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Kinetics of the thermal disappearance of radicals formed during the
radiolysis of L-«-anhydrous asparagine
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Abstract:

Daniela Gheorghe!

An EPR study of paramagnetic centers formed by irradiation of polycrystalline L-a-anhydrous

asparagine (L-Asn) was performed. The EPR spectra of gamma irradiated samples at room temperature, shown
the presence of three types of paramagnetic centers. A possible mechanisms of formation for the three radical
species is suggested, based also on literature data. The kinetics of the disappearance of radicals during thermal

annealing indicated a complex mechanism.
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1 Introduction

Amino acids which are the building blocks of proteins
are among the simplest organic molecules of biological
relevance and thus serve as convenient model systems in
studies of radiation damage. Asparagine is an aminoacid
that plays an imperative role in the metabolic control of
some cell functions in nerve and in brain tissue and is
used by many plants as a nitrogen reserve substance.!!!
Asparagine is one of the 20 most common natural amino
acids in living organisms. It has carboxamide as the side
chain’s functional group.

asparagine

Asparagine has a high propensity to hydrogen bond,
since the amide group can accept two and donate two
hydrogen bonds. The well-known deamidation of L-
Asn was documented because of its occurrence in all tis-
sues.[?!
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Oxidative damage enhances L-Asn instability'®! which
indicates a free radical route in asparagine degradation.
L-Asn is a highly conserved amino acid in the family
of cyclooxygenases, key enzymes in inflammation pro-
cesses.I*! Since these enzymes function in conditions of
oxidative stress, the behavior of L-Asn residue toward
free radical is important. Even if they do not belong to
the active site, these residues are important in maintain-
ing the three dimensional structure of proteins by their
participation in hydrogen bond network."!

Peptides containing asparagine residues undergo side
chain cleavage during dissociative electron attachement
and it was proposed that such losses could be used to
ascertain the presence of this residue in unknown pep-
tides.[®! It was shown that sequences containing as-
paragine residues are prone understood despite their im-
portance in many biological (radioprotection, radiother-
apy) and industrial processes (radiosterilization of food
and drugs).

The analysis of EPR spectra of L-a- anhydrous as-
paragine irradiated in solid state indicated the certain ex-
istence of three radicals, stable at room temperature, two
radicals resulted from decarboxylation and deamination
processes and the third radical from expulsion of a hy-
drogen atom from the amidic group.

2 Experimental

Polycrystalline samples of L-a- anhydrous asparagine
have been irradiated with gamma rays at the room tem-
perature by using a 3"Cs source (Gammator type). The
irradiation dose was 1.05x10% Gy/h. The EPR spectra
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were recorded at room temperature with an EPR ART
6 instrument (IFIN Magurele) which operates in the X
band with high frequency modulation of 100 kHz. The
g factors were determined using the Mn?* ion in CaO
matrix as a standard.

3 Results and discussions

Asparagine similarly to all amino acids, having an
acidic and a basic group, neutralize intramolecularly re-
sulting a zwitterion structure.’! Direct ionization of L-
«- anhydrous asparagine molecules by gamma radiations
it can be detected experimentally only at low tempera-
tures (77 K) and should lead to the formation of a rad-
ical cation resulted from the expulsion of an electron
followed by the formation of radical anion by the ad-
dition of the expelled electron. Regarding L-a- anhy-
drous asparagine, the location of the electron excess is
considered to be on the carboxyl group.!®! The theo-
retical and EPR study conducted by Strzelczak et al.l"!
upon irradiated anhydrous asparagines in polycristalline
solid state revealed the existence of three radicals species
stable at room temperature. The nature of the radicals
was established based on the simulated structures of the
three entities, and the theoretical spectrum obtained from
the overlapping of the simulated spectra was identical to
the experimental one. The structures of the three radi-
cals resulting from the decarboxylation, deamidation and
dehydrogenation processes during L-c- anhydrous as-
paragine irradiation will be presented in the radiolysis
mechanism.

In Figure 1 is shown the EPR spectrum of L-«- anhy-
drous asparagine sample irradiated with a 4.7x10* Gy
dose.

Figure 1. EPR spectrum of polycrystalline L-a- anhydrous
asparagine sample irradiated with a 4.7x10* Gy dose

From Figure 1 it is found that the spectrum is com-
plex consisting of 7 well solved components, two of the
four central lines presenting high intensity. The chemi-
cal structure of the three radical entities can not be deter-
mined from the EPR spectra. There are two factors that
make difficult the establishment of the chemical struc-
ture of the three radical species: first, the overlapping of
the lines that form the spectrum of each radical and the
second essential factor is the appropriate thermal resis-
tance of the radicals. If the three paramagnetic centers
had different thermal stabilities then, after heating the ir-
radiated sample to a certain temperature, it would have to
be noted the disappearance of some components accom-
panied by the significant modification of the spectrum
structure. As will be seen in this study, this behavior is
not found.

