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Sequences of members of the human gene family for the c subunit of
mitochondrial ATP synthase
Mark R. DYER* and John E. WALKERt
Medical Research Council Laboratory of Molecular Biology, Hills Road, Cambridge CB2 20H, U.K.

Subunit c is an intrinsic membrane component ofATP synthase,
and in mammals it is encoded by two expressed nuclear genes, P1
and P2. Both genes encode the same mature c subunit, but the
mitochondrial import pre-sequences in the precursors of subunit
c are different. The DNA sequences of the human P1 and P2
genes are described. They occupy about 3.0 and 10.9 kb re-

spectively of the human genome, and both genes are split into
five exons. The human genome also contains about 14 related

INTRODUCTION

Bovine mitochondrial ATP synthase is a membrane-bound
complex of 14 different polypeptides (Walker et al., 1991), and
the c subunit (also known as the dicyclohexylcarbodi-imide-
reactive proteolipid) is an essential part of the proton channel in
the membrane sector (Sebald and Hoppe, 1981). It is a hydro-
phobic protein of 75 amino acids, probably folded into a hairpin
of two transmembrane a-helices linked by a f-turn near the
membrane surface. A carboxyl group essential for functioning of
the proton channel, and the site of reaction of dicyclohexyl-
carbodi-imide, is situated near to the middle of the C-terminal
a-helix. In mammals, Neurospora crassa (Jackl and Sebald, 1975)
and Aspergillus nidulans (Turner et al., 1979), but not in
Saccharomyces cerevisiae (Macino and Tzagoloff, 1979), subunit
c is a nuclear gene product, synthesized on cytoplasmic ribosomes
as a precursor with an N-terminal extension. The extension
directs the protein into the mitochondrion and is cleaved during
import. However, the proteolipid is highly unusual, ifnot unique,
amongst nuclear-encoded mitochondrial proteins in having two
different precursors derived from separate genes (Gay and
Walker, 1985). Both cDNAs for the precursors contain a segment
coding for the same mature proteolipid, but the N-terminal
presequences, although related, differ extensively. The 3' non-

coding regions of their cDNAs are only weakly related and so

each can be employed as a specific hybridization probe (Gay and
Walker, 1985). As described here, we have isolated and sequenced
the human P1 and P2 genes. They are members of a complex
gene family that includes numerous spliced pseudogenes for P2,
and probably for P1 also. The expressed P1 gene is distributed
over about 3.0 kb of DNA and the human P2 gene occupies
about 10.9 kb of the genome. Both contain four introns at
equivalent positions. Interest in this gene family has been
increased by the recent finding that in the fatal human disease
ceroid lipofuscinosis, or Batten's disease, subunit c accumulates
in lysosomes (Palmer et al., 1992).

spliced pseudogenes, and the sequence of one such pseudogene
related to P2 is described. Sequences flanking the 5' ends of the
human P1 and P2 coding sequences each contain a CpG-rich
island. Potential promoter elements (TATA and CCAAT boxes)
are present in the 5' sequences of the P1 gene, but not that of P2,
although there is no direct experimental evidence to show the
involvement of these sequences in transcription of the genes.

MATERIALS AND METHODS
DNA hybridization
Digests of human DNA prepared from a placenta (Walker et al.,
1987) were fractionated by electrophoresis in 0.6 % agarose gels,
and fragments were transferred to nitrocellulose filters (Southern,
1975). The filters were incubated at 65 °C, first for 1 h in a

solution containing 6 x SSC (1 x SSC is 0.15 M NaCl and
0.015 M trisodium citrate), 0.2% BSA (fraction V), 0.2%
polyvinylpyrrolidone, 0.5 % N-laurylsarcosine and sonicated
salmon testis DNA (100 mg/ml), and then for 15-20 h in the
presence of radioactive 'prime-cut' probes (Farrell et al., 1983)
dissolved with 10% dextran sulphate in the same solution. The
filters were washed four times for 30 min each at 65 °C in
either 0.2 or 2 x SSC, each containing 0.5 % N-laurylsarcosine.
Autoradiographs of filters were exposed with an intensifying
screen at -70 °C for either 1-7 days (genomic DNA) or 1-3 h
(phage DNA).

Screening of genomic libraries
The human genomic libraries SH, AT5 (LeFranc et al., 1986)
and RPMI (Forster et al., 1987), consisting of partial Sau3A
fragments cloned into the BamHI site of A2001 (Karn et al.,
1984), were gifts from Dr. T. H. Rabbitts. Plaques (approx.
5 x 105) were produced on Escherichia coli Q358 grown on 20 cm
diameter agar plates. Phage were transferred sequentially to two
nitrocellulose filters per plate, and each library was screened
(Benton and Davis, 1977) with the two prime-cut probes. DNA
was prepared from recombinant phages (Maniatis et al., 1982)
grown in 500 ml cultures of E. coli Q358.

Sub-cloning and DNA sequencing
A 4.4 kb BamHI fragment containing part of the human P1 gene
was excised from AHPI.9, sonicated and sub-cloned into the
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3' region of Alu repeat 1 (+)

Sau 3A 20 30 40 50 60 70 100 110

CAGGAGAATGGCGTGAACCCAGGAGTGGAGClTTGC/AGTGAGCCGAGATCGCGCCACTWCACTCTAGCCTGGGCAACAGAGCAAGACTCCGT 220 M TTATTTATCTATCTAC
130 140 150 160 170 160 190 200 210 220 230 240

Mu repeat 2 (+)
CTATCTATCTATCTATCTATCTATCTAcAMTST;crGTGT G rG C MCACTAGCTGGAACTGAGGCAGGAATGCTTGAACCCAGGAGT G

250 260 270 280 290 300 310 320 330 340 350 360

_ __G_AA CAG TGTC TCAAAAAA AA TTAGGcAGGCGTGGTGGcAGGCACCTGTAATACCAGCT
370 360 390 400 410 420 430 440 450 460 470 480

AcrTGGAGCTGAGGTAGGCGAAcTGCTTGAccGAGCCGGAGTTCAGTGCCGAGAT.TGCGCGSTTGCACTCcAGcCTGGCAAAGAcACAA GCATCTCAAACAA
490 500 510 520 530 540 550 560 570 580 590 600

AGAGAGGCGGGATGT GCGACCACCTGGGCGGCGCGTAGGTAGGTAGCACTGTWAGGTGAACCCGTCTCT
610 620 630 640 650 660 670 680 690 700 710 720

Mlu repeat 3 (+)

ACAAATCAAAATTGCGGGGTGCGG_CGrGCCACATCGAGCG_ AG_TAGCGGACCGAGCGGA ;jGGGAGCCGFIG
730 740 750 760 770 780 790 800 810 820 630 640

ATTGCGCCACTGCACTCCACCTGG;GCGACAGAGCGAGACTCCGTCTCAAAAAAAAGMAAA:AAAASAATTGCTTTGGACCC AGCAG ACCTGGG TTClAAAGCA
850 860 870 880 890 900 910 920 930 940 950 960

CCTAGCACAGTATTTGCTATAATGAGGTATCGATAAATGATAGCTTATAACACTAACACAAAGAxAAGCTGGATAATCTGCTAGAAGTACCAGTTATGTGTGTAGCATGGAM;
970 980 990 1000 1010 1020 1030 1040 1050 1060 1070 1080

GAGCTcAAAcTCCAcTCTCCTTTTTGrTTTGTTGTTGTc6TTGTTGrTTITGAGTACGGTCTCGCTTGTTGCCCA_ CCAGTCAGGTGATCAGAGTTC ACTGAAGCCTTGA
1090 1100 1110 1120 1130 1140 1150 1160 1170 1180 1190 1200

CCTCCTGAGCTCAAGTGAiLTC CTCACTTCAGCCCCCTGAGTAGCTGGGACTACAGGTACCTGCCATCACACCGAGCTAATT r=TTTTTTTTTTTTTT GTAGAGATGAGGTTTC
1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320

GCTATGTTGCCCAGGCGTCCAATTCCTGGGCTC AAATGATC:TGCCCACCTTGGCCTCCCACACAC TTCAATTATACCATGCTAGCAGGATATTTTAAATCTCCACATGATATGAA
1330 1340 1350 1360 1370 1380 1390 1400 1410 1420 1430 1440

1450 1460 1470 1480 1490 1500 1510 1520 1530 1540 1550 1560
Alu repeat 4 (+)

1570 1580 1590 1600 1610 1620 1630 1640 1650 1660 1670 1680

TGAGC-C kTCTC MCTGCACTCAGTCTrGGGCGAAATAATATTAAAAAAAA MUnnn0nAAAM CTGGGCAG GTAGCCTTA-AT
1690 1700 1710 1720 1730 1740 1750 1760 1770 1780 179o 1800

1810 1820 1830 1840 1850 1860 1870 1880 1890 1900 1910 1920
Alu repeat 5 (+)

1930 1940 1950 1960 1970 1980 1990 2000 2010 2020 2030 2040

GACTCTAT;CT _GMAMAAAGAAAGATTTTTTjCTGGCCAGGTGCAGGTAGCTCACATCTGTAATCCCAACACTT
2050 2060 2070 2080 2090 2100 2110 2120 2130 2140 2150 2160

CCAG,AGGCTGAAGTGGGAGGATCCTTGAGGCCAGGAGTTTGAGACCAGCCTGGACAACATAGCAAGATCCCACCTGTAGTCCTAGATACTTrGGAGAGTGAGGAGGGAGGGTTACTTGAG
2170 2180 2190 2200 2210 2220 2230 2240 2250 2260 2270 2280

CCCAG;GAG;ATTAAGGCTATAATAGTGAGGGATGATTGCACCACTGCACTCCAGCCTGGGCAACAGAGTGAGACCCTGTTTCTAA AACAAAMATTATTAA hWAAATTTTCTT
2290 2300 2310 2320 2330 2340 2350 2360 2370 2380 2390 2400

AAGAGTCCAGACTTGTGAATTGCCAGATTAGTGTAATTTTTAAAATATGTTTCTATTATAAAGTACCCATACTCATAAMAATATAAATCAATTTATTACACCCTCTAGAATTCACTATTA
2410 2420 2430 2440 2450 2460 2470 2480 2490 2500 2510 2520

ATTTCAACATTTTTTCATTCTTTTOTCCATGCATATTTTTTCACAATTCTATGCATAGTTTTGCATTATAAATATTTCTCA MTATAAAAC TCTTCAAL=A GCGCAGTGCC
2530 2540 2550 2560 2570 2580 2590 2600 2610 2620 '2630

2650 2660 2670 2680 2690 2700 2710 2720 2730 2740 2750 2760
Alu repeat 6 (+)

GGGCATGG8GGTGCGCGCCTGTAATCCCAGCTACTTGGGAGGCTGAG000GGAGAA TTGCTTGAACCGGAGGCAGGTTGCAGTGAGCAGAGACCGCACCACCGCACTACAGTGTGT
2-770 2780 2790 280D 2110 2820 2830 2840 2850 2860 2870 2880

GAAACAGAGTGAGACTCCGTCTCAAAAAATAATAA MT W6TATTCTTCAAAAACAIGGCCGGGCGCGCTGGCTCACGCCTGTAATCCCAACACTTGGGAGGCTGAGGCGG
0 2900 2910 2920 2930 2940 2950 2960 2970 2980 2990-

Alu repeat 7 (+)
GCGGATCACGA3 GTC3GG5TC8AGACCATCCCGGCTAACACGGTGAACCCCGTCTCTACTAAAATACAATTAGCCGGGCGTGGTGGCGGGCGCCTATA3TCCCAG0TACTCG

Flgure 1 For legend see page 55.



