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Effect of Protein, Nonprotein-Soluble Components, and Lactose
Concentrations on the Irreversible Thermal Denaturation of
p-Lactoglobulin and  a-Lactalbumin in Skim Milk
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The effect of protein, nonprotein-soluble components, and lactose concentrations on the irreversible
denaturation of S-lactoglobulin (8-LG) and a-lactalbumin (o-LA) in reconstituted skim milk samples
was studied over a wide temperature range (75—100 °C). The irreversible thermal denaturation of
B-LG had a reaction order of 1.5 and that of a-LA had a reaction order of 1.0 in all systems and
under all conditions. The rates of irreversible denaturation of 3-LG and a-LA were markedly dependent
upon the composition of the milk. At all temperatures, the irreversible denaturations of 5-LG and
o-LA were enhanced at a higher protein concentration and were retarded when the nonprotein-
soluble components and lactose concentrations were increased. The effects of increasing the
concentrations of lactose and nonprotein-soluble components were interpreted using the preferential
hydration theory and allowed for the interpretation of the changes in the denaturations of -LG and
o-LA when the milk total solids concentration was increased.

KEYWORDS: Milk; p-lactoglobulin;  o-lactalbumin; thermal denaturation; lactose; protein; soluble
components

INTRODUCTION phosphate, lactose, nonprotein nitrogen components, and the
other soluble mineral components). Law and Leau&) have
shown that both3-LG and a-LA denaturation are increased
hen the milk protein concentration is doubled and the milk is
eated at 80C only. In a subsequent study, Law and Leaver
(13) have also shown that the denaturations of i#btiG and
a-LA are enhanced when the pH of the milk is increased from
the natural pH and are retarded when the pH is decreased.
No full study of the effect of milk protein, nonprotein-soluble
é:omponents, and lactose concentrations on the irreversible
denaturation of-LG ando-LA over wide concentration ranges
and at a range of temperatures and holding times has been
reported previously. This paper describes the results of studies
on the irreversible thermal denaturation®tG anda-LA, in
reconstituted skim milk in which the various components
(protein, nonprotein-soluble components, and lactose) were
concentrated. The temperature and time combinations were
4 chosen to allow for a full kinetic and thermodynamic study on
the denaturation reactions to be completed. The results of this
study are compared with the previous studies in which all milk
components were concentratdd(11) and are used to deduce

increases the protein concentration but also the nonprotein he relative i fvari h .
colloidal components (especially colloidal calcium phosphate) the relative importance of various components on whey protein
denaturation and their roles in the denaturation mechanism.

and the nonprotein-soluble components (such as soluble calcium,

The heat treatment of milk at temperatures above abo?€70
results in the irreversible denaturation of the whey proteins.
Numerous studies have investigated these denaturation reactions,
and many studies have completed full kinetic and thermody-
namic evaluations that allow for predictive models to be
developed (1—-11).

Most of the studies have investigated the effect of heat on
the irreversible denaturation of whey proteins in milk at its
natural concentration. However, these denaturation reactions ar:
markedly dependent upon the concentration and composition
of the milk. Recent studies have shown tfidactoglobulin (3-
LG) denaturation in skim milk is markedly retarded by
increasing the total solids concentration of the millR), whereas
o-lactalbumin ¢-LA) denaturation is hardly affected by the milk
solids concentration (11).

It is uncertain what components of milk are influencing this
unusual denaturation behavior when milk is concentrated to
times its natural levels, especially the marked differences
betweens-LG anda-LA. The concentration of milk not only

* To whom correspondence should be addressed: Fonterra Research’vl'o‘-rERIALS AND METHODS

Centre, Private Bag 11029, Palmerston North, New Zealand. Telephone: : : : : :
+64-(6)-350-4649. Faxt 64-(6)-356-1476. E-mail: skelte.anema@fonterra.com. KM Milk Samples with Increased Protein Concentrations.The
t Technische Universitaviiinchen. method of Anema et al. (14) was used to produce milk samples with

* Fonterra Research Centre. increased protein concentrations. Reconstituted skim milk samples of

10.1021/jf061508+ CCC: $33.50  © 2006 American Chemical Society
Published on Web 08/25/2006



7340 J. Agric. Food Chem., Vol. 54, No. 19, 2006 Anema et al.

9.6 total solids (TS) (w/w) were prepared by adding the appropriate 100 A 100

quantity of low heat skim milk powder (New Zealand Dairy Board, = =

Wellington, New Zealand) to water [purified through a Milli-Q e 80 80 2

apparatus (Millipore Corp., Bedford, MA)]. A small quantity (about 9 60 4 60 ©

0.04%) of sodium azide was added to each of the milk samples as a < g

preservative. The milk samples were allowed to stir for at least 12 h £ 40 1 40 &

before further use to ensure equilibratid®); After equilibration, each T 904 3

milk sample was ultrafiltered using a 10 000 Da (nominal) hollow- = ~

fiber membrane cartridge and the associated pumping equipment 01

(Amicon, Inc., Beverly, MA). Samples of the retentate were taken at 5

various concentrations, and the protein content was estimated from the

concentration factor and confirmed by electrophoresis. g 4 -
Skim Milk Samples with Increased Nonprotein-Soluble Com- Z} 34 B

ponents Concentrations.The method of Anema et all4) was used Ty a - -1.0 >3

to produce milk samples with increased nonprotein-soluble components  ~ 2 <

concentrations. Reconstituted skim milk samples of 9.6, 19.2, and 28.8%

TS (w/w) were prepared by adding the appropriate quantity of the low N

heat skim milk powder to purified water, with a small quantity (about 0 250 500 750 1000 O 250 500 750 1000

0.04%) of sodium azide added as a preservative. The milk samples
were allowed to stir for at least 12 h before further use to ensure Time (seconds)

equilibration £5), and then each sample was ultrafiltered using a 10 000 Figure 1. Comparison of the irreversible denaturations of 5-LG and o-LA

Da (nominal) hollow-fiber membrane (Tartridge and |the fassociated for threé separate milk samples at 80 °C (@, W, and ¥) and 95 °C (O
umping equipment (Amicon, Inc., Beverly, MA). Samples of permeate ) P A

?Iesspthgn ioop/o of th(e total volume) Wereytakezl from peach orf)the milk = and V). (A) Denaturation of -LG, (B) denaturation of a-LA, (C) kinetic

samples. Milk samples with 2, 3, and 4 times the nonprotein-soluble evaluation of the denaturation of 5-LG as a 1.5-order reaction, and (D)

components levels were prepared by reconstituting skim milk powder kinetic evaluation of the denaturation of o-LA as a first-order reaction.

in the permeate from the 9.6, 19.2, and 28.8% TS milk, respectively, (® and O) Milk 1, (M and O0) milk 2, and (v and v) milk 3.

to give an equivalent protein concentration to that of the 9.6% TS (w/

w) skim milk. The milk samples were allowed to stir for several hours

at room temperature and were then stored & Sor 12 h before use.  gamples were accurately diluted, by weight, with the native-PAGE

The protein content of the milk samples was checked by electrophore5|s.samp|e buffer.

