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Abstract A recombinant human ¢,,-casein was expressed
as a secretory product in the yeast Saccharomyces cerevisiae.
Three different leader sequences derived from the mating
factor al (MFol), inulinase, and human o ,-casein were used
to direct the secretion of human ¢ -casein into the extracellular
medium. Among the three leader sequences tested, the native
leader sequence of human Ot -casein was found to be the most
efficient in the secretory expression of human o -casein,
which implies that the native leader sequence of human -
casein might be used very efficiently for the secretory production
of other heterologous proteins in yeast. The recombinant
human @,-casein was proteolytically cleaved as the culture
proceeded. Therefore, an attempt was made to produce
human O -casein using a S. cerevisiae mutant in which the
YAP3 gene encoding yeast aspartic protease 3 (YAP3) was
disrupted. After 72 h of culture, most of the human 0, ,-casein
secreted by the wild type was cleaved, whereas more than
70% of the human O -casein secreted by yap3-disruptant
remained intact. The results suggest that YAP3 might be
involved in the internal cleavage of human 0 ;-casein expressed
in yeast
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Casein is a major milk protein constituting about 40%
of the total protein content in the mature human milk [19].
In general, the ruminant casein consists of o, B-, and k-
casein subunits. However, human casein has been thought
to lack the o-casein which is a predominant fraction
(~50%) of the bovine casein [19, 21]. Recently, the
presence of ¢ ,-casein in human milk was revealed by the
characterization of an o -casein like protein purified
directly from human milk [6,23]. Subsequently, three
types of human o, -casein mRNA transcripts have been
cloned and sequenced [16].
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Since o -casein accounts for only 0.06% of the total
protein content of human milk [6], it seems almost
impossible to supply a sufficient amount of native human
o,,~casein from human milk for the purpose of studying its
structure and biological function. Therefore, we had
previously overproduced human o ,-casein up to 25% of
the total cell protein via recombinant DNA technology
using E. coli [18].

In the present work we have attempted to express
human o, -casein as a secretory product. Since yeast is a
more desirable host system for the production of human
secretory proteins due to its similarity with animal cell
secretion pathways, S. cerevisiae was used as the host. To
investigate the effect of the leader sequence on the
secretion of human o-casein, the studies with three
different leader sequences, the mating factor ol (MFal),
the inulinase, and the human o,-casein leader, were
carried out. In addition, we also examined the proteolysis
of human o -casein expressed in yeast as a secretory
product. This is the first report on human o, -casein
expression in yeast.

MATERIALS AND METHODS

Strains and Transformation

The yeast strains used in this study are S. cerevisiae 2805
(MATo pep4::HIS3 prbl canl his3-200 ura3-52) [9],
S. cerevisiae 334 (MATo pep4-3 prbl-1122 ura3-52 leu2-
3, 112 regl-501 gall) [14] and Saccharomyces cerevisiae
334-HY (MATo pepd-3 prbl-1122 ura3-52 leu2-3, 112
reg1-501 gall yap3::LEU2) [17]. Yeast transformation was
carried out by the lithium acetate method [15]. Escherichia
coli DH50r was used for bacterial transformation and
plasmid propagation [24].

Construction of Human o,,-Casein Expression Vectors
Three different expression vectors, pY GMF-HoC, pYGINU-
HoC, and pYGHaC-HaC, were constructed to express
and secrete human o -casein. The DNA fragment



