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Abstract

In this study, we utilized terahertz time-domain spectroscopy (THz-TDS) to study the radiation-induced protein deformation.
The absorption coefficient spectra obtained from THz-TDS measurements in the frequency range (0.06—2 THz) was fitted
using the Lorentzian model. The absorption coefficient fitting data was used to identify the a-helix and p-structure relative
contributions in the protein secondary structure of the kidney tissue of rats irradiated with 10-cGy and 2-Gy X-ray separately
or in combination. Our data show that 2-Gy X-irradiation leads to an increase in the f3-structure contribution associated with
a decrease in the a-helix contribution as indicated by the fitting parameters extracted from fitting the absorption coefficient
a(m) spectra with the Lorentzian function. The results point out that there is a strong correlation between the strength of the
hydrogen bonds located between or inside the polypeptide chains of the extended p-sheet and a-helix, respectively, and the
absolute value of the absorption coefficient a(w), the refractive index, and the dielectric constant. The lowest refractive index
and dielectric constant are recorded in the 2-Gy-irradiated group followed by the 10-cGy—2 Gy-irradiated group while the
least effect was recorded in the 10-cGy-irradiated group. These data provide evidence of the adaptive effect of the 10-cGy
X-irradiation delivered 24 h prior to the 2-Gy x-irradiation.

Keywords Terahertz time-domain spectroscopy (THz-TDS) - Protein conformation - Ionizing radiation - Radioadaptive
response - Lorentz function

1 Introduction [6-11]. According to recent reports, globally nearly a mil-

lion patients receive doses in order of 10 cGy as a result of

Ionizing radiation is acknowledged for its detrimental
effects, especially at high doses [1]. Although the biologi-
cal effects of low-dose radiation are yet controversial [2-5],
it is widely acceptable that low-dose radiation effects are
not negligible. The linear no-threshold (LNT) model rep-
resenting the radiation risk as a function of radiation dose
suggests that every radiation dose, however low, carries risk
and the risk for every unit dose is constant. Nevertheless, the
data showing that low-dose radiation effects are higher than
the effects estimated by the LNT model indicate that the
LNT model underestimates the low-dose radiation effects
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repeated use of radio-imaging [12]. However low, doses of
low-LET radiation as low as 10 cGy remain of concern to
the radiation protection society [13—15].

Ionizing radiation can affect cell viability and func-
tionality by damaging the cellular macromolecules such
as proteins and lipids [11, 16, 17]. We focus here on pro-
tein damage by radiation. Proteins are complex molecules
responsible for various cellular activities. The protein con-
formation is a factor that determines the functionality of
the protein [18]. Therefore, changes in protein conformation
can render the protein nonfunctional. Several characteriza-
tion methods have been employed to study the protein sec-
ondary structure such as FTIR spectroscopy, fluorescence
spectroscopy, circular dichroism (DC) spectroscopy [19, 20],
nuclear magnetic resonance (NMR) [21], and X-ray diffrac-
tion (XRD) [22].

In this study, we utilized the terahertz time-domain
spectroscopy (THz-TDS) to inspect the effect of both
low- and high-dose radiation on the protein conformation.
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THz-TDS is a modern non-invasive technique, which uses
low energy photons in the frequency range between the
microwave and the infrared regions [23]. Biological tis-
sues have large absorption in the THz region [24]. The
vibrations/rotations of biological molecules involving the
intra/inter molecular hydrogen bonds are associated with
energies in the THz range [25, 26]. Therefore, THz-TDS
can be efficient in studying the biological molecules with-
out inducing damage in them, which was proven by its
use in detection and quantification of proteins [27, 28].
Moreover, THz radiation is sensitive to the structure and
conformation of proteins [29].

