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pH-Induced cold gelation of whey proteins is a two-step process. After protein aggregates have been
prepared by heat treatment, gelation is established at ambient temperature by gradually lowering
the pH. To demonstrate the importance of electrostatic interactions between aggregates during this
latter process, f-lactoglobulin aggregates with a decreased iso-electric point were prepared via
succinylation of primary amino groups. The kinetics of pH-induced gelation was affected significantly,
with the pH gelation curves shifting to lower pH after succinylation. With increasing modification, the
pH of gelation decreased to about 2.5. In contrast, unmodified aggregates gel around pH 5. Increasing
the iso-electric point of -lactoglobulin via methylation of carboxylic acid groups resulted in gelation
at more alkaline pH values. Comparable results were obtained with whey protein isolate. At low pH
disulfide cross-links between modified aggregates were not formed after gelation and the gels displayed
both syneresis and spontaneous gel fracture, in this way resembling the morphology of previously
characterized thiol-blocked whey protein isolate gels (Alting, et al., J. Agric. Food Chem. 2000, 48,
5001—-5007). Our results clearly demonstrate the importance of the net electric charge of the
aggregates during pH-induced gelation. In addition, the absence of disulfide bond formation between
aggregates during low-pH gelation was demonstrated with the modified aggregates.

KEYWORDS: f-lactoglobulin; whey protein isolate; chemical modification; aggregation/gelation; elec-
trostatic interactions; disulfide bonds

INTRODUCTION Because cold gelation provides the possibility to introduce
Food protein gels are often formed during heating, and 9€l structures into foodstuffs without the need to heat the final

consequently these are referred to as heat-induced or heat-sg@roduct, it provides an attractive alternative for currently used
gels (1,2). For some proteins, however, a gelation method at thickening ingredients (mostly carbohydrates)) Cold gelation
ambient temperatures has been repor®dThis so-called cold ~ of heat-treated solutions has been reported for purjfiéaic-
gelation consists of two consecutive steps. In the first step, toglobulin (5-Lg), crude whey protein concentrates, and whey
aggregates are formed by heating a protein solution for a certainprotein isolates (6—11).

period of time. Upon subsequent cooling, the protein aggregates Compared to the wealth of information that is available on
remain soluble and can be stored for days without occurrencethe mechanism and kinetics of heat-set aggregation and gelation
of significant changes in aggregate size or other properties (4).(i.e., 2, 12—14), relatively few papers have been published that
In the second step gelation is induced by changing the solventdeal with specific properties of ingredients or the importance
quality, for example by the addition of calcium or sodium or of preparation conditions for cold gelatiof, (L0, 11, 15, 16).

by lowering the pH. A typical acid-induced cold-set gel is As a result, there are still a number of unanswered questions
formed by a gradual and slow acidification of the solution of regarding the cold gelation process. In particular, the relative
protein-aggregates by addition of glucono-é-lactone (GDL). In contribution and importance of physical (electrostatic and
agueous solutions this component slowly hydrolyzes to gluconic hydrophobic) versus chemical (disulfide bond formation) in-

acid, causing a gradual lowering of the p5).( teractions in the aggregation and gelation process is still not
*To whom correspondence should be addressed. Phergt 318 ynderstpod at the molecular level. The role of electroste}t!c
659571. Fax:+31 318 650400. E-mail: Alting@NIZO.nl. interactions has been demonstrated in the past by the addition
lmgsgrgnggnRCemregor Food Sciences. of salts to shield the electric charge of the proteins and by
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the protein, but also have potential side-effects such as ap-Lg a), 24 -Lg b), 35 (3-Lg c), and 70 g-Lg d) mM succinic
promotion of hydrophobic interactions. Therefore, these experi- anhydride. To aliquots of 65 mL of solution of WPI aggregates,
ments do not provide direct proof regarding the importance of respect_lvely 150 _and 750 mg of_ solid succinic qnhydrlde were stepwise
electrostatic interactions in gelation. With respect to the forma- @dded in 10 portions yielding final concentrations of 23 (WP a) and
: : o6 : 115 (WPI b) mM succinic anhydride. During the addition of succinic
tion of intermolecular disulfide bonds, Alting et al#)(have ! i

recently demonstrated the importance of these interactions foranhyd”de’ the pH was kept at & 0.2) by the addition of 1 M NaOH

