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During lactation the mammary gland synthesizes a large amount of glycoproteins including
those composing milk fat globule membrane (MFGM). Our previous study showed that
A^-linked sugar chains with GalNAc/91-»4GlcNAc structure appears to increase in bovine
MFGM glycoproteins during early lactation [Ujita et aL (1993) FEBS Lett 332,119-122].
Western blot analysis of membrane glycoproteins from lac tat ing and post-lactating bovine
mammary glands using Wistaria floribunda agglutinin (WFA), which binds oligosaccha-
rides terminating with /9-iV-acetylgalactosamine, and Ricinus communis agglutinin-I
(RCA-I), which binds oligosaccharides preferentially terminating with /9-1,4-galactose,
showed that the number and reactivity of protein bands to WFA but not to RCA-I decrease
drastically in the post-lactating mammary sample. Establishment of primary cultured
epithelial cells from lactating bovine mammary gland and their culture on collagen-coated
dishes in the presence of a mixture of lactogenic hormones revealed that iV-linked sugar
chains with GalNAc/91->4GlcNAc structure are expressed in the functionally differentiated
cells without altering the apparent y?-galactosylation of the oligosaccharides. These results
strongly suggest that the expression of GalNAc#l-»4GlcNAc structure on iV-linked sugar
chains is associated with the mammary gland differentiation.

Key words: bovine mammary gland, functional differentiation, iV-linked sugar chains, 0-
iV-acetylgalactosamine.

The mammary gland is a unique organ in which a series of structure in the outer chain moieties of iV-linked sugar
functional differentiations is repeated upon each pregnancy
throughout the reproductive period. In association with the
functional differentiation, dramatic changes are induced in
the morphology and physiology of the mammary gland (1,
2). One of the most prominent physiological changes in the
lactating mammary gland is synthesis and storage of a large
amount of milk proteins including a-lactalbumin, transfer -
rin, and MFGM glycoproteins, most of which are 2V-glyco-
sylated {3-7). In accordance with this, elevated activities
of several glycosyltransferases involved in the initial steps
of TV-linked sugar chain biosynthesis have been observed in
the functionally developed mammary gland (8-10).

Our previous studies showed that most MFGM glyco-
proteins from bovine mature milk contain the GalNAc/91-»
4GlcNAc structure in addition to the Gal/9 l-»4GlcNAc
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Science, Sports and Culture of Japan.
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Abbreviations: BSA, bovine serum albumin; CBB, Coomassie Bril-
liant Blue; DMEM, Dulbecco's modified Eagle's medium; HBSS,
Hunks buffered salt solution; MFGM, milk fat globule membrane;
PAGE, polyacrylamide gel electrophoresis; RCA-I, Ricinus communis
agglutinin-I; SDS, sodium dodecyl sulfate; WFA, Wistaria floribun-
da agglutinin.

chains (11, 12), and that expression levels of the fi-N-e.ee-
tylgalactosaminylated oligosaccharides in the MFGM gly-
coproteins appear to increase during an early stage of
lactation (13). About 30% of the total oligosaccharides
released by hydrazinolysis from MFGM glycoproteins
prepared from bovine mature milk contained the
GalNAc/?l-»4GlcNAc structure (12). However, few
glycoproteins have been reported to contain this disacchar-
ide structure (reviewed in Refs. 12 and 14), probably due
to the unique glycosylation mechanism underlying the
yS-A^-acetylgalactosaminylation of glycoproteins (reviewed
in Ref. 14). The biological significance of the GalNAc/Sl—>
4GlcNAc structure is not well understood, but the sulfated
form of the disaccharide found in pituitary glycohormone
sugar chains appears to be involved in the clearance
mechanism of the glycoproteins from the circulation by
binding to the lectin present on hepatic reticuloendothelial
cells (15), and the sialylated and fucosylated form could be
effective in inhibition of sperm-egg binding (16).

Because higher levels of /9-iV-acetylgalactosaminylated
Af-linked sugar chains were detected in membrane glyco-
proteins from lactating bovine mammary gland than from
other bovine tissues (Sakiyama, T., and Furukawa, K.,
unpublished data), the mammary gland was considered to
be a better source to study the mechanism of this unique
glycosylation. As the first step, we investigated the rela-

1068 J. Biochem.

 at Peking U
niversity on O

ctober 2, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


P-N-Acetylgalactosaminylation of Glycoproteins 1069

tionship between the expression of /3-iV-acetylgalacto-
saminylated TV-linked sugar chains and functional differ-
entiation of the mammary gland in the present study.

