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The dicyclohexylcarbodi-imide-reactive proteolipid is a membrane subunit of mitochondrial ATP synthase.
In cows it is encoded by two different nuclear genes known as P1 and P2. These genes are expressed in a

tissue-specific fashion which reflects the embryonic origin of the tissues. The proteins that they encode are

synthesized in the cytosol, and are precursors of the proteolipid that have different mitochondrial import
sequences of 61 and 68 amino acids respectively. By use of gene-specific probes derived from the bovine P2
cDNA, regions containing corresponding parts of the bovine P2 gene have been isolated from a bovine
genomic library, and their DNA sequences and those of flanking and intervening regions have been
determined. The sequence contains four exons, which represent the cDNA sequence, spread over 3.8 kb of
the bovine genome. Two of the introns are in the DNA sequence coding for the mitochondrial import
sequence, and a third intron is in a sequence encoding an extramembranous structure between the two
putative transmembrane a-helical domains of the mature proteolipid. An Alu-type repetitive element was

detected at the extreme 5' end of the sequence. The bovine P1 and P2 genes for the dicyclohexylcarbodi-
imide-reactive proteolipid of ATP synthase are members of a multiple gene family that also contains many
pseudogenes. The bovine P1 gene has not been isolated, but two distinct P1 pseudogenes have been cloned
and their DNA sequences have been determined. Both of them contain 'in-phase' stop codons and frame-
shift mutations, and one of them bears the hallmarks of retroposition; it has no introns, it contains a poly(A)
tract at its 3' end and it is flanked by direct DNA sequence repeats. The second P1 pseudogene is very

unusual. It appears to be derived from a partially processed transcript and contains an intervening DNA
sequence of 861 bp that corresponds in position with an intron in the human P1 gene. This pseudogene also
could have been introduced by retroposition since its sequence is flanked by short direct repeats. However,
it does not contain a poly(A) tract at its 3' end. An alternative, but less likely, explanation is that rather than
being a retroposon, this sequence arose by duplication of an expressed gene at a time when it had only one

intron.

INTRODUCTION

The dicyclohexylcarbodi-imide (DCCD)-reactive
proteolipid is an essential membrane protein component
of the proton channel of bovine mitochondrial ATP syn-
thase. It is 75 amino acids long (Sebald & Hoppe, 1981),
and is a nuclear gene product, as are all but thirteen
bovine mitochondrial proteins (Anderson et al., 1982).
Import into the organelle of these nuclear coded proteins
is usually directed by an N-terminal extension known as
the mitochondrial import sequence. This is removed
during entry into the mitochondrion (Schatz & Butow,
1983). The DCCD-proteolipid is unique among mito-
chondrial proteins so far investigated in having two
different, but weakly homologous, import presequences,
which, when removed from the precursors, produce an

identical mature protein. The precursors are the products
of two different genes, P1 and P2, that are expressed in
different ratios in various bovine tissues (Gay & Walker,
1985). In the present paper the characterization of the
bovine P2 gene is presented. It is split into at least four
exons, as are the human homologues (M. R. Dyer &
J. E. Walker, unpublished work), and their sequence is

spread over about 4 kb of bovine DNA. This gene is a
member of a multigene family which includes at least two
expressed genes and several pseudogenes. The sequences
of two related pseudogenes are also presented. One of
them has no intervening sequences and appears to be a
retroposon; the other is a partly spliced pseudogene.

MATERIALS AND METHODS

Preparation of bovine DNA and genomic libraries
The preparation of bovine liver DNA has been de-

scribed previously (Walker et al., 1987). A phage library
of partial Sau3AI fragments of bovine genomic DNA
was made in A2001 (Karn et al., 1984).

DNA hybridization
Digests of DNA were fractionated by electrophoresis

in 0.6 Qo agarose gels, and fragments were transferred
and fixed to nitrocellulose as described by Southern
(1975). After transfer, the nitrocellulose filters were

incubated at 65 °C for 1 h in a solution containing
6 x SSC (I x SSC is 0.15 M-NaCl/0.015 M-trisodium
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citrate), 0.20 bovine serum albumin (fraction V),
0.20 Ficoll, 0.20 polyvinylpyrrolidone, 0.500 N-lauryl-
sarcosine and sonicated salmon testis DNA (100 ,ug/ml).
Then filters were hybridized for 15-20 h at the same
temperature in the presence of radioactive 'prime-cut'
probes (Farrell et al., 1983) dissolved in the same solution
as used for pre-hybridization, except that it contained
also 100 dextran sulphate. Subsequently, the filters
were washed four times for 30 min at 65 °C in either 0.2
or 2 x SSC, each containing 0.5 0 laurylsarcosine. Auto-
radiographs of filters were exposed for 1-3 h at -70 °C
in the presence of an intensifying screen.

Screening the genomic library
Plaques (about 106) were produced on Escherichia coli

Q358 grown on 20 cm diameter agar plates, and were
screened by the plaque hybridization method (Benton &
Davis, 1977). Phage from each plate were transferred to
two nitrocellulose filters placed sequentially on the agar.
The preparation of 'prime-cut' probes and the hybrid-
ization conditions employed were the same as those
described above. Recombinant phages were grown on
E. coli Q358 in 500 ml cultures, and DNA was prepared
from them according to Maniatis et al. (1982).

Identification and manipulation of genomic clones
Hybridization studies indicated that the recombinant

AP4.21 contained the bovine P2 gene. From its DNA
were excised a 5.3 kb NcoI fragment and an overlapping
2.8 kb XbaI fragment. They were purified by electro-
phoresis in low melting point agarose, and then broken
up by sonication. The resultant fragments were fraction-
ated by electrophoresis, and those that were greater than
about 500 bp were cloned into the SmaI site ofM l 3mp8
(Deininger, 1983). Two other recombinants, AP3.9 and
AP3.17, contained sequences related to the bovine P1
cDNA. By sequence analysis it seemed that they both
contained pseudogenes. From AP3.9 and AP3. 17 re-
spectively, a Sacl fragment of 5.2 kb and a 4.0 kb EcoRI
fragment were purified, and libraries of random frag-
ments produced by sonication were prepared from them
as above.

DNA sequence analysis
DNA sequences were determined by the dideoxy chain

termination method (Sanger et al., 1977) as modified by
Biggin et al. (1983) and a random strategy was employed.
All sequences were determined minimally at least once in
both senses of the DNA. This required that both clone
turn-arounds and some long-runs be performed on
selected clones. 'Compressed' sequences were resolved
by substituting deoxyinosine triphosphate for deoxy-
GTP in the appropriate sequencing reactions (Mills &
Kramer, 1979). DNA sequences were compiled with the
help of the computer programs DBUTIL and DBAUTO
(Staden, 1982), and were analysed with ANALYSEQ
(Staden, 1985).

