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Structure and in Vitro Transcription of the Rat CYP2A41 and CYP2A2 Genes and
Regional Localization of the CYP2A Gene Subfamily on Mouse Chromosome 7
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ABSTRACT: The CYP2A! and CYP2A2 genes code for hepatic steroid hydroxylases and differ in their
development regulation and expression in male and female rats. In order to explore the mechanism of
regulation of these two genes, both genes were isolated and sequenced, their upstream regions compared,
and their promoters transcribed in a cell-free system derived from liver. The CYP2AI gene was completely
sequenced and spanned 12835 bp. The CYP2A42 gene was sequenced except for 1.5 and 12 kbp in the second
and fifth introns, respectively. This gene was about 10 kbp longer than CYP2A4!. Both genes possess nine
exons that displayed overall 93% nucleotide similarity. DNA 4544 and 5529 bp upstream from the CYP2A41
and CYP2A2 genes, respectively, was also sequenced, and the transcription start sites were determined. Both
genes had typical TATA boxes but did not contain CCAAT boxes within —100 bp of their polymerase start
sites. CYP2AI, however, contained a reverse CCAAT box between —85 and —90. Search of the Gene Bank
revealed a 255 bp region that lies -3 kbp upstream from the transcription start site of CYP2A! displaying
similarity with retrovirus polymerase. Two regions upstream of CYP2A2 were also found that displayed
90% sequence similarity with the consensus long interspersed middle repetitive element (LINE). In addition,
an unusual 1.6 kbp inserted sequence was detected between 165 and ~1779 bp upstream of the CYP2A42
gene that appears to be a retropseudogene. A nuclear extract derived from adult hepatocytes was used to
direct in vitro transcription of the CYP2A4/ and CYP2A2 gene promoters. Both genes were accurately
transcribed in extracts derived from livers of male and female rats. This result is surprising in view of the
fact that the CYP2AI gene is expressed in adult female rats while the CYP2A42 gene is expressed exclusively
in adult males. The CYP2AI promoter was more actively expressed in both extracts than that of CYP2A42.
By analyzing the segregation pattern of CYP2A genes in backcross offspring from an interspecies cross between
the laboratory strain NFS/N and the wild mouse Mus musculus musculus, the Cyp2a subfamily was mapped
proximal to the Gpi-I locus near the centromere on chromosome 7.
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’Ee P450s represent products of a superfamily of genes
(Nebert et al., 1989), many of which are under distinct in-
ducer-dependent and developmental control (Gonzalez, 1988).
Nine gene families and multiple subfamilies have been de-
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scribed in mammals, and even within closely related members
of a single subfamily, P450 genes can be regulated quite
differently. For example, the rat CYP2A subfamily encodes
enzymes having both distinct catalytic activities and regulatory
pathways. The most well-studied enzyme in this subfamily
is that encoded by the CYP2AI' gene. This enzyme, desig-
nated IIAl, is relatively inactive in the metabolism of various
drugs and common P450 substrates but is capable of metab-
olizing certain steroids such as testosterone (Waxman et al.,
1983; Wood et al., 1983) and progesterone (Swinney et al.,
1987). 11A1 catalyzes the 7a-hydroxylation of these steroids
and also produces low levels of 6a-hydroxysteroid metabolites.

This article not subject to U.S. Copyright. Published 1990 by the American Chemical Society
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FIGURE 1: Partial restriction maps and structural diagrams of the CYP2A4! (A) and CYP2A42 (B) genes. The complete genes are shown above
the individual phage clones from which the sequences were derived. The black boxes represent positions of exons. The thick lines delineate
sequenced DNA in each phage clone. The numbers below the thick lines designate plasmid subclones. The restriction sites, in parentheses,
next to the designated names of each clone, refer to the library from which the clone was isolated (see text). The scale at the top of the figure

is in kilobase pairs.

The CYP2A2 gene product, designated I1A2, was first purified
by Jansson et al. (1985) and found to be less specific in its
metabolism of testosterone, producing at least 10 distinct
metabolites (Jansson et al., 1985; Matsunaga et al., 1988).
The CYP2Al and CYP2A2 genes are differentially regulated.
The CYP2AI gene is activated soon after birth in both males
and females and is specifically suppressed in postpubertal males
but remains active in females (Nagata et al., 1987). In con-
trast, the CYP2A2 gene is activated when males reach puberty
but is inactive throughout the life of females (Matsunaga et
al., 1988).

To begin to determine the mechanisms of developmental
regulation of the CYP2A4 gene subfamily, we isolated and
sequenced the CYP2A4! and CYP2A2 genes and compared
their upstream DNA. Studies were also undertaken to ex-
amine if the promoters for these genes could function in a
cell-free transcription system. The mouse CYP2A4 subfamily

! The nomenclature used in this report is that described by Nebert et
al. (1989). The CYP2AI gene product has been designated IIA1
(Matsunaga et al., 1988), P450a (Ryan et al., 1982), P450 3 (Waxman
et al., 1983), and P450 UT-F (Guengerich et al., 1982). The CYP2A42
gene product has been called P450 RLM2 (Jansson et al.,, 1985) and
IIA2 (Matsunaga et al., 1988). According to the P450 nomenclature
system for chromosomal loci, the human and mouse subfamilies are
designated CYP2A4 and Cyp2a, respectively, and genes encoding 11A1
and I1A2 are denoted CYP2A! and CYP2A2, respectively (Nebert et al.,
1989).

was mapped to a region of chromosome 7 near the centromere
using an interspecies backcross.

MATERIALS AND METHODS

Cloning and Characterization of the CYP2AI and CYP2A2
Genes. A genomic library was constructed in the vector
AEMBL3 using Sprague Dawley DNA partially digested with
Sau3Al as described previously (Umeno et al., 1988a). The
library was screened by plaque hybridization using the IIA1
cDNA probe (Nagata et al., 1987). Two amplified rat ge-
nomic libraries, constructed in the vector Charon 4A using
EcoRI and Haelll DNA partial digests, respectively, were also
screened. These libraries, constructed in Dr. James Bonner’s
laboratory at the California Institute of Technology, were
provided by Dr. Thomas Sargent of the National Institute of
Child Health and Human Development. EcoRI fragments,
containing the CYP2A4/ and CYP2A2 genes, were subcloned
into pUC9 and then sequenced by using the dideoxy chain
termination method (Sanger et al., 1977) in conjunction with
shotgun cloning into M13 mp19 (Deininger, 1983). Sequence
data were compiled and analyzed with the Beckman Micro-
genie program.

S1 mapping was performed as described by Sharp et al.
(1980). The CYP2A! gene was mapped by using an Accl-
EcoRI fragment (positions 188 to —465, Figure 4). The
CYP2A2 gene was mapped by using an AccI-Kpnl fragment
(positions 188 to —254, Figure 4). The fragments were labeled
with T4 polynucleotide kinase and [y-3?P]ATP (6000 Ci/
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mmol; New England Nuclear Corp.). The end-labeled frag-
ments were then annealed with poly(A) RNA and subjected
to Sl nuclease digestion. RNA was isolated by the method
of Chirgwin et al. (1979), and the poly(A) fraction was pu-
rified by using oligo(dT)-cellulose chromatography (Aviv &
Leder, 1972). Primer extension was carried out using a 22-
mer, 3-AACCGGAGGGACTCGCAGTACG-5" (comple-
mentary to +62 to +83 in the CYP2AI gene, Figure 4). The
primer was 5’ labeled with [y-32P]JATP, annealed with 10 ug
of poly(A) RNA, and then extended with reverse transcriptase
(Life Sciences, Inc., St. Petersburg, FL). Products of Sl
mapping and primer extension reactions were electrophoresed
on DNA sequencing gels in parallel with a ladder of sequenced
DNA derived from the fragments used for S1 mapping and
M 13 mpl8 clones, respectively.

In Vitro Transcription of the CYP2Al and CYP2A2 Genes.
Nuclear transcription extracts were prepared by using a
modification of the procedure of Gorski et al. (1986). Livers
from 15-week-old male rats were homogenized in the presence
of a mixture of protease inhibitors (10 pg/mL trypsin inhibitor,
5 ug/mL aprotinin, 2 ug/mL antipine, 2 pg/mL chymostatin,
2 pg/mL pepstatin A, and 2 ug/mL leupeptin). Nuclear
extracts were quick-frozen in liquid nitrogen and stored in
aliquots at =70 °C until use. Transcription reactions (30 uL)
contained 90 ng of supercoiled plasmid DNA template (test
plasmid), 10 ng of MSV-TK construct (control plasmid), 1
ug of pUC 19 (nonspecific competitor), and 1.6 mg/mL nu-
clear extract protein in a buffer containing 6 mM MgCl,, 50
mM KCl, 0.6 mM each of ATP, CTP, GTP, and UTP, and
30 units of RNasin (Promega, Madison, WI). The reactions
were carried out at 30 °C for 60 min and then terminated by
the addition of 170 uL of a stop buffer containing 1% SDS,
10 mM EDTA, 0.2 mg/mL proteinase K, 50 ug/mL yeast
tRNA, and 0.3 M sodium acetate, pH 7.5. The reaction
mixtures were further incubated at 50 °C for 30 min, extracted
with 1:1 phenol/chloroform, and then precipitated with eth-
anol. The dried pellets were resuspended in 10.5 uL of distilled
H,0. Kinased labeled primers (0.15 ng of 22-mer primer for
test plasmid and 0.05 ng of 25-mer TK primer at specific
activities of 2 X 10° dpm/ug, respectively) and a hybridization
buffer were added to final 0.25 M KCl, 20 mM Tris-HCI, pH
8.0, and ! mM EDTA (final volume 25 pL). The annealing
reactions were carried out at 65 °C for 90 min, and then the
mixtures were allowed to cool to room temperature. For
primer extension reactions, 50 pL of a buffer containing 15
mM DTT, 150 pg/mL actinomycin D, 0.5 mM of all four
dNTPs, 20 mM MgCl,, 40 mM Tris-HCI, pH 8.3, and 5 units
of reverse transcriptase was added to the transcription reaction
mixture (final volume 75 uL). The reactions were carried out
at 37 °C for 45 min and terminated by addition of 75 uL of
a stop buffer containing 0.6 M sodium acetate, pH 5.2, and
20 mM EDTA. The mixtures were extracted with 1:1 phe-
nol/chloroform and then precipitated with ethanol. Dried
pellets were dissolved in 80% deionized formamide containing
0.01% xylene cyanol and 0.01% bromophenol blue and loaded
on a 8% polyacrylamide/50% urea-containing 1.0-mm se-
quencing gel.

Mapping of the CYP2A Locus in Mouse. Female NFS/N
mice were obtained from the Small Animals Section, National
Institutes of Health. Mus musculus musculus mice, from
Skive, Denmark, were kindly provided by Dr. Michael Potter
of the National Cancer Institute from his colony at Hazelton
laboratories. Female NFS/N were mated with M. m. mus-
culus, and F1 progeny were mated with male M. m. musculus
to obtain backcross mice. DNA isolated from livers of NSF/N
and M. m. musculus parental and backcross was digested with

Biochemistry, Vol. 29, No. 5, 1990 1331

CYP2A1
o.gq.
R
AC 1,212
ey CYP2A2
Y 5w
oSlcet i
AC- 1272
— - -
G G
G G
A A
A A
c +
¢ ¢
G G
A A
- T i T
o -G -
-1 —-T- -
C C-
G A ~
G G o
¢ ¢ o
A ® A “=. 9
: §
X 1 =
g i/ =
» T
T T
G : ’ G '.‘
s

FIGURE 2: S1 nuclease analysis of the CYP2A4I and CYP2A2 genes.
Kinased single-end-labeled fragments, produced as described under
Materials and Methods, were hybridized with adult male or adult
female rat liver poly(A)-selected RNA (10 ug) and digested with 20
units (lane 1) and 200 units (lane 2) of S1 nuclease. Yeast tRNA
was used as a control. The end-labeled fragments were also sequenced
by the Maxam and Gilbert (1980) procedure, and the sequenced
fragments were electrophoresed concurrently with the S1-protected
fragments. The sequence listed vertically on the edges of each gel
is read directly from the Maxam and Gilbert ladder and is the com-
plement of the mRNA strand. The arrows denote the position in the
sequence corresponding to each S1 fragment.

several restriction enzymes and subjected to Southern blotting
and hybridization with the IIA1 cDNA probe. EcoRI was
found to generate specific fragments that could be distin-
guished by size between the two mouse strains. A BamHI
RFLP was used to type the distribution of Fes using v-Fes as
a hybridization probe. This probe was provided by Dr. C. Sher
of St. Judes Hospital, Memphis, TN. Kidney extracts from
the same mice were typed for Gpi-1 by starch gel electro-
phoresis.

RESULTS AND DISCUSSION

Isolation of the Rat CYP2AI and CYP2A2 Genes. Sau3Al,
EcoRl1, and Haelll genomic libraries were screened to isolate
the complete CYP2AI and CYP2A2 genes. The EcoRI re-
striction maps and the intron and exon structures of the
CYP2Al and CYP2A2 genes are shown in Figure 1A and
Figure 1B, respectively. These data were generated from
restriction mapping and sequencing the individual phage clones
shown below the composite maps in Figure 1. The complete
genes were cloned by screening three separate libraries that
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FIGURE 3: Primer extension analysis of the CYP2A4I gene. The
position of the primer used for primer extension is shown in Figure
4. Poly(A)-selected RNA (10 ug) from adult female rats was used.
Yeast tRNA was used as a control. A sequencing ladder of M13 mpl18
was used as a size standard and electrophoresed concurrently with
the extended products. The arrow shows the extended fragment of
82 nucleotides that corresponds to a T residue in the CYP2AI gene
(Figure 4).

