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The changes of structure and ligand binding properties of �-LG B have been studied by fluorescence
and circular dichroism spectroscopy in ethanolic solutions. Fluorescence measurements of retinol/
�-LG interactions at 480 nm in various ethanol concentrations show that the maximal fluorescence
intensity induced by this interaction between retinol and �-LG is observed around 20% v/v of ethanol.
It is reduced to zero at 40% and 50% of ethanol. These results suggest that there are two distinct
structural changes in �-LG occurring between 20% and 30% and around 40% of ethanol. The first
transition, which increases affinity and the apparent number of binding sites for retinol, may be related
or similar to the Tanford transition. The strong quenching of retinol emission at 480 nm in 40% of
ethanol indicates the radical transformation of �-LG tertiary structure and the release of retinol. CD
spectra at the aromatic region show that secondary and tertiary structures of �-LG are not significantly
affected between 0% and 20% of ethanol. In 30% of ethanol, �-sheet percentage of �-LG decreases
with respect to native �-LG (from 55% to 46%). �-Sheet percentage in �-LG increases in 40% and
50% alcohol (51% and 53%) relative to 30% of ethanol, which also indicates the strong rearrangement
of the secondary structure of �-LG, while its tertiary structure and �-LG interactions are radically
changed.
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1. INTRODUCTION

�-Lactoglobulin (�-LG) is a small globular protein and the
major whey protein component in the milk of ruminant species.
Its properties have been frequently reviewed (1-4). Unlike the
other major whey proteins, �-LG does not have any known
functions. Its amino acid sequence and three-dimensional struc-
ture show that it is a member of the lipocalin superfamily (5, 6).
It has been proposed that a similar function (hydrophobic ligand
binding) must be the main physiological reason for the presence
of significant quantities of �-LG in milk (7).

�-LG is known to bind tightly, in Vitro, one retinol molecule
per monomer (8). Advances in structural studies of �-LG (9-11),
of retinol binding protein (12) and of bilin binding protein (13),
show that these hydrophobic molecule transporters share a
common three-dimensional structural pattern termed �-barrel.
There is some evidence of the protrusion of the retinol hydroxyl
group out of the binding site deduced from its susceptibility to

an attack by dehydrogenase (8). This could indicate the external
placement of the retinol binding site on the �-LG molecule (10).

Organic solvents have been used in many protein studies
(14-16). The addition of weak protic solvents such as alcohols
may have broad effects, changing solvent-solute interactions
(17, 18). It significantly shifts the balance of the electrostatic
charges on the protein molecule (19) and changes the organiza-
tion of dipolar moments (20). The structure of hydration layers
is a major factor responsible for the organization of hydrophobic
moieties in the globulin core (21). The change of polarity of
the protein medium achieved by the addition of amphiprotic
solvent able to form hydrogen bonds and replace hydrogen-
bonded water molecules in hydration layers (22) and in the
protein structure displaces structural equilibria maintained by
the hydrogen bonds and hydrophobic interactions. The revers-
ibility of the secondary structure changes of �-LG has been
studied under the influence of solvent polarity changes (16).
Independent of the alcohol used, the midpoints of the observed
structural �T R transformation occur around dielectric constant
ε ≈ 60. The structural change destroying the hydrophobic core
formed by the �-barrel leads to the dissociation of the retinol/
�-LG complex. This happens when the polarity of the medium
reaches the dielectric constant ε ≈ 50. However, when the
dielectric constant of the medium is increased back to ε ≈ 70
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(dielectric constant of water) by the decrease of the temperature,
the refolding of �-LG and the recreation of the retinol/�-LG
complex are observed. Apparently, the binding of retinol to
�-LG has no influence (stabilizing or destabilizing) on folding
changes induced by alcohol (16), but despite all these data, the
quantitative changes in tertiary structure and binding charac-
teristics of �-LG are still unknown.

Hence, the purpose of the present study was to analyze and
quantify the ethanol effect on secondary and tertiary structures
of �-LG and on its retinol binding properties.

2. MATERIALS AND METHODS

2.1. Materials. All chemicals used were of reagent grade. The �-LG
variant B was obtained from homozygous cow’s milk following the
method of Mailliart and Ribadeau Dumas (23), and it was found to be
more than 95% pure. The �-LG concentration was determined spec-
trophotometrically using the molecular absorption coefficient ε278 )
17,600 M-1 cm-1 in the calculations (24). �-LG stock solutions, in 50
mM phosphate buffer, pH 6.5, and in 20 mM glycine buffer, pH 1.8,
were 57 and 73 µM, respectively.

