
Nucleic Acids Research, Vol. 19, No. 20 5591 -5596

Genomic organization of the bovine alpha-S1 casein gene
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ABSTRACT

We report the sequence of the complete bovine a-si
casein gene eludicating for the first time the genomic
organization of an a-s type casein gene. Extending over
17508 bp the gene is split into 19 exons, ranging in size
from 24 bp to 385 bp. Except for the translational stop
codon not a single coding triplet of the a-si reading
frame is disrupted by any of the splice junctions, which
all confirm to known splice consensus sequences. Nine
out of 16 coding exons begin with a 'GAX' codon,
specific for glutamate. Splicing of this codon from exon
10 to the preceding exon creates a major
phosphorylation site. An intron-exon-intron stretch of
154 bp comprising exons 10 and 13 is found precisely
duplicated. Associated with the gene, copies of 8
atriodactyla retroposons are found, 6 of which are
interspersed into the sequences of the three longest
introns. We discuss the possibility that three functional
parts of the gene have been recruited and evolutionary
conserved at a time before gene diversification gave
rise to the separate evolution of a- and :-type
casein-genes.

INTRODUCTION

The caseins are the major milk proteins of mammals. Their dual
function for the suckling infant is to serve as a major source of
amino acids, as well as to transport phosphate and calcium in
sufficient amounts to support growth of bones. In the cow these
functions are carried out by three different proteins, two a-and
one ,B-type casein. Therefore, these have the properties of
phosphoproteins. They aggregate in solution as micelles,
sequestering up to 5% of their dry weight as Ca2+. A major role
for the non-phosphorylated x-casein is to stabilize those micelles.

Coordinate expression of the four casein genes is regulated by
different hormones involved in lactation (1) and concerted
regulation is borne out in a tight clustering of all four genes within
less than 200 kb ofDNA on bovine chromosome 6 (2, 3). Such
an arangement might have been expected for the phosphorylated
caseins, since according to our current understanding-based on
cDNA sequencing of all bovine and rat caseins and some more
from other species (4-10)-these caseins have evolved from an
ancesteral gene by duplication and diversification, which itself

originated from exon shuffling (1 1). However, tight linkage of
the x-casein gene to the three others is unexpected, since it is
functionally distinct and conceivably may represent a different
branch in evolution of casein gene structure (12).
While the genomic sequence of the bovine ,B- and x-casein genes

have been determined (12, 13) no genomic a-casein gene
organization has been reported yet. Only partial segments
concerning the promoter region and first exon of the bovine a-sl
casein gene as well as the same promotor region extented into
exon five of the rat a-casein gene have been sequenced (14). These
studies supported the view that duplication of short exons
contributed to casein gene evolution and in addition pointed out
conserved sequence elements in the promotor region as potential
sites of gene regulation. However, a full understanding of the
genomic organzation and knowledge of the sequence of the bovine
a-sI casein gene would be desirable, since its product is the most
abundant bovine milk protein, exceeding a concentration of
13 mg/mi of milk (15) and hence is one of the most important
quantitative traits in cattle breeding. Based on the complete
sequence information it is possible to design specific primers to
exploit the advantages of PCR application to monitor the
occurrence of the reported (2) oa-sl-casein linked RFLPs and follow
electrophoretic variants of this protein (16) in breeding analysis.
Furthermore, it will faciliate the use of this gene to specifically
target and booster the expression of transgenes in the mammary
gland, which in pilot experiments has already been demonstrated
to be possible (17-21). For these purposes a detailed knowledge
of ax-sI intron sequences may be extremely helpful, since it was
proven for a variety of transgenes, that inclusion of intron
sequences may improve transgene expression by an order of
magnitude (22). Thus, we sequenced the entire gene.

MATERIALS AND METHODS
A genomic gene bank was constructed by cloning partially MboI
digested DNA from a 'Deutsche Schwarzbunte' cow into BamHI
digested lambda EMBL 3 DNA.

Initially this library was screened using as probes two HaeIII
fragments of the cDNA clone pBC184 (6; provided by Dr.
MacKinlay, Australia), encompassing most of the a-sl cDNA
sequence. Lateron, appropriate genomic DNA probes were used
for genomic walking after sequencing.
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CCCAAGACCT TCCACCAGOG A1C1¶CCCAA CCCAGATGGG CATGAAAAAC GAGAGAAATA AAAAGGACTT AACAGAAGCA GAAGAAATTA AGAAGAGGTG GCAAGAATAG TATTACAGAA -2030

GAACTGTATT TAAAGA?CT1 AATGACCCAG ATAGCCACAG TTGTGTAGTC TCTCATCTAC AGCTTAAAAC TCAATGTTCA AAAAACTAAG TTCATAGCAT ACTGCCCCAT CACTTCATGG -1910

a AATAGTG OGGAGGOGGA GAAGGTGGAA GTAGTGTCAG ANTTA?T CTTGGACTCA AAATCACTGC AGACAGTGAT TATAGCCATG AAATTAAATG ACGC ACTC CTTGAAAAGA -1790

AAUG A AAACCTAGAC AACATATrAA AAAGCAGTGA CATCAClTTA CTGATAAGTG TCTTNATAGT CAAAGCTATG GIM'TCCAG TAGCCATGTA CAGATGTGAG AATTGGACTA -1670

