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ABSTRACT: The y-subunit of mitochondrial ATP synthase is part of the extrinsic membrane sector of the 
enzyme F,-ATPase. It is a nuclear gene product. Complementary DNA clones encoding a precursor of 
the protein have been isolated from a bovine library. The initial partial clone was identified with a mixture 
of 32 synthetic oligonucleotides designed from the known protein sequence (Walker et al., 1985), and this 
isolate was then used to screen the library again in order to find a complete cDNA. The DNA sequence 
of a clone that encodes the entire mature protein has been established, and the deduced protein sequence 
agrees exactly with that determined by direct sequence analysis of protein isolated from bovine hearts (Walker 
et al., 1985). At the 3’ ends of two independently isolated clones, alternative polyadenylation sites have 
been observed; otherwise, the DNA sequences of the clones are concordant. In common with many other 
mitochondrial proteins encoded in nuclear genes, the deduced protein sequence has an N-terminal extension 
that is absent from the mature protein. These presequences direct the protein to its appropriate mitochondrial 
compartment and are removed during the import process. The cDNA clone has been employed to isolate 
bovine genomic clones containing the gene for the y-subunit. From them, the DNA sequence has been 
established of a region encoding the mature protein and six amino acids in the presequence, but not the 
remainder of the proposed import sequence. This sequence extends over almost 10 kb and is divided into 
eight exons. Intron B between exons I and I1 contains a sequence that is related to long interspersed repetitive 
elements (LINEs) that have been described in other mammals. Human LINEs are usually flanked by directly 
repeated sequences with a poly(A) tract at their 3’ ends, and these features are present in the bovine LINE 
which is truncated. This sequence contains an open reading frame encoding part of a protein that is closely 
related to a protein encoded in mouse LINEs, to reverse transcriptase, and to DNA binding proteins. We 
have also made a preliminary investigation by DNA hybridization of the number of sequences related to 
the bovine gene in both the bovine and human genomes. Under the experimental conditions employed, one 
fragment hybridized in digests of bovine DNA, and two to four bands were detected in digests of human 
DNA; these latter fragments have originated from either expressed genes or pseudogenes. Thus, it appears 
that at least in cows some of the subunits of mitochondrial ATP synthase may have single expressed genes 
whereas other components (the a-subunit and the dicyclohexylcarbodiimide-reactive subunit, for example) 
present in the same enzyme complex have at least two expressed genes that are regulated differently in various 
tissues (Gay & Walker, 1985; Walker et al., 1989). 

E e  y-subunit of mitochondrial ATP synthase is part of 
F,-ATPase, the extrinsic membrane sector of the enzyme. It 
appears to be a globular protein, and its role in the bovine 
enzyme is unknown. In common with all but 2 of the 13 or 
so of the proteins that make up the bovine ATP synthase 
(Fearnley & Walker, 1986; Walker et al., 1987a), it is encoded 
in nuclear DNA. The corresponding mRNAs are translated 
on cytoplasmic ribosomes, usually as longer precursors with 
N-terminal presequences which serve to direct them into the 
organelle (Schatz & Butow, 1983). Investigations of bovine 
cDNAs for subunits of ATP synthase have shown that at least 
two of the proteins are each encoded by more than one ex- 
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pressed gene. For example, the bovine dicyclohexylcarbodi- 
imide-reactive proteolipid subunit, a membrane component of 
ATP synthase, has two different expressed genes, known as 
P1 and P2 (Gay & Walker, 1985). The P1 and P2 genes code 
for precursors of the proteolipid that differ in their N-terminal 
import sequences, but removal of the presequence produces 
an identical mature polypeptide. The two genes appear to be 
expressed in different ratios in various bovine tissues (Gay & 
Walker, 1985). In cows and also in humans, the P1 and P2 
genes are part of large multigene families which also contain 
spliced pseudogenes (Dyer et al., 1989; Dyer & Walker, 1989). 
The a-subunit of bovine mitochondrial ATP synthase forms 
part of the FI assembly and also has at least two different 
expressed genes (Walker et al., 1989). It appears that one 
gene is expressed in heart (Walker et al., 1985, 1989) and the 
other in liver (Breen, 1988). Other components of ATP 
synthase may have multiple genes. Hybridization experiments 
on restriction digests of human and bovine genomic DNA with 
probes for the d- and b-subunits, and for the oligomycin 
sensitivity conferral protein, detected several hybridizing bands 
(Walker et al., 1987c,b). However, these experiments detect 
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both expressed genes and pseudogenes. In contrast, similar 
experiments suggest that the bovine and human ATPase in- 
hibitor proteins and F6 subunits have single-copy genes 
(Walker et al., 1987b). 

As discussed in this paper, the y-subunit of ATP synthase 
also apparently has a single gene in the bovine genome, while 
in humans it may have multiple genes and (or) pseudogenes. 
Complementary DNA clones have been isolated for this 
subunit from a bovine library, and their DNA sequences have 
been determined. The bovine cDNA has been employed in 
hybridization experiments with restriction digests of bovine 
and human DNA. One band was detected in the former and 
two to four in the latter. They have also been used to isolate 
clones containing a segment of the bovine genome covering 
the part of the gene that codes for the mature y-subunit. This 
region has been sequenced and is divided into eight exons that 
are distributed over almost 10 kb of DNA. 

MATERIALS AND METHODS 
Screening the cDNA Library. In order to identify a full- 

length cDNA clone encoding the y-subunit of bovine ATP 
synthase, the cDNA library derived from heart and liver RNA 
(Gay & Walker, 1985) was rescreened with a “prime-cut” 
probe (Farrell et al., 1983) prepared from the original cDNA 
isolate (Walker et al., 1985). This partial clone encompasses 
amino acids 149-272 of the mature y-protein and probably 
also extends through to the 3’ end of the mRNA up to the 
poly(A) tract. The probe employed was an EcoRI fragment 
and contains bases 576-960 of the completed sequence (see 
Figure 2), the EcoRI site at the 5’ end of the probe being in 
the polylinker of the vector. The inserts in positively hy- 
bridizing recombinants were released by digestion with the 
restriction enzymes EcoRI and BamHI, and the digestion 
products were analyzed by electrophoresis in 0.6% agarose gels. 
Restriction fragments were recovered from gels and cloned 
into either M13mp8 or M13mp9, and the DNA sequences 
were determined in regions adjacent to the cloning sites. In 
the case of clone pBov-yl, a BamHI fragment of approxi- 
mately 1 .O kb was subdigested with Hinff. The ends of the 
resulting fragments of DNA were repaired, and the products 
were cloned into the SmaI site of M13mp8. 

Preparation and Screening of a Bovine Genomic Library. 
The preparation of bovine liver DNA has been described 
previously (Walker et al., 1987b). A phage library of partial 
Sau3AI fragments of bovine genomic DNA was made in the 
vector A2001 (Karn et al., 1984; Dyer et al., 1989). Ap- 
proximately 1 O6 recombinants were screened for clones con- 
taining the gene for the y-subunit of mitochondrial ATP 
synthase using procedures for hybridization and screening the 
library described by Dyer and Walker (1989). A “prime-cut” 
hybridization probe containing nucleotides 576-8 15 of the 
cDNA was employed in these experiments. The radiolabeled 
probe was released from the M13 template DNA by digestion 
with the restriction enzyme EcoRI. 

