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A Background and Significance

Anion channels probably exist in every cell, from bacteria to plants and mammals.

They reside both in the plasma membrane and in the membranes of various cell

organelles where they form ion pores through these largely impermeable lipid

bilayers. When the channel pores are in the open state, different anions can diffuse

through the pores along their electrochemical gradient. Of all intra- and extracellular

anions, Cl- is the most abundant ion and therefore is the predominant permeating

anion under most circumstances. Hence, anion channels are commonly referred to

as Cl- channels, even though they may conduct other anions better than Cl-. Due to

osmotic and charge effects, net secretion or absorption of Cl- is accompanied by

parallel movements of Na+ and water through other distinct pathways.

Cl- channels play a fundamental role in a number of physiological processes. On the

one hand, they are involved in regulatory pathways for the cell volume, the plasma

membrane potential, the electrical excitability of the cell and cell signal transduction.

On the other hand, simultaneous Cl- influx and proton-pump-activities facilitate cell

organelle acidification and influence membrane vesicle trafficking and fusion

(reviewed by JENTSCH et al. 2002).

This broad functional diversity could be achieved by the evolution of distinct Cl-

channels that are encoded by genes belonging to several gene families.

Electrophysiological patch-clamp studies have revealed various anion conductivities

that differ in their biophysical properties such as single-channel conductance, anion

selectivity and mode of regulation. However, differences in the experimental design

including the cell source and degree of differentiation as well as culture and recording

conditions influence the current recorded and make identification of distinct channel

activities difficult (FULLER and BENOS 2001). More recently, molecular cloning has

led to the discovery of several Cl- channel genes belonging to distinct gene families.

However, the broad variety of electrophysiologically detected Cl- conductivities is not
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yet matched by a similar number of Cl- channel genes identified, suggesting that

entire families of anion channels have not yet been identified at the molecular level

(JENTSCH et al. 2002).

The biological significance of Cl- channels is emphasized by a number of severe

inherited diseases both in humans and domestic animals resulting from channel gene

mutations. The most common lethal inherited disease in humans, cystic fibrosis (CF),

results from a genetic defect in the cystic fibrosis transmembrane conductance

regulator (CFTR) Cl- channel (RIORDAN et al. 1989). The disease is characterized

by a systemic exocrinopathy with the most severe symptoms in the respiratory and

digestive tracts (WELSH et al. 1995; SCHWIEBERT et al. 1998). Genetic defects

within the superfamily of ligand-gated postsynaptic gamma-amino butyric acid

(GABA) and glycine receptor Cl- channels of the central nervous system are

associated with various neurological disorders, mostly leading to neuronal hyper-

excitability (reviewed by HUBNER and JENTSCH 2002). Furthermore, mutations in

different ClC Cl- channel genes may give rise to diverse maladies in distinct tissues

and include, e.g., forms of congenital myotonia, forms of renal insufficiency including

nephrolithiasis and forms of osteopetrosis (reviewed by JENTSCH et al. 2002).

A novel family of proteins has recently emerged that is associated with Ca2+-activated

Cl- conductances (CaCC) when heterologously expressed or reconstituted in planar

lipid bilayers (FULLER and BENOS 2000 a, b). This novel gene family of putative

Ca2+-activated Cl- channels (CLCA gene family; Cl- channels, Ca2+-activated)

represents a functionally complex group of transmembrane molecules expressed in

various epithelia, in endothelial cells and in a number of other cell types. Since the

initial discovery of several CLCA homologs, a total of eleven family members have

been identified to date in the human, murine, bovine and porcine species (reviewed

by GRUBER et al. 2000, 2002). The data currently available on the function,

expression and regulation of CLCA homologs are far from sufficient to allow for a

complete picture of their physiological role and their pathophysiological significance

in disease processes. Understanding their genetics, protein structure, cellular and

subcellular location and tissue distribution is an important prerequisite for
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establishing the function of these novel putative channels. The present study was

designed to address these key challenges to gain a better understanding of the

CLCA gene family using the mouse as a model system.
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B Literature Review

B.1 Chloride Conductances Primarily Identified by Electro-
physiological Techniques

Electrophysiological patch-clamp studies revealed a variety of anion channel profiles

even within single cells that differed in their biophysical properties such as single-

channel conductance, anion selectivity and modes of regulation, e.g., by ligands,

Ca2+, cyclic adenosine monophosphate (cAMP), G-proteins, pH-value, trans-

membrane voltage, mechanical stretch or cell swelling. Subsequent molecular

cloning partly identified the genes underlying these distinct anion conductivities.

B.1.1 The ORCC Conductance

In 1987, the so-called outwardly-rectified Cl- conductance (ORCC) was identified as a

medium-conductance anion current in epithelial cells (SCHOUMACHER et al. 1987).

As suggested by the name this conductance exhibits an outwardly-rectifying current-

voltage relationship. It shows large conductances of 30 to 70 pS and an anion

selectivity sequence of I- > Cl- and is sensitive to block by 4,4�-diisothiocyanato-

stilbene-2,2�-disulfonic acid (DIDS; reviewed by NILIUS and DROOGMANS 2003).

Thus, the ORCC could also be a candidate for Ca2+-activated Cl- conductances

(CaCC; see B.1.4). However, the ORCC is primarily regulated by cell swelling and by

extracellular adenosine triphosphate (ATP; SCHWIEBERT et al. 1995). The

biological significance of this Cl- conductance is unknown to date but its ATP-
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dependent activation seems to be intimately linked to coexpression of a functionally

intact cystic fibrosis transmembrane conductance regulator (CFTR) Cl- channel

(JOVOV et al. 1995; SCHWIEBERT et al. 1995; see B.2.2).

B.1.2 The CLIC Channel Family

Of proteins isolated from bovine kidney membrane fractions based on their binding to

a channel-blocking agent, indanyl-oxyacetic acid 94 (LANDRY et al. 1989), a single

protein named p64 according to its molecular mass has been purified that mediates a

Cl- flux upon reconstitution in phospholipid vesicles (REDHEAD et al. 1992). An

antibody raised against p64 depleted the endogenous Cl- conductance from bovine

kidney microsomes (REDHEAD et al. 1992). The gene encoding p64 was cloned in

1993 (LANDRY et al. 1993). When expressed in Xenopus laevis oocytes, it was

located in the microsomal membranes. Thus, p64 provided the founding member of a

novel gene family of putative intracellular Cl- channels (CLIC, Cl- intracellular

channels; LANDRY et al. 1993). To date, close relatives have been reported in

mammals with a broad tissue distribution including heart, kidney, lung and skeletal

muscle (reviewed by JENTSCH et al. 2002). The CLIC proteins have been localized

in different cellular compartments including the cell nucleus (QIAN et al. 1999). CLIC

homologs share a highly conserved carboxy-terminal domain of around 250 amino

acids in size and a single putative transmembrane domain (JENTSCH et al. 2002). In

vitro reconstitution of recombinant CLIC-1 in artificial liposomes fused to lipid bilayers

revealed a voltage-dependent single-channel Cl- current of 70 to 160 pS and an ion

selectivity sequence of Cl- > I- (TULK et al. 2000).
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B.1.3 The VSOAC or VRAC Conductance

Cell swelling induces a characteristic anion-selective whole cell conductance with

moderate outward rectification and an ion selectivity sequence of I- > Cl-. JACKSON

and colleagues (1994) have coined the phrase volume-sensitive organic osmolyte

and anion channel (VSOAC) for this distinct anion channel profile although the

current is called volume-regulated anion channel (VRAC) as well (reviewed by

JENTSCH et al. 2002). In addition to cell swelling, the activation depends on the

presence of intracellular ATP (JACKSON et al. 1994). The VSOAC is not yet defined

at the molecular level. It may consist of diverse channel proteins forming channel

pores of different sizes, as has been suggested from the observation that the

regulatory response to cell swelling consists of a rather nonselective release of

structurally unrelated organic osmolytes prior to cell lysis (JACKSON et al. 1994).

Single-channel conductances range from 50 to 90 pS at depolarized voltages and

approximately 10 pS at hyperpolarized potentials (NILIUS and DROOGMANS 2003).

B.1.4 The CaCC Conductances

Ca2+-activated Cl- conductances (CaCC) have been recorded in cells from various

species and tissues, including several secretory epithelial cell types, neuronal cells

and smooth muscle cells. They are thought to play a role in transepithelial ion and

water transport (KIDD and THORN 2000) and/or cell excitability and signal

transduction (LOWE and GOLD 1993; YUAN 1997). In general, CaCC currents

exhibit an anion selectivity sequence of I- > Cl- and are blocked by DIDS and/or

niflumic acid (NFA; reviewed by JENTSCH et al. 2002). Whole cell CaCC currents

are typically outwardly rectified (KIDD and THORN 2000) and show a time-

dependent, Ca2+-sensitive activation upon depolarization (KOTLIKOFF and WANG

1998). Besides the intracellular Ca2+ levels, phosphorylation by Ca2+/calmodulin-
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dependent protein kinase II (CaMK II) is involved in the regulation of current kinetics

for some but not all CaCC, suggesting the existence of several distinct CaCC channel

proteins (KIDD and THORN 2000). Molecular diversity is also suggested by different

single-channel conductances ranging from 1 to 50 pS (TAKAHASHI et al. 1987;

NISHIMOTO et al. 1991; SCHLENKER and FITZ 1996). Of note, the heterologous

protein expression system of Xenopus laevis oocytes, which is frequently used in

electrophysiological experiments, exhibits an endogenous CaCC of 1- to 3-pS single-

channel conductance (TAKAHASHI et al. 1987). Thus, Xenopus laevis oocytes are of

limited use for in vitro expression studies of other Ca2+-activated Cl- channels.

B.2 Chloride Channels Identified at the Molecular Level

To date, members of three different anion channel families have been cloned. These

are the gamma-aminobutyric acid (GABA) and glycine receptor Cl- channels, the

cystic fibrosis transmembrane conductance regulator (CFTR) Cl- channel and the

homologs belonging to a Cl- channel family designated ClC.

B.2.1 The GABA and Glycine Receptor Chloride Channels

The first family of Cl- channels was discovered on the molecular level in 1987 and

includes the GABA and glycine receptor Cl- channels (BORMANN et al. 1987). These

channels belong to a superfamily of ligand-gated postsynaptic receptors of the

central and peripheral nervous system. Ligand binding leads to Cl- influx and cell

hyperpolarization, thus inhibiting neuronal activity. GABA and glycine receptors have

been identified in mammals and birds and are, in addition to neuronal tissues, also

expressed in several other organs (reviewed by JENTSCH et al. 2002). Consistent
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with their ligand-binding nature, the receptor proteins possess a large amino-terminal

extracellular domain of approximately 200 amino acids (JENTSCH et al. 2002). The

Cl- channels are assembled as homo- or mostly hetero-pentamers of approximately

240 kDa (PFEIFFER et al. 1982). Each monomer possesses four transmembrane

domains and the pentamer forms a rather large single pore of approximately 5.0 to

5.5 Å (BORMANN et al. 1987). Depending on the individual subunit composition of

the pentamers, multiple conductance levels in the 10- to 90-pS range and diverse

open states and kinetics can be observed (BORMANN et al. 1987). GABA and

glycine receptor Cl- channels are outwardly rectified and exhibit an anion selectivity

sequence of I- > Cl- (BORMANN et al. 1987).

B.2.2 The CFTR Chloride Channel

In 1989, the cystic fibrosis transmembrane conductance regulator (CFTR) Cl-

channel was cloned as the first anion channel to be identified by positional cloning

(human chromosome 7; RIORDAN et al. 1989) rather than the more classic

approach of initial protein characterization. The CFTR protein is a unique member of

the ATP-binding cassette transporter gene family in that it forms a Cl- channel. These

transporters move a multitude of different substances from complex hydrophobic

substances including chemotherapeutic drugs to small peptides across cell

membranes in a nonconductive manner (SCHWIEBERT et al. 1999). The CFTR

gene has been identified in mammals and other animals, e.g., fish, and is expressed

predominantly in the apical membrane of various epithelia, including those of the

intestine and airways, where the channel is involved in transepithelial transport

processes of electrolytes and water (reviewed by QUINTON 1990). Furthermore,

CFTR expression has been localized to membraneous cell compartments where the

protein may be involved in the acidification, trafficking or fusion of such organelles

(BRADBURY 1999). The CFTR protein has been unequivocally demonstrated to act

as an ion channel: it showed cAMP-dependent Cl- channel activity upon its
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reconstitution in planar lipid bilayers and mutations altered intrinsic channel

properties (ANDERSON et al. 1991; BEAR et al. 1992). The approximately 170- to

180-kDa protein is composed of five domains. It possesses two membrane-spanning

domains each including six transmembrane helices, two nucleotide-binding domains

and a single unique regulatory domain which contains numerous phosphorylation

sites (RIORDAN et al. 1989). The native protein probably forms a functional

monomer with a single pore of about 5 to 6 Å (NILIUS and DROOGMANS 2003).

Single-channel conductances range from 6 to 10 pS and exhibit a linear current-

voltage relationship and a distinct Cl- > I- ionic selectivity profile (reviewed by

JENTSCH et al. 2002). Importantly, the CFTR channel is not inhibited by the

commonly used anion channel-blocking agent DIDS (VANDORPE et al. 1995). The

state of phosphorylation by protein kinases A (PKA) and/or C (PKC) of the unique

regulatory domain in conjunction with the binding and hydrolysis of ATP at the two

nucleotide-binding folds is essential for channel gating and determines channel

activity (SHEPPARD and WELSH 1999). In addition to its function as a Cl- channel,

the CFTR protein has been reported to show the somewhat unique ability to interact

with and seemingly regulate other membrane channels, most importantly the

epithelial Na+ channel and the outwardly-rectified Cl- conductance (ORCC; reviewed

by NILIUS and DROOGMANS 2003; see B.1.1).

B.2.3 The ClC Chloride Channels

ClC Cl- channels can be found in prokaryotes, plants and all eukaryotes. The

founding member of this family, the voltage-gated Cl- channel ClC-0, was isolated

from the electroplax organ of the marine electric ray Torpedo marmorata and

identified by expression cloning in Xenopus laevis oocytes (JENTSCH et al. 1990).

Since then, nine additional ClC genes have been detected by homology cloning

(reviewed by JENTSCH et al. 2002). The mammalian ClC channels show diverse

tissue distribution patterns and functions. Some are found in the plasma membrane
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whereas the majority resides in membranes of intracellular organelles. They

participate in cell volume regulation and/or in organelle acidification (PIWON et al.

2000). In general, ClC channels are voltage-dependent and exhibit, depending on the

pH, a Cl- > I- anion selectivity profile (JENTSCH et al. 2002). The only ClC family

member studied extensively at the single-channel level is ClC-0 which shows two

conductance levels of approximately 10 and 20 pS (JENTSCH et al. 2002). The ClC

channels probably function as double-barreled homodimers with 10 to 12 putative

transmembrane domains each and an ion pore of at least 4.5 Å (RYCHKOV et al.

1998). Thus, the two conductance levels reported from ClC-0 may reflect the opening

of one or both independent pores, respectively.

B.3 The CLCA Gene Family of Calcium-Activated Chloride
Channels

A novel family of proteins has recently been identified that are associated with Ca2+-

activated Cl- conductances when heterologously expressed in Xenopus laevis

oocytes or human embryonic kidney (HEK) 293 cells or when reconstituted in planar

lipid bilayers (reviewed by FULLER and BENOS 2002). This novel gene family of

putative Ca2+-activated Cl- channels (CLCA family; Cl- channels, Ca2+-activated)

seems to represent a functionally complex group of transmembrane molecules

expressed in various epithelia, endothelial cells and a number of other cell types.

Eleven family members have been identified to date in the human, murine, bovine

and porcine species (reviewed by GRUBER et al. 2000, 2002).

In the early 1990s, two proteins that became the founding members of the CLCA

gene family were isolated independently and with unrelated objectives in two different

laboratories: the bovine tracheal Ca2+-activated Cl- channel, CaCC alias bCLCA1

(RAN and BENOS 1991, 1992), and the bovine lung endothelial cell adhesion

molecule-1, Lu-ECAM-1 alias bCLCA2 (ZHU et al. 1991). The bCLCA1 protein was
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initially isolated from bovine tracheal epithelial cell luminal vesicles using classic

biochemical techniques including ion exchange columns. The purified 38-kDa protein

was associated with a novel CaCC current when incorporated into artificial liposomes

fused to lipid bilayers (RAN and BENOS 1991, 1992; RAN et al. 1992). Polyclonal

antibodies generated against the bCLCA1 protein facilitated the isolation of the

corresponding complementary deoxyribonucleic acid (cDNA) sequence from a

bovine tracheal cDNA expression library (CUNNINGHAM et al. 1995). In contrast, the

90-kDa bCLCA2 protein was immunoprecipitated from lung matrix-modulated bovine

aortic endothelial cell (BAEC) cultures using a monoclonal antibody raised to prevent

adhesion of melanoma cells to these endothelial cell monolayers (ZHU et al. 1991).

Its cDNA sequence was subsequently isolated from a BAEC cDNA library (ELBLE et

al. 1997). Despite their postulated different functions, the existence of two molecules

within the same species that show a homology as close as 89 % cDNA identity and

88 % amino acid identity suggested the discovery of a novel gene family.

Once the cDNA of the two molecules had been cloned, several closely related

homologs were identified in subsequent years, mainly based on homology screening

using the bovine cDNA species as probes. To date, in addition to the two bovine

CLCA homologs, four human, four murine and one porcine CLCA family members

have been identified (references see Table B1). A scan of the human genome

revealed no additional CLCA homologs in this species and it is currently thought that

four CLCA-homologous genes may be present throughout the mammalian species

(GRUBER et al. 2002). Unfortunately, the different proposed functions of the

individual CLCA members as well as their discovery in different laboratories resulted

in a heterogeneous nomenclature (see Table B1). Recently, the nomenclature was

unified in accordance with the nomenclature committees of the human and murine

genome projects: the family name CLCA was chosen for �Cl- channels, Ca2+-

activated�, the respective species is indicated by b (bovine), m (murine), h (human)

and p (porcine) and the individual homologs within a given species are numbered in

the chronological order of their discovery. However, this excludes direct comparison

between members with the same number in different species.
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CLCA Family Name Original Name Reference GenBank Accession No.

bCLCA1 CaCC CUNNINGHAM et al. 1995 U36445

bCLCA2 Lu-ECAM-1 ELBLE et al. 1997 AF001261�AF001264

hCLCA1 hCLCA1,

hCaCC-1

GRUBER et al. 1998a;

AGNEL et al. 1999

AF039400, AF039401;

AF127036

hCLCA2 hCLCA2,

hCaCC-3

GRUBER et al. 1999;

AGNEL et al. 1999

AF043977;

AF127980

hCLCA3 hCLCA3 GRUBER and PAULI 1999b AF043976

hCLCA4 hCaCC-2 AGNEL et al. 1999 AF127035

mCLCA1 mCaCC GANDHI et al. 1998;

ROMIO et al. 1999

AF047838;

AF052746

mCLCA2 mCLCA2 LEE et al. 1999 AF108501

mCLCA3 gob-5 KOMIYA et al. 1999 AB017156

mCLCA4 mCLCA4 ELBLE et al. 2002 AY008277

pCLCA1 pCLCA1 GASPAR et al. 2000 AF095584

Table B1: Cloned CLCA family members and their unified nomenclature.

B.3.1 Genetics of the CLCA Gene Family

According to searches of the completed human genomic sequences and GenBank

databases, the CLCA genes appear to represent a distinct family that bears little or

no resemblance to any other known genes. Hybridization of multispecies genomic

deoxyribonucleic acid (DNA) blots with bCLCA1 or bCLCA2 probes revealed

widespread conservation of the family in mammals (human, mouse, bovine, porcine,

monkey, rat, dog, rabbit) but not beyond (chicken, yeast; CUNNINGHAM et al. 1995;

ELBLE et al. 1997). However, it remains conceivable that a proto-CLCA homolog will

emerge from the sequencing of avian or piscine genomes.

Considerable sequence divergence within the CLCA gene family indicates origin from

relatively ancient duplication events (52 to 57 % cDNA and 42 to 47 % amino acid
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identities; see Table B2 and Figure B1). In contrast, according to the close

sequence proximities of the murine mCLCA1, mCLCA2 and mCLCA4 homologs (85

to 96 % cDNA identities; see Table B2) or the bovine bCLCA1 and bCLCA2

homologs (89 % cDNA identity; see Table B2), respectively, there appear to be

relatively late branching events within single species as well. However, in particular

for the murine homologs mCLCA1 and mCLCA2 sharing as much as 96 % cDNA

identity (see Table B2), it is also conceivable that the two detected messenger

ribonucleic acid (mRNA) species are in fact not encoded by two separate genes but

rather may be allelic splice variations of a single gene. To date, no reliable genomic

sequence data are available that confirm the existence of two separate murine genes

encoding mCLCA1 and mCLCA2. In summary, the CLCA gene family seems to have

diverged independently within different species, resulting in a species-specific

evolution without large homologies between any two species (GRUBER et al. 2002).

In general, CLCA sequence similarities are randomly distributed throughout the

cDNA sequences, an exception being only a single conserved amino-terminal region

coding for a motif of cysteine residues (GRUBER et al. 2002; see B.3.2 and Figure
B2). The human CLCA genes are clustered on the short arm of chromosome 1

(1p22-31). After hCLCA1 was mapped to this region by fluorescent in situ

hybridization (GRUBER et al. 1998 a), hCLCA2 and hCLCA3 were localized in the

same region by radiation hybrid (RH) mapping (GRUBER and PAULI 1999 a). The

only gene for which the intron-exon boundaries have been determined to date is

hCLCA1. In that gene, 15 exons encompass a total length of 31,905 base pairs

(GRUBER et al. 1998 a).
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Figure B1: Dendrogram of all published CLCA family amino acid sequences. The

phylogenetic tree was constructed based on alignments of the deduced CLCA amino

acid sequences using the Clustal method. 
1 The scale bar represents an approximate

sequence diversity of 5 %.

                                                          
1 http://clustalw.genome.ad.jp
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bCLCA hCLCA mCLCA pCLCA

-1 -2 -1 -2 -3 -4 -1 -2 -3 -4 -1

-1 - 89 60 57 85 62 76 75 59 77 58bCLCA

-2 11 - 55 57 78 60 74 74 57 76 56

-1 40 45 - 54 54 63 59 58 77 61 78

-2 43 43 46 - 56 54 56 56 52 59 54

-3 15 22 46 44 - 59 75 75 58 76 56

hCLCA

-4 38 40 37 46 41 - 59 61 63 60 62

-1 24 26 41 44 25 41 - 96 59 85 58

-2 25 26 42 44 25 39 4 - 58 85 57

-3 41 43 23 48 42 37 41 42 - 60 75

mCLCA

-4 23 24 39 41 24 40 15 15 40 - 60

pCLCA -1 42 44 22 46 44 38 42 43 25 40 -

Table B2: Degree (in %) of cDNA nucleotide identities (upper right half) and

divergence (lower left half) among CLCA family members. The alignments were

performed using the Clustal method 
1 based on the CLCA cDNA sequences as

submitted to the public database (for GenBank accession nos. see Table B1).

B.3.2 Predicted Structure and Regulatory Motifs of the CLCA
Proteins

A comparison of the CLCA proteins studied thus far reveals a number of

commonalities. Except for hCLCA3 (GRUBER and PAULI 1999 b) and a variant of

bCLCA2 (ELBLE et al. 1997), respectively (see below), all CLCA homologs are

predicted by hydrophobicity analyses to be multi-pass transmembrane proteins of
                                                          
1 http://clustalw.genome.ad.jp
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about 900 to 940 amino acids with a large hydrophilic amino terminus and a

hydrophobic carboxy terminus. A hydrophobic patch of 20 to 30 amino acids at the

extreme amino terminus was proven to be a conserved cleavable signal sequence by

direct peptide sequencing of the bCLCA2 amino terminus (ELBLE et al. 1997).

Cleavage would place the amino terminus extracellular or intraorganellar (see Figure
B2). The hydrophobic carboxy-terminal patch which is present in many but not all

CLCA homologs may anchor the tail into the plasma membrane (GRUBER et al.

2002; see Figure B2).

Predicting the transmembrane structure of ion channels based on hydrophobicity

plots of primary sequence alone is risky. For CLCA homologs, different programs

suggested, apart from the cleavable signal peptide, four (CUNNINGHAM et al. 1995;

GASPAR et al. 2000; see Figure B2) or two (LEE et al. 1999; ROMIO et al. 1999)

putative transmembrane domains. Both predictions are consistent with the formation

of an ion channel which, in case of forming a monomer, should traverse the lipid

membrane at least twice. Nevertheless, the four transmembrane-pass model

originally proposed (CUNNINGHAM et al. 1995) has gained experimental support.

When myc-antigen epitope tags were inserted into each predicted ecto- or

endodomain of hCLCA1 coupled with visualization in nonpermeabilized cells by

immunostaining, a signal was observed only if the tag resided in a predicted

extracellular region (GRUBER et al. 1998 a; compare to Figure B2). In a subsequent

study, glycosylation site mutagenesis was used to determine the structure of

hCLCA2 whose hydrophobicity profile differs from that of other CLCA family

members in predicting an additional transmembrane pass at the carboxy terminus

(GRUBER et al. 1999). The data supported a model in which hCLCA2 has an

intracellular carboxy terminus of approximately 2 kDa (see Figure B2).
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Figure B2: Proposed transmembrane topology of hCLCA1 and hCLCA2 with initially

five membrane-spanning regions. Conserved cysteine residues at the extracellular

amino terminus are marked with C. The predicted monobasic proteolytic cleavage

sites of the primary translation products of hCLCA1 and hCLCA2 are indicated by

arrows, respectively. It is unclear whether the fifth hydrophobic domain at the carboxy

terminus actually traverses the plasma membrane as indicated in this figure. The

short hydrophilic tail marked by an arrowhead is absent from hCLCA1. Reprinted with

permission from GRUBER and colleagues (2000).

Another striking feature of members of the CLCA family is the proteolytic cleavage of

the primary translation product around amino acid 700, as described for bCLCA2,

hCLCA1, hCLCA2 and mCLCA1 (ELBLE et al. 1997; GANDHI et al. 1998; GRUBER

et al. 1998 a; GRUBER et al. 1999; see Figure B2). This phenomenon was also

observed when mCLCA1 was expressed in HEK 293 cells (GANDHI et al. 1998)

which implies that the agent of cleavage is universal. In hCLCA1 and hCLCA2,

insertions of tags in the first 700 amino acids of the open reading frames (ORF)

allowed detection of the glycosylated 120- to 130-kDa precursor and a product of

about 90 kDa while insertions in the last 200 amino acids allowed detection of the

precursor and of 30- to 40-kDa cleavage products (GRUBER et al. 1998 a; GRUBER

et al. 1999). The cleavage signal itself is probably determined by the protein structure

since the amino acid sequence at the site is not conserved among CLCA family

C
C
C

hCLCA2

hCLCA1

C

C
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members (GRUBER et al. 1998 a). It is unclear whether the two cleavage products

remain associated or not. In case of hCLCA1, the two products seem to remain

associated, since the myc-tagged 90-kDa protein and the untagged 38-kDa protein

are co-precipitated with a monoclonal antibody directed against the tag (GRUBER et

al. 1998 a). No co-precipitation of the two cleavage products was observed for

hCLCA2 (GRUBER et al. 1999). The 90- and 32- to 38-kDa subunits of bCLCA1 are

both associated with the cell surface, as detected by surface biotinylation (PAULI et

al. 2000). Concerning the predicted putative transmembrane domains, it has been

suggested that at least three of the four putative transmembrane spans reside within

the amino-terminal 90-kDa part of the CLCA proteins (GRUBER et al. 1999). The

purpose of the proteolytic cleavage event has not yet been established but its

absolute conservation throughout a family of relatively ancient divergence (see B.3.1,

Figure B.1 and Table B2) strongly implies a central role in protein function. Several,

mostly asparagine-linked glycosylation sites in both protein subunits may account for

slight discrepancies between predicted and experimentally observed molecular

weights of the subunits due to different glycoforms.

As a peculiarity among the CLCA proteins, hCLCA3 possesses two truncated ORF,

corresponding together to the amino-terminal third of other CLCA homologs. Of the

two possible ORF, only the extreme amino-terminal ORF including the signal

sequence and 262 amino acids upstream of the first predicted membrane-spanning

region is translated in heterologous cell systems to reveal an approximately 37-kDa

product (GRUBER and PAULI 1999 b). This protein species is secreted by the cells

and might be of biological significance, e.g., as a functional inhibitor of full-length

homologs. Cl- channel function by itself is highly unlikely (GRUBER and PAULI

1999 b). A similarly truncated protein has also been observed among the four

different variants of the bovine CLCA2 (�clone 4�; ELBLE et al. 1997).

A distinguishing feature of the CLCA proteins is a multi-cysteine cluster centered

around amino acid 200 in the extracellular amino terminus (see Figure B2).

