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a  b  s  t  r  a  c  t

Ovalbumin  is the  major  egg  white  protein  known  to  induce  allergic  reactions  in  humans.  A comprehen-
sive  evaluation  of  the structural  and  antigenicity  features  of  ovalbumin  subjected  to  different  pH  and
heat  treatments  was performed  by  combining  fluorescence  spectroscopic  measurements,  ELISA  and  in
silico  prediction.  The  intrinsic  fluorescence  spectra  indicated  modification  of the  ovalbumin  tertiary  struc-
ture depending  on  pH  and  applied  temperature.  The  heat  treatment  caused  the  alteration  of ovalbumin
structure,  which  exhibited  gradual  hydrophobic  exposure.  The  in  depths  check  of  ovalbumin  molecular
model,  after  performing  molecular  dynamics  simulations,  indicated  the  slight  transition  toward  a  typical
�-strand  dominant  structure  with  the temperature  increase.  Moreover  the  immunoenzymatic  test was
employed  to estimate  the  effect  of  the  pH  and  thermal  treatment  on the  stability  of  ovalbumin  epitopes.
ntigenicity
luorescence spectroscopy
olecular modeling

Only  a 5.5%  reduction  of  the residual  antigenicity  was  observed  when  heat treating  the  ovalbumin  sam-
ples  at  pH  7.0,  whereas  a significant  reduction  (over  82%)  of  the  antigenicity  was  obtained  at  pH 9.5
and  temperatures  over  80 ◦C.  Both  pH  and  thermal  treatment  affected  the  conformation  of  ovalbumin.
The  reduced  recognition  of  the  modified  native  ovalbumin  by specific  antibodies  at  alkaline  pH  is most
probably  a consequence  of significant  changes  in the local  conformation  of  the  epitopes.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

The presence of even small amounts of egg in food might
ause allergic reaction, because about 80% of the egg white pro-
ein exhibits allergenic potential. The main proteins responsible for
nducing allergic reactions in humans are ovalbumin (54%), ovo-
ransferrin (12%), ovomucoid (11%) and lysozyme (3.5%) [1–3]. A
reat diversity of allergic symptoms was reported for different egg
llergic individuals, as well as varying threshold levels (0.2–200 mg
rotein) for inducing the adverse reactions [2,4,5].

Despite the large number of studies focused on antigenicity and
llergenicity of egg white proteins, there is a still running debate
n the most dominant egg allergen. According to Mine and Zhang
1], ovalbumin (OVA) and ovomucoid are generally considered to

e the most antigenic and allergenic proteins.

As there is no cure reported for food allergies, the avoidance of
ood allergens is currently the only way of preventing the health

∗ Corresponding author at: Dunarea de Jos University of Galati, Faculty of Food Sci-
nce and Engineering, Domneasca Street 111, Building F, Room 104, 800201, Galati,
omania.

E-mail address: Iuliana.Aprodu@ugal.ro (I. Aprodu).
1 www.bioaliment.ugal.ro, www.sia.ugal.ro.

ttp://dx.doi.org/10.1016/j.ijbiomac.2016.09.025
141-8130/© 2016 Elsevier B.V. All rights reserved.
consequences in case of allergic consumers. Anyway, since the effi-
cient avoidance of food allergens is not always possible, is highly
desired to identify suitable processing techniques for reducing
or even eliminating the allergenic potential of certain products.
Depending on the intensity, both thermal and non-thermal pro-
cessing of foods might alter protein structure, therefore causing
potential modifications of the epitopes. It is generally accepted
that the biological activity of a protein is related to its structural
features [5]. There are several papers reporting on the effects of
thermal and non-thermal processing on the IgE binding properties
and allergenicity of egg in food products [1,5]. Concerning ther-
mal  processing, although the heat treatment is usually applied for
microbiological safety purpose or for enhancing texture and fla-
vor properties, in vitro and clinical studies indicate no reaction to
the thermally treated egg white for egg-allergic patients [2,6–8].
Anyway, there is limited information on the molecular behavior of
individual proteins under thermal treatment at different pH values.
The knowledge of the particularities of each allergen in model sys-
tem might provide a better understanding of the ways to overcome
the factors that currently compromise the safe use of eggs in the

diet.

The present study is focused on OVA, the major protein in egg
white. OVA is a globular phosphoglycoprotein, consisting on 385
aminoacids, with a molecular weight of 45 kDa [9,10]. OVA belongs

dx.doi.org/10.1016/j.ijbiomac.2016.09.025
http://www.sciencedirect.com/science/journal/01418130
http://www.elsevier.com/locate/ijbiomac
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o the serine proteinase inhibitor (serpin) superfamily, although
as no protease inhibitory activity [2,11]. Even if OVA served as
ntigen model in many immunology studies, limited informa-
ion regarding the effect of different environmental conditions on
rotein properties is available. Therefore, the aim of the present
tudy was to investigate the impact of combined pH and ther-
al  treatment on structural properties and antigenic character of

hicken OVA. The experimental and in silico approaches were com-
ined such as to provide a quantitative description on the relation
etween OVA structure under different pH-temperature processing
onditions and the allergenic potential.

. Materials and methods

.1. Materials

Ovalbumin (purity over 90%, by agarose gel electrophoresis) and
-anilinonaphthalene-sulfonic acid (ANS) were purchased from
igma Chemical Co. (St. Louis, MO,  USA). Unless otherwise stated,
ll other reagents were of analytical grade.

.2. Heat treatment

Plastic tubes (1 cm diameter) were filled with 0.35 mL  OVA solu-
ions of 1 mg/mL  concentration. In order to study the influence
f pH on the structural properties of OVA, three different 20 mM
ris-HCl buffers of pH 4.5, 7.0 and 9.5 were used for preparing the
rotein solutions. The samples were heated at different temper-
tures ranging from 25 to 100 ◦C for 20 min  using a thermostatic
ater bath (Digibath-2 BAD 4, Raypa Trade, Barcelona, Spain). The

amples were afterwards cooled by placing the tubes in ice water
o avoid further thermal denaturation of the protein.