In Figure 2 is shown the spectrum of 4x10* Gy ir-
radiated sample recorded before and after heating 140
minutes at 180°C.
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Figure 2. EPR spectrum of irradiated L-a-anhydrous as-
paragine sample; a) before heating b) after heating 140 minutes
at 180°C

The results from Figure 2 is as the following:

(1) Both the shape of the spectrum and the number of
spectral components of the irradiated sample after heat-
ing are identical to the unheated sample.

(2) It is noted that the four central components of the
irradiated and heated sample have additional hyperfine
splittings, marked with arrows.

(3) After heating the irradiated sample there is an ac-
centuation of both the hyperfine splittings in three inten-
sive components marked with a; and a; as well as the
two splitting of the central lines marked with b; and b.

This behavior, correlated with the kinetic study to be
presented, provides arguments for considering that three
radical species whose spectra overlap are formed on L-
a- anhydrous asparagine irradiation. Since each spectral
line could belong to two radicals, in order to perform
the kinetic study, the intensity decrease of the four main
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components of the spectrum, noted Isy, Iss, Is3, Is4 (Fig-
ure 1) was noted, study conducted with both irradiation
dose and heating temperature.

In order to obtain information on the increase of the
radicals concentration versus the absorbed dose, it is
shown in Figure 3, for example, the intensity variation of
the two components Is; and Isy versus irradiation dose.
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Figure 3. Variation of irradiation times (4.2x 10 Gy/h dose
rate) of Is; and Is2 signals intensities of the EPR spectrum of irra-
diated L-a-anhydrous asparagine samples

From Figure 3 is is noted a linear increase of the two
signals intensities versus irradiation dose, up to 5x 10*
Gy, followed by a tendency to a constant value, for high
doses. The signals are proportional to the amount of rad-
icals in the irradiated samples. Since the radical con-
centration is a function of the absorbed dose, the sub-
stance may serve as a dosimeter material. The L-a-
anhydrous asparagines radicals are unusually stable be-
cause of the crystalline forme and the pure dry crystals,
the signal loss is only about 3% during an year after ir-
radiation. The substance has a linear dose response from
1 Gy up to 5x10* Gy. Using EPR spectroscopy as a de-
tection method, the peak to peak amplitude Is; and Is3
of the central spectral lines is proportional to the radi-
cal concentration which is proportional to the absorbed
dose. The tendency to a constant value after a certain ab-
sorbed dose proves that as the concentration of radicals
increases, the number of those that disappear under the
action of the radiation increases too. When a constant
concentration of radicals is reached, this means that the
rates of the two processes become equal.

The study of the thermal behavior of the radicals
formed during the radiolysis of the L-c- anhydrous
asparagine, required firstly, plotting of the reaction
isochronous. For this purpose, an irradiated sample
with a dose of 4x10* Gy of L-a- anhydrous asparagine
was gradually heated 5 minutes in stepwise (each step=

10°C), from room temperature up to the temperature of
the complete disappearance of radicals.

After each isothermal heating temperature, the
EPR spectrum of the sample was recorded under the
same conditions at all temperatures. The results are
shown in Figure 4.
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Figure 4. TIsochronous variation of the EPR spectrum Is;and Iso
signal intensities (arbitrary units) versus heating temperature of a

4x10* Gy irradiated L-canhydrous asparagine

Figure 4 shows that although the isochronous heating
was performed on a wide temperature range, the radi-
cals dissapearance until 150°C does not occur. From this
temperature it can be seen a slow decrease of the sig-
nals intensities Is; and Is, and then at 200°C the decrease
occurs suddenly, the complete disappearance of the rad-
icals under the mentioned work conditions taking place
around 220°C, very close to the melting temperature of
the sample.

The kinetic study of the paramagnetic centers thermal
annealing required the plotting in isothermal conditions
of the radicals concentrations variation, respectively the
peak to peak signal intensity of the four components of
the spectrum, Isq, Is,, Iss, Is4, versus isothermal heating
time.

The temperatures for performing the thermal dissa-
pearance study of radicals complied with the conditions
imposed by the chemical kinetics: for the low tempera-
ture the process of disappearance should be at least 50%
and for the upper maximum temperature, the rate of rad-
icals dissapearance should not be too high in order to
carry out a sufficient number of determinations required
to establish the reaction order.

