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Abstract—Recently, Na " /Pi cotransport activity has been demonstrated in rat liver hepatocytes. Here, we
report the isolation of two Na "/Pi cotransporter cDNAs (RNaPi-1a and RNaPi-1b) from a rat liver cDNA
library. The two cDNAs have the same coding but different 5’-untranslated regions. The rat cDNAs encode
a polypeptide of 465 amino acids, having 62% and 66% identity with the rabbit NaPi-1 and human kidney
Na™/Pi cotransporter, respectively. Northern blot analysis showed that a RNaPi-1a-specific probe detected
two major transcripts (2.3 and 1.8 kb), whereas a RNaPi-1b—specific probe hybridized with one transcript
(1.8 kb) in rat kidney, liver, and hepatocytes in primary culture. Rat liver expressed much higher levels
of RNaPi-1a than RNaPi-1h, whereas the converse was true for rat kidney. Low levels of RNaPi-1 mRNAs
were also detected in rat heart, brain, and skeletal muscle. These findings indicate that there are at least
two isoforms of RNaPi-1 transcripts expressed in liver and kidney and that the levels of expression of the
RNaPi-1a and RNaPi-1b may be controlled by tissue-specific factors.
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INTRODUCTION

Cytosolic Pi plays a central role in oxidative and sub-
strate-level formations of high-energy phosphates, reg-
ulates the activities of a variety of enzymes, and is
essential for cell growth and replication. It is now clear
that cytosolic Pi concentrations are rigidly regulated
and that a variety of mechanisms are involved in this
process (Biber and Murer, 1993; Bonjour and Caver-
zasio, 1984; Raymond et al., 1991; Wehrle and Ped-
ersen, 1989). After the original discovery that Pi trans-
port across the luminal brush-border membrane of
mammalian kidney proximal tubule cells and intestinal
cells was carrier-mediated and Na* dependent (for re-
views, see Bonjour and Caverzasio, 1984), Na*/Pi
cotransport activity has been found in many different
cells, including hepatocytes (Ghishan et al., 1993;
Younus and Butterworth, 1993), cardiac myocytes
(De Young and Scarpa, 1991; Escoubet et al., 1989;
Jack et al., 1989), and skeletal muscle cells (Polgreen
et al., 1994).
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Recently, a number of cDNAs for Na™/Pi cotrans-
porters have been isolated from kidney and other tis-
sues. Based on sequence similarities, they can be di-
vided into three groups. The first group includes NaPi-
1, isolated from rabbit kidney using expression cloning
in oocytes (Werner et al., 1991), and NaPi-1-related
isolates, including the human analogue NPT1 (Chong
etal., 1993; Miyamoto et al., 1995) and a brain-specific
isolate BNPI (Ni et al., 1994). The second group in-
cludes NaPi-2 isolated from rat kidney (Magagnin et
al., 1993), NaPi-3 from human kidney, NaPi-4 from
opossum kidney cells (Sorribas et al., 1994), and a
mouse analogue (Collins and Ghishan, 1994). The
third group includes two retrovirus receptors (Ram-1
and Glvr-1) (Kavanaugh et al., 1994; Olah et al.,
1994). Because of our interest in studies on Na*/Pi
cotransport in rat tissues, we used the rabbit NaPi-1
c¢DNA as probe and isolated two previously unknown
rat analogues of this transporter (RNaPi-1a and RNaPi-
1b) by screening a rat liver cDNA library. We charac-
terize these RNaPi-1 isoform transcripts in both liver
and kidney and demonstrate that the two transcripts
of the RNaPi-1 are differentially expressed in these
organs.
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MATERIALS AND METHODS
Materials

Restriction enzymes, T4 DNA ligase, and terminal
deoxynucleotidy] transferase were obtained from New
England Biolabs. RNase inhibitor and RNase H were
from Promega. Oligonucleotides were synthesized by
Integrated DNA Technologies, Inc. All radionucleo-
tides (*°P- or *S-labeled, 3,000 Ci/mmol) were from
Dupont NEN. All other chemicals, unless otherwise
indicated, were from Sigma.

Isolation of a rabbit NaPi-1 cDNA and screening of
rat liver cDNA library

Rabbit kidney cortex poly (A)* RNA was isolated
using oligo-(dT)-cellulose spin columns as described
previously (Xie et al., 1994). A 1.4-kb (kilobase pairs)
c¢DNA including the entire coding region was gener-
ated by reverse transcription-polymerase chain reac-
tion (RT-PCR) using a pair of oligonucleotide primers
synthesized according to the published rabbit NaPi-
1 sequence (5'-GAGCAAAGTCAGCCTCGTAAGC-
3’ and 5'-ACTGCAATGCTTCAGAGCC-3"). This
cDNA was *’P-labeled via random priming using a
commercial kit (Stratagene) and used to screen the
lambda gt 11 rat liver cDNA library (Clontech). The
hybridization was carried out at 40°C overnight in 2X
SSPE (1x SSPE contains 150 mM NaCl, 10 mM
NaH,PO,, and 1 mM EDTA), 40% formamide, 100
pg/ml of herring sperm DNA, 0.1% SDS, and 5X
Denhardt’s solution. The filters were washed in 2X
SSC (1x SSC contains 150 mM NaCl and 15 mM
Na-citrate, pH 7.0), 0.1% SDS twice at room tempera-
ture for 1 h, and once in 0.5X SSC, 0.1% SDS at 58°C
for 30 min. The filters were then autoradiographed
at —70°C with intensifying screens. The nucleotide
sequence of the rat liver Na " /Pi cotransporter cDNA
clones were determined by Sanger’s method as pre-
viously described (Sanger et al., 1977).

RNase H digestion

RNase H digestions were performed as described
by Nanbu et al. (1991). The oligonucleotide used in
the reaction is listed in Table 1. RNAs (30 ug) were
denatured in 80% formamide at 65°C for 10 min and
annealed with 1 ug of an oligonucleotide complemen-
tary to the RNaPi-1 for 90 min at 50°C in 10 mM
piperazine- N,N’-bis[2-ethanesulfonic acid], pH 6.4,
40% formamide, 0.4 M NaCl, and 1 mM EDTA. The
hybridized nucleic acids were precipitated with etha-
nol, resuspended in 100 pl of RNase H digestion buffer
(20 mM Tris, pH 7.4, 100 mM KCI, 10 mM MgCl,,

and 0.1 mM dithiothreitol ) and incubated with 6 units
of RNase H for 45 min at 37°C. After digestion, the
RNAs were extracted with phenol-chloroform and
were ethanol-precipitated. The digested RNAs were
then resuspended and analyzed by Northern blot.

