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Abstract

Aggregation of proteins appears to be associated most often with conformational and structural changes that lead to exposure of some
apolar residues. Depending on the native structure of the protein in exam, aggregation is a process that involves different mechanisms, whose
time of occurrence and interplay can depend upon temperature.

To single out information about the multistages of the aggregation pathway, here we investigate the thermally induced
conformational and structural changes of the beta-lactoglobulin (BLG). The experimental approach consists in studying steady-state
fluorescence spectra of intrinsic chromophores, two tryptophans, and Anylino-Naphthalene-Sulfonate dye (ANS) molecular probe. This
technique revealed to be particularly suitable in investigating samples in the low concentration range and at the initial steps of the
aggregation process. The Rayleigh scattering of the exciting light follows the growth of the intermolecular interactions at the same
time. Complementary information is also obtained by circular dichroism (CD) measurements on samples in the same experimental
conditions.

The obtained data indicate a well-defined interconversion between quaternary, ternary and secondary structures, together with
conformational rearrangements driven by hydrophobic interactions and intermolecular bonds. The results are also discussed in comparison

with similar studies on BSA aggregation.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Protein aggregation is the focus of several studies in
biophysical and biochemical research since it is associated
with a large amount of neurodegenerative diseases, such as
the amyloidoses, prion diseases and cataracts, that are caused
by protein association [1-3]. This complex process is not yet
totally understood as it depends from a great number of
physical and chemical parameters (temperature, pressure,
concentration, ionic strength, pH, denaturant addition) [4,5].
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The aggregation process usually involves conformational
changes of the whole protein or of a specific domain and it
is often attributed to the association of partially unfolded
molecules [2,6-9]. In fact, small changes in local config-
uration could allow a great stereo-reorganization of macro-
molecules. For this reason, aggregation process interests
proteins both on a microscopic scale, involving structural
and conformational changes that lead to the exposure of
apolar residues, and on macroscopic scale, as result of
intramolecular interactions.

In this respect, the native protein and its aggregates can
be seen as originating from a common population of
partially unfolded, interconverting molecules that, due to
interactions with the solvent and with the neighbour
molecules, proceed towards different pathways. The aggre-
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gation process is today considered as process acting in
competition with the normal folding pathway and it is
common property of any polypeptide chain [10]. In
particular, under specific conditions globular proteins with
no homology to each other or to the disease-associated
proteins have the ability to form fibrils that resemble those
extracted from diseased tissue. These proteins are prone to
fibril formation under conditions that stabilize a partially
folded structure of the protein [11].

However, is not yet fully understood how the conforma-
tional changes, at secondary and tertiary structure level, take
part in the aggregation pathways. It widely diffused the idea
that the aggregation could occur via structural changes
leading to formation of B richer structures. This is in
agreement with the observation that the core structure of all
amyloid consists of B-sheets (with the strands perpendicular
to the long axis of the fibre) and that many short peptide
sequences containing several hydrophobic residues and high
tendency to B-sheet formation have a strong bent to form
aggregates [2,12].

In this paper, we report an experimental study aimed to
single out information about the multistages of aggregation
pathway and we put in evidence the role played by the
native structure of the protein in this process. To this
purpose, we perform kinetic data on thermal aggregation of
p-Lactoglobulin (BLG), at pH 6.2 and at different temper-
atures. The experimental approach consists of steady-state
fluorescence measurements by Rayleigh scattering kinetics
and circular dichroism measurements. This protein, like
other globular proteins, when heated tends to aggregate, but
a clear picture of the sequence of the molecular events
occurring during the aggregation and the gelation process
[13] has not yet emerged.

BLG is a small globular protein (MW=18,300 Da)
contained in the whey of ruminant milk. At neutral pH, it
assumes a dimeric native conformation. Its secondary
structure is composed of 15% of «-helices, 50% of {-
strands and ~20% of reverse turn. It has a core structural
pattern formed by an «-helix and eight strands of
antiparallel p-sheets and its tertiary structure is stabilized
from two disulfide bonds; moreover, there is also one free,
highly reactive —SH group, corresponding to Cys-121,
buried in the hydrophobic core of the protein [14—18].

