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Chapter 1

General introduction

Water is the major constituent of almost all life forms, accounting for
approximately 50-95% of the body weight of all living organisms. It is essential for the
continued survival of all organisms. Water has unique physical and chemical properties
that have earned it the name of “universal solvent” due to its ability to act as a solvent
for many substances. Organisms depend upon this property, and water maintains life by
stabilizing biomolecular structures, contributing to intra- and extracellular biochemical
reactions and functioning as a transport medium of biomolecules. Organisms originated
in a primitive marine environment approximately 4 billion years ago and subsequently
evolved gradually to life in fresh water or on dry land. As such, the evolution of
organisms is intricately linked with water, and this inorganic molecule is of great
importance for all living processes.

Anuran amphibians, the most numerous order of the Amphibia, are widely
distributed throughout the world and have adapted to various water environments,
ranging from freshwater and seawater to forests and arid desert (Pough, 2007; Frost,
2008). Most anurans go through an aquatic stage — the tadpole stage — before they
metamorphose into their adult form, which is able to adapt to life on land. Adult anurans,
with the exception of some aquatic species, are terrestrial and exposed to evaporative
water loss through their thin skin when on dry land (Lillywhite, 2006). It is important to
understand the adaptive processes to enable anurans to inhabit a wide range of
ecological environments, in terms of water homeostasis. To adapt to their habitats,
anurans have developed various complicated systems for maintaining water balance.
For example, in general, most adult anuran amphibians do not drink water through their

mouth, rather they absorb water through the ventral pelvic skin (also referred to as the
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pelvic patch) and reabsorb water from urine in the urinary bladder (Bently & Main,
1972; Bently & Yorio, 1979).

The plasma membrane, formed by a phospholipid bilayer, functions as an
exquisitely selective barrier against the entry of ions, small neutral solutes, and water
into cells. It is slightly permeable to water by simple diffusion. However, some types of
cells and tissues, such as the red blood cell, mammalian kidney, and anuran skin and
urinary bladder, exhibit high water permeability, giving rise to the hypothesis that
specialized water transport molecules (water channels) may exist in these cells and
tissues. Freeze-fracture electron microscopic studies have suggested that intramembrane
particles in the amphibian urinary bladder and skin may be water channel proteins
because they translocate from the cytoplasmic pools to the plasma membrane following
stimulation by vasopressin (Chevalier ef al., 1974; Kachadorian ef al., 1975; Brown et

al., 1983).

Aquaporin family

In 1992, a water channel was identified in the plasma membrane of red blood cells,
which was subsequently named aquaporin (AQP) (Agre ef al., 1995). Aquaporins are a
class of integral membrane proteins that form a selective water pore in the plasma
membrane of various cells of animals, plants, and microorganisms (Zardoya, 2005).
There are at least 13 different members of the AQP protein family (AQP0-AQP12) that
mediate bidirectional water transport across the plasma membrane in response to
osmotic gradients and differences in hydrostatic pressure. A common characteristic of
the AQP protein family members is that they contain a conserved sequence of
asparagine, proline, and alanine, called the NPA motif. Aquaporin proteins can be
categorized into two subfamilies, orthodox AQPs and aquaglyceroporins, based on their

transport function. Orthodox AQPs, such as AQPO, AQP1, AQP2, AQP4, and AQPS,




conduct only water, whereas aquaglyceroporin, including AQP3, AQP7, AQP9, and
AQP10, transport not only water but also small neutral solutes, such as glycerol and
urea (Ishibashi er al., 2000; Takata et al., 2004). AQP6, AQPS8, AQP11, and AQP12
have recently been grouped as unorthodox AQPs because their functions are not yet

fully defined (Ishibashi, 2006; Rojek et al., 2008).

AQP of anuran amphibians

In general, the anuran species adapted to the terrestrial environment, such as Bufo
(terrestrial) and Hyla (arboreal), have a ventral pelvic skin that is highly permeable to
water and a bladder that has a high capacity to store urine. In contrast, aquatic anuran
species, such as Xenopus laevis, have a ventral pelvic skin with a low permeability to
water and a urinary bladder with a low storage capacity (Bentley & Main, 1972; Bentley,
2002).

Recently, Dr. Tanaka’s group has identified three distinct types of arginine
vasotocin (AVT)-dependent AQPs in the tree frog: AQP-h2 and AQP-h3 in the ventral
skin (Tanii et al., 2002; Hasegawa ef al., 2003), AQP-h2 in the urinary bladder, and
AQP-h2K in the kidney (Ogushi er al., 2007). Transepithelial water transport seems to
be accomplished by these AQPs in concert with AQP-h3BL (Akabane et al., 2007).
AQP-h2 and AQP-h3 are specifically expressed in the ventral pelvic skin of tree frogs,
where water absorption occurs (Tanii ef al., 2002; Hasegawa et al., 2003). In response
to stimulation by AVT, these AQP proteins are translocated to the apical plasma
membrane for the purpose of absorbing water through the membrane, whereas the water
exits from the cytoplasm through the AQP-h3BL protein, moves into the connective
tissues, and then enters capillaries through AQP1 for rehydration of the body (Suzuki &
Tanaka, 2009). In contrast to AQP-h2 and AQP-h3, the localization of AQP-h3BL does

not change following AVT stimulation (Akabane et al., 2007). In addition to localizing



AQP-h3BL protein in the basolateral membrane, it was also demonstrated that both
AQP-h2 and AQP-h3 proteins are located at the basolateral plasma membrane of the
first-reacting granular cells in the non-stimulated ventral pelvic skin of tree frogs
(Hasegawa ef al., 2003).

Although Hyla AQP-h2 is translocated from the cytoplasm to the apical plasma
membrane of granular cells of the Hyla urinary bladder in response to AVT stimulation
(Hasegawa et al., 2005), AQP-h2 immunoreactivity in the Xenopus bladder remains in
the cytoplasm, with little movement to the apical membrane after AVT stimulation
(Mochida et al., 2008). This finding indicates that the response of Xenopus to AVT is
considerably weaker than that of semi-aquatic, terrestrial, and arboreal anurans (Ewer,
1952; Bentley, 2002; Hasegawa et al., 2003, 2005). Thus, it would appear that anuran
species possess different osmoregulatory systems through AVT-dependent AQPs, which

are dependent upon ecological niches.

Anuran amphibian kidney

In adult anurans, AVT exerts antidiuretic effects on the kidney, as well as the
urinary bladder, to aid water economy (Bentley, 2002). The renal effect of AVT is
considered to be weak in the aquatic species, such as X. /aevis (Kloas & Hanke, 1992),
while the kidney of most adult anurans shows significant antidiuretic responses to AVT
in two modes: a decreased glomerular filtration rate and an increased water reabsorption
across the renal tubule (Pang, 1983; Bentley, 2002). The adult kidney is a mesonephros,
and the nephrons comprise a glomerulus in the Bowman’s capsule and a renal tubule
that is divided into the following morphologically distinguishable segments: a neck
segment, proximal tubule, thin intermediate segment, early distal tubule, late distal
tubule, and connecting tubule linked to the collecting duct (Romer and Parsons, 1986,

Uchiyama & Yoshizawa, 2002; Hillyard, et al., 2009) (Fig. 1). The anuran renal tubule




does not have an extended U-shaped medullary portion like Henle’s loop in the avian
and mammalian kidneys, so that hyperosmotic urine cannot be produced in the anuran

kidney (Bentley, 1998).

Proteolytic processing of pro-arginine-vasotocin

Hydrin i1s an intermediate peptide derived from a pro-vasotocin-neurophysin
precursor. It plays a pivotal role in the water absorption/reabsorption process in the skin
and bladder but is devoid of antidiuretic activity in the kidney (Michel er al., 1993,
Rouille et al., 1989). Hydrin 2 (vasotocinyl-Gly) is present in an amount equal to that of
AVT in the neurohypophysis of Ranidae and Bufonidae. In contrast, the aquatic frog X.
laevis synthesizes hydrin 1 (vasotocinyl-Gly-Lys-Arg) as well as AVT. Both peptides are
generated from a down-regulation in the processing, i.e., hydrin 1 by a decrease in
carboxypeptidase E activity and hydrin 2 by a reduction in the activity of the
a-amidating enzymatic system. These hydrins are found in anuran amphibians, but not
in other vertebrates, raising the question of whether hydrin has a stimulatory potency in
the translocation of frog AQPs to the apical membrane in the principal cells of the

pelvic skin.

The aim of this thesis

The aim of this thesis is to elucidate the adaptation mechanisms of anuran
amphibians to various water environments of anuran amphibians in term of the water
channel, AQP. In Chapter 2, I identified the anuran orthologue of mammalian AQP2,
AQP-h2K, from the kidney of the tree frog, H. japonica, and analyzed its functions.
Furthermore, phylogenetical relationships were analyzed by comparing the primary
structures of various AQP molecules, elucidating that the AQP family is composed of at

least AQP0-AQPS, AQP7-AQP10, and the two anuran-specific type, designated as




AQPal and AQPa2. Chapter 3 reports the regulatory system of water permeability in the
ventral pelvic skin in the tree frog. I examined the water permeability in the pelvic skin
utilizing AVT, hydrins (intermediate peptides of pro-AVT), and B-adrenergic effectors,
because both AVT and B-adrenergic neuron regulate the water permeability of the frog
ventral skin. The effects of antidiuretic hormone on osmotic water transfer across
anuran pelvic skin had been extensively investigated in vitro (Warburg, 2000; Bentley,
2002). Interestingly, the response to antidiuretic hormone tends to be greater in anuran
species normally occupying drier habitats than those from wet habitats (Bentley, 1974,
2002). In Chapter 4, to examine the involvement of AQPs in this difference,
immunoblot analysis has been performed for the tissues of five Japanese anurans.
According to their habitats, they can be divided into four groups. Xenopus laevis is
aquatic, and Rana catesbeiana and R. nigromaculata are classified into a semi-aquatic
group. B. japonicus and H. japonica, which expand their habitats to the drier land, are
classified as a terrestrial species and tree-adapted species, respectively. Because the
antibody against Hyla AQP-h2 was raised and utilized in the previous experiments
(Hasegawa et al., 2003), this antibody was applied to Western blot analysis for other
anurans. AQP-h2 and AQP-h2-like protein were detected in the urinary bladder of all
the species examined. The AQP-h2 homologue was detected in the pelvic skin of the
terrestrial anuran, as in the tree-adapted anuran, but not in the other species. On the
other hand, the cDNA encoding AQP-h3-homolog was identified in the ventral pelvic
skin of all the anurans examined, by molecular cloning (Table 1-1). Based on these
results, I postulated that the AQP-h2 is the urinary bladder-type AQP, while AQP-h3 is
the ventral pelvic skin-type AQP. In contrast, the skin of the aquatic clawed frog, X.
laevis, has a much lower water permeability that reduces excessive entry of water into
the body and is not stimulated by AVT (Bentely & Mains, 1972; Bentely, 1966). I found

that the pelvic skin-type AQP (AQP-x3) has lost the ability of efficient protein




production, and elucidated that the extra C-terminal tail in AQP-x3 and/or 33
nucleotides encoding this tail appear to participate in the posttranscriptional regulation
of AQP-x3 gene expression by attenuating protein expression. The last chapter provides

a summary and discussion of the results described in this dissertation.
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Table 1. Phylogenetic distribution of AQP-h2-like protein and ¢cDNA encording

AQP-h3-like protein in ventral pelvic skin and urinary bladder

AQP-h2-like protein

¢DNA for
AQP-h3-like protein

Species Habitat Pelvic skin Urinary bladder Pelvic skin
Hyla japonica arboreal + + +
Bufo japonicus terrestrial + + +
Rana catesbeiana semiaquatic - + +
Rana nigromaculata  semiaquatic - + +
Xenopus laevis aquatic - + +
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Fig. 1-1. Schematic illustration of an anuran nephron connected to a
collecting duct. The anuran nephron is composed of a glomerulus,
Bowman's capsule, a neck segment, proximal tubule, thin intermediate
segment, early distal tubule, late distal tubule, and connecting tubule
connected to the collecting duct. Blue dotted arrows depict the tubular
fluid flow.
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Chaptor 2

Immunocytochemical and Phylogenetic Analyses of an Arginine
Vasotocin-Dependent Aquaporin, AQP-h2K, Specifically Expressed in the Kidney

of the Tree Frog, Hyla japonica

Abstract

Water movement occurs across the plasma membrane of various cells of animals,
plants, and microorganisms through specialized water-channel proteins called
aquaporins (AQPs).We have identified a new member of the amphibian AQP family,
AQP-h2K, from the kidneys of Hyla japonica. This protein consists of 280 amino acid
residues with two NPA (Asn-Pro-Ala) sequence motifs and a mercury-sensitive
cysteine residue just upstream from the second NPA motif. There are two putative
N-linked glycosylation sites at Asn-120 and Asn-128 and one protein kinase A
phosphorylation site at Ser-262. The AQP-h2K protein was specifically expressed in
the apical membrane and/or cytoplasm of principal cells in the kidney collecting ducts.
After stimulation with arginine vasotocin, it was translocated from the cytoplasmic pool
to the apical membrane. Phylogenetic analysis of AQP proteins from anurans and
mammals identified six clusters of anuran AQPs: types 1, 2, 3, and 5 and two
anuran-specific types, designated al and a2. The cluster AQPa2 contains Hyla AQP-h2
and AQP-h3, which are expressed in the anuran urinary bladder and ventral pelvic skin.
AQP-h2K belongs to the type 2, together with mammalian (human and mouse) AQP2,
suggesting that AQP-h2K is an anuran ortholog of the neurohypophysial
hormone-regulated mammalianAQP2 and that theAQP2 molecule is already present in

the anuran mesonephros. (Endocrinology 148: 5891-5901, 2007)
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Introduction

ANURAN AMPHIBIANS (frogs and toads), the most numerous order of the
Amphibia, are widely distributed throughout the world and have adapted to a wide
range of water environments. Adult anurans, with the exception of some totally aquatic
species, are constantly exposed to the risk of water evaporation through their thin skin
when on dry land. To adapt to their habitats, they have developed various complicated
osmoregulatory systems for maintaining their water balance. Most adult anurans do not
drink through their mouth; rather they absorb it through the ventral pelvic skin which,
compared with that of other tetrapods, is highly permeable to water, respiratory gases,
and some solutes (Bentley ef al., 1972; Bentley et al., 1979). Water is also reabsorbed
from the urine in the adult anuran urinary bladder in response to arginine vasotocin
(AVT,; the nonmammalian vertebrate counterpart of vasopressin). The amphibian
kidney consists of eight morphologically distinguishable parts: a glomerulus, neck
segment, proximal tubule, thin intermediate segment, early distal tubule, late distal
tubule, connecting tubule, and collecting duct (Uchiyama e al., 2002). Whereas some
of the water filtrated through the glomerulus is considered to be reabsorbed from the
nephron in the kidney, to date no amphibian kidney has been observed to produce
hyperosmotic urine, possibly because the Henle’s loop, a U-shaped medullary portion
of the nephron, is not developed to the same extent as in birds and mammals (Bentley,
2002). However, there have been reports of significant amounts of water being
reabsorbed from the renal tubule of the amphibian kidney in response to AVT (Sawyer,
1957) or noradrenaline (Gallardo ez al., 1980, Pang et al., 1982). These results have
been supported by the study by Uchiyama (Uchiyama, 1994) showing the possible
presence of V2-type AVT receptors in the microdissected connecting tubule of the
nephron of bullfrogs based on increases in cAMP levels in response to AVT. However,

it has remained an open question whether an appreciable amount of water is reabsorbed
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from the kidney during rehydration because the water taken up and discharged from the
kidney accumulates in and is reabsorbed from the urinary bladder (Steen, 1929).
Aquaporin (AQP) proteins are a class of integral membrane proteins that form selective
water channels (pores) in the plasma membranes of various cells of animals, plants, and
microorganisms. There is, however, a subfamily of AQPs, termed aquaglyceroporins,
which form membrane pores that are permeated by certain small solutes, such as
glycerol and urea. To date, 13 isoforms of AQPs (AQP0-AQP12) have been identified
in mammals and characterized by cloning and sequencing of their cDNA (Ishibashi et
al., 2000, Takata et al., 2004). We previously cloned cDNAs encoding three distinct
AQPs (AQP-h1, AQP-h2, and AQP-h3) from the ventral pelvic skins of Hyla japonica
(Tanii et al., 2002; Hasegawa et al., 2003). AQP-h1 was found to be homologous to
mammalian AQP1 and showed a ubiquitous tissue distribution, AQP-h2 protein was
expressed in the ventral pelvic skin and urinary bladder but not in the kidney, whereas
AQP-h3 displayed a specific distribution that was restricted to the ventral pelvic skins.
As for H. japonica, therefore, water is absorbed from the apical membrane of granular
cells in the ventral pelvic skins and from the urinary bladder through the mediation of
AQP-h2 together with AQP-h3 or by AQP-h2 alone, respectively. In the granular cells,
these proteins are translocated to the apical membrane from the cytoplasmic pools in
response to stimulation by AVT (Hasegawa et al., 2003; Hasegawa et al., 2005). In
addition, AQP-h3BL, which was found to be homologous to mammalian AQP3, is
expressed in the basolateral plasma membrane of these cells, thereby potentially
forming the exit chanﬁel-proteins for the passage of water (Akabane ef al., 2007).
Taken together, these findings provide solid evidence for both AQP-h2 and AQP-h3
dependence on AVT stimulation. However, immunofluorescence and Western blot
staining did not reveal the presence of AQP-h2 or AQP-h3 proteins in the kidney (Tanii

et al., 2002, Hasegawa ef al., 2003). We report here the identification of a new member
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of the amphibian AQP family, AQP-h2K, which has been isolated from the kidneys of
H. japonica. This protein is predominantly expressed in apical plasma membrane or
cytoplasm of the collecting duct cells. We also examined phylogenetic relationships
among the three AVT-dependent AQPs in the tree frog, AQP-h2, AQP-h3, and
AQP-h2K. Bayesian and neighbor-joining analyses revealed that AQP-h2K belongs to
the same cluster as mammalian AQP2, whereas AQP-h2 and AQP-h3 belong to an

anuran-specific AQPa2 cluster.

Materials and Methods
Animals

Adult tree frogs (H. japonica) were captured in a field near our university
(Shizuoka University, Shizuoka, Japan), kept under laboratory conditions, and fed
crickets. The animals were 2-2.5 cm long (body length) and weighed 1.0 —1.3 g; sex
was not considered to be a relevant factor in our experiments. The kidneys were
removed from anesthetized animals (MS 222; Nacalai tesque, Kyoto, Japan) for
processing and subsequent use in cDNA cloning experiments. The animals were then
killed, and various tissues, the kidney, urinary bladder, ventral pelvic skin, dorsal skin,
heart, muscle, liver, lung, brain, testis, and ovary, were removed for analysis by
RT-PCR and immunocytochemistry. All animal experiments were carried out in
compliance with the Guide for Care and Use of Laboratory Animals of Shizuoka

University.

