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The effects of several conditions on the amounts and compositions of aggregates formed in mixtures
of whey protein hydrolysate, made with Bacillus licheniformis protease, and whey protein isolate were
investigated using response surface methodology. Next, the peptides present in the aggregates were
separated from the intact protein and identified with liquid chromatography—mass spectrometry.
Increasing both temperature and ionic strength increased the amounts of both intact protein and
peptides in the aggregates. There was an optimal amount of added intact WPI that could aggregate
with peptides, yielding a maximal amount of aggregated material in which the peptide/protein molar
ratio was around 6. Under all conditions applied, the same peptides were observed in the protein—
peptide aggregates formed. The dominant peptides were $-lg AB [f1—45], 5-lg AB [f90—108], and
o-la [f50—113]. It was hypothesized that peptides could form a kind of glue network that can include
p-lactoglobulin via hydrophobic interactions at the hydrophobic binding sites at the surface of the
protein.
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INTRODUCTION (under reducing conditions). It was hypothesized that pretein
ific i . . . ., __peptide interactions depended on a balance between hydrophobic

Speqlc interactions betwgen protein dqmalr}s and peptides a4 ction and electrostatic repulsion. Because partial hydrolysis
play an important rple ina W'd(.e range of b|olog|(_:al PrOCESSES, ¢ wp| with BLP induces the formation of aggregates that
for example, peptlde_ Interaction W't.h a protein me_mbrgne eventually form a gel &), information on proteifrpeptide
receptor.f?]rbp.ropagfatlon of mformﬁtlon thrgugh 3 f|gnallpg interactions could increase understanding of the gelation mech-
system, inhibition of an enzyme with a peptide, and formation iy iy protein hydrolysates and modulate the properties of
of molecular complexes. Nonspecific protein—peptide interac- protein—peptide mixtures
tions are observed in food systems. '_I'hey maln_ly apply to protein The objective of the present work was to bring insight into
hydrplysates that often consist of mixtures of Intact protein aqd oprecipitation of intact WPI with peptides. In this respect, intact
peptides. Some authors have reported that peptides could bin Pl is defined as nonhydrolyzed WPI, regardless of the extent

to B-lactoglobulin (1,2), the major whey protein, and that such . ; o
anﬂinteragtion cou(ld i)ncrease Jthe resi)';tgn064ﬁctoglobulin of denaturation of WPL. For that purpose, first temperature, ionic
strength, and amount of added intact protein were varied,

to thermodenaturation2y. a-Lactalbumin, the second main according to an experimental design, to define optimal condi-
whey protein, is known to interact with peptides containing tions at %vhich a hpdrol sate a ?e’ates intact F\)NPI ubon a
clusters of basic amino acid residues in close proximity with mixing experiment yTheyeffects %? thge different conditionps on
hydrophobic amino acid residue8) (such as melittin, a 26- WP/ ge tige molar .ratios on the amount of aggregated material
residue cytolytic peptide from bee venod).(The binding of th pep t of tid ’ d intact g? dg tein in th '
o-lactalbumin to the synthetic peptide WHWRKB) (vas even € amount of peptides, and Intact aggregated protein in the
used to develop a purification strategy of the protein. aggregates were |r.1vest|gate'd. using response sgrfape methodol-
ogy to further detail composition and proteipeptide interac-

We have shown recenthy) that hydrolysates of a whey {jons in the aggregates. Next, peptides dominantly present in

protein isolate (WPI) made by a seryl protease frBatillus protein-peptide aggregates were chromatographically separated

licheniformis (BLP) could aggregate nonhydrolyzed whey o intact protein. From peptide identification, hypotheses on
proteins. The additional amount of aggregated material, Conta'n'protein—peptide interactions were postulated.

ing peptides and intact protein, increased with increasing degrees
of hydrolysis. Peptides involved in the aggregates were found
to have apparent molecular weights ranging from 1400 to 7500 MATERIALS AND METHODS

Materials. A commercial WPI powder (trade name Bipro, Davisco

* Author to whom correspondence should be addressed (teleph8he Foods International Inc., Le Sueur, MN) was used for the experiments.
317 482888; faxt+-31-317 484893; e-mail Harry.Gruppen@wur.nl). According to the manufacturer, it consisted of 74.0% (wpalpcto-

10.1021/jf062608i CCC: $37.00 © 2007 American Chemical Society
Published on Web 02/13/2007



