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Protein phosphorylation is a critical posttranslational modification that affects cell–cell signaling and
protein function. However, quantifying the relative site-specific changes of phosphorylation occupancies
remains a major issue. An online enrichment of phosphopeptides using titanium dioxide incorporated in
a microchip liquid chromatography device was used to analyze trypsin-digested human milk proteins
with mass spectrometry. The method was validated with standards and used to determine the dynamic
behavior of protein phosphorylation in human milk from the first month of lactation. a-Casein, b-casein,
osteopontin, and chordin-like protein 2 phosphoproteins were shown to vary during this lactation time in
an independent manner. In addition, changes in specific regions of these phosphoproteins were found to
vary independently. Novel phosphorylation sites were discovered for chordin-like protein 2, a-lactalbu-
min, b-1,4-galactosyl transferase, and poly-Ig (immunoglobulin) receptor. Coefficients of variation for the
quantitation were comparable to those in other contemporary approaches using isotopically labeled pep-
tides, with a median value of 11% for all phosphopeptide occupancies quantified.

� 2010 Elsevier Inc. All rights reserved.
Phosphorylation, which has been shown to affect protein
function and cell–cell signaling, is a widespread and critical post-
translational modification (PTM).1 Determination of protein phos-
phorylation by mass spectrometry is challenging for a number of
reasons, a few of which include the relative lability of the phosphate
group, substoichiometric quantities of the PTM, and ion suppression
of phosphopeptides in the presence of peptides that are also generated
by sample preparation. There have been a number of solutions to the
second and third of these challenges that mainly use chromatographic
enrichment of phosphopeptides. Phosphopeptide or phosphoprotein
enrichment has been achieved through immobilized metal affinity
chromatography, strong cation or anion exchange chromatography,
titanium dioxide enrichment, and antibodies. Recently, a chip-based
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tion; nLC–MS/MS, nano-liquid
human milk oligosaccharide;
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d phosphopeptide area; Ig,
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platform has been developed for automated phosphopeptide enrich-
ment and analysis by nano-liquid chromatography–tandem mass
spectrometry (nLC–MS/MS) [1]. This platform combines the advanta-
ges of selective, reproducible, automated phosphopeptide enrichment
with an integrated MS nanospray emitter that may be directly coupled
to a variety of instruments. The current study uses this platform for the
analysis of human milk phosphorylation during the first month of
lactation.

An extensive abundance of glycosylated and phosphorylated
milk proteins and a high abundance of the completely indigestible
human milk oligosaccharides (HMOs) combine to suggest that milk
is much more than a nutrition source. Indeed, HMOs have been
shown to possess a variety of biological roles, including selection
of a healthy microbiota and functioning as receptor analogues for
pathogenic bacteria [2]. Similarly, the protein fraction of human
milk possesses a wide variety of bioactivities, including immuno-
modulatory, bacteriostatic, bacteriocidal, anti-inflammatory, and
apoptotic activities [3]. Human milk proteins also exhibit proteo-
lytic [4] and lipolytic [5] activities. In addition, many milk proteins
are resistant to digestion. This resistance, in concert with a devel-
oping neonatal digestive system, facilitates the survival of both
fully intact and minimally degraded biologically active forms of
milk proteins in the gastrointestinal tract (GIT) of the infant [6].
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These phenomena demonstrate that although the protein fraction
of human milk presents a near perfect dietary balance of amino
acids, it is by no means merely a source of amino acids. Instead,
the emerging view is that milk is a highly functional food [7] that
influences bacterial colonization [8], attunes neonatal immune re-
sponse [9], and promotes infant brain development [10] via spe-
cific components present in the mixture. Quantitative changes in
these specific components during lactation likely cause a change
in the bioactivities that milk provides.

In fact, quantitative variations of these specific components
during lactation could be driven by the development of the neo-
nate. In particular, the nutritional needs, intestinal flora, and im-
mune system of the neonate change as he or she grows. Milk has
been shown to modulate each of these; for example, the neonate’s
need for supplementary support of his or her immune system also
diminishes as the neonate grows. Although the mother could
potentially continue to express and secrete these immunological
factors into milk after the neonate’s own immune system has
developed, this would represent a substantial physiological ineffi-
ciency. Instead, it appears that the abundance of these components
decreases as the need for them decreases. Similar changes for spe-
cific PTMs such as phosphorylation could also lend insight to what
biological roles the PTMs support. The determination of quantita-
tive changes in milk protein phosphorylation in this study is per-
formed with these considerations in mind.

The majority of milk protein phosphorylation is present in a
class of proteins known as caseins. In human milk from the first
month of lactation, phosphorylated a- and b-casein comprise
approximately 10 to 30% of the total protein present [11]. j-Casein
is extensively glycosylated and constitutes the remainder of the
casein fraction. The caseins are critical to mineral transport and
absorption within the infant’s digestive system, and they complex
with calcium phosphate to form the micelles present in milk. The
phosphorylation sites of the caseins have been extensively charac-
terized [12–14], and further site determination of these well-stud-
ied phosphoproteins is not the goal here. In the current study, a
label-free method was developed to determine the changes in
phosphorylation site occupancy during the first month of lactation.
Quantitative changes in phosphorylation site occupancy for four
milk phosphoproteins are reported: a-casein, b-casein, osteopon-
tin (OPN), and chordin-like protein 2 (CHRDL2).
Materials and methods

Materials

All water used was generated by Milli-Q filtration and was mea-
sured as 18 MX water. The phosphopeptide kit, containing the
phosphochip and necessary elution and regeneration solutions,
was provided by Agilent Technologies (Santa Clara, CA, USA).
Sequencing-grade modified trypsin was purchased from Promega
(Madison, WI, USA). Formic acid (high-performance liquid chroma-
tography [HPLC] grade), acetic acid (HPLC grade), dithiothreitol,
iodoacetamide, and Tris buffer all were purchased from Sigma–Al-
drich (St. Louis, MO, USA). Acetonitrile (Honeywell Burdick & Jack-
son) was purchased from VWR (West Chester, PA, USA).
Samples

Samples were donated by a healthy individual donor. Milk was
collected by manual expression and immediately frozen at –80 �C
until ready for protein extraction. A thawed aliquot (250 ll) of milk
from a single donor from lactation days 2, 5, 10, 17, and 29 was ad-
justed to 1 mM sodium orthovanadate and skimmed by centrifuga-
tion at 4 �C for 30 min. Skimmed milk was dialyzed against a
solution of 25 mM NH4HCO3 and 1 mM sodium orthovanadate
(pH 7.4) for 16 h with two changes of dialysate.

