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The nucleotide sequences corresponding to bovine crs2- and p-casein mRNAs have 
been determined by cDNA analysis. Both sequences appear to be complete at their 
5’ ends. The nucleotide sequence of us2-casein, when compared with the corre- 
sponding cavine A sequence, helps to define the boundaries of a large amino acid 
repeat (-80 residues) whereas comparisons with the nucleotide sequences of rat 
y- and mouse a-casein mRNAs also reveal extensive sequence similarities. An 
alignment of these four sequences shows that the divergence of their translated 
regions has been characterized by the duplication and deletion of discrete segments 
of sequence that probably correspond to exons. A high degree of nucleotide sub- 
stitution is also found when the four sequences are compared, except for well- 
conserved leader-peptide and phosphorylation-site sequences and, to a lesser extent, 
the 5’-untranslated regions. Similar comparison of the bovine and rat p-caseins 
shows that their divergence has involved a high rate of nucleotide substitution but 
that no major insertions or deletions of sequence have occurred. The several splice 
sites that have been defined in the rat P-casein gene are likely to have been conserved 
in the bovine. The contrasting evolutionary histories of the a- and P-casein coding 
sequences correlate with the distinctive functions of these proteins in the casein 
micelle system in milk. 

Introduction 

The caseins comprise the major protein fraction of the milk from most species. 
Their function is to transport calcium phosphate in milk-and hence to provide the 
suckling infant with a source of calcium and phosphorus for bone formation-as well 
as to contribute to the requirement for amino acids. 

Bovine milk contains four caseins whose genes are linked in the order osl-, a~-, 
p-, and Ic-casein (Grosclaude et al. 1973, 1979), and these are expressed in a coordinate 
manner during lactation. The caseins have been extensively studied at the protein 
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level, and their amino acid sequences are known (Mercier et al. 197 1, 1973; Ribadeau- 
Dumas et al. 1972; Brignon et al. 1977). 

The two a-caseins and p-casein are described as “calcium-sensitive” because they 
precipitate in the presence of low concentrations of this cation (Waugh 197 1). In milk, 
the caseins occur as very large aggregates termed casein micelles, in which the calcium- 
sensitive caseins are maintained in stable suspension as a result of their interaction 
with tc-casein (Ma&inlay and Wake 197 1). Approximately 5% of the weight of casein 
micelles consists of colloidal calcium phosphate, which is sequestered by the micelles 
through interaction of the inorganic component with clustered serine phosphate res- 
idues of the calcium-sensitive caseins (Sleigh et al 1979). In this way calcium phosphate 
is prevented from precipitating out of milk and is maintained in a form that can be 
readily assimilated by the young animal. 

Phosphorylation of the serine clusters occurs posttranslationally as the result of 
the activity of one or more specific casein kinases located in the Golgi complex (Mac- 
kinlay et al. 1977). The recognition sequence for the casein kinase(s) is Ser/Thr-X-Y, 
where X may be any amino acid and Y is a glutamate, aspartate, or serine phosphate 
residue (Mercier 198 1). The phosphorylation sites typically occur in the sequence Ser- 
Ser-Ser-Glu-Glu, sometimes preceded by Ser-X or extended in the other direction by 
Ser-X-Glu. It has been shown for the three rat calcium-sensitive casein genes that a 
splice junction occurs between the pair of glutamate codons so that sequences from 
two exons are involved in creating the clustered phosphorylation sites (Jones et al. 
1985; Yu-Lee et al. 1986). 

The caseins, being secreted proteins, possess N-terminal signal peptides that direct 
the passage of the newly synthesized polypeptides into the lumen of the endoplasmic 
reticulum, whereupon the signal peptides are removed from the primary translation 
products to yield the mature caseins. The leader peptide sequences are very similar 
among all calcium-sensitive caseins examined. This was first observed at the amino 
acid level for the ovine caseins (Mercier et al. 1978) and has led to the proposition 
that the calcium-sensitive caseins are evolutionarily related. The sequences of cDNAs 
determined subsequently for the caseins of the rat (Rattus rattus) (Blackbum et al. 
1982; Hobbs and Rosen 1982), mouse (MUS muscuhs) (Hennighausen et al. 1982), 
guinea pig (Cavia cobaya) (Hall et al. 1984a, 19843), and cow (Bos taurus) (Stewart 
et al. 1984) support this notion. The calcium-sensitive caseins are therefore now thought 
to constitute a gene family that has arisen from an ancestral sequence by an extensive 
series of duplications and modifications while retaining similar 5’-untranslated, leader- 
peptide, and phosphorylation-site sequences. The remainder of the sequences appear 
to be subject to few functional constraints and have accumulated many nucleotide 
substitutions, as revealed by comparative sequence analysis. 

