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1. The bovine ti-casein gene has been isolated as a series of overlapping I clones and shown to consist of five 
exons distributed over a total length of approximately 13 kb. Most of the mature protein-coding sequence is 
contained in a single large exon. 

2. Approximately 65% of the gene has been sequenced together with portions of the 5'- and 3'-flanking 
sequences. The immediate 5'-flanking sequence contains several motifs which are characteristic of upstream 
regions including a TATA box, a CAAT box, a sequence similar to that recognized by transcription factor AP-1 
and a purine-rich sequence resembling that found upstream in all other lactoprotein genes. Other possible 
regulatory sequences are found upstream of exon 4. 

3. The organization of the K-casein gene, together with its upstream sequence, confirms previous conclusions 
that it is unrelated to the calcium-sensitive-casein gene familiy to which it is linked. Evidence is presented which 
supports a previous suggestion that ic-casein and the fibrinogens are evolutionarily related. 

4. Intron sequences contain several examples of the A family of the artiodactyl Alu-like repeated sequences, 
together with a single example of a C-family sequence. The remainders of the introns of the rc-casein gene, 
compared with the repeat elements and exons, are A + T-rich. 

5. Among the I clones isolated, representatives were found of the A and B genetic variants which can be 
distinguished by restriction-enzyme analysis. Several other examples of polymorphisms in the non-coding region 
were found. 

The caseins are the predominant proteins in the milk of 
most species. As well as being the main source of amino acids 
for the suckling infant, the caseins serve to raise the calcium 
and phosphate concentrations in milk to levels well in excess 
of the solubility product of calcium phosphate by forming 
loosely ordered aggregates, termed micelles, which sequester 
calcium phosphate. Bone formation in the young animal thus 
depends on the ability of casein to transport appropriate 
quantities of calcium phosphate in milk. 

In bovine milk more than 20 individual components can 
be resolved when whole casein is analyzed electrophoretically 
under dissociating conditions [I]. These result from post- 
translational modification and genetic variation of four pri- 
mary translation products which correspond to asl-, clS2-, p- 
and k--caseins. The xsl-, xs2- and p-caseins are insoluble in the 
presence of calcium ion at  the concentrations at  which it 
occurs in milk and these caseins are referred to as the calcium- 
sensitive caseins. In contrast, K-casein is insensitive to the 
presence of calcium and is referred to as the micelle stabilizer 
because it is essential for the formation of stable casein mi- 
celles [2]. Following ingestion, the caseins are immobilized in 
the stomach as a result of clot formation. This occurs when 
chymosin (rennin) or pepsin specifically cleaves a single Phe- 
Met bond in K-casein to form insoluble para-K-casein (105 
residues) and a soluble macropeptide containing the C-ter- 
mind 64 amino acid residues of K-casein [3]. 
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Two common genetic variants of K-casein, A and B, are 
known, along with a recently described third variant [4]. The 
A variant has a Thr at position 136 and an Asp at position 
148 of the mature protein, while the B variant has Ile and Ala 
residues at these positions respectively [ 5 ] .  Analysis of the 
patterns of inheritance of these allelic variants, together with 
those of the other caseins, indicates that the genes for all four 
caseins occur as a tightly linked cluster [6, 71. Analysis of the 
bovine casein genes as the cDNA level, as well as of their 
homologues in other species, reviewed in [8], has confirmed 
that the genes for the three calcium-sensitive caseins are 
evolutionarily related and constitute a small gene family. It 
appears that the ti-casein gene, although linked to the other 
casein genes, is unrelated to them. It has been suggested on 
the basis of amino acid sequence similarities that K-casein may 
be related to the fibrinogens [9]. 

In this paper we present the results of analyses of cloned 
genomic DNA sequences that span the bovine rc-casein gene. 
This is the first K-casein gene to be reported. As a result of 
DNA-sequence analysis the sizes and arrangement of the ex- 
ons are defined. Several nucleotide substitutions and re- 
striction-site polymorphisms are identified which distinguish 
the A and B alleles. 

MATERIALS AND METHODS 

Restriction enzymes, Klenow fragment of Escherichia coli 
DNA polymerase and T4 DNA ligase were purchased from 
commercial sources and used in accordance with manufac- 
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Fig. 1. Restriction maps of the cloned sequences spanning the bovine K-casein gene. Arrows beneath the maps indicate those regions which were 
sequcnced and the sequencing strategy employed. L and R refcr to the left and right arms of the vector respectively. The names and positions 
within the gene map of various pUC plasmid subclones are also shown. The sizes and positions of the exons arc shown at the top of the figurc. 
Restriction sites for the following enzymes are shown: 0 EcoRI, 0 BamHI, 0 BgnI, 0 CfoI, 0 HindII1, 0 KpnI, A Mspl ,  A Tuyl and 
XbizI 

turer’s specifications. Nitrocellulose was purchased from 
Schleicher & Schull (FRG) and from Amersham. [ c ~ - ~ ~ P ] -  
dATP was purchased from Bresa, Adelaide, Australia and the 
Institute of Nuclear Physics, Tashkent, USSR. All chemicals 
were of analytical grade or the highest grade available. The 
construction, characterisation and sequences of the K-casein 
cDNAs have been described previously [lo - 121. Various 
oligonucleotides used for screening and sequencing were 
synthesized on an Applied Biosystems DNA synthesizer 
model 380B. 

Standard recombinant DNA techniques were used, as de- 
scribed previously by Maniatis et al. [13]. Suitable restriction 
fragments were cloned into pUCS and/or M13mp8. Ordered 
deletions were prepared by the rapid deletion method of Dale 
et al. [14] using a Cyclone kit purchased from I.B.I. (New 
Haven, CT, USA). DNA sequence determinations were 
performed by the dideoxy-chain-termination method of 
Sanger et al. [15, 161 and the chemical method of Maxam 
and Gilbert [17]. Double-stranded sequencing was performed 
following the protocol of Promega Biotec (Madison, USA). 
Autoradiographs were read manually and the sequence data 
analysed by the NAAS program (Genesearch, Broadbeach, 
Qld, Australia) on an Apple IIe personal computer and the 
Geneus program [IS] on a Vax 11/785 mainframe computer. 
Of the sequence presented here, the majority was determined 
in both directions (see Fig. 1). 

