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A proteomic characterization of water buffalo milk

fractions describing PTM of major species and the

identification of minor components involved in nutrient

delivery and defense against pathogens
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Water buffalo has been studied in relation to the exclusive use of its milk for the manufacture of
high-quality dairy products. Buffalo milk presents physicochemical features different from that
of other ruminant species, such as a higher content of fatty acids and proteins. We report here a
detailed proteomic analysis of buffalo skim milk, whey and milk fat globule membrane fractions.
Notwithstanding the poor information available on buffalo genome, identification of protein
isoforms corresponding to 72 genes was achieved by a combined approach based on 2-DE/
MALDI-TOF PMF and 1-DE/mLC-ESI-IT-MS-MS. Major protein components, i.e. aSl-, aS2-, b-, k-
caseins, a-lactalbumin and b-lactoglobulin, were characterized for PTM, providing a scientific
basis to coagulation/cheese making processes used in dairy productions. Minor proteins detect-
ed emphasized the multiple functions of milk, which besides affording nutrition to the newborn
through its major components, also promotes development and digestive tract protection in the
neonate, and ensures optimal mammary gland function in the mother. Defense against patho-
gens is guaranteed by an arsenal of antimicrobial/immunomodulatory proteins, which are di-
rectly released in milk or occur on the surface of secreted milk-lipid droplets. Proteins associated
with cell signaling or membrane/protein trafficking functions were also identified, providing
putative insights into major secretory pathways in mammary epithelial cells.
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Milk is the most important food for young mammals and
a common source of proteins and microelements for adult
people. Its main polypeptide components, namely aSl-casein

(aSl-CN), aS2-casein (aS2-CN), b-casein (b-CN), k-casein (k-
CN), b-lactoglobulin (b-LGB) and a-lactalbumin B (a-LAB),
have specific biological functions that have already been
reviewed [1]. The in-depth knowledge of its chemistry has
been used by the dairy manufacturing industry to develop/
optimize modern technologies required to produce different
milk products [2]. In fact, thorough information on the phy-
sicochemical properties of its numerous components has
been essential to design processing equipment and condi-
tions required for the manufacture/distribution of dairy
products. Knowledge of milk protein components chemistry
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has been also indispensable for detection of adulteration in
raw materials used for production of high-quality products
[3]. For these reasons and for the complexity of this biological
matrix, powerful analytical techniques such as 2-DE and MS
have found a widespread use as key tools to investigate dairy
products [4–7].

Of the main buffalo species, the Italian one (Bubalus
bubalis) has been widely studied in relation to the exclusive
use of its milk for the manufacture of high-quality dairy
products, among which Mozzarella cheese with Protected
Designation of Origin mark is the most famous in the world.
In 2006, this cheese and other similar products have been
associated to a global market of 500 million and 2–3 billion
dollars, respectively. Water buffalo milk presents physico-
chemical features different from that of closely related
ruminant species, such as a higher content of fat and pro-
teins. Since milk’s appropriateness for cheese making is
strictly dependent on both its casein composition and struc-
ture [8, 9], particularly on k-CN content and protein phos-
phorylation, definitive data on buffalo milk proteome might
help in understanding milk behavior at clotting and how
Ca21-sensitive proteins aggregate through calcium phos-
phate bridges into micelles. Moreover, proteomic data could
have important applications in the development of novel
assays directed to the detection of adulterations due to
occurrence of bovine material into buffalo milk.

Some proteomic studies on milk fractions have been
reported for cow, sheep and horse [5–7, 10–14]. Despite
descriptive data on the composition of its main constituents
by chromatographic/electrophoretic approaches [15] and
sequence information on aSl-CN, aS2-CN, b-CN, k-CN, b-
LGB and a-LAB genes (Swiss-Prot code O62823, O62825,
Q9TSI0, P11840, P02755 and Q9TSN6), poor data however
are available on the complete structural characterization of
the buffalo milk proteins [15, 16]. MS studies reported in lit-
erature focused only on PTM analysis of aSl- and b-CN [15].
Since proteomic analysis of bovine milk fractions was also
proved effective in describing less abundant host defense
proteins protecting neonate/mammary gland against infec-
tion or diagnostic markers of mastitis in affected animals [10,
11, 13], an extended use of proteomic technologies to
description of buffalo milk protein components should be
strongly encouraged in view of its potential impact on food
chemistry and animal welfare applications.