Skim Milk Samples with Increased Lactose Concentrations. After electrophoresis, the gels were stained using 0.1% (w/v) amido
Lactose solutlpns containing 5, 10, and 15% _(w/w) lactose WET® hlack 10B in 10% acetic acid and 25% isopropanol. After the gels were
prepared by dissolving lactose (BDH Laboratories, Poole, U.K.) in - giained for 3 h, they were destained using a 10% acetic acid solution
purified water and allowing these solutions to stir until the lactose was | +il a clear background was achieved. The gels were scanned using a
completely dissolved. Milk samples with increased lactose levels were Molecular Dynamics model P.D. computing densitometer (Molecular
prepared by reconstituting skim milk powder [equivalent protein levels Dynamics, Inc., Sunnyvale, CA), and the integrated intensities of the
to that of the 9.6% TS (wiw) skim milk] in the 5, 10, and 15% lactose S-LG anda-LA bands were determined using the Molecular Dynamics
solutions. The milk samples with altered lactose levels were allowed Imagequant integration software. No attempt was made to separate the
to stir for several hours at room temperature and were then stored at 5,5 "\ /ariants of f-LG, because these behaved similarly under the
°C for 12 h before use. A small quantity (about 0.04%) of sodium o5 tion conditions. The changes in the levels of ngfis anda-LA
azide was added to each of the milk samples as a preservative. The,q 5 consequence of the heat treatment were determined by comparing
protein content of the milk samples was checked by el_ec_trophoreSIS.the band intensities of the residual proteins in the heated milk samples

Heat Treatment. The method of heat treatment was similar to that ith the average band intensities of the proteins in two unheated
reported in the studies on increased milk solids concentratidhd.1), samples, with corrections for differences induced by the various dilution
because this would allow for a direct comparison between the results. steps in the sample preparations.

Weighed aliquots (about 100 mg) of the various milk samples were
transferred to small sealable plastic tubes. The milk samples were heateqj e
at temperatures in the range of 75—1W0 (+£0.1 °C) for times from

0 to about 60 min in a thermostatically controlled oil bath. The heat-
up time was estimated by inserting a thermocouple in selected sample
tubes and monitoring the temperature change during heating. The
estimated heat-up time was subtracted from the total heating times. RESULTS AND DISCUSSION
After heat treatment, the milk samples were rapidly cooled in an ice
bath for 5 min.

The concentrations g8-LG and a-LA in the milk samples were
termined by comparing the band intensities of the proteins in the
milk samples with standard curves prepared from purifiedG and
o-LA solutions of known concentrations.

The proposed mechanism for the irreversible thermal dena-
Dilution of Milk Samples. The milk samples (where required) were turatlo.n of-LG and.o.-LA. in heated m'.lk IS ConSIdergd to be

accurately diluted, by weighing, with water to a concentration a m“'"SteP process in Wh'Ch thg reversible dgnaturatlop (unfold-
comparable with that of the 9.6% TS (w/w) milk samples. Several small iNg) reaction and the irreversible aggregation reactions play
glass beads were added to each sample to aid dispersion. The sampldgnportant roles in determining the overall kinetic and thermo-
were shaken vigorously to ensure homogeneous dispersion of the milkdynamic processes in the irreversible reaction pathw&y (
and were allowed to stand for 24 h before analysis. Milk samples at 8—11). Unless otherwise stated, the denaturation reaction
high protein concentrations aggregated during prolonged heat treatmenidiscussed throughout this paper refers to the combined process
at high temperatures; however, the dispersion method allowed for a of reversible denaturation (unfolding) and irreversible aggrega-

representative sample of the milk slurry to be collected. , tion and is therefore the irreversible thermal denaturation
Polyacrylamide Gel Electrophoresis (PAGE).The level of native process.

p-LG in the control and heat-treated milk samples was determined using o - .
native PAGE, as has been described previou8)y The casein and Reproducibility Of, Determinations of Regdual o-LA and
denatured whey proteins were removed from the milk by adjusting the 5-LG- Representative gel electrophoresis patterns have been

pH to 4.6 and centrifuging out the precipitate using a bench centrifuge. prese_nted in a previous papGJQQ. Because of the scale of the
The resultant supernatant was used for analysis of residual native wheyexperiments, only selected points were repeated to ensure that
proteins using the native-PAGE technique. The supernatant and milk consistent results were obtained. In addition, the control milk
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Figure 2. Effect of the protein concentration on the irreversible thermal C|F
denaturations of 5-LG and a-LA at 80 °C (@, v, and H) and 95 °C (O, Es 51 T
v, and O). (A) Denaturation of S-LG, (B) denaturation of a-LA, (C) kinetic < 2 6 1
evaluation of the denaturation of 5-LG as a 1.5-order reaction, and (D) z '_3 i
kinetic evaluation of the denaturation of o-LA as a first-order reaction. < 7] 1
(® and O) 3.33 mg of 5-LG/g and 1.30 mg of a-LA/g (skim milk), (v
and v) 7.93 mg of $-LG/g and 3.10 mg of o-LA/g, and (M and OJ) 18.16 8 ‘ ‘ ‘ Bl
mg of f-LG/g and 7.10 mg of o-LA/g. 270275280285 1 2 3 4 5 6 7
1000/T Protein
sample was repeated for each set of experiments (i.e., for the (Tin K) conz:;gt/;a;tlon

milks with increased protein, increased nonprotein-soluble
Componentsl and increased |actose Contents), Wh|Ch a"owed forFigUre 3. Effect of the prOtein concentration on the Arrhenius pIOtS and
full errors to be calculated for this milk sample. Standard rate constants for the denaturations of 5-LG and o-LA. (A) Arrhenius
deviations were obtained for the repeated samples and arePlot for A-LG denaturation, raw data; (B) Arrhenius plot for f-LG
presented as error bars on relevant p0|nts in the f|gures and aéjenaturation, data Corrected for the |n|t|a| ﬂ'LG Concentration; (C) ArrheniUS
standard deviations in the tables. plot for a-LA denaturation; (D) relationship between the initial 5-LG