Oligonucleotide design

The sense primer and antisense primer used for cloning Hyla AQPh2K are given

in Table 1.
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Cloning of the partial-length cDNA

The kidneys were used for total RNA preparation. The dissected kidneys were
immediately frozen in liquid nitrogen, and total RNA was extracted with TRIZOL RNA
extraction reagent (Invitrogen, Tokyo, Japan). RT-PCR was performed using
Moloney-murine leukemia virus (M-MLV) reverse transcriptase (RT; Invitrogen)
according to the manufacturer’s instructions. PCR was performed using primers 1 and 2,
as described previously (Akabane et al., 2007). The PCR products were purified after
gel electrophoresis and sequenced using an Aloka DNA sequencer [Model
Lic-4200L(S); Aloka Co., Ltd., Tokyo, Japan]. 3’ and 5’ rapid amplication of cDNA
ends (RACE) The RACE technique was used to obtain the full-length Hyla AQPh2K
mRNA sequence. For 3’-RACE, poly(A)" RNA was isolated from the total RNA using
oligo-dT-coated latex beads (Oligotex-dT30 super; Takara, Kyoto, Japan) according to
the manufacturer’s instructions. Isolated RNA was primed with oligo-dT19 adaptor
primer and reverse transcribed using M-MLV RT. A 1-ul aliquot of the RT product was
then PCR amplified with primer 1 and the adaptor primer; subsequent amplification
was performed using the 3’ primer and the adaptor primer. After denaturation at 95 C
for 5 min, PCR amplification program consisted of five cycles of 60 sec at 94 C, 60 sec
at 60 C, and 90 sec at 72 C, five cycles of 60 sec at 94 C, 60 sec at 58 C, and 90 sec at
72 C; five cycles of 60 sec at 94 C, 60 sec at 56 C, and 90 sec at 72 C; and 15 cycles of
60 sec at 94 C, 60 sec at 55 C, and 90 sec at 72 C. The obtained clone was sequenced as
described above. For 5°-RACE, poly(A)" RNA was primed with primer 2 and reverse
transcribed using the M-MLV-RT. This first-strand cDNA was purified with a QIA
Quick PCR purification kit (QIAGEN, Hilden, Germany), and a poly(A) tail was
synthesized at the 3* terminus of the cDNA with 1 mm dATP and 0.8 U720 pl of
terminal deoxynucleotidyl transferase (Toyobo, Osaka, Japan). After the resultant

c¢DNA was purified once again using the same kit, the second cDNA was synthesized
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with Ex Taq polymerase (1.25 U/50 pl) and oligo-dT 19 adaptor primer sequentially for
Sminat93 C, 90 sec at 42 C, and 3 min at 72 C. A 1-ul aliquot of second-strand cDNA
was then amplified by PCR with the 5° primer and the adaptor primer. This product was
then amplified by PCR with the 5’ nested primer and adaptor primer. These PCR
amplifications were carried out under conditions identical with those described for the
3" RACE-PCR. The obtained clone was sequenced as described above. Phylogenetic
analysis The amino acid sequences of human, mouse, and anuran AQPs were aligned
using ClustalW(http.//bioweb. paste seganal/interfaces/ clustalw.html) (Thompson
et al., 1994), and alignment parameters were set according to an instruction manual by
Hall (Hall, 2004), e.g. Gonnet 250 for protein weight matrix, 35 for the gap opening
penalty, and 0.75 for the gap extension penalty in the pairwise alignment, and Gonnet
series for protein weight matrix, 15 for the gap opening penalty and 0.3 for the gap
extension penalty in the multiple alignment. An unrooted tree was generated by the
Bayesian method (Mau et a/., 1999), using the MrBayes program version 3.1.2
(http://www.mrbayes.csit.fsu.edw/index.php) (Ronquist ez al., 2003).
Metropolis-coupled Markov Chain Monte Carlo sampling was conducted for 2 million
generations (four simultaneous Metropolis-coupled chains; sample frequency 100
generations; chain temperature 0.2) under the JTT (Jones et al., 1992) +I'model.
Among the sampled 20,000 trees, the first 5,000 trees were discarded as burnin, and the
subsequent trees were used to construct a 50% majority-rule consensus tree. The
credibility of clades was evaluated using Bayesian posterior probabilities. Another
unrooted tree was inferred by the neighbor-joining (NJ) method (Saitou et al., 1987) in
the PAUP program version 4.0 B-10 (Sinauer Associates, Inc., Sunderland, MA). The
mean character difference was used to estimate the evolutionary distance. Confidence
in the NJ tree was assessed with 10,000 bootstrap replications (Felsenstein, 1985) and

used to construct a 50% majority-rule consensus tree.
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Antibodies

An oligopeptide corresponding to the C-terminal amino acids 269-280 (ST-202:
QTIPRSGMTEKY) of the Hyla AQP-h2K, with an aminoterminal cysteine residue,
was synthesized on a model 433 A synthesizer (PE Applied Biosystems, Foster City,
CA.). The crude peptide was purified by reverse-phase HPLC with a 0-60% linear
gradient of CH3;CN in 0.1% trifluoroacetic acid. Purification of the peptide was
confirmed by measuring its molecular mass by mass spectrometry. The antibody was
raised in a rabbit or guinea pig immunized with the ST-202 peptide coupled to keyhole
limpet hemocyanin (Pierce, Rockford, IL), as described previously (Tanaka et al.,
1992). Similarly, an antibody against Hyla AQP-h1 (Tanii et al., 2002) was raised in
rabbits using the C-terminal amino acids 256-269 [ST-153:
(C)EYELDGEDARMEMK] as antigen. The rabbit anti-Hyl/a AQP-h3BL (15Akabane
et al., 2007) and bullfrog vacuole proton ATPase E-subunit (V-ATPase) (Yajima et al.,
2007) sera had been generated and characterized previously. RT-PCR of Hyla tissue
The tissue expression of AQP-h2K mRNA was analyzed by RT-PCR. TRIZOL reagent
was used to prepare total RNA from various Hyla tissues. Total RNA (20 ug) was first
treated with DNase I (4 U; Takara), after which a 10-ug aliquot of the total RNA
product was reverse transcribed at 37 C for 1 h and then at 52 C for 30 min in 20 ul of
reaction buffer containing 1 mm of each deoxynucleotide triphosphate, 9.9 U M-M-LV
RT (Takara), 20 U RNase inhibitor (Toyobo), and 7.5 mm oligo-dT19 primer (Operon,
Tokyo, Japan). RT-PCR was performed basically by the same method described above,
using primers 1 and 2. The RT-PCR products were analyzed on a 2% agarose gel
containing ethidium bromide (0.5 pg/ml). Marker 6 (A/Sty1 digest; Wako Pure
Chemicals, Osaka, Japan) was used as the molecular-weight marker. Osmotic water

permeability of oocytes The full-length Hyla AQP-h2K cDNAwas produced by
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RT-PCR using the Kozak sequence with Hyla AQP-h2K-specific primer
(GCCACCATGATGATGTCAGAC) and Hyla AQP-h2K -specific primer with
poly(A)s [(T):sGGTGTATTTACCAGATACC]. The product of the PCR amplification
was cloned into the pGEM-5Z vector (Promega, Madison, WI). cRNAs were prepared
from linearizedpGEM-5Zvectors containing the entire open reading frame of AQP-h2K
by digestion with 4pal (Takara), followed by transcription and capping with SP6 RNA
polymerase (mCAP RNA capping kit; Stratagene, La Jolla, CA). Stage V and VI
Xenopus oocytes were defolliculated by collagenase (1 mg/ml; Roche Molecular
Biochemicals, Meylan, France), microinjected with either cRNAs (50 ng) or water, and
incubated for 3 d inBarth’s buffer at 18 C, after which they were transferred from 200
mOsm to 70 mOsm Barth’s buffer. The osmotically elicited increase in volume was
monitored at 24 C under a BX50 microscope (Olympus, Tokyo, Japan) with a -4
magnifying objective lens and a chargecoupled device camera connected to a computer.
The coefficient of osmotic water permeability (Pf) was calculated from the initial slope
of oocyte swelling according to accepted methodology (Fushimi et al., 1993, Zhang et
al., 1990). In some experiments, AQP cRNA-injected oocytes were incubated with
0.3mM HgCl; for 10 min. To confirm whether AQP-h2K protein was expressed in
Xenopus oocytes after the injection of AQP-h2K ¢cRNA, we evaluated AQP-h2K ¢cRNA
injected or water-injected oocytes by Western blot analysis and immunostaining as

described below.

Western blot analysis

The AQP-h2K cRNA-injected oocytes were homogenized in cell lysis buffer [50
mM Tris-HCI (pH 8.0), 0.15 m NacCl, 1% Triton X-100, 0.1 mg/ml
phenylmethylsulfonyl fluoride, 1 pg/mi aprotinin] and centrifuged at 12,000 rpm in a

microcentrifuge for 10 min to remove insoluble materials. The protein (10 ug) was
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denatured at 70 C for 10 min in denaturation buffer comprising 3% sodium dodecyl
sulfate, 70 mM Tris-HCI (pH 6.8), 11.2% glycerol, 5% 2-mercaptoethanol, and 0.01%
bromophenol blue; subjected to electrophoresis on a 12% polyacrylamide gel; and then
transferred to an Immobilon-P membrane (Millipore, Tokyo, Japan). The proteins on
the membrane were reacted sequentially with rabbit anti-AQP-h2K (ST-202) serum
diluted at 1:5000, biotinylated goat antirabbit IgG (Dako Japan, Kyoto, Japan), and
streptavidin-conjugated horseradish peroxidase (Dako Japan). The reaction products on
the membrane were visualized using an ECL Western blot detection kit (Amersham
Pharmacia Biotech, Buckinghamshire, UK). To check the specificity of the
immunoreaction, we performed an absorption test by preincubating anti-AQP-h2K
(ST-202) with the antigen peptide (10 pg/ml). To determine whether the
immunoreactive proteins were glycosylated, we treated the extracts from the
cRNA-injected oocytes at 37 C with peptide-N-glycosidase F (Daiichi Pure Chemicals,
Tokyo, Japan) before SDS-PAGE and Western blot in accordance with the

manufacturer’s instructions.

Immunofluorescence

The kidney, urinary bladder, and testis were fixed overnight at 4 C in
periodate-lysine-paraformaldehyde fixative, dehydrated, and embedded in Paraplast.
Thin (4 um) sections were cut and mounted on gelatincoated slides, deparaffinized, and
rinsed with distilled water and PBS. For single labeling of AQP-h2K or AQP-h1
protein, immunofluorescence staining was performed essentially as described
previously (Tanaka ef al., 1997). The sections were sequentially incubated with 1%
BSA-PBS, rabbit anti-AQP-h2K serum (1:2000), or rabbit anti-AQP-h1 serum (1:5000),
and indocarbocyanine (Cy3)-labeled affinity-purified donkey antirabbit IgG (1:400;

Jackson ImmunoResearch, West Grove, PA). For nuclear counterstaining, 4°,
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6-diamidino-2-phenylindole (DAPI) was included in the secondary antibody solution.
The sections were finally washed with PBS and then mounted in PermaFluor
(Immunon, Pittsburgh, PA). The specificity of the immunostaining was checked using
an absorption test by preincubating the anti-AQP-h2K or anti-AQP-h1 antiserum with
the corresponding antigen peptide (10 ug/ml). For double-immunofluorescence staining
for AQP-h2K and AQP-h3BL, sections were first incubated with a mixture of guinea
pig anti-AQP-h2K (1:2000) and rabbit anti-AQP-h3BL (ST-184: 1:2000) (Akabane et
al., 2007) and then reacted with a mixture of Alexa488-labeled goat anti-guinea pig IgG
(1:200) and Cy3-labeled donkey antirabbit IgG (1:400; Jackson), and DAPL. Tree frogs,
which had been immersed in a container filled with water for 30 min, were used in the
stimulation experiments with AVT. The frogs were injected with 50 pl saline or 10° M
[Arg ®1-AVT dissolved with saline (Peptide Institute, Osaka, Japan), and 15 min after
the injection, the kidneys were fixed with the same fixative solution for examination by
immunofluorescence microscopy. Some sections were double stained for both
AQP-h2K and bullfrog V-ATPase (Yajima et al., 2007) to identify the parts of a
nephron. Specimens were examined with an Olympus BX61 microscope equipped with

a BX-epifluorescence attachment (Olympus Optical, Tokyo, Japan).

Statistical analysis
Student’s ¢ test or the Cochran-Cox test for nonhomogeneous data were used for

analyzing the results.

Results
cDNA cloning of Hyla AQP-h2K
Figure 2-1A shows the full-length cDNA sequence of Hyla AQP-h2K and

deduced amino acids. The cDNA consisted of a 45-bp 5’-untranslated region and a
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encoded a protein of 280 amino acids with a relative molecular mass calculated to be
30,531 Da. Hydropathy analysis predicted six transmembrane regions with an N
terminus and a C terminus located in the cytoplasm, which is similar to other major
intrinsic proteins family members (Fig. 2-1B). There were two putative N-linked
glycosylation sites at Asn-120 and Asn-128, one protein kinase C phosphorylation at
Ser-236, and one protein kinase A phosphorylation site at Ser-262 in the predicted
amino acid sequence of AQP-h2K. The amino acid sequence also contained the
conserved Asn-Pro-Ala (NPA) motif found in all major intrinsic protein family
members as well as a cysteine just upstream from the second NPA motif, This full-
length cDNA sequence has been deposited in DDBJ/ EMBL/GenBank (accession no.

AB295642).

Phylogenetic analysis of amphibian

AQPs Hyla AQP-h2K showed the highest degree of amino acid sequence
similarity to AQP2 (HC-2) of H. chrysoscelis (97%) (Zimmerman et al., 2007),
followed by a high degree of similarity to mammalian AQP2 (69%), including that of
mouse, rat, and human. In addition, Hyla AQP-h2K showed sequence similarity to
Xenopus AQP (61%; AANT75455), Bufo marinus AQP-12 (60%; AAC6994), Hyla
AQP-h2 (58%) (Hasegawa et al., 2003), AQP-h3 (57%) (Tanii et al., 2002), and B.
marinus AQP-t3 (57%; AAC69695). Bayesian phylogenetic analysis of 25 mammalian
AQPs and 19 anuan AQPs suggests that anuran AQPs are divided into six clusters, i.e.
types 1, 2, 3, and 5 and two anuran-specific types, designated as al and a2 (the letter a
represents anuran) (Fig. 2-2). The cluster AQPal comprises AQPxlo from Xenopus
laevis oocytes (Virkki et al., 2002) and another X. laevis AQP (BC090201). The cluster
AQPa2 is composed of AQP-h2 (Hasegawa et al., 2003) and AQP-h3 (Tanii ef al.,

2002) from the tree frog, H. japonica, and AQP-t2 (AF020621) and AQP-t3
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(AF020622) from the toad, B. marinus. Interestingly, the cluster AQP2 contains not
only mammalian AQP2 but also AQP-h2K from H. japonica and AQP HC-2 from H.
chrysoscelis (Zimmerman et al., 2007). Anuran AQP1 molecules cloned from several
frogs, including Hyla (AQP-h1; AB073315) and Rana (FACHIP) (Abrami et al., 1994),
belong to the cladeAQP1together with mammalian AQP1. The clade AQP3 consists of
Hyla AQP-h3BL (Akabane et al., 2007), Xenopus AQP3(AJ131847), and Hyla HC-3
(Felsenstein, 1985) as well asmammalian AQP3. The clade AQP5 comprises AQPs
from Xenopus (AQPx5) (Kubota et al., 2006) and Bufo (AQP-t4;, AF020623) in
addition to mammalian AQP5. NJ analysis corroborates the classification of anuran
AQPs into six types (Fig. 2-3; data not shown for types 1, 3, or al) and close

relationships among AQP0, AQP2, AQP5, AQP6, and AQPa2 (Fig. 2-3).

Distribution of Hyla AQP-h2K mRNA expressed in various tissues

The distribution of Hyla AQP-h2K mRNA expression in various tissues was
investigated by means of RT-PCR using total RNA from these tissues. AQP-h2K
mRNA was observed in the kidney, urinary bladder, and testis but not the ventral pelvic

skin (Fig. 2-4).

Expression of Hyla AQP-h2K in Xenopus oocytes

Transmembrane water flow through the Hyla AQP-h2K protein was evaluated by
an expression analysis in Xenopus oocytes. After 3 d of incubation at 18 C, the oocytes
were transferred from isotonic (200 mOsm) to hypoosmotic (70 mOsm) Barth’s
solution: swelling was monitored by means of a microscope with an attached
charge-coupled device camera, and the Pf was calculated (Fig. 2-5A). The Pf of
AQPh2K -injected oocytes was approximately 4-fold higher than that of water-injected

oocytes. The stimulated water permeability was also significantly inhibited by 0.3mM
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HgCl, (Fig. 2-5, A and B). When sections of the AQP-h2K cRNA-injected oocytes
were immunostained with anti-Hyla AQP-h2K, an intense immunopositive reaction
was observed in the plasma membrane (Fig. 2-5 C-1 and -2). The immunopositive sites
were completely abolished by preabsorption of the antiserum with 10 ug/ml of the
immunogen peptide (Fig. 2-5 C-3). In addition, no labels were observed in the
water-injected oocytes (Fig. 2-5 C-4). To test the specificity of the antiserum toward the
kidney, we conducted Western blot analysis of their membrane extracts. Because the
ST-202 antiserum did not detect any bands in the kidney membrane extract (data not
shown), we conducted a Western blot analysis using the extract of AQP-h2K
c¢RNA-injected oocytes and found a major band at approximately 31 kDa and a weak
smear band between 41 and 60 kDa (Fig. 2-5D, lane 1). The bands described above
were not detected when anti-Hyla AQP-h2K was preabsorbed with the peptide used as
the immunogen (Fig. 2-5D, lane 2). After digestion with peptide-N-glycosidase F, the
smear band at 41-60 kDa became a band of 31 kDa, suggesting that the bands of
apparent higher molecular mass represented glycosylated forms of the 31-kDa Hyla

AQP-h2K protein (Fig. 2-5, lanes 3 and 4).

Localization of Hyla AQP-h2K in the kidneys

The anuran nephron is divided into eight parts, among which are the glomerulus,
proximal tubule, late distal tubule, collecting duct, and neck segment (Uchiyama et al.,
2002). The collecting ducts consist of a monolayer of columnar epithelial cells, with the
basal side surrounded by a thin connective tissue. When kidney sections were
immunolabeled with anti-AQP-h2K, the labels were observed in the collecting ducts
only (Fig. 2-6, A—C). The immunopositive labels were abolished at the background
levels when the frog kidney sections were labeled with the preabsorbed antiserum with

the antigen (10 pg/ml) (Fig. 2-6D). When sections of the kidneys from the tree frogs
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kept in water were labeled with anti-Hyla AQP-h2K, the punctate labels were found
throughout the cytoplasm (Fig. 2-7, A, C, and E). Conversely, after the stimulation of
the tree frogs under the same conditions by AVT, the intense labels were found only in
the apical plasma membrane of the collecting ducts (Fig. 2-7, B, D, and F). In addition,
positive labels for AQP-h2K were not found in any of the cells of the urinary bladder
(Fig. 2-8, A—C) and testes (Fig. 2-8, D-F). In the urinary bladder, all of the cells were
found to react with the anti-serum (Fig. 2-8, A and B), but similar labels were seen in
the sections of the preabsorbed test of antiserum (Fig. 2-8C). The labels were also
visible in interstitial cells of the testicular stroma (Fig. 2-8, D and E), but the labels
were not diminished in the cells of the testes (Fig. 2-8F) when anti-AQP-h2K is
preabsorbed with the corresponding antigen peptide, indicating that these labels are
nonspecific. Hyla AQP-h3BL, which is expressed specifically in the basolateral plasma
membrane of water-permeable epithelial cells from H. japonica (Akabane et al., 2007),
was found to be expressed in a similar manner in the basolateral plasma membrane of
the collecting duct principal cells in the presence and absence of AVT stimulation (Fig.
2-9, A and B). The cells showing V-ATPase were scattered throughout the epithelium
of the collecting ducts and were unlabeled for AQP-h2K (Fig. 2-9, C and D). Hyla
AQP-h1 was detected in the endothelial cells around the proximal tubules and the
flattened cells of the parietal layer of Bowman’s capsule but not in principal cells of the
proximal tubules (Fig. 2-10, A, B, and D). The labels were abolished at the background

levels when the antiserum was preincubated with the antigen peptide (Fig. 2-10C).

