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ABSTRACT Several overlapping Agt11 cDNA clones have
been sequenced and shown to encode for the full-length human
cytochrome P-450 4. The structure and location of the exons
and flanking intron regions were also identified from a
AEMBL-3 human genomic clone that encodes the full-length
human P-450 4 gene. The human P-450 4 mRNA is flanked by
62 base pairs of 5’- and 1508 base pairs of 3'-noncoding
sequence, with 1548 bases that encode a protein of 516 amino
acids (M,, 58,376). The predicted amino acid sequence of
human P-450 4 is 69% and 70% homologous to its equivalent
in mouse and rat, respectively, 75% homologous to rabbit
P-450 4, and 68% homologous to human P;-450. The 7.6-
kilobase gene encodes 3118 nucleotides of exon sequence that is
separated by six introns into seven exons. Exon 7, which is 1802
nucleotides, contains three inverse/complement Alu sequences
that are organized in tandem. Comparison of the genomic DNA
sequence of the human P-450 4 gene with the human P,-450 and
related genes in rat and mouse and the identification of the
amino acid residues and triplet codon at each exon-intron
junction show that the location of each intron in the human
P-450 4 gene is conserved within this gene family. Although the
length and homology of the introns within a related gene family
may not be conserved, the location of intronic sequences may
be an important determinant in the identification of related
P-450 genes.

The cytochrome P-450 monooxygenases are a group of
proteins responsible for the oxidation of drugs, environmen-
tal pollutants, and endogenous compounds such as steroids
and fatty acids (1). The diversity within this group of enzymes
is dictated by structural heterogeneity, tissue specificity, and
the differential regulation of the various forms of P-450. One
highly conserved subfamily of the P-450 superfamily is
represented by two forms of P-450 that are susceptible to
induction by polycyclic aromatic hydrocarbons. In rabbits,
cDNAEs that encode for 2,3,7,8-tetrachlorodibenzo-p-dioxin
(Cl4Bz,-dioxin)-inducible P-450 4 and P-450 6 have been
shown by DNA sequence analysis to be homologous to rat
P-450d and P-450c and mouse P5-450 and P;-450, respectively
(2). Rabbit P-450 4 and P-450 6 are differentially regulated
during development, with P-450 4 constituting the major adult
form in liver while P-450 6 is expressed in other tissues (3, 4).
Similar observations have been made for the homologous
forms in the mouse (5). In mice and rats, it has been shown
that the induction by ClyBz,-dioxin requires the presence of
specific DNA regions on the 5’ side of the cap site on the
P;-450 and P-450c (6-8) genes.

An important step to understand how this gene family has
evolved and what mechanisms control its expression in
humans is to characterize the mRNAs and genes that encode
this family of P-450s. The cDNA and gene that encode the
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human equivalent to mouse P;-450 has been fully character-
ized (9, 10). It has been proposed that in humans, the gene
equivalent to the major ClyBz,-dioxin-inducible form in
rabbit, P-450 4, and its counterparts in mice and rats, P;-450
and P-450d, respectively, does not exist (9). However, our
laboratory has shown by DNA sequence analysis of a
600-base-pair (bp) cDNA clone called hpP-450 4, which was
identified by hybridization of a rabbit P-450 4 cDNA clone (2)
to a human cDNA library, that the human equivalent to rabbit
P-450 4 gene is expressed in human liver (11). Southern blot
analysis also showed that the P-450 4 and P-450 6 (P;-450)
mRNAs were encoded by separate genes. Support for the
existence of the P-450 4 has also been shown by the
identification of a human liver P-450 that is homologous to rat
P-450d (12). In the present study, we have used clone hpP-450
4 to isolate and characterize the full-length human P-450 4
mRNA and its corresponding structural gene, concluding that
the human liver contains both members of the Cl;Bz,-dioxin-
inducible gene family.