Figure 1 shows typical results for the level of irreversible congentra_tion and the ratg p_onstant for B-LG dgnaturation, raw data; (E)
denaturation of3-LG (Figure 1A) and a-LA (Figure 1B) in relationship betweep the initial 3-LG concentra}pp and the rate constlant
the control milk samples heated at 80 and°@for various for -LG denaturation, data corrected for the initial 5-LG concentration;
times. The kinetic evaluations of these data for the denaturation@nd (F) relationship between the initial o-LA concentration and the rate
of B-LG as a 1.5-order reaction and for the denaturatiom-bfA constant for a-LA denaturation. (O) 3.33 mg of -LG/g and 1.30 mg of
as a first-order reaction are shown in pa@tsindD of Figure o:-LA/g (skim milk), (v) 7.93 mg of -LG/g and 3.10 mg of a-LA/g, ()
1, respectively. The degree of denaturation at each heating!8-16 mg of 5-LG/g and 7.10 mg of o-LA/g, (@) 75 °C, (v) 80 °C, (M)
temperature/time combination was reproducible, with consis- 85 C: (#) 90 °C, (a) 95 °C, and (®) 100 °C.
tently low standard deviations between repeated measurements.

For example, for the results in par'sandB of Figure 1, the In(C/C,) = kt (1)
standard deviation ranged from 0.9 to 6.1 fbLG and from 0
1.8 to 6.8 fora-LA, which were typical for the experiments in
this study. These results demonstrate the reproducibility of the
heating methods and also the electrophoresis method for
determining denaturation levels when appropriate running, wheren = reaction orderks = rate constaniCo = initial native
staining, and destaining methods were employed and appropriatgprotein concentration, anc = concentration of native protein
standards were used on the gels. at timet.

Effect of the Protein Concentration on the Irreversible The irreversible denaturation gfLG was best described as
Thermal Denaturation of #-LG and a-LA. Milk samples with a 1.5-order reaction, and the irreversible denaturatiom-bA
increased protein concentrations, prepared by the ultrafiltration was best described as a first-order reaction at all milk protein
of skim milk to various concentrations, were heated at temper- concentrations and at all temperatures (pa@rendD of Figure
atures from 75 to 100C for times up to about 60 min before 2, respectively). The correlation coefficients ranged from 0.97
analysis by native PAGE. For selected temperatures and proteinto 0.99 for bothg-LG and a-LA, and they intercepts ranged
concentrations, the levels of natigeLG andoa-LA remaining from 0.89 to 1.2 forB-LG and from—0.21 to 0.04 fora-LA.
after the various heat treatments are shown in paiasdB of The determined orders of 1.5 and 1.0 for the thermal denatur-
Figure 2, respectively. Equations 1 and 2 were used to analyze ations of3-LG anda-LA, respectively, in heated milk systems
the results at each temperature and thereby to obtain the overalare in agreement with those reported for milk at its natural
order,n, for the irreversible thermal denaturation reactions for concentration@—8) and for concentrated milkLQ, 11). Oldfield
B-LG anda-LA at each milk protein concentration. et al. @), using nonlinear regression analysis, reported reaction

(CICY "=1+4 (n— 1)k(CY" 2)
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Table 1. Effect of the Protein Concentration on the Rate Constants for the Irreversible Thermal Denaturation of 5-LG and a-LA2

Rate Constants for 5-LG Denaturanon [Iq( 0)%° x 10]

protein concentration (mg/g) protein concentration factor 75°C 0 °C 85°C 90°C 95°C 100 °C
333 1.00 05(1) 2.2(4) 72 20(2) 26 (2) 29
5.55 1.67 0.6 (1) 3.4(4) 9.9 24 (4) 34(3) 39
7.93 2.38 1.0(1) 4.8 (6) 12.1 30(1) 43(7) 47
10.09 3.03 12(1) 0 (5) 14.0 38(5) 44(7) 58
14.45 434 1.6(2) 94 17.4 43 (10) 58 (10) 66
18.16 5.45 22(2) 0(9) 22.1 45 (8) 67 (18) 87
Rate Constants for a-LA Denaturation (k x 10)
protein concentration (mg/g) protein concentration factor 75°C 80 °C 85°C 90 °C 95°C 100 °C
1.30 1.00 05(1) 1.2(1) 21 31(3) 4.3 (6) 6.1
2.17 1.67 0.7(1) 15(3) 24 3.4 (4) 47(7) 6.9
3.10 2.38 0.8(1) 1.9(3) 3.0 39(8) 5.9(9) 7.8
3.95 3.03 09(1) 23(2) 36 4.7 (5) 6.7(9) 8.4
5.65 434 1.1(1) 29(2) 42 55(7) 7.8(9) 9.5
7.10 5.45 1.3(1) 32(4) 49 6.6 (9) 9.1(9) 114

@ Standard deviations for repeated measurements are given in parentheses.

