
Biochemistry 1990, 29, 1329-1341 1329 

Phillips, I .  R., Sato, R., & Waterman, M. R. (1989) DNA 

Nelson, D. R., & Strobel, A. W. (1987) Mol. Biol. Evol. 4, 

Omura, T., & Sato, R. (1964) J .  Biol. Chem. 239,2379-2385. 
Raunio, H., Syngelma, T., Pasanen, M., Juvonen, R., Hon- 

kakoski, P., Kairaluoma, M. A., Sotaniemi, E., Lang, M. 
A., & Pelkonen, 0. (1988) Biochem. Pharmacol. 37, 
3 889-3 895. 

Sanger, R. C., Nicklen, S . ,  & Coulson, A. R. (1977) Proc. 
Natl. Acad. Sci. U.S.A. 74, 5463-5467. 

Squires, E. J., & Negishi, M. (1988) J .  Biol. Chem. 263, 

Towbin, H., Staehlin, T., & Gordin, J. (1979) Proc. Natl. 

8, 1-13. 

572-593. 

4 166-41 7 1 .  

Acad. Sci. U.S.A. 76, 4350-4354. 
Watson, C. J., & Jackson, J. F. (1985) in DNA Cloning 

(Glover, D. M., Ed.) Vol. 1, pp 79-88, IRL Press, Oxford. 
Waxman, D. J. (1988) Biochem. Pharmacol. 37, 71-84. 
Waxman, D. J., Attisano, C., Guengerich, F. P., & Lapenson, 

D. P. (1988) Arch. Biochem. Biophys. 263,424-436. 
Yamano, S . ,  Aoyama, T., McBride, 0. W., Hardwick, J. P., 

Gelboin, H. V., & Gonzalez, F. J. (1989a) Mol. Pharmacol. 

Yamano, S., Nagata, K., Yamazoe, Y.,  Kato, R., Gelboin, H. 
V., & Gonzalez, F. J. (1989b) Nucleic Acids Res. 17,4888. 

Yamano, S . ,  Nhamburo, P. T., Aoyama, T., Meyer, U. A., 
Inaba, T., Kalow, W., Gelboin, H. V., McBride, 0. W., & 
Gonzalez, F. J. (1989~) Biochemistry 28, 7340-7348. 

35, 83-88. 

Structure and in Vitro Transcription of the Rat CYP2Al and CYP2A2 Genes and 
Regional Localization of the CYP2A Gene Subfamily on Mouse Chromosome 7 

Tamihide Matsunaga,*.i Minoru Nomoto,*ill Christine A. Kozak,I and Frank J. Gonzalez*.t 
Laboratory of Molecular Carcinogenesis, National Cancer Institute, and Laboratory of Molecular Microbiology, National 

Institute of Allergy and Infectious Disease, National Institutes of Health, Bethesda, Maryland 20892 
Received August 25, 1989; Revised Manuscript Received October 6, 1989 

ABSTRACT: The CYPZAI and CYPZA2 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 CYPZAl gene was completely 
sequenced and spanned 12 835 bp. The CYP2A2 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 CYPZAl. Both genes possess nine 
exons that displayed overall 93% nucleotide similarity. DNA 4544 and 5529 bp upstream from the CYPZAZ 
and CYPZAZ 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. CYPZAl, 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 CYPZAl 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 CYPZA2 
gene that appears to be a retropseudogene. A nuclear extract derived from adult hepatocytes was used to 
direct in vitro transcription of the CYPZAI 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 CYP2Al gene is expressed in adult female rats while the CYPZAZ gene is expressed exclusively 
in adult males. The CYPZAl promoter was more actively expressed in both extracts than that of CYPZAZ. 
By analyzing the segregation pattern of CYPZA genes in backcross offspring from an interspecies cross between 
the laboratory strain NFS/N and the wild mouse Mus musculus muscuius, the Cyp2a subfamily was mapped 
proximal to the Gpi-1 locus near the centromere on chromosome 7. 

T e  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 
nated IIA1, 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 ai., 
1983; Wood et al., 1983) and progesterone (Swinney et al,, 
1 987). IIAl catalyzes the 7a-hydroxylation of these steroids 
and also produces low levels of 6a-hydroxysteroid metabolites. 

gene. This enzyme, 
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FIGURE 1: Partial restriction maps and structural diagrams of the CYPZAl (A) nd CYP2A2 (B) genes. The 3mplete 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 IIA2, 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 CYPZAl and CYP2A2 genes are differentially regulated. 
The CYP2A1 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 CYP2A gene subfamily, we isolated and 
sequenced the CYP2Al 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 CYP2A subfamily 

The nomenclature used in this report is that described by Nebert et 
al. (1989). The CYP2A1 gene product has been designated IIAl 
(Matsunaga et al., 1988), P450a (Ryan et al., 1982), P450 3 (Waxman 
et al., 1983), and P4SO UT-F (Guengerich et al., 1982). The CYP2A2 
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 CYPZA and CypZa, respectively, and genes encoding IIAl 
and IIA2 are denoted CYP2A1 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 CYP2Al and CYP2A2 
Genes. A genomic library was constructed in the vector 
XEMBL3 using Sprague Dawley DNA partially digested with 
Sau3AI as described previously (Umeno et al., 1988a). The 
library was screened by plaque hybridization using the IIAl 
cDNA probe (Nagata et al., 1987). Two amplified rat ge- 
nomic libraries, constructed in the vector Charon 4A using 
EcoRI and HaeIII 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 CYP2Al 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. 

SI mapping was performed as described by Sharp et al. 
(1 980). The CYP2Al gene was mapped by using an AccI- 
EcoRI fragment (positions 188 to -465, Figure 4). The 
CYPZA2 gene was mapped by using an AccI-KpnI fragment 
(positions 188 to -254, Figure 4). The fragments were labeled 
with T4 polynucleotide kinase and [y3*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 SI 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 CYPZAl gene, Figure 4). The 
primer was 5' labeled with [Y-~~PIATP, annealed with 10 pg 
of poly(A) RNA, and then extended with reverse transcriptase 
(Life Sciences, Inc., St. Petersburg, FL). Products of S1 
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 SI 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 1 5-week-old male rats were homogenized in the presence 
of a mixture of protease inhibitors (10 pg/mL trypsin inhibitor, 
5 pg/mL aprotinin, 2 pg/mL antipine, 2 pg/mL chymostatin, 
2 pg/mL pepstatin A, and 2 pg/mL leupeptin). Nuclear 
extracts were quick-frozen in liquid nitrogen and stored in 
aliquots at -70 OC until use. Transcription reactions (30 pL) 
contained 90 ng of supercoiled plasmid DNA template (test 
plasmid), 10 ng of MSV-TK construct (control plasmid), 1 
pg of pUC 19 (nonspecific competitor), and 1.6 mg/mL nu- 
clear extract protein in a buffer containing 6 mM MgCI2, 50 
m M  KCI, 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 OC for 60 min and then terminated by 
the addition of 170 pL of a stop buffer containing 1 % SDS, 
IO mM EDTA, 0.2 mg/mL proteinase K, 50 pg/mL yeast 
tRNA, and 0.3 M sodium acetate, pH 7.5. The reaction 
mixtures were further incubated at 50 OC for 30 min, extracted 
with 1 :I  phenol/chloroform, and then precipitated with eth- 
anol. The dried pellets were resuspended in 10.5 pL of distilled 
H,O. 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 IO9 dpm/pg, respectively) and a hybridization 
buffer were added to final 0.25 M KCI, 20 mM Tris-HCI, pH 
8.0, and 1 mM EDTA (final volume 25 pL). The annealing 
reactions were carried out at 65 OC for 90 min, and then the 
mixtures were allowed to cool to rmm 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 MgCI2, 40 mM Tris-HC1, pH 8.3, and 5 units 
of reverse transcriptase was added to the transcription reaction 
mixture (final volume 75 pL). The reactions were carried out 
at 37 OC for 45 min and terminated by addition of 75 pL of 
a stop buffer containing 0.6 M sodium acetate, pH 5.2, and 
20 mM EDTA. The mixtures were extracted with 1:l phe- 
nol/chloroform and then precipitated with ethanol. Dried 
pellets were dissolved in 80% deionized formamide containing 
0.0 1 % xylene cyano1 and 0.0 1% bromophenol blue and loaded 
on a 8% polyacrylamide/50% urea-containing 1 .O-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 FI 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 
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FIGURE 2: SI nuclease analysis of the CYP2AI and CYf2A2 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 pg) and digested with 20 
units (lane 1 )  and 200 units (lane 2) of SI 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 SI -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 SI fragment. 

several restriction enzymes and subjected to Southern blotting 
and hybridization with the IIAl 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 CYP2Al and cYP2A2 Genes. Sau3A1, 
EcoRI, and HaeIII genomic libraries were screened to isolate 
the complete CYP2Al and CYP2A2 genes. The EcoRI re- 
striction maps and the intron and exon structures of the 
CYPZAl and CYP2A2 genes are shown in Figure 1A and 
Figure IB, 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 CYP2Af gene. The 
position of the primer used for primer extension is shown in Figure 
4. Poly(A)-selected RNA (10 pg) from adult female rats was used. 
Yeast tRNA was used as a control. A sequencing ladder of M 13 mpl8 
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 CYP2Af gene 
(Figure 4). 

Matsunaga et al. 

were constructed by using different restriction enzymes. Both 
genes possess nine exons, and the CYP2A2 gene is almost twice 
as long as CYP2A1. This is primarily due to a 14 kbp fifth 
intron in CYP2A2. Subclones of each gene were produced in 
pUC9 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 
CYP2A1 and CYP2A2 Genes. SI mapping was carried out 
to determine the transcription start sites of the CYP2A genes. 
The CYP2A1 gene is expressed in adult females while the 
CYf  2A2 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 CYf2A1 and CYP2A2 genes. The 
adult female RNA protected the AccI-EcoRI fragment that 
was derived from the 5' end of the CYP2A I gene (Figure 2, 
left panel). Four fragments were produced of 185, 186, 187, 
and 188 nucleotides after digestion with 20 units of SI 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-KpnI fragment derived from the 
CYf2A2 gene was used to protect adult male RNA (Figure 
2, right panel). Primer extension analysis of the CYPZAZ 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 SI mapping products 
after treatment with 200 units of SI nuclease (Figure 2). The 
primer extension result suggests that the multiple fragments 
detected by SI mapping are due to SI "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 M 13 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 CYP2A1 Gene. The sequence of the 
CYP2Al gene spans 12 835 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 IIAl (Matsunaga et al., 1988). Analysis of the 
CYP2A1 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 IIA 1 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 CYP2A1 
gene contained a typical TATA box at -27 to -24 bp and a 
reverse 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-4501 I A l  GENE GAATTCTAGTACGGTAGCCCTGGCTTTCATCAACTAGTTAGTGCCAAATATTTGAGAAAAGTTA 
CAGGTTCAAGCTAATAAAAGTTGCAGAGAGTATAAAAGAATGCAGATTAGACAAGAAAAAATTAATTAGAGCCCTTCTAG 
CCAACAAAGCCTCAGATCCAGGAGAAAAGACTACCATAGAAATGGCCAAAGGCTTATTTATCAAAGAAACTGGGCTCAGT 
GGCAGCAGGATGACCACCTTGCCTGTGTTTATTGTTGCCACAGCACTGTTGGATAAAGATGCAAATAAATTAACTTTGGG 
ACAGAAGTTGATCATGACTGCTCCTCCCCCTGCCCCCGCAATTCTGATTGAGGCTCAGTMTGCCTACATGCTTCATTAT 
CACACTTTACTAATCAGCCCTGGCTGAGATATTTTCCAGCCACCTGTTTCCCTGAACCCTGCGACTCTTCCACCCMCCC 
TGACTTGGGCTGTCCACTTCATCAATTCGATGAGGTTCAGGCCCAGATACACMTACCAGACCTTACTTGAGGMCTCTC 
ATCCATCAGAAACAGAGCATACCTGGTTCACGGACAGAAGTAGCTTCATCCATMGGGTCAGAGGAGMCAGGGGCAGCA 
ATAACAACAGAAGGAAAGGTAATCTGGACTCAGTCTCTTCCTTCCAGGCACTTCMCTCMMGMCAAACTMGMCAT 
TAACACAAGTCCTCATCATGGG~GGACTGGCTGTTAGCATCTGCAGGGACAGCCAGATATGCATTTACMCTACTCA 
T G T G C A C G G A G C C A T T T A C M G G M C M C A G C T C C T A A C A G C A G A A G G A A A M C T G T C A G ~ T A A A G A T ~ C T C T A C  
AGGACATCAAAAAGAAACCAATGGCTAGAGATAACAGTCTGACTGATMGGCTTCTMGMGGTAGCCTTAAAGG~CA 
GCCAACACTAGATTGGCCATTGTCCTACCTGAACCACCTAGAGTAACTGAT~TGCAGAAAAAGAAATTTGGGCTG 
GTGATGGTCAACTGAAGGTAAGCGAATATTGCCCACTTCTCAGMAGATCCACAGTCACTCACTTGGGAGTMMTGAAT 
GACAAACTTTAAAGTTTGCCAGCTGACCMCACTCACAGGAAGCCCAMCATCCAAATTCCTGACTGCGAGTTMGAGAC 

