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The sequences of the human and bovine genes for the
phosphate carrier from the inner membranes of mito-
chondria have been determined. The genes have similar
structures and each is divided into nine exons. In both
genes, two exons, named IIIA and IIIB, are closely re-
lated, and they appear to be alternatively spliced. The
human exon IIIB sequence is found in a published hu-
man heart cDNA sequence, and bovine exon IIIA forms
part of a published bovine heart cDNA sequence. By fur-
ther examination of the human heart cDNA library, se-
quences arising from both alternatively spliced forms of
the phosphate carrier have been characterized. Both
forms were also found in several bovine tissues, but the
ratios of expression of the two forms varied. The form
containing exon ITIA was expressed most highly in bo-
vine heart and liver, less highly in brain and kidney, and
only in low amounts in lung. The opposite hierarchy was
found for the form containing exon IIIB; it was most
highly expressed in lung and least in heart and liver. The
alternative splicing mechanism affects amino acids 445
of the mature phosphate carrier protein, which is be-
lieved to form one of six transmembrane segments of the
phosphate carrier and to emerge into a large extramem-
branous loop. The alternative splicing mechanism
changes 13 and 11 amino acids in the human and bovine
carrier proteins, respectively. As the function of this re-
gion of the phosphate carrier is not known, the effects of
the changes on carrier function are not understood at
present.

The inner membranes of mitochondria contain a number of
proteins that are responsible for the transport of various me-
tabolites back and forth (Kramer and Palmieri, 1989, 1992;
Walker, 1992; Walker and Runswick, 1993). An example is pro-
vided by the phosphate carrier, which catalyzes the transport of
phosphate into the mitochondrial matrix, either by proton co-
transport or in exchange for hydroxyl ions. The purified protein
from both pig and bovine heart (Bisaccia et al., 1984; Kolbe et
al., 1984) has been reconstituted into liposomes in an active
form. The primary structure of the bovine phosphate carrier is

* This work was supported in part by the Consiglio Nazionale delle
Ricerche Target Project “Ingegneria Genetica” and the Ministero
dell'Universita e della Ricerca Scientifica e Tecnologica (MURST). The
costs of publication of this article were defrayed in part by the payment
of page charges. This article must therefore be hereby marked “adver-
tisement” in accordance with 18 U.S.C. Section 1734 solely to indicate
this fact.

The nucleotide sequence(s) reported in this paper has been submitted
to the GenBank™ | EMBL Data Bank with accession number(s) X77337
and X77338.

1 To whom correspondence should be addressed. Fax: 44-223-412178.

313 amino acids long and contains three related segments, each
of about 100 amino acids arranged in tandem (Runswick et al.,
1987). The rat, human, Saccharomyces cerevisiae, and Cae-
norhabditis elegans sequences have similar features (Ferreira
et al., 1989; Dolce et al., 1991; Phelps et al., 1991; Runswick et
al., 1994). These repetitive elements are related to those found
in the other characterized members of the mitochondrial car-
rier family, namely, the ADP/ATP (Saraste and Walker, 1982)
oxoglutarate-malate (Runswick et al., 1990) and citrate carri-
ers (Kaplan et al., 1993), and the uncoupling protein from
brown fat (Aquila et al., 1985). They are also found in a number
of other proteins of known sequence but of unknown function,
which therefore belong to the same protein superfamily
(Walker, 1992; Runswick et al., 1994). Among the family mem-
bers, the mammalian, but not the yeast, phosphate carrier is
exceptional in having a processed N-terminal sequence that
helps to target the protein into mitochondria (Runswick et al.,
1987; Dolce et al., 1991; Phelps et al., 1991; Zara et al., 1992;
Ferreira et al., 1989). By examination of the transmembrane
topography of the phosphate carrier in the inner mitochondrial
membrane, it has been shown that the N-terminal and the
C-terminal regions of the phosphate carrier both protrude to-
ward the cytosol. Therefore, its polypeptide chain spans the
membrane an even number of times (Capobianco et al., 1991;
Palmieri et al., 1993).

It is known that isoforms encoded by different ADP/ATP
carrier genes are present in several species. Two bovine and
three human genes have been detected for ADP/ATP carrier
(Walker et al., 1987a; Battini et al., 1987; Neckelmann et al.,
1987; Houldsworth and Attardi, 1988; Cozens et al., 1989; Pow-
ell et al., 1989). Three isoforms have been characterized in S.
cerevisiae (Gawaz et al., 1990; Kolarov et al., 1990). Single
genes for the phosphate and oxoglutarate carriers were de-
tected in the human and bovine genomes by Southern blotting
(Runswick et al., 1987, 1990), and there is a unique gene for the
uncoupling protein (Ricquier et al., 1991).

In this paper, the sequences of the genes of the human and
bovine phosphate carriers are described. The human sequence
has been determined from genomic clones obtained by screen-
ing a human genomic library with two human cDNA probes.
The bovine genomic sequence has been derived from genomic
fragments generated by polymerase chain reactions, using
primers and probes based upon the bovine cDNA (Runswick e¢
al., 1987). The two genes are spread over 7.9 and 6.1 kb? of
human and bovine DNA, respectively. Both contain nine exons
separated by eight introns. The sequences show that there are
two related exons IIIA and IIIB in each gene that appear to be
alternatively spliced. The two alternatively spliced forms have

! The abbreviation used is: kb, kilobase(s).
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been characterized from a human ¢cDNA library, and their ex-
pression has been investigated in various bovine tissues.

MATERIALS AND METHODS

Synthetic Oligonucleotides—Oligonucleotide primers based on the
bovine phosphate carrier cDNA were synthesized in an Applied Biosys-
tems model 320B DNA synthesizer. Some were used as primers in
polymerase chain reactions, and others as hybridization probes with the
products. Forward and reverse primers 25 bases in length were made
with an appropriate 5'-linker (EcoRI, HindIIl, BamH]I, or Xbel). Oligo-
nucleotides were also employed as primers in sequencing reactions. The
purification, radiolabeling, and use as hybridization probes of synthetic
oligonucleotides have been described before (Powell et al., 1989; Walker
et al., 1989).

Isolation of Human Genomic Clones—The human genomic library
consisted of partial Sau3A fragments cloned into A2001 (LeFranc et al.,
1986). About 7 x 10° recombinants were screened by plaque hybridiza-
tion (see Dyer and Walker (1993)). Duplicate filters were screened with
two different probes; one was derived from the 5' end of the human
phosphate carrier cDNA (nucleotides 1-562), and the other from the 3’
end of the cDNA for the human phosphate carrier (nucleotides 612—
1114) (Dolce et al., 1991). DNA was purified by glycerol step gradient
centrifugation (Garber et al., 1983) from two positively hybridizing re-
combinant phages, A12D3 and A2F2. Restriction fragments from these
phages were cloned into M13mp18 or M13mp19.

