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Abstract
The calpains, calcium-activated neutral proteases, play important roles in calcium-regulated intra-cellular signal transduction cascades. Here we report the isolation and initial characterization
of a cDNA encoding a calpain 9, digestive tract specific calpain, from catfish taste epithelium. This
calpain 9 (Ip-CAPN9a) shares 61% identity with human calpain 9. Phylogenetic analysis provides
evidence that catfish calpain 9 and the related enzymes from Oncorhynchus mykiss, Danio rerio,
Xenopus laevis, Mus musculus, Rattus norvegicus and Homo sapiens make up a distinct clade within
the tissue-specific calpain family. Northern blot analysis reveals that Ip-CAPN9a is predominantly
expressed in barbell and digestive tract, but not expressed in brain. An antibody against the Nterminal segment of Ip-CAPN9a recognizes cells within the taste buds in catfish barbells.
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1. Introduction
The calpains are cytoplasmic, calcium-activated neutral cysteine-proteases. They function in Ca2+ signaling by
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modulating biological activities of their substrates through limited proteolysis. Several structural types of calpains are known, many of these being tissue-specific. Calpain 3 (CAPN3) is specifically expressed in muscle [1],
and mutations of the CAPN3 gene were reported in limb girdle muscular dystrophy type 2A [2]. A splice variant
of calpain 3, Lp82, is expressed in the eye lens [3]. Calpain 8, predominantly expressed in stomach, shows two
alternative splice products, one with and one without a calcium binding domain [4]. Calpain 9 (CAPN9) is predominantly expressed in the digestive tract and plays a role in gastric mucosal defense in collaboration with
calpain 8 [5] [6]. Down-regulation of calpain 9 has been observed in stomach cancer [7] and hypertension [8].
The physiological function of calpain 9 in taste cells is still unclear.
All (classical) calpains are heterodimeric. Of the two subunits that comprise the calpain heterodimer, the larger one can be divided into four domains: domain I has a regulatory function; domain II is the cysteine protease
domain; domain III is C2-like β-sandwich and domain IV is responsible for Ca2+-binding with five EF-hand motifs [9]. X-ray crystallographic analysis of rat calpain 4 revealed that several amino acid pairs in EF-hand motifs specified calcium-binding properties [10] [11]. Recently, the Km values (125 mM) for Ca2+ ions for human
recombinant CAPN9 have been reported [12]. The physiological substrates of calpain 9 remain to be elucidated.
Knowing that calpains are involved in intracellular calcium-mediated events, we reasoned that calpains may
play a role in taste transduction, a process regulated by calcium signaling. In the visual system, calpains were
thought to play roles in adaptation processes through arrestin degradation [13]. The calpains may also play limited roles in cleavage of the IP3 receptor [14], PLC β3 [15], G proteins [16], and other members of the calcium
signaling cascades [17].
Chemical stimulation of taste receptor cells generally results in changes in activity of intracellular calcium,
leading to either release of neurotransmitter from the stimulated cell or communication with a specialized synaptic cell [18]. This taste-mediated increase in calcium may be sufficient to activate calpains that stimulate the
degradation of signaling molecules.
Here we report on the identification of calpain 9 from catfish (designated Ip-CAPN9a) and on its expression
in taste tissue. We first reported the molecular cloning of calpains from taste tissue in abstract form in 1997 [19].

2. Materials and Methods
2.1. Calpain cDNA Isolation from Catfish Barbell Epithelium cDNA Library
A polyclonal anti-80 kDa antibody recognizing the taste cells of the catfish barbell taste buds by immunohistochemistry was used at 1:5000 dilution to isolate a cDNA clone from a λ-ZAP catfish barbell epithelium cDNA
library using an immuno-screening kit (Stratagene, CA). DNA sequencing was performed by the dideoxy method using an ABI 373 DNA sequencer (Applied Biosystems, CA).

2.2. Phylogenetic Analysis of Calpain Family
The protein sequences of full-length calpain large subunits were obtained from the NCBI database. The accession numbers are shown in Table 1.
Amino acid sequences of calpains were aligned using MAFFT with G-insi options [20]. Two alignments were
created: 1) one of the entire large subunit, 2) the other of only the calcium binding domain of the large subunits.
With the alignments we ran maximum-likelihood analysis [21] with the RAxML software [22] over 10,000
rounds of heuristic search, using the JTT model of amino acid substitution [23] and the final tree was optimized
using the JTT + Gamma model on the Cipres Portal v1.15. To derive branch support values, 300 rounds of nonparametric bootstrap analysis [21] were run with RAxML with the same substitution model as indicated above,
with one heuristic search in each bootstrap replicate. The tree was rooted using the nematode CAPN5 as an outgroup. MEGA4 was used to visualize the trees [24]. Total RNA was isolated from barbell epithelium, olfactory
epithelium, brain and intestine of catfish with Trizol reagent (Invitrogen, CA).