100

orders from 1.0 to 1.6 fof-LG denaturation and from 0.9 to
1.1 for a-LA denaturation in heated skim milk. According to
egs 1 and 2, the reaction rate constakt$pr each temperature
can be obtained from the slopes of the straight lines, such as
those shown in the selected examples in pargdD of Figure

2. The rate constants fgrLG anda-LA are given inTable 1.

For both 5-LG and a-LA, the relationship between the
observed rate constants and the temperature of the reaction was
analyzed using the Arrhenius equatid) 8). The logarithms
of the rate constants [Ik{)] were plotted against the reciprocal
of the absolute temperature (paksand C of Figure 3). It
should be noted that, f@-LG, the observed rate constaki-[
(Co)°9 was obtained directly from the experimental results,
whereas the true rate constaky) (vas corrected for the initial
-LG concentration, which was determined experimentally for

Native B-LG (%)
(%) V10 anneN

(°0/'0) N1

H . T T T T T T T T T T ‘20
each.mllk.sample. BecausgLA appeared to_follow flrst-o.rder 0 250 500 750 1000 O 250 500 750 1000
reaction kinetics, no correction for the protein concentration was _
made. Time (seconds)
The relationship between Ikf and 1T was linear within Figure 4. Effect of the nonprotein-soluble components concentration on

certain temperature ranges, with a marked change in thethe irreversible thermal denaturations of 3-LG and o-LA at 80 °C (@, v,
temperature dependence at abouf@Uor 5-LG and at about M, and @) and 95 °C (O, v, O, and <). (A) Denaturation of -LG, (B)

80 °C for a-LA, which is consistent with previous papes— denaturation of a-LA, (C) kinetic evaluation of the denaturation of 8-LG
11). From the plots irFigure 3, the activation energiesy), as a 1.5-order reaction, and (D) kinetic evaluation of the denaturation of
enthalpies of activationAH¥), entropies of activationAS'), o-LA as a first-order reaction. (® and O) 1x concentration factor (skim

and free energies of activationG*) were calculated using the  milk), (v and v) 2x concentration factor, (M and CI) 3x concentration
appropriate equation$(8). Selected results are presented in factor, and (¢ and <) 4x concentration factor.
Table 2.

The results inFigures 2 and 3 and Tables 1 and 2 The effects of the concentration on the rate constants for the
demonstrate the effect of the milk protein concentration on the denaturation of3-LG obtained by Law and Leaved2) were
irreversible denaturations BtLG anda-LA and on the kinetic ~ very similar to those observed here; however, the rate constants
and thermodynamic properties of these denaturation reactions for the denaturation ak-LA were much lower than those found
For both 3-LG and o-LA, the level of denaturation at any in the current study, even for milk at the natural concentration.
particular temperature/time combination, as measured by the Because the irreversible denaturationfeEG appeared to
fraction of native protein remaining after heating, increased as follow a reaction order of 1.5, according to eq 2, the experi-
the milk protein concentration in the milk samples was increased mental rate constark 5(Co)°° was dependent upon the initial

(Figure 2). When the experimental rate constants fetG protein concentration. The concentration-independent rate con-
denaturation (part& andD of Figure 3 andTable 1) anda-LA stant,k; 5, was calculated from the concentration LG in
denaturation (part€ and F of Figure 3 and Table 1) are the milk. The concentration-independent rate const&ngsfor

compared, it is apparent that, at each temperature, the rate3-LG denaturation at each temperature were relatively inde-
constants increased linearly with an increasing protein concen-pendent of the initial protein concentration (paBsand E of
tration. Law and LeaverlQ) examined the effect of the protein  Figure 3), although small increases in the rate of denaturation
concentration on the denaturation @fLA and -LG upon were observed at 75 and 8C. If the denaturation of-LA
heating at 80C, over a narrower concentration range than used followed true first-order reaction kinetics, the rate constants for
here, and also observed linear increases in the rate constants adenaturation should be independent of the protein concentration.
the protein concentration of the milk samples was increased. However, the results ifable 1 and Figure 2 show a clear
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Table 2. Effect of the Protein Concentration on the Kinetic and Thermodynamic Parameters for the Irreversible Thermal Denaturation of 5-LG and
o-LA?

p-LG
protein protein temperature
concentration concentration range E,
(mglg) factor (°C) (kJ/mol) AH* (kJ/mol) AS* (kI mol~t K1) AG* (kJ/imol)
333 1.00 75-90 262 (22) a 259 (22) a 0.44(7)a 102(2) a
90-100 42(8)b 39(7)b -0.19(5) b 101 (1) a
5.55 1.67 75-90 253 (24)a 250 (18) a 041(7)a 103(3) a
90-100 52 (6) b 49 (5) b -0.14(3) b 101 (3)a
7.93 2.38 75-90 234 (18)a 232 (18)a 0.36 (6) a 102 (4) a
90-100 50(8)b 47(7) b -0.14(5) b 100 (3) a
10.09 3.03 75-90 240 (19) a 236 (18) a 0.38(8)a 102 (2) a
90-100 47(8) b 44 (8) b -0.15(6) b 100 (3) a
14.45 434 75-90 226 (24)a 223(25)a 034(5a 101 (3) a
90-100 49 (9) b 46 (9) b -0.14 (4)b 99(2)a
18.16 5.45 75-90 210(27)a 207 (27) a 0.30(9) a 100 (6) a
90-100 61(9) b 58 (10) b -0.11(3)b 9(2)a
o-LA
protein protein temperature
concentration concentration range E,
(mglg) factor (°C) (kJ/mol) AHF (kJ/mol) AS* (kI mol~t K1) AG* (kJimol)
1.30 1.00 75-80 185(12) a 182 (12)a 022 (3)a 107(1) a
80-100 81(13)b 78(12) b -0.08 (5) b 107 (1) a
217 1.67 75-80 155 (20) a 152 (20) a 0.13(8)a 106 (2) a
80-100 79(7)b 76 (7) b -0.08 (2) b 107 (2) a
3.10 2.38 75-80 176 (15) a 174 (15) a 0.19(4)a 106 (1) a
80-100 76 (8)b 74 (7 b -0.09(3) b 106 (1) a
3.95 3.03 75-80 191 (14)a 189 (14) a 024 (3)a 105(2) a
80-100 75(15)b 72 (14)b -0.09(2) b 105(2) a
5.65 434 75-80 198 (19) a 195 (18) a 026 (2)a 105 (2) a
80-100 70(11) b 67 (11)b -011(2)b 105(2) a
7.10 5.45 75-80 184 (16) a 181 (16) a 022(3)a 104 (2) a
80-100 74(8) b 71(8)b -0.09(2) b 105(2) a

2 Standard deviations for repeated measurements are given in parentheses. For each protein, values with the same letter within a column are not significantly different
(p < 0.05), as determined by ANOVA.

