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ABSTRACT

  Although several studies have been devoted to the 
colloidal and soluble protein fractions of mare milk 
(caseins and whey proteins), to date little is known 
about the milk fat globule membrane (MFGM) protein 
fraction from mare milk. The objective of this study 
was thus to describe MFGM proteins from Equidae 
milk and to compare those proteins to already de-
scribed MFGM proteins from cow and goat milk. Major 
MFGM proteins (namely, xanthine oxidase, butyr-
ophilin, lactadherin, and adipophilin) already described 
in cow or goat milk were identified in mare milk using 
mass spectrometry. However, species-specific peculiari-
ties were observed for 2 MFGM proteins: butyrophilin 
and lactadherin. A highly glycosylated 70-kDa protein 
was characterized for equine butyrophilin, whereas 
proteins of 64 and 67 kDa were characterized for cow 
and goat butyrophilin, respectively. Prominent differ-
ences across species were highlighted for lactadherin. 
Indeed, whereas 1 or 2 polypeptide chains were identi-
fied, respectively, by peptide mass fingerprinting ma-
trix-assisted laser desorption/ionization-time of flight 
analysis for caprine and bovine lactadherin, 4 isoforms 
(60, 57, 48, and 45 kDa) for lactadherin from mare milk 
were identified by 10% sodium dodecyl sulfate-PAGE. 
Polymerase chain reaction experiments on lactadherin 
transcripts isolated from milk fat globules revealed the 
existence of 2 distinct lactadherin transcripts in the 
horse mammary gland. Cloning and sequencing of both 
transcripts encoding lactadherin showed an alternative 
use of a cryptic splice site located at the end of intron 
5 of the equine lactadherin-encoding gene. This event 
results in the occurrence of an additional alanine (A) 
residue in the protein that disrupts a putative atypical 
N-glycosylation site (VNGC/VNAGC) described in hu-
man lactadherin. Liquid chromatography coupled with 
tandem mass spectrometry analyses confirmed the exis-

tence of both lactadherin variants in mare MFGM. We 
show here that lactadherin from Equidae milk is much 
more complex than that from Bovidae milk (i.e., cow 
and goat milk), therefore raising questions regarding 
the precise function of these different isoforms, if any, 
in the equine mammary gland. 
  Key words:    milk fat globule membrane ,  Equidae , 
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INTRODUCTION

  Mare milk is widely consumed throughout Eastern 
Europe and Asia as kumis (or koumiss), a mildly al-
coholic beverage produced by fermentation of milk. In 
Western Europe, interest in mare milk is growing. It 
has been suggested that mare milk could be a good 
substitute for cow milk in children with severe IgE-
mediated cow milk allergy (Businco et al., 2000). Mare 
milk shows some differences compared with cow and 
human milk. The protein content in mare milk is be-
tween that of human and bovine milk. The fat content 
is lower in mare milk compared with that in human and 
cow milk, but the percentage of unsaturated fatty acids 
in mare and human milk is similar and higher than in 
cow milk (Malacarne et al., 2002). Mare milk has been 
extensively characterized with regard to the casein and 
whey protein fractions. Most of the milk proteins, κ-, 
αS1-, αS2-, and β-CN, lysozyme C, α-LA, and β-LG, 
were identified in Equidae milk using proteomic tools 
(Miranda et al., 2004). Recent studies on mare milk 
have focused on the characterization of αS1- and β-CN, 
which are highly polymorphic in the horse species. Re-
sults revealed the existence of a full-length αS1-CN and 
7 variants resulting from exon-skipping events involv-
ing exon 7, exon 14, or both, and use of a cryptic splice 
site encoding a glutamine residue at the beginning of 
exon 11 of the equine αS1-CN gene. Consequently, 36 
variants of equine αS1-CN were identified, with several 
phosphate groups ranging from 2 to 8 depending on 
whether exon 7 was skipped (Matéos et al., 2009, 2010). 
Alternative splicing has also been reported for equine 
β-CN. An internally truncated form of the full-length 
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equine β-CN has recently been shown (Miclo et al., 
2007). This low molecular weight variant displays a 
large deletion (residues 50–181 of the full-length β-CN) 
due to a cryptic splice site occurring within exon 7 of 
β-CN primary transcript. Interestingly, the occurrence 
of the low molecular weight β-CN variant was reported 
in several horse breeds, but this variant is apparently 
absent from the milk of other mammalian species stud-
ied to date (Miclo et al., 2007). Thus, some alternative 
splicing events seem to be specific to the Equidae.

In the Equidae, studies about the milk fat globule 
membrane (MFGM), the membrane deriving from the 
apical plasma membrane of the mammary epithelial cell 
and surrounding the triglyceride core in milk (Mather 
and Keenan, 1998), are scarce and are essentially de-
voted to the analysis of fat fractions (Barello et al., 
2008). On the other hand, in-depth proteomic studies 
have been published for human (Quaranta et al., 2001), 
bovine (Reinhardt and Lippolis, 2006), water buffalo 
(D’Ambrosio et al., 2008), and more recently, ovine 
(Pisanu et al., 2011) MFGM proteins. These large-scale 
studies, undoubtedly useful with regard to the identi-
fication of the whole MFGM protein compartment, do 
not reflect the molecular diversity of MFGM proteins 
across species. An inter-species comparison of milk pro-
teins may help to understand the structure–function 
relationship hypothesized for some MFGM proteins. 
Consequently, we focused our attention on the identifi-
cation of the major MFGM proteins from mare milk. In 
addition, based on our previous report on MFGM pro-
teins from goat milk (Cebo et al., 2010), we provide an 
interspecies comparison of major MFGM proteins from 
cow, goat, and mare milk. Results show high species-
to-species variation especially regarding lactadherin, a 
major protein of the MFGM. Both posttranscriptional 
(splicing variants) and posttranslational (glycosylation 
variants) isoforms were identified for equine lactad-
herin. Finally, our findings are discussed with regard to 
literature data about lactadherin across species.

MATERIALS AND METHODS

Animals and Milk Samples

Individual milk samples were collected at 133 ± 11 
d postpartum from 5 primiparous and 1 multiparous 
Welsh mares aged 3 to 11 yr, with an average BW after 
foaling of 348.7 ± 49.6 kg from an INRA experimental 
farm (Unité Expérimentale de Physiologie animale de 
l’Orfrasière, Nouzilly, France). The mare and foal were 
separated for 1 h before milking to increase milk yield. 
Then, the foal was brought back to the mare but was 
not allowed to suckle. Five hundred microliters of an 
oxytocin solution (Ocytovem, 10 UI/mL, Virbac, Car-

ros, France) was administered to the mare followed by 
hand-milking in the presence of the foal. Milk samples 
were then centrifuged at 1,000 × g for 10 min at 10°C. 
Fat globules were recovered in the supernatant layer 
and stored at −80°C for subsequent analysis. For pro-
tein extraction, fat globules were washed twice with 10 
mL of 0.9% (wt/vol) NaCl to remove residual caseins 
and whey proteins eventually adsorbed to fat globules.

