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Quantification of Milk Fat Globule Membrane Proteins Using
Selected Reaction Monitoring Mass Spectrometry
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Although some of the physiological roles of milk fat globule membrane (MFGM) proteins are still

unclear, there is increasing evidence that the consumption of bovine MFGM proteins has significant

nutritional health benefits for humans; therefore, it may be important to be able to estimate the MFGM

proteins in complex ingredients. In this study, the absolute quantification (AQUA) technique, which is

typically used for the quantification of proteins in proteomic studies, was applied for the quantification

of bovine MFGM proteins in butter milk protein concentrate. Six MFGM proteins (fatty acid binding

protein, butyrophilin, PAS 6/7, adipophilin, xanthine oxidase, and mucin 1) were simultaneously

quantified using high-resolution selected reaction monitoring mass spectrometry. Samples were

rehydrated in 6.7 M urea buffer prior to dilution to 2.2 M before tryspin digestion. Direct rehydration

in 2.2 M urea buffer or 2.2 M urea/20% acetonitilrile buffer reduced peptide yield digestion. Isotopically

labeled peptides were used as internal standards. The coefficient of variation ranged from 5 to 15%,

with a recovery of 84-105%. The limit of detection was in the range of 20-40 pg.
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INTRODUCTION

The bovinemilk fat globulemembrane (MFGM) is a layer that
surrounds each lipid droplet inmilk. It is organized into a trilayer
structure (an inner lipid monolayer and an outer lipid bilayer),
consisting of a complex mixture of proteins, glycoproteins,
enzymes, neutral lipids, and polar lipids such as phospholipids
and glycosphingolipids (1, 2).

The MFGM components have been reviewed extensively over
the past few years (2-8). They have received a lot of interest for
both their emulsification properties and their different health
benefits (2,4-6). The reported bioactivity of theMFGMproteins
includes anticancer effects on some cancer cell line models (9,10),
antibacterial effects (11,12), and antiviral effects (13,14), whereas
MFGMphospholipids and gangliosides are implicated as having
various health benefits such as anticholesterolemic effects, at-
tenuation of neuronal aging, and antibacterial properties (3, 15).
Some researchers have also linked some of the membrane
proteins as contributors to multiple sclerosis (6) and coronary
heart disease (16, 17).

Similar bioactivity has also been demonstrated for some hu-
man MFGM proteins such as immunoglobulin, mucins, and
lactadherin (PAS 6/7) (11-14, 18, 19). These proteins have been
reported to play an important role in various cell processes and
defense mechanisms against bacteria and viruses in the newborn.

Over the past decade, most of the studies on bovine MFGM
and human MFGM have been focused on the identification of
the proteins using proteomic techniques (8, 20-29). Of the
numerous bovine MFGM proteins reported to date, there are

eight major proteins [mucin 1 (MUC 1), xanthine oxidase (XO),
CD36 (PAS 4), mucin 15 (PAS 3), butyrophilin (BTN), PAS 6/7,
adipophilin (ADPH), and fatty acid binding protein (FABP)].

The increasing interest in the bioactivity of the MFGM
proteins means that the ability to quantify these proteins is
essential if they are to be used as nutraceuticals. PAS 3 is the
only MFGM protein that has been directly quantified to date,
employing the Western blot technique and using in-house-pur-
ified bovine PAS 3 standards (30).Whereas antibodies to some of
the bovine MFGM proteins are available commercially, stan-
dards for the bovineMFGMproteins are not,making their direct
quantification difficult. This is further complicated by the fact
that most MFGM proteins are also heavily glycosylated and,
hence, are present in many isoforms (8).

In this study, the absolute quantification (AQUA) technique,
which is typically used for proteomic-scale studies (31), was
adapted for the simultaneous quantification of the six most
abundant bovine MFGM proteins (FABP, BTN, PAS 6/7,
ADPH, XO, andMUC 1) present in complex butter milk protein
concentrate. This technique quantified the targeted proteins
indirectly by measuring specific cleavage peptide sequences that
were generated using specific enzymes. The accuracy of the
technique relied heavily on the complete release of the target
cleavage peptide sequence from the intact protein. These released
peptides were simultaneously measured using liquid chromato-
graphy-high-resolution selected reaction monitoring-mass
spectrometry (LC-HSRM-MS).

MATERIALS AND METHODS

Materials. Butter milk protein concentrates (BPC50 and BPC60) con-
taining 50 and 60% protein, respectively, were prepared by concentrating
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β-serum, a proprietary product enriched inmilkfat globulemembrane (32),
using ultrafiltration and supercritical CO2 extraction as described in
patent WO/2006/041316 (33). Peptide standards including isotopically
labeled peptides were obtained from Quality Control Biochemicals
(Hopkinton, MA). Isotopically labeled peptides were synthesized using
13C- and 15N-labeled amino acids. Trypsin (TPCK treated, bovine
pancreas, 12,500 units/mg solid, T1426) was purchased from Sigma-
Aldrich (St. Louis, MO). All solvents used were of high-performance
liquid chromatography (HPLC) grade. The urea used was of electrophor-
esis grade. β-Lactoglobulin A (β-Lg A) was obtained from Sigma-Aldrich.

