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Bovine â-lactoglobulin-carboxymethyl cyclodextrin (â-LG-CMCyD) conjugate was prepared using
water-soluble carbodiimide, in an effort to improve the functional properties of the protein. The
molar ratio of â-LG to CMCyD in the conjugate was 1:2. The isoelectric point of the conjugate was
4.1-5.8. Spectroscopic studies indicated that the global conformation of the conjugate was similar
to that of native â-LG. Structural analyses with monoclonal antibodies indicated that there was a
conformational change around 15Val-29Ile (â-sheet). The denaturation temperature of the conjugate
was about 77 °C, which is about 4 °C higher than that of native â-LG. The â-LG-CMCyD conjugate
maintained retinol-binding activity as strong as that of â-LG. The emulsifying activity of â-LG was
much improved and the antioxidative activity of â-LG was maintained after conjugation with
CMCyD.
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INTRODUCTION

â-Lactoglobulin (â-LG), a major whey protein, is a
globular protein of Mr 18 400 with two disulfide bridges
and a free cysteine, containing plenty of essential amino
acids (McKenzie, 1971). The results of X-ray crystal-
lography (Papiz et al., 1986; Brownlow et al., 1997) and
protein sequencing (Pervaiz and Brew, 1985) have
shown that there is remarkable similarity between â-LG
and plasma retinol binding protein. â-LG has a calix
fold, and it is categorized as a member of the lipocalin
superfamily (Flower, 1996). The function of â-LG is
tentatively considered to be the binding and transporta-
tion of small hydrophobic ligands such as retinol, fatty
acids and so on (Pérez and Calvo, 1995). It is also well-
known that â-LG has various functional properties such
as gelling (Mulvihill and Kinsella, 1987; Foegeding et
al., 1992), foaming, and emulsifying properties (Shimizu
et al., 1985; Waniska and Kinsella, 1988). Although
â-LG is considered to be a valuable protein in terms of
its nutritional feature, â-LG is known to be a potent
allergen responsible for milk allergy, about 82% of
milk allergy patients are sensitive to â-LG (Spies, 1973).
The fact that â-LG is stable at low pH and resisistant
to proteolysis is considered to be one of the reasons â-LG
is allergenic (Miranda and Pelissier, 1983). Hence, it is
very desirable to develop new means of decreasing the
allergenicity and enhancing the functional properties
of â-LG. To achieve this, we have been studying neo-
glycoconjugates of â-LG. Many studies on neoglyco-
conjugates of proteins have been performed during
the past 20 years, and various improvements in the
functional properties of proteins have been achieved. As
far as â-LG is concerned, several studies on conjugates
of â-LG have been reported, focusing on improvement
of its solubility, heat stability, foaming properties, and

emulsifying properties (Akita and Nakai, 1990a,b;
Bertrand-Harb et al., 1990; Creuzenet et al., 1992;
Kitabatake et al., 1985; Mattarella and Richardson,
1983; Mattarella et al., 1983; Waniska and Kinsella,
1988). We have reported that conjugates of â-LG and
acidic saccharides such as carboxymethyl dextran and
alginic acid oligosaccharide showed enhanced heat
stability, improved emulsifying properties and reduced
immunogenicity (Hattori et al., 1994b, 1996, 1997, 2000;
Nagasawa et al., 1996a,b). In the present study, we
chose â-cyclodextrin as a useful saccharide for con-
jugation with â-LG to improve the functional properties
of the protein. Cyclodextrins are cyclic carbohydrates
which form inclusion complexes with various hydro-
phobic molecules and they are widely used in food
and pharmaceutical applications (Szejtli, 1998). Cyclo-
dextrins are used in order to stabilize unstable ma-
terials and to solubilize insoluble or poorly soluble
materials. We prepared a â-LG-carboxymethyl cyclo-
dextrin (CMCyD) conjugate using a water-soluble
carbodiimide. Here, we describe the unique properties
of the â-LG-CMCyD conjugate and the conformational
changes in â-LG brought about through its conjugation
with CMCyD.

MATERIALS AND METHODS

Materials. â-Cyclodextrin was supplied by Ensuiko
Sugar Refining Co., Ltd. (Yokohama, Japan) and 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide (EDC) hydrochloride was
purchased from Dojindo (Kumamoto, Japan).