encoding mature human o ,-casein was amplified by PCR
from the cloned human o -casein ¢cDNA using the
following synthetic oligonucleotides: (1) 5'-CGC CGT
CTA GAT AAA AGG AGG CCT AAA CTT CCT CTT-3'
(nucleotide 74-91); (2) 5'-T ATT AAT TAC AAG AGA
AGG CCT AAA CTT CCT CTT-3' (nucleotide 74-91); (3)
5-G GAA TTC ATG AGG CTIT CTC ATT CTC-3'
(nucleotide 39-56); (4) 5-A CGC GTC GAC TGT TCA
CCA CTG TAG CAT GAC-3' (nucleotide 586-569). The
500 bp fragment encoding mature human o -casein was
amplified with the primers (1) and (4) and then was
digested with restriction enzymes Xbal and Sall. The
plasmid pYGLP10 [10] was treated with BamHI/Xbal, and
the smallest fragment consisting of the GALI0 promoter
and MFoal pre-pro leader signal sequence was eluted.
Three fragments were ligated, resulting in the plasmid
pYGMF-HaC. The 500 bp fragment encoding the mature
human o ,-casein was amplified with the primers (2) and
(4), and then was digested by Asnl and Sal/l. The INU1A
signal sequence [10] was amplified by PCR using
pYGILP10 [10] as a template with two following
oligonuceleotides, 5'-CCG GAA TTC ATG AAG TTA
GCA TAC-3' and 5-TTT ATT AAT TCT CTT GTA ATT
GAT-3". The amplified 70 bp fragment was digested with
EcoRI and Asnl. The two fragments were fused to the
EcoRI/Sall fragment of pY GLP10, resulting in the plasmid
pYGINU-HoC. The cDNA encoding mature human o-
casein and its own signal sequence was amplified by the
primers (3) and (4). The EcoRl/Sall fragment of 600 bp
was ligated with the EcoRI/Sall fragment of pYGLP10,
resulting in the plasmid pY GHo.C-HaC.

Media and Culture Conditions

The YPD medium (1% yeast extract, 2% bactopeptone,
and 2% glucose) was used for the cultivation of host and
yeast transformants. The YNBCAD medium (0.67% yeast
nitrogen base without amino acids, 2% glucose, and 0.5%
casamino acids) was used for the selection of yeast
transformants and also for the seed culture. For the
induction of human o, -casein gene, the yeast transformants
were grown in shake-flasks containing the YPDG medium
(1% yeast extract, 2% bactopeptone, 1% glucose, and 1%
galactose). Yeast extract, bactopeptone, yeast nitrogen base
without amino acids, and casamino acids were purchased
from Difco (U.S.A)).

Immunoblot Analysis of Human o ,-Casein

After 1 ml of the culture broth was taken from the shake-
flasks, the cells and extracellular medium were separated
by centrifugation at 5000xg for 5 min. The extracellular
fraction was precipitated by the addition of 100 pl of 100%
trichloroacetic acid (TCA) and 100 pl of 0.1% deoxycholate
(DOC). The precipitates were collected by centrifugation
at 12,000xg for 10 min. The precipitates were washed with
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cold acetone and boiled for 5 min in 100 pl lysis buffer
(50 mM Tris-HCl, 2% SDS, 100 mM NaCl, and 1 mM
PMSF, pH 7.5). The resulting solution was subjected to
10% SDS-PAGE and immunoblotting. Immunoblotting was
performed by the method of Towbin et al. [28]. The
proteins were immunoblotted with the polyclonal antibody
raised against the recombinant human ¢,-casein produced
in E. coli [18].

RESULTS

Design and Construction of Human o,-Casein Secretion
Vectors

Three different expression vectors were constructed to
express and secrete human o ;-casein in S. cerevisiae. They
were designed to direct the secretion of human ¢,,-casein
by the aid of one of the following leader sequences, the
MFal pre-pro leader, the inulinase (INU1A) leader, and
the native leader sequence of human o, -casein, and named
pYGMF-HaC, pYGINU-HoC and pYGHoC-HoC,
respectively (Fig. 1B). The transcriptions of the fused
genes in all the plasmids were designed to be regulated by
GAL10 promoter and GAL7 transcription terminator (Fig.
LA). In cases of MFal pre-pro leader- and inulinase
leader-directed secretion, the carboxy-terminal dibasic
residue, Lys-Arg, of the leader peptides is expected to be
processed by the action of KEX2 endoproteinase. On the
other hand, the native leader peptide of human o ;-casein is
expected to be processed by the signal peptidase which is
not identified as of this time.

