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ABSTRACT

Double stranded (DS) DNA molecules obtained by reverse transcription of a partially purified lactating
bovine mammary gland mRNA fraction were cloned into pBR322. Restriction maps for four recombinants
were constructed and partial nucleotide sequence analysis of these revealed coding sequences corresponding
to asl-, ß-, and x-casein and /3-lactoglobulin. The specific single-stranded (SS) cDNAs representing each of
these species were identified and their nucleotide lengths estimated. Evidence is presented that these are essen-

tially full-length transcripts of the major mRNA species. On this basis, the cDNA clones range in size from
50% for /3-casein to about 95% for asl-casein in comparison with their respective mRNAs. The DNA sequence
spanning all eight phosphoserine residues in asl-casein is presented. These data, together with other serine
codon usage data, indicate that the mammary gland phosphoseryl tRNA does not play a role in the incorpora-
tion of serine phosphate residues during casein synthesis. The observation that the nucleotide sequences for
the serine phosphate cluster in bovine or$1- and rat /3-casein exhibit close homology supports the suggestion that
these regions have evolved from a common primordial sequence.

INTRODUCTION

During lactation, the alveolar epithelial cells of the
mammary gland synthesize and secrete a group of

milk-specific proteins (Topper and Freeman, 1980). In
bovine milk, these lactoproteins consist of six primary
translation products: asl-, as2-, ß-, and x-casein, together
with the whey proteins, a-lactalbumin and 0-lactoglobulin.
These proteins have been well characterized and their
amino acid sequences are known (Brew et al., 1970;
Braunitzer et al., 1973; Ribadeau-Dumas et al., 1975;
Brignon et al., 1977). Collectively, the caseins constitute
80% of the total protein in bovine milk. Casein mRNA ac-

tivity represents about 50% of the total mRNA activity
isolated from lactating mammary tissue (Rosen et al.,
1975a; Yoshikawa et al., 1981).

In addition to its nonspecific role as a source of amino
acids for the infant animal, casein also functions to main-
tain high concentrations of calcium phosphate in stable
suspension. This is achieved by sequestering calcium
phosphate within large casein aggregates, referred to as ca-
sein micelles (Waugh, 1971). With the exception of the
amino terminal leader sequences, caseins from different
species exhibit a high rate of amino acid sequence diver-
gence (Dayhoff, 1978; Blackburn et al., 1982), suggesting
that the functional constraints on the evolution of these
proteins have been relatively weak. Nevertheless, a com-

parison of the amino acid sequences for the three calcium-
sensitive bovine caseins (asr, as2-, and /3-casein) reveals
short homologous sequences containing clustered serine
phosphate residues; hence, these proteins or at least a part
of their peptide chains may have evolved from a common

primordial gene (Ribadeau-Dumas et al., 1975).
Several genetic variants for each of the caseins are known

and in vivo genetic data have indicated close linkage among
the four gene loci (Grosclaude et al., 1973a, 1979). Subse-
quently, the gene order a5)- as2- ß- x was proposed (Gros-
claude et al., 1979). More recently, the murine casein
gene family has been localized on a single chromosome
(Gupta et al., 1982). ß-Lactoglobulin does not show linkage
to the caseins (Hines et al., 1977), while linkage data for
a-lactalbumin are not available due to the absence of genetic
variants. All six milk-specific proteins are, however, coor-

dinate^ induced during lactogenesis (Topper and Freeman,
1980).

Our aim has been to isolate and characterize cDNA
clones for both the caseins and the whey proteins for use as

probes for identifying genomic sequences specifiying these
proteins. The linkage data together with recent work on

other groups of structurally and functionally related pro-
teins (Efstratiadis et al., 1980; Hentschel and Birnsteil,
1981) suggest that the casein genes may occur as a gene
cluster. Furthermore, the sequences upstream from the
transcription start sites are likely to contain relatively effi-
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cient promoters. These regions may also contain sequences
involved in mediating hormonal effects during lactogenesis
(Cochet et ai, 1982). Since similar work is in progress on
casein genes from other species (Craig et ai, 1981 ; Richards
et ai, 1981; Gupta et ai, 1982; Suard et ai, 1982), com-

parisons of the nucleotide sequences for the caseins should
be particularly useful in understanding how the various
components have evolved.

In this paper, we describe the isolation and identification
of cloned cDNA sequences specifying three of the bovine
caseins and /3-lactoglobulin. The nucleotide sequence
coding for that portion of asl-casein which contains all
eight serine phosphate residues is presented and features of
this sequence are discussed.

