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ABSTRACT The complete nucleotide sequence of the
methylcholanthrene-inducible cytochrome P-450c gene was
determined by sequence analysis of cloned genomic DNA and
the sequence, consisting of 524 amino acids, of the protein was
deduced therefrom. The gene for the cytochrome was approxi-
mately 6.0 kilobases long and was split into seven exons. Com-
parison of the gene with that of the phenobarbital-inducible
cytochrome P-450e showed that the gene structures for the two
types of cytochrome P-450 differ greatly; the location, num-
ber, and size of intervening sequences are very dissimilar.
However, the sequence homology between the two types of cy-
tochrome suggests that the two genes have evolved from a com-
mon ancestor.

Recent studies involving protein chemistry and molecular
cloning technology (1-8) have shown that multiple forms of
cytochrome P-450 are present in rat liver microsomes and
that their syntheses are induced in different ways by the ad-
ministration of various drugs. It is of great interest to under-
stand the molecular mechanism underlying the multiplicity
and selective drug induction of the cytochrome P-450 family.
We have already cloned several phenobarbital (PB)-induc-

ible cytochrome P-450 genes and clarified the structure of
one ofthem (the P-450e gene) (4, 9). It has been reported that
there are at least two forms of methylcholanthrene (MC)-
inducible cytochrome P-450 in rat liver, P-450c and P-450d
(8). These two forms of the cytochrome show partial immu-
nological cross-reactivity with each other, but they have dif-
ferent substrate specificities and different NH2-terminal se-
quences.

Recently, we cloned and analyzed a cDNA for one of the
MC-inducible cytochrome P-450 species (P-450d) and de-
duced the complete amino acid sequence (10, 11).

In this study, we have isolated genomic clones for another
form of MC-inducible cytochrome P-450 (P-450c, a major
species in MC-treated rat liver) from a rat gene library by
cross-hybridization with a P-450d cDNA and determined the
complete nucleotide sequence of the gene.

MATERIALS AND METHODS
Restriction endonucleases were obtained from Takara Shuzo
(Kyoto, Japan), Bethesda Research Laboratories, and New
England Biolabs. Polynucleotide kinase, reverse transcrip-
tase and nuclease S1 were from Takara Shuzo, Life Sciences
(St. Petersburg, FL), and P-L Biochemicals, respectively.
[y-32P]ATP (3000 Ci/mmol; 1 Ci = 3.7 x 1010 Bq), [a-
32P]ddATP (5000 Ci/mmol), and [a-32P]dCTP (2000-3000
Ci/mmol) were from the Radiochemical Centre.
DNA Preparation and Blot-Hybridization Experiments.

Recombinant plasmid and phage DNAs were purified as de-
scribed (3, 4). Blot-hybridization analyses were carried out

according to the published procedure (12).
DNA Sequence Analysis. DNA sequences were analyzed

by the procedure of Maxam and Gilbert (13).
Isolation of Genomic Clones for Cytochrome P450. A rat

EcoRI gene library of X Charon 4A was provided by T. D.
Sergent, R. B. Wallace, and J. Bonner. Plaque hybridization
was carried out as described (4).
Primer Extension and Nuclease S1 Mapping. Primer exten-

sion (3) and nuclease S1 protection mapping (9) were carried
opt as described.

RESULTS AND DISCUSSION
Cloning and Identification of the MC-Inducible Cyto-

chrome-P-450c Gene. Approximately 1 x 106 plaques from
the rat EcoRI gene library were screened using the cloned P-
450d cDNA (pcP-450mc-3; ref. 11) as a probe.
Two different clones were finally obtained, and they con-

tained a common 5.3-kilobase (kb) EcoRI fragment that hy-
bridized to the cDNA probe. Their restriction maps are
shown in Fig. 1A. One clone (XP-450c-1) was used for further
characterization. Clone XP-450c-1 was subjected to Southern
blot analysis after cleavage by EcoRI, BamHI, or HindIII.
As shown in Fig. 1B, one band from the insert hybridized
with the cDNA probe in each lane, and the blots of total
DNA digested with the three restriction enzymes showed
hybridized fragments of the same size as observed with the
insert DNA, indicating that the organization of the cloned
cytochrome P-450 gene reflects its native structure in the
chromosome. Some other bands were observed in the auto-
radiogram from the total DNA. These bands have been
shown, by cloning and subsequent characterization of the
fragments, to originate from a gene for another form of MC-
inducible P-450 (P-450d) (unpublished data).
The 5.3-kb EcoRI fragment and the upstream 1.6-kb (from

