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Abstract Casein phosphopeptides (CPP) were identified in
small amounts in milks heated at various intensities by using
matrix-assisted laser desorption/ionization (MALDI) time-
of-flight mass spectrometry. CPP selectively concentrated
on hydroxyapatite (HA) were regenerated using phosphoric
acid mixed in the matrix. Unphosphorylated peptides not
retained by HA were removed by buffer washing. This
procedure enhanced the MALDI signals of CPP that are
ordinarily suppressed by the co-occurrence of unphosphory-
lated peptides. CPP, belonging to the (3-casein (CN) family,
i.e., (f1-29) 4P, (f1-28) 4P, and (f1-27) 4P, and the x,,-CN
family, i.e., (f1-21) 4P and (f1-24) 4P, were observed in
liquid and powder milk. The lactosylated counterparts were
specific to intensely heated milks, but absent in raw and
thermized/pasteurized milk. Most CPP with C-terminal
lysines probably arose from the activity of plasmin; an
enzyme most active in casein hydrolysis. A CPP analogue
was used as the internal standard. The raw milk signature
peptide 3-CN (f1-28) 4P constituted ~4.3% of the total 3-
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CN. Small amounts of lactosylated peptides, which varied
with heat treatment intensity, were detected in the milk
samples. The limit of detection of ultra-high-temperature

milk adjunction in raw or pasteurized milk was ~10%.
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Abbreviations

ACN Acetonitrile

ALP Alkaline phosphatase

AMBIC Ammonium bicarbonate buffer

«-La alpha-Lactalbumin

B-Lg beta-Lactoglobulin

CN Casein

CPP Casein phosphopeptides

DHB 5-Dihydroxybenzoic acid

DTT Dithiothreitol

HA Hydroxyapatite

IMAC Immobilized metal affinity
chromatography

IS Internal standard

LOD Limit of detection

MALDI-TOF-MS

Matrix-assisted laser desorption/
ionization time-of-flight mass
spectrometry

PA Phosphoric acid

PP Proteose peptones
PSD Post-source decay

SA Sinapinic acid

SCC Somatic cell count
TFA Trifluoroacetic acid
UHT Ultra high temperature
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Introduction

The European Union Directives (92/46 CEE and 94/71
CEE) set specific rules for the production of heat-treated
milk and milk-based products such as the use of specific
temperature/time combinations for pasteurized and ultra
high-temperature (UHT) milk. The use of low value ingre-
dients such as UHT and milk powder in mixtures with raw
or pasteurized milks is strictly prohibited. Nowadays, rapid
methods are mainly based on the evaluation of furosine, a
useful indicator of heat damage in processed milk. Studies
of milk adulterations are also focused on lactosylation of
milk proteins. Endogenous milk proteinases and those asso-
ciated with somatic cells in high counts hydrolyze caseins of
raw milk. Some heat-stable proteinases may continue to do
it during storage of heat-treated milks. The number of so-
matic cells should not exceed 200,000 cells/mL bulk raw
milk [1], although the European Union Directives (92/46
CEE and 94/71 CEE) set a limit of 400,000 cells/mL for
SCC for drinking milk. Alternatively, an indirect means to
monitor milk quality in relation to SCC would be to know
one or more signature peptides. Milk contains colloidal and
soluble casein subjected to hydrolysis by proteinases. Ca-
sein releases water-soluble peptides under the action of
plasmin (EC 3.4.21.7) and lysosomal proteases, such as
carboxylprotease and cathepsin D (EC3.4.23.5). While f(3-
casein (CN) and «y»-CN are the preferred substrates of
plasmin, o -CN [2] and k-CN [3] are more resistant to
enzymatic degradation. Therefore, one would expect to find
- and o-CN-derived peptides in milk. Indeed, 3-CN is
the most hydrolyzed casein fraction partly converted into
pH 4.6 insoluble y-CN and complementary soluble proteose
peptones (PP). PP include peptides such as 3-CN (f1-105/
107) (component PP5), (f1-28) (component PP8-fast), (f29-
105/107) 1P (component PP8-slow) [4, 5], and others. Raw
milk of good quality has 1-2 mg/mL PP, which can increase
during storage. A significant PP5 accumulation has been
reported for commercially packaged pasteurized milk [6].
Because as much as 30—40% plasmin survives UHT treat-
ment [7], gelation could be caused for long-stored UHT
milk [8].

