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Abstract

Aspartic acid (Asp) and asparagine (Asn) are vulnerable amino acids. One-electron addition or withdrawal reactions initiate many deleterious
processes involving these amino acids. To study these redox processes we have irradiated by ~y-rays asparagine or aspartic acid in the solid state.
The nature of the resulting free radicals was determined by electron paramagnetic resonance (EPR) and by calculations using DFT methods in
various environments. Reactions initiated by electron transfer are different for both amino acids: Asn anion loses hydrogen atom whereas the
cation undergoes decarboxylation. Conversely, Asp cation loses hydrogen atom from amine group, which triggers decarboxylation.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Aspartic acid (Asp) and asparagine (Asn) residues (Chart 1)
are important in several processes. For instance, Asp is a
specific cleavage site for caspases and thus is a key residue in
apoptosis processes [1]. As for Asn, it is the site of N-
glycosylation leading to N-linked glycosaccharides. This
reaction, which occurs on the surface of protein, is essential
for numerous processes involving protein recognition [2]. N-
glycosylation has a stabilizing effect on the protein structure and
increases the resistance to denaturation or proteolysis.

The well-known deamidation of Asn and Gln, was
documented because of its occurrence in all tissues [3].
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Oxidative damage enhances asparagine instability [4] which
indicates a free radical route in asparagine degradation. In
conditions of oxidative stress, aspartic acid is also modified. It
leads to isoaspartic acid [5]. Peptide bond cleavage at Asn
associated with aging was also reported [6]. It results in
triggering of protein degradation. Similarly one-electron
oxidation in lysozymes leads to cleavage at Asn [7]. Age-
related oxidative stress induces also changes in proteins among
which results in enhancement of Asn-Asp instability [4]. Asn is
a highly conserved amino acid in the family of cyclooxy-
genases, key enzymes in inflammation processes [8]. Since
these enzymes function in conditions of oxidative stress, the
behaviour of Asn residue toward free radicals is important.
Even if they do not belong to the active site, these residues are
important in maintaining the three dimensional structure of
proteins by their participation in hydrogen bond network [9].
In the gas phase, within mass spectrometry experiments,
sequences GIn-Gly are a dissociation site [10]. Peptides
containing asparagine residues undergo side chain cleavages
during dissociative electron attachment and it was proposed that
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such losses could be used to ascertain the presence of this
residue in unknown peptides [11]. As far as radiosterilization of
food and drugs is concerned, one should be able to predict the
radiation-induced modification in the solid state. Irradiation of
proteins in the solid state, either lyophilised or in frozen
aqueous solution, induces peptide bond breakage leading to
non-random fragmentations [12]. It was shown that sequences
containing asparagine or aspartate residues are prone to peptide
bond cleavage leaving these residues either as a C-terminal or as
a N-terminal. These processes are poorly understood despite
their importance in many biological (radioprotection, radio-
therapy) and industrial processes (radiosterilization of food and
drugs).

To the best of our knowledge there is no many reports about
mechanisms of radiation damage of L-aspartic acid and L-
asparagine. Characterization of radicals derived from them has
never been performed in the same conditions by the same
author. Moreover, due to the complexity of the EPR spectra and
the lack of the appropriate software identification of radicals has
not been attempted [13]. In the present work we wish to report
comparative studies on dominant radicals which are formed in
L-aspartic acid and L-asparagine in solid state after y-irradiation.
In spite of differences in structures limited to their side chains
(amide group vs. carboxyl group) one can expect formation of
the same type of radicals resulting from decarboxylation,
deamination, deamidation or hydrogen abstraction. Therefore,
comparison of EPR spectral features observed in both amino
acids should be of a great help in elucidation of radical
transformation mechanisms induced by radiation.

Free radicals were detected and characterized by EPR
spectroscopy at various temperatures and CO, was detected and
quantified by gas chromatography. Mechanisms leading to their
appearance are proposed based on calculations by DFT
methods.

2. Experimental
L-Asparagine and L-aspartic acid were purchased from

Sigma-Aldrich Chemie GmbH, Germany. These compounds
were of the highest commercially available grade of purity.

The samples of powdered Asn and Asp were evacuated and
irradiated in liquid nitrogen with the dose of 4 kGy in *°Co-y-
source (Issledovatiel, USSR). The radicals produced by
radiation were studied over the temperature range of 77—
293 K by applying electron spin resonance (ESR) technique
using a Bruker ESP-300 spectrometer operating in the X-band
(9.5 GHz) equipped with a variable temperature unit. The EPR
spectra were recorded at various microwave power (1-40 mW)
and modulation amplitude (0.01-0.5 mT). The optimized
experimental parameters were: 1| mW (microwave power) and
0.1 mT (modulation amplitude).

The ESR spectra were analyzed by the computer simula-
tion program PEST WinSIM [14]. This program adjusts the
values of the simulations parameters to create the best fit
between simulated and experimental spectra. In spite of the
fact that this program was designed to compute the
simulations of multiple species of isotropic EPR spectra, its
application is justified for powdered samples. Due to the many
possible orientations of the radicals in the magnetic field, the
X-band EPR spectra of the powdered samples are given by
broad lines. Therefore, anisotropic features of spectra are not
visible.

