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ABSTRACT
Mouse contains two functional, but differentially expressed,

cytochrome c genes. One of these genes is expressed in all somatic tissues
so far examined. The other gene is expressed only in testis and is assumed
to be spermatogenesis-specific. The nucleotide sequence of four mouse
cytochrome c-like genes has been determined. One of these genes (MCI)
contains an intron and encodes a polypeptide sequence identical to the
published mouse somatic cytochrome c amino acid sequence. The other three
genes can not properly encode a mouse cytochrome c protein and appear to be
pseudogenes which have arisen via an insertion into the mouse genome of a
cDNA copy of a cytochrome c mRNA molecule.

INTRODUCTION

Cytochrome c is a small, heme-containing protein found in the

mitochondria of all eucaryotic cells. It is one of a series of proteins

involved in the electron transport chain, and is therefore essential for

aerobic respiration. Due to structural and functional constraints, the

cytochrome c proteins of widely divergent organisms exhibit considerable

amino acid homology . Assuming this homology to be retained at the DNA

level, it was considered likely that a cytochrome c gene from one organism

could be used as a specific hybridization probe to isolate the cytochrome c

genes of other widely divergent organisms. Utilizing this interspecies

homology, cytochrome c genes from six species have now been isolated.

Hybridization analysis of total genomic DNA indicates that most

non-mammalian species contain only one or two cytochrome c-like sequences

per haploid genome. In contrast, mammals contain approximately 20-30

cytochrome c-like sequences , most of which appear to be pseudogenes3.
At least three different classes of pseudogenes have been isolated.

One class appears to have arisen via duplication events and subsequent

sequence divergence. These pseudogenes contain introns and are frequently
linked to the structural gene. For example, the mouse genome contains
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seven 0-globin-like sequences within a 70 kb region of DNA. Three of these

genes are active and four are pseudogenes4.
The other two classes of pseudogenes appear to have arisen via an RNA

intermediate. These pseudogenes do not appear to be linked to the

structural gene and do not contain introns. One of these two classes

appears to have arisen via a retroviral intermediate. Two examples of this

class of pseudogenes are the mouse a-globin pseudogene, 035, and the human

immunoglobulin pseudogene, C36 both of which are flanked by retrovirus

LTR-like elements.

The third, and possibly most abundant, class of pseudogenes appears to
7have arisen via a mRNA intermediate7. In addition to lacking introns,

these pseudogenes contain a relatively long stretch of A-residues in the

3'-noncoding region, reminiscent of the poly(A) tail of a mRNA molecule.

This class of pseudogenes has been observed in numerous systems, such as

the rat ct-tubulin pseudogenes , the rat cytochrome c pseudogenes3 and the

rat glyceraldehyde 3-phosphate dehydrogenase pseudogenes (Tso and Wu,

unpublished observations).
The number of pseudogenes per genome appears to vary significantly for

different genes. For example, the rat genome contains approximately 25

cytochrome c-like sequences and 300 glyceraldehyde 3-phosphate
dehydrogenase-like sequences (Tso and Wu, unpublished observations). Since

it appears that the vast majority of these sequences are mRNA-derived

pseudogenes, this variation may reflect the relative level of each mRNA

species present when these pseudogenes were generated. Therefore, the fact

that rat glyceraldehyde 3-phosphate dehydrogenase pseudogenes greatly
outnumber rat cytochrome c pseudogenes may indicate that when these

pseudogenes were generated, the glyceraldehyde 3-phosphate dehydrogenase
gene was expressed at a much higher level than the cytochrome c gene.

To be passed on to subsequent generations, these pseudogenes must have
been generated either during spermatogenesis or oogenesis, in primordial

germ cells, or in those early embryonic cells which later differentiated

into primordial germ cells. A reverse transcriptase-like enzyme is also

required.
9Mouse contains two different cytochrome c proteins . One of these

proteins is found in all somatic tissues so far examined. The other

protein is found only in the testis and is assumed to be
9spermatogenesis-specific9. The testis-specific cytochrome c protein

differs from the somatic cytochrome c protein at 13 of '104 amino acid
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residues9, therefore, the nucleotide sequence of the two cytochrome c genes

is expected to be significantly different.

The mouse cytochrome c pseudogenes should reflect the relative

expression of the two cytochrome c genes at the time when these pseudogenes

were generated. For example, if the reverse transcription and insertion

events leading to the generation of pseudogenes occurred during

spermatogenesis, the nucleotide sequence of the resultant pseudogenes

should resemble the nucleotide sequence of the putative spermatogenesis-

specific cytochrome c gene.