Protein—Peptide Interactions J. Agric. Food Chem., Vol. 55, No. 6, 2007 2475

Table 1. Central Composite Design: Variables and Levels hydrolysate DH 6.8%, pH 2
. 10 mg
level of the variables
variable -168(-a) -1 0 +1 4168 (+a) mixing with
A (temperature of 20 281 40 519 60 0,8.1, 20, 31.9, 40 mg intact WP
incubation, °C) 25, 55.4, 100, 144.6, 175 mM NaCl
B (ionic strength, mM) 25 554 100 1446 175

C (amount of added 0 8.1 20 319 40 AdjustpHto 7, mass to1 g

intact WPI, mg) /\
550 mg

incubation 1 h

globulin (8-lg), 12.5% (wiw)a-lactalbumin (-la), 5.5% (w/w) bovine ‘1’:0;9 20,281 40. 51.9. 60°C
serum albumin, and 5.5% (w/w) immunoglobulins. The protein content ° (20, 28.1, 40, 51.9, )
of the powder was 93.4% (w/w), and it contained 0.12% (w/w) calcium. /\ centrifuge

The enzyme used was a seryl proteinase from BLP (product name NS-
46007, batch PPA 6219; EC 3.4.21.19), specific for-&fubonds and

. 200 m 250 m supernatant pellet washed 2x
to a lesser extent for Asp—X bonds (7). The enzyme was kindly g 9 P P

provided by Novozymes A/S (Bagsvaerd, Denmark). N content freeze-dried N content freeze-dried

All reagents were of analytical grade and purchased from Sigma | v } | |
Chemical Co. (St Louis, MO) or Merck (Darmstadt, Germany). proportion of _ v )

Hydrolysis of WPI. A 5% (w/w) WPI solution, prepared as material aggregated  >\2° oxclusion chromatography
previously describeds, was preheated at 4C for 15 min. The pH
was adjusted to pH 8.0, 5 min before the addition of the enzyme peptides  intact protein
solution, as supplied by the manufacturer. The enzyme/substrate ratio
(v/v) used was 1/100. During hydrolysis (3 h), the reaction mixture, reversed-phase chromatography

incubated at 40C, was maintained at pH 8.0 by the addition of a 0.4
M NaOH solution in a pH-STAT (719 S Titrino, Metrohm lon Analysis,
Metrohm Ltd., Herisau, Switzerland). When a volume of NaOH )
corresponding to a degree of hydrolysis (DH) of 6.8%, which is the at20,28.1, 40, 51.9, or 6@ and freeze-dried. As well, 0.25 g of the
experimental end point of hydrolysi§) was reached (as calculated ~noncentrifuged part was freeze-dried.
using a total number of peptide bonds in the protein substrate of 8.79  Size Exclusion Chromatography Size exclusion experiments were
mequiv/g and an average degree of dissociation ofteH groups performed as previously describes) except that a volume of 100
of 0.833), the hydrolysis was stopped by acidification to pH 2.0 with 0f sample was injected onto the column and detection was performed
a 6 M HCI solution B). The nitrogen concentration of the hydrolysate ~both at 220 (for peptides) and at 280 nm (for proteins).
was measured using the Dumas method. The hydrolysate was stored Sample preparation was as follows. The freeze-dried pellets and
at 4 °C prior to further analysis and use. “total” samples were dispersed in 550 and 2&0of 8 M guanidinium
Mixing of Hydrolysate with Intact WPI. An experimental design hydrochloride, respectively. All material dissolved as no precipitates
was applied to study the effects of mixing the hydrolysate with intact Were observed after centrifugation. Next, a volume of 140 of
WPI. Response surface methodology linked the mixing variables, via dissolved pellet or “total” was mixed with 6Qf. of 0.05 M Tris-HCI
a polynome, to the amount of aggregated material, the amount of intactPuffer containing 0.05 M dithiothreitol (DTT) and 8 M guanidinium
WPI, and the amount of peptides in the aggregates as well as the wpi/nydrochloride (pH 8.0). Afte2 h of incubation at room temperature,
peptide molar ratios in the aggregates (four responses). Three variables300 L of acetonitrile and JuL of TFA were added.
(k= 3) were varied: the amount of added intact WPI, the ionic strength, ~ From the pellet samples, containing the aggregated material, the
and the temperature of incubation. The variables were optimized using peptides, eluting between 7.8 and 11.2 mL, were collected. A volume
a central composite rotatable design (CCRD), in which the variables of 100uL of 0.120 mg/mL dynorphin A (1-7) (Bachem, Bachem AG,
vary around a central point. The design contains five levels for each Bubendorf, Switzerland) was added per 1.4 mL of collected fraction
variable, coded ast, —1, 0, +1, +a (Table 1). Three types of and further served as internal standard. Next, the acetonitrile was
experiments were performed: center experiments, having all variables €vaporated with an ALPHA-RVC CMC-1 rotating vacuum concentrator
set at level O (repeated twice to determine the reproducibility); cube (CHRIST, Osterode am Harz, Germany). A volume of @L.5of TFA