MATERIALS AND METHODS

Preparation of Membrane Glycoproteins from Bovine
Mammary Gland—Lactating and post-lactating bovine
mammary glands were obtained from a local slaughter
house. Each tissue was homogenized in 10 mM Tris-HCl
buffer (pH 7.4) containing 0.25 M sucrose and 1 mM
EDTA. The homogenates were centrifuged at 8,000 X g for
30 min at 4"C, then the pellets were suspended in a mixture
of acetone and water ( 1 : 1 , v/v) and homogenized with a
Polytron homogenizer. The defatted samples, referred to
as membrane glycoprotein samples, were solubilized in a
sample buffer [50 mM Tris-HCl buffer (pH 6.8) containing
2% sodium dodecyl sulfate (SDS), 10% glycerol, 5% /?-
mercaptoethanol, and 0.01% bromophenol blue] by heating
at 100'C for 5 min. Protein was determined with a bicin-
chonic acid protein assay reagent kit (Pierce Chemical,
Rockford, IL) using bovine serum albumin (BSA) as a
standard.

Preparation of Primary Cultured Cells from Bovine
Mammary Gland—Primary cultured epithelial cells were
established from lactating bovine mammary gland by the
method described previously (17). In brief, the sliced
tissue was minced into smaller pieces and treated with
0.05% collagenase in a Hanks buffered salt solution (HBSS)
containing penicillin-streptomycin (5 units/ml) and genta-
mycin (50//g/ml) at 37'C for 14 h. The digests were
further treated with 0.05% pronase E at 37"C for 30 min,
then filtered through a stainless steel mesh. The filtrates
were centrifuged at 80 X g for 1 min at 4'C. The single cells
thus prepared were washed with HBSS several times.
Mammary epithelial cells were isolated from the single
cells by Percoll gradient centrifugation and cultured in
Dulbecco's modified Eagle's medium (DMEM) supple-
mented with 10% fetal calf serum and penicillin-strepto-
mycin (5 units/ml). To induce the cells to differentiate,
they were cultured on collagen-coated dishes in media
containing a mixture of insulin (10 //g/ml), hydrocortisone
(1/^g/ml), and prolactin (4//g/ml) for six days as de-
scribed previously (18-21). The spent media were dialyzed
against water and lyophilized, and the resulting materials
were used for immunoblot analysis in order to detect
casein, one of the milk proteins secreted by functionally
differentiated mammary epithelial cells.

SDS-PAGE, and Lectin and Immuno Blot Analyses—
The membrane proteins were subjected to SDS-polyacryl-
amide gel electrophoresis (PAGE) according to the method
of Laemmli (22) using a Mini Protean II Electrophoresis
Cell (Bio-Rad, Hercules, CA) and transferred to nitrocel-
lulose filters with a Mini Trans-Blot Electrophoretic Trans-
fer Cell (Bio-Rad, Hercules, CA). Western blot analysis
using WFA or Ricinus communis agglutinin-I (RCA-I) was
performed as described previously (12). The filter was
incubated with Coomassie Brilliant Blue (CBB) for detect-
ing proteins or blocked with 1% BSA prior to incubation
with lectin or antibody. In brief, the filters were washed
three times with phosphate-buffered saline (PBS) contain-
ing 0.05% Tween 20 (PBS-Tween 20), then incubated with
peroxidase-conjugated lectin at 4"C for 1 h. The filters were

then washed five times with PBS-Tween 20, and the lectin-
glycoprotein complexes were visualized by incubating with
0.05% 4-chloro-1 -naphthol and 0.03% hydrogen peroxide in
PBS. In some experiments, the niters blocked with BSA
were treated with 0.5 unit of Arthrobacter ureafaciens
sialidase in 150//I of 0.5 M acetate buffer (pH5.0), 5.0
units of N-glycanase in 150^1 of 0.1 M phosphate buffer
(pH 8.2) or 1.5 units of jack bean /?-iV-acetylnexsosamin-
idase in 150 fi\ of 0.3 M citrate-phosphate buffer (pH 4.0)
at 37*C for 24 h prior to incubation with lectin. For
detection of antibody-protein complexes the filters were
incubated with peroxidase-conjugated anti-rabbit IgG anti-
body followed by visualization as described above.

