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Recent very rapid developments in genome and EST projects have identified an increas-
ing number of gene products homologous to those that were previously identified by
other methods. Calpain is no exception. At the time this review is written, 83 genes from
23 living organisms have been identified in the database to encode amino acid
sequences showing significant similarities to the protease domain of “conventional” cal-
pain, which was first purified as a homogeneous protein in 1978. Progress in genome/
EST projects has occurred so quickly that there seems to be some confusion as to the
identity of each calpain molecule. This review will attempt to clarify all calpain homo-
logues, to describe the common and differing features of calpain homologues in terms of
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structure—function relationship, and to discuss the evolutionary process of calpain.
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In 1964, Guroff and Guroff first described a unique protein-
ase in a soluble brain fraction (1), which was finally puri-
fied to homogeneity as an enzyme in 1978 by Ishiura et al.
(2). This ptotease after many twists and turns, is now
called “calpain” (3, 4). Calpain [EC 3.4.22.17, clan CA fam-
ily C2 ()] is a Ca?*-requiring cysteine protease. In animals
such as vertebrates (Table I) and nematodes, calpain forms
a large gene family comprising more than 10 members (6-
9). On the other hand, Drosophila and budding yeast have
only 4 and 1 genes, respectively, encoding a calpain-like
protease domain. Nevertheless, polypeptides showing sig-
nificant similarity to the calpain protease domain have
been found in all kinds of living organisms, including ani-
mals, plants, fungi, yeast, and bacteria. This strongly sug-
gests that calpain-type proteases (or protease domains)
must have ubiquitous, distinct, and essential function(s) re-
quired for the maintenance of life. Indeed, defects in some
calpain genes have been shown to be responsible for patho-
genic/lethal phenotypes (Table I).

Various members of the “calpain superfamily,” however,
have structures that are rather diverged, probably because
their physiological functions have been adapted and spe-
cialized to the cells in which they function. Some mamma-
lian calpains such as hTRA-3/calpain5, calpain6, PalBH/
calpain7, and SOLH, have structures that are highly con-
served with respect to those found in lower eukaryotes such
as Drosophila, nematodes, and fungi (Table I). In this
review, the amino acid sequences of calpain superfamily
members are compared in detail, and, together with recent
knowledge about the 3D structure of m-calpain, an attempt
is made to clarify the consensus and variant sequences.
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Conventional/classical calpains

The best characterized members of the calpain super-
family, so far, are p-calpain and m-calpain, which are now
called “conventional” and “classical” calpains (6, 10-22).
The word “calpain” itself should mean a papain-like cys-
teine protease that requires Ca?* for its activity. Exemplify-
ing the word “calpain,” the primary structure of chicken
calpain, which is now assigned as the p/m-calpain large
subunit, i.e., an intermediate type between p- and m-cal-
pains, has been revealed to have both a papain-like cys-
teine protease domain and a calmodulin-like Ca%*-binding
domain in the same polypeptide chain (23, 24, Fig. 1).

The p- and m-calpains consist of two distinct subunits, a
larger ca. 80-kDa catalytic subunit and a smaller ca. 30-
kDa regulatory subunit, forming a heterodimer structure.
The smaller subunit (called “30K” after its molecular mass)
is common to both p- and m-calpains, but the larger sub-
units are different (called “u CL’ and “mCL” standing for . -
and m-calpain large subunits, respectively). As shown in
Fig. 1 (the top two structures), the small and large subunits
can be divided into 2 (V and VI) and 4 (I to IV) domains,
respectively, according to the structure.

Domain I is actually not a domain, but rather a single a-
helix composed of ten-odd amino acid residues (see Fig. 2).
This helix is very important for the stability and activation
of some calpains, but several other members have unique
sequences instead at their N-termini including Zn-fingers,
trans-membrane sequences, etc. (Fig. 1). Most significantly,
the N-termini of Trypanosoma brucei calpain-like proteases
show similarity to calpastatin, although the identities are
quite low (around 15%). The N-terminal domains of some
nematode calpain-like proteases contain Gly clusters re-
sembling domain V of 30K. These members are interesting
considering the process of evolutional constitution of cal-
pain.

