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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 of them (the P-450¢e 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 NH,-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]JATP (3000 Ci/mmol; 1 Ci = 3.7 x 101 Bq), [a-
32p)ddATP (5000 Ci/mmol), and [a-*2P]JdCTP (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
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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 P-450. A rat
EcoRI gene library of A 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
out as described.

RESULTS AND DISCUSSION

Cloning and Identification of the MC-Inducible Cyto-
chrome-P-450c Gene. Approximately 1 X 10° 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 (AP-450c-1) was used for further
characterization. Clone AP-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 NH,-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 M, 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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Fi1G. 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, AP-450c-1, and 2, AP-450c-2) were screened from
about 1 X 10° recombinant phages with the cDNA insert from plas-
mid pcP-450mc-3 as a probe. (B) Phage DNA (AP-450c-1) (1 ug) or
total liver DNA (10 ug) 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, autoradiogram 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
BstEIl 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
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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. 5A). 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)J1, lie approximately 380 and 220 bp upstream from the cap
site, respectively. There exist two other kinds of repetitive
sequences of dinucleotide, (C-T),4 and (A-G)ys, in the first
intervening sequence and also one kind of the repetitive se-
quence (C-T)q in the upstream part of the promoter region.
These two kinds of repetitive sequences, (C-T)24 or 19 and (A-
G)9, 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. 5B, 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).
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F1G. 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,
Acc1; B, BamHI; D, Dde I, E, EcoRL; F, Fok I; H, HindIIL; I, PstI; K, Kpn1; L, Hpa II; P, Pvull; R, Dral; S, Sst I; T, BstEIl; U, Sau3AlL; V,
Ava II; X, Xba 1. 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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CTGGGCTGGGCTCGUGCACTTCTCACGCTAGCTTMTCAGTMCCCAGGGMGCAMGTCACCMTCAGCTTCTCTCTCTCI TCTCTCTCICICT TCTCICTCTICT AGC
ACTCATTGACTTGYAGTGAGCMGABGATCTT“ACACCCMTGTCCCMTGTGTTAGGAGCGCAMMTWCTCCMTGAYCCGGGATGGICCCCCCCCCCCCCCCCCCGCMTACAGCYTYTTAGGCTGCCCCAGMY
TTT'I"I"I'TTCMACTCCTCCCTTAGTGGGAYTCTGTGCYGYCCATMGCCTTMTG&GGGYG!CCCCAGCCTTCACAC CTGCCTGHCCTACITCAGGTGTC
CCATTTGGCTYCTTGCCTATCTCATCC‘TCCCCCTCCYGCCTWMTCCCTMGGCTGTCCCTCCCTCAGTCCCACCACYGGGCTCAGAGMGG&GGCGTGGCCMCAGACAG GGTGGTGGTGCCTTCACCCTMCC
GYGAGTGCTTGGGGGCTCCYGGACYGCCTTYCCTTCCCAMMMGMMATTTYGGTGM