DNA Sequence Analysis. DNA sequences were determined 
by the dideoxy chain termination method (Sanger et al., 1977) 
as modified by Biggin et al. (1983). All sequences were de- 
termined minimally at least once in both senses of the DNA. 
Three regions of sequence were completed by the use of unique 
synthetic oligonucleotide primers, 17 bases in length, made 
with the aid of an Applied Biosystems 380B automated oli- 
gonucleotide synthesizer. The DNA sequence was 
“compressed” in three sections, but these problems were re- 
solved by the substitution of deoxyinosine triphosphate for 
deoxyguanosine triphosphate in the sequencing reaction mix- 
tures (Mills & Kramer, 1979). Further details of procedures 
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FIGURE 1: Sequence analysis of cDNA clones encoding a possible 
precursor of the y-subunit of ATP synthase from bovine mitochondria. 
The thick lines represent the inserted DNAs in the isolates pBov-yl-2 
and the EcoRI fragment characterized from isolate pBov-73. The 
EcoRI site at  the 5’ end of this fragment is in the polylinker of the 
vector. The inserts in pBov-yl and pBov-y2 are flanked by an EcoRI 
site (v) and a BumHI site (1) in the polylinker of the vector. The 
horizontal arrows represent the extent and show the sense of the 
sequences that were determined. The positions of Hinfl sites that 
were important in the sequencing of pBov-yl are indicated by vertical 
bars, and a Hue11 site (0) was used to generate fragments in the 
sequencing of pBov-73. The scale is in bases. 

employed for sequencing DNA and for compilation and 
analysis of DNA sequences are described in Dyer and Walker 
(1989). 

Hybridization with Human and Bovine Genomic DNA. 
This was performed as described previously (Walker et al., 
1987b) by the method of Southern (1976). Samples of human 
and bovine DNA (20 pg/digest) were digested with the re- 
striction enzymes BamHI, EcoRI, HindIII, KpnI, XbaI, Sad, 
and PstI (all purchased from New England Biolabs). The 
digests were fractionated by electrophoresis in 0.6% agarose 
gels, transferred to nitrocellulose filters, and hybridized with 
radioactively labeled “prime-cut” probes (Farrell et al., 1983). 
These probes were nucleotides 114-309 and 487-790, re- 
spectively, from the bovine cDNA. They were released from 
their M13 vectors by digestion with EcoRI. Conditions for 
prehybridization, hybridization, washing, and autoradiography 
can be found in Walker et al. (1987b). 

RESULTS AND DISCUSSION 
Complementary DNA Cloning and Sequence Analysis of 

the Bovine y-Subunit. In work described previously (Walker 
et al., 1985), a partial cDNA for the y-subunit of bovine ATP 
synthase was isolated with a mixed oligonucleotide probe, and 
from this clone, the sequence of an EcoRI fragment encoding 
the C-terminal region of the protein (residues 149-272) was 
determined (see clone pBov-y3 in Figure 1). The insert in 
this clone must also have contained an EcoRI-BamHI frag- 
ment probably extending the sequence in a 3’ direction, but 
this fragment was not observed in restriction digests of the 
clone, presumably because it was too small to be visible by 
ethidium bromide staining after agarose gel electrophoresis. 
So, in order to isolate a full-length cDNA clone for the y- 
subunit, the bovine cDNA library was rescreened with the 
EcoRI fragment from pBov-73. Two positively hybridizing 
recombinants, pBov-y 1 and pBov-y2, were isolated. The in- 
serts in the cloning vector that was employed to make the 
library are flanked by an EcoRI site and a BamHI site. Upon 
digestion with EcoRI alone, a fragment of about 1 kb was 
released from pBov-yl; BamHI alone also released a fragment 
of about the same size, whereas digestion of the plasmid with 
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FIGURE 2: DNA sequence of cDNAs encoding a possible precursor of the y-subunit of ATP synthase from bovine mitochondria. Amino acid 
1 is the N-terminal alanine residue of the mature protein. The possible mitochondrial import presequence is numbered from -25 to -1. Various 
restriction endonuclease sites that were used in cloning and sequencing experiments are indicated. The nucleotide sequence that hybridized 
with the synthetic oligonucleotide probe in the isolation of clone pBov-y3 is underlined, and boxes have been place around the two polyadenylation 
signals. Clone DBov-71 extends from nucleotide 1 to 1083 and is followed by A,,, clone pBov-y2 covers bases 142-1218, and the EcoRI fragment 
inpBov-y3 coiresponds to bases 516-962. 

both enzymes together produced BamHI-EcoRI fragments 
of about 0.8 and 0.1 kb. These various restriction fragments 
were cloned into appropriate M13 vectors, and flanking se- 
quences were determined, and from these data, the arrange- 
ment of restriction fragments shown in Figure 1 could be 
deduced. The sequence of the inserted DNA in this recom- 
binant was completed by sequence analysis of HinfI fragments 
derived from the BamHI fragment. These experiments to- 
gether were sufficient to produce a complete sequence for the 
recombinant DNA in both of its senses, with the exception of 
one overlap through the Hinff  site at bases 486-490; this is 
provided by the known protein sequence of the y-subunit 
(Walker et al., 1985). 

Digestion of isolate pBov-y2 with EcoRI and BamHI re- 
leased an EcoRI fragment estimated to be about 0.4 kb and 
an EcoRI-BamHI fragment with an estimated size of about 
0.8 kb. Sequence analysis at the ends of these fragments 
showed that the insert in pBov-y2 did not extend as far in a 
5’ direction as that in pBov-yl but that it extended further 
in a 3’ direction. 

The sequence of the bovine cDNA presented in Figure 2 
is 1218 nucleotides long. It is a composite of the sequences 
of pBov-yl and pBov-y2. They finish at bases 1083 and 1218 
with runs of AI3 and A,, respectively, at their 3’ ends, both 
of these 3’ sequences presumably originating from the 3’ 

poly(A) tails in mRNAs. The poly(A) tracts are preceded 
by the sequences AATAAA and ATTAAA, respectively, both 
of which can serve as signals for polyadenylation of transcripts 
(Proudfoot & Brownlee, 1976). Alternative polyadenylation 
sites have been noted with transcripts of the heart isoform of 
the a-subunit of ATP synthase (Walker et al., 1989), and also 
in the case of the mitochondrial phosphate carrier (Runswick 
et al., 1987). Over the regions of the overlapping clones, 
including clone pBov-y3, the DNA sequences that have been 
determined are entirely in agreement with each other. The 
sequence of bases 1083-1218 in clone pBov-y2 has been de- 
termined only in one sense of the DNA, but the corresponding 
sequence has been determined in both senses in the genomic 
DNA (see below), and the cDNA and genomic sequences are 
in total agreement. 

Deduced Protein Sequence. The protein sequence for the 
mature y-subunit of bovine ATP synthase derived from the 
cDNA sequence agrees exactly with that described previously 
(Walker et al., 1985). This earlier sequence was determined 
almost entirely by direct sequence analysis of protein isolated 
from bovine heart mitochondria, with the exception that the 
overlap between amino acids 164-166 was established by DNA 
sequence analysis of the clone pBov-y3. The 5‘ end of the 
cDNA sequence suggests that the N-terminal alanine residue 
of the mature protein could be preceded by a processed mi- 
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tochondrial import sequence of 25 amino acids. This proposed 
precursor sequence has a number of characteristics that have 
been found to be associated with mitochondrial import se- 
quences; is has a net basic charge and contains no acidic 
residues, and an arginine residue is found in the precursor close 
to the site where cleavage would occur to produce the mature 
form of the protein (von Heijne, 1986). The length of the 
precursor is defined by the proposed initiator methionine codon. 
This is preceded by an in-phase potential termination codon, 
TGA, at bases 28-30, and no other ATG triplets are present 
in the intervening sequence. Yet, despite these characteristics, 
some doubt surrounds the authenticity of this proposed import 
sequence. The N-terminal alanine residue of the mature 
protein is immediately preceded by a methionine residue, which 
in the absence of other evidence could also be considered as 
a potential translational initiator, and would thereby produce 
a mitochondrial protein with no processed import sequence. 
This is uncommon, but at least two other example are known. 
They are the ADP/ATP translocase from several species [see 
Cozens et al. (1989)l and the d-subunit of bovine ATP syn- 
thase (Walker et al., 1987). A more serious worry, however, 
is our failure so far to isolate a bovine genomic clone that 
extends through this region. Characterized clones have a 5’ 
end at the BamHI site at bases 11 3-1 18 of the bovine cDNA 
sequence, and none has been identified that extends in a 5’ 
direction beyond this site, which also encompasses a Sau3AI 
site within it. It is possible that this region contains an un- 
usually high concentration of Sau3AI sites that would lead 
to its absence from genomic libraries that have been generated 
from partial Sau3AI fragments such as the one we have 
constructed (see below). 