Domain III shows no significant amino acid sequence
similarity to any other sequences in the database. Thus, its
structure and functions have long been unknown. The 3D
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TABLE 1. Molecules that have amino acid sequence(s) significantly similar to p-calpain in vertebrates.

Domains Latest Ref.
Originally des- . .
Gene Chr. |cribed name(s) of] Other name(s) l:z:;nbee:[ll ph:n:?ypc Protease E:: ::i:;; ((%_z) Expression Note
the gene product
Calpain proteasesuperfamily
capni | 11912- [CANPealpain-| peealpaintarge ooy I Tope La b T wniquicons 30K 9
13.1 1 large subunit |subunit (uCL), u80K| ¥ a = p-calpain
. m-calpain large
CAPN2 | 1g32-41 | MCANP/ealpain- 1\ i (mCL), | Caipain2| nd. | #+ L+ | + -1  ubiguitous _ WK 9
11 large subunit 80K = m-calpain
p94 nCL-1, calpain 3 | Calpain 3a +/+ |+ ] + | - | skeletal muscle 41
CAPN3 | 15q1 ; LGMD2A — -
qls Lp82 etc. . Calpain 3b g |+l 1 lens termination codon in|
elc. the human first exon
. . . . nematode TRA-3
CAPNS | 11q14 |calpain 5, hTRA-3 nCL-3 Calpain 5 n.d. +H+ |+ - |+ testis, brain 43
homologue
Ipamoduli placenta, nematode TRA-3
CAPN6 | Xq23 calpain 6 calp " Calpain 6 n.d. +H- |+ - ]+ embryonic homologue, butno | 43
CANPX P
muscles Cys at the active site
. } . ) ) - aspergillus PalB
CAPN7 | 3p24 | calpain 7, PalBH Calpain 7 n.d. +/nd. | + ubiquitous homologue 44
nCL-2 - Calpain 8a +H+ |+ ] + |- stomach 45
CAPNS | 1932-4 .d. -
g ! nCL-2’ - Calpain 8b " ++ -] - ]- stomach Ca*-dependent | 45
CAPN9 1qd2.1- nCL-4 - Calpain 9 n.d. +H+ |+ + - digestive tract 30K is re‘ql.urcd for 46
43 activity
. Calpain - SNP is related to
CAPNIO} 2q37.3 calpain 10a-h - 10a-h n.d. +md. |+ - - ubiquitous NIDDM 38
CAPN1I ]| 6pl2 calpain 11 - Calpain 11 n.d. +md j+]1 + |- testis 47
capniz| 19q13 | catpain 12a-c ; Capain { g femaf+| + || bairfolicte 8
Calpain - drosophila SOL
SOLH |16pl3.3 SOLH - 139 n.d. +/nd. ] - - - ubiquitous homologue 48
chicken CANP w/m-calpain large ) Lo Y
- - large subunit subunit (WmCL) - n.d. +H+ P+ |+ ubiquitous only found in birds *] 49
Five-EF-hand protein superfamily
CANP/calpain . 40| €mbryonic ) ) ) - regulatory subunit
CAPN4 | 19q13 small subunit 30K Calpain 47 lethal + ubiquitous for pCL and mCL 9
ppcps | P15 pMP41 ALG-2, PDCD6 ; nd. - -1+ |-] ubiquitous promoterof | o
ter apoptosis
SRI 7q21.1 sorcin - - n.d. - -1 + - ubiquitous 9
(GCL) |2q23-24 grancalcin - - n.d. - -1 + |- neutrophils 9
(PEF) |1p31-33 pefrin - - n.d. - -1+ |- ubiquitous 9
The calpain inhibitor
R specific inhibitor for
CAST |5ql15-21 CANP 1nhll?1tor/ - - n.d. - - - - ubiquitous u-, m-calpains, and | 50
calpastatin nCL-4

