V73 A4 ¥ b EAFIZHIHT
& %M, ALLNal, ALLMal, BDA-410 7 EHEED H Vo4
FLER A5 P, falciparum D IR MER~ DR A R Hi 5l % $0if) L 7=
LWV IREDH B W TR Te & o bR Tl A B
TWVIALEMDSPEA VRA Y RIET AL W) TED D
%19 WD PEA VIS A Y OHHERBEREIC D W TR
A% L, BTN S N7 3GV % FF oM 2 PR A VX
A Y ORBFRE MO IEHTICBIRAFE 22 0 5 149 [ ERIC
H NS4 Y HERIMDL281701%, i EMIE~OEMEIXIT &
A &R L, Trypanosoma X Leishmania O ¥E5HE % $i] 3 5 %)
BERREERTVE W L Leds, Zhb5odE
HD NI ATEERLDERIEEO VT IAZ Ko T D D
DOPFIEFEALEDTH"), MDL28170 DMTIZAEH LT W5
DOPRIAWTHY, HEDOH VIS, VHER ORI RE
FIERILTWAIREED KXW,

S. mansoni ® 71 V734 ¥ Sm-p80 (HINLIE IR &
TWb A8 4 ¥ Smp 157500 D C A ¥ 80kDa#h 4) 1,
VAN —=<EDELLR T 7 F VEHO—D L o TWw
B0 BRSNS ZDH NS, Y OEIEEREICOWT
B LR TIE VA, b HuREERPL ST ST
JBOEIMWE R Z W72 Egr s, 77 F e LToEHE
IR EBAIEIMEARENT WS OB Fdio v
RNA Y ERBNE L, FHERNERIEOFTH 5.

B, ME (RERE) oA NA Vi Eiig o
AL Y EDHELITe AN v E O EDER)S
FTLWwWio, BERNHERHOFTFAL VIZiddb>TIWTHh
bLEZONL. FIZ, PAEWEOHECIZ O WERFEOT]
ERITHMAEG: S L CHEBTE 21T
5. BIEETIX, SHODH IS PR 5 BHER O fif
FrZIZIZHET, THRBEEBT D IThbLTn iRy, “Eo
" & 7 B REME R f D 72 0 B IC R 5.
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3) AWNACOEHERUVREE! (TH, E5%-
T?)

HIED & Z A, LGMD2A IZME—, ¥ M VS8 VidElE
T OBERIREINA R CAE L S 2 LRI N TV 5 5
[HNISL IR F—] THDH., ZOEBOEEIZIE CAPN3
O AMET I LV UEE L SL. b M TORBIIVE
PEHER SN TR WAS, CAPNS, 9, 11,12, 13, 15, 16 1A
THANNRAL I 8F— (L, TH5HH) b, Mk
AN YOFEREEZNYRT I EPUELEEZOLNL.
BN DY REPBGET B4 VAR F—IZAD )
5% A4 X (~100kDa) THAI L&, B84 ViZid &
WIEHALRI AR L e 2 &0 5, BUR TR E IS BN
%_ﬁg*ﬂk &5 140, 152, 153).

LGMD2A O &= T iE I H 72> T, CAPN3O 71 7
7 —EEEO R RS ZICAHTH L i, K
ERTA) Y bTHDB. 72L& 21X, CAPNIFEHLAAV N
Y —x 7o IR IR O MR T, BT X CAPN3
DOHRP L OB HET D (HHTED) 5, LiE
DOMOHMFETIEZ ) TIlE R, CAPNIDFEI ML %=
HAHBLTLE) LW S Lo 2™, ikl L
T, BRI ¥ —DT0uE—¥ —OFHKHGIHEREEE (2L
Z1X, CAPN3DO#BZTHIBA MWL LR ELT) HHbHZ
EREPBBEINTVES, ZhICHEMELT, Hod
BEAERD CAPN3 ZAkEn & LTHBlEEH 2 &I
fabRAE S L, HAEROLGMD2A D4 (£LG-
MD2A D 1/3 VA E2Y72%) 124, #1nT-#m L HAlr & iPS
MRLOHM A H VT, ERABIETL LV 2L 5HH
FIZA-TL B72AH Y,

