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Abstract

Complementary DNA of the water channel aquapolin 1 (AQP1) was cloned from dog kidney and erythroblasts. The
cDNA amplified from mRNA in dog kidney was 816 bp, the same as that in bovines, but longer by 6 bp than that in humans,
mice and rats. The 235-bp fragment cDNA amplified from the mRNA in dog erythroblasts, which was differentiated from
peripheral blood, was completely identical to the corresponding sequence of cDNA from the dog kidney. Thus, mature red
blood cells from dog may have AQP1 in their cell membranes. The amino acid sequence in dog AQP1 was 91^94% identical
to that in the other species mentioned above. Dog AQP1 has six predicted transmembrane domains, two NPA motifs, one
mercury-sensitive site and four consensus phosphorylation sites, the same as the other species. However, dog and bovine
AQP1 have only one N-glycosylation site, while two glycosylation sites were found in human and rodent AQP1. Xenopus
oocytes injected with the mRNA of the dog AQP1 exhibited high water permeability in a hyposmotic medium. Thus, dog
AQP1 performs water transport the same as in the other species. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The permeation of water across biological mem-
branes is mediated by several water channels [1^5].
A 28-kDa protein has been isolated and de¢ned as a
water channel in red blood cells. The cDNA se-
quence for this water channel was then determined
in human bone marrow [5], and named aquapolin 1
(AQP1) [6]. The gene product could mediate water
permeation across the biological membrane when it
was expressed in Xenopus oocytes [5]. Eight AQP and

several other subgroups named aquaglyceroporins
have been found to date, and together they constitute
one large gene family [7]. AQP1 is present in several
tissues such as kidney, lung, lactating mammary and
eye, as well as in red blood cells [8].

AQP1 and the other members of the AQP family
have been investigated in detail in renal tubules by
several investigators [9^13]. AQP1 was found in the
apical and basolateral membranes of proximal tu-
bules and descending thin limbs [10,12] where much
water reabsorption occurs. The urine of transgenic
mice lacking AQP1 did not become concentrated,
and the blood osmolarity increased when the water
supply was restricted [14]. Thus, AQP1 was respon-
sible for the reabsorption of water in renal tubules
necessary to maintain appropriate blood osmolarity.
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AQP1 probably has a role in water permeation in
other tissues where it is present.

As mentioned above, AQP1 exists in red blood
cells, and it transports water when expressed in
Xenopus oocytes. However, it is not known how
and when the water channel acts in red blood cells.
In dog red blood cells, there is dimorphism for ion
transport and regulatory volume decrease (RVD)
which are mediated by water transport; one is nor-
mal low potassium (LK) and the other is variable
high potassium (HK) due to the existence of the
Na,K-pump in the cell membrane [15,16]. The
RVD in LK cells was mediated by a Na/Ca exchang-
er and in HK cells by a K-Cl cotransporter [15]. In
each case, water permeation mediated by AQP1 may
cooperate with each transporter for RVD. However,
there is no evidence to explain the correlation be-
tween AQP1 and these ion transporters. Therefore,
it is necessary to examine AQP1 in dog red blood
cells to clarify the mechanism and the role of AQP1
during the volume regulation. To prepare a test mod-
el for AQP1, we cloned the cDNA of AQP1 from
dog kidney and red blood cell progenitors, and ex-
pressed it in Xenopus oocytes.

2. Materials and methods

2.1. Animals

The kidney for RNA sampling was obtained from
a normal LK dog of the Japanese Shiba breed [17].
The peripheral blood for the preparation of the red
blood cell progenitor was also obtained from the
Japanese Shiba dog. All experiments were performed
in accordance with the guidelines of The Laboratory
Animal Care Committee of Azabu University and
The Japanese Animal Welfare Guide.