MATERIALS AND METHODS

Materials. Restriction endonucleases were purchased from
New England Biolabs. Other modifying enzymes used in the
construction of the cDNA and genomic libraries were pur-
chased from Pharmacia P-L Biochemicals. DNA polymerase
used in the DNA sequencing reactions was purchased from
Bethesda Research Laboratories. DNA sequencing reagents
and labeled deoxynucleotides were purchased from Amer-
sham. Agtll and EMBL-3 cloning vectors, Escherichia coli
1088 and 1090 were obtained from Vector Cloning Systems
(Sorrento Valley, CA). E. coli K802 was generously supplied
by Frank Gonzalez (National Institutes of Health).

Isolation of Full-Length Human P-450 4 ¢cDNA and Gene.
We had previously isolated and characterized from a human
pBR322 cDNA library a 600-bp clone, hpP-450 4, that was
isolated by hybridization to a rabbit P-450 4 cDNA clone (11).
To obtain clones that span the entire human P-450 4 mRNA,
a human Agtll cDNA library was constructed with mRNAs
size-fractionated on a 5-35% (wt/vol) sucrose density gra-
dient (13), and the library was screened with a nick-translated
insert isolated from clone hpP-450 4. Clones that hybridized
under stringent wash conditions were purified, and the cDNA
inserts were characterized by restriction endonuclease anal-
ysis and blot hybridization analysis. Selected fragments from
the inserts were subcloned for nucleotide sequencing.

Human liver DNA, isolated from the same sample of tissue
used to construct the Agtll cDNA library, was partially
digested with Mbo I, and the DNA was size-fractionated on
a 5-35% (wt/vol) sucrose density gradient. Fragments that
exceeded 15 kilobases (kb) were ligated into the BamHI site
of the \ replacement vector EMBL-3 (14), packaged, and
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plated onto E. coli K802; and the library was screened with
the nick-translated insert derived from clone hpP-450 4. Two
genomic clones were selected and determined to encode the
full-length gene based on their similar restriction endonucle-
ase mapping and selective hybridization with the 5’ and 3’
portions of the full-length cDNA clones. Exons and introns
were initially identified by hybridization of selective nick-
translated cDNA probes, and further defined by DNA se-
quence analysis originating from restriction endonuclease
sites that were shown to be conserved in the cDNA clones.
This approach resulted in DNA sequence analysis of all the
exon regions and a portion of each respective intron.

Nucleotide Sequence Analysis. The nucleotide sequences of
the cDNAs and gene were determined from selected frag-
ments inserted into either M13mp10, M13mp11, or M13mp19
by the dideoxy chain-termination method (15, 16).

RNA Blot Analysis. RNA was isolated by the guanidinium:
HCL method (17) followed by purification of the mRNA by
repeated oligo(dT)-cellulose chromatography (18). RNA gel
blot analysis (19) was performed as outlined (20).

Primer Extension Analysis. Location of the cap site of the
human P-450 4 mRNA was determined by the method of
primer extension analysis (21) using a 15-bp oligonucleotide
directed against the sequence TACAGATGGCATTGT.

RESULTS AND DISCUSSION

Identification of the Human P-450 4 mRNA and Structural
Gene. Using clone hpP-450 4 (11) as a probe, the human
c¢DNA and genomic clones corresponding to human P-450 4
were isolated. DNA sequence of several overlapping Agtll
cDNA clones, as well as the respective exons, exon and
intron junctions, and part of each intron from a genomic
EMBL-3 clone, was determined. Fig. 1 shows the restriction
endonuclease sites and strategy for sequencing the cDNA
and genomic clones. Fig. 2 shows the DNA sequence of the
full-length human P-450 mRNA determined from the com-
plete sequence of both the cDNA and most of the corre-
sponding exon regions from the gene. The DNA sequences of
the cDNAs and genomic clone in the region that hybridized
with clone hpP-450 4 were the same showing that clones
homologous to hpP-450 4 had been isolated.

