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KCC1 cDNA was cloned in dog erythroblasts that had differentiated from peripheral
mononuclear cells. The size of the cDNA was 3,258 bp, the same as in pigs, but 3 bp
longer than in humans and rodents. The dog KCC1 ¢cDNA encodes for 1,086 amino acid
residues with a calculated molecular mass of 120 kDa. The 560 bp cDNA fragment
from position 679 to 1,238 in the full length cDNA from the dog erythroblasts was 100%
identical to that in the kidney. Hydropathy analysis showed that the structure of dog
KCC1 was similar to in other species; 12 trans membrane domains, four glycosylation
sites in loop 5, and 17 consensus phosphorylation sites in the cytosol. However, there
were variations in dog KCC1 compared to in other species; there was one CK2 phos-
phorylation site that was found only in dog KCC1. There were also substitutions of
amino acids that affect pH sensitivity (His) and change acidic/basic residues or
charged residues. In HEK 293 cells transfected with dog KCC1 ¢cDNA (HEK-dKCC1),
the Rb influx, which was ouabain-resistant, Cl-dependent, N-ethyl maleimide (NEM)-
stimulative and Na-independent, was measured as for K-Cl cotransport, and the
influx was found to be increased ~3 fold in HEK-dKCC1 compared to in the control.
This ouabain-resistant Cl-dependent Rb influx was also volume-sensitive in hypos-
motic medium, and the volume-sensitive component was inhibited by furosemide.
Thus, the KCC1 cDNA cloned in dog erythroblasts encodes a volume-sensitive K-Cl
cotransporter.

Key words: dog, erythrocyte, KCC1, K-Cl cotransport, Rb influx.

Abbreviations: CK2, casein kinase 2; dKCC1, dog KCC1; HEK-dKCC1, HEK293 cells transfected with dKCC1
c¢DNA; HEK-Vec, HEK293 cells transfected with vector; HK, high K; IMDM, Iscove’s modified Dulbecco’s medium;
LK, low K; LP, loop; NEM, N-ethyl maleimide; NMDG, N-methyl-D-glucamine; PKA, protein kinase A; PKC, pro-

tein kinase C; RBCs, red blood cells; RVD, regulatory volume decrease; NKCC, Na-K-Cl cotransporter; TM, trans-

membrane domain.

K-Cl cotransport has been exploited for the regulatory
volume decrease (RVD) in epithelial, endothelial and red
blood cells (RBCs) (1-3), and the role of cell volume regu-
lation was intensively examined in RBCs (3-5). In
human RBCs, K-Cl cotransport activity is very low or
latent in normal mature RBCs, but elevated in erythrob-
lasts (5, 6). Thus, K-CI cotransport was considered to be
one of the critical systems for RVD during the differenti-
ation of erythroid progenitor cells (4). The K-Cl cotrans-
port was also elevated in sickle cells, and the cotransport
might cause dehydration in these cells. Thus, regulation
of K-Cl cotransport has been attempted to prevent sickle
cell dehydration (7, 8). This volume-sensitive K-Cl
cotransport in RBCs has been evaluated in many species
of dog, sheep, pigs, horses, as well as humans. The K-Cl
cotransport activities and the responses to modulators
vary among these species (4), presumably due to the var-
iation in the molecular events of either K-Cl cotrans-
porter (KCC) or the regulation cascade among animal
species.

In mutant dog RBCs in which the Na, K-pump
remained and the cellular potassium concentration was
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high (HK), K-Cl cotransport was measured under physio-
logical ion conditions and it exerted for RVD (9, 10). In
the HK RBCs, the K-CI cotransport activity in 10% of
young cells was 8-fold higher compared to that in 10% of
old cells, and the RVD ability of young cells was also
higher than in old cells. The volume of HK RBCs
increased during cell aging in the circulation because of
the decrease in the abilities as to K-Cl cotransport and
RVD, though the cell volume of normal dog RBCs in
which the cation composition involves low K and high Na
(LK) decreased during aging (11). Thus, the decrease in
K-ClI cotransport activity caused an increase in the cell
volume in the HK dog RBCs, and there might be some
defect in the K-Cl cotransport and RVD in these HK cells.