This sequence shows a conserved symmetry reminiscent of zinc-fingers:
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C-x12-C-x4-C-x4-C-x12-C (C, cysteine; x, any amino acid; ELBLE et al. 1997). The

exception to this pattern, hCLCA2, violates the spacing yet conserves the symmetry:

C-x9-C-x4-C-x4-C-x9-C (GRUBER et al. 1999). The functional significance of this motif

is unknown although a disulfide-bonded loop in the extracellular amino tail of ligand-

gated channels appears to coordinate protein structure and stability (SURPRENANT

et al. 1995). Furthermore, zinc-fingers have been associated with protein-protein

binding in addition to their well-known interactions with DNA (BERG and SHI 1996).

Just before this motif, from amino acids 155 to 160 of bCLCA2 (ELBLE et al. 1997),

there is a consensus binding site for metal ions that is conserved in all family

members except for hCLCA3 (AGNEL et al. 1999).

The regulation of the CLCA protein function is unclear so far. A semi-conserved

hotspot for phosphorylation exists in the second intracellular loop of bCLCA2 around

amino acid 590 (ELBLE et al. 1997). Here, a serine and a threonine residue are

potential sites for phosphorylation by CaMK II and PKC, and the serine residue is

also a potential site for phosphorylation by PKA (HANKS and QUINN 1991). While

both sites are conserved in bCLCA1, bCLCA2, hCLCA3, mCLCA1, mCLCA2 and

mCLCA4 (CUNNINGHAM et al. 1995; ELBLE et al. 1997; GANDHI et al. 1998;

GRUBER et al. 1999; LEE et al. 1999; ELBLE et al. 2002), only the serine is retained

in mCLCA3 and pCLCA1 (KOMIYA et al. 1999; GASPAR et al. 2000), and the

human homologs hCLCA1, hCLCA2 and hCLCA4 lack both sites (GRUBER et al.

1998 a, 1999; AGNEL et al. 1999). Of all the potential CaMK II sites identified in

CLCA proteins, only these sites are predicted to be located intracellular by the

available data on transmembrane topology (CUNNINGHAM et al. 1995; GRUBER et

al. 1998 a, 1999). Phosphorylation by either CaMK II or PKC is consistent with Ca2+-

regulation of CLCA proteins, and bCLCA1 expressed in Xenopus laevis oocytes was

shown to respond to activators and inhibitors of PKC (JI et al. 1998). In general, the

CLCA-mediated Cl- channel activity may be regulated in a complex way and by

alternative pathways in addition to Ca2+. Unique among the CLCA proteins studied to

date, pCLCA1 possesses a putatively intracellular PKA-consensus phosphorylation
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site which seems to be of functional relevance as the Ca2+-sensitive Cl- current can

be stimulated with cAMP (LOEWEN et al. 2002).

In summary, the high degree of structural similarity among all CLCA polypeptides

strongly argues for a commonality of function. However, it is unclear so far whether

and how a channel pore may be formed by this structure. A circular arrangement of

the transmembrane domains is conceivable that would allow for ion trafficking

through the center of the protein. Alternatively, homodimers or polymers of more than

one protein could shape a barrel through the membrane as is the case for numerous

other classes of channel proteins (GRUBER et al. 2002; see B.2.1 and B.2.3).

B.3.3 Expression Patterns of the CLCA Homologs

To date, the expression of CLCA family members has mainly been studied by mRNA

detection approaches such as in situ hybridization, Northern blot hybridization and

reverse transcriptase-polymerase chain reaction (RT-PCR; reviewed by GRUBER et

al. 2002). Immunodetection studies to reveal the location of the protein have to date

only been performed for bCLCA1 and bCLCA2 (ELBLE et al. 1997). Based on the

available mRNA data, the tissue distribution patterns of CLCA homologs are distinct

yet overlapping within single species and between different species. CLCA family

members are mainly expressed in secretory epithelia, with some homologs being

expressed in vascular endothelia as well. There are family members with more

restricted tissue expression versus others with a more universal expression. In

summary, the emerging picture is that of a multigene family with highly tissue-specific

members, similar to the ClC family of voltage-gated Cl- channels (GRUBER et al.

2002; see B.2.3).

The first bovine CLCA homolog, bCLCA1, was detected exclusively in the trachea by

RT-PCR analysis with negative results obtained from lung, liver, brain and renal



32                                                                                                               B          LITERATURE REVIEW

papilla (CUNNINGHAM et al. 1995). However, ELBLE and coworkers (1997)

detected both bCLCA1 and bCLCA2 by Northern blot and RT-PCR analyses in lung

parenchyma, and bCLCA2 expression was additionally found in vascular endothelia

of the lung and spleen.

In situ hybridization revealed hCLCA1 mRNA expression exclusively in small and

large intestinal basal crypt epithelia and goblet cells whereas it was undetectable in

heart, brain, placenta, liver, skeletal muscle, kidney, pancreas, spleen, thymus,

prostate, testis, ovary, peripheral blood leukocytes, stomach, thyroid gland, spinal

cord, lymph node, trachea, adrenal gland, bone marrow and lung using Northern blot

hybridization (GRUBER et al. 1998 a). However, TODA and colleagues (2002)

recently detected the homolog in respiratory goblet cells using in situ hybridization.

The second human homolog, hCLCA2, was detected in the trachea, mammary gland

and lung by Northern blot and RT-PCR analyses (GRUBER et al. 1999). In addition,

ABDEL-GHANY and coworkers (2001) detected the homolog by RT-PCR analysis in

cultured human pulmonary endothelial cells. Curiously, this CLCA homolog was also

detected in a RT-PCR study in the epithelium of the cornea (ITOH et al. 2000).

GRUBER and PAULI (1999 b) detected the hCLCA3 homolog in lung, trachea,

spleen, thymus and mammary gland by RT-PCR analysis. Northern blot and

ribonucleic acid (RNA) dot blot hybridization analyses revealed mRNA expression of

the fourth human family member, hCLCA4, predominantly in the colon. Northern blot

hybridization revealed additional expression of the homolog in the small intestine and

stomach, in the trachea, in the urogenital organs (urinary bladder, uterus, prostate,

testis), in the salivary and mammary glands and, somewhat unique among CLCA

family members, in the brain (AGNEL et al. 1999).

The expression pattern of the first murine member, mCLCA1, has been studied

extensively. Northern blot and in situ hybridizations as well as RT-PCR studies

performed by different groups (GANDHI et al. 1998; GRUBER et al. 1998 b; ROMIO

et al. 1999; ABDEL-GHANY et al. 2002) revealed wide distribution of the homolog in

numerous epithelia and few other cell types. For example, epithelia expressing
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mCLCA1 were found by in situ hybridization as well as RT-PCR studies in the

trachea including submucosal glands, in the bronchi, intestine, mammary glands,

tubular structures of the kidney, gall bladder, liver bile ducts, pancreatic and salivary

gland acini, oviduct, uterus and epididymis (GRUBER et al. 1998 b). Furthermore,

mCLCA1 was detected in dermal, esophageal and corneal basal keratinocytes, in the

germinal centers of spleen and lymph nodes, in spermatids (GRUBER et al. 1998 b)

and by Northern blot hybridization in the brain (GANDHI et al. 1998). Vascular

endothelia in the lung also expressed the homolog (ABDEL-GHANY et al. 2002).

Northern blot expression analysis of the second murine CLCA homolog, mCLCA2,

has only been performed in mammary gland and lung (LEE et al. 1999). The results

revealed expression of the homolog predominantly in the involuting mammary gland

and at low levels in the lung. RT-PCR studies confirmed restricted mCLCA2

expression during early involution of the mammary gland (LEE et al. 1999). However,

the extremely close sequence proximity between mCLCA1 and mCLCA2 (96 %

cDNA identity; see B.3.1, Table B2) demanded careful reconsideration of the

distribution patterns obtained. Cross-hybridization could not be excluded in particular

for the mCLCA1 probes used in the studies prior to the discovery of mCLCA2. A real-

time RT-quantitative PCR analysis based on gene-specific primers revealed the

differential mCLCA1 and mCLCA2 expression patterns in a broad tissue spectrum

(HORSTMEIER, in press). Interestingly, widely overlapping expression of both

homologs was found in almost all tissues analyzed including trachea and intestines.

Moreover, as the previous in situ hybridization signals had been obtained from only a

single cell type within each tissue (GRUBER et al. 1998 b), these data suggest that

both homologs are expressed by the same cells, e.g., by enterocytes in the small and

large intestines. In contrast, virtually only mCLCA1 was selectively expressed in the

lung, spleen, bone marrow, lymph nodes, liver and aorta, and mCLCA2 was the

predominantly expressed homolog in the lactating and involuting mammary glands, in

the thymus and in the epididymis. For the first time, CLCA expression was also

detected in fetal lung, liver, kidney and intestine for both mCLCA1 and mCLCA2.

Recently, two RT-PCR studies based on non-discriminating mCLCA1/2 primers

revealed expression of one or both murine homologs in aortic endothelial cells
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(PAPASSOTIRIOU et al. 2001) and expression of mCLCA1, as confirmed by

subsequent sequencing, in vascular smooth muscle cells (BRITTON et al. 2002). The

third murine CLCA family member, mCLCA3, was detected by in situ hybridization in

goblet cells of the small and large intestines whereas Northern blot analysis revealed

additional expression in the stomach, uterus and trachea but not in the liver, spleen,

brain, skeletal muscle, skin, testis and salivary gland (KOMIYA et al. 1999). In situ

hybridization and RT-PCR analyses revealed expression of mCLCA4 in mucosa- and

serosa-free intestines, in the stomach, uterus, gall bladder and endothelia of aorta

and lung vessels (ELBLE et al. 2002). However, cross-hybridization of the probes

with the close relatives mCLCA1 and mCLCA2 (85 % cDNA identity to mCLCA4; see

B.3.1, Table B2) cannot be excluded.

The only known porcine CLCA homolog to date, pCLCA1, was detected in villus and

crypt epithelia of the ileum by RT-PCR. The signal was predominantly associated

with isolated epithelial cells scattered throughout the villus, consistent with the

location of goblet cells (GASPAR et al. 2000). In situ hybridization and RT-PCR

analyses further revealed pCLCA1 expression in the trachea including submucosal

glands but not in the large intestine or stomach (GASPAR et al. 2000).

In summary, the heterogeneity in their tissue expression patterns suggests

differences in the individual physiological roles among the various CLCA family

members. It suggests that in the course of mammalian evolution, certain CLCA

homologs may have acquired tissue-specific functions that even differ within single-

and between distinct species.

B.3.4 Proposed Functions of the CLCA Proteins

Different members of the CLCA gene family have been implicated with transepithelial

trafficking of anions, cell-cell adhesion or regulation of apoptosis (FULLER and
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BENOS 2000 a, b; PAULI et al. 2000; ABDEL-GHANY et al. 2001, 2002; ELBLE and

PAULI 2001). It is unclear at this point whether individual CLCA homologs serve only

one of these functions or whether the proposed functions are intertwined as has been

reported for other anion channels (PIER et al. 1998; BARRIERE et al. 2001). For

example, it is conceivable that ligand binding may be involved in regulating the Cl-

conductivity of a channel protein as has been established for GABA and glycine

receptor Cl- channels (BORMANN et al. 1987; see B.2.1).

B.3.4.1 CLCA Proteins and Calcium-Activated Chloride Conductances

Electrophysiological analyses of several CLCA proteins point towards a function in

transepithelial anion conductance (reviewed by FULLER and BENOS 2000 a, b). In

general, the functional data obtained so far indicate that CLCA proteins may be

involved in the Ca2+-activated Cl- conductances (CaCC) that have previously been

identified by electrophysiological approaches in several tissues (see B.1.4). Many of

the characteristics of the expressed CLCA and the endogenous CaCC currents are

similar or identical (anion selectivity, outward rectification, sensitivity to DIDS) and,

importantly, are not shared by other cloned Cl- channels. Thus, the CLCA homologs

comprise the first viable candidates for this important class of cellular conductances

(reviewed by FULLER and BENOS 2002). However, to date the lack of functional

mutants affecting channel gating, single-channel conductance or anion selectivity

precludes definitive assignment of channel function to all the CLCA proteins.

The first CLCA homolog to be identified, bCLCA1, was initially isolated as native

protein from bovine trachea and behaved as a Ca2+-activated Cl- channel when

incorporated into artificial liposomes fused to a planar lipid bilayer (RAN and BENOS

1991, 1992; RAN et al. 1992). This protein shared many of the features outlined

above as common to CaCC conductivities, namely a single-channel conductance of

25 to 30 pS, a linear current-voltage relationship under symmetrical ionic conditions,

an anion selectivity profile of I- > Cl- and inhibition by DIDS (RAN et al. 1992; see
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B.1.4). The protein could also be significantly activated by Ca2+, albeit at levels (5 to

10 µM) above the physiological range. However, the channel could be

phosphorylated and activated by CaMK II at much lower Ca2+ concentrations (0.5 to

1.0 µM) that may be expected in stimulated cells under physiological conditions

(reviewed by FULLER and BENOS 2002). In addition to the ambient Ca2+

concentration and the channel phosphorylation status via CaMK II, channel activity

was also regulated by the Ca2+-releasing agent D-myo-inositol 3,4,5,6-

tetrakisphosphate (IP4; ISMAILOV et al. 1996). Interestingly, a 42.5-kDa mutant of

the recombinant bCLCA1 protein devoid of both the amino and carboxy termini but

preserving the four putative transmembrane spans and several phosphorylation sites

exhibited similar channel properties in planar lipid bilayers as the native protein

(CUNNINGHAM et al. 1995). Moreover, it mediated a Cl- conductance

indistinguishable from that of the wild-type protein upon expression in Xenopus laevis

oocytes (JI et al. 1998). Thus, whatever the regulatory relevance of the extracellular

amino and carboxy tails, these features do not appear to be required for ion

conductance in vitro.

Since the initial association of bCLCA1 with Ca2+-activated Cl- conductances and the

identification of several related CLCA homologs, functional data on other CLCA

family members gave further support to the hypothesis that these proteins may be

involved in Ca2+-activated Cl- currents. Initially, Xenopus laevis oocytes were used for

heterologous expression of the identified CLCA homologs. Xenopus laevis oocytes

are an invaluable tool for expression studies on ion channels due to their ability to

promiscuously translate foreign mRNA into functional proteins. However, NFA which

effectively inhibits the endogenous CaCC of the oocyte (see B.1.4) and which had no

effect on the bCLCA1-mediated Cl- conductance (CUNNINGHAM et al. 1995)

markedly inhibited both hCLCA1 (GRUBER et al. 1998 a) and mCLCA1 (ROMIO et

al. 1999). This observation prompted the use of the HEK 293 cell line as a system for

the heterologous expression of the other CLCA homologs. When hCLCA1, hCLCA2

and mCLCA1 were expressed in HEK 293 cells, they were all associated with the

appearance of a Ca2+-activated Cl- conductance not observed in mock-transfected
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HEK 293 cells (GRUBER et al. 1998 a, 1999; GANDHI et al. 1998). All three

homologs exhibited very similar properties. Under whole cell patch-clamp conditions

(25 nM of Ca2+ in the pipette/2 mM of Ca2+ in the bath), all of the above mentioned

CLCA homologs were activated on addition of the Ca2+ ionophore ionomycin (2 µM)

to the bath and were outwardly rectified. The current was effectively blocked by DIDS

and, similar to both the native tracheal channel and the cloned bCLCA1, by

dithiothreitol (DTT; 2 mM). Similarly, heterologous expression of mCLCA3

(C.M. FULLER, personal communication) and mCLCA4 (ELBLE et al. 2002) in HEK

293 cells and of pCLCA1 in 3T3 mouse fibroblasts (GASPAR et al. 2000) as well as

in confluent monolayers of polarized Caco-2 human colon carcinoma cells (LOEWEN

et al. 2002) was associated with a novel Ca2+-activated Cl- conductance. Unique

among CLCA family members, the pCLCA1-mediated Cl- current was not inhibited by

DIDS or DTT (LOEWEN et al. 2002). Single-channel studies performed on hCLCA1-

transfected HEK 293 cells under cell-attached patch recording conditions revealed a

calculated slope conductance of approximately 13 pS (GRUBER et al. 1998 a). The

total current flowing through the patch was increased five-fold by addition of

ionomycin to the bath.

An important question that has not been unequivocally answered is whether CLCA

proteins form transmembraneous ion pores themselves or whether they act indirectly

via other channel proteins. At this point, the data obtained for CLCA family members

are consistent with these proteins acting as functional anion channels in their own

right. However, with the exception of the bCLCA1 protein that has been studied upon

reconstitution in planar lipid bilayers devoid of accessory proteins (RAN et al. 1992),

the data for the other CLCA family members could also be interpreted as the CLCA

proteins acting as regulators or accessory subunits of an otherwise quiescent

endogenous channel. The CLCA homologs could confer upon the putative

endogenous channel sensitivity to Ca2+ and properties similar to the CaCC recorded

in native cells. Another conceivable scenario is that accessory proteins may

modulate the CLCA currents to become the endogenous CaCC (BRITTON et al.

2002). Two notable differences between the heterologously expressed CLCA
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homologs and the endogenous CaCC are that the CLCA proteins lack time-

dependence of channel activity and exhibit a significantly lower Ca2+-sensitivity

(BRITTON et al. 2002). However, the different cell types (non-polarized HEK 293

versus native epithelial cells) and experimental conditions (application of the Ca2+

ionophore ionomycin) could account in part for these differences (BRITTON et al.

2002). The obvious alternative explanation is that the CLCA family does not underlie

the endogenous CaCC of epithelia. Thus, the actual role of CLCA homologs in

epithelial Cl- secretion still needs to be established. Favoring the suggestion of CLCA

members being channel proteins in their own right, the CLCA family belongs to an

ion channel superfamily consisting of the CFTR Cl- channel, the ClC Cl- channels and

the GABA and glycine receptor Cl- channels, being most closely related to the CFTR

Cl- channel (AGNEL et al. 1999).

B.3.4.2 Putative CLCA Channel Function in the Context of Diseases with
Secretory Dysfunctions

Based on their proposed functions in ion conductivity, CLCA family members deserve

focus in the numerous maladies in domestic animals and humans involving

dysfunctional epithelial secretion, especially in cystic fibrosis (CF) and asthma.

CF results from a genetic defect in the CFTR Cl- channel gene (RIORDAN et al.

1989), leading to defective or absent CFTR protein. The disease is characterized by

a systemic exocrinopathy, ultimately leading to complex ion and fluid secretory and

absorptive malfunctions in respiratory and intestinal as well as other epithelial tissues

(reviewed by WELSH et al. 1995). In addition to the reduced CFTR-mediated Cl-

secretion, CF epithelia display various alterations of other ion conductances including

an increased absorption of Na+ and altered Ca2+-activated Cl- secretion (reviewed by

SCHWIEBERT et al. 1998). Furthermore, loss of functional CFTR within certain cell

compartments may lead to disturbed intracellular pathways, resulting, e.g., in

changes of the glycosylation patterns of secreted glycoproteins (BARASCH et al.
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1991; BARASCH and AL-AWQATI 1993). Serious airway pathology is usually the

primary cause of mortality in young adults with CF. Intestinal alterations are found as

meconium ileus in 5 to 10 % of afflicted newborns and as accumulation of a stringy

mucus leading to distal intestinal obstruction in adults (WELSH et al. 1995).

Dysfunction of the exocrine pancreas and reduced intestinal lipid resorption result in

chronic malnourishment in most patients. To further study this complex ion trafficking

disorder, several CF mouse models have been generated in which the CFTR gene

has been knocked out or otherwise altered. In most CF mouse models, the animals

die before or around weaning due to severe ileal obstruction resulting from intestinal

goblet cell hyperplasia and serious accumulation of a stringy mucus. However, in

contrast to human CF patients, the majority of CF mouse models does not display

significant airway pathology (reviewed by GRUBB and BOUCHER 1999). Of note,

the CFTR tissue expression patterns are neither in the human nor in the murine

species correlated with the severity of disease (CRAWFORD et al. 1991; CLARKE

et al. 1992; SNOUWAERT et al. 1992; WELSH et al. 1995). One contributing factor

may be the involvement of different, cell-type-specific channels in addition to CFTR

(CLARKE et al. 1992; ROZMAHEL et al. 1996). Of interest, several studies have

shown that an as yet molecularly unidentified Ca2+-activated Cl- secretory pathway

may be an important CF modulator by partially compensating for the basic Cl-

secretory defect in the absence of the CFTR Cl- channel and, ultimately, by

amelioration of disease severity including the survival time of Cftr knockout mice

(CLARKE et al. 1994; GRUBB et al. 1994; ROZMAHEL et al. 1996; reviewed by

GRUBB and BOUCHER 1999). Little is known regarding the molecular basis of the

Ca2+-dependent Cl- secretion which seems to be upregulated in select human and

murine CF epithelia and shows sensitivity to DIDS (BERSCHNEIDER et al. 1988;

TAYLOR et al. 1988; WILLUMSEN and BOUCHER 1989; SMITH et al. 1995;

BRONSFELD et al. 2000). Both their proposed functions as mediators of a DIDS-

inhibited, Ca2+-activated Cl- conductance and their cellular distribution patterns that

widely overlap with that of the CFTR protein in tissues affected in CF indicate that

select CLCA proteins may be involved in this process as modulators of the primary

secretory defect and of disease severity in human CF and the respective murine
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models. Given the different expression patterns of the individual CLCA family

members in human and murine tissues, it is conceivable that differences between

murine and human CLCA homologs may contribute to the phenotypic differences of

CF observed in the two species. A recent study indeed suggested a role for mCLCA3

as a modulator of CF disease outcome. In Cftrm1Unc mice with different genetic

backgrounds, C57BL/6 mice developed spontaneous lung disease whereas BALB/c

mice which expressed significantly more mCLCA3 in the lung did not show lung

pathology. Thus, loss of functional CFTR may be compensated by mCLCA3 only in

select strains of mice (CHUNG et al. 2001). Apart from electrophysiological evidence

for an alternative Cl- conductance in CF, potential modifier loci have been identified

both in the murine (chromosome 7 near centromer) and human (chromosome 19q13)

species (ROZMAHEL et al. 1996; ZIELENSKI et al. 1999).

Also, a role in the pathophysiology of asthma has been proposed for CLCA

homologs. Asthma results from a complex hypersensitivity reaction of airway

epithelia, leading to widespread tissue remodeling and excessive mucus production.

Hyperplasia and metaplasia of airway goblet cells are central features of the disease

process. It has recently been shown that the murine mCLCA3 plays a key role in

mucus secretion in a murine model of asthma (NAKANISHI et al. 2001). In this

model, mCLCA3 was found to be greatly upregulated in inflamed, remodeled lung

tissue. Suppression of mCLCA3 expression by treatment of airways based on an

antisense adenovirus strategy reduced mucin production in response to airway

irritants. Conversely, treatment with an adenovirus expressing the mCLCA3 sense

strand exacerbated asthma symptoms, including enhanced mucus secretion. This

mucogenic effect could be reproduced in vitro by transfection of mCLCA3 or its

human ortholog hCLCA1 into a mucoepidermoid pulmonary cell line (NCI-H292).

These data suggest that mCLCA3 and hCLCA1 may play a key regulatory role in the

mucus production and/or release in murine and human asthma, respectively.

Upregulation of mCLCA3 was also found in transgenic mice overexpressing

interleukin-9 (IL-9) that spontaneously develop a similar asthma-like phenotype

(ZHOU et al. 2001). In these mice, neutralizing anti-IL-9 antibody treatment
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suppressed the expression of mCLCA3 mRNA whereas IL-9 treatment of wild type

mice enhanced its expression. Similarly, IL-9 stimulation of hCLCA1-transfected

NCI-H292 cells resulted in enhanced hCLCA1 expression. In a subsequent study in

that laboratory, an anion channel-blocking agent, NFA, was administered to the

hCLCA1-transfected cells and to the transgenic mice during natural antigen

exposure, where mCLCA3 is greatly upregulated in the lung (ZHOU et al. 2002). NFA

treatment resulted in inhibition of mucin production in vitro and in significantly

reduced airway inflammation, goblet cell hyperplasia and metaplasia and mucus

production in vivo. Recently, TODA and coworkers (2002) detected significantly

increased levels and colocalizing patterns of IL-9, hCLCA1 and mucus as detected

by immuno-histochemistry, in situ hybridization and periodic acid Schiff (PAS)

staining of mucins, respectively, in bronchial biopsies from asthmatic subjects.

B.3.4.3 CLCA Proteins and their Putative Role in Cell-Cell Adhesion

At least some CLCA family members appear to combine a function in ion conductivity

with that of a cell-cell adhesion molecule (ZHU et al. 1991, 1992; GOETZ et al. 1996;

ELBLE et al. 1997; ABDEL-GHANY et al. 2001, 2002), as has been proposed for

other ion channels (PIER et al. 1997, 1998). Adhesion qualities have been studied for

bCLCA2, hCLCA2, mCLCA1 and mCLCA2, all thought to be expressed in endothelia

of distinct blood vessel types and organs (see B.3.3). The bovine CLCA2 was initially

immunopurified as an endothelial adhesion molecule (ZHU et al. 1991). Monoclonal

antibodies were raised against endothelial membranes and tested for their ability to

interfere with the adhesion of murine lung-metastatic B16-F10 melanoma cells to lung

matrix-modified BAEC monolayers (PAULI and LEE 1988). One antibody (6D3) led to

the identification and subsequent cloning of bCLCA2 (ELBLE et al. 1997). In a

binding assay, the recombinant protein specifically mediated a Ca2+-dependent cell

adhesion of the melanoma cells as effectively as the immunoaffinity-purified native

protein, and the interaction could be effectively disrupted by the antibody (ELBLE

et al. 1997). Sufficiency of bCLCA2 to establish an initial cell-cell adhesion was
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confirmed by GOETZ and coworkers (1996) by seeding the melanoma cells on

dishes coated with immunopurified bCLCA2. This established an in vitro cell-cell

adhesion function of a CLCA protein. ABDEL-GHANY and colleagues (2001, 2002)

showed that mCLCA1 and hCLCA2 served as specific adhesion receptors for the

beta-4-integrin tumor cell ligand on mCLCA1-coated dishes or on hCLCA2-

transfected HEK 293 cell monolayers, respectively. The binding effect was nullified

by antibodies generated against beta-4-integrin-mediated adhesion events. Thus,

select CLCA homologs seem to be involved in early cancer metastasis, especially

with respect to cancer cell adhesion to organ-specific endothelial cell surface

receptors (reviewed by PAULI et al. 2002).

Consistent with a function as adhesion molecules, CLCA homologs possess a large

amino-terminal extracellular domain including a highly conserved cysteine-rich

consensus symmetrical C-x12(9)-C-x4-C-x4-C-x12(9)-C sequence that is reminiscent of a

zinc-finger motif (ELBLE et al. 1997; see B.3.2). Although such zinc-fingers have not

been found to date in an extracellular location, they have been associated with

protein-protein binding in addition to their well-known interactions with DNA (BERG

and SHI 1996).

Of potential interest, hCLCA3 is a truncated, secreted protein that does not contain

any putative transmembrane span and therefore cannot form a channel (GRUBER

and PAULI 1999 b). However, it might possibly function as a modulator of cell

adhesion, serving as a signalling molecule or as a competitive adhesion inhibitor for

structurally related full-length CLCA molecules (GRUBER and PAULI 1999 b; PAULI

et al. 2002).

B.3.4.4 CLCA Homologs and their Putative Role in Apoptosis

A role in apoptosis has first been proposed for the second murine CLCA homolog,

mCLCA2 (LEE et al. 1999). Serum starvation of HC11 mammary epithelial cells

revealed induction of mCLCA2 expression and DNA fragmentation (ELBLE and

PAULI 2001). Thus, mCLCA2 gene expression was induced in mammary epithelial
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cells under apoptotic conditions. It has been speculated that the induction of

mCLCA2 gene expression may contribute to facilitate apoptosis of mammary

epithelial cells during the involution phase. Semiquantitative RT-PCR (ELBLE and

PAULI 2001) as well as real-time RT-quantitative PCR analyses (HORSTMEIER,

in press) revealed strong expression of mCLCA2 in organs with a high physiological

level of apoptosis, e.g., thymus and mammary gland. Furthermore, the tumorigenicity

and metastatic potential, as accompanied by low levels of apoptosis, of human and

murine mammary gland carcinoma cells was correlated in vitro and in vivo with a

far-reaching downregulation of functional hCLCA2, mCLCA1 and mCLCA2

(GRUBER and PAULI 1999 c; ELBLE and PAULI 2001). Interestingly, reintroduction

of hCLCA2 into the tumor cells reduced their tumorigenic potential in nude mice,

suggesting that the presence of the putative Ca2+-activated Cl- secretory pathway

interferes with tumorigenicity (GRUBER and PAULI 1999 c). The mechanisms

responsible for this effect have not been identified so far. However, a hallmark of

apoptosis is early intracellular acidification, leading to the activation of pH-sensitive

endonucleases and thus preceding DNA cleavage (GOTTLIEB et al. 1995). A key

regulatory role for anion channels in this process has already been proposed for both

the CFTR Cl- channel and the outwardly-rectified Cl- conductance ORCC. Functional

CFTR facilitated intracellular acidification and apoptosis in transfected cells

(GOTTLIEB and DOSANJH 1996; BARRIERE et al. 2001) as well as in mammary

epithelial cells (POULSEN et al. 1994), and the ORCC was also shown to be

involved in intracellular pH-drop in several cell types (TABCHARANI et al. 1989;

KUNZELMANN et al. 1991; SZABO et al. 1998). CLCA homologs could promote

apoptosis in a similar way. Of interest, an increase in intracellular Ca2+ is known to

occur early in the apoptotic cascade (NICOTERA and ORRENIUS 1998). Thus, the

Ca2+-activated CLCA channels may possibly be involved in apoptosis under

conditions of sustained channel activation. However, any role of CLCA proteins in the

induction or regulation of apoptosis is far from being established and is currently the

subject of intense investigations.