Gene Cloning and DNA Sequence of the Gene for the 
Mature y-Subunit. The bovine genomic library was screened 
with a hybridization probe containing a segment of the coding 
sequence from the bovine cDNA for the y-subunit. Stable 
duplexes were formed between the probe and with DNA from 
two different recombinants, named XyA and XyB. These 
recombinants were rescreened and grown in liquid culture, and 
their DNA was isolated. Southern hybridization experiments 
performed on the phage DNA indicated that they both con- 
tained identical inserts of bovine genomic DNA. 

DNA from recombinant XyA was digested with the re- 
striction enzymes SacI and NcoI, fractionated by electro- 
phoresis in a 0.6% agarose gel, and hybridized to a “prime-cut” 
probe containing nucleotides 576-8 15 of the bovine cDNA. 
The SacI site at the 5’ end of this fragment was contained in 
the polylinker of X2001, and the genomic sequence begins at 
an adjacent Sau3AI site. This probe hybridized with a 5.9-kb 
SacI-NcoI fragment. It was thought likely that the end of 
the fragment generated by NcoI corresponded to the site for 
this enzyme that had been shown to be present in the cDNA, 
and so codons for the 41 C-terminal amino acids of the protein 
were not expected to be present in the fragment. Its DNA 
sequence was determined by the random strategy using cloned 
fragments of sonicated DNA (Bankier & Barrell, 1983). It 
contained codons for six amino acids of the presumptive mi- 
tochondrial import presequence and sequence coding for amino 
acids 1-231 of the mature protein. As anticipated, the 3’ end 
of the fragment did correspond to the NcoI site in the cDNA, 
and so in order to obtain the 3‘ region of the gene, it was 
necessary to identify and sequence an overlapping DNA 
fragment from the insert of XyA. An NciI site was present 
in the sequence about 450 bp from the 3’ end of the existing 
sequence at this point. However, digestion of the insert in XyA 
with this enzyme alone produced an overlapping restriction 

Biochemistry, Vol. 28, No. 9, 1989 3673 

fragment of about 8 kb, and it was possible that this extended 
far beyond the 3’ end of the gene. Therefore, a smaller 
NciI-EcoRI fragment (3 kb) was chosen for further sequence 
analysis, although it was evident that this was likely to extend 
no further than the EcoRI site detected in the 3’ region of the 
bovine cDNA. Its DNA sequence was determined by the 
random strategy, and it was found to contain the missing 
region which codes for the C-terminal end of the protein. 
However, as anticipated, the DNA sequence of the gene still 
lacked sequence for the 3’ untranslated region found in the 
mRNA. In order to obtain a genomic DNA fragment to 
extend this end of the gene, a XbaI digest of DNA from XyA 
was hybridized with a segment of the cDNA containing the 
3’ untranslated region of the bovine mRNA (nucleotides 
956-1218 in Figure 2), and 4.3-kb XbaI fragment formed a 
stable duplex with the probe. It was sequenced completely 
by the random approach and contains the sequence for the 3’ 
untranslated region of the mRNA. Only part of the sequence 
of this DNA fragment from bases 8223-10000 is presented 
in Figure 3. 

The inserted bovine genomic DNA in XyA did not contain 
the 5’ region of the bovine gene, and so the library was res- 
creened with a hybridization probe containing nucleotides 
1-171 from the bovine gene. A single recombinant, known 
as XyC, was identified, but Southern hybridization experiments 
indicated that its inserted DNA was identical with those found 
in XyA and XyB. In a further attempt to clone this region 
of the bovine gene, the genomic library was screened with a 
probe derived from the 5’ region of the cDNA (nucleotides 
1-1 14 in Figure 2), but no positively hybridizing recombinant 
was identified. No further efforts have been made to clone 
the 5’ region of the bovine gene. 

Each nucleotide in the sequence of the gene for the bovine 
y-subunit of ATP synthase was determined at least 6 times 
on average and at least once on each strand of the DNA. The 
G + C content of the 10-kb fragment presented in Figure 3 
is 4096, in reasonable agreement with the estimated G + C 
content of 42% for the bovine genome (Chargaff & Lipshitz, 
1953). 

Gene Structure. (i) Identification of Exons. The exons of 
the bovine gene for the y-subunit of ATP synthase were 
identified by comparison of the sequence with that of the 
bovine cDNA. Also taken into consideration when assigning 
the borders of individual exons were the rules for intron-exon 
splice sites (Breathnach & Chambon, 1981). These predict 
conservation of the dinucleotides GT and AG next to the 5’ 
and 3’ boundaries of introns, respectively. 

(ii) Exon-Intron Structure. The gene for the y-subunit of 
bovine ATP synthase is split into at least eight exons (see 
Figure 4). Since the sequence of the gene is incomplete at 
its 5’ end, it is possible that separate exons contain the 5’ 
untranslated region of the mRNA and the coding sequence 
for a presumptive presequence. The first exon in the DNA 
sequence for the bovine gene, called exon I, encodes six amino 
acids of a possible import peptide and the five amino acids at 
the N-terminus of the mature protein. The remainder of the 
coding sequence for the mature polypeptide is found in exons 
11-VII, and an eighth exon contains the sequence for the 3‘ 
untranslated region found in the message. 

With one exception, all of the introns in the bovine gene 
contain the canonical dinucleotides GT and AG at their 5’ and 
3’ splice sites, respectively (Breathnach & Chambon, 1981; 
see Table I for a summary of the properties of the introns). 
An unusual GC sequence is found at the 5’ end of intron D. 
This dinucleotide has been found to replace the consensus 
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R G C G f l f l R T f l C G C C C G R G C T G ~ G R G f l G f l G C T R R R R C C t t C C C G R G T G T R T G G R G T G G G G l C C T T G  T R R G R G G G G C G T G C A G T C R G R T T R C ~ f l R G R C C T T T I R R G C T f l G R G R T C G C G G T C  
610 620 630 640 650 660 680 690 700 710 720 

CTGflGCRCTTRCRGGCRCTCGCGGTCf lTGGCRGCCCTGTGCRGGCGGGCRCTGTTGGRGCCCCRGCTTTGCRGRGGRGfl f lRRCCCf lRGTCCRGTRCRGTCRTGRCTTTRCCTGCGTGRCT 
730 740 750 760 770 780 790 800 ai0 820 830 840 

T G G C R T C C G R G C C T G T C T C T G T T C R T C ~ C T G T R T G T G T T C R C C T C C C T T T T ~ ~ R G T f l T T C T G R f l R G R T T G T T C C T R G f l T T f l T T R R R T f l I G C C ~ T C R R R ~ G R R C R T G G G G T T T R G T G C R T C  
850 860 870 880 890 900 910 920 930 940 950 960 

G G A C T C R G A T G C T T G A T T T T R T C C T G T T R C R R T G T G f l T G T G R T C T T T T R G G f l C T G C f l G G T T G G G f l T G G G G G T R C C C T G C R G T G G f l R T T T G R C T C R R C R G T C R I G G C T R T G R C T G R G T R T R  
970 980 990 1000 1010 I020 1030 1040 1050 1060 1070 IO80 

TGGRCAGflGTGTTGRRRGRGCRGCTGTRf lRGGflGGRf lRRRRGRTRTf lTCTGTRTTRTCTGTRTTRRTCTGITRGRRRTTf lRCTTTCTGCRGGRGTTTTCTTGTGTTCRTRTTTCTTGRGC 
1090 1100 1110 1120 1130 1140 1150 1160 1170 1180 1190 1200 

~ T G C R T T C R T R C T G C T ~ C C G ~ R R G T T T T G T ~ I G f l G R R f l ~ T G f l T R G C G T I C C f l T G C T T C f l G T T G f l R R T G R C T C R T I G C T T T G R R R R T G C C f l T R C T G G G f l C C T C C C T G G C R G T C C G G T G G T l  
1210 I220 1230 1240 1250 I260 1270 I280 1290 1300 1310 1320 