RESULTS 
Isolation and characterization of j. clones K I ,  ~ 2 . 1 9 ,  K E I ,  ~ 6 . 4  
and rcB2 

Two bovine genomic DNA libraries in 1 bacteriophage 
were used, one obtained by cloning DNA partially digested 
with EcoRI into AEMBL 4, the second consisted of a partial 
Sau3A digest cloned into the BamHI site of 1EMBL 3. Four 
clones, 1.~1, i ~ 2 . 1 9 ,  l ~ E l  and 1 ~ 6 . 4  were obtained when the 
EcoRI library was screened as previously described [19]. These 
clones were restriction mapped using EcoRI, BamHI, KpnI 
and MspI in order to establish overlaps. The orientation of 
each clone was determined by hybridization, using labelled 
fragments from the right arm of 2 and from the 3’-end of 
K-casein cDNA. All four clones contained a common 11- 
kb EcoRI fragment which hybridised with a PstI fragment 
containing nucleotides 329 - 840 of the cDNA which includes 
the 3’-untranslated region. Two of the recombinants, l lcl  and 
irc2.19, contained an additional 5.6-kb EcoRI fragment which 
hybridized with the 5’PstI fragment (residues 1-328 of the 
cDNA). The 5.6-kb fragment did not hybridise with a cDNA 
fragment corresponding to the 5’-untrdnslated end of the 
mRNA. 

The second, Sau3A, library was then screened and among 
the clones which hybridized to the total cDNA, one clone, 
ArcB2, was found to hybridise with a 180-bp fragment from 
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the 5’-end of the cDNA. It was shown to contain an additional 
5.5-kb sequence at the 5’ end of the gene compared to the 
cloned sequences obtained from the first library. In addition 
to the 5.6-kb EcaRI fragment, RrcB2 contained a 2.6-kb EcoRI 
fragment which hybridized to the 5’-untranslated region of 
the cDNA. Restriction mapping and Southern blot analysis 
of DNA from 2 x 1  and 1tiB2 indicated that exon 1 is located 
in the 1.8-kb HindIII fragment. 

More precise mapping was possible using subclones 
obtained in pUC19. Three fragments surrounding the 5’ end 
of the gene were subcloned from k B 2 :  3.6-kb SalI-BumHI, 
2.6-kb EcoRI and 3.8-kb BamHl fragments. Investigation of 
these subclones has shown that exon 1 is located within a 
289-bp Bg1II - HindIII fragment of plasmid prcRI2.6. Exon 2 
is within a Hind111 fragment (approx. 750 bp) of prcBam3.8 
and is located 2.5 kb downstream from exon 1. Intron 2 is 
5.8 kb long. 

Isolation and characterization of c*lones, 1ti5 and llcl I 

The partial Suu3A bovine genomic library in EMBL 3A 
of Ruppert et al. [20] was screened as described previously 
[21] and two K-casein genomic clones obtained, A K ~  and 2 ~ 1 1 .  
Clone lrcll is 12.7 kb in length and the entire insert can be 
excised intact with BumHI. Restriction mapping indicates that 
its 5’ end may coincide with the BarnHI site which is located 
2.7 kb downstream from the start point of transcription 
(Fig. 1). Clone 2 . ~ 5  contains an insert about 1 kb shorter than 
i ~ 1 1  and it is also excised intact by BamHI. Restriction map- 
ping shows that Ilc5 and ~ K I  1 terminate at their 3’ ends either 
at the same site or within 1 - 200 bp of each other. These were 
analysed by Southern blot analysis of restriction digests using 
the following end-labelled fragments derived from rc-casein 
cDNA [lo] as probes: HaeIII-Hinfl (nucleotides 19-180), 
Hue111 - EcoRII (19 - 105), HinfI - HinfI (180 - 249), 
Hid-HinfT (250-575), HinfI-HinfI (576-820). These 
analyses indicated that most of the cDNA coding sequence 
was contained in both clones (Fig. 1). Representative of these 
results, three BgnI fragments of size 3.9 kb, 3.4 kb and 1.2 kb 
from k l l  were found to hybridize to one or more of the 
above probes. However, neither clone hybridized with an 
oligonucleotide complementary to nucleotides 21 - 40 of the 
cDNA sequence. Hence it was concluded that the 5’ end of 
the gene was absent from both these clones. 

Sequence analysis of rc-cusrin genomic clones 

The nucleotide sequence of exon 1 and the 5’-flanking 
sequcnce was determined by Maxam and Gilbert sequencing, 
using an end-labelled BgIII - HindIII fragment of plcR12.6, as 
well as by dideoxy sequencing using a primer complementary 
to bases 21 -40 of the cDNA. Another specific primer was 
used to obtain a sequence downstream of cxon 1. Exon 2 was 
sequenced using the universal primer and an M13 subclone 
of p~Bam3.8. Maxam and Gilbert sequencing of the pUC8 
subclones prcllBgll.2 and prcll Bg13.9 yielded sequence corre- 
sponding to the final 89 bases of the last exon, together with 
127 nucleotides of a downstream sequence (nucleotides 
13067- 13 193 in Fig. 2) as well as defining the 5’ end of the 
last cxon. Similarly, chemical sequencing of a 900-bp MspI - 
KpnI fragment from pli6.4 yielded a sequence from the same 
region. There were five differences found between the se- 
quence data obtained from plcllBgll.2 and that from prc6.4; 
these were T [13093 in ptillBgll.2 (Fig. 2)] to C, T (13095) 

to C, T (13 103) to C, G (13 153) to A and an insertion of a C 
residue after A (13 169). 