TGAAGAAGGA TGAGTGTCkA AGGACTGATG TCAAATT GGG TA CACTCC11G CATGCGTGCT AAGTCATTTC AGTCATGTCC AACT='C AACCCAGTGG ACTGTCGTCT -1550
GCCAGGTTCC TCTGTCCATG GGATTCTCCA GGCAAGAGCA ACGGAGTGGG TTGTCATTTC CTCCACCAGG GGATCTTCCC AATCCAGATA TTGAACCTGC ATCTCTAATG TTTCCTGCAT -1430

TGGCAGGCAG GTTcTTrACC ACTAGTGCCA CCTGGAAAGT CCGGATTACA CTCCTGGGAA AGACAAAAGT AGAGTATTAC AATGCAGCAA GGA¶1'TTGT TCTCAGCTCC TTGAATAAAT -1310

TATAGTGAAT AGAAAACATT AGTATCTTGT TGAAATTGAT GTGAAACAGA TAGTAAGGAA GATAATATCT AAAGAAAACT TCAATATGGG AAATTATAGT CTTTTCTATC TTCAAAGTGG -1190

ACAGCCTGAA CAGT7rTGAA ATTTCTTTrA ATACAAAATA ATGTTCCTGT CATACAACTG TGAATACACT GAAAATATCA CTATAGATTT TTTAAAGTAT ATAATATGAT TCCTTICTTA -1070

TAAACAATGA GTTGCAATCA ACAAGTTTTT AAAGCTCTCA CTTGTATAGA TTTATTTTTA GCACATAATA TTTTTCTACA ATGTACAATG CCAGTTAATT CTAGGAGTAC AATTAAGAAT -950

TGGAGAGATA GGAATTTTTT TCTTTTACTT GTTTACTTTA AAAGATGGAA AATCAGAGTT ATGGTTTATT TTTCGCAATA TTTAAAAATT ATAATTCTTG AATAACTATT AATTTMTT -830

b AAATAATCTG TAATGAGAAT CCTCCTACCA ATGTAGGAGA CGTGAGTTTG ACTCCCGGGT AGGGAAGATA cccTGcAGAA GGAAATGGCA ACCCACTCCA ATATTATTAC IGAAATC -710
CCATGGACAG AGGAGACTGG CAGGCTGCAG TCCATGGGG TCACAAAGAA CTGGACACGA CTTAGA&,CT AAACAACAAC AATTTATACC AGAATGAATG AACTAGTTAC CACAACTAGT -590
ACACCCAAAA TGAACAAAAA ATAGCTTGGT GGTATaATTA AAATGCCACC AAAATTTATA CAATAATTAT ATTTTCTTTT TGCAGGAAAA AGATTAGACC ACATATAATG TAACTTATTT -470

CACAAGGTAA ATAATTATAA TAAATAATAT GGATTAACTG AGTTTTAAAA GGTGAAATAA ATAATGAATT CTTCTCATGG TCTTGTATGT TAATAAAAAT TG;AAAAATTT TGAAGACCCC -350

ATTTTGTCCC AAGAATTTCA TTTACAGGTA TTGAAT7MT CAAAGGTTAC AAAGGAAATT TTATTGATAT AATAAATGCA TGTTCTCATA ATAACCATAA ATCTAGGGTT TTGTTGGGGT -230

'rT'P''1TTGT TTGTTAATTT AGAACAATGC CATTCCATTT CCTGTATAAT GAGTCACTTC TTTGTTGTAA ACTCTCCTTA GAATNTCrG GGAGAGGAAC TGAACAGAAC ATTGATTTCC -110

TATGTGAGAG AATTCTTAGA AF;AA ACCTGTTGGT TAAACTGAAA CCACAAAATT AGCATTTTAC TAATCAGTAG G CTTGGAAGCA MAAGTCTGCC -1

I ATCACC¶¶GA TCATCAACCC AGCTTGZTGC TTCTTCCCAG TC TGGGTTC AAGGTATTAT GTATACATAT 70
AACAAMAATT CTATGATTTT CCTCTGTCTC ATCTTTCATT CTTCACTAAT //Intron I// TmNIN ATG AATCAMTT TATTATAAGA CCTAACTATT TTATTTTCTT 1420

2 AcATAGATcT TGACAACCAT GAAACTTCTC ATCCTTACCT GTCTTGTGGC TGTTGCTCTT 1480

GCCAGGCCTG TGAGTACAGT AGAGAATTTA GAAGATTCTA GATTCTTGTT TAAAGTCATC TCAAATGCAA TTTGATGCAA GTCTCATCAA GTGCAAGATA TTGTAGTCAT 1590

AAAGAATTTG ATGGTCTCTA ATTAGCTATT AAAGTGTTGA TATTAAAGCT ATGGTAATCC TTCACATTTT GATCATTATT ATTTAGTTTA TTCAAAGACT TAACTCTAA TAAAATTTCT 1710

AACTTGAAAT ATAAACACCT CACAATTAAA AATTTTAAAA AAAAAGAAAT AAGGTAATTA ACAATACAAG TAAAGAGCAT CAAAGAAGGT AACTAGTCTC TTTGCCTGGG TCCATTATAG 1830

C GCTTAACATA TTTGTAAACA TATATATATC CAATATTCTA TTACcAATA TATGCLOC GCTGCTAAGT CACTTCAGTC GTGTCCGACT CTGTGCGACA CCA¶ TGG CAGCCCACCA 1950

GCTCTGCCAT CCCTGGGATT CTCCAGGCAA GAACACTGGA GTOGGG CC A?IrCCT CCAATGCATG AAATGAUAA GTOAKAGTGA AGTCTCTCAG TCG CGA CTCCTAGCAA 2070

