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Sequences of members of the human gene family for the ¢ subunit of

mitochondrial ATP synthase
Mark R. DYER* and John E. WALKER+

Medical Research Council Laboratory of Molecular Biology, Hills Road, Cambridge CB2 2QH, U.K.

Subunit ¢ is an intrinsic membrane component of ATP synthase,
and in mammals it is encoded by two expressed nuclear genes, P1
and P2. Both genes encode the same mature ¢ 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

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.

INTRODUCTION

Bovine mitochondrial ATP synthase is a membrane-bound
complex of 14 different polypeptides (Walker et al., 1991), and
the ¢ 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 g-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
cis anuclear 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, if not 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 ¢ accumulates
in lysosomes (Palmer et al., 1992).

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 xSSC is 0.15M NaCl and
0.015M trisodium citrate), 0.29% BSA (fraction V), 0.29%
polyvinylpyrrolidone, 0.59%, 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 109, 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 1-3h
(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 10%) 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 AHP1.9, sonicated and sub-cloned into the
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3* region of Alu repeat 1 (+)
e —————————————————
GATCAAGACCATCCTGGCCAACACGGTGAAACCCATCTCTACTAAAAATACAAAAAAAAAAAAAAATTAGCTGGACATGG TGGCAGGCGCCTGTAGTCCCAGCTACTCGGGAGGCTGAGG

Sau 3A 20 30 40 50 & 0 & ® 100 1

e tee——————————————————————————————eeetee e eeee——t
CAGGAGAATGGCGT GAACCCAGGAGGTGGAGCTTGCAGTGAGCCGAGATCGCGCCACTGCACTC TAGCCTGGGCAACAGAGCAAGACTCCGTCTCAAAAAAAAATTATTTATCTATCTAC

130 130 150 Te0 70 180 130 200 210 220 230 240

Alu repeat 2 (+)

CTATCTA;CJATCTATCIAMATCIATCTATA&TMGCTGGGCGF@WWMNCMTMWW%E% !%

260 270

GTT GCCTAGTGACAGAGCAAGAC TCTGTCTCAAAAAAAAAAAAAAAAAAATTAGGCAGGCGTGGTGGCAGGCACCTGTAATACCAGCT
450 460 470 480

ACTTGGGAGGCTGAGGTAGGCGAACTGCTTGAACCCAGGAGGCGGAGGTTGCAGT GAGCCGAGATTGCGCCATTGCACTCCAGCCTGGCAACAAGAGCAAAACTCCATC TCAAACAAAAA
490 500 510 520 530 540 550 560 570 580 590 600

et ——————— e e Al et e et
AGAGAGGCCGGGTGCAGTGGCTCAAGCCTGTAACACCAGCTCT TTGGGAGGCCGAGGCGGGCAGATCACGAGGTCAGGAGATCAAGACCATCCTGGCTAACACGGTGAAACCCCGTCTCT

—ei0  exd 63  ea0 €% €0 6! edd  ew 0 Mo 10

Alu repeat 3 (+)

mmramﬂmmmmﬁmmmmmmmmmm

et ———————————————————————————————————————
ATTGCGCCACTGCACTCCAGCCT GGGCGACAGAGCGAGACTCCGTCTCAAAAAAAAAAAAARAAGAAAGAAAAAAAAAAGAACT TTTGCTTTGGACCCAGACAGACCTGGGTTCAAAGCA
850 860 870 880 830 300 910 920 930 940 950 960

CCTAGCACAGTATTTGTCATATAATGAGGTATCGATAAATGATAGCT TATAACAC TAACACAAAGAAAGACTGGATAATC TGCTCAGAAGATACCAGTTATGTGT TGTAGCCATGGTAGT
970 980 990 1000 1010 1020 1030 1040 1050 1060 1070 1080

GAGCTCAAAACTCCACTCTCCTTTTTGTTGT TGTTGT TG TCGT TGTTGTTT TTGAGATACGGTCTCGC TTTGTTGCCCAGGCCAGTGCAGTGGTGCAATCAGAGT TCACTGAAGCCTTGA
1090 1100 1110 1120 1130 1140 1150 1160 1170 1180 1190 1200

CCTCCTGAGC TCAAGTGATCCTCCCAC TTCAGCCCCCTGAGTAGCTGGGACTACAGGTACCTGCCATCACACCGAGCTAATTTTTTTT T TTT TTTTT TTTTTTTGTAGAGATGAGGTTTC
1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320

GCTATGTTGCCCAGGCTGGTCTCCAAT TCCTGGGC TCAAATGATCTGCCCACCTTGGCCTCCCACACACTTTCAAT TATACCATGCTAGCAGGATAT TTTAAATC TCCACATGATATGAA

1330 1340 1350 1360 1370 1380 1390 1400 1410 1420 1430 1440
e — e et e ————eeeter

AA' 2GCCCAGCACACTGECTCACCCCTGTAATCCCAGCACT T TGCGAGCC TGAGGCAGG TGGATCACCTGAGCTCAGGAC AC S }CCAACATGGTGAAACCTTC
1450 1460 1470 1480 1490 1500 1510 1520 1530 1540 1550 1560

Alu repeat 4 (+)
T -

Alu repeat 5 (+)

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

GACTCTATCTCAAAAAGAAAAGAAAAGAAAAGAAAAGAAAAGAAAAGAAAAGAAAAGAAAAGAAAAGAAAATGTTT TTCTGGCCAGGTGCAGGTAGC TCACATCTGTAATCCCAACACTT
2050 2060 2070 2080 2030 2100 2110 2120 2130 2140 2150 2160

GCTGAAGT GGGAGGATCCTTGAGGCCAGGAGT T TGAGACCAGCCTGGACAACATAGCAAGATCCCACCTGTAGTCCTAGATACTTGGGAGAGTGAGGAGGGAGGGTTACTTGAG
2170 2180 2190 2200 2210 2220 2230 2240 2250 2260 2270 2280

CCCAGGAGATTAAGGCTATAATAGTGAGGGATGAT TGCACCACTGCACTCCAGCC TGGGCAACAGAGT GAGACCCTGTTTCTAAAAACAAAAAAATTATTAAAAAAAAAAAAGTTTTCTT
2290 2300 2310 2320 2330 2340 2350 2360 2370 2380 2390 2400

CCAGACTTGTGAATTGCCAGATTAGTGTAATTT TTAAAATATGTT TCTATTATAAAGTACCCATACTCATAAAAATATAAATCAAT TTATTACACCCTCTAGAATTCACTATTA
2410 2420 2430 2440 2450 2460 2470 2480 2490 2500 2510 2520

ATTTTCAACATTTTTTTCATTCT TTTTCCATGCATATTT TTTCACAATTCTATGCATAGT TTTGCATTATAAAATATT TC TCAATATAAAATCTTCT TCAAGGCCAGGCGCAGTGGCTCA
2530 2540 2550 2560 2570 2580 2590 2600 2610 2620 2830 2640

— —ee
TGCCTGCAATCCCAGCACTTTAGAAGGCCAAGGCGAGCAGATCACTTGAGGTCAGGAATTCAAGACCAGCCTGACCAACATGGT GAAACCCCTTCTC TACTAAAAATACAAAAATTAGCC
T 2650 2660 2670 2680 2690 2700 2710 2720 2730 2740 2750 276D

Alu repeat 6 (+)
GGGCATGGTGGTGCGCGCCTGTAATCCCAGC TACT TGGGAGGC TGAGGCAGGAGAATTGCTTGAACCGGGGAGGCAAAGG TTGCAGTGAGCAGAGACCGCACCACCGCACTACAGTGTGT
2770 2780 2730 2850 2810 820 2830 280 2850 2860 2870 2880

2|

Alu repeat 7 (+)

GCGGATCACWAGATCGAGACCATCCCGGCPMCAC&AMCCCCGTCTCTACT AMAATACAAAAAATPAGCCGGGCGTGGFGGCGGGCGCCTAT%%%MACTCG

Figure 1 For legend see page 55.
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A TGN R T C T A L C GG COAGE TTGCAG T GAGCC GAGA T AGCGCCGC TGCACTCL v;~
30 0 60 80 90

3240
TTTTATTTCCTGTTTTATTTCTGCTTATTTCATCAAGTGAAAATATCATAACTTATTTCACCT T TTACTGTCAGTGGAACAT TTACTTGTTTCCAAT TTCGACAAACTCTGCAAATGCAC
3250 3260 3270 3280 3290 3300 33l 3320 3330 3340 3350 3360
ATCTTTTTAAAAGAATCTGCATT TCTGATTCTTCAAAATAAAT TCCTAGAAGTGATATTACTGGATGAAAAG TGGATGGAGAGC TTAAAGGC TCTTAGTTACTCAAGAATTACTGGGTCA
3370 3380 339%0 3400 3410 3420 3430 3440 3450 3460 3470 3480
TGGCCCATTCACAGCCTTTGAATAAAAATAAATATT GCCAAACTGCTTTCAAGGAAGGTTTTCTAATTCATCCTCTCACCAGCAATATAGGAGAGCGTGTGGCTCACATTAAT