Selection of Target MFGM Peptides for Quantification. The
MFGM peptides were selected based on the uniqueness of the tryptic
peptide sequence (obtained by in silico trypsin digestion using peptide-
Mass tool and protein sequences obtained from http://us.expasy.org), the
ability to detect these peptides using MS, and the absence of readily
oxidizable cysteine and methionine residues and post-translational mod-
ification sites such as serine and threonine amino acid residues. The
peptide sequences were also limited to no more than 15 amino acid
residues. The selected peptides are shown in Table 1.

Standard Preparation. Individual peptide stock solutions were pre-
pared at a concentration of 1 mg/mL in 20% acetonitrile (ACN) in water
and were stored in deactivated glass vials at -80 �C. A combined
intermediate standard solution consisting of 10 μg/mL of each peptide
was prepared from the stock solutions (biweekly), one for the standard
peptides and one for the isotopically labeled internal standard peptides.
Serial dilutions of the intermediate standard solutionwere prepared to give
a five-point calibration curve (0.63, 0.13, 0.25, 0.5, and 1 μg/mL or 1.25,
2.5, 5, 10, and 20 ng on column, respectively) for each of the MFGM
peptides containing 0.25 μg/mL of their respective isotopically labeled
internal standard peptide. The R2 values for each of the MFGM peptide
calibration curves were typically greater than 0.98 (Table 2). The linear
range of the calibration standard could be extended to 40 ng (Table 2).
A linear range beyond 40 ng was not investigated in this study.

Internal Standard. In this study, the synthetic isotopically labeled
internal standard was added to the sample after digestion. This method
was chosen for its simplicity over the use of peptides in which the tryptic
cleavage sites are incorporated into the internal standard to create an
internal standard that has cleavage characteristics more similar to those of
the protein being quantified. Both techniques have been evaluated in detail
for membrane proteins (34) and human serum albumin (35), with the
conclusion being that the latter technique does not improve the accuracy
and precision of the value obtained as compared with the isotopically
labeled internal standard method.

Digestion Protocol. Unless otherwise specified, samples were rehy-
drated in 6.7Murea/0.2Mammoniumbicarbonate buffer (pH 8.1) to give

a concentration of approximately 40%protein, followedby reductionwith
β-mercaptoethanol (5 μL/mL) for 30 min at room temperature. Other
rehydration buffer systems were also tested in this study (Table 3). Before
trypsin addition, the samples were further diluted with 0.2 M ammonium
bicarbonate/pH 8.1 to give a final urea concentration of 2.2 M. Timed
hydrolysis of the sample was conducted over 5 h at 37 �C using a trypsin:
substrate ratio of 1:20. The samples were acidified with concentrated
formic acid to give a final concentration of 0.5% formic acid to stop the
hydrolysis, before centrifugation (27000g) for 15 min at 5 �C to allow the
lipid to separate. An aliquot (100 μL) of the sample was diluted with 700
μL of 5% ACN in water and 800 μL of isotopically labeled internal
standard (0.25 μg/mL) prior to analysis. A hydrolysis time of 60 min was
used for all of the MFGM proteins except BTN (30 min).

Reversed-Phase LC-HSRM-MS. Peptide separation was con-
ducted on an Alliance 2690 LC system (Waters Corp., Milford, MA),
equipped with a C18 column (Aqua 5 μ 125 Å, 150 mm � 1.00 mm,
Phenomenex, Torrance, CA), maintained at 60 �C. The aqueous mobile
phase (A) contained 0.2% formic acid, and the organic mobile phase (B)
contained 90% ACN in water with 0.2% formic acid. Standards and
samples (20 μL) were loaded onto the column with 5%mobile phase B for
the first 5 min. Peptides were eluted from the columnwith a gradient of 5-
35%B over 40min, increasing to 90% over 5 min at a flow rate of 150 μL/
min. The column was re-equilibrated at the initial conditions after 2 min
for a period of 10 min.

The LC system was coupled to a Thermo Scientific TSQ Quantum
Ultra EMR mass spectrometer (Thermo Fisher Scientific, San Jose, CA),
using a heated electrospray ionization (ESI) interface. The first 12min and
the last 10 min of the LC eluant were diverted to waste. Ions were
generated and focused using a positive ion spray voltage of 3000 V, a
vaporizer temperature of 150 �C, a sheath gas of 18 arbitrary units, an
auxiliary gas of 10 arbitrary units, and a capillary temperature of 275 �C.
The HSRMmode conditions were as follows: scan width, 0.002m/z; scan
time, 0.05 s; and collision gas pressure, 1.5 mTorr. The collision energies

Table 1. Selected MFGM Peptide Sequences, Their Respective Peptide Transitions, and the CEs Used for HSRM Quantificationa

peptide ID peptide sequence M2þ selected transitions isotopic peptide ID M2þ selected transitions CE