Amplification of Bovine Genomic DNA Sequences—Overlapping seg-
ments of bovine genomic DNA from liver (Walker et al., 1987b) were
amplified in four polymerase chain reactions (Walker et al., 1992; laco-
bazzi et al., 1992), using synthetic oligonucleotide primers (with appro-
priate linkers) and probes based on the bovine cDNA sequence (Runs-
wick et al., 1987). These oligonucleotides are listed in Table I. The
reactions were carried out for 30 cycles and, after addition of fresh por-
tions of enzyme and primers, for an additional 30 cycles. The reaction
products were analyzed on 1.4% high melting agarose gels. The DNA
fragments were transferred to Hybond-N membranes (Amersham In-
ternational, Amersham, United Kingdom), cross-linked to membranes
by irradiation with uv light, and hybridized with radioactively labeled
synthetic oligonucleotides at 5 °C below the minimum dissociation tem-
perature. Fragments that hybridized with the probes were recovered
from the gel by the Gene Clean procedure (Bio 101, La Jolla, CA), and
the products were cloned into M13mp18 and M13mp19 vectors.

Characterization of Human cDNAs—A human c¢DNA library derived
from cardiac muscle cloned in Agt1l was kindly donated by Dr. E. R. M.
McCabe. This library was screened as described previously (Dolce et al.,
1991) with sequences derived from the bovine cDNA for the phosphate
carrier (Runswick et al., 1987). These sequences were an EcoRI-HindIIl
fragment and a Pstl fragment corresponding to nucleotides 628-1130
and 104-339 of the bovine sequence, respectively.

Polymerase Chain Reactions with Bovine mRNAs—Poly(A*) RNA
was prepared from total RNA from bovine heart, liver, brain, kidney and
lung (Chirgwin et al., 1979; Vinas et al., 1990). Samples of poly(A*) RNA
(2 ng) from each tissue were employed as templates in polymerase chain
reactions carried out as described above, except that the annealing
temperature was 50 °C. The primers from exon IIIA (ITIA-F and IIIA-R)
and from exon 11IB (IIIB-F and IIIB-R) were 19 bases long (see Fig. 4 for
their sequences). Two sets of the amplified products from each tissue
were analyzed on an agarose gel, transferred to Hybond membranes,
hybridized with the 16-mer oligonucleotide probes (IIIA-P and-IIIB-P),
and autoradiographed at room temperature for 1 h. The products from
heart and liver were recovered from the gel, cloned, and sequenced.

DNA Sequence Analysis—DNA sequences were determined by the
modified dideoxy chain termination method (Sanger et al., 1977; Biggin
et al., 1983) with T7 DNA polymerase (Sequenase, U. S. Biochemical
Corp.). Sequencing reactions were primed with either the 17-mer uni-
versal primers or the primers used in the polymerase chain reactions.
Other 17-mer synthetic primers were used to extend existing sequences.
Both DNA strands were sequenced completely. In order to avoid se-
quence errors being introduced by the polymerase chain reaction, at
least three independent M13-isolated clones were sequenced from each
reaction. When an ambiguity was observed, further clones were se-
quenced. Compressions were resolved by the use of dITP instead of
dGTP in sequencing reactions. Data bases were compiled and analyzed
with the computer program DBUTIL (Staden, 1982).

RESULTS AND DISCUSSION

Cloning and Sequencing the Human and Bovine Genes for
the Phosphate Carrier—Two independent and overlapping
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TasLE I
Synthetic oligonucleotide primers and probes used to generate partial
overlapping clones comprosing the bovine gene for the mitochondrial
phosphate carrier protein
Their sequences were based on the bovine cDNA sequence. F, R, and
P denote forward and reverse primers and probes, respectively, em-
ployed in polymerase chain reactions PCR-1 to PCR-4.

Oligonucleotide Position in bovine cDNA

1F 1-25
1R 285-310
1P 194-211
2F 250-275
2R 445-470
2P 340-357
3F 420-445
3R 847-862
3P 735-752
4F 822-847
4R 1300-1325
4P 973-990

genomic clones, A12D3 and A2F2, were isolated from a human
genomic library. Together they cover about 26 kb of genomic
sequence. It was shown by Southern blot analysis that A12D3
contained the entire phosphate carrier gene, and by sequencing
appropriate restriction fragments from this phage (see Fig. 1),
a sequence of about 7,969 bases encompassing the human phos-
phate carrier gene was established (see Fig. 2).

In the case of the bovine gene, a different strategy was
adopted. Four overlapping sequences about 1.0-1.8 kb in
length (PCR-1 to PCR-4 in Fig. 3) were amplified by the po-
lymerase chain reaction using bovine genomic DNA as tem-
plate, and with synthetic oligonucleotide primers based on the
bovine ¢cDNA sequence (see Table I and legend to Fig. 3). The
sequences of PCR-1 to PCR-4 were then determined with the
use of synthetic primers. In this way, a bovine genomic se-
quence of 6,161 nucleotides containing the phosphate carrier
gene was determined (see Fig. 4).

Gene Structures—The exons of the human and bovine genes
for the phosphate carrier were identified by comparison of the
genomic sequences with the human and bovine cDNA se-
quences (Dolce et al., 1991; Runswick et al., 1987). Consensus
rules for splice sites that predict conservation of the dinucle-
otides GT and AG, respectively, next to the 5 and 3’ boundaries
of the introns, were also taken into consideration (Breathnach
and Chambon, 1981). In this way, it was found that the human
gene contains nine exons separated by eight introns, and that
the bovine gene has the same organization. The introns in the
bovine gene are mostly smaller than those in the human gene
(Fig. 5). The 3’ extremities of both genes were established by
the cDNA sequences, but the transcriptional start sites of the
human and bovine phosphate carrier genes have not been
mapped. Therefore, the 5’ extremity of neither of exons I is
known, and it is unlikely that the rather short 5-noncoding
sequences present in the cDNAs represent the full extent of
these exons.

The eight introns in both genes interrupt the coding se-
quences at exactly the same positions. In other members of the
carrier family, it has been noted that the introns tend to inter-
rupt the coding sequences in or near to the extramembranous
loops (Cozens et al., 1989; Kramer and Palmieri, 1992). A simi-
lar tendency is found in the phosphate carrier genes with in-
trons B, C, D, E, F, and H. However, intron G appears to be in
the middle of an a-helical segment.