3490 3500 3s10 3520 3530 3540 3550 3560 3570 3580 3590 3600

CTGCTGTTTTGAGCAGTACTAAGCGGAGCGTTTAAACTTATATTTCTTTGATTAGGAAGGCTGACATTCGTTCCTGCAATTCATATT TCTTCCTTACTGAATTGCCTGTT
3610 3620 3630 3640 3650 3660 3670 3680 3690 3700 no 3720

e ———————————
CCTATCCTTTGCTC crnmnmnnummmmmmnmmrmmww%
3730 3740 3750 3760 3770 3780 3790
Alu repeat 8 (-)
— R ettt e e
GGCTGGAGTGCAGT GGCGCGATC TCGGCTCCCTGCAACC TCGGCCTCCCGGGTTCAAGCGATTC TCCTGCCTCAGCCTCC! TGGGATTACAGGCACGC CA'

GGCTAA’ 'ATTCTTAGTAGAGACGGGGTTTCACCATGC TGGTCAGGCTGATCTCGAACTCCTGACCTCAGGTGA' CCAAAGTGCTGGGATT!

WWMQNT@MTW&MWMMW
4110 4120 4130 4140 4150 4160 4170 4180 4190 4200

GCCTTTACTCTCCATGGAAAGCGGTCT TTCCACAAACCT CCACGGTGGGAATTAC TGCAAAGGCATCGGCTC TCCCGGCC TCGAATATCTCGCGGGATCTCAGCTGTCC TTGGGCACCCC
4210 4220 4230 4240 4250 4260 4270 4280 4290 4300 4310 4320

CCTCAGCGCAACTACCAATCCCAACATGCAACGCGCCCCGTGGCCCAAGCACCCGAATGAAGGC TCGGGGCCAMGTCATGTGT CTGACTGCGTCACACGTCCCGTCATCTCTCCCACGC
4330 4340 4350 4360 4370 4380 4390 4400 4410 4420 4430 4440

CTTTTTCTTCAGCGTACACCTTGGTCGCCATCTTG TGCGCGAGGTTATGGAACCTCTGAG TCCCGCCAACTC TATGGTCGAGCG TTTCAGGGATCGGCCAATCGTAATCCAGATCTCGTA

4450 4460 4470 4480 4490 4500 4510 4520 4530 4550 4560
GCCTCTATCCGCATGGAGGCGGGAATTGCCACGAAGC TCCTGTGGAGGGAGAGGAAGC AGCT GCGGAAAGCCAATAAGAGTGGGGAATCGATGACGTCAACCAATGGGGA
4570 4580 4590 4600 4610 4620 4630 4660
Exon I
CGCGGGGATATTACGGCCAATGAGAAT GGAGAAGGTCCAGGACACGT GGGTGGGGGAAGC TGAGGGC TGAGACCAAGGGC TAAAGCTGGGAGGTGAGTCTGTCACCTTGAGCCGGGC!
ey 4720
A
G TGACTTGGGGCC GGGAGCCAGCAATAGGCAGGG TTGT GGGC TGCGCAGTGTGGAGGGG TATT TCCCCCCAGTGCTGG
= 4870 4880 4890 4900 4910 4920
GAGAGGCTATGGCAATCTAGATATGGCCTTATCAATGAATGTTAATTACCAACGGTAATGAACGATTGACTGCCTCGGCT GGGGACTGCTGTGTAAGATGGGCAGGATCC
4930 4940 4950 4960 4970 4980 5030
Bam H 1
TGCGCGACACCTGCCCAGTATCCGCCTCCAGTCTTCCCGAGAGACCATTCCCTTTCGCAACATT TCCTTCCTGGGGCTTGGGCACATT TCCT TGACT TCCGATCTCCATGACT TTGCTTT
5050 5060 5070 5080 5090 5100 5110 5120 5130 5140 5150 5160
GAAGACCCACTGCTCTGTCCCTCTGACCTCTAATGCCCTCCTCAGCTGGGGCACGG TGCAAGGAAGAGCGTGGTCT GACGGAC “GACCAAAGGTCGTCAT
5170 5180 5190 5200 5210 5220 5230 5240 5250 5260 5270 =
Exon I1
---- - M QTAGALTFTI SPAL
TATAAG(‘JMCAACCAGGGTCTCAGTG&;ATTATTA‘HACTATTTPTNCCCCTC \TGCAGACCGCCGGGGCATTATTCATTTCTCCAGCT! "AAGGTGCCOGC
== pst I 5360 5370 5380

@CG:GGI‘GCTCTGTAGTACCAGGTGT ATGGTGTGGACGCCATCAGTGTTTAATGAATGAACCCAGGGGAGC TTGGCGTCCTGATGATGTAGGCTCT TTGAGGTGGCTGTAGGATGTGAT
5420 5430 5440 5450 5460 5470 5480 5490 5500 5510 5520

GAAGGTAACCCCTGTTTATCTGGGCCTGTGAACCAAGCTATCT TGGC TTTGGAATGTGGTCAGAGAGT CTGGATTTGATT TTTATCCCCAGTCTGTCCTGGCCATAGAGACAGCCCACTA
5530 5540 5550 5560 5570 5580 5590 5600 5610 5620 5630 5640

AAACAGTGGTTTTCAACAGTGGCTGCACGTTAGAATCATCCAGGGAACTTT TTARAATCC TGATGCCTAGGC TGCACCTTAGACCATTTGCATCAGACTTTGGGAATGGGGGTGGAACCC
5650 5660 5670 5680 5690 5700 5710 5720 5730 5740 5750 5760

AGGCATCTGTATCTTTTAAGACT TCTCCAGATGAT TCCACCGTGCAGCCAAGTTTGAGAACCAC TGCACTAAARAATTA' ATTTCAAAAAAGCCATGTTACAGATGGCTCTCCTTGGATGGCT
5770 5780 5790 5800 5810 5820 5830 5840 5850 5860 5870 ) 5880

ATTCCAGTCGGTTTCCGGGGCTGACTGGCCCACTCCATT TAGGGTGTGTAGCTGTGAGT 'GTATTTTAGCAGAATAAAATT TCCCCCATCTGATTACT TGGTGATCTGGGTATAAACCTTT

5890 5900 5910 5920 5930 5940 5950 5960 5970 5980 5990 6000
CCTGTACCTGCTTTGGTATTAGTGTGGGTTCTTGTTCCATTCTGAGAAGCTGATTAAAGCT TGTGCCCAAAGAAGTGAACT TTGGTTTGGTTTTGAATGGTGAAGGTTGCCACTGCTGACT
6010 6020 6030 6040 6050 6060 6070 6080 6090 6100 6110 6120

ATATCAAGCTATTGAGACAGCTGTCTCTGGGGCAGGCCTATCT GATAGGAACAGGAATAAATTGACCT TGAAATACATTGAACT TATTCTGT TTATGAAATCTGTAGTCATTT TTGACAG
6140 6150 6160 6170 6180 6190 6200 6210 6220 6230 6240

Exon III
I RCCTRGULTIRPVSAST FTULNS
CTCAGCAATTAGGATTTTTTTTCCTTGACTGATTTGGTAGGATGTGGCTTTCTGATTTTA TCCGCTGTTGTACCAGGGGTCTAATCAGGCCTGTGTCTGCCTCCTTCTTGAATAGC
6250 6260 6270 6280 6320 6330 6340 6350 6360

Figure 1 For legend see page 55.
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6370 6400 6410
Alu repeat 9 (+)
CCATCTCT.

