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Nine CLC genes have been discovered so far in a single
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We have cloned two members of the CLC chloride
hannel family (OmCLC-3 and OmCLC-5) from gill
DNA libraries of the euryhaline tilapia Oreochromis
osammbicus. At the amino acid level, OmCLC-3 is

0.5% identical to rat CLC-3 and OmCLC-5 is 79.2%
dentical to rat CLC-5. Ribonuclease protection assay
evealed that OmCLC-5 was mainly expressed in the
ill, kidney, and intestine in both freshwater- (FW)
nd seawater- (SW) adapted tilapia. Although the
RNA of OmCLC-3 was broadly expressed in tissues of
W- and SW-adapted tilapia, the most intense signals
ere observed in the gill, kidney, intestine, and brain.

njection of OmCLC-3 and OmCLC-5 cRNAs into Xeno-
us oocytes did not elicit chloride currents, but these
lones did functionally complement the gef1 pheno-
ype of YPH250(gef), a yeast strain in which a single
LC channel (GEF1) has been disrupted by homolo-
ous recombination. These results clearly indicated
hat CLC channels closely related to the mammalian
LC-3, -4, and -5 subfamily exist also in tilapia and that
mCLC-3 and OmCLC-5 function as intracellular chlo-

ide channels. © 1999 Academic Press

Chloride channels are passive anion transport pro-
eins involved in basic functions common to all cells
uch as regulation of cell volume and intravesicular
H. In mammals, chloride channels are important for
ransepithelial chloride transport in osmoregulatory
rgans and regulation of excitability of muscle and
erve. The CLC chloride channel family, originally es-
ablished by the elasmobranch (Torpedo) electric organ
CLC-O) [1], is made up of members in bacteria [2],
east [3], plants [4, 5], amphibian [6], and mammals.

1 To whom correspondence should be addressed at Second Depart-
ent of Internal Medicine, Tokyo Medical and Dental University,

-5-45 Yushima, Bunkyo, Tokyo 113-8519, Japan. Fax: 81-3-5803-
172. E-mail: hmiyazak@ori.u-tokyo.ac.jp.
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ammalian species. CLC-1 is established as the skel-
tal muscle chloride channel that controls the excit-
bility of the muscle fiber [7]. The ubiquitously ex-
ressed CLC-2 can be activated by cell swelling in
ocytes and possibly plays a role in the regulation of
ell volume [8]. The CLC-K1 and CLC-K2 [9–11] chan-
els are exclusively expressed in the kidney and in-
olved in transepithelial chloride transport. CLC-3
12], -4 [13], and -5 [14, 15] constitute a sub-branch of
his gene family. CLC-3 is recently shown to be a
olume-regulated chloride channel [16], and loss-of-
unction mutations of human CLC-5 were shown to
esult in X-linked recessive nephrolithiasis [17]. The
nly CLC homologue in yeast, GEF1, is most closely
elated to this sub-branch. Since disruption of this
east gene results in reduced ability to utilize glycerol
nd ethanol in the absence of supplemented iron,
EF1 is somehow involved in respiration and iron
etabolism [3].
To further increase our knowledge of physiological

unction of this gene family in teleost, we sought to
solate CLC chloride channel in Oreochromis mossam-
icus. Teleost fishes maintain ionic composition and
smolality of the body fluid at levels different from
xternal environments by adjusting the functions of
smoregulatory surfaces. In teleost, the gills, kidney
nd intestine are important osmoregulatory organs,
reating ionic gradients between the body fluid and
xternal environments. Among tilapia species, Oreo-
hromis mossambicus is a suitable experimental model
or studies of osmoregulatory mechanisms because of
ts strong euryhalinity [18, 19]. Accordingly, we chose
he gill of tilapia for cloning CLC chloride channels in
he teleost. We isolated two CLC chloride channels and
amed them OmCLC-3 and OmCLC-5 based on the
equence comparison with the previously cloned mam-
alian CLC chloride channels. A lack of functional
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
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entation of the gef1 phenotype suggested that
mCLC-3 and -5 function as intracellular chloride

hannels.

