Secondary structure of protein in liquid, frozen and dried egg-white samples: Effect of
gamma irradiation treatment
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Abstract
In this study, the the effect of gamma radiation treatment on the secondary structure of whole
egg-white proteins was investigated. Liquid, frozen and dried egg-white samples were
subjected to gamma irradiation doses of 0, 1, 2 and 3 kGy. Protein secondary structures were
determined by Attenuated Total Reflectance Fourier-Transform Infrared (ATR-FTIR)
spectroscopy. In liquid egg-white samples, irradiation caused a conformational change from
-helice to disordered structure. Besides, a decrease in intermolecular β-sheet content was
detected. On the other hand, no significant changes were observed in the secondary structure
of frozen and dried egg-white samples. The significance of the results and their possible
relationship to the viscosity decrease was also discussed. It was suggested that radiationinduced structural rearrangements may play a key role in the viscosity decrease.
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Introduction
Egg, as a stand-alone product or as a food ingredient, is an important source of nutrition. Eggwhite consists of approximately 40 different kinds of proteins such as ovalbumin,
ovotransferrin, ovomucoid, ovomucin, avidin and lysozyme [1]. Eggs contaminated with
microorganisms have been a major problem for public health. Gamma radiation treatment is
an alternative technology that can destroy harmful pathogens and extent shelf life of eggs and
egg products [2]. Food and Drug Administration (FDA) has approved irradiation of eggs at
doses up to 3 kGy.
The irradiation treatment may affect the secondary structure of the egg-white proteins.
Previously, the effect of gamma irradiation on the secondary structure of ovomucoid and
ovalbumin solutions has been identified by circular dichroism (CD) spectroscopy [3]. In that
study, however, analyses have been performed on the dilute (0.02%) individual protein
samples. So, the reported secondary structure profiles for each sample is probably not
representative of the original egg-white sample, since the intermolecular interactions between
the proteins may change the secondary structure profile of albumen. Moreover, since eggwhite is a very concentrated solution of protein in water, the effect of gamma radiation can
cause different degrees of changes in the secondary structure profile.
In addition, it has been reported that irradiation can affect the functional properties of eggwhite in a distinct way [4]. For instance, irradiation induces a dramatic decrease in viscosity
of the egg-white samples [5-8]. It has been suggested that the decrease in viscosity may be
due to the breakdown of proteins. However, Ma et al. [5] obtained only minor bands with
polyacrylamide gel electrophoresis of irradiated egg-white proteins at doses up to 2.98 kGy.
Besides, Hajós et al. [9] studied the effect of irradiation on the polypeptide pattern of eggwhites and observed only slight changes regarding the molecular masses of protein zones and
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reported that cleavage of protein chains is not significant. Pinto et al. [7] also reported only
slight degradation of the higher molecular weight proteins with an irradiation dose of 5 kGy,
however, no degradation of the major egg white protein. Although Song et al. [8] explained
the viscosity decrease of liquid egg-white samples by chain scission, in the previous study [3]
the authors showed that radiation effect was more significant at low protein concentration,
with increase of protein concentration the molecular weight profile of irradiated ovalbumin
became close to non-irradiated control sample. In summary, these studies suggested that the
degree of molecular weight profile change of the irradiated proteins was affected by protein
concentration and absorbed dose. Low-dose radiation did not cause a significant change in the
molecular weight of concentrated samples. However, a marked decrease in the viscosity of
egg-white samples was observed, even after low-dose irradiation. As a result, another
important factor, change in the secondary structure, can contribute to the decrease in viscosity
of irradiated egg-white proteins.
Fourier-Transform Infrared (FTIR) spectroscopy is recognized as a valuable tool for the
examination of protein conformation in H2O-based solution, as well as in deuterated forms
and dried states, resulting in a greatly expanded use in studies of protein secondary structure
and protein dynamics in the past decade. The most sensitive spectral region to the protein
secondary structural components is the amide I band (1700−1600 cm−1), which is due almost
entirely to the C=O stretch vibrations of the peptide linkages. The frequencies of the amide I
band components are found to be correlated closely to the each secondary structural element
of the proteins [10]. In our study, therefore, the effect of gamma irradiation on the secondary
structure of real liquid, dried and frozen egg-white samples were examined using Attenuated
Total Reflectance Fourier-Transform Infrared (ATR-FTIR) spectroscopy. ATR accessory is
simpler to use than the conventional transmission mode. All types of samples (e.g. solids,
liquids, powders, pastes, pellets, slurries, fibers etc.) can be analysed within a few seconds. In
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addition, the effect of secondary structural change on the viscosity of egg-white samples was
discussed.