Carbon dioxide analysis was performed by means of the gas
chromatographic head-space technique using a Shimadzu GC-
14C gas chromatograph equipped with a thermal conductivity
detector and a Porapak Q column.

3. Computational details

All geometries of the isolated species were optimized
using a gradient technique. Calculations were performed with
the standard basis sets (6-31G*) for the DFT (B3LYP)
method using the programs Gaussian 98 and 03 [15]. The use
of this relatively small basis set is justified by the number of
geometry optimizations that had to be performed, and by the
fact that DFT methods are known to be slightly dependent on
the basis set [16]. Moreover, our previous works demon-
strated that such basis sets are sufficient [17—19]. This
method is commonly used for localised radical structures
[20]. For bound systems reasonable estimates of electron
affinities can be obtained with DFT theory [21]. The
influence of environment on neutral and charged radicals
was taken into account by adopting Polarised Continuum
Models (PCM) with the COSMO option for the Polarised
Continuum Model CPCM [22,23]. Electrostatic and non-
electrostatic terms are included in the CPCM values. While
computational results are probably accurate within 4—
8 kJ mol ! in vacuum, the errors in the liquid phase are
still difficult to be estimated [24]. Bond dissociation energies
(BDE) were calculated as the difference between the
computed total energies of products (radicals obtained after
bond breaking) and reactants (parent molecules). Zero point
energy corrections were found very small. Calculations of
hyperfine constant splittings (ay) were carried out using both
bases sets: the standard one and the well adapted EPR-III
[25]. The geometries of solvated species were reoptimized by
both methods.
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4. Results

A detailed analysis of EPR experimental data and theoretical
calculations using DFT allows elaboration of the mechanism of
Asp and Asn degradation induced either by ionization or by an
attachment of electron.

4.1. Asparagine

4.1.1. Experimental EPR results

In asparagine at 77 K, a broad doublet is observed with
£=2.003 and a hyperfine splitting =24 G (Fig. 1, top). Similar
doublets were detected at 77 K in various amino acids and were
assigned to radical anions formed upon addition of an electron.
Therefore, the doublet is attributed to the asparagine radical
anion, in agreement with Sevilla who observed a broad doublet
with a similar splitting in asparagine [26]. The localization of
the excess electron is presumed to be either on the carboxyl
group [27,28] or on the amide function [26]. At 160 K, a pure
doublet of doublets was observed with spectroscopic hyperfine
splittings of ay,=15 G and apz=3.5 G and g=2.003 (Fig. 1,
middle). This signal is attributed to the hydrogen abstraction
radical from the methylene group in the side chain of
asparagine. The same type of radical has been identified
previously by Close et al. in a single crystal of asparagine [29] at
room temperature. However, its experimental spectroscopic
hyperfine splitting ay, extracted from the complex EPR
spectrum is different (ay,=22 G). On further warming to
about 250 K, additional signal was observed. This new multiline
signal was resolved into two components: the doublet of
doublets previously observed and a four line component with
ane=21 G and app=23 G. The latter component was assigned
to the decarboxylated asparagine radical. As the tempera-
ture was increased to 273 K, the spectrum in asparagine
indicated the presence of three radical species (Fig. 1, bottom).
The experimental spectrum stable at room temperature (Fig.
2A) can be simulated (Fig. 2A) by a previously recorded at
lower temperatures four-line component with ay,=21 G and
app=23 G (Fig. 2B) (20%), a doublet of doublets with
ane=15 G and ayp=3.5 G (Fig. 2C) (40%) and by a new wide
multiline component with ay, =22 G and ayp =42 G (Fig. 2D)
(40%). The multiline component was assigned to asparagine
deamidated radicals.

4.1.2. Theoretical results

Asparagine and aspartic acid are zwiterrionic in the crystal
environment. Since it was not possible to consider either the
whole crystal or the zwitterion in the vacuum, we mimicked the
crystal environment by two media with different dielectric
constants: water (¢=78) and ethanol (¢=24), that stabilize
zwitterions. Additional calculations were performed with £=2
(CCly) in which zwitterions are less stabilized. We compare the
results with those obtained in vacuum.

Energies are reported in Table 1, BDE in Table 2 and
Charges in Table 3. Coupling constants (ay,) calculated
theoretically are summarised in Table 4 along with the
respective spin densities. They were calculated from optimized

Asparagine 77K
2.003
T T T T T T T i T
3300 3350 3400 3450 3500 (G]
Aspagarine 160 K

3300 3350 3400 3450 3500 6]

Asparagine 293 K

3300 3350 3400 3450 3500

Fig. 1. Experimental EPR spectra recorded at 77 K (top), 160 K (middle), and
293 K (bottom) in asparagine irradiated at 77 K.

geometries in the vacuum, in water and in ethanol. The
optimization and ay calculations were also performed for
zwitterions in water with EPR-III basis.