Recently, a novel concept of extravasation in cancer metastasis by CLCA-mediated

induction of apoptosis in the endothelium of the target organ gained experimental
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support. Human umbilical vein endothelial cells (HUVEC) that endogenously express

hCLCA2 were grown in monolayers and showed an increased apoptotic index when

seeded with different metastatic human breast cancer cells (ABDEL-GHANY et al.

2001) compared to HUVEC monolayers seeded with normal epithelial or

mesenchymal cells (KEBERS et al. 1998). Direct cell-cell contacts were shown to be

required for the induction of apoptosis since the effect could not be reproduced in

conditioned media alone. A role for CLCA homologs in conjunction with apoptotic

events in cancer progression has also been suggested in different cancer cells of

epithelial origin themselves. The hCLCA2 expression known from normal mammary

gland epithelium (see B.3.3) is lost during breast cancer progression (GRUBER and

PAULI 1999 c). In this cell type, the putative channel protein has been shown to be

downregulated after neoplastic transformation in vitro and in vivo (GRUBER and

PAULI 1999 c). However, the respective gene locus on human chromosome 1p22-31

(GRUBER and PAULI 1999 a) remains intact although this region is often deleted in

late stage, metastatic breast cancer (TSUKAMOTO et al. 1998). Interestingly,

reintroduction of hCLCA2 reduced the metastatic potential of breast cancer epithelial

cell lines in nude mice, suggesting that the presence of a putative Ca2+-activated Cl-

secretory pathway interferes with tumorigenicity. The mechanisms responsible for

this tumor-suppressing effect have not been identified so far. A tumor-suppressing

potential has also been suggested for the human isoforms hCLCA1 and hCLCA4.

Quantitative RT-PCR studies on human colorectal cancer specimens revealed

significantly lower expression levels of these two CLCA homologs in the vast majority

of investigated samples (BUSTIN et al. 2001).
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C Aims of the Study

As outlined in the literature review above, ten years after the isolation of the two

founding members, the currently available data on the structure, expression, function

and regulation of CLCA homologs are far from being sufficient to provide a complete

picture of their physiological role and their pathophysiological significance in disease

processes. However, there is mounting evidence that CLCA proteins are involved in

biologically important pathways in both epithelial and endothelial microenvironments.

Ultimate resolution of their function in ion conductivity, in cell-cell adhesion and in

apoptosis will require a greater understanding of these novel putative channel

proteins, in particular in terms of their precise cellular location, tissue distribution,

structure-function relationship and regulatory characteristics. The identification of

CLCA family members in the mouse has attracted much interest because of the

potential involvement of Cl- channels in diverse human and domestic animal

disorders and the possibility of investigating pathogenetic mechanisms and testing

therapeutics in suitable mouse models.

The present study was designed based on the working hypothesis that CLCA

proteins are involved in transmembraneous anion currents as has been suggested

from different electrophysiological in vitro studies. An essential prerequisite for

linkage of such data to actual in vivo protein functions is the precise knowlegde of the

genes supposedly underlying the observed effects and of the in vivo structure and

location of the corresponding proteins. Thus, the experiments performed

concentrated on determining the precise chromosomal gene location and identity, the

structural protein characteristics and the precise cellular protein location of murine

CLCA homologs. To address these challenges, mainly functional genomics were

applied including chromosomal mapping, genomic deoxyribonucleic acid

hybridization, biochemical protein characterization and immunodetection analyses in

the mouse as a model system.
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The study presented here had the following goals:

1. To identify the precise chromosomal location of the mCLCA1 and mCLCA3 genes

(compare to B.3.1),

2. To prove or disprove the existence of two closely related yet distinct murine

genes encoding mCLCA1 and mCLCA2 (see B.3.1 and B.3.3),

3. To characterize the protein processing and the transmembrane structure of the

murine primary mCLCA3 translation product in vitro and of the native protein

ex vivo (compare to B.3.2) and

4. To establish the precise tissue, cellular and intracellular distribution pattern of the

mCLCA3 protein in normal murine tissues, thus obtaining clues towards the

physiological pathways in which it might be involved (see B.3.3 and B.3.4).
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D Chromosomal Localization of the mCLCA1
and mCLCA3 Genes

D.1 Context and Challenge

To date, genetic analyses of the CLCA gene family have been focussed on the

identification of additional family members. The data obtained so far revealed

conservation of the family within mammals but not beyond (see B.3.1). Considerable

sequence divergence within the CLCA gene family with 52 to 57 % cDNA and

42 to 47 % amino acid identities (see B.3.1, Table B2 and Figure B1) indicates

origin from relatively ancient duplication events. In contrast, the close sequence

proximities of the murine mCLCA1, mCLCA2 and mCLCA4 homologs (85 to 96 %

cDNA identities) or the bovine bCLCA1 and bCLCA2 homologs (89 % cDNA identity),

respectively (see B.3.1, Table B2), point towards relatively late branching events

within single species as well. In general, the CLCA genes seem to have diverged

independently within different species from a distant common ancestor, resulting in a

species-specific evolution without strong homologies between any two species

(GRUBER et al. 2002). The notion of an intra-species development of CLCA family

members is also strongly supported by their distinct expression patterns (see B.3.3).

For some CLCA homologs, high degrees of sequence homology and widely

overlapping expression patterns suggest the existence of coordinated transcriptional

regulation pathways. For other CLCA family members, considerable sequence

divergence and unique expression patterns are compatible with the existence of

individual transcriptional regulation. The genomic localization of CLCA family

members may help to clarify this picture and to understand the observed common or

differential expression patterns.
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Furthermore, the genomic localization of the human and murine CLCA homologs is

of particular interest in terms of their possible involvement in diseases with secretory

dysfunctions. Select CLCA family members including in particular mCLCA3 are

hypothesized to play a modulatory role in both the pathophysiology of CF and

asthma (see B.3.4.2). Of note for the present study, putative modifier loci of CF

disease severity have been detected both in the murine and human species, namely

near the centromer of mouse chromosome 7 (ROZMAHEL et al. 1996) and on the

long arm of human chromosome 19 (19q13; ZIELENSKI et al. 1999). In the CF

mouse, the gene locus has been shown to be correlated with improved intestinal

Ca2+-dependent Cl- secretory capacity (ROZMAHEL et al. 1996; WILSCHANSKI et

al. 1996). However, the identity of the genes at the postulated human and murine

modifier loci remains unknown at this point. Considering the electrophysiological

data, most likely they may directly or indirectly mediate or regulate a Cl- secretory

pathway. Thus, in addition to their putative functional properties as Ca2+-activated Cl-

channels, the genetic localization of the CLCA family members could provide

evidence in favour of or against their possible involvement in the pathogenesis of CF.

Of the putative CLCA Ca2+-activated Cl- channels identified to date, the chromosomal

location has only been studied for select members within the human and the murine

species. The four human CLCA genes are intimately clustered on the short arm of

chromosome 1 (1p22-31) with no other genes interspersed (see B.3.1). Thus, they

do not map to the putative CF modifier locus in this species. Of the four murine CLCA

homologs cloned to date, three (namely, mCLCA1, mCLCA2 and mCLCA4) share a

high degree of sequence homology (see above). Together with the mapping data

obtained from the human homologs, it is conceivable that the murine family members

might also be organized in a genomic cluster. The first murine CLCA homolog,

mCLCA1, has previously been mapped to mouse chromosome 3 band H2�H3

corresponding to the 72.9 cM region of chromosome 3 
1 using fluorescent in situ

hybridization (ROMIO et al. 1999) whereas the chromosomal location of the

                                                          
1 http://www.informatics.jax.org/searches/cytomap.cgi



D           CHROMOSOMAL LOCALIZATION OF THE mCLCA1 AND mCLCA3 GENES                        49

remaining murine CLCA genes has not been established to date. Thus, mCLCA1

does not map to the murine putative CF modifier locus whereas the other murine

CLCA homologs remain possible channel candidate genes for this locus.

The present study was designed to precisely determine the chomosomal location of

murine CLCA family members.

D.2 Experimental Settings

The previously performed fluorescent in situ hybridization of the mCLCA1 gene was

based on visualization of single metaphase chromosomes in situ and allowed optical

morphometry-based localization of counterstained, probed DNA sequences. In the

present study, a radiation hybrid (RH) panel screening experiment using somatic cell

hybrids was set up for mCLCA1 and mCLCA3 which permitted a significantly more

accurate localization. The method is based on the generation of specific mouse-

hamster hybrid cells containing fragments of murine genomic DNA. After isolation

from normal murine embryonic somatic cells, single chromosomes of interest are

stably incorporated into normal somatic hamster cells, resulting in a primary somatic

cell hybrid cell line. Subsequent X-ray irradiation of the hybrid cells with

approximately 3,000 rad randomly breaks the genome including the incorporated

murine chromosome into multiple fragments. The higher the irradiation dose the

smaller and more numerous are the obtained fragments and the more exact

becomes the mapping. This relies on the fact that the closer two loci are together, the

less likely it is that a break will occur between them. The genomic fragments are

incorporated into a thymidin kinase-deficient somatic cell hamster cell line, thus

providing a multitude of secondary somatic cell hybrid cell lines. These cells can be

screened in regard to the presence of murine marker sequences of precisely known

chromosomal location in comparison to the existence of the gene of interest.
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For mCLCA1 (GenBank no. AF047838; GANDHI et al. 1998) and mCLCA3

(GenBank no. AB017156; KOMIYA et al. 1999), RH panel screening was performed

by polymerase chain reaction (PCR) amplification using a mouse RH panel

consisting of 100 secondary somatic cell hybrid cell lines for mouse chromosome 3

(Research Genetics, Huntsville, AL, USA). The panel was developed at the

Whitehead Institute for Biomedical Research (MIT). Briefly, 25 ng of DNA from each

of the 100 cell lines were used as PCR template under standard conditions and

protocols. Primers were chosen each within a single putative exon (exon 11 for

mCLCA1, exon 8 for mCLCA3) as derived from comparison to the human CLCA1,

the only gene to date for which the intron-exon boundaries have been determined

(GRUBER et al. 1998 a). Specific primer pairs were: for mCLCA1 5´-GTT GAT TAC

AAT GAC AGT GAC CAC T-3´ (upstream) and 5´-TGA CTT GAT GTC CAT GTT

CAG C-3´ (downstream) and for mCLCA3 5´-TCT GAA ATT GTG CTG CTG AC-3´

(upstream) and 5´-GGA CAG CTG CTC AAG CTC-3´ (downstream; all Invitrogen,

Carlsbad, CA, USA). However, due to the close homology among the murine CLCA

family members, cross-annealing of the primers could not be excluded, in particular

between the mCLCA1-specific primers and mCLCA2 or mCLCA4 (see Figure D1).

Calculated amplicon sizes for mCLCA1 and mCLCA3 were 197 and 135 base pairs,

respectively. In addition to the different genomic DNA samples, each PCR reaction

premix contained 1 µM of primers, 1 mM of dNTP mix (Roth, Karlsruhe, Germany),

1.6 mM of MgCl2 and 1 unit of Taq DNA polymerase (Promega, Madison, WI, USA).

Cycling conditions were: 94 °C for 45 s, 60 °C (mCLCA1) or 57 °C (mCLCA3) for 45

s, 72 °C for 45 s, 30 cycles. All experiments were performed in duplicate. Normal

mouse cells served as a positive control, normal hamster cells as a negative control

for the amplification of the mCLCA1 and mCLCA3 amplicons. The amplified samples

were analyzed by 3 % agarose/ 0.5 x Tris borate ethylene diamine tetraacetic acid

(Tris borate EDTA, TBE; 0.045 M of Tris borate, 0.001 M of EDTA, pH 8.0) gel

electrophoresis, the duplicates revealing an electrophoresis key of -/- (both samples

negative), +/+ (both samples positive) and -/+ or +/- (one positive, one negative

sample). The results were submitted to the Whitehead/MIT RH server 
1 which

                                                          
1 http://www.genome.wi.mit.edu/cgi-bin/mouse_rh/rhmap-auto/rhmapper.cgi
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provides a tool for comparison of obtained electrophoresis keys, i.e. for the mCLCA1

and mCLCA3 amplicons, with that of known framework markers and thus allows for a

precise allocation of the genes of interest with the latter.

mCLCA1   GACTCCAGGCAGGATTTCAGGCAATTACCTCCAGTGACCAGAGCACTTCCGGTTCTGAGA  1245
mCLCA2   GACTCCAGGCAGGATTTCAGGCAATTACCTCCAGTGACCAGAGCACTTCCGGTTCTGAGA  1244
mCLCA4   GACTCAAAAAAGGATTCGAGGCAATTACCTCCAGTGACCAGAGCACTTCCGGTTCTGAGA  1254
mCLCA3   GCCTTCGGACAGCATTTACAGTGATAA---AGAAGAAGTATCCAACTGATGGATCTGAAA  1236
         * **      ** ***    *  ** *     *   *  *    ***   ** ***** *

mCLCA1   TCGTATTGCTGACAGATGGGGAAGATAATGGAATACGTTCCTGCTTTGAGGCCGTCTCTC  1305
mCLCA2   TCGTATTGCTGACAGATGGGGAAGATAATGGAATAAGTTCCTGCTTTGAGGCCGTCTCTC  1304
mCLCA4   TCGTATTGCTAACAGATGGGGAAGATAATAGAATAAGCTCGTGCTTTCAGGAGGTCAAAC  1314
mCLCA3   TTGTGCTGCTGACCGATGGGGAGGACAACACCATTAGCAGCTGCTTTGACCTGGTGAAGC  1296
         * **  **** ** ******** ** **    **  *    ****** *    **    *

mCLCA1   GCAGCGGTGCCATCATCCACACCATCGCTCTGGGGCCTTCGGCTGCCCGAGAACTGGAGA  1365
mCLCA2   GCAGCGGTGCCATCATCCACACCATCGCTCTGGGGCCTTCTGCTGCCCGAGAACTGGAGA  1364
mCLCA4   ACAGTGGAGCCATCATCCACACCATCGCGCTGGGGCCTTCTGCTGCGCGAGAACTGGAGA  1374
mCLCA3   AGAGCGGGGCCATCATCCATACAGTGGCCCTGGGACCGGCTGCCGCTAAAGAGCTTGAGC  1356
           ** ** *********** **  * ** ***** **  * ** **   *** ** ***

mCLCA1   CTCTGTCGGACATGACAGGAGGGCTTCG---TTTCTATGCCAACAAAGACCTAAACA---  1419
mCLCA2   CTCTGTCAGACATGACAGGAGGGCTTCG---TTTCTATGCCAACAAACATGTAAGCA---  1418
mCLCA4   CTCTGTCAGACATGACAGGAGGGCTTCG---ATTTTATGCCAAGGAAGACGTGAATG---  1428
mCLCA3   AGCTGTCCAAAATGACAGGAGGCCTGCAGACATACTCTTCGGATCAGGTTCAGAACAATG  1416
           *****  * *********** ** *     *  * * *  *  *       *
A

mCLCA1   ATAAACTAAACATCCGGTCTGCTAGACTTCAAATACCGGGCACTGCAGAGACAGGTACTT  1719
mCLCA2   ATGAACTAAACATCCGGTCTGCTCGACTTCAAATACCGGGCACTGCAGAGACAGGTACTT  1718
mCLCA4   ATAAGCTAAATATCTTCTCTGTTCGCCTTCGGATCCCAGGCATTGCTGAGACAGGCACTT  1728
mCLCA3   ACA---CAACCACTAAGGTGGCCTACCTCCAAGTCCCAGGCACGGCTAAGGTTGGCTTTT  1707
         *      **  *        *     ** *   * ** ****  **  **   **   **

mCLCA1   GGACTTACAGCATC------ACGGGTACCAAGTCTCAGTTGATTACAATGACAGTGACCA  1773
mCLCA2   GGACTTACAGCATC------ACGGGTACCAAGTCTCAGTTGATTACAATGACAGTGACCA  1772
mCLCA4   GGACTTACAGCCTCTTAAATAAGGGTGCCACATCTCAGTTGCTAACAGTGACAGTGACCA  1788
mCLCA3   GGAAATACAGCATT-------CAAGCG--AGCTCACAGACTCTCACCTTGACTGTCACCT  1758
         ***  ****** *           *    *  ** ***    * **  **** ** ***

mCLCA1   CTCGAGCAAGAAGTCCCACCATGGAACCACTCCTGGCTACTGCTCACATGAGTCAGAGCA  1833
mCLCA2   CTCGAGCAAGAAGTCCCACCATGGAACCACTCCTGGCTACCGCTCACATGAGTCAGAGCA  1832
mCLCA4   CTCGAGCAAGAAGTCCCACCACACTCCCAGTCATCGCCACCGCTCACATGAGTCAGAGCA  1848
mCLCA3   CCCGTGCAGCAAGTGCTACACTGCCTCCTATTACAGTGACCCCGGTAGTGAATAAGAACA  1818
         * ** ***  **** * **       **  *    *  **  *     *** * *** **

mCLCA1   CAGCCCAGTACCCTAGCCGGATGATTGTGTACGCACGGGTCAGCCAAGGATTTTTGCCTG  1893
mCLCA2   CAGCCCAGTACCCTAGCCGGATGATTGTGTATGTACGGGTCAGCCAAGGGTTTTTGCCTG  1892
mCLCA4   CAGCCCAGTACCCTAGCCGGATGATTGTGTATGCAAGGGTCAGCCAAGGGTTTTTGCCTG  1908
mCLCA3   CAGGGAAATTCCCCAGCCCTGTAACAGTGTATGCAAGCATTCGCCAAGGAGCCTCGCCTA  1878
         ***   * * *** ****   * *  ***** * * *  *  *******    * ****
mCLCA1   TTCTGGGAGCCAATGTCACAGCCCTCATAGAAGCTGAACATGGACATCAAGTCACCTTGG  1953
mCLCA2   TTCTAGGAGCCGATGTCACAGCCATCATAGAAGCTGAACATGGACATCAAGTCACCCTGG  1952
mCLCA4   TTCTGGGAGCCAATGTCACAGCCGTCATAGAAGCTGAGAGTGGAAATCAAGTCACCCTGG  1968
mCLCA3   TTCTCAGGGCCAGCGTCACAGCCTTGATTGAATCTGTGAATGGAAAAACAGTAACCCTGG  1938
         ****  * ***   ********* * ** *** ***    **** *   *** *** ***
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mCLCA1   AGCTCTGGGACAATGGGGCAGGTGCTGATACTGTTAAAAATGATGGCATCTACACAAGAT  2013
mCLCA2   AGCTATGGGACAATGGGGCAGGTGCTGATACTGTTAAAAATGATGGCATCTACACAAGAT  2012
mCLCA4   AGCTCTGGGACAACGGGGCAGGTGCTGACACACTCAAAAATGACGGCATCTACTCAAGAT  2028
mCLCA3   AATTACTGGATAACGGAGCAGGTGCCGATGCCACCAAGAATGATGGTGTCTACTCAAGGT  1998
         *  *   *** ** ** ******** **  *    ** ***** **  ***** **** *
B

Figure D1: Multiple nucleotide sequence alignment of the murine CLCA homologs as

obtained using the Clustal method 
1 and the mCLCA cDNA sequences as submitted

to the public database (GenBank nos. AF047838, AF108501, AB017156 and

AY008277 for mCLCA1, mCLCA2, mCLCA3 and mCLCA4, respectively). Two

excerpts (A, B) from the complete alignment (see L.1.1) containing the putative

exons (underlined) 8 (mCLCA3; A) and 11 (mCLCA1; B) and the chosen

oligonucleotide primers (bold face). Positions within the cDNA sequences are

indicated by the respective nucleotide numbers (right hand). Positions with identical

nucleotides (A = adenosine, T = thymidine, C = cytidine and G = guanidine) for the

four cDNA sequences are indicated by stars. Calculated PCR amplicon sizes for

mCLCA1 and mCLCA3 are 197 and 135 base pairs, respectively.

D.3 Results and Interpretation

Both genes encoding mCLCA1 and mCLCA3, respectively, were localized on mouse

chromosome 3 between markers D3Mit197 and D3Mit261 (see Figure D2) with

P > 3.00. Only one known marker (D3Mit161) was situated between the two genes,

indicating their close physical proximity. This locus maps to the 72.9 centiMorgan

region of mouse chromosome 3 corresponding to band H2�H3 where the murine

CLCA1 gene has previously been localized using fluorescent in situ hybridization

(ROMIO et al. 1999).

                                                          
1 http://clustalw.genome.ad.jp
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Figure D2: The murine CLCA1 and CLCA3 genes were mapped to mouse

chromosome 3 at 72.9 centiMorgan (cM). The two genes are separated by marker

D3Mit161 and encompassed by markers D3Mit197 and D3Mit261. Distances to

known markers are given in centiRay (cR).

First, the results revealed that the murine CLCA1 and CLCA3 genes are organized in

a genomic cluster. Second, in respect of conceivable cross-annealing of the PCR

primers to the murine homologs mCLCA2 and mCLCA4, it cannot be excluded that

these CLCA genes are located within the same chromosomal region as well. Support

for such a common genomic cluster of all murine CLCA homologs can be derived

from the Celera and Ensemble murine genomic databases. Although still incomplete,

so far these databases confirm the location of the genes encoding mCLCA1 and

mCLA3 on mouse chromosome 3 band H2-H3 and, moreover, localize all four

murine CLCA genes within this chromosomal region. Apart from the murine CLCA

genes, the chromosomal location has to date only been established for the human

CLCA family members. The four human CLCA genes are intimately clustered on the

short arm of chromosome 1 (1p22-31). After hCLCA1 was mapped to this region by

fluorescent in situ hybridization (GRUBER et al. 1998 a), hCLCA2 and hCLCA3 were

localized in the same region by RH mapping (GRUBER and PAULI 1999 a).

Recently, a working draft sequence containing a contig of 1.7 megabases of the

respective chromosomal region was released by the International Human Genome



54                         D          CHROMOSOMAL LOCALIZATION OF THE mCLCA1 AND mCLCA3 GENES

Project collaborators. 
1 According to this map, the four human genes are lined up

consecutively in the same orientation encompassing 232 kilobases with no other

genes interspersed. Thus, both the murine and the human CLCA genes seem to be

organized in a single tight genomic cluster. This result was not necessarily expected.

On the one hand, relatively low levels of DNA sequence homology in particular

among the four human CLCA family members and of the murine CLCA3 as

compared to mCLCA1, mCLCA2 and mCLCA4 (see B.3.1) and homolog-specific

expression patterns (see B.3.3) suggest a relatively ancient duplication and radiation

of CLCA genes with unique chromosomal location and transcriptional regulation for

each gene. On the other hand, the high degree of sequence homology within the

murine CLCA1, CLCA2 and CLCA4 family members (see B.3.1) and their partly

overlapping expression patterns (see B.3.3) fit well into the obtained picture of a

close proximity of these genes on the murine genome where some of the

transcriptional regulatory elements may be shared. Interestingly, the CLCA loci of

both species, i.e. mouse chromosome 3 band H2-H3 and human chromosome

1p22-31, are syntenic chromosomal regions.

Concerning their putative involvement in CF disease outcome, the results indicate

that the murine CLCA genes do not represent the suspected CF modifier locus

reported on mouse chromosome 7 (ROZMAHEL et al. 1996). Similarly, the human

CLCA cluster on chromosome 1 does not correlate with the human CF modifier locus

on chromosome 19 (ZIELENSKI et al. 1999). Thus, the identity of the genes at the

postulated human and murine modifier loci remains unknown at this point. However,

this locus may contain certain, as yet unidentified genes involved in the regulation of

CLCA homologs or other Cl- channels. Another possibility are additional modifier loci

elsewhere in the genome that could likewise modulate the CF disease phenotype.

Thus, an involvement of CLCA homologs in the course of CF pathogenesis cannot

yet be excluded, in particular when considering their proposed functional properties

                                                          
1http://www.ncbi.nlm.nih.gov/entrez/viewer.cgi?dopt=Brief&val=NT_004380&view=gr
aph&_from=1398638&_to=1486973&_sfrom=1472897&_bCDS=on&_bRNA=on&_b
OTHER=on;
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as Ca2+-activated Cl- channels (see B.3.4.1) and their cellular expression patterns

which widely overlap with that of the CFTR Cl- channel. Clearly, CLCA proteins

remain putative modifiers in the pathogenesis of CF. Interestingly, in search of the

human CF gene locus, the locus of interest was twice mismapped to human

chromosome 1 (B. TUMMLER, personal communication) prior to the correct

identification of the CFTR Cl- channel gene on human chromosome 7 (RIORDAN

et al. 1989). It is conceivable that as yet unidentified modifier loci on human

chromosome 1 may account for the initial mismapping. In particular, the human

CLCA homologs clustered on chromosome 1 have to be taken into consideration as

they are associated with Cl- conductances. In a study on homozygous CF twin and

sibling pairs currently in progress, the appearance of an alternative, non-CFTR Cl-

conductance seems to be correlated with a certain genotype on human

chromosome 1. The region of interest contains the human CLCA cluster and,

importantly, to date no other channel candidate genes besides the human CLCA

genes have been identified in this region by microsatellite-scanning (B. TUMMLER,

personal communication). Thus, the results of electrophysiological analyses as

obtained from murine and human CF tissues and of CLCA expression in CF target

tissues favour the hypothesis of CLCA homologs being involved in the pathogenesis

of the disease whereas the current genomic data remain ambiguous.
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E Differentiation of the mCLCA1 and mCLCA2
Genes by Genomic Southern Blot Hybridi-
zation

E.1 Context and Challenge

In the murine species, to date four CLCA full-length cDNA sequences have been

submitted to the public databases, namely mCLCA1 (GenBank no. AF047838,

GANDHI et al. 1998; GenBank no. AF052746, ROMIO et al. 1999), mCLCA2

(GenBank no. AF108501, LEE et al. 1999), mCLCA3 (GenBank no. AB017156,

KOMIYA et al. 1999) and mCLCA4 (GenBank no. AY008277, ELBLE et al. 2002).

However, it has not yet been unequivocally established whether these homologs are

derived from different genes or represent post-transcriptional splice variants of a

single murine CLCA gene. The currently available data are ambiguous with respect

to this question. In general, the murine CLCA homologs share a high degree of

sequence homology which seems to be randomly distributed throughout the open

reading frame except for a highly conserved amino-terminal motif of cysteine

residues (see B.3.2). The mCLCA1 and mCLCA2 homologs in particular are closely

related with a cDNA sequence identity of 96 % and an amino acid identity of 94 %

(see B.3.1, Table B2 and Figure B1). Furthermore, the chromosomal localization of

murine CLCA genes (see D.3) revealed a tight genomic cluster containing at least

the mCLCA1 and mCLCA3 genes. These data would be consistent both with a family

of closely related yet different genes derived from relatively late branching and

radiation events or with the existence of several murine mRNA species derived from

a single gene. However, the detection of a marker in between the mapped genomic

fragments of mCLCA1 and mCLCA3 (D3Mit161; see Figure D2) favours the

suggestion of at least two different murine CLCA genes. Thus, the existence of two
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distinct mCLCA1 and mCLCA3 genes seems likely whereas no reliable genomic

sequence data are available from the databases to date that confirm the existence of

two separate murine genes encoding mCLCA1 and mCLCA2. Although the Celera

and Ensemble murine genomic databases distinguish between a mCLCA1 and a

mCLCA2 gene, in fact they seem to partially mix up the sequences of the two

homologs and thus remains far from being complete or reliable. Therefore, a

Southern blot of genomic DNA was set up to prove or disprove the existence of two

closely related yet distinct murine genes encoding mCLCA1 and mCLCA2.

E.2 Experimental Settings

Animals and Tissue Collection

Adult BALB/c mice were kindly provided by the Department of Laboratory Animal

Science and Central Animal Facility, Medical School Hannover, Germany, and

sacrificed by cervical dislocation in accordance with national guidelines. Fresh kidney

tissue samples were immediately transfered into liquid nitrogen and kept at -80 °C

until further processing.

Southern Blot Hybridization

The renal tissue samples were homogenized with mortar and pistil under liquid

nitrogen, followed by digestion with RNase A (200 µg/ml) and proteinase K

(20 mg/ml) at 55 °C for 3 hours. Subsequently, the genomic DNA was isolated using

the Qiagen Genomic DNA Set (Qiagen, Hilden, Germany) according to the

manufacturer´s instructions and spectrophotometrically quantified at 260 nm.

3.5 µg of genomic DNA were digested at 37 °C for 3 hours with 10 units of the

restriction endonucleases Pvu II, Bgl II or Hind III (all Promega, Madison, WI, USA),

respectively, and separated by 0.6 % agarose/ 0.5 x TBE gel electrophoresis.