Discussion
We report here the full-length sequence of an mRNA encoding a novel AQP,
AQP-h2K, that is specifically expressed in the principal cells of the collecting ducts of

tree frogs. This AQP, denoted AQP-h2K, has been structurally characterized as having
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two NPA motifs, two putative N-glycosylated sites, a cysteine at a mercurial sensitivity
site just upstream of the second NPA motif, and six putative transmembrane domains.
AQP-h2K also has a putative phosphorylation site by protein kinase A at Ser-262,
which is identical with that of mammalian AQP2 (Brown et al., 1998). The amino acid
sequences of Hyla AQP-h2 and Hyla AQP-h3, both of which were cloned in previous
studies, also contain a putative phosphorylation site recognized by protein kinase A
(Tanii et al., 2002; Hasegawa et al., 2003). Phosphorylations are considered to play an
important role in the trafficking of mammalian AQP2 and Hyla AQP-h2 to the apical
plasma membrane (Hasegawa et al., 2005; Denker et al., 1988, Sabolic et al., 1992).
Accordingly, AQP-h2K, similar to Hyla AQP-h2 and AQP-h3, might be translocated
from the cytoplasmic pools to the apical plasma membrane by AVT. The homology
analysis revealed that the deduced amino acid sequence of AQP-h2K has a high degree
of similarity to mammalian AQP2 and a moderate similarity to AQP-h2 and AQP-h3.
The present Bayesian and NJ phylogenetic trees suggested evolutionary relationships
between anuran AQPs and mammalian AQPs (Figs. 2-2 and 2-3). Previously we
depicted an unrooted phylogenetic tree of these AQPs, which had been inferred by the
NJ method (Suzuki et al., 2007). These three phylogenetic trees show partially different
topologies due to the difference in the analytical algorithm, amino acid substitution
model, and/or parameter for sequence alignment. For instance, amino acid substitution
models and parameters for sequence alignment are different between the previously
reported NJ tree and the present NJ tree. The former tree was constructed with the
default setting in the ClustalWprogram version 1.83
(http://clustalw.ddbj.nig.ac.jp/top-j.html) (Thompson et al., 1994), i.e. Kimura’s
distance (Kimura, 1983) was adopted as amino acid substitution model in tree inference
after the amino acid sequences of the AQPs were aligned with Blosum (Henikoff et al.,

1992) for protein weight matrix and 10 for the gap opening penalty and 0.1 for the gap
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extension penalty in the pairwise alignment and with Blosum (Henikoff et al., 1992) for
protein weight matrix, 10 for the gap opening penalty, and 0.2 for the gap extension
penalty in the multiple alignment (Suzuki ez al., 2007). On the other hand, the latter tree
was inferred as described in Materials and Methods. The three phylogenetic trees are
thus constructed under different conditions, but all the trees indicate that the hitherto
reported anuran AQPs can be classified into six clusters: types 1,2, 3, 5, al, and a2
(Figs. 2-2 and 2-3) (Suzuki ez al., 2007). Hyla AQP-h2K is assigned to the type 2
together with mammalian AQP2, whereas both AQP-h2 and AQP-h3 belong to the type
a2, suggesting that AQP-h2K is an anuran ortholog of mammalian AQP2, whereas
AQP-h2 and AQP-h3 are paralogs of mammalian AQP2. Xeropus oocytes showed a
significant increase in water permeability in the presence of AQP-h2K and an inhibition
in water permeation in the presence of HgCl,. Although this inhibitory action of HgCl,
is inconsistent with the results reported on AQP2 (HC-2) of H. chrysoscelis by
Zimmerman ef al. (Zimmerman et al., 2007), they would seem to be logical, given the
fact that Hyla AQP-h2K protein contains a mercury-sensitive cysteine residue just
upstream from the second NPA motif. Western blot analysis and digestion experiments
with peptide-N-glycosidase F of AQP-h2K cRNA-injected oocytes showed one band at
approximately 31 kDa and smear band at 41-60 kDa, indicating that the smear band is
glycosylated forms. In contrast, Western blot analysis of the extract of Hyla kidneys did
not produce a positive reaction, even when the membrane extracts of the kidneys,
prepared with the ultracentrifuge or the Native membrane protein extract kit, were used
(data not shown). This may be because the principal collecting duct cells expressing
AQP-h2K protein occupy a very small area of the kidney. RT-PCR analyses on the
expression of AQP-h2K mRNA in various Hy/a tissues revealed that AQP-h2K was
expressed in the kidney, urinary bladder, and testis. The immunofluorescence study

demonstrated that AQP-h2K protein was localized in the apical plasma membrane or
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cytoplasm of the principal cells of the kidneys in situ but that it was not present in the
urinary bladder and testes, even though RT-PCR had detected AQP-h2K mRNA in the
latter two organs. This finding suggests that AQP-h2K protein is not translated in the
urinary bladder and testes. Because mammalian AQP1 is located in the principal cells
of the kidney proximal tubules, which consequently reabsorb water constitutively
(Denker et al., 1988, Sabolic et al., 1992, Nielen et al., 1993, Maunsbach et al., 1997),
we investigated the localization of Hyla AQP-h1 in the anuran kidney by
immunolocalization. Hyla AQP-h1 was not detectable in any of the cells of the
proximal tubules. Anuran amphibian kidney is mesonephric, whereas the mammalian
kidney is metanephric, and this difference may be derived from a shift from the
mesonephros to metanephros during development. Two water transport pathways have
been proposed for the salivary acinar cells of mammals: the paracellular and
transcellular routes (Kawedia et al., 2007). However, because water is considered not to
be reabsorbed in the proximal tubules of anuran kidney and most of the reabsorbed
water is stored in the urinary bladder (Steen, 1929), only AVT-dependent AQP,
AQP-h2K, may be active in reabsorbing water in the kidney of anuran amphibians.
Immunolocalization of Hyla AQP-h2K in the frog kidneys after AVT treatment resulted
in enhanced signals for AQPh2K on the apical plasma membrane of the principal cells
of the kidney collecting ducts. In mammals, AQP2 is involved in the reabsorption of
water in the collecting duct of the kidney (Fushimi er o/., 1993; Klussmann et al., 2000)
and is expressed in the apical plasma membrane and cytoplasm just beneath the apical
membrane (Fushimi et al., 1993; Nielsen et al, 1993). In response to antiduiric hormone
(ADH), mammalian AQP?2 is translocated from the cytoplasmic pool to the apical
membrane, thereby enhancing the water permeability of the membrane (Nielsen et al,
1993, Nielsen et al., 1995); conversely, in the nonstimulated condition, AQP?2 is

removed from the apical membrane by endocytosis, thereby decreasing water
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permeability (Nielsen et al., 1995). Thus, mammalian AQP2 is considered to be an
ADH-regulated AQP. In the present study, we obtained data indicating that AQP-h2K
resides in the vesicles distributed throughout the entire cytoplasm in the nonstimulated
condition and that it is translocated to the apical plasma membrane in response to AVT.
Based on these results, we propose that Hyla AQP-h2K is a water-channel molecule
that is regulated in response to AVT. Several lines of evidence have shown that protein
kinase A phosphorylation at the consensus Ser-256 is a necessary condition for the
migration of mammalian AQP2 from the intracellular membrane vesicles to the apical
plasma membrane (Kuwahara ef al., 1995; Fushimi et al., 1997; Van Balkom et al.,
2002). Because there is a protein kinase A site at Ser-262 in AQP-h2K, phosphorylation
at this site may be necessary for the translocation of AQP-h2K protein to the apical
plasma membrane. We have previously shown that in the granular cells of the urinary
bladder, Hyla AQP-h2 is phosphorylated in the vesicles within 2 min of AVT
stimulation and subsequently translocated to the apical membrane of these same cells
(Hasegawa et al., 2005). Similar events may occur with Hyla AQP-h2K. Taken
together, our present and previous data (Tanii et al., 2002; Hasegawa et al., 2003)
demonstrated that an AVT-dependent AQP is expressed in the collecting ducts of the
kidney of H. japonica and that there are three distinct types of AVT-dependent AQPs in
this tree frog: AQP-h2, AQP-h3, and AQP-h2K. These AQPs show different tissue
distribution and seem to play important roles in the hormone-dependent water transport
in three anuran osmoregulatory organs: AQP-h2 and AQP-h3 in the ventral pelvic skin,

AQP-h2 in the urinary bladder, and AQP-h2K in the kidney.
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Table 2-1

Primers used for cloning and PCR analysis of Hyla AQP-h2K sequence

Name Primer sequence
AQP-h2K

primer 1 §’-CCTTACTGTTTCCATGATGATAGTC-3' 32_ 57 bp
primer 2 5-TCTGTACTTCTTCTCTCTCAGAC-3’ 882 — 905 bp
adaptor primer 5-GACTCGAGTCGACATCGAT-3’
3’ RACE primer
3’ primer §-TCGGCTATATAAGTGGTGCC-3’ 236 — 255 bp
5’ RACE primer
5’ primer 5-TGTCACTGACAGTCCAATGG-3’ 538 — 559 bp
5’ nested primer 5’-AAGGAAATCTGAGAGCCCAC-3’ 288 — 308 bp
B-actin
B-actin primer1 5-TACCTCATGAAGATCCTGACC-3’ 562 — 582 bp

B-actin primer 2 5-TGATCCACATCTGCTGGAAGG-3’

1052 - 1072 bp
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=45 TTTTTAAAAGCAGAGGAGGCAAATACACAAGTCCTTACTGTTTCC -1
1 ATGATGATAGTCAGACTATGGRAGCTTCGTTCTGTAGCCTTTACAAGGGCAGTTTTTGTG 60
1 M M I VvV R L W EULU RSV A FTURAUVTVFUV 20

61 GAATTTTTTGCCACCCTTTTATTTGTTATGTTTGGTATAGGTTCATCTTTAAACTGGCCT 120
31 E F F AT LLV FVMU FOGTIUG S8 S L N WP 40

121 GGAGCACCTCCAAGTGTTCTTCAAGTTGCCTTAGCTTTTGGCCTCGGCATAGGCACTTTA 180
41 6 A P P 8 V L ¢ V A L A F G L 66 I 6 T L 60

.. 181 GTTCAGGCTTTCGGCCATATAAGTGGTGCGCACTTAAACCCAGCTGTAACGCTGGCATTT 240
61VQAFGHISGAHLVTLAF 80

241 ATGGTGGGCTCTCAGATTTCCTTCATGCGAGCAGTTTTTTATGTGGGTGCTCAGTTACTG 300
- 81 M vV G 8 ¢ I 8 FMRAVYV F Y V 66 A Q L L 100

301 GGAGCTGTGTCTGGAGCGGCCATAATTCAAGGGCTTACTCCTTTTGAAGTCAGAGGAAAC 360
101 G A V 8 6 A A I I 90 G L T P P E V R G N 120
A
361 TTATCAGTAAATGGGTTATTCAACAATACAGAGGCAGGGAAGGCTTTTGTTGTGGAGCTT 420
121 L 8 V N 6 L F N N T E A G K A F V V E L 140
A
421 TTTCTAACTCTTCAACTGATCTTGTGCATATTTGCATCTACTGATGATCGAAGGACAGAT 480
141 F L T L @ L I L C I F A 8 T DD R R T D 160

481 ATTGTGGGTTCACCAGCTTTGTCCATTGGACTGTCAGTGACACTTGGACACCTCCTTGGT 540
161 I V 6 8 P AL 8 I G L S V T L G H L L G 180

541 ATCTATTACACAGGTTGCTCCATGAACCCTGCAAGATCATTTGCACCAGCAGTAGTGACT 600
. 181 I Y Y T 6 Cc s M|N P A|[R s F a P A VvV V T 200
A

K 601 GGGGATTTCAATGCCCATTGGGTCTTCTGGCTTGGACCATTGTTTGGAGCCACAGTAGGA 660
201 G D FN A HWVYVFWIULGUPTULTFGA ATV G 22

661 TCCTTGATGTATAACTTTATATTCATTCCAAACACTAAGACCTTTTCAGAAAGAATAGCA 720

221 8 L M Y N F I F I P N T K TF S8 E R I A 240
L 4

721 ATTCTAAGGGGTGAGCTGGAGCCTCAAGAAGACTGGGAAGAGAGGGATATGCGTAGAAGA 780

241 I LR G E L E P Q EDWEEURUDMTPERURR 260

T

781 CAATCCATGGAGCTACACTCAACCCAGACAATACCAAGAAGTGGGATGACGGAAAAAGTC 841
261 Q S M E L H 8 T Q@ T I PR S G MTE K V 280

.
]
841 TGAGAGAGAAGAAGTACAGAGAAGTTGGAGAAAAGAAAAACTAAAGTGCTTGAGCAGCGG 900
281 * 281
r 901 ACATTTGTATCTGTGTCCTATTCTGGTCACAAGTGTGTTTGGCCAAATGAAACAGTTGGT 961
961 GATAGCATACTGTACATTATCATGAAGAACATGAATGCATATAACAATAAGGTATCTGGT 1021
“ 1021 AAATACACCAAAACTAAAAAAAAAAAAAAAAACAAA 1056
: B
4.00
.00 1 57 117 169 225 281 (AA)

FIG. 2-1. A, Nucleotide and deduced amino acid sequence of aquaporin (Hyla
AQP-h2K) cDNA. The predicted amino acid is shown below the nucleotide

’ sequence (DDBJ/EMBL/GenBank accession no. AB295642). The asterisk indicates
the terminal codon. NPA motifs are outlined. The solid triangle indicates a putative
N-glycosylation site. The diamond, square, and open triangle indicate
phosphorylation sites for protein kinase C and protein kinase A and the mercurial-

‘ inhibition site, respectively. B, Kyte-Doolittle hydropathy profile (window 11) of

; . the deduced AQP-h2K amino acid sequence.
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98 —
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e
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Human AQP3 (NM004925) ™
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Human AQP7 (NM001170)
Mouse AQP7 (NM007473)
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Mouse AQP9 (NM022026)

100 Human AQP11 (NM173039)

100 Mouse AQP11 (NM175105)
100 Human AQP12 (NM198998)

Mouse AQP12 (NM177587)

FIG. 2-2. Bayesian unrooted tree of AQP proteins from the human, mouse, and
anurans. Anuran AQPs are assigned to six types, two of which (types al and a2)
are unique to the anurans. Hyla AQP-h2K is classified in type 2 together with
mammalian AQP2. The length of each branch is not proportional to evolutionary
distance, and the numbers in the interior branches are Bayesian posterior
probabilities (percent). The organism (genus), name, and accession number are
indicated for each AQP.
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100 Human AQPQ (NM012064)
E Mouse AQP0 (NM008600)

Human AQP2 (NM000486) I
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-
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= -

= -

94

Type 2: AQP2
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Human AQP5 (NM001651)
Mouse AQP5 (NM009701) .
Bufo marinus AQP-t4 (AF020623) Type 5: AQP5
Xenopus laevis AQP-x5 (AB250090)

100 E Human AQP6 (NM001652)
Mouse AQP6 (NM175087)

100 Hyla japonica AQP-h2 (AB107014)

100 Bufo marinus AQP-t2 (AF020621)
100 Hyla japonica AQP-h3 (AB073316)
Bufo marinus AQP-t3 (AF020622)

Type a2: AQPa2

FIG. 2-3. Phylogenetic relationships among AQP0, AQP2, AQP5, AQPS6,
and AQPa2, seen in the NJ unrooted tree of AQP proteins from the
human, mouse, and anurans. AQP-h2K, AQP-h2, and AQP-h3 from H.
Japonica are classified into two types: type 2 and type a2. Hyla AQP-h2K
belongs to the type 2 together with mammalian AQP2. The length of each
branch is not proportional to the estimated number of amino acid
substitutions, and the numbers in the interior branches are bootstrap
probabilities (percent; 10,000 replicates). The organism (genus), name,
and accession number are indicated for each AQP.
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FI1G. 2-4. Tissue expression of AQP-h2K mRNA by RT-PCR. RT-PCR products
obtained using primers as described in Materials and Methods were separated on
a 2% agarose gel and stained with ethidium bromide. RT and water represent the
negative control using the kidney sample without a RT reaction and with water
instead of cDNA, respectively. B-actin is used as positive control. +, Presence of
the mRNA: -, absence of the mRNA.
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FIG. 2-5. Expression of AQP-h2K in Xenopus oocytes. A, Time course of the osmotic swelling.
Oocytes were microinjected with water or cRNAs encoding AQP-h2K. Some of the AQP-h2K-
injected oocytes were incubated with 0.3 mM HgCl,. B, Pf was calculated from the initial rate of
oocyte swelling. The representative data shown are given as the mean SE of measurements from
five to six oocytes in each experimental group. *, P 0.01 vs. water; **, P 0.01 vs. AQP-h2K. C,
Immunofluorescence images of the AQP-h2K protein in AQP-h2K-injected oocytes: after
complete swelling of the oocytes, immunoreactive AQP-h2K substances are visible,
predominately in the plasma membrane (1); the corresponding Nomarski differential interference
image (2); in the absorption test, immunopositive substances obtained with anti-AQ-h2K are
nearly abolished at background levels in the AQP-h2K-injected oocyte (3), and only background
levels are observed in the water-injected oocyte with anti-AQP-h2K (4). Arrowheads indicate the
plasma membrane. Bar, 50 pm. D, Western blot analysis of AQP-h2K-injected oocytes (lane 1)
prepared after complete swelling. Immunoreactive bands are seen at 31 and 41-60 kDa in an
extract of AQP-h2K cRNA-injected oocytes. The membrane was immunostained with the
antiserum preabsorbed with the antigen peptide (10 g/ml; lane 2). Western blot analysis of extracts
before and afier digestion of the extracts by peptide-N-glycosidase F are shown. Specific bands
with the extract of the cRNAinjected oocytes seen before and digestion (lane 3) are replaced by a
signal band of 31 kDa, presumed to be the nonglycosylated form of Hyla AQP-h2K after digestion
(lane 4).
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FIG. 2-6. Immunofluorescence localization of AQP-h2K in the collecting
duct of kidney. Fluorescence images of AQPh2K (A. C, and D) and the
corresponding Nomarski image (B) are shown. The labels (green) are clearly
visible in the apical plasma membrane and subapical cytoplasm in principal
cells of the collecting ducts (c). No labeling is seen in the other renal tubules,
including the distal proximal tubules (d). C, Enlarged view of AQP-h2K-
positive principal cells (green) in the collecting ducts. D, No labeling is
visible in any of the kidney cells when anti-AQP-h2K is preabsorbed with
the corresponding antigen peptide. Nuclei are counterstained with DAPI
(blue). Bar, 50 pm (A and B); 10 um (C and D).



FIG. 2-7. Immunofluorescence micrographs showing the principal cells in the kidney
collecting ducts labeled for AQP-h2K under nonstimulated and AV T-stimulated conditions,
respectively. A and E, Immunolabeling results for AQP-h2K under the nonstimulated
condition are shown (green). B and F, Immunolabeling results (green) for AQPh2K in
response to AVT. Upon stimulation of AVT, the labeling for AQP-h2K (green) moved
from the cytoplasm to the apical plasma membrane. C and D correspond to the Nomarski
images to A and B, respectively. Nuclei are counterstained with DAPI (blue). c, Collecting
duct; d, distal tubule. Bar, 50um (A-D); 10um (E and F).
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FIG. 2-8. Immunofluorescence images showing the urinary bladder and testis
immunolabeled for AQP-h2K. Fluorescence images of AQP-h2K (A and D), the
corresponding Nomarski images (B and E), and the preabsorption controls (C and F) are
shown. No labeling is detected any of the cells of the urinary bladder (A—C). Nonspecific
label is seen in most cells of the urinary bladder when anti-AQP-h2K is preabsorbed with the
corresponding antigen peptide (C). The labels are visible in interstitial cells (ic) of the
testicular stroma (D and E), but the labels are not diminished in the cells of the testes (F)
when anti-AQP-h2K is preabsorbed with the antigen peptide. Arrowheads indicate epithelial
cells of the urinary bladder. 1, Lumen; ms, mature sperms; ic, interstitial cells. Bar, 10 um.
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FIG. 2-9. Double-immunofluorescence images for AQP-h2K and AQPh3BL (A and B)
and AQP-h2K and V-ATPase E-subunit in the kidney collecting ducts under
nonstimulated (A and C) and vasotocin-stimulated (B and D) conditions are shown.
The labeling sites for AQP-h2K (green) are different from those for the AQP-h3BL
(red). Conversely, the labeling cells for AQP-h2K (green) are distinguished from those
tor the V-ATPase E-subunit (red). Bar, 10 m.