4.2. Structures, energies and charge distributions

Two stable conformations were obtained named respectively
Asnl and Asn2. Asnl is stabilized by an intramolecular
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Table 1
Energies of Asparagine and radicals derived from Asn
Environment — Zwitterions in Zwitterions in Vacuum

water (¢=78) ethanol (6=24)
Entity | E (au.) E (a.u.) E (au.)
Asn —492.47243 —492.46071 —492.43052
—492.47092
Asn radical cation —492.25515 —492.22764
Asn radical cation —491.81013 —491.78973 —492.13318
deprotonated

Asn radical anion —492.54008 —492.44322 —492.40416
Asn without Hon C2 —491.81177 —491.80191 —491.81375
Asn without H on C4 —491.81643 —491.81005 —491.77416
H —0.49790 —0.498611 —0.50027
H, —1.17561 —1.17560 —1.17548
Decarboxylated Asn  —303.68267 —303.67571 —303.21140
CO, —188.58030 —188.58451 —188.58094
Deamidated Asn —323.09019 —323.08204 —323.06376
CONH, —169.24357 —169.24580 —169.23206

sim

sim

——=

sim

anions and radical cations were fully optimized starting from
both conformations.

The radical anion is unstable and loses hydrogen atom from
the amine group (Fig. 3, structure c). As far as radical cations
derived from Asnl are concerned they could not be optimized
because they underwent loss of CO,: C2—C3 bond (Chart 1)
elongated and the O5—C3—06—angle changed to 180°, whereas
in those derived from Asn2, optimization leads to a stable
structure with the same C2—C3 bond elongated. It is interesting
to note that the C4—C7 bond does not change significantly upon
oxidation (Fig. 3, structure b).

Moreover, the loss or addition of one electron leads to
similar conformations with simultaneous breaking of the
hydrogen bond (Fig. 3, structures b and c). We have also
considered the possibility of deprotonation of the amine
function in radical cation. Within this assumption, it was
possible to get the optimized deprotonated radical cation.
Similar structural changes are observed as far as the respective
bond lengths (C2—-C3 and C4-C7) are concerned. These data
suggest that electron ejection that leads to both protonated and
deprotonated forms of radical cations is followed by the
fragmentation mainly via decarboxylation pathway with a

3350 3400 3450

[G]

Fig. 2. Experimental and simulated multicomponent spectrum recorded at 273 K
in asparagine irradiated at 77 K (A). Simulated spectrum consists of 20% of a
quartet (B), 40% of doublet of doublets (C), and 40% of multiline component
(D). See text for assignments and hyperfine splittings.

hydrogen bond between —NH, of amide and the carboxylate
function (Fig. 3, structure a). This hydrogen bond does not exist
in Asn2 and as a consequence this form has a higher energy
(Table 1). Asn2 structure is very close to the experimental one
obtained by neutron diffraction on crystal [30,31]. Radical

Table 2

Bond dissociation energies in asparagine (Asn) and aspartic acid (Asp)

Environment — Zwitterions in  Zwitterions in Vacuum
water (¢=78)  ethanol (¢=24)

Bond | E&Imol'")  E (kJmol) E (kI mol™ ")

Asparagine

C2-C3 (decarboxylation)  549.4 525.8 361.7

C4-C7 (deamidation) 363.7 348.5 3533

C2-H (H abstraction) 426.9 420.1 305.5

C4-H (H abstraction) 414.6 398.8 409.4

Aspartic acid

C2-C3 (decarboxylation)  553.4 534.0 360.1

C4-C7 (decarboxylation)  554.0 522.8 402.6

C2-H (H abstraction) 459.8 421.4 3143

C4-H (H abstraction) 4233 407.8 401.5
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Table 3

Mulliken charge distribution in parent molecules (zwitterions in water) and in radicals derived

Asparagine

Atom Asn Radical anion Radical cation, —-NH} Radical cation NH, Asn C2(—H) Asn C4(—H) Asn (-CO3) Asn (—CONH,)
N, 0.59 -0.14 0.64 -0.09 0.55 0.60 0.66 0.54
C, 0.14 0.08 0.20 0.15 0.17 0.11 0.25 0.17
Cs 0.59 0.49 0.64 0.61 0.58 0.59 0.57
Os —0.64 —0.67 -0.36 -0.36 —-0.65 -0.62 —0.65
O —0.65 -0.71 —0.52 —0.52 —0.66 —0.63 —0.66
C, 0.57 0.57 0.65 0.62 0.57 0.56 0.59

Ng -0.03 -0.04 0.09 0.06 -0.08 —-0.06 0.66

Og -0.59 —0.56 —0.44 —0.48 —-0.56 -0.59 —0.56

Aspartic acid

Atom Asp Radical anion Radical cation, -NH3 Radical cation, NH, Asp C2(-H) Asp C4(-H) Asp (—CO,) Asp (-CO,)
N, 0.58 0.46 0.13 0.53 0.55 0.64 0.64
C, 0.14 0.12 0.19 0.19 0.10 0.27 0.20
Cs 0.58 0.55 0.61 0.57 0.60 0.63
Os —0.66 —0.66 —0.48 —0.66 —0.63 -0.49
O —0.66 -0.67 -0.49 -0.68 —0.64 —-0.08
C, 0.59 0.56 0.62 0.62 0.58 0.61

Og —0.11 -0.32 —0.11 —-0.11 —0.11 —0.11

Og —0.51 -0.71 -0.53 -0.49 -0.52 -0.50

In bold, major changes in radicals compared to the parent molecule.

small contribution, if any, of deamidation pathway. The
respective energies of radical cations and radical anions
calculated for various environments are reported in Table 1.
The respective ionization potentials vary with medium (5.9,
6.3, 7.3 and 8 eV in water, ethanol, CCl, and vacuum,
respectively).