Alternative Splicing of Exons I11A and IIIB—The most strik-
ing feature, uncovered by the comparison of the human and
bovine genomic sequences with the corresponding cDNAs, was
that both genes contain evidence of alternative splicing. Exon
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Exon I
GCMCCTTTCCMGGGAGTGG’I‘TGTGI'GA’]CGCCATCTTAGGGP&GA{; TGTGGCCGGGCTTCTCCTGTGGCGGGTGTGGGGAGCGGCAGCCAGAGCTCCTGTGGGGCCGCTGCTTTGGC 120
GGTGGGCCAGCCGGGAGCAGCCTCTTTCGAAGGCCGCCGTGACCTCTTCAAGGGCGTGGAGACGGGAAGGAAAAGGCCGGTTGGGGTTCCAGGGCGCCGGTAACGTTAACGGCGCCTTGC 240
-49 Exon II -40 -30
M F S S VA HLARANZPTFNTUPMHIULOQLVHDGTILGT?D
CTGTCCTCTAACCGTCGCTCCCT n_uu.u.:jmcmu TCTCGTCCGTGGCGCACCTGGCGCGGGCGAACCCCTTCAACACGCCACATCTGCAGCTGGTGCACGATGGTCTCGGGGA 360
=20 ~10 -1 1
L RS S s P GP TG QPRI RUPI RNILAAAAWVE
CCTCCGCAGCAGCTCCCCAGGGCCCACGGGCCAGCCCCGCCGCCCTCGCAACCT! GGCAGCCGCCGCCG’ICGAA(E:AGA’ICAGACCC’I‘GCCCMTACAGI‘CG'ICTGGI‘CTACTTGI‘GGG 480
CCGCCCAGCCTTTGAGGCCTGGACCCGGCTTGGAGGACAGGGAAGGACGAGTCCAGCCCGCTGCACCGTAGACGGCGCCCAGTTGCTTGCCCTGGGGTATCGGCCTTTTCCACCATAGGC 600
GGGTGTCAGATCCTTGGCCTTCCCTCAAGGGCG TGGAAGCGTGAGGCCCTGTGTCCTTCGTGACCTCCGTGTGCCGAGGAAGAGAGGCCGTGACTAGCTCTTTCTCGCCGTGAGCTCGCT 720
TGGTCAGCAAACTAAGTACTGGGTARACTCTCCTCCCGAAACTACTGACCACCCACAGTTCTACTAACTATATTACCTGTCCTTTGATTTGCCCTTAGTTTITCTTAAAAATAGTCCTTTC 840
CTAAGTTTATATTTGTCGACGCCAGGTCAGTCATTTTTGCACTTAATTGTATATGAGATAACTAGATGTCTGTTTTOGTGCGACTGGAGGAGGCAGCTTGCAGCCTACATAGGCAATAGA 960

AAGGAGATAATTGGTGGGCGTCCCTTTGGTGTGATTATCTCTTGGGATTCT TGGTGGT TGGGCCCAGCTTTAACTTAGT TGTGTGTGTTI TARATCCTAGTGAAGTATGTACATACAGAG 1080
AAACCTGAAAACCGATGTAGGAGTCCTAAGAATGTTATCTACCTTGTGCCTGTARAATCGAAAGATTTTTTTCT TTAAATCATTCATGTGCTTCTGT TGTCTTTAGTATGATAGAGTCCT 1200
TATTTACACTATCTGTCGTTCAGTTTAAAAGTTAAAGCTAACATTATT TGTGTAT TAAATGTAT TTGACTGCAGGAATTTGTGCGTATCCGTTT TTATGTTACAGGAGT TCTTAAGTGGG 1320
GATAGTATTGGTTAGTGGCTGGGATAAACTTTGAAGT TGT TTGCAAGCCTTTTACATGTCGAGTGATCTT TCTGAGTT TCGT TTGTACTCTGAAGTGTGCTCTTACCAGTGGT TARTAAT 1440
TTGAAGTTTGACTTTAATTGTAAAAGCCGTTAATGTAGAAAACTTTTAAAAAART TAATATGGCAGAATACGAGCTATTARTAGTATCAGATACAGAACCCTCATAATTTTTAAATGATC 1560
TGAATTTGGCAGTGAATTTTTTTTTAACCGACTTAAT TGTGGCCAAAGCTATTCAGCTGTGATAATAGTATC TCACAGGGAAACATTTTCTTTCATTCAGTGGCCTTAGTCATCTCTGAA 1680

Exon IIIA 10 20 10
E QY S CD Y G S GRFVFIULCGILGS GTITISCGTTH
GAAATACITACI"rGA’I“I”ITTTTrTT‘I‘CCMTCAMCAS}\GCAGT ATAGCTGTGACTATGGATCTGGCAGATTCTTTATCCTTTGTGGACTTGGAGGAATTATTAGCTGTGGCACAACACA 1800

40
T A L VP L DL V KCRMZQ
TACAGCATTGGTTCCTCTAGATCTGGTT: MATGCAGAATGCAC]G-:’I'I‘GTI‘I‘TGCATGCTGGACTAGAGCATATTGAAGCATGACTGAC']CI’I‘MGTI‘ ATAAGATATAGTCATCTAACAAG 1920

Exon I1IB
EY SCETFGSAK
CTGTGTGGAAACCTAACTGTCCAGGAGGTAAGT TTATGACCAGTAACATGAGTT TTATATTAAAATGCATGGTGTGTCTTCTCTTACTACAGAGTACAGTTGTGAATTTGGCTCCGCGAA 2040

Y Y AL CGVF GG VL s CGULTHTA AV VPLDILVI KT CRMDZQ
GTATTATGCACTGTGTGGCTTTGGTGGGGTCTT AAGT’DGTGGICTGACACACACTGCI‘GTGGT’ICCCC‘ICGA’I'I"]‘AGI‘GAAATGCCGTATGCAC]G’I'TTGTATTGAGATGACAACA’I'IGAA 2160

AGTATCTCTCATGTGACTTAACTCTAAATAAAATCTTAAATGAGAATTTGAAGACATCACARCTGCTAGAAACTTCAGTAGGAAACCACATAGAATTTCTTTAAATTGTGGGCTTTATTT 2280
TGACTAGTGTTTTAAATCCAATAAATGCCTCTATTGTTTGAGTAAATTGTTCACTTTTAGAGTCTGGCTGTAAATGGCTCTT TGCTGCTGCTCTTCACTTCTGGCCGGAGTTCTTCARGC 2400
TTACTAGTGCCCCAAATAGTCATTTAACAAGCACCTATGTGTTGGAGTGGGTAAACAAGTCTGTGTATTATGTGAAGTAACAATGTCCTTTATCTACTAATAAGACCAAGGCAAAGAGTA 2520
CATGTAGATTTATTTAAAGTGCTCTTAATATCTTAGTATGAAAATTTTGTCAGATTAGCCTCT TGTTTATTTACACAACATTITTAAAATAATTTGAATATATTTTAATTAAGATCATTGA 2640
AACAAAAACAAGACATCGAAAATTTATTGTTCCAAACTGGATTAGAAGTCTACTTACCTAAAAGAGAAATGAAT TTGAAATATTAGGAGGGAGAGGAAGGTGAGTATACCATCCCTTCTA 2760
GTACTGGCAGAAATAGATAAGCTTTTCCTCCCCCCCCATTAGT TAATGTAATGGATATGARATGTACCTT TGCTAAAACGTGTTATGCATGTCTICTTGAAGTGAATTTAGT TTATGTGCT 2880
TTTTTTTITTAACTTGTGTTTAGTTTGTTTAGTGT TCACAAAACTTTATGCTATAAGCTACT TAAAGAACTAGCATATGTTAGGAATACAGTTATATCTATTATCTAGACAGTAGCTTTT 3000
AAAAAGTAGGAGGTGGGCCAAGCATGGTCGGCCCCAGACCGTGGAATGCCGAGCATTTTGGGTAGCGGAAGCAGGTGGGTCACTTGAGGTCGGAGTTCGAGATCAGAACTCAATCTAGCC 3120
AACATGGTGAAACCTCATCTCTGCTAARATACAAAAATTAGCTGGGCATGGTGGCGTGCCCTGTAGTCGCAGCTACTCGGAGGCTGAGGCAGGAGAATCGCTTGAACCTGGGAGGTGGAG 3240