In this communication, we report the existence of a testis-specific

cytochrome c transcript. We describe the isolation and characterization of

a mouse somatic cytochrome c gene and three mouse cytochrome c pseudogenes.

The nucleotide sequence of these pseudogenes indicates that they were

derived by an insertion of a cDNA copy of a mouse somatic cytochrome c mRNA

molecule.

MATERIALS AND METHODS

The mouse genomic library was provided by the laboratory of Philip

Leder (Harvard Medical School). The library was constructed by partially

digesting genomic DNA from a Balb/c 12 day old mouse embryo with the

restriction endonuclease MboI and ligating fragments approximately 16-20 kb
10

long onto the purified BamHI arms of the lambda phage Charon 28 . From

the expected size of the mouse DNA inserts (16-20 kb) and the approximate

size of the mouse genome (3 x 106 kb), it was estimated that screening

approximately 750,000 phage would ensure, with 99% probability, that the

entire mouse genome was represented . The hybridization probe was the

0.55 kb BamHI-AccI fragment of pRC4, which contains the entire coding

region of the rat (RC4) cytochrome c gene . Hybridization and washing
13

conditions were the same as those previously described

Plasmid DNA, genomic DNA and polyadenylated RNA were isolated and

analyzed as previously described. DNA sequence analysis was performed by
14

the dideoxynucleotide chain-termination procedure

RESULTS

Complexity of Cytochrome c-Like Sequences in the Mouse Genome

In order to investigate the complexity of cytochrome c-like sequences

in the mouse genome, total DNA was isolated from the liver of an individual

Balb/c mouse, cut with various restriction endonucleases, fractionated by
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Fig. 1. Hybridization Analysis of Mouse Genomic DNA.
Each lane contains 50 ig of genomic DNA from the
liver of a Balb/c mouse. Samples were digested
with EcoRI (E), HindIII (H), BamHT (B) or PstI
(P), resolved by gel electrophoresis, transferred

nitrocellulose and hybridized at 300C to the
P-labeled BamHI-AccI fragment of pRC4 (coding

region of RC4). Size standards are the
EcoRI-HindIII digestion fragments of A phage DNA.

electrophoresis, transferred to nitrocellulose and hybridized to the coding

region of the rat (RC4) cytochrome c gene . Approximately 25 hybridizing
fragments are observed in each lane (Fig. 1). This is consistent with

previous results which had indicated that mammalian genomes contain

approximately 20-30 cytochrome c-like sequences .

Analysis of Cytochrome c mRNA from Four Mouse Tissues

Two cytochrome c proteins have been isolated in mouse . It therefore

appears that mouse contains at least two functional cytochrome c genes.

These two genes appear to be differentially expressed. One gene is

expressed in all somatic tissues so far examined. The other gene appears

to be expressed only in the testis, and is assumed to be

spermatogenesis-specific. The two mouse cytochrome c proteins differ at 13

of 104 amino acid residues (Fig. 2). Although these 13 amino acid

substitutions appear to be distributed over the entire cytochrome c

molecule, examination of polypeptide tertiary structure indicates that all

of the substitutions are restricted to a small region of the molecule

behind the heme crevice.

In order to determine whether the rat cytochrome c gene could be used

as a hybridization probe tc detect the mouse testis-specific cytochrome c
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Fig. 2. Amino Acid Sequences of the Mouse Somatic and Testis-Specific
Cytochrome c Proteins. The data are taken from Hennig (9). Residues which
are not homologous are underlined. The aminc acid letter code is as
follows: A, Ala; R, Arg; N, Asn; D, Asp; C, Cys; E, Glu; G, Gly; H, His;
I, Ile; L, Leu; K, Lys; M, Met; F, Phe; P, Pro; S, Ser; T, Thr; W, Trp; Y,
Tyr; V, Val.

transcript, polyadenylated RNA was isolated from mouse liver, testis,

kidney and heart, fractionated on an agarose-formaldehyde gel, transferred

to a nitrocellulose filter and hybridized to the coding region of the rat

(RC4) cvtcchrome c gene (Fig. 3). In each of the four tissues analyzed,

three or four hybridizing mRNA species are observed. In testis, however,

an additional cytochrome c mRNA species is observed. This testis-specific

transcript is assumed to encode the testis-specific cytochrome c protein.
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Fig. 3. Hybridization Analysis of Polyadenylated RNA from Four Mouse
Tissues. Polyadenylated RNA from liver (L), testis (T), kidney (K) and
heart (H) (30 jg, 50 pg, 50 jg and 10 pg, respectively) was resolved by gel
elecSophoresis, transferred to nitrocellulose and hybridized at 16°C to
the P-labeled BamHI-AccI fragment of pRC4 (coding region of RC4). Size
standards include 28S and 18S mouse ribosomal RNA and the PstI, EcoRI and
EcoRI-HindIII fragments of pDC3 (Limbach and Wu, accompanying paper).
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Met Gly Asp Val Glu
lMous (UCi) GCA TCCGTAOTA CCTTT-T . TCT-ACCGTT TT CCCTT-TAG A ATTAAA ATC GOT OAT cTT GAA
Rat (C04) A T OCTO TACAATO OTICA C C T A C 8