Preparation of â-LG and RCM-â-LG. Fresh milk from a
Holstein cow of genotype AA for â-LG was supplied by the
dairy farm of Tokyo University of Agriculture and Technology
(Tokyo, Japan). Crude â-LG was isolated according to the
method of Armstrong et al. (1967), and was purified by ion-
exchange chromatography using a DEAE-Sephacel column
(2.5 ID x 50 cm) under the following conditions: eluent, a
linear gradient of a 0-500 mM NaCl in 0.05 N imidazole
buffer at pH 6.7; flow rate, 1.0 mL/min; detection, absorbance
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at 280 nm. The major fraction was dialyzed against distilled
water and then lyophilized. The purity of â-LG was confirmed
by PAGE according to the method of Davis (1964). RCM-â-LG
was prepared by reduction of the disulfide bonds in â-LG
with 2-mercaptoethanol followed by carboxymethylation of the
free sulfhydryl groups with sodium iodoacetate as described
previously (Kaminogawa et al., 1989).

Carboxymethylation of â-Cyclodextrin. â-Cyclodextrin
was carboxymethylated by a method previously used for
carboxymethylation of dextran (Hattori et al., 1994a,b), with
some modifications. In brief, monochloroacetic acid (9 g) was
dissolved in 48 mL of methanol, and 10.5 mL of NaCl solution
(1 g/mL) was added with gentle stirring. After adding methanol
(12 mL), â-cyclodextrin (3 g) was added to the solution, and
the mixture was incubated at 45 °C for 48 h. The pH of the
reaction mixture was adjusted to 6.5 with acetic acid after
cooling to room temperature. After washing with 70% metha-
nol, filtration and lyophilization, carboxymethyl cyclodextrin
(CMCyD) was obtained. The degree of modification as deter-
mined by NMR (Silverstein et al., 1991) was about 6.9 carboxyl
groups attached per molecule of cyclodextrin.

Preparation of the â-LG-CMCyD Conjugate. The
â-LG-CMCyD conjugate was prepared using water-soluble
carbodiimide by referring to the method described previously
(Hattori et al., 1994a,b, 2000; Nagasawa et al., 1996a,b).

In brief, â-LG (300 mg) and CMCyD (1,800 mg) were
dissolved in 37.5 mL of 0.9% NaCl solution, the pH was
adjusted to 4.75 with 0.1 N HCl and 0.1 N NaOH, and EDC
solution (276 mg/1.38 mL of distilled water) was added
gradually over a period of 30 min, during which the pH was
maintained at 4.75 by addition of 0.1 N HCl and 0.1 N NaOH.
The reaction mixture was incubated at 25 °C for 3 h. Gly
solution (135 mg/1.35 mL) was added to inactivate the residual
EDC, and the solution was incubated for 3 h. The reaction was
stopped by adding 1.3 mL of 2 M sodium acetate buffer, pH
5.5. After dialyzing against distilled water and lyophilization,
crude â-LG-CMCyD conjugate was obtained.

Purification of the â-LG-CMCyD Conjugate. Free
CMCyD was removed by salting-out. The crude conjugate was
dissolved in distilled water at a protein concentration of 10
mg/mL, and the proteinaceous component was salted out with
ammonium sulfate at a final concentration of 5 M. The
precipitate was recovered by centrifugation at 12,000 rpm for
30 min at 20 °C and dissolved in distilled water (30 mL). After
dialyzing against distilled water and lyophilization, the â-LG-
CMCyD conjugate without free CMCyD was obtained.

Free â-LG containing polymerized â-LG was removed by ion-
exchange chromatography. A DEAE-Toyopearl 650S column
(2.2 i.d. × 20 cm, Tosoh, Tokyo, Japan) was equilibrated with
0.1 M phosphate buffer, pH 7.5, at a flow rate of 4.0 mL/min.
The â-LG-CMCyD conjugate, after salting-out (11 mg/3 mL),
was applied to the column and eluted with a linear gradient
of NaCl from 0 to 1 M. Protein was detected by monitoring
the absorbance at 280 nm. To detect CMCyD, the absorbance
was monitored at 490 nm after coloring by the phenol-sulfuric
acid method (Dubois et al., 1956).

Size-Exclusion Chromatography (SEC). The molecular
weight of the â-LG-CMCyD conjugate was measured by
SEC. A TSKgel G3000SWXL column (7.8 i.d. × 300 mm,
Tosoh, Tokyo, Japan) was equilibrated with a 0.07 M phos-
phate buffer containing 4 M guanidine hydrochloride at pH
6.7. The â-LG-CMCyD conjugate (100 µg of protein/50 µL)
was applied to the column and eluted at a flow rate of 0.5
mL/min. The absorbance was monitored at 280 nm.

Isoelectric Focusing. Isoelectric focusing of the â-LG-
CMCyD conjugate was performed by using the Pharmacia-
Phast System (Kramlova et al., 1986). Protein bands were
detected by staining with Coomassie Brilliant Blue.

