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ABSTRACT

This study evaluates the use of high pressure to en-
hance pepsin hydrolysis of §-lactoglobulin (5-LG). The
protein was subjected to high pressure before and dur-
ing the proteolytic process. Analysis of remnant 5-LG,
identification of the peptides produced, and evaluation
of antigenicity (binding to commercial antibodies) and
binding to IgE of allergic patients’ sera were conducted
in the hydrolysates. The results showed that the appli-
cation of high pressure before the enzyme treatment
slightly improved the proteolytic process but did not
reduce the antigenicity or IgE binding of the hydroly-
sates. The application of high pressure during the enzy-
matic treatment enhanced the production of large inter-
mediate fragments that were further proteolysed to
smaller fragments as proteolysis proceeded for longer
periods. At 400 MPa, all the intact protein was removed
in minutes, simultaneously decreasing its antigenicity
and serum IgE binding properties. However, for consid-
erable reduction of the antigenicity and IgE binding of
G-LG, extending the incubation time with the enzyme
was needed to reduce the amount of potentially aller-
genic intermediate peptides. Changes of 5-LG under
pressure at acidic pH are discussed.

Key words: milk whey protein, allergen, high pres-
sure, proteolysis

INTRODUCTION

Cow’s milk allergy is the most common allergy in
early childhood. In most cases, it is an IgE-mediated
reaction against cow’s milk proteins, with gb-LG being
one of the major sensitizing agents (Wal, 2001). To pre-
vent allergic symptoms, hypoallergenic formulas are
widely used. These formulas are basically protein hy-
drolysates, frequently manufactured with milk whey
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proteins, which contain a high amount of 5-L.G. To effi-
ciently remove the allergenic epitopes, extensive hydro-
lysis of the protein and ultrafiltration is used. Improv-
ing the proteolysis process is of interest to the manufac-
turing industry to achieve an optimal extent of
hydrolysis with respect to allergenic properties, palat-
ability, and nutritional and functional properties (Hgst
and Halken, 2004).

(-Lactoglobulin is very resistant to enzyme digestion,
particularly to pepsin, a phenomenon attributed to its
unique structural stability at acid pH (Reddy et al.,
1988; Dalgalarrondo et al., 1995). At pH values around
2, optimum for pepsin activity, 5-LG is dissociated into
monomers (Townend et al., 1960), but its folding is
similar to neutral pH (Uhrinova et al., 2000; Ragona
et al., 2003). The structure of 5-LG is basically a (-
barrel where most hydrophobic amino acids, targets for
pepsin, point inward and are not easily accessible to
the enzyme. Different means have been used to improve
G-LG digestibility by pepsin, such as chemical modifi-
cation of the protein (Chobert et al., 1995), addition of
denaturing agents to the proteolysis medium (Dalgalar-
rondo et al., 1995; Guo et al., 1995) and physical treat-
ments, such as heating (Guo et al., 1995; lametti et al.,
2002) or high pressure (Dufour et al., 1995, Stapelfeldt
et al., 1996; Penas et al., 2006).

High-pressure-treated (§-LG is more susceptible to
enzyme hydrolysis than the native protein (Maynard
et al., 1998; Knudsen et al., 2002). In particular, if the
enzyme reaction is performed under high pressure, a
significant increase in the proteolysis rate is achieved
with several enzymes (Dufour et al., 1995; Stapelfeldt
et al., 1996; Maynard et al., 1998; Bonomi et al., 2003;
Chicoén et al., 2006a,b). This has been attributed to the
effect of high pressure on the protein conformation,
which favors unfolding, giving rise to regions more ex-
posed to the enzyme action (Dufour et al., 1995; Bonomi
et al., 2003; Belloque et al., 2007). However, under high
pressure, 3-LG is proteolysed by pepsin at acid pH with
more difficulty than by other proteases at neutral pH
(Dufour et al., 1995; Stapelfeldt et al., 1996; Penas et
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al., 2006). This is due to the nature of 5-LG, which
structure becomes more flexible as the pressure in-
creases but requires higher pressures to unfold at pH
2.5 than at pH 6.8 and, upon decompression, refolds
faster at acid than at neutral pH (Belloque et al., 2007).
The hydrolysates obtained by enzymatic treatment of
(-LG under high pressure may exhibit reduced antige-
nicity, IgE binding, or both (Bonomi et al., 2003;
Fritsché, 2003; Penas et al., 2006).

Previous studies in our laboratory have investigated
the peptides released by the application of high pres-
sure and proteolysis with trypsin and chymotrypsin on
B-LG (Chicon et al., 2006a,b). In contrast with these
enzymes, the use of pepsin allows the evaluation of not
only a different enzyme but also an acidic environment
that causes structural changes on (-LG, becoming a
highly stable monomer, and reduces cross-linking due
to SH/SS exchange. The objective of this research was
to identify the peptides released by pepsin on 5-LG,
during or after the application of high pressure, and to
evaluate their antigenicity and IgE binding. The aim
was to obtain a better insight into the behavior of -
LG under pressure and to estimate the usefulness of
this process to produce hypoallergenic hydrolysates.