.3. Fluorescence spectroscopy

Fluorescence measurements were performed on a LS-55 lumi-
escence spectrometer (Perkin Elmer Life Sciences, Shelton, CT,
SA) equipped with the software Perkin Elmer FL Winlab. All mea-

urements were made at 25 ◦C.

.3.1. Intrinsic fluorescence spectra
A volume of 25 �L of (un)-thermally treated protein solution

as suspended in 3.0 mL  Tris buffer of appropriate pH. The exci-
ation wavelength was subsequently set at 280 and 292 nm,  while
he emission spectra were collected from 310 nm to 400 nm,  with
ncrements of 0.5 nm.  Both the excitation and emission slit widths

ere set at 10 nm.

.3.2. Phase diagram
The phase diagram method described by Kuznetsova et al. [12] is

 sensitive method suitable for detecting structural transformation
f proteins. The phase diagrams were built as previously reported by
tănciuc et al. [13], by representing the I�1 versus I�2 dependence,
here I�1 and I�2 are the spectral intensity values measured on
avelengths �1 and �2.

.3.3. Synchronous fluorescence spectra
The synchronous fluorescence spectra were recorded from 240

o 340 nm by scanning simultaneously the excitation and emission
onochromator. In order to follow the individual spectroscopic
ehavior of Tyr and Trp residues, the wavelength interval (��)  was
xed at 15 and 60 nm,  respectively. Appropriate blanks correspond-

ng to the buffers used for sample preparation were subtracted to
orrect the fluorescence background.
ical Macromolecules 93 (2016) 572–581 573

2.3.4. ANS fluorescence intensity
The ANS binding studies were performed by incubating the ther-

mally (un)-treated protein samples for 15 min  at 25 ◦C in the dark
with 10 �L of 8 mM ANS in 10 mM Tris-HCl buffer (pH 7.5). The flu-
orescence of ANS was excited at 365 nm and emission was  collected
between 400 and 660 nm.  Assays in the absence and in the pres-
ence of the protein were performed in order to correct for unbound
ANS emission fluorescence intensities.

2.3.5. Fluorescence quenching experiments
Fluorescence quenching experiments were performed with

acrylamide and KI. Fresh 8 M acrylamide and 5 M KI solutions,
prepared in 10 mM Tris-HCl buffer at pH 7.7, were used for the
quenching experiments. Quenching titrations were performed by
sequentially adding aliquots of the quencher stock solutions to
the heat-treated samples and gently stirring. The excitation wave-
length was  set at 292 nm,  and the fluorescence emission spectra
were recorded from 310 to 420 nm. The fluorescence quenching
data were analyzed by fitting to the Stern-Volmer equation as
described by Ioniţă et al. [14].

In case of nonlinear correlations the data were fitted to the mod-
ified Stern-Volmer equation (Eq. (1)):

F0

F0 − F
= 1
faKa [Q ]

+ 1
fa

(1)

where F0 and F are the fluorescence intensities of OVA  in the
absence and presence of quencher, [Q] is the concentration of the
quenchers, fa is the fraction of accessibility to the quencher, and Ka
is the effective quenching constant for the accessible fluorophore.

In order to estimate the equilibrium between free and bound
molecules, the Eq. (2) was  fitted to calculate the binding constant
(Kb), and the number of binding sites (n) between OVA and the
quenchers [15]:

log
F0 − F

F0
= logKb + nlog [Q ] (2)

where Kb and n were determined from the slope and intercept
of double logarithm regression curve of log[(F0–F)/F] versus log[Q]
based on Eq. (2).

Thermodynamic parameters were calculated at different tem-
peratures using the van’t Hoff equation (Eq. (3)):

lnKb = −�H
RT

+ �S

R
(3)

where Kb is the binding constant at the corresponding temperature,
T is the experimental temperature, R is the gas constant. �H and
�S  are enthalpy and entropy change and were derived from the
slope and intercept of the regression line obtained by plotting the
natural logarithm of Kb versus 1/T.  Gibbs free energy (�G) of the
reaction was  calculated using the Eq. (4):

�G  = �H  − T�S  (4)

2.4. Enzyme-linked immunosorbent assay

The commercially available enzyme-linked immunosorbent
assay (ELISA) for the rapid detection of egg white proteins
Ridascreen FAST egg ELISA (Biopharm AG, Darmstadt, Germany)
was used to detect OVA. Samples preparation was performed
according to the specifications provided by the manufacturer (Bio-
pharm AG, Darmstadt, Germany). The OVA detection through
sandwich ELISA involved binding of the allergen to the specific

antibodies which are immobilized on the wells of the microtiter
plate, followed by detection by a second specific antibody conju-
gated to peroxidase. Finally the substrate was converted by the
enzyme conjugate and after stopping the reaction with 1N H2SO4,
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he absorbance was measured at 450 nm with a microplate spec-
rophotometer (Infinite 200 PRO NanoQuant, Tecan, Switzerland).
efore measurements, each sample was appropriately diluted. Cal-

bration was performed using the protein standard included in the
ssay.

The residual antigenicity after subjecting OVA solutions of pH
.5, 7.0 and 9.5 to different thermal treatments, was  expressed as
ercentage of allergen protein recognized by the specific antibodies
ith respect to the corresponding sample at 25 ◦C.

.5. Molecular modelling

The atomic structure of ovalbumin, PDB ID: 1OVA [16], available
n the RSCB Protein Data Bank was used to simulate the thermal
nduced behavior of the protein. Energy minimizations and molecu-
ar dynamics steps were performed with Gromos 43a1.ff force field
nd Gromacs 4.6.1 package [17]. All simulations were performed
n parallelization conditions on an Intel(R) Core(TM)2 CPU 6300
.86 GHz processor-based machine running Linux.

In order to be prepared for the heating tests, the protein model
as centered in a rectangular box with periodic boundary condi-

ion, and was minimized first in vacuum and after solvation using
ingle Point Charge water molecules. No pH variation was consid-
red in the in silico experiment.