RRGRCTTCRCCTTCTGTGCAflGGGGTGCRCGTlCRGlCCCTGGTCRGGGRGCTTflGflTCCCRCGlGCCTCflTGGCCRRGflRRCCRRRflCflTTGGRCRGRflflCRTRlTGTRflCRRRflTCRR 
1330 I340 1350 1360 1370 1380 1390 1400 1410 1420 1430 I440 

T R R A G R C T T T T T T R f l R A A T R R R R R T R C T G T R T T T R G l T T C f l C T T R G C R G T R T f l G G R G f l G f l C T T G T T C T G T T f l G G T l T T R G C C R T C l T T f l f l C R f l C R C C R G C T G T T T G C T C T T R T G R G T C C T  
1450 1460 1470 1480 1490 1500 1510 1520 1530 1540 1550 1560 

1690 1700 1710 1720 1730 1740 1750 1760 1770 I780 1790 1800 

RRGCRTCCAGTf lTCGlGCRTTGRRCCGGflCTGGCGRCTCGTTTCf lTRCRTGRTf lT lRTf lCf lTGTTTCRRTGCCRTCCTCCCRRflTCTTCCCf lCGCTCTCCCTCTCCCflCRGf lGTCCRTf l f l  
1810 1820 1830 1840 I850 1860 1870 I880 1890 1900 1910 1920 

A truncated bovlne LINE- I 

G R C C G T T C T C G T f l T R C f l G G G T T f l T T G T T R C C f l T C C T T C T f l R R T T C C R T f l T f l T f l l G C G T T R G T R T R C T G T f l T T G G T G T T T T T T T T T C T G G C T T f l C T T C f l C T C T G T f l T f l f l T f l G G C T C C f l G T T  
1930 1940 1950 1960 1970 1980 1990 2000 2010 2020 2030 2040 

T C A T C C R C C T C R T T R G R R C T G f l T T C f l R f l T G T f l T T C T l T T T f l R T G G C T G R G T R f l T f l C l C C R T T G T G T R T R T G T R C C R C f l G C T T T C T T R T C C R T T C f l T C T G C T G R T G G R C f l l C T R G G T T G C T  
2050 2060 2070 2080 2090 2100 2110 2120 2130 2140 2150 2160 

T C C f l T G T C C T G G C T f l T T f l T C f l f l C f l G T G C T G T G f l T G R f l C f l T T G G G G T f l T R T G T G T C T C l T T C C C T T C T G G T T T C C T C f l G T G T G T R T G C C C f l G C R G T G G G f l T T G C T G G f l T C f l T f l f l G G C R G T T  
2170 2180 2190 2200 2210 2220 2230 2240 2250 2260 2270 2280 

T T G T f l G R C T T T C G G R T C G C R G C C R T T C T G f l C T G G C G T G R G R T G G T R C C T C R T R G T G G T T T T G f l T T T G C f l T T T C T C T G R T R R T G f l G T G R T G T T G R G C G T C T T T T C G T G T G T T T G T T R G C C R  
2110 2420 2130 2440 2450 2460 2470 2480 2490 2500 2510 2520 

2530 2540 2550 2560 2570 2580 2590 2600 2610 2620 - 
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~ ~ T ~ R C T G C T G G R T R T T A A R T G G C T ~ R T C T T T R R R ~ T R T T T R R G R R C T T T R ~ R T R G G R R T T T T ~ T T T T T T R T G C T G T R C R R T R T R R R R G R T R R R ~ ~ G R ~ R C ~ C ~ ~ ~ ~ G G ~ ~ ~ ~ ~ ~ C ~ C ~ ~  
2650 2660 2670 2680 2690 2700 2710 2720 2730 2740 2750 2760 

CRCTTCCCTGRRCTTTRGRGTTGRGTRTGTRCCTTTCTCCRCCTTTTRTGGRGGRTTCTCRGGTRTTGRRRTTTGRGRGTCCTGCTCTRRCTGRRGRRGGGTRRTRGGRRTTTCGTTGRR 
2770 2780 2790 2800 2810 2020 2830 2810 2850 2860 2870 2880 

GTGGGGGCflTGTGGCflGCCRTGflGGf lTGCRGTTTCCf l f lCTf lGRGRGRCRGCTGCTGRRRCCRTCCTGTGTTTGCRCCTGRGRCRGGCTTCCCRCGRGCCCCTCCTGRCRGRTGGGGTGCT 
2890 2900 2910 2920 2930 2940 2950 2960 2970 2980 2990 3000 

C ~ G G C T G C R T G T T C T G T G G R G R C C T G G G G C T C C C T G G C ~ G C C T T G C T G ~ G C T T T C C C T C G R C T G C T C T G C R G G C C R G G R R G C T G C C T C C T C R C C T T T C T T C C T R C T G G T C R G R C R G G C R T  
I O I O  3020 3030 3040 3050 3060 3070 3080 3090 3100 3110 3120 

C ~ C ~ ~ G T G T G R T G G C T C T T C T G ~ ~ C C T C C T T C C T G T G T C T T C T C T C ~ G G C R T T T T C C C R G T R ~ R R T C C ~ T R T G T ~ T T G R ~ C C C T R T T T G R R T C C C T C T T G G C T T C T G C T T C T T C G ~ R G R T C R  
3130 3140 3150 3160 3170 3100 3190 3200 3210 3220 3230 3210 

GRCCflACCRRGTGAGGCTGT~R~RGTfl~CRCCC~flRGT~~flRTGGCflTCCflTTRTTTTRRTGTCRRTRGTTTTCRTRRRRGCTCGCTGTGCRGRTRTRTGRRCRGTTCRGTRRRTRCTCC 
3250 3260 3270 3280 3290 3300 3110 3320 3330 3340 3350 3360 

C T G C T T T C T T G G T T G T R C T C T G R R G R T T T T R R T T R T T T R R R R f l T T T G G T R R G T C T R G R C R R G T T G T C G C T T C T C T R R G T C T G G C C T C T T T T C R R G C T G T G T G R T T G T R C T f l G T G f l T T T C T  
1170 3380 3390 3400 3110 3120 3430 3110 3150 3160 3470 3 4 8 0  

TTTRGTCRGTRCTTRGRTRRCTTTGTGTCTRGRGRCCTCTTRRCRGRGRTTTRGRCCTTTRTGGTTTTCRRCCTCTTTGTRRRTGRRRTRRGTGCRRRRRTRCTTGRTRRGTRRRGGCRT 
3490 1500 3510 3520 3530 3540 3550 3560 3570 3580 3590 3600 

R L Y E K R D I K T P E D K K K H L  
C R T T T T G T G A A T T R G G G G T T R T T G C T G T R T T T R G T G T R R T T R C R C C T T T T T T T T T T T T T T T T T G R R  TCTGTRTGAARRGGCTGRTRTTRRGRCTCCTGRRGRCRRRRRGflRGCf lCCTC 

3610 3620 3630 3640 3650 -$ 3680 3690 3700 3710 3720 

E x o n  I I  I 
I l G U S S D R G L C G f l l H S S U A K O n K S E R R n L A R A C t E V K l  I t  

RTCATCGGTGTGTCCTCGGACCGRGGGCTCTGTGGTGCTf lTTCRCTCCTCGGTTGCTRRRCRGRTGRRRRGCGRGGCGGCCRflCCTTGCRGCRGCTGGGRRRGRRGTTf lRGRTTRTTGGR 
1730 3710 3750 3760 3770 3780 3790 3800 3 8 1 0  3.520 3830 3840 

U G D K l R S l L H R  
GTTGGTGATARRRTCRGGRGTRTRCTTCRCRG 

3850 3860 3890 3900 3910 3920 3930 3910 3950 3960 

T T T G G T T R C C R T T T T R T A C A C R C G G R G f l R G C T T T G T T T T G T T T C f l f l G T T T T G T T C C R G G f l T R T C T T R G R R T G T G T R G R T T T C C C T T G T T T T T T R C T T G T C R T T T G C T T C T C C T T C T T C C R  
3970 1980 3990 4000 I 0 1 0  4020 4010 4040 I 0 5 0  4060 1070 4080 

