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Abstract An attempt has been made to detect the effect
of a small dose of ionizing radiation on the course of
o,f-globulin thermal denaturation in aqueous solutions.
Doses of 0.1 and 1.8 Gy have been delivered using y-rays
emitted by ®°Co isotope while doses of 10 and 100 Gy have
been supplied by X-rays produced by linear accelerator.
The highest dose has visibly changed DSC curve of protein
solution while the changes due to lower doses are hardly
detectable. Although very weak, the irradiation effect found
has been dose dependent. The results suggest that the
influence of ionizing radiation on globulins solution is
bigger when the dose rate is lower at given dose. The
opposite direction of differences between irradiated and
control samples for fresh and stored protein solutions sug-
gests various characters of changes in initial and later period
of sample aging. This may be an important reason for dif-
ficulties in an investigation of the effect of ionizing radiation
on protein solution, especially for low doses delivered very
slowly.
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Introduction

The benefits and risks of practices that use ionizing radiation
in research, medicine, industry, and energy production are
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nowadays widely discussed. The biological and health
effects from exposure to high doses of ionizing radiation
have been well documented [1]. In practice doses, from
50 Gy up to kilograys are widely used, e.g., in radiotherapy
treatment, in the manufacture of products derived from
plasma (dose of 45 kGy inactivates all known blood-borne
viruses), as well as in sterilization of the medical equipment
and food products. The effects of irradiation at high doses
of tens kGy on molecular, physicochemical, and func-
tional properties of various proteins have been widely
reviewed [2—10].

A growing interest can be observed in studies concern-
ing effects from exposure to low-dose radiation on bio-
logical systems. Recent evidence suggests that low doses of
ionizing radiation might have a beneficial effect as well as
be a harmful agent, depending on the biological structure
where the dose is deposited and on the stage of its devel-
opment. The distinct effect of low- (below 0.5 Gy) versus
high-dose radiation on cell proliferation has been demon-
strated [11]. Description of stimulation of the repair
mechanisms and the reduction of cancer incidence in a
population irradiated with doses around 0.1 Gy can be
found in literature [12].

A number of studies has been reviewed that demon-
strate an adaptive response following low doses of ion-
izing radiation [13-15]. The opposite direction of cellular
and molecular changes induced by low (below 0.2 Gy)
versus high dose (above 0.5 Gy) has been observed [16].
Also, the low-dose radiation research program in the
Department of Energy has been aimed at understanding
the outcomes of the observation of biological effects of
low doses [17].

In general, research of low-dose effects is directed into
two ways: (1) the understanding of the mechanisms of the
cellular response to ionizing radiation together with
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the dose-rate effect which is aimed at the improvement of
the effectiveness of radiation therapy as well as the epi-
demiological studies of the natural environment, and (2)
the searching for changes in physical properties of the
molecules aimed at the so-called biomolecular dosimetry,
where the relation between the strength of these changes
and the dose of radiation is of the particular interest.

The influence of ionizing radiation on proteins has been
the subject of great attention, and different techniques have
been applied to study radiation-induced modifications in
proteins [9, 10]. Changes in peptide ions’ abundance
in serum after radiotherapy (51-72 Gy) as well as changes
in serum proteome profiles are observed and expected to
have a potential prognostic and predictive value in radia-
tion therapy [18, 19].

Differential scanning calorimetry (DSC) is a rapidly
expanding technique in bio-life and medical sciences, more
and more often applied to biological systems in recent
years, e.g., [20, 21]. DSC belongs to experimental methods
which enable the detection of differences between the non-
irradiated and irradiated protein. In particular, a significant
effect of gamma irradiation at doses of 20-30 and
2.5-3 kGy has been shown by Ciesla et al. for globulins
denaturation DSC profiles. It has been also found that the
changes in the protein denaturation course were bigger
after irradiation performed for water suspensions, as com-
pared to native solid state samples irradiated at the same
conditions [22]. However, there are probably no reports
concerning the influence of small (lower than kGy) doses
irradiation on the process of protein denaturation observed
with using DSC.