10 20 30
Lys Gly Lys Lye Ile the Val GIn Lys Cys Ale CGi Cys His Thr Tel Glu Lys Gly Gly Lys lio Lye Thr Gly Pro Awn Len
MA CCC AAG MG ATT TT CTT C0* AOG TOT C0C CAG TOC CAC ACT GST GCM G GUCCC0M CAT MC ACT OGA CCA AT CTC

A A C
50

40 50 55
Ris Gly Le Phe Gly Arg Lye Thr Oly Gin Ala A3A Gly Ph. Ser Tyr Thr Asp Ale Awn Lys -An Lys
CAC GOT CTG TTC COG CGG AG ACA CCC CAG OCT OCT GOA TTC TCT TAO ACA OAT GCC MAC LAG MO A G GTAACCG
T T CT -T

100 150

GOAOTOOTO ST-CAGCACLC -ACAGOGT COCT?CT-T LACCACCA GATTACCAG CTCTTAA CACTTMCCT CTOCATCTCT ITTCITTJAG
T - AGC A 0 A C T A- T TO C

200 250

60 70 80
Gly Ile Thr Trp Gly Glu Asp Thr LeuIbt Gli Tyr Len Glu An Pro Lye Lye Tyr Ile Pro Gly Thr Lye Hot Ile Phe Ala
CC ATC ACC TOG GUA GAG CAT ACC CTO ATC GMG TAT TTC caG MT CCC M AAM TAC ATC CCT GGA ACA MA ATC ATC TTC GCT
T A

300 350

90 100 104
Gly Ile Lys Lys Lye Gly Clu Arg Ala Asp Len Ile Ale Tyr Len Lye Lye Aia Thr Asn Glu
GA ATT G MAC AAG OCA CM AGO OCA GU CTA AUA OCT TAT CTT MA MO COT ACT MT GC TM TTCCACTOCC TTATTTATTA

G A
400

CMLACAAT CTCTCATOCC TTTTAATTA CACCATAATT TAATTCAOAC ACCAAAT1CA GATCATCAAT GGCTAGCAAT GOlTTTICTT GACACTCCTO
T T A C C

450 500

ATTTAACTAA AACTGACTTG TCATAMCTO GCTACCOC TTATTJAAC AACAGTCCA CGTATACA TGCTACCACG GCTCTCCTT TCTCLGATA
T A T A T T C A A T T T

550 600

AGATTGGACT TMATTAGCAA TGTTITACTT TCCATAAATA OGOGCATCTC ACCTCTACC TACTAAATCO TTTTATACTT AOATTTATAT MACTCOGAT
T A C A Ca TO T

650 700

ATGOTATGC TTAAACACTG GOMAATTC ATCACTOTCT - AACT I TTCTI TIcrOTOTC CTCCTCTT TCAGTCT
T C TC G C CC C C A G A CA

750 800

CTAACS ACCC UCAGGCMAC TCTCTATTCT-TCACATOCA OhITMATTA GAATTCCCTA CATCAGGAT CTrTCCTTTT ACTATTCAAA GGCATTrACT
A CC - T T C C C

850 900

TOGCTTTATO TATGATATCA AATUAAGT ATTTACACT TC ATCTOCC ATTAAATCC TITTAGACC AAMCAAJTTA CCCCTTTTAA
A C AG

950 1000

A-TTCTCTA TTTTCTATA CTAACTrOTA ATCOAGTT CTCCTTAAAT ACCCATCAO MAACACACAT MATCGMT C- -CATTAGG
TC TA- T a TCTCTTCATO CCT

1050 1i00

ATCCCACTC TTTSCTAACT TACTACATOG LAGOCA ATAAAGOAAA TAGTTOT- -ATCACCA CAACAT AATTAAACA
O T T A C A AAMC A TC T

1150 1200

Fig. 4. Nucleotide Sequences, of Mouse and Rat Cytochrome c Genes. The
nucleotide sequences of the mouse (MCI) and rat (RC4) cytochrome c genes
are aligned for maximum homology. The complete sequence of MCi is
presented. Only those nucleotides that differ from MCi are shown for RC4.
The predicted amino acid sequence is displayed on the line above the
nucleotide sequences. The numbering systea begins from the Initiation'
codon. Nucleotides are numbered on the line below the nucleotide sequences
and amino acid residues are numbered on the line above the aucleotide-
sequences. Putative polyadenylation signal sequences are overlined.