Rapid amplification of cDNA 5'-ends (5'-RACE)

Analysis of the 5'-ends of rat liver Na*/Pi cotrans-
porter (RNaPi-1) transcripts was performed by 5'-
RACE (Frohman et al., 1988). The oligonucleotides
used in the reaction are listed in Table 1. Poly (A)~*
RNA isolated from rat liver was reversibly transcribed
using a RNaPi-1-specific anti-sense primer (GSP1).
After destroying the mRNA (RNase H, 55°C, 10 min),
the first-strand cDNA was purified by phenol extrac-
tion and ethanol-precipitation and tailed with terminal
deoxynucleotidyl transferase in the presence of dATP.
This cDNA was amplified by PCR using a 5'-anchor-
ing primer and a second RNaPi-1-specific anti-sense
primer (GSP2). The PCR products, which were visible
as discrete bands on agarose gels, were analyzed by
Southern blot and subcloned in pBluescript as de-
scribed previously (Xie et al., 1994). Multiple inde-
pendent isolates were analyzed by restriction mapping
and sequencing.

PCR

PCR were performed using a Perkin-Elmer Thermal
Cycler Model 9600 (Perkin-Elmer Corp.) (Xie et al.,
1994). Poly (A)* RNA (1 ug) was reversibly tran-
scribed using random hexamers or RNaPi-1-specific
primers. An aliquot of the reaction mixture (equivalent
to 50-100 ng of poly (A)* RNA) was used in PCR
amplification. The PCR reaction mixture (100 1) con-
tained 10 pmol of each primer, 10 mM Tris-Cl, pH
8.3, 50 mM KCl, 2 mM MgCl,, 200 uM each dNTP,
and 2 units of Tag DNA polymerase (Perkin-Elmer
Corp.). Cycles were as follows: 94°C, 5 min; 75°C, 5
min (Taq polymerase was added during this period of
time); 94°C, 1 min, followed by 30 cycles consisting
of 94°C, 20 s; 60°C, 30 s; and 72°C, 30 s, and by 10-
min extension at 75°C.

Northern blot analysis

Total RNA was isolated from rat tissues and cul-
tured hepatocytes using TRI reagent (Molecular Re-
search Center, Inc.). RNA was -electrophoresed
through 1% agarose gels containing 1.9% formalde-
hyde, transferred to nylon membranes, and fixed by
ultraviolet cross-linking. cDNA probes were random
labeled with a- P dATP, and isoform-specific oligo-
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Table 1. Oligonucleotide Sequences Referred to in This Article

Oligonucleotide Sequence 5'-3' Location
RNase H digest TATTGAGGATAATGGGCCC 788806
5'-RACE
GSP1 TATTGAGGATAATGGGCCC 788-806
GSP2 GACAGCACAGAGCTGAGGA 340-358
AP GTACAGACTGACTCGAGTCGAC
ATCGATTTTTTTTTTTTITTTTT
PCR detection
Sense primer TTCAGCGTAGTTGCTGTCC 948-1002
Antisense primer ~ TTCCGGATCCTGATTAAGG 12541272
1a-Specific TTTGACATTTGATGTGCTCAGAA -45, —104
AGCTGCACCTTTTCTTAGGGCCT
GCCTCTCAAAGCCG
1b-Specific GATTAAGAGAGAACAGCCCTT —44, —103

CCTCCTTCCAGGGAGACTTTTC
GCTCCACTTTAGTGAGG

nucleotide probes were synthesized and labeled with
terminal deoxynucleotidyl transferase. Hybridization
was carried out overnight in 50% formamide, 2X SSC,
0.1% SDS, 1 mM EDTA, 100 pg/ml herring sperm
DNA, and 5X Denhardt’s solution at 42°C. Membranes
were washed twice in 2X SSC, 0.1% SDS at room
temperature for 1 h and then once in 0.1X SSC, 0.1%
SDS at 65°C for 30 min and autoradiographed at
—70°C with intensifying screens for 24—48 h.

Hepataocyte isolation and culture

Rat hepatocytes were isolated by two-stage portal
vein perfusion with collagenase D (Boehringer Mann-
heim, Indianapolis, IN) as described previously (Ruch
and Klaunig, 1992). Isolated rat hepatocytes were
plated at a density of about 5 X 10* viable cells/cm’
into 10-mm plastic tissue culture dishes in Dulbecco’s
modified Eagle’s medium supplemented with 5% fetal
bovine serum, 0.1 uM dexamethasone, 10 nM insulin,
and 50 pg/ml gentamicin. The cultures were refed with
fresh medium 2 h after plating and 24 h thereafter and
were incubated in 95% air and 5% CO, in humidified
incubators at 37°C.,

RESULTS
Isolation of the RNaPi-1 ¢cDNAs

Twenty positive clones were isolated initially from
5 X 10° phage plaques and were plaque purified. The
insert size was determined by PCR using lambda gt
11 forward and reverse primers and 10 of the purified
clones with the largest inserts were subcloned in
pBluescript, and both strands of the cDNAs were se-
quenced by the method of Sanger et al. (1977). Two
unique isolates were obtained from these 10 clones as

shown in Fig. 1A. The first clone, designated RNaPi-
la, contained an insert of 1.8 kb that had an open
reading frame of 1,398 bp, corresponding to 465 amino
acids (Fig. 2). This clone contains 139-bp 5'-UTR
(untranslated region) and 259-bp 3'-UTR (Fig. 1A).
There is one potential polyadenylation signal at nucleo-
tide position 1,640 (Fig. 2). The second clone, desig-
nated as RNaPi-1b, contained an insert of 1.6 kb miss-
ing the 3’-end and was essentially identical to RNaPi-
1a, except in the 5’-UTR (Fig. 1A). It contained a
unique 5’-end upstream of position —43 in the 5'-
UTR of the RNaPi-1a (Fig. 1A). These data indicated
that rat liver expressed at least two different transcripts
of RNaPi-1.

Protein structure and sequence comparison

The predicted polypeptide has a calculated molecular
weight of 51.3 kDa (Fig. 2). Hydropathy analysis using
the algorithm of Kyte and Doolittle revealed the presence
of six to eight potential membrane-spanning segments
(data not shown). A database search revealed that
RNaPi-1 cDNAs shared significant homology with rabbit
kidney NaPi-1, rat brain BNPI, and human kidney NPT1
cDNAs. There is 72% homology between RNaPi-1 and
NaPi-1 on nucleotide level over the 1,398-bp coding re-
gion. At the amino acid level, the deduced rat liver poly-
peptide shares 62% and 67% identity with the rabbit
NaPi-1 and human kidney NPT1, respectively (Fig. 3).
When conservative substitutions are considered, the rat,
rabbit, and human polypeptides are about 82% homolo-
gous. RNaPi-1 also shares 45% homology with rat brain
BNPI protein (data not shown). There is no significant
homology between RNaPi-1 and NaPi-2, 3, or 4.