Matsunaga et al.

were constructed by using different restriction enzymes. Both
genes possess nine exons, and the CYP2A42 gene is almost twice
as long as CYP2A4I. This is primarily due to a 14 kbp fifth
intron in CYP2A42. Subclones of each gene were produced in
pUC?Y and sequenced by using the shotgun cloning and dideoxy
methods. The regions of each phage clone sequenced are
shown by thick lines in Figure 1.

Determination of the Transcription Start Sites of the
CYP2Al and CYP2A2 Genes. S]1 mapping was carried out
to determine the transcription start sites of the CYP2A genes.
The CYP2AI gene is expressed in adult females while the
CYP2A2 gene is active only in adult males (Matsunaga et al.,
1988). Therefore, poly(A) RNAs, isolated from livers of adult
female and male rats, respectively, were used as templates to
map the start sites of the CYP2A4I and CYP2A2 genes. The
adult female RNA protected the Accl-EcoRI fragment that
was derived from the 5’ end of the CYP2AI gene (Figure 2,
left panel). Four fragments were produced of 185, 186, 187,
and 188 nucleotides after digestion with 20 units of S1 nu-
clease. Digestion with 200 units of enzyme resulted in elim-
ination of the longest 188-nucleotide fragment. Similar results
were obtained when a Accl-Kpnl fragment derived from the
CYP2A2 gene was used to protect adult male RNA (Figure
2, right panel). Primer extension analysis of the CYP2AI gene
was also carried out. An extended fragment of about 82
nucleotides was detected (Figure 3) that appears to correspond
in size to the the largest fragment of the S1 mapping products
after treatment with 200 units of S1 nuclease (Figure 2). The
primer extension result suggests that the multiple fragments
detected by S1 mapping are due to S1 “nibbling”. It should
be noted, however, that the size of the primer-extended
fragment cannot be precisely determined since it was measured
using a sequenced M13 template and mobilities of DNAs, even
on denaturing gels, are known to be sequence dependent.
Therefore, this fragment could conceivably be 81 or 83 nu-
cleotides in length. In any case, the start site of transcription
was assigned to the longest S1-protected fragments of each
gene corresponding to an adenine residue (thick arrow, Figure
2). The start site of each gene is preceded by typical TATA
boxes at =24 bp (Figures 4 and 5).

Sequence of the CYP2AI Gene. The sequence of the
CYP2Al gene spans 12835 bp from the start of transcription
to the first polyadenylation site (Figure 4). Upstream and
downstream DNAs of 4544 and 1440 bp, respectively, were
also sequenced. As noted in an earlier study, we found that
two mRNAs of 2.0 and 3.0 kb reacted with an oligonucleotide
probe to ITA1 (Matsunaga et al., 1988). Analysis of the
CYP2Al gene sequence data revealed another sequence, AA-
TAAG, that is similar to the consensus polyadenylation signal
“AATAAA™, at 775-780 bp downstream from the poly-
adenylation site of the putative 2.0-kb transcript previously
determined from the IIA1 cDNA sequence (Matsunaga et al.,
1988). This may function as a second polyadenylation site
giving rise to the 3.0-kb mRNA. The polyadenylation signal
producing the 3.0-kb transcript appears to be stronger than
the signal giving rise to the 2.0-kb mRNA, since the former
transcript is much more abundant than the latter in both
untreated and 3-methylcholanthrene-treated rat livers (Mat-
sunaga et al., 1988). The role of other neighboring sequences
in alternative polyadenylation of the CYP2A1 gene transcript
needs to be further analyzed.

Upstream sequences were also examined. The CYP2AI
gene contained a typical TATA box at -27 to -24 bp and a
reversc CCAAT box at =85 to =90 bp upstream of the start
site. By searching the Gene Bank, we found a sequence of
277 bp displaying 76% similarity to a mouse B2 repeat be-
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P-45011A1 GENE GAATTCTAGTACGGTAGCCCTGGCTTTCATCAACTAGTTAGTGCCAAATATTTGAGAAAAGTTA -4481
CAGGTTCAAGCTAATAAAAGTTGCAGAGAGTATAAAAGAATGCAGATTAGACAAGAAAAAATTAATTAGAGCCCTTCTAG  -4401
CCAACAAAGCCTCAGATCCAGGAGAAAAGACTACCATAGAAATGGCCAAAGGCTTATTTATCAAAGAAACTGGGCTCAGT -4321
GGCAGCAGGATGACCACCTTGCCTGTGTTTATTGTTGCCACAGCACTGTTGGATAAAGATGCAAATAAATTAACTTTGGG -4241
ACAGAAGTTGATCATGACTGCTCCTCCCCCTGCCCCCGCAATTCTGATTGAGGCTCAGTAATGCCTACATGCTTCATTAT  -4161
CACACTTTACTAATCAGCCCTGGCTGAGATATTTTCCAGCCACCTGT TTCCCTGAACCCTGCGACTCTTCCACCCAACCE  ~4081
TGACTTGGGCTGTCCACTTCATCAATTCGATGAGGTTCAGGCCCAGATACACAATACCAGACCTTACTTGAGGAACTCTC -4001
ATCCATCAGAAACAGAGCATACCT GGTTCACGGACAGAAGTAGCT TCATCCATAAGGGT CAGAGGAGAACAGGGGCAGCA  -3921
ATAACAACAGAAGGAAAGGTAATCTGGACTCAGTCTCT TCCTTCCAGGCACT TCAACT CAAAAGAACAAACTAAGAACAT  -3841
TAACACAAGTCCTCATCATGGGAAAAGGACTGGCTGT TAGCATCTGCAGGGACAGCCAGATATGCAT TTACAACTACTCA  -3761
TGTGCACGGAGCCATTTACAAGGAACAACAGCTCCTAACAGCAGAAGGAAAAACTGTCAGAAATAAAGATAAAACTCTAC  -3681
AGGACATCAAARAGAAACCAATGGCTAGAGATAACAGTCTGACTGATAAGGCT TCTAAGAAGGTAGCCTTAAAGGAAACA  -3601
GCCAACACTAGATTGGCCATTGTCCTACCTGAACCACCTAGAGTAACTGATAAATGCAGARAAAGAAAT TAAATGGGCTG  -3521
GTGATGGT CAACTGAAGGTAAGCGAATATTGCCCACT TCTCAGAAAGATCCACAGTCACTCACTTGGGAGTAARATGAAT  -3441
GACAAACT TTARAGTTTGCCAGCTGACCAACACTCACAGGAAGCCCAAACATCCARATTCCTGACTGCGAGTTAAGAGA  -3361
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GTGTACAACAACCACACCAGACCAGT TCCTCCAATGAAGAACTCTGCCTGGCTCCAGCTGTACCAARATAGAGGGTTCAA - 2641
AAGGACACCAAGCCCTTCAAGT TAAAGT TGACTCAGTCTCAGTCCTGAGTCTCTTGCCCCTGCTAACTCTATGTCTATAT  -2561
ATACTGTATGTCTTAGATCCCCCCCTGT TAGGAAGGTACCCTAGCT GGATCCT TGATAATTTTACTTTTATTTCTGACTT - 2481
TTGGCCCCTGTATTTTAAGTTGCTTAGTAGTTTATAAGAGAATTCAGTCAAGTTAATTATCTTAAGGCAACACTATCTAC -2401
AGCTGGAAGCAGGGAAGCAAGCATATGAGT TAGAAGACTATAAGCT TCAAGATCAAAGCTATGCTAAAAGAARAGGGGEG - 2321
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TCTTCCAGARAGAGTAAAGCTAGT TTAGTTCCTGGAACAGC TACAAGCCAAACTGTTGAACAAAGCCACATGTAACTCCC - 2161
CATCCAACCTCCAGAAAGTCCCAGAATGGCACACTGACCACAAGTCAT T TTGGAGGTTACTTCACCCCACTAATAGTAGT - 2081
ACTCTTCCTAGTTACTGTTGTGCAAATTCTGCCCCAATTGT TTGTAAGGTATATACAGACCCAGT TAGAGTCTGCTCAGG  -2001
GTCTTCTCTTTCTGAAAGGGAGTCAACCCCGACGCATTAAAATAAAGCTAGTCTTGGTTTTGCATTGATTAGCACCTCCT - 1921
TGAGTCTCACTCAAGGGGTCCCGGAAAGGGT CAGAT TAGACCT CATATACCTCTGAGCACAGCTTGTATGGTGACTAAGA - 1841
TACAGGATACCCACAGGCTGGGATTAGAGAGT TTAAACCAAAGATCTTTCATCCATGTGCTCCATGCCTGCCCTGTGCCC  -1761
AGGGGGAAACATGGATTCTAAT TACAGAAGCCTCCCTAAGGATCT TAATGGGAACCAAGTAGGAGACTTTTCCAGTTAGA - 1681
AGCCTTCTGACAACTGGGGTTTCCCCATATTGGTAGTTTAGGTTGTTATTTCACAAAACTACAATTCCTTCACCAACTGG - 1601
AGTTCTGAGTTATTCTCCTCTAGTCTGGAAAATGATCTGCTAAAATATAGCTGTGGTTTTCTACCCT TTTCARAGCCATA - 1521
CATAGACAGGGAAGGTTGCCCATCCTTCCCTGAAGT TGAAGATCCTTTTAGAAGTCAATGCACCCATCAGTGGTGATAAA - 1441
TGCCTTTAATCCCAGTATGCAGCAAACTCTGTGAGTTTGACGCCAAATTGGTCTACAGAGTGTGTTCTAGAACAGTCAGA -1361
GCTAAAGAGAGAAACACTCTGTGGAAAAGAAAGAAAGAAARAAGAAAGGAAGGAAAGAAGGAAGGAAGGAAGGAAGGAAG - 1281
GAAGGAAGGAAGGAAGGAAGGAAAAAGAAAGGAAGGAAGGAAARAGGT ACAGAGAGAGGGARAGAGGGAGGGAGAAARAT - 1201
AACATATATGAAGACACAGTACAGGACCAATCTGGGCTCAGGTGCCCACT TTAGTCTCCTACTGGAATTTTCATCCACTT - 1121
GTACCAGAAACTCAGCACCCACAGATCCTTCTTGCCATGTGACCTTCCAGTCCATAGTTTGGAATCTTTCCTGTTTICCT  -1041
TACTAATATTTTTCTCCTAATAAAAAGACTAAACCATCTAGACTCTAGGACTCCAGAGATGACTCTGTGGGTAAGAGCAC  -961
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R VVVL1LYGYDAVIKTEALVDIQQATETETF S G R G E :l][
ACAGGCTACCTACAATACACTCTTCAAAGGCTATG GTGAGGAGGATACCACATTGGGGAACATGCCCAAGGACATTTG 710

