Mammalian Genome 6, 118-122 (1995).

Mammalian

enome

© Springer-Verlag New York Inc. 1995

Structure and chromosomal location of the bovine gene for the
heart muscle isoform of cytochrome ¢ oxidase subunit VIII

M.IL Lomax,! P.K. Riggs,> J.E. Womack?

'Department of Anatomy and Cell Biology, 4769 Medical Sciences II, Box 0616, University of Michigan, Ann Arbor, Michigan 48109, USA
“Department of Veterinary Pathobiology and Center for Animal Genetics, Institute of Biosciences and Technology, Texas A&M University,

College Station, Texas 77843, USA

Received: 29 July 1994 / Accepted: 13 October 1994

Abstract. We have isolated the bovine COX8H gene for the heart/
muscle isoform of cytochrome ¢ oxidase (COX) subunit VIII from
a library of bovine genomic DNA cloned into lambda EMBL3.
Primer extension assays on bovine heart mRNA mapped the 5
ends of COX8H transcripts to a CA dinucleotide 62-bp upstream
from the ATG codon. The gene thus spans 1565-bp and com-
prises two exons and one large intron of 1227 bp. Exon 1 encodes
the 5" untranslated region, a 24-amino acid presequence, and the
first 13 amino acids of the mature COX VHI-H protein. Exon 2
encodes the remainder of the cDNA: amino acids 14 to 46 plus the
66-bp 3’ untranslated region. The exon-intron boundaries matched
the consensus splice junction sequences. Two protein polymor-
phisms were seen: an Ala/Val polymorphism at position —6 in the
presequence and the previously noted Lys/Arg polymorphism at
residue 7 of the mature protein. A Tagl polymorphism occurs in
the intron. The COX8H gene was mapped by bovine X rodent
somatic cell hybrid mapping panels to bovine (BTA) Chromosome
(Chr) 25 with 100% concordancy. BTA 25 is conserved relative to
the long arm of human (HSA) Chr 11, which contains COXS, the
gene for the single human COX VIII subunit that is homologous to
the liver isoform.

Introduction

Cytochrome ¢ oxidase (COX; EC 1.9.3.1), the terminal enzyme
complex of the mitochondrial electron transport chain, catalyzes
the transfer of electrons from reduced cytochrome ¢ to molecular
oxygen (reviewed in Hatefi 1985). In addition, the enzyme is in-
volved in proton translocation across the mitochondrial inner
membrane. In mammals, cytochrome oxidase contains 13 noniden-
tical polypeptide subunits. The three large subunits (I-III) are mi-
tochondrial gene products that perform the catalytic functions of
cytochrome ¢ oxidase (Chomyn and Attardi 1987). The ten smaller
subunits are nuclear gene products that have been proposed to
modulate cytochrome oxidase activity in response to different
physiological signals or metabolic environments (reviewed in Ca-
paldi et al. 1987; Poyton et al. 1988; Capaldi 1990; Kadenbach et
al. 1991).

COX subunits VIa, VIIa, and VIII are now known to have
tissue-specific isoforms, on the basis of amino acid sequence dif-
ferences between bovine heart and liver cytochrome ¢ oxidase
subunits (Yanamura et al. 1988). With isoform-specific cDNA
probes, several laboratories have demonstrated that the gene for
the heart (H) isoform is expressed only in striated muscle, for
example, heart and skeletal muscle (Schlerf et al. 1988; Lightowl-
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ers et al. 1990; Ewart et al. 1991; Fabrizi et al. 1992). The gene for
the liver (L) form is expressed in all tissues, albeit at low levels in
contractile muscle (Lomax et al. 1990a; Seelan and Grossman
1991; Taanman et al. 1992).