— 75, CAPN3IZ 1% % T [ #H 4 (intermolecular comple-
mentation : iMOC) & W 9 BT RXB-SHELET 2
(K4). CAPN3 XA 2 HOHHRIEELZF > TBY, i
vitro TIX PR 100 £ W THELTLE Y. oI
X 5T, #35kDadDNK % i (C3N) & #58kDad C
Ky (C3C) 234U 5. R ICIZHEER.O o Cys ik
WS, HBEIIE His, AsnRES G I NS 720, ZhENZT
TlE7ur 7 —EiEthr b 2 2w,

LHL7%d6, CAPN3OMM A IIHIEAGL Ttz
METELDTHAH. E5IZ, C3N & CICHMTDIMOC
WA T, & LN (HAHWIEC3C) & DFTHiIMOC
MBHELL. Thbb, HERICIIVANEEE 272K
CAPN3 L, ZOmZEROMELY GO ARK N (CINF
7213 C3C) AMFEFET 5 & IMOCIZ X DIEMEZ D R 2 &
NTEBLZEERD, LGMD2A O & {51 iR % B A K
A (C3N, C3C) ORBTITZA22b LNV, Ihbod
WP A= R o 2 AR TURG DS 2 w720, CAPN3 & 5 HI L
TV WEET U ORI 2D 2 2w e HifF s
N5, TNERENDOMTRELFETHS ).

iIMOC HKIZ, B &9 ERBGRDOB-FF7 v ¥ —E¥D
oMifli & FBROBRETH 2%, HOH AR ToOMHAL W
IBRIE, B BB e 7 —€ T, BlEoL

CAPN3ASD

BE ORI i HRAREN
caPN ek -, -+ oo
Cys
c3N [ o ) - NIA
cac 5 ey -
iMOC-CAPN3
A. C3N+C3C His fsn_ + N/A

is Asn
_rCz S-SRI
Cys
B. C3N+CAPN3 ==J:rg¢'has fpon +
r; NGl TIIT

— .
c ¥ ¥ Vs fn
C.CSC+CAPN3-h§Iy-§g - T -
P -SR-S T

C3N*, C3C

C3N, C3C*

4 CAPN3 ®iMOC

CAPN3IZ, /)% HOH G2 F>. 2% H OO R
FISHICAETEL, ZNENPCLEPC2OAE G, WED LW
C3N, C3C & % 5. 2T WA & 0 A4S S 15 iIMOC-CAPN3
BRI X o T, (A) C3NB X UC3C, (B) C3N & CAPN3,
(C) C3C L CAPN3DIEELZ 2 bd. (B) B L U(C) T,
CAPN3 D HEMBRAR & 72, (A) DIEREIZ X o THEMEATH
BEINDBLEZDOND. ZD72%, CAPNIIZBWTON, &
VI C3CITMIBT B ETICER ) PIHFEL TV D 0E, £
DB HHEN B REMED S 5. C3C : CAPN3 C-terminal
fragment, C3N : CAPN3 N-terminal fragment, CBSW : Calpain-
type f-sandwich domain, iMOC : intermolecular complementation,
IS1/2 * insertion sequence 1/2, NS : N-terminal sequence, PC1/2 :
protease core domain 1/2, PEF : penta-EF-hand domain.

ZAME—DFITH Y, MY A P xXFaTT AL VA (CMV)
LHHI AV RA T 4V A (HHV, HSV) O 7077 —¥
(TEHy7TY P EEND) THESS BHE0ARTH
b, WANR=E, R7I533ITV70O7us7—+E (CPAF)
7o & FIERARAS 2 B R S UIBT S LT T ik 2 TRk L
TIGHEAL T %A%, CAPN3 @ X 9 IZWWi 2 i TiRG
FTAHRITCHEEZMVET I EE v, 20 XHI, §F
BEWHTH L7120, ACHHEELIMOC &\ ) W % FIH
L7202 HEALT 2720121, wo, L2
T, YO LX) LI TCAPNIEEEZ BT 2 DHhI22o0
Tho el L LEND L.

