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ABSTRACT

@-LactaIbuminwas purified to homogeneity from the
R3230AC rat mammary adenocarcinoma. a-Lactalbumin from
the R3230AC tumor had the same amino acid and carbohy
drate composition, migration on gel electrophoresis, and spe
cific activity as did a-Iactalbumin isolated from normal rat milk.

INTRODUCTION

a-Lactalbumin is a protein secreted by the mammary gland
and is found in the milk of all species which contain lactose
(6). The function of a-lactalbumin is to modify a galactosyltrans
ferase and reduce the Km for glucose so lactose is made
effectively (7). The mammary gland is under strict hormonal
control (4), and a-Iactalbumin is synthesized by fully differen
tiated mammary epithelial cells (i 3). a-Lactalbumin is an ex
cellent marker of the mammary gland and is a well-character
ized protein with biological activity, and sensitive radioimmu
noassays have been developed (14). Detection of a-Iactalbumin
and casein in senahas been used as an indicator of mammary
gland abnormalities (9, i i).

Explants of normal mammary glands have been used to
study the effect of hormones on the synthesis of a-lactalbumin
and caseins (i 2), and prolactin has been shown to be essential
(i 5). Studies of the effect of hormones on the synthesis of
specific milk proteins in tumor tissue should provide insight
into the hormonal dependence of tumors.

Before such studies are undertaken, it is important to estab
lish that the proteins produced by the tumor and the normal
cells are identical. Tumors may produce a different form of a
protein than is found in the normal tissue. For example, a
different form of galactosyltransferase is present in the sera of
cancer patients as compared to normal patients (i 3). To de
termine if a-Iactalbumin exists in a different form in tumors, as
compared to that found in normal rat milk, the a-Iactalbumin
from the R3230AC mammary adenocarcinoma was isolated
and characterized. The R3230AC adenocarcinoma is a trans
plantable mammary tumor which secretes a-Iactalbumin (14).
Rat a-lactalbumin, in contrast to a-lactalbumin isolated from
other species, is unique in that it is a glycoprotein and may be
isolated as 3 change forms which are all active in the lactose
synthetase reaction (3). These studies report the first isolation
of an a-Iactalbumin from a tumor source.

MATERIALS AND METHODS

Materials. Virginfemale CD Fischer344 rats were obtained

1 Supported in part by National Cancer Institute Contract 1 -CB-3391 0 and

Grant PCM-772061 4 from the National Science Foundation.
2 To whom requests for reprints should be addressed, at Department of

Biochemistry, University of Kansas Medical Center, 39th and Rainbow Boulevard,
Kansas City, Kans. 66103.

Received April 2, 1979; accepted June 12, 1979.

from Charles River, Wilmington, Mass., and rat mammary tu
mons(R3230AC) were obtained from the Mason Tumor Bank,
Worcester, Mass. The tumors were transplanted into 18-day
old virgin female rats, and after 10 days of growth, the tumors
were removed after decapitation of the rats. The tumors were
immediately frozen and stored at â€”15Â°.

Bio-GeI P-i 50, Bio-GeI A-0.5m, acrylamide, methylenebis
acrylamide, N,N,N',N'-tetramethylethylenediamine, and am
monium persulfate were obtained from Bio-Rad Laboratories
(Richmond, Calif.), DE 52 was obtained from Whatman Co.
(Clifton, N. J.), concanavalin A was purchased from Miles
Laboratories (Elkhart, Ind.), and Sepharose was obtained from
Pharmacia Fine Chemicals, Inc. (Piscataway, N. J.). All other
chemicals were reagent grade.

Methods. Concanavalin A was coupled to CNBr-activated
Sepharose (5). Rat a-Iactalbumin was isolated from rat milk by
the procedure of Brown et a!. (3) and was assayed using the
coupled spectrophotometnic assay (8) or radioimmunoassay
(i4).