Q AT Y NTL F K G Y
TTGGCGTCATTTAAGTAGCCTTCATACTAACTCATCTCTCCCTCAAGGCTGTACAGAGTTCTCTGAATTTCTCTCCATAT 790
CCATGTTGAATGTTGGCTCTCATTGTGACCCTCCCTAGCAT TTCTGAGAT TGAAAACAGACTTTTGCAAATTCTGTGGGT 870
TCTTTCTTCCATCCTTCTCTACCGTTTTCTTCCGCCCTTTCTACCACCTATCACTAGATAGGAAAGAAAAGGAGATAGAG 950
GTGAAAGGGGACATTACTGTTAGATTATTTCCTGCTGAT TAGGAGTGACGAGCTCCTTAGGGAAAGTTTTATCTTCTCTG 1030
TCAGGATATCTAATTTCTTCTTGTTGTTATTTCTT TACATAAGACTACTTAACAAATCACAAGCAACAGCAACTAACCAA 1110
TAGCCAAAACCAATTTCTCAGGGTCCTTGCATTTACACAACCTTGAGGAGTCCCAGTATCCTGAGTGTCACACACTCTCA 1190
GAAACTATCTGCAGCTGGCAAAATCATAACCTCCTGCT TTGGACAACCTGAACCAGCCCCATATGCCATACCTGGGAGTA 1270
AACAGAAACATATTTCTATAATAGTTCTGTATTTTTCAAAGAAATCAAATTTCTTACTACATCTGGCCATTGCTGCTCTT 1350
CTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCACACACACACACACACACACACACACAAACACACACACACA 1430
AACACACACACACAAACACACACACACAAACACACACACACACAAACACACACACACAAACACACACACACGCACGCACA 1510
CACACACAACCTCTCGGCATTCTCCTAGATGGATGACTCCTTTTTAATTTAGCTGATATTTTTATCCTTCTTAAACATTT 1590
ATCCACACACAGAGCATCAGTTGCAGGTCTCAGGCAT TCACTCCTGATGCCTCTGGATTGGTTTTTTAGATTCTTTGTTC 1670
TTACTTTTCCATCTATGGGTGCTGGGCTCTCAAGCACATCTCTGCACAGTGTGTGTGCCTGGTGCCCATGGAAGCAAARA 1750
GATGGAGTCAGATCTCCTGAACTCCAGGGGTTCCCTGAGTTCCAGGGT TATGAGCTGCCAGGTGAGTGCTGGGGTACAAG 1830
CACAGGTCCTCTGCAAGGTCAGCCAGTGCTCTTGAGTGCAGAGCCAGCTTTGCTGCCCCCCACTGCCTGTATTTTTAAAT 1910
GCTGTTTTACATACTCCATGTGTTGTCCCTAAGATGTGTATAATGCTTATAGAACGTCACAGTCTGGTAAGTGCTGGCCA 1990
AAGCTACAGAAGTATAAAATGGCCT TGAACAGCAAAACACTGGT TATAAGCAAGAAAGGTCAAAATAAAGAGAAAATCCA 2070
CAAAGAGCCAAATATCTTTATAACATTAATTCTGTAGT TAAAATTTAACACAGAGAGTGTATCTCGTTCCTTGAAGAACT 2150
GAAGGACACACAAATGACTACTTCTACCTAGGGT CAAAATATAGCGGT GACTACAGCTCAAGACACACAAAACCAGAGTC 2230
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AAGAATCAGGGAGTGGTAATAAAATAATAAAAAATCCTGGCTCAGGGTTTCTTCCCACCTTTCCCTGATGAAAGGCACAC 2310
ACAGCCTTTATATTTTAGTCTGCCTTATGCAGCACAATAGCTGGGCAGCTGCCTACCCTCCATGCTGTTAGAATCCATTT 2390
TCCTATTGAAAGCCCCAAGTTAATACTTTACAAGTTTCTTTATACCATATTTGCTATTCTTGACCCAACTGAGGAGCCCT 2470
TTTGGCCACACTGTCTTGGCCCATAGCACATGGTGTCTCTCCTTCTACCTTCTGCTCTTTCTTCTTCCATGGCTTCCACA 2550
GAGGCTCCTCAATCCCATTCTCCTTCCTCATGCTCTCTAGCCCCAGAAAACTAAGCACCACAAGTCTCTTCTCCCAGCTA 2630
TTAGCTGCTGACATCTTTATTTACCAATCAGAATGAACTGCGGGCAGGATCACTCAGACAAACTACAGACTCCAAATCTT 2710
AGAGGCCAACACTTACTGTTATAGGAAACAATAAAAGACAAAAACCTCAACACCAGGGTATGTTTCTGGGTAGGCTGTCC 2790
TTGCTTTAATGGGGATTTGCTGTTTTCAGAAAATGCTCAATATTGATTGATTTTGCCATTTCCAGGACCCTTTGCTGCAT 2870
TCTGTCTGTAAGTCTCTTTTTATTTGCCTGGCTGACTTGTTTCAACTTTCTTTCTCTGACTGTGTCTGATGCACAGTCTG 2950
TGTTTGTGTCTTTTGTGTCCTTGCCATTTCTATCCAACTTTGTCTCTTTTCTTTCCCCCTTAGAACCCCTTTCCAGGGTG 3030
GGCCTCATCCATCCTCAGCCTCAGTCTACTTCTCCTGACCCCTTATATTTATATCTCTACAG GCGTGGCATTCAGCAG 3108
G VA F § S
TGGGGAGCGGGCAAAACAACTCAGGCGCCTCTCTATAGCCACATTGAGAGATTTTGGTGTGGGCAAGCGTGGTGTAGAGG 3188
G ERAKOQQLWRRLSTITATILRDTFG GV G KRG VE :l][l
AGCGTATCCTGGAGGAGGCAGGCTATTTGATCAAGATGTTGCAGGGCACTTGTG GTAAGCAAGAGACCATTAAGTGTT 3266
E R 1 L EEAGY LI KMLQGTC
TGGGCAAGAGAAAGAACATCCCTGACACCTAGACCCTATGGGTTGTGGATAAGAAGGGCGGGGAAGACCGCCTACCAAAC 3346
CATCCCCAGAATCTGGTGCTGAGAGATTGGTGCCTCACTCCAATTCCCACACCATCTGCTAACTCTTCTCCCTCATAATG 3426
CCAATGTCTTCCAAACAATGTCACCCCTCTCAG GAGCCCCCATTGACCCCACCATCTACCTGAGCAAAACAGTCTCCA 3504
GAPI1DPTI YL S KTV S
ATGTTATTAGCTCCATTGTCTTCGGGGAACGCTTCGACTATGAGGACACGGAGTTCCTGTCACTGCTGCAGATGATGGGT 3584
N VIS Sl VFGERTFDYEDTETFILSLLQ@MMG ]ESZT
CAAATGAACAGATTTGCAGCTTCACCCACAGGGCAG GTAACAGATCCAGCTCTGCCAATTGTCCTTATAGTGTCCCAC 3662
Q M NR F A A S PTG Q
ATTGACCATACCAACAAAGGGCAAGGACCACCCTGACTCTCATGGCTACAAACAAAAGCTCCCCTCAAAAACAGAAGCTC 3742
CCCTCAAAACCAGCCTTTACTTCAGAAAACTGAACCTTTACATCAGAGCCCACAGAAGCTATCCAGTGCTCACAATCTAA 3822
TGTCCTCTGGATATCTCAGTAGCCTGAGAACACAGCCCTCTGCTTGACTCTCTTCCCTGGGCAGGTTTCTCCAGCTTAAC 3902
CTCTAATAAATCCTCTATGTGGTCCTCCTGAAAATTTAGACAACTGCCCAAGGGATACAAGTGACCACCTCTGGCCCCCT 3982
CCTCCAATCCTGAACACCTACCTAGTTCTGCAAAACTGTGGTCAGTAAAGCTATTCAGTCCATACACCCAGTTCTCCCCA 4062
AAGATCCCACTGACACAATGGCACAAAAGTCACCTGTTGTCTCAGGTAAATTCAGGAATGAGTAGACAGGCACCTCAACC 4142
AAGGCAACCAAGCACAGACCTCTGGATGGACTGTTTCCCCAAACACCCATATGTCTCCCAGCTACACACAACCCACATCA 4222
AGACAATATCTGACAGGTGTGTCTCACACCTTATAACCTGAACCACCCCACCATGAAGACCTGACTATGTGAAAAACCGA 4302
TTCTAATCTCAAACAAATATCAAGACATCTAATCTTAGCCCTCTCAAATGCCCAAACATATAGATACTTGATTCACTGCG 4382
ACACTCATGTCCTGAATACTAGAAACCTGGAGTAATGGTCTGATCCAAAAATCAGTTAAATAACTGAATGTCTACTAATG 4462
TTCCCTTTTGATCCAGT TCATTGGGATTGTAAGACAATGACCTTCATTCTTTAAATCACCTAGAAAACTGTGGTCTCTGG 4542
GGCCTCTGACAGTTCAGTGGTTTAAGAGCATGCACTGCTCATCCTGAGGACCGAGTTCAGTTCCCACTACCTATGCTGAA 4622
CATTTCAAAACTCTATGGGAGTACACCTGCACCGTGCACATAATTAAAAGTAAAATATTCAAACGAATATAAAGAGTTCT 4702
TTCAAGAGTGGAGGTGCTGTTTGTTGCAATTCATCCTAACATAAATACATGAACACCTGGATGGATCCCTTGAGACTCGA 4782
CCCACTCCCACGGGTGTTGCCACTGACAAGCCTTTTCTTTTCTCCTCCCACCCCCCAG CTCTATGACATGTTCCATTC 4860
L YD M F H S
AGTGATGAAGTACCTGCCTGGACCACAGCAACAGATCATCAAGGTTACTCAGAAACTGGAAGACTTCATGATAGAGAAAG 4940
VM KYLPGPQQQTI!T I KVT Q@K LETDTFMITEK .]il:
TGAGGCAGAACCATAGTACCCTGGACCCCAATTCCCCAAGGAACTTCATTGACTCCTTTCTCATCCGCATGCAAGAG G 5018
VRQNUHSTLODPNSZPRNTFIDS ST FTLTIRMA QE
TGATCCCAATCATGGTGGATGGAATGTCTAAAACAGGGCAGCTCTAAATCATCCTAGAAAAGGAGGAGGAATATAGGCCC 5098
ATTAAGTGCCCATGATTCTCCTCACAGTCCCGGTTATAGTTAAACCTCACTCTTTCACCTGTTGAGCCTTATCCAAGCCA 5178
GGGTATGGGT TAGCAAATTACCATGACAACCGATATTCCAGTGTTCCCCTATGAGACACTGTTTTCAGTGTTCAACTACT 5258
TAGCATGCACTGAAGCTACTGTCGAAGACCCTGTGGAGCCTAAACTTCGCAAAGAGGGAAAGTGTGCCCAGACTTGCATG 5338
CTGACTTTATGGAGACAGAAAACTATACAGCCTTGCCTCTATGGCTCTCAGGCTTTTACTATTAGCCACATGGTCTCTAG 5418
CATTTCATATCTCTGT TAGGAAATACACATCAGTACACATCAGTGGCCTAAGACCTGGGTTTTTTTTTCTTTTGTCTGTT 5498
CTAGTAATTTTTTTATTGTTTTTCATTTTTGTGTTTTTTTCTTTTATTGGATTTTTTATTTCTATTTCAGATATTATCCC 5578
CTTTCTTGGTTTCCCTTCCAGAAACCTGCTATCTCCTCATGCTTCTATGAGGATTCTCTCCCACCCACACAACACTCCCT 5658
GCCACCTCCCTGTGCTGACATTCCCCTACACTGGGGCATCGAGCCCAGACAGGACCAAGGGTCTCTCCTCCCATTGATAC 5738
CCAACAAGGCCATCCTCTGTTATACATATGGCTGAAGCAATAGGTACATCCCTGTGTACTCTTGGGATGGTTTAGTCACT 5818
GGGAGCTCTGGTGGGTCTGGTTGGTTAATATTGTTGTTCTTCTTATAGGGTGGCAAACCCCTTCAGCTCCTTCAGTCCTT 5898
TCTCTAACTCCTCCATATGGGACCATTTTCTCAGTTCAATGGTTGACTGCAAGCATCTGCCTCTGTAATTGTCACGCTCT 5978
GCAGAGCCTCTCAGGAGACAGCTATATGAGGATCCTGTCAACATATATTTCTTGGCATCCACAATATTGTGTGAGTTTAG 6058
AGGATGTCAATGGGATGAATCCACCTGTAGGGCAGTCTCTGAATGGCCTTTCCTTCAGACTCTGCTCCAAACTTTGTCTT 6138
TGTATTTCCTTCTTTGAGTATTTTTGTTCCCCCTTTCAAGAAGGACTGAAGCATACTCACTTGAGTCTTTCTTCTTCTTG 6218
AGTTTCATGTGGTCTCTGAATTCTATCTTGGGTATTCCAAGTTTTTGGACTAATATTTACTTCTCAGTGAGTGCATACCA 6298
TGTGTTGGGTTACCTCACTTAGGATGATATTTTTTAGTTCCATCCATTTGCCTAAGAATTTCATGAAGTCATTATTTTTA 6378
ATAGCAGTGTAGTACTCCATTGTGTAAATTTACTATATTTTTTGTATATATTTCTCTGTTGAAGAACATCTAGTTTCTTT 6458
CCAGCTTCTGGCTATTATAAATAAGGCTGTTATGAACATAGT GGAGAGTGTGTCTTTGTTATATGTTGGAGCATCTTTTG 6538
AGTATATGCCCAGGAATGGTATAGCTGAGTCCTCACATAATACTATGTCCAATTTTCTGAGGAACCTCCAGGATGATATC 6618
CAGAGTGGTTGTATCAAATTACAATCCACCAACAATGGAGGAGTGTTACTCTTTCTCCACATCCTTACCAGCATCTGTTG 6698
TCACCTTCGTTTTTGACCTTTGCCATTCTAACTGGTGTGAGGTGGAATCTCAGAGTTGTTTTGATTTGCATTTCCCTGAT 6778
GACTAAGGAGGTTGAACATTTCTTTAGGTACTTCTCAACCATATTCCTAAGCTGAGAATTCTTTGCTTAGCTCTTTACTC 6858
CATTTTTAATGGGGTTATTTGATTCTCTGGAGTCTAACTTCTTGAGTTCTTTGTATATATTTAACATTAGCCCTCTATCG 6938
GATGTGGGATTGGTAAAGATCTTTTCCCAATCTGTTGGTTGTCGATTTGTCCTAATGACAGTGTCCTTTGCCTTACAGAA 7018
GCTTTGCAACTTTATGAAGTAGTATTTGTCAATTCTTGATCTTAGAGCATAAGCCATTGGTGTTTTGTTTAGGAAACTCT 7098
CCCTGGTGCCCATGTGTTCAAGACCCTTTCCCACTTTCTGTTCTATTAGTTCCAGTGTATCTGGTTTTATTTTAGTTTAA 7178
TTTTATTTTTCTTGGATAATTATGTATTACACATCAAATGTTATTCCCTTTGTCCCCTCTCTCATATCCCCTTCCCCTCC 7258
CTCTGCCTCTATGGGGATGCTACCACCCCCATCCACCCACTCCCACCTCAACCCCCTAGCATTCCCTTACATTGAGAAAA 7338
AGAGCCTTCACTAGACCAAGGGCTTTTCCTCCTATTGATGCTGGACAATGCCATCCTTTGCTACATATGCAGCTGAAGCC 7418
ACGGGTCCTTCCATGGGTACGCTTTGGTTGGTGGT TTAGGCCCTGGGAGCTCTCGTGGAGTCTGGTTGGTTAGTTGATAT 7498
TATTCTTCCATCCCTAAAATGAATGACAGTCACCTAGACAGAGAAATGAGCAAAGCTTCTCATGCAAACCCAAGACTGCT 7578
AACACAGCCTGGAGATCTTTTTCCAACGATTGGTCTGGACCCTATGAGAACTAGATCCAAAGGAAATTGCAGAAGTGCTG 7658
CCTATTGCATCCCTCTCCTCCATGAGGAACTTAATCCACAGTTGACGGCTGTTTAGAGACGATGAAATAATATTCCTTTG 7738
CAGTGTGGCTACTAGTAAATTGACCTTTCTCAAGTAAAGAACCCCTCGCCCATATGCATGCAGCCACACCTAATTATAAG 7818
CAGTTACCCACAACACCCCCAACAAACAGGAAAATAGGAAGGAGACTTATTAGGAATAAGAAATGGTTCAAAAAAATGGA 7898
AAGTAGAAAATAATAGAGGGGAATACGTTTAAAGTGCATTTCATGTATACGTCTGAAAAATAAGGACTCAAGGTTCAGTG 7978
GGTATGGAAGGGGATTCATCTGGGAGGGTTTGGAGGAGGGGTATGAATATATTCACAATACAATAAATGAAATTCTCAAA 8058
GAATTAATAAAATTATTTATAAAAGAATTACTAGAAATGTTTCAGAAAATTAAAACCCTTAATGTTCCCCAAGGATGACA 8138
AAATGATAGATTTATGCCCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTGCAG GA 8216