Figure 1. Outline of the experiments performed.

experiments, which are combinations ofl and +1 levels was added per milliliter of fraction before further analysis with reversed-
(2« experiments for a full factorial design); and star experiments, with phase chromatography.

one variable at an extreme valued or + a) and the other variables The areas (at 280 nm) of the peaks corresponding to intact protein
at 0 level (2x k experiments) (8). present in the aggregates and in the “total” were calculated using the

Figure 1 gives an outline of the experiments performed. WPl program Peak Fit (SPSS Inc., Chicago, IL). This calculation gave the
hydrolysate, containing 10 mg of proteinaceous material, was mixed Proportion of intact WPI in the aggregates and, therefore, the amount
with samples containing 0, 8.1, 20, 31.9, and 40 mg of intact WP of intact WPI in the aggregates. From this value and together with the
solution (pH 7.0). The pH was adjusted to pH 7.0 with 6:23\1 NaOH total amount of aggregated material, the amount of peptides in the
solutions and the ionic strength to 25, 55.4, 100, 144.6, and 175 mM aggregates was calculated by subtractiéigre 3). The average
using a 2 MNaCl solution. The total mass of each sample was set to calculated peptide molecular weight in the aggregates was 3566, as
1 g with Millipore water, yielding a final hydrolysate concentration of ~ calculated from the size exclusion chromatograms, under reducing
10 mg/g and WPI concentrations of 0, 8.1, 20, 31.9, and 40 mg/g. conditions. The average WPI weight taken was 19400, based on the
Each sample was divided into two parts. One part (0.55 g) was Protein relative composition.
incubated for 1 h at 2(®8.1, 40, 51.9, or 60C and centrifuged (15 The column was calibrated as previously described (5).
min, 19000g, 2C0°C), whereas the other part was left noncentrifuged Liquid Chromatography—Mass Spectrometry. Samples were
(further denoted “total”). To determine the extent of aggregation, the separated on an analytical reversed-phase Vydac C8 column (208MS52;
nitrogen concentratiorl) in the supernatant and in the noncentrifuged 2.1 x 250 mm; bead diameter 5 um; porosity= 300 nm; Dionex,
part (\N)) was determined using the Dumas method. The proportion of Sunnyvale, CA) by HPLC (Thermo Separation Products Inc., San Jose,
aggregation was defined as {1N/Ny) x 100% and gave the amount ~ CA), with ThermoQuest software. The flow rate was 0.2 mL/min,
of aggregated material. The pellets, containing the aggregates, werecolumn temperature 20C, eluent A 0.07% (v/v) TFA in 5% (v/v)
washed twice with 25, 55.4, 100, 144.6, and 175 mM NacCl solutions acetonitrile, and eluent B 0.05% (v/v) TFA in acetonitrile. A volume
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Table 2. Central Composite Design: Arrangements and Responses Table 3. Average, Standard Deviation, and Range of All Points
with (A) Temperature, (B) lonic Strength, and (C) Amount of Added Compared with the Central Points for All Responses in the Central
WPI Composite Design
responses response all samples center samples
amount of  amount of amount of WPl/peptide amount of aggregated range 4.56-7.98 6.12-6.06
coded vari-  aggregated WP in the peptides in molar ratios material (mg) average 5.83 6.09
ablelevels:  material  aggregates the aggregates in the . Spa 0.98 0.04
run A B C (mg) (mg) (mg) aggregates amount of WPI in the range 0.00-3.84 2.14-2.17
aggregates (mg) average 2.08 2.16
1 00, -168 457 0.00 457 0.000 sSD 1.02 0.02
2 -1,-1,-1 5.38 11 4.27 0.048 amount of peptides in the range 2.29-5.60 3.89-3.98
3 -1,+1,-1 5.95 117 4.78 0.045 aggregates (mg) average 3.81 3.94
4 +1,-1,-1 5.89 1.29 5.60 0.042 SD 0.98 0.06
5 +1,+1,-1 6.20 131 4.90 0.049 WPI/peptide molar ratios range 0.000-0.220 0.099-0.103
6 000(1) 6.12 2.14 3.98 0.099 in the aggregates average 0.110 0.101
7 000 6.06 2.17 3.89 0.103 sSD 0.064 0.003
8 -1.68,0,0 5.15 1.91 3.24 0.108
9 0,-1.68,0 456 1.63 2.92 0.103 2 Standard deviation
10 0,+1.68,0 7.23 2.51 4.72 0.098 ’
11  +1.68,0,0 7.98 3.84 4.14 0.170
12 -1,-1,+1 4.82 2.04 278 0.135 account the main, the quadratic, and the interaction effects, according
13 -1,+1,+ 5,68 261 3.07 0.156 toeql
14 +1,-1,+1 5.03 2.74 2.29 0.220
15 +1,+1,+1 7.19 3.83 3.36 0.210 3 3 3
16 0,0,+1.68 5.40 2.30 2.40 0.176 Y=b,+ bX; + biiXi2 + binin +e Q)

