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Abstract. Calpains, the Cd-dependent intracellular animal phyla (Sorimachi et al. 1997). As important me-
proteinases, are involved in the regulation of distinct cel-diators of intracellular CH signals, they have been pos-
lular pathways including signal transduction and pro-tulated to play a role in many physiological processes
cessing, cytoskeleton dynamics, and muscle homeostéacluding secretion (Li et al. 1998), development (Emori
sis. To investigate the evolutionary origin of diverse and Saigo 1994), memory (Asdioet al. 1991), and
calpain subfamilies, a phylogenetic study was carriedmuscle homeostasis (Huang and Forsberg 1998; Richard
out. The topology of the calpain phylogenetic tree haset al. 1995). The calpain substrates, comprising mostly
shown that some of the gene duplications occurred betranscription factors, enzymes, cytoskeletal, membrane-
fore the divergence of the protostome and deuterostomgssociated, and muscle-specific proteins, undergo regu-
lineages. Other gene doublings, leading to vertebratemtory proteolysis in a limited manner resulting in the
specific calpain forms, took place during early chordategjtered biochemical properties of the substrate (see, e.g.,
evolution and coincided with genome duplications asazarian et al. 1995; Di Lisa et al. 1995; Shevchenko et
disclosed by the localization of calpain genes to paraloy|, 1998: Watt and Molloy 1993; Yamazaki et al. 1997).
gous chromosome regions in the human genome. On the geyeral members of the calpain family have been

basis of the phylogenetic tree, the time of gene duplicagioned and characterized. These include ubiquitously ex-
tions, and the localization of calpain genes, we propose 3ressed and tissue-specific isoforms, found in verte-
model of tandem and chromosome duplications for the, ates and some invertebrate homologues. The ubiqui-
evolution of vertebrate-specific calpain forms. The datatous forms are CAPN1 and CAPN2{ and m-calpain,
presented_here are consistgnt with sc_r—_znarios proposed fPéspectiver), which are the best-characterized mamma-
the evolution of other multigene families. lian isozymes, and chickgw/m-calpain (Sorimachi et al.
1995b). CAPN1 and CAPN2 are heterodimeric mol-
ecules consisting of a unique large subunit and a com-
mon small subunit (CAPN4). The vertebrate tissue-
specific calpains include the muscle-specific CAPN3
(also called p94, nCL-1) (Sorimachi et al. 1989), the
_ stomach-specific CAPN8 (nCL-2) (Sorimachi et al.
Introduction 1993a), the digestive tract-specific CAPN9 (nCL-4) (Lee
et al. 1998), and two atypical family members, CAPN5
Calpains, the intracellular Cadependent cysteine pro- and CAPNG (Dear et al. 1997). While CAPN3, (Kinbara
teinases (EC 3.4.22.17), are widely distributed amongst gJ. 1998b) CAPN5 and CAPN6 are monomeric, the
subunit structure of CAPN8 and CAPN9 is unknown,
and their association with the small subunit cannot be
Correspondence to. Jeely; e-mail: jekely@enzim.hu excluded (Lee et al. 1998; Sorimachi et al. 1993a). The
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known invertebrate calpain homologues include se-D38026; human CAPN2, M23254; mouse CAPN2, Y10139; rat
quences from insects (Emori and Saigo 1994; Theopol@APN2, L09120; chicken CAPN3, D38028; human CAPN3, X85030;

et al. 1995) and from nematodes (Andresen et al 1991r_nouse CAPNS, X92523; rat CAPN3, J05121; rat CAPN8, D14478;

. . thouse CAPN9, U89513; human CAPN9, AF022799; rat CAPN9,
Barnes and Hodgkin 1996; Karcz et al. 1991; Wilson €trNU89514: Drosophila melanogasteEALPA, Z46891;D. melano-
al. 1994). Apart from these, calpain-like sequencesyasterCALPB, AF062404:Schistosoma mansomil74233;S. japoni-
showing weak homology to canonical calpains only incum, AF04407; Caenorhabditis elegan€PL-1, L25598; human
the proteinase domain have been found in the mi@d  CAPNS, Y10552; mouse CAPNS, Y10656; human CAPNG,

