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Abstract — Proteomic profiles of sweet whey and rennet casein fractions prepared from raw or
pasteurised (72 °C for 15 s), skimmed milk were studied by proteomics coupled with the detection
of protein spots by MALDI TOF mass spectrometry. Proteins were analysed by a modification of
the traditional, two-dimensional gel electrophoresis (2-DGE) method under non-reducing running
conditions, which potentially permits the visualisation of disulphide-linked protein complexes
formed in response to pasteurisation. Separated proteins were stained with Coomassie blue.
The relative spot volumes obtained after 2-DGE of fractions from raw or pasteurised milk were
compared. A number of different spots in the rennet casein and sweet whey fractions were
found to vary in response to pasteurisation. Some of these represented higher molecular mass
complexes that increased in the chymosin-precipitated casein fraction, and they were identified by
mass spectrometry to contain ag;-casein. Certain fragments of og;-casein, probably generated as a
result of chymosin cleavage, increased in the whey after pasteurisation. The whey content of proteose
peptone component 3 (PP3) or lactophorin decreased after pasteurisation, which could indicate
increased association of PP3 with for example the milk fat globule membrane after pasteurisation.
This shows that gel-based proteome analysis can be used in the characterisation of subtle variations in
protein composition of milk fractions that occur as a consequence of pasteurisation.
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Résumé — Différents profils protéomiques obtenus a partir de lactosérum doux et de caséine
présure issus de laits écrémés crus ou traités thermiquement. Les profils protéomiques de
fractions obtenus a partir de lactosérum doux et de caséine présure de lait écrémé cru ou pasteurisé
(72 °C, 15 s) ont été étudiés par des analyses protéomiques couplées a une détection des spots
protéiques par spectrométrie de masse MALDI TOF. Les protéines ont été analysées par électro-
phorése sur gel bidimensionnelle (EG-2D) avec une modification de la méthode classique, sous
conditions non réductrices, permettant la visualisation des complexes de protéines liées par ponts
disulphure formés en réponse a la pasteurisation. Les protéines séparées étaient colorées au bleu de
Coomassie. Les volumes relatifs des spots obtenus aprés EG-2D des fractions obtenues a partir de
lait cru ou pasteurisé ont été comparés. Un nombre de spots différents était trouvé dans les fractions
de caséine présure et de lactosérum doux en réponse a la pasteurisation. Certains spots représen-
taient des complexes de masse moléculaire plus élevée qui augmentaient dans la fraction de caséine
obtenue par précipitation due a la chymosine et qui contenaient des caséines alpha S1 identifiées par
spectrométriec de masse. Certains fragments de caséine alpha S1, probablement obtenus aprés
clivage par la chymosine, augmentaient dans le lactosérum aprés pasteurisation. La teneur du
lactosérum en composant 3 de la protéose peptone (PP3) ou lactophorine diminuait aprés pasteu-
risation, ce qui pourrait indiquer une association plus importante aprés pasteurisation du PP3 avec,
par exemple, la membrane des globules gras. Cette étude montre que 1’analyse protéomique sur gel
peut étre utilisée dans la caractérisation des variations subtiles dans la composition protéique des
fractions laitiéres survenant aprés pasteurisation.
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1. INTRODUCTION

Heat treatment is involved in most milk
processes to control microbial growth and
sometimes also to fulfil a technological pur-
pose. The functional properties of acid gel
products, such as yoghurt and sour milk,
are improved if the milk is heat-treated at
90 °C for 5 min due to the resulting com-
plex binding between denatured [-lacto-
globulin (LG) and «-casein (CN). For
cheese milk, on the other hand, a too severe
heat treatment will be a disadvantage due to
these complexes, because k-CN becomes
less available for cleavage by chymosin.
Much work has been carried out examining
the effect of higher temperature heat treat-
ments (> 90 °C) on milk protein composi-
tion, whereas less is known about the
effect of low temperature, short time (LTST,
72-75 °C for 15-30 s) pasteurisation. The

whey protein denaturation is initiated at
temperatures higher than 60 °C [30]. The
exact denaturation temperatures are conflict-
ing depending on measuring conditions, but
it has been suggested that o-lactalbumin
(LA) is unfolded at 63—67 °C and B-LG at
74-77 °C [5, 24]. The heat stabilities of
og1- and B-CNs have been evaluated in ear-
lier studies [19, 25]. It was shown that
0g1-CN was relatively thermostable at tem-
peratures up to 70 °C [19], and only small
changes in the secondary structure of
B-CN were observed above 50 °C [25].
Generally, at constant duration of the heat
treatment, the denaturation of whey proteins
increases with temperature in the range of
70-95 °C [6], but still only limited changes
will be expected at short time, low temper-
ature pasteurisations.