2.2. Progenitors of red blood cells

The progenitors of red blood cells, mostly eryth-
roblasts, were prepared basically according to the
method of Wada et al. [18]. Peripheral blood was
obtained from the dog, and the mononuclear cells
were separated by centrifugation with Ficoll-Conray
(Pharmacia). The cells were ¢rst incubated in Isco-
ve's modi¢ed Dulbecco's medium (IMDM; Gibco-

BRL) with 10% FCS and phytohemagglutinin-stimu-
lated leukocyte conditioned medium for 7 days (¢rst
phase). After removal of phagocytic cells by the car-
bonyl iron method [19], the cells were again incu-
bated in IMDM medium with 30% FCS, 1% deion-
ized bovine serum albumin (Sigma), 10 mM 2-ME,
300 Wg/ml iron-saturated transferrin (Sigma, MO)
and 2 U/ml recombinant erythropoietin (Snow Brand
Milk Product, Japan) (second phase). On day 3 of
the second phase, the di¡erentiated cells were har-
vested. The cells were examined with benzidine and
determined to be erythroid progenitors, mostly eryth-
roblasts.

2.3. RNA isolation and RT-PCR

Total RNA was extracted from both kidney cells
and the erythroblasts, according to the acid guanidi-
nium thiocyanate^phenol^chloroform method with a
kit reagent (Isogen, Wako). The resulting RNA was
dried and resuspended in diethylpyrocarbonate-
treated water. The mRNA was then puri¢ed using
an oligo-dT cellulose column. First-strand cDNA
was synthesized using avian myoblastosis reverse
transcriptase and a random hexanucleotide-primer.
The cDNA served as a template to generate frag-
ments or the full-length sequence for AQP1.

The PCR primers used are indicated in Fig. 1.
Sense and antisense oligonucleotides (se1 and an1)
were ¢rst designed for PCR primers between the
transmembrane region (TM) 4 and COOH-terminal
whose sequences were conserved among the species
reported [13,20,22]. The PCR was performed using
Tag DNA polymerase for 35 cycles of 94³C for 15 s/
50³C for 30 s/72³C for 60 s, and the products were
examined by electrophoresis. After successful ampli-
¢cation of the fragment cDNA, several oligonucleo-
tide primers complementing various regions of the
NH2-terminal and COOH-terminal ends, including
non-coding regions, were also designed as shown in
Fig. 1, and several PCR were performed.

2.4. Sequencing of cDNA

The fraction of the gel containing the ampli¢ed
cDNA was excised and puri¢ed by phenol extraction.
Then, the cDNA was ligated into pCR2.1 plasmid
and the plasmid was transformed into competent
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Escherichia coli cells (TA Cloning Kit, Invitrogen).
The PCR products from several positive clones were
examined. The sense and antisense strands of cDNA
were sequenced by the dideoxynucleotide termination
method with a DNA polymerase kit (Amplitag DNA
polymerase, ABI). The sequencing reactions were run
on an automated DNA sequencer (ABI 373, Applied
Biosystems). The cDNA was examined by assessment
of nucleotide sequences of mammals stored in the
GenBank with the assistance of a computer program
(Genetyx-Mac). Hydropathy analyses of the deduced
amino acid sequence were also examined using this
computer program according to Kyte and Doolittle
[23].

2.5. Expression of AQP1 in Xenopus oocytes

The cDNA of the AQP1 in the pCR2.1 vector was
digested at KpnI^NotI sites and then subcloned into
pCI expression vector at KpnI^NotI sites. The cDNA
was cut to linearize with ScaI and was transcribed in

vitro with T7 RNA polymerase using a Capping Kit
(Stratagene). The cRNA was then puri¢ed by phe-
nol^chloroform extraction. The cRNA concentration
was determined by optical density, and its quality
was assessed by gel electrophoresis. For the expres-
sion marker, an Xpress tag was inserted into the 5P-
end of the AQP1 cDNA with pcDNA4/His Max
Vector (Invitrogen), and the cDNA including the
Xpress tag was transcribed to cRNA as described
above.