near the Kpn I site to the EcoRI site) fragment were se-
quenced by the strategy in Fig. 2. The nucleotide sequence is
shown in Fig. 3. The nucleotide sequence coding for amino
acids was deduced by using the sequence homology to cyto-
chrome P-450d (11), short amino acid sequences containing
cysteine residues of P-450c (6), and the consensus sequence
of the exon-intron boundary (14). Because the NH2-terminal
sequence deduced from the nucleotide sequence agreed
completely with that of the purified protein of cytochrome P-
450 MC-1 reported by Kuwahara et al. (15) and with the re-
cently corrected sequence of 18 amino acids in cytochrome
P-450c except for the second amino acid (histidine for pro-
line) (6), the cloned genomic DNA was identified as the P-
450c gene. Cytochrome P-450c is composed of 524 amino
acids and its calculated Mr is 59,380. The overall homologies
in amino acid and coding nucleotide sequences between cy-
tochromes P-450c and P-450d are 68% and 75%, respective-
ly.

Abbreviations: PB, phenobarbital; MC, methylcholanthrene; kb, ki-
lobase(s); bp, base pair(s).
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FIG. 1. Restriction maps of overlapping genomic clones of the
rat MC-inducible cytochrome P-450 gene (A) and blot-hybridization
analysis of the cloned genomic DNA and total DNA (B). (A) Two
different clones (1, XP-450c-1, and 2, XP-450c-2) were screened from
about 1 x 106 recombinant phages with the cDNA insert from plas-
mid pcP-450mc-3 as a probe. (B) Phage DNA (XP-450c-1) (1 ug) or
total liver DNA (10 pg) was digested with EcoRI (lanes a), BamHI
(lanes b), or HindIII (lanes c) for electrophoresis in agarose and then
transferred to nitrocellulose filters. The filters were hybridized to
the 32P-labeled cDNA probe and washed as described (5). Group 1,
the ethidium bromide-stained agarose gel; group 2, autoradiogram of
the digested cloned DNA; group 3, autoradiogtam of digested total
DNA. Lengths (in kb) of size markers are shown on the left. Faint
bands in group 2 lanes are not reproducible and are probably due to
partially digested DNA fragments.

Characteristics of the Nucleotide Sequence of the Cyto-
chrome P-450c Gene. As shown in Fig. 4A, the leader se-
quence of the mRNA was estimated by the primer extension
method to be approximately 100 bases long. Comparison of
the sequence (Fig. 4B) of the primer-extended cDNA frag-
ment with that of the corresponding part of the gene shows
that the gene structure encoding the leader sequence of the
mRNA is split 14 base pairs (bp) upstream from the initiation
codon by an intervening sequence(s). This result was con-
firmed by the nuclease S1 mapping experiment (data not
shown).
As shown in Fig. 2, sequencing downstream from the

BstEII site revealed the presence of the 5' part of the leader
sequence, which was determined by the primer-extension
method and was followed by the typical splicing signal of the
5' end of the intervening sequence, G-T-G-A-G (14). The
size of the first exon estimated from the primer-extension

experiment located the cap site of the mRNA at about 85 bp
upstream from the 5' end of the intron. Subsequently, nucle-
ase S1 protection mapping confirmed this estimation and lo-
calized the transcription-initiation site at an adenosine 87 bp
upstream from the splicing site (Fig. SA). A modified
"TATA" box, C-A-T-A-T-A, was located 27 bp upstream
from the cap site. In the promoter region, a sequence, G-T-
G-G-A-A-A-G, a core sequence of the enhancer elements
(16), and a Z-DNA forming repetitive sequences (17), (G-
T)21, lie approximately 380 and 220 bp upstream from the cap
site, respectively. There exist two other kinds of repetitive
sequences of dinucleotide, (C-T)24 and (A-G)19, in the first
intervening sequence and also one kind of the repetitive se-
quence (C-T)19 in the upstream part of the promoter region.
These two kinds of repetitive sequences, (C-T)24 or 19 and (A-
G)19, are complementary with each other, suggesting a possi-
bility of forming two types of stem-and-loop structures.
When the two types of cytochrome P-450, the MC-induc-

ible P-450c and the PB-inducible P-450e (data on the P-450e
promoter sequence will be published elsewhere) are com-
pared in the nucleotide sequences of the promoter region, a
short conserved sequence, A-G-G-A-G-G-C-G-T-G, is no-
ticeable, and it is located 55 and 78 bp upstream from the
transcription initiation sites of P-450c and P-450e, respec-
tively. In other parts of the promoter regions, however, no
marked sequence homology is observed between them.