Expression and Secretion of Human o, ,-Casein in S.
cerevisiae

S. cerevisiae 2805 was transformed with each of the
plasmids pYGMF-HoC, pYGINU-HoC, and pYGHoC-
HoC, and the resulting transformants were cultured in
YPD and YPDG media. At first, we attempted to analyze
human o,,-casein by SDS-PAGE but failed to directly
detect it on the gel, indicating that a very small amount of
or no human o, casein was secreted extracellularly. After
48 h of culture, the culture supernatants were analyzed by
immunoblot (Fig. 2). None of the induced proteins were
detected in the cultures of non-transformants in YPD and
YPDG media (Fig. 2, lanes 1 and 2) and also in the
cultures of transformants in YPD medium (Fig. 2, lanes 3,
5, and 7). On the other hand, two discrete proteins with
molecular weights of ca. 20 and 27 kDa were detected in
YPDG cultures of the transformants (Fig. 2, lanes 4, 6, and
8). The 27 kDa protein (Fig. 2, band i) appears to be intact
human ¢, -casein because human o,-caseins, which were
isolated from the mature milk [6, 23] and was produced in
E. coli [18], showed the same molecular weight on SDS-
PAGE. However, the theoretical molecular weight of
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Fig. 1. (A) Basic structure of the plasmid used in this study and (B) amino acid sequences representing the junction regions between

three different leader peptides and human @, -casein.

M1 2 3456 7 8

Fig. 2. Immunoblot analysis of the recombinant human o, -
casein secreted by untransformed (lanes 1, 2) and transformed
(lanes 3-8) S. cerevisiae 2805.

The secretion of human o -casein was directed by three different leader
sequences. The cells were grown in YPD (odd-numbered lanes) and
YPDG (even-numbered lanes) media for 48 h. Lanes: M, prestained
protein molecular weight marker (97, 67, 43, 30, 20.1, 14.4kDa); 1, 2,
untransformed strain; 3, 4, MFol pre-pro leader; 5, 6, inulinase leader; 7,
8, human ¢ -casein leader. Bands: i, intact human o,-casein; d, cleaved
human o, -casein.

human o,-casein estimated from the amino acid sequence
is ca. 20 kDa. It is not yet clear why the human o, -casein
migrates aberrantly by SDS-PAGE as 27 kDa proteins.
Recently, the aberrant electrophoretic mobility of human
parathyroid hormone (1-80) secreted in S. cerevisiae has
been reported [29], where the 9 kDa protein migrated as
14 kDa proteins on SDS-PAGE. It is presumed that such
an aberrant electrophoretic mobility can be caused by the
conformational difference between proteins with the
similar molecular weight. Therefore, the 20 kDa protein
(Fig. 2, band d) seems to be a degraded product of the
human o,,-casein generated by an endoproteolytic activity.
When the secretion was directed by the MFal pre-pro

leader sequence, the protein with a molecular weight of ca.
43 kDa was induced and secreted in the YPDG medium
(Fig. 2, lane 4). This appears to be the recombinant human
o, -casein fused with the MFal pre-pro region, resulting
from the incomplete KEX2 processing. Since the purified
human o, -casein sufficient for further characterization could
not be obtained due to low secretion level, it is not clear yet
whether correct processing by a signal peptidase took
place at the junction between intact human o,-casein and
its own signal peptide. However, it seems that the native
leader peptide of human o,,-casein was correctly processed
during the secretion in yeast because all of the human o,-
casein proteins secreted by three different leader peptides
comigrated on SDS-PAGE (Fig. 2, lanes 4, 6, and 8).

The native leader sequence of human o ,-casein was
found to be the most efficient of the three different leader
sequences used in the secretory expression of human o -
casein from S. cerevisiae. This result implies that the
native leader sequence of human o -casein might be used
most efficiently in the secretory production of a variety of
heterologous proteins in yeast.