GAAAAATGGCAATTCAGAGTTCCACATGAAGAACCTAGTGATGACAACACTAAGCCTCTTCTTTGCTGGGTCTGAGACAG 8296

K G S EFHMKNLVMTTLSLFFAGSET TSZC[
TCAGCTCCACACTACGCTACGGCTTCCTTCTACTCATGAAGCATCCAGATGTGGAGG GTGAGGCTGGCTATGTGGCAG 8374
v s S TLRYGFLLLMKUHKPDVE
GGAAGTTGGGAACCGCAGACTCTCCAACTGCTTACAACCTAACAATGACCCTCACTTCTCCCAGGTTCCTGGATGCTCAG 8454
TCATGCTCAGCTATGCAGAGACAGGGGCATATTAAATGCATAAACACAGTTCTCACAAACTTAAAATATTAGACATTCCC 8534
AAATTGATTTCACTCTGACTTCCAGATCTCTGCTCTCTGTTCTCTTCCCTGACTCCTGCTTCTTCTCCCCACCATGATTC 8614
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TGTCACGAAAAGGATAAAATGACCCTGTCCAGCATTTAGGTATGGATATATGTTTAAATGGTTTAAATGCATGTTATTTA 8694
CAGAGACATGTAATACATGCAGTGGTACACATGTGAACTATTCCACCTGCTTTGAGGCCTCTGGATTTTTAAAAATACCC 8774
CATCTCCGCTTGTCTTTCAG CCAAGGTCCATGAGGAAATTGAGCAGGTGATCGGCAGGAACCGACAGCCTCAGTATGA 8852
A KV HEETIE® QVIGRNRUQOQPAQYE
GGACCACATGAAGATGCCCTACACCCAGGCTGTGATCAATGAGATCCAAAGATTTTCTAACTTGGCTCCCTTGGGCATTC 8932
D HMKMPYTQAVINETIOQRTFSNLAPLGI ‘!i!]l][

CTCGAAGGATTATCAAGAACACAACCTTCCGTGGCTTCTTCCTCCCCAAG GTAGCAGCCATGCCCATCCAGGAGGGGC — 9010
P RRI I KNTTFRGEFTFLPK

CTCCAGCCCACTTACTGATGCTTCAGGGCTTCTTTCCATCTGTAGCTATCTAACTCCACTCTAATTCCTCCAACCAAAGA 9090
ATTCATCCACATGTCCCCAAATTCTTGTCCAGCTGCTTTGAACTCCATTTTCTATCTACTCTTCTGCCTTGCTACCTTCC 9170
AATCTCTCAACTCCTGGGCTAGAGGCAAAGGCCTGCTGTCACACTAACACCCTATCTTAGCACATGATCCCCTGGAGCTC 9250
AAATCTCCAATTGCTGATGGCACATATCGTAGCCCCTCAAATCTCCTATTCCCTAATGCCTTTTCCTGAGGAGACCTCCA 9330
ACTCTGTGCCTTGCAGTTGTCTATATTTGGACATCCTTTCTCCATCAACCCATCTTCTAAAATCTCCTTTCTTCCCTCTT 9410
CCAG GGCACCGATGTGTTCCCTATATTAGGTTCTCTGATGACAGACCCAAAGTTCTTCCCTAGCCCCAAAGACTTCGA — 9488

ATDVF®PI LGS LMTD®PIKTFFPS P KDTFD
CCCCCAGAACTTCCTGGATGACAAGGGACAGT TGAAGAAAAATGCTGCTTTCCTCCCTTTCTCCACTG  GTAAGGAGAC 9566 m
P Q N F LDDJ KGO QLTI KT KNAATFILPTF ST
AGTGGGTTATTGAACTACTGTTCACACCAACATGGGTAGCACATGCCAGCTTCCCTGTCTGTGATGCTGCCTAGAATCAG 9646
GCTAACCAGGTATAGCCCCTGCACCTCCCAAGCACCAGACATGCTGGATGCAGGTGAGAGGATCCCTGGGACCAGTGATC 9726
TGTGTCAGAGACCGGGGAGGGGTTGGGAATACCAACTTTCCTAGGTGATGCTCATGCAAGCAATTTCTTCACACTCTTTC 9806
TAATGCAGCTTTTAAATAATTGTTTGTTTTTCTTTATTTTTTAAGTAATTTATTTAATGTGCAATGGTGTGAGGTTGTCA 9886
GATGCCTTGGAACTGAACTTATAGATGATTATGAGCTGCCATGTGGCTGCTGAGAATTGAACCTTGGATCTTCAGAAGAA 9966
CAGACAGTGCTCTTAACCAATGAGCCATCTCCCAGCCCCATCTTCAGACTCTTAAAAGTGGGATAACAACCAGGTGGTAT 10046
AGGTGCATGCCTTTAACCACAGTACTGGTGGATATCTGAGT TCAACACCAGCCT GGGACTATAGAGTGAGTTACAGGACA 10126
ACCCAGGCTACATGGAGGAAACCATGACTTCAAAAACTAAAAATAAATAAATAATAGGTAGGTAGATAGATAGATAGATA 10206
GATACATACATACATAGATACATAGATACATAGATACATAGATACATAGATACATAGATACATAGATACATAGATACATA 10286
GATACATAGATAGATGCATAGATAGATACATAGATAGATAGAGACATAGATAGATGCATAGATAGATACATAGATAGATA 10366
GATGCATAGATAGATAGATACATAGATAGAAAGATGCATGTATACATACATGCATGCATACATAGATAAATAGATGACTC 10446
ATAAAAAATTAAAAGAATAAAAAAATAAACAAGGCCACAGCAGAGCATCTACAT TTGAGAGGATAATTAATAATTGATAG 10526
AGGAAGCATCTGTACTCCATATTGCTCCAGCCTAAAATGAGTTGTCCCACGTTGTGTGTAGGGACACCAGGGTTTTAAGA 10606
GGGTTAGGAGCCTTTCCTAATGATCCCTCATGCTCCAGTATAGCAGCCCCTTCTCCTTTTTTTTTTCTTTTITITCTTTAT 10686
TAACTTGAGTATTTCTTATTAACATTTCGAGTGTTATTCCCTTTCCCGGTTTCCAGGCCAACATCCCCCTAATCCCTCCC 10766
CCTCCCCTTCTTTATGGGTGTTCCCCTCCCCACCCTCCCCCCATTGCCGCGCTCCCCCCAACAATCACATTCACAGGGGG 10846
TTCAGTCTTAGCAGGACCAAGGACTTCCCCTTCCATTGGTGCTCTTACTAGGCTATTCATTGCTACCTATGAGGTTGGAG 10926
TCCAGGGTCAGTCCATGTATAGTCTTTAGGTAGTGGCTTAGTCCCTGGAAGCTCTGGTTGGTTGGCATTGTTGTTCATAT 11006
GGGGTTTCGAGTCCCTTCAAGCTCTTCCAGTTCTTTCTCTGATTCCTTCAACGGGGGTCCTATTCTCCCACCCTTCCCCC 11086
ACTGCCGCCCTCCCCCCAACAATCACGTTCACTGGGGCTGAACCCCATTTTTAATAGGGTTATTTGTCTCCCTGCGGTCT 11166
AACTTCTTGAGTTCTTTGTATATTTTGGATATAAGCCCTCTATCTGTTGTAGGATTGGTAAAGATCTTTTCCCAATCTGT 11246
TGGTTGCCGTTTTGTCCTAACCACAGTGTCTTTGCCTTACAGAAGCTTTGCAGT TTTATGAGATCCCATTTGTCGATTCT 11326
TGATCTTAGAGCATAAGCCATTGGTGTTTTGTTCAGGAAATTTTCTCCAGTGCCCATGTGTTCAAGATGCTTCCCCACTT 11406
TTTTTCCTATTAGTTTGAGTGTATCTGGTTTGATGTGGAGGTCCTTGATCCACTTGGACTTAAGCTTTGTACAGCGTGAT 11486
AAGCATGGATCAATCTGCATTCTTCTACATGTTGACCTCCAGTTGAACCAGCACCATTTGCTGAAAATGCTATCTTTTTT 11566
CCATTGAATGGTTTTGGCCCCTTTGTCAAAAATCAAGTGACCATAGGTAGGTGGGTTCATTTCTGAGTCTTCAATTCTAT 11646
TCCATTGATCTATCTGTCTGTCTCTGTACCAATACCATGCAGTTTTTATCACTATTGCTCTGTAATACTGCTTGAGTTCA 11726
GGGATAGTGATTCCCCCTGAAGTCCTTTTATTGTTGAGGATAGTTTTAGCTATCCTGGGTTTTTTGTTATTCTAGATGAA 11806
TTTGCAAATTGTTCTGTCTAACTCTTTGAAGAATTGGATTGGTATTTTGATGGGGATTGCATTGAATCTGTAGATCGCTT 11886
TTGGTAAAATGGTCATTTTTACTAGATTAATCCTGCCAATCCATGAACATGGGAGATCTTTCCATCTTCTGAGGTCTTCT 11966
TCAATTTCTTTCTTCAGCGTCTTGAAGTTCTTATTGTACAGATCTTTTACTTGCCTGGTTAAAGTCACACCAAGGTATTT 12046
TATATTATTTGGGACTATTATGAAGGGTATCGTTTCCCTAATTTCTTTCTCGGCTTGTTTCTCTTTTGTGTAGAGGAAGG 12126
CAACTGATTTATTTGAGTTAATTTTATACCCAGCCACTTTGCTGAAGTTGTTTATCAGCTTTAGTAGTTCTCTGGTGGAA 12206
CTTTTGGGATCACTTAAATACACTATCATGTCATCTGCAAATAGTGATATTTTGACTTCTTCTTTTCCAATCTTTATCCC 12286
CTTGATCTCCTTTTGTTGTCTGATTGCTCTGGCTTGAACTTCAAGAACTATATTGAATAAGTAGGGAGAGAGTGCAGCCC 12366
CTTCTCTTTAAGAGAACACAGCTTTGCACTTGGCACTGAGGCAAGGCAGCGGTGAGAGCTTCCTTCCCAACTGTGCTCCT 12446
TCCCTCTCTCCTCTTCAG GGAAGCGATTCTGCTTGGGAGATGGCCTGGCTAAGATGGAGCTCTTCCTGCTGCTCACCA 12524

G K R F CLGDGLAKMETLTFULL LT
CTATTTTACAGAACTTCCGTTTCAAGTTCCCAATGAAACTAGAAGACATCAACGAGTCCCCCAAACCCTTGGGGTTTACC 12604 ]X
T 1 L Q@ N FRFKFPMIKULETDTINESZPKZ®PLGTFT
AGGA}CATACCAAAGTACACCATGAGCTTCATGCCCATC TGA TTCTGAGTTGAATCAAGGTGGGGCAAGAGGGAGAGA 12682
R 1 P K Y T M S F M P I
GAGCCTGAAGTGGGGCCAGGGTGCAGGT GGAGAGAACAGGGGAGGTGAAGATGAGGGTTAAGAAGGGACCACACCCATGG 12762
+1