. . . . AJ000388; mouse CAPNG, Y1258¢; elegandra-3, U12921; human
pergillus nidulangDenison et al. 1995), iBaccharomy- oy, “x04016; rabbit CAPN, M13364; and bovine CAPNA,

ces cerevisiaeand in Caenorhabditi_s eleganand also  ;p506s. Apart from these entries, GenBank contained EST sequences
include the small optic lobes protein (SOL) frobro- representing a close homologue of the calpain small subunit. An open

sophila(Delaney et al. 1991) and its human homologue reading frame from the human and mouse sequences (small subunit I1)
SOLH (Kamei et al. 1998). could be assembled from the overlapping EST clones. The human small

. . o . subunit Il derived from AA234722, AA234789, AA583618, and
The typical calpain species (including CAPNL, \>0468" ang the mouse sequence from AAG15207, AA080197,

CAPN2, CAPN3, CAPN8, CAPNOY, androsophilaand  aa498874, and AA500511.

Schistosomecalpains) consist of four domains (Ohno  An amino acid alignment of the available sequences was created by
et al. 1984): domain 1 has a regulatory function, domairthe program ClustalW (Thompson et al. 1994) run with the default
Il is the cysteine proteinase domain, the precise functiorfettings: Tthz rfesu'tit?]g alignment "‘(’_";‘S edited ';”‘?‘”_“a”é’- Two a'i?”m:rl‘ltls

. . . . . were created from the main one: (i) one containing domains Il an

of domain +|“ ,IS l,'mknown,’ ar,]d ,domam IV'is re_SponSI_ of large subunit sequences and (ii) one containing the calmodulin-like
ble for C&" binding and is similar to calmodulin. The gomain of the small subunits and domain IV of the typical calpains.
Céa*-binding domain is thought to have been acquiredthe N-terminal region of different large subunits cannot be aligned
via fusion with a calmodulin-like protein gene (Ohno et properly, therefore this regioin (whole domain [) is not included in
al. 1984) and represents a distinct module in the proteinqlignment (i). Since domain T of the atypical calpains is not homolo-

. . gous to domain IV of the typical large subunits, this region is also
In CAPN3 and one of thé)rosophllacalpalns, CALPA, excluded from alignment (i). Very divergent, calpain-like sequences

there are unique inserted regions (Sorimachi et al. 198Yinciuding C. elegansCAA84733,D. melanogasteSOL AAB95431,
Theopold et al. 1995). The small subunit (CAPN4) com-human SOLH AAC33822Emericella nidulans?ALB CAA91013,C.
mon to CAPN1 and CAPN2 consists of a Gly-rich N- elegansCAB04898,C. elegansAAC71117,C. elegan<CAB07236,C.
terminal domain (domain V) and a @:‘abinding domain elegansCAA96686, ands. cerevisia€AA89790) could not be aligned
- s L . unambiguously and were all shown to be deeply branching in the tree
(domam VI),WhICh IS Vgry similar to domain IV of the of conventional calpains (data not shown). These sequences were there-
large subunit. The at.yplcal forms (CAPNS, CARw-, fore not considered in this study. The alignments are available upon
eleganstra-3) comprise domains Il and Il similar to request from the authors.
other family members, a divergent domain I, and a
unique domain T, which is apparently not a*Gainding
one (Barnes and Hodgkin 1996; Dear et al. 1997).
The aim of this study was to establish the evolutionary . ) )
lationshios of calpain family members. to estimate th Maximume-likelihood trees were constructed with the quartet puzzling
r_e a P ! P . y ! Lo €nethod using the Puzzle program package (Strimmer and Haeseler
time of gene duplications, and to assess the distributiongge). Maximum-likelihood distance values were calculated using the
of diverse calpain isoforms in different phyla. To this Dayhoff model of substitution and gamma-distributed rates. The
end, a phylogenetic tree was constructed from the availgamma distribution parameter, was 0.90 for alignment i and 2.04 for
able calpain-like sequences. This methodology togethef!dnment i as estimated from the data set by Puzzle.
with the analysis of the chromosomal localization of cal-
pain genes shed light on the time of two episodes ofChromosomal Localization
major calpain gene duplications coinciding with early
chordate genome duplications. These data allowed thgll mapping data were from the GeneCards database at http:/
reconstruction of the likely stages of calpain evolution, bioinformatics.weizmann.ac.il/cards/ and the gene map of the human

revealing a scenario of gene fusion and truncation as wefg€enome maintained by the International RH Mapping Consortium at
s http://www.ncbi.nim.nih.gov/genemap/ (Deloukas et al. 1998). The lo-
as tandem versus chromosomal duDllcatlonS' calization of human CAPNS is based on the mapping of the AA026030

and AI362355 EST clones (derived from the putative human ortho-
logue of rat CAPNB8) to the interval D1S474-D1S439 on chromo-

Methods some 1.

