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ABSTRACT

The complete sequence of a 1072 nucleotide rat 8-casein cDNA insertion
in the hybrid plasmid pC823 has been determined. Primer extension was em-
ployed to determine the sequence of an additional 82 5'-terminal nucleotides
in 0-casein mRNA. Rat B-casein mRNA consists of a 696 nucleotide coding
region, flanked by 52 nucleotide 5' and 406 nucleotide 3' noncoding regions,
including a 40 nucleotide poly(A) tail. The derived 216 amino acid sequence
of rat 8-casein was compared to the previously determined sequences of 8-
caseins from several other species. Approximately 38Z of the amino acids
have been conserved among the rat, ovine, bovine and human sequences and these
conserved amino acids occurred in clusters throughout the protein. One such
cluster containing the majority of the potential casein phosphorylation sites
was located near the amino terminus. Contrary to the considerable divergence
observed for the processed B-casein, 14 of 15 amino acids in the signal
peptide sequence of the precasein were identical between the rat and ovine
caseins.

INTRODUCTION

The caseins are the predominant milk proteins (1). In the mammary gland,

the synthesis and secretion of these phosphoproteins are regulated by both

peptide and steroid hormones (2). At present only limited amino acid sequence

information is available for any of the- non-ruminant caseins; the complete

amino acid sequences of bovine asl, as2, 8-and K-casein and ovine 0-casein
have been determined (3-6). At the nucleic acid level no sequence information

for any of the caseins has yet been reported. Elucidation of the primary

structure of the casein mRNAs is a necessary prerequisite for mapping the

precise structure of the casein genes (7). This information may also be re-

quired for understanding possible structure-function relationships involved in

regulating the differential accumulation of the individual casein mRNAs (8),

especially their variable half-lives in the presence and absence of hormones

(9). Evolutionary comparisions of casein nucleic acid sequences may help

confirm the hypothesis that the three calcium-sensitive caseins, anI, a82 and
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0, have been derived from a common ancestor and are, therefore, members of the

same gene family (10). Both genetic and molecular hybridization experiments

have revealed that the caseins are encoded by four, clustered structural

genes (11,12).

The construction and characterization of several rat (13) and mouse (12)

casein clones has been reported from our laboratory. Since 0-casein is

both the predominant and the most highly conserved of the milk proteins

(6,10,14) we initiated our structural studies by determining the sequence of

rat 8-casein cDNA. Comparison of the amino acid sequence derived for rat

8-casein with the previously determined sequences of bovine, ovine, and human

8-caseins revealed that considerable divergence has occurred among the sequen-

ces of the mature 0-caseins, while the signal peptides of the precaseins are

much more highly conserved. Analysis of the 5'-terminal nucleotide sequence

of rat 8-casein mRNA also indicated that it contains regions of considerable

potential secondary structure.

MATERIALS AND METHODS

Plasmid Isolation

The construction and characterization of the rat recombinant plasmid

pC823 has been described previously (13). Plasmid DNA was isolated by CsCl

buoyant density centrifugation following amplification in E. coli RR1 using the

method of Norgard et al. (15). Following dialysis and ethanol precipitation

plasmid preparations were treated first with DNase-free RNase A (heated at

100° for 10 min, 50 Ug/ ml in 10 mM Tris-HCl, pH 8.0, 1 mM EDTA at 370 for 1

hr) followed by proteinase K (100 pg/ml at 370 for 1 hr after the addition of

0.5% NaDodSO4). The samples were then extracted twice with phenol, once

with CHC13 and finally precipitated with 70% ethanol in 0.25M NaCl.

Sequence Analysis

The restriction endonuclease mapping of pC823 has been reported

previously (16). Sequencing of end-labeled fragments was performed using the

method of Maxam and Gilbert (17) and the strategy shown in Fig. 1. Computer

analysis of sequence data was accomplished using the programs of Staden (18,19).