The complex was then heated at 25 ◦C, 60 ◦C and 90 ◦C by using
 weak coupling Berendsen thermostat [18] and finally was equi-
ibrated such as to stabilize the protein in terms of temperature
nd energy oscillations. Three different configurations extracted
rom the last 100 ps of each equilibration trajectory were com-
ared based on the C� atoms positions to ensure the statistical

ndependence of the in silico results.
Detailed analysis of the protein models equilibrated at different

emperatures was performed using dedicated Gromacs (Groningen
niversity, Netherlands) [17] and PDBsum (The European Bioinfor-
atics Institute, Cambridge, UK) tools [19].

. Results and discussion

.1. Intrinsic fluorescence spectra

The structural characterization of OVA was performed by col-
ecting fluorescence spectra after the heat treating the protein in the
emperature range of 25–100 ◦C at different pH values. The changes
n protein fluorescence in different conditions are due to the envi-
onment dependent emission properties of Trp and Tyr residues,
hich give indications about protein tertiary structure alteration

20,21]. Therefore, spectra obtained under different experimental
onditions will describe the contribution of these residues on the
rotein structural changes.

The intrinsic fluorescence of OVA was examined by exciting
he protein solutions at 280 nm to follow the microenvironmen-
al changes around Tyr and Trp residues, and at 292 nm to monitor
he Trp residues (Fig. 1a and b).

The fluorescence of OVA depended both on pH and temperature
alues. When excited at 280 nm the highest value of the maximum
uorescence intensity of OVA at 25 ◦C was observed at pH 7.0,
nd decreased by 29% at pH 4.5 and by 36% at pH 9.5. Moreover,
he wavelength corresponding to the maximum of fluorescence
mission varied with the pH value as follows: 339 nm at pH 7.0,
40 nm at pH 4. 5 and 342 nm at pH 9.5 (Fig. 1a). Xiong et al. [22]
eported also a maximum emission at 338 nm for OVA at pH 7.0.

he thermal treatment up to 80 ◦C caused the decrease of fluores-
ence intensity of the protein at pH 7.0, followed by an increase in
uorescence intensity at even higher temperatures. When heating
he protein solution of pH 4.5, the fluorescence intensity increased
gical Macromolecules 93 (2016) 572–581

up to 80 ◦C, followed by a decrease at higher temperatures. A sig-
nificant increase in fluorescence intensity at 60 ◦C was observed
when the heat-treatment was performed at pH 9.5, followed by a
decrease at higher temperatures. Xiong et al. [22] explained these
variations of fluorescence as the result of different energy transfer
efficiency between Trp and Tyr, but they also considered that the
chromophores of OVA might become more exposed to solvent due
to heat treatment. When compared to OVA incubated at 25 ◦C, at
neutral pH, a 2 nm red-shift was  registered when heating was per-
formed at 80 ◦C, whereas at pH 4.5, a 2 nm blue-shift was  obtained
at 90 ◦C. A significant 8–9 nm red-shift was  registered at tempera-
tures higher than 80 ◦C when heating at pH 9.5. Heating promotes
protein unfolding, in which hydrophobic aminoacids are exposed
conferring an increase in protein surface hydrophobicity [23,24].
The changes in the tertiary structure of OVA at thermal treatment
varied with the pH value; the partial unfolding was observed at
pH 7.0 and 9.5, whereas at pH 4.5 protein folding and aggregation
were the most significant events highlighted by the fluorescence
measurements.

In Fig. 1(b) shows the influence of the pH values on the intrinsic
fluorescence spectra obtained when exciting the OVA solutions at
292 nm.  The intensity of OVA fluorescence at 25 ◦C decreased with
the pH values. In agreement with the observations of Wang et al.
[25], a detailed check of the crystallographic model used for carry-
ing out molecular dynamics simulation indicated the OVA contains
three Trp residues: Trp148 in helix F, Trp184 as the nearest neighbor
residue of the COOH terminus of strand 3A, and Trp267 in helix H. In
the native protein structure, Trp148 residue is partially exposed to
the solvent. Anyway, about 88.65% of the solvent accessible surface
of 47.39 Å2 gets buried in monomers interaction. In agreement with
Wright et al. [26], Trp184 and Trp267 residues are located toward in
the interior of OVA molecule, having solvent accessible surface of
7.34 Å2 and 7.84 Å2, respectively with no evident burial tendency
when protein aggregates are formed. Upon heat treatment, varia-
tions in protein emission fluorescence intensity usually consist on
shifts in the wavelength that corresponds to the maximum fluores-
cence intensity. The wavelength corresponding to the maximum
of fluorescence emission was  335 nm for OVA at pH values of 7.0
and 9.5, and 333 nm at pH 4.5. The thermal treatment of the pro-
tein at pH 7.0 did not produce significant changes in � max up to
70 ◦C, indicating that the microenvironment of Trp residues is not
substantially altered. Further protein heating up 80 ◦C and 90 ◦C
caused a 3 nm blue-shift, followed by a 3 nm red-shift at even higher
temperature, indicating slight exposure of the Trp residues to a
more polar environment. Moreover, the temperature increase up
to 80 ◦C caused the fluorescence intensity decrease, followed by
an increase at higher temperatures. Sponton et al. [27] explained
the decrease of OVA fluorescence when heating at 70 and 80 ◦C for
10 and 5 min  by the initiation of the protein aggregation, involv-
ing new hydrophobic interactions and burial of the Trp with the
polypeptides core.

When testing the behavior of OVA at pH 4.5, heating caused a
small 3 nm blue-shift in � max over the whole temperature range
studied, and fluorescence intensity decrease at temperatures over
70 ◦C. Significant 11–15 nm red-shifts in � max were registered in
the temperature range of 60–100 ◦C, suggesting a more flexible con-
formation of OVA at pH 9.5. In addition an increase in fluorescence
intensity at 60 ◦C, followed by a significant decrease at higher tem-
peratures was also registered. Hu and Du [9] suggested that heat or
alkali treatment can trigger significant structural transformation of
�-helix to �-sheet of OVA.
3.2. Phase diagram

It is known that globular proteins may  exist in at least four
different conformations: native (ordered), molten globule, pre-



N. Stănciuc et al. / International Journal of Biological Macromolecules 93 (2016) 572–581 575

a)

b)

0

100

200

300

400

500

600

700

310 330 350 37 0 390 410

Fl
uo

re
sc
en

ce
in
te
ns
ity

(a
.u
.)