AAGAAACACAAAAGACTTCTCACTTTGGTAAAATTGTAACAGTCCT%A]EAéAAGAAAGAAATACTCAGTGGG CAGCA 5
GTAACAACAACTGAGACTCATGGGGCAAAGGTGGCTCACCTCTGCAGAAGCTGTCCTGTCCTTCTCTCAGTCCTCTACAC 85
AAGAGCAGCATGTCCCCAAGTCCAACGTACAGGTTGCAAAGATGGAACTTACAAATTTGAACCTAAACTGAGGTGGAAAA 165
AACTCAAGTTAGCTAGGATTGATGTTTTGGACTCTATCACCAGCATTCAGGAGGGAGGGAACATGGCTCTCTACCATGTC 245
TGCCAGGACTACACAGTGAGAGCTTATCTCAAAAGAAAAAAGAAAAAAAGAAAAAAATTTATATATATATATATATATAT 325
GTATATATATGTATATATATATATGGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGTT 405
TGCATTGTACATGATCAGGGAAATAATAAAAACTAGT TTGACAGTCACATACCAGTGGGTTCTAATTTATCAAACTCCAC 485
CCCCACCCCCACTGCCACTGCTGCCCTATGAAGGAACTGAACAGAAGCTTAACTTTCCTTGGGCCATTTCGACAGCTGTT 565
GTGTCATCAAGGCTTCTGTTTTCCTATGGAGACACTACACATGGGACAGAGAGGATAACAGGGAGCTCATGACTGAGAGA 645
CCTTCAGGCCAAAGCACTTGAACCTTTGTTTATCCTGTTTATTCTGAATTTTCTGCTTCTGGGCTCTCATTTCCCCACCA 725
TTAAAATGAGAATATCAATATTTACAGCTGCACTGCATCTCTTTTTGGAGTGATTCCTGGTAACTAAGAAATAAGTAGAA 805
AATGGAAGGATGAAATCCACCAGGAGGTTTGAGTAAATTCCACTGTGGGAAACACAGGGGACT GTGGGATGECAAGGATG 885
AGAGCTGGAAAGAATGCAAGGCCACACTATGTCTCATGCATATTTTATATCTTTTTTATATTCTTTATATCTTTGTAGTG 965
TTTTTATTAGCCTACAAAGAAATACATTTCTCACTGGCAACTTCTTACATATATATCACTACCTATGTTCTCATTCACTT 1045
TCCTTCGCTGGTCTTGGCCTCTTCGCAAAATTATTCACCGGTAATTTATTCACACTTTCTAATTTTTGAGCATGGTGCAT 1125
TCCAGTAAGATTTAATCTCTGTGGCCATGGTGTTTCACAGCTCTGTAACACTGAAGCACATTCATCATCAACTGCACTGA 1205
AGTCATCAACTTAAGAAGCAAAGGAGGATTCTTCTGGTCTCCATCTGCGCCCAGAGCTAAGTCTGCCCCACAACCCTCCA 1285
GATTCAAAACCTCCCCAGACAGAGCTAGTCCTCCAGGAGTGCTCTCACTACTAAGGCCACAAGTGAGACCCCATTTCCCT 1365
TCAATACCGATCCAAAGAGGAGCCCACCAGATACCAGGTACCAAAGTTAAATGAGGATCCGTTGACCTGCAGGTC 1440

FIGURE 4 Sequence of the CYP2A4! gene. The complete sequence of the CYP2AI gene is shown. The start site at +1 was determined by
S1 mapping as shown in Figure 2. The exons are labeled by Roman numerals at the right of the figure. Regions of interest discussed in the
text are boxed. These include a viral sequence (v), a B2 repetitive element (B2), and a sequence found upstream of the CYP2A2 gene (r).
The TATA box, the reverse CCAAT box, the sequence from which the primer for primer extension was derived, and the polyadenylation signals
(AATAAA and AATAAG) are underlined. The 3’ flanking sequence of the gene is numbered beginning with +1.

ginning at residue —519. A second sequence of 255 bp was end of the pol gene of the murine leukemia retroviral genomes
found at —3000 that displayed about 73% similarity to the 3’ (Herr, 1984; Etzerodt et al., 1984). This sequence appears
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e A AACTATCCTCAACAATAAAAGGACTTCTCAGGGAATCACTATCCCTGAACTCAAGCAGTATTAC
AGAGCAATAGTGAT TAAAAACTGCATGGTATTGGTACAGAGACATACAGATAGACCAATGGAATAGAACTGAAGACCCAA
AAATGAACCCAAGCACCTATGGTCACTTGATTTTTGACAAAGGAACCAAAACCATCCAATGGAAAAAAGATAGCATTTTC
AGCAAATGGTGCTGGTTCAACTGGAGGTCAGTATGTAGAAGAATGCAGATCAATACATTCTTATCACCCTGTACAAAGCT
TAAGTCCAAATGGATCAAGGACCTCCACATCAAACCAGATACACTCAAACTAATAGGAGAAAAAGT GGGGAAGCATCTCG
AACACATGGGCACTGGAGAAAAATCCCTGAACAAAATACCAGTGGCCTATGCTCTAAGATCAAGAATCGACAAATGGGAT
TTCATAAAACTACAAAGCTTCTGTAAGGCCAAGGACACTGTTGTTAGGACAAAACGGCAACCAACAGATTGTGAAAACAT
CTTTACCAATCCTAAAACTGATAGA GC A

AAAAAA GAGA! ACAC

AA AGAATGGGACCCCCGTTGAAGGAATCAGAGAAAGGACTGGAAGAGCTTGAAGGGG
CTCGAGACCCCATATGAACAATAATGTCAACCAACCAGAGCTTCCAGGGACTAAGCTATTACCCAAAGACTGTACATGGA
GTGACCCTGGGCTCCAACTGCATAAGTAGCAATGAATAGCCTAGTAAGAGCACAGTGGAAAGGGAAGCCCTTAGTCCTGC
CAAGACTGAACCCCCAGTGAATGTGATTGTTGGGGGGAGGACAGTAATGGGTGGAGGATGGGGAGGGGAACACCAATATA
GAGGGGAGGGGGAGGj ; G 1

AGAAGCACCAAA AAATGTTCAACATCTTTAGTCATAAGGGAAATGCAAATCAAAACAACCCTGAGATTCTACCTCACAC
CAGTCAGAATGGCTAAGATCAAAAACTCAGGTGACACCAAATGCTGGCGAGGATGTGGAGAAAGAGGAATACTCCTCCAT
TGTTGGTAGGATTGCAGACTGCTACAACCATTCTGGAAATCAGTCTGGAGGTTCCTCATAAAATTGGACATAGATCTACC
TGAGGACCCAGCTCTACCTCTCTTGGGCATATACCCAAAAGATGCACCAACATATAACAAAGACACATGCTCCACTGTGT
TCATAGCAGCCTTATTTATAATGGGCAGAAGCTGGAAAGAACCCAGATGCCCTTCAACAGAGGAATGGATACAGAAAATG
TAGTACATCTACACAATGGAATACTACTCCGCTATCAAAAACAATGACTTTATGATATTCATAGGCAAATGGATGGAACT
CGAAAATATCATCCTTAGTGAGGTAACCCAATCACAGAAAAACATACATGGCATGCACTCATTGGTAAGTGGATATTAGC
CCAAATGCTCAAATTACCCTAGATGCACAGAACACATGAAACTCAAGAAGGATGACCAAAATGCGGATGCTTCACTCCTT
CTTTAAAACAGGAACAAGAATACCCTTGGGAGAGGATAGGGAGGCAAAGTTTAGAACAGAGGCAGAACGAACACCCATTC
AGAGCCTGCCCACATGTGGCCCATACATATATAGCCACCAAACTAGATAAGATGGATGAAGCAAAGAAGTGCAGGCTGAC

GGAGATCTATGTAGATAGATCTCTCCTGAAAGACACAGCCAGAATACAGCAAATACATA A

CACTGAACT A_AATGGGACCCTGTTGAA AATTA AGA- GGACTGAATGTTGT TG AAAARTATAAAAR

AATGTTGGTC AR A TTCCTACACTCAAACCCTCACA
TAAAAGAACACACAACACAATAATCTTTGACCCAATTGGTAAGATATAATTGCCTACTTAAACATACAAAGCCCGGTACC
ATCCATCCCTTGAGAACATTAATAACAATTTGTAAATACACAGAGCAGAATCTTAACATCACCAGCTATCTTGTCCTGCC
ACGGCTTCTCCGCCCCTCTCTCCCTCCTGTCTCTTCCTCTCTCCCTTAGTCTCCTCCTCTTCCTTAAAACTTCTCTCCCG
CCCATCCTTCCTTCTCCTCCAATGACAGGCCTCCTTCTATCCTGTACCTGCCCCTCACCAGTACTTTACAAATTCAGTGG
AGAGGTGGTTCTGGTGAAGTCACCTGAGTTCTGAGTCCTTGACTAGGCAGCTGTCCTTGGGGCAGTGGAATTAGCATCAA
AATACAGTAACTTCAGGGCAAACCAGAATAACTGAAAGAGCTTGAAGGGGCT TGAAACCCCATATGAACAACAATGTCAA
CCAACCAGAGCTTCCAGGGACTAAGACTATACAAGGACTGACCCTGGGCTCCAACTGCATAGGTAGCAATGAATAGCCTA
GTAAGGCCACCAGT GGAAGGGGAAGCCCTTGGTACTGCCAAGACTGAACCCCCAGTGAATGTGATTGT TGGGGGAGGACG
GTAATGGGGCGAGGATGGGGAGGGGAACACCAATATAGAGGGGAGGGGGAGAGGGAGGGGGATGT TGGCCTGAAAACCTG
GAAAGGGAATAACAATTGTAATGTAAATAAGAAATGGCTCAGTGGTTAGGAGCACTGACTGCTCTCCCATAGGTTCTGAG
TTCAAATCCCAGCAACCACATGGTGGCTCACAGCCATTTGTATGGGATCCGATTCCCTCTTCTGGTGTGTCTGAAGACAG
CAACATTGTACTTATAAATGAATAAACAAATAAATAAATCTTTAAAAAAAAGAAATACCCAATTTAATAAAGATGGAGAA
CAAAAAACAAGAAGATACATTGCTAGGGCTAGAGACATGGCTCAGCAGT TAAGAGCACTGACTGCTCTTCCAGAGGTCCT
GAGTTCAATTCCCAGAACCACATGATGGCTCACAACAATCTGCAATGGGATTCAAAGATCACTTCTGGTGTGTCT AAGA

Aﬂi ~Ljd;JlllEL
CACCGAACCCAGATACTCACTGGAAAGGACCGTACCTGGTGCTGCTGACCACCCTGACAGCCATCAACTCTCAGCCCTCA
CCAGCCGTGTACTAGCTGTTGGGGCTGAGAGCTGGGACCTAGAGCTGGGACCAGT TCTTCAAAAAGCTCCCTAGACTTAA
TTTCATGTTTGCCCCGGGTTTTATCAAGATAGGTGTGGGGATAGGCTTGATTTCTATTACAAATGATGTAACAT TGCATA
TGTTAGTACTCCTAACACTTCTTGGGACTGTGCCTCAGGGATCACAATCTGTATAAGT TTAGAAGT TCTAAAAGCTAGTC
ATGACCTTGGTGTGTAGGTTTAGATAGTGTCCAGATTGGAATCCTGATGCTAAAGACT TAGTAAGACACAAAAAAAGGAG
TTGAGAATTACT TAGGGCTAAGGCTATCTAGGTGCTGCAAGGGCAGCACAAGGACATCTGCTGTTGCAATGCAAGGCTTA
TAGAGAATTCAGAACTGCCATTTAGGAGTAATTAAAGACT CCATGAATAAACT TAGAGAAAGGT TAGACAAAAGGCAGAC
AGAGAAGCGCATCAGGGATGGTTTGAGAGCTGGTTTAGTAGATCTCCTTGGATGACTACTCTGGTATTTTCCCTTATGGG
ACCCTTCTTAGTTTTGCTTCTGCTTCTGATTATAGGTCCATGTGTGTTAGAGAAACTAGTTAATAGGTTTGACTCCTACA
AAAAGATAGAGACGCTCAACAAGGTTGGTTTGAGTCTTGGTTCACTCGGTCTCCCTGGATGACTACCCTACTCTCTGCTA
TATGGCTGGGCCATTACTAATAATTTTCTTGGTTTTAGTTTTTGGACCCTGCGTGACAAACAGGTTAATTGCTTTTGTTA
CAAATCGAGTGAGTGCTGTGCGGTTGGTTCTGAGACAACAGTACCAGTCAGT TAGGACAACTGGTGAGACCAAATAAGAG
ACTTGATATCAAAATTCTAAGATTAGAATTACTTAGTAGAAGAAGAGGGGAATGAAAGGAAAATTATACAGATTTAAGGT
TTAAAAATATGAAGT TAAAAGAGTATGT TTCAACTCAGGACTAAACACTGTGAAAAGCAAGTCCAGGCAGCCCCGCCCTG
CCGCTAGAACTAACAGACCATAAAAGGAAAGGAATGCAGAACAGACCAGGAGTACCGGATCTGACTCACAGGCCACCTGG
CAGGAAGAGATAAGCCCCCAGCCCCCGACATCCAGGACGCCCCAAACCTGCCAATGTGTGTAGCTATACCTTATTACCTC
ATCATGTGAAATAGCCAATCATATGTGAACATGTCTATGTGCCTCGTTTGAATCCACCAATCCCCGTAACTATGCATCTG
CTTCTGTACGCCCGCTTCTGCTTCCCCAATCCCTATAAAAGCCCCATGCTGGAGCTGCTGGGCGCGCAAGT CCTCCGAAG
AGACTGTGTGCCT CAGGTACCTGTGTTTTC%#CCTCTTGCTGATTG@M"" ARAARR

