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1. The bovine x-casein gene has been isolated as a series of overlapping 4 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 x-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 x-casein gene,
compared with the repeat elements and exons, are A + T-rich.

5. Among the A 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 [1]. These result from post-
translational modification and genetic variation of four pri-
mary translation products which correspond to ay,-, o,-, f-
and x-caseins. The o -, os,- and f-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-
minal 64 amino acid residues of x-casein [3].
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Two common genetic variants of x-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 cascins, indicates that the genes for all four
caseins occur as a tightly linked cluster [6, 7]. 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 x-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 x-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 k-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 i-casein gene. Arrows beneath the maps indicate those regions which were
sequenced and the sequencing strategy employed. L and R refer 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 figure.
Restriction sites for the following enzymes are shown: O EcoRI1, (1 BamHI, B Bg/ll, = Cfol, @ Hindlll, (@ Kpnl, A Mspl, A Tugl and R
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turer’s specifications. Nitrocellulose was purchased from
Schleicher & Schiill (FRG) and from Amersham. [a-32P}-
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 [10—12]. 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 pUC8 and/or M13mp8. Ordered
deletions were prepared by the rapid deletion method of Dale
et al. [14] using a Cyclone kit purchased from 1.B.I. (New
Haven, CT, USA). DNA sequence determinations were
performed by the dideoxy-chain-termination method of
Sanger et al. [15, 16] 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,
QId, Australia) on an Apple Ile personal computer and the
Geneus program [18] 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 4 clones k1, k2.19, kEI, k6.4
and kB2

Two bovine genomic DNA libraries in 4 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 AEMBL 3. Four
clones, Akl, 4x2.19, AxE1 and Ax6.4 were obtained when the
EcoR1library was screened as previously described [19]. These
clones were restriction mapped using EcoRI, BamHI, Kpnl
and Mspl in order to establish overlaps. The orientation of
each clone was determined by hybridization, using labelled
fragments from the right arm of A and from the 3’-end of
k-casein cDNA. All four clones contained a common 11-
kb EcoRI fragment which hybridised with a Ps¢I fragment
containing nucleotides 329 — 840 of the cDNA which includes
the 3’-untranslated region. Two of the recombinants, Ax1 and
Ax2.19, contained an additional 5.6-kb EcoRI fragment which
hybridized with the 5'Ps:I fragment (residues 1—2328 of the
cDNA). The 5.6-kb fragment did not hybridise with a cDNA
fragment corresponding to the 5’-untranslated end of the
mRNA.

The second, Sau3A, library was then screened and among
the clones which hybridized to the total cDNA, one clone,
AxB2, was found to hybridise with a 180-bp fragment from



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 EcoRI fragment, 1«B2 contained a 2.6-kb EcoR1
fragment which hybridized to the 5’-untranslated region of
the ¢cDNA. Restriction mapping and Southern blot analysis
of DNA from 4x1 and AxB2 indicated that exon 1 is located
in the 1.8-kb HindIll fragment.

More precise mapping was possible using subclones
obtained in pUC19. Three fragments surrounding the 5" end
of the gene were subcloned from AkB2: 3.6-kb Sa/l — BamHLl,
2.6-kb EcoRI and 3.8-kb BamH]1 fragments. Investigation of
these subclones has shown that exon 1 is located within a
289-bp BglIl— Hindlll fragment of plasmid pxRI12.6. Exon 2
is within a HindIll fragment (approx. 750 bp) of pxBam3.8
and is located 2.5 kb downstream from exon 1. Intron 2 is
5.8 kb long.

Isolation and characterization of clones, Ax5 and k11

The partial Sau3A bovine genomic library in EMBL 3A
of Ruppert et al. [20] was screened as described previously
[21] and two x-casein genomic clones obtained, A5 and Ax11.
Clone Ax11 is 12.7 kb 1n length and the entire insert can be
excised intact with BamHI. Restriction mapping indicates that
its 5" end may coincide with the BamHI site which is located
2.7 kb downstream from the start point of transcription
(Fig. 1). Clone /x5 contains an insert about 1 kb shorter than
+x11 and it is also excised intact by BamHI. Restriction map-
ping shows that ix5 and Ax11 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 k-casein
cDNA [10] as probes: Haelll — Hinfl (nucleotides 19 —180),
Haelll —EcoRIl  (19-105), Hinfl— Hinfl (180—249),
Hinfl— Hinfl (250—575), Hinfl— Hinfl (576—820). These
analyses indicated that most of the ¢cDNA coding sequence
was contained in both clones (Fig. 1). Representative of these
results, three Bg/ll fragments of size 3.9 kb, 3.4 kband 1.2 kb
from Ax11 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 k-casein genomic clones