Retinol used in this study was purchased from Sigma. In order to
prevent oxidation and isomerization, retinol was dissolved in ethanol
in darkness and under strictly anaerobic conditions to give stock
solutions of 0.5 mM. Its concentration was confirmed by spectropho-
tometry using the molecular absorption coefficient ε325 ) 46,000 M-1

cm-1 (25).
2.2. Fluorescence Spectroscopy. Fluorescence spectra between 300

and 400 nm (excitation: 295 nm) were recorded at 20 °C on a Hitachi
F-4500 spectrofluorimeter in ratio mode. The binding of the ligand was
measured by following the decrease of protein tryptophan fluorescence
at 330 nm. The following procedure was used for titration of �-LG,
with retinol: 2 mL of �-LG solution, ranging between 5 and 7 µM,
was placed in a cuvette, and small increments (2 to 5 µL) of the ligand
solution were injected in the cuvette with a Hamilton syringe. The
experiments were performed in 50 mM phosphate buffer at pH 6.5. In
order to eliminate the dilution of �-LG solution by the added ligand
solution and tryptophan fluorescence changes induced by alcohol, a
blank containing N-acetyl-tryptophan amide (NATA) solution titrated
with ligand was monitored as described above. In all cases, before
correction for the blank, tryptophan fluorescence intensity at 330 nm
of free �-LG was normalized to 1.

Retinol fluorescence is very weak in aqueous solutions, but it is
greatly enhanced after retinol binding to �-LG. Its complex with �-LG
exhibits a typical fluorescence spectrum with a maximum emission at
480 nm (26). Fluorescence study of retinol/�-LG complex in molar
ratio 1:1 was carried out under the influence of various alcohol
concentrations at 20 °C and pH 1.8, 6.5, and 8.0 (excitation, 330 nm;
emission, 400-600 nm).

2.3. Determination of the Apparent Dissociation Constants.
Differences in fluorescence intensity at 330 nm between the complex
and free protein (excitation at 295 nm) were analyzed according to
Cogan et al. (25) (eq 1) in order to determine apparent dissociation
constants, Kd

′ , and apparent number of binding sites at saturation state
of protein, n.

P0R) (L0/n)(R/(1-R))-Kd
′ /n (1)

In eq 1, P0 is the total protein concentration, R is the fraction of free
binding sites, and L0 is the total ligand concentration. The value of R
was calculated for every point on the titration curve using the following
equation:

R) (F-Fmin) ⁄ (F0 -Fmin) (2)

where F represents the fluorescence intensity (corrected for blank) at
a certain L0, Fmin represents the fluorescence intensity upon saturation
of all of the apoprotein molecules, and F0 is the initial fluorescence
intensity.

2.4. Circular Dichroism. CD spectra of �-LG in water-ethanol
solutions were measured on a Jobin Yvon Mark III dichrograph, and
data were recorded online using an Olivetti personal computer. Spectra

were averages of 3 accumulated scans with subtraction of the baseline.
The cylindrical cells used had a path length of 0.2 mm in the case of
far-UV spectra (185-260 nm), and 10 mm in the case of near-UV
spectra (240-340 nm). All spectra were measured at 20 °C using a
�-LG concentration of 57 µM, and the results are expressed as molar
ellipticity, θ (deg · cm2 · dmol-1). The Fasman method (27, 28) was
assayed in order to simulate the experimental spectra because it gave
the best fit with the available �-LG X-ray structure data (9, 10). Ethanol
and buffer were added to the �-LG solution to obtain the appropriated
alcohol percentage (0-50%).

3. RESULTS

3.1. Ligand Binding Properties. The fluorescence of �-LG
tryptophanyl residues was quenched from 100% to 54% in the
presence of retinol indicating retinol/�-LG binding.

The fluorescence of retinol rises with the increase of retinol
concentration, and it becomes flat at molar ratio 1:1. The
excitation wavelength could be 295 or 330 nm. At 330 nm,
retinol is the only excited molecule, which is bound by �-LG.
Tryptophanyl residues are excited at 295 nm. This energy
transfers from tryptophan indol to retinol, and it is emitted at
480 nm. Table 1 shows that there is one binding site for retinol
on the �-LG molecule. The apparent dissociation constant of
this binding site is 1.41 × 10-7 M, which agrees well with the
results obtained previously (16).