To identify proteins present in buffalo milk, characteriz-
ing its distribution in skim milk, whey and milk fat globule
membrane (MFGM) portions, samples from five animals
were separated into these different fractions (see Supporting
Information), which were subjected to further proteomic
analysis. Figure 1 shows the proteomic map of water buffalo
skimmed milk within a pI range of 4–7, obtained using a
colloidal CBB G250 (panel A) or ammoniacal silver (panel B)
staining. Globally, almost 200 protein spots were resolved on
the gels of which 99 were identified by PMF experiments
(Supporting Information Table S1). No significant gel differ-
ences were observed between animal individuals, suggesting

the absence of genetic variants. These findings were in
agreement with the reduced number of polymorphisms
reported in literature for water buffalo milk proteins [17]. As
expected, gels were dominated by six trains of spots identi-
fied as aSl-CN (spot 8-13), aS2-CN (spot 24-28), b-CN (spot 18-
23), k-CN A (spot 17, 34-41, 63, 65-67), b-LGB (spot 49-52, 80,
81) and a-LAB B (spots 47, 48, 53, 54, 83). Minor amounts of
casein degradation products, important for the animal
immunological response [11, 18], were also observed. MS
data proved spot nature as the expression products of buffalo
genes mentioned above and excluded the occurrence of other
genetic variants. Globally, spots related to aSl-CN, aS2-CN, b-
CN, k-CN, b-LGB and a-LAB accounted for 24.8, 11.9, 24.9,
10.8, 7.7 and 4.8% of the total gel absorbance, respectively.
These values are quantitatively different from those reported
for bovine/ovine milk [19]. In addition, proteins associated
with transport (albumin, mammary-derived growth inhibi-
tor), structure (neurofilament triplet M protein) and defense/
immunity (polymeric immunoglobulin receptor) functions
were also identified (Table 1). The latter protein binds poly-
meric IgA and IgM at the basolateral surface of epithelial
cells.

Heterogeneity in aSl-CN, aS2-CN, b-CN, k-CN, b-LGB and
a-LAB electrophoretic forms represented the occurrence of
PTM described in previous studies [5, 7, 10, 12]. Based on the
very high sequence homology between ruminant milk pro-
tein sequences (Supporting Information Figs. S1–S3) and
previous reports in literature, a series of technological pro-
cedures were successfully applied to the complete character-
ization of the most abundant buffalo proteins, i.e. aSl-CN,
aS2-CN, b-CN, k-CN, b-LGB and a-LAB, including PTM. In
particular, using of TiO2-based microcolumns for selective
enrichment of phosphopeptides [20], resolving glycopeptides
by dedicated micro-fractionation procedures [21], perform-
ing MALDI-TOF-MS experiments with the instrument in
linear modality and used either in positive and negative
polarity [5, 7, 10, 12], and parallel performing MALDI-TOF-
MS experiments on samples subjected to treatment with
alkaline phosphatase or PNGase F [7, 21] proved particularly
effective in PTM description. Since Cys residues within buf-
falo aS2-CN, k-CN, b-LGB and a-LAB sequence were totally
conserved with respect to other ruminants (see Supporting
Information Figs. S1–S3), no analyses on disulfide arrange-
ments were performed.

After trapping phosphopeptides from aSl-CN tryptic
digests by TiO2 resin, MALDI-TOF-MS signals changing
their relative intensity between samples allowed the identifi-
cation of peptides with different degrees of phosphorylation
among spots 9-11 (Supporting Information Figs. S4A–C and
Table S2). Combining all spectra recorded, the sequence
coverage was 94.5%. These data proved that phosphorylation
occurred at Ser41, 46, 48, 64, 66, 67, 68 and 75, confirming
previous observations on aSl-CN (Supporting Information
Fig. S1) [1, 7, 15, 20, 22, 23]. Thus, we concluded that spot 9,
10 and 11 corresponded to 199 residues long aSl-CN forms,
each having eight, seven and six phosphate groups, respec-
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Figure 1. 2-DE of buffalo skim milk proteins. Milk proteins (500 mg) were separated in the first dimension using 18-cm pH 4-7 IPG strips and
in the second dimension using 14% SDS-PAGE. Proteins were visualized by colloidal CBB G250 (panel A) or ammoniacal silver (panel B)
staining. Identified protein spots are numbered and reported in Supporting Information Table S1.

tively. As result of the lacking of a series of phosphorylation
sites otherwise present in bovine and ovine protein, buffalo
aSl-CN showed a reduced phosphorylation degree with
respect to other ruminants [1].

