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  ABSTRACT 

  Fat is present in milk as droplets of triglycerides 
surrounded by a complex membrane derived from the 
mammary epithelial cell called milk fat globule mem-
brane (MFGM). Although numerous studies have been 
published on human or bovine MFGM proteins, to date 
few studies exist on MFGM proteins from goat milk. 
The objective of this study was thus to investigate the 
protein composition of the goat MFGM. Milk fat glob-
ule membrane proteins from goat milk were separated 
by 6% and 10% sodium dodecyl sulfate-PAGE and 
were Coomassie or periodic acid–Schiff stained. Most 
of MFGM proteins [mucin-1, fatty acid synthase, xan-
thine oxidase, butyrophilin, lactadherin (MFG EGF-8, 
MFG-E8), and adipophilin] already described in cow 
milk were identified in goat milk using peptide mass 
fingerprinting. In addition, lectin staining provided a 
preliminary characterization of carbohydrate structures 
occurring on MFGM proteins from goat milk depend-
ing on αS1-casein genotype and lactation stage. We 
provide here first evidence of the presence of O-glycans 
on fatty acid synthase and xanthine oxidase from goat 
milk. A prominent difference between the cow and the 
goat species was demonstrated for lactadherin. Indeed, 
whereas 2 polypeptide chains were easily identified by 
peptide mass fingerprinting matrix-assisted laser des-
orption/ionization–time of flight analysis within bovine 
MFGM proteins, lactadherin from goat milk consisted 
of a single polypeptide chain. Another striking observa-
tion was the presence of caseins associated with MFGM 
preparations from goat milk, whereas virtually no ca-
seins were found in MFGM extracts from bovine milk. 
Taken together, these observations strongly support 
the existence of a singular secretion mode previously 
hypothesized in the goat. 
  Key words:    milk fat globule membrane ,  glycoprotein , 
 lactadherin ,  secretion 

  INTRODUCTION 

  Goat milk accounts for more than 50% of milk pro-
duction in developing countries where cow milk is not 
readily affordable. In Europe, where goat milk is pro-
cessed mostly for cheese manufacture, its production 
increased by 12% over the past 30 yr (Haenlein, 2001). 
In addition to its economic importance, goat milk may 
be of great nutritional interest, especially regarding 
the highly bioactive oligosaccharide fraction (Boehm 
and Stahl, 2007). Supporting this observation, it has 
been recently demonstrated that goat milk oligosaccha-
rides possess antiinflammatory properties in a rodent 
model of hapten-induced colitis (Daddaoua et al., 2006; 
Martinez-Ferez et al., 2006). Similarly, many health 
benefits can been attributed to the glycoproteins of the 
milk fat globule membrane (MFGM), the surrounding 
complex structure deriving from the mammary epithe-
lial cell (MEC), which envelops the fat globule during 
the secretion process (Schroten, 1998; Dewettinck et 
al., 2008). Indeed, antiinfectious, anticancer, and anti-
cholesterolemic effects have been described for bovine 
MFGM components (Spitsberg, 2005), thus high-
lighting the need to better characterize this fraction, 
which represents only 1% of total milk proteins. Major 
MFGM proteins from human or bovine milk have been 
extensively reviewed (Mather, 2000) and several pro-
teomic studies on MFGM have been recently published, 
either for bovine, equine, or buffalo milk (Reinhardt 
and Lippolis, 2006; Barello et al., 2008; D’Ambrosio et 
al., 2008). In bovine milk, using a proteomic approach 
based on liquid chromatography connected with tan-
dem mass spectrometry, Reinhardt and Lippolis (2006) 
recently identified more than 120 proteins with diverse 
functions such as trafficking, cell signaling, or immune 
response. Moreover, they characterized changes in the 
bovine MFGM proteome during the transition from 
colostrum to mature milk (Reinhardt and Lippolis, 
2008). However, MFGM proteins from goat milk are 
poorly characterized compared with their bovine or hu-
man counterparts, with the exception of mucins, which 
are high molecular weight proteins that contain more 
than 50% carbohydrates and that have well-recognized 
antiinfectious effects. In the goat, mucin-1 and, more 
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recently, mucin-15 have been characterized either at the 
DNA or protein level (Campana et al., 1992; Patton, 
1999; Sacchi et al., 2004; Pallesen et al., 2008). How-
ever, to date, nonmucin MFGM proteins are not clearly 
identified in goat milk.

