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During our experimental work, aggregation of bovine serum albumin was obtained incubating the protein
solution at 60 °C to investigate temperature-induced secondary structure, conformation changes and anti-
aggregative activity of trehalose. IR-measurements suggested that in the presence of 1.0 M of trehalose there
is a little increase in short segment connecting α-helical and a clearly decrease in the loss of α-helix
structure and in the formation of intermolecular and antiparellel β-sheet up to 78 and 55%, respectively.
Useful information also arose following the temperature evolution of Amide I′ band profile in the range of
temperature between 25 and 90 °C in absence or in presence of 1.0 M trehalose. Complementary information
is obtained by electrophoresis, circular dichroism, fluorescence spectroscopy, titration of SH groups and light
scattering measurements. Results encouraged biotechnology and pharmaceutical application of the
disaccharide and provided evidence for its utilization in degenerative diseases evolving via aggregation
process.
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1. Introduction

Prevention of protein aggregation is one of themost important aim
of biochemical and biophysical researches, due to its unchallenged
importance and application in biotechnology, industrial and pharma-
ceutical application. In fact, protein aggregation is associated with a
large amount of neurodegenerative diseases, such as the amyloidoses,
prion diseases and cataracts [1–3]. The protein interaction with small
ligands often takes place with an increase in protein thermostability
due to the coupling of binding with unfolding equilibrium. Trehalose
(α,α-trehalose) has gained a position of remark among other
kosmotrope due to its unique characteristics. It is a disaccharide
widely distributed in nature, attracting the researches attention
because it confers to certain plant and animal cells the ability to
survive dehydration. Because trehalose is formed by the binding of the
two reducing groups, it has no capacity to reduce other compounds. It
is a well-known bioprotectant system capable of protecting many
organisms in extreme life conditions, so many promising applications
have been proposed for example in preserving vaccines, vitamins and
biological macromolecules [4–6]. 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 [7,8]. However, it is not yet fully understood how
the conformational changes, at secondary and tertiary structure level,
take part in the aggregation pathways. It is a common idea that the
aggregation could occur via structural changes leading to formation of
β richer structures. This observation is due to the fact that the core
structure of all amyloid consists of β-sheets and short peptides, rich in
hydrophobic residues and β-sheet, have the tendency to form
aggregates [9]. The aggregation process is strongly affected by
temperature, time of heating, concentration and pH too. Interesting
studies have been carried out analyzing heat and pH denaturation of
BSA [10–12].

Bovine Serum albumin (BSA) is one of the most studied proteins
utilized as a model for many and diverse biophysical, biochemical and
physicochemical studies [13]. It is the most abundant protein in blood
plasma, accounting for about 60% of the total protein and 80% to colloid
osmotic blood pressure. These proteins have the interesting properties
in the binding of a variety of hydrophobic ligands (fatty acids,
lysolecithin, bilirubin, warfarin, tryptophan, steroids, anaesthetics and
several dyes), in the transport and deposition of a variety of endogenous
and exogenous substances in blood due to the existence of a limited
number of binding regions with different specificity [14]. Bovine serum
albumin (BSA), with molecular mass 66,500 Da, is composed of 583
amino acid residues [15]. The secondary structure of BSA consists of
approximately of 67% α-helix, 10% turn, and 23% extended chains, and
no β-sheet is contained [13,15,16], originating nine loops and 17
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disulphide bridges. It consists of three homologous domains (I, II and III)
which are divided into two sub-domains (A and B) [13–16]. In this
paper, we report an experimental study aimed to single out information
about anti-aggregative influences of trehalose on amodel study protein
(BSA). To this purpose, we perform kinetic data on thermal aggregation
of BSA in presence or absence of trehalose, at different temperatures
utilizing data obtained by electrophoresis, light scattering measure-
ments, infrared (IR) and fluorescence spectroscopy.

