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ABSTRACT: The human a-fetoprotein gene spans 19489 base pairs from the putative “Cap” site to the 
polyadenylation site. It is composed of 15 exons separated by 14 introns, which are symmetrically placed 
within the three domains of a-fetoprotein. In the 5’ region, a putative TATAAA box is a t  position -21, 
and a variant sequence, CCAAC, of the common CAT box is a t  -65. Enhancer core sequences G T G G Z I G  
are found in introns 3 and 4, and several copies of glucocorticoid response sequences AGAXCAGX are found 
on the template strand of the gene. There are six polymorphic sites within 4690 base pairs of contiguous 
D N A  derived from two allelic a-fetoprotein genes. This amounts to a measured polymorphic frequency 
of 0.13%, or 6.4 X 10-4/site, which is about 5-10 times lower than values estimated from studies on 
polymorphic restriction sites in other regions of the human genome. There are four types of repetitive sequence 
elements in the introns and flanking regions of the human a-fetoprotein gene. At least one of these is 
apparently a novel structure (designated Xba) and is found as a pair of direct repeats, with one copy in 
intron 7 and the other in intron 8. It is conceivable that within the last 2 million years the copy in intron 
8 gave rise to the repeat in intron 7. Their present location on both sides of exon 8 gives these sequences 
a potential for disrupting the functional integrity of the gene in the event of an unequal crossover between 
them. There are three Alu elements, one of which is in intron 4; the others are located in the 3’ flanking 
region. A solitary Kpn repeat is found in intron 3. The Xba and Kpn repeats were only detected by complete 
sequencing of the introns. Neither X, Xba, nor Kpn elements are present in the related human albumin 
gene, whereas Alu’s are present in different positions. From phylogenetic evidence, it appears that Alu 
elements were inserted into the a-fetoprotein gene at  some time postdating the mammalian radiation 85 
million years ago. 

%e fundamental role of mutations in the evolution of species, 
and in the occurrence and persistence of genetic disorders, 
makes them an important subject for investigation. Phylogeny 
of lineages may be reconstructed from DNA sequences, and 
genetic disorders can be traced by following DNA polymor- 
phism in affected families. While the difference between two 

‘This work was supported by Grant lROl  HD19281 from the Na- 
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tional Institutes of Health. 

chromosomes in one individual appears to be 0.1-OS%, the 
difference in DNA sequence between two primates can be as 
low as 1-2% (Sibley & Ahlquist, 1984). Clearly, accurate 
and quantitative sequence data are required if we wish to 
extract meaningful information from the sequences of our 
genomes. 

Studies in this laboratory have been directed toward un- 
derstanding the evolution of a small family of single-copy 
genes: those for serum albumin, its fetal counterpart a-feto- 
protein (AFP)’ [e.g., Minghetti et al. (1985)], and thevitamin 
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FIGURE 1: Map of human a-fetoprotein gene. The map shows major restriction endonuclease sites and the location of exons (boxes) and introns 
(heavy lines). The first and fourteenth exons are partially untranslated (open boxes); the fifteenth is entirely untranslated. Sizes, in base pairs, 
of introns and exons are shown above and below the map, respectively. The positions and orientations of repetitive elements are indicated 
by arrows. Maps of the two X clones are shown below the genomic map, and the sizes of EcoRI fragments are also indicated. The two bars 
at the bottom of the figure show the locations of 4.69- and 0.27-kb fragments, the sequences of which were determined on both chromosomes, 
and positions of polymorphic sites (P) are indicated. 

D binding protein (DBP), also known as the group-specific 
component (Gc). That the genes do indeed comprise a gene 
family has been revealed by sequence and structural homol- 
ogies between the mRNAs and the proteins themselves 
(Jagodzinski et al., 1981; Law & Dugaiczyk, 1981; Gorin et 
al., 1981; Yang et al., 1985a; Cooke & David, 1985). Mem- 
bers of this family are closely linked in the human (Weitkamp 
et al., 1966; Mikkelsen et al., 1977; Urano et al., 1984), and 
in situ hybridization has demonstrated that the genes are 
located in the region ql l-22 of human chromosome 4 (Harper 
& Dugaiczyk, 1983). It is clear, however, that despite the close 
linkage of the genes, they have diverged markedly over evo- 
lutionary time. The homology of AFP and albumin is only 
50% at the mRNA level (Jagodzinski et al., 1981), and the 
homology of each of these with DBP is even less (Yang et al., 
1985b). There is no suggestion, in examining these homologies, 
of any gene conversion between members of the family. 

These genes provide an excellent system for evolutionary 
studies. Indeed, comparison of mRNA sequence data from 
several species has indicated that the rate of evolution of AFP 
approximates that of pseudogenes and that albumin also 
evolves rapidly, albeit less so than AFP (Minghetti et al., 
1985). This rapid evolution of members of the gene family 
implies that it would be a useful model system for studying 
evolutionary relationships between species that have diverged 
in recent times. Direct comparison of complete gene sequences 
would provide the most statistically meaningful data for such 
studies. The difficulty in comparing closely related species 
is actually compounded by the existence of polymorphic dif- 
ferences in allelic DNA within a species, and in man this 
polymorphism was reported to be in the range of 1% (Murray 
et al., 1983; Lidsky et al., 1985), almost the same as between 
man and chimpanzee (Sibley & Ahlquist, 1984). It would be 
therefore advantageous to have, in addition to the complete 
sequence, accurate data for sequence polymorphism within a 
species, which might serve as a base line for comparisons 
between species. 

As a starting point for gene evolution studies in higher 
primates, we have determined the complete sequence for the 
human serum albumin gene (Minghetti et al., 1986) and, as 

' Abbreviations: AFP, a-fetoprotein; DBP, vitamin D binding protein; 
bp, base pairs(s); kb, kilobase pair(s). 

we report here, for the human AFP gene. In order to deter- 
mine DNA polymorphism within the a-fetoprotein gene, 4.69 
kb of contiguous sequence was determined from both chro- 
mosomes. The sequence and structure of the AFP gene re- 
vealed several novel features that should be useful for evalu- 
ating the evolution of this gene family and the evolution of 
our genome in general. 

MATERIALS AND METHODS 
EcoRI fragments of phages XHAFP33 and XHAFP26 

(Minghetti et al., 1983) were subcloned into pBR322. The 
DNA for sequence analysis was excised from isolated plasmid 
DNA and purified by agarose gel electrophoresis. 

The entire sequence was determined by the method of 
Maxam and Gilbert (1980). We used a shotgun sequence 
strategy and frequently cutting enzymes; three to five rounds 
per fragment yielded enough information to enable residual 
gaps to be closed by more precise sequence analysis. No 
subclone of the 0.25-kb EcoRI fragment was obtained; the 
sequence of this fragment and sequences across EcoRI sites 
were determined by direct sequencing of the XHAFP26 DNA. 
All restriction sites revealed by the sequence were in accord 
with mapping of the cloned DNA for all restriction enzymes 
used in the analysis. 

In order to verify the restriction enzyme map that can be 
derived from the complete sequence, Southern blots (Southern, 
1975) of genomic DNA digested with EcoRI, SstI, PstI, or 
XbaI were probed by using a 3.2-kb EcoRI-PuuII fragment 
isolated from the 5' end of the 6.0-kb EcoRI fragment of 
XHAFP33. 

Manipulation of the sequence data was performed on an 
Apple I1 computer by using the program of Larson and 
Messing (1983). 

RESULTS 
Sequence ofthe Gene. Earlier studies from this laboratory 

(Minghetti et al., 1983) have described a series of seven 
overlapping genomic clones spanning the human AFP gene. 
Two of these were used in this study, XHAFP33 and 
XHAFP26. The positions of these clones on the map of the 
AFP gene are shown in Figure 1. From these, we have 
determined a sequence of 22 166 nucleotides of human DNA 
encompassing the entire a-fetoprotein gene (Figure 2). This 
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~.JIEAAAAAGTTCCCCCAGTGATTCTAATGTGTAGCCAAGATCGGGAACCCTTGTAGACAGGGATGATAGGAGGTGAGCCACTCTTAGCATCCATCAT~TAGTATTAACATCATCATCT -751 
T G A G T T G C T A A G T G A A T G A ~ G C A C C T G A C C C A C T T T A T A ~ T T A G G G C T T G T G C T C T A A G ~ T T T C T A T G T T A A G C C A T A C A  -631 
TCGCATACTAAATACTTTAAAATGTACCTTATTGACATACATATTAAGTGAAAAGTGTT~CTGAGCTAAACAATGACAGCATAATTATCAAGCAATGATAATTTGAAATGAATTTATTAT -511 
TCTGCAACTTAGGGACAAG~CATCTCTCTGAATTTTTTG~ACTTTGAGAGTATTTGTTA~ATTTGCAA~TGAAGAGTC~GAATTGGTCAGACAATGTC~TGTGTGCCTGGCATATGATA x- 1 -391 

x- 2 GGCATTTAATAGTTTTAAAGAATTAATGTATTTAGATGAATTGCATACCAAATCTGCTG~CTTTTCTTTATGGCTTCAT~AACTTAATTTGAGAGAAAT~AATTATTCTGCAACTTAGGG -271 

ACAAGTCATGTCTTTGAATATTCTGTAGTTTGAGGAGAATATTTGTTATATTTGCAA~TAAAATAAGTTTGCAAGTTTTTTTTTTCTGCCCCAAAGAGCTCTGTGTCCTTGAACATAAA -151 