AATTTYGAAGTAAGCCTGCCACCTT TATTTGCCCATGTTGTEGGTGT 1GCAACAAAGACTGGGT CAR
TGTTAGAAAATAGGGT TGGGAGGCAAAAGACTCAACTAGACAAACAGGAGCAAAGGCCATCCTGTGTCCCTGGGAGTATA
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CTGTGTTCACCATTCACCTTGGGCCTCGACGGATTGTTGTGCTTTATGGATACGATGCAGTCAAAGAGGCT TTGGTGGAC 769
PV FTI!I1 HLGPRRTIVV LY GGYDAVIKTEA ALUVD
CAAGCTGAGGAGTTCAGTGGACGTGGCGAACTGCCTACCTTTAATATACTCTTCAAAGGCTATG GTGAGGAGGATACC 847 II
Q A EEF SGRGETILPTTF FNTIILTFIKTGY
ACATTGGGGAGCATGCCCAAGGACATTTGTTGGCCTCATT TAAGTAGCCTTCATCCTAACTCATCTTTCCCCTCAAGGCT 927
GTACATAGTCCTCTGATTTTTCTCTCCATATTCAAGTTGAATGTTGCTTCTTATTGTGACCCTTCCTAGTCTTTCTATGA 1007
TTCTCTGTGGGTGCTTCCTTTCATTCTTCTTCACCCTTTTCTTCCATTCTTTAACCCTCATAATACTAGGTAGGAGATAA 1087
AAAGAGATAGAGGAAAAAGGGGACACTATTGTTAGACTACTTCCTTCTGAGAGGTAATGAGTTCCTTAGGGCAAGTTTGA -~ 1167
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TCATCTCAGTCAGGATATCTAATTTCTTCTTCCTGTTGTTACTTTGCACAAGGCGACTTAACAAAGCACAGCCAACAGCA 1247
ACCAACCAACAACCAAAACCAATCTCTCAAGGCCCTTGCATTAAAATAACCTCTGAGGAATCCCCAGTATCCTAAGGGTC 1327
ACACTCTCAGAAACTATCTGCAGTAGGCAAAATCATACCCCTGCTAGAGCACAAAATAAATCATAGGTCTCTGCTTTGGA 1407
CAATCTGATTCATCCCCATATTGCATACCTGGAATTAAAAAAACATATTCCTATAATATTTCTGTATTTGTCAAAAAAAA 1487
ACAAAATTCTTTTTTTTTTATCTTTAAGTAATACTCCAACTTTATTGAATAAAGGAATAAATGGAGTTTTCAAGTTTTCC 1567
CATCATGGTTATTTTTAAAGCCACCTGATACATGACAGTACTTATCAAAACAAGATGTTTATCTATTTTTGTCATTIGTA 1647
TTTTTGCTTAATTTTATATTCATAATATATTTAAATTAACTAATAGTTCATGGTAACACTTGGCCACACAGGT-1.5 kb 1720
---AATCAATAGTTTTTAAGCTACTAACCCTTTCTAGAGATGATGAAAATAGAAAACTGGAAGAATGCCTAGGTAGCAAA 1797
TGACCTTGGAAGTTAGGGACTAAAAATTTAAGTCCACATCTGTGCAAGATAAAAATTAACTCTTAGTTTGCATAAGCTCT 1877
TATTTTTTTCATAAGTCTTATTTGTTTTTTTATCTTTATTAACTTGAGTATTTCTTATTTACATTTCGATTATTATTCCC 1957
CTTCCCAGTTTCTGGGTGGATGACTCCTTTTTAACTTAGCTGATATTTTTATTCTTCTTAAACATTTATCCACACACAGA 2037
GCATCAGTCGCAGGTCTGAGGCACACCCTGCTAGTGCCTCTGGATTGTTTTTAAAGATCATTTGCTCTTACTTTTCTATC 2117
TATGGGTGTTTTGCTTATGTGTATATGTGTACACAAGTCTGGTGCCCATGGAAGCAAAAAGATGGAGTCAGATCTCCTGA 2197
ACTCCAGGGGTTCCATGAGTTCTATAAGCTGTCAGGCGAGTGCTGGGGT TCAAGCACAGGTCCTCTGCAAGGTCAGCCAG 2277
TGCTCTTGAGTGCAGAGCCAGCTTTGCTGTCCATCCCCCCGCCCCCGCGCATGTATTTTTAAATGTTGTTTTACATATGT 2357
CATGTGTTGTCCCTAAGATGTGTATAATGCTTATAGAACATTACAGTCTGGTAAGTGCTGGCCAAAGTTACAGAAGTATA 2437
AAATGGCCTTGAGCAGCAAAACATTGGTTATAAGCAAGAAAGT TCAAAATAAAGAGAAAATCCACAAAGAGCCAAATATC 2517
TTTATAACATTAATTCTGTGGTTGCGATTTAACACCAAGGGGGTATCTGTTTCCCTGAACTAAGGGGCACAGAAATGGCT 2597
ACTACTACTTAGGGTCAAAATAGTGACTACAGCTCAGGACACATAAGCAAAACCAGAGCCAAAGACCAGGGAGTGGTAAT 2677
AAAATAATAAAAAATCCTGGCTCAGGGATTCGTCCCACCTTTCCCTGGTGAAAGACACACACAGCCTTTATATTTTAGTC 2757
TGCCTTATGCAGCACAATAGCTGGGCAGCTGCCTACCCTCCATGTTGTTAGAATCCATTTCCCTATCAATAGCCTTGAGT 2837
TGATACTTTACAAATTTCCATATTCCATTTTTGCTGTTCTTAACCCAATTTAACAGCCTTCTGGGCCACAATCTCTTGGC 2917
CCTTAGCACATGGTATCTCTCCTTTGCCCTTCTTCTCTTTCTTCTTCCTTGGCTTCCACGGAAGCTCCTCGGTCCCATTC 2997
TCCTTCCTCATGCTCTAGCCAAGGAAACCTAAACCCCTCCTATGTCCCTTCTCCCCAGCTATTAGCTGCTGGCATCTTTA 3077
TTTACCAACCAAAGTAAATGGGGGCAGAGTCCCCCAGGCTAAGGGCAGATTCCAAATCTTAGAAGGCAGCACGAAGCAGT 3157
ATAGTAAACAGTAAAAGAAAAAAACGCAACACCAGAGTACGTTTCTATGTATGCTGTCCTTGCTTTAATGTGGAGTTTCT 3237
GTTTTCAGAAAATGCTCAAATTTGGTTCTTTTAGCCATGTCAGCGACCTGGAGCAGCATTCTGAGTCTCTCTGCTTCTGT 3317
CTGTAACTCTCTGTTTCCTTGCCTGGCTGACTTGTTCCAACTTTCTTACTCTGACTGTGTCTGCTGCAGAGCCTCTGTTC 3397
GTTTCTTCAGTGTTCTTGCCATCTCAATCCCATCTTTGTCTCTTTTCTTTCCTCTAAGAAGGCCTTTCCAGCATGGGCCT 3477
GGGCCTTCCTCAGCCTCAGACTACCTCACCCCAACACCCATGTTCATGTCTCTACAG GTTTTTCATTGAGCAATGTGG 3555

G FSLSNJV
AACAGGCCAAGCGTATCAGGCGCTTCACCATAGCCACAT TGAGAGAT TTTGGTGTGGGCAAGCGTGATGTACAGGAGTGT 3635 ]II
EQAKTRTIPRTPRTPETTIATLRGDTETGVGIKTRDVZ GESC
ATCCTGGAGGAGGCAGGCTATT TGATCAAGACGT TGCAGGGCACTTGTG GTAAGCAAGAGACCATTAAGTGTTTGGGC 3713

I LEEAGTYTLTIKTLG GGTSE
AAGAGAAAGAACATCCCTGACACCTAGACCCTAT GGGT TGTGGAGAAGGAGGACGGCGAAGACCGCCTACCAAACCATCT 3793
CCAGAATCTGGTGCTGAGAGAT TGGTGCCTCACTCCAATTCCCACACCATCTGCTAACTCT TCTCCCTCATAATGCGAAT 3873
GTCATCCAAACAATGTCACCCCTCTCAG  GAGCCCCCATTGACCCTTCCATCTACCTGAGCAAAACAGTCTCCAATGTC 3951

G APIDPSTITYLSEKTVSNUV
ATTAACTCCATTGTCTTCGGGAACCGCTTCGACTATGAGGACAAAGAGTTCTTGTCACTGTTGGAGATGATCGATGAAAT 4031 m

I NS 1V GFGNTPRTFEFDTYTETDTKTETFTLT SLTLTEHMTITDEM
GAATATATTTGCAGCCTCAGCCACAGGGCAG GTAAAAGATTCCAGCTCTGCCAATTGTGCTTATAATGTCCTACATTG 4109

N1TFAASATG.
GCCATACCGACAAAGGGCAAGGACTACCCCAACGCTCATGTCCACAAACATTCCCCTCAAAAACAGAAGCTCCCCTCAAA 4189
ACCAACCTTTACCTTCAGAAAACTGAACCTTTACATCAGAGCCCACAGGAGCTATCCAGT GCTCACAATCTAATGACCTC 4269
TGGATATCTCAAGGGCCTGAGAACAAAGCCCTCTGCTTGGCTCTCTTCCCTGGGCAGGTTTCCCCCGCTTAAATTCTGAC 4349
AGATCCTCTGTGTGGTCGTCCTGAAAGT TGAGACACCTGCCCAAGGGAGACAAGT GATCACCTCAGGCCCCCTCCTCCAR 4429
TCCTGAGCACCTACCTGGTTCTGCAAAACTATGGCCAGTAAAGTCATTCACACTGGACACACTGCTCTCCCAAAAGATCT 4509
CACTGGCACCATGACACGAGAGTCACCTGCT TGTCTCAGGTAAATTCAGGAATGAGTAGACAGGAACCTCAACCAAGGCA 4589
ACCAAGCACAGACCTCTAGATGGACTGTTTCCCCAAACACCCATACGACT GCCAACCAGCCACACACAGTCCAATTCAAA 4869
AAGGTCTGACAGGTGTGTCCCACACCTTATAACCCGAACCATCTTATCCTGAATACTTTACTATGTGGAAAACAGATTCT 4749
AATCTCAAACAAATATCAAGAGAT CTAAATTCAGCCTTCTTTGGTGCCCAAACATCTAAATACTTGAGTCACTGTGATAA 4829
CCCTGGCCTGAACACAGGAAACCTGGATTAATGGTCTAATCAAAAAATCAATTGAATAGT TGAATGTCTGCTAATGTCCC 4909
CTTTTGATCCAGCTCATCCAGATTGTAGGACAATGACCCTCAT TCTTTAAATCAACTAGAAAATTGCAGTCTCTGGGGET 4989
TCAGACTGTTCAGTAGT TTAAGAGCATGTACTGCTCATCCTGAGGACCT GAGT TCAGTTCCCAGTACGTATGCTGGACAT 5069
TGCACAGCTCAAGGGGAGTACACCTGCACT CGTGCACATAAT TAAAAGTAAAATATTCAAATGAATATAAAGAGTTCTTT 5149
CAAGAGTGGAGGTGCTGTTTGTTGCAATTCATCCTAACATAAATACATGAACACCTGGATGAATGACTTAATACAAGTGE 5229
CACTCCCACTCAATGTTGCCACTGACAAGCCTTTTCTTTTCTCCTCCCACCCCCCAG  CTCTATGACATGTTCCATTCA 5307