2. Materials and methods

2.1. Infrared spectroscopy

Lyophilized BSA was purchased from Sigma Chemical Co. (St. Louis,
MO). Prior to infrared experiments, the protein was dissolved in D2O at
25 °C for 1 day and lyophilized fromD2O. This procedurewasperformed
twice for each sample. The single-beam IR spectra, between 1350 and
1750 cm−1, were measured with a Bruker Vertex 80 spectrometer.
Before IR measurements, the sample were dissolved in Tris–HCl buffer
pH 7.2 10 mM prepared in D2O. The pD value of the BSA solution was
measured with a standard pH electrode, and corrected according to
pD=pH+0.4 for deuterium isotope effects. The protein solution
(60 ml/ml), in absence or presence of 1.0 M trehalose, was heated for
2 h in a water bath at 60 °C, placed between a pair of CaF2 windows
separated with a 25 μm Teflon spacer, and then was inserted in the
fluid cell. For each measurement, were collected 128 interferograms
with a spectral resolution of 2 cm−1. IR spectra of a Tris–HCl buffer
pH 7.2 10 mMwith or without 1.0 M trehalose solutionweremeasured
under identical conditions and subtracted from the spectra of the
protein at the corresponding temperature. Each measure was per-
formedunder vacuumto eliminatedminor spectral contributions due to
residual water vapor. The final protein spectra were used for further
analysis.

2.2. Temperature dependent conformational changes

To obtain spectra at discrete temperatures, the protein solution
(60 ml/ml), in absence or presence of 1.0 M trehalose, was heated
with an interval of 5 °C between 25 and 90 °C. A spectrum at each
temperature was obtained by equilibrating the sample for 5 min prior
to data collection, and analyzed as above described by infrared
spectroscopy.

2.3. Data analysis of IR spectra

Protein spectra were smoothed by Loess algorithm and the
deconvolved spectra fitted with Gaussian band profiles. Initial values
for the peak heights andwidthswere estimated from the deconvolved
spectra. For the final fits, the positions, heights, andwidths of all bands
were varied simultaneously. The curve fitting procedure was
calculated on Seasolve PeakFit v4.12 software.

2.4. Conformational changes monitoring by PAGE

BSA samples (1 μg/μl), incubated for 2 h at 60 °C in presence or
absence of trehalose (0.25-1.0 M), were separated on a 10%
PolyAcrylamide Gel Electrophoresis (PAGE). Samples were electro-
phoresed towards the anode at a constant voltage of 100 V for 2 h on a
(mini)vertical electrophoresis unit purchased from BioRad, Hercules,
CA, USA. The gels were stained with Coomassie blue R 250. Protein
without incubation at 60 °C was utilized as reference status.

2.5. Gel image processing

Stained gels, digitized by image scanner, were processed by ImageJ
software (available at the Web site http://rsb.info.nih.gov/ij/) which
included background subtraction, contrast enhancement, dye front
baseline correction and signal to noise enhancement.

2.6. Fluorescence measurements

Intrinsic and 1-anilino-naphtalene-8-sulfonate (ANS) fluorescence
measurements of BSA (2.5 mg/ml) in Tris–HCl buffer pH 7.2 10 mM
were carried out in the absence or in the presence of 0.25, 0.5 and
1.0 M trehalose using a spectrofluorometer. Intrinsic fluorescence
spectra of the enzyme in absence or presence of the cosolvent were
recorded after incubation at 60 °C for 2 h. The protein samples were
excited at 280 and 295 nm to characterize a possible different
behavior of tryptophan and/or tyrosine residues. It was observed
that both spectra were similar. The rest of the experiment was
acquired by excitation at 280 nm and emission spectra were recorded
in the range of 320–400 nm. For measurements of the ANS
fluorescence, BSA samples prepared as above described, were added
of 200 μM of ANS after incubation at 60 °C for 2 h and analyzed by
fluorescence. Appropriate checks of the respective cosolvent and ANS
were taken to eliminate the interference in fluorescence spectra of the
enzyme. The excitation wavelength was set at 380 nm and emission
spectra were recorded in the range of 400–600 nm.