ATERIALS AND METHODS

Tissue preparation. Adult tilapia, Oreochromis mossambicus,
ere collected from a freshwater (FW) pond in northern Okinawa

sland and maintained in circulating FW tanks at 25°C. To prepare
eawater (SW)-adapted fish, some of the fish were transferred to
0% SW for 2 days and then to 100% SW for at least 30 days. Total
NA used for reverse transcription (RT)-PCR and construction of the
DNA library was extracted from SW- and FW-adapted tilapia gill
issue using TRIZOL Reagent (GIBCO BRL Life Technologies Inc.).

Reverse transcription PCR. For RT-PCR, we made degenerate
CR primers that corresponded to the conserved sequences in CLC

amilies: sense strand, CCGGATCCTCNGGN(A/T/C)TNCCNGA(A/G)N-
NAA; antisense strand, CCGAATTCTGNA(C/T)NA(G/A/T)NGGN-
CN(A/T) (G/A/C) (C/T)TTNCC. One microgram samples of gill total
NA from FW- and SW-adapted tilapia were reverse-transcribed
sing avian myelopblastosis virus reverse transcriptase (Boeh-
inger-Mannheim) at 42°C for 60 min and then heated at 94°C for 5
in. The synthesized cDNA was used for subsequent PCR in the

ollowing profile: 94°C for 30 s, 55°C for 30 s, 72°C for 30 s, 30 cycles.
he PCR products were cut with EcoRI and BamHI on both ends,

igated into Eco RI and BamHI-cut pSPORT1 (GIBCO BRL Life
echnologies Inc.), and then sequenced.

Library construction and screening. Oligo (dT)-primed direc-
ional tilapia gill (FW- and SW-adapted) cDNA libraries in lZipLox
xpression vector (GIBCO BRL Life technology Inc.) were con-
tructed by the SUPERSCRIPT lSYSTEM for the cDNA Synthesis
it (GIBCO BRL Life Technology Inc.). Two PCR products that have
50 bp inserts homologous to mammalian CLC chloride channels
creened these libraries. The full-length clones 11-2 and 11-6 (4.2
nd 3.8 kbp, respectively) were obtained from the FW and SW cDNA
ibraries, subcloned into pZL1 (GIBCO BRL Life technology Inc.),
nd designated as OmCLC-5 and OmCLC-3, respectively. Nested
eletion clones were prepared using the Erase-A-Base System (Pro-
ega), and then sequenced.

RNase protection assay. For the detection of OmCLC-3 and
mCLC-5 mRNA, PCR clones used for the library screening were

inearized and used to prepare radiolabeled antisense RNA probes.
hese probes (1 3 105 cpm/sample) were mixed with 20 mg of total
NA from gill, kidney, intestine, liver, spleen, muscle, and brain of
W- and SW-adapted tilapia. After hybridization and RNase diges-
ion, protected fragments were analyzed in 6% denaturing polyacryl-
mide gel (RPA II Kit, Ambion).

Generation of gef1 mutant. The GEF1 gene disruption was intro-
uced into the strain YPH250 (ura3-52, lys2-801, ade2-101, trp1-D1,
is3-D200, leu2-D1) [20]. Two synthetic oligonucleotides (57 mer)
ere prepared for amplification of the HIS3 gene by PCR using
RS313 vector [20] as a template. For homologous recombination,
he 40-nucleotide sequences corresponding to 750–789 bp and 1835–
874 bp of the GEF1 open reading frame were incorporated into
hese primers at the 59-ends. Accordingly, the PCR product con-
ained HIS3 gene flanked by 40 bp GEF1 sequences. The cells trans-
ormed with this PCR product were selected on SD (yeast synthetic