Tissue distribution

To determine the tissue distribution of the cloned
RNaPi-1, total RNA was isolated from rat liver, kid-
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RNaPi-1a
_ . +1398
_ 1\ ] ]
\\ +1657
+1338

-110 .79 -43 +1512

B:
RNaPi-la 5’-end

accagaagccgccagctatatgagtagatagtacagacttettgggcacacagaggatcaacacatctaataat
cacaactccagccgagtaacaggacaaagctecettggcaaaggttttctttcccctecetetecttceettecttet
cteccttetecttectettctgategtgtettatgeatctggggcttecctggeccttgttatgtageccagactgge
ctcaaactcatgatcetcttgecttggectcaagtacaggetcacageeccteaccacctttggccacageattta
tttaagggggggggtaattcaagccatggagaatctgetgtcaactactgacatgcgttgaaaaageataataa

aattaaaacgtttacgtgtataagtgaatcatcaacagtgaaaattatccaactcaaggegtagatggtactaact
gatcagtagattacaattcaattcaaaagattgggaagagCCCGGAGCTGAACCAGGAGAA

GCCACAGGACATGTCACGGCTTTGAGAGGCAGGCCCTAAGAAAA
GGTGCAGCTTTCTGAGCACATCAAATGTCAAAG (-44)

RNaPi-1b 5’-end
aggacttcctcactaaagtggagcgaaaagtCTCCCTGGAAGGAGGAAGGGCTGTTC

TCTCTTAATC (-44)

Fig. 1. Cloning and 5'-end sequences of the RNaPi-1a and RNaPi-1b. (A) Two clones isolated from a rat liver cDNA library
were labeled as RNaPi-1a and RNaPi-1b. The +1 and +1,398 indicate the translation start and stop sites, respectively. The
initial isolates of RNaPi-1a and RNaPi-1b ended at nucleotide —139 and —79 and the extended ends were obtained by 5'-
RACE. These two clones were identical in the coding region, 3’-UTR, and partial 5’-UTR up to nucleotide —43. (B) The
different sequences of the 5’-ends of RNaPi-1a and RNaPi-1b. The lowercase letters indicate the nucleotides obtained from 5'-
RACE, and the TC-rich and AT-rich fragments are underlined. The sequences reported in this figure have been deposited in the
GenBank database (accession numbers U28643 and U28644).
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-43 AGTGGATGGAGACCAAGTCCATCAATTAGAAGATAAGTCTCAA
ATGGAGAACCGGTGCCTCCCCAAGAAAGTTCCAGGTTTCTGTTCCTTTCGGTATGGACTGGCTATCCTTTTGCACTTCTGT
Met Glu Asn Arg Cys Leu Pro Lys Lys Val Pro Gly Phe Cys Ser Phe Arg Tyr Gly Leu Ala lle Leu Leu His Phe Cys
AACATTGTCATCATGGCTCAGCGAGTGTGCCTGAACCTCACAATGGTAGCCATGGTGAATAAAACAGAGCCACCCCATTTA
Asn lle Val lle Met Ala GIn Arg Val Cys Leu Asn Leu Thr Met Val Ala Met Val Asn Lys Thr Glu Pro Pro His Leu
TCTAACAAGTCTGTAGCAGAGATGCTGGATAATGTAAAGAACCCTGTGCATTCCTGGAGTCTTGATATTCAAGGGCTTGTT
Ser Asn Lys Ser Val Ala Glu Met Leu Asp Asn Val Lys Asn Pro Val His Ser Trp Ser Leu Asp lle GIn Gly Leu Val
CTCAGTTCTGTCTTCTTGGGTATGGTTGTGATTCAAGTTCCTGTTGGGTACCTATCTGGAGCATACCCAATGGAGAAAATA
Leu Ser Ser Val Phe Leu Gly Met Val Val Ile Gin Val Pro Val Gly Tyr Leu Ser Gly Ala Tyr Pro Met Glu Lys lle
ATTGGGTCTTCATTGTTCCTCAGCTCTGTGCTGTCCCTGCTCATCCCACCAGCTGCACAAGTCGGAGCAGCTTTGGTCATT
lle Gly Ser Ser Leu Phe Leu Ser Ser Val Leu Ser Leu Leu lle Pro Pro Ala Ala GIn Val Gly Ala Ala Leu Val lle
GTATGCCGAGTACTCCAAGGAATAGCCCAGGGAGCAGTGTCAACAGGCCAGCATGGAATATGGGTCAAATGGGCACCTCCC
Val Cys Arg Val Leu GIn Gly lle Ala GIn Gly Ala Vol Ser Thr Gly Gin His Gly lle Trp Val Lys Trp Ala Pro Pro
TTGGAACGAGGCAGACTTACCTCTATGACTCTATCAGGGTTTGTAATGGGACCATTTATTGCCCTGCTTGTGAGCGGCTTC
Leu Glu Arg Gly Arg Leu Thr Ser Met Thr Leu Ser Gly Phe Val Met Gly Pro Phe lle Ala Leu Leu Val Ser Gly Phe
ATCTGTGATCTTCTGGGTTGGCCCATGGTTTTCTACATCTTTGGTATTGTTGGGTGTGTTCTGAGTCTTTTCTGGTTCATC
lle Cys Asp Leu Leu Gly Trp Pro Met Val Phe Tyr lie Phe Gly lle Val Gly Cys Val Leu Ser Leu Phe Trp Phe lle
CTTCTCTTTGATGACCCCAACAACCACCCATATATGAGCAGCAGTGAGAAGGBATTACATCACATCCTCTCTCATGCAACAG
Leu Leu Phe Asp Asp Pro Asn Asn His Pro Tyr Met Ser Ser Ser Glu Lys Asp Tyr lle Thr Ser Ser Leu Met Gin Gin
GTGCACTCAGGCAGACAATCTCTGCCAATCAAAGCTATGCTTAAGTCTCTTCCACTCTGGGCCATTATCCTCAATAGCTTT
Val His Ser Gly Arg Gin Ser Leu Pro lle Lys Ala Met Leu Lys Ser Leu Pro Leu Trp Ala lle lle Leu Asn Ser Phe
GCTTTCATATGGTCGAACAATCTTCTGGTTACATACACGCCAACATTTATTAGCACCACGCTTCATGTTAATGTTAGAGAG
Alo Phe lle Trp Ser Asn Asn Leu Leu Val Thr Tyr Thr Pro Thr Phe lle Ser Thr Thr Leu His Val Asn Val Arg Glu
AATGGGCTGCTGTCCAGCCTCCCCTATCTGCTTGCCTACATCTGTGGTATCGTAGCAGGTCAGATGTCAGACTTCCTLCTG
Asn Gly Leu Leu Ser Ser Leu Pro Tyr Leu Leu Ala Tyr lle Cys Gly lle Vol Ala Gly GIn Met Ser Asp Phe Leu Leu
TCAAGGAAGATTTTCAGCGTAGTTGCTGTCCGGAAACTCTTCACCACACTAGGGATTTTCTGTCCTGTGATTTTTGTCGTG
Ser Arg Lys lle Phe Ser Val Val Ala Val Arg Lys Leu Phe Thr Thr Leu Gly lie Phe Cys Pro Val lle Phe Val Vai
TGCCTGCTCTACCTGAGCTACAACTTCTACAGCACCGTCATTTTCCTTACACTTGCCAACTCGACACTTAGCTTTTCCTTC
Cys Leu Leu Tyr Leu Ser Tyr Asn Phe Tyr Ser Thr Val lle Phe Leu Thr Leu Ala Asn Ser Thr Leu Ser Phe Ser Phe
TGTGGACAACTTATCAATGCCTTGGATATTGCTCCCAGATATTATGGATTTCTAAAGGCAGTCACAGCTTTAATTGGAATA
Cys Gly GIn Leu Ile Asn Ala Leu Asp lle Ala Pro Arg Tyr Tyr Gly Phe Leu Lys Ala Val Thr Ala Leu lle Gly lle
TTTGGGGGCCTAATTTCTTCAACTCTTGCTGGGTTGATCCTTAATCAGGATCCGGAATATGCTTGGCATAAAAACTTCTTC
Phe Gly Gly Leu lle Ser Ser Thr Leu Ala Gly Leu lle Leu Asn Gin Asp Pro Glu Tyr Ala Trp His Lys Asn Phe Phe
TTGATGGCAGGCATTAACGTGACATGCCTGGCTTTCTACCTTCTGTTTGCAAAAGGAGATATTCAGGACTGGGCTAAAGAA
Leu Met Ala Gly Ile Asn Val Thr Cys Leu Ala Phe Tyr Leu Leu Phe Ala Lys Gly Asp lle Gin Asp Trp Ala Lys Glu
ACAAAAACCACACGGCTGTGAAGTTAGTAGAAGAGTGAGCACCTGAGAAACATGAGGTCAGCATCCATATTGAAAGGAAGA
Thr Lys Thr Thr Arg Lleu «
GGATTCTGTGTGGGACTGCAGTCATGGGAGTCATGAACACCTGAAGACCGGTAGCCTGAAGCTTTTAAGGGAGTCATTGCC
TCCCACTTTAGTCTGAGTGATTCTTTTGCACTGTGTATTGTGTGTAACAAGTTATACTTCTGACTTTAAAGAGGAATCTGT
CTGTCTTCCTATGATCCAATAAACAAACGTATTCGGG 1657
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Fig. 2. Nucleotide sequence and deduced amino acid sequence of RNaPi-1 cDNA. The nucleotide sequence starts at nucleotide
—-43 an‘d the upstream sequences of the RNaPi-1a and RNaPi-1b are listed in Fig. 1B. The potential polyadenylation signal at
nucleotide 1,640 is underlined. The sequence reported in this figure has been deposited in the GenBank database (accession