LYDMPFH S
GTGATGAAGTACCTGCCTGGACCACAGCAACAGAT CATCAAGGT TACTCAGAAACTGGAAGACT TCATGATAGAGAAAGT 5387
VMKTYLPGPO QO QT!TITIKVTO Q@KTLTETDTFMTITETK K.V :SZ:
GAGGCAGAACCATAGTACCCTGGACCCCAAT TCCCCAAGGAACT TCATTGACTCCTTTCTCATCCGCATGCAAGAG GT 5465
R QNHSTLDGPNSPRNTETIDTSTETLTITRMO GE
GATCCCAATCATGGTGGATGGAATGTCTAAGACT GAGCAGCTGGAAATCACCCTAGAAAAGGAGGAGGAATATAAGCCCA 5545
TTAAGTGCCCATGATTCTCCTCACAGTCCCGGTTATAGTTAAACCTCACTCTTTCACCTGT TGAGCCTTATCCAAGCCAG 5625
GGTATGGGTTAGCAAATTACCATGACAACCGATATTCCAGTGTTCCCCTATGAGACACTGT TTTCAGTATTCAACTACTT 5705
AGCATGCACTGAAGCAACTGTCGAAGACCCTGTGGAGCCTAAATTTCGCAAGGAGGGAAAGTGTGCCCAGACTTGCATGE 5785
TAACTTCATGCAGACAGAAAACTGCT TGCCTCTATGGCTCTCAGGATTTTACTATTAGCCACCTGGACTCTAGCATTTCA 5865
TATCTCTGTTAGAAAATACATATCAATACACAACCCTGAACTGGGCAACCTGGGTTGTTGTATTTTTTCTTCTATTATCT 5945
GCTCTAGTAATTATGTATTGTTTTTTATTTTAATGTTGTTTTTCTTTTTTTTTTCATCTTTATTAAATTGAAGATTTCTT 6025
ATTTACATTTAAATTGTTATTCCCCTTCCCGGTTTCCAGGCCAACATTCTCTAACCCCTCCCCTTCCCCTTCTATATGGE 6105
CTTCCCCTTCATATCCTCCCCCCAT TACCACCCT TCCCCCAACAATCACGTTCACTGGGTGTTCAGTCTTGGCAGGACCE 6185
GGGGCTTCCCCTTCCACTGGTGCTCTTACAAGCCTCATTGCT TCCTATGAGGT TGGAGCCCAGGGTCAGTCCATGTGTAG 6265
TCGTCGGGTAGTGGCTTAGTCCCTGGAAGCTCTGGT TGCTTAGCATTGTTGT TCATATAGGGT CTCGACCCCTTCAAGET 6345
CTTACACTCCTTTCGCTGATTCCTTCAACGGGGGTCCCGTTCTCAGTTCAGTGGTTTGCTCCTGGCATTTGCCTATGTAT 6425
TTGCTGTATTCTGGCTGTGTCTCTCAGGAGAGATCCGT TGACCTGCAG--12 kb---GAATTCTTTGTATATATTGGAC 6495
AATAGCCCTCTATCAGATGTACAATTGGTAAAGAGCTTTTCCCAATCTGTTGGTTGTCGTTTTGTCCTAATAACAGTGTC 6575
CTTTGCCTTACAGAAGCTTTGCAATTTTATGAAGTCCCATTTGTTGATTCTTGATCT TAGAGCATAAGCCCTTGGTGTTC 6655
TCTTCAGGAAATTCTCCCATGTGCCCTGTGT TCAAGGCTCTTACCCGCTTTCTCTTCTATTAGTTTCAGTGCATCTGGTT 6735
TTATTTTAATTTTGTTTTATTTTTCTTGTATATTTTTGTACT TACACTTCAAATGCTATCTCCTTTGTACATTCTCTGAT 6815
ATCTCCTCCCTGTCCCCATGCTTCTATGAGGATGCTCT CACT TCCACCCACCCACTCCCACCTCAATGCCTTGACATTCA 6895
CCTACATTGGGGAAATGGGCCT TTACTGGACCAAGGACT TTTCCTCCTATTAATGATGGACAATGCCATCCTCTGCTATA 6975
TATACAGCTGAAGCCATGCTTCCCTCCATTTGTACTCTTTGGTTGGGGGT TTAGTCTCTGGGAGCTCTGAGGGAAGAGTC 7055
TGGTTGGTTGATAATTTTGCTCTTCCAGCCATGAAATGAAAGACAGT CACCTATACAGAGAAACAAGCAAAGCTTCTCCT 7135
GCAAACCAAAGATTCCAAACACAACCTGGACATTGCTTTTCCAACCAT TGGTCTGGACACT TTGAGAACTAGATACAAAG 7215
AAAATTCCAGAAGTGCTGCCACTTGGGTCCATTTCTGAGGAAT TTAATCCACAGT TGATGGCTGCT TAGAGATGATGARA 7295
TCATATTCCTTTGCAGTGTGGCTACTAGTAAATTGCCCTTTCTCAAGTGAAGAACCACTCACCCATATGCATGCAGCCAC 7375
ACCTAATTATAAGCAGATCTCCCCCCAAATAAAAACAGGAAAATATGAGGAAGACT TATTAGAAATTAGAAATGGTTCAA 7455
TAAAATAAAAATAGAGATAATGGAGGGGAATATGTTTAAGGTGCATTTCACATATATGTCTGAAAAATGAAGACTCAAGA 7535
TTCAGTGGGTATGGAATGGGATTCATCTGGGAGGGCT TGAGGGAGGGGTGTGAATGTATTCACAGTACAATAAATGAAAT 7615
TCTCAAAGAAATAATAAAAATATTTATACAATAATGACTAGAAATGT TTTAGAAAATTAAAACCCTTAGTGTTCCCCAAR 7695
AGGAGTACAAAATGATAAATAGATTTGCGTTCTCTCTCTCTCTGTCTCTGTCTCTGTCTCTGTCTCTCTGTCTCICTCTC 7775
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TCTCTCTCTCCCCCCCCAG GAGAAATATGTTAATTCAGAATTCCACATGAACAACCTAGTGATGTCATCATTAGGCCT
E K YV N SEFHMNNLVMS S LG L
CCTCTTTGCTGGGACTGGGTCAGTCAGCTCCACGCTATACCATGGTTTCCTGCTACTCATGAAGCATCCAGATGTGGAAG
L FAGTGSV S STLYHGTFTULTLULMEKIUHPUDVE
GTGAGGCTGGCTGTGTGGCAAGGAAGT TGGGAACCCCAGATTCTCCAACCTGACAATGACCCTCACCTCTCCCAGATC
CCTGGATGCTCAGACATCCTGACTATGCAGACACAGAGGCATATTAAATGCATAAACAGAGTACTAAGTTAAAATATTAA
ACATTCTGAAATTGATTTCCCACTGACTGCCAGATCCCTGTTCTCTGTTCCCTGACTTCTCCTTCTCCCCACCATGATTT
GGTCATGAAAAGGATAAAATGATCCTGGCCAGCATTTAGGTATGGATGTATGTATAGATGGTCTAAATGCATGTTTACAG
AGACATGTAATACATACAGTGGTACACATGTGAACTATTCCACATGCTTTGAGGTCTCTGGATTTTTAGAAACAGCCCAT
CTTCCTTTGTCTTCCAG CCAAGGTCCATGAGGAAATTGAGCGAGTGATCGGCAGGAACCGACAGCCTCAGTATGAGGA
A K VHEETILIERVYV ]I GRNRA QPO QYETSD
CCACATGAAGATGCCCTACACCCAGGCTGTGATCAATGAGATCCAAAGATTTTCTAACTTGGCTCCCTTGGGCATTCCTC
H M KMPYTQAVINETILIQRTFSNLAPLTGTIT®P
GAAGGATTATCAAGAACACAACCTTCCGTGgCT;CT;CCICCgCAﬁG GTGCAGCCAGGCCCACCCAAGTAGGGGCCTC
R R I I K NTTFR
CAACCCACTCCCTGATGCTTCAGGGCCTCTTTCCATCTACAGCCATCTAACTCAACTCTAATTCCTCCAACCAAAGAATT
CACCCACATGTCCCCAACTTCTTGTCACACTGCTTTGAACTCCAAGTTCTATCTGATCTTCTGCCTTACTACTATCCAAT
CTCTCAACTCCTGGGCTAACACACTAACACATTATCTCAGAACATGATTCCCCTAGAGCTCAAATCTCCAATTTCTGGTG
GCACGCATCACAGCCCCTCAAAACTCCTATTCCCTAATGCCCTTTCCTCAGGAGACCCCCAACTCTGTGCCTTTCCGTTC
TCTTCATTTGGACACTAGCACCACTTGGGGTCCTTTCTCCATCAACCCATCTTCTCAAATTTCCTTTCTTTCCTCTTCCA
G GGCACCGATGTATTCCCTATAATAGGTTCTCTGATGACAGAACCAAAGTTCTTCCCTAACCACAAAGACTTCAACCC
G TDVFPI 1 GSLMTETPIKTFTFPNMHTIKUDTFNTEP
CCAGCACTTCCTGGATGACAAGGGACAGT TGAAGAAGAATGCTGCATTTCTCCCTTTTTCCATTG GTAAGGAGACAGT
Q H F L DD KGO Q@LKTIKNAATFTLPTF S I
GGGTTATTAGACCACTGCTCATACCAACAGGGATAACTCATGCCAGTTCCCATCTCTGTGATTCTGCCTAGCATCAGGCT
AACCAGGTACAATCCCTGCACCTCCCAAGCACCACGACTCAGGTCAAAGTATCAATGAGATCAGTGATCTCTTTCAGAGA
CTGGGAAGCGGTTCAGAACACCAAATTTCCCAGGTCATGCTCATGCAAGCAATTTCTTCATACTCTTTTTAAAGCAGTTT
TAAATGATTTTTTTGTTATTTTTTAATAATTCATCTAATGTGCATTGGTGTGAGGTTGTCAGATTCATTAGAACTGGACT
TATAGACATTTTATCTGCCATGTGGGTGCTGAGAATTGAACCTTGGTTCTTCAGAAGAGCAGACAGTGCTCTTAACCAGT
GAGCCATCTCCCAGCCCCATATTCAAATTTTAAAAGGGGATAACAACCAGGTGGTGGTGGTACATGTCTTTAAACCCAGT
ACTCAAGAAGCAGAAGCAGGTGGATATCTAAGTTCAATGCCAGCTGGATCTATAGAGTAAGT TAGAAGAAAACCCAGACT
AAATGGAGGAAACCCTGACTTAAAAAACTAAAAATAAATAAATAATAGATAGATAGATGCATGCATGTATACATACATAT
ATGCATACCTACATGCATGCATACATAGATACATAGATGACTCAGAGATAATTAGATGAATAAATAAATAAACAAGACCA
CAGCAGGCATCCACATCTGAGAATAAAATTAATAATTGGTAGAGGAAGCATCTGGACTCCATATTGCTTCAGCCTACAAT
GAGTTGCCCCACTTTGTGTGTAGGGACACTGGGGTTCTGAGAGGGT TAGGAACCTTTCCTAATGATCACTCATGCTCCAG
GTTAGCACCCCTTTTCCCTAAGAGAACAAGGCTGCTCACTGGGTACTGAGGGAAAGAAGTGAGATCTTGCTCCAAGTCTG
TGCTCCTTACTTCTCTCCTCTTTAG GAAAGCGATTCTGCTTGGGAGATAGCCTGGCTAAAATGGAGCTCTTCCTGCTG
G KR F CL GD S LAKMETILTF L L
CTCACCACCATCTTGCAGAACTTCCGTTTTAAGTTCCCAATGAATCTAGAAGACATCAACGAGTACCCCAGTCCCATAGG
L TT1LQNTFRTFIKTFPMNTILTET DTINEYPSZPTISG
GTTTACCAGGATCATACCAAATTACACCATGAGCTTCATGCCCATC TGA TTCTGAGTTGAATCAAGGTGGGGCAAGAG
F TRI T PNYTMSFMP I
GGAGGGAGAGCCTGAAGTGGGGCCAGGGTGCAGGT GGAGAGAACAGAGAAGATGAAGATGAGGGTTAAGAAGGGACCACA
CCCATGGAAGAAACACAAAAGACTTCTCAGTTTGGTAAAATTGTAACAGTCCTAATAAAAAGAAAGAAACACCCAGTAGG
CAGCAGTAACAACAACTGAGACTCATGGGGCAAAGGTGGCTCACCTCTGCAGAAGCTGTCCTGCCCTTCTCTCACTCAGT
CCTCTACACAAGAGCAGCATGTCCCCAAGCCCAACGTACAGGTTCAAAAGATAGAACTTAAAAAATTTGAACCTAAACTG
AGGTGGAAAAGACACAGTTAGCTAGGATTGACACATTGGACTCTATCACCAGCATTCAGGAGGGAGGGAACATGGCTCCC
TAGGAGGCCTGCCAGAATTACAAAGTGAAACTCATCTCAAAAAAGGAACAACAGAAAATAAAATTTCAAATTGATTTCTC
TTAGACCATAAGAGTCCAGATCTGTATCCAAAGCTATTTGGTTATATTTTTTGTTATTGTTGTTTTGTTTACACATTGTG
TTTTTCTTTCGGTTTGTAAGTCTGTTTGGGATATTTAATTTACATTTACTGATTAGTGTGGGTGGTAGGGCATACCATGG
CTCAAATGTGGAAACCAAAGAAAA?CTTTTGGAAGTGTCATCTCCCTTACAATACGTGTGTCCAAGAACTCAAATTCAGA
+
CAAJAAAGCTTGATAGCAAGCA CTTCTACCTACTGAGACATCTAACTGGCCAATTTAGGGAGTTTATTTTAATTTATT
TACTTACTAATTTATATGAATATAAGTCCTCTATCTGCATGGCCACCTGCGTGGCAGACGAAGGCATCAGATCACTTTAC
AGAAGGTTGAGTCCACCCAGTGGTGGATGGAAATTGAACTCAGGACTTCTAGAAGCCGTCAAATTTTGAGCCACCTCTTC
AACCCCTTAAACAAGTTTCTTAAGGTCACCCTTTCCTCAAATGAAACAACAAGGACTTGGAATATTTTAACATAACCTGA
GTCCTCCTACCTGAGGTGTTGTTTCTACAAGCCTGGCAGGCAACTGATCTACCTCCAACATACACTTTCCAACAGTCTTG
CTTTCTCATCCACACCTTAATCACCTGACACCTGTTGGCCTCAGCCCCTGTGCCAGGTAAGTCCATTTTGTCTGACTCAG
TCAGTCTGGGAGACAAAAATCCCTTTGACAGAATTC

492
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FIGURE 5: Sequence of the CYP242 gene. The sequence of the CYP2A2 gene is shown, and the exons are labeled by Roman numerals at
the right of the figure. The start site at +1 was determined by S1 mapping as described in Figure 2. Regions of interest, including the LINE
sequence, a sequence found upstream of the CYP2A! gene (r), an R.dre.1 repeat, an upstream poly(A) tract and polyadenylation signal, AATAAA,
and direct repeats flanking a putative retroposon are enclosed by lines. The TATA box and the downstream CYP2A42 gene polyadenylation
signal are underlined. The 3’ flanking region of the gene is numbered beginning with +1.

to be a fragment from a rat retrovirus that may have inserted
via a transpositional mechanism. The functional significances
of the B2 repeat and retroviral fragment, if any, are currently
unknown.