Fluorescence measurements in low concentration region
permit to observe conformational changes in the first phases
of aggregation pathway; in fact, thanks to the high
efficiency of the native chromophores, we are able to do
measurements on very dilute solutions. It is well known that
fluorescence of tryptophanil residues in protein can provide
valuable information concerning their environments and
their relative conformational changes [19-26]. To explore
different domains of the protein eventually involved in the
process, we have also performed kinetic fluorescence
spectra of the Anylino-Naphthalene-Sulfonate dye (ANS).
This probe has been largely used to study the properties of
intermediate states at folding and unfolding equilibrium of

globular proteins [27-30]. Fluorescence measurements on
BLG-ANS complex give information on changes of
protein—probe interactions and on the variations of the
accessible hydrophobic areas. It has also been reported that
BLG possess two different binding sites for ANS: an
external site, in proximity of a hydrophobic patch on the
protein surface, and an internal site, located in the hydro-
phobic core of BLG. The external site has a nonspecific
interaction with ANS, contrarily to that of the internal one
where one of the two S-S bridges of BLG (Cys-106/Cys-
119) is located [30]. The primary cause of initiation of heat
aggregation of BLG is thought to involve disulfide bridge
formation by exchange between the free cystein and one of
these two disulfide bridges [3].

We have already applied the same experimental
approach to Bovine Serum Albumin, whose structure is
almost totally a-helical, and we found that conformational
changes at secondary structure level from o to P were
involved in the aggregation pathway [5,19]. Here, to
extend our comprehension on relevance of conformational
changes in this process, we have chosen BLG because its
structure is essentially formed by { structures. In this way,
it is interesting to make a comparison with the results we
have already obtained on BSA to lead to some general
considerations.

2. Materials and methods
2.1. Sample preparation

BLG genetic variant A (typeL7880) and ANS (S-
1028) were purchased from Sigma. All measurements
were performed in phosphate buffer 0.1 M at pH 6.2.
For all samples, final protein concentration, determined
by spectrophotometric measurements, was approximately
2 uM.

The ANS concentration was 50 uM. We note that the low
concentration used allow to avoid the distortion of the
tryptophanil emission due to the absorption of the dye in the
spectral region between 250 and 320 nm. Each sample was
freshly prepared and filtered just before the measurements.

2.2. Spectral measurements

Fluorescence spectra, excitation profiles and Rayleigh
scattering measurements were carried out on Jasco FP-6500
spectrofluorimeter equipped with a Jasco ETC-273T peltier
as temperature controller. All samples were positioned in a 1
cm path cuvette and, at a required temperature, the time
evolution of the emission spectra was followed after 3 min
for thermal equilibration. For all samples, excitation spectra
at 25 °C, before and after each kinetic, are measured to
monitor significant variations of the excitation band profile.
The emission spectra of the intrinsic and extrinsic chromo-
phores were obtained with emission and excitation band-
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width of 3 nm, scan-speed of 100 nm/min and integration
time of 1 s, and recorded at 0.5-nm intervals. Contemporary,
Rayleigh scattering at 90° was also measured as the
maximum of the elastic peaks of excitation light at 270
nm. The experimental errors were about 2% and 5% for
fluorescence and scattering data, respectively. The spectral
distributions A(E) were corrected for spectral response of
the detection system [25,31].

The tryptophans emission spectra in the range 280-430
nm were obtained under excitation at 270 nm, i.e. at about
the maximum of the absorption band, both for BLG and
BLG-ANS samples. The choice of 270 nm as excitation
wavelength was a good compromise between the require-
ments, avoiding significant tyrosine contributions to the
emission and spectral quality [19,31].

For BLG-ANS samples, the ANS emission spectra, in
the range 380-420 nm, were obtained under excitation at
380 nm, i.e. about the maximum of the absorption band of
the dye.

Circular dichroism (CD) measurements in the Far and
Near UV region were carried out on a Jasco J-715
spectropolarimeter, equipped with a Jasco PCT 348WI
temperature controller. Sample cell paths were 0.1 mm,
spectral resolution of 0.2 nm and averaging time of 1 s.

For all samples and in the same experimental conditions,
time evolution of the absorption spectra was also followed
by using a Jasco V-570 Spectrophotometer (scan speed 40
nm/s, integration time 2 s, bandwidth 1 nm).

2.3. Data analysis
For each fluorescence spectrum, the zeroth (M), first

(M) and second (M,) moments of the spectral distribution
A(E) were calculated from the experimental data, after

subtracting the tangent to the minima of each band,
according to the following definitions [32].