More extensive sequence analysis was carried out on L ~ l l  
by subcloning the 3.9-kb and 3.4-kb BgZII fragments into 
M13mp8 and subjecting these to stepwise deletion by the 
method of Dale et al. [14] and then performing dideoxy se- 
quence analysis on the resulting series of overlapping clones. 
Both BgnI fragments were completely sequenced by this 
method. These two BgDI fragments were shown to be contigu- 
ous using double-strand sequencing on lrcll and an 
oligonucleotide primer corresponding to residues 8948 - 8967. 
The 5’ end of the 3.4-kb fragmcnt is numbered +5600 in 
Fig. 2. Thus, the Ic-casein gene was found to consist of five 
exons extending over a sequence of close to 13 kb, from the 
start point of transcription. 

Exon 1 codes for 65 nucleotides of the 5’-untranslated re- 
gion. exon 2 contains the remaining 5 nucleotides of the 5’-un- 
translated region and codes for 19 of the 21 amino acids of 
the leader peptide. Exon 3 contains only 33 nucleotides while 
exon 4 codes for the remainder of the mature protein as well 
as 37 nucleotides of the 3’-untranslated region, the remaining 
173 nucleotides of which are contained in exon 5. lntrons 1 - 
4 are 2.5 kb, 5.8 kb, 2.0 kb and 1.8 kb in length respectively. 

Sequence variation between lc-cusein clones 

Previous determinations of the K-casein cDNA scquence 
have shown that the two common rc-casein variants, A and 
B, which are characterized by amino acid substitutions at 
positions 136 and 148, can be distinguished at the DNA level 
by two single nucleotide substitutions which give rise in the B 
variant to a Tag1 and a Hind111 site, respectively. Restriction 
mapping of the 1x5 and 1 ~ 1 1  clones, in conjunction with the 
sequence data for A l c l l ,  showed that 1x5 and 1 correspond 
to the expected B and A variants, respectively. Double-strand 
sequencing using specific sequencing primers flanking the 
nucleotide substitutions at codons 136 and 148 has confirmed 
that AKS corresponds to the cDNA sequence determined for 
the B variant by Gorodetsky et al. [12]. Other substitutions in 
Aic5 include a G in place of an A at  position I 1  006, resulting 
in loss of a Pstl site, and also the presence of a T in place of 
A at position 11 013. These substitutions were also found in 
the B variant cDNA [12]. 

Another polymorphism results from the substitutions at 
position 12981 of a T in 1x11 for a C in 1x5 which destroys 
the BglII site in Arc11 and creates an MspI site in 1 ~ 5 .  This 
polymorphism, prcviously detected in the course of cDNA 
sequence studies [lo, 121, also distinguishes clones k l  and 
).riEl. 

Repeated sequence elrments in the K-casein gene 

A number of previously recognized repeat elements are 
found within the sequenced portion of the K-casein gene. 
Several examples occur of the 117-bp consensus sequence of 
Watanabe et al. [22], i.e. the Alu-like A family of Rogers 
[23], as well as a single example of the tRNA-like C family. 
Nucleotides 5600-5623 at the 5’ end of the 3.4-kb BgnI 
fragment Correspond to the 3’ end of an A repeat (repeat 1). 
Repeat 2 (61 14 - 6400) is a dimer of the repeated element and 
is flanked by a direct 1 l-bp repeat: CAATACAGCAAT and 
has the short repeating unit ( A C Q  at it’s 5‘-end. The repeats 
in this dimer are separated by a 50-bp spacer in which 
nucleotides 6255 -6281 are also found in the spacer region of 
the dimeric repeat 4 (8161-8187). Repeat 3 (6757-6949) 



398 

-501 
G G A T C C C T A C ~ A T A T T % A T T A A T A T T T C A T A ~ T T T A A C A T A I \ I \ T T A T T C T T ~ T A T ~ T G G T U L  

-451 -401 
G T T T T C T A A T T G G T T A A A T A C T G A T G G C T G T A A T T C T A G  

T T A C T T C A T A C T C A G G T T C T T W L l U L T A A T A A W U U L C A T T T ~ T G T ~ T G C T A T G G C T ~ T A C T T T ~ ~ A  

ATAATAGCmRRATTCGTGGAATTAGTTGATTAAAATGCAATTAATATTCTT~TCCTCTATATCTTT 

T C A T A A A U L T A A A A G T T C G T C T T A ~ G T G T G A A T T T C C T  

CCTCTGCATTCCATTAACCGAWICn;RTGTAAAGATGGCCCXCTATCGTCAGATCTTKCTTTCTG~~A 

TTGGTGULATGTAAAAGGAAWLTAAATCTCATGACGCAAGACACTAACACCCTTT~TT~TCTCTGGTTAATTACCT 
1 E x o n  I 50 1ntro 

TGGGTG T T C ~ A A ~ T ~ ~ C C A A C ~ C T A C T - ~ ~ ~ G G T C A ~ ~  GTAAT 
n I  100 
CACATTAAAACATTCAAAGA~TAATTCTTATTULCA~G 

-351 

-301 -251 

-201 

-151 -101 

-51 

I 200 
AACATTTTCTTCCTTTTGGCTTTTATTGTTAAGCTTGGATATCCTTTGTCATGATTATGATATTAGTTTCTAATCTAA 

250 300 
ATCTTAGATTCTGTATAA~ATGATAU?+~ATTTTTG 

CTAAAGTACTGAAGACAATGTAGATCCTTAAAAAAAAAA 

2600 Exon I1 
CTAATTGTTTAATTTAATTTAG GTGCA ATG ATG AAG AGT TTT TTC CTA GTT GTG ACT ATC CTG 

M e t  M e t  L y s  Ser P h e  Phe Leu V a l  Val Thr Ile Leu 
2650 Intron IT 2700 

GCA TTA ACC CTG CCA TTT TTG G T G A G T T A A T T T C A T C T A A T C A G T T T T G T A T T T T T T  
A l a  L e u  Thr Leu P r o  P h e  L e u  