In the DNA sequence coding for the trailer portion of the
mRNA, there occur two typical poly(A) addition signals, A-
A-T-A-A-A. They are 470 and 950 bp downstream from the
termination codon, respectively. A nuclease S1 mapping ex-
periment was carried out to determine which signal func-
tions. As shown in Fig. SB, a single major protected band
was detected 700 bp downstream from the Sst I site together
with several faint bands. This result indicates that the second
signal is the sole functional poly(A) addition signal of the
gene. Practically no band corresponding to the first signal
was observed. The reason why the first poly(A) signal is si-
lent in the P-450c gene is not known. Nuclease S1 protection
mapping together with sequence analysis of the cloned
cDNA showed that the poly(A) sequence was attached to
either the guanosine or one of the adenosines 12-14 bp
downstream from the second signal.
On the whole, the cytochrome P-450c gene is approxi-

mately 6.0 kb long from the transcription-initiation site to the
poly(A) attachment site and contains seven split exonic se-
quences.
From the gene framework as described above and in Fig.

2, the complete architecture of the P-450c mRNA can be in-
ferred. The total length of the mRNA is estimated to be ap-
proximately 2650 bases. This estimate was supported by an
RNA blot experiment using poly(A)+ RNA from MC-in-
duced rat liver (data not shown).

FIG. 2. Organization of the rat MC-inducible P-450 gene and strategy for sequencing. A cloned genomic DNA (14.9 kb) containing the P-
450c gene is represented by a bar, oriented in the 5' to 3' direction. Only the restriction cleavage sites used for DNA sequencing are shown. A,
Acc I; B, BamHI; D, Dde I; E, EcoRI; F, Fok I; H, HindIII; I, Pst I; K, Kpn I; L, Hpa II; P, Pvu II; R, DraI;S, SstI; T, BstEII; U, Sau3AI; V,
Ava II; X, Xba I. Coding sequences are indicated by open boxes and DNA segments coding for leader and trailer sequences of the mRNA are
indicated by closed boxes. Exons are numbered from 1 to 7 and introns are indicated alphabetically (A, B. . . , F above the bar representing
the gene). Arrows indicate direction and length of DNA sequences analyzed. The scale is for the gene structure as shown below.
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rGMTTC WTCAML GTGAGTGCTTGGGGGCTCCTGGACTGCCTTTCCTTCCCAAGAAGGAATTTTGGTGAA 148
GAGTTTTACTGGGTAGCTCCTCCAAAAGACTAAGT 298

~TAATAATCCTAAGGAAAATGAGCTGAGGATAGAGACTGCCTGTCAGTGCT~tACAGTATTAGAGGAATGGACCCTTCCCTTCGGTCACCCTTGACCCCGGGCTTTCCTCCTG 4484
CATTACCTTCTCAGACTCCAGGGGGTGAGGTCCTTCTGGTGGTAGGTGAGATGGAATGACTGTCTTTCAGCTTCTTGTCTATTAAAACCCCCCAGTGTCCTGCCTCCGAGAGTGC 5989
GiCAGGCT~iTTW~tAV~MAGAW~CCCAGT~iCCTGAT~iTTACTC~TTGCGGACCCACGGGCCAAAACGAGACTTAGGAACCCAGTACGTTCCTCGGCCTCTACTTACAAGTAG 7484
GiCCTAGGG~ACCATTTGCTGAGTAGTTTGCGTCACTCTCCGGAGCCCCTACTCA~CTGCTATiTATTGGGTGGATTGACACTACTGTGTAGTGTTCGATTTCCTTCTGGATTG 8989
CCCCTGAATGACAATTTTTTTTTTTTTTTGTTTCCAGACAGGTTCTCGTGAGCCGGCGACTGGATTCATCTAAGACAGGTGGCTCAACTAGAATCCTCTGCTCTTCTCCGATGCGG 10484
TiMA.CATiGCAGCACTCCAGCGAATGGGCTCTGTCTACCTCTCCCCGTTAGTAAIGAACCTAGAGTAAATGATTGTCAAACTACTGGTTGACTTATGGAAATGATCTC~GACGG 11989
A~AMTTAGir-GTCTT~iTTTGTT~iTTTCTA~ATAGCCCiAGAMG~TCCTTT~.~CAAACAA&TAAAT~iTCCAGC~iCCTGTTC'AGTAGTGiTTTTTTT'TTTAGTCT'GTAGA 13484
GrAACTTCTMCTTTCGCTTTTTAGACAGCAAAAAGGAGGACCATCCTTCATCAGAGATTG,6CAAACAAAACTTGTCTGGATGTCTTACTGGGCTGTTCCCTCGCTTTAAGTGCT 14989
GiTAACTCW;W&W.GZGCGACA~iTGATTG~ACTGTTTCCTGCCCCTTCCATTCTTCCGTCCCTACGGGG~tGTGGGTTCTTAGA'CCTAGAT CAGAAAGiCTGGAACZAAATC 16484
6TTMTC~iWAAGCAECWAMAZA'CCGTC~iTCACAA~iTTCCTA~iMTGTA~iCTGGCC~aCATTTT~iGGGTAC~iGGGAAG~AATGCCT~TTW.AGTaATTTCCTZTGCAG 17989
TATGAATGGGCTAAGAACATGAT~iTGTTTCC'GAAGGTGGCTTCCAAC~TGTGTGGCTCC&WiTCGGGT6TTGTT~liGGCACA~iGCAAGT~iA'GGGGAAAAAAATCCAGCGT 19484