GMTTTYACTGGGTWTCCTCCMCTAMT
ﬂ'WTM‘TCCTTMWTGRGGCTWTWGMCTTGCCTGGYCCAGTM;CYATTAYCMBATATTTAGATGGAMTGAGACCCCTTTCCCCTTCAGGTCCACCCCYTTGATCCCCTGGGGCTTCTCCTYCCTYGCA
CAYTYACCCTTCTTCWCTGCCMYGGGGGTG‘GGGTTCCTCTCTGGGTGGGTAGGGTGGAGAGTGGAGATGCACTGMCTTTTCCAGCTTTCYCTGTCTTATTTMMACCACCCCCAGTALYCTCTGCCCYCCCGAAGAGTAGCAT
GTCWTGTTTCTGCC‘GGGCTAG‘GGGCCCCCM‘;GTCCCACTGACTGTCTTACATCCCTTGCTGGACM:CATCGGGYCCATMTGAGAGCTYCAGGAAACCCCAGTGACGTTTCCCTCGGTCCTTCTACCTTACMAGGTAGAG
GTCCTTWACCMTYATGCYGMGYATGTTTYGCGTTCAGCTCCTCCAGGMGCCCCCTCACTTCAAGCTGGCTATETATTTGGGGTAGGMT'I’GTlCATCTACCTGUGTATGTGG"CAGAT?TTCCCTTCCTGGGATCTGCA
CCCCCTGQATTGMCMTCTTTTTTTTGTTTGTTTTYGTTTTCCAAMCMGGTTTCTC'IGYGTAGCCTGGCTGACTTGGATCTCMTCTATAGACCAGGCTGGCCTCMICTTMYTCCTCCTGCCTCTGTCTCCCGAGTGCTGGGA
TTMMCIT%GCCAGCACCTCCCAGCTGMTTGGEMTCTTGTCTTACCCTCTCTCCCGGTTATGTMTYWGCCTC‘G‘GTTAMAYGMTTGTCCMG&CTACCTGGHTGTACTTCATGGCMAGTGATTCTCCTGACYGGGC
AGAGCCT TAGAGCAGTCTGTMATTTGCTTACCTTTTCTMAATMGCCCMAMGMM;TGTCCTCTTAMCMCTMGCTCMATCCATTCCMTTGCCTGATTCCMTCAGTGGTTYTTTTT TTTTATAGCYCYAGTATGACA
GGAATCTTCCTTTTCAT"CT&TC"TTMCAGCMWWCAGTCCATTCATTCATGMTTMGCACMCMMAGCTTGG‘ICTTGGITYGTCCTTACATGGAGCTGG"CCCCTCCGCTT"AMBYGGCYCA
GUMTWTMTMWMTW"WCTW"CCCTGCACCCYCYCCTATTC&TTCCTGTCCTCTACTGGGGYTTGGTGGGATTCTTYAGATCC?GAG&TGAACAGTMACTGAGAMTCMATTCTT
GATTI T |W&CCTWA&CCGTGCATTCCMMCT"CCCTWCTGT GlBCCCTGGCTCTGCCATIATTGTYGGGTGCTTTGGGCMGTCMTGCCCTATTTGGAAGTCGMTTICCTGCTGCTM
YATMTW?WWTMTCmGlTTTCCCG“mTGGCTTTCCCMGGTGTMTGGACTCCMGMMCTTCMGGTGATTTGTTGGTTGYGCACTMCTGCMYGTGTTAGGYGGAMAMMATCACAGCCGTAT
TTAGTTWACTMCTAGMT@TGCYACCTACTWTGCMMCTHTTTTMGMACACMTM"WT TAGTGGAMCCmGAGTMACCACAGTTTWCATACAGTTMGAGAGGGTTTCTAGMGTWT
ACTTGGGTTWAGTYTMCCMC“TTCCTWTGCGY MCTTTWTGTTACCTACTCTCTCTGMTCTT‘C TGCAGCCTTCCTCATCTGCTTATGTCTMGACTGM'!MAMATM
MTATGATTMMTATA"GTGTMWTMAACWTWCTG&GCTTCCTGGGTATGAMACTTCTCCATG‘MGCTC'GTCTAGCAGACCTCABCCTTTCI’GTGTGTGGGGTMMBCAEMAC
AGTmAmTCmTCTRCCTGCTCYAT@CWAGCTCTAWWTTCTCTTTTTCCYG‘CTAGCATGGCG!TACTYTAGGATATTCATTCCCTCACCCTC‘GTCTG‘TGITTYCCTTCTTCTTRCTCACTYC
TCAG  CAGCCACCTAGATC ATG CCT TCT GTG TAT GGA TTC CCA GCC TTC ACA TCA GCC ACA GAG CTG CTC CTG GCC GTC ACC ACA TTC TGC C'IT GGA TTC TGG GTG GTT AGA
l‘ct Pro Ser Val Tyr Gly Phe Pm Ala Phe Tht Ser Ala Thr (.lu Leu Leu Leu Ala val Thr Thr Phe Cys Leu Gly Phe Trp val val Arg
GTC ACA AGA ACC T6G GTT CCC AMA GGT CTG Mﬁ AGT CCA CCC GGA CcCC TGG GGC TTG ccC TTC ATA GGG CAC GTG CTG ACC CTG GGG AAG MC CCA CAC CTG TCA CTG M:A
Val Thr Arg Thr Trp Val Pm Lys Gly l.ou Lys Ser Pro Pro Gly Pro 1'rp Gly Leu Pm Phe Ile Gly Mas val Leu rhr Leu Gly Lys Asn Pro His Leu ser Leu 'rht
AAG CTG AGT CAG CAG TAT GGG GAC GTG CTG CAG ATC CGT ATT G6C TCC MA Ccc 616 GYG GTG CTG AGC GGC CTG AAC M:C ATC AAG CkG GCC CTG 676 MA CAG GGG GAT
Lys Leu Ser Gln Gln Tyr Gly Asp Val Leu Gln Ile Arg Ile Gly Ser Thr Pro val Vll Val Leu sat Gly Leu Asn Tht Ile Lgs Gln Ala Leu Val Lys Gln Gly Asp