T T A T n ; A A U ; G C m A A ~ ~ T ~ ~ A A ~ ~ T T A T A ~ T A G A A - T ~ T ~ ~ m A T T  

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

ATCATCTAAAGIWULCCTTTAAAATTCTTATATGATAGAGWA&TACATTTGGGG~TCCTGAPAATATTTlT 

AAATTATAATATGCACTTAU?+TAATTCACUAAAATAAATATAT~CCATAGAGGGAAGATCA~TGTTTTAG 

T T A A A T T C C T A T T T C A T G W C T C C A A T T T G T T T C G A R G C T T T T  

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

TCAACTCCCTCTCAGGGATTATATCCATAAACACCTCTTT~TTTTTAGG~CATCTG%PACTATCdTATGTTTTA 

T T X C T G T T C T T A C T G T T G C C T C A T C C C C  

2750 

2800 2850 

2900 

2950 3000 

3050 3100 

3150 

3200 3250 

5650 
~ C ~ ~ ~ C C T C C T C T T A I \ I \ C T G T A A U T T ~ ~ T ~ C T  

5700 5750 

5800 
TGTTTCATAATTCATTTATTATTAAATTTAGTn'TGCTTTCAAGTTAATTATCTCTT~TAATTCTATTTGGTAAATT 

TTTAGAATCTTTTT~TTT~TTACTATGACCTTCATATTTCTTCCTTTCTTCTTT~TTTGATTTTATTGT 
5850 5900 

G G ~ C C T G C A T A ~ A G I I A C T ~ ; G G ~ ~ C T C T P G A C G G A T R  
5950 

TGCTTWLCCTCTWLAAACATCTTCTTGAAC~ATTTAAGCCAGTGCTATCCC~CTCTCCTTCCTGTCTTCA~G 

C T R C A R G C C C C A ~ T A T A A A ~ T A A ~ G A A G A A ~ T T A T A T ? A ~ A C C A ~ T C l \ r r W L T A T A  
6000 6050 

6100 
C A A T C T T A C T T A C C C A A T C T C A T A U L ~ ~ C T T A A T A C A G U L A T ~  
6150 6200 

6250 6300 
E T A A U T T C A A G T A G A C A T C C T G A G C G A C T T C A C T T T C A C T T T T C A C T T T C A T G C A T T ~  

=,En 

~ ~ ~ ~~~ 

6400 6450 
P G C A G C A G C A K X G C A A T A C A G C A A T G T T G T A G C A T C T T T T A T G T G C T A A A T G T A T T  

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

TACTGATWLCATTATAAATTffiTATATCTTTACTGTACA~GTTTAATAATTTCTGTATTTTCCCCC~TCATA 

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

A A A G T A A A G M T C T G C C T G C A T G C A G G A G A C C T A G T T T T C  

6500 

6550 6600 

6650 

6700 6150 

6800 

, 6900 
A ~ ~ T A T I T A T A A T ~ C A I T T R T G A T F A X C P l T A ? A A G T  

TAACAGTAAAGAACAAACATTTCATGACAT~CULTTGATTGTTTTTULACTTT~TATGCAAGTAT-CTGAG 
6950 7000 

7050 
G T G A T G W L A A A A A T W ~ ~ A A G A T ~ ~ T A C T A ? A A T G A A C A ~ T ~  

7100 7150 
AATACATAATG~TGTAGACTGATATTATATAAAATCTATATCT~TTTTCAGGATTTTTTAGTGTAGG~CTTT 

7200 
CAATATTAATATAACTTTTTAAATTTT~CTAATGACTTAATARRTTTAWLGGTAAATAAGTCCCTGTCTT~~ 

CCCTGTA~ATTATTTTTTTTAAAATCTCXATATCCTATACCAACAACTTCCTAAAGG~ATAGGATCTITAT 
7250 7300 

7350 
ATCCCAGGGGATATGTGTGRAAGTCTTAAACTAAAACTGTCATCTT~CTATTTACCATTATGAACTCACCTTTTG 

T A R G ~ ~ T ~ T A C ~ T - C ~ ~ C ~ A T G O . T G T T A ~ ~  
7400 7450 

7500 
A~TAAGARAAGTACTAT~TACATGATAATTTTTTTAAAT 

7600 
T A G A G G C A A T T T T T T A A ~ ~ T G G A ~ T G G A ~ A A T ~ ~ ~ ~ T C C ~ ~ G G A ~  

1650 1700 
AGAGGGATTCAGWLTG~~~CATGTGTACACCTGTAGTGGA~CATGTTGATGTATGG~CCAATACAATATTG 

TRAAGTAATPAGCCTCCAATTAAAATTA~UULAATTATATT~GAAAACCTCATAAATCATCTTAGAGCAGAA 
7750 

7800 7850 
A C A t A A A A A T A T G c T l u I A T T C T C C T C T T A ~ ~ T A T A T A T T C A A T ~ ~ T A T ~ ~ G T T C A ~  

7900 
CTTCATTTAAGWLATATCATATATAGTTGTTGGTACAGAGAT~TGATCATATTCTT~CAATCTTAI\I\TTTTTCT 

7950 8000 
C C ~ ~ T ~ ~ ~ A A G A A ~ ~ A A C C A ~ T T A T ~ T A T T T ~ T T ~ T G ~ T ~ ~ ~  

C T T G A G G G T T T C A C A G A C T A T C T G C T m  

TGCATWULAGT 

8050 

8100 8150 

8200 8250 
GAAAAGTWG 

8300 
GTCACAGACTATAGATAACCTAGUA 

Fig. 2 

AGTK~ATAATATTTTACAATACTAAAATAAUGCAACAA?AACATGTTTATCTTTTTTATMW+GATATT~A 8350 8400 

Rd5" "._" 
AATV~CAAAAACTAGACTCTATC~TGCTTTTTTTCTTCTAACTTCTTCTTTCTGATTCTTTCTCTG~TCT~CAG 

8550 E x o n  111 8500 
GGT GCC CAG GAG CAA AAC CAA GAA CAA CCA ATA GTAAGT~TGTTTCCAGTAGAGATATGAATCCXA?+ 
G l y  Ala Gln G l u  Gln Rsn G l n  G l u  G l n  P r o  Ile 