Subunit c of human ATP synthase 53

GGAGGCGGGlCAGlCCGCGTGAACf GGUTGCAGT TGAGCCGTA:XGTAC GCTGCACTiCCAGTTGAACAGMGCCN i iT C ATG
3130 3140 3150 3160 3170 3180 3190 3200 3210 3220 3230 3240

TTTTATTTCC-,rATCTGlTATTcTAarAmTAcATAcTTATTccTTAcTTcATGcATCTTAcTTGrccATTTcA ATATCAmAAG
3250 3260 3270 3280 3290 3300 3310 3320 3330 3340 3350 3360

ATCTTTTTAAAMGAATCTGCATTTCTGATTCTTCAAAATAAATTCCTAG AGTGATATTACTGGAVAAGTGtGATlGAGCTTAAAGCTTLACTCAAGAGTTAcIMuTCTGTCA
3370 3380 3390 3400 3410 3420 3430 3440 3450 3460 3470 3480

AAGAGGATGGCCCATTCACAGCCTTTGAAAAATAAATATTGCCAAACTGCTTTCAAGGAAGGTTTTCTAATTCATCCTCTCACClAGCAATATAGGA =TGCTCCn;CATTAAT
3490 3500 3510 3520 3530 3540 3550 3560 3570 3560 3590 3600

AAAMCTGCTGTT TTGAGCAGTACTAAGCGGAGCGrTTTAAACTTATATTCTTTGATTAGGAAGGCTGACATTCGTTCCTGCAATTCATATTTCTTCCTTACTGAATTGCCTGTT
3610 3620 3630 3640 3650 3660 3670 3680 3690 3700 3710 3720

CCTATCCTTTGCTCGTTTTTCTATAGGGATATTATTTCATTCTTTCAGTGTTGTTTTTACAAATAAACAATTTTTi'iIirLrCGGCGACTCC.TTCCC
3730 3740 3750 3760 3770 3780 3790 380 3610 3620 3830 3840

Alu repeat 8 C-)

3650 3660 3870 3680 3690 3900 3910 3920 393 3940 3950 3960

GGCTAATTTTTC;TATTCTTAGTAGAGACGGGGTTTCACCATGCTGGTCAGCCTGATCTCGAACTCCTGACCTCAGGTGAFl c¶ccTcrcCAArcGGAr GCo=
3970 3960 3990 4000 4010 4020 4004070 4080

TGAGCCACTGCACCCGGCCC h^CAAATGTiLrAAA GCCATCTGGATGATAGTCCTPTGGA CACGGCTGAGGTCCACAAACGCCTACIeCG rClCTT
4090 4100 4110 4120 4130 4140 4150 4160 4170 4180 4190 4200

GCCT1TgrCACAICACCTCCACGGTGGG AATTACTGCAAAGATCGGCTCTCCCGGCCTCGAATATCTC;GCG;GGATCTCAGCT G CTCCC
4210 4220 4230 4240 4250 4260 4270 4280 4290 4300 4310 4320

CCTCAGCGCAACTACCATCCCATGCAACGCCCCGTGGCCACCCGAATGAAGGCTCGGGGCCAAAGTATGTGTCTGACTGC CAC CCCGTC ATCTCTCCUWGC
4330 4340 4350 4360 4370 4380 4390 4400 4410 4420 4430 4440

CTTTTTrTCAGCTACACCrGGTCTCTTGTGCGCGAGGTTATGGAACCTCTGAGTCCCGCCAACTCTATGGTCGAGCGTTTCAG T= U 1 TCA GATCTCGTA
4450 4460 4470 4480 4490 4500 4510 4520 4530 4550 4560

GGAUAGCCCCGCCTCTATCCGCATGGAkGGCGGGAATTGCCACGAiAGCTCCTGTGAGGGGGA:AAACAGCTGCGGCCAMAGChGGGATCGATGACCrCACCAATW,GA
4570 4580 4590 4600 4610 4620 4630 4660

Exon I

CGCGGGGATATTACGG;CCAATGAGAATGGAG I%GGTCCAGGACACGTGGGTGGGGGAAGCTGAGGGCTG 1LGACCAAGG;GCTAAMCGGAGATCTlGTCACCTTGAGCCGGGCGAG
=- 4720 4

A
CGCTGTGGGCCAAGCAGGGGTGCAGGAGTGc;Z3E:TGAGcTTGGGGCCGG^GcAGCCGAATAGGCAGTTGTGGT GGAGTGTGcGoCAGG;GTATTTCCCCCCAGTGCTGC

4i~- ;*4870 4880 4890 4900 4910 4920

GACAGGCTATGGCAATCTAGATATGGCCTTATCAATGAATGTAATTACCAACGGTAATGAACGATTGAC7 TGCCTCGGCTE TCGGGGACTGCTGTGTAAG;ATGGGCAGGATCC
4930 4940 4950 4960 4970 4980 5030

Br H I

TGCGCGACACCTG;CCCAGTATCCGCCTCCAIGTICTTCCCGAGAGAccATTCCCTTTCGCAACATTTCCTTCCTGt;GGCTTGGGCACAnTTTCCTTGACTTCGTCCCATGACTTTG
5050 5060 5070 5080 5090 5100 5110 5120 5130 5140 5150 5160

GAAGACCCACTGCTCTGTCCCTCTGACCTCTAMTGCCCTCCTCAGCTGGGGCACGGTGAGAAC GTGGTCTAWACGGACGG GAG(CGAGGwICAT
5170 5180 5190 5200 5210 5220 5230 5240 5250 5260 5270 U