In the present paper we present the complete cDNA sequences for bovine as2- 
and p-caseins, thereby completing our characterization of the bovine caseins at the 
mRNA level. The relationship of bovine as2-casein to cavine casein A, rat ‘y-, and 
murine &-caseins is described herein and shows that these as2-like caseins have diverged 
through extensive sequence rearrangements and nucleotide substitutions. The diver- 
gence of the bovine and rat P-caseins, by contrast, appears to have only involved 
extensive nucleotide substitution. 

Material and Methods 

The construction and identification of pBPC14 has been described (Willis et al. 
1982). Plasmids pBPC16 and pBc&C23 were isolated from the same cDNA library. 
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Bovine Casein cDNA Sequences 233 

Because these three clones were incomplete copies of their corresponding mRNAs, 
another cDNA library was constructed using the method of Land et al. (198 1). This 
cDNA library was screened by colony hybridization (Grunstein and Wallis 1979), 
using [a-32P]dATP-labeled Hinf I restriction fragments from pBPC16 and pBas2C23. 
Plasmids pBPC468, pBa& 170, and pBas2C4 11 were identified. 

All sequencing was performed by using the method of Maxam and Gilbert (1980). 
Free-energy values for RNA secondary structure were calculated using the method of 
Ninio ( 1979) as detailed in de Wachter et al. ( 1982). 

Computer alignments (figs. 2C, 4) were obtained by using the method of Taylor 
(1984) as implemented in the ALIGN program in the package described by Harr et al. 
(1986). The parameters were set to count 1 for each mismatch plus 1 for each gap 
introduced plus 1 for each residue that has a gap opposite it (i.e., gap penalty = 1 
+ length of gap). 

Results and Discussion 
cDNA Sequences 

Restriction maps and sequencing strategies for the c~52- and P-casein cDNA clones 
are shown in figure 1. 

Plasmid pBa.& 170 contained an insert of 669 bp, excluding the GC tails. Plasmid 
pBas2C4 11 contained an insert of 5 15 bp, including a poly A tail of 13 residues but 
excluding the GC tails. The overlapping sequences imply an mRNA of 1,024 nucleo- 
tides, excluding the poly A tail with S-untranslated, translated, and 3’-untranslated 
regions of 56,666, and 302 nucleotides, respectively (fig. 2). It is likely that the sequence 
is complete at the 5’ end, since it commences with the dinucleotide AT (see below) 
and is directly comparable to the 5’-untranslated region determined from the analysis 
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FIG. 1 .-Restriction maps of osz- and p-casein cDNAs and strategies for their sequence determination. 
Coding sequences are indicated by thickened lines; jagged lines represent GC tails; and the numbers define 
the orientations, where known, of the cDNA inserts with respect to the pBR322 vector (all cDNAs cloned 
into the PstI site at position 3612). Arrows represent the extent and direction of sequence obtained from 
the restriction sites indicated by short vertical lines. Key: A = AluI; D = D&I; F = HinfI; H = HueIII; 
K = KpnI; 9 = Sau96 I; and Y = HpaII. 
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BOVINE a 
s2 

-56 ATA-- GGAMCGA_C 
CAVIHEA -46 M 
STY -56 A~lVZAXTACCTA~~CC 
nDRINEt -23 PlTAnTC 

2B: TRAusLATED REGIOUS 

SIGNAL PIZPTIDE CoDRlG REGIGRS 
BGVIIWE -15AmAAGTmTn:ATclTTxCTGccrTTTGGCTmTaxCTrGCA-1 
CAVIBE -15ATGMGC'KTlrcAlCTpcACCn;ccrr:TKGCT~GCT~GCA -1 
RAT -l5AlGAAGTpI:TlCATcl%CAccMccpG~GCTGfZL'GCTcIK;WT-l 
m -15 AltiAAGT'KZA~ATTcpc;ACT'EXCTT~Gcc~GCT~GCA -1 