. . L using a pH-stat. After the treatment with succinic anhydride, the excess
the mechanical properties of cold-set, acid-induced gels of whey reagents was removed by extensive dialysis & 80-fold excess)

protein isolate (WPI). The formation of disulfide bonds pre- ,gainst deionized water at°€. Nontreated aggregates incubated at
dominantly occurs under alkaline conditions (4). Alting et al. pH 8 were also dialyzed and used as a reference material. After dialysis,
(4) have shown that formation of disulfide bonds also occurs the sample volume was significantly increased. The solutions of
in acid-induced cold-set gels at pH 5. We postulated that the aggregates were further diluted to a final protein concentration of 1.5%
formation of disulfide bonds under these conditions was (w/w). Sodium azide (0.02% final concentration) was used as a
attributed to a large increase of the effective protein concentra- preservative.

tion and therefore of the effective concentrations of thiol groups. ~ Chromogenic OPA Assay to Determine the Degree of Succinyl-

It was shown that formation of disulfide bonds increased the ation. The degree of succinylation was determined by the method
molecular weight of the aggregates formed during gelation, and described b)_/ 'Schmid_t and Van Markwijk (23). T_his method is based
these bonds were involved in stabilizing the network, resulting " the specific reaction between ortho-phthaldialdehyde (OPA) and
in a much stronger gelj. However, the common notion is free primary amino groups in proteins in the presence of DMA, resulting

that noncovalent interactions plav a dominant role in the initial in alkyl-iso-indole derivatives that show an absorbency at 340 nm. The
play OPA reagent was freshly prepared by dissolving 40 mg of OPA in 1

formation of gels and aggregates. mL of methanol, followed by the addition of 25 mL of 0.1 M Borax

In this paper, we used a combination of chemical modification puffer, 200 mg of DMA, and 5 mL of 10% SDS. Finally, the volume
of aggregates and acid-induced gelation to study and controlwas adjusted to 50 mL with deionized water. A quartz cuvette was
the balance between the role of electrostatic and chemicalfilled with 3 mL of this reagent and the absorbency at 340 nm was
interactions in acid-induced cold gelation. Pfreg aggregates  determined. Subsequently, 80 of a 8-Lg or WPI aggregates solution
were applied as a model system, of which calculation of the was added, and after an incubation time.of 20 min at room temlperature,
iso-electric point after modification is possible. Because most the absorbance at 340 nm was determined again. A calibration curve
studies on the process of cold gelation were performed with Was obtained by adding 10, 20, 30, 40, 80, 100, and A50f a 2

WPI, aggregates of this mixture of proteins were also involved ™ L-leucine solution in water to 3 mL of OPA reagent, yielding
in this study concentrations in the range from 6.6 to @9 |-leucine. All measure-

ments were performed in triplicate.

Chromogenic Ellman’s Assay to Determine the Number of Free
MATERIALS AND METHODS Thiol Groups. The amount of accessible thiol groups at the surface of
the aggregates before and after modification was determined using
2-nitro-5-mercaptobenzoic acid (DTNB), also known as Ellman’s
reagent24). The assay was performed in the absence of urea and SDS,
because only the thiol groups on the surface of the aggregates had to
be determined. The number of thiol groups was calculated using a molar
extinction coefficient for DTNB of 13 600 M cm .

Materials. Bovine milk 8-Lg was purified from fresh milk using a
nondenaturating protocol as described recently (19). The whey protein
isolate (WPI) Bipro was obtained from Davisco International Inc. (La
Sueur, MN). The WPI consisted (based on dry weighi}-afy (74%),
o-lactalbumin (12.5%), bovine serum albumin (5.5%), and immuno-
globulins (5.5%). The total amount of proteins in the powder was

97.5%, and it further contained lactose (0.5%) and ash (228). ( Fluorescence Quenching ExperimentsFluorescence quenching
Succinic anhydride was purchased from Fluka. Ortho-phthaldialdehyde €xperiments were carried out with solutions of 0.015% (modiftetly
(OPA) and glucono-o-lactone (GDL) were bought from Sigra\- aggregates (fo nm < 0.2) in 20 mM Tris—HCI buffer at pH 7. The