TGAAGAGATTTCACCAAGGTGCGACTAAACCCATGTGAMATGGCAATTCATCATCCTGTTGATCATGATCACCACCTGG 
GTGTACAACAACCACACCAGACCAGTTCCTCCAATGAAGAACTCTGCCTGGCTCCAGCTGTACCMAATAGAGGGTTCM 
AAGGACACCAAGCCCTTCAAGTTAAAGTTGACTCAGTCTCAGTCCTGAGTCTCTTGCCCCTGCTAACTCTATGTCTATAT 
ATACTGTATGTCTTAGATCCCCCCCTGTTAGGAAGGTACCCTAGCTGGATCCTTGATMTTTTACTTTTATTTCTGACTT 
TTGGCCCCTGTATTTTAAGTTGCTTAGTAGTTTATAAGAGAATTCAGTCAAGTTMTTATCTTAAGGCAACACTATCTAC 
AGCTGGAAGCAGGGAAGCAAGCATATGAGTTAGAAGACTATAAGCTTCMGATCAAAGCTATGCTAAAAGAAAAGGGGGG 
AATGAAAAGCCAGAGTTGGGGTCMTCTGAGGCCAATGAGAAAMCCCACCATTAACATCCMGCACAGMCGACCCTTC 
TCTTCCAGAAAGAGTAAAGCTAGTTTAGTTCCTGGAACAGCTACAAGCCMACTGTTGMCAAAGCCACATGTAACTCCC 
CATCCAACCTCCAGAAAGTCCCAGAATGGCACACTGACCACAAGTCATTTTGGAGGTTACTTCACCCCACTAATAGTAGT 
ACTCTTCCTAGTTACTGTTGTGCAAATTCTGCCCCMTTGTTTGTMGGTATATACAGACCCAGTTAGAGTCTGCTCAGG 
GTCTTCTCTTTCTGAAAGGGAGTCMCCCCGACGCATTAAAATAAAGCTAGTCTTGGTTTTGCATTGATTAGCACCTCCT 
TGAGTCTCACTCAAGGGGTCCCGGAAAGGGTCAGATTAGACCTCATATACCTCTGAGCACAGCTTGTATGGTGACTMGA 
TACAGGATACCCACAGGCTGGGATTAGAGAGTTTAAACCAMGATCTTTCATCCATGTGCTCCATGCCTGCCCTGTGCCC 
AGGGGGMACATGGATTCTAATTACAGAAGCCTCCCTAAGGATCTTMTGGGMCCMGTAGGAGACTTTTCCAGTTAGA 
AGCCTTCTGACAACTGGGGTTTCCCCATATTGGTAGTTTAGGTTGTTATTTCAC~CTACMTTCCTTCACCMCTGG 
AGTTCTGAGTTATTCTCCTCTAGTCTGGAAAATGATCTGCTAAAATATAGCTGTGGTTTTCTACCCTTTTC~GCCATA 
CATAGACAGGGMGGTTGCCCATCCTTCCCTGAAGTTGAAGATCCTTTTAGAAGTCMTGCACCCATCAGTGGTGAT~ 
TGCCTTTAATCCCAGTATGCAGCAAACTCTGTGAGTTTGACGCCAAATTGGTCTACAGAGTGTGTTCTAGMCAGTCAGA 
GCTAAAGAGAGAAACACTCTGTGGAAAAGAAAGAMGAAAAAAGMAGGMGGAAAGMGGMGGMGGAAGGMGGMG 
GAAGGAAGGAAGGAAGGMGGAAMAGAAAGGAAGGAAGGAAAAAGGTACAGAGAGAGGGAAAGAGGGAGGGAG~T 
AACATATATGAAGACACAGTACAGGACCAATCTGGGCTCAGGTGCCCACTTTAGTCTCCTACTGGAATTTTCATCCACTT 
GTACCAGAAACTCAGCACCCACAGATCCTTCTTGCCATGTGACCTTCCAGTCCATAGTTTGGMTCTTTCCTGTTTTCCT 
TACTAATATTTTTCTCCTAATAAAAAGACTAAACCATCTAGACTCTAGGACTCCAGAGATGACTCTGTGGGTMGAGCAC 
TTGTTGCTCTTGTAGAAGACCCAGGTTTTATTCCTAGAACCCACATGGTGGCTTACMCCATGTGTGACCCCATTTCCAA 

ATCAGCCTGTCAATCCTCACTGGCCACT ATGCTGGACACAGGACTGCTTCTGGTGGTCATA 
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~TCATGCTCTTGGTGTCCCTCTGGCAGCAGAAAATCAGGGGGAGATTGCCTCCAGGACCCACTCCTTTGCCTTTCATTGG 
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AAATTATCTGCAGCTGAATACAAAAGACGTATACAGTTCCATCACACAG GTATCACTGGATGAGGGGATGGATGGGAC 
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ATGGGAGCACAAGAGGCTGTGATGTTTTGCATGTTTTGTGGCAGAAGATTCATAGAGGAATCCAAAGTCTTGTATTAGTG 
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TTCTTTGTTTTTCAATCATTTATTTGTAGAGTAACACATAATCTGACCTCTGTGTACTGGTCCAGTTCAGTGAATAAGTC 
ATCTAACAGCCCCCATCTACCCCACATCAG CTCAGTGAGCGCTATGGTCCTGTGTTCACCATCCACCTTGGGCCTCGC 

L S E R Y G P V F T I H L G P R  
CGGGTTGTGGTGCTTTATGGATACGATGCAGTCAAAGAGGCTTTGGTGGACCAAGCTGAGGAGTTCAGTGGACGAGGCGA 
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ACAGGCTACCTACAATACACTCTTCAAAGGCTATG GTGAGGAGGATACCACATTGGGGAACATGCCCAAGGACATTTG 

TTGGCGTCATTTAAGTAGCCTTCATACTAACTCATCTCTCCCTCAAGGCTGTACAGAGTTCTCTGAATTTCTCTCCATAT 
CCATGTTGAATGTTGGCTCTCATTGTGACCCTCCCTAGCATTTCTGAGATTGAAAACAGACTTTTGCAAATTCTGTGGGT 
TCTTTCTTCCATCCTTCTCTACCGTTTTCTTCCGCCCTTTCTACCACCTATCACTAGATAGGAAAGAAAAGGAGATAGAG 
GTGAAAGGGGACATTACTGTTAGATTATTTCCTGCTGATTAGGAGTGACGAGCTCCTTAGGGMAGTTTTATCTTCTCTG 
TCAGGATATCTAATTTCTTCTTGTTGTTATTTCTTTACATAAGACTACTTAACAAATCACAAGCAACAGCMCTAACCAA 
TAGCCAAAACCAATTTCTCAGGGTCCTTGCATTTACACAACCTTGAGGAGTCCCAGTATCCTGAGTGTCACACACTCTCA 
GAAACTATCTGCAGCTGGCAMATCATAACCTCCTGCTTTGGACMCCTGAACCAGCCCCATATGCCATACCTGGGAGTA 
AACAGAAACATATTTCTATAATAGTTCTGTATTTTTCAAAGAAATCAAATTTCTTACTACATCTGGCCATTGCTGCTCTT 
CTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCACACACACACACACACACACACACACAAACACACACACACA 
AACACACACACACAAACACACACACACAAACACACACACACACAAACACACACACACAAACACACACACACGCACGCACA 
CACACACAACCTCTCGGCATTCTCCTAGATGGATGACTCCTTTTTAATTTAGCTGATATTTTTATCCTTCTTAAACATTT 
ATCCACACACAGAGCATCAGTTGCAGGTCTCAGGCATTCACTCCTGATGCCTCTGGATTGGTTTTTTAGATTCTTTGTTC 
TTACTTTTCCATCTATGGGTGCTGGGCTCTCAAGCACATCTCTGCACAGTGTGTGTGCCTGGTGCCCATGGMGCAAMA 
GATGGAGTCAGATCTCCTGAACTCCAGGGGTTCCCTGAGTTCCAGGGTTATGAGCTGCCAGGTGAGTGCTGGGGTACAAG 
CACAGGTCCTCTGCAAGGTCAGCCAGTGCTCTTGAGTGCAGAGCCAGCTTTGCTGCCCCCCACTGCCTGTATTTTTAAAT 
GCTGTTTTACATACTCCATGTGTTGTCCCTAAGATGTGTATAATGCTTATAGAACGTCACAGTCTGGTAAGTGCTGGCCA 
AAGCTACAGAAGTATAAAATGGCCTTGAACAGCAAAACACTGGTTATAAGCAAGAAAGGTCAAAATAAAGAGMAATCCA 
CAAAGAGCCAAATATCTTTATAACATTAATTCTGTAGTTAAAATTTAACACAGAGAGTGTATCTCGTTCCTTGAAGAACT 
GAAGGACACACAAATGACTACTTCTACCTAGGGTCAAAATATAGCGGTGACTACAGCTCAAGACACACAAAACCAGAGTC 