While the role of proteases in casein proteolysis has been
fully clarified, the subsequent lactosylation of water-soluble
peptides remains to be clarified. Although determined for
whey proteins and casein, lactosylation of milk peptides has
not been deeply studied with the objective of distinguishing
various types of milk [9]. For heat-treated liquid and powder
milk, a reaction could occur between the e-amino group of
protein-bound lysine or amino-termini of peptides and the
carbonyl group of lactose. In the initial step of the Maillard
reaction, lactosylation occurs both during heating and, to a
lesser extent, during milk powder storage [10]. The degree
of lactosylation of 3-CN increases steadily with temperature
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between 37 °C and 60 °C [11]. Lactose specifically binds to
Lys-34 in «;-CN and to Lys-107 in 3-CN under moderate
heat treatment conditions (72—-85 °C for 15-30 s). The
number of binding sites increases to seven for o -CN and
five for 3-CN after intensive treatment (142—145 °C for
2-5 min) [12]. The extent of lactosylation measured under the
same conditions is 25% for (3-lactoglobulins (3-Lg) and 35%
for 3-CN [11]. Especially in drinking milk, but also in milk
powders, milk quality is greatly affected by the initial prote-
olysis of raw milk. Due to the specificity of plasmin, which
acts preferentially on Lys-X bonds, milk heating induces
lactosylation of the released peptide at basic C-terminal resi-
dues (mainly Lys or Arg). Even though the extent of lactosy-
lation affects drinking milks differently, little is known about
the impact of Maillard reactions on the formation of CPP
markers.

Several milk peptides have been shown to derive from
the proteolytic digestion of caseins [13]. Separation of sig-
nature peptides from other peptides may often be achieved
by chemical methods. Thus, to reduce the complexity of the
peptide fraction, the chromatography on hydroxyapatite
(HA) has been recently introduced [14]. This method
achieves the recovery of casein phosphopeptides (CPP)
from complex peptide mixtures [14, 15] as an alternative
to immobilized metal affinity chromatography (IMAC)-
based methods [16, 17] and other affinity-based methods
[18]. While unphosphorylated peptides are washed out, CPP
were retained on microgranules of HA. This was useful for
isolating CPP free of unphosphorylated peptides. A HA—
CPP complex was then spotted onto a matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF-MS) target plate for analysis [14]. Due to
plethora of milk peptides, we focused on signature CPP
released in definite number by milk proteinase(s). The effi-
cient separation of the unphosphorylated peptides also en-
hanced the MALDI signals of CPP. The research results
could demonstrate the nature and activity of milk protei-
nases and provide information about the proteolysis induced
thereof. We were interested to detect heated milk and quan-
tify peptides which undergo lactosylated once released by
proteinases. By direct MALDI analysis, in situ immobilized
CPP, both native and lactosylated, can be identified. Simi-
larly, lactosylation sites can be localized on peptide se-
quence by post-source decay (PSD) fragmentation. The
comparison between the potentially lactosylable and actually
lactosylated sites could serve to differentiate processed milks
according to heat intensity. The lactosylated CPP could serve
to discriminate raw and pasteurized from UHT milk. In this
work, we have realized a procedure for detecting UHT milk in
amounts not lower than 10% spiking pasteurized milk. We
suggest extending this approach to the analysis of any dairy
products with suspected addition of UHT milk, milk protein,
or milk powder.
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Experimental
Chemicals

HA (Macro-Prep Ceramic Hydroxyapatite Type I) was
supplied by Bio-Rad (Milan, Italy). Tris(hydroxymethyl)
aminomethane hydrochloride (Tris—HCI), potassium chlo-
ride (KCI), urea, trifluoroacetic acid (TFA), acetonitrile
(ACN) for HPLC, 85% orthophosphoric acid (PA), and
AMBIC were from Carlo Erba (Milan, Italy). Dithiothrei-
tol (DTT) was from AppliChem (Darmstadt, Germany).
TPCK-treated trypsin from bovine pancreas was from
Sigma (St. Louis, MO, USA). Sinapinic acid (SA), 2,5-
dihydroxybenzoic acid (DHB), and sodium acetate
(AcNa) trihydrate were obtained from Fluka (St. Louis,
MO, USA). Acetic acid was purchased from Baker
Chemicals B.V. (Deventer, the Netherlands). Water was
prepared using a Milli-Q system (Millipore, Bedford,
MA, USA). Pooled raw milk was from local dairy farms.
The pasteurized UHT milks were purchased from a local
store. Milk protein powder and milk powder were supplied
by Sacco Industry (Milan, Italy).

Sample preparation

Pasteurized milk was added with UHT milk to a final
concentration of 90% to 1%. Then, each sample, including
isoelectric casein (sample I), milk protein powder (sample
V), or milk powder (sample VI) in solution, raw milk
(sample II), pasteurized milk (sample III), and UHT milk
(sample 1V), was treated with HA as described below. The
chemical composition of milk samples as well as the time/
temperature combinations are reported in Table 1.