Measurement of the Retinol-Binding Activity of the
â-LG-CMCyD Conjugate. The retinol-binding activity of the
â-LG-CMCyD conjugate was measured by fluorescence titra-
tion (Cogan et al., 1976; Futterman and Heller, 1972; Hattori
et al., 1993). Retinol in ethanol was added to a 2.0 mL solution
in a cuvette containing 1.0 mg of protein in PBS. Small
increments (5 µL at a time) of the retinol in ethanol at 2.64 ×

10-4 M were added to the cuvette with a micropipet. The
mixture was thoroughly mixed and then allowed to equilibrate
for 1 min before recording the fluorescence intensity. The
fluorescence was measured using a Shimadzu RF-5300PC
instrument (Kyoto, Japan) with excitation at 330 nm and
emission at 470 nm.

Analysis of the Conformation of the â-LG-CMCyD
Conjugate by Spectroscopic Methods. Far UV CD spectra
of the â-LG-CMCyD conjugate (0.02% as the protein concen-
tration) in PBS (phosphate-buffered saline; 0.11 M phosphate
buffer, pH 7.1, containing 0.04 M NaCl and 0.02% NaN3) were
recorded at 25 °C with a JASCO J-720WI (Tokyo, Japan)
automatic recording spectro-polarimeter in cells of 1.0 mm
path length. The intrinsic fluorescence of the â-LG-CMCyD
conjugate dissolved in PBS at 0.001% (as the protein concen-
tration) was measured at an excitation wavelength of 283 nm
using a Shimadzu RF-5300PC (Kyoto, Japan) fluorescence
spectrophotometer.

Competitive Enzyme-Linked Immunosorbent Assay
(ELISA). Aliquots of â-LG solution (100 µL; 0.01% â-LG in
PBS) were added to the wells of a polystyrene microtitration
plate (Maxisorp, Nunc, Roskilde, Denmark) and the plate was
incubated at 25 °C for 2 h. The â-LG solution was then
removed, the wells were washed three times with 125 µL of
PBS-Tween, and 125 µL of 1% ovalbumin solution was added.
The plate was again incubated at 25 °C for 2 h and washed.
â-LG, RCM-â-LG or â-LG-CMCyD conjugate at various
concentrations (50 µL) was added to the wells, then mAb (50
µL) was immediately added, and the plate was further
incubated at 25 °C for 2 h. After removing the solution and
washing the wells, 100 µL of alkaline phosphatase-labeled goat
anti-mouse immunoglobulin diluted with PBS-Tween was
added, and the plate was incubated at 25 °C for 2 h. After
removing the solution and washing, 100 µL of a 0.1% solution
of p-nitrophenyl phosphate disodium salt in 1 M diethanol-
amine-hydrochloride buffer (pH 9.8) was added as the alkaline
phosphatase substrate, and the plate was incubated at 25 °C
for 30 min. The reaction was stopped by adding 20 µL of 5 M
sodium hydroxide, and the absorbance was read at 405 nm.
The equilibrium constant (KAS) for the interaction between the
mAb and the â-LG tested was calculated by the method of
Hogg et al. (1987), based on the results of competitive and
noncompetitive ELISA.

Differential Scanning Calorimetry (DSC). The â-LG-
CMCyD conjugate was dissolved in PBS (pH 7.0) at a protein
concentration of 50 mg/mL. A 50 µL portion of this solution
was sealed in a silver DSC cell, and DSC was conducted to
determine the denaturation temperature and enthalpy as
described previously (Takahashi et al., 1988). DSC curves were
recorded on a Seiko SSC-5020 DSC-100 instrument (Tokyo,
Japan) programmed at a heating rate of 2 K/min in the
temperature range from 20 to 100 °C. The reference sample
was distilled water.

Evaluation of the Emulsifying Ability of the â-LG-
CMCyD Conjugate. The â-LG-CMCyD conjugate was dis-
solved in McIlvaine buffer (pH 3.0, 4.0, 5.0, 6.0, 7.0, and 8.0)
or in McIlvaine buffer (pH 7.0) containing 0.2 or 0.5 M NaCl
to give a concentration of 0.1% (as protein). 0.5 mL of oleic
acid was emulsified with 2 mL of this â-LG-CMCyD conjugate
solution at 25 °C by a Polytron PTA-7 (Kinematica, Switzer-
land) for 1 min at 24 000 rpm. The emulsion stability was
measured by determining the absorbance at 500 nm of the
emulsion diluted 100-fold with 0.1% SDS solution (Pearce and
Kinsella, 1978). The emulsifying activity of the â-LG-CMCyD
conjugate was evaluated by spectroturbidity according to the
method of Pearce and Kinsella (1978). The emulsifying activity
is expressed as emulsifying activity index (EAI), calculated
using the formula EAI ) 2T/φc, where T (turbidity) )
2.3A/l (A is the absorbance at 500 nm and l (light path) )
10-2 m), and c is the concentration of protein (103 g/m3), with
φ (oil phase volume) ) 0.2.