TCAG CAGCCACCTAGATC ATG CCT TCT GTG TAT GGA TTC CCR GCC TTC ACA iCR GCC RCA GAG CTG CTC CTa GCC GTC ACC RCA TTC TGC CiT GGA TIC TGG GTG GTT AGA 2659
Met Pro Ser Pal Tyr Lip Phe Pro Ala Phe Tie Ser Ala Thr Giu Leu Leu Leu Ala Val Thr Thr Phe Cys Leu Glp Phe Trp Val Val Arg

GTC ACA MGA ACC TGG GTT CCC ADA GGT CTG MAG AGT CCA CC'C GGA CCC TGG GGC TTG CCC TTC ATA GGG CAC GTG CTG ACC CTG GGG MAG ARC CCA CAC CTG TCA CTG RCA 2770
Val Trha Arg Tha Tap Val Pro Lps Gip Lee Lys Ser Pro Pro Gi4 Pro Trp Gly Leu Pro Phe Ilie Glp His Val Leu Thr Leo Gip Lys Asn Pro His Leo Ser L-eu Thr
DAB CTG AGT CMG CMG TAT GGG GAC GTG CTG CAG ATC CGT AUT (AGC TCC RCA CCC GTG GTG GTG CTG AGC 6GC CTG ARC ALC ATC DAG CMa GCC CTG GTG AD CAG GGG GAT 2881
Lys Leu Sr GlGin Tyr Gip Asp Vai Leu Gin Ilie Arg lie GLi Ser Thr Pro Psi Vai Val Leu Ser GLi Leu Aso Th Ilie Lys Gin Ala Leo Val Lys Gin Glp Asp

Asp Phe Lys Gip Arg Pro Asp Leu Tyr Ser Phe Thr Leu Ilie Aia Asn GLp Glin Ser Met Thr Phe Asn Pro Asp Sea Gip Pro Leu Trp Aia Ala Arg Arp Arg Leu Aia
CMGDAT GCG CTG MG MGT TIC TCC ATA GCC TCA GAC CCA RCA CTG GCA TCC TCT TGC TAC TTG GAR GAG CAC GTG AGC MAA GAG GCC GAA TRC TTA ATC AGC MG TTi CAG 3103
Gin Asn Ala Leu Lps Ser Phae Sea Ilie Ala Sea Asp Pro Ther Leu Ala Sea Sea Cps Tyr Leu Glu Glu His Val Ser Lys lie Aia Glu Tyr Leu Ilie Ser Lps Phe (;In
MG CU( ATG GCA GAG GTT GGC CRC TTC GAC CCI TTC RAG TAT TTG GTG GIG TCA G~I GCC MT GTC RTC TGT GCC AIR TGC IT GGC AGA CGT TAT GA CRC GAT GAC CDA 3214
Lys Leu Met Ala Glu Val Lip His Phe Asp Pro Phe Lys Tpr Leu Va1 V.l Ser Val Aia Asn Val lie Cps Ala lie Cps Phe Lip Arg Arg Tyr Asp His Asp Asp Gin
GAG CTG CTC MGC AIR GTC DAT CTA AGC DAT GAG ITT GGG GAG GIT ACT GOT TCT GGA TAC CCA GCT GAC TIC RUT C'CT TC CTC CGT TAC CTC CCT MC TCT ICC CTG GAT 3325
GLe Leu Lou Sea lie Val Asn Leu Se' Asn Lie Phw GLp liu Va1 Thr- Lip Sea GLp Tyr Pro Ala Asp Phw Ilie Pro Ilie Leu Aag Tyr Leu Pro Asn Seare Leu Asp
GCC TiC RAG GAC TT DAT RAG AMG TIC TAC MGT ITC RIG MG DAG Ci'A ATC DAAA GAG CRC TAC AGG. RCA ITT GAG RA'G GTAGAGGCT(-GGGAGAAGCMGTGGTGATGOGAMCIGTAGGA 3447
Ala Ph. LVe Asp Lee Asn Lye Lys Phe Tyr Ser Phw Met Lye Lye Lee Ilie Lye Lie His Tyr Arg Thr- Phw Lie Lye