Expression and Secretion of Human ¢ ;-Casein in a
yap3-Disrupted Yeast Mutant

To investigate whether the yeast aspartic protease 3
(YAP3), an endoprotease residing in the plasma membrane,
is involved in the proteolytic cleavage of human o, -casein,
the plasmid pYGHoC-HoC into S. cerevisiae 334 and
S. cerevisiae 334-HY was transformed. The latter is a
mutant strain in which the yap3 gene encoding yeast
aspartic protease 3 is disrupted [17]. When the transformants



Fig. 3. Proteolytic cleavage of human o -casein secreted by the
transformed wild-type (lanes 2-4) strain and yap3 disruptant
(lanes 5-7).

Lanes: M, prestained protein molecular weight marker (30.6 and
17.8 kDa); 1, the E. coli derived and purified recombinant His-tag human
o, -casein protein; 2, 5, after 24-h of culture; 3, 6, after 48-h of culture; 4, 7,
after 72-h of culture. Bands: i, intact human o,-casein; d, cleaved human
o,-casein.

of wild-type and yap3 disruptant were cultured in the
YPDG medium, the transformed wild-type showed an
increase in the proteolytically cleaved human o -casein
with an increasing culture time (Fig. 3, lanes 2-4). As
already noted, the molecular weight of Met-human «,,-
casein with a 6xHis tag in the C-terminus produced by
E. coli is ca. 21 kDa but migrated as 28 kDa proteins on
SDS-PAGE (Fig. 3, lane 1). After 72 h of culture, more
than 70% of the human @, -casein secreted by the yap3
disruptant remained intact, whereas most of the human
o, -casein secreted by the wild-type strain was cleaved.
These results confirm again that 20 kDa protein is an
endoproteolytic product of the human o, -casein. These
results also indicate that YAP3 is one of the endoproteases
involved in the internal cleavage of human o -casein
secreted by S. cerevisiae.

DisCcuUSSION

In addition to the main biological function of caseins as a
source of amino acids and a vehicle for phosphorous and
calcium ion adsorption, caseins are known to have very
interesting functions to provide biologically active
peptides. A variety of small peptides derived from caseins
have been reported to exhibit physiologically important
activities such as opiate, antihypertensive, antithrombotic,
immunomodulatory, and calcium absorption enhancing
activities [4, 11, 12, 26]. Furthermore, caseins are very
interesting in a view of molecular evolution because they
are one of the most rapidly evolving families of proteins
[22, 30]. Therefore, it is important to study their structure
and biological functions, where the supply of casein
protein is required. In this work, we attempted to develop
the secretory expression system of human o -casein in S.
cerevisiae in an effort to provide it in large quantities.
Protein secretion from yeast is usually directed by a
leader sequence which is fused with the N-terminal of mature
protein, and the leader sequence influences the quantity
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and quality of the secreted protein. So far, two approaches
have been used to secrete heterologous proteins from
yeast: the use of a heterologous (mammalian or nonyeast)
leader sequence; and the use of a homologous (yeast)
leader sequence. Although there have been some reports on
notable successes in the protein secretion with heterologous
leader sequence [27], in many cases, its use in yeast has
resulted in a very low to no secretion efficiency [5, 13]. In
the present study, however, it was demonstrated that
human o-casein can be efficiently secreted in S. cerevisiae
using its native leader sequence, offering the potential use
of human ¢ -casein leader sequence in the secretory
production of other various heterologous proteins in yeast.
YAP3 is a proprotein convertase that cleaves at single
and paired basic residues [1, 2, 20]. The purified YAP3
protease is known to be capable of processing a number of
prohormones such as mouse pro-opiomelanocortin and its
fragments, human adrenocorticotropic hormone, bovine
proinsulin, porcine cholecystokinin, dynorphin, and
amidorphin [3, 7, 8]. More recently, it was found that the
internal cleavage of human parathyroid hormone could be
reduced very efficiently using the same yap3 disruptant
used in this study [17]. Looking into the amino acid
sequence of human o, -casein, human o -casein contains
paired dibasic residues (-Arg'”-Arg'®-) which can be
recognized by YAP3. Therefore, an attempt to reduce the
proteolysis of human o, -casein by using the yap3 disruptant
as a recombinant host was made. As a consequence, the
aberrant proteolytic cleavage of human @ ,-casein was
considerably reduced by the use of this mutant strain.
According to the densitometric scanning of the induced
proteins using the E. coli derived and purified Met-human
o, -casein with a His-affinity tag at the C-terminus [18], ca.
0.6 mg/] of the intact human «,-casein was expressed as
a secretory product using a yap3-disrupted mutant of
S. cerevisiae. This accounted for ca. 3.8% of the total
extracellular protein, which is much higher than the
content in human milk. However, this expression level was
not high enough to obtain a sufficient amount of the
purified human o,-casein from the yeast culture medium.
Therefore, further attempts will be made to increase the
expression level of human o -casein in S. cerevisiae. In
addition, the studies on the characterization of recombinant
human o,-casein will be carried out in order to understand
the structure and function of the mature human o -casein.