—7J7, LGMD2A 75 . CAPN3 O H i P A 2E Y &
DHEELTEY, #EZLEHCHHIC LD CAPN3 ¥ %
ZEFHELTLESTWAEN 2wn) r— 2 HfEAE L
TWw5h, INSHD% LIEPEF KA A4 VIZHERKRA LR
%728, Hiak ®PDI50606 7% & @D, PEF F A A ¥ M H AR
M9 %5012 R L CRENETEL T2 2K CAPN3 O3 1%
ZERMICRLES B &, CAPN3 DS EAL S L THEAR 2%
WITBEVHIWREEDEZONS.

8. &HYIC

TaTT—ERIFESELRRBHROENL RN I B
LRTTIEHADOZ L 5TwBY, ZohT, A
N4 L TIE, BERE LCOFERE - ABREIFD &
IAHTHLILENRTWAEZEIZERD AR, 40, HAT
CAPNI10 & 2B PR 9% (T2DM) ISR L TS AL & h o
72h%, FiUE, CAPNIOZASE D X 9 IZT2DMIZS- L Tw
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0%, EHICEB L THET A2 REPHETLED, B
Fo AL T T THEHH 1Y SHOM%EDE
BOAEEHTH 5.

AKFTiE, HEROBEREEIZOWTLIZLESE LA
P, iz 5] HEAEWHIMSIIZOHN (BB vs
MR AIFEER) 12X > THED LY BB RE %
AL, HEANCFRRED R TH, MR 2 CERE
MTE2%0, Fo/zlMEHEVELNVZ S, 2L Z2IEH
WA AT Ty v OWM G HBFERENLZ 726 L Tw5
F—ZH PR R, 0L REAIZT LANEIL
SRS HEHOF VLT L NESZWVZ 5.

L LAaAS, HERER S TROBTESLRAMON T
R B IESE TR AN A RE L, B ARHEE2S
b, BhLREIEMZ 8 5720, HER ORI 512
JEPNEREDDTHLEEZZ L. T2, REETVICE
B AL VIREFOMBE, FEHENICS T, BE
HiZ» 5 OG- L BRERDOH G2 X IR EZ EhZhiE
filig s &5, [fizs] BHEHZ LT E7DICHLET
HH9H. HEML VAL VHEREZHELT, FREEE
EOALOONEEIIV O HIF-e B THE, 4
SIEANSA BED X BRSBTS A 00 L
WO BN S, SHROMBE TLZL2wERY.

AL YHERIORENEE NS —T, s A4 VR
FIZL BRI D EN TR S 2w, FIOE, RIESR,
el ze &N BT B AN, AEEOEEEE, HERE
RSN TE 2L THY, i hnIjg ) 3F— 2R
HZALEWELTWAIRESEDSH S, S5I1T1E, AN
4 YOME - iHHLs, hosTollE - it 248
FICHLAE DD T L%, BB L W) Blud b RET
H2ELHNHBDTIIRNES )

BB TIE, A V8A v OEPIEEREIC B $ 2 JERERY 70 B
RN FRZFIEARLTWE I 2WET 5. LaL, EA
WAV, ELWIEETHE ) EMEICEL L) TH
B, WL VAKOENIZLHAA, ENDEE5T S
G- Ay 8T —=0 RN RS H 2 EBEGBRD VIS, Y
MROIIBIZOLDDEEZEZLNS.