RESULTS AND DISCUSSION

Gene cloning
About 106 recombinants in the bovine genomic library

were screened with probes derived from the 3' non-
coding regions of the bovine P1 and P2 cDNAs. In
contrast to the coding regions, these sequences are poorly

conserved and would be expected to distinguish between
the P1 and P2 genes. The probes employed were nucleo-
tides 404-558 and 406-615 respectively of P1 and P2
cDNAs (Gay &- Walker, 1985). After re-screening of
initial isolates, 20 recombinants, AP3. 1-AP3.20, were
selected which hybridized with the P1 probe, and also 21
recombinants, AP4.1-AP4.21, which hybridized with the
P2 probe. DNA was prepared from each isolate, and
further restriction analysis and hybridization experiments
showed that the P1 isolates appeared' to fall into three
related groups, and the P2 isolates could be put in four
groups. Each group contained overlapping, but non-
identical, DNA inserts. From the P1 isolates, AP3.9 and
AP3.17 were subsequently found to contain different
pseudogenes. Another isolate, AP3.3, which is not de-
scribed in this paper, appears to contain part of exon IV
of the P1 gene and a flanking sequence. However, part of
the clone seems to result from a re-ligation event with
unrelated DNA (N. J. Gay, unpublished work). No
further attempts have been made to find other clones
containing the bovine P1 gene. Restriction fragments in
recombinant AP4.21 hybridized to the P2 probe derived
from the non-coding region of the bovine cDNA, and
other restriction fragments hybridized also to a second
probe taken from the coding region. From these data it
was deduced that this recombinant contained the regions
of the expressed gene that correspond to the P2 cDNA,
as was proved subsequently by sequence analysis.

DNA sequence of the bovine P2 gene
A digest with Ncol ofDNA from AP4.21 was fraction-

ated in a 0.600 agarose gel, and the fragments were
hybridized to a 'prime-cut' probe containing nucleotides
120-409 of the cDNA sequence of bovine P2 (Gay &
Walker, 1985). As shown in Fig. 1, this revealed a 5.3 kb
Ncol restriction fragment, suggesting that most of the
DNA sequence in the probe is within this fragment. This
conclusion is based on the assumption that the Ncol site
within the cDNA sequence was also present in genomic
DNA, and that it had not been created by splicing of the
primary transcript. The DNA sequences encoding the 15
C-terminal amino acids of the protein and 3' untranslated
region of the mRNA were not expected to be found in
this restriction fragment. The DNA sequence of this
fragment (see Fig. 2) contained the 5' non-coding region
present in the cDNA, and sequences representing the
coding sequence of the cDNA up to and including the
first base of the codon for amino acid 61 of the mature
protein; as anticipated, the remainder of the 3' end of the
gene was absent. Therefore, in order to extend this
sequence, an XbaI restriction fragment derived from
AP4.21 DNA that overlaps the 3' region of the Ncol
fragment was identified by hybridization to a 'prime-cut'
probe derived from the 3' region of the P2 cDNA. This
XbaI fragment was sequenced completely and corres-
ponds to nucleotides 4831-7647 in Fig. 2. The extended
sequence contained the missing 3' region encoding 15
amino acids at the C-terminal end of the proteolipid, and
the 3' untranslated region present in the mRNA.
Each nucleotide in the sequence of the bovine P2 gene

was determined six times on average, and at least once on
each strand. The G + C content of this 7647 bp segment
is 440, in reasonable agreement with the estimated
G + C content of 4200 for the bovine genome (Chargaff
& Lipshitz, 1953).
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Fig. 1. Hybridizations of bovine DNA in a recombinant phage with probes for the bovine P2 gene

In panel (a), DNA from recombinant AP4.21 (0.5 ,ug of DNA/digest) was restricted with Ncol, and in panel (b) DNA (0.5 ,Ig
of DNA/digest) from the same phage was digested with Sacl and EcoRI (lane a), EcoRI and XbaI (lane b), StuI and EcoRI
(lane c), NciI and Sacl (lane d), AhaI and Sacl (lane e), XbaI (lane f), TaqI (lane g), Stul (lane h), NciI (lane i), and AhaII (lane
j). The DNA digests were fractionated on a 0.6% agarose gel and the restriction fragments were transferred to nitrocellulose.
In panels (a) and (b), the DNA fragments were hybridized with 'prime-cut' probes containing nucleotides 120-409 and 406-615
respectively from the bovine P2 cDNA (Gay & Walker, 1985). Both of these blots were washed at 65 °C in 0.2 x SSC, and then
autoradiographed for 1 h at -70 °C using Fuji X-ray film. In panels (a) and (b), bands that correspond to a 5.3 kb NcoI and
2.8 kb XbaI restriction fragments, respectively, are labelled.

Gene structure

Comparison of the sequence with that of the bovine P2
cDNA showed that the gene is split into at least four
exons (see Fig. 3), and the sequences of the exons
together agree exactly with that of the bovine P2 cDNA
(Gay & Walker, 1985). The exons are in precisely the
same positions as those in the human P1 and P2 genes
(M. R. Dyer & J. E. Walker, unpublished work). The
exact location of the 5' end ofexon I is not known, as the
transcriptional start site(s) of bovine P2 has (have) not
been determined experimentally. However, eukaryotic
promoters contain DNA sequences which regulate the
rate of transcription by RNA polymerase II, and these
elements are usually located within a 100 bp to the 5' side
of the transcriptional initiation site (Cochran & Weiss-
mann, 1984; McKnight & Kingsbury, 1982). Many
eukaryotic promoters contain a TATA box, a conserved
AT-rich sequence which is centred about 25 bp to the 5'
side of the cap site. The TATA box has been shown to
control the precise position of transcriptional initiation
in some eukaryotic genes (Grosschedl & Birnstiel, 1980;
Benoist & Chambon, 1981; McKnight & Kingsbury,
1982). A second conserved sequence, the CCAAT box, is
located 70-90 bp to the 5' side of the cap site in many

genes. Its precise function is unknown but in certain
genes it has been shown to bind different cellular factors
(McKnight & Tijian, 1986; Dorn et al., 1987). Both of
these sequences are present in the region to the 5' side of
the furthest established extent of exon I (see Fig. 2).
Nonetheless, the possibility remains that the 5' non-
coding region present in the mRNA is more extensive
than that characterized in the bovine P2 cDNA, and that
additional intervening sequences are present towards or
beyond the 5' end of the present sequence.
Two of the introns that have been detected are found

in sequences encoding the mitochondrial import se-
quence, and none is found at the boundary between the
import sequence and the mature proteolipid. A third
intron, however, is at a position which is within the
protein sequence ARNP (amino acids 37-40 of the
mature protein). This is thought to form a ,-turn at the
membrane periphery, and to link the two transmembrane
a-helices into which the proteolipid is probably folded.
The location of introns in genes encoding membrane
proteins in sequences that are believed to be extra-
membranous links between transmembrane segments has
been noted also in rhodopsins (Nathans & Hogness,
1984), in the band III protein from mouse red cell
membranes (Kopito et al., 1987) and in the mitochondrial
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CCRrGGAT TTCRGlRACACCRGGCTTCCCTGTCCATCACrCAACTCCTGGAGCTT RTGGRRCTCTGTTCATCGRG TCAGT GRTGCCATCCARRCCATCTCRTCCTCT G TCGT CCCTTTCCTC
NwCO 10 20 30 10 S0 60 70 80 90 100 110 120

bovine repetitive element

CTGCCTTCAGTCTTTCCCRGCGTCAGGOTCTTTTCAAATGAGTCRTCTCTTTGCATCAGGTGGCCAAGOTATTGGROTTTTRGCT TCACATCRGTCCCTCCARTGAAGATTCAGGACTG
130 110 ISO 160 170 IO 190 200 210 220 230 210