CCCCATGGAC TGCCAGGCTC CTCCATCCAT GGGATmCC AGGCAAGAGT ACTGGAGTGG GTTGCCATTG CCTI'CCCAA CCAAATATAC TATTAAACCC TATATTCCAG TGTATCCACT 2190
TTTGGAACCT AAATCAAACC CTCATrTGAG ATGCTCATGC CAACCAATAT TTCCCAAGGT ACAGAAAGTT GGGCTCATTC AGCTGATTCA AAGATCTAAT AA'TTGGTCC TTGTAGAAAG 2310

d AAAAACTAGA TAATGTAAG TAACTTAAGT TTCTTCTCAA AAAACAAATT CAGTTATTAA TGTGAAACAA AAAGTTATTC TGTTCCTTTG TGCCTCTGC CTAAGTOG C1AG=T 2430

GTCCGACTCT GTGACCCC ATAGACAGCA GCCCACAAGG CTCCCCCATC CCTGGGATrC TCCAAGCAAG AACACTGGAG MGGTrGCCA 'MCC1CTC CAUGATGA AAGTGAGAAG 2550
GGAAAGMGAA GTCGTCGT CATGTCTGAC TCTTAGCGAC CTCATGGACT GCAGCCCACC AGGCTCCTCT GTCCATGGGA mTCCAGGC AAGAGTACTG GACTGGGGTG CCAGCCTT 2670

CTCCT AGc_AWT?AGAT AATGATAAAT AAATAAATAG GAATCAACTG ACAAGAAAGT GATTCAAATA AGATAATAGT TTTGGATATT TGGACACTCA AACTATCAAA TATAGATGAA 2790

AAAGTTTCTG AAATGCTGAG ATATTCTATT GTTAAACTCT TAAACTCTTA TTTTCTAAAT TGTAAATAAT GATTGAAGGA TCACTAATAA TCCAGCTTCT TAACCAATAG AGTTCTGTCT 2910

GTGCTAAACC CTAAGCATCA AAAGATGGAA ATATCTGACA GTAAGTTACA AAAAAAGGAT CCAAGTTCTT CAGAAATGTG TCATTGGAGT AGTCCATATC TTTCCTTTT ATCAGTGAAA 3030

CAGATATAGA TCCCCCAGCA AACAGATTCT TTAATCCTTT TCCAAAGAAA ACATCATTTT TTAATGCTAA CATTTAACAA ACATAAATCT TGTTCCCACA GTTAAAATGC AGATTGAGTT 3150

AAAATTTTAT ATAATTTAAT TTATGATAAN AAATAAAATC CAGACAAACA GTATTTCAGA TTA?'lrTTTG TC'1NATA TAC7TTTCTC CACCATATTC TAAAAACAGA AGATAATTTA 3270

CTTTTCTGGAT1?1TOTCAA TAA?TTM' TTCCCTCCCA GGGGAACTTG GTGTCAAATT TAGCTGTTAA AATACAAACT TCTTAAATAG CACTATTAAA TGTATAGTAT TACATGTGCC 3390

3 TTGTGATATr ATrATTAI'G TATTTTGAGT GC11GGTT TTACAATTCT TGCATTTTTT TTTTAACAGA AACATCCTAT CAAGCACCAA 3480

GGACTCCCTC AAGTAAGTGT TCTATTCTAT GTTCCAAGAA CTCACTGTAA ATTGTGTAAC TTAAGTGATG ATAAATTGCT AATATATATA TTGTAGTCTC ATTCCTTCCT 3590

TCTCTAGTAA ACAGCCAGTT TCACATTCGC TGAGGTGTAA TATCTTCAAC //Intron III// TGGAGAATTT GTGTITCAAAT GGAAAAACAT TCTCCTTTTC TGACTOTGTr 43SO

4 ?FTCACrwGT ACAATTCACA ATTTAATCC TACAGGAAGT CCTCAATGAA AATTTACTCA GG I TTGGCAGTAAGT 4430

ATTATCTACT TCTTCTTCAA TGACAAATGT ATTTTTCTGG AAAAATCAAC //Intron IV// ATAGAAATTT TATTTCAAGA CAAGTATTTA AAAGATTTGA TAGGCAACCC 4820

5AATTTAGCCT GAAT&ATTTT TAATATAATC TTT'TCCCTT GTAGCCTTTT CCAGAAGTGT TTGGAAAGGT AAGAAATTCT GAACAGAATA 4910

TACTGCAGAA TTAACAAAGC ATTTTATTCT ATGTTATTTA TGGTGTTATG //Intron V// ATTTAATTCA GCTNGATGAT GAAAACGCCA TATACATTTC TTATAGATAT 5490

6 CCATCAIC ATGTCTCT C?rC1111T GTCCTTAAGG AGAAGGTCAA TGAACTGAGC AAGGTAAGGA ACATAAATGA TATTTAAATT 5580

ATTTTAAAGT TATCTCAAAA TCATAITTTG CAACCTACAA TTGATTGGTT //Intron VI// TTAATAGCTT TGTTATTAAA ACAACATACA GGTAmAAA AAMACACC 6110