MATERIALS AND METHODS

Treatments with Pepsin at Atmospheric
and High Pressure

(G-Lactoglobulin A was isolated from the pH 4.6 solu-
ble fraction of a milk sample obtained from a homozy-
gote cow, as described by Ebeler et al. (1990). Proteoly-
sis was conducted with pepsin (EC 3.4.23.1) from por-
cine stomach mucosa (570 units/mg; Sigma Chemicals
Co., St. Louis, MO). A 2.0-mL solution containing native
G-LG A (5.0 mg) and pepsin (0.25 mg) in 50 mM citrate
buffer, pH 2.5, was immediately incubated at 37°C, at
atmospheric pressure in a water bath for up to 48 h,
or under high pressure (i.e., 100, 200, 300, and 400
MPa) for up to 120 min, using a 900-HP apparatus
(Eurotherm Automation, Lyon, France). For the hydro-
lysis experiments conducted at atmospheric pressure
on the prepressurized protein, 5-LG A was dissolved in
50 mM Tris-HCl buffer, pH 6.8, and treated at 100, 200,
300, or 400 MPa and 22 to 25°C for 20 min. Immediately
after depressurization, the pH was adjusted to 2.5 with
1 N HCI and pepsin (1:20) was added to the pressurized
substrate, incubating in a water bath at 37°C for 5 to
60 min. The enzyme reaction was stopped in all cases
by raising the pH to 6.5-7 by the addition of 2 N NaOH.
Samples were immediately freeze-dried and kept at re-
frigeration temperatures until used. Duplicate samples
were prepared and analyzed.
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SDS-PAGE

Lyophilized hydrolysates were reconstituted in 10
mM Tris-HCI, pH 8.0, containing 2.5% SDS, 10 mM
EDTA, and 5.0% (-mercaptoethanol and immediately
heated at 100°C for 10 min. The SDS-PAGE was done
on a PhastSystem Electrophoresis apparatus, using
precast high-density gels and PhastGel SDS buffer
strips (Amersham Biosciences, Uppsala, Sweden), fol-
lowing the electrophoretic and silver staining condi-
tions of the manufacturer.

HPLC-MS/MS

The reversed-phase (RP)-HPLC with UV detection,
online with electrospray ionization and quadrupole ion
trap instrument (ESI-MS/MS) analyses, were per-
formed as previously described by Chicén et al. (2006a),
using an Agilent 1100 Series HPLC equipment (Agilent
Technologies, Waldbronn, Germany) with a Hi-Pore Re-
versed Phase RP-318 Column (250 x 4 mm i.d., BioRad
Laboratories, Hercules, CA) and an Esquire 3000 mass
spectrometer (Bruker Daltonik, Bremen, Germany).
Using Data Analyze (version 3.0, Bruker Daltonik), the
m/z spectral data were processed and transformed to
spectra representing mass values. Biotools (version 2.1,
Bruker Daltonik) was used to process the MS(n) spectra
and to perform peptide sequencing. To aid the identifi-
cation of disulfide linked fragments the hydrolysates
were also analyzed by RP-HPLC-MS/MS after a reduc-
ing step using dithiothreitol, at a final concentration of
70 mM and pH 7.0, for 1 h at 37°C.

To compare the peptide content in different eluting
fractions of the chromatographic separation, a quanti-
tative estimation of the area under defined limits of the
HPLC chromatograms was done by manually setting
the integration limits and automatically integrating the
areas using Agilent Chemstation software (revision
A.05.01, Agilent Technologies). The calculated chroma-
togram areas in the different fractions corresponded to
F1 (12 to 23 min), F2 (23 to 30 min), F3 (30 to 36 min),
F4 (36 to 50 min), and the 5-LG peak. The total peptide
fraction was calculated as PF = F1 + F2 + F3 + F4, and
the total content of protein and peptides was Tot = PF
+ 0-LG =F1 + F2 + F3 + F4 + -LG.

Antigenicity and IgE Binding

Residual antigenicity (i.e., IgG binding) of the sam-
ples was evaluated by indirect ELISA. High binding
polystyrene microtiter plates (Corning, Cambridge,
MA) were used as solid support. Single wells were
coated with 50 pL of antigen (2.5 pg/mL of 5-L.G or g-
LG hydrolysates) in 0.01 M PBS solution, pH 7.4, and
incubated overnight at 6°C. Plates were washed with
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PBS containing 0.05% Tween 20. Plates were blocked
with PBS containing 2.5% Tween 20 for 1 h at room
temperature and incubated with 50 pL/well of horse-
radish peroxidase-conjugated rabbit antibovine (-LG
IgG (Bethyl Laboratories, Montgomery, TX) diluted
1:20,000 in PBS. A solution of o-phenylene-diamine di-
hydrochloride (DakoCytomation) containing HyO, was
added following the instructions of the manufacturer.
Plates were incubated for 30 min at room temperature
in the dark, and the reaction was stopped by adding 50
pL/well of 0.5 M HySO,4. Optical densities were read at
492 nm on an automated ELISA plate reader Multiskan
Ascent (Labsystems, Helsinki, Finland).

The IgE binding was evaluated by indirect ELISA,
using patients’ sera. Individual serum samples from
children with proven allergy to bovine milk proteins
were collected with written consent at the Hospital Gre-
gorio Maranén (Madrid, Spain) fulfilling ethical re-
quirements. All patients showed specific IgE antibodies
toward milk proteins, particularly 5-LG, as determined
by the FEIA-CAP System (Pharmacia Diagnostics, Up-
psala, Sweden). The pooled serum of 5 healthy nonaller-
gic people was used as negative control. The assay was
performed similarly as above but incubating with 50
pL/well of serum diluted 1:20 in PBS containing 0.05%
Tween 20 overnight at 6°C. After blocking, 50 wL/well
horseradish peroxidase-conjugated rabbit anti-human
IgE (DakoCytomation, Glostrup, Denmark) was added
at a 1:1,000 dilution in PBS-Tween, and plates were
incubated for 1 h at room temperature. A signal ampli-
fication system (ELAST ELISA amplification system,
PerkinElmer Life Sciences, Waltham, MA) was used
following the instructions of the manufacturer. The re-
action was revealed with o-phenylene-diamine dihydro-
chloride as described above.