GAC TTC MA GGC CGG CCA GlC CTC TAC IBC TTC ACA CTT ATC GCT AAT GGC CAG AGC ATG ACT TTC Mﬂ CCA GAC TCT GGA €CG CT6 TGG GCT 6CC CGC CGG C6C CTG GCC
Asp Phe Lys Gly Arg Pro Asp Leu Tyr Ser Phe Thr Leu Ile Ala Axn Gly Gln Ser lnt Thr Phe Asn Pro Asp s:r Gly Pro Leu Trp Ala Ala Arg Arg Arg Leu Ala
CAG AAT GCG CTG AAG MT TTC TCC ATA GCC TCA GAC CCA ACA CTG GCA TCC TCT TeC TAC TTG GAA GRG CAC GTG AGC AM GAG GCC GM TAC TTA AYC AGC AAG TI'C CAG
Gln Asn ua Leu Lys sa Phe Ser ne Ala Ser Asp Pm Thr Leu Ala Ser Ser Cyt Tyr Leu Glu Glu His val s-r Lys Glu ua Glu Tyr Leu Ue Ser Lys Phe Gln
AAG CT6 ATG GCA GAG GW GGC CAC TTC GAC CCT TTC AAG TAT 176 GTG GTG TCA GTG GCC AAT GTC ATC T6T 6CC ATA T6C TTT GGC AGA CGT TAT GAC CAC GAT G&C CAA
Lys uu Net Ala Glu Val Gly His Phe Asp Pro Phe Lys Tyr Leu an Val Ser Val Ala Asn vu Ile Cys Ala uc Cys Phe cly Arg Arg ryr Asp His Asp up Gln
GAG CTG CTC AGC ATA GTC AT CTA AGC AT GAG m GGG GAG GTT ACT GGT TCT GG! TAC CCA GCT GAC TTC ATT CCT ATC CTC CGT TAC CTC CCT MC TCT TCC CTG GAT
Glu Leu Leu Ser 110 Val Asn Leu Ser Asn Glu P'n Gly Glu Vu Thr Gly Ser Gly Tyr Pro Ah Asp Phe He Pro Ile Leu Arg Tyr Leu Pro Asn Ser Ser lcu Asp
GCC TTC MG GAC TTG MT MG MG TTC TAC AGT TTC ATG AAG AAG CTA ATC AMA UG CAC TAC AGG ACA TTT GAG AAG GTWTWGGTMTWWTW
Aln Phe Lys up Leu m Lys Lys PM Tyr scr Phe Net Lw Lys lAu Ile Lys Glu His T'yr Arg Thr Phe Glu Lys
TCWMTGTCATWTTMTW AGCAGT GTGCACT CAGTCCTC&GC‘GGCCMTMTTTTCTTGETGGTCCTTCTGT GCATCCATAGG&CMTGCTGM’(WCCTGGGCWT CTTAC
TGMTTWCTGT CTCCT@C"C‘TGGTWTCATCWTWTMCMTGTCmTCTGTGCCTCCAG@TTCCCTTGRGTTG@TCATCMTTCYCTMGGT WTWTCYWW
TGGMCWT@CYCMTGTCACCTCWGAMTGTTMTWAGTWCABGCCHHYGGAWGTIBGTCTWTITTTCTCMCTTGTGCTCTTTTGTCTCTCAG eec CAC ATC CGG UC ATC
Gly His Ile Arg Asp Ile
ACA GM: AGC CTC ATT GAG CAT TGT CAG GAC AGG AGG CTG GAC GAG MT GCC AT GTC CAG CTC TCA GAT GAT MG GTC ATT ACG ATT GTT TTT G‘C cTe 11T GGA 6T G GTA
Thr Asp Ser uu Ile Glu His Cys Gln Asp Arg Arg Leu Asp Glu Asn Ala Asn Val Gln Leu ser Asp Asp Lys v.u Ile Thr ue Val Phe Anp Leu Phe Gly Ala
CGTGTATGGTGTATCATTTTGTGCTWCCCTCCTTBCTACCTICCTMCCACT@CTCTGTTCTATCCTGTTCM GG TTT GAC ACA ATC ACA ACT GCT ATC TCT TGG AGC CTC ATG TAC €16
1y Pm Asp Thr He Thr Thr Ala Ile sar Trp Ser Leu Met hjr Leu
GTA ACC MC CCT AGG ATA CAG AGA MG ATC CAG GRG GAG TTA G GTAGBTGGY esctccmccmctcrmreemcccmrmrc’rmscurcccnmccrmcmcrcmnnncr
val thr Asn Pro Arg Ile Gln Arg Lys 1le GIn Glu Glu Leu A
RG AC ACA GTG A?T GGC AGG GAT CGG CAG CCC €66 CTT TCT GM AGA CCT CAG CTG ccc T CTG GAG GCC TTC ATC CT6 G&G ACC TTC CH CAT TCA TCC TTT GTC CCA
sp Thr v.J I1le Gly Arg A:p Arg Gln Pro Arg Lcu Ser up Arg Pro Gln Leu Pm Tyr Leu Glu Ala Phe 1le Leu Glu Thr Phe Arg His Ser Ser Phe Val Pro
TTC ACC ATC CCC CAC AG GTCAGGCCATWTCCATTMCATCTMTACTMGTCTT&GTT TM{TAT‘CACA@:CCATTATGATTCATWATGGCITGTGTGTGGGTGTGTGGAT"CCCTTG?GGCCCCG"CCTG
Phe Thr nc Pro Ilu Se