During cheese making, when adding
chymosin to milk, the casein profile is
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altered in several ways. In addition to the
cleavage of k-CN into para-k-CN and case-
inomacropeptide (CMP), it has also been
demonstrated that chymosin has a proteo-
lytic action on og;- and ag,-CNs [20, 21],
as well as on B-casein [10]. In addition to
studying the effect of short time pasteurisa-
tion on milk protein composition, it would
also be interesting to separate and identify
chymosin-produced cleavage products in
milk by use of proteome analysis. Previ-
ously, proteome analysis based on 2-DGE
separation and mass spectrometry (MS)
detection has been applied for the analysis
of milk proteins, e.g. in the acid whey frac-
tion [7] and in chymosin-separated whey
and casein fractions using silver staining
[32]. However, the method has great poten-
tial in the characterisation of a wide variety
of different milk or cheese samples [23].
Recently, a proteomic study using combina-
tions of reducing and non-reducing condi-
tions was reported on changes in milk
introduced as a result of heat treatment at
90 °C for up to 30 min [3].

The aim of the present study was to use
2-DGE-based proteomics for characterisa-
tion of the composition of chymosin-sepa-
rated casein and sweet whey fractions
prepared from raw and pasteurised milk.
In order to study the usefulness of the
method for the eventual visualisation and
characterisation of disulphide-bonded com-
plexes, a 2-DGE system at non-reducing
conditions using Coomassie blue staining
was applied. Furthermore, the aim was to
use MS for the identification of proteins in
the studied milk fractions.

2. MATERIALS AND METHODS

2.1. Milk samples

Evening whole milk samples from six
individual SDM Holstein-Friesian cows

were obtained from the experimental
dairy herd at the Faculty of Agricultural

Sciences, Aarhus University at Research
Centre Foulum, as described earlier [31],
and used for further processing. The cows
were in mid- to-late lactation (lactation
week 19-48) and in lactation numbers 1-4.
The total protein content of the samples
was determined by Milkoscan FT 6000
(Foss Electric, Hillerad, Denmark) at
Eurofins Laboratories (Holstebro, Denmark)
and was found to be in the interval of
3.40-4.13 gL', The cell counts were
determined by Fossomatic (Foss Electric)
at Eurofins Laboratories and were between
30 000 and 251 000 cellsmL ™.

2.2. Milk processing and sample
fractionation

After two days of cold storage (4 °C),
aliquots of the milk samples of the individ-
ual cow’s milk samples were preheated to
40 °C, defatted and then heated in a pilot
plate heating apparatus (72 °C for 15 s),
as described earlier [1]. The flow rate of
milk through the system was approximately
1 L's”". Sample volumes of 5 L were used.
The average time for the temperature to rise
from 40 to 72 °C was 15 s, after which the
milk was held at 72 °C for 15 s. Cold water
(9-9.5 °C) was used in the second heat
exchanger for cooling the heated milk (from
72 to 20 °C in 4 s). The milk was placed in
a fridge and kept at 4 °C for 48 h before
further treatment. Aliquots of both raw
and heat-treated, skimmed milk samples
were preheated at 30 °C for 30 min, and
fractionated into casein and whey by addi-
tion of chymosin (2 mL-L™', Chy-Max
Plus, 190 IMCU mL™', Christian Hansen
A/S, Hersholm, Denmark). The samples
were incubated at 30 °C for 30 min and
then centrifuged at 1000x g for 10 min at
5 °C to separate whey proteins and rennet
casein fraction. The whey fraction was
recovered, and the rennet casein fraction
was washed twice in cold Millipore water
(USF Elga Maxima system, Bucks, UK)
and centrifuged at 1000x g for 5 minat 5 °C.
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The rennet casein was finally dissolved
in 0.1 mol'L! trisodium citrate buffer,
pH 8.9, to original milk volume and stored
at —20 °C until further use.

2.3. Two-dimensional
gel electrophoresis

The whey and casein fractions were ana-
lysed separately by 2-DGE. The casein sam-
ples were analysed using either reducing or
non-reducing conditions in both dimen-
sions, while the whey protein samples were
analysed at non-reducing conditions only.
A total of 36 gels was analysed consisting
of four different gel sets: (1) Chymosin-pre-
cipitated casein from raw (six gels) or heat-
treated (six gels), skimmed milk analysed at
non-reducing conditions in both dimen-
sions, (2) whey prepared from raw (six gels)
or heat-treated (six gels), skimmed milk
analysed at non-reducing conditions in
both dimensions, (3) chymosin-precipitated
casein from heat-treated (six gels), skimmed
milk analysed at reducing conditions in both
dimensions and (4) sweet whey from heat-
treated (six gels), skimmed milk analysed
at reducing conditions in both dimensions.
All gel replicates represented true biological
replicates of individually processed milk
samples from the six individual cows in the
experiment. For the non-reducing gels,
the reducing agent, dithioerythritol (DTE),
was omitted from the buffers used at the
respective steps in the procedure. The first
dimension of protein separation was car-
ried out in immobilised 11 cm IPG strips
(pH 4-7), whereas 7.5 x 11 ¢cm 8-16% gra-
dient Criterion gels were used for the sec-
ond dimension (BioRad, Hercules, USA).
A volume (185 pL) corresponding to
150 pg whey protein sample or 50 pg case-
ins was applied to each gel. The total pro-
tein and whey protein contents were based
on the Milkoscan determinations. The cho-
sen amount of sample was dissolved at
1:10 v/v in denaturing buffer (40 mmol-L ™"
Tris, 6 mol'L™" urea, 2 mol-L™" thiourea,