Characterization of Human P-450 4 cDNAs. The length of
the mRNA derived from the four overlapping cDNA clones
was 3101 nucleotides (Fig. 2). However, 5'-extension anal-
ysis, using a 15-bp oligonucleotide directed to anneal starting
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at base 57 of the human P-450 4 mRNA, extended the location
of the cap site 17 bases (data not shown), indicating the actual
size of the mRNA to be 3118 bases long. The human P-450 4
mRNA encodes a 62-bp 5'- and a 1508-bp 3’-noncoding region
and 1548 bases that encode a protein of 516 amino acids based
on the open reading frame that initiated from the ATG codon
at base position 63. The 62-bp 5'-noncoding region is con-
served in length and is 70% homologous to the same region
in rat P-450d (22) and mouse P;-450 mRNAs (23), with little
homology toward rat P-450c (24) or mouse and human P;-450
mRNAs (9, 23). The location of the ATG codon encoding the
initiation methionine is supported by the perfect homology of
the putative NH;-terminal sequence of the human P-450 4
c¢DNA and the 18 NH;3-terminal amino acids determined from
HLd (12), a human P-450 that was immunopurified from
microsomes with antibodies specific for rat P-450d (29).
Based upon the high degree of homology between the
predicted NH;-terminal amino acid sequence and HLd, we
would predict that the human mRNA encodes the equivalent
to rat P-450d (26), which has been shown to be conserved in
DNA and amino acid sequence with mouse P5-450 (23) and
rabbit P-450 4 (2). .

‘Among cytochrome P-450s, the predicted amino acid
sequence of human P-450 4 is 68, 69, and 70% homologous to
the predicted sequence from cDNA clones encoding the
entire human P;-450 (9), mouse P;-450 (23), and rat P-450d
(26), respectively. However, 78% homology was exhibited
toward the predicted amino acid sequence from the rabbit
P-450 4 cDNA clone, which encoded 83% of the protein (2).
Two base pair changes in our previous sequence of the rabbit
P-450 4 cDNA (2) changes leucine-356 to an arginine and
isoleucine-461 to a threonine. The amino acid sequence of
rabbit form 4 (27) has been deduced from the isolated protein
and differs in nine residues from the cDNA sequence (2).
Although there appears to be diversity in the reported
structure of rabbit P-450 4 from several different sources (2,
27, 28), the complete rabbit P-450 4 sequence (27) is 75%
homologous to human P-450 4. It is of interest to note that
with a few exceptions, amino acids that confer structural
integrity to the proteins, such as cysteine and proline resi-
dues, are highly conserved between human P-450 4 and its
counterparts in rodents and rabbits. The degree of homology
exhibited between human P-450 4 and human P,-450 is
comparable to the homology observed between the related
forms in rats (24, 26), mice (23), and rabbit (2).
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F1G.1. Restriction endonuclease maps and sequence strategy for the human P-450 4 cDNA and genomic clones. (A) Four overlapping cDNA
clones used to determine the complete cDNA sequence are shown. Arrows below the restriction maps indicate the direction of sequencing of
each fragment. Although only one arrow is represented for each fragment, multiple fragments were usually generated from each subclone and
subjected to DNA sequence analysis. (B) The restriction map and exon-intron organization of the human P-450 4 gene is shown. Solid boxes
projecting below the line represent exons. Below the restriction map is the sequencing strategy for determining the exon—intron junctions.
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1 .
AGCTCCACACCAGCCATTACAACCCTGCCAATCTCAAGCACCTGCCTC TACAGTTGGTACAG
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62
ATGOCAﬂ'G‘l‘CCCM.TC‘N‘I‘TCCCmNGGCCACAGAGCTN'ICCTGGCC’N'NCCA‘I(‘m‘l’ﬁC(‘rGGl‘A’l‘lC‘NGm’mMGGG!ﬂ‘GAGGC(.'NGGGI‘CCCCAMGGC(.‘IGAM 182
MetAlaLouSerGlnSerValProPheSerAlaThrGluLeuLeuLeuAlaSerAlallePhoCysLeuVa 1PheTrpValleulysGlyLeuArgProArgVa 1ProLysGlyLeulys