2.7. Light scattering measurements

Binary BSA/water and ternary BSA/trehalose/water solutions were
preparedweighting and diluting fixed amount of solute in pure distilled
water. BSA/water system has been studied in a limited concentration
range of 0.0012–0.011 by weight dilute regime at the temperature
values of 20–70 °C. As far as ternary systems are concerned, the BSA/
water molar ratio was kept constant at 6.3×10−6, chosen in order that
the BSA concentration in water was in the dilute regime, but
concentrated enough to have a good signal and reproducible correlation
functions,whereas the trehalose amountwas changed in order to obtain
the same number of water molecules per each trehalose molecule. All
the systems were carefully subordinate to a filtering procedure in
recirculation with an Amicon Millipore filter 0.2 μm of diameter pore
size, to obtain autocorrelation functions with a good signal-to-noise
ratio. Quasielastic Light Scattering measurements were performed by
means of a PCS technique, using a standard scattering apparatus with a
photon counting optical system and a Brookhaven BI-2030 correlator to
analyze the scattered light.

As exciting source, the 4880 Å vertically polarized line of a unimode
Ar+ laser Innovamodel 70, working in the power range of 50–700 mW,
was used. The scattered light, bymeans of an optical fiber, was detected
essentially in a 90° scattering geometry by a photomultiplier tube
connected with the correlator. Samples were mounted in a thermostat
with a temperature control better than ±0.02 °C. Viscosity measure-
ments, useful for the characterization and interpretation of the ternary
systems, were performed bymeans of standard Ubbhelode viscometers
of different capillary size in order to minimize the kinetical energy
corrections.

2.8. Data analyses

PCS allows us to measure the normalized autocorrelation function
of the total scattered intensity Is(q,t) [17]:

g2ðq; tÞ = 〈ISðq;0ÞISðq; tÞ〉
〈ISðqÞ〉

2 : ð1Þ

In the case of particlemotion independence, the central limit theorem
ensures that the scatteredfieldwill obey aGaussiandistribution, and the
Siegert's relationship can be applied:

g2ðq; tÞ = 1 + α jg1ðq; tÞ j2; ð2Þ

http://rsb.info.nih.gov/ij/
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where a is a constant that depends on the number of the selected
coherence areas and hence on the experimental setup! g1(q,t) is the
normalized field autocorrelation function, defined as:

g1ðq; tÞ = 〈ESðq;0ÞES*ðq; tÞ〉
〈 jESðqÞ j2〉

= 〈ESðq;0ÞES*ðq; tÞ〉
〈ISðqÞ〉

: ð3Þ

In the timedomain typical of a light scattering experiment (≥10−6 s),
that is for times between the characteristic viscous flow relaxation and
the diffusive relaxation over a scale as great as particle dimension,
hydrodynamic interactions can be considered as instantaneous and
direct interactions do not affect the particle's configuration. Under these
conditions and for monodisperse spherical scatterers, intensity correla-
tion function decays exponentially, according to

g1ðq; tÞ = exp½−ΓðqÞt�; ð4Þ

where Γ(q) is the half-width at half-maximum of the optical
spectrum, which, for qRHb1, is related to the diffusion coefficient, D,
by the relation Γ=Dq2 [18]. From a general point of view, D is an
effective q-dependent diffusion coefficient that depends on the
particle equilibrium distributions (S(q)) as well as on the hydrody-
namic interactions (H(q))[19]:

DðqÞ = D0
HðqÞ
SðqÞ : ð5Þ

In the limit q→0, the effective diffusion coefficient is identified with
the collective-diffusion coefficient, defined by the generalized Stokes–
Einstein relation Dc=(∂Π /∂c)T[1-/ζ(c)](1-Vc), with (∂/∂Π)T∝[S(0)]−1

osmotic compressibility, ζ frictional coefficient, V molecule partial
specific volume, and c the concentration. It should be noticed that since
S(q→0) can become very small compared to 1, the collective diffusion
coefficient Dc can be much larger than the free diffusion coefficient at
infinite dilution. Its concentration dependence gives information about
intermolecular interactions. In the dilute regime, in fact, the first-order
virial expansion can be applied:

Dc = D0ð1 + kDcÞ: ð6Þ

The sign and magnitude of the slope, kD, is related, neglecting the
contribution of the volume V to frictional and osmotic compressibility
virial coefficients, and, hence, to direct and frictional interaction
character, by [20]

kD = 2A2M−Bζ; ð7Þ

with Bζ the second virial coefficient of frictional interactions. In the
very diluted limit, the theory of Brownian motion relates the
measured D to the self-diffusion coefficient D0 , which is connected
to the center of mass motion of the isolated coil and allows us
to evaluate the hydrodynamic radius, RH , of the particles by the
Einstein–Stokes (ES) relation:

D0 =
KBT

6πηRH
; ð8Þ

where η is the viscosity coefficient of the continuous medium. As a
matter of fact, polymeric solutions, especially with polymers at a high
molecular weight, are polydisperse, so g1(t) becomes nonexponential
because of the presence of a relaxation time distribution originated
by the distribution of particle sizes. Consequently, in such a case for
the g1(t) the Kohlraush–Williams–Watt (KWW) function is more
suitable:

g1ðtÞ = A exp − t
τKWW

� �βKWW
� �

; ð9Þ
where βKWW, which ranges from 0 to 1, is the shape parameter
measuring the broadening of the relaxation time distribution. The
average diffusive relaxation time is related to τKWW by
〈τ〉 = τKWW = βKWWð ÞΓð1 = βKWWÞ, with Γ(x) the gamma function. For
the analysis of protein/water systems this latter approach has been
preferred to the more usual cumulant analysis in order to obtain more
quantitative information from the analysis of the protein/trehalose/
water system correlation functions, where a net distinction between
two diffusive decays occurs.

2.9. Circular dichroism (CD) spectra measurements

Circular dichroism measurements were made with a Jasco J-810
automatic spectropolarimeter. The protein (8.3×10−7 M) were
dissolved in 10 mM Tris–HCl buffer (pH 7.2) in absence or presence
of 1.0 M trehalose and incubated for 2 h at 60 °C. As reference spectra
were used the one of protein incubated for 2 h in the same
experimental condition but at the temperature of 37 °C. The spectra
were registered at room temperature by using accumulation and time
integration to improve signal-to-noise ratio. Each spectrum was
corrected for baseline by subtracting the spectral contribution of the
buffer solution or buffer plus additive. The far-UV spectra of protein
were recorded between 190 and 260 nm using a quartz cell of 1.0 cm.

2.10. Titration with 5,5′-dithio-bis-2-nitrobenzoic acid (DTNB)

A solution containing the required amount of protein was
dissolved in Tris–acetate buffer 50 mM pH 8.0 with 1.0 mM EDTA.
The protein, in a final volume of 0.5 ml, was preincubated at 25 and
60 °C with or without 1.0 M of trehalose and afterwards suitable
amounts of the sulfydryl reagent DTNB were added. DTNB (80-fold
molar excess with respect to protein) was prepared in the same
buffer. The reaction starts after DTNB addition. The reaction was
monitored by the change in absorbance at 412 nm. The number of
sulfydryl groups titrated was calculated using the extinction coeffi-
cient (13,600 M−1 cm−1) of 2-nitro-5-mercaptobenzoic acid (TNB),
released after the reaction of DTNB with protein-SH-group [21]. The
protein concentration was calculated assuming a molecular mass of
66,500 Da.

3. Results and discussion

To single out information about the aggregation pathway, we
investigated the thermally induced conformational and structural
changes of bovine serum albumin in absence or presence of trehalose.

Previous studies on heat-induced BSA denaturation [10–12]
showed that the protein did not denature up to 40 °C and its
conformational changes were reversible in the temperature range of
42–50 °C. Otherwise unfolding of α-helix of BSA was irreversible in
the temperature range of 52–60 °C and from 60 °C aggregation of the
molecule happened. Fig. 1 showed absorption spectra in the Amides
region of a BSA sample at 37 °C and after 2 h of incubation at 60 °C in
absence or presence of 1.0 M trehalose.