1.5% (w/v) pharmalyte; GE Healthcare,
Uppsala, Sweden, 0.8% (w/v) CHAPS;
Applichem, Darmstadt, Germany, pH 7.5),
with or without 1% (w/v) DTE, and incubated
for 2 h at room temperature. The samples
were then further diluted in a rehydration buf-
fer to a final volume of 185 pL. The rehydra-
tion buffer consisted of the same substrates, in
same concentrations as the above, but with
pharmalyte (5 pL-mL") added. Isoelectric
focusing was carried out essentially as
described by [16]. After focusing, the strips
were equilibrated in equilibration buffer
(6 mol'L™" urea, 30% glycerol, 2% SDS,
and 50 mmol-L ™" Tris-HCI) with or without
reducing agent (1% DTE) for 15 min and
subsequently for another 15 min in non-
reducing equilibration buffer, which in the
case of reduced gels contained 5% iodoaceta-
mide. The strips were placed on the second
dimension gels, and the gels were electropho-
resed (200 V, 1 h) using running buffer as
described by [16]. The gels were stained
with colloidal Coomassie Brilliant Blue
(CBB) G-250 (Serva, Heidelberg, Germany)
[22], with the modification of [14] using
aluminium sulphate (Bie & Bemtsen,
Redovre, Denmark), instead of ammonium
sulphate.

2.4. Image analysis

The 2-DGE gels were photographed by a
Vilber Lourmat digital camera (Image-
House, Copenhagen, Denmark) equipped
with Gel-Pro Analyser software. The gel
spots were detected and numbered using
ImageMaster 2D  Platinum  software
(Amersham Pharmacia Biotech, Uppsala,
Sweden). Gel sets 1 and 2 were subjected
to comparative image analysis, and were
numbered independently. Gel sets 3 and 4
were subjected to visual inspection only.
After initial analysis, using automated spot
detection and segmentation, all images of
gels from gel sets 1 and 2 were manually
checked, and the spots were matched by
comparing the relative positions of the



Proteomic profiles of sweet whey and rennet casein 645

individual spots on each gel. The spots of
the non-reducing gels were quantified by
adding the pixel intensities within the spot
boundary, and the spot volumes were calcu-
lated. To overcome gel-to-gel variations in
spot intensities due to technical variations
related to the staining procedure, the relative
spot volumes were calculated for each sep-
arate spot on the gels taking into account the
total staining load on each gel, and these rel-
ative values were used in the further data
analysis.

2.5. Statistical analysis

A Student’s ¢ test was carried out using
Minitab 14 (Minitab Inc., State College,
USA) to compare the concentrations of each
milk protein in whey and rennet casein frac-
tions obtained before and after pasteurisation
using the relative spot volumes for the
non-reducing gels from gel sets 1 and 2.
A two-tailed, paired ¢ test was used with a
0.95% confidence interval.

2.6. In-gel digestion, desalting and
concentration of protein spots

Protein spots of significance were sub-
jected to in-gel digestion by addition of
trypsin essentially as described earlier
[13]. Custom-made chromatographic col-
umns were used for desalting and concen-
tration of the peptide mixture prior to mass
spectrometric analysis [17]. The peptides
were eluted in 0.5 pL. matrix solution
(15-20 g'L " of a-cyano-4-hydroxycinnamic
acid; Sigma Aldrich, St. Louis, USA, in 70%
acetonitrile) directly onto the MALDI target
plate (Bruker Daltonics GmbH, Bremen,
Germany).

2.7. Identification of milk proteins by
MALDI TOF mass spectrometry

Mass spectra were obtained by peptide
mass fingerprinting (PMF) using a Ultraflex
MALDI-TOF tandem mass spectrometer

(Bruker Daltonics, Bremen, Germany) in
reflection mode. A peptide calibration stan-
dard (0.2 uL, Bruker Daltonics, Bremen,
Germany) containing seven standard pep-
tides ranging in molecular mass from
1046.54 to 3147.47 gmol™' was spotted
separately onto the MALDI target plate.
The ion-accelerating voltage was 25 kV
with a delay time of 40 ns. The laser fre-
quency was 50 Hz, and 200 laser shots were
accumulated for each spectrum. Proteins
were identified by PMF by mass searches
in the Swiss-Prot database (Swiss Institute
of Bioinformatics, Genéve, Switzerland) fol-
lowed by mass searches in the database
using the ion search program Mascot
(Matrix Science, Boston, USA). In this pro-
gram, the experimental mass value obtained
from MS is compared with calculated pep-
tide masses from a database. A scoring algo-
rithm is used to identify the closest match.
Significant protein identifications (protein
scores above 62, P < 0.05) were reported
and manually verified.

3. RESULTS

3.1. Proteomic profiles of rennet
casein at non-reducing
and reducing conditions

The rennet casein fractions prepared
from raw or from pasteurised, skimmed
milk were initially analysed by 2-DGE at
the non-reducing conditions. A representa-
tive proteomic profile of the rennet casein
fraction from one of the heat-treated milk
samples analysed at non-reducing condi-
tions is shown in Figure 1. It was not possi-
ble by visual examination alone, to reveal
major differences in the protein profiles of
the rennet casein fractions prepared from
raw (result not shown) or pasteurised milk
samples. The results from the comparative,
statistical analysis of changes in the casein
fraction as a result of pasteurisation of the
skimmed milk prior to chymosin addition
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Figure 1. Non-reducing 2-DGE of rennet casein fraction from heat-treated milk visualised by
colloid Coomassie Brilliant Blue G-250 staining. A representative proteomic profile of the rennet
casein fraction prepared from skimmed milk of one individual cow and separated in an 8-16%
polyacrylamide gel at a pl gradient from 4 to 7. A total of 50 ug of protein was applied. The
positions of protein spots referred to in Tables I and II are indicated by an arrow and by their
identification number in the image analysis of the non-reducing gels.