P e p t i d e  -1 t1 _---- E x o n 1  
Leu L e i  Asn Phe Tnr Glu Ser Arg Thr Leu His Arg Asn Glu Tyr Gly Ile A I -----(812 bp) 
CTA CTA AAT TTT ACT GAA TCC AGA ACA CTG CAT AGA AAT GAA TAT GGA ATA G GTGAGATAT~TTGTGTTTTTCTTGTCTTT~CTCTATATCAAAATTTTTTA 
AATTATAAAATTTGCATTAATTTGTCTTGATTTATTATTCATATTTATTATTCCACATGGAGAAAAAATATTTAACTGATGGATATATTTAAATGAAAGAAAAACTTGTAACTTTACAAG 
AGGTTTACAAAGTTATAGCAGTGTTTAATGGATGAATGG~TTGTATGTTTCATGTTGAA~TAATTTTTACACTTCAATGGTATGCATATTAACTTTGAAAAATTATATATATACACATAT 
ATGT AC AT AT AT A T G A A T A ~  AAATAAAATTTT ATATGTGA AGAAGC CAGAATTATGCTCCTTCACATAACTCCCTCAGACTAGTAAAATAGATAAAATC~TTGTTTTTAATACAGAAAAA 
TGGGTCATTATTTGATGGTCTGAAGAAGAAATATTGTGACTGGGATATGAATGGCAMCCGTAGTACAACTATGTTCAAAAGAATGCCTGAAATATATT~TTAACCATTTGACTTTCAGG 
ACAGTTACAGCACTACAGTACAGGGAAAAACCAAACAAC~GGAAGACAAAATCTGGATT~TAGTGATAGGTCTACTATAAATTATGCTTGTTAACTTCA~TCCTTAGTTTCCTAGTTTTC 
T T T T C C T C A A G T A T A A A A T ~ A A G A T G C T T A G G T T A T C C C ~ C A A T G A T T A C T T T C T T G G T T  

----- E x o n 2 -----(52 bp) ----- E x o n 2  I l a  Ser Ile Leu Asp Ser 'lJz Gln Cys 'Ihr Ala Glu Ile Ser Leu Ala Asp Le GCAGTTGAAAACACGTTTCATGAAGTTTATTTTGCCTTCCAG CT TCC ATA TTG GAT TCT TAC CAA TGT ACT GCA GAG ATA AGT TTA GCT GAC CT 
r o n 2 -----(962 bp) 
TTGCTTATATAAATGTACT~TAAATGTGTAAAGCAAGGA~AAGTAAATACTTAAATAAAATTGGGTACCCCTGTGAGCTCTTAAAAGCACAAAAGCAAT~TGGACAATTTCAAGAAAAGT 
TACTCATACTGAATATCAACTTGATGTTGAAGAGGTTAAACTGTTGACTAATGTCTTCGACATTGACCTTTTGATTCCT~GAAATCTCATGAGTCAAACCAAATCAGATTTTAGAAACTG 
AAGATTAGTGTCTGATCAG~GACAACCATATACTAATTCAGGAATTTTTCTCATCAGTACCAACAGGGTGATATTATM~GTTTTCTTTTCTGTATACTATTTAAATCTTAGCAGCAAAC 

TACTCCTTGCACATCCAAACCTGCATAAGGATTGCTTTGAGTCAATCCATGAGCACTGTAGTCTTGGGTTTTAGACCTTGATCATACTGGGAATAGACACTGTTAGAGGTCTGTCTAATT 
ACC A ATTTTTTTTTGCTTA~ATTT AAAAGTAACC AT A A A ~ A A T A T ~  GATACCCTCAATTATGGGTACATTACAGTAGATGGATGGTCACAGAAGGAGA~CCACTCTTATGGGAAATCCA 
CTTATTTTAGCCTTTAACA~CTATATGTATATTTATGGCAAAAGAAAACAAGAAAAAGACTAAAGTTTCTTCTCAGATGACCTGGAAGCTAATTTTACA~AATTTTACAAATCAAATGTC 

TAAACAGATTACAACATAAATAGAAAACAAAACAAACAAATGAAAAACTATACTTGAGAAAAATAAGCTTGCTGCAGGTCTGTTCCTTAAGGATTCACACGTATTTTTGTTTCAG 

CATAGGTGATAAAATATTCTATTTGCTGTTATTTGTGGAGAGTATGTTAGTCTCTTGGATGTCTTTCCATTCCACATTTTAAAAATTTCTAACAAAGAATTTAAAGTAGTGTGTTGCTGT 

I ----- I n t r o n 2  

E x o n 3 -----(133 bp) 
u Ala 'Ihr Ile Phe Phe Ala G h  Phe Val G l n  Glu Ala ' lkc Tyr Lys Glu Val Ser Lys Met Val Lys Asp Ala Leu Ihr Ala Ile Glu 
G GCT ACC ATA TTT TTT GCC CAG TTT GTT CAA GAA GCC ACT TAC AAG GAA GTA AGC AAA ATG GTG AAA GAT GCA TTG ACT FCA ATT GAG 

----- E x o n 3  
Lys Fro Thr Gly Asp Glu Gln Ser Ser Gly.Cys Leu Glu Asn Gln I ' -----?287 bp) 
AAA ccc ACT GGA GAT GAA CAG TCT TCA GGG TGT TTA GAA AAC CAG GTGAGTGAATAATTTTAAAAAAGCATTGTGATATTTGACAAAAATTTAGCATGCTGAAGA 
GAAGATACAAAAATAGCAG~GAAAAATGCATTTAAATAT~TGAAGAGCTATTGTATGAAAGAGGGATTAGATTCATTCTGAATT GCTAAAGAGGGCAGA~G AGMC AATAGGTAGTTATT 
ATAAAGAGACCATATAAATATGATGAACTAAGGTTCTGAAATAAGATTATCTTGATGAC~ATGGGCATATTAACTTTTT~GAGCTTCAGTTTTCTTATC~GTAAAATAAGGGATGATAAT 
AGCTCCCATTTCATAGTTAGCATGGAAATTGATATAACAGCAATAGTAGCTAACTTTTA~TATACACACAATGTGACTGGCATTATTCTAGGGAGCATAATGTGTATATTGATAATAAAA 
ATATTTTATGACATAGGGGATAGATAGCACTGATGAATCAGAATGGTTGTCCAGTGAGTCAAGAGATGCTGGCTCGGGC~TCTGGGCAGGATATCAGCT~TGCTTACCTATATTTATTTA 
TTAAACATTTAAAATAATCCTTGAAGATAGATGCTAATC~TCCAACTGAGGAAGCTGAGGCTCAGAGAATTTAAGTAAC~TTCTTATGGGAACCACCAAATGGCAGAGCCAGGATTTGAA 
CTAGACCATCTGGCTTAAAATTGACAGTCTTAGTAGCTTCATTACACTATAACTATAGTGAATGTAAGATGCATAGCACATCGTTAGGGTTGCCAGGTT~AGCAAACAACAACAACAT 
AATACCCAGTTCAATCTGAATTTTAGATAAACACTAAATACTTTTCTTAGTATAAGGATATTTCATTGTAGAAGCTCAACAAATAATATTTATTATTTA~TTTATCTCAACATAGAMCA 
AACTTGATAATGATTAGAA~TCTCC A ATT AT A A A A C A A C ~ T G C  CCAGAGAATACTCTGT~ATGGTGGGGTTAATTAGGTGGCTGAAAGACAATGTACCTGGAATATCATAGAAGAGATGC 
TCCTTTAAGGATATAGTTTAAGTTCTTTCCAACTTTGAAATTTATGAATTGACAAAAAT~TCTGTTTTGCATCTCTATT~TTGTCTTGTTCTGATAATC~TTTCAAAATGTGTATAAAAA 
AACAAGAATACATTATCTA~TGCAACTTTACAACCAATTAGAGGTTCAAGGTAATGTTACAGATCGCTGATTTATTCTTGTAAATTCAAAGGTATGTCT~TTAAATGAGGATTGGGAATT 
AGAAATCTTACGTAAGCCT~CCAGGATTCTCTAAATATTACTGTAGCAGCTATAAAAGC~ACATAAAAGTTCCCTCAGA~ACATGAAACACATGTATTCCTCAGATGCTTTCTGTGGMT 
ATTGATGCTGTCATCTGAG~TTGGTAAGGGTAAGTCACAGAGGAGGAAACACATACATT~TAAAACATTTTAGCTAAATATGTAATTGTGGCCAAGAAAAGTGTTTTTTTAAA~TMT 
TATTTCATTTCAAAATCAT~TTTATTTATAATTGAAAATAATATGCAGTTTTTTATTGTCTTGTAAGGATGGCATGTAAAATGAGCATTTATGTCTGAAATGTGGTATGTCTGTGTGTGT 
GTGTGTATATGTATATATG~ATGTATATACCATAATATA~ACATATGTATTTGCAATTCCAAAAGTTACATCTTTAATGAGAATCATGAAAATATTATT~TGCTCAGTTTCTTTTTTTAT *:..:. . . . . . . * ... . . . . . . . .................... 
TTAAATT;AAATTTAAAGTTCTGGTGTACACGGGCAGGATGAGCAGGTCTGTTACATAGGTAAACACGTGGCATGGTGGTTTGCTGCACCTACCAACCTGTTGCCTGGGTATTAAGCCCA ........................................................................................................................................................................................................ ........................................................................................................................................................................................................ 

.-Kpn . GCGTGCATTACCTATTTTTCCTAATGCTCTCCCTCCCTG~ACTCCACTCCCTGACAGGC~CCAGTGTGTGCTGTTTCCCTCCCTGTGTCCATG~CATGGTTTATATATTTATAAMGT ........................................................................................................................................................... ........................................................................................................................................................... 

