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Surface Hydrophobicity and Aggregation of 8-Lactoglobulin Heated

near Neutral pH
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The surface hydrophobicity of 3-lactoglobulin (8LG) was investigated by binding of 8-anilino-1-naph-
thalenesulfonate (ANS) or retinol (RET). Analysis of ANS-ALG binding at pH 7.5 gave a low number
of sites (n = 0.03-0.4) and a high dissociation constant (Kp = 2.0-6.5 X 10~ M), suggesting a low affinity
of SLG for ANS. Analysis of RET-SLG binding at pH 7.5 indicated one type of site. n tended to 0.9
when the RET/SLG ratio increased (with a Kp between 0.12 X 107 and 1.7 X 107 M). This result is
consistent with the existence of one strong hydrophobic binding site for retinol in BLG. The affinity
of native SLG for retinol decreased when the pH was lowered from 7.5 to 6.5, probably as a result of
the well-known BLG conformational change and the higher proportion of dimers. Heating 1% SLG
solutions also decreased affinity for retinol. At pH 6.5, this decrease took place after 3 or 6 min at 75
or 90 °C but required at least 6 min at 90 °C at pH 7.5. However, hydrophobic interaction chroma-
tography indicated a smaller loss of native SLG after heating at pH 6.5 than at pH 7.5. Gel permeation
chromatography (at pH 6.0) revealed that progressive heating at pH 7.5 caused the dissociation of SLG
dimers into monomers and a subsequent aggregation into oligomers. Heating at pH 6.5 caused the
formation of high molecular weight soluble aggregates (labile to SDS). The lesser affinity for retinol
probably resulted from these aggregation phenomena.

INTRODUCTION

The biochemical and physicochemical properties of
B-lactoglobulin (SLG) have been extensively studied (Tan-
ford, 1970; MacKenzie, 1971; Swaisgood, 1982). The
primary, secondary, and tertiary structures of the molecule
are known (Green et al., 1979; Eigel et al., 1984; Monaco
et al., 1987). SLG undergoes a conformation change in
the pH 6.5-7.5 region (Dupont, 1965, MacKenzie and
Sawyer, 1967). It binds ligands such as anilinonaphtha-
lenesulfonate (ANS) (Mills and Creamer, 1975; Haque and
Kinsella, 1987), fatty acids (Spector and Fletcher, 1970),
alkanes or flavor compounds (Mohammazadeh-K, 1969;
Jasinski and Kilara, 1985; O’Neill and Kinsella, 1987),
and retinol (RET) (Futterman and Heller, 1972; Hemley
et al., 1979; Fugate and Song, 1980; Monaco et al., 1987).
The method of ligand binding has been used to assess the
surface hydrophobicity and the emulsifying properties of
some proteins. A few investigators have attempted using
ligand binding to determine the changes taking place in
BLG upon heating. Hayakawa and Nakai (1985) measured
theinitial slope of the fluorescence intensity (Sp) vs protein
concentration as an index of hydrophobicity, according to
Kato and Nakai (1980); after pH 7.0 SLG solutions were
heated, at 75-95 °C for 10 min, a decrease in Sy was
observed for the binding of cis-parinaric acid, while an
increase in S; was noted for ANS binding. Haque and
Kinsella (1987) reported an increase in the fluorescence
intensity of the ANS-8LG conjugate after SLG was heated
above 70 °C, at pH 6.8 and in the presence of ethylene
glycol bis(8-aminoethyl ether)tetraaceticacid. O’Neilland
Kinsella (1988) reported that heating SLG at pH 6.7 and
75 °C for 10~20 min induced the formation of aggregates
with several (low affinity) binding sites for 2-nonanone.
Jang and Swaisgood (1990) used trans-retinal affinity chro-
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matography to assess the effects of heating SLG at.90 °C
and pH 2.5. The affinity of SLG for immobilized retinal
was found to decrease.

Fluorescent probes are frequently used for binding
studies since their analysis is relatively easy and no
separation of the bound from the free ligand is required.
Nevertheless, few investigators determine the number of
binding sites (n) and the corresponding dissociation
constant (Kp).

In the present study, the affinity of native SLG for ANS
and for retinol was first determined by measuring the
binding parameters (n and Kp) at pH 7.5. The changes
in the surface hydrophobicity of SLG taking place when
a 1% protein solution at pH 7.5 or 6.5 was heated were
then assessed by retinol binding at pH 7.5 or 6.5,
respectively. In parallel, the content of residual native
BLG and the extent of LG aggregation after heating were
determined by hydrophobic interaction chromatography,
gel permeation chromatography, and SDS—polyacrylamide
gel electrophoresis. The validity and usefulness of the
fluorescent ligand binding approach are discussed.

MATERIALS AND METHODS

Materials. 8-Lactoglobulin (BLG) (L-2506, batch 52F-8035,
noncrystallized) was purchased from Sigma Chemical Co. (St.
Louis, MO). SLG concentration was determined at 280 nm, using
an E;% of 9.5 (MacKenzie and Sawyer, 1967). The ammonium
salt of 1-anilino-8-naphthalenesulfonic acid (ANS) (A-3125) and
all-trans-retinol (RET) (R-2750) were also from Sigma. Allother
chemicals used in this study were of analytical grade.