42



FIG. 2-10. Immunofluorescence localization of AQP-h1 in the kidney. A, C and D,
Fluorescence images of AQP-h1. B, Corresponding Nomarski differential interference
contrast image. A and D, Labels (red) are clearly visible in the endothelial cells (arrows)
around the proximal tubules (p) and the flattened cells (arrowheads) of the parietal layer
of the Bowman’s capsule. C, No labeling is detected in any of the cells of the kidney
when anti-AQP-h1 is preabsorbed with the corresponding antigen peptide. D, Enlarged
view of AQP-h1-positive flattened cells of the pariental cells. G, Glomerulus: asterisk,
red blood cells. Bar, 50 um (A-C); 10 pm (D).
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Chapter 3

Correlation between aquaporin and water permeability in response to vasotocin,
hydrin, and B-adrenergic effectors in the ventral pelvic skin of the tree frog, Hyla

Japonica

Abstract

The ventral pelvic skin of the tree frog, Hyla japonica expresses two kinds of
arginine vasotocin (AVT)-stimulated aquaporins (AQP-h2 and AQP-h3), which affect
the capacity of the frog’s skin to absorb water. As such, it can be used as a model
system for analyzing molecular mechanisms of water permeability. We investigated
AQP dynamics and water permeability in the pelvic skin of H. japonica following
challenge with AVT, hydrins (intermediate peptides of pro-AVT) and B-adrenergic
effectors. In the in vivo experiment, both AQP-h2 and AQP-h3 proteins were
translocated to the apical plasma membrane in the principal cells of the first reacting
cell (FRC) layer in the pelvic skin following challenge with AVT, hydrin 1 and hydrin
2, thereby increasing the water permeability on the pelvic skin. The B-adrenergic
receptor agonist isoproterenol (IP) and its antagonist propranolol (PP) in combination
with AVT or hydrins were used as challenge in the in vitro experiment. IP increased
water permeability whereas PP inhibited it, and both events were well correlated with
the translocation of the AQPs to the apical membrane. In the PP + AVT-treated skins,
labels for AQP-h2 and AQP-h3 were differentially visible among the principal cells; the
apical plasma membrane of some cells was labeled while others were not, indicating
that the response of PP or AVT is different from cell to cell. These results provide
morphological evidence that the principal cells of the FRC layers may have two kinds

of receptors; a V2 receptor and B-adrenergic receptor.
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Introduction

Anuran amphibians are adapted to living in the diverse range of water
environments. A general classification of anurans according to habitat distinguishes four
groups, i.e., aquatic, semi-aquatic, terrestrial, and arboreal species (Hillman et al., 2009).
Anurans have developed a number of unique physiological systems for maintaining
water balance in these diverse habitats (Bentley & Main, 1972; Bentley & Yorio, 1979).
For example, most adult anuran amphibians do not drink water through their mouth.
This is particularly true for many terrestrial and arboreal species, such as Hyla
(arboreal) and Bufo (terrestrial), utilize a region in the posterior or pelvic region of the
ventral skin that is specialized for rapid rehydration from shallow water sources or
moist substrates. In addition, periods of terrestrial activity can be prolonged by the
reabsorption of dilute urine from bladder. The degree to which these adaptations have
been developed varies among the different anurans. For example, the terrestrial
environment-adapted species have high water permeability in their ventral pelvic skin
and a high capacity for urine storage in their urinary bladder, whereas the pelvic skin of
an aquatic species, such as Xenopus laevis, has a low water permeability (Bentley &
Main, 1972). In addition, the stimulation of water permeability of the pelvic skin by
arginine vasotocin (AVT) is higher in arboreal and terrestrial species than in aquatic
species (Yorio and Bentley 1978).

Brown et al. (1983) measured a correlation between the aggregation of
intramembrane particles (termed aggrephore) and water flow in toads skin in response
to the mammalian antidiuretic hormone arginine vasopressin. These particles were
subsequently shown to be a class of integral membranes [termed aquaporins (AQPs)],
that form selective water channels in the plasma membranes in various cells of various

organisms (Preston ef al., 1992).
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In mammals, 13 isoforms of AQPs (AQP0 — AQP12) have been identified to date
and have been characterized by cloning and sequencing of their cDNA (Ishibashi et al.,
2000; Takata et al., 2004). A subfamily of AQPs (termed aquaglyceroporins) that form
membrane pores, which are permeated by glycerol and urea has also been reported
(Ishibashi et al., 2000; Agre, 2006). Our group recently discovered three forms of AVT-
stimulated AQP in the tree frog, Hyla japonica: AQP-h2 in the ventral pelvic skin and
urinary bladder (Hasegawa e al., 2003), AQP-h3 in the pelvic skin (Tanii ef a/., 2002)
and AQP-h2K in the kidney (Ogushi e al., 2007). The expression of AQP-h2 and
AQP-h3 in the pelvic skins of tree frogs raises the interesting question whether other
factors that stimulate water permeability and absorption by anurans involve a similar
insertion of AQPs in the apical membrane.

Hydrin is an intermediate peptide derived from a pro-vasotocin-neurophysin
precursor. It plays a pivotal role in the water absorption/reabsorption process in the skin
and bladder but is devoid of antidiuretic activity in the kidney (Michel et a/., 1993;
Rouille ef al., 1989). Hydrin 2 (vasotocinyl-Gly) is present in an amount equal to that of
AVT in the neurohypophysis of Ranidae and Bufonidae. By contrast, the aquatic frog
Xenopus laevis secretes hydrin 1 (vasotocinyl-Gly-Lys-Arg) as well as AVT. Both
peptides are generated from a downregulation in the processing, i.e., hydrin 1 by a
decrease in carboxypeptidase E activity and hydrin 2 by a reduction in the activity of the
B-amidating enzymatic system. These hydrins are found in anuran amphibians, but not
in other vertebrates, raising the question of whether hydrin has a stimulatory potency in
the translocation of frog AQPs to the apical membrane.

Water permeability in the pelvic skin of frogs is considered to be regulated by at
least two systems: the first is via the AVT V2 receptor and the other is via the p-
adrenergic receptor (Brown ef al., 1980; De Sousa and Grosso, 1982). Our group has

shown that both AQP-h2 and AQP-h3 proteins are translocated in response to AVT to



the apical plasma membrane of principal cells in the outermost granular layer [i.e., the

first-reacting cell (FRC) layer] of the pelvic skin in tree frogs (Hasegawa et al., 2003).
In the study reported here, we examined the effect of AVT, hydrin, and effectors

of the B-adrenergic receptor on the water permeability and translocation of both AQP-

h2 and AQP-h3 in the FRC layer of two pelvic skins of the tree frog.

Materials and Methods
Animals

Adult male tree frogs (Hyla japonica Giinter) were captured in a field near our
university (Shizuoka University, Shizuoka, Japan) and kept under laboratory conditions
where they were fed crickets. On average, the frogs used in this study had a body length
of approximately 2.9 cm and weighed approximately 2.6 g. The ventral pelvic skins
were removed under anesthesia (MS 222; Nacalai tesque, Kyoto, Japan) and then
processed for experiments involving hormone or reagent treatments. All animal
experiments were carried out in compliance with the Guide for Care and Use of

Laboratory Animals of Shizuoka University.

Experimental Protocol for Treatment with Chemical Reagents

For the in vivo experiments, the frogs were bathed to above two-third of their
ventral skin in distilled water for 30 min and then injected with 10 ul 0.65% (w/v) NaCl
saline containing 10 M [Arg®]-vasotocin (Peptide Institute, Inc., Osaka, Japan), -hydrin
1 or -hydrin 2 (Bachem, Bubendorf, Switzerlan) per 1g of body mass. Following the
injection, the body weight of the frogs was measured chronologically on an analytical
balance (Sartorius, Tokyo, Japan).

For the in vitro experiments, the frogs were rinsed in water for 30 min before

being killed as described above and the pelvic skins removed. The apparatus for
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measuring water flow consists of two chambers with a 1-cm-diameter hole at the center
of the wall separating the two chambers, which was a modification of the device by
Kohno et al. (Kohno et al., 2004). The isolated skin was washed with Ringer solution
and then mounted over the hole. The chamber on the serosal side of the skin was filled
with a Ringer solution: 11.301 mM NaCl, 1.877 mM K(Cl, 1.081 mM CaCl,, 0.064 mM
NaH,PO4 and 1.429 mM NaHCO0; having an osmolarity of 220 mOsmol, while that on
the mucosal side of the skin was filled with water. Water movement from the mucosal
side to the serosal side of the skin was measured directly using a 0.1-ml pipette
horizontally attached the serosal chamber of the apparatus. The isolated pelvic skins
were preincubated for 30 min in the Ringer solution as described above or in a Ringer
solution containing 10® M AVT, hydrin 1 or hydrin 2. Following the addition of each of
the solutions to the serosal side of the chamber, water movement was measured using
the pipette. Applying the same procedure, we added Ringer solution containing 10 M
of the B-adrenergic receptor agonist isoproterenol (IP; Sigma-Aldrich, Tokyo, Japan)
and its antagonist propranolol (PP; Sigma-Aldrich), respectively, to the serosal side of
the chamber to examine the effects of these substances on the actions of AVT, hydrin 1
and hydrin 2. After incubation, the skin specimens were examined by

immunofluorescence microscopy.

Immunofluorescence

The pelvic skins used in the in vivo and in vitro experiments were quickly fixed
overnight in periodate-lysine-paraformaldehyde (PLP) fixative, dehydrated and
embedded in Paraplast. Four-um sections were cut and mounted on gelatin-coated slides.
The deparaffinized sections were rinsed with phosphate-buffered saline (PBS). Double-
immunofluorescence labeling was carried out according to Hasegawa et al. (Hasegawa

et al., 2003). In brief, for the double-immunofluorescence labeling of AQP-h2 and
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AQP-h3, sections were incubated with a mixture of guinea pig anti-AQP-h2 (ST-140;
1:5,000, Hasegawa et al., 2003) and rabbit anti-AQP-h3 (ST-141; 1:10,000, Tanii et al.,
2002), and then reacted with a mixture of indocarbocyanine (Cy3)-labeled donkey anti-
guinea pig IgG (1:400; Jackson Immunoresearch, West Grove, PA, USA), Alexa 488-
labeled donkey anti-rabbit IgG (1:200; Molecular probes, Eugene, OR, USA) and DAPI.
Rabbit anti-Hyla AQP-h3BL serum (ST-184) was also used for labeling the basolateral
membrane of the principal cells (Akabane et al. 2007). Specimens were examined with
an Olympus BX61 microscope equipped with a BX-epifluorescence attachment

(Olympus Optical Co., Tokyo, Japan).

Statistical analysis

Statistical analysis was performed by Duncan’s multiple range test.

Results
In vivo experiment

The body mass of the frogs increased significantly with time following the
injection of AVT reaching a body mass approximately 1.15-fold greater than that of the
control frogs after 60 min (p<0.01) (Fig. 3-1). Hydrin 1 and hydrin 2 were equally as
effective as AVT in stimulating the increase in body mass (Fig. 3-1). By contrast, the
control frogs injected with 0.65% NaCl solution did not show any change in body mass
within the experimental interval. In the control group, the labels for AQP-h2 and AQP-
h3 were observed in the basolateral membrane of the principal cells in the FRC layer
(Fig. 3-2 A-C). In comparison, when sections from the AVT-injected frogs were labeled
with anti-AQP-h2 or anti-AQP-h3, these labels were visible in the apical membrane of
the principal cells in the FRC layer and throughout the entire plasma membrane of the

principal cells underlying the FRC layer (Fig, 3-2 D-F). Similar labeling patterns for
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AQP-h2 and AQP-h3 were observed on sections from the hydrin 1- and hydrin 2-

injected frogs (Fig. 3-2 G-L).

In vitro experiment

The effect of AVT was to gradually stimulate the water permeability of the
isolated pelvic skins with increasing incubation time; by contrast, the water
permeability of the control pelvic skins did not increase (Fig. 3-3). Hydrin 1 and hydrin
2 also were effective in increasing the water permeability of the isolated pelvic skins,
but at slightly lower levels than those observed for the AVT-treated skins (Fig. 3-3). At
the end of the experimental period (30 min), the water permeability of the AVT-, hydrin
1-, and hydrin 2-treated skins had increased significantly compared to the control group
(p<0.01) (Fig. 3-4). However, there was no significant difference among the AVT-,
hydrin 1- and hydrin 2-treated groups. In each of the histological sections from the
control group, labels for AQP-h2 and AQP-h3 were observed near or in the basolateral
membrane in the FRC layer whereas the label for AQP-h3BL, which is expressed
constitutively in the basolateral plasma membrane (Akabane et al., 2007), was visible at
the same sites (Fig. 3-5 A-C). In the AVT-, hydrin 1- and hydrin 2-treated groups,
however, labels for AQP-h2 and AQP-h3 were intensely visible in the apical plasma
membrane of the principal cells in the FRC layer (Fig. 3-5 D,E,G,H,J K). In the AVT-
treated group, many spot-like AQP-h3-posive reactions were found in the cytoplasm of
the principal cells, and the same intense positive reaction as described above was also
visible throughout the entire plasma membrane of the principal cells underlying the
FRC layer (Fig. 3-5 D-F).

Water permeability in the IP-treated pelvic skin specimen increased in a similar
manner to that observed for the hydrin-treated skin. At the 30-min incubation point,

water permeability of the IP-treated pelvic skin was significantly lower than that of the
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IP + AVT-treated skin (p<0.01) (Fig. 3-4). In turn, when the pelvic skins were

challenged with [P+PP, water permeability was not as low as that of the PP-treated and

contral skin (Fig. 3-4). In turn, when the pelvic skins were challenged with IP + PP,

water permeability was not as high as that of the PP-treated and control skins (Fig. 3-4).

The water permeability of the IP-treated pelvic skins was lower than that of the AVT-

treated skins (p<0.01) but there was no significant difference in the water permeability

between the AVT- and the IP + AVT-treated skins in terms of water permeability (Fig.

3-4). The treatment with PP + AVT induced a mean increase in water permeability via

the isolated pelvic skins but the levels were higher than those observed in the control ‘
group (Fig. 3-4).

Similar stimulatory and inhibitory experiments with IP or PP using hydrin 1 and
hydrin 2 produced the same results as those using AVT (data not shown).

Intense labels were observed in the apical membrane of the principal cells in the
FRC layers when sections of the IP-treated pelvic skins were labeled with anti-AQP-h2
or anti-AQP-h3. Similar labeling was only found in the AVT-treated skins (Fig. 3-5 D-F,
Fig. 3-6 A-C).

Increased water permeability was not observed in the PP-treated and control skins,
which is consistent with the distribution of AQP-h2 and AQP-h3 labels, which were
visible in the basolateral plasma membrane (Fig. 3-6 D-F). In the PP-treated group,
labels for AQP-h2 and AQP-h3 were visible in the basolateral plasma membrane of the
principal cells in the FRC layer (Fig. 3-6 D-F).

When the sections of the IP + AVT-treated skins were labeled for AQP-h2, more
intense labels were found in the apical membrane of the principal cells. Similar results
were obtained in the IP+AVT+PP-treated pelvic skins (data not shown).

When the sections of the PP + AVT-treated group were labeled for AQP-h2 and

AQP-h3, positive labels were found in the apical plasma membrane of several principal
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cells but not all cells in the FRC layer (Fig. 3-5 D-F, 3-6 M-0O). When all of the reagents
were used, labels for AQP-h3BL were visible in the basolateral plasma membrane in the

principal cells (Fig. 3-5 C,F,LL and Fig. 3-6 C,F L L,0O).

Discussion

The present study demonstrated that hydrins as well as AVT stimulate water
permeability across the ventral pelvic skin, in vivo and in vitro, by translocation of
AQP-h2 and AQP-h3 from the cytoplasmic pool to the apical plasma membrane of
principal cells in the FRC later. This process of water permeability is induced by two
AQPs - AQP-h2 and AQP-h3 - which translocate from the cytoplasmic pool to the
apical plasma membrane of the principal cells in the FRC layer (Tanii et al., 2002;
Hasegawa et al., 2003). AVT binds to V2 receptors and stimulates the formation of
cyclic AMP and protein kinase A, thereby moving from the cytoplasmic pool to the
apical plasma membrane through the phosphorylation of AQP-h2 and/or AQP-h3
protein (Hasegawa et al., 2005). Concerning hydrin, Acher et al. (Acher et al., 1997)
propose that the primary effect of AVT at its physiological concentration is antidiuresis
whereas hydrins have a higher affinity for V2 receptors in the skin and bladder in order
to stimulate rehydration and the utilization of bladder water. Our results provide
experimental evidence supporting part of this hypothesis by showing that hydrins have a
stimulatory effect on water permeability across the pelvic skin. This is the first report of
a study showing a good correlation between hydrin and AQP protein in the ventral
pelvic skin of the tree frog. However, further investigation is necessary to elucidate
whether hydrins affect the translocation of AVT-stimulated AQP, AQP-h2K in the
kidney (Ogushi et al., 2007). We also found that IP, a 3-receptor agonist, and AVT have
equal effects on water permeability, iz vitro. This finding is consistent with irn vivo

studies on the hydrated toads, Bufo cognatus, dehydrated toads, Bufo bufo, and hydrated
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spadefoot toad, Scaphiopus couchi (Hillyard, 1979; Yokota and Hillman, 1984; Viborg
and Rosenkilde, 2004).

IP stimulates the increase in the synthesis of cyclic AMP via B-receptor (De
Sousa and Grosso, 1982). This process is identical to the action of AVT in terms of
stimulation of the formation of cyclic AMP. We were able to show here that IP induces
the translocation of AQP-h2 and AQP-h3 proteins from the cytoplasmic pool to the
apical plasma membrane, thereby increasing water permeability. This observation
confirms earlier findings using freeze fracture techniques that showed IP stimulating the
movement of the intramembrane particle aggregates (Brown et al., 1983). However, our
experiments provide new insight to this field in terms of elucidating the molecular
mechanisms underlying the water flow across the pelvic skin of the tree frog by
identifying the AQP molecules as AQP-h2 and AQP-h3. The combined application of
IP + AVT increased water permeability to levels not significantly different from AVT
alone. Hillyard (Hillyard, 1979) did find an additive effect of IP and AVT as did De
Sousa and Grosso (De Sousa and Grosso, 1982) with isolated skin. It is possible that
there is a maximum level of water permeability given that the production of cyclic AMP
is considered to reach a plateau. In comparison, water permeability did not increase in
the PP (B-receptor antagonist)-treated pelvic skins or in the control skin to nearly the
same degree, which is consistent with there being no evidence of translocation of AQP-
h2 and AQP-h3 proteins to the apical plasma membrane. This finding suggests that
AQP protein plays an important role in facilitating the permeation of water across the
ventral pelvic skin by mediation via the B-receptor. We observed that the effect of AVT
was inhibited when the pelvic skins were treated with PP + AVT combined. This
inhibition may be dependent upon the physiological status of the principal cells in the
FRC layer as our immunoflurorescence studies indicated the presence of two cell types:

the apical plasma membrane of some cells in the FRC layer is labeled while others are
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not, suggesting two cellular compartments that could be activated independently. In this
context, De Sousa and Grosso demonstrated that the B-adrenergic response appears to
be independent of AVT (De Sousa and Grosso, 1982). It is important to note that one of
several f3-adrenergic actions is the induction of not only translocation of AQP in the
apical membrane of the principal cells but also vascular perfusion in the connective
tissue underlying the epidermis (Viborg and Hillyard, 2005; Willumsen et al., 2007).
Both actions stimulate the absorption of water from the pelvic skin.

