
October 1993 

A, change in soybean agglutinin binding patterns of bovine milk fat 
globule membrane glycoproteins during early lactation. 
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Milk fat &hk? membrane (MFGM) glycoproteins were prepared from bovine milk at different stages of early lactation, Western blot analyses 
using several lectins revealed that reactivity of MFGM glycoproteins, especially 47K and SOK bands, to soybean agglutinin (SBA) remarkably 
increati during the lactation, while no change was obseixd for Ricinus commwlis agglutinin-I (RCA-I) binding. Sialidase treatment of MFGM 
glycopromins revealed that the number of SBA-positive bands and the amount of SBA-positive oligosaccharides in these bands are increased during 
the lactation. Since SBA bmds ~-a~tyl~ctos~ne terminated oligosaccharides, the results indicated that ~-~tyl~l~tos~ylation of bovine 

MFGM ~1~~~~0~~s is stimulated during the lactation. 

N-Linked sugar chain% ~A~tyl~aot~inylatio~~ Sialylation; Lactatiou 

The mammary gland undergoes profound morpho- 
logical and biochemical changes for milk production 
during pregnancy of the mammalian female. Following 
lactation, the gland synthesizes enormous amounts of 
soluble ~ycoproteins such as ~-IaGt~h~n~ lactotrans- 
ferrin and caseins, and of a number of ~y~pro~~ 
which are constituents of the MFGM fl-3f. It has been 
shown that the synthesis of some of the milk proteins 
is regulated by lactogenic hormones and growth factors 
[4,5]. Therefore, this tissue has attracted some biochem- 
ists to study the hormonal regulation of protein glyco- 
sylation. Several studies showed that activities of some 
of the key glycosyltransferases involved in the synthesis 
of dolichol-linked oligosaccharides, which are the pre- 
cursors of Klinked oligosaccharides, and of glucosidase 
I, which is involved in the processing of N-linked oligo- 
saccharides, are ~~~~d during the gland develop 
ment [6,7f. These results suggest that protein %gI;ly~~- 
sylation in the rn~~ gland is stimuIated during 
lactation, 

In the present study7 we compared the ~ycosylatio~ 
patterns of bovine MFGM gIycopr~t~i~s during lacta- 
tion by lectin blot analyses. The MFGM is derived from 
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Abbreviations: CBB, Coomassie Brilliant Blue; MFGM, milk fat Blob- 
ule membrane; FVDF, pol~y~dene ditbtoride; RCA-I, Ricims cm- 
mb aa;gtutinin-I; SBA, soybean agghitinin; SDS-PAGE, SDS-poly- 
acrylamide gel el~pho~~ WGA, wheat germ agglutiti. 

the apical plasma membranes of ~~er~~~ated mam- 
mary epithelial cells during the secretion of milk tria- 
cylglyeerols [S]. Glycoproteins included in each MFGM 
preparation, which was obtained from bovine milk at 
different stages of lactation, were subjseted to Western 
biot analyses using several lectins. The results show that 
the SBA binding patterns of MFGM gly~oprute~s were 
~rna~~~y changed during early fadatian. 