Heat Processing of Protein Solutions. Aqueousdispersions
(1% protein, w/v) of SLG in distilled water were adjusted to pH
6.5 or 7.5 with 0.1 N NaOH or HCl. Ten milliliters of the
dispersions was placed in glass tubes (18 mm i.d., 180 mm in
height), heated for 8 or 6 min in a water bath at 75 or 90 °C and
then rapidly cooled to room temperature with tap water. Samples
were then diluted as needed, centrifuged (18800g for 15 min),
and filtered on Durapore membranes (0.22 um; Millipore, Bed-
ford, MA). The resulting clear filtrates were analyzed by liquid
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chromatography or electrophoresis or were subjected to fluo-
rescent ligand binding.

Liquid Chromatography. The quantitation of soluble
proteins was carried out by gel permeation chromatography
(GPC), using a TSK 3000 column (7.5 mm X 300 mm; Toyo Soda,
Tokyo), or by hydrophobic interaction chromatography (HIC)
on a phenyl-Superose column (HR 5/5, Pharmacia, Uppsala,
Sweden), as already described by Dumay and Cheftel (1989).
GPC was performed at a flow rate of 0.5 mL/min, with a 0.06
M phosphate buffer, pH 6.0, containing 0.15 M Na,SO,. HIC
was performed at a flowrate of 0.5 mL /min, with a linear gradient
of ammonium sulfate in 30 min. The starting buffer, 0.056 M
Tris-HC], pH 7.5, 1.27 M in ammonium sulfate, was progressively
replaced by 0.05 M Tris-HCI buffer, pH 7.5, 35% (v/v) in ac-
etonitrile. Before HIC, the protein solutions were diluted with
0.05 M Tris-HC], pH 7.5, containing 1.27 M ammonium sulfate,
left overnight at room temperature, and then centrifuged at
18800g for 15 min to remove insoluble proteins. All results are
the average of two or three chromatographic determinations.
For three injections of the same SLG solution, the quantitation
of BLG (or SLG variants) was obtained with a coefficient of
variation of 2-3% for GPC or 3-4% for HIC.

Electrophoresis. Sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE) was performed according to the
method of Laemmli (1970), as modified by Shimada and Cheftel
(1989). A linear gradient separating gel (8~20% in polyacryla-
mide) was prepared with an acrylamide/bis(acrylamide) ratio of
22.5. Thestacking gel contained 8% polyacrylamide (same ratio).
Protein solutions were diluted in 50 mM Tris-HCI buffer, pH
6.8, containing 7.5% glycerol and 2% SDS (w/v) and then heated
in boiling water for 4 min.

Binding of Fluorescent Ligands. Determination of the
surface hydrophobicity of SLG was carried out using ANS or
RET as afluorescent ligand. The relative fluorescence intensity
(FI) of the ligand—protein conjugates was measured on a JY3
spectrofluorometer (Jobin-Yvon, Paris) at room temperature.
The wavelengths of excitation (Agxc) and emission (Agy) were,
respectively, 370 and 480 nm for ANS and 330 and 470 nm for
RET, with slit widths of 10 nm. The instrument was calibrated
so that 1 mg/L solution of quinine sulfate gave a fluorescence
intensity of 45.

Solutions of ANS in sodium phosphate buffer (20 mM, pH
7.5) or of RET in absolute ethanol were prepared daily. In the
case of RET binding, both ethanol and the phosphate buffer
used for protein dilution were flushed with N; to inhibit RET
oxidation by air. The concentration of ligand was determined
from absorption measurements using the following molar coef-
ficients: 46 000 M1 cm™ at 325 nm for RET in ethanol (Fut-
terman and Heller, 1972) and 4950 M1 cm™ at 350 nm for ANS
in 20 mM, pH 7.5, sodium phosphate buffer (Weber and Young,
1964). The FI of each protein-ligand conjugate was measured
as a function of both protein and ligand concentrations.

(1) Measurements at Increasing Protein Concentration for
Given Ligand Concentrations (L;). The protein sample was
diluted with 20 mM sodium phosphate buffer, pH 7.5, to reach
protein concentrations (P;) ranging from 3 X 107 to 4 X 10~* M
for ANS-BLG experiments and from 10%to4 X 10 M for RET-
BLG. Such protein solutions have no detectable turbidity and
give very low FI values. ANS (100 uL) or RET (80 uL) solutions
were then brought to a final volume of 3 mL with the various
protein solutions at room temperature. After rapid mixing and
standing for 1 min, the FI was measured within the next minute.