Lip His lie Arg Asp Ilie

Thr Asp Sea Leu Ilie Lie His Cys Gin Asp Aag Arg Lee Asp Lie Asn Ala Asn Val Gin Lee Ser Asp Asp Lye Val lie The Ilie Vai Phe Asp Lee Phe lip Aia G

CGGTGIRCTGTGTAtCATTTTGTGCICAGGGGCCCCTCCTTGCTACCTACCTAACCACTGCCTCTGTTCTATCCTGTTCAG GO ITT GAC RCA RiC RCA ACT GCT ATC TCT TGO MC CTC RIG TAC CTG 4125
ip Phe Asp Th- Ilie Tha Thr Ala Ilie Sea Tap Sea Leu Met Tyr Lee

GTA ACC MC CCI AG4 AIR CMG AGA MAG ATC CR0 GAG GAG TTA G GTAGOTGGTGGCTCCATTCCAAGGACTCTAAGTGGAGGACCCTDAAIAAGTCTTGGCAATCCCIIDATCCTI GARCCTCTGTATTUTGT 4259
Pal Tha Asn Pro Arg Ilie Gin Ary Lys lie Gin GLi GLi Lee A

AG AC RCA GIG ATT GGC AGO GAl CGO CM CCC CGO CII TCT GAC AGA CCI CR0 CTG CCC TAT' CITG GAG 0CC TIC ATC CTG GAG RCC TIC CGA CAT ICR ICC UTT GTC CCA 4368
sp Tha Val lie Lip Aag Asp Aag Gin Pro Aag Lee Sea Asp Aag Pro Gin Leou Pro Tpr Leu Llu Ala Pe Ilie Lee Lie The- Phe Arg His Sea See- Phe Pal Pro

Phw Th- Ilie Pro His Se

RCTGAGCATTCTCUTCCCCAG C ACC AlA AGA GAl RCA AGT CTG DAT GGC TIC TAT Arc CCC DAG GGA CRC TGT GITC IT GIG MC CAG TGO CMG GTl MC CAT GAC CA GITMG 4626
a Tha lie Aag Asp Tha Sea Lee Asn Lip Ph Tya Ilie Pro Lps Lip His Cys Pal Phe Vai Asn Ginl Tap Gin Va1 Asn His Asp LI

n Glu
CTA TGGOGOGRT CCA MCGAGUCCCGOCCd GMAA GGTTTURCC TCC AGT GGCACTCTG GAC AAA CAC TG GTGAG AAGGTCATT CTCTTTGGOTUTG MC MGCGA AiG 4881
Leu Tap Lip Asp Pro Asn GLi Phw Aag Pro Lie rap Phe Lee The- Sea Sea Lip Thr- Lee Asp Lys His Lee Sea Lie Lys Pal Ilie Lee Phe Lip Lee Lip Lys Ary Lye
TGC All GOG GAG RCC RU GGC CGA CIG GAG GTC UTT CiC TIC CTG 0CC AiC TTG CTG CAG CM ATG GAA TII MT GIG TCA CCA GGC GAG MG GIG GAl' RIG RCT CCI 0CC 4992
Cys Ilie Lip Lie The- Ilie Lip Aa Lee Lie Pal Phw Lee Phw Lee Ala lie Leu Lee Gin Gin Met Lie Phe Asn Pal See- Pro Lip Lie Lye Pal Asp Met Thr Pro Ala
TAT GGG CTG RCT TTA ARA CAT 0CC C0C TGT GAG CRC TIC CM GIG CAG RIG CGO ICT iCT GOT CCI CR0 CAT CTC CAiG0CT TAG ACT'GTCCTGOATGCTCACCAGACCRGGTGGCTGTTC 5112
Tpa Lip Lee Tha Lee Lye His Ala Aag Lye GLi His Phe Gin Pal Gin Net Ary Ser Sea Lip Pro Gin His Lee Gin Ala