Tree Construction

Sequence Alignment Results

The protein sequences of full-length calpain large and small subunits . .

were obtained from the GenBank (Release 105.0) and Swiss-PrRoAlignment and Phylogenetic Tree of Calpains

(Release 35) databases. The accession numbers are as follows: human . . .

CAPN1, X04366; chicken CAPN1, AB007775; rat CAPN1, U53858; 1 he complex domain structure of calpains (Fig. 1) does
mouse CAPN1, AF021847; chickee/m, X01415; chicken CAPN2, not allow complete amino acid alignment of all family
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Fig. 1. Domain structure of calpain family members. The regulatory binding EF-hand structures are indicatedtgick boxesISI and ISII
prodomain is the least conserved, while the protease and the linkeare CAPN3-specific inserted regions. Domain T represents the unique,
domain are homologous in all large subunits. CAPN4 shows homologynoncalmodulin-like domain of vertebrate CAPN5, CAPNG, &hdel-

to large subunits only in the &binding domain. Putative calcium- eganstra-3.

members. The N-terminal regions in diverse family unit as well, a maximum-likelihood tree was constructed
members are not homologous and the calmodulin-likerom alignment ii (Fig. 3B). In this tree the phylogeny of
domain is missing from CAPN5, CAPNG;. elegans CAPN3, CAPN4, CAPN9, and CAPN1/2/8 could not be
tra-3, andC. elegan<CPL-1. Moreover, the small subunit resolved. However, the derivation of CAPN4 (small sub-
shows similarity only to domain IV of typical calpains unit) from CAPNS is strongly supported by the chromo-
(Fig. 2). To construct phylogenetic trees from all calpainsomal position of the corresponding calpain genes (see
family members, the nonhomologous regions were rebelow) and also by a separate clade uniting CAPN3 with
moved from the alignment and the calmodulin-like do- CAPN4 in neighbor-joining trees with 89% bootstrap
main was analyzed separately. probability (not shown).

The maximum-likelihood tree (Strimmer and Hae-
seler 1996) of the calpain family was constructed usin
alignment i, which contains only domains Il and Il of

large subunit sequences (Fig. 3A). The calpain tree haghe N-terminal end of calpains is very variable (Fig. 2).
two major clades, one containing the typical calpains, spite of the overall similarity in other parts of the
with a ca_llmodulin-like domain and .the otherl containing sequences, no acceptable alignment can be made in this
the atypical onesC. eleganstra-3 is most likely the  agion between subfamilies (except for CAPN1, CAPN2,
orthologue of vertebrate CAPNS and CAPNG, while ang cAPNS8). However, orthologous sequences within
Schistosomand Drosophila calpains, together witlC.  gypfamilies show marked similarities even in this region.
elegansCPL-1, belong to the Cd-regulated clade, |t seems that the N-terminal region evolved neutrally
though the latter has no calmodulm-llk_e domain (Wilson ithin subfamilies, while diverged more rapidly after
etal. 1994). The grouping of CPL-1 with €aregulated  separation of different subfamilies, i.e., after gene dupli-
calpains suggests that this sequence might have lost iigytions. This suggests that this part of the protein might

calmodulin-like domain secondarily. The relationship of haye had a role, together with the unique inserted se-
Schistosomand Drosophila calpains could not be re-

solved in the analysis. However, the simplest assumption

is that these sequences are orthologous and constitute—=&

separate clade (Aguinaldo et al. 1997). The vertebrat&ig. 2. Alignment of some representatives of the calpain family.
canonical calpains are grouped together with 96% SupI;)omain boundaries are indicated arows. CAPN4 (X04106),

+ d t likel thol &chist d CAPN1 (X04366), CAPN3 (X85030), and CAPN6 (AJO00388) are
port, and most likely are orthologous Istosoman human sequences, CALPA (246891) iDesophilacalpain. Note the

Drosophilacalpains. differences in the N-terminal regions, the nonhomologous domain T in
To elucidate the evolutionary origin of the small sub- CAPNG, and the insertion sequences in CAPN3 and CALPA.

