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â-Lactoglobulin (âLg) was hydrolyzed by plasmin to a degree of hydrolysis of 4%. The hydrolysate
was fractionated by ion-exchange chromatography and subsequent hydrophobic-interaction chro-
matography. The âLg peptide fraction consisting of smaller peptides (mostly <2 kDa) had poor foam-
and emulsion-forming and -stabilizing properties. Most of the âLg peptides were identified (in either
the nonreduced or reduced form) by mass spectrometry on the basis of the known primary structure
of the intact protein and the specificity of the enzyme. The peptides formed during âLg/plasmin-
hydrolysis were (1) peptides lacking a cysteyl residue, (2) peptides composed of a single amino acid
chain containing intramolecular disulfide bonds, and (3) peptides composed of two amino acid chains
linked by an intermolecular disulfide bond. It appeared that significant SH/SS-exchange had taken
place during hydrolysis. Many of the peptides present in the peptide fraction that exhibited good
functional properties were disulfide-linked fragments.
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INTRODUCTION

The formation and stabilization of foam and emul-
sions by â-lactoglobulin (âLg)/plasmin, âLg/trypsin, and
âLg/Staphylococcus aureus V8 protease hydrolysates
were described in the first part of this study (Caessens
et al., 1999a). The functional properties at pH 6.7 of the
âLg/plasmin hydrolysate with a degree of hydrolysis of
4% (DH4) were improved or similar compared to those
of the intact molecule. Reversed-phase HPLC showed
that this âLg/plasmin DH4 hydrolysate contained pep-
tides eluting in the second part of the chromatogram,
indicating that the peptide material present was hy-
drophobic and/or had a rather high molecular weight.
Furthermore, this hydrolysate contained many peptides
that were linked by disulfide bonds as determined by
comparative gel-permeation chromatography under non-
denaturing, denaturing, and denaturing plus reducing
conditions (Caessens et al., 1999a).

âLg has a monomer molecular mass of about 18.3 kDa
(âLgA ) 18362 Da and âLgB ) 18277 Da). The protein
has two disulfide bonds, between residues 106 and 119,
and between residues 66 and 160, and a free thiol group
at residue 121 (Swaisgood, 1982; Hambling et al., 1992).
The free thiol group may contribute to the maintenance
of âLg’s tertiary structure via water-mediated H-bond-
ing (Burova et al., 1998). In the native protein, the free
thiol group is buried in the interior of the molecule, but
at higher pH (i.e., above pH 7.5; Tanford et al., 1959)
and/or elevated temperatures (Iametti et al., 1996), the

protein undergoes conformational changes resulting in
an increased reactivity of the thiol group. Thiol/disulfide
exchange plays a role in the heat-induced aggregation
of âLg (Roefs and De Kruif, 1994; Sawyer et al., 1994).
Chen et al. (1994) found that tryptic âLg hydrolysates
had a lower gel point and gelled more rapidly than
native âLg. One could hypothesize that after âLg
hydrolysis the free thiol group is more exposed, initiat-
ing SH/SS reshuffling, which would subsequently induce
the aggregation and gelling behavior described above.

Several authors have identified peptides produced by
âLg/trypsin hydrolysis. Some of these peptides were
disulfide linked, such as âLg[f 41-69] -S-S- [f 149-
162] (Dalgalarrondo et al., 1990), âLg[f 61-69/70] -S-
S- [f 149-162] (Turgeon et al., 1992), âLg[f 41-100]
-S-S- [f 149-162] (Chen et al., 1993), and âLg[41-
70] -S-S- [f 149-162] (Otte et al., 1997a). The
disulfide bond present in these fragments was originally
present in the parent protein (i.e., between residues 66
and 160). No disulfide-linked peptides have been identi-
fied in âLg hydrolysates formed by other enzymes, such
as bromelain, papain, pepsin, or endoproteinase Arg-C
(Otte et al., 1997a).

Turgeon et al. (1992) suggested the formation of new
disulfide bonds during hydrolysis of âLg at pH 8 due to
the increased reactivity of the free thiol group. Recently,
strong indications of the occurrence of a newly formed
disulfide bond in a âLg peptide have been published
(Maynard et al., 1998). The first part of our study
(Caessens et al., 1999a) showed that the âLg/plasmin
DH4 hydrolysate had good functional properties. In this
part of the study, the âLg/plasmin DH4 hydrolysate was
fractionated, the functional properties of the fractions
were determined, and the peptides present therein were
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identified to investigate the occurrence and importance
of the SH/SS exchange between the âLg peptides. This
allows a discussion of the functional properties in
relation to the peptide composition, aiming at the
establishment of a structure-function relationship.