The purpose of this study was thus to describe the 
MFGM protein fraction of goat milk. Milk fat globule 
membrane proteins were separated by SDS-PAGE and 
were then Coomassie or periodic acid–Schiff (PAS) 
stained. Most of the MFGM proteins already described 
in bovine milk were identified from goat MFGM by 
peptide mass fingerprinting (PMF) mass spectrometry 
(MS), and their carbohydrate contents was analyzed 
by lectin staining. Prominent differences were found 
between the cow and the goat species. Finally, some 
aspects of our findings are discussed in relation to milk 
secretion pathways in the goat.

MATERIALS AND METHODS

Animals and Milk Samples

Individual milk samples (evening + morning milking) 
were collected from 8 primiparous goats (4 produced 
high αS1-CN, 4 were αS1-CN null) at early (26 ± 9 d), 
mid (135 ± 9 d), and late (250 ± 9 d postpartum) 
lactation stages on INRA Bourges-Domaine de Galle 
experimental farm (Avord, France). Preservatives (0.05 
g/L of potassium dichromate, 10 mM ε-amino caproic 
acid, and 10 μM phenylmethylsulfonyl fluoride) were 
added to milk immediately after milking to prevent pro-
teolysis of samples. Milk samples were stored at −20°C 
in 50-mL aliquots. For protein extraction, milk samples 
were incubated for 30 min at 37°C and centrifuged at 
2,000 × g for 15 min at 20°C. Samples were incubated 
for 30 min at 4°C to help with skimming. Fat globules 
were recovered in the supernatant layer and washed 3 
times with 0.9% (wt/vol) NaCl to remove residual CN 
and whey proteins that had adsorbed to fat globules. 
Twelve bovine milk samples from 2 individuals were 
similarly handled for MFGM protein extraction.

Extraction and Analysis of MFGM Proteins

Milk fat globule membrane proteins were extracted 
from milk fat with an SDS-containing solution as de-
scribed previously (Fortunato et al., 2003) with some 
modifications. Briefly, lysis buffer (63 mM Tris-HCl, 
pH 9, 2% SDS) supplemented with a protease inhibi-
tor cocktail (Complete Mini, EDTA-free, Roche Diag-
nostics, Basel, Switzerland) was added to washed fat 
globules at a concentration of 1 mL/g of fat, incubated 
for 1 h at room temperature with periodical vortexing, 
and centrifuged at 10,000 × g for 10 min. The floating 

cream layer was removed and lysates were centrifuged 
again at 10,000 × g for 10 min and then stored at −20°C 
(or −80°C for long-term storage) for further analysis. 
Protein concentration (Lowry’s method) was assessed 
with the Bio-Rad RC-DC Protein Assay (Bio-Rad 
Laboratories, Hercules, CA) according to the instruc-
tions of the manufacturer. Proteins were resolved by 
SDS-PAGE, stained with Bio-Safe Coomassie (Bio-Rad 
Laboratories), or electrotransferred onto nitrocellulose 
for immunoblotting with lectins.

PAS Staining

For total glycoprotein analysis, 50 μg of proteins were 
separated on 6% acrylamide gels (4.5% acrylamide for 
the stacking gel) and revealed with the Schiff reagent 
(Sigma-Aldrich, St. Louis, MO) in accordance with the 
protocol of the manufacturer. Briefly, gels were fixed 
overnight in 40% ethanol/7% acetic acid. Gels were 
then washed 2 times (30 min each) with fresh fixative 
solution. Carbohydrates were oxidized for 1 hr by im-
mersing gels in a solution of 1% periodic acid/3% acetic 
acid, and were then washed 10 times (10 min each) 
with water to remove traces of periodic acid. Gels were 
immersed for 1 h in the Schiff’s reagent in the dark to 
reveal the glycoprotein bands, and were then washed for 
15 min with water. Images were immediately acquired 
after washing.