THz-TDS is extensively used for exploration and identifi-
cation of molecular species via their characteristic vibrational
and rotational modes: from diatomic molecules (e.g., CH, CN,
CO, FeO, AICI) up to 13-atomic molecules (e.g., HC,,CN)
and fullerenes Cy, and C;,. A huge number of vibrational
modes of DNA lie in the frequency range lower than 1 THz
[30]. THz-TDS probes allow transitions between various rota-
tional modes in which a dipole moment must exist. Within
this study, the optical constants such as the complex refractive
index, the absorption coefficient, and the dielectric constant
have been extracted from THz measurements. The absorption
coefficient is unambiguously determining the attenuation of
the THz wave within the sample by absorption, and the refrac-
tive index can unambiguously determine the propagation
velocity of the wave inside the materials, while the dielectric
constant describes the polarizability of the material. In this
work, the variation in the optical constants extracted from
THz measurements were used to explore the effect ionizing
radiation on protein conformation and directly compare the
effects of low- and high-dose X-rays.

2 Materials and Methods

2.1 Animal Model

Twenty Sprague-Dawley male rats divided into four groups
were used in the study. The different groups are as follows: (1)
control (non-irradiated), in which the rats were mock irradi-
ated; (2) 2-Gy-irradiated, in which the rats were 2-Gy X-ray
whole-body irradiated; (3) 10-cGy-irradiated, in which the rats
were 10-cGy X-ray whole-body irradiated; (4) 10-cGy—2-Gy-
irradiated, in which the rats were 10-cGy X-irradiated 24 h
prior to a subsequent dose of 2 Gy. Twenty four hours post
irradiation, the animals were euthanized and kidney samples
collected for investigations.

2.2 Irradiation
Irradiation was performed using a 6-MV linear accelerator

(Precise Linear Accelerator; Elekta, Sweden), at a dose rate
of 4 Gy/min.
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2.3 THz-TDS Investigations

THz measurements were performed using optical laser sys-
tems to cover the THz frequency range from 0.06 to 2 THz
(TPS Spectra 3000 system; TeraView Ltd., UK). Freeze-
dried tissue samples were compressed into thin discs for
the THz-TDS measurements. The spectral resolution was
1.2 cm™!, and the number of scans, which have been used
throughout all measurements, was 1800 scan/s. In principle,
it is possible to use scan rates higher than 1800 scan/s by
using a mechanical delay stage in the TPS spectra 3000
system. However, the signal-to-noise ratio is significantly
good to fit the absorption coefficient a(w) well within the
measuring frequency range from 0.06 to 2 THz. Measure-
ments were performed for thin discs of the tissue samples
(0.2, 1.2, 0.4, and 0.8 mm for the control and the 2-Gy,
10-cGy, and 10-cGy-2-Gy-irradiated groups, respectively)
at room temperature.

The tissue samples were treated as optically thick, and
non-birefringent. For normal incidence and by considering
that the reflections occur only at the front and at the back
interface, see Fig. 1.

The absorption coefficient a(w) extracted from THz
measurements in the frequency range (0.06-2 THz) was fit-
ted using Lorentz functions according to Eqgs. 1 and 2 as
described before [31-33]:
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where w; is the central frequency, I'; is the FWHM, and s; is
the oscillator strength.

2.4 Ethical Approval

The work was reviewed and approved by the MREC,
National Research Centre, Egypt.

3 Results and Discussion

In previous studies [34-37], Fourier transform infrared
(FTIR) and dielectric spectroscopy were employed to
investigate various radiobiological phenomena using the
molecular modification of the biological macromolecules
as endpoints. In addition to FTIR and dielectric spectros-
copy, THz-TDS was reported to be a sensitive modality for
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Fig. 1 Transmission at the air-
sample interface
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investigating biological molecules [23-25] and the con-
formational alterations of proteins [38]. In this study, we
investigate the deformation in the protein conformation in
kidney samples following 10-cGy or/and 2-Gy irradiation
using THz-TDS. We investigated and compared the effects
of low-dose (10 cGy) and high-dose (2 Gy) radiation on the
protein conformation. Moreover, we studied how low-dose
irradiation (10 cGy) may influence the effect of a subsequent
higher dose irradiation (2 Gy).