The nucleotide sequence of exon 1 and the 5 -flanking
sequence was determined by Maxam and Gilbert sequencing,
using an end-labelled Bg/ll — HindIII fragment of pxR12.6, 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 ¢xon 1. Exon 2 was
sequenced using the universal primer and an M13 subclone
of pxBam3.8. Maxam and Gilbert sequencing of the pUCS
subclones px11Bg/1.2 and px11Bg/3.9 yielded sequence corre-
sponding to the final 89 bases of the last exon, together with
127 nucleotides of a downstream sequence (nucleotides
13067—13193 in Fig. 2) as well as defining the 5" end of the
last cxon. Similarly, chemical sequencing of a 900-bp Mspl —
Kpnl fragment from px6.4 yielded a sequence from the same
region. There were five differences found between the se-
quence data obtained from px11Bg/1.2 and that from px6.4;
these were T [13093 in pr11Bg/1.2 (Fig. 2)] to C, T (13095)
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to C, T (13103) to C, G (13153) to A and an insertion of a C
residue after A (13169).

More extensive sequence analysis was carried out on Ax11
by subcloning the 3.9-kb and 3.4-kb Bglll 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 Bg/ll fragments were completely sequenced by this
method. These two Bg/lI fragments were shown to be contigu-
ous using double-strand sequencing on Ax11 and an
oligonucleotide primer corresponding to residues 8948 — 8967.
The 5 end of the 3.4-kb fragment is numbered + 5600 in
Fig. 2. Thus, the k-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. Introns 1 —
4 are 2.5 kb, 5.8 kb, 2.0 kb and 1.8 kb in length respectively.

Sequence variation between k-casein clones

Previous determinations of the k-casein cDNA scquence
have shown that the two common k-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 Tagl and a HindIII site, respectively. Restriction
mapping of the Ax5 and Ax11 clones, in conjunction with the
sequence data for Ax11, showed that Ax5 and Ax11 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 Ax5 corresponds to the cDNA sequence determined for
the B variant by Gorodetsky et al. [12]. Other substitutions in
A5 include a G in place of an A at position 11006, resulting
in loss of a Pst site, and also the presence of a T in place of
A at position 11013. These substitutions were also found in
the B variant cDNA [12].

Another polymorphism results from the substitutions at
position 12981 of a T in Jx11 for a C in Ax5 which destroys
the Bg/lI site in Ax11 and creates an Mspl site in ix35. This
polymorphism, previously detected in the course of cDNA
sequence studies [10, 12], also distinguishes clones Ax1 and
AxE1.

Repeated sequence elements in the k-casein gene

A number of previously recognized repeat elements are
found within the sequenced portion of the x-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 S” end of the 3.4-kb Bg/ll
fragment correspond to the 3’ end of an A repeat (repeat 1).
Repeat 2 (6114 — 6400) is a dimer of the repeated element and
is flanked by a direct 11-bp repeat: CAATACAGCAAT and
has the short repeating unit (AGC)s at it’s 5’-end. The repeats
in this dimer are separated by a 350-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)
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GGATCCCTAC TTTATATTGATTAATAT’l'rCATAT'H'PGATITAACATA;\I&E‘;ATTCTTGGGCATATMAAGATGGTCA
GTTTTCTAATTGGTTAAATAC'?‘Gll\TGGCTGTAATTCTAGAAAGAGGATGATCAACCACASCCCATAATAT;.:‘(‘;’I‘AGAA
TTACTTCATACTC)\G(:‘;TTCTTGAAATAATMGAAACATTTGA;}B\?‘%;TAAAAGTGCTATGGCTAGATACTTTTCAT'ITA
ATAATAGC'I‘YTAAATTCMA’I‘AGGTGGAATTAGTTGATTAAMTGCMTTAATATTCTTm;gg;CTATATCTTT
TCATAAACATAI;AAGTTCAGTCTTACAAAAGTGTGA;\;E\%\TC TGTT'I‘TCAAATCTTATGAISiGACAACTCTATTTCCT