HA-based phosphoprotein/CPP enrichment from various
milk samples

HA (100 mg), previously equilibrated with the loading buffer
(50 mM Tris—HCI, 0.2 M KCl, 4.5 M urea, and 10 mM DTT,
pH 8.0), was put in contact with protein in solution (10 mg) or

equivalent amounts of raw and skimmed milk. The HA-bound
proteins were incubated for 15 min at room temperature and
centrifuged for 5 min at 4,000xg per minute. The resin was
successively washed with three different buffers: loading
buffer (1 mL), 50 mM Tris—HCI at pH 8.0 (1 mL), and
20 mM Tris—HCl in 20% ACN (v/v) at pH 8.0 (1 mL). The
resin was washed with Milli-Q water (1 mL) and freeze-dried
with a SpeedVac concentrator system (Thermo Electron,
Milford, MA).

In order to confirm the degree of lactosylation, the dried
HA-bound CPP (1 mg) were dissolved in a 5% aqueous PA
solution (120 pL) and desalted with a ZipTip C18 pipette tip
before dephosphorylation with alkaline phosphatase (ALP),
carried out according to the procedure previously described
[14]. Assays were needed especially for CPP isolated from
milk protein and milk powder. However, since HA is known
to interact with phosphoprotein and CPP, the aqueous sus-
pension of HA was trypsinized according to the procedure
previously described [14]. The HA-bound tryptic CPP were
then analyzed by MALDI.

Matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry

MALDI-TOF mass spectra were recorded using a Voyager
DE-PRO mass spectrometer (Applied Biosystems, Framing-
ham, MA, USA) in positive linear mode. All spectra were
acquired in the range of 10-30 kDa (for proteins) and
1-5 kDa (for peptides) with the following settings: an acceler-
ating voltage of 25 kV (for proteins) or 20 kV (for peptides)
and a grid voltage of 93% (for proteins) or 95% (for peptides)
of the accelerating voltage, a guide wire of 0.15% (for proteins)
or 0.05% (for peptides), and a delayed ion extraction time of
485 ns (for proteins) or 175 ns (for peptides). The laser power
was set just above the ion generation threshold to obtain peaks
with the highest possible signal-to-noise ratio. All spectra were
acquired with 200 shots in three replicates. Measured molecu-
lar masses, with a +0.5-Da tolerance, matching the calculated
masses, enabled the identification of ion signals. Different
MALDI matrix solutions were freshly made for different types

Table 1 Protein and lactose content in heat-treated commercial milk samples

Sample % protein % lactose Heating treatment Time/temperature combinations
I Isoelectric casein 100 0 No No

I Raw milk 32 4.9 No No

I Pasteurized milk 32 4.9 Pasteurization 15 s/71.7 °C

v UHT milk 3.1 4.9 Direct ultra high-temperature processing 2 s/135 °C

A% Milk protein powder 46 5 Membrane filtration® and spray drying Air temperature at 200 °C

VI Milk powder 36 56 Spray drying Air temperature at 200 °C

# Concentrated commercial milk proteins were obtained by milk ultrafiltration on membrane
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of molecules to be analyzed. For phosphoprotein analysis,
10 mg/mL of SA was dissolved in 50% ACN and 0.1% TFA
in an ultrasonic bath. For CPP, 10 mg/mL of DHB was dis-
solved in 1 mL of H,O/ACN/PA (49:50:1) using an ultrasonic
bath. Prior to HA enrichment, the samples were analyzed by
MALDIL. Solid milk samples (1 mg/mL) were solubilized in
H,O/ACN (50:50) solution with 0.1% TFA. Liquid milk sam-
ples (10 puL) were diluted 1:100 with the above solution. Each
protein solution (1 pL) was loaded in one well of a MALDI
plate and covered with SA matrix (1 pL) for the preliminary
analysis. After enrichment, ~1,000 HA-phosphoprotein micro-
granules were deposited onto the MALDI plate and covered
with the SA matrix (1 pL) to promote analyte/matrix co-
crystallization in the presence of 0.1% TFA. For CPP, 1% PA
was included in the matrix solution to achieve maximum
ionization efficiency by MALDI and minimize binding of
CPP to HA [19].