MATERIALS AND METHODS

RNA isolation and in vitro protein synthesis
An Ayrshire cow was slaughtered by injection of succinyl

choline 14 days after its second calving; milking had been
carried out twice daily up until this time. The udder was
removed immediately after slaughter, rinsed in distilled
water to remove milk, cut into 100-400 g pieces, frozen in
liquid nitrogen, and stored at

—

70°C.
RNA was extracted by homogenization of pulverized

frozen mammary tissue in phenol-NaDodS04 as described
by Rosen et ai, (1975b). The aqueous phase and interphase
were removed and extracted twice with phenol/chloroform
(Rosen et ai, 1975a) and the final aqueous phase was

precipitated with ethanol. High-molecular-weight RNA
was isolated by two precipitations of a 2 mg/ml solution of
the crude RNA preparation with three volumes of 4 M
NaOAc pH 6.0 (Palmiter, 1977). The final RNA pellet was
redissolved in water (2-3 mg/ml) and ethanol precipitated.
The yield of RNA obtained from 100 g of tissue was about
80 mg.

Poly(A)* RNA was isolated after two cycles of chrom-
atography on oligo (dT)-cellulose (Collaborative Research
Laboratories, T3 grade). The RNA, in 10 mMTris-HCl pH
7.5 and 1 mMEDTA, was denatured by heating at 65°C for
3 min, and cooled rapidly to 4°C. The binding and elution
buffers used have been described previously (Bantle et ai,
1976).

RNA (2-8 A260 units) was denatured as above and layered
onto linear 5-20% (w/v) sucrose gradients (RNase-free
sucrose, Schwartz/Mann and Co.) in 10 mMTris-HCl pH
7.5, 1 mM EDTA, 50 mM NaCl, and 0.2% NaDodS04.
Centrifugation was for 6 hr at 40,000 rpm and 22°C in a
Beckman SW Ti 41 rotor. After fractionation, the RNA
was ethanol-precipitated twice and stored in water (250
fig/ml) at -70°C.

Translational activity was measured in a reaction vol-
ume of 25 id containing the components described by
Yoshikawa et ai (1978) in addition to 0.2 mM spermidine,
100 mM KOAc, 1.5 mM Mg(OAc)2, 20 iiCi L-[35S]meth-
ionine (1000-1200 Ci/mmole, Amersham), 1.0 /¿g of total
poly(A)+ RNA or 0.5 tig of sucrose gradient-fractionated
RNA, and 10 /¿l of rabbit reticulocyte lysate (New England
Nuclear). After incubation at 37°C for 1 hr, 1 til was spot-

ted onto Whatman 3MM filter paper discs and washed in
5% trichloroacetic acid prior to scintillation counting.

Synthesis of double-stranded cDNA

Single stranded cDNA (SS cDNA) was synthesized in a

200-/-1 reaction containing 100 mMTris-HCl pH 8.3, 8 mM
MgCl2, 20 mM dithiothreitol, 4 mM Na4P207, 500 fiM
dCTP, dGTP, and dTTP, 100 tiM [a-32P]dATP (0.5-1.0
Ci/mmole), oligo(dT)12_,8 5 /ig/ml, 50 /¿g/ml of mammary
gland poly(A)* RNA and reverse transcriptase, 7 units/
/ig RNA (Dr. J.W. Beard, Life Sciences, St. Petersburg,
U.S.A.). The reaction was incubated at 42°C for 60 min,
terminated by addition of EDTA to 20 mM and the mix-
ture extracted with phenol/chloroform (1:1, v/v). Nucleic
acid was precipitated from 0.3 M NaOAc pH 6.0 with
2 volumes of ethanol and the pellet dissolved in 50 id 0.1
M NaOH and 10 mM EDTA and heated at 60°C for 30
min. The solution was neutralized and chromatographed
on a Sephadex G-100 column in 5 mMTris-HCl pH 7.5 and
2 mM EDTA.

Double-stranded cDNA (DS cDNA) was made by self-
priming of the first strand (2 /¿g) under the reaction condi-
tions of Sleigh et ai, (1979a) with the addition of 50 /¿Ci
[a-32P]dATP (100 fiM). At this stage and after subsequent
reactions the DNA was purified by phenol/chloroform ex-
traction and gel filtration as described above.

Flush-ended DNA was generated by digestion with SI
nuclease in a 0.7-ml reaction which contained 0.2 iig cDNA,
30 mM sodium acetate pH4.5, 0.3 M NaCl, 4 mM ZnCl2,
and 1000 units of SI nuclease (Boehringer Mannheim).
After incubation at 37°C for 30 min, NaDodS04 was added
to 0.5% and EDTA to 10 mM. The extent of digestion was
checked by electrophoresis of an aliquot of the reacted
DNA on a denaturing 3.5% polyacrylamide gel and by the
amount of radioactive DNA recovered.

Construction of recombinant plasmids and bacterial
transformation

The 3' ends of DS cDNA were extended with dCMP
residues in a 20-iil reaction containing the buffer of
Roychoudhury et ai (1976), 40 ng of SI nuclease-treated
DS cDNA, 60 ttCi [3H]dCTP (27.2 Ci/mmole), and 20 units
of terminal transferase (P.L. Biochemicals). After incuba-
tion at 37°C for 5 min, an aliquot was taken to measure the
incorporation of [3H]dCTP into acid-insoluble material.
Approximately 45 dCMP residues were estimated to have
been added to each 3' terminus. Plasmid pBR322 DNA (0.5
tig) linearized by Pst I digestion was tailed with dGMP
residues under similar conditions. The reaction volume was
120 /xl and included 30 /iCi [a-32P]dGTP (100 iiM) and 100
units of terminal transferase. After incubation at 37°C for
45 min, approximately 35 dGMP residues had been added
to each 3' terminus.