β-Lg TPEVDDEALEK 623.30 918.44 572.77 TPEV*DDEALEK 625.81 923.47 819.37 23

FABP LGVEFDETTADDR 734.33 577.26 1198.49 LGV*EFDETTADDR 736.85 922.37 678.31 28

BTN TPLPLAGPPR 509.81 610.37 707.40 TPLPL*AGPPR 513.32 497.28 714.44 21

PAS 6/7 (638) IFIGNVNNSGLK 638.36 902.47 1015.55 IFIGNV*NNSGLK 640.87 907.50 1020.58 28

PAS 6/7 (597) QFQFIQVAGR 597.32 790.46 918.52 QFQFIQV*AGR 599.84 648.42 795.48 28

ADPH (616) SVVSGSINTVLR 616.35 859.50 1045.60 SVV*SGSINTVLR 618.87 859.50 946.53 24

ADPH (759) SELLVDQYLPLTK 759.92 458.30 1076.60 SELLV*DQYLPLTK 762.44 977.53 1081.63 29

XO (565) VSLSTTGFYR 565.80 542.27 831.40 VSL*STTGFYR 569.31 831.40 542.27 23

XO (696) STLVSVAVALAAYK 696.91 735.44 992.58 STL*VSVAVALAAYK 700.42 806.48 992.58 27

MUC 1 SIWGLILQIYK 667.40 777.49 947.59 SIWGLIL*QIYK 670.91 570.85 954.62 28

a The isotopically labeled internal standard peptides were synthesized by incorporating either 120leucine or 104valine into the peptide sequence*.

Table 2. Typical R2 Coefficient, Linear Range for the MFGM Peptide Calibration Curve, and the Limit of Detection

MFGM protein (mg/g)

FABP BTN PAS 6/7 (638) PAS 6/7 (597 ADPH (616) ADPH (759) XO (565) MUC

R2 0.997 0.993 0.998 0.992 0.998 0.992 0.994 0.986

linear range (ng loaded on column) 40 40 40 40 40 40 40 40

LOD (pg) 40 20 20 20 20 20 20 40

Table 3. Sample Solubilization/Denaturing Buffers

rehydration buffer

1. 2.2 M urea/20% ACN/ammonium bicarbonate carbonate (0.2 M, pH 8.1) in water

2. 2.2 M urea/ammonium bicarbonate (0.2 M, pH 8.1)

3. 6.7 M urea/ammonium bicarbonate (0.2 M, pH 8.1)

4. 6.7M urea, followed by dilution with ammoniumbicarbonate (0.2M, pH 8.1) to give

a final urea concentration of 2.2 M

5. 6.7 M urea, reduced with β-mercaptoethanol (ambient temperature), followed by
dilution with ammonium bicarbonate (0.2 M, pH 8.1) to give a final urea

concentration of 2.2 M
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(CEs) were optimized by infusion of each of the peptide standards into the
mass spectrometer (at 0.2 mg/mL in 50%ACN in water/0.2% formic acid
in water). The optimized CEs for the selected transitions are given in
Table 1. A typicalHSRM total ion count trace and the respective extracted
ion chromatograms acquired under these conditions are shown inFigure 1.

RESULTS AND DISCUSSION

Protein Distribution in BPC50 and BPC60 Sample. The separa-
tion of the protein component of BPC and BPC 60 using sodium
dodecyl sulfate (SDS) gel electrophoresis is shown in Figure 2.
Along with the MFGM proteins, significant amounts of casein
and whey protein (β-Lg and R-Lac) can be observed in both
samples.

Optimization of MFGM Protein Digestion. The complete
digestion of proteins to release the target peptide sequence is a

prerequisite for protein quantification using the AQUA techni-
que.Quantifying the target peptides provides an indirectmeans of
measuring the concentration of the proteins present in the
complex BPC samples. In this study, six MFGM proteins were
simultaneously quantified using this technique. The MFGM
proteins were measured using nine specific tryptic peptide clea-
vage sequences (Table 1). Three of the six MFGM proteins were
measured by LC-HSRM-MS using two peptide sequences for
each.

Two factors may hamper the quantification of membrane
proteins by trypsin digestion: Lysine and arginine cleavage
sites are less frequent in membrane proteins than in cytosolic
proteins (36), and membrane proteins are difficult to solubi-
lize for digestion (28, 37). To ensure the complete release of
the target MFGM peptides from the protein, the sample

Figure 1. Typical HSRM total ion chromatogram trace of a calibration standard (5 ng, A) and a sample (B) with the extracted ion chromatograms for BTN
peptide (C), BTN isotopically labeled peptide (D), ADPH (759) peptide (E), and ADPH (759) isotopically labeled peptide (F).
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solubilization/hydrolysis step was optimized. A number of
different solubilization/denaturing buffers were reported in
the literature to be effective for the solubilization of cell
membrane proteins in proteomic studies. These involved a
mixture of chaotropes such as urea either with organic
solvents such as ACN or methanol (38-40) or with detergents
such as SDS (34, 41, 42). However, many of these buffer
systems reduced the digestion efficiency of trypsin or were
incompatible with MS.

In this study, a number of sample solubilization/denaturing
buffers (Table 3) were tested to optimize the release of target
MFGM peptides. Using the typical TPCK-modified trypsin
hydrolysis conditions of pH 8.1 and 37 �C (43), the hydrolysis
was monitored over 5 h using both LC-HSRM-MS and SDS-
polyacrylamide gel electrophoresis (PAGE) (44).