PSD-MALDI-TOF experiments

PSD fragment ion spectra were acquired after isolation
of the appropriate precursor ions using timed ion selec-
tion. In this manner, the spectra of lactosylated (3-CN
(f1-28) 4P (m/z3,803 Da) and its unphosphorylated
counterpart (m/z3,483 Da) were acquired. Acquisition
was performed with the following settings: accelerating
voltage, 20 kV; grid voltage, 80% of the accelerating
voltage; guide wire, 0.02; and delayed time, 100 ns.
Each spectrum was the average of 300 shots in three
replicates.

Synthesis of peptide analogues

The peptides were synthesized by solid-phase methods us-
ing the 9-fluorenylmethyloxycarbonyl (Fmoc) strategy on a
Pioneer peptide synthesizer (Synthesis System 9050 instru-
ment; PE-Biosystems, Framingham, MA, USA). The level
of the 3-CN (1-28) 4P plasmin-derived fragment was cho-
sen as the index for quantification of casein proteolysis. The
method was applied to all of the milks to select a marker
specific for intensely heated milks. The natural and the
analogue-synthesized peptides (Table 2) were used to gen-
erate a calibration curve.

A constant concentration (10 pg/pL) of synthesized
modified peptides was used to spike different solutions of
synthesized natural peptides to create a calibration curve,
with the natural/modified area ratio as a function of the
concentration ratio of the corresponding peptides. The
amount of 3-CN (f1-28) 4P was obtained by spiking
10 uL raw milk with 10 pg/puL internal standard (IS) and
calculating the quantity of this peptide according to the
equation of the calibration plot.
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Table 2 Amino acid sequence of synthesized natural and modified
peptides

Synthetic natural peptide [M+H] Sequence

B-CN (f1-28) 4P 3,478.5 Da RELEELNVPGEIVESp
LSpSpSpEESITRINK

Synthetic modified peptide [M+H] Sequence

B-CN (1-25) 4P 3,196.3 Da REWEELNVPGEIVESp
LSpSpSpEESITR

Differentiating Trp residue is underlined. Sp indicates phosphorylated
serine residue

Results and discussion
Strategy of HA-based enrichment of casein and CPP

Isolation of casein/CPP is one of the most difficult tasks
because of the heterogeneity in the number of phosphate
groups (P), varying from 1 to 13, attached to specific serine
residues of the four casein fractions [20]. Phosphoproteins/
peptides compete for the C sites on ceramic HA over a wide
pH range [21], and both were eluted for MALDI analysis [15,
22]. Our procedure did not use elution because the HA-
phosphocaseins/CPP complex was directly solubilized by
spotting on the MALDI plate matrix mixed to TFA (for
casein) or PA (for CPP) [14]. In addition to this, PA enhances
the detection of phosphopeptide ions by MALDI-TOF [19].
The main objective of our work was to determine whether the
HA-based procedure is suitable for characterizing signature
peptides of heat-treated milk samples. Because the affinity of
CPP for HA could decrease with increasing nonspecific bind-
ing of the unphosphorylated peptides, a preliminary study
measured the bound and unbound proteins/peptides of raw,
pasteurized, UHT, milk protein powder (casein+whey), and
milk powder samples. Our results indicate that MALDI is
useful in identifying lactosylation, one of the most common
posttranslational protein modifications that occur during heat-
ing or spray drying. MALDI analysis provided molecular
mass value of peptides and information on the presence/ab-
sence of signature peptides. Thus, severe heating induced
changes of lactosylation in whey proteins of samples I to VI
(Electronic supplementary material (ESM) Table S1). The
signals of non-enzymatic lactosylation of 3-Lg A and B and
«-lactalbumin (x-La) B dominated the MALDI-TOF spectra
of different samples (ESM Table S1 and Figs. S4 and S6). The
molecular masses of 3-Lg B (unmodified m/z18,280.4) and
3-Lg A (unmodified m/z18,365.9) increased by 314.2 Da per
lactose molecule or multiple integrals up to 6 (ESM Table S1).
The lactosylation of 3-Lg A and B compared with control raw
milk was higher in powdered milk (sample VI, six lactose
residues/molecule) than in protein milk powder (sample V,
four lactose residues/molecule) and UHT milk (sample IV,
one lactose residue/molecule). Unmodified 3-Lg A and B
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were still present in all samples except milk powder (ESM
Table S1 and Fig. S6). «-La B was less lactosylated in the milk
protein powder (sample V, three lactose residues/molecule)
than in powdered milk (sample VI, four lactose residues/mol-
ecule). In UHT milk (sample IV), x-La B (unmodified m/z
1,4187.2) was lactosylated as 3-Lg (one lactose residue/«-La
molecule). This seems to contrast at least partially with previ-
ous findings on casein lactosylation which occurs at similar
levels in UHT and in-bottle sterilized milk [12]. Indeed, the
extent of lactosylated proteins in pasteurized milk does not
differ from that measured in raw milk. In contrast, the different
levels of lactosylation of proteins in the powder samples were
probably due to the lower lactose content of ultrafiltered milk
or whey. It seems that heating extensively enhanced lactosyla-
tion by exposing lysine residues on the surface of the proteins.
However, Maillard reaction was incomplete even in the pow-
dered milk preparations. In recent studies, Lys-47, Lys-138,
and Lys-141 of 3-Lg were lactosylated, while Lys-98, Lys-
114, or Lys-122 of «-La were lactosylated in UHT milk [23].
In general, the degree of lactosylation increases steadily with
temperature, progressively from pasteurization to spray drying
passing through to UHT. However, the Amadori compound,
the first intermediate in the Maillard reactions, is probably
degraded by heat [24] via the Strecker degradation [25]. As-
sessment of the whey protein powder quality in infant formula
on the basis of the number of lactose residues per protein
molecule can detect five lactoses/a-La and ten lactoses/[3-Lg
[26]. In the solid state, all 15 lysine residues of 3-Lg and the N-
terminal leucine were lactosylated [27], in addition to Arg-124,
for a total of 17 lactosylated amino acid residues [28].