Several keys for elucidating the regulation mechanism
for K-Cl cotransport were evaluated; phosphorylation/
dephosphorylation and the redox system (12-14). How-
ever, the whole regulation mechanism remained unclear.
Chemical modification of the regulation system is not
simple; it might occur in both the cotransporter itself and
the regulation cascade. It was not until Gillen et al.
cloned the cotransporter in man, rabbit and rat in 1996
that molecular identification of the cotransporter was
accomplishied, leading to a better understanding of the
mechanism of K-Cl cotransport (15). KCC is encoded by
the KCC1 gene, and which is a member of a large cation-
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Primer oligonucleotide sequence
sense
se-1 5-TACATTGCCCCGCCAGCTGCCATCTTTC-3'
se-2 (AAP*) 5'-GGCCACGCGTCGACTAGTACGGGGGGGGGG-3
se-3 (UAP™) 5'-CUACUACUACUAGGCCACGCGTCGACTAGTAC-3'
se-4 5-ATGCCGCACTTCACCGTGGTGCCGGTGGA-3'
antisense
as-1 5-ACCACGTACAGGGGCAGGCTCTCCTTCA-3
as-2 5-GGGTCATGAAGGTCAGAA-3
as-3 5-AAATGGTTCCATAGACCCGCATG -3'
as-4 5'-ACTCGACGTATCGTGAGCGCCT-3'
as-5 5-TGACATCCA(C/A)ACAATAAATAT(G/A)CAATAAATAG-3'
as-6 5-TCAAGAGTAAATGGTGATCACTTCACGACCG-3'

*AAP 5'RACE Abridged Anchor Primer, **UAP Universal Amplification Primer

Fig. 1. Location of nucleotide primers for PCR/RACE of dog
KCC1 (dKCC1) ¢DNA and the fractions generated on the
PCR (A), and the sequences of sense (se) and antisense (as)
oligonucleotide primers for PCR/RACE (B).

chloride cotransporter family (16—18). Following this dis-
covery, several reports explained the mechanism of K-Cl
cotransport according to the results of analysis of the
molecular structure (19-23). In erythroblasts that had
differentiated from erythroleukemia cells, KCC1 ¢cDNA
was cloned in man and mouse, and the existence of the
mRNA and protein of KCC1 was confirmed.

As mentioned above, the characteristics of dog K-Cl
cotransport activity were unique, given the dimorphism
in HK and LK, and the sudden decreases in the abilities
as to K-Cl cotransport and RVD during aging in the HK
RBCs, but not in LK RBCs. Thus, molecular identifica-
tion of dog KCC1 may provide possible clues to explain
the mechanism. Here we report the cloning and expres-
sion of KCC1 from erythroid progenitor cells in dogs that
had differentiated from peripheral mononuclear cells.

MATERIALS AND METHODS

Animals—Peripheral blood and a kidney tissue were
obtained from a Japanese Shiba dog possessing RBCs
with LK and HK (24, 25). All experiments were per-
formed according to the guidelines of The Laboratory
Animal Care Committee of Azabu University, and com-
plied in The Japanese Animal Welfare Guide.

Isolation of Progenitors of Red Blood Cells—The pro-
genitors of red blood cells, mostly erythroblasts, were
prepared as reported elsewhere (26, 27). In brief, mono-
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nuclear cells from LK and HK dogs were separated by
Percoll gradient density centrifugation from the periph-
eral blood, and then the cells were incubated in Iscove’s
modified Dulbecco’s medium (IMDM, Gibco BRL) with
10% fetal calf serum and 5% phytohemagglutinin-stimu-
lated leukocyte conditioned medium at 37°C under an
atmosphere containing 5% CO, for 7 days. On day 7,
phagocytic cells were removed by the carbonyl iron
method, and non-phagocytic cells were then cultured in
IMDM medium supplemented with 30% FCS, 1% deion-
ized bovine serum albumin, 300 pg/ml iron-saturated
transferrin and 2U/ml recombinant erythropoietin (PBL
Biomedical Laboratories) at 37°C under an atmosphere
containing 5% CO, and 5% O,. The cells were harvested
during the second culture with erythropoietin, and then
allowed to differentiate into mostly erythroblasts; 60%
and 90% of the cells were hemoglobin-positive on days 3
and 6, respectively.

RNA Isolation and RT-PCR—AIll RNA was extracted
from the erythroblasts and kidney tissue according to the
acid guanidinium thiocyanate-phenol-chloroform method.
First-strand ¢cDNA was synthesized using a Superscript
Preamplification System (Gibco BRL) with random hex-
amers, the cDNA serving as a template to generate frag-
ments and full-length KCC1-cDNA. The PCR primers
used are indicated in Fig. 1.

First, a cDNA fragment of KCC1 was amplified with
primers designed according to the human, rabbit and rat
KCC1 sequences (15): se-1 and as-1 as sense and anti-
sense primers, respectively. PCR was performed using
Ampli-taqg DNA polymerase (Applied Biosystems) for 40
cycles of 94°C for 30 s/60°C for 12 s/72°C for 90 s, and the
products were examined by electrophoresis. To determine
the sequence of the 5’ cDNA end, 5RACE was performed
using a 5’RACE System (Gibco BRL) and gene-specific
primers (as-2, 3 and 4). The sequence of the 3' cDNA end
was determined with PCR with primers se-1 and as-5. To
generate the full-length dog KCC1 (dKCC1)-cDNA,
finally a long and accurate PCR was performed with an
Expand High Fidelity PCR System (Boehringer Man-
nheim) with primers se-4 and as-6.