Simultaneously, Lambda DNA/Hind III Markers (Promega, Madison, WI, USA) were

run on all gels to calculate the molecular mass of the sample genomic DNA species.

The gel was photographed with a ruler on an ultraviolet transilluminator prior to



E           DIFFERENTIATION OF THE mCLCA1 AND mCLCA2 GENES
BY GENOMIC SOUTHERN BLOT HYBRIDIZATION                                                59

capillary Southern transfer onto nylon membranes (Nytran® N; Schleicher&Schuell,

Dassel, Germany). DNA cross-linking to the membrane was achieved by baking the

membrane at 80 °C for 2 hours in an oven.

A 137-base pair probe corresponding to a fragment within the proposed exon 1

of the mCLCA1 genomic sequence was generated by PCR using the isolated

murine genomic DNA as a template. In brief, primers 5´-CAG GTC CTT CTG TTC

CTC AC-3´ (upstream) and 5´-CTT GGG ATG AGC CTT TCG-3´ (downstream; both

Invitrogen, Carlsbad, CA, USA; see Figure E1) were used for PCR amplification

(standard PCR premix see D.2) under the following cycling conditions: 94 °C for 45 s,

55 °C for 40 s, 72 °C for 45 s, 30 cycles. The amplification products were purified

using the QIAquick PCR Purification Kit(50) (Qiagen, Valencia, CA, USA) and

radiolabeled with α-32P-deoxycytidine triphosphate (Amersham Biosciences,

Freiburg, Germany) according to standard procedures. The exon-intron boundaries

of the mCLCA1 gene were derived by homology from the human hCLCA1 gene as

the only gene to date for which the intron-exon boundaries have been determined

(GRUBER et al. 1998 a), and they were confirmed using the Celera murine genomic

database. The mCLCA2 genomic sequence has not yet been reliably identified. The

genomic fragment chosen as probe did not possess recognition sites for the

restriction endonucleases used for the genomic DNA digests. Immediately prior to

use, the probe was denatured at 99 °C for 5 min and briefly placed on ice.

After 30 min prehybridization of the membranes in ExpressHybTM solution (Clontech,

Palo Alto, CA, USA) under gentle agitation (60 rounds per minute; rpm) at 60 °C,

Southern hybridization was performed in fresh ExpressHybTM solution containing the

radiolabeled probe under gentle agitation (60 rpm) at 60 °C for 60 min. Blots were

washed stringently (final wash at 30 °C in 0.1 % SDS/ 0.2 x SSC for 60 min) and

analyzed using a phosphoimager system (Personal Molecular Imager FX; BioRad,

Munich, Germany). The exposure time was adjusted depending on the signal

strength.
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mCLCA1    ACTGGAGCAGTGCGACCATGGTGCCAGGGCTGCAGGTCCTTCTGTTCCTCACCCTGCATC 60
mCLCA2    ACTGGAGCAGTGCAAC-ATGGTGCCAGGGCTGCAGGTCCTTCTGTTCCTCACCCTGCATC 59
          ************* ** *******************************************

mCLCA1    TCCTGCAGAACACAGAGAGCTCCATGGTGCATCTCAACAGCAATGGATACGAGGGTGTGG 120
mCLCA2    TCCTGCAGAACACAGAGAGCTCCATGGTGCATCTCAACAGCAATGGATACGAGGGTGTGG 119
          ************************************************************

mCLCA1    TCATTGCCATTAACCCCAGTGTGCCGGAGGACGAAAGGCTCATCCCAAGCATAAAGGAAA 180
mCLCA2    TCATTGCCATTAACCCCAGTGTGCCAGAGGACGAAAGGCTCATCCCAAGCATAAAGGAAA 179
          ************************* **********************************

Figure E1: Pairwise nucleotide sequence alignment of mCLCA1 and mCLCA2 as

obtained using the Clustal method 
1 and the mCLCA cDNA sequences as submitted

to the public database (GenBank nos. AF047838 and AF108501 for mCLCA1 and

mCLCA2, respectively). Excerpt from the complete alignment (see L.1.1) containing

the putative exon 1 of the mCLCA1 gene (underlined) and the chosen oligonucleotide

primers (bold face). Positions within the cDNA sequences are indicated by the

respective nucleotide numbers (right hand). Positions with identical nucleotides

(A = adenosine, T = thymidine, C = cytidine and G = guanidine) for the two cDNA

sequences are indicated by stars. The calculated PCR amplicon size was 137 base

pairs.

E.3 Results and Interpretation

For each restriction enzyme used to digest the genomic DNA prior to Southern

blotting, two distinct bands were identified (see Figure E2). As the probe was

designed to label only a single exon and no recognition sites for the used enzymes

were present within the corresponding mCLCA1 and mCLCA2 cDNA sequences,

each band detected corresponds to at least one distinct exon. Thus, the obtained

results are consistent with the existence of at least two closely related yet separate

genes.

                                                          
1 http://clustalw.genome.ad.jp
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Figue E2: Southern blot hybridization of murine genomic DNA digested with Pvu II,

Bgl II or Hind III using a probe corresponding to the putative exon 1 of the mCLCA1

gene. For each restriction enzyme used, two different genomic fragments with high

homology to the probe were identified, consistent with the existence of at least two

closely related genes. Marker band sizes are indicated in kilobases (kb).

The stringency conditions during hybridization and washing steps most likely failed to

discriminate between the two exons, indicating approximately equal high homology of

the probe to the respective genomic sequences. This was not unexpected due to the

almost identical mCLCA1 and mCLCA2 cDNA sequences within the region chosen

for generation of the probe (see Figure E1).

In summary, the results suggest that mCLCA1 and mCLCA2 are encoded by two

different genes and show that the two sequences cannot be differentiated from one

another by nucleic acid hybridization under the conditions used. However, as the

currently available data on the mouse genome are not complete with respect to the

murine CLCA genes (e.g., Celera and Ensemble murine genomic databases), the

lengths of the detected genomic fragments cannot yet be interpreted and assigned to

the corresponding murine CLCA gene. Moreover, it cannot be excluded that the

probe picked up the closely related mCLCA4 gene (85 % cDNA identity to mCLCA1
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and mCLCA2; see B.3.1, Table B2) as well. In that case, however, three distinct

bands would have been detected in the Southern blot hybridization study.

In regard to previously reported and future analyses of mCLCA1, mCLCA2 and

mCLCA4, the particularly high degree of cDNA sequence homology between these

homologs (see B.3.1) as also observed in the present study has to be considered for

the experimental design and the interpretation of the results. For example, the probes

used for Northern blot- and in situ hybridization studies on mCLCA1 prior to the

identification of the remaining three murine CLCA homologs had been significantly

longer than the one employed in this study (GANDHI et al. 1998; GRUBER et al.

1998 b). Also, the conditions used for hybridization and washing steps had been less

stringent than in the present study, making cross-hybridization with other murine

CLCA family members, in particular with the close relatives mCLCA2 and mCLCA4,

in the previous studies likely.
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F Biochemical  Characterization  of  the
mCLCA3  Protein

F.1 Context and Challenge

To date, the murine homolog mCLCA3 has neither been characterized biochemically

nor studied functionally, and the biological pathways it is involved in remain unclear.

However, its expression in epithelial cells of the gastrointestinal tract, uterus and

trachea (KOMIYA et al. 1999) as well as its implication as an important modulator of

disease outcome in murine models of asthma (NAKANISHI et al. 2001; ZHOU et al.

2001, 2002) and CF (CHUNG et al. 2001) have made comprehensive analyses of

mCLCA3, of all murine CLCA family members, the most urgent and promising task.

In this context, studies on the structure of the mCLCA3 protein may reveal first clues

towards its possible functions.

A comparison of CLCA proteins thus far characterized biochemically revealed a

number of commonalities:

First, hydrophobicity analyses consistently predicted CLCA family members to be

multi-pass transmembrane proteins of about 900 to 940 amino acids with a large

hydrophilic amino terminus and a hydrophobic carboxy terminus which may anchor

the tail into the plasma membrane or serve in protein-protein interactions (reviewed

by GRUBER et al. 2002; see B.3.2, Figure B2). Different hydrophobicity plots

suggested, apart from a cleavable amino-terminal signal peptide, four

(CUNNINGHAM et al. 1995; GASPAR et al. 2000; see B.3.2, Figure B2) or two

(LEE et al. 1999; ROMIO et al. 1999) putative transmembrane domains. Both

predictions are consistent with the formation of an ion channel which, in case of

forming a monomer, should traverse the lipid membrane at least twice. Nevertheless,
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the four transmembrane-pass model originally proposed (CUNNINGHAM et al. 1995)

has gained experimental support (GRUBER et al. 1998 a, 1999; see B.3.2).

Second, the CLCA precursor contains two proteolytic cleavage sites. The first

cleavage event removes the amino-terminal signal sequence of about 20 to 30 amino

acids (ELBLE et al. 1997), resulting in a long extracellular or intraorganellar amino

terminus (see B.3.2, Figure B2). The second cleavage event removes the carboxy

terminus of about 200 amino acids from the approximately 120- to 130-kDa

precursor, yielding products of 90 kDa and 30 to 40 kDa (ELBLE et al. 1997;

GANDHI et al. 1998; GRUBER et al. 1998 a, 1999; see B.3.2, Figure B2). This

phenomenon was also observed when mCLCA1 was expressed in HEK 293 cells

(GANDHI et al. 1998) which implies that the agent of cleavage is universal. The

respective monobasic proteolytic cleavage signal itself is probably determined by the

protein structure since the amino acid sequence at the site is not conserved among

CLCA family members. It is unclear whether the two cleavage products remain

associated or not (GRUBER et al. 1998 a, 1999; PAULI et al. 2000). With regard to

the predicted putative transmembrane domains, it is suggested that at least three of

the four putative transmembrane spans reside within the amino-terminal 90-kDa part

of the CLCA proteins (GRUBER et al. 1999). Similarly, the purpose of the proteolytic

cleavage event has not yet been established, but its absolute conservation

throughout a family of relatively ancient divergence with as little as 42 % amino acid

identity (see B.3.1, Figure B1) strongly implies some functional consequences for

the cleavage.

Third, CLCA homologs possess several, mostly asparagine-linked sites for

glycosylation in both subunits, consistent with a transmembrane protein. Differences

in the actual protein glycosylation status may account for slight discrepancies

between predicted and experimental molecular weights of the subunits.

To characterize the protein processing and the transmembrane structure of the

murine primary mCLCA3 translation product in vitro and ex vivo, polyclonal

antibodies were generated in rabbits against synthetic oligopeptides representing

fragments of the mCLCA3 polypeptide and used for immunoblot assays.
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F.2 Experimental Settings

Development of the mCLCA3 Putative Transmembrane Topology

Based on computer-aided hydrophobicity plots 
1 (KYTE and DOOLITTLE 1982), the

putative transmembrane topology was established for the mCLCA3 protein.

Generation of Polyclonal Anti-Oligopeptide Antibodies

In order to obtain specific antibodies for immunoblot analyses of the mCLCA3

protein, regions of high predicted immunogenicity were selected from the mCLCA3

polypeptide using computer-aided antigenicity analysis 
2 (PARKER et al. 1986). In

addition, a GenBank search was performed using the BLASTN method 
3 to exclude

homologies of the selected regions to other known proteins and in particular to the

related murine CLCA homologs mCLCA1, mCLCA2 and mCLCA4 (see Figure F1).

Two oligopeptides corresponding to adjacent regions within the predicted

extracellular amino terminus of the mCLCA3 protein (GenBank no. AB017156;

KOMIYA et al. 1999) were synthesized (p3a, corresponding to amino acids 83 to 97:

ESWKAKPEYTRPKLE, and p3b, corresponding to amino acids 253 to 267:

EKNHNQEAPNDQNQR; see Figure F1), conjugated to the adjuvans keyhole limpet

haemocyanin to confer immunogenic properties upon them and used for standard

immunization of two rabbits each (for p3a: Biogenes, Berlin, Germany; for p3b:

Eurogentec, Seraing, Belgium). Pre-immune sera were collected prior to

immunization and used as negative controls in the immunoblot experiments where

appropriate. The four antisera were designated α-p3a1, α-p3a2, α-p3b1 and α-p3b2.

Immune sera α-p3a1 and α-p3a2 were affinity-immunopurified using the peptide p3a

coupled to a sepharose column, revealing antibody stock concentrations of

1.36 mg/ml and 0.74 mg/ml, respectively.

                                                          
1 http://antheprot-pbil.ibcp.fr/hydrophobicity_method.html
2 http://antheprot-pbil.ibcp.fr/Antigenicity_Parker_method.html
3 http://www.ncbi.nlm.nih.gov/BLAST
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mCLCA1   STYLFEASQGRVYFRNISILVPMTWKSKPEYLMPKRESYDKADVIVADPHLQHGDDPYTL   119
mCLCA2   STYLFEASQGRVYFRNISILVPMTWKSKSEYLMPKRESYDKADVIVADPHLQHGDDPYTL   119
mCLCA4   STYLFEATERRFYFRNVSILVPITWKSKTEYLTPKQESYDQADVIVADPHLQHGDDPYTL   119
mCLCA3   SPYLFEATGKRFYFKNVAILIPESWKAKPEYTRPKLETFKNADVLVSTTSPLGNDEPYTE   120
         * *****   * ** *  ** *  ** * **  ** *    *** *        * ***

mCLCA1   NTIEATRCSTRITGTNVVHNCERGNCVTR-ACRRDSKTRLYEPKCTFIPDKIQTAGASIM   238
mCLCA2   NTIEATRCSASITGKKVVHECQRGSCVTR-ACRRDSKTRLYEPKCTFIPDKIQTAGASIM   238
mCLCA4   NTVEATRCSTDITGTSVVRECQGGSCVSR-RCRRDAKTGMQEAKCTFIPNKSQTARGSIM   238
mCLCA3   GKPQAVRCSAAITGKNQVRRCQGGSCITNGKCVIDRVTGLYKDNCVFVPDPHQNEKASIM   239
             * ***  ***   *  *  * *     *  *  *      * * *   *    ***

mCLCA1   FMQNLNSVVEFCTEKNHNAEAPNLQNKMCNRRSTWDVIKTSADFQNAPPMRGTEAPPPPT   298
mCLCA2   FMQNLNSVVEFCTENNHNAEAPNLQNKMCNRRSTWDVIKASADFQNSPPMRGTEAPPPPT   298
mCLCA4   FMQSLDSVVEFCTEKTHNVEAPNLQNKMCNLRSTWDVIKASADFQNASPMTGTEAPPLPT   298
mCLCA3   FNQNINSVVEFCTEKNHNQEAPNDQNQRCNLRSTWEVIQESEDFKQTTPMT--AQPPAPT   297
         * *   ********  ** **** **  ** **** **  * **    **     ** **

Figure F1: Multiple amino acid sequence alignment of the murine CLCA proteins as

obtained using the Clustal method 
1 and the mCLCA polypeptide sequences

as deduced from the cDNA sequences submitted to the public database

(GenBank nos. AF047838, AF108501, AB017156 and AY008277 for mCLCA1,

mCLCA2, mCLCA3 and mCLCA4, respectively). Excerpt from the complete

alignment (see L.1.2) containing two oligopeptides (bold face) within the mCLCA3

polypeptide that combine a high predicted immunogenicity with a low homology to

the remaining murine CLCA family members. Positions within the polypeptides are

indicated by the respective amino acid numbers (right hand). Positions with identical

amino acids (reading key see L.1.2) for the four amino acid sequences are indicated

by stars.

Animals and Tissue Collection

Adult BALB/c mice were kindly provided by the Department of Laboratory Animal

Science and Central Animal Facility, Medical School Hannover, Germany, and

sacrificed by cervical dislocation in accordance with national guidelines. Fresh tissue

samples were collected and immediately processed as described below to obtain

crude protein lysates and total RNA, respectively.

                                                          
1 http://clustalw.genome.ad.jp
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Isolation of Crude Protein Lysates

Fresh tissue samples from murine kidney, small intestinal mucosa and large

intestinal mucosa were immediately lysed at 4 °C for 30 min with over-head agitation

in 9 volumes of lysis buffer in the presence of protease inhibitors (1 mM of

phenylmethanesulfonyl fluoride, 1 µg/ml pepstatin A, 5 µg/ml leupeptin hemisulfate

salt, 5 µg/ml antipain hydrochloride and 1 µg/ml aprotinin; all Sigma, St. Louis, MO,

USA). The lysis buffer contained 50 mM of tri-hydroxymethyl-aminomethane-HCl

(Tris-buffered saline; TBS; pH 8.0), 150 mM of NaCl, 0.5 % of Triton X-100TM (Sigma,

St. Louis, MO, USA) and 0.5 % of sodium desoxycholate. After thorough

centrifugation at 4 °C, protein amounts in the supernatants were determined

spectrophotometrically at 595 nm against a bovine serum albumin (BSA) standard

using Roti®-Quant dye (Roth, Karlsruhe, Germany) according to the manufacturer´s

instructions. On addition of 10 % glycerol, aliquoted samples were kept at -80 °C until

usage.

Cloning of the mCLCA3 Open Reading Frame

The mCLCA3 open reading frame (ORF) was cloned and sequenced from murine

large intestinal mRNA using a RT-PCR-based strategy. In brief, total RNA was

immediately isolated from fresh colonic tissue samples using the TrizolTM method

(Invitrogen, Carlsbad, CA, USA) according to the manufacturer�s protocol and

selected for poly-adenosine tailed mRNA using the Nucleotrap mRNA Kit (Macherey-

Nagel, Dueren, Germany). The mRNA integrity and quality was verified by

1 % agarose/ 0.5 x TBE gel electrophoresis and spectrophotometrical determination

of the optical density absorption (OD) ratio at 260 versus 280 nm (OD260/OD280

> 1.9). 200 ng mRNA were reverse transcribed in a 20 µl reaction to cDNA using

200 units of SuperscriptTM II RNase H- reverse transcriptase, 40 units of RNASEOUT

RNase Inhibitor and 100 pmol of oligo-(dT)15-18 primers (all Invitrogen, Carlsbad, CA,

USA) according to the manufacturer´s instructions for first-strand cDNA synthesis.

Samples without reverse transcriptase served as negative controls. After heat-

inactivation of the enzyme, the RT-PCR-reaction was incubated with 2 units of

RNase H (Sigma, St. Louis, MO, USA) for 20 min at 37 °C to lyse remaining mRNA-
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template and the obtained cDNA was purified with the QIAquick PCR Purification

Kit(50) (Qiagen, Valencia, CA, USA). The purified cDNA served as template in the

primary PCR reaction (see below). Based on the mCLCA3 cDNA nucleotide

sequence accessible in the GenBank database (accession no. AB017156; KOMIYA

et al. 1999), oligonucleotide primers flanking the mCLCA3 ORF were designed for

primary PCR (upstream primer 5´- GAA AGC TGC AGG ATG GAA TC-3´,

downstream primer 5´- GAC TGG TTG ATT TCT TGC CTG-3´) and for nested PCR

containing linkers with Not I restriction sites (upstream primer 5´- ATG CGG CCG

CGA TGG AAT CTT TGA AGA GTC CTG-3´, downstream primer 5´- ATG CGG CCG

CTC AGT GCA AAC CTA GTG TCA CC-3´ , with Not I sites in italics; all Invitrogen,

Carlsbad, CA, USA). Calculated amplicon sizes were 2780 and 2763 base pairs for

the primary and the nested PCR, respectively. Sequence similarities to the remaining

murine CLCA homologs were excluded by multiple sequence alignment (Clustal

method 
1; also compare to L.1.1). Both PCR steps were performed using Pwo DNA

polymerase (Roche Molecular Biochemicals, Indianapolis, IN, USA; standard PCR

premix see D.2) and the following conditions: 25 (primary PCR) or 35 (nested PCR)

cycles of 95 °C for 1 min, 56 °C (primary PCR) or 58 °C (nested PCR) for 40 s and

72 °C for 90 s with a time increment of 8 s per cycle for each extension step (72 °C),

followed by a final extension at 72 °C for 10 min. PCR products were separated by

0.8 % agarose/ 0.5 x TBE gel electrophoresis and gel-purified using the QIAquick Gel

Extraction Kit (Qiagen, Valencia, CA, USA) according to the manufacturer´s

instructions. DNA amounts in the eluates were determined spectrophotometrically at

260 nm. Subsequently, the DNA samples were digested with 20 units/µg Not I

(Promega, Madison, WI, USA) at 37 °C for 2 hours, purified using the QIAquick PCR

Purification Kit(50) (Qiagen, Valencia, CA, USA) and cloned into the Not I site of the

mammalian expression vector pcDNA3.1 (Invitrogen, Carlsbad, CA, USA) using

chemically competent Escherichia coli (Epicurian Coli Ultracompetent and

Supercompetent Cells; Stratagene, La Jolla, CA, USA) cultured in autoclaved Luria-

Bertani (LB) medium (pH 7.4) containing 1 % of Bacto® tryptone (Stratagene,

La Jolla, CA, USA), 0.5 % of yeast extract (Stratagene, La Jolla, CA, USA) and
                                                          
1 http://clustalw.genome.ad.jp
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0.5 % of NaCl and supplemented with 100 µg/ml sterile ampicillin (Invitrogen,

Carlsbad, CA, USA). Bacteria were incubated at 37 °C on LB agar plates

(1.5 % Bacto agar; Stratagene, La Jolla, CA, USA) or in LB medium with 300 rpm

shaking agitation. After transformation with the mCLCA3 ORF-containing pcDNA3.1

plasmid, single bacterial clones were screened from LB agar plates using a PCR-

based strategy. In brief, DNA templates were prepared by resuspending single

bacterial colonies picked with a pipette tip in 100 µl buffer containing 10 mM of TBS

(pH 8.0) and 1 mM of EDTA (pH 8.0). 5 µl of this mixture served as template in a

25-µl PCR reaction (standard PCR premix see D.2), the rest was kept at 4 °C until

inoculation into LB medium. Primers were the T7 promoter forward primer (Roche

Molecular Biochemicals, Indianapolis, IN, USA; included in the vector sequence) and

the mCLCA3 downstream primer as applied in the nested PCR (see above). PCR

conditions were: 30 cycles of 94.5 °C for 1 min, 45 °C for 40 s and 72 °C for 90 s with

a time increment of 8 s per cycle for each extension step (72 °C), followed by a final

extension at 72 °C for 10 min. Serving as negative control, 5 µl of the resuspension

buffer alone were used in the same volume of standard PCR premix. PCR products

were analyzed by 0.8 % agarose/ 0.5 x TBE gel electrophoresis. 1 µl of the

resuspended positive bacterial clones was inoculated into 20 ml of ampicillin-

supplemented LB medium for overnight incubation in 100-ml polypropylene tubes.

Plasmid DNA was obtained using the QIA filter Plasmid Midi Kit (Qiagen, Valencia,

CA, USA) according to the manufacturer´s protocol, including RNase H digestion

(Sigma, St. Louis, MO, USA) and final purification with phenol/chloroform/

isoamylalcohol (Sigma, St. Louis, MO, USA). The entire mCLCA3 ORF was

sequenced (Sequence Laboratories, Goettingen, Germany) and compared to the

published cDNA sequence using the BLASTN method 
1 to verify identity of the clone

and to exlude sequence errors introduced during PCR.

In vitro Transcription and Translation in Rabbit Reticulocyte Lysates

The mCLCA3 ORF cloned in pcDNA3.1 was transcribed and translated with the TNT

T7 Coupled Reticulocyte Lysate System (Promega, Madison, WI, USA) according to
                                                          
1 http://www.ncbi.nlm.nih.gov/BLAST
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the manufacturer´s instructions. Reactions of 25 µl were carried out at 30 °C for

90 min without or with (2 µl) canine pancreatic microsomal membranes (Promega,

Madison, WI, USA). Samples were analyzed by 10 % sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotted as described

below. In addition, protease protection assays were performed as described

(GRUBER et al. 1999). Briefly, the mCLCA3 protein translated in vitro in the

presence of microsomal membranes was incubated with approximately 0.003 units/µl

proteinase K (Sigma, St Louis, MO, USA) for 60 min on ice. The reaction was

stopped by boiling and analyzed using 13 % SDS-PAGE and immunoblotting as

described below.

Heterologous Transient Transfection of HEK 293 and COS-7 Cells

The mCLCA3 ORF cloned in pcDNA3.1 was transfected into 70 % confluent HEK

293 cells and African Green Monkey kidney COS-7 cells (kindly provided by the

Departments of Physiologic Chemistry and of Milk Hygiene and Technology,

respectively, both School of Veterinary Medicine Hannover, Germany) using the

Polyfect method (Qiagen, Valencia, CA, USA) following the manufacturer´s protocol.

Cells were kept at 37 °C in a humified 5 % CO2 atmosphere and passaged every

2 to 3 days to fresh Dulbecco�s Modified Eagle Medium (Invitrogen, Carlsbad, CA,

USA) containing 10 % fetal bovine serum (Sigma, St Louis, MO, USA) and

100 units/ml penicillin as well as 100 µg/ml Streptomycin (both Invitrogen, Carlsbad,

CA, USA). The cells were harvested 48 hours after transfection and lysed as

described above. As controls, cells were treated using the same protocol and the

transfection reagent alone (mock transfection).

Immunoblotting of the Obtained Protein Preparations

Immunoblotting was performed using the Mini-PROTEAN® II Electrophoresis Cell and

the Mini Trans-Blot® Electrophoretic Transfer Cell (both BioRad, Hercules, CA, USA)

according to the manufacturer´s instructions. In brief, 10 % or 13 % (see above)

SDS-PAGE (Rotiphorese® Gel 30; Roth, Karlsruhe, Germany) sample separation

with 20 µg protein (freshly denatured at 100 °C for 2 min) per lane was
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electrophoresed at 4 °C in the presence of 2 mM of reducing agent (DTT; Sigma,

St. Louis, MO, USA). Prestained molecular weight standard proteins (High Molecular

Weight Standard Mixture for SDS Gel Electrophoresis, Wide Range; Sigma,

St. Louis, MO, USA) were run on all gels to calculate the molecular mass of the

sample protein species. After electrophoretic transfer onto cellulose nitrate

membranes (Protran® BA 85 0.45 µm; Schleicher&Schuell, Dassel, Germany) and

blocking of the membranes at room temperature for 2 hours in TBS (pH 7.4)

containing 0.1 % Tween® 20 (Serva, Heidelberg, Germany) and 5 % non-fat milk in a

rolling incubator (50 rpm), membranes were probed at 4 °C overnight in the rolling

incubator with the purified antibodies α-p3a1 or α-p3a2 or with the immune sera

α-p3b1 or α-p3b2 diluted in blocking buffer (dilutions ranging from 1 : 100 to

1 : 4,000). Membranes were thoroughly washed in TBS containing 0.1 % Tween® 20

and incubated with horseradish peroxidase-conjugated swine anti-rabbit immuno-

globulins (0.4 µg/ml; Dako, Glostrup, Denmark) diluted in TBS containing 0.1 %

Tween® 20 for 2 hours at room temperature in the rolling incubator. After repeated

washing steps, antibody binding was developed using enhanced chemiluminescence

(ECL Western blotting detection reagents; Amersham Pharmacia Biotech,

Buckinghamshire, UK) and X-Omat films (Kodak, Rochester, NY, USA). For negative

controls, membranes were probed with the respective pre-immune sera instead of

immune sera or purified antibodies.

F.3 Results and Interpretation

According to the performed hydrophobicity plots, the mCLCA3 primary translation

product supposedly possesses four membrane-spanning regions, similar to

previously characterized CLCA homologs. Candidate membrane-spanning segments

were suggested at amino acids 285 to 305, 375 to 395, 516 to 536 and 730 to 750.

Both the hydrophilic amino and carboxy termini are supposedly located in the

extracellular or intraorganellar compartment (compare to B.3.2, Figure B2).
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In order to obtain specific antibodies for immunodetection of the mCLCA3 protein,

two immune sera were raised in rabbits and affinity-immunopurified using a synthetic

oligopeptide corresponding to a region within the supposedly extracellular amino

terminus of the mCLCA3 polypeptide (purified antibodies α-p3a1 and α-p3a2). This

region of the protein was selected due to its high conservation among different

members of the CLCA gene family, suggesting a functional or structural significance.

As control for the specific detection of the mCLCA3 protein, two additional immune

sera were raised using a second oligopeptide corresponding to an adjacent region of

the mCLCA3 polypeptide (immune sera α-p3b1 and α-p3b2). Antibody-specificity for

exclusive detection of mCLCA3 was expected due to low sequence homology of the

chosen oligopeptide sequences to the remaining murine CLCA homologs. In all

subsequent immunoblot analyses, protein species of the same size were detected by

the purified antibodies and the immune sera (see Figures F2, F3 and F4 A and B)

that were absent from blots incubated with the pre-immune sera (see Figure F4 C)

and from samples after mock transfection (see Figure F3 A and B, right panels). The

results indicate that the mCLCA3 protein was indeed specifically detected.

