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ABSTRACT  We use a rat cytochrome c gene that we previ-
ously isolated and determined the sequence of to estimate the
number of related sequences present in the rat genome. Approx-
imately 25 different EcoRI restriction endonuclease fragments
from total rat DNA hybridize to the gene of known structure. Four
of these correspond to homologous sequences present in four dif-
ferent A Charon 4A-rat cytochrome ¢ recombinants previously
isolated. Intact or nearly intact genes appear to reside on almost
all of the genomic fragments, because they hybridize strongly to
gene subfragments representing both 5’ and 3’ portions of the
coding sequence as well as to 3’ noncoding DNA that is found spe-
cifically associated with the coding region. A subgroup of about
six of the fragments also shares homology within the 73 nucleotides
immediately preceding the AUG codon. An intron-specific probe
reveals only the EcoRI fragment from which it was derived and
one other genomic fragment. On the basis of the temperature of
complete dissociation of the coding region probe in 0.75 M NaCl/
0.075 M Na, citrate/50% (vol/vol) formamide, the 25 fragments
are separable into three stringency classes of 40-50°C, 50-55°C,
and 55-60°C. The latter, high-stringency group of about seven
fragments includes those cloned in the recombinant phage isolates,
whose regions homologous to cytochrome ¢ are shown to differ
from the purified gene of known sequence by an amount equiv-
alent to about 2% mismatched bases. Families of cytochrome ¢
gene-related sequences are also found in the genomes of several
other mammals, including humans.

Cytochrome c is a phylogenetically ancient protein that func-
tions as a carrier of electrons to their terminal acceptor, oxygen
(1). Multiple forms of cytochrome c are physically distinguished
in preparations from many organisms, but most of this heter-
ogeneity is attributed to posttranslational or artifactual modi-
fications rather than to genetic variability (1, 2). One notable
exception is a protein purified from mouse testis that differs
from the adult cytochrome in 13 of 104 amino acid residues,
strongly implying the presence of a second gene in this organism
(3). Yeast possesses two distinct forms of cytochrome c, iso-1 and
iso-2, which are the products of different genetic loci (4, 5). The
nucleotide sequence of genes encoding each of these proteins
is known (6, 7).

In order to investigate the structure and organization of cy-
tochrome ¢ genes in higher organisms, we used the iso-1-cy-
tochrome ¢ gene of yeast as a hybridization probe to isolate cy-
tochrome c-specific sequences from a A Charon 4A-rat genomic
library (8). Characterization and sequence analysis of Ch4A-
RCA4, one of eight recombinant clones homologous to the yeast
probe, revealed a cytochrome ¢ gene encoding the entire rat
polypeptide chain and containing a 105-base pair intron dividing
the coding region. Each of the eight isolates differed both in
their restriction enzyme digest pattern and in the size of the
restriction fragment homologous to the yeast gene, suggesting
that several nonallelic cytochrome ¢ genes or pseudogenes may
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be present in the rat genome. Because higher organisms are
generally thought to possess only a single form of cytochrome
¢ polypeptide (1, 2) it is of interest to examine in detail the num-
ber and structure of cytochrome c-specific sequences in mam-
malian genomes. We now use the cloned rat gene of Ch4A-RC4
to study the complexity of cytochrome ¢ gene sequences in the
genomes of rat and of several other mammals.

MATERIALS AND METHODS

The plasmid pRC4 containing a rat cytochrome ¢ gene was sub-
cloned from the A-rat recombinant phage Charon 4A-RC4 and
the sequence of the 0.96-kilobase (kb) gene insert was deter-
mined (8). A second plasmid, having an additional 187 base pairs
of the 5'-flanking DNA of the same gene extending to a HindIII
site on the rat genomic fragment, was similarly constructed for
these studies and designated pRC4-2. The other A-rat recom-
binant clones Charon 4A-RC-1 through -8 were those previously
described (8). Total rat DNA was isolated from the liver of a
single Sprague-Dawley rat (9), and human placental DNA
(Sigma) was a commercial preparation. DNAs from Russian ba-
boon, gorilla muscle, and feline embryo cell line A were gen-
erous gifts of M. Tainsky, Frederick Cancer Research Center.
Restriction enzymes were purchased from New England
BioLabs and used according to their recommended assay pro-
cedures. Digested DNAs were electrophoresed on 1% agarose
gels (electrode buffer: 40 mM Tris/20 mM sodium acetate/2
mM EDTA, pH 7.8) and restriction fragments were transferred
to nitrocellulose filters by the Southern procedure (10).