It was found that theMFGMproteins were best solubilized by
rehydration with 6.7 M urea/0.2 M ammonium bicarbonate
buffer, followed by dilution to 2.2 M urea before digestion
(rehydration buffer 5, Table 3). There was no significant differ-
ence between the samples that were reduced or not reduced with
β-mercatoethanol prior to digestion (Figure 3). The temperature
at which the reduction was carried out, either ambient (30min) or
95 �C (20 min), did not make any difference to the peptide yield
(data not shown). Direct rehydration with 2.2 M urea buffer
(rehydration buffer 2) or 6.7M urea buffer (rehydration buffer 3)
reduced the peptide yield (data not shown). These results indi-
cated that a significantly higher urea concentration (6.7 M) was
required to first denature/solubilize the MFGM proteins.

The addition of ACN to the urea buffer system at a level of
20% (rehydration buffer 1, Table 3) in an attempt to improve
protein solubilization significantly reduced the peptide yield for
someMFGMpeptides [PAS 6/7 (638), ADPH (759), andMUC1,
Figure 3], as compared with the yield when urea rehydration
buffer 5 (Table 3) was used. It is likely that the presence of ACN
may have inhibited the effectiveness of protein solubilization
and, hence, the accessibility of trypsin to different regions of
the protein. Incomplete digestion under the ACN buffer condi-
tions was evident by the presence of a pellet after centrifugation
of the sample after hydrolysis. The SDS-PAGE gel of the
sample showed the presence of partially digested material in the

molecular mass region spanning >25 kDa, which was not
observed with the 6.7 M urea rehydration buffer 5 (Figure 3);
consequently, the use ofACNwas discontinued. In summary, the
optimized digestion condition used for all further work involved
rehydration of samples in of 6.7 M urea/0.2 M ammonium
bicarbonate buffer, followed by dilution to 2.2 M urea before
digestion.

MFGM Levels With Optimized Protein Digestion. The hydro-
lysis of MFGMwas monitored over 5 h (duplicate analyses over
4 days). For most of the MFGM peptides, the maximum peptide
yield was observed at between 30 and 60 min under the selected
rehydration buffer 5 conditions (Figure 3). A final hydrolysis time
point of 60 min was chosen, except for BTN, for which the final
hydrolysis time point was 30 min.
FABP. Complete hydrolysis of FABP was observed after

30min of hydrolysis time. For consistency with the otherMFGM
hydrolysis quantification time points, the 60 min hydrolysis time
point was also chosen to quantify FABP in the BPC samples.
FABP was measured at approximately 2 mg/g in both BPC
samples, the lowest concentration of all of the MFGM proteins
measured.

BTN. A significant loss of the BTN peptide (60-70%) was
also observedover the 5 h hydrolysis period.However, when 20%
ACN in water was added to the urea buffer system (rehydration
buffer 1, Table 3), the loss of the BTN peptide was significantly
reduced (Figure 3). It was possible that the ACN improved the
solubility of the hydrophobic BTN peptide in the buffer system,
preventing its loss by hydrophobic interaction with partially
digested proteins that were centrifuged out of solution and or
stuck to the walls of the digestion tubes.

Because of the observed loss of BTN over the 5 h hydrolysis
period, a 30 min hydrolysis time (using rehydration buffer 5)
was used to estimate the protein level in the samples. The BTN
levels measured under these conditions for the BPC50 and
BPC60 samples were 42 ( 5 and 66 ( 8 mg/g, respectively,
which were approximately 10-15% higher than the results
obtained with the 60 min hydrolysis time (Table 4). The BTN
results obtained with the ACN buffer (rehydration buffer 1,
Table 3) were not significantly different from the 30 min
hydrolysis results.

Figure 2. SDS-PAGE gel of BPC50 time hydrolysis samples. SDS-PAGEwas carried out using Criterion Precast 8-16%Tris-HCl gels (BioRad Laboratories,
Hercules, CA). The proteins were separated out using a current of 80 mA and were stained using Comassie Blue R250. Fifteen microliters of BPC sample
(∼38 μg of protein) was loaded on to the gel. The hydrolyzed samples were uploaded to an equivalent protein level of 100 μg to detect any unhydrolyzed
proteins. B1, B4, and B5 samples were hydrolyzed in rehydration buffer 1, rehydration buffer 4, and rehydration buffer 5, repectively. TheMFGMprotein bands
were identified using proteomic techniques, as described in ref (26). Protein band identifications were as follows: 1, 3, and 4, BTN; 2, XO; 5, PAS 6/7; 6, ADPH;
7, R-casein; 8, β-casein; 9, κ-casein; 10, β-Lg; 11, R-lactalbumin; and 12, FABP.
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PAS 6/7.As for ADPH, attempts were made to measure PAS
6/7 using two peptides, PAS 6/7 (597) and PAS 6/7 (638).
Although optimum release of both peptides was observed after
approximately 30 min (Figure 3), the PAS 6/7 peptides were not

released on an equimolar basis, as anticipated. The PAS 6/7 (597)
peptide gave protein results thatwere 2-3 times higher than those
determined with the PAS 6/7 (638) peptide, even after a 5 h
hydrolysis period (Table 4). Both peptides are locatedwithin close

Figure 3. Timed hydrolysis (h) of BPC50 using urea buffer systemwith (2) andwithout (()β-mercaptoethanol andwith 20%ACN in water (b). Only one data
set shown.
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proximity to each other (VAYSTDGR221
QFQFIQVAG

232
R

SGDK 221IFIGNVNNSGL232KINLFDTP) in the C1 domain
of the protein, which contains two disulfide linkages (8). It is
possible that the differences in release rate of the two PAS 6/7
peptides could have been caused by steric hindrance/insufficient
reduction of the disulfide bonds or the disulfide bond reforming,
as the reduced cysteine residues were not blocked. The results
from the PAS 6/7 (597) peptide after 60 min of hydrolysis time
were used to quantify PAS 6/7 as this peptide consistently gave
higher results than the PAS 6/7 (638) peptide. PAS 6/7 made up a
significant proportion of the MFGM proteins present in both
BPC samples (Table 4).