Exon II
._________-- M Q T A G A L F I S P A L

TATAAGCAAAkCAACCAGGGCCAGTGW.ATTATTATTACTATTTTTTCCCCCTC CTGAAAATGCAGACCGCC;GGGGCATTATTCATTCTCCAGCTC ST CGC
~~~~~~~~~~~~~Pst Izg# 5360 5370 5380_

GCCGCGGTGCTCTGTAGTACGTCTGTATGGTGTGGACGCCATCAGTGTTTAATGAMTGAACCCAGGGGAGCTTCCCGTCCTGATGATGTAGGCTCTT;TGGCGAGA GAT
5410 5420 5430 5440 5450 5460 5470 5480 5490 5500 5510 5520

GAGAACCCCTGT ATCTGGGCCTGTGACAA ACATC TTGGCTTTGG TGTGGTCAGAGAGTCT wATTTGATTTTTATCCCCAGTCTGCT CCAT A CTA

5530 5540 5550 5560 5570 5580 5590 5600 5610 5620 5630 5640

AAACAGTGGTTTTCAACGTGGCTGCACGTTAGAATCATCCAGGGAACTTTTTAAAATCCTGATGCCTAGGCTGCACCTTAGACCATTTGCATCAGACTTTGGGAATGGGGGTGG;ACCC
5650 5660 5670 5680 5690 5700 5710 5720 5730 5740 5750 5760

AGGCATCTGTATCTT ATTCCCAGATGATTCCACCGTGCA CCA GTTTGACCACT CACTAATTATTTC AGCCATGTTACAGATGTCTCCTTwACT
5770 5780 5790 5800 5810 5820 5830 5840 5850 5860 5870 5880

ATTCCAGTCGGTTTCCGGGGCTGACTGGCCCACTCCATTTAGGGTGTGTAGCTGTGAGTGTATTrrAGCAGAATAAAATTTCCCCCATCTGATTACTTGtTGATCTGGGTATAACCm
5890 5900 5910 5920 5930 5940 5950 5960 5970 5980 5990 6000

CCTGTACCTGTGGTATTAGTGTGGGTTCTTGTTCCATTCTGAGAGCTGATTAAAGCTGCCCcAAAAGTAAC TTTGGTTTGGT TGlTAAGGTTGCCACTGClr
6010 6020 6030 6040 6050 6060 6070 6080 6090 6100 6110 6120

ATATCAAGCTATTGAGACAGCTGTCTCTGGGGCAGGCCAT TAGGACAGGTAATAATTACCTTGAAATACATTGAACTTATTCTGTTTATGAATCTGTAGTCATTTTTGACAG
6130 6140 6150 6160 6170 6180 6190 6200 6210 6220 6230 6240

Exon III
I R C C T R G L I R P V S A S F L N S

CTCAGCAMTTAGGA-rTTTTTTlCCTTGACTGATTGGTAGGATGTGGCTTTCTGATTTTA ATCCGCTGTTGTACCAGGGGTCTAATCAGGCCTGTGTCTGCCTCTTGATAGC
6250 6260 6270 6280 :+ 6320 6330 6340 6350 6360

Figure 1 For legend see page 55.
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P V N S S K O
CCAGTGAATTCATCTMAC GTAAGGAGCAATAGCTCTCrTACGAATGTrCCCAAGGCCCAGGATGGTCCCTCACACCTGTAATCCCAGCTCTTTGA TGGC

6370 6400 6410 6420 6430 6440 6450 646 6470 480
Ato repeat 9 (+)

6490 60 0 6510 6520 6530 6540 6550 6560 6570 6530 6590 660

TGAGATAGAGGATGGTThT_ECCCAGGTAACCGGCATGCATGCATCACTGrlGZEAGACAACTATAAM =TATATTTT
6610 6620 6630 6640 6650 6660 6670 6680 6690 _0_ 6710 6720

AATCAAGGIkTGTTCCCAGCGGTCTTCAGCITTAATTGCCTTTAGACCAAAGTGGGAGGAAGTTGGACTCTGTATGClTTTATAGTTCTAAGTCCCC^CAAGTAGCCrMG
6730 6740 6750 6760 6770 6760 6790 6800 6810 6620 6830 6840

AGGTAA CATAAAAGTGAGGTTGCCACCCATGAA^TCCCTAGTCCTGTCTGCTGTCTGACA CTAGACTATTCCCATACTCTOCATCGTATTCTG
6850 6860 6870 6880 6890 6900 6910 6920 6930 6940 6950 6960

CATTACCAGOCAGTITTCAAGTTTC AGGCTCAGGTG GGGTGGGGTGAAGGGTAGTCAGCCACCTGTCCTTATGCCATACTATCTCTCTGCTATCTCGCCTCCiGCTCTCO
6970 6980 6990 7000 7010 7020 7030 7040 7050 7060 7070 7080

Exon IV

-P S Y S N F P L Q V Ai R R E F Q T S V V S R D I D T A A K F I G A G A A T V
TTYr TCTaA-CTC YVCTCCCGGGACATTGACACAGAGCCAGAG AATTA

7100 7110 7120 7130 7140 7150 7160 7170 7180 7190 7200

G V A G S G A G I G T V F G S L I I G Y A
TGGTGTGCTGTGTTCAGGGCTGGCA taliCrmCTGT^TGGAAC TATGC TGTT; TGGTCTACAGCATCTCCCACGTAAATTCCACOCCCGTTTGSG

7210 7220 7230 7240 7250 7260 7280 7290 7300 7310 7320

AAGCCTCAGTGAGGAGCCCCTTCAGGAOCCT CAGGTT GATTTCATCTACA CATAGTTTCTCCAAAAC TGCATCACCTCC=TACTACTTAAGTTGCCCKT
7330 7340 7350 7360 7370 7380 7390 7400 7410 7420 7430 7440

CTGCTTGTCCATCCAAATCCCCAGTATCTGTGAGGCAOCCCTCTCCCA GGAGTAACAGTCCCCATTCACCTCACCCTCCTGTGTCCTCCCCTCCCCTCACCCCTCCTCTCCCTCAA
7450 7460 7470 7480 7490 7500 7510 7520 7530 7540 7550 7560

Exon V
N P S L K Q Q L F S Y A I L G F A L S E A M G L F C L M V A F

CTGGCAATGATCTCTGCTC AGCTCTTCTCCTATGCCATTCTTGGC LSTGCCCTGTCTG CCATGG TCTlGTGGGC=CTT
7570 7560 7600 7610 7620 7630 7640 7650 7660 7670 7680

L I L F A M *

CTCATCCTCTTCGCCATGTGAGLCTCCATGGGGCACCGGCCTGTTGCTACTGCACTCCACACCATTCITTGTGCTGGGGTGTGTTAAGCTTACCATTAACCAICL MCTCTA
7690 7700 7710 7720 7730 7740 7750 7760 7770

AACCCCTGTCTGTGCC TCTGTCCTTTG ACCTTCAGGAGGGCTTGTGAAGGGAGGGAGGAATGCTCAGCCATGGGGGTGGAATCCTCGGTAAAGGmTCC
7810 7820 7830 7840 7850 7860 7870 7880 7890 7900 7910 7920

ATGACTGTAAGAACAGAGTCTCATGTTCTCCCAGGAGGAATATGGGTTTGTCTG;AGTAATGAG;ATTTTGCCTTTCCCTTCAGATTATTACAGTTGGCCATCTGTATCCATAGGT
7930 7940 7950 7960 7970 7980 7990 8000 8010 8020 8030 8040

TCCATATTGTGGATTCAACTAACAGTAGACAGAAAAATAGGTAAGTGAATGGTTGTGTCTGTACTGCACAAGTACAGGCTMTTTTTCTTGTCATTATTCCCTAAACAATA
8050 8060 8070 8080 8090 8100 8110 8120 8130 8140 6150 8160

CAGTATAGCCATTATT ATATAGCATT ACCTAGTATTTAGGT ATTGTAA GTAATCTAGAG TGATTTAAA GTATATGAG ATGTGCATAGGTT TGCATCTACACCATTTTA
8170 6160 8190 8200 8210 8220 8230 8240 8250 8260 8270 8280

TATAAGGGAkCTTGAGCATGTGGTATCCACTGGGGTCCTGGAGCCAATCTCCCACAGATACCAAAGGATAACTGTAACAACTGCATATTAATAGGTTAkCATTTTGMAAGGCTTAATT
8290 6300 8310 8320 8330 8340 8350 8360 8370 8380 8390 8400

ACACCAAGCATTTACATTCGTTATCTCACACCCTAAGAGTTATAAGCACAACrlAAAACTGTTTGCAAMTGACAG;ACCCAGGGTTGmAAGCAAAATAACTTATCCAGTATCA
8410 8420 8430 8440 8450 8460 8470 8480 8490 8500 8510 8520

CAGAGCTAGTAAGTGGCAGTTGGGGATTTCTCCCCCAGGCCAGCTTAAACCrrAACTGCACTGTTGTCCTATCTATTTTCTmTTTTT'IT uTTGTCCCATCTATTTCATTClTGT
8530 8540 8550 8560 8570 8580 8590 8600 8610 8620 8630 8640

CACACAACATTAATG;TGGCACAG^AAAGGAAACTTAGTCCCAAAGAAGTTGTATAGCAGGTGAAAGGrAGAG;GTAGGCTTCTATCTGCCTGTGTTTAGCCCCATTTGTAGGTTCATT
8650 8660 8670 8660 8690 8700 8710 8720 8730 8740 8750 8760

TCACTATCAATTAGCCTTTCTCAGAGTATCTAAATGTTCTTAAAGCAGATAAAGTACACAATCCTGGTTCTTGGAGAATTTATCACCTTAGTTTTGCTAGG;ATAAGACTATCTGAC
8770 8780 8790 8800 8810 8820 8830 8840 8850 8860 8870 88ei

Alu repeat 10 (+)

CAGGCATGGTGGCTCACGCCGTAATCCCAGCACTrrGGGAGG;CTGAGGCCGGCGG;ATCACCTGAGGTCAGGAGTTCGAGACCAGCCTGAACAACcTGGAGACCACTCTCTACTAAA,
8890 8900 8910 8920 8930 8940 895 8960 8970 8980 8990 90-00

AATACAAAGTTAACCAGGCATGG;TGGCGCATGCCTGTAATCCCAGCTACTTGGG;AGGCTGAGGCAGGAGAATCACTTGAACCCAGGAGGCGGAGGTTGTGGTGAGCCGAGATCATGCCAT
9010 9020 9030 9040 9050 9060 9-070 9080 9090 9100 9110 9120

TWA GCAArCGTC C ATGATTTGGGGGCGTGTGCCAAATAATGAATTCCATAAAAG=GTCAGCTCTTCrC rTG
90 9 150 9160 9170 9180 9190 9200 9210 9220 9230 9240

GGTTCTcAAATTATGCCCACCAGTCTTGCCCCTCTTGGCTAAAGTGGGACTGATAACCCAsTGTAAAATTAGCTAAGTTGACATATCAACAGTTGCTGCToTCTTAAGTCCTTGCGi
9250 9260 9270 9280 9290 9300 9310 9320 9330 9340 9350 9360

GCAAGCCATGGACAGGACTcATGCAAAGATGCTGGGACGTGGTCTGTCTCAAATTGGATGGCTTCAAA GTAGTACGTAAAGTGGGATCC
9370 9380 9390 9400 9410 9420 9430 9440 , H I

Figure 1 For legend see opposite.
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SmaI site of Ml3mp8 (Deininger, 1983). A 5.3 kb XhoI-PstI
fragment extended the sequence in a 5' direction. Similarly, a

12.2 kb Sacl fragment in AAT5P2.1 appeared to contain at least
a substantial part of the human P2 gene. It was amplified in
pUC12 (Messing, 1983), sonicated and sub-cloned into the SmaI
site of M13mp8 (Deininger, 1983). Subsequently the sequence

was extended beyond the 5' end of this fragment by sequencing
an overlapping 3.8 kb PstI fragment.
DNA sequences were determined at least once in both senses

of the DNA, and on average five and six times in P1 and P2
respectively, by the modified dideoxy chain termination method
(Sanger et al., 1977; Biggin et al., 1983). Problematic sequences
were resolved by substituting either deoxyinosine triphosphate
(Mills and Kramer, 1979) or deoxy-7-deazaguanosine
triphosphate (Mizusawa et al., 1986) for dGTP in the sequencing
reactions. Data were compiled with programs DBAUTO and
DBUTIL (Staden, 1982) and analysed with ANALYSEQ
(Staden, 1985). Sequences were aligned with programs NUCALN
and PRTALN (Wilbur and Lipman, 1983).

RESULTS AND DISCUSSION

Characterization of the genes

Attempts to clone the human P1 and P2 genes were hampered
by the presence in the genome of numerous related spliced
pseudogenes. In consequence, almost all recombinants identified
by screening of genomic libraries contained spliced pseudogenes.
A similar obstacle had been encountered previously in cloning
the bovine genes, and no recombinant containing the expressed
P1 gene was identified (Dyer et al., 1989). In the case of the
human P1 gene, but not the P2 gene, this problem was sur-

mounted by rescreening restriction digests of positive clones with
a second probe derived from the 5' region of the P1 bovine
cDNAs, and searching for recombinants in which the 5' and 3'
probes hybridized either with the same large fragments in various
digests, or with more than one fragment in the same digest. Thus,
isolate AHP1.9 from the SH library was found to contain only
large restriction fragments (> 3 kb) that hybridized with both
the 5' and 3' probes, indicating that the hybridizing sequences
were distributed in several kilobases of DNA. Amongst
hybridizing fragments in AHPI.9 was a BamHl fragment of
4.4 kb, and a fragment of this size also was detected in digests of