Analysis and Identification of Proteins from 
1-Dimensional PAGE by Matrix-Assisted Laser 
Desorption/Ionization–Time of Flight MS

Proteins were excised from 1-dimensional gel, and gel 
pieces were washed 2 times in ultrapure water followed 
by 2 times in 50% acetonitrile and 50 mM ammonium 
bicarbonate [NH4HCO3 (vol/vol)]. After gel-drying 
for 10 min, the digestion was performed in 30 μL of 
50 mM NH4HCO3 (pH 8.0) with 0.2 μg of modified 
trypsin (sequencing grade, Promega, Madison, WI) for 
16 h at 37°C. The identity of peptides was obtained 
by matrix-assisted laser desorption/ionization–time of 
flight (MALDI-TOF) MS (Voyager DE super STR, 
Applied Biosystems, Foster City, CA) equipped with 
a nitrogen laser emitting at 337 nm. One microliter of 
tryptic digest was mixed on the stainless steel MALDI 
plate with 1 μL of CHCA (α-cyano-4-hydroxycinnamic 
acid, Sigma-Aldrich) at 5 mg/mL in acetonitrile/0.3% 
trifluoroacetic acid (vol/vol) and dried at room temper-
ature. Spectra were recorded in positive reflector mode 
with 20 kV as accelerating voltage, a delayed extraction 
time of 120 ns, and a 63% grid voltage. Spectra were 
calibrated using internal calibration comprising tryptic 
autolysis peptides ([M+H]+ = 842.51 and [M+H]+ = 
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2,211.11). Mass spectra were treated by Data Explorer 
4.2 (Applied Biosystems) with the following parameters: 
baseline correction, noise filter/smooth (noise removal 
of 2), and peak resolution of 10,000. Spectral profiles 
were collected in the mass range of mass:charge ratio = 
800 to 3,000 Da. All peptide masses were assumed to be 
monoisotopic and protonated molecular ions [M+H]+. 
Proteins were identified among Swiss-Prot and TrEM-
BL databases using the Aldente Peptide Mass Finger-
printing tool from Expasy (http://www.expasy.org/
tools/aldente/) with the following parameters: trypsin 
specificity, one missed cleavage, 30 ppm mass accuracy, 
and carbamidomethylation and methionine oxidation 
as fixed and variable modifications, respectively.

Lectin Staining

For lectin analysis, MFGM proteins were resolved by 
6% SDS-PAGE and electrotransferred onto nitrocellu-
lose. Blots were saturated for 1 h at room temperature 
with Tris-buffered saline (TBS) 5% Tween 20 and then 
probed for 2 h at room temperature with the follow-
ing biotin-conjugated lectins: concanavalin A (ConA; 
7.5 ng/mL), Sambucus nigra lectin (SNA; 3 ng/mL), 
Maackia amurensis lectin II (MALII; 30 ng/mL), and 
peanut agglutinin (PNA; 30 ng/mL), all from Vector 
Laboratories (Burlingame, CA). Blots were washed ex-
tensively with TBS 1% Tween 20 and then incubated for 
1 h with 10 μg of horseradish peroxidase-streptavidin in 
TBS 1% Tween 20. After extensive washing, blots were 
revealed with the enhanced chemiluminescence system 
(GE Healthcare, Waukesha, WI). Sambucus nigra lectin 
binds preferentially to sialic acids attached to terminal 
galactose in (α2,6) and, to a lesser extent, (α2,3) link-
age, whereas MALII staining is specific for (α2,3)-linked 
sialic acids. Peanut agglutinin lectin binds to galactose-
β1,3-N-acetylgalactosamine structure, commonly found 
in O-linked glycans. Concanavalin A binds to α-linked 
mannose, as found in N-glycans. Bovine serum albumin 
was taken as a negative control for lectin blotting ex-
periments, and no binding was observed for this protein 
for all lectins studied in this study.

Immunoblotting Experiments

For immunoblotting, 25 μg of MFGM protein was re-
solved by 10% SDS-PAGE and electrotransferred onto 
nitrocellulose. Blots were saturated with 5% nonfat dry 
milk in TBS and probed for 2 h at room temperature 
in TBS 0.1% Tween 20 (Sigma-Aldrich) with antibod-
ies against mouse adipophilin or bovine butyrophilin 
(1/5,000; both from Progen, Toowong, Australia). 
Blots were extensively washed in TBS 0.1% Tween 20 
and incubated with appropriate secondary antibodies 

(1/5,000; Sigma-Aldrich). Immunocomplexes were then 
revealed by the ECL system (GE Healthcare).