AATCAAGGAATGT TCCCAGACAGGGGTCCTTCAGCTTAAGT TGCC T TTAGACCAAAGTGGGAGGAGAGTTGGAGAATC TGTATGCTT TAATAGTTCTAAGTCCCCCAAGGTAAGCCTTGT
6730 6740 6750 6760 6770 6780 6790 6800 6810 6820 6830 6840

AGGTAAGAAACTTATAAAAGTGAGGTGTGCCTAACCCATGAAATTTCCCTAGTCCTGTCTGC TGTC TGACAACAGACTCTAAGACTAATTCCCAGCATACTCTGCARTCAGAGTATTCTG

6850 6860 6870 6880 6890 6900 6910 6920 6930 6940 6950 6960
CATTTACCAGGCAGTTTGCCAACAGTTTCAGAGCTCAGGTGGGTGGGGTGAAGGAGGTAGAG TCAGCCACCTGTCCTTATGCCATAC TATC TCTC TGCTATCTCGCCTGCCTTGCTTCTC
6970 6980 6990 7000 7010 7020 7030 7040 7050 7060 7070 7080

Exon IV
P S YSNTFPLOQVARRETFOQTSVVSRDIDTA AANLKTFTIGANAGANATYV
mﬁamrmmmmmmmmmcmﬂmmmnmm
7100 7110 720 ‘7130 740 7150 7160 7170 7180 7190 7200

G VAGSGAGIGTVT FGSTULTITIGTY A
CGTGTTTGGCAGCTTGA'

TCATTGGCTA' 'AAGTTTGGGTGGTCTACAGCATCTCCCACTGTAAATTCCACCCCGTTTGGGG
7210 7220 7230 7240 7250 7260 7280 7290 7300 7310 7320
CTCAGCTGGAGGAGCTCCCTTCAGGAGCCTTCAGGTTGATTTCATC TACATCATAGTTTCTCCAGAGAAAACATGCATCCAGCCTGGCTCACTTAAACT TACCAGGTTGGCCCACT
7330 7340 7350 7360 7370 7380 7390 7400 7410 7420 7430 7440
TCCAAATCCCCAGGATCTGTGCAGGC TAGGCCCTC TCCCAGGAGTAACAGTCCCCATTCACCTCACCCTCCTGTGTCCTCCCCTCCCCTCACCCCTTCCTCTCCCTCAA
7450 7460 7470 7480 7490 7500 7510 7520 7530 7540 7550 7560

Exon V
N P SLKQQLTFSYATIULGTFALSEAMGTLTFU CLMVATF
CTGGCAATGATCT \CCCGTCTCTCAAGCAGCAGCTCTTC TCCTATGCCATTCTTGGCTT TGCCCTGTC TGAGGCCATGGGGCTTTTCTGTTTGATGGTCGCCTTC
7570 7580 7600 7610 7620 7630 7640 7650 7660 7670 7680

L I LF AM?*
CTCATCCTCTTCGCCATGTGAGGCTCCATGGGGGGTCACCGGCCTGTTGC TACTGCAACTCCACACCATTCTTGGTGC TGGGGTGTGTTAAGCTT TACCATTAAACACAACGTTTCTCTA
7690 7700 7710 7720 7730 7740 7750 7760 7770 _—

AACCCCTGTCTGTGCCTCTGTCCTTTGACCTTCAGGAGGGCCTTGG TAGAAGGG TGAGGAGAGGGAATTTGCTCAGCCATGGG TGATGGGAACTCCTCAGGGCTGAGAAGGAGCACTGCC
7810 7820 7830 7840 7850 7860 7870 7880 7890 7900 7910 7920

ATGACTGTAAGAACAGAGGGT TCTCATGT TCTCCCAGGAGGAATATGGGT TTGTCTGAGTAATGAGATTT TTGCCTTT TCCCT TCAGATTTATTACAGT TGGCCATCTGTATCCATAGGT
7930 7940 7950 7960 7970 7980 7990 8000 8010 8020 8030 8040

TCCATATTTGTGGATTCAACTAACAGTAGACAGAAAATATTCAGGGAAAAAAGTGAATGGTTGTGTCTGTACTGCACAAGTACAGGC TTTT TTTTTCTTGTCATTAT TCCCTAAACAATA
8050 8060 8070 8080 8090 8100 8110 8120 8130 8140 8150 8160

CAGTATAGCCATTATTTATATAGCATTTACCTAGTAT TTAGGTATTGTAAGTAATCTAGAGATGAT TTAAAGTATATGGGAGGATGTGCATAGGT TATATGCAAATACTACACCATTTTA
8170 8180 8190 8200 8210 8220 8230 8240 8250 8260 8270 8280

TATAAGGGACTTGAGCATCTGTGGTATCCACTGGGGTCCTGGAGCCAATCTCCCACAGATACCAAAGGATAACTGTAACAACTGCATATTAATAGGTTACATT TTTGAAGGGCTTAATTT
8290 8300 8310 8320 8330 8340 8350 8360 8370 8380 8390 8400

ACACCAAGCATTTTACATTCGTTATCTCAACAACCCTAAGAGTTATAAGCACAACTTTAAAACTGT TTTGCAAATGACAGACCCAGGGTTTGGGGAAGCAAAATAACTTATCCAGTATCA

8410 8420 8430 8440 8450 8460 8470 8480 8490 8500 8510 8520
CAGAGCTAGTAAGTGGCAGAT TGGGGATT TCTCCCCCAGGCCAGCT TAAACCTTAACTGCACTGTTGTCCTATCTATT TTCTTTTTTTTTT TTTTTTIGTCCCATCTATTTTCATTCTGGT
8530 8540 8550 8560 8570 8580 8590 8600 8610 8620 8630 8640

CACACAACAATTAATGTGGCACAGAAAGGGAAACTTAGTCCCAAAGAAGT TGTATAGCAGGTGAAAGGTAGAGGTAGGCTTCTATCTGCCTGTGT TTAGCCCCATTTGTAGGTTTCATTT

8650 8660 8670 8680 8690 8700 8710 8720 8730 8740 8750 8760
TCACTATCAATTAGCCTTTCTCAGAGTATCTAAATGT TCTTAAAGCAGATAAAGTACACAATCCTGGTTCTTGGAGAATTTATCACC TTAGTTTTGCTAGGATAAAAGACTATCTGGAGC
8770 8780 8790 8800 8810 8820 8830 8840 8850 8860 8870 8880

Alu repeat 10 (+)

'TCACCTGAGGTCAGGAG

TECACTCCAGCCTGOGCARCARGAGCARRACTC CGTC TCARRARRARAARARARRR GTGTGCCAAATAATGAATTCCATAAAGAGCTTCGTCCAGCATCTTCCTTG
9170 9180 9190 9200 9210 9220 9230 9240
CTCAAAGTCTATGCCCACCAGTCTTGCCCCTCTTGGC TARAG TGGGACTGATAACCCATGTAAAAT TAGC TAAGTTGACATAT CAACAGTTGCTGCTTC TCTAAGTCCTTGCAGGA
9250 9260 9270 9280 9290 9300 9310 9320 9330 9340 9350 9360
TGGACAGAGAACTCATGCAAAGATGC TGGGAACGTGGTCTGTCTCARATTGGATGGCTTCAAAAGGAGTAG TAACGTAAAGTGGGATCC
9370 9380 9390 9400 9410 9420 9430 9440 Bam H I

Figure 1 For legend see opposite.
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Smal site of M13mp8 (Deininger, 1983). A 5.3 kb Xhol-Pstl
fragment extended the sequence in a 5’ direction. Similarly, a
12.2 kb Sacl fragment in AATSP2.1 appeared to contain at least
a substantial part of the human P2 gene. It was amplified in
pUCI12 (Messing, 1983), sonicated and sub-cloned into the Smal
site of M13mp8 (Deininger, 1983). Subsequently the sequence
was extended beyond the 5’ end of this fragment by sequencing
an overlapping 3.8 kb PssI 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
c¢DNAs, 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 AHP1.9 was a BamH]1 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 (> 12kb) in recombinant AATS5P2.1
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
1 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 ¢ 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 I1I 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 nRNA
of another mitochondrial protein, subunit IV of cytochrome ¢
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 g-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 S-turn outside the lipid bilayer and

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

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 IV, 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; nuclestides 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 Alu 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 Pst! 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
¢DNA. 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' reqgion of Alu repeat 1 (+)

CTGCAGTGAGCCATGATCGTGTCACCGCACCCCAGCCTGGGTAACAGAACAAGACCCTGTCTCCAAARAATAAAATAAATTAAAAAATAAACAAAT TCAAAGGAAGGTGAAGTTCTTCCC
2 39 0 55 [ 70 80 30 100 110 120
Pst 1

CAGCAAAAATGTTTTTGGTCATCCCTCTGCCACCATCTCTCC TACTGATTCCTCCCTCAGAAGCCTGGATACCAGTGATCCTT TCCCTTCC TTCATCTACTGTTTTCTTTCTTTAGAAGT
130 140 150 160 170 180 190 200 210 220 230 240

AGGGAGGTTTACCGATGTCTCACAGTCCTGATGTCTTAGGGAATTGATTTAGCAAGGAAAAGT MIMAATATATCAGTCAG‘I‘TCCCACQCCCCATCACAGCCCM 'GAAATTAA
250 260 270 280 290 300 310 320 330 340 350 360

CAATCACTAATAAATAGAGAAGCTCAATATGTATAAAGTATTGGCAGTGCAAAGTTTCCACTT TAACTTGCAGAAAAGT GCCTGTTTAGCAGAAAGAAAGAAAATCCTGGAAAGTTAACA
370 380 390 400 410 420 430 440 450 460 470 480