Evaluation of the Antioxidative Activity of the
â-LG-CMCyD Conjugate. The antioxidative activity of
the â-LG-CMCyD conjugate was evaluated by the ferric
thiocyanate method (Chen et al., 1995, Hattori et al., 1998).
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The â-LG-CMCyD conjugate (1 mg) was dissolved in 1.5 mL
of 50 mM phosphate buffer (pH 7.0) and 1 mL of 50 mM linoleic
acid in ethanol was added. The solution was kept at 60 °C. At
intervals, aliquots of the reaction mixture were removed for
measurement of the extent of oxidation by the ferric thio-
cyanate method. In brief, 2.35 mL of 75% ethanol, 50 µL of
30% ammonium thiocyanate, and 50 µL of 20 mM ferrous
chloride solution in 3.5% HCl were added to 50 µL of the
reaction mixture while stirring the mixture. After 5 min, the
absorbance at 500 nm was measured. δ-Tocopherol (1 mg) was
used as a positive control.

RESULTS AND DISCUSSION

Structural Features of the â-LG-CMCyD Con-
jugates. The molar ratio of â-LG to CMCyD in the con-
jugate was 1:2. The molecular weight of the conjugate
was estimated to be 43,000. These results indicate that
the conjugate was composed of 2 molecules of â-LG and
4 molecules of CMCyD. The denaturation temperature
of the â-LG-CMCyD conjugate as determined by
DSC was 77.4 °C which was higher than that of â-LG
(73.3 °C).

The fluorescence emission spectrum of the â-LG-
CMCyD conjugate is shown in Figure 1a. In the case of
â-LG, the fluorescence intensity has been shown to
increase with red-shift of the wavelength for maximum
emission as the conformation changes (Kaminogawa et
al., 1989; Hattori et al., 1993). The maximum wave-
length for â-LG-CMCyD (332 nm) was similar to that
for native â-LG (332 nm). Hence, the conformation
around the Trp residues (19Trp and 61Trp) of the â-LG-
CMCyD conjugate was considered to be the same as that
in native â-LG. The fluorescence intensity of the con-
jugate was lower than that of native â-LG, which
indicates that CMCyD shielded the area around the
Trp residues (Hattori et al., 1994b) and this finding
suggests that binding of CMCyD occurs at 60Lys in the
conjugate. The CD spectrum of the â-LG-CMCyD
conjugate is shown in Figure 1b, was found to be similar
to that of native â-LG. The secondary structure of â-LG
is considered to be maintained after conjugation with
CMCyD.

Local conformational changes in â-LG after conjuga-
tion with CMCyD were evaluated by competitive ELISA
using anti-â-LG mAbs as probes (Figure 2). MAbs are
useful to detect subtle conformational changes in local
areas within a protein molecule during unfolding and
refolding (Kaminogawa et al., 1987; 1989; Hattori et al.,
1993) and after conjugation with saccharides (Hattori
et al., 1994b; 1996; 1997; 2000; Nagasawa et al., 1996b)
by determining the affinity change. The epitope regions
for mAbs 21B3 and 61B4 are 15Val-29Ile (â-sheet region)
and 125Thr-135Lys (R-helix region), respectively. MAb
61B4 reacts preferentially with native â-LG, whereas
mAb 21B3 reacts more strongly with the denatured
form of â-LG (RCM-â-LG). The reactivity of the mAbs
21B3 and 61B4 with â-LG-CMCyD was similar to that
with native â-LG. Hence, the conformation around
15Val-29Ile (â-sheet region) and125Thr-135Lys (R-helix
region) in the â-LG-CMCyD conjugate is considered to
be the same as that in the native form of â-LG.

The retinol-binding activity of the conjugate was
evaluated by fluorescence titration. The solution re-
mained clear throughout the entire range of investi-
gated concentrations, in all titrations. As shown in

Figure 1. Spectroscopic analysis of the â-LG-CMCyD conjugate: (a) intrinsic fluorescence; (b) CD spectra. â-LG (solid line),
â-LG-CMCyD conjugate (broken line).