Figure 2 a depicts the waveform signals recorded over
a 18-ps time window with a spectral resolution of 35 GHz
(1.2 cm™). The temporal waveform was measured through
dry nitrogen atmosphere as a reference signal, then the

tissue samples were measured. The corresponding power
spectra for dry nitrogen atmosphere and for the samples
|E,(()|?, |E,,(w)|> were obtained by applying Fourier
transformation to the temporal waveform signal E,(¢) and
E,..(?) (Fig. 2b). The transmittance phase (the phase dif-
ference between the transmitted and the incident waves) is
shown in Fig. 2c. Figure 2c shows that the samples irradi-
ated with 10 cGy-2 Gy and 2 Gy show a higher spectral
phase as compared to the other two samples (the control
and the 10-cGy samples). This is because of the variation
of the samples’ thickness. The thickness of the samples
irradiated with 10 cGy-2 Gy and 2 Gy is higher than the
thickness of the other two samples (the control and the
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Fig.2 Response of the tissue samples at THz frequencies. a Measured
THz electric-field waveforms attenuated through nitrogen and the kid-
ney of the control and the 2-Gy, 10-cGy-2-Gy, and 10-cGy-irradiated
groups. b The sample spectra: Fourier transforms of the correspond-

ing time-domain signals. ¢ The transmittance phase (radians) for the
control and the 2-Gy, 10-cGy-2-Gy, and 10-cGy-irradiated groups
obtained from the electric field measured by using the THz-TDS laser
system in the frequency range 0.06—4 THz
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10-cGy samples). The thickness of the samples irradi-
ated with 10 cGy-2 Gy and 2 Gy are 0.8 mm and 1.2 mm,
respectively, while the thickness of the control and the irra-
diated samples with 10 cGy are 0.2 and 0.4 mm, respec-
tively. The data show a remarkable difference between the
groups that received 2-Gy and 10-cGy-2-Gy X-rays as
compared with the control and 10-cGy-irradiated groups.
Based on the available literature [39, 40], the optical con-
stants like the complex refractive index 7 = n, + ik, and the
absorption coefficient a(w) were extracted from THz trans-
mission data. Both the refractive index n(w) and absorp-
tion coefficient a(w) are obtained from the complex THz
transmission data through

@) =1+ % 3)
2 [ (@) + 1)

Figure 3 shows the absorption coefficient a(w) spectra
in the THz frequency range 0.06—2 THz of the control
and irradiated groups. The control group shows a broad
absorption band centered at about 1.14. Above 0.5 THz,
the difference between the control and irradiated groups
became obvious. A remarkable difference is seen between
the 2-Gy, 10-cGy, and 10-cGy-2-Gy-irradiated groups at 2
THz. These data provide indication of the differential effect
of low- and high-dose irradiation on the absorption coeffi-
cient, which can refer to changes in the molecular structure
in the examined samples.

Further, the absorption coefficient a(w) spectra of
the different groups were fitted via the Lorentz function

T T T T T T T

Control

- —— 10 cGy .

10cGy -2 Gy
—2Gy

-
N
o

]
o

N
o

Absorption coefficient (cm™)

0.5 1.0 1.5 2.0

o

Frequency (THz)

Fig.3 The absorption coefficient a(w) spectra of the kidney of the
control and the 2-Gy-, 10-cGy-2-Gy, and 10-cGy-irradiated groups in
the THz frequency range 0.06-2 THz
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according to the following equation a(w) = Hwe where

the extinction coefficient k(w) are related to the imaginary
part of the dielectric constant €,(w) through Eq. 2. The vari-
ous fitting prameters extracted from fitting of a(w) spectra
of the different groups are listed in Table 1. For all groups,
the a(w) spectra were fitted using four Lorentz contribu-
tions. These four bands correspond to the different hydro-
gen bonds between C=0 and N-H groups located in the
extended f-sheet, a-helix, and antiparallel f-sheet motifs
of the protein secondary structure. Meanwhile, random
coil and turns/loops motifs are not characterized by having
hydrogen bonds [41].