Extraction and Analysis of MFGM Proteins

The MFGM proteins were extracted from milk fat 
with an SDS-containing solution as described previ-
ously (Fortunato et al., 2003) with some modifications. 
Briefly, lysis buffer (63 mM Tris-HCl, pH 9, 2% SDS 
supplemented with a protease inhibitor cocktail; Com-
plete Mini, EDTA-free, Roche Diagnostics, Meylan, 
France) was added to washed fat globules, incubated 
for 1 h at 20°C with periodic vortexing, and centrifuged 
at 10,000 × g for 10 min. The floating cream layer was 
removed and lysates were centrifuged again and then 
stored at −80°C for further analysis. Protein concentra-
tion (Lowry’s method) was assessed with the Bio-Rad 
RC-DC Protein Assay according to the instructions 
of the manufacturer (Bio-Rad, Marnes-la-Coquette, 
France). Proteins were resolved by SDS-PAGE, stained 
with Bio-Safe Coomassie (Bio-Rad Laboratories) or 
electrotransferred onto nitrocellulose for immunoblot-
ting with antibodies or lectins.

Periodic Acid-Schiff Staining

For total glycoprotein analysis, 100 μg of protein 
was separated on 6% acrylamide gels (4.5% acrylamide 
for the stacking gel) and revealed with the Schiff re-
agent (Sigma-Aldrich, Bio-Rad) in accordance with the 
protocol of the manufacturer. Briefly, gels were fixed 
overnight in 40% ethanol/7% acetic acid and washed 
2 times (30 min each) with fresh fixative solution. 
Carbohydrates were oxidized for 1 h by immersing 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 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

Proteins were excised from the one-dimensional gel 
and gel pieces were washed twice in ultrapure water 
followed by 2 washes in 50% acetonitrile (ACN) and 
50 mM ammonium bicarbonate (NH4HCO3; vol/vol). 
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After gel-drying for 10 min, the digestion was per-
formed in 30 μL of 50 mM NH4HCO3 (pH 8.0) with 
0.2 μg of modified trypsin (sequencing grade, Promega, 
Charbonnières, France) for 16 h at 37°C. The identity 
of peptides was obtained using a Voyager DE super 
STR matrix-assisted laser desorption/ionization-time 
of flight (MALDI-TOF) mass spectrometer (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 α-cyano-4-hydroxycinnamic acid (Sigma-
Aldrich, Saint Quentin Fallavier, France) at 5 mg/mL 
in ACN/0.3% trifluoroacetic acid (TFA; vol/vol) and 
dried at room temperature. Spectra were recorded in 
positive reflector mode with 20 kV as accelerating volt-
age, a delayed extraction time of 120 ns, and a 63% 
grid voltage. Internal mass calibration was performed 
using tryptic autolysis peptides [M+H]+ = 842.51 and 
[M+H]+ = 2211.11. Mass spectra were treated by Data 
Explorer 4.2 (Applied Biosystems) with the following 
parameters: baseline correction, noise removal of 2, and 
peak resolution of 10,000. Spectral profiles were col-
lected in the mass:charge ratio = 800 to 3,000 Da. All 
peptide masses were assumed to be monoisotopic and 
protonated molecular ions [M+H]+. Proteins were iden-
tified among Swiss-Prot and TrEMBL databases using 
the Aldente Peptide Mass Fingerprinting tool from Ex-
pasy website (http://www.expasy.org/tools/aldente/) 
with the following parameters: trypsin specificity, one 
missed cleavage, 30 ppm mass accuracy, carbamido-
methylation and methionine oxidation as fixed and 
variable modifications, respectively.

In-Gel Digestion and Liquid  
Chromatography-Tandem MS Analysis

Bands from SDS-PAGE gels were cut and in-gel di-
gestion was performed with the Progest system (Digi-
lab, Holliston, MA) according to a standard trypsin 
protocol. Gel pieces were washed twice with successive 
separate baths of 10% acetic acid, 40% ethanol, and 
acetonitrile, and then washed twice with successive 
baths of 25 mM NH4CO3 and ACN. After gel drying, re-
duction with 10 mM dithiothreitol in 25 mM NH4HCO3 
and alkylation with 55 mM iodoacetamide in 25 mM 
NH4HCO3 were performed. Digestion was subsequently 
achieved for 6 h at 37°C with 125 ng of modified tryp-
sin (Promega) dissolved in 20% methanol and 20 mM 
NH4CO3. Peptides were extracted successively with 2% 
TFA and 50% ACN and then with ACN. Peptide ex-
tracts were dried in a vacuum centrifuge and suspended 
in 20 μL of 0.08% TFA and 2% ACN. The HPLC was 
performed on an Ultimate 3000 liquid chromatography 
(LC) system (Dionex, Voisins Le Bretonneux, France). 

A 4-μL sample was loaded at 20 μL/min on a C18 
PepMap 100 precolumn cartridge (5 μm, column: 300 
μm i.d., 5 mm long; Dionex) and desalted with 0.08% 
TFA and 2% ACN. After 4 min, the precolumn car-
tridge was connected to the separating C18 PepMap 
C18 100 column (3 μm, column: 75 μm i.d., 150 mm 
long; Dionex). Buffers were 0.1% HCOOH–2% ACN 
(A) and 0.1% HCOOH–80% ACN (B). The peptide 
separation was achieved with a linear gradient from 
0 to 36% B for 18 min, at 300 nL/min. Including the 
regeneration step at 100% B and the equilibration step 
at 100% A, 1 run took 50 min. Eluted peptides were 
analyzed on-line with a LTQ-Orbitrap mass spectrom-
eter (Thermo Electron, Courtaboeuf, France) using a 
nanoelectrospray interface. Ionization (1.3 kV ioniza-
tion potential) was performed with liquid junction and 
a capillary probe (10 μm i.d.; New Objective, Woburn, 
MA). Peptide ions were analyzed using Xcalibur 2.07 
with the following data-dependent acquisition steps: (1) 
full scan positive mode spectra were measured between 
m/z 300 and 1,600, and (2) tandem MS (MS/MS) in 
linear trap (qz = 0.25, activation time = 30 ms, and 
collision energy = 45%; centroid mode). Step 2 was 
repeated for the 4 most abundant ions detected in step 
1. Dynamic exclusion time was set to 90 s.