‘'These names correspond to the gene names, and the alternative splicing variants are described by the addition of lower case letters, a, b,
etc. Existence of the protease domain is shown by + or ~. Among those that have a protease domain, +/+ indicates that it has been shown
experimentally to have protease activity, +/n.d. indicates that the protease activity has not yet been shown by experiments, and +/- in
calpain 6 means that it has a protease domain but no active site cysteine residue. **Abbreviations in this table: n.d., not yet determined;
CANP, Ca?*-activated neutral protease; nCL, novel calpain large subunit; LGMD2A, limb-girdle muscular dystrophy type 2A; TRA-3, trans-
form genotypic hermaphrodites; PalB, phosphatase mutants: loss in activity at alkaline pH but normal or increased activity at acidic pH;
PalBH, PalB homologue; SNP, single nucleotide polymorphism; NIDDM, non-insulin-dependent diabetes mellitus; SOL, small optic lobes;
SOLH, SOL homologue; ALG-2, apoptosis-linked gene-2; PDCDB6, programmed cell death 6. **The corresponding mammalian gene, which
should have more than 80% amino acid sequence identity to chicken p/mCL, has not yet been discovered.

structure of m-calpain has now been revealed, that this do-
main resembles the C2-domain found in several Ca?*-regu-
lated proteins such as protein kinase C and synaptotag-
mins (25, 26) (described later, see Fig. 2).

Domain IV is highly similar to domain VI in 30K, and
has 5 EF-hand motifs in one domain. The 5th EF-hand
motif (EF-5s) of domains IV and VI interact with one
another to form a heterodimer. Each EF-hand motif shows
slight similarity to that of calmodulin. EF-hand containing
proteins can be divided into 45 classes according to Kawa-

saki et al. (27). The S5EF-hand-containing proteins, the FEF
or PEF (penta-EF-hand) family represented by calpain, are
unique not only in that they contain an odd number of EF-
hand motifs, but also in that the primary sequences are sig-
nificantly distinct from those of calmodulin (6, 27, 28). Fur-
thermore, FEF proteins are known to form homo- and/or
hetero-dimers, and Ca?*-binding causes only slight changes
to the structure (29).

Domain V of 30K contains clusters of Gly residues that
partake in the hydrophobic nature. This domain is not visi-
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Fig. 1. Schematic structure of calpain superfamily members.
Names of the gene products are represented by the most familiar one
or two names, or, if none exists, by the database accession number.
The length of each domain is roughly to scale. Red letters in “Gene
Product” indicate that it is a conventional type with a 5EF-hand do-
main. Dark colors at the active site residues indicate that the corre-
sponding residue is replaced by to another amino acid residue. Ab-

ble in the X-ray crystallography, strongly suggesting that
the domain has very flexible structure that is not anchored
to other parts of the calpain molecule (30).

3D structure of calpain

The 3D structures of human and rat m-calpains in the
absence of Ca®* have recently been solved (30, 31). Apo-m-
calpain has an oval disk-like shape, with each domain

Vol. 129, No. 5, 2001

breviations used are: NS, N-terminal insertion sequence; IS1 and IS2,
insertion sequence 1 and 2; AS, alternative splicing products; T, TRA-
3-specific domain; N, N-terminal conserved sequence in PalB homo-
logues; PBH, PalB homologous domain; Zn, Zn-finger motif, SOH,
SOL homologous domain; DIS, Drosophila insertion sequence; TM,
trans-membrane domain; CSTN, calpastatin-like domain.

placed side by side almost on the same plane (Fig. 2). The
3D structure of m-calpain revealed us a number of impor-
tant characteristics as follows:

i) Domains in the 3D structure virtually coincide with
those presumed from the primary sequence.