In conclusion, our data demonstrate that AVT, hydrins and B-adrenergic agents
stimulate water permeability via a common mechanism of AQP insertion into the apicéll
membrane of the principal cells in the FRC layers. The issue of whether V2 receptor
and B-adrenergic receptor may act independently or in different principal cells in the

FRC layers remains an important question.
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Fig. 3-1. Time course of water permeability across the ventral pelvic
skin in vivo following challenge with arginine vasotocin (AVT),
hydrin 1 and hydrin 2. The body mass of these frogs challenged with
each the hormone increases significantly with the time. At sixty
minutes there are significant difference between control group and
hormone-treated groups (p<0.01) but not among the hormone-treated

groups.
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Fig. 3-2. Fluorescence images of the pelvic skin in vivo experiment. The labels for AQP-h2 (red)
and AQP-h3 (green) are observed in the basolateral plasma membrane in the principal cells in the
control group (A-C). In the arginine vasotocin (AVT) (D-F)-, hydrin 1 (G-I)-, and hydrin 2 (J-L)-
treated groups, labels for AQP-h2 (red) and AQP-h3 (green) are visible in the apical plasma
membrane in the principle cells in the first reacting cell layers of the pelvic skin. C, F, T and L are
the corresponding Nomarski differential interference images. Arrows and white arrowheads
indicate basolateral and apical plasma membrane, respectively. Asterisk: non-specific label. Open
arrowheads: cornified layer. Nucleus: blue color. Scale bar, 10 pm.
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Fig. 3-3. Time course of water permeability across the isolated ventral
pelvic skin in vitro after challenged with arginine vasotocin (AVT), hydrin
1, hydrin 2 and isoprpterenol (IP). The amount of water in the chamber on
the serosal side increased significantly with time following the addition of
the hormones. *p<0.01 vs control.
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Fig. 3-4. Comparison of water permeability in vitro experiment at the final incubation
time (thirty minutes) among the arginine vasotocin ( AVT)-, hydrin 1-, hydrin 2-,
isoproternol (IP)-, propranolol (PP)-, IP+PP-, IP+AVT-, [IP+AVT+PP- and PP+AVT-
groups. AVT, hydrin 1, hydrin 2 and IP significantly increased water permeability
when compared with the control (p<0.01). By contrast, there is no significant difference
among the PP-, [P+PP-treated skins and the control skins. The IP+AVT and the
IP+AVT+PP treatments resulted in a strong increase of water permeability, similar to
AVT-treatment. However, the PP+AVT treatment significantly decreasesed
significantly water permeability when compared with the AVT group but water
permeability was high than that of the control skins. The number of individuals used in
each group is indicated in parentheses. *p<0.01 ver. control.
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Hydrin 1

Hydrin 2

Fig. 3-5. Fluorescence images of the pelvic skin in the in vitro experiment. In the control
skins, the labels for AQP-h2 (red) (A) and AQP-h3 (green) (B) are obserbed in the
basolateral plasma membrane in the principal cells. In the arginine vasotocin (AVT)-,
hydrin 1-, and hydrin2-treated skins, labels for AQP-h2 (D, G and J) and AQP-h3 (E, H
and K) are visible in the apical plasma membrane (white arrows) in the principal cells in
the first-reacting cell (FRC) layers of the pelvic skin. AQP-h3BL is constitutively
expressed in the basolateral membrane in all the groups (C, F, I and L). Insets in A, B, D,
E, G, H. J and K show higher magnificantion of each of the figure. Open arrow-heads:
cornified layer. Nucleus: blue color. Scale bars, 10pum.
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Fig. 3-6. Fluorescence images of the pelvic skin in vitro experiment. In the isoproterenol (IP)-
treated skins, labels for AQP-h2 (red) (A) and AQP-h3 (green) (B) are visible in the apical
plasma membrane. In the propranolol (PP)- and IP+PP treated skins, the labels for AQP-h2 (D
and G) and AQP-h3 (E and H) are observed in the basolateral plasma membrane in the
principal cells. In the IP+arginine vasotocin (AVT)-treated skins, labels for AQP-h2 (J) and
AQP-h3 (K) are visible in the apical plasma membrane in the principal cells in the first-
reacting cell (FRC) layers of the pelvic skin. In the PP+AVT-treated skins, labels for AQP-h2
(M) and AQP-h3 (N) are obserbed differentially among the principal cells; one label is in the
apical plasma membrane in all of the groups (C, F, I, L. and Q). Arrows and white arrowheads
indicate the basolateral and apical plasma membrane, respectively. Insets in A, B, D, E, G, H. J,
K, M and N shows higher magnification of each of the figures. Open arrowheads: cornified
layer. Nucleus: blue color. Scale bars, 10pum.
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Chaptor 4

Water Adaptation Strategy in Anuran Amphibians: Molecular Diversity of

Aquaporin

Abstract

Most adult anuran amphibians except for the aquatic species absorb water across
the ventral pelvic skin and reabsorb it from urine in the urinary bladder. Many
terrestrial and arboreal species use a region in the posterior or pelvic region of the
ventral skin that is specialized for rapid rehydration from shallow water sources or
moist substrates. Periods of terrestrial activity can be prolonged by reabsorption of
dilute urine from the urinary bladder. Aquaporin (AQP), a water channel protein, plays
a fundamental role in these water absorption/reabsorption processes, which are
regulated by antidiuretic hormone. Characterization of AQPs from various anurans
revealed that the unique water homeostasis is basically mediated by two types of
anuran-specific AQPs, i.e. ventral pelvic skin and urinary bladder type, respectively.
The bladder-type AQP is further expressed in the pelvic skin of terrestrial and arboreal
species, together with the pelvic skin-type AQP. In contrast, the pelvic skin-type AQP
(AQP-x3) of the aquatic Xenopus has lost the ability of efficient protein production.
The extra C-terminal tail in AQP-x3 consisting of 33 nucleotides within the coding
region appears to participate in the posttranscriptional regulation of AQP-x3 gene
expression by attenuating protein expression. The positive transcriptional regulation of
bladder-type AQP in the pelvic skin and negative posttranscriptional regulation of
pelvic skin-type AQP provide flexibility in the water regulation mechanisms, which
might have contributed to the evolutionary adaptation of anurans to a wide variety of

water environments.
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Introduction
Anuran amphibians are widely distributed throughout the world and have

successfully adapted to a wide range of habitats (Hillman et al., 2009; Pough, 2007).
These include totally aquatic species such as Xenopus laevis, semiaquatic species such
as Rana catesbeiana, R. nigromaculata, and R. japonica that are generally found near
permanent water sources, and more terrestrial species such as Bufo japonicus and Hyla
Japonica that have expanded their habitats to varying degree to include drier land. Both
semiaquatic and terrestrial species are subjected to evaporative water loss across their
thin skin when foraging away from the water (Lyllywhite, 2006) and have developed
osmoregulatory systems for maintaining water balance. One of these is that most adult
anurans do not drink water through their mouth; rather, they absorb water across their
skin, primarily on the ventral pelvic surface because the dorsal skin is relatively
impermeable to water (Bentley et al., 1972; Bentley ef al., 1979). The osmotic
permeability of the pelvic skin can be greatly stimulated by the amphibian antidiuretic
hormone arginine vasotocin (AVT; the nonmammalian vertebrate counterpart of
vasopressin) (Bentley et al., 1972; Bentley et al., 1979; Bentley, 2002) and allows for
rehydration from shallow puddles or moist substrates. As with absorption across the
skin, reabsorption from the bladder and renal tubules is stimulated by AVT. These
responses have collectively been termed the water balance response or antidiuretic
response (Bentley et al., 2002; Heller et al., 1979). More recently, water permeability
of cell membranes has been shown to be mediated by aquaporins (AQPs) (Preston ef al.,
1992). AQPs are a class of integral membrane proteins that form selective water
channels (pores) in the plasma membrane of various cells of organisms (Zardoya, 2005).
In mammals, the AQP family consists of 13 different members (AQP0-AQP12)

(Ishibashi et al., 2000; Takata et al., 2004). Wehave recently identified three distinct
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types of AVT-stimulated AQPs in the tree frog, H. japonica, AQP-h2 in both the
urinary bladder and ventral pelvic skin, AQP-h3 in the pelvic skin, and AQP-h2K in the
kidney (Hasegawa et al., 2003; Tanii et al, 2003; Ogushi et al., 2007). Transepithelial
water transport in the tree frog seems to be regulated through the actions of these
apically expressed AQPs in concert with a fourth AQP, AQP-h3BL, which is expressed
in the basolateral plasma membrane of the epithelial cells (Akabane et al., 2007).
Phylogenetic analyses of AQP proteins from anurans and mammals have defined 12
clusters of anuran AQP: 10 conventional types corresponding to mammalian
AQPO-AQP5 and AQP7- AQP10 and two anuran-specific types designated as al and
a2 (the letter a represents anuran) (Ogushi et al., 2007; Suzuki et al., 2009). The cluster
of type a2 includes AQP-h2 and AQP-h3 from H. japonica (Hasegawa et al., 2003;
Tanii et al., 2002) and AQP-t2 (AF02622) and AQP-t3 (AF020622) from B. marinus.
In contrast, AQP-h2K and AQP HC-2, which have been isolated from the kidney of H.
Japonica and H. chrysoscelis, and mammalian AQP2 belong to the type 2 cluster,
suggesting that both AQP-h2K and AQP HC-2 are anuran orthologs of
vasopressin-stimulated mammalian AQP2 (Ogushi ef al., 2007; Zimmerman ef al.,
2007). Weconducted this study to elucidate whether and, if so, how AQPs have

contributed to anuran adaptation to various water environments.

Materials and Methods
Animals

Sexually mature H. japonica, B. japonicus, R. catesbeiana, R. nigromaculata, R.
Japonica, and X. laevis of both sexes were purchased from a commercial dealer (OQuchi,
Saitama, Japan). The ventral pelvic skins were removed under anesthesia (MS222;
Nacalai tesque, Kyoto, Japan) and then processed for cDNA cloning of the pelvic

skin-type AQP. We designated the AQPs as AQP-1j3, AQP-m3, AQP-rc3, AQP-b;3,
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and AQP-x3, respectively. Similarly, various tissues (the ventral pelvic skin, dorsal skin,
urinary bladder, kidney, stomach, small and large intestines, lung, heart, skeletal muscle,
and brain) were removed for analysis by RT-PCR. All animal experiments were carried

out in compliance with the Guide for Care and Use of Laboratory Animals of Shizuoka

University.

Construction of the ventral pelvic skin cDNA library

Total RNA was prepared from 0.5 g of the pelvic skin from R. japonica and X.
laevis, with Trizol RNA extraction reagent (Invitrogen, Tokyo, Japan), and poly(A)*
RNA was isolated from the total RNA using oligo-deoxythymidine (dT)-coated latex
beads (Oligotex-dT30 Super; Takara, Kyoto, Japan) according to the manufacturer’s
instructions. AZAP DNAlibraries were constructed as previously described by Tanii et

al. (Tanii et al., 2002).

Oligonucleotide primers for the PCR analysis

Degenerate primers for the original amplification of anuran AQP fragments were
designed based on the amino acid sequences around the two conserved NPA
(asparagine-prolinealanine) boxes of the major intrinsic protein (MIP) family AQPs
(Agre et al., 1995). All primers were commercially synthesized (Operon
Biotechnologies, Tokyo, Japan) as shown in supplemental Table S1 (published as
supplemental data on The Endocrine Society’s Journals Online web site at

http://endo.endojournals.org).

RT-PCR amplification and sequence analysis

The skin poly(A)" RNA (0.5 pg) was reverse transcribed using Moloney murine

leukemia virus (M-MLV) reverse transcriptase (Invitrogen) according to the
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manufacturer’s instructions, and partial sequences of each anuran cDNA were

amplified by PCR with the primers (supplemental Table S1), as described by Tanii et al.
(Tanii ez al., 2002). Amplified fragments were subcloned into pGEM-3Z vectors
(Promega, Madison, WT) and sequenced using an Aloka DNA sequencing system

[model Lic-4200L(S); Aloka, Japan].

Screening of the anuran skin cDNA library
A DNA probe, obtained from the first PCR product, was synthesized using a
digoxigenin High Prime kit (Roche Molecular Biochemicals, Meylan, France) and used

to screen the pelvic skin cDNA library, as previously described (Tanii ez al., 2002).

Oligonucleotide design for rapid amplification of cDNA ends (RACE) technique
The sense primer and antisense primer used for cloning AQP-m3, AQP-rc3, and

AQP-bj3 are given in supplemental Table S1.

Cloning of the partial-length cDNA

The ventral pelvic skins were used for totalRNApreparation. PCR was performed
using primers 1 and 4 (supplemental Table S1), as described previously (Ogushi et al.,
2007). The PCR products were purified after gel electrophoresis and sequenced using

the Aloka DNA sequencer.

3-and 5’-RACE

The RACE technique was used to obtain the full-length AQPm3, AQP-rc3, and
AQP-bj3 sequences. For 3°-RACE, isolated poly(A)" RNA was primed with oligo-dT
19 adaptor primer (supplemental Table S1) and reverse transcribed using M-MLV

reverse transcriptase (Invitrogen).A1-pl aliquot of the RT product was then PCR
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amplified with primer 2 and the adaptor primer (supplemental Table S1); subsequent
amplification was performed using primer 3 and the adaptor primer (supplemental
Table S1). After denaturation at 95 C for 5 min, PCR amplification program consisted
of five cycles of 60 sec at 94 C, 60 sec at 60 C, and 90 sec at 72 C; five cycles of 60 sec
at 94 C, 60 sec at 58 C, and 90 sec at 72 C; five cycles of 60 sec at 94 C, 60 sec at 56 C,
and 90 sec at 72 C; and 15 cycles of 60 sec at 94 C, 60 sec at 55 C, and 90 sec at 72 C.
The obtained clone was sequenced as described in the text. For 5’-RACE, poly(A)"
RNAwas primed with primer 4 (supplemental Table S1) and reverse transcribed using
the M-MLVreverse transcriptase (Invitrogen). This first strand of cDNA was purified
with the QIA Quick PCR purification kit (QIAGEN, Hilden, Germany), and a poly(A)
tail was synthesized at the 3’ terminus of thecDNAwith ImMdATP and 0.8 U/20pul
terminal deoxynucleotidyl transferase (Toyobo, Osaka, Japan). After the resultant
cDNA was purified once again using the same kit, the second cDNA was synthesized
with Ex Taq polymerase (1.25 U/50 pl) and oligo-dT (19) adaptor primer
(supplemental Table S1) sequentially for 5 min at 93 C, 90 sec at 42 C, and 3 min at 72
C. A 1-ul aliquot of second-strand cDNA was then amplified by PCR with primer 5 and
the adaptor primer (supplemental Table S1). This product was then amplified by PCR
with the primer 6 and the adaptor primer (supplemental Table S1). These PCR
amplifications were carried out under conditions identical to those described for the

3’-RACE-PCR. The obtained sequences are described in the text.

RT-PCR of anuran tissues

The tissue expression of ventral-type AQP mRNA in each anuran was analyzed
by RT-PCR. Trizol reagent was used to prepare total RNA from various tissues of
anuran species. Total RNA (20 pg) was first treated with deoxyribonuclease I (4 U;

Takara), after which a 10-ug aliquot of the total RNA product was reverse transcribed
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with M-MLYV reverse transcriptase (Invitrogen) at 37 C for 1 h and then at 70 C for 30
min. The RT-PCR analysis was performed basically by the same method described
above, using the homologous primers P3 (sense) and P4 (antisense) (supplemental
Table 81, underlined). The RTPCR products were analyzed on a 2% agarose gel

containing ethidium bromide (0.5 pg/ml).

Antibodies

An oligopeptide corresponding to the amino acids 241-255
(ST-186:NYDPEYEGEREEHRK )of the Xenopus AQP-x3 protein, with an
amino-terminal cysteine, was synthesized as described previously (Ogushi et al., 2007).
The antibody was raised in a rabbit with the ST-186 peptide coupled to keyhole limpet
hemocyanin. Similarly, the C-terminal (CT) regions of AQP-rc3 (ST-188, amino acids
260-273: LNSLNNYSKNMEKA) and AQP-1j3 (ST-157, amino acids 260-273:
LNSLNNYSKNMDKA) were synthesized as antigen peptides. The rabbit anti-Hyla
AQP-h2 serum (ST-140) had been generated and characterized previously (Hsegawa et
al., 2003). To detect AQP-bj3 protein, we were able to use rabbit anti-Hyla AQP-h3
(ST-141; Tanii et al., 2002) because 13 in 17 amino acid residues in the CT sequence of
Hyla AQP-h3 protein used as the antigen are identical to that of B. japonicus. For a

similar reason, we used rabbit-anti-AQP-rc3 to detect AQP-m3 protein.

Mutant

To obtain mutated Xenopus AQP-x3, we constructed two kinds of reverse primers
containing mutated sites (supplemental Table S1) and a forward primer bearing Sacl
(Takara) and Kozak sequences. We then performed the PCR analysis performed using
the AQP-x3 ¢cDNA as the template, described above. The amplified AQP-x3 fragments

were digested with Sacl, purified further from the agarose gel using the Ultra Clean
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DNA purification kittMOBIO Laboratories, Solana Beach, CA), and inserted into a
pGEM-5Z  vector with 3’-terminus of AQP-x3, which was produced by digesting the
pGEM-5Z vector (Promega) bearing the full-length AQP-x3 cDNA with Sacl and
HindIIL. In the chimeric construct encoding AQP-h2K-AQP-x3CT, the AQP-x3 CT tail
sequence was added to the C terminus of AQP-h2K. To generate this chimera, we
digested AQP-x3 cDNA/pGEM-5Z with Xbal and Spel, purified the pGEM-5Z vector
bearing the C terminus of AQP-x3 with the gel, and stored the latter at -23 C until use.
To obtain the insert DNA (AQP-h2K), we performed a PCR analysis using a forward
primer with a Kozak sequence and Spel recognition sequence in the start codon and a
reverse primer with the stop codon of AQP-h2K replaced with Xbal recognition
sequence (supplemental Table S1). The PCR product was digested with Xbal and Spel
by the same method described above and ligated to the pGEM-5Z vector bearing the C

terminus of AQP-x3 with a Mighty Mix ligation kit (Takara).

Osmotic water permeability of oocytes

The full length of each ventral pelvic skin-type AQP was produced by RT-PCR
using a pelvic skin-type AQP-specific primer with the Kozak sequence (supplemental
Table S1) and the pelvic skin-type AQP-specific primer with poly(A)25 (supplemental
Table S1). The product of the PCR amplification was cloned into the pGEM-5Z vector.
cRNAs were prepared from linearized pPGEM-5Z vectors containing the entire open
reading frame of the pelvic-type AQP by transcription and capping with SPGRNA
polymerase (mnCAP RNA capping kit; Stratagene, La Jolla, CA). Stage V and VI
Xenopus oocytes were defolliculated by collagenase (1 mg/ml; Roche Molecular
Biochemicals), microinjected with either cRNAs (50 ng) or water, and incubated for 3 d
in Barth’s buffer at 18 C, after which they were transferred from 200 to

70mOsmBarth’s buffer. The osmotically elicited increase in volume was monitored at
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24 C under an Olympus BX50 microscope with a x4 magnifying objective lens and a
CCD camera connected to a computer. The coefficient of osmotic water permeability
(Pf) was calculated from the initial slope of oocyte swelling according to accepted
methodology (Fushimi et al., 1993; Zhang et al., 1990). In some experiments, AQP
cRNA-injected oocytes were incubated with 50 mM forskolin (FSK) (Sigma-Aldrich,
Tokyo, Japana) or 0.3 mM HgCl, for 10 min. To confirm whether the pelvic skin-type
AQP protein was expressed in Xenopus oocytes after the injection of the cRNA, we
evaluated AQP cRNA-injected or water injected oocytes by Western blot analysis and

immunohistochemistry as described below.

Western blot analysis

The pelvic skin including the thighs and urinary bladder from H. japonica, B.
Japonicus, R. japonica, R. nigromaculata, R. catesbeina, and X. laevis were
homogenized in cell lysis buffer [S0 mM Tris-HCI (pH 8.0), 0.15 M NaCl, 1% Triton
X-100, 0.1 mg/ml phenylmethylsulfonyl fluoride, and 1 ug/ml aprotinin] and
centrifuged at 16,000xg in a microcentrifuge for 10 min to remove insoluble materials.
In R. nigromaculata, we treated the extract from the cRNA-injected oocytes at 37 C
with peptide- N-glycosidase F (Daiichi Pure Chemicals, Tokyo, Japan) before
SDS-PAGE and Western blot to remove the sugar chain. The protein (10ug) was
denatured at 70C for 10 min in denaturation buffer comprising 3% sodium dodecyl
sulfate, 70 mM Tris (pH 6.8), 11.2% glycerol, 5% 2-mercaptoethanol, and 0.01%
bromophenol blue, subjected to electrophoresis on a 12% polyacrylamide gel, and then
transferred to an Immobilon-P membrane (Millipore, Tokyo, Japan). The proteins on
the membrane were reacted sequentially with rabbit anti-AQP-h2 (ST-140), rabbit
anti-AQP-h3 (ST-141), rabbit anti-AQP-rc3 (ST-188), rabbit anti-AQP-j3 (ST-157), or

rabbit anti-AQP-x3 (ST-186) serum, biotinylated goat anti rabbit IgG (Jackson
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ImmunoResearch, West Grove, PA), and streptavidin-conjugated horseradish
peroxidase (Dako Japan, Co., Ltd., Kyoto, Japan). The reaction products on the
membrane were visualized using an ECL Western blot detection kit (Amersham
Pharmacia Biotech, Buckinghamshire, UK). To check the specificity of the
immunoreaction, we performed an absorption test by preincubating anti-AQP antibody
with the antigen peptide (10 ug/ml). Similarly, the anuran cRNA-injected or AQP-x3
and its mutant cRNA-injected oocytes were analyzed by the same method described

above.