Bulk sample protein quantitation

Dialyzed milk samples were quantified via the Bradford method
using bovine serum albumin (BSA) for the calibration curve.

Protein digestion

Aliquots of 200 lg of each sample were used for proteolysis.
Samples were reduced with 3 ll of 0.5 M dithiothreitol at 55 �C
for 45 min. Alkylation was performed by the addition of 6 ll of
450 mM iodoacetamide, followed by incubation in the dark at
room temperature for 20 min. Samples were desalted using C18

cartridges and dried in vacuo.nLC–MS/MS conditions and phospho-
peptide enrichment.

Samples were reconstituted in 3% acetonitrile and analyzed
using an Agilent 1200 series microwell plate autosampler (main-
tained at 6 �C), capillary pump, nanopump, HPLC–chip interface,
and the Agilent 6520 qTOF (quantitative time-of-flight) LC–MS/
MS system. The Phosphochip (G4240-62021) consists of a 40-nl
‘‘sandwiched” C18–TiO2–C18 enrichment column and a
43 � 0.075-mm (i.d.), 5-lm C18 analytical column. For sample
loading, the capillary pump delivered 0.1% formic acid in 3.0% ace-
tonitrile in water (v/v) isocratically at 3 ll/min. The injection vol-
ume was 15 ll for each sample. Technical triplicates were
injected. A gradient was delivered at 0.3 ll/min using 0.5% formic
acid and 0.6% acetic acid in 3% acetonitrile in water (v/v) (A) and
0.5% formic acid and 0.6% acetic acid in 90% acetonitrile in water
(v/v) (B). A 60-min nLC gradient was run from 0 to 35% B, 0 to
40 min; 35 to 45% B, 40 to 45 min; 45 to 90% B, 45 to 48 min;
and held for 2 min at 100% B with an equilibration time of
10 min at 0% B. The drying gas temperature was set at 325 �C with
a flow of 4.0 L/min (2.0 L of nitrogen and 2.0 L of dry-grade com-
pressed air). Precursor scan data were acquired in the positive ion-
ization mode within a mass range of m/z 300 to 2000. Tandem
mass spectra were acquired from m/z 50 to 3000. Variable collision
voltages of –4.8 +3.6 V/100 m/z were used for fragmentation. Mass
correction was enabled for all precursor scan data using a reference
mass of m/z 1221.991, an internal standard (electrospray ioniza-
tion [ESI]–TOF Tuning Mix G1969-85000, Agilent Technologies).
Data analysis was performed using Spectrum Mill, MassHunter
Qualitative Analysis Software B.01.03 Build 157, and Microsoft Ex-
cel 2007.

Database searching

Deconvolution, deisotoping, data extraction, and database
searching were performed using Spectrum Mill. After data process-
ing, the Swiss–Prot database (sp. Homo sapiens) was searched with
the following parameters: peptide mass range of 400–4500 Da.
Carbamidation of cysteine residues was included as a constant
modification. In addition, deamidation of asparagines, oxidation
of methionines, and phosphorylation of serine, threonine, and tyro-
sine residues were also searched as variable modifications.

Peptide and protein validation

Peptides were validated in an automated fashion using Spec-
trum Mill. Charge states of 5, 4, 3, and 2 were allowed, requiring
scores of 10, 9, 8, and 7, respectively. All peptides also required a
delta forward–reverse score of at least 3, and a minimum of 65%
of the intensity of MS/MS spectra was required to be assigned for
the assignment to be validated. Peptide and phosphopeptide MS/
MS spectra were automatically validated as above. Phosphopeptide
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assignments were also manually verified by inspection to deter-
mine the accuracy of the automated phosphorylation site
assignments.
Table 1
Summary of proteins identified via nLC–MS/MS analyses.

Protein name Accession numbe

Lactotransferrin P02788
Serum albumin P02768
Polymeric immunoglobulin receptor P01833
Bile salt-activated lipase P19835
Xanthine dehydrogenase/oxidase P47989
Alpha-lactalbumin P00709
Ig alpha-1 chain C region P01876
Clusterin P10909
Osteopontin P10451
Immunoglobulin J chain P01591
Chordin-like protein 2 Q6WN34
Alpha-S1-casein OS P47710
Leucine-rich alpha-2-glycoprotein P02750
Adipophilin Q99541
Butyrophilin subfamily 1 member A1 Q13410
Alpha-1-antitrypsin P01009
Fatty acid-binding protein, heart P05413
Monocyte differentiation antigen CD14 P08571
Ig lambda chain C regions P01842
Lactadherin Q08431
Beta-casein P05814
Kappa-casein P07498
Ig kappa chain C region P01834
Apolipoprotein A-I P02647
Serotransferrin P02787
Zinc-alpha-2-glycoprotein P25311
Haptoglobin P00738
Macrophage mannose receptor 1-like protein 1 Q5VSK2
Ig mu chain C region P01871
Tenascin P24821
Alpha-1-antichymotrypsin P01011
Fatty acid synthase P49327
Beta-1,4-galactosyltransferase 1 P15291
Complement C4-B P0C0L5
Alpha-1-acid glycoprotein 1 P02763
Lipoprotein lipase P06858
Actin, cytoplasmic 2 P63261
Mucin-4 Q99102
Lysozyme C P61626
Alpha-enolase P06733
Ig gamma-1 chain C region P01857
Beta-2-microglobulin P61769
Ig kappa chain V-III region GOL P04206
Complement C3 P01024
Alpha-lB-glycoprotein P042l7
Galectin-3-binding protein Q08380
Peptidyl-prolyl cis-trans isomerase A P62937
Sulfhydryl oxidase l O00391
Ig lambda chain V-III region LOI P80748
Ig kappa chain V-I region WEA P0l6l0
RBl-inducible coiled-coil protein l Q8TDY2
Mucin-l P15941
Ig heavy chain V-III region BRO P0l766
Apolipoprotein A-II P02652
Proactivator polypeptide P07602
Ig heavy chain V-III region WAS P01776
Ubiquitin P62988
UTP-glucose-l-phosphate
uridylyltransferase Q16851
Myosin-VI Q9UM54
Insulin-like growth factor-binding protein 2 P18065
Ig lambda chain V-I region WAH P04208
Sclerostin domain-containing protein l Q6X4U4
Nucleobindin-2 P80303
Selenium-binding protein l Q13228
Uncharacterized protein KIAA0467 Q5T011
Ig heavy chain V-III region GAL P01781