Mo — /  A(E)E
/ EA(E)dE
My="t==
Mo
/ E*A(E)dE
M, = L == - M}
My

M, measures the integrated intensity, M is the mean value
of the emission energy and measures the position of the
band and M, is the mean square deviation of the spectral
distribution and measures its width.

3. Results and discussion

Fig. 1 shows the thermal kinetic evolution of the
Rayleigh scattering peak intensity of BLG at four
different temperatures, 70, 75, 77 and 80 °C, in the
time interval of 200 min. At the beginning of the
kinetics, all the samples show constant values. Then, the
behaviors show that the objects in the solution begin to
increase their dimension as a function of time and
temperature. At 70 °C, the process is too slow to be
observed in the time interval considered and the objects
in the solution appear approximately of the same size,
while at 80 °C we can better distinguish different
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Fig. 1. Values of Rayleigh scattering maxima (/s) of BLG at 70 °C (dark grey squares), 75 °C (black diamonds), 77 °C (grey triangles) and 80 °C (white
circles), as a function of time. The inset shows the Arrhenius plot of 7 [s] at the four temperatures (see text).
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regimes on the whole aggregation process. As can be
seen, after the first 35 min the aggregation has not begun
and this delay changes as a function of temperature; then,
from 35 to 120 min, the Rayleigh scattering intensity
rapidly increases with a quasi-linear trend, suggesting a
linear polymerization [33]; at last, up to 200 min, a less
rapid increase is evident.

To quantify the temperature dependence of the delay in
the beginning of aggregation, we have calculated the
derivative of the intensity of the scattering as a function
of time. In particular, for each temperature, we can define a
different characteristic time (t) given by that time corre-
sponding to the minimum in the first derivate of the data
reported in Fig. 1.

These values, reported in an Arrhenius plot in the inset
of Fig. 1, indicate the end of the first step and the
beginning of the aggregation. We analyze these data
according to the law In 1/t=A+AE/KgT, where with AE
we indicate an activation energy of the process. At our
condition, we draw a value of AE of about 130 kJ mol.

Fig. 2 shows the time evolution of the intrinsic
fluorescence of BLG at 7=80 °C during the first 200
min. The Rayleigh scattering peaks as a function of time
are also reported in the inset. As can be seen, the
intensity of the emission increases as a function of time.
Moreover, a significant red shift is observed in the initial
steps of the kinetic, whereas the position of the band
remains constant in the second part of the process.
Contemporarily, the scattering peaks remain almost con-
stant at the beginning, i.e. in the same initial time
intervals corresponding to the shift of the peak positions;
then, they begin to increase only when the maxima have
completed their red shift.

In this respect, we recall that emission spectra of
tryptophans are widely used to monitor the solvent exposure
degree of the chromophores and a red shift of the bands
indicates a more polar environment; moreover, their emis-
sion quantum yields may either decrease or increase upon the
conformational changes in the surroundings [23-26].

To obtain more quantitative information, we report in
Fig. 3 the behavior of M, M; and M, relative to the
tryptophanil emission at four different temperatures. These
data clearly show that the emission kinetic is strictly
dependent from temperature. In particular, at 80 °C we
observe the faster kinetic and an initial M|, increase that,
after about 120 min, changes its slope leading to a slow
decay. M, shows an initial decrease leading to a constant
value. The behavior of M, is characterized by a first
increase, followed by a decrease that reaches a constant
value. We outline a strict correlation between the temporal
evolution of tryptophanil emission and the aggregation
process, well showed by the behaviors at 80 °C reported in
Figs. 1 and 3.

At 70 °C, the slowest kinetic, we observe a monotonic
growth of M, accompanied by a decrease of M;. The
behaviors at 75 and 77 °C are coherent with those described
above. All these results confirm the temperature depend-
ence of the process. We wish to note the similar slopes of
M, in the first data and at the three higher temperatures; it
seems to indicate that the red shift extent is temperature
independent. At the same time, the increase of M, at the
same temperatures seems to indicate an increase in
heterogeneity of the samples.

We have to underline that the emission band of BLG
is the result of two different spectral contributions relative
to the two tryptophans present in different parts of the
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Fig. 2. Kinetics of BLG emission at 80 °C. The excitation wavelength was 270 nm. The inset shows the Rayleigh peak evolution measured at 270 nm. The

arrows indicate the changes of the band as a function of time.
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Fig. 3. My, M,, M, of emission spectra of BLG, at 70 °C (dark grey squares), 75 °C (black diamonds), 77 °C (grey triangles) and 80 °C (white circles), as a
function of time.

protein, as showed in Fig. 4. However, at the beginning
of the kinetic, the main role is played by the internal Trp-
19 Dbecause the other one, Trp-61, is exposed to the
solvent and consequently its fluorescence is almost totally
quenched. By proceedings of aggregation process, the
Trp-61 emission becomes significant suggesting that this
residue undergoes a partial covering.