The aim of this DSC study was to investigate the effects
of relatively low-dose ionizing radiation on human serum
proteins: «,f-globulins in aqueous solutions. We have been
using high-sensitivity DSC to examine and compare the
thermal unfolding process of irradiated and non-irradiated
globulins. An attempt has been undertaken to find thermal
effects due to the gamma irradiation with doses of 0.1 and
1.8 Gy as well as X-irradiation with doses of 10 and
100 Gy.

Applied dose values are important from radiotherapeutic
as well as radiation protection points of view. Standard sin-
gle-fraction dose used in teleradiotherapy is within the range
1.6-2 Gy, that is connected to the so-called window of
opportunity at curve of survival [23], within which healthy
cells have greater survival rate than cancer ones. Although
extended in time, total doses in teleradiotherapy, brachy-
therapy, and nuclear medicine are of the order of 65-100 Gy.
Doses of 100 Gy are also used in the preparation of
antitumor vaccines for nonproliferation purposes [24].

In total or half body irradiation, when aplastic anemia,
leukemias, and lymphomas are treated, total dose of max-
imum 10 Gy has been given in a single fraction to

@ Springer

immunosuppress the patient prior to receiving the bone
marrow transplant [25].

Both radiation sources used in presented study are
applied in radiotherapeutic treatment. Although in most of
the oncological centers cobalt ®®Co machines have been
replaced by linear accelerators in radiotherapeutic proce-
dures, still gamma radiation of this isotope is often treated
as a reference for calibration of dosimetric equipment used
in quality control of linac photon beams [26]. The radiation
quality of these two sources is characterized by the value of
linear energy transfer equal to 0.3 keV pm™" [27].

Experimental
Materials and sample preparation

o,f-Globulins (product G3637) from human blood were
obtained from Sigma Chemical Co. Protein solution at con-
centration 1.5 mg mL™' was prepared by dissolving the
proteins in degassed water pro injection (pH = 6.5). The
exact protein concentration was determined spectrophoto-
metrically using absorption spectra recorded in the
wavelength range of 200—400 nm on JASCO V-530 spec-
trophotometer using 1.0-cm-path length quartz cuvettes.

The prepared portion of solution was divided into three
parts: (1) kept over the time of experiment in a refrigerator
(about 4 °C), (2) designed for irradiation, and (3) control—
kept in the same conditions as sample (2) excluding the
process of irradiation. The solution (1) was treated as the
reference for the solution (3), while the solution (3) was
the reference for the solution (2). All samples were stored at
about 4 °C until further analysis. Aging of protein samples
was observed for a few weeks.

Irradiation experiment

o, 3-Globulins solutions were exposed at ambient temperature
to electromagnetic ionizing radiation resulting in absorbed
dose 0f 0.1, 1.8, 10, and 100 Gy. Doses of 0.1 and 1.8 Gy were
delivered using y-rays emitted by ®°Co isotope with the
average energy of 1.25 MeV. Due to limited activity of the
source, dose rates were 0.1 and 0.4 mGy min~ ', respectively.
The distance of ®°Co exposure was varied from 1 to 4 cm to
maintain similar irradiation time (about 70 h). Experiments
for individual doses were repeated three times.

Doses of 10 and 100 Gy were supplied by X-rays pro-
duced by linear accelerator working at the nominal
potential of 6 MV. Produced Bremsstrahlung radiation is
characterized by a continuous photon spectrum up to
6 MeV with the average energy of 1.76 MeV [27]. In order
to provide uniformity of dose distribution throughout the
whole sample, two opposite X-ray beams were directed
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perpendicular to the longer axis of the flask containing the
solution. In each of these two fractions, half of the planned
dose was delivered. High-dose rate (HDR) of 1.7 Gy min™"
and low-dose rate (LDR) of 0.6 Gy min~' were applied.

Both radiation types used are of the same nature and
have similar/comparable average energies, but applied
X-ray source enables to get higher doses in reasonable time
due to its better (clinically used) efficiency.

DSC measurements

DSC measurements were carried out on a VP DSC ultrasen-
sitive microcalorimeter (MicroCal Inc., Northampton, MA)
with cell volumes of 0.5 mL. Heat capacity versus tem-
perature profiles were obtained in the temperature range
20-100 °C at a programmed heating rate of 1 K min~".
The constant pressure of about 1.8 atm over the liquids in the
cells was applied.