The ELISA determinations were carried out in tripli-
cate and measurements averaged. A blank without an-
tigen (PBS) and a positive control containing intact -
LG were included in each plate.

RESULTS AND DISCUSSION

Effect of High Pressure on the Susceptibility
of 3-LG to Pepsin Hydrolysis

The extent of hydrolysis of 5-LG by pepsin under the
different pressure conditions was estimated by SDS-
PAGE as shown in Figure 1. In addition, the RP-HPLC-
UV chromatograms, illustrated in Figure 2, allowed for
the evaluation of the evolution of the peptide pattern.
No major qualitative differences were found in the hy-
drolysates, but the amounts of the different peptides
varied depending on the conditions of enzyme treat-
ment (Figure 2 a, ¢, and e). The total peptide content
was calculated as the area of the peptide fraction (PF)
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1 2 3 4 5 6 7

Figure 1. The SDS-PAGE of hydrolysates of -LG obtained with
pepsin under different pressure conditions. Lane 1: control native -
LG; lanes 2 and 3: hydrolysates obtained at atmospheric pressure
on native (3-LG for 8 and 24 h, respectively. Lanes 4, 5, 6, and 7:
hydrolysates obtained at atmospheric pressure for 1 h on prepressur-
ized (-LG (100, 200, 300, and 400 MPa, respectively, for 20 min);
lanes 8, 9, 10, and 11: hydrolysates obtained under high pressure,
at 100,200, 300, and 400 MPa, respectively, for 20 min on native 5-LG.
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relative to the area of all peaks (Tot) that included,
when present, the peak of intact 5-LG (PF/Tot in Table
1). In addition, we quantified the peak areas of 4 peptide
groups corresponding to different regions of the chroma-
togram (F1, F2, F3, and F4) relative to the total peptide
area (PF) that included all peptide groups (Table 1).
The results obtained from SDS-PAGE (Figure 1,
lanes 2 to 3) and the total peptide content estimated
by HPLC-UV (Figure 2a, Table 1) showed that native
3-LG was weakly susceptible to pepsin at atmospheric
pressure, in agreement with previous reports (Reddy
et al., 1988; Dalgalarrondo et al., 1995; Otte et al.,
1997). The peptide fraction slowly increased with time,
but complete hydrolysis was not achieved even after 48
h of incubation with the enzyme. Proteolysis time
caused a progressive decrease in the higher retention
time fraction, F4, whereas F1 and F2 increased, indicat-
ing that F4 contained mainly intermediate fragments
that were proteolysed further to smaller peptides.
Treatment of 5-L.G at neutral pH and pressures >200
MPa promoted its subsequent proteolysis by pepsin at
atmospheric pressure, although a considerable amount
of the protein was still present in its full length after
60 min of enzymatic treatment (Figure 1, lanes 4 to
7, Figure 2c, Table 1). Proteolysis was more efficient
because the pressure used was higher. This supports
previous findings showing that pressure-induced struc-
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Figure 2. HPLC-UV chromatograms of 5-LG hydrolysates obtained with pepsin in the absence (a, ¢, e) and presence of dithiothreitol
(DTT; b, d, f). Native 5-LG hydrolyzed at atmospheric pressure for 48 h (a, b); prepressurized -LG (400 MPa, 20 min) hydrolyzed at
atmospheric pressure for 60 min (c, d); native -LG hydrolyzed under 400 MPa for 5 min (e, f). Peak numbers correspond to the peptides
identified by MS/MS (Table 2). F1, F2, F3, and F4 correspond to the fractions in Table 1.

tural changes on -LG facilitate pepsin action (Dufour
et al., 1995; Stapelfeldt et al., 1996; Belloque et al.,
2007). The total peptide fraction in the hydrolysates
obtained at atmospheric pressure on 3-LG increased
with prepressurization from 200 to 400 MPa (see PF/
Tot in Table 1), but extending the hydrolysis time from
5 to 60 min did not make much difference in the overall
amount of peptides released. This indicates that little
proteolysis of the intact protein occurred after the first
5 min, probably due to the capacity of the protein to
recover its structure after decompression (Ikeuchi et
al., 2001; Belloque et al., 2007). However, the incuba-
tion time of the prepressurized substrate with pepsin
changed the relative proportion of the different peptide
fractions, with F4 decreasing markedly from 5 to 60
min of incubation with the enzyme. This suggests that

the intermediate peptides contained in F4 were better
substrates for the enzyme action than the whole
protein.