The IR spectrum of BSA at 37 °C before heating was dominated by
bands due to the amide I′ (mainly C=O stretching vibration), amide II
(coupling of the N–H bending and C–N stretching modes), amide II′
(coupling of the N–D bending and C–N stretching modes) modes and
side chain vibrations [22–24]. As can be seen, BSA exhibited an intense
Amide I′ band centered at approximately 1652 cm−1, corresponding
mainly to α-helix structure content. After incubation at 60 °C, the
intensity of this band decreased, suggesting a partial loss of the α-helix
structure. Moreover, this decreasing was accompanied by the appear-
ance of two shoulders at 1615 and 1682 cm−1, that were attributed to
the formationof aggregates [25,26]. Inparticular, thebandat1682 cm−1

was assigned to the antiparallel β-sheet whereas the other band at
1615 cm−1 was due to the intermolecular β-sheets resulting from



Fig. 1. IR absorption spectra of BSA at 37 °C (dotted line) and after 2 h of incubation at
60 °C in absence (solid dark line) or presence of 1.0 M trehalose (solid grey line). The
arrows indicate the changes in the main Amide band profiles from native to aggregated
protein state.

Table 1
Secondary structure content of BSA obtained by deconvolved spectra of Amide I′.

Structure Amide I′
band/cm−1

BSA 37 °C BSA 60 °C BSA 60 °C+
trehalose 1.0 M

α-helix 1652 64±3 45±2 55±3
Intermolecular β-sheet 1615 0 19±3 4±1
Antiparallel β-sheet 1682 0 9±1 4±1
Disordered structure 1640 1±0.3 3±1 1±0.5
Turns 1667 9±2 11±2 5±2
Short segment connecting
α-helical segments