GTTGCAGTGAGCTGAGATCACACCATGGCACTCATCCTGGGCTACAGAGCAGACTCAAAAARCAAACAAACAAAARACACAAAARAAAGTAGTAGGAGTTGGGTGGTAAGAAATCTGTTAA 3360

GAATCAGTTTTGTTACGTATTTTTGTTGAAATTTTACCCTCTTAACTATCACTCCAAGACTTAAGT TTGACACAGAAAGCTTTTGTTGAAATTTTACCCTCTTAACTATCACTCCAAGAC 3480
TTAGGTTTGACACAGAAAGCTAGACCTTAATGTACAACAGTTTCTATTTATAAAAGTAATCAAATGAACAATAATAAACAGTGATAAGCATAAACTAATAARAGT TATATGAATGTAGTT 3600
CCTCACTCAAAATATCTTAATAT TTTCAGATGTCAGT TGACCT TGGATAACTGAAGCCACAGARAATGAACTCT TCGATAAGGGAGAGCTACTGTATTTCTTTTT TTTTTTTTGAGATGG 3720

Fic. 2. PNA sequence of the human phosphate carrier gene. The nucleotide sequence is numbered, and the location of exons I-VIII and
the protein sequences they encode are shown. Exon-intron boundaries are denoted by small arrows.
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AGTCT’IGCJ.‘C'ICCTGCCCAGGCIGGNSTGI‘AGTxTGCCATCGTGCI‘CACIGCAACCICCACCTOCCI‘CAGGCI‘CAPGCGA’ITGTICTGICTCACCCTCACCC'}CCCGAGTAGCTWGAT
TACAGGTGCACGCCACATGCCCGTCCAATTI'TTTATATI‘TTAGTAGAGA’IGGGGTTTCACTGTGTI’GCOCAG&TGGI‘CTTGAACJ‘CCTGAGCI‘CAGGTAATCCACCTGCC’ICAGCCTCC
CAAAGCGATGGGATTACAGATGT GAGCCACCGTGACCTGGCAGGAATTACTGTAGTTACCTTTTGTGTAGTTGCTGAAAT TTATTATGGAACCCAARCAAAAATAATCATGAGAT TAAAT

so Exon IV 60
VDPOQZXYZXKGTITFNGTFSUVTLTZEKETDGUV
T'I‘TTATGI"1‘AGCTGTITGGI‘GCA’I"I"I‘AATTTITT’I‘ITTCITG’I’ITTAAATAA‘ATTGGACCCCCAAAAGTACAAGGGCATA’H‘TAACGGATTCTCAG‘I‘TACACTTAAAGAGGATGG’ICTI‘

70 80 90 100
R GL A XK GWAPTTFTULGZYSMOQOQGLCZEXKT FGTPF Y EVFXVLYSNMLGE
CGTGGTTTGGCTAAAGGATGGGCTCCGACTTTCCTTGGCTACTCCATGCAGGGACTCTGCARGT TTGGCTTTTATGAAGTCTTTAAAGTCTTGTATAGCAATATGCTTGGAG TATGT

AATTAACTTTAAAATTGAATGTTCCGAGTGTTTAAGACTTTCCGAGTGTTCTTAGATTTTTGTCTGTCTTGCCTAT T TTAGCACTGAAGARARTGGTCCTACAAAGTGAGCAACTGTTTT
AATCGTATGCCTGTGTCAGCAGAGACAGGTTGATAAATGTATTCATTAAART TACAATTCTCCTTTTAATATACTATCTTGTTTTCTAAGTAAGT TGGATTTTGAGT TTTTTAGAGAAGGG

CTCTGGGACTCCTTTGCGTAGTTCCGGGGCATGGCATCTAGATAT TT TTTGAATATTCATGTTGT TCACATAGTTACGTGTTTTGTTAATGAGGTTATGAGACCACATATATATTCCATA

E
TCA’I‘CGTGTG’I'I‘ACTITATAMATGTCIGAAGCTTAGTTGTT’I'ICTAGAACTGICAC'I'I'CAATTGMAACCMCACAACMCAATTCACATCCCTTCCTTGI‘GT’ITTGGATT’I'I‘AjGAGA

120 ExonV 120 130 140
N T YL W R T S LY LAASA ASA AMETFTFADTIALAPMEA AAIKUVR RTIA QTZ QPG
ATACTTATCTCTGGCOGCACATCACTATATTTGGCTGCCTCTGCCAGTGCTGAATTCTTTGCTGACATTGCCCTGGCTCCTATGGAAGCTGCTAAGGTTCGAATTCAAACCCAGCCAGGTT

150 160
Y ANTULRDA AAPI KMYKETETGTULKA
ATGCCAACACTTTGAGGGATGCAGCTCCCAAAATGTATAAGGAAGAAGGCCTAAAAGCGTAAGTAAACACTTARAAATT TATACTATGAAAGTACTTATTTTAAGTGARCTTCATTTTTT

TTTGTTTTTTTTTTTGTTTTGTTTTTTTGACGAAAAGTCTCGCTCTGTCACCCAGGCTGGAGTGCAGTGGCGTGATC TCGGCTCACTGCAAGCTCCGCCTCCCGGTTCACGCCATTCTCC
TGCCTCAATCCCAAAGAGCTAGGACTACAGGCGCCTGCACTGCCCAGCTAATTTTTTGTATTTTTCAGTATAGACGGAGT TTCACCGTCTCCATCTCCTGACCTCATGATCCGCCCACCT
TGGCCTCCCAAAATGCTGGGAT TACAGGTGTGAGCCACCAGCACCCGGCTTICTTTTTTTTTTTTCTT TGAGACGGAGTT TTGCTCTTGTTGTCCAGGCTGGAGTGCAATGGCATATCTCA
GCTCACTGCAACCTCCGCCTCCCAGGTTCAAGTGATTGTCTGCTCAGCCTGCTGAATAGCTGGGATTACAGGCATCACCACCACGCCTGGCTAATTTTGTATTTTTAGTAGAGACTCCAT
GTTGGTCAGGCTGGTCTCGAACTCCTGACCTCAGTGATCCACCGCCTCGCCTCCCAAAGTGCTGGGAT TACAGGCGTGAGACACCGCGTCTGGCTGTGAACTTCATTTTTTAGTATTAAG
CCTACCAGACTTTTTAAAAAGACTATTATAACATTTAATGTCTATTTACCTGTATGTAGAACATAAACT TGAGAGGTAAAGATAAGTTAATACATGGTTTGACCCCTGGACTGAGTTTTT
TTTTTTTCCCTAGAGTAAGGACCATTTGTCGGTCTACARATGACTTGATGTTTGGCCTAAACATTTACTATTAACT TTTAGGGAGGGCTTGTTAGTATCCTTGTGATCTATTCACAGTTA