human DNA (results not shown). It was sequenced and proved
to contain the expressed human P1 gene.
A clone containing the human P2 expressed gene was isolated

by probing with a sequence at the 5' end of sequence determined
in the bovine P2 gene (Dyer et al., 1989) which is not present in
the bovine P2 cDNA clone. This sequence is now known to be
part of intron A of the bovine and human P2 genes. Large
restriction fragments (> 12 kb) in recombinant AATSP2.1
hybridized both with this probe and with the P2 probe derived
from the 3' end of the bovine cDNA. A 12.2 kb Sacl fragment

from AATSP2.1 was sequenced and contained the expressed
gene. A fragment of similar size hybridized with the P2 probes in
a digest of human DNA (see Figure 6).

The human P1 and P2 genes

The human genomic sequences containing the expressed P1 and
P2 genes are 9457 and 15 016 bases in length respectively (Figures
I and 2). Their G+ C contents are 47.8% (9.4 kb sequence) and
46.9% (15 kb sequence). There is one ambiguity in the P1 gene

at nucleotide 9444, where an A residue was found in one clone,
and a G residue in two others. It is assumed that the correct
assignment is G. Nucleotide sequences of partial cDNAs for
human P1 and P2 have been described (Farrell and Nagley,
1987), but both differ from the corresponding genomic sequences

at several positions (see legend to Figures 1 and 2). The P1
cDNA clone confirms that poly(A) is added after nucleotide
7799.
The protein sequences of the human and bovine P1 and P2

precursors contain an identical mature c subunit. Assuming that
the sites of cleavage of the pre-sequences are the same as in the
bovine proteins, the human pre-sequences of P1 and P2 are 61
and 66 amino acids long respectively. In contrast to the mature
proteins, the pre-sequences are not conserved. Those of the P1
proteins are the same length, but the sequences differ in 11 amino
acids. The bovine P2 pre-sequence is two amino acids longer
than the human homologue, and the sequences differ in 17 amino
acids.
The human P1 and P2 genes are both divided into five exons

(Figure 3). In common with the rather narrow range of exon

lengths observed in other eukaryotic genes (Naora and Deacon,
1982), their sizes range between 29 and 259 bp (Table 1). Introns
B-D in both genes are found at almost identical positions to

those in the bovine P2 gene (Dyer et al., 1989). In the human P1
and P2 genes (and also in bovine P2), exons I are in the 5' non-

coding region, and exons II correspond to the rest of the 5' non-
coding regions present in the mRNAs and to a region encoding
part of the import pre-sequences. The rest of the pre-sequences

are encoded in exons HI and part of exons IV, which code for the
N-terminal 38 amino acids of the mature protein. In none of the
three genes is an intron found at the boundary between the
processed import sequence and the mature protein. In contrast,
the import sequence and the 5' non-coding region of the mRNA
of another mitochondrial protein, subunit IV of cytochrome c

oxidase, are encoded in separate exons (Bachman et al., 1987),
and an intron separates almost all of the DNA coding for the
import sequence of the human ,f-subunit of ATP synthase from
the region coding for the N-terminal end of the mature protein
(Ohta et al., 1988).

Intron D in the human pre-proteolipid genes almost certainly
does correspond to a boundary between structural domains in
subunit c. It interrupts the sequence coding for Arg-Asn-Pro-,
which is believed to form a fl-turn outside the lipid bilayer and

Figure 1 DNA sequence of a fragment of human DNA containing the P1 ene

Exon (marked with double lines above and beneath) is homologous to sequences in the 5' regions of a bovine processed pseudogene (Dyer et al., 1989) and of an ovine P1 cDNA (Medd et
al., 1993) from sites A and B respectively. Protein sequences are shown over exons Il-V, and the small arrows denote exon-intron boundaries. The part of intron A (marked with a broken line;
nucleotides 5322-5340) is very similar to nucleotides 1-31 of bovine P1 cDNA (Gay and Walker, 1985). The sequence differences in the 5' regions of a bovine pseudogene and of bovine and
ovine cDNA can be explained by two alternate transcription initiation sites in the human sequence, corresponding to two TATA boxes (triple underlines; nucleotides 4688-4693 and 5279-5285).
CCAAT boxes have a single line above them, and the sequence GGGCGG and its complement are boxed. The doubly underlined sequence (nucleotides 7780-7785) is a polyadenylation signal,
and poly(A) is added between nucleotides 7800 and 7802 (Farrell and Nagley, 1987). The A/u repeats on the displayed and complementary DNA strands are denoted by (+) and (-) respectively.
The Sau3A site at the 5' end of the insert in AHP1.9 is shown, as are the Pstl and BamHl sites used in cloning this sequence. A partial human P1 cDNA sequence (Farrell and Nagley, 1987)
covers the coding nucleotides from 6372 to 7785. At the positions corresponding to nucleotides 7126, 7128, 7129, 7702 and 7785, Farrell and Nagley (1987) report C, G, C, A and T in the
cDNA. In addition, the cDNA sequence lacks 33 nucleotides that are present in the gene sequence, from bases 7711 to 7743.
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3' region of Alu repeat 1 +)

_C_GCAGTGAGCCATGTTGTCACCCCCCGCTGGTACGAAGACCCTGCCAAATATATAAATACATCAGGA AGitTCCC
30 40 50 60 70 80 90 100 110 120

Pst I

CAGCAAAATGTTTTGGTCATCCCTCTGCCACCATCTCTCCTACTGATTCCTCCCTCAGAAGCCTGGATACCAGTGATCCTTTCCCTTCCTTCATCTACTGTTTTT,-nCrTTAGAAT
130 140 150 160 170 180 190 200 210 220 230 240

AGGGAGGTTTACCGATGTCTCACAGTCCTGATGTCTTAGGGAATTGATTTA CAAW.AAAAGTAGAAAA TATATCAGTCAGTTCCCACCAG;CCCATCAG CCCAGGW TGATTAA
250 260 270 280 290 300 310 320 330 340 350 360

CAATCACTAATAMATAGAGAAGCTCAATATGTATAAAGTATTGGCAGTGCAAAGTT CCACTTTAACTTGCAGAAAAGTGCCTGTT AGCAGAhAAAGAAAATCCTGGAGTACA
370 380 390 400 410 420 430 440 450 460 470 480

CTGGATGAAATCTTAGAGATCACCTACTTCTCTCCCTGATTTTCCAAATGlsGGAAACTAAAGCTTCGAGAGATGAAGTAACTAGCATAGTTATTCAACTATT AGTAGCAG CTAG
490 500 510 520 530 540 550 560 570 580 590 600

CTAGACTCCAGTCTCCTGCCTCGAAGACAGCTGTTCTATCCATGCCACTTGCTGGCAACATGTGCATCTAGCAAAACACATCATAAAGTATCCTCATCTTAA GCCATCACGATGGAAT
610 620 630 640 650 660 670 680 690 700 710 720

CAAACCATTTAAACCCTTCCTCTTCTCTCTAGCAATATTTTTTCTTCGCATTTC-TCTGTGCCCTGGTCTCTCTCTCTCTCTCTCTCTCTC rTCTCTCTCTCTCTCGT1TTTAAATC-AC
730 740 750 760 770 780 790 800 810 820 830 840

TCCTGTTTsCTTTCGTGGCTCTTTCTCATTGTGGCATGCCTGCATGAGTATCTTGATTTTTCTGCTCTAAGCTATGGTTTCTTGTCCAAAGAAACATATATAAACAAATCA/UAACCCTTCC
850 860 870 880 890 900 910 920 930 94C 950 960

TTGGTGACCTTGTAGAAGACACTTGGAATTTCTATATGAGAGAAGCTGAACCTCTCTCTTAGCCTATCCAGTCAATTAAAATGAGTCTGTGGCCCCCCTGAGGGTTGTTAACCAAT
970 980 990 1000 1010 1020 1030 1040 1050 1060 1070 1080

CCTAAGAAAGGAAAATCAATCTCATTTCTTCGTCACCACTGGGCAGGGAGGCTGCCAACCAGTCAGAATCTGCCACTCACAGTCATTAAMAAAACTGGCCAATCAGTCCAACCTTGTTA
1090 1100 1110 1120 1130 1140 1150 1160 1170 1180 1190 1200

TATGGTCT.GGTAGGAAAAGAAGGGACTGATTXAMAGGATACTTCTGTCTCCACACCCTTTCCTTCCTGGACCCCGGTTTTCCCTTTGTGAAGTGAAACGAAGGACCCTTCCCCAAt;CCT
1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320

ATAGTTAAGAAGATCCTCCGACCCTCAGCTAAG;CTTCTCTTGGATCTTTGCTGTCTTCAAATTCACCCCTCCCCTTACAAACCTCCTTTTTGGAGCCTCACTGCTCCCTTGCGGATTTG
1330 1340 1350 1360 1370 1380 1390 1400 1410 1420 1430 1440

ATTCTTGCTTCAAGCCTCGTAGTAATAGTCCCAGGALTTCTCAGCCTCCCCTCAGA TCTCCACTCACCAGCAAGA AATAACTTGTTTTGTATGACTTATGCAGAAACGTTTmA
1450 1460 1470 1480 1490 1500 1510 1520 1530 1540 1550 1360

AAGTGTAGTTGAGTCTC56CAGGGATACTATCTCAAGGACCTTGCAATA1ACAGTCCATATAGGTAGCAGTGCAGAATTGAGTTGCAATCCCTTAACTATAGAACAGTGATGAT1570 1580 1590 1600 1610 1620 1630 1640 1650 1660 1670 1680

TGGTGATGATGGTGGTGATGGTGGTGGTGGTGGTGGTGGTGGTGACGATGATGAmTAATGCTAGCAMTTACTGAACTCTTACTGGGTACCAAGTACCTTGCTAAA^GCTTCATATGTA
1690 1700 1710 1720 1730 1740 1750 1760 1770 1780 1790 1800

TTATCCCAATATTGGCTGTGTGATAAGTACTATTATTCTTCTCAATTTACATAGGAGGAAATAGATTTAGAGGGGGTTAAACAGCTAGCTCAAGATCACACAGCAMTTTGGGAUCCCAGA
1810 1820 1830 1840 1850 1860 1870 1880 1890 1900 1910 1920

TTTGTCTGAACGCAGAACCCATTATTCTATGAGGGCAAGGGAGTGTTAAACATCGCAGGCTGTAACAACTTTTGGAAAGAGCCAGCTTTAGCTTCCTCCCAGGCCCCTTCTCTGiTCCTC
1930 1940 1950 1960 1970 1980 1990 2000 2010 2020 2030 2040

CTCTGGGATTGTTAGCCATATCTGAiG-.GTCTAAATTGTCGCAACAGCTGCAACAGCCGTTTGGGGGTGGTGGCTCCTAAGAACTGTGGACTiTTCTCACTGAGGATGTGAAGCTGAC
2050 2060 2070 2080 2090 2100 2110 2120 2130 2140 2150 2160

AGCTTAAAAGAATTCCGTTTTGGTGGGAATGGAGATGTCTGGAGACCTCAGGGGATAAACTTGTGTCTTTGCTAGCCTGTCTTTCTCCTAACAGCATCTCCACAGTGCCTGGCACCATT