2.3. Northern Blot Analysis
Total RNA was isolated from barbell epithelium, olfactory epithelium, brain and intestine of catfish with Trizol
reagent (Invitrogen, CA). From each tissue, 20 μg total RNA (except 10 μg RNA from olfactory rosette) was
electrophoresed and blotted onto a Hybond-N plus membrane (Amersham Bioscience, NJ). Antisense RNA
probes were synthesized using an RNA transcription kit (Promega, WI) and DIG-UTP (Roche Diagnostics, IN).
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Table 1. List of the accession numbers cited in this report.
Gene name

Accession number

Gene name

Accession number

Homo sapiens CAPN1

NP_005177

Danio rerio CAPN3

NP_001004571

Mus musculus CAPN1

NP_031626

Caenorhabditis elegans CAPN5

NP_502751

Rattus norvegicus CAPN1

NP_062025

Mus musculus CAPN8

NP_570960

Xenopus tropicalis CAPN1

NP_001013632

Rattus norvegicus CAPN8

NP_579843

Oncorhynchus mykiss CAPN1

NP_001117962

Xenopus tropicalis CAPN8

NP_001039108

Danio rerio CAPN1

NP_001138267

Homo sapiens CAPN9

NP_006606

Homo sapiens CAPN2

NP_001739

Mus musculus CAPN9

NP_076198

Mus musculus CAPN2

NP_033924

Rattus norvegicus CAPN9

XP_341720

Rattus norvegicus CAPN2

NP_058812

Xenopus laevis CAPN9

NP_001085997

Gallus gallus CAPN2

NP_990411

Danio rerio CAPN9

NP_001003501

Oncorhynchus mykiss CAPN2

NP_001117701

Oncorhynchus mykiss CAPN9

NP_001117960

Danio rerio CAPN2

NP_001018177

Ictarulus punctatus CAPN9a

AB574186

Homo sapiens CAPN3

NP_775110

Homo sapiens CAPN11

NP_008989

Mus musculus CAPN3

NP_031627

Mus musculus CAPN11

NP_001013789

Rattus norvegicus CAPN3

NP_058813

Rattus norvegicus CAPN11

NP_113861

Gallus gallus CAPN3

NP_001004405

2.4. Antibody Preparation
Antibodies against the Ip-CAPN9a N-terminal segment were raised in rabbits injected with a synthetic peptide
(amino acids 3-16: SASTLFSTSGNKIQ) conjugated to BSA, and purified by affinity chromatography with the
immobilized synthetic peptide onto a Sepharose (QCB Inc., MA).

2.5. Immunohistochemistry
Catfish barbells were fixed overnight in 4% paraformaldehyde at 4˚C. Cryoprotection was carried out in 20%
sucrose overnight. The tissue was then embedded in Tissue Tek OCT (Sakura Finetek, Torrance, CA). Cryosections (12 - 14 μm) were mounted on Superfrost Plus slides (VWR, West Chester, PA) and frozen at −80˚C until
further use. Standard immunohistochemical procedures were used. Briefly, cryosections were rinsed in 0.1 M
phosphate buffered saline (PBS), blocked in blocking solution containing 1% BSA, 3% normal donkey serum,
and 0.3% Triton X-100 in PBS for 2 hours, and then incubated in the primary antiserum overnight (Ip-CAPN9a,
1:500 dilution in blocking serum). After 3 washes, 20 min each, the sections were incubated in secondary antibodies (FITC- or TRITC-conjugated, 1:400; Jackson ImmunoResearch, West Grove, PA) for 2 hours at room
temperature. After incubation, sections were washed 3 times 20 min and coverslipped with Fluormount-G
(Fisher Biotech, Birmingham, AL). Control slides were treated either without the primary antibody or with normal rabbit serum replacing the primary antiserum. The same protocol was used for whole mounts, i.e. whole
barbells, however, the incubation times were longer: over 3 days for the primary and overnight for the secondary
antibodies.