10 20 30 40
AGTCCACCAGAGCCATGGGGCTGGCCCTTGCTCGGGCATGTGCTGACCCTGGGGAAGAACCCGCACCTGGC. ACTGTCAAGGATGAGCCAGCGCTACGGGGACGTCCTGCAGATCAGCATT 302
SerProProGluProTrpGlyTrpProLeuLeuGlyBisValLeuThrLeuGlyLysAsnProHisLeuAlaLeuSe rArgMetSerGlnArgTyrGlyAspValLouGlnIleSerIle

50 60 70 80
GGCTCCACGCCCCTGCTGGTGCTGAGCCGCCTGGACACCATCCGGCAGGCCCTGGTGCGGCAGGGCGACGATTTCAAGGGCCGGCCTGACCTCTACACCTC CACCCTCATCACTGATGGE 422
GlySerThrProValLeuValLeuSerArgleuAspThrIleArgGlnAlaLeuVa 1ArgG1lnGlyAspAspPhoLysGlyArgProAspLeuTyrThrSe rThrLoul 1eThrAspGly

90 100 110 120
CAGAGCTTGACCTTCAGCACAGACTCTGGACCGGTGTGGGCTGCCCGCCGGCGCCTGGCCCAGAATGCCCTCAACACCTTCTCCATCGCCTCTGACCCAGCTTCCTCATCCTCCTGCTAC 542
GlnSerLeuThrPheSerThrAspSerGlyProValTrpAlaAlaArgArgArgleuAlaGlnAsnAlaLeuAsnThrPheSerIleAlaSe rAspProAlaSerSerSerSorCysTyr

30 140 160
CTGGAGGAGCATGTGAGCAAGGAGGCTAAGGCCCTGATCAGCAGGTTGCAGGAGCTGATGGCAGGGCCTGGGCACTTCGACCCTTACAATC AGGTGGTGGTGTCAGTGOCCAACGTCATT 662
LeuGluGluBisValSerLysGluAlaLysAlaLeulleSerArgleuGlnGluLeuMetAlaGl yProGlyBisPheAspProTyrAsnGlnValValValSerValAlaAsnVallle