Eif

EHODVH N VIR ERIRD S EHNTE, SHET
BelF 5 Z DT E - DIMRIHARIE—SED R Y ih
I2THREOBY T, REHEIRKEOLAEIEHETET. F
72, WD T - T % W 72 725 2 IH SRR R R R
SR FERT EARAG T TR 50 M OB ST, AR
€, IR, BRI, KRR, KBS
M, PEEREREEL, BT, IR TR
AW SR AR R 0 T 0 B o frili s — i, 1R
o, miH Rk, OB ARG ISR T O H
THEE, CRNbERL, ZERAEL, EH AR, 3t
e CREBMFEICR Y $ LA EMNL, SRlliE—
L, AL, REZRECHEL, ANE L, b

"7

PAHERA A, WA A R, ROMT L, TSR A
4, BEHMEL, AR L, AR T, &R
WL, REEZEL, BoEsddd, BRI, LT
iz, AKEFE, A RakiEd, A HSEREEL, G
i+, Siegfried Labeit#i=:, Jacques Beckmanni#i=:, Henk
Granzier 11z, Carol Gregoriol# 1z, Isabelle Richard 1% 112
WP L T4 (KEo#EG THNEZHZE ST
7FEFL). FLT, ANSA UBIRICEREL, RIcHy
ATV ALTAND () FE, ThbbHIHET R ¥
IN— KDL P ET

X (73
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Insights into the complex
world of calpains

The CALPAIN project is investigating the role of calpains in basic cellular functioning and disease development.
Here Dr Hiroyuki Sorimachi discusses his ongoing research and addresses uncertainties around calpains

Could you give a
brief explanation

of what a calpain
is and the

background and key

goals behind the
CALPAIN project?

A calpain is an intracellular Ca**-dependent
protease and is involved in diverse aspects
of cellular functions. Calpain homologs
exist in almost all eukaryotes and constitute
a super-family. For human and mouse
calpains, genetic defects cause various
deficiencies, termed calpainopathies.

The CALPAIN project constitutes one of the
research activities at the Tokyo Metropolitan
Institute of Medical Science, Japan. Our project
specifically aims to understand molecular
mechanisms of calpainopathies. We investigate
physiological functions of calpains in three key
areas: biological consequences of calpain-
mediated proteolysis of substrates; regulation
of calpain activity; and substrate specificities.

Although there are some human calpain
species we specifically focus on, we try to
keep any calpain species within the scope
of our interest. We intend to transform our
research outcome into more concrete basic
knowledge about calpains, and support

the development of therapeutic means

for correcting aberrant calpain functions
manifested as calpainopathies.

What biological processes are calpains linked
to and what diseases can arise from their
malfunction?

74 www.impact.pub

Some calpain substrate proteins play
important roles in cytoskeletal remodelling,
cell growth, signal transductions for cell cycle
regulation and stress responses (adaptation).
For example, it has been suggested CAPN3 is
involved in stress responses to boost muscle
adaption, and malfunction of CAPN3 by
genetic mutation causes muscular dystrophy.
Another example is Eosinophilic oesophagitis,
caused by a deficiency of CAPN14, which
regulates immune response in esophagus.
In addition, our study using KO (knockout)
mice suggests that some gastric dysfunction
is linked to insufficient activity of CAPN8
and CAPNg complex, and that deprivation
of CAPN6 makes muscles slightly bigger.

On the other hand, hyperactivation of
calpains can also be a type of malfunction.
For example, excess activity of CAPN5 is
causative for vitreoretinopathy.

There are several diseases that do not stem
from calpain malfunction (neurodegenerative
disorders, ischemia of the brain and the heart,
myopathies, cancers), but the symptoms of
which are exacerbated by calpain activities.
These relationships are derived from the
fact calpain substrates are involved in the
above-mentioned biological processes.

Can you explain the importance of this work
in real-world terms?

I would like to update the general concept
surrounding calpains as much as possible.
In the past, the outcomes of calpain
research have been appreciated based on
the beneficial effects of calpain inhibition

on several disease symptoms. Many actions
of calpains have been left in a black box. It
is our role to understand and decrease the
contents of such a black box.