number U28504).

ney, heart, brain, skeletal muscle, and adipose tissue
and analyzed by Northern blot using the probe de-
rived from the open reading frame of RNaPi-1. RNA
was also isolated from rat hepatocytes after 24 h in
primary culture. High level expression of RNaPi-1
was detected in the kidney, liver, and hepatocytes
(Fig. 4). Under our culture conditions, the same
level of expression of RNaPi-1 mRNAs was detected

after 1 wk of culture (data not shown). Low level
expression was detected by RT-PCR in rat brain,
heart, and skeletal muscle, but not in adipose tissue
as shown in Fig. 5, and by Northern blot analysis
after longer exposure (data not shown). The data in
Fig. 4 also indicated that rat kidney, liver, and cul-
tured hepatocytes expressed at least two differently
sized RNaPi-1 transcripts (1.8 and 2.3 kb).
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Rabbit

Rat EGPHESNKBVAE
Human NPHGL PNTS KL
Rabbit NRHGEPNT SISk

Rat S INROMPKKVPGFCSFRYGLAR
Human W YONREMPPKKVPGFCSFRYGL Yz
S ONSEPEKEPEFCcSFRYNL ARG

WHFCNI VI [FAQRNMCL NL T MVA MVN[ Y]
HEcNME A QrRISCL NL T MVEIMVNSEEEL
HFCNI Vi [BAQRFCLEL TMVAMYN VIR

KNPVREEIWSHDI! QGWYL SSYF
BKNPEYNWSPDI QGI | LSSYGYRE QVPVGY BRI
KNPVYNWSPDMQG! | [ISS] FL{K® [A4cAd 98

MVV(EelUYchg 98

Rat L AVSKE GEFJLFLSSVLSLLI PPAA® ARV VvCRVEQG! AQGIV IREE
Human F | GFALELSsvLSLLI PPaAA'dEclAwWNvcRrRAvacHA Gl ERES
Rabbit WKk GFALFLSSINISIE PRAANVGE=RIWEI VCRVVQGI oY IREE:

Rat ST eQHE WKWAPPLERGRLTSMIBL SGFWRNGPFI LY L VEIG]Z

Human
Rabbit

i Cla]8L GWP VIREE]
INTAQHE! MVKWAPPL ERGRLTSMSIISGFLLGPF! VLLVTGY CESL GWP MEEIs
ITAQHE| WKWAPPLERGRLTSMSLSGFLLGPFI VLLVTGI cesL awe VIREE

Rat VFYI FGIYGCIYUESL [@Wr L B0 DPMINHP Y SS D PeHEGE 248
SO F Y| FGACGCAVCLL WFVL|dYDDPKDHPCS! QQvSsSYREEEY
Rabbit VFYI FGACGCAVCL L WFVL}YDDPKDHPCYSKE | PGEITIl 248
Rat QSL Pl KAMLKSLPLWAI (W) | YTPTFI ST TIENIIVEEY 298
Human  [RIRREY IESINIVIVYEY G AWsEINIVERY TPYF 1 NSMLHVNI e NI
Rabbit QSL P| KAMEKSL PLWA| SiZefdr AJRWREYIL MUY TP T NSMLHVE] RENJPEE
Rat GLLSSLPYL®AM CG[RY%A SDFLLSRY @SVMAVRKL FTiRG NZ H 348
G CUNGHL SSLPYLFAW cGIBAGOUSDFEL RN LSVJAVRKL FTANGH 350
Rabbit GLLSSLPYLFAW CGYRAGEMIYOFL XSANYL sTRIARKL FTANGHE | V 348