-31 

77 

179 
299 
419 
539 
659 
779 
899 

1000 

1120 
1240 
1360 
1480 
1600 
1720 
1840 

1955 

2043 

2148 
2268 
2388 
2508 
2628 
2748 
2868 
2988 
3108 
3228 
3348 
3468 
3588 
3708 
3828 

3948 

4068 

4188 



H U M A N  a - F E T O P R O T E I N  G E N E  V O L .  2 6 ,  N O .  5 ,  1 9 8 7  1335 

CTCATTTTCCATAAGGCAGCAAAGAAATCTATTTCATCAGGCTGAAACAAAATACATTAGAATTTGTATGGAAAATTTT~CAGAATCTATAGTTCTGAT~TTAGACATTAGAAAATGTTT 4308 
E x o n 4 -----(212 bp) 
Leu Pro Ala Phe Leu Glu Glu Leu Cys His Glu Lys Glu 

----- I 
CATGTGTCTTATAGATTTT~AAAGCAAAGTTAGTTGTCT~TCTCCAAACATAAAATATT~CTTATAG CTA CCT GCC TTT CTG GAA GAA CTT TGC CAT GAG AAA GAA 4414 
Ile Leu Glu Lys Tyr Gly His Ser Asp Cys Cys Ser Gln Ser Glu Glu Gly Arg His Asn Cys Phe Leu Ala His Lys Lys Pro Thr Pro 
ATT TTG GAG AAG TAC GGA CAT TCA GAC TGC TGC AGC CAA AGT GAA GAG GGA AGA CAT AAC TGT T T T  CTT GCA CAC AAA AAG CCC ACT CCA 4504 

----- E x o n 4  
Ala Ser Ile Pro Leu €'he G l n  Val Pro Glu Pro Val 'Ihr Ser Cys Glu Ala Tyr Glu Glu Asp Arg Glu Thr %e Met Asn Ly I 
GCA TCG ATC CCA CTT TTC CAA GTT CCA GAA CCT GTC ACA AGC TGT GAA GCA TAT GAA GAA GAC AGG GAG ACA TTC ATG AAC AA GTAAGGATC 4596 

'- 

o n 4 -----(1486 bp) 
CAGTTTAAAGGTAGATGCAAACCTCAGAAACACAGCAATGGCAAGCCTAATTTAGTATT~TTGCAATGTACTCATGTAC~CCCAGTAAGAGGTATAATG~TTCTTTGGTGTTGTGTCTGC 4716 
T G A G G T C C C A G G C A A G G T A A T T A G G A G A G C A A C A T T C A A ~ C G C T A G A T G T A G T A C A A A C C A C A G G A C A A A C C T A C C A G A G G T T C C A T T A G T C C C T T G A G A  4836 
GATATACACCTTTTTTTTTTCTTTTTACCCATTCTACTCTCAATTTTACCTTGTTCAAGAATATATTAGTATTGCACCAAATTGATGCTTTCCAGAGCCATATATTGGTGTTTTGTGTTC 4956 

. A l u l -  
ACCTAATTGCCTAGAAATAAAAGTTAGAGATCCAAGCATGGTCAAGCATGGTCAAGATACACAGACATGGCAAAGGTTTACTGAACACTTAGGATGTTGTGGGGCCGGGCGCGGTGGCTC 5076 **********- 

GGGCCACAGAGCGAGACTCCGTCTCAAAAAAAAAAAAAAAAA GGATGTTGTGGAAACATGTCTGCTTGCACAGAGGATCAGATTAACACTCACAAACAAACT?T~AAGCCTCCTTC 5136 *********** 
T C C T C T T C C T C T T C A T T C T ~ C T T C T T T C C C C C A T T T T G T ~ A G G G C A C A C A G C T A G T A C A ~ T T G A C C C C A G G T T C T T C T G T  5556 
TGGAGAAGCCTGTACGTAACTCTTCAATCACTTCTGCCT~CCATGTTACTTCCTAAACCAGATAAATAGAGAGATTGCCCTTAGAACATCTCTGCTATGGCGACTATCCAGGTGCATAAC 5676 
CCCATTCTGCACTGACAAGGGATAAAATGTCCATCTTTCTGTTGCACTTAGCAGAAGTCTGGCTTTGCTGATCCCTGAAACATATCTGAGTAGGCTTATTGAAAAAGACCTTTTAATAAG 5796 
AATCATGGTTAGCATGTCTGCCTATTTTCTTCTCATAATAGAATCTGGTACCATCTGTCAGATATTTTTCCCCCCAGGATCTTTAGTGAGGAAAATTTTGACAACATGTGGAAAAAATAT 5916 
GATGATTTTCCCCTTAGGAACACAGTAAAGACAAAGTCAAATGCATTTTGTTGTTGTTG~TTTTGAATCTTTAAATAAA~CCCAGTGTCCAGTTCCAAGCAGTAGTAGTCCTATTTTTAG 6036 

E x o n 5 -----(133 bp) 
s Phe Ile Tyr Glu Ile Ala Arg Arg His Pro Phe Leu Tyr Ala Pro 'Ihr Ile Leu Leu hp I ' I ----- 

GTGTTTATAAATCTTCTAG~TCTATTTTATTTCACAG A TTC ATT TAT GAG ATA GCA AGA AGG CAT ccc TTC CTG TAT GCA CCT ACA ATT CTT CTT TGG 6134 

I ----- E x o n 5  
Ala Ala A r g  Tyr Asp Lys Ile Ile Pro Ser Cys Cys Lys Ala Glu Asn Ala Val Glu Cys Phe G l n  Thr Lys I ' --('I8 bp) 
GCT GCT CGC TAT GAC AAA ATA ATT CCA TCT TGC TGC AAA GCT GAA AAT GCA GTT GAA TGC TTC CAA ACA AAG GTA~CATATTTGCGTGGATATCTG 6230 
AACCAGTACTGTAGTCTATGACTCATTAAAACAAAACAAAGTTAAAAATGAAAACGTGC~TAATTGTGGAGAGTATCGT~TTTGGAATAGAGAAATAGT~CAGCAGTCTGATATTCTTCG 6350 
AGTGAACAAAACTGGATTTGCTGGTTTTTATTATCTATTCATTAAGTCAACAATAATTT~ATTATTAAGGAAGTGAGTT~GATGGGATAAAGAAGGAAAGACAGACAGACAGAAAGAGAG 6470 
AAAGAGAGGGTGCTATAAA~GGGAAGGAGTAAGTGAAAGAAAACGGAGAAAAGGAGGAGCAGAGGAGAGAGAAAAAATGAAGAACTATGATAAATGCTT~ATACTTACTGTTTTTTTAAA 6590 
CCTTAGAACAAATTTGAGG~GTAAGTATTTTTGTCCTTTAACAAACTAGGAAAGAGGTT~AGAGAAGAAAATTTTTTTTAGGTTTAGAGAGGTAGAATAATATCCACCATTAACTACTTG 6710 
CTACCAGCAGTCCTATAACI\AAAATTTCCTGAGAACTGACTACTCTCAGTGTCAAGCCGTGATACAATCGTATTTTTTG~AACTGAGAAGACACTTAAGAAATTAGCAGGCTTCAATTTG 6830 
TCTTTAAGCTGTTTAAAGG~ACAG~TGTTCATTTATGATCCCCAGTATAAAAGTTATGT~TTTGTTTCAAGGTACTTTGAGTAAATTTGTCTGGCACAGATGCATATAAACTAACCCAAA 6950 
AGAATAAATGAGTCAATAA~ATTCTGCGATAATGTATGACATTTATAATTTTTAGTAAAAAACATATTTTATGGAATTTCATTTTACCTATACTTGTTG~TTTTCTAAATATTAGAGCTT 7070 

----- I E x o n  6 -----(98 bp) 
Ala Ala Thr Val Thr Lys Glu Leu Arg Glu Ser Ser Leu Leu Asn Gln GTAAAGAAAATGTTAGTATATGCTTTCATGACATTTTGT~TCCTCTACATCTAG GCA G C A  ACA GTT ACA AAA GAA TTA AGA GAA AGC AGC TTG TTA AAT CAA 7172 

----- E x o n 6  
His Ala Cys Ala Val Met Lys Asn Phe Gly 'Ihr Arg Thr Phe Gln Ala I1 I bp) 
CAT GCA TGT GCA GTA ATG AAA AAT TTT GGG ACC CGA ACT TTC CAA GCC AT GTAAGTTCAAGT~CTATCTAGGGAAGAGGGTGAGAGCTACAGAACTACCATTT 7275 
TGCAATTTGGGTTCGTTTT~TTAATTGTTGCTGTTTTAGAGAATGAAGACCCCTTTGTGACCCCTTTGATGAGGGCTAA~GGGATTAGAACCATGAACTCTTAGGATCAGAAGGAAGCTA 7395 
ACGGATAAGTCAGTTTAACACTTACTAAAGCCTAGCTGAGATAATACATAGAAAAGACTTTTAAAGTTTATGTTATTTACCTGTTCTTTAAGACACTTAAGTTCTGGCCTGCCATCAAAT 7515 
TATACCTCATCACTAGACCATATTTTTCTAGCTCTTCTACAAAATAAGTCAGCCTTCAC~GAGTGTCATTTAAAACTTT~GCCTTAACAAGAAATTCTT~ATATTAATTGTGTTTCTTAA 7635 
TCTTCTATAAGGCTCTTTA~AGCATTTATTGCTTCCCATAAAAATATTCCTTTGAGGCAATAATATTAGAATCTAGTGTCAGGAGAAAAGAACATTTTAAATTATATAACTTCTTTAAAG 7755 
TACTCATCAACTCTTTTATGATAAAACATTTCTAGTATA~GAAAATATCTGAGCTGCTAATCGAATAGTAGTAAGTATA~ATATTCAGAGTTTATTTGA~TGCTGTTTGGTTAAATAACA 7875 
C G T T A A A G C A T A T T G T A G A C A A T G G A A A T C T A G A A T G A A G T G C C T T A A C T A C C C T C C A A C  7995 
TCAATTAGAAATTGAAAGA~TAATTTATGACCTACTTTAAAAAAATTTATCTTAGTAATAAAATAGAAATTGAGATAGTATTATAATACCCTTATCATT~GCTATCCATAAGTGAAAGCT 8115 
AAGTGGTCTAAATTTATAGAGAAGATCCATCTTTATCAGAAGCAGGAGTAACACTATTT~CTCTAGGAGCAATGGTTTTACAAAGACAACTCTTAAAAT~TAATGAAATATGCAGAGGAA 8235 
ACCAGAATTTTTATTTCTTACTTCTTTTTTGGCCACATTACTCTCTTGGCACACTGGTA~GCCTGAAATGTTTAATCTGCTCCACTTTCTTGTCCCATT~CATTGATTTGCACATACGCC 8355 
TCCTTTCCTGGATTCTCAGI\AGTATTTTTTACCCCAGTAAAAAATGGTTCTCATTTTCA~GGAATTTTCCATTTCTTAA~TGTTTATCCTTTTAAAGTT~TATGTCCACTCAATACAAAT 8475 
GCTCAGCATAAGGGTTGAA~GGCAAAAATAATTTACCTTAATTCTTAAGACATGTTTTAGGAAAAGATAAATTATTTCTAAACCATTTGTGGGGCCAGC~CACAGTTTACAGAGTTACCA 8595 
CCTTGMAGATATGGCTGGAATCAAGCCTTAAAACATGT~TCCTTTTCTTTTTAAACAACAAGGGAATTTCAGTCATTTCTCTTTGAAACTTCTACTGTAGTAATACTCTATAAATTCTA 8715 