RTC TCC T T TAGGRrTG6TTTGGT T GGRT CTCCT T6CR6TCCRAGG6RCTCTCRRGR6TCT TCTCCRGCACCACRGT TCARRRGCRTCRAT T T T TCAGCACTCRcYCRT T TCrTT T T CCRA
250 260 270 260 290 300 310 320 330 340 350 360

cTcTrRRCACRrTCCA RT GACTlCTG6AGAAACCATRGCT TT6RCTAGRTGGRCGTT TG TGGGCAAAGT RRTGrTCTCTGCTT T TTRATRCACTGTCTAGGTTGGT CATAACTTrrTrCTTrcc R
370 380 390 *00 *10 120 130 110 150 160 170 160

AGGAGCAGGCRTCTTTTAAT TTCRTGGCTGCAGTCRCCRTCTGCACGTGTT TTGGAGCCCARARATRARG TTTGTCRCTGTT TCCRT TGTTTrCCCCAcTCrrTTTGCCRrTGAAGrTGRTGGG
*90 500 510 520 530 510 550 560 570 560 590 600

ACCAGRTGCCRTGATCTTARGTTTTCTGRRTGTTGRGTTYTAAGCCRRCTTT TTCACTCTCCTCT TTCRCtTTTCATCARGAGGGTC rTTTRGrTTCTTCGCtTrTTATCCATARRGGG T GGTGT C
610 620 630 610 650 660 670 660 690 700 710 720

RTCT6COTARTCTGAGG TRTATGT6ATTTTCTCCCA6CRATCT TGATTCCAGCTTATGCT TCRGCCCRGCRT rTTTCCATCTGTARCT CTGCATRTAAG T TAARTAARGT RGGGrTGRCAGTrRT R
730 710 750 760 770 700 790 600 810 820 630 810

CR6CCT TGRTGFIACT CCTTTCCCGATTT6GRACCARTCTGT T6TTCCRTGTCCRGT TCTARCT TGCTTCT TGRCC TGCRTARCRGR TTTCT CRGGRGGRRGGTrGAGGrTGGTCTrGGTrRTTrcc
650 660 070 660 090 900 910 920 930 910 950 960

CRTCTCTT TARGARTTTTCCATAGTTTGTTGTGATCCCT6TCRRGGCTTTGGCGT RGTCGTRRRGCRGCRGTRGRTGTrTTTTcrGGlRACTrGTCTrTOC TTTCGRATGATCCRGCR
970 960 990 1000 1010 1020 1030 1010 1050 1060 1070 1060

RTTGRTCCTCTGCCT TTTCTARRTCCAGCT TGAACATCT TTRRCRRRTC TTTTGACGT GT TTTGRCAART GCT TCCTGGT RTTRrrcRRrRGRGGRrTTGrTTRGRGRCcGrTrTrCRGRGCCT T
1090 1100 1110 1120 1130 1110 1150 1160 1170 116O 1190 1200

CRCCTTCCGCACGTRTCTTCCRRGRGTCTT T TTTATTTTTTTTGACTTGTGCTGTATGGCT TATGOGGTCT TRGTTCCCCR6T CAGGGR TGGRACCCRT TCCCCCTRCAGTTrGARGCTCR
1210 1220 1230 1240 1250 1260 1270 1260 1290 1300 1310 1320

RRGTCCTRACTRCTGGRCTGCCR6G6RRT TACCCTGRGG6TCTTRRAGGGCRACRT TTT6RGRTCCRGGAAAT GRGGCTTrGRGARGAGTTCTTcrrrTCRGTRRGRGRCTGGGG GGGARR RC
1330 1340 1350 1360 1370 1360 1390 1100 1110 1420 1130 1110

rTTGGGCARRRRGRT GCTGCRRRRTTC6TCTRT RRRCCCRCCTCRTGAGGCTRTGGRRRGRGRT RRCATG T CTT RAGCTGGGRCCAAGTGGC TTCT TGTTCRRRCCARGRGRRGtC RCT T
1150 1460 1170 1400 1190 1500 1510 1520 1530 15s0 1550 1560

GRTTRTRRGCRRRGCTTRRRRGC TGTT T 0GGRCGRTCCTGRCT TCRGGGT TCTCRTTCCRTC TCTRRGRCTTGRGGTCRGTCCCTGCT TTrcTGGGCCRTTrTRRGrrTTTTCC RGRGCRC*TT
1560 1590 1600 1610 1620 1630 1610 1650 1660 1670 1680

Exon
M Y T C A K F U S

GCTARTRCRGCGG TCTT TTGRTGRGCRRRRRACRTTTCCTGCTGCTTCTGTATTGCRGCT TTCCCTGCCGTRGCCCTTCRTCCCCTGRAATrGT CACTTGCCRCGTTUcGTCT
1700 1710 1720 1730 1740 1750 1760 1770 1760 1790 1800

T P S L
CCRCCCCCTCC1TT GRCCCACCTTTCCCRAGARRGTTTTTRRGGRGAGGTGTTTTGTCTTCCTTCTCAGRCCTTrTGCGTCACAGTTGGGCCCTTTGCTTTGCTROCCTGRCG

I160 1630 1610 1s60 1660 1070 1600 1690 1900 1910 1920

RGAGTGTRCTTCCTR6CGT T RCT TGCCTTGTGTCCCRTGRRGGCCRGT TGATTTTTCTCRTGCGTCTRTGARGRGCRTRRTGAGCRTCTRGGC TRRGRCRGGTrRrrTATTCCTAT
1930 1910 1950 1960 1970 1960 1990 2000 2010 2020 2030 2010

CCRGRARCRCT GTGTCCT TGTRRRCTGGAGCCCCRCTRGRRRT6GTRRRCRTGARRTARRT RGCCT RRGTCRGRCTGRGT RTGCRCTGTG TRCRGGRTCTT GTCCT GRGTrGTCRGAGRGC
2050 2060 2070 2060 2090 2100 2110 2120 2130 2110 2150 2160

rTGTRGCTRGGRGTTCCT CTGGRRGC TT RARTTrTGGGTGGGRRGCTRRRTRCRCRT RGGRRRRT T TTTGRTTCRRRRGCRACRRGRTG GRRGARRTrGGRRGRGTrRTTrRGRTrRGTrGGAG G
2170 2100 2190 2200 2210 2220 2230 2240 2250 2260 2270 2260

CRRTCGGT TCRTTCRCTCGT RRGTGRRRAGGRGTGAT6CTGT TAGT TGTATTRTT TRTTGRGCRCTT6GCTRT GCCTGGCerTTRRGT CTRCCRGT TGAT GTRCGTRRTCTTAtTTTRCTCC
2290 2300 2310 2320 2330 2310 2350 2360 2370 2380 2390 2400

TCCAGTCRRCCCTGAGRrTGTTTRT TCCCRTTTGRTAGRTGAGAAAGCAGGCT TAAAAAGATTTRCRT GACTTGT CCTRAGRTCRCRCRRCTCRGATRGAGC TRGGRtTTTGARTcrTRGT T
2110 2120 2130 2110 24S0 2160 2170 2180 2190 2500 2510 2520

RTTRTSGRCT 2RGCCCTGGCTG70R2CC6CCTTG00TC 261TGG0G 22GGC32TGGGT1TRGAARGGGCTTCC0GGRGGGGGTRCATTTTCAGCRCRGGTcTTCTGTCTGTT
2530 2540 2550 2560 2570 2580 2590 2600 2610 2620 2630 2640