G R C C R T R R R T G G A A T R C R R T R G G ~ G T G T C ~ G R R G C T R R G G G C T T T T T T T T T T T T T T T T G T R ~ T G R G G R C T C T G R G G R G T T G T C R T G G C C T G G R f l R T G C C R G R R R T G R R T R R C R G T T R R T T  
4090 4100 1110 4120 4110 4110 4150 1160 1170 4180 4190 4200 

RGARTTGGCRGGAGRGGRGTRRRGGCRGRGRGRGRGflTf lRGGCGRGRRRRGCTGRTTGTGRGTCCTCRGTTCTGGGCRGGCTCTGRRGGRTGGGTGRTCRTRRTRRCGTRGGGGGTRCCT 
4210 1220 4230 4240 1250 4260 4270 1280 4290 1300 4310 1320 

TRTRRTTCRGTGRRTRCCGCGTTCTCC~CTCRRRRTRCRCTTGRTTCRTRGRGTRTTTTTGCCTTGTTCCCTGCGCRGRRGTRTTCCRCTCRGCTGTTRCRGRTGRTCTCTTCGTTTTCT 
4330 4 3 4 0  4350 1160 4370 4380 4390 4400 4410 4420 4430 4440 

E x o n  I U  
T H S D O F L U T F K E U G R R P P T F G D R S U I R L E L L N S G ~ E F D  

RCTCRTTCTGACCRGTTTCTGGTGRCRTTCRRRGRRGTGGGGRGGRGGCCCCCTRCCTTTGGGGRTGCGTCRGTCRTTGCCCTTGRGCTGTTRRRTTCTGGRTRCGRRTTTGRT 
1160 4470 4480 4190 4500 4510 4520 1530 4540 4550 4560 

E G S l l F W R F R  
G R R G G G T C T A T C R T C T T T R R C C G f l T T C R  

4570 4580 1610 1620 4630 4640 1650 4660 1670 1680 

E x o n  U 
S U I  S V K T E E K P I F S L D T I  S S A  

G A R T T T R C R T T A G T T T T T G C C f l T T T C T R  T C T G T C R T C T C C T R C R R G R C R G A A G A R R R C C C ~ T C T T T T C C C T T G R C R C C R T T T C R R G T G C T  T R R G T R T R T T T T G T R T G R C R R G T R T  
1690 4700 9” 1720 4730 1710 1750 4760 4770 

G R R R C C R T R R R R C R T T C R T T t T R T A R R T R R R T R T C C ~ T T G G G G G C C R ~ C R T T f l T R T ~ T G f l f l R G T C R T C f l T T G C T C R G T G R R G C R T T C T G G ~ ~ R T ~ R T R C T C R G G R R C C R R T T T c ~ ~ ~ ~ ~ ~  
4930 4910 4950 4960 4970 4980 4990 5000 5 0 1 0  5 0 2 0  5 0 3 0  5 0 4 0  

C T C T C C T R T R T R T T R T f l T T T C T T C T f l T T C T R f l G R G G T R C R C T T T T T f l f l T G T C T C T R R f l R T T G f l G G T G C T T C T f l C C f l G T C f l G T f l R C f l C f l T C f l T T T T T R f l T T G G C T G T G T T f l C T T T ~ T T T C T  
5050 5060 5070 5000 5090 5100 5 1 1 0  S I 2 0  5130 5 1 4 0  5150 5160 

T C R T G G T R T R T R R f l f l T R G G f l t T T R C R T G R T C C T C T G C f l T C T T R R G T C f l ~ C G R R f l T G C R G C C C T G T C T C R T T T T f l C C C T R ~ T G R R G R C T T T T T G R f l T G C G C T G C T f l R f l T T T C T G C T G C C T f l  
5170 5180 5190 5200 5210 5220 5230 5210 5250 5260 5270 5200 
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~ ~ ~ G C T G ~ ~ R T G C R G ~ ~ G C R G C C T C T ~ ~ R C ~ C ~ C T G R C ~ C R T R ~ ~ C ~ C R G ~ ~ ~ ~ R R ~ C ~ ~ ~ C C C ~ C C C ~ C R ~ T G T C T T G R C R C T G ~ C R R R ~ T ~ C T C C ~ ~ R ~ ~ ~ C C R C ~ ~ ~ G G ~ ~ G ~ ~ G ~ ~ G G G R ~ ~ ~  
5290 5300 5310 5320 5330 5340 5350 5360 5370 5380 5390 5400 

~ ~ ~ ~ ~ ~ ~ ~ f l T G R R R R T R G R T G R l G R R G C l l l l f l G R R C l G T G l C l T T l R R C C R G l C T C f l C f l T l G R C l l C l C T G T G f l T l R T R R R G G ~ l T l l T G C R C C ~ G G R R G C l l C l l G f l T T R R R T C R G l C  
5650 5660 5670 5600 5690 5700 5710 5720 5730 5710 5750 5760 

Exon U I  
E S n S l  Y O 0 1  D f l O U L f l N Y O E Y S L R N l  I Y Y S L K E S T T S  
GRGCRTGRGTflTCT~TG~TGflCfllTGflTGCTGflTGlGClGCGGRRClRCCflGGflflTRCRGCClGGCCRRCfllCRlCTflCTRClCCCTGflflGGRGTCTflCCflCGfl 

5790 5800 5010 5820 5830 5840 5050 5060 5870 5000 

E 0 s R R n T RJD n R s K ti R 
G T G R R C R G R G C G C C R G G R T G ~ C G G C ~ ~ C R R C G C C ~ G C R R G R R T G C I ~ G C G C I C G G C R C R R G G G C I I C C C I I I G C T G R G G C I G C ~ I G G ~ G G C C C T C G C I C R I R C C ~ R ~ G G G I G  

5090 5900 NCO I 5920 5950 5960 5970 5980 5990 6000 

TTflGCflflTTCTGGRRGflGGRGCflGGRGflGClGGGGTCTGGlCClGGGClCTGCCRClGRTCClGlGRGGRlRGRflRRGllRlRllCllClCCTlRflRGGflRGTRRCGTCllRCTlGGTflG 
6010 6020 6030 6040 6050 6060 6070 6080 6090 6100 6110 6120 

GRRGTRRGTGTGCflRGT~CTTTflRTTCIIGGflRRRIRCRRRRRRRRRTflTCTCCflIRRCRIIIIICflRGRGGCCRGIICIRCIRCCIGflRflRGRGRCRGRRTCTTflTTIIIGRflIIRRRC 
6130 6140 6150 6160 6170 6180 6190 6200 6210 6220 6230 6240 

S E ~ I D K L T L I F N  
f l R C T T f l C R T C T C f l T G ~ R T G R G I I ~ G T f l R G C ~ f l G G T f l T I C  T T T C T G G T T T T R G ~ T C T T G T I G I C T f l f l I C I I C I G I T I I G I I I G I R  T G R ~ R T G R T T G R C f l f l G T T G ~ C T C I G R C R I I C R f l  

6250 6260 6270 620U 6290 6300 6310 6320 4 6340 6350 6360 

Exon U I  I 
R T f l O R U I T K E L I E I I S G R R f l L  

TCGCRCCCGCCARGCTGTCRTCRCCRRGGRGCIGRTRGRflRTC~TCTCIGGIGCIGCGGCIC 
6370 6380 6390 6400 6410 6140 6450 6160 6470 6460 

CTTGGCTCRTTTflTGTCCCCIICICCCCTCGC~IIIIIIGGICTGITRCflGCRRRflRRflIGRICCRITGCIIflRTCIIGTTTGCIIflCTCIIRGRRIflIRRflGRTIIGflIG~~flflTGflGfl 
6190 6500 6510 6520 6530 6510 6550 6560 6570 6580 6590 6600 

TCTCTRGflGTRTTTTTGRTTGTITCRGCTGRflflCRIICflGGCIIflGIITflTGflGITflCTGGTTIICGGTIIGIIIIIIITIITRflICTGTRflflIIRIIGRRTGGIGGIflGGGTCRGGRRG 
6610 6620 6630 6610 6650 6660 6670 6680 6690 6700 6710 6720 