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
was performed as described by Weber and Osborn (16). The
gels were stained for i 8 hr with 0.05% Coomassie blue in 40%
methanol and 7.5% acetic acid and were destained in 7.5%
acetic acid for 24 hr. Disc gel electrophoresis was performed
as described by Brewer and Ashworth (1).

Amino Acid Analysis. Samples were hydrolyzedwith con
stant boiling HCI in sealed tubes under reduced pressure at
105Â°for 24 and 48 hr. Glucosamine and galactosamine were
analyzed after hydrolysis with 4 N HCI under reduced pressure
in sealed tubes for 6 hr at i 00Â°.Amino acids were determined
on a Beckman i 21 MB analyzer, and amino sugars were
determined on a Beckman i 2i HP analyzer, both of which
were equipped with a System AA computing integrator (Beck
man Instrument Manual).

Neutral Sugar Analysis. Samplesfor neutralsugaranalysis
were hydrolyzed in 0.25 N H2504 containing Dowex 50-X8
resin (10). Sulfate was removed by Dowex 1 (fonmate). The
neutral sugars were separated as their alditol acetates upon
chromatography on a Hewlett Packard 5931 A gas chromato
graph equipped with a i 8850 GC terminal (i 0). A single column
(2 mm X 6 ft) of 3% SP 2340 (Supelco) on a Supelcoport (80
to 120 mesh) was used with nitrogen as the carrier gas. The
column was operated at a flow rate of 20 mI/mm, and the
temperature program was 180â€”225Â°at a rate of 1Â°/min.

RESULTS

Isolation of a-Lactalbumin from R3230AC Rat Mammary
Tumors. Tumors,280 g, were homogenizedat 4Â°in 800 mlof
0.02 M Tnis-0.i M KCI, pH 7.4, in a Polytron (Setting 5) for 2
mm. The resulting supernatant solution was centrifuged at
100,000 x g for 60 mm in the presence of proteolytic inhibitors
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(0. 1% w/v) tosylphenylchlonoketone and tosyllysylchlonoke
tone. After centnifugation, the pH was adjusted to 5.0 with 0.1
N HCI, and the resulting precipitate was removed by centrifu

gation at i 8,000 x g for 30 mm. This solution contained a-
lactalbumin which was precipitated by ammonium sulfate be
tween 60(i .32 g/i 00 ml)and 80% (i 4.3 g/i 00 ml) saturation.
The precipitate was dissolved in 30 ml of 0.02 M Tris-0. 10 M
KCI, pH 7.5, and applied to a Bio-Gel P-i 50 column which was
eluted with the same buffer.

Blo-Gel P-i 50 Chromatography of the R3230AC Tumor
Extract. Protein(i 76 mg)fromthe 80% precipitatewasapplied
to the Bio-GeI P-i 50 column (0.5 x 90 cm). The buffer used to
elute the proteins was 0.02 M Tnis-O.i0 M KCl, pH 7.5. The
flow rate was 6 mI/hn, and 6-mI fractions were collected. The
column was monitored for a-lactalbumin by the radioimmu
noassay, and a-Iactalbumin was present in Fractions 50 to 70.

DEAE-Cellulose Chromatography of a-Lactalbumin from
Tumors. The peak correspondingto a-lactalbumin from the
Bio-Gel P-i 50 column was pooled and dialyzed against 0.02
M Tnis, pH 7.5, for 2 days at 4Â°. The dialyzed sample was

applied to a DEAE-cellulose column (2 x 30 cm) equilibrated
with 0.02 M Tnis, pH 7.5. The column was washed with the
starting buffer until no absorbance at 280 nm was in the eluent.
A linear gradient from 0.02 M Tnis to 300 m@ipotassium
chloride, pH 7.5, was used. The volume of each buffer was
150 ml, the flow rate was i 0 ml/hr, 2.5-mI fractions were
collected, and every other tube was assayed for a-lactalbumin
using the spectrophotometnic assay (i i).