ADPH.ADPHwas measured using two peptide sequences,
ADPH (616) and ADPH (759). These peptides were released
at equimolar ratios (Table 4) as expected, with complete
hydrolysis observed after approximately 60 min (Figure 3).
Either peptide could be used to quantify this protein. The
ADPH (616) peptide was used for routine analysis in this
study. The levels of ADPH appeared to be roughly similar in
both BPC samples (11-12 mg/g) despite the BPC60 sample
having 10% more total protein than the BPC50 sample
(Table 4).
XO. A very rapid loss of the XO (696) peptide (70%) was

observed within 15min of hydrolysis. There was no significant loss
of the XO (565) peptide under the same buffer conditions. This
peptide loss phenomenon was not observed when the calibration
standard peptides were subjected to the same digestion conditions

(Figure 4), suggesting that the loss of the XO (696) peptide was not
due to digestion by contaminating enzyme (chymotrypsin) from
the trypsin batches. This was not investigated further. XO was
quantified using the XO (565) peptide. The amount of XO
measured in the BPC60 sample (33 mg/g) was twice that measured
in the BPC50 sample (16 mg/g) (Table 4).
MUC 1. Complete release of MUC 1 occurred at a hydro-

lysis time between 30 and 60 min (Figure 3). MUC 1 had been
difficult to measure in this study because it was lost from
the intermediate standard (10 mg/g) after 7-8 days (stored
at -30 �C) and had to be reprepared fresh from the stock
solution. It was the most hydrophobic of the peptides used
in this study, and it was likely that it stuck to the vials or
precipitated out of solution. In this study, approximately 40%
moreMUC1wasmeasured in theBPC50 sample (18mg/g) than in
the BPC60 sample (11 mg/g).

In summary, we measured an increase in the total MFGM
protein in BPC60 (170mg/g) as compared to BPC50 (132 mg/g).
This reflects the difference in total protein between the two
samples. As well as a change in MFGM protein amount, rela-
tive proportions of some of the individual MFGM proteins
changed between the two samples. Although these propor-
tions generally reflect their relative abundance in the millk
fat globule membrane (8), direct comparison with literature
values was difficult because of the different sample types and
sample extraction protocols, which influences MFGM protein
recovery (28, 45).

Validation. Assessment of Matrix Effects. Internal standard
methodologies are normally used to circumvent the matrix
problems (mainly ion suppression) that are generally associated
with ESI-MS methods. To ensure that any matrix suppression
issues had been eliminated, standard addition was carried using
the BPC50 sample. Standards were spiked at four different levels
into the sample solution. The concentration values for the
MGFM proteins obtained by standard addition were not sig-
nificantly different from the internal calibration standardmethod
results, indicating the absence of any major matrix effects using
the isotopically labeled internal standard protocol (Table 5). An
example of standard addition for the ADPH (616) peptide is
shown in Figure 5.

Assessment of AQUATechnique Using β-Lg. β-Lg was used
to check the AQUA technique. This protein was present in both
BPC samples, and commercially available standards and an
alternative method (SDS-PAGE) were available to quantify this
protein (44). The results from the SDS-PAGEcorrelatedwellwith
those from the current technique (Table 6), giving confidence in
the LC-HSRM method.

Limit of Detection. The limits of detection for the peptides
were in the range 20-40 pg loaded on column (Table 2). This was
determined by loading a decreasing amount of the standards onto
the LC-HSRM system until the signal was three times the noise
level.

Table 4. MFGM Proteins Measured in the BPC50 and BPC60 Samples and Assay Variationa

MFGM protein (mg/g)

FABP BTN PAS 6/7 (638) PAS 6/7 (597)b ADPH (616)b ADPH (759) XO (565) MUC 1c

BPC50 average 2 38 29 47 11 13 16 18

SDd 0.2 4 3 5 1 2 2 1

CV (%) 10 10 11 10 9 13 12 5

BPC60 average 2 56 20 56 12 10 33 11

SDd 0.2 8 3 8 2 1 5 1

CV (%) 12 14 15 14 15 13 14 12

aSamples were analyzed in duplicate over four different days. b Peptide chosen to quantify protein. c n = 3. dStandard deviation.

Figure 4. Changes to the MFGMpeptide standards when subjected to the
same extraction and hydrolysis conditions as the sample (digestion in 2.2M
urea/0.2 M ammonium bicarbonate buffer, pH 8.1). Trypsin was added to
the standard at a similar mole ratio to that for the sample.
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Recovery. Recovery experiments were conducted in commer-
cial infant formula and casein hydrolyzate. Standard peptides
were spiked into both of these samples at 0.25-2%of the protein
level in the sample. Recovery levels ranging from 84 to 105%
(Table 7) were observed.