Liberation of N-Linked Sugar Chains from Membrane
Glycoproteins—Membrane glycoprotein samples (10 mg
each), which were dried thoroughly over P2O6 in vacuo,
were subjected to hydrazinolysis for 10 h as described
previously (23). After iV-acetylation, the liberated oligo-
saccharides were reduced with NaB3H< to obtain tritium-
labeled oligosaccharides. The radioactive oligosaccharides
were treated with A. ureafaciens sialidase, then subjected
to WFA-agarose column chromatography (24) in order to
estimate the carbohydrate structures (25). More than 90%
of the bound materials were recovered from the column.
Fractionation of oligosaccharides by Bio-Gel P-4 column
chromatography and exoglycosidase digestion were con-
ducted as described previously (26, 12, respectively).
Oligosaccharides were digested with 0.1 unit of Bacillus sp.
AT173-1 /3-iV-acetylgalactosaminidase in 50 //I of 50 mM
acetate buffer (pH 6.0) containing 0.1% dithiothreitol (27).

Chemicals, Enzymes, and Lectins—Peroxidase-conju-
gated WFA and RCA-I were obtained from E.Y. Labs (San
Mateo, CA). 4-Chloro-l-naphthol, hydrogen peroxide and
sialidase from A. ureafaciens were obtained from Nacalai
Tesque (Kyoto). Flavobacterium meningosepticum fecom-
binant iV-glycanase and Bacillus sp. AT173-1 fi-N-acetyl-
galactosaminidase were kindly supplied by Dr. T. Kaizu,
Genzyme Japan (Tokyo) and Dr. A. Tanaka, Daiwa Kasei
(Shiga), respectively. Insulin, hydrocortisone, prolactin,
casein (a-, fi-, and x-) and peroxidase-conjugated goat
anti-rabbit IgG antibody were obtained from Sigma Chem-
ical (St. Louis, MO). NaB3R, (1,000 mCi/mmol) was
purchased from Du Pont-New England Nuclear (Boston,
MA). Polyclonal antibodies against casein were purified
from serum of immunized rabbit with mixted types of
casein.

Oligosaccharides—GalNAcySl - 4GlcNAc£l — 2Man<r 1
—6 or 3(Galy91->4GlcNAc/31-2Man»l->3 or 6)Man£l->
4GlcN Ac/? 1 — 4GlcN ACOT (GalN Ac • Gal • GlcN Ac2 • Man3 •
GlcNAc-GlcNAcor), and Gal/?1—4GlcNAcy91—2Man«l->
6, (GalySl — 4GlcNAc/Sl — 2Man* 1 — 3)Many91 — 4GlcNAc-
/31 -> 4GlcN ACOT (Gal2 • GlcN Ac2 • Man, • GlcN Ac • GlcNAcor)
were prepared from bovine CD36 (11). GalNAcy91-»3Gal-
al-*4Galjffl-*4GkoT (GalNAc-Gal-Gal-GlcoT) was pre-
pared as described previously (28).

RESULTS

Expression Levels of P-N-Acetylgalactosaminylated N-
Linked Sugar Chains—In our previous study, most glyco-
proteins consisting of MFGM prepared from bovine mature
milk were shown to contain iV-linked sugar chains with the
GalNAc/91-4GlcNAc structure (12). To detect the N-

Vol. 122, No. 5, 1997

 at Peking U
niversity on O

ctober 2, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


1070 T. Sato et al.

linked sugar chains with the disaccharide structure, mem-
brane glycoprotein samples were prepared from lactating
and post-lactating bovine mammary glands, since there is
no milk available from post-lactating mammary gland for
preparing MFGM glycoproteins. The membrane glyco-
protein samples (20 pg protein) were subjected to SDS-
PAGE, and the proteins were transferred to nitrocellulose
filters. Western blot analysis was performed by using
peroxidase-conjugated WFA, which interacts with oligosac-
charides terminated with the disaccharide structure (24).
Since some of the >S-iV-acetylgalactosamine residues of
bovine MFGM glycoproteins were sialylated [11-13, 29),
the blotted filters were treated with A. ureafaciens siali-
dase prior to incubation with lectin. Lanes A and B, C-H,
and I and J in Fig. 1 show filters incubated with CBB, WFA,
and RCA-I, respectively. As protein components syn-
thesized in the mammary gland change drastically during
lactation (3, 7), CBB-staining patterns of membrane
proteins were different between the lactating (lane A) and
post-lactating (lane B) mammary glands (Fig. 1). When
niters were incubated with WFA, many lectin-positive
bands were observed in the lactating mammary gland
sample (lane C), while only two weak lectin-reactive bands
with molecular sizes of 80 K and 82 K were detected in the
post-lactating mammary gland sample (lane D) (Fig. 1).
The glycoprotein samples on filters were treated with jack
bean /?-iV-acetylhexosaminidase, then incubated with
WFA. No lectin binding was observed in both samples from
lactating and post-lactating mammary glands (lanes E and
F in Fig. 1, respectively). Upon digestion with iV-glycanase,
no WFA binding was also observed in both samples (lanes
G and H in Fig. 1, respectively). However, when filters
were incubated with RCA-I, which preferentially interacts
with oligosaccharides terminated with Gal/9 l-»4GlcN Ac/

Glc group(s) (30), many protein bands in both samples
reacted to the lectin although the patterns of lectin-positive
bands were different between the samples (lanes I and J in
Fig. 1, respectively).