Supporting Information Fig. S5 and Table S3 describe
the MALDI-TOF mass spectra of the enriched tryptic digests
from buffalo aS2-CN isoforms (spots 24-27). Combining all
spectra, the sequence coverage was 95.2% and information
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Table 1. Buffalo milk proteins identified by 2-DE plus MALDI-TOF PMF or 1-DE plus mLC-ESI-IT-MS-MS analysisa)

Protein Accession
number

Organism Identification
method

Milk
fraction

Local-
ization

Function

Actin P60712 B. taurus PMF, MS-MS W, MFGM C S
Aldose 1-epimerase Q8K157 M. musculus MS-MS MFGM C E
Adipophilin, adipocyte differentiation-related protein Q9TUM6 B. taurus PMF, MS-MS W, MFGM M FTM
ADP-ribosylation factor (Arf)-like protein 15, Arf-related

protein 2
Q5EA19 B. taurus PMF MFGM M MPT

Albumin P02769 B. taurus PMF, MS-MS S, W S FTM
BRCA1-associated protein BRAP2 Q99MP8 M. musculus MS-MS MFGM C CS
Breast cancer type 1 susceptibility protein BRCA1 Q864U1 B. taurus MS-MS MFGM S CS
Butyrophilin subfamily 1 member A1 P18892 B. taurus PMF, MS-MS MFGM M FTM
Calcium-binding protein p22 Q99653 H. sapiens PMF MFGM M MPT
Cargo selection protein, TIP47 Q3SX32 B. taurus MS-MS MFGM M MPT
aS1-Casein O62823 B. bubalis PMF, MS-MS S, W, MFGM S GT
aS2-Casein Q3Y443 B. bubalis PMF, MS-MS S, W S GT
b-Casein Q9TSI0 B. bubalis PMF S, W S GT
k-Casein P11840 B. bubalis PMF, MS-MS S, W, MFGM S GT
Cell death activator CIDE-A A4FUX1 B. taurus MS-MS MFGM C CS
Coiled-coil domain-containing protein 116 Q4V8B5 R. norvegicus MS-MS MFGM C U
Complement C3 Q2UVX4 B. taurus MS-MS W S DI
Cyclophilin A, peptidyl-prolyl cis-trans isomerase Q861V5 B. taurus PMF MFGM C PSBF
Cysteine sulfinic acid decarboxylase Q9Y600 H. sapiens MS-MS MFGM C E
Dymeclin Q8CHY3 M. musculus MS-MS MFGM M U
EH-domain containing protein 4 Q1MWP8 M. musculus MS-MS MFGM M, S U
Eukaryotic translation initiation factor 5A-1* Q6EWQ7 B. taurus PMF MFGM C PSBF
Factor XIIa inhibitor P50448 B. taurus MS-MS W S DI
Fatty acid synthase Q71SP7 B. taurus MS-MS MFGM C FTM
Folate-binding protein P02702 B. taurus MS-MS W M, S FTM
b-1,4-Galactosyltransferase 1 P08037 B. taurus MS-MS W M, S E
Growth/differentiation factor 8, myostatin O18836 B. taurus MS-MS W S CS
Guanine nucleotide-binding protein Gi, subunit a1 P63096 H. sapiens MS-MS MFGM M CS
Guanine nucleotide-binding protein GI/GS/GT subunit b1 P62871 B. taurus PMF, MS-MS MFGM M CS
Guanine nucleotide-binding protein GI/GS/GT subunit b2 P11017 B. taurus PMF, MS-MS MFGM M CS
IgM heavy chain Q1RMK2 B. taurus PMF, MS-MS W, MFGM S DI
Ig l-like polypeptide Q2KIF5 B. taurus MS-MS W S DI
Ig l-like polypeptide Q1RMN8 B. taurus MS-MS W S DI
Inter-a-trypsin inhibitor heavy chain H4 Q3T052 B. taurus MS-MS W S PSBF, DI
Keratin intermediate filament 16a Q9EQD6 M. musculus MS-MS MFGM C S
Lactadherin, PAS6/7 Q95114 B. taurus PMF, MS-MS W, MFGM M FTM
a-Lactalbumin Q9TSN6 B. bubalis PMF, MS-MS S, W S E
b-Lactoglobulin P02755 B. bubalis PMF, MS-MS S, W, MFGM S GT
Lactoperoxidase A5JUY9 B. bubalis MS-MS W S E, DI
Lactophorin P80195 B. taurus PMF, MS-MS S, W, MFGM S U, DI
Lactotransferrin O77698 B. bubalis MS-MS W S DI
Leucine-rich a2-glycoprotein 1 Q2KIF2 B. taurus MS-MS W S U
a2-Macroglobulin MUG1 P28665 M. musculus MS-MS MFGM S DI
Mammary-derived growth inhibitor, fatty acid-binding