Heart/muscle isoforms of COX subunit VIII are present in the
cow (Lightowlers et al. 1990), rat (Scheja and Kadenbach 1992),
and mouse (Van den Bogert et al. 1992; Hegeman, Brown, Lomax,
unpublished data). The genes for these isoforms probably arose by
gene duplication before the mammalian radiation. We have
designated the isoform genes COXS8H, for the heart/muscle iso-
form, and COXSL, for the liver isoform. Surprisingly, humans
have a single COX8 gene, located on human Chr 11q12-q13, that
is expressed at high levels in all tissues, including striated muscle
(Rizzuto et al. 1989; Taanman et al. 1992). Human COX& is as-
sumed to be the paralog of the COXSL gene, since the human COX
VIII protein is more similar to the bovine and rat L isoforms than
to the H isoform.

As part of our studies on tissue-specific expression of COX
nucleus-encoded subunits, we have begun to characterize the genes
for heart/muscle-specific COX isoforms. In this report we present
the isolation and structure of the bovine COX8H gene. We note
that, in addition to the previously described Arg/Lys polymor-
phism at residue 7 (Lightowlers et al. 1990), the protein sequence
deduced from the genomic sequence contains an additional change
from the sequence predicted by the bovine heart cDNA. We also
map the COX8H gene to bovine Chr 25.

Materials and methods

Screening genomic library. The bovine genomic library (Clontech
BL1015j), consisting of 8-22 kb Sau3A partial digest fragments of adult
bovine genomic liver DNA cloned into the BamHI site of EMBL-3 SP6/T7,
was titered on strain LE392 and screened for COX8H genomic clones by
plaque hybridization (Benton and Davis 1977; Lomax et al. 1990b). The
bovine COX subunit VIII-H ¢cDNA used as hybridization probe (Light-
owlers 1990) was radiolabeled by the random primer method (Feinberg and
Vogelstein, 1983). One positive plaque was purified and designated
AbCOXS8H-1.

DNA sequence analysis. The DNA sequence of the COX8H genomic re-
gion was determined by the dideoxy chain termination method (Sanger et
al. 1977) on alkali-denatured double-stranded plasmid DNA with the Se-
quenase version 2.0 kit (U.S. Biochemicals) and [0->**S]dATP (Amersham
Corp.). DNA sequencing reactions were electrophoresed on 6% acryla-
mide-7 M urea gels. The dried gels were exposed directly to Kodak
X-OMAT film at room temperature. DNA sequence was confirmed by the
University of Michigan DNA Sequencing Facility on an Applied Biosys-
tems Model 373A automated DNA sequencer (Applied Biosystems, Foster
City, Calif.). DNA sequences were aligned with the ASSEMGEL program
of PC/GENE (Intelligenetics, Mountain View, Calif.).

Somatic cell mapping. The bovine X rodent somatic cell panel was de-
scribed previousty (Womack and Moll 1986). Gepomic DNA from the
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hybrid cell lines, mouse LMTK™ cell line, Chinese hamster E-36 cell line,
and bovine leukocytes was digested with HindIll, electrophoresed, and
blotted to nylon membranes (Zetabind, CUNQO) (Adkison et al. 1989).
Hybridizations using the COX VIII-H ¢cDNA were performed overnight at
42°C in 5xSSC, Ix Denhardt’s, 0.02 M phosphate buffer (pH 7.0), 100
ug/ml sheared salmon sperm DNA, 10% dextran sulfate, 50% formamide,
0.5% SDS, and 107 dpm of labeled probe. Final washes were at a strin-
gency of 0.1 x SSC at 60°C. Filters were placed against Kodak XAR-5 film
with an intensifying screen at —70°C for 4-10 days.

Results

Southern analysis of COX8H genomic region. To obtain prelimi-
nary information on COX8H gene structure and copy number, we
performed genomic Southern blots with the bovine COX VIII-H
c¢DNA as probe. Four enzymes generated only one genomic frag-
ment each under stringent hybridization conditions: unique 3.2-kb
BamHI, 3.9-kb EcoRlI, 6.6-kb HindIll, and 3.0-kb Ps: fragments.
The two BglIl fragments (6.6 kb and 2.3 kb) are due to the pres-
ence of a Bg/Il site within the intron. These results suggest that
COX VII-H is encoded by a small, single-copy gene.