3. Results
3.1. Molecular Cloning of a Catfish Tissue-Specific Calpain
We screened one million clones from a catfish (Ictalurus punctatus) barbell epithelium λ-Zap cDNA library with
an anti-80 kDa antibody and isolated 2 positive clones. Blastp analysis revealed that one was a calpain, the other
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a MAGI-like protein. The calpain cDNA had 2458 nucleotides, encoding a polypeptide of 687 amino acids and
was most closely related to human calpain 9 (digestive tract calpain) and fish calpain 9 (Figure 1(a)). We named
this catfish calpain 9 “Ip-CAPN9a” (Ip = Ictalurus punctatus). Figure 1(a) shows the alignment of fish, frog,
and mammalian calpain 9 and calpain 3. The black-boxed residues are those that are identical among calpain 9
and calpain 3. In calpains, the most diverse regions are at the N-terminus and at the calcium binding domain
(Figure 1(a)). This calcium binding domain determines the calcium sensitivity of protease activity. In this domain, Ip-CAPN9a is also most closely related to human and fish calpain 9 (Figure 1(a)). X-ray crystallographic
analysis of the m-calpain identified the Penta EF hand motifs and corresponding calcium-chelating amino acid
residues (X, Y, Z, -Y, -X, -Z) within the calcium binding domain [10] [11].
Figure 1(b) shows the Ca-chelating residues in each PEF motif for calpains and calmodulin. Unique amino
acids were observed at PEF1-Y (A), PEF2-Y (M), PEF3-Y(R), PEF4-Y (E), PEF5 Z(R) and PEF5-Y (E) in IpCAPN9a. At (-Y) positions, some of these residues were identical among fish CAPN 9, while residues at the -Y
position in frog CAPN 9 are identical to those of human CAPN9 as indicated by underline.

3.2. CAPN9 Clusters with CAPN3
The amino acid sequences from 648 to 821 in the large subunit were used to infer the phylogenetic relationships
between the mammalian and fish calpain families. Phylogenic trees were built using RaxML. Five distinct monophyletic branches were observed: CAPN9, CAPN3, CAPN1, CAPN2 and CAPN11. Ip-CAPN9a is most homologous with rainbow trout CAPNg. Ip-CAPN9a is in the branch of the calpain 9 subfamily, joining the branch
of the calpain 3 subfamily (Figure 2(a)), while rainbow trout CAPN1 and CAPN2 were in the branch of human
CAPN1 and CAPN2, respectively (Figure 2(a)).
(a)

(b)

Figure 1. Comparison of catfish calpain 9 (Ip-CAPN9a) with other calpains. (a) Alignment of Ip-CAPN9a with other calpains, including human calpain 3, human calpain 9 and fish CAPN9. The Penta-EF hand motifs are indicated with arrows
pointing out the calcium binding sites; (b) Alignment of calcium coordinating amino acids (X, Y, Z, -Y, -X, -Z) in Penta-EF
hand motifs with calpain family and calmodulin.
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Figure 2. Phylogenetic trees of calpain large subunits (a) and penta EF-hand motifs (b). Phylogenetic trees estimated under the JTT + G model (RAxML with rapid bootstrap analysis with 300 bootstrapping runs). Nematode
CAPN5 was used as an outgroup. Numbers above branches denote bootstrap values from 300 replicates (only
values higher than 50% shown). The scale bar indicates an evolutionary distance of 0.5. The species abbreviations
are as follows: Ce: Caenorhabditis elegans, Dr: Danio rerio, Gg: Gallus gallus, Hs: Homo sapiens, Ip: Ictarulus
punctatus, Mm: Mus musculus, Om: Oncorhynchus mykiss, Rn: Rattus norvegicus, Xl: Xenopus laevis, Xt: Xenopus tropicalis.

Within the calcium binding domain (residues 648 to 821), Ip-CAPN9a clustered with rainbow trout CAPN9,
zebrafish CAPN9, human CAPN9, mouse CAPN9, rat CAPN9 and Xenopus CAPN9. Rainbow trout CAPN1
and CAPN2 grouped with human CAPN1 and CAPN2, respectively (Figure 2(b)).

3.3. Expression of IP-CAPN9a in Catfish Barbell Epithelium
We examined the expression of Ip-CAPN9a mRNA in catfish tissues. The 2.4 kb band was detected by Northern
blot analysis predominantly in barbell, weakly in intestine and the olfactory rosette, and not in brain (Figure
3(a)). A polyclonal antibody, raised against the peptide corresponding to the deduced amino acid sequence 3-16
of Ip-CAPN9a, recognized the taste pore region of taste buds in catfish barbell epithelium (Figure 3(b)) and was
weakly expressed in the taste cells of taste buds (Figure 3(c)).