Stage V and VI oocytes were removed from female
Xenopus laevis and defolliculated oocytes were pre-
pared as described elsewhere [24]. The oocytes were
injected with 26 nl of water or 17 ng cRNA in 26 nl
water by a microinjector (Drummond Nanoject Au-

Fig. 1. Location of nucleotide primers for PCR (A), and the se-
quences of sense (se) and antisense (an) oligonucleotide primers
for PCR (B).

Fig. 2. The electrophoresis of the RT-PCR products for AQP1
from kidney (A) and red blood cell progenitors (B) with the
primers se1 and an1 (1), se2 and an2 (2), and se3 and an3 (3)
in dogs (see Fig. 1 for the primers). The ca. 300-bp band in B
is the product of nested PCR. The ¢rst PCR was done with
primers se1 and an1, and the nested PCR with primers se2 and
an2.
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tomatic Injector). On day 3 after the injection, the
oocytes were transferred from 200 mOsm to 70
mOsm Barth's bu¡er diluted with water [5]. A micro-
photograph with a scale of the oocytes was obtained
during the ¢rst 5 min of incubation. Oocyte volume
was calculated from their diameter [5]. After the vol-
ume measurement, the Xpress tag was detected with
an antibody (Invitrogen). Osmotic water permeabilty
(Pf) was computed by the following formula accord-
ing to Zhang et al. [25] :

Pf � �VoUd�Vt=Vo�=dt�=�SUVwU�Oi ÿOo��:
Pf was expressed as cm/s, whereas Vo is the initial
oocyte volume; Vt the volume at time t ; S the initial

oocyte surface area; Vw the molar ratio of water (18
cm3/mol); Oo the medium osmotic pressure; and Oi

the intracellular osmotic pressure. Statistical analysis
for the volume and water permeability were per-
formed using Student's t-test.

3. Results

3.1. RT-PCR of AQP1 from dog kidney and
erythroblasts

Fig. 2 shows the electrophoresis of RT-PCR prod-
ucts from the cDNA of AQP1 in the kidney (A) and

Fig. 3. Sequences of cDNA and deduced amino acids of AQP1 from dog kidney. The oligonucleotide sequences of the primers for
full length PCR are underlined (se5 and an5).
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the erythroblasts (B). Firstly, the product of ca.400-
bp cDNA fragment was ampli¢ed in the kidney, but
not in the erythroblasts, by PCR with the primers of
se1 and an1. By nested PCR with the primers se2 and
an2 after the ¢rst PCR, a 300-bp PCR product was
detected in the erythroblasts (B). The cDNA sequen-
ces of these PCR products were determined, and they
were nearly identical (80^90%) to the corresponding
sequences reported for AQP1 in the other species.
This suggests that these PCR products were the
cDNA fragments of AQP1. The oligonucleotides of
5P- and 3P-ends were ampli¢ed from the template by
PCR with primers of se3 and an3, and se4 and an4,
respectively. The 21-bp oligonucleotide of the 5P-end
sequence in dog AQP1 was 100% identical to that in
humans and bovines, and 22 of 24 nucleotides of the
3P-end in dog AQP1 were identical to those in hu-
mans, bovines and rodents. After these determina-
tions of the cDNA sequences, we performed PCR
for the full-length of the AQP1 cDNA with the prim-
ers including the 5P- and 3P-end regions, se5 and an5.
The full-length cDNA was ca. 800-bp on the electro-
phoresis (Fig. 2A).

3.2. cDNA and deduced amino acid sequences of dog
AQP1

Fig. 3 shows the cDNA and deduced amino acid
sequences of the AQP1 from the dog kidney. The
full-length cDNA sequence of the AQP1 from dog
kidney was 816 bp, the same number as in bovine,
but longer by 6 bp than in humans, rats and mice
[20,21]. The fragment cDNA cloned from erythro-
blasts corresponded to that in the kidney from 448
to 682 in the cDNA sequence, and from 150 to 227
in the amino acid sequence. Though the cloning of
the full-length cDNA failed in the erythroblasts, the
fragment cDNA of the AQP1 was cloned and the
cDNA was 100% identical to the corresponding se-
quence in the kidney. Nucleotide sequence data re-
ported here are registered in the DDBJ data base
under the accession number AB011373 and
AB011374.