MATERIALS AND METHODS
Materials. Bovine âLg (95% based on dry weight, w/w) was

purified as described previously (Caessens et al., 1997a) and
was a mixture of the genetic variants A and B. Bovine plasmin
(EC 3.4.21.7) and aprotinin were obtained from Sigma (No.
P-7911 and A-6012, respectively). Unless stated otherwise, all
other chemicals were of analytical grade and were purchased
from Sigma, Merck, Aldrich, or BDH.

â-Lactoglobulin Hydrolysis and Fractionation of the
Hydrolysate. âLg was hydrolyzed by plasmin at pH 8.0 and
40 °C to a DH of 4% as described previously (Caessens et al.,
1999a). After incubation, the reaction was inhibited by apro-
tinin (ratio 1/200 v/v of a 10 trypsin inhibitor unit/mL solution);
the hydrolysate was lyophilized and stored at 4 °C prior to
analysis or fractionation. The latter was performed by ion-
exchange chromatography (IEC) and subsequent hydrophobic
interaction chromatography (HIC). Figure 1 shows a brief
outline of this fractionation.

Preparative IEC was performed on an ÄKTA-explorer,
controlled by a UNICORN-control system (Pharmacia, Swe-
den), using a SourceQ column (280 mL bed volume; Pharma-
cia) at 20 °C. Solvent A (20 mM bis-Tris/HCl buffer, pH 6.0)
and solvent B (20 mM bis-Tris/HCl buffer containing 0.5 M
NaCl, pH 6.0) formed the eluent in the following linear
gradient steps: 2 min sample injection (25 mL/min); 5 min
isocratic elution at 100% A, over 2.5 min to 100% B followed
by 2 min isocratic elution at 100% B, over 1 min to 100% A,
and finishing with 7.5 min equilibration of the column at 100%
A before the next run was started. The column was loaded
with maximally 4 mg per mL bed volume. Except as stated
otherwise, a flow rate of 44 mL/min was applied, and detection
was at 220 and 280 nm. Appropriate IEC fractions were pooled.
For analysis and testing, the fractions were desalted by
ultrafiltration (OMEGA membrane MWCO of 1 kDa for the
IEC1 fraction (Figure 1) and 3 kDa for the IEC2 fraction
(Figure 2), Pall Filtron Corp., MA), lyophilized, and stored at
4 °C. Part of the pooled IEC2 fraction was not desalted, but
further used for HIC purification.

Preparative HIC was performed on the ÄKTA-explorer
described, using a Phenyl Sepharose high-performance column
(150 mL bed volume, Pharmacia) at 20 °C. The sample to be
purified, i.e., fraction IEC2 (Figure 1), was collected from the
preparative IEC runs; ammonium sulfate was added to 1 M,
and the pH was adjusted to pH 7.0. The protein load of the
HIC column was approximately 1 mg per milliliter of bed
volume. Solvent A (50 mM sodium phosphate buffer containing
1.7 M ammonium sulfate, pH 7.0) and solvent B (50 mM
sodium phosphate buffer, pH 7.0) formed the eluent in the
following linear gradient steps: 20 min sample injection (10

mL/min), 5 min isocratic elution at 35% B, over 1 min to 50%
B, after 10 min isocratic elution over 10 min to 100% B, after
15 min isocratic elution over 2 min to 100% A, after 8 min
isocratic elution over 2 min to 35% B, and 12 min equilibration
of the column before the next run was started. Except when
stated otherwise, a flow rate of 21 mL/min was applied, and
detection was at 220 and 280 nm. Appropriate HIC fractions
were pooled, desalted by ultrafiltration (OMEGA membrane
5 kDa MWCO), lyophilized, and stored at 4 °C prior to analysis.

Reversed-Phase High-Performance Liquid Chroma-
tography (RP-HPLC). The RP-HPLC equipment used was
described by Visser et al. (1991). A 250 × 4.6 mm i.d. HiPore
RP-318 column (Bio-Rad) was used. To analyze the peptide
composition of the different âLg peptide fractions (Figure 1),

Figure 1. Outline of the âLg hydrolysate fractionation; for
abbreviations used see text.