1ntron I11 

8600 
GAATAAAATICTGCAAAGTTTAATGATATTAAAATGCCTTCTATC~GACTAAGTAAATATTTAAACTACATAAAA 

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

GGTATCACTTTACAGGCCAAGTCGTGTTGATTTTCATGAGTATTTAGCAACATGA~CCTTCTCAGAATTTAATA 

CT~GWLAAACAATGGCAAAGCTI~TATTTCTTCTGTCTACTT~TTAAGUAT~TGATCCCTCT 

CTGAI\I\CATCTTCAGATGCTTCTCATACIULTTGTATTCATICCCCCAGTTTGTTTGAAT~TACCTTTAAATATGTC 

8650 8700 

8750 

8800 8850 

8900 

8950 9000 
M C T T C A ~ ~ T T G A ~ T A T A A T T T C A T T A A ~ C T A T T C A T ~ G A T C T A A ~ ~  

9050 
TGTATTTTATAACTGULCCTAATT~ULTATTAATTAATAGAACTAATUL~~TTATTATAATTAGTT~TTATAATATAAT 

9150 
ATTATATATATCACATGATGTGATGT~TGTG~TATATATATTTATCATATAATTGTGATATTATGTGATATATATC 

9200 9250 
ACATTATRTCACAATATATCACATGAT~GATGTGGAATATATATTATTATATAGT~TATAT~TATATATT~TAA 

TTGI\TTAGTTCTATTACTTTGGCCACCTGATGTGAAGAGCTGACTCATTTG~GACCCTGATGCTAG~ 
9300 

9350 9400 

9450 

9500 9550 
G C G A C T W L A C n ; A R C T W L R C n ; l U L T A T A T ~ T A T A T A I  

TAAATTATATAAAAliATATATAAACCCAAGAATCCATATCACATCACATCATTACATAT~TATATAATATAATTGTAT 

AATATAATTTAT~TATTAGATGATTATATAATATACAGTA~AATATATTAGTATATAATATAATTTGTATATAGTTA 

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

9600 

9650 9700 

9750 

9850 
CTGATTTTTAACGWLTA?+AACTAAG-CCCCAACATATAAACCCAGGAATCCACATCACATTATTTTTA 

9900 9950 
C T A T T T T A ~ ~ ~ T ~ C C T T ~ T ~ T C C C T A ~ T ~ T ~ T ~ ~ ~  

ACATGTGGTGA~TAAACATATATATATATATATATATACACACAULCACATATACACACTCATATATAT~GA 

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

TGGTGCTTAT~GTGCAACATTTTACTGAGGCACTTTTTATATATGCCAAGCTCT~~GTGGTTTACATTATGA 

GCTATCTCATCTAATTTTTTTTG%PACTAATGTTATTTTTAATATTTGCTGAPAATULll- 

~ A ~ T A A T A ~ ~ ~ ~ T T ~ C A A T G T ~ T A C ~ A A C A T W T n C T G  
10350 10400 
TAACAATTTGTTTCCTGATTTAAGATATCTCTTULCTCTGCTTCTGCTGCTGCT- 

TAC 

10000 

10050 10100 

10150 

10200 10250 

10300 

10450 10500 

EYOn IV 10550 

Arq C y s  Glu L y s  A s p  G l u  Arq  P h e  P h e  Ser A s p  L y s  
CATTCTGCATAATTTATTTTTTTACAG CGC TGT GAG AAA GAT GRA AGA TPC TTC AGT GAC AAA 

10600 
ATA GCC AAA TAT ATC CCA ATT CAG TAT GTG CTG ACT AGG TAT CCT AGT TAT GGA CTC 
Ile Ala L y s  Tyr Ile Pro Ile Gln T y r  Val L e u  Ser A r g  T y r  Pro SeT T y r  GLy L e u  

AAT TAC TAC CAA CAG AAA CCA GTT GCA CTA ATT AAT AAT CAA TIT CTG CCA TAC CCA 
A s n  Tyr Tyr G l n  G l n  L y s  P r o  Val Ala Leu Ile Asn A s n  G l n  Phe Leu Pro Tyr Pro 

10650 

7 n7on 
TAT TAT GCA AAG CCA GCT GCA GTT AGG TCA CCT GCC CAA ATT CTT CAA TGG CAA GTT 
Tyr Tyr Ala LyS Pro Ala A l a  Val Arg Ser P r o  Ala Gln Ile Leu G l n  T r p  Gln Val 

10750 
TTG TUL ART ACT GTG CCT GCC AAG TCC n;C ULA GCC CAG CCA ACT ACC ATG GO. CGT 
Leu Ser Asn Thr Val Pro A h  L y s  Ser C y s  G l n  Ala G l n  P r o  Thr Thr M e t  Ala Arq 

1 "an" 
_"11" 

CAC CCA CAC CCA CAT TTA TCA TTT ATG GCC ATT CCA CCA AAG AAA AAT CAG GAT A?A 
His P r o  His Pro His L e u  Ser P h e  Met Ala Ile Pro Pro Lys Lys A m  G l n  A s p  L y 3  

10900 
ACA GAA ATC CCT ACC ATC ?AT ACC A l T  GCT AGT GGT GAG CCT ACA ACT ACA CCT ACC 
T h r  G l u  rle Pro T h r  Ile Asn T h r  Ile Ala Ser G l y  G l u  P r o  Thr Ser T h r  Pro T h r  

i n q w  _ _ _ _ _  
ACC GAA GO. GTA GAG AGC ACT GTA GCT ACT CTA GAA GAT TCT CCA GAA GTT ATT GAG 
Thr Glu ?+la Val G l u  Ser Thr Val A l a  T h r  Leu G l u  asp Ser Pro Glu V a l  Ile G l u  

ll000 
AGC CCA CCT GAG ATC AAC ACA GTC CAA GTT ACT TCA ACT GCA GTC TAA AAACTCTAAGGAGA 
Ser Pro Pro Glu rle ASn T h r  Val G l n  Val T h r  Ser T h r  A l a  Val  S t o p  