I o n  E x  o n  7 -----(130 bp) ----- 
e 'Ihr Val 'Ihr Lys Leu Ser Gln Lys Phe Thr Lys Val Asn Phe 'Ihr TTTTATTTTGACAGATAACCAAGAAATTAATTTCTAATT~CTTTTTTTTCCCTAG A ACT GTT ACT AAA CTG AGT CAG AAG TTT ACC AAA GTT AAT TTT ACT 8816 

----- E x o n 7  
Glu Ile Gln Lys Leu Val Leu Asp Val Ala His Val His Glu His Cys Cys Arg Gly Asp Val Leu Asp Cys Leu G l n  Asp Gly I 
GAA ATC CAG M A  CTA GTC CTG GAT GTG GCC CAT GTA CAT GAG CAC TGT TGC AGA GGA GAT GTG CTG GAT TGT CTG CAG GAT GGG GTGAGGAG 8908 

'- 
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(2275 bp) 0 n 7 _---_ 
T C T T G C T T C T T A A A A T A G A A G A T T T T C A C T C C C T T T T C T ~ C T A G G T G A C T C C T T A A  9028 
ATTTGCA~~.BSTCGGTAGTAAAACTTAAACCATCTTT~GTTGATCCTGGCTTTCACT~TAGCTATACCCCTTTTTGTGAAACCAAGGCTCATCTATT~CTTACTTCTAAAAAAACCGT 9148 
GGGAACTTCTCAGAAGGCT~CTCCATAGTTACTTGGAGGACGGGAGGAAACTAAGGTTTAATGTATTTATTTTTTCATTCATTTATTCTTTCATTTGACAAATAAATATATATTAAATAC 9268 
TTTCTATCTGCTAGCCACTATGACAGACACTTGTTTTAA~GCACAGGCTGACCTCAAG~~~~SACAGTCTGATAGGAGAGATAAGACAGTGACCTCC~TGGAGTTAGGGACTGCCTTG 9388 
GTTTACTGTTATCTCCATAGCACAATGCCTGGCACATGGAAGGCATTCTATAATAGTTTGTTAAATGAACGAATGCAATAAAAATTGCACAAGTAACTG~CCTACCAGGTAAAAAGCTAG 9508 
C C T T G C C A A A G A C A A G T G T G A A T A A A G T G G T C T C G G A G A A A G T G T G C T C T A G T C A G T G G ~ G G T T T A A G C A G T G T G G C A T T  9628 
GGCTTATTTTGGCTAACCC~AGACTTCCTAGATTTTACAAGAGAGGACTGTTGACCCTCAGATTACTCTGTCTCTGTGGGCTCCATGACACACCAAAGAGATTAAAATCCAAGGAGCTTA 9748 
AAAATTACTGCTCTTAGGTACTCAAATGGCTTGATAACCAGCACTGGACTATGGTTTCCAGAAGGCTGAAAGTGAAGATAAAATGCTCATTTCAGCCCA~CCGATGGCAATTCAGTGAGA 9868 
TGCTTGAAGTAAGCAAGAAGCCGAGGCTGCAGAGGAGGCCTGAGAGTGACAGTCCCTGAGGAGCTGGGGAAGAAGTGG~GGAGGCAGCCTGGCAGGCGACTGTACTACTTTACTTGTTT 9988 
TTCTTCTAGAAATATGGCA~ACTAGGAAAACCAACAAGAAGTATTTTGTTTTTCTTTGAGCTCAGTTTTCCCATTTTGAACGGACAATTTTACTGTTTC~CGTTGTCATTTTTAAAAAGT 10108 
TAATTTTTTCAATTTTTGGAGCTCATAACCACCCTTTTCCTTTAAAGTGGAAACATTAA~TTCAGCATGATATGTAAGT~GGATTTTGATAGCTGAATAATGGGTTCTAATTATCTTTGC 10228 
TGAGAATGTACAGAATTTTCAGTCCCATGACAGGTATATATGTAAGCTCTGCCTCTCTC~GGCCACTTAGGTGCATTGCCATTTTATTATCTATAGACTGCCCTCTGAAGGTCATAGTCA 10348 
GTCACTGCAGTATGTTCTGATAAAGATGATTATCATTCT~ACGGAATTTCTCGTGGAGCAGAAAGTTTGCTCTCCATGT~ATGATACCAGTTGCAAGTG~TGTTTAGGGGCAAATTTGAA 10468 
TGCTAATAGAAATACATATAGCAACATGCATCCTATTTTATTTGAGCACATTTCCCTCT~ATTTGTAAAGGTTTTCAAT~GAAATAACATAGGATTTAGCTTACAACTATGGAAAGAAGA 10588 

A T T G A A C A A A C A G G T A A G T G G A A A G G A A T G A G A A A A G G C A A A A ~ T G G ~ ~ A G A A A ~ ~ A ~ ~ A ~ A A C G G G A ~ A C A A ~ T ~ A A A A ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  10708 
X b a l  

****** * 

CATTGTTTGCACTGCTAAA~AAAATTATGT~TTCTTC~TCTTTCCTTCCTCCTTCCCCCATCCCTCTCTATTTCCCT~TCCCCTTCCTTCTTTCCTGGCCTTTTTTCCTTCTTTCTTT ****** ** 11068 

GTTCCCTTCTCCCTCCCTCCCCTTTCTTCCTTTTTCTAAAGCTGGCTTTGAGATCCTTTATTAAAGAATAAATCTTTAAAACTTATACTTTATTTTCCCTGTTGCAG GAA AAA ATC 11184 
----- I n t r o n 7 !li- 

--- (215 bp) 
&t S e r  Tyr Ile Cys Ser Gln Gln Asp 'Ihr Leu Ser Asn Lys Ile 'Ihr Glu Cys Cys Lys Leu 'Ihr Thr Leu Glu Arg Gly Gln Cys Ile 
ATG TCC TAC ATA TGT TCT CAA CAA GAC ACT CTG TCA AAC AAA ATA ACA GAA TGC TGC AAA CTG ACC ACG CTG GAA CGT GGT CAA TGT ATA 11274 
Ile His Ala Glu Arm Asp Glu Lys Pro Glu Gly Leu Ser Pro Asn Leu Asn Arg Phe Leu Gly Asp Arg Asp Phe Asn Gln Phe Ser Ser 
ATT CAT GCA GAA AAT GAT GAA AAA CCT GAA GGT CTA TCT CCA AAT CTA AAC AGG TTT TTA GGA GAT AGA GAT T T T  AAC CAA TTT TCT TCA 11364 

----- E x o n 8  
Gly Glu Lys Asn Ile Phe Leu Ala Se I bp) 
GGG GAA AAA AAT ATC TTC TTG GCA AG GTAACACACTCTGTAAATGCATGT~CATGCAAGTAAAAATGATTATGTGGCTGACAGATTTGCG~TGTTGAAATGGAGAGTGATG 11475 
ATTATGGTTTTTGAGTTCAATATGTGAGGATATTTGGCTAGAATGTTCTGAGCCAAAATAGATTTCAGTAGATAACCAGGGAATAAGTAATGGGATTTGGTGTTTAACGGTGAAGCGTTC 11595 
ACCACTGTGACTCATTAAC~GCTTTGCTATGAAGCTGAA~TTTATTTCACATCAATTTC~CTGGAATCAGAAGCATTGTCATCCTGTAAAGATTACTCA~ATCAAGGCCACCATTGAACT 11715 
CTCAAATAGGATATGGATA;TTTTGTAATAAGAAGAGTTCATGATTAAGAATGAACTCT~GCTACGCATGTTAAAAAAAAAACTTTTCTCCAAAAGATAACACAAGAGATAATGCTAGGT 11835 

AGAAGAACTTTTATAGGAACAGCTTATTGGCTATGTATTAAATACATGTTTTGTATTTT~TAAGAAAATCAAAACATGT~TAGAGACATTTGCAGTACAGTAGTTTGTTTTAATACAACT 11955 
X b- - 

a 2 -  

TTAGGACATTATACTTGATATTTCCAAGGGTCTTTCTAGATTTAMAGTCTGATTCTAACGTAGTAATAAAAATAAAGGCCCAATTTTCTCTTTAATA~TGCCTGA/IGATATTACTCTA 1 x 9 5  

TTATTGCATTAAAATTAAACATTCACACATTGTTTGCA~~GCTAAATAAAATTATGT~CTAGAATAAAGTTCAGATT~AGGAGACACATAGTGACAACTGATTGGTGACAGAACTAAT 12315 

CCTATAATCTGGGAATACGGTTAGTAMGTCAAGAATTACCTTTAAGTTTACACATCCA~GCACATCTAAATCTAATTG~TTAATAGAAGCAGTTCTTCAGTTGCAAAGGTTCTTTGCAG 12435 
TAGAATTTTCTCAGCCAGGAATGATTTTCCCCCAGATAT~TGCATGGCTTCTTTCACTTAGCTGATCTCTGTTCTGATA~CAGCTGCCTAGAGAGAATT~TCTTGACCACATTCAAAGTT 12555 
AGTGGCCTCTCCACCTTGGGTATCATCCTTTTTTCTCTT~TTCATCTTTATTTATTTTCATTGATTTATCGCTAACTGAAATGAGATGGCCTATTTCTTGTTTATTTGTTCTGCCTCCCT 12675 
ATAATGTGTGCTTTTCAGAGGGCAGGTATTTATCTTAGACATCATTGAGTCCGTTCTGC~TAAAGCAATGCTAGCAAAGAGTGGACACTGGAAAAATAT~TGTTGAATAAATGAATATAA 12795 
AGTCCGTAATTGAAAAGTCAAATTGAGAGATGCAGGAGAAAACAAAAAGCCATTTTACAGGACAATTTGAAGGATCACAGTCTGTATTAACAGTTTTGC~ATTCATATAATTCAAATCAT 12915 