Wavelength (nm)

pH 7.0 pH 4.5 pH 9.5

0
50

100
150
200
250
300
350
400
450

310 330 35 0 370 390 41 0

Fl
uo

re
sc
en

ce
in
te
ns
ity

(a
.u
.)

Wavelength (n m)
pH 7.0 pH 4.5 pH 9.5

Fig. 1. pH-induced structural changes of OVA monitored by emission spectrum. The excit
between 310 and 420 nm.  Three independent tests were carried out in each case and SD w

25°C

60°C

70°C
90°C

80°C

100°C

25°C

60°C 70°C

80°C

90°C
100°C

25°C

60°C

70°C

80°C90°C

100°C120
145
170
195
220
245
270
295
320
345

120 14 5 17 0 19 5 22 0 245 270 29 5 32 0 34 5 370

I 3
65

I320

Fig. 2. Phase diagram analysis of heat-induced conformational changes of OVA at
pH 7.0 (grey diamonds), pH 4.5 (black squares) and pH 9.5 (grey triangles) based on
i
T
T

m
m
d
i
g
s
f

ntrinsic fluorescence intensity values measured at wavelengths 320 and 365 nm.
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hree independent tests were carried out in each case and SD was  lower than 2.5%.

olten globule, and unfolded [28]. These protein conformations
ay  be easily discriminated using a multiparametric approach, as

escribed by Kuznetzova et al. [12]. The phase diagram describ-

ng the heat-induced structural changes of OVA at different pH is
iven in Fig. 2. When plotting I320 versus I365, the linear correlation
uggests an all-or none transition,  whereas the non-linearity of this
unction reflects the sequential character of structural transforma-
ation wavelength was 280 nm (a) and 292 nm (b) and the spectrums were collected
as lower than 3.5%.

tions [29]. As it can be seen from Fig. 2, at pH 7.0 and 9.5, the phase
diagrams are linear, indicating the presence of two  structurally dis-
tinct species of OVA in the temperature range 25–100 ◦C. On the
other hand, when heating OVA solutions with pH 4.5, a non-linear
correlation was observed, indicating sequential transition between
different conformations.

Given the values of fluorescence intensity, it seems that ther-
mal  treatment in the temperature range of 25–90 ◦C for pH 7.0,
and between 25 and 80 ◦C for pH 4.5, favors the protein folding.
This phenomenon is driven by molecular interactions between
exposed hydrophobic patches and disulphide bonds formation [30].
Heating at higher temperatures promotes protein unfolding, when
hydrophobic aminoacids are partially exposed to the solvent, gen-
erating the increase of protein surface hydrophobicity [23,27].
When heating the protein at pH 9.5, the unfolding events were
observed up to 60 ◦C, followed by polypeptide chains folding at
higher temperatures most probably on a different pattern with
respect to the native protein structure.

The physicochemical properties of the protein dictates the inter-
action with the solvent as well as contacts established within and
between polypeptides [31]. Changes in pH affect the charge distri-
bution on protein surface and subsequently the attraction between

side chains of the amino acids, which are essential for defining the
molecule shape and stability. The salt bridges and hydrogen bond-
ing are mainly perturbed by the variation of the pH value. When
raising the pH from 7.0 to 9.5, the positively charged amino acids
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urn neutral therefore decreasing the ionic attraction. Although the
trength of the noncovalent interactions is rather low compared to
he covalent bonds, these atomic events might cause the partial loss
f the protein conformation especially in the areas where the salt
ridges are involved in the stabilization of the OVA structure. More-
ver, the repulsion among OVA molecules occurs at high pH value,
s a consequence of the excess of negative charges, preventing pro-
ein aggregation [31]. Concerning the S-OVA, a heat stable form of
he protein formed at elevated pH values both in developing fer-
ilized or stored unfertilized eggs and in vitro conditions, Yamasaki
t al. [11] reported that, except for the significant motion of the
oop preceding the strand 1A, the overall structure resemble that
f native OVA. Due to conformational changes of the side chains,

mportant alteration of the solvent accessibility to the hydropho-
ic core has been also reported, suggesting the improvement of the
hermodynamics and structural stability. On the other hand, Hu
nd Du [9] suggested that when subjecting the OVA to alkali, an
mportant increase of the �-sheet content was obtained.

The salt bridge formation is impeded with pH decrease, when
he negatively charged amino acids convert to neutral. In particular,
t pH 4.5 which is the isoelectric point of OVA, the protein has zero
iquid charge and protein-protein interactions are favored along

ith the reduction of the electrostatic force acting between water
nd protein [31]. Hu and Du [9] studied the effect of heat and pH
n OVA behavior, and they report structural transformations of the
rotein associated with aggregation events through the cross-�-
heet-dominant link of the interfaces.

.3. Synchronous fluorescence spectra

Compared to the conventional fluorescence spectroscopy, the
ynchronous fluorescence spectroscopy offers the advantage of
pectral simplification, light scattering reduction, and selectivity
mprovement, and plays an important role in the simultaneous
nalysis of multicomponent samples [32]. Vekshin [33] sug-
ested that synchronous fluorescence spectroscopy is a very useful
ethod for studying amino acid residues microenvironment due to

hifts in �max, corresponding to the changes of the polarity around
he chromophores molecule. Figs. 3 and 4 shows the synchronous
uorescence spectroscopy spectra for Trp residues at �� of 60 nm,
nd for Tyr residues at ��  of 15 nm.