AssayVariation.The coefficient of variation determined from
duplicate measurements across four different days ranged from
5 to 15% (Table 4). The variations measured in this study are
typical for such methods (46, 47) and arise mainly from the day-
to-day variations in the sample hydrolysis step.

CONCLUSIONS

In the absence of direct methods for the quantification
of MFGM proteins, the AQUA technique proved to be an
effective means of measuring multiple proteins simultaneously.

The selectivity and the sensitivity of the method also allow
MFGMproteins to be quantified at low levels in complex sample
matrices. Ongoing improvement of the digestion protocol will
improve the assay reproducibility.

ACKNOWLEDGMENT

We thank Kathleen Schoeman for her technical assistance and
Paul McJarrow, Claire Woodhall, and Charles Yang for their
help in reviewing the manuscript and discussions in the subject
area.

LITERATURE CITED

(1) Keenan, T.W.;Mather, I. H. Intracellular origin of milk fat globules
and nature of the milkfat globule membrane. In Advanced Dairy
Chemistry, 3rd ed.; Fox, P. F., McSweeney, P. L. H., Eds.; Springer
Science þ Business Media Inc.: New York, 2006; Vol. 2, Lipids, pp
137-165.

(2) Dewettinck, K.; Rombaut, R.; Thienpont, N.; Le, T. T.; Messens,
K.; Van Camp, J. Nutritional and technological aspects of milk fat
globule membrane material. Int. Dairy J. 2008, 18 (5), 436–457.

(3) Rueda, R.; Gil, A. Role of gangliosides in infant nutrition. In Lipids
in Infant Nutrition; Huang, Y. S., Sinclair, A. J., Eds.; AOCS Press:
Champaign, IL, 1998; pp 213-234.

(4) Riccio, P. The proteins of the milk fat globule membrane in the
balance. Trends Food Sci. Technol. 2004, 15 (9), 458–461.

(5) Spitsberg, V. L. Bovine milk fat globule membrane as a potential
nutraceutical. J. Dairy Sci. 2005, 88 (7), 2289–2294.

(6) Rutter, E. R. F. Multiple sclerosis and milk: To drink or not to
drink?. Int. J. Dairy Technol. 2006, 59 (4), 223–228.

(7) Michalski, M. C.; Januel, C. Does homogenization affect the human
health properties of cow’s milk?. Trends Food Sci. Technol. 2006, 17
(8), 423–437.

(8) Mather, I. H. A review and proposed nomenclature for major
proteins of the milk-fat globule membrane. J. Dairy Sci. 2000,
83 (2), 203–247.

(9) Spitsberg, V. L.; Gorewit, R. C. Isolation, purification and char-
acterization of fatty-acid-binding protein from milk fat globule
membrane: Effect of bovine growth hormone treatment. Pak. J.
Nutr. 2002, 1 (1), 43–48.

(10) Spitsberg, V. L.; Matitashvili, E.; Gorewit, R. C. Association and
coexpression of fatty-acid-binding protein and glycoprotein Cd36 in
the bovine mammary-gland. Eur. J. Biochem. 1995, 230 (3), 872–878.

(11) Schroten, H.; Hanisch, F. G.; Plogmann, R.; Hacker, J.; Uhlen-
bruck, G.; Nobis-Bosch, R.; Wahn, V. Inhibition of adhesion of S-
fimbriated Escherichia coli to buccal epithelial-cells by human-milk
fat globule-membrane components;Anovel aspect of the protective
function of mucins in the nonimmunoglobulin fraction. Infect.
Immun. 1992, 60 (7), 2893–2899.

(12) Wang, X.; Hirmo, S.; Willen, R.; Wadstrom, T. Inhibition of
Helicobacter pylori infection by bovine milk glycoconjugates in a
BALB/cA mouse model. J. Med. Microbiol. 2001, 50 (5), 430–435.

(13) Peterson, J. A.; Patton, S.; Hamosh, M. Glycoproteins of the human
milk fat globule in the protection of the breast-fed infant against
infections. Biol. Neonate 1998, 74 (2), 143–162.

(14) Kvistgaard, A. S.; Pallesen, L. T.; Arias, C. F.; Lopez, S.; Petersen, T.
E.; Heegaard, C. W.; Rasmussen, J. T. Inhibitory effects of human
and bovine milk constituents on rotavirus infections. J. Dairy Sci.
2004, 87 (12), 4088–4096.

(15) Cohn, J. S.; Wat, E.; Kamili, A.; Tandy, S. Dietary phospholipids,
hepatic lipid metabolism and cardiovascular disease. Curr. Opin.
Lipidol. 2008, 19 (3), 257–262.

Table 5. Comparison of MFGM Protein Concentration Determined by Standard Addition Technique with Current Internal Standard Method for the BPC50 Samplea

β-Lg FABP BTN PAS 6/7 (638) PAS 6/7 (597) ADPH (616) ADPH (759) XO (565) MUC 1

standard addition (mg/g) 66 2 39 26 54 12 13 20 16

internal standard ((SD) (mg/g) 68( 11 2( 0.2 37( 5 27( 4 47( 5 11( 1 13( 2 16( 2 18( 1

a The standard addition sample was spiked with four different levels of the peptide standard solution (Figure 5).