The annealing reaction employed the buffer and condi-
tions described by Sleigh et ai (1979a). Poly(dC)-tailed
DNA (24 ng) was annealed to poly(dG)-tailed pBR322 (480
ng) and transformed into Escherichia coli strain RR1 by the
method of Morrison (1979). The cells were plated onto
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L-agar containing 15 itg/ml tetracycline and incubated at
37°C.

Southern transfer and filter hybridization
The cDNA clones pBxC4, pB/3C14, pB/3L13, pBas,C2,

and pBaslC20 (2 ug of each) were linearized by digestion
with Bam HI and electrophoresed on 1% agarose gels in
Tris-acetate buffer (40 mM Tris, 20 mM NaOAc, 20 mM
NaCl, 5mM EDTA pH 8.15). Southern transfer and hy-
bridization were performed as described by Jeffreys and
Flavell (1977) with the exception that poly(A) was omitted
in prehybridization washes and the hybridization solution.
Total cDNA (slO7 cpm//¿g) was synthesized in a 20-itl
reaction containing the same final concentrations of com-

ponents described above with the exception of [a-32P]dATP
(50-75 /¿Ci, 20(iM). After electrophoresis on a denaturing
3.5% polyacrylamide gel, the five major SS cDNAs were

excised and electroeluted. Each filter was hybridized with
0.8-2.0 x 105 cpm of these five purified probes.

Isolation of recombinant plasmids, restriction
mapping, and DNA sequence analysis

Plasmid DNAs were prepared by rapid alkaline extrac-
tion (Birnboim and Doly, 1979) and the sizes of the inserted
DNA sequences determined by Pst I digestion and elec-
trophoresis on 6% polyacrylamide gels (Peacock and Ding-
man, 1967). Larger quantities of DNA were prepared by
the method of Colman et al., (1978) for restriction map-
ping, Southern transfer, and DNA sequence analysis.

Restriction mapping was done by single or double diges-
tions on total plasmid DNA (2 ¿ig/digest). The fragments
were separated by electrophoresis on 5-10% polyacryla-
mide gels and seen by ethidium bromide staining or by
autoradiography if the fragments had been end-labeled
with an appropriate [o;-32P]deoxynucleoside triphosphate
and E. coli DNA polymerase I (Klenow fragment; Sleigh et
al., 1979b). Further digestions were then performed on end-
labeled insert DNA.

Restriction enzymes obtained from Boehringer Mann-
heim or New England Biolabs were used in accordance with
the manufacturer's instructions. Pst I and Bam HI were

prepared by the method of Greene et al. (1978).
DNA was end-labeled and sequenced as described by

Maxam and Gilbert (1980).

Gel electrophoresis
Poly(A)* RNA and SS cDNA were electrophoresed under

denaturing conditions on 3.5% polyacrylamide gels as

described by Sleigh et al. (1979b).
Translation products and protein standards were elec-

trophoresed on 15% NaDodS04-polyacrylamide slab gels
(20 x 20 x 0.15 cm) for 10 hr at 50 mA as described by
Laemmli (1970). Gels were stained and destained according
to Fairbanks et al. (1971) and dried for autoradiography.
Casein standards were prepared by published methods
(McKenzie and Wake, 1961; Melnychyn and Wolcott,
1967; Manson and Annan, 1971).

RESULTS

Isolation and analysis of bovine mammary
gland mRNAs

Mammary gland RNA was subjected to two cycles of
oligo(dT)-cellulose chromatography. The recovered
poly(A)+ RNA amounted to 0.3-0.5% of the total RNA,
which is comparable with the yields of poly(A)* RNA ob-
tained from lactating mammary tissue of other species
(Rosen et al., 1975a; Craig et al., 1976). This material was

used to direct the synthesis of proteins in vitro and the
products were fractionated on an NaDodS04-polyacryl-
amide gel (Fig. 1). Five major components, labeled A-E,
were apparent although band D, which in this experiment is
seen running as a single component, was observed on other
gels to resolve into two components (not shown). Yosh-
ikawa et al. (1978, 1981) used antibodies prepared against
bovine asr, ß-, and x-casein and /3-lactoglobulin to
immunoprecipitate bovine milk proteins synthesized in
vitro and compared their mobilities on NaDodS04-
polyacrylamide gels with those of authentic milk proteins.
From a comparison of their data with the result shown in
Fig. 1, we conclude that bands B and E represent in vitro-
synthesized as,-casein and /3-lactoglobulin, respectively,
and that the two components in band D correspond to in