ATTTGATTTTCAGGTTTAT~TATTTGAATTTAACTTCCACATGCCATATTATATAGGAA~AACTGGAGAAGTGATGGCT~:CTTTTGTCTCTTAGTTCCAATAACTTGAAATATTTTTCTC 13035 
I n- _ _ _ _ _  

E x o n  9 -----(133 bp) 
r Phe Val His Glu Tyr Ser Arg Arg His Pro Gln Leu Ala Val Ser Val Ile Leu Arg Val Ala Lys Gly Tyr Gln Glu 

CACATATTTCAG T T T T  GTT CAT GAA TAT TCA AGA AGA CAT CCT CAG CTT GCT GTC TCA GTA ATT CTA AGA GTT GCT AAA GGA TAC CAG GAG 

Leu Leu Glu Lys Cys Phe Gln Thr Glu Asn Fro Leu Glu Cys Gln Asp Lys Gly I 

13126 
E x o n 9  ----- 

-----(568 bp) 
TTA TTG GAG AAG TGT TTC CAG ACT GAA AAC CCT CTT GAA TGC CAA GAT AAA GGA GTAAGTT~CTCTAGAATTTTAGGGGAG~ATGAAAAACTGGATTGATAT 13228 
CATCTGTTAAAAATGCTGT~TGTTTGAAAGCCTCTAGTT~TCAACTAGTTGTTAGCCAG~TATATCTATTTGTCTAGATATTAAGCTGTTATTAACTAGCAGTCAGCAGCTAGTGGCTTG 13348 
CTTTAGAAACAAAAATGTTAATTGCTTCTCAGCCTTTTGGCTAAGATCAAGTGTAGAAA~AAAAATGTTAACCAAAAGTCCTTTGATCCACAAATAAAGGTAGTATTCATTATTCATTTT 13468 
T G G A T A A C T T C A G A A A G G C A A G A A T T T G G T A C A G A A A G A A A T T G A G T T T T G C C A T T A A A ~ G A T T T T G T G A T T T A T A A A A ~ G T T A A A C T T A A T C T C C C C A A  13588 
A A T C C A T T T T C T G T A A T T A ~ C A A A A T T T A C A C T T T A C C A ~ T A T A C A A A G T T A T G C A T C C A  13708 

E x o n 10 -----(98 bp) 
Glu Glu Glu Leu Gln Lys Tyr Ile G l n  Glu Ser G l n  Ala Leu A l a  Lys Arg Set Cys Gly 
GAA GAA GAA TTA CAG AAA TAC ATC CAG GAG AGC CAA GCA TTG GCA AAG CGA AGC TGC GGC m o a  

----- 
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----- E x o n 1 0  
Leu %e Gln Lys Leu Gly Glu Tyr Tyr Leu G l n  Asn Al I I: lo -----(482 @) 
CTC TTC CAG AAA CTA GGA GAA TAT TAC TTA CAA AAT GC GTATGTTT~TGTAAACAGTATTTTTAGTGAATTAAAATTATTAAAGA~TGTAGCCTTCCCCAATTCT 13915 

----- I E x o n 11 -----(139 bp) 
a Phe Leu V a l  A l a  Tyr zhr Lys Lys Ala pro Gln Leu zhr Ser Ser Glu CTAAAAACTCATGAATGAC~CAGCAGGACTTAGTTAAAAAATGCTTCTTTCAG G TTT CTC GTT GCT TAC ACA AAG AAA GCC ccc CAG CTG ACC TCG TCG. GAG 14377 

_---- E x o n 111 
Leu Met Ala Ile Thr Arg Lys Met Ala Ala zhr Ala Ala Thr Cys Cys G l n  Leu Ser Glu Asp Lys Leu Leu Ala Cys Gly Glu Gly Ala 
CTG ATG GCC ATC ACC AGA AAA ATG GCA GCC ACA GCA GCC ACT TGT TGC CAA CTC AGT GAG GAC AAA CTA T T G  GCC TGT GGC GAG - -- GGA - -- GCG --I 14467 
I n t r o n  11 -----(1647 bp) 
GTGAGTGTCTGCTTGGTTTGGTCCCATCTCATTTCTGCCCTGTTTGACTTGAAATAGCC~CATAATTCCCCTCTAGGGAAGACGGTAAAAACCAATGTAGAGATGGCCTTAGGAGGCTTG 14587 
TTTGATTAGTCACGGTTGGAGGGGTGTGAGAACCCAGCTCTGGATGGCTGGCATGTGGCCATGCTTCCTATTCCTCCAGGGTGGCTGGTGG~GTTCAGCCAGTTTAGTCAACAATATCT 14707 
GAGCCAACTTTATATATCAGAAAGACAGAACG~CCAACA~GTAACTCATAATTCATAACAATTCATAATTCATAACTTCAAATCATAATTTCTGCTTTT~GTTCATATACTTACTTTGAT 14827 
GTTTTAAAAAAGCTTTATC~TTGATTGATTAAAATTAGTCATGCTATTTTAGCCATATT~ATATTTTCACCTTTTGTAACATGATATTATTATTATGACATCAGGAATAATTGGTTCCCT 14947 
TTCGCAGGGTATAGGGTACAGCACAGGATAAGTATTATG~TCTGAATAGTAAAATGACT~TCGAGTCAGTAATGCCAATATTCTTTACTTCCTAATGTCACTAGTATCATACATAAGATT 15067 
ACAGGATGAATTAAAAATA~TTTTCCTATAAAGTCATAA~TGCAAACAAAATTGTCTAT~TTATCCTTTTTCCTCTTTT~CATAATGGGGAGTTATTTGETGTTAGTCTTCATGTCATAC 15187 
ATTTTTTCCCCAAAGGTTAAGAGTAAAAGGAGAGTTCTTGTGATTAAATGTCACCTCAA~TGTTTGTTGAATTTCCCATGCTGGGAGGCTGCAGGGATGCAGGATGGTGTAATGGTTCAG 15307 
GAGTGTATGTTCCGGAGGCCACCAGCCAACAACCGCATTCTACTTTCACTATTCTTTAG~TGTATCACAGTGGGAAAGCAACTTATGTCATTAAGCTTGAGTTTTTTCATCTGACATTTG 15427 
AGAATACAAATTATACCAC~:CTCATACGACAGCTGTTTTI\AACAAGATAATCTGCATAACTCACACAGCACTAGTCTGACAGATA~GTGCACAC~AACATATTATTTCTTATTACAAG 15547 

GCTGCAAGTGTATACATGTGTATATGTATGTGAATAAAAGGGGTAAGTTTGTGCTATTC~TACCTTCAGATAGTGATTA~CAAAAGAAAAATGGAAAGT~CAACTAA 15787 
ACATAAAGGCAGAGACATT~TTGTCCTTTAGAAGTGTGTATGTAACTGGAAGCATGTTTCAAATAGCTGACACAAATAGCTAAATGACTATCCTCAACA~CACATATGGACCATCTGCTA 15907 
CTACTTGCTAAGGCTTAGCCCAAACAAATGGGTAAATCC~GGAATTTACAATATAATGTCACATGATCCTACATAGCAAATTTTCCTGTAATATTAATTATAAATTGCTGGGCATTAGAA 16027 

TTATTACTAGGTGATTAAGAAATATCTCCTAAGTAGGCAAGGTAGCAAGATTCT~CATTAeGAA~GTCTTAAAAACCCA~AAAATTGCTCTTACTTCTTiTCAATTAGGATGATATATTA 15667 

E x o n 12 -----(224 bp) 
Ala Asp Ile Ile Ile Gly His Leu 
GCT GAC ATT ATT ATC GGA CAC TTA 

----- 

Cys Ile Arg His Glu Met Tkr Pro Val Asn Pro Gly Val Gly Gln Cys Cys Thr Ser Ser Tyr Ala Asn Arg Arg Pro Cys Phe Ser Ser 
TGT ATC AGA CAT GAA ATG ACT CCA GTA AAC CCT GGT GTT GGC CAG TGC TGC ACT TCT TCA TAT GCC AAC AGG AGG CCA TGC TTC AGC AGC 

Leu Val Val Asp Glu 'Ihr Tyr Val Pro Pro Ala Phe Ser Asp Asp Lys Phe Ile Phe His Lys Asp Leu Cys G l n  Ala G l n  Gly Val Ala 
TTG GTG GTG GAT GAA ACA TAT GTC CCT CCT GCA TTC TCT GAT GAC AAG TTC ATT TTC CAT AAG GAT CTG TGC CAA GCT CAG GGT GTA GCG 

----- E x o n 1 2  
Leu Thr Met Lys G1 I n t r o n 12 -----0140 bp) 
CTG CAA ACG ATG AAG CAA GA GTAAGAAACTGT~ACTTGCTAGCATGGAAAAGAATGACAACCCCAAAGAGTAACTGAGACTTCTACCTCGCTCACCTAACACTATTGGGCTCA 
CTAACAGAGCGTTACTCCC~AAACACTTAAAATGCCTTTGAAAATAGTTTTGTCTCAGTGTCTTCACAGTCTCATTGGGGAAGCAGGTCTAGAAAAATCGACGAGGGTGGACAATTTCCT 
GTTTGTAAAAATAATCTCTGTTGTAACTGTTATTGTGATATGTATTTGGGGGTTGAGGAI\AAGTGGGCAATCTATTCTGAGGAATTAGAGTGTATCTTTGCAGCAAATTTGGGTACTTCC 
ATTCCAAGCACAGGAAACACATCATTGAATCTTTTTTTACACTATTTACACTTTGAAGAGAATAACCATCTTATTTAAT~CAACCATGCAGTTTGGGTG~TAAGAAATGACATGTACATT 
TCAGTTCATTGTGGGAGCTCTTTTGTAATGGTGATGGTCATGCAAGTCAATGGAGCTTA~GTTCTTCAAACTCCCATGCATTTTAATCCTCACTTGTTT~GTAAATAGTCTTCCTTCATT 
G G A A A A C C C A T T C T T C T C T ~ T T T T C C T C T A T C A C A G T C T G G C A A G C T T T T T C T A T T G C T C T G G T C T A C T T T C T A T T G C T C  
TGGTCTAAGTCCAACATGA~AGGCTTGCTAAGTGAGCAG~GCAGGCAATTAGTGCTGCCAGTGCCCAGATAAGGGGTGTGATAACTGGATGGGCAGGAT~CGGAGATCTGGGTCTTTGAG 
TGTAGATAAGACACAGTTAAGAAGAGCGGACAGGAAAGGATATTCCTGGGGGATGAGGGGAGATTGCCTTCCACTACACATAAGTATGGTCAAGTATGAAATAGTGTTTTATCCACAACC 
TGCACAACTCCAGGCTGGTGGAACACTTGGCATGTTTTCAGCCTCAATCTTTCTACTGAAAGTACTAGACAAGGTGTGTGTGGTCAGTCTGGTGATAGG~TGATGGAGTAAGGGTTTAGG 