Fresh boviue milk was obtained from a Holstein cow at days 0, 1, 
3 and 5 after parturition. MFGM was prepared by the method de- 
scribed previously [9]. In brief, fresh bovine milk was centrifuged at 
4,000 x g for 15 min at 4T,, and the floating cream layer was washed 
several times with water to remove adhesive skim milk components. 
Washed cream was diluted with one volume of 20 mM ‘Iris-NC1 
buffer, pR 7.4, containing 0.15 M NaCi followed by freezing and 
thawing several times. The aquee~~ butter milk was centrifuged at 
~~~~ x g for 60 min, and &a membrane iayer was obtained in the 
interphase of the solution. The membrane fraction was dialyzed 
against water, and the MFGM g~p~~~s were sohtbilized in 10 
mM Tris-HCI buffen pII 8.3, containing I% SDS and 2% @-mereap- 
t~th~o~ (‘ISM) by incubating at 80% for IQ min. 

SDS-PAGE was performed according to the metbod of I,tuzmnli 
[lo] by applying 2 ~1 of the MFGM glycoprotein solution; proteins 
were then transferred to PVDF filters [l 11. Western blot analysis using 
wheat germ agglutinin (WGA), RCA-I or SBA was performed as 
described by Hawkes 1121. After blocking with 1% bovine serum albu- 
min, filters were incubated staxessively with lectin, rabbit anti-lectin 
antiserum and ~o~~~ju~t~ anti-rabbit IgG antibody, Fi- 
nally, filters were incubated with chromogenic peroxidase substrate 
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4-chloro-1-naphthol to detect &tin-bound glycoproteins. In some 
experiments, filters were treated with 0.5 units of Arrhrobacter ureufa- 
ciens sialidase in 100 ,~l of 0.5 M acetate buffer, pH 5.0, prior to 
incubation with SBA, and the glycoprotein samples (200 pug) were 
treated with (i) 1.5 units of N-glycanase in 30 ~1 of 0.5 M Tris-HCl 
buffer, pH 8.3; (ii) 1 .O unit of jack beau /3&acetylhexosaminidase in 
50 ~1 of 0.3 M citrate-phosphate buffer, pH 4.0, containing 100 pg of 
y-galactonolactone; (iii) 0.05 unit of diplococcalp-galactosidase in 50 
~1 of 0.3 M citrate-phosphate buffer, pH 6.0; (iv) 1.0 unit of coffee 
bean a-galactosidase in 50 ,~l of 0.3 M citrate-phosphate buffer, pH 
6.5, containing 100 pg of y-galactonolactone, or (v) 0.1 unit of Acre- 
monium sp. cc-N-acetylgalactosaminidase in 50 ~1 of 0.3 M citrate- 
phosphate buffer, pH 4.5, at 37°C for 24 h prior to the analysis. 

2.3. Liberation of N-linked sugar chains from glycoproteins 
MFGM Glycoproteins (2 mg), which were dried thoroughly over 

Pro,, were subjected to hydrazinolysis for 15 h as described previously 
[13]. After N-acetylation, the released oligosaccharides were reduced 
with NaB’H, to obtain tritium-labeled oligosaccharides. The radioac- 
tive oligosaccharides were subjected to high-voltage paper electropho- 
resis in pyridine-acetate buffer 3:1:387 (pyridine/acetic acid/water, by 
volume), pH 5.4, at 70 V/cm for 90 min as described previously [14]. 
Radioactive mono- and disialyl biantennary complex-type sugar 
chains were prepared from human transferrin by hydraxinolysis [15] 
followed by reduction with NaB%&. 

2.4. SBA-agarose column chromatography and affinity precipitation 
Radioactive oligosaccharides on an SBA-agarose column were 

eluted with phosphate-buffered saline, pH 7.4, followed by the same 
buffer containing 100 mM N-acetylgalactosamine. MFGM glycopro- 
teins were dissolved in 10 mM Tris-HCI buffer, pH 8.0, containing 
0.1% Triton X-100 and incubated with SBA-agarose beads at 37°C for 
6 h with gentle shaking. After centrifugation at 3,000 x g for 15 min, 
glycoproteins bound to SBA-agarose beads were precipitated. The 
bound glycoproteins were extracted with TSM by incubating at 80°C 
for 10 min and subjected to SDS-PAGE followed by Western blot 
analysis using a rabbit anti-bovine CD36 antibody. 

3. RESULTS AND DISCUSSION 

Protein concentrations of MFGM preparations ob- 
tained from 100 ml each of day 0, day 1, day 3 and day 
5 milk samples were 13.8, 8.3, 6.6 and 6.5 mg/ml (total 
1 ml), respectively, as determined by the method of 
Lowry et al. [16]. When 2 ~1 of each preparation was 
subjected to SDS-PAGE followed by staining with 

A B 

Coomassie brilliant blue (CBB), it was shown that each 
preparation contains 47K, 50K, 66K, 80K and 120K 
bands, which are indicated by a, b, c, d and e in each 
panel in Fig. 1, as common components and a few 
different minor bands with molecular sizes under 40K 
(Fig. 1A). However, day 0- and day l-derived samples 
contained additional 28K and 56K bands, which are 
indicated by arrowheads in Fig. lA, identified as the 
light and heavy chains of immunoglobulins (data not 
shown). Because day O-milk contains a large amount of 
immunoglobulins, they are often co-purified with 