CCTCTGCATTCCATTAACCGAGACTGATGTARAGATGGCCCTGCTATCGTCAGATCTTTCCTTTCTGTCATCTTCCTA

TTGGTGCAATGTAAAAGGAAGATAARTCTCATGACGCAAGACACTAACACCCTTTAATTAGTCTCTGGTTAATTACCT
1 Exon I 50 Intro

TGGGTG TTCCTTAACAGTGGAAAGGCCAACTGAACCTACTGCCAAGCAAGAGCTGACGGTCACAAGGARAG GTAAT
nlI 100

CACATTARAACATTCARAGAGAATAATTCTTATTCACAGCAGACTGTAATTATTACACCACCAAAGTTATTTTAGAAG
|
ARCATTTTCTTCCTTTTGGCTT TTATTGTTAAGCTTGGATATCCTTTGTCATGATTATGATATTAGTTTCTAATCTAA
250 300
ATCTTAGATTCTGTATAATGTTATGATARAATTTATT T TTAACTTCACTTTCGGGTTAAAGTCAAGATTTGATACTTG

CTAAAGTACTGAAGACAATGTAGATCCTTARAAARARAA

2600 Exon II
CTAATTGTTTAATTTAATTTAG GTGCA ATG ATG AAG AGT TTT TTC CTA GTT GIG ACT ATC CTG
Met Met Lys Ser Phe Phe Leu Val Val Thr Ile Leu
2650 Intron II
GCA TTA ACC CTG CCA TTT TTG GTGAGTTAATTTCATCTAATCAGTTTTGTATCAAATTTTTTTTTTTTAAT
Ala Leu Thr Leu Pro Phe Leu

2750
TTATTGAAGGGCTTTAATTGTGTAAATTTCTAATACAGTTATATTTATAGARCARAGTAGCTGCATAAGTAATTTATT
2800 2850

TTTACATTTATTTTTCTTATTAAAGTCATATTCTICTGGATATTC TTCTGGT TTCTAGGAATAAAGAAATCACACTTT

ATCATCTAAAGAARACCTTTAAAATTCTTATAT AAATACATTT AARATCCTGARAATATTTTT
2950

3000
ARATTATARTATGCACTTAAAATAATTCACAAAARATARATATATAAACCATAGAGGGAAGATCAGAAATGTTTTTAG
3050 3100
TTAAATTCCTATTTCATGCARACTCCAATTTGTTTCGARACTAAATCCTTAAAATATTAGGAACTTGTTTAAGCTTTT
3150
TTACCAATTTCAAATAACTTGACATGTACTTTTAATATTTAAGTGTATTGTAACTTTTGTTATAATATTTCCATTCTG
3200 3250

TCAACTCCCTCTC TATATCCATAAACACCTCTTTGATTTTTAGGCARACATCTGAAACTATCATATGTTTTA

TTTCCTGTTCTTACTGTTAACAAATAAGTGCCTCATCCCC

5650
WWACT@ANGATGACCECNNMCNTMMG@A@GCACTAGICCT
5700
TGTTTCATAATTCATTTATTATTAAATTTAGTTTTGCTTTG\AGTTAATATCTCTTAAATAATTCTATTTGGTAAATT
5800

TTTAGAATCTTTTTAAAAATTTGAAT TACTATGACCTTCATATTTCTTCCTTTCTTCTTTGAAATTTGATTTTATTGT
58 5900
GGTCACCTGCATATTTAGAACTTGGGCTTTCTCTTGAGGGATAGAGG TTAAAGTTTAAATCAGAAAGTGATTCACAAC
5950
TGCTTGACCTCTGAAAACATCTTCTTGARCTATTTAAGCCAGTGCTATCCCCAAACTCTCCTTCCTGTCTTCACARAG