Isolation and restriction mapping of the bovine COX8H gene. The
COX8H gene was isolated by screening 10° phage from the Clon-
tech bovine genomic library with **P-labeled ¢cDNA for bovine
subunit VIII-H. Restriction mapping followed by Southern blot
analysis of DNA from one positive clone, AbCOX8H-1, identified
a single, internal 5-kb EcoRI fragment containing the gene. The
restriction map generated from this clone agreed with the restric-
tion fragments seen on genomic Southern blots (Fig. 1A). We
determined that the COX8H gene contained a single intron by PCR
analysis with primers based on the sequence of the cDNA, assum-
ing that the presequence and hydrophobic regions would constitute
separate exons. Therefore, PCR primers were designed to these
regions. PCR reactions were carried out with pairwise combina-
tions of each of two different upstream and two downstream prim-
ers. Each primer pair generated a 1.8-kb fragment, suggesting that
the gene contained a single, 1.2-kb exon.

Sequence and organization of the COX8H gene. We subcloned the
5-kb EcoRI genomic fragment from ACOX8H-1 into pUCI3, gen-
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Fig. 1. Organization of the bovine COX8H genomic region. A. Restriction
map of genomic clone ACOX8H-1 containing the COX8H gene. Restric-
tion sites for BamHI (B), Bg/ll (Bg), EcoRI (E), HindIll (H), and Smal
{Sm) were mapped relative to known sites in the lambda arms. The distance
from internal restriction sites to the junction between the lambda arms and
bovine genomic DNA insert was determined by digestion with Sfil. The
5-kb EcoRI fragment that hybridized with the cDNA probe is indicated by
diagonal stripes. B. Organization and restriction map of the COX8H gene.
Open boxes denote 5” and 3~ untranslated regions; striped boxes, coding
sequence. The initial transcription start site, defined by the longer of the
two primer extension products, is indicated by the arrow. The location of
the putative TATA-box element is indicated. B, BamHI; E, EcoRI; H,
Hindlll; K, Kpnl; S, Sacl; Sm, Smal. Arrows indicate the direction and
extent of DNA sequencing. The location of synthetic sequencing primers is
indicated by circles.

erated deletions from internal restriction sites, and obtained a 2.6-
kb EcoRI-Smal fragment that contained the COX8H gene. The
DNA sequence of the 5'-flanking region, the COX8H gene, and the
deduced COX VIII-H protein sequence are presented in Fig. 2. The
gene comprises only two exons and one intron. Each intron/exon
border matches the consensus splice site sequences (Padgett et al.
1986). Thus, exon 1 encodes a 62-bp 5'UTR, a 24-amino acid
presequence, and amino acids 1-13. Exon 2 encodes residues 14—
46, including the 20 hydrophobic amino acids (16-35) forming the
transmembrane domain, plus the 3" untranslated region.

Two nucleotide substitutions in exon 1 generated protein poly-
morphisms: a T->C transition in the presequence generates a Val
to Ala substitution at residue —6, and a G—>A transition predicts a
Lys rather than an Arg at codon 7. The latter polymorphism was
noted by Lightowlers and associates (1990). An additional G->A
transition in the third position of the Pro codon at residue 12 is
silent. The only other differences between the cDNA and the ge-
nomic sequences in exon 2 were the six nucleotides immediately
preceding the poly(A) tails.