ii) The protease domain is divided into two sub-domains,
IIa and IIb, which contain the active site Cys-105 and His-
262/Asn-286, respectively, indicating that the latency of
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calpain protease activity in the absence of Ca®* is caused by
a structural phenomenon, not by the pro-peptide inhibition
found in other cysteine proteases such as cathepsins.

ii1) The third domain consists of 8 3-strands, forming a B-
sandwich structure with a topology similar to tumor necro-
sis factor a and the C2-domains. Although no primary se-
quence similarity can be found between calpain domain I1I
and any of the C2-domains, the overall 3D-structural simi-
larity strongly suggests that this domain is responsible for
the Ca?*-dependent translocation of calpain to the mem-
brane.

iv) Domains IV and VI, mainly by their C-termini, form a
heterodimer structure that is very similar to the 3D struc-
ture of the domain VI homodimer reported previously (32,
33). It should be noted that domain I, the N-terminus of
calpain, is in contact with EF-2 of domain VI in 30K, and
that the interaction is broken either by Ca?*-binding to EF-
2 or by autolysis of the N-terminus upon activation.

Newly arisen questions include how this inactive open
structure is activated upon Ca**-binding, and where the
Ca?*-binding site most responsible for activation is located.
For a long time it has been presumed that domain IV is
responsible for the Ca?*-dependent activation of calpain,
since p- and m-calpains, which have domain VI of 30K in
common and different domains IV, show different Ca®*-
requirements for activity. The 3D-structure of m-calpain,
however, shows that domain IV is at the opposite end from
the active site. Furthermore, considering the similarity to
the domain VI homodimer, it is very likely that the Ca?*-
induced conformation change of the domains IV and VI het-
erodimer is small (30-34). Interestingly, our preliminary re-
sults (Hata, S. personal communication) strongly suggest
that domain II also binds Ca?*. In other words, m-calpain
binds Ca?* over the entire molecule. Therefore, to solve the
3D-structure of calpain in the presence of Ca%* is an urgent

H. Sorimachi and K. Suzuki

Fig. 2. 3D-structure of human
m-calpain. The structure is shown
by cross-eye sterogram. The color of
each domain corresponds to that

- shown in Fig. 1. The positions of
> p94-specific insertion sequences
. . (see Figs. 1 and 3) are indicated by
4 \ = b4 arrows.
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and essential future issue. The 3D structure of p94, which
is active even in the absence of Ca?", also holds a key to
answering the above questions.

Calpain superfamily

Members of the calpain superfamily have diverged struc-
tures, but the primary sequences of the protease domains
show significant similarities to each other, and form a fam-
ily distinct from papains [clan CA family C1 (35)] or other
cysteine proteases. The so-called “papain superfamily” in-
cludes clan CA families C1 and C2. Berti and Storer, how-
ever, indicated the interesting fact that the papain super-
family is divided into three independent families, papain-
type, bleomycin hydrolase (BLH)-type, and calpain-type
(36). In bacteria and yeast, only the BLH- and calpain-
types have been found. BLH-type bacterial proteases, such
as Lactococcus helveticus PepC, however, are considered to
be gene products transferred laterally from eukaryotes. On
the other hand, the Porphyromonas gingivalis calpain-type
protease, Tpr (37), has a sequence so diverged that the evo-
lutionary distance should be more than 2.6 billion years,
which corresponds to a period when prokaryotes and euka-
ryotes branched (36). Thus, it is possible to assert that cal-
pain-type Tpr is the most ancestral gene product for not
only calpains, but also for papain superfamily members.