protein
Q5XLB1 B. bubalis PMF, MS-MS S, W, MFGM S FTM

Monocyte differentiation antigen CD14 Q1PBD0 B. taurus MS-MS W, MFGM M, S DI
Mucin 1, PAS1 Q8WML4 B. taurus MS-MS MFGM M U
Mucin 15, PAS3 Q8MI01 B. taurus MS-MS MFGM M U
Multidrug transporter breast cancer resistance
protein BCRP/ABCG2, ATP-binding cassette

Q32PJ1 B. taurus MS-MS MFGM M GT

Neurofilament triplet M protein O77788 B. taurus PMF S C S
Nucleobindin 1 Q02819 M. musculus PMF W M, S DI
Nucleobindin 2 Q0IIH5 M. musculus PMF W M, S DI
Pancreatic elastase inhibitor Q9TS74 B. taurus MS-MS W S PSBF
Pigment epithelium-derived factor Q95121 B. taurus MS-MS W S PSBF
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Table 1. Continued

Protein Accession
number

Organism Identification
method

Milk
fraction

Local-
ization

Function

Platelet glycoprotein 4, PAS4, CD36 P26201 B. taurus MS-MS W, MFGM M U, FTM
Polymeric immunoglobulin receptor P81265 B. taurus PMF, MS-MS S, W M, S DI
Ras-related protein Rab1A P62820 H. sapiens MS-MS MFGM M MPT
Ras-related protein Rab3A P11023 B. taurus MS-MS MFGM M MPT
Ras-related protein Rab15 P59190 H. sapiens MS-MS MFGM M MPT
Ras-related protein Rab18 Q9NP72 H. sapiens PMF, MS-MS MFGM M MPT
Responsive to centrifugal force and shear Q6QRN7 B. taurus MS-MS MFGM M U
RING finger protein 10 Q08E13 B. taurus MS-MS MFGM C U
Signal transducer and activator of transcription 5B, STAT5 Q9TUM3 B. taurus MS-MS MFGM C CS
Sodium-dependent phosphate transport protein 2B Q27960 B. taurus MS-MS MFGM M GT
a-Soluble NSF attachment protein P81125 B. taurus PMF MFGM M MPT
Sterol-4-alpha-carboxylate 3-dehydrogenase,

decarboxylating
Q15738 H. sapiens MS-MS MFGM M FTM

Synaptosomal-associated protein 23, SNAP23 O00161 H. sapiens MS-MS MFGM M MPT
Synaptobrevin 3, Vesicle-associated membrane protein 3 Q15836 H. sapiens MS-MS MFGM M MPT
Syntaxin 3 A6QLH3 B. taurus MS-MS MFGM M MPT
Toll-like receptor 2, TLR2 Q95LA9 B. taurus MS-MS MFGM M DI
Ubiquitin P62988 H. sapiens MS-MS MFGM C CS
Xanthine dehydrogenase/oxidase P80457 B. taurus PMF, MS-MS W, MFGM M FTM
Zinc-a2-glycoprotein Q3ZCH5 B. taurus PMF, MS-MS W S DI

a) Accession number: Swiss-Prot. Milk fraction where the protein was identified is denoted; skim milk (S), whey (W) and milk fat globule
membrane (MFGM). Protein localization is indicated as cytoplasmic (C), membrane (M) and secreted (S). Functional categories listed
are cell signaling (CS), defense/immunity (DI), enzyme (E), fat transport/metabolism (FTM), general transport (GT), membrane/protein
trafficking (MPT), protein synthesis/binding/folding (PSBF), structural (S) and unknown function (U).

on all Ser residues described as phosphorylated in bovine/
ovine aS2-CN was obtained (Supporting Information Fig. S1)
[1, 7, 20, 22, 23]. PSD experiments on selected phosphopep-
tides confirmed in some cases that phosphorylation occurred
at the same sites of bovine counterpart (Ser129, 131 and 143)
(Supporting Information Fig. S6). Based on the very high
sequence homology between buffalo and bovine protein, we
should hypothesize that phosphorylation occurs also at Ser8,
9, 10, 16, 31, 53, 56, 57, 58 and 61. Spots 24, 25, 26 and 27
corresponded to 207 residues long aS2-CN forms having 13,
12, 11 and 10 phosphate groups, respectively. Since spots 29–
31 showed a pI value and panel of phosphopeptides similar
to those reported for spots 24–26, but a lower Mr value, they
were tentatively associated to truncated forms of aS2-CN.
Similar isoforms have been already characterized in bovine
and ovine and have been associated to exon skipping caused
by a single-base mutation that affects splicing of the pre-
mRNA [7].