REFERENCES

1. Ash, J.,, M. Dominguez, J. M. Bergeron, D. Y. Thomas, and
Y. Bourbonnais. 1995. The yeast proprotein convertase
encoded by YAP3 is a glycophosphatidylinositol-anchored
protein that localizes to the plasma membrane. J. Biol.
Chem. 270: 20847~ 20854.



200

10.

11.

12.

13.

14.

15.

KM et al.

. Bourbonnais, Y., J. Ash, M. Daigle, and D. Y. Thomas. 1993.

Isolation and characterization of S. cerevisiae mutants
defective in somatostatin expression: cloning and functional
role of a yeast gene encoding an aspartyl protease in
precursor processing at monobasic cleavage sites. EMBO J.
12: 285-294.

. Bourbonnais, Y., D. Germain, J. Ash, and D. Y. Thomas.

1994. Cleavage of prosomatostatins by the yeast Yap3 and
Kex2 endoprotease. Biochimie 76: 226-233.

. Britton, J. R. and A. J. Kastin. 1991. Biologically active

polypeptides in milk. Am. J. Med. Sci. 301: 124- 132.

. Cabezon, T., M. De Wilde, P. Herion, R. Loriau, and A.

Bollen. 1984. Expression of human @,-antitrypsin cDNA in
the yeast Saccharomyces cerevisiae. Proc. Natl. Acad. Sci.
USA 81: 6594- 6598.

. Cavaletto, M., A. Cantisani, G. Gluffrida, L. Napolitano, and

A. Conti. 1994, Human (,-casein like protein: purification
and N-terminal sequence determination. Biol. Chem. Hoppe-
Seyler 375: 149- 151.

. Cawley, N. X., H. C. Chen, M. C. Beinfeld, and Y. P. Loh.

1996. Specificity and kinetic studies on the cleavage of
various prohormone mono- and paired-basic residue sites by
yeast aspartic protease 3. J. Biol. Chem. 271: 4168-4176.

. Cawley, N. X., B. D. Noe, and Y. P. Loh. 1993. Purified

yeast aspartic protease 3 cleaves anglerfish pro-somatostatic
I and IT at di- and monobasic sites to generate somatostatin-
14 and -28. FEBS Lett. 332: 273-276.

. Choi, E. S., J. H. Shon, and S. K. Rhee. 1994. Optimization

of expression system using galactose inducible promoter for
the production of anticoagulant hirudin in Saccharomyces
cerevisiae. Appl. Microbiol. Biotechnol. 42: 587-594.
Chung, B. H., S. W. Nam, B. M. Kim, and Y. H. Park. 1996.
Highly efficient secretion of heterologous proteins from
Saccharomyces cerevisiae using inulinase signal peptides.
Biotechnol. Bioeng. 49: 473-479.

Fiat, A. M. and P. Jolles. 1989. Caseins of various origins and
biologically active peptides and oligosaccharides: structural
and physiological aspects. Mol. Cell. Biochem. 87: 5-30.
Fiat, A. M., D. Migliore-Samour, P. Jolles, L. Drouet, C. B.
Sollier, and J. Caen. 1993. Biologically active peptides from
milk proteins with emphasis on two examples concerning
antithrombotic and immunomodulating activities. J. Dairy
Sci. 76: 301- 310.