The above reported results suggest that, at the first
phase of the aggregation process, we can therefore attribute
emission spectra to the single contribution of Trp-19,
whose surrounding performs conformational changes. In Trp61 o
particular, the increase of the fluorescence intensity can be Fig. 4. The crystal structure of BLG dimer. The position of the free cystein
attributed to the dissociation of the native dimer into and of the two tryptophans are indicated in the structure. The diagram was
monomers, whereas the red shift of the peak position created by Rasmol with the Protein Data Bank code 1BEB [35].
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corresponds to conformational changes involving the
protein [25,33]. The activation energy value found in the
Arrhenius plot (in Fig. 1) could be the energy necessary to
perform the transition from quaternary to ternary structures
[34].

Moreover, the single free cystein, Cys-121, is buried in
the hydrophobic core of the dimer as Trp-19, and the partial
opening of the protein structure and the conversion from
dimer to monomer leads to the exposure of this residue. Once
exposed, Cys-121 binds itself in forming new intermolecular
bonds. In fact, it is already reported that, when heated,
globular proteins tend to aggregate, thanks to the contribu-
tion of intermolecular disulfide bonds [6,19,36,37].

To best explore the role of hydrophobic intra- and
intermolecular interaction, we performed kinetic emission
of ANS, that is a well-known hydrophobic probe. In Fig.
5, the kinetics of M, and M; of ANS emission band at
75 °C are reported. M, is not reported because it does
not show significant variations. In the first 30 min, no
changes occur and this suggests that there are no changes
in the hydrophobic environment seen by the dye; this
means that the preliminary dimer—-monomer transition
does not influence the emission of the dye, as already
reported in literature [28]. After, it is possible to observe
a rapid increase of the moments that indicates progressive
changes in the internal hydrophobic zones. The fluores-
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Fig. 5. M, (white hexagons) and M, (white squares) of emission spectra of
ANS dye at 80 °C as a function of time.

cence intensity increases while the spectrum shifts
towards higher energies (blue shift). This behavior
indicates the existence of new accessible hydrophobic
sites to the dye [27,30] and remind to the behavior
showed by the scattering data in Fig. 1.

To observe the secondary structural changes that, as
already reported [19], are the driving steps toward the
aggregation process together with conformational ones, we
have performed CD measurements. In Fig. 6, we report
CD spectra in the far-UV region at 80 °C, together with
the time evolution of CD signal at 215 nm. These data
show that the native R-structures of this protein change in
favor of other different type of structures and show again
that, after 100 min, the kinetic proceeds with a different
slope.

FTIR absorption measurements (data not reported here)
in the Amides region of a BLG sample in native (room
temperature) and aggregated forms (after 3 h of incubation
at 80 °C) have shown a decrease of the band assigned to
native antiparallel p-sheet (1635 cm™') and a little increase
of the band assigned to the P-turn aggregated structures
(1685 cm™"). The appearance of the two typical shoulders at
1620 and 1680 cm ™! attributed to the intermolecular B-sheet
aggregates is not observed [5,38—40].

To sum up, we observe the absence of intermolecular
association by (-sheet aggregates, seen by FTIR measure-
ments, the decrease in the native P-structure, seen by CD
and FTIR measurements, and the increase in the hydro-
phobic surroundings, seen by fluorescence of ANS. All
these information seems to indicate the growth of
macromolecular aggregates principally through hydropho-
bic interactions.

In the thermal kinetics of BSA, we have found that the -
aggregates, originating by a—[f conversion prevalently
contribute to form oligomers and that the ways in which
the tertiary and secondary structure partially unfold is an
important factor in determining the type of macromolecular
network performed.

In BLG, the conformational changes observed are
attributable to the transition dimer—monomer and to
rearrangement of the monomer structure itself with con-
sequent polymerization due principally to the hydrophobic
interactions.