In order to obtain the sequence of the 5' end of 8-casein mRNA it was

necessary to synthesize a 32P-end labeled cDNA using a small, 26 nucleotide

5'end labeled primer. The primer was generated from an unlabeled 866 nucleotide

fragment of pCB23 extending from the Hind III site at position 29 in pBR322

through the Pst I site of the cDNA insertion to the Hinf I site at nucleotide

87 of the insert. The 866 nucleotide fragment was isolated following a Hind
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III, Hinf I double digest of pC023 by gel electrophoresis and 5' kinase

labeled with [y-32P]-ATP (20). The fragment was redigested with Dde I at

nucleotide 61 of the cDNA insert and chromatographed on Sephadex G-50 to

remove free [y-32P]-ATP. The 26 nucleotide primer was then isolated by electro-

phoresis on a 6% polyacrylamide gel as described (17).

Primer extension was performed by a modification of the method of Smith

(21). The 32P-labeled primer was hybridized with 10 pg of poly(A)RNA isolated

from an 8 day lactating rat mammary gland (22). The reaction was performed in

a volume of 35 a in a 100 pl sealed, siliconized micropipet containing 10 4l

of Smith's 10 x reaction buffer (0.5 M NaCl, 66mM Tris-HCl, pH 7.6, 66 mM MgC12,

10 mM DTT). The primer was denatured at 900 for 3 min and hybridization allowed

to occur for two hours during which time the temperature was gradually reduced

to 250. The primer-template mixture was then added to 65 4l of cDNA synthesis

buffer to give final concentrations of 50 mM Tris-HCl, pH 8.3, 9 mM MgCl,

20 mM DTT, 150 mM NaCl, 500 WM of all four deoxynucleotide triphosphates and

1 U/ il of reverse transcriptase. The cDNA synthesis reaction was performed

for 1 hr at 370 and the products recovered by ethanol precipitation. Sequence

analysis was undertaken without further purification of the extended primer

(17,20).

RESULTS

Strategy and Representative Sequence Analysis of pC823

The O3-casein cDNA insertion was sequenced directly using the procedure of

Maxam and Gilbert (17). The restriction map shown in Fig. 1 indicates the pre-

sence of restriction endonuclease sites as determined by sequence analysis

and is essentially similar to the previously determined map for pCS23 (16),

except for the presence of an additional Alu I site at nucleotide 458 and the

inclusion of three Sau 3A sites not designated on the original map. The 5'

ends of the defined restriction endonuclease fragments shown in Fig. 1 were

kinase labeled and their sequence determined following a secondary cleavage

with either another restriction enzyme or strand separation (20).

Analysis of the sequence data indicated that pCB23 contains a 1103 nucleo-

tide insertion consisting of 18 nucleotide dG and 13 nucleotide dC tails at the

5' and 3' ends, respectively, and a 3' 40 nucleotide long poly(A) tail. The

reading frame was derived from the first 15 nucleotides of the cDNA insertion

after the dG tail which could be translated as Ala-Leu-Ala-Leu-Ala. This sequence

is identical to the previously determined amino acid sequence of the rat pre-

8-casein from positions -5 to -1 (23). Thus, pCB23 does not contain the
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Figure 1: Restriction Map and Sequencing Strategy of pC823.
The recombinant plasmid pCO23 contains a 1103 nucleotide insertion (solid

line) in the Pst I site of pBR322 (wavy line). This cDNA insertion consists of
18 nucleotide long dG and 13 nucleotide long dC tails at the 5' and 3' ends,
respectively, and a 3' 40 nucleotide long poly(A) tail. The coding sequence is
depicted by the heavier solid line and a scale in nucleotides is shown beneath
the arrows designating the restriction endonuclease fragments sequenced and the
direction of sequencing.

5' noncoding sequence and an additional 30 nucleotides specifying the initial

ten amino acids of the signal peptide sequence.