In line with this, the principle of our project
allows us to study calpains as a family of
protease, providing us with the general
impression. Since some calpain species have
diverged structures and/or functions, an
important finding may come from a different
direction. We hope our approach will help to
determine how to appreciate such a spin-off.

What is next for your research in the coming
five to 10 years?

Thanks to genome sequencings, calpain
sequences from various living organisms
have been revealed. | think now is the time
to think about evolutionary aspects of calpain
molecules. Precise structural comparison of
calpains from various organisms will shed
light on structure-function relationships of
this molecule. This approach may ultimately
answer the questions; what are calpains,
and why are they (not) required for living
organisms?

As long as the situations surrounding the
research permits, | would like to continue the
way we have been conducting our research,
thereby focusing on the molecule/calpain

of interest. Identification of substrates and
nailing down the one (or some), which

are critical for the phenotype of KO mice,
will be a great achievement for us and will
allow us to eventually think about the
evolutionary importance of calpains.



Unravelling the calpain
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The CALPAIN project aims to unravel the complexity of calpain molecules and, in turn, use their
discoveries to generate effective drugs and therapies for calpain-related diseases

In an effort to further scientific understanding
of calpains and their vital biological roles, the
CALPAIN project was established within the
Tokyo Metropolitan Institute of Medical Science
in Japan. Led by Department Head Dr Hiroyuki
Sorimachi, the CALPAIN project’s goals include
analysing the mechanisms of calpains at a
molecular level; clarifying their physiological
functions; analysing diseases marked by
calpain deficiency using genetically-modified
mice; and developing future diagnosis and
treatment plans for calpain-related diseases.

Sorimachi’s career began in the late Dr Koichi
Suzuki‘s lab, which was dedicated to studying
and cloning calpains. With the help of

his colleagues, Suzuki became a pioneer
within the field by discovering the complete
primary structure of a calpain. Since then,

the CALPAIN project has grown significantly
and now includes: Associate Director Dr
Yasuko Ono who is particularly interested in
investigating the function of CAPN3/calpain-3 in
muscle tissues; Chief Researcher Dr Shoji Hata
whose focus lies with the physiological function
of mammalian calpains that have specific
structures or expressions; and Senior Researcher
Dr Fumiko Shinkai-Ouchi, who explores dynamic
modulation of protein, including calpain itself,
as readout of calpain functions by proteomic
approach. Sorimachi meanwhile, is currently

engaged with the structure-function relationships
and substrate specificities of calpains.

Along with studying the basic structure and
function of a calpain, researchers are working
to unravel the molecular mechanisms behind
calpain-related diseases. By discovering the
pathology of these diseases, members of the
CALPAIN project can aid in the development
of novel strategies for predicting, preventing,
diagnosing and treating various disorders.

AN ENIGMATIC ENZYME

Originally discovered in 1964 by noted
biochemist Gordon Guroff, calpains are a super-
family of proteases that are expressed in almost
all eukaryotes and bacteria. The term ‘protease’
refers to the main function of a calpain — to
perform proteolysis and breakdown substrates
into smaller polypeptides and amino acids.
However, unlike most other proteases, calpains
have limited proteolytic activity. As opposed
to completely breaking the substrates down,
the calpain modulates the substrates’ function
and structure. Thus, calpains have earned the
name ‘modulator proteases’. The modulation of
substrates is an essential intracellular process.
Calpains have a vital role to play and any
deficiency can lead to major medical issues.

Although the role of a calpain as a cellular

housekeeper is well known, their mechanistic
features are still poorly understood. To address
this issue, one of the CALPAIN project’s

main objectives is to recognise calpains as:

‘a word representing the family of enzymes,
rather than just the conventional calpains,’
Sorimachi explains.

So far, scientists have discovered that
humans have 15 calpain genes. Two of these
genes, CAPN1 and CAPN2, are known as
conventional calpains, as they are the most
ubiquitous and well-studied sub-units. Yet
there are also unconventional classical

and unconventional non-classical calpain
types. Unconventional classical calpains

are molecules with an identical structure to
CAPN1 and CAPNz2, but a different function.
The unconventional non-classical calpains are
the most dissimilar group, as their structures
diverge from conventional calpains.