Rabbit

Rat FVCLLYLSHMNFYSTVI FLILANSTWSFI8GeL | NAL DI APRYYGF RKARKEE
CTOECRF eV CL YL SSigF YVl FLI LABATE @ NELDI APRYFGFI KA
F

SIUCLLYLSSEFYST{EFL | L ANASE

LI NALDRAPRY YWUF| K cHEcie:

Rat MAGGL | SSTLAGL I LIQDP E\A WK NF i3 G L|g 448
Human CS GGL! ASTLHEGL! L dQDPESAWFKF] E 450
Rabbit GGIARSSTPAGL [@i S]QD P ESSWF K- (8L MSY | SV 448

Rat AKES)l QDWAKE i asT RL
Human AIIAEl QDWAKEKQHT RL
Rabbit AKAE| QDWAKEKQHT RL

466
468
466

Fig. 3. Amino acid alignments. The amino acid alignment of RNaPi-1 with rabbit NaPi-1 and human NPT1 was generated using
the MegAlign program of DNASTAR (DNASTAR, Inc). Amino acids are in single-letter code and identical residues are boxed.

Characterization of the RNaPi-1 transcripts

To determine whether the RNaPi-1a and RNaPi-
Ib cDNAs are truly derived from two different size
transcripts of RNaPi-1, Northern blot analysis was per-
formed using isoform-specific probes. The same blot
was used in the experiments shown in Fig. 6A. The
RNaPi-1a—specific probe reacted with the 2.3-kb band,
whereas the RNaPi-1b probe detected the smaller 1.8-
kb band (Fig. 6A, lanes 3-6). In addition to the 2.3-
kb band, the RNaPi-1a probe also detected a smaller
amount of the 1.8-kb transcript (Fig. 6A, lanes 5 and
6), indicating that the 1.8-kb band detected by the

probe from the coding region contained both RNaPi-1a
and RNaPi-1b mRNAs. There was an inverse relation
between the levels of the two RNaPi-1a transcripts,
showing that when the 1.8-kb RNaPi-1a increased, the
level of the 2.3-kb transcript decreased. This occurred
in those experiments where the total RNA was slightly
degradated during the preparation or storage (Fig. 6B,
lane 1). It also occurred when poly (A)* RNA was
used in Northern blot analysis as shown in Fig. 6B
(lane 2). These data suggest that the 1.8-kb transcript
of the RNaPi-1a may be the degradation product of
the 2.3-kb transcript. The data in Fig. 6 (lanes 1 and
2) also showed that the liver expressed predominantly
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12 3 4506 7
Fig. 5. RT-PCR detection of the expression of RNaPi-1 mRNA in
various rat tissues. Poly (A)* RNA aliquots (1 ug) from rat heart
(lane 2), brain (lane 3), adipose tissue (lane 4), and skeletal muscle
B: (lane 5) were used in reverse transcription with random hexamers.
Ten percent of the resultant cDNAs were used in the PCR amplifica-
-— 2 3Kkb tion for 30 cycles. The PCR products were separated on 1.5% agarose
. ” gel, and the amplified 270-bp DNA fragments were visualized by
L8 kb ethidium bromide staining. Distinct bands were seen in lanes 2, 3,
and 5 but not in lane 1 (negative control, no cDNA included in PCR
reaction) and lane 4.
I 2.3 4 5 06 7

Fig. 4. Northern blot analysis of RNA extracted from various rat RNaPi-1 have different size 5'-UTRs or different 3'-
tissues. RNA aliquots (20 ug) from rat liver (lane 1), kidney (lane UTRs or both), RNase H digesti()n was performed,
2), heart (lane 3), brain (lane 4), adipose tissue (lane 5), skeletal RNaPi-1 mRNAs were hybridized with an oligonuclc-

muscle (lane 6), and hepatocytes after 24 h culture (lane 7) were X ) .
electrophoresed on 1% agarose gels. (A ) Ethidium bromide staining otide complementary to the RNaPi-1 transcripts at nu-
of the separated RNAs from various tissues. The arrows indicate the cleotide 788 to nucleotide 806 (Fig. 2) and digested

28S and 18S rRNA bands. (B) After transfer to nylon membrane, seo ’_ ’_
the RNAs were hybridized with RNaPi-1 probe derived from the by RNase H to split into 5’- and 3’-end fragments.

coding region (nucleotide 360-800). The resultant blot was exposed Both the digested and the control (undigested ) samples
to Fuji X-Omat film with intensifying screens at —70°C overnight. were then electrophoresed on 1.0% agarose gel and
Two strong hybridization signals (2.3 and 1.8 kb) were detected in :
kidney, liver, and hepatocyte RNAs after overnight exposure. transferred to “3’10?‘ membrane. North,em blot ana!y S18
was performed using the probes derived from either
the 5’-end or the 3'-end of RNaPi-1 cDNA. The exper-

RNaPi-1a, whereas the kidney expressed much more iments showed that although the 3’-end probe detected
RNaPi-1b than RNaPi-1a. Rat hepatocytes in primary only one transcript at the expected size of 1.0 kb, the
culture also predominantly expressed RNaPi-la as 5’-end probe detected two transcripts of 1.5 and 1.0

liver (Fig. 4). These data indicated that the expression kb (Fig. 7). These data indicated that RNaPi-1a and
of different isoforms of RNaPi-1 transcripts was con- RNaPi-1b shared the same 3’'-UTR but had different

trolled by tissue-specific factors. 5’-UTRs.
To determine the structural differences among the To determine the sequences for each of the 5'-UTRs
transcripts (i.e., whether the different transcripts of of RNaPi-1 transcripts, the technique for rapid ampli-
A B