FIG. 1. Alignment of amino acid sequences of OmCLC-3 and O
mCLC-3 and OmCLC-5. Conserved residues are filled in black b
ccording to the original topology by Jentsch et al. (1). Potential N
rofile of OmCLC-3 and OmCLC-5. The mean hydrophathy index w
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as analyzed to confirm homologous recombination by sequencing
he mutated allele. Yeast phenotype was checked by the growth on a
PGE (glycerol and ethanol as non-fermentable carbon source) plate,
YPGE 1 1 mM Ferrozine (iron-specific chelator) plate, and a YPG

galactose, 2%) plate [3, 21].

Functional complementation of gef1 yeast mutant. Open reading
rames of OmCLC-3 and OmCLC-5 were subcloned into pVT102-U
22] expression vector and transformed into several gef1 strains.
ransformed cells were selected on an SD/-HIS/-URA plate and yeast
henotypes were checked on YPGE, YPGE 1 Ferrozine, and YPG
lates.

ESULTS

Cloning and sequence analysis of tilapia CLC chlo-
ide channels. RT-PCR was performed using tilapia
ill RNA and degenerate primers designed from con-
ensus sequences of several CLC chloride channels.
wo PCR products (named 11-2 and 11-6) with the
xpected length (150 bp) were obtained. 11-2 and 11-6
ere very homologous to rCLC-5 and rCLC-3, respec-

ively. Using these PCR products as probes, we
creened FW- and SW-adapted tilapia gill cDNA librar-
es and obtained 3.8- and 4.2-kbp clones designated as
mCLC-5 and OmCLC-3, respectively. Sequencing re-
ealed that OmCLC-3 and OmCLC-5 were highly
omologous to rCLC-3 (72.1% nucleotide identity)
nd rCLC-5 (74.1% nucleotide identity), respectively
Fig. 1A).

The open reading frame of OmCLC-3 was 2280 bp,
esulting in a 760-amino-acid-protein with a molecular
ass of about 85 kDa. OmCLC-5 encodes an 841-

mino-acid protein with a molecular mass of about 92
Da. Fig. 1B shows hydrophathy analysis of the pre-
icted amino acid sequences of OmCLC-3 and
mCLC-5. The hydrophathy profiles show that at least
2 hydrophobic regions with similarities to those de-
ected in other members of the CLC family [23]. In the
mino acid sequence of OmCLC-3, Asn-422 located be-
ween hydrophobic regions D8 and D9 is a highly con-
erved glycosylation site among all CLC chloride chan-
els. There are also consensus sequences for
hosphorylation by cAMP-dependent protein kinase
PKA) [24] (Thr-360 and Thr-361) and protein kinase

(PKC) [25, 26] (Ser-52, Ser-363, Ser-647, Ser-693,
nd Thr-744). OmCLC-5 also has a potential N-
lycosylation site at Asn-499 located between hydro-
hobic region D8 and D9. The potential phosphoryla-
ion site by PKA is Thr-441, and those by PKC are
er-7, Ser-724, Thr-77, Thr-128, and Thr-218. To es-
ablish a possible evolutionary relationship among
hese CLC chloride channels, a phylogenic tree was

LC-5 with rat CLC-3 and rat CLC-5. (A) Amino acid sequence of
s and putative transmembrane-spanning domains are underlined
ked glycosylation sites are indicated by asterisk. (B) Hydrophathy
computed according to the algorithm of Kyte and Doolittle.
mC
lock
-lin
as
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onstructed using DNASIS computer software (Hitachi
oftware Engineering) (Fig. 2).
Tissue distribution of OmCLC-3 and OmCLC-5.