TTCCRGRRCRGTGTGTTCRGGGRARGATGTTCCAGTCATTCRCTTCCTTCTARTGRGCTGGCCRTTACCAGTATRTGTGTRGATTTC TTRTTGAGTGRRGTAAATRC TTTRRRATGRATGA
2650 2660 2670 2660 2690 2700 2710 2720 2730 2710 27S0 2760

T TCC2G7T TCT TT TTTGRGGTTCCR2TTTA0GTTCTRGTGAATRATGGGGTTCTCRTA 0TTGC 2G5RG6TCTA CTCTCCRCRGCGTT TCTTGACCT TGTAT TT T TCCGGC
2770 2780 2790 2800 2810 2820 2030 2540 2050 2860 2070 2800
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Exon
R R T S T U L S R S L S A U U U R R P E T L T D E

TA ATCAGGAGACCICTrCAGTrTTGrAGCCGrTCACTGTCTGCRGTGGTGGTRAGRCGRCCGGRARCACTGRCGARTGRA eRCCTTATGRGTAGARCTGGRCCTGTGGGGAGGGGT GA
2890 2900 2910 2920 2930 2910 2950 2960 2970 2980 2990 3000

GGG TGGGR TGGGG TGGGGRGGGGRGGGTTr CT GACRGARCCRGTAGGRGGRGT GCT GRGGRCTrCRTrGR TRCCR TRTACCR TGTrGRTrTRTTercccTrGR rGTrTrcCRRCTrTrTG cc RC TGGC R
3010 3020 3030 3040 3050 3060 3070 3080 3090 3100 3110 3120

GCRCR rGCCCCTGTGGCTCTrG TCCTTTrTGcs R crc rrrrcRTGCTArsGTGCGCTGACTGAGTTGGG"erGCrTGTACCCRGGenGrTG TCT crCC R5RTCRGGCTRGRACRGGC TAGGG C
3130 3110 3150 3160 3170 3180 3190 3200 3210 3220 3230 3210

TGRGCTCTTTGrertrcrcAGCTGTRCCToGrRGTrTGRRGRrRATrTGACATCCACCTCTTrGCATTTaRcGrcGT CrTGCTGGCRG TRGRGTTrTrTCTGGGGGTTrRARRRGRrTrTTrrTrGTGTGG
3250 3260 3270 3280 3290 3300 3310 3320 3330 3310 3350 3360

S H4 S S L
RGGRGARRRCGRATGGGATTRrTrAGCr" TRAAGGGATTrRRGTGGTARCAGAAGTTTTrCCARRGCRRRRRRRAGGGTrrTCCTRARRARCTTGC TRrcTGoCrGCrrcTTCTT CR§RGCCRC RGCRGCTr

3370 3380 3390 3100 3410 3120 3130 3110 3150 3160 3180

Exon II
A U U P R P L T T S L T P S R S F 0 T S A S R 0 0 T A A K F G A G A A T

TGGCRGTRGTTCCCCGTCCCCTGRCCRCCTCRCT TRCTCCTAGCCGCAGCT TCCRRRCCRGTGCCRATT TCARGGGRCAT TGACRCAGCRGCCRRGT TCAT TGGAGC TGGGGCTGCCRCRG
3190 3500 3510 3520 3530 3510 3550 3560 3570 3580 3590 3600

G U A G S G A G G T U F G S L G Y A R
TAGGGGTGGCTGGCTCTGGAGCTGGAATTGGGACCGTGTTTGGGRGTCTCATCATTGGTTRTGCCARlGTRAGATGGGCCCTCCATTGGCTCTCTARTOTGCT TCCGCCGGTCTGGGCRGA

3610 3620 3630 3610 3650 3660 '4 3680 3690 3700 3710 3720

RRrRrTTTrGGGGTrTCTGGrGCTGCrRGTrTccTRTRCRGTRGCCRC TRACCCACGTRG TGC TRTTCRARTGTGRGTrTTTARC TAAAGTCCTGRCTrTrARRGTRTCTrrTTGTrTACTT TCAG
3730 3710 3750 3760 3770 3780 3790 3800 3810 3020 3830 3810

TGTGCTrC"rGTRGCCRCrTGT sGrCTCGTGGCTCCRTTTTrrrGGRRRGrTrcTTTGGACAGCTTrrGGrTTTAGAGTRGGGTTGCr" CTreGGCRGGRGGTCTGTrTTGOGCCAGCCTGGT
3850 3060 3070 3880 3090 3900 3910 3920 3930 3910 3950 3960

TTTGTRTRGCTGRACTRRGAAGGGTTTTRTATTTTTRARGGGTCRTGARRATRARAARGGTRRCRGGTTGTRTGTGACCCRCRGRGACTARARTATT TGCTGTCTAGCCCT TTACAGARA
3970 3980 3990 1000 1010 4020 1030 1040 1050 1060 1070 1080

6TTrTGCCR TG TCCRCCCCCCRGTCTRARGCCTCRGTCRGCflTRGCT TCGCTGCTGT T TTTCCCCG TCCCCGGGARTTCCC TCRTCCTRCrccTGGGeAAACTGCTrTrcTrGCRTrcCCRGCC CC RG
1090 1100 1110 1120 4130 *10 1150 1160 1170 1180 1190 1200

TGCTrCCCTGOCRCTTGrG"RCrTCTTGCCRCTGGGGc"""cCRooc"CTC"rGTTRRCRRTACTTGrA"c"^r^c rsoCCTr"GCr rTTCTCCAGTGCCTTTrGGGGRRR rRRGTrTrRTr
*210 4220 1230 1240 1250 4260 1270 1280 1290 1300 4310 1320

rTTcTTRGGATTGr TGRTrOCTTTGTrr""r""nrTrr CCCRc" rrTTC Tr"A"CTRGTGTTGrrCrrTTRCCTrTrRTCCTRAGTncTrTCCGGAGGCGRCRGTRRGGGRRRTRGARARTTATATR
1330 1340 1350 1360 4370 1300 1390 1o00 1110 1420 1430 1110

R rTGRTTTrr CAGA RTTGGGAGGGR TTGGGGGCRGGRGGRGRRGGGGRCRRCRGRGGR TGRGR TGGCTG6RTGGCATCRCTGRCTCGAT GGRCGTrGRGTC T GAGTGRRCTrCCG G GRGTTrG
1150 1160 1170 1180 1190 1500 1510 1520 1530 1540 1550 1560

1570 1500 1590 1600 4610 4620 1630 4610 4650 1660 1670 1680

ACTCCCCRRGGG GTTGAGCCrTCTTsroc""rrGACTrRrrTrTGARRRTRRGRGRRGTTATTTrGTCCCTCTGATGTCCTrTG TCCRC TRGRRATAGTRTTTcTrcTrRRrrGTrGTTACACAAGCc
4690 1700 1710 1720 1730 4710 1750 1760 1770 1780 1790 1800

C TRGGGTTCRGRGGG TACRCCCCRGRGRC6TrCTRGRGRRCGRRGGGGRGRCCRRRCRRGRC TTCCARCTCCGCCRCT CCRTTArCACTTTr GCATRGrrC" rrGTTTTG rlrTRTTTGG GGTrTrcTr
1810 *020 Xba 1850 1860 1070 1880 1890 t900 1910 1920