6000
CTACAAGCCCCATGGATATARACAAATAATTCARAAGAAGAATGARAATTTATATAATTTTTACCATCCAATCTTATA
6100

CAATCTTACTTACCCAATCAAAATCATACARCTTAATACAGCAATCGGAGAAGGCAATGGCACCCCACTCCAGTACTC
6150 6200

6300
GTAACTTTCAAGTAGACATCCTGAGCGACTTCACTTTCACTTTTCACT TTCATGCATTGGAGAAGGAARTGGCARGCC

6400
CAGACACGACTGAAGTGACTTAGCAGCAGCAGCAGCARTACAGCAATGTTGTAGCATCTTTTATGTGCTAAATGTATT
6500

CCTTCTCTCCAAARATATAAATAACTAAGATAACACTTATTACTAGCAATTACAAGATGARCTGCACACTCTTATAGTC
6600
TACTGATGACATTATAAATTGGTATATCTTTACTGTACAGAAGTTTAATAATTTCTGTATTTTCCCCCCARAATCATA
6650
TI‘TTTGATGGACTGTTTTAAGAAATCACTGAAAACTATTTJ\AAAGGCCATTGACATCTGGGCTTCCCTGGTGTCTCAG

6700
MAGTMAGAATCI‘GCCTGCATGCAGGAGACCTAGTTTTCATCCTTGGATTGGGAAGATTTCCCCGGAGAAGGGAAIG
800

' ) 6900
AAGTCCGTTGATATCTATCCAGATGTTATCCATGCCPGTATTTATAARTAAAAACATTTTTTGATAAACCTTTARAAGT
7000
TAACAGTAAAGAACARACATTTCATGACATAACCATTGATTGTTTTTCAACTT TGAATATGCAAGTATGAARACTGAG
7050

GTGATGGARAAAATGATATGAGATCATATGCCTTTAAARAATTTAAGATACAAGATACTAAAATGAACATATACCAGG
AATACATAATGCATGTAGACTGATATTATATAAAATCTATATCTAAATTTTCAGGATTTTTTAGTGTAGGCAAACTTT
CAATATTAATATMCTTTTTAAATTTTAMCTAATGAZ:i‘(l)‘gATAAATTTAGAGGTMATAAGTCCCTGTCTTAACACA
CCCI‘GTATI"!"'?‘)S\’?"[‘ATI‘TT’.l'l"l'l‘AAMTCTCTGATATCCTATACCMCAACTTCCTAAAZSGTTTATAGGATCTI’TTAT
ATCCCAGGGGATATGTGTGAAAGTCTTAAAC:I"S\AAACTGTCATCTTAAAACTATTTACCA’I‘TATGAACTCACCTTTTG
TAAZ;:‘?%AAAGCTI‘CATATAGATATGCCTGGAAACTACTI‘TCTC)\CPCCTGATTTCCT}\TGCATGTTACAATCCAGA
ACTAAGAAAAGTACTATAAATACATé:(I"ghTTTTTTAAATGCTATTATTTATATAACATITATATACCAGTGTTATGC
TAGAGGCAATTTTTTMTCMGCACTGGATGGATGGAWTTAATCAA(GJgAGATGGATGATCCGGGGAGGGAGGAGGG
AGAGGGATTCAGGATGGGGAACATGTGTACACCTGTAGTGGATTCATGTTGATGTATGGCAAAACCAATAC}O\ATATTG
TARRGTAATTAGCCTCCAATTARAATTAAAAAATTATATTAAAAAAAAGARRACCTCATARATCATCTTAGAGCAGAA
AQ\GAAAAATATGC?‘AMTTCI‘CCTCTTATI'["I'I‘AGCAATATATATTCAATACAAATTGAATATAGG’ITG‘ITCATG‘!'I‘
C‘I‘TCATTTAAGCAATATCATATATAGTTGTTGGTACAGAGATCAAATGATCATATTCTTTTCAATCTTAAATTTTTCT
CCCTMAZ:GTGATT]TTMGAACAACI'IAACG\TGGGGCICATTATTGCTATTTAAGTTAGCATGT}\TCTGTCATTT