Note. Protein name, accession number, percentage amino acid (AA) cover
identified in this study are in bold.
Protein identifications were also validated in an automated
fashion. All proteins with a Spectrum Mill score above 25 and with
at least two unique peptides were considered as valid in this study.
r % AA coverage Number of unique peptides Score

88 91 1896
85 68 1215
52 48 879
46 40 745
31 35 604
51 19 403
76 19 387
34 17 296
57 17 255
78 13 250
41 13 248
58 13 244
46 13 242
43 14 242
32 15 234
32 13 232
83 13 232
48 13 217
97 11 208
42 12 204
82 11 203
56 11 198
89 9 193
50 13 187
22 12 185
37 9 166
30 9 160
7 10 145
28 9 142
6 8 137
18 9 134
4 8 124
30 7 122
8 8 119
25 5 96
22 6 91
24 6 90
2 5 88
43 5 87
20 6 84
21 4 81
37 4 65
36 3 58
2 3 57
9 3 46
7 3 40
15 2 39
4 2 38
21 2 37
21 2 35
0 3 35
1 2 34
19 2 32
42 2 32
4 2 31
19 2 30
27 2 30

4 2 28
3 3 27
10 2 26
16 2 26
18 2 25
7 2 23
4 2 21
0 2 21
13 2 20

age, and number of unique peptides are annotated. Phosphoproteins



Table 2
Summary of the 44 unique phosphopeptides quantified in these studies.

Protein
name

Number
of phos-
phates

Swiss-
Prot

Variations
of site

Peptide sequence RT m/z Score Fold-
change

Signi-
ficance
level

Maxi-
mum
day

Mini-
mum
Day

D2
mean

D2
RSD

D5
mean

D5
RSD

D10
mean

D10
RSD

D17
mean

D17
RSD

D29
mean

D29
RSD

ACAS 1 P47710 (K)MESSISSSSEEMSLSK(C) 23.46 600.2407 20.6 1.39 ** 2 29 1.13E+06 7 9.77E+05 11 1.00E+06 8 8.70E+05 2 8.08E+05 6
ACAS 2 P47710 (K)MESSISSSSEEMSLSK(C) 23.83 939.841 15.5 1.49 *** 2 29 4.50E+05 6 3.82E+05 11 3.65E+05 8 3.24E+05 5 3.02E+05 4
ACAS 1 P47710 M –>m (K)MESSISSSSEEMSLSK(C) 20.56 907.8385 19.0 1.73 *** 2 17 3.30E+05 8 2.66E+05 11 2.33E+05 8 1.91E+05 3 2.27E+05 3
ACAS 1 P47710 M –>m (K)MESSISSSSEEMSLSK(C) 21.81 907.8508 20.9 1.33 ** 2 17 7.43E+05 7 6.93E+05 11 6.12E+05 7 5.57E+05 4 5.92E+05 5
ACAS 1 P47710 M –>m (K)MESSISSSSEEMSLSK(C) 23.34 605.5716 21.1 1.47 * 5 17 2.83E+05 11 2.92E+05 20 2.54E+05 12 1.99E+05 9 2.00E+05 21
ACAS 1 P47710 41 (R)LQNPSESSEPIPLEsR(E) 25.87 621.6178 19.1 1.41 * 2 29 3.42E+07 13 2.88E+07 18 2.95E+07 10 2.61E+07 6 2.44E+07 15
ACAS 1 P47710 33 (R)LQNPSEsSEPIPLESR(E) 26.43 621.6116 23.2 2.35 ** 5 2 9.34E+06 15 2.19E+07 15 1.55E+07 13 1.41E+07 4 1.30E+07 15
ACAS 2 P47710 (R)LQNPSESSEPIPLESR(E) 26.67 971.897 20.4 1.46 * 29 5 1.98E+07 16 1.52E+07 27 1.65E+07 20 2.02E+07 5 2.23E+07 9
ACAS 3 P47710 31,33,41 (R)LQNPsEsSEPIPLEsR(E) 26.68 1011.8905 12.9 1.34 ** 29 10 9.28E+05 8 8.92E+05 14 8.33E+05 8 1.03E+06 7 1.12E+06 4
BCAS 1 P05814 (R)ETIESLSSSEESITEYK(Q) 28.06 671.2771 12.4 2.71 ** 29 10 2.26E+05 17 2.47E+05 20 2.16E+05 15 3.02E+05 22 5.85E+05 28
BCAS 1 P05814 25 (R)ETIESLSSsEESITEYK(Q) 29.81 1006.4277 13.8 3.06 ** 29 5 3.22E+05 16 3.04E+05 18 3.76E+05 17 8.54E+05 19 9.32E+05 20
BCAS 2 P05814 24,25 (R)ETIESLSssEESITEYK(Q) 28.86 1046.3926 19.3 3.11 ** 17 5 1.04E+06 16 5.58E+05 18 1.17E+06 17 1.74E+06 20 1.46E+06 20
CHRDL2 1 4 Q6WN3 182 (K)DEASEQsDEEDSVQSLHGVR(H)