In these conditions the intensity of the Is;, Iso, Iss,
Is, components of the EPR spectra was measured ver-
sus the isothermal heating time at 180°C, 190°C, 200°C
and 207°C. To highlight the influence of the tempera-
ture increase on the thermal annealing rate of the radicals
formed in the irradiated samples, it is shown in Figure 5
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the decrease of the Is; EPR signal versus time, at the four
temperatures 180°C, 190°C, 200°C and 207°C.
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Figure 5. Isothermal variation of the intensity of the EPR signal
Isz at the temperatures: 180°C, 190°C, 200°C, 207°C

The shape of the curves from Figure 5 shows that
the higher the heating temperature of the irradiated sam-
ples of L—a-anhydrous asparagines was, the faster was
the decrease of the radicals concentration. The four
isotherms from Figure 5 present the same shape, firstly
showing a high radicals concentration decrease then the
tendency to a constant value and finally a decrease as the
heating temperature increases. For long times of heating,
the radical concentration tends to a constant value, which
decreases as the heating temperature increases.

The explanation of the above-mentioned phenomenon
is due to the increase of the mobility of the radical
species with the temperature rise: when the thermal en-
ergy received from the outside exceeds that of the rad-
icals with the surrounding molecules, they detach from
the occupied position in the network and enter the re-
action through different mechanisms depending on the
temperature as will be shown from the kinetic study. The
tendency to a constant value shows that at each tempera-
ture there are still radicals that do not disappear because
they have higher thermal resistance being more strongly
trapped in the crystalline network. Similar results were
found by performing the same experiment on other irra-
diated organic substances!'”! and inorganic ones.[!!:!?!

In order to study the kinetics of the thermal disappear-
ance of radicals, we tried to fit our data in integral equa-
tions, used in chemical kinetics. For determining the
reaction order and calculate the rate constants, the in-
tegral kinetic equations for all fractional and integers or-
ders were plotted using the graphic method. The reaction
order was established from the graphical representation
which gave a straight line, the other representations were
curves. For calculating the rate constants it was used the
dimensionless parameter (R=Is/Ij) relative intensity in-

stead concentration, I representing the initial intensity
of the signal recorded at room temperature and Is the in-
tensity of the same signal recorded after each isothermal
heating time.

Regarding the kinetic study, it should be noted that
the establishment of the global reaction order was made
from the graphical representation of the kinetic equa-
tion which gave a straight line having the highest cor-
relation coefficient. The same order was found at the
same temperature for all four components. At 180 °C
the highest correlation coefficient was obtained from the
R ™2 graphic representation versus the isothermal heating
time. This behavior was found for all four Is;, Is,, Iss,
Is4 spectral components. For example, Figure 6 shows
R~2 versus to isothermal heating time at 180°C for Is,
proving that a third order kinetic was checked.
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Figure 6. Variation of R™2 versus isothermal heating time at
180°C for all four components of the L-a-anhydrous asparagines
spectrum

At 190°C, a high correlation coefficient was obtained
from the R™3/2 representation versus time, proving that
the thermal annealing process of the radicals at this tem-
perature verifies a fractional kinetic of 2.5 order (Figure
7).

At 200°C, the R™! representation versus the heating
time for all four components straight lines were obtained,
proving that the thermal disappearance of the radicals
follows a second order kinetics. Figure 8 exemplifies this
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Figure 7.  Variation of R™3/2 versus isothermal heating at

190°C, for L-a-anhydrous asparagine sample, irradiated with a
7x10? Gy dose

representation.

At 207°C, the logarithm of the relative intensity (InR)
plot versus time for the four components shown in a
straight lines, confirming that the disappearance of the
radical entities present a kinetic of the first order (Figure
9).

The values of the rate constants calculated from the
slopes of the graphical representations corresponding to
the global reaction orders: 3, 2.5, 2, 1 for all four spectral
components are listed in Table 1.

The results of the kinetic study lead to the following
conclusions:

(1) The most important finding is the variation of the
reaction order. As the temperature rise from 180°C to
207°C, over a temperature range of about 30°C, the re-
action order gradually decreased from 3 to 1.