Cloning and Sequencing of dKCCI1—The fraction of
the gel containing the amplified cDNA was excised and
purified. The ¢cDNA was ligated into the pCRII-TOPO
plasmid (Invitrogen), and the plasmid was transformed
into competent Escherichia coli cells. The cloned cDNA
was sequenced with an automated sequencing machine
(DSQ-1000L, Shimadzu, Tokyo) with a fluorescent
labeled primer cycle sequencing kit (Amersham Pharma-
cia Biotech). The ¢cDNA sequence was examined by
assessment of the nucleotide sequences of mammals
stored in the GenBank with the assistance of a computer
program (Genetyx-Mac). Hydropathy analysis of the
deduced amino acid sequence of dKCC1 was also con-
ducted using this computer program according to Kyte
and Doolittle (28).

Transfection of dKCC1 into HEK293 Cells—The c-Myc
epitope-tagged dKCC1 cDNA expression vector was pro-
duced as reported (15). In brief, the sequence of the c-Myc
epitope-tag was added next to the start codon (ATG) of
the dKCC1 ¢cDNA by PCR, followed by subcloning into
the pcDNAS3.1 mammalian expression vector (Invitro-
gen). The dKCC1 expression vector was transfected into
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HEK293 cells (HEK-dKCC1) by the calcium phosphate
method. HEK293 cells were also transfected with only
vector pcDNA3.1 (HEK-Vec). At 24 hours after transfec-
tion, the cells were treated with trypsin, transferred to a
poly-D-lysine coated 24-well plate at a density of 5 x 10°
cells/well, and then incubated for another 24 h.

Rb Influx in HEK293 Cells—Rb influx was measured
in HEK-dKCC1 and HEK-Vec cells as described else-
where (15, 21). The cells were washed once with an isos-
motic solution comprising (in mM) 130 NaCl (or Na-sulfa-
mate), 5 KCl (or K-sulfamate), 2 CaCl, (or Ca gluconate),
1 MgCl, (or Mg gluconate), 10 glucose, 0.1 ouabain, 0.1%
BSA, and 20 HEPES/Tris, pH7.4 at 37°C. The cells were
then treated with 0.2 mM N-ethyl maleimide (NEM) for
10 min in the above solution, and washed three times
with an Na-free medium comprising 130 N-methyl-D-glu-
camine (NMDG)-CI1 (or NMDG-sulfamate), 5 KCI (or K-
sulfamate), 2 CaCl, (or Ca gluconate), 1 MgCl, (or Mg
gluconate), 10 glucose, 0.1 ouabain, 0.1% BSA, and 20
HEPES/Tris, pH 7.4 at 37°C. To avoid the contribution of
the Na/K pump- and Na-K-Cl cotranspoter (NKCC)-
mediated Rb fluxes, 0.1 mM ouabain was added and Na
was substituted with NMDG in the medium, respectively.
Thereafter, Rb uptake was measured using a flux
medium containing 25 mM RbCl (or Rb-sulfamate). To
examine furosemide sensitivity, the Rb uptake was meas-
ured in the medium with or without 2 mM furosemide.
For the measurement of volume-sensitive Cl-dependent
Rb influx, instead of treatment with NEM, a hyposmotic
medium (150 mOsM) was used as the flux medium in
which the concentration of NMDG-C1 (or NMDG-sulfa-
mate) was reduced. As a tracer, ¥RbCl (444 kbg/ml,
Amersham Pharmacia Biotech) was used. Rb uptake was
terminated at several time points by washing with ice-
cold phosphate-buffered saline. After solubilizing the
cells with 1% SDS, the radioactivity was measured with a
liquid scintillation counter and the protein content was
determined by the Micro BCA method (Pierce). Rb
uptake was expressed as nmol/mg protein. Cl-dependent
Rb uptake was calculated by subtraction of the uptake in
the sulfamate medium from that in the Cl medium.

Western Blot—Western blotting was carried out as
described elsewhere (15) using an anti-c-Myc antibody
(Santa Cruz Biotechnology). The HEK-dKCC1 cells were
homogenized with 250 mM sucrose, 1 mM EDTA, 10 mM
Tris-HCl, pH 7.4, 100 pg/ml p-amidinophenylmethylsul-
fonyl fluoride hydrochloride, 10 pg/ml leupeptin, and 2
ug/ml aprothinin, and then centrifuged. SDS-PAGE of
the precipitate was performed using a 6% polyacrylamide
gel. For deglycosylation, the sample was treated with N-
glycosidase F (Roche). The protein bands in the gel were
transferred to a polyvinylidene difluoride membrane, and
then the membrane was treated with the primary anti-
body (mouse anti-c-Myc), and then the secondary anti-
body (horseradish peroxidase- linked mouse IgG). The c-
Myc epitope tagged protein was detected with an ECL
chemiluminescence detection system (Amersham Phar-
macia Biotech) and exposed to an X-ray film.