Binding data were analyzed using either the Scatchard equation
(eq 1) (Scatchard, 1949) or the Klotz double-reciprocal equation
(eq 2) (Klotz, 1947)

v/L =n/Ky-v/Ky (1)
1/v=1/n+ Kp/(nL) @)

where v is the moles of ligand bound per mole of total protein,
L is the free ligand concentration, P, is the total protein
concentration, Ky, is the apparent dissociation constant, and n
is the number of binding sites per molecule of protein. L was
assumed to be equal to Lo[1 — (FI/FImax)] and » equal to (Lo/
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Po)(F1/FIpax), where Ly is the total ligand concentration and
Flpmax is the maximum fluorescence intensity (plateau) when all
ligand molecules are supposed to be bound to protein molecules.
n and Kp were determined graphically. In the case of Klotz
plots, the correlation coefficient (r) was calculated from all
experimental values to check the accuracy of the model.

(2) Measurements at Increasing Ligand Concentration for
Given Protein Concentrations (Py). Protein solutions were
prepared in 20 mM sodium phosphate buffer, pH 7.5. Increasing
amounts of ligand solution were then added so that the final
volume was 3mL. Controls were prepared with phosphate buffer
without protein todetermine the FI of thesole ligand. For RET-
BLG experiments, the final ethanol concentration was <2.7%
(v/v) to avoid protein denaturation. Data were analyzed
according to the method of Cogan et al. (1976)

Poa = [1/n][Lya/(1 - a)] - [Kp/n] 3

where Py, Lo, L, Kp and n are as in eqs 1 and 2. a, the fraction
of binding sites remaining free, is assumed to be equal to (FIpax
~ FI) /FIpax; FImax being the fluorescence intensity when all
protein molecules are saturated by the ligand. n and Kp were
calculated from the linear regression equation.

(3) Method of Wangand Edelman (1971). Inthe case of ANS-
BLG experiments, it was not possible to reach a plateau for the
value of FI by plotting FIvs LG concentration because turbidity
appeared at high protein contents. FIysx obtained by plotting
FI vs ANS concentration was also uncertain because high ANS
contents caused quenching and filtering effects (Ward, 1985).
Nevertheless, it was possible to calculate Flyax Kp, and n
according to the method of Wang and Edelman (1971) with the
following experimental conditions.

In the case of varying ligand concentration, eq 4 was used.

In the present experimental conditions, Lo > P, and the total
(Lo) and free (L) ligand concentrations are practically equal.
Therefore, 1/FI can be plotted vs 1/L or 1/L, to obtain FIyax
and Kp (Lo, L, Py, and Kp being as in eqs 1-3).

In the case of varying protein concentration, eq 5 was used

Ly/FI1=(1/¢) + Kp/[e(nPy - Py)] ®)

where Py, is the concentration of the ligand—protein complex and
¢ is a proportionality factor relating FI to P.. Since nP, > Ly
and nPy >» P, eq 5 becomes

Lo/FI = (1/¢) + (Kp/enPy) ®)

Lo/F1 was plotted vs P,. n was calculated using the value of Kp
obtained from eq 4.

In all cases, the SLG concentration was taken as that of the
monomer (18 400 Da).

Binding Affinity of Heated 8-Lactoglobulin for Retinol.
The SLG sample was diluted in 20 mM sodium phosphate buffer,
pH 7.5 or 6.5, to reach protein concentrations (P;) ranging from
1 X 10%to 40 X 10° M. Retinol concentration was 6 X 10% M.
The F1 of the RET-SLG conjugate was measured at 470 nm (Agy
= 330 nm). n and Kp were determined from the FIpax values
using either Scatchard (1949) or Klotz (1947) plots, as already
described.

RESULTS AND DISCUSSION

Binding Affinity of Native 8-Lactoglobulin for
Anilinonaphthalenesulfonate. The fluorescence in-
tensity (FI) of the ANS-ALG conjugate at pH 7.5 is shown
in Figure 1a as a function of SLG concentration for various
ANS concentrations. The FI value of the same conjugate
at the same pH of 7.5 is shown in Figure 1b as a function
of ANS concentration for various SL.G concentrations. The
FI values were stable with time.

Only the initial part of each curve in Figure 1b should
be considered, since quenching effects occur at ANS
concentrations >10~4 M and since the absorbance of ANS
solutions at 370 nm (Agxc) exceeds 0.2 AU at ANS
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Figurel. ANS-SLG binding plots at pH 7.5. (a) Fluorescence intensity (FI) of ANS-SLG conjugate as a function of SL.G concentration
for the following ANS concentrations: (@) 1.5 X 10 M; (A) 5 X 10¢ M; (a) 10 X 108 M; (O) 20 X 10% M; (@) 40 X 108 M. (b) FI
of ANS-SLG conjugate as a function of ANS concentration for the following SLG concentrations: (O) 0 M; (@) 0.09 X 104 M; (a)

0.87 X 10¢ M; (a) 2.0 X 10¢ M; (0) 89 X 10° M; (@) 43 X 108 M.

Table I. Binding of 1-Anilino-8-naphthalenesulfonate
(ANS) to g-Lactoglobulin (8LG) at pH 7.5: Apparent
Dissociation Constant (Kp) and Number of Binding Sites
(n)*