4. Discussion
In this report, we described the isolation of a tissue-specific calpain cDNA out of a catfish barbell epithelium
cDNA library. Calpains have been reported in other non-mammalian species including CAPN1 & CAPN2 in
carp muscle [25], those in trout muscle [26] and gill-specific calpain of rainbow trout [27]. The calpain reported
on here encodes a 687 amino acid protein with a predicted molecular weight of 78,345 Da. From amino acid
sequence comparison, this catfish calpain (Ip-CAPN9a) is most closely related to the CAPN9 of rainbow trout,
zebrafish, human, mouse, rat and Xenopus (Figure 1(a)).
In a maximum-likelihood analysis with the whole protein sequence, the value of alpha was 0.926. Figure 2(a)
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(a)

(b)

(c)

Figure 3. Expression analysis of Ip-CAPN9 in catfish. (a) Northern blot analysis of IP- CAPN9a in catfish tissues. Total RNA from taste bud-containing maxillary barbell and from other tissues as indicated for catfish:
(lane 1. barbell epithelia (20 μg), lane 2. Intestine (20 μg), lane 3. olfactory rosette (10 μg), lane 4. brain (20
μg)); (b) Whole mount preparation of a catfish barbel showing the taste pores (arrows) of taste buds. The small
fluorescent dots depict solitary chemosensory cells which also seem to be Ip-CAPN9a-positive. Scale bar: 50
μm; (c) Ip-CAPN9a-like immuno-reactivity in taste cells of taste buds on catfish barbel. Scale bar: 20 μm.

shows that Ip-CAPN9a clustered within the same node next to the CAPN3 subfamily, while rainbow trout
CAPN1 and CAPN2 grouped with human CAPN1 and CAPN2. The same result was observed in the phylogenetic analysis with the Penta-EF hand motifs (α = 1.692) in Figure 2(b). These observations would suggest that
CAPN3 and CAPN9 diverged from CAPN1 and CAPN2 prior to teleost evolution [28].
A feature worth further study is the unique amino acid residues at the calcium binding site of Ip-CAPN9a,
especially at the Y site (Figure 1(b)) [10] [29]. Considering their position within the calcium binding sites, it is
likely that these unique amino acids participate in the calcium modulation of this enzyme.
Northern blot analysis suggests that Ip-CAPN9a is predominantly expressed in barbell, slightly in olfactory
rosettes and intestine, but not in brain (Figure 3(a)). Even though we were unable to detect Ip-CAPN9a mRNA
expression in brain by northern analysis, we could not rule out the possibility that some specific cells within the
brain may express Ip-CAPN9a as shown in Drosophila CalpA [30]. Salem et al. showed that rainbow trout
gill-specific calpain, closely related to calpain 9, was not expressed in the small intestine. Different detecting
probes used in the northern blot analysis may explain this difference [27].
The immuno-histochemical studies demonstrated that polyclonal antibodies against a deduced peptide from
the N-terminal segment of Ip-CANP9a recognized the taste pore region (Figure 3(b)) and taste bud cells
(Figure 3(c)). Taken together with the northern analysis, these data suggest that Ip-CAPN9a is a chemosensory
and digestive tract specific calpain in fish. The barbell of the catfish detects taste stimuli as does the tongue in
mammals. According to the current views of the taste system, where the sense of taste is considered a “metabolic sense” acting both at the perceptual and the metabolic levels, it may not be surprising to find a digestive tract
calpain within cells of the taste bud.
In spite of much effort, we could not detect a band on SDS-PAGE-western blot that would correspond in molecular weight (78 kDa) to Ip-CAPN9a (data not shown). Several explanations can be considered including 1)
the likely high turnover rate for tissue-specific calpains [1] and 2) high calcium concentration around taste cells
leading to calpain activation and autolysis. A similar anomaly is seen with human CAPN3. This calpain is difficult to detect by western blotting, most probably due to its high turnover rate and its lability after dissociation
from connectin, to which CAPN3 binds through its IS2 region [31].
Human CAPN9 and Ip-CAPN9a might be more fragile than human calpain 3. M- and μ-calpains cleave their
N-terminal segments upon activation (autolysis). The antibody against Ip-CAPN9a was raised against its Nterminal segment (3 to 16 amino acids). The presumptive cleavage site on autolysis localizes near the end of this
segment. We thus assume that the antibody recognition segment would be mostly released from Ip-CAPN9a
upon its activation. Na+, Ca2+, Mg2+ ions are rich in catfish barbell mucin layer. This high calcium concentration
could activate calpains during sample preparation.
The calpains have been implicated in degradation of the IP3 receptor [14] and of the enzyme, PLC beta-3 [15].
In a preliminary experiment [19], we noted that the calpain inhibitor, the tripeptide, LLL, reduced the degradation of the IP3 receptor in catfish barbell upon stimulation of the preparation by the potent taste stimulus, L-ar-
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ginine. As there are no subtype specific calpain inhibitors, we cannot determine which calpain subtypes are responsible for the degradation of taste-related proteins.
Our discovery of Ip-CAPN9a should lead to the characterization of other teleost-related calpain subtypes.
Studies of other tissue-specific type fish calpains will clarify how these calcium-dependent calpains are activated and inhibited under physiological conditions.
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