RESULTS AND DISCUSSION

Identification of Major MFGM  
Proteins from Goat Milk

A representative pattern of goat MFGM proteins 
resolved in 10 and 6% SDS-PAGE gels after Coomassie 
staining is shown in Figures 1A and 1B (lanes 3–4), 
respectively. The protein profile displays several ma-
jor bands identified by PMF MALDI-TOF analysis as 
fatty acid synthase (FAS), xanthine oxidase (XO), 
butyrophilin (BTN1A1), lactadherin (LDH), and 
adipophilin (ADRP). In addition, some minor bands 
resulting from the previously described proteolysis 
events of BTN1A1 (Mather, 2000) or to complexes be-
tween BTN1A1 and XO were also observed. After PAS 
staining, which revealed only proteins with high car-
bohydrate contents, 4 bands could be easily visualized 
for goat MFGM glycoproteins (Figure 2; lanes 3–4). 
Among PAS-stained proteins, only LDH and BTN1A1 
were identified by PMF MALDI-TOF analysis. Bands 
corresponding to mucin-1 and to an 80-kDa protein so 
far not identified, probably corresponding to the bo-
vine CD36 protein, were also visualized. These proteins 
were not identified by PMF MALDI-TOF analysis, 
probably because of the presence of large quantities of 
carbohydrates inhibiting trypsin digestion, or impair-
ing ionization of glycopeptides during MS analyses, or 
both. However, we confirmed the polymorphic aspect of 
goat mucin-1 (presence of 1 or 2 equally stained bands 
for mucin-1) previously demonstrated by others (Cam-
pana et al., 1992). In addition, we confirmed that, in 
comparison with its bovine counterpart, the goat mucin 
would be a considerably larger protein (Figure 2; lanes 
1–2 and lanes 3–4). A faint band of about 130 kDa 
can also be observed corresponding to the PAS III/mu-
cin-15 protein previously identified in bovine MFGM 
(Pallesen et al., 2002) and, more recently, in the caprine 
and ovine MFGM (Pallesen et al., 2008). In addition, 
a high molecular weight material can also be observed 
in the stacking gel (4.5% acrylamide) after PAS stain-
ing. The presence of this high molecular weight protein 
has already been described in bovine milk. However, 
limited information is available on this glycoprotein, 
which is therefore named mucin-X (Patton, 2001; Liu 
et al., 2005).

Comparison of the MFGM Proteins  
Between Goat and Cow

A prominent difference between the cow and the goat 
species was observed for LDH. In the cow, LDH, also 
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known as PAS 6/7 (accession number Q95114), consists 
of 2 polypeptides that stain well with Coomassie blue 
and the PAS reagent. These bands, ranging in size from 
52 to 58 kDa, correspond to protein isoforms produced 

by alternative splicing, a long isoform consisting of 427 
AA and a short isoform arising from an internal trunca-
tion of 52 AA, starting from position 169 and extending 
to position 220 (Hvarregaard et al., 1996). This is the 
consequence of an exon skipping event (exon 5) occur-
ring during the course of the premessengers maturation 
process. Limited information is available on caprine 
LDH (accession number P85297; 12 AA fragment lo-
cated in the C-terminal part of the protein), and a full-
length sequence for this protein is still missing in the 
goat species. However, we show here that, in contrast 
with bovine LDH for which the 2 polypeptide chains 
are easily identified by PMF MALDI-TOF analysis, 
LDH from goat milk consists of a single polypeptide 
chain. Indeed, the presence of LDH in both bands 
corresponding to bovine PAS 6/7 (Figure 1; lanes 1 
and 2) was confirmed by PMF, whereas only 2 distinct 
bands of 55 kDa and 50 kDa in Coomassie-stained gels 
for LDH and ADRP, respectively, were characterized 
in the MFGM from goat milk (Figure 1; lanes 3–4). 
Accordingly, in PAS-stained gels, only the upper band 
corresponding to the heavily glycosylated LDH from 
goat milk is visualized, whereas 2 bands corresponding 
to the 2 differently processed transcripts are visible for 
bovine LDH (Figure 2; compare lanes 1–2 and lanes 
3–4). Growing biological roles are attributed to LDH, 
including adhesive mechanisms, apoptosis, spermatozoa 
capacitation, and mammary gland involution after lac-
tation (Petrunkina et al., 2003; Hanayama and Nagata, 
2005; Shi et al., 2006). In addition, by using differential 
gel electrophoresis-based proteomics, we provide the 
first evidence of the involvement of LDH in fat globule 
secretion from the MEC, thus suggesting a key function 
for this protein in milk synthesis [C. Cebo, C. Beau-
vallet (INRA UMR 1313 Unité Génétique Animale et 
Biologie Intégrative, Equipe Lait, Génome et Santé, 
Jouy-en-Josas, France; INRA Plateforme ICE, Iso-
Cell Express, Jouy-en-Josas, France), C. Lopez (INRA 
UMR 1253 Science et Technologie du Lait et de l’Oeuf, 
Rennes, France), C. Henry (INRA Platforme d’Analyse 
Protéomique Paris Sud Ouest, Jouy-en-Josas, France), 
C. Bevilacqua (INRA UMR 1313 Unité Génétique 
Animale et Biologie Intégrative, Equipe Lait, Génome 
et Santé; INRA Plateforme ICE, Iso-Cell Express), H. 
Caillat, and P. Martin; unpublished data].