Subfragments of the rat cytochrome c gene to be used as
probes were purified from the 1.14-kb pRC4-2 HindIII/EcoRI
cloned insert by 4% acrylamide gel electrophoresis after cleav-
age with the appropriate enzymes. The pure restriction frag-
ments representing different portions of the gene were *P la-
beled (11) and separated from unreacted dNTPs by gel filtration
on Sephadex G-50. Hybridization and washing conditions for
nitrocellulose blots were the same as those described (8) except
that the incubation temperature was 40°C unless otherwise in-
dicated. Approximately 5 X 10° cpm (Cerenkov) of labeled
DNA was used per filter and the washed filters were exposed
to Kodak medical x-ray film for 5 to 7 days at —20°C. The in-
sulin-specific fragment used as the probe in control experiments
was purified from a rat insulin A-chain clone, pSIA12, contain-
ing a 63-nucleotide duplex that has the single base change re-
quired for synthesis of the human insulin A-chain polypeptide
(unpublished).

Thermal dissociation curves were constructed by hybridizing
32P_labeled probes under low-stringency conditions (8) to ap-
proximately 20 ug of denatured phage DNA immobilized on
nitrocellulose filters (1.3 cm diameter). The amount of radio-
activity eluted from the filter by incubation in 0.39 M Na* was
measured at various temperatures (12). Each point represents
the average of duplicate determinations.

Abbreviation: kb, kilobase(s).
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RESULTS

Detection of Multiple Rat Genomic Restriction Fragments
Complementary to the Coding Region of a Rat Cytochrome
¢ Gene. When we screened a Charon 4A-rat genomic library
by using a yeast iso-1-cytochrome ¢ gene probe, eight recom-
binants that differed by restriction enzyme and hybridization
analysis were isolated (8). The rat genomic insert of one of these
phages, Ch4A-RC4, was shown to contain a single copy of a
cytochrome ¢ gene encoding the entire rat polypeptide se-
quence. Using the 0.54-kb BamHI/Acc I coding region subfrag-
ment of this rat gene as a probe, only four of the eight original
clones (Ch4A-RC4, -5, -6, and -8) could be detected by hy-
bridization analysis (Fig. 1). The other isolates (Ch4A-RC1, -2,
-3, and -7) hybridized only to the yeast cytochrome c gene, and
the sequence of at least one appears to represent a highly di-
verged copy of a yeast-related gene in the rat genome (13).

The occurrence in the Charon 4A-rat library of four nonallelic
cytochrome ¢ gene sequences that hybridize to both yeast and
rat genes suggests that they represent different rat genes or
pseudogenes for cytochrome c. In order to estimate the number
of different cytochrome ¢ gene sequences, EcoRI-digested ge-
nomic DNA was hybridized after gel electrophoresis and trans-
fer to nitrocellulose to the *P-labeled BamHI/Acc I coding re-
gion subfragment (Fig. 3) of pRC4-2. Fig. 1 (lane B) shows
approximately 25 genomic EcoRI restriction fragments homol-
ogous to the rat gene sequence. These include segments com-
parable in size to those generated by EcoRI cleavage of the four
recombinant phage DNAs, which each have a single copy of the
cytochrome ¢ sequence. Some of the bands exhibit somewhat
lower hybridization intensity than others, suggesting they have
less homology with the probe. It is unlikely that the pattern of
multiple bands detected with the rat cytochrome ¢ probe is the
result of incomplete digestion of the genomic DNA, because
an identical filter (lane A) that is hybridized to an insulin A-chain
probe reveals only the four insulin-specific bands previously
shown to be present in the genome of a Sprague-Dawley rat
(14). Also, no change in the hybridization banding pattern is
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Fic. 1. Hybridization analysis of rat genomic DNA and Ch4A-RC
recombinant phage DN As digested with EcoRI. Hybridization was car-
ried out at 40°C in 0.97 M Na* (0.75 M NaCl/0.075 M Nag citrate) and
50% (vol/vol) formamide. Lanes A and B contained 30 ug of EcoRI-
digested DNA from a single Sprague-Dawley rat. Remaining lanes
had 0.02 ug of EcoRI-digested DNA from the indicated Ch4A-RC re-
combinant clones. Filters were hybridized to the 32P-labeled BamHI/
AccI cytochrome c gene fragment of pRC4-2 (2.3 x 107 cpm/ug) except
for lane A, where the insulin A chain gene from pSIA12 (9.0 x 10° cpm/
pg) was used as probe. On the left the lengths of DNAs are given in
kb, as they are in following figures. O, origin.
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observed after extensive redigestion of identical aliquots of the
EcoRI-cut DNA used in lanes A and B.