1 2

A-
B- ÊÊÈÊÊÊ -oijrCasein

Bo nd C-D_«¡HBBaa^ - ß-Cose in
- K-Cosein

FIG. 1. Analysis of in v/iro-synthesized bovine milk pro-
teins. The figure shows an autoradiogram of an NaDodS04
-polyacrylamide gel containing the products synthesized in
the presence of total bovine mammary gland poly (A)* RNA
(lane 1 ) and in the absence of exogenous mRNA (lane 2).
The incorporation of [35S]methionine was stimulated
fivefold by addition of bovine mammary gland mRNA in
comparison with the level of endogenous protein synthesis.
The positions of authentic a^-, ß-, and x-casein and
/3-lactoglobulin (/3-Lg), which were electrophoresed in ad-
jacent lanes, are also shown.
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FIG. 2. Polyacrylamide-urea gel fractionation of total poly(A)* RNA and its cDNA. Electrophoresis was performed
under denaturing conditions on 3.5% polyacrylamide gels, (a) Lane 1 contains total poly (A)* RNA (4 iig); lane 2, its
cDNA (2 iig). DNA and RNA were seen by staining with acridine orange (McMaster and Carmichael, 1977). Major
cDNA bands are labeled 1-5. (b) Total 32P-labeled SS cDNA (lane 1) was electrophoresed against DNA size standards.
Digests of pBR322 (Sutcliffe, 1978) with Ava \-Hind lll-Pst I (lane 2), Bam Hl-Pst I (lane 3), and Hpa II (lane 4) were
3'-labeled with [a-32P]dCTP and denatured prior to loading. The sizes of the cDNA bands corresponding to components
1-5 from Fig. 2a are indicated.

v/Yro-synthesized /3-and x-casein. The identities of bands A
and C remain unknown, although one of these components
may represent as2-casein.

Polyacrylamide-urea gel analysis of poly(A)* RNA is
shown in Fig. 2a. After two cycles of oligo(dT)-cellulose
chromatography, the mRNA preparation still contained
some 28S rRNA as well as an intense band of material
which comigrated with bacterial 23S rRNA on other gels.
After DNase and RNase digestion of the crude RNA prep-
aration, gel analysis showed that this was DNA, (result not
shown). Several major and minor mRNA bands are also
visible; upon reverse transcription these were copied into
DNAs of similar lengths (Fig. 2a). Two cDNA components
(bands 1 and 2) corresponding to the major mRNA band
were resolved on this gel. In addition, the three more slowly

migrating mRNA bands appear to give rise to correspond-
ing cDNA components (bands 3-5, Fig. 2a) although com-

ponent 3 is barely detectable in the acridine orange-stained
gel. This band can be seen more clearly in autoradiograms
of total [32P]cDNA (Figs. 2b and 8). The sizes of the five
major SS cDNAs, determined from a second denaturing
polyacrylamide gel containing known standards (Fig. 2b),
yielded values of 1140, 1100, 1050, 890, and 800
nucleotides.

Poly(A)* RNA was purified further by sucrose gradient
centrifugation (Fig. 3). A large amount of slowly sediment-
ing material is accompanied by a broad zone of higher-
molecular-weight RNA with small peaks at 12S and 13S.
Fractions spanning the 12S and 13S peaks from a parallel
gradient were analyzed by polyacrylamide-urea gel elec-
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FIG. 3. Sucrose gradient centrifugation of poly( A)* RNA and translation profile. RNA (7.5 A260 units) was centrifuged
on linear 5-20% (w/v) sucrose gradients (Materials and Methods) and fractionated with continuous U.V. monitoring at
254 nm. Fractions of 0.4 ml were collected. The arrows at 5S, 16S, and 23S indicate the positions of Lactobacillus
viridescens RNAs which were run on a parallel gradient. Individual fractions were assayed for translational activity in a
rabbit reticulocyte system. The inset shows a photograph of an ethidium bromide-stained polyacrylamide-urea gel contain-
ing RNA from pooled fractions spanning the 12S and 13S peaks from a parallel gradient (lane 1 ) and poly( A)* RNA after
two cycles of oligo(dT)-cellulose chromatography (lane 2).

trophoresis and shown to lack the 23S DNA band or 28S
rRNA (Fig. 3, inset). The ability of RNA in individual
sucrose gradient fractions to direct protein synthesis in
vitro is shown in Fig. 3. Translational activity was observed
in a 10-20S region of the gradient with maximum activity in
fraction 11 coinciding with the absorbance peak at 13S.

Preparation and screening of cDNA clones

Poly(A)* RNA (10 /ig), purified by sucrose gradient cen-

trifugation and corresponding to fraction 12 from Fig. 3
was used for the synthesis of SS cDNAs and resulted in a

20% yield in comparison with input mRNA. Self-primed
synthesis of the second DNA strand was less efficient
however and could not be improved by altering the ionic
strength or the enzyme concentration; therefore the overall
efficiency of DS cDNA synthesis was low, only 2% of the
theoretical yield.