Immunofluorescence staining

The oocytes were fixed overnight at 4 C in periodate-lysine paraformaldehyde
fixative, dehydrated, and embedded in Paraplast. Thin (4 pm) sections were cut and
mounted on gelatincoated slides, deparaffinized, and rinsed with distilled water and
PBS. For single labeling of the respective pelvic skin-type AQP proteins,
immunofluorescence staining was performed essentially as described previously
(Ogushi er al., 2007). The sections were sequentially incubated with 1% BSA-PBS,
primary antiserum [rabbit anti-AQP-h3serum, rabbit anti-AQP-rj3 (1:2000), rabbit
anti-AQP-rc3 (1:3000), or rabbit anti-AQP-x3 serum (1:2000)], and Cy3-labeled
affinity-purified donkey antirabbit IgG (1:400; Jackson Immunoresearch). For nuclear
counterstaining, 4’, 6-diamidino-2-phenylindole was included in the secondary
antibody solution. The sections were finally washed with PBS and then mounted in
PermaFluor (Immunon, Pittsburgh, PA). The specificity of the immunostaining was
checked using an absorption test by preincubating the anti-AQP-x3 or anti-AQP-rc3
antiserum with the corresponding antigen peptide (10ug/ml). Specimens were
examined with an Olympus BX61 microscope equipped with a BX-epifluorescence

attachment (Olympus Optical, Tokyo, Japan).
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Statistical analysis
Statistical analyses for the Pf values were performed by using Ekuseru-Toukei
2008 software (Social Survey Research Information Co., Tokyo, Japan). The data were

compared by the Steel test after the Kruskal-Wallis test.

Results and Discussion

In a set of molecular cloning experiments, we successfully identified primary
structure of AQP-h3 homologs in the ventral pelvic skin of all the species examined:
AQP-bj3 from B. japonicus, AQP;rc3 from R. catesbeiana, AQP-rn3 from R
nigromaculata, AQP-1j3 from R. japonica, and AQP-x3 from X. laevis (Fig. 4-1 A and
supplemental Figs. S1-S5). The putative precursors of the AQP-h3 homologs were
identified as 29.1- to 29.4-kDa proteins composed of 271 or 273 amino acids, except
for AQP-x3 of X. laevis (30.8 kDa with 283 residues). The common features of the
AVT-stimulated AQPs appeared to be conserved in all of these AQP-h3 homologs in
that all had 1) a single protein kinase A phosphorylation site at Ser-255 or -257, 2) six
transmembrane regions with both the N and C terminus located in the cytoplasm,
consistent with other members of the major intrinsic protein (MIP) family, 3) one or
two N-glycosylation sites, and 4) two conserved NPA motifs as well as 5) a
mercurysensitive cysteine residue just upstream of the second NPA motif. In addition,
RT-PCR revealed that AQP-h3 homologous mRNA was predominantly expressed in
the ventral pelvic skin in all of the anuran species examined (Fig. 4-1B). Based on these
results, we designated the AQP-h3homolog as the pelvic skin-type AQP. In the
Western blot analyses using extracts of native ventral pelvic skin from H. japonica, B.
Japonicus, R. catesbeiana, R. nigromaculata, and R. japonica, we detected a major

band at approximately 29 kDa, which corresponds to the molecular masses estimated
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from the predicted amino acid sequences of the pelvic skin-type AQPs. In the Western
blot analysis using anti-AQP-x3 antibody; however, no bands were detected in the
extract of native ventral pelvic skin in X. laevis (Fig. 4-2). Using Western blot analysis
with anti-Hyla AQP-h2 antibody (ST-140), we next determined whether the AQP-h2
homolog is expressed in anuran species occupying different habitats. An examination
of the immunostaining of extracts of the urinary bladder of H. japorica, B. japonicus, R.
catesbeiana, R. nigromaculate, and X. laevis revealed signals on a band at
approximately 30 kDa and on smeary bands between 35 and 90 kDa in each species
(Fig. 3-3 A, lane 1). The AQP-h2-immunoreactive 30-kDa protein was also detected in
the pelvic skin of the terrestrial B. japonicus and arboreal H. japonica but not in the
semiaquatic Rana or the aquatic X. /aevis (Fig. 3-3 A, lane 2). No positive band was
detectable in the dorsal skin of any of the species analyzed (Fig. 3-3 A, lane 3). All of
the immunoreactive signals except for the nonspecific ones disappeared when the
anti-AQP-h2 was preincubated with the corresponding antigen peptide (Fig. 4-3 B, lane
1). The smeary bands with a higher molecular weight appeared to correspond to the
glycosylated form of these AQPs, the presence of which has been reported in several
tissues of H. japonica (Hasegawa et al., 2003; Tanii et al., 2002; Ogushi et al., 2007;
Akabane et al., 2007). No positive band was detectable in the protein extract of the
urinary bladder of R. japonica with anti-AQP-h2 (Fig. 4-3 A, lane 1). This may be
attributed to a difference in amino acid sequence of the CT portion of the urinary
bladder-type AQP between R. japonica and H. japonica, because anti-AQP-h2 antibody
was raised against the 14 CT amino acids of AQP-h2 (Hasegawa et al., 2003). Based on
these results, we postulated that the AQP-h2 homolog is the urinary bladder-type AQP,
which is also expressed in the pelvic skin of terrestrial and arboreal anurans but not in
that of aquatic and semiaquatic ones. The acquisition of a gene regulatory system that

directs the expression of both bladder-type AQP and pelvic skin-type AQP in the
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ventral pelvic skin is likely to provide terrestrial anurans with the molecular mechanism
for efficient water absorption, leading to rapid rehydration from limited water sources
and allows greater exploitation of terrestrial habitats. In contrast, the skin of the aquatic
clawed frog, X. laevis, has a much lower water permeability that reduces excessive
entry of water into the body and is not stimulated by AVT (Bentley et al., 1972;
Bentley, 1966). How can aquatic anurans reduce the water permeability of their ventral
skin while expressing the ventral skin-type AQP-x3? This was investigated with
functional expression analysis of the pelvic skin-type AQP proteins by injecting their
cRNAs into Xenopus oocytes. The membrane permeability (Pf), i.e. volume increase
rate, of the AQP-bj3-, AQP-rc3-, AQP-rn3-, and AQP-rj3-injected oocytes was
approximately 2.7-, 3.6-, 3.2-, and 3.9-fold higher than that of the water-injected
oocytes, respectively (supplemental Figs. S6-S9, C and D). This artificially stimulated
water permeability was significantly inhibited by 0.3mM HgCl, (P<0.01 or P<0.001).
These results show that the pelvic skin-type AQPs in the terrestrial and semiaquatic
species were functionally expressed in the oocytes and also indicate the respective
potency of these AQPs in stimulating water permeation. Furthermore, Western blot
analysis detected a single major 29-kDa band and smeary bands larger than 31 kDa in
the oocytes injected with the different cRNAs (supplemental Figs. S6-S9, A). This
finding was confirmed by immunofluorescence studies, in which an intense
immunopositive reaction was observed in the plasma membrane of the oocytes
(supplemental Figs. S6-S9, B). On the other hand, native AQP-x3 cRNA, when
injected into Xenopus oocytes, failed to induce either detectable AQP-x3 protein
expression (Fig. 4-4 A) or a change in the Pf(Fig. 4-4 C). Immunofluorescence staining
corroborated that no immunopositive substances are visible in the AQP-x3
cRNA-injected oocytes, because there are no differences in the staining when the

sections were compared with those labeled with the preabsorbed antiserum (Fig. 4-4 B).
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Because AQP-x3 has the unusual CT tail but likely a full set of functional features
common to the AVT-stimulated AQP family as mentioned above, we next examined
the effects of manipulating the CT tail of AQP-x3 in the oocyte system. The cRNA of
an AQP-x3 deletion mutant that lacks the CT tail (C273Stop) was injected into the
Xenopus oocytes. Surprisingly, the deletion of the CT tail resulted in AQP-x3 protein
being expressed in the respective cRNA-injected oocyte as two intense bands of
approximately 31 kDa and weak smeary bands of 37-97 kDa when examined by
immunostaining with anti-Xenopus AQP-x3 (ST-186) (Fig. 4-4 A a).
Immunofluorescence staining of the cRNA-injected oocytes showed AQP-x3 C273Stop
mutant. These signals were completely abolished by preabsorption of the antiserum
with the immunogen peptide (Fig. 4-4 A b). Inmunofluorescence staining of the
cRNA-injected oocytes showed that immunopositive AQP-x3 C273Stop substances are
visible predominately in the cytoplasm near the plasma membrane. The corresponding
Nomarski differential interference image and the immunofluorescence images of
oocytes after the addition of FSK showed the presence of immunopositive substances in
the plasma membrane. The immunolabelings were also intensified in the cytoplasm
near the plasma membrane. In the absorption test with the antigen, the immunopositive
substances nearly disappeared to background levels in the oocytes injected with
AQP-x3 C273Stop mutant cRNA. Without FSK stimulation, there was no change in
water permeation (Pf) in the oocytes injected with wild-type and AQP-x3 C273Stop
cRNA (Fig. 4-4 B). However, water permeation did increase after the addition of FSK
in those oocytes injected with AQP-x3 C273Stop cRNA but not in the case with the
wild-type AQP-x3 cRNA (Fig. 4-4 C). These results are consistent with those obtained
by the Western blot and immunofluorescence analyses (Fig. 4-4, A and B). The
FSK-stimulated osmotic water permeability of AQP-x3 mutant-injected oocytes was

reduced with 0.3 mM HgCl, (Fig. 4-4 C). These results indicate that the mutant
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AQP-x3 protein without its CT tail was functionally expressed and translocated to the
plasma membrane in response to FSK/intracellular cAMP in the Xenopus oocyte. The
effect of adding the CT tail of AQP-x3 to the AQP-h2K protein was also examined in
the oocyte expression system. Native AQP-h2K is fully functional as an
AVT-responsive AQP in vivo and in vitro (Ogushi et al., 2007). Nevertheless, as shown
in Fig. 4-5, the cRNA for chimeric AQP-h2K with the CT tail failed to induce either the
expression of detectable AQP protein or an increase in the membrane permeability,
thereby demonstrating that the CT tail of AQP-x3 is necessary and sufficient for
posttranscriptional attenuation of AQP gene expression. A substitution mutant of
AQP-x3 with the serine residue replacing cysteine-273 (C273S) was fully functional as
an AVT/FSK-responsive AQP when expressed in the oocyte (Fig. 4-4), suggesting the
singular importance of this Cys-273 residue and/or the Cys-273-coding region of
AQP-x3 mRNA in the unique negative regulation of AQP-x3 protein production. Thus,
in aquatic Xenopus, the extra CT sequence of pelvic skin type AQP and/or its coding
region in AQP mRNA negatively regulate protein expression, which may contribute to
the impermeability of the skin and to the prevention from excessive water entry in the
low osmotic freshwater environments. The more detailed molecular mechanisms for
attenuating AQP-x3 protein expression remain an unsolved mystery. There are several
posttranslational steps known to regulate the amounts of specific proteins, which
include the translational initiation step regulated partly by RNA-binding proteins that
keep specific mRNA away from the ribosomal machinery (Keene, 2007), translational
elongation step that can be attenuated by some unique structure of mRNA or nascent
polypeptide (Berisio ef al., 2003), and posttranslational steps, i.e. sorting and turnover
of nascent protein (Bonifacino et al., 2003). Additional experiments are required to
discern which steps are responsible for regulation of AQP-x3 gene. Loss of functional

pelvic skin-type AQP protein appears reasonable for aquatic life of X. laevis. The data
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presented here show that AQP-x3 mRNA is considerably expressed in the ventral
pelvic skin (Fig. 4-1B) and that AQP-x3 protein without the CT tail fully functioned as
a hormone-sensitive pelvic skin-type AQP (Fig. 4-4) imply physiological importance of
this gene in X. /aevis. X. laevis is not a completely aquatic anuran but is able to adapt to
diverse natural conditions in its tropical habitat (25-27). Thus, it is possible that in the
dry season, this species may absorb water from the wet soil through the skin, in which
AQP-x3 protein, liberating from the negative posttranscriptional regulation through a
yet to be described mechanism, could be produced in the pelvic skin. Further studies
are necessary to find conditions that may result in the expression of mature AQP-x3
protein. In conclusion, we have described two unique types of anuran-specific AQPs,
the bladder and pelvic skin type, respectively, in terms of their molecular diversity and
possible importance in osmoregulation. During evolutionary adaptation to various
water environments, anurans may have acquired molecular adaptive mechanisms that
regulate the positive transcription of bladder-type AQP in the ventral pelvic skin and
negative posttranscription of pelvic skin-type AQP. Our results provide evidence for
potential molecular mechanisms that may underlie the diversified physiological
processes of anuran-specific water economy, which has been studied since the

discovery of Robert Townson in the 1790s (Jorgensen, 1997, Macknight et al., 1980).
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FIG. 4-1. A, Comparison of the predicted sequence of anuran ventral pelvic skin-type AQPs.
Gaps indicated by the dashed lines have been introduced to obtain maximum homology. NPA
(asparagines-proline-alanine) motifs are outlined. C in the gray box, S in the solid circle, and N
in the solid square indicate mercury-sensitive cysteine residues, phosphorylation sites for
protein kinase A, and N-glycosylation sites, respectively. The underline indicates the additional
11 amino acids seen only in the C terminus of AQP-x3 protein. The amino acid residues that
match those of the AQP-h3 homologs are indicated by asterisks. B, Tissue expression of AQP-
h3, AQP-bj3, AQP-rc3, AQP-m3, AQP-rj3, and AQP-x3 mRNA by RT-PCR. RT-PCR
products obtained using the primers (supplemental Table S1) were separated on a 2% agarose
gel. RT and water represent the negative control using the ventral pelvic skin sample without a
RT reaction and with water instead of ¢cDNA, respectively. B-actin was used as positive control.

87



H. japonica B. japonicus R. catesbeiana
kpa 1 2 kba 1 2 kpa 1 2

97.4 - 97.4— 97.4-
5= Y e—p—— Xl
=0 45.0- 45.0-
31.0 -
21.5- —— 21.5=
R. nigromaculata R. japonica X. laevis
kba 1 2 kba 1 2 kba 1 &
97.4- 97.4- 97 .4—
66.0"‘ — — P 66.0— Tpr— — % 66'0— *
45.0-
45.0- 45.0-
31.0-
31.0— 31.0=- -
- 21.5-
21.5- 215~

FI1G. 2. Western blot analysis of extracts from the native ventral pelvic skin of
several anuran species. In the extract of H. japonica. B. Japonicus, R. nigromaculata,
R. catesbeina and R. japonica, immunoreactive bands are detected in major bands at
approximately 29 kDa (lane 1). The positive bands disappear at background levels
when the membranes are incubated with the preabsorbed antibody with the respective
antigen (lane 2). However, no band is visible in the extract of X. laevis. Asterisks
indicate nonspecific bands. The antisera used in the Western blot are described in
Materials and Methods.
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FIG. 3. Western blot analysis of extracts from the urinary bladder, ventral pelvic skin,
and dorsal skin using rabbit anti-Hyla AQP-h2. A, Lane 1, urinary bladder, with positive
bands seen at 29 or 31 kDa and smeary bands at 35-90 kDa in all species examined
except for R. japonica; lane 2, pelvic skin, with the AQP-h2-positive band detected in the
pelvic skin of B. japonicus and H. japonica but not in that of the other species; lane 3,
dorsal skin, with no positive bands visible in the dorsal skin of all the species examined.
B, Lane 1, in absorption test, the immunopositive bands visible in the urinary bladder are
nearly abolished at background levels. 4sterisks indicate nonspecific bands.
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FIG. 4. Functional expression analysis using Xenopus oocytes injected with cRNA of AQP-x3
(wild-type) and its mutants. A, Western blot analysis of AQP-x3 (wild-type)-injected oocytes
prepared after complete swelling. No immunoreactive bands are seen in the membrane.
Immunoreactive bands are seen at approximately 31 and 37-97 kDa in the extract of AQP-x3
C2738S- and AQP-x3 C273Stop-injected oocytes (a). In the absorption test, these positive bands
disappeared at the background levels. Asterisks indicate nonspecific bands (b). B,
Immunofluorescence images of the oocytes after the injection of the cRNA of AQP-x3 and its
mutants. No immunopositive substances are visible in the AQP-x3 cRNA-injected oocytes. For
the AQP-x3 C273S and AQP-x3 C273Stop mutants, immunopositive AQP-x3 substances are
visible predominately in the cytoplasm near the plasma membrane. The corresponding
Nomarski differential interference image and the immunofluorescence images of oocytes after
the addition of FSK show the presence of immunopositive substances in the plasma membrane
in the AQP-x3 C273S and AQP-x3 C273Stop images. In the absorption test (Antigen), the
immunopositive substances have nearly disappeared in the oocytes. C, Swelling assay with
Xenopus oocytes. Although there was no change in water permeation (Pf) in the oocytes
injected with wild-type, AQP-x3 C273S, and AQP-x3 C273 Stop cRNA, water permeation did
increase after the addition of FSK, but only in those oocytes injected with AQP-x3 C273S and
AQP-x3 C273Stop cRNA. The FSK-stimulated osmotic water permeability of AQP-x3
mutant-injected oocytes was reduced with 0.3 mM HgCl,. The representative data shown are
given as the mean SE of measurements for five to six oocytes in each experimental group.
AQP-3x C273S: a, P 0.05 vs. AQP-x3 C273S; b, P 0.05 vs. AQP-x3 C273S FSK; AQP-x3
C273Stop: a, P 0.05 vs. AQP-x3 C273Stop; b, P 0.05 vs. AQP-x3 C273Stop FSK.
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FIG. 5. Functional expression analysis using Xenopus oocytes injected with cRNA
forchimeric AQP-h2K containing the C terminus of AQP-x3 (AQP-x3CT). A, Western blot
analysis of the oocytes injected with the chimera cRNA using anti-Hyla AQP-h2K (a) and the
antibody preabsorbed with the immunogen (b). Lane 1, Extract of waterinjected oocytes; lane
2, extract of AQP-h2K cRNA-injected oocytes; lane 3, extract of AQP-h2K/AQP-x3CT
cRNA-injected oocytes. A positive band is visible at 29 kDa only in the AQP-h2K ¢cRNA-
injected oocytes, but it disappears with the addition of the preabsorbed antiserum. B,
Immunofluorescence images of the AQP-h2K ¢cRNA- or AQP-h2K/AQP-x3CT cRNA-
injected oocytes: a, after complete swelling of the oocytes injected with AQP-h2K cRNA,
immunoreactive substances are visible predominately in the plasma membrane; b,
corresponding Nomarski differential interference image; ¢, absorption test showing that the
immunoreactive substances obtained with anti-AQPh2K nearly disappear to background levels
in the AQP-h2K-injected oocytes. d, only background levels are observed in the AQP-
h2K/AQP-x3CT-injected oocytes. C, Time course of the osmotic swelling. Oocytes were
microinjected with water or cRNAs encoding AQP-h2K or AQP-h2K/AQP-x3CT,
respectively. Some of the AQP-h2Kinjected oocytes were incubated with 0.3 mM HgCI2. D,
The Pfwas calculated from the initial rate of oocyte swelling. Water permeability increased
significantly in the AQP-h2K-injected oocytes but deceased significantly after the addition of
HgCl, to the oocytes. In contrast, no increase in water permeation was induced in the AQP-
h2K/ AQP-x3CT-injected oocytes. The representative data are given as the mean SE of
measurements for 10-11 oocytes in each experimental group. a, P 0.001 vs. water; b, P 0.01
vs. AQP-h2K; ¢, P 0.01 vs. AQP-h2K/AQP-x3CT.
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Table S1 Primers used for cloning and PCR analysis of anuran AQP sequences