issue distributions of OmCLC-3 and OmCLC-5 were
etermined by RNase protection assay using total RNA
rom FW- and SW-adapted tilapia tissues (Fig. 3). Pro-
ected bands were 150 bp. OmCLC-3 was expressed at
high level in the brain at moderate levels in the gill,
idney, and intestine, and at low levels in the liver,
pleen, and muscle. There were no changes in expres-
ion patterns between FW and SW. OmCLC-5 was
xpressed at high levels in the gill, kidney, and intes-
ine. The level of expression was much lower in the
rain and spleen, and there was no detectable expres-
ion in either the liver or muscle.
Functional complementation of yeast gef1 mutant by
mCLC-3 and OmCLC-5. By homologous recombina-

ion, we generated a gef1 mutant with phenotypes as
escribed previously [3]. The phenotypes of gef1 were
hecked by plating on a YPGE agar plate containing 1
M Ferrozine. We obtained four clones that had a

henotype similar to the original gef1 mutant. These
lones were not able to grow on the agar plates con-
aining the non-fermentable carbon source, the YPGE,
r the Ferrozine (1 mM). The established gef1 yeast
trains YPH250(gef) were transformed with yeast ex-
ression vector pVT102-U containing OmCLC-3,
mCLC-5, or GEF1 cDNAs. OmCLC-3-, OmCLC-5-,
nd gef1-transformed cells were plated on YPD and
PG agar plates. Although cells transformed with
mpty vector could not grow on YPG, both OmCLC-3
nd OmCLC-5-transformed cells were able to grow on
PG plate as GEF1-transformed cells (Fig. 4). Func-

ional complementation of the gef1 phenotype by
mCLC-3 and OmCLC-5 was also confirmed on the
PG-Ferrozine plate (data not shown).

FIG. 2. Evolutionary relationship between the CLC chloride
hannels. The phylogenic tree shows the relationship among thirteen
ifferent members of the CLC family derived from yeast, Torpedo,
ilapia, and rat. The phylogenic tree was constructed using the
NASIS computer software (Hitachi Software Engineering).
178
The present study described the cloning of the CLC
hloride channels from tilapia Oreochromis mossambi-
us and elucidated their specific function by functional
xpression in S. cerevisiae. The OmCLC-3 and
mCLC-5 are the first CLC chloride channels identi-
ed in a teleostean species. Among the CLC chloride
hannel family, they are most closely related to the
ammalian CLC-3, -4, and -5 subfamily. OmCLC-3

nd OmCLC-5 are highly homologous with rat CLC-3
90.5% amino acid identity) and rat CLC-5 (79.2%
mino acid identity), respectively. These results sug-
est that OmCLC-3 and OmCLC-5 may represent tila-
ia homologues of mammalian CLC-3 and CLC-5.
As in the case with the mammalian CLC-3 [12],
mCLC-3 is ubiquitously expression with the highest
xpressed in the brain. Accordingly, OmCLC-3 may
ave a function similar to that of the mammalian
LC-3. Duan et al. [16] recently proposed that CLC-3 is
swelling-activated chloride channel. Since OmCLC-3

s highly homologous with rat CLC-3, this contention
ight be correct, and OmCLC-3 might be involved in

ell volume regulation in tilapia. However, the lack of
xpression in Xenopus oocyte and the functional
omplementation in gef1 mutant suggest that it play a
ole in intracellular organelles rather than in the
lasma membrane. Accordingly, it is less likely that
mCLC-3 is involved in cell volume regulation in tila-
ia. Further functional characterization and informa-
ion about cellular localization OmCLC-3 will be nec-
ssary to elucidate its functional role.
Previous studies have shown that rat CLC-5 [15] and