The calorimetric data were corrected for the instru-
mental baseline water—water. DSC curves were normalized

for the gram concentration of protein.

Results and discussion

The thermal denaturation of human ¢, f-globulins
serum fraction

The representative DSC cures obtained for two successive
scans of the one portion of a,fS-globulins solution are
shown in Fig. 1. The complex endothermic transition cor-
responds to the thermal protein denaturation. It displays
multiple peaks and shoulders due to contributions from the
unfolding of different constituent proteins of this serum
fraction. The flat 2-nd scan indicates that the denaturation
process of o,f3-globulins in aqueous solution is irreversible.
The process of thermal denaturation of «,f-globulins in
water (pH 6.5) and in buffer (pH 7.2) solution has been
characterized in detail earlier [28].

The direct effect of gamma irradiation
on o,f3-globulin solution

DSC curves shown in Figs. 2 and 3 illustrate averaged
effects of y-rays exposition at 0.1 and 1.8 Gy doses
(delivered with very slow rates: 0.1 and 0.4 mGy min ™",
respectively). These direct effects of irradiation with both
doses are hardly visible in DSC curves. The thermal tran-
sitions for irradiated (2) and control (3) samples do not
differ significantly. There are no differences in thermody-

namic parameters of endothermic denaturation transition.
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Fig. 1 The representative raw DSC data for «,f-globulins solution
(15 mgmL™")
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Fig. 2 The averaged DSC curves (three series of measurements) for
three kinds of o, f-globulin samples: (1) kept in a refrigerator (about
4 °C) during the experiment, (2) irradiated with 0.1 Gy (during 70 h
at about 23 °C), and (3) control (kept in the same conditions as
irradiated sample)

The enthalpies of denaturation AH for irradiated and con-
trol protein are practically the same (Table 1).

However, DSC curves for these two kinds of samples
differ greatly from the curve corresponding to the freshly
prepared protein solution (see Fig. 3) or to the sample (1)
of «,f-globulin solution kept over the time of experiment
(about 70 h) in a refrigerator (see Fig. 2). The differences
in the slope of C, versus T and the decrease of protein heat
capacity in the temperature range 20-50 °C due to the
interval of time spend by samples at room temperatures
during irradiation procedure are well perceptible in Figs. 2
and 3. The shape of exothermic events manifested for
samples (2) and (3) in temperatures 20-50 °C is very
similar. No exothermic contribution is visible in this
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Fig. 3 The averaged DSC curves (three series of measurements) for
fresh o,f(-globulin solution irradiated with 1.8 Gy (during 70 h at
about 23 °C) and control (kept in the same conditions as irradiated
sample)

Table 1 The enthalpy changes AH/J g~' (£0.5 ] gfl) for denatur-
ation of irradiated (i) and control (c) «,f-globulins

0.1 Gy 1.8 Gy 10 Gy/LDR 10 Gy/HDR 100 Gy

i c i c i c i c i c

159 154 155 153 133 142 165 168 145 164

temperature range for fresh and stored ~70h at 4 °C
protein solutions.

The above results indicate that the sought effect from
y-irradiation is much smaller than that coming from 70 h
storage of protein solution in non-cooling conditions.The
heat capacity changes connected with aging of protein
solution in room temperature during irradiation are greater
than those induced by y-radiation. It makes the analysis of
irradiation effect difficult.

In order to clarify the problem, the time of exposition
should be shortened and the effect from higher doses of
y-radiation should be recognized. However, it was not
possible to receive the desired doses during the reasonable
time from the applied ®°Co source due to its limited
activity. Such experiment is planned with the new source in
the future. Currently, the influence of 10 and 100 Gy coming
from X-radiation on thermal unfolding of «,f-globulins have
been studied. The aim of this additional part of experiment,
in which higher doses have been applied, was to see the
course of changes connected with electromagnetic radiation
from ionizing range more evidently.