b-CN isoforms corresponding to spots 19-23 were simi-
larly analyzed by MALDI-TOF-MS (Supporting Information
Fig. S7 and Supporting Information Table S4). Recorded
data ensured a sequence coverage of 96.2% and confirmed
previous observations on phosphorylation sites (Ser15, 17,
18, 19 and 35) in the buffalo [15] and the bovine/ovine pro-
teins [1, 7, 20, 22, 23] (Supporting Information Fig. S2).
Thus, we conclude that spot 19, 20, 21, 22 and 23 corre-

spond to 209 residues long b-CN forms each having five,
four, three, two and one phosphate groups, respectively. The
lack of a putative phosphorylation site within buffalo b-CN
B sequence determined a reduced phosphorylation degree
of this protein with respect to what observed in other rumi-
nants [1, 7, 20, 22, 23].

Heterogeneity observed for bovine/ovine k-CN [5, 7, 12]
found a good equivalence in buffalo protein. No biotin-based
k-CN enrichment procedures were used and then the num-
ber of isoforms detected was reduced with respect to bovine
milk [12]. PTM analysis was limited to seven major protein
components, namely spots 34–40. Since the known sites of
modification in bovine/ovine k-CN are all located in the C-
terminal portion of the protein corresponding to a large
tryptic peptide [1, 5, 12] (Supporting Information Fig. S2),
using of TiO2 proved particularly effective in trapping these
phosphorylated-sialylated species [20, 24]. Additional experi-
ments on whole digests, providing a sequence coverage of
94.5%, confirmed that no additional PTM occurred in other
protein regions (data not shown). Supporting Information
Fig. S8 shows the MALDI-TOF-MS analysis of the enriched
tryptic digests from spots 34–40; signals associated to mod-
ified peptides (113-169) and (112-169), generated as result of
missed cleavage after Lys116 and Lys113, were evident for all
samples. Spectra increased its complexity moving from 40 to
34 spot, with major peaks shifting to higher mass values and
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a number of extra peaks observed. They were associated to
peptides with an increased phosphorylation and O-glycosy-
lation degree, which correspond to k-CN forms with more
acidic pI values, resulting from the occurrence of an
increasing number of phosphate and N-acetylneuraminic
acid (NeuAc) units. The complex pattern of peaks reported in
Supporting Information Figs. S8D–G originated from the
well-known partial loss of carbohydrate groups, particularly
loss of NeuAc (Supporting Information Table S5) [5]. How-
ever, this phenomenon did not prevent assignment of the
parent forms by MS data alone. Our findings were supported
by the number of core neutral disaccharides present within
the spectrum of each spot and the total number of NeuAc
moieties inferred from the distinctive pattern of pI shifts on
the 2-DE map (Fig. 1A). Accordingly, unmodified (spot 40),
phosphorylated (spot 39), diphosphorylated (spot 37), phos-
phorylated-glycosylated (spot 38), phosphorylated-glycosy-
lated (spot 36), phosphorylated-diglycosylated (spot 35) and
phosphorylated-diglycosylated k-CN (spot 34) were identified
(Supporting Information Table S5). Similar k-CN forms have
been reported in bovine milk proteome [1, 5, 12], elucidating
the complex pattern of progressive phosphorylation and O-
glycosylation and identifying modified residues. Based on
the very high sequence homology between buffalo and
bovine protein as well as the nature of k-CN isoforms char-
acterized, we should hypothesize that the modification sites
are highly conserved between the two animals (Supporting
Information Fig. S2). This hypothesis found a positive con-
firmation in MS analysis of the chymotryptic digest of pep-
tides (113-169)P/(112-169)P and (113-169)2P/(112-169)2P
(Supporting Information Figs. S8B and C). In the first case,
the spectrum showed MH1 signals at m/z 3629.9, 3758.3 and
2458.3, associated to aspecific peptides (113-146), (112-146)
and (147-169)P. In the second case, the spectrum showed
MH1 signals at m/z 3710.2, 3838.5 and 2458.2, assigned to
phosphopeptides (113-146)P, (112-146)P and (147-169)P.
These results suggest that the main and secondary site of
phosphorylation in buffalo k-CN are Ser149 and Ser127 [12],
similar to what is observed for bovine protein.