3.3. Comparison of cDNA and deduced amino acid
sequences among dog and other species

Fig. 4 shows the genetic tree (A), and a compar-

ison of the cDNA and the deduced amino acid se-
quences among the dog and the other species (B).
The cDNA sequences among these species were
very similar at 85^90%, and the order of the homol-
ogy with dogs was bovines, humans and rodents. The
homology of the deduced amino acid sequences
among these species was also high, 91^94%, and
the order of the homology with dogs was the same
as for the cDNA sequences.

3.4. Membrane topology and characteristic of amino
acid sequence in dog AQP1

Fig. 5 shows the hydropathy analysis (A) and pre-
dicted membrane topology model (B) in the dog
AQP1. The topology model was drawn according
to the hydropathy analysis and previous reports
[7,22]. The TMs and the loops (LP) between the
two TMs were numbered as shown in Fig. 5A. The
peptide sequence of dog AQP1 had six TM domains.

Fig. 4. The genetic tree (A) and a comparison of the homolo-
gies in the cDNA and the deduced amino acid sequences of
AQP1 among dogs, bovines, humans, mice and rats (B). The
analysis was performed using a Genetix Mac computer pro-
gram.
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There were two tripeptide motifs (Asn-Pro-Ala or
NPA) at LP 3 and 5, and a mercury inhibition site
at LP 5, which were strongly conserved among
AQP1 and the other members of the AQP family.
The mercury inhibition site, Cys-191 in dog and bo-
vine, corresponded to Cys-189 in humans and the
rodents. There were four consensus sites for phos-
phorylation; one protein kinase C (PKC) site at
the intracellular loop (LP 4), one other PKC, one
caseine kinase II (CKII) and one cAMP-dependent
kinase (AK) site in the C-terminal region. There was
also a glycosylation site at LP 1.

The TMs and LP 2, 3 and 4 were highly conserved
among the species compared, but LP 1 and 5 showed
remarkable variation. At LP 1 in dog AQP1, ¢ve,
four and seven of 13 amino acids were di¡erent
than those in bovines, humans and rodents, respec-
tively. Furthermore, both Ala-45 and Gly-46 at LP1

in dogs and bovines AQP1 were missing in humans
and rodents. Thus, the peptide sequences in dog and
bovine were longer by two amino acids than in hu-
mans and rodents. At LP 5, one, three and ¢ve of 26
amino acids in dog AQP1 were di¡erent than in bo-
vines, humans and rodents, respectively. These muta-
tions caused defects in a N-linked glycosylation site
at LP 5 in dog and bovine AQP1, though there was a
glycosylation site with an Asn-Phe-Ser-Asp (NFSN)
motif at the LP in human and rodent AQP1.

3.5. Expression of AQP1 in Xenopus oocytes

Fig. 6 shows the volume change as shown by mi-
crophotograph (A) and relative volume (B) in the
Xenopus oocytes which were injected with the

Fig. 6. Microphotograph (A) and relative volume (B) of Xeno-
pus oocytes injected with AQP1 cRNA (AQP1 or closed circles)
and water (Water or open circles) in the hyposmotic medium
for the ¢rst 5 min of incubation. The ¢gure presents a typical
case from four experiments, and the data were means and S.D.
of ¢ve oocytes.