P A T Y N T L F K G Y  
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AAGAATCAGGGAGTGGTAATAAAATAATAAAAAATCCTGGCTCAGGGTTTCTTCCCACCTTTCCCTGATGAAAGGCACAC 
ACAGCCTTTATATTTTAGTCTGCCTTATGCAGCACAATAGCTGGGCAGCTGCCTACCCTCCATGCTGTTAGAATCCATTT 
TCCTATTGAAAGCCCCAAGTTAATACTTTACAAGTTTCTTTATACCATATTTGCTATTCTTGACCCAACTGAGGAGCCCT 
TTTGGCCACACTGTCTTGGCCCATAGCACATGGTGTCTCTCCTTCTACCTTCTGCTCTTTCTTCTTCCATGGCTTCCACA 
GAGGCTCCTCAATCCCATTCTCCTTCCTCATGCTCTCTAGCCCCAGAAAACTAAGCACCACAAGTCTCTTCTCCCAGCTA 
TTAGCTGCTGACATCTTTATTTACCAATCAGAATGAACTGCGGGCAGGATCACTCAGACAMCTACAGACTCCMATCTT 
AGAGGCCAACACTTACTGTTATAGGAAACAATAAAAGACAAAAACCTCAACACCAGGGTATGTTTCTGGGTAGGCTGTCC 
TTGCTTTAATCGCCATTTGCTGTTTTCAGAAAATGCTCAATATTGATTGATTTTGCCATTTCCAGGACCCTTTGCTGCAT TC~CTCTGTAAC~CTCTT~TTATTTGCCTGGCTGACTTGTTTCAACTTTCTTTCTCTGACTGTGTCTGATGCACAGTCTG 
TGTTTGTGTCTTTTGTGTCCTTGCCATTTCTATCCAACTTTGTCTCTTTTCTTTCCCCCTTAGMCCCCTTTCCAGGGTG 
GGCCTCATCCATCCTCAGCCTCAGTCTACTTCTCCTGACCCCTTATATTTATATCTCTACAG GCGTGGCATTCAGCAG 

G V A F S S  
TGGGGAGCGGGCAAAACAACTCAGGCGCCTCTCTATAGCCACATTGAGAGATTTTGGTGTGGGCAAGCGTGGTGTAGAGG 

G E R A K P L R R L S I A T L R D F G V G K R G V E  
AGCGTATCCTGGAGGAGGCAGGCTATTTGATCAAGATGTTGCAGGGCACTTGTG GTAAGCAAGAGACCATTAAGTGTT 
E R I L E E A G Y L I K M L P G T C  
TGGGCAAGAGAAAGAACATCCCTGACACCTAGACCCTATGGGTTGTGGATAAGAAGGGCGGGGMGACCGCCTACCMAC 
CATCCCCAGAATCTGGTGCTGAGAGATTGGTGCCTCACTCCMTTCCCACACCATCTGCTAACTCTTCTCCCTCATAATG 
CCAATGTCTTCCAAACAATGTCACCCCTCTCAG GAGCCCCCATTGACCCCACCATCTACCTGAGCAAAACAGTCTCCA 

G A P I D P T I Y L S K T V S  
ATGTTATTAGCTCCATTGTCTTCGGGGAACGCTTCGACTATGAGGACACGGAGTTCCTGTCACTGCTGCAGATGATGGGT 
N V I S S I V F G E R F D Y E D T E F L S L L P M M G  
CAAATGAACAGATTTGCAGCTTCACCCACAGGGCAG GTAACAGATCCAGCTCTGCCAATTGTCCTTATAGTGTCCCAC 

Q M N R F A A S P T G P  
ATTGACCATACCAACAAAGGGCAAGGACCACCCTGACTCTCATGGCTACAAACAAAAGCTCCCCTCAAAAACAGAAGCTC 
CCCTCAAAACCAGCCTTTACTTCAGAAAACTGAACCTTTACATCAGAGCCCACAGAAGCTATCCAGTGCTCACAATCTAA 
TGTCCTCTGGATATCTCAGTAGCCTGAGAACACAGCCCTCTGCTTGACTCTCTTCCCTGGGCAGGTTTCTCCAGCTTAAC 
CTCTAATAMTCCTCTATGTGGTCCTCCTGAAAATTTAGACAACTGCCCAAGGGATACAAGTGACCACCTCTGGCCCCCT 
CCTCCAATCCTGAACACCTACCTAGTTCTGCAAAACTGTGGTCAGT~GCTATTCAGTCCATACACCCAGTTCTCCCCA 
AAGATCCCACTGACACAATGGCACAAAAGTCACCTGTTGTCTCAGGTAAATTCAGGAATGAGTAGACAGGCACCTCAACC 
AAGGCAACCAAGCACAGACCTCTGGATGGACTGTTTCCCCAAACACCCATATGTCTCCCAGCTACACACAACCCACATCA 
AGACAATATCTGACAGGTGTGTCTCACACCTTATAACCTGAACCACCCCACCATGAAGACCTGACTATGTGAAMACCGA 
TTCTAATCTCAAACAAATATCAAGACATCTAATCTTAGCCCTCTCAAATGCCCAAACATATAGATACTTGATTCACTGCG 
ACACTCATGTCCTGAATACTAGAAACCTGGAGTAATGGTCTGATCCAAAAATCAGTTAAATAACTGAATGTCTACTAATG 
TTCCCTTTTGATCCAGTTCATTGGGATTGTAAGACAATGACCTTCATTCTTTAAATCACCTAGAAAACTGTGGTCTCTGG 
GGCCTCTGACAGTTCAGTGGTTTAAGAGCATGCACTGCTCATCCTGAGGACCGAGTTCAGTTCCCACTACCTATGCTGAA 
CATTTCAAAACTCTATGGGAGTACACCTGCACCGTGCACATAATTAAAAGTAAAATATTCAAACGAATATAAAGAGTTCT 
TTCAAGAGTGGAGGTGCTGTTTGTTGCAATTCATCCTAACATAAATACATGAACACCTGGATGGATCCCTTGAGACTCGA 
CCCACTCCCACGGGTGTTGCCACTGACAAGCCTTTTCTTTTCTCCTCCCACCCCCCAG CTCTATGACATGTTCCATTC 

L Y D M F H S  
AGTGATGAAGTACCTGCCTGGACCACAGCAACAGATCATCAAGGTTACTCAGAAACTGGAAGACTTCATGATAGAGAAAG 

V M K Y L P G P Q P Q I I K V T Q K L E D F M I E K  
TGAGGCAGAACCATAGTACCCTGGACCCCAATTCCCCAAGGAACTTCATTGACTCCTTTCTCATCCGCATGCAAGAG G 
V R Q N H S T L D P N S P R N F I O S F L I R M Q E  
TGATCCCAATCATGGTGGATGGAATGTCTAAAACAGGGCAGCTCTAAATCATCCTAGAAAAGGAGGAGGAATATAGGCCC 
ATTAAGTGCCCATGATTCTCCTCACAGTCCCGGTTATAGTTAAACCTCACTCTTTCACCTGTTGAGCCTTATCCAAGCCA 
GGGTATGGGTTAGCAAATTACCATGACAACCGATATTCCAGTGTTCCCCTATGAGACACTGTTTTCAGTGTTCAACTACT 
TAGCATGCACTGAAGCTACTGTCGAAGACCCTGTGGAGCCTAAACTTCGCAAAGAGGGAAAGTGTGCCCAGACTTGCATG 
CTGACTTTATGGAGACAGAAAACTATACAGCCTTGCCTCTATGGCTCTCAGGCTTTTACTATTAGCCACATGGTCTCTAG 
CATTTCATATCTCTGTTAGGAAATACACATCAGTACACATCAGTGGCCTAAGACCTGGGTTTTTTTTTCTTTTGTCTGTT 
C T A G T A A T T T T T T T A T T G T T T T T C A T T T T T G T G T T T T T T T C T T T T A T T G G A T T T T T T A T T T C T A T T T C A G A T A T T A T C C C  
CTTTCTTGGTTTCCCTTCCAGAAACCTGCTATCTCCTCATGCTTCTATGAGGATTCTCTCCCACCCACACAACACTCCCT 
GCCACCTCCCTGTGCTGACATTCCCCTACACTGGGGCATCGAGCCCAGACAGGACCAAGGGTCTCTCCTCCCATTGATAC 
CCAACAAGGCCATCCTCTGTTATACATATGGCTGAAGCAATAGGTACATCCCTGTGTACTCTTGGGATGGTTTAGTCACT 
GGGAGCTCTGGTGGGTCTGGTTGGTTAATATTGTTGTTCTTCTTATAGGGTGGC~CCCCTTCAGCTCCTTCAGTCCTT 
TCTCTAACTCCTCCATATGGGACCATTTTCTCAGTTCMTGGTTGACTGCMGCATCTGCCTCTGTAATTGTCACGCTCT 
GCAGAGCCTCTCAGGAGACAGCTATATGAGGATCCTGTCMCATATATTTCTTGGCATCCACMTATTGTGTGAGTTTAG 
AGGATGTCAATGGGATGAATCCACCTGTAGGGCAGTCTCTGAATGGCCTTTCCTTCAGACTCTGCTCCAAACTTTGTCTT 
TGTATTTCCTTCTTTGAGTATTTTTGTTCCCCCTTTCAAGAAGGACTGAAGCATACTCACTTGAGTCTTTCTTCTTCTTG 
AGTTTCATGTGGTCTCTGAATTCTATCTTGGGTATTCCMGTTTTTGGACTAATATTTACTTCTCAGTGAGTGCATACCA 
TGTGTTGGGTTACCTCACTTAGGATGATATTTTTTAGTTCCATCCATTTGCCTMGAATTTCATGAAGTCATTATTTTTA 
ATAGCAGTGTAGTACTCCATTGTGTAAATTTACTATATTTTTTGTATATATTTCTCTGTTGAAGAACATCTAGTTTCTTT 
CCAGCTTCTGGCTATTATAAATAAGGCTGTTATGAACATAGTGGAGAGTGTGTCTTTGTTATATGTTGGAGCATCTTTTG 
AGTATATGCCCAGGAATGGTATAGCTGAGTCCTCACATAATACTATGTCCAATTTTCTGAGGAACCTCCAGGATGATATC 
CAGAGTGGTTGTATCAAATTACAATCCACCAACAATGGAGGAGTGTTACTCTTTCTCCACATCCTTACCAGCATCTGTTG 
TCACCTTCGTTTTTGACCTTTGCCATTCTAACTGGTGTGAGGTGGAATCTCAGAGTTGTTTTGATTTGCATTTCCCTGAT 
GACTAAGGAGGTTGAACATTTCTTTAGGTACTTCTCAACCATATTCCTAAGCTGAGAATTCTTTGCTTAGCTCTTTACTC 
CATTTTTAATGGGGTTATTTGATTCTCTGGAGTCTAACTTCTTGAGTTCTTTGTATATATTTAACATTAGCCCTCTATCG 
GATGTGGGATTGGTAAAGATCTTTTCCCAATCTGTTGGTTGTCGATTTGTCCTAATGACAGTGTCCTTTGCCTTACAGAA 
GCTTTGCAACTTTATGAAGTAGTATTTGTCAATTCTTGATCTTAGAGCATAAGCCATTGGTGTTTTGTTTAGGAAACTCT 
CCCTGGTGCCCATGTGTTCAAGACCCTTTCCCACTTTCTGTTCTATTAGTTCCAGTGTATCTGGTTTTATTTTAGTTTAA 
T T T T A T T T T T C T T G G A T A A T T A T G T A T T A C A C A T C A A A T G T T A T T C C C T T T G T C C C C T C T C T C A T A T C C C C T T C C C C T C C  
CTCTGCCTCTATGGGGATGCTACCACCCCCATCCACCCACTCCCACCTCAACCCCCTAGCATTCCCTTACATTGAG~AA 
AGAGCCTTCACTAGACCAAGGGCTTTTCCTCCTATTGATGCTGGACAATGCCATCCTTTGCTACATATGCAGCTGAAGCC 
ACGGGTCCTTCCATGGGTACGCTTTGGTTGGTGGTTTAGGCCCTGGGAGCTCTCGTGGAGTCTGGTTGGTTAGTTGATAT 
TATTCTTCCATCCCTAAAATGMTGACAGTCACCTAGACAGAGAAATGAGCAAAGCTTCTCATGCAAACCCAAGACTGCT 
AACACAGCCTGGAGATCTTTTTCCAACGATTGGTCTGGACCCTATGAGAACTAGATCC~GGMATTGCAGAAGTGCTG 
CCTATTGCATCCCTCTCCTCCATGAGGAACTTAATCCACAGTTGACGGCTGTTTAGAGACGATGAAATAATATTCCTTTG 
CAGTGTGGCTACTAGTAAATTGACCTTTCTCAAGTAAAGAACCCCTCGCCCATATGCATGCAGCCACACCTMTTATAAG 
CAGTTACCCACAACACCCCCAACAAACAGGAAMTAGGAAGGAGACTTATTAGGMTMGAAATGGTTCM~MTGGA 
AAGTAGAAAATAATAGAGGGGAATACGTTTAAAGTGCATTTCATGTATACGTCTGAAAAATAAGGACTCAAGGTTCAGTG 
GGTATGGAAGGGGATTCATCTGGGAGGGTTTGGAGGAGGGGTATGAATATATTCACMTACAATAAATGAAATTCTCAM 
GAATTAATAAAATTATTTATAAAAGAATTACTAGAAATGTTTCAGAMATTAAAACCCTTAATGTTCCCCAAGGATGACA 
AAATGATAGATTTATGCCCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTGCAG GA 