2170 2180 2190 2200 2210 2220 2230 2240 2250 2260 2270 2280

GGTACTTGATAMATACCTGTTGATTGATTCCCAAAGATCCCAGTTCCATTTCCCACCTACCTGCCCGCTCGGGGCGCAACACAACTAACTGGACAGATTTGGGG&ATTTCACAGAACC
2290 2300 2310 2320 2330 2340 2350 2360 2370 2380 2390 2400

TGTGAGAATCCTGATGGGCTGGAAATGCGAATTTAGGAAAGACAGGCAGTCTACCACCCTCCTCTTCTCGCCCGCTTCTCCTATTTCTCCCCACTCCTTCCCCTCCCTTCAGGAGCTC
2410 2420 2430 2440 2450 2460 2470 2480 2490 2500 2510 2520

AGGGCCATAAAAATGCAGATGGAGGATCGGTGTGAAATAACGGGCCCATATAAATCCCTCTGCCGCCCGCCTGCAAGATGGATTGGCCGCATTG;AAATTCCTCCGCGAGGAkTAATTAAAC
2530 2540 2550 2560 2570 2580 2590 2600 2610 2620 2630 2640

TCGGGGCCTCATCCGGGCAAAATTACATTCCTGTAMTGGCGTCGCTCGGGGTCCCGGGAMTTGCTCCGTGGGCTTTCAGCGGCGGTTTTTATCGCCGGCCGGGGTGTGCCTGTCTGCGG
2650 2660 2670 2680 2690 2700 2710 2720 2730 2740 2750 2760

CTCGCCTCTCCTCCGGGACCGTAAAGCTGCTGCCGTGATTATCCTCCCCTTCTCCCAAATCCGATTAAATGGAGGAGCTCGGGGCCGGGGCGCCGCGGGGCCCGGGAGCCWGC
2770 2780 2790 2800 2810 2820 Sac I 2860 2870

:CGGGAAGGACGGGGCCAAGGAGGGGAGGACAAACGGCCCCTCAGAGAGTGGCGGATrrGCCTTTATTACAGCCGCGGCTTTCT ATTTTTATTTATTTTATGGGGTTTGGTGAG
2900 2910 2920 2930 2940 2950 2960 2970 2980 2990 3000

CTTTTCCCGTCTTTCTCGTGCTGCGTTCAAGCACGATGCAGGGACGGCAGGGGTTTGGAACTGGATAGGCCTTGTCGCCCTGTTCCAAAGGGCAGGGCA GGTCCTGTCTGAGACAG
3010 3020 3030 3040 3050 3060 3070 3080 3090 3100 3110 3120

AGGCCTAGGAAAGATGAGGGCCAGGAAGCCTCCCCCACCTCCTTCCATCAGGGGAAGGGCGAGCGAAAGGGGAGAGAAAACCCACGTTCAGGAGAGCATG&}A :GAGGGCG
3130 3140 3150 3160 3170 3180 3190 3200 3210 3240

Figure 2 For legend see page 60.
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TGCTTATCCCAACTCGCGTAGTTGAAACGAGCAGAGGCTCGGGCAAGCCTGG;AGTGACCTC CCAACCTTACAC;CGGGTCGCA t;GTGCCCGTTATTCCTAGCGCCGACTCA
3250 3260 3270 3280 3290 3300 3310 3320 3330 3340 3350 3360

AAAGAGGGATTCGGATCATATTTAA CCCTATTCTGGCTCGCTGATGCTGCTTCTCTCATGGTTTATaCCGGAATGGAAAGAGA ^GGGGGG AAl:AcGt;GAGCCACCA
3370 3380 3390 3400 3410 3420 3430 3440 3450 3460 3470 3480

GAAGCAGCTGCGGCATTTT GCTGAC ATTCGCCCATGGAGCCGGTTTGC CATCCAGG TGCCAG lGTCCCGGGG _GAAGCGATCCCAAGATCTCCTCTGCTGCATTTA
3490 3500 3510 3520 3530 3540 3550 3560 3570 3580 3590 3600

GGCACTGAACCCCAMTCCCGACCGTATGTACACTGAATTTAGTAGATTCTTGATTAGCGCGCTGCTCGAA ;AGC AAGTCCGGTCC AACzGC
3610 3620 3630 3640 3650 3660 3670 3680 3690 3700 3710 3720

GTACAGACCAAACCGCAGTCCACGTTACGGATCGGCTTA TCCGCGGAGTTGGCCTCATTTCTGCAGTCGGCGCTCCCTGTAGTTTTCTTCACGCCAGGTGGh CCeCCGGCG
3730 3740 3750 3760 3770 Pst T 3600 3810 3820 3830 3840

ATACCGCCACAGCCCTGGiCAGCGGCGCTGTGATGCCTGAGCTGATCCTGTATGTTGCAATCACTCTATCCGTGC G GACTCTClc=z;sGGGG TC
3850 3860 3870 3880 3890 3900 3910 3920 3930 3940 3950 3960

Exon I

TTCG CGCTGCTT C ; _MGcCTTGGGAcCTAA>GcccTcTGTGcc GCGcGcoGCGCGcacCTc ccrTcGWAe
4030 4040 4050 4060 4070 4080

A

4090 4100 4110 4120 4130 4140 4150 4160 4170 4180 4190 4200

CTGGCGCCATCTTGGATGTC CAGGGGATACCTTGGAGCTGGCCAAAGTTAGATCC GGAGTGCTGCTTTTCACCTGTTCCACCCAGTCCCTGCAAMCACTCTTTCTCGCCCT
4210 4220 4230 4240 4250 4260 4270 4280 4290 4300 4310 4320

CTGGCCCTTTCAGATTGTGACAACCCCCAGGCTCTCC CCTCCTATCTCTGCTTTCTCTTCTCATCCTGKrCTTTCCTTCTTTATTCTGAATCTCCAGACTTTAGG;CCCCAGAACCTCA
4330 4340 4350 4360 4370 4380 4390 4400 4410 4420 4430 4440

GGTGCTCCA:CATGGAGATAGTGGATCGTCTAAAGTCACCAATCCCTCTAGTCA GCACCCCTCAATTAA AGTACTTGAAiCliTGGTA=AGGC AM=AACATC
4450 4460 4470 4480 4490 4500 4510 4520 4530 4540 4550 4560

GCCTCCCGTTAGGTTGTGGCTTGGGATAGCTAAGGCGMGGGAGGCTGGTTGCTTTGGAATCACTAGTTATTTACCAGTACCITrtCTCGCACCGCCGTGTIGTTGTAAA
4570 4580 4590 4600 4610 4620 4630 4640 4650 4660 4670 4680

AGTCACAAATGGTGGGCTAAGATGAGGTTTCTGTTGGGAGCAGGCCCAGAAAGGOGTAAGGCCAAGCAGTGO=GCCAGCATGAGACC=TGCC I1;UTGTGAG
4690 4700 4710 4720 4730 4740 4750 4760 4770 4780 4790 4800

ATTAATTAACCTCCCCAGATTCTGCTGACAAGAAAAGAGGTTTAGGAAAGGAATAGTTAA GTTACTAC CCCTGTGAC TCATCTACACTAGAPGCGGATGATTTTGGAk
4810 4820 4830 4840 4850 4860 4870 4880 4890 4900 4910 4920

GTCCTGATTCTe;GATAGTGCCTTTOCCCAGMGTAGGCTAACAATTGCAGAGTTGCCATGGTTAGATAGCCAJTGTGGGAWTCACTTAATTGCCACCXC,YrTGTSTTC=TATTATAT
4930 4940 4950 4960 4970 4980 4990 5000 5010 5020 5030 5040

GCCAGCTACCACTTAACCTATGTATGTTsAITTTGTAAATGhACATACTTAATcCCC AGGATTcAcATTAGAAT%TTAGAAAGACCAC
5050 5060 5070 5080 5090 5100 5110 5120 5130 5140 5150 5160

CCTTCTTTTTCTAAAAGCCTTsAAAGCTATTGGATTTGACCCAAGAAMACCTGAATAGTACGGCAGCAAAATTGGGTTAGAGTTACATATGCAAMTCAGAGTTCTAGATAGGAC
5170 5180 5190 5200 5210 5220 5230 5240 5250 5260 5270 5280

Alu repeat 2 (+)
b.CA =UCOCATh^CTAAUBThSTAAGGTGGGGTGGGGCTCAACGATCACCGGGCAGTGAGTTTGkGCGATCAA

5290 5300 5310 5320 5330 5340 5350 5360 5370 530 5390 5400

TAGCCTGGGCAAzATAAATTAAGhGCAATTbGATGTTGGATTCAG;AAGTGTTT AACCTGGGACAA TCTGAGtTTCAGT'ATATAAGTGATTAATAGCCCTAAGCATTCA
5410 5420 5430 5440 5450 5460 5470 5480 5490 5500 5510 5520

CTGAGTATTTCAGCCTGTGACATATTAGAA ATGTAACTTAAA AGATCCAAC GTCTATCCC ACCACTACCACATTTA GGGTACGT GTTAA
5530 5540 5550 5560 5570 5580 5590 5600 5610 5620 5630 5640

GTATACCTAATAATCATCTGOGAcrG^ACrlGAMTTACAG GGCACTTGAGCCTTATTCCCAGAG;ATCTTTIEM TTAT GIkAGGT-LCACGTTCTGCCATACTGGACAAC
5650 5660 5670 5680 5690 5700 5710 5720 5-730 5740 570 5760

Alu repeat 3 (-)

TGGCGTGATCATAGCTWCATAGCCAGCTCCTGGGTTCAGCAGTCCTCCTGCCTCAGCTTCTGGQGTAGCTGGCAA=ATCACCACCTGGTmTTATGTT
5770 5780 5790 5800 5810 5820 5830 5840 5850 5860 5870 5880

TTGTAGAGATGAGGT1CTTGATGTTTGCCCAGGCTGGTCTCAMACTCCTGGCTTC'AAGTTATCTTTrCCGcCCCAGCTTCTCAGTGTTGGGATTACAGGAATGWCcACTGACCAGCTCC
5890 5900 5910 5920 5930 5940 5950 5960 5970 5980 5990 6000

CCCAGAGATCTGAS AG_GTCAGTGCGCCCJAAGATATGCATTTTTTAATACGTACACCACCCAGATAATTCTAGTTCAGATGGGCTTCTCCTTCACTTGGAGAACCCTGC
6010 4020 6030 6040 6050 6060 6070 6080 6090 6100 6110 6120

CTAGGTTAACTCACTGTTTGAGGTAAGTTCACTTCTACCAACTTAGATACCTATAGGGTGTCAGATCTTCTTTAGATCTTGGGGAGAChCAAT AATACT LTTIb
6130 6140 6150 6160 6170 6180 6190 6200 6210 6220 62 3i240

Alu repeat 4 (-)

T 629TG0GACAGTTTCC630GTTGCCCAGGCTGG3GTACAATGGCGCAATCTTGGCTCACCGCAGCCTCT0CTCCTGATA

GGATTACAGOCATCTGC GCCCGS CATATTTTCAGTAGGCGGTCCCTTGTCTGGTCTCGAACTCCTGCCTGTTCCGCCIGC
6370 6380 6390 6400 6410 6420 6430 6440 6450 6460 6470 6480

Figure 2 For legend see page 60.



6490 6500 6510 6520 6530 6540 6550 6560 6570 6580 6590 6600

_C_A C TCAG TGTTGGAACCTTCCAGTGT CTTCACA TATCTC
6610 6620 6630 6640 6650 6660 6670 6680 6690 6700 6710 6720

6730 6740 6750 6760 6770 6780 6790 6800 6810 6820 6830 6640
Alu repeat 5 (-)

6850 6860 6870 6680 6890 6900 6910 6920 6930 6940 6950 6960

TCC;TGATCCr-MGCCTC---CTGCCCnAAAGcCrG= TCAGTGAACCACGTGCCCAGCCTAAACGCACTTTTAAAGGTCCAGATGTGAATCTTGAGCTTCWCTTT
6970 6980 6990 7000 7010 7020- 7030 7040 7050 7060 7070 7080

AATAAACTGGAA GGCAAGCACTGGGAAATTTGGCAACTGCATATCATGGATGGTAACAGTCACCTGA AcGTGT TT
7090 7100 7110 7120 7130 7140 7150 7160 7170 7180 7190 7200

CGCCA;GGGGAGTCACTTCATTATAGATCTTGGGAkGCTGTGrGG GAAGAAGGTCATGACTTCAG GTTTTATTCTArTTTGCCAATGRCTTAGTCACTCACTG
7210 7220 7230 7240 7250 7260 7270 7280 7290 7300 7310 7320

mcrwSGCcAGTTAA 15Te .CCCTTTTCTGcTkATAAGGATATAGTTAGTGAATkAG.AGCGTTTAkCAATJACTG CTTUGTATsTTC~~CCTGCAACTCTA
7330 7340 7350 7360 7370 7380 7390 7400 J 7440

Exon 1I
M F A C S K F V S T P S L

CCCCCTGAAMTGTTCCTC CGTTTGCTCCACTCCCTCCTTS TTTCTGGAGAGLTAAAGGGAGLAATC TTTCCATCCTTGT
7450 7460 7470 7480 7510 7520 7530 7540 7550 7560

TCTT CGATCAACGCGCACTGGACCACCATtM NO~
7570 7580 7590 7600 7610 7620 7630 7640 7650 7660 l670 7660

Alu repeat 6 (+)

7690 7700 7710 7720 7730 7740 7750 7760 7770 7780 7790 7800

GGGGCGGCAGACCCYUAAT_AAATAGTAAATsAGTAAGMAGATTCTTGGAGGGAAGGCCCTCTGCTATGhTGGAA<CAGITGGTGATGCTTGCT
7810 7820 7830 7840 7850 7860 7870 7880 7890 7900 7910 7920

7930 7940 7950 7960 7970 7980 7990 8000 8010 8020 8030 8040
Alu repeat 7 (-)

CCTrGcccATCGCGCTCAAGACTGGTTAcAGGCccACCGCCAatGTA ATTTTTcTAG GTTG_
8050 8060 0o70 8080 8090 8100 8110 812 130 8140T 150 8160

ccGGG~G~Tc~c1~rGC _TccGAGTAGAGAcAGGGnTcTccATGTGcAGrrMTSc rAT CAGGCTGGTACTTGACTCCTGACCTccGGCTGGCCTCc AAATT
I17 8iv0 5190 820 8210 8220 8230 8240 8250 8260 8270f 8280

AT GT0CCTGGCT~GTCCCAGTTAATTCTTACCCAGCCATCTTAGGAGAAGAATAGAGATGAGAATCTAGACCAAGATCAAGTTATTrCCTACTCCTGA
5290 0300 8310 8320 8330 8340 8350 8360 8370 8380 8390 8400

AACTATATGCGCTGTAAGCTGGCCCTCChGU;TG TAAATATAATAATTACATAACTTGGACTGAGTATGCACTGTCTGTAGGAkTCTTGTCCTGAGTTGCCTAG;CTAAGGAGTC
8410 8420 8430 8440 8450 8460 8470 8480 8490 8500 8510 8520

TTlJC= A mA TGGAAAAGATTTACTCAGAACACAGTATGGAGATTTTGATATAGCTAGGGGCGT
8530 8540 8550 8560 8570 8580 8590 8600 8610 8620 8630 8640

GGrTT GCCAATTAGCACTCACTGAGTTTACcAcrTsTAATTGGTATACATAATCTCATTTACTTCAAATCACCCAGG
8650 8660 8670 8680 8690 8700 8710 8720 8730 8740 8750 8760

ArTGATAcuGGrTTZGTGM~~GATTATCTGAACACTGCTGzATAA TAGkTGACTCACTTTATCTGAMOCTAG
8770 8780 8790 8800 8810 8820 8830 8840 8850 8860 8870 8660