7T CTTAATTA ¶TCTTCATAC CTGACTAAGT AAATITTCTT GOCAGGATAT 1Y;GGAGTGAA TCAACTGAGG TAAGATTCTT TATrCTAAAA CTATTAAATA 6210

TAATATAAGG GAAATAAAGA AGTAAAAAAT ATCCTAATCA AATATCCTTT //Intron VII// TTCCTTTGGC ATCCATTTTA TTTGGTAATT ATCAT1TTAT ATTGGAATGT 6830

8 TTGTCATGc A AAATAAAATT AArcTcTT TCTTTCCTAA GGATCAAGCC ATGGAAGATA TTAAGGTAAG ATCTTTATTT TAATAAACTC TACACTTATA 6930

TATCATAAAT AG&ATATGCT CTATGCTTTA AGAAAGCTAT CCACTGCAAT TGTGTGATTG AACTCCTAAA GCAGTGCTAT CATACCCAAG AATGTACAAT GTTGTGCCAG ATAAAGTTAA 7050

AGTAAGGAGA GGAAATTTGA CATTTACATG ATCAGGAGAA ACTIGCTTC TTTATTAAAA TCAAGAGTAA AAAGCAAAAT GTGCATGAGT GTTTAAAAAT GAAACAACCG ACTCAAAAAA 7170

eTTAAAACC1T GTrTCTGTCA TCCCAGGTAA GAGTTCACTC TCTTGTGTGT TGAGGGTGGT CTTTGGGCAG AAAGAATCTA TTGCAGCAAT TATGTAGGAT cAGTOGCTA_clGMTr 7290

CAGIA GTCATGCCTG ACT=CAC CCCATTGACG AGCATGCCAG GCTTACCTGT CCTTCACCAT CTCCCAGAGC TrGCTCAMC TCACGTCCAT TCAGTCAGTG ATGCTATCCA 7410
ACCATCTCAT CC1=ACAT CC=C C TCCCCTC AATCI¶PCCC AGGACCAGGG ITOlNTAA AGAGTGGGTT C?T1'uCATCA GGTGGCCAAA GTA GAAC TTCAGCTTrA 7530
GCATCAGTC TCCCAATGAA TATTCAGGAT TGAC?fCCTC TAGTGATTCC TCCACTCTTC TCCAGTAGCA TOTLGGCAC CTACTGACCT GGGGAGTTCA TC¶1TCAGTG TCATATCTTT 7650
TAACC ' ATACTG1qCA TGGGGTTCCC AAGGCAAGAA TGCTGAAGTG GTTTTCCATT CCATTTMCCA ATOGoCTA CTAccTAATC TCAAAACATG GGAAAATATT CATTAGCCCG 7770
CAATACTTTT TACTCAACTC TCCCAAGAGA TGACTATTTT GCTGCACATT AGAATCAATA TCTTAGTATG TAACTTGGGA ACAGAAATCA TATCCATATG TAAATATGAG CATCTGTGAC 7890

TTAGGAAAAA AATTAATGT TTCACAGAGT AGAACTTTA AAAGCTCATG TAATTTTAAG TTCCATTCTG AAATTGATTG TTCTATTTTA ATATITCCAA TTTATTTACA TCAAAAT?GC 8010

CCCAAGTGTA TATGGGAATA TAAACTCAAC CCAGGGTTTC AGGTAGCCCA GCTCAATAGG ATTCTTCATT CCAGGTTTCA T'TTTrATCAC AAAAATTCAT ATGCATTTGC ATTCTACTCA 8130
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AGAAAGTATC TGTATTTGrT TTAATAAAAA UG'I'rrAAGT TACAAAGTAA GTTATTACAC CCCCCTCTCC AACATATTTT AAATAAAATT GACAATCCAA AAAAAAGTAA ATTTTATTGG 8250

CCCT(tAATCT TTTTATACCC AATTGTTTTC ACTAAAAACT AGTTAGCAAC CCAGTATGAA AGTGTGTTTC AAACTGTGTT TCATAATAGT TTCCTTCTAA TTCTAAAAGT CTCAGAGGCA 8370

9 GTAACAATGA TTTTCTTTCT TTTAGCAAAT GGAAGCTGAA AGCATTTCGT CAAGTGAGT ATACCATTTT TATGTTAATT CAATATCCCA 9460

ATTATAAAAT GTTTATGAAA GTTTGTTGAA CCATAAAGTT TACATGTCCC //Intron IX// ACAGATAAGC TATGATGTGT CTGGTTAATT AGCATTTTTA TCTTGAATGT 9150

10 AAATTAATGT CATAAAACTA ACAATACATG TTTTTTATTT TTTAAGGAAA TTGTTCCCAA TAGTGTTGAG GTGAGATATA TCTACTAAAT TTAAAATATA 9250

11 TTAACATCAT CCAGGATATC TTAAAATTTA ATTAAACTTT TTATTTNTTG AATTTTAG CAGAAGCACA TTCAAAAGGA AGATGTGCCC 9340

TCTGAGCGTT ACCTGGGTTA TCTGGTAAAA TTrTATTAAA AGTTAATCAA AGACCAATGT ATCAGGGAAT GAGCAAGAAT GTTGTATTGA TAAATTATCT 9440

CTCCTTTTCA ATATCTGCTA AACTTAAAGT AAGCAGTCTA ACAGATTCTA GCAGTATAC'r GATCCCTTCr GAAAATAAAA CTGACAACTT TTTTAATCCC AGATATTTAA TTCATACTCT 9560

CATTTGACAA ATTGTGTATr ACAGTTTACT TTCAGATCTG ATTAGCACAT TATTGAAATG GCACGCTATA GATTTGACCA GACTTGAGTT TGACT.CTAAG CTCTACGTTT TACCAGCATG 9680