Bio-Gel A-O.5m Chromatography of a-Lactalbumin from
Tumors. The a-lactalbumin was pooled from the previous
DEAE-cellulose column and was precipitated with ammonium
sulfate (56.i g/i 00). The precipitate was dissolved in 0.5 ml
of 0.02 M Tnis, pH 7.5, and applied onto a Bio-GeI A-0.5m
column (1 x 99 cm) equilibrated with the same buffer. The flow
nate was 8 mI/hr, and i -ml fractions were collected. The
fractions were assayed for a-lactalbumin by the spectrophoto
metric assay, and a-lactalbumin was found in Fractions 30 to
50(Chart i).

Concanavalin A-Sepharose Chromatography of a-Lactal
bumin from Tumors. a-Lactalbumin from the Bio-Gel A-0.5m
column was not pure since at least 4 contaminating proteins
were present upon sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (data not shown). It was evident that the tumor
a-Iactalbumin cannot be purified in the same manner as a-
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Chart 2. Concanavalin A-Sephanose chromatography of rat tumor o-Iactal

bumin. Experimental details are in the text. â€¢,A2,@.Arrow, elution of the column
by a-methyl mannoside. The a-Iactalbumin activity coincided with the second
peak.

lactalbumin from nat milk. In the sodium dodecyl sulfate-poly
acrylamide gels of the impure a-lactalbumin from the tumors,
only one protein band stained positively for carbohydrate (per
iodate-Schiff stain), and this band had identical mobility to pure
a-Iactalbumin isolated from rat milk. It was evident that the
contaminating proteins in the tumor a-Iactalbumin samples
were not glycoproteins, whereas rat tumor a-Iactalbumin was
a glycoprotein. Hence, an affinity column, concanavalin A-
Sepharose, which specifically binds a-mannosyl residues in
glycoproteins was used as the last stage for the purification of
a-lactalbumin from tumors. Four A2sounits of a-Iactalbumin
from the Bio-Gel A-O.5m column in 5 ml of 0.Oi M NaHCO3
were applied to a concanavalin A-Sepharose column (7 x 0.5
cm). The buffer used for equilibration and elution was 0.Oi M
NaHCO3, pH 8.1 . The flow rate was i 3 ml/hr, and i -ml
fractions were collected. Some proteins did not bind to the
column and appeared in the initial wash. The column was then
eluted with 50 ml of 0.Oi M NaHCO3containing 0.2 PAa-methyl
mannoside, and the protein was pooled and assayed spectro
photometrically for a-Iactalbumin. As shown in Chart 2, a-
methyl mannoside displaced a-Iactalbumin from the column.

A summary of the entire purification scheme is presented in
Table i . The a-lactalbumin isolated from the R3230AC rat
mammary tumor had a comparable specific activity (0.225) to
a-lactalbumin isolated from rat milk.

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electropho
resis of a-Lactalbumin from R3230AC Rat Tumors. Upon
electrophoresis on sodium dodecyl sulfate-polyacrylamide
gels, a-lactalbumin from the tumor migrated as a single band,
and the migration was identical to a-Iactalbumin isolated from
rat milk. Using standard proteins of known molecular weights,
a value of 26,000 was obtained for both a-Iactalbumins isolated
from the rat tumor and from milk. However, a-Iactalbumin
isolated from rat milk has a true molecular weight of i 6,000 as
obtained from sedimentation equilibrium and by thin-layer gel
chromatography in 6 M guanidine hydrochloride (3). The atyp
ical behavior of a-Iactalbumin from rat milk on sodium dodecyl
sulfate-polyacrylamide is due to the presence of carbohydrate.