MFGM proteins [17]. The 160K band as indicated by 
f was present in day 0- and day l-derived preparations 
but less or none in day 3- and day 5-derived prepara- 
tions (Fig. 1A). The band f was stained relatively 
strongly with CBB but did not react with &tins. There- 
fore, if the immunoglobulin and minor component 
bands were excluded, it was considered that each 
MFGM preparation contains the similar numbers and 
relative amounts of proteins. Thus, differences in pro- 
tein concentrations among the four MFGM prepara- 
tions appear to be due largely to the amount of the 
contaminated immunoglobulins. 

Proteins were transferred to PVDF filters and incu- 
bated with RCA-I, which binds oligosaccharides termi- 
nating with the Gal/?1 3 4GlcNAc group [18]. More 
bands were detected with lectin binding than CBB stain- 
ing. However, no differences in the lectin binding pat- 
terns were observed for the four preparations except for 
immunoglobulin light and heavy chain bands (Fig. 1B). 
Digestion of MFGM glycoproteins with diplococcal b- 
galactosidase prior to the analysis abolished the lectin 
binding to all of the bands (data not shown), indicating 
that RCA-I is binding to oligosaccharides terminating 
with a /$l,Clinked galactose residue. When the filter 
was incubated with SBA, which binds oligosaccharides 
terminating with either an a- or B-N-acetylgalactosa- 
mine residue or, more weakly, with an a-galactose resi- 
due [ 191, reactivity of the lectin with 47K and 80K bands 

C D E 

Fig. 1. Western blot analysis of MFGM glycoproteins using lectins. MFGM glycoproteins prepared from milk at day 0, day 1, day 3 and day 5 
after parturition were subjected to SDS-PAGE followed by CBB staining (A) or Western blot analysis using RCA-I (B), WGA (C) or SBA (D 
and E). In panel E, the filter was treated with sialidase prior to incubation with SBA. The numbers at the top of the fllters indicate days of milk 
from which MFGM glycoproteins were prepared. The arrowheads indicate the positions of immunoglobulin heavy and light chains. The a, b, c, 

d, and e in each panel and fin panel A indicate the positions of 47K, 50K, 66K, 80K, 120K and 160K bands, respectively. 
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increased during the lactation (Fig. 1D). Since CBB- 
staining and RCA-I binding indicated that these two 
bands are present in the similar relative ratios in the 
four preparations, it was assumed that this variation in 
lectin binding is induced by an increase of SBA-positive 
oligosaccharides and/or an uncovering of SBA-positive 
oligosaccharides in the bands during the lactation. Be- 
cause a slight but signticant decrease in the binding of 
WGA, which binds oligosaccharides terminating with 
sialic acid [20], was observed for several glycoproteins 
including 47K and 80K bands during the lactation (Fig. 
lC), it was suggested that a decrease in sialylation is 
partly responsible for the increased SBA binding. 

To co&m this, the 6lter was treated with A. ureufa- 
ciens sialidase, which cleaves all sialyl linkages, prior to 
the lectin blotting. The result showed that a lactation- 
dependent variation in SBA-binding is profoundly aug- 
mented not only in 47K and 80K bands but also in 30K, 
33K, 38K, 50K, 66K, 87K and 1OOK bands after siali- 
dase treatment (Fig. 1E). Most of the SBA-positive 
bands were present in all four preparations as detected 
with CBB staining, RCA-I binding or WGA-binding 
(Fig. lA, B or C). Therefore, these results indicated that 
a lactation-dependent increase of SBA binding to these 
bands could be ascribed to the combination events of 
a decrease in sialylation of SBA-positive oligosac- 
charides and an increase of SBA-positive oligosac- 
charides in the protein bands. Since SBA binding disap- 
peared after digestion of the MFGM samples with jack 
bean B-N-acetylhexosaminidase but not with Acremo- 
nium sp. c+N-acetylgalactosaminidase or coffee bean a- 
galactosidase (data not shown), it was concluded that 
SBA was binding to a terminal /I-N-acetylgalactosamine 
residue. 

Oligosaccharides were released by hydrazinolysis 
from MFGM preparations from day-l and day-5 milk 
and reduced with NaB3H,. Similar amounts of radioac- 
tivity were incorporated into the two preparations, indi- 
cating that day-l and day-5 MFGM glycoproteins con- 
tain similar amounts of oligosaccharides. Radioactive 
oligosaccharides obtained from the two preparations 
were subjected to paper electrophoresis, and separated 
into neutral (N) and acidic (A) fractions (Fig. 2a and c, 
respectively). The percent molar ratios of fractions N 
and A calculated from their radioactivities were 26% 