Another striking observation was the presence of 
CN in MFGM protein preparations from goat milk as 
compared with those from bovine milk (Figure 1A). 
Although fat globules from cow and goat milk were 
similarly handled, 10% SDS-PAGE analysis of MFGM 
proteins from goat milk reveals the presence of CN in 
goat samples, whereas virtually no CN were detected 
as associated with fat globule proteins from bovine 
milk (Figure 1A; compare lanes 1–2 and lanes 3–4). 
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Figure 1. Representative pattern of goat milk fat globule mem-
brane (MFGM) proteins in SDS-PAGE. Twenty-five micrograms of 
MFGM proteins were separated either on A) 10% or B) 6% SDS-
PAGE and stained with Bio-Safe (Bio-Rad Laboratories, Hercules, 
CA). The MFGM proteins are from bovine (lanes 1–2) and caprine 
(lanes 3–4) milks. For identification, proteins were gel-digested by 0.2 
μg of trypsin, and peptides mixtures were subjected to matrix-assisted 
laser desorption/ionization–time of flight mass spectrometry analysis. 
Proteins identified with mass spectrometry were fatty acid synthase 
[FAS; accession number Q076H7 (Capra hircus)]; xanthine oxidase [XO; 
accession number A1YZ34 (Capra hircus)]; butyrophilin [BTN1A1; 
accession number A3EY52 (Capra hircus)]; lactadherin [LDH; acces-
sion number Q95114 (Bos taurus)]; and adipophilin [ADRP; accession 
number A6ZE99 (Ovis aries)]. Positions of protein standards (kDa) 
are indicated to the left of the panel.



These observations argue for a singular secretion mode 
in the goat. Though growing information is arising 
from biochemical characterization of MFGM proteins 
(Mather, 2000) and from electronic microscopy studies 
on milk fat globules (Robenek et al., 2006a,b), little is 
known about precise mechanisms leading to milk secre-
tion, especially to milk fat secretion. Indeed, to date, 
it is not clear whether cytoplasmic lipid droplets first 
originating from the endoplasmic reticulum (ER) are 
progressively enveloped by the plasma membrane or 
whether cytoplasmic lipid droplets are extruded from 
the MEC by fusion of peripherally associated secretory 
vesicles with the plasma membrane (McManaman et 
al., 2007). However, a singular milk secretion process 
has already been suggested in the goat. An apocrine 
process (consisting of various-sized fragments of secre-
tory cells containing cytoplasmic inclusions known as 
cytoplasmic crescents) is suggested for the goat species, 
whereas a merocrine process (consisting of secretion of 
milk components without loss of cytoplasm) is proposed 
for the cow species. Furthermore, it has been proposed 
for the goat species that this mechanism might be 
dependent upon the αS1-CN genotype (Neveu et al., 
2002). Here, we clearly showed that CN probably deriv-
ing from secretory vesicles were constantly embedded 
with MFGM preparations from goat milk. By using a 
label-free, MS-based approach, we additionally showed 
that more CN were associated with the MFGM protein 
fraction originating from goats that were αS1-CN null 
(homozygous at the CSN1S1 locus), thus suggesting 
an alternative pathway for milk fat secretion in the 