1630 26±1 13±2 31±3
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the aggregation. In the presence of 1.0 M trehalose after incubation at
60 °C, there was a decrease in the intensity around 1652 cm−1, but the
shoulder at 1615 cm−1 was much more less pronounced. Moreover, as
clearly shown in Fig. 1, both Amide II and Amide II′ spectral
contributions were present and, in particular, before and after 2 h
at 60 °C, one decreased and the other one increased. This suggested
that the hydrogen remained within the core of the protein can undergo
to H–D exchange during the incubation time, as the protein partially
unfolded. The decrease of Amide II at approximately 1540 cm−1 and the
increase of Amide II′ at approximately 1450 cm−1 was strictly related,
suggesting conformational changes at the tertiary structural levels. The
bands observed between 1600 and 1500 cm−1 were attributed mainly
to amino acid side chains contribution. In particularly the band was
attributed to the aminoacid asparagine (near 1585 cm−1), glutamine
(near 1570 cm−1) and arginine (near 1586 cm−1), while the band at
1570 cm−1 and 1515 cm−1 to glutamate and tyrosine contribution
[9,27,28]. The band at ∼1515 cm−1 due to tyrosine (Tyr) provides a
specific local monitor for conformational changes [22–27]. In fact the
aromatic ring stretching vibration of the aminoacid residue was well
distinguished in the spectra of protein. According to literature [22], an
absorbance change in the Tyr band is observedwhen hydrophobic cores
of a protein are formed, as solvent is excluded from the vicinity of Tyr
residues that are buried in native protein molecule. Three of the six Tyr
residues in BSA are buried in the native molecule whereas the other
three are located on the protein surface [13]. Fig. 1 showed a clearly
decrease in the peak intensity of the Tyr band after incubation at 60 °C
for 2 h, while in presence of 1.0 M trehalose it is even increased. During
heat-induced denaturation of a protein, Tyr band intensity and shift can
be correlatedwith the strengtheningof theOHgroupof Tyr andwith the
loosening of hydrogen bonds between the OH group of Tyr and
neighboring acceptors. Thus, the results in Fig. 1 indicated that the
conformation change of BSA after incubation at high temperature led to
the loosening and/or destruction of specific hydrogen bonds of Tyr
groups inside the protein, while the trehalose presence on the contrary
contribute to preserve and enhanced the formation of this interaction.
Other useful information arose analyzing the protein secondary
structure of spectra reported in Fig. 1. The band assignments in the
amide I′ band region can be made according to crystal structure of
human serumalbumin and previously publishedworks [13–16,26]. The
second derivative spectra of enzyme incubated at 37 °C revealed the
presence of four bands centered at 1652, 1640, 1667 and 1630 cm−1 in
the amide I′ region. The band at 1652 cm−1 was due to α-helical
structures and around 1667 cm−1 was associated with turn struc-
tures [13–26]. The band at 1630 cm−1 was assigned to short-segment
chains connecting α-helical segments of BSA. Traces of disordered
structure were also evidenced at 1640 cm−1 (Table 1). At 60 °C, there
was a clearly loss of α-helical and short segment connecting α-helical
segments content and the appearance of two bands attributed to BSA
aggregation. In the presence of trehalose there was also a decrease,
albeit inferior, in α-helical content, an increase in short segment con-
necting α-helical segments and a remarkable inhibition of intermolec-
ular and antiparellelβ-sheet up to 78 and 55%, respectively (Table 1). To
explore the temperature-induced changes in secondary structure or
aggregation of BSA in detail, we concentrated on the amide I′ region in
the IR spectra, between 1600 and 1700 cm−1 that consists of over-
lapping component bands arising from different secondary structure
elements. Fig. 2 reported the kinetic of IR spectra of BSA in presence
or absence of 1.0 M trehalose, in the range of temperature between 25
and 90 °C. A comparison of the data showed a substantial difference in
the evolution of the spectra. BSA spectra in the range of 25–55 °C didn't
reveal any significant changes (Fig. 2a). In the range of temperature
between 60 and 90 °C there was a clearly decreasing at 1652 cm−1,
accompaniedby the appearanceof the shoulders at 1615and1682 cm−1.
Furthermore, the observed isosbestic points suggested that the ag-
gregation is a complex process that surely involvesα-helix→aggregated
β-sheet transition. The spectra above 70 °C showed a decrease in amide I′
band centered at 1645 cm−1 and an increase of two sharp bands at 1682
and 1615 cm−1. In addition, the bands at 1682 and 1615 cm−1 had been
associated with aggregated, intermolecular β-sheets[29,30].The BSA
spectra in presence of 1.0 M trehalosewere almost perfectly overlapping
in the range of temperature between 25 and 65 °C. Above this least
temperature, changes took place rapidlywith a decrease in amide I′ band
centered at 1652 cm−1 and an increase of two sharp bands at 1682 and
1615 cm−1 (Fig. 2b). Protein conformational changeswere followed also
by PAGE. The gel pattern evidenced the presence of an electrophoresis
bandwith good anionicmigration, corresponding to protein in the active
forms (Fig. 3) and a little fraction without electrophoresis mobility
corresponding to aggregate and/or denatured one. The gel pattern also
showed as the band's intensity of native form decreased, following
incubation at 60 °C for 2 h, while clearly increased the intensity of the
band without electrophoresis mobility. Similar results were obtained
incubating the protein in presence of 0.25 M trehalose, while in presence
of 0.5 M the band's intensity of active forms clearly increased. The
presence of 1.0 M of trehalose in the reaction mix avoided, almost
completely, the effects of incubation at 60 °C for 2 h (Fig. 3). Valuable
information about the changes in the local conformations of the protein,
in absence or presence of trehalose, were obtained monitoring the
changes in intrinsic and ANS fluorescence of the enzyme at high
temperature. BSA belongs to the protein of class B and its fluorescence
emission comes solely from tryptophan, even the protein contains more
tyrosine than tryptophan residues. In fact in the BSA primary structure
there are two tryptophan residues one located in the hydrophobic pocket
of the subdomains IIA and the second one in subdomain IB placed in a
hydrophobic pocket near the surface [31]. Tryptophan residues contri-
bution to fluorescence is due to the efficient transfer of the excitation
energy by Forster's resonance transfer process from tyrosyl to trypto-
phanyl residueswhich are placed close together in the native structure of
the protein. Fig. 4a reported the BSA fluorescence intensity in absence or
in presence of 0.25, 0.5 or 1.0 M trehalose. The intrinsic fluorescence
emission maximum (λmax) of BSA was found to be 340 nm. After
thermal treatment of the enzyme at 60 °C for 2 h, the intrinsic
fluorescence intensity clearly increased, indicating an increase of