(K)DEASEQsDEEDSVQSLHGVRHPQD
21.63 766.29 23.1 2.51 ** 2 17 2.18E+06 19 9.85E+05 37 1.29E+06 39 8.70E+05 19 1.53E+06 24

CHRDL2 1 4 182 PCSSDAGR(K) 20.43 901.8612 12.2 2.67 ** 2 17 4.59E+05 18 2.31E+05 37 2.96E+05 39 1.72E+05 19 3.45E+05 24
CHRDL2 2 4 Q6WN 179,182 (K)DEAsEQsDEEDSVQSLHGVR(H)

(K)DEAsEQsDEEDSVQSLHGVRHPQD
22.45 792.964 13.4 2.19 ** 2 5 2.64E+05 17 1.21E+05 35 1.85E+05 39 1.34E+05 19 2.15E+05 29

CHRDL2 2 4 179,182 PCSSDAGR(K) 21.05 737.6853 15.8 2.24 ** 2 17 2.43E+05 18 1.32E+05 36 1.77E+05 39 1.09E+05 19 2.06E+05 30
OST 2 P10451 62,63 (K)QNLLAPQNAVssEETNDFK(Q)

(K)QNLLAPQNAVssEETNDFKQETLPS
29.79 1132.956 12.2 3.54 *** 29 5 1.05E+05 19 8.91E+04 41 1.34E+05 20 2.83E+05 6 3.15E+05 6

OST 2 P10451 K(S) 30.22 1016.7695 13.1 1.74 *** 2 5 1.40E+05 7 8.05E+04 6 9.43E+04 8 9.54E+04 7 8.30E+04 5
(R)RPDIQYPDATDEDITsHMESEELNGA

OST 1 P10451 YK(A) (R)RPDIQYPDAtDEDITsHMESEELNGA 30.37 826.8363 15.2 2.15 *** 2 17 4.81E+06 11 2.23E+06 8 3.60E+06 9 2.23E+06 5 2.71E+06 5
OST 2 P10451 YK(A) (R)RPDIQYPDAtDEDITsHMESEELNGA 30.58 846.827 10.4 2.01 *** 2 5 1.47E+06 5 7.32E+05 14 1.16E+06 4 1.07E+06 6 1.28E+06 6
OST 2 P10451 YK(A) (R)RPDIQYPDAtDEDITsHMEsEELNGA 31.70 846.827 16.7 3.90 *** 17 5 1.66E+06 4 7.15E+05 9 2.71E+06 12 2.79E+06 8 1.97E+06 6
OST 3 P10451 YK(A) 31.76 866.8169 15.6 7.42 *** 17 5 7.34E+05 4 2.42E+05 6 1.19E+06 13 1.79E+06 5 9.46E+05 11
OST 1 P10451 (K)AIPVAQDLNAPsDWDSRGK(D) 29.22 707.3255 12.2 1.88 *** 5 17 2.71E+06 15 3.80E+06 7 2.93E+06 3 2.02E+06 5 3.26E+06 8
OST 1 P10451 219 (K)AIPVAQDLNAPSDWDsR(G) 31.27 967.9333 23.1 1.96 ** 10 29 1.71E+07 9 1.48E+07 16 1.99E+07 15 1.40E+07 9 1.02E+07 7
OST 2 P10451 (K)AIPVAQDLNAPsDWDsR(G) 31.98 1007.8992 8.2 5.38 *** 10 2 2.60E+04 39 3.49E+04 20 1.40E+05 10 7.87E+04 20 6.84E+04 22
OST 2 P10451 (R)GKDsYETSQLDDQsAETHSHK(Q) 16.05 631.4949 9.1 1.30 � 29 17 7.09E+05 9 5.57E+05 8 5.77E+05 8 5.49E+05 6 7.11E+05 19
OST 2 P10451 (R)GKDSYETsQLDDQsAETHSHKQSR(L) 15.07 724.2851 18.5 1.59 ** 2 17 1.55E+06 7 1.05E+06 12 1.26E+06 17 9.77E+05 14 1.46E+06 6
OST 3 P10451 (K)AIPVAQDLNAPsDWDsRGKDsYETS

QLDDQSAETHSHK(Q)
28.92 888.5433 13.8 1.96 * 10 29 3.81E+06 9 2.47E+06 19 4.19E+06 22 3.42E+06 13 2.14E+06 17

OST 1 P10451 263 (K)ANDESNEHSDVIDSQELsK(V) 20.09 732.9663 20.2 2.09 *** 5 17 2.27E+05 8 4.25E+05 10 3.11E+05 9 2.03E+05 5 3.70E+05 8
OST 1 P10451 254 (K)ANDEsNEHSDVIDSQELSK(V) 20.74 732.9626 18.4 2.03 *** 5 17 4.56E+05 5 7.19E+05 7 5.29E+05 4 3.54E+05 5 6.59E+05 7
OST 2 P10451 (K)ANDEsNEHSDVIDsQELSK(V) 21.04 759.6217 19.6 1.35 *** 10 17 2.35E+06 3 2.14E+06 6 2.38E+06 3 1.77E+06 4 2.32E+06 5
OST 1 P10451 254 (R)KANDESNEHsDVIDSQELSK(V) 19.28 581.9981 10.7 3.09 – 29 2 2.61E+04 66 4.12E+04 82 5.56E+04 120 5.00E+04 80 8.07E+04 93
OST 2 P10451 254, 263

254, 258,
(R)KANDESNEHsDVIDSQELsK(V) 19.67 802.3174 15.0 1.58 – 29 5 1.40E+06 49 1.24E+06 63 1.60E+06 58 1.48E+06 48 1.96E+06 38

OST 3 P10451 263 (R)KANDEsNEHsDVIDsQELSK(V) 19.85 828.9763 10.9 3.01 *** 29 2 1.57E+05 24 2.28E+05 31 3.43E+05 30 3.44E+05 21 4.72E+05 9
OST 2 P10451 M –>m