animals that were αS1-CN defective [C. Cebo, C. Beau-
vallet (INRA UMR 1313 Unité Génétique Animale et 
Biologie Intégrative, Equipe Lait, Génome et Santé, 
Jouy-en-Josas, France; INRA Plateforme ICE, Iso-
Cell Express, Jouy-en-Josas, France), C. Lopez (INRA 
UMR 1253 Science et Technologie du Lait et de l’Oeuf, 
Rennes, France), C. Henry (INRA Platforme d’Analyse 
Protéomique Paris Sud Ouest, Jouy-en-Josas, France), 
C. Bevilacqua (INRA UMR 1313 Unité Génétique 
Animale et Biologie Intégrative, Equipe Lait, Génome 
et Santé; INRA Plateforme ICE, Iso-Cell Express), H. 
Caillat, and P. Martin; unpublished data]. Finally, the 
presence of ER-resident proteins found in the milk from 
goats that were αS1-CN null strongly supports this ob-
servation [C. Beauvallet, C. Bevilacqua (both of INRA 
UMR 1313 Unité Génétique Animale et Biologie Inté-
grative, Equipe Lait, Génome et Santé, Jouy-en-Josas, 
France; INRA Plateforme ICE, Iso-Cell Express, Jouy-
en-Josas, France), B. Badaoui (INRA UMR 1313 Unité 
Génétique Animale et Biologie Intégrative, Equipe Lait, 
Génome et Santé), C. Cebo, S. Makhzami, S. Pollet 
(both of INRA UMR 1313 Unité Génétique Animale 
et Biologie Intégrative, Equipe Lait, Génome et Santé; 
INRA Plateforme ICE, Iso-Cell Express), E. Chanat 
(INRA UR1196, Génomique et Physiologie de la Lacta-
tion, Domaine de Vilvert, Jouy-en-Josas, France), and 
P. Martin; unpublished data]. Taken together, these 
results open new roads for milk secretion mechanisms 
in mammals.

Glycosylation of Major Goat MFGM Proteins

To provide additional information about the carbo-
hydrate structures occurring on goat MFGM proteins, 
we used lectins with broad specificities for staining ap-
proaches. Peanut agglutinin lectin binds to galactose-
β1,3-N-acetylgalactosamine structure, commonly found 
in O-linked glycans (T antigen), whereas ConA binds 
to α-linked mannose, as found in N-glycans. Thus, both 
O- and N-glycosylation can be characterized on MFGM 
glycoproteins. Sialic acids, which are structures found on 
the surface of the cell and on secreted proteins, possess 
numerous roles either in adhesion, signaling, or immune 
response processes (Varki, 2007). We therefore used 2 
different lectins, SNA and MALII, to characterize sialic 
acids on MFGM glycoproteins. SNA lectin binds prefer-
entially to sialic acids attached to terminal galactose in 
(α2,6) and, to a lesser extent, (α2,3) linkage, whereas 
MALII staining is specific for (α2,3)-linked sialic acids. 
Both structures can be found either in N- or O-glycans. 
Binding activities of ConA, PNA, MALII, and SNA lec-
tins to major MFGM glycoproteins from goat milk are 
summarized in Table 1. Mucin-1, FAS, XO, BTN1A1, 
and LDH are revealed by SNA lectin, thus accounting 
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Figure 2. Periodic acid–Schiff (PAS) staining of goat milk fat glob-
ule membrane proteins. Fifty micrograms of milk fat globule mem-
brane proteins from bovine (lanes 1–2) or caprine (lanes 3–4) milks 
were loaded on 6% SDS-PAGE and stained with periodic acid–Schiff 
reagent. Because of codominant expression of variable-sized alleles, 1 
or 2 equally stained bands for mucin-1 are visualized from individual 
milk samples. Positions of protein standards (kDa) are indicated to the 
left of the panel. MUC = mucin; CD36 = cluster of differentiation 36; 
BTN1A1 = butyrophilin; LDH = lactadherin; ADRP = adipophilin;.



for the presence of (α2,6)-linked sialic acid chains on 
these proteins. In contrast, only mucin-1, FAS, and XO 
are clearly stained by MALII lectin. Thus, in the goat, 
BTN1A1 and LDH are (α2,6)-sialylated glycoproteins, 
whereas both (α2.3)- and (α2.6)-linked sialic acids are 
present on mucin-1, FAS, and XO (Table 1).

Glycosylation of XO was not suspected (Mather, 
2000) until Picariello et al. (2008) provided evidence 
for the presence of N-glycans in human XO. Here we 
showed that XO from goat milk is also glycosylated as 
strongly revealed by PNA, SNA, and MALII lectins, 
thus accounting for the presence of sialic acid resi-
dues most likely in an O-linked sugar chain (Table 1). 
Moreover, a consistent probability for O-glycosylation 
at Thr207, Thr1069, and Thr1071 occurs in caprine XO 
sequence (accession number A1YZ34) when using the 
predictive software NetOGlyc 3.1 (http://www.cbs.dtu.
dk/services/NetOGlyc; Table 2). In contrast, ConA 
lectin does not stain XO (Table 1). This result is in 
agreement with the absence of putative N-glycosylation 
sites in the Capra hircus sequence (Table 2).