dimethyl-2-mercaptoethylammonium chloride (DMA) and di-sodium fluorescence intensity was measured at the maximum intensity at a
tetraborate decahydrate (Borax buffer) were purchased from Merck. wavelength of 338 nm, using excitation at 280 nm, in a luminescence
Sodium dodecyl sulfate (SDS) and Triton X-100 were from Serva. SPectrometer (Perkin-Elmer, LC50B). Small aliquofs5oM of the
Electrophoresis grade agarose was obtained from Life Technologiesduencher, acrylamide, were mixed with solutions of (modifigéd)g.
(Paisley, Scotland). Phast blue R tablets were from Pharmacia BiotechFinal concentrations ranged from 0 to 100 mM acrylamide. The relative
(Uppsala, Sweden). fluorescence was plotted versus the quencher concentration.
Preparation of Aggregates3-Lg was dissolved in double-distilled GDL-Induced Aggregation. GDL was added as a powder to the
water at ambient temperature at a protein concentration of 9% (w/w). A-Lg and WPI solutions (concentration of protein 1.5%) to induce cold
The pH of the solution was adjusted to 7.2. Reacfiveg aggregates gelation at ambient temperature. Because proteins are buffering
(9% wiw) were prepared by heating tfid_g-solution in a water bath components, the total amount of GDL added to reach a certain pH
for 4 h at 68.5°C. value depends on the protein concentratihn To observe gelation of
WPI was dissolved in double-distilled water at a protein concentra- the nontreated aggregates at different pH values, increasing amounts
tion of 9% (w/w) and stirred for at leag h atambient temperature ~ 0f GDL were added. To solutions of aggregates (5 mL) in glass tubes,
(21). The pH after solubilization was 7.2. Reactive WPI aggregates 0, 0.075, 0.15, 0.20, 0.25, 0.5, 1, 2, 4, or 6% (w/w) GDL was added.

were prepared by heating the WPI solution in a water batt2fb at The pH was determined after 24 h of incubation at ambient temperature.
68.5°C (20). After heating, both the solution gtLg aggregates and ~ Gelation was observed by visual inspection.

the solution of WPI aggregates were rapidly cooled t6¢@My using Turbidity Measurements. Turbidity measurements were performed
running tap water. The solutions of aggregates were diluted with double- at 20°C and at a protein concentration of 1.5% on a Cary 1E-Wis
distilled water to 4.5% (w/w) before modification and stored &C4 spectrophotometer (Varian) equipped with a temperature controller. The
until use (typically within 1 week). turbidity was measured in time as the absorbency at 500 nm. Samples

Succinylation. Amino groups in a 4.5% solution @FLg aggregates were measured in cuvettes with a path length of 2 mm. The pH was
(2.5 mM; 16 amino groups) or WPI aggregates were succinylated monitored simultaneously in samples placed in a water bath kept at 20
essentially as described by Klot22). To this end, the solutions of  °C. Such an amount of GDL was added that the dependence of the
aggregates were adjusted to pH 8 by the addition of 1 M NaOH. To turbidity could be monitored over the pH range from 7 to 2.5. Because
aliquots of 40 mL of solution ofi-Lg aggregates, respectively 47, 94,  of a difference in buffering capacity of the modified aggregates, different
141, and 280 mg of solid succinic anhydride was stepwise added in 10 amounts of GDL had to be added to solutions of nontreated and treated
portions, yielding final concentrations of 12 (further denoted as sample aggregates, 1% or 6%, respectively.
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Table 1. Effect of Cold Gelation on the Hydrodynamic Diameter of
p-Lg and WPI Aggregates for Nonmodified and Succinylated

Aggregates
hydrodynamic diameter (nm)°
sample before gelation after gelation
f-lg (nonmodified) 80 172
Blg a2 83 111
Blg b? 89 75
p-lgcd 114 68
B-lg da 145 75
WPI (nonmodified) 75 >1000
WPI a2 81 208
WPI b2 176 118

a Aggregates treated with different amounts of succinic anhydride (see Materials
and Methods). ® The index of polydispersity varied between 0.3 and 0.4.