E 
GAAAAATGGCAATTCAGAGTTCCACATGAAGAACCTAGTGATGACMCACTAAGCCTCTTCTTTGCTGGGTCTGAGACA~ 

K N G N S E F H M K N L V M T T L S L F F A G S E T  
TCAGCTCCACACTACGCTACGGCTTCCTTCTACTCATGAAGCATCCAGATGTGGAGG GTGAGGCTGGCTATGTGGCAG 
V S S T L R Y G F L L L M K H P D V E  
GGAAGTTGGGAACCGCAGACTCTCCAACTGCTTACAACCTAACAATGACCCTCACTTCTCCCAGGTTCCTGGATGCTCAG 
TCATGCTCAGCTATGCAGAGACAGGGGCATATTAAATGCATAAACACAGTTCTCACAAACTTAAAATATTAGACATTCCC 
AAATTGATTTCACTCTGACTTCCAGATCTCTGCTCTCTGTTCTCTTCCCTGACTCCTGCTTCTTCTCCCCACCAT~ATTC 
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TGTCACGAAAAGGATAAAATGACCCTGTCCAGCATTTAGGTATGGATATATGTTTAAATGGTTTAAATGCATGTTATTTA 8694 
CAGAGACATGTAATACATGCAGTGGTACACATGTGAACTATTCCACCTGCTTTGAGGCCTCTGGATTTTTAAAAATACCC 8774 
CATCTCCGCTTGTCTTTCAG CCAAGGTCCATGAGGAAATTGAGCAGGTGATCGGCAGGAACCGACAGCCTCAGTATGA 8852 

A Y V H F F I F O V I G R N R Q P Q Y E  

8932 93I G G A C C A C A T G A A G A T G C C C T A C A C C C A G G C T G T G ~ ~ T C A A G A ~ T T ~ C T A A C T T G G C T C C C T T G G G C A T T C  
D H M K M P Y T Q A V I N E I Q R F S N L A P L G I  

CTCGAAGGATTATCAAGAACACAACCTTCCGTGGCTTCTTCCTCCCCAAG GTAGCAGCCATGCCCATCCAGGAGGGGC 9010 
P - R  R-I I K N T T F R G F F L P K 
CTCCAGCCCACTTACTGATGCTTCAGGGCTTCTTTCCATCTGTAGCTATCTAACTCCACTCTAATTCCTCCAACCAAAGA 9090 
ATTCATCCACATGTCCCCAAATTCTTGTCCAGCTGCTTTGAACTCCATTTTCTATCTACTCTTCTGCCTTGCTACCTTCC 9170 
AATCTCTCAACTCCTGGGCTAGAGGCAAAGGCCTGCTGTCACACTAACACCCTATCTTAGCACATGATCCCCTGGAGCTC 9250 
AAATCTCCAATTGCTGATGGCACATATCGTAGCCCCTCAAATCTCCTATTCCCTAATGCCTTTTCCTGAGGAGACCTCCA 9330 
ACTCTGTGCCTTGCAGTTGTCTATATTTGGACATCCTTTCTCCATCAACCCATCTTCTAAAATCTCCTTTCTTCCCTCTT 9410 
CCAG GGCACCGATGTGTTCCCTATATTAGGTTCTCTGATGACAGACCCAAAGTTCTTCCCTAGCCCCAAAGACTTCGA 9488 

A T D V F P I L G S L M T D P K F F P S P K D F D  
CCCCCAGAACTTCCTGGATGACAAGGGACAGTTGAAGAAAAATGCTGCTTTCCTCCCTTTCTCCACTG GTAAGGAGAC 

P P N F L D D K G P L K K N A A F L P F S T  
AGTGGGTTATTGAACTACTGTTCACACCAACATGGGTAGCACATGCCAGCTTCCCTGTCTGTGATGCTGCCTAGAATCAG 
GCTAACCAGGTATAGCCCCTGCACCTCCCAAGCACCAGACATGCTGGATGCAGGTGAGAGGATCCCTGGGACCAGTGATC 
TGTGTCAGAGACCGGGGAGGGGTTGGGAATACCAACTTTCCTAGGTGATGCTCATGCAAGCAATTTCTTCACACTCTTTC 
T A A T G C A G C T T T T A A A T A A T T G T T T G T T T T T C T T T A T T T T T T A A G T A A T T T A T T T A A T G T G C A A T G G T G T G A G G T T G T C A  
GATGCCTTGGAACTGAACTTATAGATGATTATGAGCTGCCATGTGGCTGCTGAGAATTGAACCTTGGATCTTCAGAAGAA 
CAGACAGTGCTCTTAACCAATGAGCCATCTCCCAGCCCCAT~TTCAGACTCTTAAAAGTGGGATAACAACCAGGTGGTAT 
AGGTGCATGCCTTTAACCACAGTACTGGTGGATATCTGAGTTCAACACCAGCCTGGGACTATAGAGTGAGTTACAGGACA 
ACCCAGGCTACATGGAGGAAACCATGACTTCAAAAACTAAAAATAAATAAATAATAGGTAGGTAGATAGATAGATAGATA 
GATACATACATACATAGATACATAGATACATAGATACATAGATACATAGATACATAGATACATAGATACATAGATACATA 
GATACATAGATAGATGCATAGATAGATACATAGATAGATAGAGACATAGATAGATGCATAGATAGATACATAGATAGATA 
GATGCATAGATAGATAGATACATAGATAGAAAGATGCATGTATACATACATGCATGCATACATAGATAAATAGATGACTC 
ATAAAAAATTAAAAGAATAAAAAAATAAACAAGGCCACAGCAGAGCATCTACATTTGAGAGGATAATTAATAATTGATAG 
AGGAAGCATCTGTACTCCATATTGCTCCAGCCTAAAATGAGTTGTCCCACGTTGTGTGTAGGGACACCAGGGTTTTAAGA 
GGGTTAGGAGCCTTTCCTAATGATCCCTCATGCTCCAGTATAGCAGCCCCTTCTCCTTTTTTTTTTCTTTTTTTCTTTAT 
TAACTTGAGTATTTCTTATTAACATTTCGAGTGTTATTCCCTTTCCCGGTTTCCAGGCCAACATCCCCCTAATCCCTCCC 
CCTCCCCTTCTTTATGGGTGTTCCCCTCCCCACCCTCCCCCCATTGCCGCGCTCCCCCCAACAATCACATTCACAGGGGG 
TTCAGTCTTAGCAGGACCAAGGACTTCCCCTTCCATTGGTGCTCTTACTAGGCTATTCATTGCTACCTATGAGGTTGGAG 
TCCAGGGTCAGTCCATGTATAGTCTTTAGGTAGTGGCTTAGTCCCTGGAAGCTCTGGTTGGTTGGCATTGTTGTTCATAT 
GGGGTTTCGAGTCCCTTCAAGCTCTTCCAGTTCTTTCTCTGATTCCTTCAACGGGGGTCCTATTCTCCCACCCTTCCCCC 
ACTGCCGCCCTCCCCCCAACAATCACGTTCACTGGGGCTGAACCCCATTTTTAATAGGGTTATTTGTCTCCCTGCGGTCT 
AACTTCTTGAGTTCTTTGTATATTTTGGATATAAGCCCTCTATCTGTTGTAGGATTGGTAAAGATCTTTTCCCAATCTGT 
TGGTTGCCGTTTTGTCCTAACCACAGTGTCTTTGCCTTACAGAAGCTTTGCAGTTTTATGAGATCCCATTTGTCGATTCT 
TGATCTTAGAGCATAAGCCATTGGTGTTTTGTTCAGGAAATTTTCTCCAGTGCCCATGTGTTCAAGATGCTTCCCCACTT 
TTTTTCCTATTAGTTTGAGTGTATCTGGTTTGATGTGGAGGTCCTTGATCCACTTGGACTTAAGCTTTGTACAGCGTGAT 
AAGCATGGATCAATCTGCATTCTTCTACATGTTGACCTCCAGTTGAACCAGCACCATTTGCTGAAAATGCTATCTTTTTT 
CCATTGAATGGTTTTGGCCCCTTTGTCAAAAATCAAGTGACCATAGGTAGGTGGGTTCATTTCTGAGTCTTCAATTCTAT 
TCCATTGATCTATCTGTCTGTCTCTGTACCAATACCATGCAGTTTTTATCACTATTGCTCTGTAATACTGCTTGAGTTCA 
GGGATAGTGATTCCCCCTGAAGTCCTTTTATTGTTGAGGATAGTTTTAGCTATCCTGGGTTTTTTGTTATTCTAGATGAA 
TTTGCAAATTGTTCTGTCTAACTCTTTGAAGAATTGGATTGGTATTTTGATGGGGATTGCATTGAATCTGTAGATCGCTT 
TTGGTAAAATGGTCATTTTTACTAGATTAATCCTGCCAATCCATGAACATGGGAGATCTTTCCATCTTCTGAGGTCTTCT 
TCAATTTCTTTCTTCAGCGTCTTGAAGTTCTTATTGTACAGATCTTTTACTTGCCTGGTTAAAGTCACACCAAGGTATTT 
TATATTATTTGGGACTATTATGAAGGGTATCGTTTCCCTAATTTCTTTCTCGGCTTGTTTCTCTTTTGTGTAGAGGAAGG 
CAACTGATTTATTTGAGTTAATTTTATACCCAGCCACTTTGCTGAAGTTGTTTATCAGCTTTAGTAGTTCTCTGGTGGAA 
CTTTTGGGATCACTTAAATACACTATCATGTCATCTGCAAATAGTGATATTTTGACTTCTTCTTTTCCAATCTTTATCCC 
CTTGATCTCCTTTTGTTGTCTGATTGCTCTGGCTTGAACTTCAAGAACTATATTGAATAAGTAGGGAGAGAGTGCAGCCC 
CTTCTCTTTAAGAGAACACAGCTTTGCACTTGGCACTGAGGCAAGGCAGCGGTGAGAGCTTCCTTCCCAACTGTGCTCCT 
TCCCTCTCTCCTCTTCAG GGAAGCGATTCTGCTTGGGAGATGGCCTGGCTAAGATGGAGCTCTTCCTGCTGCTCACCA 

G K R F C L G D G L A K M E L F L L L T  
CTATTTTACAGAACTTCCGTTTCAAGTTCCCAATGAAACTAGAAGACATCAACGAGTCCCCCAAACCCTTGGGGTTTACC 
T I L P N F R F K F P M K L E D I N E S P K P L G F T  
AGGATCATACCAAAGTACACCATGAGCTTCATGCCCATC TGA TTCTGAGTTGAATCAAGGTGGGGCAAGAGGGAGAGA 