We have also considered hydrogen atom abstraction from
both C2 and C4 atoms. Both abstraction processes result in
alkyl radicals quasi isoenergetic (Table 1) and with very similar
structures (Fig. 3, structures d and e). Taking the respective
energies into account BDEs of C2—H and C4—H bonds were
calculated (Table 2). They are not much sensitive to the
environment and hydrogen abstracted (ranged from 400 to
430 kJ mol ') except for hydrogen abstraction from C2
(305 kJ mol ') in the vacuum. In fact, the stabilizing effect of
zwitterionic form does not exist in vacuum.

The free radicals resulting from decarboxylation and
deamidation were optimized and their stable structures were
obtained. The respective energies of these radicals calculated for
various environments are reported in Table 1. Taking these
energies into account, BDEs of the C2—C3 bond (associated
with decarboxylation) and the C4—C7 bond (associated with
deamidation) were calculated (Table 2). Generally, BDEs are
higher for the C2—C3 bond in comparison to the C4—-C7 bond
(e.g. 549 kJ mol ' vs. 364 kJ mol™ ' in water).

Mulliken charge distributions are presented in Table 3.
Changes in the negative charge distribution after oxidation
involve mainly oxygen atoms in carboxyl and amide groups.
One has to note that positive charge distribution on the nitrogen
atom located in the amine group N1 is almost not affected.
However, for the deprotonated radical cation, N1 atom becomes
negatively charged due to a loss of proton. For the radical anion
a change in charge distribution takes place mainly on the

nitrogen atom N1 due to a loss of hydrogen atom (see Fig. 3,
structure c). It is interesting to note that charge distribution in
hydrogen abstraction radicals remains almost the same in
comparison to the parent molecule.

4.2.1. Coupling constants and spin densities

A fairly good agreement was found between experimentally
measured and calculated ay, values for decarboxylation and
deamidation radicals derived from asparagine in zwitterionic
forms (in water, ethanol and CCly) (Table 4). Discrepancy noted
between experimentally measured and calculated ay,, values for
decarboxylation radicals in vacuum confirms also that the
amine group in these radicals is protonated. As far as H-
abstraction radicals from the carbon atom C4 are concerned, the
calculated ay, values are higher from those observed
experimentally.

In water, ethanol and CCl,, in the radical cation and its
deprotonated form, a spin density is distributed on the oxygen
atoms located in both carboxylate and amide functionalities. A
spin density is additionally spread over the nitrogen atom
located in the amine group in deprotonated form of the radical
cation in the vacuum. In H-abstraction radicals, deamidation
and decarboxylation radicals spin density is mainly located on
the respective carbon atoms C2 and C4. The ap, values
calculated with 6-31G(d) and with EPR-III for the radical
decarboxylated differ by more than a factor of 2. The values
obtained with 6-31G(d) are closer to the experimental ones, thus
it appears that EPR-III basis set is not better for calculation of
hfs constants than standard 6-31G(d).

4.2.2. Mechanisms for Asn degradation
The mechanisms of degradation induced by ionized
radiations are poorly known. The preceding experimental
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Table 4

Experimental and theoretical coupling constants and spin densities

Environment — Exper. EPR Vacuum Water (¢=78) Ethanol (¢=24)

Entity | ay (G) Spin density ay (G) 6-31G*  Spin density ay (G) 6-31G*  ay (G) EPR-III  Spin density ay (G) 6-31G*

Asn radical cation

Asn radical cation deprotonated N1 0.52
09 0.40

Asn radical without H on C2 N10.23
C20.52
06 0.18

Asn radical without H on C4 H, 15 C40.93 H, 22
09 0.15

Asn radical decarboxylated H, 21 N1 0.15 H, 14
C2 0.86

Asn radical deamidated H, 22 H, 24,25
C41.0

Asp radical cation deprotonated N1 0.71
09 0.14

Asp radical anion C30.36
06 0.15
C70.25
09 0.13

Asp radical without H on C2 N1 0.25
C2 0.54
06 0.16

Asp radical without H on C4 H, 15 C4 0.84 H, 20
09 0.17

Asp radical decarboxylated at C2 H,, 21 H, 14
N1 0.15
C2 0.86

Asp decarboxylated at C4 H, 22 H, 23,25
C41.0

C2035
050.63 050.18
09 0.32 06 0.29
09 0.16
05 0.65 05 0.66
06 0.14 06 0.14
09 0.25 09 0.24
C20.90 C20.92
C40.88 H, 21 H, 20 C40.93 H, 21
H, 24 H, 11 H, 24
C21.0 C21.0
H, 21,24 H, 21,22 H, 22,25
C4 1.0 C41.0
N1 0.30 N1 0.29
C20.34 C20.35
C30.12 C30.11
050.13 050.13
06 0.11 06 0.11
C70.56 C70.49
09 0.25 09 0.25
C20.93 C20.93
C4 0.81 He 19 H, 18 C4 0.81 H, 20
09 0.18 09 0.18
H, 24 H, 22 H, 25
C21.0 C21.0
H, 23,25 H, 22,23 H, 23,25
C4 1.0 C41.0

In bold, spin densities on the same atoms in each environment.

results can be rationalized by the mechanisms proposed in
Schemes 1 (electron ejection form Asn) and 2 (electron
addition to Asn).