Structural analysis of the sugar chains released by
hydrazinolysis from membrane glycoprotein samples by
sequential digestion of exoglycosidases including Bacillus
sp. AT173-1 yS-N-acetylgalactosaminidase, which only
cleaves /?-N-acetylgalactosaminyl linkages found in glyco-
conjugates (27), revealed that oligosaccharides, that bound
to a WFA-agarose column contain GalNAc/91-»4GlcNAc
structure in the outer chain moieties of complex-type sugar
chains (data not shown), most of which are the same as
those of the MFGM glycoproteins described previously
(12).

These results indicated that levels of yS-JV-acetylgalacto-
saminylation of iV-linked sugar chains are reduced when
the bovine mammary gland becomes involuted.

Changes in Morphology and Casein Production of
Primary Cultured Cells—To elucidate the relationship
between the expression of the /?-iV-acetylgalactosamin-
ylated oligosaccharides and the differentiation of the
mammary gland, primary cultured cells were established
from lactating bovine mammary gland. It is well document-
ed that the primary cultured mammary epithelial cells
grown on plastic dishes lose their ability to synthesize and
secrete most milk proteins immediately, but the cells
grown on proper substrates in the presence of lactogenic
hormones can maintain production of milk proteins (19-
21). Therefore, in order to induce the primary cultured
mammary epithelial cells to differentiate, they were cul-
tured on collagen-coated dishes, then treated at a sub-
confluent stage with a mixture of insulin, hydrocortisone,
and prolactin for six days. The hormone-treated cells

A B C D E F G H I J

116K-
9 7 K -

66 K-

45 K-

—1

Fig. 1. Lectin blot analysis of mammary gland
membrane glycoproteins. Each filter contained 20 //g
of membrane glycoproteins prepared from lactating (A,
C, E, G, and I) and post-lactating (B, D, F, H, and J)
bovine mammary glands. Filters A and B were stained
with CBB. Filters were incubated either with WFA
before (C and D) and after (E and F) treatment with jack
bean /J-iV-acetylhexosaminidase or iV-glycanase (G and
H) or with RCA-I (I and J), followed by visualization as
described in "MATERIALS AND METHODS."

B

4 3 K -

3 0 K -

2 0 K -

D
Fig. 2. Morphological and bio-
chemical changes of cultured
mammary epithelial cells. The
cells in panel A were cultured on
plastic dishes and those in panel B
were grown on collagen-coated
dishes in the presence of lactogenic
hormones for six days as described
in "MATERIALS AND METH-
ODS." Glittering materials in panel
B indicate fat globules secreted into
spent media. Secretion of casein into
spent media from the cells with (lane
D) or without (lane C) treatment of
lactogenic hormones was monitored
by immunoblot analysis using anti-
casein antibody.
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Fig. 3. Lectin blot analysis of membrane glycoproteins from
cultured mammary epithelial cells. Each filter contained 20 /ig of
membrane glycoproteins prepared from the hormone-treated (B, D,
and F) and untreated (A, C, and E) cells. Filters A and B were stained
with CBB. Filters C, D, E, and F were initially treated with sialidase,
then filters C and D were incubated with WFA and E and F with
RCA-I, followed by visualization as described in 'MATERIALS AND
METHODS." Arrows on lane D indicate the WFA-positive protein
bands.

secreted fat globules (oil droplets) into media (Fig. 2B)
while untreated cells did not (Fig. 2A).

Upon immunoblot analysis, the milk protein was not
detected in spent media of the primary cultured cells grown
on plastic dishes (Fig. 2C), but three types {a-,/3-, and *-)
of casein molecules were detected in spent media of the
cells grown on collagen-coated dishes in the presence of
lactogenic hormones (Fig. 2D). Since production of casein is
a marker of the functionally differentiated mammary gland
(18, 21), these results indicated that the hormone-treat-
ment on collagen-coated dishes induces the change in
primary cultured mammary epithelial cells from undiffer-
entiated to functionally differentiated cells.