1= 1= i =

of 75 uL of sample was injected onto the column. After 10 min of whereY is the estimated respong®,is the value of the fitted response

isocratic elution with eluent A, further elution was obtained with a 2t the center point of the d_e_sigm,is_ alinear regression terr is the

linear gradient from O to 55% eluent B in 100 min, then from 55 to quadratic regression terrbj is the interaction regression term, axid
100% eluent B in 2 min. and 100% B for 20 min. Detection was 2&ndX are the variables. The significance of theoefficients calculated
performed at 220 nm. Reversed-phase chromatograms were baselined? r.eg.reslsm.n analysis was tested W'<th the StUdeTﬂt with a level of
and the area under the peaks was normalized to reach the same area gtatistical significance defined gs = 0.05. Analysis of variance

the internal standard peak for each sample. Because small variationd ANOVA) was performed on the models. TH® value, the residual
of retention times occur during separation, the program COWTool v error, the pure error (calculated from the repeated measurements), and
1.1 by N.-P. V. Nielsen was used to align the peaks by correlation the lack of fit were calculated. The lack of fit indicates whether the

optimized warping 9, 10). Mass spectra were recorded with an calculated response surface represents the true surface. The sum of
electrospray ionization mass spectrometer (LCQ ion-trap, Finnigan squares _(_SS) of the lack of fit 1S calculated ase_&Sm— SSpure error

MAT 95, San Jose, CA), operating in the positive mode using a spray | 1€ Significance of the lack of it was tested with the Studetest
voltage of 2 KV and a capillary temperature of 28D. The capillary with a level of statistical significance defined ps< 0.05 (8,12).

voltage was set at 45 kV and the tube lens voltage at 35 kV. Mass

spectra were collected in a full mass scan, followed by a zoom scan RESULTS

ang ag/lcfg\éls Sclaq.c’f the”.m.OSt intense 'IIEJI’? in awin?ovmmdlaSZZ The objective of this work was to identify peptides that
and a 6 relative collision energy. The apparatus and data were o e o0 \ihey proteins and to understand preteéptide

controlled by Xcalibur software. The accuracy of the mass determination . ¢ ti leading t fi First. statistical VS
was=+0.3 Da. The theoretical masses of peptides were calculated usingIn eraclions leading to aggregation. FIrst, statistical analysis was

the program Protein Prospector MS Digest v 4.0.5 by P. R. Baker and US€d to determine the influence of several parameters on
K. R. Clauser (http://prospector.ucsf.edu). In addition, mass spectra weredggregate composition and to select representative aggregates
analyzed by Bioworks Browser software (Thermo Electron Corp., to study the peptide composition in further detail.

Waltham, MA), with a FASTA database containing tiég A, $-Ig Statistical Analysis of Data. The composition and the

B, ando-la B sequences. Peptide identification was considered valid amount of aggregates were determined upon variation of
when Bioworks cross-correlation scores were above 3+rand+3 temperature, ionic strength, and addition of WPI. Results or

peptides and above 2 fer4 peptides. responses (amounts of aggregated material, intact WPI, and

Nitrogen Concentration Determination. Nitrogen concentrations

eptides in the aggregates as well as WPI/peptide molar ratios
were measured using the combustion or Dumas methay With a bep ggreg hep )

NA 2100 protein nitrogen analyzer (CE Instruments, Milan, Italy). A are given inTable 2. Using starting amounts of ".]taCt V.VPI of
6.38 x N conversion factor was used to convert nitrogen concentration 0—40 mg, the total amo!‘_m of aggregated m:_;lterlal varle_d from
to protein concentration. 4.56 to 7.98 mg. In addition, the amount of intact WPI in the
Statistical Analysis. Statistical analysis was performed with The —agdgregates of all the samples varied between 0 and 3.84 mg,
Unscrambler program (Camo ASA, Oslo, Norway). Five responses were Which is in the range of the amount of aggregating peptides in
considered: four responses that are the amount of aggregated materiathe system (2.29—5.6 mg).
the amount of intact WPI, and the amount of peptides in the aggregates The WPI/peptide molar ratios in the aggregates of all the
as well as_the WPI/peptide molar ratios in the aggregates, and the fifth samples varied between 0 and 0.220, which is equivalent to a
response is the reverse phase chromatograms. peptide to WPI molar ratio between 4.5 and infinity. We chose