AGAATTTCCATGACCACAACATGCTTCCTTAGATCCACCTTTGTGGATGAATCTTGAACTGAGTTCCACTIGTAAACTTCTTGT TIC T TGTGGTTCCAGTAGTCAAAGAAACATCCAGCA

ACTTTTTTGGTTGTATAGTCAAAGGTGCTTGAGTCATTGGCATGTAAGAGAAATATACCTGCATGTTAGTCTAACGTATCTGATAGAAATGACATGCATTTACTGGCCATTTGTTACTAT

170
F Y K GV A P
CAGGACTCGACTCGTGTGCGGACATTTCTGTTAATAATGACAGTCTCTGATAGATGAGTGTATGCAACTGTGTAARACAAGTCTCTTGATTTCCTAGATTCTACAAGGGGGTTGCTCCTC

Exon VI 180 190 200 210
L WMROQIUPYTMMEKTFACFERTVEA BAILYZE KT FVV?PE KPIRTSETGCSTE KT PENQ
TCTGGATGAGACAGATACCATACACCATGATGAAGTTCGCCTGCTTTGAACGTACTGTTGAAGCACTGTACAAGT TTGTGGTTCC TAAGCCCCGCAGTGAATGT TCAAAGCCAGAGCAGC

220
L VVTVFVAG
TGGTTGTAACATTTGI‘AGCAGG’I'I‘ACATAC]G-LACGAATTACTTAGAACACACT’IGTCTGAAA'I'I‘ATGMCMATMTCATT’ICCA’I’I‘ATTGGCGTTTI’TTGAGAGGGAAAAA‘I‘ACTCCAA

AGGTTATAAAGCAGTGTTTTTGTTTTTT TGGTTTCCTGAGGCATAGTCTCGCTCTGT TGCCCAGGCTGGAGTGCAGTGGCATGATAATAGC TCACTGCAACCTCCTCCTCCTGGGTTCAA

GTGATTCTTCTGCCGCAGCCTCCCAAGTAGCTGGGACAGGCATGCACCGCCATGCCGCGCTGATTTTTGTTTTTGT T TTTTGT TTTT T TT TGAGATGGAGTTTTGCCCTIGTTGCCCAGG

CTGGAGTGCAGTGGTGCAATCTTGGCTCACTGCAGCCTCCGCCTCCTGGGTTCAAGCGAT TCTCCTGTCTCAGCCTCCTGAGT AGCTGGGATTGCAGGCGTCTGCACTACGCCCGGCTAR

TTT'I'TAGTAT'I'ITTAGTAGAGACGGT’ITCAC]’ATGTTGGCCAGGCTGGTCICAMCTCC’I‘GGGGCAGGTGATC’IGCCTGCCTCGCGCTCCCAAAGTGCTGGGATTACBGGCGTGAGCCAC

CGCCGALLLthLlhAA141LblAAAGAlbbbbll1LACCA1b1LbATGAbxblbblblLAAALJLL1bACCTCAGGTGATGTGCCTGGCCTATAAAGCAGTTTTATCTTCCCATRACAT
’X’TTA’I‘ATGCT'I'I"I‘TAGGA’I'ICATAAATACTTGCTMCTAGTTCCTAAMCGGC’I‘GTTTCATGGGATGTCATTA'I'I‘AGGCTTGGGAATGTA’I"I’GATC’I'IAC’ICTTGCACCATTTI"I’TTGTT

GTTGT TTATTMGMTTTTATACRGAAAGTGTTGMTAMATCI‘GMMACTTTAAAAGRTTGTTCCGT'ITTACATAGATAGACAGZ’I‘TGATAACTGIACCCGTGI‘CACCCTGAGTCI‘GA

Fig. 2—continued
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TTT'ITA'I'ITTAGAACI‘AGMAMTATTATTTIMMTCATAAAM’ICATTATTGGCTCI‘GTGAAG’I'I‘TTGITmAACXGGCaCTGrAmGGATCCTTTA'ICTTTITTﬁj&GgAG\;CT 7440
230 Exon VII 240 250 260
F CA I V S HPAD SV VS VLNJIZEKEITKSGSSASTILUVILI KU RILTGTF K
TTTGTGCAATTGTTTCTCACC C’ICCTGATTCI‘GTGGTA'KZTGTGTTGAATAAAGAAAMGGTAGCAGTGCI‘TC’ICTGGI‘CCTCAAGAGACTTGGATTIAAAFﬂAGGATGATGITTTTTT 7560
Exon VIII 270
G VWZKGTLTFA ARTITIMIGTTLTA
CTTGAARGAAAGAACAACAGTTTTGGATATGTTGCATTTTTTTCATTTGCTTTTCCTGT TTGAACCAGGTGTATGGAAGGGACTGTTTGCCCGTATCATCATGATTGGTACCCTGACTGE 7680
280 290 300 310
L QWU F I YD SV KUVYTFIRILZPRZPUZPZPUPEMMZPES ST LI KI KI KT LGTLTOQ *
ACTACAGTGGTTTATCTATGACTCCGTGAAGGTCTACTTCAGACTTCCTCGCCCTCCTCCACCCGAGATGCCAGAGTCTCTGAAGAAGAAGCTTGGGTTAACTCAGTAGTTAGATCAAAG 7800
CAAATGTGGACTGAATCTGCTTGT TGATCAGTGTTTGAAGAAAGTGCAARAGGAACT TT TATATATT TGACAGTGTAGGAAATTGTCTAT TCCTGATATAATTACTGTAGTACTCTTGCT 7920
TAN}GCMGAGI"I"I‘CAGATTTACTG'I'I‘GWCCCAACTGTICATG 7969
Fig. 2—continued
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Fic. 3. Generation by polymerase chain reactions and sequence analysis of genomic clones of the bovine phosphate carrier gene.
The heavy horizontal lines are proportional to the lengths of these DNA segments, and the arrows represent the directions and the extents of the

determined DNA sequences. The primers are listed in Table I.