Characterization of Aggregate SizeSDS-agarose continuous gel
electrophoresis (0.4% (w/w) agarose) was performed to determine the
differences in molecular weight of the different treafetlg and WPI
aggregates. The electrophoresis buffer consisted of 100 mM-Hifd,
50 mM sodium acetate, 2 mM EDTA, and 0.1% SDS, and was adjusted
to pH 7.9 with glacial acetic acid. Aggregates (in solution or gel) were ‘ 4
mixed with 2 parts of 20 mM Bis Tris buffer (pH 7.0) containing 5% i
SDS and were held at ambient temperature while constantly being
stirred (final protein concentration was 0.5%). After overnight incuba-
tion no gel particles could be observed with a standard microscope (at
400x magnification). Prior to electrophoresis, 5% of a solution
containing 60% glycerol and 0.002% bromophenol blue was added.
The gels were run with a constant voltage of 50V for approximately 2 \,
h. Staining was done with Phastgel Blue R (Pharmacia Biotech,
Uppsala, Sweden). An alternative method was used to improve staining
of the more negatively charged aggregats)(In short, 1 tablet of 1 2 3
Phastgel Blue R was dissolved in a solution of 15 g Al(BlD)256
mL of deionized water. To this solution 100 mL of 2-propanol (25%),
40 mL of acetic acid (10%), and 4 mL of Triton X-100 were added.
This solution was filtered before use. Destaining of the gels was done
with 7% acetic acid in demineralized water. Figure 1. Agarose gel electrophoresis (in the absence of SDS) of
Dynamic light scattering (DLS) experiments were performed as nonmodified and succinylated WPI aggregates. Proteins were stained
outlined by Verheul et al.14). Experiments were performed using @  according to the standard Coomassie brilliant blue staining method: lane

Malvern Autosizer IIC submicron particle size distribution analyzer. 1, nonmodified WPl-aggregates: lane 2, 56% succinylated WPl-aggregates:
The system consisted of a Malvern PCS41 optics unih &its mwW lane 3, 93% succinylated WPI aggregates

He—Ne laser, and a Malvern K7032-ES correlator used in serial
configuration. The Autosizer [IC worked at a fixed scattering angle of
90°, and the wavelength of the laser beam was 632.8 nm. Both the solution was calculated from a cumulant fit of the intensity autocor-
scattering intensity and the apparent diameter were evaluated. The quartzelation function. Before analysis, samples were filtered through a low-
cuvette (10 mm) containing the sample was thermostated by aJoule protein binding membrane (&m; Millex-SV, Millipore Corporation,
Peltier thermostat (20C). The apparent diameter of the aggregates in Bedford, MA).

Table 2. Characterization of -Lg and WPI Aggregates

concentration of

amino groups degree of shift in concentration of
sample mMb mol/mol protein modification (%) calculated pl-shift® pH/turbidity curve? thiol groups (mM)®
f-g (nontreated) 12.4 15.2 0 - - 0.16
p-lg a2 8.7 10.7 30 -0.4 -04 0.16
p-lg b? 39 4.8 69 -0.9 -0.7 0.22
g cd 2.1 26 83 -11 -0.9 0.26
g d? 0.5 0.6 96 -1.3 -1 0.29
WPI (nontreated) 12.2 n.d. 0 n.d. - 0.17
WPI a2 5.4 n.d. 56 n.d. -0.8 0.23
WPI b2 0.9 n.d. 93 n.d. -13 0.29

a Aggregates samples treated with different amounts of succinic anhydride (see Materials and Methods). ® The number of free primary amino groups is determined
according to Schmidt and van Markwijk (23). This method is based on the specific reaction between ortho-phthaldialdehyde (OPA) and free primary amino groups in
proteins. Measurements were done in duplicate with an experimental error lower than 10%. ¢ Theoretical shift of pl on the basis of changes in the protein titration curve
upon conversion of positive into carboxyl groups. ¢ Determined shift in pH/turbidity curve determined as the shift in pH at an absorbance of 1 (Figure 3). & Determined at
pH 7 with Ellman’s assay (24). The number of thiol groups was determined using €(412 nm) = 13 600 M~ cm~1 for 2-nitro-5-mercaptobenzoic acid and expressed as the
concentration thiol groups (mM) in a 1.5% (w/w) dispersion of protein aggregates. Measurements were done in duplicate with an experimental error lower than 10%. n.d.,
not determined, because WPI is a mixture of proteins.
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100 of the aggregates was modified by reaction of the primary amino
] groups (lysine- residues) present on the aggregates with the
§ 75 reagent succinic anhydride. As this modification results in an
4 inversion of the positively charged amino groups into negatively
§ 50 charged carboxylic acid groups, it has a large effect on the net
E charge of the protein aggregates. A rangefdig and WPI
2 preparations with increasing modification degrees was made by
3 By adding different amounts of succinic anhydride during the
o modification. The degree of modification was determined by
0 o 2‘0 4'0 slo slo 1[')0 titration of the free amino groups with the chromogenic reagent
ortho-phthaldialdehyde. The dataTable 2 show that a set of
Concentrationacrylamide (mM) aggregates for boti-Lg and WPI was prepared with clearly
Figure 2. Relative fluorescence of solutions of 5-Lg aggregates as a different degrees of modification. Note that for the nonmodified
function of the concentration acrylamide. Experimental conditions: 0.15 pB-Lg aggregates, within the experimental error, the theoretical
mg/mL $-Lg; 20 mM Tris (pH 7); Adex = 280 nm; Aemy = 338 nm. The number of sixteen amino groups per mole of protein was
experimental error was less than 10%. Squares, nonmodified aggregates; determined, and that this number decreased upon modification.
triangles, 69% succinylated aggregates; circles, 96% succinylated ag- Aggregate Characterization. In this study we focused on
gregates. the role of the net electric charge of the aggregates in