(2) The high reaction orders of 3, 2.5, 2 from 180°C,
190°C, 200°C prove that the process of the radicals ther-
mal dissapearance is complex, this means that the three
radicals disappear through several reactions involving

» 1 Correlation coe
Is1 - - 2
a R T IR r=0.9863
. - 1,
P
L - .
i 0 Tt #
Time, min
. 2
r=0.9752
- -
Isz -
o - Lo
b) R' | . _R
e
s _.;"l ]
Pl }
¥ . i
Time, min
- . )
% e r=0.9755
Iss
51 -
! - 1
c) R . L N R
ws
. e .
: it
el . . X
o =0 =3 =
Tima, min
. . ,
‘ e r=0.9857
Iss T |
d) rt P 5 .
4 /.,--" la
—
3.../"’
1 ’.’i a . .
] 100
Time, min

Figure 8. Variation of R™' versus isothermal heating time at
200°C for L-a-anhydrous asparagine sample, irradiated with a

7x10% Gy dose

different mechanisms.

(3) The high values of the reaction orders (3, 2.5, 2)
found, evidenced that three radical entities are formed
on L-a-anhydrous asparagine irradiation.

The results of the thermal disappearance study of the
trapped radicals in the crystalline lattice that occurs when
heating the irradiated samples proves that the rate of
this process, namely the reaction order, is influenced by
the nature of the radicals having different thermal resis-
tance. Indeed, increasing the temperature, the vibration
of the crystalline network constituents increases and pro-
duces the weakening of the bonds that keep the radicals
trapped.

Due to the large variation of the reaction order, the ac-
tivation energy corresponding to a particular order could
not be determined over a narrow temperature range.

At 170°C, none of the known kinetics equations were
verified. This behavior is a particular case, proving that
the thermal annealing process is strongly influenced by
a physical one, which best respects the so-called “step-
disappearance”.!?!
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Figure 9. Variation of InR versus isothermal heating time at
200°C for L-a-anhydrous asparagine sample, irradiated with a

7x10? Gy dose

The kinetic of the disappearance of the radicals formed
in the irradiated samples of L-a-anhydrous asparagine
and heated to 170°C could be explained using “the
steps” model developed by Waite.['*!51  According to
this model, the disappearance of radicals with a random
space distribution involves two processes: a rapid pro-
cess of recombination of nearby entities and a slow re-
combination process that occur due to vacancies formed
after the diffusion of radicals within the network. Both
processes lead to two approximations that are in the form

of the second order kinetic equations. For example, the
variation of the R™! ratio versus the isothermal heating
time at 170°C for the four main components of the EPR
spectrum is shown in Figure 10.

From the slopes of the straights lines plotted, the rate
constants k41, Kao, Kas, kag for the rapid process and
kp1, kpa, ks, kpy for the slow process were calculated,
the values are listed in Table 2.

Comparing the values of the rate constants determined
according to the Waite model'*! for the four intense
components of the EPR spectrum, the following obser-
vations are noted:

(1) The initial recombination process of the radicals is
about 10 times faster than that of diffusion (kA - 10 kB)

(2) The values of the rate constants corresponding to
the components Is;- Isy, Isy - Isgrespectively, are close
to one another.

(3) The rate constants of the Is; and Is3 central compo-
nents of the initial thermal annealing process have higher
values than the initial ones of the Is; and Is, side com-
ponents.

In conclusion, the high values of the reaction order
presented above, highlighted at 170°C kinetic study, are
reliable proof that the ESR spectra of the L-a-anhydrous
asparagines irradiated samples result from the overlap-
ping spectra of three stable radicals at room temperature,
specified in the radiolysis mechanism.

4 Radiolysis mechanism

In the literature there is only one information regard-
ing the radical species formed on L—«-anhydrous as-
paragines irradiation!®’ which contains the overlapping
simulated three radicals spectra with the experimental
EPR spectrum.

Direct ionization of the L-a-anhydrous asparagine
molecule leads to the formation of the Asn(COO) -+ radi-
cal cation having the spin density located on the deproto-
nated carboxyl group. This species being unstable, dis-

Table 1. The orders and rate constants of reactions of thermal disappearance of the paramagnetic centers formed on the irradiation of
the L-a-anhydrous asparagine, calculated for the four main components of the ESR spectrum at 180°C, 190°C, 200°C and 207°C

Temp, °C Reaction Kk (5-1) ) (S-l)
’ order I I, I Ly |

180 °C 3 2.78x10"  2.95x10™ 3.28x10™" 3.01x107  3.00x10*+0.21

190 °C 2.5 5.23x10"  5.15x10™ 6.35x10™" 6.21x10*  5.73x107+0.63

200 °C 2 6.05x10*  5.45x10™ 5.96x10™" 5.85x10%  5.82x107+0.26

207 °C 5.58x10*  5.73x10™ 5.91x10™ 6.01x10"  5.80x10™+0.19
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appears following two pathways that produce decarboxy-
lation: first is CO, expulsion from the Asn(COO) " para-
magnetic center accompanied by R, radical formation, a
process that can occur simultaneously with ionization,
the second pathway is the deprotonation of the amino
group of Asn(COO)-* radical followed by formation of
the unstable radical Asn(COO)  which decarboxylates to
form the radical R;’. The decarboxylation process is ex-
perimentally proven highlighting the CO, formation in
L-a-anhydrous asparagine irradiated samples using gas
chromatography method."!