A database search was performed with XTandem 
2008.02.01 (http://www.thegpm.org/TANDEM/). En-
zymatic cleavage was declared as a trypsin digestion 
with one possible miscleavage. Cysteine carboxyami-
domethylation and methionine oxidation were set to 
static and possible modifications, respectively. Precur-
sor mass and fragment mass tolerance were 10 ppm and 
0.5 Da, respectively. A refinement search was added 
with similar parameters except that semi-tryptic pep-
tide and possible N-terminal protein acetylation were 
searched. Databases used were the Equus caballus da-
tabase from NCBI (http://www.ncbi.nlm.nih.gov/Tax-
onomy/Browser/wwwtax.cgi?id=9796; 21,325 entries), 
the Equus caballus Ensembl database (http://www.
ensembl.org/info/data/ftp/index.html; 22,641 entries), 
and a contaminant database (porcine trypsin, human 
keratins). Only peptides with an E value <0.1 were 
reported. Identified proteins were filtered according to: 
(1) a minimum of 2 distinct peptides was required with 
an E value <0.05, (2) a protein E value <10−4. In the 
case of identification with only 2 or 3 MS/MS spectra, 
similarity between the experimental and the theoretical 
MS/MS spectra was visually checked.

N-Terminal Sequencing

For N-terminal sequencing, 100 μg of MFGM pro-
teins was precipitated using the methanol-chloroform 
method (Wessel and Flügge, 1984) and then proteins 
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were resolubilized in Laemmli buffer. The MFGM 
proteins were resolved on 6% SDS-PAGE and electro-
transferred onto methanol prewetted polyvinylidene 
fluoride (PVDF) membranes. Proteins were stained 
with a 40% (vol/vol) ethanol–1% (vol/vol) acetic acid 
solution containing 0.1% (wt/vol) Coomassie Brilliant 
Blue R-250, and then proteins were destained in a 50% 
(vol/vol) ethanol solution. The bands corresponding to 
the horse lactadherin isoforms were carefully excised 
and subjected to cycles of Edman degradation using 
an automatic protein sequencer (Procise P494, Applied 
Biosystems).

Western Blotting Experiments

Twenty micrograms of MFGM proteins was resolved 
by 6% SDS-PAGE and electrotransferred onto nitro-
cellulose for immunoblotting. To avoid nonspecific 
binding, blots were immersed for 1 h at 20°C in Tris-
buffered saline (TBS) solution containing 1% (wt/vol) 
NDM and 1% (wt/vol) polyvinylpyrrolidone (Sigma). 
Blots were briefly rinsed in TBS and probed 2 h at 
room temperature in TBS 0.1% Tween-20 (Sigma) with 
antibodies against bovine lactadherin (1/10,000, kindly 
provided by J. T. Rasmussen, Department of Molecu-
lar Biology, Aarhus University, Denmark). Blots were 
then washed extensively in TBS 0.1% Tween-20 and 
incubated with goat anti-rabbit secondary antibodies 
coupled to horseradish peroxidase (1/5,000, Interchim, 
Montluçon, France). Immunocomplexes were revealed 
by the enhanced chemiluminescence system (Dutscher, 
Brumath, France). Quantification of lanes was per-
formed using ImageJ software (http://rsb.info.nih.gov/
ij/).

Treatment of MFGM Proteins  
with Peptide N-glycosidase  
from Flavobacterium meningosepticum

The MFGM protein samples (100 μg) were digested 
with 10 U of peptide N-glycosidase (PNGase F, 
EC 3.5.1.52) from Flavobacterium meningosepticum 
(Sigma) in 250 mM phosphate buffer, pH 7, containing 
0.1% SDS (wt/vol) and 5% (vol/vol) 2-mercaptoetha-
nol. Denaturation of proteins was performed by heating 
samples at 95°C for 5 min. Samples were cooled and 
then Triton X-100 was added at the final concentra-
tion of 0.5% (vol/vol). Two microliters (10 U) of the 
PNGase F solution was added to protein mixtures. 
Samples were then incubated for 3 h at 37°C. Control 
samples (without enzyme) were similarly handled. Af-
ter the incubation step, MFGM proteins were precipi-
tated using the methanol-chloroform method (Wessel 
and Flügge, 1984) and proteins were solubilized in the 

Laemmli buffer. Cleavage of N-linked oligosaccharides 
on MFGM proteins was monitored by SDS-PAGE. 
Identity of MFGM proteins after PNGase F treatment 
was confirmed by peptide mass fingerprinting (PMF) 
MALDI-TOF analysis. Efficiency of N-glycosidase 
digestion was evaluated using Ribonuclease B from 
bovine pancreas (Sigma Laboratories) as a substrate. 
Ribonuclease B molecular weights were 17 and 14 kDa 
for the N-glycosylated and the full-N-deglycosylated 
protein, respectively. Efficiency of N-deglycosylation in 
these conditions was assumed to be almost complete 
(>95%).

RNA Isolation and Analysis of Equine  
Lactadherin Transcripts

Milk samples were centrifuged at 1,000 × g for 10 min 
at 10°C. Total RNA from 2 individuals was extracted 
from milk fat globule material as described previously 
(Maningat et al., 2009). The concentration of RNA was 
determined using Nanodrop 1000 spectrophotometer 
reading of absorbance at 260 nm (Thermo Fisher Sci-
entific, Rockford, IL), and RNA quality was assessed 
with Agilent RNA 6000 LabChips (Agilent Technolo-
gies, Massy, France). The RNA integrity numbers of 
all samples were at least 8; RNA (500 ng) was reverse 
transcribed by using the Superscript III reverse tran-
scriptase and a mix of oligo-dT and random primers 
(3:1 molar ratio; Life Technologies, Villebon-sur-Yvette, 
France). Prior to PCR amplification, cDNA templates 
were denatured at 95°C for 2 min. Each PCR reac-
tion was carried out with 40 cycles at 95°C for 1 min 
(denaturation), 58°C for 1 min (annealing), and 72°C 
for 3 min (extension). A final extension step was added 
(72°C for 5 min). The PCR products were analyzed 
by 1% agarose gel electrophoresis. The primers used 
were (from 5  end to 3  end): TTC TGT GAC TCC 
AGC CAG TG (P1; forward), GTG AAC CTC ATG 
CGG AAG AT (P4; forward), GTC CCT CTG GAG 
GTG CAG TA (P5, forward), GTT GAA CTT GCC 
CTG CTT GT (P6, reverse), AGG AAG GGC GTC 
TCA AAC AT (P8; reverse) and GTC ACA CAT GCC 
CTA CTT CG (R, reverse). The primer pair P1/P8 
specifically amplifies horse lactadherin transcripts from 
exon 1 to exon 8 (PCR product size: 1,139 bp), whereas 
the P4/P8, P5/P6, and P1/R primer pairs produce 
704-, 237-, and 1,434-bp PCR fragments, respectively. 
The PCR products were sequenced by Eurofins MWG 
GmbH (Ebersberg, Germany) and translated in silico 
using the “Translate” tool at the Swiss Institute of 
Bioinformatics (http://www.expasy.org/tools/dna.
html). N-Glycosylation sites were predicted using the 
NetNGlyc 1.0 Server (http://www.cbs.dtu.dk/services/
NetNGlyc/).
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Sizing of amplified DNA fragments was performed 
either in 4% (wt/vol) agarose gels followed by stain-
ing with ethidium bromide or using the Agilent 2100 
Bioanalyzer with the DNA 7500 kit (Agilent Technolo-
gies). Before electrophoresis on microfluidic chips, PCR 
products were diluted 1:10 with sterile water. Accord-
ing to the manufacturer’s instructions, sizing resolution 
was ±5% in the 100 to 1,000 bp range and ±15% in the 
1,000 to 7,500 bp range.