< 23kb @ < 23kb
.. ® . "< 1.8 kb ’* 1.8 kb

12 3 4 5 6 2

Fig. 6. Northern blot analysis of different isoforms of RNaPi-1 mRNAs. (A) The same blot of kidney (odd number) and liver
(even number) RNAs (20 ug/lane) were used for hybridizations with RNaPi-1a (lanes 5 and 6), RNaPi-1b (lanes 3 and 4),
and the coding region nucleotide 360-800 (lanes 1 and 2) probes. The data showed that although RNaPi-1a probe detected a
major 2.3-kb and a minor 1.8-kb band, the RNaPi-1b probe reacted only with the 1.8-kb band. (B) Inverse relation of the levels
of the 1.8- and 2.3-kb RNaPi-1a mRNAs. Rat liver total RNA (30 ug) used in lane 1 was the same as in lane 1 but had been
stored at —70°C for 1 mo. The blots were hybridized with RNaPi-1a-specific probe. The data showed that the level of the 1.8-
kb band increased, whereas the 2.3-kb band decreased in these RNA preparations.
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Fig. 7. RNase H analysis of RNaPi-1 mRNAs. Aliquots of RNA (30 ug) from rat liver (lanes 1 and 2) and kidney RNAs (lanes
3 and 4) were hybridized with an oligonucleotide (nucleotide 788—-806) and split into 5’- and 3’-fragments by RNase H
digestion. The digested fragments (lanes 2 and 4) and control undigested RNAs (lanes 1 and 3) were then analyzed by Northern
blot using either 5'-end (nucleotide 360—800) or 3'-end (nucleotide 1,000-1,450) probes. Before the next hybridization, the
blot was stripped as described in Materials and Methods. (A) The bands were detected by the 3’-end RNaPi-1 probe. (B) The

bands were detected by the 5'-end RNaPi-1 cDNA probe.

fication of cDNA 5'-ends (5’-RACE) was used. Two
prominent bands of about 1.0 kb and 500 bp were
amplified from rat liver poly (A)* RNA after reverse
transcription (Fig. 8A), and they were close to the
expected size of the RNaPi-1a and RNaPi-1b 5’-UTRs.
Southern blot analysis showed that the RNaPi-1a—spe-
cific probe detected both 1.0-kb and 500-bp bands,
whereas the RNaPi-1b-specific probe reacted only
with the 500-bp band (Fig. 8B). These results are in
agreement with the Northern blot data. The sequence
of the large 5'-RACE product (1.0 kb), determined
from three independent isolates on both strands of
cDNAs, was found to be identical to the RNaPi-1a,
except that it extended 500 bp further to the 5’-end

A B
- 1.0kb - « 1.0kb
= 0.5kb - & - 0.5kb

12 l2 3y

Fig. 8. 5'-RACE analysis of the 5’-UTRs of RNaPi-1 mRNAs. Poly
(A)* RNA was extracted from rat liver and reversely transcribed
with RNaPi-1 specific primer 1 (GSP1, nucleotide 788—-806). The
cDNA was amplified for 30 cycles with RNaPi-1 specific primer 2
(GSP2, nucleotide 340—358) and adaptor primer (AP) as detailed
in Materials and Methods, and the same amount of RNA without
reverse transcription was also included in the PCR amplification as
a negative control sample. (A) 5'-RACE products were separated
on 1% agarose gel and detected by ethidium bromide staining. Lane
1: negative control; lane 2: rat liver cDNA sample. (B) Southern
blot analysis of the 5’-RACE products using RNaPi-la and RNaPi-
1b-specific probes. The data showed that RNaPi-1b detected the
smaller 500-bp band (lanes 1 and 2), whereas RNaPi-ia reacted
with both 1.0-kb and 500-bp bands (lanes 3 and 4).

(Fig. 1B). The smaller RNaPi-1a clones obtained from
the small 5’-RACE products had the same sequence
as the initially cloned RNaPi-1a. These data again sup-
port the notion that the 1.8-kb RNaPi-1a was formed
by removal of 500 nucleotides from the 5’-end of the
2.3-kb full-length RNaPi-1a. The 5’-end of the RNaPi-
1b obtained from 5’-RACE was identical to the initial
clone, except that it extended 25 bp further to the 5'-
end (Fig. 1B). There was no sequence homology be-
tween the 5’-UTRs of RNaPi-1a and RNaPi-1b up-
stream of position —43, indicating that the two differ-
ent 5'-UTRs of the RNaPi-1 might be generated from
two separate promoters and spliced to the same ac-
ceptor at position —43 as shown in Fig. 1. It is of
interest to note that the cloned 5’-end of RNaPi-la
contains two unique structures: a 60-bp pyrimidine
(TC)-rich fragment and an AT-rich fragment. Poly-
pyrimidine structure has been found in many eukary-
otic genes and plays an important role in the regulation
of gene expression by forming intramolecular triplex
(DesJardins and Hay, 1993; Wells et al., 1988). Al-
though the significance of the AT-rich structures in
RNaPi-1a mRNA stability and translation regulation
needs to be tested, the structure might account for the
generation of the 1.8-kb transcript from the 2.3-kb tran-
script of the RNaPi-1a, because the accumulated data
indicate that AT-rich elements facilitate RNA degrada-
tion (Binder et al., 1994; Chen and Shyu, 1994).

DISCUSSION

NaPi-1 was first cloned from rabbit kidney using
an oocyte expression cloning system, and Northern
blot analysis showed that both rabbit kidney and liver



Rat Na*/Pi cotransporter: molecular cloning 459

expressed high levels of NaPi-1 mRNA (Werner et al.,
1991). Using rabbit kidney NaPi-1 as probe, we have
now cloned the rat analogue RNaPi-1 of the Na*/Pi
cotransporter. RNaPi-1 has an open reading frame of
1,398 nucleotides and encodes a polypeptide of 465
amino acids that is identical in length to the rabbit
kidney NaPi-1. The deduced polypeptide shares high
homology with rabbit kidney NaPi-1 (62%), human
NPT1 (67%), and rat brain BNPI (45%) (Figs. 2 and
3). We have also cloned human liver NaPi-1 cDNA
(2.7 kb) by screening a human liver cDNA library, and
the cDNA sequence of the clone was found identical to
the reported human kidney isolate NPT-1 (Chong et
al., 1993) except that it extended 900 bp to the 5’'-end
(our unpublished data). Our Northern blot analyses
revealed that rat liver expressed high levels of the
RNaPi-1 mRNAs. In agreement with previous observa-
tions (Miyamoto et al., 1995), we found that human
liver also expressed NaPi-1 (data not shown). Na*/
Pi cotransport activity has been recently discovered
and characterized in rat liver hepatocytes and in the
membrane vesicles prepared from these cells by two
independent groups (Butterworth and Younus, 1993;
Ghishan et al., 1993). The K,, value for Pi in rat liver
hepatocytes is about 0.2 mM. Injection of cloned rabbit
and human NaPi-1 c¢cRNA into oocytes stimulated
Na* -dependent Pi uptake, and the expressed transport-
ers had similar K, values for Pi as compared with
the liver Na " /Pi-cotransporter (Ghishan et al., 1993).
Ghishan et al. (1993) also showed that expression of
size-selected 1.6-kb rat liver poly (A)* RNAs in Xeno-
pus laevis oocytes stimulated Na ' -dependent Pi up-
take in the oocytes. Taken together, these data suggest
that the clones we identified may function as Na*/Pi
cotransporters in the liver.