The population standard deviation, which is the deviation from the to express WPI/peptide molar ratio and not peptide/WPI molar
means over all samples, and the standard deviation over repeated center i (which would be more expressive) because a peptide to
samples were calculated for the amount of aggregated material, the P pep

amount of intact WPI, and the amount of peptides in the aggregates as\rgvpI molar ratio of infinity (run 1) cannot be entered in the

well as the WPI/peptide molar ratios. rogram. o

For response surface analysis, the software was used to fit second- Table 3 gives the range of the variation, the average values,
order models and generate response surface plots. Quadratic responsand the population standard deviation over the 16 samples for
surface analysis was based on multiple linear regressions taking intothe four responses. The values for the center samples are
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Table 4. Regression Coefficients and Their p Values for the The regression coefficients and the response surfaces were
Regression Model for Prediction of the Amount of Aggregated Material used to study the effects of the variables on the amount of
as a Function of Temperature (A), lonic Strength (B), and Amount of aggregated material. The influences of temperature and ionic
Added WPI (C) strength are higher than that of the amount of added intact

protein, as indicated by the higher absolute regression coef-
ficients (main terms). However, the effect of the amount of
added intact protein as quadratic term is significant. The effects

complete model simplified model

b coefficient pvalue b coefficient pvalue

Z‘tercePT j-gggE 2 8-822 Z-%gE 2 8882 of temperature, ionic strength, and amount of added intact WP

B 1378600 0007 1 378E—02 0.001 are illustrated in the response surface pldigygre 2A—C).

c 4.28E-03 0.751 4.282E-03 0.714 An optimum amount of aggregated material is found when 20

AB 0.118 0.540 mg of WPI is added to the hydrolysate (10 mg), whatever the

gg 8-;22 8-%8 00 0168 temperature, at an ionic strength of 100 mMigure 2A). A

AA 0146 0.421 0.176 0.226 maximum amount_ of gggregated matt_erial was obtained at

BB —6.934E-02 0.697 combinations of high ionic strength with high temperature

cc -0.362 0.076 -0.333 0.036 (Figure 2B) and a high amount of WPI added with high ionic

other statistics strength (Figure 2C).

fuzm of squares 0.867 e 0.846 " With respect to the amount of intact WPI in the aggregates,
total error 1.926 6 2230 1 it can be stated that the effects of temperature and amount of
pure error 1.800E-03 1 1.800E-03 1 added intact protein are higher than that of ionic strength, as
lack of fit 1.924 5 2228 10 indicated by the higher absolute regression coefficients (data

p value lack of fit 0.052 0.062

not shown). In the response surface plétigire 2D) a
maximum amount of intact protein in the aggregates is observed
at high temperature (around 8C) and for a high amount of
WPI added.

specified separately because these samples are the only repli- . .
cates. This provides an indication of the reproducibility of the The effects of temper:.ature.and amount of added mtgct protein
on the amount of peptides in the aggregates are higher than

ixi i .Th lati iation for th - - ;
mixing experiment. The population standard deviation for t er*hat of ionic strength, as indicated by the higher absolute

four responses is considerably higher than the standard deviatio . .
Jegression coefficients (data not shown). In the response surface

over the repeated center samples. Therefore, the variable : . . ; in th
influence both the amount of aggregated material and the PIOtS Figure 2EF), a maximum amount of peptides in the

amounts of intact WPI and peptides in the aggregates as well239regates was obtained at combinations of low amount of WP
as the WPI/peptide molar ratios, which makes regression @dded with high ionic strength and high ionic strength with high
analysis interesting. temperature.

Response Surface ModelingRegression coefficients and Concerning the WPI/peptide molar ratios in the aggregates,
quadratic response surfaces provide information about the effectdt can be seen that the effects of temperature and amount of
of individual variables and of their interactive effects on a added intact protein are higher than that of ionic strength, as
response. In the experimental design, three variables were variedindicated by the higher absolute regression coefficients (data
which implies that for every response a model could be built not shown). In the response surface plétiglre 2G) a
from 10b coefficients, that is, the coefficients for 3 main effects, maximum WPI/peptide molar ratio in the aggregates is observed
3 quadratic effects, 3 interactions, and 1 intercept. Variables at high temperature (around 8C) and for a high amount of
needed to reach a maximum amount of aggregated material, aVP| added.
maximum amount of intact protein in the aggregates, a minimum  |dentification of the Main Peptides Involved in Protein—
amount of peptides in the aggregates, and a maximum WP/ peptide Interactions. In this study, the 16 pellets containing
peptide molar ratio in the aggregates could be estimated. Hereaggregated material (peptides and intact protein) were analyzed
we describe in detail the response surface modeling for one it sjze exclusion chromatography under reducing conditions