Homopolymeric tailing of DS cDNA and of Pst
I-digested pBR322 was carried out as described in Materials

Table 1. Nucleotide Lengths and Restriction Data of the Cloned DNA Inserts

Clone

Length of insert
base pairs

13 14 16 19 20 22

560 735 700 550 600 600 510 1150 1150

Pst I
Hpall
Sau 961
Hinf I

4
-5
-

Preliminary restriction enzyme mapping data are shown for 9 of the 13 cDNA clones that
gave a strong positive response after colony hybridization. The number of restriction sites for
each enzyme is indicated. A dash indicates that no site is present.
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and Methods and the recombinant plasmids formed by an-

nealing (from 24 ng of DS cDNA) were used to transform
E. coli RR1. Forty-five transformants were selected by their
resistance to tetracycline and sensitivity to ampicillin and 30
of these were then screened by colony hybridization using
total bovine mammary gland [32P]cDNA as the probe. The
intensity of hybridization in this experiment should be
directly related to the abundance of the hybridizing species
in the total population; hence, the strongly hybridizing col-
onies should represent cDNA clones containing major
bovine milk protein sequences. Thirteen such colonies were
selected for further examination.

Rapid alkaline extracts of the 13 colonies were prepared
and the inserts were excised by Pst I digestion and sized on

polyacrylamide gels (Table 1). Digestion of these clones
with a variety of restriction enzymes enabled identification
of clones containing the same sequences. The inserts for
clones 2, 6, 20, and 22 could be removed intact by digestion
with Hpa II. Digestion of clones 20 and 22 with RsA I, Sau
3AI, and Hae III gave identical gel patterns and common
bands were observed when clone 6 was digested with these
enzymes. Similar data, some of which are shown in Table 1,
indicated that the following pairs of clones contained the
same sequences: clones 14 and 16, clones 13 and 19, and
clones 4 and 8. In this way all of the strongly hybridizing
colonies could be sorted into four groups, except for three
clones that contained less than 500 bp of inserted DNA and
that have not been investigated further.

Identification of cDNA clones by nucleotide
sequence determination

On the basis of detailed restriction maps for members of
each of the four groups of cDNA clones, fragments were
selected for DNA sequence analysis. The restriction map
and some sequencing data for clone 4 are illustrated in Fig. 4.
The DNA sequence immediately adjacent to the poly(dG)-
poly(dC) tract at the 5' end of the clone corresponded to the
amino acid sequence of x-casein beginning at amino acid
residue number 10. The ////if I site predicted from restric-
tion mapping to be in this region of the clone was located
between amino acid residues 16 and 17. The restriction map
and the results of preliminary sequence determinations for
clone 13 are shown in Fig. 5 and indicate that this clone
contains sequences coding for /3-lactoglobulin. The restric-
tion map and partial DNA sequence for clone 14 are shown
in Fig. 6. The DNA sequence 3' to the poly(dG)-poly(dC)
region translates to give the amino acid sequence for
/3-casein beginning at residue 155. Nucleotide sequence
analysis of clone 20 revealed as]-casein sequences. The
restriction map and DNA sequence for amino acid residues
40-115 of asr casein are shown in Fig. 7. The data confirm
the location of the restriction enzyme sites determined by
mapping experiments (////if I, Sau 3AI, and Rsa I sites were
found between amino acid residues 47-48, 51-52, and
106-107, respectively) and suggest that all of the coding se-

quence for mature as,-casein is represented in this clone.

100 200 300 400 500 600 700
bases

Hf Hf Ha

Sa

Ha Sa
Ha

3757

\WW\WWV\M

CGC TGT GAG AM GAT GAA AGA TTC TTC AGT GAC AAA ATX GCC AAA

Arg Cys Glu Lys Asp Glu Arg Phe Phe Ser Asp Lys Ile Ala Lys
10 15 20

FIG. 4. Restriction endonuclease map and partial DNA sequence for clone 4. Restriction enzymes are abbreviated as
follows: Hae III, Ha; ////if I, Hf; Pst I, P; Rsa I, R; and Sau3AI, Sa. The orientation of the insert is indicated by the
Hae III sites in pBR322, which are numbered according to Sutcliffe (1978). DNA sequence analysis was performed on the
490bp Hpa ll-Rsa I fragment which had been 3'-labeled with [a-32P]dCTP and generated from an 840-bp Hpa II fragment
containing the cDNA insert. The DNA sequence illustrated translates to give the sequence for amino acids 10-24 of
«-casein as reported by Mercier et al. ( 1973). The recognition sequence for Hint I is indicated by a line. In other sequencing
runs (data not shown) the carboxyl terminal residue of x-casein and its termination codon were located 3' to the Pst I site
as shown. Coding sequence is indicated by the hatched area and the estimated length of poly(dG)-poly(dC) sequence at
either end of the insert has been filled in. The clone has been designated pB*C4.
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100 200 500 ,_
i bases