Sequence of the CYP2A2 Gene. The sequence of most of
the CYP2A2 gene was determined except for approximately
1.5 and 12 kbp in the second and fifth introns, respectively
(Figure 5). Upstream and downstream DNAs of 5529 and
494 bp, respectively, were also sequenced. The CYP2A2 gene
also had a typical TATA box preceding its transcription start
site but lacked a CCAAT box. Comparison of the CYP2A!
and CYP2A2 upstream DNAs revealed the presence of a 1.6
kbp insertion of DNA between ~165 and —1779 upstream of
the CYP2A2 gene (Figure 5, also see Figure 6). This insertion
can be visualized by the movement of the r fox found in
CYP2A] (Figure 4) to further upstream in CYP2A42 (Figure

5). The 1.6 kbp sequence is flanked by perfect 15 bp direct
repeats S'-AAGAATTTTGAAGTA-3. It also contains a
polyadenylation signal, AATAAA, followed by a segment of
32 adenylate residues immediately before the direct repeat.
This sequence did not display similarity to any sequence in
the Gene Bank, and no large open reading frame was un-
covered. The 1.6 kbp sequence appears to be a retroposon or
processed pseudogene that was inserted just upstream of the
CYP2A2 gene after the duplication of the CYP2A42 locus.

Another notable finding was the presence of segments of
the long interspersed middle repetitive element (LINE) up-
stream of the CYP2A42 gene (Figure 5). Two segments,
spanning 649-1004 bp, were found that were noncollinear with
and from different regions of the consensus LINE sequence
of Soares et al. (1985). Both are in the same orientation as
the consensus sequence. They may have inserted independ-
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Table I: Comparison of the Introns and Exons of the CYP2A! and
CYP2A2 Genes®

length (bp) overlap %
CYP24l  CYP242 {bp) similarities

exon | 177 177 95
intron | 299 465 181 90
exon |l 162 162 94
intron 2 2425 2711 1571 80
exon Il 150 150 86
intron 3 217 217 217 97
exon IV 162 162 89
intron 4 1220 1224 1220 87
exon V 177 177 100
intron 5% 3197 1010 1010 72
1321 1321 84

exon VI 138 138 85
intron 6 441 415 285 85
exon VII 189 189 99
intron 7 432 432 432 71
exon VIII 141 141 91
intron 8 2908 998 421 76
exon 1X 180 180 93

2Sequences were compared by using the Microgenie program. ®Two
separate sequences of the CYP2A2 gene fifth intron were individually
aligned with the fifth intron the CYP2A41/ gene.
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FIGURE 6: Dot matrix analysis of the CYP2A4] and CYP2A2 genes.
Dot matrix comparisons were generated from the data in Figures 4
and 5 using the Microgenie program. A dot is produced whenever
a segment of 15 residues exists between the two genes that displays
=78% sequence similarity.

ently, upstream of the CYP2A42 gene, or may have inserted
as a single unit and then undergone rearrangement. The
functional significance of these repetitive elements in the eu-
karyote genome is still controversial, although some LINE
sequences are transcribed.

Sequence alignments of the first intron in the two genes
revealed an extra 174 bp in the CYP2A2 gene (Figure 5). This
represents an insertion of an R.dre.l repetitive element
(Rogers, 1985) that is flanked by a 12 bp direct repeat 5’-
AAGATAAGGAGC-3.

Gene Conversions. In an earlier report, we uncovered re-
gions of high nucleotide similarity interspersed with regions
of low similarity between the CYP1A! and CYPIA2 cDNAs
(Matsunaga et al., 1988). Dot matrix analysis of the CYP2AI
and CYP2A2 gene sequences further confirmed that the sim-
ilarities between these two genes are quite high and extend
in the introns (Figure 6). These data indicate that a rear-
rangement has occurred between DNA in intron 5 of CYP2A42
and the 3’ flanking region of the CYP2AI gene.

Alignments of sequences within individual exons revealed
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FIGURE 7: Transcription of the CYP2A/[ and CYP2A2 genes. The
CYP2AI and CYP2A2 templates were subcloned from ArTM45 and
ArTM27, respectively (Figure 1). The Al and A2 primer is the same
as that used for primer extension in Figure 3. The TK primer was
the same as that described by Graves et al. (1985). The molecular
weight size standards (M) were derived from a Hpall digest of pUC19
and labeled by Klenow polymerase. Two additional fragments of 80
and 90 bp were prepared from restriction fragments of the CYP2A1
gene. The contents of each transcription reaction and the primers
used to analyze the DNAs are shown at the top of the figure.
Primer-extended fragments were electrophoresed on an 8% poly-
acrylamide gel containing 50% urea.

that exons V and VII displayed 100% and 99% similarity,
respectively, while all other exons demonstrated from 85% to
95% similarity (Table I). These data indicated that gene
conversions may have occurred between portions of the
CYP2AI and CYP2A2 that encompased exons V and VII.
The introns bracketing these two exons, however, do not display
as high a similarity as the exonic DNA. These data indicate
cither that the putative gene conversions did not involve introns
or that these conversions occurred sufficiently long ago so that
the introns have begun to diverge. Without clear evidence of
intron involvement, the role of gene conversions in generating
the high similarity between the two genes within exons V and
VII remains speculative. Therefore, it cannot be ruled out that
the high nucleotide similarities of exonic DNA are due to
functional conservation of mRNA structure.

The role of gene conversions in P450 evolution is still un-
clear. It has been suggested that conversions are occurring
continuously along with other processes of DNA turnover and
that converted segments within genes are fixed in populations
by genetic drift, natural selection, or some other mechanism
(Dover, 1987). The possibility exists that converted segments
within P450 genes could enhance the catalytic capacities of
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FIGURE 8: Southern blot analysis of DNAs from livers of several
backcross mice. The DNA was digested with EcoR1, and the blots
were hybridized with nick-translated CYP2A] cDNA insert. The
9 kbp fragment (arrow) is present in NFS/N parental DNA and not
in M. m. musculus DNA. Thirty-nine out of 72 backcross mice
examined possessed this fragment.

these enzymes toward a new environmental or dietary toxin,
hence rendering the organism a selective advantage.

Another noteworthy finding was the low 71% similarity of
intron 7 between the two genes (Table I). This is surprising
since exons VII and VIII, that bracket this intron, display 99%
and 91% similarities, respectively, between CYP2A4! and
CYP2A2. Perhaps intron 7 underwent a gene conversion with
the seventh intron of yet a third gene in the CYP2A subfamily.
Alternatively, this intron may have diverged more rapidly than
the others.

In Vitro Transcription of the CYP2AI and CYP2A2 Genes.
To determine if the CYP2A! and CYP2A2 promoters were
competent in a cell-free nuclear transcription extract, in vitro
transcription was carried out using templates derived from the
genomic clones. A plasmid construct, derived from CYP2AI,
containing about —6 kbp upstream and 1.5 kbp downstream,
including the first and second exons and part of the second
intron, was used to determine the transcriptional activity of
the CYP2AI promoter. To determine the activity of the
CYP2A2 promoter, a plasmid containing —6 kbp of upstream
DNA and 1.5 kbp of downstream DNA was analyzed as a
transcription template. Transcription products were measured
by using a primer extension assay, which results in precise
quantitation of correctly initiated transcripts. As an internal
control, the human Herpes simplex virus thymidine kinase
(TK) gene under control of the MSV LTR promoter (desig-
nated MSV-TK) was analyzed (Graves et al., 1985).

Both genes were accurately transcribed in the cell-free ex-
tract derived from adult male liver (Figure 7). In the absence
of extract, no RNA was produced from either the CYP2A!
or the CYP2A2 promoter (Figure 7, lanes 1 and 6, respec-
tively). When extract was included, primer-extended frag-
ments of 81 and 82 bp, corresponding to the cluster of start
sites detected in Figures 2 and 3, were found (Figure 7, lanes
2,3,7,and 8). The presence of these extended fragments was
absolutely dependent on the appropriate primer as shown in
Figure 7, lanes 4 and 9. The CYP2AI promoter was about
S-fold more active than the CYP242 promoter. This is most
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Table Il: Linkage Analysis of the Cyp2a Gene Subfamily in an
Interspecies Backcross®

inheritance of NFS/N allele

no. of

Cypala Gpi-1 Fes mice
parental + + + 21
= - - 14
single recombinant + + + 3
- - + 7
+ - - 0
- + + 2

?Forty-seven mice of the backcross (NFS/N X M. m. musculus) Fl
X M. m. musculus were typed for RFLPs at Cyp2a and Fes by
Southern blot analysis (Figure 8) and for isozyme variants at Gpi-I by
starch gel electrophoresis of kidney extracts. The recombination fre-
quencies were the following: Cypla, Gpi-1,r=2/41=43 %29 cM;
Cyp2a, Fes, r = 12/47 = 25.5 £ 6.3 cM; Gpi-1, Fes,r = 10/47 = 21.2
+ 59 cM.

apparent in Figure 7, lanes 3 and 8, in which the MSV-TK
promoter is transcribed simultaneously with the CYP2A! and
CYP2A2 promoters, respectively. A similar ratio of relative
transcription activities between CYP2A1 and CYP2A2 genes
(or promoters) was also observed when much smaller con-
structs were used as templates, for example, plasmid constructs
containing —74 to +169 from the transcription start site.2
Since the =74 to +169 construct of the CYP2AI gene does
not contain the reverse CCAAT sequence described previously,
it is questionable whether this sequence is important in the
basal transcription activities of the CYP2A/ gene, at least in
the liver in vitro transcription system.

It was previously established that the CYP2AI gene was
expressed in livers of male and female rats soon after birth
and is then suppressed in male liver at the onset of puberty,
while the CYP2A2 gene is expressed only in adult males and
not in females (Matsunaga et al., 1988). However, in the in
vitro transcription assay, both genes are expressed in adult male
liver nuclear extracts. The same result was found in extracts
prepared from adult female rats, suggesting that the in vitro
system does not reflect the in vivo transcriptional activities of
these genes. The possibility exists that the extract system of
Gorski et al. (1986) does not contain all the factors necessary
for regulation of the CYP2A4 genes. Alternatively, perhaps
a higher ordered chromatin structure or remote sequence
elements are needed in vivo that cannot be achieved in vitro.
In any case, we believe that high basal activity that is removed
from regulatory constraints is being expressed in the nuclear
transcription extract system of Gorski et al. (1986).

Linkage Analysis Mapping of the CYP2A Locus in Mice.
The CYP2A locus was regionally localized on mouse chro-
mosome 7 using the linkage analysis strategy of an interspecies
backcross of NFS/N and M. m. musculus mice as described
by Guenet (1986). EcoRI digestion of DNAs from parental
mice produced multiple fragments reactive with the CYP2A!
cDNA probe with a single 9 kbp fragment detected only in
the NFS/N parental DNA (Figure 8). This fragment was
found in 39 of 72 backcross mice, and its inheritance was
compared with that of other markers on chromosome 7. These
data revealed that the Cyp2a locus in mice is closely linked
to Gpi-1 with the gene order centromere Cyp2a-Gpi-1-Fes
(Table 11). This result supports and extends an earlier study
using the CYP2A43 probe in which the Cyp2a locus was
mapped to chromosome 7 using the somatic cell hybrid
mapping strategy (Kimura et al., 1989).

It is likely that the mouse CYP2A family is tightly linked
to the CYP2B subfamily since both gene clusters are found

2 Nomoto and Gonzalez, unpublished results.
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on a single 350 kbp fragment of human chromosome 19 (Miles
et al., 1989). The CYP2E subfamily, on the other hand, is
found on chromosome 7 in mouse but, in contrast to the
CYP2A4 and CYP2B subfamilies, is located on human chro-
mosome 10 (Umeno et al., 1988b). On the basis of conser-
vation of linkage groups between human and mouse (Nadeau,
1989), these data indicate that the CYP2E subfamily is not
near to the CYP2A4 and CYP2B subfamilies. Two other CYP2
subfamilies, CYP2C and CYP2D, are located on different
mouse and human chromosomes. The CYP2C subfamily is
located on human chromosome 10 (Umeno et al., 1988b) and
mouse chromosome 19 (Meehan et al., 1988). The CYP2D
subfamily is found on human chromosome 22 (Gonzalez et
al., 1988) and mouse chromosome 15 (Gonzalez et al., 1987).
These types of comparisons should provide more insight into
the evolution and divergence of P450 gene clusters within the
CYP2 gene family.
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