When heating the OVA sample of pH 7.0, a decrease in fluores-
ence intensity was observed up to 80 ◦C, followed by an increase at
igher temperature (Fig. 3a). At pH 4.5, the fluorescence intensity
f OVA decreased in the whole tested temperature range studied,
xcept for 80 ◦C (Fig. 3b). On the other hand, when testing thermal
ehavior of the protein at pH 9.5, a significant decrease in fluores-
ence intensity was observed up to 90 ◦C, followed by an increase
t 100 ◦C (Fig. 3c). Regardless of the pH value and thermal treat-
ent applied to OVA, the maximum fluorescence intensity was

btained at constant �max of 277 nm,  indicating no influence of the
nvironmental conditions on the polarity of Trp residues (Fig. 3a–c).

Further examination of OVA behavior based on Tyr residues
howed that heating the protein solution of pH 7.0 caused a sig-
ificant 8 nm blue-shift in � max at 100 ◦C (Fig. 4a). As indicated
y the small 2–3 nm red-shift OVA, unfolding occurred in the
emperature range of 70–90 ◦C at acidic pH, followed by folding
vents at even higher temperature when a blue-shift of 2 nm was
bserved (Fig. 4b). A completely different behavior of the protein
as observed at alkaline pH value. The heat treatment of OVA up

o 90 ◦C caused a blue-shift of the maximum fluorescence intensity
f 6 nm,  followed by a red-shift of 4 nm at 100 ◦C (Fig. 4c).
Although the polarity around the Trp residues was  well
onserved, the synchronous fluorescence spectra following par-
icularities of the Tyr residues microenvironment indicate the
ccurrence of important folding and unfolding events depending
Fig. 3. Synchronous fluorescence spectra of OVA at �� = 60 nm after heat-treatment
at  different temperature: (a) pH 7.0, (b) pH 4.5 and (c) pH 9.5. Three independent
tests were carried out in each case and SD was lower than 2.5%.

of the pH and temperature condition. Based on our results, it can
be stated that the polarity around the Trp residues was conserved,
while the polarity around the Tyr residues changed with an increase
and sequential decrease in hydrophobicity.

3.4. ANS fluorescence intensity

Extensive literature indicates ANS as an efficient fluorescent
probe for investigating the existence of folding intermediates and
characterization of protein binding sites. The restricted mobility of
ANS as a consequence of binding to the hydrophobic patches of
protein exposed to the solvent is indicated by blue shifts of the
fluorescence emission maxima and the increase of fluorescence
intensity [34]. The thermal induced changes in fluorescence spec-
tra of OVA-ANS at tested pH values are given in Fig. 5. It has been
reported that �max for free ANS is 510 nm,  whereas the wavelength
specific to the ANS bound to protein is 470 nm [35]. The wavelength
corresponding to the maximum fluorescence intensity emission in
case of the protein solutions incubated at room temperature varied

with the pH values; � max was 515 nm at pH 7.0, 518 nm at pH 4.5
and 522 nm at pH 9.5. Binding of ANS to the OVA  in such a way
that the NH group of the fluorophore is located near a positively
charged aminoacid induces a blue shift in � max due to the changes



N. Stănciuc et al. / International Journal of Biolog

a)

b)

c)

0

50

100

150

200

250

300

350

400

240 260 28 0 30 0 32 0

Fl
uo

re
sc
en

ce
in
te
ns
ity

(a
.u
.)

Wavelength (n m)
25°C 60 °C 70 °C 80 °C 90 °C 10 0°C

0

50

100

150

200

250

240 260 28 0 30 0 32 0

Fl
uo

re
sc
en

ce
in
te
ns
ity

(a
.u
.)

Wavelength (n m)
25°C 60 °C 70 °C 80 °C 90 °C 10 0°C

0

20

40

60

80

100

120

140

260 27 0 28 0 29 0 30 0 31 0

Fl
uo

re
sc
en

ce
in
te
ns
ity

(a
.u
.)

Wavelength (n m)
25°C 60°C 70 °C 80 °C 90 °C 10 0°C

Fig. 4. Synchronous fluorescence spectra of OVA at �� = 15 nm after heat-treatment
at  different temperature: (a) pH 7.0, (b) pH 4.5 and (c) pH 9.5. Three independent
tests were carried out in each case and SD was lower than 2.5%.
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Fig. 5. pH-induced structural changes of OVA monitored by ANS fluorescence inten-
sity.  The excitation wavelength was 356 nm and the spectra were collected between
400 and 660 nm.  Three independent tests were carried out in each case and SD was
lower than 3.5%.
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in the intramolecular charge transfer process. The heat treatment
of OVA caused the overall increase in ANS fluorescence intensity,
with a maximum value recorded at 90 ◦C. Sequential red- and blue-
shits were found when the heat treatment was performed at pH
7.0. Compared to the protein tempered at 25 ◦C, a 8 nm red-shift
was registered by heating at 60 ◦C, followed by 18 nm blue-shift at
80 ◦C and 7 and 15 nm red-shifts at 90 and at 100 ◦C, respectively.
Charge redistribution on protein surface at pH values of 4.5 and
9.5 caused important changes in the events governing the thermal
induced behavior of the protein. In case of OVA samples of pH 4.5
and 9.5, large initial blue-shifts were registered when heating up
to 80 ◦C (a 25 nm blue-shift registered by heating the protein solu-
tions up to 60 ◦C, followed by 16–17 nm blue-shift at 70–80 ◦C) and
90 ◦C (blue-shifts of 10 nm), respectively, followed by red-shifts (of
5–9 nm for pH 4.5 and of 5 nm for pH 9.5) at even higher temper-
atures. In agreement to Sharma and Kishore [36], ANS has higher
affinity for partially unfolded state compared to native and dena-
tured states of the protein. It can be concluded that the thermal
denaturation mechanism of OVA highly depends on acidity of the
solution, and involves unfolding of polypeptides chains at pH 7.0
and 4.5 up to 60 ◦C, and folding at temperatures up to 80 ◦C. When
heating the OVA solution of pH 9.5, the polypeptide chain folding
was favored up to 90 ◦C, followed by limited unfolding at 100 ◦C.
At higher temperatures some hydrophobic and other aminoacids
buried within the core of OVA molecule become exposed, thus
favoring the molecular aggregation.