The effect of X-ray exposition
Figures 4 and 5 show the effects induced by X-rays at a

dose of 10 Gy given with HDR (1.7 Gy min~') and LDR
(0.6 Gy min™ "), respectively. The slight increase of protein
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Fig. 4 DSC curves of irradiated (10 Gy, 1.7 Gy min~') and control
o, f-globulin solution

heat capacity in the temperature range 20-50 °C can be
observed as the effect of irradiation. In addition, the
decrease of heat capacity above about 65 °C is visible in
DSC curve but only for slowly irradiated sample. The
results shown in Table 1 indicate that AH values for
o,p-globulins irradiated with 10 Gy HDR and the control
one are equal. In case of the dose of 10 Gy delivered with
LDR, AH for irradiated protein is about 0.9 J g~' lower
than for non-irradiated. Thus, the same dose of 10 Gy
seems to modify globulins thermal transition more signif-
icantly when it is given with the lower dose rate.

Figure 6 illustrates the effect of globulin solution expo-
sition to the dose of 100 Gy. The comparison of Figs. 5 and
6 points that the highest studied dose (100 Gy) produced by
X-rays with rate 1.7 Gy min~" causes very similar but more
evident changes in protein DSC curve as the dose of 10 Gy
given with the slower rate 0.6 Gy min~"'.

The increase of globulins heat capacity observed in the
lower temperature range after irradiation (Figs. 4, 5, 6)
indicates a partial unfolding of protein under photon ion-
izing radiation. Such explanation may be done by analogy
with the thermal unfolding. One can see in Fig. 1 that
below 50 °C, the DSC curve corresponding to the 2-nd
scan lies above the curve representing the first heating of
protein solution. This is a reflection of changed protein
structure after its unfolding due to the heating to 100 °C in
the first run. Conventionally, the positive changes in heat
capacity during protein unfolding have been ascribed to
increased exposure of hydrophobic groups to water [29].
However, the hydrophobic interactions are not the only
possible source of such changes. In general, the condensed/
closely packed polypeptides—either as a result of specific
folding or less-specific aggregation—have a lower heat
capacity than the unraveled chain exposed to water. The
positive heat capacity changes are to be expected for any
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Fig. 5 DSC curves of irradiated (10 Gy, 0.6 Gy min~") and control
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Fig. 6 DSC curves for o,f-globulin solutions: fresh, irradiated with
100 Gy dose of X-rays and control

process involving the disruption of a cooperative lattice of
multiple weak interactions [30, 31].

A decrease of C, at temperatures above 60 °C is well
visible mainly for a,f-globulin solutions exposed to 100 Gy
dose of X-radiation. A decrease of the transition peak
intensity means a decrease of the area under that peak,
representing the enthalpy of protein denaturation. Accord-
ing to the results shown in Table 1, AH for «,f-globulins
irradiated with the dose of 100 Gy is about 1.9 J g~' smaller
than for non-irradiated control. It indicates a decrease of
protein stability under photon ionizing radiation. The char-
acter of changes suggests that the observed endothermic
transition may be modified by exothermic events such as an
aggregation of protein proceeding in the higher temperature
range.

0.4 - =0= 0.1 Gy

—o— 1.8Gy
1 —2— 10 Gy HDR
024 —4&a— 10 Gy LDR
— 100 Gy

—0.4 L rrarrmm e
20 30 40 50 60 70 80 90 100
Temperature/°C

Fig. 7 Differential curves between DSC curves for irradiated (with
shown doses) and control protein samples

The dependence of the effect on the dose
of ionizing radiation

In Fig. 7, the differential curves obtained as the differences
between DSC curves for protein samples irradiated with
different doses and adequate controls are shown. All dif-
ferences are relatively small. However, the results suggest
the dose dependence of the effect of ionizing radiation on
a,-globulins denaturation process. It is worth to notice the
opposite character of the effect observed in the temperature
range 20-60 °C for the smallest dose of 0.1 Gy in com-
parison with all higher doses. In this temperature range, the
difference between DSC curves for irradiated with 0.1 Gy
and control samples is negative; while for other doses,
analogous differences are positive. The heat effects corre-
sponding to discussed differences, calculated by integration
of differential curves (shown in Fig. 7) from zero are
about: —2,1,and 3 J gfl for doses of 0.1, 1.8, and 100 Gy,
respectively.