BLG conecn, M % 108

0.87 2.0 8.9 43
Kp 3.7 2.0 2.1 6.5
M x 1075)
ANS conen, M x 1078
1.5 5.0 10 20 40
n 0.09-0.28 0.03-0.10 0.10-0.31 0.07-0.21 0.12-0.37

¢ Binding parameters calculated according to the method of Wang
and Edelman (1971). Kp values estimated from Figure 1b. n
calculated from Figure la, for the Kp values of 2 X 1078 and 6.5 X
105 M.

concentrations >4 X 10" M. FImax and Kp values were
calculated according to the method of Wang and Edel-
man (eq 4) after the FI of ANS alone was subtracted from
the FI values of ANS-SLG conjugates. n values were
obtained from Figure 1a using eq 6. Results are given in
TableI. High Kp values (2-6.5 X 10° M) and low n values
(<0.4) indicated a low affinity of BLG for ANS. It should
be recalled here that the 8L.G preparation contained about
60% variant A and 40% variant B. Interactions between
the sulfonate group of ANS and charged amino acids may
also influence ANS binding.

When the same study was carried out with bovine serum
albumin, the FI of the ANS~-BSA conjugate was 100-fold
higher than that with SLG, and the binding parameters
(two types of sites; total number of binding sites, four to
five; Kp = 1.6-19.1 X 10-7 M) (unpublished results) were
found to be close to those previously reported (Weber and
Young, 1964; Daniel and Weber, 1966; Santos and Spec-
tor, 1972).

The binding parameters (n and Kp) of the ANS-SLG
conjugate at pH 7.5 have not been previously reported.
Mills and Creamer (1975) found 0.78 mol of ANS bound
per SLG monomer at pH 6.5 as a result of plotting log FI

against ANS concentration. Lovrien and Anderson (1969)
suggested one or two binding sites (depending on the
method) for the binding of 2,6-methyl ANS to LG (B
variant) at pH 8.0, with high Kp values (2.9 X 108 and 5
X 1075 M). The two methyl groups of methyl-ANS could
be responsible for the higher number of binding sites (as
compared to the results of Table I).

Other studies on the binding of ligands to SLG cannot
be directly compared, because the authors used different
ligands [see O’Neill and Kinsella (1987)].

The present study shows that due to the low affinity of
BLG for ANS, the binding parameters cannot be calculated
from the usual Scatchard, Klotz, or Cogan equations and
that it is necessary to select high or low ligand-protein
ratios and use Wang-Edelman equations. ANS therefore
does not constitute a sensitive or practical probe to study
BLG hydrophobicity.

Binding Affinity of Native 8-Lactoglobulin for
Retinol. The fluorescence intensity of the RET-SLG
conjugate at pH 7.5 was measured as a function of SLG
concentration at various retinol concentrations (Figure
2a). n and Kp were determined from the FIyax values
using either Scatchard or Klotz plots (Figure 3a,b).

Asthe retinol concentration increased (0.5-9 X 106 M),
n varied from 0.24 to 0.87 according to Scatchard and
from 0.20 to 0.89 according to Klotz (Table IT). Ky varied
between 0.12 X 107 and 1.7 X 107 M (Table II). The
coefficients of variation determined on three repeats of
Scatchard and Klotz plots were 10-15% for n and half a
log cycle or less for Kp (Table IT). Results in Figure 3a
indicate one type of binding site (at pH 7.5).

FI was also measured as a function of retinol concen-
tration for various SLG concentrations at pH 7.5 (Figure
2b). It should be noted that retinol absorbance at 330 nm
(Aexc) reached 0.2-0.3 AU for retinol concentrations =105
M. Since this absorbance may interfere with fluorescence
measurements, RET concentrations below 10 M were
selected. In these conditions, FIymax values were not
obtained at all BLG concentrations. Cogan analysis of
curves obtained at SLG concentrations of 4.2 X 108 or 6.4
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Figure 2. RET-SLG binding plots at pH 7.5. (a) FI of RET-SLG conjugate as a function of SL.G concentration for the following
RET concentrations: (O0) 0.50 X 10 M; (W) 0.96 X 10° M; (A) 2.4 X 10° M; (a) 5.0 X 10 M; (0) 8.1 X 10° M. (b) FI of RET-8LG
conjugate as a function of RET concentration for the following SLG concentrations: (W) 0 M; (A) 4.2 X 10® M; (A) 6.4 X 108 M; (O)

13 X 10¢ M; (@) 22 X 10° M.
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Figure 3. Graphic analysis of RET-SLG binding at pH 7.5. Scatchard (a) and Klotz (b) plots are shown for the following RET
concentrations: (O) 0.50 X 10 M; (w) 0.96 X 10° M; (&) 2.4 X 104 M; (a) 5.0 X 10 M; (O) 8.1 X 108 M. Cogan plots (c) are shown
for the following SLG concentrations: (A) 4.2 X 10¢ M; (A) 6.4 X 10° M.