CTAGATTCACT~MTCGAAAACAGCCCWAMATGTGCTGCTCCACTTWATTGTTCTCATAGCTGACACGACATGGCACACAUMCCAAGGACCTCGAT~TTCCAAGiCACATCA~ 52626
GGAGC~iMAGGT~iTAGATC~iGGCCCA~iMCCT~iAGAGTCT'TAGGCCTCAGTGCTGCTGTTTGAAAAACTACAAAGGCATGCAGGTCTGCTGTTACTTGCAACGGGATAGCC 54121
MTGGACTCAAATATWMGGiGTGTCTTGCATCTCT~iGCTCACT&CTCCAAiT=TTA~iAACTAC~aTGGGGTGiGCACTTC~TTACCTA~iAGAS MGGCT~i 55626
GTCCT~iAAGCCA~iTCCTM'AGAAGGCTGGAGTGTGTTAGAAAGCCTAGAACTAGGACAACTTCTGGCAGMGACGGTTAGATAAAGAATCCM GMMATATTTG'TAGTCAGGTG 57121
TCTGACTGCTACAAGGTGCCTUXTCTTATTCTT~iGCTTTACACCCACCiGTGTAG~iAAGTCT~iCCGCAC~CAGCCTTTCTCTGTiTTATGTT'AAACGTTC-TTCTTCTT 58626
TTTTAAAWTGTTTGCtAGAMMWTGGCTGTMTGCTATGATTTTGCTAGTGTACTCMAGATTAGAAACTGCTAGTGAATAAGAAAATTAACCAAGATCCGAATATAAG 60121
AACGA~iTV.C42%&AT~CCTGU~tCTCTTGTiAGAGTTT~A~TGA~iTAGCCC~iTCCGCC~iAGCCGACCTTTGCTTGTTTCCGTGGGAGAGAGGCTGCTTTGAAGCGG 61626

ACCAGOGCTTURCTAGCCCUTGATAGGOGGATAGGATTC 6352

FIG. 3. Nucleotide sequence of the rat MC-inducible cytochrome P-450 gene. The strategy for sequencing is shown in Fig. 2. Nucleotides
are numbered from the aden'osine of the cap site. The predicted amino acid sequence is shown below the nucleotide sequence. The first exon is
underlined. The sequences C-A-T-A-T-A and A-A-T-A-A-A in the 5' and 3' rnoncoding region, respectively, are indicated by enclosures. The
repetitive sequences of dinucleotides (G-T)n, (C-T)n, and (G-A)n, are underlined with wavy lines. The sequence homologous to the core
sequence of enhancer elements is underlined with a broken line. Arrowheads indicate termini of the probes generated by nuclease Si mapping
procedures (see Fig. 5).

Homology in the Amino Acid Sequences. The overall ho- calculated previously (11), we can estimate that the ances-
mology in amino acid sequence of cytochrome P-450c with tors of the PB-inducible P-450 (P-450b and e) and the MC-
other species of MC-inducible cytochrome P-450d and with inducible P-450 (P-450c 'and d) diverged some 400 million
the PB-inducible counterparts (P-450b and -e) are 68% and years ago in the Devonion period of the Paleozoic Era and
29%C, roespectively. The cormpletia p~rimary structuiries of cyto-1 then the- diveargence leadng~ to P-450c, and PD-45d occu-rred
chromes P-450c, P-450d, and P-450e are compared in Fig. 6. 120 million years ago. The accuracy of this estimate might be
The putative heme-binding cysteine (located at position 461 improved by examining the structure of P-450 genes in other
from the NH2-terminal methionine) in one of the two con- species of vertebrates, especially in lower vertebrates.
served segments (11, 19) and its surrounding sequence are Structural Comparison of MC-Inducible and PB-Inducible
also highly conserved in P-450c. On the basis of the amino P-450 Genes. Gilbert (20) has proposed that introns exist as
acid replacement rate in the evolution of P-450 molecules as intervening sequences to separate portions of the coding re-
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FIG. 4. Estimation of the length of the P-450c mRNA leader se-
quence (A) and analysis of this sequence (B). (A) The terminally
labeled anticoding strand was prepared from the Sau3AI/Ava II
fragment (140 bp) by strand separation and used as the primer. Ex-
tension of the primer was carried out using 10 ,g of the poly(A)+
RNA as the template and the products were analyzed as described
(2). The size was estimated using appropriate sequence ladders as
size markers. The arrow indicates the position of the extended DNA
fragment. The small arrowhead indicates a contaminant DNA frag-
ment, and the large arrowhead indicates a fragment not extended.
(B) A synthetic oligonucleotide (5' A-A-T-C-C-A-T-A-C-A-C-A-G
3') was used as a primer. The extended DNA fragment was eluted
from the gel and used for sequencing. Lanes: 1, 2, 3, and 4, G, G+A,
T+C, and C degradation products, respectively.