TGGTATTAGA CAGTTTCCTT ATCTGCTGTA AGTCTATAAC CTAAGTTCCA AAGTGACAAA ATAATAATAA ATATTTAAAG CATATAAAGC AATTAATACA AATAAGACAT AGTGCAAAGT 9800

f AAAGTGAAGT CGCTCAGTCA TGTCCGACTC TTTGCCACTC CATGGACTAT ANCTACCAGG CTCCTCTGTT CATGGGATTT TCCAGGCAAC ATTTCCTTCT GCAGAGGATT TTCCCAACCC 9920
AGGAATCGAA CCCAGGTCTC TCGCACTGTA GACAGACGGT TTACCGTCTG AGCCATTTT'G AATTGCGAAG TAAGCCCTCG GTAAATGTGG CTAGTATCAG AAACATCATT TTTCCCTTCA 10040

TCCAATATTC TGATTTAA'IT TrGCAAAAATC AGAAAACAAA TGGGGCTTCC CAGGTGGTGC TAGTGGTAAG GAACCCCTCT ACCAATGCAG GAGACTCAGG CTTGATCACT GGGTTGGGGA 10160

9 AAArccccTG GAGGAGGGCA TGCAACCCA CTCTAGTATT CTTACCTA GAATTCCATG AACAAAGGAG CCTGGAGGGC TATATCCATA GGATCACAGA GAGIPGA CAACTGAGT 10280
h GACTAATCAC TGCACAGAAA GCAAATCTGT TTTCAATTrr CTTAGCAATT CTGATATAAT ATTCACTGTA ATCAAAACTG CCTCAGTTCA GTTCAGTTCA GTCACTCAGT CATGTCCAAC 10400

TC?rG AC CCCCTGGACC GCAACACACC ATGACTCCCT GTCCATGACC AACACCCGAA GCTTGCTCAA GCTCATGTCC ATTCAGTAT GCCATCCAAC CATCTCATCC C CCT 10520
TCTCCTCTCC TGCCTTCAAT C=CCAGA ATCAGATCTCCCAATOCA TCAGTTCITC AAATCAGGTG GCCAAAGTAT TGGAG¶1CA GCAAAAGTCT TTCCAGTGAA TATTCAGGAC 10640
TGAh M1lC TAGGATGAC TGAATACTTA TTTATATCTG ACTGCATTAT AATATA="TT AAGTTAAAAA TAATGTAACA AAGTAGTTTT CCTAATATTA GA 10760

TTAGGCTAAT CCAAATTCTC TGTGGTAGAA ACAACACTAA AGTAAGATTA TTAGTTrTCTC ATTATTTACT CCTGGGAAAG AGATACTATG ATAGATGGTA TCCACGAAT TGACAATATT 10880

12 ,rmL-TG AATAGGAACA GCTTCTCAGA CTGAAAAAAT ACAAAGTACC CCAGCTGGTA ATATTTTATT ATAATAATAC 10960

AAATTAAGT CTACAGAATT AAAATAATTA AATGAAATTT ACTTTGACTA //Intron XII// AGATAAGCTA TGATGTGTCT GGTTAATTAG CATTTTTATT TTGAATGTAA 11540

13 ATTAATGTCA TAAAACTAAT AATACATGTT TTTTATTTTT TAAGGAAATT GTTCCCAATA GTGCTGAGGT GAGATATATT TACTAAATTT 11630

AAAATATATT AAAATATATT AAATGCACTA TAAGATGTGC ATTTGAACTA //Intron XIII GATGACATAT TCTTGGTAAT TGTAAAATGA ATGTGTTATA TCAGAAGATA 12780

14TCTAAGTAAC TTAGAACACA TTTCCTTCTA T?IAGGAACG ACTTCACAGT ATGAAAGAGG GAATCCATGC CCAACAGGTA 12860

ATATTTTGCT TAATGAATTA CATACTGATA ATATGTTGCA AAGTTrAAAT //Intron XIV// CATCAAAAGC ATTTCAAAAA G 'N'GC¶'lcrr TACATTTTTT GGTTTTATTC 13710

15AGCCTTAAAA GATCACCCCT ACTCTTTTTT TTTT'TCTTTC CAGAAAGAAC CTATGATAGG AGTGAATCAG GTAAGTGTGT GTCTGTCTGT 13800

GTGTATTTTA ATACTGCCCC AAACTATCTA TTGGTAACCA CTGTTTTTTA //Intron XV// ATCTTAATGT GAACAT=rGG TAGTAATACT TTAGTCTATT ATG;GCATTTA 14680

16 ACTGGGTTGG AATCACAAAA CTATT'TrCC cTcTcTcTCT TrrAAoGAAC TG;GCCTACTT CTACCCTGAG GTGAATTTAT TTTATMTTrT ATATTAACAC 14780

TAATAAGAGA AAATCTCAGA TATCATATTT ATTATAATCA TTAGGATAGG //Intron XVI// ATAGCCATGT CTGAAATGAA GGCAATGATT CATT?TCAGA GATTCAAAAC 15500