MATURE PI(DTGIR CODII’IG RPGIoloS 
1AAGAATACGAn;GAACATc;rpclXXl%XAGl!GAGGMlVPAlV 14 
1AAGCACAAGlcAGAGCAACAG!mxTccAmGAGGMwTwlcAtx 15 
lAAGCATGCGdAAAGGATAAACCCTcc~GAGGAA%?PGCCACX 15 
1AAG QLGAGGATGGAGcAATACATc'pccAd~Gc;M;TccAn;GAT 15 

53 WrAmGACAlc 56 

15An:TcccAG<;MM=ATATMGcM;~MGMTAn;Gcc~AAT 
16 ATCTCCCAGGAAAAA~MG GACAAGMTATGGACACTATF 
16cirpcTACTlSGGAAAGTATAAGCAGGGCAAT~bG~~CAA 
16AAClYZTCAAGMAAClTTMGCAGAATATGGATdGGCCTTT~ 
57ATI!TcTCAGCAACAATACAACCAGMAAn; AlGGACAn;Ad 

30 CCCAGCAAG 32 
30 -A-GAG 32 
31 AcACcrCAG33 
31 CCCAt3FCAG 33 
71mAc;TTGccAGAGAG 75 

29 

29 

30 
30 
70 

BovI~U33~GMC~~TccAcATpcTGcMGGMGTT(;rlrAAGGMcGcA 47 
cAvRIEU33~AccATTTdGcc~~~MG~ccT~MGMc~ 47 
BOVIHED126 GAGCAGClCSCACC AQl'GAGGAAMTTcAAAGAAGACC 138 
CAVIB?JZDll4GMCAGAn:ECACC ATFGAGGACAn:CTAMG MGACT 126 
nDRIlm 34 GMACPWFAGAGAACATT 39 

BWIIEU 48 MTGMGRGGMTAT'ETA'pcGGc!lCAlCl'AWFGAGGM 60 
CAVINEU48 ccPAMATc;GCA!PlCTlTAGCAGA~'pIcpAGCGAGGAA 60 
BOVINE D 139 mGACA!m GM 142 
CAVIREDl.27 ACTGtXciTpGGAAECTXX'AGCAWl"KA'KZTACGGAGAMl39 
RAT 34 GAC'KX'CXX'AGCAdlWiWCAGCGAGGM 43 
HDRIHE 4OTACATFCCCCAAA'IG GM 45 

~U61~Gcpc;M~GccAcTGM;GMc;rpTMGATp~dG~(3AT 75 
CAvImEu61!rrra?rGaCAFrCACAGAGAG 67 
RAT ~J~~'KA'KTGAGGMAAT~:ACXGAAMAATTGAACAG~V~'GAGGWLCM 58 
~RED143TMACAC;M~'ITC~MGAMACTAMCPGACP~CiMCM 157 
CAVINE D14O'KCACTGACQFATFPATF MGMA ACT MG An; GATGAA-CAA 154 
RAT D105 CAGGAG'XCACX AGCACXYCAc;rpG~GGMA%YZ ClG 116 
HDRIHE 46 !K?l'W!FGMGCl'CCCATGAAG 52 
HDRIHP! 76 AAAACY'cirpGA'lSXTGAAGAAAWl' 83 

FIG. 2.-Alignment of the %*-like casein cDNAs. The sequences for bovine as2, cavine A (Hall et al. 
1984b), rat ‘y- (Hobbs and Rosen 1982), and mouse a-casein (Hennighausen et al. 1982) are compared, with 
similar sequences aligned vertically. 2A: 5’Untranslated regions. Numbers refer to nucleotides with the last 
nucleotide of the untranslated region being set at - 1.2B: Translated regions. Numbers refer to codons, with 
the first codon of the mature proteins set at + 1. U and D refer to the upstream and downstream portions, 
respectively, of the large duplication. Except for their C-terminal extremities, the mature protein-coding 
regions were aligned as follows: the closely related bovine and cavine sequences were aligned on the basis 
of dot-matrix comparisons (performed as described by Reisner and Bucholtz [ 1983]), gaps in these sequences 
being positioned to correspond to putative splice junctions. The more divergent rat and mouse sequences 
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BOVINE U 76AAGCACTACCAG 
CAVIl'EU68 
RAT U 59AAGc;TcAACCTA 
BOVINE D158 AAGMTCGCCTA 
CD155 AAGCTFATCCAA 
RAT D 119 MG AAG An: ATF 
!tuR.xHE 04AAGAACAn:CAA 