ACTGAGCATTCTCTTTCCCCAS € ACC ATA AGA GAT ACA AGT CTG AAT 6GC TTC TAT ATC CCC AAG GGA CAC TGT GTC TIT 6T6 AAC CAG TGG CAG GTT AAC CAT GAC CA GTAAGT

r Thr 110 Arg A‘p Thr Ser l.cu Asn Gly Phe Tyr u. Pro Lys Gly His Cy: Val Phe Val Asn Glri Trp Gln Val Asn llu Asp Gl

TGACAGGTGCAGTGRAAACTCCTGAGT GGGATGEGT! CCATCCTCGCCTGG@TTC&GACCCCCTTGCCCTTQGGMTTGACCTMTTGATACTTAYMTCCCCTGMCACTGACTTCAGCI’GT CTCCCTCTGTATACAG G GAA
n Glu

CTATGGGTMTCCAAACGAGTTCCGGCCYWAGGTTTCTTMCTCC‘GTMCACTCTGMCAMCACCTGAGTGAGMGGTCA"CTCTTTGGTTTGGGCMGCGAA&G
Leu Trp Gly Asp Pro Asn tuu Phe Arg Pm Glu Arg Phc Leu Thr Ser s.r Gly Thr Leu Asp Lys nxs Leu Ser Glu Lg: val Ile uu Phe Gly Leu Gly Lys Arg Lys

TGC ATT GGG GAG ACC ATT W CGA CTG GRG GTC TTT CTC TTC CT6 6CC ATC T16 CT6 CAG CAA ATG GAA TTT AAT GTG TCA CCA G6C GAG AAG GTG GAT ATG ACT CCT “C
Cys Ile Gly Glu Thr ”0 Gly Arg Leu Glu Val Phe uu Phe Leu Ala Ile Leu Leu cln Gln Met Glu Phe Asn Val Ser Pro Gly Glu Lys val Alp Net Thr Pro Ala

TAT G66 CYG ACT TTA MAA CAT GCC CGC T6T GAG CAC e CAA GTG CAG ATG CGG TCT ‘I'CT GGT CCT CAG CAT CTC CAG GCT TAG ACTGTCCYGGATGCTCACCAG&CCAGGT G6CTGTTC
Tyr Gly Leu Thr uu Lys His Ala Arg Cy: Glu His Fhe Gln val Gln Met Arq Ser Ser Gly Pro Gln His l.eu Gln Ala