gions of genes according to the structural-functional
mains for their corresponding proteins. The gene struct
for ,B3globin (21), chicken ovomucoid (22), and a heavy c
of immunoglobulin (23) support this proposition. Accor(
ly, the numbers and positions of multigene families suc
the globins (21) and vitelogenins (24) are rigidly conserv4
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FIG. 5. Nuclease S1 mapping of the 5' (A) and 3' (B) termini of
the MC-inducible P-450 mRNA. (A) A 280-bp BstEII/Ava II frag-
ment was labeled at the 5' termini with 32P and then strand separated
after cleavage with Dde I. The single-stranded fragment was hybrid-
ized with the poly(A)+ RNA (10 Ag) from MC-treated rat liver, and
then the mixture was treated with nuclease S1 as described (5). For
chain-length markers, the relevant DNA fragment was degraded by
the Maxam-Gilbert procedure, and fragments were electrophoresed
in parallel. Lanes: 1, 2, 3, and 4, G, G+A, T+C, and C degradation
products, respectively; lane 5, fragments protected by hybridization
with poly(A)+ RNA. (B) An Sst I restriction fragment was labeled at
the 3' termini with 32P and then cleaved with BamHI (the BamHI
site is located in the vector). The 1.4-kb Sst I/BamHI fragment was
hybridized with the poly(A)+ RNA (10 Ag) and then treated as in A.
The size was determined in relation to the mobilities of appropriate
32P-labeled fragments in the same gel. The upper arrow indicates the
location of the protected fragment and the lower arrow indicates the
location of the putative protected fragment corresponding to the
first poly(A) addition signal. The arrowhead indicates the undigest-
ed fragment.

the course of divergent evolution. The situations, however,
have become somewhat complicated, because observations
that appear to be contradictory with this proposition have
been accumulating. These include actin genes of various or-
ganisms (25-29), myosin genes in the nematode (30), and the
supergene family of ovalbumin and a1-antitrypsin (31). Now,

IHVLTL GKNPHL-SLT KLSQQYGDVL QIRIGSTPW VLSGLNTIKQ ALVKQGDDFK 108
HMLTL GKNPHL-SLT KLSQQYGDVLrQIRIGSTPVV VLSGLNTIKQ ALVKQGDDFK 105
NLLQL DRGGLLNSFM QLREKYGDVF TVHLGPRPVV MLCGTDTIKE ALVGQAEDFS 96

%3.2 K
EEHVS KEAEYLISKF QKLMAEVGHF DP-FKYLVVS VANVICAICF GRRYDHDDQE 217
EEHVS KEANHLISKF QKLMAEVGHF EP-VNQVVES VANVIGAMCF GKNFPRKSEE 214
EERIQ EEAQCLVEEL RK--SQGAPL DPTFLFQCIT -ANIICSIVF GERFDYTDRQ 194

WO5 %2.3K1b4p
IKEHY RTFEKGHIRD ITDS-LIEHC QDRRLDENAN VQLSDDKVIT IVFDLFGAGF 323
VQEHY QDFNKNSIQD ITGA-LFKHS EN--YKDNGG L-IPQEKIVN IVNDIFGAGF 317
VEKHR ATLDPSAPRD FIDTYLLRME KE--KSNHHT E-FHHENLMI SLLSLFFAGT 300