Although none of the four recombinant phage DNAs contain
EcoRlI cleavage sites dividing their cytochrome ¢ homologous
sequences, it may be possible that the sequence complexity is
due in part to EcoRlI sites in sequences not represented by the
four phage isolates. This explanation does not account for a large
number of these fragments, because Fig. 2 shows that BamHI
and Pst I, which are expected to cut genomic DNA infrequently
and do not cleave within the cytochrome ¢ sequences of the four
recombinant phage DNAs (8), also generate an equivalent num-
ber of hybridizing bands in total DNA.

Relationship of the Cytochrome c-Specific Rat Genomic
Sequences to the Structure of the Cytochrome ¢ Gene from
pRC4-2. In order to rule out that the large number of genomic
restriction fragments homologous to the BamHI/Acc I probe
is the result of a sequence present in the intron or noncoding
regions that is repeated in the genome but not necessarily re-
lated to cytochrome c, it was important to establish more pre-
cisely which portions of the rat gene are responsible for the
hybridization pattern. This was done by subdividing the gene,
using conveniently located restriction sites shown in Fig. 3, and
purifying gene fragments A through G for use as probes in hy-
bridization to identical Southern filters of EcoRI-digested rat
DNA. Fig. 3, lanes D and F, shows that a banding pattern es-
sentially identical to lane A is obtained by using either exon I
(lane D) or exon II (lane F) specific probes. Thus, the vast ma-
jority of the fragments have sequences complementary to both
the 5’ and 3' portions of the coding region. The only obvious
exception is a 0.7-kb fragment that contains only exon II.

In marked contrast, the intron-specific probe (E) reveals only
the 2.5-kb fragment from which the rat gene sequence is de-
rived and one other band at about 23 kb, which may represent
a duplicate copy of this gene. If the other cytochrome c gene-
related sequences contain introns, they have little or no ho-
mology with that of pRC4-2. When fragment B of the 5’ flanking
region is used as a probe, the same two genomic fragments of
2.5 and 23 kb hybridize, indicating that, like the intron, this
sequence is associated with two of the bands and is not a general
feature of cytochrome c gene-specific sequences. However,
adjacent probe C, which is the segment immediately upstream
to the start AUG, hybridizes to six of the genomic fragments.
The members of this subclass have sizes of 1.6, 1.9, 2.2, 2.5,
4.3, and 4.9 kb and do not include EcoRI fragments from Ch4A-

RCS5, -6, and -8.
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Fic. 2. Hybridization analysis
of rat genomic DNA digested with
EcoRI, BamHI, or Pst 1. Each lane
contained 30 ug of total rat DNA