Probing of the in vitro translated mCLCA3 protein using the purified antibodies or the

immune sera identified a primary translation product of approximately 100 kDa and

few protein bands of smaller sizes, most probably representing preliminary truncated

translation products (see Figure F2 A). The mCLCA3 precursor increased in size to

approximately 110 kDa after glycosylation by microsomal membranes (see Figure
F2 B, left panel). Addition of proteinase K to the microsomal membranes reduced the

size of the protein detected by the antibodies to approximately 35 kDa (see Figure
F2 B, right panel), corresponding to the calculated size of the extracellular amino

terminus of the mCLCA3 protein where the antigenic oligopeptides used for

immunoblotting are located.
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Figure F2: Immunoblot analyses of the in vitro translated mCLCA3 protein.

(A) In vitro translation of the cloned mCLCA3 open reading frame without canine

microsomal membranes produced an approximately 100-kDa primary translation

product and few preliminary truncated translation products of smaller sizes

(approximately 35 kDa and smaller). (B) Glycosylation of the mCLCA3 polypeptide

using canine microsomal membranes (-) resulted in an increase in size to

approximately 110 kDa. A fainter band at approximately 100 kDa representing the

unglycosylated protein was also present, indicating incomplete glycosylation.

Following degradation of unprotected proteins by addition of approximately

0.003 units/µl proteinase K (+), only a single protein species of approximately 35 kDa

was specifically labeled, representing the intramicrosomal amino terminus of the

mCLCA3 protein. Antibody α-p3b2, diluted at 1 : 1,000.

When lysates of transiently mCLCA3-transfected HEK 293 and COS-7 cells were

immunoblotted with the purified antibodies or immune sera, a single protein species

of approximately 90 kDa in size was detected that was not present in the mock-

transfected cells (see Figure F3). The glycosylated primary translation product of

approximately 110 kDa was apparent only in transfected COS-7 cells probed with the

crude immune serum (see Figure F3 B).
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Figure F3: Immunoblot analyses of mCLCA3-transfected (+) and mock-transfected

(-) COS-7 and 293 cells. (A) Using the purified antibodies α-p3a1 (diluted at 1 : 100),

a single protein of approximately 90 kDa was detected in transfected (+) COS-7 and

293 cells that was absent from mock-transfectants (-). A second protein of

approximately 50 kDa in size was labeled both in mCLCA3- and mock-transfected

293 cells. Expression levels were significantly higher in COS-7 cells when compared

to 293 cells. (B) Using the crude α-p3b2 immune serum, two bands at approximately

110 kDa and 90 kDa, respectively, were specifically labeled in mCLCA3-transfected

COS-7 cells (+) that were absent from mock-transfected cells (-). In addition, several

unspecific bands were equally visible in mCLCA3- and mock-transfectants.

Probing of murine renal, small- and large intestinal tissue lysates yielded specific

bands only in the small and large intestines (see Figure F4 A and B). This result was

expected as the mCLCA3 homolog was detected throughout the gastrointestinal tract

using Northern blot hybridization (KOMIYA et al. 1999) but not in the kidney (ZHOU

et al. 2001). In contrast, both mCLCA1 and mCLCA2 were shown using a real-time

RT-quantitative PCR approach to be expressed in the murine intestine as well as in

the kidney (HORSTMEIER, in press). Thus, the negative results obtained from the

renal tissue lysates provide further evidence for the specific detection of mCLCA3.
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A protein species of approximately 90 kDa was specifically detected both in the small

and large intestines, but it was significantly more abundant in the large intestinal

lysate. In addition, a second protein of approximately 45 kDa was specifically labeled

in the large intestine that was absent in the small intestine. Immunoblot analyses

using the crude immune sera were generally complicated by several unspecific

bands that were negligible or absent when the immunopurified antibodies were used

(compare Figures F3 A with F3 B and Figures F4 A with F4 B).

Figure F4: Immunoblot analyses of lysates from murine jejunal mucosa (J), colonic

mucosa (C) and kidney (K) using the purified antibody α-p3a1 (A; diluted at 1 : 250),

the immune serum α-p3b2 (B; diluted at 1 : 2,000) or the respective pre-immune

serum (C; diluted at 1 : 2,000). A protein of approximately 90 kDa was specifically

detected by the purified antibody (A) and by the immune serum (B) in both intestinal

mucosa samples. In addition, a second protein of approximately 45 kDa was

specifically labeled only in the colon by both the purified antibody and the immune

serum. Both antibodies failed to specifically bind to any protein in the kidney. Using

the crude immune serum (B) or the pre-immune serum (C), respectively, resulted in

labeling of several unspecific bands within each tissue lysate.
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The results of the biochemical experiments yield first clues towards the structure and

processing of the mCLCA3 protein. Based on the obtained data, the mCLCA3 protein

apparently shares common features with other CLCA homologs, namely the

post-translational proteolytic cleavage event and the sizes of the primary translation

product, the product after glycosylation and the extracellular amino terminus.

Accordingly, the unglycosylated or glycosylated primary mCLCA3 translation product

of approximately 100 or 110 kDa, respectively, is processed to an approximately

90-kDa amino-terminal cleavage product in both the transfected mammalian

cells and the native murine tissues. Moreover, protection of an approximately

35-kDa protein fragment from protease digestion following in vitro translation

in the presence of microsomal membranes established that mCLCA3 is an

integral membrane protein with an intraluminal or extracellular amino terminus.

The size of the protected fragment recognized by the antibodies is similar to the

size of the extracellular amino terminus of all other CLCA homologs analyzed

so far (ELBLE et al. 1997; GRUBER et al. 1998 a; GRUBER and PAULI 1999 b).

Thus, the biochemical results obtained in this study are consistent with the

proposed general model of CLCA protein structure and processing (reviewed

by GRUBER et al. 2000). The high degree of structural similarity among all

CLCA polypeptides strongly argues for a commonality of function. The confirmation

of mCLCA3 as an integral membrane protein with a 35-kDa extracellular or

intraorganellar amino terminus is consistent with its proposed function as an

anion channel or channel regulator. However, a role as adhesion molecule

would also be conveivable as has been proposed for other CLCA homologs (see

B.3.4.3).

The nature of the additional protein species of approximately 45 kDa identified in the

large intestinal tissue lysate remains unexplained at this point and would have to be

determined by protein sequencing. It is conceivable that this protein fragment

represents a truncated portion of the amino terminus of the protein similar to the

secreted 37-kDa amino terminus of hCLCA3 (GRUBER and PAULI 1999 b) and the

putatively secreted 32-kDa amino-terminal clone 4 of bCLCA2 (ELBLE et al. 1997).
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However, other scenarios including alternatively spliced variants cannot be excluded

and the function and significance of the 45-kDa species of mCLCA3 in the colon

remain to be established.
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G Cellular and Intracellular Localization of the
mCLCA3 Protein

G.1 Context and Challenge

For a putative ion channel protein, the intracellular location is tightly linked to its

function. Knowledge of this location may support or exclude a role in ion conductivity

and yield important clues towards the cellular processes the channel is involved in.

Thus, the precise tissue, cellular and intracellular localization of the CLCA family

members is, along with functional studies, essential for understanding the biological

and pathophysiological processes they are involved in. In particular on the

ultrastructural level, the location of a channel protein in the apical or basolateral cell

membrane, or in the membranes of specific cell organelles, provides direct hints to its

function. However, only a small amount of ions needs to be separated across the

lipid bilayer to establish a large membrane potential. Moreover, the transport capacity

or turnover rate of an ion channel can be as high as 100 million ions per second

(FULLER and BENOS 2001). Consequently, ion channels are usually low-abundance

membrane proteins which may be difficult to detect and localize both on the mRNA

and protein levels. Furthermore, for the interpretation of the data it has to be taken

into account that levels of mRNA expression do not necessarily correspond to levels

of protein expression. Also, the precise localization of the protein allows for more

reliable functional proposals than the determination of mRNA-expressing tissues or

cell types. Thus, establishing the precise cellular and intracellular protein expression

patterns of CLCA homologs is an essential prerequisite for understanding their

physiological functions and significance in diseased tissues.

Within the CLCA family of putative Cl- channels, the heterogeneity in tissue

expression patterns as detected on the mRNA level (see B.3.3) so far suggests
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differences in the individual physiological roles among the various CLCA homologs.

To date, only mRNA expression studies with limited sensitivity and specificity have

been performed with few exceptions (reviewed by GRUBER et al. 2002; see B.3.3).

The obtained data have to be interpreted cautiously, as the techniques used may not

be sensitive enough to detect the low levels of expression frequently associated with

ion channels (see above). Moreover, cross-hybrization between closely related CLCA

homologs (e.g., mCLCA1, mCLCA2 and mCLCA4) could not be unequivocally

excluded. In general, CLCA expression has mainly been found in secretory epithelia

as well as few other cell types, namely in certain vascular endothelia (see B.3.3).

In the murine species, no CLCA protein detection in native tissues has been reported

to date. The differential mRNA expression patterns of the first and second murine

members, mCLCA1 and mCLCA2, have recently been studied in a real-time

RT-quantitative PCR approach and revealed wide distribution of both homologs in

numerous epithelia including trachea and intestines and few other cell types

(HORSTMEIER, in press; see B.3.3). In contrast, the fourth murine family member,

mCLCA4, seems to be predominantly expressed in non-epithelial cells throughout

the gastrointestinal tract and in select vascular endothelia (ELBLE et al. 2002; see

B.3.3).

As a unique and particularly interesting location among the murine CLCA homologs,

the mCLCA3 mRNA has been detected by in situ hybridization at high levels in goblet

cells throughout the intestinal tract. Northern blot analysis revealed additional

expression in the stomach and uterus as well as, to a lesser degree, in the trachea

without identification of the respective cell types (KOMIYA et al. 1999). A recent

Western blot approach was based on polyclonal antibodies against a mix of synthetic

oligoepeptides corresponding to the mCLCA3 polypeptide sequence and confirmed

expression throughout the gastrointestinal tract, in the uterus and in the lung (ZHOU

et al. 2001). In another study based on comparison of mCLCA3 in situ hybridizations

in the murine respiratory tract with periodic acid Schiff (PAS) detection of mucous

cells, NAKANISHI and coworkers (2001) linked the expression message exclusively
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to this specific cell type. Consistent with the expression in mucinous cells,

experimental evidence from murine models of asthma and CF suggested a

significant role for mCLCA3 in the altered mucin secretions observed in these

disorders (CHUNG et al. 2001; NAKANISHI et al. 2001; ZHOU et al. 2001, 2002).

Thus, the mCLCA3 protein is an interesting and promising CLCA candidate in the

murine species to elucidate possible biological and pathophysiological pathways this

novel class of putative anion channels might be involved in. Importantly, the

structural protein data obtained above (see F.3) established the mCLCA3 homolog

as being a transmembrane protein, similar to other CLCA family members (see

B.3.2), whereas no functional analyses of the heterologously expressed mCLCA3

have been reported to date. For the first time among members of the CLCA family,

the present study immunolocalizes the mCLCA3 protein at the ultrastructural level.

To establish the precise tissue, cellular and intracellular distribution pattern of the

mCLCA3 protein in normal murine tissues, polyclonal antibodies were raised against

the mCLCA3 polypeptide and used for a systematic light-, confocal laser scanning-

and transmission electron microscopical immunolocalization study throughout a

comprehensive spectrum of tissues. Furthermore, the mCLCA3 protein distribution

was analyzed in the intestine of Cftr(tm1Hgu) mice which show little or no intestinal

mucus accumulation and CF pathology.

G.2 Experimental Settings

Generation of Polyclonal Anti-Oligopeptide Antibodies

Polyclonal antibodies directed against synthetic oligopeptides corresponding to the

predicted first extracellular domain of the mCLCA3 polypeptide were generated in

rabbits as described above (see F.2). Parallel to all staining passages with the

antibodies prior to microscopical examination, negative controls were included in

form of omitting the primary antibody or replacing it with the respective pre-immune

serum.
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Animals and Tissue Collection

In total six adult male and female C57BL/6 and NMRI mice as well as 11 juvenile and

adult Cftr(tm1Hgu) mice of mixed sexes and two control animals were examined. All

animals were kindly provided by the Department of Laboratory Animal Science and

Central Animal Facility, Medical School Hannover, Germany, and sacrificed by

cervical dislocation in accordance with national guidelines. Fresh tissue samples

were collected and immediately fixed in the appropriate buffers (see below) for

further processing.

Light Microscopical Immunohistochemistry

Fresh murine tissue samples were fixed in 4 % neutral-buffered formaldehyde and

routinely embedded in paraffin or fixed in 4 % neutral-buffered formaldehyde

containing 0.1 M of cacodylic acid and routinely embedded in glycolmethacrylate

(GMA; Merck, Darmstadt, Germany). The following normal murine organs and

tissues were processed: liver, gall bladder, spleen, kidneys, urinary bladder,

pancreas, oral cavity, parotid and sublingual salivary glands, esophagus, stomach,

duodenum, jejunum, ileum, caecum, colon, rectum, nasal cavity, trachea, lung, heart,

adrenal glands, thyroid glands, ovaries, oviducts, uterus, cervix, vagina, mammary

glands, testes, epididymides, male accessory sex glands (seminal vesicular glands,

coagulating glands, ampullary glands, dorsal and ventral prostates, bulbourethral

glands, preputial glands), lymph nodes, brain (cortex, cerebellum, stem, medulla),

eyes, skin, adipose tissue, skeletal muscle, bone and large vessels (thoracic and

abdominal aorta, vena cava). Paraffin-embedded tissues were cut at 3 µm and

GMA-embedded tissues were cut at 1 µm. Tissue sections were mounted on

SuperfrostPlus adhesive glass slides (Menzel-Gläser, Braunschweig, Germany). In

addition to the immunohistochemical analyses, consecutive tissue sections were

routinely stained with hematoxylin and eosin (H&E) for histological examination and

with periodic acid Schiff (PAS) reaction or Alcian blue to stain the mucin acidic

carbohydrate moieties and vicinal hydroxyl groups, respectively.

For immunohistochemical staining of paraffin-embedded tissue sections, the avidin-

biotin-peroxidase complex (ABC) method was applied. After dewaxing the mounted
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tissue sections in xylene (three 5-min steps) and rehydration in isopropanol and

graded ethanol, the following antigen retrieval methods were tested: (a) 15 min

microwave heating (700 W) in 10 mM of citric acid (pH 6.0), (b) 20 min treatment with

2 units/µl pronase E (Merck, Darmstadt, Germany) in phosphate-buffered saline

(PBS; pH 7.4) at 37 °C and (c) microwaving after pronase E digestion. Due to

superior results of the microwave-only treatment, method (a) was used for the

systematic tissue analyses. Endogenous peroxidase activity was inhibited by

incubating the slides for 30 min with 70 % methanol containing 0.5 % H2O2, followed

by three 5-min washes in PBS containing 0.05 % Tween® 20 (Serva, Heidelberg,

Germany) and blocking of unspecific binding sites for 30 min in PBS/0.05 % Tween®

20 containing 20 % heat-inactivated normal goat serum. After repeated washes, the

sections were incubated with the purified antibodies α-p3a1 or α-p3a2, the specific

immune sera α-p3b1 or α-p3b2 or the respective pre-immune sera (compare to F.2)

in PBS/0.05 % Tween® 20 containing 1 % BSA (Roche Molecular Biochemicals,

Indianapolis, IN, USA; antibody dilutions ranging from 1 : 100 to 1 : 32,000) in a

humid chamber at 4 °C overnight. Sections were washed in PBS/ 0.05 % Tween® 20

and incubated at room temperature for 30 min with biotinylated goat anti-rabbit

immunoglobulins (5 µg/ml; Vector Laboratories, Burlingame, CA, USA) diluted in

PBS/0.05 % Tween® 20, followed by repeated washes in PBS/0.05 % Tween® 20.

Color was developed for 30 min using freshly prepared ABC solution (15 µl/ml of

each component; Vectastain Elite ABC Kit; Vector Laboratories, Burlingame, CA,

USA) diluted in PBS, followed by repeated washes in PBS and rinsing in tapwater.

The slides were counterstained with hematoxylin blue, dehydrated through ascending

graded ethanol, cleared in xylene and permanently coverslipped with Corbit (Hecht,

Kiel, Germany). Staining signals were observed and photographed with an Axiophot

photomicroscope (Zeiss, Oberkochen, Germany).

GMA-embedded tissue sections were processed using the indirect peroxidase

method. Immunohistochemical staining was performed as described above with two

minor modifications: dehydration was performed in methanol and peroxidase-

conjugated swine anti-rabbit immunoglobulins (6.5 µg/ml; Dako, Glostrup, Denmark)

were applied as secondary antibodies.



84                 G         CELLULAR AND INTRACELLULAR LOCALIZATION OF THE mCLCA3 PROTEIN

For confocal laser scanning microscopy, both paraffin- and GMA-embedded tissue

sections were processed as described above with minor modifications. Rhodamine-

conjugated goat anti-rabbit immunoglobulins (5 µg/ml; Dianova, Hamburg, Germany)

were applied at room temperature for 30 min as secondary antibodies. Sections were

coverslipped using an aqueous mounting (Glycergel®; Dako, Glostrup, Denmark)

without previous counterstaining. The sections were examined with a Leica TCS SP2

confocal laser scanning microscope (Leica, Solms, Germany) equipped with helium

and neon lasers and connected to the accessory software. Rhodamine was excited

at 530 nm and emission of red fluorescence was detected at 590 nm. Single optical

scans were repeated several times and recorded separately to be subsequently

combined as an average of three images.

Immune Electron Microscopy

Fresh tissue specimens of approximately 4 mm³ were fixed at 4 °C overnight in

4 % neutral-buffered paraformaldehyde containing 0.25 % glutaraldehyde and 3.7 %

saccharose. After five 20-min washes at room temperature in 0.1 M of cacodylic acid,

samples were dehydrated at -20 °C through ascending graded ethanol in six 30-min

steps and gradually infiltrated at -20 °C with LR White resin (medium grade; London

Resin Company, Berkshire, UK; 100 % ethanol : LR White 2 : 1, 1 : 1 and 1 : 2 for

30 min each, 100 % LR White for 30 min and overnight). The specimens were

embedded in gelatin capsules filled with LR White resin containing LR White

accelerator (Polysciences, Warrington, PA) and resin was allowed to polymerize at

-20 °C overnight under exposure to ultraviolet light. Semi-thin sections (0.5-1.0 µm)

were cut from the resin-embedded tissue specimens, stained with 1 % toluidin/

1 % borax (Merck, Darmstact, Germany) and examined by oil-immersion light

microscopy. Ultrathin sections cut at 60 to 90 nm were collected on uncoated

200-mesh nickel grids. For immunolabeling, grids were immersed upside down in

drops of the respective solution. Aldehydes were blocked in four 5-min steps with

PBS containing 50 mM of glycine. Unspecific binding sites were blocked for 15 min in

PBS  containing 0.5 % BSA and 0.1 % liquid gelatin (Serva, Heidelberg, Germany;

washing buffer) and 5 % heat-inactivated normal goat serum. Incubation with the
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purified antibodies α-p3a1 or α-p3a2 , the immune sera α-p3b1 or α-p3b2 or the

respective pre-immune sera was performed in washing buffer at 4 °C overnight in a

humid chamber (dilutions ranging from 1 : 100 to 1 : 8,000), followed by fifteen

2 min-washes in washing buffer and by incubation for 1 hour with 10-nm gold

particle-conjugated goat anti-rabbit immunoglobulins (8.38 x 1012 gold particles/ml;

Sigma, St Louis, MO, USA) diluted at 1 : 40 in washing buffer. After repeated washes

in washing buffer and subsequently in PBS, sections were postfixed for 5 min in PBS

containing 2 % glutaraldehyde. The grids were rinsed in distilled water, followed by

contrasting for 15 min in aqueous uranyl acetate (Ultrostain 1; Leica, Bensheim,

Germany) and final washes in distilled water. The grids were air-dried and tissue

sections were examined and photographed with a Zeiss EM 10 A transmission

electron microscope (Zeiss, Oberkochen, Germany).

G.3 Results and Interpretation

Antibody Specificity

In all immunohistochemical and immune transmission electron microscopical

analyses, virtually the same specific staining patterns were obtained with the purified

antibodies and the immune sera. Several tissues known to express mCLCA1,

mCLCA2 or mCLCA4 (see B.3.3) did not stain at all with the mCLCA3-specific

antibodies or immune sera, indicating that there was no cross-reactivity with other

proteins, especially other murine CLCA homologs (compare also to F.3).

Tissue and Cellular Distribution Pattern of the mCLCA3 Protein

Of all tissues analyzed by immunohistochemistry, the mCLCA3 protein was

exclusively detected in the digestive and respiratory tracts and in the uterus (see

Figures G1, G2, G3 and G4). No differences were noticed among individual animals,

and similar staining patterns were obtained when the different antibodies were used.

To identify cells that produce mucins, H&E-, PAS- and Alcian blue-stains were

prepared using consecutive tissue sections (for example, see Figures G1 A and B,
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G2 D and G3 B). A comparison of these stains with the immunohistochemical stains

revealed that mCLCA3 was expressed only in mucin-producing cells (illustrated in

Figure G1).
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Figure G1: Identification of mCLCA3-expressing cells as mucin-producing cells.

Using consecutive formalin fixed, paraffin-embedded tissue sections obtained from

murine colon, periodic acid Schiff (PAS) reactions (A) and Alcian blue stains (B)

were compared to the distribution of the mCLCA3 protein as revealed by

immunohistochemistry (C and D). For immunohistochemistry (brown staining), the

tissue sections were incubated with α-p3b2 (C; diluted at 1 : 8,000) or the respective

pre-immune serum (D; diluted at 1 : 8,000) and counterstained with hematoxylin blue.

Clearly, PAS reaction (dark purple staining), Alcian blue staining (intense

blue-turquoise staining) and immunohistochemical detection were restricted to goblet

cells. The mucin stains revealed strong labeling of all intestinal goblet cells (A and B)

whereas the mCLCA3 protein was less frequently detected in the goblet cells at base

of the crypts (C). Incubation with the pre-immune serum failed to produce any

staining (D). Bars = 150 µm.

In the respiratory tract, the epithelium of the trachea and major bronchi contained

single or clustered goblet cells that were all intensely labeled (see Figure G2 A and

C). Somewhat weaker staining was detected in the submucosal glands of the upper

segment of the trachea (see Figure G2 B). All ciliated epithelial cells were negative.
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Figure G2: Tissue and cellular distribution pattern of the mCLCA3 protein in the

murine airway as detected by immunohistochemistry (brown staining) using formalin

fixed, paraffin-embedded tissue sections from murine trachea (A and B) and lung (C).

Tissue sections were incubated with α-p3b2 (diluted at 1 : 8,000) and counterstained

with hematoxylin blue. For comparison, mucins were labeled with the periodic acid

Schiff (PAS) reaction on consecutive tissue sections, here shown as dark purple

staining of goblet cells in the bronchial epithelium (D). Within the respiratory epithelia,

the mCLCA3 protein was exclusively detected in the mucin-producing goblet cells of
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the trachea (A) and bronchi (C). Submucosal mucinous glands of the trachea (B)

were also labeled. Bars = 60 µm.

In the uterus, virtually all goblet cells interspersed in the epithelium as well as

mucinous cells of the uterine glands were mCLCA3-positive (see Figure G3 A and

C) as confirmed by PAS- (see Figure G3 B) and Alcian blue-stains on consecutive

tissue sections. Again, all non-mucinous cells were negative.
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Figure G3: Tissue and cellular distribution pattern of the mCLCA3 protein in the

murine uterus as detected by immunohistochemistry (brown staining) using formalin

fixed, paraffin-embedded tissue sections (A and C). Tissue sections were incubated

with α-p3b2 (diluted at 1 : 8,000) and counterstained with hematoxylin blue. For

comparison, mucins were labeled with the periodic acid Schiff (PAS) reaction on

consecutive tissue sections, here shown as dark purple staining of endometrial

goblet cells and released uterine mucins (B). In the endometrium, the mCLCA3

protein was exclusively detected in the mucin-producing cells (A). Only very few

goblet cells remained unlabeled (A, top left). Submucosal mucinous glands of the

uterus were also labeled (C). Bars = 50 µm.

In the stomach, all surface mucous cells were intensely stained whereas parietal and

chief cells were negative (see Figure G4 A). All goblet cells were stained in the villi

throughout the small intestine including duodenum, jejunum and ileum (see Figure
G4 B and C). However, crypt goblet cells in the small and large intestines showed

staining only approximately in the upper two thirds of the mucosal crypts whereas

weak or no staining was observed in the basal third (see Figure G4 B to E; compare

also to Figure G1 C). In addition, in both the small and large intestines, there was

occasional staining of the mucus layer lining the intestinal lumen (see Figure G4
C and D, arrowheads). Enterocytes remained negative. Using pre-immune sera as

primary antibodies yielded no labeling at dilutions used for the immune-staining (see

Figure G4 F). Similar staining patterns and intensities were observed in intestinal

sections from Cftr(tm1Hgu) mice (data not shown). These sections did not show

apparent histological changes on examination of H&E stains of consecutive tissue

sections.
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Figure G4: Tissue and cellular distribution pattern of the mCLCA3 protein throughout

the gastrointestinal tract as detected by immunohistochemistry (brown staining) using

formalin fixed, paraffin-embedded tissue sections from murine stomach (A),

jejunum (B), ileum (C), caecum (D) and colon (E and F). Tissue sections were

incubated with α-p3b2 (A to E; diluted at 1 : 8,000) or the respective pre-immune

serum (F; diluted at 1 : 8,000) and counterstained with hematoxylin blue. The

mCLCA3 protein was exclusively detected in most mucin-producing cells. Unlabeled

goblet cells were found in the small and large intestine, predominantly in the base of

the crypts (B to E). A few goblet cells had an intense, cap-like staining pattern at the

luminal surface, especially in the intestine (C; arrows). In addition, there was

occasional staining of the mucus layer on the surface of intestinal villi and crypts

(C and D; arrowheads). Incubation with the pre-immune serum failed to produce any

staining (F). Bars = 150 µm.

Interestingly, other secretory tissues containing mucinous cells including gall bladder,

kidney, pancreas, sublingual salivary glands, oviduct, mammary gland and prostate

did not express mCLCA3 (data not shown). No labeling was present in any of the

tissues when pre-immune sera were used at dilutions that yielded specific staining

with the purified antibodies or immune sera (for example, see Figures G1 D and

G4 F).

Intracellular Localization of the mCLCA3 Protein

In the paraffin-embedded tissue sections, all labeled cells of the different organs

exhibited a granular staining pattern throughout the cytosol with no assignment to a

specific cellular structure possible (illustrated in Figure G5). A few goblet cells,

particularly those in the intestine, had an intensely labeled cap at the luminal surface

(see Figure G4 C, arrows).
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Figure G5: Higher magnification of the cellular distribution pattern of the mCLCA3

protein in intestinal goblet cells as detected by immunohistochemistry (brown

staining) using formalin fixed, paraffin-embedded tissue sections (murine colon).

Tissue sections were incubated with α-p3b2 (diluted at 1 : 8,000) and counterstained

with hematoxylin blue, resulting in a coarse granular staining pattern throughout the

cytosol. Bar = 40 µm.

A more detailed intracellular staining pattern was observed using GMA-embedded

sections that allow access of the antibodies only to the surface of the tissue that is

otherwise impermeable to antibodies. In these sections, labeling was apparent

around but not within mucin granules and in a finely granular pattern throughout the

cytosol (see Figure G6 A). Similar to the paraffin-embedded tissues, few cells had

intensely stained caps at the luminal surface (see Figure G6 A, arrow). Using

pre-immune sera as primary antibodies yielded no labeling at dilutions used for the

immune-staining (see Figure G6 B).
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Figure G6: Intracellular distribution pattern of the mCLCA3 protein in intestinal goblet

cells (murine colon) as detected by immunohistochemistry (brownish staining) using

formalin fixed, GMA-embedded tissue sections that allow antibody access only to the

surface of the tissue section. Sections were incubated with α-p3b2 (A; diluted at

1 : 250) or the respective pre-immune serum (B; diluted at 1 : 250) and counter-

stained with hematoxylin blue. Embedding of the tissue sections in GMA resulted in a

fine, granular labeling pattern around but not within mucin granules (A). A few goblet

cells had intensely stained caps at the luminal surface (arrow). Incubation with the

pre-immune serum failed to produce any staining (B). Bars = 40 µm.

A virtually identical staining pattern was found in GMA-embedded tissue sections

using confocal laser scanning microscopy with rhodamine-conjugated secondary

antibodies (see Figure G7).
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Figure G7: Intracellular distribution pattern of the mCLCA3 protein in intestinal goblet

cells (murine colon) as established by immunofluorescent detection using formalin

fixed, GMA-embedded tissue sections. The sections were incubated with α-p3b2

(diluted at 1 : 250) and fluorescence was achieved using rhodamine-coupled

secondary antibodies and high-resolution confocal laser scanning microscopy.

Reddish fluorescence was detected in a fine, granular pattern around mucin granules

(arrows) and in the overlying mucus layer (arrowheads). Bar = 40 µm.