dependence af-LA denaturation on the protein concentration, described as a 1.5-order reaction and the denaturatiorLdf
which indicates that this was only an apparent reaction order. was best described as a first-order reaction at all concentrations

For B-LG ando-LA in both temperature rangeg; and AH* of nonprotein-soluble components and at all temperatures (parts
were relatively unaffected by the protein concentration in the C andD of Figure 4, respectively). The correlation coefficients
milk; however, for3-LG in the low-temperature rangg, and and they intercepts were in a similar range to that observed

AH* did appear to decrease as the protein concentration in thewhen milk protein concentrations were varied. BetG and

milk was increased, although the differences were not statisti- a-LA, the reaction rate constants, for each temperature are
cally significant. Some caution is required in interpreting the given inTable 3.

results fora-LA in the low-temperature range because these  Figure 5 shows the analysis of the effects of temperature on
were calculated from two points in the Arrhenius pldiglre the rate constants for bofiLG anda-LA using the Arrhenius
3C), although the trends observed are probably indicative of relationship (6,10), where In(R values, obtained from the
the changes occurring. Thg, AH*, AS’, andAG* values for straight lines, such as those shown in p&tandD of Figure

the milk at the natural protein concentration were in the range 4, are plotted against the reciprocal of the absolute temperature.

reported previously (4—6—11). The plots of Ink;) against 1T showed the same linear relation-
Effect of the Nonprotein-Soluble Components Concentra- ships within certain temperature ranges as those obtained on
tion on the Irreversible Thermal Denaturation of #-LG and changing protein concentrations (Figure 3) or milk total solids

a-LA. Milk samples with increased nonprotein-soluble com- concentrations (1011), with the break occurring at about 90
ponents concentrations, prepared by reconstituting skim milk °C for 8-LG and about 80C for a-LA. Using the appropriate
powder in milk permeates from milks of different concentrations, equations (68), E., AH*, AS', and AG* were calculated from
were heated at temperatures from 75 to 100or times upto ~ the straight lines shown irFigure 5. Selected results are
about 60 min before analysis by native PAGE. For selected presented inmfable 4.

temperatures and nonprotein-soluble components concentrations, The results inFigures 4 and 5 and Tables 3 and 4

the levels of nativgg-LG anda-LA remaining after the various ~ demonstrate the effect of the nonprotein-soluble components
heat treatments are shown in paAsand B of Figure 4, on the irreversible denaturations/@1.G anda-LA and on the
respectively. Equations 1 and 2 were used to analyze the resultkinetic and thermodynamic properties of these denaturation
at each temperature and thereby to obtain the overall ongler, reactions. For botl#-LG anda-LA, the level of denaturation

for the thermal denaturation reactions .G and o-LA at at any particular temperature/time combination, as measured by
each nonprotein-soluble components concentration. As with thethe fraction of native protein remaining after heating, decreased
effect of the protein concentratiofrigure 2) and milk total as the concentration of the nonprotein-soluble components in

solids concentrationlQ, 11), the denaturation ¢f-LG was best the milk samples was increasefidure 4). When the experi-
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Table 3. Effect of the Concentration of Nonprotein-Soluble
Components on the Rate Constants for the Irreversible Thermal
Denaturation of 5-LG and o-LA2

Rate Constants for 8-LG Denaturation [ki(Co)*® x 10°]

protein
concentration
factor 75°C 80°C 85°C 90°C 95°C 100°C
1 0.60 (13) 2.40(32) 5.6 17(3) 25(5) 29
2 0.14(2)  0.60(9) 2.0 6409 10(2 17
3 0.04(1) 016(2 0.8 34(5) 69(9) 12
4 0.01(1) 0.04(1) 0.2 18(2) 4.4(6) 11
Rate Constants for a-LA Denaturation (ki x 10°)
protein
concentration
factor 75°C 80 °C 85°C 90°C 95°C 100°C
1 0.50 (9) 12(2) 2.0 31(@8) 43(7) 6.1
2 031(5) 0.80(9) 15 23(4) 313 47
3 021(2) 061(9) 12 1713 23(3) 34
4 011(2) 0.35(7) 0.6 1.0(1) 1.6(1) 21
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Figure 5. Effect of the nonprotein-soluble components concentration on
the Arrhenius plots and rate constants for the denaturations of 5-LG and
o-LA. (A) Arrhenius plot for 8-LG denaturation, (B) Arrhenius plot for
o-LA denaturation, (C) relationship between the concentration factor for
nonprotein-soluble components and the rate constant for 5-LG denatur-
ation, and (D) relationship between the concentration factor for nonprotein-
soluble components and the rate constant for o-LA denaturation. (O) 1x
concentration of nonprotein-soluble components (skim milk), (v) 2x
concentration of nonprotein-soluble components, () 3x concentration of
nonprotein-soluble components, (<) 4x concentration of nonprotein-soluble
components, (@) 75 °C, (v) 80 °C, (m) 85 °C, (®) 90 °C, (a) 95 °C,
and (@) 100 °C.

mental rate constants f@LG denaturation (partd andC of
Figure 5 andTable 3) anda-LA denaturation (part® andD

Anema et al.
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Figure 6. Effect of the lactose concentration on the irreversible thermal
denaturations of 8-LG and a-LA at 80 °C (@, v, B, and 4) and 95 °C
(O, v, O, and <). (A) Denaturation of 3-LG, (B) denaturation of a-LA,
(C) kinetic evaluation of the denaturation of 5-LG as a 1.5-order reaction,
and (D) kinetic evaluation of the denaturation of a-LA as a first-order
reaction. (@ and O) No added lactose (skim milk), (v and v) 5% (w/w)
added lactose, (W and O) 10% (w/w) added lactose, and (@ and <)
15% (w/w) added lactose.

at each temperature were plotted against the concentration factor
(Figure 5D). Although the rate of denaturation BfLG was
retarded as the concentration of nonprotein-soluble components
increased, the effect became less pronounced as the temperature
was increased. As a consequence, the lines observed when the
rate constants at each concentration were plotted agaihst 1/
tended to converge as the temperature increaSegie 5A)
and the slopes of the lines decreased as the temperature increased
when the rate constants at each temperature were plotted against
the concentration factor (Figure 5C).