Mapping COX8H to bovine linkage groups. We screened bovine X
rodent somatic cell panels by Southern blot hybridization with the
bovine COX VIII-H ¢cDNA to map the COX8H gene to bovine
syntenic groups. Test blots containing HindIIl digests of bovine,
mouse (LMTK™) and hamster (CHO) cell line DNAs were hybrid-
ized with radiolabeled COX VIII-H cDNA under stringent hybrid-
ization and wash conditions. Only the 6.6-kb bovine fragment was
detected under these conditions. We then proceeded to hybridize
Southern blots of DNA from panels of bovine X rodent hybrids and
performed pairwise concordancy analyses of the COX8H genomic
fragment with markers for 29 bovine autosomal synteny groups.
As shown in Table 1, COX8H co-segregated with U7 (BTA 25)
marker LDHA with 100% concordance. The U7 syntenic group is
conserved relative to two regions of HSA Chro 11: a short region
on 11p and a longer region on 11q. Since the single human COX8
gene has been mapped to HSA Chr 11q, which is syntenic with
BTA U7, we assume that the bovine heart gene is located in this
region (Fig. 3).

ldentification of a Tagl polymorphism in cattle. Digestion of ge-
nomic DNA from crossbred cattle with Tagl revealed a restriction
fragment length polymorphism. The A allele contains a Tag] site
within the intron of the COX8H gene, yielding two Tagl frag-
ments: 2.0 kb and 3.0 kb. The B allele has lost this Tagl site,
yielding a 5.0-kb fragment. Breeds represented in this test include
Angus, Hereford, Holstein, Jersey, Red-polled (Bos taurus) and
Brahman (Bos indicus). In these animals, the A allele is most
common (Fig. 4).

Discussion

We have isolated, sequenced and mapped COX8H, the gene for the
heart/muscle isoform of bovine COX subunit VIIL. The gene con-
tains a single 1.2-kb intron and maps to BTA syntenic group U7,
which corresponds to Chr 25 (Bishop et al. 1994). This study
identified several nucleotide substitutions in the bovine COXS8H
gene that probably represent both previously reported and novel
protein and DNA polymorphisms. Lightowlers and colleagues
(1990) noted protein polymorphisms in both the heart and liver
isoforms of COX VIII, namely, an Arg and Lys polymorphism at
residue 7 of the mature bovine heart isoform and an Asp or Glu at
residue 14 of the liver isoform. The COX8H gene we have ana-
lyzed contains a Lys codon at position 7, and the liver-type cDNAs
contain either Arg or Lys at position 7 (Scheja and Kadenbach
1992). We also noted a previously unidentified protein polymor-
phism in the deduced presequence, namely, an Ala at —6 in the
genomic sequence vs. a Val in the cDNA. Both the rat and mouse
c¢DNAs contain a Val at this position, whereas the three COX VIIT
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30 35 40 16
1aGlyTrpVallLeuTyrHisLeuAspAsnTyrLysLysSerSerAlaAla**=*
1801 CCGGCTGGGTCCTGTACCACCTGGATAACTACAAGAAGAGCTCAGCAGCATGAAGGCTCTGCGGGCCCCACACCTGGCACAGACAGGAAGATCAGATTAA
¢DNA CCGGCTGEETCCTGTACCACCTGGATAACTACAAGAAGAGCTCAGCAGCATGAAGGC TCTGCGEGCCCCACACCTGGCACAGACAGGAAGATCAGA TRA
Sacl
1901 AGCCCTCCTCTTTCCTCACGTCTCTGRTGATTCTCTGTATGTGCATCAGGCACCTCCCCCACTCCCCCTGGATGCCCAGGACTEGGCTGTCGGAAAGCTE
CcDNA AGCCCTCCTCTTTCtecttt