R I I P K Y T M S F M P I  
GAGCCTGAAGTGGGGCCAGGGTGCAGGTGGAGAGAACAGGGGAGGTGAAGATGAGGGTTAAGAAGGGACCACACCCATGG 
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AAGAAACACAAAAGACTTCTCACTTTGGTAAAATTGTAACAGTCCT AGAAAGAAATACTCAGTGGG CAGCA 5 
G ~ A A C A A C ~ ~ C ~ G ~ G A C ~ ~ A T ~ G G G ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  85 
AAGAGCAGCATGTCCCCAAGTCCAACGTACAGGTTGCAAAGATGGAACTTACAAATTTGAACCTAAACTGAGGTGGAAAA 165 
AACTCAAGTTAGCTAGGATTGATGTTTTGGACTCTATCACCAGCATTCAGGAGGGAGGGAACATGGCTCTCTACCATGTC 245 
TGCCAGGACTACACAGTGAGAGCTTATCTCAAAAGAAAAAAGAAAAAAAGAAAAAAATTTATATATATATATATATATAT 325 
GTATATATATGTATATATATATATGGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGTT 405 
TGCATTGTACATGATCAGGGAAATAATAAAAACTAGTTTGACAGTCACATACCAGTGGGTTCTAATTTATCAAACTCCAC 485 
CCCCACCCCCACTGCCACTGCTGCCCTATGAAGGAACTGAACAGAAGCTTAACTTTCCTTGGGCCATTTCGACAGCTGTT 565 
GTGTCATCAAGGCTTCTGTTTTCCTATGGAGACACTACACATGGGACAGAGAGGATAACAGGGAGCTCATGACTGAGAGA 645 
CCTTCAGGCCAAAGCACTTGAACCTTTGTTTATCCTGTTTATTCTGAATTTTCTGCTTCTGGGCTCTCATTTCCCCACCA 725 
TTAAAATGAGAATATCAATATTTACAGCTGCACTGCATCTCTTTTTGGAGTGATTCCTGGTAACTAA~ATAAGTAGAA 805 

AGAGCTGGAAAGAATGCAAGGCCACACTATGTCTCATGCATATTTTATATCTTTTTTATATTCTTTATATCTTTGTAGTG 965 
TTTTTATTAGCCTACAAAGAAATACATTTCTCACTGGCAACTTCTTACATATATATCACTACCTATGTTCTCATTCACTT 1045 
TCCTTCGCTGGTCTTGGCCTCTTCGCAAAATTATTCACCGGTAATTTATTCACACTTTCTAATTTTTGAGCATGGTGCAT 1125 
TCCAGTAAGATTTAATCTCTGTGGCCATGGTGTTTCACAGCTCTGTAACACTGAAGCACATTCATCATCAACTGCACTGA 1205 
AGTCATCAACTTAAGAAGCAAAGGAGGATTCTTCTGGTCTCCATCTGCGCCCAGAGCTAAGTCTGCCCCACAACCCTCCA 1285 
GATTCAAAACCTCCCCAGACAGAGCTAGTCCTCCAGGAGTGCTCTCACTACTAAGGCCACAAGTGAGACCCCATTTCCCT 1365 
TCAATACCGATCCAAAGAGGAGCCCACCAGATACCAGGTACCAAAGTTAAATGAGGATCCGTTGACCTGCAGGTC 1440 

AATGGAAGGATGAAATCCACCAGGAGGTTTGAGTAAATTCCACTGTGGGAAACACAGGGGACTGTGGGA~GGATG 885 

FIGURE 4: Sequence of the CYPZAl gene. The complete sequence of the CYPlAl gene is shown. The start site at +1 was determined by 
SI 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 (BZ), 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 + I .  

ginning at residue -5 19. A second sequence of 255 bp was 
found at -3000 that displayed about 73% similarity to the 3’ 

end of the pol gene of the murine leukemia retroviral genomes 
(Herr, 1984; Etzerodt et al., 1984). This sequence appears 
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AACTATCCTCAACAATAAAAGGACTTCTCAGGGAATCACTATCCCTGAACTCAAGCAGTATTAC 
AAAACTGCATGGTATTGGTACAGAGACATACAGATAGACCAATGGAATAGAACTGAAGACCCAA 

A A A ~ G A A C C C A A G C A C C T A T G G T C A C T T G A T T T T T G A C A A A G G A A C C A A A A C C A ~ C C A A ~ ~ G A A A ~ A A G A ~ A G ~ A ~ ~ ~ T C  
AGCAAATGGTGCTGGTTCAACTGGAGGTCAGTATGTAGAAGAATGCAGATCAATACATTCTTATCACCCTGTACAAAGCT 
TAAGTCCAAATGGATCAAGGACCTCCACATCAAACCAGATACACTCAAACTAATAGGAGAAAAAGTGGGGAAGCATCTCG 
AACACATGGGCACTGGAGAAAAATCCCTGAACAAAATACCAGTGGCCTATGCTCTAAGATCAAGAATCGACAAATGGGAT 

CTCGAGACCCCATATGAACAATAATGTCAACCAACCAGAGCTTCCAGGGACTAAGCTATTACCCMAGACTGTACATGGA 
GTGACCCTGGGCTCCAACTGCATAAGTAGCAATGAATAGCCTAGTAAGAGCACAGTGGAAAGGGMGCCCTTAGTCCTGC 

AGTACATCTACACAATGGAATACTACTCCGCTATCAAAAACAATGACTTTATGATATTCATAGGCAAATGGATGGAACT 
GAAAATATCATCCTTAGTGAGGTAACCCAATCACAGAAAAACATACATGGCATGCACTCATTGGTAAGTGGATATTAGC 
CAAATGCTCAAATTACCCTAGATGCACAW\ACACATGAAACTCAAGAAGW\TGACCAAAATGCGGATGCTTCACTCCTT 
TTTAAAACAGGAACAAGAATACCCTTGGGAGAGGATAGGGAGGCAAAGTTTAGAACAGAGGCAGAACGAACACCCATTC 

ATCCATCCCTTGAGAACATTAATAACAATTTGTAAATACACAGAGCAGAATCTTAACATCACCAGCTATCTTGTCCTGCC 
ACGGCTTCTCCGCCCCTCTCTCCCTCCTGTCTCTTCCTCTCTCCCTTAGTCTCCTCCTCTTCCTT~ACTTCTCTCCCG 
CCCATCCTTCCTTCTCCTCCAATGACAGGCCTCCTTCTATCCTGTACCTGCCCCTCACCAGTACTTTACAAATTCAGTGG 
AGAGGTGGTTCTGGTGAAGTCACCTGAGTTCTGAGTCCTTGACTAGGCAGCTGTCCTTGGGGCAGTGGAATTAGCATCAA 
AATACAGTAACTTCAGGGCAAACCAGAATAACTGAAAGAGCTTGAAGGGGCTTGAAACCCCATATGAACAACAATGTCAA 
CCAACCAGAGCTTCCAGGGACTAAGACTATACAAGGACTGACCCTGGGCTCCAACTGCATAGGTAGCAATGAATAGCCTA 
GTAAGGCCACCAGTGGAAGGGGAAGCCCTTGGTACTGCCAAGACTGAACCCCCAGTGAATGTGATTGTTGGGGGAGGACG 
GTAATGGGGCGAGGATGGGGAGGGGAACACCAATATAGAGGGGAGGGGGAGAGGGAGGGGGATGTTGGCCTGAAAACCTG 
GAAAGGGAATAACAATTGTAATGTAAATAAGAAATGGCTCAGTGGTTAGGAGCACTGACTGCTCTCCCATAGGTTCTGAG 
TTCAAATCCCAGCAACCACATGGTGGCTCACAGCCATTTGTATGGGATCCGATTCCCTCTTCTGGTGTGTCTGAAGACAG 
CAACATTGTACTTATAAATGAATAAACAAATAAAT~ATCTTTAAAAAAAAGA~TACCCAATTTAATAMGATGGAGAA 
CAAAAAACAAGAAGATACATTGCTAGGGCTAGAGACATGGCTCAGCAGTTAAGAGCACTGACTGCTCTTCCAGAGGTCCT 

CACCGAACCCAGATACTCACTGGAAAGGACCGTACCTGGTGCTGCTGACCACCCTGACAGCCATCAACTCTCAGCCCTCA 
CCAGCCGTGTACTAGCTGTTGGGGCTGAGAGCTGGGACCTAGAGCTGGGACCAGTTCTTCAAAAAGCTCCCTAGACTTAA 
TTTCATGTTTGCCCCGGGTTTTATCAAGATAGGTGTGGGGATAGGCTTGATTTCTATTACAAATGATGTAACATTGCATA 
TGTTAGTACTCCTAACACTTCTTGGGACTGTGCCTCAGGGATCACAATCTGTATAAGTTTAGAAGTTCTAAAAGCTAGTC 
ATGACCTTGGTGTGTAGGTTTAGATAGTGTCCAGATTGGAATCCTGATGCTAAAGACTTAGTAAGACACAAAAAAAGGAG 
TTGAGAATTACTTAGGGCTAAGGCTATCTAGGTGCTGCAAGGGCAGCACAAGGACATCTGCTGTTGCAATGCAAGGCTTA 
TAGAGAATTCAGAACTGCCATTTAGGAGTAATTAAAGACTCCATGAATAAACTTAGAGAAAGGTTAGACAAAAGGCAGAC - - - _ _ _  - - _. 

AGAGAAGCGCATCAGGGATGGTTTGAGAGCTGGTTTAGTAGATC~CCTTGGATGACTACTCTGGTATTTTCCCTTATGGG 
ACCCTTCTTAGTTTTGCTTCTGCTTCTGATTATAGGTCCATGTGTGTTAGAGAAACTAGTTAATAGGTTTGACTCCTACA 
AAAAGATAGAGACGCTCAACAAGGTTGGTTTGAGTCTTGGTTCACTCGGTCTCCCTGGATGACTACCCTACTCTCTGCTA 
TATGGCTGGGCCATTACTAATAATTTTCTTGGTTTTAGTTTTTGGACCCTGCGTGACAAACAGGTTAATTGCTTTTGTTA 
CAAATCGAGTGAGTGCTGTGCGGTTGGTTCTGAGACAACAGTACCAGTCAGTTAGGACAACTGGTGAGACCAAATAAGAG 
ACTTGATATCAAAATTCTAAGATTAGAATTACTTAGTAGAAGAAGAGGGGAATGAAAGGAAAATTATACAGATTTAAGGT 
TTAAAAATATGAAGTTAAAAGAGTATGTTTCAACTCAGGACTAAACACTGTGAAAAGCAAGTCCAGGCAGCCCCGCCCTG 
CCGCTAGAACTAACAGACCATAAAAGGAAAGGAATGCAGAACAGACCAGGAGTACCGGATCTGACTCACAGGCCACCTGG 
CAGGAAGAGATAAGCCCCCAGCCCCCGACATCCAGGACGCCCCAAACCTGCCAATGTGTGTAGCTATACCTTATTACCTC 
ATCATGTGAAATAGCCAATCATATGTGAACATGTCTATGTGCCTCGTTTGAATCCACCAATCCCCGTAACTATGCATCTG 
CTTCTGTACGCCCGCTTCTG 
AGACTGTGTGCCTGCAGGTACCTGTGTTTTC CCTCTTGCTGATTG 

T G T T A G A A A A T A G G G T T G G G A G G C A A A A G A C T C A A C T A G A C A A A C A G G A G C A A A G G C C A T C C T G T G T C C C T G G G A G ~  
A A A ~ A G A ~  

Matsunaga et al. 