While the effect of heat treatment on the whey protein
denaturation has been well established by many decades of
research, little is known about casein lactosylation. By ap-
plying our procedure, lactosylated casein would be detected

Fig. 1 MALDI-TOF spectra of
raw milk peptides in the 10- to
14-kDa mass range before (a)

100
and after enrichment (b) using

in heated milk (ESM Fig. S4 and S6). All of the MALDI
spectra for the milk samples actually contained the signals
of (1) unmodified k-CN or the mono-lactosylated compo-
nent but milk powder (ESM Table S1 and Fig. S6); (2)
multi-phosphorylated o,-CN after enrichment of isoelectric
casein on HA; (3) lactosylated f-CN A' and A? which
differed based on His®’(B-CN A') for Pro®”(B-CN A?);
and (4) diffusely lactosylated 3-CN and «y-CN in milk
protein (V) and milk powder (VI) samples due to the low
resolution of MALDI (ESM Table S1 and Figs. S4 and S6).
However, monomer k-CN was missing in the milk powder
sample because of its possible association with whey
proteins. On the whole, HA procedure provides a system for
the selective enrichment of caseins/CPP while whey proteins
are washed away (ESM Table S1 and Fig. S8 and S9 and S10).

Identification of HA-bound CPP and unphosphorylated
peptides

To follow the evolution of the peptide profile according to the
heating intensity, the MALDI-TOF spectra were explored in
the 10- to 14-kDa range. After enrichment on HA, raw
(Fig. 1b and ESM Table S2) and pasteurized milk (ESM
Fig. S11) had dominant signals of 3-CN (f1-97) 5P
(11,362.3 Da) and o»-CN(f53-150) 6P (11,860.4 Da). The
impact of UHT treatment and of milk and milk protein drying
seemed higher than in pasteurized milk (ESM Fig. S11).

The MALDI signals of unphosphorylated peptides sig-
nificantly decreased, while those of CPP considerably in-
creased. The results indicate that (1) a selective enrichment
occurred as a result of displacement of CPP bound to HA by
the addition of TFA; (2) the CPP enrichment reduced the
sample complexity; and (3) low-abundance CPP in mixtures
with unphosphorylated peptides can be detected directly
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Fig. 2 MALDI-TOF spectra of
raw milk peptides in the 1- to
5-kDa mass range before (a) and
after enrichment (b) using HA as
concentrating probe. Component
identification is reported in ESM
Table S3
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“on-beads.” This is confirmed by unphosphorylated y3- and
¥2-CN dominating the spectra of the raw milk (Fig. 1a) whose
signals were lost during the repeated buffer washes, while f3-
CN (1-105) 5P and 3-CN (1-107) 5P (complementary to
v>-CN and y5-CN, respectively; Fig. 1b) were detected in
HA-bound CPP. Taken together, these results demonstrate the
outstanding enrichment capacity of HA for MS analysis.

MALDI-TOF in the 1.2- to 5-kDa range

Raw, pasteurized, UHT, milk protein, and milk powder sam-
ples were examined by MALDI-TOF in the 1.2- to 5-kDa
range. As an example, the MALDI spectrum for raw milk is
shown in Fig. 2a (ESM Table S3). Here was registered a
substantial increase of peptides belonging to the 3-CN, o,-
CN and &;-CN family. This occurred probably because of the
presence of active plasmin and somatic cell proteinases. After
enrichment on HA, only phosphorylated peptides were
detected, as shown in Fig. 2b (ESM Table S3).