All data discussed here suggest a global picture that
could be summarized in the following:

1. at the beginning of the kinetics, while the scattering
data show that the aggregation has not begun (and is
clearly dependent by temperature), the spectral data
show a clear change in the tryptophan emission
(spectral moments of the emission band), not found in
ANS emission that shows analogous behavior to
scattering data;

2. up to 120 min, the scattering data increase their values
rapidly; the same happens for the ANS emission, while
the tryptophan emission decreases;
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Fig. 6. (a) Kinetic of CD spectra of BLG sample at 80 °C, the arrow indicates the change of the signal as a function of time. (b) Time evolution of CD signal

measured at 215 nm at 80 °C.

from 120 to 200 min, the scattering data and the ANS
emission increase less rapidly, the tryptophan emission
remains quite constant and the CD data now show a
rapid decrease.

4. Conclusions

The results give evidence that different native structures
lead to different mechanisms in the aggregation process.
The thermally induced aggregation pathway of BLG
seems to proceed by a sequence of different steps in
terms of changes in quaternary, tertiary and secondary
structures. We identify a first time, of about 40 min, in
which we suppose a change in quaternary structure with
subsequent rearrangement, a successive linear polymer-
ization and a final rearrangement in macromolecular
aggregates. All the conformational changes drive to the
exposure and/or cover of specific residues and hydro-
phobic regions that play a fundamental role in the whole
process. These changes do not stop after the exposure of
hydrophobic zones of the protein but continues, giving the

“aggregates” a very different structure even at secondary
and tertiary level.

The BLG is also a little stable protein at extreme pH and
this characteristic make its monomer structure very compact
with the consequence that the aggregation process is well
defined in different phases in comparison to the intercon-
nected phases observed during BSA thermal aggregation
pathway.

Aggregation process appears strictly dependent on
temperature and it starts only after rearrangement of the
protein structure [34,41-43]. Aggregate formation seems to
proceed via a linear polymerization mechanism by monomer
addiction [43]. The rate of this polymerization increases
more steeply with increasing temperature.

As showed in Fig. 4, we remind that the BLG has a
unique free cystein (Cys-121). This residue could contribute
to the new intermolecular bonds, as already proposed for
BSA, whose conformational changes lead to the exposure of
this residue.

In other words, a global view of the reported results shows
a multistep aggregation pathway that once undertaken pro-
ceeds through even hydrophobic and disulfide interactions.



90 V. Vetri, V. Militello / Biophysical Chemistry 113 (2005) 83-91

Acknowledgments

We wish to thank particularly Professor M. Leone
for critical reading of the manuscript and constant
encouragement.

References

[1] VN. Uversky, D.J. Segel, S. Doniach, A.L. Fink, Association-
induced folding of globular proteins, Proc. Natl. Acad. Sci. 95
(1998) 5480—5483.

[2] A.L. Fink, Protein aggregation: folding aggregates, inclusion bodies
and amyloid, Fold. Des. 3 (1998) 9-23.

[3] R. Bauer, R. Carrotta, C. Rischel, L. Ogendal, Characterization and
isolation of intermediates in -lactoglobulin heat aggregation at high
pH, Biophys. I. 79 (2000) 1030—1038.

[4] S.M. Vaiana, M. Manno, A. Emanuele, M.B. Palma-Vittorelli, M.U.

Palma, The role of solvent in protein folding and in aggregation, J.

Biol. Phys. 27 (2001) 133—145.

V. Militello, C. Casarino, A. Emanuele, A. Giostra, F. Pullara, M.

Leone, Aggregation kinetics of bovine serum albumin studied by

FTIR spectroscopy and light scattering, Biophys. Chemist. 107

(2004) 175—-187.

[6] A.H. Clark, D.H.P. Saunderson, A. Sugget, Infrared and laser-Raman

spectroscopic studies of thermally induced globular protein gels, Int. J.

Pept. Protein Res. 17 (1981) 353-364.

PL. San Biagio, V. Martorana, A. Emanuele, S.M. Vaiana, M.

Manno, D. Bulone, M.B. Palma-Vittorelli, M.U. Palma, Interacting

processes in protein coagulation, Protein, Struct., Funct., Genet. 37

(1999) 116—120.

[8] V. Bellotti, P. Mangione, G. Merlini, Immunoglobulin light chain
amyloidoses. The archetype of structural and pathogenic variability,
J. Struct. Biol. 130 (2000) 280—289.

[9] P.L. San Biagio, D. Bulone, A. Emanuele, M.U. Palma, Self-assembly
of biopolymeric structures below the threshold of random cross-link
percolation, Biophys. J. 70 (1996) 494—499.