Until the late 1980s, scientists believed that
CAPN1 and CAPN2 were the only calpain
species. However, since the CALPAIN project
discovered CAPN3 in 1989, unconventional
calpains have become a hot topic in the field.
It has been demonstrated that they can be
intriguing molecules that offer researchers

a greater insight into calpains’ physiological
functions and calpain-related diseases.
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‘ Functional calpains allow cells

to function like well-oiled machines.
When a calpain malfunctions,

diseases called

‘calpainopathies’ arise ’

DEFICIENT CALPAINS

Along with trying to label calpain sub-units,
researchers are also interested in the effect
of deficient calpains on biological systems.

Functional calpains allow cells to function like
well-oiled machines. However, when a calpain
malfunctions, diseases called ‘calpainopathies’
can arise. Calpainopathies can result from
either the loss of calpain function — for
example, limb-girdle muscular dystrophy type
2A (LGMD2A) is caused by the inactivation
of CAPN3 — or the addition of a function — for
example, autosomal dominant neurovascular
inflammatory vitreoretinopathy is caused by the
excessive activation of CAPNs. Calpainopathies
can be separated into three groups: those
exacerbated by human calpain activity, such
as neurodegenerative disorders and cancers;
those caused by parasites and pathogenic
microorganisms that use the host and/or their
own calpain for infection and survival, such as
malaria; and those caused by deficiencies in
calpain genes, such as muscular dystrophy.

Many studies of calpainopathies have used
‘transgenic’, or genetically-modified mice.
‘The original idea of introducing these research
subjects was to expand the dimension of
functional analysis of calpains,” Sorimachi
explains. Researchers in the CALPAIN project
analyse both ‘knockout’ (KO) mice (those
without a calpain gene) and ‘knock-in’ (KI)
mice (those who have undergone a one-for-one
substitution of a gene). This method allows
them to study and observe the symptoms

of different calpainopathies.

The hope within the CALPAIN project is to
translate these findings to human models
and develop strategic therapies that can
target the dysfunctional calpains and alleviate
symptoms and disease progression.

TARGETING FAULTY CALPAINS
Calpain-targeting strategies encompass

two key approaches: calpain inhibition and
calpain activation. The therapeutic method
depends on the type of calpainopathy being
treated. For calpainopathies that result from
either human calpain activity or parasites,
calpain inhibition is the primary choice. For
calpainopathies that result from a defective
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calpain, calpain activation is the most
effective therapeutic choice.

However, these therapies are complicated and
require a great deal of testing. An example

of one of the ongoing complications is
CAPN3-target therapy for LGMD2A. The goal
of this therapy is to restore and compensate
for the loss of CAPN3 function in order to
prevent LGMD2A. However, researchers at the
CALPAIN project are still trying to find the exact
link between CAPN3 deficiency and LGMD2A.
Additionally, scientists need to answer how
CAPN3 functions as a protease in muscle
cells, what the targets of CAPN3 are and what
biological pathways CAPN3 is involved in.
Without answers to these questions, therapies
will be far less accurate and could impact
proteases other than CAPN3.

CONTINUING TO UNRAVEL CALPAINS
Sorimachi notes that one of the key goals
of his team’s work is to uncover more about
the structure of calpains because: ‘If the
structures of more calpains are clarified,
they will give us greater information about
structure-function relationships, not only

of calpains, but also of general proteins.’

Ultimately, the project aims to expose calpains
for what they truly are: a vital enzyme that

has the capability of either supporting or
greatly damaging biological systems. With this
information, researchers can address global
health concerns by developing practical and
accessible drugs for patients with calpain-
related diseases. Creating therapies that
target a specific calpain is a challenging task.
However, the CALPAIN project has worked
vehemently towards this goal and will continue
to be a great contribution towards the

fields of genetics, pharmacology and

enzymology in future years.
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