Cytosolic Pi not only serves as substrate for glycoly-
sis and oxidative phosphorylation, it also regulates
many metabolic enzymes. It was shown 70 years ago
that injection of insulin into rabbits caused a rapid fall
in blood Pi concentration, suggesting that the hormone
increases uptake of Pi by tissues (Wigglesworth et
al,, 1923). A recent study showed that the V,,, of
hepatocyte Na* /Pi cotransport activity was stimulated
by insulin and inhibited by cyclic AMP without affect-
ing the K, for Pi (Butterworth and Younus, 1993;
Younus et al., 1994). Because our data indicated that
hepatocytes in primary culture also expressed high lev-
els of RNaPi-1, the cultured hepatocytes could serve
as an in vitro model for studying the effects of insulin
and other factors on RNaPi-1 expression.

At least two forms of RNaPi-1 mRNAs with the
same coding region and 3’-UTR but unique 5’-UTR
are expressed in the liver and kidney of the rat. The
biological significance of having two different 5'-UTR
for RNaPi-1 could be twofold. First, because they

could be transcribed from separate initiation sites of a
single RNaPi-1 gene, transcription could be directed
by two independent promoters, each upstream of a
unique 5’-end exon that is then spliced to a common
acceptor (nucleotide —43). This would be consistent
with a model where distinct regulations of RNaPi-1
expression in response to different stimuli or in differ-
ent tissues could be achieved through different pro-
moter-enhancer elements (Gu et al., 1995; Hahn et al.,
1993; Lee et al., 1994). This is supported by the fact
that liver predominantly expresses RNaPi-1a, whereas
kidney expresses mostly RNaPi-1b. Second, the 5'-
UTR of RNaPi-1a mRNA may be involved in regulat-
ing its translation and stability. Such a notion is sup-
ported by the fact that 500 bp is removed from the 5°'-
UTR of the 2.3-kb RNaPi-1a in both liver and kidney
to form the smaller 1.8-kb transcripts. This degradation
process may also occur in the human NPT1 mRNA
because the full-length transcript is at least 2.7 kb (see
Chong et al., 1993, and our unpublished data), whereas
the detected major transcript by Northern blot is less
than 2.0 kb (Miyamoto et al., 1995, and our unpub-
lished data). The process may increase the translation
efficiency or change the stability of the mRNA, as has
been documented for copper-zinc superoxide dismu-
tase and ferritin mRNAs (Casey et al., 1988; Gu et
al., 1995).

As in rabbit and human kidney, we found that rat
kidney also expressed high levels of RNaPi-1, espe-
cially RNaPi-1b. Recently, Delisle et al. (1994) re-
ported that a peptide-directed polyclonal antibody
against the 14-amino acid C-terminal portion of the
rabbit kidney NaPi-1 reacted specifically with a rat
kidney 65-kDa protein. The deduced polypeptide se-
quence from RNaPi-1 reveals that 12 of 14 C-terminal
amino acid residues are identical in RNaPi-1 and NaPi-
1. These data and other studies from various labora-
tories (Miyamoto et al., 1995; Werner et al., 1991)
strongly suggest the presence of two high-affinity Na™*/
Pi-cotransporters (NaPi-1 and NaPi-2/3/4) in kidney
cortex.

Acknowledgements — We thank Dr. Amir Askari for his invaluable
advice in conducting this study and Dr. Robert W. Mercer ( Washing-
ton University ) for helpful discussions concerning the cloning data.
We appreciate Drs. Marva G. Jack-Hays, Randall Ruch, and Edwin
Sanchez for critical reading of the manuscript. This work was sup-
ported by National Institutes of Health Grant HL.-36573 awarded by
the National Heart, Lung and Blood Institute, United States Public
Health Service, Department of Health and Human Services.

REFERENCES

Biber, J.; Murer, H. Towards a molecular view of renal proximal
tubular reabsorption of phosphate. Renal Physiol. Biochem.
16:37-47; 1993.

Binder, R.; Horowitz J.A.; Basilion J.P.; Koeller, D.M.; Klausner,



460 H. Li and Z. Xig

R.D; Harford, J.B. Evidence that the pathway of transferrin recep-
tor mRNA degradation involves an endonucleolytic cleavage
within the 3'UTR and does not involve poly(A) tail shorting.
EMBO J. 13:1969-1980; 1994.

Bonjour, J.P.; Caverzasio, J. Phosphate transport in the kidney. Rev.
Physiol. Biochem. Pharmacol. 100:161-214; 1984.

Butterworth, P.J.; Younus, M.J. Uptake of phosphate by rat hepato-
cytes in primary culture: a sodium-dependent system that is stimu-
lated by insulin. Biochim. Biophys. Acta 1148:117-122; 1993.

Casey, J.L.; Hentze, M.W._; Koeller, D.M.; Caughman, S.W_; Rou-
ault, T.A.; Klausner, R.D.; Harford, J.B. Iron-responsive elements:
regulatory RNA sequences that control mRNA levels and transla-
tion. Science 240:924-928; 1988.

Chen, C.Y.; Shyu, A.B. Selective degradation of early-response-
gene mRNAs: functional analyses of sequence features of the AU-
rich elements. Mol. Cell. Biol. 14:8471-8482; 1994.

Chong, S8.S.; Kristjansson, K.; Zophbi, H.Y; Hughes, M.R. Molecu-
lar cloning of the cDNA encoding a human renal sodium phos-
phate transport protein and its assignment to chromosome 6p21.3-
P23. Genomics 18:355-359; 1993.

Collins, J.F.; Ghishan, F.K. Molecular cloning, functional expres-
sion, tissue distribution and in situ hybridization of the renal so-
dium phosphate (Na*/Pi) transporter in the control and hypo-
phosphate mouse. FASEB J. 8:862—-868; 1994,

De Young, M.B.; Scarpa, A. Extracellular ATP activates coordinated
Na* Pi and Ca®* transport in cardiac myocytes. J. Am. Physiol.
260 (Cell. Physiol. 29):C1182-C1190; 1991.

Delisle, M.C.; Boyer, C.; Vachon, V.; Giroux, S.; Beliveau, R. Im-
munodetection and characterization of proteins implicated in renal
sodium/phosphate cotransport. Biochim. Biophys. Acta 1190:
289-296; 1994.