Figure 2. IEC chromatogram of the âLg/plasmin DH4 hy-
drolysate (a); HIC chromatogram of IEC2 (b); RP-HPLC
chromatograms of the peptide fractions obtained by IEC and
HIC (c); parts a and b are not adjusted for the void volumes of
the columns; for abbreviations see text; for conditions used see
Materials and Methods; RP-HPLC gradient RP1.
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the same gradient as described before (Caessens et al., 1999a)
was used (denoted RP1), and generally 50 µL of a 1 mg/mL
peptide solution was injected onto the column for these
analytical runs. Gradient RP1 was also used for the semi-
preparative RP-HPLC (on the same column) of smaller, more
hydrophilic peptides present in IEC1 (Figure 1), and 150 µL
of a 1 mg/mL peptide solution was injected onto the column.
Gradient RP-2, used for the semipreparative RP-HPLC of
larger peptides containing many hydrophobic groups, present
in IEC2HIC3 (Figure 1) was formed by solvent A [0.1%
trifluoroacetic acid (TFA) in 10% aqueous acetonitrile, v/v] and
solvent B [0.08% TFA in 90% aqueous acetonitrile, v/v] in the
following linear gradient steps: from 18% B to 20% B over 2
min, to 54% B over 104 min, to 70% B over 4 min; after 5 min
to 18% B over 5 min and finishing with 17 min isocratic elution
at 18% B before the next run was started. A flow rate of 0.8
mL/min was applied. The column temperature was 30 °C, and
150 µL of a 5 mg/mL peptide solution was injected onto the
column. Peak detection and quantitation was at 220 nm using
Turbochrom data acquisition and processing software (Perkin-
Elmer, Germany).

Peptide Identification. The peptides collected by semi-
preparative RP-HPLC using gradient RP1 were analyzed by
electrospray-ionization mass spectroscopy (ESI-MS) on a
Quattro II triple quadrupole instrument (Micromass, U.K.) as
described before (Caessens et al., 1999b). Peptide identification
was obtained from the molecular mass determined combined
with the sequence data of intact âLg (Hambling et al., 1992)
and the known specificity of plasmin (Arg-X and Lys-X;
Bastian and Brown, 1996). The peptides collected by semi-
preparative RP-HPLC using gradient RP2 were analyzed
under nonreducing conditions by ESI-MS as described before
(Caessens et al., 1999b) and under both nonreducing and
reducing conditions by matrix-assisted laser-desorption/ioniza-
tion time-of-flight MS (MALDI-TOF MS). The latter was
performed on a Voyager-DERP (PerSeptive Biosystems) in the
linear mode, controlled by Voyager RP software. The samples
were dissolved in a 20 mM tris/HCl buffer (pH 7) with and
without 20 mM dithiothreitol for the reducing and nonreducing
conditions (reduction for approximately 30 min at ambient
temperature), respectively; 1 µL of this peptide solution was
mixed with 9 µL of matrix solution. The matrix solution
consisted of sinapinic acid (10-15 mg/mL 3,5 dimethoxy-4-
hydroxycinnamic acid in acetonitrile/3% w/v TFA/water ) 3:1:
6). The final mixture (2 µL) was loaded on a welled plate and
was allowed to dry in air. All samples were applied in
duplicate. At least two different spots were analyzed from each
well, and the masses obtained (representing protonated mol-
ecules, i.e., actual mass + 1 H+) were averaged. External
calibration was performed, under the same conditions as used
for the analysis, using bovine insulin (5734.6 and 2867.8 Da
for single- and double-protonated molecules, respectively),
thioredoxin from E. coli (11674.5 and 5837.7 Da for single-
and double-protonated molecules, respectively), and horse
apomyoglobin (16952.6 and 8476.8 Da for single- and double-
protonated molecules, respectively). Horse heart cytochrome
c (single protonated mass 12361.5 Da) was used as an external
reference protein.

Functional Properties. Foam and emulsion properties of
the hydrolysates were tested (at pH 6.7, ionic strength of 75
mM and 20 °C) in screening tests, which have been described
previously (Caessens et al., 1997b; 1999a). The protein/peptide
concentration used for the emulsion screening test was 0.05%
(w/v) and for the foam screening test was 0.005% (w/v). The
foam screening test was also performed under reducing
conditions. To that end, the foam test was performed under
nitrogen in the presence of 30 mM DTT with preceding
overnight incubation of the sample at ambient temperature.