Electrophoresis of a-Lactalbumln from Rat Tumors on
Polyacrylamide Disc Gels. a-Lactalbumin from rat milk stains
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Chant 1. Bio-GeI A-O.5m chromatography of o-lactalbumin from tumors. Ex
perimental details are given in the text. â€¢,A2,,@;A, a-lactalbumin.
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Purification ofa-lactalbuminrom the R3230AC rat mammarytumorStepVolume

(ml)Protein (mg)ActivityunitsaSpecificactivitybYieldFold
pun

ficationExtract8002550NDCNDNDND60-80%

ammonium sulfatepellet352602600.0011.0Bio-GeI
P-150168126NDND101NDDEAE-cellulose30150.1580.018010Bio-GeI

A-0.5m74.70.2670.0569756Concanavalin
A-Sephanose3.54. 170.8520.20569205

ComponentRat

a-
lactalbu

minaResidues/molRat

n-Iactalbumin

24 hr 48 hr Av.Rat

tumor a-I
bumin

24 hr 48 hractalAv.Aspartic

acidb1518.9 16.8 17.817.516.917.2Threonine55.7
5.3 5.56.05.75.8Serine109.5
9.7 9.69.99.89.8Glutamic

acidb1618.6 18.5 18.519.719.919.8Proline66.7
6.6 6.67.97.77.8Glycine77.9
8.1 8.07.37.37.3Alanine86.7
9.6 8.16.87.77.2Valine56.9
7.3 7.17.88.17.9Isoleucine89.9
9.9 9.99.89.99.8Leucine79.2
9.3 9.210.310.510.4Tyrosine32.7
3.1 2.93.53.23.3Phenylalanine44.7
5.2 4.95.45.45.4Lysine1012.3

12.2 12.212.412.312.3Histidine93.1
3.1 3.13.33.33.3Arginine22.0
2.0 2.02.02.02.0Mannose32.82.6Galactose31

.92.2Fucose0.80.50.6Sialicacid22.21.9N-Acetylglucosa

34.04.3mineN-Acetylgalactosa

0TraceTracemine

R. V. Prasad and K. E. Ebner

Table 1

a Total units as determined in the coupled spectrophotometnic assay (8).

b Specific activity of pure a-Iactalbumin from rat milk is 0.225.

C ND, not determined.

Table 2
Amino acid and carbohydrate composition of rat a-lactalbumin and rat tumor @-

lactalbumin

The residues per mole are based on arginine = 2.0.
â€¢1@

Fig. 1. Polyacrylamide disc gel electrophoresis of a-lactalbumins from rat milk
and rat tumors. The gel on the right represents o-lactalbumin isolated from rat
milk and the one on the left is a-lactalbumin from the R3230AC rat tumor. Protein,
(50 pig)was placed on 7.5% polyacrylamide gels. For details see@ Materials and
Methods.@

as 3 protein bands upon electrophonesis on disc gels (3). To
determine if the a-Iactalbumin from tumors behaved in a similar
manner, disc gel electrophoresis was performed on the a-
lactalbumin isolated from tumors. The results in Fig. 1 show
that like a-lactalbumin from rat milk, 3 charge forms are present
in a-lactalbumin isolated from tumors.

Amino Acid Composition of the a-Lactalbumin of Rat Tu
mors. Table 2 presents the amino acid and carbohydrate
composition of a-Iactalbumin isolated from rat tumors. The a-
lactalbumin from rat tumors is also a glycoprotein, and the
carbohydrate and amino acid analysis is very similar to that of
a-lactalbumin isolated from rat milk. There is excellent agree
ment between the composition shown in Table 2 and that
obtained by Brown et a!. (3), except for small differences in
aspartic acid, glutamic acid, leucine, and lysine. The discrep
ancy may be due to the use of a more sensitive amino acid
analyzer, since only jxgquantities of a-lactalbumin were hydro
lyzed and analyzed on the Beckmann MB 121 microbore amino
acid analyzer.