Although it is not observed experimentally, direct ionization
of the Asn molecule should lead to the asparagine radical cation
(Asn""). Calculations indicate that ionization induces spin
density on oxygen atoms located in the carboxyl group and in
the amide group (Table 4). This result might indicate formation
of two asparagine radical cations Asn2(COO) " (Scheme 1,
reaction 1a) and Asn2(CONH,) " (Scheme 1, reaction 2a). The
Asn2(CO0)"" seems to be a precursor of decarboxylated
radical Asn("CH) (Scheme 1, reaction 3) based on calculations
showing elongation of the C2—C3 bond in the radical cation.
Indeed, the Asn("CH) was observed in the EPR spectrum
recorded at and above 250 K and CO, was detected in irradiated
samples. Moreover, taking the respective energies from Table 1,
one can easily calculate that decarboxylation process of the
Asn"" is exoenergetic (AE=—20.5 kJ mol ' in water). Another
source of decarboxylated radical might be a concerted

mechanism involving Asnl conformation with a direct loss of
CO; upon ionization (Scheme 1, reaction 1b). However, the
lack of decarboxylated radicals in the EPR spectrum recorded at
low temperatures suggests negligible contribution of reaction 1b
involving the Asnl conformer in polycrystalline asparagine.
The Asn2(CONH,)"" might be a precursor of deamidated
radicals Asn("CH,) (Scheme 1, reaction 4). Formation of
deamidation radicals was again confirmed in the EPR spectra
recorded at and above 273 K. BDE calculations indicate that
direct C4—C7 bond cleavage is energetically favourable (Table
2). However, structural changes do not involve the C4—C7 bond
elongation in the radical cation. Therefore, reaction 4 seems to
be of no importance in formation of deamidated radicals at low
temperatures. However, an appearance of deamidation radicals
at higher temperatures suggests that C4—C7 bond cleavage
needs activation energy. Moreover, EPR spectra at low
temperatures show no evidence of direct deamidation which
speaks against concerted mechanism (Scheme 1, reaction 2b).
Conversely the asparagine radical anion (Asn”") is observed at
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1.53
1.52
1.56

a’. Aspartic acid

a. Asparagine (Asn1)

1.87
b. Asparagine radical cation
205
1.52
1.55
C. Asparagine radical anion C’. Aspartic acid radical anion
I% i\;
d. Asparagine without H on C2. d’. Aspartic acid without H on C2.
ﬁi 3%
€. Asparagine without H on C4. €'. Aspartic acid without H on C4.

Fig. 3. Optimised structures of Asn and Asp and some derived radicals.

low temperature (77 K) by a doublet in the EPR spectrum. mechanism (Scheme 2, reaction 5). There is no evidence in the
Nevertheless, calculations indicate that the Asn”~ is unstable EPR spectrum as well as in calculation results that the decay of
and loses H atom from the amine group in a concerted  the Asn’~ is accompanied by a simultaneous formation of
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deaminated radicals. To our best knowledge, this is the first time
that reaction 5 is proposed to rationalize instability of the
Asn”".

Another interesting feature (doublet of doublets observed in
EPR spectra recorded at low temperatures starting at 150 K)
was assigned to formation of the H-abstraction radical from the
carbon atom C4 in a side chain of Asn. In amino acids, in
general, H-abstraction radicals manifest in the EPR spectrum at
much higher temperatures (nearly 273 K) as a result of
hydrogen abstraction from the parent molecules by earlier
formed decarboxylated or deaminated radicals [26]. An
observation of the H-abstraction radical at the carbon atom
C4 at very low temperatures after completion of the Asn’~
decay and before an appearance of decarboxylation and
deamidation radicals suggests that highly mobile H atoms
formed in reaction 5 might abstract a hydrogen atom from the
asparagine at the carbon atom C4 (Scheme 2, reaction 6a).
Another source for the H-abstraction radicals at the carbon
atom C4 might be a hydrogen abstraction from the asparagine
anion (Asn’") formed simultaneously with hydrogen atom
within a cage (Scheme 2, reaction 7a). It is quite surprising that
there is no indication of the formation of the H-abstraction
radicals at the carbon C2 at low temperatures via reactions 6b
and 7b (Scheme 2). Bond dissociation energies calculated for
both C—H bonds (Table 2) are similar around 420 kJ mol ' in
a zwitterionic form in water) and in the asparagine anion
(around 400 kJ mol™'). AE values for formation of H-
abstraction radicals at C4 and C2 carbon atoms are calculated

©}

- . _
¢ 7
@ C=0 N C=0 .
HsN r oo ———| 2 fg + H
- (5) o=c{
“NH, NH,
(72) /. (7b)
(?@ / “ (|)®
C=0 Cc=0
H2N-T£. HoN—Ce
0=C 0=C
“NH, “NH,
+
H2
?o
e £=0
i s
= (6a) 0=C
@ £=0 / “NH,
H3N + H' <
— + Ho
“NH, (6b) ™ Q
@ C=0
}ﬁN—g
o=C
“NH,
Scheme 2.

according to Egs. (1) and (2), respectively and assuming their
formation via direct hydrogen abstraction from the parent
asparagine molecule by a hydrogen atom (Table 5). One has to
note that both abstraction processes are characterised by AE
similar values.