ACTGCTTrrGTTGRRrrrRGaCGcrCTGTTGA TRGRCCC TGCCRCCCAGRGACGT CTTrCCn rcTTGGTTGAGCCCTrGGRrRGTTAARGTrGTrCCAGCCCGGGARGRTrGTrGGTrGATARCRGTRG
1930 1940 1950 1960 1970 1900 1990 5000 5010 5020 5030 5010

RGGRGGTrRRTGrT TGTRTCCTGGGCTGTGT TGGRGRRrrTTTTGGRrTTGTrCCCCTCCCCCC TTCRTCT CTG TAGRGRCCTTr RRTGTGTCGGRGCRRGARRRTGGGGCR TRRTGGTRT CRCCCTrG
5050 5060 5070 5080 5090 S100 5110 5120 5130 5110 5150 5160

N1P
AGGACTG TTAorCTrGRRTGTCGCTscoGrGAGGrTTCTCCC TGAGCCCTCCTTTAATRGTTTGTrcrrTTTTTCTTTTTGGRC TRGARRTTCRGTCTTTTTTCTTCfRrtrrcctceoR

5170 5180 5190 5200 5210 5220 5230 5SM 5250 5260 5270 5280

Exon IU
S L K Q Q L F S Y R L G F A L S E A M G L F C L Au A F L L F R *

5T2TC9G0GCAGCAGCTC53T00CC20C3CCTTCTGGGC TTGCC5TCCGG0GGCC5TG38GCTCTT59GCCTG0TG51GGCCT00RCT TCTTCGCCRTGTGRRGGRGCCGTTT
5290 5300 5310 5320 5330 Nco 5350 5360 537-10 5380 5390 5100

CCRCC TCCCRTRGTT CTTCTCCCGTGTCTCRTCTGCCCTGTRTGTT TCT TT TCC TG TRCCTCCCCRGGCRRCC TGGGGARRRT GG T TGGC TCRGGGC TTGRCRGRRGGRflGRCARRTRRR
5110 5120 5130 5110 5150 5160 5170 5180 5190 5500 5510

T CTG T TR5TRGRTG TT TCT TGRTC TCCTGTGTRTRTTTC5TT0TTCC2CRTTGGCTRTGCCT5TGGTG1RRT0TRGGCCAPGYTRGTGRTGGTTTTRRCTCRTGTGGRT
5530 5540 SSS0 5560 5570 5580 5590 5600 5610 5620 5630 5640
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C TGGGC5TCC T TT TT TCRTTCTCTRTGTTGGGRRRGCT TRTTCRRTCRG TGCTC*TT T TRR7RRTTCRCTTGG GGCCTRTTCCRTGGRGRRTTGGGRCRGRRGCRRCR
5650 5660 5670 5680 5690 5700 57 10 5720 5730 5740 5750 5760

RCRG7GCTGGTGTRAATTTT76 CTR 5GT2GCTGTCTGTTGCC0CT GCCRCTGCCCTGGCTGT GCCCT7TTTGCCCCCRCTGGTCTTTGCRRTRRCCTCTTRTTGGCCTTCTGCC
5770 5780 5790 5800 Salo0 820 5830 S040 S0S0 5860 5070 56800

T GCCGTCTCT5CCCTCTGGCRT TT5CTT TGCCC9CCRCTGCCGGT TR0TCTGTRRRTGC 0RCTGGTTCTCCRTTGRCCRTTC 9RGTCT GRTTC 9CTT TT6CTCRGCTT0T
5890 5900 5910 5920 5930 59tO 5950 5960 5970 S980 5990 6000

RTGTCT TRTTCCCRTTRCRCTCTRCCCRRRGTGGCGT TRGTCRTTTT TCRC TTCCTGCTTTCCTGTCCTTRC6TRTCTGCRGGCCTTGCRCTTTGCCCRTCTCTGTTTCTTTGCC
6010 6020 6030 6040 6050 6060 6070 6000 6090 6100 6110 6120

TG3RTCTT0TGTC6CTTTCCTCTTTTTTTC6AACTCTCCCTGTT1CTCTGRR06RCTTRCTTT16 RTGCT0CCTCTTRT6CCRTG2R0CTTTCGTCGGTTTCCCTCT2CT1TTCR6TCR
6130 6140 6150 6160 6170 6100 6190 6200 6210 6220 6230 6240

CGR0CRTTRGTCC06RTRR0GGRCTRT9R0GCRTGC3GC6TCCTTT3TRRTGCTTRRCTGTGT6TG6C36RTTGGGCTTRAGTGCCTGTATGCRCA0RTGTGTGCCT0TRTCTTCTR0G
6250 6260 6270 6280 6290 6300 63 10 6320 6330 6340 6350 6360

T 67TG66TTTRGTTTCCTG0GGCA1C0CTGTC1TRCTCGT0TCCTTA0RA7T6TCTTRGCRT6RC0CRTCTCRGCRRT6TCTTRGTCART6TTTCARTTTRATTGTCT0RRCCRGCC
6370 6380 6390 6400 6410 6t20 6430 6440 6450 6460 6470 6480

6CCTCRCTTCRGRRG0GRGGGRRCRGRCT TTGRGTRTCRRRGGRCCTCCCR6RRCRTTTRT66CRGRGCT GRG6GGGRCRGGGGTCRCGTGTGTRG6CCRGGGTG0 RCGRCT
6490 6500 6510 6520 6530 6540 6550 6560 6570 6580 6590 6600

CCGCRCRGTT6GT CTCGJTTCTCTJTCCRGTGJTTGCT66TGRCTGCTRJTTTTCTCRRGCRRTCCRRRRAGRGCR6RRTRG6CORTJGGRRRCCJTTCTTJCCtTJRRRARTGCCTCRAGRGGGRC
6610 6620 6630 6610 6650 6660 6670 6660 6690 6700 6710 6720

T TCTGGRCRGGGGTTRGTRTRRRGGTRRRGGRTJTRTTRT TTTCTRRRGGCTRRRTT TTCGGGT CT TTCCTGGTGGTCCRG TTGJTTRGRRTJCCACCTRCCGGTGAGGTGRCRTGGGTTJCC
6730 6710 6750 6760 6770 6760 6790 6800 6610 6820 6030 6610

R 6CCCT 66TCCRGGRRTCT6RC912CC9TGGRGCRRCTRRGCCTGTGGCCRCRRCTRT GRGCC0 RCGRGCCCRRCCCCTGRGCCCRCJTTGCGCRRCT9TTGRRGCCCRTGCTCJGC
60S0 6060 6870 6000 6090 6900 69 10 6920 6930 6940 6950 6960

R 6CRRGRG7RGCCRCTGCR0TTRTGRRGCCCCCGC0CGCCRCRCTRGRGRRRGCCCCRT6CRGCRRTRRR6RCCCRRRRTRTTTRRCCRRRTRJRRRR JRRCCRRRRRTRRRCCRR0
6970 6980 6990 7000 7010 7020 7030 7040 7050 7060 7070 7000

7RT7R1RTTT7r11 713CT7R1C0T16RRGTGGRTGGCGC0GTGGCTR1GR1TTT7TCTGCCRCCGCRGGA7CRT6GGT TCC9TCCCT06T 7T20066RGRTTCCRCRTGTTGCRG
7090 7100 7110 7120 7130 7140 7150 7160 7170 7100 7190 7200