Material and Methods
Samples and gamma irradiation
Liquid and dried egg white samples were supplied from AB Foods Inc. (Balıkesir, Turkey). A
certain amount of liquid egg samples were frozen immediately at -18±1 °C in a freezer (Beko
3400 CF, Turkey). All egg samples (liquid, frozen and dried) were exposed to ionizing
radiation using tote-box type irradiator equipped with 60Co gamma source (SVST-1 category
IV) at Turkish Atomic Energy Authority, Sarayköy Nuclear Research and Training Center
(Ankara, Turkey). Irradiation was performed at doses of 0, 1, 2 and 3 kGy. The dose
distribution was measured using Harwell Amber 3042 dosimeter. Irradiated and nonirradiated liquid, frozen and dried egg white samples were stored until analysis at +4±1 °C, 18±1 °C and at room temperature, respectively.
FTIR measurements
Irradiated and non-irradiated liquid, frozen and dried egg white samples were analyzed in a
TENSOR 27 FTIR spectrometer (Bruker Optik GmbH, Ettlingen, Germany). Samples were
placed on the PIKEMIRacle attenuated total reflectance (ATR) device (ZnSe crystal) and
carefully pressed down to ensure a good contact with the ATR crystal. Spectra were recorded
in the 4000-600 cm-1 infrared spectral range with 4.0 cm-1 resolution and for each
measurement 128 scans were averaged. A minimum of 3 spectra was used for spectral
analysis. Spectra of the samples were processed using Bruker OPUS 6.5 software.

4

Spectral analysis and secondary structure estimation
The quantitative estimation of secondary structures of the proteins present in the egg-white
samples was determined according to the frequency-based curve-fitting procedures described
elsewhere [10-13]. According to these procedures, mathematical methods are necessary to
resolve the individual band component corresponding to specific secondary structure [10]. In
this paper, in order to determine -helix, -sheet, -turn, and disordered structures
individually and carry out quantitative analysis of these secondary structures, the amide I
region of the spectra (1600-1700 cm-1) were subjected to Fourier self-deconvolution (FSD)
and curve fitting methods. FSD was performed with Lorentzian band shape, an enhancement
factor of 1.3 and bandwidth of 15 cm-1. Deconvolution spectra were used to determine the
number and the positions of the absorbance peaks located in the amide I region. These bands
were used as starting parameters for the curve-fitting procedure. The relative proportions of
secondary structures quantitatively estimated from the areas under the peaks centered at this
absorption bands. The entire procedure was replicated three times and differences among
means were tested using Duncan’s multiple range test, at a significant level of P  0.05.
Viscosity measurements
A digital rotary viscometer (Sine-wave Vibro Viscometer SV-10, JAPAN) was used to
determine the viscosity of irradiated and non-irradiated liquid egg-white samples. Samples
were cooled to 4 C and all the viscosity measurements were performed at this temperature.
Viscometer was calibrated before each measurement with purified water. The entire
procedure was replicated three times and differences among means were tested using
Duncan’s multiple range test, at a significant level of P  0.05.
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Results and Discussion
FTIR spectroscopy is a valuable tool for the investigation of protein secondary structure. The
amide I vibration depends on the secondary structure of the backbone and is therefore used for
secondary structure analysis. Fig. 1 shows the FSD spectra of non-irradiated liquid, dried and
frozen egg-white samples. As can be seen, amide I band was resolved into five component
bands. Bands in the region of 1610−1700 cm−1 have been assigned to different type of
secondary structures (-helice, -sheet, -turn and disordered conformations) by many
authors [10, 14-16]. Other bands can arise from the side chain absorptions. Thus, the weak
bands around 1607 cm-1 in all samples were assigned to side-chain absorption and the other
four bands were used to evaluate the secondary structures. The assignments of the secondary
structures reported in the literature [16] and obtained in our study are presented in Table 1.