Fig. 2. Temperature evolution of amide I’ spectral region of BSA, in the temperature
range of 25–90 °C, in absence (a) or in presence of 1.0 M trehalose (b). The arrows
indicate the changes in the main amide band profiles from native to aggregated form.
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hydrophobicity of the environment around the mainly fluorescent
groups. In the presence of 0.25, 0.5 and 1.0 M of cosolvent, the
fluorescence intensity of the enzyme decreased. From the curves it is
possible to observe that trehalose quenching of the intrinsic fluorescence
of BSA was concentration dependent. Moreover, at all tested concentra-
tion, trehalose didn't induce changes in the maximum of emission peak,
indicating a direct interaction with protein without modification of the
hydrophobic environment. Further results arose from ANS binding
Fig. 3. PolyAcrylamide Gel Electrophoresis of BSA (1.0 mg/ml). a) Samples, pre-incubated a
were electrophoresed toward the anode for 2 h. (1) Sample incubated in the same experim
electrophoresis pattern.
experiments to BSA in absence or presence of trehalose. In fact it is a
hydrophobic molecule, extensively used to probe the conformational
changes that occur during protein denaturation, that binds preferentially
to thehydrophobic clusters of the protein surface, and, in particular, with
BSA subdomains IIA and IIIA [32]. After heat treatment, the ANS
fluorescence intensity of BSA was found to be significantly increased. In
the presence of the cosolvent, it was relatively lower than that of heat
treated BSA (Fig. 4b). The structural changes induced by the temperature
on BSA samples have been analyzed by light scattering measurements.
Fig. 5 showed the time evolution of the total scattered intensity in
absence or presence of trehalose. The hydrodynamic radius of BSA was
major than that of the samemolecules in presence of trehalose at all the
analyzed temperatures, indicating that the disaccharide induced an
increase in protein compactness. Moreover, as can be seen in the
Fig. 5, the hydrodynamic radius of BSA increased markedly than the
samemacromolecule in presence of trehalose, reaching 1.3 fold at 70 °C.
The results suggested the formation and growth of species precursor
of aggregated protein that were markedly decreased in presence of
the disaccharide. To further explore the structure conformation of BSA,
far-UV circular dichroism analysis were carried out in presence or
absence of 1.0 M trehalose in the range of 190–260 nm (Fig. 6). The CD
spectrum of BSA, incubated at 37 °C for 2 h, showed the presence of two
well defined negative bands at 208 and 222 nm, characteristic of
macromolecules with high α-helical content [33]. The absorption in
this region is due to peptide bond amide chromophore with a
pronounced effect on the parallel polarized bands (π→π* near 190 nm
and n→π* around 220 nm).The incubation of BSA at 60 °C for 2 h
induced a marked decrease in both bands corresponding to an evident
loss of protein α-helical. Also in the case of protein incubated at 60 °C
in presence of the trehalose 1.0 M there was a decrease in the bands
around 208 and 222 nm, although clearly inferior (Fig. 6). The CD spectra
of BSA incubating at high temperature, in the presence or absence of
trehalose, showed similar shape to the one of protein at 37 °C, indicating
that the α-helical structure, albeit in minor quantities, were present.
Moreover the decrease of the CD signal at around 210 nmwas probably
the result of enhanced flexibility of overall protein structure. BSA is a
globular protein that contained 17 intrachain disulfide bonds and one
free tiol group at residue 34 [13]. Cysteine (Cys) residues are often
crucial to the function and structure of proteins and in the case of BSA the
α-helical structure are mainly linked together by disulfide bridges,
resulting in the formation of nine loops [34]. In our experiments, the
t 60 °C in absence (2) or in presence of 0.25 M (3), 0.5 M (4), or 1.0 M (5) of trehalose,
ental condition at 37 °C without trehalose. b) Graphic elaboration of 3-D surface plot of



Fig. 4. Intrinsic (a) and ANS (b) fluorescence measurements of BSA (2.5 mg/ml) in the
absence or in the presence of trehalose at different concentrations.

Fig. 6. Far-UV CD spectra of BSA. The spectra of protein (8.3×10−7 M), after incubation
for 2 h at 37 °C (—) or at 60 °C in absence (—) or in the presence of 1.0 M trehalose
(– – –), have been recorded between 190 and 260 nm.