DISCUSSION

a-Lactalbumin from rat tumors was purified to homogeneity,
and its properties were compared to those of a-lactalbumin

a Values obtained by Brown et aI. (3).

b Values include amide.

from rat milk. a-Lactalbumin was present in very low amounts
(0.1 % w/w) in the tumor, and the presence of numerous tissue
proteins made the purification difficult. Isolation of a-lactalbu
mm from normal mammary tissue is also very difficult (2). The
higher-molecular-weight proteins were separated efficiently on
a Bio-GeI P-i 50 column. The a-Iactalbumin peak from the Bio
Gel A-0.5m column contained at least 4 contaminating pro
teins, as judged by electrophoresis on sodium dodecyl sulfate
polyacrylamide gels, but only one glycoprotein which had the
same migration as rat a-lactalbumin. Since rat a-Iactalburnin is
a glycoprotein, it bound readily to a concanavalin A-Sepharose
column and was eluted with a-methyl mannoside.

The isolated tumor a-Iactalbumin exhibited a single band on
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
had a migration identical to a-lactalbumin isolated from rat milk.
The tumor rat a-Iactalbumin exhibits 3 change forms upon
electrophonesis on disc gels. Again, the migration patterns
were identical to those of rat a-Iactalbumin isolated from milk.
It has been shown (3) that the charge forms in rat a-lactalbumin
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lactalbumin for the B protein of lactose synthetase. Biochem. Biophys. Aes.
Commun., 24: 232-236, 1966.

7. Fitzgerald, 0. K. , Brodbeck, U., Kiyosawa, I. , Mawal, A. , Colvin, B. , and
Ebner, K. E. a-Lactalbumin and the lactose synthetase reaction. J. Biol.
Chem., 245: 2103â€”2108,1970.

8. Fitzgerald, D. K., Colvin, F., Mawal, R., and Ebnen,K. E. Enzymic assay for
galactosyltransferase activity of lactose synthetase and a-Iactalbumin in
purified and crude systems. Anal. Biochem., 36: 42â€”61, 1970.
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serum of normal subjects and of patients with various malignancies. Eur. J.
Cancer, 10: 725â€”730,1974.

10. Kim, E. H. , Shome, B., Liao, T. H. , and Pierce, J. G. Analysis of neutral
sugars by gas liquid chromatography of alditol acetates. Anal. Biochem.,
20: 258â€”274,1967.

11. Kleinberg, D. L. Human a-lactalbumin: measurement in serum and in breast
cancer organ cultures by radioimmunoassay. Science, 190: 276â€”278,
1976.

12. Lockwood, D. H. . Turkington, R. W., and Topper, Y. T. Hormone dependent
development of milk proteins synthesis in mammary gland in vitro. Biochim.
Biophys. Acta, 130: 493-501 , 1967.

13. McKenzie, L., Fitzgerald, D. K. , and Ebner, K. E. Lactose synthetase
activities in rat and mouse mammary glands. Biochim. Biophys. Acta, 230:
526-530, 1971.

14. Schultz, G. S., and Ebner, K. E. Measurement of a-Iactalbumin in serum and
mammary tumors of rats by radioimmunoassay. Cancer Res., 37: 4482-
4488, 1977.

15. Turkington, A. W., Brew, K., Vanaman, T. E. , and Hill, A. L. The hormonal
control of lactose synthetase in the developing mouse mammary gland. J.
Biol. Chem., 243: 3382-3387, 1968.
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by dodecyl sulfate-polyacrylamide gel electrophoresis. J. Biol. Chem., 244:
4406â€”4412,1969.

are due to varying amounts of sialic acid, and upon complete
removal of sialic acid, all forms migrate as a single band. Since
tumor rat a-Iactalbumin is a glycoprotein and has a similar
carbohydrate composition as rat a-lactalbumin, it is highly
probable that the charged forms are due to sialic acid.

Rat a-lactalbumin isolated from the R3230AC mammary rat
tumor is very similar if not identical to rat a-Iactalburnin isolated
from milk with respect to amino acid and carbohydrate corn
position, migration on sodium dodecyl sulfate gel electropho
resis, and specific activity in the lactose synthetase reaction.
The complete carbohydrate and amino acid sequence of rat
a-lactalbumin is nearing completion in this laboratory. The
R3230AC tumor can be an important system for studying
protein glycosylation and biological control of the synthesis of
a-lactalbumin, a specific milk protein.
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