S9
Hp Ha

39 S9
Ha S9 Ha

S9

Ha 3757 Sa

A
HP HP

W//////////A
/' Ha 3490

MC AGT GCT GAG CCC GXX CAA AGC TTG GTC TGC GAG TGC CTG

Asn Ser Ala Glu Pro Glu Gin Ser Leu Val Cys Gin Cys Leu

110 120

FIG. 5. Restriction endonuclease map and partial nucleotide sequence for clone 13. Abbreviations for restriction enzymes
are shown in Fig. 4 with the exceptions, Sau 961; S9; Taql, T; and/I va I, A. The nucleotide sequence displayed was deter-
mined using the 220-bp Sau 961-Pst I fragment after 3' labeling with [a-32P]dATP. The inferred amino acid sequence cor-

responds to residues 109-122 of/3-lactoglobulin as reported by Braunitzer et ai (1973). From this data, the position of the
carboxy-terminal residue (amino acid 162 of /3-lactoglobulin) in the restriction map was deduced to reside between the
Hpa II sites as indicated. Coding and poly(dG)-poly(dC) sequences are illustrated as shown in Fig. 4. The clone has been
designated pB/3L13.

100
_i_

200 300 400 500 bases

Ha
3757

GTC ATG TTT CCT CCT CAG TCC GTG CTG TCC CTT TCT CAG TCC AAA

Val Met Phe Pro Pro Gin Ser Val Leu Ser Leu Ser Gin Ser Lys
155 160 165

FIG. 6. Restriction endonuclease map and partial DNA sequence for clone 14. Abbreviations for restriction enzymes
have been used previously in Figs. 4 and 5. Nucleotide sequence analysis was carried out after excision of the cDNA insert
with Pst I by Hpa II digestion and 3' labeling with [a-32P]dCTP. The sequence shown was derived from the 170-bp Hpa II-
Pst I fragment and translates to give the amino acid sequence for residues 155-169 of x-casein (Ribadeau-Dumas et ai,
1972). The location of the carboxy-terminal residue (amino acid 209) of 0-casein was determined after sequence analysis
of the 430-bp Hpa ll-Pst I fragment (data not shown). Coding sequences and homopolymeric tails are indicated as shown
in Fig. 4. The clone has been designated pB/3C14.
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O 100 200 300 400 500 600 700 800 900 1000 1100 bases

CTG AGC AAG CAT ATT GGG AGT GAA TCA ACT GAA GAT CAA GCC ATG GAA GAT ATT AAG

Leu Ser Lys Asp lie Gly Ser Glu Ser Thr Glu Asp Gin Ala Met Glu Asp Ile Lys
40 | | 50

P P

CAA ATG GAA GCT GAA AGC ATT TCG TCA AGT GAG GAA ATT GTT CCC AAT AGT GTT GAG

Gin Met Glu Ala Glu Ser Ile Ser Ser Ser Glu Glu Ile Val Pro Asn Ser Val Glu

60 1 I I I 70 I5,1 P P P P P

CAG AAG CAG ATT CAA AAG GAA GAT GTG CCC TCT GAG CGT TAC CTG GGT TAT CTG GAA

Gin Lys His Ile Gin Lys Glu Asp Val Pro Ser Glu Arg Tyr Leu Gly Tyr Leu Glu

80 90

CAG CTT CTC AGA CTG <VAA AAA TAC AAA GTA CCC CAG CTG GAA ATT GTT CCC AAT AGT

Gin Leu Leu Arg Leu Lys Lys Tyr Lys Val Pro Gin Leu Glu Ile Val Pro Asn Ser

10(1 110

FIG. 7. Restriction endonuclease map and partial DNA sequence for clone 20. The abbreviations for restriction enzymes
are the same as those used in Fig. 4 with the addition, Eco RI, E. Partially overlapping DNA sequence was obtained using
two strategies. A Hpall fragment containing the entire cDNA insert was labeled with [a-"P]dCTP and then cut with
Eco RI. The 655-bp Hpa ll-Eco RI fragment provided the DNA sequence for amino acid residues 40-63 of asl-casein. The
DNA sequence for amino acid residues 52-115 of asl-casein was obtained from the 235-bp ////if l-Sau 3A1 fragment after
labeling ////if I sites in the clone-20 insert with [a-32P]dATP and digestion with Sau 3A\. The deduced amino acid se-

quence agrees with that reported by Mercier et al. (1971) and Grosclaude et al. (1973b). Other sequencing data (not
shown) located the carboxy-terminal residue and the termination codon for asl-casein approximately 15 nucleotides 5' to
the Eco RI site in the cDNA insert. Coding and poly(dG)-poly(dC) sequences are indicated as shown in Fig. 4. This cDNA
clone has been designated pBaslC20.