[10] N. Taddei, C. Capanni, F. Chiti, M. Stefani, C.M. Dobson, G.
Ramponi, Folding and aggregation are selectively influenced by the
conformational preferences of the a-helices of muscle acylphospha-
tase, J. Biol. Chem. 276 (2001) 37149-37154.

[11] Peter T. Lansbury Jr., Evolution of amyloid: what normal protein
folding may tell us about fibrillogenesis and disease? Proc. Natl.
Acad. Sci. U. S. A. 96 (1999) 3342-3344.

[12] J.S. Richardson, D.C. Richardson, Natural beta-sheet proteins use
negative design to avoid edge-to-edge aggregation, Proc. Natl. Acad.
Sci. U. S. A. 99 (2002) 2754—-2759.

[13] T. Lefevre, M. Subirade, Molecular differences in the formation and

structure of fine-stranded and particulate p-lactoglobulin gels, Bio-

polymers 54 (2000) 578 —586.

Perla Relkin, Reversibility of heat-induced conformational changes

and surface exposed hydrophobic clusters of R-lactoglobulin: their

role in heat-induced sol-gel state transition, Int. J. Biol. Macromol. 22

(1998) 59-66.

M.Z. Papiz, L. Sawyer, E.E. Eliopoulos, A.C.T. North, J.B.C. Findlay,

R. Sivaprasadarao, T.A. Jones, M.E. Newcomer, P.J. Kraulis, The

structure of P-lactoglobulin and its similarity to plasma retinol-

binding protein, Nature 324 (1986) 383—385.

[16] T.V. Burova, N.V. Grinberg, R.-W. Visschers, V.Y. Grinberg, C.G. De
Kruif, Thermodynamic stability of porcine P-lactoglobulin. A
structural relevance, Eur. J. Biochem. 269 (2002) 3958 —-3968.

[17] S. Uhrinova, M.H. Smith, G.B. Jameson, D. Uhrin, L. Sawyer, P.N.
Barlow, Structural changes accompanying pH-induced dissociation of
the beta-Lactoglobulin dimer, Biochemistry 39 (2000) 3565—3574.

[5

[t

[7

—

[14

=

[15

[}

[18] S. Cairoli, S. Iametti, F. Bonomi, Reversible and irreversible
modifications of P-lactoglobulin upon exposure to heat, J. Protein
Chem. 13 (1994) 347-354.

[19] V. Militello, V. Vetri, M. Leone, Conformational changes involved in
thermal aggregation processes of Bovine Serum Albumin, Biophys.
Chem. 105 (2003) 133-141.

[20] E. Bismuto, I. Sirangelo, G. Irace, E. Gratton, Pressure induced
perturbation of apomyoglobin structure: fluorescence studies on native
and acidic compact forms, Biochemistry 35 (1996) 1173—-1178.

[21] M. Lasagna, E. Gratton, D.M. Jameson, J.E. Brunet, Apohorseradish
peroxidase unfolding and refolding: intrinsic tryptophan fluorescence
studies, Biophys. J. 76 (1999) 443—-450.

[22] M. Viallet, P.T. Vo-Dinh, A.C. Ribou, J. Vigo, J.M. Salmon, Native
fluorescence and mag-indo-1-protein interaction as tools for probing
unfolding and refolding sequences of the bovine serum albumin sub-
domain in the presence of guanidine hydrochloride, J. Protein Chem.
19 (2000) 431-438.

[23] M.R. Eftink, Fluorescence techniques for studying protein structures,
Methods Biochem. Anal. 35 (1991) 127-205.

[24] M.R. Eftink, The use of fluorescence methods to monitor unfolding
transitions in protein, Biophys. J. 66 (1994) 482—501.

[25] J.R. Lakovicz, Principles of Fluorescence Spectroscopy, Plenum, New
York, 1983.

[26] S.M. Andrade, S.M.B. Costa, Spectroscopic studies on the interaction
of a water soluble porphyrin and two drug carrier proteins, Biophys. J.
82 (2002) 1607—-1619.

[27] G.V. Semisotnov, N.A. Rodionova, O.I. Razgulyaev, V.N. Uversky,
AF. Gripas, R.I. Gilmanshin, Study of the “Molten Globule”
intermediate state in protein folding by a hydrophobic fluorescent
probe, Biopolymers 31 (1991) 119—-128.