Statistical Analysis—The Rb influx results were ana-
lyzed statistically using Student’s ¢-test or Welch’s #-test
followed by the F-test. Differences were considered sig-
nificant when p < 0.05.
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—a— 560 bp

-a— 3.3 kbp

Fig. 2. Electrophoresis of the cDNA fraction amplified by
PCR with primers se-1 and as-1 in dog erythroid progenitor
cells (E) and kidney tissue (K) (A), and the full-length cDNA
of the coding region of dKCC1 amplified by PCR with prim-
ers se-4 and as-6 in the erythroid progenitor cells (B). M1,
100 bp DNA ladder; M2, ADNA-HindIII digest.

RESULTS

Figure 2 shows electrophoresis of the RT-PCR products of
a fragment (560 bp) and the full-length KCC1 (ca. 3.3
kbp) ¢cDNA from the erythroid progenitor cells, and a
fragment from dog kidney. Firstly, the product of 560 bp
cDNA (F-1 in Fig. 1A) was amplified in the erythroid pro-
genitor cells and kidney by PCR. The amplified cDNA
fragment was 87-89% identical to the KCC1 fragment at
corresponding positions in the other species, and the
homology of the sequences of the fraction was around 85—
89% among the species reported. Thus, the cDNA frac-
tion cloned in dog samples could be that of dKCC1. After
determination of the 5'- and 3'-end regions of the dog-spe-
cific cDNA (F2 and F3 in Fig. 1A), the full-length dKCC1
cDNA was amplified by PCR using the dog specific prim-
ers in the erythroid progenitor cells (F-4 in Fig. 1A, and
Fig. 2B).

The size of the full-length ¢cDNA of dKCC1 from dog
erythroid progenitor cells was 3,258 bp, the same as in
pigs, but 3 bp longer than in humans, rabbits, rats and
mice. The dKCC1 ¢cDNA was cloned in both the LK and
HK dog erythroid progenitor cells, and there were no dif-
ferences in the sequence between these two cell groups.
The ¢cDNA sequence of the 560 bp fragment (F-1) gener-
ated from the kidney was 100% identical with the corre-
sponding region in the erythroid progenitor cells from
positions 679 to 1,238 in the cDNA sequence. The nucle-
otide sequence data reported here have been deposited in
the DDBJ database under accession number AB011372.
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DOG 100
PIG 100
HUMAN 100
RABBIT 100
RAT 100
MOUSE 100
DOG 200
PIG 200
HUMAN 200
RABBIT 200
RAT 200
MOUSE 200
DOG 300
PIG 300
HUMAN 300
RABBIT 300
RAT 300
MOUSE 300
DOG 400
PIG 400
HUMAN 400
RABBIT 400
RAT 400
MOUSE 400
DOG 500
PIG 500
HUMAN 500
RABBIT 500
RAT 500
MOUSE 500
DOG 600
PIG 600
HUMAN 600
RABBIT 600
RAT 600
MOQUSE 600
DOG 700
PIG 700
HUMAN 700
RABBIT 700
RAT 700
MOUSE 700
DOG 800
PIG 800
HUMAN 800
RABBIT 800
RAT 800
MOUSE 800
DOG 900
PIG 900
HUMAN 900
RABBIT 900
RAT 900
MOUSE 900
DOG 1000
PIG 1000
HUMAN 999
RABBIT 999
RAT 999
MOUSE 999
DOG 1086
PIG 1086
HUMAN 1085
RABBIT 1085
RAT 1085
MOUSE 1085

Fig. 3. Comparison of the deduced amino acid sequences of tion sites for CK2, PKC and PKA, respectively; d, consensus glyco-
KCCl1s from dog and other species reported. Transmembrane sylation sites; e, amino acids only replaced in dog KCC1; shadowing,
domains are overlined. a, b and ¢ represent consensus phosphoryla- amino acids conserved among species.
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Amino acid
dog pig rabbit | human | rat [mouse

dog 97 97 97 97 | 97

pig 92 97 | 97 97 | 97
rabbit | 91 91 97 97 97
human| 91 | 91 | 92 97 | 96

rat 90 89 89 89 99
mouse | 89 90 89 89 95

Nucleotide

Fig. 4. Comparison of the homologies in the ¢cDNA and
deduced amino acid sequences of KCC1 among dog, pig, rab-
bit, man, rat and mouse.

A

Hydropathy index

LP12 34 5 67 89101 Hydrophilic

450 1 1 I I '

1 200 400 600 800 1000

Extracellular

Fig. 5. Hydropathy analysis according to the method of Kyte
and Doolittle (A), and the predicted transmembrane topol-
ogy (B) of the deduced amino acid sequence of dKCC1 in dog
erythroid progenitor cells. The transmembrane domains (TM)
and loop domains (LP) are numbered in A. a, b and ¢ represent con-
sensus phosphorylation sites for CK2, PKC and PKA, respectively;
d, consensus glycosylation sites; e, amino acids replaced only in
dKCC1.