17TGATTTCTCA TACACTGTTG CTTTITTAAT GGTCITTrTC TCTAGCTT CAGACAATTC TACCAGCTGG ATGCCTATCC 1SS80

ATCTGGTGCC TGGTATTACG TTCCACTAGG CACACAATAC ACTGATGCCC CATCATTCTC 15640

TGACATCCCT AATCCCATTG GCTCTGAGAA CAGTGAAAAG ACTACTATGC CACTGTGGTG 15700

GTAAGTTCAT TTAAATGACT GCATATTGTT GCCTTATCAA AGGAAATAAA //Intron XVII// ATTAAGCATA CrGCITXGAA AATTAGTGCT CATTTTTTGA TTCAGCAAAA 16240

18 TTTATTACT GAATACCTTA CTCACAT?ITT ACCAAI'N1N GCTCCTTCAG AAGAGTCAAG TGAATTCTGA GGGACTCCAC 16320

AGITATGGTC TTTGGTAAGT TGGAAACTGC TTGTCTAATC ATTGATCCTC TTTTCATATG AGAGCTCAGT ACAAAAGTAC AACGTGTAGA CTATAAAGTT 16420

G7T1TGCTGG TCCTCTAGTC TAGCTATATT TAAACACATT ACACTTAGAT //Intron XVIII// GATGMAGAGA AAATGACTAT TAAAGTGTAT CTTATCATAA CAGTACCTTC 17070

19 TCCCTTCAAA ACATGCAGCA TAACTAACCA CATATTTCTT TTTTGGTTTA CAGATGGTTC TGAAAATTCC ATGCTCTACA 17150

TGTCTTTTCA TCTATCATGT CAAACCATTC TATCCAAAGG CTTCAACTGC TGTTTTAGAA 17210
TAGGGCAATC TCAAATTGAA GGCACTCTTT CTTCTTGAGT TCTCTACTGT ATTTTAGATA 17270
GTGTAACATC CTTAAGTGAA ATTGTCCTAA CAGCTTGTTA CCTAAATTCC AGTAGTATCA 17330
TGCTGGTATA AAGGCCACTG AGTCAAAGGG AATTAAAGTC TTCAITAAAT TTCTGTATGG 17390
AAAATGTTTT AAAAGCCTTT GAATCACTTC TCCTGTAAGTGCCATCATAT CAAATAATTG 17450
TGTGCATTAA CTGAGATTTT GTCTTTCTTC ATAAGGCACTT 17510

TCCTATTTTT TGTCATTATT CCATTGGAAG GAATTTACAC AACCTTGTGA GTTTGTGTGT ATATAACATT T'GTTTTCAC TAAATTTTTA TGACATTTTC AACCACATTT TAAITAAAA 17630

ATTCAAATGT ?CACTTCTAG CTGATCCTGG TAGATTATAA ACTGAGTCTA AGATCTTTCA TTGAAGTCA ACTGTTTATA GAATATTTTC CATGTGAACA TGGACGTGGC TGCAGAGAGA 17750

Fig. 1. Sequence of the bovine a,, casein gene. Bases are numbered on the right site of the sequence blocks; exon positions are indicated at the opposite margines
and their sequence is printed with large, bold face letters. Functional elements (TATA-box, polyadenylation signal) are boxed, direct repeats underlined. Retroposon-
elements are indicated by intermediate sized letters. Sequence blocks containing intron sequences only have been deleted, for conciseness.

Probe labelling with 32P-dCTP and hybridization of filter lifts RESULTS
and Southern blots followed standard protocols (23). Stringency
for hybridizations was 5 x SSC at 65°C and for washings 0.5% The sequence of the entire gene has been determined (Fig. 1)
SSC at 550C, 0.1% SDS. from five overlapping lambda clones (Fig.2). The inserted

Sanger's dideoxy chain termination method (24) using a T7 genomic DNA of both orientations had been subcloned into 115
DNA polymerase based sequencing kit (Pharmacia) with different M13 phages.
35S-dATP as label was used to sequence single stranded DNA Altogether, 22087 contiguous basepairs of bovine DNA have
after subcloning the genomic DNA into M13-phages been sequenced, covering both strands throughout the entire
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INTRON 1373 1970 893 440 596 602 692 1500 768 90 1531 647 1207 896 946 795 590 789
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Fig. 2. Gene structure of the ca11 -casein gene. a) Overlapping lambda EMBL3 clones containing the asl genomic sequences are aligned annd drawn to scale relative
the deduced gene structure. b) Restriction map of the asl casein gene (B= BamHI; E =EcoRI; H= HindIll; K= KpnI; M= SmaI; S= SphI). Exon number,
position and relative size are indicated (black bars, numbers). Intron sizes are given below. Arrow heads specify the positions of artiodactyla retroposon elements
(lower case letters a-h). c) cDNA structure: Vertical black lines define exon boundaries. 5'and 3'untranslated regions (half bar) are separated by the coding region
(full bar). Exon sizes are given inside (bp); stippeling denotes the 7 small 24 bp exons, while the leader peptide, encoded by the second exon, is hatched. (ATG):
initiation codon of translation; (P): major phosphorylation site, spliced together by exon 9 and 10; (TGA): translation stop codon.

5 '-flanking region, for every exon and extending into the flanking
intron segments, in total about 50% of the whole sequence. The
other half of the intron sequences has been determined from one

strand only, using lower parts of the sequencing gels. The
sequences of all restriction sites used for cloning were

crosschecked on corresponding overlapping clones.