X 10¢ M gave n = 0.39 or 0.4 and Kp = 6 X 10”7 or 5.6 X
107 M, respectively. The range of n values was smaller
than that in Table IT because of the more restricted range
of BLG and RET concentrations studied. It was difficult
to check lower BLG concentrations without taking into
account the FI of free retinol. These results indicated
thatin the present case calculations according to the Scat-
chard or Klotz method were preferable to analysis ac-
cording to the method of Cogan.

Futterman and Heller (1972) incubated SLG (14.3 X
10® M) with increasing concentrations of RET (1-35 X
106 M) at pH 7.4 and observed a maximum FI for a RET/
BLG molarratiocloseto 1. Using theirdata, it was possible
to calculate (according to the Cogan method) an n value
of 0.63 and a Kp of 5.8 X 107 M. These values were not
so far from those of Table II. Fugate and Song (1980)

determined the stoichiometry of RET-ALG binding at
pH 7.5 by fluorescence titration followed by analysis
according to the method of Cogan and by radioisotopic
labeling followed by analysis according to the method of
Scatchard. One mole of RET was reported to bind per
monomer of SLG, with a Kp of 2.108 M (fluorescence),
but the calculation steps were not indicated. Jang and
Swaisgood (1990) studied the chromatographic elution of
BLG through a column packed with immobilized trans-
retinal beads at pH 7.5. They did not report the number
of binding sites but gave a Kp of 3.56 X 108 M, which was
close to Fugate and Song’s value.

In the present study, n is usually <1 and equals 0.9
when the RET/SLG ratio increases and more particularly
for retinol concentrations 26 X 10° M (Table II). It is
likely that n approaches 1 for sufficiently high RET



Surface Hydrophobicity of Heated S-Lactoglobulin

Table II. Binding of Retinol to 8-Lactoglobulin (SLG) at
pH 7.5: Number of Binding Sites (n) and Apparent
Dissociation Constant (Kp)?

retinol concn, M X 106
050 096 24 5.0 6.0 8.1 9.0

Analysis According to the Method of Scatchard (1949)
n 0.24 0.34 0.52 0.65 0.85(0.10)* 0.76 0.87 (0.11)®
Kp(Mx107" 012 0.8 1.2 13 15(0.41)® 064 1.4(0.36)®

Analysis According to the Method of Klotz (1947)

n 0.20 0.3¢ 0.53 0.69 0.83(0.08)* 0.89 0.88(0.13)®
KpMx107) 03 07 13 L7 12(08) 1.7 1.4(0.5)%
r 097 1.0 099 094 0.90 0.80 0.90

2 From data of Figures 4a and 5. ® Average of three independent
determinations (and standard deviation). ¢ r = correlation coefficient
of Klotz plots.

concentrations. This result is consistent with the hy-
pothesis of one strong hydrophobic binding site on SLG
(Monaco et al., 1987). It also underlies the necessity of
measurements in a wide ligand/protein ratio. These
variations in the number of binding sites could be due to
the fact that it is difficult to prepare retinol solutions of
exactly known concentration. The equilibrium between
free and bound retinol may be altered by the following:
(1) the formation of retinol micelles in water, even at
concentrations as low as 2 uM (Radda and Smith, 1970;
Cogan et al., 1976); (2) the partial oxidation of retinol
dispersed in aqueous media, although the presence of
protein appeared to retard this oxidation (Fisher et al.,
1972; Futterman and Heller, 1972; Goodman and Leslie,
1972; Hemley et al., 1979) [The decreasing FI of RET-
BLG conjugate observed after 1 min is probably due to
RET oxidation. According to Monaco et al. (1987), retinol
binds preferentially to the hydrophobic cone close to the
surface of BL.G and probably remains sensitive to oxidation
or to other chemical changes.]; (3) the transformation of
retinol into anhydrovitamin A and a hydroxy derivative
when retinol was dissolved in ethanol (Hemley et al., 1979;
Fugate et Song, 1980).

As a result of this complex equilibrium between free
and bound retinol, calculated binding parameters should
be considered “apparent”. The separation of free and
bound retinol by equilibrium dialysis would permit a more
precise but less rapid method for binding determination.
Nevertheless, the use of retinol as a fluorescent probe
remains acceptable provided the ranges of ligand and
protein concentrations have been correctly selected and
special care has been taken to prevent oxidation phe-
nomena. The binding of such hydrophobicligands cannot
be expected to give the absolute surface hydrophobicity
of a protein but may be used to assess relative surface
hydrophobicity as the protein conformation changes
through thermal or other effects.