72CR5TGGRGCCCRCGTGCCAC0GC TRGTG7GTCC2C0T7CC7GG97CCGTGCTCCTCR7CRAG7G7R6CC7TT0CCRTGRGRR6CCTGRGCRCC6CRCT7GTTGCCC TGCTCRCT6
7210 7220 7230 7240 7250 7260 7270 7200 7290 7300 7310 7320

CARCTRGR6RRRGCCCRR6CGRR6CRRCGRRGRTCCRGCRCRGCTrRRACTGRRT T TTTTCTTRRRTCTTJTTTTGRRGRRRRRRGT TRORCTTCRRGTRRGRCTTRTCTTRCRTRTGCTCG
7330 7340 7350 7360 7370 7360 7390 7100 7110 7120 7130 7110

RRGTTGG6 TRTARRARGTCCT TTCRT6RTRRT6TT6RT6RTC TTRC6T TTTTC TTTT6GT TTRRTCRGTRRTTRRRGCCTRGR6CR6RTRC TT6RCCCCRCRTRrRRCTGRT6CT TAGG
7450 7160 7470 7400 7190 7500 7510 7520 7530 7510 7550 7560

AR6CRGGTCRCCTCGARCTRTTCRCCCTGTCCTTTCGCTATTGTCRTCRRG6RTTORRTGGGATC6TRTCCTCARTTTGCTTCTRGR
7570 7500 7590 7600 7610 7620 7630 Xba

Fig. 2. DNA sequence of a segment of bovine DNA containing the bovine P2 gene for the proteolipid subunit of ATP synthase

The numbers refer to the nucleotide sequence. The NcoI and XbaI restriction sites that were used to clone the two overlapping
DNA fragments are shown. Cis-acting DNA sequences that are of importance in control of gene expression have not as yet been
identified. However, the double- and triple-uniderlined sequences are conserved at corresponding positions in the human P2 gene
(M. R. Dyer & J. E. Walker, unpublished work) and might contain TATA boxes (Breathnach & Chambon, 1981). The overlined
sequence is found 63 bp upstream from one of these conserved AT-rich elements and might be a functional CCAAT box
(Efstratiadis et al., 1980). The single underlined sequence denotes a potential signal for polyadenylation (Proudfoot & Brownlee,
1977). Intron-exon boundaries are denoted by arrows. A bovine repetitive element is shown also. It is related to the repetitive
sequence in the bovine foetal f-globin gene (Duncan, 1987; see Fig. 4).

ADP/ATP translocase (Cozens et al., 1989). These
observations support the view that some exons encode
structural domains (Gilbert, 1978; Blake, 1979).
The nucleotide sequences adjacent to the 5' and 3'

boundaries of the introns in the bovine P2 gene are

conserved (see Table 1). They all begin with the dinucleo-
tide GT and end with the dinucleotide AG, and so they

conform exactly with the consensus sequences adjacent
to splice junctions (Breathnach & Chambon, 1981).
Furthermore, the conservation extends for 8-10 bp be-
yond the splice junctions in the sequences of the introns,
and these extended sequences agree rather well with the
consensus for sequences around splice sites (Mount,
1982).
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64 78 200 262

A B C

1069 |j 1607

l ll | lllII IV
506

Fig. 3. Structure of the bovine P2 gene encoding the mito-
chondrial import precursor of the proteolipid subunit of
ATP synthase

Exons I-IV and introns A-C are denoted by black boxes
and solid lines, respectively. The sizes of exons and introns
are given in base pairs. The site of initiation of tran-
scription, and therefore the structure of the gene in the
5' non-coding region, are not known at present.

An Alu-type repeated sequence in the bovine P2 gene
In mammalian DNA the largest class of intermediate

repeated sequences is known as the Alu family. In humans
and other primates the Alu sequences are well conserved
(Deininger et al., 1981; Daniels et al., 1983), although in
the prosimian species Galago a second distinct but related
repeated sequence is also present (Daniels & Deininger,
1983). The bovine genome, in common with those of
other ruminants, contains Alu-type elements which can
be composed of monomers, dimers and trimers of a
120 bp DNA sequence, and the bovine Alu-type repeat
shares similarity with the human Alu sequence over a
40 bp segment ofDNA (Watanabe et al., 1982). Recently,
DNA sequencing studies of the bovine ,-globin locus
have demonstrated a second and distinct bovine Alu-type
family (Duncan, 1987). Members of this family of
repeated DNA sequences are about 500 bp long and
there are about 105 members in the bovine genome. They
are related to the original bovine Alu-type repeated
sequence described by Watanabe et al. (1982) over a
75 bp segment of DNA (Duncan, 1987), but the
remainder of the sequences from these two families are
quite different. This second family of bovine Alu repeats
is not similar in its DNA sequence or structure to human
Alu repeats, nor is it composed of two related monomers,
and it lacks a poly(A) tract near its 3' end. The sequence
that encompasses the bovine P2 gene contains most of

the nucleotide sequence of an Alu-type repeat belonging
to the family described by Duncan (1987; see Fig. 4). It
lacks 45 bp found in the full-length repeat, presumably
because it lies at the extremity of the sequence that has
been determined.

DNA sequences of two bovine pseudogenes
As mentioned above, a 4.0 kb EcoRI fragment in

AP3.17 and a 5.2 kb Sacl fragment in isolate AP3.9
hybridized with the bovine P1 specific gene probe.
Sequencing experiments showed that each fragment
appears to contain a different pseudogene, and their
DNA sequences are presented in Figs. 5 and 6. These
sequences have been determined in both senses of the
DNA. The first fragment appears to contain the sequence
of a spliced pseudogene related to the bovine P1 cDNA
sequence. However, it differs in 56 nucleotide positions
from the cDNA, and some of these changes result in 29
amino acid differences. The changes also give rise to two
'in-phase' stop codons, and the sequence contains a
frame-shift and a 6 bp deletion. These features form part
of the basis of the assignment of this sequence as a
pseudogene. In addition, this pseudogene has a poly(A)
tract near to its 3' end which is preceded by a potential
polyadenylation signal (Proudfoot & Brownlee, 1977),
and the sequence is flanked by a direct repeat of 10 base
pairs. These latter characteristics indicate that this
sequence was introduced into the bovine genome by
retroposition (Rogers, 1985; Weiner et al., 1986).
The second sequence (Fig. 6) also is related to that of

the bovine P1 cDNA, and in all probability it is a
pseudogene, although other explanations of its origin are
possible. In common with the spliced pseudogene de-
scribed above, it contains an 'in-phase' stop-codon, and
it has four small deletions relative to the bovine P1
cDNA sequence, from which it differs by 50 nucleotides;
some of these differences give rise to 31 changes in amino
acid sequence. However, it differs in a number of ways
from the other pseudogenes for P1 and P2 that have been
characterized from the human (M. R. Dyer & J. E.
Walker, unpublished work) and bovine genomes. Firstly,
no poly(A) tract is found near to the 3' end of the
sequence, although a potential polyadenylation signal is
present; secondly, it is flanked by a shorter than usual
direct repeat. This is six bases long, with the sequence
CTGGGA, and the position of the direct repeat at the 3'