AE, = [E(Asn(C4-H)) + E(H)]-[E(Asn) + E(H)] (1)
AE; = [E(Asn(C2-H)) + E(H,)]-[E(Asn) + E(H)]  (2)

The lack of observation of H-abstraction radical at C2 carbon
atom in EPR spectrum at high temperatures might be due to the
complexity of the EPR spectrum. However, its formation at
higher temperatures cannot be excluded.

Table 5
Hydrogen abstraction reaction energies in Asparagine (Asn) and Aspartic acid
(Asp)

9 bt
@ C=0 ® C=0
H3N—§ - &/ Asn2 H3N—§
o=C (12) o=C
\NH, “NH;,
Asn1/Asn2 ! Asn2(CO0)**
| - e/ Asn1
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v “NH
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Asn2(CONH)**
-e7/Asn2 T,
(CONY
N
©
O
. | + H-N=C=0
CONH, |, ¢g
HaN—

Scheme 1.

Environment — Zwitterions in  Zwitterions in  Anion in
water (¢=78) ethanol (e=24) water (¢=78)
Reaction | AE (kImol ') AE (kI mol ") AE (kJ mol ")
H+Asn—H,+Asn(C2-H) —44.7 —47.7 -78.4
H+Asn—H,+Asn(C4-H) —56.9 —69.1 —58.2
H+Asp—H,+Asp(C2-H) —36.3 —46.5
H+Asp—H,+Asp(C4-H) —48.3 —60.0
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4.3. Aspartic acid

4.3.1. Experimental EPR results

In aspartic acid at 77-95 K, EPR signal is characterized by
a broad singlet with g=2.003, and a width AH=12 G. This
singlet is assigned to the aspartic acid radical anion formed by
an addition of electron to a carboxyl group (Fig. 4, top).
However, in single crystals Ogawa found a doublet that he
interpreted as coming from electron addition on the carbox-
ylate group [32]. At 120 K a pure doublet of doublets was
observed with the hyperfine splittings of ay,=15 G and
anp,=3.5 G and g=2.003 (Fig. 4, middle), and assigned to the

Aspartic acid 7 K

2.003
T T T T T T T T T
3250 3300 3350 3400 3450 3500
[G]
Aspartic acid 120 K
2.003
T T T T T T T T T
3250 3300 3350 3400 3450 3500

[G]

Aspartic acid 273 K

T T
3250 3300 3350 3400 3450 3500
(G]

Fig. 4. Experimental EPR spectra recorded at 77 K (top), 120 K (middle), and
273 K (bottom) in aspartic acid irradiated at 77 K.

hydrogen abstraction radical from the methylene group (C4) in
the side chain of aspartic acid. A spectrum with similar
features and the same hyperfine splittings was observed in
asparagine (vide supra). Starting at 150 K, an additional weak
signal was observed whose intensity increases on further
warming to about 250 K. This new multiline signal was
resolved into two components: previously observed the
doublet of doublets and a four line component with
ape=21 G and ayp=23 G. These isotropic values are in
agreement with those of Ogawa et al. [32]. The latter
component was assigned to the aspartic acid decarboxylated
radical at C2 position. However, in single crystals Ogawa
reported similar EPR spectrum attributed to deaminated radical
in addition to dehydrogenated radical on C2 [32]. As the
temperature was increased to 273 K, the spectrum in aspartic
acid indicated the presence of three radical species as for Asn
(Fig. 4, bottom). This spectrum can also be simulated by
previously recorded at lower temperatures a four line
component with ap,=21 G and ap=23 G (30%), a doublet
of doublets with ay,=15 G and app=3.5 G (30%) and by a
new wide multiline component with ay,=22 G and
app=42 G (40%). The multiline component was assigned to
the decarboxylated radical from the side chain of aspartic acid.
These radicals are still stable at room temperature.

4.4. CO, measurements

Additional support for the existence of decarboxylated
radicals in asparagine and aspartic acid was obtained by
carbon dioxide analysis in irradiated samples. The calculated
yields of the CO, formation (expressed in G-units/100 eV of
energy) are: 0.5 and 1.6 for asparagine and for aspartic acid,
respectively.

4.4.1. Structures, energies and charge distributions

As expected, there is no cyclisation by intramolecular
hydrogen bond for Asp and therefore only one stable
conformation was found (Fig. 3, structure a’). As far as the
radical cation derived from Asp is concerned it could not be
optimized unless the amine function is deprotonated. In
deprotonated radical cation the C2—-C3 bond was strongly
elongated (by 0.5 A). On the other hand, it is interesting to note
that the C4—C7 bond does not change significantly upon
oxidation. These data suggest that electron ejection that leads to
the stable deprotonated form of radical cation is followed by the
decarboxylation pathway involving mainly the carboxylic
group located at the C2 with a small contribution, if any, of
the carboxylic group located at the C4. Conversely, radical
anion has a stable structure. It exhibits only conformational
changes, however, without bond length modifications compared
to the parent molecule (Fig. 3, structure ¢’).