@ Degree of freedom.

response: the.amount Of aggregated material. (Figure 3) in order to separate intact protein from peptides.
The regression coefficients and the overall performance of The peptides were collected and afterward analyzed with reverse
two response surface models are showmable 4. The initial phase chromatography (Figure 4).

regression analysis performed with all regression parameters
(“complete model”) revealed that several terms were not
significant (pvalue > 0.2). To simplify the model, nonsignifi-
cant terms were eliminated step by step from the regression
model, starting with quadratic terms and interaction terms,
ensuring that th&? of the model does not change significantly
(backward elimination). The quadratic term of ionic strength
was eliminated, as well as the interaction terms temperature

Interestingly, the 16 reversed-phase chromatograms obtained
were similar with respect to the number of peaks and the relative
proportions of these. Three major peaks were found that
correspond well with three major peaks obtained in size
exclusion chromatography. Correlations between sample char-
acteristics were studied by partial least-squares regression. No
stable model could be built from the analysis of the chromato-
ionic strength and temperaturadded intact protein. This grams. The calibration was sati_sfying, but COU'P' not _be vglidgted,
procedure resulted in a model with seven regression terms@nd only 60% of the information was explained in principal
(Table 4, simplified model). Th&? of this simplified model is component analysis (m_stead of 80% at Ieast_). T_herefore, it was
0.846, which is close to that of the complete mod&l= 0.867). concluded that the_ variables (temperature, ionic strength, _and
The lack of fit of the model indicates whether the calculated @mount of added intact WPI) have no effect on the peptide
response surface represents the true shape of the surface. THgomMposition in the aggregates.

lack of fit is not significant in the complete moded Yalue= The peptides present in the three major pe&ligure 4) were
0.052) or in the simplified modep(value= 0.062). identified with mass spectrometrydble 5), from both full mass
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A E

4.483 5073 5.657 6.242 6.826 7.410 1.787 2_.5?0 3,-353 4135 4918 5.701

4576 5348 6123 6,896 7.670 2443 2887 3.230 3573 3915 4.258 4,601

150
hi(B)

100
gfored

50
joni®

3234 4.023 4812 5.601 6,389 7178 -1642e-03  6.663e-02 0.136 0.205 0.275 0.344

-0.165 0.704 1,673 2442 3311 4130

Figure 2. Effects of selected variables on the amount of aggregated material in the aggregates (A—C), on the amount of WPI in aggregates (D), on the
amount of peptides in the aggregates (E, F), and on the WPI/peptide ratio in the aggregates (G). (In every figure, the third variable is at its center value.)

scans and MS/MS scans. Unless ionization suppression fromDISCUSSION

these peptides occurred in the electrospray, hiding other peptides,

each peak contained one peptide. Peak 1 (3-lg AB [f90—108]) It has been shown that hydrolysis of WPI with BLP leads to

and peak 3 (o-la [f50—113]) contain peptides originating from the formation of peptide aggregates (13). We have recently
disulfide-bridged fragments. Peak 2 contained the peftitte shown that these WPI hydrolysates have the capacity to
AB [f1—45], which corresponds to the N-terminal extremity aggregate intact WPI (5). To further investigate aggregate
of -Ig. composition and interactions in the protejpeptide system, we
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B EE £ o2 - Table 5. Mass Spectrometry Results for the Peptide Peaks 1-3
° e 2 22 3 Separated by Reverse Phase Chromatography (see Figure 4)
<] = O U0 5
o 9 o S o =2 .
\ ) . ' , measured theoretical
Peptides collected peak mass (Da) possible fragment mass (Da)
f 1 2335.2 B-lg AB [f90-108] 2336.8
2 4895.6 S-lg AB [f1-45] 4898.7
3 7403.5 o-la [f50-113] 7408.5