Fatty acid synthase plays a central role in de novo 
lipogenesis in mammals. Fatty acid synthase is a 
complex multifunctional enzyme consisting of 2 iden-
tical monomers of 250 kDa containing 7 active sites. 
Only the dimer form is functional to catalyze all the 
reaction steps involved in the synthesis of long-chain 
fatty acids, primarily palmitate from acetyl-CoA and 
malonyl-CoA. Fatty acid synthase is a cytoplasmic 
enzyme. However, its close interaction with lipid raft 
domains involving the membrane protein caveolin-1 has 
been recently demonstrated (Di Vizio et al., 2008) and 
may explain the recurrent presence of this protein in 
MFGM extracts. Fatty acid synthase expression and 
activity are regulated by numerous factors (Baron et 
al., 2004). However, posttranslational regulation of FAS 
remains poorly documented. Data exist on nicotine-
induced FAS phosphorylation (An et al., 2007), but 
there is no evidence of FAS glycosylation. Caprine 
FAS (accession number Q06B57) virtually possesses 2 
sites of O-glycosylation at Thr983 and Thr2145 and 11 
N-glycosylation sites (Table 2). Like XO, FAS is not 
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Table 1. Lectin binding to major goat milk fat globule membrane proteins1 

Carbohydrate specificity

ConA PNA MALII SNA

α-Linked mannose 
residues

Galactosyl-β1,3-N- 
acetylgalactosamine

Sialic acid in 
(α2,3) linkage

Sialic acid attached to 
galactose in (α2,6) and, to a 
lesser degree, (α2.3) linkage

Mucin-X + +++ ++ +
Mucin-1 +/− ++ +++ +
Fatty acid synthase +/− + ++ +
Xanthine oxidase +/− ++ +++ ++
Butyrophilin +++ +/− +/− +++
Lactadherin +++ +/− +/− +++
Adipophilin +/− +/− +/− +/−

1Lectin staining intensities indicate level of binding (ranging from + = significant binding to +++ = strong binding) to major goat milk fat 
globule membrane proteins as identified by peptide mass fingerprinting matrix-assisted laser desorption/ionization–time of flight. Intensities 
were visually evaluated from blotting experiment results. ConA = concanavalin; PNA = peanut agglutinin; MALII = Maackia amurensis lectin 
II; SNA = Sambucus nigra lectin.

Table 2. Prediction of N-glycosylation and O-GalNAc attachment sites in major goat milk fat globule membrane (MFGM) proteins1 

MFGM protein Taxon Uniprot ID2 O-glycosylation N-glycosylation

Fatty acid synthase Capra hircus Q06B57 T983; T2145 N195; N851; N1237; N1294; 
N1481; N1719; N2000; N2041; 
N2334; N2445; N2466

Xanthine oxidase Capra hircus A1YZ34 T207; T1069; T1071 No sites
Xanthine oxidase Bos taurus P80457 T207 N904
Butyrophilin Capra hircus A3EY52 T179 N54; N214
Lactadherin Bos taurus Q95114 No sites N59; N227
Adipophilin Bos taurus Q8HZM7 T63; T133; T135 N258; N316
Adipophilin Ovis aries A6ZE99 T63; T133; T135; T420; 

S443; S448; S449; S450
N316

1Source of prediction of N-glycosylation: http://www.cbs.dtu.dk/services/NetNGlyc/. Source of prediction of O-GalNAc (mucin type) attach-
ment sites: http://www.cbs.dtu.dk/services/NetOGlyc/. Sites with higher probability of N-glycosylation are indicated in bold. When not avail-
able in Capra hircus, Bos taurus, or Ovis aries, full-length sequences were used with predictive software.
2http://www.uniprot.org.



visualized after PAS staining but can be revealed by 
PNA lectin, thus suggesting the existence of O-glycans 
on the protein. Fatty acid synthase is also recognized by 
sialic acid-binding lectins SNA and MALII but not by 

ConA lectin, thus accounting for the existence of sialic 
acids most likely on an O-glycan chain (Table 1).