:%ti L 

%it N 
E 

-5304 
-5224 I 

-4824 
-4744 - 4664 
-4584 
-4504 - 4424 
-4344 

-4104 
-4024 I 
-3944 

- 3704 
-3624 E 
-3544 - 3464 
-3384 
-3304 
-3224 
-3144 
- 3064 
- 2984 
- 2904 
- 2824 
-2744 
- 2664 
- 2584 
-2504 
-2424 
-2344 - 2264 
-2184 
-2104 
-2024 

-1864 
-1784 
-1704 - 1624 
-1544 
-1464 
-1384 
-1304 
- 1224 
-1144 
-1064 - 984 - 904 

-824 - 744 - 664 - 584 - 504 - 424 - 344 - 264 - 184 
-104 - 24 

:i% L 

N 

-1944 r 

+1 
AAGGTACTATCTCAGCCTTGGCT ATCAGTCTGTCCATCCTCACTGGCTACT ATGCTGGACACAGGACTGCTCCTGG 

TGGTCATACTGGCCTCCCTAAGTGTCATGTTCTTGGTGTCCCTCTGGCAGCAGAAAATCAGGGAGAGATTGCCTCCAGGA 
V V I L A S L S V M F L V S L U Q Q K I R E R L P P G  
CCCACTCCTTTGCCTTTCATTGGAAATTATCTGCAGCTGAATATGAAAGACGTATACAGTTCCATCACACAG GTATCA 

M L D T G L L L  

P T P L P F I G N Y L P L N M K D V Y S S I T Q  

GTGTACTGGTCTAGTTCAGTGAATAAGTCATCTAACAGCCTCCATCTACCCAACATCAG CTCAGTGAGCGCTATGGTC 

CTGTGTTCACCATTCACCTTGGGCCTCGACGGATTGTTGTGCTTTATGGATACGATGCAGTCAAAGAGGCTTTGGTGGAC 
P V F T I H L G P R R I V V L Y G Y D A V K E A L V D  
CAAGCTGAGGAGTTCAGTGGACGTGGCGAACTGCCTACCTTTAATATACTCTTCA~GGCTATG GTGAGGAGGATACC 

ACATTGGGGAGCATGCCCAAGGACATTTGTTGGCCTCATTTAAGTAGCCTTCATCCTAACTCATCTTTCCCCTCAAGGCT 
GTACATAGTCCTCTGATTTTTCTCTCCATATTCAAGTTGAATGTTGCTTCTTATTGTGACCCTTCCTAGTCTTTCTATGA 
TTCTCTGTGGGTGCTTCCTTTCATTCTTCTTCACCCTTTTCTTCCATTCTTTAACCCTCATAATACTAGGTAGGAGATAA 
AAAGAGATAGAGGAAAAAGGGGACACTATTGTTAGACTACTTCCTTCTGAGAGGTAATGAGTTCCTTAGGGCAAGTTTGA 

L S E R Y G  

P A E E F S G R G E L P T F N I L F K G Y  

53 

133 I 
21 1 

769 

847 II 
927 

1007 
1087 
1167 
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TCATCTCAGTCAGGATATCTAATTTCTTCTTCCT~TTGTTACTTTGCACAAGGCGACTTAACAAAGCACAGCCAACAGCA 
ACCAACCAACAACCAAAACCAATCTCTCAAGGCCCTTGCATTAAAATAACCTCTGAGGAATCCCCAGTATCCTAAGGGTC 
ACACTCTCAGAAACTATCTGCAGTAGGCAAAATCATACCCCTGCTAGAGCACAAAATAAATCATAGGTCTCTGCTTTGGA 
CAATCTGATTCATCCCCATATTGCATACCTGGAATTAAAAAAACATATTCCTATAATATTTCTGTATTTGTCAAAAAAAA 
ACAAAATTCTTTTTTTTTTATCTTTAAGTAATACTCCAACTTTATTGAATAAAGG~TAAATGGAGTTTTCAAGTTTTCC 
CATCATGGTTATTTTTAAAGCCACCTGATACATGACAGTACTTATCAAAACAAGATGTTTATCTATTTTTGTCATTTGTA 
TTTTTGCTTAATTTTATATTCATAATATATTTAAATTAACTMTAGTTCATGGTAACACTTGGCCACACAGGT-1.5 kb 
---AATCAATAGTTTTTAAGCTACTAACCCTTTCTAGAGATGATGAAAATAGAAAACTGGAAGAATGCCTAGGTAGCAAA 
TGA~CTTCCAACTTACGGACTAAAAATTTAAGTCCACATCTGTGCAAGATAAAAATTAACTCTTAGTTTGCATAAGCTCT 

CTTTATTAACTTCAGTATTTCTTATTTACATTTCCATTATTATTCCC 

29, No. 5, 

1247 
1327 
1407 
1487 
1567 
1647 
1720 
1797 
1877 
1957 

rGCTCTTGAGTGCAGAGCCAGCTTTGCTGTCCATCCCCCCGCCCCCGCGCATGTATTTTT~TGTTGTTTTACATATGT 
~ATGTGTTGTCCCTAAGATGTGTATAATGCTTATAGAACATTACAGTCTGGTAAGTGCTGGCCAAAGTTACAGAAGTATA 
AAATGGCCTTGAGCAGCMAACATTGGTTATMGCAAGAAAGTTC~ATAAAGAGAAMTCCACAAAGAGCCAAATATC 
TTTATAACATTAATTCTGTGGTTGCGATTTAACACCAAGGGGGTATCTGTTTCCCTGAACTAAGGGGCACAGMATGGCT 
ACTACTACTTAGGGTCAAAATAGTGACTACAGCTCAGGACACATAAGCAAAACCAGAGCCAAAGACCAGGGAGTGGTAAT 
AAAATAATAAAAAATCCTGGCTCAGGGATTCGTCCCACCTTTCCCTGGTGAAAGACACACACAGCCTTTATATTTTAGTC 
TGCCTTATGCAGCACAATACCTGGGCAGCTGCCTACCCTCCATGTTGTTAGMTCCATTTCCCTATCAATAGCCTTGAGT 

TTTACCAACCAAAGTAAATGGGGGCAGAGTCCCCCAGGCTAAGGGCAGATTCCAAATCTTAGAAGGCAGCACGAAGCAGT 
ATAGTAAACAGTAAAAGAAAAAAACGCAACACCAGAGTACGTTTCTATGTATGCTGTCCTTGCTTTAATGTGGAGTTTCT 
GTTTTCAGAAAATGCTCAAATTTGGTTCTTTTAGCCATGTCAGCGACCTGGAGCAGCATTCTGAGTCTCTCTGCTTCTGT 
CTCTAACTCTCTGTTTCCTTGCCTGGCTGACTTGTTCCAACTTTCTTACTCTGACTGTGTCTGCTGCAGAGCCTCTGTTC 
GTTTCTTCAGTGTTCTTGCCATCTCAATCCCATCTTTGTCTCTTTTCTTTCCTCTAAGAAGGCCTTTCCAGCATGGGCCT 
GGGCCTTCCTCAGCCTCAGACTACCTCACCCCAACACCCATGTTCATGTCTCTACAG GTTTTTCATTGAGCAATGTGG 

AACAGGCCAAGCGTATCAGGCGCTTCACCATAGCCACATTGAGAGATTTTGGTGTGGGCAAGCGTGATGTACAGGAGTGT 
E O A K R I R R F T I A T L R D F G V G K R D V O E C  
ATCCTGGAGGAGGCAGGCTATTTGATCAAGACGTTGCAGGGCACTTGTG GTAACCAAGAGACCATTAAGTGTTTGGGC 

AAGAGAAAGAACATCCCTGACACCTAGACCCTATGGGTTGTGGAGAAGGAGGACGGCGAAGACCGCCTACCAAACCATCT 
CCAGAATCTGGTGCTGAGAGATTGGTGCCTCACTCCAATTCCCACACCATCTGCTAACTCTTCTCCCTCATAATGCGAAT 
GTCATCCAAACAATGTCACCCCTCTCAG GAGCCCCCATTGACCCTTCCATCTACCTGAGCAAAACAGTCTCCAATGTC 

ATTAACTCCATTGTCTTCGGGAACCGCTTCGACTATGAGGACAAAGAGTTCTTGTCACTGTTGGAGATGATCGATGAAAT 
I N S I V F G N R F D Y E D K E F L S L L E M I D E M  

GAATATATTTGCAGCCTCAGCCACAGGGCAG GTAAAAGATTCCAGCTCTGCCAATTGTGCTTATAATGTCCTACATTG 

GCCATACCGACAAAGGGCAAGGACTACCCCAACGCTCATGTCCACAAACATTCCCCTCAAAAACAGAAGCTCCCCTCAAA 
ACCAACCTTTACCTTCAGAAAACTGAACCTTTACATCAGAGCCCACAGGAGCTATCCAGTGCTCACAATCTAATGACCTC 
TGGATATCTCAAGGGCCTGAGAACAAAGCCCTCTGCTTGGCTCTCTTCCCTGGGCAGGTTTCCCCCGCTTAAATTCTGAC 
AGATCCTCTGTGTGGTCGTCCTGAAAGTTGAGACACCTGCCCAAGGGAGACAAGTGATCACCTCAGGCCCCCTCCTCCAA 
TCCTGAGCACCTACCTGGTTCTGCAAAACTATGGCCAGTAAAGTCATTCACACTGGACACACTGCTCTCCCAAMGATCT 
CACTGGCACCATGACACGAGAGTCACCTGCTTGTCTCAGGTAAATTCAGGAATGAGTAGACAGGAACCTCMCCAAGGCA 
ACCAAGCACAGACCTCTAGATGGACTGTTTCCCCAAACACCCATACGACTGCCAACCAGCCACACACAGTCCAATTCMA 
AAGGTCTGACAGGTGTGTCCCACACCTTATAACCCGAACCATCTTATCCTGAATACTTTACTATGTGGAAMCAGATTCT 
AATCTCAAACAAATATCAAGAGATCTAAATTCAGCCTTCTTTGGTGCCCAAACATCTAAATACTTGAGTCACTGTGATAA 
CCCTGGCCTGAACACAGGAAACCTGGATTAATGGTCTAATCAAAAAATCAATTGAATAGTTGAATGTCTGCTAATGTCCC 
CTTTTGATCCAGCTCATCCAGATTGTAGGACAATGACCCTCATTCTTTAAATCAACTAGAAAATTGCAGTCTCTGGGGCT 
TCAGACTGTTCAGTAGTTTAAGAGCATGTACTGCTCATCCTGAGGACCTGAGTTCAGTTCCCAGTACGTATGCTGGACAT 
TGCACAGCTCAAGGGGAGTACACCTGCACTCGTGCACATAATTAAAAGTAAAATATTCAAATGAATATAAAGAGTTCTTT 
CAAGAGTGGAGGTGCTGTTTGTTGCAATTCATCCTAACATAAATACATGAACACCTGGATGAATGACTTAATACAAGTGC 
CACTCCCACTCAATGTTGCCACTGACAAGCCTTTTCTTTTCTCCTCCCACCCCCCAG CTCTATGACATGTTCCATTCA 

GTGATGAAGTACCTCCCTGGACCACAGCAACAGATCATCAAGGTTACTCAGAAACTGGAAGACTTCATGATAGAGAMGT 
V M K Y L P G P O O O I  I K V T O K L E D F M I E K V  