0D220nm

Intact protein former study %), and accounts for a proportion of around 45%

(w/w) in the aggregates. Therefore, in these conditions, 6 mol
of aggregating peptides was interacting with 1 mqbég. Upon
further WPI addition, the WPI/peptide ratio in the aggregates
5 7 vol (mL) 9 1 increased. There was too much protein per aggregating peptide
] ) ) , B to form stable protein—peptide aggregates. Protein—peptide
Figure 3. Size exclusion chromatogram, under reducing conditions, of interactions were assumed to give soluble adducts because the
aggregates obtained from the mixture of a hydrolysate with intact WPI amount of aggregated material decreased.
(fun 6 of Table 2 in this case). In addition, it was shown that variables (temperature, ionic
strength, and amount of added WPI) have no effect on peptide
internal composition because the same peptides were present in the
standard aggregates in all of the conditions test&i(ire 4) at the same
relative proportions. However, the variables have an effect on
the total amount of peptides present in the aggregdtigsie

£ 2
S 2E,F).
a 1 Main Peptides Involved in Protein—Peptide Interactions.
© Two of the identified peptides originated frofhlg. -Lg is a
3 globular protein with a molar mass of 18.3 kDa. It is constituted
by 162 amino acid residues, has agbl5.2, and contains two
[ . stabilizing disulfide bridges and a thiol function on Cys 121.
. : T T Whereas the disulfide bond between residues 66 and 160 is on
2 « 60 80 100 the outer surface, the disulfide bond between residues 106 and
retention time {rmin) 119 and the free thiol group 121 are buried in the interior of
Figure 4. Reverse phase chromatogram, under reducing conditions, of the native moleculel). The monomer of-Ig has a calyx fold
peptides isolated from intact protein with size exclusion chromatography consisting of an eight-stranded antiparafidbarrel, typical of
(run 6 of Table 2 in this case). the lipocalin protein superfamilylf); this structure confers a

hydrophobic pocket to thg-Ig (16).
used response surface methodology to analyze the effects of The peptides-lg AB [f90—108] has some hydrophobic nature
mixing conditions on aggregate composition. In addition, the because 53% of the amino acid residues are hydrophobic.
peptides present in the aggregates were separated from the intagiccording to the sequence @tlg and the specificity of the
protein and identified with liquid chromatographgnass spec- enzyme, the peptidgé-lg AB [f90—108] would be linked via a
trometry. disulfide bridge, between residues Cys 106 and Cys 119, with

Composition of the AggregatesThe results obtained with  the minimum sequengglg AB [f114—127]. However, despite
respect to the effects of temperature, ionic strength, and amountcareful analysis, the latter peptide was not found in the
of added WPI are schematically summarized Figure 5. aggregates. The fragmerfi-lg AB [f90—108] could also
Increasing both temperature and ionic strength increased thepossibly be linked to other fragments via reshuffling of the
amounts of both intact protein and peptides in the aggregatesdisulfide bond Cys 106Cys 119. For example, Caessens and
and, therefore, the total amount of aggregated material. Thereco-workers (17) proved reshuffling of disulfide bonds during
were protein—peptide interactions leading to the formation of hydrolysis of 5-Ilg with plasmin. In this study, peptides from
stable protein—peptide aggregate because WPI alone did notthe N-terminal part of the molecule were linked to peptides of
aggregate under these conditions. Because elevated temperatutbe middle part of the molecule, in many different combinations,
favors hydrophobic interactions and high ionic strength reduces with a newly formed intermolecular disulfide bond between Cys
the distance over which electrostatic repulsion is effective, 66 and Cys 106, 119, or 121. However, it could not be proven
protein—peptide interactions depend on a balance betweenwhether the disulfide bond between Cys 106 and Cys 119
hydrophobic attractions and electrostatic repulsions, as alreadyremained intact or if this bond also took part in the reshuffling
assumed in a former study (5). (18).

In addition, a change in the composition of the aggregates As the fragmenj3-lg AB [f1 —45] is resistant to enzymatic
toward less peptide and more intact protein occurred upon WPI cleavage of the three aspartic acid residues that it contains, it is
addition (Figure 5). There was an optimal amount of added assumed to adopt a compact structure to hide the cleavable
intact WPI (20 mg) that could interact with aggregating peptides peptide bonds. This is supported by the fact that 56% of the
(at 60°C, 175 mM NacCl), yielding the maximum amount of amino acid residues in the peptide are of hydrophobic nature.
aggregated material (Figure 2A) in which the WPI/peptide Otte and co-workerslQ) also found the two fragments f64lg
molar ratio was around 0.166-igure 2G; equivalent to a in aggregates formed fropftlg hydrolysates made with the same
peptide/protein molar ratio of around 6). The main protein enzyme. However, the primary aggregating fragment identified
present in the aggregates wadg, as already identified in a by Otte and co-workergflg [f135—158] (19)) was not found.