i

TI\'Hs

Ri: H:N—C—CH.—CH-
g

TFH:

R:.' H:N—C—CH:-—CH-
g

The existence of the two intense components of the EPR
spectrum marked with a; and a, (Figure 2) could be at-
tributed to the R; and R;’ entities since the odd elec-
tron located on the carbon atom interacts with « proton.
After heating the irradiated sample, it is noted the three
hyperfine splitting accentuation of the two spectral lines
proving the increase of the odd electron interaction with
the nitrogen atom of the amino group linked to the same
carbon atom. The mass spectrometry study of similar
structure amino acids by Zubavichus!'®! led to the con-
clusion that the most unstable functional group of L-a-
anhydrous asparagine is the amidic one. The direct ion-
ization of L-a-anhydrous asparagine!®! also leads to the
radical cation Asn (CONH,) " formation having the spin
density located on the amide group. This entity is unsta-
ble and the analysis of the experimental data obtained
by ESR method as well as the calculation of the bonds
dissociation energies!”! showed that the Asn (CONH,) *
radical cation performs the amide bond cleavage leading
to R, radical formation.

NHa: O
. | (/
R: CI—I:—CH—C\
o-

In the EPR spectrum of the irradiated L-a-anhydrous
asparagine samples it was found the formation of four
components resulted from the splitting of the two central
lines marked with b; and bs. This finding could be an
argument to assign them to the R, radical due to the odd
electron interaction with two non-equivalent « protons.

The radiolysis mechanism of L-a- anhydrous as-
paragine irradiated in the solid state at room temperature
must include the formation of a radical anion.

In the primary interaction process, the expelled elec-
tron from the ionizing radiation after thermalization is
captured by the carboxyl group of a parent molecule lo-
cated at a certain distance from the ionizing site to form
the Asn'~anion.

In this radical, having an excess of negative charge,
mutually neutralizes the positive charge of the amino
group with the additional electron of the carboxyl group.

The entity resulting from this intramolecular electron
transfer being unstable removes a hydrogen atom from
the amino group. The hydrogen atom due to high reactiv-
ity extracts another hydrogen atom from the methylene
group of the L-a-anhydrous asparagine molecule chain
to form the deprotonated radical having the Rj3 struc-
ture.!”]

o
. |0 0
Rs H:N—C—CH;—CH—C\
5N

The formation of the Rj radical is sustained by Strzel-
czak simulated spectrum.®! In the present study, the for-
mation of radicals Ry, Ry, Rz through L-a- anhydrous
asparagine irradiation at room temperature is justified by
the kinetic results of thermal dissapearance characterized
by superior and fractional order: the third order kinetics

Table 2. The rate constants for the radicals dissapearance at 170°C second order kinetics, according Waite model

170 °C
Isl Is4 Isl Is4 Is2 Is3 ISZ IS3
4 4 5 5 4 4 5 5
kax10* kuux10 kg, x10 kg, <10 kx,x10 k%10 kg, x10 kpzx10
3.15 3.05 2.71 2.87 4.01 433 1.74 2.43
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Figure 10.  Variation of the R™! ratio versus the isothermal

heating time at 170°C for the disapearance of the radicals formed
in L-a-anhydrous asparagines sample irradiated with a dose rate

of 3x10* Gy, (a) Is1, (b) Is2, (c) Iss, (d) Isa

at 180°C proves the involvement of the three radicals.
Decreasing the reaction order with temperature increas-
ing is due to the disappearance of radicals with higher
thermal resistance.

5 Conclusions

The primary process of L-a- anhydrous asparagine ra-
diolysis consists in formation of two radical species: a
radical cation and a radical anion. Theoretical and EPR
study!®! have shown that at room temperature the radical
cation decarboxylates and deamides to form the radicals
R; and R,, and the radical anion expels a hydrogen atom
from the amide group and generates the radical R3. From
the present study of the thermal annealing of radicals it
was found the following kinetic behaviors: higher reac-
tion order and their gradual decrease from 3 to 1 with
increasing temperature. The results of the kinetic study
are a confirmation of the three radical species formation
reported in the literature.
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