Gene Structure
The bovine a-sl casein gene extends over 17508 bp, with
1138 bp of exon and 16370 bp of intron DNA. Thus, the size
ratio of exon vs intron DNA is 1:14.4. The gene is split into
19 exons, ranging in size from 24 to 385 bp, and 18 introns from
90 bp to 1967 bp (Fig. 2). Several features are noteworthy:

1. While the first exon of 53 bp is not coding at all, the entire
leader-peptide as well as the fist two amino acids of the mature
protein are encoded by exon 2, spanning 63 bp, precisely as found
in the mouse and bovine 3-casein genes (13, 25) and similarily
in all rat casein genes (14).

2. Not a single coding triplet of the ce-sl reading frame is
disrupted by any of the splice junctions. Consequently, the coding
exons 3 to 16 contain multiples of 3 bp. Only the translation stop
codon UGA is created by splicing the final nucleotides UG of
exon 17 onto the first nucleotide A of exon 18 (Fig 2). All splice
junctions follow the 5' GT/3'AG splice rule (26, 27).

3. We found 7 exchanges compared to the published a-sl-
cDNA sequence (6), all of which are base transitions. All three
exchanges found in the coding region are confined to the third
positions within coding triplets and do not cause amino acid
substitutions.

4. Nine out of 16 coding exons begin with a 'GAX' sequence,

confirming a prediction based on the cDNA analysis (6). A major
phosphorylation site within the c-sI sequence is created by
splicing the first codon of exon 10 (GAA: glutamate) to the
preceding exon. A similar phenomenon was found in the rat a

casein gene (14), and the ,B-casein genes of rat, mouse and the
bovine species (3, 14, 25).

5. An intron-exon-intron stretch of 154 bp is found precisely
duplicated (Fig. 3; positions +9 101 to + 9254 and +11489 to
+11642), revealing 97.4% homology with only 4 C/T base
transitions and no gaps at all. This area encompasses exons 10
and 13, i.e. two of the short 24 bp exons, together with their
flanking intron regions.

6. Two potentially functional 'TATA' boxes have been
described in the a-sl promoter region (14), with the sequence
TTTAAAT at -29 being linked to the major transcription
initiation site. We found that part of this sequence belongs to
an 11 bp direct repeat motive AAATAGCTTGG which is also
located at -572 (Fig. 1).

Artiodactyla Retroposons
At 8 locations copies of artiodactyla retroposons are found (Figs.
1, 2). Element (a) resides in the distal promotor region between
bp -1807 and - 1531, in the vicinity embeded by a direct 13bp
repeat sequence GGGATCTTCCCAA (positions -2130/
-1478). It appears to be a split and rearranged art2 element (28).
Its 5' end reveals a 79.6% homology extending over 186 bp to
the 3' end of the published art2 element (positions 411-536 in
ref 28) in the complementary strand. However, the 3' half of
element (a) (positions -1602/ - 1531) confirms over 71 bp with
77.6% homology to the strand sequence of the 5' half of the art2
element (positions 88-146, ref 28). Overlapping with the latter
region and extending up to -1482, i.e. just 4 bp 5' of the direct
repeat at -1478, we detected an 80% sequence homology to
element (d) in intron 2 over a stretch of 108 bp.
Element (b) (-753 to -644) relates to a monomer BMF

element (29) and displays a homology of 78% to the published
sequence over 111 bp. No direct repeat sequences can be detected
in its vicinity.

Intron 2 harbors two dimer BDF elements (30), elements (c)
(+ 1885 to +215 1) and (d) (+2409 to 2675). They are organized
in a very similar way with a central unit of 88.8% sequence
homology within 268 bp, that is flanked by 11 bp direct repeats.

33139BEF33M 54 42 42127M..' 1.;fjl I m ;OI
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CTGGT~ATTACTTTT'GAGAA'~AGCTA&TAATC

TTTTTATTTTTTAAG CTGAGATATATCTACTAA
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92541
ATTTAAAATATATTAACAT-CATCCAGGATATCTTAAAAT-TTAATTAAACTTTTTATTT
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Fig. 3. Sequence dupliation of 154 bp comprising exons (boxed) 10 (upper) and
13 (lower). The dupliation (97,4% homology) is framed by crosses and runs from
position +9 101 in intron 9 to +9254 in intron 10 and is matched by the sequence

between + 11489 to + 11642 in introns 12 and 13 respectively.

The repeat sequences flanking element (c) read CCAAATATA-
CT, while TTGTGACCTCT is flanking element (d).
A segment of 9 bp (+2389/ +2397) preceding the left direct

repeat of element (d) is identical with the 3' left end sequence

of the MLV retrovirus TCTGTTCCT (31), and a sequence TA-
CTTTC, which is part of the 3' right end of the MLV retrovirus,
is found in the centre of element (d) in opposite orientation
(+2637). Together, these sequence motives confirming to the
ends of the MLV retroviral RNA are bracketing just one arm

of the BDF dimer element in intron 2.
Element (e), which again relates to an art2 element, is located

in intron 8 (+7285/ +7721). It is flanked by 11 bp direct repeats

(TGGGCTATGCT).
Another three elements are all located in intron 11. None of

their ends retain direct repeats. Element (f) (+9801/ +9900) and
(g) (+ 10170/+ 10285) are BMF elements arranged in opposite
orientation, while element (h) (+ 10371/ + 10662) again confirms
over a stretch of 295 bp to the published art2 element sequence

with 74.6% homology.