Expression of {3-N-Acetylgalactosaminylated N-Linked
Sugar Chains in Functionally Differentiated Cultured
Cells—CBB -staining of the blotted filters showed markedly
different patterns of protein bands before and after treat-
ment of the primary cultured mammary epithelial cells
with lactogenic hormones (Fig. 3, A and B, respectively). In
the hormone-treated cells, amounts of proteins with
molecular sizes of 56 K, 59 K, 80 K, and 97-116 K
increased (Fig. 3, lane B), indicating that a pattern of
proteins synthesized is changed by the hormone treatment.
When the blotted filters were treated with A. ureafaciens
sialidase and then incubated with WFA, no bands were
detected in the sample from the untreated cells (Fig. 3, lane
C). However, WFA-binding was observed in protein bands
with molecular sizes of 58 K, 63 K, 90 K, 105 K, 116 K, and
140 K, as indicated by arrows in Fig. 3, lane D, from the
hormone-treated cells grown on collagen-coated dishes.
When the filter was treated with AT-glycanase or jack bean
^-iV-acetylhexosaminidase prior to incubation with WFA,
no bands were detected (data not shown). In contrast, no
significant difference in apparent RCA-I-reactivity was
observed between the untreated and hormone-treated cells
(Fig. 3, lanes E and F, respectively).

Cultures of the cells on collagen-coated dishes without
the hormone treatment or on plastic dishes in the presence
of lactogenic hormones showed no apparent production of
fat globules and casein in spent media, and no WFA-posi-
tive bands were detected in membrane glycoprotein sam-
ples prepared from these cells (data not shown).

>
CO

g
CO

rr

25

Fraction Number

Fig. 4. WFA-agarose column chromatography of sialidase-
treated oligosaccharides from cultured mammary epithelial
cells. Solid and dotted lines indicate oligosaccharides obtained from
membrane glycoprotein samples of the hormone-treated and untreat-
ed cells, respectively. The arrowhead indicates the change of the
elution buffer to one containing the haptenic sugar. Arrows indicate
the elution positions of authentic oligosaccharides: (I) Gali • GlcNAc, •
Man,-GlcNAc-GlcNAcoT; (H) GalNAc-Gal-Gal-GICOT; (HI) GalNAc-
Gal • GlcNAc, • Man, • GlcNAc- GlcNAcor.

The tritium-labeled AT-linked sugar chains prepared
from the membrane protein samples were subjected to
WFA-agarose column chromatography. No radioactivity
was detected in the bound fraction when the oligosacchar-
ides were obtained from the control cells. However, when
the oligosaccharides were prepared from the hormone-
treated differentiated cells and applied to the column, about
4% of the total oligosaccharides bound to the column and
were eluted with 100 mM iV-acetylgalactosamine (Fig. 4).
Bio-Gel P4 column chromatography in combination with
sequential digestion of exoglycosidases including Bacillus
sp. AT173-1 /?-iV-acetylgalactosaminidase and jack bean
/J-AT-acetylhexosaminidase revealed that the oligosacchar-
ides that bound to the WFA-agarose column contain
GalNAc/? 1—GlcNAc structure. N-Acetylgalactosamine is
presumed to be present in the GalNAc/91-»4GlcNAc se-
quence, since oligosaccharides that terminated with this
structure but not the GalNAcyffl~»3Gal structure were
bound to a WFA-agarose column (Fig. 4 and 25). These
results suggest that the expression of GalNAc/? l-»
4GlcNAc structure in iV-linked sugar chains is associated
with the functional differentiation of the mammary epith-
elial cells.

DISCUSSION

During lactation, the mammary gland secretes a large
amount of glycoproteins (1-3, 7) and thereby provides an
excellent source for studying the biosynthetic and develop-
mental regulation of N- and O-linked sugar chains. In fact,
several groups have reported the developmental regulation
of iV-linked sugar chain biosynthesis by lactogenic hor-
mones (8-10). The activities of three key glycosyltransfer-
ases, UDP-GlcNAc:dolichol-phosphate iV-acetylgluco-
samine-1-phosphate transferase, GDP-Man:dolichol-phos-
phate mannosyltransferase and UDP-Glc:dolichol-phos-
phate glucosyltransferase, for formation of lipid-linked
oligosaccharides, and of glucosidase-I, which is involved in
the processing of iV-linked sugar chains, in mouse mam-
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mary gland are regulated during the development.
In the present study we demonstrated that the fi-N-a.ce-