DesJardins, E.; Hay, N. Repeated CT elements bound by zinc finger
proteins control the absolute and relative activities of the two
principal human c-myc promoters. Mol. Cell. Biol. 13:5710~
5724; 1993.

Escoubet, B.; Djabali, K.; Amiel, C. Adaptation to Pi deprivation
of cell Na-dependent Pi uptake: a widespread process. J. Am.
Physiol. 256 (Cell. Physiol. 25):C322-C328; 1989.

Frohman, M.A.; Dush, M.K_; Martin, G.R. Rapid production of full-
length cDNAs from rare transcripts: amplification using a single
gene-specific oligonucleotide primer. Proc. Natl. Acad. Sci. USA
85:8998-9002; 1988.

Ghishan, F.K.; Rebeiz, R.; Honda, T.; Nakagawa, N. Characteriza-
tion and expression of a novel Na”-inorganic phosphate trans-
porter at the liver plasma membrane of the rat. Gastroenterology
105:519-526; 1993.

Gu, W_; Morales, C.; Hecht, N.B. In male mouse germ cells, copper-
zinc superoxide dismutase utilizes alternative promoters that pro-
duce multiple transcripts with different translation potential. J.
Biol. Chem. 270:236-243; 1995.

Hahn, S.L.; Hahn, M.; Kang, U.J.; Joh, T.H. Structure of the rat
aromatic L-amino acid decarboxylase gene: evidence for an alter-
native promoter usage. J. Neurochem. 60:1058—-1064; 1993.

Jack, M.G.; Huang, W.H.; Askari, A. Characterization of Na™ -de-
pendent phosphate transport in cardiac sarcolemmal vesicles. J.
Biol. Chem. 264:3904-3908; 1989.

Kavanaugh, M.P.; Miller, D.G.; Zhang, W.; Law, W.; Kozak, S.L.;
Kabat, D.; Miller, A.D. Cell-surface receptors for gibbon ape
Jeukemia virus and amphotropic murine retrovirus are inducible
sodium-dependent phosphate symporters. Proc. Natl. Acad. Sci.
USA 91:7071-7075; 1994.

Lee, S.L.; Yu, A.S.; Lytton J. Tissue-specific expression of Na*-
Ca2* exchanger isoforms. J. Biol. Chem. 269:14849-14852;
1994.

Magagnin, S.; Werner, A.; Markovich, D.; Sorribas, V; Stange, G.;
Biber, J.; Murer, H. Expression cloning of human and rat renal
cortex Na/Pi cotransport. Proc. Natl. Acad. Sci. USA 90:5979-
5983; 1993.

Miyamoto, K.; Tatsumi, S.; Sonoda, T.; Yamamoto, H.; Minami,
H.; Taketani, Y.; Takeda, E. Cloning and functional expression
of a Na* -dependent phosphate co-transporter from human kidney:
cDNA cloning and functional expression. Biochem. J. 305:81—
85; 1995.

Nanbu, R.; Kubo T.; Ueno, K_; Natori S. Preferential deadenylation
of Sarcophaga lectin mRNA during its acute phase expression.
Biochem. Biophys. Acta 1088:71-76; 1991.

Ni, B; Rosteck, P.R. Jr.; Nadi, N.S.; Paul, S.M. Cloning and expres-
sion of a cDNA encoding a brain-specific Na*-dependent inor-
ganic phosphate cotransporter. Proc. Natl. Acad. Sci. USA
91:5607-5611; 1994.

Olah, Z.; Lehel, C.; Anderson, W.B.; Eiden, M.V.; Wilson, C.A.
The cellular receptor for gibbon ape leukemia virus is a novel high
affinity sodium-dependent phosphate transporter. J. Biol. Chem.
269:25426-25431; 1994.

Polgreen, K.E.; Kemp, G.J.; Leighton, B.; Radda, G.K. Modulation
of Pi transport in skeletal muscle by insulin and IGF. Biochim.
Biophys. Acta 1223: 279-284; 1994.

Raymond, J.R.; Albers, F.J.; Middleton, J.P.; Lefkowitz, R.J;
Caron, M.G.; Obeid, L.M.; Dennis, V.W. 5-HT1A and histamine
H1 receptors in Hela cells stimulate phosphoinositide hydrolysis
and phosphate uptake via distinct G protein pools. J. Biol. Chem.
266:372-379; 1991.

Ruch, R.J.; Klaunig, J.E. Enhancement of rodent hepatocyte gap
junctional intercellular communication by dexamethasone. In
Vitro Toxicol. 5:103-111; 1992.

Sanger, F.; Nicklen, S.; Coulson, A.R. DNA sequencing with chain
terminating inhibitors. Proc. Natl. Acad. Sci. USA 74:5463-5467,
1977.

Sorribas, V.; Markovich, D.; Hayes, G.; Stange, G.; Forgo, J.; Biber,
J.; Murer, H. Cloning of a Na/Pi cotransporter from opossum
kidney cells. J. Biol. Chem. 269:6615-6621; 1994.

Wehrle, J.P_; Pedersen, P. Phosphate transport processes in eukary-
otic cells. J. Membr. Biol. 111:199-213; 1989.

Wells, R.D.; Collier, D.A.; Hanvey, J.C.; Shimizu, M.; Wohirab, F.
The chemistry and biology of unusual DNA structures adopted
by oligopurine: oligopyrimidine sequences. FASEB J. 2:2939-
2949; 1988.

Werner, A.; Moore, M.L.; Mantel, N.; Biber, J.; Semenza, G.; Murer
H. Cloning and expression of cDNA for a Na/Pi cotransport
system of kidney cortex. Proc. Natl. Acad. Sci. USA 88:9608—
9612; 1991.

Wigglesworth, V.B.; Woodrow, C.E.; Smith, W.; Winter, L.B. Effect
of insulin on blood phosphate. J. Physiol. 57: 447-450; 1923.
Xie, Z.; Li, H.; Liu, G.; Wang, Y.; Askari A.; Mercer, R W. Cloning
of the dog Na*/K*-ATPase al-subunit. In: Bamberg, E.;
Schoner, W., ed. The sodium pump. New York: Darmstadt,

Steinkopff, Springer; 1994:49-52.

Younus, M.J.; Butterworth, P.J. Sodium-dependent transport of
phosphate by rat liver plasma membrane vesicles. Biochim. Bio-
phys. Acta 1143:158-162; 1993.

Younus, M.J.; Jouhal, K.; Butterworth, P.J. Inhibition by cyclic AMP
and phorbol esters of sodium-dependent uptake of phosphate by
rat hepatocytes. Biochim. Biophys. Acta 1190:444-448; 1994.