3.5. Quenching experiments

Quenching of Trp fluorescence by adding small solutes has been
widely employed in structural studies because can provide useful
information on the exposure of Trp residues to the aqueous envi-
ronment, and on the permeability of proteins to solutes of various
molecular size [37]. In order to monitor the Trp microenvironment
from OVA, two  different quenching experiments were employed
in our study, namely by using a polar neutral (acrylamide) and an
anionic (iodide) quencher. Acrylamide can quench the fluorescence
of the Trp residues exposed on protein surface or partially buried,
but not those buried in the hydrophobic core of a protein. Moreover,
quenching with KI was  employed to provide additional information
regarding the accessibility of the Trp residues.

When quenching was performed at pH 7.0, the
values of the quenching constant for the untreated pro-
tein were 2.81 ± 0.08 × 10−3 mol−1 L for acrylamide, and
2.97 ± 0.10 × 10−3 mol−1 L for KI (Table 1). In case of quench-
ing with acrylamide the heat treatment up at 90 ◦C produced the
decrease of KSV values, suggesting Trp residues distancing from

◦
the quenchers, compared to the structures tempered at 25 C. The
increase of the acrylamide KSV value at 100 ◦C is an indicative
of the local structural rearrangements and partial additional
exposure of Trp residues within the protein molecules. On the

Table 1
Stern Volmer quenching constant (KSV ) of the heat treated OVA at different pH and
temperatures.

T(◦ C) KSV (10−3L mol−1)

pH 7.0 pH 4.5 pH 9.5

Acrylamide KI Acrylamide KI Acrylamide

25 2.81 ± 0.08a 2.97 ± 0.10 1.32 ± 0.0 0.61 ± 0.11 3.27 ± 0.09
60  2.83 ± 0.21 5.22 ± 0.09 1.12 ± 0.19 1.23 ± 0.12 3.56 ± 0.44
70  2.29 ± 0.07 3.77 ± 0.05 1.31 ± 0.46 1.66 ± 0.35 3.22 ± 0.09
80  2.40 ± 0.33 1.29 ± 0.08 1.76 ± 0.65 1.50 ± 0.14 3.28 ± 0.15
90  2.27 ± 0.12 0.88 ± 0.02 1.50 ± 0.48 0.98 ± 0.08 1.95 ± 0.05
100  2.91 ± 0.14 1.25 ± 0.11 1.49 ± 0.33 1.24 ± 0.23 1.99 ± 0.47

a Standard deviation.
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Table 2
The effective quenching constant for the accessible fluorophore (Ka) and the fraction
of accessibility to the quencher (fa) of the heat treated OVA at pH 9.5 and different
temperatures.

T(◦ C) Ka (10−3L mol−1) fa

25 1.96 ± 0.15a 0.41 ± 0.11
60  6.13 ± 0.58 1.00 ± 0.42
70  1.31 ± 0.60 0.73 ± 0.19
80  3.16 ± 0.52 0.45 ± 0.01
90  4.00 ± 0.96 0.36 ± 0.05

at pH 7.0 and 95.37 ± 3.89% at pH 4.5. Anyway, the overestimation
ifferent temperatures: (�) 25 ◦C, (�) 60 ◦C, (�) 70 ◦C, (♦) 80 ◦C, (�)  90 ◦C, (♦) 100 ◦C.

ther hand, higher KI quenching constants were obtained for
VA treated at 60 ◦C (1.76 times higher) and 70 ◦C (1.26 times
igher). At even higher temperatures, the KI quenching constant
ignificantly decreased (Table 1), indicating that the accessibility
f Trp is affected by the heat induced protein folding. When static
uenching is prevalent, the Stern-Volmer constant decreases as

unction of temperature, as the decreased collision frequency is
esponsible for the static quenching mechanism.

A more rigid conformation was evidenced at pH 4.5, KSV values
eing significantly lower when compared with the corresponding
alues at pH 7.0. When performing quenching experiments with
crylamide, the highest values of the quenching constants were
easured at 80 ◦C (1.76 ± 0.65 × 10−3 mol−1 L), whereas the lowest

alues were calculated for the quenching experiments performed
fter heat treatment at 60 ◦C (1.12 ± 0.19 × 10−3 mol−1 L). However,
o significant differences in the protein behavior can be considered
ecause of the variations within standard deviation values.

Koseki et al. [38] suggested that the globular conformation and
econdary structure of OVA are almost the same in acid as at neutral
H. However, the side-chains of the molecule (or at least part of the
hains) are more flexible at low pH than in neutral conditions, and
he whole molecule is very susceptible to denaturation.

When performing the quenching experiments on OVA at pH 9.5,
o significant differences in the acrylamide quenching constant val-
es were observed between 25 and 80 ◦C, whereas a significant
ecrease (∼40%) was obtained at higher temperature (Table 1).

Lakowicz [39] explained that the fluorescence quenching mech-
nisms highly depend on temperature, and are usually classified as
ynamic quenching or static quenching. In the dynamic quenching
rocess the fluorophore is in contact with the quencher dur-

ng the lifetime of the excited state, whereas in static quenching
he quencher and fluorophore molecules form a complex in the
round state [40]. A high linearity was obtained in the whole
emperature range indicating that quenching of OVA fluorescence
mission by acrylamide and KI is static. However, in case of quench-
ng with KI at pH 9.5, a positive deviation from linearity was
bserved (Fig. 6), most probably due to the combination of static
nd dynamic quenching mechanisms [41]. Therefore, the exper-
mental data were fitted to equation 1. From Table 2 it can be
oticed that Ka values presented a high sensitivity to temper-
ture. Thus, Ka values increases from 1.96 ± 0.15 × 10−3 mol−1 L
t 25 ◦C to 6.13 ± 0.58 × 10−3 mol−1 L at 60 ◦C, suggesting that in
his temperature range the quenching process is dynamic. Fur-
her temperature increase up to 70 ◦C caused the Ka decrease
o 1.31 ± 0.60 × 10−3 mol−1 L, suggesting that the static quench-

ng mechanism is predominant. Higher temperatures led to higher
nergy and stronger collision, with consequences on the Ka values,
hich were found to increase [42].
100 4.47 ± 0.88 0.52 ± 0.04

a Standard deviation.