CCCTGGTATGAACCCTTGTCTGTTTGTGTCACGGCTTGGGGTTAGrCAAAGGCTrACCAGAGGGGAGTTTTGAGCATGAATCTTTGrGTCCTATTTCCaAAAAGsT
8890 8900 8910 8920 8930 8940 8950 8960 8970 8980 8990 9000

GTGTTCGGAAGKTTACrTGGoCTTCTTCTTATGCTGACATACCCTAAGGcCAAGCCCCAATTTAATTAAGATTTTTTTTTTTAyrNCATGPTGATGCAAATGAkTATGc
9010 9020 9030 9040 9050 9060 9070 9080 9090 9100 9110 9120

ATTCATTAGAAACCATACTTC IAA T CCTGT
9130 9140 9150 9160 9170 9120 9190 9200 9210 9220 9230 9240

Alu repeat 8 (+)

GTTGTAG ~ ~ TCAGCCGAAXCACGCTTCCAGCCTGCGATACAGCMAGACTCCGTCT _T*TCTTT
9370 9380 9390 9400 9410 9420 9430 9440 9450 9460 9470 9480

/TcqTTCOC cl;uGTGTraGTACATACTCTGTGCATACTCAGCAGACCCAAGCTCCCAGcTCACTcGCCCAATC ACAGGGGTAAACAACGTACTCTACGGTGTACT
9490 9500 9510 9520 9530 9540 9550 9560 9570 9580 9590 9600

legend see page 60.
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G=TGTTOCSmC CCT T&&WCTMTGTMGCTGCTAmGTGCC1TrG.ACArCAwG,,CcTATGGIGm GAGT AAGGlATT GT A TM T
9610 9620 9630 9640 9650 9660 9670 9680 9690 9700 9710 9720

TATGATGGATTTATTGGCACATAACCCTATGGTAAGTTGAGGAGCATCTGTATATATTTCCCT T&C'1GTGAGCA CTTCTGAGGCTTAGATTTCTCTTGTTCTCAAGAGCTAT
9730 9740 9750 9760 9770 9780 9790 9600 9810 9820 9830 9640

AAAGATTACAGGTGATCTCTTATGGCCCAAAGGAAGTAGCTTCTTTCTTAGAGCGAGA AGCAAGAGATGGTaT cm s cTo
9850 9860 9870 9880 9890 9900 9910 9920 9930 9940 9950 9960

AAGAATGAkTCCAAACTCAACGTCATTGAATGAAGCATAAGAGAATICTGTCTGATATG;TA^CAACGTOGCA2TAGTTCTGAACTCTCTCCAGTCTTC
9970 9960 9990 10000 10010 10020 10030 10040 10050 10060 10070 10080

Exon III
V K S T S Q L L S R P L S A V V L K R P E I L T D E

C CCTGCCCCTGTATGTCATTCCTGCS CCGCTATCTGCAGTGGTGCTGAACGA GGA TACTGDATGEJ;TACCT
10090 10100 10110 4 10130 10140 10150 10160 10170 10180 10190

TA1=CAz=CGTG;GAGTTGAIC CTCCGA/iCAGGA6GCTAGiATGCTGAGGACAGTCATCACAG A AAATCTATGSGSCCWG
10210 10220 10230 10240 10250 10260 10270 10280 10290 10300 10310 10320

ATGGGC=AGTGGIGATGGAGGACAiCTTAiATA=oTGTATGCCTATAGTG=cAW AGTTTTGCCAC TGGCAAAcACCGGCACTFGcCTGCTATGGTATACTTGCCTA TC
10330 10340 10350 10360 10370 10380 10390 10400 10410 10420 10430 10440

TACTGACTAO TGAGC ATTAGTCCT AGGAGTGATCTCCTTGGGGCAGCA AGAATAGACTAGGGCCTCAGTCTTACACTTCTTGACCACCTGAATCTTAAAGGCATGAA
10450 10460 10470 10480 10490 10500 10510 10520 10530 10540 10550 10560

TCTACATCCTACGTTAAAGTTCTACTOCAGATT AGGGCGTTAACAT TTTGGGGGAAATGTTTTGGACTAA CTTTAATGGTAAAATT
10570 10580 10590 10600 10610 10620 10630 10640 10650 10660 10670 10680

S L S S L A V S C P L T S L V S S R S F Q T S A I S
CCAAAAAAAAAC TTCTACCTGCCTCTTTTTCAC CTCAGCAGCTTGGCAGTCTCATGTCCCCTTACCTCACTTGRCTCTAOCCG TC GCCA TC

10690 10700 10710 4 10740 10750 10760 10770 10760 10790 10800

Exon IV
R D I D T A A K F I G A G A A T V G V A G S G A G I G T V F G S L I I G Y A R

AAGGGCATCGICACAGCAGCCAAGTTCATTGGAGCTGGGGCTGCCACAGTTGGGG;TGGCTGGTT CTGGGGCTGGGGATTGGAACTGTGTTTGGGAG CCTCATATGTA CAnCA
10810 10620 10830 10840 10850 10660 10870 10880 10890 10900 10910

AGATAAiGTTCGGACCCTCCACTGGTTATCTGATATGCTTTCCAAAGGTCAGAAAATATTTGGGGGTCTAGAACTATACTATCCCACACTGTGCATGTAA_ _ n-t~l.I-L.,
10930 10940 10950 10960 10970 10980 10990 11000 11010 11020 TT7 T510

GTTiTGTTTTGAGRCAGTAA:CGCTCTGTTTCCCAGGCTGGAGTGCAGTGGCGCAATCTCAGCTCACTGTCACCTCTACCTCTGGGrTCAGGATTCTTGTGCCTCAGCCTCCCAAGTAGC
_15 116 117 18 19 10 IO 11120 1111 11140 11150 1116

Alu repeat 9 (-)

11170 11160 11190 11200 11210 11220 11230 11240 11250 11260 11270 11280

GGCCTCCCTAACTGCCAGGAkTTACAGGCATGAGCCCCCGCGCTTGikCCTGACATTTTAGTTTAArrAATTAAAMATACATAGTTTCAGTTTTCAGTTCTT.CAGTCACGCTAACCATATT
11290 11300 11310 11320 11330 11340 11350 11360 11370 11380 11390 11400

CGAGTGTCGAGCCAGATGTGGTAGAGGCTACCATATTCAACMATGCAAATATAGAATGlTTTGGCITGGGCACAGTGGCTCACTAATCCCAGCACTrTTGGGAGGCClAGGGCAGGTGiAA
11410 11420 11430 11440 11450 11460 11470 11480 11490 11500 11510 11520

11530 11540 11550 11560 11570 11580 11590 11600 11610 11620 11630 11640

Alu repeat 10 (+)

11650 11660 11670 11680 11690 11700 11710 11720 11730 11740 11750 11760

AGAAAAACATATlGCTG<GCGAGGTGGTTCATGCCTGTAATCCTGCACTTTGGGAGGTCAAGGCGAGTGGATCACCTGACGTCAGGAGTTTGAGACCAGCCTGGTCATATGGTG
11770 11760 11-790 11600 11610 11620 11830 11840 11650 11660 11670 1166

Alu repeat 11 (+)

AAACCCTGTUCTCTAA TTACAGCTGGTGCGCCTGTAGTCCCAGCTACTCGGGAGGATGAGACAGGAGAATTGCTTGAACCCGGGAGACAGA;GTTIAC
11890 11900 11910 11920 11930 11940 11950 11960 11970 11980 11990 12000

GTGSGATCGCGGACGGGAGCCCAsTCAAAAmAAAAATTATATATATATATATATATATATATATATATATATATATATAG=rXGT
12010 12020 12030 12040 12050 12060 12070 12080 12090 12100 12110 12120

ATGTANTANTAnASmATATCAT ~TCATGACAGCTTTGG MCTCTAGA CATGTTGCACAG CTAGCAAACTGGCCTAGCC
12130 12140 12150 12160 12170 12180 12190 12200 12210 12220 12230 12240

AGGTTTGrATGATTGAGCTAAATAATTTATGGCCGGGTGTGGTGCCTTACGCCTATAATCCCAGCACTTGG_CG _GGCGTACAG CAGGAGT CTi AG
12250 12260 12270 12280 12290 12300 12310 12320 12330 12340 12350 12360

Alu repeat 12 (+)

CCTCZCA^CTGGTGAC CTACTAAAATACAGAAATTAGCCAGGCATGGTGCGAGCTACCGTa AqGGTAG
12370 12380 12390 12400 12410 12420 12430 12440 12450 12460 1247 12480

G 11GGC102GGT5G3 14TG0GTAGAGATCACGCCACTG12550A1256019CA0 10ATTTTT0GTTCTTT
129 120 1210 1520 15 240 250 260 570 12590 12590 12600

TAAAGAAGGCTTGGCCCFCAACCCTA AATTATTTCGTGGGCCCTTTACAGAAAGTTTACCTTCCCTGTTCTAGGGACTCAGGAAATGCTTACTC
12610 12620 12630 12640 12650 12660 12670 12680 12690 12700 12710 12720

Figure 2 For legend see page 60.
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AMTTTCCATCTGGGArTTTCCCTCTGTCACTCCTGGGAAAACTGGCACTGCGCCAGCCCCTGGTTTCTGACACCTGGGACTGTTTAGTACTCCCAGCTCTGGATAACTCAGT
12730 12740 12750 12760 12770 12780 12790 12800 12810 12820 12830 12840

AAACCA11ATT1TCCTCTAGAGACCA9TTC2TGTCTTTTGAGAAATAGAGTTCTTTTTAAG1TTTGTATTA2CAGAAGTCTGACTGCTGCTTTATTCACTATTCTGTT
12850 12860 12870 12880 12890 12900 12910 12920 12930 12940 12950 12960

AAATGTTGGT9TCGATTTACCTTACCCATCAAAC TCTGGAG1TATCAGAGTAAGGGAAATACAGATTATATATGGGCCTTCAACACTGGGAGTCCTTTATCCATACTACTTCAACTCA
12970 12980 12990 13000 13010 13020 13030 13040 13050 13060 13070 13080

TAAACCC10AT AG ACCATCTGTC
13090 13100 131 132 133 134 135 136 _ 37 38 39 =

13210 13220 13230 13240 13250 13260 13270 13280 13290 13300 13310 132

Alu repeat 13 (-)

13330 13340 13350 13360 13370 13380 13390 13400 13410 13420 13430 13

13450 13460 13470 13480 13490 13500 13510 13520 13530 13540 13550 13560

GCCTCCCGGGCTITCACGCCGTTCTCCTGCCTCAGCCTCCTGAGTAGCTGGGACTACAAGCGCCTGCCAACACGCCTGGCTAATTTTTTGTATTTTTAGTAGAGACAGGGrGTCACCGTATT
13570 13580 13590 13600 13610 13620 13630 13640 13650 13660 13670 13680

Alu repeat 14 (-)

10AGGATGGTCTCGATTTCCTGAC7CTCGTGATCTGCCCACTTCGGCCTCCCAAAGTGCTGGGATTACAGACATGAGCCACTGCGCCCAG3CAATTTTTGTATTGGTAGAGACAGG
13690 13700 13710 13720 13730 13740 13750 13760 1377 13780 13790 13803

3AC1GGTTGGCC1GGCTGGTCTCGAACTCCTG1CCTCA1CAATCTACTCATCTCGGCCTCCCAAAGTGCTGGGATTACAGGCGTGAGCCACCGCGCCTGGTAATTTTTGTATT
i3810 1i820 13830 13840 13850 13860 13870 13880 13890 13907- 13910 13920

mAGTAGAGACGGGGTTTCACCATGTTGGCCAGGCTGGTCTCCAACTTCTGGCTTCAAGTGATCCGCCTGCTTTGGCCTCCCAAAGTGCTGGGATTACAGGTGTGAGCCACCGCACCCA
13930 13940 13950 13960 13970 13980 13990 14000 14010 14020 14030 14040

GCCCATTGTAGTCTTAAGCCCC AGATCTTCT GACTATTTGAATGAGAGAACATAATCTGTCCCTCTTACTCTTGTCTTCTAGAG -GCGGTGTTCCATAAATCCTTAGGATTCTG
14050 14060 14070 14080 14090 14100 14110 14120 14130 14140 14150 14160

AGGTTAT1CCCCAGAGACTGTCTTAGAGAATAAAGGGGAGACCAGCCGTTAAAATTTCCCCACTACTTTTGTACCATTGCAGTTTGGCTTTTAGATGTTTACTATATTGGAGTTCTGCT
14170 14180 14190 14200 14210 14220 14230 14240 14250 14260 14270 14280

T11AGT14GA3ACACTGCTCTAG0TA1ACCCTTCCATCCTATTT4GGGCCCTGGATATTAAGTGTCTGGGCC1GAGGTC44AATTTGTGGTAATG0GATGGGTG0CCATTAGTGAAGG14290 14300 14310 14320 14330 14340 14350 14360 14370 14380 14390 14400

TCATGATTATACCTGGGCCATGTTACAGGATTTTAGATTGCCTGCTCCCCCT1CATTCAGTTCCTGTAGAGCCTTTGGGGAATCAGGGCAGAATTTGGG4ATGATGGTGTTACCCTAAA14410 14420 14430 14440 14450 14460 14470 14480 14490 14500 14510 14520

AG;CTTCTTTATTATGTGAGATAATCTTAAGGGGATTCTCCCTGAGCCCATCTTAGATATTTATCCTTTTCTTTGTGTGAACTAGAAATTCAGTCTTTCTCTTCTCCTTCTACCAG
14530 14540 14550 14560 14570 14580 14590 14600 14610 14620 14630

Exon V
N P S L K Q Q L F S Y A I L G F A L S E A M G L F C L M V A F L I L F A M *

G0CC TTCTCTGAAG7CAGCTCTTCTCCTACGCCATTCTGGGC1TGCCCTCTCGGAGGCCATGGGGCTCTTTTGTCTGATGGTAGCCT CTCATCCTCT GCCAT
14650 14660 14670 14680 14690 14700 14710 14720 14730 14740 14750 14760

CCGTCTCCACCTCCCATAGTTCTCCCGCGTCTGGTTGGCCCCGTGTGTTCCTTTTCCTATACCTCCCCAGGCAGCCTG1CGTGGTTGGCTCGACT
14770 14780 14790 14800 14810 14820 14830 14840 14850 14860 14870

AAATACTGTATTAATAAGATGTTTCTTGAGTCTCCTGTGTATATTTCTTTTCCACAGTTGGCTGAGTGCCTTCGTGAGAGTACAAGGCCCGAMGGGTAGTG;ATGGTGCTAUiCTCAMCAT
- 14890 14900 14910 14920 14930 14940 14950 14960 14970 14980 14990 15000