TTTTTRRGTflflGTTTTCTGIRTCRGTRCIGTCCITCG~IflGIICITflRRRTflCCGCTTICCICflflGflRflflTGTCIIGGIIGIII~GCIRGRTGITRRIGTTTGTRflCCRGGGIIGCflGTR 
6730 6740 6750 6760 6770 6780 6790 6800 6810 6820 6830 6810 

RTGGGRflflTCTflTflRRRRflTGflTT~CGTTGRRC~CCC~llflCfllGCClCRTflTflGTGCTRRRGGGlGGGfllCClllGlCCCRflGGCGTllRCRTCCTflRlRGG~lflflGRflRflTGlRGflCR 
6850 6860 6870 6880 6890 6900 6910 6920 6930 6910 6950 6960 

RTTGTflGRCRflTTGTGCCGflR~GRTRRRRIGTGTGIIRRGIRRICIIIGGCICRIICICflCCICCIGCTRGTIGGTCRCCRCGTTCICIRRflICIIRCCTTCTICIflflRTflTCCCIIGRC 
6970 6980 6990 7000 7010 7020 7030 7040 7050 7060 7070 7000 

TTTCTCCCCTTTflTGCCCTCTGRRCGCflICIIIGICRIIICICICCCflflRTIRGGflRRIflGRTIITIIRflGIGGCflCflIGCIIIIICCIG~flflIGICRIICITTIIIICCCCTGCRCCCI 
7090 7100 7110 7120 7130 7110 7150 7160 7170 7180 7190 7200 

T R R T C C T C C R C C T G ~ ~ C T G R C T T C ~ G ~ ~ ~ G ~ C C T T C ~ ~ ~ ~ C G G ~ G C ~ G G G G G R C ~ C C ~ ~ ~ C C C C C R G R ~ ~ R ~ ~ C C C T G G G G G T T T T C ~ G ~ G ~ G R R ~ G G G G C ~ R ~ T T C C C G T G T T T C C C ~ C C R T  
7210 7220 7230 7240 7250 7260 7270 7280 7290 7300 7310 7320 

CRCflGCRCTTflCRCCflTTTTflllflGG~RClGCCCllRGGTTGTClGTGlCCCGTGGCTlGRGRGGGGCCfllGlClCRllCRClllGGlRGCllCRTCRCClGGCRlGCflClTCCllRGTR 
7330 7310 7350 7360 7370 7380 7390 7400 7410 7120 7430 7440 

RflTflTTTGTGGRGTTflRTGRflIGGTGflGCC~IGRGIGTRIIRRGRRCIGGRflIIIIflGflflGflGRCRGRflflIflflC~C~~~GCTGflflIflTflTGRGIflCGIGGGICCRGGIITRRGRCICGGG 
7150 7460 7170 7480 7190 7500 7510 7520 7530 7540 7550 7560 

GflRflGGTTCflTCGCTRRGGTGflCfllRGRRGTlGGTCClTTTTGlClClGGRGGflTGGRR~lGGGCRGGfllTCC~GRGflCRC~CflCRRRllGGTTGRGflCCRllCTGTCflGTGllGGlTGfl 
7570 7580 7590 7600 7610 7620 7630 76qO 7650 7660 7670 7680 