BOVINE W 91 MG TlC 
CAVII@E U 76 MG !KG An; Wl’A 
RAT u 74GAcmzTlvCT!lr 
BDVIRED173AAATKGCCT'Ki 
CAVIl'tl? D 170 MG GCC TTC ‘KG 
RAT D130 CAGCKACCMC 
MDRINE 90 AAGA'KACCTGG 

BiNINEUlO4ATT'~AAC 
CAVINE U 91-G'EA'KAGC 
RAT U 89AmAc;rpc;rpGMC 
BDVIIQE D188 AAAGt?PAn;MG 
CAVIHE D185 AAAWGTAATG 
RAT D 144AT'ACbbGAGC 
IamINE 113 AMACCAn;ACC 

BDVIHE U 119 AlT ACT CCC 
CAVINE U 106 ATT (XT2 cfi CCC 
RAT UlOOTATGAC =CCC 
BDVINED 203 TAT= 
CAVIlUZD2OOGWGAT GCC 
RAT D 157 Tpc: CCA 
MDRIRlE 123 'RX' ACC CCC 

2C: 3' -TED REGIDNS 

AAA WA C’K MT GAA ATI: MT CAG !l’lT TAT CAG 90 

MC AM AAA GAT CAA CTP TAT CAG 75 
MT CAG CAG MG AAA AGC MG CAA TlT TCC CAG 73 
MT TlT ClG AAA AAA AlV AGC CAG Cd TAC CAG 172 
AQl’cpCClGAACATAA~CATGAATATlTCCAG 169 
GAT ATC GlV MC TAC Tpc CAA TAT CAA 129 
GAC TAC An; AAC AAA An; AAA CGA TAC ACX 97 

CCC CAG TAT CTC CAG TAT ClC TAT CAA GGF CCA 103 
CCC CAG TAT MC CCG GAT TlT TAC CAA Cd CCC 90 
CCC CAA ATF l%X ACA CCX TAT CAA CAG CAG 87 
CCCCAGTATClCMGACTQl’TTATCAGCATcM; 187 
lCCCAGACCCTAGAAGATQl-l!GAC<=M;TATcpG 184 
CCC CAC !lTF CCC CAG GCT GlT CAT CCA CAG 143 
CCA CAG m GTA MG ClT ClT CAT CAA TAC CAG 112 

CCA ‘KG GAT CAG Ul’T MG AGG MT GCT dT CCC 118 
CCG TGG MT CAG ATF TAC ACA AGA CCC TAC CCC 105 
CAA CGG CCC CAG CCT MT GCC An= 99 
CCA ‘lW3 Am CAA CCT MG ACA MG GlT AlT CCC 202 
CCG ‘KG MT CAC TAT MT ACA MT GCT GAC CAA 199 
lcT!lsGGcc CCC Ad AAGGACTACACC 156 
CCG lYiG AGC TAT TAC CCA 122 

ACTcn;AACAGA 125 
ACT’1TGGGCAAA 113 
ACE 104 

AGG TAC ClT TAA 208 
ET CAG GkG AGA CAA GCT !lCA 209 
ACTGCTCGCTACA’lSCXX’lGA 165 
AGC CAG tXT TGA 129 

725 740 760 780 
BovInE T 
CAVINET GA-TTAA-P C 

718 740 760 780 
800 820 

BovINECATAlcTAm C 
CAvmE-mm CGCmCCAGCATAT!lmEACAGAcnTACAGACAAGACAGAAA~ 

800 820 840 
840 860 880 900 

BCJVI~~~TAAGAC 
CAvInETGM;cQL M CCA-- 

860 880 900 
920 940 960 

BDVINEMTA-TA- TACAAACTTA-mTTATlTAAAATC-C 
CAVINEM-'KC- lmzmvxA~-TAACTAA-~ 

920 940 960 
980 1000 1020 

BovImzCC rrm?wmm-GAATAAAA- GTGC(A ) 
CAVIFJE Cllr '(An 

FIG. 2(~o~tit~ued) 