Immune transmission electron microscopy using gold-labeled secondary antibodies

was performed to localize the mCLCA3 protein on the ultrastructural level. The

10-nm gold particles were intimately associated with the membranes and peripheral

electron-dense zones of small, medium-sized and large mucin granules throughout

the goblet cells (see Figures G8 and G9 A).
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Figure G8: Ultrastructural localization of the mCLCA3 protein in intestinal goblet cells

as detected by immune transmission electron microscopy using glutaraldehyde-

formalin fixed, LR White-embedded ultrathin tissue sections from murine jejunum

(B and C) and colon (A and D). 10-nm gold particles were intimately associated with

the membranes of large (A and B), medium-sized (C) and small (D) mucin

granules (g) throughout the goblet cells. The mild fixation of the tissues

(paraformaldehyde and glutaraldehyde) that was performed for antigen preservation

precluded optimal identification of lipid membranes. Antibody α-p3b2, diluted at

1 : 2,000. Bars = 250 nm.

In addition, electron-dense material budding from the luminal surface of large, mature

mucin granules was labeled, usually close to the luminal surface of goblet cells (see

Figure G9 A). Gold particles were not observed in the electron-lucent center of

mucin granules, in the cytosol, nucleus, other organelles or along the basolateral

membrane of goblet cells. Occasionally, gold particles were located in electron-dense
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regions of the mucus layer lining the luminal surface of the intestine (see Figure
G9 B). The intestinal brush border and the electron-lucent, serous parts of the mucus

layer were not labeled. Virtually identical labeling patterns were observed using the

purified antibodies or the immune sera, and no cellular structures were labeled when

the pre-immune sera were used as primary antibodies at the same dilutions (not

shown).

Figure G9: Ultrastructural localization of the mCLCA3 protein in intestinal goblet cells

and in the overlying mucus (murine jejunum) as detected by immune transmission

electron microscopy using glutaraldehyde-formalin fixed, LR White-embedded

ultrathin tissue sections. The mild fixation of the tissues (paraformaldehyde and

glutaraldehyde) was performed for antigen preservation. 10-nm gold particles labeled

electron-dense material budding from the luminal surface of mucin granules (A).

Enterocytes (e) were negative. In the intestinal lumen, electron-dense regions of the
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superficial mucus layer were occasionally labeled (B, top) whereas the electron-

lucent basal serous mucus layer (B, center) and the epithelial brush border (A, upper

third, and B, bottom) remained unlabeled. Antibody α-p3b2, diluted at 1 : 2,000.

Bars = 250 nm.

In summary, different light microscopical immunodetection techniques in conjunction

with ultrastructural localization assays based on immune transmission electron

microscopy revealed an intimate association of the mCLCA3 protein with the

membranes and peripheral electron-dense zones of small, medium-sized and large

mucin granules throughout the goblet cells (illustrated in Figure G10).

Figure G10: Schematic sketch of a goblet cell with regions of mCLCA3-

immunoreactivity marked red. Most of the cytosol is filled with mucin granules which

fuse during their maturation and movement towards the apical cell membrane.

Electron-dense regions in the granule periphery are thought to correspond to an
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accumulation of excess membrane material, in particular of integral membrane

proteins (SWIFT and MUKHERJEE 1978; KUROSUMI et al. 1981; WILLE 1990).

For the first time among members of the CLCA gene family of putative Ca2+-activated

Cl- channels, the present study immunolocalized the mCLCA3 protein on the

ultrastructural level. The intimate association of the mCLCA3 protein with the mucin

granule membranes of goblet cells suggests that it plays a role in the synthesis,

condensation or secretion of mucins.

Several observations indicate that the immunolocalization studies in fact detected the

mCLCA3 protein, thus excluding undesirable interactions of the immune sera or

purified antibodies with coincidentally shared three-dimensional epitopes of either

other murine CLCA homologs or otherwise unrelated proteins. First, the obtained

tissue expression pattern in restricted to the digestive and respiratory tracts and the

uterus is consistent both with the mCLCA3 mRNA distribution as detected by

KOMIYA and coworkers (1999) and with the Western blot data reported from ZHOU

and colleagues (2001). Second, antibodies raised against two different segments of

the mCLCA3 polypeptide yielded virtually identical staining patterns, both on the light

microscopical and ultrastructural levels. Third, the localization of the protein in the

membranes of mucin granules is consistent with its proposed role in the regulation of

mucin secretion (NAKANISHI et al. 2001; ZHOU et al. 2001, 2002). Fourth, tissues

known to express the related murine homologs mCLCA1 (including kidney and

testes; GRUBER et al. 1998 b) and mCLCA2 (mammary gland; LEE et al. 1999) did

not stain with the antibodies directed against mCLCA3, thus excluding cross-

reactivity with closely related CLCA members. Moreover, in tissues known to express

both mCLCA3 and other murine CLCA homologs yet in different cell types, the

antibodies or immune sera did not stain cells expressing the latter homologs. For

example, mCLCA1-expressing tracheal ciliated epithelial cells as identified using

in situ hybridization (GRUBER et al. 1998 b) were not labeled with the mCLCA3-

specific antibodies or immune sera (see Figure G2 A).
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The implications of these results on the physiological and pathohysiological role of

mCLCA3 are several. In the mammalian intestine, fluid secretion is driven by the

active export of Cl- ions (HALM and FRIZZELL 1990, 1991; BARRETT and KEELY

2000). It has also been reported that the stimulation of Cl- secretion results in the

secretion of mucins from the intestinal epithelium (HALM et al. 1995). In particular,

coupled secretion of Cl- and mucus has been observed in several epitheliala of

different mammalian and other species in the presence of a functional CFTR Cl-

channel (MILLS et al. 1992, 1995; ENGELHARDT et al. 1994; MERGEY et al. 1995).

Interestingly, in pancreatic acinar cells, a simultaneous release of macromolecules

from secretory granules and Cl- from the cell via yet unidentified Ca2+-activated Cl-

channels in the apical cell membrane has been observed (PARK et al. 2001). A role

for CLCA homologs in this pathway cannot be excluded. Although it has not yet been

confirmed whether mCLCA3 is associated with Ca2+-activated Cl- channel activity, if it

is, the mCLCA3 protein may enhance mucin release from goblet cells by mediating

the active transport of Cl- ions. The location of the mCLCA3 protein in goblet cells

would be consistent with a contribution to the flux of Cl- ions across epithelia

containing this cell type. In addition, the presence of a putative Cl- channel protein in

the membranes of goblet cell mucin granules seems plausible because considerable

amounts of water are withdrawn from these vacuoles during their maturation

(COLONY 1996). Furthermore, the negatively charged mucous glycoproteins require

strong and progressive acidification within the granule compartment to be densely

packed. Integral membrane proton pumps (H+-ATPases) generate both a membrane

potential and a pH gradient. In the absence of a parallel counter conductance, the

interior-positive potential would inhibit inward proton movement and hence

acidification of the granular compartment. An as yet molecularly unidentified inward

Cl- counterion transport helps to collapse the membrane potential and facilitates

further intraorganellar electroneutral acidification (BRADBURY 1999). The results of

the present study suggest that mCLCA3 may be a candidate protein for establishing

this current. It is conceivable that mCLCA3 plays a regulatory role in this pathway,

similar to the central role of Cl- channels in the secretion of water across epithelial

membranes. This notion is supported by the previous studies of NAKANISHI and
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coworkers (2001) and ZHOU and coworkers (2001, 2002) who convincingly

demonstrated the regulatory significance of mCLCA3 in mucin secretion. A regulatory

role in intestinal mucin secretion has also been proposed for the CFTR Cl- channel in

the human species (HALM et al. 1995). However, CFTR expression has

predominantly been found in the apical membrane of non-mucinous intestinal

epithelial cells (AMEEN et al. 2000). Thus, a direct participation of the CFTR Cl-

channel in intestinal mucin secretion seems rather unlikely, and the CFTR Cl- channel

may regulate mucin release from adjacent goblet cells via ATP secretion or

cytokines. In the murine goblet cell, mCLCA3 may be the key regulatory Cl- channel

protein in the secretory pathway of mucins and/or other proteins. Of note, two very

recent studies reported the isolation of CLCA-related fragments from secretory

granules of human (THEVENOD 2002) and rat (THEVENOD et al. 2003) pancreatic

acinar cells, respectively. These organelles exhibited a Ca2+-activated Cl-

conductance reminiscent of the CLCA current profile (THEVENOD et al. 2003). In the

rat, light- and electron microscopical immunolocalization studies based on anti-

bCLCA1 antibodies revealed location of the CLCA-related protein species in the

granule membranes (THEVENOD et al. 2003). Furthermore, in recent in situ

hybridization studies on asthmatic subjects, strong hCLCA1 expression signals were

detected from respiratory goblet cells (HOSHINO et al. 2002; TODA et al. 2002).

According to these reports, mCLCA3 may not be the only CLCA family member

involved in the biosynthetic pathway of secreted mucins and/or proteins.

In addition to its close association with the granule membranes, mCLCA3 was also

detected in the electron-dense material that buds from the luminal surface of the

granule membranes during granule fusion and maturation. The precise composition

and function of this material is currently unknown but it has been suggested that it

represents excess membrane proteins shed during fusion of the goblet granules

(SWIFT and MUKHERJEE 1978; KUROSUMI et al. 1981; WILLE 1990). The fusion

of small granules to fewer larger granules generates excess membrane surface

relative to the granule content, requiring degradation, recycling or secretion of the

superfluous material. Localization of mCLCA3 in the electron-dense material of the
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mucin granules, as caps on top of goblet cells and occasionally in electron-dense

regions of the intestinal luminal mucus layer suggests that it is, at least in part,

released with the mucins. Moreover, granule fusion with the apical plasma

membrane includes the insertion of granule membrane molecules into the plasma

membrane, e.g., anion channels, which may subsequently be involved in and

promote the mucin secretion into the extracellular lumen. Such a modulatory role has

already been sugested for the CFTR Cl- channel (BRADBURY et al. 1992).

Surprisingly, mCLCA3 was undetectable by the antibodies in specific subsets of

mucin-producing cells, including those within the mucinous salivary glands and

goblet cells in the base of small and large intestinal crypts. Thus, mCLCA3 seems

not to be required for mucus secretion in general, and mucin secretion may be

accomplished via different pathways in different organs and mucin-producing cell

types. As a possible explanation for the presence of mCLCA3-positive and -negative

goblet cell populations in the intestine, mCLCA3 expression may be related to the

fate of the cells along the crypt-villus axis. In the murine intestine, the mitotically

active goblet cell precursors are located at varying positions within the intestinal

crypts, namely basally in the small intestine and approximately between the basal

and the upper two thirds of the crypt in the large intestine. Thus, they give rise to a

goblet cell population that migrates to the luminal extrusion zone and sloughs off and

to a second population that migrates to the very base of the crypts and undergoes

apoptosis (reviewed by COLONY 1996). The present study shows that mCLCA3 is

expressed principally in the upwardly, but not in the downwardly migrating

subpopulation of goblet cells in the murine intestine. Similarly, the gastric surface

mucous cells that migrate to the luminal surface (COLONY 1996) express mCLCA3

whereas those cells that migrate downwards from the mitotically active cells at the

base of the gastric pits do not. Thus, throughout the entire gastrointestinal tract,

mCLCA3 appears to be expressed only in those goblet cells that migrate upwards to

the extrusion zone. A functional link between CLCA homologs and apoptosis has

already been observed for the murine CLCA1 and CLCA2 homologs which both
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seem to be involved in the induction or promotion of apoptosis (ELBLE and PAULI

2001; see B.3.4.4).

Consistent with the expression in mucinous cells, experimental evidence from murine

models of asthma and CF suggests a significant role for mCLCA3 in the altered

mucin secretions observed in these disorders (CHUNG et al. 2001; NAKANISHI et al.

2001; ZHOU et al. 2001, 2002). CF mice suffer from severe intestinal goblet cell

hyperplasia and accumulation of a stringy mucus (reviewed by GRUBB and

BOUCHER 1999). Moreover, in addition to increased numbers of goblet cells and

overall mucus amounts, alterations in the composition of mucins from the

gastrointestinal (CLAMP and GOUGH 1979; WESLEY et al. 1983) and respiratory

(FRATES et al. 1983; ROOMANS et al. 1986; MERGEY et al. 1995) tracts of CF

patients have been reported. Changed glycoprotein compositions are also known

from the intestine of CF mice (PARMLEY and GENDLER 1998). Here, elevated

levels in particular of the Muc1 mucin were shown to be linked to increased intestinal

mucus obstruction in that Muc1-deficient Cftrm1UNC mice exhibited highly reduced

amounts of intestinal mucus and reduced incidence of intestinal obstruction in

comparison to their Muc1-expressing CF littermates. It was speculated that the

normally membrane-bound mucin Muc1 may act as an anchor for other, normally

secreted mucins and may thus lead to abnormal mucus accumulation when

overexpressed in CF. Alternatively, Muc1 may upregulate the production of other

mucins. An early name for the disease was mucoviscidosis, and to date it is unclear

whether the pathogenesis involves predominently mucus hypersecretion, mucus

accumulation or both. BARASCH and AL-AWQATI (1993) linked the synthesis of

abnormal glycoproteins in CF to defective acidification of the Golgi network which

changes the kinetics of pH-sensitive enzymes involved in glycoprotein modulation

such as the sialyl transferase. Detection of the murine CLCA3 Cl- channel in

membraneous organelles of intestinal goblet cells (as outlined above) suggests that it

may be involved in compartment acidification of goblet cell mucin granules. CLARKE

and coworkers (1994) postulated that a Ca2+-activated Cl- conductance may

compensate for a loss of CFTR channel function in several murine tissues, including

the lung and intestine. Consistently, an important role of mCLCA3 in the modulation
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of CF disease severity has recently been proposed by CHUNG and coworkers

(2001). In this study, mCLCA3 mRNA expression was found to be significantly

elevated in the lung of BALB/c Cftrm1Unc mice without obvious pulmonary changes

when compared to C57BL/6 Cftrm1Unc mice that develop spontaneous lung pathology

or to wild type mice. The authors speculate that mCLCA3 expression is induced by

the loss of CFTR function in BALB/c mice but not in C57BL/6 mice and that mCLCA3

compensates for the loss of CFTR function in the airways of Cftrm1Unc mice. In the

intestine of Cftr(tm1Hgu) mice, the comparison of the mCLCA3 protein distribution

between normal mice and these CF mice as performed in the present study did not

reveal striking differences. Thus, the lack of a severe intestinal CF phenotype in

these mice seems to be associated with normal mCLCA3 protein distribution. The

results of the present study also support hypotheses on the role of mCLCA3 in

asthma. Asthma results from a complex hypersensitivity reaction of airway epithelia,

leading to widespread tissue remodeling and excessive mucus production.

Hyperplasia and metaplasia of airway goblet cells are central features of the disease.

Normal airways contain only few goblet cells, in particular in the mouse (PACK et al.

1981), whereas abnormally high numbers of goblet cells are likely to be responsible

for the severely increased amounts of mucus to occur. It has recently been shown

that the murine mCLCA3 plays a key role in mucus secretion in a murine asthma

model of ovalbumin-sensitized BALB/c mice (NAKANISHI et al. 2001). In this model,

mCLCA3 was found by suppression subtractive hybridization to be greatly

upregulated in chronically inflamed, remodeled lung tissue. Furthermore, positive

areas coincided completely with PAS-labeled areas which indicated that mCLCA3

expression is strictly localized to mucin-producing cells as was confirmed in the

present study. Interference with mCLCA3 expression by intratracheal administration

of a mCLCA3 antisense-containing adenovirus efficiently suppressed mucin release

in response to airway irritants. Conversely, treatment with an adenovirus expressing

the mCLCA3 sense strand exacerbated the asthma phenotype, including enhanced

mucus secretion. This mucogenic effect could be reproduced in vitro by transfection

of mCLCA3 or its human ortholog hCLCA1 into the human mucoepidermoid

respiratory cell line NCI-H292. Upregulation of mCLCA3 was also found in transgenic
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mice overexpressing IL-9 specifically in the lung that develop a similar asthma-like

phenotype (ZHOU et al. 2001). In these mice, neutralizing IL-9 antibody treatment

suppressed the expression of mCLCA3 mRNA whereas IL-9 treatment of wild type

mice enhanced its expression. Similarly, IL-9 stimulation of hCLCA1-transfected

NCI-H292 cells resulted in enhanced hCLCA1 expression. In a subsequent study in

that laboratory, a channel-blocking agent, NFA, was administered to the hCLCA1-

transfected cells and to the transgenic mice during natural antigen-exposure, where

mCLCA3 expression is greatly upregulated in the lung (ZHOU et al. 2002). NFA

treatment resulted in inhibition of mucin production in vitro and significantly reduced

airway inflammation, goblet cell hyperplasia and metaplasia and mucus amounts

in vivo. Recently, TODA and coworkers (2002) detected significantly increased levels

and colocalizing patterns of IL-9, hCLCA1 and mucus as detected by immuno-

histochemistry, in situ hybridization and PAS staining, respectively, in bronchial

biopsies from asthmatic subjects. Similarly, HOSHINO and coworkers (2002)

analyzed bronchial tissue samples from asthmatic patients in comparison to control

subjects. They found significantly upregulated hCLCA1 mRNA levels by

RT-quantitative PCR in the diseased tissues and localized the message to

respiratory mucin-producing cells by in situ hybridization. Another study on

transgenic mice overexpressing IL-10 specifically in the lung revealed, again,

prominently raised mCLCA3 mRNA expression in association with goblet cell

hyperplasia and metaplasia and increased amounts of mucus (LEE et al. 2002).

These data suggest that mCLCA3 and hCLCA1 may play a key regulatory role in the

goblet cell differentiation and excessive mucin synthesis and/or release in murine

and human asthma, respectively. Although the mechanism in which mCLCA3

putatively regulates the processes of goblet cell differentiation and mucin production

is not yet understood, the results of the present study provide additional evidence

that mCLCA3 may be involved in these pathways. However, functional analyses are

required to establish the role of mCLCA3 in mucus synthesis and/or secretion, its

postulated role in the transepithelial flux of Cl- and the signal transduction pathways

that regulate the putative channel protein.
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H Comprehensive discussion: Integration of
the Results into the Context of the CLCA
Gene Family and Future Challenges

The present study expands and complements the currently available data on the

CLCA gene family of putative Ca2+-activated Cl- channel proteins. To understand the

physiological role and the pathophysiological significance of putative channel

proteins, comprehensive studies on their structure, expression, function and

regulation are required, and only the combined interpretation of all results can

complete the picture. The currently available data on the CLCA gene family are far

from complete. Numerous mRNA expression studies and a number of functional and

preliminary structural analyses have been reported to date whereas only very limited

data are available on the CLCA genes and on the expression patterns of the CLCA

proteins. Experimental evidence suggests that CLCA proteins are involved in

biologically important pathways in both epithelial and endothelial microenvironments,

namely in ion conductivity, in cell-cell adhesion and in apoptosis. However, these

putative functions cannot be ultimately confirmed without the identification of the

possibly involved CLCA genes and the precise cellular localization of the

corresponding CLCA proteins. The present study therefore focussed on genetic and

immunodetection assays to address these challenges. It concentrated on the mouse

as a model species for studies of both physiological and pathophysiological

processes and on the working hypothesis that murine CLCA homologs are involved

in transmembraneous ion conductivity. In particular, this study established for the first

time the precise protein location of a CLCA homolog, mCLCA3, on the ultrastructural

level. The results show that the mCLCA3 protein is intimately associated with the

mucin granule membranes of respiratory, uterine and intestinal goblet cells where it

might be involved in the regulation of mucin secretion. The integration of these data

allows a sound interpretation of the reported induction of mCLCA3 expression in
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chronic respiratory mucus overproduction (NAKANISHI et al. 2001; ZHOU et al.

2001, 2002) and suggest a significant role of mCLCA3 in murine models of asthma.

The structural analyses performed on this homolog characterize the mCLCA3 protein

as a membrane-spanning protein with a large hydrophilic amino terminus, consistent

with a role in ion conductivity as well as in protein-protein interactions. Furthermore,

the genetic assays applied show tight genomic clustering of at least the mCLCA1 and

mCLCA3 genes on mouse chromosome 3 band H2-H3. This reveals a similar

situation as has been established for the human CLCA homologs which are clustered

on the syntenic locus on human chromosome 1p22-31. However, the murine CLCA

gene locus is distinct from the postulated murine cystic fibrosis modifier locus on

mouse chromosome 7 (ROZMAHEL et al. 1996). Finally, the results of genomic

Southern blot hybridizations suggest the existence of two separate yet extremely

closely related murine genes encoding mCLCA1 and mCLCA2 which is important to

be considered for experimental designs of studies on these homologs or their close

relative mCLCA4.

Importantly, the results of the present immunolocalization study on the mCLCA3

protein provide a clue of how this protein might be involved in the physiologic and

pathophysiologic pathways of normal and excessive mucus production. The analyses

reveal the precise tissue, cellular and intracellular distribution pattern of the murine

mCLCA3 protein in normal murine tissues. Of all tissues analyzed by immuno-

histochemistry, the mCLCA3 protein was exclusively detected in most mucin-

producing cells throughout the digestive and respiratory tracts and within the uterus.

More precisely, immune transmission electron microscopy was used to localize

mCLCA3 within these cells. The protein was intimately associated with the

membranes of the mucin granules. In addition, it was present in the electron-dense

peripheral zones of maturing mucin granules and occasionally in the overlying

superficial mucus layer.

The intimate association of the mCLCA3 protein with the mucin granule membranes

of goblet cells suggests that it may play a role in the synthesis, condensation or

secretion of mucins. This notion is supported by and completes previous
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experimental evidence from murine models of asthma and cystic fibrosis (CF),

disorders that are associated with severe goblet cell hyperplasia and mucus

accumulation as well as with changes in the mucin composition (BARASCH et al.

1991; PARMLEY and GENDLER 1998; GRUBB and BOUCHER 1999; NAKANISHI

et al. 2001). In these models, specific and strong induction of mCLCA3 transcription

in the diseased tissues could be convincingly linked to alterations in mucin secretion

(NAKANISHI et al. 2001; ZHOU et al. 2001, 2002). Similarly, LEE and coworkers

(2002) detected prominently raised mCLCA3 mRNA expression in transgenic mice

overexpressing IL-10 in the lung that exhibit both increased numbers of goblet cells

and amounts of mucus.

The antibodies used in the present study did not detect the mCLCA3 protein in

specific subsets of mucin-producing cells, including those within the mucinous

salivary glands and other organs and goblet cells in the base of small and large

intestinal crypts. Thus, mCLCA3 seems not to be required for mucus secretion in

general, and mucin secretion may be accomplished via different pathways in different

cell types. In particular, the CFTR Cl- channel has been suggested by several

authors to play a significant role in mucin secretion and composition. Coupled

secretion of Cl- and mucus in the presence of functional CFTR has been observed in

several epithelial cell types within different mammalian and other species

(MCPHERSON et al. 1986; MILLS et al. 1992, 1995; ENGELHARDT et al. 1994;

KUVER et al. 1994; MERGEY et al. 1995). However, intestinal CFTR Cl- channel

expression seems to be restricted to the apical domain of ciliated enterocytes with

gaps consistent with goblet cells (AMEEN et al. 2000). Thus, a direct participation of

the CFTR Cl- channel in intestinal mucin secretion seems rather unlikely, and the

CFTR Cl- channel may regulate mucin release from adjacent goblet cells via ATP

secretion or cytokines. In the murine goblet cell, mCLCA3 may be the key regulatory

Cl- channel protein in the secretory pathway of mucins and/or other proteins. This

notion could explain the lack of striking alterations in tissue histology or mCLCA3

protein expression, as revealed in this study, in the intestine of Cftr(tm1Hgu) mice which

show little or no intestinal mucus accumulation and disease.
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A putative Cl- channel protein in the membranes of secretory granules could be

involved in granule condensation based on withdrawal of ions and water from the

granule content (reviewed by COLONY 1996). Furthermore, it could provide a

pathway for Cl- counterion influx parallel to proton translocation into the granule

which allows strong and progressive acidification, a process that is essential for the

dense packing of the generally negatively charged mucins in the granules (reviewed

by BRADBURY 1999). Of note, the synthesis of abnormal glycoproteins in CF was

linked to defective acidification of the Golgi network (BARASCH et al. 1991;

BARASCH and AL-AWQATI 1993). A similar involvement in granule acidification is

conceivable for mCLCA3. Interestingly, mCLCA3 may not be the only CLCA family

member involved in the biosynthetic pathway of secreted mucins and/or proteins.

Recently, hCLCA1 was localized using in situ hybridization at high levels in

respiratory goblet cells from asthmatic individuals (HOSHINO et al. 2002; TODA

et al. 2002). Moreover, CLCA-related fragments have been isolated from secretory

granules of human (THEVENOD 2002) and rat (THEVENOD et al. 2003) pancreatic

acinar cells. In the rat, the corresponding protein was immunolocalized in the granule

membranes.

Apart from the proposed functions within the granule membrane of mucin-producing

cells, a contribution of mCLCA3 to transepithelial Cl- conductivity is also conceivable.

The occasional detection of the protein within the secreted mucus indicates that

mCLCA3 is at least in part released with the mucins. In the course of mucus

secretion, the membranes of secretory granules fuse with the apical plasma

membrane. This event is accompanied by the integration of proteins normally

residing within the granule membrane into the cell membrane. Thus, mCLCA3 could

get internalized into the apical plasma membrane and contribute to Cl- secretion from

the cell. Supporting this speculation, it has been shown that intestinal Cl- secretion

and mucin release occur concurrently (HALM et al. 1995). Moreover, in pancreatic

acinar cells, simultaneously to macromolecule release from secretory granules, Cl-

exits the cell via as yet molecularly unidentified Ca2+-activated Cl- channels in the

apical membrane (PARK et al. 2001). Interestingly, in the murine airway, mCLCA3
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seems not only to be involved in alterations of mucin secretion (see above) but has

also been shown to be significantly upregulated in a subset of Cftrm1Unc mice

(CHUNG et al. 2001). Depending on their genomic background, Cftrm1Unc mice on a

BALB/c background developed strikingly little airway disease whereas animals with

the same defect on a C57BL/6 background showed spontaneous airway disease. In

these models, the degree of airway disease was inversely correlated with the level of

mCLCA3 expression. This led to the suggestion that mCLCA3 might functionally

substitute at least in part for the defective CFTR Cl- channel. However, whether this

functional compensation may involve the regulation of mucin secretion, the

enhancement of transepithelial Cl- conductivity or other pathways is currently unclear.

Nevertheless, this report strongly suggests a modulatory role for mCLCA3 in the

course of murine CF pathology. Of note, CF modifier loci have been postulated both

on mouse chromosome 7 near the centromer (ROZMAHEL et al. 1996) and on

human chromosome 19q13 (ZIELENSKI et al. 1999). The genomic mapping assay

performed in the present study revealed a tight murine genomic CLCA cluster on

mouse chromosome 3 band H2-H3. This is the syntenic locus to human chromosome

1p22-31 where the human CLCA genes have been reviously shown to be intimately

clustered (GRUBER et al. 1998 a; GRUBER and PAULI 1999 a). Thus, murine and

human CLCA homologs seem not to represent the reported CF modifier loci.

However, other yet unidentified modifier loci are conceivable and the results of

CHUNG and coworkers (2001) suggest that at least mCLCA3 may play a modulatory

role for the defective CFTR Cl- channel in select CF mice and epithelial tissues (see

above).

The assays performed in the present study to characterize the protein processing

and the transmembrane structure of mCLCA3 in vitro and ex vivo would be

compatible with a role for mCLCA3 in transmembraneous ion conductivity as

proposed as working hypothesis for the present study. The results clearly identify a

transmembrane protein with a large extracellular or intraorganellar amino terminus

and predict, based on hydrophobicity plots, four candidate membrane-spanning

domains. This is consistent both with the observed intimate association of the
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mCLCA3 protein with the granule membranes and the putative formation of an ion

channel. Moreover, a role in potein-protein interactions, e.g., as a regulator of other

Cl- channels, is conceivable as well. The data are similar to what has been previously

reported for several other CLCA homologs (reviewed by GRUBER et al. 2000, 2002).

Characterization of the mCLCA3 protein revealed further similarities, including the

sizes of the primary translation product (approximately 100 kDa) and the product

after glycosylation (approximately 110 kDa), the post-translational proteolytic

cleavage event resulting in an approximately 90-kDa amino-terminal cleavage

product and the approximately 35-kDa hydrophilic amino terminus. However,

functional analyses are required to establish the role of mCLCA3 as a putative

channel protein in mucus synthesis and secretion and its postulated role in the

transepithelial flux of Cl-.

With respect to the proposed contribution of murine CLCA homologs to

transepithelial Cl- secretion, however, other homologs than mCLCA3 may be more

promising candiates due to their expression in non-mucinous epithelial cells. For

example, mCLCA1 expression has been reported from tracheal ciliated epithelial

cells (GRUBER et al. 1998 b) and both mCLCA1 and mCLCA2 are seemingly

expressed in intestinal enterocytes (GRUBER et al. 1998 b; HORSTMEIER,

in press). In contrast, mCLCA4 seems to be predominantly expressed in non-

epithelial cells (ELBLE et al. 2002) and therefore is of lesser interest in terms of

transepithelial Cl- secretion. The precise and specific localization of mCLCA1 and

mCLCA2 remains a formidable task due to their high degree of homology.