uman CLC-5 [14] are predominantly expressed in the
idney, but that the mRNA is also detected in rat
rain, liver, lung, and intestine. Recently, Lindenthal
t al. [6] reported that Xenopus CLC-5 is highly ex-
ressed in oocytes, kidney, and intestine. In the
resent study, OmCLC-5 is highly expressed in the gill,
idney, and intestine. These results suggest that kid-
ey and intestine are the main organs of CLC-5 expres-
ion from teleost to mammals. Recently, the mutation
f human CLC-5 was the cause of low molecule pro-
einuria [27]. According to Gunther et al. [28], CLC-5
olocalizes with the H1-ATPase (V-ATPas) in proximal
ubules and intercalated cells of collecting duct of rat
idney. Colocalization of CLC-5 with H1-ATPase sug-
ested that CLC-5 is an endosomal chloride channel
hat regulates endocytosis in the proximal tubules. In
ilapia larvae, V-ATPase immunoreactivity was
resent in the apical regions of pavement cells of the
olk-sac membrane in the FW-adapted larvae [29]. In
n investigation of catfish gill epithelium, Laurent et
l. [30] have identified vesicles which have a very sim-
lar morphology to the proton pump vesicles of toad
rinary bladder and which are restricted to pavement
ells and inserted into the apical membrane in re-
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ponse to changes in the acid-base condition. Consid-
ring the co-localization of human CLC-5 and
-ATPase in the kidney, OmCLC-5 could be co-

ocalized with the V-ATPase in the pavement cell in the
ill. Functional complementation of gef1 mutant with
mCLC-5 is consistent with the localization of
mCLC-5 in intracellular vesicles.
We were not able to express OmCLC-3 and OmCLC-5

n Xenopus oocyte. A small DIDS-sensitive current was
nduced in OmCLC-3 and OmCLC-5 cRNA-injected oo-
ytes, but we could not characterize it further because of
he low amplitude. There are several expressions for the
ack of functional expression of OmCLC proteins. We
annot exclude that we have not yet identified the proper
hysiological stimulus for the channel activation, e.g., a
econd messenger pathway. It is possible that the oo-
ytes, belonging either to the same or to a different gene
amily, lack the additional subunit necessary for their
unctional expression. However, it is more likely that the
ack of expression in oocytes may be explained by their
ntracellular localization based on the functional comple-

entation of the gef1 mutant. In our complementation

FIG. 3. Analysis of tissue distribution of OmCLC-3 and OmCLC-5
robes were incubated with 20 mg of total RNA from yeast, and RNa

ntestine, liver, muscle, brain and spleen of FW- and SW-adapted ti
179
ssay, we could not restore the growth of gef1 mutant on
he YPGE plate even by introducing wild-type GEF1 in
ur expression vector. This is probably due to the low
romoter activity of our expression vector on YPGE plate.
ccordingly, we performed a complementation assay on

he YPG plate since the gef1 mutant could not grow on
he YPG plate, either. As in the case with GEF1, the
ntroduction of OmCLC-3 and OmCLC-5 into the gef1

utant could restore the growth on YPG, suggesting that
mCLC-3 and OmCLC-5 may share the same function
s GEF1 in the yeast. OmCLC-3 and OmCLC-5 could
lso restore the growth on the YPG 1 Ferrozine plate
data not shown), confirming the complementation of the
ef1 phenotype. Since GEF1 protein is present in late- or
ost-Goldi vesicles in yeast cells [21], the introduced
mCLC-3 and OmCLC-5 could also be localized to Goldi
esicles. But the growth of OmCLC-3- and OmCLC-5-
ransformed cells appeared slower than that of wild
EF1 gene, suggesting that OmCLC-3 and OmCLC-5
ay not have exactly the same function or localization in

he yeast cells as GEF1. Identification of cellular local-

pression in Oreochromis mosammbicus by RNase protection assays.
protection analysis of 20 mg of total RNA isolated from gill, kidney,
ia.
ex
se

lap
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zation is the most important step to elucidate the phys-
ological roles of OmCLC-3 and OmCLC-5.

In summary, two CLC chloride channels were cloned
rom Oreochromis mosammbicus. The isolation of two
LC genes will facilitate the identification of other mem-
ers of this chloride channel family in teleost and provide
n important step to further increase our understanding
f the physiological roles of chloride channels in teleost.
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