8050

CTTGAGGGTTTCACAGACTATCTGCTAAGTCACTTCAGTCGTGTCCAGCTCTGTGCGACCCCATAGACGGCAGCCCAC
8100 8150

TGCATGARAGT
8200 8250
GARRAGTGAAAG!
8300
GCATGGGATTTICCAGGCARGAGTACTGGAGTGGGGTGCCATTGCCTTCTCTGTCACAGACTATAGATAACCTAGARA

Fig. 2

83 8400
AGTGCTTTATAATATTTTACAATACTARAATAARAGCARCARAAACATGTTTTATCTTTITTATAAAAGATATTTTTA
8450
ARTCACARAARACTAGACTCTATCATGCTTTTTTTCTTCTAACTTCT TCTTTCTGATTCTTTCTC TGAATCTCAACAG
Exon III 8500 Intron III 8550
GGT GCC CAG GAG CAA AAC CAA GAA CAA CCA ATA GTAAGTTTGTTTCCAGTAGAGATATGAATCCAAA
Gly Ala Gln Glu Gln Asn Gln Glu Gln Pro Tle

GAATAAAA’I'I‘CTGCAAAGTTTAATGATATTAAAATGCCTTCTATC:ISRSAAGACTAAGTAAATATTTAMCTACATAAAA
TAG'I‘I‘GAATAATC1'.["1‘62‘222&1\'1‘“’[‘CATTI‘CAGCAACCACTCATATGAATCCACATCAATGTTTA’?‘Z:’?‘QMATC’[‘I
GGTATCACTTTACAGGCCAAGTCGTGTTGATTTTCATGAgz‘}S\g‘TTAGCAACATGAGAAAACCTTCTCAGAATTTAATA
CTGGGAAAACNBV?‘ggAMCAAAAGCAAAGCTTN\TATTTCTTCTGTCTACTTTTTAAGAAAS‘&SS?;GAATGATCCCTCT

CTGAAACATCTTCAGATGCTTCTCATACAATTGTATTCATTCCCCCAGTTTGTTTGAATGAATACCTT TARATATGTC

8950 9000
TCCTTTCATGAGGARGCCTTGCTTTGAGGTATAATTTCATTAAT TTGTTTCTATTCATARAGGARAGATCTAATGATTT
9050

TGTATTTTATAACTGCACCTAATTAATATTAATTAATAGAACTAATCAATTATTATAATTAGTTAATTATAATATAAT
'
ATTATATATATCACATGATGTGATGTGATGTGGAATATATATATTTATCATATAATGTGATATTATGTGATATATATC
9250

0
ACATTATATCACAATATATCACATGATGTGATGTGGAATATATATTATTATATAGTTTTATATARTATATAT TAATAA
9300

TTGATTAGTTCTATTACTTTGGCCACCTGATGTGAAGAGCTGACTCATTTGAAAAGACCCTGATGCTAGGAARGATTG
9350 9400

;GTTGGA
9450
9500 9550
GCGACTGARCTGAACTGAACTGAATATATAATATATAAATATTATAATATTATATATAATATATATTATAAAATTTTA
9600

TAAATTATATAAAARATATATAAACCCAAGAATCCATATCACATCACATCATTACATATAATATATAATATAATGTAT
9650 9700
AATATAATTTATAATATTAGATGATTATATAATATACAGTATTAATATATTAGTATATARTATAATTGTATATAGTTA
750
ACTGCACCTAATTAATGTATTTTATGACTGCACCTAATTGATAGAACTGTGGCAAATARAGATGGARAATTTCCGTAR
! 9850

éTGATTTTTMCGGATAAAACTAAGCAGAAAAAAAACCCCAACATATAAACCCAGGAATCCACATCACATTATTTTTA
9300 9950
CTATTITGC'!'I‘GAATTAG’ITTAGATAAAATG(‘J\CCCHAACCTAATCCCTAGATAMTAAMTAMAMCAGITACM

ACATGTGGTGAGAATAAACATATATATA'I‘ATATATATATACACACACACACATATACACACTCATATATATGGAAAGA
0100
GATATACAGTTTTTTTTCTTTGTGTGTAGTATGCTTGTGTATTGTATGTCAAAGCTCTCTATGAAACTGGTCTRGCTG