Under high pressure, the protein was hydrolyzed
very efficiently. As compared with atmospheric pres-
sure, enzyme treatments at 200 to 400 MPa dramati-
cally increased the proteolysis rate of 5-L.G. The peptide
fraction (PF/Tot) increased with pressure and with in-
cubation time, and no intact 8-LG was found after 5
min at 400 MPa (Table 1). Previous studies performed
under similar conditions of pressure and time but with
different enzymes working at neutral pH, such as tryp-
sin and chymotrypsin, showed that proteolysis was en-
hanced at 100 MPa (Chicon et al., 2006a,b). The obser-
vation that proteolysis was not promoted at 100 MPa
under the present conditions can be attributed to the
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Table 1. Relative area of peptide fractions (from HPLC chromatograms) and antigenicty (from ELISA with
a commercial anti-3-LG antibody), obtained from pepsin hydrolysis of 5-LG A subjected to different treat-

ments with high pressure’

G-LG
pretreatment Enzyme hydrolysis Antigenicity
Fraction relative area T

Pressure Pressure Time IgG
(MPa) (MPa) (min) PF/Tot  FI/PF  F2/PF F3/PF F4/PF binding
None 0.1 0 — — — — — 3.55
None 0.1 5 0.10 0.14 0.17 0.11 0.58 3.34
None 0.1 60 0.17 0.14 0.34 0.20 0.32 3.74
None 0.1 480 0.33 0.17 0.47 0.17 0.20 3.07
None 0.1 1,440 0.51 0.21 0.56 0.18 0.05 2.68
None 0.1 2,880 0.76 0.24 0.57 0.12 0.07 2.27
1002 0.1 5 0.05 0.16 0.11 0.17 0.55 4.02
1002 0.1 30 0.14 0.11 0.29 0.13 0.47 3.96
1002 0.1 60 0.13 0.13 0.36 0.17 0.33 3.97
2002 0.1 5 0.28 0.16 0.37 0.14 0.33 3.76
2002 0.1 30 0.27 0.17 0.43 0.16 0.24 3.96
200? 0.1 60 0.27 0.17 0.45 0.16 0.22 3.79
300? 0.1 5 0.47 0.07 0.32 0.12 0.50 3.81
3002 0.1 30 0.47 0.11 0.45 0.19 0.25 3.35
300? 0.1 60 0.49 0.17 0.48 0.18 0.17 3.34
4002 0.1 5 0.57 0.06 0.41 0.14 0.39 3.26
400? 0.1 30 0.62 0.11 0.46 0.18 0.26 3.60
4002 0.1 60 0.62 0.14 0.49 0.19 0.19 3.60
None 100 5 0.22 0.09 0.30 0.18 0.42 3.53
None 100 10 0.24 0.10 0.35 0.18 0.37 3.98
None 100 20 0.34 0.10 0.38 0.15 0.37 4.17
None 200 5 0.76 0.05 0.32 0.14 0.48 3.13
None 200 10 0.87 0.06 0.34 0.13 0.47 2.26
None 200 20 0.94 0.08 0.39 0.16 0.38 1.11
None 300 5 0.97 0.07 0.34 0.19 0.40 1.10
None 300 10 0.98 0.08 0.35 0.16 0.41 0.82
None 300 20 0.99 0.08 0.38 0.19 0.34 0.43
None 400 5 1.003 0.06 0.30 0.17 0.47 0.42
None 400 10 1.00° 0.08 0.35 0.19 0.38 0.32
None 400 20 1.00° 0.09 0.39 0.24 0.28 0.10
None 400 60 1.003 0.14 0.47 0.26 0.13 0.06
None 400 120 1.00° 0.17 0.51 0.22 0.10 0.02

IThe areas of fractions correspond to F1 (12 to 23 min), F2 (23 to 30 min), F3 (30 to 36 min), and F4 (36
to 50 min), PF (F1+F2+F3+F4), Tot (F1+F2+F3+F4+3-LG). See Figure 2 for visualization of the fractions.

Antigenicity values in absorbance (492 nm) units.

2Prepressurization at given pressure for 20 min at 22 to 25°C.

3Complete hydrolysis.

structural stability of the protein at acid pH (Reddy et
al., 1988; Dufour et al., 1995; Stapelfeldt et al., 1996;
Belloque et al., 2007). Between 200 and 400 MPa there
were no clear differences in the relative proportions of
the peptide fractions, but at each pressure level, F4
decreased and F1/F2 increased with the incubation
time.

The comparison between the hydrolysates obtained
under atmospheric pressure and under high pressure
with a similar level of 8-LG degradation (PF/Tot) re-
vealed that proteolysis under high pressure led to
higher peptide content in fraction F4, whereas the pep-
tide contents in F1 and F2 were considerably lower. We
have previously proposed that proteolysis of 5-L.G under
high pressure at neutral pH follows a progressive mech-
anism that involves the rapid disappearance of the pro-
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tein to yield large peptides, which are then hydrolyzed
more slowly to release smaller peptides (Chicon et al.,
2006a,b). This is supported by the present findings at
acid pH: intact §-LG was hydrolyzed rapidly under high
pressure, leading to the accumulation of intermediate
peptides during the early stages of proteolysis that were
further degraded on extending incubation with the en-
zyme. In contrast, at atmospheric pressure, the persis-
tent presence of the intact protein after 48 h of hydroly-
sis and the low amount of intermediate peptides indi-
cate that the proteolysis on the protein was difficult
and slow, but once the resulting intermediate peptides
were released, they were further hydrolyzed to smaller
fragments with more ease.

It has to be mentioned that no SS-bonded aggregates
of B-LG were found when the protein was subjected to
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high pressure in the absence of enzyme (results not
shown), in agreement with the low reactivity of the
thiol group at acid pH.