170 180 190 200
GGTGCCATGTGCTTCGGACAGCACTTCCCTGAGAGTAGCGATGAGATGCTCAGCCTCGTGAAGAACACTCATGAGTTCGTGGAGACTGCCTCCTCCGGGAACCCCCTGGACTTCTTICCCC 782
GlyAlaMetCysPheGlyGlnHisPheProGluSerSerAspGluMetLouSerLouValLlysAsnThrAisGluPheValGluThrAlaSe rSerGlyAsnProLevAspPhePhePro
210 220 230 240
ATCCTTCGCTACCTGCCTAACCCTGCCCTGCAGAGGTTCAAGGCCTTCAACCAGAGGTTCCTGTGGTTCCTGCAGAAAACAGTCCAGGAGCACTATCAGGACTTTGACAAGAACAGTGTC 902
IleLeuArgTyrLeuProAsnProAlaLeuGlnArgPheLysAlaPheAsnGlnArgPheLeuTrpPhoLeuGlnLysThrVa 161n0G1uBisTyrGlnAspPheAspLysAsnSerVal
250 260 270 280
CGGGACATCACGGGTGCCCTGTTCAAGCACAGCAAGAAGGGGCCTAGAGCCAGCGGCAACCTCATCCCACAGGAGAAGATTGTCAACCTTGTCAATGACATCTTTGGAGCAGGATTTGAC 1022
ArgAspIleThrGlyAlaLeuPhelysBisSorLysLysGlyProArgAlaSerGlyAsnLeulleProGlnGluLysIleValAsnLeuValAsnAspl l1ePheGlyAlaGlyPheAsp
290 300 310 320
ACAGTCACCACAGCCATCTCCTGGAGCCTCATGTACCTTGTGACCAAGCCTGAGATACAGAGGAAGATCCAGAAGGAGCTGGACACTGTGATTGGCAGGGAGCGGCGGCCCCGGCTCTCT 1142
- ThrValThrThrAlalleSerTrpSerLeuMetTyrLeuValThrLlysProGlulleGlnArglysIleGinLysGluLeuAspTheVall 10GlyArgGluArgArgProArgleuSer
330 340 350 360
GACAGACCCCAGCTGCCCTACTTGGAGGCCTTCATCCTGGAGACCTTCCGACACTCCTCCTICTTGCCCTTCACCATCCCCCACAGCACAACAAGGGACACAACGCTGAATGGCTTCTAC 1262
AspArgProGlaLeuProTyrLeuGluAlaPhelleLeuGluThrPheArgHisSerSerPheLeuProPheThrlleProRisSerThrThrArgAspThrThrlouAs nGlyPheTyr
370 380 390 0
ATCCCCAAGAAATGCTGTGTCTTCGTAAACCAGTGGCAGGTCAACCATGACCCAGAGCTGTGGGAGGACCCCTCTGAGTTCCGGCCTGAGCGGTTC CTCACCGCCGATGGCACTGCCATT 1382
IloProLysLysCysCysValPheValAsnGlnTrpGlaValAsnBisAspProGluLeuTrpGluAspProSe rGluPheArgProGluArgPheLeaThrAlaAspGl yThrAlalle
410 420 430 440
AACAAGCCCTTGAGTGAGAAGATGATGCTGTTTGGCATGGGCAAGCGCCGGTGTATCGGGGAAGTCCTGGCCAAGTGGGAGATCTTCCTCTTCCTGGCCATCCTGCTACAGCAACTGGAG 1502
AsnLysProlLeuSerGluLysMetMetLouPheGlyMetGlyLysArgArgCysI1eGlyGluValLeuAlaLysTrpGluollePheLeuPheLenAlalleLeuLleuGlnGlaLeuGla
} 450 460 470 480
TTCAGCGTGCCGCCGGGCGTGAAAGTCGACCTGACCCCCATCTACGGGCTGACCATGAAGCACGCCCGCTGTGAACATGTCCAGGCGCGGCTGCCGTTCTCCATCAATTGAAGAAGACAC 1622
PheSerValProProGlyVallysValAspLeuThrProlleTyrGlyLeuThrMetLysBisAlaArgCysGluBisValGlnAlaArgLeuProPheSerIleAsn *

500
CACCATTCTGAGGCCAGGGAGCGAGTGGGGGCCAGCCACGGGGACTCAGCCCTTGTTTCTCTTCCITTCTITITTTTAAAAAAATAGCAGCTTTAGCCAAGTGCAGGGCCTGTAATCCCAG 1742
CATTTTAGGAGGCCAGGGTTGGAGGATCATTTGAGCCCAGGAATTGGAAAGCAGCCTGGCCAACATAGT GGGACCCTGTCTCTACAAAAAAAAAAAATTTGCCAAGAGCCTGAGTGAGAG 1862
AGGCAAGTCCCATCTCAAAAAAAAAAACAAACAAACAAAAAAAAAACCATATATATACATATATATATAGCAGCTTTATGGCCATATAATICACCTICTTTTTTITITITTTTTTIGTCT 1982

CAGAATCTCAGTCTGTCACCCAGGTTGGAGTGCAGTGGCGTGATCTCAGCTCACTGCAACCTCCACCTC GCAGGTTCAAGCAATC CTCCCACTTCAGCCTCCCAAGCAC T 2102
TACAAGCATGAGTCACTACGCCTGGCTGATTTTTGTAGTTTTAGTGGAGATGGGGTTTCACCA’ CAGGCTTGTCTCGAACTCCTGACCCCAAGTTATC CACCTGCCTTGGCTIC 2222
CCAAAGTCCTGGGATTACAGGTGTGAGCCACCACATCCAGCCTAACTTACATTCTTAAAGTGTCGAATGACTTCTAGTGTAGATTGTGCAACCTACACCAGAATTAATTTTATTATICTT 2342
ATTATTTTTGAGACAGAGTCTTACTCTGTTGCCAGGCTGGAGT GCAGTGGCGCGATC TCAGCTCACTACAACCTCCGCCTCCCATGTTCAAGCGATICTCCTGCCTCAGCCTCCCGAGTA 2462