The respective energies of the deprotonated radical cation
and the radical anion calculated for various environments are
reported in Table 6. lonization potential of the zwitterion is
much lower (4.5 eV in water and ethanol) and is slightly higher
(8.4 eV) in the vacuum in comparison to the respective values
for Asn (vide supra). Electronic affinity is sensitive to the
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Table 6

Energies of Aspartic acid and radicals derived from Asp

Environment — Zwitterions in  Zwitterions in Vacuum

water (¢=78)  ethanol (¢=24)

Entity | E (au.) E (au.) E (au.)

Asp —512.33763 —512.32996 —512.29960

Asp radical cation N a

Asp radical cation —511.67660 —511.68565 —511.99116
deprotonated

Asp radical anion —512.36337 —512.43122 —512.25196

Asp without H on C2 —511.67375 —511.67069 —511.67952

Asp without H on C4 —511.67835 —511.67585 —511.64622

H —0.49790 —0.498611 —0.50027

Asp decarboxylated at C2  —323.10213 —323.10133 —323.09107

Asp decarboxylated at C4  —323.08521 —323.08440 —323.06488

CO, —188.58030 —188.58451 —188.58094

? Not stable.

environment (0.7, 2.8, and 1.3 eV in water, ethanol and the
vacuum, respectively).

Both hydrogen abstraction processes from the carbon atoms
C2 and C4 result in alkyl radicals quasi isoenergetic (Table 6)
and with very similar structures (Fig. 3, structures d’ and e’). In
CCly it induces proton transfer from the NH3 to COO ™ leading
to the neutral species as in vacuum. Similarly as for Asn, the
BDE in vacuum is lower for the hydrogen abstraction from C2
and they are again not much sensitive to the environment and
hydrogen abstracted (ranged from 400 to 460 kJ mol™ ') (Table
2). Bond dissociation energies of C2—C3 and C4—C7 bonds are
quasi equivalent with BDE around 520—560 kJ mol ™' except
for both BDEs in the vacuum that are lower (Table 2). One has
also to note that all respective BDE values in Asp are higher in
comparison to Asn.

Changes in the Mulliken charge distribution after oxidation
or electron attachment involve mainly oxygen atoms in
carboxylic groups (Table 3). For the deprotonated aspartic
acid radical cation a change in the negative charge distribution
occurs mainly on the oxygen atoms located in the carboxyl
group linked to C2 (a-carbon). For the radical anion a change in
the negative charge distribution occurs mainly on the oxygen
atoms located in the carboxyl group linked to C4 (side chain). It
is interesting to note that hydrogen abstraction does not affect
charge distribution in radicals formed.

4.4.2. Coupling constants and spin densities

A fairly good agreement was found between experimentally
measured and calculated ay, values for both decarboxylation
radicals derived from aspartic acid in zwitterionic forms (in
water, ethanol and CCly) (Table 4). Discrepancy noted between
experimentally measured and calculated ay, values for
decarboxylation radicals in vacuum confirms also that the
amine group in these radicals is protonated. As far as H-
abstraction radicals from the carbon atom C4 are concerned, the
calculated ay, values are higher from those observed
experimentally.

Since the protonated radical cation of aspartic acid is not
stable all spin densities are given for its deprotonated form. It is
interesting to note that in all environments spin density is

distributed on the a-carbon C2, the carboxyl group attached to
it, and on the nitrogen atom. The spin density distribution is
slightly different in comparison to Asn radical cation where it is
only spread over oxygen atoms. However, it is significantly
different in deprotonated radical cation in the vacuum. It mainly
involves the nitrogen and oxygen atom in the carboxyl group
located in a side chain of aspartic acid. In water, spin density
distribution in the aspartic acid radical anion involves only the
carbon and the oxygen atom in the carboxyl group located in a
side chain. It is worthy to note that in the vacuum, spin density
distribution involves additionally the carbon and oxygen atom
in the carboxyl group attached to the a-carbon.

Generally, the spin density in radical anions and cations are
spread over several atoms. As far as the spin density in alkyl
radicals is concerned it is localized on the respective carbon
atoms.

4.4.3. Mechanisms of Asp degradation

In the case of Asp the electron addition leads to a stable
anion, whereas electron ejection initiate more complex
transformation than for Asn. We propose Schemes 3 and 4 to
depict the fate of the radical cation from Asp.

Like in Asn, direct ionization of the Asp molecule to the
radical cation (Asp”") (Scheme 3, reaction 8a) is not observed.
Indeed, according to calculations the radical cation cannot be
optimized with protonated amine group of Asp. We propose
instead that ionization is accompanied by a net hydrogen atom

(I)G) .(I)
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0=C (8a) 0=C

“OH “OH
(8b) [-€”
Ol@
C=0
o+ (10) HN—
*H o+ BN E—— 02=g> + CO2
0=Cy “OH
OH
O@
|
@ Cc=0
o® HsN— |
| (9a) 0=C_
® £=0 OH
HaN - / .
©) 2
o= ~.(9b o)
NOH & I
N @ Cc=0
HsN .
O=
NOH
Scheme 3.