The differential curves as well as matching heat effects
for 10 Gy delivered with high-dose rate (HDR) of
1.7 Gy min~" and low-dose rate (LDR) of 0.6 Gy min "
are practically the same in a considered temperature range.
Thus, the dose rate does not influence the protein heat
capacity changes caused by a given dose in that lower
temperature range. Just the opposite, in the temperature
range above 60 °C significant differences occur between
differential curves for 10 Gy dose delivered with both dose
rates. It follows from the comparison of these curves that the
effect of ionizing radiation on the stability of o,f3-globulins
in aqueous solution is more pronounced when the dose rate
is lower at given dose.

It is not clear from our experimental data whether low
doses (0.1 and 1.8 Gy) of y-radiation cause the partial
unfolding of protein structure. The results shown in Figs. 2,
3, and 7 suggest that the answer is “no.” However, the
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y-irradiation time (about 70 h) has been a more meaningful
origin of protein solution changes than ionizing radiation
exposition itself. Effects from both factors overlap and it is
feasible that one of them is able to annul the other. So, it is
necessary to know and understand the aging effect to
eliminate it.

Aging of protein samples stored in a refrigerator
(about 4 °C)

The reported results indicate that the recognizing of the
contribution from the aging process is essential to catch the
effect of low doses of ionizing radiation on protein solu-
tion. Figure 8 illustrates DSC curves for a,f-globulin
solutions stored in a refrigerator at about 4 °C (sample (1))
up to 8 weeks. It is likely that the process of aging for
irradiated and control o,f-globulins (samples (2) and (3))
has proceeded in a similar way as for the sample (1).
However, it has been accelerated due to 70 h spent by these
samples at the higher temperature (about 23 °C) during the
initial part of the experiment when the protein solution was
irradiated.

The comparison of DSC curves for o,f3-globulin solu-
tions stored over various periods of time (Fig. 8) indicates
the complexity of changes connected with the protein
aging. Taking the DSC curve for fresh sample as a refer-
ence, the opposite direction of heat capacity changes in the
temperature range from 20 to about 50 °C is visible in the
initial and the later stages of the aging process. Namely, for
the sample stored for 1 week an increase while for the
sample stored a few weeks a decrease of the protein heat
capacity is observed, respectively. One can see that in the
higher temperature range, the heat capacity of a,f-globu-
lins in aqueous solutions reveals the tendency to increase
during a few week storage.

0.0 9 —oc— Fresh
{= = = 1week
2 weeks
=« == 5 weeks

-0.5

Teeoess 8 weeks
-1.0 4

Coldig°C

-1.5 4

20 30 40 50 60 70 80 90 100
Temperature/°C

Fig. 8 The comparison of averaged normalized DSC curves for o, f3-
globulin solutions stored over various periods of time in a refrigerator
at about 4 °C
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It is known that the change of heat capacity of protein
solution is mainly caused by the change in hydration.
Hydration effects are proportional to the exposed surface
areas of polar and apolar groups [32]. At room temperature,
the partial heat capacity of unfolded proteins is signifi-
cantly larger than that of the native protein. Therefore, an
increase of a,f-globulins heat capacity in the lower tem-
perature range during a few days storage (up to 1 week)
indicates the exposure of internal groups to water upon
limited protein unfolding. This effect is not visible in DSC
curve during longer storage of protein solution because
other effects (such as an exothermic aggregation) prevail.
An increase of globulin heat capacity in the higher tem-
perature range observed for §-week-old solution suggests a
facilitation of the unfolding process in aged protein solution.

Are there any differences in aging of irradiated
and control protein samples?

The exposure to 0.1 Gy y-radiation does not change the
process of a,f-globulin solutions aging (data not shown).
However, the dose of 1.8 Gy of y-radiation seems to be
effective in the acceleration of globulins solutions aging
during storage. Figure 9 illustrates the differences between
DSC curves for irradiated and control protein samples both
stored at 4 °C up to 9 weeks.