CTATAGGCATGCGCCACCATGGCC TTTTTGTATTTTTAGTAGAGACGAGGTTTCACTGTGTTGGCCAGGATGGTCTCCATCTCTTGAC 'ACCACCCGCCTC 2582
AGCCTCCCAAAGTGCTGGGATTAACAGGTATGAACCACC:! CCAGCCTTTTTGTTTTTITITTTTIGAGACAGAGTC GTGAGTGGCATCATCTCA 2702
GCTCACTGCAACCTCTGCCTCCCAGGTTCAAGTGCTTCTCCAGCCTCAGCCTTCCCAAGTAGCTGAGACTACAGGCACACACCACCACGCCTGGCTAATTTTTIGTATTTTITTAGTAGAG 2822
AC ACCA AGACTAGTCTCAAACTC! CCTCAATGATCTGCCCGCCTCGACCTCTCTCAAAGTGCTGGCATTACAGTGTGAGCCACGGTGCC! CCACAATTAA 2942
TTTTAGAACATTTTCATGACCCCTAAAAGAAACCCTGCACCCTGAGCAGTCCCTCCACATTCTCCCCCATGCCTGCCTCCCCCTGCCTCACCACCCCTGGCAACTGCTAATCTACTTTIC 3062
TGTGTCTATGGATTTGCCTTCTCTAAACATTTCATATARATGGAATTACACAATGA, ¢ 3118
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F1G.2. Nucleotide sequence of the human P-450 4 mRNA. The complete sequence of the P-450 4 exonic regions, derived from the overlapping
c¢DNA clones and the exon sequences of the gene, is shown. Along the side of the sequence are the numbers for the nucleotides. Nucleotide
number 1 is the predicted site for the initiation of transcription as determined from 5’-extension analysis. The asterisk (*) above base 18 is the
5’ end of cDNA clone AHP4A (Fig. 1). The numbering of the predicted amino acids is indicated underneath the sequence. The three Alu sequences
in the 3'-untranslation region are underlined. A putative polyadenylylation signal is overlined on the last line of the sequence.

The 3'-Untranslated Region of the mRNA Contains Alu
Sequences. The 3'-noncoding region of human P-450 4, which
spans 1508 nucleotides, completely diverges in sequence
homology with the other homologous P-450s. The striking
feature of this region, which contributes to its unusual length,
is the presence of three repetitive sequences of the human Alu
family (Fig. 2). A consensus sequence, derived by Deininger
et al. (29), consists of DNA, approximately 300 bp long,
flanked at the 3’ end with adenosine-rich sequences and
bounded by direct repeats. Alu sequences constitute 3—6%
the total mass of DNA (30) and are usually located in
intergenic DNA or in introns. The only mature mRNAs noted
that contain Alu-like sequences are those of the class I
histocompatibility antigens of the mouse (31), one of the
glutathione S-transferases (32), and the human low density
lipoprotein receptor mRNA (33), which contains several
repetitive Alu sequences in the 3’-noncoding region. The Alu
sequences located in the human P-450 4 mRNA, which are
83-85% homologous to the consensus sequence (29), are
organized in an inverse/complement fashion with a thymi-