The dKCC1 ¢cDNA encodes 1,086 residues of amino
acids with a calculated molecular mass of 120 kDa. Fig-
ure 3 shows a comparison of the deduced amino acid
sequences of KCCls in the dog and other species
reported. In the amino acid sequence of dKCC1, one
amino acid insertion at position 991 was found compared
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Fig. 6. Electrophoresis of the dKCC1 fragment amplified by
RT-PCR in dog erythroid progenitor cells harvested on days
0 to 6 after adding erythropoietin. RT-PCR of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) in the dog erythroid progenitor
cells shown as control.

HEK- HEK-
dKCCA1 Vec

- 4+ = o+ N-glycosidase F

< 240
— 117

Fig. 7. Western blotting of dKCC1 in HEK293 cells trans-
fected with dKCC1 (HEK-dKCC1) and the vector (HEK-Vec)
after treatment with (+) or without (-) N-glycosidase F.

to that in humans and rodents. Fig. 4 shows a comparison
of the cDNA and deduced amino acid sequences in the
dog and other species reported (15, 17, 18). The cDNA
sequences in these species were very similar, 89 to 95%,
and the homology of the deduced amino acid sequences
among these species was also high (96-99%).

Figure 5 shows the results of hydropathy analysis (A)
and predicted membrane topology model (B) for dKCC1.
The topology model was drawn according to the results of
hydropathy analysis and previous reports (I8). The
hydropathy analysis pattern was almost the same for the
species reported. There were 12 transmembrane domains
(TM, numbered in Fig. 5A), 11 loops (LP, numbered in
Fig. 5A) between the two TMs, and the N- and C-terminal
domains in the cytosol. dKCC1 contained consensus 12
casein kinase 2 (CK2) and 5 protein kinase C (PKC) phos-
phorylation sites in the entire amino acid sequence: ser-
ine/threonine at positions 24, 104, 298, 329, 734, 738,
810, 836, 942, 944, 967 and 1051, and serine/threonine at
positions 108, 438, 748, 814 and 944. The locations of
these phosphorylation sites in the cytosol are shown in
Fig. 5B. Twelve of the sites were conserved in all species
reported (Fig. 3). One CK2 phosphorylation site was
observed only in dog KCC1: serine at position 104. As
cAMP-dependent protein kinase (PKA) phosphorylation
sites that were located in the cytosol, three RXS and four
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Fig. 8. Time course of ouabain-resistant, Cl-dependent (K-Cl-
mediated) and NEM-stimulated Rb uptake (K-Cl-mediated
Rb influx) in HEK-dKCC1 (open circles) and HEK-Vec (open
squares) cells at 25°C (A) or 37°C (B), respectively, and the K-
Cl mediated Rb influx in the HEK-dKCC1 (hatched columns)
or HEK-Vec (open columns) cells at 25°C or 37°C (C). Ouabain-
resistant Cl-dependent Rb uptake (B) and the influx (C) in the
medium without NEM in HEK-dKCC1 (closed squares and cross-
hatched columns) and HEK-Vec (closed circles and columns) cells at
37°C are also indicated. The values are typical of 5 to 6 similar
experiments in A and B, and the means and SD of 5 to 6 individual
experiments in C. *Statistically significant (p < 0.05).

RXXS sites were found: the former at positions 46, 802
and 958, and the latter at positions 47, 669, 790 and 964.
Among them 5 PKA sites were conserved in all species
reported. Four glycosylation sites at LP 4 were found to
be conserved among the species reported: asparagines at
positions 312, 331, 347 and 361.

Figure 6 shows the detection of the fragment of dKCC1
c¢DNA on RT-PCR in the erythroid progenitor cells har-
vested on days 0 to 6 after the addition of erythropoietin.
The ¢cDNA fragment was detected even on day O before
the addition of erythropoietin, and it lasted until day 6

H. Ochiai et al.
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Fig. 9. K-Cl-mediated Rb influx in HEK-dKCC1 and HEK-Vec
cells in the presence (+F, hatched columns) or absence (-F,
open columns) of 2 mM furosemide. F'S represents furosemide-
sensitive influx (closed columns). The values are means and SD of 5
to 6 individual experiments. *Statistically significant (p < 0.05).

when almost all cells had differentiated into erythrob-
lasts. Thus, the mRNA of dKCC1 was expressed at all
stages of erythroid differentiation, even at the stage
before the addition of erythropoietin. The expression lev-
els of both dKCC1 and GAPDH did not change during the
differentiation.