gEvolution of the N-terminal Region of Calpains
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quences found in certain family members, in functionaltion separating the tra-3 and the typical calpain clade
diversification of calpain isozymes. preceded the divergence of the deuterostome and the
protostome lineages (Dear et al. 1997). This duplication
Calpain Genes in Paralogous Chromosome Regions must have taken place before the divergence of these two
lineages, occurring about 670 MYA (Ayala et al. 1998),
There is accumulating evidence indicating that twobut after the plant-animal and fungus—animal split, since
phases of extensive gene duplications occurred close tglants and fungi lack tra-3 orthologues and?®Ga
the radiation of vertebrates (Holland et al. 1994). Theregulated calpains (Mewes et al. 1997; Wolfe et al.
increase in gene number allowed functional diversifica—1989). The plant—animal split took place about 1000
tion of duplicated genes and the origin of new morpholo-MmyA (Doolittle et al. 1996; Nikoh et al. 1997), therefore
gies and cellular behaviors characteristic of vertebrateshe first major calpain gene duplication and later the
Paralogous chromosome regions with linkage identicahcquisition of the calmodulin-like domain occurred
to that of similar genes in the human and mouse genomgomewhere between 1000 and 670 MYA.
indicate that the large increases in gene number were The divergence of the ancestors of CAPN1 and
most likely due to two rounds of genome duplications cApN2 from the ancestors of CAPN3 and CAPN4 may

(Lundin 1993, 1996). The comparison of the number ofpaye coincided with the separation of the corresponding
multigene family members (Holland et al. 1994; Stock etparalogous chromosome regions occurring 550—450

al. 1997) and the estimated total gene number in differenf,y 5 (Doolittle et al. 1996; Lundin 1996), while the

chordate groups (Simmen et al. 1998) indicate that thedivergence of CAPN1 from CAPN2 and CAPN3 from

first tetrapl.oidization took place in an early'chordate af'CAPN4 most likely reflects the second tetraploidization
ter branching off of the cephalochordate lineage (550—450_400 MYA (Doolittle et al. 1996; Lundin 1996).

450 M.YA) (Doolittle et al. 1996) and the second ON€ " The chromosomal localization of calpain family
ggi:::'gfe L%?SIZZi%Sﬁzgﬁt?rrg:qt%?&gﬁ;%f JZiedb“r/:thembers discloses the relation of regiona_l duplications
lineage (450-400 MYA) (Doolittle et al. 1996; Hallbko to large-scale genome changes as well (Fig. 4). The lo-
et al. 1998 Holland et al. 1994 Sharﬁan ot él 1997) Acalization of the human CAPNS5 gene to the chromosome
paralogous region comprising a segment of human chroc9'on 11q12—q14, close to CAPN1 (Matena et al. 1998),

mosomes 1, 11, 12, 15, and 19 also includes CcAPN1CAN be explained by assuming a tandem duplication be-

CAPN2, CAPN3, and CAPN4 (Lundin 1993) and fore .the.two tetraploidizations. The first rounq of genome
CAPNS, CAPNS, and CAPNO as revealed by the map_dupllcatlon could have created CAPNG, which was sub-
ping of these genes (Deloukas et al. 1998) (Table 1). Théequeqtly translocated to Xq22-25 (Matena et al. 1998).
relation of parts of human chromosomes 1 and 19 WitHAccordmgly, both CAF,)NS aqd C_APN6 are orthologous
chromosomes 6 and 9 has also been suggested (Kasahi?aC- €leganstra-3. This duplication also created novel
et al. 1997). The different grouping and the imperfecttyp'cal calpain genes. The further multiplication of ca_l-
alignment of these chromosome segments comprising, iR&iN genes through another round of genome doubling
some cases, parts of both chromosome arms (Table I) cai@s Probably followed by a tandem duplication separat-
be reconciled assuming chromosomal rearrangementt]d CAPN2 and CAPNS, which are still closely linked in
large regional duplications, and pericentric inversionsth® 141 region (within 8 cM) (Deloukas et al. 1998).
(Lundin 1993, 1996). That the two rounds of genomeThe chromosomal localization of CAPN3 and CAPN4
duplications creating these paralogous groups occurredlable 1) suggests that the small subunit derived from
in early chordates is evidenced by the phylogeny of somé&APN3, most likely in parallel with the second round of
genes in these regions and their cephalochordate or ur@enome duplication. Therefore the heterodimer nature of
chordate orthologues. In the trees constructed from actialpains is a relatively recent invention absent from in-
(Kusakabe et al. 1997), troponin (Hastings 1997; Mac-vertebrates, as also evidenced by experimental data
Lean et al. 1997), and neurotropin (Haltikoet al. 1998)  (Pinte et al. 1992; Theopold et al. 1995). Somewhat
genes, the prochordate sequence is a sister group of theore problematic is the origin of CAPN9. Although the
vertebrate paralogues, indicating that tetraploidizationslade uniting it with CAPN3 is given 72% support in the
occurred later than the separation of the prochordate anchlpain tree (Fig. 3A), its chromosomal location to chro-
vertebrate lineages but preceded the split of the ancestorsosome 1, close to the D1S225 marker (Lee et al. 1998)
of bony fish from the common vertebrate lineage (Hall-near CAPN2 and CAPNS8 (within 13 cM) (Deloukas et
book et al. 1998). al. 1998), suggests that ancestral CAPN9 may have
emerged as a result of a tandem duplication, probably
after the first genome duplication (Fig. 4). Considering
the low support of the corresponding branching pattern
After vertebrate tra-3-like atypical family members hadin the tree the linkage of CAPN9 with CAPN2 and
been discovered, it became clear that the gene duplic®APN8 can also be explained by assuming that CAPN9