Similarly, the major CPP were identified in the other com-
mercial milk samples (ESM Fig. S12). In all the milk samples,
both native and lactosylated forms of CPP were detected, except
in raw and pasteurized milk. 3-CN (f1-28) 4P, (f1-27) 4P, and
xs>-CN (f1-24) 4P were the main components of CPP (Fig. 3
and ESM Table S4). The native and lactosylated o;,-CN (f1-21)
4P co-existed in milk powder. In this manner, we identified the
lactosylated 3-CN (f1-29) 4P as a signature peptide of milk
proteins and powdered milk preparations because it was missing
in other types of milk. It was missing in raw, pasteurized
(71.7 °C for 15 s; Fig. 3a), and intensely pasteurized milk
(121 °C for 24 s, spectrum not shown). o;-CN-derived CPP
failed to form due to the internal location of the phosphorylation
cluster. In contrast, they are released in long-ripened cheese [29].

To screen lactosylated CPP, in vitro dephosphorylation was
carried out using ALP. The difference between the native and
dephosphorylated peptide mass values allowed us to assign the
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phosphate groups correctly (one phosphate group=80 Da). The
results of CPP dephosphorylation are shown in Table 3 (Fig. 4).
Each peptide was a mono-lactosylated component. The degrees
of phosphorylation and lactosylation of 3-CN (f1-28) 4P
were further confirmed by PSD MS experiments (Fig. 5).

The PSD spectrum in Fig. 5 exhibited a prominent neutral
loss of 340 Da (one lactosyl group) from the precursor ion at m/
23,802.9 Da. Moreover, the PSD spectrum of lactosylated (3-
CN (f1-28) 4P yielded a neutral loss of 98 Da (H;POy), con-
sistent with a peptide containing four phosphoserine residues
(Fig. 5). The PSD spectrum of lactosylated 3-CN (f1-28) OP
confirmed the loss of one lactose group (m/z3,140.2 Da) from
the peptide (Fig. 6).

In vitro trypsinolysis of HA-bound CPP or caseins
from milk protein powder

Trypsinolysis of the HA-bound CPP in addition to the native
[3-CN (f1-25) 4P and 3-CN (f1-25) 3P (3,123.0 and 3.043.6 Da)
released mono-lactosylated counterparts (3,447.2 and
3,367.3 Da).

Notwithstanding the fact that Arg”>-X and Lys*®-X were
evenly susceptible to trypsin, Lys*®-X was split by plasmin
because of the strict specificity of enzyme towards lysine
[30]. It is likely that lactosylation especially affects plasmin-
mediated peptides [31]. Heating produced a consistent
amount of lactosylated peptides. To observe this effect,

Fig. 3 The MALDI spectra show mass signals of 3-CN derived lactosy- P>
lated phosphopeptides (CPP) isolated by addition of hydroxyapatite (HA)
microgranules to samples of pasteurized milk (a), UHT milk (b), milk
protein powder (c¢), and milk powder (d). The inset magnifies the m/z
values in 1- to 5-kDa range that are expected to show mass peaks
corresponding to marker peptides. Monolactosylated CPP labelled with
a red circle correspond to 3-CN (f1-27) 4P (m/z 3675 Da), 3-CN (f1-28)
4P (m/z 3803 Da) and 3-CN (f1-29) 4P (m/z 3931 Da). As expected, none
of these lactosylated CPP occurred in the spectrum of pasteurized milk
(a). Identification of all the components is reported in ESM Table S4
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Table 3 MALDI identification of lactosylated CPP after in vitro
dephosphorylation

Measured mass of Theoretical Identified

dephosphorylated peptide mass (Da) peptide

(MH") (Da)

3611.5 3,610.9 B-CN (f1-29)
0P+ 1Lactose

3483.5 3,482.7 B-CN (f1-28)
0P+ 1Lactose

3355.0 3,354.6 B-CN (f1-27)
0P+ 1Lactose

The spectra shown in Fig. 4 have been taken for milk powder sample

a shift of +324 Da was expected for peptides containing
a reactive NH, group, yielding the so-called Amadori
product. If Arg? were lactosylated, Arg*>-X as well as
Lys*®-X would be trypsin- and plasmin-resistant. Indeed, an
amount of N-terminally mono-lactosylated 3-CN (f1-28) 4P
corresponding to ~3% total 3-CN (f1-28) 4P was found in the
milk protein powder sample. In contrast, a higher quantity of
mono-lactosylated 3-CN (f1-25) 4P, ~17% of the total 3-CN,
was released by trypsinolysis of HA-bound casein/CPP. This
means that both lactosylated caseins and lactosylated CPP
combine to determine the levels of signature peptides.