CTGGATGAAATCT TAGAGATCACCTACTTCTCTCCCTGATTT TTCCAAATGAGGAAACTAAAGCTTCGAGAGATGAAGTAACTAGCATAGT TATTCAACTATTTAGTAGCAGGGCTAGGA
490 500 510 520 530 540 550 560 570 580 590 600

CTAGACTCCM‘DCTCCTGCCTCGAAGM'AGCTG‘!"l‘C‘l‘ATCCATGCCACTTGCTGGCAACATGTGCATCTAGCAMACACANATMAGTATCC'I'CATCI‘TAAGCCATCABGAATGGAMT
610 620 630 640 650 660 670 680 690 700 710 720

CAAACCATTTAAACCCTTCCTCTTCTCTCTAGCAATAT TTTTTCTTCGCATTTC TCTGTGCCC TGGTCTCTCTCTCTCTCTCTCTCTCTCTCTCTC TCTCTCTCTCGTTTTTAAAATCAC
730 740 750 760 770 780 790 800 810 820 830 840

TCCTGTTTCTTTCGTGGCTCTTTCTCATTG TGGCATGCCTGCATGAGTATCTTGATTTT TCTGCTCTAAGC TATGGTTTCTTGTCCAAAGAAACATATATAAACAAAT CAAAACCCTTCC
850 860 870 880 890 900 910 920 930 94C 950 960

TTGGTGACCTTTGTAGAAAAGGACACTTGGAATT TCTATATGAGAGAAGCTGAACCTCTCTCT TAGCCTATCCAGTCAATTAAAATGAGTC TGTGGCCCCCCTGAGGGTTGT TAACCAAT
970 980 990 1000 1010 1020 1030 1040 1050 1060 1070 1080

CCTAAGAAAGGAAAGATCAATCTCAT TTCTTCGTCACCACTGGGCAGGGAGGCT GCCAACCAGTCAGAATC TGCCACTCACAGTCAT TAAAAAAAC TGGCCAATCAGTCCAACCTTGTTA
1090 1100 1110 1120 1130 1140 1150 1160 1170 1180 1190 1200

TATGGTCTGGTAGGAAAAGAAAGGGACTGATTGGAAAGGATAGTTC TGTCTCCACACCCTTTCCTTCCTGGACCCCGGTTTTCCCTTTGTGAAGTGAAAGAAGGACCC TTCCCCAAGCCT
1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320

AT 'AAGAAGATCCTCCGACCCTCAGCTAAGCTTCTCTTGGATC TTTTGCTGTCTTCAAAT TCACCCCTCCCCTTACAAACCTCCTTTT TGGAGCCTCACTGCTCCCTTGCGGATTTG
1330 1340 1350 1360 1370 1380 1390 1400 1410 1420 1430 1440

ATTTCTTGCTTCAAGCCTCGTAGTAATAGTCCCAGGAT TCTCAGCCTCCCCTCAGATCTCCACTCACCAGCAAGTAAAATAACTTGT TTTGTATGACTTATGCAGGTGAAAACGTTTTTA
1450 1460 1470 1480 1490 1500 1510 1520 1530 1540 1550 1560

AAGTGTAGT TGAGTCTCTTTCAGGAGATACTATCTCAAGGACCTTGCAATAAACAGTCCATATAGGTAGCAGTGCAGAATTGAGTTGCAATGCCCT TAAC TATAGAAGCAGTGATGATGA
1570 1580 1590 1600 1610 1620 1630 1640 1650 1660 1670 1680

TGGTGATGATGGTGGTGATGGTGGTGGTGG TGGTGGTGGTGGTGACGATGATGATTTTAATGC TAGCAATTACTGAACT CTTACTGGGTACCAAGTACCTTGCTAAAAGCTTCATATGTA
1690 1700 1710 1720 1730 1740 1750 1760 1770 1780 1790 1800

TTATCCCAATATTGGCTGTGTGATAAGTACTATTATTCTTCTCAAT TTACATAGGAGGAAATAGAT T TAGAGGGGGTTAAACAGCTAGCTCAAGAT CACACAGCAATT TGGGAACCCAGA
1810 1820 1830 1840 1850 1860 1870 1880 1890 1900 1910 1920

TTTGTCTGAACGCAGAACCCATTATTCTATGAGGGCAAGGGAGTGT TAAACATCGCAGGCTGTAACAACTT TTGGARAGAGCCAGCT TTAGCTTCCTCCCAGGCCCCT TCTCTGATCCTC
1930 1940 1950 1960 1970 1980 1990 2000 2010 2020 2030 2040

CTCTGGGATTGTTAGCCATATCTGAGTGTC TAAATTGTCGCAACAGCTGCAACAGCCGTTTGGGGGTGGTGGCTCCTAAGAAC TGTGGACT TTCTC TGCCACTGAGGATGTGAAGCTGAC
2050 2060 2070 2080 2090 2100 2110 2120 2130 2140 2150 2160

AGCTTAAAAGAATTCCGTTTTGGTGGGAATGGAGATGTCTGGAGACCTCAGGGGATAAACT TGTGTCTTTGCTAGCCTGTCTT TCTCCTAACAGCATCTCCACAGTGCCTGGCACCACTT
2170 2180 2190 2200 2210 2220 2230 2240 2250 2260 2270 2280

GGTACTTGATAAATACCTGTTGATTGATTCCCAAAGATCCCAGTTCCATTTCCCACGTACCTGCCCGCTCGGGGCGCAATCAACAACTAAAACTGGAGAT TTGGGGATTTCAGAGGAACC
2290 2300 2310 2320 2330 2340 2350 2360 2370 2380 2390 2400

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

AGGGCCATAAAAATGCAGATGGAGGATCGGTGTGAAATAACGGGCCCATATAAATCCCTCTGCCGCCCGCCTGCAAGATGGAT TGGCCGCATTGAAATTCCTCCGCGAGGATAATTAAAC
2530 2540 2550 2560 2570 2580 2590 2600 2610 2620 2630 2640

TCGGGGCCTCATCCGGGCAAAATTACATTCCTGTAATGGCGTCGCTCGGGGTCCCGGGAAATTGCTCCGTGGGCT TTCAGCGGCGGT TTTTATCGCCGGCCGGGGTGTGCCTGTCTGCGG
2650 2660 2670 2680 2690 2700 2710 2720 2730 2740 2750 2760

CTCGCCTCTCCTCCGGGACCGTAAAGCTGC TGCCGTGATTTATCCTCCCCTTCTCCCAAATCCGATTAAAT GGAGGAGC TCGGGGCCGGGGCGCCGCGGGGCCCGGGRA
2770 2780 2790 2800 2810 2820 sac 1 2860 2870

EGGGAAGGACGGGGCCAAGGAGGGGAGGACAMCGGCCCCTCAGAGAGTGGCGGATWMAMMCCGCGGCTmmATmﬂATmATGwm

2900 2910 2920 2930 2940 2950 2960 2970 2980 2990 3000
cm‘rcccc'rc'r'rmmmm&ma@mcmmmauccccﬂmcmcmmmmmmmocmuoc
3010 3020 3030 3040 3050 3060 3070 3080 3090 3100 3110 3120
AGGCCTAGGAAAGATGAGGGCCAGGAAGCCTCCCCCACCTCCTTCCATCAGGGGAA GAGCGAA. AGAAA "‘CCACGI‘TCAGGA@GCATG@AGGCGAGGGCGC
3130 3140 3150 3160 3170 3180 3190 3200 3210 3240

Figure 2 For legend see page 60.
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TGCTTATCCCAACTCGCGTAGT TGAAACCT GAGCAGAGGCTCGGGCAAGCCTGGAGTGACCTCGCAACCTTACAGCGGGTCGCAGGTGCCCGTTAT TCCTAGACTGTCCCAGGAGCCAGG

3250 3260 3270 3280 3290 3300 33io 3320 3330 3340 3350 3360
AARGAGGGATTCGGATCATATT TAACCCTATCTTCTGGCTCGCTGATGCTGCTTCTCTCATGGTTTATCACCGGAATGGAAAGGAGGAAAC GGGGAGTGGGGGAAAGGGCGAAGCCACCA
3370 3380 3390 3400 3410 3420 3430 3440 3450 3460 3470 3480

GAAGCAGCTGCGGCATTTTGCTGACTATTCGCCCATGGAGCCGGTTTGCCATCCAGTGATGCCAGAG TCCCGGCGCGACAGAAAGCAGGAC TCCCAAGATCTTCCTCCTGCTGCATTTTA