GAGGCAGMCCATAGTACCCTGGACCCCAATTCCCCMGGAACTTCATTGACTCCTTTCTCATCCGCATGCAAGAG GT 

GATCCCAATCATGGTGGATGGAATGTCTAAGACTGAGCAGCTGGMATCACCCTAGAAMGGAGGAGGAATATMGCCCA 
TTAAGTGCCCATGATTCTCCTCACAGTCCCGGTTATAGTTAAACCTCACTCTTTCACCTGTTGAGCCTTATCCMGCCAG 
GGTATGGGTTAGCAAATTACCATGACAACCGATATTCCAGTGTTCCCCTATGAGACACTGTTTTCAGTATTCAACTACTT 
AGCATGCACTGAAGCAACTGTCGAAGACCCTGTGGAGCCTAAATTTCGCAAGGAGGGAAAGTGTGCCCAGACTTGCATGC 
TAACTTCATGCAGACAGAAAACTGCTTGCCTCTATGGCTCTCAGGATTTTACTATTAGCCACCTGGACTCTAGCATTTCA 
TATCTCTGTTAGAAAATACATATCAATACACAACCCTGAACTGGGCMCCTGGGTTGTTGTATTTTTTCTTCTATTATCT 
G C T C T A G T A A T T A T G T A T T G T T T T T T A T T T T A A T G T T G T T T T T C T T T T T T T T T T C A T C T T T A T T A A A T T G A A G A T T T C T T  
ATTTACATTTAAATTGTTATTCCCCTTCCCGGTTTCCAGGCCAACATTCTCTAACCCCTCCCCTTCCCCTTCTATATGGG 
CTTCCCCTTCATATCCTCCCCCCATTACCACCCTTCCCCCAACAATCACGTTCACTGGGTGTTCAGTCTTGGCAGGACCC 
GGGGCTTCCCCTTCCACTGGTGCTCTTACAAGCCTCATTGCTTCCTATGAGGTTGGAGCCCAGGGTCAGTCCATGTGTAG 
TCGTCGGGTAGTGGCTTAGTCCCTGGAAGCTCTGGTTGCTTAGCATTGTTGTTCATATAGGGTCTCGACCCCTTCAAGCT 
CTTACACTCCTTTCGCTGATTCCTTCAACGGGGGTCCCGTTCTCAGTTCAGTGGTTTGCTCCTGGCATTTGCCTATGTAT 
TTGCTGTATTCTGGCTGTGTCTCTCAGGAGAGATCCGTTGACCTGCAG-- l2  kb - - -GMTTCTTTGTATATATTGGAC 
AATAGCCCTCTATCAGATGTACAATTGGTAAAGAGCTTTTCCCAATCTGTTGGTTGTCGTTTTGTCCTAATMCAGTGTC 
CTTTGCCTTACAGAAGCTTTGCAATTTTATGAAGTCCCATTTGTTGATTCTTGATCTTAGAGCATAAGCCCTTGGTGTTC 
TCTTCAGGMATTCTCCCATGTGCCCTGTGTTCAAGGCTCTTACCCGCTTTCTCTTCTATTAGTTTCAGTGCATCTGGTT 
TTATTTTAATTTTGTTTTATTTTTCTTGTATATTTTTGTACTTACACTTCAAATGCTATCTCCTTTGTACATTCTCTGAT 
ATCTCCTCCCTGTCCCCATGCTTCTATGAGGATGCTCTCACTTCCACCCACCCACTCCCACCTCAATGCCTTGACATTCA 
CCTACATTGGGGAAATGGGCCTTTACTGGACCAAGGACTTTTCCTCCTATTAATGATGGACAATGCCATCCTCTGCTATA 
TATACAGCTGAAGCCATGCTTCCCTCCATTTGTACTCTTTGGTTGGGGGTTTAGTCTCTGGGAGCTCTGAGGGAAGAGTC 
TGGTTGGTTGATAATTTTGCTCTTCCAGCCATGMATGAMGACAGTCACCTATACAGAGAAACAAGC~GCTTCTCCT 
GCAAACCAAAGATTCCAAACACAACCTGGACATTGCTTTTCCAACCATTGGTCTGGACACTTTGAGAACTAGATACAMG 
AAAATTCCAGAAGTGCTGCCACTTGGGTCCATTTCTGAGGAATTTAATCCACAGTTGATGGCTGCTTAGAGATGATGAAA 
TCATATTCCTTTGCAGTGTGGCTACTAGTAAATTGCCCTTTCTCMGTGAAGAACCACTCACCCATATGCATGCAGCCAC 
ACCTAATTATAAGCAGATCTCCCCCCAAATAAAAACAGGAAAATATGAGGAAGACTTATTAGAAATTAGAAATGGTTCAA 
TAAAATAAAAATAGAGATAATGGAGGGGAATATGTTTAAGGTGCATTTCACATATATGTCTGAAAAATGAAGACTCAAGA 
TTCAGTGGGTATGGAATGGGATTCATCTGGGAGGGCTTGAGGGAGGGGTGTGAATGTATTCACAGTACAATMATGAAAT 
TCTCAAAGAAATAATAAAAATATTTATACAATAATGACTAGAAATGTTTTAGAAAATTAAAACCCTTAGTGTTCCCCAAA 
AGGAGTACAAAATGATAAATAGATTTGCGTTCTCTCTCTCTCTGTCTCTGTCTCTGTCTCTGTCTCTCTGTCTCTCTCTC 

G F S L S N V  

I L E E A G Y L I K T L O G T C  

G A P I D P S I Y L S K T V S N V  

N I F A A S A T G O  

L Y D M F H S  

R O N H S T L D P N S P R N F I D S F L I R M O E  

1990 1337 

2037 
2117 
2197 
2277 
235 7 
2437 
2517 
2597 
2677 
2757 
2837 
291 7 
2997 
3077 
3157 
3237 
3317 
3397 
3477 
3555 

3635 

3713 

3793 
3873 
395 1 

4031 Ip 
4109 

4189 
4269 
4349 
4429 
4509 
4589 
4669 
4749 
4829 
4909 
4989 
5069 
5149 
5229 
5307 

5387 5465 P 
5545 
5625 
5705 
5785 
5865 
5945 
6025 
61 05 
6185 
6265 
6345 
6425 
6495 
6575 
6655 
6735 
681 5 
6895 
6975 
7055 
7135 
721 5 
7295 
73 75 
7455 
7535 
7615 
7695 
7775 
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TCTCTCTCTCCCCCCCCAG GAGAAATATGTTMTTCAGAATTCCACATGMCAACCTAGTGATGTCATCATTAGGCCT 
E K Y V N S E F H M N N L V M S S L G L  

CCTCTTTGCTGGGACTGGGTCAGTCAGCTCCACGCTATACCATGGTTTCCTGCTACTCATGMGCATCCAGATGTGGMG 
L F A G T G S V S S T L Y H G F L L L M K H P D V E  
GTGAGGCTGGCTGTGTGGCAAGGAAGTTGGGAACCCCAGATTCTCCAACCTGACAATGACCCTCACCTCTCCCAGATC 

CCTGGATGCTCAGACATCCTGACTATGCAGACACAGAGGCATATTMATGCATAAACAGAGTACTMGTTAAMTATTAA 
ACATTCTGAAATTGATTTCCCACTGACTGCCAGATCCCTGTTCTCTGTTCCCTGACTTCTCCTTCTCCCCACCATGATTT 
GGTCATGAAAAGGATAAAATGATCCTGGCCAGCATTTAGGTATGGATGTATGTATAGATGGTCTAAATGCATGTTTACAG 

TCTCTCTCTCCCCCCCCAG GAGAAATATGTTMTTCAGAATTCCACATGMCAACCTAGTGATGTCATCATTAGGCCT 
E K Y V N S E F H M N N L V M S S L G L  

G T G A G G C T G G C T G T G ~ G G C A A G G A A G T ~ G G G A A C C C C A G A T T C T C C A A ~ C T ~ A C ~ A T G A C C C T C A C C T C ~ C C C A G ~ T C  
CCTGGATGCTCAGACATCCTGACTATGCAGACACAGAGGCATATTMATGCATAAACAGAGTACTMGTTAAMTATTAA 
ACATTCTGAAATTGATTTCCCACTGACTGCCAGATCCCTGTTCTCTGTTCCCTGACTTCTCCTTCTCCCCACCATGATTT 
GGTCATGAAAAGGATAAAATGATCCTGGCCAGCATTTAGGTATGGATGTATGTATAGATGGTCTAAATGCATGTTTACAG 
AGACATGTAATACATACAGTGGTACACATGTGAACTATTCCACATGCTTTGAGGTCTCTGGATTTTTAGAAACAGCCCAT 
CTTCCTTTGTCTTCCAG CCAAGGTCCATGAGGAAATTGAGCGAGTGATCGGCAGGAACCGACAGCCTCAGTATGAGGA 

A K V H E E I E R V I G R N R Q P Q Y E D  
CCACATGAAGATGCCCTACACCCAGGCTGTGATCAATGAGATCCAMGATTTTCTAACTTGGCTCCCTTGGGCATT~CT~ 

H M K M P Y T Q A V I N E I Q R F S N L A P L G I P  
GAAGGATTATCAAGAACACAACCTTCCGTGGCTTCTTCCTCCCCAAG GTGCAGCCAGGCCCACCCAAGTAGGGGCCTC 
R R I I K N T T F R G F F L P K  
CAACCCACTCCCTGATGCTTCAGGGCCTCTTTCCATCTACAGCCATCTAACTCAACTCTMTTCCTCCMCCAMGAATT 
CACCCACATGTCCCCAACTTCTTGTCACACTGCTTTGAACTCCAAGTTCTATCTGATCTTCTGCCTTACTACTATCCMT 
CTCTCAACTCCTGGGCTAACACACTAACACATTATCTCAGMCATGATTCCCCTAGAGCTCAAATCTCCAATTTCTGGTG 
GCACGCATCACAGCCCCTCAAAACTCCTATTCCCTAATGCCCTTTCCTCAGGAGACCCCCAACTCTGTGCCTTTCCGTTC 
TCTTCATTTGGACACTAGCACCACTTGGGGTCCTTTCTCCATCMCCCATCTTCTCAAATTTCCTTTCTTTCCTCTTCCA 
G GGCACCGATGTATTCCCTATAATAGGTTCTCTGATGACAGAACCAAAGTTCTTCCCTAACCACAAAGACTTCAACCC 

G T D V F P I I G S L M T E P K F F P N H K D F N P  
CCAGCACTTCCTGGATGACAAGGGACAGTTGAAGAAGAATGCTGCATTTCTCCCTTTTTCCATTG GTAAGGAGACAGT 

GGGTTATTAGACCACTGCTCATACCMCAGGGA~MCTCATGCCAGTTCCCATCTCTGTGATTCTGCCTAGCATCAGGCT 
AACCAGGTACAATCCCTGCACCTCCCAAGCACCACGACTCAGGTCAAAGTATCMTGAGATCAGTGATCTCTTTCAGAGA 
CTGGGMGCGGTTCAGAACACCAMTTTCCCAGGTCATGCTCATGCAAGCAATTTCTTCATACTCTTTTT~GCAGTTT 
TAAATGATTTTTTTGTTATTTTTTAATAATTCATCTAATGTGCATTGGTGTGAGGTTGTCAGATTCATTAGMCTGGACT 
TATAGACATTTTATCTGCCATGTGGGTGCTGAGMTTGMCCTTGGTTCTTCAGAAGAGCAGACAGTGCTCTTAACCAGT 
GAGCCATCTCCCAGCCCCATATTCAMTTTTAAAAGGGGATAACMCCAGGTGGTGGTGGTACATGTCTTT~CCCAGT 
ACTCAAGAAGCAGAAGCAGGTGGATATCTAAGTTCAATGCCAGCTGGATCTATAGAGTMGTTAGMGAAMCCCAGACT 
AAATGGAGGAAACCCTGACTTAAAAAACTAAAAATAAATAAATAATAGATAGATAGATGCATGCATGTATACATACATAT 