RESULTS

Fractionation of the âLg/Plasmin DH4 Hydroly-
sate. The DH4 hydrolysate could be separated by IEC
into an unbound and a bound fraction, IEC1 and IEC2,

respectively (Figure 2a). Fractions IEC1 and IEC2 made
up about 1% and 99% of the total peak area in the IEC
chromatogram, respectively. Fraction IEC2 was further
separated by HIC (Figure 2b), resulting in three peaks
denoted IEC2HIC1, IEC2HIC2, and the major peak
IEC2HIC3, making up approximately 2%, 10%, and 88%
of the total peak area in the HIC chromatogram,
respectively. Figure 2c shows the RP-HPLC chromato-
grams of the several fractions obtained by IEC and HIC.
Fraction IEC1 contained material eluting in the first
part of the chromatogram, representing smaller and/or
more hydrophilic peptides. The DH4 hydrolysate and
IEC2 still contained some intact âLg, which was re-
moved from IEC2 with the fractions IEC2HIC1 and
IEC2HIC2. Fraction IEC2HIC3 did not contain detect-
able amounts of âLg (as analyzed by RP-HPLC using
an adjusted gradient, results not shown) and was also
free of smaller, more hydrophilic peptides (based on RP-
HPLC retention time).

Several other scaleable fractionation methods (pre-
cipitation, ultrafiltration, and chromatographic tech-
niques) were tried to achieve a further fractionation of
IEC2HIC3, but none of them resulted in an efficient
separation of the peptides (results not shown).

Identification of the âLg Peptides. Figure 3 shows
the semipreparative RP-HPLC chromatogram of IEC1.
The codes of the peaks refer to Table 1, which shows
the ESI-MS results of the peptides present in this
fraction. The identification was based on the masses
determined in combination with the primary structure
of âLg, and the specificity of plasmin. All peaks present
in IEC1 could be identified, except for peak 6 (Figure
3). The latter peptide may result from nonspecific
hydrolysis (Table 1), but no identification purely based
on the mass determined can be given. It appeared that
the peptides present in IEC1 were all small peptides
(<2400 Da), and none of the identified peptides con-
tained a cysteyl residue.

Figure 4 shows the semipreparative RP-HPLC chro-
matogram of IEC2HIC3. Fraction IEC2HIC3 contains
many different peaks, of which 50 have been collected
by semipreparative RP-HPLC, and the masses of the
peptide components present have been determined. The
masses (ESI-MS) of the samples allowed the identifica-
tion of only a few peptides (i.e., some of the peptide
material present in peaks 18-22/26/29/36, see below).
To identify the other peptides, the disulfide bonds
present had to be split using reduction with DTT. As

Figure 3. Semipreparative RP-HPLC chromatogram of IEC1;
for conditions used see Materials and Methods; RP-HPLC
gradient RP1. Code of the peaks refers to Table 1.
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an example, Figure 5 shows the MALDI-TOF MS
spectra obtained for the material from peak 4 of Figure
4 before and after reduction. The spectrum of the
nonreduced sample contained one main peak (proton-
ated molecule 7914.9 Da). The spectrum of the reduced

sample contained two main peaks (protonated molecules
2475.9 and 5439.3 Da) besides the small peak with the
same mass as the nonreduced peptide. These two peaks
could be identified by using the masses determined, the
primary structure of âLg, and the specificity of plasmin
(i.e., âLg[f 142-162], calculated mass 2478.9 Da, and
âLgB[f 92-138], calculated mass 5442.2 Da). The non-
reduced peptide appeared to be these two fragments
linked together by an intermolecular disulfide bond
(with fragment âLgB[f 92-138] also having an intramo-
lecular disulfide bond), resulting in a calculated mass
of 7916.1 Da (protonated form). All other peaks collected
from IEC2HIC3 (Figure 4) were analyzed in the same
way, and most of the peaks could be identified. The MS
results and the identification of the peptide components
present in IEC2HIC3 (Figure 4) are shown in Appendix
1 and in Table 2, the latter being a summary of the
results presented in Appendix 1. The results show that
many peptides are fragments linked by newly formed
disulfide bonds; only a few of the peptides are linked
by the original disulfide bonds present in âLg between
residues 66 and 160 (i.e., âLg[f 9/15-69/70] -S-S-
âLg[f 142/149-162].