Clone 2, on the basis of the data in Table 1, appeared to
contain the same sequences as clones 6, 20, and 22 (i.e., asr
casein). This was confirmed by restriction mapping and
DNA sequence analysis (data not shown). This clone,
designated pBaS|C2, contains approximately 230 bp of se-

quence 5' and 280 bp of sequence 3' (excluding
homopolymer tails) to the Eco RI site shown in Fig. 7 and
was particularly useful for locating ////if I sites on the asr
casein map.

Identification of specific single-stranded cDNAs

To identify the individual SS cDNAs corresponding to
the major lactoproteins, the cDNA clones that had been
identified by DNA sequence analysis were immobilized on

nitrocellulose filters and hybridized to purified milk protein
cDNAs. Purification of the five major SS cDNAs from
total, high-specific-activity cDNA was done by gel elec-
trophoresis (Fig. 8). Contamination by minor bands is
barely detectable (right panel, lanes a-e); hence, the major
cDNA bands should be essentially homogeneous after exci-
sion and elution from the second gel. The results of the
filter hybridizations are shown in Fig. 9. In A, probe 1
hybridized to pBas,C20 (lane 4) and probe 2 to pB/3C14

(lane 5). In B, probe 3 hybridized to pBaslC2 (lane 4),
probe 4 to pBxC4 (lane 8), and probe 5 to pB/3L13 (lane
12). The background hybridization in other lanes may have
resulted from the omission of poly(A) in the hybridization
solution.

Table 2 summarizes the data obtained for the sizes of the
milk protein cDNA clones and their corresponding SS
cDNAs. Since the lengths calculated for the major SS
cDNAs closely approximate the sizes of their respective
mRNAs (Fig. 2a), the proportions of these sequences that
are contained in the cDNA clones range from 50% for
/3-casein to essentially full-length for as]-casein. The obser-
vation that two cDNA components (probes 1 and 3) con-

tain as | -casein sequences may indicate that probe 3 is an

artefact produced during reverse transcription. Alterna-
tively, the presence of an mRNA band corresponding to
probe 3 (Fig. 2a) may suggest heterogeneity in the length of
the as]-casein mRNA.

DISCUSSION

Our results document the preparation and identification
of cloned cDNA sequences corresponding to three of the
four bovine caseins as well as /3-lactoglobulin and establish
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FIG. 8. Purification of bovine milk protein cDNAs by gel electrophoresis. Electrophoresis was performed on denaturing
3.5% polyacrylamide gels. The panel on the left shows the separation of the cDNA bands ( 1-5 from Fig. 2a) in a prepara-
tion of total, high-specific-activity [32P]cDNA. The panel on the right shows the result of reelectrophoresis of the material
recovered after electroelution of the individual bands from the first gel. Lanes a-e contain probes 5-1 respectively. The in-
dividual bands were excised and the DNA electroeluted and used as hybridization probes to identify their respective se-

quences.

the identity and the size of their respective SS cDNAs. In
accordance with the previously reported abundance of ca-

sein mRNAs in lactating tissue (Rosen et ai, 1975a; Craig
et ai, 1976; Yoshikawa et al., 1981), sequences correspond-
ing to the three bovine casein cDNA clones were found in
8 of the 13 clones that were characterized by their restric-
tion patterns; another 2 clones contained sequences specify-
ing /3-lactoglobulin.

As a consequence of using self-priming to synthesize the
second cDNA strand, all of the clones lack varying
amounts of their 5' ends. Nevertheless, the asrcasein cDNA
clone (pBaslC20) is close to full-length (Table 2), while the
x-casein cDNA clone (pBxC4) contains approximately
75% of its mRNA sequence. In contrast to pBaslC20, this
clone is missing some terminal 3' noncoding sequences as

DNA sequence analysis failed to reveal the expected poly-
adenylation signal (Fitzgerald and Shenk, 1981) or poly(A)
tail (data not shown).

The nucleotide sequence data presented for the asl-casein
cDNA clone is of interest from a number of viewpoints.
The posttranslational phosphorylation of casein has been
well documented (reviewed by Mercier, 1981), and incor-
poration of all the phosphate residues in casein can be ac-
counted for by an enzyme that recognizes either a glutamic
acid or serine phosphate residue at a position n + 2 to an

available serine residue. However, in vitro studies with pro-
tein kinase activities derived from lactating tissue have not
been able to account for the phosphorylation of all the sites
phosphorylated in vivo (Mackinlay et ai, 1977; Bingham,
1979). Following the isolation from lactating bovine mam-

mary gland of a minor seryl tRNA which is able to be
phosphorylated to form phosphoseryl tRNA (Sharp and
Stewart, 1977), the possibility existed that some of the
phosphate in casein may be incorporated directly as serine
phosphate during protein synthesis. If this were the case, it
would be necessary for a specific codon to be reserved in
mammary tissue for recognition by the phosphoseryl
tRNA. The partial nucleotide sequence specifying asr
casein (see Fig. 7) spans all eight phosphoseryl residues

found in this protein. These are all encoded by normal
serine codons. Sequence data for 32 serine codons in the
various caseins have been obtained and the only serine
codon that occurs at a position occupied by serine
phosphate, but not at positions occupied by serine, is the
codon UCG at amino acid residue 66 in as]-casein (Fig. 7).
While it remains a formal possibility that this codon is
reserved for the incorporation of phosphoseryl residues
during translation, it seems more likely that the low fre-
quency of this codon is simply a consequence of the low fre-
quency of CG dinucleotides (and hence of codons of the
type XCG), which is a characteristic of eukaryotic DNA
(Swartz et ai, 1966). The sequence data therefore do not
support the notion that a co-translational mechanism of
phosphate incorporation operates during casein synthesis.
Resolution of the question of the role of phosphoseryl
tRNA in protein synthesis will depend on the determination
of its anticodon sequence.