In addition to protease domains, most members of the
calpain superfamily have Ca?*-binding and/or probable
Ca?*-binding domains, such as 5EF-hand, C2-like, and C2
domains. The SOL subfamily, which consists of drosophila
SOL (small optic lobes) homologues found in mammals and
nematodes, does not seem to have an extra Ca?*-biding do-
main, but has an SOL homology domain (SOH) and several
Zn-finger motifs. Yeast and bacterial calpain-like proteases
found in Saccharomyces cerevisiae and P. gingivalis have
the most diverged primary sequences and no obvious Ca?*-

J. Biochem.
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The Structure of Calpain
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Human uCL/Calpaint
Eﬂuman mCL/Calpain2
Human nCL-2/Calpain8
: Human p94/Calpain3a
Human nCL-4/Calpain9
Human i

————e — Mouse calpain12

Human Calpainé
_ .I l Human hTRA-3/Calpain$

CE16260/TRA-3(LLC1.1)
Human cal|

[

b

Schistosome calpain
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(A) Domain Ila

int0
Drosophila calpain CG3692

—

CE10412(p71.5/F44F1.1)

e CE24976{p73/F44F1.3)

CE10712(p130/F47F6.H)
Faan

P.gingivalis Tpr

PalB

S.cerevisiae Cplip

|| T

Human PalBH/Calpain?

Arabid calpain

CE24374(p72.8/Y4TH10A.1)
CE25611(p90/Y77E11A.10)
CE25512(E86N77E11A.11
I I—- CE25258(p76/Y39A3CL.5)
CE00518(p71/C06G4.2)
_1_‘:Drosophila CALPA
Drosophita CALPB

Human pCUCalpaint
Human mCL/Calpain2
Human nCL-2/Calpain8
Human nCL-4/Calpain9

Human p94/Calpain3a
Mouse calpain12
o Human calpaini1

CE25612(p86/YTTET1A.11)
CE2S611(pRUNT7E 1A 10)
CE00518(p71/C06G4.2)

chi ipai
Human hTRA-3/Calpain5
——| - Human Calpain6
CE16260/TRA-3(LLC1.1
CE25258(p76/Y39A3CL.5)

CEQ1070{p92/T04AB.16)

Human SOLH
_'_—l:. Drosophila SOL
f————————— CE06412(p70/T11A5.6)

e CE14630(p72/W05G11.4)

T.beucei CAB95474

T.brucei CAB35476

T.brucei CAB95475

T.brucei AAG48627

T.brucei AAG48626 -

(B) Domain IIb

: Drosophila CALPA
Drosophila CALPB

CE24374(p72.8/Y4TH10A.1)

CE10412(p71.5/F44F1.1)

—_—
e CE24976(p73/F44F1.3)

Drosophila calpain CG3692

— .

CE10712(p130/F47F6.H)

Tpr

P.gingivali
1 CE01070(p92/T04A8.15)
E.nidulans PalB
Human PalBH/Calpain?

S.cerevisiae Cplip

CE06412(p70/T11A5.6)

T.brucei CAB95474
T.brucei CAB95475
T.brucei CAB95476

Human SOLH
- CE145630(p72/WD5G11.4)

T.brucei AAG48626

T.brucei AAG48627

Arabidopsis calpain

Human calpain10

Fig. 4.Aand B

binding motifs.

Interestingly, some calapin superfamily members, such
as mammalian calpain 6, Drosophila CG3692, some nema-
tode calpains, and all trypanosome calpains, lack the con-
served active site Cys, although the overall similarity is not
so low. Further information about these molecules would
shed light on other physiological functions of the calpain
superfamily.

Comparison of the primary sequences of calpain
When the primary sequences are aligned as shown in
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Fig. 3, striking conservations can be found locally. Gener-
ally, highly conserved regions correspond to the a-helices
and B-strands found in the 3D structure of m-calpain.
Especially, conservation from the 1st B-strand to the end of
domain Ila extends beyond species (Fig. 3A).