23— 08 hybridized to the *2P-labeled Bam-
23 HI/Acc I cytochrome c gene frag-

ment of pRC4-2 (2.3 X 107 cpm/
ug). Size standards are restriction
fragments from EcoRI- or HindIII-
digested A and Hae II-digested
pBR322 DNA.
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Fic. 3. Hybridization analysis of EcoRI-digested rat DNA by us-
ing flanking, exon, and intron specific probes from the cytochrome ¢
gene of pRC4-2. Lanes A-G depict the autoradiographic patterns re-
sulting from hybridization of corresponding 3?P-labeled gene frag-
ments A through G, shown in the restriction map at the top, to identical
filters of EcoRI-digested rat DNA (30 ug). Specific activities for probes
derived from fragments A through G were 2.3 x 107, 42 x 107, 8.0
x 105, 5.0 x 107, 2.0 x 107, 4.8 x 107, and 3.3 X 107 cpm/ug, respec-
tively. Cleavage sites for restriction enzymes HindIIl (0), BamHI
(w), Hph 1(0), Alu1 (@), Acc I (»), and EcoRI (a) are shown. Standards
are the same as in Fig. 2, and the positions of homologous fragments
from Ch4A-RC4, -5, -6, and -8 are indicated by arrows. IVS, interven-
ing sequence (intron).

The 3' flanking region probe G gives essentially the same
pattern observed with the coding region probes, with notable
exceptions of a missing band(s) at about 5 kb and the presence
of a new band at about 1.0 kb. Several other fragments display
diminished hybridization intensity, suggesting less homology
with the probe. Thus, sequences related to the 3' flanking se-
quence are present in many copies in the rat genome and are
almost always associated with the cytochrome ¢ coding region.
The presence of exon I, exon I, and 3’ flanking sequences in
most, and the 5' flanking sequence immediately adjacent to the
start codon in many, of the cytochrome c-specific genomic frag-
ments indicates that at least at this level of resolution intact or
nearly intact cytochrome ¢ gene copies reside on these
segments.

Thermal Dissociation of the Rat Cytochrome ¢ Gene of
pRC4-2 from Homologous Genomic Sequences. The related-
ness of the three homologous EcoRI fragments in total rat DNA,
cloned in phages Ch4A-RCS5, -6, and -8, to gene subdivisions
C, D, F, and G (Fig. 3) was quantitatively estimated by thermal
dissociation. Fig. 4A shows that 50% of the radioactivity from
probe C dissociates from the DNA of clones 5, 6, and 8 at about
62-65°C in 0.39 M Na*, whereas the same value for the per-
fectly homologous clone 4 is about 76°C. Fig. 4 B, C, and D
shows that sequences homologous to exon segments D and F
and 3’ flanking segment G of pRC4-2 are very closely related,
with only a 2°C temperature difference separating the four
clones at the point of 50% dissociation. In a control experiment,
shown as the broken curves in Fig. 4B, where the insulin A-
chain probe derived from pSIA12 was dissociated from rat in-
sulin genes I and II (unpublished), the 2 out of 63 base-pairs
difference between the two genes and the probe (i.e., 3% mis-
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match) is reflected in a 3°C temperature difference. Therefore
the exon and 3’ flanking sequences common to the four cloned
segments differ by an amount equivalent to about 2% sequence
mismatch. The experiment, however, cannot distinguish mis-
matched bases within the sequence from, for example, a perfect
homology followed by a deletion of bases at the end, which could
shorten the complementary region by several nucleotides and
thus slightly lower the melting temperature.

To compare these four closely related clones to the remainder
of the cytochrome c-specific EcoRI fragments, filters identical
to those of Fig. 3 were hybridized to fragment A probe at dif-
ferent temperatures in medium containing 0.97 M Na* and 50%
formamide. Fig. 5 shows that as the hybridization stringency
increases from 40°C to 50°C several bands are lost. Most notably
missing are those at 0.7, 1.8, 2.3, 4.9, and 6.0 kb. As the tem-
perature increases to 55°C, only about 7 of the 15 or so major
bands detected at 50°C are still present. Their sizes are 2.2, 2.5,
3.3, 4.3, 4.8, 8.5, and 23 kb and include those present in re-
combinant phages Ch4A-RC4, -5, -6, and -8. At 60°C no hy-
bridization is detected. The differences in the hybridization
pattern at various temperatures are not due to loss of DNA from
the filters, because after rehybridization at 40°C all of the orig-
inal bands are visualized. Thus, the genomic EcoRI fragments
complementary to the rat cytochrome ¢ gene of pRC4-2 fall into
three homology classes based upon the temperature of complete
dissociation of the BamHI/Acc I coding region probe A. These
include a group of about 5 fragments dissociating at 40-50°C,
a group of about 7-10 fragments dissociating at 50-55°C, and
a high-stringency group of about 7 fragments dissociating at
55-60°C. The latter appear to have cytochrome c-specific se-
quences nearly identical to those present in Ch4A-RC4, which
is known to contain a complete cytochrome c¢ protein coding
sequence. It is also of interest that four of the six bands having
homology with the 73 nucleotides upstream from the AUG
(probe C) are included in the high-stringency class.