asl-Casein contains a short sequence of six amino acids
that is repeated at positions 70-75 and at positions 110-115.
The nucleotide sequence spanning these residues is shown
in Fig. 7. There are no silent nucleotide substitutions within
the repeated sequences. The rate of change of nucleotide se-

quence for the single-copy fraction of nuclear DNA has
been estimated at about 1% per million years (Efstratiadis
et ai, 1980). Therefore, it appears that the duplication
event that gave rise to these sequences probably occurred
relatively recently.

The amino acid sequence of the serine phosphate cluster
for bovine asl- and /3-casein is highly conserved and also
displays homology with the rat /3-casein sequence (Fig. 10).
Nucleotide sequence comparison of this region in bovine
asl-casein and rat /3-casein reveals approximately 75%
nucleotide homology (Fig. 10). These data, apart from
reflecting the functional importance of serine phosphate
residues in the caseins, represent the first evidence at the
nucleotide level that suggests that the calcium-sensitive ca-
seins have evolved from a common ancestral gene contain-
ing the casein kinase recognition sequence.
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FIG. 9. Filter hybridization of cloned cDNAs to purified milk protein cDNAs. The panel on the left in both A and B is a

photograph of the ethidium bromide-stained agarose gels containing Bam Hl-digested cDNA clones. All other panels are

autoradiograms of nitrocellulose filters. (A) Lanes 1 and 2 contain pB/3C14 and pBaslC20 (refer Figs. 6 and 7), respectively.
The corresponding duplicate filters, from left to right, were hybridized to probes 1 and 2 (Fig. 8). (B) Lane 1 contains
pBaS|C2; lane 2, pB*C4 (Fig. 4); and lane 3, pB/3L13 (Fig. 5). The adjacent replica filters, from left to right, were

hybridized to probes 3, 4, and 5, respectively (Fig. 8).

Table 2. Sizes of the Bovine Milk Protein cDNA Clones and Their Corresponding SS cDNAs

Clone

Number of amino
acid residues

Protein
Leader
peptide"

Mature
protein

SS cDNA
showing

hybridization

Estimate of
mRNA length
(núcleotides)b

Length of
cloned insert
(base pairs)

% of sequence
present in

cloned insert'

pBxC4
pB/3L13
pB/3C14
pBaslC20

x-Casein
/3-Lactoglobulin
/3-Casein
asrCasein

21
18
15
15

169
162
209
199

4
5
2

(3)

890
800

1100
1140(1050)

735
550
600

1150

75
60
50
95

"Sizes of ovine lactoprotein signal peptides (Mercier and Gaye, 1980).
'Estimates are derived from measurement of SS cDNA copies.
'Values were determined after taking into account the estimated lengths of the homopolymeric tails (70 bp).
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20
Rat ß-casein Gly-SerP-Ile SerP-SerP-Glu-Glu-SerP-Val

GGT AGT ATT TCC AGT GAG GAA TCC GTT
GAA AGC ATT TCG JCA AGJ GAG GAA ATT GTT

Bovine a ,-casein Glu-SerP-Ile-SerP-SerP-SerP-Glu-Glu-Ile-Val
S1 70

Bovine ß-casein Glu-SerP-Leu-SerP-SerP-SerP-Glu-Glu-Ser-Ile
20

FIG. 10. Comparison of the nucleotide sequences for the serine phosphate cluster of bovine as,-casein and rat /3-casein.
The rat /3-casein sequence has been determined by Blackburn et ai (1982) and the bovine asrcasein sequence was

reproduced from Fig. 7. The amino acid sequence for bovine /3-casein (Ribadeau-Dumas et ai, 1972) is also compared.
Underlined nucleotides are identical in the compared sequences.

The casein cDNA clones described here are currently be-
ing used to screen a bovine genomic DNA library. Prelimi-
nary studies on genomic rat casein clones indicate that these
genes contain multiple intervening sequences (Rodgers et
ai, 1980). The location of introns within the casein genes is
of particular interest because work on other genes has in-
dicated that they may specify structural and/or functional
domains in the protein (Breathnach and Chambón, 1981).
Furthermore, the arrangement of intervening sequences in
the calcium-sensitive caseins, together with comparative
nucleotide sequence data, may provide insight into the
manner in which these genes were constructed during evolu-
tion.
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