In the present study, curve fitting technique was used to determine the amounts of secondary
structure content. However, only one peak was obtained in the region between 1642−1657
cm−1 (Fig. 1), which is associated with -helical and disordered structures. The presence of
more than one protein species in the samples may probably cause the overlap between two
adjacent peaks. Moreover, the attempts to resolve the bands were unsuccessful, probably due
to extensive overlapping. It has also been reported that the difficulty in resolving -helices
from random coils is one of the shortcomings of amide I IR absoption spectroscopy [17]. So,
the results obtained from the -helice bands were reported as the sum of the absolute amounts
of -helice + disordered structures. Beside the obtained percentages of secondary structures,
band frequency shifts were also used to discuss the effect of freezing, drying and irradiation
on secondary structures of egg-white samples.
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As seen in Table 2, the difference between relative peak areas of -helice + disordered
structure in non-irradiated liquid and frozen samples was not significant, however, the band
centered at 1645 cm-1 for liquid egg-white sample (0 kGy) was appeared at 1643 cm-1 for nonirradiated frozen sample (Fig. 1 and Table 1). Although the two samples seem to have almost
the same amount of -helice + disordered structures, the shift in peak positions indicates a
structural transition. A peak shift to lower wavenumber of a composite absorption can be
produced by an increase in the intensity of a low-frequency component [18]. Since the
disordered conformation is the low-frequency component of this band, it has been suggested
that freezing promote a structural transition from -helical conformation to disordered
structure due to the cold denaturation. In addition, the decrease in the -helical structure with
the concomitant increase in the disordered structure did not cause any change in the relative
area of this band. On the other hand, same band was more shifted towards lower wavenumber
(1642 cm-1) for the non-irradiated dried sample, indicating helice-coil transition was more
pronounced in this sample. As can be seen in Table 2, percentage contribution of -helice +
disordered peak was decreased while the relative area of low-frequency -sheet was increased
in dried sample (0 kGy) compared to the same peaks obtained from the non-irradiated liquid
and frozen samples. Low-frequency -sheet band is composed of two components; the
intermolecular (1620-1630 cm-1) and intramolecular (1630-1640 cm-1) hydrogen-bonded sheet structures [16,19], however, the high-frequency -sheet is more useful in quantitative
band analysis because it is separated from the other bands and integrated area of this peak is
proportional only to the population of intramolecular -sheet structures [20]. As shown in
Table 2, the high-frequency -sheet content down to  4% in dried sample ( 6% in liquid
sample), indicating a decrease in intramolecular -sheet population. In addition, the peak shift
observed for low-frequency -sheet band in dried sample also give valuable information
about the structural transition. This band was appeared at 1631 and 1627 cm-1 for non7

irradiated liquid and dried egg-white samples, respectively. The shift to lower wavenumber
indicates an increase in the intermolecular hydrogen-bonded -sheet component and/or a
decrease in the intramolecular -sheet structures. The reduction in the high-frequency -sheet
band, as mentioned above, is indicative of the decrease in the intramolecular component. On
the other hand, Ngarize et al., [21] reported that heat denaturation caused an increase in the
intermolecular hydrogen-bonded -sheet structures of heated ovalbumin due to the
aggregation. So, the observed low-frequency band shift of the non-irradiated dried sample can
be explained by the sum of both effects. In terms of amount of the secondary structure, the
obtained result is a substantial increase in low-frequency β structure compared to the native
conformation (liquid sample) due to aggregation. Another point that needs to be emphasized
is that total β-sheet content present in liquid egg-white sample was high (49%) compared to
that in protein samples consist of only one species, for instance, Ngarize et al., [21] reported
that native ovalbumin had 34% total β-sheet structure. It is an important result because it
shows the behavior of the real sample. It can be suggested that protein-protein interactions
cause this significant increase since the protein mixture in high concentration (real liquid eggwhite) was used as sample in this study.
In non-irradiated frozen samples, helice-coil transition was also observed, however, lowfrequency -sheet band did not shift towards lower wavenumber, indicating cold denaturation
did not give rise to the intermolecular -sheet formation (Fig. 1, Table 1). In addition, the
percentages of high-frequency -sheet component in non-irradiated liquid and frozen samples
are not significantly (P < 0.05) different. When compared to the liquid sample, there was an
increase in -turn content of the dried sample, whereas the frozen sample showed a decrease
in this structure. These results suggest that the pathway of the cold denaturation is
substantially different from that of the heat denaturation.