Importantly, the present genomic Southern blot hybridization study suggests

separate genes encoding mCLCA1 and mCLCA2 yet at the same time once more

illustrates their high degree of homology. In previous studies performed on the

transcriptional level, the probes used for Northern blot- and in situ hybridization

assays have been significantly longer than the probe employed in this study for the

genomic Southern blot hybridization and the conditions used for hybridization and

washing steps have been less stringent than in the present study (GANDHI et al.

1998; GRUBER et al. 1998 b). This makes cross-hybridization between at least
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mCLCA1- and mCLCA2- and probably mCLCA4 mRNA species in the previous

studies likely. A recently performed real-time RT-quantitative PCR analysis allowed

specific detection of mCLCA1 and mCLCA2 mRNA levels yet was applied only for

intact tissues without identification of the respective cell types (HORSTMEIER,

in press). On the protein level, specific detection is probably even more difficult. The

generation of specific antibodies for use in immunolocalization assays similar to the

ones presented here for mCLCA3 will be a formidable challenge. Nevertheless, first

antibodies directed against mCLCA1 and/or mCLCA2 have been successfully

established in light microscopical immunodetection studies (HORSTMEIER,

in press). However, they failed to detect the homologs in several tissues that are of

particular interest in terms of transepithelial Cl- conductivity, e.g., in the intestine.

These tissues are already known to express these CLCA homologs on the

transcriptional level with partly considerably high copy numbers (HORSTMEIER,

in press). As an alternative approach, the proposed location of mCLCA1 and

mCLCA2 in epithelial cells is currently analyzed on the transcriptional level using

laser microdissection to collect specific subsets of epithelial cells prior to mRNA

isolation and real-time RT-quantitative PCR.

Of course, decisive experiments aimed at proving or disproving the postulated Cl-

channel function of CLCA proteins are not provided by expression studies. The

functional expression of CLCA proteins altered by site-directed mutagenesis to

change the biophysical properties of the associated currents would give important

insight into structure-function relationships. Such studies have not been reported for

any of the CLCA family members to date. Furthermore, knockout mouse models

would help to establish the physiological functions of the murine CLCA homologs.

In particular, the generation and characterization of knockout mice for mCLCA1,

mCLCA2 and mCLCA4, homologs that have not yet been convincingly linked to

in vivo functions, could provide a host of important results. The generation of

conditional mCLCA1, mCLCA2 and mCLCA4 knockout mice in which the genes

can be selectively interrupted at specific developmental stages or in specific organs

is currently under way. Subsequently, cross-breeding of these animals with certain
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CF mice could provide valuable data in terms of the interaction of these

different classes of Cl- channel proteins. Undoubtedly, the CLCA gene family of

putative Ca2+-activated Cl- channels will stay an exciting field of research in the near

future.
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I Summary

The Novel CLCA Gene Family of Multifunctional Calcium-Activated Chloride
Channels: Genetic, Structural and Expression Studies in the Murine Model
System
(Ina Leverköhne, Hannover)

The CLCA gene family of putative Ca2+-activated Cl- channels has been discovered

approximately ten years ago. CLCA genes appear to represent a distinct family that

bears little or no resemblance to any other genes known. To date, eleven family

members have been identified in mammals, including the human and the murine

species. Mounting evidence suggests that the CLCA gene family comprises a

functionally complex group of transmembrane proteins which are involved in

biologically important pathways in both epithelial and endothelial microenvironments,

namely in ion conductivity, in cell-cell adhesion and in apoptosis. In addition, several

reports propose a role for CLCA homologs in diseased tissues as well.

The present study was based on the working hypothesis that CLCA proteins are

involved in transmembraneous anion currents. It was designed to provide a better

understanding of these novel putative channel proteins in the mouse. To address this

challenge, mainly functional genomics were performed. On the one hand, genetic

assays were designed to precisely map murine CLCA genes to the mouse genome

and to differentiate between closely related murine CLCA genes. On the other hand,

protein assays were designed to characterize the protein processing and the

transmembrane structure of the third murine homolog, mCLCA3, in vitro and ex vivo

and to establish its precise tissue, cellular and intracellular protein distribution pattern

in normal murine tissues.
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The following results were obtained:

First, chromosomal mapping of the murine mCLCA1 and mCLCA3 genes based on

radiation hybrid panel screening revealed tight genomic clustering of the two genes

on mouse chromosome 3 band H2-H3. Of note, the human CLCA genes are similarly

clustered on the syntenic locus on the short arm of human chromosome 1.

Second, genomic Southern blot hybridizations suggested the existence of two

separate yet extremely closely related murine genes encoding mCLCA1 and

mCLCA2.

Third, in vitro and ex vivo immunoblot analyses performed of both the recombinant

mCLCA3 polypeptide and the native protein established mCLCA3 as a membrane-

spanning protein with a large hydrophilic amino terminus. This is similar to the

structures of other CLCA homologs. Further similarities were the sizes of the primary

translation product with approximately 100 kDa and the glycosylated product with

approximately 110 kDa, a post-translational proteolytic cleavage event resulting in an

approximately 90-kDa amino-terminal cleavage product and the size of a hydrophilic

amino terminus of approximately 35 kDa.

Fourth, comprehensive light-, confocal laser scanning- and transmission electron

microscopical immunolocalization analyses revealed that the mCLCA3 protein is

intimately associated with the mucin granule membranes of respiratory, intestinal and

uterine goblet cells.

Clustering of partly very closely, partly less closely related murine and human CLCA

genes on syntenic loci underlines their origin from a distant common ancestor and is

consistent with relatively late evolutionary branching events of select CLCA genes.

This was also confirmed by the differentiation of distinct mCLCA1 and mCLCA2

genes, yet sharing a very high degree of homology (96 % cDNA identity). The close

relationship among the murine genes encoding mCLCA1, mCLCA2 and mCLCA4

has to be kept in mind for the interpretation of previous and future experiments.

The analyses of the mCLCA3 protein processing and transmembrane structure are

consistent with a role for mCLCA3 in ion conductivity as proposed as working



I            SUMMARY                                                                                                                                117

hypothesis for the present study. The localization of the mCLCA3 protein to

membranes of goblet cell mucin granules is suggestive of a function in the synthesis,

condensation or secretion of mucins. These data complement previous reports in

which a significant regulatory role for mCLCA3 in mucin secretion in murine models

of asthma and cystic fibrosis was postulated. These disorders are associated with

severe mucus accumulation and changes in the mucin composition. The novel

hypothesis, as derived from the present study, that mCLCA3 participates in the

process of mucin production will have to be tested in the future by functional

experiments in addition to the morphological and structural analyses performed in the

present study.
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J Zusammenfassung
Die neue CLCA-Genfamilie der multifunktionalen Calcium-aktivierten
Chloridkanäle: Genetische, strukturelle und Expressionsstudien im murinen
Modellsystem
(Ina Leverköhne, Hannover)

Die CLCA-Genfamilie mutmaßlicher Ca2+-aktivierter Cl--Kanäle ist vor etwa zehn

Jahren entdeckt worden. CLCA-Gene scheinen eine eigene Familie zu

repräsentieren, die wenig oder keine Ähnlichkeiten zu anderen bekannten Genen

aufweist. Bislang sind elf Familienmitglieder bei Säugetieren einschließlich des

Menschen und der Maus beschrieben worden. Bisherige Arbeiten weisen

zunehmend darauf hin, dass die CLCA-Genfamilie eine funktionell komplexe Gruppe

von Transmembranproteinen umfasst, welche an wichtigen biologischen Abläufen

sowohl in epithelialen als auch endothelialen Geweben beteiligt sind, nämlich an

Ionenleitfähigkeiten, Zell-Zell-Adhäsionsprozessen und Apoptose. Zusätzlich wird in

mehreren Veröffentlichungen eine Rolle für CLCA-Homologe bei verschiedenen

Krankheiten postuliert.

Die vorliegende Studie basierte auf der Arbeitshypothese, dass CLCA-Proteine am

transmembranösen Anionentransport beteiligt sind. Sie wurde mit dem Ziel

konzipiert, ein besseres Verständnis dieser neuen mutmaßlichen Kanalproteine bei

der Maus zu erlangen. Dazu wurden vorrangig funktionelle Genstudien durchgeführt.

Einerseits wurden Untersuchungen zur genauen Ermittlung des chromosomalen

Genortes muriner CLCA-Gene sowie zur Unterscheidung von eng verwandten

murinen CLCA-Genen durchgeführt. Andererseits wurden Proteinanalysen sowohl

zur Charakterisierung der Reifung und der Transmembranstruktur des dritten

murinen CLCA-Proteins, mCLCA3, in vitro und ex vivo als auch zur genauen

Ermittlung seines Verteilungsmusters im gesunden Gewebe, auf Zellebene und in

der Zelle selbst durchgeführt.
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Folgende Ergebnisse wurden erzielt:

Die Bestimmung der chromosomalen Genorte für die murinen mCLCA1- und

mCLCA3-Gene, basierend auf der "radiation hybrid panel screening�-Methode,

deckte eine enge genomische Gruppierung der beiden Gene auf dem Chromosom 3

Bande H2-H3 der Maus auf. Eine ähnliche Gruppierung liegt interessanterweise für

die menschlichen CLCA-Gene am syntenischen Genort auf dem kurzen Arm des

Chromosoms 1 des Menschen vor.

Die Hybridisierungen genomischer DNA-blots ließen auf die Existenz zweier

separater, jedoch sehr eng verwandter muriner Gene schließen, welche mCLCA1

und mCLCA2 kodieren.

Mittels in vitro und ex vivo Immunoblot-Analysen wurde festgestellt, dass sowohl das

rekombinante mCLCA3-Polypeptid als auch das native mCLCA3-Protein ein

Transmembranprotein mit einem großen, hydrophilen Aminoterminus bilden. Dieses

stimmt mit früheren Arbeiten zu anderen CLCA-Homologen überein. Weitere

Übereinstimmungen wurden in den Größen des primären Translationsproduktes von

etwa 100 kDa und des glykosylierten Produktes von etwa 110 kDa gefunden, in der

posttranslationalen proteolytischen Spaltung mit einem resultierenden amino-

terminalen Spaltprodukt von etwa 90 kDa und in dem hydrophilen Aminoterminus

von etwa 35 kDa.

Umfassende licht-, konfokale Laser scanning- und transmissionselektronen-

mikroskopische Untersuchungen zeigten, dass das mCLCA3-Protein eng mit den

Membranen der Muzingranula respiratorischer, intestinaler und uteriner Becherzellen

assoziiert ist.

Die Gruppierung teils sehr eng, teils weniger eng verwandter muriner und

menschlicher CLCA-Gene auf syntenischen Genorten unterstreicht ihren Ursprung

von einem früheren gemeinsamen Vorläufer und spricht für die evolutionär relativ

späte Entstehung einzelner CLCA-Gene. Dieses wird auch durch die Unterscheidung

separater Gene für mCLCA1 und mCLCA2 bestätigt, welche eine sehr hohe

Homologie aufweisen (96 % identisch auf cDNA-Ebene). Die enge Verwandtschaft
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der murinen mCLCA1-, mCLCA2- und mCLCA4-Gene muss bei der Interpretation

früherer und zukünftiger Untersuchungen berücksichtigt werden.

Die Untersuchungen zur Reifung und Transmembranstruktur des mCLCA3-Proteins

sind vereinbar mit der als Arbeitshypothese postulierten Rolle im Rahmen von

Ionenleitfähigkeiten. Die ultrastrukturelle Lokalisierung des mCLCA3-Proteins,

nämlich seine enge Assoziation mit den Membranen der Becherzell-Muzingranula,

spricht für eine Funktion des Proteins im Rahmen der Synthese, Verdichtung oder

Sekretion von Muzinen. Diese Daten komplementieren bereits publizierte

Ergebnisse, nach denen mCLCA3 eine signifikante regulatorische Funktion im

Rahmen der Muzinsekretion in murinen Modellen für Asthma und Zystische Fibrose

einnimmt. Diese Krankheiten gehen mit hochgradiger Schleimansammlung sowie

Veränderungen der Schleimzusammensetzung einher. Die sich aus der vorliegenden

Arbeit neu ergebende Hypothese, dass mCLCA3 am Prozess der Mukusproduktion

beteiligt ist, muss über die hier durchgeführten morphologischen und strukturellen

Untersuchungen hinaus zukünftig durch funktionelle Studien erhärtet werden.
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L Appendix

L.1 Multiple Alignment of the Complete Murine CLCA
cDNA and Amino Acid Sequences

Multiple alignments of the complete murine CLCA cDNA and deduced amino acid

sequences were obtained using the Clustal method 
1 and the mCLCA sequences as

submitted to the public database (GenBank nos. AF047838, AF108501, AB017156

and AY008277 for mCLCA1, mCLCA2, mCLCA3 and mCLCA4, respectively). The

sequences are ordered according to their degree of homology, beginning with the

most closely related mCLCA1 and mCLCA2 homologs and ending with the less

homologous mCLCA3 (compare to B.3.1, Figure B.1 and Table B.2). Nucleotide or

amino acid positions within the different sequences are indicated by the respective

nucleotide or amino acid numbers (right hand). Positions with identical nucleotides or

amino acids, respectivey, for the four mCLCA sequences are indicated by stars.

L.1.1 Alignment of the cDNA Sequences

The nucleotide reading key is:

A = adenosine, T = thymidine, C = cytidine and G = guanidine

mCLCA1   ACTGGAGCAGTGCGACCATGGTGCCAGGGCTGCAGGTCCTTCTGTTCCTCACCCTGCATC    60
mCLCA2   ACTGGAGCAGTGCAAC-ATGGTGCCAGGGCTGCAGGTCCTTCTGTTCCTCACCCTGCATC    59
mCLCA4   ACTGGAGCAGTGCGACCATGGTGCCAGGGCTGCAGGTCCTTCTGTTCCTCACCCTGCATC    60
mCLCA3   --GGGAAAGCTGCAGG-ATGGAATCTTTGAAGAGTCCTGTCTTCCTCTTGATCCTCCACC    57
            ***    ***    ****   *   *  *       *  *  ** * * *** ** *

mCLCA1   TCCTGCA--GAACACAGAGAGC-TCCATGGTGCATCTCAACAGCAATGGATACGAGGGTG   117
mCLCA2   TCCTGCA--GAACACAGAGAGC-TCCATGGTGCATCTCAACAGCAATGGATACGAGGGTG   116
mCLCA4   TCCTGCA--GAACACAGAGAGC-TCCATGGTGCATCTCAACAGCAATGGATATGAGGGTG   117
mCLCA3   TTCTGGAAGGAGTTCTGAGTGAGTCCCTCATCCAACTGAACAACAACGGCTATGAGGGCA   117
         * *** *  **   * *** *  *** *  * ** ** **** *** ** ** *****

                                                          
1 http://clustalw.genome.ad.jp
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mCLCA1   TGGTCATTGCCATTAACCCCAGTGTGCCGGAGGACGAAAGGCTCATCCCAAGCATAAAGG   177
mCLCA2   TGGTCATTGCCATTAACCCCAGTGTGCCAGAGGACGAAAGGCTCATCCCAAGCATAAAGG   176
mCLCA4   TGGTCATTGCCATTAACCCCAGTGTGCCGGAGGACGAAAGGCTCATCCCAAGCATAAAGG   177
mCLCA3   TCGTCATCGCCATAGACCACGACGTGCCGGAAGATGAAGCCCTCATTCAACACATAAAGG   177
         * ***** *****  *** *   ***** ** ** ***   ***** * *  ********

mCLCA1   AAATGGTAACTCAAGCCTCTACCTACCTGTTTGAAGCCAGCCAAGGAAGAGTTTATTTCA   237
mCLCA2   AAATGGTAACTCAAGCTTCTACCTACCTGTTTGAAGCCAGCCAAGGAAGAGTTTATTTCA   236
mCLCA4   AAATGGTAACTCAAGCCTCCACTTACCTGTTTGAAGCCACAGAAAGAAGATTTTATTTCA   237
mCLCA3   ACATGGTGACTCAGGCCTCTCCATACCTGTTTGAAGCTACAGGAAAAAGATTTTACTTCA   237
         * ***** ***** ** **  * ************** *    *  **** **** ****

mCLCA1   GAAACATAAGCATATTAGTCCCGATGACCTGGAAGTCAAAACCTGAGTACTTAATGCCAA   297
mCLCA2   GGAACATAAGCATATTAGTCCCGATGACCTGGAAGTCAAAATCTGAGTACTTAATGCCAA   296
mCLCA4   GAAACGTGAGCATTTTAGTTCCCATAACCTGGAAGTCAAAAACTGAGTACTTAACACCAA   297
mCLCA3   AAAATGTTGCCATTTTGATTCCCGAGAGCTGGAAGGCAAAGCCTGAATATACGAGGCCAA   297
           **  *   *** **  * **    * ******* ****  **** **    *  ****

mCLCA1   AACGAGAATCGTATGACAAAGCAGACGTCATAGTTGCGGATCCTCACCTGCAACATGGAG   357
mCLCA2   AACGAGAATCGTACGACAAAGCAGACGTCATAGTTGCGGATCCTCACCTGCAACATGGAG   356
mCLCA4   AACAAGAATCATATGACCAAGCAGACGTCATAGTTGCCGATCCTCACCTGCAACATGGAG   357
mCLCA3   AACTTGAAACCTTCAAAAACGCTGATGTCCTTGTATCAACAACCAGCCCTCTAGGCAATG   357
         ***  *** * *   *  * ** ** *** * **  *     *   **  * *      *

mCLCA1   ACGACCCCTACACCCTTCAGTATGGACAGTGTGGGGACAGAGGACAGTACATACACTTCA   417
mCLCA2   ACGACCCCTACACCCTTCAGTATGGACAGTGTGGGGACAGAGGACAGTACATACACTTCA   416
mCLCA4   ACGACCCCTACACCCTTCAGTACGGACAGTGTGGGGACAGAGGACAGTACATACACTTCA   417
mCLCA3   ATGAGCCCTACACCGAACATATAGGAGCATGTGGAGAAAAGGGGATCAGGATTCACCTGA   417
         * ** *********   **    ***   ***** ** *  **       ** *** * *

mCLCA1   CTCCAAACTTCCTACTCACTGATAACTTGCGTATCTACGGACCCCGAGGCAGAGTCTTTG   477
mCLCA2   CTCCAAACTTCCTACTCACTGATAACTTGCGTATCTATGGACCCCGAGGCAGAGTCTTTG   476
mCLCA4   CTCCAAACTTCCTACTCACTGATAACTTGGGTATCTACGGACCCCGAGGCAGAGTCTTTG   477
mCLCA3   CTCCTGACTTCTTAGCAGGAAAGAAGCTGACTCAGTATGGGCCACAAGACAGGACCTTTG   477
         ****  ***** **       * **  **  *   ** ** ** * ** ***   *****

mCLCA1   TCCATGAGTGGGCCCATCTCCGGTGGGGAGTATTTGATGAGTATAACGTGGACCAGCCTT   537
mCLCA2   TCCATGAGTGGGCCCATCTCCGGTGGGGAGTATTTGATGAGTATAACGTGGACCGGCCTT   536
mCLCA4   TCCATGAGTGGGCCCATCTCCGGTGGGGAGTATTTGATGAGTATAACATGGACCGGCCTT   537
mCLCA3   TCCATGAGTGGGCTCACTTCCGATGGGGAGTGTTTAATGAATACAACAACGACGAGAAGT   537
         ************* **  **** ******** *** **** ** ***   ***  *   *

mCLCA1   TCTACATGTCTAGAAAGAACACTATAGAAGCAACAAGGTGTTCCACCAGGATCACTGGCA   597
mCLCA2   TCTACATTTCTAGAAAGAACACTATAGAAGCAACAAGGTGCTCCGCCAGCATCACAGGCA   596
mCLCA4   TCTACATGTCTAGAAAGAACACTGTCGAAGCAACAAGGTGTTCCACCGACATCACTGGCA   597
mCLCA3   TCTACTTATCCA-AAGGAAAACCCC--AAGCAGTGAGGTGTTCAGCAGCCATTACCGGTA   594
         ***** * ** * ** *** **     *****   ***** **  *    ** ** ** *

mCLCA1   CCAATGTGGTTCACAACTGTGAGAGAGGCAACTGTGTCACAA---GGGCGTGCCGGCGTG   654
mCLCA2   AGAAGGTGGTCCACGAGTGTCAGAGAGGCAGCTGTGTGACAA---GGGCGTGCCGGCGTG   653
mCLCA4   CCAGTGTGGTCCGTGAGTGTCAGGGAGGCAGCTGTGTGTCGA---GGAGATGTCGTCGAG   654
mCLCA3   AAAATCAAGTTCGTCGGTGCCAGGGAGGCAGTTGTATCACTAACGGAAAGTGTGTAATCG   654
           *     ** *     **  ** ******  *** *  * *   *    **       *

mCLCA1   ACTCGAAGACACGGCTGTATGAACCCAAATGTACATTTATCCCAGACAAAATACAGACGG   714
mCLCA2   ACTCGAAGACACGGCTGTATGAACCCAAATGTACATTTATCCCAGACAAAATACAGACAG   713
mCLCA4   ATGCAAAGACAGGAATGCAGGAAGCCAAGTGTACATTTATCCCAAACAAATCCCAGACTG   714
mCLCA3   ACAGAGTAACGGGACTGTATAAAGACAATTGTGTATTTGTACCAGATCCACACCAAAACG   714
         *       **  *  ** *  **  *** ***  **** * *** *   *   ** *  *
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mCLCA1   CTGGGGCCTCCATAATGTTCATGCAAAACCTTAATTCTGTGGTTGAATTTTGCACAGAAA   774
mCLCA2   CTGGGGCCTCCATAATGTTCATGCAAAACCTCAATTCTGTGGTTGAATTTTGCACAGAAA   773
mCLCA4   CGAGGGGCTCCATCATGTTCATGCAAAGTCTCGATTCTGTGGTTGAATTCTGCACAGAAA   774
mCLCA3   AGAAGGCTTCCATCATGTTTAACCAAAATATCAATTCTGTGGTTGAATTCTGTACAGAAA   774
             **  ***** ***** *  ****   *  **************** ** *******

mCLCA1   AAAACCACAATGCAGAAGCCCCAAACCTACAAAACAAAATGTGCAATCGCAGAAGCACGT   834
mCLCA2   ATAACCACAATGCAGAAGCCCCAAACCTACAAAACAAAATGTGCAATCGCAGAAGCACGT   833
mCLCA4   AAACCCACAATGTAGAAGCTCCAAACCTACAAAACAAAATGTGCAATCTCAGAAGCACGT   834
mCLCA3   AAAATCACAATCAAGAAGCCCCAAATGACCAAAACCAACGATGCAATCTCCGAAGCACGT   834
         * *  ******  ****** *****    ****** **   ******* * *********

mCLCA1   GGGATGTAATCAAGACGTCTGCTGACTTTCAGAATGCCCCTCCCATGAGAGGAACAGAAG   894
mCLCA2   GGGATGTAATCAAGGCGTCTGCTGACTTTCAGAATTCCCCTCCCATGAGAGGAACAGAAG   893
mCLCA4   GGGATGTAATCAAGGCGTCTGCTGACTTTCAGAATGCCTCTCCCATGACAGGAACAGAAG   894
mCLCA3   GGGAAGTCATCCAGGAATCTGAGGACTTCAAGCAAACCACTCCCATGACAGCC-CAG---   890
         **** ** *** **   ****  *****  ** *  ** ********* **   ***

mCLCA1   CCCCTCCTCCACCTACATTTTCACTGCTCAAGTCCAGAAGGCGAGTGGTGTGCTTGGTGC   954
mCLCA2   CGCCTCCTCCACCTACATTTTCATTGCTCAAGTCCAGAAGGCGAGTGGTGTGCTTGGTGC   953
mCLCA4   CCCCTCCCCTGCCTACATTTTCACTGCTCAAATCCAGACAGCGAGTGGTCTGCTTGGTGC   954
mCLCA3   --CCACCTGCACCCACCTTCTCACTGCTGCAAATTGGACAAAGAATTGTGTGCTTAGTTC   948
           ** **    ** ** ** *** ****  *     **    ** * ** ***** ** *

mCLCA1   TGGATAAATCTGGAAGCATGGACAAAGAAGACC---------GTCTTATTCGAATGAATC  1005
mCLCA2   TGGATAAATCTGGAAGCATGGACAAAGAAGACC---------GTCTTATTCGAATGAATC  1004
mCLCA4   TGGATAAATCTGGAAGCATGCGCTTAGGAAGCCCCATCACTCGTCTGACCCTAATGAACC  1014
mCLCA3   TTGATAAGTCCGGGAGCATGCTGAACGATGATC---------GTCTTAACCGAATGAATC   999
         * ***** ** ** ******      *     *         **** *  * ****** *

mCLCA1   AAGCAGCAGAACTGTACTTAACTCAAATTGTGGAAAAGGAGTCTATGGTTGGATTAGTCA  1065
mCLCA2   AAGCAGCAGAACTGTACTTAACTCAAATTGTGGAAAAGGAGTCTATGGTTGGATTAGTCA  1064
mCLCA4   AAGCAGCAGAGCTATACTTAATTCAAATTATTGAAAAGGAATCCTTGGTCGGCCTGGTGA  1074
mCLCA3   AGGCAAGCCGGCTTTTCCTGCTGCAGACTGTGGAGCAGGGATCCTGGGTCGGGATGGTGA  1059
         * ***      ** * * *    ** * * * **  ***  **   *** **  * ** *

mCLCA1   CATTTGACAGCGCTGCCCACATCCAAAATTATCTAATAAAAATAACGAGTAGTAGTGACT  1125
mCLCA2   CATTTGACAGCGCTGCCCACATCCAAAATTATCTAATAAAAATAACGAGTAGTAGTGACT  1124
mCLCA4   CATTTGATAGCACTGCCACAATCCAAACTAACCTAATAAGGATCATCAATGACAGCTCCT  1134
mCLCA3   CCTTTGACAGTGCTGCCTATGTACAAAGCGAACTCAAACAGTTAAACAGTGGTGCTGACA  1119
         * ***** **  *****    * ****   * ** * *    * *  * *        *

mCLCA1   ACCAAAAGATCACCGCAAACCTCCCCCAACAGGCTTCTGGTGGAACTTCAATTTGCCATG  1185
mCLCA2   ACCAAAAGATCACCGCAAACCTCCCCCAACAGGCTACTGGTGGAACTTCAATTTGCCATG  1184
mCLCA4   ACCTAGCGATCAGCACAAAGCTGCCTCAATACCCAAATGGCGGAACTTCAATTTGCAACG  1194
mCLCA3   GAGATCTGCTGATCAAGCACTTACCCACAGTATCTGCAGGAGGGACATCTATATGCTCTG  1179
                * * * *    *  * **   *    *    ** ** ** ** ** ***   *

mCLCA1   GACTCCAGGCAGGATTTCAGGCAATTACCTCCAGTGACCAGAGCACTTCCGGTTCTGAGA  1245
mCLCA2   GACTCCAGGCAGGATTTCAGGCAATTACCTCCAGTGACCAGAGCACTTCCGGTTCTGAGA  1244
mCLCA4   GACTCAAAAAAGGATTCGAGGCAATTACCTCCAGTGACCAGAGCACTTCCGGTTCTGAGA  1254
mCLCA3   GCCTTCGGACAGCATTTACAGTGATAA---AGAAGAAGTATCCAACTGATGGATCTGAAA  1236
         * **      ** ***    *  ** *     *   *  *    ***   ** ***** *

mCLCA1   TCGTATTGCTGACAGATGGGGAAGATAATGGAATACGTTCCTGCTTTGAGGCCGTCTCTC  1305
mCLCA2   TCGTATTGCTGACAGATGGGGAAGATAATGGAATAAGTTCCTGCTTTGAGGCCGTCTCTC  1304
mCLCA4   TCGTATTGCTAACAGATGGGGAAGATAATAGAATAAGCTCGTGCTTTCAGGAGGTCAAAC  1314
mCLCA3   TTGTGCTGCTGACCGATGGGGAGGACAACACCATTAGCAGCTGCTTTGACCTGGTGAAGC  1296
         * **  **** ** ******** ** **    **  *    ****** *    **    *
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mCLCA1   GCAGCGGTGCCATCATCCACACCATCGCTCTGGGGCCTTCGGCTGCCCGAGAACTGGAGA  1365
mCLCA2   GCAGCGGTGCCATCATCCACACCATCGCTCTGGGGCCTTCTGCTGCCCGAGAACTGGAGA  1364
mCLCA4   ACAGTGGAGCCATCATCCACACCATCGCGCTGGGGCCTTCTGCTGCGCGAGAACTGGAGA  1374
mCLCA3   AGAGCGGGGCCATCATCCATACAGTGGCCCTGGGACCGGCTGCCGCTAAAGAGCTTGAGC  1356
           ** ** *********** **  * ** ***** **  * ** **   *** ** ***

mCLCA1   CTCTGTCGGACATGACAGGAGGGCTTCG---TTTCTATGCCAACAAAGACCTAAACA---  1419
mCLCA2   CTCTGTCAGACATGACAGGAGGGCTTCG---TTTCTATGCCAACAAACATGTAAGCA---  1418
mCLCA4   CTCTGTCAGACATGACAGGAGGGCTTCG---ATTTTATGCCAAGGAAGACGTGAATG---  1428
mCLCA3   AGCTGTCCAAAATGACAGGAGGCCTGCAGACATACTCTTCGGATCAGGTTCAGAACAATG  1416
           *****  * *********** ** *     *  * * *  *  *       *