Table 1. Means and standard deviations (SD) of relative milk protein spot volumes that differed
(P < 0.050) or tended to differ (P < 0.100) in the rennet casein fractions prepared from raw (R) or
pasteurised (P) milk. See Table II for details of the MS identifications.

Spot ID Protein Mean R SD Mean P SD n R—P! P value
35 ag1-CN 0.444 0.174 0.709 0.252 5 1 0.034
37 0g1-CN 0.685 0.183 1.109 0.240 5 0.035
45 ag-CN 0.873 0.281 1.983 0.600 5 1 0.082
48 ag1-CN 0.746 0.469 1.279 0.283 5 1 0.085
54 0s2-CN 1.615 0.673 2216 0.806 5 1 0.027

! Direction of change of relative spot volume in samples in relation to pasteurisation.

are shown in Table 1. Five protein spots
differed (P <0.05) or tended to differ
(P <0.1) between rennet casein fractions
prepared from raw or from pasteurised milk,
and they were all found to increase after
pasteurisation (Tab. I). These spots are indi-
cated in Figure 1, and they include a series
of less well-defined proteins arranged in a
vertical row in the higher molecular mass
region (spots with IDs 35, 37, 45 and 48
in Fig. 1) above the position of the majority
of caseins. Furthermore, the intensity of spot
ID 54 was significantly higher in the rennet

casein fraction prepared from pasteurised
milk compared to that from raw milk
(Tab. I). When comparing the rennet casein
fraction in milk from one individual cow at
non-reducing conditions (Fig. 1) with the
same sample analysed at reducing condi-
tions (Fig. 2), it was seen that the spots with
IDs 35, 37, 45 and 48 (numbering according
to gel in Fig. 1) were present at both non-
reducing and reducing conditions. This
implies that these complexes were not con-
nected by disulphide bonds. Further com-
parison of the rennet casein fractions
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Figure 2. Reducing 2-DGE of rennet casein fraction from heat-treated milk visualised by colloid
Coomassie Brilliant Blue G-250 staining. The conditions of the 2-DGE were as described in
Figure 1 legend, except that this gel was run at reducing conditions as described in Materials and
Methods. The sample analysed in Figures 1 and 2 was from the same individual cow. The positions
of protein spots referred to in Tables I and II are indicated by an arrow and by their identification
number in the image analysis of the reduced gels. The positions of major caseins assigned

according to [31] are indicated in white.

analysed at non-reducing and reducing con-
ditions, respectively, revealed as expected
that the positions of most major spots were
comparable. One major difference was the
presence of spot IDs 41 and 135 in Figure 1
at non-reducing conditions, while they were
absent at reducing conditions (Fig. 2).
Generally, the spots obtained at reducing
conditions were well-defined and more eas-
ily detected.

3.2. MS identifications
of protein spots in the rennet
casein fraction

Proteins in the rennet casein fraction
were excised from both gel types (Figs. 1
and 2) and identified by PMF using MALDI
TOF MS analyses or by comparison with
earlier published proteomic patterns of pro-
teins in chymosin-separated whey and
casein fractions [32]. The results from the
MS analyses are presented in Table II. In
the non-reducing gel, no protein other than
ag1-CN was identified to be present in the

spots with IDs 35, 37, 45 and 48, which
were the spots either being significantly dif-
ferent or tending to differ between rennet
casein from raw or pasteurised milk
(Fig. 1 and Tab. II). Furthermore, the spot
with ID 56 in Figure 1 was also found to
represent 0g;-CN. As expected, one of the
major differences between the rennet casein
fraction analysed at reducing or non-reduc-
ing conditions was the presence of the disul-
phide-bonded ag,-CN dimer in the 2-DGE
gel in Figure 1, identified at the positions
of spot IDs 41 and 135 (Tab. II). Two of
the ag,-CN monomer isoforms were identi-
fied by MS (Tab. II and Fig. 2, spot IDs 22
and 23). By comparison of these identifica-
tions with the position of spot ID 54 in
Figure 1, which was found to increase sig-
nificantly in intensity after pasteurisation,
it is evident that spot ID 54 represents an
0g>-CN monomer isoform.

Further identifications in the reduced gel
included the position of the major og;-CN
spot with ID 26 in Figure 2, in addition to
some minor spots with lower molecular
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Table II. Proteins in the rennet casein fraction (Figs. 1 and 2) identified by MALDI-TOF MS after

non-reducing (—) or reducing (+) 2-DGE.