2001 GTTCCTATCAGCATCGGGGTACTCGGGCCACAGAAGCTGCTGGCTCAGTGECAATGGGAAGACGCATATTAGAAGGARACAGACACCACGTCTCCCTGAG

2101 CATACAATACAGGCAGGACTTGCTTCCTTGGCTGCTGTG

Fig. 2. Complete DNA sequence of the COX8H gene and its 5~ and
3’flanking regions. The sequence of the gene is presented and numbered
from the EcoRI site in the 5’ flanking region. The DNA sequence of the
exons and the intron-exon junctions was generated by using the PCR
primers for DNA sequencing; additional sequence was generated from
subcloned restriction fragments and by designing sequencing primers to
extend the sequence. The deduced protein sequence is presented and num-
bered above the DNA sequence. Sequence differences in the cDNA are
indicated by lower-case letters; the resulting amino acid polymorphisms

c¢DNAs for the liver-type COX VIII isoform have Pro and Met
residues at this position. A fourth base substitution in codon 12
near the end of exon 1 is silent: CCA (Pro) in the gene vs. CCG in
the bovine heart cDNA. Additionally, we noted a Tagl polymor-
phism in the single intron. These changes represent a high degree
of polymorphism at both the protein and DNA level for such a
small gene.

This report completes the characterization of the three genes
for heart/muscle-specific isoforms of tissue-specific COX sub-
units. Surprisingly, no generalizations about the regulatory ele-
ments involved in transcriptional regulation of these genes can be
drawn from these analyses. Both the COX6A! (Smith and Lomax
1993) and COX8H genes share one feature of tissue-specific genes,
namely TATA box elements. Although the COX6A 7 gene has both

are indicated below the sequence. Intron-exon consensus splice junctions
are overlined. The putative poly(A) additional signal is double-underlined.
Potential TATA, myogenic, and respiratory enhancer elements are under-
lined and labeled above the sequence. Restriction sites indicated in Fig. 3
or the text are underlined and labeled below the sequence. The first tran-
scription start site deduced from the longer primer-extension product (Fig.
4A) is indicated by an * above the sequence. The location of the anti-sense
primer used for the primer extension experiments is underlined in the
c¢DNA sequence.

potential TATA and CCAAT elements, franscription initiation is
imprecise and generates numerous transcripts that are heteroge-
neous at the 5’ ends. The COX8H gene has only a single basal
promoter element, a TATA box, yet has precise transcription ini-
tiation sites. In contrast, both the bovine COX7AH and COX7AL
genes (Seelan and Grossman 1992, 1993) are located in CpG is-
lands, have no TATA or CCAAT elements, but many SP1-binding
sites. Thus, the structures of these three COX heart/muscle-
specific genes are quite different, implying different functional
elements regulating developmental and tissue-specific expression.

The current interest in comparative genome mapping (O’Brien
et al. 1993) makes the localization of bovine genes for COX a
significant undertaking. For many COX genes that encode a house-
keeping subunit, such as COX5B, mapping is complicated by the
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Table 1. Concordance of COX8H gene with markers and bovine syntenic groups.

Syntenic group Marker % Concordance
Ul GNBI 50
u2 MEI 26
U3 NKNB 50
U4 MPI 30
us FOS 70
U6 AMY] 65
u7 LDHA 100
Us GNB2 40
U9 GPI 44
u10 SOD1 45
U11 ViM 50
U12 GPX1 55
U3 MET 45
Ui4 GSR 74
U15 CASK 70
Uié ABL 45
u17 CRYG 45
Ul18 GGTB2 50
ui9 CAT 80
020 CLOI 35
U21 GH 45
u22 AMH 65
U23 ALDH2 40
u24 TG 45
u2s CLTLAI 00
u26 OAT 60
u27 DU2751B 45
28 MBP 40
U2% RBP3 50
X DMD 45
HSA 11 B M

HBB
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Fig. 3. Comparison of the location of COX8 genes in human, bovine, and
mouse chromosomes. The idiogram of HSA 11 is shown with the location
of several genes indicated. COX8 is the locus for the single human COX
VI subunit (Rizzuto et al, 1989), which is more similar to the bovine and
rat liver subunits than to the heart subunits. B represents the bovine linkage
groups syntenic with HSA11 and shows the location of linkage group U7;
M represents the mouse chromosomal regions syntenic with HSA11.