IIIA in the bovine gene encodes amino acids 445 of the known
sequence of the bovine phosphate carrier (Runswick et al.,
1987), whereas human exon IIIB encodes amino acids 445 of
the published human phosphate carrier (Dolce et al., 1991). The
nucleotide sequence of bovine exon IIIA is identical to nucleo-
tides 220-344 in the published bovine ¢cDNA sequence, and

human exon IIIB is identical to nucleotides 206327 of the
c¢DNA sequence. The sequences of amino acids 4—44 of the rat
phosphate carrier encoded in a cDNA derived from liver (Fer-
reira et al., 1989) and of the C. elegans phosphate carrier are
both more closely related to the protein sequence encoded in
exon ITIB than to the sequence encoded in exon IIIA. The N-
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Exonl
GGCCTC’IGTGM;CTGCAGCCTTI‘CTGAGAGACCGGTTGIGTGITCGCCATCTTAGGG)E;EAGTGCGGTITGGCCTTCCCCCGCTGTGI\GGTGCAGGGAGCGGAGCCCGGAGAGGGIGC'I‘ 120
CCTTTGGCTGTAGGCCCGGTGGACTTCCTCCTTTTGGGAGGCCGCTGTGACCTCCT CAAGGGCGCGGAGACTGGAAGAGGCCAGGCCCGTGTAGGGGTTCCCAGAGTGCAGGTGACTTTG 240

-49  Exonll -40 -30
M Y S SV V HLARA ANPTFNAPIUHTILOTL
GCGGGCCTTCCAGCCCTCTTGGCCTTTC CTC'I"I‘ACCATCGI".!CCTCTTCTAGG;ASATGTPCTCGTCCGI‘GGTGCACCTAGCGC(X;GCGAACCCC'I'I‘CAPCGCGCCTCACC‘ICCAGI’TGG 360
-20 -10 -1 1

VHD GLAGT PR SUDZPA AGPZPGEPZPRIRSI RNILAAAAUVE

TGCACGATGGTCTCGCGGGGCCCCGCAGCGACCCCGCCGGGCCCCCGGGCCCACCCCGCCGLTC n.L:LMCCTGGCAGCCG:CGCIGTAGAAC&TGAGG’!CAGCCCTGI‘CCTATACGGTC 480
GGGAGGTACACTCGTGGCCCCCTCGGCTTTCGTGGCCTGGCCCGGCCTGGAGGACAGGGAAGGACGCGTCCAGCCCTTTAGGACGGCGCCCAGTTGCTTTGTCCGAGGATGTCAGCCCGT 600
TCCGTCCTTACCCGGGTGTCGGATCCTTGGCCCTTCATCAAGGACGTGGAAGGGCCTAGGCTCTGTTCCCTCCGTGACCTCCACGTCCTCGATAGCCTAAAGACATAGAGGCCGTGACTA 720
GCTCCTTCTCTTCTCCGCCGTGAGCCCGCTCGGTCGGCTGACTAAGTATTGGGTAAARGCCTTCTTCCTAACTTCTGGCCGGAGTAGT TCTAACTGTATTACCTGT TCTTTGATTTTGCTT 840
TAATTTTCTTAAAAGTACTTCCTCCCITAGTTGTTCCTTTATTCCCTCCCTTGGGTGTTCCCGGGGTCTATAGCTGTTACAACGCATGTGTAGATAAGCTAGAACATTTTTAAGTCTCCG 960

TATCTGTAGCCCCAGGCGAGCCATAGAAGGAGATAGTAGT TAATAGGAATACTTTCCATCGTCTTTTTCGGT TTTCTTGATGTTTAGACGCAAATTTATTT TARTCCTTTGTGTTTTAAA 1080
TCCCAGTGGAGTGTATATACAGAGAAACGTGAAACCAAATTGCAGGAAGAGTACTGAAAGTATTATCTACCTTGCATT TGTAAACTATAAAGATTTTAAAAAATCATGTATGCCTTTCTG 1200
TTCIGTTCTTTCTTTAGTGTGGGTAAAARACCTTTACATGATCAATCGGTCCTTCAAT TTAGAAAGTTAAATCTGTGGTCATTTGTGTAGTAAATGTATTTAACTGGAGAAATTTGCTTA 1320
TCTAGTTTTTCACTATAGGAATCCATAAGTGGGAATAGTATTGGTTAGTGT TTGGGGTAAGAGGTT TGTAAGCTTTTACATGAT TTGAGT TTGATTTGTACTTCAGAAATGTGTTCTTAT 1440

CAGCCATTAATAATCTGAAGT TTGGTTTTAATTGGAAGAGCTATTAGTGATGTAGAARACTATCTT TAAAGT TAATATGGCATAATGAGAGAGGGATAGTATCTCACAGATAAGAACCTT 1560

CATAATCTTTAAACAATTGTTTTGATTTTGGCAGTGGATTTTGTGTTCACACCAGGTGGARAACTATT TTGT TTACTTGTAAACCATGGCCAGAGCTGTTAAGTTGTGATTGTACTTTTT 1680

Exon HIA 10
E QY S CD Y G S GR
CACAAGGAAATGTAGTTTC’I‘CTI‘GCATTTCCATGGCC'l'rAGTCATCI‘CTGAAGAAATACTTATTTGAT'I'I‘TT’I'I‘TTHCMTCMAﬁ\jAGCAGTATAGCIGTGACTATGm 1800

20 30 40

F F I L CGL GG I I SCGTTHTALVZPILDTILVIZEKTCECTR RHM
AT ICTTTATACTTTG TGAACTIGGAGGARTIAT JAGCTGTG TTCCTCTAGATCTGGTTAAATGCAGGATGC. TGTTTTTGCATGTTGGACTAAAT 1920
MAF — AP <4— AR ME’:

AAAACATTGTTGAAGCATGGCTGTTATCTACTAACAAGCTGTGTGGAAACCTAACTGTCCAGGAGGTAAGTTGATAACCAGTAGCATGAGTATTATATTAAAATGCATGGTGTGTCTTGT 2040

Exon [1IB
E Y S CE Y G S A KVFYALCGFGGVLI S CGULTHTTAUVVPULUDTL VK
CTTATTWTACAGTTGTGAATA CGAAGTTTTATGCACTGTGTG! TTGT! TCCTCTGGACTTAGTGAAA 2160
MBF — MmBP <4— IBR

C R M Q
TGCCGTATGCAGGTTTGTATTGAGATGACAACACTGAACATCTCTTTTGTGTATGACT TAATTCCAAATAATATTAAAGGACTTCACAAGTGAGAAGAATT TGAAGACATTACAACTGCC 2280

AGAAGTTTTAGTAGGAAACCAAACTCAAATTTCTTTTACTCAGTAAGATTTTTACTTTAGTGTTTTAAATCCAAGAAATACCTCTTTTAAGGTAAAGCTATGTGTTTTTTTTITTCTTTT 2400

TTTGCTGCTGGGCTTAATTCTGCCTAGAGTTCTTAAAGGCCTGCTGATTTTTAATGCTCCAAATAGCATTTTATAAGCAATTACGTCCAAATAGCATTTTATAAGCAGTTACGTGTCAGA 2520

GCAGGTTGTCATTCTTTGTGCACTGTATGATGTGACTTCATATCTCTTGTTTAT TGATAAGATCAAGGCAGAGAACACTGTAGATT TAAAAAAAAATAGACAGTGTTTGAGTATTTAAAA 2640

TTTGTTGGGCAAAGCTTCTTGCTACAAAGATTCTTCTTTACATTAAAAGTCTTAATTAGGATTATTGAAACAAAAATAATCAAACATCAAAAAT TTATTTGTCCCAAACAGGATTAGAAG 2760