For cloning experiments, PCR products were puri-
fied by ethanol precipitation. The washed pellet was 
air-dried and resuspended in 15 μL of RNase-DNase-
free water. The PCR products were integrated to the 
TOPOr vector according to the manufacturer’s protocol 
(TOPO TA Cloning kit for sequencing, Invitrogen Life 
Technologies). Colonies were screened by using M13 
primers (forward and reverse), and M13 PCR products 
(from 24 positive colonies) were purified by ethanol 
precipitation and sequenced in both directions.

RESULTS

Main Features of MFGM Proteins from Mare Milk

Figure 1 shows a representative 10% SDS-PAGE pat-
tern of MFGM samples extracted from mare (lanes 1–2), 
cow (lane 3), and goat (lane 4) milk. Major MFGM pro-
teins from mare milk were identified by PMF MALDI-
TOF MS analysis or LC-MS/MS (Figure 1 and Table 
1). Although similarities across species can be shown for 
some MFGM proteins (most notably for xanthine oxi-
dase), the protein profile of MFGM proteins from mare 
milk exhibited prominent differences from Bovidae milk, 
especially regarding the 2 major proteins: butyrophilin 
(band b, Figure 1), which migrated significantly more 
slowly, and lactadherin (bands c to f, Figure 1), which 
appeared much more complex, with several isoforms. 
In accordance with literature data (Aoki et al., 1994; 
Hvarregaard et al., 1996), bovine lactadherin (also known 
as PAS 6/7 glycoprotein) is detected as 2 glycoprotein 
bands, the lower band being mixed with adipophilin 
(Figure 1, lane 3). Lactadherin from goat milk (Figure 
1, lane 4) appeared as a single band, as reported in our 
previous study (Cebo et al., 2010). On the other hand, 
10% SDS-PAGE analysis of samples followed by MS/MS 
sequencing allowed identification of 4 bands correspond-
ing to equine lactadherin within MFGM proteins from 
mare milk (Figure 1 (lanes 1–2, bands c–f) and Table 
1). Apparent molecular weights for equine lactadherin 
isoforms (from top to bottom) were calculated as 60 
(band c), 57 (band d), 48 (band e), and 45 (band f) kDa, 
respectively (Figure 1, lanes 1–2). Adipophilin (perili-
pin-2) was also identified in mare milk by LC-MS/MS 
analyses, being mostly mixed with the 48-kDa isoform of 

lactadherin (Figure 1 and data not shown). Lactadherin 
from Equidae milk thus appeared much more complex 
than lactadherin from Bovidae milk.

Equine Butyrophilin Is More Glycosylated  
than Its Ruminant Counterparts

In contrast to equine lactadherin, which appears 
as several isoforms within MFGM proteins, equine 
butyrophilin can be identified by PMF MALDI TOF 
analyses as a single 70-kDa protein, whereas proteins of 
64 and 67 kDa were characterized for cow and goat bu-
tyrophilin, respectively (Figure 1 and Table 1). Equine 
butyrophilin was also strongly stained by the Schiff re-
agent after oxidation of carbohydrate chains, suggesting 
that butyrophilin from mare milk is a highly glycosyl-
ated protein (data not shown). Interestingly, molecular 
weights deduced from full-length amino acid sequences 
of cow (UniprotKB # P18892), goat (UniprotKB 
# A3EY52), and mare (Ensembl database ENSE-
CAP00000015692) butyrophilin are comparable (about 
59 kDa). Thus, the different apparent molecular weights 
by SDS-PAGE observed across species for butyrophilin 
are likely due to differences in carbohydrate contents. 
Accordingly, an additional putative N-glycosylation 
site can be outlined for equine butyrophilin, which can 
account for the higher molecular weight observed in 

Figure 1. Representative pattern of mare milk fat globule mem-
brane (MFGM) proteins in SDS-PAGE. The MFGM proteins from 
equine (lanes 1–2), bovine (lane 3), and caprine (lane 4) milk were 
separated on 10% SDS-PAGE and stained with Biosafe (Bio-Rad, 
Marnes-la-Coquette, France). Proteins from the mare MFGM (bands 
a to f) were identified using matrix-assisted laser desorption/ioniza-
tion-time of flight (MALDI-TOF) or tandem mass spectrometry (MS/
MS) analysis (see Table 1). Positions of major proteins of the goat 
MFGM (Cebo et al., 2010) are indicated to the right of the gel. Bovine 
PAS 6/7 glycoproteins as described by Hvarregaard et al. (1996) are 
highlighted (lane 3). FAS = fatty acid synthase; XDH = xanthine 
oxidase; BTN = butyrophilin; LDH = lactadherin; ADRP = adipose 
differentiation-related protein, adipophilin. Positions of protein stan-
dards (kDa) are indicated to the left.
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Continued

Table 1. Identification of pony mare milk fat globule membrane proteins from SDS-PAGE by peptide mass fingerprinting matrix-assisted laser 
desorption/ionization-time of flight (MALDI-TOF) or tandem mass spectrometry (MS/MS) analysis 

Band  
ID1

Protein name  
(UniprotKB accession, species)

Molecular  
mass (kDa)

Identification  
method Peptide sequence2

Peptide  
position

a Xanthine dehydrogenase/oxidase 
[A9YL93; Oryctolagus cuniculus (rabbit)]