622



Nucleic Acids Research

Since the somatic gene probe does not hybridize with equal efficiency to

both the somatic and testis-specific transcripts, and because the testis

contains both somatic and germ-line cells, a quantitative evaluation of the

relative expression of the somatic and spermatogenesis-specific cytochrome

c genes in developing spermatozea can not be made.

The testis-specific transcript is approximately 1600 nucleotides long.

The somatic cytochrome c transcripts are approximately 1300, 1100 and 800

nucleotides long. Densitometry analysis indicates that the 800-

nucleotide-long mRNA band is approximately 2.5 times and 3 times more

intense than the 1300- and 1100-nucleotide-long mRNA bands, respectively.
In addition to being more intense than the cther mRNA bands, the

800-nucleotide-long band is broader, and therefore, may represent more than

one mRNA species.

Isolation of a Mouse Somatic Cytochrome c Gene and Three Cytochrome c

Pseudogenes

Since the rat cytochrome c gene (RC4) was able to hybridize to the

mouse somatic and testis-specific cytochrome c transcripts, it was

considered likely that the rat cytochrome c gene could be used as a

hybridization probe to isolate the two mouse cytochrome c genes from a

mouse genomic library.

Approximately 1,000,000 plaques were screened and eight unique clones

(MCl-8) isolated. Detailed sequence analysis was performed on four of

these clones (MCl-4). MC1 contains a mouse somatic cytochrome c gene which

encodes an amino acid sequence identical to the published amino acid

sequence (Fig. 4). This clone contains an intron, 104 bp long, which

interrupts the coding sequence at the first nucleotide of codon 56. The

intron-exon junctions of this intervening sequence follow the obligatory

GT/AG rule, and in general, agree with the consensus RNA splice site
15sequences

The nucleotide sequences of MC2, MC3 and MC4 are very similar to MC1

(Fig. 5). These clones, however, contain all the characteristics commonly

associated with processed pseudogenes: they do not contain introns, they
contain long tracts of A-residues approximately 20 bp downstream from

putative polyadenylation signal sequences 6, and sequence homology with the

structural gene is bounded by direct repeats, which are assumed to have

been created when the pseudogenes were inserted into the mouse genome. It

therefore appears that MC2, MC3 and MC4 originated, not by gene duplication
events, but by the insertion of a reverse transcript of a mouse cytochrome
c mRNA molecule.
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Snwwnt1c (MCi) CATCA CCCCCACCCT CCCTTATCTT TCCAAC?CAC TITAATCCCC ACCACTCACA OCACTTTAGC ATTCTCAAAT CTTAACACTT GTACTCCT??
Pseudogene (MC2) CCAG ACMCACAMT CTCACTC?TCT TCCAACCTCT ACCATCTGTA ACACACACA CACACACACA CACACACACA CACAACTAAA
PseudoSene (MC3) TAT?? ATCTATATAT CTATCCAACT ATTCATCCAT CCATCTACTC CTACCTACAT TATCTATCTA TCTATCTATC TATCTATCTA CCTATCTACC
Pseudogene (MC4) A ArT AGCc TCTAA AGAC C TCC TTCAAACT CCCT TTCT CAATCCTTAT TOCTACA A AATCAT CA TG CTA AA T CACATAGC

TCCT??AATC ACTCCGCCtT CATATTIC-TC ACTTTTTCAC CTICCCTTCT TCCGAAACTC CCCT?TCACC TCTCCCTCC CATTTCCCTT CCCATGCACC TCTCTTIAC.C
TGATATCAAA TCTAATAAAA AGTATACTAG TCAAACCAAA (550 bp) ACACCCACCC CAACAACACT ACACTCTCTT CATATCCTCA ATCTCATACC C A T TT
TACCTACCTA TCTATCATTT ATACTCTATT TATCTACCCA TCTATCATAT ATATACACAT ATACATATAC ATATATATAT GTATGT?TAT CTATCTATCT ATCTATCTAT
TA TAT A TATA CC ATC CAC AA CACCAGA T TA CAC T CA CCCT CT CC CGC A CCCCACACCA C CCACTAAC TCTCCCTCAT C TCCA C