When theE, AH*, AS,, andAG* values are examined, some
trends are apparenTéble 4). For-LG, E, AH¥, AS', and
AG* tended to increase in both temperature ranges as the
concentration of nonprotein-soluble components increased. Of
particular interest is the observation that, in the high-temperature
range,E, and AH* increased markedly andSF changed sign
from negative to positive as the nonprotein-soluble components
concentration increased. Similar effects were observed when
the total solids concentration of the milk was increasga).
Fora-LA in the low-temperature rang&,, AH¥, ASF, andAG*
increased as the concentration of nonprotein-soluble components
increased, whereas, in the high-temperature raagé&H*, and
ASF remained relatively constant amsiG* increased slightly
(Table 4). Again, these results far-LA in the low-temperature
range should be treated with some caution because they were
calculated from two points in the Arrhenius ploEdure 5B),
although the trends observed are probably indicative of the
changes occurring.

The unusual temperature dependence of the rate constants
for both 3-LG ando-LA (Figures 3 and5) and the calculated

of Figure 5 andTable 3) are compared, it is apparent that, at thermodynamic parameter3gbles 2 and 4) for milk at its
each temperature, the rate constants decreased linearly with amatural concentration have been interpreted using a multistep
increasing nonprotein-soluble components concentration. Forreaction mechanism with different rate-determining steps in the
a-LA, the effect of increasing the nonprotein-soluble compo- two temperature ranges. This interpretation suggests that the
nents was the same at all temperatures, so that a series of parallehermodynamic parameters are consistent with a mechanism in
lines was obtained when the rate constants at each concentratiomhich the reversible denaturation reaction (unfolding) is rate-

were plotted against T/(Figure 5B) or when the rate constants

limiting in the low-temperature range and irreversible aggrega-
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Table 4. Effect of the Concentration of Nonprotein-Soluble Components on the Kinetic and Thermodynamic Parameters for the Irreversible Thermal

Denaturation of 8-LG and o-LA2

B-LG
concentration factor for temperature Ea
nonprotein-soluble components range (°C) (kJ/mol) AH* (kd/mol) AS* (kI mol~1 K1) AG* (kJimol)
1 75-90 262 (18) a 259 (22) a 0.4 (6) a 102(2)a
90-100 42 (7)d 39 (7) d -0.19(2) d 101(1)a
2 75-90 266 (11) a 263 (10) a 044 (4)a 108(2)b
90-100 108 (7) e 106 (6) e 0.002 (8) e 105(3) b
3 75-90 314 (16) b 311 (16) b 0.56 (4) b 111(3)b
90-100 146 (13) f 143 (13) f 0.10 (6) f 106(3)b
4 75-90 361 (16) ¢ 358 (16) ¢ 0.68 (4) ¢ 115 (4) b
90-100 205 (16) g 202 (15) g 0.26 (6) g 107 (4) b
o-LA
concentration factor for temperature E.
nonprotein-soluble components range (°C) (kJ/mol) AH* (kd/mol) AS* (kI mol~1K™Y) AG¥ (kJimol)
1 75-80 185(8)a 182(8)a 0.22(3)a 107 (1) a
80-100 81(13)d 78 (12) d -0.08 (5) ¢ 107 (1) a
2 75-80 201 (11) a,b 198 (11) ab 0.25(3) a,b 106 2) a
80-100 94 (11) d 81(11)d ~0.05 (4) ¢ 108 (2) ab
3 75-80 225 (13) b, 222 (13) b,c 0.32 (4)b 109 (2) ab
80-100 80 (8) d 87 (8)d -0.06 (5) ¢ 109 (1) a
4 75-80 236 (16) ¢ 233 (16) ¢ 0.35(6) b 111(2)b
80-100 97(9)d 94(9)d ~0.05 (4) ¢ 111(2)b

a Standard deviations for repeated measurements are given in parentheses. For each
(p < 0.05), as determined by ANOVA.

tion reactions involving denatured whey proteins are rate-
limiting at higher temperatures (8-11). Assuming that this
interpretation is correct, this suggests that increasing the
nonprotein-soluble components concentration (Table 2) or the
total solids concentration (10) of the milk results in a change
in the rate-determining step f@-LG in the high-temperature

range from one where irreversible aggregation reactions are rate-

limiting (negativeAS" and low values foE, and AH*) to one
where reversible denaturation (unfolding) reactions are rate-
limiting (positive AS" and high values forE, and AH¥).
Interestingly, this change in the rate-determining step in the high-
temperature range is not observed éeL. A when the concen-
tration of nonprotein-soluble components is increased
(Table 2).

Effect of the Lactose Concentration on the Irreversible
Thermal Denaturation of f-LG and a-LA. A major compo-
nent, although not necessarily the most important component,
of the nonprotein-soluble components is lactose. Milk samples

protein, values with the same letter within a column are not significantly different

Table 5. Effect of the Concentration of Lactose on the Rate Constants
for the Irreversible Thermal Denaturation of 5-LG and a-LA?

Rate Constants for 5-LG Denaturation [ki(Co)®® x 10%]

lactose concentration factor 80 °C 95°C
1 2.2 (4) 32 (6)
2.1 13(3) 22(3)
3.2 0.9(2) 17 (2)
43 0.50 (6) 13(2)
Rate Constants for a-LA Denaturation (k; x 10°%)
lactose concentration factor 80°C 95°C
1 14(2) 5.0 (5)
2.1 1.0(2) 4.1(6)
3.2 0.74 (9) 2.9(3)
43 0.54 (6) 21(2)

@ Standard deviations for repeated measurements are given in parentheses.