CTCTGAAAATTCTCTACTAGGAAGGCTGTAGAAAAATAGCATTGCATAACAGACTTCTCTTGTATTTTGTTTTGTTTTAAATCACAG G TTT CTC ATT AAC CTT GTG AAG 

----- I E x o n 13 -----(133 bp) 
O l2 u f i e  ~ e u  Ile ~ s n  ~ e u  Val ~ y s  

G l n  Lys Pro Gln Ile Thr Glu Glu G l n  Leu Glu Ala Val Ile Ala Asp f ie  Ser Gly Leu Leu Glu Lys Cys Cys G l n  Gly G l n  Glu G l n  
CAA AAG CCA CAA ATA ACA GAG GAA CAA CTT GAG GCT GTC ATT GCA GAT TTC TCA GGC CTG TTG GAG AAA TGC TGC CAA GGC CAG GAA CAG 

E x o n 1 3  - -___ 
Glu Val Cys phe Ala GIu GIu  I bP) 
GAA GTC TGC TTT GCT GAA GAG GTACATGCAGC~CATTTCATACTCAAAATAC~TGCTATGGAATTTTCTGTAGTGGATAATGAAAGGAAGACCCTACAAATTTATAACTTTAA 

I ----- I r.o 13 E x o n 14  -----(55 bp) ----_ E x o n 1 4  
Gly G l n  Lys Leu Ile Ser Lys Tnr Arg Ala Ala Leu Gly Val ter 

TAATAATCCATTTCTTTAT~TGATTATGTTTATTCTTAATTTTCAG GGA CAA AAA CTG ATT TCA AAA ACT CGT GCT GCT TTG GGA GTT TAA ATTACTTCAG 

16138 

16228 

16318 

16431 
16551 
16671 
16791 
16911 
17031 
17151 
17271 
17391 

17500 

17590 

17703 
1782.3 
17943 
18063 
18183 
18303 
18423 
18543 
18663 
18783 
18903 

19004 
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I n t r o n 14 ----;(340 bp) 
GTAACAAAACATTCAGACAAGCCTGAATACAATGTTGTT~CTCCAGAAATATCAATCCA~AATGAGATAGATCATGAGGAGTGCCATTAATTCTCTTAAAAATACATG~~~~~~AAAAAA _ _ _ _ _ _  19124 
AAGTTTATTTTAAAAACAC~TGAACAAAATTACGCACACI\ATGTTAAATTAGTGGCTCAACTATGCAAAATCCTTTTTGGTTATTTAAAAGACTTCAACAAATGCTATCAGAAGACTTTC 19244 

C T A C G T A T C C A ~ T A T ~ T C T C T G A T ~ ~ ~ ~ A A ~ ~ ~ T A ~ ~ ~ ~ C ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ A ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ G ~  c " A G A c A A A A c G  19363 

AGTCTTTCATTCGGTGTGA/CTTTTCTCTTTAATTTTAACTGATTTAACACTTTTTGTGF~ATTAATGAAATGATAAAGACTTTTATGTGAGATTTCCTTATCACAGA~~~~~~ATATCTC 19483 

CAAATG PYA TTTCCTTTTCCAAGTTTGCTTATTTATGAAAAGTTATCGATAATTTCTTTAG~TTTGTATACCATTGTCTGAAGCAGATTCTGTTAAAATAGCATTAAGTGTTGGTTGTTATA 19602 

GGAGATTAAAGCTATCCAAGGATGGATTTACAGCACTAGATCACTTGGTGAACTGAAAAATGTTCCCAAGTTAAACACTATTTGATGCTACCAGGGCAT~TTGTTTATTAAATGACCATC 19722 
ACTGAAGTATTCTAACAGA~AATCTGGAGATGAGAAAAG~AATTATTATTCTTCTATGG~ATCTAAGAAAATTTAACATCTACTTTTTTTCTCAATCTTGTTCAGTTCTCTATTCACAGA 19842 
CATTTTAAAACATAAGAATATTACAGTTTTGATTGAATA~AATTAATGTTTTCATCAAT~AAATTTTTATTCCACAAATGTTTATTAAGCCTTCACTGAGTTCCAGGCCTTGGGCTGGGT 19962 
ACAGTCACTGTTCTCCAGTCGCTTCAGTAGAGAAGGAAGCAACACAATMTGATGCCTCAGATTATGACCACAAGGAGT~GACAACAAATTGTTGAGGGAACGAAAGGGTGGGTGACATC zooaz 
AGTTCTGACTGGAAAAGGTGCCATAAATGTTTAAGAGAGTCTTAGAAAATGAATGAGCATTCATCAGTTCAAGTAAAAGAGAAGGCCATTTTATGAAAGAGGAAACATGGTCAGAGGTA 20202 
CTGGGTATGACAAAGTATG~TGAATAGTTTTAGAGGAGTACAGGGTAGGTAGGAAGGGTI\GAGATGTAGAATGTTAGGCAGGATGTGGAAGCTATGAAGGGCTAATCCAGACTCTCAGGG 20322 
C T C T A T T C T A A A G A G G T T G G A C A A T A T C T T A T G A G T A A C A A T C T A T G A G A T A C G G A G C A T  20442 
GGGCAATGGGGCAGGGAAAAGGGTAGAGGGGGCAAAGTCAGCAAGAGGTGACAAAAAGACCATTCCCCCAGTAGGGAAGCTGTTTATCTTATTAGCTTTG~TAGAAATCTGAAAATTAC 20562 
ATGCATACTTTGGCCTGGGETCTGGGAGAAGACAATGGC~TTAGAGCAATAAAATGTGC~TTCGGTTCT~CTCTTT~TTTTTGAATTGGAATCTGC~ATGTTGCCCAGCTGGTCTCA **** ***** - 20682 

----- I n t r o n 14 E x o n 15 ---(u n- 

t r a n s l a t e d ;  145bp) 

~ - - -. 
AAATCCTGGGCTCAAAAGATCCTCCTACCTTGGCCTCCTGAGTAGCTGGGACTAGAGCCATGAACCACTACACCTAGCCCTTTTAGTTCTAACTAGATTGCTT:CTACTTGACATTTTTC 20802 

H*** ***** 

CACTGCAAGCTCTGACTCCCTGGTTCAAGCGATTCTCCT/TGACACCCAGCTAATTTTTGTATTTTTAGTAGAGACGGGG 21282 

a A l u 3  
_ _  TTTCACCATGTTGG 
_ =  

21296 

FIGURE 2: Complete sequence of the a-fetoprotein gene. The amino acid sequences encoded by exons are shown above the DNA sequence. 
Vertical lines separate the introns from exons. The CCAAC (=), TATA (=), putative transcription initiation "Cap" sequence (=), leader 
peptide (---), and EcoRI sites (= = =) are underlined. The polyadenylation signal AATAAA is indicated by (00~). PolyA refers to the polyadenylic 
sequence of the mature mRNA. The locations and orientations of repetitive elements are indicated by arrows and their flanking direct repeats, 
if any, by asterisks (*). Dots within intronic regions indicate spacing of 20 nucleotides. The sequence shown is 22 166 nucleotides in length. 

includes 870 bp of 5' flanking sequence, the gene itself of 
19 489 bp (measured from Cap to polyadenylation site), and 
1807 bp of 3' flanking sequence. Approximately 85% of the 
sequence was determined in both strands. Overall, the se- 
quence is AT rich (65.3%), and there is no significant dif- 
ference in composition between exons, introns, and flanking 
sequences. As is typical for eukaryotic genes (Swartz et al., 
1962), the dinucleotide CpG is underrepresented, in this in- 
stance 4.9-fold. 

On comparing our complete sequence with the partial data 
reported by Sakai et al. (1985), we have noted one major 
difference and several minor differences between the two se- 
quences. The minor differences could be due to DNA poly- 
morphism between two alleles of the gene. The major dif- 
ference involves a repetitive Alu element in intron 4 (Figures 
1 and 2). In the 3' region of this element, our sequence agrees 
fairly well with that of Sakai et al. (1985); however, as one 
goes toward the 5' end, the sequences start to diverge rapidly 
and differ completely upstream from the Alu sequence. A 
comparison of these data is shown in Figure 3. We find direct 
repeats flanking the Alu element (Figure 2), whereas these 
are not reported in the data of Sakai et al. (1985). In addition, 
their sequence upstream of the Alu element does not appear 
within the entire intron 4 which we report here. We have 
sequenced this region from two human chromosomes, and our 
data are entirely consistent in this region (see below). 

We have noted the presence of several possible regulatory 
sequence motifs in the 5' flanking region, including a TA- 

TAAAA sequence between 21 and 27 nucleotides upstream 
of the Cap site and a variant sequence, CCAAC, of the com- 
mon CCAAT sequence, located between 65 and 69 nucleotides 
upstream of the Cap site [cf. also Sakai et al. (1985)l. Weiher 
et al. (1983) assigned the sequence GTGGIIIG as the core 
sequence of enhancer elements. We find several copies of this 
sequence in the AFP gene, including a group of three sites 
between 3.7 and 4.6 kb downstream of the Cap site (in introns 
3 and 4). Since these elements may act in either orientation 
and exert their effects up to 5 kb, these sequences might play 
a role in AFP gene expression. 