and 74% for the day-l preparation and 41% and 59% 
for day-5 preparation, respectively. When fractions A 
from both preparations were digested exhaustively with 
A. ureafuciens sialidase, all of the acidic oligosac- 
charides were converted to neutral ones (AN) (Fig. 2b 
and d, respectively). Therefore, most of the acidic na- 
ture of the oligosaccharides could be ascribed to their 
sialic acid residues. These results indicated that sialyla- 
tion of MFGM glycoproteins decreases during early 
stages of lactation, which agrees with the WGA binding 
patterns shown in Fig. 1C. 

When oligosaccharides in fractions N and AN were 
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Fig. 2. Paper electrophoretograms of oligosaccharides released from 
MFGM glycoproteins. The radioactive oligosaccharides obtained 
from MFGM glycoproteins prepared from day-l and day-5 milk sam- 
ples were subjected to paper electrophoresis (a and c, respectively). 
Fractions N and A were recovered from the paper by elution with 
water. Both fractions A were digested with A. ureafaciens sialidase and 
analyzed by paper electrophoresis (b and d, respectively). The arrows 
at the top of the figure indicate the migrating positions of authentic 
oligosaccharides: (i), lactitol; (ii) and (iii), mono- and di-sialyl bianten- 
nary complex-type sugar chains obtained from human transferrin, 

respectively. 

combined and subjected to SBA-agarose column 
chromatography, 14.4% and 34.6% of the total oligo- 
saccharides from day-l and day-5 MFGM prepara- 
tions, respectively, were retarded or bound to the col- 
umn and the bound oligosaccharides were eluted with 
100 mM N-acetylgalactosamine. The result indicated 
that the amount of SBA-positive oligosaccharides in 
MFGM glycoproteins is increased during lactation, 
which agrees with the SBA binding patterns shown in 
Fig. 1E. 
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Fig. 3. Identification of a major SBA-positive band. SBA-positive 
glycoproteins from day-5 MFGM preparation were obtained by SBA- 
agarose aflinity precipitation and analyzed by Western blotting using 
an anti-CD36 antibody (lane A). Bovine MFGM CD36 was purified 
by the method described previously [21] and is shown in lane B as a 

control. 

Since the molecular weight of a major SBA-positive 
band, 80K (Fig. 1D) is very close to that of CD36 [21], 
glycoproteins precipitated with SBA-agarose beads 
were subjected to Western blot analysis using a specific 
anti-bovine CD36 antibody. The result showed anti- 
body binding to the 80K band (Fig. 3), suggesting that 
the major SBA-positive band in Fig. 1D is CD36. 

Recently bovine MFGM CD36 has been shown to 
contain N-linked sugar chains terminating with sialyl- 
ated and non-sialylated GalNAc/?l + 4GlcNAc and 
Gal/Q + 4GlcNAc groups [22]. Because SBA also 
binds to the GalNA$?l + 4-GlcNAc group and be- 
cause all of the SBA-positive bands disappeared when 
MFGM glycoproteins were treated with jack-bean B-N- 
acetylhexosaminidase or N-glycanase (data not shown), 
it was concluded that SBA is binding to N-linked sugar 
chains of MFGM glycoproteins terminating with the 
GalNAc/?l + 4GlcNAc group. Increases of SBA-posi- 
tive oligosaccharides and of SBA-positive proteins dur- 
ing the lactation indicated that N-acetylgalactosa- 
minyltransferase responsible for forming the disaccha- 
ride is activated at a very early stage of lactation. 

Because RCA-I binding patterns of MFGM 
glycoproteins among the four preparations were not 
largely changed, the amounts of sialic acid residues 
bound to galactose residues do not appear to change 
signihcantly during the lactation. Therefore, the de- 
crease in sialic acid residues appeared to be specific to 
oligosaccharides which contain SBA-positive struc- 

tures. Methylation analysis showed that all of the acidic 
oligosaccharides of MFGM glycoproteins contain only 
a-2,6-linked sialic acid residue (Sato, T. and Furnkawa, 
K., unpublished data). Therefore, the present results 
indicated that the amount of the NeuSAcoz2 + 6Gal- 
NAyYl + 4GlcNAc group is decreased, while that of 
the NeuSAcu2 + 6Gal/?l +4GlcNAc group is un- 
changed in MFGM glycoproteins during the lactation. 
The decreased sialylation of the SBA-positive oligosac- 
charides observed in this study could be induced by 
activation of a sialidase with a restricted substrate spec- 
ificity and/or by lowered activity of an a-2,6-sialyltrans- 
ferase. It would be of interest to determine how the 
sialylation levels of the GalNAq?l + 4GlcNAc and 
Gal/31 + 4GlcNAc groups of MFGM glycoprotein 
sugar chains are regulated during lactation. 
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