The Timing of Calpain Gene Duplications
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Table 1. Localization of calpain genes to paralogous chromosome regions on human chromosomes 1, 11, 5, and 19

1

11

15

19

NGFB 1p13.1

APOA2 1¢21-q23

THBS3 1921
TPM3 1922-g23
USF1 1g22—-g23
TNNI1 1931.3
TNNT2 1932
ESRRG 1941
TGFB2 1941
CAPN2 1941
CAPNS 1g41
CAPN9 1g42.1-g43
ACTA1l 1g42.1
RYR2 1942.1-943
ITPKB 1941-943

CHRNB2 1p21
CHRM3 1q41-g44

PEPC 1942

ADPRT 1q42
ACTN2 1q42-g43

BDNF 11p13
APLP2 11g23.3
APOC3 11923
APOA4 11q23
APOAL1 11q23

TNNI2 11p15.5
TNNT3 11p15.5
ESRRA 11q12

CAPN1 11g12-q13.1
CAPNS 11g12-q14

PLCB3 11q13
MYO7A 11q13.5

CHRM4 11p12-p11.2
CHRM1 11q13

CCND1 11q13
ART1 11p15
ACTNS3 11¢13-q14

THBS1 15915
TPM1 15g22.1

CAPN3 15q15.1-g21

ACTC 15q14
RYR3 15q14-q15
ITPKA 15q14—q21
PLCB2 15q14-g21
MYOS5A 1521

MYOL1E 15¢21-q22

MYO1C 15¢21-¢22

CHRNB4 1524
CHRNA7 15q14

CHRNAS5 15q24

CHRNAS3 15¢24

CHRMS5 15¢26
ANPEP 15025-G26

NTF5 19q13.3

APLP1 19q13
APOE 19q13.2
APOC4 19q13.2
APOC1 19q13.2
APOC2 19q13.2

TPM4 19¢13.1

USF2 19913
TNNI3 19913.4
TNNT1 19q13.4

TGFB1 19q13
CAPN4 19q13

RYR1 19913.1

MYO1D 19p13.3-p13.2

PEPD 19cen—q13.11
CCNE 19q13.1

ACTN4 19913

2For a complete list comprising syntenic regions from the mouse ge-<holinergic receptor, muscarinic; CHRN, cholinergic receptor, nico-
nome, see Lundin (1993, 1996). The genes not included in Lundin'stinic; ESRR, estrogen-related receptor; ITPK, inositol 1,4,5-
original list are in italics. Chromosomal localizations are from the trisphosphate 3-kinase; MYO, unconventional myosin; NGFB, nerve
GeneCards database and from (Deloukas et al. 1998). APO, apolipazrowth factor, polypeptide; NTF5, neurotropin, 5; PEP, peptidase;
protein; ACTA1L, actin,al, skeletal muscle; ACTC, actiny, cardiac PLCB, phospholipase @; RYR, ryanodine receptor; TGFB, trans-
muscle; ACTN, actinin; ADPRT, ADP-ribosyltransferase; ANPEP, forming growth factorB; THBS, thrombospondin; TNNI, troponin I;
alanyl aminopeptidase; ART1, ADP-ribosyltransferase 1; APLP, amy-TNNT, troponin T; TPM, tropomyosin; USF, upstream transcription
loid B (A4) precursor-like protein; BDNF, brain-derived neurotropic factor.