TCTACTTACCTAAAAGAGAAAGGAAGGTGAAATATTAGCAGGGAGAGGAAGGTGATGTATGTATATCAGCCCCTATAGTACTGGCAGAAATAGATAAGATGTTTACCTCTGTTAGTTAAT 2880

CGAGTGAATATTAAGTATCCCTTTGCTAGAGTGTTTTATGCATGTCTCAAAGTGAACTTAAGTCAAAAGAGAATTATGTTGATGTACCTTTTTAATT TGTATTTAAT TTGATTGTCTTAA 3000

GTTCACAAAACTATAATTAATGAACTAGCATAT TTCAGGGATGTAGACATGATAGATTTTATAAAGTAGCTTTAAGAGTAATTTTTAAGTGGTTAGAAGAGT TGGGTGGTGGAAATCTCT 3120
TAAAGTCAGTTTTATTATGTATITTTATATGAATTTTATTCTCTTAATAACCTACTAAGACTTAAGTCTCACTGAAAGAAAGCTAGACTT TAATGTACAAAAAGT TACATTTACAAAGAT 3240
AATTATAGACATTAAGTGGATAACATGGAGTGAACTTGTATTTACCTAACT TTGTATACTTACTAGAGATTATATAAAAACCAAAAGAAAAACCAATAACAAAAT TATCTATGAGAAGTA 3360

ExonIV 5o 60
VDPOQZXTYZEKSTITFNGTPFSVTTLTEKTETDTGTFTRG
TTATTCCTTTGGTACATTTTACT TTTTTCTTCTTCGATTATGTACAGGTGGACCCACAAAAGTACAAGAGCATAT TTAATGGATTTTCAGT TACACTCAAAGAGGATGGTTTICGTGGTT 3480

Fic. 4. DNA sequence of the bovine phosphate carrier gene. In exons IIIA and IIIB are shown the positions of primers (IIIA-F, IIIA-R,
IIIB-F, and IIIB-R) and probes (IIIA-P and IIIB-P) employed in the investigation of alternatively spliced forms in various bovine tissues. For the
meaning of the other symbols and further information, see legend to Fig. 2.
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70 80 90 100
L AKXKGWAPTT FTIGYSULQGULCIE KT FGTFYEVTFI KUV VILYSNMMTLGE

TGGCCAAAGGATGGGCTCCGACTTTCATTGGCTACTCCCTGCAGGGACTCTGCAAGTTTGGCTTTTATGAAGTCTTCAAAGT TTTGTACAGCAACATGCTTGGAG, ATGTAATTTAA 3600
CTTTGAAATGGAAAGTCCTAAGCTTTTAACTTAAAGGGTACGACCAAAAAGCATCTTCTTTGTTTGATCCACTT TATT TTAGAGCTGAGGAAATAGTCTCAGAAAGAGTGAACGTGTTTC 3720
AAATCATAAGGCTATTTTAATAGAGACAGGATAAGATAAACTGCATTTGTTAGATTTCACTGCTTGTTTTTTATGCTGTGCTGCTT TCCAAGGAAGT TGGATTTGAGTTTAAAAATATTC 3840
AGTGTACTATGGTTGATGTTCAGTTCAGTTGCTCAGTGGTGTCCAGCTCTTITGCCACCCCACGGACGCCAGGCTTCCCTGTCCAATCACCAACTCCTGGAGCTTGCTCAAACTCATGTCC 3960
ATCGAGTTGGTGATGCCATCCCAACCATCTCATCCTCTATCGTCGCTTTCTCCTCCTATCTTCAATCTTTCCCAGCATCAGGGTCTTTTCAAATTAGTCAGTTCTTTGCATCAGGTGGCC 4080
AAAGTACTGAAGTTTCAGCTTCAGCATTAGTCCTTCCAATGAACATTCAGGATTGATTTCCCTTAGGATGGACTGGTTGGATCTCCTTGGTGTCCAAAGTAAACACTARATACTGAGAAG 4200
TATTCAGTGTTTTGTGTTATC TGTGGACTGTGTGATAGAGAAACACT TAAAATACCTTGAAATTTGGCCATTTTCCAGAACTGTCTCTTACTGAGAAGAGCCCATGCAACACGAATTCAT 4320
ExonV 110 120 130
ENA YL WU RT S L YL AW ASA ASAETFT FADTIA ALA APME R
GTTCCTCCTTGTGTTITCTTCATTTAGGAGAATGCCTATCTGTGGCGCACATCACTGTATTTGGCTGCCTCTGCCAGTGCTGAATTCTTTGCTGACATTGCTCTGGCTCCTATGGAAGCTG 4440
140 150 160
A K VRI QT QP GYANTULIRUDA AAPIKMYZKTETETGTULIK KA
CTAAGGTTCGAATTCAAACCCAGCCAGGTTATGCT AACACTCTGAGGGATGCAGCTCCCMAATGTATAAGGAAGAAGGC’I'IAAAGG(&AGTAMCATI‘TGCC TAAATAGTAGTATAA 4560
AATACTCATTTGAGAAAACTGTATTTGTTAGCACATTAACTCTCAACTTGGGGGTTGGAAGTACCCTTGT TAGAATTCCTGTCATCTGTGT TCACAGTTAACACT TGGATAGGCAGGCCA 4680
CACATGCTCCTAAGATCACCTTTGTGGATGCCCGTCTTGAGCTGAGTCTACTTGTAARCTCTGGTTTCTTGTAGTCAGTCAAAGAAACATCCAGCAACTTTTTGGTTGATAGTCAAAGGT 4800
GCTTGAGTCATTGGCATGTAAGATAAATATACCTGCATGTTAGTCTTAGGTTCTGATAGAAATGACATGCAATTATGCTGCCATTTTTTACTATCAGGACTCGACTGGTGTGCGGACACT 4920
170 Exon VI 180
FYKGVAPILWM®BRCGQTIUPYT
TCCGTTAGTAATGAAGAACTCTGCTAGATGAATATGTGCAACTGAGT:! GAAATAAGTCTTCI‘GAT’I'I‘CCTAjbi TCTACAAGGGGGTTGCCCCTCTCTGGATGAGGCAGATACCATACACC 5040
190 . 200 210 220
M MK FACTFERTVEA ATLYIZ KT FVV?PKZPRSETCSI KZ?PETZ QLVVTTFUVAGY
ATGATGAAGTTTGCCTGCTTTGAACGTACTGTTGAAGCATTGTACAAGT TTGTGGT TCCCAAGCCCCGARGTGAATGTTCAAAGCCAGAGCAGCTGGTTGTCACATTTGTGGCAGGTTAC 5160
I
ATAGGTATGAACTACTTAGAACATGTTGTGAAATTAAGAACAAAGAACATTTCCATTCTTGACTTCTT TTGTGAGGGAAAAATATTCCAAAGAAGTTTTACCTTTCCATTGCATTTGATA 5280
TACTCATAAATACTTGCTAATTAGTTCCTAAAATAATTGTTTTGTGGTTTGCATGTCATAATTAAACTTGGGAGTGTAT TGACTTCACTGCTATACCTTTTTTTGTTAGTTTTTCCAAGA 5400
ACAAATTTTTAATACAAGAGAAAGTGTTGGTTAAAATCTGAATATAACT TGCGGGATGGTTCTGTTTTACATAGGGTAGACTGCTT TATAATTAATT TGTCAGTCTCACTCTARAATACG 5520
ExonVII
A G V F
GTTTTTTAAAAAACAAAATTTTACTACTCATGGAAAGGTTGTCGGCTATCGTGTGAAAAAAGTTTTTTTAATTGACTCCATAATGGGTCATTTGTCTTGACTTTTTCAGCTGGAGTCTTC 5640
230 240 250 260
C A I VvV sS HPAD S VYV S VLNJIEKEIZKSGSSASEUVTILZE KT RTILTGTF R
TGTGCCATTGTTTCTCACCCTGCTGAT TCCGTGGT! GTCTGTGTTGMTMAGAGAAGGGTAGCAGI‘GCCI‘CTGAGG’ICCTGMGAGGC’I'I‘GGATTTAGACﬁTAAGAT'I'I‘GT'I‘TCC‘.[CCCC 5760
Exon VII 270 280
G VWK GLPFARTIIMTIGTTULTA ATL
TCTAAAGAAAGAGTAACACTTGGGAGTATATTTTTCACTT. ACACT’ICATATT'I'I‘A‘TCCAjGI‘GTATGGMGGGACTCI‘TTGCCCGI‘ATCATCATGATCGGC ACTCTGACTGCACTACAGT 5880
290 300 310
WPF I YD SV KVYFRULUPIRZPZPPZPEMMPTESTLI KIEKI KT LG GYTQ *
GGTTTATCTATGACTCTGTGAAGGTCTACTTCAGGCTCCCTCGCCCTCCTCCACCTGAGATGCCAGAATCTCTGAAGAAAAAGCTIGGGTACACTCAATAGATAAATGAAAGCAAATATG 6000
GACTGAATCTGCGTGTTGATCAGTGTTTGAGGAAAATGCAGAAGGAACTTTTATATATTTGACAGTGTAGGAAGTTGTCTATTCCTAATATAATTACTGTAGTACTCTTGTCAAAAGCAA 6120