Determination of the 5' Noncoding Sequence by Primer Extension

Previous estimates of the size of a-casein mRNA by electophoresis on

CH3HgOH-agarose gels had suggested that it was approximately 1150 to 1170 nucleo-

tides in length (13). Thus, it appeared feasible to determine the additional 70

to 90 nucleotides at the 5' end of 8-casein mRNA using primer extension. A 26

nucleotide primer was prepared as described in Materials and Methods, which was

a Dde I- Hinf I fragment from positions 61 to 87 in pC023. The analysis of

the 32P-cDNA synthesized during primer extension is shown in Fig. 2A. In

addition to some prematurely terminated cDNAs there was a major band estimated

to be 155 nucleotides in length. Taking into consideration that this includes

the 26 nucleotide primer and 43 nucleotides previously sequenced at the 5' end

of pC=23 excluding the dG18 tail, an additional 82 nucleotides of 5' sequence

information of 8-casein mRNA was obtained (Fig. 2B). This sequence contained

a TAC (AUG) initiator codon at positions 53-55 and, therefore, provided the

additional 30 nucleotides specifying the first 10 amino acids of the

pre-8-casein sequence and the 52 nucleotides of 5' noncoding information.

Confirmation of the fidelity of the primer-extension technique was obtained by

the complete agreement of the overlapping sequence obtained by this method with

the 43 nucleotides directly sequenced in pC823. Using this technique it

is, however, impossible to determine conclusively the 5' terminus of a-
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Figure 2: Determination
of the 5' sequence of a-
casein mRNA by primer
extension. A 26 nucleo-
tide (NT) primer was pre-
pared and primer extension
performed as described
in Materials and Methods.
A: Analysis of the primer
extension products on an 8%
polyacrylamide sequencing
gel using 32P-labeled DNA
standards was performed as
described (20). XC desig-
nates the position of
xylene cyanol and BPB the
position of bromophenol
blue. The size of the ex-
tended primer was estimated
to be 155 NT. B: A represen-
tative portion of the 8%
polyacrylamide sequencing
gel showing the sequence
of the first 85 nucleotides
of 8-casein mRNA. For
additional details see
Materials and Methods.

-TGC0

-GCAAG

casein mRNA from the sequencing gel shown in Fig. 2B.

Complete Nucleic Acid Sequence and Codon Usage

The complete nucleic acid sequence of 8-casein cDNA and the derived

amino acid sequence of 8-casein are shown in Fig. 3. Rat 8-casein is

composed of 216 amino acids and pre-8-casein contains a 15 amino acid

signal peptide sequence. The derived amino acid sequence of the 15 amino acid

signal peptide and the amino terminal 13 amino acids agree closely with their

previously determined amino acid sequences (14,23) with the exception of the

substitution of a glycine for valine at amino acid 13. In addition, the derived

amino acid composition and the carboxy terminal sequence is in excellent agree-

ment with amino acid composition data (14,24) and carboxypeptidase A analysis

(14). Finally, the predicted molecular weight of rat 8-casein including

the presence of six phosphates is 24,387, in good agreement with estimations

2299
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-15 -10
MET LYS VAL PHE ILE LEU ALA CYS LEU VAL ALA

ATCCTCTGAGCTTCATCTTCTCTCTTGTCCTCCGCTAAAGGACTTGACAGCC ATG AAG GTC TTC ATC CTT GCC TGC CTT GTG GCA

-1 1 10 20
LEU ALA LEU ALA ARG GLU LYS ASP ALA PHE THR VAL SER SER GLU THR GLY SER ILE SER SER GLU GLU SER VAL
CTT GCT CTT GCA AGG GAG AAG GAT GCA TTC ACT GTO TCC TCT GAG ACT GGT AGT ATT TCC ACT GAG GAA TCC GTT

30 40
GLU HIS ILE ASH GLU LYS LEU GLN LYS VAL LYS LEU MET GLY GLN VAL GLN SER GLU ASP VAL LEU GLN ASN LYS
GAA CAT ATC AAT GAG AAA CTT CAG AAG GTG AAA CTC ATG GGA CAG GTG CAG TCC GAG GAT GTG CTC CAG AAT AAA

50 60 70
PHE HIS SER GLY ILE GLN SER GLU PRO LYS ALA ILE PRO TYR ALA GLN THR ILE SER CYS SER PRO ILE PRO OLN
TTT CAC TCC GGC ATT CAG TCA GAA CCC AAG GCC ATT CCA TAT GCC CAG ACC ATC TCT TOC ACT CCC ATT CCA CAA