151D. Barreca et al. / Biophysical Chemistry 147 (2010) 146–152
analysis of Cys residues has been performed utilizing DTNB. This
molecule has been extensively used for probing free thiol groups and
those arising from the eventually disruption of disulfide bonds in
proteins, following the changes in absorbance at 412 nm. The reaction
has been monitored either in presence or absence of 1.0 M trehalose.
Stochiometry of BSA sulfhydryl groups reaction with DTNB revealed the
Fig. 5. The hydrodynamic radius versus temperature for BSA in absence (■) or presence
(▲) of trehalose.
presence of one free cysteine residue in the BSA sample after incubation
at 37 °C for 2 h in absence or in the presence of 1.0 M trehalose. The same
result have been obtained after incubation at 60 °C for 2 h of BSA samples
both in absence and in the presence of 1.0 M trehalose.

4. Conclusion

Protein aggregation phenomena are involved in many different
fields, from industry to medicinal and manufacture applications. It is
often associated with conformational and structural changes that lead
to exposure of peculiar protein residues, involving different mecha-
nisms, whose time of occurrence and interplay can depend upon
temperature and many other physical forces. In fact this complex
process is not yet totally understood as it depends from a great
number of physical and chemical parameters. The binding of small
molecules to proteins and protein–protein interactions are key
processes in cell biochemistry. It is well known that protein thermal
stability is modified by ligand binding due to the coupling between
two mutual processes under equilibrium: binding and unfolding. The
additional binding free energy is responsible for shifting the unfolding
temperature, and it could include or not contributions from
conformational changes. Our experimental results clearly show the
anti-aggregative properties of trehalose capable of reducing intermo-
lecular and antiparellel β-sheet formation up to 78 and 55% using BSA
as model protein. In solution, BSA, incubated alone, displays a
temperature dependent increase in spontaneous aggregation. In fact
after 2 h of incubation at 60 °C there is the formation of irreversible
protein aggregated. Co-incubation with trehalose inhibits aggregation
of this protein in a dose-dependent manner as shown by PAGE. High
trehalose concentration (up to 1.0 M) avoids almost completely BSA
aggregation. The key elements liable to aggregation of BSA after
incubation at 60 °C, seem to be the decrease in α-helix and short
segment connecting α-helical segments in favor of β-sheet. The
trehalose presence in solution avoids the formation of β-sheet,
although there is the decrease in α-helical structure, increasing
markedly short segment connecting α-helix segments. These results
also are supported by CD measurements. In fact, the incubation at
high temperature, has a pronounced effect on protein structure. The
α-helical structure content suffers a remarkable decrease, accompa-
nied by a significant conformation change as revealed by the analyses
of the macromolecule hydrodynamic radius, while in the presence of
trehalose the entity of these variations is remarkably diminished.
Moreover, the disaccharide preserves the microenvironment around
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Tyr and enhances the formation of specific hydrogen bonds of the
aminoacid with groups inside the protein. The trehalose influence is
evident at level of the hydrophobic clusters of the protein surface too.
In fact it decreases the accessibility of ANS to its preferentially binding
site, in particular, with BSA subdomains IIA and IIIA, while in its
absence they are markedly exposed at high temperature. Useful
information also arises by intrinsic fluorescence measurements. In
fact, while in absence of trehalose, there is a great increase in intrinsic
fluorescence due to an enhancement in hydrophobicity following
aggregation, trehalose presence dramatically decreases tryptophan
fluorescence. Our results also underline that trehalose shift markedly
the temperature for the aggregate formation from 60 to 70 °C. Light
scattering evidences that the trehalose induces a major compactness
of the protein structure as evidenced by hydrodynamic radius. These
data are further supported by fluorescence measurements too. The
titration of Cys residues with DTNB reveals that the total number of
disulfide bonds remains unchanged and one free tiol group are
recorded after incubation for 2 h at 60 °C, both in absence or presence
of trehalose, as in the case of samples without incubation at high
temperature. All the obtained results contribute to support the anti-
aggregative properties of trehalose and its biotechnological applica-
tion as a drug capable of interfering with production of aggregated
structures, supporting evidence for its utilization in neurodegenera-
tive pathologies such as Huntington's disease.
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