CAT-CAACGCAG G T A A A T A A ~ T G ~ T ~ C A ~ G A T T U L ~ C ~ A ~ T ~ T C G T A  

ACATCTRAACTAGCGTAGATGGATAI\I\TTAAATCTGTTAViGAGAAGGCGAAATGGGCTAATTATAACTTACATTTGC 

11050 Intron Iv 11100 

11150 

11200 11250 
TGGTTCTTTATCATGTATATACTAGATTCTTTCCCAACAAGAAAGTTTTAAAATATTTTA~TGAGT~TTG 

CAW~TTTTATTATTAAACCTTTTTCAACAATTGGTATACTCCTTGAATCTATTAGTTTTATTTTACTTCTGTTCACAC 
11300 

11350 11400 
ACAAA&ACAGTAAAGTACAGTGTCAACTCA'XATTTTTCTTATCTCAAAAATATGR'TTCPTA~TViTATA 

11450 
GGATATGAGTTTAAATATATTTTAATTGTATACCAGTGTTGTTGCACTCTACTTTTGGT~GAATAGAAT~GG~ 

A C A A T G T T T C A C T T A T C T U L ~ T C A ~ C C ~ ~ T ~ T T A ~ C C ~ ~ T C C  

CTATTGTAAGGTAATCCCACAGAAARAATTCTAATTTTTTT~CTT~GCACCTACTTATT~GAG~CTTTCA 

11500 11550 

11600 

11700 
G A A C T T T A A A T A T A A T G T A A U T A T G T C T A T T A T T ~ T T ~ ~ ~ G A T A A T ~ G A G T C ~ T A A T T A A A  

A C A C A T G A A G A G G T T A R R C T C A A T ~ G A T A A G A T G T G  
11150 iisao 

11850 
CAAV~TTTTGAGATTCTAGG~CAAATACTTTCATCACACTGTCTACATGAGTTTTTGGTCT~TGAA~T~AGCA 

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

CT~~GTCATCACTCTCTTTTCTCATAATTTTAAGGTTGCTATGAGATTCAAGTGA~GV~TATTGTGAATGA 

11900 11950 

l2000 

12050 12100 
G G n ; T A A A A A t C A A T W L A T C ~ a T A T A A T ~ T A ~ G ~ T A A T T ~ T A A A T A ~ m ~ m C  

A A C T A A A A T A T U Y I G T C C T T A C T ~ T T A T U U L A A C T A C A  

TGGATTATATTACCATCTTAAATCCACAAATGUAGCTATGGATCGGAAATTGCTACAGGCTGGAA&GTTCAAAACTG 
12300 12350 

GAARCCAAATCAI\ACTTGCTTGATTTCAGATAGTAAGGCTT~TTAGTACGTCT~TAT~CCATATGGGCTATTTGT 

TAAAAAAAAATAWAATA4AAACdGAAAACATACTCTAATTTTCCAAGATCAGCATATGTGTAAATTTTATTACTGAG 

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

12150 

12200 i m a  

12400 

12450 12500 
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12550 Exon V 12950 
GTAAAATG-CAAGTAA~TGAGITLGTPTGCRACTATCTATTTTATTGATA~T~~ATA~~TACATGATTG~TT G T C T A G C T G A A A C C T A ~ ~ ~ ~ T ~ C A G I T G T ~ ~ ~ ~ T A T G A ~  

12600 12650 13000 13050 
T T A A T ~ T A A T U L T T A ~ T ~ T ~ T ~ T ~ ~ ~ ~ C T ~ ~ ~ T T A A A A C ~ ~ ~ C T  C R U L W L T C T G G C T C C ~ C G T ~ C ~ I T A ~ ~ A ~ A ~ C A G A m T ~ T ~ ~ ~ G C A T A A T A  

ACTTATPJUUUUULGAATGTATAGGACTGTGTCTTTCTGTCMTA~AGAT~GACAATKTATAAGAT~~~C AAGCCAATCAAATGC A R T G G A T C T C T I T T C T ~ T T G G A G ~ A A T T A ~ C A A T A T  

ACTATGTGGTGRATTTAAATATTTRRRTTTATATATTTAGTTAGATAAACTACTTGGATACAGA~T~GC~T~ T G T A T T G G T T C T A C C A C A U L T C A A C G T W U \ T C T G C C I I C t C C  

ULGAAGCT-~AAAATAULTATCATGAG~CTGrTA~AmTTGT~CTAAATCTCT~CTGTmTTTTTATAG 

12700 polyadenylation 13100 

12750 12800 13150 

12850 

Fig. 2. Prirliul nucleotide sequence ofthe bovine K-cusein gene. The first nucleotide of exon 1 is designated + 1 while the upstream sequence is 
numbered from - 1. The start of exon 2 is set at + 2600. while the first iiucleotide of the BgAI site at the 5’-end of the 3.4-kb BgnI fragment 
is set at +5600. The amino acid sequencc, for the A variant, is shown beneath the nucleotidc sequence. Repeat elements are underlined. The 
polyadenylation site is shown at position 13066 

A 
CONSENSUS GGAGAAGGAAATGGCAACCCACTCCAGTACTCTTGCCTGGAAAA~CCCAGGGACGGCGGAGCCTGGTGGGC~GC~TCCA~GGGGTCGCAAAGAG~CGGACACGACTGAAGCGACTT 

REPEAT 
T T G  CG T C POSIT ION 

NOT SEQUENCED - T T - G 5600-5623  I---, 

2a-b C C A G  T A A  A T  C A -‘I TA 6114-6230  

2b+ G G G A c c  c A A T (AGC)5 6282-6400  

3- G T  A - A  G -  A CA A T A Q TTT _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  6757-6871 