146 MALDI-TOF NADPETTLLAYLR 19–31
   LGLSGTKLGCGEGGCGACTVMLSK 34–57
   LHPVQER 98–104
   LVVGNTEIGIEMK 257–269
   GVLEQLR 329–335
   MDHTFFPGYR 385–394
   EGEFFSAFK 414–422
   DPPANVQLFQEVPK 553–566
   ITYEDLPAIITIEDAIK 688–704
   GEAGEMELFVSTQNTMK 756–772
   DEDMLITGGR 831–840
   HPFLAR 841–846
   TNLPSNTAFR 904–913
   EGDLTHFNQK 950–959
   MVQVASR 1,047–1,053
   RLEPFK 1,101–1,106
   IPAFGSIPIEFR 1,230–1,241
   SQHTDYNTKPLFR 1,284–1,296
b Butyrophilin subfamily 1 member A1 

[A3EY52; Capra hircus (goat)]
59 MALDI-TOF EGREQEGEEMAEYR 79–92

   ASDDGEYR 116–123
   LLEELK 289–294
   ATLHAVDVTLDPDTAHPHLFLYEDSK 298–323
   QKLPEKPER 332–340
   FDSWPCVMGR 341–350
   EAFTSGR 351–357
   HYWEVEVGDR 358–367
   TPLPLAGPPR 411–420
c Sperm-membrane associated protein P47  

[O77718; Equus caballus (horse)]
41 MS/MS GPCFPNPCQNDGECHVIDDSHR 46–67

   GDVFTQYICSCPR 68–80
   GYTGTHCETTC 81–91
   TGIVNAWTASNYDKNPWIQVNLMR 132–155
   VTGVVTQGASRGGTAEYLK 159–177
   TFKVAYSVDGR 178–188
   FQFIRDAGDSK 190–200
   VFVGNVDNSGLKVNMFDVPLEVQYVR 203–228
   LVPVACHHGCTLR 229–241
   FELLGCEVNGCAEPLGLEDNSIPDR 242–266
   FELLGCEVNAGCAEPLGLEDNSIPDR 242–267
   GCAEPLGLEDNSIPDR 251–266
   AGCAEPLGLEDNSIPDR 251–267
   QITASSTYR 267–275
   TWGLNAFSWYPFYAR 276–290
   GLNAFSWYPFYAR 278–290
   QGKFNAWTAQSNSASEWLQVDLGSQK 294–319
   QVTGVITQGAR 320–330
   DFGHIQYVAAYK 331–342
   VSHSNDGANWTEYRDQR 343–359
   PGNLDNNSHKK 367–377
   KNMFETPFLAR 377–387
   ILPVAWHNR 391–399
   ITLRVELLGC 400–409
d Sperm-membrane associated protein P47  

[O77718; Equus caballus (horse)]
41 MS/MS GPCFPNPCQNDGECHVIDDSHR 46–67

   GDVFTQYICSCPR 68–80
   GYTGTHCETTC 81–91
   TGIVNAWTASNYDKNPWIQVNLMR 132–155
   MRVTGVVTQGASR 157–169
   VTGVVTQGASRGGTAEYLK 159–177
   GGTAEYLKTFK 170–180
   TFKVAYSVDGR 178–188
   VFVGNVDNSGLKVNMFDVPLEVQYVR 203–228
   LVPVACHHGCTLR 229–241
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SDS-PAGE for butyrophilin from mare milk compared 
with its bovine or caprine counterparts. Figure 2 shows 
the alignment of amino acid sequences of butyrophilin 
from cow, goat, and mare milk. Butyrophilin from mare 
milk displays only 85% sequence identity, whereas the 

sequence from goat is highly related (97% similarity) 
to its bovine counterpart. Accordingly, butyrophilin 
from mare milk is not recognized by antibodies raised 
against bovine butyrophilin, in contrast to butyrophilin 
from goat milk (Cebo et al., 2010 and data not shown). 

Table 1 (Continued). Identification of pony mare milk fat globule membrane proteins from SDS-PAGE by peptide mass fingerprinting matrix-
assisted laser desorption/ionization-time of flight (MALDI-TOF) or tandem mass spectrometry (MS/MS) analysis 

Band  
ID1

Protein name  
(UniprotKB accession, species)

Molecular  
mass (kDa)

Identification  
method Peptide sequence2

Peptide  
position

   FELLGCEVNGCAEPLGLEDNSIPDR 242–266
   FELLGCEVNAGCAEPLGLEDNSIPDR 242–267
   GCAEPLGLEDNSIPDR 251–266
   QITASSTYR 267–275
   TWGLNAFSWYPFYAR 276–290
   FNAWTAQSNSASEWLQVDLGSQK 297–319
   KQVTGVITQGAR 319–330
   DFGHIQYVAAYKVSHSNDGANWTEYR 331–356
   PGNLDNNSHKK 367–377
   KNMFETPFLAR 377–387
   ILPVAWHNR 391–399
   ITLRVELLGC 400–409
e Sperm-membrane associated protein P47  

[O77718; Equus caballus (horse)]
41 MS/MS GDVFTQYICSCPR 68–80

   TGIVNAWTASNYDKNPWIQVNLMR 132–155
   VTGVVTQGASR 159–169
   GGTAEYLKTFK 170–180
   TFKVAYSVDGR 178–188
   DKVFVGNVDNSGLK 201–214
   VFVGNVDNSGLK 203–214
   VNMFDVPLEVQYVR 215–228
   PVACHHGCTLR 231–241
   FELLGCEVNGCAEPLGLEDNSIPDR 242–266
   FELLGCEVNAGCAEPLGLEDNSIPDR 242–267
   QITASSTYR 267–275
   TWGLNAFSWYPFYAR 276–290
   FNAWTAQSNSASEWLQVDLGSQK 297–319
   QVTGVITQGAR 320–330
   DFGHIQYVAAYK 331–342
   VSHSNDGANWTEYRDQR 343–359
   NMFETPFLAR 378–387
   ILPVAWHNR 391–399
   ITLRVELLGC 400–409
f Sperm-membrane associated protein 