were fitted to this alignment in a similar manner, viz., by identifying segments of these sequences that 
correspond to putative individual exons (see text) and then visually aligning these to corresponding segments 
of the bovine and cavine sequences. The alignment downstream of bovine codon 116 was arrived at by 
considering amino acid sequences and aligning amino acids that are either identical or similar. This alignment 
indicates that the last two codons were not part of the duplication, a conclusion consistent with the presence 
of a splice junction at this position in the p-casein gene (see fig. 4). 2C: 3’Wntranslated regions. Numbers 
refer to nucleotides. The polyadenylation signals are underlined. The bovine and cavine 3’ noncoding regions 
were aligned using the ALIGN program (see Material and Methods). 
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of the rat y-casein cDNA and genomic sequences (Yu-Lee and Rosen 1983). The 
predicted leader-peptide sequence is identical to the published ovine us2-casein leader- 
peptide sequence (Mercier et al. 1978). The predicted mature protein sequence varies 
from the published bovine clsz-casein A sequence (Brignon et al. 1977) only at amino 
acid 87, which is predicted to be glutamine rather than glutamate. 

Plasmid pBPC468 contained an insert of 945 bp, excluding the GC tails. Plasmid 
pBPC 16 contained an insert of 800 bp, excluding the GC tails and including a poly 
A tail of 19 residues. The overlapping sequences imply a mRNA of 1,089 nucleotides, 
excluding the poly A tail, with 5’-untranslated, translated, and 3’-untranslated regions 
of 56,672, and 36 1 nucleotides, respectively (fig. 4). The first base of the 5’-most HinfI 
site shown on the restriction map is continuous with the G tail. Another p-casein 
cDNA isolated, pBPC3 19, also displays this feature. On this basis and from a com- 
parison with rat P-casein cDNA and genomic sequences (Jones et al. 1985), we assume 
that the sequence presented is complete at the 5’ end. The predicted leader-peptide 
sequence is identical to the published ovine p-casein leader-peptide sequence (Mercier 
et al. 1978), and the predicted mature protein sequence agrees with the published 
bovine p-casein A2 sequence (Ribadeau-Dumas et al. 1972), with the following ex- 
ceptions: (1) amino acid 117, which is predicted to be glutamate rather than glutamine; 
(2) amino acids 137 and 138, which are predicted to be leucine-proline rather than 
proline-leucine; (3) amino acid 175, which is predicted to be glutamine rather than 
glutamate; and (4) amino acid 195, which is predicted to be glutamate rather than 
glutamine. 

In both mRNAs the protein-coding region is predicted to commence with the 
first AUG encountered, and both conform to the observations of Kozak ( 198 1). Both 
were found to contain the conventional polyadenylation signal (Fitzgerald and 
Shenk 198 1). 

. 
The clsz-Like Casems 
The S-Untranslated Regions 

A comparison of the 5’-untranslated regions of the as2-like casein cDNAs is pre- 
sented in figure 2A. The cavine and murine sequences are incomplete at their 5’ ends. 
Comparisons of these sequences- as well as those of rat p- and the three as,-like 
caseins for which sequences are also available-reveal a number of common features. 
All begin with the dinucleotide AT, which may be related to the efficiency of initiation 
of their translation, as in other families of mRNAs in which the first two bases are 
conserved (Breathnach and Chambon 198 1). Their translation-initiation sites are also 
conserved, with a purine -3 and a C - 1 to the initiating AUG. 

Bases - 14 to - 11 consist of the sequence AGGA in the asz-like and p-caseins 
and of AGAT in the asI-like caseins. These have been shown to be the junctions 
between exons I and II in the three rat caseins, in bovine asr-casein (Yu-Lee et al. 
1986), and in bovine p-casein (J. Bonsing, unpublished results). 