TGGTGCTTATARAGTGCRACATTTACTGAGGCACTTTTTATATATGCCAAGCTCTGGGCARRGTGGTTTACAT TATGA
10200
GCTATCTCATCTAATTTTTTTTGAAACTAATGTTATTTTTAATATTTGCTGAAAAT CAAGAAGTGGARGGABARTGTA
10300
ATARAATAATATGGTTTCTGGGTTCACTATTCCCAATGTTGTACTTTCTTAACATCARATACTG

10350
TAACAATTTGTTTCAARAAATTCTGATTTAAGATATCTCTTCACTCTGCTTCTGCTGCTGCTAAGTCGCTTCAGTCCT
1 0 450 10500

1CAGC A GG( CTGC I(
onn v 10550
CATTCTGCATAATTTATTTTTTTACAG CGC TGT GAG AAA GAT GAA AGA TTC TTC AGT GAC ARA
Arg Cys Glu Lys Asp Glu Arg Phe Phe Ser Asp Lys
10600
ATA GCC AAA TAT ATC CCA ATT CAG TAT GIG CTG AGT AGG TAT CCT AGT TAT GGA CTC
Ile Ala Lys Tyr Ile Pro Ile Gln Tyr Val Leu Ser Arg Tyr Pro Ser Tyr GLy Leu
10650
AAT TAC TAC CAA CAG AAA CCA GTT GCA CTA ATT AAT AAT CAA TTT CTG CCA TAC CCA
Asn Tyr Tyr Gln Gln Lys Pro Val Ala Leu Ile Asn Asn Gln Phe Leu Pro Tyr Pro
10700
TAT TAT GCA ARG CCA GCT GCA GTT AGG TCA CCT GCC CAA ATT CTT CAA TGG CAA GTT
Tyr Tyr Ala Lys Pro Ala Ala Val Arg Ser Pro Ala Glr Ile Leu Gln Trp Gln Val
10750
TTG TCA AAT ACT GTG CCT GCC AAG TCC TGC CAR GCC CAG CCA ACT ACC ATG GCA CGT
Leu Ser Asn Thr Vval Pro 2la Lys Ser Cys Gln Ala Gln Pro Thr Thr Met Ala Arg
10800
CAC CCA CAC CCA CAT TTA TCA TTT ATG GCC ATT CCA CCA AAG AAA AAT CAG GAT ARA
Hig Pro His Pro His Leu Ser Phe Met Ala Ile Pro Pro Lys Lys Asn Gln Asp Lys
! 10900
ACA GAA ATC CCT ACC ATC AAT ACC ATT GCT AGT GGT GAG CCT ACA AGT ACA CCT ACC
Thr Glu Ile Pro Thr Ile Asn Thr Ile Ala Ser Gly Glu Pro Thr Ser Thr Pro Thr
10950
ACC GAA GCA GTA GAG AGC ACT GTA GCT ACT CTA GAA GAT TCT CCA GAA GTT ATT GAG
Thr Glu Ala val Glu Ser Thr Val Ala Thr Leu Glu Asp Ser Pro Glu Val Ile Glu
11000

AGC CCA CCT GAG ATC AAC ACAR GTC CAA GTT ACT TCA ACT GCA GTC TAA AAACTCTAAGGAGA
Ser Pro Pro Glu Ile Asn Thr Val Gln Val Thr Ser Thr Ala Val stop

11050 Intron IV 11100
CATCAAAGAAGACARCGCAG GTAAATAAGGCAAAATGAATAACAGCCAAGATTCATGGACTTATTAATAARATCGTA

11150

ACATCTAAACTAGCGTAGATGGATARATTAAATCTGTTACAGAGAAGGCGAAATGGGCTAATTATAACTTACATTTGC

11200 11250
TGGTTCTTTATCATGTATATACTAGATTCTTTCCCAACAAGARAGTTTTARAATAT TTTACAAAATGAGTARAAATTG
11

CAGATTTTATTATTAAACCT TTTTCAACAATTGGTATACTCCTTGAATCTATTAGTTTTATTTTACTTCTGTTCACAC
11400
ACAAAARCAGTAAAGTACAGTGTCARCTCATGATTTTTCTTATCTCAAAARTATGTTTTCTTAGAAAARAATCATATA