Glucocorticoids have been reported to repress the expression 
of the AFP gene (Belanger et al., 1981). The receptor for these 
hormones has been shown by footprint analysis to bind to a 
sequence AGAXCAG: (Payvar et al., 1983). Eight copies of 
this sequence (with 7/8 or 8/8 matches to the consensus) are 
found within the AFP gene. In the sequence shown in Figure 
2, the sites of this consensus start at nucleotides 7475, 9755, 
12496,12503, 13950,16983,17010, and 17030. All ofthese 
occur in introns, and all are on the opposite strand to the 
sequence of Figure 2. Other sequences have also been proposed 
in glucocorticoid regulation [e.g., Karin et al. (1984)l; a copy 
(1 1/ 15 match) of their consensus sequence (TGGTA- 
CAAATGTTCT) is found about 230 bp upstream of the Cap 
site, again on the opposite strand to that of Figure 2. In the 
absence of detailed studies of expression of this gene, it is 
difficult to draw conclusions as to the role such sequences could 
play in repressing AFP expression. 
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FIGURE 3 Autoradiogram shown represents a sequence flanking and 
overlapping the 5’ end ofthc Alu element in intron 4. Also shown 
is the sequence derived from this gel (top line) compared with that 
reported by Sakai et al. (1985) (bottom line): g a p  have been in- 
t d u c c d  i n  the latter to maximize homology. Asterisks indicate one 
of the terminal repats flanking the Alu clement. 

A polyadenylation signal AATAAA is seen in exon 15, and 
this is indicated in Figure 2. Multiple copies of this sequence 
exist throughout the gene, but apparently this is the only 
functional copy. The sequence YGTGTTYY has been pro- 
posed as also being involved in polyadenylation (McLauchlan 
et al., 1985; Gil & Proudfoot. 1984) and is usually located at 
or 3’ of the polyadenylation site. Four variants of this se- 
quence, TGTTTCCT, TGCTTATT. TAATTTCT. and 
TAGTTITG, are found within 60 bp of the polyadenylation 
site. Possibly one or all of these may be involved in the se- 
lective utilization of the signal shown in Figure 2. 

Polymorphism within the AFP Gene. Our sequence was 
determined from two overlapping clones (Minghetti et al.. 
1983) isolated from thesame library (Lawn et al., 1978). In 
determining the sequence of the genomic 9.5-kb EcoRI. the 
bulk of the sequence was derived from the 6.0-kb fragment 
of XHAFP33 and the rest by more seleclive sequencing of the 

Chomobme Posit ion U i t h i n  the AFP Gene 

A 5356 .WAAM.-GWITGTT 5369 
8 W4APJ\MGG4TGTT 

A 5545 AGGTTCTCTGTTGG 5559 
8 AGGTTCT-CTGTTGG 

A 5516 CTtTTCAlTUCTTC 5590 
0 CTCTTCA-TCACTTC 

A 5115 TTCMNAGACCTTT 5789 
8 T T w A M G w c m T  

Mboll 

Avall  
Y b I I  

A 6546 IIATG4AWACTATGA 6560 
8 

A 1526 CACTffiACCATATTT 7540 
0 CACTAGAGCATATTT 

A 9481 GTCCTACWXTbdd 9501 
8 GTCCTACCALXTAM 

IUTW\A---CTATW\ 

Wl 

BdtNl 

FIGURE 4 Sequences at polymorphic sites of human a-fetoprotein 
gene. The sequences designated chromosome A are from AHAFP26, 
and thosedesignated chromosome B are from AHAFP33. Numbers 
for each sequence give the p i t i o n s  of first and last nucleotides in 
the complete gene sequence of Figure 2. The polymorphism at 
9487-9501 was detected as a BsfNl polymorphism (see text); the 
others were determined in a 4.69-kb contiguous region of sequence 
overlap from two chromosomes. Polymorphic restriction sites are 
indicated above or below the nucleotide sequence. 

9.5-kb fragment of XHAFP26 (Figure 1). In comparing re- 
striction enzyme data for the selective sequencing, we noted 
no discrepancies for EcoRV, Ndel, Sstl, Pstl, PuuII, Hindlll ,  
Met, Hinfl, or Suu3A. Howevw, we did observe that a BsfNI 
site in the 6.0-kb fragment was absent from the 9.5-kb frag- 
ment. Direct sequence analysis across this region indicated 
that whereas the sequence in hHAFP33 was ACCAGGT 
(BsfNI site), in XHAFP26 it was ACGAGGT (Mnll site) 
(Figure 4). As yet, population studies have not been carried 
out to determine the frequency of the BstNl polymorphism. 
These studies will require conditions under which the 418-bp 
fragment predicted for chromosome A (Figure 4) would be 
resolved from the 341- and 77-bp fragments of chromosome 
B and the use of an intron probe. Such studies have been 
initiated recently. 

To obtain a better estimate of the extent of polymorphism 
between the two phage clones, we sequenced a 4.69-kb region 
of XHAFP33 that had previously been determined from 
XHAFP26 (Figure I). This region starts a t  nucleotide 4352 
of Figure 2.23 bp 5’of exon 4, and extends to nucleotide 9041, 
within the first EcoRl site 3’of exon 7. (The sequence in this 
region that is shown in Figure 2 was that determined from 
XHAFP26.) Six further sequence differences were seen 
(Figures I and 4). including four deletions or insertions, one 
transition, and one transversion. All are confined to the in- 
trons. Taking the 3-bp deletion/insertion as a single event. 
these represent 6/4690, or 0.13% difference between the two 
clones in this region. We conclude that the individual whosc 
DNA was used to prepare the genomic library (Lawn et al., 
1978) was polymorphic in this region and that the two clones 
XHAFP26 and XHAFP33 derive from his two chromosomes. 

Repetitive Sequence Elements. We have noted four classes 
of repeated sequence elements in our sequence of the human 
AFP gene. The positions of these are indicated in Figures I 
and 2. One class, designated X-I and X-2. is located in the 
5’ flanking region. Each copy is approximately 100 bp in 
length: the function of this duplicated sequence is unclear. 

We observed three sequences representing the abundant 
human Alu element (Jelinek & Schmid, 1982). One copy is 
located within the gene, in intron 4, and is in the same tran- 
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scriptional orientation as the gene. It is flanked by an 11- 
nucleotide direct repeat (Figure 2). The two other copies are 
in the 3’ flanking region and are in opposite orientation. One 
copy, flanked by an 11-nucleotide direct repeat (with two 
mismatches), is incomplete and represents the 5’ half of the 
usual dimeric Alu sequence. The remaining element is 300 
nucleotides further downstream; this sequence is at the end 
of the cloned DNA in hHAFP26 and might represent a com- 
plete Alu element in the chromosome. 

We have also detected a sequence of about 220 nucleotides 
having 75% homology to a consensus sequence (Li et al., 1985) 
for the 3’ end of the human Kpn class of repeats (Grimaldi 
et al., 1984). This sequence is located in intron 3 and is in 
the reverse orientation with respect to the AFP transcription 
unit (Figures 1 and 2). 

The fourth class of repeats, which we have designated Xbal 
and Xba2 in Figure 1, is entirely novel and was revealed only 
by complete sequence analysis of the gene. Each copy is 303 
bp in length, with only three mismatches between them (all 
are pyrimidine transitions). These Xba repeats are oriented 
in the same sense and lie some 1.3 kb apart, one copy being 
in intron 7 and the other in intron 8 (Figures 1 and 2). The 
sequence of Xbal is flanked by a 9-nucleotide direct repeat 
(with one mismatch), whereas Xba2 shows no evidence of a 
flanking repeat. The Xba repeats show no homology to the 
other known human repeated sequences present in GenBank 
version 35.0 (August, 1985). 

Hybridization of a 3.2-kb EcoRI-PuuII fragment spanning 
both Xba repeats to Southern blots of genomic DNA (digested 
with EcoRI, SstI, PstI, or XbaI) revealed only the bands 
predicted from the AFP gene sequence in Figure 2. Thus, the 
Xba repeats are probably unique to the AFP gene rather than 
being dispersed throughout the human genome. These data 
confirm part of the restriction map derived from the sequence 
(i.e., two of five EcoRI, five of seven XbaI, and at least three 
each of the five SstI and seven PstI sites). Further, our se- 
quence predicts the EcoRI, HindIII, and BamHI sites in the 
restriction map derived from the phage clones described by 
Sakai et al. (1985). These latter sites have been confirmed 
in genomic DNA by Murray et al. (1985). Lastly, we have 
seen no discrepancies between the available genomic map and 
our complete sequence. 

Internal Homology of the AFP Gene. The gene contains 
15 exons, the position of which could be assigned by com- 
parison with the cDNA sequences of Beattie and Dugaiczyk 
(1982) and Morinaga et al. (1983). Unambiguous intron/exon 
junctions could be assigned according to the GT/AG principle 
of Breathnach and Chambon (1980). Consensus intron 
boundary sequences for the AFP gene were determined: at 
the 5‘ boundary a consensus exon/GT$AG was found; this is 
identical with that of the albumin gene (Minghetti et al., 
1986). However, a variation of two nucleotides from this 
consensus still yields a functional splice junction, as is seen 
for intron 13 (Figure 2). The 3’junction also showed typical 
sequences, consisting of a pyrimidine-rich tract followed by 
ZAGIexon. 

The exonfintron structure of the gene provides useful clues 
with respect to evolution of AFP. Figure 5 shows the structure 
of human AFP according to the model of Brown (1976) and, 
further, indicates positions where the protein structure is in- 
terrupted by introns. It can be seen that the introns interrupt 
the sequence at precisely equivalent positions and that this 
precision extends to the level at which codons are interrupted. 
An identical observation has been made for the human albu- 
min gene (Minghetti et al., 1986); indeed, the structures of 
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these proteins are so similar in terms of the exons that they 
are virtually superimposable when drawn according to Figure 
5. 

DISCUSSION 

Regulatory Sequences. Analysis of the AFP gene sequence 
reveals the presence of several potential regulatory elements, 
including TATA, CAT, AATAAA, putative enhancer, and 
glucocorticoid receptor binding sequences. Clearly, in the 
absence of detailed studies on the expression of these genes, 
we can make no firm conclusions as to the roles that such 
sequences or, indeed, other as yet unidentified sequences might 
play in regulation of expression of the AFT gene. For example, 
the octanucleotide glucocorticoid binding sequences are located 
on the template strand, and despite the fact that the first such 
sequence lies within intron 6, some 7.5 kb downstream from 
the Cap site, it is tempting to speculate that binding of receptor 
to any of these sequences could serve to retard progress of 
RNA polymerase. This, then, could lead to the observed 
repression of the AFP gene by glucocorticoids (Belanger et 
al., 1981). 