Detection of Families of Cytochrome ¢ Gene Sequences in
the Genomes of Other Mammals. In order to examine whether
multiple copies of sequences related to cytochrome ¢ occur only
in rat or are generally present in mammalian genomes, hybrid-
ization analyses were performed with total DNA from various
mammals. Fig. 6 demonstrates that many bands complemen-
tary to rat gene probe A (see Fig. 3) are detected in EcoRI- or
Pst I-digested DNA from cat, baboon, gorilla, and human. Pat-
terns of similar complexity were also found in mouse, dog, bo-
vine, and monkey DNA (data not shown). None of the mam-
malian DNAs tested were found to have only one or a few
homologous fragments. Therefore, families of these sequences
appear to be a general feature of mammalian genomes. The
hybridization pattern of the cytochrome c-specific restriction
fragments is distinctive for each organism, with differences
found even between closely related primates.

We have recently screened 10° plaques from a Charon
4A-human genomic library, using rat gene probe A (unpub-
lished). Approximately 175 recombinant phages were isolated
that had sequences homologous to both yeast iso-1 and rat cy-
tochrome ¢ genes. Assuming an average human DNA insert size
of 15 kb and a genome size of 3 X 10®kb, a single-copy sequence
would be expected to occur once in every 200,000 phage
plaques. The frequency of these sequences is about 35 times
higher than that expected for a single-copy gene. These results
are consistent with the observation of multiple cytochrome ¢
genes or pseudogenes in human DNA.

DISCUSSION

In this work we show that many mammalian genomes contain
families consisting of as many as 20-30 sequences that are
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Fic. 4. Thermal dissociation of 32P-
labeled cytochrome c gene subfrag-
ments from Ch4A-RC recombinant
phage DNAs. Curves showthe tem-
perature dependence of dissociation in
0.39 M.Na* (0.30 M NaCl/0.03 M Na,
citrate) of various probes from about
20 ug of phage DNA from Ch4A-RC4
(@), -5 (m), -6 (0), and -8 (») denatured
and immobilized on nitrocellulose discs.
A, B, C, and D represent the family of
curves obtained by using rat cyto-
chrome c-specific probes C (5’ noncod-
ing), D (exon I), F (exon II), and G (3’
noncoding), respectively. Initially each
filter hybridized approximately
10,000-25,000 cpm. Broken curves in-
B show dissociation of insulin A-chain

closely related to a cytochrome ¢ gene of rat that has an intact
protein coding region. Essentially all of the rat fragments de-
tected with the complete gene hybridize to probes purified from
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FiG. 5. Temperature dependence of hybridization of the rat cyto-
chrome c gene to rat genomic EcoRI fragments. Hybridization to iden-
tical Southern filters of EcoRI-digested rat genomic DNA (30 ug) using
32p.]abeled probe A (Fig. 3) was carried out in 0.97 M Na*/50% form-
amide at the indicated Celsius temperatures.
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0 probe of pSIA12 from cloned rat-insu-
lin I and II genes.