Figure 5. Typical standard addition experiment for the ADPH (616)
peptide. The sample was spiked with 0.06, 0.13, 0.25, and 0.5 μg
peptide/mL of standard.

Table 6. Level of β-Lg in BPC50 and BPC60 Samples, Measured Using the
AQUA Technique and SDS-PAGE

current method (mg/g) SDS-PAGE (mg/g)

BPC50 72( 6 (n = 8) 69( 3 (n = 2)

BPC60 78( 7 (n = 6) 74( 5 (n = 3)

Table 7. Recoveries of MFGM Peptides Spiked into Infant Formula and
Casein Hydrolyzatea

FABP BTN

PAS 6/7

(638)

PAS

6/7

(597)

ADPH

(616)

ADPH

(759)

XO

(565)

MUC

1

infant formulab

average

(n= 4)

98 102 94 105 92 105 90 94

CV (%) 7 7 5 4 2 7 7 7

casein hydrolyzatec

average

(n= 4)

93 96 94 99 86 99 84 90

CV (%) 5 9 10 11 5 8 3 12

a The standards were spiked at 0.25-2% of the protein level. b 5.2% protein.
c 95% protein.



6028 J. Agric. Food Chem., Vol. 57, No. 14, 2009 Fong and Norris

(16) Faergeman, O.; Faergeman, O. Coronary artery disease: Genes,
drugs and the agricultural connection. Coronary Artery Disease:
Genes, Drugs and the Agricultural Connection; Elsevier Science:
Amsterdam, 2003; i-xiii, pp 1-182.

(17) Moss, M.; Freed, D. The cow and the coronary: Epidemiology,
biochemistry and immunology. Int. J. Cardiol. 2003, 87 (2-3), 203–
216.

(18) Hanayama, R.; Tanaka, M.; Miyasaka, K.; Aozasa, K.; Koike, M.;
Uchiyama, Y.; Nagata, S. Autoimmune disease and impaired uptake
of apoptotic cells in MFG-E8-deficient mice. Science 2004, 304
(5674), 1147–1150.

(19) Silvestre, J. S.; Thery, C.; Hamard, G.; Boddaert, J.; Aguilar, B.;
Delcayre, A.; Houbron, C.; Tamarat, R.; Blanc-Brude, O.; Heene-
man, S.; Clergue, M.; Duriez, M.; Merval, R.; Levy, B.; Tedgui, A.;
Amigorena, S.; Mallat, Z. Lactadherin promotes VEGF-dependent
neovascularization. Nat. Med. 2005, 11 (5), 499–506.

(20) Goldfarb, M. Two-dimensional electrophoretic analysis of human
milk-fat-globule membrane proteins with attention to apolipopro-
tein E patterns. Electrophoresis 1997, 18 (3-4), 511–515.

(21) Cavaletto, M.; Giuffrida, M. G.; Giunta, C.; Vellano, C.; Fabris, C.;
Bertino, E.; Godovac-Zimmermann, J.; Conti, A. Multiple forms of
lactadherin (breast antigen BA46) and butyrophilin are secreted into
human milk as major components of milk fat globule membrane. J.
Dairy Res. 1999, 66 (2), 295–301.

(22) Quaranta, S.; Giuffrida,M.G.; Cavaletto,M.;Giunta, C.; Godovac-
Zimmermann, J.; Canas, B.; Fabris, C.; Bertino, E.; Mombro, M.;
Conti, A. Human proteome enhancement: High-recovery method
and improved two-dimensional map of colostral fat globule mem-
brane proteins. Electrophoresis 2001, 22 (9), 1810–1818.

(23) Bertino, E.; Coscia, A.; Costa, S.; Brunello, G.; Cagliero, A.;
Giuffrida, G.; Fortunato, D.; Perono, L.; Garoffo, L.; Dellavalle,
G.; Napolitano, L.; Quaranta, S.; Cavaletto, M.; Fabris, C. Struc-
tural proteome of human milk fat globule membrane: Possible
clinical implications. Milanopediatria 2002;Nutrizione Genetica
Ambiente 2002, 28–30.

(24) Fortunato, D.; Giuffrida, M. G.; Cavaletto, M.; Garoffo, L. P.;
Dellavalle, G.; Napolitano, L.; Giunta, C.; Fabris, C.; Bertino, E.;
Coscia, A.; Conti, A. Structural proteome of human colostral fat
globule membrane proteins. Proteomics 2003, 3 (6), 897–905.

(25) Cavaletto, M.; Giuffrida, M. G.; Conti, A. The proteomic approach
to analysis of human milk fat globule membrane. Clin. Chim. Acta
2004, 347 (1-2), 41–48.

(26) Fong, B. Y.; Norris, C. S.; MacGibbon, A. K. H. Protein and lipid
composition of bovine milk-fat-globule membrane. Int. Dairy J.
2007, 17 (4), 275–288.

(27) Smolenski, G.; Haines, S.; Kwan, F. Y. S.; Bond, J.; Farr, V.; Davis,
S. R.; Stelwagen, K.; Wheeler, T. T. Characterisation of host defence
proteins in milk using a proteomic approach. J. Proteome Res. 2007,
6 (1), 207–215.