Figure 2. Equilibrium constants (KAS) of the â-LG-CMCyD
conjugate in binding to anti-â-LG mAbs. â-LG (b); RCM-â-
LG (O); â-LG-CMCyD conjugate (4). KAS values were calcu-
lated from the results of competitive and noncompetitive
ELISA according to the procedure of Hogg et al. (1987).
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Figure 3, the â-LG-CMCyD conjugate showed retinol-
binding activity as strong as that of â-LG. The structure
of the retinol binding site (adjacent to 19Trp and 70Lys)
is considered to be similar to that of the native form of
â-LG. Thus, the â-LG-CMCyD conjugate prepared
retained the native protein structure of â-LG with
improved heat stability.

Emulsifying Ability of the â-LG-CMCyD Con-
jugate. The emulsifying ability of the â-LG-CMCyD
conjugate at pH 3.0, 4.0, 5.0, 6.0, 7.0 and 8.0 was
evaluated as the emulsifying activity index (EAI) of an
emulsion of oleic acid and the â-LG-CMCyD conjugate
(Figure 4a). The â-LG-CMCyD conjugate showed better
emulsifying activity the native material under all pH
conditions tested. Improved emulsifying ability of â-LG
by conjugation with CMCyD is considered to be brought
about due to the following: 1) since CMCyD has a
substantial net charge, the â-LG-CMCyD conjugate
covering oil droplets may inhibit their flocculation by
electrostatic repulsion. 2) by conjugating â-LG with
CMCyD, the â-LG portion may become more susceptible
to surface denaturation than native â-LG.

The emulsifying ability of the â-LG-CMCyD conju-
gate in the presence of NaCl at pH 7.0 was evaluated
as the EAI value of an emulsion of oleic acid and
the â-LG-CMCyD conjugate (Figure 4b). The â-LG-
CMCyD conjugate showed better emulsifying activity
than â-LG, since the conjugate has a substantial net
charge which serves a strong protective function against
shielding of the electrical charge in the emulsifier.

Antioxidative Activity of the â-LG-MCyD Con-
jugate.The antioxidative activity of the â-LG-CMCyD
conjugate was evaluated by the ferric thiocyanate
method (Figure 5), with δ-tocopherol used as a positive
control. The period during which the A500 remained
below 0.05 was regarded as the induction period. The
induction period in the case of the control sample was
11 days, and it was extended 25, 29, and 29 days in the
presence of δ-tocopherol, the mixture of â-LG and
CMCyD and the conjugate, respectively. The anti-
oxidative activity of the conjugate was stronger than
that of δ-tocopherol and as strong as that of the mixture
of â-LG and CMCyD. The â-LG-CMCyD conjugate
showed the antioxidative activity as strong as that of
â-LG in a water/alcohol system.

Concluding Remarks. In this study, we prepared
a â-LG-CMCyD conjugate with modified functionality.

A large change in pI occurred in the â-LG-CMCyD
conjugate with little conformational change. The con-
jugate maintained retinol-binding activity as strong as
that of native â-LG. The conjugate was more heat-stable
than native â-LG. By conjugation with CMCyD, the
emulsifying properties of â-LG under various pH condi-

Figure 3. Retinol-binding activity of the â-LG-CMCyD
conjugate. Mixture (mixture of â-LG and CMCyD in the
same ratio as that in the â-LG-CMCyD conjugate) (b);
â-LG-CMCyD conjugate (4).

Figure 4. Emulsifying activity index of the â-LG-CMCyD
conjugate under different pH conditions (a) and in the presence
of NaCl (b). Mixture (mixture of â-LG and CMCyD in the same
ratio as that in the â-LG-CMCyD conjugate) (b); â-LG-
CMCyD conjugate (4).

Figure 5. Antioxidative activity of the â-LG-CMCyD
conjugate. The antioxidative activity of the â-LG-CMCyD
conjugate was evaluated by the ferric thiocyanate method.
Amounts: â-LG-CMCyD conjugate, 1 mg; δ-tocopherol, 1 mg.
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tions and in the presence of salt were much improved.
The conjugate showed the same antioxidative activity
as â-LG in a water/alcohol system. This study demon-
strates a new possibility of modifying protein function-
ality by conjugating with an acidic saccharide without
drastic changes in conformation.

Abbreviations used: â-LG, â-lactoglobulin; RCM-â-
LG, reduced and carboxymethylated â-lactoglobulin;
CyD, cyclodextrin; CD, circular dichroism; mAb, mono-
clonal antibody; PBS, phosphate-buffered saline; ELISA,
enzyme-linked immunosorbent assay; PBS-Tween, PBS
containing 0.05% Tween 20.
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