Peptides Released by Pepsin on 3-LG
as Influenced by Previous or Simultaneous
High-Pressure Treatments

Table 2 shows the sequences of the peptides identified
by RP-HPLC-MS/MS in the hydrolysates of 5-L.G. Most
fragments derived from the cleavage of the Phe, Tyr,
Trp, and Leu residues, in agreement with the specificity
of the enzyme. Other cleaved bonds involved Ile, Glu,
Asp, and GIn residues.

In general terms, most peaks were found in all the
samples, but in very different amounts (Figure 2a, c,
and e). Similarly, Dufour et al. (1995) reported that
hydrolysis of 5-LG by pepsin shows only pressure-in-
duced rate increases that are not followed by any pres-
sure-induced cleavage specificity. In the hydrolysates
obtained at atmospheric pressure on the prepressurized
protein and, especially in those obtained under high
pressure, particularly at 400 MPa, the late eluting
HPLC peptides were prominent (Figure 2 a, ¢, and e).
Some fragments appeared to be the consequence of pri-
mary cuts on the protein, whereas others were the re-
sult of further proteolysis of the primary fragments. All
primary fragments were formed more easily when the
protein was treated under high pressure and, thus, they
accumulated at short hydrolysis times. When proteoly-
sis was performed at 400 MPa and long times (e.g.,
120 min), proteolysis evolved so that the late-eluting
peptides, such as Val'?’>-His!*6 (58), Val'?*>~Leu'*® (61),
Phe®”-Leu® (57), Lys®*-Leu® (51), and I1e?*~Val*! (54)
disappeared, giving rise to smaller peptides with
shorter retention times (results not shown).

In the hydrolysates obtained under high pressure, the
peptide Val'?*~Leu'*? (61) was present in high amounts,
suggesting that pressurization promoted a primary
cleavage at Leu'?’-Val'?? and Leu'**-~Ser!®° bonds. The
shorter sequence Val'?’>-His!*% (58) was also prominent,
indicating that the longer fragment, once released, was
easily proteolyzed to the smaller one. Some peptides
resulting from proteolysis of both fragments, such as
(52, 59, 60, 43, 8, and 28), were evidenced. The SS
bonded peptide Leu®®*-Val®}(SS)Ser'®’—Ile!%? (44) was
very important, as well as its separate peptides, Leu®®—
Val®! (69) and Ser'®’—I1e'®? (71), and other related ones
[i.e., Leu®®—Phe® (70)]. This indicated that, in addition
to Leu'**—Ser'®, the bonds Leu®’-Leu®® and Val®-
Phe®’-Lys® were very susceptible to proteolysis under
high pressure. In addition, the simultaneous presence
of Ser'®*—I1e'%2 (71) and the products resulting from its
cleavage through the bond Leu'®’-Glu'® (35, 63, and
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46) indicated that the latter is rapidly cleaved once
the longer fragment is released of the protein. Other
important fragments were Lys®-Leu®® (51) and Phe®%—
Leu® (57), and shorter fragments within these se-
quences such as (38, 38, 15, and 13), but their signals
were not as high. This confirmed the higher susceptibil-
ity of Val®'-Phe®-Lys® bonds and indicated that
Leu®-Glu® cleavage was also favored by high pres-
sure. It was found that Leu®—Leu'% (45) was only pres-
ent in high pressure treated samples and Asp—Phe!®
(56) was considerably high, indicating that Val%-
Leu®"-Asp” and Leu!'*—Phe!®—Cys!% cleavages were
favored by high pressure. The peptide Ile?*-Val*! (54)
was also very high in the pressure-treated sample, as
compared with the samples hydrolyzed at atmospheric
pressure. This indicated that the bonds Val*'-Tyr**—
Val*® and Asp?®-Ile?® were particularly susceptible to
cleavage under high pressure. Its proteolysis products
(21 and 30) were slightly enhanced. Other fragments
that showed the favored cleavage of the bond Val*'-
Tyr*?2 were Tyr*?>~Leu®* (31) and Tyr*?>~Glu®® (29). Their
presence, besides, indicated that bonds Leu®*-Glu®—
I1e5¢ were favorably broken under high pressure. Frag-
ments coming from these 2 latter peptides (24 and 11)
were increased in the samples hydrolyzed under high
pressure. It has to be noted that no SS-bonded peptides
resulting from SH/SS exchange reactions were found,
in agreement with the absence of pressure-induced SS-
bonded protein aggregates (see above).

It can be inferred from the rapid formation of all
primary fragments, which sequences were distributed
throughout the whole protein (Figure 3), that Asp?®/
Ile?®, Tyr*?, Leu®, Leu®"/Leu®®, Phe®, Leu®, Leu'®¥/
Phe'®, Leu'??, Leu'*® were target residues that became
more available to pepsin by the application of high pres-
sure. Some residues (Leu®, Phe®?, Leu®®, Phe!%, and
Leu'??) were not accessible to the enzyme in the native
protein. The residues Leu®* and Phe®? are closely lo-
cated within the protein, as well as Leu®®, Phe!?®, and
Leu'??, a fact that is probably related to their similar
behavior. Residues Leu”, Phe'%, and Leu'?? lie in the
FGH strands, a robust region of the protein (Belloque
et al., 2000). The exposure to the solvent of Leu!** and
Phe'® is difficult at acid pH, but they become increas-
ingly exposed as the pressure increases from 200 to 400
MPa (Belloque et al., 2007). The residues Arg*’ and
Arg'*® as well as Tyr*? and Leu'*® are favorably cleaved
by trypsin and chymotrypsin, respectively, under high
pressure, a fact that has been mainly attributed to the
dissociation of the dimer (Chicén et al., 2006a,b). How-
ever, at acid pH, 5-LG is already a monomer at atmo-
spheric pressure, and thus, the proteolysis enhance-
ment of these residues must be due to other conforma-

tional changes. Because Leu'*®islocated in the I strand,
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Table 2. Peptide sequences arising from the hydrolysis of 5-LG A with pepsin under different pressure
conditions, as determined by reversed-phase HPLC-MS!