GGATTTGGCTGAGCTC

Sac I

Figure 2 DNA sequence of a fragment of human DNA containing the P2 gene

Exon (double lines above and below) is homologous to the 5' sequence of a human P2 processed pseudogene described here, and to an ovine P2 cDNA (Medd et al., 1993) from the site marked
by A. Protein sequences are shown above exons II-V, and exon-intron boundaries are denoted by small arrows. In the proposed promoter region are three copies (in boxes) of the sequence
GGGCGG and its complement. The doubly underlined sequence (nucleotides 14878-14883) is a polyadenylation signal (Proudfoot and Brownlee, 1976), although the exact position of polyadenylation
is not known. The A/u repeats on the displayed and complementary DNA strands are denoted by (+) and (-) respectively. The Pstl and Sacl restriction enzyme sites used in the cloning of
this region are shown at the extremities of the sequence. The partial human P2 cDNA sequence (Farrell and Nagley, 1987) corresponds to the coding sequence from bases 10860-14822. The
cDNA is reported to have the additional sequences CGGCTCTCA and TCA at its 5' and 3' extremities, but they are not in the genomic sequence.

to link its two transmembrane a-helices (Sebald and Hoppe, band III protein from the red cell membrane (Kopito et al., 1987)
1981). The presence of introns in segments of DNA coding for and ADP/ATP translocase (Cozens et al., 1989). It is consistent
links between transmembrane a-helices has been observed in with the general view that exons often encode structural domains
genes for other intrinsic membrane proteins, including bovine of proteins (Gilbert, 1978; Blake, 1979).
and human rhodopsins (Nathans and Hogness, 1984), mouse The nucleotide sequences adjacent to the 5' and 3' boundaries
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Figure 3 Structures of human P1 and P2 genes and the bovine P2 gene for the precursors of the c subunit of mitochondrial ATP synthase

In the human genes, exons I-V and introns A-D are represented by solid boxes and continuous lines respectively. The sizes of exons and introns are given in bp. Human P1 may have two promoters,
one to initiate transcription from the 5' end of exon 1, and the second close to the 5' boundary of exon 11. The transcriptional initiation sites have not been determined experimentally. The known
bovine P2 gene sequence does not extend into exon (Dyer et al., 1989).

c subunit of mitochondrial ATP

Exon length (bp)

Gene l* II IlIl IV V

Human P1
Human P2
Bovine P2

(1 09) 48t
(29) 70
- 70

78
78
78

179
194
200

216
259
262

* Parentheses indicate that the lengths of exons have not been determined accurately, and
that these are minimal estimates based upon cDNA sequences.

t It is suggested in the text that a sequence in intron A could promote transcription. If this
is true in humans then exon 11 can also be 67 bp long.

of all of the introns in the human P1 and P2 genes, and also in
the bovine P2 gene, are conserved (Table 2). They begin with the
dinucleotide GT and end with AG, and so agree exactly with the
consensus sequences adjacent to splice junctions (Breathnach
and Chambon, 1981). Furthermore, the conservation extends for
an additional 8-10 bp from the splice junctions in the sequences
of the introns, and these extended sequences also agree with the
consensus for sequences around splice sites (Mount, 1982). The
classes of exon-intron boundary within homologous exons in
both human genes (and also in the bovine P2 gene) are conserved
(see Table 2). Extensive sequences are conserved within introns
of human and bovine P2 genes (results not shown), indicating
that they may be under evolutionary constraint.

There are probably more than 105 Alu repeats in the human
genome, representing 5-6% of its DNA (Rinehart et al., 1981).
They are usually about 300 bp long, and are dimeric structures

Table 2 Introns In mammalian pre-proteolipid genes

Sequence
Size

Gene Intron (bp) Class 5' boundary 3' boundary

- gtg.cag.GTGACTTGGG
- gag.cag.GTAAGGCCTT
0 gct.ctg.GTAAGGTGCC

A L
0 tcc.ttg.GTGAGTACCT

S L
0 tcc.ttg.GTGAGTACCC

S L
0 aaa.cag.GTAAGGGAGG

K Q
0 gat.gag.GTACCTTACA

D E
0 gat.gag.GTACCTTACA

D E
2 gcc.ag.GTAAGTTTGG

A R
2 gcc.ag.GTAAGATAAG

A R
2 gcc.ag.GTAAGATGGG

A R

cagGTAAGT

CCCTCTGCAG.act.gaa
GTAATTCCAG.ctc.tcc
GATTTTACAG.atc.cgc

I R
TTCCTGCTAG.gtc.aag

V K
TTCCGGCTAG.atc.agg

I R
CTCTTTCTAG.cct.tcc

P S
TTTTTCACAG.agc.ctc

S L
TTCTTCACAG.agc.cac

S H
TCCCTCCCAG.g.aac

N
CTTCTACCAG.g.aac

N
CCCCTCCCAG.g.aac

N

YYYYYYYYYNCAGg

(a) Human

(b) Human

262

1 607 V
V

259

V

D

3723

Table 1 Exon sizes In genes for the
synthase

Human P1
Human P2
Human P1

Human P2

Bovine P2

Human P1

Human P2

Bovine P2

Human P1

Human P2

Bovine P2

A
A
B

B

B

C

C

C

D

D

D

498
3407
915

2627

1069

706

529

506

320

3723

1607

Consensus
sequence

n

I
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(a) Human P1

Ii11

CG 11111111111 I INI11111111 lIllI ll IIll 11 liii I I I

(b) Human P2
I

CG lII III Ilill IIIIII IIIIII11 I I II

Figure 4 Distribution of the dinucleotide CpG in the 5' regions of the
human P1 and P2 genes

The vertical lines mark each CpG in (a) nucleotides 2250-6250 of the human P1 gene, and
(b) nucleotides 1500-5500 of the human P2 gene. The horizontal and solid lines indicate non-

coding regions and exons respectively.

(a)
Human P1 gene (4734-4842 and 5341
Bovine P1 pseudogene (13-131)
Ovine P1 cDNA (1-56)

(b)
Human P1 gene (5315-5352)
Bovine P1 cDNA (1-44)

20 4'

which have apparently formed from internal deletions and
dimerizations of 7SL RNA (Ullu and Tschudi, 1984). The two
segments of human genomic sequence encompassing the P1 and
P2 genes (Figures 1 and 2) contain 10 and 14 examples re-
spectively, some in introns and others in flanking sequences. In
each DNA sequence four of the repeats are clustered in pairs. Alu
repeat 2 in intron A of the human P2 gene is exceptional. It is
102 bp long and contains only the 3' monomeric unit. The BI
family of repeated DNA sequences in rodents have similar
structures (Rogers, 1985).

Transcription of P1 and P2 genes
Within their 5' regions and extending over exons I, the human P1
and P2 genes have CpG-rich islands (Bird, 1986) of 2 and 1.5 kb
long respectively (Figure 4). Transcription probably initiates in
these islands, but the transcriptional start sites for neither gene
have been determined experimentally. However, the 5' sequences
determined in the P1 and P2 cDNAs in cows (Gay and Walker,
1985) and sheep (Medd et al., 1993) help to pin-point these sites.
Since processed pseudogenes are believed to have arisen by a
process that involved reverse transcription of mRNAs (Rogers,
1985; Weiner et al., 1986), further clues are to be found in the

Intron A (498 bp)

2 60 s0 100 m
1-5352) GGAAGCTGAGCTGAGACCAAGGGCTAAAGCTGGGAGGTGAGTCTGTCACCTTGAGCCGGGCGAGCGCTGTGGGCCAGCAGGGGTTGCAGGG-CAGTAGGAGTGCAGACTG--AAAAAA*G

GGTAAAGAATCTGCTTGTGCTTAAAGCTAAAGCCGGGACGTGAGTCAGTC:ATCTT-AGCTGGGT,GAGT,GCTATGGTCT1GAGCAGGGGCAGCAGGA-CAGTGGGAAT--AGACTG-AAAAAAATG

GCTGTGGTCTGAGCAGGGGCAGCCGGGGCAGTGGGAGTACAGACTGAAAAAAAATG

20 _ M

TATTACTAKTTTTT-CCCCC--TCTGCAGACTG-AAAAAATG

CCAATIGA ITlTLCiCCCCCTCTGCAGACTGAAAAAAATG

Intron A (3407 bp)

(c)
20 40 M

Human P2 gene (3983-4012 and 7420-7453)CCCTCTCTGTCTTCTCTGCAGTGGGAGCAGCTCTCCTGCCACAGCTCCTCACCCCCTGAAAATG

Ovine P2 cDNA (36-99) CCCTCTCTGTCTTCTCTGCACTGGGAGCAGCTCTCCTGCCGCAGCCCTTCATCCCCTGAAAATG

Human P2 pseudogene (44-107) TCCTGTCTGTCTTCTCTGCACTGGGAGCAGCTCTCCTGCCATAGCCCCTCACCCCGTAAAAATG

Bovine P2 cDNA (1-28) TGCCGTAGCCCTTCATCCCCTGAAAATG

Figure 5 Comparisons of DNA sequences In the 5' non-coding regions of the human P1 and P2 genes, in the bovine and ovine cDNAs and in related
pseudogenes

The positions of the sequences in the determined sequences are given in parentheses on the left. Identities are denoted by colons (:). The positions of the translational initiator methionines are

denoted by M. In (a), part of the human genomic sequence is aligned with the 5' region of a bovine P1 processed pseudogene immediately following its 5' flanking direct repeat sequence (Dyer
et al., 1989), and with the 5' untranslated region of an ovine liver cDNA for P1 (Medd et al., 1993). The position of intron A is shown. In (b), a sequence in the 5' untranslated region of a bovine
P1 cDNA is aligned with a different sequence in the human gene that is found adjacent to the 5' boundary of exon 11 (see Figure 1). The dinucleotide AG with a bar above it could be used as