CTAGGATTCMCTTC‘GT CWWCCCT@GGC“I'TGT GCCTGCCYCCTACTTYGGACTTGI’ TTCTCTATAT&TGMC'LAWACTGMCACAGCAWCCCACAMCCTCAGATCCTTCTCAAGTTCAGCATCM!:TA
WCTWWATMTACCTGGGCCTWCCCTWTCTCTAGGYCCTCCAGTGCTGGCTGGW TGMMATMTTM:MCAGGTCATRCM}G“CTGGCTGGTTACT YTGMIMCWTAGCCCM
MTWTCMM?ETWWTGCTCTTGCCATCTGCTGM;GCTCMCTG‘I‘ CTTCCAACATGBGTTTA‘I’GACACTICATGTGG&GTGTMCCTTCATTTACCCTKAT AAGGTCTCCTT
srccmcmcckrmccrcm WTGAGMTTGYGTGT WCTWYWCWCTTTCTWW MGACABGTT TMTMMTGCCTTTTGAGACAGTATTGY GTAGT CCAGGCTGCC
TCTWTTGCTMWGACCTTMTCCTTMTTCTTTTTTCTGCWTTMCACCCTACCAMTGCTAGGGY ACAGTCATGMCCGCT!CACCAGCTCTTGG‘I’CTCTTGTCTTTACTGTATMMCGTTTCTTTCT"CTTTTT
TTTTTMMMTGTT GTCC“WGT LA : ! ” : GT GGCCTGTATTYTGTTATGCATTTGT GCT TAGT CGTl ACTTCMTAMT'I'I’WTMCYCGCTTAGTG‘I‘MTMMMTCTMCTCMGT ATCCABMAHTATAGGMA
AACGT) xﬂm TATYACCT ICTCTGY GYMAGT TTTMCTGAAGTT MGCCACATTCCCGTCCTTMGCTCG&CCTYATGCTGYGTT TTCCTGT MWMMTGGCTAUMTM
MTWUATWTW CTCCTCTMTGTGT CACACTTTGATAGAAAGTACTCTCTGEAACTCT, T6CTTTCAGAAGCCCCCAAAACTGTGAAAGEGT CTGATGCATAAGCACATCATCTAATCACAGTA
ACCIGGGCTTTACTMCCCTTGATMGGGMTMGMTTC
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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 adenosine 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’ noncoding region, respectively, are indicated by enclosures. The
repetitive sequences of dinucleotides (G-T),, (C-T),, and (G-A),, 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 S1 mapping

procedures (see Fig. 5).

Homology in the Amino Acid Sequences. The overall ho-
mology in amino acid sequence of cytochrome P-450c with
other species of MC-inducible cytochrome P-450d and with
the PB-inducible counterparts (P-450b and -e) are 68% and
29%, respectively. The complete primary structures of cyto-
chromes P-450c, P-450d, and P-450e are compared in Fig. 6.
The putative heme-binding cysteine (located at position 461
from the NH,-terminal methionine) in one of the two con-
served segments (11, 19) and its surrounding sequence are
also highly conserved in P-450c. On the basis of the amino
acid replacement rate in the evolution of P-450 molecules as

calculated previously (11), we can estimate that the ances-
tors of the PB-inducible P-450 (P-450b and e) and the MC-
inducible P-450 (P-450c and d) diverged some 400 million
years ago in the Devonion period of the Paleozoic Era and
then the divergence leading to P-450c and P-450d occurred
120 million years ago. The accuracy of this estimate might be
improved by examining the structure of P-450 genes in other
species of vertebrates, especially in lower vertebrates.
Structural Comparison of MC-Inducible and PB-Inducible
P-450 Genes. Gilbert (20) has proposed that introns exist 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 Sau3Al/Ava 11
fragment (140 bp) by strand separation and used as the primer. Ex-
tension of the primer was carried out using 10 ug 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.
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gions of genes according to the structural-functional do-
mains for their corresponding proteins. The gene structures
for B-globin (21), chicken ovomucoid (22), and a heavy chain
of immunoglobulin (23) support this proposition. According-
ly, the numbers and positions of multigene families such as
the globins (21) and vitelogenins (24) are rigidly conserved in