Functional Properties. The screening tests used
were reproducible enough to detect differences in func-
tionality between the several peptide fractions (repro-
ducibility tested with the intact protein). The standard
deviation of the particle-size distribution (d32) in the
emulsion test was approximately 0.1 µm, and the
maximum difference in foam height was about 5 au
(obtained for the initial amount of foam produced).

Figure 6 shows the results of the foam screening test
(performed at 0.005% w/v). The DH4 hydrolysate formed
more foam than âLg did (as shown before at 0.01% w/v,
Caessens et al., 1999a). Fraction IEC2HIC3, containing
the larger, hydrophobic peptides (based on RP-HPLC
retention time, see above), had the best foam-forming
properties. The fractions IEC2HIC1 and IEC2HIC2,
containing mainly intact âLg and some smaller, more
hydrophilic peptides (Figure 2c), had even worse foam-
forming properties than âLg. The foam formed by IEC1
was extremely unstable. The foam-stabilizing properties
of all other fractions was good; no coalescence was
observed during the measurements (60 min). Under
reducing conditions, the foam-forming properties of
âLg increased (approximately 18%), whereas those of
IEC2HIC3 decreased (approximately 13%); reduction
had no measurable influence on the foam-stabilizing
properties of these samples (no further results shown).

Table 3 shows the results of the emulsion screening
test. At the low protein concentration used (0.05% w/v),
only the emulsions formed by the DH4 hydrolysate and
the fractions IEC2, IEC2HIC2, and IEC2HIC3 had a
uniform particle-size distribution (of which the DH4
hydrolysate, IEC2, and IEC2HIC3 formed the smallest
droplets). The other fractions (âLg, IEC1, and IEC2HIC1)
formed emulsions containing a double peak in the
particle-size distribution (indicating the presence of
smaller and larger droplets at the same time; Caessens
et al., 1999a). At this low concentration, the emulsions
formed by the latter fractions were rather unstable and
showed creaming after 1 h. The other fractions formed
stable emulsions (according to the turbidity measure-
ments), showing only a minor amount of creaming after
24 h (IEC2HIC3 was most stable against creaming). At
higher peptide concentration (0.2%), the emulsions
formed with the DH4 hydrolysate and with the fractions

Table 1. ESI-MS Results for the Peptide Components of
Fraction IEC1, As Separated by RP-HPLC (Figure 3)

RP-HPLC
peak

measured
value (Da)

peptide sequence
(from both genetic
variant A and B) calcd value (Da)

1 330.3 [f 139-141] 330.2
2 572.3 [f 71-75] 572.3
3 916.0 [f 84-91] 915.4
4 672.3 [f 9-14] 672.3
5 932.6 [f 1-8] 932.5
6 652.5 a
7 903.1 [f 76-83] 902.5
8 1065.2 [f 92-100] 1064.5
9 1585.5 [f 70-83] 1585.0

10 1457.3 [f 71-83] 1456.9
11 1800.7 [f 76-91] 1801.1
12 2355.4 [f 71-91] 2355.8

a When specificity of plasmin was taken into account, no
fragment was found for this measured mass. When the specificity
of the enzyme was ignored, several peptides could be assigned
(with an accuracy of at least 2 Da): AB[f 144-148], AB[f 42-46],
AB[f 97-101], AB[f 106-111], and AB[f 133-137], with calculated
masses of 652.8, 651.7, 653.7, 653.7, and 650.7 Da, respectively.

Figure 4. Semipreparative RP-HPLC chromatogram of
IEC2HIC3; for conditions used see Materials and Methods; RP-
HPLC gradient RP2. Code of the peaks refers to Appendix 1
and Table 2.

Figure 5. MALDI-TOF MS spectra of the peptide component
present in peak 4 of the RP-HPLC chromatogram shown in
Figure 4; dashed line for nonreduced sample and solid line
for reduced sample; for conditions used see Materials and
Methods.

Functional Properties of â-Lactoglobulin Hydrolysate Fractions J. Agric. Food Chem., Vol. 47, No. 8, 1999 2983



IEC2 and IEC2HIC3 possessed stability similar to that
of intact âLg (no further results shown).