Bovine BTN1A1 is not known to be O-glycosylated, 
but is N-glycosylated at N56 and N216 (Mather, 2000). 
In agreement with this result, caprine BTN1A1 (ac-
cession number A3EY52) is not recognized by PNA, 
but is strongly stained by SNA and ConA lectin, thus 
confirming the absence of O-linked glycans and sug-
gesting that (α2.6)-linked sialic acids chains are carried 
by N-linked carbohydrates. Interestingly, molecular 
weight deduced from primary sequences of bovine (ac-
cession number P18892) and caprine (accession number 
A3EY52) BTN1A1 are quite similar (59 kDa). Thus, 
the different apparent molecular weight in SDS-PAGE 
for bovine and caprine BTN1A1 after either PAS stain-
ing (Figure 2) or immunoblotting with specific anti-
bodies (Figure 3A) may be because of differences in 
carbohydrate contents. In contrast, apparent molecular 
weight of ADRP, which is not supposed to be glycosy-
lated (Mather, 2000), is comparable in MFGM extracts 
either from bovine or goat milks (Figure 3B).

αS1-Casein deficiency in goats is associated with severe 
disorders of secretory pathways (Chanat et al., 1999). 
Indeed, an accumulation of immature proteins (mainly 
CN) is observed in the absence of αS1-CN, leading to a 
dramatic distension of the ER. Protein N-glycosylation 
is actually a cotranslational event. First steps occur in 
the ER with addition of the Glc3Man9GlcNAc2 core to 
the protein backbone. After removal of the 2 outermost 
glucose residues, glycoproteins bind to either or both 
of the ER lectins calnexin and calreticulin. Further 
processing in the ER includes mannose removal and 
quality control. Correctly folded proteins are transport-
competent to Golgi compartments where additional 
glycosylation, including sialylation, occurs. Therefore, 
because the first steps of glycosylation take place in the 
ER, it was of interest to study glycosylation patterns 
in goats with strong genotypes for αS1-CN compared 
with goats with null genotypes for αS1-CN, for which 
secretory pathways are severely affected (Chanat et al., 
1999). In both genotypes, N- and O-glycosylation were 
comparable. In particular, no differences in protein 
sialylation could be observed between genotypes, thus 
indicating that Golgi events seem not to be affected by 
the αS1-CN polymorphism (data not shown).

Finally, we analyzed the sialic acid pattern of goat 
MFGM proteins at early, mid, and late lactation. 
Thirty micrograms of MFGM proteins were resolved by 
6% SDS-PAGE, electrotransferred onto nitrocellulose, 
and probed with SNA and MALII lectins. No clear 
variation in sialylation of MFGM proteins throughout 
lactation was observed except for a discrete decrease 
of SNA and MALII lectins binding to mucin-1 protein 
from early to late lactation (data not shown). However, 
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Figure 3. Characterization of butyrophilin and adipophilin from 
goat milk by immunoblotting. Twenty-five micrograms of milk fat glob-
ule membrane proteins were separated on 10% SDS-PAGE and elec-
trotransferred onto nitrocellulose for immunoblotting with antibodies 
against A) bovine butyrophilin or B) mouse adipophilin, followed by 
appropriate secondary antibodies. Milk fat globule membrane proteins 
are from bovine (lanes 1–2) and caprine (lanes 3–4) milks. Positions of 
protein standards (kDa) are indicated to the left of the panel.



previously identified decreasing sialic acid content from 
colostrum to mature milk in the goat concerned the 
glycolipid fraction and especially gangliosides (Puente 
et al., 1994).

CONCLUSIONS

Although much attention has been paid among 
species to mucins because of their prominent role in 
preventing infections (Schroten et al., 1993), limited 
information was available to date on nonmucin MFGM 
proteins from goat milk. We provide here for the first 
time a thorough description, including carbohydrate 
gross composition, of MFGM proteins from goat milk. 
A prominent difference between the cow and the goat 
species was observed for LDH. Unlike its bovine coun-
terpart, which consists of 2 differentially processed 
polypeptide chains, it appeared that LDH from goat 
milk consists of a single 55-kDa protein that can be 
visualized on SDS-PAGE either after Coomassie or 
PAS staining. Moreover, a relationship among αS1-CN 
genotype, fat globule size, and LDH expression strongly 
suggests a putative function for this protein in the milk 
fat secretion process. Attempts are now made to get 
more insight into the precise role of this protein in the 
fat globule secretion mechanisms in the goat.
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