A..Mn Ir.0fO.5Kb.IFu.w-"
AFILETFRHS SFVPFTIPHS TIRDTSLNGF YIPKGHCVFV NQWQ
AFILEIYRYT SFVPFTIPHS TTRDTSLNGF HIPKECCIFT NQWQ
AVIHEIQRFA DLAPIGLPHR VTKDTMFRGY LLPKNTEVYP ILSS

%0.3Kb
EFNVSPGEK- VDMTPAYGLT LKHARCEHFQ VQMRSSGPQH LQA
EFTVPPGVK- VDLTPSYGLT MKPRTCEHVK AWPRFSK
SVSSHLAPKD IDLTPKESGI GKIPPTYQIC FSAR

Ou.wEM
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2VNHDEK QWKDPFVFRP
SALHDPQ YFDHPDTFNP

(P-450c)
(P-4 5Od)
(P-450e)
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FIG. 6. Primary structures of cytochromes P-450c, P-450d, and P-450e and locations of introns in relation to the structures. Amino acids are
represented by the single-letter code (18). Gaps are introduced to obtain maximum homology. Sites of introns are indicated at the appropriate
amino acids by downward and upward arrows for P-450c and P-450e, respectively, and their sizes are shown in kb or bp. The exact locations of
introns are as follows: just before the first nucleotide of the codon, the second intron for P-450c and the first, fourth, fifth, and seventh for P-
450e; between the first and the second nucleotide of the codon, the third and fourth for P-450c and the second, third, sixth, and eighth for P-
450e; between the second and the third nucleotide of the codon; the fifth and sixth for P-450c. Introns are numbered from left to right (NH2 to
COOH terminal). The first intron of the P-450c gene is localized 14 bp upstream from the initiation codon.
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the genes for two species of cytochrome P-450 [P-450c and
P-450e (ref. 9)] have been sequenced and the exact numbers
and locations of introns and exons have been established in
their respective genes. Therefore, we are able to compare
these two gene structures precisely. The locations of introns
in P-450c and P-450e are marked in the amino acid sequences
in Fig. 6. The first intron of P450c is located in the leader
sequence of the mRNA and therefore marked in front of the
initiator methionine. As shown in the figure, none of the six
intervening sequences of the P-450c gene is located at a site
equivalent to one of the eight intervening sequences in the P-
450e gene.
At present, it is impossible to determine conclusively

whether cytochromes P-450c and P-450e arose by conver-
gent or divergent evolution. The lack of similarity in gene
organization between the two proteins would not be unex-
pected if they were derived from different ancestors by con-
vergent evolution. However, when the homology in coding
nucleotide and amino acid sequences between P-450c and P-
450e is taken into consideration together with their interac-
tion with the common reductase, divergent evolution ap-
pears to be more likely than convergent. If divergent evolu-
tion is the case with the P-450 gene family, then how can we
explain the totally different numbers and locations of inter-
vening sequences in the two P-450 genes?
Roughly speaking, two possibilities can be considered.

First, the ancestor gene to cytochromes P-450c and P-450e
may have been duplicated before the insertion or deletion of
intervening sequences. The insertion or deletion of the DNA
sequence may occur independently in the duplicated genes.
It has been suggested that some introns are vestiges of trans-
poson-like sequences that have been inserted into genes, be-
come fixed, and then diverged in nucleotide sequence (28).
In the case of the P-450 genes, however, we have not yet
found DNA sequences reminiscent of the insertion of trans-
poson-like elements in the intervening sequences. The DNA
sequences in the introns may have diverged so rapidly after
insertion into the preexisting gene that their characteristic
features may not have been recognizable.

Second, the ancestral gene to these two proteins may have
contained 14 or more introns and then, during the course of
gene evolution, given rise to two or more genes by random
deletion of introns. Precise deletion of an entire intron has
been reported for the rat insulin gene (32) and the mouse a-
globin gene (33). In the case of the cytochrome P-450 gene,
whose primordial gene is presumed to contain as many as or
more than 14 introns, a number of introns would be expected
to share common sites in the two genes, if random deletion
of introns were a real process. The observation that there are
no common sites of intervening sequences between two P-
450 genes makes the latter alternative less likely. Elucidation
of the gene structures for other types of cytochrome P-450,
such as those involved in the biosynthesis of steroid hor-
mones and those induced by other kinds of inducers, may
help us to understand the origin of introns during the course
of gene evolution.

After completion of this manuscript, the sequence of rat P-
450c cDNA was published (34) and it concurs with the cod-
ing nucleotide sequence in this paper.
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