Spot Protein Sequence  Matched  Score®  Theoretical  Theoretical ~— Access
ID coverage®  peptides® pld Mw*® key®
Rennet casein (—)

35 g -casein 19 4 61% 4.89 24.6 P02662
37 0Og1-casein 22 4 51 4.89 24.6 P02662
41 agp-casein 28 10 85% 4.60 26.0 P02663
45 ag;-casein 19 4 68* 4.89 24.6 P02662
48 o -casein 19 4 56 4.89 24.6 P02662
56 g -casein 19 4 56 4.89 24.6 P02662
81 B-lactoglobulin 30 6 65* 4.93 20.3 P02754
135 agp-casein 25 7 74%* 4.60 26.0 P02663
Rennet casein (+)

8 B-lactoglobulin 37 9 106* 4.93 20.3 P02754
10 a-lactalbumin 23 6 65% 4.93 17.0 P00711
11 o -casein 22 4 51 4.89 24.6 P02662
15 ag)-casein 23 4 49 4.89 24.6 P02662
17 o -casein 22 4 51 4.89 24.6 P02662
18 g -casein 30 6 69%* 4.89 24.6 P02662
19 o -casein 22 4 53 4.89 24.6 P02662
22 ogp-casein 29 8 108* 4.60 26.0 P02663
23 agp-casein 18 6 56 4.60 26.0 P02663
26 o -casein 22 4 44 4.89 24.6 P02662

? The minimum coverage of the matched peptides in relation to the full-length sequence.
The number of matched peptides in the database search.
¢ Score of the Mascot search. Significant scores (P < 0.05) are marked by *.

4 Theoretical pl of the full-length protein.

© Theoretical molecular mass (Mw) of the full-length protein in kgrmol .
T Primary accession key in the SWISS-PROT database.

masses, all containing og;-CN (spot IDs 11,
15, 17, 18 and 19, Fig. 2). Small amounts
of the whey proteins a-LA (spot ID 10)
and B-LG (spot ID 8) were also identified.

3.3. Proteomic profiles of proteins
in sweet whey at non-reducing
and reducing conditions

The protein profile of one of the sweet
whey samples analysed at non-reducing con-
ditions is shown in Figure 3. As observed for
the rennet casein fraction, it was not possible
by visual examination only to reveal major
differences in the protein profiles of sweet
whey prepared from raw (result not shown)

or from pasteurised, skimmed milk (Fig. 3).
The results from the comparative analysis
of'the protein profiles of sweet whey prepared
from skimmed milk before and after pasteuri-
sation are presented in Table III. A total of
13 protein spots was either different or tended
to be different when comparing sweet whey
from raw or pasteurised milk. Of these, six
spots (with IDs 48, 49, 50, 51, 53 and 57)
were found to decrease in intensity after pas-
teurisation, whereas seven spots (with IDs
92, 93, 94, 95, 97, 160 and 186) increased
in intensity after pasteurisation (Tab. III).
The positions of these spots, which differed
(P < 0.05) or tended to differ (P <0.1) in
sweet whey prepared before and after
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Figure 3. Non-reducing 2-DGE of sweet whey fraction from heat-treated milk visualised by
colloid Coomassie Brilliant Blue G-250 staining. The sweet whey was prepared from skimmed
milk of one representative individual cow and separated in an 8—-16% polyacrylamide gel at a pl
gradient from 4 to 7. A total of 150 ug of protein was applied. The positions of protein spots
referred to in Tables III and IV are indicated by an arrow and by their identification number in the

image analysis of the non-reducing gels.

Table III. Means and standard deviations (SD) of relative milk protein spot volumes that differed
(P < 0.050) or tended to differ (P < 0.100) in the sweet whey fractions prepared from raw (R) or

pasteurised (P) milk.

Spot ID Protein Mean R SD Mean P SD n R—P' P value
48 Lactophorin/PP3 0.941 0.172 0.672! 0.217 6 1 0.058
49 Lactophorin/PP3 1.532 0.194 0.999 0.314 6 1 0.012
50 Lactophorin/PP3 2.539 0.393 1.860 0.517 6 ! 0.019
51 Lactophorin/PP3 3.391 0.591 2.663 0.600 6 1 0.028
53 Lactophorin/PP3 3.344 0.685 2217 0.706 6 1 0.015
57 Lactophorin/PP3 2.188 0.519 1.741 0.523 6 1 0.005
92 as1-CN 0.961 0.572 1.972 1.054 6 1 0.040
93 as1-CN 3.400 1.780 4.480 2.560 6 T 0.035
94 as;-CN 1.323 0.733 2.926 1.730 6 1 0.058
95 as1-CN 2.733 1.619 5.136 2.250 6 1 0.001
97 as-CN 2.260 2.570 3.580 3.090 6 1 0.021
160 Not known 0.049 0.120 0.262 0.299 6 1 0.058
186 Not known 0.093 0.105 0.342 0.260 6 1 0.012

! Direction of change of relative spot volume in samples in relation to pasteurisation.