275, 280
(R)EFHsHEFHsHEDmLVVDPK(S) 22.11 624.7453 10.5 2.49 *** 29 17 3.58E+06 3 4.13E+06 7 2.81E+06 8 2.11E+06 5 5.24E+06 6

OST 2 P10451 275,280 (R)EFHsHEFHsHEDMLVVDPK(S) 24.51 620.7382 9.6 1.46 *** 2 17 6.44E+06 5 5.29E+06 6 4.91E+06 4 4.41E+06 5 5.74E+06 7
OST 1 P10451 (R)ISHELDsASSEVN(-) 18.03 734.3083 13.1 3.57 *** 10 5 3.86E+04 20 1.23E+04 10 4.40E+04 5 3.41E+04 10 2.83E+04 24
OST 1 P10451 (R)IsHELDSASSEVN(-) 18.88 734.2938 15.1 4.20 – 29 17 2.22E+05 24 3.20E+05 26 1.37E+05 27 7.75E+04 33 3.25E+05 94
OST 2 P10451 (R)IsHELDSASsEVN(-) 18.81 774.2699 10.0 2.70 *** 2 5 2.42E+05 3 8.96E+04 35 1.81E+05 20 1.50E+05 23 1.52E+05 81
OST 2 P10451 (R)IsHELDsASSEVN(-) 19.65 774.2817 9.9 3.02 ** 2 17 2.41E+05 18 1.32E+05 73 1.53E+05 61 8.00E+04 51 2.24E+05 38
OST 1 P10451 303 (K)FRISHELDSAsSEVN(-) 26.73 590.928 14.2 5.32 *** 29 17 6.36E+06 3 1.71E+07 9 6.42E+06 5 3.84E+06 8 2.04E+07 6
OST 2 P10451 (K)FRIsHELDsASSEVN(-) 25.66 925.8497 9.7 3.32 ** 2 5 1.98E+05 15 5.96E+04 30 1.01E+05 18 7.32E+04 8 6.63E+04 8
OST 2 P10451 303+(x) (K)FRISHELDsASSEVN(-) 26.64 925.8497 10.7 3.74 *** 17 5 1.35E+06 20 6.48E+05 7 2.16E+06 9 2.43E+06 5 2.39E+06 12
OST 2 P10451 303+(x) (K)FRISHELDsASSEVN(-) 27.51 925.8497 10.8 3.35 *** 29 17 5.46E+06 6 7.15E+06 5 4.11E+06 4 2.35E+06 6 7.88E+06 10

Note. RT, retention time; D, day; RSD, relative standard deviation. All quantitative values are reported as the means of normalized triplicate analyses along with RSDs for lactation days. Two-tailed heteroscedastic t tests were
performed, and the significance levels between the maximum and minimum quantitative values are also annotated. Singly, doubly, and triply marked (asterisks) entries correspond to significance levels of P < 0.05, P < 0.01, and
P < 0.001, respectively.
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Relative phosphorylation quantitation

A protein-specific normalization strategy was used as follows.
First, all validated peptide signals for a given protein were
summed, and triplicate technical replicates were used to calculate
the standard deviations of the total peptide intensities for each
individual phosphoprotein quantified in this study. A protein-spe-
cific normalization factor, N, was then generated as follows for
each phosphoprotein at each lactation day:

Nðphosphoprotein x;day yÞ ¼ maximumð
P
½peptide intensities�all daysÞP

½peptide intensities�day y

After generating N values, all validated phosphopeptide MS/MS
spectra were combined into a list. Phosphopeptides that were not
validated in each sample were not selected for quantification. Pre-
cursor MS scans corresponding to the extracted ion chromato-
grams from the first four isotopic peaks (i.e., the monoisotopic
mass and the m + 1, m + 2, and m + 3) of validated phosphopeptides
were summed. These raw values were then multiplied by N to yield
normalized abundances, and the errors of each measurement were
propagated during this calculation to yield coefficients of variation
(CVs). All quantitative comparisons are based on the normalized
phosphopeptide areas (NPAs). The final measurements are

NPA ¼
Pmþ3

m ppArea
N

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CV

Xmþ3

m

ppArea

 ! !2

þ ðCVðNÞÞ2
vuut

where the first quotient gives the mean (reported value) and the
second gives the CV.
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Fig.1. Overlaid triplicate EICs of monophosphorylated (upper) and diphosphorylated
monophosphorylated peptide is observed. The more abundant peak eluting at 29.8
diphosphorylated peptide is observed.
Results

Validation of the experimental approach

To validate the quantification strategy outlined above, a stan-
dard containing equimolar amounts of a BSA standard and
FQsEEQQQTEDELQDK phosphopeptide from bovine b-casein was
used. First, varying amounts of the standard were injected, and a
standard curve of the intensity of the FQsEEQQQTEDELQDK phos-
phopeptide versus the amount injected was calculated. This plot
possessed a high linearity (see Supplementary Fig. 1 in supplemen-
tary material). The MS intensity of each peptide identified was
summed for each point on the standard curve, and the ratio of total
BSA peptide signal to total phosphopeptide signal was also deter-
mined for each point on the standard curve. The ratio of b-casein
phosphopeptide response to peptide response remained approxi-
mately constant despite varying quantities injected, supporting
the normalization approach used in this work.
Protein identification and phosphorylation site determination

All proteins identified in this study are listed in Table 1. Values
for the total number of peptides identified, percentage sequence
coverage, Spectrum Mill protein score, total peptide intensity for
a given protein, and standard deviations of peptide intensity mea-
surements for each protein are also annotated. Proteins identified
as phosphorylated in this study are highlighted in the table. In
total, 66 proteins and 7 phosphoproteins were identified. The
abundant whey proteins lactoferrin, a-lactalbumin, and immuno-
globulin A were well represented in the peptide nLC–MS fractions.
30 3025 3025

SEESITEYK

3228 3228 3228

10 17 29

(lower) peptide ETIESLSSSEESITEYK from b-casein. Isomeric separation of the
min corresponds to ETIESLSSsEESITEYK (pSer25). Only a single isomer of the
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Fig.2. (A) Overlaid triplicate EICs of singly, doubly, and triply phosphorylated LQNPSESSEPIPLESR peptide from a-casein. Isomeric separation is apparent for the
monophosphorylated peptide only. Minor, yet significant, differences are observed. The largest relative change occurs between days 2 and 5 of the monophosphorylated
isomer eluting at 26.4 min, corresponding to LQNPSEsSEPIPLESR (pSer33), whereas the major species eluting at 25.9 min is LQNPSESSEPIPLEsR (pSer41).
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As expected, OPN, a-casein, and b-casein were the most abundant
proteins present in the phosphopeptide fractions.