Fig. 5. Hydropathy analysis according to the method of Kyte
and Doolittle [23] (A) and the predicted transmembrane topol-
ogy (B) of the deduced amino acid sequence in dog AQP1.
a, consensus sites for N-linked glycosylation; d, g, h, i with
bold circles, consensus sites of PKC (d, h), CKII (i) and AK
(g), respectively. c and f, Asp-Pro-Ala (NPA) motif. e, Cys-191.
b, Two additional amino acid residues; closed circles, amino
acid residues substituted only in dog; shaded circles, amino
acid residues substituted in dog and some of the other animals.
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AQP1 cRNA in the hyposmotic medium. The oo-
cytes injected with AQP1-cRNA were swollen to
128 þ 5.1% when incubated in a hyposmotic medium
for 5 min, but the oocytes injected with water were
swollen to only 108 þ 0.8%. The osmotic water per-
meability was 8.7U1033 þ 2.1U1033 cm/s when the
cRNA was injected, against 2.6U1033 þ 0.9U1033

cm/s when only water was injected. There were clear
statistical di¡erences between the oocytes injected
with the cRNA and water in both relative volume
change and water permeability. Thus, the gene prod-
uct of cDNA from dog kidney AQP1 functioned to
increase water permeability of the cellular membrane
in Xenopus oocytes.

4. Discussion

The AQP1 cDNA in dog kidney was very homol-
ogous to that in bovine, human, mouse and rat; the
cDNA in bovines was the closest to that in dogs
among the species reported. Dog AQP1 was con-
structed with 271 amino acids, the same as in bo-
vines, and two amino acids were added at LP 1,
compared to that in humans and rodents. The dog
AQP1 had two NPA motifs which were completely
conserved in AQP and the aquaglyceroporin family;
moreover, the dog AQP1 possessed a mercury inhi-
bition site, Cys-191, which was also highly conserved
among the family [7,26,27]. An examination of the
expression of AQP1 mutants constructed by site-di-
rected mutagenesis showed both NPA motifs and
Cys-189 were essential for water permeability in hu-
man AQP1 [28]. Dog AQP1 also possessed the essen-
tial motifs or the amino acid residue(s) for water
permeability.

The amino acid sequence homology between dog
and bovine was very high at 94%. However, some LP
regions in these animal AQP1 showed remarkable
substitutions with di¡erent amino acids. LP1 showed
considerable variation between these species: 38% of
amino acids in the peptide sequence of the LP 1 in
dog AQP1 were di¡erent from those in bovines
which had the closest homology with dogs [21]. Fur-
thermore, two additional hydrophobic amino acids
were added in the LP1 of dog AQP1, and one hydro-
phobic and one hydrophilic amino acid existed at the
LP1 in bovine AQP1 that were not present in hu-

mans and rodents. Therefore, the LP1 in dog AQP1
might be rather hydrophobic compared with other
species. At Arg-40 in the LP1 of dog AQP1, there
was a substitution with a di¡erent amino acid than in
the other species: the amino acid was basic in dogs
and bovines, but it was neutral or acidic in other
animals [13,20^22]. Thus, since LP1 was the most
variable region, these mutations might not be impor-
tant for water transport itself. However, these amino
acid substitutions could cause di¡erent functions of
the LP1 among species.

The glycosylation site at the LP1 showed ABH
antigenicity in human AQP1, so the site also might
act as a ligand site in dog AQP1. Human AQP1 has
Colton antigen [29], and the mutation of Ala-45 in
human AQP1 changed the Colton antigen type [29].
The penta peptide sequence of the NH2-terminal side
of the Ala-45 in human AQP1 was NNQTA, and
was the same as dog AQP1. Thus, the peptide se-
quence in the vicinity of the Ala-45 involved with
Colton antigen in human AQP1 was also conserved
in dog AQP1, and these sequences might have some
competence as a ligand site.