8044-8160  4 a t  

4 b C  A C c c  C T  A A T  T A T - T  8188-8303  

5 --* ________________________________________--------- A T G  A T  T AG T T -  (CTGAA)4 9341-9486  

6 - _____________---___________ T G T A - A C  G G (AGC)S 10408-10498  

1- T 

A n  

G G T CT A A  

1 0 2 5 2 - 1 0 2 1 9  A -T  _ _  A A - ___---__________________________________---~------_--------------------------~~~~_~~~~ 

Fig. 3. Repeuted sequence elements in the bovine K-casein gene. The repeats belonging to the A family of Alu-like repeats are shown aligned 
with the consensus sequence of Watandbe et al. [22]. Numbers indicate position and arrows show thc oricntation in thc scqucncc in Fig. 2. 
Key: - indicatcs a deletion; A indicates an insertion of the base below it; Q indicates the insertion of TCA 

occurs adjacent to and downstream from a C-family-repeated 
element (6676-6756). Repeat 3 is flanked by a IO-bp direct 
repeat, AAAACTATTT. This element does not exhibit short 
repeats at it’s 3’ end. Repeated element 4 (8044-8303) is 
present as a dimer in the opposite orientation, contains the 
conserved spacer region referred to above, and is flanked by 
an l l -bp direct repeat: TCACAGACTAT. No short repeats 
are present at the 5‘-end. Repeated element 5, which is fol- 
lowed by the sequence (CTGAA)4, contains a portion of an 
Alu-like monomer (positions 9427 - 9486) together with a 
copy of a repeated sequence element, termed the 73-bp repeat 
by Skowronski et al. [24]. The overall repeat shows 81% 
sequence identity with positions 351 1 - 3690 in the 1.709-g/ 
cm3 bovine satellite DNA [24]. No direct repeats are found 
adjacent to this repeated element. Repeat 6 ,  10408 - 10498 is 
a partial single element in the opposite orientation, situated 
30 bp upstream of exon IV. It is similar to bases 26 - 117 
of the consensus sequence and has the short tandem repeat 
(GCT)s at it’s 5’ end. No  direct repeats flank this element. 
Finally, the sequence 10252 - 10279 shows some similarity to 
the first 32 bases of the consensus sequence. The A-family- 
repeated sequences are shown aligned with the consensus 
sequence of Watanabe et al. [22] in Fig. 3. 

DISCUSSION 
This paper describes the structure of the first zc-casein 

gene to be isolated and characterized. These results show that 
although most of the sequence coding for the mature K-casein 
molecule is contained within a single large exon, the overall 
length of the gene is close to 13 kb. The gene is divided into five 
exons which correspond approximately to the 5’-untranslated 
region, the leader peptide, a very short exon encoding the 
N-terminus of the mature protein, the large fourth exons 

which extends 37 nucleotides into the 3’-untranslated region, 
while the remainder of the 3‘-untranslated region is contained 
in the final exon. Splice junctions within coding sequences 
occur between codons and the dinucleotides GT and AG 
occur at the beginning and end of each intron. The sequence 
downstream of the polyadenylation site contains runs of T 
residues which are often observed in this position but not the 
G/T cluster with which the oligo(T) motifs are often associated 
[25]. Also present is the sequence TTTATT which is the com- 
plement of the AATAAA polyadenylation signal. This has 
also been observed in some other genes, including the gene 
for the y chain of human fibrinogen [26]. 

Nucleotide 1 in Fig. 2 corresponds to the 5’ end of the 
cDNA. Although it has not been shown directly that this is 
the start point of transcription, several lines of evidence indi- 
cate that it must be very close to this position. Previous mea- 
surements of the size of the mRNA are consistent with this 
conclusion [27]. Two independent cDNA clones beginning at 
this position were isolated from the cDNA library which had 
been constructed to facilitate generation of full-length clones 
and which has yielded other full-length cDNAs [28]. cDNAs 
for rat and mouse tc-casein have also been isolated and these 
are both shorter than the bovine K-casein at the 5’ end [29,30]. 
Furthermore, the A +T-rich sequence TTTAATTA is found at 
positions - 33 to - 26, close to where the TATA motif is found 
in most other genes. In both the bovine and rat a-casein 
genes the similar sequence, TTTAAATA, is found at po- 
sitions -29 to -22 in the one case and -31 to -24 in the 
other [21]. Also a CAAT element is found at positions -78 
to -75, as observed in many other genes, although not in 
those for the calcium-sensitive caseins. 

Because there is evidence for the linkage of all four casein 
genes in cattle [6, 71 and also because the calcium-sensitive 
caseins us,-, aSz- and 8-caseins, show a clear evolutionary 
relationship to each other, it is of interest to know whether 



h--casein may also be a member of this gene family or share 
common elements. Previous comparisons of cDNA sequcnces 
have failed to indicate any such relationship and the present 
data on the structure of the ti-casein gene reinforces this 
conclusion. A striking feature of the calcium-sensitive casein 
genes is that, in spite of the extreme divergence of their coding 
sequences and of the number and position of the exons which 
encode the mature proteins, there has been complete conser- 
vation of the positions within the genes of the first two and 
the last two exons. This arrangement is exemplified by that of 
rat p-casein [31], has been confirmed for bovine 01,~- and 
S-casein [21] (and Alexander, Bonsing, Clarke and Mackinlay, 
unpublished results) and inferred for bovine a,,-casein [28]. 
According to this criterion, there is no discernible relationship 
between ti-casein and the other caseins. 

Further support for this conclusion comes from the com- 
parison of sequences upstream of the start point of transcrip- 
tion. A variety of conserved sequence motifs are found when 
the first 200 base pairs of the upstream sequences of the 
calcium-sensitive caseins are compared [21]. The correspond- 
ing portion of the ti-casein gene contains none of these, with 
the possible exception of a purine-rich sequence which appears 
to be common to most of the lactoproteins [32]. Two examples 
of this sequence are found in the ic-casein sequence, at  po- 
sitions -109 to -98 and -170 to -159, but both of these 
are in the opposite orientation to those seen in the other 
lactoprotein genes. It has to be concluded therefore that while 
the three calcium-sensitive casein genes arose as a result of 
the duplication of an ancestral sequence, the association of 
the ti-casein gene with these other genes is the result of the 
recruitment of an unrelated sequence into this linkage group. 
This may have been in response to a requirement for coordi- 
nate regulation of expression of all four genes. 