102 G. Strzelczak et al. / Biophysical Chemistry 125 (2007) 92—103

9 o
_ |
+eo C=0 @ Cc=0
HzN_ﬁ + HoN
0=C _
NOH o= on
(11)
o
? OH
HoN- & @ L=0
i s
=\ 0=C
% NoH
(12)
(I)@
C=0 + CO,
H.N—
2 _<CH2
Scheme 4.

ejection (Scheme 3, reaction 8b). Due to its high mobility
hydrogen atom might abstract another hydrogen from the
methylene group located in the side chain of Asp (Scheme 3,
reaction 9a). This is in agreement with EPR observation of the
H-abstraction radicals at C4 at low temperatures. Like in Asn, it
is quite surprising that there is no indication of the formation of
the H-abstraction radicals at the carbon C2 at low temperatures
via reaction 9b (Scheme 3). Bond dissociation energies
calculated for both C—H bonds (Table 2) are similar around
440 kJ mol™ ! in a zwitterionic form in water. AE values for
formation of H-abstraction radicals at C4 and C2 carbon atoms
are calculated according to Egs. (3) and (4), respectively, and
assuming their formation via direct hydrogen abstraction from
the parent aspartic acid molecule by a hydrogen atom (Table 5).
One has to note that both abstraction processes are characterised
by similar AE values.

AE; = [E(Asp(C4-H)) + E(H;)|—[E(Asp) + E(H)] (3)

AE4 = [E(Asp(C2-H)) + E(H,)]-[E(Asp) + E(H)] (4)

Again, the complexity of the EPR spectra at higher temperatures
does not allow concluding about the presence of H-abstraction
radicals at C2 carbon atom.

As a result of ionization, N-centered radical cation is formed
in which C2-C3 bond is elongated. This should lead to
decarboxylation at C2 (Scheme 3, reaction 10) what was
confirmed by observation of the corresponding decarboxylated
radical. Formation of the decarboxylated radical located at C4
might be rationalized taking into consideration the arrangement
of molecules in the aspartic acid crystal [33]. It was shown that
the carboxylic acid function is linked to the carboxylate moiety
of another molecule by hydrogen bonding. Hence, an

intermolecular proton transfer can take place between the
radical cation of Asp and intact molecule (Scheme 4, reaction
11). The resulting radical cation with deprotonated carboxyl
group at the side chain undergoes decarboxylation (Scheme 4,
reaction 12). Indeed, the ease of decarboxylation at C2 and C4 is
confirmed by similarity of BDE values of C2—-C3 and C4-C7
bonds (Table 2).

An observation of a singlet in the EPR spectrum suggests the
formation of the aspartic acid radical anion (Asp”™ ") at low
temperatures. The stability of the radical anion was confirmed
by calculations (Table 6 and Fig. 4, structure ¢’). This radical
might undergo deamination; however, in the observed EPR
spectrum, it is not possible to distinguish deaminated radicals
from decarboxylated radicals at C2 position.

5. Conclusions

The radiation induced degradation processes of two amino
acids, asparagine (Asn) and aspartic acid (Asp) were studied
using EPR spectroscopy and by quantum mechanical calcula-
tions using DFT methods.

EPR spectra were obtained in the same experimental
conditions for both amino-acids. The assignments of each
band lead to observation of the evolution of the radical species
over a wide range of temperature. It completes the previous
results obtained on Asn and Asp by different authors. The
identification of radicals and their evolution with the tempera-
ture allowed us to make hypotheses concerning the mechanisms
of transformations of very short lived initial radical cations or
anions. These mechanisms are supported by both EPR
experimental results and quantum chemical calculations results.

To mimic the crystal in which both amino-acids are in the
zwitterionic forms we considered a solvent environment with
three dielectric constants, ¢=2 (CCly), 24 (ethanol) and 78
(water). The lowest value (¢=2) is usually attributed to the
proteic interiors and were found suitable in other quantum
chemistry calculations about protein free radicals [34]. The
highest one is characteristic of the aqueous medium, thus it
gives information about what may happen in biological
medium. As the crystal environment is not really described by
dielectric constants we enlarged our simulation by performing
also calculations with an intermediate value (¢=24). Actually,
the results are slightly sensitive to the dielectric constant. The
energetical and coupling constants remain the same, thus the
proposed mechanisms do not change with the medium.
However we noted a destabilization of the zwitterionic forms
with =2, where the proton of NHj3 is transferred to the
carboxylate group leading to the neutral species like in vacuum.
Thus CCl4 does not seem to be the most accurate model of the
crystal because this proton transfer should not happen
intramolecularly.

It is interesting to note that the behaviour of both amino acids
is not the same although their chemical structures are very
similar. Both radical anions are observed by EPR, however
calculations show that Asn"~ is destabilized: attachment of an
electron results in hydrogen loss from the amine group. As for
radical cations from both amino acids, they are not observed by
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EPR even at low temperatures. Calculations indicate that radical
cation derived from Asn is a precursor of decarboxylated and
deamidated radicals. In Asp ionization of the parent molecule
leads to hydrogen loss from the amine group and consecutive
decarboxylation of the N-centered radical cation. However the
secondary reactions of hydrogen atoms with Asn and Asp
parent molecules lead to similar H-abstraction radicals in the
side chains.
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