Retinol binding to 8L.G was also studied at pH 6.5, since
BLG is known to undergo a conformational change at pH
6.8. Binding parameters were determined for increasing
BLG concentrations (1-40 X 106 M) at a retinol concen-
tration of 6 X 108 M. Scatchard plots were less linear at
pH 6.5 than at pH 7.5 and indicated at least two types of
binding sites, instead of one at pH 7.5 (Figure 4a,c). The
results for three to four independent determinations are
shown in Figure 5. At pH 7.5, n was 0.85 and Kp was 1.5
X 1077 M. At pH 6.5, n; (number of primary sites) was
0.60 and n; (number of secondary sites) was 0.22. The
apparent dissociation constants were, respectively, Kp; =
2.9 X 1007 M and Kp; = 9.7 X 1077 M (Figure 5). Klotz
plots fitted less well at pH 6.5 than at pH 7.5 (Figure
4b,d), and the correlation coefficients were indeed lower
at pH 6.5.
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Figure 4. Effect of SLG heating on RET binding, at pH 7.5 (a,
b) or at pH 6.5 (¢, d). Scatchard (a, ¢) and Klotz (b, d) plots are
shown for nonheated SLG controls (®) or SL.G heated at 90 °C
for 3 (a) or 6 (A) min. 1% SLG solutions of pH 6.5 or 7.5 were
heated for 8 or 6 min in a water bath at 90 °C,

Above pH 6.8, a proton is released from a buried car-
boxyl group and the reactivity of the SH; s group increases
(Tanford, 1970). The8LG dimer dissociation is enhanced
at higher pHs and also at lower SLG concentrations and
higher temperatures (MacKenzie and Sawyer, 1967). In
addition, the BLG A dimer dissociates more easily than
that of SL.G B. At pH 6.5, the accessibility of the SLG
binding site to retinol was probably reduced because the
tertiary structure changed. However, the dimer formation
may also have masked some hydrophobic amino acids (of
the binding site) located in strand I of the molecule. It
is known that dimer formation takes place through
hydrophobic interactions between amino acids in the
strands I of two SL.G molecules (Green et al., 1979; Monaco
et al., 1987).

Binding Affinity for Retinol of 8-Lactoglobulin
Heated at pH 6.5 or 7.5. One percent SLG solutions of
pH 6.5 or 7.5 were heated at 75 or 90 °C for various periods
of time, as indicated under Materials and Methods.
Retinol binding was then measured at the corresponding
pH values. Binding parameters were determined accord-
ing to the methods of Scatchard and Klotz for increasing
BLG concentrations (1-40 X 106 M), at a retinol concen-
tration of 6 X 108 M,

No significant variation of n or Kp was observed after
BLG solutions were heated at pH 7.5 and 75 °C for 3 or
6 min (Figure 5). Scatchard and Klotz plots (not shown)
obtained from SLG heated at 75 °C were very close to
those for the control. After SL.G was heated at 90 °C for
3 min, n decreased while Ky, increased slightly (Figure,5).
After SLG was heated at 90 °C for 6 min, Scatchard plots
clearly indicated two types of sites with a second Kp higher
than the first and a net decrease of the total number of
sites (Figures 4a and 5). These data clearly indicated that
heating SLG at 90 °C reduced the hydrophobic binding
of retinol.

After 1% BLG solutions were heated at pH 6.5 and 75
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Figure 5. Parameters for the binding of retinol to native (C) or heated SLG at pH 7.5 and 6.5. Data in this figure are calculated
from the Scatchard plots in Figure 4. (Open bars) number of sites (n) and dissociation constant (Kp) in the case of one type of sites;
(hatched bars) number of primary sites (n;) and dissociation constant of primary sites (Kp;); (dotted bars) number of secondary sites
(n2) and dissociation constant of the secondary sites (Kp2). Values for native SLG (C) are the average of three or four determinations

(with standard deviation).

or 90 °C for 3 or 6 min, Scatchard plots indicated two
types of sites, as already observed for native SL.G (Figures
4c). The decrease in total sites (n; + ng, i.e., number of
primary plus secondary sites) was always significant when
heating was carried out at pH 6.5, while, at pH 7.5, it was
only observed in the case of the more severe heating
conditions (Figure 5). The decrease in Kp values as a
function of heating at pH 6.5 probably reflects the fact
that only the high-affinity binding sites are now deter-
mined as primary sites. In addition, at pH 6.5 the Klotz
model was not adequate due to the multiple binding sites.
In conclusion, the retinol binding capacity of SLG was
more affected by moderate heating at pH 6.5 than at pH
7.5.

Evaluation of Heated 8-Lactoglobulin by Chroma-
tography and Electrophoresis. Therelative absorbance
(ABSag) of heated BLG solutions (1% protein) with regard
to SLG control was measured at 280 nm after centrifugation
and filtration. There was no marked change except after
pH 6.5 solutions were heated at 90 °C for 3 or 6 min, when
ABSsgydecreased by 9% and 11 %, respectively, indicating
a significant formation of insoluble protein material.

The proportion of residual native SLG in heated SLG
solutions was determined by hydrophobic interaction chro-
matography at pH 7.5 (Figure 6). Heat-denatured SLG
was removed by ammonium sulfate precipitation before
HIC analysis, as described by Dumay and Cheftel (1989).
Results are summarized in Table III.