25K

MPSVYGFPAF TS-ATELLLA VTTFCLGFWV VRVTRTWVPK GLKSPPGPWG LPFIGHVLTL
MAFSQY ISLAPELLLA TAIFCLVFWV LRGTRTQVPK GLKSPPGPWG LPFIGHMLTL
MEPTILLLLA LL---VGFLL LLVRGHPKS- RGNFPPGPRP LPLLGNLLQL

GRPDLYSFTL IANGQSMTFN PDSGPLWAAR RRLAQNALKS FSIASDPTLA SSCYLEEHVS
GRPDLYSFTL ITNGKSMTFN PDSGPVWAAR RRLAQDALKS FSIASDPTSV SSCYLEEHVS
GRGTIAVIEP IFKEYGVIF- -ANGERWKAL RRFSLATMRD FGMGKRS--- ---- VEERIQ

¥ 0.3kb

LLSIVML-SN EF-GEVTGSG YPADFIP-IL RYLPNSSLDA FKDLNKKFYS FMKKLIKEHY
MLNLVKS-SK DF-VENVTSG NAVDFFP-VL RYLPNPALKR FKNFNDNFVL SLQKTVQEHY
FLRLLELFYR TFSLLSSFSS QVFEFFSGFL KYFPGAHRQI SKNJ~-QEILD YIGHIVEKHR

0.8Kb T

DTITTAISWS LMYLVTNPRI QRKIQEELDT VIGRDRQPRL SDRPQLPYLE AFILETFRHS
ETVTTAIFWS ILLLVTEPKV QRKIHEELDT AIGRDRQPRL SDRPQLPYLE AFILEIYRYT
ETGSTTLRYG FLLMLKYPHV TVKVQKEIDQ VIGSHRPPSL DDRTKMPYTD AVIHEIQRFA

¥a1.6Kb

ERFLTSSGT- LDKHLSEKVI LFGLGKRKCI GETIGRLEVF LFLAILLQQM EFNVSPGEK-
ERFLTNDNTA IDKTLSEKVM LFGLGKRRCI GEIPAKWEVF LFLAILLHQL EFTVPPGVK-
EHFL-DADGT LKK--SEAFM PFSTGKRICL GEGIARNELF LFFTTILQNF SVSSHLAPKD
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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 BstEll/Ava II frag-
ment was labeled at the 5’ termini with 32P and then strand separated
after cleavage with Dde 1. The single-stranded fragment was hybrid-
ized with the poly(A)™ RNA (10 ug) 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 3P 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 ug) 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 a;-antitrypsin (31). Now,

GKNPHL-SLT KLSQQYGDVL QIRIGSTPVV VLSGLNTIKQ ALVKQGDDFK 108
GKNPHL-SLT KLSQQYGDVL /QIRIGSTPVV VLSGLNTIKQ ALVKQGDDFK 105
DRGGLLNSFM QLREKYGDVF TVHLGPRPVV MLCGTDTIKE ALVGQAEDFS 96

3.2k

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

%
05K 236 T
RTFEKGHIRD ITDS-LIEHC QDRRLDENAN VQLSDDKVIT IVFDLFGAGF 323
QDFNKNSIQD ITGA-LFKHS EN--YKDNGG L-IPQEKIVN IVNDIFGAGF 317
ATLDPSAPRD FIDTYLLRME KE‘-“—KSNHHT E-FHHENLMI SLLSLFFAGT 300
5K
050 5 40150
SFVPFTIPHS TIRDTSLNGF YIPKGHCVFV NQWQVNHDQE LWGDPNEFRP 433
SFVPFTIPHS TTRDTSLNGF HIPKECCIFT NQWQVNHDEK QWKDPFVFRP 427
DLAPIGLPHR VTKDTMFRGY LLPKNTEVYP ILSSALHDPQ YFDHPDTFNP 410

Ye0.3kb

VDMTPAYGLT LKHARCEHFQ VQMRSSGPQH LQA (P-450c) 524
VDLTPSYGLT MKPRTCEHVK AWPRFSK (P-4504) 513
IDLTPKESGI GKIPPTYQIC FSAR (P-450e) 491

F1G. 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 (NH, 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-450¢ (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 P-450c 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-
450¢ 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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