Another sequence which could be involved in regulation 
of expression o f  the gene is the sequence TGACGCA which 
begins at -54. This is a 6/7 match with the sequence 
TGACTCA which has been shown to be recognized by the 
transcription factor AP-1 [33]. It is noteworthy that a 7/8 
match to the complement of the immunoglobulin enhancer 
[34] occurs at almost this exact position in the upstream region 
of the calcium-sensitive casein genes [21]. 

Jolles et al. [9] have pointed out that ti-casein and the 
fibrinogens, especially y-fibrinogen, show extensive sequence 
similarities at the amino acid level. ti-Casein and the fibrino- 
gens display a number of functional parallels, e.g. their sus- 
ceptibility to specific limited proteolysis with subsequent for- 
mation of a clot. Also, under certain conditions, e.g. in the 
presence of 50% alcohol, ic-casein exhibits fibrous character- 
istics [35]. Because of their similar functions, and also because 
ti-casein is evolving relatively rapidly [36], these sequence simi- 
larities could be the result of convergent evolution. One might 
however expect to see some conservation of splice sites if in 
fact the two proteins are derived from common ancestral 
sequences. The evidence on this point is persuasive, as shown 
in Fig. 4 which illustrates a region which is very similar in 
h--casein and y-fibrinogen, both at the nucleotide (17/24 ident- 
ity) as well as the amino acid level (5 /8  in the cow, 6/8 in the 
ewe and goat). Little or no similarity occurs on either side of 
this sequence [36]. The significant feature here is that the 
region of sequence similarity begins at the first residue of 
thc ti-casein fourth exon and ends at one of only two splice 
junctions which are conserved in all three fibrinogen genes 
[37]. In order to account for the overall lack of coincidence of 
splice junctions in the members of the fibrinogen gene family 
it has been suggested [37] that the ancestral gene contained 

Il l0  17 
x-Casein: CGC. TGT .GAG .-.GAT.GAA.AGA.TTC (Exon 4) .f r r  * .&* I** *** f.. 

y-fibrinogen TGC.T~C.h~C.TT*.GRT.GAh AGA.TTC (Exon2) 
8 15 0 

Fig. 4. Comparison of w-casein andjihrirrogen sequences. Codons speci- 
fying amino acid residues 10- 17 of mature ti-casein are aligned with 
codons for residues 8- 15 of human y-fibrinogen. Arrows indicate 
splice sites. Fibrinogen data is from Rixon et al. [26] 

many introns and that these have been lost randomly follow- 
ing duplication of the ancestral gene. If one accepts this 
suggestion, then it becomes likely that the 24-bp sequences in 
Fig. 4 correspond to one of the ancestral exons, the sequence 
of which has been conserved, both during the evolution of 
the fibrinogens as well as since the, presumably, more recent 
emergence of ti-casein. There are two other splice sites which 
occur in y-fibrinogen, at amino acid positions 107/108 and 
152/153, which coincide with the beginning of stretches of 
significant amino acid sequence similarity between ti-casein 
and y-fibrinogen [36 - 381. This evidence supports the view 
that ti-casein and y-fibrinogen are evolutionarily related and 
that their divergence has been accompanied by the loss of 
introns and rearrangement of exons. 

The overall base composition of the sequenced portion of 
the ti-casein gene is very A + T-rich. This is due mainly to the 
high A + T composition of the intron sequences (excluding 
repeated elements) which ranges over 69 - 75% A + T while 
the percentage A f T  composition of the exons and the re- 
peated elements ranges over 44-66%. Rogers [23] has noted 
that the Alu-type repeats tend to occur within A+T-rich 
sequences and this correlation appears to extend to the other 
bovine casein genes as well. Intron sequences in these genes 
are also A+T-rich and they have been shown to contain 
numerous copies of the A-family Alu-like repeat by probing 
restriction digests of genomic clones of these genes using a 
hybridization probe containing the sequences present in re- 
peat 4 of the ti-casein gene (Alexander and Mackinlay, unpub- 
lished observations). A particularly A + T-rich sequence is 
found at positions 10920- 11 120. The sequence in this region 
appears to be a candidate for a matrix-attachment region [39, 
401. Downstream from this region, but upstream from exon 
4, there is an extensive run of alternating purine and pyrimi- 
dine residues (11 387- 11 44l):AC(AT),o(AC),(AT),(AC)3- 
TC(AT)4G. Such a sequence is known to facilitate the forma- 
tion of the Z-DNA conformation [41] and its occurrence at 
this position is interesting in view of reports that control 
elements are often found close to matrix-attachment regions 

Clones 1t i5  and lrcl 1 correspond in sequence and restric- 
tion sites to the expected B and A alleles, respectively. 
Southern blot analysis of Hind111 and TaqI digests of genomic 
DNA should serve to genotype cattle for these variants. 
Rando et al. [42] have recently utilized the Pstl polymorphism 
at position 11 006 to determine genotypes for ti-casein by this 
means. The size of the genomic PstI fragments detected by 
Rando et al. [42] conform whith the sequence data presented 
here. Accurate genotyping of ic-casein variants is likely to be 
of economic significance since a number of reports indicate 
that milk containing the B variant has improved processing 
characteristics, including better retention of fat in cheese and 
better cheese yield [43, 441. The results presented here should 
assist future studies on the allelic variation of the ti-casein 
gene and may lead to the discovery of additional alleles not 
detectable by electrophoresis o f  the gene product. 

P91. 
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Note udded in proof(received November 15, 1988). Repeat 5 is a 
trancated vcrsion of a highly repeated family of sequences which 
contain portion of the Ah-type repeat and which are described by 
Duncan. C. H. [Nucleic Acids Res. 15, 1340 (198711. This repeated 
elemcnt begins at residue 9268 (Fig. 2). 