Potentially Regulatory Sequences
A segment of 700 bp flanking the bovine a-sl casein gene

promoter region and exon 1 have been sequenced and were

searched for potential binding sites of glucocorticoid hormon and
progesteron receptor molecules (14). This analysis has been
extended over the entire sequence as presented here and several
additional potential receptor binding sites can be pointed out. In
addition to those known sites we find a glucocorticoid hormon
receptor binding motive TAATGTG (32) at position + 8184. At
nearby position + 8215 starts the chicken egg white steroid
homone receptor binding motive AAAATTGAC (33). An
identical sequence motive has also been found within the mouse
(3-casein gene (25). Furthermore, a potential binding site of the
progesterone receptor TGTTCACT (34) is found at position
+ 12173 in intron 13. The significance of potential regulatory
DNA binding sites as presented here remains obscure though,
unless their function has been examined in future experiments.

DISCUSSION

The sequence of the bovine ax-sl-casein gene eludicates for the
first time the genetic structure of an a-type casein gene. Covering
17508 bp (without counting promotor sequences) it is

considerably longer than all other known genes coding for
phosphorylated caseins (rat (, g, mouse ,3, bovine ,B). Moreover,
it is split into 19 exons, thus differing from the general 9 exon
pattern of all (-casein genes and the bovine k-casein gene with
five exons. However, by analogy we expect that the bovine a-s2
casein gene may also be distributed over more than 9 exons, and
possibly more than 16 functional subunits as has been suggested
(7). The verification of the predicted occurrence (6) of several
short 24 bp exons-in particular exons 5 through 8 with 24 bp
each-is in agreement with the hypothesis that exon duplication
was one means of casein gene assembly during evolution. The
only indication of a previous sequence duplication is the very
high degree of homology (97.4%) of the two 154 bp stretches
of DNA containing exons 10 and 13.
We observe a ratio of 1: 14.4 for exon vs. intron size in the

ai-s 1-casein gene. Thus, all 19 exons contribute only 7% of the
total a-sl gene sequence. In contrast, nine exons make up more
than 10% of the ,B-casein genes of rat, mouse and cattle . Such
a comparison may indicate, that extensive deletion of intron
sequences occurred within the (-casein-genes after diversification
gave rise to the separate evolution of a- and (3 casein genes. This
event must have taken place prior to the evolution of those species
of mammals.

Furthermore, a comparison of the bovine a-sl and ,B-casein-
gene structure (for (, see EMBL Acc. no. X1471 1; MacKinlay
'89) allows to define three parts of the casein genes, which may
have been assembled prior to evolutionary diversification of both
genes:

First, the 5' flanking region together with exons 1 and 2, which
not only show sequence similarities , as already noted (11, 14),
but which also (i) contain a similar BMF retroposon (element
b, Fig 1) in the same orientation and in similar distance from
the promoter in the 5' flanking region of both genes and (ii) the
strong conservation of exon 2, including its boundary behind the
first two amino acids of the mature proteins, in addition to coding
for the entire leader peptide in both cases.

Second, the short 24 bp exons (a-sl: exon 10; (: exon 5)
contributing to the major phosphorylation site of the proteins are
separated by extremely short introns (a-sI: 90 bp; (3: 92 bp) from
the next exon in both in both genes, indicating an evolutionary
conservation of this arangement.

Third, the 3' ends of both genes are organized in a very similar
way. The largest protein coding exon (exon 17 in the a-sI gene,
exon 7 in the (-casein gene) is followed by a 44 bp or 42 bp
exon (a-s 1 vs 0), and finally by the last, non-coding exon, which
is quite long (385 bp and 323 bp, a vs ( respectively). Since
even the introns separating these exons are quite similar in size
(590 vs 601 bp and 789 vs 730 bp), it is likely that this part of
the casein gene has been recruited before diversification into the
ax and (3 types of the casein genes occurred. Alteration of one
splice junction between the two genes may explain the extension
of the reading frame as well as the location of the stop codon
on the last exon in the (3-casein gene as opposed to the a-sI gene,
in which splicing of exon 17 onto 18 will create the stop codon.

Repetitive sequences are found associated with many genes of
artiodactyla. These analogues to the human alu-type repetitive
sequences (35) have been grouped into 3 families (24-26). We
found eight complete or partial retroposon elements in the ca-sl
casein gene. Considering sequential and structural similarity with
the published prototypes along with the occurrence of flanking
direct repeats as indicative for a recent insertion, it appears that
elements c) and d) are rather young insertions, while elements
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f), g), h) in intron 11 and element b) in the 5'flanking region
are oldest by these criteria.
A surprising observation with respect to the artiodactyla BDF

dimer retroposons is the detection of a sequence homology for
the central part of these elements, i.e the connection between
the two arms of these elements, with the functional part of the
human ,3-interferon-gene (INF) box III enhancer element (36)
on the one hand, which in turn is known share extensive sequence
homology to the human hsp 70 enhancer box element necessary
for serum stimulation (37). The central sequence TGAAAGTG-
AAAAGTGAAAGTG of element c) is distinct from the (3-INF
enhancer box by only two conversions of the 21 bases, while
the central sequence GAAGGGAAAG of element d) needs only
the insertion of one 'A' nucleotide to match the functional
sequence of the human hsp 70 enhancer element. The significance
of this observation is unclear, but possibly permutations of
sequence motives of the abundantly available alu-type repetitive
elements in the vicinity of these genes resulted in selective
advantage, and hence have been conserved.
With respect to the bovine oa-sl casein gene it appears, that

the insertion of the artiodactyla retroposons increased the intron
sizes, thus altering the otherwise fairly constant spacing of exons
throughout large parts of the gene.
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