P47 [O77718; Equus caballus (horse)]
41 MS/MS GDVFTQYICSCPR 68–80

   TGIVNAWTASNYDKNPWIQVNLMR 132–155
   VTGVVTQGASRG 159–170
   GGTAEYLKTFK 170–180
   TFKVAYSVDGR 178–188
   DKVFVGNVDNSGLK 201–214
   VNMFDVPLEVQYVR 215–228
   LVPVACHHGCTLR 229–241
   FELLGCEVNGCAEPLGLEDNSIPDR 242–266
   FELLGCEVNAGCAEPLGLEDNSIPDR 242–267
   AGCAEPLGLEDNSIPDR 251–267
   GCAEPLGLEDNSIPDR 251–266
   QITASSTYR 267–275
   TWGLNAFSWYPFYAR 276–290
   FNAWTAQSNSASEWLQVDLGSQK 297–319
   QVTGVITQGAR 320–330
   DFGHIQYVAAYK 331–342
   VSHSNDGANWTEYR 343–356
   NMFETPFLAR 378–387
   ILPVAWHNR 391–399
   ITLRVELLGC 400–409
1Letters a to f refer to the bands in lane 1 (mare MFGM proteins) of Figure 1. Partial coding sequence.
2Peptides resulting from the tryptic digestion of the alternative equine lactadherin protein (GenBank AEC32944, our data) are indicated in bold.
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However, when the B30.2 domain (AA 285 to 479 in bo-
vine butyrophilin) was considered, the alignment scores 
with bovine butyrophilin were 95 and 99% for equine 
and caprine butyrophilin, respectively, underlining the 
biological function recently attributed to this domain 
(Jeong et al., 2009).

Two Splice Variants Are Shown  
for Equine Lactadherin

Additional experiments were designed to determine if 
the different lactadherin bands observed in SDS-PAGE 

after Coomassie staining resulted from posttranscrip-
tional (i.e., differential splicing) or posttranslational 
(i.e., differential glycosylation) events (or both). We 
first searched for splice variants for equine lactadherin.

The sequence for lactadherin transcript in EquCab2 
assembly (Wade et al., 2009) was 93% homologous 
to a 1,089-bp mRNA sequence (UniProtKB acces-
sion no. O77718) identified in the equine male genital 
tract, orthologous to a protein first characterized in 
the pig genital tract and spermatozoa (Petrunkina et 
al., 2003). Eight exons covering a 1,433-bp sequence 

Figure 2. Alignment of the AA sequences of bovine (UniprotKB #P18892), caprine (UniprotKB #A3EY52), and equine (Ensembl database 
ENSECAP00000015692) butyrophilin. Functional domains of bovine butyrophilin are specified (Ig-like V-type 1, Ig-like V-type 2, transmem-
brane, and B30.2/SPRY). Predicted N-glycosylation sites are indicated in bold (N). Note the presence of an additional putative N-glycosylation 
site in the first immunoglobulin-like domain of equine butyrophilin. Bta = Bos taurus; Chi = Capra hircus; Eca = Equus caballus.
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were assigned for the lactadherin transcript from Equus 
caballus. Primers were thus designed to amplify spe-
cific regions of the horse lactadherin transcript (Figure 
3A). The primer pair P1/P8 amplifies horse lactad-
herin transcripts from exon 1 to exon 8 (PCR product 
size: 1,139 bp), whereas the P4/P8, P5/P6, and P1/R 
primer pairs produce 704-, 237-, and 1,434-bp PCR 
fragments, respectively. Interestingly, 2 PCR products 
were amplified from milk fat globule-extracted mRNA 
regardless of the primer pair used for PCR amplifica-
tion (Figure 3B and 3C, and data not shown), suggest-
ing that alternative splicing events occur in lactadherin 
primary transcripts from equine mammary gland. Such 
a posttranscriptional event has been previously shown 
for a lactadherin transcript isolated from the equine 
male genital tract (UniprotKB accession no. O77718| 

Sperm-membrane associated protein P47). Indeed, 
the AA sequence RFELLGCEVNGCAEPLGLEDNSI, 
corresponding to the end of exon 5 and the beginning 
of exon 6 of equine gene coding for lactadherin, was 
deleted in the testis-specific transcript (see Figure 5). 
To clarify this, we cloned PCR products resulting from 
selective amplification of the region spanning from exon 
4 to exon 8 of lactadherin transcripts. Clone sequencing 
revealed the existence of 2 mRNA variants for lactad-
herin in the equine mammary gland. We demonstrated 
that a cryptic splice site located at the end of intron 5 
in the lactadherin primary transcript led to the forma-
tion of a GCA nucleotide triplet encoding an Ala (A) 
residue, followed by a GGA triplet encoding a Gly (G) 
residue in the minor lactadherin transcript, which was 
consequently 1 AA longer than the canonical messenger 

Figure 3. Analysis of equine lactadherin transcripts. (A) Schematic representation of the sperm-membrane associated protein P47 gene. 
Exons are indicated as numbered boxes. The 3 -untranslated region is shaded. Positions of primers used for selective amplification of lactadherin 
mRNA regions are indicated. (B) Agarose gel electrophoresis of horse lactadherin PCR P4/P8 products. For each individual, 2 bands are clearly 
visualized. (C) Electropherograms of P5/P6 PCR products using Agilent 2100 Bioanalyzer (Agilent Technologies, Massy, France). Note that 2 
peaks are visualized after PCR amplification. (D) Schematic representation of cryptic splicing event occurring on equine lactadherin transcript. 
Sequences located at the end of exon 5 and at the beginning of exon 6 are shown. The 2 splice acceptor sites are indicated by arrows. A cryptic 
splice site located at the end of intron 5 leads to the formation of a GCA nucleotide triplet encoding an Ala residue (A), followed by a GGA 
triplet encoding a Gly (G) residue. Resulting amino acid sequences are indicated. Alternative sequence for lactadherin transcript (minor variant) 
is available in GenBank under accession number JF681042. Color version available in the online PDF.
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(Figure 3D and Figure 5). This phenomenon can be 
explained by a competition between adjacent AG pairs 
at the 3  splice site. Indeed, the nucleotide preceding 
the AG has a prominent influence upon competition 
between closely spaced AG pairs (Smith et al., 1993). 
In equine lactadherin, the CAG triplet at the end of in-
tron 5 is immediately preceded by a TAG triplet, which 
is relatively equivalent in terms of 3  splice site prefer-
ence. This may explain the existence of both transcript 
variants for equine lactadherin. Such errors of the 
splicing machinery have previously been shown in the 
horse for αS1-CN (Matéos et al., 2009). Indeed, for each 
isoform of equine αS1-CN identified (full length αS1-CN 
and αS1-CNΔ7, αS1-CNΔ14, αS1-CNΔ7,14 that resulted, 