DISCUSSION

SH/SS Exchange. Although a large number of pep-
tides were present in IEC1 and IEC2HIC3, RP-HPLC
in combination with MS enabled almost complete iden-
tification of the peptides present. From the results in

Appendix 1, it appeared that approximately 10% of the
peptides present in IEC2HIC3 (proportion estimated
from RP-HPLC peak area) could be identified without
the presence of reduction agent, because they either did
not contain a cysteyl residue, i.e., âLg[f 9/15-60], or had
just intramolecular disulfide bonds, e.g., âLgA[f 70/71/
76/84/90-162]. Other peptides identified were combina-
tions of two separate fragments of the âLg molecule
linked by an intermolecular disulfide bond. One of the
masses determined in peak 39 (Figure 4) indicated the
presence of traces of intact âLgB; no traces of âLgA were
found.

The enormous number of peptides formed during
hydrolysis of âLg as shown in Table 1 and Appendix 1
can tentatively be classified as follows: (1) peptides
composed of a single amino acid chain without cysteyl
residues (e.g., âLg[f 9/15-60]); (2) peptides composed
of a single amino acid chain containing two or four
cysteyl residues and having intramolecular disulfide
bonds (e.g., âLgA[f 70/71/76/84/90-162]); and (3) pep-
tides composed of two amino acid chains, each contain-
ing one to three cysteyl residues, linked by an intermo-
lecular disulfide bond; these intermolecular disulfide
bonds can either be originally present or newly formed.

Figure 7 shows a schematic picture of the peptides,
mostly disulfide linked, originating from âLgA and
present in IEC2HIC3 following the above-mentioned
classification. Peptides comprised of two fragments
linked by an original âLg disulfide bond (between 66
and 160) were identified previously in âLg/trypsin
hydrolysates (Dalgalarrondo et al., 1990; Turgeon et al.,
1992; Chen et al., 1993; Otte et al., 1997a). Recently, a
âLg peptide having a mass of 4302 Da was assigned to
the sequence âLg[f 102-124] -S-S- [f 149-162] hav-
ing a newly formed disulfide bond (probably between
the free thiol group, residue 121, and the cysteyl residue
160 present in the [f 149-162] subsequence; Maynard
et al., 1998). Part of the peptides identified in the
present study might contain original âLg disulfide bonds
(between 66 and 160 and 106-119). However, many
peptides also contain newly formed disulfide bonds,
since the peptides having one to three cysteyl residues
appear to be extremely reactive in forming new disulfide
linkages (Appendix 1). Peptides from the N-terminal
half of the molecule, âLg[f 10/15-69/70], are linked to
peptides of the middle part of the molecule, âLg[f 71/
77/91/101/102-138/141], in many different combinations

Table 2. Summary of MS Results for the Peptide Components of Fraction IEC2HIC3, As Separated by RP-HPLC (Figure
4) (Complete Results Are Shown in Appendix 1)

HPLC peaks
HPLC retention

time (min)
sequences identified

(mostly from both genetic variant A and B)

2-7 40.4-46.1 [f 139/142-162] -S-S- [f 84/92/101-135/138, SS]a

10-12/15 48.2-52.1/54.9-55.5 [f 142-162] -S-S- [f 71/76/92/101/102-138/141, SS]a

18-22 57.2-61.5 [f 70/71/76/84/92-162, 2SS]b

24-25 79.5-81.8 [f 15-70/83] -S-S- [f 92/101-138, SS]
26 82.0-82.6 [f 15-60]c

27-29 82.8-85.7 [f 142/149-162] -S-S- [f 15-69/70]
[f 101-141, SS] -S-S- [f 101-141, SS]
[f 101-141, SS] -S-S- [f 92-138, SS]
[f 71-162, 2SS]b

31-34 87.9-92.3 [f 84/92/101-138/141, SS] -S-S- [f 9-69/70/83/91]d

[f 76-135, SS] -S-S- [f 84-138, SS]
35-36 92.3-95.4 [f 9-70] -S-S- [f 142-162]

[f 9-60]c

41 101.9-102.9 [f 15-70] -S-S- [f 15-70]
44-46 106.3-109.6 [f 9/15-69/70] -S-S- [f 9-69/70/77]
49 111.9-113.1 [f 9-70] -S-S- [f 9-70]

a A variant elutes later than B variant. b Sequence contains only intramolecular disulfide bond. c Sequence without Cys-residue.
d Sequences including [f 9-69/70] elute later than those including [f 9-83/91].