In principle, the strength (the length and direction) of
any hydrogen bond depends on the value of the dihedral
angles and hence to the chain geometry [42]. Therefore,
the hydrogen bonds (in the THz frequency range) appear at
different locations in the a(w) spectra of different protein
secondary structure motifs (extended p-sheet, a-helix, and
antiparallel B-sheet). The hydrogen bonds in case of antipar-
allel p-sheet are so weak [43, 44]. Thus, we attributed the
absorption bands between 0.12 and 0.13 THz to the hydro-
gen bonds of the antiparallel B-sheet motif. The hydrogen
bonds, which are inside the polypeptide chains, are related
to the a-helix motif. The strength of a-helix hydrogen bonds
are modest [45] and therefore located at a higher frequency
of about 0.7 THz in the a(w) spectra. The strongest hydro-
gen bonds are in the extended p-sheet [46, 47]. Therefore,
we attributed the hydrogen bonds located above 1.4-2 THz
to the the extended f-sheet.

According to a previous study by Zhu et al. [48], the pro-
tein secondary strucure dominated by the a-helix is chacter-
ized by two peaks that appear centered at 0.75 and 1.2 THz,
while the protein secondary structure dominated by p-sheet
has one broad absorption band at 1.35 THz. From Fig. 4a,
the control group was fitted with four Lorentz contributions.
The Lorentz peaks are listed in Table 1. The absorption peak
located at 0.75 is attributed to the a-helix, while the peak at
about 1.35-2 THz is atributed to the the extended f-sheets
[48]. The a-helix peaks, which appear in the THz frequency
range (between 0.7 and 0.75THz), are due to the alignment
of hydrogen bonds inside the a-helix structure in the direc-
tion of the THz electric field. In case of pB-structures, the
hydrogen bonds are located between the polypeptide chains
of the B-sheets. Thus, the THz peak corresponds to the align-
ment of the hydrogen bonds between the polypeptide chains
in the direction of the THz electric field.

Fitting the data of the 10-cGy, 10-cGy-2-Gy, and
2-Gy-irradiated groups resulted in two contributions at
about 0.12-0.14 THz, 0.7-0.75 THz, and 1.3-2 THz as
shown in Fig. 4b—d. The peak at about 0.7-0.75 THz cor-
responds to a-helix, while the peak at about 1.3-2 THz
corresponds to the extended p-sheet. The lower spectral
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Table 1 The fitting parameters Samples ® (THz) of a(@) (em™) FWHM (THz)  Area Structure
extracted from ﬁthg of hydrogen bond
the a(w) spectra in the THz
ffglhueﬂcy range of edach motif Control 0.12 8.19 0.21 2.77 Antiparallel B-sheet
:tructt:uioftoe;nt;: i:(:)?lt:(zlyand 0.39 139 0.3 1.92
the 10-cGy-, 2-Gy-, and 0.71 27.7 0.41 2.87 a-Helix
10-cGy-2 Gy-irradiated groups 1.3-2 60.5 1.26 67.67 Extended fB-sheet
10 cGy 0.12 18.8 0.21 5.60 Antiparallel p-sheet
0.33 154 0.11 1.07
0.76 27 0.51 13.01 a-Helix
1.3-2 47 0.75 20.66 Extended fB-sheet
10 cGy-2 Gy 0.16 6.7 0.22 2.19 Antiparallel p-sheet
0.35 10 0.1 0.20
0.5 13.7 0.28 2.11 a-Helix
1.5-2 78.2 2.1 91.18 Extended fB-sheet
2 Gy 0.15 9 0.19 2.60 Antiparallel B-sheet
0.36 10.7 0.1 0.17
0.5 15.8 0.42 2.84 a-Helix
1.6-2 65.7 2.5 88.5892 Extended fp-sheet