dine-rich region immediately to the 5’ side of each sequence,
and are not flanked by direct repeats. Direct repeats are
common to most Alu sequences, indicating that they integrate
via a mechanism that has been proposed to be common to
mobile genetic elements (34). Since direct repeats do not
flank the Alu sequences in the human P-450 4 mRNA, it is
difficult to predict the origin of these repetitive elements.
Although the appearance of Alu sequences in mature
mRNA is not a common observation, these sequences appear
to be present in other human mRNAs. Shown in Fig. 3 is an
RNA gel blot of human, mouse, and rabbit mRNA probed
with the 247-bp Pst I fragment from exon 2 and the human
P-450 4 \HP4B cDNA (Fig. 1), a clone that contained the
majority of the coding region and the first Alu sequence. As
shown (11), exon sequences from human P-450 4 preferen-
tially hybridize to Cl4Bz,-dioxin-inducible mouse P3-450 and
rabbit P-450 4, a result which is explained by the greater
degree of homology of the human P-450 4 cDNA to those
sequences. In addition, when the human liver mRNA is
probed, the 3.1-kb P-450 4 mRNA is seen as well as faint
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FiG. 3. RNA gel blot analysis of human, mouse, and rabbit
mRNA probed with the human P-450 4 gene and cDNA. Preparations
of liver mRNA from human (lanes 1), Cl,Bz,-dioxin-treated C57/B6
mice (lanes 2), and ClBz,-dioxin-treated rabbit (lanes 3) were
electrophoresed in duplicate in 0.8% agarose gels containing 10 mM
methylmercury hydroxide and transferred to diazobenzyloxymethyl
paper. (A) The 5’ 247-bp Pst I fragment, containing a portion of exon
2 of the human P-450 4 gene, was used as a probe to hybridize to the
mRNAs. (B) Hybridization of the mRNAs to the coding and
noncoding cDNA insert of hpP-450 4 is shown for the duplicate gel.
The arrows mark the location of the Cl4Bz,-dioxin-inducible P-450 6
(upper arrow) and P-450 4 (lower arrow), while the 2.6-kb and 2.0-kb
markers are aligned with the mouse P;-450 and P;-450 mRNAs,
respectively. The conditions for treatment of the animals with
Cl,Bz,-dioxin are as outlined (2).

hybridization to the 2.6-kb human P;-450 mRNA. When
clone HP4B was used as a probe, hybridization occurred to
the mouse and rabbit mRNA. However, in the lane that
contained the human mRNA, the HP4B probe caused a
smearing pattern with no definition of the human P-450 4
mRNA. Since Alu elements are found only in human DNA,
the smearing pattern seen in the lane with the human mRNA
indicates the presence of Alu sequences in other mature
mRNAs.

Characterization of Human P-450 4 Structural Gene. Since

Proc. Natl. Acad. Sci. USA 83 (1986)

we had shown that clone hpP-450 4 was homologous to
human P;-450 mRNA (11), hybridization and washing con-
ditions were chosen to minimize cross-hybridization to the
human P;-450 gene sequences. Two genomic clones approx-
imately 12 kb long with similar restriction endonuclease sites
were characterized and shown by Southern blot and hybrid-
ization analysis with 5’ and 3’ portions of the full-length
c¢DNA clones to encode the full-length gene. Selected frag-
ments were subcloned to facilitate DNA sequencing of most
of the exon regions and all of the intron-exon junctions. The
DNA sequences of the exon regions were identical to the
corresponding cDNA sequence, validating the identity of the
human P-450 4 gene.

The organization of the human P-450 4 gene is similar to the
rat P-450c (35) and P-450d genes (22), the mouse P3-450 and
P;-450 genes (36) and human P;-450 gene (10) with seven
exons and six introns (Fig. 4). The first exon, which is 52
bases long and lies 24 bp from the consensus TATAA (Fig.
4) box, is 70% homologous to the first exon of the rat P-450d
(22) and mouse P3-450 genes (36). All introns begin with the
nucleotides G-T and end with the nucleotides A-G (Fig. 4),
which is consistent with the consensus sequence for
exon-intron splice junctions for eukaryotic genes (37). The
lengths of the exons are 52, 840, 121, 90, 124, 87, and 1803
nucleotides in their 5’ to 3’ order. The insertion site of the six
introns in the human P-450 4 gene is rigidly conserved
between the rodent and human genes, with the exception of
the exon—intron junction of exon 5 where the split codon is a
proline in the human gene, a glutamic acid in the rodent genes
and a glutamine in the human P,-450 gene. Although the
lengths of exons 2 and 3 differ from the mouse and rat by a
few bases, the largest difference occurs in human exon 7,
which is 1216 bases larger, part of which is the result of the
insertion of three Alu sequences.