-150 -100
ACACACTTGC TTTAAACCAG ACTCTCCTAC CTGATCTATT TCCTATTGAA GAATATTCCA ACTCCACTCA CTtACCACCC TCCCTGCTGT TAACACCACA TAAGMTACC
TA T AT A TTTCTT T AAATT TI T CTAMACAC ATT CACTCT AC C CATC TACATCT Tt CAACTTA T AACCA CTTT AA C=TTTLI
CTATCTATCT ATCTATCTAT CTATATATCA TCTATGTCAC ACACATAATA (310 bp) C AA AA AC CYCCATA CTT CAT C CTT A AGC
CATTTCAA C A TCC C CAAG T CTC TCTTCAACA CTTC AAAC A C C C TT TCACTCACAC TGCTA ATA C TCC CCC ACC AC T I

-50 4 -11
GCTT-TCAAT GCTCATTCCG ATCCGTACTA CCTTTTACTC TTCCATCTTT TCCCTTTTAG AATTAAAA ATC CCT GAT CTT CMAA AA CCC AAC AAC ATT TTT GTT

AC TCTACA G A
AC CAC C ACCTC MC T _ Al MCA CC ACCATC GCAGC T

50 100
CAG AAC TCT GCC CAG TGC CAC ACT CTC CM MC CCA CCC AAC CAT MAG ACT CCA CCA AAT CTC CAC GCT CTG TTC GCG CCC AAG ACA CCC CAG
T -- --- -- A - C T A T

G A T T T T
A T A T A T T A TA T A

150
GCT GCT GGA TTC TCT TAC ACA CAT CCC AAC AAC (

A T T G (

II-I?CAIOr 'taCCCCTGC TCGCGCTCGC CTTTAATCCC AGCCACCACC ACGCACAGCC ACC?CCATTT

CTCACTICCA CCGCCACCCTC TCTACMAC TCACTTCCAC CACACCCACG CCTATACACA CAAACCCTGT CTCCAAAAAA CAAAAMCAA AACAACAA MCAAAAMCM

_4 200
) MC AM C CTMCGGCCC CACCTCCTCT CACCACACAC ACCTTCCTTGI CCTTMCCAG

) (
AACMAACM AAAMACCCC AAAACAAC AAMCAACM CAACAAAAAACGC A (

250 4 300
TGCACAATTA CCACGCTCTGT AAMCACTTA ACCTCTCCAT CTCTTICTCT TTAG CC ATC ACC TGC CCA GAG GAT ACC CTC ATC GAC TAT TtC GAG MT CCC

Tt C M T C C T
) A -- -- ---_____
a)-A A

350 400
AM MC TAC ATC CCT CCA ACA MA ATC ATC TTC GCT GCA ATT MC MC AAC CCA CM ACC CCA CAC CTA ATA GCT TAT CTT AA MC CCT ACT

T A C CG --- CT
A A

C C T --- TC C T C

450 500
MT GAG TAA TTCCACTCCC TTATTTATTA CAAAACAMT CTCTCATCCC TTTTMTCTA CACCATMTT TMTTCACAC ACCMA-TTC ACATCA?CMA TCCCTACCM

C A T T T C AT ?? CT? A C AC--
T T T AC

C C A TT A

550 600
TCTTTTTCTT CCACACTCCT CATTTAMGTA AMCTCACTT CTCATAMCT CGCTACGCTC TTTATTMAC CMCAGTTCC ACTTCTATAC ATCC?ACC-A CCCTCTCCC

C AT A CA AC C A TTA TA A?T AC? CC T C TCT T AT
AAAMAAAAAAM AAOAAOAAAATZTh CCCATGCM CCAC TA CA A CMCT

G G T T C ----- --- T C T C C C T T T

650 700
TTIC?CMCA TMCATTCCA CTTMTTACC MTCTITIAC TTTCCATAMA TAGCGGCATC TCACCTCAM CCTACTAMT GCTTTTATAC TTACATTTAT ATMCTG?CC

C A T C C C T CG T - T A A A
CCACC C TCM A A G C ATC CA ACC CCCTOCCC T CCATCC A ACMC CC AMCTC C C AC A C CC A GCCMC A ACCT?

G C C C A -T CC T A T T CA*CTTC

750 800
ATATCAATAT GCTTAAACAC TCGCAAMATT CTATCACTCT CTCACMACA ACAACACTCA MTC?CTTTC ACTTTCTCTT CACTGGCCTC 1TTCACCTCA TGCCTAACCA

T C A T CT T C A CA T AT

A5; CC A T TTCCCTC A ACT T CCC A T TC ATCTTTCAT CATC CAAMTTMC M TC TI?