Name Primer sequence (5’-3’) bp
Oligo-dT(19) adaptor ({T)1s GACTCGAGTCGACATCGAT
RACE Adaptor GACTCGAGTCGACATCGAT
AQP master primer
Master (M) primer 1 AGCGGGG (CG) (CT) CAC (AC) T{CT)AACCC
M primer 2 A (AG) (AG) GA (CG) C (GT) (GT) GC (AT) GG (AG) TTCA
M primer 3 GG (AT) CC (AG) A (CT) CCA (AG) AAGA (T) CCA
AQP-h3 specific primer
h3-primer 1 TCGTGGCAACATTTTGCAAG 763-782
h3-primer 2 TGGTCTGATGTATGGATGAG 988-1007
AQP-bj3 spaecific primer
bj3-primer 1 CTTTTATTGACTGTCATCATGC 65 - 86
bj3-primer 2 CTTTTTAGCTGAGCTGGTAGC 121-141
bj3-primer 3 TAGGACTGTCAGTGGTACTG 576 - 594
bj3-primer 4 AGAATACAGAATAGGATTTCAC 895-916
bj3-primer 5 ACGAGAAGTGCTACACTTACAG 294 - 315
bj3-primer 6 TACCACTGACAGTCCTATGG 573 - 592
Kozak-bj3-primer GCCACCATGCTTAAGGAGCTATATGC
bj3-Azstail-primer {Ts ACAGAATAGGATTTCAC
AQP-rc3 specific primer
re3-primer 1 TGCATTACCTTGGCCCTCAGC 161 - 181
rc3-primer 2 AACATTGGGCTTACTGGTGG 284 - 305
rc3-primer 3 CCATCCAATATACGAGGTAGC 396 - 416
rc3-primer 4 CTTCTGCTGTCTGTTGTTCCG 508 - 529
rc3-primer 5 GCTACCTCGTATATTGGATGC 396 - 406
rc3-primer 6 ACTTCAGGACTGAGATCTGTG 307 - 327
Kozak-rc3-primer TAGCCACCATGCTTAGAAACCTGTGC
rc3-Asstail-primer (T)2s CATCACATAATCATATTTATTTTC
AQP-rn3 specific primer
rn3-primer 1 AACATTGGGCTTACTGGTGG 284 - 305
m3-primer 2 ATCTCAGTCCTGAAGTGTGTC 312-332
m3-primer 3 AAAAGAGGGACACCGTAAGC 815-834
m3-primer 4 CTACCTTAAGCTTTCTCCATG 875 - 895
m3-primer 5 CTCCTGCTGTCTGTTGTTCCG 508 - 529
m3-primer 6 CACAGATCTCAGTCCTGAAGT 307 - 327
Kozak-rm3-primer TAGCCACCATGCTTAGAAACCTGTGC
rn3-Agzstail-primer (T)2s AAGGAACAAAAGGTTCTTATTG
AQP-1j3 specific primer
ri3-primer 1 AACATTGGGCTTACTGGTGG 141 - 161
fj3-primer 2 ACTTCAGGACTGAGATCTGTG 488 - 509
AQP-x3 specific primer
x3 primer 1 GTGACACTAGCATTCCTCTT 224 - 244
x3 primer 2 GCAGCCAGTGAAGTAAATCC 537 - 557
rc B-actin primer
rc B-primert TACCTCATGAAGATCCTGACC 4-24
rc B-primer2 TGATCCACATCTGCTGGAAGG 462 - 481
rc p-primer3 TGATCCACATCTGCTGGAAGG 494 - 514
x p-actin primer
X B-primer 1 ACTGTGACCTGACAGACTACC 579 - 598
X B-primer 2 CAGTATTGGCATAGAGGTCC 906 - 598
X3 mutant
Sac1-Kozak-x3 primer GGAGCTCGCCACCATGCTGAAATA
C273Stop GCTTGAAAAGATACTACAGTTCAATC
C273s GCTTGAAAAGATACTACAGTAGAATC

The underlined primers are those used for the RT-PCR analyses
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Supplemental Figure 1- A: Nucleotide and deduced amino acid sequence of aquaporin (B.

ATCATCCTGTAAACAGTAGCAC
AAGGAAGAACACCAGCGGGGATTTTGTTTT TAGTCTCCTTGGCTTTTATAGACTGTCATC
ATGCTTAAGGAGCTATATGCGGGATTTAAT TTTAAGGCCTTTTTAGCTGAGCTAGTGGCA

M L K E L ¥ A G F NF KAV FULAETUL V A

ACCCTCATATTTGT TCTTGTTGGCCTGGGTTCAACGCTATCATGGTCAGGAGCTACGCCA
T L I F V L V 6L 6 8 T VL 8 W S G A T P

ACTGTCTTACAAATAGCCTTCACTTTTGGCTTGGGAATAGGTACAATGGTACAAACTATG
T vV L. I A F T F G L 6 1 6T MV Q T M

GGCCACATCAGCGGGGCCCACATTAACCCTGCTGTAAGTG TAGCACTTCT CGTTGGGGCC
¢ H1s 6 AaA®HTI[N P AJVSVALTLTYGA

CGAATATCTCTGGTCCAGACCTTTTACTATGTGATCGCTCAGCTACTGGGAGCTGTCATA
R I 8 L v Q T F Y Y VI AQULIULGH AV I

GGGGCTGCTTTACTGTATGAGTTTGCACCACCTGAAGTCAT TGGAGGATT TGGACTGAAT
6 A AL L Y EF A P PEV I 666G F 6 L N

CAGCCAACTAACAATACATCACCCGGACAAGCACTGGCTATAGAAATCATTCTTACAATG
Q P T N N T S P G @ A L ATITUETIIULTM
A A
CAGCTGGTCCTCTGCATCTTTGCTACAACGGACAGCCGGAGGACGGACAACATTGGTTCT
Q L vV L ¢ I F A TTUD S RRTUDNTI G S

CCAGCCATTTCCATAGGACTGTCAGTGGTACTGGGACACTTACTTGGGATTTAT TACACT
P A I 8 I 6L SV VL G HULUL G666 I Y YT

GGATGTTCCATGAATCCAGCACGGTCCTTTGCTCCAGCTT TGAT TATAGGAAACTTCAAT

¢ c s M[N P A]JR s F A P AL I I GNFN
A

TACCATTGGATTTTCTGGGTGGGACCGATAACAGGAGCAATCT TGGCATGCTTGATTTAT

Y HWITFWVG6P I T GATITLA ATGCTELTIY

GACTATGTCTTCATCCCTCACTCAATAAGCCCCAGTGARAAGACTGGAAATCCTACGTGGC
D Y VF I P H 8 I 8 P 8 ERULETITLRG

AACATTATGCAGGAAAATGAAAAAGAAGAAAGACGGAAACAATCTGTAGGCCTCAATTCT
N I M Q E N E K E E R R K Q S V 6 L N S

|
CTTTACAGCCAATCAAATAACAGGGAAAAAATGTGAAATCCTATTCTGTATTTTTTTTGT
L ¥ $ ¢ S N N RE KM *

CATTTTTTTGCAGTGAATATATTGTATTGTACAGAATATGTTGAGATATTAACAATGGTT
ATATAGTTTGGTTACAGATCATATGGCTACACTGCTACATGTCAGACCATGCAAGGTGGC
CCGTAGGAAAAAAAAAGGCTATCCCTAGCTACAAAATGTTATACTTTATGAGATGAAARA

TCAACACATTTACACATCATTGTGTTAGAGCATGTCCGATGTACTAACTATACATCTTIA

TAAAGTTTGAATATAAGAT.
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1
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Jjaponicus AQP-bj3) cDNA. The predicted amino acid is shown below the nucleotide

sequence (DDBJ/EBBL/GenBank accession no. AB500708). The asterisk indicates the stop
codon. NPA motifs are outlined. The solid triangle indicates putative N-glycosylation sites.
The square and open triangle indicate a phosphorylation site for protein kinase A and the
mercurial-inhibition site, respectively. B: Kyte-Doolittle hydropathy profile (window 11) of

the deduced AQP-bj3 amino acid sequence.
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-68 GGTCATTG -61
-60 CAATGACATATAGCATAGAGTATACGAGAGCACGGCTTTAGAAAGACTTTGGTAGAAACC -1
1 ATGCTTAGAAACCTGTGCTCAGGTGCCTTTTCTCGGGCAGTTCTAGCTGAATTTTTAGGC 60
1 ML RNL C S8 6 A F 8 RAV L AETFTLG 20

61 ACATTGTTATTTGTATTCTTTGGTCTTGGCAGTGCAT TACCTTGGCCCTCAGCAGTGCCC 120
22 T L L FV F F 6L G S A L ©PWUP S AVP 40

121 ACTATCCTGCAGATCGCACTAACATTTGGTCTAGGTATAGCAACATTGGTCCAGACAATA 180
41 T I L @ I A L T F 6 L G I A T L V Q T I 60

181 GGACATGTCAGTGGTGCTCACATCAATCCTGCAGTAACATTGGGCCTACTGGTGGGATCA 240
GlGHVSGAHIVTLGLLVGS 80

241 CAGATCTCAGTCCTGAAGTGTGTCTTCTACATCCTGGCTCAGATGCTGGGAGCTGTGGCT 300
81 ¢ I s VvV L K ¢ VvV F Y I L A ¢ M L G A V A 100

301 GGAGCTGGCTTACTCTTTGAGTTCACCCCATCCAATATACGAGGTAGCTTCGGAGTCAAT 360
101 6 A 6 L L F E F T P S N I R &6 8 F G V N 120

361 GOGGTTAGCAATAGCACCACTTCTGGACAGGCTGTAGCTGTGGAGCTCTTCACTACTATG 420

122 A V 8 N 8 T T 8 G Q A V A V E L F T T M 140
A

421 CAGCTTGTGTTGTGTGTTTTCGGAACAACAGACAGCAGAAGAACAGACAATACAGGATTT 480

141 @ L V L. ¢ V F 6 T T D 8 R R T D N T G F 160

481 CCAGCCTTATCCATTGGTTTATCAGTTGCTTTAGGACATTTACTTGGGATCTACTTCACT 540
161 P A L $ I 6 L 8 V A L 6 HL L GG I ¥ F T 180

541 GGCTG’I‘TCCATGAACCC'1‘GCGJ[\GGTCTT‘I'I'GGCCCTGCTATAATTATGGGAAATT’ITGAA 600

1SIGCSMINPARSFGPAIIMGNFE 200
A }

601 TCACATTGGATCTTCTGGGTAGGCCCCATGTCCGGTGCGATCCTTGCGGCCTTAATCTAT 660

200 8 H W I F WV 6 P M S G A IULAATLTIZYX 220

661 ACTTATCTTCTTACACCACCTGCACCAAATCTCCTAGATAGACTATCCACCTTGCATGGT 720
221 T Y L L T P P A P N L L DRUIL S T UL H G 240

721 AGCTTCGATCCAGAGCATGAACGTGAAAGAGAGGAACACCGTAAGCACTCAGTGGAACTC 780
241 8 F D P E HEREURTETEHR RIKUEHESUVEL 260
]
781 AATTCTCTTAACAACTATTCAAAGAACATGGAGAAAGCTTAAGGTGCTTTCAGGTTTCTG 840
261 N 8 L N N Y s K N M E K A& * 273
A
841 GCCTAGGCCCAATAATATCATAAACTCCCAGAAGTCTCCATTTTTTTTATTTCATCTGGA 900
901 GGAGGGAGTGAGAGGTTTTTTCAGCCAAGTACACCCTCCTGCCTGCATGCCTGAGGCTAA 960
961 AGGCAAATOGTTTCCAGGAAGAAAATGTTACATGAATCCATCTGCCTATACTCAAGATGA 1020
1021 CTGTGGCTAGAAATGCTAGGGGGTGTTTTTCAAAGTGATT TCTCAACAAAATAAAGTATG 1080
1081 GGCACATGGGTGGATGGGTGAATTTGCTATGAATATTAAAAATTTATAAAATTGTGTTTT 1140
1141 CGGTTCATAATGTTCCGATACAGTTACATTCTACTTTTACTGITCCCTATTGTATGTTGA 1200
1201 TTGCCACATTACAGAACTCACCAACATATTTAGAAAATAAATATGATTATGTGATGAAAA 1260
1261 AAAAAAAAAAAAAAA 1275

4.00
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Supplemental Figure 2 - A: Nucleotide and deduced amino acid sequence of Aquaporin
(R. nigromaculata AQP-rn3) cDNA. The predicted amino acid is shown below the
nucleotide sequence (DDBJ/EBBL/GenBank accession no. AB500707). The asterisk
indicates the terminal codon. NPA motifs are outlined. The solid triangle indicates a
putative N-glycosylation site. The square and open triangle indicate phosphorylation
sites for protein kinase A and the mercurial-inhibition site, respectively. B: Kyte-
Doolittle hydropathy profile (window 11) of the deduced AQP-rn3 amino acid sequence.
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A

-68 GGTCATTG -61
~-60 CAATAAAATATAGCATAGAGTATACGAGAGCACGGCTTTAGAAAGACTTITGGTAGAARCC -1
1 ATGCTTAGAGATCTGTGCTCGGGTGCCTTTTCTCGGGCAGTTCTAGCTGAATTT TTAGGC 60
1 M L RD L C S G A F S R AV LAETFULG 20

61 ACATTGTTATTTGTATTCTTTGGTCTTGGAAGTGCATTACATTGGCCCTCAGCAGTGCCC 120
22 T L L F V F F 6 L G S A L HWUP S A V P 40

121 ACTATCCTGCAGATTGCACTAACATTTGGTCTAGCTATAGCAACATTGGTCCAGACAATA 180
N 4 T I L ¢ I A L T F 6 L A I A T UL V Q T I 60

. 181 GGACATGTCAGTGGTGCTCACATCAACCCTGCGGTAACATTGGGCTTACTGGTGGGATCA 240
66 6 H Vv s 6 AHI[NPAJVvTLGLLVGS 80

241 CAGATCTCAGTCCTGAAGTGTGTCTTCTACATCTTGGCTCAGATGCTGGGAGCTGTGGCT 300
886 @ I 8 VvV L K ¢ V F ¥ I L A Q@ M L G A V A 100

301 GGAGCTGGCTTACTCTTTGAGTTCACCCCATCCAATATACGTGGGAGCTTCGGTGTCAAT 360
106 6 A 6 L L F E F T P 8 N I R G 8 F 6 V N 120

361 GCGGTTAGCAATAGCACCACTTCTGGACAGGCTGTAGCTGTGGAGCTCTTCACTACTATG 420

121 A V 8 N 8 T T S 6 Q A V A V E L F T T M 140
, A

421 CAGCTTGTGTTGTGTGTTTTCGGAACAACAGAAAGCAGGAGAACAGACAATGCAGGATTT 480

141 Q@ L VvV L. ¢ VvV F 6 T T E 8 R R T D N A 6 F 160

481 CCAGCCTTATCCATTGGTTTATCAGTTGCTTTAGGACATTTACTTGGGATCTACTTTACT 540
166 P A L 8 I 6 L S V A L G H L L 6 I ¥ F T 180

541 GGCTGTTCCATGAACCCTGCAAGGTCTTTTGGCCCTGCTATAATTATGGGAAATTTTGAA 600
| - 188 6 c s M[N._ » A]JR s F 6 P A I I M G NF E 200
' A

601 TCGCACTGGATCTTCTGGGTTGGCCCCATGTCCGGTGCGATCTTTGCTGCTTTAATCTAT 660
20 S HWITF WV GPMSGA ATITFA AA ATLTI Y 220

661 ACTTATCTTCTTACACCACCTGCACCAAATCTCCTAGACAGACTATCCATCCTGCATGGC 720
2212 T Y L L T P P A PN L L D RUL S I L H G 240

721 AGCTTCGATCCAGAGCATGAACGTGAAAAAGAGGGACACCGTAAGCACTCAGTTGAACTG 780
v 241 S8 F D P E HEIRUEI KEGHT RIKUHESV E L 260
|
781 AATTCTCTTAACAACTATACAAAGAACATGGAGAAAGCTTAAGGTAGCCATTTCATGGAC 840
260 N S L NN Y T K N ME K A * 280
’ A
841 TCTGGATCAACAACTCTTGGCTAAAATCTTATTAACTGTACCTGGAATCCTGGAACTTGT 900

’ ggi TATGGTAACCACAACTCTACTTCTTGGAGACACCAATAAGAACCTTTTGTTCCTTAARAA 99]3
AAAAAAARAAAADDAARDA 9

4.00
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Supplemental Figure 3 - A: Nucleotide and deduced amino acid sequence of Aquaporin (R.
) catesbeian AQP-rn3) ¢cDNA. The predicted amino acid is shown below the nucleotide

. sequence (DDBJ/EBBL/GenBank accession no. AB500705). The asterisk indicates the
terminal codon. NPA motifs are outlined. The solid triangle indicates a putative N-
glycosylation site. The square and open triangle indicate phosphorylation sites for protein
kinase A and the mercurial-inhibition site, respectively. B: Kyte-Doolittle hydropathy profile
. (window 11) of the deduced AQP-rc3 amino acid sequence.
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-47 AATTCGGCACGAGGAGAGCACGGCTTTAGAAAGAC TTGGGAAGAAACC -1
1 ATGCTTAGAAATCTGTGCTCGGGTGCCTTTTCTCGGGCAGTTCTAGCTGAATTTTTAGGT 60
1 M L RNULC S G A F S RAV LAETFL G 20