Low amounts of phosphorylation were also detected in poly-Ig
(immunoglobulin) receptor, b-1,4-galactosyltransferase, and a-
lactalbumin; however, these phosphopeptides were not observed
in all of the samples, and so any potential changes in abundance
were not quantified. Notably, a-lactalbumin is not annotated as a
phosphoprotein in the Swiss–Prot, PhosphoSite, or other databases,
suggesting that this is the first report of its phosphorylation.
CHRDL2 was also identified as phosphorylated, with two novel
sites identified in this study. Only a single phosphorylation site
on a single protein isoform was discovered previously [15].

Protein identification and phosphorylation site determination

To quantify changes in phosphorylation site occupancy of spe-
cific proteins in complex samples, changes in the protein quantities
must first be considered. This was achieved via a label-free quan-
tification method. Two commonly used schemes were compared
to determine variation in phosphoprotein expression: spectral
counting and total peptide intensity. Although spectral counts have
been used to compare the relative quantities of different proteins,
the goal of comparing a given protein between samples is better
suited for a peak area-based quantitation strategy [16]. This ap-
proach will not allow the comparison of different proteins (i.e.,
the quantitation of a-casein to b-casein in different samples), but
it has been shown to yield more reproducible and sensitive results
for the relative quantitation of a given protein between samples
[16]. On application of each method to our results, the peptide
area-based quantitation was found to be both more reproducible
and more sensitive. Furthermore, previously established variations
of lactoferrin [17] during this phase of lactation were confirmed via
this method.

Following normalization as detailed, a-casein, b-casein, OPN,
and CHRDL2 were examined in more detail to determine quantita-
tive variations of specific phosphopeptides observed. These phos-
phoproteins were selected for quantitation because each analysis
yielded identifiable phosphopeptides and a minimum of five non-
phosphorylated peptides for normalization purposes. Quantitative
variations in site occupancy of specific phosphopeptides and their
standard deviations are annotated in Table 2. Two-tailed heteros-
cedastic Student’s t tests were performed using the normalized
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Fig.2. (B) Chromatograms corresponding to singly (top) and doubly (bottom) phosphorylated MESISSSSEEMSLSK peptide from a-casein are shown. A consistent, gradual
decrease is observed for both the monophosphorylated and diphosphorylated peptides.
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phosphopeptide intensities to determine the significance of the ob-
served variations between different lactation days. The singly, dou-
bly, and triply marked (asterisks) values correspond to P < 0.05,
P < 0.01, and P < 0.001, respectively. The samples with the highest
and lowest occupancies are also annotated. The experimentally
determined phosphorylation sites are also indicated when applica-
ble, but collision-induced dissociation (CID) fragmentation data
were insufficient in several cases to unambiguously determine
the sites of phosphorylation. The challenges of using CID for the
determination of phosphorylation sites was well summarized in
a recent study by Palumbo and Reid [18].
Changes in phosphorylation occupancy of b-casein

Isomeric structures of several phosphopeptides were also ob-
served. For example, extracted ion chromatograms (EICs) corre-
sponding to the monophosphorylated and diphosphorylated
peptide 17ETIESLSSSEESITEYK33 from b-casein are shown in Fig. 1.
Triplicates of each EIC are overlaid to demonstrate the precision
of both the peak intensities and the retention times. Notably, there
are two resolved isomers of the monophosphorylated phosphopep-
tide and only one of the diphosphorylated analog. The presence of
two isomers of the monophosphorylated 17ETIESLSSSEESITEYK33

peptide suggests that there are two separate phosphorylation sites
that may be phosphorylated initially. This is verified by careful
examination of the MS/MS spectra of the monophosphorylated iso-
mers. The preferred phosphorylation order has previously been
shown to be Ser24 > Ser25 > Ser23 > Ser21 > Thr18 [12,19] using a
combination of two-dimensional gels and MS/MS. Combining LC
and MS/MS data in the current study suggests, however, that the
phosphorylation is not strictly sequential and that the preference
for the initial Ser24 and Ser25 phosphorylation is approximately
2:1. a-Casein is known to be phosphorylated by the mammary
gland casein kinase (MGCK), which acts on amino acid sequences
of (S/T)-X-(D/E/s/t). It is also possible that the strict phosphoryla-
tion order observed previously is followed and that the variation
of the monophosphorylated isomer is due to differences in phos-
phatase expression during these time points. In this study, iso-
forms corresponding to zero, one, and two phosphates were
observed. In certain instances, the sites of phosphorylation could
be determined via CID.
Changes in phosphorylation occupancy of a-casein