In the as2-like caseins, the sequences from -36 to - 13 contain a string rich in 
pyrimidines followed by a string rich in purines. These are able to form stable hairpin 
loops. For bovine asz-casein, the calculated AG value in kilocalories per mole for this 
structure is -7.4 (when the thermodynamic binding model is used) or -9.6 (when 
the empirical binding model, as detailed in de Wachter et al. [ 19821, is used). This 
structure comprises nucleotides -36 to -27 base pairing with nucleotides -2 1 to - 13 
to form a 9-bp stem including a single G:U bp, a single looped-out nucleotide (-3 l), 
and an unpaired loop containing nucleotides -26 to -22. Similar structures are possible 
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Bovine Casein cDNA Sequences 237 

for cavine A and rat y-casein with calculated values of -7.1 or -9.6 and -5.7 or -6.6 
kcal/mol, respectively. Comparable secondary structures cannot be drawn for other 
published casein sequences, although they possess similar purine and pyrimidine strings. 
Occurring within the stem portions of these loops is the sequence GGAA, also found 
in the region of 18s rRNA proposed to interact with mRNAs during initiation of 
translation (Baralle 1983). These secondary structures may therefore modulate the 
rate of initiation of translation of the us2-like casein mRNAs, the products of which 
are all minor components in the milks in which they occur. 

The Translated Regions 
Figure 2B presents an alignment of the translated regions of the four clsx-like 

casein cDNAs. A prominent feature of these sequences is a repeated structure, first 
detected in the amino acid sequence of bovine as2-casein (Brignon et al. 1977) and 
extended here to give a tandem repeat consisting of upstream (U) codons 33-125 and 
downstream (D) codons 126-205 in the bovine sequence and codons 33-l 13 and 
114-206 in the cavine sequence. Rat codons 34- 104 and 105- 16 1 also correspond to 
portions of this tandem repeat. In murine a-casein the repeat is absent, but this sequence 
has a unique repetition of codons 12-33 in codons 53-75. 

Predominantly hydrophilic amino acid sequences are encoded by ( 1) the bovine 
sequence up to approximately codon 68, (2) the sequences in other species aligned 
with this section, and (3) the corresponding downstream repeated sequences. These 
are shown divided into a number of segments in figure 3. The boundaries of these 
segments, most of which are likely to correspond to existing or ancestral splice junctions, 
have been defined according to two criteria: (1) identity with established splice junction 
sequences, particularly those adjacent to phosphate clusters (Jones et al. 1985; Yu- 
Lee et al. 1986), with such boundaries including those at codons 1 l- 12, 4 l-42, 59- 
60, and 67-68, and (2) coincidence with gaps in the alignment, e.g., following codon 
33, where gaps occur at this position in the mouse and rat sequences and following 
codons 67-68, where a gap occurs at this position in the cavine sequence. A boundary 
following codon 50 may be inferred since a gap occurs after codon 14 1, the corre- 
sponding position in the upstream repeat. Further evidence for boundaries at codons 
50-5 1 and 59-60 is provided by the deletion that characterizes the as*-casein D variant 

FIG. 3.-Summary of the sequence alignments of the as*-like caseins. Numbering refers to the first 
codon of each segment, except for termination codons and cavine 67, murine 33 and 75, and rat 33 and 
104, which are the last codons in the sections of sequence that precede them. 5’ut = 5’-Untranslated; 
L = leader peptide-coding region; P = major phosphorylation site found within this segment; 3’ut = 3’- 
untranslated region; and A, = poly (A) tail. Minor gaps in the sequence alignment of fig. 2 have been 
omitted. Also shown are regions of 3’-untranslated sequences that show detectable similarity on the basis of 
dot-matrix analysis. 
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(Grosclaude et al. 1979). Although the presence of splice sites at these positions remains 
to be experimentally demonstrated, the situation clearly parallels that in the rat 
P-casein gene, where the hydrophilic phosphate cluster-containing N-terminus of the 
molecule has been shown to be encoded by a series of short exons postulated to have 
arisen as the result of a series of duplications of an ancestral sequence (Jones et 
al. 1985). 