Figure 7 shows Western blotting of the dKCC1 protein
in HEK-dKCC1 cells. The bands at 117 kDa and 108 kDa
were found for HEK-dKCC1 but not for HEK-Vec cells.
The 117 kDa polypeptide decreased in size on incubation
with N-glycosidase F, comigrating with the 108 kDa
polypeptide. Additionally, a band at 240 kDa was weakly
detected for HEK-dKCC1 cells: this molecular mass
matching that of the dimer of KCC1. Thus, the dKCC1
protein was expressed in HEK-dKCC1 cells.

The ouabain-resistant Rb uptake in the Na-free
medium in which Cl was the main anion was greater
than that in the medium in which sulfamate was the
main anion in HEK-dKCC1 and HEK-Vec cells. In Fig. 8,
the K-Cl cotransport mediated (K-Cl mediated) Rb
uptake and the influx are shown. The K-Cl-mediated Rb
influx at 37°C was decreased by 72% and 44% in the
medium without NEM for HEK-dKCC1 and HEK-Vec
cells, respectively. Thus, the NEM-stimulative CI-
dependent Rb uptake was measured as K-Cl-mediated
Rb uptake. The K-Cl-mediated Rb uptake was linear at
the measurement time points, both at 25°C and 37°C. At
25°C, the K-Cl mediated Rb influx in the HEK-dKCC1
and HEK-Vec cells were 3.36 + 0.54 and 1.26 + 0.31 nmol/
mg protein/min, respectively, and those at 37°C were 14.2
+ 4.9 and 4.6 + 1.5 nmol/mg protein/min, respectively.
Thus, the K-Cl mediated Rb influx was enhanced in
HEK-dKCC1 cells by 2.6- and 3-fold compared with in
HEK-Vec ones at 25°C and 37°C, respectively. Figure 9
shows the effect of furosemide on the K-Cl-mediated Rb
influx at 37°C. The influx was inhibited 82% and 67% by
the addition of furosemide to HEK-dKCC1 and HEK-Vec
cells, respectively.

Figure 10 shows the volume-sensitive, ouabain-resist-
ant and Cl-dependent Rb influx in the medium without
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Fig. 10. Effects of hyposmotic medium and 2 mM furosemide
on the ouabain-resistant Cl-dependent Rb influx in HEK-
dKCC1 and HEK-Vec cells. Rb influx was measured in isosmotic
(Iso, 295 mOsM) and hyposmotic (Hyp, 150 mOsM) medium in the
presence (+F, hatched columns) or absence (-F, open columns) of 2
mM furosemide and also without NEM, and the furosemide-sensi-
tive component was calculated (F'S, filled columns). Values are
means and SD of 5 to 6 individual experiments. *Statistically signif-
icant (p < 0.05).

NEM, and the effect of 2 mM furosemide on the Rb influx.
The Rb influx in the hyposmotic medium was increased
1.8 and 1.7-fold, respectively, compared to that in the iso-
smotic medium in HEK-dKCC1 and HEK-Vec cells. The
furosemide-sensitive component in the hyposmotic
medium was 1.5-fold greater than that in the isosmotic
medium in HEK-dKCC1 cells, though the component was
not different in the isosmotic and hyposmotic medium in
HEK-Vec cells. Thus, the furosemide-sensitive, ouabain-
resistant and Cl-dependent Rb influx in the hyposmotic
medium was mediated by K-Cl cotransport and was vol-
ume-sensitive.

DISCUSSION

Though the homology of the deduced amino acid
sequences among species was very high (96-99%, Fig. 4),
there were several clusters where the amino acid
sequences differed among species: the clusters were
located at the N-terminal, LP 3, LP 5 and C-terminal
(Fig. 3). In the amino acid sequence, several amino acids
were different only in the dog, compared with in other
species, and the characteristics of several of these amino
acids differed between dKCC1 and the other animal
KCCl1s. As to the pH effect on the transporter itself,
His?3%¢ at LP 3 was replaced by Tyr, changing it into an
amino acid possessing a pK, of around physiological pH,
and Arg3** at LP 5 was replaced by His, causing the loss
of an amino acid with a pK, of around physiological pH.
In terms of changes of acidic/basic and charged amino
acids, Aspl?7 at the N-terminal was replaced by Gly, i.e. a
change to an acidic or charged amino acid from a neutral
one, and Lys340 at LP 5 was replaced by Ser, i.e. a change
to a basic amino acid from a neutral one. These substitu-
tions with amino acids with different characteristics may
give an altered structure or function to the dKCC1
protein.
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There was the possibility that dKCC1 might differ
between HK and LK dog RBCs. However, the cDNA
sequences for the LK and HK dog erythroid progenitor
cells were identical. The abilities of K-Cl cotansport and
RVD greatly decreased during cell aging in the circula-
tion in the HK dog RBCs (11), and this result corre-
sponded to that of Western blotting of RBCs in the
mouse, in which the amount of the KCC1 polypeptide
decreased with aging (23). The RVD system in normal LK
dog RBCs comprises Na/Ca exchange transport, but it is
K-Cl cotransport in the mutant HK dog RBCs. These
RBCs could not employ the normal RVD system because
of the change in intracellular cation composition, but the
RVD in the HK RBCs used K-Cl cotransport that might
have partially remained in the mature cells. Thus, there
may be a RVD defect in HK RBCs, though KCC1 was not
different between the HK and LK dog RBCs.