A detailed characterization of the PTM occurring in a-
LAB was obtained by comparative MALDI-TOF-MS analysis
of all fractions resulting from chromatographic resolution of
the tryptic digest from spot 54 and 47; these spots showed a
DMr of 3–4 kDa (Fig. 1A). In both cases, acquired mass
spectra allowed obtaining a sequence coverage of 91.1%. No
peptides bearing PTM were identified in the spectra recorded
for spot 54; in contrast, the fraction from spot 47 eluting at
24.7 min showed the typical pattern of adjacent signals dif-
fering by 162, 203, and 291 mass units, disappearing after
PNGase F treatment, which made glycopeptides immedi-
ately recognizable (Supporting Information Figs. S9A and
B). In fact, signals in the m/z range of 4231.2–5011.0 were
associated with glycosylated forms of peptide (32-53), gener-
ated as result of aspecific cleavage of the expected large tryp-
tic peptide (17-58) at Phe31 and Phe53, as also confirmed by
PSD analysis (Supporting Information Fig. S9C). Based on

the known biosynthetic pathway of N-linked oligosaccha-
rides and the molecular mass of the peptide moiety, these
signals were assigned to fragment (32-53) bearing complex
type N-linked glycans bound to Asn45. A mixture of bi- and
tri-antennary structures containing also N-acetylgalacto-
saminylated sugar chains was observed (Supporting Infor-
mation Fig. S9A). The latter N-linked oligosaccharides have
been already reported in glycosylated bovine a-LAB [25]; they
have been considered as molecular moieties typical of glyco-
proteins from mammary gland/epithelial cells [26]. In con-
trast, the non-glycosylated peptide (32-53) was not detected
in the spot 47 digest. On the other hand, ascertained occur-
rence of the peptides (63-79) and (59-79) as non-glycosylated
species (MH1 signals at m/z 2005.1 and 2592.8, respec-
tively), demonstrated that no other glycosylation sites were
present in a-LAB. By using a similar approach, b-LGB iso-
forms (spot 49-52) were comparatively evaluated for PTM
analysis; although a sequence coverage of 93.2% was
obtained for all spots, no difference was detected between
MS spectra.

To identify the maximum number of buffalo proteins
present in milk whey fraction, we used a combined strategy
comprising analysis with 2-DE plus MALDI-TOF PMF and
1-DE plus mLC-ESI-IT-MS-MS. In the first case, whey pro-
teins were separated on 2-DE gels covering pH 3–10 and Mr
6–100 kDa ranges, generating maps similar to that reported
in Fig. 2A. Among 84 spots detected within gels, 56 were
identified by PMF experiments and associated to 11 mam-
malian genes (Supporting Information Table S6). Expres-
sion products of nine genes were present as multiple pro-
tein isoforms, generating trains of electrophoretic spots.
Whey was also loaded onto a 12% SDS-PAGE and resolved
(Fig. 2B); each gel lane was cut into different slices that
were digested with trypsin and subjected to mLC-ESI-IT-MS-
MS analysis. Each sample was analyzed three times to
ensure data reproducibility (almost 96.9%). Polypeptide
species corresponding to 29 genes were identified (Sup-
porting Information Table S7), among which 22 not detect-
ed by 2-DE plus PMF analysis, thus confirming that com-
plementary approaches generally ensures higher identifica-
tion rates. Out of the protein products identified as
corresponding to 33 genes, 29 corresponded to secreted and
four to membrane-associated components; in the latter
group, nicked forms with an increased solubility were
observed (Supporting Information).

As expected, most abundant proteins on the gels corre-
sponded to b-LGB and a-LAB [1, 10, 13]. Additional compo-
nents associated to defense/immunity (lactotransferrin, IgM
heavy chain, Ig l chains, polymeric immunoglobulin recep-
tor, complement C3, cluster of differentiation (CD)14, Zn-a2-
glycoprotein, factor XIIa inhibitor, inter a-trypsin inhibitor,
nucleobindin 1 and 2), transport (albumin, folate-binding
protein, mammary-derived growth inhibitor) and metabolic
(lactoperoxidase, b-1,4-galactosyltransferase) functions were
also identified (Table 1 and Supporting Information). Some
of these proteins are important for ensuring essential nutri-
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Figure 2. 2-DE of buffalo whey (panel A) and MFGM (panel C) proteins. Proteins (150 mg) were separated in the first dimension using 18-cm
pH 3-10 IPG strips and in the second dimension using 12.5% SDS-PAGE. Proteins were visualized by ammoniacal silver staining. Identified
protein spots are numbered and reported in Supporting Information Tables S6 (whey) and S8 (MFGM). 1-DE of buffalo whey (panel B) and
MFGM (panel D) proteins. Proteins (100 and 50 mg) were separated by using 12% SDS-PAGE and visualized by colloidal CBB G250 and
ammoniacal silver staining, respectively. S1 and S2 correspond to milk samples from different animals. Identified proteins are reported in
Supporting Information Tables S7 (whey) and S9 (MFGM).

ents to the newborn and promoting its development (case-
ins, folate-binding protein, lactotransferrin, b-1,4-galactosyl-
transferase, miostatin).