The bovine sequences from codons 68- 125, the C-terminal codons 150-207, and 
the corresponding sequences in the other usz-like casein encode predominantly hy- 
drophobic protein domains. These sequences have been subject to a high rate of amino 
acid replacement. For example, of the 42 nucleotide differences found between bovine 
codons 83-125 and cavine codons 68-113, 30.5 (73%) are replacement differences. 
We believe that this implies selective neutrality toward hydrophobic amino acid re- 
placements in these domains-and that they do not code for structurally important 
amino acid sequences, in contrast to the well-conserved phosphorylation-site sequences. 
However, constraints have acted to maintain a relatively high degree of hydrophobicity 
in these domains as a whole, a characteristic important for the protein-protein inter- 
actions involved in casein micelle formation (Waugh 197 1). Figure 3 summarizes the 
relationships between the four osz-like caseins. 

The p-Caseins 

An alignment of the bovine and rat p-casein cDNAs is presented in figure 4. 
Many nucleotide substitutions have occurred during the divergence of these caseins, 
but no major insertions, deletions, or other sequence rearrangements-such as are 
found in the a s2- and o,sI-like caseins (Stewart et al. 1984)-are evident. From the 
amino acid sequence of human p-casein (Greenberg et al. 1984) we infer that this is 
also the case for that species. In the rat, four short exons encode the N-terminal 
hydrophilic sequence that contains a single phosphate cluster, whereas the remainder 
of the molecule, of markedly hydrophobic character, is encoded by a single exon. The 
conservation of rat and bovine sequences that span the splice sites of the rat p-casein 
gene (indicated by arrowheads in fig. 4) suggests that the arrangement of exons and 
introns has been conserved in the rat and bovine P-casein genes. 

The absence of major sequence rearrangements in the p-caseins and the mainte- 
nance of hydrophilic N-terminal and hydrophobic C-terminal domains, despite many 
amino acid replacements, points to the operation of functional constraints acting to 
conserve the overall architecture of the molecule. Consistent with this conclusion is 
recently obtained evidence that shows g-casein to be important in determining the 
surface properties of casein micelles and essential for curd formation when milk is 
clotted by the proteolytic enzyme chymosin (Pearse et al. 1986). Curd formation is 
physiologically important since it ensures the retention of milk protein in the stomach 
of the infant and allows further digestion to occur. 

A similar conservation of structure is found for the tc-caseins, which are also 
important in determining properties of casein micelles, including the maintenance of 
micelle stability and the initiation of curd formation when this protein is cleaved by 
chymosin at a specific Phe-Met bond. The importance of the p- and K-caseins is 
indicated by their occurrence in all eutherian milks so far examined (Jenness 1979). 

The a-caseins, by contrast, occur in varying amounts or may be absent altogether, 
as is the case for human milk. These caseins appear to be much less important for 
curd formation than the p- and tc-caseins (Pearse et al. 1986), and their role is probably 
restricted to determining the capacity of casein micelles for calcium phosphate 
transport. 
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BOVINE 1 
RAT 1 

BOVINE 57 
RAT 53 

BOVINE 118 
RAT 114 

BOVINE 179 
RAT 169 

BOVINE 240 
RAT 230 

BOVINE 301 
RAT 291 

BOVINE 353 
RAT 352 

BOVINE 414 
RAT 413 

BOVINE 472 
RAT 474 

BOVINE 533 
RAT 530 

BOVINE 591 
RAT 590 

BOVINE 652 
RAT 651 

EKWINE 704 
RAT 712 

BOVINE 754 
RAT 772 

BOVINE 810 
RAT 833 

BOVINE 867 
RAT 891 

BOVINE 924 
RAT 952 

BOVINE 984 
RAT 1007 

BOVINE 1040 
RAT 1064 
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ATTC AGCTCCTCCTTCA~~~ GGAATPGAGAGCC 
ATCC CITGTCCTCCGCT 