As with increasing the nonprotein-soluble components con-

with increased lactose concentrations, prepared by reconstitutingcentration, increasing the lactose concentration decreased the

skim milk powder in lactose solutions of different concentra-
tions, were heated at temperatures of 80 and®3or times

up to about 60 min before analysis by native PAGE. The levels
of native 5-LG and a-LA remaining after the various heat
treatments are shown in paisandB of Figure 6, respectively.

rate of irreversible denaturation of bg#iLG anda-LA at any
particular temperature/time combinatidfigure 6). When the
experimental rate constants for bgth G (Figure 7A andTable

5) anda-LA (Figure 7B andTable 5) are compared with the
concentration of lactose in the samples relative to that in the

As discussed previously, egs 1 and 2 were used to analyze theriginal skim milk, it is apparent that the rate of denaturation
results at each temperature and thereby to obtain the overallat any particular temperature decreased linearly with an increas-

order,n, for the irreversible thermal denaturation reactions for
p-LG anda-LA at each lactose concentration. As with the effect
of the protein concentration (Figure 2), nonprotein-soluble
components concentration (Figure 4), and milk total solids
concentration (10,11), reaction orders of 1.5 and 1.0 best
described the denaturations LG (Figure 6C) and o-LA
(Figure 6D), respectively. Similarly, the correlation coefficients
and they intercepts were in a similar range to that observed
when milk protein concentrations or soluble components
concentrations were varied. FGfLG and a-LA, the reaction
rate constantsg, for each temperature are given Table 5.

ing lactose concentration. Fax-LA, the effect of lactose
appeared to be similar at both temperatures investigated, whereas
for B-LG, the rate of denaturation was retarded to a greater
extent at 8C°C than at 95°C (Figure 7 and Table 5). This is
similar to the effect observed when the nonprotein-soluble
components were concentrat&dgure 5 andTable 3) or when

the total solids concentration of the milk was increas&@, (
11). Plock and Kessler (16) reported that the denaturation of
B-LG was retarded when the concentration of sweet whey was
increased, whereas the denaturatiornef A was unaffected

by the whey concentration. In subsequent studies, Plock et al.
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Figure 8. Comparison of the effects of the concentrations of protein (®
and O), nonprotein-soluble components (M and O), lactose (A and A),
and total solids (® and <) on the rate constants for the denaturation of
B-LG (A) and a-LA (B) at 80 °C (@, l, A, and ¢) and 95 °C (O, O, A,
and <). The rate constants for the effect of total solids were derived
from Anema (10, 11).

factor
Figure 7. Effect of the lactose concentration on the rate constants for
the denaturations of 5-LG and o-LA. (A) Relationship between the
concentration factor for the lactose concentration and the rate constant
for 5-LG denaturation and (B) relationship between the concentration factor
for the lactose concentration and the rate constant for a-LA denaturation.
(O) 80 °C and (®) 95 °C.

(17, 18) found that increasing lactose concentrations retardedis evident that this hypothesis by AnenteD} needs to be re-
the denaturation of-LG, whereas lactose had little effect on evaluated. Clearly, increasing the protein concentration resulted
the denaturation oft-LA. in an increase in the rate of denaturation of #hG anda-LA
Although intercomponent interactions will be important, the (Figures 2, 3, and 8), and this increase was similar at all
results of this study, with comparisons with those observed whentemperatures investigategigures 3and8). Interestingly, when
the total solids concentration of milk is increasa®,(11), can the rate constants fof-LG were corrected for the protein
be used to gain some understanding of the effects of increasingconcentration, on the basis of a reaction order of 1.5, there was
the concentration of various milk components on the thermal little effect of the concentration, as expected for the concentra-
denaturations of-LG anda-LA. To aid the discussions, the  tion-independent rate constahts. The increase in the rate of
rate constants obtained at 80 and “@5for 8-LG and a-LA denaturation obi-LA is not expected for a first-order reaction,
when the concentrations of milk protein, nonprotein-soluble indicating that the irreversible denaturation is more complex
components, lactose, and total solids are increased relative toand has only apparent first-order kinetics. Hillier et 4). &lso
those observed in the milk at its natural concentration are suggested that the denaturatioroef A was pseudo-first-order.
compared inFigure 8. In a recent study, Wehbi et al. (23) showed that the rate of
When the total milk concentration was increased, the rate of denaturation obx-LA was dependent upon the initial protein
B-LG denaturation was retarded; however, this retardation was concentration, with an increased rate at higher protein concen-
less pronounced as the temperature of heating was increasedfations. The level of residuai-LA was measured by an
(10). In contrast, the denaturation ofLA appeared to be  immunoreactivity method, and these authors suggested that a
unaffected by the milk concentration, with similar rates of higher initiala-LA concentration may result in protein aggrega-
denaturation at all milk concentrations regardless of the heatingtion, which would lead to a lower level of accessible epitopes
temperature (11). From these denaturation results, the knownin the protein and hence a decreased immunoreactivity. This
self-association behavior $£LG (19), and the observation that ~ cannot explain our results, because the electrophoresis method
the dissociation of dimerig-LG to monomeric species is the ~does not rely on immunoreactivity but rather the level of protein
first essential step in the denaturation react2®-22), Anema remaining in the native configuration.
(10) proposed that the differences in the denaturation behavior When the nonprotein-soluble components were concentrated,
betweens-LG and a-LA may be due to the increased self- the denaturations of bot{§-LG and o-LA were retarded;
association of8-LG as a consequence of the increased lactose however, the effects on these two proteins were somewhat
concentration when the milk solids concentration is increased. different (Figures 4,5, and 8). For -LG, increasing the
Becauseo-LA does not self-associate, no retardation in nonprotein-soluble components caused a substantial retardation
denaturation was observed when the milk concentration wasof denaturation in the lower temperature range, and this effect
increased, and because the aggregation reactions were ratésecame less pronounced at higher temperatures (@autsiC
limiting at higher temperatures, the self-associatiorpafG of Figures 4and5). In contrast, for-LA, the retardation upon
was less important in stabilizing the denaturation reactions at increasing the nonprotein-soluble components was less pro-
these higher temperatures. nounced than fop3-LG and was similar at all temperatures
However, when the effects of the protein concentration investigated (part® andD of Figures 4 and5).
(Figures 2 and 3) and the effects of the nonprotein-soluble From these results, it appears that, upon increasing the total
components concentration (Figuresashd5) are separated, it  solids concentration of milk (both protein and nonprotein-soluble
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components), the increase in the denaturation rate-fok upon stabilizing effect of the increased milk solids/nonprotein-soluble
increasing the protein concentration was almost exactly offset components/lactose concentration could be due to a shift in the
by the retardation of the reaction rate by increasing the equilibrium between the monomer and dimer to a state that
nonprotein-soluble components concentratieigre 8B). This favors the dimer.