In general, the interaction between quenchers and proteins
can take several forms, i.e., electrostatic interactions, hydropho-
bic attraction, hydrogen bond formation, van der Waals attraction,
and even covalent binding [43]. The temperature dependence of
the binding constant (Kb) provided information on the sign and
magnitude of the enthalpy change (�H), entropy change (�S) and
change in free energy (�G) of the OVA upon addition of acry-
lamide and KI (Table 3). For quenching with acrylamide at pH 7.0
in the temperature range of 60–80 ◦C, the positive �H indicated
that the interaction between acrylamide and OVA is endothermic,
whereas at higher temperature the interaction was exothermic. For
acrylamide, in the lower temperature range, �G  was  negative sug-
gesting that binding occurred spontaneously. The positive entropy
value (�S) between 60 and 80 ◦C suggested that the solvent sur-
rounding molecules arranged themselves in a less orderly fashion
when the interaction took place. The values for �H and �S  sug-
gested that the interaction between acrylamide and OVA at pH 7.0
is determined by electrostatic interactions. At higher temperature,
the interaction seemed to be unfavorable from a thermodynamic
point of view due to the folding, which normally promotes more
ordered configuration of the molecules.

Based on thermodynamic parameters presented in Table 3(a)
the interaction between OVA and acrylamide between 70 and
100 ◦C at pH 4.5 is also unfavorable due to folding of polypeptide
chains. When the heat treatment was  performed on protein solu-
tion of pH 9.5, the interaction between OVA and acrylamide was
exothermic in the whole studied temperature range. The negative
value of �H, correlated with positive value of �S  suggested that the
contacts established were mainly electrostatic, whereas the nega-
tive value of �G  was  an indicative of the spontaneous nature of the
interaction.

The same trend was observed in case of quenching with KI,
except for the sample at pH 7.0, when the quenching was  favored
at temperatures higher than 70 ◦C, the interaction being mainly
driven by the electrostatic forces acting between the two types of
compounds.

3.6. pH and heat induced changes in OVA antigenicity

ELISA, which is an easy-to-use and rapid analytical technique
widely used for the detection of allergens in food, was further
employed to quantify the potential of pH and thermally treated
OVA to bind to the specific antibodies.

Analyzing the results presented in Fig. 7 one can see that heat
treatment up to 100 ◦C of OVA at pH 4.5 and 7.0 had no significant
influence on the capacity of the antibodies to recognize the protein.
These results suggest that even at high temperatures the OVA pre-
serves the immunoreactive epitopes. In case of the heat treatment
at 100 ◦C, the residual antigenicity of OVA samples is 84.56 ± 3.66%
of the antigenicity should be taken into account, because of the
contamination of the commercially purified OVA by ovomucoid [1].
Due to important modification of protein conformation at alkaline
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Table  3
The thermodynamic parameters for the association of heat treated OVA with acrylamide (a) and KI (b).

a)

T(K) pH 7.0 pH 4.5 pH 9.5

�H
(K J mol−1)

�S
(J mol−1 K−1)

�G
(K J mol−1)

�H
(K J mol−1)

�S
(J mol−1 K−1)

�G
(k J mol−1)

�H
(J mol−1)

�S
(J mol−1 K−1)

�G
(k J mol−1)

298

−11.45 ± 3.75a

16.62 ± 4.29b
39.93 ± 0.90a

−39.57 ± 0.10b

−12.72 ± 0.95 −42.89 ± 1.58
333  −14.12 ± 0.78 43.66 ± 1.23 −46.32 ± 1.47
343  −14.52 ± 0.68 23.82 ± 1.33c −59.56 ± 0.30c 44.25 ± 2.63 −13.72 ± 0.38 9.79 ± 0.01 −47.30 ± 1.89
353  19.51 ± 0.74 44.85 ± 2.98 −48.28 ± 2.01
363  19.91 ± 1.25 −49.26 ± 1.25
373  20.30 ± 1.36 −50.24 ± 2.13

b)

T(K) pH 7.0 pH 4.5 pH 9.5

� H
(K J mol−1)

�S
(J mol−1 K−1)

�G
(K J mol−1)

�H
(K J mol−1)

�S
(J mol−1 K−1)

�G
(k J mol−1)

�H
(J mol−1)

�S
(J mol−1 K−1)

�G
(k J mol−1)

298

80.82 ± 3.04d

−10.69 ± 1.66e
−17.58 ± 0.01d

36.46 ± 0.03e

82.48 ± 3.56 −12.40 ± 1.07
333  88.64 ± 2.56 20.94 ± 0.78 −13.16 ± 0.48
343  −13.52 ± 1.24 11.52 ± 3.10f −28.30 ± 0.08f 21.23 ± 0.95 −59.60 ± 0.45 21.93 ± 0.01 −13.38 ± 1.74
353  −13.88 ± 1.45 21.51 ± 0.74 −13.59 ± 0.87
363  −14.24 ± 0.98 21.79 ± 0.63 −13.81 ± 0.89
373  −14.61 ± 1.02 −14.03 ± 1.05

a Temperature range 60–80 ◦C.
b Temperature range 80–100 ◦C.
c Temperature range 60–80 ◦C.
d Temperature range 25–70 ◦C.
e Temperature range 70–100 ◦C.
f Temperature range 60–90 ◦C.
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Fig. 7. Residual antigenicity of OVA solutio

H, a significant decrease of over 82% of the residual antigenicity
f OVA was observed for temperatures higher than 80 ◦C (Fig. 7).

When subjecting the protein to denaturing agents, the confor-
ational epitopes are prone to changes or even destruction with

ignificant alteration of the clinical importance, whereas the lin-
ar epitopes are usually rather well conserved. On the other hand,
he thermal processing in different environmental condition might
ven favor the formation of new conformational epitopes. The
ecovery in case of the egg-allergic children appears to be more
ifficult when developing IgE antibodies against linear epitopes

ompared to cases when the IgE antibodies recognized conforma-
ional epitopes [5,44,45]. Moreover, there are some reports on the
xistence of egg-allergic individuals who tolerate thermally treated
ggs but react to raw eggs [8,46].
H 4.5, 7.0 and 9.5 after thermal treatment.