GAGTTTCAAACTTMTGTGGWCCCAACTGTACATG 6161

Fig. 4—continued

terminal region of the yeast phosphate carrier is not strongly
related to the mammalian sequences, and appears to be equi-
distant from the sequences encoded in mammalian exons ITIA
and IIIB.

The continuations of the ¢cDNA sequences after nucleotides
344 (bovine) and 327 (human) are found in exons IV. The se-
quences encoded in exons IIIA are closely related to those en-
coded in exons IIIB; 29 amino acids out of 42 in the human
exons and 31 out of 42 amino acids in the bovine exons are
identical. The amino acid sequence encoded in both exons IIIB

lacks an equivalent of the first amino acid of exons IITA. The
human exons IIIA and IIIB differ in 44 out of 125 nucleotides,
and the bovine ones in 41 out of 125. Bovine and human exons
IITIA have identical nucleotide sequences. The nucleotide se-
quences of exons IIIB are 93% identical, and the encoded se-
quences differ in 5% of amino acids.

Evidence of the existence of alternatively spliced forms of the
human phosphate carrier gene was found by characterization
of cDNA clones from a human heart cDNA library. Using se-
quences of the bovine ¢cDNA as hybridization probes, several
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Fic. 5. Structures of the human and bovine genes encoding the
mitochondrial phosphate carrier. The exons and introns are shown
as filled boxes and continuous lines, respectively, and their sizes are
given in base pairs.

positively hybridizing clones were identified. Three of them,
A11D, A9M and A4D, were analyzed, but only A11D contained
the full-length cDNA. This is the human ¢cDNA sequence of the
phosphate carrier reported previously (Dolce et al., 1991). The
A9M and A4D clones are partial and extend from the Xbal site
at nucleotide 1804 in the genomic sequence. Sequences (960
and 826 bases, respectively) were determined from the 3’ ends
of A9M and A4D. It is clear that they contain the sequence
found in human exon IITA, whereas the reported sequence of
A11D (Dolce et al., 1991) contains exon IIIB.

Alternative Splicing of Exons IIIA and IIIB in Bovine
Tissues—The distribution of the two different transcripts aris-
ing from alternative splicing of exons IIIA and IIIB were stud-
ied by polymerase chain reactions conducted on mRNAs from
bovine heart, liver, brain, kidney, and lung. The primers (shown
in Fig. 4) were chosen from the regions of greatest nucleotide
sequence divergence between bovine exons IIIA and IIIB. The
amplified products from these polymerase chain reactions were
hybridized with specific probes from exons IIIA and IIIB, re-
spectively. A hybridizing band was detected in all of the tissues
that were examined (Fig. 6), and therefore both of the possible
alternative transcripts were present in all instances. In order
to confirm that the specific product was being amplified by each
pair of primers, the products from the heart and liver po-
lymerase chain reactions were cloned and sequenced. The se-
quences of the products obtained with the primers from exon
ITTA corresponded to exon IITA, and those obtained with the
primers from exon IIIB corresponded to exon IIIB.

Different intensities of hybridization with the two probes
were observed with the various tissues. Since the same amount
of mRNA was used in each experiment, and the conditions of
reaction were the same, the amounts of transcripts containing
exon IITA and exon IIIB seem to differ from tissue to tissue. The
highest expression of exon IIIA was found in heart and liver,
much less was found in brain and kidney, and relatively little
was present in lung. In contrast, the expression of exon IIIB
was greater in lung than in brain and kidney, and it was weak-
est in heart and liver.

The biological reasons underlying these observations are not
understood at present. Exons IIIA and IIIB encode the N-ter-
minal region of the phosphate carrier protein, which encom-
passes its first transmembrane segment and part of the first
hydrophilic loop. The functions of these regions have not been
established. The effects of the alternative splicing on the activ-
ity of the phosphate carrier require further study, probably
involving their overexpression and reconstitution, as described
recently for the related oxoglutarate-malate carrier (Fiermonte
et al., 1993). Alternative splicing has been shown to operate in
one other protein associated with the inner membranes of
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Fic. 6. Hybridization of the products of polymerase chain re-
actions on mRNAs from various bovine tissues using primers
from bovine exons IIIA and IIIB. The products from heart (H), liver
(L), brain (B), kidney (K), and lung (Lu) were separated by electro-
phoresis and were detected by hybridization with radiolabeled oligo-
nucleotide probes, IIIA-P (left-hand side) and IIIB-P (right-hand side;
see Fig. 4 for details of primers and probes).

mammalian mitochondria, namely the y-subunit of the ATP
synthase complex (Matsuda et al., 1993), but again the biologi-
cal significance is not understood.
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