2480 J. Agric. Food Chem., Vol. 55, No. 6, 2007 Creusot and Gruppen

Aggregated material
high peptides ' i ol et o |

high protein
Agg regated_mate;i@_l

[/

low pepti

low protein IONIC STRENGTH :
oNpapucos low protein PROTEIN ADDED

Figure 5. Schematic representation of the variations of composition in the aggregates as a function of temperature, ionic strength, and amount of intact
WPI added.

The third identified peptide originated from-la. a-La is a addition, charged peptides could also bindsttg (1). In this
globular protein with a molar mass of 14.4 kDa. It is a situation, negatively charged peptides (with masses of 0.703
metalloprotein constituted by 123 amino acid residues and with and 1.245 kDa) were speculated to interact electrostatically with
a pl of 4.8. a-La is composed of two subdomains &ndj3). positively charged regions at the surface of the protdin (
Thea-subdomain consists of helices in the amino- and carboxyl- However, in the present study, peptides involved in pretein
terminal regions of the polypeptide chain (residues34 and  peptide interactions are larger than the ligands described in the
86—123). Thes-subdomain consists of the remaining protein, jiterature and reported to interact wigdg. Indeed, the peptides
residues 3585_, which are athree-strande_d antiparghlaheet, B-lg AB [f1—45] (~4.9 kDa) andx-la [f50—113] (~7.4 kDa)

a small 3o helix, and some loops and coil2Q). account for around 27 and 40%, respectively, of the mass of

The peptiden-la [f50—113] belongs to botl- and 5-sub- B-lg and are probably too large to enter the hydrophobic calyx
domains ofa-la. According to the sequence afla and the ¢ 3 14 tor example. However, it cannot be excluded that the

specificity of the enzyme, the peptidela [f50—113] could be ; _ ;
i . L ) " L peptides-lg AB [f90—108] (2.3 kDa) could possibly enter the
linked via a disulfide bridge with the minimum sequencéa hydrophobic calyx of-Ig.

[f26—37]. However, the latter peptide was not found in the . ; i
aggregates. The peptigela [f50—113] is rather large (7.408 It is hypothesized that the peptides form a network, based

kDa; around 50% of mass of the intacta). As it is resistant on hydrophobic interactions, which can include protein. Peptides
to enzymatic cleavage of the nine aspartic acid residues that jtcould form a kind of glue network that can includdg, at an
contains, it is also assumed to adopt a compact structure to hidePPtimal peptide to protein molar ratio of 6, via hydrophobic
the cleavable peptide bonds. Otte and co-worket} glso found interactions with the hydrophobic binding sites at the surface
this fragment, disulfide linked witho-la [f26—37], as the of the protein, as described above, and reduced electrostatic
primary aggregating one after hydrolysiscda with the same  repulsions. As a selection of aggregating peptides did not occur
enzyme. upon addition of WPI, it is assumed that the peptides interact

Peptide—f-Lactoglobulin Interactions. Peptidess-lg AB with the protein with the same affinity. When there was an
[f1—45], a-la [f50—113], and intacp-lg have a negative net  excess of protein in the system, less aggregation was observed,
charge at pH 7.0 (around2.0,—2.9, and—9.0, respectively). meaning that the glue network of peptides was disrupted into
The peptidgs-lg AB [f90—108] is neutral at pH 7.0. In addition,  soluble proteir-peptide adducts. That proves again that non-
the peptideg-lg AB [f1—45] and 5-Ilg AB [f90—108] contain covalent interactions hold the peptide network. However, it
a high proportion of hydrophobic amino acid residues, possibly cannot be excluded that the free SH group of the peptides could
arranged in clusters. This corresponds well with the results form covalent protein—peptide interactions.
indicating proteir-peptide interactions via hydrophobic interac-
tions and reduced electrostatic repulsion.

It has been reported thatlg has the ability to bind a variety

of small hydrophobic molecules (retinol, fatty acids, aromatic | 5 g-lactalbumin: ANOVA analysis of variancé-Ig

molecules, toluene, etc). Three binding sites have been reportec}g lacto . ; ; ; ; .
; ! . - globulin; BLP,Bacillus licheniformisprotease; CCRD,
(16): one in the hydrophobic calyx formed by thidarrel (for central composite rotatable design; DTT, dithiothreitol; lof, lack

retinol and hydrophobic ligands), another one in an external ... . . : .~
hydrophobic pocket between tlehelix and thes-barrel (for g:(?ttéisi,scs):gtne()f squares; TFA, trifluoroacetic acid; WPI, whey

fatty acids), and the third on the outer surface close to the
parallel stack of Trp 19/Arg 124 (for aromatic ligands).
However, there was no evidence for the two latter binding sites. ACKNOWLEDGMENT
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