Peak mlz? Protein fragment Sequence
1 494.2 24-28 (A)MAASD(1)

2 861.4 109-116 (E)NSAEPEQS(L)

3 561.3 85-89 (DDALNE(V)

4 539.3 42-45 (V)YVEE(L)

5 645.5 137-142 (F)DKALKA(L)

6 497.4 143-146 (A)LPMH(I)

7 877.6 2-9 (WIVTQTMKG(L)

8 930.5 123-130 (L)VRTPEVDD(E)

9 1,059.5 123-131 (L)VRTPEVDDE(A)

10 974.4 109-117 (E)NSAEPEQSL(A)

11 856.5 47-54 (L)KPTPEGDL(E)

12 920.6 135-142 (E)KFDKALKA(L)

13 802.6 83-89 (F)KIDALNE(N)

14 1,049.6 134-142 (LIEKFDKALKA(L)

15 1,143.5 83-92 (F)KIDALNENKV

16 661.9 14-19 (QKVAGTW(Y)

17 809.6 140-146 (A)LKALPMH(I)

18 969.6 46-54 (E)LKPTPEGDL(E)

19 770.5 35-41 (A)QSAPLRV(Y)

20 990.5 1-9 LIVTQTMKG(L)

21 956.5 33-41 (L)DAQSAPLRV(Y)

22 1,105.5 2-11 (WIVTQTMKGLD(I)

23 902.6 12-19 (DIQKVAGTW(Y)

24 1,098.6 45-54 (E)ELKPTPEGDL(E)

25 1,233.6 132-142 (E)ALEKFDKALKA(L)

26 1,337.0(2) 58-73(SS)157-162

27 1,326.6 43-54 (Y)YVEELKPTPEGDL(E)

28 1,243.5 123-133 (L)VRTPEVDDEAL(E)

29 1,618.6 42-55 (V)YVEELKPTPEGDLE(I)
30 1,069.6 32-41 (L)LDAQSAPLRV(Y)

31 1,489.5 42-54 (V)YYVEELKPTPEGDL(E)

32 1,232.6 42-42 (L)LDAQSAPLRVY(V)

33 1,527.6 134-146 (LILPEKFDKALKALPMH(I)
34 827.6 99-104 (D)YKKYLI(F)

35 806.5 150-156 (L)SFNPTQL(E)

36 1,180.6(2) 58-81(SS)157-162

37 1,290.6 82-92 (VFKIDALNENKV(L)

38 1,355.7 83-94 (F)KIDALNENKVLV(L)

39 903.6 75-82 (E)KTKIPAVF(K)

40 1,158.6 96-104 (L)DTDYKKYLL(F)

41 1,032.6 74-82 (A)EKTKIPAVF(K)

42 1,218.7 1-11 LIVTQTMKGLD()

43 1,711.8 132-146 (E)ALEKFDKALKALPMH()
44 1,443.4(3) 58-81(SS)150-162

45 1,271.6 95-104 (V)LDTDYKKYLL(F)

46 1,844.1(2) 58-82(SS)157-162

47 1,130.5 10-19 (G)LDIQKVAGTW(Y)

48 879.6 143-149 (A)LPMHIRL(S)

49 1,370.6 94-104 (L)VLDTDYKKYLI(F)

50 1,840.7 131-146 (D)EALEKFDKALKALPMH(I)
51 1,468.7 83-95 (F)KIDALNENKVLVL(E)

52 1,909.9 134-149 (L)EKFDKALKALPMHIRI(S)
53 1,393.3(2) 105-122(SS)157-162

54 1,382.7 29-41 (D)ISLLDAQSAPLRV(Y)

55 1,483.7 93-104 (V)LVLDTDYKKYLI(F)

56 1,305.6 96-105 (L)DTDYKKYLLF(C)

57 1,615.8 82-95 (V) FKIDALNENKVLVL(E)
58 1,376.5(2) 123-146 (L)VRTPEVDDEALEKFDKALKALPMH(I)
59 1,112.1(2) 131-149 (D)EALEKFDKALKALPMHIRL(S)
60 1,169.5(2) 130-149 (D)DDEALEKFDKALKALPMHIRIL(S)
61 1,567.7(2) 123-149 (L)VRTPEVDDEALEKFDKALKALPMHIRL(S)
62% 609.2 62-66 (W)ENDEC(A)

63* 758.5 157-162 (L)EEQCHI

64* 1,371.4 105-116 (L)JFCMENSAEPEQS(L)

65% 871.5 156-162 (L)LEEQCHI

66* 1,164.5 58-66 (LILQKWENDEC(A)

Continued
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Table 2 (Continued). Peptide sequences arising from the hydrolysis of 3-LG A with pepsin under different

pressure conditions, as determined by RP-HPLC-MS!