3490 3500 3510 3520 3530 3540 3550 3560 3570 3580 3590 3600
GGCACTGAACCCCAATCCCGACCGTATGTTAACACTGAATTCTGAGTAGGAGT T TTGTT TTGGCAGTGTGACGACTGCGCATGCTCGGAAAGGGGACGCAAGTCOGAGATCCCAAACGCG
3610 3620 3630 3640 3650 3660 3670 3680 3690 3700 3710 3720

crmmmmmmmcmmmtmmmmmmmmm
3730 3740 3750 3760 3770 Pst 1 3800 3810 3820 3830 3840
ATACCGCCACAGCCCTGGCAGGCGGCGCTGTGATGCCTGAGC TGATCCTG TATG TTGCAATCACTCTATCCGTGGCTGAGCGACTCGTTGGCCCGGGTCACGCATGCGCTGAGCCTTCCT
3850 3860 3870 3880 3890 3900 3910 3920 3930 3940 3950 3960

Exon I
T —— .
"TCGCTCTTCCCGCTGC! CCGCCALICTCTGTCITCTCT [GCAGTGGGAGCAG 'AAGGCCTTGGGACCTAGAGCCCTCTGTGCGCTGCGCACGCGCGCGGGACACCTCACCT TGCGCGGA
4030 4040 4050 4060 4070 4080
A

TGCTTTGAGGCGCTTACCTTGCGTGC TCCCACCCTGETCCTC TCGCCCTT TCTTGCTTCCGCTATCCCTTAGCCT TAGAGTTGGCTC TTCCGCGTGOCGGTGACCTCCAACCGCGCGGGL
4090 4100 4110 4120 4130 4140 4150 4160 4170 4180 4190 4200

CTGGCGCCATCTTGGATGTCTCGCAGGGGGAGGATACC TTGGAGCTGGCCAAAGTTAGATCCTGGAGTGCT GCTT TTCACCTGTTCCACCCAGTCCCTGCAACACTCTTTT
4210 4220 4230 4240 4250 4260 4270 4280 4290 4300 4310 4320

CCTTTCAGATTGTGACAACCCCCAGGCTCTCCCCTCCTATC TCTGCT TTCTCTTCTCATCCTGACT TGTGCCTTCTTTATTC TGAAATCTCCAGACTTTAGGCCCCAGAACCTCA
4330 4340 4350 4360 4370 4380 4390 4400 4410 4420 4430 4440

GGTGC TCCGAGCAATGGAGATAGTGGATCGTCTAAAGT CACCAATCCCTC TAGTCAGCACCCCTCAATTTAAAAAGTAAACCT TGAACATGGTAGAAGTGGGAAAAAAAGCCAAAACATC
4450 4460 4470 4480 4490 4500 4510 4520 4530 4540 4550 4560

GCCTCCOGTTAGGTTGTGGCTTGGGATAGC TAAGGCAGAAGAGAGAGGCTGGTTGCTTTGGAATCAC TAGT TATT TACCAGTACCTT TCTCGCATCCCGGCACGCTGGTGAAGTTGTAAA
4570 4580 4590 4600 4610 4620 4630 4640 4650 4660 4670 4680

AGTCACAAATGGTGGGC TAGAGATGAGGGT TTCTGTTGAGGCAGCAGGCCCAGAAAGGTGGGG TAAGGCCAAGCTAGTGGGGCCAGCATGAGACCCTGCCTGCCAGCTTTCCTGTGAAGG
4690 4700 4710 4720 4730 4740 4750 4760 4770 4780 4790 4800

ATTAATTAACCTCCCCAGATTCTGCTGTTACAAGGAAAAGAAGGTT TAAGGAAAGGAATAGTTAAGT TACTACCCCTGTGACT CATCTACACTGAGGAAAAAGCCCGTGATGATTTTGGA
4810 4820 4830 4640 4850 4860 4870 4880 4890 4900 4910 4920

GATTCTGGATAGTGCCTTTGCCCAAGTTGTAGGCTAACAAT TGCAGAGT TGCCATGGT TAGATAGCCAATGGTGGGATCACTT! MT‘I‘GCCANCC‘I‘TGI‘TGI‘GGGTTTATI‘ATAT
4930 4940 4950 4960 4970 4980 49%0 5000 5010 5020 5030 5040

GCCAGCACCACATTAAACTCTTTATGTATGTTAATTTGTAAATGAACATACTTAATCCCCCTAAGAGCTGCATTT TACAAAGAAGATAATAAGGTATAAT TCCCTTAGAAAAGAACCACC
5050 5060 5070 5080 5090 5100 5110 5120 5130 5140 5150 5160

AAAAGCCTTAAAGAACTATTGGATTT TGACCCAAGAAAACCTGAATAGTACGGCAGCAAAATTGGGTTAGAGTTACATATAGGCAAAAATCAGAGT TCTAGATAGGAC
$170 5180 5190 5200 5210 5220 5230 5240 5250 5260 5270 5280
Alu rmat 2 (+)

mmmmnmmnmmmmmmuxmmmmmrmm
5290 5300 5310 5338 TI30 T390 TI50 5360 T30 B380 5330 T300

TAGCCTGGGCAAAAAATAAATTAAGAGCAA TTAAGATG TTGGATTCAGAAGTGT TTTAACCTGGGACAATCTGAGTTCAGTTCATTTAATGAAGTGGTAT TTAATAGCCCTAAGCATTCA
T B30 5430 5440 5450 5460 5470 5480 5490 5500 $510 5520

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

e ———————————————————————————————————————————————

GnumurumrmmnmmmAmmmW%gmwﬂm%
5650 5660 5670 5680 5690 5700

Alu repeat 3 (-)
TGGCGTGATCATA GCTCCTGGGTTCAAGCAGTCCTCCTGCCTCAGC TTCTGGAG TAGC TGGGACTACAGGTGCACTTCCACCTCACCTGGCTAA' ATGTT
57‘7% %%% 5%% €800 5810 5820 5830 5840 5850 5860 S870 5880

TTGTAGAGATGAGGTCTTGATGTTTGCCCAGGCTGGTCTCAAACTCCTGGCTTC, mncrmccccccwﬂmmmﬂmnmwcnm

m——m 370 5380 6000
CCCAGAGATCTTGACCAGGAAGGTCCAAGT TGCGCCCAAGAATATGCATT TTTTAATACGTACACCACCCAGATAATTCTAGT TCAGATGGGCTTC TCACTTCACTTGGAGAAACCCTGC
6010 6020 6030 6040 6050 6060 6070 6080 6090 6100 6110 6120
cmmmmmcmcnacrﬂmcmmcacrrcuccmc‘m\mracmnrmmmrmﬂnamwcﬂccmmmun%
6130 6140 6150 6160 6170 6180 6190 6200 6210 6220 623
Alu repeat 4 (-)
T GAGACAGT TTCCCTCTTGTTGCCCAGGCT GGAG TACAATGGCGCAATCT TGGCT CACCGCAGCCTC TGCCTCCTGGATTCAAGCAA CTCAGCCTCCTGAGTAGCTG

GGA' AATTTTGTATTTTCAGTAGAGACGGGGT TTCTCCATGTTGGTCAGCCTGGTCTCGAACTCCTGACCTCGTGATCTACCCGCCTCAGCCT
6430 6440 6450 6460 6470 6480

Figure 2 For legend see page 60.
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——
CCTAAAGTGCTAGGATTACAGGCGTGAGCCACTGCGCCCAGCCACTAATACCTT TTGGATAGACTAATAACAGAGT TCCTCCT TGATCTTCCTCATCTTATTAATACAGGAAATTGAAGT
(11 €500 €510 €520 6530 6540 6550 6560 6570 6580 6590 6600

MMTMWWMWMWTAWWWWC%
6610 6620 6630 6640 6650 6660 6670 6680 6690 6700 6710

et ———————————eee e O
GATCCGCOC CTCC \TTACAGGTGTGAACCACGTGCCCAGCCTAAACGGCAACTT TTAAAGGTCCAGATGAT

'GAAGTCTTGAGAAGCGTTCCTTTTG
7030 7040 7050 7060 7070 7080
AATAAAAACTAAGGAAAACTTAGGCAAAAGACACTCTGGGAAAATTCCTGTGGCAACTGCAAATCATGAGGCTATGGAAATGGGTAACAGGTCTTACCTGAACCCAAGTGTTCACTTGTT
7090 7100 7110 7120 7130 7140 7150 7160 770 7180 7190 7200
\CCAGGGGAAGTCACTTCATTATAAGGAAATCTTGGGAGCTGTGTGGGGTTTCTGGAAGAAGTCATGACT TCAGGGTTTTAATTCTAT TTCTGCCAATGACTTAAGGTCAGTCACTG
7210 7220 7230 7240 7250 7260 7270 7280 7290 7300 7310 7320

TTTTCTGGGCCAGTTAAGCTT TCTAGGGCCCCTTTTCTGCTAATAAGGATATAG TTTAGTGAATAAGGAGCGTT TACAATACT GCTTCTGTAATT!
7330 7340 7350 7360 7370 7380 7390 7400 7440

Exon II

M FACSIKTFVSTTZPS

L
mmmmmmmﬂﬂmrmmmmmmrmmm
7450 7460 7470 7480 7510 7520 7530 7540 7550 7560

WWWWWWMMTWCMW%W%%
7570 7580 7590 .