80 90
ASN ILE GLN PRO ILE ALA GLN PRO PRO VAL VAL PRO THR ASP GLY PRO ILE ILE SER PRO GLU LEU GLU SER PHE
AAC ATC CAG CCT ATT OCT CAA CCC CCT GTG GTG CCA ACT GAT 0GG CCT ATC ATT TCT CCT GAA CTG OAA TCC TTC

100 110 120
LEU LYS ALA LYS ALA THR VAL LEU PRO LYS HIS LYS GLN MET PRO PHE LEU ASN SER GLU THR VAL LEU ARG LEU
CTT AAA GCT AAA GCC ACT GTC CTT CCC AAG CAC AAA CAG ATO CCC TTC CTT AAC TCT GAA ACC GTG CTC CBC CTC

130 140
PHE ASN SER GLN ILE PRO SER LEU ASP LEU ALA ASN LEU HIS LEU PRO OLN SER PRO ALA GLN LEU GLN ALA OLN
TTT AAC TCT CAA ATC CCC ACT CTT GAT CTT GCT AAT CTG CAC CTT CCT CAG TCT CCA GCC CAG CTC CAC GCA CAA

150 160 170
ILE VAL OLN ALA PH4E PRO GLN THR PRO ALA VAL VAL SER SER GLN PRO GLN LEU SER HIS-PRO GLN SER LYS SERATT GOG CAG OCT TTT CCT CAG ACT CCC OCO GTO OTT TCT TCT CAO CCC CAG CTG TCT CAT CCT CAO TCC AAA ACT

180 190
GLN TYR LEU VAL GLN GLN LEU ALA PRO LEU PHE GLN CLN GLY RET PRO VAL OLN ASP LEU LEU GLN TYR LEU ASP
CMG TAC CTT GTG CAG CAA CTA GCC CCC CTC TTC CMA CM GOT ATO CCT OTT CAA GAC CTT CTG CAG TAC CTA GAT

200 210 216
LEU LEU LEU ASN PRO THR LEU GLN PIE LEU ALA THR GLH GLN LEU HIS SER THR SER VAL 555
CTT CTG CTT AAC CCC ACC CTC CAG TTC CTT GCC ACT CM CAA CTT CAT TCC ACT TCT GTC TAA GAGGATTTCCCOGTT

ATTTCTCTCCTCATCA TTTTTTTTTTGAATTGACTGAAACTGGAATGTACAATCATTTTCATCTTGGGATCATGC TACAGTGATATATTTCTGA

ATGAAACTACATGGAAAAAAAGAAATTTTATTCTTTTA TTTATTCTATGTATTATATGATATTCATTTGAATTTGACCCATGGACTCTATATGTGTCT

CMTTATATTTCATATAATACTACAAATGTTCAATATTGAGTTTAAATGAAGTCMTAA TGTACAM TAGCTCATGAAAAATTCGATTTACTATTA

TTTCTTTGGGAACCAATTTCCTTTCCAGTCATTTCAATAAAATAATCCTTTAGGCATAAAAAAAAAAAAAA AAAA AAAAAA"A

Figure 3. Complete nucleic acid sequence of 8-casein cDNA and the predicted
amino acid sequence of a-casein.

The amino acid sequence was deduced using the genetic code. The ochre
terminator TAA(UAA) is designated by ***. The hexanucleotide AATAAA underlined
is thought to partially define the site of polyadenylation (25). Amino acid #1
is the amino terminus of O-casein and -15 is the initiator methionine
of pre-t3-casein.

of the size of 1-casein determined by NaDodSO4-polyacrylamide gel
electrophoresis (24).

Analysis of the nucleic acid sequence shown in Fig. 3 indicated that 6-
casein mRNA is composed of a 52 nucleotide 5' noncoding sequence and a 6996
nucleotide coding sequence with the expected A + U compositions of approximately
50%. However, the 366 nucleotide noncoding region excluding the poly(A) tail

had an unusually high A + U composition of 74%. The hexanucleotide AAUAAA was
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observed 16 nucleotides preceding the poly(A) tail. The length of the poly(A)

tail was consistent with that previously determined for casein mRNA (22).