Hitzeman, R. A., D. W. Lenny, L. J. Petty, W. J. Kohr, H. L.
Levine, and D. V. Goeddel. 1983. Secretion of human
interferons by yeast. Science 219: 620- 625

Hovland, P, J. Flick, M. Johnston, and R. A. Sckafani. 1989.
Galactose as a gratuituos inducer of GAL gene expression in
yeasts growing on glucose. Gene 3: 57- 64.

Ito, H., Y. Fukuda, K. Murata, and A. Kimura. 1983.
Transformation of intact yeast cells with alkali cations. J.
Bacteriol. 153: 163-168.

16.

17.

18.

19.

20.

21.

22.

23.
24.
26.

27.

28.

29.

30.

Johnsen, L. B., L. K. Rasmussen, T. E. Petersen, and L.
Berglund. 1995. Characterization of three types of human
o,,-casein mRNA transcripts. Biochem. J. 209: 237-242.
Kang, H. A, S. J. Kim, E. S. Choi, S. K. Rhee, and B. H.
Chung. 1998. Efficient production of intact human parathyroid
hormone in a Saccharomyces cerevisiae mutant deficient in
yeast aspartic protease 3 (YAP3). Appl. Microbiol. Biotechnol.
50: 187-192.

Kim, Y. K., B. H. Chung, S. Yoon, K. K. Lee, B. Lonnerdal,
and D. Y. Yu. 1997. High-level expression of human o;-
casein in Escherichia coli. Biotechnol. Techniq. 11: 675-
678.

Kunz, C. and B. Lonnerdal. 1990. Casein and casein
subunits preterm milk, colostrum, and mature human milk.
J. Pediatr. Gastroenterol. Nutr. 10: 454-461.

Ledgerwood, E. C., S. O. Brennan, N. X. Cawley, Y. O. Loh,
and P. M. George. 1996. Yeast aspartic protease 3 (Yap3)
prefers substrates with basic residues in the P,, P, and P,
positions. FEBS Lert. 383: 67-71.

Lonnerdal, B. 1985. Biochemistry and physiological function
of human milk proteins. Am. J. Clin. Nutr. 42: 1299-1317.
Mercier, J. C., J. M. Chobert, and F. Addeo. 1976.
Comparative study of the amino acid sequences of the
caseinomacropeptides from seven species. FEBS Lett. 72:
208-214.

Rasmussen, L. K., H. A. Due, and T. E. Petersen. 1995.
Human o -casein: purification and characterization. Comp.
Biochem. Physiol. 111B: 75- 81.

Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989.
Molecular Cloning: A Laboratory Manual, 2nd ed., Cold
Spring Harbor Laboratory Press, New York, U.S.A.
Schlime, E. and H. Meisel. 1995. Bioactive peptides derived
from milk proteins: structural, physiological and analytical
aspects. Die Nahrung 39: 1-20.

Sleep, D., G. P. Belfield, and A. R. Goodey. 1990. The
secretion of human serum albumin from the yeast
Saccharomyces cerevisiae using five different leader
sequences. Bio/Technol. 8: 42-46.

Towbin, H., T. Staehelin, and J. Gordon. 1979. Electrophoretic
transfer of proteins from polyacrylamide gels to nitrocellulose
sheets: procedure and some applications. Proc. Natl. Acad.
Sci. USA 76: 4350-4354.

Vad, R., E. Moe, K. Saga, A. M. V. Kvinnsland, and T. B.
Oyen. 1998. High-level production of human parathyroid
hormone (hPTH) by induced expression in Saccharomyces
cerevisiae. Prot. Exp. Purif. 13: 396-402.

Yu-Lee, L. Y., L. Richter-Mann, C. H. Couch, A. F. Stewart,
A. G. Mackinlay, and J. M. Rosen. 1986. Evolution of the
casein multigene family: Conserved sequences in the 5'
flanking and exon regions. Nucl. Acids Res. 14: 1883-1902.