(28) Vanderghem, C.; Blecker, C.; Danthine, S.; Deroanne, C.; Hau-
bruge, E.; Guillonneau, F.; De Pauw, E.; Francis, F. Proteome
analysis of the bovine milk fat globule: Enhancement of membrane
purification. Int. Dairy J. 2008, 18 (9), 885–893.

(29) Reinhardt, T. A.; Lippolis, J. D. Bovine milk fat globule membrane
proteome. J. Dairy Res. 2006, 73 (4), 406–416.

(30) Pallesen, L. T.; Pedersen, L. R. L.; Petersen, T. E.; Rasmussen, J. T.
Characterization of carbohydrate structures of bovine MUC15 and
distribution of the mucin in bovine milk. J. Dairy Sci. 2007, 90 (7),
3143–3152.

(31) Kirkpatrick, D. S.; Gerber, S. A.; Gygi, S. P. The absolute quanti-
fication strategy: A general procedure for the quantification of

proteins and post-translational modifications. Methods 2005, 35
(3), 265–273.

(32) Catchpole, O. J.; Tallon, S. J.; Grey, J. B.; Fletcher, K.; Fletcher, A.
J. Extraction of lipids from a specialist dairy stream. J. Supercrit.
Fluids 2008, 45 (3), 314–321.

(33) Fletcher, K.; Catchpole, O.; Grey, J. B.; Pritchard, M. Beta serum
dairy products, neutral lipid-depleted and/or polar lipid-enriched
dairy products, and processes for their production, 2006.

(34) Barnidge, D. R.; Dratz, E. A.; Martin, T.; Bonilla, L. E.; Moran, L.
B.; Lindall, A. Absolute quantification of the G protein-coupled
receptor rhodopsin by LC/MS/MS using proteolysis product pep-
tides and synthetic peptide standards. Anal. Chem. 2003, 75 (3), 445–
451.

(35) Barnidge, D. R.; Hall, G. D.; Stocker, J. L.; Muddiman, D. C.
Evaluation of a cleavable stable isotope labeled synthetic peptide for
absolute protein quantification using LC-MS/MS. J. Proteome Res.
2004, 3 (3), 658–661.

(36) Kyte, J.; Doolittle, R. F. A simple method for displaying the
hydropathic character of proteins. J. Mol. Biol. 1982, 1 (157), 105–
132.

(37) Klausner, R. D.; Renswoude, J. V.; Rivnay, B. Reconstitution of
membrane proteins. InMethods in Enzymology: Enzyme Purification
and Related Techniques. Part C; Jakoby, W. B., Ed.; Academic Pres,
Inc.: New York, 1984; Vol. 104, pp 329-347.

(38) Wu, C. C.; Yates, J. R. The application of mass spectrometry to
membrane proteomics. Nat. Biotechnol. 2003, 21 (3), 262–267.

(39) Nelson, C. J.; Hegeman, A. D.; Harms, A. C.; Sussman, M. R. A
quantitative analysis of Arabidopsis plasma membrane using tryp-
sin-catalyzed O-18 labeling.Mol. Cell. Proteomics 2006, 5 (8), 1382–
1395.

(40) Strader, M. B.; Tabb, D. L.; Hervey, W. J.; Pan, C.; Hurst, G. B.
Efficient and specific trypsin digestion of microgram to nanogram
quantities of proteins in organic-aqueous solvent systems. Anal.
Chem. 2006, 78 (1), 125–134.

(41) Luche, S.; Santoni, V.; Rabilloud, T. Evaluation of nonionic and
zwitterionic detergents as membrane protein solubilizers in two-
dimensional electrophoresis. Proteomics 2003, 3 (3), 249–253.

(42) Fischer, F.; Poetsch, A. Protein cleavage strategies for an improved
analysis of the membrane proteome. Proteome Sci. 2006, 4.

(43) Finehout, E. J.; Cantor, J. R.; Lee, K. H. Kinetic characterization of
sequencing grade modified trypsin. Proteomics 2005, 5 (9), 2319–
2321.

(44) Anema, S. G.; Klostermeyer, H. Heat-induced, pH-dependent dis-
sociation of casein micelles on heating reconstituted skim milk at
temperatures below 100 degrees C. J. Agric. Food Chem. 1997, 45 (4),
1108–1115.

(45) Kanno, C.M.; Kim, D. H. A simple procedure for the preparation of
bovine-milk fat globule-membrane and a comparison of its composi-
tion, enzymatic-activities, and electrophoretic properties with those
prepared by other methods. Agric. Biol. Chem. 1990, 54 (11), 2845–
2854.

(46) Bronstrup, M. Absolute quantification strategies in proteomics
based on mass spectrometry. Expert Rev. Proteomics 2004, 1 (4),
503–512.

(47) Yang, Z.; Hayes,M.; Fang, X.; Daley,M. P.; Ettenberg, S.; Tse, F. L.
S. LC-MS/MS approach therapeutic proteins for quantification of in
plasma using a protein internal standard and 2D-solid-phase extrac-
tion cleanup. Anal. Chem. 2007, 79 (24), 9294–9301.

Received February 12, 2009.Revisedmanuscript receivedMay11, 2009.

Accepted May 26, 2009.