[28] L. D’Alfonso, M. Collini, G. Baldini, Evidence of heterogeneous 1-
anilinonaphthalene-8-sulfonate binding to -lactoglobulin from fluo-
rescence spectroscopy, Biochimica et Biophysica Acta 1432 (1999)
194-202.

[29] M. Collini, L. D’Alfonso, H. Molinari, L. Ragona, M. Catalano, G.
Baldini, Competitive binding of fatty acids and the fluorescent probe
1-8-anilinonaphthalene sulfonate to bovine beta-lactoglobulin, Protein
Sci. 12 (2003) 1596—-1603.

[30] M. Collini, L. D’Alfonso, G. Baldini, New insight on beta-
lactoglobulin binding sites by 1-anilinonaphthalene-8-sulfonate fluo-
rescence decay, Protein Sci. 9 (2000) 1968—1974.

[31] M. Barteri, M.C. Gaudiano, G. Mei, N. Rosato, New stable folding of
beta-lactoglobulin induced by 2-propanol, Biochim. Biophys. Acta
1383 (1998) 317-326.

[32] M. Leone, S. Agnello, R. Boscaino, M. Cannas, FM. Gelardi,
Conformational disorder in vitreous systems probed by photolumi-
nescence activity in SiO,, Phys. Rev., B 60 (1999) 11475—-11481.

[33] D. Hamada, C.M. Dobson, A kinetic study of 3-lactoglobulin amyloid
fibril formation promoted by urea, Protein Sci. 11 (2002) 2417-2426.

[34] S. Iametti, B. De Gregori, G. Vecchio, F. Bonomi, Modifications occur
at different structural levels during the heat denaturation of beta-
Lactoglobulin, Eur. J. Biochem. 237 (1996) 106—112.

[35] S. Brownlow, J.H.M. Cabral, R. Cooper, D.R. Flower, S.J. Yewdall, 1.
Polikarpov, A.C. North, L. Sawyer, Bovine beta-Lactoglobulin at 1.8 A
resolution—still an enigmatic lipocalin, Structure 5 (1997) 481—-495.

[36] X.L. Qi, C. Holt, D. Mc Nulty, D.T. Clarke, S. Bronlow, G.R. Jones,
Effect of temperature on the secondary structure of B-lactoglobulin at
pH 6.7, as determined by CD and IR spectroscopy: a test of the molten
globule hypothesis, Biochem. J. 324 (1997) 341-346.

[37] M. Yagi, K. Sakurai, C. Kalidas, C.A. Batt, Y. Goto, Reversible
unfolding of bovine-lactoglobulin mutants without a free thiol group,
J. Biol. Chem. 278 (2003) 47009—-47015.

[38] A. Dong, J. Matsuura, S.D. Allison, E. Chrisman, Mark C. Manning,
J.F. Carpenter, Infrared and circular dichroism spectroscopic charac-
terization of structural differences between B-Lactoglobulin A and B,
Biochemistry 35 (1996) 1450—1457.



V. Vetri, V. Militello / Biophysical Chemistry 113 (2005) 83-91 91

[39] A.F. Allain, P.P. Paquin, M. Subirade, Relationships between

[40

=

conformation of p-lactoglobulin in solution and gel states as revealed
by attenuated total reflection Fourier Transform Infrared spectroscopy,
Int. J. Biol. Macromol. 26 (1999) 337-344.

J.H.M. Stokkum, H.L. Linsdell, J.M. Hadden, P.I. Haris, D. Chapman,
M. Bloemendal, Temperature-induced changes in protein structures
studied by Fourier transform infrared spectroscopy and global
analysis, Biochemistry 34 (1995) 10508 —-10518.

[41] V.L. Valente-Mesquita, S.T. Botelho, S.T. Ferreira, Pressure-induced
subunit dissociation and unfolding of dimeric beta-lactoglobulin,
Biophys. J. 75 (1998) 471-476.

[42] D. Fessas, S. lametti, A. Schiraldi, F. Bonomi, Thermal unfolding of
monomeric and dimeric B-lactoglobulin, Eur. J. Biochem. 268 (2001)
5439-5448.

[43] P. Doty, R.F. Steiner, Light scattering and spectrometry of colloidal
solutions, J. Chem. Phys. 18 (1950) 1211-1220.



	Thermal induced conformational changes involved in the aggregation pathways of beta-lactoglobulin
	Introduction
	Materials and methods
	Sample preparation
	Spectral measurements
	Data analysis

	Results and discussion
	Conclusions
	Acknowledgments
	References