Q H F L D D K G Q L K K N A A F L P F S I  

. . _. . . . . . _ _ . _ . . . . _. . . 
ATGCATACCTACATGCATGCATACATAGATACATAGATGACTCAGAGATAATTAGATGAATAAATAAATAAA~A 
CAGCAGGCATCCACATCTGAGAATAAAATTAATAATTGGTAGAGGAAGCATCTGGACT 

. .. . . . .. .. . . . .. .. .__ .AGACCA 
- _ _  __. _ _  - - - - - _ _  _ _  _ _ _  _ CCATATTGCTTCAGCCTACAAT 

GTTAGCACCCCTTTTCCCTAAGAGAACAAGGCTGCTCACTGGGTACTGAGGGAAAGAAGTGAGATCTTGCTCCMGTCTG 
TGCTCCTTACTTCTCTCCTCTTTAG GAAAGCGATTCTGCTTGGGAGATAGCCTGGCTAAAATGGAGCTCTTCCTGCTG 

GAGTTGCCCCACTTTGTGTGTAGGGACACTGGGGTTCTGAGAGGGTTAGGAACCTTTCCTAATGATCACTCATGCTCCAG 

G K R F C L G D S L A K M E L F L L  
CTCACCACCATCTTGCAGAACTTCCGTTTTMGTTCCCMTGMTCTAGMGACATCAACGAGTACCCCAGTCCCATAGG 
L T T I L Q N F R F K F P M N L E D I N E Y P S P I G  

GTTTACCAGGATCATACCAAATTACACCATGAGCTTCATGCCCATC TGA TTCTGAGTTGMTCAAGGTGGGGCAAGAG 

GGAGGGAGAGCCTGAAGTGGGGCCAGGGTGCAGGTGGAGAGAACAGAGAAGATGMGATGAGGGTTAAGAAGGGACCACA 
F T R I I P N Y T M S F M P I  

~ 
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CAGCAGTAACAACAACTGAGACTCATGGGGCAAAGGTGGCTCACCTCTGCAGAAGCTGTCCTGCCCTTCTCTCACTCAGT 
CCTCTACACAAGAGCAGCATGTCCCCAAGCCCAACGTACAGGTTCAAAAGATAGAACTT~AATTTGMCCTAMCTG 
AGGTGGAAAAGACACAGTTAGCTAGGATTGACACATTGGACTCTATCACCAGCATTCAGGAGGGAGGGAACATGGCTCCC 
TAGGAGGCCTGCCAGAATTACAAAGTGAAACTCATCTCAAAAAAGGAACAACAGAAMTMAATTTCMATTGATTTCTC 
TTAGACCATAAGAGTCCAGATCTGTATCCAAAGCTATTTGGTTATATTTTTTGTTATTGTTGTTTTGTTTACACATTGTG 
TTTTTCTTTCGGTTTGTAAGTCTGTTTGGGATATTTAATTTACATTTACTGATTAGTGTGGGTGGTAGGGCATACCATGG 
CTCAAATGTGGAAACCAAAGAAAAGCTTTTGGAAGTGTCATCTCCCTTACAATACGTGTGTCCAAGMCTC~TTCAGA 

C U G C T T G A T A G C A A G C A  CTTCTACCTACTGAGACATCTAACTGGCCMTTTAGGGAGTTTATTTTMTTTATT 
TACTTACTAATTTATATGAATATAAGTCCTCTATCTGCATGGCCACCTGCGTGGCAGACGAAGGCATCAGATCACTTTAC 
AGAAGGTTGAGTCCACCCAGTGGTGGATGGAAATTGAACTCAGGACTTCTAGMGCCGTCAMTTTTGAGCCACCTCTTC 
AACCCCTTAAACAAGTTTCTTAAGGTCACCCTTTCCTCAAATGAAACMCMGGACTTGGMTATTTTMCATMCCTGA 
GTCCTCCTACCTGAGGTGTTGTTTCTACAAGCCTGGCAGGCAACTGATCTACCTCCMCATACACTTTCCMCAGTCTTG 
CTTTCTCATCCACACCTTAATCACCTGACACCTGTTGGCCTCAGCCCCTGTGCCAGGTMGTCCATTTTGTCTGACTCAG 
TCAGTCTGGGAGACAAAAATCCCTTTGACAGAATTC 
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FIGURE 5 :  Sequence of the CYPZA2 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 SI mapping as described in Figure 2. Regions of interest, including the LINE 
sequence, a sequence found upstream of the CYPZAI 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 CYPZA2 gene polyadenylation 
signal are underlined. The 3’ flanking region of the gene is numbered beginning with + l .  

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 CYP2Al 
and CYP2A2 upstream DNAs revealed the presence of a 1.6 
kbp insertion of DNA between -1 65 and -1 779 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 
CYP2Al (Figure 4) to further upstream in CYP2A2 (Figure 

5 ) .  The 1.6 kbp sequence is flanked by perfect 15 bp direct 
repeats 5’-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 CYP2A2 locus. 

Another notable finding was the presence of segments of 
the long interspersed middle repetitive element (LINE) up- 
stream of the CYP2A2 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 CYP2AI and 
CYP2A2 Genes* 

7 8 9 1 0  
A2A2A2A2- 

- Tk Tk Tk length (bp) overlap % 
CYP2AI CYP2A2 (bo) similarities 

PRIMER exon I 
intron I 
exon I I  
intron 2 
exon 111 
intron 3 
exon IV 
intron 4 
exon V 
intron 

exon VI 
intron 6 
exon VI1 
intron 7 
exon V l l l  
intron 8 
exon IX 

A I  A I  A I  A2 - A2 A2 A2 A I  - 
Tk - Tk Tk Tk Tk - Tk Tk Tk 

I 

177 
299 
162 
2425 
I50 
217 
162 
1220 
177 
3197 

138 
44 1 
189 
432 
141 
2908 
180 

177 
465 
162 
271 1 
I50 
217 
162 
1224 
177 
1010 
1321 
138 
41 5 
189 
432 
141 
998 
180 

181 

1571 

217 

1220 

1010 
1321 

285 

432 

42 1 

95 
90 
94 
80 
86 
97 
89 
87 

100 
72 
84 
85 
85 
99 
71 
91 
76 
93 

%quenceS were compared by using the Microgenie program. 6Two 
separate sequences of the CYP2A2 gene fifth intron were individually 
aligned with the fifth intron the CYP2AI gene. 
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FIGURE 6: Dot matrix analysis of the CYf2Al and CYf2A2 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 
178% sequence similarity. 

ently, upstream of the CYP2A2 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. 1 repetitive element 
(Rogers, 1985) that is flanked by a 12 bp direct repeat 5'- 

Gene Conuersions. In an earlier report, we uncovered re- 
gions of high nucleotide similarity interspersed with regions 
of low similarity between the CYPIAl and CYPIA2 cDNAs 
(Matsunaga et al., 1988). Dot matrix analysis of the CYPZAI 
and CYf2A2 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 CYP2A2 
and the 3' flanking region of the CYP2AI gene. 

Alignments of sequences within individual exons revealed 

AAGATAAGGAGC-3'. 
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Products .II) 
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FIGURE 7: Transcription of the CYP2Al and CYP2A2 genes. The 
CYf2Al and CYf2A2 templates were subcloned from XrTM45 and 
XrTM27, respectively (Figure 1). The A1 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 HpalI digest of pUCl9 
and labeled by Klenow polymerase. Two additional fragments of 80 
and 90 bp were prepared from restriction fragments of the CYP2AI 
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 VI1 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 
either 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 
VI1 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 



1340 Biochemistry, Vol. 29, No. 5, 1990 Matsunaga et al. 

1 2 3 4 5 6  

# w e a u v -5.3 

-4.1 

-2.0 

FIGURE 8: Southern blot analysis of DNAs from livers of several 
backcross mice. The DNA was digested with EcoRI, and the blots 
were hybridized with nick-translated CYPZAI 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 VI1 and VIII, that bracket this intron, display WO 
and 9 1 % similarities, respectively, between CYP2AI and 
CYP2A2. Perhaps intron 7 underwent a gene conversion with 
the seventh intron of yet a third gene in the CYP2A subfamily. 
Altematively, this intron may have diverged more rapidly than 
the others. 

In Vitro Transcription of the CYP2Af and CYP2A2 Genes. 
To determine if the CYP2Af 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 CYPZAI, 
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 CYP2Af 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 CYP2Af 
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 CYf 2A2 promoter. This is most 

Table 11: Linkage Analysis of the Cyp2u Gene Subfamily in an 
interspecies Backcrossa 

no. of 
CYPU~U Gpi-I Fes mice 

inheritance of NFS/N allele 

~ ~~ ~~~ 

parental + + + 21 

single recombinant + + + 3 
- - - 14 

+ 7 + 0 + + 2 

- - 
- - 

- 
Forty-seven mice of the backcross (NFS/N X M. m. musculus) F1 

X M. m. musculus were typed for RFLPs at Cyp2u 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: CypZa, Gpi-I, r = 2/47 = 4.3 f 2.9 cM; 
Cyp2a, Fes, r = 12/47 = 25.5 f 6.3 cM; Gpi-I, Fes, r = 10/47 = 21.2 
f 5.9 cM. 

apparent in Figure 7, lanes 3 and 8, in which the MSV-TK 
promoter is transcribed simultaneously with the CYP2A f and 
CYP2A2 promoters, respectively. A similar ratio of relative 
transcription activities between CYf 2Af and CYP2A2 genes 
(or promoters) was also observed when much smaller con- 
structs were used as templates, for example, plasmid constructs 
containing -74 to +I69 from the transcription start site.* 
Since the -74 to +I69 construct of the C Y f 2 A f  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 CYP2Af gene, at least in 
the liver in vitro transcription system. 

It was previously established that the CY"2Af 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 CYPZAZ 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. (1 986) does not contain all the factors necessary 
for regulation of the CYP2A 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 CYf2A 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). EcoRl digestion of DNAs from parental 
mice produced multiple fragments reactive with the CYP2AI 
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-I with the gene order centromere Cyp2a-Gpi-f -Fes 
(Table 11). This result supports and extends an earlier study 
using the CYP2A3 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 

~ 

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 
CYP2A 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 CYP2A and CYP2B subfamilies. Two other CYP2 
subfamilies, CYP2C and CYPZD, 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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Registry No. DNA (rat liver gene CYPZAI), 124511-64-4; cy- 
tochrome P450 (rat liver isoform IIAl protein moiety reduced), 
110069-47-1; DNA (rat liver gene CYP2A2 gene coding region), 
120432-64-6; cytochrome P450 (rat liver isoform HA2 protein moiety 
reduced), 120432-25-9; cytochrome P450, 9035-5 1-2; steroid hy- 
droxylase, 9044-53-5; RNA (rat liver clone XrTM45/XrTMS/XrTM43 
cytochrome P450 isoform HA1 specifying messenger), 12451 1-65-5; 
RNA (rat liver clone XrTM27/XrTM3/XrTM4 cytochrome P450 
isoform IIA2 specifying messenger, 12451 1-66-6. 
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