factor; CAPN, calpain; CCND1, cyclin D1; CCNE, cyclin E; CHRM,

was translocated to chromosome 1 secondarily, after itgertebrates is in agreement with the above assumption.
separation from ancestral CAPN3. Accordingly, the four vertebrate Hox clusters correspond
to vertebrate-specific typical calpains, the typical calpain
genes in arthropods and nematodes correspond to the
Discussion single Hox cluster present in these phyla and the recently
identified ParaHox cluster, resulting from an ancient
The evolution of the calpain family is consistent with the cluster duplication before chordate origins (Brooke et al.
phylogeny of several multigene families in vertebrates.1998), is analogous to the tra-3-like calpains. However,
For example, the analysis of the Hox genes revealed thatpart from these similarities, resulting from large-scale
there is a single Hox cluster in arthropods, nematodesgenome evolution, the two gene families show marked
and amphioxus, probably two or three in lampreys andlifferences in the pattern of tandem and chromosome
four in mammals (Holland et al. 1994). Assuming that duplications.
calpain gene duplications occurred in parallel with Hox  Following gene duplication the newly emerging
cluster duplications, similar ratios are expected for cal-paralogous descendants may undergo functional differ-
pain genes in these phyla. Though no cephalochordate @ntiation (Ohta 1991). This had multiple sources in the
cyclostome calpain has yet been cloned, the number afase of duplicated calpain genes. Apart from episodes of
different calpain genes in arthropods, nematodes, andene fusion (acquisition of the calmodulin-like domain)



279

— I

CAPN SOL

Tandem duplication

R
"1 1+

CAPN1/2/3/4/8/9 CAPNS/6

Fusion
Calmodulin-like J‘ I| |___ﬁ|

in gene
protein g CAPN1/2/3/4/8/9 CAPNS5/6

First
tetraploidization Translocation
? /—\
N
 — 1
o> v — H H F— 1519 . F . | X
wm CAPN1/2 CAPN9 CAPNS CAPNJ3/4 CAPNé6
Second
tetraploidization
< N\
1 H H 15—
CAPNS8 CAPN2 CAPN9 ? CAPN3

n—{ H H 19 { ] r—

CAPN1 ? CAPNS CAPN4 Small subunit II

Fig. 4. Calpain gene duplications in relation to tetraploidizations dur- ably followed by the translocation of CAPN6 to the X chromosome and
ing vertebrate evolution. After the separation of SOL from the ancestratandem duplications creating CAPN9 apdm-calpain. The second
calpain gene, the latter underwent a gene duplication (about 1000-67@enome duplication (450-400 MYA) and additional tandem duplica-
MYA). One paralogue fused with a calmodulin-like protein before the tions created the now-existing vertebrate calpain isoform genes on
divergence of the ancestor of protostomes and deuterostomes arttuman chromosomes 1, 11, 15, and Q@estion markéndicate puta-
founded the typical, Gd-regulated calpain clade. The first genome tive calpain genes, uncertain origins, or unknown chromosomal local-
duplication in an early chordate ancestor (550-450 MYA) was prob-ization.

and partial deletions (truncation of the small subunit andcurrence of alternative splicing in certain family mem-
C. elegansCPL-1), the most obvious ones were the ac-bers (Sorimachi et al. 1993a; Theopold et al. 1995) and
quisition of tissue-specific expression patterns (Sorimathe heterodimeric nature of some vertebrate calpains
chi et al. 1994) and the insertion of large sequences camwere also efficient means to generate distinct variants. In
rying new functional units (Sorimachi et al. 1995a; the latter respect the existence of a second small subunit
Sorimachi et al. 1993b; Theopold et al. 1995). The oc-in mammals is of particular interest. Though nothing is
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known about its function, it might be associated with  vertebrate calpains lacking a calmodulin-like domain: implications
either CAPNS. CAPNO9. or an as yet unknown calpain for calpain regulation and evolution. Genomics 45:175-184
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