Table 1. Introns in the bovine P2 pre-proteolipid gene

Sequence

Intron Size Class 5' boundary 3' boundary

A 1069 0 tcc.ttg.GTGAGTACCC... TTCCGGCTAG.atc.agg
S L I R

B 506 0 gat.gag.&GACCTTACA.. G.agc.cac
D E S H

C 1607 2 gcc.ag.GTAAGATGGG... CCCCTOCCAG. g. aac
A R N

cag.GTAAGT ... YYYYYYYYYYNCAG.gConsensus sequence

Gene

Bovine P2

Bovine P2

Bovine P2
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40 60 80
CCATGGATTTCAGAACACCAGGCTTCCCTGTCCATCACCAACTCCTGGAGCTTATGGAAACTCATGTTCATCGAG

TAAGTTCAGTTCAGTCACTCAGTCATGTCCGACTCTTTGCGACCCCATGAATCACAGCACGCCAGGCCTCCCGTCCATCTC-- CTCCCGGAGTTCACCCAACGTCACGTCCATCGAG
TTCTGTTCAGTC:CAGTGGCTCAnGTTGGACAATTCTTTGCAACCCCATGGACTGCAGCATGCCAGGCTTCCTGTCCATCACC AACT1CCT1AGCTCAAATTCATGCCCATTGAG

120 140 160
P2 TCAGTGATGCCATCCAACCATCTCATCCTCTGTCGTCCCT--

180 200 220
--CTCCTGCCTTCAGTCTTTCCCAGCGTC AGAGTCATCTC GC ATC AGGTGGCCAAGGTAT

A TCGGTGATGCcATCcAGCcAT*TCATCCTCTG*TCGTCcc***TT*C * ******* **** *** * *** *** *4*

B TTGGTGATGCCATTCAACCATCTCATCCTCTGTTATCCCCTT---CTCTTGCCTTCAATCTTTCCCAGCATCAGGGTCTTCCAATGAGTCAGTTCTTCACATCACGTGTCCAAAGTAT

P2
A

240 260 280 300 320 340

TGAAGCTTCACGTTCGGTATCAGTCCTTCCAATGAATATT-CAcGACTAATATCTTCA GGTTTGATGTTGATCTCCTTGCAGTCCAAGGGCTCTCA.ACTCT.CCAACATCA__- _______. __._- --- .a_______-J _a ______z__________

** ** ** * ** * **** *** ***** ** * **** ** ** ***** ** * ** ***** ******* ************* *** ** ** ********* ** **

360 380 400 420 440 460
n2 CAGTTCAAAA^GCATCAATTTTTCAG;CACTCAGCTTCTTTATATTCCAACTCTCACATCCATACATGACTACTGGAGACAAAACCACmAAGTA
B

P2

CAGTTCAAAAGCATCAATT CTTCGGCACSICACAGTCCAACTCTCACATCCACATGACTACTGGAAAAACCATAGCCTTGACTAGACGGACCTTTGTTGGAAC-GTAATCAGTTCAAAAGCATCAATTCTTCAGCGGTCACCTTTCTTCATTGTCCAACTCTCACATCCACACATGACTACTGGAA AA

480 500 520

A GTCT TCTe A CA

B GTCTCCTAAGC TGAT AGCT CAAGAAGCAAGCATC
************ **** ** ***** ** ** *** **** ******** ** * *** *

Fig. 4. An Alu-type repeat in the bovine P2 gene

The 5' region of the fragment of bovine genome containing the P2 gene contains most of the DNA sequence of an Alu-type repeat
first described by Duncan (1987). This sequence is aligned with two other members of this family of repeats from the cow
fl-globin locus. Sequences A and B are Alu-type elements from the 5' and 3' flanking regions of the cow foetal globin gene
respectively (Duncan, 1987). The nucleotide sequences are numbered according to the Alu-type element A. -, Insertions needed
to improve these alignments; *, conserved nucleotides. The underlined sequence is conserved in the original cow Alu-type family
described by Watanabe et al. (1982).

CCTGCRRTGCRGGGTRRRGRRTCT6CTTGT GCTTRRRGCTRRRGCCGGGRCGTGRGTCRGT CRTCTTRGCTG6GTGRGTGCTRT6GTCTGRGCRGGGGCR6CRGGRCRG TGGGRRTRGRC
-*01. 20 10 60 50 100 120

1Obp repeat
+ + + + + t + t ,

n 1 T SG AR L L S P P R L n c s C T R G L I R P U S R S F L S R P K S P S E
TGffRRflRRRTGTRGRCCTCCGGRGCRCTRCTCRGTCCTCCCGCTCTGRTGTGCTCTT6TRCCRGGGGTCTGRTCRGGCCTGT6TCTGCCTCCTTCCTGRGTRlG6CCflRRGRGCCCRTCTG

1110 160 180 200 220 210
in-phase stop codon

4 4 4 + + * 4 + 4

Q P S Y S S U S L R U R * R K F Q T S U U S U H T O T U R K F T G R G R R T U G
RRCR6CCTTCCTRCRGCRGTGTCTCRCTCCGGGTGGCTTRCGGRRRQTTCCRGRCCAGTGTTGTCTCCTGGCRCRCTDRCRCR6TGGCCRRGTTTRCTGGCGCTGGG6CTGCCRCRGTTG

260 + 300 320 310 360
In-phase stop codon

n R G S G R G I G T U F GS L U L G Y R R N P S L K Q Q L F S S T L G F U L S
GGRTGGC TGGTTCRGGG6CTGGCRTTGGRRCRGTGTTTGGCRGCTTGGTCCT TGGCTRTGCRRGGRRCCCRTCTCTGRR6CRGCRGCTCTTCTCCRGCRCCRTbTCTGGGCTTTGTCC TGT

380 100 120 440 160 180

n R T L L I L F T T
E G L F C L

CT6RGGGGCTTTTCTGTTTRTG6CCRCCCTCCTCRTCCTCTTCflCCRCRTGRGGCTCCRTGGRGGTCRCCTRCCCGCCGCTGCTGCTTTGRlCTCCflGGCCRlTGCTCRGTGCTGGRGCGTG
A :

520 540 560 580 600

6bp deletion frame-shift

CTRACTTCTRCCRTTARACRCAATGTTTCTCTTTRRRRRRARARARRARRRTTGRCTTGCRRTGCRG6RG
poal(R) tract

1Obp repeat

Fig. 5. DNA sequence and translation of a processed P1 pseudogene
The numbers refer to the nucleotide sequence. :, Nucleotide differences with the bovine P1 cDNA sequence (Gay & Walker,
1985); +, amino acid changes with the P1 pre-proteolipid. The potential polyadenylation signal is underlined. This gene is
unlikely to encode a functional polypeptide since it has two in-phase stops, a frame-shift and a 6 bp deletion within the potential
protein coding region. This pseudogene has two features which are diagnostic of retroposition (Rogers, 1985; Weiner et al.,
1986); it is flanked by 10 bp direct repeats and has a poly(A) tract at a position corresponding with the poly(A) tail in the mRNA.
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P2
A
B

20

a

TGGAGTTTTAGCTTCAGCATCAGTCCCTCCAATGAAGATT-CAGGACTGATCTCCTTTAGGATGGATTGGTTGGATCTCCTTGCAGTCCAAGGGACTCTCAAGAGTCTTCTCCAGCACCA
TGGAGTTTCAGTTTTAGCATCATTCCTTCCAAACAACACCCCAGGGCTTATCTCCTTTAGAATGGACTGGTTGGATCTCCCTGCAGTCCAAGGGGCTCGCAAGAATCTTCTCCAACACCA