A characteristic feature of eukaryotic DNA and mRNAs is the low frequency

of the occurrence of the dinucleotide CpG. This dinucleotide occurs much less

frequently than expected in B-casein mRNA. A nonrandom codon usage is evident

as has been observed for other eukaryotic mRNAs (28-29). A slightly increased

preference for UMP (347) and decreased preference for AMP (16X) in the third

position of the codons was also observed.

Evolutionary Comparisons of $-Caseins
The predicted amino acid sequence of rat a-casein is compared to the

previously determined partial amino acid sequence of human 8-casein and the

complete sequences of ovine and bovine 8-casein in Fig. 4.

Perhaps the most interesting feature of the comparative sequences of the

-15 1 10
RAT M K V F I L A C L V A L A L A RE K D A F T V DS E T 6 - S I -WE

** **@**********0 0 0 0 0 0 0 0 0* * *
BOVINE R E L E E L N V P G E I V EO9LOWE
OVINE K V L I L A C L V A L A L A a V T
HUMAN T I

~~~~3040
RAT E I NEKL K V K L 6 V S E D V L N K F H S I S

*0O *-*@0 00 0 * *00 *0 0 0*
BOVINE E S I T R I N K K I E K F OEE D 0 T E D E L a 0 K I H P F A 0 T
OVINE H
HUMAN P O Y K O V V K H S

60 70 80
RAT E P K A I P Y A O T I S C S P I P D N I D P I A DP P V V P T D G P I

BOVINE S L V Y P F P 6 P I P NS- L PNIP P L T T P V P P--F
OVINE A

100 110 120
RAT IP E L E S F L K A K A T V L P K H K O M P F L N S E T V L R L F N

BOVINE L PE V 6 V S K V K E A A PKHKE P K Y P V Q P F T E S
OVINE I P T V

130 140 150
RAT SD I P S L D L A N L H L P O S P A a L A -D I V D A F PD T P A V

BOVINE Q S L T L T V E NLHLP L L LD S W M H O P H P L P T V M F
OVINE K L P V P

160 170 180 190
RAT V S S O P L S H P O S K S O Y L V 0 Q L A P L F O G M P V Q D L L
BOVINE P P - DS V L L S sKV L P V P E K A V P Y P O ROMP I Q A FL
OVINE P Q

200 210 216
RAT O Y L0 L L L N P T L Q F L A T L H S T S V

BOVINE L YDD P V Lo6 P V R 6 P F P I I - - - - - - V209
OVINE E L 207

Figure 4. Comparison of rat, ovine, bovine and human a-casein amino acid
sequences.

Conserved amino acids are designated by a * . The signal peptide sequence
is numbered from -15, and the amino termini designated as 1. The positions of
potential serine phosphorylation are shown by the circled S. Dashed lines
represent gaps in the comparative sequences.
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rat and bovine or ovine 8-caseins is the unusual conservation of the pre-casein

signal peptide sequence, 14 of 15 amino acids are identical. In contrast,

only a 38X conservation of the amino acid sequences of the processed B-

caseins was observed. These conserved regions appeared to occur as clusters

throughout the protein. Despite the considerable divergence of the rat and

bovine B-casein amino acid sequences, approximately 2/3 of the amino acids

in both proteins are of the same type, i.e. of the same charge or hydrophobicity,

and >60% of the observed differences can be explained by single base changes.

Of particular interest is the conservation of the sites of serine phosphory-

lation near the amino termini of the rat and bovine 8-casins. Analysis of

fifty or more phosphorylated hydroxyamino acid residues in caseins from dif-

ferent species have revealed that these sequences generally occur in a

tripeptide sequence - Ser/Thr-X-A-, where the hydroxy amino acid is usually

serine, X represents any amino acid residue, and A is an acidic residue, usually

glutamic acid or phosphoserine (30). The six preferred casein kinase recog-

nition sequences in rat 8-casein of this type have been circled in Fig. 4,

in good agreement with the observation of two phosphorylated forms containing

6 and 7 phosphate residues in rat 8-casein (24). The additional phosphate

group may be present on one of residues 7, 12, 39 or 128 in rat 8-

casein, all of which are potential phosphorylation sites. Multiple phosphory-

lated forms of 8-casein have also been reported to occur in several

other species (14,31), e.g., in ovine B-casein this is due to

partial phosphorylation of the threonine residue at position 12. The occur-

rence of the amino acid cluster, -SerP-SerP-SerP-Glu-Glu, has been observed in

all three "Ca(II)-sensitive" ruminant caseins, asl, 1s2 and a (10).

A similar sequence, -SerP-SerP-Glu-Glu, is also predicted to exist in rat -

casein at residues 16-19. Finally, the derived sequence of rat 8-

casein contains an extra 6 amino acid residues near the carboxy terminus.