tylgalactosaminylation, one of the sub-terminal glycosyla-
tions of TV-linked sugar chains, is also under the influence of
lactogenic hormones. This is supported by the facts that
many WFA-positive bands are present in the membrane
glycoprotein sample from lactating bovine mammary gland
but only a few WFA-positive bands are detected in that
from the involuted mammary gland, and that WFA-posi-
tive bands are obtained only from the glycoprotein sample
of the hormone-treated primary cultured mammary epith-
elial cells. The presence of a few WFA-positive bands in the
involuted mammary gland may indicate that some of the
mammary epithelial cells are still partially differentiated.
It has been shown that differentiation of cultured mammary
epithelial cells is induced by synergistic actions of insulin,
glucocorticoid, and prolactin (19-21). In the presence of a
mixture of these hormones the highest synthesis of milk
proteins, lipid-linked oligosaccharides, and glycoproteins
was achieved in bovine and mouse mammary gland ex-
plants or cell cultures (8-10, 31-33). When the primary
cultured cells established from lactating bovine mammary
gland were grown on plastic dishes, no fat globules or casein
were secreted into the media. However, when the cells
were cultured on collagen-coated dishes in the presence of
insulin, hydrocortisone and prolactin, they started to
secrete fat globules and casein into the spent media,
indicating that the hormone-treatment is effective for the
cells to differentiate functionally. Lectin blot analysis in
combination with exo- and endo-glycosidase digestion
revealed that several glycoprotein bands from the function-
ally differentiated cells but not from the undifferentiated
cells contain /?-N-acetylgalactosaminylated iV-linked
sugar chains. The amount of iV-linked sugar chains with the
GalNAc/91—>4GlcNAc structure was at most 4% of the total
oligosaccharides released from the membrane glycoprotein
sample of the hormone-treated cells, possibly because
differentiation of the primary cultured mammary epithelial
cells was not maximal under the present conditions and/or
because the established cells were heterogenous. Since no
WFA-positive bands were detected in the glycoprotein
sample from the cells grown simply on collagen-coated
dishes, lactogenic hormones could be essential for inducing
this glycosylation.

In contrast, the apparent RCA-I-reactivity to protein
bands was not significantly different between membrane
glycoprotein samples from lactating and post-lactating
bovine mammary glands, or between those from the
primary cultured mammary epithelial cells with or without
treatment with lactogenic hormones. Therefore, only
/3-iV-acetylgalactosaminylation of iV-linked sugar chains is
strongly affected by differentiation of the mammary epith-
elial cells, although /ff-l^-A^-acetylgalactosaminyltrans-
ferase and /?-l,4-galactosyltransferase compete with each
other for the same sugar-acceptor molecules during the
biosynthesis of iV-linked sugar chains.

Since /?-iV-acetylgalactosaminylated iV-linked sugar
chains appeared in the hormone-treated cells but were
absent in the untreated cells, the gene expression of fi-N-
acetylgalactosaminyltransferase could be also regulated by
lactogenic hormones. In support of this, the expression of
the Neu5Ac«2->6GalNAc£l—4GlcNAc structure on N-
linked sugar chains of prolactin/growth hormone family

members produced by rat spongiotrophoblasts has recently
been shown to be regulated developmentally (34). This and
the present study strongly suggest that the expression of
yS-iV-acetylgalactosaminyltransferase is developmentally
regulated at least in the mammary gland and placenta. The
occurrence of two types of y3-7V-acetylgalactosaminyltrans-
ferase, one with and one without peptide-specificity, both of
which are involved in formation of GalNAcy31-»4GlcNAc
structure, has been described in mammalian tissues (35,
36), although neither has yet been purified. It is, therefore,
of interest to investigate which of the transferases is under
the influence of the cellular differentiation. Accordingly,
further work is necessary to elucidate the exact control
mechanism of this unique glycosylation at a molecular
biological level by obtaining cDNA which encodes /3-N-ace-
tylgalactosaminyltransferase.