3.7. In silico characterization of IgE epitopes of OVA

The in silico approach was used to gather information on the
atomic events responsible for the thermal induced behavior of OVA.
The protein model was  minimized, solvated and equilibrated at 25,
60 and 90 ◦C, temperatures indicated by the experimental tech-
niques as being relevant for the thermal behavior of OVA. Detailed
analysis of OVA at single molecule level allowed establishing the
motifs of the secondary structure responsible for protein behavior
at tested temperatures. Regardless of the simulated temperature,

at neutral pH there is an equilibrium in terms of contents of amino
acids involved in helices and strands based secondary structure
elements. Although the root means square deviation obtained by
superimposing the backbones of OVA models equilibrated at 25 and



580 N. Stănciuc et al. / International Journal of Biolo

Table  4
Secondary structure and surface descriptors of OVA under thermal treatment.

Descriptors Temperature, ◦C

25 60 90

Structure descriptors
Strands, % 28.2 29.8 28.3
� helix, % 28.9 28.5 28.5
3–10 helix, % 1.0 0.2 0.4
H  bonds within the protein 1132 ± 15 1134 ± 17 1119 ± 16
H  bonds between
protein and water

2528 ± 24 2338 ± 29 2255 ± 29

Surface descriptors
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Total protein surface, nm 173.54 ± 1.69 171.91 ± 1.77 173.43 ± 1.97
Hydrophobic surface, nm2 88.43 ± 1.30 88.84 ± 1.23 89.15 ± 1.48
Volume, nm3 63.78 ± 2.37 64.13 ± 2.16 63.92 ± 2.42

0 ◦C was 2.03 Å, no important variation of stands and helical con-
ents could be observed (Table 4). Anyway, in agreement with the
bservations of Hu and Du [9], the thermal treatment caused the

ncrease of the total number of �-sheets from 11 to 15.
The protein models equilibrated at different temperatures were

urther used for identifying the main changes induce in the confor-
ation of the IgE-binding epitopes. A complete fine mapping of the

gE-binding epitopes of chicken egg OVA molecule was  reported by
ine and Rupa [10] after performing in human study involving egg-

llergic patients. They provided indication regarding the existence
f five different immunodominant IgE allergenic epitopes, namely
eu38-Thr49, Asp95-Ala102, Glu191-Val200, Val243-Glu248 and Gly251-
sn260. The sequence of amino acids in the first four epitopes
ppears to be critical, as substitution of a single amino acid (except
or Ala102) led to the complete loss of IgE binding activity. In case
f the ten amino acids long Gly251-Asn260 epitope, the substitu-
ion of only three residues (Gly251-Glu253) caused the alteration
f the IgE binding [10]. These epitopes are located in hydrophobic
egions of the proteins. In fact, out of the 46 amino acids of OVA epi-
opes, over 54% of the residues are hydrophobic, whereas the rest
re polar (11) and charged residues (10). In agreement with Mine
nd Rupa [10] the close analysis of the models equilibrated at dif-
erent temperatures indicated that, except for the Glu191-Val200, all
ther epitopes are located on protein surface and mainly consist on
trand and turn motifs. Only small changes in the conformation of
he OVA epitopes were observed when increasing the temperature
p to 90 ◦C. The structure of the Leu38-Thr49 epitope, consisting on

 pair of �-helix (Pro31-Tyr42 and Asp47-Val57) connected through
he Tyr42-Ala45 �-turn, was well conserved at thermal treatment.
lthough the total number of hydrogen bonds involving amino
cids of the Asp95-Ala102 epitope decrease from 17 to 12 when
eating the protein from 25 ◦C to 90 ◦C, its overall conformation,
ontaining a mixture of beta turn and beta-alpha-beta motifs, was
ot affected. The most important changes were observed in case
f the Glu191-Val200 epitope, where the hydrogen bonding pat-
ern varied significantly with the temperature. The increase of both
ydrogen bond donors and acceptors caused the loss of the G helical
rganization of Asp190-Asp192 sequence, which suffered essential
epositioning of the side-chains. Finally, the beta hairpin conforma-
ion of the Val243-Glu248 epitope and the mixture of helix and beta
urn of the Gly251-Asn260 epitope appeared to be stable against tem-
erature. Based on the sequence of amino acids of OVA epitopes,
he highest instability is expected in case of Gly251-Asn260 sequence
hich contained two glutamic acid residues prone to be involved

n establishing salt bridges that could stabilized unfavorable folded
onformations. On the other hand, due to the existence of the pos-

tively charged Lys and Glu residues in two different epitopes of
VA, significant conformational changes are expected at alkaline
H due to the decrease of ionic attraction, therefore explaining
he significant reduction of the antigenicity obtained at pH 9.5 and

[

[

gical Macromolecules 93 (2016) 572–581

temperatures over 80 ◦C. This detailed characterization of the IgE-
binding epitopes of OVA in different environmental condition is
crucial because they play a critical role in the aetiology of allergic
disease [10].

4. Conclusions

The fluorescence measurements indicated important folding
and/or aggregation events when heat treating the OVA solution of
pH 4.5, whereas the thermally induced changes in the tertiary struc-
ture of OVA at pH 7.0 and 9.5 mainly consists on partial unfolding.
Although the fluorescence measurement suggested the alteration
of OVA conformation at high temperatures, the protein at pH values
of 7.0 and 4.5 retains most of the allergenic epitopes even at 100 ◦C.
Low levels of residual allergenic components were observed in case
of heating at temperatures higher than 80 ◦C the OVA at alkaline pH
value. Further tests will be performed to determine the influence of
pH and thermal treatment on the resistance of ovalbumin to pro-
teolysis by digestive enzymes such as to estimate the changes in
overall allergenicity of the protein.
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