Alu repeat 6 (+)
T,

GG@EWWTMT%TMMMMMWW@A&WTWTWW
7870 7880 7890 7900 7910 7920

e ——————————————— ettt —————————————————————————

mrmvmccmnmmmmunﬂmmm%mmmmwm%m
7930 7940 7950 7

Alu repeat 7 (-)

mqm_i%%gcwmmmmmnmmmmmrmmmmmnmm
8310 8320 8330 8340 8350 8360 8370 8380 8390 8400
AACTATATGTCGTGTAAGCTGGCCATCCAGAGTGGTAAATATAAGTAGAT TACATAAC TTGGACTGAGTATGCACTGT CTGTAGGATCTTGTCCTGAGT TAGCCATAGCTAAGGAGTTCA
8410 8420 8430 8440 8450 8460 8470 8480 8490 8500 8510 8520
'AAATTTGGATAGGAAGCTAAAATTTACATAAATACACAT TGGAAAAGTATT TGAC TCAGAAACAACAGTATGGAAGAAATTTTTGAAATAGTAGCTAGAGGAGGCGGTT

8530 8540 8550 8560 8570 8580 8590 8600 8610 8620 8630 8640
GGTTCATTCACAAATAAAAAGGAGTACCATTTATTGAGCAT TTACCATGTGCCT TAGCACTCACTGAGTT TACTAATTGGTATACATAATC TCAT TTACTCTTCAAMTCAACCCCAAGAG
8650 8660 8670 8680 8690 8700 8710 8720 8730 8740 8750 8760
ATGATATTTTGATTTCATAAATGAGAAT! AGAAAGGTTTAAGTGACTTATCCTGAGAATACACTGCTGATAATAGAATTAAGAT TTGAATCTCACT TTATCTGATGCCTAAAG
8770 8780 8790 8800 8810 8820 8830 8840 8850 8860 8870 8860
CCCTGGCTATGAATCACCATGTGTCTGTT TTGG TGTCACTGGCTTGGGGT TAGTCAGAAAAGGCTACCAGAAGGAGGTGAGTT TTGAGCATGAATCTTTGTTCCTATTTTCCAAAAGGAT
8890 8900 8910 8920 8930 8940 8950 8960 8970 8980 8990 9000

GTGTTCAGGGAAAGTTACTGGCTTC TTTC TTGTGGGC TGACCATTACCCATACAGAAGGCCCCCAACTTTAGAT TAAGATTTT TTTT TTTTAACTTTATGATGATGCAAAAATGATATGC
9010 9020 9030 9040 9050 9060 9070 9080 9090 9100 9110 9120

CTGGCGATACAGCAAGACTCCGTC TCAAAAAAAAAAAAGAAAGAAAGAAAGAAACCATACTTCGAATTAGGAATCTTT
e I T R T

ATCTTTTCCCAAGCTAGCAATGTGTGGTACAATACTC TGTTGCAATACTCAGCAGGAACCCACAGC TCCCAGTCACCT GCCCAATCACAGGGGTAAACAACCAGTACTCTACGGTGTACT
9490 9500 9510 9520 9530 9540 9550 9560 9570 9580 9590 9600

Figure 2 For legend see page 60.



Subunit ¢ of human ATP synthase 59

'AGGTGATTTCACCTAACTGTAAGCTAATGTAAGCTAGTGTAAGCTTTTTGAGCACATTGAAGGCCAGACTATGGTGTTTGGTAGGTTAGCAGTAT TAMATGGT TTTTCAAAG
9610 9620 9630 9640 9650 9660 9670 9680 9690 9700 9710 9720
TATGATGGATTTATTGGCACATAACCCTATGGTAAGTTGAGGAGCATCTGTATATA TGCTTCTGAGGCTTAGATTTCTTCTTGTTCTCAAGAGCTAT
9730 9740 9750 9760 9770 9780 9790 9800 9810 9820 9830 9840
AMMAGGATATAGCAAGGTTGGATGCTCCCTTATGGCCCAAAGGAAGTAGACTTTCTTTCCTT! \TGGTGTGGTTCTTTAATTTAGACTTTGCTAA
9850 9860 9870 9880 9890 9900 9910 9920 9930 9940 9950 9960
AAGGAAGAATGATCCAAAACTCTAACGTACATG TGAAGATGGAAAGGCCA TCTTGTCTGATGATGTAACAACGTGGCATAGTTCTGAAACTCCTCTCCAGTCTTC
9970 9980 9990 10000 10010 10020 10030 10040 10050 10060 10070 10080
Exon III

VKSTSQLLSRPILSAVVLIEKTRTPTE I L TD
'ATGTCATTCCTGCT: GAGCACCTCACAGCTGCTGAGCCGTCCGCTATCTGCAGTGGTGCTGAAACGACCGGAGA' Tcquzrxﬂ

10090 10100 10110 10130 10140 10150 10160 10170 10130 10190

T AGGAGGTAGAAT! AAAATTCATGAA'

TGTGGTTTTGGGGGTGATGGGTGGGGAGGGTTA!
10210 10220 10230 10240 10250 10260

ATGGGCTTTAGGTGGAGATGGAGGACACT TAATACGCTGTATGCTATAGTGCTCCAGC TTTTGCCA(

10330 10340 10350 10360 10370 10380
TTTAGTCCTAGGAAGATGATCTCCT TGGGGCAGCAAGAATA(

10450 10460 10470 10480 10490 10500
TCTACATCCTACGTTAAAAGG TTCTACTTGCCAGCATTTTAGGGCGTTAAACAATTTTCTGT"

10570 10580 10590 10600 10610 10620

'GCTGAGGACAGTCATCACAGGCT! TGGCCAAGGCC
10270 10280 10290 10300 10310 10320

CTGGCAGCACATGCCCCTGTGCACTGCTGCTAACTGGTATTACTTGGCCTAGTC
10390 10400 10410 10420 10430 10440

GACTAGGGCCTCAGTCTTACACTTCTTGACCACACCTGAATCTTAAAGGCA'

TTTGAAG
10510 10520 10530 10540 10550 10560

TTGGGGGAGAAACAATGGGAT TTGGCAGCTTAAAGGG TTTTAAATGGTACAAAAGTTA
10630 10640 10650 10660 10670 10680

S LS S LAVSCPLTS SULVS SRSTFOQTSATIS
TCAE:jNGCCTCAGCAGCTTGGCAGTCTCATGTCCCCTTACCTCACTTGTCTCTAGCC
10740

"ACCTTCTA GCAGCTTCCAAACCAGCGCCATTTC
10690 10700 10710 10750 10760 10770 10780 10790 10800

Exon IV
R DIDTAAKTFTIGAGAATVGVAGSGAGIGTVF FGSULTITIGYA AR
GGGGCTGCCACAGTTGGGGTGGCTGGTTCTGGGGCTGGGATTGGAACTGTGTTTGGGAGCCTCATCATTGGTTATGOCA1E::
10910

\TCGACACAGCAGCCAAGTTCATTGGAGCT!
10810 10820 10830 10840 10850 10860 10870 10880 10890 10900
AGATAAGTTGGACCCTCCACTGGTTATCTGATATGCTTTCCAAAGGTCAGAAAATATT TGGGGGTC TAGAACTATACTATCCCACACTGTAGCCACTAGCTACATGT TGITTGT S TGTTT
10930 10940 10950 10960 10970 10980 10990 11000 11010 11020 11030 11040

et —————————————————————————————————— e
GTTTGTTTTGAGACAGTAACGCTCTGTTTCCCAGGCTGGAGTGCAGTGGCGCAATCTCAGCTCACTGTCACCTCTACCTCTGGGTTCAAGCGATTCTTG%EESIE%%%E%ESEA&%;%%%

Alu repeat 9 (-)

e e ——————er e —————— e
Igsga;;esﬁggsﬁse%e%ﬁ&:gﬁgGCCCACCTAATTTTTGTGGTTTTAGTAGAGATGGGGTTTCGCCATGTTGGCCAGGCTGGTCTCAAACTCCTGACCTCAAGTGATCCACCT%%;;%

GGCCTCCCTAACT GCCAGGATTACAGGCATGAGCCCCCGCGCTTGACCTGAATT TTAGTTTTAATTAATTAAAAATACATAGT TTCAGTTT TCAGTTCT TCAGTCACGCTAACCATATTT
11230 11350 11310 11320 11330 11340 11350 11360 11370 11380 11390 11400