In a-casein, phosphorylation sites are localized in two regions
covered by two tryptic peptides. The quantitative behaviors of
these two regions are shown separately in Fig. 2A and B. In each
case, normalized EICs are overlaid in triplicate. Fig. 2A shows the
behavior of the phosphopeptide 27LQNPSESSEPIPLESR42, with
mono-, di-, and triphosphorylated versions of the peptide shown.
Isomers are observed for the monophosphorylated form only. De-
spite little change in the total abundance of the predominant
monophosphorylated form of this phosphopeptide, the isomer ra-
tio varies from approximately 3:1 at day 2 to approximately 3:2
for all later time points. The diphosphorylated and triphosphory-
lated isoforms show no significant changes in abundance. The
quantitative behavior of the 83MESSISSSSEEMSLSK98 region of a-
casein was also determined and is annotated in Table 2 along with
the other phosphopeptides analyzed. This region has two potential
primary phosphorylation sites for each of the MGCK and casein ki-
nase II kinases. The exact sites of phosphorylation could not be
definitively determined in this study, but a single isomer of the
mono- and diphosphorylated versions of this peptide was ob-
served. Previous work suggests that the primary phosphorylation
occurs at Ser90 [13]. Minimal quantitative variations were
observed.
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Fig.3. Overlaid triplicate EICs of three distinct regions of phosphorylation of OPN. (A) RPDIQYPDATDEDITSHMESEELNGAYK with one and two phosphates is examined. (B)
corresponds to the C-terminal region FRISHELDSASSEVN, and panel C corresponds to ANDESNEHSDVIDSQELSK. For both panels A and B, the monophosphorylated peptides
give a single isomer and highly dynamic occupancies, whereas the diphosphorylated peptides vary in disparate manners. (C) however, the monophosphopeptide has a single
isomer, whereas the diphosphorylated form exhibits two isomers that vary similarly.
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Changes in phosphorylation occupancy of OPN

OPN is an analytically challenging protein because it is exten-
sively phosphorylated and glycosylated and contains a large region
spanning approximately 35% of the protein sequence without a
single tryptic cleavage site. Previous research has determined 2
N-glycosylation sites, 5 O-glycosylation sites, and 36 phosphoryla-
tion sites [20]. As shown in Fig. 3A, the peptide
176RPDIQYPDATDEDITSHMESEELNGAYK203 is present in both
mono- and diphosphorylated forms. Although the monophosphory-
lated form exhibits a single chromatographically resolved isomer,
there are three for the diphosphorylated analog. Compellingly, the
most abundant diphosphorylated isomer demonstrates a highly
reproducible 4-fold difference between day 5 and day 10 of lacta-
tion. The second most abundant isomer shows a 2-fold difference
between day 5 and day 2. There are four serine and threonine resi-
dues in this region, and three have been shown to be phosphorylated
(Thr185, Ser191, and Ser195) [20]. For a diphosphorylated peptide
with three possible phosphorylation sites, three isomers are ex-
pected, as verified by the presence of three chromatographic peaks.
In this region, day 5 is the least occupied time point for both the
mono- and diphosphorylated phosphoforms.

Compellingly, the separate regions of OPN demonstrate disparate
changes in phosphorylation occupancy. Fig. 3B shows the normal-
ized EICs of the C-terminal phosphopeptide 300FRISHELDSAS-
SEVN314. Mono- and diphosphorylated analogs were observed for
this region as well, and in each case day 17 was the least occupied
time point. Between day 17 and day 29, 3- to 4-fold occupancy dif-
ferences were observed. Another peptide, 250ANDESNEHSDVIDSQ-
ELSK268, displays a similar phosphorylation pattern, yet observed
changes in this region of OPN were only 2-fold, as seen in Fig. 3C.
The remaining OPN regions that were quantified are summarized
in Table 2. There appears to be very little change in the overall phos-
phorylation of OPN on the whole, yet significant changes for many of
the sites were observed.

Discussion

Tracking relative changes in protein phosphorylation of milk
proteins is especially difficult because the protein amounts are
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known to vary during lactation. Therefore, a normalization scheme
was implemented to correct for changes in protein expression. The
total peptide intensity from each protein was used as a proxy for
changes in protein expression. The CVs for this method after three
replicate analyses were comparable to those in quantitation stud-
ies that use isotopically labeled peptides; however, this method
has an advantage in that it does not require expensive isotopic
labeling reagents, unlike the SILAC (stable isotope labeling by ami-
no acids in cell culture) [21] and ICAT (isotope-coded affinity tags)
[22] approaches. Another advantage of using a peptide-level nor-
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malization strategy is accounting for potential differences in diges-
tion efficiency between samples. Despite the best efforts to achieve
a reproducible digestion, there is always potential for variation in
the digestion efficiency. A peptide-level normalization accounts
for this variation because peptides and phosphopeptides are gener-
ated simultaneously. The reproducibility afforded by this method
is likely a combination of automating the enrichment process
and minimizing sample handling.

As expected, the normalization scheme mainly decreased the
magnitude of the observed changes in protein phosphorylation
(Supplementary Fig. 2 in supplementary material); thus, omitting
the normalization would have overestimated the relative changes
in phosphorylation. This result has implications for other label-free
phosphorylation quantification approaches. If determination of the
relative amount of site occupancy is the goal, then variations of
both protein quantity and digestion efficiency between samples
must be taken into consideration. The normalization scheme
developed accounts for both of these changes. The precision of
these measurements is also comparable to that in the other quan-
titative approaches, with 46% of all quantified phosphopeptides
having less than 10% CVs and 85% having less than 30% CVs in this
study.

It should be noted that the results of this study are preliminary
because the samples were provided by a single individual. A larger
study must be performed before generalizations may be made
regarding quantitative changes of milk phosphorylation in the pop-
ulation. This study does, however, suggest that human milk is an
interesting target for future experiments and presents an effective
methodology to carry out those experiments. Possible biological
implications of this work are discussed below.

Although there were changes in total protein phosphorylation
during lactation for some phosphoproteins, in other instances
there was very little protein-level phosphorylation variation. OPN
is extensively phosphorylated, and the sites vary in occupancy to
such a degree that one might expect significant protein-level vari-
ation. Instead, individual phosphorylation sites were either up- or
down-regulated in a contrary manner to effect substantial local
phosphorylation variation but little change in the overall phos-
phorylation of OPN. Little data exist to determine any potential
changes in the function among the hundreds of possible phospho-
forms of this protein; therefore, the functional implications of
these changes are unknown. OPN research to date has shown that
it is a multifunctional protein implicated in cell migration, miner-
alization, cellular proliferation, and osteoblast formation [23–29].
OPN has been shown to exhibit both pro- and anti-inflammatory
functions depending on the location in the body [24]. Therefore,
it is possible that the role of OPN also changes during the course
of lactation; the change could be mediated by dynamic phosphor-
ylation. Given the many biological functions that OPN possesses
throughout the body and the extent of phosphorylation present
on the protein, phosphorylation likely regulates function to a large
extent.