When the 3D structures of papain and m-calpain are
compared, the overall topology and positions of a-helices
and B-strands are highly conserved, and can be overlaid on
each other. One loop between the 8th and 9th B-strands
(the upper-most loop in Fig. 2) of m-calpain is significantly
different from that in papain. This loop contains four
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Fig. 4. Phylogenetic tree of the calpain superfamily. The phylogenetic tree was construeted by the neighbor joining method for domains
IIa (A), ITb (B), I1I (C), and IV (D) independently. Calpains in blue letters are “typical” calpains that contain C2-like and 5EF-hand domains

in addition to the protease domain.

strictly conserved Trp residues (Trp297, 304, 325, and 356;
Fig. 3B). These Trp residues are located very close to each
other in the 3D structure, suggesting that they are impor-
tant for the formation or character of the calpain protease
domain. In addition to the conserved Trp residues, the N-
terminal and C-terminal short stretches containing acidic
residues in this loop are highly conserved among various
calpain molecules (Fig. 3B). This suggests that the Ca?*-
requirement of the calpain protease domain can be ascribed
to this region, which is not present in papain. This region
actually overlaps the apparitional 6th EF-hand motif once
predicted from the primary structure. No obvious EF-hand
structure was found at the predicted position in the 3D
structure of m-calpain. It cannot be excluded that the con-
served Asp and Glu residues (D360, 352, 361, and Glu354)
in this region form a novel Ca?*-binding motif(s).

The C2-like domain III in some calpain homologues is
most intriguing. In the 3D structure of m-calpain, this do-
main is characterized by an acidic loop between the 2nd
and 3rd B-strands (Fig. 3C). Although the overall sequence
similarity is not so high, especially in the most diverged
calpain homologues, the 5th, 6th and 7th B-strands and the
loop between the 1st and 2nd B-strands are highly con-
served from humans to fungi (Fig. 3C). These portions
should play important roles in the functions of domain I1I.

Another point that should be noted about domain III is
the tandem conjunction of two domain IIIs found in mam-
malian calpain 10 (Fig. 1, 3C), and the C-terminal domain
IIT downstream of the PBH domain found in some PalB
homologues (38). Based on phylogenetic considerations,
these distal domains IIl are in positions comparable to
those of conventional domains II (Fig. 4C). The domain III
of m-calpain is in close contact with domain II, and is con-
sidered to be very important in the regulation of activity
(30, 31). Therefore, the positional relationship between the
protease domain and the distal domain III in these calpain
homologues may be a key to solving the regulatory mecha-
nism of these calpains.

Although domain IV, the 5EF-hand domain, is highly
conserved from schistosomes to humans, no calpain homo-
logue with a 5EF-hand domain exists in nematodes or
yeast (Fig. 1, 4D). Since several substrates have been
shown to bind to domain IV (39, 40), it is likely that this
domain is important for substrate recognition by calpain.
In this case, the function can be assumed by other protein-
interactive domains, such as the C2-containing domain T,
and, possibly, the SOH and PBH domains.

Conclusion and perspective
Three-dimensional studies of calpain have just begun.

oJ. Biochem.
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The Structure of Calpain

The 3D structure of m-calpain is an art of nature arising
through long evolutionary processes, as in the case of every
other protein. The 3D structure has provided answers to
long-discussed questions, and given unexpected and valu-
able information for understanding the functions of cal-
pain. At the same time, many new questions now arise. At
present, no common function of calpain superfamily mem-
bers from bacteria to humans has been identified. The ulti-
mate goal of structure—function relationship studies is to
discover the consensus functions, and also, functions that
are shared in organisms with more than two calpains.

Another point that should be emphasized is that evolu-
tionary considerations should be taken into account at
every stage of calpain studies, as in all other biological
studies. It should be remembered that calpain genes are
the products of evolutional combinations of several ances-
tral unit genes (for the phylogenetic relationship of each
domain of the calpain superfamily, see Fig. 4), that is, genes
for the C2-like, 5EF-hand, C2-containing T, SOH, PBH,
Gly-clustering, calpastaitin-like, Zn-finger, and transmem-
brane domains. In this sense, the most ancestral yeast
Cpllp and P, gingivalis Tpr are exciting subjects not only
for functional studies but also for structural studies.
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