A combined strategy was also used to investigate proteins
present within buffalo MFGM fraction; this approach was
necessary because unique studies already published on
MFGM, referring to human and bovine membranes,
emphasized the problematic issue of analyzing its hydro-

phobic proteins [10, 11, 27, 28]. In the case of 2-DE, the use of
analytical gels ensured optimal spot resolution. Figure 2C
shows the electrophoretic map obtained for buffalo MFGM
proteins, using a gel covering pH 3–10 and 10–100 kDa
ranges. Approximately 196 reproducible spots were detected.
All proteins occurring within this 2-DE map were analyzed by
MALDI-TOF PMF procedures; 118 spots were identified and
associated to 19 mammalian genes (Supporting Information
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Table S8). Proteins corresponding to 12 genes were found as
multiple electrophoretic species generating trains of spots;
heterogeneity was mainly due to variability in apparent pI
values or a combination of pI/Mr parameters. Some of these
proteins have been already reported containing phosphate
groups and/or N-linked glycans, generating distinct 2-DE
isoforms [27]; uncommon glycosylation branching patterns
have been described for these proteins synthesized in mam-
mary grand, which may be influential in maternal protection
of the newborn against bacterial/viral pathogenic attack [26,
27]. On the other hand, spots associated with dominant xan-
thine dehydrogenase/oxidase, adipophilin, lactadherin and
butyrophilin (BTN) isoforms also appeared at various Mr
values (Fig. 2C). Their occurrence was the result of limited
proteolysis events yielding minor species with reduced Mr
values, which have a different relative solubility with respect
to native proteins; observation of these components has been
already described in dedicated studies on human/bovine
MFGM [10, 11, 27–29]. In particular, almost 28 spots were
identified as BTN1A1 proteolysis products, which probably
corresponded to the various truncated forms containing exo-
IgI, exo-IgC1 and cyto-B30.2 domains [28]. No other spots
were associated to other BTN-related genes, as result of the
poor information on buffalo genome.

To increase protein recovery, MFGM polypeptides were
also solubilized in an SDS-containing buffer and resolved by
glycine-based SDS-PAGE (Fig. 2D). A whole-gel lane was cut
into different slices, which were digested and directly ana-
lyzed by automated mLC-ESI-IT-MS-MS for identification of
protein components. Also in this case, each sample was ana-
lyzed three times to ensure data reproducibility (almost 97%).
By using this approach, polypeptide species corresponding to
42 different genes were identified (Supporting Information
Table S9). A larger number of membrane proteins were iden-
tified, suggesting that using of loading buffers with higher
solubilizing properties or absence of experimental steps in-
volving IPG [11] strongly improved analysis of hydrophobic
proteins. In conclusion, out of the polypeptide products
ascertained in MFGM fraction and associated to 50 genes, 11
were identified by both proteomic approaches, eight were
uniquely identified by combined 2-DE/MALDI-TOF-MS and
31 were uniquely identified by combined 1-DE/mLC-ESI-IT-
MS-MS. Out of these 50 proteins, 65% are membrane-asso-
ciated proteins, with the remainder being either cytoplasmic
(25%) or secreted (10%) polypeptides.

Identified proteins represented all functional categories
(Table 1 and Supporting Information); those involved in
membrane/protein trafficking (21%), fat transport/metabo-
lism (17%), cell signaling (15%) and defense (9%) functions
accounted for little more than a half of the proteins detected
in MFGM. This classification, however, did not fully consider
the multiple functions of some proteins. For example, xan-
thine dehydrogenase/oxidase is not classified as host
defense-related, despite clearly having a role in production of
reactive-oxygen species, which modulate immune response
[30]. A similar immunoprotective/defense function can also