C T C C f l T C f l G C T C T G C T G T C C T R f l f l C f l G C C T T C C T T C T C T l f l T T T T G C T l l C f l R G C C T G C G T T l G R R C C f l T C l G T C C T C C l G G T C R C l C C l G C l C T G l l f l G C R l C f l G C R l C C f l G G C R G T G R  
7690 7700 7710 7720 7730 7710 7750 7760 7770 7780 7790 7800 

~~~~~~~~~~TGCCflCTTGCCflGCTTGflCRGRGflCRGlTflflGflTGClCTCCClGCflflCflCflGlTGTTTTCT~lGflCRTGCGRGCTRGGRlGGGGllflflGCflGGlGlRTTRllCGlGlCCl 
7810 7820 7830 7810 7850 7860 7870 7880 7690 7900 7910 7920 
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~ ~ ~ ~ ~ ~ T ~ T ~ c R T T C T R C T G C l l C l C l G G l G G C G R G l G l G C C G R G G C C l G G G G G R R R G R R C ~ G C R C ~ C ~ G R R G G l C l G G G R G C l G l G R G R l G C R G R G R G C C f l G G G G R R R G R G G R R l G G R l  
7930 7940 7950 7960 7970 7980 7990 8000 8010 8020 8030 8040 

~ ~ T C ~ G ~ ~ T ~ R R T G G R G G C T ~ C ~ ~ G C C ~ C ~ G C ~ ~ G R G ~ G G R G G R C C C R G C ~ C ~ ~ G R ~ ~ R G G R R ~ R ~ G G G G R C C ~ G ~ C ~ G R R R G ~ R G C R R R ~ G C R G R G ~ ~ R R ~ G R G ~ ~ G G R G R ~ ~ G G G ~ C ~ ~ ~ G ~  
8050 8060 8070 8080 8090 8100 8110 8120 8130 8140 8150 8160 

- 
f l G ~ R T G R G R C T T T T ~ R T R ~ C R G l l C R f l f l l R ~ C l G G f l R R l l G R C l R l l C ~ G l l l l C f l G l l l ~ ~ ~ G G C R G G C l ~ R ~ l C C l l l ~ l l R R ~ G G l l ~ G C l R l G C f l ~ ~ C C l l R ~ l f l f l l C C l C f l  

8170 8180 8190 8200 8210 xba I 8240 8250 8260 8270 8280 

TGRTGGRTTRTTTRTRTGRR~lGRRCllGCRlGClClGlRRCClRlCflGClCllClGCllRRRGGClRGl~lllRRlflCR~RCRCfllllCGClRlllGGlflRlRRflRGGCRlG~Gl~flRC 
8290 8300 8310 8320 8330 8340 8350 8360 8370 8380 8390 8400 

CRT~CTTGflGGTGCC~~RTGllRGllGClRGCllflflflllRflflflRRRRflflRflRRRflllRlRlflClRCllfllRRCflflflGllGlGGlllflflflGlfllGClllCRlRGCCClGCClRCllGCRlG 
8410 8420 8430 8440 8450 8160 8970 8480 8490 8500 8510 8520 

RRCRTGGTTTTRTTRCTTTRflCCRGRllCflGGlClGlRRlGlllCClRflCRflllRGlGflClClGlllC~flGGflflClCllllGGlflflGlRllT~lGlGRlRlRClCRRGGlRGlGflfllGRG 
8530 8510 8550 8560 8570 8500 8590 8600 8610 0620 8630 8640 

GRRRTGGGCTTTTCTRGTTGGflRRllGlRCRlGflllflRCCRGCfllGGfllTGCllCClGRCClGCllGllllClGlllGlGllllCCllClRRlRlRfllRRCCCRGGGRClRRlGfl~flRlC 
8650 8660 8670 8680 8690 0700 8710 8720 8730 8740 8750 8760 

~RGTTTC~TCCTCflGRCR~GRGGl~RRGlGGlRRlRlllCRCRCCllCCCCCCRlCCCRlCflGRflflflCRflflCCCRGlCRGflG~~flflRClRRllC~GCflflCflGGGRRRClGfllllC 
8770 8780 8790 8800 8810 8020 8030 € C O R  I 8860 8870 8880 

TTGGG~G~TG~GRCTGGCCGGCCRllRGGGCflGCRGlCRGRllGlGGGRGCRCRGGGCl~RlGCTRGGGGlClllllllllCCllCllR~~lfllRllRRRClflCRRGG~l~fl~GRRlCRG 
8890 8900 8910 8920 8930 8940 8950 8960 8970 8980 8990 9000 

CflTTCCTTTGCRGTRCT~R~flflCflGGClGGlGRRGflRCRGlGGllClCflGflCllCClGGlClCRGRflCCCCllGRRGlClGflCllCGC~RflflGRl~GClCflGlCClClCCflCllClClfll 
9010 9020 9030 9040 9050 9060 9070 9080 9090 9100 9110 9120 

TCRTTCTGTTCTGRC~TTGC~GGlCRlGlRGGllClGGRflRflClCCflCCRlGlflClCllGflGRRlGRGRRl~RHflCRGGCRRGCflGCflllGllRlflGRRRllRGllllGCCClCflCRGflC 
9130 9140 9150 9160 9170 9180 9190 9200 9210 9220 9230 9240 

CCCRTGRRRR~GTCCCTRGRCCflRRRCllGRGRRCC~llRGlGl~lRGRGlRRCRGCllRllRlGlRGRGlCRGllCRRGlCCCRClllflGfllRCRlRllRlClCllGRlRlRlllRRll 
9250 9260 9270 9280 9290 9300 9310 9320 9330 9340 9350 9360 

Exon U I I I  
~CRT~GTTCRGflTTflClRRRG~CRGCRRGRlfllllGlRRRllRlCllRCRRlRRRlGRClC~~CfllflflR~lCRClGClllllllGllllRClRllflllRlRlRflGRRCRRCCflllllCRflR I - 9550 9560 9570 9580 9590 9600 - 9490 9500 9510 9520 

[CTGflGflTC~~RCRRCRCTTC~~RRlflllflRCRlflCllGlRllR~RfllllCllRGlR~GRRGClR~~lGRRGflGGClCllGCGRllllllGGlllCllRRCRGCCRlGGR~RGCClGGCll 
9610 9620 9630 - 9660 9670 9680 9690 9700 9710 9720 - 

CTGRGGGGTCRCRG~GTGGR~GGRRGRGGlGCC~GCCflCRflCCCCRRCCCRGGCClCCClGCClGlCflCCClCRGflRGflCCRCCflGCGCRRGGC~~flRGlGCCfllGlCCG~GCCRllCRC 
9730 9740 9750 9760 9770 9780 9790 9800 9810 9820 9830 9840 

TRCTGTRTRGRGGGTGGRG~~llCC~GGGRCRlRClGflClClflflfllRRRlGlllRflRlCllllCC~flGGflClGRG~RCCRlllCRGlRGGRlRllCRCllCRCflllCRCRlllflGRlRGC 
9850 9860 9870 9880 9890 9900 9910 9920 9930 9910 9950 9960 

~ ~ ~ ~ ~ R ~ ~ T T G G G C R C C T G ~ G C T R T T C T ~ C ~ G ~ ~ C G ~ G C T  
9970 9980 9990 10000 

FIGURE 3: DNA sequence of a segment of bovine genomic DNA containing the coding sequence for the mature y-subunit of ATP synthase. 
The nucleotide sequence is numbered from 1 to 10000. The restriction sites used in cloning the three overlapping DNA fragments are shown. 
Intron-exon boundaries are denoted by small arrows, and exon VI11 which contains the 3’ noncoding region present in the mRNA is boxed. 
The doubly overlined sequence is a truncated bovine long interspersed repetitive element of the LINE-1 class (Hutchison et al., 1989), and 
arrows denote direct repeated sequences that flank it. The singly underlined sequences indicate potential polyadenylation signals near to the 
3’ end of the LINE. Sequences that have been underlined twice are potential poly(A) addition signals for the mRNA of the y-subunit. 

sequence at 5’ splice sites in introns of other genes from an- 
imals and plants; see, for example, the chicken and duck a- 
globin genes (Dodgson & Engel, 1983; Erbil & Niessing, 
1983) and the gene for nodulin-24 from soyabean (Katinakis 
& Verma, 1985). Moreover, the GC dinucleotide results in 
correct splicing out of introns in vitro albeit at a lower effi- 
ciency (Aebi et al., 1986, 1987). 

A Long Interspersed Repeated Sequence in the Bovine Gene. 
The DNA sequence containing the gene for the y-subunit of 

bovine ATP synthase was analyzed for the presence of repe- 
titive elements. As part of this analysis, the nucleotide se- 
quence was compared with those of the two classes of bovine 
Alu type repeats (Watanabe et al., 1982; Duncan, 1987) using 
the computer program DBCOMP (Staden, 1982), but neither 
class of repeat was detected. The sequence was also examined 
for the presence of multiple copy repetitive elements by com- 
parison of the sequence with itself using the computer program 
DIAGON (Staden, 1982), but again no repeated sequences were 
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FIGURE 4: Structure of the region of the bovine gene encoding the mature y-subunit of mitochondrial ATP synthase. Exons I-VI11 and introns 
A-G are denoted by black boxes and solid lines, respectively. The sizes of exons and introns are given in base pairs. The extent of exon I 
is unknown at present. Above the gene structure are shown the sites for the various restriction enzymes that were employed either in cloning 
or in Southern blotting experiments (see Figure 6). B, BamHI; E, EcoRI; H, HindIII; K, KpnI; Nc, NcoI; Ni, NciI; P, PstI; S3, Sau3AI; 
X, XbaI. 

Table I: Introns in the Bovine Gene for the y-Subunit of ATP Synthase 

Sequence 

Intron Size Class 5' boundary 3' boundary 

A 498 1 

B 3002 1 

gat.aGTAAGTACTT 
D 

ttg.gGTAAGAGGGG 
L 

C 513 2 caL,agGTAATATAAA 
H R  

TG??TITCAGtt.acc 
I T  

TITl7TGAAGct.c tg 
A. L 

TITCTCATAG.g.act 
T 

D 120 2 nc.agGCAAGAAAAA CCATITCTAGg.tct 
F R  S 

E 1001 1 gct.gGTAAGTATAT A'I?TCAACAGag.agc 
A E S  

F 395 1 gct.tGTAAGCGCTC 'lTGTITGTAGct.gaa 
A S A  

G 2986 2 gct.ctGTAAGTAACT TA??TITCAGg.taa 
A L  * 

Consensus sequence cagGTRAGT YYYYYYYYYNCAGg 

"The asterisk indicates a termination codon. 

found. Then both strands of the D N A  sequence were com- 
pared with all of the entries in the EMBL D N A  sequence 
library. This revealed that a nucleotide sequence of about 600 
bp from intron B shares a 70% identity with the 3' region of 
long interspersed elements (LINES) which have been described 
in genomes of other mammals (Hutchison et  al., 1989), and 
the significance of the relationship between the two sequences 
was confirmed with DIAGON. In mice, for example, there are 
about lo5 copies of the LINE-1 element in the haploid genome. 
Some are full-length sequences of about 7 kb, and others a re  
partial sequences which a re  truncated by different amounts 
a t  their 5' ends relative to the full-length element. The D N A  
sequences of full-length LINE-1 elements from mice (Loeb 
et  al., 1986) and humans (Hattori  e t  al., 1985) have similar 
structural features. Often they a re  flanked by short direct 
D N A  repeats of 5-15 bp, and they contain a 5' untranslated 
region, two open reading frames of about 1 and 4 kb, re- 
spectively, a 3' untranslated region, and a t  their 3' ends a 
poly(A) tract. T h e  flanking direct repeats and the poly(A) 
sequence suggest that these LINES are retroposons (Hutchison 
et  al., 1989). 

The  sequence detected in intron B of the  gene for the y-  
subunit of bovine ATP synthase is a LINE-1 which has been 
truncated a t  its 5' end, and it is the first reported example of 
this type of repetitive element in the bovine genome. The  
bovine LINE-1 contains the 3' region of the large open reading 