REFERENCES

1. Topper, Y.J. and Freeman, C.S. (1980) Multiple hormone
interactions in the developmental biology of the mammary gland.
Physiol. Rev. 60, 1049-1106

2. Russo, J. and Russo, I.H. (1987) Development of the human
mammary gland in The Mammary Gland (Neville, M.C. and
Daniel, C.W., eds.) pp. 67-93, Plenum Press, New York

3. Nakhasi, H.L. andQasba, P. (1979) Quantitation of milk proteins
and their mRNAa in rat mammary gland at various stages of
gestation and lactation. J. Biol. Chem. 254, 6016-6025

4. Prasad, R., Hudson, B.G., Strickland, D.K., and Ebner, K.E.
(1980) The structure of the asparagine-linked carbohydrate unit
of rat <*-lactalbumin. J. Biol. Chem. 255, 1248-1251

5. Johnson, V.G., Greenwalt, D.E., Heid, H.W., Mather, I.H., and
Madara, P.J. (1985) Identification and characterization of the
principal proteins of the fat-globule membrane from guinea-pig
milk. Eur. J. Biochem. 151, 237-244

6. Mather, I.H. (1987) Proteins of the milk-fat-globule membrane
as markers of mammary epithelial cells and apical plasma
membrane in The Mammary Gland (Neville, M.C. and Daniel,
C.W., eds.) pp. 217-267, Plenum Press, New York

7. Mather, I.H. and Keenan, T.W. (1993) Function of endomem-
branes and the cell surface in the secretion of organic milk
constituents in Biochemistry of Lactation (Mepham, T.B., ed.)
pp. 231-283, Elsevier Science Publishers, Amsterdam

8. Vijay, I.K. and Oka, T. (1986) Developmental regulation of
glycosyltransferases involved in biosynthesis of asparagine-link-
ed glycoproteins in mouse mammary gland. Eur. J. Biochem. 164,
57-62

9. Shailubhai, K., Saxena, E.S., Balaqure, A.K., and Vijay, I.K.
(1990) Developmental regulation of glucosidase I, an enzyme
involved in the processing of asparagine-linked glycoproteins in
rat mammary gland. J. Biol Chem. 265, 9701-9706

10. Rajput, B., Muniappa, N., and Vijay, I.K. (1994) Developmental
and hormonal regulation of UDP-GlcNAc:dolichol phosphate
GlcNAc-1-P transferase in mouse mammary gland. J. Biol.
Chem. 269, 16054-16061

11. Nakata, N., Furukawa, K., Greenwalt, D.E., Sato, T., and
Kobata, A. (1993) Structural study of the sugar chains of CD36
purified from bovine mammary epithelial cells—Occurrence of
novel hybrid-type sugar chains containing the Neu5Ac<r2—»
6GalNAc/S1^4GlcNAc and the Man<rl^2Manffl^3Man<rl->
6Man groups. Biochemistry 32, 4369-4383

12. Sato, T., Furukawa, K., Greenwalt, D.E., and Kobata, A. (1993)
Most bovine milk fat globule membrane glycoproteins contain
asparagine-linked sugar chains with GalNAc/91—>4GlcNAc
groups. J. Biochem. 114, 890-900

13. Ujita, M., Furukawa, K., Aoki, N., Sato, T., Noda, A., Naka-
mura, R., Greenwalt, D.E., and Matsuda, T. (1993) A change in
soybean agglutinin binding patterns of bovine milk fat globule
membrane glycoproteins during early lactation. FEBS Lett. 332,

J. Biochem.

 at Peking U
niversity on O

ctober 2, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


fi-N-Acetylgalactosaminylation of Glycoproteins 1073

119-122
14. Manzella, S.M., Hooper, L., and Baenziger, J.U. (1996) Oligosac-

charides containing /9-1,4-linked iV-acetylgalactosamine, a para-
digm for protein-specific glycosylation. J. Biol. Chan. 271,
12117-12120

15. Fiete, D., Srivastava, V., Hinsgaul, 0., and Baenziger, J.U.
(1991) A hepatic reticuloendothelial cell receptor specific for
SO,-4GalNAc/Jl, 4GlcNAc/?l,2Man<r that mediates rapid clear-
ance of lutropin. Cell 67, 1103-1110

16. Dell, A., Morris, H.R., Eaton, R.L., Panico, M., Patankar, M.,
Oehninger, S., Koistinen, R., Koistinen, H., Seppala, M., and
Clark, G.F. (1995) Structural analysis of the oligosaccharides
derived from glycodelin, a human glycoprotein with potent
immunosuppressive and contraceptive activities. J. Biol. Chem.
270,24116-24126

17. Richards, J., Larson, L., Yang, J., Guzman, R., Tomooka, Y.,
Osbom, R., Imagawa, W., and Nandi, S. (1983) Method for
culturing mammary epithelial cells in a rat tail collagen gel
matrix. J. Tissue Culture Methods 8, 31-36

18. Li, M.L., Aggeler, J., Farson, D.A., Hatier, C, Hassell, J., and
Bissell, M.J. (1987) Influence of a reconstituted basement
membrane and its components on casein gene expression and
secretion in mouse mammary epithelial cells. Proc. Nati. Acad.
Sci. USA 84, 136-140