GGATATGAGTTTAAATATATTTTAATTGTATACCAGTGTTGTTGCACTCTACTTTTGGTAAGAATAGAATGRRAGGAR
11500 11550
ACAATGTTTCACTCATAGCATTTTATCTCAGGCATCACTTCCGARAGGCTGTATAAGGTTAGGCACCCAAATTTCTCC
11600
CTATTGTAAGGTAATCCCACAGAAAAAATTCTAATTTTTTAACTTGAAAAGCACCTACTTATTAAGAGGAAACTTTCA
700

GAACTTTAAATATAATGTAAAATATGTCTATTTA]TA]TTGAATCAATGGATAATGGCAGAGTCCAAMTN;’[I"ETAM
ACACATGAAGAGGTTAAAC;éZ\iI(:GATCMTAAGATAGMTAACTAAAGATTGTGAAATAATTTAGG:GAAAGTG
L‘AACATTTTGAGATTCTAGGCAACAAATACTTTCATCACAC%éggg‘ACATGAGTTTTTGGTCTAAAATGAACTCAGCA
ATGATATAATGGT}]&'?ggCAATAGATCAGAGAAGCCI'GGTTCTTCTGTTGTGTGAC’['[‘TMGCAATNATT}\CTCTCT

CTAAAGAGTCATCACTCTCATTTTCTCATAATTTTAAGGTTGCTATGAGATTCAAGTGAGAAAGCATATTGTGAATGA
12050

GGTGTAAARAGCAATCAATCTGTGARATATAATGCTCTAGAAAAGARGTATARTTAGTAAATATTAARATTTACTTTC
AACTAAAATATCAAGTCCTTACTAAATTA;(ZI}\ISUEACTACATAACAATCTCAGTTTAATCCTG‘I‘AGCAGCCGTATGGAA
Té{zsig(IJ‘ATATTACCATCTTMATCCACAMTGAMGCTATGGATCGGAMTTGCTACAGGCTGGAAAGTTCMA;(;?(OE
GAAACCI\AATCAAACTTGCTTGl\;i;ggsATAGTAAGGCTTAATTAGTACGTCTGCTATTTCC}\TATGGGCTA}‘TTGT
TAAAAAAAAATAAAAATAAAAACAGAAAACATACTCTAATTTchif\égg‘CAGCATATGTGTMATTTTATTACTGAG
A’I‘TGTGTTI'AATAGGAC;’?‘Q;(‘;GTMGAAAGAGAAGACAATMGCTGATAMTCT'ITGACTCATK‘WTTTCMAAA



12550
GTARAATGAAARCARGTAATTGAGTTTGCAACTATCTAT TTTATTGATATGAAATACATTATATTTACATGATTGTTT
12600 12650
TTAATAAATAATCATTATCTCATAGTCACATTTGTTCAAAACTCAAGAACCTAGATTCCTARGTTAAAACCACACACT

12700
ACTTATAARAAAAGAATGTATAGGACTGTGTCTTTCTGTGAATATTAGATGAAGRCAATTGTATAAGATCATCAGTTC
2750 12800
ACTATGTGGTGAATTTAAATATTTAAATTTATATATTTAGT TAGATAARCTACT TGGATACAGACATGRAGCAAATCA
12850

CAGAAGCTAAATAAARTACATATCATGAGAACTGTTAGCACATTGTGAACTARATCTCTAAACTGTCATTTTTATAG

399

Exon V 12950

GTCTAGCTGAAACCAAATGACTACTTCAAACTTTCCTT TGGCCAGTTGTCTGCTTCGGTGARCRGAGAATATGATTTT
13000 13050

CACAGATCTGGCTCCTTCCTCGTCTCCTCTTACATTTTACTTT TATGCCAGATTTART TTTTTGATTCCTGCATAATA

polyadenylation 13100
AAGCCAATCARATGC AATGGATCTCTTTTICTITTTTARTTTATTTATTTTAATTGGAGGCTARTTACTTTACAATAT
13150
TGTATTGGTTCTACCACACATCAACGTGAATCTGCCACGGGATACACGTGTTCCCCATCCTGAACC