respectively, from skipping exon 7, exon 14, or both), 
a shorter isoform lacking a glutamine (N) residue was 
characterized. As observed for equine lactadherin, the 
loss of a glutamine residue in equine αS1-CN could be 
explained by a splicing error by the spliceosome. The 
codon CAG (encoding a glutamine residue) at the be-
ginning of an exon could be confused with the AG splice 
acceptor site of the adjacent intron (Martin et al., 2002; 
Matéos et al., 2009). Interestingly, in the case of equine 
lactadherin, this cryptic splicing event led to the dis-
ruption of a putative Asn-Gly-Cys N-glycosylation site 
(Figure 5). This atypical N-glycosylation site, which is 
conserved in the horse species, is occupied with glycans 
in human lactadherin (Picariello et al., 2008). However, 
tryptic peptides (e.g., FELLGCEVNGCAEPLGLEDN-
SIPDR/FELLGCEVNAGCAEPLGLEDNSIPDR) cor-
responding to both lactadherin variants (designated as 
Eca16644, ENS00000016644, in the Ensembl database, 
and as EcaF5CEP2, UniprotKB accession no. F5CEP2, 
our data) in Figure 5 were detected in all lactadherin 
chains (Table 1). These data strongly suggest that the 
alternative splicing of lactadherin mRNA in the horse 
species (and therefore, the glycosylation status of the 
atypical N-glycosylation site) is not responsible for the 
different molecular weights observed in SDS-PAGE for 
equine lactadherins.

Both N-Terminal and C-Terminal Regions of the 
Protein Are Present on the Different Isoforms 
Observed for Equine Lactadherin in SDS-PAGE

Another possibility was that the different isoforms 
observed in SDS-PAGE for equine lactadherin could 
be truncated versions of the lactadherin integral pro-
tein, as previously demonstrated for human lactadherin 
(Giuffrida et al., 1998). We thus performed N-terminal 
sequencing experiments on lactadherin isoforms. N-Ter-
minal microsequencing results showed that the first AA 
for equine lactadherin were identical to an ASGD (Ala-
Ser-Gly-Asp) sequence (data not shown). Our experi-
mental data do not correspond to the N-terminal amino 
acid sequence provided by automatic annotation of the 
Equus caballus genome (ENSECAP00000016644). Bo-
vine (Ensembl accession no. ENSBTAP00000004272), 
caprine (GenBank accession no. GQ344829), and swine 
(ENSSSCP00000002007) lactadherin are encoded by 
9 exons, the first encoding mostly the signal peptide, 
whereas only 8 exons are assigned to equine lactad-
herin (Ensembl accession no. ENSECAP00000016644). 
Multi-species alignment of AA sequences for lactad-
herin clearly showed that the signal peptide is missing 
in the equine lactadherin, suggesting that the sequence 
of the equine lactadherin gene is actually incomplete 
(data not shown). On the other hand, Aoki et al. (1994) 

Figure 4. Peptide N-glycosidase (PNGase F) digestion of milk 
fat globule membrane proteins from mare milk. (A) PNGase F di-
gestion was monitored by 10% SDS-PAGE followed by staining with 
Biosafe. Note that, among major MFGM proteins from mare milk, 
butyrophilin (BTN) and lactadherin (LDH) proteins were sensitive 
to enzyme treatment, whereas xanthine oxidase (XDH) migration in 
SDS-PAGE was not affected by PNGAse F treatment. Inset: Positive 
control for enzymatic N-deglycosylation. A shift in ribonuclease B mo-
bility is observed after removal of N-linked glycans. Molecular weights 
are 17 and 14 kDa for the N-glycosylated and the full-N-deglycosylated 
protein, respectively. (B) PNGase F digestion of MFGM proteins from 
mare milk followed by immunoblotting with antibodies against bovine 
lactadherin.
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Figure 5. Alignment of the amino acid sequences of bovine (UniprotKB #Q95114), human (UniprotKB #Q08431), and equine [Ensembl 
no. ENSECAP00000016644, F5CEP2 (mammary gland, our data), and UniprotKB #O77718 (testis)] lactadherin. Functional domains of bovine 
lactadherin protein are indicated (EGF-like 1, EGF-like 2, F5/8 type C 1, and F5/8 type C2). Glycosylation sites are highlighted for bovine PAS 
6 ( ) and PAS 7 (�), according to Hvarregaard et al. (1996). N-Glycosylation sites for human lactadherin (Picariello et al., 2008) are indicated 
in bold. Bta = Bos taurus; Chi = Capra hircus; Eca = Equus caballus; Hsa = Homo sapiens. Superscript 1 indicates partial coding sequence.



1096 CEBO ET AL.

Journal of Dairy Science Vol. 95 No. 3, 2012

highlighted the same N-terminal ASGD sequence for 
bovine PAS 6/7 glycoproteins. In addition, LC-MS/
MS analysis of tryptic peptides after in-gel digestion 
of the 4 bands corresponding to equine lactadherin 
(Figure 1 and Table 1) revealed the presence of both 
N-terminal and C-terminal peptides. This finding 
ruled out the possibility of truncation of lactadherin 
from mare milk during posttranslational events, as 
previously demonstrated for lactadherin from human 
milk (e.g., the peptide GDVFTQYICSCPR, at posi-
tion 68–80 of equine lactadherin, and the semi-tryptic 
peptide ILTRVELLGC located at the C-terminal end 
of lactadherin; Giuffrida et al., 1998; Cavaletto et al., 
1999).

Differential Glycosylation Is Mainly Responsible  
for the Complexity of Lactadherin from Mare Milk

Finally, we wondered whether the existence of 4 
lactadherin isoforms in the horse species was due to 
differential glycosylation of a single polypeptide back-
bone, as shown in the bovine species (Hvarregaard et 
al., 1996).

N-Deglycosylation experiments on MFGM proteins 
from mare milk revealed that the 60- and 57-kDa lacta-
dherin isoforms were sensitive to PNGase F treatment 
(Figure 4A and B), suggesting that N-glycans were ac-
tually present on these isoforms. Remarkably, although 
the deglycosylation step was assumed to be complete 
(Figure 4A, inset), the 2 upper isoforms (57 and 60 
kDa bands) were not resolved in a single band after 
PGNase F digestion of MFGM samples and Western 
blotting with specific antibodies (Figure 4B), as previ-
ously observed for bovine lactadherin (Hvarregaard et 
al., 1996). This strongly suggests that differential N-
glycosylation is not solely responsible for the different 
isoforms (60, 57, 48, and 45 kDa) observed for equine 
lactadherin in SDS-PAGE.