850 900 950
CCACCAGC-C MCTCTCTAT TCTTCACACT CCACTTTTM TTACMTTCC CTACATCAAC CATCTTCC-C TTTTACTATT CAAGCCATT TACTCTCCTT TATCTATCAT
T C A G A T A T TG T --- T C C C T C T T A

TT TA T AT C|

1000 1050
ATCAMTAAA CACTATTTM CACTTCYTIA TACTTCATCT CCMATTAM ATCCTTAGIA MACMCCAA CTTACCCCTT TTMATTCTC TATTTT

A T TACAAAAAA C C T GCTCACA C TCTTGMTT TCCTACTAC MG CC AC CTCCAG
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The nucleotide sequences of these three processed pseudogenes resemble

the mouse somatic cytochrome c gene (MCl), rather than the putative

spermatogenesis-specific cytochrome c gene. It therefore appears that

these three pseudogenes were generated from somatic cytochrome c mRNA

molecules.

Assuming that MC2, MC3 and MC4 originated from a reverse transcript of

an MC1 encoded mRNA molecule, comparative sequence analysis of the

structural gene (MC1) and the pseudogenes (MC2-4) should reveal where

putative intervening sequences reside, where transcription initiation

occurs and where polyadenylation of MC1 transcripts occur. For example,

sequence homology with MC1 ends abruptly at position -12. Homology among

MC2, MC3 and MC4, however, continues for an additional 60 base pairs

(positions -12 to -71). Since the nucleotide sequence of MC1, at position

-12, resembles a 3' RNA acceptor splice site, it is likely that MC1

contains an intervening sequence at this position. The 60 base pair region

of homology found in MC2, MC3 and MC4 is assumed to be the equivalent of

the 5'-noncoding region exon of the expressed gene. It therefore appears

that MC1 contains two intervening sequences and that both have been

accurately spliced out in MC2, MC3 and MC4.

The 5'-noncoding region exon of MC1 has not been located. Since

approximately 380 bp of MC1 5'-noncoding region sequence has been

determined, it appears that the 5'-noncoding region intron of MC1 is

considerably longer than the coding region intron.

Homology with MC1, in the 3'-noncoding region, does not end at the

identical position in the three pseudogenes. In each case, however,

sequence homology ends at a putative polyadenylation addition site. For

example, in MC2, sequence divergence occurs 20 bp downstream from the

sequence AATAAA (position +980). In MC4, sequence divergence occurs 22 bp

downstream from the sequence ACTAAA (position +723). In MC3, sequence

Fig. 5. Nucleotide Sequences of a Mouse Cytochrome c Gene and Three Mouse
Cytochrome c Pseudogenes. The nucleotide sequences of the mouse cytochrome
c gene (MCl) and three cytochrome c pseudogenes are aligned for maximum
homology. The complete sequence of MC1 is presented. Only those
nucleotides that differ from MC1 are shown for MC2, MC3 and MC4. The
numbering system is the same as Fig. 4. Putative polyadenylation signal
sequences are overlined. Alternating (purine-pyrimidine) sequences and
poly(A)-like sequences are underlined. Direct repeats and 5'-noncoding
region homology among MC2, MC3 and MC4 are boxed. Horizontal lines
represent insertions or deletions. Arrows indicate the positions of intron
boundaries. Nucleotides -740 to -241 are not shown for MC2 and nucleotides
-430 to -121 are not shown for MC3.
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divergence occurs 18 bp downstream from the sequence AAGTAAA (position

+562). In addition, a relatively long stretch of A-residues, reminiscent

of a poly(A) tail, is found at each of these sites. For example, MC3

contains a stretch of 26 consecutive A-residues, MC4 contains a stretch of

10(14) A-residues and MC2 contains a stretch of seven A-residues.

These observations suggest that MC1 transcripts are polyadenylated at

at least three different places. Since an additional polyadenylation

signal sequence is also observed at position +1164, it appears that four

cytochrome c mRNA species may be encoded by the MC1 gene. By subtracting

the length of the intron and allowing 200 nucleotides for the poly(A) tail,

these putative transcripts should be approximately 1300, 1100, 950 and 800

nucleotides long.

Hybridization analysis of mouse polyadenylated RNA detects three or

four cytochrome c mRNA species, 1300, 1100 and 800 nucleotides long (Fig.