Fig. 2. Partial nucleotide sequence of the bovine k-casein 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 nucleotide of the BglII site at the 5’-end of the 3.4-kb Bg/II fragment
is set at + 5600. The amino acid sequence, for the A variant, is shown beneath the nucleotide scquence. Repeat elements are underlined. The

polyadenylation sitc is shown at position 13066
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A
GGAGAAGGAAATGGCAACCCAC TCCAGTACTCTTGCCTGGAAAATCCCAGGGACGGCGGAGCCTGGTGGGCTGCAATCCATGGEGGTCGCARAGAGTCGGACACGACTGAAGCGACTT
T cG T c

POSITION

NOT SEQUENCED N T T - G 5600-5623

AAA R AT c A -T TA 6114-6230

c c o} A A T (AGCYS 6282-6400

CA A T A O TIT It 6757-6871
CcT T 8044-8160

A AT T A T - T 8188-8303

A T T AG T T - {CTGAR) 4 9341-9486

AC G G (AGC)S 10408-10498

10252~10279

Fig. 3. Repeated sequence elements in the bovine x-casein gene. The repeats belonging to the A family of Alu-like repeats are shown aligned
with the consensus sequence of Watanabe et al. [22]. Numbers indicate position and arrows show the oricntation in the scquence in Fig. 2.
Key: — indicates 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 10-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 11-bp direct repeat: TCACAGACTAT. No short repeats
are present at the 5-end. Repeated element 5, which is fol-
lowed by the sequence (CTGAA),, 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 3511 —3690 in the 1.709-g/
cm? bovine satellite DNA [24]. No direct repeats are found
adjacent to this repeated element. Repeat 6, 10408 — 10498 1s
a partial single element in the opposite orientation, situated
30 bp upstream of exon IV. 1t 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 x-casein
gene to be isolated and characterized. These results show that
although most of the sequence coding for the mature x-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 fuli-length clones
and which has yielded other full-length cDNAs [28]. cDNAs
for rat and mouse k-casein have also been isolated and these
are both shorter than the bovine x-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, 7] and also because the calcium-sensitive
caseins og-, a,,- and f-caseins, show a clear evolutionary
relationship to each other, it is of interest to know whether
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k-casein may also be a member of this gene family or share
common elements. Previous comparisons of cDNA sequences
have failed to indicate any such relationship and the present
data on the structure of the w-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 f-casein [31], has been confirmed for bovine og,- and
f-casein {21] (and Alexander, Bonsing, Clarke and Mackinlay,
unpublished results) and inferred for bovine «,-casein [28].
According to this criterion, there is no discernible relationship
between k-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 x-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 x-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 x-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 of 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].

Jollgs et al. [9] have pointed out that x-casein and the
fibrinogens, especially y-fibrinogen, show extensive sequence
similarities at the amino acid level. x-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, k-casein exhibits fibrous character-
istics [35]. Because of their similar functions, and also because
K-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
k-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 cither side of
this sequence [36]. The significant feature here is that the
region of sequence similarity begins at the first residue of
the x-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

b0 17

x-Casein: CGC.TGT.GAG.ARA.GAT .GAA.AGA. TTC (Exon 4)

e oxn P T I I TS

fibrinogen: TGC,TGC . ATC.TTA.GAT .GRA.AGA.TTC {Exon 2)

8 151
Fig. 4. Comparison of x-casein and fibrinogen sequences. Codons speci-
fying amino acid residues 10 — 17 of mature k-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 k-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 k-casein
and vy-fibrinogen [36 —38]. This evidence supports the view
that k-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 x-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+ 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 k-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,
40]. Downstream from this region, but upstream from exon
4, there is an extensive run of alternating purine and pyrimi-
dine residues (11387 —11441): AC(AT)10(AC)s(AT)2(AC)5-
TC(AT),G. 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
(39)].

Clones ix5 and Ax11 correspond in sequence and restric-
tion sites to the expected B and A alleles, respectively.
Southern blot analysis of HindIIl and Tagq! digests of genomic
DNA should serve to genotype cattle for these variants.
Rando et al. [42] have recently utilized the PstI polymorphism
at position 11006 to determine genotypes for k-casein by this
means. The size of the genomic Pstl fragments detected by
Rando et al. [42] conform whith the sequence data presented
here. Accurate genotyping of x-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, 44]. The results presented here should
assist future studies on the allelic variation of the x-casein
gene and may lead to the discovery of additional alleles not
detectable by electrophoresis of the gene product.
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