CD3D
CD3E

presence of numerous pseudogenes (Lomax et al. 1991). In such
cases, an intron probe is essential to distinguish the expressed gene
from the processed pseudogenes. A few COX genes, such as
COX4 (Bachman et al. 1987), have a single pseudogene that can be
mapped if information about the pseudogene is available (Lomax
et al. 1990b). COX4P, the pseudogene for subunit IV, has been
mapped in the cow to syntenic group U3, which is on bovine Chr
5 (Dietz et al. 1992). This study is the first to report mapping of an
expressed COX gene in the cow. Mapping the COX genes for
sarcomeric isoforms is straightforward in both humans and the
cow, because these genes do not have processed psendogenes.
Surprisingly, COX8H pseudogenes are present in rodents (Scheja
and Kadenbach 1992; Makris, Hegeman, Lomax, unpublished
data).

The current model for the origin of tissue-specific isoforms of
COX subunits is based on the observation that, with some excep-
tions, isoforms are present in all mammals and that the H and L

kb
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Fig. 4. Southern blot analysis of Tagl digests of DNA from crossbred
cattle. DNA from crossbred cattle was digested with Tawl, subjected to
electrophoresis on agarose gels, transferred to nylon membranes, and hy-
bridized with the COX VII-H cDNA as described in Materials and Meth-
ods. The A allele yields two Zawl fragments of 2.0 kb and 3.0 kb; the B
allele, a single 5.0-kb fragment. Lane 1: Brahman/Hereford = AA; lane 2:
Red-polled/Angus/Brahman = AB; lane 3: Angus/Holstein = BB; lane 4:
Hereford/Jersey = AA; lane 5: Hereford = AB; lane 6: Brahman/Jersey =
AA.

isoforms retain regions of sequence conservation, particularly in
the hydrophobic transmembrane domain. This model invokes a
gene duplication event that occurred before the mammalian radi-
ation, giving rise to the two isoform genes present in all mammals.
Additional evidence supporting the gene duplication model comes
from the conservation of gene organization. The position of the
single intron in the COX8 gene is conserved in both the bovine
COXS8H gene and the single human COX8 gene (M. Lomax, un-
published data). The genes for the only COX isoform pair that has
been mapped, namely, human COX7AH and COX7AL, are not
linked (Arnaudo et al. 1990). The data reported here map the
bovine COX8H gene to Chr 25, which is homologous with two
regions of human Chr 11. Since the human COX8 gene homolo-
gous to bovine COX8L has been mapped to human Chr 11, the
bovine COX8H and COXSL genes may still be physically linked in
the cow. Confirmation of this hypothesis awaits the isolation and
mapping of the bovine COX8L gene for COX subunit VIII-L. Such
mapping data would provide additional support for this model.

Note added in proof. We have confirmed the bovine mapping data
by mapping the mouse COXS8L gene to mouse Chromosome 7
(Makris and Lomay, unpublished data).

Acknowledgments. We thank Dr. N.J. Bachman, Northwestern University,
for the bovine genomic library; Dr. R.A. Capaldi, University of Oregon, for
the bovine heart COX VIII ¢cDNA; Dr. Ellen O. Smith, Madonna Univer-
sity, for the initial screening of the genomic library; and Edna Gamlie! for
excellent technical assistance. Sequence analysis was performed on a VAX
III system supported by National Institutes of Health grant M0O1 RR0O0042.
This research was supported by National Science Foundation grant MCB-
90-05580 to M.I. Lomax and grants from the U.S. Department of Agri-
culture (90-CSRS-37266) and BARD (US-1627-89) to J.E. Womack.

References

Adkison, L.R., Leung, D.W., Womack, J.E. (1988). Somatic cell mapping
and restriction fragment analysis of bovine o and P interferon gene
families. Cytogenet. Cell Genet. 47, 62-65.