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Band positions (Table 1) and percentages of secondary structures (Table 2) of the dried and
frozen samples were not significantly (P < 0.05) change after irradiation up to 3 kGy. In liquid
sample, however, the band assigned to -helice + disordered structure (1645 cm-1, nonirradiated) was shifted toward lower wavenumber (1643 cm-1) after irradiation with a dose of
3 kGy, indicating a decrease in the -helical structure with a concomitant increase in the
disordered structure (Fig. 2). The radiation energy absorbed by the dried sample can break the
hydrogen bonding network of the ordered structures, but free radicals are not present in high
quantity due to low-dose irradiation. Dry samples hold practically no water, so polar radicals
can not interact with water and/or radiolysis products of water, instead of this they undergo
recombination to form regular structures again. In addition, it can be suggested that the
mobility of radicals in dried samples is not fast enough to cause secondary structural
transition. As a result, irradiation at low-dose did not cause significant changes in the
secondary structure of the dried samples. Similar result was obtained for irradiated frozen
samples. Radicals diffuse much more slowly in frozen samples than in liquid samples due to
the lower temperature. They are trapped in the frozen material; tend to recombine to form the
original substances [22a]. Therefore, the effect of low-dose radiation on the secondary
structure of frozen sample was not significant.
On the other hand, during irradiation of liquid samples, water absorbs large fraction of the
radiation energy and peroxy and hydroxyl radicals are formed [22b]. In particular, hydroxyl
radicals can generate radical sites on the molecules and free radical mediated chain reactions
can cause polypeptide chain scissions. These modifications in the primary structure of the
proteins can give rise to distortions in the secondary structure. However, as mentioned in the
introduction section, the effect of low-dose irradiation on the molecular weight profile of
concentrated protein samples is less drastic. This result can be explained by the ratio of the
amount of the proteins to the amount of radiolysis products of water. At low concentrations,
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the total number of target protein molecules is not large, therefore, the necesssary amount of
reactive radiolytic products of water for the degradation of the molecules will appear even
after irradiation with low doses. In concentrated solutions, with the dose being same, same
amount of radiolytic products of water is formed, but the protein content is much higher than
the diluted solutions. Therefore, the number of reactive species will not sufficient to cause
significant damage. In this study, liquid egg-white samples were directly irradiated without
diluting them, so the protein concentration in liquid samples was extremely high (10% or
100 mg/ml). Thus, no significant change is expected in the primary structure of the liquid
egg-white proteins. So, the reason of the observed helice-coil transition for liquid samples
might be the radiation-induced cleavage of the hydrogen bonds that form the helice structure
and/or destabilization of α-helical structure due to the reactive oxygen species, giving rise to
an enhancement in disordered conformation. However, it should be noted that low-dose
radiation caused partial unfolding; applied doses in this study probably could not supply the
energy required to destabilize all existing hydrogen bonds, hence limited helice-coil transition
was observed up to 3 kGy. This transition was proposed based on the shift of the helice-coil
band in non-irradiated sample (1645) to lower wavenumber (1643) in irradiated sample at 3
kGy (Fig. 2, Table 1). On the other hand, band position of low-frequency β-sheet in nonirradiated sample (1631) shifted to higher wavenumber after irradiation up to 3 kGy (1633),
suggesting a decrease in intermolecular β-sheet and/or an increase in intramolecular β-sheet
content. The decrease in intermolecular β-sheet could be due to the hydration of the coils on
the protein surface that cause reduction of protein-protein interaction. The formation of
intramolecular β-sheet structures was ruled out since the percentage of high frequency β-sheet
content did not change (Table 2). As can be seen in Table 2, the turn content of irradiated
liquid sample remained unchanged after irradiation and this may be an explanation for
maintaining the folded state of the egg-white proteins.
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The results of viscosity measurements are given in Table 3. As can be seen, irradiated liquid
egg-white samples show a decrease in viscosity with increasing doses of irradiation. Several
authors have explained the decrease in viscosity of irradiated dilute egg-white proteins by
peptide chain scission [5,8,23]. As mentioned before, at low irradiation doses (below 2-3
kGy) the primary structure of proteins in a high concentration solution is expected to be stable
or chain scissions would be very small in the dose range up to 3 kGy. However, we observed
a significant decrease in the viscosity of whole liquid egg-white sample after irradiation even
at a dose of 1 kGy. Two explanations can be postulated with respect to this observation:
decrease in intermolecular interactions and dehydration of the protein core during irradiation.