a 3' splice site in a putative human pre-mRNA initiated upstream of exon 1. This would result in an mRNA similar in structure to the ovine mRNA. If, as proposed, a second promoter is found
in the sequence preceding exon 11, then the 3' region of intron A (P1 gene) codes for the 5' untranslated region of a human mRNA that is related to the bovine P1 mRNA from. heart. In (c),
the human P2 gene is compared with the 5' untranslated region of an ovine liver cDNA. The latter contains a run of T and C residues at nucleotides 1-35 which is not related to either the human
genomic sequence or the human P2 processed pseudogene. It is possible either that this TC-rich sequence is a cloning artefact, or that the ovine sequence is unrelated over this stretch. The
remainder of the 5' untranslated region of the sheep P2 mRNA is aligned with the human genomic sequence. A sequence from a human P2 pseudogene (see Figure 7) immediately downstream
from its 5' flanking repetitive sequence is also shown, as is the entire 5' untranslated region present in a bovine heart P2 cDNA (Gay and Walker, 1985). Inthe human genomic sequence the
position of intron A is indicated. These proposals concerning the transcription of the P1 and P2 genes have not yet been tested by transcriptional mapping studies.
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Figure 6 Hybridization -of human DNA with specific DNA probes for the
pre-proteolipid genes P1 and P2

The probes are nucleotides 404-558 and 406-615 of the bovine cDNAs for P1 and P2
respectively (Gay and Walker, 1985). Human placental DNA (20 ,sg) was digested with the
restriction enzymes BamHl (lane A), EcoRl (lanes B), Hindlll (lanes C), Ncol (lanes D), Sacl
(lanes E) and Xbal (lanes F). The fragments were fractionated by electrophoresis in a 0.6%
agarose gel and then were hybridized on nitrocellulose filters to prime-cut probes for P1 (a)
and P2 (b). The filters were washed in 0.2 x SSC at 65 0C and then autoradiographed at
-70 0C for 72 h. In (a), lane B, an EcoRl fragment of 2.8 kb is observed; subsequently the
DNA sequence of human P1 was found to contain an EcoRl fragment of this size. In (b) lane
E, a Sacl fragment of 12.2 kb is indicated; a fragment of the same size was sequenced from
the DNA of AAT5P2.1. Marker and fragment sizes are in kb.

sequences immediately downstream of the 5' flanking repeated
sequences of a human P2 and a bovine P1 processed pseudogene
(Dyer et al., 1989; see Figures 5a and 5b).

In the human P1 gene, the available information (Figure 5a)
indicates the presence of two independent transcriptional in-
itiation sites. These alternative promoters could be used to
regulate expression of the gene in various tissues. The tran-
scription of the human P2 gene appears to be simpler. All of the
available information (Figure Sc) is consistent with a single
transcriptional initiation site in the vicinity of nucleotide 3984.
The 3' limits of transcription of the human P1 and P2 genes

are more readily discerned. Human P1 has the uncommon
polyadenylation signal, ATTAAA (Berget, 1984; Martini et al.,
1986), which is also used in the bovine P1 gene (Gay and Walker,
1985). The more usual polyadenylation signal, AATAAA
(Proudfoot and Brownlee, 1976), is found 122 bp and 125 bp
respectively after the termination codons in both the bovine and
human P2 genes. Poly(A) addition to the human transcripts
probably occurs within 11-13 nucleotides, to the 3' side of these
sequences.

Number of human genes for P1 and P2
Previous studies of bovine cDNAs (Gay and Walker, 1985),
together with the work presented in this paper, have shown that
both the human and bovine genomes contain at least two
expressed genes for the dicyclohexylcarbodi-imide-reactive
proteolipid subunit of mitochondrial ATP synthase. In addition,
numerous spliced pseudogenes have been detected in both
animals, and these observations are consistent with the complex
Southern blots obtained with digests of both bovine and human

n Y A C S K
RTGCCCTC TCCCTGRCCCCCCRC TGTATGTTTRAACRGGRGAGTCCTGT CT GTC T TCtCTGCACTGGGAGCAGCT CTCCTGCCAR6"CCCCT CRCCCC6TAAARA"TG TRTGCCTGC TCCfi

11 bp repeat 60 80
1 1 bp repeat 100 120

F I S T P S L U K S T S Q L L S H P L S A U U L K * P E T n RAD E S L S S L R U
AATTCRlTCTCCRCTCCCTCCTTGGTCRAGAGCACCTCACRGCTGCTGAGCCATCCRCTATCTGCRlGTGGTGTTGAAAlTGACCGGAGACAATGGCRGRTGAGAGTCTCRGCAGCTTGGCA6

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

140 160 180 220 240
In-phase stop

S C P L T S L U P S C S F Q T S R S R D D n RAR K F G R G R T T U G U RA
TCTCRTGTCCCCTTRCCTCACTTGTCCCTflGCTGCRGCTTCCAAACTAGTGCCRTTTCRRGGGflCRTAGACATGGCRGCCARRTTCRTTGGGGCTGGGGCTRCCRCRGTTG6GGTGGCTG

260 280 300 320 340 360

S G fR GTUF SL II G Y R R R S L K Q Q L F S Y R L G F A L U E R L
GCTCTG.GGGCTGGGATTGGGACTGTGTTTGGGAGCCTCATCRlTTGG7TflTGCCflGGRAlCGCTTCTCTGflfGCfRACAGCTCTTCTCCTRTGCCATTCTGGGCTTTGCCCTCTGGGRGGCCT

380 400 420 440 460 480

G L F C L n u R F L I L FR n *
TGGGGCTC T TTTGCCTGAT6GTGGCCT TTCTCATCCTCTTCGCCATGTGflAGGAGCCGTCTCCACCTCCCATRGT TCT TT TTTCCATGTCTGATGGGCCCTGTGTGTTCCTTTTCCTRTR

500 520 540 580 600

CCTCCCCRGGCRGCCTGG66ARCRTGGTTGGCTC06GGTTTGRC6GRGRRARGRCARRTORRTACTGTRTTARTAAPAAR tRacR T11bpGGReRRTGAGRCC

r,:3n RAn 1oyA)c 11 bp repeat

Figure 7 Sequence of a human processed pseudogene for the mitochondrial pre-proteolipid P2

Colons and crosses indicate the 50 differences in nucleotide sequence and 13 differences in protein sequence respectively between the pseudogene and the coding regions and protein sequence
of human P2. The position.of an in-phase stop codon is indicated by a vertical arrow. The underlined sequence is a poly(A) addition signal (Proudfoot and Brownlee, 1976; Gay and Walker, 1985).
The following poly(A) tract is boxed. The direct 11 bp repeated sequences which flank the pseudogene are indicated by horizontal arrows.

Ou 04U
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DNA (see Figure 6). During the course of the cloning and
sequencing experiments described above, the complete sequence

of a P2 pseudogene (Figure 7) was determined from the over-

lapping recombinants AHP2.8 and AHP2.13. Several features of
this sequence support the view that it arose by reverse tran-
scription of the P2 mRNA, followed by recombination into the
human genome. For example, the sequence is flanked by two
direct 1 1-nucleotide repeats, and the direct repeat at the 3' end of
the pseudogene is preceded by a potential polyadenylation signal
and the sequence A0l. Also, the pseudogene sequence differs in 50
nucleotides from the human P2 cDNA sequence deduced from
the gene. This causes 13 substitutions in the amino acid sequence

and introduces an in-phase stop codon. As described in the
following paper (Medd et al., 1993), an intronless P2 pseudogene
in the sheep genome is transcribed, and an intronless human gene

encoding phosphoglycerate kinase has been shown to express the
protein, but only in testis (McCarrey and Thomas, 1987).
Therefore it is conceivable that some of the other processed P1
and P2 sequences in the human genome may not be pseudogenes,
as we have tended to assume, but may be functional retroposons
also.
The work described in this paper has a direct bearing on the

fatal disease, ceroid lipofuscinosis, found in man and other
mammals. In the juvenile and late-infantile forms of the human
disease, and in the sheep disease (Fearnley et al., 1990), the
affected individuals accumulate large amounts of the c subunit of
mitochondrial ATP synthase in lysosomes. The accumulated
material appears to be chemically identical to the protein
normally found in mitochondria (Palmer et al., 1992). In diseased
sheep the P1 and P2 cDNAs are identical in sequence to those
from normal animals, and the amounts of mRNAs for both P1
and P2 are unaffected in the diseased animals (Medd et al., 1993).
Therefore the disease appears not to involve mutation of the
coding sequences of the P1 and P2 genes. Similar investigations
have not been conducted in humans, but the gene for the juvenile
form of human ceroid lipofuscinosis maps to the long arm of
chromosome 16 (Gardiner, 1992), whereas the human P1 and P2
genes are on human chromosomes 17 and 12 respectively
(M. R. Dyer and J. E. Walker, unpublished work).

We thank Dr. T. H. Rabbitts (of this laboratory) for supplying us with samples of
human genomic libraries. M. R. D. was supported by an M.R.C. research studentship
and an M.R.C. research training Fellowship.
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