Arnaudo, E., Hirano, M., Seelan, R.S., Milatovich, A., Hsieh, C.-L., Fab-
rizi, GM., Grossman, L.I,, Francke, U., Schon, E.A. (1992). Tissue-



122 M.I. Lomax et al.: Mapping bovine gene for heart/muscle isoform of COX subunit VIII

specific expression and chromosome assignment of genes specifying
two isoforms of subunit V1la of human cytochrome ¢ oxidase. Gene 119,
299-305.

Bachman, N.J., Lomax, M.I., Grossman, L.I. (1987). Two bovine genes for
cytochrome ¢ oxidase subunit IV: a processed pseudogene and an ex-
pressed gene. Gene 55, 219-225.

Benton, W.D., Davis, RW. (1977). Screening lambda gt recombinant
clones by hybridization to single plaques in situ. Science 196, 180-182.

Bishop, M.D., Kappes, S.M., Keele, J.W., Stone, R.T., Sunden, S.L.F.,
Hawkins, G.A., Toldo, S.A., Fries, R., Gross, M.D., Yoo, J., Beattie,
C.W. (1994). A genetic linkage map for cattle. Genetics 136, 619-636.

Capaldi, R.A. (1990). Structure and function of cytochrome ¢ oxidase.
Annu. Rev. Biochem. 59, 569-596.

Chomyn, A., Attardi, G. (1987). Mitochondrial gene products. In Current
Topics in Bivenergetics, Vol. 15, C.P. Lee, ed. New York: Academic
Press, pp. 295-329.

Dietz, A.B., Neibergs, H.L., Womack, I.E. (1992). Assignment of eight
loci to bovine syntenic groups by use of PCR: extension of a compar-
ative gene map. Mamm. Genome 3, 106-111.

Ewart, G.C., Zhang, Y.Z., Capaldi, R.A. (1991). Switching of bovine cy-
tochrome ¢ oxidase subunit VIa isoforms in skeletal muscle during de-
velopment. FEBS Lett. 292, 79-84.

Fabrizi, G.M., Sadlock, J., Hirano, M., Mita, S., Koga, Y., Rizzuto, R.,
Zeviani, M., Schon, E.A. (1992). Differential expression of genes spec-
ifying two isoforms of subunit VIa of human cytochrome ¢ oxidase.
Gene 119, 307-312.

Feinberg, A.P., Vogelstein, B. (1983). A technique for radiolabeling DNA
restriction endonuclease fragments to high specific activity. Anal. Bio-
chem. 137, 266-267.

Hatefi, Y. (1985). The mitochondrial electron transport and oxidative phos-
phorylation system. Annu. Rev. Biochem. 54, 1015-1069.

Kadenbach, B., Stroh, A., Hunter, F.-J., Reimann, A., Steverding, D.
(1991). Evolutionary aspects of cytochrome ¢ oxidase. J. Bioenerg.
Biomembr. 23, 321-334,

Lightowlers, R., Ewart, G., Aggeler, R., Zhang, Y.—Z,, Calavetta, L., Ca-
paldi, R.A. (1990). Isolation and characterization of the cDNAs encod-
ing two isoforms of subunit Cix of bovine cytochrome c oxidase. J. Biol.
Chem. 265, 2677-2681.

Lomax, M.L, Coucouvanis, E., Schon, E.A., Barald, K.F. (1990a). Differ-
ential expression of nuclear genes for cytochrome ¢ oxidase during
myogenesis. Muscle Nerve 13, 330-337.

Lomax, M.1., Welch, M.D., Darras, B.T., Francke, U., Grossman, L.I.
(1990b). Novel use of a chimpanzee pseudogene for chromosomal map-
ping of human COX IV. Gene 86, 209-216.

Lomax, M.L, Hsieh, C.-L., Darras, B.T., Francke, U. (1991). Structure of
the human cytochrome ¢ oxidase subunit Vb gene and chromosomal
mapping of the coding gene and of seven pseudogenes. Genomics 10,
1-9.