2). The broadness and increased intensity of the 800-nucleotide-long band,

however, had indicated that an additional mRNA species, approximately 900

nucleotides long, might exist. Utilization of the putative pclyadenylation

signal sequence, at position +723, would result in a mRNA molecule

approximately 950 nucleotides long. Since MC4 appears to have originated

from a mRNA transcript which had utilized this polyadenylation signal

sequence, it would appear that four cytochrome c mRNA species exist.

Due to numerous mutational events, MC2, MC3 and MC4 can not encode

functional cytochrome c proteins. For example, a C+T substitution at codon

12 of MC2 results in the termination codon, TAG. Similarly, a G+A

substitution at codon 59 of MC3 results in the termination codon, TGA.

Transcription and translation of these clones would therefore result in

truncated, nonfunctional proteins being produced. In addition, due to a

one bp deletion at codon 9, transcription and translation of MC4 would

result in a nonsense polypeptide being produced. Obviously, these three

pseudogenes can not produce functional cytochrome c proteins.

By examining the number of mutational events which have occurred in

each of the three pseudogenes, it is possible to calculate when each of

these sequences was inserted into the mouse genome. Using the value 7 x
-9

10 substitutions/nucleotide/year as an estimate of the rate of silent

site mutations 7, and by counting the number of mutations which have
accumulated in a defined, nonselective sequence (position +420 to +560), it

was calculated that MC2, MC3 and MC4 were inserted into the mouse genome

approximately 22 MYs, 4 MYs and 9 MYs ago, respectively. Performing
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similar calculations on a putative selective sequence (coding region),

values of 16 MYs, 6 MYs and 12 MYs were obtained. If these pseudogenes had

been under selective pressure at one time, the values obtained for the

coding region should be smaller than the values obtained for the noncoding

region. Since the two values are approximately the same, it appears that

MC2, MC3 and MC4 were never under selective pressure and were never

functionally active. This is not surprising since these pseudogenes do not

contain promoter sequences or other transcription control regions.

MC4 contains a 232 bp insertion at position +160. This insertion is

flanked by two 12 bp direct repeats, which are assumed to have been created

when insertion occurred. Since the 3' direct repeat created by this

insertion spans the site of the cytochrome c coding region intron (MCl), it

appears that MC4 did not contain this intron when the insertion event

occurred. This is consistent with the putative origin of this processed

pseudogene.

The 232 bp insertion is extremely hcmologous (90%) with a highly

repetitive, AluI-like, mouse sequence called Bl1'. Approximately

40,000-80,000 copies of Bl are scattered thrcughout the mouse genome. A

block of short repeats, AmC (m= 2-8), is. always found flanking the 3' end

of Bi sequences. A block of short A C repeats is also found at the 3' end

of the MC4 insertion.

DISCUSSION

Pseudogene Production

Mouse appears to contain two functional, but differentially expressed,

cytochrome c genes. One of these cytochrome c genes appears to be

expressed in all tissues. The other gene, however, appears to be expressed
9only in testis and is assumed to be spermatogenesis-specific9. A mouse

somatic cytochrome c gene and three cytochrome c pseudogenes have been

isolated. These three pseudcgenes have all the characteristics commonly
associated with processed pseudogenes and are assumed to have arisen by an

insertion into the genome of a cDNA copy of a cytcchrome c mRNA molecule.

To be successfully transmitted to subsequent generations, these pseudogenes

must have been generated either during spermatogenesis or oogenesis, in

primordial germ cells, or in those early embryonic cells which later

differentiated into primordial germ cells. The mouse cytochrome c

pseudogenes should reflect the relative expression of the two cytochrome c

genes at the time when these pseudogenes were generated. Therefore, if the

627



Nucleic Acids Research

mouse cytochrome c pseudogenes were generated during spermatogenesis, the

nucleotide sequence of these pseudogenes should resemble the sequence of

the putative spermatogenesis-specific cytochrome c gene. However, the

nucleotide sequence of the three mouse pseudogenes which we analyzed

resemble the somatic cytochrome c gene, rather than the

spermatogenesis-specific cytochrome c gene, indicating that the somatic

cytochrome c transcripts were the major cytochrome c mRNA molecules present

when these pseudogenes were generated.

The pseudogene, MC4, is interrupted by a 232 bp insertion. MC4 was

calculated to have inserted into the mouse genome approximately 10 MYs ago.

Therefore, this region of DNA has been the site of two major insertion

events within the last 10 MYs. These insertion events may not be random.

They may reflect a stretch of DNA which contains a favorable region for

these insertions to occur.