The loss in native SLG (variants A plus B) increased
with the temperature and the heating time and wasslightly
greater at pH 7.5 than at pH 6.5. At pH 6.5, variant B

T T T T
0 10 20 30 Time (min}

Figure 6. Hydrophobic interaction chromatography of non-
heated BLG control (A) or of BLG heated at pH 7.5 for 6 min at
75 (B) or 90 °C (C). Chromatographic conditions were as given
under Materials and Methods.

appeared to be more heat sensitive than variant A, as
previously noted by Dupont (1965). At pH 7.5, variant A
was apparently more heat sensitive than variant B at 75
°C, while the reverse was true at 90 °C (Table III).
The soluble SLG aggregates formed as a result of heating
were assessed by gel permeation chromatography at pH
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Table III. Proportions® of 8-Lactoglobulin (SLG)
Remaining Soluble after Heat Processing of SLG Solutions
at Various pHs and Temperatures?

pH of SLG solutions during heating
6.5
7.5 total

variant variant total variant variant ALG,
A% B,% ALG,% A% B, % %

nonheated 100 100 100 100 100 100
controls

75 °C; 3 min 92 100 95 98 95 97
75 °C; 6 min 86 94 88 98 94 96
90 °C; 3 min 70 60 66 7 60 70
90 °C; 6 min 29 26 28 37 22 31

¢ Data represent grams of soluble SLG per 100 g of nonheated
soluble BLG (control). The control solution at pH 7.5 contained 1.3
mg/mL of total soluble SLG, 0.83 mg/mL of variant A, and 0.47
mg/mL of variant B. The control solution at pH 6.5 contained 1.43
mg/mL of total soluble SLG, 0.86 mg/mL of variant A, and 0.57
mg/mL of variant B. Average of two or three determinations. ¢ De-
termination by hydrophobic interaction chromatography.

B-L6 B-La
pH 6.5 dimer pH 7.5 dimer

Ay A2

injection injection

30 Time. 0 10 20 30 Tme
Figure 7. Gel permeation chromatography of SLG heated at
pH6.50r7.5. Ai-E;, pH 6.5; A:-E;, pH7.5. Heating conditions:
A}, Ay, no heating; By, By, 75 °C, 3 min; C,, Cs, 75 °C, 6 min; Dy,
D,,90°C,3min;E,, E;,90°C, 6 min. Chromatographic conditions
were as given under Materials and Methods. Changes in elution
patterns are indicated by short arrows.

6.0 (Figure 7). AtthispH,SLG is known toexist essentially
as dimers. When SLG solutions were heated at pH 6.5
and 75 °C for 3 or 6 min, no new molecular species were
formed (Figure 7A;—C;). However, when these solutions
were heated at 90 °C for 3 or 6 min, soluble high molecular
weight aggregates (600 000-1 000 000) became evident
(Figure 7D1,E;). Heating SLG solutions at pH 7.5 and 75
or 90 °C for 3 or 6 min induced the progressive formation
of a 18 000 molecular species, different from native SLG
(Figure 7B2-E5). This modified SLG does not reassociate
into a dimer when the pH is returned to 6.0 for chro-
matographic analysis. Severe heating conditions (90 °C
for 6 min) at pH 7.5 lead to oligomers with molecular
weights ranging from 40 000—-200 000 (Figure 7Ej).
SDS-PAGE of SLG solutions (1% protein) heated at
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Figure 8. Electrophoretic patterns of SLG heated at pH 6.5 or
7.5. SDS-PAGE: Al_El, pH 6.5; Az—Ez, pH 7.5. Heating
conditions: Aj, A, no heating; By, By, 75 °C, 3 min; C,, Cy, 75
°C, 6 min; Dy, Dy, 90 °C, 3 min; E;, E;, 90 °C, 6 min. Peak
numbers: (1) monomer; (2) dimer; (3) trimer; (4) tetra- and pen-
tamer. Conditions of electrophoresis were as given under
Materials and Methods.

pH 6.5 or 7.5 for 3 or 6 min indicated an increasing
formation of LG oligomers with heating intensity (Figure
8). These oligomers were not dissociated by SDS. Dimers,
trimers, and higher polymers are known to form under
such heating conditions through SH/SS interchange
reactions (Shimada and Cheftel, 1989). In the case of SLG
heated at pH 6.5, the oligomers seen on electrophoregrams
may also derive from the partial dissociation by SDS of
the higher molecular weight aggregates observed on the
gel permeation chromatograms (Figure 8D;~E,;). The
formation of dimers, trimers, and higher oligomers was
more extensive when SLG was heated at pH 7.5 than at
pH 6.5 (Figure 8), probably because SH groups were more
reactive at higher pH. Two additional protein bands
(14 000 and 30 000) became apparent after solutions were
heated at pH 7.5 and 90 °C for 6 min. They may
correspond to partially hydrolyzed forms of SLG.
Correlation between Ligand Binding and Chro-
matographic/Electrophoretic Data. Heating1% SLG
solutions at pH 7.5 and temperatures 275 °C caused a
progressive decrease in the concentration of native SLG
(HIC), the formation of a modified SLLG monomer (GPC),
and the formation of dimers probably through SH/SS
interchange reactions (SDS-PAGE). Oligomers were
formed at higher heating conditions (90 °C). The affinity
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of BLG for retinol decreased mainly after heating at 90 °C.
Thus, the formation of modified SLLG monomer or dis-
ulfide-bound dimers apparently does not hinder retinol
binding onto BLG. However, the next step (formation of
oligomers) prevents retinol binding. This may be due to
steric hindrance and limited access to the hydrophobic
cone of SLG.