"AGCCAGATGTGGCTAGAGGCTACCATATT CAACAATGCAAATATAGAATGTTTGGCTGGGCACAGT GGCTCACTAATCCCAGCACTT TGGGAGGCCAGGGCAGGTGAA
11410 11420 11430 11440 11450 11460 11470 11480 11495 11500 11510 11520
 TTGAGGTCA! CAGC CATGGCGAAACCCCATCTCTACT: TACAAAAAT TACCTGGGTAAGGGGGGCGTGCACCTAT: A

Alu repeat 10 (+)

e —————————— e ettt e —————
GGCTGAEGC%EQAGAATCGCTTG&ASE%%%EQEEE?;AGGTTGCAGTGAGCTGTGAGCCGAGATCATCCCACTGTACTCCAGCCTAGGTGACAGAGTGAGACTTTGGGGAAAAAAAAAAA
1 16 1 11 11720 1730 1 11750 11760

3EEEZ;;;;CAAATAT;;E%EGGGCGAGGTGGTTCATGCCTGTAATCCTGCACTTTGGGAGGTCAAGGCGAGTGGATCACCTGACGTCAGGAGTTTGAGACCAGCCTGGTCAATATGGTG
1

Alu repeat 11 (+)

CTGAGCCARGATGGTGCCACTGCAT TCCAGTCT GGGCAACAGAGTGAGACCATCAAAAAAAAAAAAATTTATATATATATATATATATATATATATATATATATATATATATGTGTGTGT
‘-’mﬁﬁ?—n%&mm—nm—-mﬁm—mm 12080 12090 12100 12110 12120

ATGTATGTATGTATTAGAATGTTTATATCATTGTGTCATTGAAGAAAGT T TCATGAACAGCT TTGG TCTAGAGCATGTGTTGGCAAACTAAGGCC TAAGGGCCAAATCTGGGCCATAGCC
12130 12140 12150 12160 12170 12180 12190 12200 12210 12220 12230 12240

e——————————————————eeeet et
'ATGATTGAGCTAAAAATAAT TTTATGGCCGGG TGTGGTGCCTTAC 'ATAATCCCAGCACTTTGGGA! GGAT 'AG
12250 12260 12270 12280 12
Alu repeat 12 (+)

e e————————————————————————nee e e e ———————
\CA’ TTAGCCAGGCATGGTGGCAGATGCCTGTAATCCCAGCTACTCAGGAGGCT
2410 1

3 1244 124 4 1

e —— e ——— e ettt

GGTTGCAGTGAGT. 'CACTGCAC TCCAGCCTGGGCAAAAGAGTGAAACTCCATCTCAAAAAAAAAAATAGTTTCGCATTTTTAAAAGGCTTCATTTTTGTTT
T T B o e R e 3eig 17555 — 12560 12570 12580 12590 12600

TATGCGGCCCACAAAACCTAAAATTATTTACAATGTGGCCCTTTACAGAAAAAGTTTACCT TCCCTGTTCTAGAGACTCAGTGAACATAGTGGC TTTACTGCT
12610 12620 12630 12640 12650 12660 12670 12680 12690 12700 12710 12720

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

AAACCAAATTAATCCTC TAGAGACCAGGAAGTTCTCTTAATGTCTTTTGAGAAATAGAGTTCTTTT TAAGAATTTGTATTAAACAAGAAGT CTGACTGCTGCT TTATTCACTATTCTGTT

12850 12860 12870 12880 12890 12900 12910 12920 12930 12940 12950 12960
GTTGGTGTCGATT TACCTTACCCATCAAGACTTCTGGAGGTATCAGAGTAAGGGAAATACAGATTATATATGGGCCTTCAACACTGGGAGTCCTT TATCCATACTACTTCAACTCA
12970 12980 12990 13000 13010 13020 13030 13040 13050 13060 13070 13080

TAAACCCCATAGACCATTTGTAACTTCTTTTTTTTTTTTTT TTTTGAGAC TGAGTCTCGCTGTCTCCCAGACTGAAGT GCAGT GGCACAATCTCAGCCCACTGCAATCTCTGCCTCCCGG
13090 13100 13110 13120 13130 13140 13150 13160 13170 13180 131% 13200

GTTCAMTGATTCE%&CTCARCTCCCAAGTAGCTGGGATTACAGGTGCCCACCACCACGCCCGGCTMTTTTTTATTTTNTATTTTATTTTATTTTATTTTTTX‘GAGACAGAGTC

Alu repeat 13 (-)

w%m%@wurmmmmmTcoccTTcnecundmoccrcmccrcccmmccrmnacmcuccc

I CCCAGS [GA [TGCTC G CCAGGCTGGAGTACAGTGGCT GGG TCTT GGATCACTGS
13450 13460 13470 13480 13490 13500 13510 13520 13530 13540 13550 13560

GCCTCCCGGGTTCACGCCGTTCTCCTGCC TCAGCCTCCTGAGTAGC TGGGACTACAAGCGCC TGCCAACACGCCTGGC TARTTTTTTGTAT TTTTAGTAGAGACAGGGTGTCACCGTATT
13570 13580 13550 13600 13610 13620 T3630 13640 T3€50 13660 13670 13680

Alu repeat 14 (-)
AGCTAGGATGGTC TCGATTTCCTGACCTCGTGATCTGCCCACTTCGGCCTCCCAAAGT GCTGGGAT TACAGACATGAGCCACTGCGCCCAGCAATTTTTGTAT TTTTGGTAGAGACAGGG
13650 13700 13710 13720 13730 13740 13750 13760 13770 13780 13730 13800

%GGGGGPCWMCCTCMMWATCTCGGCCTCCCAMGPGCTGGGATTACAGGCGTGAGCCACCGCGCCTGGCCTMTTTTTGTATT
13910 13920

TTTAGTAGAGACGGGGT TTCACCATGTTGGCCAGGCTGGTCTCCAACTTCTGGC TTCAAGTGATCCGCCTGCTTTGGCCTCCCAAAG TGCTGGGATTACAGGTGTGAGCCACCGCACCCA
13930 13940 13950 13960 13970 13980 13990 14000 14010 14020 14030 14040

GCCCATTTGTAGT TTCTTAAAGCCCCAGATCTTCTGACTAT TTGAAATGAGAGAACATAATCTGTCCCTCTTACTCTTGTCTTCTAGAAGAGCGGTGTTCCATAAATCCTTAGGATTCTG
14050 14060 14070 14080 14090 14100 14110 14120 14130 14140 14150 14160

AGGTTATGCCCCAGAGACTGTCTTAGAGAATAAAGGGGAGACCAAGCCGTTAAAATTTCCCCACTACTTTTGTACCAT TGCAGTTTGGCTTTTAGATGT TTACTATATTGGAGTTCTGCT
14170 14180 14190 14200 14210 14220 14230 14240 14250 14260 14270 14280

CACTGCTCTAGATAGACCCT TCCATCCTATTTGGGCCCTGGATATTAAGTGTC TGGGCCAAGAGGTCTTAATTTGTGGTAATGAGATGGGTGAACCAT TAGTGAAGG
14290 14300 14310 14320 14330 14340 14350 14360 14370 14380 14390 14400

TCATGATTATACCTGGGCCATGTTACAGGATTTTAGATTGCCTGCTCCCCCTTCATTCAGTTCCTGTAGAGCCT TTGGGGAATCAGGGCAAGAAT TTGGGCATGATGGTGTTACCCTAAA
14410 14420 14430 14440 14450 14460 14470 14480 14490 14500 14510 14520

AGCTTCTTTATTATGTGAGATMTCTI‘GMGAGGGGGATTCTCCCIGAGCCCATCTTAGATATTTATCCTT’I“I‘CTTTGTGTGAACTAGMATTCAGTCTTM‘CTCTTCICCWACCAGI
14530 14540 14550 14560 14570 14580 14590 14600 14610 14620 14630
Exon V

N P S LKQOQLTFSYAITULGTFALSEAMGILTF CILMVATFIULTITULTFAM?®*
CCTTCTCTGAAGCAACAGCTCTTCTCCTACGCCATTCTGGGC TTTGCCCTCTCGGAGGCCATGGGGCTCT TTTGTCTGATGGTAGCCTTTCTCATCCTCTTTGCCATGTGAAGGAG
14650 14660 14670 14680 14690 14700 14710 14720 14730 14740 14750 14760

CCGTCTCCACCTCCCATAGTTCTCCCGCGTCTGGTTGGCCCCGTGTGTTCCTTTTCCTATACCTCC! CCAGGCAGCCTGGGGN\CGTGGTTGGCTCAGGGTTTGACAGMAAGACAMT
14770 14780 14790 14800 14810 14820 14830 14840 14850 14860 14870

AAATACTGTATTAATAAGATGTTTCTTGAGTCTCCTGTGTATATTTCTTTTCCACAGT TGGCTGAGTGCCTTCGTGAGAGTACAAGGCCCGAAGGGTAGTGATGGTGCTAAACTCAACAT

= 14890 14900 14910 14920 14930 14940 14950 14960 14970 14980 14990 15000

GGATTTGGCTGAGCTC
sac 1

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 11—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 Alu repeats on the displayed and complementary DNA strands are denoted by (+) and (—) respectively. The Pstl and Sac| 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,
1981). The presence of introns in segments of DNA coding for
links between transmembrane a-helices has been observed in
genes for other intrinsic membrane proteins, including bovine
and human rhodopsins (Nathans and Hogness, 1984), mouse

band III protein from the red cell membrane (Kopito et al., 1987)
and ADP/ATP translocase (Cozens et al., 1989). It is consistent
with the general view that exons often encode structural domains
of proteins (Gilbert, 1978; Blake, 1979).