pasteurisation, are indicated in Figure 3. The
spots with IDs 48, 49, 50, 51, 53 and 57 were
found to represent a chain of related spots
with differences in pl and with slightly
decreasing apparent mass with increasing
pL. The spots with IDs 92, 93, 94, 95 and
97 also represented a chain of related spots,

which differed in pl, but not in molecular
mass. For comparison the 2-DGE proteomic
profile of the proteins in the sweet whey pre-
pared from heat-treated, skimmed milk at
reducing conditions is shown in Figure 4.
The positions of the major whey proteins
are indicated. It is seen that the separation
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Figure 4. Reducing 2-DGE of sweet whey fraction from heat-treated milk visualised by colloid
Coomassie Brilliant Blue G-250 staining. The conditions of the 2-DGE were as described in
Figure 1 legend, except that this gel was run at reducing conditions as described in Materials and
Methods. The positions of protein spots referred to in Table IV are indicated by an arrow and by
their identification number in the image analysis of the reduced gels. The positions of major
whey proteins assigned according to [31] are indicated in white. FABP, fatty acid binding protein;
IgG HC, immunoglobulin G heavy chain; IgG LC, immunoglobulin G light chain; NPC2, Niemann
Pick type 2 protein/EPV20; BSA, bovine serum albumin; and PP3, proteose peptone component 3.

and detection are improved at reducing con-
ditions, as a range of additional spots are pres-
ent in the reduced gel. This also indicates
their presence in disulphide-linked molecular
structures, which can be either “native”, like
e.g. immunoglobulin G, or induced by the
heat treatment. Furthermore, the spots with
IDs2,3,4,5,6,7 and 8 (numbering accord-
ing to gel in Fig. 3) were not present in the
reduced gel, while the remaining spots indi-
cated by arrows and IDs in Figure 3 were also
present in the reduced gel in Figure 4, which
shows that they are not linked by disulphides.

3.4. MS identifications of protein
spots in the sweet whey fractions

Protein spots in the sweet whey fraction
as identified by PMF and MALDI TOF MS
are presented in Table IV. Some of these
spots were found by the ¢ test to differ sig-
nificantly or tended to differ in response to
pasteurisation (Tab. III), whereas others cor-
responded to prominent spots in the sweet
whey 2-DGE gel (Fig. 3). The spots with
decreased intensity after pasteurisation were

identified as PP3 or lactophorin (spot IDs
48, 49, 50, 51 and 57, Tab. IV). Even
though the spot with ID 160 was located
close to PP3, it was located in between
the detected PP3 spots, and in contrast to
PP3, it furthermore increased at pasteurisa-
tion and could not be identified by MS. In
the other range of spots, whose intensity
increased after pasteurisation, one spot was
identified to contain og;-CN (spot ID 93).
The molecular mass of this spot is consider-
ably lower than the mass of intact og;-CN,
and therefore the spots in this region repre-
sent fragments of og-CN, most likely
induced by chymosin hydrolysis. Further
identifications of proteins present in the
sweet whey at non-reducing conditions
included B-LG, which was present in sev-
eral molecular mass zones, probably corre-
sponding to monomer (spot ID 12), dimer
(spot IDs 5, 6, 7 and 8) and probably trimer
states of B-LG (spot IDs 2, 3 and 4), which
also contained B-LG, had an apparent
mass just below that of BSA (spot ID 21).
Furthermore, another spot from sweet
whey representing ag;-CN (spot ID 13)
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Table IV. Proteins in sweet whey fraction (Fig. 3) identified by MALDI TOF MS after non-

reducing (—) 2-DGE.

Spot ID Protein Sequence  Matched  Score® Theoretical Theoretical — Access
coverage®  peptides® pl¢ Mw*® key®

Sweet whey (—)

2 B-lactoglobulin 11 2 32 4.93 20.3 P02754
3 B-lactoglobulin 29 6 75% 4.93 20.3 P02754
4 B-lactoglobulin 29 6 75% 4.93 20.3 P02754
5 B-lactoglobulin 17 4 49 4.93 20.3 P02754
6 B-lactoglobulin 11 3 31 4.93 20.3 P02754
7 B-lactoglobulin 19 5 62% 4.93 20.3 P02754
8 B-lactoglobulin 17 4 56 4.93 20.3 P02754
9 FABP® 37 5 79% 6.14 14.7 P10790
10 a-lactalbumin 28 6 116* 4.93 16.69 P00711
11 a-lactalbumin 22 3 48 4.93 16.69 P00711
12 B-lactoglobulin 11 3 34 4.93 20.3 P02754
13 Ogi-casein 23 3 46 4.89 24.6 P02662
21 BSA® 16 8 78%* 5.80 71.2 P02769
48 Lactophorin/PP3 16 4 52 6.2 17.2 P80195
49 Lactophorin/PP3 25 6 68%* 6.2 17.2 P80195
50 Lactophorin/PP3 22 4 49 6.2 17.2 P80195
51 Lactophorin/PP3 39 6 81* 6.2 17.2 P80195
57 Lactophorin/PP3 16 4 52 6.2 17.2 P80195
93 as;-CN 23 4 58 4.89 24.6 P02662

# The minimum coverage of the matched peptides in relation to the full-length sequence.
The number of matched peptides in the database search.
¢ Score of the Mascot search. Significant scores (P < 0.05) are marked by *.

4 Theoretical pl of the full-length protein.

© Theoretical molecular mass (Mw) of the full-length protein in kg-mol .
T Primary accession key in the SWISS-PROT database.
€ FABP and BSA correspond to fatty acid binding protein and bovine serum albumin, respectively.

was identified, in addition to a-LA (spot IDs
10 and 11), bovine serum albumin (BSA)
and fatty acid binding protein (FABP)
(Tab. IV). MS did not identify the protein
representing the spot with ID 186, of which
a small amount was present.