Heating SLG solution at pH 6.5 in the temperature range
75~90 °C caused a smaller decrease in the concentration
of native SLG (HIC) and less formation of modified SLG
monomer (GPC) or of S-S-bound SBLG dimers (SDS-
PAGE). However, high molecular weight aggregates were
formed when solutions were heated at pH 6.5 and 90 °C
(and not at pH 7.5); 10% of the initial SLG was lost as
insoluble aggregates. In parallel, the affinity of SLG for
retinol decreased after heating, even at 75 °C.

The decrease in affinity for retinol was greater after
solutions were heated at pH 6.5, although less SLG
denaturation was observed at pH 6.5 than at pH 7.5.

These data suggest that SLG dimerization through
hydrophobicinteractions (upon heating at pH 6.5) masked
the sites of retinol fixation, while dimerization through
SH/SS interchange reactions (upon heating at pH 7.5)
had little effect on this property.

Similar retinol binding results were obtained when a
commercial whey protein isolate was heated at 90 °C for
6 min (pH 6.5 or 7.5) (unpublished results).

The binding parameters of RET-8LG after SLG was
heated in the neutral pH range have not been previously
reported. Jang and Swaisgood (1990) studied the extent
of denaturation of SLG by affinity chromatography; they
found a decrease of SLG binding to immobilized trans-
retinal, after heating 1% BLG solutions at 90 °C for 5-60
min, at pH 2.5. But it is difficult to compare the effects
of their heat processing at pH 2.5 with the present data
at pH 6.5 or 7.5.

Haque and Kinsella (1987) studied ANS binding to 1.8 %
BLG solutions before and after heating at pH 6.8 in the
presence of ethylene glycol bis(8-aminoethyl ether)tet-
raacetic acid (EGTA) to prevent the formation of aggre-
gates; ANS binding increased with the length and tem-
perature of heating above 70 °C.

O’Neill and Kinsella (1988) studied 2-nonanone binding
to 1% BLG solutions before and after heating at pH 6.7
and 75 °C for 10 or 20 min. Equilibrium dialysis and
double-reciprocal plots were used. They reported the
formation of SLG polymers and a simultaneous increase
in both n and Kp. It was concluded that the formation
of polymers induced a heterogeneity of binding sites and
some flavor entrapment.

Bonomi et al. (1988) assessed modifications in the
protein constituents of heated milk by way of ANS binding
at pH 6.8. Their data suggest that structural changes in
the various protein constituents induced interactions
between hydrophobic sites and therefore reduced ANS
binding.

From these various data, it seems that ligand binding
to BLG may decrease when SLG aggregation occurs and
whenthe ligand is not entrapped inside the SL.G aggregates.

CONCLUSION

This study shows that the affinity of SLG for 8-anilino-
1-naphthalenesulfonate is much smaller than that for
retinol. It is possible to measure the binding parameters
of retinol and SLG according to the method of Scatchard
but special care must be taken to prevent retinol oxidation.
The assessment of the surface hydrophobicity of proteins
using fluorescent ligands is a delicate method. Since the
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number of sites depends on the ligand /protein ratio, it is
necessary to scan a large range of ligand or protein
concentrations. Studies carried out at only one or two
ligand or protein concentrations are incomplete and do
not provide reliable data.

The surface hydrophobicity of SLG, as measured by
retinol binding, was influenced by the pH (6.5 or 7.5) and
by a prior thermal treatment of SLG, at the same two pH
values. However, the retinol binding parameters (n and
Kp) were not always clearly correlated to the intensity of
heat processing. A good linear correlation (R = 0.98) was
observed between the number of retinol binding sites at
pH 7.5 and the decreasing proportion of residual native
BLG when SLG was progressively heated at pH 7.5. This
was not the case at pH 6.5. The marked decrease inretinol
binding already observed after mild heating of SLG at pH
6.5 is not easily explained.

BLG contains a high proportion of hydrophobic amino
acid side chains, preferentially turned toward the inside
of the molecule. Surface hydrophobicity is expected to
increase when the molecule unfolds during heating.
However, unfolding is immediately followed by protein
aggregation, through hydrophobic interactions or through
SH/SS interchange reactions (Shimada and Cheftel, 1989).
This aggregation is probably responsible for the decreased
access of retinol to hydrophobic zones.

In the present case, the determination of surface
hydrophobicity by ligand binding is less informative of
protein changes during heating than the chromatographic
and electrophoretic patterns. Thelatter preciselyindicate
the proportion of residual native protein and of small or
high molecular weight aggregates.
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