frame. This sequence was translated and was found to encode 

1100 1120 1140 
Mouse KSNNPIKKWGSELNKEFSPEEYRMAEKHLKKCSTSLIIREMQIKTTLRFHLTPVRMRKIK . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Cow I F N D S I K K W A K E L N R H F S ~ D I Q M R N K H T K R R S T S L I I ~ I K T ~ Y H L T P ~ I R  

20 40 

1180 1200 
Mouse NSGDSF~WRGCGERGTLLH~WWECRLV~PLWSVWRFLFXLDIVLPEDPAIPLLGIYPED 
cow 

K4Ts&:::::: :::::&: ::T::: : : : : :  : :  : : :  : : : : : : : : :  : 
WRGCGEKGTLLH CKLVQPLWRTVWWLKEIELPYDPAIPLLGIHTEE 

100 

1220 1240 1260 
Mouse APTGKK-DTCSTMFI~-ALFIIARSWKEPRCPSTEEWIQIIYTMXYYSAIKKNEFM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Cow - - T R R E R D T Y T P M F I T A L L I I A R T W K Q P R C P S A D E W I R F E S V  

140 160 

1280 1300 
Mouse LRKWMDLEGIILSEVTHSQRNSH"SLISGY* 

COW LMRWMKLEPIIQSEV--SQKKXHQYSILTHIYGI* 
. . . . . . . . . . . . . . .  . . . . . . . . . . . . . . .  

200 

FIGURE 5: Alignment of polypeptides encoded by LINES-1 in cows 
and mice. The mouse protein sequence is the C-terminal region (amino 
acids 1090-1300) predicted by ORF-2 in the repetitive element 
LlMd-A2 (Loeb et al., 1986). The computer program PRTALN 
(Wilbur & Lipman, 1983) was employed in making the alignment. 
Colons denote identities, and dashes have been introduced to improve 
the alignment. The asterisks represent termination codons. The boxed 
amino acid sequences have been suggested to resemble the amino acid 
motifs found in DNA binding proteins (Fanning & Singer, 1987). 

a polypeptide of 210 amino acids which is related to the C- 
terminal region of a polypeptide encoded in the larger open 
reading frame of mouse LINES-1 (see Figure 5). This latter 
putative polypeptide contains amino acid motifs which are 
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found in reverse transcriptase and DNA binding proteins 
(Hattori et al., 1986; Fanning & Singer, 1987), and the bovine 
LINE-1 protein also contains an amino acid sequence similar 
to a conserved sequence found in some DNA binding proteins 
(see Figure 5 ) .  

The 3' untranslated region of the bovine LINE- I sequence 
is not conserved, a finding which is consistent with DNA 
sequence studies LINE-1 members from humans and mice 
(Hutchison et al., 1989). In the bovine LINE-1, the 3' un- 
translated region is apparently 31 1 bp in length and contains 
three potential polyadenylation signals close to its 3' end. 
These sequences start 3,9, and 14 bp unstream from the run 
of A residues and so are nearer than is usual to the poly(A) 
tail in the transcript. However, DNA sequencing studies of 
cDNAs for LINES-1 in humans indicate that some potential 
poly(A) signals are found within 10 bp of the poly(A) tails 
(DiGiovanni et al., 1983). The bovine LINE- 1 sequence is 
flanked by perfect 7 bp direct repeats (ATTTTTT). Pyri- 
midine-rich repeats have also been found to flank members 
of the mouse LINE-1 family (Hutchison et al., 1989). 

Number of Bovine and Human Genes for the y-Subunit of 
ATP Synthase. In an attempt to investigate the number of 
sequences related to the coding region for the bovine y-subunit 
in both the bovine and human genomes, digests of nuclear 
DNA have been hybridized with segments of sequence taken 
from the coding region of the bovine cDNA. Under the ex- 
perimental conditions used, one hybridizing band was detected 
in each of the digests of bovine DNA, but two or four bands 
hybridized with the probe in the digests of human DNA (see 
Figure 6). These results are consistent with the presence in 
the bovine genome of a single copy of the gene. Two possible 
explanations can be advanced to account for the more complex 
patterns of hybridizing bands that were detected in digests of 
human DNA. One explanation is that the hybridizing re- 
striction fragments arise from the same gene, since the probe 
employed in the experiment encompasses bovine exons IV and 
V and part of exon VI, and it is conceivable that more than 
one site for a particular restriction enzyme is present in the 
corresponding regions of the human gene. An alternative 
explanation is that the patterns of hybridization arise from 
a small family of genes (maybe including pseudogenes). 

It now appears from hybridization experiments that some 
components of mammalian mitochondrial ATP synthase 
possibly have single genes, whereas others have been shown 
by cloning and sequencing experiments as well as by hybrid- 
ization studies to have more than one expressed gene. In the 
former category, in addition to the bovine y-subunit, are the 
F6 and inhibitor subunits (Walker et al., 1987b), and in the 
latter category are the dicyclohexylcarbodiimide-reactive 
proteolipid (Gay & Walker, 1985; Dyer & Walker, 1989; Dyer 
et al., 1989), the a-subunit (Walker et al., 1989), and possibly 
also the oligomycin sensitivity conferral protein, subunit b, and 
subunit d (Walker et al., 1987b,c). The phenomenon of 
multiple genes subject to different levels of expression in 
various tissues applies also to other mitochondrial proteins. 
The transport protein, ADP/ATP translocase, has at least two 
expressed bovine genes, T1 and T2 (Walker et al., 1987a; 
Powell et al., 1989); T1 is expressed predominantly in heart 
muscle and T2 in smooth muscle. At least three related genes 
for this protein have been detected in humans; T1 and T2 
(Cozens et al., 1989) are expressed in a variety of tissues and 
cell lines (Houldsworth & Attardi, 1987; Neckleman et al., 
1987), and expression of a third related gene has been dem- 
onstrated in a cell line derived from fibroblasts that have been 
growth stimulated (Battini et al., 1987). In contrast, another 
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FIGURE 6: Hybridization of human and bovine DNA with cDNA 
probes for the gene for the y-subunit of bovine ATP synthase. Bovine 
liver DNA and human placental DNA (20 pgldigest) were digested 
with restriction endonucleases. The fragments were fractionated by 
electrophoresis through a 0.6% agarose gel and were then hybridized 
on nitrocellulose filters to "prime-cut" probes. In part A, bovine DNA 
was digested with XbuI (lane a), fsr1 (lane b), Kpnl (lane c), Hind111 
(lane d), and BumHl (lane e) and hybridized with a probe containing 
nucleotides 1 14-309 of the bovine cDNA (a BumHI-Hinfl fragment). 
This probe corresponds to exons I and I1 and 26 nucleotides at the 
5' end of exon 111 of the bovine gene. In part B, human DNA was 
digested with Sac1 (lane a), Hind111 (lane b), and EcoRI (lane c) 
and hybridized to a probe containing nucleotides 487-790 of the bovine 
cDNA (a Hinfl fragment). This probe corresponds to exons IV and 
V and part of exon VI. The filters were washed in 0.2 X SSC at 65 
O C  and autoradiographed at -70 O C  for 72 h. In part A (lane e), 
a BumHl fragment of 6.9 kb is indicated; a fragment of the same 
size is found in the DNA sequence for the bovine gene. The positions 
of markers (Hind111 fragments of bacteriophage A) are indicated along 
the left side of each gel. The 6.9-kb BumHI fragment indicated in 
lane e of panel A is also present in BumHI digests of the recombinant 
XyA. 

related mitochondrial transport protein, the phosphate carrier, 
appears to have a single bovine gene (J. E. Walker et al., 
unpublished results). Estimates of the number of genes for 
a particular protein by hybridization experiments have to be 
viewed with some caution for several reasons; first, the number 
of hybridizing bands that are detected depends upon the ex- 
perimental conditions employed. For example, on the basis 
of such experiments, Breen et al. (1988) have proposed that 
there is a single bovine gene for the @-subunit of ATP synthase, 
whereas we observe more than one related sequences, and we 
have characterized a related bovine pseudogene (J. E. Walker 
et al., unpublished observations). Hybridization experiments 
would also fail to detect sequences coding for homologous 
proteins in cases where the sequences have diverged extensively 
during evolution. Another deficiency of this approach is that 
is cannot readily distinguish between expressed genes and 
pseudogenes. There appears to be no reliable substitute for 
cloning and DNA sequencing. 

These difficulties notwithstanding, the picture that seems 
to be emerging is that some, but probably not all, mammalian 
mitochondrial proteins have more than one expressed gene. 
Those with essential mitochondrial function and only one gene 
are presumably expressed in all respiring tissues, and so are 
examples of "housekeeping" genes; others, for reasons that 
remain to be uncovered, have multiple genes that appear to 
be subject to different controls in various tissues. 
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