The bands of both non-glycosilated and glycosilated
dKCC1 protein were detected on Western blotting in
HEK-dKCC1 cells; thus, dKCC1 might be a glycosilated
protein in the membrane. The molecular mass of 108 kDa
for the non-glycosilated band was apparently smaller
than the calculated molecular mass of 120 kDa. Su et al.
also detected 108-130 kDa bands for rabbit and mouse
KCC1 transfected HEK293 cells on Western blotting,
though their calculated molecular masses without glyco-
sylation were 120 kDa (23). In this experiment, such dis-
agreement was also found. The molecular mass of a mem-
brane protein calculated on electrophoresis has to be
carefully analyzed. There is another possibility for this
disagreement: the splicing form at the 3’ end domain
found in human KCC1 could not be examined with our
PCR system (17), leaving the possibility that such a splic-
ing form may exist in dog erythroblast KCC1.

The KCC1 protein was detected in RBCs from several
species on Western blotting with anti-KCC1 peptide anti-
bodies (23). However, the cloning of the full-length KCC1
cDNA from reticulocytes in humans failed, as only incom-
plete fragments were generated (17). The KCC1 polypep-
tide detected was increased in reticulocytes compared
with in whole blood cells in the mouse, and the expres-
sion of the immunoreactive KCC1 in the young RBCs
from B-thalasemia mice was 16-fold greater than that in
the old cells (23). In dog erythroblasts that had differenti-
ated from circulating mononuclear cells, KCC1 mRNA
was detected at all stages in erythroid progenitor cells
(Fig. 6). In the mouse, the expression of KCC1 mRNA was
higher at the early stage in the erythroblasts compared
with the later stage in the cells that had differentiated
from mouse erythroid leukemia cells on Northern blot-
ting, though the KCC1 ¢cDNA fragment was detected on
RT-PCR at all stages in the erythroid cells that had dif-
ferentiated from ES cells (17, 23). The level for dKCC1
was obtained by RT-PCR in this experiment, and agreed
with later results. This difference may be partly due to
the methods employed; usually RT-PCR is much more
sensitive than Northern blotting. KCC1 is ubiquitous in
many tissues, though the expression level differs in sev-
eral of them. Thus, the exact timing of the expression of
KCC1 mRNA during erythroid maturation remains to be
determined.

Erythroblasts are the terminal cells that lose their
nuclei, so a sudden change in cell volume and other func-
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tions may require KCC1 to maintain their cell volume.
KCC1 might also have an important role in the differen-
tiation stage or in high proliferation cells. In cervical can-
cer, the K-Cl cotransport activity and the expression of
KCC1 mRNA became elevated as the malignancy
increased (29). The cell volume of cervical malignant
tumor cells was larger compared to that of normal cervi-
cal cells. Thus, K-Cl cotransport may exert its role in the
cells that are going to change their cell volume during dif-
ferentiation.

K-Cl cotransport seems to be regulated by several sys-
tems at the transporter itself and the regulation cascade,
mainly through phosphorylation/dephosphorylation reac-
tions and the redox system (I—4, 14). Though direct phos-
phorylation of the K-Cl cotransporter has not been dem-
onstrated, it has consensus sites of phosphorylation by
CK2, PKC and PKA. Inhibitors of phosphatase, okadaic
acid and calyculin, caused a decrease in K-Cl cotransport
activity, and an inhibitor of kinase, staurosporine,
increased the activity (12—14). Several consensus phos-
phorylation sites located in the cytosol are conserved
among species, implying that these consensus phosphor-
ylation sites may be involved in regulation of K-Cl
cotransport.

The cAMP response may be seen at early stages of
erythroid development, though human RBCs could not
respond to adrenergic stimuli due to the decrease in the
adenylate cyclase system during erythroid cell matura-
tion (30). Rat mature RBCs seem to be responsive to -
adrenergic stimulation, which causes an increase in
intracellular cAMP, though adenylate cyclase activity
and the number of B-receptors decreased during reticulo-
cyte maturation (31, 32). In pig RBCs, intracellular
cAMP stimulated K-Cl cotransport activity, though they
failed to respond to B-adrenergic stimuli (33). These
results may indicate that B-receptors and the following
adenylate cyclase system are active in the early stage of
erythroid maturation, but the system seems to disappear
and remains of the system may exist at a later stage.
Thus, cAMP probably acts as the regulator of the K-Cl
cotransport either at the transporter itself or the regula-
tion cascade in early-stage erythroid cells. Thus, there is
the possibility that the PKA site(s) conserved among spe-
cies are involved in the regulation of K-Cl cotransport,
especially in the early stage of erythroid maturation.