Potential Secondary Structure of the 5' End of Rat B-Casein mRNA

Using a computer program developed by Richard Feldman at the National

Institutes of Health the 100 nucleotides at the 5' end of the 8-casein mRNA

were analyzed for potential regions of secondary structure. As illustrated in

Fig. 5 two rather long regions of base pairing were predicted which generate

potential "stem and loop structures" . The AG value calculated using the

base-pairing rules of Tinoco et al. (32) for this putative structure is -17.9

Kcal, suggesting that this predicted secondary structure is thermodynamically

stable. If mRNA configuration can affect the rate of translation it is in-

teresting to speculate that the AUG initiator codon may be present in a base
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Figure 5. Postulated secondary structure of 5' region of 8-casein mRNA.
The first 100 nucleotides are shown in a hypothetical self-complementary

structure. The L's represent a linker arm attached the 3' end of the mRNA
sequence used in the computer analysis of the secondary structure, which facili-
ties a visual display. The AUG initiator codon is enclosed in a rectangle.
The stability of this structure is estimated to be -17.9 Kcal using the method
of Tinoco et al. (32). The functional significance of this structure within
the cell remains to be determined.

paired region, which must be unfolded prior to the initiation of protein syn-

thesis. The sequence 5'-AUCCU-3' at position 1-5 in 8-casein mRNA is comple-
mentary to the sequence 3'-UAGGA-5' present close to the 3' end of 18S ribosomal

RNA. Many other eukaryotic mRNAs have also been reported to contain sequences

that may potentially bind to this highly conserved purine-rich sequence in

18S RNA, possibly favoring the initiation of protein synthesis (33).

DISCUSSION

Analysis of the sequence of the 1154 nucleotide long rat a-casein mRNA

revealed that it has many features in common with other eucaryotic mRNAs. The

696 nucleotide coding region is flanked by a 52 nucleotide 5' and 406 nucleotide

(including the poly(A) tail) 3' noncoding regions. The length of the 5' non-

coding region is similar to that of several other rat mRNAs, e.g. rat prepro-

insulin I and II, 57 nucleotides (34) rat al-acid glycoprotein mRNA, 35

nucleotides (35), and rat growth hormone, 60 nucleotides (36). While it

is impossible to determine the precise 5' terminus of 8-casein mRNA
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using primer extension it is of interest that a 5' terminal cap sequence,

m7GpppAmCUC, has been observed in several nonviral, eukaryotic mRNAs (37) and

the 5' 0-casein mRNA sequence determined by primer extension begins with AU.

Direct sequencing of the 5' end of a-casein mRNA and Si mapping of the

S-casein gene will however, be required to confirm the precise 5' terminus of

this mRNA.

The first AUG triplet found in a-casein mRNA was the initiator codon, which

is consistent with Kozak's modified scanning model for the initiation of trans-

lation (38). In addition, a purine was observed in the surrounding nucleotides

-3 +1 +4
at positions -3 and +4, although the observed sequence AGCCAUGA was not iden-

tical to the consensus sequence CXXAUGG reported by Kozak after examining

151 eukaryotic mRNAs (38). Recent data from her laboratory has suggested that

the presence of a purine either in position -3 or +4 significantly enhanced

mRNA binding to the 40S ribsomal subunit. As previously mentioned, the poten-

tial homology of the 5' sequence, 5'-AUCCU-3', of B-casein mRNA with the

sequence 3'-UAGGA-5' found near the 3' end of 18S mRNA may also facilitate

ribosomal binding (33).

Secondary structure mapping studies are required to assess the significance

of the postulated structure of the 5' end of S-casein mRNA. Comparative

studies of the structure-function relationships among the three rat casein

mRNAs, a, 8, and y, may help elucidate those factors regulating the

differential accumulation of these mRNAs (8) and the hormonally-induced changes

in mRNA stability (9). Conceivably the hormonal regulation of mRNA discrim-

ination factors, such as cap binding proteins and other initiation factors,

might be required to destabilize the considerable secondary structure predicted

for the 5' end of a-casein mRNA allowing for the initiation of protein

synthesis and the possible stabilization of casein mRNA on membrane-bound