effect was similar at all temperatures, and as a consequence, |n the low-temperature range fg#-LG (75—90 °C), the
increasing the total solids appeared to have little effect on the denaturation reaction (unfolding) is considered to be the rate-
rate of denaturation ofx-LA (11). For 5-LG in the low- determining step in the reaction mechani§m, 10). The first
temperature range, the increase in the rate of denaturation uporstep in the denaturation ¢i-LG involves the separation of
increasing the protein concentration was not sufficient to offset dimeric 8-LG to the monomeric formi©, 22). Therefore, the

the retardation in the rate of denaturation upon ianeaSing theincreased se|f-associa{ion/@ﬂ_G upon increasing the lactose,
nonprotein-soluble components concentration (parisnd C nonprotein-soluble components, or total solids concentration of
of Figure 5 andFigure 8A); therefore, the denaturation LG the milk would result in a reduced rate of denaturation in the
was retarded by increasing the total solids concentration of the jow-temperature range because this self-association effectively
milk. However, as the temperature was increased, the nonpro-reduces the concentration of the reactive Speﬁdﬂ mono-
tein-soluble components were less effective in retarding the mer). In the higher temperature range fot.G (above 9C°C),
denaturation off-LG (Figures 4 and5). As a consequence, aggregation reactions involving the unfoldéd.G are consid-

the increase in the total solids concentration appeared to haveered to be rate-determinings€8, 10); therefore, the self-

a smaller effect on the denaturation 6fLG at the higher  association of8-LG may be less effective in stabilizing the
temperatures and particularly above about’@0(10). denaturation reaction at these higher temperatures. This explana-
Lactose is the major component of the nonprotein-soluble tion allows for the same overall reaction mechanism to hold
components. Increasing the lactose concentration had a similarfor all milk compositions and therefore is consistent with the
but not identical effect to increasing the nonprotein-soluble unchanged reaction order at all milk compositions investigated.

components concentration. The denaturationaefA was ~ under this hypothesis, increasing the nonprotein-soluble
retarded upon increasing the lactose concentration, and a similatomponents or lactose concentration stabilizdsA and 8-LG
effect was observed at both temperatures investig&tiggies to thermal denaturation through an increase in the ordering of

6B and7B). The denaturation #-LG was also retarded upon  the water structure around the protein molecules, which favors
increasing the lactose concentration; however, the effect wasthe native state of the protein. This effect would be similar at
less pronounced at 9& than at 80C (Figures 6AandFigure all temperatures. However, increasing the nonprotein-soluble
7A). When the rate constants were compared, it was evidentcomponents or lactose concentration also increases the self-
that, for both3-LG anda-LA, increasing the lactose concentra-  association of3-LG, which may stabilize3-LG to thermal

tion had less of an effect than inCl'eaSing the nOﬂprOtein-SOlUb'edenaturation at low temperatures but may be less effective at
components concentratioRigure 8). Clearly, other nonprotein-  hjgher temperatures. The overall effect is that increasing the
soluble components such as calcium, citrate, and phosphate play,onprotein-soluble components or lactose concentration will
some role in the irreversible denaturation of the whey proteins, stabilizea-LA to a similar extent at all temperatures, whereas
possibly through their effects on the pH, ionic strength, or the stabilization ofS-LG will be temperature-dependent with a

buffering properties of the milk. diminished effect at higher temperatures.
_ The effect of the nonprotein-soluble components concentra-  This study has demonstrated that the irreversible denaturation
tion or lactose concentration on the denaturatio-fG and of the major whey proteinsp-LG and a-LA, is strongly

a-LA can be explained using the preferential hydration theory dependent upon the composition of the milk system. An unusual
of Arakawa and Timashef#, 25). For globular proteins such  difference between the denaturationgfefG anda-LA when
asf-LG ando-LA, increased levels of solutes such as sugars the milk total solids concentration was increased was observed,
increase the ordering of the water structure around the proteinwhere the denaturation gtLG was retarded by increasing the
molecules. This effectively excludes the sugar from the protein mijlk concentration 10) and the denaturation af-LA was
environment and results in unfavorable increases in the freeynaffected {1). When the composition of specific milk
energy of the system. Because these effects will increase withcomponents was changed, it was possible to demonstrate that
increases in the surface area of the proteins, unfolded proteinshoth3-LG anda-LA denaturation were enhanced by increasing
will have more unfavorable proteirwater interactions than  the protein concentration and that the effect was similar for both
native proteins. Therefore, the native structure of the protein is proteins. Increasing the nonprotein-soluble components con-
stabilized. The results iRigures 4—7clearly demonstrate that  centration or lactose concentration retarded the irreversible
increasing the level of nonprotein-soluble components or lactosedenaturations of bot-LG anda-LA; however, fora-LA, the

retards the denaturation of bothLG ando-LA. effect was similar at all temperatures, whereas#/G, these
The effects of these components on protein self-associationcomponents retarded the denaturation to a greater effect at lower
could explain the contrasting effect of temperaturehG temperatures (<9€C) than at higher temperatures. The effect

anda-LA denaturation when the nonprotein-soluble components of nonprotein-soluble components and lactose on denaturation
concentration or lactose concentration is increased. The pref-could be explained by the preferential hydration theory of
erential hydration theory predicts that increased levels of certain Arakawa and Timasheff (24£5), with the difference between
solutes (such as sugars) will favor the associated state for3-LG and a-LA being due to the tendency f@-LG to self-
proteins that can undergo self-associati2d)( The formation associate, which may be temperature-dependent. It appears that,
of contacts between the protein molecules decreases the totalvhen milk is concentrated, the effect of increasing the nonpro-
surface area and therefore the free energy of the system andtein-soluble components concentration (decreased rate of de-
thus, is a favored conformation. Becays¢.G is known to naturation) and the effect of increasing the protein concentration
undergo self-association under certain conditions (19) and (increased rate of denaturation) almost exactly compensate each
because the dissociation of dimefit. G to monomeric species  other fora-LA, so that the denaturation appears to be unaffected
is the first step in irreversible denaturatio20{-22), the by increasing the milk concentration. In contrast,felcG, the
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increase in the nonprotein-soluble components concentration has
a larger effect than the increase in the protein concentration, so

that the denaturation @-LG appears to be retarded at increased
milk concentrations.
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