4. DISCUSSION

Proteome analysis using 2-DGE was
used to investigate the protein profiles of
sweet whey and rennet casein fractions pre-
pared from pasteurised, skimmed milk. The
sweet whey and rennet casein fractions pre-
pared by addition of chymosin to skimmed

milk were analysed separately by 2-DGE.
As some of the potential changes in the milk
protein fraction in response to heat treat-
ment may involve changes in disulphide
bridges, both non-reducing and reducing
conditions for the 2-DGE analyses were
applied. In relation to traditional 2-DGE
analyses, non-reducing conditions involved
omission of the reducing agent from the
respective buffers used in the procedure,
and in this study this was omitted from
the buffers used in both dimensions. In a
separate study of the changes induced by
LTST treatment, it would be possible, to
evaluate the effect of omission of reducing
agents in each of the dimensions separately.
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This approach was recently used in a study
of heat-induced changes at more severe
conditions (90 °C for up to 30 min) and
showed the presence of various complexes
containing not only the disulphide-contain-
ing proteins such as k-CN, og-CN and
BSA, but also - and ag;-CN, containing
no disulphides [3].

The 0g,-CN dimer was seen at the non-
reducing conditions, where the disulphide
bonds between the two monomers are intact
[26]. Due to the addition of chymosin, the
k-CN was cleaved into para-k-CN and
CMP. However, neither of these cleavage
products was identified. CMP was not
detected in the gels, probably due to its
low pl. The theoretical pl of CMP is 4.04
and therefore focuses very close to the limit
of the pl strip used (pH 4-7). Glycosylation
of the CMP would be expected to lower
the pI of CPM even more, through the intro-
duction of sialic acids. The mass of CMP
is approximately 8000-10 000 g-mol ',
depending on the extent of glycosylation,
and therefore just exactly retained in the
gels. Due to the loss of the glycosylations
and phosphorylations residing in the CMP
fragment, para-k-CN is homogeneous with
a theoretical pI of 9.33 and therefore focuses
outside the pH of the strip. Chymosin is
known to cleave og;-CN at several sites,
resulting in the generation of both larger
fragments, such as og;-I CN, and in some
smaller peptides with sizes down to a few
amino acid residues, as observed in an
HPLC study [21]. Of the latter, probably
only polypeptides with masses above
7000-10 000 g'mol ' and a pl in the range
applied can be seen on the 2-DGE gels.
A considerable number of fragments with
altered pl or molecular mass in relation to
intact ag;-CN appeared below the position
of ag1-CN, and they are suggested to repre-
sent fragments of ag;-CN created as a result
of chymosin activity. In the present study of
rennet casein, five of these were actually
shown by MS to contain ag;-CN (spots with
IDs 11, 15, 17, 18 and 19 in Fig. 2). The

spot with ID 15 may represent og;-I CN
(i.e. £24-199), corresponding to the loss of
molecular mass of a few thousands of
gmol ' and a more negative pl due to the
net positive charge of the fragment being
cleaved off (f1-23 of ag;-CN) compared
with an intact ag;-CN. A precise identifica-
tion of the og;-CN fragments present in
these spots would require additional MS
using a top-down approach and/or MS/MS
analyses of individual peptides. The resolu-
tion of the appreciable number of og;-CN
fragments demonstrates, however, that
2-DGE is a powerful method for the separa-
tion of the larger fragments of ag;-CN gen-
erated as a result of cleavage by chymosin.
The 2-DGE method thus supplements appli-
cation of urea PAGE and HPLC methods
often used for separation of casein frag-
ments, and could, in combination with MS
methods, be used to monitor, e.g. the initial
proteolysis during cheese ripening.

The spots in the rennet casein and sweet
whey fractions prepared from the six indi-
vidual cow’s milk samples before and after
pasteurisation, as analysed at non-reducing
2-DGE conditions, were subjected to semi-
quantitative analyses using their relative
spot values. In the present study, Coomassie
blue staining was used, as this staining has a
larger dynamic range than silver staining,
which otherwise has been used in many
proteomic studies. The Coomassie blue
staining is less sensitive than silver staining,
and this is an advantage for quantitative
analysis of major proteins, such as caseins,
while silver staining is more suitable for
monitoring minor proteins in milk [32].
Overall, the 2-D gel pictures of the rennet
casein samples prepared from either the
raw or pasteurised milk had the same
appearance.