O’Brien, S.J., Womack, J.E., Lyons, L.A., Moore, K.H., Jenkins, N.A.,,

Copeland, N.G. {1993). Anchored reference loci for comparative ge-
nome mapping in mammals. Nature Genet. 3, 103-112.

Padgett, R.A., Grabowski, P.J., Konarski, M.M., Seiler, S., Sharp, P.A.
(1986). Splicing of messenger RNA precursors. Annu. Rev. Biochem.
55, 1119-1150.

Poyton, R.O., Trueblood, C.E., Wright, R M., Farrell, L.E. (1988). Expres-
sion and function of cytochrome ¢ oxidase subunit isologues. Annals
N.Y. Acad. Sci. 550, 289-307.

Rizzuto, R., Nakase, H., Darras, B., Francke, U., Fabrizi, G.M., Mengel, T.,
Walsh, F., Kadenbach, B., DiMauro, S., Schon, E.A. (1989). Gene spec-
ifying subunit VIII of human cytochrome ¢ oxidase is localized to chro-
mosome 11 and is expressed in both muscle and non-muscle tissues. J.
Biol. Chem. 264, 10595-10600.

Sanger, F., Nicklen, S., Coulson, A.R. (1977). DNA sequencing with
chain-terminating inhibitors. Proc. Natl. Acad. Sci. USA 74, 5463-5467.

Scheja, K., Kadenbach, B. (1992). Nucleotide sequence of cDNA encoding
subunit VIII of cytochrome ¢ oxidase from rat heart. Biochim. Biophis.
Acta 1132, 91-93.

Schlerf, A., Droste, M., Kadenbach, B. (1988). Characterization of two
different genes for cytochrome ¢ oxidase subunit Vla from heart and
liver of the rat. EMBO J. 7, 2387-2391.

Seelan, R.S., Grossman, L.I. (1991). Cytochrome ¢ oxidase subunit VIla
isoforms. Characterization and expression of bovine cDNAs. J. Biol.
Chem. 266, 19752-19757.

Seelan, R.S., Grossman, L.I. (1992). Structure and organization of the heart
isoform gene for bovine cytochrome ¢ oxidase subunit VIIa. Biochem-
istry 31, 4696-4704.

Seelan, R.S., Grossman, L.I. (1993). Structural organization and evolution
of the liver isoform gene for bovine cytochrome ¢ oxidase subunit VIIa.
Genomics 31, 46964704,

Smith, E.O., Lomax, M.I. (1993). Structural organization of the bovine
gene for the heart/muscle isoform of cytochrome ¢ oxidase subunit VIa.
Biochim. Biophys. Acta 1174, 63-71.

Taanman, J.~W., Herzberg, N.H., De Vries, H., Bothuis, P.A., Van den
Bogert, C. {1992). Steady-state transcript levels of cytochrome ¢ oxidase
genes during human myogenesis indicate subunit switching of subunit
VIa and co-expression of subunit VIIa isoforms. Biochim. Biophys. Acta
1139, 155-162.

Threadgill, D.S., Womack, J.E. (1991). Mapping HSA10 homologous loci
in catile. Cytogenet. Cell Genet. 57, 123-126.

Van den Bogert, C., Dekker, H.L., Cornelissen, J.C., Van Kuilenburg,
A.B.P., Bolhuis, P.A., Muijsers, A.O. (1992). Isoforms of cytochrome ¢
oxidase in tissues and cell lines of the mouse. Biochim. Biophys. Acta
1099, 118-122.

Womack, J.E., Moll, Y.D. (1986). Gene map of the cow: conservation of
linkage with mouse and man. J. Hered. 77, 2-7.

Yanamura, W., Zhang, Y.-Z., Takimiya, S., Capaldi, R.A. (1988). Tissue-
specific differences between heart and liver cytochrome ¢ oxidase. Bio-
chemistry 27, 4909-4914.