mCLCA1   GCCTTATCGATGCTTTCAGTAGAATTTCATCTACAAGTGGCAGCGTCTCCCAGCAGGCTC  1479
mCLCA2   GCCTTATCGACGCTTTCAGTAGGATTTCATCTACAAGTGGCAGCGTCTCCCAGCAGGCTC  1478
mCLCA4   GCCTGATTGATGCTTTCAGTGGGATCTCATCTAAAAGTGGCAGCATCTCACAGCAGGCTC  1488
mCLCA3   GTCTTGTTGATGCTTTCGCAGCACTCTCCTCAGGAAATGCGGCGATCGCTCAGCACTCCA  1476
         * **  * ** ******       * ** **   ** **      ** * *****  *

mCLCA1   TGCAGTTGGAGAGCAAAGCCTTCGATGTCAGAGCAGGGGCATGGATAAACGGTACAGTAC  1539
mCLCA2   TGCAGTTGGAGAGCAAAGCCTTCAATGTCAGAGCAGGGGCATGGATAAACAGTACAGTAC  1538
mCLCA4   TGCAGTTGGAGAGCAAAGCCTTCAATGTCGGAGCAGGGGCATGGATAAACAGTACAGTAC  1548
mCLCA3   TCCAGCTGGAGAGCAGGGGAGTTAATCTCCAGAATAACCAATGGATGAATGGCTCAGTGA  1536
         * *** *********  *   *  ** **           ****** **  *  ****

mCLCA1   CTCTGGACAGTACCGTCGGCAACGACACGTTCTTTGTTATCACCTGGATGGTAAAAAAGC  1599
mCLCA2   TTGTGGACAGTACCGTCGGCAACGACACGTTCTTTGTTATCACCTGGACGGTACAAAAGC  1598
mCLCA4   CTGTGGACAGTACCGTCGGCAACGACACGTTCTTTGTTATCACCTGGACAGTAAGAAAGC  1608
mCLCA3   TCGTGGACAGCTCGGTGGGCAAGGACACCTTGTTTCTTATCACCTGGACAACGCATCCTC  1596
             *******  * ** ***** ***** ** *** ************           *

mCLCA1   CAGAAATCATTCTTCAAGATCCAAAAGGAAAAAAATATACAACCTCAGATTTCCAAGATG  1659
mCLCA2   CAGAAATCATTCTTCAAGATCCAAAAGGAAAAAAATATATAACCTCAGATTTCCAAGATG  1658
mCLCA4   CAGAAATCATTCTTCAAGATCCAAAAGGAAAAAACTACACCACCTCCGATTTCCAGGAAG  1668
mCLCA3   CTACAATATTTATCTGGGATCCCAGCGGAGTGGAACAAA------ATGGTTTTATACTAG  1650
         *   ***  ** *    ***** *  ***    *  * *        * ***       *

mCLCA1   ATAAACTAAACATCCGGTCTGCTAGACTTCAAATACCGGGCACTGCAGAGACAGGTACTT  1719
mCLCA2   ATGAACTAAACATCCGGTCTGCTCGACTTCAAATACCGGGCACTGCAGAGACAGGTACTT  1718
mCLCA4   ATAAGCTAAATATCTTCTCTGTTCGCCTTCGGATCCCAGGCATTGCTGAGACAGGCACTT  1728
mCLCA3   ACA---CAACCACTAAGGTGGCCTACCTCCAAGTCCCAGGCACGGCTAAGGTTGGCTTTT  1707
         *      **  *        *     ** *   * ** ****  **  **   **   **

mCLCA1   GGACTTACAGCATC------ACGGGTACCAAGTCTCAGTTGATTACAATGACAGTGACCA  1773
mCLCA2   GGACTTACAGCATC------ACGGGTACCAAGTCTCAGTTGATTACAATGACAGTGACCA  1772
mCLCA4   GGACTTACAGCCTCTTAAATAAGGGTGCCACATCTCAGTTGCTAACAGTGACAGTGACCA  1788
mCLCA3   GGAAATACAGCATT-------CAAGCG--AGCTCACAGACTCTCACCTTGACTGTCACCT  1758
         ***  ****** *           *    *  ** ***    * **  **** ** ***

mCLCA1   CTCGAGCAAGAAGTCCCACCATGGAACCACTCCTGGCTACTGCTCACATGAGTCAGAGCA  1833
mCLCA2   CTCGAGCAAGAAGTCCCACCATGGAACCACTCCTGGCTACCGCTCACATGAGTCAGAGCA  1832
mCLCA4   CTCGAGCAAGAAGTCCCACCACACTCCCAGTCATCGCCACCGCTCACATGAGTCAGAGCA  1848
mCLCA3   CCCGTGCAGCAAGTGCTACACTGCCTCCTATTACAGTGACCCCGGTAGTGAATAAGAACA  1818
         * ** ***  **** * **       **  *    *  **  *     *** * *** **

mCLCA1   CAGCCCAGTACCCTAGCCGGATGATTGTGTACGCACGGGTCAGCCAAGGATTTTTGCCTG  1893
mCLCA2   CAGCCCAGTACCCTAGCCGGATGATTGTGTATGTACGGGTCAGCCAAGGGTTTTTGCCTG  1892
mCLCA4   CAGCCCAGTACCCTAGCCGGATGATTGTGTATGCAAGGGTCAGCCAAGGGTTTTTGCCTG  1908
mCLCA3   CAGGGAAATTCCCCAGCCCTGTAACAGTGTATGCAAGCATTCGCCAAGGAGCCTCGCCTA  1878
         ***   * * *** ****   * *  ***** * * *  *  *******    * ****
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mCLCA1   TTCTGGGAGCCAATGTCACAGCCCTCATAGAAGCTGAACATGGACATCAAGTCACCTTGG  1953
mCLCA2   TTCTAGGAGCCGATGTCACAGCCATCATAGAAGCTGAACATGGACATCAAGTCACCCTGG  1952
mCLCA4   TTCTGGGAGCCAATGTCACAGCCGTCATAGAAGCTGAGAGTGGAAATCAAGTCACCCTGG  1968
mCLCA3   TTCTCAGGGCCAGCGTCACAGCCTTGATTGAATCTGTGAATGGAAAAACAGTAACCCTGG  1938
         ****  * ***   ********* * ** *** ***    **** *   *** *** ***

mCLCA1   AGCTCTGGGACAATGGGGCAGGTGCTGATACTGTTAAAAATGATGGCATCTACACAAGAT  2013
mCLCA2   AGCTATGGGACAATGGGGCAGGTGCTGATACTGTTAAAAATGATGGCATCTACACAAGAT  2012
mCLCA4   AGCTCTGGGACAACGGGGCAGGTGCTGACACACTCAAAAATGACGGCATCTACTCAAGAT  2028
mCLCA3   AATTACTGGATAACGGAGCAGGTGCCGATGCCACCAAGAATGATGGTGTCTACTCAAGGT  1998
         *  *   *** ** ** ******** **  *    ** ***** **  ***** **** *

mCLCA1   ACTTTACAGATTATCATGGAAATGGTAGATACAGCCTAAAAGTGCGTGTCCAGGCACAAA  2073
mCLCA2   ACTTTACAGATTATCATGGAAATGGTAGATACAGCCTAAAAGTGCGTGTCCAGGCAAGAA  2072
mCLCA4   ATTTCACAGACTTCCATGGAAATGGCAGATACAGCTTAAAAGTCAATGCCCAGGCAAGAA  2088
mCLCA3   TTTTTACAGCTTTTGATGCAAATGGTAGATACAGCGTTAAAATATGGGCTCTGGGAGGAG  2058
           ** ****  *   *** ****** ********* * *** *    *  * ** *  *

mCLCA1   GAAACAAAACCAGACTGAGCTTAAGACA---GAAGAACAAGTCTTTATATATACCTGGCT  2130
mCLCA2   AAAACAAAGCCAGACTAAGCTTAAGACA---GAAGAACAAGTCTTTATATATACCTGGCT  2129
mCLCA4   AGAACATGGCTAAACTAAATCTGAAACA---AAAGAATAAGTCTCTCTATATACCTGGCT  2145
mCLCA3   TCACTTCAGACAGACAGAGAGCAGCACCTCCGAAGAACAGAGCCATGTACATAGATGGCT  2118
           *        * **  *       **     ***** *   *  * ** ***  *****

mCLCA1   ATGTGGAAAATGGTAAAATTGTACTGAATCCACCCAGACCAGATGTCCAAGAAGAAGCCA  2190
mCLCA2   ATGTGGAAAATGGTAAAATTGTACTGAATCCACCCAGACCAGATGTCCAAGAAGAAGCCA  2189
mCLCA4   ACGTTGAAAATGATCAAATTGTACTGAATCCACCCAGACCGGAAATCCCAGAAG---CCA  2202
mCLCA3   GGATTGAGGATGGTGAAGTAAGAATGAACCCACCACGTCCTGAAA-CTAGTTATGTTCAA  2177
            * **  *** * ** *   * **** *****  * ** **   *     *    * *

mCLCA1   TAGAAGCTACAGTGGAAGACTTCAACAGAGTAACCTCTGGAGGGTCGTTTACTGTGTCTG  2250
mCLCA2   TAGAAGCTACAGTGGAGGACTTCAACAGAGTAACCTCTGGAGGGTCATTGACTGTGTCTG  2249
mCLCA4   CAGAAGCTACAGTGGAAGACTTCAGCAGACTAACCTCTGGAGGATCGTTTACTGTGTCTG  2262
mCLCA3   GACAAGCAGCTGTG-----CTTCAGCAGGACATCTTCAGGGGGATCGTTTGTGGCCACCA  2232
          * ****  * ***     ***** ***   * * ** ** ** ** **    *   *

mCLCA1   GAGCGCCCCCTGATGGCGACCACGCTCG-TGTGTTCCCACCAAGTAAAGTCACAGACCTG  2309
mCLCA2   GAGCGCCCCCTGATGGCGACCATGCTCG-TGTGTTCCCACCAAGTAAAGTCACAGACCTG  2308
mCLCA4   GAGCGCCCCCTGATGGCGATCACGCTCG-TGTGTTTCCACCAAGTAAAGTCACAGACCTG  2321
mCLCA3   ATGT-CCCCGCAGCAGCTCCCATTCCTGACCTCTTTCCACCCTGTCAAATCACTGACCTG  2291
           *  ****      **   **  *  *   * ** *****  ** ** **** ******

mCLCA1   GAGGCTGA-GTTTATAGGTG--ATTATATTCACCTTACATGGACGGCCCCTGGCAAGGTT  2366
mCLCA2   GAGGCTGA-GTTTATAGGTG--ATTACATTCAACTTACATGGACGGCCCCTGGCAAGGTT  2365
mCLCA4   GAGGCTGA-GTTTATAGGTG--ATCATATTCACCTTACATGGACGGCCCCTGGCAAGGTC  2378
mCLCA3   AAGGCCAGCATCCAAGGGCAGAACCTGGTGAATCTGACGTGGACGGCTCCTGGGGATGAC  2351
          ****     *  *  **    *     *  * ** ** ******** *****  * *

mCLCA1   CTCGACAATGGAAGAGCACATAGATACATCATCAGAATGAGCCAGCATCCTCTGGATCTC  2426
mCLCA2   CTCGATAAGGGAAGAGCGCATAGATACATCATCAGAGTGAGCCAGCATCCTCTGGGTCTC  2425
mCLCA4   CTCGATAAGGGAAGAGCATATAGATACGTCATCAGGATGAGTGGGCATTCTCTGGCTCTC  2438
mCLCA3   TACGACCACGGGAGAGCTTCCAACTACATCATCCGAATGAGCACCAGTATCGTTGATCTC  2411
           ***  * ** *****    *  *** ***** *  ****      *    * * ****

mCLCA1   CAAGAAGATTTTAACAATGCTACTTTAGTGAATGCTTCCAGTCTGATACCTAAAGAAGCT  2486
mCLCA2   CAAGAAGATTTTAACAATGTTACTTTAGTGAATGCTTCCAGTCTGATACCTAAAGAGGCT  2485
mCLCA4   CAAGAAGATTTTAGCAACTCTACTTTAGTGAATACTTCCAGTGTAATGCCTAAAGAGGCT  2498
mCLCA3   AGGGACCACTTCAACACCTCACTCCAAGTGAACACTACCGGTCTTATCCCCAAAGAGGCC  2471
            **  * ** * **          ******  ** ** ** * ** ** ***** **
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mCLCA1   GGCTCAAAAGAAACATTTAAATTCAAACCAGAAACTTTTAAAATAGCAAATGGCATCCAG  2546
mCLCA2   GGCTCAAAAGAAACATTTAAATTCAAACCAGAAACTTTTAAAATAGCAAATGACACCCAG  2545
mCLCA4   GGCTCAAAAGAAACATTTAAATTCAAACCAGAAACTTTTAAAATAGAAAATGGCACCCAA  2558
mCLCA3   AGCTCTGAGGAAATCTTTGAGTTTGAACTGGGAGGCAACACTTTTGGAAATGGCACAGAT  2531
          ****  * ****  *** * **  ***  * *      *   * * ***** **   *

mCLCA1   CTCTACATTGCAATCCAGGCAGACAATGAAGCCAGTCTCACCTCTGAGGTCTCCAACATC  2606
mCLCA2   CTCTACATTGCAATCCAGGCATACAATGAAGCTGGTCTCACCTCTGAGGTCTCCAACATT  2605
mCLCA4   GTCTACATTGCAATCCAGGCTGACAATGAAGCCCGTCTCTCCTCTGAGGTCTCCAACATT  2618
mCLCA3   ATCTTCATTGCTATCCAGGCTGTGGATAAGTCCAATCTGAAATCAGAAATCTCCAACATT  2591
          *** ****** ********     ** *  *   ***    ** **  **********

mCLCA1   GCACAGGCTGTCAAGCTTACTTCTCTAGAAGAT------------AGTATCTCTGCA---  2651
mCLCA2   GCACAGGCTGTCAAGTTTACTTCTCTAGAAGAT------------AGTATCTCTGCA---  2650
mCLCA4   GCACAGGCTGTGAAGTTTATTCCTCCACAAGTTTATTTGACACCCAGCACCCCTCCTGGT  2678
mCLCA3   GCACGGGTGTCTGTGTTCATCCCCGCTCAGGAG-----------------CCGCCCATTC  2634
         **** **       * * *   *     * *                   *    *

mCLCA1   CTGGGTGATGATATTTCTGCAATCTCTATGACAATTTGGGGGTTAACTGTGATTTTTAAC  2711
mCLCA2   CTGGGTGCTGATATTTCTGCAATCTCTATGACAGTTTGGGGGTTAGCTGTGATTTTTAAC  2710
mCLCA4   CTGGGTACCAAAGTGTCCGTACCCAGTTTGACAGTTTTTGTACTTGTTGCAACTTT-ATT  2737
mCLCA3   CCGAAGACTCAACTCCCCCTTGTCCTGACATCAGCATCAACAGCA-CCATTCCTGGCATC  2693
         * *       *  *  *      *       **   *                *   *

mCLCA1   TCTATTTTAAACTAGAAGATAGAATGGC--ACTAAAATGCAATCCTGTACATATTTGCTA  2769
mCLCA2   TCTATTTTAAACTAGAAGATACAATAGC--ACTAAAATGCAACCCTGTATATATTTGCTG  2768
mCLCA4   CATATTTTAAACTAGAAATTGCAGTAGA--ACTGAAATTCAACCTTT-------------  2782
mCLCA3   CACGTGCTGAAGATAATGTGGAAGTGGCTAGGGGAAATGCAGGTGACACTAGGTTTGCAC  2753
             *  * **    *      * * *       **** **

mCLCA1   AGTGTTGCTTTAGAATGTCTTTACTACACACTCAAAGGCTGCCTGTCAACAATTGTAATA  2829
mCLCA2   ACTGGTGCTTTAAAATGACTTTACTACAC--TCAAAGGCTGCCTGTCAACACTTGTAATA  2826
mCLCA4   ------------------------------------------------------------
mCLCA3   TGAATTTTCAGGCAAGAAATCAACCAGTCATTCC---TTTCACTGGAGAATTTTCTAAAA  2810

mCLCA1   TAGAAGTTCATATTCAAAGTTGAAAATCCCG-AGTTACTAACAACATTCTTTTGCTATAT  2888
mCLCA2   TAGAAGTTCATATTCAAAGTTGAAAATCCCG-AGTTACTAACAACATTCTTCTGCTATAT  2885
mCLCA4   ------------------------------------------------------------
mCLCA3   ATGTACTTTAGACTTCCTGTAGGGGGCGGTATAGTAACACTCGAAGCTGTAAAACTGGGT  2870

mCLCA1   GTAGATCAAGATTAACAGTTCCTCATTCAATTTCTTAATTGTTCCATTTACTATGGAAAT  2948
mCLCA2   GTAGATCAAGATTAACAGTTCCTCATTCAATTTCCTAATTGTTCCATTTACTATGGAAAT  2945
mCLCA4   ------------------------------------------------------------
mCLCA3   CTGGGT--GCATTAAAAATTATCTGTTCAAATACAAAAGTTTTATCACTAAAAAAAAAAA  2928

mCLCA1   AAGATATCCATTCTCTTTTCACAGTGTGATGCAAGTTCACTTTGTA----TATGA--AAA  3002
mCLCA2   TAGATTTTCCTTCCCTTTTCACAGGGTGATGCAAGTTCACTTTACAAAAATATTACCAAA  3005
mCLCA4   ------------------------------------------------------------
mCLCA3   AAAAAAAAC---------------------------------------------------  2937

mCLCA1   TAAAAAATTTGTACAAGTCG---------------------------------         3022
mCLCA2   AATAAAATTTGTATAAGTCAAGCAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA         3058
mCLCA4   -----------------------------------------------------
mCLCA3   -----------------------------------------------------
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L.1.2 Alignment of the Amino Acid Sequences

The amino acid reading key is:

A = alanine R = arginine N = asparagine D = aspartic acid

C = cysteine Q = glutamine E = glutamic acid G = glycine

H = histidine I = isoleucine L = leucine K = lysine

M = methionine F = phenylalanine P = proline S = serine

T = threonine W = tryptophan Y = tyrosine V = valine

mCLCA1   MVPGLQVLLFLTLHLLQNTESS-MVHLNSNGYEGVVIAINPSVPEDERLIPSIKEMVTQA    59
mCLCA2   MVPGLQVLLFLTLHLLQNTESS-MVHLNSNGYEGVVIAINPSVPEDERLIPSIKEMVTQA    59
mCLCA4   MVPGLQVLLFLTLHLLQNTESS-MVHLNSNGYEGVVIAINPSVPEDERLIPSIKEMVTQA    59
mCLCA3   MESLKSPVFLLILHLLEGVLSESLIQLNNNGYEGIVIAIDHDVPEDEALIQHIKDMVTQA    60
         *         * ****    *     ** ***** ****   ***** **  ** *****

mCLCA1   STYLFEASQGRVYFRNISILVPMTWKSKPEYLMPKRESYDKADVIVADPHLQHGDDPYTL   119
mCLCA2   STYLFEASQGRVYFRNISILVPMTWKSKSEYLMPKRESYDKADVIVADPHLQHGDDPYTL   119
mCLCA4   STYLFEATERRFYFRNVSILVPITWKSKTEYLTPKQESYDQADVIVADPHLQHGDDPYTL   119
mCLCA3   SPYLFEATGKRFYFKNVAILIPESWKAKPEYTRPKLETFKNADVLVSTTSPLGNDEPYTE   120
         * *****   * ** *  ** *  ** * **  ** *    *** *        * ***

mCLCA1   QYGQCGDRGQYIHFTPNFLLTDNLRIYGPRGRVFVHEWAHLRWGVFDEYNVDQPFYMSRK   179
mCLCA2   QYGQCGDRGQYIHFTPNFLLTDNLRIYGPRGRVFVHEWAHLRWGVFDEYNVDRPFYISRK   179
mCLCA4   QYGQCGDRGQYIHFTPNFLLTDNLGIYGPRGRVFVHEWAHLRWGVFDEYNMDRPFYMSRK   179
mCLCA3   HIGACGEKGIRIHLTPDFLAGKKLTQYGPQDRTFVHEWAHFRWGVFNEYNNDEKFYLS-K   179
           * **  *  ** ** **    *  ***  * ******* ***** *** *  ** * *

mCLCA1   NTIEATRCSTRITGTNVVHNCERGNCVTR-ACRRDSKTRLYEPKCTFIPDKIQTAGASIM   238
mCLCA2   NTIEATRCSASITGKKVVHECQRGSCVTR-ACRRDSKTRLYEPKCTFIPDKIQTAGASIM   238
mCLCA4   NTVEATRCSTDITGTSVVRECQGGSCVSR-RCRRDAKTGMQEAKCTFIPNKSQTARGSIM   238
mCLCA3   GKPQAVRCSAAITGKNQVRRCQGGSCITNGKCVIDRVTGLYKDNCVFVPDPHQNEKASIM   239
             * ***  ***   *  *  * *     *  *  *      * * *   *    ***

mCLCA1   FMQNLNSVVEFCTEKNHNAEAPNLQNKMCNRRSTWDVIKTSADFQNAPPMRGTEAPPPPT   298
mCLCA2   FMQNLNSVVEFCTENNHNAEAPNLQNKMCNRRSTWDVIKASADFQNSPPMRGTEAPPPPT   298
mCLCA4   FMQSLDSVVEFCTEKTHNVEAPNLQNKMCNLRSTWDVIKASADFQNASPMTGTEAPPLPT   298
mCLCA3   FNQNINSVVEFCTEKNHNQEAPNDQNQRCNLRSTWEVIQESEDFKQTTPMT--AQPPAPT   297
         * *   ********  ** **** **  ** **** **  * **    **     ** **

mCLCA1   FSLLKSRRRVVCLVLDKSGSMDKED---RLIRMNQAAELYLTQIVEKESMVGLVTFDSAA   355
mCLCA2   FSLLKSRRRVVCLVLDKSGSMDKED---RLIRMNQAAELYLTQIVEKESMVGLVTFDSAA   355
mCLCA4   FSLLKSRQRVVCLVLDKSGSMRLGSPITRLTLMNQAAELYLIQIIEKESLVGLVTFDSTA   358
mCLCA3   FSLLQIGQRIVCLVLDKSGSMLNDD---RLNRMNQASRLFLLQTVEQGSWVGMVTFDSAA   354
         ****    * ***********       **  ****  * * *  *  * ** ***** *

mCLCA1   HIQNYLIKITSSSDYQKITANLPQQASGGTSICHGLQAGFQAITSSDQSTSGSEIVLLTD   415
mCLCA2   HIQNYLIKITSSSDYQKITANLPQQATGGTSICHGLQAGFQAITSSDQSTSGSEIVLLTD   415
mCLCA4   TIQTNLIRIINDSSYLAISTKLPQYPNGGTSICNGLKKGFEAITSSDQSTSGSEIVLLTD   418
mCLCA3   YVQSELKQLNSGADRDLLIKHLPTVSAGGTSICSGLRTAFTVIKKKYP-TDGSEIVLLTD   413
           *  *               **    ****** **   *  *      * *********
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mCLCA1   GEDNGIRSCFEAVSRSGAIIHTIALGPSAARELETLSDMTGGLRFYANKDLN--SLIDAF   473
mCLCA2   GEDNGISSCFEAVSRSGAIIHTIALGPSAARELETLSDMTGGLRFYANKHVS--SLIDAF   473
mCLCA4   GEDNRISSCFQEVKHSGAIIHTIALGPSAARELETLSDMTGGLRFYAKEDVN--GLIDAF   476
mCLCA3   GEDNTISSCFDLVKQSGAIIHTVALGPAAAKELEQLSKMTGGLQTYSSDQVQNNGLVDAF   473
         **** * ***  *  ******* **** ** *** ** *****  *         * ***

mCLCA1   SRISSTSGSVSQQALQLESKAFDVRAGAWINGTVPLDSTVGNDTFFVITWMVKKPEIILQ   533
mCLCA2   SRISSTSGSVSQQALQLESKAFNVRAGAWINSTVLVDSTVGNDTFFVITWTVQKPEIILQ   533
mCLCA4   SGISSKSGSISQQALQLESKAFNVGAGAWINSTVPVDSTVGNDTFFVITWTVRKPEIILQ   536
mCLCA3   AALSSGNAAIAQHSIQLESRGVNLQNNQWMNGSVIVDSSVGKDTLFLITWTTHPPTIFIW   533
            **      *   ****         * *  *  ** ** ** * ***    * *

mCLCA1   DPKGKKYTTSDFQDDKLNIRSARLQIPGTAETGTWTYSIT--GTKSQLITMTVTTRARSP   591
mCLCA2   DPKGKKYITSDFQDDELNIRSARLQIPGTAETGTWTYSIT--GTKSQLITMTVTTRARSP   591
mCLCA4   DPKGKNYTTSDFQEDKLNIFSVRLRIPGIAETGTWTYSLLNKGATSQLLTVTVTTRARSP   596
mCLCA3   DPSG--VEQNGFILDTT-TKVAYLQVPGTAKVGFWKYSIQ---ASSQTLTLTVTSRAASA   587
         ** *       *  *        *  ** *  * * **       **  * *** ** *

mCLCA1   TMEPLLATAHMSQSTAQYPSRMIVYARVSQGFLPVLGANVTALIEAEHGHQVTLELWDNG   651
mCLCA2   TMEPLLATAHMSQSTAQYPSRMIVYVRVSQGFLPVLGADVTAIIEAEHGHQVTLELWDNG   651
mCLCA4   TTLPVIATAHMSQSTAQYPSRMIVYARVSQGFLPVLGANVTAVIEAESGNQVTLELWDNG   656
mCLCA3   TLPPITVTPVVNKNTGKFPSPVTVYASIRQGASPILRASVTALIESVNGKTVTLELLDNG   647
         *  *   *      *   **   **    **  * * * *** **   *  ***** ***

mCLCA1   AGADTVKNDGIYTRYFTDYHGNGRYSLKVRVQAQRNKTRLSLRQ-KNKSLYIPGYVENGK   710
mCLCA2   AGADTVKNDGIYTRYFTDYHGNGRYSLKVRVQARKNKARLSLRQ-KNKSLYIPGYVENGK   710
mCLCA4   AGADTLKNDGIYSRYFTDFHGNGRYSLKVNAQARKNMAKLNLKQ-KNKSLYIPGYVENDQ   715
mCLCA3   AGADATKNDGVYSRFFTAFDANGRYSVKIWALGGVTSDRQRAAPPKNRAMYIDGWIEDGE   707
         ****  **** * * **    ***** *                 **   ** *  *

mCLCA1   IVLNPPRPDVQEEAIEATVEDFNRVTSGGSFTVSGAPPDGDHARVFPPSKVTDLEAEFIG   770
mCLCA2   IVLNPPRPDVQEEAIEATVEDFNRVTSGGSLTVSGAPPDGDHARVFPPSKVTDLEAEFIG   770
mCLCA4   IVLNPPRPEIP-EATEATVEDFSRLTSGGSFTVSGAPPDGDHARVFPPSKVTDLEAEFIG   774
mCLCA3   VRMNPPRPETS--YVQDKQLCFSRTSSGGSFVATNVPAAAPIPDLFPPCQITDLKASIQG   765
            *****             * *  ****      *        ***   *** *   *

mCLCA1   -DYIHLTWTAPGKVLDNGRAHRYIIRMSQHPLDLQEDFNNATLVNASSLIPKEAGSKETF   829
mCLCA2   -DYIQLTWTAPGKVLDKGRAHRYIIRVSQHPLGLQEDFNNVTLVNASSLIPKEAGSKETF   829
mCLCA4   -DHIHLTWTAPGKVLDKGRAYRYVIRMSGHSLALQEDFSNSTLVNTSSVMPKEAGSKETF   833
mCLCA3   QNLVNLTWTAPGDDYDHGRASNYIIRMSTSIVDLRDHFNTSLQVNTTGLIPKEASSEEIF   825
              *******   * ***  * ** *     *   *     **     **** * * *

mCLCA1   KFKPETFKIANGIQLYIAIQADNEASLTSEVSNIAQAVKLTSLEDSIS-----ALGDDIS   884
mCLCA2   KFKPETFKIANDTQLYIAIQAYNEAGLTSEVSNIAQAVKFTSLEDSIS-----ALGADIS   884
mCLCA4   KFKPETFKIENGTQVYIAIQADNEARLSSEVSNIAQAVKFIPPQVYLTPSTPPGLGTKVS   893
mCLCA3   EFELGGNTFGNGTDIFIAIQAVDKSNLKSEISNIARVSVFIPAQEPPIPEDSTPPCPDIS   885
          *        *     *****     * ** ****                        *

mCLCA1   AISMT--IWGLTVIFNSILN--------                                   902
mCLCA2   AISMT--VWGLAVIFNSILN--------                                   902
mCLCA4   VPSLT--VFVLVATLFIF----------                                   909
mCLCA3   INSTIPGIHVLKIMWKWLGEMQVTLGLH                                   913
           *       *
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