Peak mlz? Protein fragment Sequence

67* 565.3 118-122 (L)VCQCL(V)

68* 1,916.7 58-73 (LLQKWENDECAQKKIIA(E)

69°%* 1,392.2(2) 58-81 (LILQKWENDECAQKKITAEKTKIPAV(F)

70%* 1,465.7(2) 58-82 (LYLQKWENDECAQKKITAEKTKIPAVF(K)
71% 1,545.5 150-162 (L)SFNPTQLEEQCHI

72% 1,578.9 56-82 (E)ILLQKWENDECAQKKITAEKTKIPAVF(K)
73% 2,030.3 105-122 (L)FCMENSAEPEQSLVCQCL(V)

'Peak numbers correspond to numbers in HPLC chromatograms (Figure 2). *Peptides marked with an
asterisk were found in dithiothreitol-treated samples. Sequence amino acids between brackets represent

flanking residues.
2Molecular ion selected for MS/MS charge.

where it interacts in an antiparallel manner with the
A strand, it is possible that it becomes more exposed
through the dissociation of both strands under high
pressure.

The restricted proteolysis of 5-LG by pepsin at atmo-
spheric pressure makes it difficult to identify the prote-
olysis products of this enzyme (Otte et al., 1997). Some
authors have identified the peptides formed during pep-
sinolysis of native bovine (Chobert et al., 1995; Dalga-
larrondo et al., 1995) and ovine -LG (El-Zahar et al.,
2005), esterified 5-LG (Chobert et al., 1995), or 3-LG
in ethanol solution (Dalgalarrondo et al., 1995). Only
one report has been found that describes 11 peptides
released on proteolysis 5-LG with pepsin under high
pressure (Dufour et al., 1995). Comparing these frag-
ments with those found in the present study, it can be
inferred that Dufour and coworkers described mainly
secondary products. It has to be pointed out that some
secondary peptides are formed rapidly under high-pres-

29-41

42-54

’ : /v\123-149

96-105

sure conditions probably because the primary frag-
ments are more readily available. Actually, many sec-
ondary peptides appeared simultaneously with primary
peptides at short proteolysis times under high-pressure
conditions. On the contrary, other secondary products,
such as those derived from cleavage at Leu'*® and Glu™,
required longer times to appear, what indicated that
these residues were more difficult to cleave even under
high pressure. Finally, some sites (Leu®’, Leu®’, Leu'%?,
and Leu!®®) were evidenced as very tough targets for
pepsin, as they were not attacked by the enzyme. The
Leu® is preceded by a proline residue, which is known
to inhibit pepsin action. The reason why Leu®’, Leu'%?,
and Leu'% were also difficult targets is less clear. How-
ever, it can be speculated that some of the primary
fragments released, Phe®*~Leu® and Val?®~Leu'%, that
have a hairpin conformation in the native structure
(Figure 3) could maintain some secondary structure
that would interfere with the enzyme activity.

58-82 83-95

6% 5%

150-162

Figure 3. View of the 3D structure of 5-LG and some primary fragments favorably cleaved by proteolysis with pepsin under high pressure.
Model built with RasWin Molecular Graphics, version 2.6, using the coordinates from the Protein Data Bank, PDB ID: 1BEB (Brownlow

et al., 1997).
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Table 3. Specific binding to IgE of allergic patients’ sera of selected hydrolysates obtained by incubation
of 3-LG with pepsin at 37°C, different pressures and different times, in absorbance units, as measured by

indirect ELISA!

Pepsin hydrolysis

Serum IgE binding
(ELISA response, Abs. 492 nm)

Pressure

Sample (MPa) Time S1 S2 S3 S4 S5 S6 ST
Control (native $-LG) — — 2.76 248 243 3.5 1.09 25 216
Hydrolysates at atmospheric pressure 0.1 24 h 285 267 — — — — —
(contain intact 3-LG) 0.1 48 h 276 279 — — — — —
Hydrolysates at high pressure 400 5min 192 117 178 — — — —
(no intact §-LG present) 400 10 min 1.53 1.18 1.06 — — — —

400 20 min 0.82 0.70 1.02 0.30 <0.1 <0.1 <0.1

400 60 min 0.24 0.55 050 0.25 <0.1 <0.1 <0.1

400 120 min  0.22 0.20 <0.1 <0.1 <0.1 <0.1 <0.1
B-LG-specific serum titer (kU/L) 55.7 68.6 319 423 5.6 20.1 29.4

Individual sera labeled as S1 to S7. Absorbance values of <0.1 mean very low response. The protein/
peptide content, corresponding to 2.5 pg/mL, was the same in all samples.

Changes in Antigenicity and IgE Binding
of 3-LG Hydrolysates

The antigenic response of the different 5-LG hydroly-
sates toward a commercial anti-3-LG antibody (Table
1) was high in all samples containing intact protein.
These included all samples hydrolyzed at atmospheric
pressure, either native or prepressurized. Only a slight
reduction was observed in the native samples incubated
with the enzyme for a long time (i.e., 24 and 48 h)
at atmospheric pressure. This is consistent with the
progressive removal of the intact protein revealed in
the PF/Tot values. Some prepressurized samples (e.g.,
at 400 MPa) showed no significant reduction of IgG
binding while containing a similar or higher peptide
amount (PF/Tot) than the native samples hydrolyzed
for 24 to 48 h. This could be explained by the accumula-
tion of the peptides in the F4 fraction of the prepressur-
ized hydrolysates, which probably carry a significant
antigenic load. A clear decrease in antigenicity was
evidenced when the protein was hydrolyzed under pres-
sures =200 MPa, and the reduction was more intense
as the incubation pressure and time increased. The
extensive reduction of intact (5-LG (PF/Tot >0.90)
caused a considerable decrease in antigenicity. How-
ever, the complete removal of the protein (PF/Tot =
1.00) did not completely cancel the IgG response, which
progressively decreased with time like the F4 fraction.