61 ACATTGTTATTTGTATTCTTTGGTCTTGGCAGTGCATTACCTTGGCCCTCAGCAGTGCCC 120
22 T L L F V F F 6L G 8 A L P WP S A VP 40

121 ACTATCCTGCAGATCGCACTAACATTTGGITTAGCTATAGCAACACTGGTCCAGACAATA 180
41 T I L @ I AL TV F 6 L A I A TULV Q T I 60

181 GGACATGTCAGTGGTGCTCACATCAATCCTGCAGTAACATTGGGCTTACTGGTGGGATCA 240
SIGHVSGAHIVTLGLLVGS 80

241 CAGATCTCAGTCCTGAAGTGTGTCTTCTACATCCTGGCTCAGATGCTGGGAGCTGTGGCT 300
81QISVLKCVFYILAQMLGAVA 100

301 GGAGCTGGCTTACTCTTTGAGTTCACCCCATCCAATATACGAGGGAGCTTTGGAGTCAAT 360
101 6 A G L L P E F T P S N I R G S F 6 V N 120

361 GCGCTTAGCAATAGCACTACTTCTGGACAGGCTGTAGCTGTGGAGCTCTTCACTACTATG 420

121 A L S N 8 T T S 6 Q AV A V E L F T T M 140
A

421 CAGCTTGTGITGTGTGTTTTCGGAACAACAGACAGCAGAAGAACAGACAATACAGGATTT 480

141QLVLCVFGTTDSRRTDNTGF 160

481 CCAGCCTTATCCATTGGTTTATCAGTTGCTTTAGGACATTTACTTGGGATCTACTTCACT 540
161 P A L 8 I 6L $ V A L G H L L G I ¥ F T 180

541 GGCTGTTCCATGAACCCTGCAAGGTCTTTTGGCCCTGCTATAATTATGGGAARTTTTGAA 600

lﬁlGCSMRSFGPAIIMGNFE 200
A

601 TCACATTGGATCTTCTGGGTAGGCCCCATGTCCGGTGCAATCTTTGCTGCCITAATCTAT — 660

01 S H W I F WV G P M S G A I F A AL I ¥ 220

661 ACTTATCTTCTGACACCACCTGCACCAAATCTCCTAGATAGACTATCCATCTTGCATGGT 720
221 T Y L L T P P A P N L L D RUL S I L H G 240

721 AGTTTTGATCCAGAACATGAACGTGARAGAGAGGAACACCGTAARACACTCAGTGGAACTG 780
241 8 F D P E H ERERTEEUHT RIKUHSV EL 260
B
781 AATTCTCTTAACAACTATTCAAAGAACATGGATAAAGCTTAAGTTTTTTCCTGGATGCCA B840
261 N § L N N ¥ S K N M D K A * 273
A
841 CAAACAATGGAAAAGAGGGTTCATCTGAGAAAATGACTTTACCAGTCGTCCAATCCTTGT 900
901 ACCTTTTTGCAGAATATCAGTCTGTCTCTGATGTTTTTCCTGAAGAGAAGTGGCTTCTTT 960
961 GCTGCCCTTCTTGACATCAGGCCATCCTCCAAAAGTTTTCTCCTCACTGTGCATGCACAC 1020
1021 TTTTTCTCCTTTTTGCCACACCTTCCTGCTGCCATTCCTGAGCAAGCTCTGCACTGGCGA 1080
1081 TGCCCCTATCCTGTAGCTGAACGAACTGTAGAAGACGGTCCTGGARCTTGCTGGACTTTC 1140
1141 TTGGGCACCCTGAAGCCTTCTTCACAAATACAGTGGAAATATTATTTATGGAATTAAGTT 1200
1201 TATAAAAAAATATTTTTATAATAAAATATTTCCCTCTGCTTCCCTGGGOCTTTGCTGAAC 1260
1261 CAATGAGGCATGAGGCTGGTGGCTGTCCCCAARAATACCTAARAGGTCCCCTCTCTGCAC 1320
1321 CTAGGCCTCATGCTGAAATGATGGGGCCCAGAAGCATAMAGTGGACTATTTAAAGTGGAG 1380
1381 CGTTAACCTCCCTTACTTACTTTCCATAATTTCACTACTGCOCCCTTTCTCTCTAACAAG 1440
1441 GTGTTTTAAAAAATGAAGACACTACGGTAATGTTACATATTACAGAATATGTCTGTTTTC 1500
1501 AGATTTAATTGATTAAATGTATAGACTATTTAATTTGGTTTGTATAAACATGTAAATGAA 1560

1561 ATCAGCTCGATGTAAATAAACTATAATATTAGTGCAAAAAAAAAARARAAAA 1612
B 4.00
MVA‘TA\/M”M"M
'4'001 5 109 164 218 274 (AA)

Supplemental Figure 4 A: Nucleotide and deduced amino acid sequence of Aquaporin
(R. japonica AQP-m3) cDNA. The predicted amino acid is shown below the nucleotide
sequence (DDBJ/EBBL/GenBank accession no. AB500706). The asterisk indicates the
terminal codon. NPA motifs are outlined. The solid triangle indicates a putative N-
glycosylation site. The square and open triangle indicate phosphorylation sites for protein
kinase A and the mercurial-inhibition site, respectively. B: Kyte-Doolittle hydropathy
profile (window 11) of the deduced AQP-rj3 amino acid sequence.
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AACTACCTACTTTTCCCTTCAGAAATTAGTGTTTGTGACAGACTGGCTATTCTGCAGGGT
N Y L L F P S E I 8 VvV ¢ DURULATITILGQG

AACTATGACCCAGAGTACGAGGGGGAGAGAGAGGAGCACCGCAAGCACTCCGTTGAACTC
N Y D P E Y EGEURTETEUHT®RI KIHESVEL
|
AACTCTATGCAAAAAATCAAGCAGACAGCTCTAGATTGTACTGTAGTATCTTTTCAAGCT
N 8 M ¢ K I K @Q T A L D C T V V 8 F Q A

PTGAATTTTTGAACT TGAGGTTCTCACACTTTTTAATAAAACCTGATTCAAACCAAAAAAR
L N F *

AAAAAAAAAAARAL

4.00
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Supplemental Figure 5 A: Nucleotide and deduced amino acid sequence of Aquaporin
(Xenopus leavis AQP-x3) cDNA. The predicted amino acid is shown below the
nucleotide sequence (DDBJ/EBBL/GenBank accession no. AB500709). The asterisk
indicates the terminal codon. NPA motifs are outlined. The solid triangle indicates a
putative N-glycosylation site. The square and open triangle indicate phosphorylation
sites for protein kinase C and protein kinase A and the mercurial-inhibition site,
respectively. B: Kyte-Doolittle hydropathy profile (window 11) of the deduced AQP-x3

a a N
57 114 170 227 284 (AA)

amino acid sequence.
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Supplemental Figure 6 - Functional evaluation of AQP-bj3 in Xenopus ooctes. (A) Western
blot analysis of the extract from AQP-bj3-injected oocytes using anti-AQP-h3 (ST-141).
Positive bands are detected a major band at 29 kDa and a smear band between 38.9 and 102.6
(lane 1). No bands are visible except none-specific bands (asterisk) (lane 2). (B)
Immunofluorescence images of the AQP-bj3 protein in AQP-bj3-injected oocytes: after
complete swelling of the oocytes, (a) immunoreactive AQP-bj3 substance are visible, slightly
in the cytoplasm; (b) the corresponding Nomarski differential interference image:; (c) in the
oocytes injected with AQP-bj3 cRNA after stimulation of forskolin, positive reaction is visible
in the plasma membrane, and (d) in the absorption test, immunopositive substances obtained
with anti-AQP-h3 are nearly abolished at back-ground levels in the AQP-bj3-injected oocyte
after addition of forskolin. (C) Time course of the osmotic swelling. Ooytes were
microinjected with water or cRNA encoding AQP-bj3. Some of the AQP-bj3-injected oocytes
were incubated with 0.3 mM HgCl,. (D) Pf was calculated from the initial rate of oocyte
swelling. The representative data shown are given as the mean £ SE of measurements from
from 7 to 10 oocytes in each experimental group. a, P<0.01 vs. Water; b, P<0.01 vs. AQP-
bj3+FSK.
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Supplemental Figure 7 - Functional evaluation of AQP-rn3 in Xenopus oocytes. (A)
Western blot analysis of the extract from AQP-rn3 cRNA-injected oocytes using anti-AQP-
rc3 (ST-188). Positive bands are detected a major band at 25.7 kDa (lane 1), but smeary
bands are not visible, because the sample was treated with peptide-N-glycosidase F by
removing the hind of the antigen. No bands are visible except none-specific bands
(asterisk) (lane 2). (B) Immunofluorescence images of the AQP-rn3 protein in AQP-rn3-
injected oocytes: after complete swelling of the oocytes, immunoreactive AQP-rn
substance are visible, (a) predominately in the cytoplasm (AQP-rn3); (b) the corresponding
Nomarski differential interference image; (c) in the absorption test, immunopositive
substances obtained with anti-AQP-rc3 are nearly abolished at back-ground levels in the
AQP-m3-injected oocyte, and (d) only background levels are observed in the water-
injected oocyte with anti-AQP-rc3. (C) Time course of the osmotic swelling. Ooytes were
microinjected with water or cRNA encoding AQP-rn3. Some of the AQP-rn3-injected
oocytes were incubated with 0.3 mM HgCl,. (D) Pf was calculated from the initial rate of
oocyte swelling. The representative data shown are given as the mean + SE of
measurements from from 9 to 10 oocytes in each experimental group. a, P<0.001 vs.
Water; b, P<0.01 vs. AQP-rn3.
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Supplemental Figure 8 - Functional evaluation of AQP-rc3 in Xenopus oocytes. (A)
Western blot analysis of the extract from AQP-rc3-injected oocytes using anti-AQP-rc3
(ST-188). Positive bands are detected two major bands at 29 and 31 kDa and a smear band
between 44.6 and 91.0 kDa (lane 1). No bands are visible except none-specific bands
(asterisk) (lane 2). (B) Immunofluorescence images of the AQP-rc3 protein in AQP-rc3-
injected oocytes: after complete swelling of the oocytes, (a) immunoreactive AQP-rc3
substance are visible, predominately in the plasma membrane; (b) the corresponding
Nomarski differential interference image; (c) in the absorption test, immunopositive
substances obtained with anti-AQP-rc3 are nearly abolished at back-ground levels in the
AQP-rc3-injected oocyte, and (d) only background levels are observed in the water-injected
oocyte with the preabsorbed anti-AQP-rc3 with the antigen. (C) Time course of the osmotic
swelling. Ooytes were microinjected with water or cRNA encoding AQP-rc3. Some of the
AQP-rc3-injected oocytes were incubated with 0.3 mM HgCl,. (D) Pf was calculated from
the initial rate of oocyte swelling. The representative data shown are given as the mean *
SE of measurements from 10 to 11 oocytes in each experimental group. a, P<0.001 vs.
Water; b, P<<0.01 vs. AQP-rc3.
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Supplemental Figure 9-Functional evaluation of AQP-rj3 in Xenopus oocytes. (A) Western
blot analysis of the extract from AQP-rj3-injected oocytes using anti-AQP-rj3 (ST-157).
Positive bands are detected two major bands at 29 and 31 kDa and a smear band between
44.8 and 91.3 (lane 1). No bands are visible except none-specific bands (asterisk) (lane 2).
(B) Immunofluorescence images of the AQP-rj3 protein in AQP-rj3-injected oocytes: after
complete swelling of the oocytes, (a) immunoreactive AQP-1j3 substance are visible,
predominately in the plasma membrane; (b) the corresponding Nomarski differential
interference image; (c) in the absorption test, immunopositive substances obtained with anti-
AQP-1j3 are nearly abolished at back-ground levels in the AQP-rj3-injected oocyte, and (d)
only background levels are observed in the water-injected oocytes with the preabsorbed anti-
AQP-1j3 with antigen. (C) Time course of the osmotic swelling. Ooytes were microinjected
with water or cRNA encoding AQP-1j3. Some of the AQP-rj3-injected oocytes were
incubated with 0.3 mM HgCl,. (D) Pf was calculated from the initial rate of oocyte swelling.
The representative data shown are given as the mean = SE of measurements from 9 to 10
oocytes in each experimental group. a, P<0.001 vs. Water; b, P<0.01 vs. AQP-rj3.
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Chapter 5

General discussion

In this thesis, I first identified and characterized the anuran orthologue of AQP2,
AQP-h2K of the tree frog, Hyla japonica. Chapter 2 describes the detailed structure and
function of AQP-h2K. AQP-h2K consists of 280 amino acid residues, and its predicted
structure is shown in Figure 5-1. AQP-h2K contains a pair of asparagine-proline
-alanine (NPA) motifs, which are considered to be located in the centre of the pore and
to form a specific passage for water molecules (Yasui, 2004; de Groot and Grubmuller,
2005). The amino acid residues, shown to form the selectivity filter in mammalian
AQP1, i.e. Phe-55, His-177, Cys-186, and Arg-192 (de Groot and Grubmuller, 2005; Fu
and Lu, 2007), are also conserved in AQP-h2K (Fig. 5-1). In addition, two possible
N-linked glycosylation sites at Asn-120 and Asn-128, one protein kinase C
phosphorylation site at Ser-236, and one protein kinase A phosphorylation site at
Ser-262 are predicted (Fig. 5-1). The physiological properties of AQP-h2K were
assessed by expressing it in Xenopus oocytes, and the coefficient of osmotic water
permeability, Pf, of AQP-h2K was approximately four times greater than the control
(Ogushi et al., 2007). The AQP-h2K mRNA was strongly expressed in the kidney, and
immunohistological staining localized AQP-h2K protein to the collecting duct.
AQP-h2K was observed abundantly in the cytoplasm and slightly in the apical plasma
membrane of the principal cells under hydrated conditions (Ogushi et al., 2007). After
stimulation with arginine vasotocin (AVT), a large population of AQP-h2K appeared to
be translocated from the cytoplasmic pool to the apical membrane, suggesting that this
AQP is a key player for AVT-dependent water reabsorption in the anuran kidney. It

seems likely that AQP-h2K controls the water transport from the tubular fluid into the
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principal cells of collecting duct through AVT-dependent translocation, like AQP2 in
the mammalian kidney (Sasaki and Noda, 2007).

Although the tissue distribution of anuran AQP2 orthologues has not been studied
in species other than Hyla (Zimmerman et al., 2006; Ogushi et al., 2007), AQP-h2K
and HC-2 AQP appear to be a kidney-type AQP because of their expression in the
kidney and their position in the molecular phylogenetic trees (Ogushi et al., 2007). It
seems that, in anurans, the three AVT-dependent osmoregulatory organs, the pelvic skin,
urinary bladder, and kidney, utilize the same AQP, namely AQP3, at the exit of the
transepithelial water transport, whereas at the entry they basically adopt different AQPs
as translocatable water channels: AQP-h2-like AQPa2 in the urinary bladder,
AQP-h3-like AQPa2 in the pelvic skin, and AQP2 in the kidney (Fig. 5-2). In all these
osmoregulatory organs, however, intracellular localization of the relevant AQPs has not
been fully determined. Immunoelectron microscopic study would be needed to address
this issue and to define the precise role of each AQP in the AVT-dependent
transepithelial water transport.

In adult anurans, AVT exerts antidiuretic effects on the kidney, as well as the
urinary bladder, to aid water economy (Bentley, 2002). The renal effect of AVT is
considered to be weak in the aquatic species, such as X. laevis (Kloas and Hanke, 1992),
while the kidney of most adult anurans shows significant antidiuretic responses to AVT
in two modes: a decreased glomerular filtration rate and an increased water
reabsorption across the renal tubule (Pang, 1983; Bentley, 2002). The anuran renal
tubule does not have an extended U-shaped medullary portion like the Henle’s loop in
the avian and mammalian kidneys, so that hyperosmotic urine cannot be produced in
the kidney (Bentley, 1998). I also discovered new finding in the phylogenetic
relationship of anuran AQPs. The full sequences of 17 AQP ¢cDNAs have been

elucidated in anurans, but only expressed sequence tags (ESTs) are registered in urodels.
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A phylogenetic analysis suggested that anuran AQPs can be assigned to six clusters:
types 1, 2, 3, and 5, and two anuran-specific types, designated as al and a2 (The letter
“a” represents anuran). The cluster of type-al AQPs is composed of AQPxlo from
Xenopus laevis oocytes (Virkki et al., 2002). The cluster of type-a2 AQPs contains
AQP-h2 (Hasegawa et al., 2003) and AQP-h3 from a frog, H. japonica (Tanii et al.,
2002), and AQP-t2 (AF020621) and AQP-t3 (AF020622) from a toad, B. marinus.
AQP-h2K belongs to the type 2, together with mammalian AQP2, suggesting that
AQP-h2K is an anuran ortholog of the neurohypophyseal hormone-regulated
mammalian AQP2 and that AQP2 molecule is already present in anuran mesonephros.
In Chapter 3, it is described that antidiuretic hormone, AVT and B-adrenergic
neuron are involved in the water permeability across the pelvic skin of the tree frog.
The water absorption/reabsorption in the ventral pelvic skin and urinary bladder is
stimulated by AVT, and the regulatory mechanisms for water permeability of the
tight-junctioned epithelium by neurohypophyseal hormone seem to be basically
common between the anuran osmoregulatory organs and mammalian kidney. Therefore,
numerous studies have been conducted using anuran ventral skin and urinary bladder as
model systems, to elucidate the general mechanisms for ion-coupled water movement
across the tight epithelium (Jorgensen, 1997, Macknight et al., 1980). The ventral
pelvic skin of the tree frog, H. japonica expresses two kinds of AVT-stimulated
aquaporin, AQP-h2 and AQP-h3, and thereby stimulates the capacity to absorb water. I
investigated AQP dynamics and water permeability in the pelvic skin of H. japonica
with AVT, hydrins (intermediate peptides of pro-AVT), and B-adrenergic effectors. In
the in vivo experiment, both AQP-h2 and AQP-h3 proteins were translocated to the
apical plasma membrane in the principal cells of the first reacting cell (FRC) layer in
the pelvic skin following challenge with hydrin 1, hydrin 2, and AVT, thereby

increasing the water permeability on the pelvic skin. The B-adrenergic receptor agonist
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isoproterenol (IP) and its anatagonist propranolol (PP) in combination with AVT, or
hydrins were used as challenge in the in vitro experiment. IP increased water
permeability, while PP inhibited it, and both events were well correlated with the
translocation of the AQPs to the apical membrane. In the PP + AVT-treated skins, labels
for AQP-h2 and AQP-h3 were differentially visible among the principal cells; the apical
plasma membrane of some cells was labeled while others were not, indicating that the
response of PP or AVT is different from the cell to the cell. These results provide
morphological evidence that the principal cells of the FRC layers may have two kinds
of receptors; a V2 receptor and B-adrenergic receptor.

Finally, in the last chapter, I reported that the role of the ventral pelvic skin-type
AQP in the water balance in the body of various frogs; terrestrial, arboreal,
semi-aquatic, and aquatic species. Most adult anuran amphibians except for the aquatic
species absorb water across the ventral pelvic skin and reabsorb it from urine in the
urinary bladder. Many terrestrial and arboreal species utilize a region in the posterior or
pelvic region of the ventral skin that is specialized for rapid rehydration from shallow
water sources or moist substrates. Periods of terrestrial activity can be prolonged by
reabsorption of dilute urine from the urinary bladder. AQP plays a fundamental role in
these water absorption/reabsorption processes, which are regulated by antidiuretic
hormone. Characterization of AQPs from various anurans revealed that the unique
water homeostasis is basically mediated by two types of AQP-a2, i.e. ventral pelvic
skin- and urinary bladder-type, respectively. The bladder-type AQPa2 is further
expressed in the pelvic skin of terrestrial and arboreal species, together with the pelvic
skin-type AQPa2. In contrast, the pelvic skin-type AQP (AQP-x3) of the aquatic
Xenopus has lost the ability of efficient protein production. The extra C terminal tail in
AQP-x3 and/or the 33 nucleotides encoding this tail appear to participate in the

post-transcriptional regulation of AQP-x3 gene expression by attenuating protein
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expression. The positive transcriptional regulation of bladder-type AQP in the pelvic
skin and negative post-transcriptional regulation of pelvic skin-type AQP provide
flexibility in the water regulation mechanisms, which might have contributed to the
evolutionary adaptation of anurans to a wide variety of water environments.
Furthermore, I expect that the molecular mechanism of AQP-x3 expression will be

solved in the near future.
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Fig. 5-1. Deduced amino acid sequence and putative topology of AQP-h2K with six
membrane-spanning a-helices (I-VI) connected by intra- and extracellular loops
(A-E). The pink overlay highlights NPA motifs. The phenylalanine, histidine,
cysteine, and arginine residues in thick red circles are putative amino acids
important for aromatic/arginine constriction in the water-specific channels. The
arrow, diamond, star, and triangle indicate N-glycosylation sites, a mercurial

inhibition site, and phosphorylation sites for protein kinase A and protein kinase C,
respectively.
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Fig. 5-2. Arginine vasotocin (AVT) and AQPs in the major osmoregulatory
organs of anurans. AVT functions as an antidiuretic hormone (ADH) in
anurans. AVT is synthesized in the magnocellular neurosecretory neurons
whose cell bodies reside in the preoptic nucleus (NPO) of the hypothalamus.
During dehydration, AVT is secreted from their axon terminals within the pars
nervosa (PN) of the pituitary gland. The secreted AVT induces not only water
absorption through the ventral pelvic skin, but also water reabsorption through
the urinary bladder and in the kidney. Specific AQPs seem to regulate AVT-
dependent water transport in these osmoregulatory organs, i.e. kidney type
AQP for the kidney, urinary bladder type for the urinary bladder, and pelvic
skin type AQP for the pelvic skin, by translocation from intracellular vesicles
to the apical plasma membrane in the principal cells of the tight epithelium. In
the terrestrial and arboreal species, such as Bufo japonicus and Hyla japonica,
urinary bladder-type AQP is likely to function in the pelvic skin, as well as in
the urinary bladder. Light blue arrows indicate the water flow.
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