Sequence Polymorphism in Human AFP Gene. Seven se- 
quence differences were found between the two clones used 
to derive the complete sequence shown in Figure 2. Of these, 
six were located in an overlap of 4.69 kb of contiguous DNA, 
leading to a 0.13% sequence difference, or 6.4 X lO-“/site. If 
exon sequences (573 bp; exons 4-7) are excluded from this, 
polymorphism in introns is 0.15% (6141 17), or 7.3 X lO-“/site. 
Application of the rate of intron divergence (3 X 10-3/site per 
million years; Li & Gojobori, 1983) suggests that the two 
alleles diverged within the past 240 000 years, or very recently 
in terms of evolutionary time. 

The value of 0.13% of sequence difference seems low when 
compared to other estimates of DNA polymorphism in the 
human. Several estimates, based on studies of polymorphic 
restriction sites, have led to values of 1% in the &&globin locus 
(Jeffreys, 1979), 0.7-1.2% in the phenylalanine hydroxylase 
locus (Lidsky et al., 1985), and 1% in the serum albumin locus 
(Murray et al., 1983). We find these estimates of 1% di- 
vergence rather alarming, since physical studies, such as re- 
annealing rates or melting temperatures of hybrids between 
human and chimpanzee DNA, suggest that these species differ 
by only 1-2% in DNA sequence (Sibley & Ahlquist, 1984). 
Thus, a 1% variation between two human individuals might 
be enough to put one into a separate primate species. Indeed, 
our preliminary data for the chimpanzee AFP gene indicate 
a 1.3% divergence from the human, over a stretch of 3 kb of 
homologous sequence. 

One of our polymorphic sequences (Figure 4, positions 
5775-5789) generates a restriction polymorphism for AuaII. 
Chromosome A would yield an AuaII fragment of 248 1 bp, 
while chromosome B would yield fragments of 1062 and 1419 
bp, of which only the latter would hybridize to the cDNA. 
This may be the AuaII polymorphism described by Murray 
et al. (1985) and would suggest that chromosome A sequence 
occurs in 58% of the population, with the B sequence in 42%. 

Evolution of the Gene and Time of “Appearance” of New 
Repeats. On the basis of amino acid sequence data, Brown 
(1 976) made the original proposal about the evolutionary 
triplication of albumin and AFP. His model has been sub- 
stantiated by DNA sequence analysis of the rat (Sargent et 
al., 1981) and human (Minghetti et a]., 1986) albumin genes, 
as well as the mouse (Eiferman et al., 1981), and, as we 
presently report, the human AFP genes. An impressive feature 
of symmetry is the exact location of the introns in both the 
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FIGURE 5 :  Position of intervening sequences within the structure of human a-fetoprotein. Except for intron 1, the remaining 12 introns split 
the polypeptide chain in a symmetrical and alternating way at exactly equivalent positions within each domain. The positions at which individual 
codons are interrupted are shown by the numbers above relevant amino acids. The predicted amino acid sequence and the disulfide bonds 
are displayed according to the model of Brown (1976). 

human albumin (Minghetti et al., 1986) and the human AFP 
genes (Figure 5). 

Two problems remain with respect to the triplication model; 
one relates to the site of the initial duplication of the ancestral 
one-domain gene and is not discussed further here. The other 
is that the locations of Alu sequences within the gene are not 
consistent with any model where the insertion of repeats 
antedates the primary duplication event of the ancestral 

one-domain structure. The human albumin gene (Minghetti 
et al., 1986) contains five Alu elements but none of the other 
repeat classes seen in the AFP gene. Furthermore, these are 
located in different introns, compared to the AFP gene. The 
conservation of terminal repeats flanking the complete Alu 
elements in the human genes and the presence of an Alu 
element in a different intron (intron 1) of mouse AFP (Young 
et al., 1982) are consistent with insertion less than 85 million 



1342 B I O C  H E M  I S T R  Y 

years ago, Le., postdating the time of the mammalian radiation. 
A very similar argument can be applied to the Xba repeats 

that we have described above. Although the flanking repeats 
of Xbal differ at one of nine positions, the sequences of the 
two Xba elements differ by only 1% (3/303), or 4.95 X 
10-3/site. If the rate of divergence of introns is 3 X 10-3/site 
per million years (Li & Gojobori, 1983), this would suggest 
that the repeated Xba element has existed for less than 2 
million years, assuming that no gene conversion event is 
homogenizing these structures. Our Southern hybridization 
data (not shown) indicate that the Xba elements in AFP gene 
are probably the only two copies in the human genome. If 
the presence of terminal repeats, flanking a DNA element, 
is indicative of an insertion event of that element into the 
genome, then one could conclude that the Xba2 DNA in intron 
8 gave rise to its copy in intron 7 in the human AFP gene. 

As noted above, albumin does not contain Xba- or Kpn-type 
elements, and hence all the repeats in the albumin and AFP 
genes must be of recent origin. Since the divergence of al- 
bumin and AFP antedates the mammalian radiation some 85 
million years ago, and presumably the events required to give 
the ancestral three-domain gene are even older, the triplication 
model for the formation of the ancestral gene is not likely to 
be overturned by a more recent insertion of repeated sequence 
elements. 

Do A h  Elements Control AFP Expression? The mouse 
AFP gene contains, within intron 1, a rodent Alu element, 
which is oriented in the trancriptionally opposite sense to the 
AFP gene and which can be transcribed by RNA polymerase 
I11 (Adeniyi-Jones & Zasloff, 1985). It has been proposed 
by these authors that the short antisense RNA so formed 
might control expression of the AFP gene. Intriguing as such 
a model appears, it is unlikely to be a general one, since the 
human AFP gene does not contain such an element. Fur- 
thermore, there appear to be other logical inconsistencies in 
such a model. First, it is noteworthy that other genes, including 
the albumin gene (Minghetti et al., 1986), contain Alu ele- 
ments in the antisense orientation and might, therefore, be 
mutually repressed via a common Alu antisense RNA. If such 
a mechanism exists in vivo, transcription of any of several genes 
might have deleterious effects on the expression of others. 
Second, transcription of the mouse AFP Alu element is re- 
ported to occur only in those tissues where the AFP gene itself 
is actively transcribed (e.g., fetal liver and hepatoma cells; 
Adeniyi-Jones & Zasloff, 1985). This, too, is not consistent 
with a role in tissue-specific regulation of the AFP gene by 
antisense RNAs. Finally, unless binding of the antisense RNA 
to an intron specifically disrupts a region essential for splicing 
of pre-mRNA (an intron-exon junction or perhaps the se- 
quence required for lariat formation), it is difficult to envisage 
how binding within an intron would disrupt expression of the 
gene. 

Potential Disruption of AFP by Xba Repeats. The presence 
of the Xba repeats within the human AFT gene, as well as their 
intronic location on both sides of exon 8, gives these sequences 
a unique potential for disrupting the AFP gene. An unequal 
crossover between these elements would yield genes in which 
exon 8 was either duplicated or entirely deleted. Exon 8, as 
can be seen in Figures 1 and 2, does not encode an integral 
number of codons. We have carried out a computer modeling 
in which the resultant mRNAs, with either one copy or two 
copies of exon 8, are translated; both would yield dramatically 
truncated products. It is tempting to speculate what the effect 
of this would be on the fetus. Although no clear function has 
been defined for AFP. we note that analbuminemia is man- 
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ifested primarily by edema (Gitlin & Gitlin, 1975). If lack 
of functional AFP manifested itself similarly, it might be a 
cause of the ill-defined nonthalassemic, nonimmune fetal 
hydrops that has occasionally been observed [e.g., Hutchison 
et al. (1982)l. 

The complete sequence of the human a-fetoprotein gene, 
and the spread and timing of novel repetitive DNA elements 
within this locus, should be useful in establishing evolutionary 
relationships within closely related primate species. 
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Stabilized by DNA Supercoilingt 
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ABSTRACT: Z-DNA-forming sequences, (GT),,, (GT) 12ATGT, and (CG),TA(CG),, were cloned into 
plasmids. These sequences formed left-handed Z-DNA conformations under torsional tension from negative 
supercoiling of DNA. 4,5’,8-Trimethylpsoralen, on absorption of 360-nm light, forms monoadducts and 
interstrand cross-links in DNA that exists in the B-helical conformation. Trimethylpsoralen cross-links were 
introduced into the potential Z-DNA-forming sequences in relaxed DNA when these sequences existed as 
B-form DNA. In supercoiled DNA when these sequences existed in the Z conformation, the rate of 
cross-linking was greatly reduced, and trimethylpsoralen did not form monoadducts appreciably to Z-DNA. 
As an internal control in these experiments, the rates of cross-linking of the Z-DNA-forming sequences 
were measured relative to that of an adjacent, cloned sequence that could not adopt a Z conformation. The 
initial relative rates of cross-linking to Z-DNA-forming sequences were dependent on the superhelical density 
of the DNA, and the rates were ultimately reduced by factors of 10-1 5 for Z-DNA in highly supercoiled 
plasmids. This differential rate of cross-linking provides a novel assay for Z-DNA. Initial application of 
this assay in vivo suggests that a substantial fraction of (CG),TA(CG),, which existed as Z-DNA in plasmid 
molecules purified from cells, existed in the B conformation in vivo. 

E o r a l e n  derivatives have been widely used as probes of DNA 
and RNA structure [see Cimino et al. (1985)l. Psoralens 
intercalate into double-stranded DNA and form monoadducts 
and interstrand cross-links to DNA on absorption of 360-nm 

light. The rate of 4,5’,8-trimethylpsoralen (Me3-psoralen)’ 
photobinding to DNA is proportional to the level of unre- 
strained superhelical tension in DNA (Sinden et al., 1980). 
The rate of Me,-psoralen photobinding to naturally supercoiled 
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Abbreviations: Me,-psoralen, 4,5’,8-trimethylpsoralen; bp, base 
pair(s); Tris, tris(hydroxymethy1)aminomethane; EDTA, ethylenedi- 
aminetetraacetic acid; kbp, kilobase pair(s). 
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