weight of the alpha-helix band at 0.7-0.75 THz indicates a
decrease in the a-helical component of the protein second-
ary structure. On the other hand, as seen in Fig. 4b—d, the
extended P-sheet band originally located at 1.35 THz in
the control group was shifted towards a higher frequency
of 1.5-2 THz in all irradiated groups with the spectral

weight (area) increasing in the 10-cGy-2-Gy- and 2-Gy-
irradiated groups as compared with the control group (see
Table 1). These data suggest an increase in the contribu-
tion of the f-structure motif at the expense of the a-helical
component. These data are concomitant with our previous
findings showing a decrease in the a-helix motif and an

Fig. 4 The absorption coef- = o " @ 10cGy —Fittng ]
ficient a(w) spectra together = | (b) R-sheet (1) R-sheet (2) 1
with fitting curve and the fitting L 100 L 100 o-helix  ——R-sheet
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f a control and the b 10-cGy- £ cone e =
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irradiated, ¢ 10-cGy- then S o-helix ~ ——R-sheet (3) 3 :
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increase in the B-sheet structures in tissues as a result of
exposure to ionizing radiation [37, 49] or lipid peroxida-
tion products [50, 51].

It is obvious from the absolute values of the absorption
coefficient a(w) listed in Table 1, which is defined as the
fraction of THz power radiation absorbed per unit length
of the samples, that there is no clear trend for increasing
or decreasing the absolute values of a(w) due to X-ray irra-
diation. This is because the hydrogen bonds corresponding
to the extended P-sheet, a-helix, and antiparallel B-sheet
of the control and the 10-cGy, 10-cGy-2-Gy, and 2-Gy-
irradiated groups are mainly located at different THz fre-
quencies in the a(w) spectra. It is clear from Fig. 3 that there
is an overall increase in the absolute values of a(w) spectra
with frequency for all groups. These increases are related to
all-electron configuration associated with different amide
groups which are located in the protein structures.

Despite the increase in a(w) spectra with frequency for
all groups, the overall absorption coefficients decreased
following X-irradiation (Fig. 3). This can be explained as
follows: some of partially localized electrons associated
with a-helix are transformed to more localized electrons
distributed with the extended B-sheet. According a previous
srudy [45], there is a strong correlation between the strength
of the hydrogen bond and the electron density distributed
over some protein functional groups such as C=0. For the
extended p-sheet, the hydrogen bond is extremely strong;
thus, a lower electron density is associated with the C=0
group. The electrons can flow to or from the C=0 group
depending on the formation of these very strong hydrogen
bonds. In the irradiated groups, a large portion of a-helix
(associated with relatively weak hydrogen bonds) are trans-
formed to extended P-sheet (contaning strong hydrogen
bonds); the electron density is decreased over some protein
functional groups and might become more localized. Hence,
the overall absolute values of the absorption coefficient
o(w) decreased in the irradiated groups.

Further information has been obtained by linear fit-
ting of the a(w) spectra of the control and the 10-cGy-,
10-cGy-2-Gy-, and 2-Gy-irradiated groups in the frequency
range 0.2-2.0 THz. The fitted lines are drawn in dotted lines,
and the slopes of these lines are represented by a set of linear
equations (Fig. 5). The control, which contains the highest
portion of a-helix, shows the largest slope about 0.56 +0.04
(x 10? cm™! THz™!), while the 2-Gy-irradiated group, which
contains mainly a large portion of B-sheets, shows a small
slope value of about 0.41+0.02 (x 10> cm™! THz™"). The
10-cGy and 10-cGy-2-Gy groups show a modest slope
between the control and 2-Gy groups, where the slopes are
0.5+0.03 (x 10> cm™' THz™") and 0.53 +0.01 (x 10> cm™!
THz™!) for the two samples, respectively. The recovery of
the value of the slope in the 10-cGy-2-Gy group as com-
pared with the 2-Gy-irradiated group suggests an adaptive
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Fig.5 The linear fitting of the absorption coefficient (m™') of the
control and the 2-Gy-, 10-cGy-2-Gy-, and 10-cGy-irradiated groups
in the frequency range 0.2-2 THz. The fitted lines are represented by
a set of linear equations

response of the 10-cGy irradiation given prior to a 2-Gy
dose. Our results are in consistency with the results obtained
by Dorney and Wu et al. [39, 52], in which the highest slope
of a(w) was reported for the reconstituted silk fibroin, which
contains a large portion of a-helix configurations, while the
smallest slope is recorded for degummed silk which contains
a large portion of p-sheets.