pH-induced gelation. Therefore, we used succinic anhydride,

RESULTS AND DISCUSSION which is expected to change the net charge of the aggregates

Preparation of Aggregates.As a first step in the process of by inversing the charge of reacting amino groups. To demon-
cold gelation, protein aggregates ¢fLg and WPl were strate the change in the net charge of the succinylated aggregates,
prepared. Heat treatment of bothseLg and a WPI solution we used a modification of the previously described method of
(9%) at neutral pH resulted in a dispersion of soluble aggregatesagarose gel electrophoresis (4). The gel was run in the absence
with hydrodynamic diameters of approximately 80 nm, as of SDS to separate the aggregates on the basis of their net
determined by dynamic light scatteringable 1), well within electric charge rather than on the basis of their size alone. As
the range of previously reported sizéds 11,26). SDS-agarose  expected from their increased negative charge, the succinylated
electrophoresis (see below) confirmed the equality in size. After aggregates migrated more toward the anode than the nonmodi-
cooling to room temperature, prior to modification, the disper- fied aggregatesHigure 1). To check if succinylation also led
sion of aggregates was diluted to 4.5% (w/w). After modifica- to chemical cross-linking reactions between aggregates, we used
tion, the dispersion was diluted to 1.5% (w/w) and stored at 4 the agarose electrophoresis technique in the presence of SDS.
°C. During storage for up to 7 days no significant changes in This technique was shown to be suitable to separate protein
the size of the formed aggregates were observed as determinedaggregates) with a diameter ranging from 3 (monomeric
with electrophoresis and light scattering techniques. protein) to approximately 250 nm. The gels showirigure 3

Modification of Aggregates. To study the possibility of clearly illustrate that aggregates and monomeric protein can be
preparing cold-set gels in more acidic regions, the net chargeseparated with this technique, because the electrophoretic

A B
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Figure 3. SDS-agarose gel electrophoresis of nonmodified and succinylated 5-Lg and WPI aggregates. Proteins were stained according to the standard
Coomassie brilliant blue staining method (gel A) and according to an adapted method from Hegenauer et al. (25) (gel B). S-Lg aggregates: lane 1,
nonmodified; lane 2, 30% succinylated; lane 3, 69% succinylated; lane 4, 83% succinylated; lane 5, 96% succinylated. WPI aggregates: lane 6, nonmodified;
lane 7, 56% succinylated; lane 8, 93% succinylated.
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Figure 4. Dependence of the turbidity on the pH for solutions of non-
modified and succinylated 5-Lg (A) and WPI-aggregates (B). The turbidity
was measured in time as the absorbance at 500 nm. Samples were
measured in cuvettes with a path length of 2 mm. The pH was monitored
simultaneously. Turbidity measurements were performed at 20 °C. The
experimental error was less than 5%. Note that at higher pH values fewer
data points were collected than at lower pH values, because GDL-induced
acidification is not linear, while data collection took place at constant time
intervals. A 3-Lg aggregates: open circles, nonmodified; closed triangles,
30% succinylated; open squares, 69% succinylated; open triangles, 83%
succinylated; closed circles, 96% succinylated. B WPI aggregates: open
circles, nonmodified; open squares, 56% succinylated; closed symbol,
93% succinylated.