polysomes. This hypothesis remains to be tested and is at present totally

speculative.

Several investigators have reported recently that artifactual inverted

sequiences can be introduced during cDNA cloning at the 5' terminus using S1
nuclease (39,40). However, the agreement of the 5' sequence of clone

pC023 with the sequence obtained using primer extention suggests that this

was not the case in this a-casein cDNA clone. The fidelity of the sequence of

rat 8-casein mRNA was confirmed by the agreement between the derived amino

acid sequence of rat a-casein and the known amino acid composition and amino

and carboxy terminal sequences (14,24). The existence of a short amino acid

insertion at the carboxy terminus of rat as compared to bovine and ovine 8-
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casein is of interest in view of the similar observation of a 17 amino acid

extension in another rat milk protein, o-lactalbumin (41).

Evolutionary comparisions of the derived amino acid sequence of rat S-

casein with the sequenced ovine and bovine proteins revealed an extremely high

rate of divergence of the processed proteins. Previous analysis of milk pro-

teins has suggested that they have a very rapid rate of divergence in comparison

to most other proteins (42). For example, histone H4, one of the most highly

conserved proteins, has been reported to have a value of 0.1 PAMs, i.e. the num-

ber of accepted point mutations estimated to occur per 100 million years of

evolution, while i-casein had a value of 33. Analysis of the derived

rat 8-casein sequence as compared to the known bovine sequence yielded a

value of 97 PAMs. Preliminary cross-hybridization studies have demonstrated a

considerable difference in the nucleic acid sequences of 8-casein mRNAs even

between such closely related species as the rat and mouse (12), especially in

the 3' noncoding regions of these mRNAs (43). Thus, while a-casein appears

to be the most highly conserved member of the casein gene family (6), it still

appears to be one of the most rapidly diverging proteins. Although this method

of calculating evolutionary divergence assumes that point mutation is the major

mechanism of evolution, detailed sequence comparisons of gene families have

revealed that sequences may evolve by DNA duplications, rearrangements,

deletions or insertions (44). Thus, additional nucleotide sequence analysis

of members of the casein gene family will be required prior to undertaking

detailed evolutionary comparisons.

The observation of clustered regions of conserved amino acids among the 8-

caseins of several species may help establish the location of functional domains

within this protein and permit an analysis of the relationship between intron-

exon positioning and the division of these functional domains. This analysis

is of special interest since it has been suggested that the caseins have evolved

from a single primordial gene, presumably containing the casein kinase recog-

nition sequence observed in all the "Ca++ sensitive" caseins (30). It is of

interest to note that recent results from our laboratory (12) have helped con-

firm earlier genetic data suggesting that the caseins may exist as a gene

cluster on a single chromosome (11).
In contrast to the considerable divergence observed in the processed

8-caseins among different species an unusual degree of homology was observed

among the fifteen amino acid signal peptide sequences of the rat and ruminant

caseins. Fourteen of fifteen amino acids were identical in the rat and ovine

8-casein signal peptide sequences. Mercier and his colleagues (45) have
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previously reported the unusual conservation of the casein signal peptide

sequences in both asl, as2 and 0-caseins among several different

species. A comparision of the signal peptide sequences among several other

proteins, e.g., insulin or related members of the same gene families, e.g.,

growth hormone and prolactin, has revealed that they may differ both in their

length and amino acid sequence and diverge at rates equal to or greater than

the remainder of the protein (46). Thus, this constraint on the divergence

of the B-casein signal peptide sequence may imply an important and perhaps

unusual functional role for this sequence in milk protein secretion.
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