The nucleotide sequences adjacent to the 5’ and 3’ boundaries
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(a) Human P1

(c) Bovine P2

>109 48 78 179 216 70 78 200 262
~jal 8 lc@om L e D B ..
N | | 1069 | 1607
i T 1 m v Tv I M T v v
498 320 506
b} H P2
(bYHumanP2 70 78 194 259
] A 1 B [ c I D I
| 3407 | 2627 | 3723

Figure 3

Structures of human P1 and P2 genes and the bovine P2 gene for the precursors of the ¢ subunit of mitochondrial ATP synthase

In the human genes, exons |-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 |, and the second close to the 5" boundary of exon Il. The transcriptional initiation sites have not been determined experimentally. The known

bovine P2 gene sequence does not extend into exon | (Dyer et al., 1989).

Table 1 Exon sizes in genes for the ¢ subunit of mitochondrial ATP
synthase

Exon length (bp)

Gene I I I} v )

Human P1 (109) 48t 78 179 216
Human P2 (29) 70 78 194 259
Bovine P2 - 70 78 200 262

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

T Itis suggested in the text that a sequence in intron A could promote transcription. If this
is true in humans then exon Il 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 10° Alu repeats in the human
genome, representing 5—6 9%, 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
Human P1 A 498 - gtg.cag.GTGACTTGGG CCCTCTGCAG.act.gaa
Human P2 A 3407 - gag.cag.GTAAGGCCTT GTAATTCCAG.ctc. tcc
Human P1 B 915 0 gct.ctg.GTAAGGTGCC GATTTTACAG.atc.cgc
A L I R
Human P2 B 2627 0 tcc.ttg.GTGAGTACCT TTCCTGCTAG.gtc.aag
S L v K
Bovine P2 B 1069 0 tcc. ttg.GTGAGTACCC TTCCGGCTAG.atc.agg
S L I R
Human P1 C 706 0 aaa.cag.GTAAGGGAGG CTCTTTCTAG.cct. tcc
K Q P S
Human P2 c 529 0 gat.gag.GTACCTTACA  TTTTTCACAG.agc.ctc
D E S L
Bovine P2 C 506 0 gat.gag.GTACCTTACA TTCTTCACAG.agc.cac
D E S H
Human P1 D 320 2 gcc.ag.GTAAGTTTGG TCCCTCCCAG.g.aac
A R N
Human P2 D 3723 2 gcc.aqg.GTAAGATAAG CTTCTACCAG.g.aac
A R N
Bovine P2 D 1607 2 gcc.ag.GTAAGATGGG CCCCTCCCAG.g.aac
A R N
Consensus cagGTAAGT YYYYYYYYYNCAGQG

sequence
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{a) Human P1 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

I P2 genes (Figures 1 and 2) contain 10 and 14 examples re-

spectively, some in introns and others in flanking sequences. In

ca (L LLLIMAN L 0L DR b i 1tu 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 Bl

family of repeated DNA sequences in rodents have similar
structures (Rogers, 1985).

(b) Human P2

I 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

CG LU LU DI WU 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
Figure 4 Distribution of the dinucleotide CpG in the 5 regions of the determined in the P1 and P2 cDNAs in cows (Gay and Walker,
human P1 and P2 genes 1985) and sheep (Medd et al., 1993) help to pin-point these sites.
The vertical lines mark each CpG in (a) nucleotides 22506250 of the human P1 gene, and Since processed pseudogenes are believed to have arisen by a
(b) nucleotides 15005500 of the human P2 gene. The horizontal and solid lines indicate non- process that involved reverse transcription of mRNAs (Rogers,
coding regions and exons respectively. 1985; Weiner et al., 1986), further clues are to be found in the

Intron A (498 bp)

(a)

20 40 60 80

Bovine P1 pseudogene (13-131) cGTAMGAATCTGCnmnmamccmwmmcmmm-Accmscmmmcnmcmmmac.ccccmcm—cmmcur--
Ovine P1 cDNA (1-56) R TOe IO TOAGCAGICAGECOOIOEAS TOOGAGTACAGAC TAARAMAATG
(b)
- M
Human P1 gene (5315-5352) TATTACFATYHH—CCCCC-Z‘(K)‘CTGCT(.;MTG-MM{\?‘{Y.:
Bovine P1 cDNA (1-44) CCAATGGATTTITTTTTCCCCCCCTCTGCAGACTGARRRARATG
Intron A (3407 bp)

(c) 0 "

Human P2 gene (3983-4012 and 7420-7453) cccTCTCTGTCTTCTCTGCAGTGGGAGCAGCTCTCCTGCCACAGCTCC TCACCCCCTGAAAATG

Ovine P2 cDNA (36-99) CCCTCTCTGICTICTCTGCACTGGGAGCAGCTCTCCTGCCGCAGCCCTTCATCCCCTGARRATG

Human P2 pseudogene (44-107) 'réé"rc'i'é%&i‘éi‘i&i‘é'}é&iciéééi\ééi\bé'}éiééiéédwmccccTCAccccc'mAAAAm

Bovine P2 cDNA (1-28) TCCOTAGCCCTTCATCCCCTGAAAATG

Figure 5 Comparisons of DNA sequences in the 5 non-coding regions of the human P1 and P2 genes, in the bovine and ovine ¢DNAs 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 Il (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 I. 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 II, 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. In.the 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 406615 of the bovine cDNAs for P1 and P2
respectively (Gay and Walker, 1985). Human placentat DNA (20 xg) was digested with the
restriction enzymes BamH| (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 °C and then autoradiographed at
—70°C 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 EcoRlI 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 5c) 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

+

nyYy ACSK

ATGCCCTCTCCCTGACCCCCCACTGTATGT TTARACRGGAGAGTCCTGTCTGTCTTCTCTGCACTGGGAGCAGCTCTCCTGCCATAGCCCCTCACCCCGTARRAATGTATGCCTGCTCCA

— 60
11 bp repeat

+ +

80 : : HE

100 120

+ + +*

F 1 $ TP SLUKSTSOQLLSHPLSA AUYUULEK®*PETRHADES SLSSLALVY
AATTCATCTCCACTCCCTCCTTGGTCARGAGCACC TCACAGCTGCTGAGCCATCCACTATCTGCAGTGGTGTTGARATGACCGGAGACAATGGCAGATGAGAGTCTCAGCAGCTTGGCAG
Y 140 160 BT ‘s U 220 240

In-phase stop
+* + * *

s ¢CPLTSLUPSCSFOQTSATISRDIDONAAKTFTIGAGATTUGUASGSG

TCTCATGTCCCCTTACCTCACTTGTCCCTAGCTGCAGCT TCCARACTAGTGCCATT TCARGGGACATAGACAT GGCAGCCARATTCATTGGGGCTGGGGCTACCACAGTTGGGGTGGCTG
260 ' " 280 C 300 S a0 " 340 360
+* +* *

G YA RNASLIKZO OQOQLF S YA

L GF AL WEHA AL

GCTCTGGGGCTGGGATTGGGACTGTGTTTGGGAGCCTCATCATTGGT TATGCCAGGAACGCTTCTCTGARGCARCAGCTCTTCTCCTATGCCATTCTGGGCTTTGCCCTCTGGGAGGCCT

S 6A G I 6T VF GS L I I
380 400 420
6 LFCLMNMUVAFLILFARARNS?:

440 460 480

TGGGGCTCTTTTGCCTGATGGTGGCCTTTCTCATCCTCTTCGCCATGTGARGGAGCCGTCTCCACCTCCCATAGTTCTTTTTTCCATGTCTGATGGGCCCTGTGTGTTCCTTTTCCTATA

500 520 540

.........

580 600

CCTCCCCAGGCAGCCTGGGGARCATGGT TGGCTCAGGGT T TGACGGRGRARAGACARATARATACTGTATTARTARCRARRRRARAAGTARRCAGGAGARTGAGACC

620 640

—_—
Poly(A) tract 4, 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 paly(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.
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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 11-nucleotide repeats, and the direct repeat at the 3’ end of
the pseudogene is preceded by a potential polyadenylation signal
and the sequence A, . 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 ¢ 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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