Consequently, differences between molecular weights 
of lactadherin isoforms may be also explained by differ-
ential O-glycosylation of the protein, as demonstrated 
in the bovine (Hvarregaard et al., 1996). Indeed, carbo-
hydrate structures highly similar to the tetrasaccharide 
NeuNAc(α2,6)Gal(β1,4)GlcNAc(β1,3)Fuc(α1-O)Ser 
present in the first epidermal growth factor domain of 
human factor IX were identified at positions Ser9 and 
Thr16 of PAS6 and PAS7, respectively (Hvarregaard 
et al., 1996). Taken together, our data favor the hy-
pothesis that the 60-kDa lactadherin isoform is N- and 
O-glycosylated, whereas the 57 and 48 kDa lactadherin 
isoforms harbor only N- or O-glycans, respectively, the 
latter chain (45 kDa) bearing no glycans. Accordingly, 
the molecular weight of the 45-kDa isoform corresponds 
roughly to that deduced from the AA sequence of lacta-

dherin (Ensembl accession no. ENSECAP00000016644). 
We are now trying to purify the different isoforms of 
lactadherin from pony mare milk to describe thoroughly 
the carbohydrate composition of lactadherin isoforms 
described in this study.

DISCUSSION

Milk fat globule-epidermal growth factor (MFG-E8) 
or lactadherin was formerly known as PAS 6/7 glycopro-
tein in bovine milk, due to its strong staining with the 
periodic acid-Schiff (PAS) reagent. Common features 
of lactadherin are the presence of 2 epidermal growth 
factor (EGF)-like domains in the N-terminal part of 
the protein (only one EGF-like domain in human lac-
tadherin) with an Arg-Gly-Asp (RGD) sequence in the 
second EGF-like domain, and of 2 C-terminal domains 
called F5/8 type C (or C1/C2-like domains), which are 
also present in coagulation factors V and VIII (Stubbs 
et al., 1990; Larocca et al., 1991; Hvarregaard et al., 
1996). Each domain is responsible for distinct biological 
activities of lactadherin. Lactadherin is involved in cel-
lular apoptosis events through its phosphatidylserine-
binding motif (Shi and Gilbert, 2003; Shi et al., 2004), 
whereas the RGD sequence mediates cellular adhesion 
mechanisms through binding to αvβ3/5 integrins (Taylor 
et al., 1997). Fat globules from mare colostrum can 
stimulate proliferation of human fibroblasts in vitro 
(Zava et al., 2009). Those authors suggested that lacta-
dherin, through its EGF-like domains, may be respon-
sible for the proliferative properties of mare colostrum 
displayed in the study. Direct evidence for antiviral 
properties of lactadherin from human milk has also 
been demonstrated (Newburg et al., 1998; Kvistgaard 
et al., 2004), therefore presenting this protein as a po-
tential nutraceutical (Spitsberg, 2005). In fact, lactad-
herin is involved in a wide range of biological functions, 
including apoptosis, mammary gland development and 
involution, sperm–egg interaction, angiogenesis, and 
maintenance of the intestinal epithelium (Raymond et 
al., 2009). Moreover, this glycoprotein has been shown 
to be involved in numerous pathologies, mainly of in-
flammatory origin (Ait-Oufella et al., 2007; Boddaert 
et al., 2007). Lactadherin is also overexpressed in mam-
mary tumors and this glycoprotein has been recently 
involved in bladder tumor development (Larocca et al., 
1991; Sugano et al., 2011).

Multiple forms of lactadherin have been character-
ized across species. In cattle, 2 glycoprotein components 
(PAS 6/7) resulting from differential glycosylation 
of a common polypeptide core have been described 
(Hvarregaard et al., 1996). In mice, a long lactation-
dependent variant has been identified in the mammary 
gland. This tissue-specific variant contains an addi-
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tional exon encoding a Pro/Thr-rich domain bearing 
multiple O-linked glycan chains potentially involved in 
the secretion process (Oshima et al., 1999). In human 
milk, 2 proteins of 50 and 30 kDa have been character-
ized. The 30-kDa protein is a truncated form of the full-
length protein, which consists of the C-terminal factor 
V/VIII domain (Giuffrida et al., 1998). In addition, 
a 50-AA peptide called medin has been purified from 
human aortic smooth cells (Häggqvist et al., 1999). We 
have recently shown that lactadherin from goat milk 
appears as a single polypeptide chain, whereas bovine 
lactadherin consists of 2 polypeptide chains, in accor-
dance to literature data (Hvarregaard et al., 1996; Cebo 
et al., 2010).

Posttranscriptional modifications have been shown 
for lactadherin across species. A splice variant lacking 
52 AA residues located in the first factor V-VIII C 
domain has been detected in cattle (Hvarregaard et al., 
1996). Here, we showed an alternative use of a cryptic 
splice site located at the end of intron 5 of the equine 
lactadherin encoding gene. This event results in the 
occurrence of an additional Ala (A) residue in the pro-
tein, disrupting the putative atypical N-glycosylation 
site (VNGC/VNAGC), described in human lactad-
herin (Picariello et al., 2008). Interestingly, aberrant 
splicing of the lactadherin gene has been reported in 
human systemic lupus erythematosus, highlighting the 
need to better characterize splicing events occurring on 
lactadherin transcripts (Yamaguchi et al., 2010).

However, differences in apparent molecular weight in 
SDS-PAGE for lactadherin through species are mostly 
due to posttranslational events on the polypeptide 
backbone. Differential glycosylation is responsible for 
the existence of 2 glycoprotein variants in cattle (PAS 
6/7). According to literature, PAS-6 is N-glycosylated 
at Asn41 and Asn209, whereas PAS-7 is N-glycosylated 
only at Asn41 (Hvarregaard et al., 1996). Lactadherin 
from goat milk appears as a single glycoprotein in 
SDS-PAGE (Cebo et al., 2010). Accordingly, using pre-
dictive software for N-glycosylation sites with the AA 
sequence for lactadherin from goat milk (ACU32797.2, 
GenBank database), a single N-glycosylation site can 
be outlined for caprine lactadherin, whereas 2 N-
glycosylation sites are predicted for bovine lactadherin 
(Q95114, UniprotKB database), in accordance with 
experimental data (Hvarregaard et al., 1996). In addi-
tion, 2 lactadherin isoforms are present in camel milk 
[B. Saadaoui (Faculté des Sciences de Gabès, Tunisia), 
C. Henry, T. Khorchani (Institut des Régions Arides. 
Medenine Tunisia), M. Mars (Faculté des Sciences de 
Gabès,Tunisia), P. Martin, and C. Cebo, unpublished 
data]. Taken together, these data highlight the remark-
able polymorphism of lactadherin across species, thus 
bringing into question the precise function of these 

different isoforms, if any, in the mammary gland. Ad-
ditionally, because the different lactadherin isoforms 
arise mostly from differential N-glycosylation of a single 
polypeptide chain, involvement of N-glycans in the lac-
tadherin biological function must be examined.
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