By the statistical ¢ test analysis, five pro-
tein spots in the rennet casein fraction were
found to increase or tended to increase after
pasteurisation. Among these, four spots
were identified to contain og;-CN, whereas
one corresponded to ag,-CN. The molecular
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masses of the four og;-CN-containing spots,
which were positively associated with heat
treatment, were considerably higher than
the expected mass of native og;-CN, and
therefore they are suggested to represent
some kind of modified ag;-CN. As og;-
CN does not contain cysteine residues, the
higher molecular mass complexes contain-
ing og;-CN are not due to introduction of
disulphide bridges. The nature of these
complexes is not known. One possibility
is that the formation of higher molecular
mass forms of ag;-CN could be the result
of protein oxidation occurring during heat
treatment of the samples and leading to mul-
timer formation, e.g. via the introduction of
dityrosines. Alphag;-CN and ag,-CN were
recently shown to be relatively amenable
to the introduction of dityrosine after protein
oxidation in model studies, and both the
formation of dimers and of higher poly-
mers of ag;-CN were observed [4]. The
polymerisation could be due to associations
between intact oag;-CN molecules, but also
to associations between intact ag;-CN and
chymosin-generated fragments thereof, or
between fragments alone. The demonstra-
tion of this would, however, require further
studies, e.g. by MS/MS analysis. This is dif-
ficult, as only small fraction of the tyrosines
in the molecules is expected to be modi-
fied. The reason why one spot containing
as>-CN monomer isoform (ID 54, Fig. 1)
was elevated after pasteurisation could not
be explained.

In the present study, no changes were
detected in spots containing complexes of
B-LG and k-CN, which is known to occur
at heat treatment of skimmed milk, espe-
cially at pH values above 6.7 [11]. These
complexes can be present both in associa-
tion with casein and in the milk serum phase
[6], but in the present study they were nei-
ther observed in the casein nor in the whey
fraction studies. This may be explained by
several factors. In the present study, the
pH of the milk used was 6.7. Furthermore,
the added chymosin may have hydrolysed

the k-CN in eventual complexes formed at
the gentle heat treatment (72 °C for 15 s)
applied in this study. This is in accordance
with earlier findings, where pronounced
whey protein denaturation was observed
only at more severe heat treatments [12].
It has been reported that the concentration
of denatured whey proteins was only 2.8%
in milk pasteurised at 72 °C for 26 s,
whereas the concentration increased to
8.4% when increasing the temperature to
87 °C [27]. Using the more severe heat
treatment of 85 °C for 30 min resulted in
a marked decrease in the concentration
and number of proteins in whey as com-
pared to a heat treatment of 65 °C for
30 min [18].

In the sweet whey fraction, protein spots
were found to both increase and decrease
after pasteurisation. The range of protein
spots, which was found to decrease in sweet
whey after pasteurisation, was identified as
PP3. PP3, or lactophorin, a component from
the proteose peptone fraction of milk, con-
tains both multiple sites of phosphorylation
and of glycosylation [15, 28], which is the
reason for its presence at different pl and
mass ranges by the 2-DGE analysis. The
finding that PP3 decreased in sweet whey
after pasteurisation is surprising, as the pro-
tein is considered to be relatively heat stable
[9]. It is possible, however, that heat treat-
ment changes the distribution of PP3 among
different milk fractions, e.g. increasing its
association with the milk fat globule mem-
brane. Another explanation could be that
the multimeric nature of PP3 is positively
affected in favour of the monomeric struc-
ture by pasteurisation [2, 29], and so it is
probably not adsorbed into the strip during
the 1st dimension 2-DGE procedure.

In the whey fraction, protein spots found
to increase in response to pasteurisation
included a range of spots of which one
was identified by MS to contain ag;-CN
(spot ID 93, Tab. IV). Due to the mass
difference from intact ag;-I CN, these spots
probably represent further cleavage products
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of ag;-I CN by chymosin, e.g. at position
Trpi4-Phees peptide bond [21], yielding
f24-164. This fragment would comprise
142 residues corresponding to a molecular
mass of approximately 17 000 g-mol ',
i.e. close to the mass of B-LG, as observed
in Figure 3. The occurrence of this proposed
fragment at various pl values could be due to
variations in phosphorylations. One possible
explanation for the increase of this fragment
in the whey fraction after pasteurisation could
be that ag;-I CN becomes more available as a
substrate for chymosin hydrolysis after pas-
teurisation, which may be due to decreased
stability of the molecule at temperatures
above 70 °C [19]. However, this was not
studied further. Future studies could
include the use of quantitative proteomics,
like iTRAQ methodology [8], of other types
of heat-treated milk, as well as additional
studies using MS and/or MS/MS analysis
for identification of casein fragments induced
by chymosin hydrolysis as detected in the
2-DGE gels.

6. CONCLUSIONS

The main findings of this work include
the finding of increased spot volumes of
molecules containing high-molecular forms
of 0g1-CN in the rennet casein fraction pre-
pared from heat-treated, skimmed milk.
Because 0g;-CN does not contain cysteine
residues, and therefore no disulphide
bridges, it does not participate in larger
complexes based on disulphides. Instead,
the increase in the high-molecular mass
forms of ag;-CN is suggested to be due to
some kind of polymerisation of intact
ag1-CN molecules and/or ag;-CN frag-
ments. In the sweet whey fraction, a range
of protein spots was found to either
decrease or increase in intensity after pas-
teurisation. The content of PP3/lactophorin
was decreased in whey prepared from
pasteurised, skimmed milk compared to
whey prepared from raw milk, whereas

one of the increasing spots after pasteurisa-
tion contained an ag;-CN fragment, perhaps
due to increased susceptibility of ag;-CN to
chymosin after heat treatment. However,
the changes that occurred in the milk pro-
tein profile as a result of pasteurisation
and as analysed by non-reducing 2-DGE
were relatively small.
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