As for the redox system, oxidizable agents cause an
increase in the cotransport and reducing agents result in
its decrease (4). Thiol and His in the cotransporter and
regulation cascade, and glutathione and hemoglobin in
the cytosol were considered the sites of action for the
redox system (I4). In oocytes transfected with mutant
KCC1 in which the C-terminal domain was truncated or
a neutral amino acid replaced by aspartate, the stimula-
tion of K-Cl cotransport by NEM was abolished. There
were 4 Cys and 16 His residues in the C-terminal
domain. Some of these residues may thus be involved in
the redox system.

There are three members of the cation-chloride
cotransporter family: KCC, NKCC and Na-Cl cotrans-
porter. In HEK293 cells transfected with KCC1, not only
that of KCC, but also NKCC activity might be increased
due to the change in intracellular Cl concentration (I8,
34). Therefore, we had to carefully examine whether or
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not the increased Cl-dependent Rb influx was mediated
by KCC but not NKCC. To verify that the Cl-dependent
Rb influx measured in this experiment was mediated by
KCC, we employed Na-free medium: NMDG instead of
Na was used as the main cation in the medium. There
was additional evidence that the Rb influx was mediated
by KCC but not NKCC: the K-Cl-mediated Rb influx
increased on the addition of NEM, which is an inhibitor
of NKCC (35). We therefore concluded that the ouabain-
resistant, Cl-dependent, NEM stimulative, Na-independ-
ent and furosemide-sensitive Rb influx was mediated by
KCC.

The volume-sensitive Rb influx, which was ouabain-
resistant and Cl-dependent, increased in the medium
without NEM in HEK-dKCC1 cells (Fig. 10). Thus, the
flux might contribute to the regulatory volume decrease
the same as in dog red blood cells (9—11). The volume
decrease in the hyposmotic medium was measured only
in the restricted conditions in HEK293 cells expressing
human KCC1 (HEK-hKCC1); the volume decrease was
measured with varying results in the medium in which
the Cl concentration was reduced to 3 mM (34). The K-Cl
cotransport in hyposmotic medium was increased 1.5 to
3-fold in several KCC1-transfected HEK293 cells (18, 34),
though a recent report showed that there was no signifi-
cant difference in the Cl-dependent component between
KCC1-transfected HEK293 and control cells (21). Lauf et
al. showed a huge increase of Cl-independent Rb influx in
rabbit KCCl1-transfected HEK293 cells in hyposmotic
medium, and they suggested that K(Rb) exchange or
channels might mask the K-Cl cotransport (21). Thus, to
examine the volume regulation in more detail, a KCC1
expression model in which K(Rb) fluxes except that of
KCC1 can be disregarded has to be established in the
future. In the present experiment, we examined the vol-
ume-sensitive Rb influx for clues by examination of vol-
ume regulation in HEK-dKCC1 cells.

The K-Cl-mediated Rb influx was elevated in HEK-
dKCC1 cells, so the function of KCC1 cloned from dog
erythroid progenitor cells was confirmed. However, the
stimulation by NEM was not so high in HEK-dKCC1
cells compared with in HK dog RBCs (36). The difference
may be partly caused by the expression level of dKCC1 in
HEK-dKCC1 cells. Several investigators have reported
the stimulation of KCC1-mediated Rb influx on adding
NEM to KCC1- transfected cells under different condi-
tions. Though Lauf et al. showed stronger activation (6-
fold) of the Rb influx in the medium with NEM at 37°C
than at 23°C using Forbush’s cell line, the effect of NEM
was reported to be low in by others (15, 18, 21). Either the
C-terminal domain in KCC1 (21) or the regulation cas-
cade (14) might be the target(s) of NEM. Furthermore,
the stimulation of Cl-dependent Rb influx was not clear
on adding NO, in the HEK-dKCC1 cells (data not shown),
while the stimulation was around 8-fold in the HK dog
RBCs (11). Therefore, a target of NO, may exist at the
regulation cascade in dog HK RBCs but not in HEK-
dKCC1 cells. The large difference in the effect of NO,
between HK dog and LK sheep RBCs may also mean that
a target of NO, exists in the regulation cascade (37).
These reasons may be the cause of the difference in the
effect of NEM among the several KCC1-transfected cells.

J. Biochem.
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KCC1 in Dog Erythroid Progenitor Cells

In the present paper we report the molecular events
for dog erythroid KCC1, and compared the similarity and
differences in the KCC1 molecules and K-Cl cotransport
activities among the species. Comparative analysis of the
molecular structures and functions among species
including dKCC1 may facilitate elucidation of the whole
mechanism of KCC1.
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