Figure 6. Foam height as produced with the various âLg
fractions (Figures 1 and 2) at pH 6.7, as a function of time
after whipping (means of duplicate measurements), intact âLg
([), DH4 hydrolysate (]), IEC1 (0), IEC2 (2), IEC2HIC1 (4),
IEC2HIC2 (b), IEC2HIC3 (O); for conditions used see Materi-
als and Methods.

Table 3. Screening Test Results of Emulsions Made at
pH 6.7 with âLg Hydrolysate Fractionsa,b

concentration ) 0.05%

sample d32
c (µm) (first/second peak)d stabilitye

âLg 2.7 (2/6) ++
DH4 hydrolysate 2.3 +
IEC1 6.7 (3/14) - -
IEC2 2.1 +
IEC2HIC1 2.9 (2/10) -
IEC2HIC2 2.4 (
IEC2HIC3 1.9 +

a For conditions used, see Materials and Methods. b For ab-
breviations used, see text. c d32 is the average particle size of the
emulsion droplets. d The measurement of the average particle size
had a double peak (values of the separate peaks). e +, (, and -
indicate the extent of stability.
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with a newly formed intermolecular disulfide bond
between residues 66 and 106, 119, or 121. Apparently,
a lot of reshuffling of disulfide bonds has taken place
during the plasmin hydrolysis of âLg. Since the pKa of
the thiol group is rather high (approximately 9.0-9.5,
depending on its surroundings; Creighton, 1993), the
reactivity of the thiol group is negligible at neutral pH.
Therefore, it is concluded that the reshuffling took place
during hydrolysis (pH 8) rather than during fraction-
ation (pH 6 and 7). It is remarkable that fragment âLg[f
142-162] is linked to almost all other fragments formed.
Apparently, this fragment is quite reactive in forming
new disulfide bonds. In the native âLg, the original
disulfide bond between residues 66 and 160 is on the
outer surface, whereas the other disulfide bond (106-
119) is buried in the interior of the native molecule
(Papiz et al., 1986). The exposure of the disulfide bond
might be a reason for its reactivity (Hoffmann and Van
Mil, 1997). This may also hold for the reactivity of âLg[f
142-162].

The peptides identified in this study never consisted
of more than two intermolecular disulfide-linked âLg
fragments. So, although SH/SS exchange does take
place during âLg hydrolysis, this seems not to result in
large peptide aggregates, which is in agreement with
the literature (Otte et al., 1997b). Although disulfide
exchange reactions are thought to play an initiating role
in the thermally induced aggregation of âLg, their role
is considered to be minor compared with other factors
involved such as hydrophobic and electrostatic interac-
tions (Roefs and De Kruif; 1994; Sawyer et al., 1994).
Also, Otte et al. (1997b) showed that mainly the non-
covalent interactions were the interacting forces in the
aggregates formed during âLg hydrolysis with protease
from Bacillus licheniformis.

Some peptides present in IEC2HIC3 eluted in two
different regions of the RP-HPLC chromatogram (Ap-
pendix 1). For instance, peptide âLg[f 142-162] -S-
S- âLgB[f 101-138, SS] appeared in peak 2/3 and in
peak 10 of Figure 4 (retention times 40.4-41.9 min and
48.2-48.8 min, respectively). A similar phenomenon
could be observed for the peptide âLg[f 142-162] -S-
S- âLgB[f 92-138, SS] (appearing in the peaks 4/5 and
15 of Figure 4) and for the peptide âLgA[f 71-162, 2SS]
(eluting in the peaks 22 and 29 of Figure 4). A possible
explanation might be that different disulfide bonds are
present within the peptide. For instance, in the case of
the latter example different combinations between the
cysteyl residues present at positions 106, 119, 121, and
160 are possible, which will result in an altered surface

hydrophobicity of the total peptide and, consequently,
in a different RP-HPLC retention behavior. Since no Arg
and/or Lys residues are present between the residues
106 and 121, the results in this study on the âLg/
plasmin hydrolysate give no information whether the
originally present disulfide bond between 106 and 119
remains intact or that it also takes part in the reshuf-
fling.