both 5' and 3’ portions of the coding sequence. The high fre-
quency of these sequences in the genome therefore is not the
result of a repeated sequence unrelated to cytochrome ¢ or to
cleavage within the complementary regions of individual ge-
nomic fragments. A probe derived from the 3' noncoding por-
tion of the rat gene hybridized exclusively to nearly all of the
cytochromie c-specific bands, suggesting it may have some func-
tion related to the biological activity or organization of these
sequences in rat. The 3’ flanking DNA, however, does not ap-
pear to be extensively conserved between organisms, because
in preliminary experiments we detected only modest homology
with some human cytochrome ¢ gene clones (unpublished).
Homology in the 3’ noncoding region of related genes is ob-
served in B-globin (15, 16) and interferon gene families (17).
Although the rat genomic fragments homologous to the cy-
tochrome ¢ gene are closely related, they are not identical. Only
two genomic bands are complementary to the intron-specific
probe, indicating that the intron sequence is not conserved
within the family or, alternatively, that the other fragments are
devoid of introns. Extensive sequence conservation in introns:
is observed between the two B-globin genes of mouse (15) but
not between a- and B-globin genes (16). A subgroup of about
six bands was distinguished by. ability to hybridize to 73 nu-
cleotides of the 5’ noncoding sequence immediately upstream
from the AUG codon (probe C). These, however, did not in-
clude fragments corresponding in size to the complementary

. regions of recombinant phages Ch4A-RCS5, -6 and -8, which are

shown by thermal dissociation experiments to be otherwise
nearly indistinguishable from the cloned gene of Ch4A-RC4.
Because in most cases transcriptional and translational control
signals are thought to precede the coding sequence, it is intrigu-
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Fic. 6. Hybridization analysis of EcoRI- or Pst I-digested genomic
DNA from various mammals. Total DNA (30 ug) from cat, baboon,
gorilla, or human, digested with EcoRI or Pst I, was hybridized to rat
cytochrome ¢ gene probe A (Fig. 3) at 40°C in 0.97 M Na*/50%
formamide.

ing that there are at least two types of cytochrome c-specific
fragments differing in the 5’ noncoding DNA adjacent to the
AUG codon.

The rat genomic fragments also differ with respect to the
stringency conditions required for their detection with coding
region probe A. Three different classes are resolved, including
a high-stringency group of about seven bands that includes all
but two of the probe C-specific subgroup. The protein coding
sequences of at least three members of this class, corresponding
to those cloned in Ch4A-RC5, -6, and -8, differ by an amount
equivalent to about 2% sequence mismatch from the complete
coding region of Ch4A-RC4. If at least some of these represent
active genes, they may give rise to polypeptides very similar
or identical to the adult form of the protein. Such a group of
related genes may serve a regulatory role by having different
requirements for activation.

The discovery of families of cytochrome ¢ gene-related se-
quences in mammalian genomes suggests that cytochrome ¢
may be the product of more than a single gene. Several other
examples of families of related genes are known to exist in eu-
karyotes (for references see refs. 18 and 19). Pseudogenes,
which have incomplete coding sequences and no known prod-
uct, are also found in gene families (20-24). If a sizable number
of mammalian genes have related sequences present in 10-20
copies per cell, this multiplicity can account partly for the puz-
zling observation that the amount of DNA in higher organisms
appears to be about 20 times more than the number of genes.
The other part of the excess DNA can be accounted for by in-
trons and certain highly repetitive sequences (25).

With the exception of the mouse testis protein (3), variants
in the amino acid sequence of cytochrome ¢ from a given mam-
mal have not been described. Many of the cytochrome c-spe-
cific sequences we observe in rat fall into the two groups that
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have less homology with the intact gene and may encode genetic
variants of the adult protein or may represent pseudogenes. For
example, a gene for the mouse testis protein would differ from
the coding region of the adult gene by a minimum of 19 out of
312 bases. This corresponds to about 6% mismatch and would
account for the difference of 5-15°C separating low- and high-
stringency categories. By comparison, a similar mismatch of
approximately 18% exists between the rabbit B-globin gene and
linked pseudogene in the sequence complementary to the cod-
ing region (24).

Having identified the complexity of cytochrome ¢ gene-re-
lated sequences in the DNA of mammals, we may now turn our
attention to some of the interesting questions raised by these
observations. How precisely do these sequences differ from one
another? Why are so many DNA sequences present when there
appears to be only one adult form of the protein? Are there
variants of the gene that are expressed in specific tissues, phys-

‘jological conditions, or developmental stages? Finally, what is

the significance of these sequences for the process of cyto-
chrome ¢ evolution?
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