Such peptides were found in dried milks before digestion
with trypsin.

Quantification of 3-CN (f1-28) 4P in raw milk
by MALDI-TOF-MS

Based on a set of naturally occurring peptides, 3-CN (f1-28)
4P was chosen because it is a phosphorylated member of a
plasmin-mediated CPP family that undergoes glycosylation
during heat treatment. Specifically, for the absolute quanti-
fication of the mono-lactosylated 3-CN (f1-28) 4P signature
peptide, a synthetic 25-residue analogue that was identical
to the N-terminal 25-mer peptide except for the amino acid

Fig. 4 An example of determina-
tion of phosphorylation stoichiome-
try of lactosylated CPP by ",
combining alkaline phosphatase-
based dephosphorylation with
peptide identification by mass
spectrometry. By comparing the
MALDI spectra recorded for the
phosphatase-treated to the untreated
sample in Fig. 3, the candidate CPP
were identified. Because of 320 Da
mass shift (1 phosphate group=80
Da) each peptide, indicated with a
m/z value in the MALDI spectra, had

= 3355.0

substitution Leu®—Trp® was used as IS. The natural proteo-
typic peptide was mixed with IS in known concentrations,
and the MALDI intensity of the two co-occurring signals
was measured (ESM Figs. S14 and S15). MALDI measure-
ments performed on four binary solutions containing natural
peptide/IS ratios of 0.22:1, 0.11:1, 0.055:1, and 0.0275:1
produced a line defined by the equation y=6.2451x+0.3635
(R*=0.9855, mean of ten replicates; ESM Fig. S16). Using
this approach, raw milk 3-CN was found to have released
~4.3% of the 3-CN (f1-28) 4P (ESM Fig. S17).

Specific detection of lactosylated milk CPP

Raw milk is rejected by dairy processing plants if the sample
is found to be contaminated with UHT or other heat-treated
milk. The HA-based method could ensure that UHT milk
and sterilized milk are not used for the production of pas-
teurized milk. To demonstrate this, aliquots of pasteurized
milk were artificially spiked with 90%, 70%, 50%, 30%,
10%, 5%, or 1% UHT milk. The limit of detection (LOD)
was determined by MALDI searching for the lactosylated (3-
CN (f1-28) 4P, assumed as the signature peptide of UHT
milk. The method did not discriminate UHT milk in
amounts below 10% (Fig. 7).

Using improved MS equipment, in terms of mass resolu-
tion and sensitivity, we think that the LOD could be substan-
tially lowered. Trypsinolysis of HA-bound CPP, enhancing
the signal of lactosylated (3-CN (f1-25) 4P, could further lower
the LOD value.

Sequences of cleaved peptides

To verify the role played by proteolytic enzymes in casein
hydrolysis, the amino acid sequence of CPP was investigated
(Fig. 2b). The in vivo and in vitro plasmin-mediated peptides
that arose from raw milk were compared (ESM Fig. S18 and
Table S5).

= 34835

== 38115

four phosphorylation sites
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Fig. 5 Post-source decay (PSD)-
MALDI spectrum of a HA-bound
CPP occurring in the sample of
milk powder. The red circled peak
represents a peptide exhibiting a
neutral loss of 340 Da (a lactosyl
group) that was one of the most
intense ions, and 392 Da for phos-
phoric acid (1P= 98 Da) from the
precursor ion at m/z 3,802.9 Da.
These structural informations
allowed to assign four phosphates
and one lactose group unequivo-
cally to the peptide 3-CN (f1-28) at
m/z 3,803 Da that was present in
the milk powder sample
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33204
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The choice of plasmin as the proteolytic enzyme was
dictated by the role played by this enzyme during milk
storage. Because peptide bonds containing a C-terminal
Lys or Arg can be hydrolyzed by plasmin, the majority of
f3- and a;>-CN CPP reported in ESM Table S3 must have
been released by plasmin. This agrees with the known
activities of plasmin and other proteases associated with
milk somatic cells. CPP differed only in the level of lacto-
sylation, which was absent in raw milk but extensive in milk
powder. Thus, lactosylated CPP may serve as suitable chem-
ical markers of the intensity of heat treatment. When CPP
levels are higher than normal, milk is of poor quality be-
cause it is rich in proteolytic enzymes. It seems that the level

: . 2N
Ered] 3480 k100 4000

Mass imiz)

of'lactosylation in milk is related to the intensity of the heating
process.