GTCT%-.-l
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n Q T
TGG66GRfTTCCCRTCRTRT606TCTT66T6R6e"GR6RRG"6TRCCACTTRRT6TCCTGCT6RORRARCCRqCCT TTCCAR6lTCCTfl6RGCTRRR6CTGGG6R6fTTGRRfRflCRTGCR6RC

20 10 60 80
120

P AR L L I P P A F
CCCT6666CRCTRCTCRTTCCTCCTGCTTT lCT6CTTTTTCT6TTGTTCR6TT6CTRR6TCCT6TCCRRCTCTTT6T6flCCCeCRCARACT6CR6CRCCCR66CTTCCCT6TCCTTCR

110 160 180 200 220

257

2

CTRTCTCCCRGRlGTTTGCTCRflfCTCRTGTCCflCTGfl6TCRGTGRlTGCCRlTGTCRlTCCTCTGTTRlTCCCCTTCTCCTGCCTTCRCTCTTTCCCflGCRTCflGGGTCTTTTCCRRTGRGTCR
260 200 300 320 310 360

GCTCTTCARRTCRGGTGGCTR6R6TTTTGGRGCTTCAGCRGCRGTCCTTCTGRTGRRlTRTTCRGGRCTGRTTTCCTTTRGGRTTGGCRlGGTT T6RTCTTCTTGCRGTCCRRGGGRTTCTC
380 100 120 110 160 180

Intervening DNR sequence of 861bp
RR6RGTTTCCTCCRGTRCCRCRGTCTGRRRGCRlTCRGTTCTTCR6CGTTCflGCCRRCTCTCRCRTCCRTTCRT6RCTRCTGRRRRRRRlCRTR6GCTT6GRCTRTRCGGRCCTTTGTCRGCR

500 520 540 560 580 600

RRRTGRTGTCTCTGCTTTT TfRTRTGTTGTCTA6GTTT6TCRlTRGCTTTRTCT TCCRRGGRlGTTCRGT TCRGTCRCTCRGTCRlT6TCCGRlGT CTTTGCGRCCCCRTGRRCTGCRGCRCGC
620 640 660 680 700 720

CRGGCCTCCCTGTCCRTCRCCRRCTCCTGGRGTCCRCCCRRRCCCRTGTCCRTTGR6TCRGTRATGCCATCTRRCCRTCTCRTTCTCTGTTGTCCCCTTCTCCTCCTGCCCTCRRTCTTTT
710 760 780 800 820 810

CCCRGCRTCR 80TCTTTTCRRRTGRGTCRGCTCTTCRCRTCR9GGTGGCGTCRTTTRRTTTTGTGGCTRTRGTCRCCRTCCRCRTRRCTT TGGRGCCCRRGRRRRTRRRRTCTGTCRCT
860 000 900 920 940 960

I Y S C P K G L I R L U S R S F L R K P A U P
rp o^^TV^tTOAOA TAT POAAATAPATe prAo^^^^^ TATfso TTeA-ftttt^^ rr T.TP aT f. ar-eo T Te TrT" T rPr"T f.&T Ti."Tr-aro a&,ae "ooro &f.P

980 1000 1020 1040 1060 108

S E Q P S Y S S U P L * E R R R E S Q T S RD D T R R K F G R G R R T U G U
CRTCTGRRlCRGCCTTCCTRCRGCRGTGTCCCRCTCTRGGRGGCTRGGCGGGRGTCCCAGACCRGTGCTGRTRT TGRCRCRGCAGCCRAGTTTRT TGGCGCTGG6GCTGCCRCRGT TGGTG

1100 t 1140 1160 1180 1200

In-phase stop codon 9bp deletion + + + + +
+ + + + P C R U L G F R U A E

A G S G R S I G T U F G S L I R D Y R R N P S L K Q R L F
TGGCTGGTTCRGGRGCCR6CRTTGGARCRGTCTTTGGCRGCTTGTCGCTGRCTRTGCCAGGRACCCGTCCCTGARGCRlGCGRCTCTTCCCTGTGCCGTTCTGGGCTTTGCCGTGGCTGR

: ~::: : :: : :A: :

1220 1240 1260 1280

A R R L F C L n R P F L I F T n *

1300

frame-sh ft

1320

GGCTRGGRGGCTCTTCTGTCTGRTGGCCCCCTTCCTCflTCTTCRCCRTGTGRGRCTCCGTGGRGGTCRCCTflCTTfTCCTTGCTGCTCfRACTCCflGGCCRlTGCCCflGTRCTTTRCCATTA
310

: : t 1380 1100 1420
-1340 t t

3bp deletion lbp deletion 15bp deletion

RRCACRGCATTTCTGGGRCTT

Fig. 6. DNA sequence and translation of a partially processed Pl pseudogene

The numbers refer to the nucleotide sequence. :, Nucleotide differences with the sequence of the bovine P1 cDNA (Gay &
Walker, 1985); +, amino acid changes in comparison with the P1 pre-proteolipid. A potential signal for polyadenylation is
underlined. This pseudogene is unusual since it contains an 861 bp intervening DNA sequence corresponding in position to an
intron in the human P1 gene (M. R. Dyer & J. E. Walker, unpublished work). Boundaries between this intervening sequence and
the P1 coding sequence are denoted by arrows. This pseudogene is unlikely to encode a functional polypeptide as it contains
an in-phase stop codon, frame-shifts and 9 bp and 3 bp deletions within its potential protein coding region. Two other deletions
are found in the DNA sequence corresponding to the 3' untranslated region of the message. This pseudogene is flanked by short
direct repeats of 6 bp.

end of the pseudogene suggests that the poly(A) sequence
might have been removed during retroposition (Rogers,
1985; Weiner et al., 1986). A third difference is that it
contains an intervening sequence of 861 bp. This se-

quence is found in a position that corresponds to that of
an intron in the human P1 gene (M. R. Dyer & J. E.

Walker, unpublished work), but the sequence is not
related to that of the equivalent intron in human P1. This
bovine intervening sequence is flanked at its 5' and 3'
ends respectively by the dinucleotides, AT and CG; these
could be mutated canonical splice junction sequences,
GT and AG (Breathnach & Chambon, 1981).
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Another mammalian gene which could have been
formed from a partially processed mRNA encodes insulin
in mice and rats (Soares et al., 1985). Both species have
two expressed non-allelic insulin genes. The gene for
preproinsulin II contains two introns and therefore is
similar in its structure to the single copy genes for this
protein in other mammalian species. However, the gene
for preproinsulin I contains only a single intron and has
distinctive features that are diagnostic of a retrogene; its
sequence is flanked by 41 bp direct repeats and there is
the remnant of a poly(A) tract downstream from the
polyadenylation signal. There is no evidence that suggests
expression of a protein from the partially spliced bovine
P1 gene.
A second explanation for the origin of the partially

spliced P1 sequence can be advanced. It is possible that
this sequence is not a retroposon, but rather that it is a
relic of a duplicated version of an early expressed P1
gene, which at the time of duplication had only one
intron. However, since its sequence is closer to the bovine
P1 cDNA than it is to the human P1 cDNA sequence
(M. R. Dyer & J. E. Walker, unpublished work) this
explanation is less plausible.

M. R. D. was supported by an M.R.C. research studentship
and N.J. G. by an M.R.C. research training fellowship.
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