Some hydrolysates were selected for testing their
binding capacity to serum IgE from allergic patients
(Table 3). No reduction in the response was found when
(-LG was proteolyzed at atmospheric pressure, but the
response decreased on incubation with the enzyme un-
der high pressure. A considerably reduction in the IgE
binding was already found in the hydrolysates obtained
at 400 MPa for short periods, 5 to 10 min, and an in-
crease in the incubation time with the enzyme led to a

Journal of Dairy Science Vol. 91 No. 3, 2008

progressive decrease of IgE binding. The serum titer
greatly influenced the reactivity against IgE. Sera with
lower titers (S5, S6, S7) showed no IgE binding for
samples obtained at 400 MPa for 20 min, whereas sera
with higher titers (S1 and S2) showed some reactivity
against the hydrolysates obtained at incubation times
as long as 120 min.

The observation that in the absence of protein there
were still positive antigenic and IgE binding responses,
particularly against the commercial antibody and the
sera with higher titers, suggested again that the inter-
mediate peptides, such as those in F4, preferentially
formed at the initial stages of hydrolysis under high
pressure, contained immunoreactive epitopes. As illus-
trated in Table 4, strong candidates for such reactivity
are Leu®®—Leu!® (45) and Asp?®~Phe!® (56), which are
similar to fragments 95-113 and 97-108 that have
shown positive reactions with 100% of the sera from
allergic patients (Ball et al., 1994; Heinzmann et al.,
1999). In addition, Selo et al. (1999) found that a similar
sequence, 92-100, still reacted with sera from 52% of
the patients. The fragment Ser'®*’—Ile'? (71) would also
be potentially allergenic because it is very similar to
149-162, which has reacted against sera belonging to
89% of the allergic patients (Selo et al., 1999). The
Tyr*2-Leu®* (31) is included in the sequence 41-60 that
has been found to react with sera from 92% of the aller-
gic patients (Selo et al., 1999). Selo et al. (1999) have
also found a positive reaction in 72% of the allergic
patients toward the fragment 25—40, similar to Ile**—
Val*! (54). Heinzmann et al. (1999) found the sequence
124-135 reactive toward IgE only for some patients.
The peptides Val'?*~His!*¢ (58) and Val'?*-Leu'®® (61)
contain it, as well as some shorter fragments (8 and 9).
In addition, sequences similar to Phe®?-Leu® (57) or
Lys®-Leu® (51), particularly 84-91 and 85-96, have
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Table 4. Primary peptides (released from the protein) and secondary
peptides (released from primary peptides) found in -LG hydroly-
sates, as deduced from their order of appearance as hydrolysis pro-
gressed, and related peptides described as allergenic in the literature!

Peptides
described as

Primary peptides Secondary peptides allergenic?34
29-41(54) 33-41 (21) 25-402

32-41 (30)
42-54 (31) 42-45 (4) 41-602
42-55 (29) 46-54 (18)

47-54 (11)
58-81 (69) 58-66 (66)
58-82 (70) 58-73 (68)
58-82(SS)157-162 (46) 74-82 (41)

75-82 (39)
82-95 (57) 82-92 (37) 84-913
83-95 (51) 83-94 (38) 85-962

83-92 (15)

83-89 (13)

85-89 (3)
95-104 (45) ND? 95-113°
96-105 (56) 97-108*

92-1002

123-149 (61) 123-146 (58) 124-1353

123-130 (8)

123-131 (9)

123-133 (28)

130-149 (60)

131-149 (59)

134-149 (52)

134-146 (33)

134-142 (14)

143-146 (6)
150-162 (71) 150-156 (35) 149-1622

157-162 (63)
58-82(SS)157-162 (46)

!Numbers in parentheses correspond to the peptide numbers in
Figure 2 and Table 2.

2Selo et al. (1999).

3Ball et al. (1994).
“Heinzmann et al. (1999).
5Not detected.

reacted positively with sera from 40 and 44% of the
allergic patients, respectively (Ball et al., 1994; Selo et
al., 1999).

In conclusion, hydrolysis of 5-L.G with pepsin at acid
pH was greatly accelerated by the application of high
pressures during the enzymatic treatment. A progres-
sive proteolysis mechanism was evidenced, and consid-
ering previous results, it is concluded that this mecha-
nism occurs at atmospheric and high pressure as well
as at neutral and acid pH. This mechanism allowed
obtaining hydrolysates with different immunochemical
properties by selecting the incubation time with the
enzyme. At 400 MPa all the intact protein was removed
by pepsin in minutes scale, reducing simultaneously
the antigenicity and serum IgE binding properties.
However, for obtaining hydrolysates with very low anti-
body binding capacity, it was necessary to remove the

937

intermediate peptides, which required hours of incuba-
tion with the enzyme under high pressure. This opens
the possibility of obtaining hypoallergenic hydrolysates
of 5-LG, minimizing simultaneously the formation of
new peptides cross-linked by disulphide bonds.
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