Galush et al., [24] showed that the high viscosity characteristic of high protein concentration
solutions is caused by molecular crowding and direct interactions among proteins. Such
interactions lead to the formation of long-range protein networks and result in high solution
viscosity. For instance, it has been reported that viscosity decreases with aging as the
ovomucin-lysozyme complex breaks down [25]. The observed decrease in intermolecular
interaction of the irradiated liquid samples in this study may be the one of the reasons for the
viscosity decrease in irradiated liquid egg-white samples. However, this decrease was
obtained after irradiation at dose of 2 kGy. So, another reason, the radiolysis of buried water,
may contribute to the viscosity decrease.
The studies of buried water have revealed that cavities of protein interiors contain solvent
molecules and these solvent molecules tend to form hydrogen bonds with main-chain polar
atoms. It has been observed that buried water molecules appear preferentially near regions
without regular secondary structures [26]. Ionizing radiation can cause radiolytic
decomposition of buried water and the core of the protein become more hydrophobic. It has
been reported that buried water molecules in globular proteins exchange with bulk solvent on
a nanosecond to microsecond timescale [27]. According to this, after radiolysis of deeply
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buried water, transition of a new water molecule from the bulk is expected to occur in
microseconds or less. However, formation a new intramolecular hydrogen bond between the
polar R-groups of the polypeptide chain in the core will be much faster. However, these
interactions could not be observed in the spectrum since they did not form a regular secondary
structure. Beside, hydrophobic interactions between nonpolar R-groups in the protein interior
can also be increased. Consequently, it could be suggested that radiolysis of the buried water
molecules caused more hydrophobic environment in the interior of proteins, thereby packing
interactions in the core collapsed the structure and lead to reduce the of the volume of the
proteins. Proteins probably occupied a smaller spherical size after irradiation, and this may be
other the reason that cause a considerable decrease in the viscosity of liquid egg-white
samples. However, more studies are needed to confirm this suggestion.
Conclusion
For the first time (to our knowledge), the secondary structure distribution and freezing-,
drying- and gamma radiation-induced changes in the secondary structure profile of whole
egg-white proteins was determined by FTIR in this study. According to the results, the
composite nature of egg-white showed different secondary structure profile compared to that
of individual proteins in egg-white. Since the egg-white sample is a mixture of numerous
proteins, contribution of intermolecular -sheet component to the secondary structure profile
was found to be high due to the protein-protein interactions. Both freezing- and dryinginduced denaturation caused a helice-coil transition in non-irradiated samples. However, lowfrequency -sheet maxima was shifted to lower wavenumber only in dried sample, indicating
heat denaturation gave rise to the intermolecular -sheet formation due to aggregation and the
pathway of the cold denaturation is substantially different from that of the heat denaturation.
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It was observed that gamma irradiation did not lead to complete unfolding and left a
significant part of the proteins in a globular form. Moreover, irradiation gave rise to a
decrease in intermolecular interactions and it was suggested that this might be a reason for the
reduction of viscosity. Another reason to be considered might be the radiolysis of buried
water, which caused more hydrophobic environment in the interior of proteins. In this
environment probably the hydrogen bond donors and the acceptors of side chains were close
enough together and the interaction became strong enough for them to form hydrogen bonds.
Thus, this effect improved internal packing and reduced the volume of the proteins, resulting
in a decrease in viscosity in the liquid egg-white samples.
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Figure Captions
Figure 1. Fourier self-deconvoluted amide I band of non-irradiated liquid, frozen and dried
egg-white sample
Figure 2. Fourier self-deconvoluted amide I band of non-irradiated and irradiated (3 kGy)
liquid egg-white sample

Table Captions
Table 1. Assignment of amide I band positions to secondary structure for non-irradiated
liquid, frozen and dried egg-white samples
Table 2. Secondary structure percentages of non-irradiated and irradiated liquid, frozen, dried
egg white samples
Table 3. Viscosity of non-irradiated and irradiated liquid egg-white samples
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