To further confirm our findings, the changes in the real
part of the refractive index and the real part of the dielec-
tric constant were investigated in the THz frequency range
(0.2-2 THz) (Fig. 6a, b). Figure 6 shows that both the refrac-
tive index and dielectric constant decrease monotonically
throughout the whole frequency range (0.2-2 THz) in all of
the irradiated groups as compared with the control group.
The refractive index can unambiguously determine the prop-
agation velocity of the wave inside the materials, while the
dielectric constant describes the polarizability of the mate-
rial. Therefore, both of the refractive index and the dielectric
constant can provide information on the conformation of the
protein. The lowest refractive index and dielectric constant
are recorded in the 2-Gy-irradiated group followed by the
10-cGy-2-Gy-irradiated group while the least effect was
recorded in the 10-cGy-irradiated group.

Physically, the absolute value of the dielectric constant
reflects the response of medium to the applied electric field.
Therefore, the decrease in the dielectric constant means the
lower response of the medium to the applied electric field.
In our case here, the dipole moment and hence dielectric
constant are highly correlated to the strength of the hydro-
gen bonds between the polypeptide chains forming the sec-
ondary structure of the protein. The absorption coefficient
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data reveal larger contribution from the p-structure motif in
all of the irradiated groups. The decrease in the dielectric
constant in the irradiated groups, in which the p-structure
contribution is higher, reflects the role of the strength hydro-
gen bonds, interconnecting the polypeptide chains, on the
absolute values of the dielectric constant. As the samples
are exposed to X-ray radiation, a large portion of the a-helix
(associated with relatively weak hydrogen bonds) are trans-
formed to the extended f-sheet (containing strong hydrogen
bonds); the electron densities are decreased over some por-
tion of protein functional groups and might become more
localized. Hence, the overall absolute values of the dielectric
constant are decreased. Thus, the decrease in the dielectric
constant in the irradiated groups, in which the p-structure
shows higher contribution than the control group, may pro-
vide an indication that their response to the applied electric
field is lower than that of the control sample in which the
a-helix dominated.

The data in Fig. 6 show that 2-Gy irradiation leads to
the highest decrease in the refractive index and the dielec-
tric constant. However, a lower dose (10 cGy) given 24 h
prior to the 2-Gy dose leads to a lessening in the effect of
a higher dose (2 Gy) as indicated by the increase in the
dielectric constant and refractive index values in the whole
frequency range. These data may provide an indication of
radioadaptation induced by the 10-cGy irradiation given
prior to the 2-Gy irradiation. These data are concomitant
with previous findings by our group [33] in which FTIR
spectroscopy provided evidence of radioadaptation induced
by a dose of 100 mGy given 24 h prior to a subsequent 2-Gy
dose of X-ray.

4 Conclusions

Tonizing radiation instigated a differential increase in the
[B-structure motif contribution in the protein secondary struc-
ture at the cost of the a-helical component in kidney tissue

samples. Changes in protein conformation following irradia-
tion were evident by THz-TDS. Although 2-Gy irradiation
leads to the most significant modification in the protein con-
formation, 10-cGy irradiation delivered 24 h prior to 2-Gy
irradiation leads to a reduction in the effect of 2-Gy irradiation
on the protein conformation. This gives an indication of a pos-
sible adaptation effect of the 10-cGy irradiation. The 10-cGy
irradiation evidently modified the protein conformation.
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