Alting et al.

show again that the succinylated aggregates are more negatively
charged than the nonmodified aggregates, while the aggregate
size has remained comparable to that of the nonmodified
aggregates, except for the most intensively succinylated species.
The number of accessible thiol groups after modification was
detected, because it is known that the thiol groups play an
important role during acid-induced gelatiof).(The concentra-
tions of thiol groups of a 1.5% (w/w) dispersion of the
nonmodifieds-Lg and of WPI aggregates are the same within
experimental error (Table 2). Surprisingly, the concentration
of accessible thiol groups increased upon increasing the
modification degree, both for thLg and the WPI aggregates.
Because the used succinic anhydride is highly specific for free
amino groups, no reaction with thiol groups, and therefore no
direct effect on the number of reactive thiol groups, was
expected. However, as a result of the succinylation reaction the
net negative charge of the aggregates will have increased. As a
consequence the voluminosity of modified aggregates could
have increased, either by swelling caused by the increase of
electrostatic repulsion within the aggregates or by an increase
of the excluded volume due to the poly-electrolyte effect. Indeed,
both an increase in the hydrodynamic diamefeahle 1) and
a decrease in the electrophoretic mobility (Figure 3) were
observed with increasing degree of succinylation. The increase
in voluminosity does not directly explain the observed increase
in the amount of thiol groups accessible for the Ellman’s reagent.
To verify this, tryptophan fluorescence quenching was used to
demonstrate that small molecules can penetrate more easily into
the swollen (modified) aggregates. From the results shown in
Figure 2 it is clear that the tryptophan fluorescence of the
nonmodified 5-Lg aggregates decreases upon addition of
acrylamide. For the succinylated aggregates, this decrease is
more pronounced and depends on the degree of modification.
This demonstrates that the quencher (acrylamide) can more
effectively reach the intrinsic tryptophans in the modified
aggregates. In a similar fashion, the Ellman’s reagent can
probably react more efficiently with the thiol groups within the
swollen aggregates, due to their increased accessibility for small
chemical compounds.

pH-Induced Gelation. To test whether the differences in net
electric charge result in different pH-induced gelation behavior,

mobility of the aggregates (upper bands) is decreased comparedve followed the turbidity of aggregate dispersions as a function

to the mobility of the monomeric protein (lower bands).

of the pH. To this end, a relatively large amount of solid GDL

Although for both thes-Lg and the WPI solutions, the majority ~ Was added to gradually decrease the pH of the protein aggregate
of the protein is present as aggregates, the amount of residuapolution (from pH 7 to approximately pH 2.5). At a pH near

monomeric protein after heat treatment fot.g is higher than
that for WPI. The electrophoretic mobility of the moderately
modified (up to 50%)3-Lg and WPI aggregates does not differ

the iso-electric point of nonmodifigetLg (5.1) the electrostatic
repulsion between the negatively charged aggregates is reduced
and therefore aggregation through physical interactions is

from the nonmodified aggregates, but the highly modified Promoted. As aresult, the turbidity increasEgy@re 4A, open
aggregates show a slight, but reproducible, decrease in eleccircles) and a turbid gel is being formed (see below). The pH
trophoretic mobility suggesting a small increase in aggregate continues to decrease in the gel, and below pH 4.5 (well below
size or swelling of the aggregates. Note that this effect is larger the iso-electric point of-lactoglobulin) the turbidity starts to

for the WPI aggregates as compared to fhkeg aggregates.

decrease. We attribute this phenomenon to the increased

The results of the electrophoresis experiments are confirmedelectrostatic repulsion, in this case of positively charged
by the determination of the hydrodynamic diameter of the aggregates. As the acidification rate is relatively high in these
nonmodified aggregates (before gelation) by the use of light experiments, extensive formation of disulfide cross-links be-

scattering (Table 1).

tween aggregates (time scale of hours) does not occur during

It was observed that the more intensively succinylated the gel state (4). The absence of disulfide cross-links enables
aggregates were difficult to stain using the standard Coomassiethe gel to dissolve at pH values below the iso-electric point.
staining method (Figure 3p Therefore, an adapted method Therefore, the data displayed filgure 4 could be interpreted
was used (Figure 3B), which was developed to improve staining as a sot-gel—sol transition as the pH decreases from 7 to 2.5.
of highly acidic proteinsZ6). Staining of the most intensively A similar aggregation curve was obtained for the WPI ag-
succinylated aggregates improved with this method (comparegregates (Figure 4B). It is clear fronfrigure 4 that the

lanes 5 and 8 ifrigure 3A to lanes 5 and 8 iBB). The results

aggregation curves for the modified aggregates have shifted



Physical and Chemical Interactions during Cold Gelation J. Agric. Food Chem., Vol. 50, No. 16, 2002 4687