Because our approach used a bottom-up approach, changes in
OPN phosphorylation were localized to individual phosphopep-
tides containing up to three phosphorylation sites; therefore
changes in individual regions were identifiable. With a protein that
is as extensively phosphorylated as OPN, a top-down analytical
method would have greatly complicated elucidation of the site-
specific dynamic phosphorylation observed.

The phosphorylation sites of a-casein are localized on two sep-
arate tryptic peptides. One of these regions shows little to no var-
iation in the samples analyzed in this study, and the other one
demonstrates quantitative variations of up to 2-fold. One might ex-
pect that this would show a significant change in the overall phos-
phorylation intensity as measured by MS. However, the intensity of
the variable phosphopeptides is approximately an order of magni-
tude lower than that of the phosphopeptides that are unchanging,
and subsequently no significant protein-level differences are ob-
served. A previous study suggested that the difference in intensity
between the two phosphorylation regions results from a site occu-
pation difference between these regions rather than differences in
ionization efficiency [13].

Although the determination of the relative quantitative differ-
ences in phosphorylation occupancy was the primary goal of this
study, identification of previously unreported phosphorylation
sites was also achieved. In addition to the known phosphoproteins
discussed previously, minor phosphorylation was also detected on
a-lactalbumin, a highly abundant whey protein, in this study. The
phosphorylation sites detected in these analyses, Ser95 and
Thr105, are consistent with the known specificity of MGCK. Be-
cause MGCK is the most active kinase in the mammary gland,
and considering that a-lactalbumin possesses the known motif re-
quired, it is likely that the trace level of phosphorylation detected
here is carried out by the MGCK. In addition, bovine a-lactalbumin
is phosphorylated by the casein kinase [30]. This is the first known
report of enzymatic phosphorylation of this abundant human
whey protein. Functionally, a-lactalbumin is known to modulate
the specificity of the b-1,4-galactosyltransferase to enable the pro-
duction of lactose in the mammary epithelial cells. b-1,4-Galacto-
syl transferase was also identified as phosphorylated in this
study. a-Lactalbumin can also induce cellular apoptosis on forma-
tion of a complex with fatty acids during digestion [31].

This is the first report of the characterization of CHRDL2 phos-
phorylation in human milk. Interestingly, CHRDL2 possesses three
von Willebrand factor type C repeats, suggesting that it is poten-
tially secreted as a multiprotein complex. Regardless of secretion
state, CHRDL2 has been implicated in several biological processes,
including myoblast and osteoblast maturation, bone morphogenic
protein inhibition, and tumor angiogenesis [32]. CHRDL2 is known
to be highly expressed in tumors and epithelial cells [33]. Its role in
both milk and the normal mammary gland, however, is unreported
to date.

Conclusions

In this study, a label-free LC–MS/MS quantification method was
applied to the study of human milk phosphorylation from an indi-
vidual during the first month of lactation. This is the first known
report of relative quantitation of human milk proteins during lac-
tation. Because the expression levels of milk proteins are known
to vary during the course of lactation, a normalization strategy
based on total peptide signal was developed and incorporated into
the quantitative method to elucidate changes in phosphorylation
site occupancy. The precision of the results obtained in this study
is comparable to that in published results using expensive isotopic
labeling reagents.

Very few studies have been performed to elucidate the phos-
phoproteome of human milk, and substantial work remains to ex-
pand our understanding of milk protein phosphorylation to include
low-abundance phosphoproteins. The abundant caseins and OPN
are the best characterized phosphoproteins to date. This is the first
known report of a-lactalbumin phosphorylation, a highly abun-
dant and well-studied whey protein, yet the trace levels of phos-
phorylation identified were previously unknown. In addition, this
is the first known study to characterize CHRDL2 phosphorylation
in human milk.

Although this approach did not use many of the protein frac-
tionation strategies that site-directed phosphoproteomic studies
employ, novel sites of phosphorylation were nevertheless deter-
mined for a few milk proteins. A more extensive sample fraction-
ation would likely facilitate the identification of additional novel
phosphorylation sites in human milk proteins. However, extensive
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sample fractionation would also complicate the quantitative deter-
mination of phosphorylation occupancy as determined in this
study.

In addition, it should be noted that the enrichment strategy
used has been shown to bias the phosphopeptides observed. Tita-
nium dioxide has been shown to preferentially enrich for singly
phosphorylated phosphopeptides and serine and threonine phos-
phorylated phosphopeptides [34]. Other enrichment strategies
have their biases as well. Phosphotyrosine antibodies are specific
to phosphotyrosine residues, which is critical because these resi-
dues are much lower in abundance than phosphoserine or phos-
phothreonine residues. In addition, immobilized metal affinity
chromatography has a higher affinity to multiply phosphorylated
phosphopeptides [34]. Future work must consider the enrichment
strategy to be a vital component of the research plan because it
will influence the information gained. For example, human milk
proteins are extensively phosphorylated on serine and threonine
residues, and a different strategy would be required to characterize
phosphotyrosine-containing peptides.

Although many phosphopeptides demonstrate dynamic occu-
pancy rates during the first month of lactation, it is unclear at this
time what the observed changes may signify biologically. Contin-
uing this study with a larger cohort will lead to a better under-
standing as to the extent of quantitative changes in the
population at large. The existence of dynamic phosphorylation in
early lactation potentially represents a biological adjustment to
meet the needs of the infant. Understanding how these specific
components change during lactation may lend critical insight to
early infant development.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.ab.2010.08.031.
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