LP 5 was another region with many variations.
The human AQP1 mutant arti¢cially inserted with
two additional amino acids on the COOH-terminal
side of Val-201 was found to reduce water perme-
ability [29], so the amino acid sequence before or
behind Val-201 must be important for the water per-
meability function. Therefore, the sequence of Cys-
189 to Val-201 in human AQP1 corresponding to
Cys-191 to Val-203 in dog and bovine AQP1 might
also be essential for water permeability. The Ser-202
in dog and bovine AQP1 corresponded to Ala-200 in
humans and rodents, and the character of the amino
acid was changed to hydrophilic in dog and bovine
compared to that in human and rodents. The amino
acid residues neighboring Val-201 or -203, which are
important for water permeability, varied among the
species, so these di¡erences could well re£ect their
functions.

Lys-209 and Asp-210 found at LP5 in dog AQP1
are basic and acidic amino acids, respectively, though
the amino acids corresponding to the sequence in
human AQP1, Ser and Asn, are neutral. These mu-
tations at the positions of 209 and 210 in dog and
bovine caused the defect of an N-linked glycosylation
site which existed in human and rodent AQP1.
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Hence, these mutations may result in some confor-
mational change and/or functional di¡erence among
the species. However, the substitution at amino acid
residue 205, which had a position closer to the crit-
ical residue, Val-201, than the positions of the above
mutations, failed to a¡ect the function [30]. Thus, the
mutations of Lys-209 and Asp-210 in dog AQP1 may
not be essential for water permeability.

Two His residues were found at LP 5 in dog, bo-
vine and human AQP1, though only one His residue
existed in the rodent AQP1. The pKa of imidazole
residue of His was pH 6, and sensitive to pH change
in the physiological condition. Thus, the His residues
may be sensitive to extracellular pH change and may
a¡ect the LP5 conformation.

Four consensus kinase sites were conserved in all
species compared: two PKC, one CKII and one AK
site. The consensus AK site in AQP1 was only tri-
peptide, Arg-Ser-Ser, while high a¤nity for the AK
was usually found with a tetrapeptide, Arg-Arg-X-
Ser/Thr (X can substitute with any amino acid, and
Ser/Thr is either of the amino acids) [22,31]. In hu-
man AQP1, cAMP-dependent phosphorylation was
observed, and cAMP and arginine vasopressin acti-
vated water permeability in Xenopus oocytes injected
with AQP1 cRNA [32,33]. Thus, it was strongly sug-
gested that AQP1 was stimulated by AK [33]. There-
fore, vasopressin is considered to serve as a stimula-
tor for AQP1, just as for AQP2 [5,34].

Water permeability through the gene product of
the dog AQP1 was shown in Xenopus oocytes the
same as other AQP1 [5,13,32]. Thus, it was con-
¢rmed that dog AQP1 also functioned as a water
channel. The water permeability was slightly lower
in this experiment than reported elsewhere [5,28].
This might be due to the batches of Xenopus oocytes
or the amount or quality of cRNA injected. In one
experiment, the oocytes injected with the cRNA in
fact suddenly increased to 140% within 2^3 min and
burst (data not shown).

Though the full-length cDNA of AQP1 was not
detected in the dog erythroblasts, a fragment
cDNA was cloned and the sequence was 100% iden-
tical to that in kidney. It was therefore suggested that
mRNA of AQP1 is probably expressed in the pro-
genitor cells of dog red blood cells, and that AQP1
might exist in the dog red blood cell membrane as
reported in other species [8,22]. Erythroblasts or re-

ticulocytes synthesize hemoglobin almost entirely, so
sometimes it is di¤cult to detect mRNA other than
hemoglobin [35]. Actually, a fragment cDNA of K-
Cl cotransporter, a red blood cell membrane protein,
was not detected in reticulocytes, but was found
from the early stage of erythroblasts di¡erentiated
from erythroleukemia cells [35]. These ¢ndings might
explain why only a fragment cDNA was cloned in
erythroblasts in this experiment, and not full-length
cDNA.

These results contribute not only to adding dog
AQP1 to the reported gene family of AQP1; the
variation found in dog AQP1 will also be useful in
order to examine the role of the water channel. The
authors intend to use this gene to examine water
permeation during RVD in dog red blood cells in
the future.
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