Fractionation. Fractionation of âLg DH4 hydroly-
sate resulted in several peptide fractions. Fraction IEC1
contained a mixture of smaller and/or hydrophilic pep-
tides (Table 1), fraction IEC2HIC3 contained a complex
mixture of larger, hydrophobic peptides (based on RP-
HPLC retention time), and many of the peptides con-
tained disulfide bonds (Appendix 1). Further fraction-
ation of IEC2HIC3 by scalable methods was not
successful (results not shown). Other papers (Turgeon
et al., 1992; Chen et al., 1993) described the fraction-
ation (by ultrafiltration and by IEC) of tryptic âLg
hydrolysates, in which no SH/SS reshuffling was ob-
served, although the hydrolysis had also been performed
at pH 8. The peptides identified by Turgeon et al. (1992)
were smaller than the peptides present in IEC2HIC3,
which resulted in more peptides lacking a cysteyl
residue. Probably, both the presence of smaller peptides
and the absence of SH/SS exchange made it possible to
fractionate that tryptic hydrolysate. Chen et al. (1993)
hydrolyzed âLg at low temperature (5-10 °C), which
might have prevented reshuffling in the hydrolysate,
despite the larger size of the peptides (6.7, 9.6, and 13.8
kDa) and the presence of cysteyl residues in these
peptides. In our previous study (Caessens et al., 1999a),
it was shown that the âLg hydrolysates formed by the
action of trypsin and Staphylococcus aureus V8 protease
contained less disulfide-linked peptides than the hy-
drolysates formed by the action of plasmin (as deter-
mined by gel-permeation chromatography under dena-
turing plus reducing conditions). Probably, the use of a
less selective enzyme than plasmin results in a âLg
hydrolysate containing smaller peptides of which many
lack a cysteyl residue. Therefore, a large number of
peptides is present that cannot take place in the SH/
SS exchange. Hence, more distinct differences between
several peptides will exist, which might enable the
fractionation of such a hydrolysate.

Functional Properties. The DH4 hydrolysate al-
ready had improved foam-and emulsion-forming proper-
ties, when compared to âLg. Fraction IEC1, containing
smaller peptides (mostly <2 kDa), had poor foam- and
emulsion-forming and -stabilizing properties. These

Figure 7. Schematic representation of the âLgA peptides present in IEC2HIC3; dashed line indicates intermolecular disulfide
bond.
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results are in agreement with the concept that a
minimum molecular weight of 2000 Da is essential for
good interfacial and emulsifying properties (Turgeon et
al., 1992). Fraction IEC2HIC3 was formed after remov-
ing mainly intact âLg with IEC2HIC1 and IEC2HIC2
from IEC2 and contained larger peptides (mostly be-
tween 7 and 14 kDa). Fraction IEC2HIC3 possessed
improved foam- and emulsion-forming properties and
similar foam- and emulsion-stabilizing properties when
compared to âLg, DH4 hydrolysate, and IEC2.

Reduction of the disulfide bonds in âLg seemed to
improve its foam-forming properties, but in IEC2HIC3
to decrease foam-forming properties (results not shown).
By reducing the disulfide bonds in âLg, the molecule
becomes a more flexible structure, which apparently
favors the foam-forming properties. The molecules
present in IEC2HIC3 already have a more flexible
structure (due to the hydrolysis), which could explain
the improved functionality. The reduction of the disul-
fide bonds in IEC2HIC3 resulted in smaller peptides
(many between 2 and 7 kDa), possessing decreased
functional properties. Earlier, it was suggested that the

poor interfacial properties of a âLg peptide fraction that
mainly contained disulfide-linked peptides was caused
by the rigid structure due to the disulfide bond (Turgeon
et al., 1992). However, in our study it was found that
the presence of many disulfide bonds in IEC2HIC3 was
not detrimental for the functional properties of this
peptide fraction.

In conclusion, it is shown that most of the peptides
present in a âLg/plasmin hydrolysate are disulfide-
linked âLg fragments and considerable SH/SS exchange
takes place during plasmin hydrolysis of âLg. In con-
trast to the earlier reports on the negative effect of the
presence of disulfide bonds on the interfacial properties
(Turgeon et al., 1992), the results presented in this
paper showed good functional properties of a peptide
fraction containing many disulfide bonds.
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APPENDIX 1. ESI-MS and MALDI-TOF MS Results for the Peptide Components of Fraction IEC2HIC3, As Separated by
RP-HPLC (Figure 4)
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explorer were both funded by PPS MIBITON.

JF981230O

2990 J. Agric. Food Chem., Vol. 47, No. 8, 1999 Caessens et al.