-F=GACAG= 

ATGAAGG!KCTCATCCTTGCCTGCTM;CCM;CCM;Gn;GCTCn;GCC 
icEAAmTCCTTGCCTGC-m SGpGGATGCAT 

TCAATGTACCTGGTGAGAB GCCTTTCAAGCAGCGGCAT 
TCACTGTGTCCTCTGAGACT GGTAGTATTTC 

A CA-%=TCCGl=MCATAT 

CMTMGAMATTGAGMGTFTCA GAGTGAGGMCAGCAGC?iAACAGAGG?iTGA?XTCCAG 

cM-zMCTTCA- 
GCGA~T(XCTCCAG 

GATAAAATCCACCCCNTGC CCAGACACAGTCTCT AGTCl’ATCCCTTCCcTGGGcCCATCC 
MTAAATlTCACTCCGGCATPCAGTCAGAACCCAAGGCCA 

CTMCAG CCTCCCACAAAACATCCCTCCTCTTACrCAAAAACCC~ m 
CTTGCAGTCCCATTCCACAAAACATCCAGCCTATTGCl’CMCCCCC 

GCCGCCTTTCCTTCAGCCCAAAGTGAAGGAGGCTATGGCCCCT 
!I’GGGCCTATCA’ITTC!KCTGAACTGGAATCClTC~AAAGCTAAAGCCACTGTCCM’CCC 

AAGCACAAAGAAATGCCCTTCCCTAAATATCCAG’XTGAGC CC!lYTACl’GAAA GCCAGA 
MGCACAAACAGATGCCCCTTAA~CCGTGCTCCGC mCTCTCAAA 

GCCTGACTCTCACTGA~TCTGCAC~CTCTGC~CA~T 
!rCccCAGTCT TCTTCCTCAGTCTCCAGCCCAG C’KCAG 

GCACCAGCCTCACCAGCCTCTTC CTCCAACT GTCATGTTTCCTCCTCAGTCCGTGCl’G 
GCA CAAAlTGTGCA~CTCAGACTCCCGCG~GCCCCAGCTG 

TCCCTTTCTCAGTCCAAAGTCCTGC CTGTTCCCCAGAAAGCAGTGCCCTATCCCCAGAGAG 
!KTCATCC’KAGTCCAAAAGTCAGTAC~ GCAACTAGCCCCC CTCTPCCAACAAG 

ATATGCCCATTCAGGCC ACCAGGAGC CTG TA cn=GGTCCTG T 
GTATGCCn;TPCAAGACCTTCKiCAC~~~CCC~CC~~~ 

CCGGGGAC CClTC CCTATTATTGTCT MGAGGA TTTCAAAGTGAATGC cc 
cc TTGCCACTCAACAACTTCA!r!rCCAm -iiiGAGGATl?!FCCG 

A- 
CCTCCTCA CPPFKAAlTGACTGCGACTGGAAATATGGCAA-TCCTTGC 

CTGGAAATGTACAATCAWW 
c-TCA’ITmTTmGMTM;ACK;AM 

ATCATGTTACTM GATA ATTYPIWUTGAGTATACATGGAA CAAAAAATGAAAcrm 
ATCATGCTACAAAAGTGATATA TTTmGAATGAAACTACATGG AAAAAAAGAAATTTT 

ATTCCTl’TATTTATTTpAn C AAACTAT 
ATTCTTTTATTTATTCTATGTATTATATGATATTCA TTTGAATTTGACCCATGGACTCTAT 

ATATTTCNUWTTWMTTCA ACATTAGCATAAAAGTTCAA’FTlYPM~TATCA 
ATGTGTCKMTTATATTTCATATMTACTACAAATGTTCAATA-GFlTAA A 

TGAACATATCMAA TATGTATAAAAATAATTTCTG AAATPG TGATTATFA_CT 
TGA MGTCAATA ATWl’A CAAAATAGCTCA WiAAAAATTGGATl’TACTATl’ATFTCTT 

TMGAATCTATTTCCTMCC T24AATTM!PCC TTAGGCAT(A ) 
TGGGAACCAATTTCCTFTCC TAMATAATCmAGGCAT( A;) 

FIG. 4.-The nucleotide sequence of bovine p-casein cDNA shown aligned with the corresponding rat 
sequence (Blackburn et al. 1982). Alignment was carried out using the ALIGN program (see Material and 
Methods). Translation-initiation and -termination codons and the first codons of each of the mature proteins 
are underlined. Arrowheads indicate the position of splice junctions in the rat sequence (Jones et al. 1985). 

Thus, the structure-function relationships of the different caseins are reflected in 
the manner in which each has been modified during the evolution of mammalian 
species. 
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