MC4 also contains the sequence (GT)10, at position +802, approximately

50 bp downstream from the site of MC4 insertion. MC2 contains the

complementary sequence (CA)21, at position -830, approximately 760 bp
upstream from the site of MC2 insertion. A similar sequence also appears

to be present in Charon 28-MC3, Charon 28-MC5 and Charon 28-MC6 because

each recombinant phage contains at least one restriction fragment which

hybridizes to a probe containing the (CA)21 sequence (results not shown).
In fact, in each of the three recombinant phage clones, the restriction

fragment that hybridizes to the cytochrome c probe also hybridizes to the

(CA) 21-containing probe.

(GT) sequences are quite numerous in mammalian genomes. It has beenn 5
estimated that approximately 10 copies of (GT) sequences exist in

20 n 6
mouse ° Since the mouse genome consists of approximately 3 x 10 kb, this

sequence should occur approximately once every 30 kb. In this study, 2.1
kb of pseudogene flanking nucleotide sequence was determined and two (GT)n
sequences were observed. The probability of two (GT)n sequences being

observed in 2.1 kb is very low.

MC3 contains another novel sequence approximately 350 bp upstream from
the site of MC3 insertion. This region of DNA is approximately 250 bp long

(position -680 to -430) and consists of a series of two bp and four bp

direct repeats. One particular segment of this sequence consists of 44

consecutive base pairs of alternating purine-pyrimidine residues (position
-544 to -501). It has been demonstrated that alternating purine-pyrimidine
sequences, such as poly(dG-dT), poly(dC-dA) and poly(dA-dT), have the
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ability to adopt a Z-DNA conformation . The above data suggest the

possibility that alternating purine-pyrimidine sequences can form a DNA

configuration which is favorable for insertion events.

Comparison of Yeast, Drosophila, Chicken, Rat and Mouse Somatic Cytochrome

c Genes

Cytochrome c genes from six species have now been isolated and

sequenced; the CYC1 and CYC7 3 genes of the yeast Saccharomyces

cerevisiae, the PoCYC gene of the fission yeast Schizosaccharomyces

pombe , the DC3 and DC4 genes of Drosophila melanogaster (Limbach and Wu,

accompanying paper), the CC9(CC10) alleles of chicken , the RC4 gene of

rat and the MC1 gene of mouse.

The mouse cytochrome c gene (MCl) appears to contain two intervening

sequences; one in the 5'-noncoding region and one in the coding region.

The rat cytochrome c gene (RC4) also contains two intervening sequences (R.

Scarpulla, personal communication). These introns are located at the

identical positions as the mouse introns and appear to be of comparable

lengths. The chicken cytochrome c gene contains the coding region intron,

but does not appear to contain the 5'-noncoding region intron. The yeast

and Drosophila cytochrome c genes do not contain either intervening

sequence. It therefore appears that intervening sequences are not a

constant feature of the cytochrome c gene throughout evolution.
8

Mouse and rat diverged approximately 30 MYs ago . The recency of this

event is reflected in the relatively conserved nature of the two coding

region intervening sequences (Fig. 4). Only 17 individual substitution

events have occurred in these two introns. Using the value 7 x 109
substitutions/nucleotide/year as an estimate of the rate of silent site

mutations, mouse and rat were calculated to have diverged 23 MYs ago, which

is relatively close to the referenced value.

Since mouse and rat have diverged relatively recently, it is possible

that rat also contains a functional testis-specific cytochrome c gene.

Hybridization analysis of polyadenylated RNA from rat testis, however, did

not detect a testis-specific cytochrome c transcript (results not shown).
Hybridization analysis of mouse polyadenylated RNA reveals the

existence of four cytochrome c mRNA species. Hybridization analysis of rat
3

polyadenylated RNA detects only three cytochrome c mRNA species3. Like

mouse, the three rat mRNA species appear to be encoded by a single

cytochrome c gene (RC4). S1 mapping of the 3' end of rat cytochrome c mRNA

reveals that polyadenylation occurs at three sites. These sites are

approximately 20 bp downstream from putative polyadenylation signal
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sequences and are at the same position as those polyadenylation sites used

in mouse. Mouse, however, appears to contain an additional site of

polyadenylation at position +723. Analysis of the nucleotide sequence of

the 3'-noncoding region of the rat (RC4) and mouse (MCl) cytochrome c genes

reveals that the putative polyadenylaticn signal sequence in mouse, at

position +702, ACTAAA, has been mutated in rat to ATTGAA. Since the

3'-noncoding region of mouse and rat are highly conserved, it would appear

that the mutations within this putative control sequence are enough to

alter its ability to function as a polyadenylation signal sequence.
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