be ascribed to (i) lactadherin, which resists being digested in
the stomach of milk-fed newborn, and prevents symptomatic
rotavirus infection in mammal-fed neonates [31]; (ii) cyclo-
philin A, which may be secreted in response to inflammatory
stimuli and acts as an effective neutrophil/eosinophil che-
moattractant [32]; (iii) mucins, which have been associated to
immunoprotective roles on the basis of their binding/
sequestering activity on pathogenic microrganisms and
inhibitory effects on rota/pox-viruses replication [27]. Thus,
all proteins mentioned above may be considered together
with immunoglobulins, membrane-associated CD14, Toll-
like receptor 2 (TLR2) and a2-macroglobulin, thus increas-
ing the number of defense-related polypeptide species [1, 10,
11, 27]. In particular, CD14 cooperates with TLRs to mediate
the innate immune response to bacterial LPS, thus deter-
mining NF-kB-regulated production of a variety of antibiotic
peptides [33]. TLRs are mainly present on antigen presenting
cells and signal the occurrence of pathogens to the host.
Similarly, inflammation-associated a2-macroglobulin is
generally overexpressed in mammary gland by activation of
STAT5 [34]; it has a function of binding foreign particles,
thereby serving as a humoral defense barrier against patho-
gens in milk during mastitis. The functional significance of
all these proteins in host defense has to be tested by further
investigations on their direct effect on microbes or in mod-
ulating the responsiveness of immune cells to their pres-
ence. Moreover, the diversity of proteins identified in MFGM
fraction reflected the different functional roles of this spe-
cialized membrane [27, 28, 35] and provided preliminary
information on lipid droplet’s secretory pathways within
mammary gland and its eventual controlling processes (see
Supporting Information). In this section, additional infor-
mation on proteins belonging to other functional classes is
also reported.

In conclusion, this study firstly provides a detailed
description of buffalo milk proteome, including minor pro-
tein components. Dominant polypeptide species, i.e. aSl-, aS2-,
b-, k-CN, b-LGB and a-LAB, were fully characterized,
describing relative quantitative levels and PTM. In particular,
an increased content in aS2- and k-CN as well as aSl- and b-
CN with a reduced phosphorylation degree were ascertained
in buffalo milk with respect to other ruminants. By describ-
ing some of the main characteristics affecting milk cheese-
making aptitude, together with total fat/protein content, pH
and Ca21 concentration, this study provides a scientific basis
to the coagulation processes used in buffalo milk-based dairy
productions. In fact, elevated k-CN content in milk decreases
casein micelle size, reducing gelation/coagulation and
increasing digestibility; similarly, low a-LAB levels limit lac-
tose concentration in milk and consequently diminish water
relative concentration [8, 9, 35]. On the other hand, increased
phosphorylation on caseins improves milk emulsification
properties [35]. Proteins regulating pathways of milk fat
secretion or involved in stabilizing lipid droplets after secre-
tion were also characterized. These results may be of major
importance to the dairy manufacturing because the nature of
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the cream fraction influences the built-up properties and
organoleptic qualities of milk and dairy products [35]. Since
the official method for the detection of adulteration in buf-
falo milk is still based on 1-DE (Italian Gazzetta Ufficiale
n.160, 11/07/1994), we also believe that the resolutive 2-DE
maps here reported will be useful for the development of
new certified protocols for the detection of illegal addition of
milk from other ruminants to buffalo one.

The number of minor protein species identified in this
work emphasizes the multiple functions of milk, which
besides affording nutrition to the newborn through its major
components, also promotes neonate development and pro-
tection of the digestive tract from pathogens, as well as helps
maintaining optimal mammary gland function in the mother.
In fact, this gland has a cavous architecture, which is inher-
ently susceptible to microbial infection; abundant nutrients
in residual milk and body temperature ensure optimal grow-
ing conditions for microbes. Thus, protection against patho-
gens in neonate and mother organs is guaranteed by the
arsenal of antimicrobial and immunomodulatory proteins,
which are secreted into milk. The protective role of some of
these components in milk has been underlined in dedicated
reviews [1, 27, 28, 35, 36] and, recently, found its definitive
scientific foundation in two comparative proteomic investi-
gations made on animals affected by mastitis [10, 13]. These
studies and our results underline that MFGM and whey frac-
tions seem to be particularly rich in these antimicrobial/
immunomodulatory proteins. Moreover, our findings suggest
that molecules generally expressed on antigen presenting
cells/general secretory vesicles and involved in signaling the
presence of pathogens, such as CD14 and TLRs, also occur in
MFGM and, directly, on the apical membrane of the secretory
cells; thus, microbes entering the mammary gland could be
signaled to the host directly through this gland.
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