19. Ono, M. and Oka, T. (1980) The differential actions of cortisol on
the accumulation of ar-lactalbumin and casein in midpregnant
mouse mammary gland in culture. Cell 19, 473-460

20. Topper, Y.J., Sankaran, L., Chomczynski, P., Prosser, C, and
Qasba, P. (1986) Three stages of responsiveness to hormones in
the mammary cell. Ann. N. Y. Acad. Sci. 464, 1-10

21. Nakhasi, H.L., Grantham, F.M., and Gullino, P.M. (1984)
Expression of x -casein in normal and neoplastic rat mammary
gland is under the control of prolactin. J. Biol. Chem. 269,14894-
14898

22. Laemmli, U.K. (1970) Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature 227, 680-685

23. Takasaki, S., Mizuochi, T., and Kobata, A. (1982) Hydrazinolysis
of asparagine-linked sugar chains to produce free oligosacchar-
ides. Methods Enzymol. 83, 263-268

24. Torres, B.V., McCrumb, D.K., and Smith, D.F. (1988) Glyco-
lipid-lectin interactions: reactivit^of lectin from Helix pomatia,
Wisteria floribunda, and Dolichos biflorus with glycolipids con-
taining N-acetylgalactosamine. Arch. Biochem. Biophys. 262, 1-
11

25. Nyame, K., Smith, D.F., Damian, R.T., and Cummings, R.D.
(1989) Complex-type asparagine -linked oligosaccharides in
glycoproteins synthesized by Schistosoma mansoni adult males
contain terminal /9-linked iV-acetylgalactosamine. J. Biol. Chem.
264, 3235-3243

26. Yamashita, K., Mizuochi, T., and Kobata, A. (1982) Analysis of
oligosaccharides by gel filtration. Methods Enzymol 83, 105-126

27. Tanaka, A. and Ozaki, S. (1997) Purification and characterization
of /J-iV-acetylgalactosaminidase from Bacillus sp. AT173-1. J.
Biochem. 122, 330-336

28. Taka, J., Sato, T., Sakiyama, T., Fujisawa, H., andFurukawa, K.
(1996) Bovine pituitary membrane glycoproteins contain fi-N-
acetylgalactosaminylated iV-linked sugar chains. J. Neurochem.
66, 852-859

29. Sato, T., Takio, K., Kobata, A., Greenwalt, D.E., and Furukawa,
K. (1995) Site-specific glycosylation of bovine butyrophilin. J.
Biochem. 117, 147-157

30. Baenziger, J.U. and Fiete, D. (1979) Structural determinants of
Ricinus communis agglutinin and toxin specificity for oligosac-
charides. J. BioL Chem. 264, 9795-9799

31. Collier, R.J., Bauman, D.E., and Hays, R.L. (1977) Lactogenesis
in explant cultures of mammary tissue from pregnant cows.
Endocrinology 100, 1192-1200

32. Guyette, W.A., Matusik, R.J., and Rosen, J.M. (1979) Prolactin-
mediated transcriptional and post-transcriptional control of
casein gene expression. Cell 17, 1013-1023

33. Schmidhauser, C, Bissell, M.J., Myers, C.A., and Caspereon,
G.F. (1990) Extracellular matrix and hormones transcriptionally
regulate bovine /?-casein 5' sequences in stably transfected mouse
mammary cells. Proc. Nati. Acad. Sci. USA 87, 9118-9122

34. Manzella, S.M., Dharmesh, S.M., Cohick, C.B., Soares, M.J.,and
Baenziger, J.U. (1997) Developmental regulation of a pregnancy-
specific oligosaccharide structure, Neu5Acff2,6GalNAc/?l,4Glc-
NAc, on select members of the rat placental prolactin family. J.
Biol. Chem 272, 4775-4782

35. Smith, P.L. and Baenziger, J.U. (1992) Molecular basis of
recognition by the glycoprotein hormone-specific N-acetyl-
galactosamine-transferase. Proc. Nati. Acad. Sci. USA 89, 329-
333

36. Dharmesh, S.M., Skelton, T.P., and Baenziger, J.U. (1993) Co-
ordinate restricted expression of the ProXaaArg/Lys-specific
GalNAc-transferase and GalNAc/91,4GlcNAc/31,2Mana'-4-sul-
fotransferase. J. Biol. Chem. 268, 17096-17102

Vol. 122, No. 5, 1997

 at Peking U
niversity on O

ctober 2, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/