The fluorescence of the retinol/�-LG complex is quenched
progressively by increasing ethanol concentration, and it disap-
pears altogether around 40% ethanol (v/v). In contrast, the
fluorescence intensity of �-LG tryptophan in the case of the
palmitic acid/�-LG complex, molar ratio 1:1, moderately
increases with rising ethanol concentration at 330 nm. The
maximum of tryptophan emission is red-shifted between 7 and
10 nm at 40% and 50% of ethanol (Figure 1A). This red shift
indicates a significant structural �-LG change between 30% and
40% of ethanol. Such a red shift was observed at all studied

Table 1. Apparent Dissociation Binding Constants, Kd
′ and Apparent

Number of Binding Site, n, at Various Ethanol Concentrations and at
Neutral and Acidic pH (Results Expressed per Protein Monomer)

ethanol content (%) n Kd
′

pH 6.5 0 0.98 1.41 × 10-7

10 0.93 1.05 × 10-7

20 1.24 9.46 × 10-8

30 0.69 undetermined

pH 1.82 0 0.87 1.28 × 10-7

10
20 1.17 6.87 × 10-8

Figure 1. (A) Tryptophan emission spectra of a 1:1 solution of palmitic
acid/�-LG and (B) retinol emission spectra of a 1:1 solution of retinol/�-
LG at pH 6.5 and 0% (9), 10% (2), 20% (/), 25% (b), 30% ([), 40%
(]), and 50% (O) of ethanol.
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conditions (acidic, neutral, and basic pH, after Tanford transi-
tion). It was also confirmed by the disappearance of retinol
fluorescence emission at 480 nm (Figure 1B), which decreased
to zero at 40% and 50% (v/v) of ethanol. This indicates that
secondary and tertiary protein structures were radically changed
and also indicates that the hydrophobic retinol-binding site was
completely destructured.

Titrations of native �-LG solution with retinol were inves-
tigated in 0%, 10%, 20%, and 30% (v/v) ethanol (Table 1).
The computed number of retinol binding sites is about one.
However, the small increase around 1/4 in number of binding
sites is seen at 20% (v/v) of ethanol. Also, the affinity of the
binding site rises with increasing ethanol content. On the one
hand, this phenomenon could be due to the increased flexibility
or accessibility of the binding site affected by ethanol. On the
other hand, no retinol binding could be seen any more at 40%
and 50% (v/v) of ethanol. Titration of native �-LG in 40% and
50% ethanolic solution with retinol has shown only very
moderate changes in tryptophan emission. It seems that these
changes are mostly due to the effect of ethanol concentration
increase on �-LG structure. This indicates that at high concen-
tration of ethanol, either the binding site has disappeared because
of radical structural refolding of globulin or that the competition
of ethanol has simply relinquished all retinol out of its binding
site.

3.2. Circular Dichroism. Two minima of the ellipticity at
∼285 and ∼292 nm in the CD spectrum of native �-LG in water
are mainly due to tryptophan (Trp19 and/or Trp61) absorbance
(29). The negative peaks of the ellipticity at 208 and 222 nm
are typical of the R-helical content of protein. There is a weak
but broad n f π* transition centered around 210 nm and an
intense π f π* transition at about 190 nm. CD spectra at the
aromatic region (Figure 2B) show that secondary and tertiary
structures of �-LG are not affected significantly between 0%
and 20% of ethanol. The intensity of CD spectra changed
significantly at 30%, and it decreased radically at 40% and 50%
of ethanol (Figure 3).

The analysis of �-LG structure by CD spectroscopy shows
changes of �-LG secondary structure in various ethanol
concentrations compared with native �-LG conformations in
aqueous solutions (Figure 2). According to the method of
Fasman (27, 28) in solutions containing between 10% and 20%
of ethanol, �-LG is composed of 54% of �-sheet, 5% of R-helix,
and 41% of aperiodic structure. These values do not differ much
from those observed in the case of native protein in neutral pH
(55, 4, and 41%, respectively). The shifts in positions of the

major minima and change in magnitude of ellipticity indicate
significant changes in structure of �-LG in 40% and 50% of
ethanol. CD spectra of tryptophanyl residues have a minimum
at 290 nm with fine structure between 290 and 305 nm. The
disappearance of the chirality of aromatic amino acids side
chains in the near-UV region indicates that they have acquired
almost total freedom of rotation, which is characteristic of
molten globule state or total denaturation provoking a loss of
chirality. The CD spectra in the aromatic region (near-UV)
demonstrate (Figure 2B) that the chirality of aromatic amino
acid chromophores disappears in 40% and 50% of ethanol,
which is characteristic of the molten globule state observed
between 30% and 40% of ethanol. Hence, high concentrations
of ethanol induce significant secondary and tertiary structure
changes, which may be due to the increase of protein hydro-
phobic interactions with the medium and to the modifications
of hydrogen bonds and dipolar moments. Since the secondary
structure contents in 40% and 50% of ethanol differ much from
those observed in the case of �-LG in 30% ethanolic solution,
it is obvious that the �-LG tertiary structure has collapsed
radically in solutions with high content of ethanol.