Also, X-ray irradiation with a dose of 10 Gy delivered
with low-dose rate (LDR) of 0.6 Gy min~" alters the pro-
cess of globulins aging. Figure 10 shows DSC curves for
stored 20 days control and irradiated samples in compari-
son with the curves for the fresh protein solution and
the curves obtained shortly after the irradiation process
(1-day samples). The differences between DSC curves for
irradiated (10 Gy, LDR) and control one and 20-day-old
globulin samples are presented in Fig. 11. The opposite

0.4 q === Initial
1 week
eesses 2 Weeks
0.2 -

=+ = 3 weeks 4
1 === 9 weeks
P s

60 70 80 90 100
Temperature/°C

Fig. 9 Differences between DSC curves for irradiated (1.8 Gy) and
control protein samples stored at 4 °C up to 9 weeks
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Fig. 10 DSC curves for fresh and stored (at 4 °C) a,f-globulin
solutions: irradiated (10 Gy, LDR) and control
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Fig. 11 Differences between DSC curves for irradiated (10 Gy,
LDR; 100 Gy, HDR) and control protein samples: 1-day and stored
for 20 days at 4 °C

direction of these differences for one and 20-days stored
samples is well visible in both figures. Thus, it may be
concluded that 10 Gy (LDR) irradiation accelerates two
various processes of globulins aging in the initial (1 day)
and later (20 days) stage of storage. In addition, the opposite
character of differences appears in the lower and higher
temperature range of DSC scan (Fig. 11).

It follows from DSC results obtained for the lower
temperature range that 10 Gy (LDR) exposition intensifies
the unfolding and aggregation of fresh and aged globulins,
respectively. In the higher temperature range it seems to be
inversely. However, the interpretation of these data is
probably more complex.

It is intriguing that the dose of 10 Gy delivered with the
high-dose rate (HDR) of 1.7 Gy min~' does not influence

the aging of protein solution significantly (data not shown).
The dose of 100 Gy given with the same dose rate also
leads to relatively small differences between aging of
irradiated and control samples (Fig. 11). Particularly, in the
lower temperature range these differences are smaller than
for the dose of 10 Gy delivered with LDR.

Conclusions

The applied doses of 0.1, 1.8, 10, and 100 Gy, important
from radiotherapeutic as well as radiation protection points
of view, do not change significantly DSC profiles of
o,f-globulin aqueous solution. The direct effects of
y-irradiation with dose of 0.1 Gy as well as 1.8 Gy delivered
with very slow rates: 0.1 and 0.4 mGy min~ ', respectively,
seem to be very weak because they are hardly visible in DSC
curves. Nevertheless, they may be overlapped by “room
temperature effect.” The effect of exposition to X-rays
resulting in absorbed dose of 100 Gy is well visible. The
changes in DSC curves caused by 10 Gy dose of X-rays are
similar in character but smaller than those for 100 Gy. More
clear differences between irradiated and control samples
have been observed when the dose of 10 Gy was delivered
slowly.

Dose rate seems to be an important variable in deter-
mining the biological response of irradiated tumors and
normal tissues. The findings from the cell experiment made
by Rogolinski et al. [33] confirm the dose-rate effect on a
biological damage. The higher degree of damage has been
observed for lower dose rates.

The opposite character of the weak irradiation effects
observed for the lowest dose and all higher studied doses
in the temperature range 20—60 °C suggests that the dose
of 0.1 Gy does not cause the protein unfolding, while
under the higher doses the unfolding is present or made
easier.

The opposite direction of differences between irradiated
and control samples for fresh and stored protein solutions
suggests various character of changes in the initial and later
period of sample aging. This may be an important reason
for difficulties in an investigation of the effect of ionizing
radiation on protein solution, especially at low doses.

In conclusion, our study has demonstrated that it is
difficult to show clearly the effect coming from doses
below 100 Gy on a,3-globulin solutions using DSC method.
This method allows to suggest undoubtedly the direction of
changes caused by considered doses of electromagnetic
ionizing radiation. However, the evaluation of the effects
observed in this study was possible in a qualitative way only.
Quantitative interpretation of protein heat capacity changes
and related effects under low doses of ionizing radiation
remains a challenge.
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