Disadvantages and advantages of the HA procedure

Current techniques use gel electrophoresis and immunoblot-
ting for separating and detecting specifically proteins. Anti-
bodies developed against the Amadori compound containing
lactose as a glycating agent were used as a surrogate for
measuring furosine, distinguishing the lactosylated from
non-lactosylated caseins [32]. In general, anti-peptide or
monoclonal antibodies are specific reagents for measuring
lactosylated peptides [32]. The drawbacks of polyclonal

Fig. 6 PSD-MALDI-TOF-MS/ Zy % Zis g Ys
MS spectrum of lactosylated Yar 2 Vi1
B-CN (f1-28) OP at m/z3,483
Da after dephosphorylation. The
LactRELEELINVPGE|IVESLSISISEEISITIRINK

signal at m/z3,140.2 Da
confirmed the loss of one
lactose group
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Fig. 7 Zoomed-in view of MALDI spectrum in the 1- to 5-kDa mass range of 3-CN (f1-28) 4P signature lactosylated CPP from pasteurized milk
spiked with 30% (a), 10% (b), and 5% (¢) UHT milk. Lactosylated 3-CN (f1-28) 4P mass signal was magnified and circled in green

anti-peptide antibodies are mainly (1) the amino acid sequen-
ces of the peptides would be known in advance to target their
lactosylated proteins; (2) the antibodies might not recognize
native proteins; and (3) a cross-reaction with other members of
the protein families would not be excluded a priori. On other
hand, concentration of low-abundance peptides/proteins by
gel electrophoresis carries the risk that water-soluble peptides

@ Springer

escape to the staining procedure with Coomassie Blue. Sepa-
ration of proteins by 2DE coupled with identification of
tryptic peptides through offline MALDI-TOF-MS is one of
the most commonly used techniques in proteomic analysis
[33]. Cumbersome 2D electrophoresis for protein separations
requires extensive manual manipulation for mostly qualitative
experiments. Online HPLC coupled with mass spectrometry
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have been widely used for concentrating/identifying low-
abundance peptides/proteins. However, one sample at a time
is evaluated by HPLC, so samples are analyzed multiple times
during a multi-sample sequence. In addition, low-abundance
lactosylated CPP have to be concentrated before injection into
the HPLC apparatus. The chromatographic techniques using
IMAC and titanium dioxide (TiO,) require both a preliminary
purification [34, 35] and elution step [36, 37] for isolating
phosphopeptides prior to MALDI analysis. The HA-based
procedure has the advantage of capturing distinctly the
plasmin-derived CPP and the counterparts that have under-
gone lactosylation under different heat treatments. The chem-
ical changes induced by processing milk to heating should be
confirmed by MS through identification of the amino acid
sites modified by lactose. The advantages of using lactosy-
lated signature peptides as analytical surrogates of the proteins
are that (1) it is easier to separate and detect peptides than
proteins, (2) structure of the lactosylated CPP does not alter
during the analysis, (3) native CPP do not interfere with
lactosylated counterparts, and (4) putative peptides suggested
from databases can be easily recognized and eventually syn-
thesized for external standards. Another advantage of the
procedure is that different mass range acquiring analysis can
be explored to detect co-existing HA-bound phosphoproteins
and CPP in three separated range masses of the MALDI
spectra. Once a lactosylated peptide is discriminative for the
heat treatment type, the relative signature peptide could be
detected and quantified within a restricted mass range.

Conclusion

The lactosylated phosphopeptides we detected were indicative
of the casein quality. The ability to dynamically characterize
lactosylation as a distinguished signature modification of
caseins could help monitor the heat-induced modifications
of casein micelles. CPP lactosylation can be regarded as a
model for studying the accessibility of lactose to casein
micelles. The major drawback encountered in concentrating
CPP was resolved by capturing CPP on HA. In addition to
this, the quality of MALDI signals of lactosylated CPP im-
proved. These peculiarities make the new method able to
detect also low-abundance signature peptides by MALDI.
The results of our experiments have demonstrated that (1)
native and lactosylated CPP are equally bound to HA; (2)
CPP have higher affinity for HA than unphosphorylated
peptides co-purifying with them using other methods; (3) as
expected, the extent of the casein lactosylation is a function of
the heating intensity; and (4) mono-lactosylated 3-CN (f1-28)
4P represents a distinct signature peptide that is detected
distinctly from the native counterpart, making possible the
detection of not less than 10% UHT milk spiking raw
or pasteurized milk. However, the present procedure

needs further signature peptides to distinguish thermized
and pasteurized milks. Even with this limitation, the
method could be applied in the design and control of
any dairy product at the molecular level.
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