The approximated lengths of each intron starting from the
first intron are 850, 590, 725, 266, 800, and 1330 nucleotides.
With the exception of intron 4, which is 11 bases shorter than
intron 4 in the mouse P;-450 gene (36), we did not pursue
completing the entire structure of all the intervening se-
quences of the human P-450 4 gene. Although exact lengths
could not be established for all the introns, restriction
endonuclease maps indicated that slight differences exist in
the length of each intron between the human and rodent
genes, with the greatest difference occurring in intron 1,
estimated to be 200 bases shorter in the human P-450 4 gene.
Combined, the predicted length of the human P-450 4 gene is

-1 1

5' Flanking TATAGGGGCGTCTTTATAAAAAGGCCACTCACCTAGAGCCAGA AGCTCCACACCA

52 INTRON
First exon . .CTACAG GTACC..(1-850 bp)...TGCAG TTGGTA...Second exon
893
Second exon ...GACAAG GTGAG..(2-590 bp)...CTCAG AACAGT....Third exon
AspLys Asn
1014
Third exon..... GAGCAG GTAGG..(3-725 bp)...TTCAG GATTTG...Fourth exon
AlaG lyPhe
1104
Fourth exon....AGCTGG GTACA..(4-266 bp)...TACAG ACACTG....Fifth exon
LeuA spThr
1228
Fifth exon.....CCACAG GTGAG..(5-800 bp)...CTCAG GACAAC....Sixth exon
HisSe rThr
1315
Sixth exon..... TGACCC GTGAG..(6-1330 bp)..TGCAG AGAGCT..Seventh exon
AspPr oGlu

F1G.4. Comparisons of the exon-intron junctions of the human P-450 4 gene. DNA sequence analysis of the intron-exon junctions and most
of the corresponding exons was performed on specific fragments as indicated in Fig. 1. The 5'-flanking DNA, including the TATAA box (bold
print) and several nucleotides of the first exon, are shown on the first line. In parentheses are the number and approximate length of each intron,
flanked by the 5’ and 3’ nucleotides of each exon—intron junction. The consensus G-T and A-G bases that begin and end each intron are
underlined. The location of each exon—intron junction is indicated by the nucleotide location and corresponding amino acids within the mRNA.
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7650 nucleotides, larger than the 6.7-kb mouse P3-450 gene
(36), 6.9-kb rat P-450d gene (22), and 6.3-kb human P;-450
gene (10).

Intron-Exon Organization and Comparison to Other P-450
Genes. The similarity in location of the introns in the human
P-450 4 gene with the human P,-450 gene (10), coupled with
the high degree of homology displayed within the coding
region and the similarity in length of the exons within this
region, indicates that these genes are related and may have
evolved from a common ancestral gene. The conservation in
location of the introns is tightly controlled not only within
species, but between different species.

The length and homology between the introns does not
appear to be conserved to the same extent as between the
exon sequences, which suggests that the evolutionary devel-
opment of the genes may be influenced by common exonic
requirements. Such would appear to be the case with the
phenobarbital-inducible rat P-450b and P-450e genes (38),
whose exonic sequences are separated by eight introns
inserted in the same location in both genes. The organization
of these genes is completely different than the intron-exon
organization of the Cl;Bz,-dioxin-responsive genes. Al-
though it has been proposed by Dayhoff et al. (39) that gene
families may be related based on homology of the predicted
amino acid sequence, it would appear that the similarity in
location and number of introns is an important determinant in
identifying related P-450 gene families. Since only a small
number of P-450 genes have been characterized, a clear
understanding of the evolutionary relationships between the
P-450s may require the additional knowledge of the sequence
and structure of other P-450 gene families.
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