4. DISCUSSION

The �-LG fluorescence at 330 nm is dependent on the
microenvironment of its Trp residues (30). �-LG contains two
tryptophans, Trp19 and Trp61 (31). Trp19 is placed in an apolar
environment in the hydrophobic pocket of �-LG, whereas Trp61
protrudes beyond the surface of the molecule and is quite close
to the Cys66-Cys160 disulfide bridge (32, 33). As the disulfide
bridge is an effective Trp fluorescence quencher, the intrinsic
fluorescence of �-LG can be almost exclusively attributed to
Trp19 (34). Fluorescence measurements of retinol/�-LG and
palmitic acid/�-LG solutions (1:1) at 480 and 330 nm, respec-
tively, in the absence and presence of ethanol at various pH
show that the strongest interaction between �-LG and ligand is
created around 20% of ethanol (Figure 4). After that, it
decreases to zero at 40% and 50% of ethanol. These results
confirm the structural changes in �-LG happening between 20%
and 30% and around 40% of ethanol. They may indicate
something similar to the Tanford transition between 20% and
30% of ethanol, where the affinity and apparent number of
binding sites for retinol increase (Table 1). The intense
quenching of retinol emission at 480 nm in 40% of ethanolic
solution shows that the tertiary structure of �-LG is radically
changed. The endoplasmic reticulum (ER) is an organelle found
in all eukaryotic cells that is an interconnected network of
tubules, vesicles, and cisternae. These structures are responsible
for several specialized functions: protein translation, folding,
and transport of proteins to be used in the cell membrane (e.g.,

Figure 2. Far (A)- and near (B)-UV circular dichroism spectra of �-LG at
0% (9), 10% (2), 20% (/), 30% ([), 40% (]), and 50% (O) (v/v) of
ethanol. Spectra were averages of 3 accumulated scans with subtraction
of the baseline, which were measured at 20 °C using a �-LG concentration
of 57 µM in 50 mM phosphate buffer, pH 6.5.

Figure 3. Ellipticity of �-LG (57 µM) at 285 ([), 292 (b), and 222 (2)
nm in the presence of various ethanol percentages (v/v) at 20 °C in 50
mM phosphate buffer (pH 6.5).
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transmembrane receptors and other integral membrane proteins)
or to be secreted (exocytosed) from the cell (e.g., digestive
enzymes); sequestration of calcium; and production and storage
of glycogen, steroids, and other macromolecules. The smooth
ER is the site at which some drugs are detoxified (35).
Hydrophobicity/polarity of the �-LG medium in 20% ethanolic
solution may be in the neighborhood of membranes or inside
of them. Hence, these results could have a biological meaning
if and when �-LG would be bound in membranes of cytoplasmic
reticulum (Golgi) or in milk close to fat globules.

The observed changes in CD spectra at 30%, 40%, and 50%
of ethanol indicate that alcohol induces structural changes similar
to the Tanford transition between 20% and 30% v/v. Calculated
secondary structure of �-LG using the Fasman method (Table
2) shows that the R-helix content goes up with increasing ethanol
concentration and that the �-sheet percentage does not change
significantly between 0% and 20% of ethanol. It decreases at
30% of ethanol. This indicates structural transition between 20%
and 30% of ethanol. �-Sheet percentage of �-LG increases again
in the presence of 40% and 50% relative to 30% of ethanol,
which indicates the rearrangement of the secondary structure
of �-LG.

Figure 3 showed molar ellipticity of �-LG at 285 and 292
nm in the various percentages of ethanol. When ethanol was
added to �-LG solutions, the ellipticity of �-LG at 285 and 292
nm decreased, around 30%, and then increased (see also Figure

2B). When the ethanol concentration increased to 40%, the
minima at 285 and 292 nm disappeared. This indicates that the
Trp residues are in a less constrained environment than in the
native �-LG; therefore, the tertiary structure of �-LG was
changed at and above 30% of ethanol. Moreover, ethanol
significantly increased the absolute value of measured �-LG
ellipticity at 208 and 222 nm at about 40% of ethanol (Figures
2A and 3).

Increase of the apparent number of binding sites was
perceived around 20% of ethanol, and also, the moderate
decrease of molar ellipticities at 285 and 292 nm (Figure 3)
shows that, between 20% and 30% of ethanol, �-LG is probably
in the molten globule state. The balance of forces maintaining
protein structure is changed significantly by the increase of
ethanol concentration in solution. It causes a restructuring of
�-LG and greatly influences its interactions.

5. ABBREVIATIONS USED

�-LG, �-lactoglobulin; CD, circular dichroism; NATA, N-
acetyl-tryptophan amide.
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