A B

1234567 8 1234 567 8

Figure 5. SDS-agarose gel electrophoresis of nonmodified and succinylated 5-Lg and WPI aggregates after gelation and resolubilization in a SDS-
containing buffer at pH 7. Proteins were stained according to the standard Coomassie brilliant blue staining method (gel A) and according to an adapted
method from Hegenauer et al. (25) (gel B). 5-Lg aggregates: lane 1, nonmodified; lane 2, 30% succinylated; lane 3, 69% succinylated; lane 4, 83%
succinylated; lane 5, 96% succinylated. WPI aggregates: lane 6, nonmodified; lane 7, 56% succinylated; lane 8, 93% succinylated.

significantly to the more acidic region, both for tjfeLg and should be noted that this effect was most clear for the gels made
the WPI aggregates. The observed shifts correspond well with from modified WPI aggregates (not shown). The appearance
the earlier determined degree of modificatiomalple 1). of these gels formed at pH 3 was comparable to that of gels

Moreover, the calculated shift in iso-electric points of the earlier prepared from differently modified WRH)( In this case
succinylated aggregates is in good agreement with the shift in the WPI aggregates were modified with a thiol blocking reagent,
pH at the inflection point inFigure 4A (Table 1). For the preventing the formation of disulfide bonds during gelation at
highest degree of modification, the onset point of aggregation pH 5. This raised the question whether the microstructure of
was shifted more than one pH unit toward lower pH. As far as gels formed in the pH region below 3 is stabilized by formation
we know, this is the first time that the importance of the net of new disulfide bonds.

electric charge was demonstrated by intrinsic modifications at
the protein level and not by changing the environmental
conditions.

Apart from the shift toward lower pH, there are remarkable
differences in the kinetics of the aggregation, more specifically
in the maximums of the turbidity curves. We speculate that these
differences might be related to changes in structural properties
of the protein network caused by rearrangements, which are A i
expected to be influenced by the formation of additional SOlubilization of the gels. Gel samples taken at the maximum
disulfide bonds. As these differences are found in an area closeOf the pH—turbidity curves (Figure 4) were dissolved in a Tris

to the limit of linearity of the spectrophotometer, care should Puffer (PH 7) containing SDS. Clear differences in electro-
be taken with the interpretation of these data. phoretic mobility were observed between these aggregates

To characterize in more detail the influence of pH on the (Figure 5). Both for the nonmodified-Lg and WPI aggregates,
properties of the gels formed from the different treated ag- the glectrophoret!c mobility has. significantly decreased after
gregates, additional experiments were performed. In the previousdelation, suggesting the formation of large covalently cross-
described aggregation experiments an excess of GDL was addednked aggregates (diameter 250 nm). It has already been
to create a continuous pH gradient in time. In contrast, in this Shown for WPI aggregates that such larger aggregates are linked
experiment fixed amounts of GDL were added to set each via disulfide bonds, since they easily dissociate after the addition
system at a predetermined pH at equilibrium to investigate the Of dithiothreitol @). For the modified aggregates (bgthLg
gel properties independently of time. The results showed that and WPI) this increase in aggregate size was less pronounced.
with the most extensively modified aggregates70%) gels For the highest degree of modification, the aggregate size after
could be formed even at pH 2.5, while the nonmodified gelation was identical to that before gelation, illustrating the
aggregates gelled in the pH regior3.5 (not shown). Another ~ complete absence of newly formed disulfide cross-links in the
important observation was the occurrence of syneresis andgels at pH 2.5. Because even more accessible thiol groups could
spontaneous rupture in the gels made from more intensively be determined with increasing degree of modification, under
modified aggregates (after 24 h of incubation at ambient these conditions, formation of disulfide bonds is clearly not
temperature) formed in the low pH region (below pH 3). It possible.

Degree of Disulfide Bond Formation.To study the forma-
tion of covalent disulfide bonds, gels were dissolved in a buffer
containing SDS to break physical interactions while the covalent
bonds remained intact. Gels formed in the low pH region
dissolved quite easily. This was also observed for the thiol-
blocked gels as reported earlier (4). We used agarose electro-
phoresis to characterize the size of the aggregates formed after
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The size of the aggregates before and after gelation was alsoof Hoek for technical assistance with photography and data
determined by dynamic light scattering. Frdrable 1it is clear presentation.
that the size of the aggregates before gelation increases upon
modification, most significantly for the highest degree of
modification. This is in agreement with the results from agarose LITERATURE CITED
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